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DYNAMICAL GEOLOGY
(CONTINUED)

Section iv. Hypogene Causes of Changes in the Texture,

Structure, and Composition of Rocks

T

HE phenomena of hypogene action considered in the

foregoing pages relate almost wholly to the effects

produced at the surface. It is evident, however,

that these phenomena chiefly arise from movements within

or beneath the earth's crust, and must be accompanied by

very considerable internal changes in the rocks which form

that crust. These rocks, subjected to enormous pressure,

have been contorted, crumpled, and folded back upon

themselves, as if thousands of feet of solid limestones,

sandstones, and shales had. been merely a few layers of

carpet; they have been shattered and fractured; they have

in some places been pushed far above their original position,

in others depressed far beneath it: so great has been the

compression which they have undergone that their com

ponent particles have in many places been rearranged,

and. even crystallized. They have here and there probably

been reduced to actual fusion, and have been abundantly

invaded by masses of molten rock from below.

In the present section, the student is asked to consider
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chiefly the nature of the agencies by which such changes

can be effected; the results achieved, in so far as they con

stitute part of the architecture or structure of the earth's

crust, will be discussed in Book IV. At the outset, it is

evident that we can hardly hope to detect many of these

processes of subterranean change actually in progress and

watch their effects. The very vastness of some of them

places them beyond our direct reach, and we can only

reason regarding them from the changes which we see

them to have produced. But a good number are of a kind

which can in some measure be imitated in laboratories and

furnaces. It is not requisite, therefore, to speculate wholly

in the dark on this subject. Since the early and classic re

searches of Sir James Hall, great progress has been made

in the investigation of hypogene processes by experiment.

The conditions of nature have been imitated as closely as

possible, and varied in different ways, 'with the result of

giving us an increasingly clear insight into the physics

and chemistry of subterranean geological changes. The

following pages are chiefly devoted to an illustration of

the nature of hypogene action, in so far as that can be in

ferred from the results of actual experiment. The subject

may be conveniently treated under three heads-I, the

effects of mere heat; 2, the influence of the co-operation

of heated water; 3, the effects of compression, tension,

and fracture.




§ 1. Effects of Heat

The importance of heat among the transformations of

rocks has been fully admitted by geologists, since it used to

be the watchword of the Huttonian or Vulcanist school at

the end of the 18th century. Three sources of subterranean
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heat may have at different times and in different degrees

co-operated in the production of hypogene changes-the

original internal heat of the globe, the heat arising from

chemical changes within the crust or beneath it, and the

heat due to the transformation of mechanical energy in

the crumpling, fracturing, and crushing of the rocks of the

crust.

Rise of temperature by depression.-As stated above

(p. 500), the mere recession of rocks from the surface

owing to superposition of newer deposits upon them will

cause the isogeotherms, or lines of equal subterranean tem

perature, to rise-in other words, will raise the temperature

of the masses so withdrawn. This can take place, however,

to but a limited extent, unless combined with such depres

sion of the crust as to admit of thick sedimentary forma

tions. From the rate of increment of temperature down

ward it is obvious that, at no great depth, the rocks must

be at the temperature of boiling water, and that 'further

down, but still at a distance which, relatively to the earth's

radius, is small, they may reach and. exceed the tempera

tures at which they would fuse at the surface. Mere de

scent to a great depth, however, will not necessarily result

in any marked lithological change, as has been shown in

the cases of the Nova Scotian and South Welsh coal-fields,

where sandstones, shales, clays, and coal-seams can be

proved to have been once depressed 14,000 to 17,000 feet

below the sea-level, under an overlying mass of rock, and

yet to have sustained no more serious alteration than the

partial conversion of the coal into anthracite. They have

been kept for a long period exposed to a temperature of

at least 212° Fahr. Such a temperature would have been

sufficient to set some degree of internal change in progress,
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bad. any appreciable quantity of water been present, whence

the absence of alteration may perhaps be explicable on the

supposition that these rocks were comparatively dry (p. 519).

Rise of temperature by chemical transformation.-To what

extent this cause of internal heat may be operative, forms

part of an obscure problem. But that the access of water

from the surface, and. the consequent hydration of pre

viously anhydrous minerals must produce local augmenta

tion of temperature, cannot be doubted. The conversion

of anhydrite into gypsum, which takes place rapidly in

some mines, gives rise to an increase of volume of the sub

stance (p. 588). Besides the remarkable manner in which

the rock is torn asunder by minute clefts, crystals of bitter

spar and quartz are reduced to fragments.' The amount

of heat evolved during this process is capable of measure

merit. The conversion of limestone into dolomite, on the

other hand, which involves a diminution of volume, might

likewise be made the subject of similar experimental in

quiry. Experiments with various kinds of rocks, such. as

clay-slate, clay, and coal, show that when these substances

are reduced. to powder and mixed with water, they evolve

heat.'

Rise of temperature by rock-crushing.--A farther store

of heat is provided by the internal crushing of rocks during

the collapse and readjustment of the crust. The amount of

heat so produced has been made the subject of direct experi

ment. Dau.brée has shown that, by the mutual friction of

its parts, firm brick-clay can be heated in three-quarters of

an hour from a temperature of 18° to one of 40' 0. (65° to

' The microscopic structure of the stages in the conversion of anhydrite
into gypsum is described by F, Hammersc.hmidt, Tachermak's Mineral. Mittheil.

v.
(.18

83), p. 2'12.
w" Skey, Chem. News, xxx. p. 290.
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104° Fahr.).8 The most elaborate and carefully conducted

series of experiments yet made in this subject are those con

ducted by Mallet. He subjected 16 varieties of stone (lime

stone, marble, porphyry, granite, and slate) in cubes aver

aging rather less than 1 inches in height to pressures

sufficient to crush them to fragments, and estimated the

amount of pressure required, and of heat produced. The

following examples may be selected from his table :

Temperature Number of cu
bic feet of Wa- Volume of ice at

Rock
(Fahr.) in

1 cubic foot of ter at 32 dei.
32 deg. melted
to water at 32

rock due to work evaporatea
into steam at deg. by one vol

of crushing 212 deg. ume of rock

Oaen Stone, Oolite 8°OO4 00046 004008
Sandstone, Ayre Hill, Yorkshire 41°79 00234 02026
Slate, Conway 132°85 007 O596
Granite, Aberdeen 155°94 OOr2 0617
Scotch furnace-clay porphyry 198°97 OOS3 Ot24
Rowley Rag (basalt) l13°23 0.109 0925

Within the crust of the earth, there are abundant proofs
of enormous stresses under which the rocks have been

crushed. The weight of rock involved in these movements

has often been that of masses several miles thick. We can

conceive that the heat thus generated may have been suffi

cient to promote many chemical and mineralogical rearrange.
ments through the operation of water (postea, p. 519), and

"Geol. Experimentale," p. 448 et seq. This distinguished chemist and
geologist has during the last forty years devoted much time to researches de
signed to illustrate experimentally the processes of geology. His numerous im
portant memoirs are scattered through the Annales des Mines, Comptes Rendus
de l'Academie, Bulletin do la Societe Geologique do France, and other publica
tions. But he has collected and republished them as "Etudes Synthetiques do
Geologie Experimentale," 8vo, 18'19-a storehouse of information. The admi
rable memoirs of Delèsse in the same journals should also be studied. The trans
formation of aragonite into calcite has been shown by Favre and Silbermann to
give rise to a relatively large disengagement of heat. H. Le Ohatolier, Oompt.Rend. (1893), p. 390.

4 Phil. Trans. 183, p. 18'l.
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may even have been here and there enough for the actual

fusion of the rocks by the crushing of which it was produced.

Rise of temperature b intrusion of erupted rock.-The

great heat of lava, even when it has flowed out over the sur

face of the earth, has been already referred to, and some

examples have been given of its effects (pp. 385, 393).

Where it does not reach the surface, but is injected into

subterranean rents and passages, it must effect considerable

changes upon the rocks with which it comes in contact.

That such intruded igneous rocks have sometimes melted

down portions of the crust in their passage can hardly be

doubted. But probably still more extensive changes may

take place from the exceedingly slow rate of cooling of

erupted masses, and the consequently vast period during

which their heat is being conveyed through the adjacent

rocks. Allusion will be made in later pages to the observed

amount of such "contact-metamorphism" (p. 990 et seq.).

Expansion.-Rocks are dilated by heat. The extent to

which this takes place has been measured with some preci

sion for various kinds of rock, as shown in the subjoined table:

Rock Linear expansion
for every 10 Fahr. Authority

Black marble, Galway, Ire- "00000247
( Adie, Trans. Roy. Soc. Edin.

land 404858 xiii. p. 366

Gray granite, Aberdeen 00000438 = 1
228310 Ibid.

Slate, Penrhyn, Wales 00000576 = 178611 Ibid.

White marble, Sicily 00000613 1
168182 Ibid.

Red sandstone, Portland,
}

OOO0O953
(Totten, Amer. Tourn. Sd

Connecticut ....... 104909 xxii. (1832), 136.

According to these data, the expansion of ordinary rocks

ranges from about 2q47 to 963 millionths for 10 Fahr. Even

For additional results, see Mellard Reade's "Origin of Mountain Rangea"
(1886), p. 109.
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ordinary daily and seasonal changes of temperature suffice

to produce considerable superficial changes in rocks (see

p. 559). The much higher temperatures to which rocks are

exposed by subsidence within the earth's crust must have

far greater effects. Some experiments by Pfa.ff in heating

from an ordinary temperature up to a red heat, or about

11800 0., small columns of granite from the Fichtelgebirge,

red porphyry from the Tyrol, and basalt from Auvergne,

gave the expansion of the granite as 0016808, of the por

phyry 0012718, of the basalt 0.01199.6 The expansion and

contraction of rocks by heating and cooling have been al

ready referred to as possible sources of upheaval and. depres

sion (j. 494). Mr. Mellard Reade concludes from his ex

periments that the mean coefficient of expansion for various

classes of rocks may be taken as for each degree Fahr.,

which would be equivalent to an expansion of 277 feet per

mile for every 1000 Fahr.'

Crystallization.-In the experiments of Sir James Hall,

pounded chalk, hermetically incloseci in gun-barrels and ex

posed to the temperature of melting silver, was melted and

partially crystallized, but still retained its carbonic acid.

Chalk, similarly exposed, with the addition o a little water,

was transformed to the state of marble.' These experi

ments have been repeated by G. Rose, who produced by dry

heat from lithographic limestone and chalk, fine-grained

marble without melting. The distinction of marble is the

independent crystalline condition of its component granules

of calcite. This structure, therefore, can be superinduced

by heat under pressure. In nature, portions of limestone

6 Z. Deutsch. Geol. Gas. xxiv. p. 403.
"Origin of Mountain Ranges," p. 110.

8 Trans. Roy. Soc. Edin. vi. (1805), pp. 101, 121.Sea note on page 511.
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which have been invaded by intrusive masses of igneous

rock have been converted into marble, the gradations from

the unaltered into the altered rock being distinctly trace

able, as will be shown in subsequent pages (p. 998).

Production of prismatic structure.-The long continued

high temperature of iron-furnaces has been observed to have

superinduced a prismatic or columnar structure upon the

hearth-stones, and on the sand in which these are bedded."

This fact is of interest in geology, seeing that sandstones

and other rocks in contact with eruptive masses of igneous

matter have at various depths below the surface assumed a

similar internal arrangement (p. 993).

Dry fusion.-In an interesting series of experiments, the

illustrious De Saussure (1779) fused some of the rocks of

Switzerland and Prance, and inferred from them, contrary

to the opinion previously expressed by Desinarest,'° that

basalt and lava have not been produced from granite, but

from hornstone (pierre de come), varieties of "schorl," cal

careous clays, mans, and. micaceou.s earths, and the cellular

varieties from different kinds of slate." He observed, how

ever, that the artificial products obtained by fusion were

glassy and enamel-like, and did not always recall volcanic

rocks, though some exactly resembled porous lavas. Dolo

mieu (1788) also contended that as an artificially-fused lava

becomes a glass, and not a crystalline mass with crystals of

easily fusible minerals, there must be some flux present in

the original lava, and he supposed that this might be sul

phur.
'2

C. Cochrane, Proc. Dudley Geol. Soc. iii. p. 54.
!O Mem. Acad. Scion. 1l'1, p. 23.11 De Saussure, "Voyages dane lee Alpes," edit. 1803, tome i. p. 178.
12 "lies Ponces," p. 8 et seq. At temperatures between 2000° and 30000 0.

various metallic oxides are fused and crystallize. H. Mosean, Compt. Rend.
cxv. (1892), p. 1034.
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" Sir James Hall, about the year 1790, began an important

investigation, in which he succeeded in reducing various

ancient and modern volcanic rocks to the condition of glass,

and in restoring them, by slow cooling, to a stony condition

in which distinct crystals (probably pyroxen.e, olivine, and

perhaps enstatite) were recognizable." Gregory Watt after

ward. obtained similar results by fusing much larger quan

tities of the rocks. In more recent years, this method of

research has been resumed and pursued with the much more

effective appliances of modern science, notably by Mitseher

lich, G. Rose, C. Sainte-Olnire Deville, Delesse, Daubre,

Fouqu, Michel-Lvy, Friedel, and Sarasin. It has been

experimentally proved that all rocks undergo molecular

changes when exposed to high temperature, that when the

heat is sufficiently raised they become fluid, that if the

glass thus obtained is rapidly cooled it remains vitreous,

and that, if allowed to cool slowly, a more or less distinct

crystallization sets in, the glass is devitrifled, and a lithoid

product is the result.

A g 1 a s s is an amorphous substance resulting from

fusion, perfectly isotropic in its action on transmitted polar

ized light (ante, pp. 203, 212). Its specific gravity is rather

lower than that of the same substance in the crystallized

condition. By being allowed to cool slowly, or being kept

for some hours at a heat which softens it, glass assumes a

dull porcelain-like aspect. This d e v it r if i c a t i o n pos

sesses much interest to the geologist, seeing that most vol.

canic rocks, as has been already described (p. 212), present

13 Trans. Roy. Soc. Edin. v. p. 43. Hall's actual products have been micro
scopically examined by Fouqu6 and Michel-Lévy. Comptes Rend. May, 1881.
For repetitions of his fusion of limestone, op. cit. cxv. (1892), pp. 817, 934,
100991296.
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the characters of devitrifled glasses. It consists in the ap

pearance of minute crystallites, and other imperfect or rudi

mentary crystalline forms, accompanied with an increase of

density and. diminution of volume. It must be regarded as

an intermediate stage between the perfectly glassy and the

crystalline conditions. Rocks exposed to temperatures as

high as their melting-points fuse into glass which, in the

great majority of cases, is of a bottle-green or black color,

the depth of the tint depending mainly on the proportion of

iron. In this respect they resemble the natural glasses

pitchstones and obsidians. Microscopic investigation of

such artificially-fused rocks shows that, even in what seems

to be a tolerably homogeneous glass, there are abundant

minute hair-like, feathered, needle-shaped, or irregularly

aggregated bodies diffused through the glassy paste. These

crystallites, in some cases colorless, in others opaque, metal

lic oxides, particularly oxides of iron, resemble the crystal

lites observed in many volcanic rocks (p. 205). They may

be obtained even from the fusion of a granitic or granitoid

rock, as in the well-known case of the Mount Sorrel syenite

iear Leicester, which, being fused and slowly cooled, yielded

to Mr. Sorby abundant crystallites, including exquisitely.

grouped octahedra of magnetite."

According to the observations of Delesse, volcanic rocks,

when reduced to a molten condition, attack briskly the sides

of the Hessian crucibles in which they are contained, and

even eat them through. This is an interesting fact, for it

helps to explain how some intrusive igneous rocks have

come to occupy positions previously filled by sedimentary

strata, and why, under such circumstances, the composition

' Zirkel, Mik. Besch. p. 92; Sorby, Address Geol. Sect. Brit. Assoc. 1880.
On the microscopic structure of slags, etc., see Yogelsaug's "Krystalliten."
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of the same mass of rock should be found to vary consider-

ably from place to place."

The most elaborate and successful experiments yet made

regarding the fusion of igneous rocks, are those of MM.

Fouqu.é and Michel-Lvy. These observers, by mixing the

chemical elements and, in other cases, the mineralogical con

stituents, of certain minerals and rocks, and fusing these in

platinum crucibles in a gas-furnace, have been able to pro
duce both rock-forming minerals, such as several feispars,

augite, leucite, nepheline, and garnet, and. also rocks pos

sessing the composition and microscopic structure of augite

andesites, leucite-tephrites, and true-basalts. By rapid cool

ing, they obtained an isotropic glass, often full of bubbles,

and varying in color with the nature of the mixture from

which it was formed. Where the mixture contains the ele

ments of pyroxene, enstatite, or melilite, it must be cooled

very rapidly to prevent these minerals from partially crys

tallizing out of the glass. Nepheline also crystallizes easily.

The feispars, on the other hand, pass much more slowly

from the viscous to the crystalline condition. In these ex

periments, use was made of the law that the fusion-tempera

ture of a crystallized silicate is usually higher than that of

the same substance in the glassy state. Hence if such a

glass be kept sufficiently long at a temperature slightly

higher than that at which it softens, the most favorable con-

' Bull. Soc. Geol. France, 2d ser. iv. 1382; see also Trans. Edin. Roy. Soc.
xxix. p. 492. In the more recent experiments by Doelter and Hussak no change
was observed in the porcelain crucibles in which basalt, andesite and phonolite
were melted. Neues Jalirb. 1884, p. 19. Biachof has described a series of
experiments on the fusion of lavas with different proportions of clay-slate. He
found that the lava of Niedermendig, kept an hour in a bellows furnace, was
reduced to a black glassy substance without pores, and that a similar product
was obtained even after 30 per cent of day-slate had been added and the whole
had been kept for two hours in the furnace. "Ohem. und Phys. Geol." supp.
(1871), p. 98.
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ditions are obtained for the production of molecular arrange

ments and the formation of those crystalline bodies which

can solidify in the midst of a viscous magma. The limits of

temperature for the production of a given mineral must thus

be comprised within the narrow range between the fusion

pcint of the mineral and that of its glass. By varying the

temperature in the experiments, distinct minerals can be

obtained* from the same magma. Minerals such as olivine,

leucite, and feispar, which solidify at higher temperatures

than the others, appear first, and the later forms are molded

round them. Thus an artificial basalt, like a natural one,

always shows that its olivine has crystallized first. By pro

viding facilities for the crystallization of the minerals in the

inverse order of their fusibilities, the characters of natu

rally formed crystalline rocks can thus be artificially pro

duced by simple igneous fusion.

Certain well-known, facts which appear to militate

against the principle of these experiments have been suc

cessfully explained by MM. Fouqu and Michel-Lévy.

Some minerals, very difficult to fuse, contain crystals of

others which are easily fusible, as if the latter had crystal

lized first, as in the case of pyroxene inclosed within

leucite. But in reality the pyroxene has slowly crystal

lized out of inclusions of the surrounding glass which were

caught up in the leucite. Where the same silicates are

found to have crystallized first in large and subsequently

in smaller forms, they may reveal stages in the gradual

cooling and consolidation of the mass, one set of crystals,

for example, being formed in a lava while still within the

vent of a volcano, and another during the more rapid cool

ing after expulsion from the vent.

The rocks obtained artificially by these observers are
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thus classed by them: 1. Andesites and andesitic porphy-

rites-from the fusion of a mixture of four parts of oligo

clase and one of augite. 2. Labradorites and labradorie

porphyrites-from the fusion of three parts of labrador and

one of augite. 3. A microlitic rock formed of pyroxene

and anorthite. 4. Basalts and labracloric melaphyres-from

the fusion of a mixture of six parts of olivine, two of augite

arid six of labrador. 5. Nephelinites-from the fusion of

a mixture of three parts of nepheline and 13 of augite.

6. Leucitites-from the fusion of nine parts of leucite and

one of augite. 7. Leu.cite-tephrite-from the fusion of a

mixture of silica, alumina, potash, soda, magnesia, lime,

and oxide of iron, representing one part of augite, four of

labrador, and eight of leucite. 8. Lherzolite. 9. Meteor

ites without felspar. 10. Meteorites with feispar. U. Dia

bases and dolerites with ophitic structure. In these artifi

cially produced compounds the most complete resemblance

to natural rocks was observed, down even to the minutia of

microscopic structure. The crystals and microlites ranged

themselves exactly as in natural rocks, with the same distri

bution of vitreous base and vitreous inclusions. It is thus

demonstrated that a rock like basalt may be produced in

nature in the dry way, by a process entirely igneous."

More recently, another series of experiments has been

carried on by Messrs. Doelter and ilussak of Gratz, to de-

18 See the work of Messrs. Fouqué and Miche1-Lvy, "Synthèse des Mine
raux et des Roches," 1882, from which the above digest of their researches
is taken. Since this was written I have had the advantage of being shown by
Ii. Michel-Lvy the original slides prepared from the products obtained by him
and M. Fouqu, and I can entirely corroborate the results at which these ob
servers have arrived. They have succeeded in imitating all the essential fea
tures of such rocks as basalt, down even into minute microscopic details. They
have produced rocks, not only showing microlitic forms, but with crystals of
the constituent minerals as definitely formed as in any natural lava. Indeed it
would be hardly possible to distinguish between one of their artificial products
and many true lavas.
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termine the effect of immersing various minerals in molten

basalt, andesite, or phonolite. Among the results obtained

by them are the production. of a granular structure in py

roxene and hornblende, especially along the borders, as

may be observed in the hornblende of recent eruptive rocks;

the conversion of a hornblende crystal, which still retains its

form, into an aggregate of augite prisms and magnetite, as

observed also in some basalts; the conversion of garnet into

various other minerals, such as meionite, melilite, anorthite,

lime-olivine, lime-nepheline, specular iron, and spine], the

garnet itself never reappearing in the molten magma.

While experiment has thus shown that certain eruptive
rocks of the basic order, such as basalts and. augite-andesites,

may be produced by mere dry fusion, the acid rocks present
difficulties which have as yet proved insuperable in the

laboratory. MM. Fouqu and Miehel-Lévy have vainly
endeavored to reproduce by igneous fusion rocks with

quartz, orthoclase, white mica, black mica, and amphibole.
We may therefore infer that these rocks have been pro
duced in some other way than by dry igneous fusion. The

acid rocks, terminating in granite, form a remarkable series,

regarding the origin of which we are still completely igno
rant. Some data relating to their production will be given

in § 2 (p. 524) in connection with the co-operation of under

ground water.

Contraction of rocks in passing from a glassy to a stony

state.-Reference has been made (pp. 105, 495, 507) to the

expansion of rocks by heat and their contraction on cool

ing; likewise to the difference between their volume in the

" Neues Jahrb. 1884, pp. 18, 158. Compare also A. Becker's experirneuts
in melting pyroxenes and amplilboles, Zeitsch. Deutsch. Geol. Gese11. xxxvii.
(1885), p. 10.
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molten and in the solid state. It would appear that the

diminution in density, as rocks pass from a crystalline into

a vitreous condition, is, on the whole, greater the more

silica and. alkali are present, and is less as the proportion

of iron, lime, and alumina increases. According to Delesse,

granites, quartziferous porphyries, and such highly silicated.

rocks lose from 8 to 11 per cent of their density when they

are reduced to the condition of glass, basalts lose from

3 to 5 per cent, and lavas, including the vitreous varieties,

from 0 to 4 per cent. More recently, Mallet observed that

plate-glass (taken as representative of acid or siliceous

rocks) in passing from the liquid condition into solid

glass contracts 1q59 per cent, 100 parts of the molten liquid

measuring 9841 when solidified; while iron-slag (having a

composition not unlike that of many basic igneous rocks)

contracts 67 per cent, 100 parts of the molten mass meas

uring 93'3 when cold.' By the contraction due to such

changes in the internal condition of subterranean masses

of rock, minor oscillations of level of the surface may be

accounted for, as already stated (p. 495). Thus the vitreous

solidification of a molten mass of siliceous rock 1000 feet

thick might cause a subsidence of about 16 feet, while, if

the rock were basic, the amount of subsidence might be

67 feet.

Sublimation.-It has long been known that many min-

eral substances can be obtained in a crystalline form from

18 Bull. Soc. Geol. France, 184', p. 1390. Bisehof had determined the con
traction of granite to be as much as 25 per cent (Leonhard mid Bronn, Jabrb.
1841). The correctness of this determination was disputed by II. Forbes (Geol.
Mag. 18'IO, p. 1), who found from his own experiments that the amount of con
traction must be much less. The values given by him were stifi much in excess
of those afterward obtained with much care by Mallet. Compare 0. Fisher,
"Physics of the Earth's Crust," 2d Edit,, p. 45, and Barus quoted ante, p. 10&

19 Phil. Trans. clxiii. pp. 201, 204; clxv.; Proc. Roy. Soc. xxii. p. 328.
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the condensation of vapors (pp. 334, 389). This process,

called Sublimation, may be the result of the mere cooling

and reappearance of bodies which have been vaporized by

heat and. solidify on cooling, or of the solution of these

bodies in other vapors or gases, or of the reaction of dif

ferent vapors upon each other. These operations, of such

common occurrence at volcanic vents, and in the crevices

of recently erupted and still hot lava-streams, have been

successfully imitated by experiment. In the early re

searches of Sir James Hall on the effects of heat modified

by compression, he obtained by sublimation "transparent

and well-defined crystals," lining the unoccupied portion

of a hermetically-sealed iron-tube, in which he had. placed

and exposed to a high temperature some fragments of lime

stone." Numerous experiments have been made by De

lesse, Dau.brée, and. others in the production of minerals by

sublimation. Thus, many of the metallic sulphides found

in mineral veins have been produced by exposing to a com

paratively low temperature (between that of boiling water

and a dull-red heat) tubes containing metallic chlorides, and

sulphide of hydrogen. By varying the materials employed,

corundum, quartz, apatite, and. other minerals have been

obtained. It is not difficult, therefore, to understand how,

in the crevices of lava-streams and volcanic cones, as well

as in mineral veins, sulphides and oxides of iron and other

minerals may have been formed by the ascent of heated

vapors. Superheated steam is endowed with a remarkable

power of dissolving that intractable substance, silica; arti

ficially heated to the temperature of the melting-point of

east-iron, it rapidly attacks silica, and deposits the mineral

91 Traiis Roy. Soc. Edtn. vi. p. 110.
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in snow-white crystals as it cools. Sublimation, however,

can hardly be conceived as having operated in the forma

tion of rocks, save here and there in the infihling of open

fissures.




§ 2. Influence of Heated Water

In the geological contest fought at the beginning of the

century between the Neptunists and the Plutonists, the two

great battle-cries were, on the one side, Water, on the other,

Fire. The progress of science since that time has shown

that each of the parties had some truth on its side, and

had seized one aspect of the problems touching the origin

of rocks. If subterranean heat has played a large part in

the construction of the materials of the earth's crust, water,

on the other hand, has performed a hardly less important

share of the task. They have often co-operated together,

and. in such a way that the results must be regarded as

their joint achievement, wherein the respective share of

each can hardly be exactly apportioned. In Part II. of this

Book the chemical operation of infiltrating water, at ordi

nary temperatures at the surface, and among rocks at

limited depths, is described. We are here concerned mainly

with the work done by water when within the influence of

subterranean heat, and the manner in which this work can

be experimentally imitated.

Presence of water n all rocks.-Besides its combinations

in hydrous minerals, water may exist in rocks either (1) re

tained interstitially among minute crevices and pores, or (2)

imprisoned within the microscopic cells of crystals.

(1.) By numerous observations it has been proved that

all rocks within the accessible portion of the earth's crust

contain interstitial water, or, as it is sometimes called,
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quarry-water (eau de carrire). This is not chemically com

bined with their mineral constituents, but is merely retained

in their pores. Most of it evaporates when the stone is

taken out of the parent rock, and freely exposed to the

atmosphere. The absorbent powers of rocks vary greatly,

and chiefly in proportion to their degree of porosity.

Gypsum absorbs from about 050 to 150 per cent of water

by weight; granite, about 037 per cent; quartz from a vein

in granite, 008; chalk, about 200; plastic clay, from 195

to 245. These amounts may be increased by exhausting

the air from the specimens and then immersing them in

water." No mineral substance is strictly impervious to

the passage of water. The well-known artificial coloring

of agates proves that even mineral substances, apparently

the most homogeneous and impervious, can be traversed

by liquids. In the series of experiments above referred to

452), Dau.bre has illustrated the power possessed by

water of penetrating rocks, in virtue of their porosity and

capillarity, even against a considerable counter-pressure of

vapor; and, without denying the presence of original water,

he concludes that the interstitial water of igneous rocks

may all have been derived by descent from the surface.

The masterly researches of Poiseuille have shown that the

rate of flow of liquids through cipil1aries is augmented by

heat. He proved that water at a temperature of 450 0.

in such situations moves nearly three times faster than

at a temperature of 00 At the high temperatures under

21 See an interesting paper by Delesse, Bull. Soc. Geol. France, 2me ser.
xix. (1861-62), p. 65.

92 Comptes Rendus (1840), xi. p. 1048. Piaff ("Ailgemeine Geologie,"
p. 141) concludes from calculations as to the relations between pressure and
tension that water may descend to any depth in fissures and remain in a fluid
state even at high temperatures.



DYNAMICAL GEOLOGY 521

which the water must exist at some depth within the crust,

its power of penetrating the capillary interstices of rocks

must be increased to such a degree as to enable it to be

come a powerful geological agent.

(2.) Reference has already (p. 196) been made to the

presence of minute cavities, containing water and various

solutions, in the crystals of many rocks. The water thus

imprisoned was obviously inclosed with its gases and saline

solutions, at the time when these minerals crystallized out

of their parent magma. The quartz of granite is usually
fall of such water-vesicles. "A thousand millions," says
Mr. J. Clifton Ward, "might easily be contained within

a cubic inch of quartz, and sometimes the contained water

must make up at least 5 per cent of the whole volume of

the containing quartz."

.Solvent power of water among rocks.-The presence of

interstitial water must affect the chemical constitution of

rocks. It is now well understood that there is probably
no terrestrial substance which, under proper conditions, is

not to some extent soluble in water. By an interesting
series of experiments, made many, years ago by W. B. and

H. D. Rogers, it was ascertained that the ordinary mineral

constituents of rocks could be dissolved to an appreciable
extent even by distilled water, and that the change was

accelerated and augmented by the presence of carbonic

acid," Water, as pure as it ever occurs in a natural state,

can hold in solution appreciable proportions of silica, alka

liferous silicates, and iron oxide, even at ordinary tempera

tures. The mere presence, therefore, of water within the

pores of subterranean rocks cannot but give rise to changes

23 American Journ. Science (2), v. p. 401.
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in the composition of these rocks. Some of the soluble

materials must be dissolved, and, as the water evaporates,

will be redeposited in a new form."

This power increased by heat.-The chemical action of

water is increased by heat, which may be either the earth's

original heat or that which arises from internal crushing

of the crust. Mere descent from the surface into succes

sive isogeotherms raises the temperature of permeating

water until it may greatly exceed the boiling-point. But

a high temperature is not necessary for many important

mineral rearrangements. Daubre has proved that very

moderate heat, not more than 50°. 0. (122° Fahr.), has

sufficed for the production of zeolites in Roman bricks by

the mineral waters of Ploinbières.25 He has experimentally

demonstrated the vast increase of chemical activity of water

with augmentation of its temperature, by exposing a glass

tube containing about half its weight of water to a tempera

ture of about 400° 0. At the end of a week he found the

tube so entirely changed into a white, opaque, powdery

mass, as to present not the least resemblance to glass. The

remaining water was highly charged with an alkaline silicate

containing 63 per cent of soda and 37 per cent of silica, with

traces of potash and lime. The white solid substance was

ascertained to be composed almost entirely of crystalline

materials, partly in the form of minute perfectly limpid

bipyramidal crystals of quartz, but chiefly of very small

acicular prisms of wollastonite. It was found, moreover,

that the portion of the tube which had not been directly

in contact with the water was as much altered as the rest,

whence it was inferred that, at these high temperatures

" See further on this subject, postea, pp. 54. 61T.
bGeo1ogie 1xperinieuta1e," p. 462.
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and pressures, the vapor of water acts chemically like the

water itself.

Co-operation of pressure.-The effect of pressure must be

recognized as most important in enabling water, especially
when heated, to dissolve and retain in solution a larger

quantity of mineral matter than it could otherwise do,"

and also in preventing chemical changes which take place
at once when the pressure is removed." In Danbrée's ex

periments above cited, the tubes were hermetically sealed

and secured against fracture, so that the pressure of the

greatly superheated vapor had full effect. By this means,

with alkaline water, he not only produced the two minerals

above mentioned, but also feispar and diopside. The high

pressures under which many crystalline rocks have solidi.

fled is indicated by the liquid carbon-dioxide in the vesicles

of their crystals. Besides the pressure due to their varying

depth from the surface, they must have been subject to the

enormous expansion of the superheated. water or vapor

which filled all their cavities, and sometimes, also, to the

compression resulting from the secular contraction of the

globe and consequent corrugation of the crust, Mr. Sorby

inferred that in many cases the pressure under which

granite consolidated must have been equal to that of an

overlying mass of rock 50,000 feet, or more than 9 miles

in thickness, while De la Vallée Poussin and Renard from

other data deduced a pressure equal to 87 atmospheres

(p. 199).

26 Sorby has shown that the solubility of all salts which exhibit contraction
in solution is remarkably increased by pressure. Proc. Roy. Soc. (1862-63),
p. 340.

11 See Cailletet, Naturforsoher, V.; Pfaff, Nenes Jahrb. 18'?l; W. Spring,
Bull. Acad. Roy. Belgique, 2c1 Ser. xlix. (1880), p. 369. Pfaff found that plas-
ter does not absorb water under a pressure of 40 atmospheres.
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Aquo-igneous fusion.-As far back as the year 1846,

Scheerer observed that there exist in granite various min

erals which could not have consolidated save at a compara

tively low temperature.'" He instanced especially gado

unites, orthites, and allanites, which cannot endure a

higher temperature than a dull-red heat without altering

their physical characters; and he concluded that granite,

though it may have possessed a high temperature, cannot

have solidified from simple igneous fusion, but must have

been a kind of pasty mass containing a considerable pro

portion of water. It is common now to speak of the "aquo

igneous" origin of some eruptive rocks, and to treat their

production as a part of what are termed the "hydro-thermal"

operations of geology.

Scheerer, Elie de Beaumont, and Daubre have shown

how the presence of a comparatively small quantity of water

in eruptive igneous rocks may have contributed to suspend,

their solidification, and to promote the crystallization of

their silicates at temperatures considerably below the point

of fusion and in a succession different from their relative

order of fusibility. In this way, the solidification of quartz

in granite after the crystallization of the silicates, which

would be unintelligible on the supposition of mere dry

fusion, becomes explicable. The water may be regarded

as a kind of mother-liquor out of which the silicates crys

tallize without reference to relative fusibility.

The researches of the late Prof. Guthrie on the influence

of water in lowering the fusing points of various substances

have an important geological bearing. 11e showed that

while the melting-point of nitre by itself is 3200 0., an ad.

28 Bull. Soc. Geol. France, iv. p. 468.
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mixture of only 114 per cent of water reduceL the tempera.
ture of fusion by 20°, while by increasing the proportion of

water to 2907 per cent he lowered the melting-point to 976°,

and he concluded that "the phenomenon of fusion is noth

ing more than an extreme case of liquefaction by solution."

He could see no reason why water should not exist even at

the earth's centre, for even granting that it has a "critical

temperature," still, "at high pressures it will be compres.
sible as a vapor to a density at least as great as that of liquid
water." He concluded that "water at a bigh temperature

may not only play the part of a solvent in the ordinary re

stricted sense, but that there is in many cases no limit to its

solvent faculty; in other words, that it may be mixable with

certain rocks in all proportions; that solution and mixture

are continuous with one another, in some cases at tempera
tures not above the temperature of fusion of those bodies

per se."

Prof. Guthrie was disposed to doubt whether the replen..

ishment of water by capillary descent from the surface was

necessary for the production of these phenomena of fusion

and volcanic eruption. Prof. Daubre's experiments, how

ever, enable us to see how the supply of water may be kept

up from superficial sources, while from those of Prof. Guth.

ne we learn that when the descending water reaches masses

of highly-heated but still solid rock, it may allow them to

pass into a fused condition and to exert a powerful expan.

sive force on the overlying crust.

Artificial production of minerals.-As the result of experi-

ments, both in the dry and moist way, various minerals have

been produced in the crystalline form. Among the miner-

Phil. Mag. xvii. (1884), p. 11g.
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als successfully reproduced are quartz, tridymite, olivine,

pyroxene, enstatite, wollastonite, zircon, emerald, ruby,

melanite, melilite, several feispars, leucite, nepheline, meio

nite, petalite, several zeolites, dioptase, rutile, brookite,

anatase, perowskite, sphene, calcite, aragonite, dolomite,

witherite, siderite, cerusite, malachite, corundum, diaspore,

spinel, hmatite, vivianite, apatite, anhydrite, diamond with

many metallic ores.5°

Artificial alteration of internal structures.-Besides show

ing the solvent power of superheated water and vapor upon

glass in illustration of what happens within the crust of the

earth, Daubre's experiments possess a high interest and

suggestiveness in regard to the internal rearrangements and

new structures which water may superinduce upon rocks.

Hermetically sealed glass tubes containing scarcely one

third of their weight of water, and exposed for several days

to a temperature below an incipient red heat, showed not

only a thorough transformation. of structure into a white,

porous, kaolin-like substance, incrusted with innumerable

bipyramidal crystals of quartz, like those of the drusy cavi

ties of rocks, but had acquired a very distinct fibrous and

even an eminently schistose structure. The glass was found

to split readily into concentric lamine arranged in a general

way parallel to the original surfaces of the tube, and so thin

that ten of them could be counted in a breadth of a single

millimetre. Even where the glass, though attacked, re

tained its vitreous character, these fine zones appeared like

the lines of an agate. The whole structure recalled that of

some schistose and crystalline rocks. Treated with acid,

the altered glass crumbled and permitted the isolation of

20 Fouqué and MichelLévy, "Synthèse des 1inéraux et des Roches."
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certain nearly opaque globules and of some minute trans-

parent infusible acicular crystals or microlites, sometimes

grouped in bundles and reacting on polarized light. Re

duced to thin slices and examined under the microscope
with a magnifying power of 300 diameters, the altered glass

presented: 1st, Spherulites, of a millimetre in radius,

nearly opaque, yellowish, bristling with points which per.

haps belong to a kind of crystallization, and with an inter.

nal radiating fibrous structure (these resist the action of

concentrated hydrochloric acid, whence they cannot be a

zeolite, but may be a substance like chalcedony); 2d, in.

numerable colorless acicular microlites, with a frequently

stellate, more rarely solitary distribution, resisting the ac

tion of acid like quartz or an anhydrous silicate; 3d, dark

green crystals of pyroxene (diopside). Daubrée satisfied

himself that these inclosures did not pre-eist in the glass,

but were developed in it during the process of alteration."

But besides the effects from increase of temperature and

pressure, we have to take into account the fact that water

in 'a natural state is never chemically pure. Rain, falling

through the air, absorbs in particular oxygen and carbon.

dioxide, and filtering through the soil, abstracts more of this

oxide as well as other results of decomposing organic mat

ter. It is thus enabled to effect numerous decompositions

of subterranean roJs, even at ordinary temperatures and

pressures. But as it continues its underground journey,

and obtains increased solvent power, the very solutions it

81 "Geol. Experim." p. 158 et seq. The production of crystals and micro.
lites in the devitrification of glass at comparatively low temperatures by the
action of water is of great interest. The first observer who described the phe
nomenon appears to 'have been Brewster, who, in the second decade of this
century, studied the effect upon polarized light of glass decomposed by ordinary
meteoric action. (Phil. Trans. 1814, Trans. Roy. Soc. Edin. xxii. 1860, p. 670.
See, on the weathering of rocks, Part II. Sect. II. § 1, "Weathering.")
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takes up augment its capacity for effecting mineral transfor-

mations. The influence of dissolved alkaline carbonates in

promoting the decomposition of many minerals was long ago

pointed out by Bisehof. In 1857 Sterry Hunt showed by

experiments that water impregnated with these carbonates

would, at a temperature of not more than 212° Fahr., pro.

duce chemical reactions among the elements of many sedi

mentary rocks, dissolving silica and generating various

sili-cates."Daubre likewise proved that in presence of

dissolved alkaline silicates, at temperatures above 7000

Fahr., various siliceous minerals, as quartz, feispar, and

pyroxene, could be crystallized, and that at this tempera-

ture the silicates would combine with kaolin to form

felspar.5'

The presence of fluorine has been proved experimentally

to have a remarkable action in facilitating some precipitates,

especially tin oxides, as well as in other parts of the mechan

ism of mineral veins." Further illustrations of the impor

tant part probably played by this element in the crystalliza

tion of some minerals and rocks have been published by Ste.

Claire Deville and Hautefenile, who by the use of com

pounds of fluorine have obtained such minerals as rutile,

brookite, anatase and corundum in crystalline form." Elie

de Beaumont inferred that the mineralizing influence of

fluorine had been effective even in the crystallization of

granite. He believed that "the volatile compound inclosect

in granite, before its consolidation contained not only water,

chlorine, and sulphur, like the substance disengaged from

' Phil. MW. xv. p. 68. 311 Bull. Soc. Geol. France, xv. (l885), p. 103-
24 First suggested by Daubrée, Ann. des Mines (1841), 3me ser. xx. p. 65.
' Comptes Reudus, xlvi. p. 764 (1858); xlvii. p. 89; lvii. p. 648 (1865).

ouqu6 and Miohel-Lvy, "Syuthèse des Min6raux et des Roches."



DYNAMICAL GEOLOGY 529

cooling lavas, but also fluorine, phosphorus and boron,

whence it acquired much greater activity and a capacity for

acting on many bodies on which the volatile matter con

tained in the lavas of Etna has but a comparatively insig

nificant action."

§3. Effects of compression, tension, and

fracture

Among the geological revolutions to which the crust of

the earth has been subjected, its rocks have been in some

places powerfully compressed; elsewhere they have under

gone enormous tension, and almost everywhere they have

been more or less ruptured. Hence internal structures have

been developed which were not originally present in the

rocks. These structures will be more property considered

in Book IV. We are here concerned mainly with the na

ture and operation of the agencies by which they have been

produced.

The most obvious result of pressure upon rocks is con

solidation, as where. a mass of loose sand is gradually com

pacted into a more or less coherent stone, or where, with

accompanying chemical changes, a layer of vegetation is

compressed into peat, lignite, or coal. The cohesion of a

sedimentary rock may be due merely to the pressure of the

superincumbent strata, but some cementing material has

usually contributed to bind the component particles to

gether. Of these natural cements the most frequent are

36 "Stir lea Emanations Votcaniques et Metallifères," Bull. Soc. Cool.
Prance, iv. (1846), p. 1249. This admirable and exhaustive memoir, one of
the greatest monuments of 1ie de Beaumont's genius, should be consulted
by the student. See also Do Lapparent (Bull. Soc. Cool. France, xvii. (1889),
p. 282) on the part played by mineralizing agents in the formation of eruptive
rocks.
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peroxide of iron, silica, and carbonate of lime. Moderate

pressure equally distributed over a rock presenting every

where nearly the same amount of resistance will promote

consolidation, but may produce no further internal change.

Where the component particles are chiefly crystalline, pres

sure may induce a crystalline structure upon the whole

mass, as recent experiments have shown."' If, however,

the pressure becomes extremely unequal, or if the rock sub

jected to it can find escape from the strain in one or more

directions, it may undergo shear in certain planes, or may

be crumpled, or the limit of its rigidity may be passed, and

rupture may take place. Some consequences of these move

ments may be briefly alluded to here in illustration of hypo

gene action in dynamical geology.

(1.) Minor Ruptures and Noises.-Among mountain-val

leys, in railway-tunnels through hilly regions, or elsewhere

among rocks subjected to much lateral pressure, or where,

owing to the removal of material by running water, and the

consequent formation of cavities, subsidence is in progress,

sounds as of explosions are occasionally heard. In many

instances, these noises are the result of relief from great

lateral compression, the rocks having for ages been in a state

of strain, from which as denudation advances, or as artificial

excavations are made, they are relieved. This relief takes

place, not always uniformly, but sometimes cumulatively by

successive shocks or snaps. Mr. W. H. Niles of Boston has

described a number of interesting cases where the effects of

such expansion could be seen in quarries; large blocks of

rock being rent and crushed into fragments, and smaller

pieces being even discharged with explosion into the air."

' W. Spring, Bull. Acad. Roy. ]3elg. 1880, p. 370.
36 Proc. Boston Soc. Nat. lUst. xviii. p. 272 (1876).
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More recently Mr. A. Strahan has called attention to the

occurrence of slickeusided surfaces in the lead-mines of

Derbyshire which on being struck or even scratched with a

miner's pick break off with explosive violence, and he sug

gests that the spars and ores along those surfaces are in "a

state of molecular strain, resembling that of the Rupert's

Drop or of toughened glass, and that this condition of strain

is the result of the earth movements which produced the

slickensides." ft

If such is the state of strain in which some rocks exist

even at the surface or at no great distance beneath it, we

can realize that at great depths, where escape from strain is

for long periods impossible, and the compression of the

masses must be enormous, any sudden relief from this strain

may well give rise to an earthquake-shock (p. 4Th). A con

titiaed condition of strain must also influence the solvent

power of water permeating the rocks (p. 521).

(2.) Consolidation and Welding.-That pressure consoli

dates rocks is familiar knowledge. Loose sedimentary ma

terials may by mere pressure be converted into more or less

firm and hard masses. Experiments by W. Spring upon

many substances in the state of powder have shown that

under high pressure they become welded into solid sub

stances. Under a pressure of 6000 atmospheres, coal-dust

becomes a brilliant solid block, taking the mold of the cav

ity in which it is placed, and thereby giving evidence of

plasticity. Peat, in like manner, becomes a brilliant black

substance in which all trace of the original structure is gone."

(3.) Cleavage.-Over extensive tracts of country a peeul"

lar structure has been superinduced by powerful lateral

39 Geol. Mag. 1881, p. 400. See also the same volume, pp. 511, 522.
40 Bull. Acad. Roy. Beig. 1880, p. 325, and ante, p 249.
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pressure, especially upon fine-grained argillaceous rocks,

which are then termed s 1 a t e s. They split along a set of

planes which, as a rule, are highly inclined or vertical, and

independent of the original bedding. Examined more mi

nutely, it is found that their component particles, which in

most cases have a longer and shorter axis, have grouped

themselves with their long axes generally in one common

direction, and parallel with the planes of fissility. An ordi

nary shale may present under the microscope such a struc

ture as is shown in Fig. 81. But where it has uudcrgone

the change here referred to, it has acquired the structure

represented in Fig. 80. Rocks which, having been thus

acted on, have acquired this superinduced fissility, are said

to be ci e a v e d, and the fissile structure is termed c 1 e a V.

age. In Fig. 82, for example, where the strata, at first in

Fig. 80.-Section of compressed ar-

gluaccte
rock in which cleavala,.9.

uO:eB has been developed.
Magnified. (Compare Fig. 256.)




Fig. 81.-Section of similar rock
which has not undergone this
modification. Magnified.

Pig. 2..-Curved quartz-rock traversed by vertical and highly inclined
Cleavage. South Stack Lighthouse, Anglesea (b.).
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even parallel beds, have been subjected to great compression

from the directions (A) and (B), the original planes of strati

fication are represented by wavy lines, and the new system
of cleavage-planes by fine upright lines. The fineness of

the cleavage depends in large measure upon the texture

of the original rock. Sandstones, consisting as they do of

rounded obdurate quartz-grains, take either a very rude

cleavage (or jointing) or none at all. Fine-grained argil-

-": -. ..;. Q
5 7-77fl7'?

__
a

Fig. 83.

8




Fig. 84.

Dependence of Cleavage upon the grain of the rock (B.).

laceous rocks, consisting of minute particles or flakes, that

can adjust their long axes in a new direction, are those in

which the structure is best developed. In a series of cleaved

rocks, therefore, cleavage may be perfect in argillaceous

beds (b b, Figs. 83 and 84), and imperfect or absent in inter

stratified beds of sandstone (a a, Fig. 83) or of limestone (as

at Clonea Castle, Waterford., a a, Fig. 84).

That cleavage may be produced in a mechanical way by
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lateral pressure has been proved experimentally by Sorby,

who effected perfect cleavage in pipe-clay through which

scales of oxide of iron had previously been mixed." Tyn

dali superinduced cleavage on bees-wax and other sub

stances by subjecting them to severe pressure. More re

cently, Fisher has proposed the view that in nature it is not

to the pressure which plicated the rocks that cleavage is to

be attributed, but to the shearing movernnts generated in

large masses of rock left in a position too lofty for equilib

rium."" If such, however, had been the origin of the struc

ture, it is difficult to understand why there should be such

a prevalent relation between the strike and the cleavage;

for if descent by gravitation were the main cause, we should

expect to find the rocks sheared far more irregularly than

even the most irregular disposition of cleavage. That in

cleavage there has been a true distortion of the rocks is in

dubitable; and the amount of distortion way be ascertained

by the extent of the alteration of shape of fossils (Figs.

85-88). Microscopic study of cleaved rocks shows that their

fissility is not always due merely to a rearrangement of

original elastic particles, but to the development of new

minerals, particularly varieties of mica, along the planes of

cleavage. This relation is well seen in the folded and

cleaved Devonian and Carboniferous rocks of S. W. Ireland

and Cornwall, in the Carboniferous shales of Laval, May.

41 Hopkins, Cambridge Phil. Trans. viii. (1847), p. 456. D. Sharpe, Quart.
Journ. Geol. Soc. iii. (1846), p. 74; v. (1848), p. Iii. Sorby, Edin. Yew Phil.
Journ. Iv. (1853), p. 137. W. King, Roy. Irish Acad. xxv. (1875), p. 605. The
student will find recent interesting additions to our knowledge of the microscopic
structure and the history of cleaved rocks in Mr. Sorby's address, Q. J. Geol.
Soc. xxxvi. p. 72, and in Mr. Harker's very able essay, Brit. Assoc. 1885, Re
ports, pp. 813-852. See also E. Jannettaz, Bull. Soc. Geol. France, ix. (1881),
p. 196; xi. (1884), p. 211. G. F. Becker, Bull. Geol. Soc. Amer. iv. (1893), p. 13.

42 Geol. Mag. 1884, p. 396.
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enne, and in the Jurassic and. Eocene shales of the Alps."

Just as shales graduate into true cleaved slates, so slates by

augmentation of their superinduced mica pass into phyllites,

and these into mica-schists. The structure of districts with

cleaved rocks is described in Book IV. Part V.

(4.) Deformation.-Further evidence of the powerful pres

sures to which rocks have been exposed is furnished by the

way in which contiguous pebbles in a conglomerate have

been squeezed into each other, and even sometimes have

been elongated in a certain general direction. The coarse

ness of the grain of such rocks permits the effects of com

pression or tension to be readily seen. Similar effects may

take place in fine-grained rocks and escape observation.

Daubre has imitated experimentally indentations produced

by the contiguous portions of conglomerate pebbles."

In discussing the cause of these indentations it must be

remembered that imprints of pebbles upon each other, par

ticularly when the material is limestone or other tolerably

soluble rock, may have been to some extent produced by

solution taking place most actively where pressure was

greatest (p. 523). But there are indubitable evidences of

crushing and deformation, even in what would be termed

solid and brittle rocks. Of these evidences, perhaps the

most instructive and valuable are furnished by the remains

of plants and animals occurring as fossils, and of which

48 Jannettaz, Benevier and Lory, Bull. Soc. Geol. France, lx. p. 649.
4' Comptes Rendus, xliv. p. 823; also his "Geologie Experiinent.aie," part

1. sect. II. chap. Hi., where a series of important experiments on deformation Is
given. For various examples and opinions, see Rothpletz, Z. Deutsch. Geol.
Ges. xxxi. p. 55. Helm. "Mechauismus der Gebirgsbildung," 18'18, vol. ii.
p. 31. Hitchcock, "Geology of Vermont," i. p. 28. Proc. Bost. Soc. Not.
Hist. Vii. pp. 209, 353; xviii. p. 9; xv. p. 1; xx. p. 313. Amer. Assoc. 1866,
p. 83. Amer. Jour. Sci. (2) xxxi. p. 312. Sorby, Rep. Cardiff Nat. Soc. 1873,
p. 21. II. II. Reusch, "Fossilien4iihrender Kryst. Schiefer," p. 25.
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the unaltered shapes are well known. Where fossiliferous

rocks have undergone a shear, the extent of this move

ment, as above remarked, can be measured in the resultant

Fig. 85.-A Trilobite (Caly. Fig. 86.-The same Trio- Fig. 87.-A Brachiopod (Stropho-
mene Bt'umenbachii), nat. bite, altered by defor- mena expan8a), natural shape.
ural shape. mation -Lower Siluri

an, Hendre Wen near
Cerig y Druidion, North
Wales (B.).

distortion of the fossils. In Figs. 85 and 87 drawings are

given of two Lower Silurian fossils in their natural forms.

In Fig. 86 a specimen of the same species of trilobite as in

Fig. 85 is represented where it has been distorted during

Fig. 88.-Strophomena expan.a, altered by the deforming Iutluence of Cleavage
Lower Silurian, Cwm Idwal, Caernarvonablre (B.).

the shearing of the inclosing rock. In Fig. 88 four exam.

Pies of the same shell as in Fig. 87 are shown greatly dis

torted by a strain which has elongated the rock in the
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direction a l Amorphous crystalline rocks (pegmatite,
granite, diorite) have been so crushed as to acquire a schis
tose structure (see Fig. 256, and Book IV. Part V., Part
VIII. § 1. § ii.).

Another illustration of the effects of pressure in pro.

ducing deformation in rocks, is supplied by the so-called

"lignilites," "epsomites," or "stylolites." These are cylin
drical or columnar bodies varying in length up to more than

four inches, and in diameter up to two or more inches. The

sides are longitudinally striated or grooved. Each column,

usually with a conical or rounded cap of clay, beneath

which a shell or other organism may frequently be detected,

is placed at right angles to the bedding of the limestones,

or. calcareous shales through which it passes, and consists

of the same material. This structure has been referred by
Prof. Marsh to the difference between the resistance offered

by the column under the shell, and by the surrounding
matrix to superincumbent pressure. The striated surface

in this view is a case of "slickensides." The same observer

has suggested that the more complex structure known as

"cone-in-cone" may be due to the action of pressure upon
concretions in the course of formation."

The ingenious experiments of M. Tresca4' on the flow

of solids have thrown considerable light upon the internal

deformations of rock-masses. He has proved that, even at

ordinary atmospheric temperatures, solid resisting bodies

' See D. Sharpe, Q. J. Geol. Soc. iii. (1846), p. '15. W. Hopkins, Cam-
bridge Phil. Trans. viii. (1847), p. 466. 8. B.aughton, Phil. Mag. (1856), xii.
p. 409. 0. Fisher, Geol. Mag. 1884, p. 399. Harker, Brit. Assoc. 1885, Re
ports, p. 824.

48 Proc. American Assoc. Science, 1861. G1mbe1, Zeitach. Deutsoh. Geol.
Ges. xxxiv. p. 642.

47 Comptes Rendus, 1864, p. 754; 1867, p. 209. Mern. Say. Etrangers,
zviii. p. '133; xx. p. '15. Inst. Mech. Engineers, June, 1867; June, 1878. See
also w. ci. Roberts-Austen, Proc. Roy. Institution, xi. (1886), p. 395.
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like lead, cast-iron, and ice, may be so compressed as to

undergo an internal motion of their parts, closely analogous

to that of fluids. Thus, a solid jet of lead has been pro-

by placing a piece of the metal in a cavity between

the jaws of a powerful compressing machine. Iron, in like

manner, has been forced to how in the solid state into

cavities and take their shape. On cutting sections of the

metals so compressed, their particles or crystals are found

to have ranged themselves in lines of flow which follow the

contour of the space into which they have been squeezed.

Such experiments are of considerable geological interest.

They illustrate how in certain circumstances, under great

strain, rocks may not only be made to undergo internal

deformation along certain shearing planes, as in cleavage,

but may even be subjected to such stresses as to acquire

a "shear-structure" resembling the fluxion-structure seen

in rocks which have been truly liquid (Fig. 256).48

Numerous examples have been found during the last

few years in th northwest Highlands of Scotland where

rocks have been subjected to such mechanical movements

as to have been crushed down and made to flow in certain

directions. Massive crystalline pegmatites may there be

traced through successive stages until the material becomes

a fine compact felsitic substance with thin lines of flow so

like the "flow-structure" of a lava that it would deceive

even a practiced geologist, and sometimes splitting into thin

lamine like those of shale. Further reference to this sub

ject will be made in Book IV. Part VIII. § ii.

(5.) Plication.-On the assumption of a more rapid con-

' This remarkable kind of structure has been developed to an enormous
extent among the crystalline rocks of the northwest Highlands of Scotland
Book IV. Part VIII. § IL "Scottish Highlands").
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traction of the inner hot nucleus of the globe, and the conse-

quent descent of the cool upper shell, a subsiding area of

the curved surface of the earth requires to occupy less hori

zontal space, and must therefore suffer powerful lateral

compression. De la Beche long ago pointed out that if

contorted and tilted beds were levelled out, they would re

quire more space than can now be obtained for them with

out encroaching on other areas." The magnificent example

of the Alps brings before the mind the enormous extent

to which the crust of the earth has in some places been

compressed. According to the measurements and estimates

of Prof. Heim of Zurich, the diameter of the northern zone

of the central Alps is only about one half of the original

horizontal extent of the component strata, which have been

corrugated and thrown back upon each other in huge folds

reaching from base to summit of lofty mountains, and

spreading over many square miles of surface. He com

putes the horizontal compression of the whole chain at

120,000 metres, that is to say, that two points on the oppo

site sides of the chain have, by the folding of the crust that

produced the Alps, been brought 120,000 metres, or 74

miles, nearer each other than they were before the move

ment.
6°

Though the sight of such colossal foldings of solid

sheets of rock impresses us with the magnitude of the com

pression to which the crust of the earth has been subjected,

it perhaps does not convey a more vivid picture of the ex

tent of this compression than is afforded by. the fact that

even in the minuter and microscopic structure of the rocks

intricate puckerings are visible (Fig. 37). So intense has

been the pressure, that even the tiny flakes of mica and

49
"Report, Devon and Cornwall," p. 181.

10 "Meehanismus der Gebirgbi1dung," 1878, vol. ii. p. 213.
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other minerals have been forced to arrange themselves in

complex, frilled, crimped, and goffered foldings. On an

inferior scale, local compression and contortion may be

caused by the protrusion of eruptive rocks. The charac

ters of plicated rocks as part of the framework of the ter

restrial crust are given in Book IV. Part IV.

As may be supposed, it is difficult to illustrate experi

mentally the processes by which vast masses of rock have

been plicated and crumpled. The early devices of Sir

James Hall, however, may be cited from their interest as

the first attempts to demonstrate the origin of the contortion

of rocks. He placed layers of cloth under a weight, and by

compressing them from two sides produced corrugations

closely resembling those of the

Silurian strata of the Berwick

shire coast (Fig. 89). Prof. Favre

J.1

MAN, of Geneva

LL ment which

devised

more closely :

tates the conditions in nature.
Fig. 89.-Hall's Experiment -

trating coitortion.
Upon a tightly stretched band

of india-rubber he places various layers of clay, making

them adhere to it as firmly as possible. By then allowing

the band to contract he produces in the overlying strata

of clay a series of contortions, inversions, and dislocations

which at once recall those of a great mountain-chain. 51

More recently this subject has been illustrated experi

mentally by Mr. H. M. Caclell, who has obtained results

curiously like those exhibited by the crumpled and dis

located rocks of the N.W. Highlands of Scotland.

(6.) Jointing and Dislocation.;--Almost all rocks are tra-

Nature, xiv. (1878), p. 103.
52 Trans. Roy. Soc. Edin. xxxvi. (1888), p. 33T.
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versed by vertical or highly inclined divisional planes
termed joints (Book IV. Part IL). These have been re

garded as due in some way to contraction during consolida

tion (fissures of retreat); and this is no doubt their origin in

innumerable cases. But, on the other hand, their frequent

regularity and persistence across materials of very varying
texture suggest rather the effects of internal pressure and

movement within the crust. In an ingenious series of ex

periments, Daubre has imitated joints and fractures by sub

jecting different substances to undulatory movement by tor

sion and by simple pressure, and he infers that they have

been produced by analogous movements in the terrestrial

crust.

But in many cases the rupture of continuity has been

attended with relative displacement of the sides, producing
what is termed a fault. Daubre also shows experimentally
how faults may arise from the same movements as have

caused joints, and from bending of the rocks. As the solid

crust settles down, the subsidence, where unequal in rate,

may cause a rupture between the less stable and more stable

areas. When a tract of ground has been elevated, the rocks

underlying it get more room by being pushed up, and are

placed in a position of more or less instability. As they
cannot occupy the additional space by any elastic expansion

of their mass, they accommodate themselves to the new posi-'
tion by a series of dislocations." Those segments having a

broad base rise more than those with narrow bottoms, or the

latter sink relatively to the former. Each broad-bottomed

segment is thus bounded by two sides sloping toward the

63 "Geol. Experim." Part I. sect, ii. chap. ii. See W. King, Roy. Irish
Acad. xxv. (18Th), p. 605, and the theories of jointing given in Book IV. Part II." See J. M. Wilson, Geol. Mag. v. p.206; 0. Fisher, op. cit. 1884.
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upper part of the block. The plane of dislocation is nearly

always inclined from the vertical, and the side to which the

inclination rises, and. from which it "had.es, "is the upthrow

side. Faults of this kind are termed normal, and are by far

the most common n nature. In. mountainous regions, how

ever, instances frequently occur where one side has been

pushed over the other, so that lower are placed above higher

beds. Such a fault is said to be reversed. It indicates an

upward thrust within the crust, and is often to be found

associated with lines of plication. Where a sharp fold, of

which one limb-is pushed forward over the other, gives way

along a line of rupture, the result is a reversed. fault. The

details of these features of geological structure are reserved

for Book IV. Part VI.

§ 4. The Metamorphism of Rocks

Metamorphism is a crystalline (usually also a chemical)

rearrangement of the constituent materials of a rock. In

its production the following conditions have been mainly

operative. (1) Temperature, from the lowest at which any

change is possible up to that of complete fusion; (2) pres

sure, the potency of the action of heat being, within certain

limits, increased with increase of pressure; (3) mechanical

movements, which so often have induced molecular rear

rangements in rocks; (4) presence of water, usually contain

ing various mineral solutions, whereby chemical changes

would. be effected which would not be possible in dry heat;

(5) nature of the materials operated upon, some being much

more susceptible of change than others.

A metamorphosed rock is one which has suffered such a

56 See A. Harker on the Physics of Metamorphism, Geol. Mag. vi. (1889),
p. 15 .T. W. Judd, ib. p. 243, and Book IV. Par VIII. of this Text-book.
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mineralogical rearrangement of its substance. It may or

may not have been a crystalline rock originally. Any rock

capable of alteration (and all rocks must be so in some de

gree) will, when subjected to the required conditions, be

metamorphosed. The resulting structure, however, will,

save in extreme cases, bear witness to the original character

of the mass. In some instances, the change has consisted

merely in the rearrangement or crystallization of one min

eral originally present, as in limestone converted into mar

ble; in others, there has been a process of paramorphism,
as where augite has been changed into hornblende in the

alteration of dolerites into epidiorites; in others, the con

stituents have been forced by mechanical movements to

range themselves in parallel lamina, as where a diorite or

pyroxenic rock becomes a hornblende-schist; in others, par
tial or complete transformation of the original constituents,

whether crystalline or elastic, into new crystalline minerals

has been accompanied by a complete recrystallization and

change of structure in the rock. Quartzite is evidently a

compacted sandstone, either hardened by mere pressure, or

most frequently by the deposit of silica between its granules,

or a slight solution of these granules by permeating water,

so that they have become mutually adherent. A clay-slate
is a hardened, cleaved, and partially metamorphosed form

of muddy sediment, which on the one hand may be found

fuU of organic remains, like any common shale, while on

the other, by the appearance and gradual increase of some

form of mica and other minerals, it may be traced becoming
more and more crystalline, until it passes into phyllite,

chiastolite-slate, or some other schistose rock. Yet remains

of fossils may be obtained even in the same hand-specimens

with crystals of andalusite, garnet, or other minerals. The
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calcareous matter of corals is sometimes replaced by horns

blende, garnet, and. axinite, without deformation of the

fossils.

Since experiment has proved that in presence of water

under pressure, even at comparatively low temperatures,

mineral substances are vigorously attacked (p. 521), we may

expect to find that as these conditions abundantly exist

within the earth's crust, the rocks exposed to them have

been more or less altered. A large proportion of the acces

sible crust consists of sedimentary materials which were laid

down on the ocean-bottom, and which were still abundantly

soaked with sea-water even after they had. been covered over

with more recent formations. The gradual growth of sub

marine accumulations would of course deprive the lower

strata of most of their original water, but some proportion

of it would probably remain. If, according to Dana, the

average amount of interstitial water in stratified rocks, at

the earth's surface, such as limestones, sandstones and

shales, be assumed to be 2-67 per cent, which is probably

less than the truth, "the amount will correspond to two

quarts of water for every cubic foot of rock." There is

certainly a considerable store of water ready for chemical

action when the required conditions of heat and pressure are

obtained. We must also remember that the water in which

the sedimentary formations of the crust were formed, being

mostly that of the ocean, already possessed chlorides, sul

phates, and other salts with which to begin its reactions.

The inference may therefore be drawn, that rocks possess-

' Ann. deB Mines, 5m ser. xii. p. 818. H. H. Reuseh, "Die Possilien
fuhrenden krystallinischen Schiefer von Bergen" (translated by IL Baldauf),
Leipzig, 1883.

" "Mnua1," 3d ed. 1880, p. 768
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ing not more than 3 per cent of interstitial water cannot be

depressed to depths of several thousand feet beneath the

level of the earth's surface, and undergo great pressure and

crushing, without suffering more or -less marked internal

change or metamorphism.

A few illustrative examples of metamorphism may be

given here; the structure of metamorphic rocks, with the

phenomena of "contact" and "regional" metamorphism,
will be discussed in Book IV. Part VIII.

Production of marble from lirnestone.-One of the most

obvious cases of alteration-the artificial conversion of

limestone into crystalline sacoharoid marble-has been al

ready referred to (p. 5O9). The calcite having undergone

complete transformation, its original structure, whether or

ganic or not, has been effaced, and a new structure has been

developed, consisting of an aggregate of minute rounded

grains, each with an independent crystalline arrangement.
The production of a crystalline structure in amorphous cal

cite may be effected by the action of mere meteoric water at

or near the surface (ante, p. 264, and postea, p. 620). But

the generation of the peculiar granular structure of marble

always demands heat and pressure, and probably usually
the presence of water; the details of the process are, how

ever, still involved in obscurity. We know that where a

dike of basalt or other intrusive roci nas involved lime

stone, it has sometimes been able to convert it for a snort

distance into marble. The heat (and perhaps the moisture)

of the invading lava have sufficed to produce a granular

structure, which even under the microscope is identical

with that of marble. The conversion of wide areas of lime-

See also "Marmaroala" In Book IV. Part. VIII.
GEOLOGY-Vol. XXX-3
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stone into marble is a regional metamorphism, associated

usually with the alteration of other sedimentary masses into

schists, etc.

Dolomitization.-Another alteration which, from the la

bors of Von Bu.ch, received in the early decades of the 19th

century much attention from geologists, is the conversion

of ordinary limestone into dolomite. Some dolomite ap

pears to be an original chemical precipitate from the saline

water of inland lakes and seas (p. 695). But calcareous for

mations due to organic secretions are often weakly dolomitic

at the time of their formation, and may have their propor

tion of magnesium carbonate increased by the action of per

meating water, as is proved by the conversion into dolomite

of shells and other organisms, consisting originally of cal

cite or aragonite, and forming portions of what was no doubt

originally a limestone, though now a continuous mass of

dolomite. This change may have sometimes consisted in

the mere abstraction of carbonate of lime from a limestone

already containing carbonate of magnesia, so as to leave the

rock in the form of dolomite; or probably more usually in

the action of the magnesium salts of sea-water, especially

the chloride, upon organically-formed limestone; or some

times locally in the action of a solution of carbonate of mag

nesia in carbonated water upon limestone, either magnesian

or non-magnesian. Elie de Beaumont calculated that on

the assumption that one out of every two equivalents of

carbonate of lime was replaced by carbonate of magnesia,

the conversion of limestone into dolomite would be attended

with a reduction of the volume of the mass to the extent of

121 per cent. It is certainly remarkable in this connection

that large masses of dolomite, which may be conceived to

have once been limestone, have the cavernous, fissured
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structure which, on this theory f their origin, might have

been looked for.

Dolomite has been produced both on a mall and on c

great scale. In the north of England and elsewhere, the

Carboniferous Limestone has been altered for a few feet or

yards on either side of its joints into a dull yellow dolomite,

locally termed "dunstone." Similar vertical zones of dol&.

mite occur also in the Carboniferous Limestone of Ireland.

Harkness pointed out that the dolomite appears in vertical

ribs where the rocks are much jointed, and in beds where

they have few or no joints."' No doubt percolating water

has been the agent of change in the vertical zones. The

beds, however, which in Ireland and elsewhere constitute

important masses in the Carboniferous Limestone, were more

probably formed contemporaneously with the rocks among
which they lie. They may have been deposited as lime.

stone in shallow lagoons where the magnesian salts of con.

centrated sea-water would act upon them. Dolomite some

times forms great ranges of mountains, as in the Eastern

Alps, where it has by some writers been regarded as altered

ordinary limestone. But these masses may have partly, at

least, become dolomite at the beginning by the action of the

magnesian salts of the concentrated waters of inland seas

upon organic or inorganic calcareous deposits accumulated

previous to the concentration, their metamorphism having

consisted mainly in the subsequent generation of a crystal.

line structure analogous to that of the conversion of lime.

stone into marble."

'° Q. J. Geol. Soc. xv. p. 100.
60 On dolomitization, see L. von Buch, in Leonhard's Mineralog. Taschen

buch, 1824; Naumann's "Geognosic," i. p. 763; Bischof' "Chemical Geology,"
iii.; Elie do Beaumont, Bull. Soc. Geol. France, viii. 1836, p. 174; Sorby, Brit.
.Assoc. Rep. 1856, patt ii. p. 77, and Address Q. J'. Geol. Soc. 1879. A full
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Conversion of vegetable substance into coal.-Exposed to

the atmosphere, dead vegetation is decomposed into humus,

which goes to increase the soil. But sheltered from the

atmosphere, exposed to the action of water, especially with

an increase of temperature, and under some pressure, it is

converted into lignite and coal. An example of this altera

tion has been observed in the Dorothea mine, Clausthal.

Some of the timber in a long-disused level, filled with slate

rubbish, and saturated with the mine-water from decom

posing pyrites, was found to have a leathery consistence

when wet, but, on exposure to the air, hardened to a firm

and ordinary brown-coal, with the typical brown color and

external fibrous structure, and having the internal fracture

of a black glossy pitch-coal." This change must have been

produced within less than four centuries-the time since

the levels were opened. According to Bischof's determi

nations the conversion of wood into coal may take place,

1st, by the separation of carbonic acid and carburetted.

hydrogen; 2d, by the separation of carbonic acid and the

formation of water either from oxidation of hydrogen by

meteoric oxygen or from the hydrogen and oxygen of the

wood; 3d, by the separation of carbonic acid, carburetted

hydrogen, and water.°2 The circumstances under which the

vegetable matter now forming coal has been accumulated

were favorable for this slow transmutation. The carbon

dioxide (choke-damp) of old coal-mines and the carburetted.

hydrogen (fire-damp, 0114) given off in such large quantities

statement of the literature of this subject will be found in a suggestive memoir

by C. Doelter and R. liooroe8, Jabrb. Geol. Reichsanstalt, xxv. The dolomite
mountains of the Eastern Alps have been well described by Mojsi5ovics. See
account of Triassic system, postea, Book VI.

81 Hirschwald, Z. Deutsch. Geol. Ges. xxv. p. 364.
62 Biachof, "Chem. Geol." I. p. 274.
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by coal seams, are products of the alteration which would

appear to be accelerated by terrestrial movements, such as

those that compress and plicate rocks. During the process
these gases escape, and the proportion of carbon progres

sively increases in the residue, till it reaches the most

highly mineralized anthracite (p. 253), or may even pass

into nearly pure carbon or graphite. In the coal-basins of

Mons and Valenciennes, the same seams which are in the

state of bituminous coal (gras) at the surface, gradually lose

their volatile constituents as they are traced downward till

they pass into anthracite. In the Pennsylvanian coal-field

the coals become more anthracitic as they are followed into

the eastern region, where the rocks have undergone great

plication, and where, possibly during the subterranean

movements, they were exposed to an elevation of temper.
ature.03 Daubre has produced from wood, exposed to the

action of superheated water, drop-like globules of anthracite

which had evidently been melted in the transformation, and

which presented a close resemblance to the anthracite of

some mineral veins.0'

Production of new minerals..-Where metamorphism is

well developed the chemical reactions which have been set

up have given rise to more or less complete re-combination

of the chemical constituents of the rock. New minerals

have thus been formed either entirely out of the materials

already comprising the rock, or with some addition or

replacement of substance introduced from without, by

aqueous solution or otherwise. Some of the commonest

secondary minerals are micas; andalusite, chiastolite, and

13 Daubre, "(eo1ogie Experimentalo," p. 463. Part of the framework
below a steam-hammer has been found after twenty years to be converted into,
lignite. F. Seelaitd, Verh. Geol. Reichs. 1883, p. 192.

84 Op. cit. p. lfl.
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garnet are also of frequent occurrence. (See Book IV.

Part Viii.)

Production of the schistose structure.-All rooks are not

equally permeable by water, nor is the same rock equally

permeable in all directions. Among the stratified rocks

especially, which form so large a proportion of the visible

terrestrial crust, there are great differences in the facility

with which water can travel, the planes of sedimentation,

or those of cleavage or shearing where these have been

developed, being naturally those along which water passes

most easily, it is along these planes that differences of

mineral structure and composition are ranged. Alternate

layers of siliceous, argillaceous, and. calcareous material

vary in porosity and capability of being changed by per

meating water. We may, therefore, expect that unless the

original stratified structure has been effaced or rendered

inoperative by any other superinduced structure, it will

guide the metamorphic action of underground water, and

will remain more or less distinctly traceable even after very

considerable mineralogical transformations have taken place.

Even without this guiding influence, superheated water can,

to a certain extent, produce a schistose structure, parallel

to its bounding surfaces, as Daubrée's experiments upon

glass, above cited, have proved.

The stratified formations consist largely of silica, sili

cates of alumina, lime, magnesia, soda and potash, and iron

oxides. These mineral substances exist there as original

ingredients, partly in recognizable worn crystals, partly in

a granular or amorphous condition, ready to be acted on by

permeating water under the requisite conditions of tempera

ture and pressure. We can understand that any re-combi

nation and re crystallization of the silicates will probably
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follow the lamin of deposit or of cleavage, and that in

this way a crystalline foliated structure may be developed.
Round masses of granite erupted among Paleozoic rocks,

instructive sections may be observed where a transition can

be traced from ordinary unaltered sedimentary strata, such

as sandstones, graywackes and shales containing fossils, into

foliated crystalline rocks, to which the names of mica-schist

and even gneiss may be applied. (Book IV. Part VIII.)
Not only can the gradual change into a crystalline foliated

structure be readily followed with the naked eye, but with

the aid of the microscope the finer details of the alteration

can be traced. Minute plates of some micaceous mineral

and small concretions of andalusite, garnet, quartz, etc.,

may be observed to have crystallized out of the surround

ing amorphous sediment. These, especially the mica, can

be seen gradually to increase in size and number toward

the granite, until the rock assumes a thoroughly foliated

structure and passes into a true schist. Yet even in such

a schist, traces of the original and durable water-worn

quartz-granules may be detected." Foliation is a crystal
line segregation of the mineral matter of a rock in certain

dominant planes which may be those of original stratifica

tion, of joints, of cleavage, of shearing, or of fracture."

Mr. Sorby has recognized foliation in three sets of planes
even among the same rocks."'

Scrope many years ago called attention to the analogy
between the foliation of schists and the ribboned or

streaked structure of trachyte, obsidian, and other lavas68

61 Sorby, Q. J. Geol. Soc. xxxvi. p. 82.
06 Darwiu, "Geological Observations," p. 162. Ramsay, "Geology of North

Wales," in Memoirs of Geol. Survey, vol. iii. p. 182.
61 0p cit. p. 84. 68'Volcanoes," pp. 140, 300.
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This analogy has even been regarded as an identity of

structure, and the idea has found supporters that the schis-

tose rocks have been in a condition similar to or identical

with that of many volcanic masses, and have acquired their

peculiar fissility by differential movements within the vis

cous or pasty magma, the solidified minerals being drawn

out into layers in the direction of shearing. Daubre7

availing himself of the researches of Tresca on the flow of

solids (p. 57), has endeavored to imitate artificially some

of the phenomena of foliation by exposing clay and other

substances to great but unequal pressure."' That some of

the lenticular wavy lamina of different minerals in gneiss

and other foliated rocks may be due to original segregation
or flow in still unconsolidated igneous rock seems to be

rendered highly probable by the curious analogies to this

structure to be observed in the deeper parts of large intru

sive bosses of rock, such as granite, diabase, and gabbro.

These layers may thus be the remains of the oldest struc

ture now retained by the gneiss. But subsequent pressure

and deformation have frequently produced a foliation cut

ting obliquely across this original lamination and even

entirely effacing it.

That the schistose structure has been largely induced by

mechanical movements cannot be doubted. The evidence

in the field and under the microscope has now rendered it

certain that many rocks have been subjected to enormous

mechanical stresses within the earth's crust; that they have

yielded to the pressure both by disruption and by molecular

shearing, that in some cases they have been crushed into

minute fragments or dust, and have then been made to flow

and to simulate the flow-structure of lava, while, in other

° it
Geologie ExperimentIe," p. 410.
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cases, the crushed particles have crystallized into a granu
litic structure, or the recrystallization has taken place along
the flow-planes and has given rise to a perfect foliation.

The action that produced cleavage, if further developed,

might be accompanied with sufficient augmentation of tem

perature to permit of extensive mineralogical transforma

tion along the cleavage-planes. But probably a rise of

temperature was not essential. The conversion of pyrox
ene into hornblende, which has been observed in regions
of crystalline schists, points indeed to a lower temperature
than that required for the crystallization of the original
mineral."' A schistose structure of almost any degree of

coarseness might conceivably be produced. A mixed rock,

such as granite, has been converted into a foliated gneiss.
Diorite, diabase, or gabbro has likewise by mechanical

movement, with accompanying chemical and crystallo

graphic transformation, been made to assume a schistose

structure and pass into amphibolite-schist.
The study of metamorphism and metamorphic rocks

leads us from unaltered mechanical sediments at the one

end, into thoroughly crystalline masses at the other. We

are presented with a cycle of change wherein the same par
ticles of mineral matter pass from crystalline rocks into

sedimentary deposits, then by increasing stages of altera

tion back into crystalline masses, whence, after being re

duced to detritus and redeposited in sedimentary forma

tions, they may be once more launched on a similar series

of transformations. The phenomena of metamorphism ap

pear to be linked together with those of igneous action as

connected manifestations of hypogene change.

10 See G. U. Williams, Amer. Journ. Sd. 3d ser. xxviii. (1884), p. 259.
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PART II. EPIGENE OR SURFACE AcTIoN

An Inquiry into the Geological Changes in Progress upon
the Earth's Surface

On the surface of the globe and by the operation of

agents working there, the chief amount of visible geological

change is now effected. This branch of inquiry is not in

volved in the preliminary difficulty, regarding the very

nature of the agents, which attends the investigation of

platonic action. On the contrary, the surface agents are

carrying on their work under our eyes. We can watch it

in all its stages, measure its progress, and mark in many

ways how well it represents similar changes which for long

ages previously must have been effected by similar means.

But in. the systematic treatment of this subject, a difficulty

of another kind presents itself. While the operations to be

discussed are numerous and often complex, they are so

interwoven into one great network that any separation

of them under different subdivisions is sure to be more

or less artificial, and is apt to convey an erroneous im

pression. While, therefore, under the unavoidable neces

sity of making use of such a classification of subjects, we

must bear always in mind that it is employed merely for

convenience, and that in nature, superficial geological ac

tion must be viewed as a whole, since the work of each

agent has close relations with that of the others and is not

properly intelligible unless this connection be kept in view.

The movements of the air; the evaporation from laud

and sea; the fall of rain, hail, and snow; the flow of rivers

and glaciers; the tides, currents, and waves of the ocean;

the growth and decay of organized existence, alike on land

and in the depths of the sea-in short, the whole circle of
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movement, which is continually in progress upon the ur

face of our planet, are the subjects now to be examined.

It would be desirable to adopt some general term to em

brace the whole of this range of inquiry. For this end the

word e p i g e n e may be suggested as a convenient term,

and antithetical to h y p o g e n e, or subterranean action.

The simplest arrangement of this part of Geological

Dynamics will be into three sections:

1. A i r.-The influence of the atmosphere in destroying

and forming rocks.

II. W ate r.-The geological functions of the circulation

of water through the air and between sea and land, and the

action of the sea.

III. L I f e.-The part taken by plants and animals in pre

serving, destroying, or originating geological formations.

The words destructive, reproductive, and conservative,

employed in describing the operations of the epigene agents,

do not necessarily imply that anything useful to man is de

stroyed, reproduced, or preserved. On the contrary, the

destructive action of the atmosphere may cover bare rock

with rich soil, while its reproductive eftects may bury

fertile soil under sterile desert. Again, the conservative

influence of vegetation has sometimes for centuries re_

tamed as barren morass what might otherwise have be

come rich meadow or luxuriant woodland. The terms,

therefore, are used. in a strictly geological sense, to denote

the removal and redeposition of material, and its agency in

preserving what lies beneath it.

Section i. Air

The geological action of the atmosphere arises partly

from its chemical composition and partly from its move-



566 TEXT-BOOK OF GEOLOGY

ments. The composition of the atmospheric envelope has

been already discussed (p. 63), and further information will

be found under the head of Rain. The movements of the

atmosphere are due to variations in the distribution of

pressure or density, the law being that air always moves

spirally from where the pressure is high to where it is low.

Atmospheric pressure is understood to be determined by

two causes, temperature and aqueous vapor. Since warm

air, being less dense than cold air, ascends, while the latter

flows in to take its place, the unequal heating of the earth's

surface, by causing upward currents from the warmed por

tions, produces horizontal currents from the surrounding

cooler regions inward to the central ascending mass of

heated air. The familiar land and sea breezes offer a good

example of this action. Again, the density of the air

lessens with increase of water-vapor. Hence moist air

tends to rise as warmed air does, with a corresponding

inflow of the drier and consequently heavier air from the

surrounding tracts. Moist air, ascending and diminishing

atmospheric pressure, as indicated by the fall of the

barometer, rises into higher regions of the atmosphere,

where it expands, cools, condenses into visible cloud and

into showers that descend again to the earth.

Unequal and rapid heating of the air, or accumulation of

aqueous vapor in the air, and possibly some other influences

not yet properly understood, give rise to extreme disturb.

ances of pressure, and consequently to storms and hurri

canes. For instance, the barometer sometimes indicates in

tropical storms a fall of an inch and a half in an hour, show

ing that somewhere about a twentieth part of the whole mass

of atmosphere has, in that short space of time, been dis

placed over a certain area of the earth's surface. No such
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sudden change can occur without the most destructive tem-

pest or tornado. In Britain the tenth of an inch of baromet

Tic fall in an hour is regarded. as a large amount, such as

only accompanies great storms.' The rate of movement of

the air depends on the difference of barometric pressure be

tween the regions from and to which the wind blows.

Since much of the potency of the air as a geological agent

depends on its rate of motion, it is of interest to note the

ascertained velocity and pressure of wind as expressed in

the subjoined table:'




Velocity in Miles Pressure in Pouids
per hour per square foot

Calm 0 0
Light ieeze 14 1
Stroug breeze 42 9
Str. gale 70 25
Hurricane 84 36

While the paramount importance of the atmosphere as

the vehicle for the circulation of moisture over the globe,

and consequently as powerfully influencing the distribution

of climate and the growth of plants and animals, must be

fully recognized by the geologist, he is specially called upon

to consider the influence of the air in directly producing

geological changes upon the surface of the land, and in aug

menting the geological work done by water.

§ 1. Geological work of the atmosphere

on land

Viewed in a broad way, the air is engaged in the twofold

task of promoting the disintegration of superficial rocks and

in removing and redistributing the finer detritus. These

two operations, however, are so intimately bound up with

Buchan's "Meteorology," p. 266.
For another statement see Ozerny, Peterman. Mitt. 18'?6, Ergnztingsheft.
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each other that they cannot be adequately understood unless

considered in their mutual relations.

1. Destructive action.-Still dry air, not subject to much

range of temperature, has probably little or no effect on

minerals and rocks. The chemical action of the atmosphere

takes place almost entirely through dissolved moisture.

This subject is discussed in the section devoted to Rain.

But sunlight produces remarkable changes on a few min

erals. Some lose their colors (celestine, rose-quartz), others

change it, as cerargyrite does from colorless to black, and

realgar from red to orange-yellow. Some of these altera

tions may be explained by chemical modifications induced

by such causes as the loss of organic matter and oxidation.

Effects o f ii g h t n i n g.-Hibbert has given an ac

count of the disruption by lightning of a solid mass of rock

105 feet long, 10 feet broad, and in some places more than 4

feet high, in Fetlar, one of the Shetland Islands, about the

middle of the 18th century. The dislodged mass was in an

instant torn from its bed and broken into three large and

several lesser fragments. "One of these, 28 feet long, 7 feet

broad, and 5 feet in thickness, was hurled across a high

point of rock to a distance of 50 yards. Another broken

mass, about 40 feet long, was thrown still further, but in the

same direction and quite into the sea. There were also

many lesser fragments scattered up and down."

The more usual effect of lightning, however, is to pro-

duce in loose sand or more compact rock patches of vitreous

drops or bubbles coating the surface, also tubes termed Jul.

gurite8, which range up to 21 inches in diameter. These

tubes descend vertically, but sometimes obliquely, from

8 Hibbert's "Shetland Islands," p. 389, quoting from the MS. of Rev. George
Low.
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the surface, occasionally branch, and rapidly lessen in

dimensions till they disappear. They are formed by the

actual fusion of the particles of the soil or rock surround

ing the pathway of the electric spark. They have been

most frequently found in loose sand. Abich has observed

examples of such tubular perforations with vitreous walls

in the porous reddish-white anclesite at the summit of Little

Ararat..4 A piece of the rock about a foot long may be ob

tained perforated all over with irregular tubes having an

average diameter of 3 centimetres. Each of these is lined

with a blackish-green glass. As the whole summit of the

mountain, owing to its frequent storms, is drilled in this

manner, it is evident that the action of lightning may con

siderably modify the structure of the superficial portions of

any mass of rock exposed on lofty eminences to frequent
thunderstorms. Humboldt collected fulgurites from a tra

chyte peak in Mexico, and in two of his specimens the fused

mass of the walls has actually overflowed from the tubes on

the surrounding surface.'

Effects of changes of temperature.-Of far

wider geological importance are the effects that arise among
rocks and soils from the alternate expansion and contraction

caused by daily or seasonal changes of temperature. In

countries with a great annual range of temperature, consid

erable difficulty is sometimes experienced in selecting build

ing-materials liable to be little affected by rapid or extreme

Sitzb. Akad. Wiss. Wien, Ix. (1810), p. 155.
U. Rose, Zeitsch. Deutsch. Geol. Gee. xxv. p. 112; Gurnbel, op. cit. xxxiv.

(1882), p. 641; A. Wichmann, op. cit. xxxv. (1883), p. 849. Fusion by lightning
was observed by Do Saussure in hornblende-schist on the summit of Mont Blanc
(see also F. Ru1ey, Quart. Journ. Geol. Soc. 1885, p. 152); by Ramond in mica
schist and limestone on a peak of the Pyrenees; by J. S. Duller on the basalt
of Mount Thielson, Oregon, and on the top of Mount Shasta, California, Amer.
Journ. Sd. Oct. 1884; by J. Eccles in glaucophane schist on Monte Viso, F.
Rutley, Quart. Journ. Geol. Soc. xlv. (1889), p. 60.
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variations in temperature, which induce an alternate expan

sion and contraction that prevents the joints of masonry

from remaining close and tight.° If the daily thermometric

variations are large, the effects are frequently striking. In

Western America, where the climate is remarkably dry and

clear, the thermometer often gives a range of more than 800

in the twenty-four hours. Thus in the Yellowstone district,

at a height of 9000 feet above the sea, the author found the

temperature of rocks exposed to the sun at noon to be more

than 90° Fahr., and the thermometer at night to sink below

200 . In the Sahara and other African regions, as well as in

Central Asia, the daily range is considerably greater. This

rapid nocturnal contraction produces such a superficial strain

as to disintegrate rocks into sand, or cause them to crack or

peel off in skins or irregular pieces. Dr. Livingstone found

in Africa (12° S. lat., .340 E. long.) that surfaces of rock

which during the day were heated up to 137° Fahr., cooled

so rapidly by radiation at night that, unable to sustain the

strain of contraction, they split and threw off sharp angular

fragments from a few ounces to 100 or 200 lbs. in weight.?

In the plateau region of North America, though the climate

is too dry to afford much scope for the operation of frost,

this daily vicissitude of temperature produces results that

quite rival those usually associated with the work of frost.

6 In the United States, with an annual thermometric range of more than
90° Fahr., this difficulty led to some experiments on the amount of expansion
and contraction in different; kinds of building-stones, caused by variations of
temperature. It was found that in fine-grained granite the rate of expansion
was 000004825 for every degree Falir. of increment of heat; in white crystal.
line marble it was 0O00O5668; and in red sandstone '000009532, or about twice
as much as in granite. Totten, in Sihiman's Amer. Journ. xxii. p. 136. See
ante, pp. 495, 508.

' Livingstone's "Zambesi," pp. 492, 516. According to Stanley, cold rain
falling on these sun-heated African rocks causes them to split open and peel
off. Proc. Roy. Geog. Soc. xx. (1876), p. 142.
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Cliffs are slowly disintegrated, the surface of arid plains is

loosened, and the fine dbris is blown away by the wind.

E f f e c t s of w i n d.-The geological work directly duo

to the air itself is mainly performed by wind.' A dried sur

face of rock or soil, when exposed to wind, has the finer dis

integrated particles blown away as dust or sand. This

process, which takes place familiarly before our eyes on

every street and roadway, over cultivated ground, as well

as on surfaces with which man has not interfered, is most

marked in dry climates. Aridity indeed is its main cause.

Mr. Flinders Petrie, the able Egyptian archeologist and ex

plorer, has brought forward evidence of the abrading influ

ence of the wind upon mud-brick walls and other buildings,

and he estimates that in some parts of the Nile delta about

eight feet of soil has been swept away by the wind during
the last 2600 years, or nearly four inches in a century."

Many old fortifications in Northern China have been laid

bare to the very foundations by the removal of the sur

rounding soil through long-continued action of wind.20 In

the dry plateaus of :North America, too, though no human

memorials serve there as measures, extensive denudation

from the same cause is in progress.

It is not merely that the wind blows away what has al-

ready been loosened and pulverized. The grains of dust

and sand are themselves employed to rub down the surfaces

over which they are driven. The nature and potency of the

erosion done by sand-grains in rapid motion is well illus

trated by the artificial sand-blast, in which a spray of fine

8 The general geological effects of wind are discussed by F. (Jzerny1 Pet.
mann's Mittheil. Ergnzungsheft, No. 48. Nature, xv. p. 231.

Proc. Roy. Geograph. Soc. 1889, p. 648.
10 Richthofen's "China,' Berlin, 1877, i. p. 97.
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siliceous sand, driven with great velocity, is made to etch or

engrave glass." The abrading and polishing effects of wind

blown sand have long been noticed on Egyptian monuments

exposed to sand-drift from the Libyan desert. Similar

effects have been observed on dry volcanic plains of barren

sand and ashes, as on the island of Volcano."' On the sandy

plains of Wyoming, Utah, and the adjacent territories, sur

faces even of such hard materials as chalcedony are etched

into furrows and wrinkles, acquiring at the same time a

peculiar and characteristic polish. There, also, large blocks

of sandstone or limestone which have fallen from an adja

cent cliff are attacked, chiefly at their base, by the stratum

of drifting sand, until by degrees they seem to stand on nar

row pedestals. As these supports are reduced in diameter

the blocks eventually tumble over, and a new basal erosion

leads to a renewal of the same stages of waste." Hollows

on rook-surfaces may also be noticed where grains of sand,

or small pebbles kept in gyration by the wind, gradually

erode the shallow cavities in which they lie.

As the result of the protracted action of wind upon an

area exposed at once to great drought and to rapid vicissi

tides of temperature, a continuous lowering of the -general

level takes place. The great sandy deserts thus produced

11 The student will find much valuable information on this subject in the

experimental results obtained by Thoulet, Cotnptes Rend. civ. p. 381. Ann.
des Mines, 1887; and in the essay by Walther cited below

1 An excellent account of the denudation phenomena of the Egyptian
deserts will be found in an essay by J. Waither in vol. xvi. (1891) of the
Abhand. Konigl. Sächsisch. Gesellsch. d. Wissensch. The polishing of rocks

by the sand of the Sahara is described by M. Choisy in his report "Docu
ments relatifs la mission dirigee au Sud de l'Aigerie," 1890, p. 327.

18 Kayser, Z. Deutsch. Geol. Ges. xxvii. p. 966.
" See Gilbert in Wheeler's Report of U. S. Geograph. Surv. W. of 100th

Meridian, iii. p. 82. W. P. Blake, Union Pacific Railroad Report, v. pp. 92,
230. Amer. Journ. Sci. xx. (1885), p. 178. Nanmann, Neues Jahrb. 18'14, p.
337. Cazalis de Fondouce, Assoc. Française, 1879, p. 646. Many good illus
trations are given by Waither in the essay above cited.
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represent, however, only a portion of the disintegration.
Vast quantities of the finer dust are borne away by the wind

into other regions, where, as will be immediately pointed
out, they tend to raise the general level. Again, a consid

erable amount of fine dust and sand, blown into the neigh

boring rivers, is carried down in their waters. In inland

areas of drainage, indeed, like that of Central Asia, this

transport does not finally remove the river-borne sediment

from the basin of evaporation, but tends to fill up the lakes.

Where, however, as in North America, rivers cross from the

desert areas to the sea, there must be a permanent removal

of wind-swept detritus by these streams. In the arid pla
teaus drained by the Colorado and its tributaries, so great

has been the subaerial denudation that a thickness of thou

sands of feet of horizontal strata has been removed from the

surface of level plains thousands of square miles in extent.

This denudation, the extent of which is attested by the

remaining cliffs and "buttes," or outliers, of the strata,

appears to be in great measure due to the causes here

discussed, augmented in some districts by the effects of

occasional heavy storms of rain.

One further effect produced by air in violent motion

may be seen in the destruction caused by cyclones. Not

only are houses demolished, with much damage to other

property and loss of life, but permanent changes of more

or less importance are produced upon the surface of a

country. Loose rocks on the face of cliffs are hurled

down, and blocks of stone and loose gravel are swept

away. But the most obvious effects are those in wooded

districts, where the trees are prostrated far and near in the

path of the storm. On the 18th and 19th of May, 1883,

a succession of hurricanes passed over the States of Illinois
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and Wisconsin, with such fury that the brick chimney of

a factory was carried to a distance of three-quarters of a

mile, an entire house was lifted into the air and blown to

pieces, and an oak two feet in diameter was dashed through

a house. When such a storm passes over forest-ground

in. temperate latitudes, the surface-drainage may be so ob

structed by the fallen stems, that marsh-plants spring

up, and eventually the site of a forest may be occupied

by a peat-moss (see Book Ill. Part II. Sect. iii. § 3).

2. Reproductive action.-G r o w t h o I P a s t. The fine

dust and sand resulting from the general superficial disin

tegration of rocks would, if left undisturbed, accumulate

in situ as a layer that would serve to protect the still

undecayed portions underneath. Such a layer, indeed,

partially remains, but, being liable to continual attack

and. removal, may be taken to represent, where it occurs,

the excess of disintegration over removal, in the vast

majority of cases, however, the superficial coating of loose

material is not due merely to the direct action of the sun's

rays and of the air, but in far greater degree to the work

of rain, aided by the co-operation of plants and animals.

To the layer thus variously produced, the name of Soil is

given. Its formation is described at p. 597.

That wind plays an effective part in the redistribution

of superficial detritus is demonstrated by every cloud of

dust blown from desiccated ground. We only need to take

into account the multiplying power of time, to realize how

extensively the soil of a district may be lowered, or, in

other cases, may be replenished and heightened by the

dust-storms of centuries. Dust and sand, intercepted by

the leaves of plants, gradually descend into the soil, whither

they are washed down by rain, so that even a permanently
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grassy surface may be slowly and imperceptibly heightened

in this way, and a soil may be formed differing considerably

in chemical composition from what would result merely

from the decay of the subsoil."

On the sites of ancient monuments and cities, this repro
ductive action of the atmosphere can be most impressively

seen and most easily measured. In Europe, on sites still

inhabited, by an abundant population, the deep accumula

tions beneath which ancient ruins often lie are doubtless

mainly to be assigned to the successive destructions and

rebuildings of generation after generation of occupants.

But at Nineveh, Babylon, and. many other Eastern sites,

mounds which have been practically untouched by man

for many centuries consist of fine dust and sand gradually

drifted by the wind round and over abandoned cities, and

protected and augmented by the growth of vegetation."'

In those arid lands, the air is often laden with fine de

tritus, which drifts like snow round conspicuous objects and

tends to bury them up in a dust-drift. In Central Asia, even

when there is no wind, the air is often thick with fine dust,

and a yellow sediment settles from it over everything. In

Khotan an exceedingly fine dust sometimes so obscures the

sun that even at midday one cannot read large print with

out a lamp. This dust, deposited on the soil, heightens and

fertilizes it, and is regarded by the inhabitants as a kind of

manure, without which the ground would be barren."

' C. Reid, Geol. Mag. 1884, p. 165.
16 The rubbish which, in the course of many centuries, has accumulated

above the foundations of the Assyrian buildings at Kouyunjik was found by
Layard to be in some places twenty feet deep. It consisted partly of ruins, but
mostly of fine sand and dust blown from off the plains and mixed with decayed
vegetable matter. Layard, "Nineveh and its Remains," 3d edit. ii. p. 120.
Bee also Richthofen's "China," I. p. 91.

11 Johnson's "Journey to R'ohi, the capital of Rhotan," Journ. Geog. Soc.
xxxvn. 1861, p. 1.II. B. Guppy, Nature, xxiv. (1881), p. 126.
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L o e s s.-This name has been given to a remarkable de.

posit, first described in the valley of the Rhine, but which

has been found to cover vast areas both in the Old World

and in the New." It is usually a yellowish homogeneous

clay or loam, unstratified, and presenting a singular uni

formity of composition and structure. When carefully

examined, its quartz-grains are found to be remarkably

angular, and its mica-flakes, instead of being deposited

horizontally, as they are by water, occur dispersedly in

every possible position and with no definite order.' The

chief constituent of loess is always hydrated silicate of

alumina, in which the scattered grains of quartz and flakes

of mica are distributed. It is in some measure calcareous,

the lime being here and there segregated into curious con.

cretionary forms (Lössmnchen, Losspuppen, p. 855) by the

action of infiltrating water. Though a firm unstratified

mass, it is traversed by innumerable tubes, formed by the

descent of roots and mostly crusted with carbonate of lime.

These have generally a vertical position, and ramify down

ward. Where the surface is covered with vegetation, they

may be seen occupied by rootlets to a depth of a foot or

a few feet from the surface. By means of these pipes a

tendency is given to a vertical jointing of the mass. With

these characters, the loess unites a remarkable peculiarity

in respect of its organic remains, which consist chiefly of

land-shells, sometimes in immense numbers, likewise of the

bones of various herbivorous and carnivorous mammals,

which are either identical with or closely allied to living

' The calcareous clays of the arid regions of North America have been

largely, used for the manufacture of sun-dried bricks called in Spanish "adobe"

-a term which has been proposed as a geological designation for these deposits.
I. C. Russell, Geol. Mag. 1889, P. 291.

19 See Mr. Russell's piper cited in the previous note, p. 294.
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species that abound on steppes and grassy plains. Fresh

water shells are usually rare, and marine forms do not

occur. Loess is found at all elevations, up to 5000 feet

among the Carpathians, 8000 feet in Shansi, China, and.

probably to still higher attitudes further west. In hilly

regions it fills up the valleys, shading off on either side up

the slopes into the angular dbris of the adjoining rock.

Elsewhere, it spreads over the surface so as completely to

conceal the original inequalities of the ground. In Northern

China, Riehthofen found it to have a thickness of 1500 or

possibly over 2000 feet, and to be cut into deep valleys

and precipitous ravines, with cliffs 500 feet high, which

are excavated into tiers of chambers and passages by a

seeming population." In the arid tracts of North America

the loess or "adobe" is estimated to be sometimes 2000 or

8000 feet thick."

Various theories have been proposed in explanation of

this singular deposit. By some it has been referred to the

operation of the sea; by others to the work of lakes or of

tivers. But its wide extent, its independence of the alti..

tude or contours of tb ground, its uniform and unstratified

character, the unworn condition of its component particles,

and the nature of its organic remains, show that it cannot

be assigned to the action of large bodies of water. Rich

thofen propounded in 1870 the opinion that the loess is

mainly due to the long-continued drifting and deposit of

fine dust by wind over areas more or less covered, with

grassy vegetation, aided by the washing influence of rain,

and this view has been widely accepted. Where rain is

° See Richthofen's description, Gaol. Mag. 1882, p. 293, and his "Ohina,"
above cited.

21 RueseU, Geol. Mag. 1889, p. 292.
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distributed somewhat equally throughout, the year little

dust is formed; but where dry and wet seasons alternate,

as in Central Asia, vast quantities of dust may be moved

during the months of dry weather. When the dust falls on

bare ground, it is eventually swept away by the wind; but

where it settles down on ground covered with vegetation

it is in great measure protected from farther transport, and

thus heightens the soil."'

For atmospheric accumulations of this nature, Traut.

schold has proposed the name eluviurn. They originate

i situ, or at least only by wind-drift, whereas alluvium

requires the operation of water, and consists of materials

brought from a greater or less distance." For wind-formed

deposits the term "olian" is sometimes used.

S a n ci h ill s or D ii ii e s.-Winds blowing continuously

upon sand drive it onward, and pile it into irregular heaps

and ridges, called "dunes." This takes place more especio

ally on windward coasts either of the sea or of large inland

lakes, where sandy shores are exposed to the drying in

fluence of solar heat and wind; but similar effects may

be seen even in the heart of a continent, as in the sandy

deserts of the Sahara, 24 Arabia, and in the arid lands of

Utah, Arizona, etc. 'The dunes travel in parallel, irregular,

" E.ichthofen, Geol. Mag. 1882, p. 297. For some of the more important
contributions to this subject, see Richlhofèn's "China," vols. i. and ii. ; also
Verh. Geol. Reiehs. 1878, p. 289; F. Tieize, Verli.. Geol. Reichs. 1878, p. 113;
1881, p. 37; Jalirb. Geol. Reichs. 1881, P. 80; 1882, p. II; 1883, p. 279; R.
Pumpelly, Amer. Journ. Sd. xvii. (1879); E. W. llilgarcl, op. cit. xviii. (1879),
p. 1.06 (p. 427); I. 0. Russell, Geol. Mag. 1889, pp.. 288, 342; F. Wahuseltaffe,
Z. Deutsch. Geol. Ges. 1886. Jahrh. Preuss. Landosaist. 1889, p. 328. A.
Sauer, Zeitsch. für Naturwissensch. lxii. (1889); and poslea, Book VI. Part V.
Sect. i. On the loess of Alsace, see E. Schumacher, Commiss. Landesunter.
such. Etsass-Lothringen, vol. ii. Part L (1889), p. 79; on the loess of the
Pampas, S. Roth, Zeitach. Deutsch. Geol. Gosell. xl. (1888), p. 422.
" Z. Doutsch. Geol. Gee. xxxi. p. 578.
' For an account of the sand-dunes of the Sahara see "Documents relatifa

I La Mission dirigee au Bud do I'Algerie," A. Ohoisy, 1890, p. 823.



DYNAMICAL GEOLOGY 59

and often confluent ridges, their general direction being
transverse to the prevalent course of the wind. Local wind.

eddies cause many irregularities of form. In humid climates,

rain-water or the drainage of small brooks is sometimes ar

rested between the ridges to form pools (angs of the French

coasts), where formations of peat occasionally take place.
On the coast of Gascony, the sea for 100 miles is so barred

by sand-dunes that in all that distance only two outlets

exist for the discharge of the ctrainage of the interior. As

fast as one ridge is driven away from a beach another forms

in its place, so that a series

of huge sandy billows, as it c

were, is continually on the

move from the sea-margin Lj

toward the interior. A stream

or river may temporarily ar

rest their progress, but event

ually they push the obstacle

aside or in front of them. In

this way the river Adour, on

the west coast of France, has Fig. 90,-Sand-dunes affecting land.
drainage (B.).

had its mouth shifted two or

three miles. Occasionally, as at the mouths of estuaries,

the sand is blown across, so as gradually to exclude the

sea, and thus to aid the fluviatile deposits in adding to

the breadth of the land. In irig. 90 a stream (e e) is rep

resented as crossing a plain (a) at the margin of the sea

or of a large inland sheet of water, bounded bya range
of sand-dunes b b) extending between the two lines of cliff

(c g). The stream has been turned to its right bank by the

advance of the dunes driven by a prevalent wind blowing
in the direction of the arrows. A brook (I) has been at-
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rested among the sandy wastes, whence, after forming a few

pools, it finds egress by soaking through the sandy barrier.

The nature of the grains of sand depends on the char

acter of the rocks from the destruction of which they are

derived, and their form and size are largely regulated by the

force of the wind arid the relative share taken by subaerial

and subaqueous action in their production. Quartz is the

most frequent constituent, but the other minerals of rocks

also occur, especially those which are most capable of resist

ing mechanical tritu.ratiou. In some cases, organic remains,

such as particles of shells, nullipores, etc., form the main

mass of the sand (see p. 572).26 The sand-grains liberated by

a.' 62 1

Fig. 91.-Diagram of Ripples in blown Sand. The ridges b', b2, 68, impelled in the
direction of W W1 successively come to occupy the hollows a1, a9, a3 (B.).

inland subaerial disintegration are apt to be more angular

than those brought within the influence of the wind along

a shore-line."'

Perfect "ripple-marks" (p. 848) may often be observed

on blown sand. The sand-grains, pushed along by the

wind, travel up the long slopes and fall over the steep

slopes. Not only do the particles travel, but the ridges

also more slowly follow each other, as in Fig. 91."

The western sea-board of Europe, exposed to prevalent

westerly and southwesterly winds, affords many instructive

95 Mr. Russell (Geol. Mag. 1889) refers to some parts of the sands of the arid

lands of North America as being composed mainly of the cases of cyprids, blown

away from the beds of dried-up lakes.
98 Engravings of some of the sand-grains from the Egyptian deserts are given

by Waither in the essay already cited.
21 On the origin of ripple niark, see Book IV. Part 1. p. 850.
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examples of these o1ian or wind-formed deposits. The
coast of Norfolk is occasionally fringed with sand-hills 50
to 60 feet high. On parts of the coast of Cornwall," the
sand consists mainly offragments of shells and corallines,
and, through the action of rain upon these calcareous parti
cles, becomes sometimes cemented by carbonate of lime (or
oxide of iron) into a stone so compact as to be fit for build

ing purposes. Long tracts of blown sand are likewise found
on the Scottish and Irish" coast-lines. Sand-dunes extend
for many leagues along the French coast, and thence, by
Flanders and

leagues
round to the shores of Oourland and

Pomerania. On the coast of Holland they are sometimes,

though rarely, 260 feet high-a common average height
being 50 to 60 feet."

The breadth of this maritime belt of sand varies consid

erably. On the east coast o Scotland it ranges from a few

yards to 3 miles; on the opposite side of the North Sea it
attains on the Dutch coast sometimes to as much as 5 mile.
The rate of progress of the dunes toward the interior de

pends upon the wind, the direction of the coast, and the
nature of the ground over which they have to move. On
the low and exposed shores of the Bay.of Biscay, when not
fixed by vegetation, they travel inland at a rate of about
16 feet per annum, in Denmark at from 3 to 24 feet. In
the course of their march they envelop houses and fields;
even whole parishes and districts once populous have been
overwhelmed by them."

Along the margins of large lakes and inland seas many
of the phenomena of an exposed sea-coast are repeated on a

scarcely inferior scale. Among these must be incluc1d
sand-dunes, such as those which, reaching heights of 100
to 200 feet on the southeastern shores of Lake Michigan,
have entombed forests, the tops of the trees being still visi-

28 Ussher, Geol. Mag. (2), vi. p. 30'T, and authorities there cited. The upper
parts of the blown saial are sometimes crowded with land-shells, the decay of
which furnishes the cementing material (see Fig. '?6).

29 See Kinahan, Geol. Mag. viii. p. 155.
80 On the growth of Holland through the operation of the wind and the sea'

see Elie do Beaumont, "Leçons de Geologic pratique," 1. A detailed description
of the dunes of Holland is given by T. Lori, Arch. Musee Teylor, sor. ii. vol. iii.
Part V. (1890), p. 375. For an account of the sand-dunes of Western Europe,
see W. Topley, Pop. Science Rev xiv. (18'TS), p. 133.

' This destruction has more recently been averted to a great extent by the
planting of pine forests, the turpentine of which has become the source of a
large revenue.
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tle above the drifting sand. Large dunes occur also on the

eastern borders of the Caspian Sea, where the sand spreads
over the desert region between that sea and the Sea of

Aral, into which latter sheet of watr the spread of the sand

has driven the course of the Oxus, once a tributary of the

Caspian.
In the interior of continents, the existence of vast arid

wastes of loose sand, situated far inland and remote from

any sheet of fresh water, suggest curious problems in phys
ical geography. In some instances, these tracts have been

at a comparatively recent geological period covered by the

sea. Yet the disintegration of rock in torrid and rahiless

regions is so great (ante, p. 559), that the existing sand is

doubtless mainly, if not entirely, of subaerial origin. The

sandy deserts of the high plateaus of Western North Amer

ica, which have never been under the sea for a long series

of geological ages, show, as we have already found (p. 560),
the mode and progress of their formation from atmospheric
disintegration alone. In Asia lie the vast deserts of Gobi,

where in some places ancient cities have been buried under

the sand." In Rajputana, wide tracts of sandy desert pre
sent a succession of nearly parallel ridges or waves of sand,

varying up to 180 feet from trough to crest, and presenting
long gentle slopes toward southwest, whence the prevalent
winds blow, but with northeastern fronts as steep as the

sand. will lie." To the east of the Red Sea stretch the great
sand-wastes of Arabia; and to the west those of Libya.
The sandy wastes of the Sahara have in recent years been

partially explored, especially by French observers from the

A1erian frontier. According to M. Rolland, the sand is

entirely due to the action of the wind, and though there

is a transport of sand and fine dust, the position of the large
dunes, sometimes 70 metres in height, remains on the whole

unchanged."' In the southeast of Europe, over the steppes
of southern Russia and the adjacent territories, wide areas

of sandy desert occur. Captain Sturt found vast deserts

of sand in the interior of Australia, with long bands of

82 For important information regarding the Central Asiatic wastes, see Rich.
thofen's "China," i. Also Tchihatchef, Brit. Assoc. 1882, p. 356. T. D. For

myth, Journ. Roy. G-eog. Soc. xlvii. (1878), p. 1.
33

Major C. Straban in "Report of Survey of India," 1882-83.
24 C-. Rolland, Bull. Soc. Geol. France, 3d ser. x. p. 30. See also A Par

ran, op. cit. xviii. (1890), p. 245.
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dunes 200 feet high, united at the base and stretching in

straight lines as far as the eye could reach.'
Some of the most remarkable Leolian formations are in

course of accumulation at Bermuda and other coral-islands.
The finer coral-sand, with remains of shells, echinoderm,
calcareous a1go, and other organisms, is driven by the wind
into dunes, the surface of which by the action of rain-water
soon becomes cemented into coherence, while by degrees
the whole mass of calcareous debris is converted into a
hard compact rock which rings under the hammer. The

highest point of Bermuda is 245 feet above the sea, and.
the whole laud up to that height is composed of these
hardened. calcareous oolian deposits.

B u s t-s ho w e r s, B 100 d-r a i n.-Besides the universal

transport and deposit of dust and sand already described,

a phenomenon of a more aggravated nature is observed

in tropical countries, where great droughts are succeeded

by violent hurricanes. The dust or sand of deserts and of

dried lakes or river-beds is then sometimes borne away

into the upper regions of the atmosphere, where, meeting

with strong aerial currents which may transport it for many

hundreds of miles, it descends again to the surface, in the

form of "red fog," "sea-dust," or "sirocco-dust." This

transported material, usually of a brick-dust or cinnamon

color, is occasionally so abundant as to darken the air and

31 For accounts of saud-dunes, their extent, progress, structure, and the
moans employed to al-rest their progress, the student may consult Andersen's
'Klitormationen," 1 vol. 8vo, Copenhagen, 1861; Laval in Annales de8 Ponts.
et-Ohaussees, 1847, 2ine soin. Marsh's "Man and Nature," 1864, and the works
ciecl by him. Forchhammer, Edin. New Phil. Journ. xi. (1841), p. 61.
Elie de Beautnout, "Lecons do Geologie pratiqie," vol. i. p. 183. Winkler,
Cong. Internat. Geol. 1878, p. 181. Information regarding the sands of the
interior of continents will be found in Palgrave's "Travels in Arabia"; Blake, in
Union Pacific Railroad Report, V.; Tristram, "The Great Sahara," 1860; Desor,
"Le Sahara, see differents types do deserts," Bull. Soc. Sci. Nat. NeufcMtel,
1864; E. Fuchs, Petormann's Mittheil. 1879; A. Porno!, Assoc. Prançaise, 1817,
p. 428; G. Rolland, Bull. Soc. Geol. France, 3me ser. x., La Nature, 1882, Soc.
do Geog. 1890; Richthofen's "China," 1.; 1. 0. Russell on the subaerial depos
its of North America, Geol. Mag. 1889, p. 289.

36 Nelson, Q. 3. God. Soc. ix. p. 226. WyviJle Thomson's "Atlantic,'
vol. L, and ante, p. 226.



74 TEXT-BOOK OF GEOLOGY

obscure the sun, and to cover the decks, sails, and rigging

of vessels which may even be hundreds of miles from land.

Rain falling through such a dust-cloud mixes with it, and

descends, either on sea or land, as what is popularly called

"blood-rain." Occasionally the dust is brought down to

the surface of the ground by snow.

This phenomenon is frequent on the northwest of Africa,

about the Cape Verd Islands, in the Mediterranean, and

over the bordering countries. A microscopic examination
of this dust by Ehrenberg led him to the belief that it con
tains numerous diatoms of South American species; and he
inferred that a dust-cloud must be swimming in the atmos

phere, carried forward by continuous currents of air in the

region of the trade-winds and anti-trades, but suffering
partial and periodical deviations. But much of the dust

seems to come from the sandy plains and desiccated pools
of the north of Africa. Daubrée recognized in 1865 some

of the Sahara sand which fell in the Canary Islands. On
the coast of Italy, a film of sandy clay, identical with that
from parts of the Libyan desert is occasionally found on

windows after rain. In the middle of the 18th century an
area of northern Italy, estimated at about 200 square
leagues, was covered with a layer of dust which in some

places reached a depth of one inch. In 1846 the Sahara
dust reached Lyons, and it is said to have been since de
tected as far as Boulogne-sur-Mer. Should the travelling
dust encounter a cooler temperature, it may be brought to
the ground by snow, as has happened in the north of Italy,
and more notably in the east and southeast of Russia, where
the snows are sometimes rendered dirty by the dust raised

by winds on the Caspian steppes."' It is easy to see how

widespread deposits of dust may arise, mingled with the

soil of the land, and with the silt and sand of lakes, rivers,
or the sea; and how the minuter organisms of tropical re

gions may thus come to be preserved in the same forma
tions with the terrestrial or marine organisms of temperate
latitudes. 88

' Consult an interesting paper by 0. von Oamerlander on snow with duit
which fell in Silesia, Moravia and Hungary in February, 1888, Jahrb. Geol.
Reichsanst. xxxviii. (1888), p. 281.

38 See Humboldt on dust whirlwinds of Orinoco, "Aspects of Nature"; also
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The transport of volcanic dust by wind, already referred
to (p. 369), may be again cited here, as another example of
the geological work of the atmosphere. Thus, from the
Icelandic eruptions of 1874-75, vast showers of fine ashes
not only fell on Iceland to a depth of six inches, destroy
ing the pastures, but were borne over the sea and across
Scandinavia to the east coast of Sweden." The remarkable
sunsets of Europe during the winter and spring of 1883-84
are ascribed to the diffusion of the fine dust from the great
Krakatoa eruption of August, 1883 (p. 365). Considerable

deposits of volcanic material may thus be formed in the
course of time even far remote from any active volcano.

Transportation of Plants and Animals.

Besides the transport of dust for distances of perhaps

thousands of miles, wind may also transport living seeds

or spores, which, finally reaching a congenial climate and

soil, may survive and spread. We are yet, however, very

ignorant as to the extent to which this cause has actually

operated in the establishment of any given local flora.

With regard to the minute forms of vegetable life, indeed,

there can be no doubt as to the efficacy of the wind to trans

port them across vast distances on the surface of the globe.

Upward of 300 species of diatoms have been found in the

deposits left by dust-showers. Among the millions of

organisms thus transported it is hardly conceivable that

some should not fall still alive into a fitting locality for

their continued existence and the perpetuation of their

species. Animal forms of life are likewise diffused through
the agency of winds. Insects and birds are often met with

t sea, many miles distant from the land from which they

have been blown. Such organisms are in this way intro-

Maury, "Phys. Geog. of Sea," chap. 'vii.; Ehrenberg's "Passat-Staub mid Blut
Regen," Berlin Akad. 1847. A. von Lasau]x on so-called "cosmic dust,"
Tschermak's Mineral. Mittheil. 1880, p. 517.

89 Nordetiskiöld, Geol. Mag. (2), iii. p. 292. F. Zirkel, Neues Jabrb. 1819,
p. 399.0. vom Ratli, ibid. p. 506, and ante, p. 370.
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duced into oceanic islands, as is well shown in the case of

Bermuda. Hurricanes, by which large quantities of water

are sucked up from lakes and rivers over which they pass,

may also transport part of the fauna of these waters to

other localities.

Efflorescence products.-Among the formations

due in large measure to atmospheric action must be included

the saline efflorescences which form upon the ground in the

dry interior basins of continents. The steppes of Southern

Russia, and the plains round the Great Salt Lake of U tab,

may be taken as illustrative examples. Water, rising by

capillary attraction through the soil to the surface, is

there evaporated, leaving behind a white crust, by which

the upper portion of the soil is covered and permeated.

The incrustations consist of sodium-chloride, sodium- and

calcium-carbonates, calcium- sodium- and

potassium-sul-phatesin various proportions, these being the salts present

also in the salt lakes of the same regions (p. 688.°

§ 2. Influence of the Air on Water

The results of the action of the air upon water will be

more fitly noticed in the section devoted to Water. It will

be enough to notice here-

1. Ocean currents.-These are mainly dependent

for their existence and direction on the circulation of the

atmosphere. The in-streaming of air from cooler latitudes

toward the equator causes a drift of the sea-water in the

same direction. As, owing to the rotation of the earth, these

40 On efflorescence of Great Salt Lake region, see Exploration of 40th Paral
lel, i. sect. v. Consult also E. Tietze, 'Entstehung der Salzste:ppou," Jahrb.
Geol. Reiclisanet. 1877, and H. le Chatelior on the salt-crusts of Mgeria,
Comptes Rend, lxxxiv. p. 396.



DY1VAMICAL GEOLOGY 577

aerial currents tend to take a more and more westerly trend

in approaching the equator, they communicate this trend to

the marine currents, which, likewise moving into regions

with a greater velocity of rotation than their own, are all

the more impelled in the same westerly direction. Hence

the dominant equatorial current which flows westward

across the great ocean. Owing, however, to the position

of the continents across its path, this great current cannot

move uninterruptedly round the earth. It is split into

branches which turn to right and left, and, bathing the

shores of the land, carry some of the warmth of the tropics
into more temperate latitudes. Return currents are thus

generated from cooler latitudes toward the equator (p. 730).
2. Waves.-The impulse of the wind upon a surface

of water throws that surface into pulsations which range
in size from mere ripples to huge billows. Long-continued

gales from the seaward upon an exposed coast indirectly
effect much destruction, by the formidable battery of

billows which they bring to bear upon the land (p. 746).
Wave-action is likewise seen in a marked manner when

wind blows strongly across a broad inland sheet of water,

such as Lake Superior (p. 686).
3. Alteration of the Water-level.-Wind blow

ing freshly across a lake or narrow sea drives the water

before it, and keeps it temporarily at a higher level on the

further or windward side. In a tidal sea, such as that which

surrounds Great Britain, and which sends abundant long
arms into the land, a high tide and a gale are sometimes

synchronous. This conjunction makes the high tide rise

to a greater height than elsewhere in those bays or firths

which look windward, occasionally causing considerable

damage to property by the flooding of warehouses and
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stores, with even a sensible destruction of cliffs and sweep

ing away of loose materials. On the other hand, a wind

from the opposite quarter coincident with an ebb tide, by

driving the water out of the inlet, makes the water-level

lower than it would otherwise be. In inland seas where

tides are small or imperceptible, considerable oscillations

of water-level may arise from the action of the wind. At

Naples, for example, a long-continued southwest wind

raises the level of the water several inches. Similar results

attend prolonged gales on large fresh-water lakes (p. 683).

Rapid and great diminution of atmospheric pressure may

also cause a rise in the level of the sea and produce great

destruction (p. 437).




Section ii. Water

Of all the terrestrial agents by which the surface of the

earth is geologically modified, by far the most important is

water. We have already seen, when following hypogene

changes, how large a share is taken by water in the phe

nomena of volcanoes and in other subterranean processes.

Returning to the surface of the earth and watching the

operations of the atmosphere, we soon learn how important

a part of these is sustained by the aqueous vapor by which

the atmosphere is pervaded.

The substance which we term water exists on the earth

in three well-known forms-(1) gaseous, as invisible vapor;

(2) liquid, as water; and (3) solid, as ice. The gaseous form

has already been noticed as one of the characteristic ingre

dients of the atmosphere (p. 64). Vast quantities of vapor

are continually rising from the surface of the seas, rivers,

lakes, snow-fields, and glaciers of the world. This vapor

remains invisible until the air containing it is cooled down
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below its dew-point, or point of saturation-a result which

follows upon the union or collision of two aerial currents

of different temperatures, or the rise of the air into the

upper cold regions of the atmosphere, where it is chilled

by expansion, by radiation, or by contact with cold moun

tains. According to recent researches, condensation ap

pears only to take place on free surfaces, and the forma

tion of cloud and mist is explained by condensation upon

the fine microscopic dust of which the atmosphere is full.4'

At first minute particles of water-vapor appear, which either

remain in the liquid condition, or, if the temperature is

sufficiently low, are frozen into ice. As these changes take

place over considerable spaces of the sky, they give rise to

the phenomena of clouds. Further condensation augments

the size of the cloud-particles, and at last they fall to the

surface of the earth, if still liquid, as rain; if solid, as

snow or hail; and if partly solid and partly liquid, as

sleet. As the vapor is largely raised from the ocean

surface, so in great measure it falls back again directly

into the ocean. A considerable proportion, however, de

scends upon the land, and it is this part of the condensed

vapor which we have now to follow. Upon the higher ele

vations it falls as snow, and gathers there into snow-fields,

which, by means of glaciers, semi their drainage toward

the valleys and plains. Elsewhere it falls chiefly as rain,

some of which sinks underground to gush forth again in

springs, while the rest pours down the slopes of the land,

feeding brooks and torrents, which, swollen further by

springs, gather into broader and yet broader rivers that

bear the accumulated drainage of the land out to sea.

' Coulier and Mascart. Naturforacher, 1875, p. 400. Aitken, Proc1 Roy.
Soc. Edin. Dec. 1880.
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Thence once more the vapor rises, condensing into clouds

and rain to feed the innumerable water-channels by which

the land is furrowed from mountain-top to sea-shore.

In this vast'system, of circulation, ceaselessly renewed,

there is not a drop of water that is not busy with its allotted

task of changing the face of the earth. When the vapor

ascends into the air it is, comparatively speaking, chemi

cally pure. But when, after being condensed into visible

form, and working its way over or under the surface of the

land,it once more enters the sea, it is no longer pure, but

more or less loaded with material taken by it out of the air,

rocks, or soils through which it has travelled. Day by day

the process is advancing. So far as we can tell, it has

never ceased since the first shower of rain fell upon the

earth. We may well believe, therefore, that it must have

worked marvels upon the surface of our planet in past

time, and that it may effect vast transformations in the

future. As a foundation for such a belief let us now in

quire what it can be proved to be doing at the present time.

§ 1. Rain

Rain effects two kinds of changes upon the surface of

the land. (1) It acts chemically upon soils and stones, and,

sinking under ground, continues, as we shall find, a great

series of similar reactions there. (2) It acts mechanically,

by washing away loose materials, and thus powerfully affect

ing the contours of the land.

1. Chemical Action.-This depends mainly upon the

nature and proportion of the substances abstracted by rain

from the air in. its descent to the earth. Rain absorbs a

42 For estimates of the' distribution of rain over the globe, see Murray, Scot
tish Geol. Mag. 1887.
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little air, which always contains carbonic acid as well as

other ingredients, in addition to its nitrogen and oxygen

(p. 4). Rain thus washes the air and takes impurities
out of it, by means of which it is enabled to work many

chemical changes that it could not accomplish were it to

reach the ground as pure water.

Composition of Rain-water.-Numerous analyses

of rain-water show that it contains in solution about 25 cubic

centimetres of gases per litre." An average proportional

percentage is by measure-nitrogen, 6447; oxygen, 3&76;

carbonic acid, 177. Carbonic acid, being more soluble than

the other gases, is contained in rain-water in proportions

between 30 and 40 times greater than in the atmosphere.

Oxygen too is more soluble than nitrogen. These differ

ences acquire a considerable importance in the chemical

operations of rain. Other substances are present in smaller

quantities. In England there is an average of 395 parts

of solid impurity in 100,000 parts of rain." Nitric acid

sometimes occurs in marked proportions: at Basel it was

found to reach a maximum of 136 parts in a million, with

201 parts of nitrate of ammonia. Sulphuric acid likewise

occurs, especially in the rain of towns and manufacturing
districts." Sulphates of the alkalies and alkaline earths

have been detected in rain. But the most abundant salt

is chloride of sodium, which appears in marked propor-

Baumert, Ann. Chem. Pharm. lxxxviii. p. ii. The proportion of carbonic
acid found by Peligot was 24. See also Bunsen, op. cit. xciii. p. 20. Roth,
"Chem. Geol." i. p. 44. Angus Smith, "Air and Rain," 18'12, p. 225.

44 Rivers Pollution Commission, 6th Rep. p. 29.
.15 The occurrence of sulphuric and nitric acids in the air, especially notice

able iu large towns, leads to considerable corrosion of metallic surfaces, as well
as of stones and lime. The mortar of walls may often be observed to be slowly
swelling out and dropping off, owing to the conversion of the lime into sul
phate. Great injury is likewise done, from a similar cause, to marble mon
uments in exposed graveyards. See Angus Smith, "Air and Rain," p. 444.
Geikie, Proc. Roy. Soc. Edin. 1819-SO, p. 518.
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tions on coasts, as well as in the rain of towns and indus

trial districts. Rain taken at the Land's End in Cornwall

during a strong southwest wind was found to contain 2180

of chlorine, or 3591 parts of common salt, in every 10,000

of rain. The mean proportion of chlorine over England is

about 0022 in every 10,000 parts of rain; at Ootacamund

0003 to 0004.°

In washing the air, rain carries down also inorganic

particles or motes floating there; likewise organic dust and

living germs." As the result of this process the soil comes

to be not merely watered but fertilized by the rain. Angus

Smith cites the experience of J. J. Pierre, who found by

analysis that in the neighborhood of Caen, in France, a

hectare of land receives annually from the atmosphere by

means of rain:"

Chloride of sodium 3'75 kilogrammes
potassium 82 69

66
magnesium 25 44

46 calcium 18 69

Sulphate of soda 8'4 kilogrammes
64

potash. 80 64
64 lime 62 fit
64

magnesia 5.9 64

46 Angus Smith, "Air and Rain." Rivers Pollution Commission, 6th Rep.
1874, p. 425. During a westerly gale on the Atlantic coasts of Britaiu, when
the sea is white with foam, the air, elsewhere clear, may be seen to be quite
misty alongshore from the clouds of flue spray swept by the wind from the
crests of the breakers. This salt-water dust is borne far inland. From the in

vestigations carried on at the Agricultural Laboratory, Rothameted, it appears
that the average proportion of chlorine is 201 per million parts of rain, which
in a rainfall of 3F65 inches is equal to a discharge of 24 pounds of pure sodium
chloride per acre. At Cirencester, where the rainfall is 33-31 inches, the pro
portion of chlorine is 325 per million, which is equivalent to 403 pounds of
sodium chloride per acre. R. Warington, Journ. Chem. Soc. 1881, p. 502.

'a Among the inorganic contents of rain and snow, line terrestrial dust and

epherules of iron, probably in part of cosmic origin, have been specially noted.
See authorities cited ante, p. 125; A. vot Lasau]x, as cited on p. 575. The

organic matter of rain is revealed by the putrid smell which long-kept rain-water
gives out.

48
Angus Smith, "Air and Rain," p. 233.
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Not only rain, but also dew and hoar-frost abstract im

purities from the atmosphere. The analyses performed by
the Rivers Pollution Commission show that dew and hoar

frost, condensing from the lower and more impure layers
of the air, are even more contaminated than rain, as they
contain on an average in England 487 parts of solid im

purity in 100,000 parts, with 0198 of ammonia.

It is manifest that rain reaches the surface by no means

chemically pure water, but having absorbed from the air

various ingredients which enable it to accomplish a series

of chemical changes in rocks and soils. So far as we know

at present, the three ingredients which are chiefly effective

in these operations are oxygen, carbonic acid, and organic
matter. As soon as it touches the earth, however, rain

water begins to absorb additional impurities, notably in

creasing its proportion of carbonic acid and of organic
matter, from decomposing animals and plants. Among the

organic products most efficacious in promoting the corrosion

of minerals and rocks are the so-called ulmic or humous

substances that form with alkalies and alkaline earths

soluble compounds, which are eventually converted into

carbonates." Hence as rain-water, already armed with gases
absorbed from the atmosphere, proceeds to take up these

organic acids from the soil, it is endowed with considerable

chemical activity even at the very beginning of its geolog
ical career.

Chemical and mineralogical changes due

t o rain-water.-In previous pages, it was pointed out

49 Rivers Pollution Commission, 6th Rep. p. 32.
° Senft, Z. Deutsch. Geol. Gee. xxiii. p. 665, xxvi. p. 954. This subject has

been well treated in a paper by A. A. Julien "On the Geological Action of the
Humous Acids" (Proc. Amer. Assoc. xxviii. 18(9, p. 311), lo which further
reference is made in later pages. See also his excellent paper on the deconipoaition of pyrites, Ann. New York Acad. Sci. vol. iv. (1888).
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that all rocks and minerals are, in varying degrees, porous

and permeable by water, that probably no known substance

can, under all conditions, resist solution in water, and that

the subsequent solvent power of water is greatly increased

by the solutions which it effects and carries with it in its

progress through rocks (pp. 519-521). The chemical work

done by rain may be conveniently considered under th five

heads of Oxidation, Deoxidation, Solution, Formation of

Carbonates, and Hydration.

1. Oxidation.-The prominence of oxygen in rain-water,

and its readiness to unite with any substance that can con

tain more of it, render oxidation a marked feature of the

passago of rain over rocks. A thin oxidized pellicle is

formed on the surface, and this, if not at once washed off,

is thickened from inside until a crust is formed over the

stone, while at the same time the common dark green or

black color of the original rock changes into a yellowish,

brownish, or reddish hue. This process is simply a rusting

of those ingredients which, like metallic iron, have no

oxygen, or have not their full complement of it. The

ferrous and manganous oxides so frequently found as con

stituents of minerals are specially liable to this change. In

hornblende and augite, for example, one cause of weather

ing is the absorption of oxygen by the iron and the hydra

tion of the resultant peroxide. Hence " the yellow and

brown sand into which rocks abounding in these minerals

are apt to weather. Sulphides of the metals give rise to

sulphates, and sometimes to the liberation of free sulphuric

acid'. Iron disulphide, for example, becomes copperas,

which, on oxidation of the iron, gives a precipitate of

limonite, with the escape of free sulphuric acid.

2. Deoxidation.-Rain becomes a reducing agent by ab-
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sorbing from the atmosphere and soil organic matter which,

having an affinity for oxygen, decomposes peroxides and

reduces them to protoxides. This change is especially

noticeable among iron-oxides, as in the familiar white

spots and veinings so common among red sandstones.

These rocks are stained red by ferric oxide (hmatite),

which, reduced by decaying organic matter to ferrous

oxide, is usually removed in solution as a organic salt

or a carbonate. When the cleoxidation takes place round

a fragment of plant or animal, it usually extends as a cir

cular spot; where water containing the organic matter per

meates along a joint or other divisional plane, the decolo

ration follows that line. Another common effect of the

presence of organic matter is the reduction of sulphates

to the state of sulphides. Gypsum is thus decomposed

into sulphide of calcium, which in water readily giv¬s cal

cium carbonate and suiphuretted. hydrogen, and the latter

by oxidation leaves a deposit of sulphur. Hence from

original beds of gypsum, layers of limestone and sulphur

have been formed, as in Sicily and elsewhere (p. 124).61

3. Solution.-A few minerals (halite, for example) are

readily soluble in water without chemical change, and with

out the aid of any intermediate element; hence the copious

brine-springs of salt regions. In the great majority of cases,

however, solution is effected through the medium of car

bonic acid or other reagent. Limestone is soluble to the

extent of about 1 part in 1000 of water saturated with car

bonic acid. The solution and removal of lime from the

mortar of a bridge or vault, and the deposit of the material

so removed in stalactites and stalagmites (p. 620), likewise

11 The reducing action of organic acids is further described in Section lii.
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the rapid effacement of marble epitaphs in our churchyards

are instances of this solution. It has been shown that in

the atmosphere of a large town, with abundant coal-smoke

and. rain, exposed inscriptions on marble become illegible in

half a century. Pfaff determined that a slab of Solenhofen

limestone, 2520 square millimetres in su.perficies, lost in

two years, by the solvent action of rain, 0180 gramme

in weight, in three years 0548, the original polish being

replaced by a dull earthy surface on which fine cracks

and incipient exfoliation began to appear. Taking the

specific gravity of the stone at 26, the yearly loss of sur

face amounts to 71.11 millimetre, so that a crag of such lime

stone would be lowered 1 metre in 72,800 years by the

solvent action of rain." J. G. Goodehild, from observa

tions of dressed surfaces of Carboniferous limestone in

the north of England, has inferred that these surfaces have

been lowered at rates varying from one inch in 240 years to

the same amount in 500 years. Dolomite is much more

feebly soluble than limestone. As rain-water attacks the

carbonate of lime more readily than the carbonate of mag

nesia, the rock is apt to acquire a somewhat porous or cari

ous texture, with a corresponding increase in the proportion

of its magnesian carbonate. Eventually the latter carbonate

is dissolved and redeposited in the pores of the rock, which

then assumes a characteristic crystalline aspect. Among

the sulphates, gypsum is the most important example of

solution, it is dissolved in the proportion of about 1 part

in 400 parts of water.

' Pfaff, Z. Deutsch. Gaol. Gas. xxiv. p. 405; and "Ailgemeine Geologie
als exacte Wissenschaft," p. 311. Roih, "Ailgemeine und Chem. Gaol." I. p.
'10. Geikie, Proc. Roy. Soc. Edin. x. 1879-80, p. 518.

58 Gaol. Nag. 1890, p. 466.



DYNAMICAL GEOLOGY 587

4. Formation of Carbonates. -Silicates of lime, potash,

and soda, with the ferrous and. manganous silicates which

exist so abundantly in rocks, are attacked by rain-water

containing carbonic acid, with the formation of carbonates

of these bases and the liberation of silica. The feispars are

thus decomposed. Their crystals lose their lustre and color,

becoming dull and earthy on the outside, and the change

advances inward until the whole substance is converted into

a soft pul'v-erulent clay. In this decomposition the whole

of the alkali, together with about two-thirds of the silica,

is removed, leaving a hydrous aluminou.s silicate or kaolin

behind. But the rapidity and completeness of the process

vary greatly, especially in proportion to the abundance of

carbonic acid. Where it advances with sufficient slowness,

most of the silica, after the abstraction of the alkali, may
be left behind. In the case of magnesian minerals (augite,
hornblende, olivine, efc.) the silicates of magnesia and alu

mina, being less soluble, may remain as a dark brown or

yellow clay, colored by the oxidation of the iron, while the

lime and alkalies are removed." Evidence of the progress
of these changes may be obtained even for some distance

from the surface in many massive rocks. Diabase, basalt,

diorite, and other crystalline rocks, which may appear to

be quite fresh, will often reveal, by the effervescence pro
(faced when acid is dropped on their newly broken and

seemingly undecomposed surfaces, that their silicates have

been attacked by meteoric water and have been partially
converted into carbonates.

5. Hydration.-Some anhydrous minerals, when exposed
to the action of the atmosphere, absorb water (become hy-

Roth, op. cit. i. p. 112.



588 TEXT-BOOK OF GEOLOGY

cirous), and may then. be more prone to further change.

Anhydrite becomes, by addition of water, gypsum, the

change being accompanied by an increase of bulk to the

extent of about 33 per cent. Local uplifts of the ground

and crumpling or fracture of rocks may sometimes be

caused by the hydration of subterranean beds of anhydrite

(p. 506). Many substances on oxidizing likewise become

hydrous. The oxidation of ferrous oxide in damp air gives

rise to hydrous ferric oxide, with its characteristic yellow

and brown colors on weathered surfaces.

W e a t h e r i n g.-This term expresses the genera]. result

of all kinds of meteoric action upon the superficial parts of

rocks. As these changes almost; invariably lead to disin

tegration of the surface, the word weathering has come to

be naturally associated in the mind with a loosened crum

bling condition of stone. But the influence of the atmos

pheric agents is not invariably to destroy the coherence of

the integral particles of rocks. In some cases, stones harden

on exposure. Certain sandy rocks, for example, like the

"gray-weathers" and scattered Tertiary blocks in the Ar

dennes, become under meteoric influence a kind of lustrous

quartzite. In other cases, there may be more complex

molecular rearrangements, such as those remarkable trans

formations to which Brewster first called attention in the

case of artificial glass. He showed that in thin films of

decomposed glass, obtained from Nineveh and other ancient

sites, concentric agate-like rings of devitrification are formed

round isolated points, closely analogous to those above de

scribed as artificially produced by the action of heated alka-

line waters (p. 526), and. that groups of crystals or

crystal-Trans.Roy. Soc. Pin. xxii. 607; xxiii. 193. See ante, p. 5?.
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lites, "probably of silex," are developed from many

independent points in the decomposing layer. Colored

films indicative of incipient decomposition have been ob

served on surfaces of glass exposed only to the air of the

atmosphere for twenty or thirty years. Brilliantly irides

cent films have been produced on the glass of windows

exposed for not more than twenty years to the air and

ammoniacal vapors of a stable." That similar transforma

tions take place in the natural silicates of rocks seems in

the highest degree probable. They may, form the earliest

stages of the change to the usual opaque earthy decom

posing crust, in which, of course, all trace of any structure

developed in the preliminary weathering is lost."

In humid and temperate climates, weathering is mainly

due to the combined influence of rain and sunshine. Satu

rated with rain-water, which dissolves more or less of any

soluble constituents that may be present, and thereafter ex

posed to the desiccating and expanding influence of the warm

rays of the sun, rock-surfaces are disintegrated, breaking up

into angular fragments or crumbling into dust." In high.

mountainous situations, as well as in lower regions where

the temperature falls below the freezing-point in winter,

weathering is in large measure caused by the action of frost

(p. 698); in arid lands subject to great and rapid alterna

tions of temperature, it may be mainly, due to the strain of

alternate expansion. and contraction (p. 559) and. the mechan-

66 This fact has been observed by my friend M. P. Dudgeon, of Cargen, in
an ill-ventilated cow-house, and I have seen the plates of glass removed from
the windows. The process of decay in glass has been treated of in great detail
by Mr. James Powler, Trans. Soc. Antiquaries, xlvi. (18'19), pp. 65-162.

Reference may be made here to the liquid inclusions already alluded to as
developed in feispar during the decomposition of gneiss, ante, p. 200.

This action can be instructively imitated by boiling and drying shalea in
the manner described in Book V. Sect, vii.



690 TEXT-BOOK OF GEOLOGY

ical action of the wind (p. 561 et seq.). As the name de

notes, weathering is dependent on meteorological condi

tions, and varies, even in the same rock, as these conditions

change, but is likewise almost infinitely diversified accord

ing to the structure, texture, and composition of rocks.

Mere hardness or softness forms no sure index to the

comparative power of a rock to resist weathering. Many

granites, for instance, weather to clay, deep into their mass,

while much softer limestones retain smooth, hard surfaces.

Nor is the depth of the weathered surface any better guide

to the relative rapidity of waste. A tolerably pure lime

stone may weather with little or no crust, and yet may be

continually losing an appreciable portion of its surface by

solution, while an igneous rock, like a diorite or basalt, may

be incased in. a thick decomposed crust and weather with

extreme slowness. In the former case, the substance of the

rock being removed in solution, few or no insoluble por

tions are left to mark the progress of decay, while in the

igneous rock, the removal of but a comparatively small pro

portion causes disintegration, and the remaining insoluble

parts are found as 'a crumbling crust, impure limestone,

however, yields a weathered crust of more or less insoluble

particles. Hence, as we have already seen (p. 148), the rela

tive purity of limestones may be roughly determined from

their weathered surfaces, where, if they contain much sand,

the grains will be seen projecting from the calcareous ma

trix; should they be very ferruginous, the yellow hydrous

peroxide, or ochre, will be found as a powdery crust; or if

they be fossiliferous, they will commonly present the fossils

standing out in relief. An experienced fossil-collector will

always carefully search weathered surfaces of limestone, for

he often finds there, delicately picked out by the weather,



DYNAMICAL GEOLOGY 691

minute and frail fossils, which are wholly invisible on the

freshly broken stone. This difference arises from the crys
talline calcite of the organic remains being less soluble than

the more granular calcite in which these are imbedded.

Limestones frequently, assume a remarkable channelled

rugose surface, with projecting knobs, ridges, and pinna
cles especially developed iii high bare tracts of ground

(Karrenfelder).

Rocks liable to little chemical change are best fitted to

resist weathering, provided their particles have sufficient
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Fig. 92.-Weatbered sandstone cliffs showing irregular honeycombing and
weathering along planes of stratification (B.).

cohesion to withstand the mechanical processes of disinte

gration.°° Siliceous sandstones offer excellent examples of

this permanence. Consisting mainly of the durable min

eral quartz, they are sometimes able so to withstand decay

that buildings made of them still retain, after the lapse of

centuries, the chisel-marks of the builders. Many sand-

Helm, Jahrb. Schweiz. Alpenclubs, xiii. (18T8).bO On weathering of building-stones, see Proc. Roy. Soc. Edin. 1879-80,
p. 518. Julien, Trans. New York Acad. Sci. Jan. 1883. W. Wallace, Proc.
Phil. Soc. 0-las. xiv. (1882-83), p. 22.
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stones, however, contain argillaceous, calcareous, or ferru

ginous concretions which weather more rapidly than the

surrounding rock, and cause it to assume a honeycombed

surface; others are full of a diffused cement (clay, lime,

iron) the decay of which makes the rock crumble down into

sand. In sandstones, as indeed in most stratified rocks,

there is a tendency toward more rapid weathering along the

planes of stratification, so that the stratified structure is

brought out very clearly on natural cliffs (Fig. 92). In

many ferruginous sandstones and clay ironstones, successive

yellow or brown zones or shells may be traced inward from

the surface, frequently due to changes of the ferrous carbo

nate into limonite, the interior re

maining still fresh. In many pris

matic massive rocks (basalt, diorite,

etc.) segments of the prisms weather

into spheroids, in which successive

weathered rings form crusts like

Fig. 93.-Rings of Weathering, the concentric coats of an onion

(Figs. 93, 94). Where one of these rocks has been in

truded as a dike, it sometimes decomposes to a consid

erable depth into a mass of brown ferruginous balls in a

surrounding sandy matrix-the whole having at first a re

semblance to a conglomerate made of rolled and transported

fragments (Fig. 95).

No rock presents greater variety of weathering than

granite. Some remarkably durable kinds only yield slowly

at the edges of the joints, the separated masses gradually

assuming the form of rounded blocks like water-worn bowl

ders. Other kinds decompose to a depth of 50 feet or more,

and can be dug out with a spade. In Cornwall and Devon,

the kaolin from the rotted granite, largely extracted for pot
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tery purposes, is found down to a depth of occasionally 600

feet. That what appears to be mere loose sand and clay is

really rock decomposed in 8i¬u, is proved by the quartz
veins and bands of schorl-rock which ascend from the solid

rock (a, Fig. 96) into the friable part (b}, and by the entire

agreement in structure between the two portions. Here and
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'ig. 04.-Spheroidal Weathering of .Dolerite, North Queensferry.

there, kernels of still undecompôsed granite may be seen (as

at c c in Fig. 97), surrounded by thoroughly decayed. mate

rial, and, like the solid cores of basalt above mentioned, pre

senting a deceptive resemblance to accumulations of trans

ported materials. There can be no doubt that the granite

howiders, so abundantly transported by the ice-sheets and.

glaciers of the ice Age, originated in great measure in this

way. Owing to its numerous joints, granite occasionally
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weathers into forms that resemble ruined walls. Large slabs,

each defined by joint planes, weather out one above another
-'------

T, \ like tiers of masonry (Fig. 98),

Js




until, loosened by disintegra

tion, they slip off and expose

lower parts of the rock to the

same influences. Here and

there, a separate block becomes

Fig. 95.-Felsite Dike weathering into so poised that it may be read
spheroids, Cornwall (B.).

ily moved to and fro by the

hand, as in the so-called "rocking-stones" of granite dis

tricts. As the disintegration varies with local differences in

durability, some portions weather into cavities, others into

a.
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Fig. 96.-Decomposition of Granite.
a, Solid granite; b, decomposed
granite; c, vegetable soil.




Pig. 97.-Decomposition of Granite. a,
Solid granite; b, decomposed granite;
c, c, kernels of still undecomposed
granite.

prominences, often with a singularly artificial appearance,

as in the "rock basins" (Fig. 99) and "tors" (Fig. 98) of the

outbwest of England. The ruin-like weathering of dolo-

Fig. 98.-Weathering of Granite along its joints (B.).

mite gives rise in the Cevennes to some singularly pictu

resque scenery.

To the influence of weathering, many of the most familiar

minor contours of the land may be traced. So characteristic
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are these forms for particular kinds of rock, that they serve

as a means of recognizing them even from a distance,

(Book VII.)

In countries which have not been under water for a vast

lapse of time, and where consequently the saperficial rocks

have been continuously exposed to subaerial disintegration,
thick accumulations of "rotted rock" are fou.nd on the sur

face. The extent of this change is sometimes impressively
marked in areas of calcareous rocks. Limestone being

mostly soluble, its surface is continually dissolved by rain,

while the insoluble portions remain behind as a slowly in

creasing deposit. In regions which, possessing the neces

sary conditions of climate, have been for a long period Un

submerged, tracts of limestone, unprotected by glacial or

other accumulations, are found to be covered with a red

loam or earth. This characteristic layer occurs on a limited

scale over the chalk of the southeast of England, where, with

its abundant flints, it lies as the undissolved ferruginous
residue of the chalk that has been. removed to a depth of

many yards. It occurs likewise in swallow-holes and other

passages dissolved out of calcareous masses, and forms

Fig. 9O.-The "Kettle and Pans," St. Mary, Scilly-, cavities weathered
out of Granite (B.).
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the well-known red. earth of bone caves. In southeastern

Europe it plays an important part among superficial depos

its, being extensively developed over the limestone districts,

especially in Istria and Dalmatia, where it is known as the

ferruginous red earth or terra rossa.6'

Other remarkable examples of similar subaerial waste

have been, specially noticed among crystalline schists and

eruptive rocks. in Brazil, it has been remarked with aston

ishment that the crystalline rocks are sometimes decayed to

a depth of more than $00 feet." In Massachusetts, Penn

sylvania, and generally in the middle and southern Atlantic

States of :North America, the depth of disintegration appears

gradually to increase southward from the limits where the

country has been "glaciated" by ice-sheets during the Gla

cial Period. In central Asia, a similar superficial decay

has been observed.64 Dr. Sterry Hunt has specially drawn

61 On the origin of "Terra Rossa," see M. Neumayr, Verhandi. Geol. Reich.
anst. 1815, p. 50; Th. Fuchs, op. cit. p. 194; E. von Mojsisovics, Jahrb. Geol.

Reichsanst. xxx. (1880), p. 210; E. Tietze, op. cit. xxx. (1880), P. 729; Lorenz,
Verh. Geol. Reichs. 1881, p. 81; 0. de Georgi, Boll. Corn. Geol. Ital. vii. p. 294.
It is included among the ferruginous deposits by Stoppani ("Corso di Geologia,"
iii. p. 534). Neumayr shows that it is of various ages; in the Karst it incloses
Miocene mammals.

62 Liais, "Geologie du Bresil," p. 2. Ann. des Mines, lme ser. viii. p. 698.
T. Belt, "Naturalist in Nicaragua" (1874), p. 86. T. Sterry Runt, Amer. Journ.
Sd. 3d ser. vii. p. 60; xxvi. (1883), p. 196; Geol. Mag. 1883, p. 310; American
Naturalist, ix. (1875), p. 411. This writer dwells especially on the great geo
logical antiquity of the weathered crust. On the secular rock-weathering of the
Swedish mountains see Nathorsi, Geol. Fären. Stockholm. FSrhand. 1879, iv.
No. 13.

63 I. 0. Russell, Bull. U. S. Geol. Survey, No. 52 (1889), p. 12 et seq. There
is a useful bibliography of papers on the subaerial decay of rocks appended to
this essay. See also W. 0. Crosby, Proc. Nat. list. Soc. Boston, xxiii. p. 2)9.

" On a smaller scale it is also to be noted in the granite and killas (phyllite)
of Cornwall and Devon, which, not having suffered from the abrading action of
the ice of the Glacial Period, show a deep cover of rotted rock, and afford some
indication of what may have been elsewhere the condition of Britain before the
period of glaciation. The sea-cliffs along the north coast of Cornwall expose
instructive sections of the deep upper decomposed, and of the lower blue solid
killas, with the remarkably uneven boundary along which they pass into each
other.
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attention to the geological importance of this prolonged dis-

integration in situ. Mr. Pumpelly points out that, as masses

of decomposed rock may be observed to a depth of over 100

feet, the surface of the still solid rock underneath presents

ridges and hollows, succeeding each other according to vary.

ing durability under the influence of percolating carbonated

water. In this kind of weathering, where erosion does not

come into play, it is evident that the resulting topography
must, in some important respects, differ from that of an ordi

nary surface of superficial denudation. In particular, rock.

basins may be gradually eaten out of the solid rock. These

will remain fall of the decomposed material, but any subse

quent action, such as that of glacier-ice, which could scoop
out the detritus, would leave the basins and their interven

ing ridges exposed.

Formation o f Soil.-On level surfaces of rock the

weathered crust may remain with comparatively little re

arrangement until plants take root on it, and by their decay

supply organic matter to the decomposed layer, which

eventually becomes what we term "vegetable soil." Ani

mals also furnish a smaller proportion of organic ingredi
ents. Though the character of soil depends primarily on

the nature of the rock out of which it has been formed, its

fertility largely depends on the commingling of decayed
animal and vegetable matter with decomposed rock.

A gradation may be traced from the soil downward into

what is termed the "subsoil," and thence into the solid rock

underneath (Fig. 100). Between soil and subsoil a marked

difference in color is often observable, the former being

yellow or brown, when the latter is blue, gray, red, or

05
Pumpelly, Amer. Journ. Sci. 3d ser. xviti. 136; L. S. Burbank, Proc. Boat.

Nat. fist. Soc. xvi. (18't4), part 2, p. 150.
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other color of the rock beneath.u This contrast, evidently

due to oxidation and hydration, especially of the iron, ex

tends downward as far as the subsoil is opened up by
L

fibres
1

rooblebs and to the ready

-- descent of rain-water. The yel-

lowing of the subsoil may even

occasionally be noticed around

'lg. 100.-Section showing the upward some stray rootlet which has
passage of Rock (a) into Subsoil (b),
and thence into Vegetable Soil (c). Struck down further than the

rest, below the general lower limit of the soil (postea, p. 793).

Mr. Darwin observed many years ago that a layer of

soil, three inches in depth, had grown above a layer of burnt

marl spread over the land fifteen years previously; also that

in another example, a similar layer had, as it were, sunk

beneath the soil, to a depth of twelve or thirteen inches

in eighty yeas. He connected these facts with the work

of the common earth-worm, and concluded that the fine

loam which had grown above these original superficial

layers had been carried up to the surface, and had been

voided there in the familiar form of worm-castings.

This action of the earth-worm is doubtless highly im

portant, but, as Richthofen has pointed out, we have to

take also into account the gradual augmentation of level

due to the daily deposit of dust (ante, p. 564, and postea,

p. 794).

Soil being composed mainly of inorganic, and to a

slight extent of organic materials, the proportion between

these two elements is a question of high economic impor-

° Deceptive appearances of a break between the soil or subsoil and what lies
beneath are sometimes produced by this means. See W. Whitaker, Q. J. Geol.
Soc. xxxiii. p. 122. E. Van den Broeck, Mem. Couronu. Acad. Brussels, 1881.

61 Geol. Trans. v. 1840, p. 505; and his more recent; researches in his vol-
ume on "Vegetable Mould." See also C. Reid, Geoi. Mag. 1884, p. 165.
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tance. With regard to the organic matter, it is the experi
ence of practical agriculturists in Britain that oats and rye
will grow upon a soil with 1. per cent of organic matter, but

that wheat requires from 4 to 8 per cent." To a geologist,
this organic matter has much interest, as the source of most

of the carbonic acid with which so wide a series of changes
is worked by subterranean water. The inorganic portion of

soil, or still undissolved residue of the original surface-rock,

varies from. a loose open substance with 90 per cent or more

of sand, to a stiff, cold, retentive material with more than

90 per cent of clay. When this sand and clay are more

equally mixed they form a "loam." 69

Reference has just been made to the thick accumulation

of rock decomposed in situ observable in certain regions
which, having been above the sea for a lengthened period,
have been long exposed to the action of weathering. Where

this action has been supplemented by that of rain, wide

spread formations of loam and earth have been gathered

together. These are well illustrated by the "brick-earth,"

"head," and "rain-wash" of the south of England-earthy

deposits, with angular stones, derived from -the snbaerial

waste of the rocks of the neighborhood."

2.' Mechanical Action.-Besides chemically corroding

88 Johnston's "Elements of Agricultural Chemistry," p. 80.
69 For measurements of the permeability of soils, see Hondaile and Semi

chow, Compt. Rend. cxv. (1892), p. 1015.
10 Godwin-Austen, Q. J. Geol. Soc. vi. p. 94, vii. p. 121; Foster and Topley,

op. cit. xxi. p. 446. The vast extent of some superficial formations, like the
"bess" above referred to (p. 566), has often suggested submergence below
the sea. But when, instead of marine organisms, only terrestrial, fluviatile, or
lacustrine remains occur in them, as in the brick earths and boss, the idea
of marine submergence cannot be entertained. The remarkable "tundras" or
steppes of Siberia, and the "black earth" of Russia, are examples of such ex
tensive formations, which are certainly not of marine origin, but point to long
continued emergence above the sea. See Murchison, Keyserling and Do Ver
neuil's "Geology of Russia." Belt, Q. J. Geol. Soc. xxx. p. 490.
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rocks and thereby loosening the cohesion of their parti

cles, rain acts mechanically by washing off these particles,

which are held in suspension in the little rain-runnels or

are pushed by them along the surface. The amount and

rapidity of this action do not depend merely on the annual

quantity of rain. A comparatively large rainfall may be

so equably distributed through a year or season as to pro

duce less change than may be caused by a few heavy rain

storms which, though inferior in total amount of precipi

tated moisture, descend rapidly in great volume. Such

copious rains, by deluging the surface of a country and

rapidly flooding its water-courses, may transport in. a few

hours an enormous amount of sand and mud to lower

levels. Another feature to be kept in view is the angle

of declivity: the same amount of rain will perform vastly

more mechanical work if it can swiftly descend a steep

slope, than if it has to move tardily over a gentle one.

Removal and Renewal of Soil.-Elie de Beau

mont drew attention to what appeared to be proofs of the

permanence or long duration of the layer of vegetable soil."

But the cases cited by him are not inconsistent with a belief

that the doctrine of the persistence of the soil is true rather

of the layer as a whole, than of its individual particles.72

Were there no provision for its renewal, soil would com

paratively soon be exhausted, and would cease to support
the same vegetation. This result, indeed, occurs partially,

especially on fiat lands, but would be far more widespread
were it not that rain, gradually washing off the upper part
of the soil, exposes what lies beneath to further disintegra

tion. This removal takes place even on grass-covered sur-

' "Leçons de Geologie pratiqne," I. p. 140.
' Geikie, Trans. Geol. Soc. Glasgow, iii. p. 110.
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faces, through the agency of earth-worms, by which fine

particles of loam are brought up and. exposed to the air,

to be dried and blown away by wind, or washed clown by

rain. The lower limit of the layer of soil is thus made to

travel downward into the subsoil, which in turn advances

into the underlying rock. As ilutton long ago insisted,

the superficial covering of soil is constantly, though slowly,

travelling to the sea." In this ceaseless transport, rain acts

as the great carrying agent. The particles of rock and of

soil are, step by step, moved downward over the face of the

land, till they reach the nearest brook or river, whence

their seaward progress may be rapid. A heavy rain dis

colors the water-courses of a country, because it loads them

with the fine debris which it removes from the general sur

face of the land. In this way, rain serves as the means

whereby the work of other disintegrating forces is made

conducive to the general degradation of the land. The

decomposed crust produced by weathering, which would

otherwise accumulate over the solid rock, and in some

measure protect it from decay, is removed by rain, and a

fresh surface is thereby laid bare to further decomposition.

Movement of Soil-c ap.-In some countries, where

the ground is covered with a thick spongy mass of vegeta

tion exposed to considerable variation of temperature and

moisture, appearances have been observed of an extensive

slipping of the layer of soil to lower levels, bearing with

it whatever may be growing or lying upon it. Such are

the so-called "stone-rivers" of the Falkland Islands, and

the superficial debris of certain parts of the west coast of

Patagonia." In Western Europe, slight indications of a

78 "Theory of the Earth," Part. II. chaps. 'v. vi.
' Wyville Thomson's "Atlantic," vol. ii. p. 245. B. W. Coppinger, Q. J.

Geol, Sue. 1881, p. 348.See postea, under "Landslips," p. 628,
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similar movement may often be noticed on the sides of

hills or valleys.

Unequal Erosive Action of Rain.-While

the result of rain action is the general lowering of the

level of the land, this process necessarily advances very

unequally in different places. On flat ground, the waste

may be anite inanoreciable. exceDt after long intervals and
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Fig. 101.-Rain-eroded pillars of Old Red Conglomerate, Fochabers.
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by the most accurate measurements, or it may even give

place to deposition, the fine detritus washed off the slopes

being spread out, so as actually to heighten the alluvial sur

face. In numerous localities, great variations in the rate

of erosion by rain may be observed. Thus, from the pitted,

channelled ground lying immediately under the drip of the

eaves of a house, fragments of stone and gravel stand up

prominently, because the earth around and above them has

been washed away by the falling drops, and because, being
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hard, they resist the erosive action and screen the earth

below them. On a larger scale the same kind of operation

may be noticed in districts of conglomerate, where the

larger blocks, serving as a protection to the rock under

neath, come to form, as it were, the capitals of slowly

deepening columns of rock (Fig. 101). In certain valleys
of the Alps a stony clay is cut by the rain into pillars,

-

ikl "

Fig. 102.-Earth-pillars left by the weathering of moraine-stuff, Tyrol.

each of which is protected by, and indeed owes its exist

ence to, a large block of stone which lay originally in the

heart of the mass (Fig. 102). These columns, or "earth

pillars," are of all heights, according to the original posi
tions of the stones. More colossal examples have been

described by Hayden from the conglomerates of Colorado.

There are instances, however, where the disintegration
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has been so complete that only a few scattered fragments

remain of a once extensive stratum, and where it may not be

easy to realize that these fragments are not transported bowl.

ders. In Dorsetshire and Wiltshire, for example, the sur

face of the country is in some parts so thickly strewn with

fragments of sandstone and. conglomerate "that a person may

almost leap from one stone to another without touching the

ground. The 'stones are frequently of considerable size,

many being four or five yards across, and about four feet

thick." They are found lying abundantly on the Chalk,

suggestive at first of some former agent of transport by

which they were brought from a distance. They are now,

however, generally admitted to be simply fragments of some

of the sandy Tertiary strata which once covered the districts

where they occur. While the softer portions of these strata

have been carried away, the harder parts (their hardness

perhaps increasing by exposure) have remained behind as

"Gray Wethers," and have subsequently suffered from the

inevitable splitting and crumbling action of the weather.

Similar blocks of quartzite and conglomerate, referable to

the disintegration of Lower Tertiary beds in situ, are trace

able in the northeast of France up into the Ardennes, show

ing that the Tertiary deposits of the Paris basin once had a

much wider extension than they now possess."' On a far

grander scale, the apparent caprice of general subaerial dis-

They have been used for the huge blocks of which Stonehenge and other
of the so-called Druidical circles have been constructed, hence they have been
termed Druid Stones. Other names are Sarsen Stones (supposed to indicate
that their accumulation has been popularly ascribed to the Saracens), and Gray
Wethers, from their resembhince in the distance to flocks of (wether) sheep.
Sec "Descriptive Catalogue of Rock Specimens in Jermyn Street Museum," 3d
ed.; Prestwich, Q. J. Geol. Soc. x. p. 123; Wliitaker, Geological Survey Me
moir on parts of Middlesex, etc., p. 71.

76 Barrois, Ann. Soc. Geol. du Norci, vi. p. 66.
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integration is exhibited among the "buttes" and "bad lands"

of Wyoming and the neighboring territories of North Amer.

lea. Colossal pyramids, barred horizontally by level lines

of stratification, rise up one after another far out into the

plains, which were once covered by a continuous sheet of

the formations whereof these detached outliers are only

fragments.

As a consequence of this inequality in the rate of waste,

depending on so many conditions, notably upon declivity,
amount and heaviness of rain, lithological texture and com

position, and geological structure, great varieties of contour

are worked out upon the land. A survey of this department
of geological activity shows, indeed, that the unequal wast

ing by rain has in large measure produced the details of

relief on the present surface of the continents, those tracts

where the destruction has been greatest forming hollows and

valleys, others, where it has been less, rising into ridges and

hills. Even the minuter features of crag and pinnacle may

be referred to a similar origin. (Book VII.)

§ 2. Underground Water

A great part of the rain that falls on land, sinks into the

ground and. apparently disappears; the rest, flowing of! into

runnels, brooks, and rivers, moves downward to the sea. It

is most convenient to follow first the course of the subterra.

nean water.

All rocks being more or less porous, and traversed by

abundant joints and cracks (p. 521), it results that from the

bed of the ocean, from the bottoms of lakes and rivers, as

well, as from the general surface of the land, water is con

tinually filtering downward into the rocks beneath. To

what depth this descent of surface-water my go is not
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known. As stated in a former section, it may reach as far

as the intensely heated interior of the planet, for, as the al

ready quoted researches of Daubre have shown, capillary

water can penetrate rocks even against a high counter-pres

sure of vapor (ante, p. 520). Probably the depth to which

the water descends varies indefinitely according to the vary

ing nature of the rocky crust. Some shallow mines are prac

tically quite dry, others of great depth require large pump

ing engines to keep them from being flooded by the water

that pours into them from the surrounding rocks. Yet, as a

rule, the upper layers of rock in the earth's crust are fuller

of moisture than those deeper down.

Underground Circulation and Ascent of

Springs.-The water which sinks below ground is not

permanently removed from the surface, though there must

be a slight loss due to absorption and chemical alteration of

C




a

Fig. 103.-Simple or Surface Springs.

rocks. Finding its way through joints, fissures, or other

divisional planes, it issues once more at the surface in

springs. This may happen either by continuous descent

to the point of outflow, or by hydrostatic pressure. In the

former case, rain-water, sinking underneath, flows along a

subterranean channel until, when that channel is cut by a

valley or other depression of the ground, the water emerges

again to daylight. Thus, in a district having a simple geo

logical structure (as in Fig. 103), a sandy porous stratum (dy,

through which water readily finds its way, may rest on a

less easily permeable clay (e), followed underneath by a sec

ond sandy pervious bed (c), resting as before upon compara-
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tively impervious" strata (a). Rain falling upon the upper

sandy stratum (d), will sink through it to the surface of the

clay (e), along which it will flow until it issues either as

springs, or in a general line of wetness along the side of the

valley (b). The second sandy bed (c) will serve as a reser

voir of subterranean water so long as it remains below the

surface, but any valley cutting down below its base will

drain it.

Except, however, in districts, of gently inclined and un

broken strata, springs are more usually of the second class,

where the water has descended to a greater or less distance,

and has risen again to the surface in fissures, as in so many

siphons. Lines of joint and fault afford ready channels for

subterranean drainage (Fig. 104). Powerful faults which

Fig. 104.-Deep-seated Springs (s, s') rising through joints and a fault (f).

bring different kinds of rock against each other (as a and g

are by the fault f in Fig. 104) are frequently marked at the

surface by copious springs. So complex is the network of

divisional planes by which rocks are traversed, that water

may often follow a most labyrinthine course before it com

pletes its underground circulation (Fig. 105). In countries

with a sufficient rainfall, rocks are saturated with water be

low a certain limit termed the water-level. Owing to vary.

ing structure, and relative capacity for water among rocks,

" This term iinpervoue must evidently be used in a relative and not in an
absolute sense. A stiff clay is practically impervious to the trickle of under
ground water; hence its employment as a material for puddling (that is, niak.
lag watertight) canals and reservoirs. But it contains abundant Interstitial
water, on which, indeed, its characteristic plasticity depends.
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this line is not strictly horizontal, like that of the surface of

a lake. Moreover, it is liable to rise and fall according as

the seasons are wet or dry. In some places it lies quite

near, in others far below, the surface. A well is an artificial

hole dug down below the water-level, so that the water may

< ç
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Fig. 105.-Intricate subterranean course of percolating water.

percolate into it. Hence, when the water-level happens to

be at a small depth, wells are shallow; when at a greater

depth, they require to be deeper.

Since rocks vary greatly in porosity, some contain far

more water than others. It often happens that, percolating

along some porous bed, subterranean water finds its way

-
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Fig. 106.-Diagram illustrative of the theory of Artesian Wells.
a, b, Lower water-bearing rocks, covered by an impervious series cc), through which,

at L, and elsewhere, borings are made to the water-level beneath.

downward until it passes under some more impervious rock.

Hindered in its progress, it accumulates in the porous bed,

from which it may be able to find its way up to the surface

again only by a tedious circuitous passage. If, however, a

bore-hole be sunk through the upper impervious bed down

to the water-charged stratum below, the water will avail
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itself of this artificial channel of escape, and will rise in the

hole, or even gush out as a jet d'eau above ground. Wells

of this kind are now largely employed. They bear the

name of Artesian, from the old province of Artois in France,

where they have long been in use (Fig. 106).

That the water really circulates underground, and passes

not merely through the pores of the rocks, but in crevices

and tunnels, which it has no doubt to a large extent opened

for itself along natural joints and. fissures, is proved by the

occasional rise of leave, twigs and even live fish, in the

shaft of an artesian well. Such testimony is particularly

striking when found in districts without surface-waters, and

even perhaps with little or no rain. It has been met with,

for instance, in sinking wells in some of the sandy deserts

on the southern borders of Algeria."' in these and similar

cases, it is clear that the water may, and sometimes does,

travel for many leagues underground, away from. the dis

trict where it fell as rain or snow, or where it leaked from.

the bed of a river or lake.

The temperature of springs affords a con.

venient, but not always quite reliable, indication of the rel

ative depth from which they have risen. Some springs are

just one degree or less above the temperature of ice (0. 00,

Fahr. 32°). Others, in volcanic districts, issue with the tem

perature of boiling water (0. 1000, Fahr. 212°). Between

these two extremes every degree may be registered. Very

See Pi'estwli'h Q. J. Geol. Soc. xxviii. p. lvii., and the references there
given. One of the best recent essays on the subject of Artesian Wells is that
by Prof. T. 0. (Jhaniberliu in the 5th Annual Report of the U. . Geol. Survey
(1883-84), p. 131.

"° Desor, Bull. Soc. Sd. Nat. NeufchteI, 1864. On the hydrology of the
Sahara consult G. Rolland, Assoc. Française, 1880, p. 54'L Tchihatchef, Bri.
Assoc. 1882, p. 356. Ohoisy, "Documents relatifa a la Mission dirigee an Bud
de 1'Algerie." Paris, 1890.
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cold springs may be regarded as probably deriving their

supply from cold. or snow-covered mountains. Certain ex

ceptional cases, however, occur, where, owing to the sub

sidence of the cold winter air into caverns glac.ières), ice is

formed which is not wholly melted even though the sum

mer temperature of the caves may be above freezing-point.
Water issuing from these ice-caves is of course cold." On

the other hand, springs whose temperature is higher than

the mean temperature of the places at which they emerge

must have been warmed by the internal heat of the earth.

These are termed Thermal Springs." The hottest springs

are found in volcanic districts (see p. 402). But even at a

great distance from any active volcano, springs rise with

a temperature of 120° Fahr. (which is that of the Bath

springs) or even more. These have probably ascended from

a great depth. If we could assume a progressive increase

of 10 Fahr. of subterranean heat for every 60 feet of de

scent, the water at 1200, issuing at a locality whose ordinary

temperature is 50°, should have been down at least 4200 feet

below the surface. But from what has been already stated

(p. 95) regarding the irregular stratification of temperature

within the earth's crust, such estimates of the probable depth

of the sources of springs are not quite reliable. The source

80 A remarkable example of a glacière is that of Dobschau, in Hungary, of
which an account, with a series of interesting drawings, was published in 18P(4
by Dr. J. A. Krenner, keeper of the iiatioual museum in Buda-Pesth. See also
Mui'chison, Keyserling and De Verneuil, 'Geology of Russia." Thury, Biblioth.
Univ. Geneva, 1861. Browne, "ice-Caves in France and Switzerland," 1865.
Fifty-six of these caves are known iii the Alps, some in the Jura, and many
elsewhere.

81 Studer points out, that some springs which are thermal in high latitudes or
at great elevations would be termed cold springs near the equator, and, conse
quently, that springs having a lower temperature than that of the inter-tropical
zone, that is from 0. 0° to 30° (Fahr. 32°-84°), should be called "relative," those
which surpass that limit (C. 30°-iOO°) "absolute," and he gives a series illustra
tive of each group: "Physikalische Geograpimie," ii. (1847), p. 49. For volcanic
thermal springs see ante, p. 402, and postea, p. 617.
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of heat in these cases may be some crushing of the crust or

ascent of heated matter from underneath, which does not,

however, produce volcanic phenomena.

1. Chemical Action.-Every spring, even the clearest and

most sparkling, contains dissolved gases, also solid matter

abstracted from the soils and rocks which it has traversed.

The gases include those absorbed by rain from. the atmos

phere (p. 581), also carbon-dioxide supplied by decomposing

organic matter in the soil, suiphuretted hydrogen, and marsh

gas or other hydrocarbon derived from decompositions

within the crust. The solid constituents consist partly of

organic, but chiefly of mineral matter. Where spring-water

has been derived from an area covered with ordinary humus,

organic matter is always present in it. Organic acids are

abstracted from the soil by descending water, and these, be

fore they are oxidized into carbonic acid, are effective in

decomposing miner.ls and forming soluble salts (p. 584).

The mineral matter of spring-water consists ptincipally of

carbonates of calcium, magnesium, and sodium, sulphates of

calcium and sodium, and chloride of sodium, with minute

traces of silica, phosphates, nitrates, etc. The nature and

amount of mineral impregnation depend, on the one hand,

upon the chemical energy of the water, and on the other,

upon the composition of the rocks.

Various sources of augmentation of its chemical energy

are available for subterranean water. (1) The abundant

organic matter in the soil partially abstracts oxygen from

the water, but supplies organic acids, especially carbonic

acid. In so far as the water carries down from the soil any

oxidizable organic substance, its action must be to reduce

oxides (p. 584). Ordinary vegetable soil possesses the power
of removing from permeating water potash, silica, p1305-
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phone acid, ammonia, and organic matter, elements which

had been already in great measure abstracted from it by liv

ing vegetation, and which are again ready to be taken up by

the same organic agents. (2) Carbon-dioxide is here and

there largely evolved within the earth's crust, especially in

regions of extinct or dormant volcanoes. Subterranean

water coming in the way of this gas dissolves it, and thereby

obtains increased solvent power. (3) The capacity of water

for dissolving mineral substances is augmented by increase

of temperature (ante, p. 522). It is conceivable that cold

springs, containing a large percentage of mineral solutions,

may have acquired this impregnation at a great depth and

at a higher temperature. As a rule, however, thermal

water, as it cools, deposits its dissolved minerals on the

walls of the fissures up which it ascends. Hence, no doubt,

the successive layers in. mineral veins. (4) Pressure like

wise raises the solvent power of water (p. 521). (5) Some of

the solutions, due to decompositions effected by the water,

increase its ability to accomplish further decompositions

(p. 527). Thus the alkaline carbonates, which are among

the earliest products, enable it to dissolve silica and decoin

pose silicates. These carbonates likewise promote the de

composition of some sulphates and chlorides. Calcium-car

bonate, which is found in the water of most springs, is the

result of decomposition, and by its presence leads to the far

ther disintegration of various minerals. "Carbonic acid,

bicarbonate of lime, and the alkaline carbonates bring about

most of the decompositions and changes in the mineral

king-dom.It is a matter of great importance to find that the same

substances which give rise to so many decompositions in the

mineral kingdom are the chief ingredients in the waters."

02 Biscliof, "Chem. Geol" I. p. 1.
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The nature of the changes effected by the percolation of

water through subterranean rocks will be best understood.

from an examination of the composition of spring-water.

Springs may be conveniently, though not very scientifically,

grouped into two classes: 1st, common springs, such as are

fit for ordinary domestic purposes, and, 2d, mineral springs,

in which the proportions of dissolved mineral matter are so

much higher as to remove the water from the usual potable

kinds.

1. 0 o m m o n S p r in g s possess a temperature not

higher but frequently lower than that of the localities at

which they rise, and ordinarily contain, besides atmospheric
air and its gases, calcium-carbonate and sulphate, common
salt, with chlorides of calcium and magnesium, and some
times organic matter. The amount of dissolved mineral
contents in ordinary drinking water does not exceed 05, or
at most 10 gramme per litre; the best waters contain less.
The amount of organic matter should not exceed from 0005
to O01 gramme per litre in wholesome drinking water."'

Spring-water containing a very minute percentage of min.
eral matter, or in which this matter, even if in more consid.
erable quantity, consists chiefly of alkaline salts, dissolves
common soap readily, and is known in domestic economy as
"soft" water. Where, on the other hand, the salts in solu
tion are calcic or magnesic carbonates, sulphates, or chlo
rides, they decompose soap, forming with its fatty acids in
soluble compounds which appear in the familiar white curdy
precipitate. Such water is termed "hard." Where the
hardness is due to the presence of bicarbonates it disappears
on boiling, owing to the loss of carbonic acid and the cone

sequent precipitation of the insoluble carbonate, while in
the case of sulphates and chlorides no such change takes

place.
The extensive investigations carried on by the Rivers

Pollution Commission in Britain have thrown much light
on the relation between the amount of mineral matter in
solution in springs and wells, and the character of the under.

83 Dr. B. H. Paul in Watts' "Diet. Chem. " v. p. 1022..
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lying rock. The following table of analyses of waters from
different kinds of rocks gives a summary of results ob

tained:




No. of Mean amount of Solid
Analyses Contents in 10,000

Parts or Water
1. Fluviomariue, Drift and Gravel 10 6,132
2. Chalk 30 2984
3. Hastings Sand and Greensands 19 3005
4. Oolites 35 3033
5. Lias 7 3,641
6. New Red Sandstone 15 2869
'1. Magnesian Limestone 1 6-652
8. Coal-Measures 14 2430
9. Yoredale Beds and Millstone-Grit 8 1-773

10. Mountain Limestone 13 3-206
11, Devonian and Old Red Sandstone 32 2506
12. Silurian 15 1-233
13. Granite and Gneiss 8 0-594

From this table it is evid'

of dissolved mineral substai

which rise in calcareous trac

sinks in. those where the roc
maximum percentage in gro
in every 10,000 of water, ti

granite. In No. 1, on the

22-524, in No. 6 it was 7-42G
2. Mineral Springs

others warm., or even boilin

usually mineral waters than c

appear to be any necessary
and chemical composition.
classified for geological parpo
mineral substance contained




ent how greatly the proportion
ice augments in. those waters
ts, and how it correspondingly
ks are mainly siliceous. The

ip No. 13 was less than 1 part
ie minimum being 0-140 from

contrary, the maximum was
and in No. 10 it was 9-850.

are in. some instances cold, in
. Thermal springs are more
old springs, but there does not
relation between temperature
lineral springs may be roughly
ses according to the prevailing
in them, which may range in

UWUUb 1[ULIJ. .1. bLJ eMJV LbULU1 pI i1(J1.

Calcareous Springs contain calcium-carbonate in such

quantity as to be deposited in the form of a white crust

round objects over which the water flows. Calcium-carbo

nate, according to Fresenius, is dissolved by 10,600 of cold
and by 8834 parts of warm water." But in nature, the pro-

4 Rivers Pollution Commission, 6th Report, 1874, pp. 107-431. See also
Reports of Brit. Assoc. Committee on underground circulation of water, begin
ning in 1876, and R. Wariugton's Report on experiments at the Rothamated
Laboratory, Journ. Chem. Soc. 1887.

85 Paul, Watts' "Diet. (Jliem." v. p. 1016.
86 Roth, "Chain. Geol." I. p. 48. "One litre of water, either cold or boiling

dissolves about 18 milhigramwes." Roscoe and Schorlenuner, "Chemistry,"
ii. p. 208.
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portion of this carbonate present in springs depends mainly
on the proportion of free carbonic acid, which retains the
lime in solution. Oii the loss of carbonic acid by exposure
and evaporation, the carbonate is thrown down as a white

precipitate. This deposition is frequently brought about by
the action o living plants. (Book Ill. Part II. Sect. iii.

§ 3.) Water saturated with carbonic acid will at the freez

ing-point dissolve 070 gramme and at 100 0. 088 gramme
of calcium-carbonate per litre. Calcareous springs occur

abundantly in limestone districts, and indeed may be looked
for wherever the rocks are of a markedly calcareous charac
ter. In some regions, they have brought up such enormous

quantities of lime as to form considerable hills (see, p. 622).
Ferrugino'us or Ohalybeae Springs contain a large pro

portion of ferrous sulphate (irOn-vitriol, copperas) in the
total mineral ingredients, and are known by their inky
taste, and the yellow, brown, or red oehry deposit along
their channel. 'They may be frequently observed in dis
tricts where beds or veins of pritous ironstone occur, or
where the rocks contain much' iron -disulphide in combi
nation, particularly in the waters of old mines. By the

weathering of this suiphide (marcasite), so abundantly con
tained among stratified rocks, ferrous sulphate is produced
and brought to the surface, but in presence of carbonates,

particularly of the ubiquitous carbonate of lime, is decom

posed, the acid being taken up by the alkaline earth or
alkali, and the iron becoming a ferrous carbonate, which

rapidly oxidizes and. falls as the familiar yellow or brown
crust of hdrous peroxide. The rapidity with which ferrous
carbonate' is thus oxidized and precipitated was well shown

by Fresenius in the case of the Langenschwalbach chaly
beate spring. In its fresh state the water contains in 1000

parts 037696 of protoxide of iron. After standing twenty
four hours it was found to contain only 877 per cent of the

original amount of iron; after sixty hours 629 per cent, and
after eighty-four hours 532 per cent."

Brine-Springs (Soolquellen) bring to the surface a solu
tion in which sodium chloride greatly predominates. Springs
of this kind appear where beds of solid rock-salt exist under
neath, or where the rocks are impregnated with that mm-

Journal für Prakt. Chem. lxiv. 368, quoted by Roth, op. cit. i. p. 565.
The river in the Vale of Avoca, Ireland, formerly contained so much ferrous
sulphate, carried into it by mine-waters, that its bed and banks for several miles
down to the sea were covered with an ochreous deposit.
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eral. Most of the brines worked as sources of salt are de.
rived from artificial borings into saliferous rocks. Those
of Cheshire in England, the Salzkammergut in Austria,
Bex in Switzerland, etc., have long been well known.
That of Clemenshall, Wi.irtemberg, yields upward of 26
per cent of salts, of which almost the whole is chloride
of sodium. The other substances contained in solution
in the water of brine-springs are chlorides of potassium,
magnesium, and calcium; sulphates of calcium, and less

frequently of sodium, potassium, magnesium, barium, stron
tium, or aluminium; silica; compounds of iodine and fluo
rine; with phosphates, arseniates, borates, nitrates, organic
matter, carbon-dioxide, suiphuretted hydrogen, marsh-gas,
and nitrogen.68

Medicinal Springs, a vague term applied to mineral

springs which have or are believed to have curative
eects in different diseases. Medical men recognize vari
ous qualities, distinguished by the particular substance
most conspicuous in each variety of water: Alkaline Waters,

containing lime or soda and carbonic acid-Vichy, Sara.

toga; Bitter Waters, with sulphate of magnesia and soda
Sedlitz, Kissingen; Salt or Aluriated Waters, with common
salt as the leading mineral constituent-Wiesbaden, Chelten
ham; Earthy Waters, lime, either a sulphate or carbonate

being the most marked ingredient-Bath, Lucca; Sulphur
ous Waters, with. sulphur as saiphuretted hydrogen and
in

sulphides-Aix-la-Chapelle, Harrogate. Some of these
medicinal springs are thermal waters. Even where no

longer warm, the water may have acquired its peculiar
medicinal characters at a great depth, and therefore under
the influence of increased temperature and pressure. Sal.

phur springs are sometimes warm, but also occur abundantly
cold, where the water rises through rocks containing decom

posing sulphides and organic matter. Sulphates are there
first formed, which by the reducing effect of the organic
matter are decomposed, with the resultant formation 0r sul"

phu.retted hydrogen (p. 124). Sulphui'etted hydrogen and

sulphurous acid are soi1ietiincs oxidized into sulphuric acid,
which remains free in the water."

Roth, "Chem. Goo]. ' i. p. 442. Bic.liof, ''(Thorn. Geol.'' ii. Many sub
terranean waters, though not deserving the nawe of brines, contain coitsidera
hie proportions of chlorides. On the alkaline ch1ordes of the Coal-nieasures 800
R. Mallierbe, Bull. Lead. Roy. Belgique, 1875, p. 16; also R. Laloy, Ann. oo.
(;o1. Nord, 1875, p. 19%.

t4 Roth op. Cit. i. pp. 444, 452.
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Hot Springs, Geysers.-The thermal waters of volcanic
districts usually contain a marked percentage of dissolved
mineral matter, notably silica, with sulphates, carbonates,
chlorides, bromides, and other combinations. Perhaps the
most detailed examination yet made of any such group of
springs is the series of analyses performed by the Geological
Survey of the United States on ttie waters of torty-three hot
springs in the Yellowstone National Park. The tempera
tures of these waters ranged up to 93° 0., and the total
amount of dissolved mineral matter up to 28733 grammes in

every kilogramme. The silica sometimes amounted to 06070
gramme, the sulphuric acid to 19330, the carbonic acid to
F2490, the chlorine to 10442, the calcium to 03076, the

magnesium to 00797, the potassium to 01603, the sodium
to 04407, and there were minute quantities of numerous
other constituents.°°

Oil Springs.-Petroleum is sometimes brought up
in

drops floating in spring-water (St. Catherine's, near Edin

burgh). In many countries it comes up by itself or mingled
with inflammable gases. Reference has already been made

(pp. 254, 401) to the abundance of this product in North
America. In. western Pennsylvania, some oil-wells have

yielded as much as 2000 to 000 barrels of oil per day.
That the oil, which is spcia1ly confined to particular
layers of rock in the Carboniferous and Devonian systems,
arises from the alteration of organic substances imbedded
in the rocks of the crust, appears to be probable, but no

satisfactory explanation has been given of the nature and
distribution of the organisms which yielded the oil."

Results of the Chemical Action of Under

g r o ii n d W a t e r.-Three remarkable results of the chem

ical operations of underground water are: 1st. The internal

composition and minute structure of rooks are altered. 2d,

Enormous quantities of mineral matter are carried up to

the surface, where they are partly deposited in visible

form, and partly conveyed by brooks and rivers to the

sea. 3d, As a consequence of this transport, subterranean

9° F. A. Gooch and J. E. Whlifield, Bull. U. S. Geol. Survey, No. 47,1888.01 See the authorities cited ante, p. 402.
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tunnels, passages, caverns, grottoes, and other cavities of

many varied shapes and dimensions are formed.

(1) Alteration of Rocks.-The processes of oxidation, de.

oxidation, solution, hydration, and the formation of car

bonates, described (pp. 584, 586) as carried on above ground

by rain, are likewise in progress on a great scale under

neath. Since the permeability of subterranean rocks per

mits water to find its way through their pores as well as

along their divisional planes, chemical changes, of a kind

like those in ordinary weathering, take place in them, and

at some depth may be intensified by internal terrestrial heat

and pressure. This subterranean alteration of rocks may

consist in the mere addition of substances introduced in

chemical solution; in the simple solution and removal of

some one or more constituents; or in a complex process
of removal and replacement, wherein the original substance

of a rock is molecule by molecule removed, while new

ingredients are simultaneously or afterward substituted.

In tracing these alterations of rocks, the study of psen

domorphs becomes important, for we thereby learn what

was the original composition of the mineral or rock. The

mere existence of a psendomorph points to the removal

and substitution of mineral matter by permeating water."

The extent to which such mineral replacement has been

tarried among rocks of the most varied structure and com

position is 'probably best shown by the abundant petrified

organic forms in formations of all geological ages. The

It is not needful to take account here of such exceptional cases as the
artificial conversion of :tragonit.e into calcite by exposure to a high temperature.
In snch pnramorpbs the change i a rnolocuar or crystalline rather than a chem
ical one, though how it takes place is till unknown. Pseudomorphs may be
artificially fornieiL OrysaI.s of nt:ic:niiite (Cu.iOaCl2+4H9O) placed in a solu
tion of bicarbonate of soda are completely ('hanged into malachite in fouryears.
Tscl'terniak1 Min. Mit.th. 1877, p. 7.
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minutest structures of plants and animals have been, par-
ticle by particle, removed and replaced by mineral matter

introduced in solution, and this so imperceptibly, and yet

thoroughly, that even minutiae of organization, requiring a

high power of the microscope for their investigation, have

been preserved without distortion or disarrangement. From

this perfect condition of preservation, gradations may be

traced until the organic structure is gradually lost amid

the crystalline or amorphous infiltrated substance (Fig. 107).

The most important petrifying media in nature are calcium.

carbonate, silica, and iron-disulphide (marcasite more usually
than pyrite). (See Book V.)

Another proof of the alteration which rocks have suf

fered from permeating water is supplied by the abundance

of veins of calcite and quartz by which they are traversed,

these minerals having been introduced in solution and often

from the decomposition of the inclosing rock. As Bischof

pointed out, a drop of acid seldom fails to give effervescence

on pieces of rock, composed of silicates, which have been

taken even at some little depth from the surface, thus mdi.

cating the decomposition and deposit caused by permeating
water. As already stated, one of the most remarkable re

sults of the application of the microscope to geological

inquiry is the extent to which it has revealed these all.

pervading alterations, even in what might be supposed to

be perfectly fresh rocks. Among the silicates, the most

varied and complex interchanges have been effected. Be

sides the production of calcium-carbonate by the decom

position of such minerals as the lime-feispars, the series

of hydrous green ferruginous silicates @elessite, saponite,
chlorite, serpentine, etc.), so commonly met with in crystals
line rocks, are usually witnesses of the influence of infl1
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trating water. The changes visible in olivine (p. 300) offer

instructive lessons on the progress of transformation. One

further example may be cited as supplied by the zeolites,

so common in cavities and veins among many ancient vol

canic and other crystalline rocks. These have commonly

resulted from the decomposition of feispars or allied min

erals. Their mode of formation is indicated by the obser

vation already cited (p. 22), that Roman masonry at the

Fig. 107.-Fossil wood from tuff Burntls1nd,
showing parts perfectly preserved and
part-,; destroyed by crystallization of
calcite. Magnitied JO diameters.

baths of Plombieres has in the course of centuries been so

decomposed by the slow percolation of alkaline water at

a temperature not exceeding 500 0. (122° Falir.) under ordi

nary atmospheric pressure, that various zeolitic silicates

flave been developed in the brick."'

(2) Uhem'ical Deposits.-Of these by far the most abun

dant is calcium-carbonate. The way in which this substance

is removed and redeposited by permeating water can be

instructively studied in the formation of the familiar stalac

tites and stalagmites beneath damp arches and in limestone

caves (p. 262). As each drop gathers on the roof and begins

93 DuLbrte, ''Geulogie Experimeiitale,'' p. 1 79 L't -seq.

Pig. 108.-Section of a part of a Stalac
tite. Magnified 10 diameters.







DYNAMICAL GEOLOGY 621

to evaporate and lose carbonic acid, the excess of carbonate

which it can no longer retain i deposited round its edges

as a ring (Fig. 108). Drop succeeding drop, the original

ring grows into a long pendent tube, which, by subsequent

deposit inside, becomes a solid stalk, and on reaching the

'floor may thicken into a massive pillar. At first the calca

reous substance is soft and, when dry, pulverulent, but by

prolonged saturation and the internal deposit of calcite

it becomes by degrees crystalline. Each stalactite is found

to possess an internal radiating fibrous structure, the fibres

(prisms) passing across the concentric zones of growth. The

stalactite remains saturated with calcareous water, and the

divergent prisms are developed and continued as radii from

the centre of the stalk. This process may be completed

within a short period. At the North Bridge, Edinburgh,

for example, which was erected in 1772, stalactites were

obtained in 1874, some of which measure an inch and a

half in diameter and possess the characteristic radiating

structure." It is doubtless by an analogous process that

limestones, originally composed of the dbris of calcareous

organisms and interstratified among perfectly unaltered

shales and sandstones, have acquired a crystalline struc

ture (p. 216)."

Some calcareous springs deposit abundantly a precipitate

of carbonate of lime upon mosses, twigs, leaves, stones, and

other objects. The precipitate takes place when from any

cause the water parts with carbonic acid. This may arise

94 The rate of deposit; in the Ingleborough Cave is stated to be 2946 inch
per annum, or about 2 feet in a century (Boyd Dawkins, Brit. Assoc. 1880,
Sects. p. b3). This is probably an exceptionally rapid growth.96

Sorby, Address to Geological Society, Q. .1. Geol. Soc. 1819, p. 42 et seq.
The finely fibrous structure seen in chalcedony under the microscope with polar
ized light passes in a similar way through the bands of growth of pebbles.
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from. mere evaporation, but is frequently due to the action

of bog-mosses and water-plants, which, decomposing the

carbonic acid, cause a crust of carbonate of lime to be de

posited round their stems and branches (postea, p. 482).

Hence calcareous springs are popularly called "petrifying,"

though they merely incrust organic bodies, and do not con

vert them into stone. Calo-sinter or travertine, as this pre

cipitate is called, may be found in course of formation in

most limestone districts, sometimes in masses large enough

to form hills, and compact enough to furnish excellent build

ing-stone. The travertine of Tuscany is deposited at the

Baths of San Vignone at the rate of six inches a year, at San

Filippo one foot in four months. At the latter locality it

has been piled up to a depth of at least 250 feet, forming a

hill a mile and a quarter long and a third of a mile broad.°

Ohalybeate springs give rise to a deposit of hydrous

peroxide of iron. This has already been referred to as a

yellow and reddish-brown deposit along the channels of the

water. Some acidulous springs, like those of the Laaeher

See, deposit large quantities of ochre. In undrained dis

tricts of temperate latitudes in Northern Europe and Amer

ica, much iron is also deposited beneath soil which rests on

a reentive subsoil. When the descending water is arrested

on this subsoil, the iron, in solution as organic salts that

oxidize into ferrous carbonate, is gradually converted into

the insoluble hydrous ferric oxide, which is precipitated and

96 LycIl, "Principles," i. p. 402. At Narni, the greater the velocity of flow,
the greater the deposit of lime, very little being deposited in stagnant water.
The amount thrown down increases with temperature and distance from source,
exposure to the air being necessary for deposition. B. Fabri, Proc. Inst. Civ.
Engineers, xli. 1876, p. 246. The student will find much detail regarding the
abstraction and deposit of carbonate of lime by subterranean water in a paper
by Senft, "Die Wanderungen und Wandelungon des kohlensthiren Kalkes,"
Z. Deutscb. Geol. GOB. xiii. p. 263.
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forms a dark ferruginous layer, known to Scottish farmers

as "moorband pan." So effectually does this layer inter

rupt the drainage that the soil remains permanently damp
and infertile. But when the "pan" is broken up and spread
over the surface it quickly disintegrates, and improves the

soil, which can then be properly drained (postea, p. 811).
Siliceous springs form important masses of sinter round

the point of outflow. The basins and funnels of geysers
have already been described (p. 402). One of the sinter

beds in the Iceland geyser region is said to be two leagues

long, a quarter of a league wide, and a hundred feet thick.

Enormous beds of similar material have been formed in the

Yellowstone geyser region. Such accumulations usually

point to proximity to former volcanic centres, and are

formed during one of the latest phases of volcanic action.

(3) Formation of subterranean channels and caverns.-

Measurement of the yearly amount of mineral matter

brought up to the surface by a spring, furnishes an ap

proximate idea of the extent to which underground rocks

undergo continual loss of substance. The warm springs of

Bath, for example, with a mean temperature of 120° Fahr.,
are impregnated with sulphates of lime and soda, and chlo

rides of sodium and magnesium. Sir A. 0. Ramsay esti

mated their annual discharge of mineral matter to be equal
to a square column 9 feet in diameter and 140 feet in height.

Again, the St. Lawrence spring at Louèche (Leuk) dis

charges every year 1620 cubic metres (2127 cubic yards) of

dissolved sulphate of lime, equivalent to the lowering of a

bed of gypsum one square kilometre (03861 square mile) in

extent, more than 16 decimetres (upward of five feet) in a

century.''




91 EL Reclus, "La Terre," i. p. 340.
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By prolonged abstraction of this nature, subterranean

tunnels, channels, and caverns have been formed. In re

gions abounding in rock-salt deposits, the result of the solu

tion and removal of these by underground water is visible in

local sinkings of the ground and the consequent frniation

of pools and lakes. The landslips and rneres of Cheshire are

illustrations of this process. In that county, owing to the

pumping out of the brine in the manufacture of salt, tracts

of ground sometimes more than 100 acres in extent have

sunk down and become the sites of lakes of varying depth,

all

Pig. 109.-Section of a Limestone Cavern (B.).
1, A limestone hill, perforated by a cavern (b b) which communicates with the valley

(v) by an opening (i). The bottom of the cavern is covcrecl with ossitei'ous loam,
above which lies a layer of stalagmite (d d), while stalactites hang from the roof,
and by joining the floor separate the cavern into two chambers.

some being 45 feet deep." In calcareous districts, still more

striking effects are observable. The ground may there be

found drilled with vertical cavities (swallow-holes, sinks,

dolirtas), by the solution of the rock along lines of joint or

of faults that serve as channels for descending rain-water.

The line of outcrop of a limestone-band, among non-calcare

ous strata, may often he traced, even under a covering of

superficial deposits, by its row of swallow-holes. Surface.

drainage, thus intercepted, passes at once underground,

where, in course of time, an elaborate system of spacious

T. Ward, "History arid Cause of the subsideuces at Northwich," etc..
1887, Geol. Mag. 1881, p 511.
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tunnels and chambers may be dissolved out of the solid

rock (Fig. 111). Such has been the origin of the Peak cav

erns of Derbyshire, the intricate grottoes of Antiparos and

Adelsberg, and the vast labyrinths of the Mammoth Cave

of Kentucky." In the course of time, the underground

rivers open out new courses, and leave their old ones dry,

as the Poik has clone at Aclelsberg. By the falling in of

the roofs of caverns, a communication is established with

the surface, and land-shells and land-animals fall into the

holes, or the caverns are used as dens by beasts of prey, so

that the remains of terrestrial animals are preserved under

Fig. 110.-Section of a Limestone Cavern with fallen-itt roof and
concealed entrance (B.).

the stalagmite. Not infrequently caverns, once open and.

freely used as haunts of carnivora, have had their entrances

closed by the fall of dbris, as at d in Fig. 110, where also

the partial filling-up of a cavern (a a) from the same cause is

seen. 'Where the collapse of a cavern roof takes place below

a water-course, the stream is engulfed. In this way, brooks

and rivers suddenly disappear from the surface, and after a

long subterranean course, issue again in a totally different

surface-area of river-drainage from that in which they took

their rise, and sometimes with volume enough to be navi-

For accounts of the remarkable honeycombed region of Carniola, etc., see
Mojsisovics, "Geologie von Bosnien-Ilercegovina," pp. 44-60; Zeicsch. Deutscb.
Alpenvereiris, 1880. E. Tietze, Jalirb. Geol. Raiclisanst. xxx., 1880, p. 729,
and papers cited by him. Dr. J. H. Kloos and Dr. Max Muller, description and
photographs of the Hermaun's Cave of Rübeland in Brunswick (Weimar, 1889).
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gable almost up to their outflow. In such circumstances,

lakes, either temporary, like the Lake Zirknitz in Carniola,

or perennial, may be formed over the sites of the broken-in

caverns; and valleys may thus be deepened, or gorges may

be formed."' Mud, sand, and gravel, with the remains of

plants and animals, are swept below ground, and sometimes
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Fig. 111.-Section of the channel of an underground stream.

accumulate in deposits of loam and brecci.t, such as are so

often found in ossiferons caverns (Figs. 109, 110).

As from time to time the roofs 0 underground chambers,

weakened by the constant abstraction of mineral matter,

collapse, or large portions are detached from them and fall

on the floors below, sudden shocks are generated which are

mo See interesting accounts by Ml. Martol of the subterranean channels of
the Causses or Jurassic limestone plateaus of Gard and Loêre in the South
of France, and of the formation of cations there. Oompt. Rend. 1888. Bull.
Soc. Geol. France, xvii. 1889, p. 610.
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felt above ground as earthquakes. In subsiding to fill up

hollows from which the rock has been removed in solution,

the overlying strata may be greatly contorted and fractured,

those underneath remaining undisturbed.

2. Mechanical Action.-ln its passage along fissures and

channels, underground water not merely dissolves and re

moves materials in solution, it likewise loosens finer parti

cles and carries them along in mechanical suspension. This

removal of material sometimes produces remarkable surface

changes along the sides of steep slopes or cliffs. A thin

porous layer, such as loose sand or ill-compacted sandstone,

lying between more impervious rocks, such as masses of

clay or limestone, and sloping down from higher ground, so

as to come out to the surface near the base of a line of

abrupt cliff, serves as a channel for underground water

which issues in springs or in a more general oozing at the

foot of the declivity. Under these circumstances the sup

port of the overlying mass of rock is apt to be loosened; for

the water not only removes piecemeal the sandy layer on

which that overlying mass rests, but, as it were, lubricates

the rock underneath. Consequently, at intervals, portions

of the upper rock break off and slide down into the valley

or plain below. Such dislocations are known as landslips.'

The movement may be gradual, as in the case of the Bee

101 Baltzer, in his work "Ueber Bergstürze in den .Aipen" (Zurich, 1875),
classifies Swiss landslips into four categories, viz., 1st, Rock-falls (Felsstürze);
2d, Earth-slips (Erdschliffe); 3d, Mud-streams (Schlammströme), where soft
strata saturated with water are crushed by the weight of overlying rock and
move down in mass, like lava; 4th, Mixed falls (gemischte Stürze), where, as
in most instances, rock, earth and mud are launched down the declivities.
More recently he has offered another classification of landslips, according to
the dimensions of the mass moved arid the solid or muddy condition of the ma
terial, Neues Jahrb. 1880 (ii.), p. 198. See A. Rothpletz, Zeitech. Deutsch.
Geol. Ges. 1881, p. 540; also op. cit. 1882, pp. 430, 435. B. Buss and A. helm,
"Der Bergsturz von Elms," Zurich, 1881.
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Rouge in the Tarentaise, where the side of the mountain i

slowly overwhelming the village of Miroir,'°2 or it may be

sudden and disastrous.

Along sea-coasts and river valleys, at the base of cliffs

subject to continual or frequent removal of material by run

ning water, the phenomena of landslips are best seen. The
coast-line of the British Islands abounds with instructive

examples. On the shores of Dorsetshire, for instance (Fig.

112), impervious Liassic clays (a) are overlain by porous

greensand (b), above which lies chalk (c) capped with gravel

(d). In consequence of the percolation of water through
the sandy zone (b), the support of the overlying mass is

destroyed, and hence, from time to time, segments are

launched down toward the sea. In this way. a confused

medley of mounds and hollows (1) forms a characteristic

strip of ground termed the ''Undereliff'' on this and other

parts of the English coasts. This

ri recession of the upper or inland.
Cliff through the operation of

C
spriugs is here more rapid than
that of the lower cliff (e,) w shed
i- - i03 T -1 " 1Q)(--- e sea. In c 'e.ai
a'ftei a season of wet weather,

Fig. 112.-Section of Landslip forming mass of chalk on the same coast
undercIi, Pinhay, Lyrne-Regis (B.).

Slipped over a bed of clay into
the sea, leaving a rent three-quarters of a mile long, 150 feet

deep, and 240 feet wide. The shifted mass, bearing with it
houses, roads, and fields, was cracked, broken and tilted
in various directions, and was thus prepared for further
attack and removal by the waves. 114 in February, 1891, a
mass of chalk-cliff, calculated to contain some 10,000 tons
of material, gave way on the cliffs to the cast of Brighton,
and fell to the beach, breaking away part of the main road
above. In March, 1893, by an extensive slipping of the
Lower Greensand toward the beach a large part of the town
of Sa.ndgate on the coast of Kent was destroyed. The

antiquity of many landslips is shown by the ancient build

ings occasionally to be seen upon the fallen masses. The

109 L. Borrell, Bull. Soc. Geol. France, ser. 3, vi. 18'fl, p. 47.
103 Do la Beche, "Geol. Observer," p. 22.
'° Conybeare and Buekland's 'Axmouth Landslip," London, 1840. LyeI1,

"Principles," 1. p. 536.
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undercliff of the Isle of Wight, the cliffs west of Brandon
ilead, county Kerry, the basalt escarpments of Antrim, and
the edges of the great volcanic plateaus of Mull, Skye,
and Raasay, furnish illustrations of such old and prehis
toric landslips.

On a more imposing scale, and interesting from its mel
ancholy circumstances being so well known, was the cele
brated fall of the Rossberg, a mountain (a, Fig. 113) situated
behind the Rigi in Switzerland, rising to a height of more
than 5000 feet above the sea. After the rainy summer o
1806, a large part of one side of the a
mountain, consisting of steeply slop
lug beds of hard red sandstone and

conglomerate (b), resting upon soft
s-ty lay c c gave way. Thean,( ers
lubrication of the lower surface by
the water having loosened the cohe- Fi11nusratingZ3

he Fall of the Rossberg.
sion of the overlying mass, thousands
of tons of solid rock, set loose by mere gravitation, sud

denly swept across the valley of Goldan (d), burying about a

square German mile of fertile land, four villages containing
830 cottages and outhouses, with 457 inhabitants."' In 1855
a mass of dbris, 3500 feet long, 1000 feet wide, and 600
feet high, slid into the valley of the Tiber, which, dammed
back by the obstruction, overflowed the village of San
Stefano to a depth of 50 feet, until drained off by a tunnel.

§ 3. Brooks and Rivers

These will be considered under four aspects:-(I) sources

of supply, (2) discharge, (3) flow, and 4) geological action."'

1. Sources of Supply.-Rivers, as the natural drains of

a land-surface, carry out to sea the surplus water after

evaporation, together with a vast amount of material worn

off the land. Their liquid contents are derived partly from

rain (including mist and dew) and melted snow, partly
from springs. In a vast river-system, like that of the

'° Zay, "Goldau und seine Gegend." Baltzer, Neues Jahrb. 1815, p. 15.
Upward of 150 destructive landslips have been chronicled in Switzerland.
Riedi, Neues Jahrb. 1877, p. 916.108 An excellent monograph on a river is 0. Lenthéric's "Le Rhóne, histoire
d'un fleuve," 2 vols. Paris, 1892.
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Mississippi, where the area of drainage is so extensive as

to embrace different climates and varietie of rainfall, the

amount of discharge, being in a great measure independent

of local influences of weather, remains tolerably uniform,

or is subject to regular periodically-recurrent variations.

In smaller rivers, such as those of Britain, whose basins

lie in a region having the same general features of climate,

the quantity of water is regulated by the local rainfall.

A wet season swells the streams, a dry one diminishes

them. Hence, in estimating and comparing the geological

work done by different rivers, we must take into account

whether or not the sources of supply are liable to occasional

great augmentation or diminution. In some rivers, there is

a more or less regularly recurring season of flood followed

by one of drought. The Nile, fed by the spring rains of

Abyssinia, floods the plains of Egypt every summer, rising
in Upper Egypt from 30 to 35 feet, at Cairo 23 to 24 feet,

and in the seaward part of the delta about 4 feet. The

Ganges and its adjuncts begin to rise every April, and

continue doing so until the plains are converted into a

vast lake 32 feet deep. In other rivers, sudden and heavy

rains, occurring at irregular intervals, swell the usual vol

ume of water and give rise to floods, freshets, or "spates."

This is markedly the case with the rivers of Western Eu

rope. Thus the Rhone sometimes rises 11 feet at Lyons

and 23 feet at Avignon; the Saône from 20 to 24 feet. In

the middle of March, 1876, the Seine rose 20 feet at Paris,

the Oise 17 feet near (Jompiègne, the Marne 14 feet at

Damery. The Ardèehe at Goui'nier exceeded a rise of 69

feet during the inundations of 1827.107 The cause of floods,

107 For a graphic account of rivers swollen by heavy rainfall, see Sir T. D.
Lauder's "Morayshire Floods." On torrents consult Surell and Ctzunne,
".Etudes sur les Torrents des ilautes Alps."
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not only as regards meteorological conditions, but in respect
to the geological structure of the ground, merit the careful

attention of the geological student. He may occasionally
observe that, other things being equal, the volume of a

flood is less in proportion to the permeability .of a hydro.

graphic basin, and the consequent ease with which rain can

sink beneath the surface.

Were rivers entirely dependent upon direct supplies of

rain, they would only flow in rainy seasons and disappear
in drought. This does not happen, however, because they

derive much of their water not directly from rain, but

indirectly through the intermediate agency of springs.

Hence they continue to flow even in very dry weather,

because, though the superficial supplies have been ex

hausted, the underground sources still continue available.

In a long drought, the latter begin at length to fail, the

surface springs ceasing first, and gradually drying up in

their order of depth, until at last only deep-seated springs

furnish a perhaps daily diminishing quantity of water.

Though it is a matter of great economic as well as scien

tific interest to know how long any river would continue

to yield a certain amount of water during a prolonged

drought, no rule seems possible for a generally applicable

calculation, every area having its own peculiarities of

underground drainage, and varying greatly from year to

year in the amount of rain which is absorbed. The river

Wandle, for instance, drains an area of 51 square miles of

the chalk downs in the southeast of England.. For eighteen

months, from May, 1858, to October, 1859, as tested by

gauging, there was very little absorption of rainfall over

the drainage basin, and yet the minimum recorded flow of

the Wandle was 10,000,000 gallons a day, which represents
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not more than 4O9O inch. of rain absorbed on the 51 square

miles of chalk. The rock is so saturated that it can con

tinue to supply a large yield of water for eighteen months

after it has ceased to receive supplies from the surface, or

at least has received only very much diminished sup

plies."'

2. Discharge.-What proportion of the total rainfall is

discharged by rivers is another question of great geological

and industrial interest. From the very moment that water

takes visible form, as mist, cloud, dew, rain, snow, or hail,

it is subject to evaporation. When it reaches the ground,

or flows off into brooks, rivers, lakes, or the sea, it under

goes continual diminution from the same cause. Hence

in regions where rivers receive no tributaries, they, grow

smaller in volume as they move onward, till in dry hot

climates they even disappear. Apart from temperature, the

amount of evaporation is largely regulated by the nature

of the surface from which it takes place, one soil or rock

differing from. another, and. all of them probably from a sur

face of water. Full and detailed observations are still want

ing for determining the relation of evaporation to rainfall

and river discharge.During severe storms of rain, the

108 Lucas, "Horizontal Wells," London, 1874, pp. 40, 41. See also Braith
waite, Min. Proc. Inst. Civ. Engin. xx. It, is much to be desired that such
observations as those of Sir J. 13. Lawes, Dr. Ulbert and Sir John Ev:uis on
the percolation of rain through soils and chalk (Mm. Proc. Inst. Civ. Euglu.
xlv. p. 208; see also G-reavos, op. cit. P. 19) should be tried in many different
areas.

109 In the present state of our information it seems almost useless to state

any of the results already obtained, so widely discrepant and irreconcilable are

they. In some cases, the evaporation is given as usually three times the rain
fall; and that evaporation always exceeded rainfall was for many years the
belief among the French hydraulic engineers. (See Aniiales des Pouts-ot-Obaus
sees, 1850, p. 383.) Observations on a larger scale, and with greater precail
tions against the undue heating of the evaporator, have since shown, as might
have been anticipated, that as a rule, save in exceptionally dry years, evapora-
tion is lower than rainfall. As the average of ten years from 1860 to 1869,
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water discharged over the land finds its way, to a very

large extent, at once into brooks and rivers, by which it

reaches the sea. Mr. David Stevenson remarks that, ac

cording to different observations, the amount carried off

in floods varies from 1 to 100 cubic feet per minute

per acre. I"

In estimating and comparing, therefore, the ratios be

tween rainfall and river discharge in different regions,

regard must be had to the nature of the rainfall, whether

it is crowded into a rainy season or diffused over the year.
Thus, though floods cannot be deemed exceptional phe
nomena, forming as they do a part of the regular system
of water-circulation over the land, they do not represent the

ordinary proportions between rainfall and river discharge
in such a climate as that of Britain, where the rainfall is

spread more or less equally throughout the year. Accord.

ing to Beardmore's table,"' the Thames at Staines has a

mean annual discharge of 3240 cubic inches per minute

per square mile, equal to a depth of 731 inches of rainfall

run off, or less than a third of the total rainfall. The most

carefully collected data at present available are probably
those given by flumphreys and Abbot for the basin of the

Mississippi and its tributaries, as shown in the subjoined

table:"'

Mr. Greaves found that at Lea Bridge the evaporation from a surface of water
was 2O946 inches, while the rainfall was 25-534 (Symons's British Rainfall for
1869, p. 162). But we need an accumulation of observations, taken in many
different situations and exposures, in different rocks and soils, and at various
heights above the sea. (For a notice of a method of trying the evaporation
from soil, see British Rainfall, 1872, p. 206.)° "Reclamation and Protection of Agricultural Land," Edin. 1874, p. 16.311

"Hydrology," p. 201. Comp. Report of Royal Commission on Water
Supply, 1869, p. liii.
m

"Physics and Hydraulics of the Mississippi River," Washington, 1861,
p. 136.
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Ratio of Discharge
to Rainfall

Ohio River 0-24
Missouri River 015
Upper Mississippi River O24
Small Tributaries O'90
Arkansas and White River 0'lS
Red River O'20
Yazoo River 090
St. Francis River OO
Entire Mississippi, exclusive of Red River 025

In the Mississippi basin, one-fourth of the rainfall is

thus discharged into the sea. The Elbe, from the begin

fling of July, 1871, to the end of June, 1872, was estimated

to carry off at most a quarter of the rainfall from Bohemia."'

The Seine at Paris appears to carry off about a third of the

rainfall. In Great Britain from a fourth to a third part of

the rainfall is perhaps carried out to sea by streams. 114

In comparing also the discharges of different rivers, re

gard should be paid to the influence of geological structure,

and particularly of the permeability or impermeability of

the rocks, as regulating the supply of water to rivers. Thus

the Thames, from a catchment basin of 3670 square miles

and with a rainfall of 27 inches, has a mean annual dis

charge at Kingston of 1250 millions of gallons a day, and

rather more than 688 millions of gallons in summer. The

Severn, on the other hand, which gathers its supplies mainly

from the hard, impervious slate hills of Wales, has a drain

age area above Gloucester of 3890 square miles, with an

average rainfall of probably not less than 40 inches. Yet

" Verhandi. Geol. Reichsanstalt, Vienna, 1876. p. 173,
114 In mountainous tracts having a large rainfall and a short descent to the

sea, the proportion of water returned to the sea must be very much greater than
this. Mr. Bateman's observations for seven years in the Loch Katrine district

gave a mean annual rainfall of 87. inches at the head of the lake, with an out
flow equivalent to a depth of 81 70 incites of rain removed from the drainage
basin of 11 square miles. See a paper by Gruove on the quantity of water in
German rivers, and on the relation between rainfall and discharge. for Civil

lngenieur, 1879, p. 591; Nature, xxiii. p. 94. J. Murray, Scott. Geog. Mug. 188T.
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its daily summer discharge does not amount to 298 millions

of gallons, and its minimum sinks as low as 100 millions of

gallons, while that of the Thames in the driest season never

falls below 350 millions. In the one case, the water is

stored. up within the rocks and is dispensed gradually;
in the other, it in great measure runs off at once."' It is

likewise deserving of note that the operations of man, par

ticularly in draining land and deforesting, may materially
alter the mean level of a river and increase the volume of

floods. The mean level of the Elbe at Dresden is said to

have been perceptibly diminished by human interference,

while in the Rhine the low-water level has been lowered,

and the floods have been augmented.""
3. Flow.:--While, in obedience to the law of gravitation,

a river always flows from higher to lower levels, great varia

tions in the rate and character of its motion are caused by

inequalities in the angle of slope of its channel. A vertical

or steeply inclined face of rock originates a waterfall; a

rocky declivity in the channel gives rise to rapids; a flat

plain allows the stream to linger with a scarcely visible cur

rent; while a lake renders the flow nearly or altogether im

perceptible. Thus the rate of flow is regulated in the main

by the angle of inclination and form of the channel, but

partly also by the volume of water, an increase of volume

in a narrow channel increasing the rate of motion even with

out an increase of slope."'

The course of a great river may be divided into three

parts: 1. The Mountain Track-where, amid. clouds or snows,

115 Prestwich, Q. J. Geol. Soc. xxviii. p. lxv. Compare the conditions of the
catchment basin of the Seine as given by A. Delaire, Ann. Conserv. Arts at
Metiers, No. 138, p. 335.

116
Report of (Austrian) Committee on Diminution of Water in Springs and

Rivers, Proc. Inst. Civ. Engineers, xlii., 1816, p. 271.
" See A. Tylor on the Laws of River-action, Geol. Mag. 1815, p. 443.
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it takes its rise as a mere brook, and, fed by innumerable

similar torrents, dashes rapidly down the steep sides of the

mountains, leaping from crag to crag in endless cascades,

and growing every moment in volume, until it enters lower

ground. 2. The Valley Track-where, now flowing through

lower hills or undulations, the stream is found at one time

in a wide fertile valley, then in a dark gorge, now falling

headlong into a cataract, now expanding into a broad lake.

This is the part of its career where it assumes the most

varied aspects, and receives the largest tributaries. 3. The

Plain Track-where, having quitted the undulating region,

the river finally emerges upon broad plains, probably, wholly

or in great part composed of all uvial formations deposited

by its own waters. Here winding sluggishly in wide curves,

it may eventually bifurcate, as it approaches the sea and

spreads through its delta, inclosing tracts of flat meadow or

marsh, and finally, amid banks of mud and sand, passing

out into the great ocean. In Europe, the Rhine, Rhone and.

Danube; in Asia, the Ganges and Indus; in America, the

Mississippi and Amazon; in Africa, the Nile and Niger

illustrate this typical course of a great river.

If we draw a longitudinal section of the course of any

such river or of any of its tributaries from its source, or from

the highest peaks around that source, to its mouth, we find

that the line at first curves steeply from the mountain crests

down into the valleys, but grows less and less inclined

through the middle portion, until it finally can hardly be

distinguished from a horizontal line. This feature, how.

ever, is not confined to stream courses but belongs to the

architecture of the continents.

It is evident that a river must flow, on the whole, fastest

in the first portion of its coarse, and slowest in the last.
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The common method of comparing the fall or slope of rivers

is to divide the difference of height between their source and

the sea-level by their length, so as to give the declivity per

mile. This mode, however, often fails to bring out the real

resemblances and differences of rivers, even in regard to

their angle of slope. For example, two streams rising at a

height of 1000 feet, and flowing 100 miles to the sea, would

each have an average slope of 10 feet per mile; yet they

might be wholly unlike each other, one making its descent

almost entirely in the first or mountain part of its course,

and. lazily winding for most of its way through a vast low

plain; the other toiling through the mountains, then keep

ing among hills and table-lands, so as to form on the whole

a tolerably equable and rapid flow. The great rivers of the

globe have probably a less average slope than 2 feet per

mile, or 1 in 2640. The Missouri, which has a descent of

28 inches per mile, is a tumultuous rapid current even down

as far as Kansas City. The average slope of the channel of

the Thames is 21 inches per mile; of the Shannon about U

inches per mile, but between Killaloe and Limerick about

6 feet per mile; of the Nile, below Cairo, 325 to 55 inches

per mile; of the Doubs and. Rhone, from Besançon to the

Mediterranean, 2418 inches per mile; of the Volga from its

source to the sea, a little more than 3 inches per mile.

Higher angles of descent are those of torrents, as the Arve,

with a slope of 1 in 616 at Chamounix, and the Durance,

whose angle varies from 1 in 467 to 1 in 208. The Colorado

River rushes through its ea.ons with an average declivity
of 772 feet per mile, or 1 in 683. The slope of a navigable

river ought hardly to exceed 10 inches per mile, or 1 in

6336.




118 D. Stevenson, "Canal and River-Engineering," p. 224.
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But not only, does the rate of flow of a river vary at dif-

ferent parts of its course, it is not the same in every part of

the cross-section of the river taken at any given point. A

river channel (Fig. 114) supports a succession of layers of

water (a, b, c, ci), moving with different velocities, the great

est movement being at the centre (ci), and the least in the

layer which lies directly on the channel. At the same ver

tical depth, therefore, the velocity is greater in proportion.

as the point approaches the centre of the stream. The water

next the sides and bottom (a a), being retarded by frictioa

against the channel, moves less rapidly than the layers (

- c c) toward the centre (ci).
ab c d c b a




The central piers of a brde

have consequently a greater

velocity of river-current to

bear than those at the banks.
Fig. 114.-Cross-section of a River.




The motion of the surface

water, however, is retarded, on the other hand, by upward

currents, generated chiefly by irregularities of the bottom."9

It follows that whatever tends to diminish the friction 'of the

moving current will increase its rate of flow. The same

body of water, other conditions being equal, will move

faster through a narrow gorge with steep smooth walls than

over a broad rough rocky bed. For the same reason, when

two streams join, their united current, having in many cases

a channel not much larger than that of one of the single

streams, flows faster, because the water encounters now the

friction of only one channel. The average rate of flow is

much less than might be supposed even in what are termed

swift rivers. A moderate current is about 1 miles in the

"' 3. Thomson, Proc. Roy. Soc. xxviii., 188, p. 114. Comp. (Jollignon,
"(Jours d'Hydraulique," p. 301.
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hour; even that of a torrent does not exceed 18 or 20 miles

in the hour. Mr. D. Stevenson states that the velocity of

such rivers as the Thames, the Tay, or the Clyde may be

found to vary from about one mile per hour as a minimum

to about three miles per hour as a maximum velocity.120

It may be remarked, in concluding this part of the sub

ject, that elevations and depressions of land must have a

powerful influence upon the slope of rivers. The upraising

of the axis of a country, by increasing the slope, augments

the rate of flow, which, on the contrary, is diminished by a de

pression of the axis or by an elevation of the maritime regions.

4. Geological Action,--Like all other forms of moving

water, streams have both a chemical and mechanical action.

The latter receives most attention, as it undoubtedly is he

more important; but the former ought not to be omitted in

any survey of the general waste of the earth's surface.

i. C h e m i c a 1.-The water of rivers must possess the

pqwers of a chemical solvent, like rain and springs, though

its actual work in this respect can be less easily measured,

seeing that river-water is directly derived from rain and

springs, and necessarily contains in solution mineral sub

stances supplied to it by them. Nevertheless, that streams

dissolve chemically the rocks of their channels can be strik

ingly seen in limestone districts, where the lower portions

of the ravines may be found enlarged into wide cavities or

pierced with tunnels and arches, presenting in their smooth

surfaces a great contrast to the angular jointed faces of

the same rock where exposed to the influence only of the

weather.12' -

1O "Reclamation of Land," p. 18.
For an illustration of this action by the Rhone in the marine molasse, see

F. Cuvier, Bull. Soc. Geol. France, 3me ser. viii. p. 164.
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Daubi'6e endeavored to illustrate the chemical action of
rivers upon their transported pebbles by eXp0sg angular
fragments of feispar to prolonged friction in revolving cylin
ders of sandstone containing distilled water. He found that
they underwent considerable decomposition, as was shown
by the presence of silicate of potash, rendering the water
alkaline. Three kilogranunes of feispar fragments made to
revolve in an iron cylinder for a period of 192 hours, which
was equal to a Journey of 460 kilometres (287 miles), yielded
2720 kilogrammes of mud, while the five litre- of water in
which they were kept moving contained 123O grammes of
potash, or 252 grammes per 1itre.'2

The mineral matter held. in solution in river-water is,

doubtless, partly derived from the mechanical trituration of

rocks and detritus; for Daubre's experiments show that

minerals which resist the action of acid may be slowly de

composed by mere mechanical trituration, such as takes

place along the bed of a river. But in sluggish streams the

main supply of mineral solution is doubtless furnished by

springs.

The proportion of mineral matter in river-water varies

with the season, even for the same stream. It reaches its

maximum when the water is mainly derived from springs, as

in very dry weather and during frost; it attains its minimum

in rainy seasons and after rain."' Its amount and composi

tion depend upon the nature of the rocks forming the drain

age-basin. Where these are on the whole impervious, the

water runs off with comparatively slight abstraction of min

eral ingredients; but where they are permeable, the water,

in sinking through them and rising again in springs, dis

solves their substance and carries it into the rivers.

' "Geoiogie Exporimeniale," p. 271; Fayol, Bull. Soc. Geol. France, 3nie
ger. xvi. p. 996. postea, p. 652.

JIB Roth, "Chem. Geol." i. p. 454.
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The composition of the river-waters of Western Europe
is well shown by numerous analyses. The substances held
in solution include variable proportions of the atmospheric
gases, carbonates of lime, magnesia, soda, iron, and am
monia; silica; peroxides of iron and manganese; alumina;

Sulphates of lime, magnesia, potash and soda; chlorides of
sodium, potassium, calcium, Watt magnesium; silicate of

potash; nitrates; phosphoric acid; and organic matter. The
minimum, proportion of mineral matter among the analyses
collected by Bisehof was 261 in 100,000 parts of water in the
Moll, near lleiligenblut-a mountain stream 3800 feet above
the sea, flowing from the Pasterzen glacier over crystalline
schists. On the other hand, as much as 545 parts in the
100,000 were obtained in the waters of the Beuvronne, a tribu

tary of the Loire above Tours. The average of the whole (f
these analyses is about 21 parts of mineral matter in 100,000
of water, whereof carbonate of lime usually forms the half,
its mean quantity being 11.34124 Bisehof calculated that,

assuming the mean quantity of carbonate of lime in the
Rhine to he 9'46 in 100,000 of water, which s the proportion
ascertained at Bonn, enough of this substance is carried into
the sea by this river for the annual formation of three hun
dred and thirty-two thousand millions of oyster-shells of the
usual size. The mineral next in abundance is sulphate of
lime, which in some rivers constitutes nearly hail of the dis
solved mineral matter. Less in amount are sodium chlo
ride,"' magnesium carbonate and sulphate, and silica. Of
the last-named, a percentage amounting to 488 parts in
100,000 of water has been found in the Rhine, near Stras

burg.'° The largest amount of alumina was 071 in the
Loire, near Orleans. The proportion of mineral matter in
the Thames, near London, amounts to about 33 parts in
100,000 of water.""

124 Bisehof, "(Them. Geol." i. chap. v. Of the analyses, chiefly of European
rivers, published by Roth, the mean of thirty-eight gives a proportion of 19-983
in 100,000 parts of water. Op. cit. p. 456. Compare I. C. Russell, Bull. U. S.
Geol. Surv. 1889.

1l6 On the variations of the chlorine in the Nile and Thames, see J. A.
Wauklyn, Chem. News, xxxii. 1815, pp. 207, 219.

126 Of the total solid matter dissolved in the water of the River Uruguay as
much as about 46 per cent consists of soluble silica, chiefly as hydrated silicic
acid. Hence the "petrifying" property of the water. J. Kyle, Chem. News,
xxxviii. 1878, p. 28.

127 Blschof, op. et be. cit.; Roth, op. cit. i. p. 454. For composition of
British river-water, see "Rivers Pollution Commission Report."
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It requires some reflection properly to appreciate the
amount of solid mineral matter which is every year carried

in solution from the rocks of the land and diffused by rivers
into the sea. Accurate measurements of the amount of
material so transported are still much required. The
Thames carries past Kingston 19 grains of mineral salts
in every gallon, or 1502 tons every twenty-four hours, or

548,230 tons every year. Of this quantity about two-thirds
consist of carbonate of lime, the rest being chiefly sulphate
of lime, with minor proportions of the other ordinary salts

of river-water. Mr. Prestwich estimates that the quantity
of carbonate of lime removed from the limestone areas of

the Thames basin amounts to 140 tons annually from every
square mile. This quantity, assuming a ton of chalk to
measure 15 cubic feet, is equal to a loss of ik of an inch

from each square mile in a century, or one foot in 13,200

years."' According to monthly observations and estimates
made in the year 1866 at Lobositz, near the exit of the Elbe
from its Bohemian basin, this river may be regarded as

carrying every year out of Bohemia from an area of 880

German square miles, or, in round numbers, 20,000 English
square miles, 6,000,000,000 cubic metres of water, contain

ing 622,680,000 kilogrammes of dissolved and 547,140,000
of suspended matter, or a total of 1169 millions of kilo

grammes. Of this total, 978 millions of kilogrammes con

sist of fixed and 192 millions of volatile (chiefly organic)
matter. The proportions of some of the ingredients most

important in agriculture were estimated as follows: lime,

140,380,000 kilogrammes; magnesia, 28,130,000; potash, 54,

520,000; soda, 39,600,000; chloride of sodium, 25,320,000;

sulphuric acid, 45,690,000; phosphoric acid, 1,500,000.'°
Ir. T. Mellard Reade has estimated that a total of

8,370,630 tons of solids in solution is every year removed

by running water from the rocks of England and Wales,

which is equivalent to a general lowering of the surface of

the country, from that cause alone, at a rate of 0077 of a

foot in a century, or one foot in 12,978 years. The same

writer computes the annual discharge of solids in solution

128 Prestwich, Q. J. Geol. Soc. xxviii. p. lxvii.
' Breitenlohuer, Verhand. Geol. Reichsanst. Vienna, 1876, p. 172. Taking

the 978,000,000 kilogrammes to be mineral matter in solution and suspension,
this is equal to an annual loss of about 48 tons per English square mile. But
it includes all the materials discharged by the drainage of an abundant popu
lation.
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by the Rhine to he equal to 923 tons per square mile, that
of the Rhone at Avignon 232 tons, that of the Danube 727
tons, and that of the Mississippi 120 tons. He supposes that
on an average over the whole world there may be every
year dissolved by rain about 100 tons of rocky matter per
English square mile of surface."'

If the average proportion of mineral matter in solution

in river-water be taken as only 2 parts in every 10,000 by

weight, then it is obvious that in every 5000 years the

rivers of the globe must carry to the sea their own weight

of dissolved rock.

ii. M e c h a a i c a 1.-The mechanical work of rivers is

threefold:-(1) to transport mud, sand, gravel, or blocks

of stone from higher to lower levels; (2) to use these loose

materials in eroding their channels; and. 3) to deposit these

materials where possible, and thus to make new geological

formations.

1. Transporting Power."'-One of the distinctions of

river-water, as compared with that of springs, is that, as a

rule, it is less transparent, in other words, contains more

or less mineral matter in suspension."' A sudden heavy

shower, or a season. of wet weather, suffices to render turbid

a river which was previously clear. The mud is washed

into the main streams by rain and brooks, but is partly

produced by the abrasion of the water-channels through

the operations of the streams themselves. The channels

of the mountain-tributaries of a river are choked with large

fragments of rock disengaged from cliffs and crags. on either -

180 Addresses, Liverpool Geol. Soc. 1876 and 1884.
' On the behavior of rivers, consult Dausse, "Etudes relatives aux inrnda.

tions," Paris, 1872.
182 See Login, Nature, i. pp. 629, 654; ii. p. 72.
188 The brown color of river or estuary water is not always due to mud.

In the Southampton water it is caused in summer by the presence of protozoa
(Peredunum fuscum).A. Augell, Brit. Assoc. 1882, Sects. p. 589.
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side. Traced downward, the blocks become gradually

smaller and more rounded. They are ground against each

other and upon the rocky sides and bottom of the channel,

becoming more and more reduced as they descend, and at

the same time abrading the rocks over or against which

they are driven. Of the detritus thus produced, the finer

portions are carried in suspension, and impart the charac

teristic turbidity to rivers; the coarser sand and gravel are

driven along the river-bottom.''

The presence of a moving stratum of coarse detitus on

the bed of a brook or river may be detected in transit, for

though invisible beneath the overlying discolored water,

the stones of which it is composed may be heard knocking

against each other as the current sweeps them onward.

Above Bonn, and again a little below the Lurelei Rock,

while drifting down the Rhine, the observer, by laying

his ear close to the bottom. of the open boat, may hear

the harsh grating of the gravel-stones over each other,

as the current pushes them onward along the bottom. On

the Moselle also, between Oochem and Coblentz, the same

fact may be noticed.

The transporting capacity of a stream depends (a) on

1*4 These operations of running water may be studied with great advantage
on a small scale, where brooks descend from high grounds into valleys, rivers,
or lakes. A single flood suffices for the transport of thousands of tons of stones,
gravel, sand and mud, even by a small streamlet. At Lybster, for example, on
the coast of Caithness, as the author was informed by Mr. Thomas Stevenson,

a small streamlet carries down annually into a harbor which has there
been made, between 400 and 500 cubic yards of gravel and sand. A weir or
dam has been constructed to protect the harbor from the inroad of the coarser
sediment, and this is cleaned out regularly every summer. But by far the
greater portion of the fine silt Is no doubt swept out into the Nurth Sea. The
erection of the artificial barrier, by arresting the seaward course of the gravel,
reveals to us what must be the normal state of this stream and of similar streams
descending from maritime hills. The area drained by the stream is about four
square miles; consequently the amount of loss of surface, which is represented
by the coarse gravel and sand alone, is of a foot per annum.000
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the volume and velocity of the current, (b) on the size,

shape, and specific gravity of the sediment, and (c) partly
on the chemical composition of the water. (a) According
to the calculation of Hopkins,'8 the capacity of transport
increases as the sixth power of the velocity of the current;

thus the motive power of the current is increased 64 times

by the doubling of the velocity, 729 times by trebling, and

4096 times by quadrupling it. If a stream which, in its

ordinary state, can just move pebbles weighing an ounce,

has its velocity doubled by a flood, it can then sweep for

ward stones weighing 4 lb. Mr. David tevenson88 gives

the subjoined table of the power of transport of different

velocities of river currents:

In. per Mile per
Second. Hour.

3 0170 will just begin to work on fine clay.
6 0340 will lift fine sand.
8 04545 will lift sand as coarse as linseed.
12 06819 will sweep along fine gravel.
24 13G3S will roll along rounded pebbles 1 inch in diameter.
36 2045 will sweep along slippery angular stones of the size of an egg.

It is not the surface velocity, nor even the mean velocity,

of a river which can be taken as the measure of its power
of transport, but the bottom velocity-that is, the rate at

which the stream overcomes the friction of its channel.

(b) The average specific gravity of the stones in a river

ranges between two and three times that of pure fresh

water; hence these stones when borne along by the river

lose from a half to a third of their weight in air. Huge

blocks which could not be moved by the same amount of

energy applied to them on dry ground, are swept along

when they have found their way into a strong river.

Q. T. GeoL Soc. Ail. p. xxvii.
186 "Canal and River Engineering," p. 315. See also Thouiet, "Ann. de

Mines," 1884, p. 5Q
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current The shape of the fragments greatly affects their

portability, when they are too large and heavy to be carried

in mechanical suspension. Bounded stones are of course

most easily transported: flat and angular' ones are moved

with comparative difficulty (see p. 653). (c) Pure water will

retain fine mud in suspension for a long time; but the

introduction of mineral matter in solution diminishes its

capacity to do so, probably by lessening the molecular

cohesion of the liquid. Thus the mingling of salt with

fresh water causes a rapid precipitation of the suspended

mud (p. 673). Probably each variety of riverswater has its

own capacity for retaining mineral matter in suspension,

so that the mere mingling of these varieties may be one

cause of the precipitation of sediment."'

Besides inorganic sediment, rivers sweep seaward the

remains of land-animals and vegetation. The great rafts

of the Mississippi and its tributaries are signal examples

of this part of river-action. The Atchafalaya has been so

obstructed by driftwood as to be fordable like dry land,

and the Bed River for more than a hundred miles flows

under a matted cover of dead and living vegetation. The

Amazon, Ganges, and other tropical rivers furnish abundant

examples of the transport of a terrestrial fauna and flora to

the sea. Minute forms of life sometimes constitute a con

siderable proportion of the so-called "solid impurity" of

river-water. The mud of the Ganges, for instance, is esti-

' T. Sterry Hunt, Proc. Boston Nat. Hist. Soc. 1814; W. Durham, Chem.
News, xxx., 1814, p. 57; xxxvii., 1878, p. 47; W. Ramsay, Quart. Journ. Geol.
Soc. xxxii., 1876, p. 129; 0. Barns, Bull. U. S. Geol. Bury. No. 36,1886; Thou.
let, Ann. Mines, xix., 1891, p. 5. In this last memoir M. Thoulet concludes as
the result of his experiments that the precipitation of clays takes place in fresh
water which has had an addition of ten per cent of sea-water (and consequently
of deqalty equal to 1002) exactly as in pure sea-water, and that this observation
furnishes a measuro for determining the true limits of the ocean and the
continents.
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mated to contain from 12 to 25 per cent of infusoria, and

that of the Nile 46 to 10 per cent.

Beyond their ordinary powers of transport, rivers gain

at times considerable additional force from several causes.

Those liable to sudden and heavy falls of rain, or to a rapid

augmentation of their volume by the quick melting of snow,

acquire by flooding an enormous increase of transporting

and excavating power. More work may thus be done by

a stream in a day than could be accomplished by it during

years of its ordinary condition. Another cause of sudden

increase in the efficacy of river-action is provided when,

from landslips formed by earthquakes, by the undermining

influence of springs, or otherwise, a -stream is temporarily

dammed back, and the barrier subsequently gives way.

The bursting out of the arrested waters produces great

destruction in the valley. Blocks as big as houses may be

set in motion, and carried down for considerable distances.

Again, the transporting power of rivers may be greatly

augmented by frost (see postea, p. 701). Ice forming along

the banks or on the bottom, incloses gravel, sand, and

even blocks of rock, which, when thaw comes, are lifted

up and carried down the stream. In the rivers of northern

Russia and Siberia, which, flowing from south to north,

have the ice thawed in their higher courses before it breaks

up further down, much disaster is sometimes caused by the

piling up of the ice, and then by the bursting of the irn.

peded river through the temporary ice-barrier. In another

way, ice sometimes vastly increases the destructive power

138 The extent to which heavy rains can alter the usual characters of rivers
is forcibly exemplified in Sir T. Dick Lauder's "The Morayshire Floods." In
the year 1829 the rivers of that region rose 10, 18, and in one case even 50 feet
above their common summer level, producing almost incredible havoc. See also
G. A. Kooh, "Ueber Murbrüche In Tyrol," Jahrb. Geol. Reichsanst. xxv., 1875,
p. 97.
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of small streams, where avalanches or an advancing glacier

cross a valley and pond back its drainage. The valley of

the Dranse, in Switzerland, has several times suffered from,

this cause. In 1818, the glacier-barrier extended across the

valley for more than half a mile, with a breadth of 600 and

a height of 400 feet. The waters above the ice-darn accu

mulated into a lake containing 800,000,000 cubic feet. By

a tunnel driven through the ice, the water was drawn off

without desolating the plains below.

The amount of sediment borne downward by a river is

not necessarily determined by the carrying power of the cur

rent. The swiftest streams are not always the muddiest.

The proportion of sediment is partly dependent upon the

hardness or softness of the rocks of the channel, the number

of tributaries, the nature and slope of the ground forming

the drainage-basin, the amount and distribution of the rain

fall, the size of the glaciers (where such exist) at the sources

of the river, the chemical composition of the water, and

probably other causes. A rainfall spread with some uni

formity throughout the year may not sensibly darken the

rivers with mud, but the same amount of fall crowded into

a few days or weeks may be the means of sweeping a vast

amount of earth into the rivers, and sending them down in

a greatly discolored state to the sea. Thus the rivers of

India, swollen during the rainy season (sometimes by a rain

fall of 25 inches in 40 hours, as at the time of the destruc

tive landslip at Naini Tal in September, 1880), become roll

ing currents of mud.""'

189 In his journeys through equatorial Africa, Livingstone came upon rivers

which appear usually to consist more of sand than of water. He describes the

Zingesi as "a sand-rivulet in flood, 60 or '0 yards wide and waist deep. Like
all these sand-rivers, it is for the most part dry; but, by digging down a few

feet, water is to be found which is percolating along the bed on a stratum of
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The amount of mineral matter transported by rivers can
be estimated by examining their waters at different periods
and. places, and determining their solid contents. A com

plete analsis should take into account what is chemically
dissolved,' what is mechanically suspended, and what is
driven or pushed along the bottom. We have already dealt
with the chemically dissolved ingredients. In determina
tions of the mechanically mixed constituents of river-water,
it is most advantageous to obtain the proportion first by
weight, and then from its average specific gravity to esti
mate its bulk as an ingredient in the water. According to

experiments made upon the water of the Rhone at Lyons, in
1844, the proportion of earthy matter held in suspension
was by weight . Earlier in the century the results of
similar experiments at Aries gave as the proportion when00
the river was low,




230 during floods, and J in the mean state
of the river. The greatest recorded quantity is by weight,
which was found "when the river was two-thirds u, with a
mean velocity of probably about 8 feet per second.

'°
A.

Gwrard, who has more recently made observations at the
mouth of this river, estimates the total annual discharge of
sediment to amount to 23,540,000 cubic yards, or of the.16
volume 01 tue water. horn
tion by volume of the sedime
the Vistula, according to Spiti
reaches a maximum of 48"' J
soeker, contains 01, by volume
while at Bonn the experiment
tion of only by volume.'48
a sadden flooding, the water c
tamed , by weight. Bisehof
ment in the same river at Be
water, and found the proporti(
another time, after several we




bar 1111 gives as the propor
it in the water of the Po In
ell? the proportion by volume
he Rhine, according to Hart
as it passes through Holland,
; of L. Homer gave a propor
Stiefensand found that, after
the Rhine at IJerdingen con

measured the quantity of sedi
an during a turbid state of the
n to be 478 by weight, while at
ks of continuous dry weather,

clay. In trying to ford it," he remarks, "I felt thousands of particles of coarse
sand striking my legs, which gave me the idea that the amount of matter re
moved by every freshet must be very great. . . . These sand-rivers remove
vast masses of disintegrated rock before it is fine enough to form soil. In most
rivers where much wearing is going on, a person diving to the bottom may hear
literally thousands of stones knocking against each other."

140 Surell, "Memoire sur l'amelioration des embouchures du Rhóne." Hum
phreys and Abbot, "Report upon the Physics and Hydraulics of the Mississippi,
1861," p. 141.

'' Min. Proc. Inst. Oiv. Engin. lxxxii., 1884-85, p. 309.
141 Ibid. p. 148. 148 Edin. New Phil. Journ. xviii. p. 102.
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and when the water had become clear and blue, he detected
only t7800

I I'll In the Meuse, according to the experiments of
Ohandellon, the maximum of sediment in suspension in the
month of December, 1849, was , the minimum100 ,, and
the mean In the Elbe, at Hamburg, the proportion
of mineral matter in suspension and solution has been found

by experiment to average about. The Danube, at Vienna,

yielded to Bisehof about 4t1 of suspended and dissolved mat.
ter.The Durance has ordinarily a maximum of 30

grammes of sediment to one litre of water, or by weight.
In exceptional floods it rises to 100 grammes per litre of
water, or by weight. In extreme low water the propor
tion may sink to about j; the average for nine years from
1867' to 1875 was about 1 147 The Garonne is estimated, to
contain perhaps In the Avon, which falls into the
Severn, the mean amount of suspended mud is estimated
at .

'°
The observations of Mr. Everest upon the water

of the Ganges show that, during the four months of flood in
that river, the proportion of earthy matter is by weight,
or by volume; and that the mean average for the year
is by weight, or 1(1 by volume.'" According to Mr.

Login, the waters of the Irrawaddy contain by weight of70
sediment during floods, and M1 during a low state of the
ri\rr.'t In the Yangtse the proportion of sediment by
weight is estimated by Mr. H. B. Guppy at The
amount in the water of the River Plate is computed to

by weight.' The Nile has been estimated to contain
139 --)arts of solid material in every 100,000 parts of water.

With regard to the amount of coarser and heavier sedi
meut pushed along the bottom of a river by the downward
current, it is more difficult to obtain accurate measurements.
But it must sometimes constitute a large proportion of the
total bulk of solid material discharged into the sea. In

144 "Chemical Geology," i. p. 122.
146 A.nnalcs de Travaux public do Belgique, ix. 204.
Z4b Øp. cit. j p 130. More recent obseratious by Sir Charles Hartley show

that the mean proportion of sediment by weight in the Danube water for ten
years from 1862 to 1871 was or (at specific gravity 19) by volume.30601 6814

' G. Wilson,, Min. Proc. Inst. Civ. Engin. Ii., 1877-78, p. 216.
148

Baumgarten, cited by Rc1iis, "La Terre."
140 P. Howard, Brit. Assoc. 175, p. 179.
'° Journ. Asiatic Society of Calcutta, March, 1832.

Proc. Roy. Soc. Edin. 1857.
' Nature, xxii. p. 486. According to Dr. A. Woeikoff, this estimate s much

under the truth; xxiii. p. 9. See also op. cit. p. 584.
163 G. Uiggiu, Nature, xix. p. 5i5.
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the case of the Rhone, for example, it is concluded by M.
Gurard, that the quantity of sand rolled along the bed of
this river into the Mediterranean in the course of a year is
much greater than the lighter matter held in suspension in
the water, and that "when the river, on approaching the
sea, is no longer confined by embankments, the greater part
of its alluvium is rolled along its bed." In flood-time it is
not uncommon for whole banks of sand to travel bodily
down the river."'

The most extensive and accurate determinations yet made

Va
n the physic~ and hydraulics of a river are those of the

r'noited States Government upon the Mississippi. As the
mean o many observations carried on continuously at dif
ferent parts of the river for months together, llumphreys
and Abbot, the engineers charged with the investigation,
found that the average proportion of sediment contained in
the water of the Mississippi is by weight, or by vol
ume.' But besides the matter held in suspension, they
observed that a large amount of coarse detritus is constantly
being pushed along the bottom of the river. They estimated
that this moving stratum carries every, year into the Gulf of
Mexico about 750,000,000 cubic feet of sand, earth, and

gravel. Their observations led them to conclude that the
annual discharge of water by the Mississippi is 19,500,000,
000,000 cubic feet, and consequently that the weight of mud

annually carried into the sea by this river must reach the
sum of 812,500,000,000 pounds. Taking the total annual
contributions of earthy matter, whether in suspension or

moving along the bottom, they found them to equal a prism
268 feet in height with a base of one square mile.

The value of these data to the geologist consists mainly
in the fact that they furnish him with materials for an ap
proximate measurement of the rate at which the surface of
the land is lowered by subaerial waste. This subject is
discussed at p. 771.

2. Excavating Power.-It was a prominent part of the

teaching of Hutton and Playfair, that rivers have excavated

the channels in which they flow. Experience in all parts
of the world has confirmed this doctrine. The mechanical

' Morn. Proc. Inst. Civ. Engin. lxxxii., 1884-85, p. 309.' "Report," p. 148. The specific gravity of the silt of the Mississippi
is given as 1.9.
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erosive work of running water depends for its rate and

character upon (a) the friction of the detritus driven by the

current against the sides and bottom of a water-course, niodi

fled by (b) the varying declivity and the geological structure

of the ground.

(a) Driven downward by the descending water of a rivet',

the loose grains and stones are rubbed against each other,

as well as upon the rocky bed, until they are reduced to fine

sand and mud, and the sides and bottom of the channel are

smoothed, widened, and deepened. The familiar effect of

running water upon fragments of rock, in reducing them

to rounded pebbles, is expressed by the common epithet

''water-worn.'' A stream which descends from high rocky

ground may be compared to a grinding mill; large bowlders

and. angular blocks of rock, disengaged by frosts, springs,

and general atmospheric waste, fall into its upper end; fine

sand and silt are discharged into the sea.

In the series of experiments already referred to (p. 640),
Prof. Daubre made fragments of granite and quartz to slide

over each other in a hollow cylinder partially filled with

water, and rotating on its axis with a mean velocity of 080

to 1 metre in a second. He found that after the first 25

kilometres (about 15. English miles) the angular fraginenl.s
of granite had lost of their weight, while in the same dis

tance fragments already well rounded had not lost more

than to The fragments rounded by this journey Of 2500.
kiloiuietres in a cylinder could not be distinglflshdd either

in form or in general aspect from the natural detritus of a

river-bed. A second product of these experiments was an

extremely fine irn palpable mud, which rei ii ni ned suspended
in the water several days after the cessation of the move

ment. During the production of this fine sediment, the

water, even though cold, was found in a (lay or two to have

acted chemically upon the granite fragments. After a jour

ney of 160 kilometros, 3 kilogrammes (about 6 lbs. avoirdu

pois) yielded 33 grammes (about 50 grains) o soluble salts,

consisting chiefly of silicate of potash. A third product was
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an extremely fine angular sand consisting almost wholly of

quartz, with scarcely any feispar, nearly the whole of the
latter mineral having passed into the state of clay. The
sand grains, as they are continually pushed onward over each
other upon the bottom of a river, become rounded as the

larger pebbles do. But a limit is placed to this attrition

by the size and specific gravity of the grains.' As a rule,
the smaller particles suffer proportionately less loss than the

larger, since the friction on the bottom varies directly as
the weight and therefore as the cube of the diameter,
while the surface exposed to attrition varies as the square
of the diameter. Mr. Sorby, in calling attention to this
relation, remarks that a grain of an inch in diameter10
would be worn ten times as much as one of an inch in00
diameter, and a pebble 1 inch in diameter would be worn

relatively more by being drifted a few hundred yards than
a sand grain , of an inch in diameter would be by being000
drifted for a hundred. miles."' So long as the particles are
borne along in suspension, they will not abrade each other,
but remain angular. Prof. Daubre found that the milky tint
of the Rhine at Strasburg in the months of July and August
was clue, not to mud, but to a fine angular sand (with grains
about 2' millimetre in diameter) which constitutes of the
total weight of water. Yet this sand had travelled in a rapidly
flowing tumultuous river from the Swiss mountains, and. had
been tossed over waterfalls and rapids in its journey. He
ascertained also that sand grains with a mean diameter
of mm. will float in. feebly agitated water; so that all sand10
of finer grain must remain angular. The same observer has
noticed that sand composed of grains with a mean diameter
of mm., and carried along by water moving at a rate of 1
metre per second, is rounded, and loses about ooo of its

weight in every kilometre travellecl.'

The effects of abrasion upon the loose materials on a

river-bed are but a minor part of the erosive work performed

by the stream. A layer of dibris, only the upper portion

of which is pushed onward by the normal current, will pro

tect the solid rook of the river-channel which it covers, but

156 "Geologic liliperimentale," p. 250 et seq.
' Q. J. Geol. Soc. xxxvi. p. 59.
"Goologie Experimentale," pp. 256, 258.
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it is apt to be swept away from time to time by violent

floods. Sand, gravel, and bowiders, in those parts of a

river-channel where the current is strong enough to keep

them moving along, rub down the rocky bottom over which

they are driven. As the shape and declivity of the channel

vary constantly from point to point, with, at the same time,

frequent changes in the nature of the rocks, this erosive ac-
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Fig. 115.-Rocky river-channel with old Pot-holes.

tion is liable to continual modifications. It advances most

briskly in the numerous hollows and grooves along which

chiefly these loose materials travel. Wherever an eddy oc

curs in which gravel is kept in gyration, erosion is much in

creased. The stones, in their movement, excavate a hole

in the channel, while, as they themselves are reduced to

sand and mud, or are swept out by the force of the current,

their places are taken by fresh stones brought clown by the
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stream (Fig. 115). Such pot-holes, as they are termed, vary

in size from mere cup-like depressions to huge caldrons or

pools. As they often coalesce, by the giving way of the in.

tervening walls between two or more of them, they materi

ally increase the deepening of the river-bed.

That a river erodes its channel by means of its trans

ported sediment and not by the mere friction of the water,

is sometimes admirably illustrated in the course of streams

filtered by one or more lakes. As the Rhone escapes from

the Lake of Geneva, it sweeps with a swift clear current

over ledges of rock that have not yet been very deeply

eroded. The Niagara supplies a still more impressive ex

ample. Issuing from Lake Erie, and flowing through a

level country for a few miles, it approaches its falls by

a series of rapids. The water leaves the lake with. hardly

any appreciable sediment, and has too brief a journey in

which to gather it, before beginning to rush, down the

rocky channel toward the cataract. The sight of thevast

body of clear water, leaping and shooting over the sheets

of limestone in the rapids, is in some respects quite as

striking a scene as the great falls. To a geologist it is

specially instructive; for he can. observe that, notwith

standing the tremendous rush of water which has been

rolling over them for so many centuries, these rocks have

been comparatively little abraded. The smoothed and

striated surface left by the ice-sheet of the Glacial Period

can be traced upon them almost to the water's edge, and

the flat ledges at the rapids are merely a prolongation of

the ice-worn surface which passes under the banks of drift

on either side. The river has hardly eroded more than

a mere superficial skin of rock here since it began to flow

over the glaciated limestone.
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Similar evidence is offered by the St. Lawrence. This

majestic river leaves Lake Ontario as pure as the waters of

the lake itself. The ice-worn hummocks of gneiss at the

Thousand Islands still retain their characteristic smoothed

and polished surface down to and beneath the surface of

the current. In descending the river, I was astonished to

observe that the famous rapids of the St. Lawrence are

actually hemmed in by islets and steep banks of bowider

clay, and not of solid rock. So little obvious erosion does

the current perform, even in its tumultuous billowy descent,

that a raw scar of clay betokening a recent slip is hardly to

be seen. The banks are so grassed over, or even covered

with trees, as to prove how long they have remained undis

turbed in their present condition. That very considerable

local destruction of these clay-islands, however, has been

caused by floating ice will be alluded to further on.

Mere volume and rapidity of current, therefore, will not

cause much erosion of the channel of a stream unless sedi

ment be present in the water. A succession of lakes, by

detaining the sediment, must necessarily enfeeble the direct

excavating power of a river. On the other hand, by the

disintegrating action of the atmosphere, and by the opera

tions of springs and frosts, loose detritus as well as portions

of the river-banks are continually being launched into the

currents, which, as they roll along are thus supplied with

fresh materials for erosion.

(b) Besides the obvious relation between the angle of

slope of a river-bed and the scouring Three of the river, a

dominant influence, in the gradual excavation of a river

channel, is exercised by the lithological nature and geolog

ical structure of the rocks through which the stream flows.

This influence is manifested in the form. of the channel,
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the angle of declivity of its banks, and in the details of its

erosion. On a small but instructive scale these phenomena

are revealed in the operations of brooks. Thus, one of the

most characteristic features of streams, whether large or

small, is the tendency to wind in serpentine carves when

the angle of declivity is low, and the general surface of the

country tolerably level. This peculiarity may be observed

in every stream which traverses a flat alluvial plain. Some

slight weakness in one of its banks enables the current to

cut away a portion of the bank at that point. By degrees

a concavity is formed round which the upper water sweeps

with increased velocity, while under-currents tend to carry

sediment across to the opposite side. The outer bank is

accordingly worn away, while the inner or concave side

of the bed is not attacked, but is even protected by a de

posit of sand or gravel."' Thus, bending alternately from

one side to the other, the stream is led to describe a most

sinuous course across the plain. By this process, however,

while the course is greatly lengthened, the velocity propor

tionately diminishes, until, before quitting the plain, the

stream may become a lazy, creeping current, in England

commonly bordered with sedges and willows. A stream

may eventually cut through the neck of land between two

loops, as at a, b, and c, in. Fig. 116, and thus for a while

shorten its channel. Instances of this nature may Ire.

quently be observed, in streams flowing through alluvial

land. The old deserted loops'8° are converted, first into

lakes, and by degrees into stagnant pools or bogs, until

finally, by growth of vegetation and infihling of sediment

by rain and wind, they become dry ground.

I9 j 'Phnn, Prop. Ror Soc. xxv., 1876, P*1O 'Ligues-uiortcs," r dead waters. See p. 680, note.
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Although most frequent in soft alluvial plains, serpen
tine water-courses may also be eroded in solid rock if the

original form of the surface was tolerably flat. The wind

ings of the gorges of the Moselle (Fig. 117) and Rhine

through the table-land between

Trèves, Mainz, and the Siebenge

birge form a notable illustration.

Abrupt changes in the geolo

gical structure or lithological
CHM

character of the rocks of a river.

channel may, give rise to water-

Fig. 116.-Meandering course of a brook.

falls. In many, cases, this feature

of river-scenery has originated in

lines of escarpment over which

the water at first found its way,

or in the same geological arrange.




NRC41

inent of hard and soft rocks by Fig. 117.-Windings of the gorge of
the Moselie above Cochem.

which the escarpments themselves

have been produced. The occurrence of horizontal, toler

ably compact strata, traversed by marked lines of joint,

and resting upon softer beds, presents a structure well

adapted for showing the part played by waterfalls in river

erosion. The waterfall acts with special potency against

the softer underlying materials at its base. These are hol

lowed out, and as the foundations of the superincumbent

more solic rocks are destroyed, slices of the latter from

time to time fall off into the boiling whirlpool, where they
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are reduced to fragments, and carried down the stream.

Thus the waterfall cuts its way backward up the stream,

and as it advances it prolongs the excavation of the ravine

into which it descends. The student will frequently oh.

serve, in the recession of waterfalls and consequent erosion

of ravines, the important part taken by lines of joint in the

rocks. These lines have often determined the direction of

the ravine, and the vertical walls on either side depend for

their precipitousness mainly upon these divisional planes
in the rock.

The gorge of the Niagara affords a magnificent and re

markably simple illustration of these features of river.
action. At its lower end, where it enters the wide plain
that extends to Lake Ontario, there stretches away, on
either side of the river, a line of cliff and steep wooded
bank, formed by the escarpment of the massive Niagara
limestone. Back from this line of cliff, through whici it
issues into the lacustrine plain,




athe gorge of the river extends




tfor about 7 miles, with a width
of from 200 to 400 yards, and a




(L

depth of from 200 to 300 feet. At
the upper end lie the world-re
nowneci falls. The whole of this

great ravine has unquestionably
been cut out by the recession of
the falls. When the river first

began to flow, it may have found Fig. 118.-Section at the Horseshoe
Falls, Niagara.the escarpment running across its

a, Medina Sandstone, 800 feet; b,course, and may then have be. Olinton Limestone and Shale, 80
gun the excavation of its gorge

feet; c, Niagara Shale, 80 feet;
d. Niagara Limestone, 165 feet,

More probably, however, the es- of which 85 feet are visible at

carpment and waterfall began to
the fall.

arise simultaneously and from the same geological structure.
As the former grew in height, it receded, from its starting
point. The river-ravine likewise crept backward, but at
a more rapid rate, and the result has been that while at

present the cliff, worn down by atmospheric disintegration,
stands at Queenstown, the ravine dug by the river extends
7 miles further inland. The waterfall will continue to cut
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its way back as long as the structure of the gorge continues
as it is now-.--thick beds of limestone resting horizontally
upon soft shales (Fig. 118). The softer strata at the base
are undermined, and slice after slice is cut off from the
cliff over which the cataract pours. The parallel walls of
this great gorge owe their direction and mural character
to parallel joints of the strata. The lesser or American fall

(A in Fig. 119) enters by the side of the ravine and falls
over its lateral wall. The larger or Canadian (Horseshoe)
fall (0) occupies the head of the ravine, and owes its form
to the intersection of two sets of joints. The structure of
the gorge being the same at both falls, it seems reasonable
to infer that as the American fall, which appears to be

diminishing in volume, has cut back only somewhere about

/

1) \ -
IfW )
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- 4 ( 1111=- - -
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Fig. 119.-Plan of the Ravine of Niagara at the Falls.
A American Fall; C, Canadian Fall; W, Whirlpool; 0, Goat Island; D, ]3.auk of

Drift resting on ice-worn sheets of Limestone.

140 feet from the original face of the ravine, this branch of
the river has, comparatively speaking, only recently began
to work. Goat Island, which now separates the two falls,
is an outlier of drift resting on the limestone. It has
been cut off from the rest of the ground on. the right bank
of the river by the branch which rejoins the main stream

by the American fall. From the position of the glacial
stri it may be concluded that a great part, if not the.
whole of the ravine has been excavated since the Glacial
Period. There are indications, indeed, of a pre-glacial
valley by which the waters of Lake Erie joined those of
Ontario, before the erosion of the present gorge. Baiewell
from historical notices and the testimony of 01(1 residents,
inferred that the rate of recession of the falls is three feet
in a year. LyeIl, on no better kind of evidence, conclude-1
that tithe average of one foot a year would be a much more
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probable conjecture," and estimated the length of time re-

quired for the excavation of the whole Niagara ravine at
35,000 years."' A commission recently appointed to survey
the falls and to ascertain the rate of recession has reported
(1890) that since 1742, when the first survey was made, the
total mean recession of the Horseshoe falls has been 104
feet 6 inches. The maximum recession at one point is
270 feet. The mean recession of the American falls is 30
feet 6 inches. The length of the crest has increased from
2260 to 3010 feet by the washing away of the embankment.
The total area of recession of the American falls is 32,900

square feet, and that of the Horseshoe falls 275,400 feet.
A feature of interest in the future

history, of the Niagara
river deserves to be noticed here. It is evident that if the
structure of the gorge continued the same from the falls

16 I - &

- e

Fig. 120.-Section to illustrate the lowering of Lake Erie by the recession of
Niagara Falls.

to Lake Erie, the recession of the falls would eventually
tap the lake, and reduce its surface to the level of the
bottom of the ravine. Successive stages in this retreat of
the falls are shown in Fig. 1207 by the letters / to n, and
in the consequent lowering of the lake by the letters a, 6 to
e. It is believed, however, that a slight inclination of the
strata carries the soft underlying shale out of possible reach
of the fall, which will retard indefinitely the lowering of
the lake.

A waterfall may occasionally be observed to have been

produced by the existence of a harder and more resisting
band or barrier of rock crossing the course of the stream,

as, for instance, where the rocks have been cut by an in-

161 Lyell, "Travels in North America," i. p. 32; ii. p. 93. "Principles."
1. p. 358, Compare Lesley's "Coal and its Topography," 1856, p. 169. On
recent changes at the falls, see Marcou, Bull. Soc. Geol. France (2), xxii. p. 290.
The Falls of St. Anthony on the Mississippi show, according to Winchell, a rate
of recession varying from 3 49 to 6l3 feet per annum, the whole recession since
the discovery of the falls in 1680 to the present time being 906 feet Q. J. Geol.
Soc. xxxiv. p. 899,
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trusive dike or mass of basalt, or where, as in the case

of the Rhine at Schaffhausen, and possibly in that of the

Niagara, the stream has been diverted out of its ancient

course by glacial or other deposits, so as to be forced to

carve out a new channel, and rejoin its older one by a

fall."' In these and all other cases, the removal of the

harder mass destroys the waterfall, which, after passing

into a series of rapids, is finally lost in the general abra

sion of the river-channel.

The resemblance of a deep narrow river-gorge to a rent

opened in the ground by subterranean agency, has often

,


Fig 121.-River-gorge in line of F*uI. Fig. 1i2.- Rver-gorge In fissured strata,

led to a mistaken belief that such marked superficial

features could only have arisen from actual violent dislo

cation. E\,-en where something is conceded to the river,

there is a natural tendency to assume that there must have

been a line of fault and displacement as in Fig. 121, or at

least a line of crack, and consequent weakness (Fig. 122).

But the existence of an actual fracture is not necessai'v for

the formation of a ravine of the first magnitude. The gorge

of the Niagara, for example, has not been determined by

any dislocation. Still more impressive proof of the same

fact is furnished by the most marvellous river-gorges in

the world-those of the Colorado region in North America.

362 Würtemberger, Neues Jahrb. 1871, p. 582.
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The rivers there flow in ravines thousands of feet deep and

hundreds of miles long, through vast table-lands of nearly

horizontal strata. The Grand Canon (ravine) of the Colo

rado River is 00 miles long, and in some places more than

6000 feet in depth. In many instances there are two caflons,

the upper being several miles wide, with vast lines of cliff

walls and a broad plain between them, in which runs the

second ca-non as another deep gorge with the river winding

over its bottom. The country is hardly to be crossed ex

cept by birds, so profoundly has it been trenched by these

numerous gorges. Yet the whole of this excavation has

been effected by the erosive action of the streams them

selves."' Some idea of the vastness of the erosion of these

plateaus may be formed from Fig. 123, the Frontispiece to

this work, and the illustrations in Book Vii.

In the excavation of a ravine, whether by the recession

of a waterfall or of a series of. rapids, the action of the river

is more effective than. that of the atmospheric agents. The

sides of the ravine consequently retain their vertical char

acter, which, where they coincide with lines of joint, is

further preserved by the way in which atmospheric weather

ing acts along the joints. But where, from the nature of

the ground or of the climate, the denuding action of rain,

frost, and general weathering is more rapid than that of the

river, a wider and opener valley is hollowed out, through

which the river flows, carrying away the materials washed

into it from the surrounding slopes by rain and brooks.

3. Reproductive Power.-Every body of water which,

168 For descriptions and figures of this remarkable region, see Ives and New.
berry, "Explorations of the Colorado River of the West," 1861; .1. W. Powell,
"Exploration of the Colorado River of the West and its Tributaries," 1875;
Captain Dutton, "Tertiary History of the Grand Cafion of the Colorado"; Mono
graph IL U. 5, Geological Survey, 4to, 1882; and postea, Book VII.
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when in motion, carries along sediment, drops it when at

rest. The moment a current has its rapidity checked, it i
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deprived of some of its carrying power, and begins to lose

hold upon its sediment, which tends more and more to sink
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and halt on the bottom the slower the motion of the water.

In Fig. 124 the river in flowing from a to b has a less angle

of declivity and a smaller transporting power, and will there

fore have a greater tendency to throw down sediment, than

in descending the steeper gradient from b to c.

In the course of every brook and river, there are Ire.

Fig. 124.-Section of part of a river-channel (B.).

quent cheeks to the current. If these are examined, they

will usually be found to be each marked by a more or less

conspicuous deposit of sediment. We may notice seven

different situations in which stream-deposits or alluvium

may be accumulated.

(a) At the foot of Mountain Slopes.-When a runnel or

-
- -- .'

-

II
I - I

I -
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Mg. 12,-Tributary torrent sending a cone of detritus into a valley (B.).

torrent descends a steep declivity it tears down the soil and

rocks, cutting a gash out of the side of the mountain (Fig.

125). On reaching the more level ground at the base of the

slope, the water, abruptly checked in its velocity, at once

drops its coarser sediment, which gathers in a fan-shaped
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" t CC 104
pile or cone ("cone. de dejection ; Murbruclie ), with the

apex pointing up the water-course. Huge accumulations

of bowiders and shingle may thus be seen at the foot of such

torrents-the water flowing through

channels which reunite in the plain




them, often in several

beyond. From the de.

posits of small streams, every gradation of size may be traced

up to huge fans many miles in diameter and several hundred

feet thick, such as occur in the upper basin of the Indus"`

and on the flanks of the Rocky Mountains,"' as well as other

ranges in North America (Fig. 126)."' The level of the val.

Fig. 126.-Fans of Alluvium. Madison River, Montana.

leys in the Tyrol has been sensibly raised within historic

times by the detritus swept into them from the surrounding

mountains. Old. churches and other buildings are half-

buried in the accumulated sediment.'6'

(b) In River-beds.-The deposition of alluvium on river

beds is characteristically shown by the accumulation of sand

'°' G. A. Koch, Jahrb. Geol. Reiclisaust. xxv., 1875, p. 97, describes the
debacles of the Tyrol. Consult also the work of Sureil and Czaime cited on

p. G30.
' On the alluvial deposits of this region, see Drew, Q. J. Geol. Soc. xxix.

p. 441; also his "Jum,noo and Kashmero Territories," 1875.
' See Dutton's "High Plateaus of Utah." Hayden's "Reports of the

U. S. Geological and Geographical Surveys of the Territories."
' In the great inland basin of North America, which includes the arid

tracts of Great Salt Lake and other saline waters, the depth of accumulated
detritus must amount in many places to several thousand feet. See on this
subject I. C. Russell, Gaol. Mag. 1889, and Gilbert's Essay on Lake-Shores in
the 5th Annual Report of the U. S. Geol. Bury.
" G. A.. Koch, Jahrh. Gaol. Reichsanst. xxv., 1875, p. 123.
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or shingle at the concave side of each sharp bend of a river.

course. While the main upper current is making a more

rapid sweep round the opposite bank, undercurrents pass

across to the inner side of the curve and drop their freight

of loose detritus, which, when laid. bare in dry weather,

forms the familiar sand-bank or shingle-beach. Again)

Pig. 127.-Section of a River-plain, showing heightening of channel
by deposits of sediment (B.).

when a river, well supplied with sediment, leaves mountain

ous ground where its course has beei. rapid, and. enters a

region of level plain, it begins to drop its burden on the

channel, which is thereby heightened, till it may actually

rise above the level of the surrounding plains (Fig. 127).

This tendency is displayed by the Adige, Reno, and
Brenta, which, descending from the Alps well supplied with
detritus, debouch on the plains of the Po.16° The Po itself
has been quoted as an instance of a river continuing to

heighten its bed, while man in self-defence heightens its
embankments, until the surface of the river becomes higher
than the plains on either side. It has been shown by Lom
bardini, however, that the bed of this river has undergone
very little change for centuries; that only here and there
does the mean height of the water rise above the level of
the plains, being generally considerably below it, and that
even in a high flood the surface of the river is scarcely ten
feet above the pavement in front of the Palace at Ferrara.'7
The Po and its tributaries have been carefully embanked, so
that much of the sediment of the rivers, instead of accumulat

ing on the plains of Lombardy, as it naturally would do, is

169 It is in the north of Italy that the struggle between man and nature bag
been most persistently waged. See Lombardini in Ann. des Ponts-et-Chaussees,
1847. Beardmore's "Tables," p. 172. The bed of the Yangtse-Kiang has been
raised in places far above the level of the surrounding country by embanking.
B. I. Oxenham, Journ. Geog. Soc. xlv., 1875, p. 182.110 Between Mantua and Modena the Po is said to have raised its bed more
than 5 metres since the 15th century. Dausse, Bull. Soc. Geol. France, iii.
3me ser.) p. 137.
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carried out into the Adriatic. Hence, partly, no doubt, the

remarkably rapid rate of growth of the delta of the Po. But
in such cases, man needs all his skill and labor to keep the
banks secure. Even with his utmost efforts, a river will now
and. then break through, sweeping down the barrier which it
has itself made, as well as any additional embankments con
structed by him, and carrying its flood far and wide over the

plain. Left to itself, the river would incessantly shift its
course, until in turn every part of the plain had been again.
and again traversed. It is indeed in this way that a great
alluvial plain is gradually levelled and heightened. The

most stupendous example of the gradual heightening of a

plain by river deposits, and of the devastation caused by
the bursting of the artificial barriers raised to control the
stream, is that of the bang Ho or Yellow River. So fre

quently has this river changed its course across the great
eastern plain, and so appalling has been the consequent dev

astation, that it has received the name of "China's sorrow."
The last great inundation took place in the autumn of 1887,
when hundreds of villages were submerged and more than.
a million human beings were drowned. Breaking down its

frail embankment, the stream poured through the breach,
which was some 1200 yards wide, and spread out over a.
width of 30 miles in a current ten to twenty feet deep in

the middle.

(c) On River-banks and Flood-plains.--As is partly im

plied in the action described in. the foregoing paragraph,

alluvium is laid down on the level tracts or flood-plain over

which a river spreads in flood. It consists usually of fine

silt, mud, earth, or sand; though close to the channel, it

may be partly made up of coarser materials. When a

flooded river overflows, the portions of water which spread

out on the plains, by losing velocity, and consequently

power of transport, are compelled to let fall more or less

of their mud and sand. If the plains happen to be covered

with wood, bushes, scrub, or tall grass, the vegetation acts

the part of a sieve, and filters the muddy water, which may

rejoin the main stream comparatively clear. The height of

the plain is thus increased by every flood, until, partly from
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this cause and partly, in the case of a rapid stream, from the

erosion of the channel, the plain can no longer be overspread

by the river. As the channel is more and more deepened,
the river continues, as before, to be liable, from inequalities
in the material of its banks, sometimes of the most trifling

kind, and from the behavior of water flowing in irregular

channels, to wind from side to side in wide curves and loops,

QMR
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Fig. 128.-Section of River-terraces.

and cuts into its old alluvium, making eventually a newer

plain at a lower level. Prolonged erosion carries the chan

nel to a still lower level, where the stream can attack the

later alluvial deposit, and form a still lower and newer one.

The river comes by this means to be fringed with a series of

terraces (Fig. 128), the surface of each of which represents a

former flood-level o the stream.

In Britain, it is common to find three such terraces, but
sometimes as many as six or seven or even more may occur.
On the Seine and other rivers of the North of France, there
is a marked terrace at a height of 12 to 17 metres above the

present water-level. In North America, the river-terraces
exist on so grand a scale that the geologists of that country
have named one of the later periods of geological history,

during which those deposits were formed, the Terrace Epoch
(Fig. 129). The modern alluvium of the Mississippi, from
the mouth of the Ohio to the Gulf of Mexico, covers an area
of 19,450 miles, and has a breadth of from 25 to 75 miles and
a depth of from 25 to 40 feet. The old alluvium of the
Amazon likewise forms extensive lines of cliff for hundreds
of miles, beneath which a newer platform of detritus is being
formed.

VU The stages of terrace-making in the regime of a great river are well
brought out in the case of the Amazon. C. B. Brown, Q. J. Geol. Soc. xxxv.
p. '763. The subject of the origin of river-terraces is discussed by Mr. H. Miller
o the Geological Survey in Proc. Roy. Phys. Soc. Edin. 1883, p. 263.
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In the attempt to reconstruct the history of the old river

terraces of a country, we have to consider whether they have

been entirely cut out of older alluvium (in which case, of

course, the valleys must have been deeper and broader than

now, before the formation of the terraces, Fig. 128); whether

they afford any indications of having been formed during a

period of greater rainfall, when the rivers were larger than

at present; whether they point to upheaval of the interior of

the country, which would accelerate the erosive action of the

L--- --

Fig. 129-Old Terraces on the left bank of the Yellowstone River,
above the first Canon, Montana.

streams, or to depression of the interior or rise of the sea

ward tracts, which would diminish that action and increase

the deposition of alluvium. Prof. Dana has connected the

terraces of America with the elevation of the axis of that

continent. There can be no doubt that both in Europe

and. North America the rivers at a comparatively recent

geological period had a much greater volume than they

now possess.

(d) In Lakes-When a river enters a lake or inland sea

its current is checked, and its sediment begins to spread in

fan-shape over the bottom (C in Fig. 130). Every tributary

-:-.'-
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stream brings in its contribution of detritus. In this way,
a series of shoals is pushed out into the lake (Fig. 131 and

p. 685). This phenomenon may frequently be instructively
observed from a height over

small lake among

mountains. At the mouth of

each torrent or brook lies a

little tongue of its alluvium Fig.13O_Stream1et()"entering asmaUlake (a), and depositing a fan of sedi.

(a true delta), through which mont (c).

the streamlet winds in one or more branches, before min

gling its waters with those of the lake. Two streams enter

ing from opposite sides (as at c, ci, Fig. 131) may join their

alluvia and divide a lake into two, like the once united

ci

Fig. 132.-Lake (as in Fig. 131) filled up and con
verted into an alluvial plain by the three
streams, c, d e.

lakes of Thun and Brienz at Interlaken. Or, by the ad-

vance of the alluvial deposits, the lake may be finally filled

up altogether, as has happened in innumerable cases in all

mountainous countries (Fig. 132).

Fig. 131.-Plan of a lake entered by three streams
(c, d, e), each of which deposits a coue of sedi
ment (a, b) at its mouth.
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The rapidity of the infihling is sometimes not a little re
markable. Since the year 1714, the Kander is said to have
thrown into the Lake of Thun a delta measuring 230 acres,
now partly woodland, partly meadow and marsh. The
Aar, at its entrance into the Lake of Brienz, has deposited
a delta 3500 to 4000 feet broad, formed. of detritus which
at the mouth of the river has an outward slope of 30°, that

gradually falls to the nearly level lake floor. In twenty
seven years after its rectification the Reuss had laid down
in the Lake of Lucerne a delta estimated to contain upward
of 141 million of cubic feet of sediment, which is equivalent
to a discharge of 19,350 cubic feet in a day, or nearly 7,000,
000 cubic feet in a year.'"

In the case of a large lake whose length is great in pro
portion to the volume of the tributary river, the whole of
the detritus may be deposited, so that, at the outflow, the
river becomes as clear as when its infant waters began their
course from the springs, snows, and mists of the far moun
tains. Thus, the Rhone enters the Lake of Geneva turbid
and impetuous, but escapes at Geneva as blue translucent
water. It sediment is laid down on the floor of the lake,
and chiefly at the upper end, as an important delta which

quite rivals that of a great river in the sea. Hence, lakes
act as filters or sieves to intercept the sediment which is

travelling in the rivers from the high grounds to the sea

(i" 84).'"

(e) Estuarine Deposits; Bars aud Lagoon-barriers.-If we

take a broad view of terrestrial degradation, we must admit

that the deposit of any sediment on the land is only tempo

rary; the inevitable destination of all detrital material is

the floor of the sea. Where a gently flowing river comes

within the influence of the alternate rise and fall of the

titles, a new set of conditions is established in regard to

the clispc'sal of the sediment. During the flow of the tide

in the Severn, for example, the suspended mud is carried

up the estuary, and sometimes far up its tributaries. For

2 A, Helm, Jahrb. Sehweizer Alpenklubs, 1879.
113 Consult a suggestive essay, U. K. Gilbert on the topographic features of

lake-shores, 5th Ann. Rep. U. S. Cool. Surv. 1885, p. 75.
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two-thirds of the ebb, though the surface-water is running
out rapidly, the bottom-water is practically at rest: only

during the remaining third of the ebb does the bottom

water flow outward and with sufficient velocity to scour the

channel. But this lasts for so short a time that it hardly
removes as much mud or sand as has been laid down during
flood and the earlier part of ebb-tide. Hence the sediment

is in a state of continual oscillation upward and downward

in the estuary. At the lower end, some portion of it is

continually being swept out to sea. At the upper end,

fresh material of similar kind is being supplied by the

river. But, between these two limits, the same sediment

may be kept in suspension or may be alternately deposited
and removed for many weeks or months before it finally

escapes to sea and is spread out on the bottom. To this

cause, doubtless, the remarkable turbidity of many estuaries

is to be attributed. 174

Where a river, with a considerable velocity of current,

enters the sea, its mouth is commonly obstructed by a bar

of gravel, sand, or mud. The formation of this barrier re

sults from the conflict between the river and the ocean.

The muddy fresh water floats on the heavier salt water,

its current is lessened, and it can no longer push along the

mass of detritus at the bottom, which therefore accumulates

and tends to form a bar. Moreover, as already mentioned

(p. 646), though fresh water can for a long time retain fine

mud in suspension, this sediment is rapidly thrown down

when the fresh is mixed with saline, water. Hence, apart
from the necessary loss of transporting power by the check

ing of the current at the river-mouth, the mere mingling of

174 See an interesting paper by Prof. Sollas, Q. .1. Geol. Soc. xxxix., 1883,
p. 611, and authorities there cued.
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a river with the sea must of itself be a cause of the deposit

of sediment. Moreover, in many cases the sea itself piles

up great part of the sand and gravel of the bar. Heavy

river-floods push the bar further to sea, or even temporarily

destroy, it; storms from the sea, on the other hand, drive it

further up the stream.

Some of these facts in the economy of rivers have been
well studied at the mouths of the Mississippi. At the south
west pass, the bar is equal in bulk to a solid mass one mile

square and 490 feet thick, and advances at the rate of 338
feet each year. It is formed where the river water begins
to ascend over the heavier salt water of the gulf, and con
sists mainly of the sediment that is pushed along the bed
of the river. A singular feature of the Mississippi bars is
the formation upon them of "mud lumps." These are
masses of tough clay, varying in size from mere protuber

tntes like ti'ee-ti'nnks.. un to

islands several acres in ex
tent. They rise suddenly,
and attain heights of from
3 to 10, sometimes even 18
feet above the sea-level. Salt

springs emitting i nflanunable

gas rise upon them. After

<
the lapse ot a considerable
time, the springs cease to

give off gas, and the lumpsFig. 183.-Shingle and sand-spit (e) at the
mouth of an estuary (c), entered by a are worn away by the cur
river, and opening upon an exposed rents of the river and the
rocky coast-hue (B.).




gulf. The origin of these
excrescences has been attributed to the generation of car

buretted hydrogen by the decomposing vegetable matter in

the sediment underlying the tenacious clay of the bars."'

Conspicuous examples of the formation of deti'ital bars

may occasionally he observed at the mouths of narrow
estuaries, as at e in Fig. 133. A constant struggle takes

place in such situations between the tidal currents and waves
which tend. to heap up the bar and block the entrance to the

175 Humphreys and Abbot, "Report on Mississippi River," 1861, p. 452.
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estuary, and the scour of the river and ebb-tide which en
deavors to keep the passage open.

Another remarkable illustration of the contest between

alluvium-carrying streams and the land-eroding ocean is
shown by the vast lines of bar or bank which stretch along
the coasts both of the Old and the New World. The streams
do not flow straight into the sea, but run sometimes for many
miles parallel to the shore-line, accumulating behind the

(1

- ' .-; . --

Fig. 134.-Section of bar and lagoon. Slapton Pool, Start Bay, Devon (B.).

barriers into broad and long lagoons, but eventually break-
Iin through the barriers of alluvium and entering the sea.g
On a small scale, examples occur on the coasts of the British
Islands, as at Start Bay, Devon (Fig. 134), where the slates

(e) with their weathered surface (d) are flanked by a fresh
water lake (c), ponded. back by a bar (b) from the sea (a).
The lagoons of the shores of the Mediterranean,"' and the

(I /
- -

-
.'- -

..... s ;ç'
-.

- ., -.. -- - ._. - .J _ - . - - -

Fig. 135.-Plan of coast-bars and lagoons. Coast of Florida.

Kurisehe and Frische ilaf in the Baltic, near Dantzic, are
familiar examples. A conspicuous series of these alluvial
bars fronts the American mainland for many hundred miles
round the Gulf of Mexico and the shores of Florida,

Georgia, and North Carolina (Fig. 135)."' A space of sev
eral hundred miles on the east coast of India is similarly
bordered. 1lie de Beaumont, indeed, estimated that about

16 For an account of these see Ansted, Mm. Proc. In8t. Civ. Engin. xxviii.,
1869. p. 281.

171 See Report by H. D. Rogers, Brit. Assoc. iii. p. 13.
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a third of the whole of the coast-lines of the continents is

fringed with such alluvial bars.'"
On a coast-line such as that of Western Europe, subject

both to powerful tidal action and to strong gales of wind,

many interesting illustrations may be studied of the struggle
between the rivers and the sea, as to the disposal of the
sediment borne from the land. De lit Beche described an

example from the coast of South Wales where two streams,
the

Towey and Nedcl (a and b, Fig. 136), enter Swansea

Bay, bearing with them a considerable amount of sandy and

S

Fig. 136.-Action of rivers, tides, and winds in Swansea Bay (B.).

muddy sediment. The fine mud is carried by the ebb-tide

(i i
.

t U into the sheltered bay between Swansea (c) and the
Mumble Rocks (e) but is

We
swept round this headland

into the Bristol Channel. TUhe coarser sandy sediment, more

rapidly thrown down, is stirred up and driven shoreward by
the breakers caused by the prevalent west and southwest
winds (w). The sandy flats tiereby formed are partly un

covered at low water, and being then dried by the wind,

supply it with the sand which it blows inland to form. the
lines of sand-dunes (ff)."

(J) Deltas in the Sea.-The tendency of sediment to ac

cumulate in a tongue of flat land when a river loses itself in

a lake, is exhibited on a vaster scale where the great rivers

of the continents enter the sea. It was to one of these man-

l'18 "Leçois do Geologic pratique," i. p. 249. In this volume some interest

Mg examples of this kind of depol$i are described.
I "Geological Observer," p. 88.
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time accumulations, that of the Nile, that the Greeks gave
the name delta, from its resemblance to their letter with

the apex pointing up the river, and the base fronting the

sea. This shape being the common one in all such alluvial

deposits at river mouths, the term delta has become their

general designation. A delta consists of successive layers
of detritus, brought down from the land and spread out at

the mouth of a river, until they reach the surface, and. then,

partly by growth of vegetation and partly by flooding of the

river, form a plain, of which the inner and higher portion
comes eventually to be above the reach of floods. Large

quantities of driftwood are often carried down, and bodies

of animals are swept off to be buried in the delta, or even

to be floated, out to sea. Hence, in deposits formed at the

mouths of rirers, we may always expect to find terrestrial

organic remains.

A delta does not necessarily form at every river-mouth,

even where there is plenty of sediment. In particular,

where the coast-line on either side is lofty, and the water

deep, or where the coast is swept by powerful tidal currents,

there is no delta.'8° In some cases, too, the sediment spreads
out over the sea-bottom without being allowed by the sea to

build itself up into land, as happens at the mouths of some

of the rivers in the northwest of France. Considerable in

fluence may be exerted by tides and currents in arresting or

facilitating the spread of sediment over the sea-floor. The

deltas of the Rhone, Nile, Tiber, and Danube are formed in

tideless or nearly tideless seas."'

° Consult Admiral Spratt's. memoir, "Au investigation of the effect of the
prevailing wave induence on the Nile's deposit," folio, London, 1859.181 For a discussion on non-tidal rivers, see Min. Proc. Inst. civ.. Engin.
lxxxii., 1885, pp. 2-68, where information is given about the Tiber and some
other rivers.
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When a river enters upon the delta portion of its course,

it assumes a new character: In the previous parts of its

journey it is augmented by tributaries; but now it begins to

split up into branches, which wind to and fro through the

flat alluvial land, often coalescing and thus inclosing insular

spaces of all dimensions. The feeble current, no longer able

to bear along all its weight of sediment, allows much of it to

sink to the bottom and to gather over the tracts which are

from time to time submerged. Hence many of the channels

are choked up, while others are opened out in the plain, to

be in turn abandoned; and thus the river restlessly shifts its

channels. The seaward ends of at least the main channels

grow outward by the constant accumulation of detritus

pushed into the sea, unless this growth chances to be

checked by any marine current sweeping pEst the delta.

These features are nowhere more strikingly displayed
than by the great delta of the Mississippi (Fig. 137). The

area of this vast expanse of alluvium is given at 12,300

square miles, advancing at the rate of 262 feet yearly into

the Gulf of Mexico at a point which is now 220 miles from

the head. of the delta.-` On a smaller scale the rivers of

Europe furnish many excellent illustrations of delta-growth.
Thus the Rhine, Meuse, Sambre, Scheldt, and other rivers

have formed the wide maritime plain of Holland and the

Netherlands. The Rhone, which has deposited an impor
tant delta in the Mediterranean Sea, is computed to furnish

every year (by the Petit Rhône) about four millions of cubic

metres of sediment to the shores.'" The upper reaches of

the Adriatic Sea are being so rapidly sliallowed and filled

up by the Po, Adige, and other streams, that Bavenna,

originally built in a lagoon like Venice, is now 4 miles from

182 Humphreys and Abbot, op. cit.; see also C. Hartley, Miu. Proc. lust.
Civ. Engin. xl. p. 185. The tide has a mean rise of 15 inches every 24 hours
at the Mississippi mouths.

' For this delta and its lagoons, see the paper by Ansted, quoted ante,

p. 6'5. Reclus, "Geographie Universelle," tome ii. (France), chaps. ii. and

jil., and A. Guérard, MW. Proc. Inst. Civ. Eugin. hxil., 184-85, p. 305.
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the sea; and the port of Adria, so well known in ancient;

times as to have given its name to the Adriatic, is now 14

miles inland, while on other parts of that coast-line the

breadth of laud gained within the last 1800 years has been

as much as 20 miles. Borings for water near Venice to a

depth of 572 feet have disclosed a succession of nearly hori

zontal clays, sands, and lignitiferoits beds. Marine shells

(Gardium, etc.) occur in the sandy layers; the lignites and

lignitiferous clays cntain laud-vegetation and terrestrini

shells (Succinea, Pupa, ilelix), the whole succession of de-
-
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Fig. 137.-Map of Delta of Missis¬ippi.

posits indicating an alternation of marine and terrestrial or
fresh-water conditions."' On the opposite side of the Italian

peninsula, great additions have been made to the coast-line
within the historical period. It is computed that the Tuscan
rivers lay down as much as 12 million cubic yards of sedi
ment every year within the marshes of the Maremma. The
"yellow" Tiber, as it was aptly termed by the Romans, owes
its color to the abundance of the sediment which it carries
to sea. It has long been adding to the coast-line around its
mouth at the rate of from 12 to 13 feet per annum. The an
cient harbor of Ostia is now consequently more than 3 miles

14 the de Beaumont, "Leçon do Geologie pratique" i. p. 323. Gaol. Mag.
ix., 182, p. 486.
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inland. Its ruins have been partially excavated, but every
flood of the river leaves a thick deposit of mud on the streets
and on the floors of the uncovered houses. Hence it would
seem that the Tiber has not only advanced its coast-line but
has raised its bed on the plains, by the deposit of alluvium,
so that it now overflows places which, 2000 years ago, could
not have been so frequently under water."' In the Black
Sea, a great delta is rapidly growing at the mouths of the

Fig. 138.-Delta of the Ganges and Brahmaputra (with Scale of Miles).

Danube. At the Kilia outlets the water is shallowing so
fast that the lines of soundings of 6 feet and 30 feet are ad

vancing into the sea at the rate of between 300 and 400 feet

per annum.'" The typical delta of the Nile has a seaward
border 180 miles in length, the distance from which to the

apex of the plain where the river bifurcates is 90 miles."'

186 See an interesting article by Prof. Charles Martins on the Aigues-Mortes
(i.e. dead waters or disused river-channels), in "Revue des Deux Mondes," 1874,
p. 780. I accompanied the distinguished French geologist on the occasion of his
visit to Ostia in the spring of 1873, and was much struck with the proofs of the
rapidity of deposit in favorable situations. In the article just cited, and in
another in Comptes Rend. lxxviii. p. 1748, some valuable information is given
regarding the progress of the delta of the Rhone in the Mediterranean. inter
esting historical data as to geological changes at the mouths of the Rhine,
Meuse, Elbe, Po, Rhone and other European rivers, as well as of the Nile, wilt
be found in Elie de Beaumont's "Loçons do Geologie pratique," vol. i, p. 253.

' Hartley, Mm. Proc. Inst. Civ. Engin. xxxvii. p. 216.
161 For a detailed study of the Nile delta in its geological aspects, see an

essay by Dr. J. Jaukó, Mittheil. Jahrb. Kön. tJngarischen Geol. Anst. viii,,
1890, p., 236.
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The united delta of the Gangc's and Brahmaputra (Fig. 138)
covers a space of between 50,000 and 60,000 square miles,
arid has been bored through to a depth of 481 feet, the whole
mass of deposits consisting of fine sands and. clays, with oc
casional pebble-beds, a bed of peat and remans of trees, but
with no trace of any marine organism.288

(g) Sea-borne Sediment.-Although more properly to be

noticed under the section on the Sea, the final course of the

materials worn by rains and rivers from the surface of the

land may be referred to here. By far the larger part of these

materials sinks to the bottom close to the land. It is only

the fine mud carried in suspension in the water which is car

ried out to sea. In none of the numerous soundings and

dredgings in the Gulf of Mexico has Mississippi mud been

obtained from the bottom more than 100 miles eastward from

the mouth of the river.' The soundings taken by the

"Challenger," however, brought up land-derived detritus

from depths of 1500 fathoms-200 miles or more from the

nearest shores (p. 764). The sea fronting the Amazon is

sometimes discolored for 300 miles by the mud of that river.

§ 4. Lakes

Depressions filled with water on the surface of the land,

and known as Lakes, occur abundantly in the northern parts

of both hemispheres, and more sparingly, but often of large
size, in warmer latitudes. For the most part, they do not

belong to the normal system of erosion in which running
water is the prime agent, and to which the excavation of

' For a full account of the alluvium of the Indo-Gangetic plain, see Medli
cott and Blanford's "Geology of India, " chap. xvii., and authorities there cited;
also a more recent paper by Mr. Medlicott, Records Geol. Bury. India, 1881,
p. 220.

189 A. Agassiz, Amer. Acad. xii., 1882, p. 108.
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valleys and ravines must be attributed. On the contrary,

they are exceptional to that system, for the constant ten

dency of running water is to fill them up. Their origin,

therefore, must be sought among some of the other geo

logical processes. (See Book VII.)

Lakes are conveniently classed as fresh or salt. Those

which possess an outlet contain in almost all cases fresh

water; those which have none are usually salt.

1. Fresh-water Lakes.-In the northern parts of Europe

and America, as first emphasized by Sir Andrew C. Ram

say, lakes are prodigiously abundant on ice-worn rock-sur

faces, irrespective of dominant lines of drainage. They

seem to be distributed as it were at random, being found

now on the summits of ridges, now on the sides of hills, and

now over broad plains. They lie for the most part in rock

basins, but many of them have barriers of detritus. Their

connection with the operations of the glacial period will be

afterward alluded to. In the mountainous regions of tem

perate and polar latitudes, lakes abound in valleys, and are

connected with main drainage-lines. In North America and

in Equatorial Africa, vast sheets of fresh water occur in

depressions of the land, and are rather inland seas than

lakes.

The water of many lakes has been observed to rise above

its normal level for a few minutes or for more than an hour,

then to descend beneath that level, and to continue this

vibration for some time. In the Lake of Geneva, where

these movements, locally known there as Sec1zes, have long

been noticed, the amplitude of the oscillation ranges up to a

metre or even sometimes to two metres. These disturbances

may sometimes be due to subterranean movements; but

probably they are mainly the effect of atmospheric pertur-
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bations, and, in particular, of local storms with a vertical

descending movement.'9°

The distribution of temperature in lakes is a question of

considerable geological interest, in regard to which careful

measurements are much needed.

The observations of Sir Robert Ohristison, at Loch Lo
mond in Scotland, show that in this sheet of water, which
lies 25 feet above sea-level, with a depth of about 600 feet,
and is in great measure surrounded with high hills, a toler

ably constant temperature of about 42° Fahr. is found to

pervade the lowest 100 feet of water.' More extended ob
servations have since been made by Dr. John Murray and
the staff of the Scottish Marine Station in Lochs Ness, Oich,
Morar, and Shiel, as well as in some of the fjords and sounds
of the west of Scotland, and the earlier observations have
been confirmed. The surface of Loch Morar in September,
1887, was found to have a temperature of 578° Fahr., but
at a depth of 160 fathoms the thermometer had fallen to
421°. 'The surface temperature of Loch Ness in the same
month was 54°, but at 120 fathoms 421°.' Again, in the
Lake of Geneva the surface temperature in autumn is 78°

Fahr., while the bottom water at a depth of 950 feet was
found to mark 41° 7'. The Lago Sabatmo near Rome has
a temperature of 77° at the surface, but one of 44° at a depth
of 490 feet. Similar observations on other deep lakes in
Switzerland and Northern Italy indicate the existence
in all of them of a permanent mass of cold water at the
bottom. The cold heavy water of the surface in winter
must sink down, and as the upper layers cannot be heated

by the direct rays of the sun, save to a trifling and super
ficial extent, the temperature of the deep parts of these basins
is kept permanently low.

190 F. A. Forel, Comptes Rend. lxxx. 1875, p. 107, lxxxiii. 1876, p. 712,
lxxxvi. 1878, p. 1500, lxxxix. 1879, p. 859; Assoc. Française, 1879, p. 493
P. du Bois, Comptes Rend. cxii. 1891, p. 122. For a valuable monograph on
the regime of a typical lake, see Forel's "Le L6man," Lausanne, 1892.191 For observations on the freezing of this and other lakes, see 3. V.
Bucbanan Nature, xix. p. 412. On the deep-water temperature of lakes,
A. Buchan, Brit. Assoc. 1872, Sects. p. 207.

292 Proc. Roy. Soc. Edin. xviii., 1890-91, p. 139.
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Geological fuuctious.-Amoig the geological

functions discharged. by lakes the following may be

noticed:

1st. Lakes equalize the temperature of the localities in

which they lie, preventing it from falling as much in winter

and rising as much in summer as it would otherwise do.'

The mean annual temperature of the surface water at the

outflow of the Lake of Geneva is nearly 40 warmer than

that of the air.

2d. Lakes regulate the drainage of the area below their

outfall, thereby preventing or lessening the destructive

effects of floods.""

3d. Lakes filter river-water and permit the undisturbed

accumulation of new deposits, which in some modern cases

may cover thousands of square miles of surface, and may

attain a thickness of nearly 3000 feet (Lake Superior has

an area of 32,000 square miles; Lago Maggiore is 2800 feet

deep). How thoroughly lakes can filter river-water is typi

cally displayed by the contrast between the muddy river

which flows in at the head of the Lake of Geneva, and the

"blue rushing of the arrowy Rhone," which escapes at

the foot. The mouths of small brooks entering lakes afford

excellent materials for studying the behavior of silt-bearing

streams when they reach stilt water. Each rivulet may be

193 The lakes of Sweden, which cover one-twelfth of the surface of the
country, exercise an important influence on climate according as they are frozen
or open. See Prof. Hhldobrandsson on the freezing and breaking-up of the ice
on the Swedish lakes. Ann. Bur. Central Moteotol. France, 1878.

Winds, by blowing strongly down the length of a lake, sometimes con
siderably increase, for the time being, the volume of the outflow. If this takes
place coincidently with a heavy rainfall, the flood of the escaping river is grea(ly
augmented. These features are noticed in Loch Tay (D. Stevenson,
"Reclama-tionof land," p. 14). Hence, though on the whole lakes tend to moderate
floods in the outfiowizig rivers, they may, by a combinatioD f circumstances,
sometimes increase them.
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observed pushing forward its delta composed of successive

sloping layers of sediment (ante, p. 671). On a shelving
bank, the coarser detritus may repose directly upon the

solid rock of the district (Fig. 139). But as it advances

into the lake, it may come to rest upon some older lacus.

a
---,------- ----4 ' '




/

Fig. 139.-Section of a delta-cone pushed by a brook into a lake.

trine deposit (Fig. 140). The river Linth since 1860 has

annually discharged into Lake Wallenstadt some 62,000

cubic metres of detritus.

A river which flows through a succession of lakes cannot

carry much sediment to the sea, unless it has a long course

Fig. 140.-Stream-detritus pushed forward over a previous lacustrine silt (B.).

to run after it has passed the lowest lake, and receives one

or more muddy tributaries (see p. 671). Let us suppose, for

example, that, in a hilly region, a stream passes through

a series of lakes (as a, b, c, in Fig. 141). As the highest

Fig. 141.-Filling up of a succession of lakes (B.),

lake will intercept much, perhaps all, of this sediment, the

next in succession will receive little or none until the first

is either filled up or has been drained by the cutting of a

gorge through the intervening rock at f. The same process
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will be repeated at e and. d until the lakes Are effaced, and

their places are taken by alluvial meadows. Examples
of this sequence of events are of frequent occurrence in

Britain.

Besides the detrital accumulations due to the influx of

streams, there are some which may properly be regarded.
as the work of lakes themselves. Even on small sheets

of water, the eroding influence of wind-waves may be ob

served; but on large lakes the wind throws the water into

waves which almost rival those of the ocean in size and

destructive power. Beaches, sand-dunes, shore-cliffs, and

other familiar features of the meeting-line between land

and sea, reappear along the margins of such great fresh

water seas as Lake Superior. Beneath the level of the

water a terrace or platform is formed, of which the distance

from shore and. depth vary with the energy of the waves

by which it is produced. This platform is well developed

in the Lake of Geneva.'

Some of the distinctive features of the erosion and dep

osition that take place in hake-basins have been admirably

laid open for study in those basins of vanished lakes which

have been so well described by Gilbert, Dutton, Russell,

and Upham in the Western Territories of the United States.

They have been treated of in a masterly way by Gilbert in

his essay on "The Topographic features of Lake-shores."

4th. Lakes serve as basins in which chemical deposits

195 D. Colladon, Bull. Soc. Gool. France (3), iii. p. 661.
196 5th Am. Report U. S. Geol. Survey, 1885. See also Dutton, in 2c1 Re-

port. of same Survey, 1880-81, p. 169; I. C. Russell, 3d Report U. S. Survey,
1881-82, p. 15; 4th Rr'port, 1882-83, p. 435; 8th Report, 1886-87, p. 201;
and Monograph XI., 1885, of same Survey. W. Upham on the beaches and
terraces of a former glacial lake (Lake Agassiz) Bull. U. S. Geol. Survey, No.
39, l88; also 8th Ann. Report Geol. and Nat. Hist. Survey Minnesota, 1879,

pp. 84-87; H. W. Turner on a vanished lake in Mohawk Valley, Plumas
County, C&lifornia, Bull. Phil. Soc. Washington, xi., 1891, p. $85.
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may take place. Of these the most interesting and exten-

sive are those of iron-ore, which chiefly occur in northern

latitudes (pp. 254, 810).'°'

5th. Lakes furnish an abode for a lacustrine fauna and

flora, receive the remains of the plants and animals washed

down from the surrounding country, and entomb these

organisms in the growing deposits, so as to preserve a

record of the lacustrine and terrestrial life of the period

during which they continue. Besides the more familiar

pond-snails and fishes, lakes possess a peculiar pelagic
fauna, consisting in large measure of entomostracous crusta

ceans, distinguished more especially by their transparency.""
These, as well as the organisms of shallower water, doubt

less furnish calcareous materials for the mud or marl of the

lake bottoms. But it is as receptacles of sediment from

the land, and as localities for the preservation of a portion
of the terrestrial fauna and flora, that lakes present their

chief interest to a geologist. Their deposits consist of alter

nations of sand, silt, mud, gravel, and occasional irregular
seams of vegetable matter, together with layers of calcareous

marl formed of lacustrine shells, Entomostraca, etc. (p. 812).
In lakes receiving much sediment, little or no marl can ac

cumulate during the time when, sediment is being deposited.
In small, clear, and not very deep lakes, on the other hand,

where there is little sediment, or where it only comes occa

sionally at intervals of flood, thick beds of white marl,

formed entirely of organic remains, may gather on the

bottom, as has happened in numerous districts of Scotland

19 For an elaborate paper on these lake-ores (See.erze), see Stapif, Z. Deutsch.Geol. Ges. xviii. pp. 86-173; also A. F. Thoreld, Geol. Fören. Stockholm. Forh.
iii. p. 20; and postea, Section iii.

198 F. A. Fore], Archives d. Sciences, Sept. 1882. 0. E. Imhof, Ann. Hag.Nat. list., 1884, p. 69.
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and Ireland The fresh-water limestones and clays of some

old lake-basins (those of Miocene time in Auvergne and

Switzerland., and of Eocene age in Wyoming, for example)
cover areas occasionally hundreds o square miles in extent,

and attain a thickness of hundreds, sometimes even thou

sands of feet.

Existing lakes are of geologically recent origin. Their

disappearance is continually in progress by mulling and

erosion. Besides the displacement of their water by allu

vial accumulations, they are lowered and eventually drained

by the cutting down of the barrier at their outlets. Where

they, are effaced merely by erosion, it must be an. exces

sively slow process, owing to the filtered character of the

water. (p. 684); but where it is performed by the retroces

sion. of a waterfall at the head of an advancing gorge, it

may be relatively rapid after it has once begun. 199 In a

river-course it is usual to find a lake-like expansion of allu

vial land above each gorge. These plains may be regarded

as old lake-bottoms, which have been drained by the cut

ting out of the ravines (p. 662). Successive terraces often

fringe a lake and mark former levels of its waters. It is

when we reflect upon the continued operation of the agen

cies which tend to efface them, that we can best realize

why the lakes now extant must necessarily be of compara

tively modern date. Their modes of origin are diseusse I

in Book VII.

2. Saline Lakes, considered chemically, may be grouped

as salt lakes, where the chief constituents are sodium and

magnesium chlorides with magnesium and calcium sal-

199 The level of the Lake of Geneva is said to have been lowered about six
and a half feet since Roman times (Dausse, Bull. Soc. Geol. France (3), iii. p. 140);
but this may be explicable by diminution in the water-supply.
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phates: and Utter which are usually distinguished

by their large percentage of sodium carbonate as well as

chloride and sulphate (natron-lakes), sometimes by their

proportion of borax (borax lakes). From a geological point

of view they may be divided into two classes-(1) those

which owe their saitness to the evaporation and concentra

tion of water poured into them by their feeders; and (2)

those which were originally parts of the ocean.

(a) Salt and bitter lakes of terrestrial

origin are abundantly scattered over inland areas of

drainage in the heart of continents, as in Utah and adjacent

territories of North America, and on the great plateau of

Central Asia. These sheets of water were doubtless fresh

at first, but they have progressively increased in salinity,

because, though the water is evaporated, there is no escape

for its dissolved salts, which consequently remain in the

increasing concentrated liquid. In Ladkh, extensive lakes

formed by the poncling back of valley waters by alluvial

fans, have grown saline and hitter, and have become the

site of deposits of rock-salt and soda.200

The Great Salt Lake of Utah, which has now been so

carefully studied by Gilbert and other geologists, may be
taken as a typical example of an inland basin, formed by
unequal subterranean movement that has intercepted the

drainage of a large area, wherein rainfall and evaporation
on the whole balance each other, and where the water be.
comes increasingly salt from evaporation, but is liable to
fluctuations in level, according to oscillations of meteorolog
ical conditions. The present lake occupies an area of rather
more than 2000 square miles, its surface being at a height of
4250 feet above the sea. It is, however, merely the shrunk
remnant of a once far more extensive sheet of water, to
which the name of Lake Bonneville has been given by Gil-

200 F. Drew, "Jummoo and Kashmir Territories."
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bert. It is partly surrounded with mountains, along the
sides of which well-defined lines of terrace mark former
levels of the water (Fig. 142). The highest of these ter
races lies about 940 feet above the present surface of the
lake, so that when at its greatest dimensions, this vast sheet
of water must have stood at a level of about 5200 feet above
the sea, and covered an area of 300 miles from north to
south, and. 180 miles in extreme width from east to west.
It was then certainly fresh, for, having an outlet to the
north, it drained into the Pacific Ocean, and in its stratified

deposits an abundant lacustrine mo]lscan fauna has been

found.'" According to Gilbert there are proofs that, pre.

" ".
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Fig. 142.-Terraces of Great Salt Lake, on the flanks of the Wahsatch Mountains.

vious to the great extension of Lake Bonneville, there was

a dry period, during which considerable accumulations of

subaerial detritus were formed along the slopes of the moun

tains. A great meteorological change then took place, and

the whole vast basin, not only that termed Lake Bonneville,

but a second large basin, Lake Lahontan of King, lying to

the west and hardly inferior in area, was gradually filled

with fresh water. Again, another meteorological revolution

supervened and the climate once more became dry. The

waters shrank back, and in so doing, when they had sunk

below the level of their outlet, began to grow increasingly
saline. The decrease of the water and the increase of salin

ity were in direct relation to each other until the present do-

202 For an account of this fauna see R. E. Cal], Bull. U. S. Geol. Surv.
No. 11, 1884.
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gree of concentration has been reached, as shown in the
table (p. 694. The Great Salt Lake, at present having an
extreme depth of less than 50 feet, is still subject to oscilla
tions of level. When surveyed by the Stansbury Expedi
tion in 1849, its level was 11 feet lower than in 1877, when
the Survey of the 40th Parallel examined the ground. From
1866, however, a slow subsidence of the lake has been in

Erogress,
consequent upon a diminution of the rainfall.

arge tracts of flat land, formerly under water, are being
laid bare. As the water recedes from them and they are ex

posed to the remarkably dry atmosphere of these regions,
they soon become crusted with a white saliferous and alka
line deposition, which likewise permeates the dried mud
underneath. So strongly saline are the waters of the lake,
and so rapid the evaporation, as I found on trial, that one
floats in spite of one's self, and the under surfaces of the
wooden steps leading into the water at the bathing-places are

hung with short stalactites of salt from the evaporation of
the drip of the emergent bathers."' -

Some of the smaller lakes in the great arid basin of North
America are intensely bitter, and contain large quantities of
carbon-ate and sulphate as well as chloride of sodium. The

Big Soda Lake near Ragtown in Nevada contains 129015

grainmes of salts in the litre of water. These salts consist

largely of chloride of sodium (5542 per cent of the whole),

sulphtte of soda (1486 per cent), carbonate of soda (1296
per cent), and chloride of potassium (373 per cent). Soda
is obtained from this lake for commercial purposes.208

(b) Salt lakes of oceanic origin are compara

tively few in number. In their case, portions of the sea

have been isolated by movements of the earth's crust; and

these detached areas, exposed to evaporation, which is only

partially compensated by inflowing rivers, have shrunk in

Much information regarding the Great Basin and its lakes is to be found
in vol. iii. of Wheeler's Survey West of 100th Meridian, vols. i and iv. of the
Survey of the 40th Parallel, and Report of U. S. Geol. Survey, 1880-81, 1. 0.
Russell, "Geological* History of Lake Lahontan," U. S. Geol. Survey Mono
graphs, No. XI., and in the papers cited ante, p. 686.

Bull. U. S. Geol. Surv. No. 9, 1884, p. 2. T. M. Ohatard, Amer. Journ.
Sci. xxxvi. 1888, p. 148, and xxxviii. 1889, p. ö9.
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level, and at the same time have sometimes grown much

salter than the parent ocean.

The Caspian Sea, 180,000 square miles in extent, and
with a maximum depth of from 2000 to 3000 feet, is a mag
nificent example. The shells living in its waters are chiefly
the same as those of the Black Sea. Banks of them may be
traced between the two seas, with salt lakes, marshes, and.
other evidences to prove that the Caspian was once joined to
the Black Sea, and had. thus communication with the main
ocean. In this case also there are proofs of considerable

changes of water-level. At present the surface of the Cas

pian is 8051 feet below that of the Black Sea. The Sea of
Aral, also sensibly salt to the taste, was once probably
united with the Caspian, but now rests at a level of 2427
feet above that sheet of water. The steppes of southeastern
Russia are a vast depression with numerous salt lakes and
abundant saline and alkaline deposits. It has been supposed
that this depression continued far to the north, and that a

great firth, running up between Europe and Asia, stretched

completely across what are now the steppes and plains of
the Tundras, till it merged into the Arctic Sea. Seals of a

species (Phoca caspica) which may be only a variety of the
common northern form (Ph. fceticla), abound in the Caspian,
which is the scene of one of the chief seal-fisheries of the
world.204 On the west side of the Ural chain, even at pres
ent, by means of canals connecting the rivers Volga and
Dwina, vessels can pass from the Caspian into the White
Sea. 20h

The cause of the isolation of the Caspian and the other
saline basins of that region is to be sought in underground
movements which, according to ilelmersen, are still in prog
ress, but partly, and, in the case of the smaller basins, proba
bly chiefly in a general diminution of the water-supply all

204 Another variety or species of seal inhabits Lake Baikal. For an account
of the structure and distribution of seals see an interesting monograph by J. A.
Allen in Miscellaneous Publications of U. S. Geological and Geographical Survey
of the Territories. Washington, 1880.

205 Count von Helmersen, however, has stated his belief that for this extreme
northern prolongation of the Aralo-Caspian Sea there is uo evidence. The shells,
on the presence of which over the Tundras the opinion was chiefly based, are,
according to him, all fresh-water species, and there are no marine shells of liv
ing species to be met with in the plains at the foot of the Ural Mountains.



DYNAMICAL GEOLOGI 698

over Central Asia and the neighboring regions. The rivers
that flow from the north toward Lake Balkash, and that
once doubtless emptied into it, now lose themselves in the
wastes and are evaporated before reaching that sheet of
water, which is fed only from the mountains to the south.
The channels of the Amur Darya, Syr Darya,. and other
streams bear witness also to the same general desiccation."'
At present, the amount of water supplied by rivers to the

Caspian Sea appears on the whole to balance that removed

by evaporation, though there are slight yearly or seasonal
fluctuations. In the Ai'al basin, however, there can be no
doubt that the waters are progressively diminishing, the
rate in the ten years between 1848 and 1858 having been 18
inches, or 18 inch per annum.

Owing to the enormous volume of fresh water poured
into it by its rivers, the Caspian Sea is not as a whole so salt
as the main ocean, and still less so than the Mediterranean
Sea. Nevertheless the inevitable result of evaporation is
there manifested. Along the shallow pools which border
this sea, a constant deposition of salt is taking place, form

ing sometimes a pan or layer of rose-colored, crystals on the
bottom, or gradually getting dry and covered with drift-sand.
This concentration of the water is particularly iiiarked in the

great offshoot called the Kaalioghaz, which is connected
with the middle l)aSifl of the C.pian Sea by a channel 150
yards wide and 5 feet deep. Through this" narrow mouth
there flows from the main sea a constant current, 'which Von
Baer estimated to carry daily into the Karaboghaz 350,000
ton of salt. An appreciable increase of the saitness of that

gulf has been noticed; seals, which once frequented it, have
forsaken its barren shores. Layers of salt are gathering on
the mud at the bottom, wher3 they have formed a salt bed
of unknown extent, and the sounding line, when scarcely
out of the water, is covered with saline crystals.

2°7

The following table shows the proportions of saline in

gredients in 1000 parts of the water of some salt lakes:

206 Bull, Acud. Imp. St. Petershourg, xxv. p. 535, 1879. For an account of
these rivers and Lake Aral, see H. Wood, Journ. Roy. Geog. Soc. xlv. 1875,
p. 367, where an estimate is given of the annual amount of evaporation.°' Von Baer, Bull. Acad. St. Petersbourg, 1855-56. See also Carpenter,Proc. Roy. Geog. Soc. xviii. No. 4. For the composition of the water of salt
and bitter lakes, see the analyses collected by Both in his "Ohemisehe Geol
ugie," i. p. 463 et seq.
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Caspian Sea Elton
Lake, Dead

Constituents(except where dertsch
Lake

Great Salt Lake,
Kir
ghfH

Sea from
a fepthotherwise elated) Near mouth of B At I3aku (Abich) (Gohel)

Utah (O D. Allen) Steppe of l8Ural (Gobel) (L fathoms
Rose)

Ohior. of Sodium " 8673 85267 23928 118628 383 7855466 Magnesium 0682 0,8039 1726 14108 197.5 14529744 Calcium . 0 013 (MgCOa) . . . 81'075
Potassium oo'ta trace 1-01

1
0,862 (excess?
Chlorine) r

23 6586
Brom. of Magnesium trace . . 005 . . . . 1374
Sulph. of Calcium . 0490 10742 042 0858 . " 0101

Potassium 0171 (CaCOs) 00554(CaCOs) . 5263 .
Magnesium 1,239 32498 846 9321 (NaSO4) 53'2

Deposits in Salt and Bitter Lakes.-The study of the pre

cipitations which take place on the floors of modern salt

lakes is important in throwing light upon the history of a

number of chemically-formed rocks. The salts in these

waters accumulate until their point of saturation is reached,

or until by chemical reactions they are thrown down. The

least soluble are naturally the first to appear, the water be-

omiug progressively more and more saline till it reaches a

condition like that of the mother-liquor of a salt work.

Gypsum begins to be thrown down from sea-water, when 37

per cent of water has been evaporated, but 93 per cent of

water must be driven off before chloride of sodium can be

gin to be deposited. Hence the concentration and evapora

tion of the water of a salt lake having a composition like

that of the sea would give rise first to a layer or sole of gyp

sum, followed by one of rock-salt. This has been found to

be the normal order among the various saliferous formations

in the earth's crust. But gypsum may be precipitated with

out rock-salt, either because the water was diluted beforethe

point of saturation for rock-salt was reached, or because

the salt, if deposited, has been subsequently dissolved and

removed. In every case where an alternation of layers of

gypsum and rock-salt occurs, there must have been repeated
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renewals of the water-supply, each gypsum zone marking

the commencement of a new series of precipitates.

But from what has now been adduced it is obvious that

the composition of many existing saline lakes is strikingly

unlike that of the sea in the proportions of the different con

stituents. Some of them contain carbonate of sodium; in

others the chloride of magnesium is enormously in excess of

the less soluble chloride of sodium. These variations mod

ify the effects of the evaporation of additional supplies of

water now poured into the lakes. The presence of the

sodium-carbonate causes the decomposition of lime salts,

with the consequent precipitation of calcium-carbonate ac

companied. with a slight admixture of magnesium-carbonate,

while by further addition of the sodium-carbonate a hydrated

magnesium-carbonate may be eventually precipitated. Hunt

has shown that solutions of bicarbonate of lime decompose

sulphate of magnesia with the consequent precipitation of

gypsum, and eventually also of hydrated carbonate of mag

nesia, which, mingling with carbonate of lime, may give

rise to dolomite."" By such processes the mans or clays

deposited on the floors of inland seas and salt lakes may

conceivably be impregnated and interstratified with gypse

ous and dolomitic matter, though in the Trias and other an

cient formations which have been formed in inclosed saline

waters, the magnesium-chloride has probably been the chief

agent in the production of dolomite (ante, p. 546).

The Dead Sea, Elton Lake, and other very salt waters of
the Aralo-Caspian depression, are interesting examples of
salt lakes far advanced in the process of concentration. 909

208 Sterry Hunt, in "Geology of Canada," 1863, p. 575.
209 The Dead Sea, like the Great Salt Lake, was originally fresh, as proved
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The great excess of the magnesium-chloride shows, as
Bischof pointed out, that the waters of these basins are a
kind of mother-liquor, from which most of the sodium
chloride has already been deposited. The greater the pro
lortion of the magnesium-chloride, the less sodium-chloride
can be held in solution. Hence, as soon as the. waters of
the Jordan and other streams enter the Dead Sea, their pro
portion of sodium-chloride (which in the Jordan water
amounts t from O525 to 0603 per cent) is at once precipi
tated. With it gypsum. in crystals goes down, also tie car
bonate o lime which, though present in the tributary
streams, is not found in the waters of the Dead Sea. In

spring, the rains bring large quantities of muddy water into
this sea. Owing to dilution and diminished evaporation, a
check must he given to the deposition of common salt, and
a layer of mud is formed over the bottom. As the summer
advances and the supply of water and mud decreases, while

evaporation increases, the deposition of sa1 and gypsum
begins anew.' As the level of the Dead Sea is liable to
variations, parts of the bottom are from time to time ex

posed, and show a surface of bluish-gray clay or marl full of

crystals of common salt and gypsum. Beds of similar saul
erous and gypsiferous clays, with bands of g"y:1mn, rise

along the slopes for some height above the present surface
of the water, and mark the deposits left when the Dead Sea
covered a larger area than it now does. Save occasional

impressions of drifted terrestrial plants, these strata contain
no organic remains. '

Interesting details regarding sali fer
otis deposits of recent origin, on the site of the Bitter Lakes,
were obtained during the construction of the Suez Canal.
Beds of salt, interleaved with laminae of clay and gypsum
crystals, were found to form a deposit upward of 30 feet
thick extending along 21 miles in length by about 8 miles in
breadth. No fewer than 42 layers of salt, from 3 to 18 cen

timetres thick, could be counted in a depth of 246 metres.
A deposit of earthy gypsum and clay was ascertained to
have a thickness of 367 feet (112 metres), and another bed of

by shells of Melania, etc., found in lacustrine terraces 1300 feet above its pres
ent level. Hull, "Mount Soir," 1885, pp. 100, 180.

'° Bisebof, "Chem. Geol." 1. p. 397. Roth, "Chem. Geol." i. p. 4'6.
211 Lartet, Bull. Soc. Geol. France (2), xxii. p. 450 et seq. Below the high

terraces, containing lacustrine shells, evidence of shrinkage and concentration
is supplied by gypseous marls and a bed of salt (30 to 50 feet), 600 feet above
the present water-level.
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nearly pure crumbling gypsum to be about 230 feet (70
metres) deep.2'

The desiccated floors of the great saline lakes of Utah
and Nevada have revealed some interesting facts in the his

tory of saliferous deposits. The ancient terraces marking
former levels of these lakes are cemented by tula, which

appears to have been abundantly formed along the shores
where the, brooks, on mingling with the lake, immediately
parted with their lime. Even at present, oolitic grains of
carbonate of lime are to be found in course of formation

along the margin of Great Salt Lake, though carbonate of
lime has not been detected in the water of the lake, being at
once precipitated in the saline solution. The site of the an
cient salt lake which has been termed Lake Lahontan dis

plays areas several square miles in extent covered with de

posits of calcareous tufa, 20 to 60 and even 150 feet thick.
This tuf a, however, presents a remarkable peculiarity. It
is sometimes almost wholly composed of what have been
determined to be calcareous pseudomorphs after gaylussite
(a mineral composed of carbonates of calcium and sodium
with water)-the sodium, of the mineral having been re

placed by calcium. When this variety of tufa, distinguished
by the name of thinoiite, was originally formed, the waters
of the vast lake must have been bitter, like those of the lit
tle soda-lakes which now lie on its site-a dense solution in

which carbonate of soda predominated. On the margin of
one of the present Soda Lakes, crystals of gaylussite now
form in the drier season of the year. Yet no trace of car
bonate of lime has been detected in the water. The carbo
nate of lime in the crystals must be derived from water
which on entering the saline lakes is at once deprived of

its lime."




§ 5. Terrestrial Ice

Fresh water, under ordinary circumstances, when it

reaches a temperature of 32° Fahr. passes into the solid

state by crystallizing into ice. In this condition, it per-

112




Lesseps, ijomptes Rend. lxxviii. p. 1740, Ann. Chim. et Phys. (5), Iii.
p. 139. Bader, Verh. Geol. Reichsanst. 1869, p. 288.

"
King, Exploration of the 40th Parallel, i. p. 510. See also on the crys

tallographic form and chemical composition of the thinolite and its original
mineral, EL S. Dana, Bull. U. S. Geol. Surv. No. 12, 1884.
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forms a series of important geological operations before

being again melted and relegated to the general mass of

liquid terrestrial waters. Five conditions under which ice

occurs on the land deserve notice, viz. frost, frozen rivers

and lakes, hail, snow, and glaciers.

Frost-Water, if perfectly still, may fall below the freez

ing-point without freezing, but when it is then moved, it at

once freezes over. In freezing, water expands. I it be

confined in such a way that expansion is impossible, it re

mains liquid even at temperatures below the freezing-point;
but the instant, that the pressure is removed this culled

water becomes ice. There is a constant effort on the part of

the water to expand and become solid, very considerable

pressure being needed to counterbalance this expansive

power, which increases as the temperature sinks. At 30°

Fahr. the pressure must amount to 146 atmospheres, or the

weight of a column of ice a mile high, or 138 tons on the

square foot. Consequently when the water freezes at a

lower temperature, its pressure on the walls of its inclosing

cavity must exceed 138 tons on the square foot. Bomb

shells and cannon filled with water and. hermetically sealed

have been burst in strong frosts by the expansion of the

freezing water within them. In nature, the enormous pres

sures which can be obtained, artificially occur rarely or not

at all, because the spaces into which water penetrates can

hardly ever be so securely closed as to permit the water to

be cooled down considerably below 32° Fahr. before freez

ing. But ice forming in cavities at even two or three

degrees below the freezing-point exerts an enormous dis

ruptive force.

Soils and rocks, being all porous, and usually containing

a good deal of moisture, have their particles pushed asunder
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by the freezing of this interstitial water. Stones, stumps of

trees, or other objects imbedded in the ground, are squeezed

out of it. When a thaw comes, the soil seems as if it had

been ground down in a mortar. Water, freezing in the in.

numerable joints and fissures of rocks, exerts great pressure

upon the walls between which it lies, pushing them asunder

as if a wedge were driven between them. When this ice

melts, the separated masses do not return to their original

position. Their centre of gravity in successive winters be

comes more and more displaced, until the sundered masses

fall apart. In mountainous districts, where the winters are

severe, and in high latitudes, much waste is thus produced

on exposed cliffs and loose blocks of rock. Some measure

of its magnitude may be seen in the heaps of angular rub.

bish which in these regions so frequently lie at the foot of

crags and steep slopes. At Spitzbergen, and on the coast

of Green1ancl, the observed amount of destruction caused

by frost is enormous. The short warm summer, melting the

snow, fills the pores and joints of the rocks with water,

which when it freezes splits off large blocks, launching

them to the base of the declivities, where they are further

broken up by the same cause. In some countries, where

the winters are severe, the soil-cap has been observed to be

pushed or to creep downhill from the action of frost."'

Frozen Rivers and Lakes.-In countries such as Canada,

the lakes and rivers are frozen over in winter with a cake

of ice 1 to 2 feet thick. This cake as it forms expands and

presses against the shores. A continuance of frost leads to

a contraction of the ice already formed and to the conse

quent opening of vertical fissures, into 'which the water

1889 p.255,
Journ. set. xxi. 1881, p. 345;0. Davidson, Gaol. Mag.
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from below ascends and. freezes. When a subsequent rise

in temperature causes an expansion of the superficial crust,

the ice once more presses against the shores. When these

are steep the ice yields and either breaks up along its

margin or assumes an undulating surface over the lake;

but where they are sloping it is pushed up the slope, carry

ing with it earth and bowiclers. Similar results are repeated

during subsequent rises and. falls of temperature, the debris

being driven further up the shore, until it sometimes ac

cumulates in a mound or wall along the outer edge of the

broken ice. When the ice melts this embankment of dis

placed material is left as a memorial of the severity of the

climate. Such "shore-walls" are of common occurrence

on the margins of many lakes in Canada and the United

States. Under certain conditions, also, wIia is called

"anchor-ice" forms on the bottoms of the rivers and rises

to the surface."" In several ways, geological changes are

thus effected. Mud, gravel, and bowiders incased in the

anchor-ice or pushed along by it on the bottom, are moved

from their position. This ice, formed in considerable quan

tity in the rapids of the Canadian rivers, is carried down

stream and accumulates against the bars and banks, or is

pushed over upon the surface of the upper ice. By its

accumulation a temporary barrier is formed, the bursting

of which causes destructive floods. When the ice breaks

up in early summer, cakes of it which have been formed

along shore, and have inclosed beach-pebbles and bowiders,

215 0. A. White, Amer. Naturalist, ii. 1868, p. 148 G. K. Gilbert, 5th Ann.
Rep. U. S. Geol. Survey, 1885, p. 109.

216 These conditions, according to Dr. Rae (Nature, xxi. p. 538), are: 1st,
a rocky or stony bottom; 2d, shallow water as compared with that higher up
the stream; 3d, a swifter current and rougher water, in comparison with a
smooth and slower motion immediately above. It is a loose, slushy, adhesive
kind of ice.See also Nature, xxi. p. 612; xxii. 31, 54.
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float off so as either to drop these in deeper water or to

strand them on some other part of the shore.

This kind of transport takes place on a great scale on the
St. Lawrence. The islets of bowider-clay and solid rock are

fringed with blocks which have been stranded by ice and
which are ready to be again inclosed, and floated off further
down stream. Should a gale arise during the breaking u
of the frost, vast piles of ice, with mingled gravel an
howlders, may be driven ashore and pushed up the beach;
even blocks of stone of considerable size are sometimes
forced to a height of several yards, tearing up the soil on
their way, and helping to form a bank above the water
level. In the same river, great destruction of banks has
been caused by rafts of ice, and particularly of anchor-ice
Crab Island, for example, which was about an acre and a
half in extent at the beginning of this century, has entirely
disappeared. its place being indicated merely by a strong
ripple of th¬. water, which is every ear getting deeper over
the site."' Other islands have also" been destroyed. Great

damage is frequently done to quays and bridges in the same

region, by masses of river-ice driven against them on the
arrival of spring. Reference has already been male to the
increased power of transport and erosion acquired by frozen
rivers, and especially lieu, as in Siberia, their ice breaks

up in the higher parts of their courses, before it gives way
in the lower (p. 647).

Hail, the formation of which is not yet well under.

stood,"' falls chiefly in summer and during thunderstorms.

When the pellets of ice are frozen together so as to reach

the ground in lumps as large as a pigeon's egg, or larger,

great damage is often done to cattle, flying birds, and vege

tation. Trees have their leaves and fruit torn off, and farm

crops are beaten down.

Snow.-In those parts of the earth's surface where, either

Irom geographical position or from elevation into the upper

211 B1eadel1, Q. 3. Geol. Soc. xxvi. p. 669; xxviii. p. 292.218 For an account of the different theories proposed to account, for hail, see
Prof. Viguier, Assoc. Framaise, 1879, p. 543; 1880, p. 436.
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cold regions of the atmosphere, the mean annual tempera

ture is below the freezing-point, the condensed moisture

falls chiefly as snow, and remains in great measure Un

melted throughout the year. A line, termed the snow-line,

can be traced, below which the snow disappears in summer,

but above which it continues to cover the whole or great

partof the surface. The snow-line comes down to the sea

around the, poles. Between these: limits it rises gradually

in level till it reaches its highest elevation in tropical lati

tudes. South of lat. 78° N. it begins to retire from the

sea-level, so that on the coast of northern Scandinavia

it is already nearly 3000 feet above the sea. None of the

British mountains quite reach it. In the Alps it stands at

8500 feet, on the Andes at 18,000 feet, and on the northern

slopes of the Himalayas at 19,000 feet.

Snow exhibits two different kinds of geological behavior:

(1) conservative, and (2) destructive. (1) Lying stationary

and unmelted, it exercises a protective influence on the

face of the land, shielding rocks, soils, and vegetation from

the effects of frost. On low grounds this is doubtless its

chief function. (2) a. When snow falls in a partially melted

state it is apt to accumulate on branches and leaves, until

by its weight it breaks them off, or even bears down entire

trees. Great destruction is thus caused in dense forests.

li. Snow accumulating on gentle slopes and slowly sliding

downward, pushes soil or loose stones down-hill. Consider

able transport of rotted rock and bowiders may thus arise."

c. Snow on steep mountain slopes is frequently during

spring and summer detached in sheets from 10 to more

than 50 feet thick and several hundred yards broad and

219 FL Y. Hind, Canadian Naturalist, viii. 1878, pp. 967, 976.



DYNAMICAL GEOLOGY 703

long, which rush down as avalanches (Lawinen, sweep away

trees, soil, or rocks, and heap them up in the valleys.'"

Besides the destruction caused by the avalanche itself,

sometimes much damage arises from the sudden violent

wind to which it gives rise.'' ci. Another indirect effect

of snow is seen in the sudden rise of rivers when warm

weather rapidly melts the mountain snows. Many summer

freshets are thus caused in Switzerland. It is to the melting

of the snows, rather than to rain, that rivers descending

from snowy mountains owe their periodical floods. Hence

such rivers attain their greatest volume in summer. e. A

curious destructive action o1 snow has been observed on

the sides of the Rocky Mountains, where the drifting of

snow-crystals by the wind in some of the passes has dam..

aged and even killed the pine-trees, wearing away the

foliage, cutting off the bark, and even sawing into the

wood for several inches.""

Glaciers"' and Ice-sheets.-Glaciers are rivers of ice

formed by the slow movement and compression of the

snow, which, by gravitation, creeps downward into valleys

descending from snow-fields. The snow in the higher re

gions is loose and granular. As it moves downward it

220 An avalanche near Ormons Dessus, Canton Vaud (Dec. 1882), piled up
a mass of ice and snow 200 feet thick (some of the Ice-blocks being 18 feet
long), and covered 3 square km. of ground. Nature, xxvii. p. 181. Streams
may be thus blocked up, as the mu was at Sue in 182. For accounts of ava
lanches, see J. Coa, "Die Lawmen in den Schweizeralpeu," Beiie, 1881.

291 Geol. Mag. 1888, p. 155.
929 Clarence King, Exploration of 40th Parallel, i. p. 527.

On glaciers and their geological work, see De Saussure, "Voyages dane
lea Alpes," § 535; Agassia, "Etudes our lea Glaciers," 1840; Rendu, "Theorie
des Glaciers de la Savoie," Mom. Acad. Savoie, x., translated into English,
1815; J. D. Forbes, "Travels in the Alps," 1843; "Norway and Its Glaciers,"
1853; "Occasional Papers on Glaciers," 185a; Tyndall, "Glaciers of the Alps,"
1857; Monsoon, "Gletsoher der Jetztzeit,4' 1854; A. Reim, "Uandbuch der
Gletsoherkunde," Stuttgart, 1885; I1. Richter, "Gletseher der Ostalpea," Stutt
gart, 1888.
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becomes firmer, passing into the condition of néve or urn

(p. 258). Gradually, as the separate granules are pressed

together and the air is squeezed out, the mass assumes the

character of blue compact crystalline ice. From a geologi

cal point of view, a glacier may be regarded as the drainage

of the snowfall above the snow-line, as a river is the drain.

age of the rainfall. A glacier, like a river, is always in

motion, though so slowly that it seems to be solid and

stationary. It descends as a brittle, thick-flowing sub

stance, like pitch or resin. The motion is unequal in the

different parts, the centre moving faster than the sides

and bottom, as was first ascertained through accurate

measurement by J. D. Forbes, who found that in the Mer

de 0-lace of Chamouni, the mean daily rate of motion in

the summer and autumn was from 20 to 27 inches in the

centre, and from. 13 to 19 near the side. lElelland has ob

served that on the west coast of Greenland the glacier

of 1acobshavn has a remarkably rapid motion, its rate for

twenty-four hours ranging from 482 feet to 48 feet. The

ice of the fjord of Torsukatak, nearly five miles wide, moves

with a mean rate of 24 feet in a day; that of Karajak, four

and a half miles broad, moves 30 feet daily. 0-. F. Wright,

from observations made by him in Alaska, inferred that the

Muir glacier there enters a sea-inlet at an average rate of

forty feet per day (70 feet in the centre and 10 feet near

the margin) in the month of August;... but a more recent

measurement by Dr. Reid in the summer of 1890 gives a

maximum rate of only seven feet in a day.

The consequence of this differential motion is seen in

Amer. Journ. Sd. xxxiii. 1887, p. 10. For the glaciers of the United
States see Wright's "Ice-Age in Arrrica"; H. P. Oushiug, American Geologist,
1891, p. 2O'; Hayes, National Gengrephic Magazine, iv. 1892, p. 150; Russell,
Amer. Journ. 3d. xliii. 1892, p. 169. 51h Ann. Rep. U. S. Geol. Surv. 1885.
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the internal banded structure of a glacier, in the downward

curvature of the transverse fissures (crevasses), and in the

arrangement of the lines of rubbish thrown down at the

termination, which often present a horseshoe shape, corre

sponding to that of the end of the ice by which they were

discharged.'"

Under the term Ice-s he e t is included the deep mantle

of snow and ice which, in the Polar regions, covers the

land and creeps out to sea. In high Arctic, and still more

in Antarctic latitudes, land-ice, formed from the drainiLge
of a great snow-field, attains its greatest dimensions. The

land in these regions is buried under an ice-cap which ranges

up to a thickness (in the South Polar circle) of 10,000 feet

(2 miles) or even more. Greenland lies under such a pall
of snow that all its inequalities, save only the steep
mountain-crests and peaks near the coast, are concealed.

The snow, creeping down the slopes, and mounting over

the minor hills, passes beneath by pressure into compact
ice. From the main valleys great glaciers, like vast tongues
of ice, 2000 or 3000 feet thick, and sometimes 50 miles or

more in breadth, push out to sea, where they break off in

huge fragments that float away as icebergs.2" As far back

225 The cause of glacier motion has been a much-vexed question in physics.
See, besides the works cited in the foregoing note, J. Thomson, Proc. Roy. Soc.
1856-57; Mosoly, op. cit. 1869; Croll, "Climate and Time," 1875; flopkins,
Phil. Mag. 1845; Phil. Trans. 1862; Helrnholtz, HeIdelberg Verhaudl. Nat.
Mad. 1865, p. 194; Phil. Mag. 1866, p. 22; Pfaff, Akad. Bayer. 1876. A valu
able history of the controversy regarding glacier motion has been prepared by
Sir U. U. Howorth, Mem. Proc. Manchester Lit. Phil. Soc. iv. 1891. The
conclusion to which the most recent researches point coincides essentially with
thtL enunciated upward of 40 years ago by J. D. Forbes, that the motion of a
glacier "is that of a slightly viscous mass, partly sliding upon Its bed, partly
shearing upon itself under the influence of gravity." Trotter, Proc. Roy. Soc.
Xxxviii. p. 107. The banded structure of glacier-ice may be compared with
shear-structure (see p. 538, and Mg. 256).

The Greenland snow-fields and glaciers are well described in the "Med
delelser om Grönland"-the detailed report of a Danish commission appointed
to investigate that country. The first volume was published in 1879, and ten
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as 1777, Captain Cook gave interesting descriptions of the

glaciers of South Georgia (Lat. 540 S.), which reach the

sea in a line of cliffs (Fig. 149).

Glaciers, though naturally most abundantly developed
in Arctic and Antarctic regions, may be met with in any

latitude wherever a sufficiently extensive area of snow

accumulates and remains permanent throughout the year.

They occur even in equatorial regions where the ground

rises sufficiently high above the snow-line. They are found

in great force among the Himalaya mountains, while among

the Andes of Quito, close to the equator, many glaciers

have been noted.; the great mountain of Ohimborazo (20,498

feet), for example, being capped with ice and. sending

glaciers out in all directions."' Hence the peculiar geo

logical results effected by glacier-ice are not restricted to

definite latitudes, but may be encountered, under the neces

sary limitations, from the equator to the poles.

Some features of geological importance in the behavior

of a glacier as it descends its valley deserve mention here.

When the ice has to travel over a very uneven floor, some

portions may get embayed, while overlying parts slide over

them. A massive ice-sheet may thus have many local eddies

in its lower portions, the ice there even travelling for vari

ous distances, according to the nature of the ground, ob

liquely to the general flow of the main mass, as is remark

ably displayed in the Greenland ice where it flows round the

isolated rocks or "Nunatakker" which rise out of it. It

have subsequently appeared. See also Nordenskiöid, Geol. Mug. 1872, Marr,
Geol. Mag. 1887, p. 151. II. Rink, Edin. Geol. Soc. v. 1887, p. 286. E. von
Drygalaki, Zeit.sch. Gesefl. f. Erdkunde, Berlin, 1892. See also Nansen, Petern.
Mittheil. Erganzungsheft, No. 105, 1892.

291 On glaciers of Ecuador see Whymper, "Travels amongst the Great
Andes," p. 348.
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there acquires in some places a remarkably beautiful banded

structure, which in lenticular banding and folding presents

a close resemblance to the characteristic banded and plicated

structure of many ancient gneisses.228 In descending by a

steep slope to a more level part of its course, a glacier be

comes a mass of fissured ice in great confusion. It descends

by a slowly creeping ice-fall, where a river would shoot

over in a rushing waterfall. A little below the fall the

fractured ice, with all its chaos of pinnacles, bastions, and

chasms, is pressed together again, and by regelation becomes

once more a solid mass (Fig. 143).
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Fig. 143.-Section of Glacier with Ice-falls, Fondalen, flolands Fjord, Arctic Norway.

The body of the glacier throughout its length is trav

ersed by a set of fissures called crevasses, which, though at

first as close-fitting as cracks in a sheet of glass, widen by

degrees as the glacier moves on, till they form wide yawning

chasms, reaching, it may be, to the bottom of the ice, and

travelling down with the glacier, but apt to be effaced by

the pressing of their walls together again as the glacier

winds down its valley. The glacier continues to descend

until it reaches that point where its rate of advance is just

equalled by its liquefaction. There it ends, its place down

98 See by way of illustration plates ix.-xii. of a paper on the glaciers and
inland ice of Greenland by E. von Dryga1sk, Zeitsch. Gesell. f. Erdkunde,
Berlin, 1892.
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the rest of the valley being taken by the tumultuous river

of muddy water which escapes from under the melting ex

tremity of the ice. A prolonged augmentation of the snow

fall will send the foot of the glacier further down the valley;
a diminution of the snowfall or a general rise of temperature
will cause it to retreat further up.

Considerable variations in the thickness and length of

glaciers have been observed within the last two or three
generations, due to oscillations o temperature and. wetness.
Thus the glacier of La Brenva, on the Italian side of Mont
Blanc, shrank to such an extent in the twenty-four years
succeeding 1818, that its surface at one place was found to
have subsided no less than 300 feet.2 The glaciers of Mont
Blanc had ceased to advance about 1854, and in. twelve

years, froii 1854 to 1835, the Glacier des Bossons had re
ceded 332 metres, that of Bois 188 metres, that of Argen
tière 181 metres, and that of Tour 520 metres. Similar
iaes have been observed in the Bernese Oberland and the
Lro1, but with some local exceptions, in particular the

Goruer and Aar glaciers."') At the Pasterzen glacier, which

shrank back about t or 8 metres annually, the retreat was

changed in 1883 into a forward movement, possibly inch

c:1ting that the minimum had been reached and that a new

advance of the ice had begun."' Since 1855 the glaciers of

the Pyrenees and Caucasus have also shrunk."' The gla
ciers of Greenland and Alaska were formerly much larger
than they are now. The Muir glacier in Alaska is said to

have retreated half a mile in four years preceding 1890.233

In a mountainous region such as the Alps, or a table

laud like Scandinavia, where a considerable mass of ground

lies above the snow-line, three varieties of glaciers may be

observed.

' J. I). Forbes, "Travels in the Alps," p. 205.
° L. Gruner, (Jompe Rend. lxxxii. p. 632. Bull. Soc. Geol. Fran. iv..

(e sor.). On periodic variations of Alpine Glaciers, see Forel, Arch. Sci. Bib.

Univ. Geneva, July, 1581.
F. Seeland, Zeitsch. Deutsch.Oesterr. Alpenvereins, 1884, p. 51.

Oh. Dufour, Assoc. Frnnçaise, 1880, p. 449. The Norwegian glaciers

re flow retreating.
-

Iii,'itshing, American Geologist, 1891, p. 215.
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(1) Glaciers of the first order (valley-glaciers) come down

well below the snow, and extend into the valleys. In high
latitudes they reach the sea. The Humboldt Glacier in

North Greenland presents a wall of ice 60 miles long and

rising 300 feet above the sea, which washes the base of the

cliff. The spiry peaks and sharp crests of the Alps rise

through the snow, which they thus isolate into distinct

basins (Firumulden), averaging perhaps two square miles in

area, whence glaciers proceed. The number of glaciers

among the Alps has been estimated at 2000, covering a total

area of from 3000 to 4000 square kilometres (Figs. 144, 145).

They average perhaps from 3 to 5 miles in length. The

Great Aletsch Glacier is nearly 10 (or, including the snow

field, nearly 15) miles long, with a mean breadth of 5900

feet, and descending to 4439 feet above the sea. The thick-

Fig. 144.-Snow-Fields and Glaciers of Mont Blanc1 seen from the top of
Mount Brévent.
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ness of the ice in the Alpine glaciers must often be as much

as 800 to 1200 feet. It has been computed that the Gorner

Glacier is large enough to make three cities as big as Lon

don. The great snow-fields of Arctic. Norway accumulate

on broad table-lands, from which they send glaciers down

into the valleys (Figs. 143, 146).

() Glaciers of the second order (Corrie-glaciers, Iliinge-
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Fig. 143.-Glacier de Leehaud, with the Grandes ,Jr:.Lsses and Aiuille tie Tacul.

gle.tscher) hardly creep beyond the high recesses wherein

they are formed, and do not therefore reacli as far as the

nearest valley. Many beautiful examples of this type may

lie seen along the steep declivities which intervene between

the snow-covered plateau of Arctic Norway and the sea.

(3) Receniented Glaciers (Glaciers re-ma niés).-These con

sist of fragments which, falling from an ice-cliff crowning

precipices of rock, are refrozen at the bottoiii into a solid
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mass that creeps downward as a glacier usuaLy of the second

order. Probably the best illustrations in Europe are fur

nished by the Nus Fjord, and other parts of the north of

Norway. In some cases a cliff of "firn" resting on blue ice

appears at the top of the precipice-the edge of the great

"sneefond," or snow-field-while several hundred feet be

low, in the corrie or cwm at the bottom, lies the recemented.

glacier, white at its upper edge, but acquiring somewhat of

the characteristic blue gleam of compact ice as it moves

toward its lower margin. A beautiful example of this kind

4

Fig. 140.-View of the two Glaciers of Fondalen, Holands Fjord, Arctic Norway.

was visited by me at the head of the Jokuls Fjord in Arctic

Norway in 1865. When making the sketch from which

Fig. 147 is taken, I observed that the ice from the edge of

the snow-field above slipped off in occasional avalanches,

which sent a roar as of thunder down the valley, while from

the shattered ice, as it ri.Ished down the precipices, clouds of

white snow-dust rose into the air. The dbris thus launched

into the defile beneath accumulates there by mutual pressure

into a tolerably solid mass, which moves downward as a

glacier, and actually reaches the sea-level-the only exam

ple, so far as I am aware, of a glacier on the continent of

Europe which attains so low an altitude. As it descends it

1
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is crevassed, and when it comes to the edge of the fjord,

slices from time to time slip off into the water, where they
form fleets of miniature icebergs, with which the surface of

the fjord (f in Fig. 148) is covered.

Great destruction is sometimes caused by the breaking
off of the end of glaciers which terminate on steep ground.
The sudden dislocation of the ice and its reduction to frag

meats, and Seven to powder, causes a considerable propor
tion of it to melt. A mingled mass of ice and water is thus

discharged, which, meeting with loose moraine stuff, may
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Pig. 147.-View of recemented Glacier, Jokuls Fjord, Arctic Norway.

peedi1y become a moving debacle of mud. Such, accord.

ing to M. Forel, was the origin of the destructive avalanche

which on 12th July, 1892, swept away some thirty houses

and killed about 150 people, in the valley of Moutjoie,

which joins that of the Arve, not far below Chamouni."'

Another incidental effect of the movement of glaciers is

to be seen when the ice, barring the mouth of a tributary

valley, dams back the streams flowing therein, and causes

984 Comptes Rend. cxv. 1892, p. 193. Other writers assign the bursting of
B glacier-lake as the cause.
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a lake to form. This result may be observed at the Mir

elen See, on the great Aletsch Glacier, and elsewhere on

the Alpine chain. If this arrest of the water is temporary,

great damage may be done by the bursting of the ice-dam

and the consequent sudden rush of the liberated water.

If, on the other hand, the glacier is massive enough to

form a permanent barrier, the water may rise behind it so

as to fill the tributary valley, and even escape by a pass

at its head. Successive diminutions of the mass of ice will

lead to corresponding lowerings of the level of the lake,

each prolonged rest of the water at one level being marked

by a shelf or terrace formed as a beach-line along the shore.

/

Pig. 148.-Section showing the production of Icebergs at the foot of the
Jolnils Fjord Glacier.

The famous "parallel roads" of Glen Roy are a striking

illustration of this kind of geological history. (Book VT.

Part V. Sect. i. § 1.)

Work done b y G I ac i e r s.-Glaciers have two im

portant geological tasks to perform-(1) to carry the dbris

of the mountains down to lower levels; and (2) to erode

their beds.

(a) Transport.-This, ta1es place chiefly on the surface

of the ice. Descending its valley, the glacier receives and

bears along on its margin the earth, stones, and rubbish

which, loosened by frost, or washed down by rain and rills,

slip from the cliffs and slopes. In this part of its work,

the glacier resembles a river which carries down branches
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and leaves from the woods on its banks. Most of the

detritus rests on the surface of the ice. It includes huge
masses of rock, sometimes as big as a large cottage, all

which, though seemingly at rest, are slowly travelling down

the valley with the ice, liable at any moment to slip into

the crevasses which may open below them. When they
thus disappear, they may descend to the bottom of the ice,

and move with it along the rocky floor, which is no doubt
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Fig. 149.-View of Glacier in Possession Bay, South Georgia.

the fate of a large proportion of the smaller stones and

sand. But the large stones seem, sometimes at least, to be

cast up again by the ice to the surface of the glacier at a

lower part of its course. Whether therefore on the ice, in

the ice, or under the ice, a vast quantity of detritus is con

tinually travelling with the glacier down toward the plains.

The rubbish lying on the surface is called moraine stuff.

Naturally it accumulates on either side of the glacier,

where it forms the so-called lateral moraines. When two

glaciers unite, their two adjacent lateral moraines are
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brought together, and travel thereafter down the centre

of the glacier as a media' moraine. In Fig. 150 the left

lateral moraine (8) of glacier B unites with the right lateral

moraine (2) of A to form the medial moraine b, while the

other moraines (1, 4) continue their course and become

respectively the right and left lateral moraines :(c, a) of the

united glacier. A glacier formed by the union of many

tributaries in its upper parts, may have numerous medial

lines of moraine, so many indeed as sometimes to be cov

ered with dbris, to the complete concealment of the ice.

At such parts the glacier appears to be a bare field ot

B
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Fig. 150.-Map of the union of two glaciers, showing junction of two lateral
into one medial Moraine.

earthy plain, rather than a solid mass of clear ice of which

only the surface is dirty with rubbish. At the end of the

glacier, the pile of loose materials is tumbled upon the val

ley in what is called the terminal moraine.

Beneath the ice of the Swiss glaciers lies a thin moon

stant layer of fine wet mud, sand, and stones, derived

partly from the descent of materials from the surface down

the crevasses, partly from the rocks of the sides and bottom

of the glacier-bed. These materials may be seen fixed

sometimesin the ice itself. Though it may locally accu

mulate, this layer is apt to be removed by the ice or by
the water that flows under the glacier. It is known to
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Swiss geologists as the moraine profonde or Grunclmoräne

(=bowlder clay, till or bottom-moraine). The sheet of ice

that once filled the broad central plain of Switzerland, be

tween the Alps and the Jura, certainly pushed a vast deal

of mud, sand, and stones over the floor of the valley, and

this material has been left as a covering, like the till of

Northern Europe."'

When from any cause a glacier diminishes in size, it may

drop its.blocks upon the sides of its valley, and leave them

there, sometimes in the most threatening positions. Such

stranded stones are known as perched blocks. Those of each

valley belong to the rocks of that valley; and if there be

any difference between the rocks on the two sides, the

perched blocks, carried far down from their sources, still

point to that difference, for they remain on their own orig

inal side. But daring a former great extension of the

glaciers of the northern hemisphere, blocks of rock have

been carried out of their native valleys, across plains, val

leys, and even considerable ranges of hills.

Such "erratics" (Fincilinge) not only abound in the
Swiss valleys, but cross the great plain of Switzerland,
and appear in numbers high upon the flanks of the Jura.
Since the latter mountains consist chiefly of limestone, and
the blocks are of various crystalline rocks belonging to the

higher parts of the Alps, the proof of transport is irref

ragable. Thousands of them form a great belt of bowl
ders extending for miles at an average height of 800 feet
above the Lake of Neafebte1 (Fig. 151). These consist of
the protogene granite of the Mont Blanc group of moun
tains, and must have travelled at least 60 or 70 miles. One
of the most noted of them, the Pierre Bo (toad-stone),

" In 1869 I examined a characteristic section of an ancient morame pro.
fonde near Solothurn, full of scratched stones, and lying on the striated pave
ment of rock to he immediately described :L further characteristic of ice-t'tjOn.
It closely resembled thu bovlder-clay of Northern Europe.
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which lies about two miles west of Nenfchtel, measures
50 (French) feet in length by 20 in width, and 40 in height.
It is estimated to contain 40,000 cubic feet, and to weigh
about 3000 tons."" The celebrated "blocks of Monthey"
consist of huge masses of granite, disposed in a belt, which
extends for miles along the mourtain slopes on the left

-,
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Fig. 151.-Pierre t Bot-a grailitic block from the iont Blanc range, stranded
above Neufchatel (J. D. Forbes).

bank of the Rhone, near its union with the Lake of Geneva.
On the southern side of the Alps, similar evidence of the
transport of blocks from the central mountains is to be
found. On the flanks of the limestone heights on the
further side of the Lake of Como, blocks of granite, gneiss,
and other crystalline rocks lie scattered about in hundreds

(Fig. 152).

Fig. 152.-Angular erratic block on the north side of the Alpi di Pravolta,
Lake of Como (B.).

Before the numerous facts had been collected and under

stood which prove a former great augmentation in the size

of the Alpine glaciers, it was believed by many geologists
that the erratics stranded along the flanks of the Jura moun

tains had been transported on floating ice, and that Central

Europe was then in great part submerged beneath an icy

36 Forbes, "Travels in the Alps," p. 49.
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sea. It is now universally admitted, however, that the

transport has been entirely the work of glaciers. Instead

of being confined, as at present, to the higher parts of

their valleys, the glaciers extended down into the plains.

As already stated, they filled the great depression between

the Oberland and the Jura, and, rising high upon the flanks

of the latter chain, actually overrode some of its ridges.

Similar evidence in the hilly parts of Britain, as well as in

other parts of Europe and America, no longer the abode

of glaciers, shows that a great extension of snow and ice

at a recent geological period prevailed in the northern

hemisphere, as will be described in the account of the

Fig. 153.-Section to show the extension of the Alpine Glaciers (z) across the Plain of
Switzerland, and the transport of blocks to the sides of the Jura (in) (B.).

Glacial Period in Book VI. Extensive as are the present

ice-sheets arid glaciers of Greenland, they, are undoubtedly

much reduced from their former size, for bare ice-worn

rocks are found beyond- their limits, as in Scandinavia."'

There is proof also that the glaciers of New Zealand were

formerly much larger.

As De la Beche has well pointed out, the student must

be on his guard lest he be led to mistake for true erratics

mere weathered blocks belonging to a rock that has disin

tegrated in situ. If, for example, he should encounter a

37 Meddelelsor om Grönland. H. Rink, Petormanu's Mittheilungen, 1884,
p. 136, gives some recent results of Greenland exploration. Much useful in
formation regarding the Arctic regions is given in the "Manual and Instructions
for the Arctic Expedition," 1875.

For New Zealand glaciers see A. P. Harper, Geograpli. Journ. i. 1893,

p. 32.
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block like that represented in Fig. 154, he would properly

conclude that it had travelled, because it did not belong to

the rock on which it lay. But he would require to prove
further that there was no rock in the immediate neighbor.
hood from which it could have

fallen as the result of mere weath-

ering.

i'




" I.
The granite (c) shown in

Fig. 155 disintegrates at the sum

mit, and the blocks into which it 154 Block of granite resting
on inclined strata (B.).

splits find their way by gravitation down the slope.""

(b) Erosion.-The manner and results of erosion in the

channel of a glacier differ from those associated with other

geological agents, and form therefore distinguishing features

of ice-action. This erosion is effected not by the mere con.

tact and pressure of the ice upon the rocks (though undoubt.

a

Fig. 155,-Granite (C) decomposing into blocks (a) which gradually roll down
upon the surrouning stratified rocks (B,).

edly blocks of rock may thereby be detached), but by means

of the fine sand, stones, and blocks of rock that fall between

the ice and the rocks on which it moves. The detritus thus

introduced is, for the most part, fresh and angular. Its

trituration by the glacier reducbs the size of the particles,

but retains their angular character, so that, as Daubre has

° De la Beche, "Geological Observer," p. 25'L The surface of some parts
of the granite districts of Cornwall are strewn with large bowiders of granite,
schorl-rock, vein-quartz, etc., but these, though resembling erratics in form,

are all due to decomposition of the parent-rocks in. situ.
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pointed out, th e sand that escapes from the end of a glacier

appears in sharp freshly-broken grains, and not as rounded

water-worn particles.
'40

The surface of a glacier being often strewn with earth

and stones, these materials are frequently precipitated into

the crevasses, and may thus reach the rocky floor over which

the ice is moving. They likewise fall into the narrow space

which sometimes intervenes between the margin of a glacier

and the side of the valley (a in Fig. 156). Held by the ice

as it creeps along, they are pressed against the rocky sides

and bottom of the valley so firmly and persistently as to de

scend into each little hollow and

mount over each ridge, yet all the

while moving along steadily in

one dominant direction with the
Fig. 156.-Section of a Glacier in

its rocky channel, general movement of the glacier.
With a medial moraine at ci, a

lateral moraine partly on the Here and there the ice with grainsice and partly stranded ou a




of sand and pieces of stone im-

bedded in its surface, can be caught
blocks at c

ice and the precipitous rocks

. D. F0,LT
in the very act of polishing and

scoring the rocks. In Fig. 157 a view is given of the

"angle" on the Mer de 0-lace, Ohamouni, where blocks

of granite are jammed between the mural edge of the ice and

the precipice of rock along which it moves, and which is

scored and polished in the direction of motion of the blocks.

Under the slow, continuous, and enormously erosive power

of the creeping ice, the most compact resisting rocks are

ground down, smoothed, 'polished, and striated (Fig. 158).

The stri vary from èuch fine lines as may be made by the

smallest grains of quartz up to deep ruts and grooves. They

240 "Geologie Experirn." p. 254.
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sometimes cross each other, one set partially effacing an

older one, and thus pointing to shiftings in the movement of

the ice. On the retirement of the glacier, hummocky bosses

of rock, having smooth undulating forms like dolphins'

backs, are conspicuous. These have received the name of

roches moutonnées. The stones by which this scratching and
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Fig. 157.-View of part of the side of the 1%Ier de Otace J. D. Forbes).

polishing are effected suffer in exactly the same way. They

.a zn. re ground down and striated, and since they must move in

the line of least resistance, or "end on," their stria ran in a

general sense lengthwise (Fig. 160). It will be seen, when

we come to notice the traces of former glaciers, how impor

tant is the evidence given by these striated stones.

Besides its proper and characteristic rock-erosion, a gla

cier is aided in a sinular way by the co-operation of run-t)
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ning water. Among the Alps, during day in summer, much

ice is incited, and the water courses over the glaciers in

brooks which, as they reach the crevasses, tumble clown in

rushing waterfalls, and are lost in the depths of the ice.

Directed, however, by the form of the ice-passage against

the rocky floor of the valley, the water descends at a par
ticular spot, carrying with it the sand, mud, and stones

...L
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Fig. 158.-Ice-worn surface of rock, showing Polish, Stri, Grooviugs.
and Erratics, uther!and.

which it may have swept away from the surface of the gla

cier. By means of these materials it erodes deep pot-holes

(moulins) in the solid rock, in which the rounded detritus is

left as the crevasse closes up or moves down the valley. On

the ice-worn surface of Norway, singular cavities of this

kind, known as ''giants' kettles" or ''caldrons" (Riesen

topfe, Riesenkessel, Fig. 159), exist in great numbers."'

4I S. A. Sexe, Universit. Program. Christiania, 1874. Brogger and Rousch,
Q. J. Geol. Soc. xxx. 750.
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There can be little doubt that they have had an origin under

the massive ice-cover which once spread over that peninsula.

Similar cavities filled with transported bowiders occur in the

molasse sandstone near Bern,"" and a large group of them is

now one of the sights of Lucerne. They have been recog

nized in North Germany"" and generally over the glaciated

areas of Europe. As the Greenland ice-sheet is traversed in

summer by powerful rivers which are swallowed up in the

crevasses, excavations of the same nature are no doubt also

in progress there.

Since rocks present great diversities of structure and

hardness, and consequently vary much in the resistance

they offer to denudation, they are necessarily worn down

unequally. The softer, more easily

eroded portions are scooped out by

the grinding action of the ice, and

basin-shaped or various irregular J

cavities are dug out below the level

of the general surface. Similar ef

fects may be produced by a local

augmentation of the excavating

power of a glacier, as where the ice

is strangled in some narrow part of

a valley, or where, from change in

declivity, it is allowed to

accumu-latein greater mass as it moves more
Fig. 159.-Section of "Giant's

slowly onward. Such hollows, on Kettle," near Christiauia.

the retirement of the ice, become receptacles for water,

and form nools tarns, or lakes, unless, indeed, they
chance to have been already filled up with glacial rubbish.

242 Bachinann, Neues J'ahrb. 18'75, p. 53.
Jahrb. Preuss. Cool. Landesanat. 1880, p. 275.
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Among the proofs of great erosion by ice on hard rocky

surfaces the existence of basins scooped out of the solid

rock are perhaps the most striking. The stri and scorings

may in such cases be traced down below the water at the

end of a tarn or lake, and may be found emerging at

the other end with the same steady direction as on the

surrounding ground or inclosing valley. In the year 1882

the late Sir A. C. Ramsay drew attention to this peculiar

power of land-ice, and affirmed that the abundance of ex

cavated rock-basins in Northern Europe and America was

due to the fact that these regions had been extensively

&_-
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eroded by sheets of land-ice, when the more northern parts

of the two continents were in a condition like that of North

Greenland at the present day."" It is among the ice-fields

of Greenland, rather than among the valley-glaciers of iso

lated mountain-groups, that the operations which produced

the widespread general glaciation of the period of the rock

basins find their nearest modern analogies. A single valley.

"4 Q. J. Geol. Soc. xviii. 1862, p. 185. See also a paper by A. Holland
(op. cit. xxxiii. p. 142), on the Ice-fjords of North Greenland, and the forma
tion of Fjords, Lakes and Cirques. That glaciers rub down rocks is demon
8trated by the roches moutonntes which they leave behind them. That they
can dig out hollows has been denied by some able observers, but that they can
do so to some extent at least, seems to be proved by the way in which the ice
at-rim deecend into and rise out of rock-basins. For arguments against this view
see especially W. D. Freahflcld, Proc. Roy. Geog. Soc. 1868, p. '179, and authori
ties there cited.




Fig. 160.-Striated stone from Bowlder-Clay.
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glacier retires toward its parent snow-field as the climate

ameliorates, leaving its roches mouonnêes, moraine-mounds,

and rock-basins, yet at times discharging its water-drainage

in such a way as to sweep down the moraine-mounds, fill

up the basins, bury the ice-worn hummocks of rock, and

strew the valley with gravel, earth, sand and big blocks

of rock. Hence the actual floor of the glacier is apt to be

obscured. But in the case of a vast sheet of land-ice cov

ering continuously a wide region, there can be but little

superficial debris. When such a mass of ice retires, it must

leave behind it an. ice-worn surface of country, more or less

strewn with the detritus which accumulated under the ice

and was pushed along by it. This infra-glacial debris

forms the Grunciinoräne (moraine profonde), or bottom

moraine above referred to (p. 716). We know as yet very

little regarding its formation in Greenland. Most of our

knowledge regarding it is derived from a study of the till

or bowider-clay in more southern latitudes, which is be

lieved to represent the bottom-moraine of an ancient ice

sheet. In countries where true bowld.er-clay occurs, numer

ous rock-basins are commonly to be met with among the

uncovered portions of the rocks. These and other features

of glaciated Europe and America will be more fully de

scribed in the account of the Glacial Period (Book VI.).246

But while the proofs of great erosion by land-ice are in

disputable, many instances have now been collected where

glaciers have overridden moraines, gravel-beds, or other

soft material, and have moved across them for perhaps

ong periods without removing them. It is obvious that

30- See the remarks already made (p. 596) on the possibility of the rotting
)Ut of basin-shaped receptacles in solid rock through the operations. of super
ficial weathering-a process which may account for many rock-basins that have
rnbsequently had their decomposed rock swept out of them by ice.
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in these places the ice can have no marked or at least

rapid erosive power. The preservation of detritus below

the ice seems generally to arise from flatness of the ground,

thinning away of the ice, or some other local cause sufficient

to indicate that the glacier cannot there act with erosive

effect. "'

Hardly anything has yet been done in the way of actual

measurement of the rate of erosion by different glaciers.

An approximation to the truth might be obtained from the

abundant fine sediment which, giving the characteristic

milky turbidity to all streams that escape from the melting

ends of glaciers, is an index of the amount of this erosion.

The average quantity of sediment discharged from the melt

ing end of a glacier during a year having been estimated, it

would be easy to determine its equivalent in the precise

fraction of a foot of rock annually removed from the area

drained by the glacier.

From the end of the Aar glacier (which with its afflu
ents is computed to have an area of 60 square kilometres,
and is therefore by no means one of the largest in Switzer
land) it has been estimated that there escape every day in
the month of August two million cubic metres (440 million

gallons) of water, containing 284,374 kilogrammes (280 tons)
of sand. The amount of fine sand discharged from the

melting glacier into the fjord of Isortok, Greenland, is
estimated at 4062 million kilogramrnbs per day."" Mr. A.

Helland has computed that from the Justedal glacier, Nor

way, one million kilogrammes of sediment are discharged
in a July day, and that the total annual discharge from the

ice-field, 830 square miles in area, amounts to 180 millions
of kilogrammes, besides 13 million kilogrammes of mineral
matter in solution. Taking the specific gravity of the sus

pended matter at 26, he finds that the basin of the glacier

For a striking example of the way in which a glacier may spread over
deposits of gravel, see the plate accompanying Mr. H. P. Gushing's paper on
the Muir Glacier of Alaska, American Geologist, 1891.

241 Meddelelser om G-rönland, vol. ii.
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loses 69,000 cubic metres of solid rock every year, or a cubic
mass measuring 41 metres on the side. 248

There is some

difficulty, however, in determining what proportion of the
sediment may have been washed in below the ice by streams

issuing from springs and melted snows. Estimates of the
work done by glaciers, so far as based upon the amount of
sediment discharged by them, may consequently be rather
over the truth.




§ 6. Oceanic Waters

The area, depth, temperature, density, and composition
of the sea having been already treated of (Book Ii.), we

have now to consider its place among the dynamical agents

in geology. In this relation it may be studied under two

aspects: 1st, its movements, and 2c1, its geological work.

I. Movements.-(1) Tides.-These oscillations of the mass

of the oceanic waters, caused by the attraction of the sun and

moon, require notice here only as regards their geological

bearings. They are scarcely perceptible in inclosed seas,

such as the Mediterranean and Black Seas, which are com

monly spoken of as tideless. In strictness, however, a feeble

but quite recognizable tide may be observed in the Mediter

ranean. On the coast of the Alpes Maritimes it has a mean

rise of 6 to 8 inches, the least rise being 4 and the highest

not exceeding 10 inches. The Mediterranean tides are most

strongly developed in the Bay of Gibraltar (where they rise

from 5 feet to 6 feet 6 inches), the upper Adriatic, and the

Gulf of Gabes. At Brindisi the rise is 8 inches, at Aucona

1 foot 4 inches, at Venice 1 foot 8 inches, and at Trieste

2 feet 4 inches. With a rise of the barometer the level of

the water falls sometimes a fourth lower than the limit

of the normal ebb. Observations at Nice, Monaco, Cannes,

Geol. Wren. Btockoha FrhandJ. 18'14, No. 2]., Band ii. No. 1.
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and other places show that from atmospheric disturbances

the level of the sea may be lowered as much as 1 foot 8

inches.""

In a wide deep ocean, tidal elevation probably produces

no perceptible geological change. It passes at a great speed;
in the Atlantic, its rate is 500 geographical miles an hour.

But as this is merely the passing of an oscillation whereby

the particles of water are gently raised up and let down

again, there can hardly be any appreciable effect upon the

deep ocean-bottom. When, however, the tidal wave enters

a narrow and shallow sea, it has to accommodate itself to

a smaller channel, and encounters more and more the fric

tion of the bottom. Hence, while its rate of motion.is dimin.

S. 7

Low WA

Fig. 161.-SectiOn of a Beach defined by High- and Low-water Mark.

ished, its height and force are increased. It is in shallow

water, and along the shores of the land, that the tides ac.

quire their main geological importance. They there show

themselves in an alternate advance upon and retreat from

the coast. Their upper limit has received the name of high

water mark, their lower that of low-water mar/c, the littoral

space between being termed the beach (Fig. 161). If the

coast is precipitous, a beach can only occur in shelving

bays and creeks, since elsewhere the tides will rise and fail

against a face of rock, as they do on the piers of a port.

Haschert, Deutsche Rundschau für Geographie, July, 1887. Bull. Amer.
Geograph. Soc. xix. 188'l, p. 314. J. de Pulligny, Assoc. Frauç. 1891, ii. p. 281.
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On such rocky coasts, the line of high-water is sometimes

admirably defined by the gray crust of barnacles adhering
to the rocks. Where the beach is flat, and the rise and fall

of the tide great, many square miles of sand or mud may be

laid bare in one bay at low-water.

The height of the tide varies from zero up to 60 or 70

feet. It is greatest where, from the form of the land, the

tidal wave is cooped up within a narrow inlet or estuary.
Under such circumstances the advancing tide sometimes

gathers itself into one or more large waves, and rushes

furiously up between the converging shores. This is the

Fig. 162.-ElIeet of converging shores upon the Tidal Wave.
The tidal wave, runniug up in the direction of the arrows, rises sucessive1y higherat a, b, and c to d, after which it slackens and dies away at the upper limit of tides, f.

origin of the "bore" of the Severn, which rises to a height
of 9 feet, while the rise and fall of the tide at Chepstow
amounts to a maximum of 50 feet. In like manner, the

tides which enter the Bay of Fundy, between Nova Scotia

and New Brunswick, are more and more cooped up and rise

higher as they ascend that strait, till they reach a height of

70 feet. The bore on the TsienTang Kiang, 70 miles from

Shanghai, rushes up the estuary as a huge breaker 20 feet

or more in height, with a loud roar and a speed of some

times eight knots an hour.'"

While the tidal swelling is increased in height by the

260 Report to the Admiralty by Commander Moore, R.N., 1888.
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shallowness and convergence of the shores between which

it moves, it gains at the same time force and rapidity. No

longer a mere oscillation or pulsation of the great ocean,

the tide acquires a true movement of translation, and gives

rise to currents which rush past headlands and through

narrows in powerful streams and eddies.

The rocky and intricate navigation of the west of Scot
land and Scandinavia furnishes many admirable illustra
tions of the rapidity of these tidal currents. The famous

whirlpool of Corryvreckan, the lurking eddies in the Kyles
of Skye, the breakers at the Bore of Dnncansby, and the
tumultuous tideway, grimly named by the northern fisher
men "the Merry Men of Mey," in the Pentland Firth, bear
witness to the strength of these sea rivers. At the last
mentioned strait, the current or "race" at its strongest runs
at the rate of 10 miles an hour, which is fully three times
the speed of most of our large rivers.

(2) Currents.-Recent researches in ocean-temperature

have disclosed the remarkable fact that, beneath the sur

face-layer of water affected by the temperature of the lati

tude, there lies a vast mass of cold water, the bottom-tern.

perature of every ocean in free communication with the

poles being little above, and sometimes actually below, the

freezing-point of fresh water."' In he North Atlantic, a

temperature of 400 Fahr. is reached at an average depth of

about 800 fathoms, all beneath that depth being progres

sively colder. In the equatorial parts of that ocean, the

same temperature comes to within 300 fathoms of the sur

face. In the South Atlantic, off Cape of Good Hope, the

mass of cold water (below 40°) rises likewise to about 300

951 See, in particular, memoirs by Carpenter and W yville Thomson, Proc.
Roy. Soc. xvii. 1868; Brit. Assoc. xli. et seq.; Proc. Roy. Geograph. Soc. xv.
Reports to the Admiralty of the "Challenger" Exploring Expedition. Wyville
Thomson's "Depths of the Sea," 1873, and "Atlantic," 1877. Narrative vol
ume of "Challenger" Report. Prince of Monaco, Brit. Assoc. 1892.
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fathoms from the surface. This distribution of temperature

proves that there must be a transference of cold polar water

toward the equator, for in the first place, the temperature of

the great mass of the ocean is much lower than that which

is normal to each latitude, and in the second place, it is

much lower than that of the superficial parts of the earth's

crust underneath. On the other hand, the movement of

water from the poles to the equator requires a return

move-mentof compensation from the equator to the poles, and

this must take place in the superficial strata of the ocean.

Apart therefore from those rapid river-like streams which

traverse the ocean, and to which the name of Currents is

given, there must be a general drift of warm surface-water

toward the poles. This is doubtless most markedly the case

in the North Atlantic, where, besides the current of the Gulf

Stream, there is a prevalent set of the surface-waters toward

the northeast. As the distribution of life over the globe is

everywhere so dependent upon temperature, it becomes of

the highest interest to know that a truly arctic submarine

climate exists everywhere in the deeper parts of the sea.

With such uniformity of temperature, we may anticipate

that the abysmal fauna will be found to possess a corre

sponding sameness of character, and that arctic types may

be met with even on the ocean-bed at the equator.

But besides this general drift or set, a leading part in

oceanic circulation is taken by the more defined currents.

The tidal wave only becomes one of translation as it passes

into shallow water, and is thus of merely local consequence.

But a vast body of water, known as the Equatorial Current,

moves in a general westerly direction round the globe. Ow

ing to the way in which the continents cross its path, this

current is subject to considerable deflections. Thus, that
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portion which crosses the Atlantic from the African side

strikes against the mass of South America, and divides, one

portion turning toward the south and skirting the shores of

Brazil; the other bending northwestward into the Gulf of

Mexico, and issuing thence as the well-known Gulf Stream;

This equatorial water is comparatively warm and light. At

the same time, the heavier and colder polar water moves

toward the equator, sometimes in surface-currents like those

which skirt the eastern and western shores of Greenland, but

more generally as a cold undercurrent which creeps over the

floor of the ocean even as far as the equator.

A large body, of information has now been gathered as to

the great marine currents which traverse the upper parts of

the ocean, but comparatively little is yet known of the

velocity of the movement of the water at great depths.

Where the bottom is covered with a deep fine ooze we may

infer that the rate of movement must be so feeble as not to

disturb the deposition of the finest sediment. Where, on

the other hand, "hard-bottom" is found, we may probably

conclude that a sufficiently strong current flows there to pre

vent the accumulation of sediment, for all over the ocean

there is enough of organic and inorganic particles diffused

through the water to form a deposit on the floor if the con

ditions are favorable. A few observations have been made

showing that at considerable depths among submarine ridges

or islands strong currents exist. At a depth of 3000 feet

near Gibraltar the telegraph cable from Falmouth was

ground like the edge of a razor, and the scouring effects

of strong currents have been noted at depths of 6000 feet

between the Canary Islands."'

Much discussion has arisen in recent years as to the

T. M. Reade, Phil. Mag. xxv. 1888, p. 342.



DYNAMICAL GEOLOGY 733

cause of oceanic circulation. Two rival theories have been

given. According to one of these, the circulation entirely

arises from that of the air. The trade-winds, blowing from

either side of the equator, drive the water before them until

the northeast and southeast currents unite in equatorial lati

tudes into one broad westerly-flowing current. Owing to

the form of the land, portions of this main current are de

flected. into temperate latitudes, and, as a consequence, an

equivalent bulk of polar water requires to move toward the

equator to restore the equilibrium. According to the other

view, the currents arise from differences of temperature (and

according to some, of salinity also); the warm and light

equatorial water stands at a higher level than the colder and

heavier polar water; the former, therefore, flows down as it

were poleward, while the latter moves as a bottom-inflow

toward the equator; the cold bottom-water under the tropics

slowly ascends to the warmer upper layers, and rises in tem

perature toward the surface, whence it drifts away as warm

water toward the pole, and, on being cooled down there, de

scends and begins another journey to the equator. There

can be no doubt, that the winds are directly the cause of

such currents as the Gulf Stream, and therefore, indirectly,
of return cold currents from the polar regions. It seems

hardly less certain that, to some extent at least, differences

of temperature, and therefore of density, must occasion

movements in the mass of the oceanic waters."'

Apart from disputed. questions in physics, the main facts

for the geological reader to grasp are-that a system of cir-

258 The student may consult Maury's "Physical Geography of the Sea,"
but more particularly Dr. Carpenter's papers in the Proceedings of the Royal
Society for 1869-13, and Journal of the Royal Geographical Society for 1811-77,
on the side of temperature; and Herschel's "Physical Geography," and tJroll's
"Climate and Time," on the side of the winds.
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culation exists in the ocean; that warm currents move round

the equatorial regions, and are turned now to the one side,

now to the other, by the form of the continents along and

around which they sweep; that cold currents set in from

poles to equator; and that, apart from actual currents, there

is an extremely slow "creep" of the polar water, under the

warmer upper layers, to the equator.

(3) Waves and Ground-Swell.-A gentle breeze curls

into ripples the surface of water over which it blows. A

strong gale or furious storm raises the surface into waves.

The agitation of the water in a storm is prolonged to a great
distance beyond the area of the original disturbance, arid

then takes the form of the long heaving undulation termed

Ground-swell. Waves which break upon the land or sunken

rocks are called Breakers, and the same name is applied to

the ground-swell as it bursts into foam and spray upon sub

marine reefs and shoals. The concussion of earthquakes

sometimes gives rise to very disastrous ocean-waves (pp.
461, 472).

The height and force of waves depend upon the strength

and continuance of the wind, the breadth and depth of sea,

and the form and direction of the coast-line. The longer

the "fetch," and the deeper the water, the higher the waves.

A coast directly facing the prevalent wind will have larger

waves than a neighboring shore which presents itself at an

angle to the wind or bends round so as to form a lee-shore.

'The highest waves in the narrow British seas probably never

exceed 15 or 20 feet, and usually fall short of that amount.

The greatest height observed by Scoreshy among the Atlan

tic waves was 43 feet."'

" Brit. Asoc. Rep. 1850, p. 26. A table of the observed heights of waves
round Great Britain is given in Mr. T. Stevenson's treatise on "Harbors, II

p. 20.
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Ground-swell propagated across a broad and deep ocean

produces by far the most imposing breakers. So long as

the water remains deep and no wind blows, the only trace

of the passing ground-swell on the open sea is the huge
broad heaving of the surface. But where the water shal

lows, the superficial part of the swell, travelling faster than

the lower, which encounters the friction of the bottom, be

gins to curl and crest as a huge billow or wall of water, that

finally bursts against the shore. Such billows, even when

no wind is blowing, often cover the cliffs of the north of

Scotland with sheets of water and foam up to heights of 100

or even nearly 200 feet. During northwesterly gales, the

windows of the Dunnet Head lighthouse, at a height of up
ward of 300 feet above high-water mark, are said to be some

times broken by stones swept up the cliffs by the sheets of

sea-water which then deluge the building.

A single roller of the ground-swell 20 feet high falls, ac

cording to Mr. Scott Russell, with a pressure of about a ton

on every square foot. Mr. Thomas Stevenson conducted

some years ago a series of experiments on the force of the

breakers on the Atlantic and North Sea coasts of Britain.

The average force in summer was found in the Atlantic to be

611 lb. per square foot, while in the winter it was 2086 lb.,

or more than three times as great. On several occasions,

both in the Atlantic and. North Sea, the winter breakers

were found to exert a pressure of three tons per square foot,

and at Dunbar as much as three tons and a half.""'8 Besides

the waves produced by ordinary wind action, others of an

extraordinary size and destructive power are occasionally

caused by local atmospheric disturbances. Such are proba.

911 T. Stevenson, Trans. Roy. Soc. Ethn. xvi. p. 25; treatise on "Harbors,"
p. 42.
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bly the raz de marée of the French coast, which occasionally

rise to a height of several feet, and, where the shores con

verge inland, do considerable damage. Still more serious

are the effects of a violent cyclone-storm. The mere diminu

tion of atmospheric pressure in a cyclone must tend to raise

the level of the ocean within the cyclone limits. But the

further furious spiral inrushing of the air toward the centre

of the low-pressure area drives the sea onward, and gives

rise to a wave or succession of waves having great destrac

t1ive power. Thus, on 5th October, 1864, during a great

cyclone which passed over Calcutta, the sea rose in some

places 24 feet, and swept everything before it with irresisti

ble force, drowning upward of 48,000 people.

Besides the height and force of waves it is important to

know the depth to which the sea is affected by such super

ficial movements. Sir G. Airy states that ground-swell may

break in 100 fathoms water. It is common to find bowl

ders and shingle disturbed at a depth of 10 fathoms, and

even driven from that depth to the shore, and waves. may be

noticed to become muddy from the workiug-up of the silt

at the bottom, when they have reached water of 7 to 8

fathoms in depth.""' In the English Channel coarse sedi

ment is disturbed at depths of 80 or more fathoms. it is

stated by Delesse that engineering operations have shown

submarine constructions to be scarcely disturbed at a greater

depth than 5 metres (164 feet) in the Mediterranean and 8

metres (28-24 feet) in the Atlantic.'" In the Bay of Gas-

Encyclopedia Metropolitana, are. "Waves." Gentle movement of the
bottom-water Is said to be sometimes indicated by ripple-marks on the fine sand
of the sea-floor at a depth of 600 feet.

161 P. Stevenson's "Harbors," p. 15.
A. R. Hunt, Proc. Roy. Dublin Soc. v. 1884, p. 285. For further

infor-mationon this subject see postea, pp. 45]., 455.
969 "Lithologie des Mere de Frauce," 1872, p. 110.
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cony, the depth at which the sea breaks and is effective in

the transport of sand along the bottom is said to vary from

scarcely 3 metres in ordinary weather to 5 metres in stormy
weather, and only exceeds 10 metres (328 feet) in great hur

ricanes. According to Commander Cialdi, the movement of

waves may disturb fine sand on the bottom at a depth of 40

metres (131 feet) in the English Channel, 50 metres (164 feet)

in the Mediterranean, and 200 metres (656 feet) in the

ocean.'" Off the Florida coast the disturbing action of

the waves is believed to cease below 100 fathoms." As

above remarked, the influence of currents has been de

tected at much greater depths.

(4) Ice on the Sea.-In this place may be most conven

iently noticed the origin and movements of the ice which in

circumpolar latitudes covers the sea. This ice is derived

from two sources-a, the freezing of the sea itself, and jI,

the seaward prolongation of landice.2e2

a. Three chief types of sea-ice have been observed. (a)
In the Arctic sounds and bays, the littoral waters freeze

along the shores, and form a cake of ice which, upborne

by the tide and adhering to the land, is thickened by suc

cessive additions below, as well as by snow above, until it

forms a shelf of ice 120 to 130 feet broad, and 20 to 30 feet

high. This shelf, known as the lee-foot, serves as a plat
form on which the abundant dbris, loosened by the severe

° Quoted by Delesse, op. cit. p. 111.
°' A. Agassiz, Amer. Acad. xii. 1882, p. 108.
69 Consult on the whole of this subject K. Weyprecht's "Die Metainor.

phosen des Po!areises," Vienna, 1879; Payer's "New Lands within the Arctic
Circle," 1876, chap. i. The physics of sea-ice are discussed by 0. Pettersson
("Vega-Expeditionens Veteuskapliga rakttagelser," Ii. p. 299, Stockholm, 1883),
who concludes that instead of being contracted by cold, the volume of the frozen
sea increases to an extraordinary degree, and that the rupture of the ice Is thus
due to expansion instead of contraction.
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frosts of an Arctic winter, gathers at tho foot of the cfiffs.

It is more or less completely broken up in summer, but

forms again with the early frosts of the ensuing autumn.

(b) The surface of the open sea likewise freezes over into

a continuous solid sheet, which, when undisturbed, becomes

in the Arctic regions about eight feet thick, but which in

summer breaks up into separate masses, sometimes of large
" -- -,-r.tr- - - '------------ ------------"---- -'--------
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extent, and is apt to he piled up into huge, irregular heaps

(Fig. 163). This is what navigators term Floe-ice, and the

separate floating cakes are known as floes. Ships fixed

among these floes have been drifted with the ice for hun

dreds of miles, until at last liberated by its disruption.

(c) In the Baltic Sea, off the coast of Labrador and else

where, ice has been observed to form on the sea-bottom.

It is known as Ground-ice or Anchor-ice. In the Labra

dor fishing-grounds, it forms C'v en at considerable depths.

Fig. 168.-Disrupted Floe-ice of Arctic Seas.
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Seals caught in the lines at those depths are said to be

brought up sometimes solidly frozen. 265

9. In the Arctic regions, vast glaciers drain the snow

fields, and, descending to the sea, extend for some distance

from shore until large fragments break off and float away
seaward (Fig. 164). These detached masses are Icebergs.
Their shape and size greatly vary, but lofty peaked forms

are common (Fig. 165), and they sometimes rise from 200

to 300 feet above the level of the sea. As the part that

b




S

Fig. 164.-Formation of Icebergs (B.).
The glacier (a,

stu!9
descends from mountainous ground (b to the sea-level (a), bearingmoraine stuif on the surface, pushing on detritus below id), and sending of! ice

bergs (rn), which may carry detritus and drop it over the sea-bottom; t, Linesof high and low water.

appears above water is only about one-ninth of the whole

mass of ice, these larger bergs may sometimes be from 1800

to 2700 feet thick from base to top, though the submarine

part of the ice may be as irregular in form and thickness

as the portion above water."' icebergs of the largest size

consequently require water of some depth to float them, but

are sometimes seen aground. In the Antarctic regions,

where one vast sheet of ice envelops the land and pro

trudes into the sea as a long, lofty rampart of ice, the

See 11. V. Hind, Canadian Naturalist, viii. 1878, pp. 227, 262.
" On flotation of icebergs, see Geol. Mag. (2d see.), iii. pp. 303, 3'19; iv.

65, p. 135.
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detached icebergs often reach a great size, and. are charac

terized by the frequency of a flat tabular form (Fig. 166).

II. Geological Work.-(1) 1 n f 1 u e n c e o n C 1 i m a t e.

-Were there no agencies in nature for distributing tem

perature, there would be a regular and uniform diminution

in the mean annual temperature from equator to poles, and

the isothermal lines, or lines of equal heat, would coincide

with lines of latitude. But no such general correspondence

actually exists. A chart of the globe, with the isothermal

lines drawn across it, shows that their divergences from
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the parallels are striking, and. most so where they approach

and cross the ocean. Currents from warm regions raise the

temperature of the tracts into which they flow; those from

cold regions lower it. The ocean, in short, is the great

distributer of temperature over the globe.

As an illustration, the two opposite sides of the North
Atlantic may he taken. The cold Arctic current, flowing
southward along the northeast coast of America, reduces
the mean annual temperature of that region. On the other
hand, the Gulf Stream brings to the shores of the northwest
of Europe a temperature much above what they would
otherwise enjoy. Dublin and the southeastern headlands

Fig. 165.-Arctic Iceberg seen on Parry's first voyage.
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of Labrador lie on the same parallel of latitude, yet differ
as much as 18° in their mean annual temperature, that of
Dublin being 500, and that of Labrador 82° Fahr. Dr.
Oroll has calculated that the Gulf Stream conveys nearly
half as much heat from the tropics as is received from the
sun by the entire Arctic Regions."'

(2) Erosion. A. Chemical.-The chemical action of

the sea upon the rocks of its bed and shores has not yet

been property studied."' It is evident, however, that

changes analogous to those effected by fresh water on the

land must be in progress. Oxidation solution, and the

I
-

4 A

- .. -.- -.. I .
..

Fig. 166.-Tabular iceberg detached from the great Antarctic Ice-barrier. (Wilkea.)

formation of carbonates, no doubt continually take place.

The solvent action of sea-water on calcareous organisms,

already referred to (p. 73), has in recent years been made

the subject of discussion afl(i experiment. Dr. Murray, in

calling attention to the gradual disappearance of such organ

isms, as the deposits of the sea-bottom are traced down into

the abysses, explained it by the solvent influence of the

"265 See a series of papers by him on the "Gulf Stream and Ocean Currents,"
in Geol. .M.ig. and Phil. Mug. for 1869, 1870-74, and his work "Climate and
Time"; likewise a series of controversial papers on this subject by him and
Prof. Newcoiube, Phil. Mag. 1883-84. Prof. ilaughton has offered some cal
culations of the actual amounts of influence exercised by ocean-currents upon
climate, and of the effect of a current between the Indian and Arctic Oceans
across Mesopotamia and the Aralo-Caspian depression. Brit. Assoc. 1881, Re

ports, pp. 451-463.
See Bischof's "Chemical Geology," vol. i. chap. vii.
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water containing carbonic acid in solution, and he has more

recently conducted a series of experiments to demonstrate

the truth of this view. Ten specimens of coral of different

species were immersed in sea-water and. allowed to remain

for periods varying from 20 to 60 days. In each case a

perceptible loss of material took place, varying from

00725 to 01707 of their weight, which he estimated to be

equal to a rate of loss amounting to from 0453 to 01860

from one square inch of surface in a year. The more areolar

or amorphous corals were attacked more rapidly than

the harder crystalline varieties."" The complex chemical

changes that take place in the sea thiough the operation of

living and dead organisms are referred to on pp. 808, 812,

824, 825.

We may judge, indeed, of the nature and rapidity of
some of these changes by watching the decay of stones and
material employed in the construction of piers. Mr. Mallet
-as the result of experiments with specimens sunk in the
sea-concluded that from 10 to 10 of an inch in depth in iron

castings 1 inch thick, and about of an inch of wrought10
iron, will be destroyed in a century in clear salt water.

Mr. Stevenson, in. referring to these experiments, remarks

that at the Bell Rock lighthouse, twenty-five different kinds
and combinations of iron were exposed to the action of the

sea, and all yielded to corrosion. In some of these castings,
the loss has been at the rate of an inch in a century. "One
of the bars which was free from air-holes had its specific

gravity reduced to 563, and its transverse strength from

7409 lb. to 4797 lb., and yet presented no external appear
ance of decay. Another apparently sound specimen was
reduced in strength from 4068 lb. to 2352 lb., having lost

nearly half its strength in fifty years.''
20$ Similar results

were observed by Mr. Grothe, resident engineer at the con

struction of the ill-fated railway bridge across the Firth of

267 Proc. Roy. Soc. Edin. xvii. 1889, p. 109. See also R. Irvine, Nature,
1888, p. 461; J. G. Ross, ibid. p. 462. Compare A. Agassiz, Bull. Mus. Comp.
Zoo]. Harvard, xvii. No. 3, 1889, p. 125.

T. Stevenson on "Harbors," p. 47.
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Tay. A cast-iron cylinder (such as was employed in con

structing the concrete basements for the piers), which had
been below water for only sixteen months, was found to be
so corroded that a penknife could be stuck through it in

many places. An examination of the shore will sometimes
reveal a good deal of quiet chemical change on the outer
crust of wave-washed rocks. Basalt, for instance, has its
feispar decomposed, and shows the presence of carbonates
by effervescing briskly with acid. The augite is occasion

ally replaced by ferrous carbonate. The solvent action of
sea-water on calcareous organisms is referred to on pp.
73, 823.

B. Mechanical.-It is mainly by its mechanical action

that the sea accomplishes its erosive work. This can only
take place where the water is in. motion, and, other things

being equal, is greatest where the motion is strongest.
Hence we cannot suppose that erosion to any appreciable
extent can be effected in the abysses of the sea, where the

only motion is probably the slow creeping of the polar
water. But where the currents are powerful enough to

move grains of sand and gravel, a slow erosion may take

place even at considerable depths. It is in the upper por
tions of the sea, however-the region of currents, tides,

and waves-that mechanical erosion is chiefly performed.

The depth to which the influence of waves and ground

swell may extend seems to vary greatly according to the

situation (ante, p. 736). A good test for the absence of

serious abrasion is furnished by the presence of fine mud

on the bottom. Wherever that is found, we may be toler

ably sure that the bottom at that place lies beyond the

reach of ordinary breaker-action.
269 From the superior

limit of the accumulation of mud. up to high-water mark,

269 T. Stevenson on "Harbors," p. 15.
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and in exposed places up to 100 feet or more above high

water mark, lies the zone within which the sea does its

work of abrasion. To this zone, even where the breakers

are heaviest, a greater extreme vertical range can hardly

be assigned than 300 feet, and in most cases it probably

falls far short of that extent.

The mechanical work of erosion by the sea is done in

six ways.

(i.) The enormous force of the breakers suffices

to tear off fragments of the solid rocks.

Abundant examples are furnished by the precipitous
shores of Caithness, and of the Orkney and Shetland Isl
ands. It sometimes happens that demonstration of the

height to which the effective force of breakers may reach
is furnished at lighthouses built on exposed parts of the
coast. Thus, at Jnst, the most northerly, point of Shet
land, walls were overthrown and a door was broken open
at a height of 196 feet above the sea. At the Bishop Rock

lighthouse, on the west of England, a bell weighing 3 cwt.
was wrenched off at a level of 100 feet above high-water
mark.'" Some of the most remarkable instances of the

power of breakers have been observed by Mr. Stevenson

among the islands of the Shetland group. On the Bound

Skerry he found that blocks of rock, up to 9 tons in weight,
had been washed together at a height of nearly 60 feet above
the sea; that blocks weighing from 6 to 13 tons had been

actually quarried out of their original bed, at a height of
from 70 to 75 feet; and that a block of nearly 8 tons had

been driven before the waves, at the level of 20 feet above
the sea, over very rough ground, to a distance of 73 feet.
He likewise records the moving of a ô0-ton block by the
waves at Bai'raheacl, in the Hebrides.271 At Plymouth, also,

blocks of several tons in weight have been known to be

washed about the breakwater like pebbles."

2170 T. Stevenson, op. cit. p. 31. ii). A. StevenMon, Mm. Proc. Iii. (iv.
Eugin, xlvi. 1876, p. 7.

211 T. Steveiison,. op. cit. pp. 2l-37.
212 The student will bear in mind that the relative weight of bo&lis i 'ieatly
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(ii.) The alternate compression and expansion
of air in crevices of rocks exposed to heavy breakers

dislocates large masses of stone, even above the direct

reach of the waves. It is a fact familiar to engineers that,

even from a vertical and apparently perfectly solid wall of

well-built masonry, exposed to heavy seas, stones will some

times be started out of their places, and that when this

happens, a rapid enlargement of the cavity may be effected,

as if the walls were breached by a severe bombardment.

At the Eddystone lighthouse, during a storm in 1840, a

door which had been securely fastened against the force

of the surf from without, was actually driven outward by

a pressure acting from within the tower, in spite of the

strong bolts and hinges, which were broken. We may infer

that, by the sudden sinking of a mass of water hurled

against the building, a partial vacuum was formed, and

that the air inside forced out the door in its efforts to re

store the equilibrium .173 This explanation may partly ac

count for the way in which the stones are started from

their places in a solidly built sea-wall. But besides this

cause, we must also consider a perhaps still more effective

one in the condensation of the air driven before the wave

reduced when in water, and still more in sea-water. The following examples
will illustrate this fact (T. Stevenson's "Harbors," p. lOT):

- Specific No. of cubic feet to a No. of feet to a ton in
sea-water of specificGravity ton in air graxity 1,028

Basalt "99 119 1816
Red granite . . . 27l 131 2130
Sandstone . . . 241 148 26O0
Cannel Coal . . j54 3.3 1OOO

918 Walker, Proc. Inst. Civ. Engin. i. p. 15; Stevenson's "Harbors," p. 10.
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between the joints and crevices of the stones, and its sub

sequent instantaneous expansion when the wave drops.

During gales, when large waves are driven to shore, many

tons of water are poured suddenly into a cleft or cavern.

These volumes of water, as they rush in, compress the air

into every joint and pore of the rock at the further end,

and then, quickly retiring, exert such a suction as from

time to time to bring down part of the walls or roof. The

sea may thus gradually form an inland passage for itself

to the surface above, in a "blow-hole" or "puffing-hole,"

through which spouts of foam and spray are in storms shot

high into the air.

On the more exposed portions of the west coast of Ire
land, and on the north coast of Cornwall, numerous exam

ples of such blow-holes occur. In Scotland, likewise, they
may often be observed, as in the Bullers (boilers) of Buchan

on the coast of Aberdeenshire, and the G-eary Pot near
Arbroath. Magnificent instances occur among the Orkney
and Shetland islands, some of the more shattered rocks of

these northern coasts being, as it were, honeycombed by
sea-tunnels, many of which open up into the middle of fields

or moors.

(iii.) The hydraulic pressure of those portions

of large waves that enter fissures and passages tends to

force asunder masses of rock. The sea-water which, as

part of an inrushing wave, fills the gullies and chinks

of the shore-rocks, exerts the same pressure upon the walls

between which it is confined as the rest of the wave is doing

upon the face of the cliff. Each cleft so circumstanced be

comes a kind of hydraulic press, the potency of which is

to be measured by the force with which the waves fall

upon the rocks outside-a force which often amounts to

three tons on the square foot. There can be little doubt
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that by this means considerable pieces of a cliff are from

time to time dislodged.

(iv.) The waves make use of the 1 o o s e d e t r it u s

within their reach to break down cliffs exposed to their

fury. Probably by far the largest amount of erosion is

thus accomplished. The blows dealt against shore-cliffs by

bowiders, gravel, and sand swung forward by breakers,

were aptly compared by Playfair to a kind of artillery.
274

During a storm upon a shingly coast we may hear, at a dis

tance of several miles, the grind of the stones upon' each

other, as they are dragged back by the recoil of the waves

which had launched them forward."" In this tear and wear,

the loose stones are ground smaller, and acquire the smooth

round form so characteristic of a surf-beaten beach. At the

same time, they bruise and wear down cliffs against which

they are driven. A rock, much jointed, or from any cause

presenting less resistance to attack, is excavated into gullies,

creeks, and caves; its harder parts standing out as promon.

tories are pierced; gradually a series of detached buttresses

and sea-stacks appears as the cliff recedes, and these in turn

are wasted until they become mere skerries and sunken surf

beaten reefs (Fig. 167). The surface of the beach is like

wise ground down. The reality of this erosion and conse

quent lowering of level is sometimes instructively displayed

where a block of harder rock serves for a time to protect

the portion of rocky beach lying beneath it. The block by

degrees comes to rest on a growing pedestal, which is even

tually cut round. by the waves, until the overlying mass,

214 "Illustrations of the HuUonian Theory," see. 91.
" For a graphic account of the heavy roll of the bowiders and thundering

of the billows as heard in a mine under the sea during a storm, see .1. W. Hen.
wood, Trans. Roy. Geol. Soc. Cornwall, v. p. U.
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losing its support, rolls down upon the beach. Thereafter

the same process is renewed, and the bowider continually

diminishes in size (Fig. 168).2b8

Of the progress of marine erosion, the more exposed parts
of the British coast-line furnish many admirable examples.
The sea-board of Cornwall presents a most impressive range
of cliffs, sea-stacks, caves, gullies, tunnels, reefs, and sker

ries, showing every stage in the process of demolition (Fig.

167). The west coast of Ireland, exposed to the full swell

of the Atlantic, is in innumerable localities completely
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Fig. 167.-Cot of CornwaU at Bedruthan (Devoiiin Rocks), cu by the n.
into cliffs, bays, and stacks (B.).

undermined y caverns, into which the sea enters from
both sides. The precipitous coasts of Skye, Sutherland,
Caithness, Aberdeen, Kincardine, and Forfar abound in the

most impressive lessons of the waste of a rocky sea-margin;
while the same picturesque featnres are prolonged

into the

Orkney and Shetland. Islands, the magnificent cliffs of by

towering as a vast wall some 1200 feet above the Atlantic

breakers, which are tunnelling and fretting their base.

If such is the progress of waste where the materials con

sist of the most solid rocks, we may expect to meet with still

more impressive proofs of decay where the coast-hue can

oppose only soft sand or clay to the march of the breakers.

Again, the geological student in Britain can examine for

V18 See on the action of waves on sea-beaches and sea-bottoms, A. R. Hunt.
Proc Roy.. Dublin Soc. 1884, p. 241.
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himself many illustrations of this kind of destruction around
the shores of these islands. Within the last few hundred

years entire parishes with their farms and villages have
been washed away, and the tide now ebbs and flows over
districts which in old times were cultivated fields and cheer
ful hamlets. The coast of Yorkshire between Flamborough
Head and the mouth of the Humber, and also that between
the Wash and the mouth of the Thames, suffer at a specially

rapid rate, for the cliffs in these parts consist in great meas
ure of soft clay. In some places between Spurn Point and
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Fig. 168.-Bowlder of basalt protecting the portion of beach underneath 1t
Largo, Fife.

Flamborough Read this loss is said to amount to five yards
per annum. 277

Other parts of the European seaboard likewise furnish
instructive lessons as to the progress of marine erosion.
The destruction of Heligoland, in the North Sea, has been
continuous for centuries, the stages in the disappearance of
this island being easily followed on the charts of successive

periods."" Even the hard crystalline rocks of Scandinavia
are unable wholly to withstand' the assaults of the Atlantic
breakers.'

" R. Pickwoll, Proc. Inst. Civ. Engin. Ii. p. 191. On the waste of the coast
between the Thames and Wash, see 3. B. Redman, op. cit. xxiii. 1864, p. 186
0. Reid, Geol. Mag. 2d dec.. iv. p. 136. "Geology of Holderness," Mem. Geol.
Bury. 1885. The Reports of the Brit. Assoc. Comm. on the erosion of the sea
coasts of England, 18S5-86, give much interesting information on this subject." K. W. M. Wiebel's "Die Insel Helgoland," 4to, Hamburg, 1848.

H. Renech, Neue Jahrb. 1879, p. 244.
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While investigating the progress of waste along a coast.

line, the geologist has to consider the varying powers of re

sistance possessed by rocks, and the extent to which the

action of the waves is assisted by that of the subaerial

agents. Rocks of little tenacity, and readily susceptible
of disintegration, obviously present least resistance to the

advance of the waves. A clay, for example, is readily

eaten away. If, however, it should contain numerous hard

nodules or imbedded bowiders, these, as they drop out, may

accumulate in front beneath the cliff, and serve as a partial

breakwater against the waves (Fig. 169). On the other hand,

Fig. 169.-Cliffs of clay full of septarian nodules the accumulation of which
serves to arrest the progress of the waves.

a hard band or boss of rock may withstand the destruction

which overtakes the softer or more jointed surrounding por

tions, and may consequently be left projecting into the sea,

as a line of headland or promontory, or rising as an isolated

stack (Fig. 167). But, besides mere hardness or softness,

the geological structure of the rocks powerfully influences

the nature and rate of the encroachment of the sea. Where,

owing to the inclination of bedding, joints, or other divi

sional planes, sheets of rock slope down into the water, they

serve as a kind of natural breakwater, up and down which

the surges rise and fall during calms, or rush in crested bil

lows during gales, the abrasion being here reduced to the

smallest proportions. In no part of the degradation of the

land can the dominant influence of rock-structure be more
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conspicuously observed and instructively studied than along

marine cliffs. Where the lines of precipice are abrupt, with

numerous projecting and retiring vertical walls, it will al

most invariably be found that these perpendicular faces

have been cut open along lines of intersecting joint. The

existence of such lines of division permits a steep or vertical

front to be presented by the land to the sea, because, as slice
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after slice is removed, each freshly bared surface is still

defined by a joint-plane (see Fig. 225).

During the study of any rocky coast where these features

are exhibited, the observer will soon perceive that the en

croachment of the sea upon the land is not due merely to the

action of the waves, but that, even on shores where the gales

are fiercest and the breakers most vigorous, the demolition

of the cliffs depends largely upon the sapping influence of

rain, springs, frosts, and general atmospheric disintegration.
In Fig. 170, for example, which gives a view of a portion of

Fig. 170.-Vertical sea-cliffs of flagstone, near Holburn Head, Caithness.
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the northern Caithness coast, exposed to the full fury of the

gales and rapid tidal currents which rush from the Atlantic

through the Pentland Firth, we see at once that though the

base of the cliff is scooped out by the restless surge into long

twilight caves, nevertheless the recession of the precipice is

caused by the wedging off of slice after slice, along lines of

vertical joint, and that this process begins at the top, where

the subaerial forces and not the waves are the sculptors.

Undoubtedly the sea plays its part by removing the mate

rials dislodged, and preventing them from accumulating

against and protecting the face of the precipice. But were

- I
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Fig. 171.-Marine erosion, where exceptionally the base of a cliff recedes
faster than the upper part.

it not for the potent influence of subaerial decay, the prog

ress of the sea would be comparatively feeble. The very

blocks of stone which give the waves so much of their effi

cacy as abrading agents, are in great measure furnished to

them by the action of the meteoric agents. If sea-cliffs were

mainly due to the destructive effects of the waves, they

ought to overhang their base, for only at or near their base

does the sea act (Fig. 171). But the fact that, in the vast

majority of cases, sea-cliffs, instead of overhanging, slope

backward, at a greater or less angle, from the sea (Fig. 167),

shows that the waste from subaerial action is really greater
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than that from the action of the breakers.' Even when a

cliff actually overhangs, however, it may often be shown

that the apparent greater recession of its base, and inferen

tially the more powerful denuding action of the sea, are de

ceptive. In Fig. 172, one of innumerable examples from

the Old Red Sandstone cliffs of Caithness and the Orkney

and Shetland islands, we at once perceive that the process
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Fig. 172.-Overhanging citF. Brow-,ii of Birsa, Orkney, due to landward
inelinatiun of joints.

of demolition is precisely similar to that already cited in

Fig. 170. The cliff recedes by the loss of successive slices

from its sea-front, which are wedged off not by the waves

below, but by the subaerial agents above, along lines of

parallel joint. To the inclination of these divisional planes

at a high angle from the sea, the precipice owes its slope

toward the land.

(v.) Tidal Erosion.-Reference has already been
" made

(pp. 733, 736) to existence of currents at considerable depths

280 Whitaker, Geol. Mag. iv. p. 441.
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in the ocean, though not in the profounder abysses. These

movements have been observed in straits between islands or

submarine ridges, and they are doubtless connected with the

tidal wave. They seem to possess sufficient scour to pre

vent the accumulation of sediment, but whether they are

effective in eroding hollows on the sea-floor, as has been

claimed for them, may be doubted. Their power to dig out

hollows or to deepen and widen channels must depend not

in.-.rely on their velocity but upon the presence of detritus

which they can use in abrasion, for without this detritus

they could not remove the surface of hard rocks."'

(vi.) Ice-Erosion.-Among the erosive operations of the

sea must be included what is performed by floating ice.

Along the margin of Arctic lands, a good deal of work is

done by the broken-up floe-ice and ice-foot, both in abrasion

and in deposit. Cakes of ice, driven as by storms, tear

up and redistribute the soft shallow-water or littoral depos

its, rub and scratch the rocks, and push gravel and blocks of

rock before them as they strand on the beach. Icebergs

also, when they get aground in deep water, must greatly

disturb the sediment accumulating there, and may grind

down any submarine rock on which they grate as they are

driven along. The geological operations of floating ice

were formerly invoked by geologists to explain much that

is now believed to have been entirely the work of ice on

land.
282

3) T r a n s p o r t.-By means of its currents, the sea

transports mechanically-suspended sediment to varying dis-

281 The potency of tidal action has long been maintained by Mr. T. Mallard
Reade, Proc. Geol. Soc. Liverpool, 1873; Phil. Mag. xxv. 1888, p. 338.

982 For an account of the work of floating ice ("pan-ice") see H. Y. Hind,
Canadian Naturalist, viii. 1878, p. 229.



DYNAMICAL GEOLOGY 755

tances from the land. The distance will depend on the size,

form, and specific gravity of the sediment on the one hand,

and on the velocity and transporting power of the marine

current on the other. Babbage estimated that if, from the

mouth of a river 100 feet deep, suspended limestone mud,

of different degrees of fineness, were discharged into a sea

having a uniform depth of 1000 feet over a great extent, four

varieties of silt, falling respectively through 10, 8, 5, and 4

feet of water per hour, would be distributed as in the fol.

lowing table:`

No. Velocity or fall
per hour

Nearest distance
01' deposit to river Length of deposit

Greatest distance
of deposit from

river

feet miles miles miles
1. 10 180 20 200
2. 8 225 25 250
3. 5 3(30 40 400
4. 4 450 50 500

It must be borne in mind, however, that mechanical sedi

ment sinks faster in salt than in fresh water."' The chief

part of the fine mud in the layer of river-water, which floats

for a time on the salter and heavier sea-water, sinks. to the

bottom as soon as the two waters commingle. It has been

ascertained, nevertheless, by direct observation that an ap.

preciable amount of extremely fine clay is present in ocean.

water even far away from land, the proportion so transported

depending not only on the size and weight of the particles,
but on the temperature and to a less extent on the salinity,

being greater the lower the temperature and. salinity. In

specimens of surface-water taken from various oceans the

28 Q J. Geol. Soc. xii. 368.
See ante, pp. 646, 63, and authorities there cited.
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amount of mechanically suspended silicates (clay) was found

to be as follows:`




In 14 litres Per cubic mile
of water of water

Atlantic Ocean, lat. 51° 20', long. 31°W 00052 grm. 104 tons
German Ocean, 30 miles E. of May Island 00063 " 1946 "

Mediterranean, centre of Eastern basin 000135 " 2031 "

Baltic Sea, salinity 10055 00105 " 3200 "

Red Sea, off Brothers Island 0'0006 " 264
Indian Ocean, lat. 15° 46' N., long. 58° 51' E. 00006 " 264"

Near the land, where the movements of the water are

active, much coarse detritus is transported along shore or

swept further out to sea. A prevalent wind, by creating a

current in a given direction, or a strong tidal current setting

along a coast-line, will cause the shingle to travel coastwise,

the stones getting more and more rounded and reduced in

size as they recede from their source. The Ohesil Bank,

which runs as a natural breakwater 16 miles long, connect

ing the Isle of Portland with the mainland of Dorsetshire,

consists of drifted rounded shingle."" On the Moray Firth,

the reefs of quartz-rock about Oullen furnish abundance of

shingle, which, urged by successive easterly gales, moves

westward along the coast for more than 15 miles. The

coarser sediment probably seldom goes much beyond the

littoral *zone. Returning to the subject of the depth to

which wave-action extends (ante, p. 736) we may take note

that it has been observed by the fishermen at Land's End

Murray and Irvine, Proc. Roy. Soc. Edin. xviii. 1891, p. 243. These
authors regard the silica thus mechanically suspended in sea-water as the prob
able source of most of thL3 substance secreted by marine plants and animals.

986 On the Chesil Bank, see J. Coode, Mm. Proc. Inst. Civ. Ihigiu. xii. p. 520.
J. B. Redman, rip. cit. xi. p. 201; xxiii. p. 226; Nature, xxvi. pp. 30, 104, 150;
J. Pretwicb, Min. Proc. Inst.. Civ. Engiit. xl. p. 115; 11. W. Bristow and W.
Whitaker, Geol. Msg. vi. 1869, p. 433; 0. Fisher, op. cit. 1874, p. 285; U. H.
Kiuahan, op. cit. 1814. A. R. Hunt, Proc. Roy. Dublin Soc. iv. 1884, p. 241.
The general transport of littoral detritus in the English Channel is from west to
east; Prof. Prestwich, however, thinks that at the Chesil Bank this direction
is locally reversed.
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that their lobster-pots are often filled with coarse sand and

shingle in depths up to 30 fathoms during heavy ground

swells, and that some of the stones weigh as much as one

pound.
217 From a depth of even 600 fathoms in the North

Atlantic, between the Faroe Islands and Scotland, small

pebbles of volcanic and other rocks are dredged up which

may have been carried by an Arctic undercurrent from the

north. Mr. Murray and Captain Tizzard, however, have

brought up large blocks of rounded shingle from that bank

at a depth of 300 fathoms. Such detritus can hardly be due

to any present action of the sea, for at these depths the force

of currents at the bottom is probably too feeble to push

along coarse shingle. It may he moraine-stuff dating back

to the ice-sheets of the Glacial Period, its finer particles hav

ing been swept away while i is prevented from being buried

under submarine mud by the scour of the currents over the

bank. Blocks of stone brought up from depths of more

than 2000 fathoms in the Atlantic (Lat. 49° N., Long. 433

44' W.) have probably been dropped by icebergs from the

north."'

Much fine sediment is visibly carried in suspension by

the sea for long distances from land. The Amazon pours

so much silt into the sea as to discolor it for several hun

dred miles. After wet weather, the sea around the shores

of the British Islands is sometimes made turbid by the quan

tity of mud washed by rain and streams from the land. Dr.

Carpenter found the bottom-waters of the Mediterranean to

be everywhere permeated by an extremely fine mud, derived

287 J. N. Douglas, Mm. Proc. Inst. Civ. Engin. xl. 1875, p. 103.
288 See charts of part of North Atlantic by Messrs. Siemens Brothers & Co.,

London, 1882. Some specimens shown to me by Messrs. Siemens are pieces
of basalt which may have come from Greenland.
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no doubt from the rivers and shores of that sea. He remarks

that the characteristic blueness of the Mediterranean, like

that of the Lake of Geneva, may be due to the diffusion of

exceedingly minute sedimentary particles through the water.

The great oceanic currents are probably powerful agents

in the transport of fine detritus and of living and dead or

ganisms. Coral-reefs appear to flourish best where these

currents bring a continuous and abundant supply of food

to the reef-builders. The reefs, in turn, furnish an enor

mous quantity of fine silt, produced by the pounding action

of breakers upon them. Before the silt can sink to the bot

tom, it may be transported to vast distances. The lower

portion of the Gulf Stream, from its exit in the Florida

Channel northward to Cape Hatteras, a distance of 700 miles,

has been compared to a huge muddy river, carrying its silt

to the steep slope south of that cape, and depositing here

and there patches of green sand along the sides of its course,

while the upper waters remain perfectly clear and of the

deepest blue. The silt is partly derived from the abrasion

of coral-reefs, partly from the decay of the abundant pelagic

fauna swept onward. by the current. Prof. A. Agassiz has

recently called attention to the important part which the

great oceanic currents, in ancient as in modern times, may

have played in the accumulation of limestones, not only by

transporting calcareous organisms, but by bringing an abun

dant food-supply and thereby nourishing a prolific fauna

along their track."'

During the voyage of the "Challenger," from the abysses

o the Pacific Ocean, at remote distances from land, the

dredge brought up bushels of rounded pieces of pumice of

29 Amer. Acad. xi. 1882, p. 126.
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all sizes up to blocks a foot in diameter. These fragments

were all evidently water-worn, as if derived from land,

though we are still ignorant of the extent to which they

may have been supplied by submarine volanic eruptions.
Some small pieces were taken on the surface of the ocean in

the tow-net. Round volcanic islands, and off the coasts of

volcanic tracts of the mainland, the sea is sometimes covered

with floating pieces of water-worn pumice swept out by

flooded rivers. These fragments may drift away for hun

dreds or even thousands of miles until, becoming water

logged, they sink to the bottom. The universal distribution

of pumice was one of the most noticeable features in the

dredgings of the "Challenger." The clay which is found

on the bottom of the ocean, at the greatest distances from

any shore, contains only volcanic minerals, and appears to

be due to the trituration of volcanic detritus. In approach

ing the continents, at a distance of several hundred miles

from shore, traces of the minerals of the crystalline rocks of

the laftd begin to make their appearance."'

Another not unimportant process of marine transport is

that performed by floating ice. Among the Arctic glaciers,

moraine stuff is not abundant; but occasional blocks of rock

and heaps of earth and stones fall from the cliffs which rise

above the general waste of snow. Hence, on the icebergs

that float off from these glaciers, rock debris may sometimes

be observed. It is transported southward for hundreds of

miles until, by the shifting or melting of the bergs, it is

dropped into deep water. The floor of certain portions

of the North Atlantic in the pathway of the bergs may

be plentifully strewn with this kind of detritus. By means

990 Murray, Proc. Roy. Soc. Edin. 1876-'17, p. 247.
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of the ice-foot also, an enormous quantity of earth and

stones is every year borne away from the shore on the

disrupted ice, and is strewn over the floor of the sounds,

bays, and channels.

(4) B e p r o d ii c t i o n.-The sea, being the receptacle

for the material worn away from the land, must receive

and store up in its depths all that vast amount of detritus

by the removal of which the level and contours of the land

are in the course of time so greatly changed. The deposits

which take place within the area covered by the sea may be

divided into two groups-the inorganic and organic. It is

the former with which we have at present to deal; the latter

will be discussed with the other geological functions of

plants and animals (see pp. 800, 807 et seq.). The inorganic

deposits of the sea-floor are (i.) chemical and (ii.) mechanical.

(i.) Of C h e m i c a 1 deposits now forming on the sea

floor we know as yet very little. At the mouth of the

Rhone a crystalline calcareous deposit accumulates, in

which the debris of the sea-floor is enveloped. Bischof

estimated that no precipitation of carbonate of lime could

take place from sea-water until after + of the water had

evaporated.' No deposit of lime in the open sea is pos

sible from concentration of sea-water. But the calcareous

formation on the sea-bottom opposite rivers like, the Rhone,

if not the result of the precipitation of lime by plants or ani

mals, may perhaps be explained by supposing that as the

layer of river-water floats and thins out over the surface

of the sea in warm weather with rapid evaporation, its com

paratively large proportion of carbonate of lime may be par

tially precipitated. It has been observed near Nice, as well

1291 "Chew.. Geol." 1. p. li8.
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as on the African coasts and other parts of the Mediterra

nean shores, that on shore-rocks within reach of the water a

hard varnish-like crust is deposited. This substance con

sists essentially of carbonate of lime. As it extends over

rocks of the most various composition, it has been regarded

as a deposit of lime held in solution in the shore sea-water,

and rapidly evaporated in pools r while bathing the surface

of rocks exposed to strong sun-heat."' But it may possibly

be due to organic agency like the amorphous crust of lime

stone formed by nullipores (see postea, p. 801). During the

researches of the "Challenger" expedition, important facts

in the history of marine chemistry have been obtained from

the abysses of the Atlantic and Pacific Oceans (see pp. 763,

767, 829).

(ii.) The M e c h a n i c a 1 deposits of the sea may be

grouped into subdivisions according as they are directly

connected with the waste of the land, or have originated at

great depths and remote from land, when their source is not

so obvious."

A. Land-derived or Terrigeious.-These may be conven

iently grouped according to their relative places on the

sea-bed."'

a. Shore Deposits.-.The most conspicuous and familiar

are the layers of gravel and sand which accumulate between

299 Bull. Soc. Geol. France (3), ii. p. 219, iii. p. 46, vi. p. 84. See postea,
p. 823, where the evaporation in the coral-seas is referred to.

998 See on this subject an important memoir by Messrs. Murray and Renard,
Proc. Roy. Soc. Edin. 1884, and Nature, xxx. 1884; also Murray, Proc. Roy.
Soc. 18'6; Proc. Roy. Soc. Edin. ix.; Murray and Renard, Brit. Assoc. 189,
sects. p. 340; also for the North Atlantic, "Den Norske Nordhavs-Expedition,"
part ix. (on Oceanic Deposits), 1882. J. V. Buchanan, Proc. Roy. Soc. Edin.
xvhi. 1891, p. 131. But the chief source of information is now the great Memoir
on "Deep Sea Deposits" by Messrs. Murray and Renard in the Reports of the
"Challenger" Expedition, 1891.

"" On this subject consult the "Deep Sea Deposits" of the "Challenger"
Report, chap. v.
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tide-marks. As a rule, the coarse materials are thrown up

about the upper limit of the beach. They seem to remain

stationary there; but if watched and examined from time to

time, they will be found to be continually shifted by high

tides and storms, so that though the bank or bar of shingle

retains its place, its component pebbles are being constantly

moved. During gales coincident with high tides, coarse

gravel may be piled up considerably above the ordinary

limit of the waves in the form of what are termed storm

beaches.296 Below the limit of coarse shingle upon the beach

lies the zone of fine gravel, and then that of sand, the sedi

ment, though liable to irregular distribution, yet tending to

arrange itself according to coarseness and specific gravity,

the rougher and heavier &etritus lying at the upper, and. the

finer and lighter toward the lower edge of the shore. The

nature of the littoral accumulations on any given part of

a coast-line must depend either upon the character of the

shore-rocks which at that locality are broken up by the

waves, or upon the set of the shore-currents, and the kind

of detritus they bear with them. Coasts exposed to heavy

surf, especially where of a rocky character, are apt to pre

sent beaches of coarse shingle between their projecting prom

ontories. Sheltered bays, on the other hand, where wave

action is comparatively feeble, afford a gathering ground

for finer sediment, such as sand and mud. Estuaries and

inlets, into which rivers enter, frequently show wide muddy

flats at low water (p. 672). Deposits of comminuted shells,

coral-sand, or calcareous organic remains thrown up on

shore, may be cemented into compact rock by the solution

and redeposit of carbonate of lime (. 825). Where tidal

291 See Kinahan on Sea-beaches, Proc. Roy. Irish Acad. (2d ser.), iii. p. 101.
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currents sweep along a coast yielding much detritus,, long
bars or shoals may form parallel with the shore. On these

the shingle and sand are driven coastwise in the direction

of the prevalent current." They not infrequently accuma

late as long barriers, completely protecting the shores from

which they are separated by a channel or lagoon of fresh or

brackish water (p. .675). Into this lagoon sediment is washed

from the land and aquatic vegetation takes root there, until

not infrequently a salt marsh or swamp is formed. Exten

sive accumulations of this kind are to be found along the

eastern coast of the United States.'

Among the deposits cast ashore by the sea, not the least

interesting are the masses of driftwood which, carried down

by rivers, are borne by marine currents, sometimes for hun

dreds of miles, and thrown down in huge accumulations in

protected bays. It is in the Arctic seas that this phenome
non obtains its greatest development. Prodigious quantities
of terrestrial vegetation are swept by the Siberian rivers into

these waters and are carried westward until stranded in shel

tered bays of the coast and of the islands. Every shoal.

coast of Spitzbergen presents examples of these heaps of

driftwood..208

P. Infra-Littoral and Deeper-Water Deposits.-These ex

tend from below low-water mark to a depth of sometimes as

much as 2000 fathoms, and reach a distance from land vary.

ing up to 200 miles or even more. Near land, and n com

paratively shallow water, they consist of banks or sheets of

" See the authorities cited on p. '156, regarding the Ohesil Bank.
' N. S. Shalor on seacoast swamps, 6th Ann. Rep. U. S. Geol. Sury.

1884-85, p. 353. F. J. H. Menu on barrier beaches of Atlantic coast, Popular
Science Monthly, Oct. 1890.

Nordenskiöld's "'Vega' Expedition." Petermann, Geograph. Mittheil
Erganungsheft, No. 16, where a map of these' accumulations on the Arcao
coasts is given.
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sa3id, more rarely mixed with gravel. The bottom of the

North Sea, for example, which between Britain and the con

tinent of Europe lies at a depth never reaching 100 fathoms,

is irregularly marked by long ridges of sand, inclosing here

and there hollows where mud has been deposited. In. the

English Channels large banks of gravel extend through the

Straits of Dover as far as the entrnnce to the North Sea."

These features seem to indicate the line of the chief mud

bearing streams from the land, and the general disposition

of currents and eddies in the sea which covers that region,

the gravel ridges marking the tracts or junctions of the more

rapidly moving currents, while the muddy hollows point to

the eddies where the fine sediment is permitted to settle

on the bottom. The more prominent features on the floor

of the North Sea, however, are probably of much older date

than the deposits now accumulating there. Some of them.

are doubtless relics of the time when the floor of that sea

was a broad terrestrial plain. The Dogger Bank, for in

stance, is probably a prolongation of the Jurassic escarp

ment of the Yorkshire coast. Other minor submarine fea

tures may be partly due to irregular deposition of glacial

drift.

During the course of the voyage of the "Challenger,"

the approach to land could always be foretold from the

character of the bottom, even at distances of 150 and 200

miles. The deposits were found to consist of blue and

green muds derived from the degradation of older crystal-

For information as to the English Channel and other parts of the British
seas, see J. T. Harrison, Mm. Proc. Inst. Civ. Engin. vii. 1848, p. 327 (where a
map of the submarine deposits will be found); R. A. C. Godwin-Austen, Quart.
Journ. Geol. Soc. vi. 1849, p. 69-a paper of singular interest and importance;
Lebour, Proc. Geol. Assoe. iv. p. 1.58; John Murray, Mm. Proc. Inst. Civ.
Engin. xx. 1860-61, where a map of the North Sea floor is given.
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line rooks. The blue or dark slate-colored mud takes its

color from decomposing organic matter and. sulphide of

iron, frequently giving off the odor of suiphuretted hydro

gen, and assuming a brown or red hue at the surface, owing
to oxidation. Besides occurring in deposits of deep water,

iron disulphide is met with on some coasts, cementing sand,

gravel, and shells into a coherent mass."' The chemical

changes that result in the elimination of sulphides from

sea-water may be explained by supposing that the decoin.

posing animal and vegetable matter of the sea-floor reduces

the sulphates, to sulphides, which in turn react on the iron

and manganese minerals (principally silicates) in the mud,

forming sulphides of those metals. Subsequently the oxygen
of the water converts the sulphides to oxides, which gather

into concretionary forms.'" The green muds found at

depths of 100 to 700 fathoms are characterized. by the pres
ence of a considerable quantity of glauconite grains, either

isolated or united into concretions, and frequently filling

the chambers of Foraminfera or other organisms. Round

volcanic islands, the bottom is covered with gray volcanic

mud and sand derived from the degradation of volcanic

rocks. These deposits can be traced to great distances;

° H. Bausch, Neues Jahrb. 1879, p. 255.
aOl J" Y. Buchanan, Brit. Assoc. 1881, p. 584. Mr. Buchanan, in renewing

this investigation and obtaining many illustrations from the am around Scot
land, has shown that the mud on many parts of the sea-bottom is being contin.
willy passed and repassed through the bodies of animals which live upon it.
The mineral matter is thus brought in contact with the organic secretions of the
animals and is ground up with these in their milling organs. The reducing
action of the secreLions produces, Mr. Buchanan believes, sulphides from the
sulphates of sea-water, and these sulphides, acting on the ochreous matter of
the bottom, give rise to sulphides of iron and manganese, which being very
unstable in presence of water and oxygen are, where they lie on the surface,
soon transformed into oxides. Proc. Roy. Soc. Edin. xviii. 1890, p. 1'!, "On
the occurrence of sulphur in marine muds." Another view of the decomposi
tion of the sulphates of sea-water is proposed 'by Dr. Murray and Mr. Irvine.
See papers quoted at notes 364 and 366.
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from Hawaii they extend for 200 miles or more. Pieces of

pumice, scorh, etc., occur in them, mingled with marine

organisms, and more particularly with abundant grains,

incrustations, and nodules of an earthy peroxide of man

ganese (Fig. 175). Near coral-reefs the sea-floor is covered

with a white calcareous mud derived from the abrasion of

coral, and frequently containing 95 per cent of carbonate

of lime. Beyond a depth of 1000 fathoms, coral mud gives

place to a Globigerina ooze or red clay. The east coast of

South America supplies a peculiar red mud which is spread

over the Atlantic slope down to depths of more than 2000

fathoms.

Throughout these land.-derived sediments are found mi

nute particles of recognizable minerals. Of these, quartz,

often in rounded grains, plays the chief part. Next come

mica, feispar, augite, hornblende, and other less abundant

constituents of terrestrial rocks, the materials becoming

coarser toward land. Occasional pieces of wood, portions

of fruits, and leaves of trees in the same deposits further

indicate the reality of the transport of material from the

land. Shells of pteropods, larval gasteropods, and lamel

libranebs are tolerably abundant in these muds, with many

infra-littoral species of Foraminijera, and diatoms. Below

1500 or 1700 fathoms, pteropod shells seldom appear, while

at 3000 fathoms hardly a foraminifer or any calcareous

organism remains."'

In some regions vast quantities of terrestrial vegetation

are strewn over the sea-bottom, even at depths of 2000

fathoms, and at distances of several hundred miles from

land. This fact has been observed by Prof. Agassiz off

302 See papers by Messrs. Murray and Renard, quoted on p. '181, and vol. of
"Challenger" Report on "Deep-Sea Deposits," p. 190.
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Central America, both in the Atlantic and Pacific Oceans,

hardly a single haul of the dredge failing to bring up much

vegetable matter, and frequently logs, branches, twigs,
seeds, leaves, and fruits."'

B. Abysmal or Pelagic. "-Passing over at present the

organic deposits which form so characteristic a 'feature

on the floor of the deeper and more open parts of the

ocean, we come to certain red and gray clays found at

depths of more than 2000 fathoms, down to the bottoms

of the deepest abysses. These, by far the most widespread.

of oceanic deposits,"' consist of exceedingly fine clay, col

ored sometimes red by iron-oxide, sometimes of a choco

late tint from manganese oxide, with grains of augite,

feispar, and other volcanic minerals, pieces of palagonite

and pumice, nodules of peroxide of manganese, and other

mineral substances, together with Foraminifera, and in

some regions a large proportion of siliceous Radiolaria.

These clays result from the decomposition of pumice and

fine volcanic dust, transported from volcanic islands into

mid-ocean, or from the accumulation of the detritus of

submarine eruptions. The extreme slowness of deposit is

strikingly brought out in the tracts of sea-floor furthest

removed from land. From these localities great numbers

of sharks' teeth, with ear-bones and other bones of whales,

were dredged up in the 'Challenger" expedition-some of

803 'Three Cruises of the 'Blake,'" and Bull. Mus. Comp. Zoo!. =iii. No.
1, 1892, p. 11.

For information regarding the fauna and deposits of the ocean-abysses,
besides the works quoted on page '61, note 293, consult the various writings of
Prof. A. Agassiz, especially his "Three Cruises of the 'Blake,'" and papers in
Bull. Mus. Comp. Zoo!. xxi. No. 4, and xxxiii. No. 1; also Haeckel's "Plankton
Studien," 1890.

801
They are estimated to cover upward of 60,000,000 square miles of the

sea-floor. Murray and Irvine, Proc. Roy. Soc. Edin. xvii. 1889, p. 82.
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them quite fresh, others partially crusted with peroxide

of manganese, and some wholly and thickly surrounded

with that substance. We cannot suppose that sharks and

whales so abounded in the sea at one time as to cover the

floor of the ocean with a continuous stratum of their re

mains. No doubt each haul of the dredge, which brought

up so many bones, represented the droppings of mauy

generations. The successive stages of manganese incrus

tation point to a long, slow, undisturbed period, when so.

little sediment accumulated that the bones dropped at the

.
- 1/4 '
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Fig. 173.-'Magnetic Spherules (Cosmic Dust) of the ocean-bottom (Murray
and Renard).

a, Black spheruie with metallic centre (magnified 60 diameters) from a depth of 375
fathoms in South Pacific. This represents the common form, of these particles,
and shows the usual depression on one part of the surface. There is a lustrous
crust of magnetite outside.

b, Similar spheruie (60 diam.) from which the crust of magnetic oxide has been broken
off to show the inner metallic nucleus, here represented by the central lighter
part. 8150 fathoms in the Atlantic.

beginning remained at the end still uncovered, or only so

slightly covered as to be easily scraped up by the dredge.

In these deposits, moreover, occur numerous minute spher.

ular particles of metallic iron and "choncires," or spherical

internally radiated particles referred to bronzite, which are

in all probability of cosmic origin-portions of the dust of

meteorites which in the course of ages have fallen upon

the sea-bottom (Figs. 173, 174). Such particles, no doubt,

fall all over the ocean; but it is only on those parts of the

bottom which, by reason of their distance from any land,



DYI7AM1cJAL GEOLOGY 769

receive accessions of deposit with extreme slowness-and

where therefore the present surface may contain the dust

of a long succession of years-that it may be expected to

be possible to detect them.""

The abundant deposit of peroxide of mau.ganes&over the

floor of the deep sea is one of the most singular features

of recent discovery. It occurs as an earthy incrustation

round bits of pumice, bones, and other objects (Fig. 175).

The nodules possess a concentric arrangement of lines not

unlike those of urinary calculi.

That they are formed on the spot, '. "
and not drifted from a distance,

' "

was made abundantly clear from

their containing abysmal organ
" . .
isms, and inclosing more or less I

of the surrounding bottom, what-




"
ever its nature might happen to \..




P
be More recently Mr. J Y. ...

Buchanan dredged similar small Fig.
the ocean-bottom (Murray

and Renard).
manganese concretions from some spheri1e of bronzite (mag. 25 diam.)

showing the aspect of the chon-
of the deeper parts of Loch dres found In the abysmal depos-

its. From a depth of 8500 fathoms,

Fyne,20' and subsequently Dr.

John Murray found them abundantly at 10 fathoms in

the Firth of Clyde. The formation of such concretions

may be analogous to the solution and deposition of oxides

of iron and manganese by organic acids, as on lake-floors,

bogs, etc. (p. 810).° in connection with the chemical

806 Murray and Renard on Cosmic Dust, Proc. Roy. Soc. Edin. 1884; Nature,
xxix. "Challenger" Expedition Report, vol. on "Deep-Sea Deposits," p. 327
et seq.

301 Nature, xviii. 1818, p. 628. Brit. Assoc. 1881, p. 583. Proc. Roy. Soc.
Edin. ix. p. 287. Trans. B. S. Edin. xxxvi. 1891, p. 459. Dieulafait, Oomptes
Rend. 1884, p. 589.

308 Different views have been expressed by Dr. John Murray and Mr. 3. Y.
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reactions indicated by these nodules as taking place on

the sea-bottom, reference may be made to a still more

remarkable discovery made by Messrs. Murray and Renard

in the course of their examinations of the materials brought

up from the same abysmal deposits. Minute crystals, sun

pie, twinned, or in spheroidal groups, which occur abun

dantly in the typical red clay of the central Pacific, have

)'lg. 19B.-Manganese Nodules; floor of the North Pacific. Two-thirds natural size.309

A, Nodule from 2900 fathoms showing external form. B Section of nodule from 2740
fathoms, showing internal concentric deposit round a fragment of pumice.

been identified with the zeolite known as christianite.

These crystals have certainly been formed directly on the

sea-bottom, for they are found gathered round abysmal

organisms, and their production has been effected at about

the temperature of 32° Fahr. The importance of this fact

in reference to the chemistry of marine deposits is at once

obvious.

Buchanan as to the mode of origin of the marine manganese deposits. See
R. Irvine and J. Gibson, Proc. Roy. Soc. Edin. xviii. 1891, p. 54.

309 These and Fig. 174 are taken from plate xxxiii. of the vol. on "Deep-Sea
Deposits" in the Reports of the "Challenger" Expedition. The detailed inves

tigation by Messrs. Murray and Renard of the deep-sea deposits obtained by this

expedition forms the most important contribution yet made to our knowledge
of the oceanic abysses.
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From a comparison of the results of the dredgings made

in recent years in all parts of the oceans, it is impossible to

resist the conclusion that there is little in the character of

the deep-sea deposits which finds a parallel among the ma

rine geological formations visible to us on land. It is only

among the comparatively shallow-water accumulations of

the existing sea that we encounter obvious analogies to the

older formations. And thus we reach, by another and a

new approach, the conclusion which on other and very dif

ferent grounds has been arrived at, viz. that the present con

tinental axes have existed from the remotest times, and that

the marine strata which constitute so large a portion of their

present mass have been accumulated not as deep-water de

posits, but in comparatively shallow water along their flanks

or over their submerged ridges.""

§ 7. DENUDATION AND DEPOSITION.-The results of

the action of Air and Water upon Land"'

It may be of advantage, before passing from the subject
of the geological work of water, to consider the broad results

achieved by the co-operation of all the forces by which the

surface of the land is worn down. These results naturally

group themselves under the two heads of Denudation and

Deposition.

1. Subaerial Denudation-the general lowering of land

The true measure of denudation is to be sought in the

amount of mineral matter removed from the surface of

310 Proc. Roy. Geograph. Soc. July, 1819.
311 This section is mainly taken from an essay by the author, Trans. Geol.

Soc. Glasgow, iii. p. 153. The subject has been discussed anew on the basis
o more exact knowledge of the interior of the continents and the depths of the
sea by Dr. John Murray, Scottish Geograph. Mag. 1887. See also a note by
Mr. C. Davison, Geol. Mag. 1889, p. 409. A. De Lapparent, Bull. Soc. Geol.
France, xviii. 1890, P. 351.
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the land and carried into the sea. This is an appreciable

and measurable quantity. There may be room for discus

sion as to the way in which the waste is to be apportioned

to the different forces that have produced it, but the total

amount of sea-borne detritus must be accepted as a fact

about which, when properly verified, no further question

can possibly arise. In this manner the subject is at once

disencumbered of difficulty in fixing the relative importance

of rain, rivers, frost, glaciers, etc., considered as denuding

agents. We have simply to deal with the sum-total of re

sults achieved by all these forces acting severally and con

jointly. Thus considered, this subject casts a new light on

the origin of existing land-surfaces, and affords some fresh

data for approximating to a measure of past geological time.

Of the mineral substances received by the sea from the

land, by much the larger portion is brought down by

streams; a relatively small amount is washed off by the

waves of the sea itself. It is the former, or stream-borne

part, which is at present to be considered. The quantity

of mineral matter carried every year into the ocean by the

rivers of a continent represents the amount by which the

general surface of that continent is annually lowered. Much

has been written of the vastness of the yearly tribute of silt

borne to the ocean by such streams as the Ganges and Mis

sissippi; but "the mere consideration of the number of cubic

feet of detritus annually removed from any tract of land by

its rivers does not produce so striking an impression upon

the mind as the statement of how much the mean surface

level of the district in question would be reduced by such a

removal." This method of inquiry is so obvious and.

instructive that it probably received attention from early

811 Tylor, Piiil. Mug. 4th series. v. p.268, 1850.
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geologists, though data were still wanting for its proper ap-

plication. Playfair, for instance, in speaking of the trans

ference of material from the surface of the land to the bot

tom of the sea, remarks that "the time requisite for taking

away by waste and erosion 2 feet from the surface of all our

continents and depositing it at the bottom of the sea cannot

be reckoned less than two hundred years.""' This estimate

does not appear to have been based on any actual measure.

ments, and must greatly exceed the truth; but it serves to

indicate how broad was the view that Playf air held of the

theory which he undertook to illustrate. The first geologist
who appears to have attempted to form any estimate on this

subject, from actually ascertained data, was Mr. Alfred

Tylor, who in the year 1850 published a paper in which

he estimated the probable amount of solid matter annually

brought into the ocean by rivers and other agents. He in

ferred that the quantity of detritus now distributed over the

sea-bottom every year would, at the end of 10,000 years,

cause an elevation of the ocean-level to the extent of at least

3 inches."' The subject was afterward taken up by Dr.

Croll, who specially drew attention to the Mississippi as a

measure of denudation and thereby of geological time.'"

When the annual discharge of mineral matter carried sea

ward by a river, and the area of country drained by that

river, are both known, the one sum divided by the other

gives the amount by which the drainage-area has its mean

318 "Illustrations," p. 424. Manfredi had previously made a calculation of
the amount of rain that falls over the globe, and of the quantity of earthy mat.
er carried into the sea by rivers. He estimated that this earthy matter dis.
tributed over the sea-bed must raise the level of the latter five inches in 348
years. Von Hoff, "Verãnderuugen der Erdoberfiãche," Band I. p. 232. See
the other authorities there cited.

311 Phil. Mao,. loc. cit.
315 Phil. Nag. for February, 1867 and May. 1868; and his "Climate and

Time." See also Geol. Mag. June, 1868; Trans. Geol. Soc. Glasgow, iii. p. ]ö3.
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general level reduced in one year. For it is clear that if a

river carries so many millions of cubic feet of sediment every

year into the sea, the area drained by it must have lost that

quantity of solid material, and if we could restore the sedi

ment so as to spread it over the basin, the layer so laid down

would represent the fraction of a foot by which the surface

of the basin had been lowered during a year.

It has been already shown that the material removed

from the laud by streams is twofold-one portion is chemi

cally dissolved, the other is mechanically suspended in the

water or pushed along the bottom. Properly to estimate

the loss sustained by' the surface of a drainage-basin, we

ought to know the amount of mineral matter removed in

each of these conditions, and also the volume of water dis

charged, from measurements and estimates made at different

seasons and extending over a succession of years. These

data have not yet been fully collected from any river, though

some of them have been ascertained with approximate accu

racy, as in the Mississippi Survey of Messrs. Humphreys and

Abbot, and the Danube Survey of the International Com

mission. As a rule, more attention has been shown to the

amount of mechanically suspended matter than to that of

the other ingredients. It will be borne in mind, therefore,

that the following estimates, in so far as they are based upon

only one portion of the waste of the land-that carried in

mechanical suspension-are understatements of the truth.3

Geologists are largely indebted to Mr. Mollard Reade for the attention
which he has given to the important part played by chemical solution in the

general denudation of the land. From the data collected by him he infers, as
the proportion of solids in solution in the water of the Mississippi is sells by

weight, about 150 millions of tons of dissolved mineral must be carried by this
river annually into the sea. In the River Plate the proportion is 8 in the

St. Lawrence in the Amazon Presidential Address, Liverpool Geol.amp 169W
Soc. 1884.
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The proportion of mineral substances held in suspension

in the water of rivers has been already (p. 643) discussed.

It is most advantageous to determine the amount of mineral

matter by weight, and then from its average specific gravity

to estimate its bulk as an ingredient in river-water. The

proportion by weight is probably, on an average, about half

that by bulk.

It may seem superfluous to insist that the earthy matter

borne into the sea from any given area represents so much

actual loss from the surface of that area. Yet this seif-evi

(lent statement is probably not realized by many geologists

to the extent which it deserves, if a stream removes in one

year one million of cubic yards of earth from its drainage

basin, that basin must have lost one million of cubic yards

from its surface. From the data and authorities which have

already been adduced (p. 649), the subjoined table has been

constructed, in which are given the results of the measure

ment of the proportion of sediment in a few rivers. The

last column shows the fraction of a foot of rock (reckoning

the specific gravity of the slit at 19 and that of rock at 25)

which each river must remove from the general surface of

its drainage-basin in one year.




Fraction offoot of
Name of River Area of basin in

square miles
Annual discharge

oftsediment in cubic feet
rock by which the
area of drainage is
lowered Inoneyear

Mississippi . . 1,147,000 1,468,694,400
Ganges (Upper) . 143,000 6,368,077,440 nh
bang Ho . . 700,000 11,520,000,000(?)
Rhone . . . . 25,000 600,381,800
Danube . . . 234,000 1,253,738,600
PO . . . . . 30,000 1,510,137,000

At the present rate of erosion, the rivers named in this

table remove one foot f rock from the general surface of
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their basins in the following ratio: The Mississippi removes

one foot in 6000 years; the Ganges above GhazipiIr does the

same in 823 years;` the bang Ho in 1464 years; the

Rhone in 1528 years; the Danube in 6846 years; the Po in

729 years. If these rates should continue, the Mississippi

basin will be lowered 10 feet in 60,000 years, 100 feet in

600,000 years, 1000 feet in 6,000,000. Assuming Humboldt's

estimate of the mean height of the North American conti

nent, 748 feet,"" we find that at the Mississippi's rate of den

udation, this continent would be worn away in about four

and a half million years. The Ganges works still more

rapidly. It removes one foot of rock in 823 years, and if

Humboldt's estimate of the average height of the Asiatic

continent be accepted, viz. 1132 English feet, that mass of

land, worn down at the rate at which the Ganges destroys it,

would be reduced to the sea-level in little more than 930,000

years. Still more remarkable is the extent to which the

R'iver Po denudes its area of drainage. Even though meas

urements had not been made of the ratio of sediment con

tained in its water, we should be prepared to find that pro

portion a remarkably large one, if we look at the enormous

changes which, within historic times, have been made by

the alluvial accumulations of this river (p. 667). If the Po

removes one foot of rock from its drainage basin in 729

years, it will lower that basin 10 feet in 7290 years, 100 feet

" In my original paper the area of drainage of the Ganges was given as
432,480 square miles. But the area from which the annual discharge of silt was
there given was only that part of the Gangetic basin above Ghazipr, which
Dr. Haughton estimates at 143,000 square miles (Proc. Roy. Dublin Soc. 879,
No. xxxix.). Hence, as lie has pointed out, the rate of erosion is really much

greater than T had made it. I have recalculated the rate from the altered data,
and the result; is as given above.

818 Ante, pp. 76, 77, where other and more probable estimates of the height
of the land are given. But as the numbers do not affect the argument, those
originally assumed are here retained.
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in 72,900 years. If the whole of Europe (taken at a mean

height of 671 feet) were denuded at the sane rate, it would

be levelled in rather less than half a million of years.
It is not pretended that these results are strictly accurate.

On the other hand, they are not mere guesses. The amount

of water flowing into the sea, and the annual discharge of

sediment, have been in each case measured with greater or

less precision. The areas of drainage may perhaps require
to be increased or lessened. But though some change may
be made upon the ultimate results just given, it is hardly

possible to consider them attentively without being forced

to ask whether those enormous periods which geologists have

been in the habit of demanding for the accomplishment of

geological phenomena, and more especially for the very

phenomena of denudation, are not in reality far too vast. If

the Mississippi is carrying on the process of denudation so

rapidly that at the same rate the whole of North America

might be levelled in four and a half millions of years, surely
it is most unphilosophieal to demand unlimited ages for

similar but often much less extensive dcnudations in the

geological past. Moreover, that rate of erosion appears, on

the whole, to be rather below the averago in point of rapid

ity. The Po, for instance, works more than eight times as

fast. But as the physics of the Mississippi have been more

carefully studied than those of perhaps any other river, and

as that river drains so extensive a region, embracing so many
varieties of climate, rock, and soil, we shall probably not

exaggerate the result if we assume the Mississippi ratio as

an average. It is, of course, obvious that as the level of the

land is lowered, the rate of subaerial denudation decreases,

so that on the supposition that no subterranean movements

took place to aid or retard the denudation, the last stages in
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the demolition of a continent must be enormously slower

than during earlier periods.

It must not be forgotten, however, that as already re

marked, the estimates here given, inasmuch as they are

based only on the material removed in mechanical suspen

sion, are probably understatements of the truth. If we take

into account also the material carried away in chemical solu

tion, the rate of subaerial denudation will be considerably

heightened. It is difficult, however, to apportion the loss of

dissolved substance from the surface of the land. The salts

contained in solution in river-water are derived not only

from the superficial rocks, but probably to a much greater

extent from springs which sometimes carry up dissolved sub

stances from considerable depths. In the end, no doubt, as

the level of the land is reduced by subaerial waste, this sub

terranean solution will tell, but it can hardly be said sensi

bly to affect the lowering of the level from century to cen

tury. Mr. Mellard Reade, from his researches into this

subject, believes that the amount of solids in solution is on

the whole about one-third of that of those in suspension.

He finds this to be the ratio in the Nile, the Danube, and

the Mississippi, the last-named being in many respects a

typical river. If, as he proposes, we add this additional loss

by chemical solution to the amount of material removed in

mechanical suspension from the Mississippi basin, the an

nual lowering of the level of the basin will be raised from

j to of a foot. It is quite true that the loss of min

eral matter from the whole basin would be equivalent to

that sum, but there would obviously not he strictly a lower

ing of the level of the basin to that amount. It is difficult

810 P. Mellard Reade, Presidential Address, Liverpool Geol. Soc. 1884-85.
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to see how we are to discriminate between superficial and.

subterranean solution; and until some separation of this

kind is made, it seems hardly legitimate to class the whole

of the dissolved matter with that carried in mechanical sus

pension as a measure of the annual loss from the surface of

the land.

There is another point of view from which a geologist

may advantageously contemplate the active denudation of

a country. He may estimate the annual rainfall and the

proportion of water which returns to the sea. If he can

obtain a probable average ratio for the earthy substances

contained in the river-water which enters the sea, he will

be able to estimate the mean amount of loss sustained by
the whole country. Thus, taking the average rainfall of

the British Islands at 36 inches annually, and the superficial

area over which this rain is discharged at 120,000 square

miles, then it will be found that the total quantity of rain

received in one year by the British Isles is equal to about

68 cubic miles of water. If the proportion of rainfall re

turned to the sea by streams be taken at a third, there are

23 cubic miles; if at a fourth, there are 17 cubic miles of

fresh water sent off the surface of the British Islands into

the sea in one year. Assuming, in the next place, that the

average ratio of mechanical impurities is only by volume

of the water, the proportion of the rainfall returned to the

sea being , then it will follow that of a foot of rock is

removed from the general surface of Britain every year.

One foot will be planed away in 8800 years. If the mean

height of the British Islands be taken at 650 feet, then, if

the ratio now assumed were to continue, these islands

might be levelled in about five and a half millions of

years. Much more detailed observation is needed before
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any estimate of this kind can be based upon accurate and

reliable data. But it illustrates a method of vividly bring

ing before the mind the reality and extent of the denudation

now in progress.

2. Subaerial Denudation-the unequal erosion of land

It is obvious that the earthy matter annually removed

from the surface of the land does not come equally from the

whole surface. The determination of its total quantity

furnishes no aid in apportioning the loss, or in ascertain

ing how much each part of the surface has contributed to

the total amount of sediment. On plains, watersheds, and

more or less level ground, the proportion of loss may be

small, while on slopes and in valleys it may be great, and

it may not be easy to fix the true ratios in these cases.

But it mtist he borne in mind that estimates and measure

ments of the sum-total of denudation are not thereby

affected. If we allow too little for the loss from the sur

face of the table-lands, we increase the proportion of the

loss sustained by the sides and bottoms of the valleys, and

vice vers2.

While these proportions vary indefinitely with the form

of the surface, rainfall, etc., the balance of loss must always

be, on the whole, on the side of the sloping surfaces. In

order to show the full import of this part of the subject,

certain ratios may here be assumed which are probably

understatements rather than exaggerations. Let us take

the proportion between the extent of the plains and table

lands of a country, and the area of its valleys, to be as nine

to one; in other words, that, of the whole surface of the

country, nine-tenths consists of broad undulating plains,

or other comparatively level ground, and one-tenth of



DYNAJIJICAL GEOLOGY 781

steeper slopes. Let it be further assumed that the erosion

of the surface is nine times greater over the latter than over

the former area, so that while the more level parts of the

country have been lowered one foot, the valleys have lost

nine feet. If, following the measurements and calculations

already given, we admit that the mean annual quantity of

detritus carried to the sea may, with some probability, be

regarded as equal to the yearly loss of 6000 of a foot of rock

from the general surface of the country, then, apportioning
this loss over the surface in the ratio just given, we find

that it amounts to of a foot from the more level grounds
in 6000 years, and 5 feet from the valleys in the same space
of time. Now, if of a foot be removed from the level

grounds in 6000 years, 1 foot will be removed in 10,800

years; and if 5 feet be worn out of he valleys in 6000 years,
1 foot will be worn out in 1200 years. This is equal to a

loss of only 112 of an inch from the table-lands in 75 years,
while the same amount is excavated from the valleys in

8 years.

It may seem at first sight that such a loss as only a

single line from the surface of the open country during
more than the lapse of a long human life is almost too

trifling to be taken into account, as it is certainly too small

to be generally appreciable. In the same way, if we are

told that the constant wear and tear which is going on be

fore our eyes in valleys and water-courses, does not effect

more than the removal of one line of rock in eight and a

half years, we may naturally enough regard such a state

ment as probably an underestimate. But if we only permit
the multiplying power of time to come into play, the full

force of those seemingly insignificant quantities is soon

made apparent. For we find by a simple piece of arithmetic
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that, at the rate of denudation which has been just post

ulated as probably a fair average, a valley 1000 feet deep

may be' excavated in 1,200,000 years, a period which, in

the eyes of most geologists, will seem short indeed.

Objection may be taken to the ratios from which this

average rate of denudation is computed. Without attempt

ing to decide what this average rate actually is-a question

which must be determined for each region upon much fuller

data than are at present available-the geologist will find ad

vantage in considering, from the point of view now indicated,

what, according to the most probable estimates, is actually

in progress arouud'him. Let him assume any other appor

tioning of the total amount of denudation, he does not

thereby lessen the measurement of that amount, which can

be and. has been ascertained in the annual discharge of

rivers A certain determined quantity of rock is annually

worn, off the surface of the land. If, as already remarked,

we represent too large a proportion to be derived from the

valleys and water-courses, we diminish the loses from the

open country; or, if we make the contingent derived from

the latter too great we lessen that from the former. Under

any ascertained or assumed proportion, the facts remain,

that the land loses a certain ascertainable fraction of a foot

from its general surface per annum, and that the loss from

the valleys and water-courses is larger than that fraction,

while the loss from the level ground is less.

3. Marine Denudation-its comparative rate

From the destructive effects of occasional storms an ex

aggerated estimate has been formed of the relative potency

of marine erosion. That the amount of waste by the sea

must be inconceivably less than that effected by the subae
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rial agents, will be evident if we consider how small is the

extent of surface exposed to the power of the waves, when

contrasted with that which is under the influence of atmos

pheric waste. In the general degradation of the land, this

is an advantage in favor of the subaerial agents which

would not be counterbalanced unless the rate of waste by

the sea were many thousands or millions of times greater

than that of rains, frosts, and streams. But in reality no

such compensation exists. In order to see this, it is only

necessary to place side by side measurements of the amount

of work actually performed by the two classes of agents.

Let us suppose, for instance, that the sea eats away a con

tinent at the rate of ten feet in a century-au estimate

which probably attributes to the waves a much higher

rate of erosion than can, as the average, be claimed for

them."' Then a slice of about a mile in breadth will re

quire about 52,800 years for its demolition, ten miles will.

be eaten away in 528,000 years, one hundred miles in

5,280,000 years. Now we have already seen that, on a

moderate computation, the land loses about a foot from

its general surface in 6000 years, and. that, by the continu

ance of this rate of subaerial denudation, the continent of

Europe might be worn away in about 4,000,000 years.

Hence, before the sea, advancing at the rate of ten feet in

a century, could pare off more than a mere marginal strip

of land, between 70 and 80 miles in breadth, the whole

land might be washed into the ocean by atmospheric

denudation.

Some such results as these would necessarily be pro-

320 I& may be objected that this rate is far below that of parts of the east
coast of England (ante, p. 749). But along the rocky western coast of Britain
the loss is perhaps not so much as one foot in a century.
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duced if no disturbance took place in the relative levels

of sea and land. But in estimating the amount of influence

to be attributed to each of the denuding agents in past

times, we require to take into account the complicated

effects that would arise from the upheaval or depression of

the earth's crust. If frequent risings o the land, or eleva

tions of the sea-floor into land, had not taken place in the

geological past, there could have been no great thickness of

stratified rocks formed, for the first continents must soon

have been washed away. But the great depth of the strati

fied part of the earth's crust, and the abundant breaks and

uneonformabiities among the sedimentary masses, show

how constantly, on the one hand, the waste of the land

was compensated by elevatory movements, while, on the

other, the continued upward growth of vast masses of

sedimentary, deposits was rendered possible by prolonged

depression of the sea-bed.

When a mass of land is raised to a higher level above

the sea, a larger surface is exposed to denudation. As

a rule, a greater rainfall is the result, and consequently,

also, a more active waste of the surface by subaerial

agents. It is true that a greater extent of coast-line is

exposed to the action of the waves, but a little reflection

will show that this increase will not, on. the whole, bring

with it a proportionate increase in the amount of marine

denudation. For, as the land rises the cliffs are removed

from the reach of the breakers, and a more sloping beach

is produced, on which the sea cannot act with the same

potency as when it beats against a cliff-line. Moreover, as

the sea-floor approaches nearer the surface of the water,

it is the former detritus washed off the land, and deposited

under the sea, which first comes within the reach of the
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currents and waves. This serves, in some measure, as a pro
tection to the solid rock below, and must be cut away by
the ocean before that rock can be exposed anew. While,

therefore, elevatory movements tend on the whole to accele

rate the action of subaerial denudation, they in some degree
check the natural and ordinary influence of the sea in wast

ing the land. Again, the influence of movements of de

pression will probably be found to tend in an opposite
direction. The lowering of the general level of the land

will, as a rule, help to lessen the rainfall, and consequently
the rate of subaerial denudation. At the same time, it will

aid the action of the waves, by removing under their level

the detritus produced by them and heaped up on the beach,

and by thus bringing constantly within reach of the sea

fresh portions of the land-surface. But even with these

advantages in favor of marine denudation, the balance of

power will, on the whole, remain always on the side of the

subaerial agents.

4. Marine Denuclation-its final result

The general result of the erosive action of the sea on the

land. is the production of a submarine plain. As the sea ad

vances, the sites of successive lines of beach pass under low

water mark. Where erosion is in full operation, the littoral

belt, as far down as wave-action has influence, is ground

down by moving detritus. This result may. often be in

structively observed, on a small scale, upon rocky shores

where sections like that in Fig. 176 occur. We can con

ceive that, should no change of level between sea and land

take place, the sea might slowly eat its way far into the

land, and produce a gently sloping, yet apparently almost

horizontal selvage of plain, covered permanently by the
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waves. In such a submarine plain, the influence of geolog

ical structure, and notably of the relative powers of resist

ance of different rocks, would make itself conspicuous, as

may be seen even on a small scale on any rocky beach (Fig.

167). The present promontories caused by the superior

hardness of their component rocks would no doubt be rep
resented by ridges on the subaqueous plateau, while the

existing bays and creeks, worn out of softer rocks, would

be marked by lines of valley or hollow."'

This tendency to the formation of a submarine plain

along the margin of the land deserves special attention by

Fig. 176.-Section of rooks ground down to a plain on the beach by wave-action.

the student of denudation. The angle at which a mass of

land descends to the sea-level serves roughly to indicate the

depth of water near shore. A precipitous coast commonly

rises out of deep water; a low coast is usually skirted with

shallow water, the line of slope above sea-level being in a

general way prolonged below it. The belt of beach forms a

kind of terrace or notch along the maritime slope. Some

times, where the coast-line is precipitous, this terrace is

nearly or wholly wanting. In other places, it runs out a

good way beyond low-water mark. On a great scale, the

floor of the North Sea and that of the Atlantic Ocean, for

some distance to the, west of Ireland, may be regarded as a

marine platform that once formed part of the European con-

821 Mr. Whitaker, in the excellent paper on subaerial denudation cited on
p. '53 has pointed out the different results which are obtained by the subaerial
forces from those of sea-action in the production of lines of cliff.
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tinent (Fig. 177), and has been reduced by denudation and

subsidence to its present position.

So far as the present régime of nature has been explored,
it would seem to be inevitable that, unless where subterra.
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Fig. 177,-Map of British submarine platform.
The darker tint represents sea-bottom more than 100 fathoms deep, while the paler

shading shows the area of less depths. The figures mark the depth in fathoms.
The narrow channel between Norway and enmark is 2580 feet deep.

nean movements interfere, or where volcanic rocks are

poured forth at the surface, a submarine plain should 'be

formed along the margin of the land. This final result of

denudation has been achieved again and again in the geo-
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logical past, as is shown by the existence of tableland; of

erosion (ante, p. 83). To these table-lands the name of

"plains of marine denudation" has been applied by Sir

A. 0. Ramsay. From what has now been said, however,

it will be seen that in their actual production the sea has

really had less to do than the meteoric agents. A "plain of

marine denudation" is that base-level of erosion to which a

mass of land had been reduced mainly by the subaerial

forces-the line below which further degradation became

impossible, because the land was thereafter protected by

being covered by the sea. Undoubtedly the last touches

in the long process of sculpturing were given by marine

waves and currents, and the surface of the plain, save where

it has subsided, may correspond generally with the lower

limit of wave-action. Nevertheless, in the past history of

our planet, the influence of the ocean has probably been far

more conservative than destructive. Beneath the reach of

the waves, the surface of the abraded land has escaped the

demolition which sooner or later overtakes all that rises

above them.

5. Deposition-the framework of new land

If a survey of the geological changes in daily progress

upon the surface of the earth leads us to realize how mo

mentously the land is being worn down by the various epi

gene agents, it ought also to impress us with the vast scale

on which new formations-the foundation of future land

are being continually accumulated. Every foot of rock re

moved from the surface of a country is represented by a cor

responding amount of sedimentary material arranged some

where beneath the sea. Denudation and deposition are

synchronous and coequal.
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On land, vast accumulations of detrital origin are now in

progress. Alluvial plains of every size, from those of mere

brooks up to those of the largest rivers, are built up of

gravel, sand, and mud derived from the disintegration of

higher ground. From the level of the present streams, suc

cessive terraces Of these materials can be followed up to

heights of several hundred feet. Over wide regions, the

daily changes of temperature, moisture and wind supply a

continual dust, which, in the course of centuries, has ac

cumulated to a depth of sometimes 1500 feet, and covers

thousands of square miles of the surface of the continents.

The numerous lakes that dot the surface of the land serve as

receptacles in which a ceaseless deposition of sediment takes

place. Already an unknown number of once existent lakes

has been entirely filled up with detrital accumulations, and.

every stage toward extinction may be traced in those that

remain.

But extensive though the terrestrial sedimentary deposits

may be, they can be regarded merely as temporary accumu

lations of the detritus. Save where protected and concealed

under the water of lakes, they are everywhere exposed to a

renewal of the denudation to which they owe their origin.

Only where the sediment is strewn over the sea-floor beneath

the limit of breaker-action, is it permitted to accumulate un

disturbed. In these quiet depths, are now growing the

shi1es, sandstones, and limestones, which by future terres

trial revolutions will be raised into land, as thos of older

times have been. Between the modern deposits and those

of former sea-bottoms which have been upheaved, there is

the closest parallel. Deposition will obviously continue as

long as denudation lasts. The secular movements of the

crust seem to have been always sufficiently frequent and ex-
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tensive to prevent cessation of these operations. And so we

may anticipate that it will be for many geological ages yet

to come. Elevation of land will repair what has been lost

by superficial waste, and subsidence of sea-bottom will pro

vide space for continued growth of sedimentary deposits.

Section I'M- Life

Among the agents by which geological changes are now,

and have in past time been effected upon the earth's surface,

living organisms take by no means an unimportant place.

They serve as a vehicle for continual transferences from the

atmosphere into the mineral world, and from the mineral

world back into the atmosphere. Thus they decompose at

mospheric carbon-dioxide, and in this process have gradu

ally removed from the atmosphere the vast volumes of car

bon now locked up within the earth's crust in beds of solid

coal. By their decomposition, organic acids are produced

which partly enter into mineral combinations, and partly

return to the atmosphere as carbon-dioxide. Plants abstract

from the soils silica, alkalies, calcium-phosphate, and other

mineral substances, which enter largely into the composition

of the hard parts of animals. On the death and decomposi

tion of animals, these substances are once more relegated to

the inorganic world, thence to enter upon a new circulation

through the tissues of living organisms.

From a geological point of view, the operations of or

ganic life may be considered under three aspects-destruc

tive, conservative, and reproductive.

§ 1. Destructive Action

Plants in several ways promote the disintegration of

rocks.

1. By keeping the surfaces of rocks moist, plants pro.
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vide means for the continuous solvent action of water.

This influence is particularly observable among liverworts,

mosses, and similar moisture-loving plants.

2. By their decay, plants supply an important series of

organic acids, which exert a powerful influence upon soils,

minerals, and rocks. The humus, or organic portion of

vegetable soil, consists of the remains of plants and ani

mals in all stages of decay, and contains a complex series

of organic compounds still imperfectly understood. Among

these are humic, ulmic, crenie and apocrenic acids."" The

action of these organic acids is twofold. (1) From their

tendency to oxidation, they exert a markedly reducing in

fluence (ante, pp. 584, 611, 766). Thus they convert metal

lic sulphates into sulphides, as in the blue marine muds,

and. the abundant pyritous incrustations of coal-seams, shell.

bearing clays, and even sometimes of mine-timbers. Metal

lic salts are still further reduced to the state of native metals.

Native silver occurs among silver ores in fossil wood among

the Permian rocks of Hesse. Native copper has been fre

quently noticed in the timber-props of mines; it was found

hanging in stalactites from timbers of the Dncktown copper

mines, Tennessee, when the mines were reopened after being

shut up during the Civil War. Fossil fishes from the Kup.

ferschiefer have been incrusted with native copper, and fish.

teeth have been obtained from Liguria completely replaced

by this metal. (2) They exert a remarkable power of dis.

solving mineral substances."' This phase of their activity

has probably been undervalued by geologists."' Experi-

See S. Roth, "Ailgemeine und Ohemieche Geologie," 1883, p. 596.
823 Prof. Sollas has noticed the formation of minute hemispherical pits on

limestone by the solvent action of a lichen, Verrucaria rupestris (Brit. Assoc.
1880, sects. p. 586). See also J. U. Goodehild, Geol. Nag. 1890, p. 464.

124 This has been strongly, insisted upon by A. A. Julien in a memoir on the
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ments have shown that many of the common minerals of

rocks are attacked by organic acids. There is reason to be

lieve that in the decomposition effected by meteoric waters,

and usually attributed mainly to the operation of carbonic

acid, the initial stages of attack are due to the powerful sol

vent capacities of the humus acids. Owing, however, to the

facility with which these acids pass into higher states of oxi

dation, it is chiefly as carbonates that the results of their

action are carried down into deeper parts of the crust or

brought up to the surface. Although carbonic acid is no

doubt the final condition into which these unstable organic

acids pass, yet during their existence they attack not merely

alkalies and alkaline earths, but even dissolve silica. The

relative proportion of silica in river-waters has been referred

to the greater or less abundance of humus in their hydro

graphical basins,"' the presence of a large percentage of

silica being a concomitant of a large proportion of organic

matter. Further evidence of the important influence of or

ganic acids upon the solution of silica is supplied by many

siliceous deposits (p. 810).

Wherever a layer of humus has spread over the surface

of the land, traces of its characteristic decompositions may

be found in the soils, subsoils and underlying rocks. Next

the surface, the normal color of the subsoils is usually

changed by oxidation and hydration into tints of brown

and yellow, the lower limit of the weathered zone being

often sharply defined. Where the humus acids can freely

Geological Action of the Humus Acids. Amer. Assoc. $79, p. 311. Prof.
H. C. Bolton has experimented on the action of citric acid on 200 dJLront
mineral species, and he finds that this organic acid possesses a power of dig
solving minerals only slightly less than. titat of hydrochloric acid; Brit. Assoc.
1880, Sects. p. 505.

&erry Hunt's "Chemical and Geological Essays," pp. 126-150.
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attack the hydrated peroxide of iron, they remove it in

solution, and the decomposed rock or soil is thereby

bleached. This may be observed where pine-trees grow

on ferruginous sand, a rootlet one-sixth of an inch in

diameter being by its decay capable of whitening the sand

to a distance of from one to two inches around jt.0

has recently been proposed to ascribe mainly to the opera

tion of the humus acids the thick layer of decomposed rock

above noticed (p. 595) as observable so frequently south of

the limits of the ice of the Glacial Period, and the infer

ence has been drawn that, even where the surface is now

comparatively barren, the mere existence of this thick de

composed layer affords a presumption that it once underlay

an abundant vegetation, such as a heavy primeval forest

growth."' Nor is the chemical action confined to the super

ficial layers. The organic acids are carried down beneath

the surface, and initiate that series of alterations which care

bonic acid and the alkaline carbonates effect among subter

ranean rock masses (ante, p. 611).

3. Plants insert their roots or branches between the

joints of rock, or penetrate beneath the soil. Two marked

effects are traceable to this action. In the first place, large

slices of rock may be wedged off from the sides of wooded

hills or cliffs. Even among old ruins, an occasional sapling

ash or elm may be found to have cast its roots round a por

tion of the masonry, and to be slowly detaching it from the

rest of the wall. In the second place, the soil and subsoil

are opened up to the decomposing influences of the air and

descending water. The distance to which, under favorable

826 Kind.ler, Poggend. Anna!. xxxvii. 1836, p. 203. J. A. Phillips, "Ore
Deposits," 1884, P. 14.

221 Julie; Amer. Assoc. 1879, p. 378.
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circumstances, roots may penetrate downward are much

greater than might be supposed. Thus in the loess of

Nebraska the buffalo-berry (S/ieplierdia argophylla) has

been observed to send a root 55 feet down from the sur

face, and. in that of Iowa the roots of grasses penetrate

from 5 to 25 feet.'"

4. By attracting rain, as thick forests, woods, and

mosses, more particularly on elevated ground, are be

lieved to do, plants accelerate the general scouring of a

country by running water. The indiscriminate destruction

of the woods in the Levant has been assigned, with much

plausibility, as the main cause of the present desiccation of

that region.
"9

5. Plants promote the decay of diseased and dead plants

and animals, as when fungi overspread a damp rotting tree

or the carcass of a dead animal.

Anhnals.-The destructive influences of the animal king

dom likewise show themselves in several distinct ways.

1. The surface-soil is moved, and exposed thereby to

attack by rain, wind, etc. As Darwin showed, the common

earth-worm is continually engaged in bringing up the fine

particles of soil to the surface. He found that in fifteen

years a layer of burned marl had been buried under 3 inches

of loam, which he attributed to this operation."° It has

been already pointed out that part of the growth of soil may

be due to wind-action (ante, p. 563). There can be no doubt,

however, that the materials of vegetable soil are largely

commingled and fertilized by the earth-worm, and in par-

898 Aughey's "Physical Geography and Geology of Nebraska," 1880, p. 275.
329 See on this disputed question the works cited by Rolleston, Jourti. Roy.

Geog. Soc. xlix. 1819. The destruction of forests is also alleged to increase
the number and severity of hail-storms.

380 Trans. Geol. Soc. v. p. 505. "Vegetable Mould," 1881.
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ticular that, by being brought up to the surface, the fine

particles are exposed to meteoric influences, notably to

wind and rain. Even a grass-covered surface may thus

suffer slow denudation. Lob-worms on sandy shores pos

sibly aid transport by waves and tides, inasmuch as they

bring up large quantities of fresh sand."'

Burrowing animals, by throwing up the soil and subsoil,

expose these to be dried and blown away by the wind. At

the same time, their subterranean passages serve to drain

off the superficial water, and to injure the stability of the

surface of the ground above them. In Britain, the mole

and rabbit are familiar examples. In North America, the

prairie dog and gopher have undermined extensive tracts

of pasture-land in the west. In Cape Colony, wide areas

of open country seem to be in a constant state of eruption
from the burrowing operations of multitudes of Bathyergi
and Ohrysochloris-small mole-like animals which bring

up the soil and bury the grassy vegetation under it. The

decomposition of animal remains produces chemical changes
similar to those resulting from the decay of plants.

2. The flow of streams is sometimes interfered with, or

even diverted, by the operations of animals. Thus the

beaver, by cutting down trees (sometimes 1 foot or more

in diameter) and constructing dams with the stems and

branches, checks the flow of water-courses, intercepts float

ing materials, and sometimes even diverts the water into

new channels. This action is typically displayed in Canada

and in the Rocky Mountain regions of the United States.

Thousands of acres in many valleys have been converted

into lakes, which, intercepting the sediment carried down

' Mr. Davidson estimates the amount to be sometimes nearly 2000 tons
annually over an acre. Geol. Mag. 1891.
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by the streams, and being likewise invaded by marshy

vegetation, have subsequently become morass and finally

meadow-land. The extent to which, in these regions, the

alluvial formations of valleys have been modified and ex

tended by the operations of the beaver is almost incredible.

The embankments of the Mississippi are sometimes weak

ened to such an extent by the burrowings of the cray-fish

as to give way, and allow the river to inundate the sur

rounding country. Similar results have happened in Europe

from the subterranean operations of rats.

3. Some mollusks (Pholas, Saxicava, Tereclo, etc., Fig.

178) bore into stone or wood, and by the number of con-

-
tiguous perforations greatly weaken

the materials. Pieces of driftwood

are soon riddled with long holes by

the teredo; while wooden piers, and

the bottoms of wooden ships, are

often rapidly perforated. Saxica-
Fig. 178.-Shell-borings in lime-

stone. vous shells, by piercing stone and

leaving open cavities for rain and sea-water to fill, pro

mote its decay. A potent cause of the destruction of

coral-reefs is to be found in the borings of mollusks,

annelids, and echinoderms, whereby, masses of coral are

weakened so as to be more easily removed by breakers.

4. Many animals exercise a ruinously destructive in

fluence upon vegetation. Of the various insect-plagues of

this kind it will be enough to enumerate the locust, ph vi

loxera, and Colorado beetle. The pasture in some parts

of the south of Scotland has in recent years been much

damaged by mice, which have increased in numbers owing

to the indiscriminate shooting and trapping of owls, hawks,

and other predaceous creatures. Grasshoppers cause the
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destruction of vegetation in some parts of Wyoming and

other Western Territories of the United States. The way
in which animals destroy each other, often on a great
scale, may likewise be included among the geological

operations now under description. As an illustration of

this action, reference may be made to the occasionally

enormous development of the protozoon genera Peridinz;uim

and Glenoclinium, and the consequent killing off of the

oysters and other mollusks in the waters of Port Jackson.'"

§ 2. Conservative Action

Plants.-The protective influence of vegetation is well

known.

1. The formation of a stratum of turf protects soil and

rocks from being rapidly removed by rain or wind. Hence

the surface of a district so protected is denuded with ex

treme slowness, except along the lines of its water-courses.

A crust of lichens doubtless on the whole protects the rock

underneath it from atmospheric agents.2"

2. Many plants, even without forming a layer of turf,

serve by their roots or branches to protect the loose sand

or soil on which they grow from being removed by wind.

The common sand-carex and other arenaceous plants bind

littoral sand-dunes, and give them a permanence which

would at once be destroyed were the sand laid bare again
to the storms. In North America, the sandy tracts of the

338 But see the remark already made, ante, p. 792, note .
8111 An occurrence of this kind in March, 1891, led to an almost complete

destruction of the oysters, mussels and other bivalves; the rest f the littoral
fauna-limpets and other univalves, starfish, worms, ascidians and other lower
forms of life-were so seriously affected that dead and dying were strewn about
in great numbers, while the higher forms, able to move rapidly, had retired to
deep water. T. Whittelegge, Records of Australian Museum, i. No. 9, 1891,
p. 19.
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Western Territories are in many places protected by the

sage-brush and grease-wood. The growth of shrubs and

bru.shwood along the course of a stream not only keeps

the alluvial banks from being so easily undermined and re

moved as would otherwise be the case, but serves to arrest

the sediment in floods, filtering the water, and thereby

adding to the height of the flood-plain. On some parts of

the west coast of France, extensive ranges of sand-hills have

been planted with pine woods, which, while preventing the

destructive inland march of the sand, also yield a large

revenue in timber, and have so influenced the climate as

to make these districts a resort for pulmonary invalids.
334

In tropical countries, the mangrove grows along the sea

margin, and not only protects the laud, but adds to its

breadth, by forming and increasing a maritime alluvial

belt.

3. Some marine plants likewise afford protection to

shore rocks. This is done by the hard incrustation of

calcareous nullipores; likewise by the tangles and smaller

fuci which, growing abundantly on the littoral zone, break

the force of waves, or diminish the effects of ground-swell.

4. Forests and brushwood protect soil, especially on

slopes, from being washed away by rain. This is shown

by the disastrous results of the thoughtless destruction of

woods. According to Reclus,33b in the three centuries from

' De Lavergne, "Economie rurale de la France depuis 1789," p. 297.
Edin. Review, Oct. 184, article on Coniferous Trees.

986 "La Terre," p. 410. J. C. Brown, "Reboisement en France," London,
1816. According to Dr. J. Carret, however, the deterioration of the climate
of Savoy and the diminution of the population there cannot be attributed to
deboisement. The cutting down of the forests dates from the First Empire, but

replanting has been going on for some time, and the forest area is now a little

larger than it was last century. Nevertheless the depopulation of the higher
tracts, which had begun before last century, continues, notwithstanding the

replanting of the slopes: Assoc. Française, 1879, p. 538.
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1471 to 1776, the "vigueries," or provostry-distriets of the

French Alps, lost a third, a half, and even three-fourths of

their cultivated ground, and the population has diminished

in somewhat similar proportions. From 1836 to 1866 the

departments of B.autes and Basses Alpes lost 25,000 in

habitants, or nearly one-tenth of their population-a dimi

nution which has with plausibility been assigned to the

reckless removal of the pine forests, whereby the steep
mountain sides have been washed bare of their soil. The

desiccation of the countries bordering the eastern Mediter

ranean has been ascribed to a similar cause.3"

5. In mountain districts, pine-forests exercise also an im

portant conservative function in preventing the formation or,

arresting the progress of avalanches. In Switzer1ad, some

of the forests which cross the lines of frequent snow-falls are

carefully preserved.

Animals do not on the whole exert an important con

servative action upon the earth's surface, save in so far as

they form new deposits, as will be immediately referred to.

On many shores, however, by thickly incrusting rocks, they
act like the marine vegetation above alluded to, and protect

these to a considerable extent from abrasion by the waves.

The most familiar example in Europe of this action is that

of the common acorn-shell or barnacle Balanus balanodes).

Serpule often incrust considerable masses of a coral-reef,

and act like nullipores, in protecting decaying and dead.

corals from being so rapidly broken up by the waves as they

would otherwise be. But even soft-bodied animals, su.ch as

sponges and ascidians, when they spread over rocks near

Recent attempts to reclothe the desiccated stone-wastes of Dalmatia with
trees have been attended with success. See Mojslsovcs, Iahrb. OWL Reich
sanst. 1880, p. 210.
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low-water, afford protection from at least the less violent

attacks of the breakers. Prof. Herdman, who has called

attention to this subject, enumerates as the more important

animals in protecting shore rocks: Forarninifera (such as

Planorbulina vulgaris), calcareous and fibrous sponges,

hydroid zoophytes, sea anemones, corals, annelids (sei'

pula, polyzoa, cirripeds, mollusks (such as gregarious

forms like the mussel and oyster, and gasteropods like the

limpet), and simple and compound ascidians."7

In the prairie regions of Wyoming and other tracts of

North America, some interesting minor effects are referable

to the herds of roving animals which migrate over these ter

ritories. The trails made by the bison, the elk, and the big

horn or mountain-sheep, are firmly trodden tracks on which

vegetation will not grow for many years. All over the re

gion traversed by the bison, numerous circular patches of

grass are to be seen which have been formed on the hollows

where this animal has wallowed. Originally they are shal

low depressions, formed in great numbers where a herd of

bisons has rested for a time. On the advent o1 the rains

they, become pools of water; thereafter grasses spring up

luxuriantly, and so bind the soil together that these grassy

patches or "bison-wallows," may actually become slightly

raised above the general level, if the surrounding ground

becomes parched and degraded by winds."'

§ 3. Reproductive Action

Plants.-Both plants and animals contribute materials

toward new geological formations, chiefly by the aggrega.

Proc. Liverpool Geol. Soc. 1884-85.
Coinstock, in Captain Jones's "Reconnoissance of N. W. Wyoming,"

1875, p. 175.



DYNAIIICAL GEOLOGY 801

tion of their remains, partly from their chemical action.

Their remains are likewise inclosed in deposits of sand and

mud, the bulk of which they thus help to increase. Of

plant-formations the following illustrative examples may
be given:

1. S e a-w e e d s.-It was long ago shown by Forehham

mer that Iucoids abstract an appreciable amount of lime,

magnesia, soda, and other components of sea-water, and he

believed that these plants probably played an important part
in the accumulation of the older Palaeozoic sediments.'"

The calcareous nullipores which incrust shore rocks provide
solid material which, either growing in situ or broken off

and distributed by the waves, gives rise to a distinct geo

logical deposit. Considerable masses of a structureless lime

stone are formed in the Bay of Naples mainly by calcareous

algae. By the infiltration of water into the dead parts of the

material the organic structure is destroyed.""
2. Humus, Black Soils, etc.-Long-continued

growth and decay of vegetation upon a land-surface not

only promotes disintegration of the superficial rock, but

produces an organic residue, the intermingling of which

with mineral debris constitutes vegetable soil. Undisturbed

through long ages, this process has, under favorable condi

tions, given rise to thick accumulations of a rich dark loam.

Such are the "regur," or rich black cotton soil of India, the

"tchernayzem," or black earth of Russia, containing from

8 to 10 per cent of organic matter, and the deep fertile soil

of the American prairies and savannas. These formations

cover plains many thousands of square miles in extent.

The "tundr'ts" of northern latitudes are frozen plains of

° Brit. Auoc. 1844, p. 15&
840 J. Waither, Zeitech. Deutech. Geol. GeeU. xxxvii. 1885, p. 329.
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which the surface is covered with arctic mosses and other

plants."'

3. Peat-mosses and Bogs."'-In temperate and

arctic latitudes, marshy vegetation accumulates in situ to

a depth of sometimes 40 or 50 feet, in what are termed bogs
or peat-mosses. In northern Europe and America these

vegetable deposits have been largely formed by mosses,

especially species of Sphagnum, which, growing on hilltops,

slopes, and valley-bottoms as a wet spongy fibrous mass, die

in their lower parts and send out new fibres above. Some

peaty deposits have been formed in lakes, either by the

growth of aquatic plants on the bottom, or by the precipita-

tion of decaying vegetation from the layer of matted plant

growth which creeps from shore along the surface of the

water."" in some cases, peat may possibly have arisen in

brackish-water conditions. There are even instances cited

of marine peat formed of sea-weeds (Zostera, Fucus, etc.).
344

Among the Alps, as also in the northern parts of South

341 See a pamphlet, "Ueber den Humus," by Dr. von Ollech, Berlin, Bodo
Grundmann, 1890. It may be well to take note here again of the extensive
accumulation of red loam in limestone regions which have long been exposed to
atmospheric influences. To what extent vegetation may co-operate in the pro
duction of this loam has not been determined. Fuchs believes that the "terra
rossa" is only present in dry climates where the amount of humus is small
(ante, p. 596, and authorities there cited).

342 For a general account see T. R. Jones, Proc. Geol. Assoc. vi. 1880,
p. 207. On the composition, structure and history of peat-mosses, consult
Rennie's "Essays on Peat-moss," Edinburgh, 1810; Steele's "Natural and
Agricultural History of Peat-moss," Edinburgh, 1826; Templeton, Trans. Geol.
Soc. v. p. 608; H. Scliinz-Gessner, "Der Torf," etc.. Zurich, 1857; Pokorny
Verhand. Geol. Reichsanst. Vienna, 1860; Senft, "Humus-, Marsch-, Torf-,
und Limonit-bildungen," Leipzig, 1862; G. Thenius, "Die Torfmoore Oester
reiche," Vienna, 1874; J. Geikie, Trans. Roy. Soc. Edin. xxiv. p. 363. For a
list of plants that supply material for the formation of peat, see J. Macculloch's
"Western Islands," vol. 1.; T. R. Jones, above quoted; J. Früh, "Kritische
beitrge zur Kenntnisa des Torfes," Jahrb. Geol. Reichsanst. xxxv. 1885,
p. 677; and Bull. Soc. Botan. Suisse, i. 1891.

For accounts of matted vegetation covoring lakes, see Land and Water,
1876, pp. 180, 282.

114 J" Macculloch, "System of Geology," 1831, vol. ii. p. 341. Sirodot, Oompt.
Rend. lxxxvii. 1878, p. 267. Bobierre, Ann. Mines, 7me ser. x. 1876, p. 469.
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America, and among the Chatham Islands, east of New Zea-

land, various phanerogamous plants form on the surface a

thick stratum of peat.

A succession can sometimes be detected in the vegetation
out of which the peat has been formed. Thus in Europe,
among the bottom layers traces of rush (Juncus), sedge Iris),
and fescue-grass (Festuca) may be observed, while not infre

quently an underlying layer of fresh-water marl, full of
mouldering shells of Limnea, Planorbis, and other lacu.strine
mollusks, shows that the area was originally a lake which
has been filled up with vegetation. The next and chief

layer of the peat will usually be found to consist mainly of
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Fig. 1O-View of Scottish Peat-moss opened for digging fuel.

matted fibres of different mosses, particularly Sphagnum,
Polytrichurn, and Bryum, mingled with roots of coarse grasses
and aquatic plants. The higher layers frequently abound in
the remains of heaths. Every stage in the formation of peat
may be observed where mosses are cut for fuel; the portions
at the bottom are more or less compact, dark brown or black,
with comparatively little external appearance of vegetable
structure, while those at the top are loose, spongy, and
fibrous, where the living and dead parts of the mosses

commingle (Fig. 179).
It frequently happens that remains of trees occur in peat

mosses. Sometimes the roots are imbedded in soil underly-
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ing the moss, showing that the moss has formed since the
growth of the trees (see p. 64). In other cases, the roots
and trunks occur in the heart of the peat, proving that the
trees grew upon the mossy surface, and were finally, on their

decay, inclosed in growing peat (Fig. 180). A succession of
trees has been observed among the Danish peat-mosses, the
Scotch fir (Pinus sylvestris) and white birch (Betula aTha

being characteristic of the lower layers; higher portions o
the peat being marked by remains of the oak, while at the
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top comes the common beech. Remains of the same kinds
of trees are abundant in the bogs of Scotland and Ireland.

The rite of growth of peat varies within wide limits.
An interesting example of the formation and growth of peat
iiios in the latter half of the seventeenth century is on rec.

ord. a40 in the year 1651 an ancient pine-forest ocetipied a

level tract of land among the bills in the west of Ross-shire.

Tie trees were all dead, and in a condition to be blown

down by the wind. About fifteen years later every vestige
of a tree bad disappeared,

the site being occupied by a

spongy green hog into which a man would sink up to the

armpits. Before the year 1699 the tract had become firm

enough to yield goo.l peat for fuel, in the valley of the

Somrne, three feet uf peat will grow in from 30 to 40 years.""
On a moor in ilanover, a layer of peat from 4 to 6 feet thick

345 Earl of Crornarty, Phil. Trains. xxvii.
346 J. Koib, Proc. hit. Civ. Engin. xI. 175, p. 35.

Fig. 180.-Scene in a Sutherland Peat-moss.



DYNAMICAL GEOLOGY 805

formed in about 30 years. Near the Lake of Constance, a

layer of 3 to 4 feet grew in 24 years. Among the Danish
mosses, a period of 250 to 300 years has been required to
form a layer 10 feet thick. Much must depend upon the
climate, slope, drainage, and soil. Some European peat.
mosses are probably of extreme antiquit, having begun to
form soon after the surface was freed from' the snow and ice
of the glacial period. In the lower parts of these mosses,
traces of the arctic flora which then overspread so much of
the continent are to be met with. In other instances, the
mosses are at least as late as Roman times."' Change of
climate and likewise of drainage may stop the formation of

peat, so that shrubs and trees spring up on the firm, surface.

Along the Flemish coast a layer of peat containing mosses,
rushes, and other fresh-water plants underlies four or five
feet of clays and sands with marine shells, indicating a sub
sidence and re-elevation of the country.348

Peat-mosses cover many thousand square miles of Europe
and North America. 34' About one-seventh of Ireland is cov
ered with bogs, that of Allen'alone comprising 238,500 acres,
with an average depth of 25 feet. Where lakes are gradu
ally converted into bogs, the marshy vegetation advances
from the shores, and sometimes forms a matted treacherous

green surface, beneath which the waters of the lake still lie.
The decayed vegetable matter from the under part of this
crust sinks to the bottom of the water, forming there a fine

peaty mud, which slowly grows upward. Eventually, as
the spongy covering spreads over the lake, a layer of brown

muddy water may be left between the still growing vegeta
tion above and the muddy deposit at the bottom. Heavy
rains, by augmenting this intermediate watery layer, some
times make the centre swell up until the matted skin of moss
bursts, and a deluge of black mud pours into the surround-

" On mosses of Flanders and north of France see H. Debray, Bull. Soc.
Lool. France, 3me, ser. -ii. p. 46. Ann. Soc. Geol. Nord, 18'0-4, p. 19. Lorié,
Arch. Mus. Teyler, 2me, ser. iii. part 5, 1890, pp. 423, 439. Below the moors
of Oldenburg, Roman coins, weapons and plank-roads are found at a depth of
13 feet and upward (Petermann's Mittheil. 1883, v,). On the Bohemian peat
bogs, F. Sitensky, A.rchiv Landesdurch-forsch. Böhmen, vi. 1891; on those
lying east of the Oliristiania Fjord, U. E. Stangeland, "Torvmyrer," Norges
Geolog. Undersog. 1892; on those of Schleswig-Holstein, R. v. Fisoher-Beuzon,
Abh. Naturwiss. Ver. Hamburg, xi. 1891.

Ann. Mines, '?me, ser. x. p. 468.
849 For an account of the fresh-water morasses and swamps of the United

States see Shaler, 10th Ann. Rep. U. S. Geol. Surv. 1890, p. 255.
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mg country. The inundated ground is covered permanently
with a layer of black peaty earth.

From the treacherous nature of their surface, peat-mosses
have frequently been the receptacles for bodies of men and
animals that ventured upon them. As peat possesses great
antiseptic power, these remains are usually in a state of ex
cellent preservation. In Ireland, the remains of the extinct

large Irish elk (Megaceros hibernicus) have been dug up from

many of the bogs. Human weapons, tools, and ornaments
have been exhumed from peat-mosses; likewise erannoges,
or pile-dwellings (constructed in the original lakes that pre
ceded the mosses), and canoes hollowed oat of single trees.

4. M a n g r o v e-S w a m p s.-On the low moist shores

and river-mouths of tropical countries, the mangrove-tree

plays an important geological part. It grows in such situ

ations in a dense jungle, sometimes twenty miles broad,

which fringes the coast as a green selvage, and runs up, if

it does not quite occupy, creeks and inlets. The mangrove

flourishes in sea-water, even down to low-water mark, form

ing there a dense thicket, which, as the trees drop their

radicles and take root, grows outward into the sea. It is

singular to find terrestrial birds nestling in the branches

above, and crabs and barnacles living among the roots

below. By this network of subaqueous radieles and roots,

the water that flows oft the land is filtered of its sediment,

which, retained among the vegetation, helps to turn the

spongy jungle into a firm soil."' On the eoast of Florida,

the mangrove swamps stretch for long distances, as a belt

from five to twenty miles broad, which winds round the

creeks and inlets. At Bermuda, the mangroves co-operate

with grasses and other plants to choke up the creeks and

brackish lakes. In these waters caleareous a1ge abound,

and, as their remains are thrown up amid the sand and

350 For an account of the growth of matigrove swamps, see N. S. Shider,
loth Ann. Rep, U. S. Geol. Surv. 1890, p. 291,
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vegetation, they form a remarkably calcareous soil (pp.
226, 574)."'

5. Diatom-Earth or Ooze.-As the minute sili

ceous plants called diatoms occur both in fresh and salt

water, the deposit formed from their congregated remains

is found both on the sites of lakes and on the sea-floor.

The most extensive terrestrial accumulations of this nature

now in course of formation are probably those of the warm

water marshes supplied by the hot springs of the Yellow

stone Park, where the oozy deposits and drier meadows

"44A, '1 r'

Fig. 181.-Diatom ooze dredged up by the "Challenger" Expedition from a depth of
1950 fathoms in the Antarctic Ocean. Lat. tj3° 85' S.; Long. 108° 38' E.

Magnified 300 diameters.

cover many square miles, sometimes to a depth of six

feat."' "Infu.sorial" earth and "tripoli powder" consist

mainly of the frustules and fragmentary debris of diatoms,

which have accumulated on the bottoms of lacustrine areas.

the purer varieties containing 90 to 97 per cent of silica,

They form beds sometimes upward of 30 feet thick.

(Richmond, Virginia; Bum, Bohemia; Aberdeenshire.)

Diatomacece occur in abundance, both in the surface

waters of the ocean and on the bottom. In the Arctic

861 See Nelson, Q. .T. Geol. Soc. ix. p. 200 et seq.; .1. .1. Rein, Bericbt
Senckenb. Naturf. Ges. 1872-3, p. 139; WyvilIe Thomson's "Atlantic,"
i. p. 290. (See ante, pp. 226, 5'?3.)352 W. H. Weed, Botanical Gazette, xiv. 1889, p. 117.
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Ocean and in the seas around the Shetland Islands living
diatoms sometimes form vast floating banks of a yellowish

slimy mass,. which impedes the prosecution of the herring

fishery."' The frustules of these plants accumulate at

depths of from 1260 to 1975 fathoms, as a pale straw

colored deposit, which when dried is white and very

light (Fig. 181).SH

6. Chemical Deposits.-But, besides giving rise

to new formations by the mere accumulation of their re

mains, plants do so also both directly and indirectly by

originating or precipitating chemical solutions. The most

conspicuous example of this action is the production of

caic-sinter. Some plants (several species of Chara, for in

stance) have the power of decomposing the carbonic acid

dissolved in water, and precipitating calcium-carbonate

within their own cell walls. Others (such as the mosses

llypnum, Bryum, etc.") precipitate the carbonate as an

inorganic incrustation outside their own substance. Some

observers have even maintained that this is the normal mode

of production of caic-sinter in large masses like those of

Tivoli. It is certainly remarkable that this substance may

be observed incrusting fibrous bunches of moss (Ilypnum,

etc.), when it can be found in no other part of the water

course, and this, too, at a spring containing only 0034 of

carbonate. It is evident that if the deposit of caic-sinter

were due to mere evaoration, it would be more or less

Murray and Irvine, Proc. Roy. Soc. Edin. xviii. 1891, p. 231. On the
source whence marine plants and animals obtain their silica, see ante, p. '155
and postea, p. 828.

' Messrs. Murray and Irvine estimate the area of sea-bottom covered with
diatom ooze at 10,420,600 squaro miles, and the mean depth of the surface of
the deposit at 1477 fathoms below sea-level, Proc. Roy. Soc. Editi. xvii. 1889,

p. 82.
315 Also phanerogams, as Ranunuu. and Poaiiogeton.
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equally spread along the edges and shallow parts of the

channel. It appears to arise first from the decomposition

of dissolved carbonic acid by the living plants, and it pro-

ceeds along their growing stems and fibres. Subsequently,

evaporation and loss of carbon-dioxide cause the carbonate

to be precipitated over and through the fibrous sinter, till

the substance may become a solid crystalline stone. Van.

eties of sinter are traceable to original differences in the

plants precipitating it. Thus at Weissenbrunnen, near

Schalkan, in central Germany, a cavernous but compact

sinter is made by Hypnnrn molluscum, while a loose porous

kind gathers upon Didymodon capillaceus.2"

Some marine alge, as above noticed, abstract calcium

carbonate from sea-water and build it up into their own

substance. A nullipore (Litlwthamnium nodosum) has been

found to contain about 84 per cent of calcium-carbonate,

5 of magnesium-carbonate, with a little phosphoric acid,

alumina, and oxides of iron and manganese.357 Vegetable

life has likewise the power of precipitating silica from. solu

tion in hot springs and forming siliceous sinter. In the

geyser district of the Yellowstone Park it has been ascer

tained that the extensive sinter deposits are largely formed

by vegetation, which causes the siliceous material to be

thrown down as a stiff gelatinous substance, in many varied

forms. Alai are chiefly concerned in this process. On

the death of the plant the jelly-like mass, which consists

of the siliceous filaments of the alga and their slimy en-

See V. Schauroth, Z. Deutsch. Geol. Ges. Hi. 1851, p. 137. Cohn, Neues
Jahrb. 1864, p. 580, gives some interesting information as to the plants by which
the sinter is formed, and their work. In Scotland Hypnu'i& commttatwim is
a leading sinter-former.

851 GUmbel, Abhaudl. Bayerisch. Akad. Wissensch. xi. 18'll.
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velope, loses part of its water, becomes cheese-like in con

sistency, and finally hardens into stone.""

In the formation of extensive beds of bog iron-ore, the

agency of vegetable life is of prime importance. In marshy

flats and shallow lakes, where the organic acids are abun

dantly supplied by decomposing plants, the salts of iron

are attacked and dissolved. Exposure to the air leads

to the oxidation of these solutions, and the consequent

precipitation of the iron in the form of hydrated ferric

oxide, which, mixed with similar combinations of man

ganese, and. also with silica, phosphoric acid, lime, alu

mina, and magnesia, constitutes the bog-ore so abundant

on the lowlands of North Germany and other marshy

tracts of northern Europe."" On the eastern seaboard

of the United States, large tracts of salt marsh, lying

behind sand-dunes and bars, form receptacles for much

active chemical solution and deposit. There, as in the

European bog-iron districts, ferruginous sands and rocks

containing iron are bleached by the solvent action of

humus acids, and the iron removed in solution is chiefly

oxidized and thrown down on the bottom. In presence of

the sulphates of sea-water and of organic matter, the iron

of ferruginous minerals is partially changed into sulphide,

which on oxidation gives rise to the precipitation of bog

iron."' The existence of beds of iron-ore among sedimen

tary formations affords strong presumption of the existence

of contemporaneous organic life by which the iron was dis

solved and precipitated.

358 W. H. Weed, Ninth Ann. Rep. U. S. Geol. Survey, 1889. Amer. Journ.
Sci. xxxvii. 1889, p. 351.

80 Forchhammer, Noucs Jahrb. 1841, p. 17, ante, p. 254.
360 Julieri, Amer. Assoc. 1879, p. :47, and ante, p. 76g.
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The humus acids, which possess the power of dissolving
silica, precipitate it in incrustations and concretions. Julien

describes hyalite crusts at the Palisades of the Hudson,

due, as he thinks, to the action of the rich humus upon
the fallen dbris of diabase. The frequent occurrence of

nodules of flint and chert in association with organic re

mains, the common silicification of fossil wood, and similar

close relations between silica and organic remains, point
to the action of organic acids in the precipitation of this

mineral. This action may consist sometimes in the neutrali

zation, by organic acids, of alkaline solutions charged with

silica;"' sometimes in the solution and redeposit of colloid

silica by albuminoid compounds, developed during the de

composition of organic matter in deposits through which

silica has been disseminated, the deposit taking place pref

erentially round some decaying organism, or in the hollow

left by its removal.88

Animals.-Animal formations are chiefly composed of

the remains of the lower grades of the animal kingdom,

especially of Mollusca, Actinozoa, and Foraminifera.

1. Calcareous.-Lime, chiefly in the form of car

bonate, is the mineral substance of which the solid parts
of invertebrate animals are mainly built up. The propor
tion of carbonate of lime in sea-water is so small as to have

presented a difficulty in the endeavor to account for the vast

quantities of this substance eliminated by marine organisms.
Mr. J. Y. Buchanan, however, has suggested that the testa

ceous denizens of the sea assimilate their lime from the

gypsum dissolved in sea-water, forming sulphide in the

81 Leconte, Amer. Journ. Sci. 1880, p. 181.
86 Julien, op. cit. 396. Sollas, Ann. Mag. Nat. Hist. Nov. Dec. 1880.

J. Roth, "Ailgem. ()hem. Geologie," p. 576, and Dr. von OlIeoh' pamphlet
cited ante, p. 802.
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interior of the animal, which is transformed into carbonate

on the outside."" Messrs. Murray and Irvine have experi

mentally proved that sea-animals can secrete carbonate of

lime from sea-water from which carbonate of lime is rigidly

excluded, and thus that the other lime salts, notably the

sulphate, are made use of in the process. They infer that

the living tissues of the lower animals and the effete secre

tions of higher forms, produce carbonate of ammonia, which

in presence of the sulphate of lime of sea-water becomes

carbonate of lime and sulphate of ammonia."' The great

majority of the accumulations formed of animal remains are

calcareous. Those organisms which secrete their lime as

calcite produce much more durable skeletons or tests than

those which accumulate it in the form of aragonite. Hence

among geological formations aragonite shells have in large

measure disappeared.""'

In fresh water, accumulations of animal remains are rep.

resented by the marl of lakes-a white, chalky deposit con

sisting of the mouldering remains of Mollusca, Entomostraca,

and partly of fresh-water alga3. On the sea-bottom, in shal

low water, they consist of beds of shells, as in oyster-banks.

Under favorable conditions, extensive deposits of limestone

are now being formed on the sea-floor in tropical latitudes.

Mr. Murray, from observations made during the "Challen

ger" voyage, estimates that in a square mile of the tropical

ocean down to a depth of 100 fathoms there are more than

16 tons of calcareous matter in the form of animal and vege-

table organisms."" These surface organisms, when dead,

388 Brit. Assoc. 1881, sects. p. 584.
Proc. Roy. Soc. Edin. xvii. 1889, p. 89.
Sorby, Presidential Address Geol. Soc. 1879; P. F. Kendall, Geol. Mag.

1883, p. 497; V. Cornish and P. F. Kendall, Geol. Mag. 1888, p. 60. See
postea, Book V. § ii. 2.

806 Proc. Roy. Soc. Edin. x. 1880, p. 508.
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are continually falling to the bottom, where their remains

accumulate as a soft ooze. On the floor of the West Indian

seas, where an extraordinarily abundant fauna is supported

by the plentiful supply of food brought by the great ocean

currents which enter that region from the South Atlantic, a

calcareous deposit is being formed out of the hard parts of

the animals that live on the bottom (mollusks, echinoderms,

corals, alcyonoids, annelids, crustacea, etc.), mingled with

what may fall from the upper water. This deposit accumu

lates as a vast submarine plateau or series of broad banks,

and is comparable in extent to some of the more important

limestones of older geological time. Some portions of it

have here and there (Barbadoes, Guadeloupe, Cuba, etc.)

been elevated above the sea, so that its composition and

structure can be studied. The organisms in these upraised

limestones are the same as those which still live, and form

a similar limestone in the surrounding seas. In Yucatan

the rock is perforated with caverns, one of which is 70

fathoms deep."'

Here and there considerable deposits of broken shells

have been produced by the accumulation of the excrement

of fishes, as Verrill has pointed out on the northeastern

coasts of the United States. Deposits of broken shells

raised above sea-level either by breakers and winds or by

subterranean movements are solidified into more or less

compact shelly limestone. Extensive beds of this nature,

composed mainly of species of Arca, Leararia, Mactra, etc.,

form islands fronting the shores of Florida, and likewise

underlie the soil of that State. Some of the shells still re

tain their colors. The whole mass is in layers 1 to 18 inches

A. Agassiz Amer. Acad. xi. 1882, p. 111; and his "Three Cruises of
the 'Blake.'"
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thick, quite soft before exposure to the air, but hardening
thereafter, and much of it exhibiting a confused crystalliza
tion.""' It is known locally as Coquina. The calcareous

dunes of Bermuda have been already referred to (p. 573).

Goral-reefs.°_But the most striking calcareous forma

tions now in progress are the reefs and islands of coral.

These vast masses of rock are formed by the continuous

growth of various genera and species of corals, in tracts

where the mean temperature is not lower than 68° Fahr.

Coral-growth is prevented by colder water, and by the fresh

and muddy water discharged into the sea by large rivers.

One of the essential conditions for the formation of coral-

reefs is abundance of food for the reef-builders, and this

seems to be best supplied by the great equatorial currents.

It is observed that on the eastern coasts of Africa, Central

America, and Australia, bathed by ocean currents, exten-

sive coral-reefs flourish, while on the western coasts, in cor

responding latitudes, where no such powerful currents flow,

only isolated patches of coral exist. 170

Darwin and Dana have shown that reef-building corals

cannot live at depths of more than about fifteen or twenty

368 II. D. Rogers, Brit. Assoc. Rep. 1834, p. 11.
889 See Darwin, "The Structure and Distribution of Coral Islands," 1842;

2d edit. 1874; Dana, "Corals and Coral Islands," 1872; 2d edit. 1890;
eNarrative of Voyage of }LM.S. 'Fly,'" 184''; C. Sempor, Zeitseb. Wissen.
Zool. xiii. 1863, p. 558; Verhandi. Phys. Med. Gesellsch. WUrzburg, Feb.
1868; "Die Philippinen und ihro Bewobner," 1869, p. 100; J. J. Rein, Senc
kenb. Naturf. Ges. Wrzburg, 1869-70, p. 157. Murray, Proc. Roy. Soc.
Edin. x. p. 505, xvii. 1889, p. 79; i\. Agassiz, Mom. Amer. Acad. xi. 1882,
p. 107; Bull. Mus. Compar. Zool. Harvard, 1889, No. 3. C. P. Sluiter, on
the coral-reefs of the Java Sea, Natuurkund. Tijd. Nedirlandsch. lncliö. xlix.
1890; 3. Walthor, on the coral-reefs of the Sinai peninsula, Abhand. Math.
Phys. Kön. Sacha. Gesdll. xiv. 1888; H. B. Guppy, Trans. Roy. Soc. Edin.
xxxii. 1885, "The Solomon Islands," 1887; 3. C. Bourne, Nature, 1888, pp.
414, 546; 3. 0. Wharton, ibid. p. 393; A. Heilprin, "The Bermuda Islands,"
1889, Proc. Acad. Nat. Sd. Philadelphia, 1890, p. 303; Jukes Brown and
Harrison, Barhadoos, Quart. Journ. Geol. Soc. xlvii. 1891, p. 197; Waither,
Peterin. Mitih. Erganz. No. 102, 1891.

310 A. Aga8siz, Amer. Acad. xi. 1882, p. 120.



DYNAMICAL GEOLOGY 815

fathoms; they appear, indeed, not to thrive below a depth

of six or seven fathoms. They cannot survive exposure to

sun and. air, and consequently are unable to grow above the

level of the lowest tides. They are likewise prevented from

growing by the presence of much mud in the water. Vari

ous observations and estimates have been made of the rate

of growth of coral. Individual specimens of Ma3andrina

have been found to increase from half an inch to an inch in

a year, and others of Iladrepora have grown three inches in

the same time."' Specimens of Orbicella, Manicirta, and.

isophyllia, taken from the submarine telegraph-cable be

tween Havana and Key West, showed. a growth of from one

to two and a half inches in about seven years. A. Agassiz

estimates that in the Florida reef the corals could build up

a reef from a depth of seven fathoms to the surface in 1000

or 1200 years."' When coral-reefs begin to grow, either

fronting a coast-line or on a submarine bank, they continue

to advance outward, the living portion being on the outside,

while on the inside the mass consists of dying or dead coral,

which becomes a solid white compact limestone. In the

coral area of the Pacific there are, according to Dana, 290

coral-islands, besides extensive reefs round other islands.

The Indian Ocean contains some groups of large coral

islands; others occur in the Red Sea. Reefs of coral occur

less abundantly in the tropical parts of the Atlantic, among

the West Indian Islands and on the Florida coast, but they

are absent from the Pacific side of Central America-a fact

attributed by Prof. Agassiz not to a cold marine current, as

suggested by Prof. Dana, but to the enormous amount of

871 Dana, "Corals and Coral Islands," 2d edit, 1890, p. 123.
312 Amer. Acad. xi. 1882, P. 129. See also Bull. [us. Comp. Zoo!. Harvard,

Ix. 1890, p. 61.
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mud peured into the sea on this side during the rainy sea-

son. STS The great reef of Australia is 1250 miles long and

from 10 to 90, miles broad.

Coral-rock, though formed by the continuous growth of

the polyps, gradually loses any distinct organic structure,

and acquires an internal crystalline character like an ancient

limestone, owing to the infiltration of water through its

mass, whereby calcium-carbonate is carried down and de

posited in the pores and crevices, as in a growing stalactite.

Great quantities of calcareous sand and mud are produced

by the breakers which beat upon the outer edge of the reefs.

This detritus is partly washed up upon the reefs, where,

being cemented by solution and redeposit, it aids in their

consolidation, sometimes acquiring an ooliti c structure.;`

but much of it is swept away by the ocean currents and dis

tributed over the sea-floor, the water becoming milky with

it after a storm. 17' Around volcanic islands much lava de

tritus may be mixed with the coral-sand and mud. Thus at

Hawaii, where great abrasion by the waves takes place on

the ends of the la.va-stretms which have run out to sea, large

quantities of olivine sand are formed, the grains of this

mineral varying from the size of a bean or pea downward to

the finest particles. This sand becomes mixed with the

coral detritus and is also interstratified with it in layers.""

873 Bull. M,.is. Corop. Zool. xxiii. 1892, p. 70.
314 See Dana's "Corals and Coral Islands, " pp. 152, 194; A. Agassiz, Mem.

Amer. Acad. xi. 1882, p. 128.
" A. Agassli mentions that after a storm, the sea is sometimes discolored

by this silt to a distance of six to ten miles from the outer reef, and lie adds
that ire ha seen between two and three iuehes of fine silt deposited in the iii
terval between two tides after a prolonged storm: Amer. Acad. xi. p. 126. The
total area of sea-floor covered with coral-sand and niud is etinia.Ied liv Messn-.
Murray and Irvine a. 3,219,800 square miles. Proc. Roy. Soc. Ediii. xvii.
1889, p. 82.

376 W. L. Green, Journ. Roy. Geol. Soc. Ireland, iv. 1887, p. 140. Thii
author suggestively points out t.he resemblance of such a. mingling of calcare
ous muterial and magnesian silicate to the mingled limestones, serpentines and



.-'i.
t. . .- --

4-L +._.;" .
'I

:


Fig. 183,-Chart of Keeling At-oil, Indian Ocean (after Darwin).
The white portion represents the reef above sea-level, the inner shaded space the

lagoun, of which the deepest portion is marked by the darker tint.

182. Their external form may be understood from the chart

(Fig. 183), and their structure aid the character of their sur-

uphicalcites of the crystalline schists. SoUas, Proc. Royal Dublin Soc. 1891.
p. i24.
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As already mentioned (p. 491), the formation of coral

islands has been explained by Darwin on the hypothesis of

.-- - -- -:.--.--- - -- -

Fig. 18g.-View of an Atoll or Coral-Island.

a subsidence of the sea-floor. The circular islands, or atolls,

rising in mid-ocean, have the general aspect shown in Fig.
.-'i.

t. . .- --
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remain permanently above water. On these islets, palms
and other plants, whose seeds might be drifted from dis-

tant or adjoining land, would take root and flourish, in

side the reef, there would be a shallow channel of water,

communicating, through gaps in the reef, with the main

ocean outside. Fringing reefs of this character are of com

mon occurrence at the present time. In the case of a con

tinent, they front its coast for a long distance, but they may

entirely surround an island.

If, according to the Darwinian explanation, the site of a

fringing reef undergoes depression at a rate sufficiently slow

$

Fig. 185.-Diagram illustrating Darwin's theory of the formation of Atolls.

to allow the corals to keep pace with it, the reef may be

conceived to grow upward as fast as the bottom sinks down

ward. As the reef grows mainly on its upper seaward edge,
the lagoon channel inside will become deeper and wider,

while, at the same time, the depth of water outside will in

crease until a Barrier Reef (A' B', Fig. 185) is formed. In

Fig. 186, for exam5le, the Gambier Islands (1248 feet high)

are shown to be entirely surrounded by an interrupted bar

rier reef, inside of which lies the lagoon. Prolonged slow

depression would continually diminish the area of the land

thus encircled, while the reef might retain much the same

size and position. At last the final peak of the original

island might disappear under the lagoon (a, Fig. 185), and
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an Atoll, or true coral-island, would be formed (A." A", Fig.

185, and Figs. 182 and 183). Should any more rapid or sud

den downward movement take place, it might carry the atoll

down beneath the surface, like the Great Oliagos bank in the

Indian Ocean, which is a submarine atoll.

This simple and luminous explanation of the history of

-
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Fig. 18C.-Chart of Gambier Islands, PacUle Ocean (after i3eecby).

coral-reefs accorded well with all the known facts, and led

up to the impressive conclusion that a vast area of the

Pacific Ocean, fully OOO geographical miles from east to

west, has undergone a recent subsidence, and may be slowly

sinking still.

Mr. Darwin's views having been universally accepted by

geologist; coral-islands have been regarded with special in-
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terest as furnishing proof of vast oceanic subsidence. In

the year 1868, 0. Semper pointed to some cases of atolls

which, he said, could not be explained by Darwin's theory.

The Pelew Islands, at the western end of the Caroline archi

pelago, show true atolls at their northern extremity, while

at their southern end, only 60 miles away, there are raised

coral-reefs, and an island entirely destitute of reefs. Scm

per considered that the atolls had grown up under the influ

ence of peculiar conditions of marine currents and erosion,

simultaneously with elevation rather than subsidence."' In

1870 J. J. Rein cited the case of Bermuda as one capable of

explanation by upgrowth of calcareous accumulations from

the bottom. without subsidence."' More recently, Mr. Mar.

ray, whose researches in the "Challenger" Expedition led

him to make detailed examination of many coral reefs, has

suggested that barrier-reefs do not necessarily prove subsi

dence, seeing that they may grow outward from the land

upon the top of a talus of their own dbris broken down by

the waves, and may thus appear to consist of solid coral

which had grown upward from the bottom during depres

sion, although only the upper layer, 20 fathoms or there

about in thickness, is composed of solid, unbroken coral

growth. He points out that in the coral-seas the islands

appear to have always started on volcanic ejections, at least

that all the non-calcareous rock now visible is of volcanic

origin. Where the submarine peak lay below the inferior

limit of coral growth, it may have been brought up to the

requisite level by the gradual accumulation of the remains

" See Sernper's papers quoted in footnote on p. 814. In the Appendix to
the second edition of his "Coral Reefs" (p. 23) Mr. Darwin replies to Semper's
criticism, maintaining that his objections present no insuperable difficulty- in the
theory of subsidence.

878 See paper cited in footnote on p. 814.
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of organisms."' Where the original eminence rose above

the sea, the projecting portion (Fig. 187) may be supposed

to have been cut down to the lower limit of breaker action

(a a), so as to offer a platform on which corals might build

reefs (i k) up to the level of high water (b b). Or with less

7,
a




k




b
a-

Fig. 187.-Section of a volcanic cone of loose ashes supposed to have been
thrown up on the sea-floor and to have reached the sea-level (B.).

denudation, or a loftier cone, a nucleus of the original vol.

cano might remain as an island (Fig. 188), from the sides of

which a barrier reef might grow outward, on a talus of its

own dbris (r r), and maintain a steep outer slope. Accord

ing to this view the breadth of a reef ought, in some degree,

to be a measure of its antiquity.

To the obvious objection that this explanation requires

--
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Fig. 188.-Section of denud.d volcanic island with lava nucleus and
surrounding coral-reef (B.).

the existence of so many volcanic peaks just at the proper

depth for coral-growth, and that the number of true atolls

is so great, Mr. Murray replies that in several ways the limit

for the commencement of coral-growth may be reached.

Volcanic islands may be reduced by the waves to mere

319 "A submarine peak," says Prof. A. Agassiz, "is built up by the carcasses
of the invertebrates that live upon it, and for which the pelagic fauna serves in
part as food," Bull. Mus. Comp. Zool. Harvard, xvii. No. 3, 1889, p. 12'l.
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shoals (Fig. 187), like Graham's Island, in the Mediterra

nean. On the other hand, submarine volcanic peaks, if

originally too low, may conceivably be brought up to the

coral-zone by the constant deposit of the detritus of marine

life (foraminifera, racliolaria, pteropods, etc.), which, as

above stated, is found to be very abundant in the upper

waters, whence it descends as a kind of organic rain into

the depths. Mr. Murray holds also that the dead coral,

attacked by the solvent action of the sea-water, is removed

in solution both from the lagoon (which may thus be deep

ened) and from the dead part of the outer face of the reef,

which may in this way acquire greater steepness.

Prof. A. Agassiz has arrived at similar conclusions from

detailed explorations among the coral-reels and submarine

banks of the West Indian seas and the Hawaiian Islands.

He believes that barrier-reefs and atolls have arisen without

the aid of subsidence, upon a platform prepared for them

by the upward growth of submarine calcareous banks, under

the most favorable condition of ocean-currents, temperature,

and food."'

That the widespread oceanic subsidence demanded by

Darwin's theory cannot be demonstrated by coral-reefs must

now, I think, be conceded. The coexistence of fringing

and barrier-reefs, and of atolls, in the same neighborhood,

with proofs of protracted stability of level or even with evi

dence of upheaval, likewise the successive stages whereby

a true atoll may be formed without subsidence, have been

demonstrated so clearly in the West Indian region, that we

Proc. Roy. Soc. Edin. 1880, 'p. 505, ante, pp. 74, 741, 742.
811 Amer. Aced. xi. 1882, p. 107; Bull. Mus. Comp. Zool. Harvard, xvii.

1889, No. 3. See also the papers of Messrs. Guppy, Wharton, Bourne and
Sluitar, cited, ante, p.,814.
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must admit the possibility that the same mode of formation

may extend all over the coral-seas. At the same time, it

must he granted that the necessary conditions for the forma

tion of barrier-reefs and atolls might sometimes be brought

about by subsidence. So long as a suitable bottom is pro

vided for coral-growth it is probably immaterial whether

this is done by the submergence of land or by the ascent

of the sea-floor. That subsidence has in some cases taken

place seems to be proved by the depth of some atoll

lagoons--40 fathoms-unless this depth can be supposed

to be due to solution by sea-water, and not to the progres

sive deepening during a subsidence with which the upward

growth of the reef could keep pace.

Ooze.-The bed of the Atlantic and other oceans is

covered with a calcareous ooze formed of the remains of

Forarninifera, chiefly species of the genus Globigerina. It

has been observed that in these deep-sea deposits, the

larger and relatively thinner pelagic shells re rare or ab

sent at greater depths than 2000 fathoms, while the thicker

shelled varieties abound. This has been referred to the

solvent action of sea-water, whereby the more fragile forms

are attacked and removed in solution (ante, pp. 74, 741).

Among abysmal deposits, foraminiferal ooze ranks next in

abundance to the red and gray clays of the deep sea (p. 767).

It is a pale-gray marl, sometimes red from peroxide of iron,

or brown from peroxide of manganese; and it usually con

tains more or less clay, even with occasional fragments of

pumice. It covers an area of the North Atlantic probably

not less than 1300 miles from east to west, by several hun

dred miles from north to south. The total area of ocean

bottom occupied by glohigerina-ooze is estimated at 47,752,

500 square miles, the mean depth of the surface of the
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deposit below sea-level is computed to be 1996 fatiorns,

and the, mean proportion of carbonate of lime in the ooze

6453 per cent."

The consolidation of a soft calcareous ooze or a mass

of broken shells, corals, and other calcareous organsms,

effected by the percolation of water containing carbonic

acid (ante, pp. 620, 762, 816), is most rapid with copious

evaporation, as, for instance, on coral-reefs where exposure

to the air in the interval between two tides suffices for the

deposit of a thin crust of hard limestone over a surface of

broken coral or coral.sand.883 Recently upraised limestone

and coral-rock have in some places assumed a crystalline

structure by this process, and the more delicate organisms

have disappeared. from them. But the calcareous deposits

may acquire, even under the sea, sufficient cohesion to be

capable of being broken up into blocks. On the submarine

plateau off Florida, the trawl or dredge frequently brings

up large fragments of the limestone now in course of forma

tion on the bottom, consisting of the dead carcasses of the

very species that live upon the surface of the growing

deposit.

2. S iii c e o u s deposits formed from animal exuvie

are illustrated by another of the deep-sea formations

brought to light by the "Challenger" researches. In cer"

tam regions of the western and middle Pacific Ocean, the

bottom was found to be covered with an ooze consisting

88 Murray and Irvine, Proc. Roy. Soc. Edin. xvii. 1889, p 82.
$88 A. Agassiz, Amer. Acad. xi. 1882, p. 128,

A. Agassiz, op, cit. p. 112. An account of. the npraiaed oceanic deposi±s
of Barbadoes is given by Messrs. Jukes Brown and EarriBon, Quart. Journ. Gee[.
goo. xlviii.. 1892; p. 179. Some of these deposift present, a close re8elnblanee
to those ascertained by dredging to be seen in progress of accumulation in deep
parte of. the omen.
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almost entirely of Radiolaria. These minute organisms

occur, indeed, more or less abundantly in almost all deep

oceanic deposits. From the deepest sounding taken by the

"Challenger" 4475 fathoms, or more than 5 miles) a radio

larian ooze was obtained (Fig. 189). The spicules of sponges

likewise furnish materials toward these siliceous accumula

tions. The number of marine plants and animals which

Fig. 189.-Radiolarian Ooze,

Dredged up by the "Cha11ener" Expedition, from a depth of 4475 fathoms, In Lat. 110
24' N., Long. 143° 10' E. Magnified 1(H) diameters. This is from the deepest abyss
whence organisms have yet been obtained.

secrete silica is so great, and the proportion of that constit

uent in sea-water so minute, that some difficulty has been

felt to account satisfactorily for the vast quantities of silica

continually being abstracted from the ocean by organic

agencies. Messrs. Murray and Irvine, however, as already

stated, have shown that an appreciable amount of fine clay

i present even in the water of mid-ocean, and they have
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ascertained by actual experiments with living diatoms that

these plants can obtain their silica from diffused clay in

suspension.

3. P ho s p h a t I c deposits,""' in the great majority of

cases, betoken some of the vertebrate animals, seeing that

phosphate of lime enters largely into the composition of

their bones and occurs in their excrement (p. 248). The

most typical modern accumulations of this nature are the

guano beds of rainless islands off the western coasts of

South America and Southern Africa. In these regions,

immense flocks of sea-fowl have, in the course of centuries,

covered the ground with an accumulation of their drop

pings to a depth of sometimes 30 to 80 feet, or even more.

This deposit, consisting chiefly of organic matter and am

moniacal salts, with about 20 per cent of phosphate of

lime, has acquired a high value as a manure, and is being

rapidly cleared off. It could only have been preserved in

a rainless or almost rainless climate. In the west of Europe,

isolated stacks and rocky islands in the sea are often seen

to be white from the droppings of clouds of sea-birds; but

it is merely a thin crust, which is not allowed to grow

thicker in a climate where rains are frequent and heavy.

From observations made on phosphatic deposits such as

the phosphatie chalk of France, Belgium and England, it

is evident that phosphate of lime derived from the decom

position of animals (fish, etc.) may be held in solution and

gather round any organic body, or fill its cavities and re

place original carbonate of lime. 0-rains and concretions

885
Murray and Irvine on siliceous deposits of modern seas, Proc. Roy. Soc.

Ed.in. xviii. 1891, p. 229, and ante, p. 156.
886 A. useful compendium of information on these deposits is given by R. A.

F. Penrose in Bull. U. S. Geol. Surv. No. 46, 1888, already cited (p. 248).
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of phosphate are thus formed, especially in the interior of

hells and foraminifera. 367

Wherever terrestrial mammalia congregate, and espe

cially where they die and leave their carcasses, phosphatic

deposits may be formed if the conditions are favorable for

the preservation of the remains. Caves haunted by hyenas

serve as receptacles not only for the bones and excrement

of these animals but also for bones of the various animals

which they have dragged there as food. Hence in lime

stone countries "osseous breccias" are often found below

the layer of stalagmite on the floor. Again, along the

swampy margins of lakes and salt-marshes the bodies of

wild animals are often mired in the boggy ground and

perish there, and their bodies gradually sink below the

surface. Hence phosphatic accumulations arise sometimes

on an extensive scale, as has happened in different parts

of the United States."'

In connection with the organic deposits of the sea-floor,

further reference may be made here to the chemical proc

esses in progress there, and to the probable part taken in

these processes by living organisms and decaying animal

matter. The transformation of sulphate of lime into car

bonate, which may now be regarded as the chief source of

the calcareous constituents of marine plants and animals,

takes place on a gigantic scale in the ocean. The precipita

tion of manganic oxide and its segregation in concretions,

often round organic centres (p. 769), presents a close analogy

to the formation of concretionary bog iron-ore through the

operation of the humus acids in stagnant water. The crys-

387 A. F. Renard and T. Cornet, Bull. Acad. Roy. Beig. xxi. 1891, p. 126.

A. Strahan, Quart. Journ. Geol. Soc. xlvii. 1891, p. 356.
388 Penrose, Bull. U. S. Geol. Bury. No. 46, 1888, p. 121.
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tallization of silicates observed during the
IC
Challenger"

expedition is possibly also to be connected with the action

of organic compounds (p. 770). The formation of flint con

cretions has been for many years a vexed question in geol

ogy. The constant association of flints with traces, more

or less marked, of former abundant siliceous organisms

seems to make the inference irresistible that the substance

of the flint has been precipitated through the agency of

these creatures. The silica has first been abstracted from

sea-water by living organisms. It has then been redis

solved and redeposited (probably through the agency of

decomposing organic matter), sometimes in amorphous con

cretions, sometimes replacing the calcareous parts of echini,

mollusks, etc., while the surrounding matrix was, doubt

less, still a soft watery ooze under the sea.'

§ 4. Man as a Geological Agent

No survey of the geological workings of plant and ani

mal life upon the surface of the globe can be complete which

does not take account of the influence of man-an influence

of enormous and increasing consequence in physical geog

raphy; for man has introduced, as it were, an element of an

tagonism to nature. Not content with gathering the fruits

and capturing the animals which she has offered for his sus

tenance, he has, with advancing civilization, engaged in a

389 See Wallich, Q. J. Geol. Soc. xxxvi. p. 68; Sollas, Ann. and Mag. Nat.
Rust. 5th series, vi. p. 437; and ante, pp. 247, 811; Brit. Assoc. 1882, sects.
p. 549; Hull and llardman, Trans. Roy. Dublin Soc. new series, 1878, vol.
i. p. 71. Julien observes that a substance corresponding to humus appears to
enter universally into the constitution of the oceanic oozes, resulting from the
decomposition of organisms and containing a high, percentage of silica (Proc.Amer. Assoc. xxviii. p. 359). Consult also the paper of Messrs. Murray and
Irvine already cited (Proc. Roy. Soc. Edin. xviii. 1891, p. 229) and the suggestive experiments there described as to the solution of silica in sea-water con
taining living and dead organisms.
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contest to subdue the earth and possess it. His warfare, in

deed, has often been a blind one, successful for the moment,

but leading to sure and sad disaster. He has, for instance,

stripped off the woodland from many a region of hill and

mountain, gaining his immediate object in the possession of

their stores of timber, but thereby laying bare he slopes to

parching droughts or fierce rains. Countries once rich in

beauty, and plenteous in all that was needful for his sup

port, are now burned and barren, or washed bare of their

soil. It is only in comparatively recent years that he has

learned the truth of the aphorism-"Homo Naturce minister

et interpres."

But now, when that truth is coming more and more to be

recognized and acted on, man's influence is none the less

marked. His object still is to subdue the earth, and he at

tains it, not by setting nature and her laws at defiance, but

by enlisting her in his service. Within the compass of this

work it is impossible to give more than merely a brief out

line of so vast a subject.30° The action of man is necessarily

confined mainly to the land, though it has also to some ex

tent influenced the marine fauna. It may be witnessed on

climate, on the flow of water, on the character of the terres

trial surface, and on the distribution of life.

1. 0 n 0 ii in at e.-lluman interference affects meteoro

logical conditions-(1) by removing forests and laying bare

890 See Marsh's "Man and Nature," a work which, as its title denotes, spe
cially treats of this subject, and of which a new and enlarged edition was pub
lished in 18'14 under the title of "The Earth as mottied by Human Action."
It contains a copious bibliography. See also Rolleston, Jour. Roy. Geog. Soc.

xlix. p. 320, and works tied by him, particularly De Candolle "Geogrphio
botauique raisonne," 18511; Ungers "Botanisehe Streifzüge," in Sither.
Vienna Acad. 185-5O; J. G-. SL ililaire, "Histoire naturolle generale de

Rgnes Organiques," torn. iii. 1862; Osear Pesehel, "Physisehe Erdkunde";
Link, "Urwelt und Alterthum," 1822; G. A. Koch, Jahrb. Geol. ReicheanaL
xxv. 1875, p. 114.
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to the sun and winds areas which were previously kept cool

and damp under trees, or which, lying on the lee side, were

protected from tempests; as already stated, it is supposed

that the wholesale destruction of the woodlands formerly

existing in countries bordering the Mediterranean has been

in part the cause of the present desiccation of these districts,

while in the Tyrol the great increase and destructiveness of

the debacles has been attributed to the wholesale deforesting

of that region, and the consequent exposure of the soil to

rain and melted snow; (2) by drainage, the effect of this

operation being to remove rapidly the discharged rainfall,

to raise the temperature of the soil, to lessen the evapora

tion, and thereby to diminish the rainfall and somewhat in

crease the general temperature of a country; (3) by the other

processes of agriculture, such as the transformation of moor

and bog into cultivated land, and the clothing of bare hill

sides with green crops or plantations of coniferous and hard

wood trees.

2. 0 n the Flow o f Water.-(1) By increasing or

diminishing the rainfall man directly affects the circulation

of water over the land. (2) By the drainage-operations,
which cause the rain to run off more rapidly than before, he

increases floods in rivers. (3) By wells, bores, mines, or

other subterranean works, he interferes with underground

waters and consequently with the discharge of springs.

4) By embanking rivers he confines them to narrow chan

nels, sometimes increasing their scour, and enabling them to

carry their sediment further seaward, sometimes causing

them to deposit it over the plains and raise their level.

8. On the Surface of the Land.-Man's opera
tions alter the aspect of a country in many ways: (1) by

changing forest into bare mountain, or clothing bare moan-
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tam with forest; (2) by promoting the growth or causing the

removal of peat-mosses; 3) by heedlessly uncovering sand

dunes, and thereby setting in motion a process of destruc.

tion which may convert hundreds of acres of fertile land into

waste sand, or by prudently planting the dunes with sand.

loving herbage or pines, and thus arresting their landward

progress; by so guiding the course o rivers as to make

them aid him in reclaiming waste land and bringing it under

cultivation; 5) by piers and bulwarks, whereby the ravages

of the sea are stayed, or by the thoughtless removal from the

beach of stones which the waves had themselves thrown up,

and which would have served for a time to protect the land;

(6) by forming new deposits either designedly or inciden-

tally. The roads, bridges, canals, railways, tunnels,

vil-lages,and towns with which man has covered the surface of

the land will in many cases form a permanent record of his

presence. Under his hand, the whole surface of civilized

countries is very slowly covered by a stratum, either formed

wholly by him, or due in great measure to his operations,

and containing many relies of his presence. The soil of old

cities has been increased to a depth of many feet by the rub.

bish of his buildings: the level of the streets of modern

Rome stands high above that of the pavement of the Cesars,

and this again above the roadways of the early Republic.

Over cultivated fields potsherds are turned up in abundance

by the plow. The loam has risen within the walls of our

graveyards, as generation after generation has inouldered

there into dust.

4. On the Distribution of Life.-It is under

this head perhaps that the most subtle of human influences

come. Some of man's doings in this dominion are indeed

plain enough, such as the extirpation of wild animals, the
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diminution or destruction of some forms of vegetation, the

introduction of plants and animals useful to himself, and es

pecially the enormous predominance given by him to the

cereals and to the spread of sheep and cattle. But no such

extensive disturbance of the normal conditions of the distri

bution of life can take place without carrying with it many

secondary effects, and setting in motion a wide cycle of

change and of reaction in the animal and vegetable king
doms. For example, the incessant warfare waged by man

against birds and beasts of prey, in districts given up to the

chase, leads sometimes to unforeseen results. The weak

game is allowed to live, which would otherwise be killed off

and give more room for the healthy remainder. Other ani

mals, which feed perhaps on the same materials as the game,
are from the same cause permitted. to live unchecked, and

thereby to act as a further hindrance to the spread of the

protected species. But the indirect results of man's inter

ference with the regime of plants and. animals still require
much prolonged observation.'

This outline may suffice to indicate how important is the

place filled by man as a geological agent, and how in future

ages the traces of his interference may introduce an element

of difficulty or uncertainty into the study of geological

phenomena.

S1 See on the subject of man's influence on organic nature, the paper by
Prof. Rolleston, quoted on p. 830, and the numerous authorities cited by him.
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BOOK IV

GEOTECTONIC (STRUCTURAL) GEOLOGY

OR THE ARCHITECTURE OF THE EARTH'S CRUST

THE

nature of minerals and rocks and the operations of

the different agencies by which they are produced
and modified having been discussed in the two fore

going books, there remains for consideration the manner in

which these materials have been arranged so as to build up

the crust of the earth. Since by far the largest visible por

tion of this crust consists of sedimentary or aqueous rocks,

it will be of advantage to treat of them first, noting both

their original characters, as resulting from the circumstances

under which they were formed, and the modifications subse

quently effected upon them. Many superinduceci structures,

not peculiar to sedimentary, but occurring more or less

markedly in all rocks, may be conveniently described to

gether. The distinctive characters of the igneous or erup

tive rocks, as portions of the architecture of the crust, will

then be described; and lastly, those of the crystalline schists

and other associated rocks to which the name o metamor

phic is usually applied.

PART I. STRATIFICATION AND ITS ACCOMPANIMENTS

The term "stratified," so often applied as a general desig

nation to the aqueous or sedimentary rocks, expresses their

leading structural feature. Their materials, laid down for

the most part on the bed of the sea and the floors of lakes
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and rivers, under conditions which have been already dis.

cussed iiIook III., are disposed in layers or strata, an

ar-rangement,characteristic of them alike in hand-specimens

and in cliffs and mountains (Figs. 190, 191, 252 and 253).

Not that every morsel of aqueous rock exhibits evidence of

stratification. But it is this featare which in a sufficiently

large mass of material is least frequently absent. The gen-

I
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Fig. 100.-Sea-cliff showing a series of Stratified Rocks (B.).

eral characters of stratification will be best understood from

an explanation of the terms by which they are expressed.

Forms of Bedding.-L a m i n ,-e are the thinnest paper

like layers in the planes of deposit of a stratified rock. Such

fine layers only occur where the material is fine-grained., as

in mad or shale, or where fine scales of some mineral have

been plentifully deposited., as in micaceous sandstone. In

some laminated rocks, the lamin cohere so firmly that they

can hardly be split open, and the rock will break more read

ily across them than in their direction. More usually, how

ever, the planes of lamination serve as convenient divisional

surfaces by means of which the rock cai be split open.'

The cause of this structure has been generally assigned to

I M. Daubrée has proposed the terra "diastrome" to express the splitting of
rocks along their bedding planes. Bull. Soc. Geol. Prance (3), x. p. 131.
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intermittent deposit, each lamina being assumed to have

partially consolidated before its successor was laid down

upon it. Mr. Sorby, however, has recently suggested that

in fine argillaceous rocks it may be a kind of cleavage

structure (see p. 534), due to the pressure of the overlying

rocks, with the consequent squeezing out of interstitial water

and. the rearrangement of the argillaceous particles in lines

perpendicular to the pressure.'

Much may be learned as to former geographical and

geological changes by attending to the characters of strata.

In Fig. 191, for example, there is

evidence of a gradual diminution of

jJ movement in the waters in which

the layers of sediment were depos

ited. The conglomerate (a) points

J to currents of some force, the sand

stones (b c ci) mark a progressive, -S--- /




quiescence and the advent of finer
Fig. 191.-Section of Stratified

Rocks. sediment the shales (e) show a de
a, conglomerate; b, thick-bedded

ed.sandstone; d, :;:position of fine mud and accretion
ironstone

f ferrous carbonate into nodules
rifle organisms.




round organic remains; while the

shell-limestone (J) proves that the water no longer car

ried much sediment, but had become clear enough for an

abundant growth of marine organisms. The existence,

therefore, of alternations of fine lamini.e of deposit may be

conceived as pointing to tranquil conditions of slow inter

mittent sedimentation, where silt has been borne at intervals

and has fallen over the same area of undisturbed water.

Regularity of thickness and persistence of lithological char-

2 Quart. Journ. Geol. Soc. xxxvi. p. 6, 1880.
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acters among the larninie may be taken to indicate periodic
currents, of approximately equal force, from the same

quarter. In some cases, successive tides in a sheltered

estuary may have been the agents of deposition. In others,

the sediment was doubtless brought by recurring river

floods. A great thickness of laminated rock, like the

missive shales of Palaeozoic formations, suggests a pro

longed period of quiescence, and probably, in most cases,

slow, tranquil subsidence of the sea-floor. On the other

hand, the alternation of thin bands of laminated rock with

others coarser in texture and non-laminated, indicates con

siderable oscillation of currents from different quarters bear

ing various qualities and amounts of sediment.'

S t r a t a or B e d s are layers of rock varying from an

inch or less up to many feet in thickness. A stratum may
be made up of numerous lainina, if the nature of the sedi

ment and mode of deposit have favored the production of

this structure, as has commonly been the case with the finer

kinds of sediment. In materials of coarser grain, the strata,

as a rule, are not laminated, but form the thinnest parallel
divisions. Strata, like lamin, sometimes cohere firmly,
but are commonly separable with more or less ease from

each other. In the former case, we may suppose that the

lower bed before its consolidation was followed by the de

posit of the upper. The common merging of a stratum

into that which overlies it must no doubt be regarded as

evidence of more or less gradual change in the conditions

of deposit. Where the overlying bed is abruptly separable
from that below it, the interval was probably of some dura-

8 For a series of experiments to illustrate the origin of the sedimentation of
the coal-measures, see H. Fayol, Bull. Soc. "Industrie Minerale, St. Etienne,"
2me ser. xv. 1886. "Etudes sur lo terrain houiler do Commentry," with atlas.
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tion, though occasionally the want of cohesion may arise

from the nature of the sediment, as, for instance, where an

intervening layer of mica-flakes has been laid down. A

stratum may be one of a series of similar beds in the same

mass of rock, as where a thick sandstone includes many

individual strata, varying considerably in their respective

thicknesses; or it may be complete and distinct in itself, as

where a band of limestone or ironstone rims through the

heart of a series of shales. As a general rule, the conclu

sion appears to be legitimate that stratification, when ex

ceedingly well-marked, indicates slow intermittent deposi

tion, and that when weak or absent it points to more rapid

deposition, intervals and changes in the nature of the sedi

ment and in the direction of force of the transporting cur

rents being necessary for the production of a distinctly

stratified structure.

Lines due to original stratification must be carefully

distinguished from other divisional planes which, though

somewhat like them, are of entirely different origin. Five

kinds of fissility may be recognized among rocks-1st,

lamination of original deposit; 2d, cleavage, as in slate; 3d,

shearing, as near faults and thrust-planes (pp. 537, 538);

4th, foliation, as in schists; 5th, flow-structure, when ex

tremely developed in some lavas, wherein, by the develop

ment of steam-holes or spherulitic concretions and the

drawing-out of these into planes during the movement of

the molten mass, a kind of fissility is produced which at

first might be mistaken for the lamination of deposit.

Close-set joints likewise give rise to divisional planes,

which, like cleavage, may now and then deceive an ob

server by their resemblance to stratification.

Originally the planes of stratification, in the great ma-
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jority of cases, were nearly horizontal. As most sedimen

tary rocks are of marine origin, and have accumulated on

the shallower slopes of the sea-floor, they have generally

had from the first a slight inclination seaward; but, save

on rapidly shelving shores, the angle of declivity has been

usually so slight as to be hardly appreciable by the eye.

Slight departures from this predominant horizontality would

be caused where sediment accumulated unequally, or where

the floor on which deposition took place was of an undu

lating or more markedly uneven character.

False-bedding, Current-bedding.-Some strata,

particularly sandstones, are marked by an irregular lami-

nation, wherein the lamina,

though for short distances par. a

allel to each other, are oblique

to the general stratification of
*

the mass, at constantly varying EE------------

angles and in different direc-

tions
192.-Section of False-bedded Strata.

tions (a b c ci in Fig. 192). This

structure, known as false-bedding or current-bedding, points

to frequent changes in the direction of the currents by which

the sediment was carried along and deposited. Sand pushed

over the bottom of a sheet of water by varying currents tends

to accumulate irregularly in banks and ridges, which often

advance with a steep slope in front. The upper and lower

surfaces of the bank or bed of sand (*
* in Fig. 192) may

remain parallel with each other as well as with the underly

ing bottom (a), yet the successive laminae composing it may

lie at an angle of 30" or even more. We may illustrate this

structure by the familiar formation of a railway embank

ment. The top of the embankment, on which the per

manent way is to be laid, is kept level; but the advancing
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end of the earthwork shows a steep slope over which the

workmen are constantly discharging wagon-loads of rub.

bish. flence the embankment, if cut open longitudinally,

would present a "false-bedded" structure, for it would be

Fig.




100,10,

193.-Plan of upper surface of a False-bedded Coal-measure sandstone,
Nolton Haven, Pembrokeshire. (By the late Professor John Phillips.)

found to consist of many irregular layers inclined at a high

angle in the direction in which the formation of the mound

had advanced. Among geological formations of all ages,

occasional sections of the upper surfaces of such false-

'V.

-izE?i 'F----

Fig. 194.-False-bedded Strata, Old Red Sandstone, Ross, Herefordshire.
(By the late Sir Henry James, R.E.)

bedded strata show the singular irregularity of the struc

ture, and bring vividly before the imagination the feeble

shifting currents by which the sediment was drifted about

in the shallow water where it accumulated (Fig. 193). A
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noticeable feature is the markedly lenticular character of

false-bedded strata. Even where the usual diagonal lami

nation is feeble or absent this lenticular structure may re

main distinct (Fig. 194). Examples may also be observed,

in which, while all the beds are well laminated, in some the

d.

'S

Fig. 195.-Ordinary lamination and current-lamination, Upper Old Red
Sandstone, Clowes Bay, Waterford (B.).

a, d, e, beds of sand and silt deposited horizontally and apparently
from mechanical suspension; b, c, beds of sand which have

been pushed along the bottom.

lamin run parallel with the general bedding, and in others

obliquely (Fig. 195). Though current-bedding is most fre

quent among sandstones, or markedly arenaceous strata, it

may be observed occasionally in detrital formations of

organic origin, as in a section (Fig. 196) by De la Beche,

a

Pig. 196.-Section in the Forest Marble, the Butts, Frome, Somerset (B.).
a, a, beds formed of broken shells, fish-teeth, pieces of wood, and oolitic grains;

b, b, layers of clay.

where a portion of one of the calcareous members or he

Jurassic series of England consists of beds composed mostly

of organic fragments with a strongly marked current-bedding

(a a), while others, formed of muddy layers and not ob

liquely laminated (b b), point to intervals when, with the
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cessation of the silt-bearing currents, the water became

still enough to allow the mud suspended in it to settle on

the bottom.'

Intercalated Contortion.-Diagonal lamination

is sometimes contorted as well as steeply inclined, and

highly contorted beds are interposed between others which

are undisturbed and horizontal. Curved and contorted

lamination is of frequent occurrence among Palaozoic

sandstones. In Fig. 196 an example is given from one

of the oldest formations in Britain, and in Fig. 197 another

Fig. 198.-Contorted Post-Tertiary sands and
clays, near Forres.

from one of the youngest. The cause of this structure is

not well understood. Among glacial deposits local exam

ples of contortion occur, which may be accounted for by

the intercalation and subsequent melting of sheets of frozen

mud, or by the stranding of heavy masses of drift-ice upon

still unconsolidated sand and mud. The removal of min

eral matter in solution (as among saliferous and gypseous

deposits) leads to the subsidence and crumpling of overlying

beds. The hydration of anhydrite (pp. 506, 587), by aug-

4 "GeologIcal Observer," p. 536. The memoir by F. Fayol cited on p. 837
is accompanied with an atlas which contains many excellent illustrations of the

exceedingly irregular stratification of the Coal-measures.

Fin. 197 -Contorted false-bed.
Ting, Torridon Sandstone,

Gait-loch.
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menting the volume of the mass, subjects the adjacent

strata to crushing and contortion. It is possible that some

of the extraordinary, labyrinthine and complex contortions

of certain schistose rocks may be due to the subsequent

crumpling of strata already full of diagonal or contorted

lamination.

Irregularities of Bedding clue to Inequali

ties of Deposition or of Erosion.-A sharp ridge

of sand or gravel may be laid down under water by current-

0
C C

' .... . -''..
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Fig. 199.-Plan of channels in coal, Forest of Dean (after Euddle.

action of some strength. Should the motion of the water

diminish, finer sediment may be brought to the place and

be deposited around and above the ridge. In such a case,

the stratification of the later accumulation may end off ab

ruptly against the flanks of the older ridge, which will ap

pear to rise up through the overlying bed. Appearances of

this kind are not uncommon in coal-fields, where they are

known to the miners as "rolls," "swells," or "horses'

backs." A structure exactly the reverse of the preceding,

when, a stratum has been scooped out before the deposition

of the layers which cover it, has also often been observed in
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mining for coal, when it is termed a "want." Channels

have been ct out of a coal-seam, or rather out of the bed.

of vegetation which ultimately became coal, and these wind

ing and branching channels have been filled up with sandy

or muddy sediment. The accompanying plan (Fig. 199) rep

resents a portion of a remarkable series of such channels

traversing the Coleford High Deif coal-seam in the Forest

of Dean. The chief one, locally known as the "Horse"

(a b), has been traced for about two miles, and. varies in

width from 170 to 340 yards. It is joined by smaller tribu

taries (c c), which run for some way approximately parallel

to it. The coal has either been prevented from accumulat

ing in contemporaneous water-channels, or, while still in the

Fig. 200.-Section of a channel in a coal-seam (B.).

condition of soft bog-like vegetation, has been eroded by

streamlets flowing through it." A section drawn across

such a buried channel exhibits the structure represented in

Fig. 200, where a bed of fire-clay (e), full of roots and evi

dently an old soil, supports a bed of coal (ci) and of shale (c),

which, during the deposition of this series of strata, have

been cut out into a channel at f. A deposition of sand (b)

has then filled up the excavation, and a layer of mud (a) has

covered up the whole.

Currents of very unequal force and transporting power

may alternate in such a way that after fine silt has for some

time been accumulated, coarse shingle may next be swept

along, and may be so irregularly bedded with the softer

Buddle, Geol. Trans. vi. 1842, p. 215.



GEOTECTONIC GEOLOGY 84

strata as to simulate the behavior of an intrusive rock (Fig.

2O1). The section (Fig. 202) taken by De la Beche from a

cliff of Coal-measures on the coast of Pembrokeshire, shows

a deposit of shale (a) that during the course of it formation

--




110

Fig, 201.-Irregular bedding of coarse and flue Lower Silurian detritus. Flanks
of G]ydyr N. E. of Snowdon (B.).

was eroded by a channel at b, into which sand was carried;

after which, the deposit of flue mud recommenced., and simi-

lar shale was again laid clown upon the top of the sandy

layer, until, by a more potent current, the shale deposit was

cut away on the left side of the section, and a series of sand-

d
--T---- -

-Ti-

b

Pig. 202.-Contemporaneous Erosion and Deposit (B.).

beds c) was laid down upon its eroded edges. An interrup
tion of this kind, however, may not seriously disturb the

earlier conditions of a deposit, which, as shown in the same

section, may be again resumed, and new layers may be

laid clown conformably over the whole. Among the lessons

0 De la Beche, "Geol. Observer," p. 533.
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to be learned from such sections of local irregularity, one of

the most useful is the reminder that the inclination of strata

may not always be due to subterranean movement. In Fig.

203, for example, the lower strata of shale and sandstone are

nearly horizontal. The upper thick sandstone (b') has been

cut away toward the left, and a series of shales (a') and a

coal-seam (c') have been deposited against and over it. If

the sandstone was then level, the shales must have been laid

/




C?

a,

.4,

4

Fig. 203.-Contemporaneous Erosion with Inclined and horizontal deposits, in Coal
measures, Kello Water, Sanquhar, Dumfriesshire.

a, a', shades and ironstones; b, b', sandstones; c, C', coal-seams.

down at a considerable angle, or, if these were deposited in

horizontal sheets, the- earlier sandstone must have accuniu

lated on a marked slope. As deposition continued, the in

clined plane of sedimentation would gradually become hori

zontal until the strata were once more parallel with the series

a b c below. A structure of this kind, not infrequent in

the Coal-measures, must be looked upon as a larger kind

of false-bedding, where, however, terrestrial movement may

sometimes have intervened.

In the instances here cited, it is evident that the erosion

took place, in a general sense, during the same period with
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the accumulation of the strata. For, after the interruption

was covered up, sedimentation went on as before, and there

is usually an obvious close sequence between the continuous

strata. Though it may be impossible to decide as to the

relative length of the interval that elapsed. between the for

mation of a given stratum and that of the next stratum

which lies upon its eroded surface, or to ascertain how much

depth of rock has been removed in the erosion, yet, when

the structure occurs among conformable strata, evidently

united as one litbologically continuous series of deposits,

we may reasonably infer that the missing portions are of

small moment, and that the erosion was merely due to the

irregular and more violent action of the very currents by

which the sediment of the successive strata was supplied.

The case is very different when the eroded strata, besides

being inclined at a different angle from those above them,

are strongly marked off by litbological distinctions, particu

larly when fragments of them occur in the overlying depos

its. In some of the coal-mines in central Scotland, for in

stance, deep channels have been met with entirely filled with

sand, gravel, or clay belonging to the general superficial

drift of the country. These channels have evidently been

water-courses worn out of the Coal-measure strata at a com

paratively recent geological period, and subsequently buried

under glacial accumulations. There is a complete discord

ance between them and. the Paliozoic strata below, pointing

to the existence of a vast interval of time..

Surface-markings.-The surface of many beds of sand

stone is marked with lines of wavy ridge and. hollow, such

as may be seen on a sandy shore from which the tide has

retired, on the floors of shallow lakes and of river-pools, and

on surfaces of dry wind-blown sand. To these markings
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the general name of Rip p1 e-m ark has been given. They

have been produced by an oscillation of the medium (water

or air) in which the loose sand. has lain. In water, an oscil

latory movement, sometimes also with a more or less marked

current, is generated by wind blowing on its surface. The

sand-grains are carried backward and forward. By degrees,

inequalities of surface are produced, which give rise to vor

tices in the water. In irregular ripple-mark, the direct cur

rent carries the sand up the weather-slope, while the vortex

pushes it up the lee-slope, until the surface of the sand be

comes mottled over with little prominences or dunes. In

regular ripple-mark, the forms are produced by water oscil-

lating relatively to the bottom and the consequent

establish-mentof a series of vortices. 7 The long gentle slope toward

the wind, and the short steep slope away from it, are well

marked (Fig. 204, compare also Fig. 91). Considerable

- -
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Fig. 204.-Plan and section of Rippled
Surface.
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Fig. 205.-Sections of Ripple-marks.

diversity in the form of the ripple, however, may be ob

served (as at a b c in Fig. 205), depending on conditions of

wind, water, and sediment which have not been thoroughly

studied. No satisfactory inference can b drawn from the

existence of ripple-marks as to the precise depth of water in

' Prof. Darwin, Proc. Roy. Soc. xxxvi. 1883, p. 18. See also H. C. Sorby,
Edin. New Phil. Journ. new ser. iii. iv. v. vii.; Geologist, ii. 1859, p. 137; A.
R. Hunt, Proc. Roy. Soc. xxxiv. p. 1; 0. de Oandolle, Arch. Sci. Phys. Nat.
Geneva, ix. 1883; M. Ford, in same volume.
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which the sediment was accumulated. As a rule, it is in

water of only a few feet or yards in depth that this charac

teristic surface is formed. But it may be produced at any

depth to which the agitation caused by wind on the upper
waters may extend (p. 736). Examples of it may be ob

served among arenaceous deposits of all ages from pre-Cam
brian upward. In like manner, we may frequently detect,

among these formations, small isolated or connected linear

ridges (r ii 1-rn a r k s) directed from some common quarter,
like the current-marks frequently to be found behind pro

jecting fragments of shell, stones, or hits of seaweed on a

beach from which the tide has just retired.

On an ordinary beach, each tide usually effaces the rip

ple-marks made by its predecessor, and leaves a new series

to be obliterated by the next tide. In the process of oblit

eration, the tops of the ridges are levelled off (see b in Fig.

205), while sometimes the hollows, where they serve as re

ceptacles for surface drainage, are deepened. Where the

markings are formed in water which is always receiving

fresh accumulations of sediment, a rippled surface may be

gently overspread by the descent of a layer of sediment upon

it, and may thus be preserved. By a renewi. of the oscilla

tion of the water another series of ripples may then be made

in the overlying layers, which in turn may be buried and

preserved under a renewed deposit of sand. In this way, a

considerable thickness of such ripple-marked strata may be

accumulated, as has frequently taken place among geological

formations of all ages.

Sun-cracks, Rain-prints, Vestiges of former

S ho r e s.-One of the most fascinating parts of the work

of a field-geologist consists in tracing the shores of former

seas and lakes, and in endeavoring thereby to reconstruct
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the geography of successive geological periods. There are

not a few pieces of evidence, which, though in themselves

individually of apparently small moment, combine to supply
him with reliable data. Among these he lays special em

phasis upon the proofs that, during their deposition, strata

have at intervals been laid bare to sun and air.

The nature and validity of the arguments founded on this

evidence will be best realized by the student if he can make

observations at the margin of the sea, or of any inland sheet

of water, which from time to time leaves tracts of mud or

fine sand exposed to sun and rain. The way in which the

muddy bottom of a dried-up pool cracks into polygonal

Fig. 206 -Sun-cracked surface of mud or muddy sand.

cakes when exposed to the sun may be illustrated abun

dantly among sedimentary rocks. These desiccation-cracks,

or s u n-c r a c k s (Fig. 206), could not have been produced

so long as the sediment lay under water. Their existence

therefore among any strata proves that the surface of rock

on which they lie was exposed to the air and dried, before

the next layer of water-borne sediment was deposited upon it.

With these markings are occasionally associated prints of

r a i n-d r op s. The familiar effects of a heavy shower upon

a surface of moist sand or mud may be witnessed among
rocks even as old as the Cambrian period. In some cases,

the rain-prints are found to be ridged up on one side, in such

a manner as to indicate that the rain-drops as they fell were
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driven aslant by the wind. The prominent side of the mark

ings, therefore, indicates the side toward which the wind

blew.

Numerous proofs of shallow shore-water, and likewise of

exposure to the air, are supplied by markings left by ani

mals. Castings, tubular burrows and. trails of worms, tracks

of mollusks and crustaceans, fin-marks of fishes, footprints
of reptiles (Fig. 207), birds, and mammals, may all be pre
served and give their evidence regarding the physical condi

tions under which sedimentary formations were accumulated.

It may frequently be noticed that such impressions are as.

j

Fig. W7.-Footprints from the Triassic Sandstone of Connecticut (Hitchcock).

sociated with ripple-marks, rain-prints, or sun-cracks (Fig.

208); so that more than one kind of evidence may be gleaned

from a locality to show that it was sometimes laid bare of

water.

The more striking indications of littoral conditions being

comparatively infrequent, the geologist must usually con

tent himself with tracing the gravelly detritus, which sug

gests, if it does not always prove, proximity to some former

line of shore. Such a section, for instance, as that depicted
in Fig. 209 may often be found, where lower strata (a) hav

ing been tilted, raised into land, and worn away, have

yielded materials for a coarse littoral bowider bed (6), over
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which, as it was carried down into deeper and clearer water,

limestone eventually accumulated. Beds of conglomerate,

especially where, as in this example, they accompany an un-

,
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conformability in the. stratification, are of much service in

tracing the limits of ancient seas and lakes (see Part X.).
G a s-s p a r t s.-The surfaces of some strata, usually of

a dark color and containing organic matter, may be observed

to be raised into little heaps of various indefinite shapes, not

d ,------._------------

.--. ( . -.

Fig. 209.-Section of a beach of early Mesozoic age, near Clifton, Bristol (B.).

a, Carboniferous limestone; b, dolomitic conglomerate-a Dims of bowltLers and angu-
lar fragments of a (some of them almost two tons in weight), passing up into Uner
conglomerate c, with sandstone and marl, and thence Into (lolomitic limestone d.

like the heaps associated with worm-burrows, connected

with pipes descending into the rock, nor composed of differ

ent material from the surrounding sandstone or shale. These

may be conjectured to be due to the intermittent escape o

Fig. '20S.-r- ootprmts and Sun-cracks, Hiidburgliausen, Saxony (Sickler).
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gas from decomposing organic matter in the original sand

or mud, as we may sometimes witness in operation among
the mud-flats of rivers and estuaries, where much organic
matter is decomposing among the sediment. On a small

scale, these protrusions of the upper surface of a deposit

may be compared with the mud-lumps at the mouths of the

Mississippi, already described (p. 674).

Concretions.-Many sedimentary rocks, more particularly

clays, ironstones, and limestones, exhibit a .concretionary

structure. This arrangement may be part of the original

V -
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Fig. 210.-Section of alternations of shale and concretionary limestone (B.).

sedimentation, or may be due to subsequent segregation

from decomposition round a centre. Concretionary struc

tures of contemporaneous origin, particularly in calcareous

materials, may lie so closely adjacent as to form continuous

or nearly continuous beds (Fig. 210). The Magnesian Lime

stone of Durham is built up of variously shaped concre

tionary masses, sometimes like cannon-balls, grape-shot, or

bunches of coral. Connected with concretionary beds are

the seams of gypsum, which may occasionally be observed

to send out veins into other gypsum beds above and below

them. De la Beebe describes a section at Watchet, Somer

setshire, where, amid the Triassic mans (b b in Fig. 211),
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beds of gypsum (a a) connect tb.emsalves by means of fibrous

veins with the overlying and underlying beds.

The most frequent form of concretions is that of isolated

spherical, elliptical, or variously shaped nodules, disposed

in certain layers of a stratum or dispersed irregularly

through it (Fig. 212). They
b most commonly consist of fer

rous calcic carbonates, or of
::,ME

b
beds assume a nodular form,

Fig. i1.-Sections of beds and connecting and this mineral occurs abun
strings of gypsum in the Trims, Watchet,
Somersetshire

dantly in the shape of separate

nodules in shales and clay-rocks. The nodules have fre

quently formed round some organic body, such as a frag

ment of plant, a shell, bone, or coprolite. That the carbonate

was slowly precipitated during the formation of the bed of

shale in which its nodules lie, may often be satisfactorily

proved by the lines of deposit passing continuously through

Fig. 211.1-Concretions of limestone in shale.




Fig. 91S.-Concretions surrounding or-
ganic centres and exhibiting the con-
tinuation of the lines of stratification
of the surrounding shales.

the nodules (Fig. 213). In many cases, the internal first

formed parts of a nodule have contracted more than the

outer and more compact crust; and have cracked into open

polygonal spaces, which are commonly filled with calcite

(Fig. 26. Such 8eptarian nodules, whether composed of clay

ironstone or limestone, are abundant in many shales, as

in the Carboniferous and Liassie series of England.

Alluvial clays sometimes contain fantastically shaped
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concretions due to the consolidation of the clay by a cal

careous or ferruginous cement round a centre. These are

known in Scotland as fairy-stones, in the valley of the Rhine

as Losspuppen, Lössmnchen, and in Finland as imatra

stones (Fig. 214 and. p. 566). They not uncommonly show

the bedding of the clay in which they may have been formed.

Their quaint imitative forms have naturally given rise to

- - I-,

.71

Fig. 214.-Clay concretions of alluvium (nat. size).

a popular belief that they are petrifications of various kinds

of organic bodies and even of articles of human manufac

ture. In Norway they occur in glacial and post-glacial

deposits up to heights of 360 feet above sea-level, and in

close remains of fishes (of which 16 species have been

noticed), as well as other organisms.'

8 Kjerulf, "Geologie des südl. und mitti. Norwegens, "1880, p. 5; R. Collet,

Nyl. Mag. Nat. xxiii. No. 3, p. 11.
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Concretions of silica occur in limestone of many geolog

ical ages (p. 829). The flints of the English Chalk are a

familiar example, but similar siliceous concretions occur

in. Carboniferous and Cambrian limestones. The silica, in

these cases, has not infrequently been deposited round

organic bodies, such as sponges, sea-urchins, and mollusks,

which are completely enveloped, in it, and. have even them

selves been silicified. Iron-disulphide often assumes the

form of concretions, more particularly among clay-rocks,

and these, though presenting many eccentricities of shape

-round, like pistol-shot or cannon-balls, kidney-shaped,'

botryoiclal, etc.-agree in usually possessing an internal

fibrous radiated structure. Phosphate of lime is found as

concretions in formations where the coprolites and bones of

reptiles and other animals have been collected together

(see p. 827).

Concretions produced subsequently to the formation of

the rock occur in some sandstones, which, when exposed

to the weather, decompose into large round balls. In other

instances, a ferruginous cement is gradually aggregated by

percolating water in lines which curve round so as to inclose

portions of the rock. These lines, owing to abstraction of

iron from within the spheroid and partly from without,

harden into dark crusts, inside of which the sandstone be

comes quite bleached and soft.° Some shales exhibit a con

cretionary structure in a still more striking manner, inas

much as the concretions consist of the general mass of the

laminated shale, and. the lines of stratification pass through

them and mark them. out distinctly as superinduced upon

the rock. Examples of this structure are not infrequent

See Penning, Geol. !ag. Dec. 2, hi. May, 1816.
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among the argillaceous strata of the Carboniferous system.

The concretionary olive-green shales and mud-stones of the

Ludlow group, in the Upper Silurian system, exhibit on

weathered surfaces, all the way from South Wales into

central Scotland, a peculiar structure which consists in the

development of concentric spheroids varying from less than

an inch up to several feet in diameter, the successive shells

being separated from each other by a fine dark ferruginous

film (Fig. 215). The lines of stratification are sometimes

well marked by layers of fossils, but the rock splits up

mainly along the curved surfaces separating the concentric

shells. Concretionary struc

tures are found also in rocks 7

formed from chemical

cipitation, as for instance in

beds of rock-salt. The pseudo-
j7vtJ%/

concretions probably due to
'

pressure (s t..y 1 o ii t e s) have Fig. 215.-Concretionary structure in Up-
per Silurian shales, Cwm-ddu, Lla.ngam

been described on (p. 537).
march, Breknockshire (B.).

Alternations and Associations of Strata.-Though great

variations occur in the nature of the strata composing a

mass of sedimentary rocks, it may often be observed that

certain repetitions occur. Sandstones, for example, are

found to be interleaved with shale above, and then to

pass into shale; the latter may in turn become sandy at

the top and be finally covered by sandstone, or may assume

a calcareous character and pass up into limestone. Such

alternations bring before us the conditions under which the

sedimentation took place. A sandstone group indicates water

of comparatively little depth, moved by changing currents,

bringing the sand, now from one side, now from another.

The passage of such a group into one of shale points to
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a diminution in the motion and transporting power of the

water, perhaps to a sinking of the tract, so that only fine

mud was intermittently brought into it. The advent of

limestone above the shale serves to show that the water

cleared, owing to a deflection of the sediment-carrying cur

rents, or to continued and perhaps more rapid subsidence,

and that foraminifera, corals, crinoids, mollusks, or other

lime-secreting organisms, established themselves upon the

spot. Shale overlying the limestone would tell of fresh

inroads of mud, which destroyed the animal life that had

been flourishing on the bottom; while a return of sandstone

i--'---_- -I-
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Fig. 216.-Section of Strata from the base of the Lias down to the top of the Trias,
Shepton Mallet (B.).

a, Gray Lias limestone and mans; b, earthy whitish limestone and mans; c, earthy
white limestone; d, arenaceons limestone; f, gray mans; g, red mans; h, sandstone
with calcareous cement; i, blue marl; k, red marl; 1, blue marl; in, red mans.

beds would mark how, in the course of time, the original

conditions of troubled currents and shifting sandbanks re

turned. Such alternating groups of sandy, calcareous, and

argillaceous strata are well illustrated among the Jurassic

formations of England (Fig. 216).

Certain kinds of strata commonly occur together, because

the conditions under which they were formed were apt to

arise in succession. One of the most familiar examples is

the association of coal and fire-clay. In Britain a seam

of coal is generally found to lie on a bed of fire-clay, or

on some argillaceous stratum. The reason of this union
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becomes at once apparent when we learn that the fire-clay

was the soil on which the plants grew that went to form the

coal. Where the clay was laid down under suitable cir.

cumstances, vegetation sprang up upon it. This appears

to have taken place in wide shallow lagoon-like expan-

sions of the sea, bordering land

clothed with dense vegetation, and

to have been accompanied by slow,

intermittent, but prolonged subsi-

deuce of the sea-bottom Hence,
b

during pauses of the downward

movement, when the water shoaled,

an abundant growth of water-lov-

ing or marshy plants sprang up on

the muddy bottom, somewhat like

the mangrove-swamps of the pres-
f

ent day, and continued to flourish cis

until the muddy soil was ex- :

hausted,'° or until subsidence re.

commenced and the matted jun.

gles, carried under the water, were

buried under fresh inroads of sand -

or mud. Each coal-field thus con.
Fig. 217.-Succession of buried

tains a succession of buried forests coal-,growths and erect tree.
stumps, Sydne

with a constant repetition of the same
Breton (R. Brown).'1

a, sandstones; b, shales; c, coal-
kind of intervening strata (Fig. 217).

seams; d, beds containingroots and stumps in situ.

'° Sterry Hunt has called attention to the fact that the underelays of the
Coal-measures have generally been deprived of their alkalies by the vegetable
growth which they supported. In the little coal-basins of France evidence has
been obtained that much of the coal was formed out of vegetation that had been
swept down and buried by rapid currents. See the Memoir of M. Fayol cited
on p. 837.

11 See R. Brown, Quart. Journ. Geol. Soc. vi. p. 115; and De la Beche,"GeoL,
Observer," p. 505.
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For obvious reasons, conglomerate and sandstone occur

together, rather than conglomerate and shale. The agitation

of the water which could form and deposit coarse detritus,

like that composing conglomerate, was too great to admit of

the accumulation of fine silt. On the other hand, we may

look for shale or clay rather than sandstone, as an accom

paniment of limestone, inasmuch as when the gentle currents

by which fine argillaceous silt was carried in suspension

ceased, they would be succeeded by intervals of quiet clear

ing of the water, during which calcareous material might

be elaborated either chemically or by the action of living

organisms.

Relative persistence of Strata.-A little reflection will con

vince the student that all sedimentary rocks must thin out

and disappear, and that even the most persistent, when re

garded on the great scale, are local and lenticular accumu

lations. Derived from the degradation of land, they have

accumulated near land. They are necessarily thickest in

mass, as well as coarsest in texture, nearest to the source

of supply, and become more attenuated and fine-grained as

they recede from it. We have only to observe what takes

place at the present time on lake-bottoms, estuaries, or sea

margins, to be assured that this is now, and must always

have been, the law of sedimentation.

But while all sedimentary deposits must be regarded as

essentially local, same kinds possess a far greater persistence

than others. As a general rule, it may be said that the

coarser the grain, the more local the extent of a rock. Con

glomerates are thus by much the most variable and incon

stant of all sedimentary formations. They suddenly sink

down from a thickness of several hundred feet to a few yards

or die out altogether, to reappear, perhaps further on, in the
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same wedge-like fashion. Sandstones are less liable to such

extremes of inconstancy, but they too are apt to thin away

and to swell out again. Shales are much more persistent,

the same zone being often traceable for many miles. Lime

stones sometimes occur in thick local masses, as among the

Silurian formations, but they often also display remarkable

continuity. Three thin limestone bands, each of them only

two or three feet in thickness, and separated by a consider

able thickness of intervening sandstones and shales, can he

traced through the coal-fields of central Scotland over an

area of at least 1000 square miles. Coal-seams also possess

great persistence. The same seams, varying slightly in

- / - . C
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Fig. 218.-Section to illustrate the great lithological differences of contemporaneous
deposits occupying the same hurizon.

a, conglomerate; b, sandstone; c, shale; ci d, limestone.

thickness and quality, may often be traced throughout the

whole of an extensive coal-field.

What is thus true of individual strata may be affirmed

also of groups of such strata. A thick mass of sandstone

will be found as a rule to be more continuous than one

of conglomerate, but less so than one of shale. A series of

limestone beds usually stretches further than either arena

ceous or argillaceous sediments. But even to the most ex

tensive stratum or group of strata there must be a limit, it

must end off, and give place to others, either suddenly, as a

bank of shingle is succeeded by the sheet of sand heaped

against its base, or, as is more usual, very gradually, by

insensibly passing into other strata on all sides.
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Great variations in the character of stratified rocks may

frequently be observed in passing from one part of a country

to another along the outcrop of the same rocks. Thus, at

one end, we may meet with a thick series of sandstones

which, traced in a certain direction, may be found passing

into shales (Fig. 218). A group of strata may consist of

massive conglomerates at one locality, and may graduate

into fine fissile flagstones in another. A thick mass of clay

may be found to alternate more and more with Shelly sands

as it is traced outward, until it loses its argillaceous natr're

altogether.

Interesting illustrations of such arrangements occur in
the southwest of England, where what are now groups of
hills, like the Mendip, Malvern, and other eminences for.

merly existed as islands in the Mesozoic sea. De la Beche

b U

Fig. 219.-Section near Bristol to show how conglomerate may pass into clay along
the same horizon.

B, Blaize Castle Hill; s, Mount Skitham (B.).

pointed out that the upturned Carboniferous limestone (a. a
in Fig. 219) has formed the shore against which the coarse

shingle of the dolomitic conglomerate (b b) accumulated;
that the latter, traced away from its shore-line, passes on the

C




Fig. 220.-Section of part of the flank of the Mendip Hills (B.),
showing the Carboniferous Limestone (a a) overlaid by doloniltic conglomerate (b b)

and that by red marts (c).

same plane into red marl (c), and that during a gradual subs
sidence, the clays and limestones of the Lias (d) crept over
the depressed shore-line. He likewise called attention to
the important fact that, in such cases, a continuous zone of

conglomerate may belong to many successive horizons. In

Fig. 220 a section is given from one of the islands in the
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southwest of England, round which the Trias and Lias were

deposited. Denudation has stripped off a portion of the

overlying red mans. If the rest of the section to the left of

the dotted line (d d) were removed, there would remain a

continuous mass of conglomerate, which, in default of other

evidence to the contrary, would be regarded as one bed laid

down upon the sloping surface of limestone, instead of, what

it really is, a series of shore gravels piled upon each other,

and belonging to a consecutive series of deposits.

Mere difference of lithological character, even within a

limited geographical space, does not necessarily mean diver

sity of age. At the present day, coarse shingle may be

formed along the beach, at the same time that the finest mud

is being laid down on the same sea-bottom further from

land. The existing differences of character between the de

posits of the shore and of the opener sea would no doubt

continue to be maintained, with slight geographical displace

ments, even if the whole area were undergoing subsidence,

so that a thick group of littoral deposits might gather in one

tract, and of deeper-water accumulations in another.

Among the formations of former geological periods, the

same conditions of deposition appear sometimes to have con

tinued for enormous periods. The thick Carboniferous Lime

stone of western Europe evidently accumulated during a slow

subsidence, when the same conditions of clear water with

abundant growth of crinoids, corals, etc., continued for a

period vast enough to admit of the gradual growth of thou

sands of feet of calcareous matter. Traced northward into

Scotland, this massive limestone is gradually replaced by
sandstones, shales, ironstones, and coal-seams. These strata

prove that the deeper and clearer water of Belgium, central

England, and Ireland passed northward into muddy flats and

sandy shoals, which at one time were overspread with coal

growths, and at another, owing to more rapid subsidence,

were depressed beneath the clearer sea which brought with
it the corals, crinoids, mollusks, etc., whose remains are

now to be seen in intercalations of crinoidal limestone.
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Influence of the Attenuation of Strata upon apparent Dip,

-Where a thick mass of sedimentary materials rapidly thins

away in a given direction, a deceptive resemblance to the

effects of underground movement may be observed. If, for

example, we suppose that on a perfectly level bottom, a

series of sedimentary beds is accumulated at one place to

a depth of 000 feet, and that this series dies out in a dis

tance of 80 miles, the inclination due to this attenuation will

amount to a slope of about 62 feet in a mile. That this

structure has not been without considerable influence on the

apparent dip of stratified rocks has been well shown by Mr.

W. Topley with reference to the Mesozoic rocks of the

southeast of England."

Overlap.-Sediment laid down in a subsiding region,

wherein the area of deposit is gradually increased, spreads

over a progressively augmenting surface. Under such cir

cumstances, the later portions of a formation, or series of

-N \ -

Fir-3-221.-Section of Overlap in the Lower Jurassic series of the Southwest of
England (B.).

The Old Red Sandstone (c), Lower Limestone Shale (b), and Carboniferous Limestone
(a) having been previously upraised and denuded, the older beaches (d rn), laid
down unconformably upon them, were successively covered by conformable Ju
rassic beds. The Lias (e), with its upper sands (f), is overlapped by the extension
of the Inferior OoliLe (g) completely across their edges, until this formation comes
to rest directly on the Palozoic strata at n. The co"rsponding extension of the
overlying Fuller's Earth (h 1) and Jimestone (i) has been removed by denudation. 13

sedimentary accumulations, will extend beyond the limits

of the older parts, and will repose directly upon the shelv

ing bottom. This relation, called Overlap (Fig. 221), in

which the higher or newer members are said to "overlap"

1 Quart. Journ. Geol. Soc. xxx. 1874, p. 186.
1 Do la Beche, "Geol. Observer," p. 485.
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the older, may often be detected among formations of all

geological ages. It brings before us the shore-lines of an-

cient land-surfaces, and shows how, as these sank under

water, the gravels, sands, and silts gradually advanced and

covered them.

This structure must be carefully distinguished from Un

conformability (postea, Part X.). In Overlap there is no

break in the sequence of formations; the strata that over

lap follow on continuously upon these which are overlapped.

But in uneonformability there is a break in the succession,

the overlying rocks have been laid down on the previously

uptilted and denuded edges of those below them. In Fig.

221, for example, the upper or Mesozoic formations (ci to 1)

form an unbroken series, so do the lower or Paheozoic strata

(a b c), but the latter have been disturbed and worn down

before the deposition of the strata above them. The two

series are said therefore to be unconformable.

Relative Lapse of Time represenied by Strata and by the

Intervals between them.-Of the absolute length of time rep

resented by any strata or groups of strata, no satisfactory

estimates have yet been possible. Certain general conclu

sions may indeed be drawn, and comparisons may be made

between different series of rocks. Sandstones full of false

bedding were probably accumulated more rapidly than

finely-laminated shales or clays. It is not uncommon in

certain Carboniferous sandstones to find huge sigillarioid

and coniferous trunks imbedded in upright or inclined posi

tions. Where, as in Fig. 222, the trees actually grew on

the spot where their stems remain, it is evident that the rate

of deposit of the sediment which entombed them must have

been sufficiently rapid to have allowed a mass of twenty or

thirty feet to accumulate before the decay of the wood.
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Of the ,durability of these ancient trees we of course know

nothing; though modern instances are on record where,

under certain circumstances, submerged trees may last for

some centuries. We may conjecture that where upright or

inclined stems are enveloped in one continuous stratum, the

rate of accumulation was probably, on the whole, somewhat

rapid. The general character of the strata among which

--




-
--..----..---.'----. j. -

I-.---

Fig. 2.-Erect trunks of Sigillaria in sandstone, Cwm Liech, head o Swansea Valley,
Glamorganshire. (Drawn by the late Sir W. E. Logan.)

These stems (the largest five and a half feet in circumference) formed part of a series
in the same rock, their roots being imbedded in a seam of shale (an old soil) full of
fern leaves, etc. The specimens were removed to the Museum of the Royal Insti
tution of South Wales at Swansea.'4

such erect tree-trunks occur, obviously indicates extremely

shallow water conditions with continuous or intermittent

subsidence. Unless soon submerged, dead trees would be

subject to speedy subaerial decomposition. It occasionally

happens that an erect trunk has kept its position even dur

ing the accumulation of a series of strata around it (Fig.

14 Do la Beche, "Geol. Observer," p. 601.
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223). We can hardly believe that in such cases any con-

siderable number of years could have elapsed between the

death of the tree and its final entombment. From the de

cayed condition of the interior of some imbedded trees, we

may likewise infer that accumulation of sediment is not

always an extremely slow process. Instances occur where,

as Fig. 224, while sand and mud

have been accumulating round

the submerged stem, its interior

has been rotting, so that even

tually a mere hollow cylinder

has been left, into which sedi

ment and different plants (some

times with the bodies of land

animals) were introduced from

above." Large coniferous trunks

(as in the neighborhood of Edin- a

burgh) have been imbedded in
Fig. 228.-Erect tree-trunk rising

sandstone, and have had their through a succession of strata.
Killingworth Colliery, Newcastle.

internal microscopic structure a High Main Coal-Seam; b, bitumi-
nous shale; c, blue shale; d, com
pact sandstone; e, shales and

well preserved. In such exam- saudstoues; f, white sandstones;

pies, the drifted trees seem to
g, micaceous sandstone; h, shale.

have sunk with their heavier or root-end touching the

bottom, and their upper end pointing upward in the di

rection of the current, like the snags of the Mississippi, and

to have been completely buried in sediment before decay.

Continuous layers of the same kind of deposit suggest

a persistence of geological conditions; numerous alterna

tions of different kinds of sedimentary matter point to

' The hollow tree-trunks of the Nova Scotian coal fields have yielded a most

interesting series of terre3trial organisms-land-suails and reptiles. For illustra-
tions of trees in Coal-measure strata and the deposition of sediment round them
see the Atlas to M. Fayol's Memoir cited on p. 837.
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vicissitudes or alternations of conditions. As a rule, we

should infer that the time represented by a given thick

ness of similar strata was less than that shown by the same

thickness of dissimilar strata, because the changes needed to

bring new varieties of sediment into the area of deposit
would usually require the lapse of some time for their com

pletion. But this conclusion might often be erroneous. It

would be best supported when, from the very nature of the

rocks, wide variations in the character of
-

the water-bottom could be established.

Thus a group of shales followed by a

: : fossiliferous limestone, would mark a

period of slow deposit and quiescence,

almost always of longer duration than

would he indicated by an equal depth of
Fig. 24.-Erect tree- .
truiik(aa)imbedded sandy strata, pointing to more active seth-
in sandstones (C c)
and shales (d d.), its mentation Thick hrnestones made up ofinterior filled with
differejit sandy and




remains of organisms which lived and
and the whole cov-
ered by a sandstone died upon the spot, and whose remains
bed (b) (B.).




are crowded together generation above

generation, must have demanded prolonged periods for

their formation.

But in all speculations of this kind, we mast bear in

mind that the relative length of time represented by a

given depth of strata is not to be estimated merely from

thickness or lithological characters. It has already been

pointed out that the interval between the deposit of two

successive laminae of shale may have been as long as., or

even longer than, that required for the formation of one

of the laminae. In like manner, the interval needed for the

transition from. one stratum or kind of strata to another

may often have been more than equal to the time required
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for the formation of the strata of either kind. But the

relative chronological importance of the bars or lines in

the geological record can seldom be satisfactorily discussed

merely on lithological grounds. This must mainly be de.

cided on the evidence of organic remains, as will be shown

in Book V. By this kind of evidence, it can be made

nearly certain that the intervals represented by strata were

in many cases much shorter than those not so represented

-in other words, that the time during which no deposit of

sediment went on at any particular locality was longer than

that wherein deposit did take place.

Ternary Succession of Strata.-In following the order

of sedimentation among the stratified rocks of the earth's

crust, the observer will be led to remark a more or less

distinct threefold arrangement or succession in which the

sandy, muddy, and calcareous sediments have followed each

other. Prof. John Phillips and Mr. Hull have called at

tention to this structure, illustrating it by reference to

the geological formations of Great Britain, while Prof.

Newberry, Dr. Sterry Hunt, and Principal Dawson have

discussed it in relation to the stratigraphical series of

North America. According to Mr. Hull a natural cycle

of sedimentation consists of three phases; 1st, a lower

stage of sandstones, shales, and other sedimentary deposits,

representing prevalence of land with downward movement;

2d, a middle stage, chiefly of limestone, representing preva

lence of sea with general quiescence and elaboration of

calcareous organic formations; 3d, an upper stage, once

more of mechanical sediments indicative of proximity to

land. Where the strata are interrupted by disturbance

16 Phillips, Mem. Geol. Surv. ii.; "Geol.. Yorkshire," ii; "Geol. Oxford,"
p. 293; Hull, Quart. Jour. Sci. July, 1869; Newberry, Proc. Amer. Assoc.
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and unconformability, we may suppose the cycle of sedi-

mentation to have been completed by upheaval after pro

longed subsidence. But where the continuity of the forma

tions is unbroken, as it is over such vast tracts in North

America, upheaval is not required, and the facts seem ex

plicable, as Phillips long ago showed, on the idea of pro

longed but intermittent subsidence. Let us suppose a down

ward movement to commence, and to depress successive

sheets of gravel, shingle, sand, and other shallow water

accumulations, derived from the erosion of neighboring

land. If the depression be comparatively rapid, the bottom

may soon be carried beyond the reach of at least the coarser

kinds of sediment, and marine lime-secreting organisms may

afterward begin to form a calcareous floor beneath the sea.

Let us imagine, further, that the subsidence ceases for a

time, and that by the accumulation of organic remains, and

partly also by the deposit of fine muddy sediment, the

water is shallowed. With this gradual change of depth,

the coarser detritus begins once more to be able to stretch

seaward, and to overspread the limestones, which, under the

altered circumstances, cease to be formed. A gradual silt

ing up of the area takes place, marked by beds of sand and

mud, until a renewal of the subsidence, either suddenly or

slowly, restores the previous depth and clearness of water,

and allows either the old marine organisms, which had been

driven off, or their modified. descendants to reoccupy the

area and build new limestone.

Groups of Strata.-Passing from individual strata to

1873, p. 185; Proc. Lyceum Nat. 1fit. New York, 2d ser. No. 4, p. 122;
Hunt, in Logan's "Geology of Oanala," 18, p. 627; Amer. Jour Sd.
(2d series), xxxv. p. 16'?; Dawson, Q. J. Geol. Soc. xxU. p. 102; "Acadian
Geology," p. 135. Compare on this snbjct . vim don Broock, Bull. Mus.
Roy. Bruxelles, 1 1883, p. 341; A. Rutot, op. cit. p. 41.
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large masses of stratified rock, the geologist finds it need

ful for convenience of reference to subdivide these into

groups. He avails himself of two bases of classification

(1) lithological character, and (2) organic remains.

1. The subdivision of stratified rocks into groups accord

ing to their mineral aspect is an obvious and easily applied

classification. Moreover, it often serves to connect together

rocks formed continuously in certain circumstances which

differed from those under which the strata above and below

were laid down-so that it expresses natural and original

subdivisions of strata. In the middle of the English Car

boniferous system of rocks, for example, a zone of sandy

and pebbly beds occurs, known as the Millstone Grit. No

abrupt and sharp line can be drawn between these strata

and those above and below them. They shade upward and

downward, into the beds between which they lie. Yet they

form a conspicuous belt, traceable for many miles by the

scenery to which it gives rise. Again, the red rocks of

central England, with their red sandstones, mans, rock-salt,

and gypsum, form a well-marked group, or rather series

of groups. It is obvious, however, that characters of this

kind, though. sometimes wonderfully persistent over wide

tracts of country, must be at best but local. The physical

conditions of deposit must always have been limited in

extent. A group of strata, showing great thickness in one

region, will be found to die away as it is traced into an

other. Or its place is gradually taken by another group

which, even if geologically contemporaneous, possesses

totally different lithological characters. Just as at the

present time a group of sandy deposits gradually gives

place along the sea-floor to others of mud, and these to

others of shells or of gravel, so in former geological periods,
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contemporaneous deposits were not always lithologically

similar. Hence mere resemblance in mineral aspect can

not usually be regarded as satisfactory evidence of contem

poraneity, except within comparatively contracted areas.

The Carboniferous Limestone has already (p. 863) been

cited as a notable example. Typically in Belgium, cen

tral England, and Ireland, it is a thick calcareous group of

rocks, full of corals, crinoids, and other organisms, which

bear witness to the formation of these rocks in the open sea.

But traced into the north of England and Scotland it passes

into sandstones and shales, with numerous coal-seams, and

only a few thin beds of limestone. The soft clay beneath

the city of London is represented in the Alps by hard schists

and contorted limestones. We conclude, therefore, that

lithological agreement, when pushed too far, is apt to mis

lead us, partly because contemporaneous strata often vary

greatly in lithological character, and partly because the

same lithological characters may appear again and again in

different ages. By trusting too implicitly to this kind. of

evidence, we may be led to class together rocks belonging

to very different geological periods, and, on the other hand,

to separate groups which really, in spite of their seeming

distinction, were formed contemporaneously.

2. It is by the remains of plants and animals imbedded

among the stratified rocks that the most satisfactory sub

divisions of the geological record can be made, as will be

more fully stated in Books V. and VI. A chronological

succession of organic forms can be made out among the

rocks of the earth's crust. A certain common facies or

type of fossils is found to characterize particular groups of

rocks, and to hold true even though the lithological. consti

tution of the strata should greatly vary. Moreover, though



GEOTECTONIC GEOLOGY 873

comparatively few species are universally diffused, they pos

sess remarkable persistence over wide areas, and even when

they are replaced by others, the same general lathes of fos

sils remains. Hence the stratified formations of two coun

tries geographically distant, and having little or no litho.

logical resemblance to each other, may be compared and

paralleled simply by means of their inclosed organic

remains.

Order of Superposition-the Foundation of Geological

Chronology.-As sedimentary strata were laid down upon

one another in a more or less nearly horizontal position, the

underlying beds must be older than those which cover them.

This simple and obvious truth is termed the Law of Super

position. It furnishes the means of determining the chro

nology of rocks; and though other methods of ascertaining

this point are employed, they must all be based originally

upon the observed order of superposition. The only case

where the apparent superposition may be deceptive is when

the strata have been inverted, as in the Alps (pp. 900, 901),

where the rocks composing huge mountain masses have

been so completely overturned that the highest beds appear

as if regularly covered by others which ought properly to

underlie them. But these are exceptional occurrences,

wherein the true order can usually be made out from other

sources of evidence.




PART 11. JOINTS

All rocks are traversed more or less distinctly by ver-

tical or highly inclined divisional planes termed Joints.'

1 M. Daubre has proposed a classification of the various divisional planes
of rocks due to rupture of original eontiuuity, which he groups together as

Lithoclases. 1. Under the term Leptoclase he classes minor fractures, which

may be either (a) Synclases, produced by some internal mechanical or molecular
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Soft rocks, indeed, such as loose sand and uncompacted clay,
do not show these lines; but where a sedimentary mass has

acquired some degree of consolidation, it usually shows

them more or less distinctly. It is by means of the inter

section of joints that rocks can be removed in blocks; the

art of quarrying consists in taking advantage of these natu

ral planes of division. Joints differ in character according
to the nature of the material which they traverse; those in

sedimentary rocks are usually distinct from those in crystal
line masses.

1. In Stratified Rocks.-To the presence of joints some

of the most familiar features of rock-scenery are due (Fig.

- s.-3x3x-

Fig. 225.-Cliffs cut into re-entering angles by lines o Joint; (B.).
(The faces in shadow are one set of joints, those in light another set.)

225). Joints vary in the angles at which they cut the planes

of bedding, in the sharpness of their definition, in the regu

larity of their perpendicular and horizontal course, in their

lateral persistence, in number, and in the directions of their

action, and generally by contraction, as in cooling and drying; or (b) Pi6so
clases, produced by some external mecliaii ical movement, particularly by pres
sure, as in the structures called cone-hi-cone, tylolites and ruiniform marble.
2. Diaclases correspond to what in English are called joints. 3. Psraclases
are faults. Bull. Soc. Geol. France (3, x. p. 136. On jointing, faulting and
cleavage in rocks see 0. Fisher. (kol. Mag. 1884. 204. A. Harker, Geol. Mag.
1885, Brit. Assoc. 188, p. 81:1. G. K. (iliheit, Amer. JOLII!I. Sci. xxiii. 1882,
p. 25, xxiv. 1882, p. 50, xxvii. 1884., p. 47; W. 0. Crosby, Proc. Boston Soc.
Nat. Hist. xxii. 1882, p. 72, xxiii. p. 243.
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intersection. As a rule, they are most sharply defined in

proportion to the fineness of grain of the rock. In lime

stones and close-grained shales, for example, they oftea

occur so clean-cut as to be invisible until revealed by frac

ture or by the slow disintegrating effects of the weather.

The rock splits up along these concealed lines of division,

whether the agent of demolition be the hammer or frost.

In coarse-textured. rocks, on the other hand, joints are apt

to show themselves as more irregular sinuous rents.

As a rule, they run perpendicular, or approximately so,

to the planes of bedding, and descend vertically at not very

unequal distances, so that the portions of rock between

them, when seen in profile, appear marked. off into so

many wall-like masses. But this symmetry often gives

place to a more or less tortuous course with lateral joints

in various random directions, more especially where the

different strata vary considerably in lithological characters.

A single joint may be traced for many yards, sometimes, it

is said, for several miles, more particularly when the rock

is fine-grained, as in limestone. But where the texture is

coarse and unequal, the joints, though abundant, run into

each other in such a way that no one in particular can be

identified for more than a limited distance. The number of

joints in a mass of stratified rock varies within wide limits.

Among strata which have undergone little disturbance the

joints may be separated from each other by intervals of sev

eral yards. But in other cases, where terrestrial movement

has been considerable, the rocks are so jointed as to have

acquired therefrom a fissile character that has nearly or

wholly obliterated their tendency to split along the lines

of bedding.

An important feature in the joints of stratified rooks is
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the direction in which they intersect each other. In general

they have two dominant trends, one coincident, on the

whole, with the direction in which the strata are inclined

from the horizon, and the other running transversely at a

right angle or nearly so. The former set is known as

dip-joints,because they run with the dip or inclination of the

rooks; the latter is termed strike-joints, inasmuch as they

conform to the strike or general outcrop. It is owing to the

existence of this double series of joints that ordinary quarry.
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Fig. 226.-Jointing in quarry of Caithness Flags, near Hothurn flead.

ing operations can be carried on. Large quadrangular blocks

can be wedged off, which would be shattered if exposed to

the risk of blasting. A quarry is usually worked to the dip

of a rock; hence the strike-joints form clean-cut faces in

front of the workmen as they advance. These are known as

"backs," and the dip-joints, which traverse them, as "cut

ters." The way in which this double set of joints occurs in

a quarry may be seen in Fig. 226, where the close parallel

lines traversing the shaded and unshaded faces mark the
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planes of stratification, which here are inclined from the

spectator. The steep faces in light are defined by the strike

joints or "backs." The faces in shadow have been quarried

out along dip-joints or "cutters." It will be observed that

the long face in sunlight is cut by parallel lines of dip-joints

not yet opened in quarrying, while, in like manner, the

shaded face to the right is that of a dip-joint which is

traversed by parallel lines of strike-joint.

Ordinary household coal presents a remarkably well

developed system of joints. A block of such coal may be

observed to be traversed by fine lamine, the surfaces of

many of which are soft and soil the fingers. These are the

planes of stratification. Perpendicular to them run divi

sional planes, which cut each other at right angles or

nearly so, and thus divide the mineral into cubical frag

ments. One of these sets of joints makes clean sharply

defined surfaces, and is known as the face, slyne, cleat,

or bord; the other has rougher, less regular surfaces, and

is known as the end. The face remains persistent over

wide areas; it serves to define the direction of the roadways

in coal-mines, which must run with it.

According to observations made by Jukes, both strike

joints and dip-joints occur in beds of recently-formed coral.

rock in the Australian and other reefs.' In like manner,

a remarkably definite system of jointing has been noticed

by Mr. Gilbert in the recent clays and muds of the dried

up bed. of the Sevier lake in Utah. Such modern sediments

have certainly never been subject to the pressure of any

superincumbent rock, nor to the torsion or other iisturbance

incident to subterranean movement. That great force has

' "Manual of Geology," 3d edition, p. 184.
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sometimes been concerned in the production of the structure

is instructively shown in some conglomerates, where the

joints traverse the inclosed pebbles, as well as the surround

ing matrix, in such a way that large blocks of hard quartz

are cut through by them as sharply as if they had been

sliced in a lapidary's machine, and the same joints can be

traced continuously through many yards of the rock (Fig.

227). Indication of relative movement of the sides of

a joint i often supplied by their rubbed and striated sur-

ONE FOOT
-

4.
8.

Fig. 227.-Plan of coarse conglomerate of blocks of Cambrian rocks in Carboniferous
Limestone, traversed by a line of joint cutting the individual bowlders in

the line a b. Coast near Skerries, Dublin County (B.).

faces, termed slicicensides, which have evidently been ground

against each other. They are often coated with hernatite,

calcite, chlorite, or other mineral, which has taken a cast

of the strive and then seems itself to be striated.

The cause of jointing has not been satisfactorily ex

plained. Various theories have been proposed to account

for the structure; but as no one will explain every case, it

is probable that what we call joints may have originated

in several different ways, or, in other words, that the re

sults of several distinct natural processes are all indiscrimi'

* Do Ia Beche, "Geol. Observer," p. 628.
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nately comprised under the term joint. The following

theories may be enumerated.

(1) Contraction.-The contraction of rocks gives

rise to fissures of retreat in their mass, whether it results

from the drying and consolidation of aqueous sediments,

or from the cooling of masses that have been molten or

have been highly heated. The prismatic or columnar sys

tem of joints observable in the gypsum of the Paris Basin,

of which the beds are divided from top to bottom into

vertical hexagonal prisms, may be an instance of this

cause. 4 A columnar structure has often been superinduced

upon stratified rocks (sandstone, shale, coal) by contact

with intrusive igneous masses (Book IV. Part VIII).

(2) Crystalline or Magnetic Forces.-Jointing

has been regarded as referable to forces analogous to those

that have produced the cleavage of minerals, the difference

between the two arising perhaps from the forces in the case

of jointing being subordinated to terrestrial magnetism,

while those concerned in mineral cleavage are obedient to

crystalline polarity.' But this theory has met with little

support.

(3) Compression.-Jointing has been associated by

some authors with cleavage as a result of the lateral com

pression of rocks (p. 532).

(4) Torsion.-From experiments on the behavior of

various substances under the strain of torsion, M. Daubre

concludes that a system of joints may be explained as the

results of the torsion of strata arising during the movements

to which the crust of the earth has been subjected.

' Jukes's "Manual," 3d edition, p. 180.
6 Prof. W. King, Trans. Roy. Irish Acad. xxv. 18?5, p. 641.
6 "Etudes de Geologie Experimentale," p. 300, and ante, p. 541.
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(5) E a r t h q u a k e s.----The existence of joints has been

referred to the results of the earth-waves generated during

earthquakes, the rocks through which the waves pass being

exposed to such powerful alternate compression and tension

as to rupture them."

Joints form natural lines for the passage downward and

upward of subterranean water. They likewise furnish an.

effective lodgment for the action of frost, which wedges

off blocks, of rock in the manner already described (p. 698).

As they serve, in conjunction with bedding, to divide strati

fied rocks into large quadrangular blocks, their influence

in the weathering of these rocks is seen in the symmetrical

and architectural as well as splintered, dislocated aspects so

familiar in the scenery of sandstone and limestone districts.

2. In Massive (Igneous) Rocks.-While in stratfled rocks

the divisional planes consist of lines of bedding and of joint,

-

Fig. 8.-Porphyry, near Clynog Vawr, Oaernarvonshire, divided into slabs
by a system of close parallel joints (B.).

cutting each other usually at a high, if not a right angle;

in massive (igneous) rocks, they include joints only; and

as these do not, as a rule, present the same parallelism

as lines of bedding, unstratified rocks, even though as full

of joints, have not the regularity of arrangement of stratified.

formations. Some massive rocks indeed may have one sys

tem of divisional planes so largely developed as to acquire

'W. 0. Crosby, Proc. Boston Soc. Nat. Hist. xiii. 1882, p. 72.
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a bedded or fissile character. This structure, characteris

tically shown by phonolites, may also be detected among

ancient porphyries (Fig. 228). Most massive rocks are

traversed by two intersecting sets of chief or "master"

joints, whereby the rock is divided into long quadrangular,

rhomboidal, or even polygonal columns. A third set may

usually be noticed cutting across the columns and

articu-latingthem into segments, though generally less continuous

and dominant than the others (Fig. 229). When these last-

Fig. 229-Jointed structure of Granite.

named cross-joints are absent or feebly developed, columns

many feet in length can be quarried out entire. Such

monoliths have been from early times employed in the

construction of obelisks and pillars.

In large masses of granite, an outward inclination of the

natural divisional planes of the rock may sometimes be ob

served, as if the granite were really a rudely bedded mass,

having a dip toward and under the strata which rest upon

its flanks. It is not a foliated arrangement of the constit

uent minerals analogous to the foliation of gneiss, for it can

be traced in perfectly amorphous and thoroughly crystalline

granite, but is undoubtedly a form of jointing by reason of

which the rock weathers into large blocks piled one upon
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another like a kind of rude cyclopean masonry. In the

quarrying of granite, the workmen recognize that the rock

splits into blocks much more easily in one direction, though

externally there is no trace of any structure which could

give rise to this tendency.

Rocks of finer grain than granite, such as many diorites

and dolerites, acquire a prismatic structure from the num

ber and intersection of perpendicular joints. The prisms,

however, are unequal in dimensions, as well as in the

number and proportions of their sides, a frequent diameter

being 2 or 3 feet, though they may sometimes be observed

three times thicker, and extending up the face of a cliff for

300 or 400 feet. It is by means of joints that precipitous

faces of crystalline, no less than of sedimentary rock are

produced and maintained, for they serve as openings into

which frost drives every year its wedges of ice. They like

wise give rise to the formation of the fantastic pinnacles

and fretted buttresses characteristic of massive rocks.

As lava, erupted to the surface, cools and passes into

the solid condition, a contraction of its mass takes place.

This diminution of bulk is accompanied by the develop

ment of divisional planes or joints, more especially diverg

ing from the upper and under surfaces, and intersecting

at irregular distances, so as to divide the rock into rude

prisms. Occasionally another series of joints, at a right

angle to these, traverses the mass, parallel with its upper

and under surfaces, and thus the rock acquires a kind of

fissile or bedded appearance. The most characteristic struc

ture, however, among volcanic rocks is the prismatic, or, as

S In the granite of the axes of the Rocky Mountains and parallel ranges to
the westward, a kind of bedded structure has been described as passing under
the crystalline schists.
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it is incorrectly termed, "basaltic." Where this arrange-

ment occurs, as it so commonly does in basalt, the mass

is divided into tolerably regular pentagonal, hexagonal,

or irregularly polygonal prisms or columns, set close to

gether at a right angle to the main cooling surfaces (Fig.

230). These prisms vary from 1 inch or even less to 18 or

more inches in diameter, and range up to 100 or even 150

feet in height. Many excellent and well-known examples
of columnar structure are exhibited on the coast-cliffs

of the Tertiary volcanic region of Antrim and the west of

Scotland, as in the Giant's Causeway and Fingal's Cave.

In many cases, no sharp line can be drawn between a co

lumnar basalt and the beds above and below, which show

no similar structure, but into which the prismatic mass

seems to pass.

Considerable discussion has arisen as to the mode in

which this columnar structure has been produced. That

it is a species of jointing, due to contraction, was long ago

pointed out by Scrope, and is now generally conceded,

though the conditions under which it is produced are not

quite clear.' Prof. James Thomson showed how the colum

nar structure might be explained as a phenomenon of con

traction, and subsequently Mr. Mallet concluded that "all

the salient phenomena of the prismatic and jointed structure

of baialt can be accounted for upon the admitted laws of

cooling, and contraction thereby, of melted rocks possessing
the known properties of basalt, the essential conditions being
a very general homogeneity in the mass cooling, and that

G. P. Scrope, "Geology and Extinct Volcanoes of Central France," p. 92.
J. Thomson, Brit. Assoc. 1863, sects. p. 95. R. Mallet, Proc. Roy. Soc. 1875;
Phil. Mag. ser. 4, vol. i. pp. 122, 20].. T. G-. Bonney, Q. J. Geol. Soc. 1876,
p. 140. J. Walther, Jahrb. Geol. Reiehsanst. 1886, p. 295. J. P. Iddings,
Amer. Journ. Sd. xxxi. 1886, p. 321.
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the cooling shall take place slowly, principally from one or

more of its surfaces." in the more perfectly columnar ba

salts, the columns are sometimes articulated, each prism

being separable into vertebr, with a cup-and-ball socket at

each articulation (Figs. 231 and 232). This peculiarity was

traced by Mr. Mallet to the contraction of each prism in its

length and in its diameter, and to the consequent production

of transverse joints, which, as the resultant of the two con

tracting strains, are oblique to the sides of the prism, but, as

the obliquity lessens toward the centre, assume necessarily

when perfect, a cup-shape, the convex surface pointing in

the same direction as that in which the prism has grown.

.

ml~

Fig. 230.-Ordinary columnar Fig. 231.-BaU-and-socket Fi°. 232.-Modiflcation of
structure of lava, jointing of columns. bail-and-socket structure.

This explanation, however, will hardly account for cases,

which are not uncommon, where the convexity, points the

other way, or where it is sometimes in one direction and

sometimes in the other." The remarkable spheroids (Fig.

94) which appear in many weathered igneous rocks besides

basalts may be due, where they are not the result of weather

ing, to continued contraction within the hexagonal or polyg

onal spaces defined by the columnar joints and cross-joints

of a cooling mass. The contraction of these blocks would

10 Mr. Serope pointed this out (0-eel. Mug. September, 1875), though Mr.
Mallet (ibid., November, 1875) replied that in such c:es the articulations must
be formed just about the dividing surface, between the part of the rock which
cooled from above and that which cooled from below. See also on this subject
J. P. O'Reilly, Trans. Roy. Irish Acad. xxvi. 1879, p. 641.
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tend. to the development of successive sphcrodal shells,

which might remain mutually adherent and invisible in a

fresh fracture of the rock, yet might make their presence

effective during the complex processes of weathering."

After some exposure, the spheroids of basalt begin to ap

pear, and gradually crumble away by the successive forma

tion and disappearance of external weathered crusts or coats,

which fall off into sand and clay. Almost all augitic or

hornblendic rocks, with many granites and porphyries, ex

hibit the tendency to decompose into rounded spheroidal

blocks. The columnar structure, though abundant among

modern volcanic rocks, is by no means confined to these. It

is as well displayed among the lavas of the Lower Old Red

Sandstone, and of the Carboniferous Limestone in central

Scotland, as among those of Tertiary age in Auvergne or

the Vivarais.

As already stated, prismatic forms have been superin

duced upon rooks by a high temperature and subsequent

cooling, as where coal and sandstone have been invaded by

basalt. They may likewise be observed to arise during the

consolidation of a substance from aqueous solution. In

starch, for example, the columnar structure may be well

developed, and not infrequently radiates from certain cen

tres, as in basalt and. other igneous rocks.

3. In Foliated (Schistose) Rocks.-The schists likewise

possess their joints, which approximate in character to those

among the massive igneous rocks, but they are on the whole

less distinct and continuous, while their effect in dividing
the rocks into oblong masses is considerably modified by the

transverse lines of foliation. These lines play somewhat the

" Bonnev, Q. J. Geol. Soc. 18'76, p. 151. The per1itc structure is probably
a microscopic example of the same kind of contraction.
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same part as those of stratification among the stratified rocks,

though with less definiteness and precision. The jointing
of the more massive foliated rocks, such as the coarser varie

ties of gneiss, approaches most closely to that of granite; in

the finely fissile schists, on the other hand, it is rather linked

with that of sedimentary formations. Upon these differ

ences much of the characteristic variety of outline presented

by cliffs and crests of foliated rocks depends.

PART III. INCLINATION OF ROCKS

The most casual observation is sufficient to satisfy us

that the rocks now visible at the earth's surface are seldom

in their original position. We meet with sandstones and

conglomerates composed of water-worn, particles, yet form

ing the angular scarps of lofty mountains; shales and clays
full of remains of fresh-water shells and land-plants, yet

covered by limestones made up of marine organisms, and

these limestones rising into great ranges of hills, or undu

lating into fertile valleys, and passing under the streets of

busy towns. Such facts, now familiar to every reader, and

even to many observers who know little or nothing of sys

tematic geology, point unmistakably to the conclusion that

most of the rocks of the land have been formed underwater,

sometimes in lakes, more frequently in the sea, and that

they have been elevated into land.

But further examination discloses other and. not less con

vincing evidence of movement. Judging from what takes

place at the present time on the bottoms of lakes and of the

sea, we confidently infer that when the strata now constitut

ing so much of the solid framework of the land were formed,

they were laid down nearly horizontally, or at least at low

angles (ante, p. 889). When, therefore, we find them in-
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dined at all angles, and even standing on end, we conclude

that they have been disturbed. Over wide spaces, they

have been upraised bodily, with little alteration of horizon

tality; but in most places some departure from that original

position has been effected.

Dip.-The inclination thus given to rocks is termed their

Dip. Its amount is expressed in degrees measured from

the plane of the horizon. Thus a set of rocks half-way

between the horizontal and vertical position would be said"

to dip at an angle of 450, while if vertical they would be

marked with the angle of 9ØO The inclination is measured

with an instrument termed the Olinometer, which is van-

Fig. 233.-Clinometer-tile leaf containing the pendulum and index.

ously made, but of which one of the simplest forms is shown

in Fig. 233. This consists of a thin strip of boxwood, two

inches broad, strengthened with brass along the edges, and

divided into two leaves, each 6 inches long, hinged together

so that when opened out they form a foot-rule. On the in

side of one of these leaves, a graduated arc with a pendulum

is inserted. When the instrument is held horizontally, the

pendulum points to zero. When placed vertically, it marks

900 . By retiring at a right angle to the direction of dip of

a group of inclined beds, and holding the clinometer before

the eye until its upper edge coincides with the line of bed

ding, we readily obtain the amount or angle of dip. In ob

servations of this nature it is of course necessary either to

I
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place the clinometer strictly parallel with the direction of

dip, or, if this be impossible, to take two measurements,

and calculate from them the true angle.' Simple as obser

vation of dip is, it is attended with some liabilities to error,

-

- ----

-- - 4.rfl't9;fl -. -

Fig. 234.-Apparently horizontal strata (B.).

against which the observer should be on his guard. A sin

gle face of rock may not disclose the true dip, especially if

it be a clean-cut joint-face. In Fig. 234, for example, the

strata might be supposed to be horizontal; but another side

-

__ - - -:

- - -

Fig. 235.--Real inc)inat.im of strata shown in Fig. 234 (B.).

view of them (as Fig. 235) might show them to be gently
inclined or even nearly vertical.

-

Again, a deceptive surface inclination is not infrequently
to be seen among thin-bedded strata. Mere gravitation,

In Jukes's "Memoir on the South Staffordshire Coal-Field," in Memoirs of
Geol. Survey (2d edit. p. 213), a formula is given for calculating the true dip
from the apparent dip seen in a cliff. A graphical method of computing the true
dip from observations of two apparent dips has been suggested by Mr. W. If.
Dalton, Gee!. Mag. x. p. 332. See also Green's "Physical Geology," 1882,
p. 460. A. Harker, Geol. Mug. 1884, p. 14.
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aided by the downward pressure of sliding detritus or, "soil-00

cap," suffices to bend over the edges of fissile strata, which,

though really dipping into the hill, are

dip away from it (Fig.

thus made to appear superficially to

effects with. even proofs of contortion,




Fig. 236.-Deceptive super-
may be noticed under bowider clay,

ficial dip.

or in other situations where the rocks have been bent

over and crushed by a mass of ice.

When the dip is outward in every direction from a cen-

tral point, it is said to be qu-qw1-versal (A in Fig. 238).

Strata thus affected are thrown into a dome-shaped struc

ture, while when the dip is toward a central point they
have a basin-shaped structure.

Outcrop.-The edges of strata which appear at the sur

face of the ground are termed their Outcrop or Basset.

If the strata are quite horizontal, the direction of outcrop

depends on inequalities of the ground and variations in

amount of denudation. Perfectly level ground lying upon
horizontal beds shows, of course, no outcrop, for the surface

coincides with a plane of stratification. But occasional

water-courses have been eroded below the general level,

so as to reveal along their sides outcrops of the strata.

The remarkable sinuosities of outcrop produced by the un

equal erosion of horizontal strata are illustrated in Fig. 237,

where A is a map of a piece of ground deeply trenched by

valleys, and B that of an area comparatively little denuded.

In both cases the outcrops are seen to wind round the sides

of the slopes.

Where strata are inclined, the course of their outcrop is

regulated partly by the direction and amount of inclination,

and partly by the form of the ground. When with low
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angles of dip the.y crop out, that is, rise to the surface,

along a perfectly level piece of ground, the outcrop runs
at a right angle to the dip. But any inequalities of the

surface, such as valleys, ravines, hills, and ridges, will, as
in the case of horizontal beds, cause the outcrop to describe
a circuitous course, even though the dip should remain

perfectly steady all the

" while If a line of pre.
:

cipitous gorge should run

'i' !_ directly with the dip, the
i




t0,




outcrop will there be coin

cident with the dip The
\ ', (




occurrence of a gently
I L shelving valley in that

:
IV'

114Z
I i position will cause the out-
....-.',




crop to descend on one

side and to mount in a
- - ------------------- j, --:

corresponding way on the

. "" other, so as to form a

shaped indentation in its

course. A ridge, on the

other him¬1, will produce

a deflection in the oppo-

Fig. 2.-Sinuous outeri;Is of horizontal strata site direction. Hence a
depending on inu:ditlcs of surface.

The wavy black lines mark the outcrops of series of parallel ridges
successive conformable horizontal beds.




and valleys, running in

the same direction as the dip of the strata underneath,

causes the outcrop to describe a widely serpentinous course.

The breadth of the outcrop depends on the thickness

of the stratum arid on the angle of dip. A bed one foct

thick inclined at an angle of 10, on a perfectly level piece

of ground would have an outcrop about 60 feet broad. At
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a dip of 50 the breadth of the outcrop would be a little

over 11 feet. At 300 it would be reduced to 2 feet, and

the diminution would continue until, when the bed was on

end, the breadth of the outcrop would, of course, exactly

correspond with the thickness of the bed. It is further to

be observed that among vertical rocks, the direction of the

outcrop necessarily corresponds with the strike, and con-

tinues to do so irrespective altogether of any irregularities

of the ground. The lower therefore the angle of inclina

tion, the greater is the effect of surface-inequalities upon

the line of outcrop; the higher the angle, the less is that

influence, till when the beds stand on end it ceases.

Strike.-A horizontal line drawn at a right angle to the

dip is called the S t r i k e of the rocks. From what has just

been said, this line must coincide with outcrop when the

Fig. 238.-Geological Map, showing strata exposed continuously along a beach
and occasionally in the interior.
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surface of the ground is quite level, as on the beach in

Fig. 238, and also when the beds are vertical. At all other

times, strike and outcrop are not strictly coincident, but

the latter wanders to and fro across the former according

to changes in the contour of the ground. The strike may

oe a straight line, or may curve rapidly in every direction,

according to behavior of the dip. A set of beds clipping

westward for half a mile (a to b, Fig. 238) have a north and

south strike for the same distance. If the dip changes to

S.W., S., S.E., and E., the strike will bend round in

a curving line (as at S). In the case of a qu-qw2-versal

dip the strike forms a complete circle (as at A). The dip

being ascertained gives the strike, but the strike does not

certainly indicate the direction of dip, which may be either

to the one side or the other. Two groups of strata, dipping

the one east and the other west, have both a north and

south strike. Strike may be conceived as always a level

line on the plane of the horizon, so that, no matter how

much the ground may undulate, or the outcrop may vary,

or the dip may change, the strike will remain horizontal.

Hence, in mining operations, it is commonly spoken of as

the level-course or level-bearing. .A "level" or underground

roadway, driven through a coal-seam at right angles to the

dip, will undulate in its trend if the dip changes in direc

tion, but it may be made perfectly level, and kept so

throughout a whole coal-field so long as it is not inter

fered with by dislocations.

In Fig. 238, the strike and outcrop are coincident on the
flat beach, but cease to be so the moment the ground begins
to slope up into the coast-cliff. This is seen in the eastern
half of the map, where the lines of outcrop slant up into
the cliff at an angle dependent mainly on the amount of the

dip. A section drawn in the line L L' would show the geo.
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logical structure represented in Fig. 239. By noting the

angles of dip it is possible to estimate the thickness of a

series of beds, and how far beneath the surface any given
bed might be expected to be found. If, for instance, the
horizontal distance across the strike between beds S and A.

(Fig. 238) were found to be 200 feet, with a mean dip of 15°,
the actual thickness would be 518 feet, and bed A would
be found at a depth of 538 feet below the outcrop of S.
If the same development of strata continues inland, the bed
a should be found at a little more than 200 feet beneath
the surface, if a bore were sunk to it in the quarry (Q). If
the total depth of rock between a and l be 1000 feet, then

evidently, if the strata could be restored to their original ap
proximately horizontal position, with bed a at the surface,
bed b would be covered to a depth of 1000 feet. It will be
noticed also that, as the angle of dip increases, the outcrops

2;
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Fig. 289.-Section along the line L L' in Fig. 238.

are thereby brought closer together. Where the outcrops
run along the face of a cliff or steep bank (B) they must
likewise be drawn together on a map. In reality, of course,
these variations take plaoe though the same vertical thick
ness of rock may everywhere intervene between the several
o ii tcrops.

It is usually desirable to estimate the thicknesses of strata,

especially where, as in Fig. 239, they are exposed in con
tinuous section. A convenient though not strictly accurate
rule for

this. purpose may be applied in cases where the

angle of inclnation is less than 45°. The real thickness of
a mass of inclined strata may be taken to be of its appa
rent thickness for every 5° of dip. Thus if a set of beds
dips steadily in one direction at 5° for a horizontal space
of 1200 feet measured perpendicularly to the strike, their
actual thickness will be , or 100 feet. If the dip be 150,
the true thickness will be , or 300 feet, and so on.

' MaeJaren's "Geology of Fife and the Lothians," 2d edit. p. xix. For
tables for estimating dip and thickness see Jukes's "Manual," p. 14S; Green's
"Physical Geology," p. 460.
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PART IV. CURVATURE'

A little reflection will show that though, so far as re

gards the trifling portions of the rocks visible at the sur

face, we might regard the inclined surfaces of strata as parts
of straight lines, they mast nevertheless be parts of large

curves. Take for example the section in Fig. 240. At the

left hand the strata descend beneath the surface at an angle

of no more than 15°, but at the opposite end the angle has

risen to 60°. There being no dislocation or abrupt change
of inclination, it is evident that the beds cannot proceed

indefinitely downward at the same angle which they have

at the surface, otherwise they would run away from each

other, but must bend. round to accommodate themselves to

.',.:

Fig. 240.-Section of inclined strata.

the difference of inclination. By prolonging the lines of

bedding for some way beneath and above sea-level, we can

show graphically that the strata are necessarily curved

(Fig. 241). A section of this kind brings out clearly the

additional fact that an upward continuation of the curved

beds must have been carried away by the denudation c

the surface. In every instance therefore where, in walking

over the surface, we traverse a series of strata which grad

ually, and without dislocations, increase or diminish in

inclination, we cross part of a curvature in the strata

I A useful compendium of information regarding geological terms for the
dislocations and curvatures of rocks has been prepared by M. E. de Marjerie
and Prof. A. Helm, "Las dislocations de l'ecorce terrestre," 1888, Zurich

(In French and German).
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of the earth's crust. The foldings, however, can often be

distinctly seen on cliffs, coast-lines, or other exposures

of rock (Fig. 242). The observer cannot long continue his

researches in the field without discovering that the strata

composing the earth's outer crust have been almost every

where thrown into curves, usually so broad and gentle as

to escape observation except when specially looked for.

If the inclination and curvature of rocks are so closely
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Fig. 241.-Section of inclined strata, as in Fig. 240. showing that they form
part or a large curve.

connected, a corresponding relation must hold between their

strike and curvature. In fact, the prevalent strike of a

region is determined by the direction of the axes of the

great folds into which the rocks have been thrown. If

the curves are gentle and inconstant, there will be a cor.

responding variation in the strike. But should the rocks

be strongly plicated, there will necessarily be the most

thorough coincidence between the strike and the direction

of the plication.
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Monocli.nes.-Curvature occasionally shows itself among
horizontal or gently inclined strata in the form of an abrupt
inclination, and then an immediate resumption of the pre
vious flat or gently sloping character. The strata are thus

bent up and continue on the other side of the fold at a higher

" : . -
" ..----

- .'- . 'c.
- -

-
- - --

t-

-
-

. J
1

ç,e

- - .1 -----

I -

- "-- #'! " j"- ---"-.---.-. -"--"-- -

Fig. 24.-Curved Silurian rocks on the coast of Berwickshire.

level. Such bends are called M o n o e liii e s or in o n o

c ii n a 1 f o 1 d s, because they present only one fold, or

one-half of a fold, instead of the two in an arch or trough

(Fig. 265, section 1). The most notable instance of this

structure in Britain is that of the Isle of Wight (Fig. 243),

where the Cretaceous rocks (c) on the south side of the

4 G

Fig. 243.-Section of a Monoclinal Fold, Isle of Wight.

island rapidly rise in inclination till they become nearly

vertical, while the Lower Tertiary strata (0 follow with a

similar steep dip, but rapidly flatten down toward the north

coast. Probably the most gigantic monoclinal folds in the

world are those into which the remarkably horizontal and
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undisturbed rocks of the Western States and Territories of

the American Union have been thrown.
2

From the abundance of inclined strata all over the world,

we may readily perceive that the normal struetur of the

visible part of the earth's crust is one of innumerable fold

ings of the rocks. Sometimes more steeply, sometimes more

gently undulated, not infrequently dislocated and dispced,

the sedimentary accumulations of former ages everywhere
reveal evidence of great internal movement. Here and

there, the movement has resulted in the formation of a

dome-shaped elevation of'the strata, wherein, as if pushed

up from a single point, they slope away on all sides from

the centre of greatest upthrust, with a qu-qu-versa.l dip.

Where the top of the dome has been removed, the succes

sive outcrops of the strata form concentric rings, the lowest

at the centre, the highest at the circumference (A in Figs.

238 and 239).

Anticlines and Synclines.-But in the vast majority of

cases, the folding has taken place, not round a point but

--

Fig. 244.-Arch, or Anticline, which has been denuded by the removal of beds,
as shown by the dotted line a c above the axis b.

along an axis. Where strata dip away from an axis so as

to form an arch or saddle, the structure is termed an An t i.

dine, or an ticlinal axis (Fig. 244). Where they

dip toward an axis, forming atrough or basin, it is called a

See Powell's "Exploration of the Colorado River of the West," and "Geol
ogy of the Uinta Mountains," in the Reports of the United States Geographical
and Geological Survey. Dutton's "High Plateaus of Utah," and "History of
the Grand Canon"; Gilbert's "Geology of the Henry Mountains." Compare
Richthofen's "China," vol. ii.
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Syncline, or synclinal axis (Fig. 245). An anti.

clinal or synclinal axis must always die out

unless abruptly terminated by dislocation. In

the case of the anticline, the axis, after con

tinuing horizontal, or but slightly inclined, at

last begins to turn downward, the angle of in

clination lessens, and the arch then ends or

"noses out." In a syncline, the axis even

tually bends upward, and the beds, with grad

ually lessening angles, swing round it. In a

symmetrical anticline or syncline, the angle of

slope is the same or nearly so on either side

(Figs. 244, 245). But a difference of inclination

is frequently to be observed. The Appalachian

coal-field, for example, as shown by H. D. and

W. B. Rogers, presents an instructive series

of plications, beginning with symmetrical folds,

succeeded by others with steep fronts toward
'

the west, until at last these steeper fronts pass

under the opposite sides of the arches, giving

rise to a series of inverted folds (Fig. 246).

Inversion.-Inverted folds occur abundantly

in regions of great plication. The Silurian up

lands of the south of Scotland, for instance,

have the arches and troughs tilted in one three

tion for miles together, so that in one-half of

each of them the strata lie bottom upward

Fig. 245.-Trough, or Syncline, with strata (a C) rising from each
side of a central axis (b).
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(cr. 247).' It is in large mountain-chains, however, thatFin

inversion can be seen on the grandest scale. The Alps
furnish numerous striking illustrations. On the north side

?d ./44"




7--

Fig. 247.-Inverted Folds and Isodlinal Structure.

of that chain, the Secondary and Tertiary rocks have been

so completely turned over for many miles that the lowest

beds now form the tops of the hills, while the highest lie

deep below them. Individual mountains, such as the

1/"
' 1I\ -.

\.

------

Fig. 248.-Inversion in the Glarnisch Mountain (Baltzer).

G1rnisch and. some in the Cantons Glarus and. St. Gall

(Figs. 248, 249), present stupendous examples of inversion,

great groups of strata being folded over and over each other

as we might fold carpets.'

Prof. Lapworth has worked out with much skill the inverted anticlines
and synclines of the "Moffat Shales" (Q. J. Geol. Soc. xxxiv. 1878, p. 240);
and see also his papers on the "Secret of the Highlands" (Geol. Mag. 1883).

The G-läruer double fold has been the subject of considerable discussion.
According to Ileim ("Mechanisinus der Gobirgsbildüng") the whole of the rocks,
schists included, remained undisturbed until the time of the post-eocene fold
ing. Vacok, however, contends, with evident probability, that the older schists
are unconformably overlain by later formations. See M. Vacek, Jahrb. Geol.
Reichsanst. 1879, p. 726; 1884, pp. 233, 620; Verhandl. Geol. Reichs. 1880,
p. 189; 1881, p. 43. A. Helm, Verhandi. Geol. Reichs. 1880, p. 155; 1881, p.
204. See also Arch. Sci. Phys. Nat. Geneva, November, 1882, p. 24; Lory,
Bull. Soc. Geol. France, 3me ser. xi. 1882, p. 14. InFig. 249, no mere plica-
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Where a series of strata has been so folded and inverted

that its reduplicated members appear to dip regularly in

one direction, the structure is termed i s o cii n a 1. This

structure, illustrated on a small scale among the curved

Silurian rocks shown in Fig. 247, occurs on a grand scale

among the Alps, where the folds have sometimes been so

squeezed together that, when the tops of the arches have

been worn away, the strata could scarcely be supposed to

have been really inverted, save for the evidence as to their

\\\S
e

Fig. 24.-Inversion and Thrust-plane among the mountains south of the Lake of
Wallenstadt, Cantons Glarus and St. Gall (A. Heiin).

e, Eocene; c, Cretaceous; w.j. White Jura thrust upward on the left hand over the
plicated Eocene: b.j. Brown Jura; t, Trias; 8, Schistose rocks, perhaps

metamorphosed Palozoic formations.

true order of succession supplied by their included fossils.

The extent of this compression in the Alps has been already

(p. 539) referred to. So intense has been the plication, and

so great the subsequent denudation, that portions of Oar.

boniferous strata appear as if regularly interbedded among

tion could bring the White Jura where ii, lies comparatively undisturbed on the
edge of the excessively plicttec1 Eocene beds, it has evidently been pushed
over the latter, the line of junction between them being a "thrust-plane"
(p. 915).

See also F. M. Stapif, "Zur Mochauik der Schictoufaltungon," Neues
Jahrb. 1879, pp. 2&2, 792. A Line series of sections illustrating the various
features of mountain structure may be found in the plates accompanying the
"Materlaux pour La Carte Geolugique de la uisse." See epeeiuUy Livraison
xvi. on the Vaudois Alps by Prof. itenovier; Livraison xxi, by K Favre and
Schardt, on Canton de Vaud, etc., anti xxv. by A. ileitu on the High Alps
between Reuss and Rhine. An interesting study of au abnormal system of
folds and faults involving Triassic, Jurtssic and Cretaccous rocks in the soutIL
of France, will be found in M. Bertrand's monograph, "Lo Massil d'Allauch,"
Bull. Carte. Geol. France, iii. No. 24, 189], p. 283.

--- --
- I

-?-
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Jurassic rocks, and indeed could not be separated save after

a study of their inclósed organic remains.

A further modification of the folded structure is pre-

sented by the fan-shaped arrangement (structure en eventail,

Fdcher-Falten.) into which highly plicated rocks have been

-.---,i ..




/

Fig. 250.-Fan-shaped structure, Central Alps.

j', Upper Jurassic Limestone; j, Brown Jura and Lias; t, Trias; s, Schistose rocks.

thrown. The most familiar example is that of Mont Blanc,

where the sedimentary strata at high angles seem to dip

under the crystalline schists (Fig. 249).

crumpling.-Ifl the general plication of a district there

are usually localities where the pressure has been locally so

I'.




T-




/
1) S

intensified that the strata have been corrugated and crum

pled, till it becomes almost impossible to follow out any par-

ticular bed through the disturbed ground. On a small scale,

instances of such extreme contortion may now and then be

found at faults and landslips, where fissile shales have been

Fig. 251.-Locally crumpled strata near a fault, Daiquharran, Ayrshire.
d, Shales; c, Limestone; b, Bwlder-clay.



902 TEXT-BOOK OF GEOLOGY

corrugated by subsiding heavy masses of more solid rock

Fcr. 251). But it is, of course, among the more plicatediO

parts of mountain-chains that the structure receives its best

illustrations. Few travellers who have passed the upper

end of the Lake of Lucerne can have failed to notice the

remarkable cliffs of contorted rocks near F}.uelen. But in

numerable examples of equal or even superior grandeur may

" --
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Fig. 1_152.-Contorted Rocks, cast end of LkI.' Miiintwonka, Band,
Canadian Pacitie Railway.

be observed among the more precipitous valleys of the Swiss

Alps. Striking illustrations of the same structure may be

found in any great mou ntain-cliain (Fig. 22). 1o more

impressive testimony could be given to the potency of the

force by which mountains were upheaved. And yet, strik

ing as are these colossal examples, involving as they do

whole mountain masses in their folds, their effect upon the

mind is even heightened when we discover that such has
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been the strain to which solid lirnestones and other rocks

have been subjected that even their finer layers have been

intensely puckered. Some of these minor crumplings are

:-"

- -

Fig. 253.-Piece of Alpine limestone, showing fine puckering produced by
great lateral compression (real size).

readily visible to the eye in hand-specimens (Figs. 36, 253,

254). But in many foliated, crumpled rocks the puckering
is so minute as to be best seen with the microscope (Fig. 37).

Frequently the puckerings have been ruptured and a fine

-. .. N.- ..

Fig. 254.-Crumpled Triassic rock, Todi group, Switzerland (real size).

cleavage or jointing has been produced (Ausweichuugscliv

age, strain-slip cleavage).

It may often be observed that in strata which have been

intensely crumpled, the same bed is reduced to the smallest

thickness in the arms of the folds, but swells out at the

bends as if squeezed laterally into these loops. This ap-
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pearance, so noticeable in mountain structure, may be seen

on lower grounds, as in Pembrokeshire, where De la Beche

has shown that the roofs and pavements of coal-seams are

brought together, the coal itself, as having least resistance,

being thrust into the loops (a a, Fig. 255).6

Deformation and Crushing.-During the intense shearing

movements to which rocks have been subjected, their indi

vidual particles have been compressed, elongated, and made

to move past each other, as is instructively shown by the

deformation of pebbles and of fossils (p. 535). The most

important consequence of this process is the production

of the shear-structure already noticed
a

\\\\ (p. 538). Massive coarsely crystalline

pegmatites may be traced through suc

cessive stages wherein the component

orthoclase and feispar are more and

Fig. 255.-Unequal compres- more crushed and drawn out, until insion of Coal in crumpling
Pembrokeshire (B.). the end the rock becomes a compact

finely fissile schist, with a peculiar thready or streaky struc

ture, which can hardly be distinguished from the flow

structure of a rhyolite. This change is more particularly

developed along great thrust-planes, but may be observed

throughout a mass of rock that has undergone intense

shearing.

In many cases lenticular "eyes" of the original rock

have been left little or not at all affected, while the pur

tions between them have been 'Crushed and rolled out and

have recrystallized more or less completely as true schists

(Fig. 332). Sections showing the close connection between

For i11utratio,i of this Mtructuro c Jfehui's "Mechanismus der G-ebirgs
biI.dung," where tel'miuo!ogy for the i1fferou parts of fold is proposed.
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mechanical crushing and the production of a schistose

struc-turemay be seen abundantly among the Scottish High-

lands.' In the Silurian district of Guldalen in Norway

diabases and other igneous rocks exhibit every stage in the

crushing down of eruptive mate-

rial and its conversion into schists.

Similar structures are well dis-
::- -

played nmong the sclnsts and their

-

accompaniments in Anglesey.

Not only are the individual

particles of rocks drawn out by

-: ". -- _

shearing, but in the complicated .

process of mountain-building,

larger features of geological struc-
Fig. 256.-Shear-structure.

C Torridon sandstone, Loch Keeshorn,
tare likewise undergo deforma- Ma,-, - 30 diam. (drawn by Mr. F. W.

tion. The autichnal and synclinal
grains have been crushed and
tlattt'ned, and the matrix made

folds developed in the earlier
to move past them as in how
structure. (Compare Fig. SO.)

stages of the process are sometimes bent over and crushed

together, so as to be nearly or completely effaced.

Various experiments have beeii devised to illustrate the

facts o mountain-structures By a combination of parallel

layers of different substances exposed to lateral compression
and tension it is possible to imitate many of the features of

that structure and to produce very instructive diagrams.'

PART V. CLEAVAGE

Cleavage-structure having been described at p. 531, we

have to notice here the manner in which it presents itself

" See Quart. Journ. Geol. Soc. xliv. 1888, p. 392.
8 See for example, A. Favre, Nature, xix. p. 103; H. M. CadeU, Trans. Roy.

Soc. Edin. xxxv. 1888, p. 337. Much information will also be found in Mellard
Reade's "Origin of Mountain Ranges," 1886.
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on the large scale among rock-masses. The direction of

cleavage usually remains persistent over considerable re

gions, and, as was shown by Sedgwick,1 corresponds, on

the whole, with the strike of the rocks. It is, however,

independent of bedding. Among curved rocks, the cleav

age-planes may be seen traversing the plications without

sensible deflection from their normal direction, parallelism,
and high angle. They must thus be strictly later than these

plications. But their general coincidence with the trend of

the axes of folding serves to indicate a community of origin
for cleavage and folding, as concomitant though not abso

lutely simultaneous effects of the lateral compression of

rocks.' Among curved strata, the planes of cleavage some-0




6 -c
Fig. 257.-Curved and contorted Devonian Rocks, near Ilfracombe (B.).

Bedding and cleavage planes are coincident at a and c, but nearly at right angles at b.

times coincide with, and are sometimes at right angles to

the planes of bedding, according to the angles of the folding

(Fig. 257). The persistence of cleavage-planes across even

the most diverse kinds of rock, both sedimentary and

igneous, was first described by Sedgwick. Jukes also

pointed out that over the whole of the south of Ireland

the trend of the cleavage seldom departs 100 froni the

normal direction E. 25° N., no matter what may be the

1 "On the Structure of large Mineral Me," Trans. Geol. Soc. 2d sor. ill.
1835-an admirable memoir, in which the stoiclure of great cleavage region
is clearly and graphically described. Phillips gave a good summary of our
knowledge up to 185; in his "Report on Cleavage" in the British Assoc. Rep.
for that year. But the most exhaustive memoir on the subject is that by Mr.
A. Harkerin the Reports of the Hritish Association for 1885, p. 8l., where
copious references to the bibliography will h found. See also papers by the
Rev. 0. Fisher in Geol. Mag. 1884-85, and his "Physics of the Earth's Crust."

liarker, Brit. Assoc. Rep. 1883, p. S52.
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differences in character and age of the rooks which it

crosses. But though cleavage is so persistent, it is not

equally well developed in every kind of rock. As already

explained (p. 533), it is most perfect in fine-grained argil

laceous rocks, which have been altered by it into slates.

It is often well developed in felsites and other igneous

rocks, which then furnish good flags or even slates. It

may be observed at once to change its character as

it passes from fine-grained rocks into others of a more

granular or gritty texture. Occasional traces of distortion

Fig. 258.-Cleaved strata, Wiveliscombe, West Somerset (B.).
Showing the cleavage-lines a a slightly undulating at the partings of the strata b Li.

or deviation of the cleavage-planes may be observed at the

contact of two dissimilar kinds of rock (Fig. 258).

A region may have been subjected at successive inter

vals to the compression that has produced cleavage. The

Silurian rocks of the southwest of Ireland were upturned,

and probably cleaved, before the deposition of the Old Red

Sandstone, which has in turn been well cleaved.' Evidence

of the relative date of cleavage may be obtained from un

conformable junctions and from conglomerates. An un

cleaved series of strata, lying upon the denuded edges

of an older cleaved series, proves the date of cleavage to

be intermediate between the periods of the two groups.

Fragments of cleaved rocks in an uncleaved conglomerate

8 Do la Beche, "Geol. Observer," p. 620.







908 TEXT-BOOK OF GEOLOGY

show that the rocks whence they were derived had already

suffered cleavage, before the detritus forming the conglom

erate was removed from them. An intrusive igneous rock,

traversed with cleavage-planes like its surrounding mass,

points to cleavage subsequent to its intrusion (Fig. 259).
Between cleavage and foliation there is in many cases

a close relation. Microscopic examination of some cleaved

rocks shows that in original elastic sediment a rnicaceous

mineral has been abundantly developed, the plates of which

are ranged along the planes of cleavage. This mica can be

distinguished from original mica-flakes in the sediment.

Fig. 259.-Vein of prophyry (a) crossing Devonian slates (b), Plymouth Sound,
both being traversed by cleavage (B.).

It may be observed, in many cases, to ithpart a lustrous

silvery or silky sheen to the cleavage-faces of a slate, yet

may be at right angles to the original lamination of deposit.

Such a crystalline rearrangement is indeed an incipient

foliation, it is the same structure, further developed and

intensified, which gives their distinctive character to

schists. The crystalline metamorphosis naturally proceeds

along the lines of least resistance, which in cleaved rocks

are the cleavage-planes, and in uncleaved sedimentary rocks

are the planes of deposition. Foliation, as already re

marked (p. 551), may sometimes represent stratification,

sometimes cleavage, and sometimes divisional planes super

induced by shearing or faulting."

Do la Beebe, "Geol. Observer," p. 621.
See Sedgwick, Trans. Geol. Soc. (2), iii. v. 461. Darwin on foliation and
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Before passing from this subject it may be well to note

how deceptive is the resemblance of cleavage-planes to

bedding, especially on weathered exposures of rock. Even

experienced observers have been misled by this resem

blance. At Lianberis, for example, the lower portion of

a section consists of volcanic tuff and the upper of con

glomerate. The tuff being compact and fine-grained, has

undergone such decided cleavage that at first the flags into

which it is divided by the cleavage-planes might be mis

taken (as they have in fact been) for bedding, and the

conglomerate would then be regarded as a much younger

deposit lying unconformably on the tuff. In reality, how

ever, the tuff coincides in its bedding with the conglom

erate; they are parts of one continuous series, but the

coarse-grained conglomerate has been only slightly affected

by the pressure which induced the perfect cleavage in

the tuff.




PART VI. DISLOCATION

The movements which the crust of the earth has under

gone have not only folded and corrugated the rocks, but

have fractured them in all directions. The dislocations

may be either simple Fissures, that is, rents without

any vertical displacement of the mass on either side, or

Faults, that is, rents where one side has been moved

relatively to the other.' It is not always possible, in a

cleavage, "Geological Observations in South America," 1846, p. 162. A. 0.
Bamsay, "Geology of North Wales," Mem. GeoL Survey, vol. iii. 2d edit.
p. 233. F. M. Stapif, Neues Jahrb. 1882. (1.), p. 82.

I The student of this department of geology will find in the joint essay by
M. E. do Marjorie and Prof. Ueiai, cited on p. 536, a valuable handbook of the
terms used to decribe the various structures arising from ruptures of the terres
trial crust.
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shattered rock, to discriminate between joints and those

lines of division to which the term fissures is more usually

restricted. Many so-called fissures may be merely enlarged

joints. It is common to meet with
-r .

traces of friction along the walls of
'

fissures, even when no proof of

" actual vertical displacement can

be gleaned. The rock is then

often more or less shattered on

Fit, doi;_slc1hcoft
sharply-de- either side, and the contiguouscontortion

of the rocks.




faces present rubbed and polished

surfaces ("slickensides," p. 878). Mineral deposits may
also commonly be observed incrusting the cheeks of

a fissure, or filling up, together with broken fragments of

rock, the space between the two walls. The structure

of mineral veins in fissures is described in Part IX., "Ore

Deposits."

Nature of Faults.-In a large proportion of cases, how

ever, there has been not only fracture but displacement.

The rents have become faults as well as fissures. The move

ment may have affected only one side of the fissure, or both

sides. Sometimes it has consisted in a mere vertical subsi

dence of one side; in other cases one side has been pushed

up, or while one side has moved upward the other has sunk

downward, or both sides have been shifted up or downfrom

their original position, but one more than the other. In

ordinary faults the displacement is usually vertical or nearly

so. But in some regions faults have been produced by a

lateral thrust of one side of a fissure past the other side.

This structure comes out with remarkable prominence in the

gneiss district of western Sutherland, where dikes crossed

by such lateral thrusts are disrupted and drawn out along
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the line of fissure so as to be reduced to a '
part of their

ordinary breadth.'

Faults on a small scale are sometimes sharply-defined

lines, as if the rocks had been sliced through and fitted

together again after being shifted. In such cases, however,

the harder portions of the dislocated rocks will usually be

found slickensided. More frequently some disturbance has

occurred on one or both sides of the fault (Fig. 261). Some-

".- -.L)-----
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Fig. 261 -Section of a Fault, showing
disturbance of rocks.




U

Fig. 262.-Section of Fault with inverted beds
on the downthrow side.

times in a series of strata, the beds on the side which has

been pushed up (or side of upthrow) are bent down against
the fault, while those on the opposite side (or that of down

throw) are bent up (Fig. 262). Most commonly the rocks

on both sides are considerably broken, jumbled, and crum

pled, so that the line of fracture is marked by a belt or wall

like mass bf fragmentary rook, known as "fault-rock."

Where a dislocation has occurred through materials of

very unequal hardness, such as solid limestone bands and

soft shales, or where its course has been undulating, the

2 See Report on Geological Survey work, Quart. Journ. Geol. Soc. xliv. 1888,
p. 393, and postea, Fig. 331:
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relative shifting of the two sides has occasionally brought

opposite prominences together so as to leave wider inter

spaces (Fig. 312). The actual breadth of a fault may vary

from a mere chink into which the point of a knife could

hardly be inserted, up to a band. of broken and often con

solidated materials many, yards wide: Where a fault has a
rn




n) In

I

_

Fig. 263.-Section of group of faults, Coast of Glamorganshire, West of Layer
nook Point (B.).

,n rn m, three adjacent faults by which the Inclination of the strata is shifted and
some of the beds are crumpled; a, doloinitic limestone and mail; b, c, d, e, f, dolo
mitic limestone; g, dolornitic conglomerate; h, beds corresponding with those on
the left; 1, Lias, thrown in by a 'reversed" fault.

considerable throw, it is sometimes flanked by parallel small

faults. The occurrence of these close together will obvi

ously produce the appearance of a broad zone of much frac

tured rock along the trend of a main fissure. A line of

disturbance may consist of several parallel faults of nearly

equal magnitude (Fig. 265, section 3).

Faults are sometimes vertical, but are generally inclined.

Fig. 264. -Section of inclined and vertical Faults.

The largest faults, or those with the greatest vertical throw

or displacement, commonly slope at high angles, while those

of only a few feet or yards may be inclined as low as 18° or

200 . The inclination of a fault from the vertical is called

its hade. In Fig. 264, for example, the fault at B, being
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vertical, has no hade, but that at A hades at an angle of 70'

from the vertical to the left hand. The amount of throw is

represented as the same in both instances, but with the

direction of throw to opposite quarters, so that the level of

the beds is raised between the two faults above the uniform

horizon which it retains beyond them.

The effect of the inclination of faults is to give the ap

pearance of lateral displacement. In Fig. 264, for example,

where the hade of one fault is considerable, the two severed

ends (c and d) of the black bed appear to have been pulled

asunder. The horizontal distance to which they are re

moved does not depend upon the amount of vertical dis

placement, but upon the angle of hade. A small fault with

a great hade will shift strata laterally much more than a

large fault with a small hade. It is obvious that the angle

of hade must seriously affect the value of a coal-field. If

the black bed in the same figure be supposed to be a coal

seam, it could be worked from either side up to c and d, but

there would be a space of barren ground between these two

points, where the seam never could be found. The larger

the angle of hade the greater the breadth of such barren

ground.

Origin of Faults.-In countries where the rocks have not

undergone much disturbance, that is, where stratified forma

tions are still not far removed from their original approxi

mate horizontality, faults are probably, for the most part,

due to mere subsidence of the crust (Normal Faults).

Where, on the other hand, rocks have been much plicated,

the more gigantic faults have been produced by tangential

thrust, whereby one mass of rock has been pushed bodily

over another (Reversed Faults, Thrust-planes). In some

cases, both lateral thrust and subsidence bv been con-
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cerned in the origin of the dislocations of a much-frac

tured area.

Normal Fault.-In the vast majority of cases, faults

hade in the direction of downthrow, or in other words, they

slope away from the side which has risen. These are .Nor

mal Faults. The explanation of the structure is doubtless

to be found in the fact that the portion of the terrestrial

crust toward which a fault hades presents a less area of base

to pressure or support from below than the mass with the

broad base on the opposite side. The mere inspection of

a fault in any natural or artificial section. suffices, in most

cases, to show which is the upthrow side. In mining opera

tions, the knowledge of this rule is invaluable, for it decides

whether a coal-seam, dislocated by a fault, is to be sought

for by going up or down. In Fig. 264, a miner working

from the left, and meeting with the fault at c, would know

from its hading toward him that he must ascend to find the

coal. On the other hand, were he to work from the right,

and catch the fault at d, he would see that it would be nec

essary to descend. According to this rule, a normal fault

never brings one part of a bed below another part, so as to

be capable of being pierced twice by the same vertical shaft.

Reversed Faults are those in which lower rocks on one

side have been pushed over higher rocks on the other. In

these cases, the same stratum may be pierced twice by a ver

tical shaft. The hade is therefore in the direction of up

throw. Faults of this kind chiefly occur in regions where

the rocks have been excessively plicated, and especially

where one-half of a fold has been pushed over another

(Figs. 263 and 265, section 4).3 They are closely connected

8 If faults were generally due to rupture from compression we should expect
the "reversed" to be the ordinary form. The normal hade of faults points to
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with anticlinal and synclinal folding. Thus, a monoclinal

fold may by increase of movement be developed into a frac

ture (Fig. 265). Beautiful examples of this relation have

been observed by Powell and others among the little-dis-

turbed. formations of the great plateaus of Utah and Wyo

ming. But it is in mountainous regions that they are chiefly

Fig. 265.-Sections to show the relations of Monoelinal folds and faults.
1, Monoclinal fold; 2, Monoclinal fold replaced by a single normal fault; 3, Monoclina.l

fold converted into a series of parallel normal faults; 4, Monoclinal (old
developed by increase of plication into a reversed fault.

developed; they become there, indeed, the common type of

dislocation. Many excellent examples have been adduced

from the plicated rocks of the Alps."

Thrust-planes.-Under this name the Geological Survey

of Scotland has described a remarkable type of reversed

fault, where the hade is so low that the rocks on the upeast

side have been pushed for miles horizontally across the

rocks on which they lie (see Figs. 249, 311, 328, 331, 334).

Such a structure points to enormous tangential pressure,

under which the very foundations of a country were thrust

the existence of stresses in the crust of the earth which are from time to time
relieved by dislocation. But the nature of these stresses and the manner in
which faults arise are still among the obscure problems of geology.' See Powell in the works cited already on p. 897. Heim, "Mechanismus
der Gebirgsbildung," Plate XV. Fig. 14. Compare 0. W. Hayes, Bull. Geol.
Soc. Amer. ii. 1891, p. 141.

B. N. Peach and J. Home, Nature, 13th Nov. 1884. The details of this
structure with numerous illustrations will be found in the Report of the Geo
logical Survey, Quart. Journ. Geol. Soc. xliv. 1888, p. 318. M. Bertrand has
described under the name of "failles courbes" certain curved faults which af
fect the rocks of the Jura and south of France, but do not, he thinks, descend
into the crust; and he cites the Mont 'aron near Toulon, which, he says, one
cannot climb from any side without crossing a large fault that brings Jurassic
down upon Triassic rocks (Bull. Soc. Geol. France (3), xii. 1884, p. 452).
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up and driven over younger rocks. The "grande faille du

Midi," in the north of France and Belgium, by which the

Devonian rocks have been pushed over the Carboniferous,

is a well-known and remarkable example of this structure.

In some cases so intense have been the mechanical move

ments, that extensive metamorphism has been induced by

them. Along the thrust-planes in the northwest of Scot

land, and. for a long way above them, the rocks that have

been pushed. forward have undergone enormous shearing,

new divisional planes have been developed in them, and

they have become more or less schistose, the new minerals

crystallizing along the shearing-surfaces approximately par

allel to the thrust-planes.

Throw of Faults.---That normal faults are vertical dis

placements of parts of the earth's crust is most clearly shown

when they traverse stratified rocks, for the regular lines of

bedding and the originally flat position of these rocks afford

a measure of the disturbance. In Fig. 264, the same series

of strata occurs, on either side of each of the two faults, so

that measurement of the amount of displacement is here

obviously simple. The measurement is made from the trun

cated end of any given stratum vertically to the level of the

opposite end of the same stratum on the other side of the

fault. Where the fault is vertical, like that to the right

in Fig. 264, the mere distance of the fractured ends from

each other is the amount of displacement. In the case of an

inclined fault, the level of the selected stratum is protracted

across the fissure until a vertical from it will reach the level

of the saxiae bed, as shown by the dotted lines. The length

of this vertical is the amount of vertical displacement, or

the throw of the fault. The throw of faults varies from less

than an inch to several thousand feet.
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Unless beds, the horizons of which are known, can be

recognized on both sides of a fault, exposed in a cliff or

other section, the fault at that particular place does not

reveal the extent of its displacement. It would not, in such

a case., be safe to pronounce the fault to be large or small

in the amount of its throw, unless we had other evidence

from which to infer the geological horizon of the beds on

either side. A fault with a considerable amount of dis

placement may make little show in a cliff, while, on the

other hand, one which, to judge from the jumbled and frac

tured. ends of the beds on either side, might be supposed to

be a powerful dislocation, may be found to be of compara

tively slight importance. Thus, on the cliff near Stone.

haven, in Kincardineshire, one of the most notable faults

in Great Britain runs out to sea, between the ancient crys

talline rocks of the Highlands and the Old Red Sandstones

and conglomerates of the Lowlands of Scotland. So power

ful have been its effects that the strata on the Lowland side

have been thrown on end for a distance of two miles back

from the line of fracture, so as to stand upright along the

coast-cliffs like books on a library shelf. Yet at the actual

point where the fault reaches the sea and is cut in section

by the shore-cliff, it is not revealed by a band of shattered

rock. On the contrary, no one would at first be likely to

suspect the existence of a fault at all. The red sandstone

and. the reddened Highland schists have been so compressed

and, as it were, welded into each other, that some care is

required to trace the demarcation between them.

DIP-Fault, and Strke-FauIts.-The same fault may give

rise to very different effects, according to variations in the

inclination. 01' curvature 41 the rocks which it traverses, or

to the influence of branch faults diverging from it. Faults
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among inclined strata may, in most districts, be conveniently,

grouped into two series, one running in the same general
direction as the dip of the strata, the other approximating
to the trend of the strike. They are accordingly classified

as dip-faults and strike-faults, which, however, are not al

ways to be sharply marked off from each other, for the dip
faults will often be observed to deviate considerably from

the normal direction of dip, and the strike-faults from the

prevalent strike, so as to pass into each other.

A dip-fault produces at the surface the effect of a lateral

shift of the strata. This effect increases in proportion as

the angle of dip lessens, but ceases altogether when the

beds are vertical. Fig. 266 may be taken as a{ plan of a

dip-fault (ff) traversing a series of strata which dip north

ward at 200. The beds on the east side look as if they had

been pushed horizontally southward. That this apparent
horizontal displacement is due really to a vertical move-

ment, and to the subsequent planing

down of the surface by denuding

agents, will be clear, if we consider

what must be the effect of the vertical00 a 0

ascent or descent of the inclined beds

at a dislocation. The part on one side

of the fracture may be pushed up, or,
Fig. 266.-Plan of strata cut by

a Dip-Fault. what is equivalent, that on the other

side may be let down. If the strike of the beds be sup

posed to be east and west, then a horizontal plane cutting

the dislocated strata will show the portion on the west or

upthrow side of the fault lying to the north of that on the

east or downthrow side. The effect of denudation has

usually been practically to produce such a plane, and thus

to exhibit an apparently lateral shift. This surface displaces
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ment has been termed the heave of a fault. Its dependence

upon the angle of dip of the strata may be seen by a com

parison of Sections A and B in Fig. 267. In the former,

the bed a b, which may be supposed to be one of those in

Fig. 266, dipping north at 200, once prolonged above the

present surface (marked by the horizontal line), is repre

sented as having dropped from w b to e ci. The heave

amounts to the horizontal distance between e and b, the

throw being the vertical distance between l and ci. But if

the angle should rise to 5007 as in B, though the amount

of throw or vertical displacement is there one-fourth greater,

w

.-- &

.
e

A \B

Fig. 267.-Sections to show the variation of horizontal displacement or
HeaveofFaults,accordingtotheangleofinclinationofstrata .

the heave or horizontal shift diminishes to less than a half

of what it is in A. This diminution augments with increase

of inclination till among vertical beds there is no heave at

all, though a fault with a horizontal thrust will cause a

lateral shift even in vertical strata (see Fig. 331).

Strike-faults, where they exactly coincide with the

strike, may remove the outcrops of some strata by never

allowing them to reach the surface. Fig. 268 shows a plan

(A) and section (B) of one of these faults,ff, having a down.

throw toward the direction of dip. In crossing the strike,

we pass successively over the edges of all the beds, except

the part between the asterisks, which is out out by the fault

as shown in the section. It seldom happens, however, that
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such strict coincidence between faults and strike continues

for more than a short distance. The direction of dip is apt
to vary a little even among comparatively undisturbed

strata, every such variation causing the strike to undulate,

and thus to be cut more or less obliquely by the line of

dislocation, which may nevertheless run quite straight.

1 -3-
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Fig. 268.-Strike-Fault.
A, Plan; B, Section across the plan in the line of the arrows.

Moreover, an increase or diminution in the throw of a

strike-fault will have the effect of bringing the dislocated

ends of the beds against the line of dislocation. In Fig.

269, for instance, which represents in plan another strike

fault (f), we see that the amount of throw increases toward

the right so as to allow lower beds successively to appear

H H Ii U-5 1

Fig. 269.-Plan of strata traversed by a diminishing Strike-Fault.

on one side, while toward the left it diminishes, and finally

dies out in bed Y.

Their effects become more complicated where faults

traverse undulating and contorted strata. The connection

between folding and fracture has already been adverted to

in the case of monoclinal bends. It sometimes happens that
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the plications are subsequently fractured, so that the fault

may appear to be alternately a downthrow on opposite sides,

according to the position of the arches and troughs which

it crosses. This structure may be illustrated by a plan and

sections of a dislocated anticline and syncline, which will

also show clearly how the apparently lateral displacement

of outcrop produced by dip-faults is due to vertical moves

ment. Fig. 270' represents a plan of strata thrown into an

anticlinal fold AA and a synclinal fold SS, and traversed

Pig. 2?O.-Plan of Anticilne (A) and Syncline (S), dislocated by a Fault (F F).

by a fault FF, having an npthrow (u u) to the east. A dip.

fault shifts the outcrop toward the dip on the upthrow side,

and this will be observed to be the case here. On the west

side of the fault, the black bed a, dipping toward the south,

is truncated by the fault at u, and the portion on the up

throw side is shifted forward or southward. Crossing the

syncline we meet with the same bed rising with a contrary

dip, and as the upthrow of the fault still continues on the

same side, the portion of the bed on the west side of the

fault must be sought further south. The effect of the fault

on the syncline is to widen the distance between the two
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opposite outcrops of a bed on the downthrow side, or to

narrow it on the upthrow side. On the southern slope

of the anticline A, the same bed once more appears, and

again is shifted forward, as before, on the upthrow side.

Hence in an anticline, the reverse effect takes place, for

there the space between the two outcrops is narrowed on

the downthrow side. A section along the east or upcast

side of the fault would give the structure represented in

Fig. 271 (1); while one along the downcast side would be

3.

".00A.Z_




-
W

Fig. 271.-Sections arong the Fault in Fig. 270.
1, Section along the upeast side; 2, Section along the downthrow side.

as in (2). These two sections illustrate how the shifting

of the outcrops at the surface can be simply explained by

a mere vertical movement.

Dying out of Faults.-Dislocation may take place either"

by a single fault, or as the combined effects of two or more.

Where there is only one fault, one of its sides may be

pushed up or let down, or there may be a simultaneous op

posite movement on either side. In such cases, there must

be a gradual dying out of the dislocation toward either end;

and one or more points where the displacement has reached

a maximum. Sometimes, as may be seen in coal-workings,

a fault, with a considerable maximum throw, splits into

minor faults at the terminations. In other cases, the off

boots take place along the line of the main fissure.
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Exceedingly complicated examples occur in some coal

fields, where the connected faults become so numerous

that no one of them deserves to be called the main or lead

ing dislocation. By a series of branch-faults, the effect of

a main fault may be neutralized or reversed. Suppose, for

example, that a main fault at its eastern portion throws

down 60 fathoms to the north, and that at intervals three
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Fig. 72.-Map of part of the South Wales Coal-field.
A A, Coal-measures; L L1 Carboniferous limestone dipping beneath the coal

measures as shown by the arrows; a a, dip-faults; S, Swansea;
M, the Mumbles; B. 0., Bristol Channel.

faults on the same side strike off from it, each having

a downthrow. of 25 fathoms to the east; the combined

effect of these branch-faults will be to reverse the throw

of the main fault toward its western end, and produce a

downthrow of 15 fathoms to the south.

Groups of Faults.-The subsidence or elevation of a large

mass or block of rock has usually taken place by a combi

nation of faults. Detailed maps of coal-fields, such as those

published by the Geological Survey of Great Britain on
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a scale of six inches to a mile, furnish much instructive

material for the study of the way in which the crust of the

earth has been reticulated by faults. In most cases, dip
faults are predominant, sometimes to a remarkable extent,

as in the portion of the South Wales coal-field represented
in Fig. 272. In other places, the dislocations run in all

directions, so as to divide the ground into an irregular

network.

It often happens that, by a succession of parallel and

adjoining faults, a series of strata is so dislocated that a

given stratum, which may be near the surface on one side,

is carried down by a series of steps to some distance below.

Excellent examples of these step-faults (Fig. 273) are to be
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Fig. 273.-Step-Faults, Linlithgowshire.

seen in the coal-fields on both sides of the upper part of the

estuary of the Forth. Instead, however, of having the same

downthrow, parallel faults frequently show a movement in

opposite directions. If the mass of rock between them has

subsided relatively to the surrounding ground, they are

trough-faults (Fig. 274), and inclose wedge-shaped masses

of rock. It will be observed that the hade of these faults

is in each case toward the downthrow side, and that the

wedge-shaped masses with broad bottoms have risen, while

those with narrow bottoms and broad tops have sunk.

The faults of a district may not have been the result of

one series of movements, but of a long succession of dis

placements, or of renewed disturbance after prolonged
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quiescence. One fault sometimes displaces another. In

regions of reversed faults and thrust-planes, normal faults

have sometimes taken place long after the first dislocations.

In northwestern Scotland, for example, the thrust-planes
have been cut across and shifted, exactly as if they had

been ordinary stratification-planes.

Detection and tracing of Fault.-As a rule, faults give
rise to little or no feature at the surface, so that their exist

ence would commonly not be suspected. They compara

tively rarely appear in visible sections, but are apt rather

to conceal themselves under surface accumulations just at

J\t5t
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Fig. 274.-Trough-Faults.

those points in a ravine or other natural section where we

might hope to catch them. Yet they undoubtedly consti

tute one of the most important features in the geological

structure of a district or country, and should consequently

be traced with the greatest care. In the majority of cases,

in countries like much of central and northern Europe,

where the ground is covered with superficial deposits, the

position of faults cannot be seen, but must be inferred;

though it must be admitted that geologists have been prone

to great recklessness in this respect, introducing faults for

which there was little or no actual evidence, but which were

convenient for the explanation of theoretical views of the

structure of a district. Experience will teach the student
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that the mere visible section of a fault on some cliff or shore

does not necessarily afford such clear evidence of its nature

and effects as may be obtained from other parts of the re

gion, where it does not show itself at the surface at all, in

fact, he might be deceived by a single section with a fault

exposed in it, and might be led to regard that fault as an

important and dominant one, while it might be only a sec

ondary dislocation in the near neighborhood of a great frac

ture, for which the evidence would be elsewhere obtainable,

but which might never be seen itself. The actual position

(within a few yards) of a large fault, its line across the coun

try, its effect on the surface, its influence on. geological

structure, its amount of vertical displacement at different

parts of its course-all this information may be admirably

worked out, and yet the actual fracture may never be seen

in any one single section on the ground. A visible expos

ure of the fracture would be interesting: it would give the

exact position of the line at that particular place; but it

would not be necessary to prove the existence of the fault,

nor would it perhaps furnish any additional information of

importance. The existence of an unseen fault may usually

be determined by an examination of the geological structure

of a district. An abruptly truncated outcrop is always sug

gestive of fracture, though sometimes it may be due to un

conformable deposition against a steep declivity. If a series

of strata be discovered, in a water-course or other exposure,

dipping continuously in one general direction at angles of

100 or more, and if, at a short distance, another portion

of the same series be found inclined in another direction,

the two thus striking at each other, a fault will almost always

be required to explain their relation. If all the evidence

obtainable, from the sections in water-courses or other-
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wise, be put upon a map (as in A, Fig. 275), it will be seen

that a dislocation must run somewhere near the points
marked / I, as there is no room for either series to turn

round so as to dip below the other. They must be mutu

ally truncated. The completed map would represent them

separated by a fault (F, in B). The upthrow or downcast

side of the dislocation would be determined by the ob-

Fig. 275.-Map, illustrating the detection of an unseen Fault.
A, Field-map, showing the data actually obtained on the ground; B, completed Map,

showing the geological structure of the district.

server's knowledge of the order of superposition of the

respective groups of strata.

'The existence of a fault having been thus proved from

an examination of the geological structure of the ground, its

line across the country may be approximately laid down

1st, by getting exposures of the two sets of rock, or the two

ends of a severed outcrop on either side, as near as possible

to each other, and tracing the trend of the dislocation be

tween; 2d, by noting lines of springs along the supposed

course of the fault, subterranean water frequently finding

its way to the surface along such fissures; 3d, by attending
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to surface features, such as lines of hollow, or of ridge rising
above hollow, the effect of a fault often being to bring rocks

of unequal resistance together, so as to allow the more dur

able to rise more or less steeply from the fracture.'

PART VII. ERUPTIVE (IGNEOUS) ROCKS AS PART OF

THE STRUCTURE OF THE EARTH'S CRUST

The lithological differences of eruptive rocks having

already been described in Book IL (p. 269), it is their

larger features in the field that now require attention-fea

tures which, in some cases, are readily explicable by the

action of modern volcanoes; and which, in other cases,

bring before us parts of the economy of volcanoes never

observable in any recent cone, by revealing deep-seated

rock-structures that lie far beneath the upper or volcanic

zone of the terrestrial crust. A study of the igneous rocks.

Fig. 276.-Extensively-denuded Volcanic District (B.).

of former ages, as built up into the framework of the crust,

serves to augment our knowledge of volcanic action.

At the outset, it is evident that if eruptive rocks have

been extruded from below in all geological ages, and if, at

the same time, denudation of the land has been continu

ously in progress, many masses of molten material, poured

out at the surface, must have been removed. But the re

moval of these superficial sheets would uncover their roots

or downward prolongations, and the greater the denudation,

the deeper down must have been the original position of

the rocks now exposed to daylight. Fig. 276, for example,

6 See "Field Geology," by the author, chapter x.



GEOTECYTONIC GEOLOGY 929

shows a district in which a series of tuffs and breccias (6 6)

traversed by dikes (a a) is covered unconformably by a

newer series of deposits (dy. Properly to appreciate the

relations and history of the rocks, we must bear in mind

that originally they may have presented some such outline

as in Fig. 277, where the present surface (that of Fig. 276)

down to which denudation has proceeded is represented by

the dotted line n s.' We may therefore a priori expect to

encounter different levels of eruptivity, some rocks being

portions of sheets that solidified at the surface, others form-
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Fig. 277.-Restored outline of the original form of ground In Fig. 276(B).

ing parts of injected sheets or of the pipe or column that

connected the superficial sheets with the internal lava-reser

voir. We may infer that many masses of molten rock, after

being driven so far upward, came to rest without ever find

ing their way to the surface. It cannot always be affirmed

that a given mass of intrusive igneous rock, now denuded

and exposed at the surface, was ever connected with any

superficial manifestation of volcanic action.

Now there will obviously be, as a general rule, some

difference in texture, if not in composition, between the

superficial and the deep-seated masses, and this difference

is of so much importance in the interpretation of the history

of volcanic action that it ought to be clearly kept in view.

Those portions of an eruptive mass which consolidated at

some depth are generally more coarsely crystalline than

Do la Beche, "Geol. Observer," p. 561.
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those which flowed out as lava; they are likewise destitute

of the cellular scoriaceous structure and the ashy accom

paniments so characteristic of superficial igneous rocks.

Yet even if there were no well-marked petrographical con

trast between the two groups, it would manifestly lead. to

confusion if no distinction were drawn between those

igneous masses which reached the surface and consolidated

there, like modern lava-streams or showers of ashes, and

those which never found their way to the surface, but con

solidated at a greater or less depth beneath it. There must

be the same division to be drawn in the case of every active

volcano of the present day. But at a modern volcano, only

the materials which reach the surface can be examined, the

nature and arrangement of what still lies underneath being

matter of inference. In the revolutions to which the crust

of the earth has been subjected, however, denudation has,

on the one hand, removed superficial sheets of lava and

tuff, and has exposed. the subterranean continuations of

the erupted rocks, and, on the other hand, has laid open

the very heart of masses which, though eruptive, seem never

to have been directly connected with actual volcanic out

bursts. All subterranean intruded masses, now revealed

at the surface after the removal of some depth of overlying

rock, may be grouped together into one division under the

names Plutonic, Intrusive, or Subsequent. On

the other hand, all those which came up to the surface as

ordinary volcanic rocks, whether molten or fragmental, and

were consequently contemporaneously interstratified with

the formations which happened to be in progress on the

surface at the time, may be classed in a second group

under the names Volcanic, Interbedded, or Con-

temporaneous.
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It is obvious that these can be used. only as relative

terms. Every truly volcanic mass which, by being poured

out as a lava-stream at the surface, came to be regularly

interstratified with contemporaneous accumulations, must

have, been directly connected below with molten matter

which did not reach the surface. One part of the total

mass, therefore, would be included in the second group,

while another portion, if ever exposed by geological revo

lutions, would be classed with the first group. Seldom,

however, can the same masses which flowed out at the

surface be traced directly to their original underground

prolongations.

It is evident that an intrusive mass, though necessarily

subsequent in age to the rocks through which it has been

' a Li Li
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Fig. 278.-Section showing the relative age of an Intrusive Rock (B.).

thrust, need not be long subsequent. Its relative date

can only be certainly affirmed with reference to the rocks

through which it has broken. It must obviously be

younger than these, even though they lie upon it, if they

bear evidence of alteration by its influence. The probable

geological date of its eruption must be decided by evidence

to be obtained from the grouping of the rocks all around.

Its intrusive character can only certainly determine the

limit of its antiquity. We know that it must be younger

than the rocks it has invaded; how much younger, must

be otherwise determined. Thus, a mass of granite or a

series of granite veins (a a, Fig. 278) is manifestly posterior

in date to the plicated rocks (b b) through which it has

risen. But it must be regarded as older than overlying
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undisturbed and unaltered rocks (c), or than others lying

at some distance (e /), which contain worn fragments de

rived from the granite.

On the other hand, an interbedded or contemporaneous

igneous rock has its date precisely fixed by the geological

horizon on which it lies. Sheets of lava or tuff interposed

between strata in which such fossils as Calyrnene Blumen

bachii, Lepta3na sericea, Atrypa reticuaris, Orthis eleganLu la,

and Pentamerus Knightii occur, would be unhesitatingly

assigned by a geologist to submarine volcanic eruptions of

Upper Silurian age. A lava-bed or tuff intercalated among

strata containing Sphenopteris affinis, Lepidoclenciron veithe

imianum, Leperditia, and other associated fossils, would

unequivocally prove the existence of volcanic action at the

surface during the Lower Carboniferous period, and at that

particular part of the period represented by the horizon of

the volcanic bed. Similar eruptive material associated with

Ammonites, Belennites, Pentacrinites, etc., would certainly

belong to some zone in the great Mesozoic suite of forma

tions. An interbedded. and an intrusive mass found on the

same platform of strata need not necessarily be coeval. On

the contrary, the latter, if clearly intruded along the hori

zon of the former, would obviously be posterior in date.

It will be understood, then, that the two groups have their

respective limits determined mainly by their relations to

the rocks among which they may happen to lie, though

there are also special internal characters that help to dis

criminate them.

The value of this classification for geological purposes

is great. It enables the geologist to place and consider by

themselves the granites, quartz-porphyries, and other crys

talline masses, which, though lying sometimes perhaps at
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the roots of ancient volcanoes, and therefore intimately

connected with volcanic action, yet we their special char

acters to their having consolidated under Pressure at some

depth within the earth's crust; and to arrange in another

series the lavas and tuffs which, having been thrown out

to the surface, bear the closest resemblance to the ejected.

materials from modern volcanoes.. He is thus presented

with the records of hypogene igneous action in the one

group, and with those of superficial volcanic action in. the

other. ile is furnished with a method of chronologically

arranging the volcanic phenomena of past ages, and is

thereby enabled to collect materials for a history of vol

canic action aver the globe.

In adopting this classification for unravelling the geolog

ical structure of a region where igneous rocks abound, the

student will encounter instances where. it may be difficult

or impossible to decide in which group a particular mass

of rock must be placed. He will bear in mind, however,

that, after all, such schemes of classification are proposed

only for convenience in systematic work, and that there

are no corresponding hard and fast lines in nature, He

will recognize that all crystalline or glassy igneous. rocks

must be intrusive at a greater or less depth from the. sur

face; for every contemporaneous sheet has obviously pro

ceeded from some internal pipe or mass, so that, though

interbecided and contemporaneous with the strata at the

top, it is intrusive in relation to the strata below.

The characters by which an eruptive (igneous) rock may

be distinguished are partly lithological and partly geotec

tonic. The lithological characters have already been fully

given (pp. 288, 269). Among the more important of them

are the predominance of silicates (notably of feispars, horn-
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blende, mica, augite, olivine, etc.), and of disseminated

crystals of iron oxides (magnetite, titaniferous iron); a pre

vailing more or less thoroughly crystalline structure; the

frequent presence of vitreous and devitrified matter, visible

megascopically or microscopically; and the occurrence of

porphyritic, cellular, pumiceous, slaggy, amygdaloidal, and

fluxioa structures. These characters are never all united

in the same rock. They possess likewise various values as

marks of eruptivity, some of them being shared with crys

talline schists which were certainly not eruptive. On the

whole, the most trustworthy lithological evidence of the

eruptive character of a rock is the presence of glass, or

traces of an original glassy base. We do not yet certainly

know of any natural vitreous substance, except of an erup

tive nature. The occurrence or association of certain min

erals, or varieties of minerals, in a rook, may also afford

presumptive evidence of its igneous origin. Sanidine,

leucite, olivine, nepheline, for example, are, for the most

part, characteristic volcanic minerals; and mixtures of

finely crystallized triclinic feispars with dark augite,

olivine, and magnetic iron, or with hornblende, are spe

cially met with among eruptive rocks.

But it is the geotectonic characters on which the geol

ogist must chiefly rely in establishing the eruptive nature

of rocks. These vary according to the conditions under

which the rocks have consolidated. We shall consider them

as they are displayed by the Plutonic, or deep-seated, and

Volcanic, or superficial phase of eruptivity.2

As already stated (p. 220), a chronological basis has been proposed for the
c1assiflation of eruptive rocks. Some writers have even gone so far as to sug
gest that different names should be given to eruptive rocks according to the
geological formation in which they occur, as Carbophyre, Kohiephyre, Triaphyre,
Juraphyre. See Th. Ebray, Bull. Soc. Geol. France (3), iii. p. 291.
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Section i Plutonic, Intrusive, or Subsequent Phase of

Eruptivity

We have here to consider the structure of those eruptive
masses which have been injected or intruded into other

rocks, and. have consolidated beneath the surface. One

series of these masses is crystalline in structure, but with

felsitic and vitreous varieties. It includes most of the

eruptive rocks, and especially the more coarsely crystalline

forms (granite, syenite, quartz-porphyry, granophyre, lipa

rite, diorite, etc.). The other series is fragmental in char

acter, and includes the agglomerates and tuffs which have

filled up volcanic orifices.

After some practice, the field-geologist acquires a faculty

of discriminating, even in hand-specimens, crystalline rocks

which have consolidated beneath the surface, from those

which have flowed out as lava-streams. Coarsely crystal

line granites and syenites, with no trace of any vitreous

ground-mass, are readily distinguishable as platonic masses;

while, on the other hand, cellular or slaggy lavas are easily

recognizable as superficial outflows, or as closely connected

with them. But it will be observed that such differences

of texture, though furnishing useful helps, are not to be

regarded as always and. in all degrees perfectly reliable.

We find, for example, that some lavas have appeared at or

near the surface with so coarsely crystalline a structure

as to be mistaken by a casual observer for granite; while,

on the other hand, though an open pumiceous or slaggy

structure is certainly indicative of a lava that has consoli

dated at or near the surface, a finery cellular character is

not wholly unknown in intrusive sheets and dikes which

have consolidated below ground. Again, masses of frag.
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mentary volcanic material are justly regarded as proofs of

the superficial manifestation of volcanism, and in the vast

majority of cases they occur in beds which were accumu

lated on the surface, as the result of successive explosions.

Yet cases, which will be immediately described, may be

found in many old volcanic districts, where such fragmen

tary materials, falling back into the volcanic funnels, and

filling them up, have been compacted. there into solid rock;

they may occasionally have been produced by explosions

of lava within subterranean caverns.

The general law which has governed the intrusion of

igneous rock within the earth's crust may be thus stated:

Every fluid mass impelled upward by pressure from below,

or by the expansion of its own imprisoned vapor, has sought

egress along the line of least resistance. That line has de

pended in each case upon the structure of the terrestrial

crust and the energy of eruption. It may have been deter

mined by an already existent dislocation, by planes of

stratification, by the surface of junction of two unconform

able formations, by contemporaneously formed cracks, or

by other more complex lines of weakness. Sometimes the

intruded mass has actually fused and obliterated some of

the rock which it has invaded, incorporating a portion into

its own substance. The shape of the channel of escape has

thus determined the external form of the intrusive mass,

as the mold regulates the form assumed by cast-iron. This

relation offers a very convenient means of classifying intru

sive rocks. According to the shape of the mold in which

they have solidified, they may be arranged as-(1) bosses

or amorphous masses, (2) sheets, (3) veins and dikes, and

(4) necks.
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§ 1. Bosses

Bosses or amorphous masses consist chiefly of crystal

iine, coarse-textured rocks. Granite and syenite are the

most conspicuous examples, but various quartz-porphyries,

felsites, trachytes, diorites, gabbros, diabases, andesites,

dolerites, etc., also occur. Where rocks assume this form

as well as that of sheets, dikes, and. contemporaneous beds,

it is commonly observed, that they are more coarsely crys

talline when in large amorphous masses than in any other

form. Pyroxenic rocks afford. many examples of this char

acteristic. In the basin of the Forth, for instance, while

the outflows at the surface have been fine-grained basalts,

the masses consolidated underneath have generally been

coarse dolerites or cliabases.3

In the consolidation of an igneous rock, the more basic

minerals have generally crystallized out first, and the last

portions of the mass to solidify have not infrequently a

notably more acid character than those which solidified

first. Hence the margin of an eruptive mass may show

a more basic composition than the central portions which

cooled more slowly. A remarkable range of composition

may thus be found. within the same boss." Again, if during

the process of consolidation a rock should be ruptured Sand

portions of the still liquid matter be forced into the rents,

these veins or squirts will generally be found to be de

cidedly more acid. than the rock in which they lie (pp. 384,

445, 457).

Granite.-It was once a firmly-held tenet that granite is

the oldest of rocks, the foundation on which all other rocks

3 Trans. Roy. Soc. Edin. xxix. p. 493, 1879.
1 Teall and Dakyns, Quart. Journ. Geol. Soc. 1892, p. 104.
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have been laid down. This idea no doubt originated in the

fact that granite is found rising from beneath gneiss, schist,

and other crystalline masses, which in their turn underlie

very old stratified formations. The intrusive character of

granite, shown by its numerous ramifying veins, proved
it to be later than at least those rocks which it had in

vaded. Nevertheless, the composition and structure of

gneiss and mica-schist were believed to be best explained

by supposing these rocks to have been derived from the

waste of granite, and thus, though the existing intrusive

granite had to be recognized as posterior in date, it was

regarded as only a subsequent protrusion of the vast

underlying granitic crust. In this way, the idea of the

primeval or fundamental nature of granite held its ground.
From what is known regarding the fusion and consolidation

of rocks (ante, p. 510 et seq.), and from the evidence sup

plied by the microscopic structure of granite itself (p. 199),
it appears now to be established that granite has consoli

dated under great pressure, in presence of superheated

water, with or without liquid carbon-dioxide, fluorine,

etc., conditions which probably never obtained at the

earth's immediate surface, unless, perhaps, in those earliest

ages when the atmosphere was densely loaded with vapors,

and when the atmospheric pressure at the surface must have

been enormous (p. 70). Whether the original* crust was of

a granitic or of a glassy character, no trace of it has ever

been or is ever likely to be found. There can be no doubt,

however, that the oldest known rocks are either granites

or granitoid gneisses which have probably been formed

out of granite.

The presence of granite at the existing surface is, doubt

less, in all cases clue to the removal by denudation of masses



GEOTECTONIC GEOLOGY 939

of rock under which it originally consolidated. The fact

that, wherever extensive denudation of an ancient series

of crystalline rocks has taken place, a subjacent granitic

nucleus is apt to appear, does not prove granite to be of

primeval origin. It shows, however, that the lower por.

tions of crystalline rocks very generally assume a granitie

type, and it suggests that if, at any part of the earth, we

could bore deep enough into the crust, we should probably

come to a granitic layer. That this layer, even if general

round the globe, is not everywhere of the highest geological

antiquity, or at least has consolidated at widely different

periods, is abundantly clear from the fact that in many

cases it can be proved to be of later date than fossiliferous

formations the geological position of which is known; that

is, the granitic layer has invaded these formations, rising

up through them, and possibly melting down portions of

them in its progress. Granite invades and alters rocks

of all ages up to late Mesozoic and Tertiary formations.

Hence, it does not belong exclusively to the earliest nor

to any one geological period, but has rather been extruded

at various epochs, and may even be in course of extravasa

tion now, wherever the conditions required for its produc

tion still exist. As a matter of fact, granite occurs much

more frequently in association with older, and therefore

lower, than with newer and higher rocks. But a little re

flection shows that this ought to be the case. Granite,

having a deep-seated origin, must rise through the lower

and more ancient masses before it can reach the overlying

more recent formations. But many protrusions of granite

would, doubtless, never ascend beyond the lower rocks.

Subsequent denudation would be needed to reveal these

protrusions, and this very process would re:noie the later
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formations, and, at the same ti me, any portions of the

granite which might have reached them.

Granite frequently occurs. in the central parts of moun

tain-chains; sometimes it forms there a kind of core to the

various gneisses, sohists, and other crystalline rocks. It

appears in large eruptive bosses, which traverse indiffer

ently the rocks on the line of which they rise, and com

monly send. out abundant veins into them. Sometimes it

even overlies schistose and. other rocks, as in the Piz de

Graves in the upper Engadine, where a wall-like mass of

granite, with syenite, diorite, and altered rocks, may be seen

resting upon schists. In the Alps and other mountain

ranges, it is found likewise in large bed-like masses which

ran in the same general direction as the rocks with which

they are associated.

Reference has already been made (p. 273) to some of the

more marked varieties of texture and structure in granite

bosses. To a few of these further and more detailed re

marks may be appropriately inserted here. The patches or

inclosures in granite, which differ in color, texture, and

composition from the general mass of the rock, may be

grouped in two divisions: 1st. Angular or subangular frag

ments, probably in most cases derived from the rocks

through which the granite has been protruded. These are

sometimes tolerably abundant toward the outer margin of a

boss. They usually show considerable contact-metamor

phism, due no doubt to the influence of the eruptive rock

in which they are inclosed. 2d. Globular or rounded con

cretions, due to some process of segregation and crystalliza

tion, in the original still unconsolidated granite. Examples

of this nature occur in the Cornish and Devon granite, as in

Studer, "Geologic der Seliwoiz," i. p.290.
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Fig. 279, which was long ago cited by Do la Beche as shows

ing a central cavity (a), not quite filled with long crystals of

schorl surrounded with an envelope of quartz and schorl (b),
outside of which lies a second envelope (c) of the same min

erals, the schorl predominating, the whole being contained

in a light flesh-colored and markedly feispathic granite @).
But more remarkable concretionary forms have since been

observed in many granites, some of them presenting an in

ternal radial concentric arrangement, and recalling the or-

bicular structure of some diorites (Na

poleonite) (Fig. 8). Such concretion.

ary aggiegations are generally more I

basic than the surrounding granite.' I
Of more importance, as affecting a \ i

much larger proportion of a granite boss, \J fr
are the differences of texture and of

\
structure not infrequently traceable from

the margin to the centre. Like most Pig 279.-Crystalline geode

intrusive
. . In granite, Dartmoor (B.)

rocks, granite is apt to e more

close-grained at its contact with the surrounding strata than

in the centre of its mass, though it does not show this con

trast so strikingly as the more basic rocks such as gabbro,

diabase, and. dole.rite. Certain characteristic varieties of tex

ture and even to some extent of composition may, however,

be recognized in many granite areas. In particular the mar

ginal portions not infrequently present a remarkable foliated

arrangement which simulates the structure of gneiss, the

folia being rudely parallel, to the margin of contact and.

either vertical or dipping at high angles away from the core

Besides the papers of Phillips, Bi'ogger and Hatch, cited on p. 276, see on
inclosures in the Shap granite Harker and Ma", Quart. Jou"rn. Geol. Soc. xlvii.
1891, p. 280; OIL gradation of granite into basic rocks, TeaR and Dakyns, cited
on p. 937.
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of granite. In some granite bosses a striking gradation can

be traced even into picrites and serpentines.

A detailed study has been made by Dr. Charles l3arrois
of the granulites (i.e._granites with two micas) of the Mor
bihan in Brittany. He has shown that the large bosses

measuring some hundreds of square kilometres present cci'
tam well-marked modifications not only of structure but of

composition as they are traced from the centre to the periph
ery, while the smaller bosses show no such modifications
and are to be regarded merely as apophyses from those of

large size. The modifications along the contact do not arise
from any exchange of substance between the granite and the

surrounding rock, but solely from the influence of cooling
which has affected the orientation of the minerals, their

grouping and their order of crystallization. Where the

granite has risen parallel to the strike of the adjacent strata
it usually passes from its ordinary granular into a porphy
roid. structure, with its large constituents arranged parallel
as in flow-structure; where, on the other hand, it breaks
across the bedding it has assumed a finely granular massive
character (aplite) with its crystalline constituents showin

regular geometric forms. These variations are thus prove
in this particular instance to depend on the influence of the

surrounding envelope, which, though chemically inactive,
offers considerable diversity as a conductor of heat and of

pressure. The crystallization of the constituents of the rock
took place progressively from the outside inward, that is,
from a mass still in motion across a magma that had come to
rest and which shows now no trace of flow. But besides this

marginal band of "porphyroid granulite," the external por
tions of the southern flanks of the bosses present a re
markable schistose structure which, likewise limited to a

peripheral zone, resembles that of gneiss, both fine-grained
and glandular (angen-gneiss). Examined in detail the mica
flakes of this gneissic band are found to be torn and drawn
out, the feispar crystals deformed, broken, and blunted, in

dicating the powerful mechanical forces which have affected
the rock. These crushed. constituents, have subsequently
been recemented by membranes and fibres of white sericitic

mica, sometimes of black mica, and by sheets of secondary
granular quartz, formed out of the triturated dbris of the
older ingredients. Considering_ the gradual passage of these
chistose selvages into the ordnary granular ro&, and the
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further fact that the schistose structure occurs only on the

southern flanks of the granitic bosses of the Morbiiian, Dr.

Barrois attributes this structure to a powerful lateral pres
sure which has acted in a direction from south to north.7

Relation of Granite to contiguous Rocks.

From an early period the attention of geologists has been

given to the evident mineralogical change which has taken

place among stratified rocks as they approach a mass of

granite. This change is developed within a ring or areola

which encircles the granite, and varies in breadth from a few

yards to two or three miles. The most intense alteration is

found next the granite, while along the outer margin of the

areola the normal character of the rocks is resumed. In

some cases, however, no perceptible trace of alteration can

be detected next a mass of granite. Of the European exam

pies of contact-metamorphism, those of Devon and Cornwall,

Ireland, Scotland, the llarz, Vosges, Pyrenees, and Norway

have long been known. The nature of the metamorphism

thus superinduced upon rocks is more particularly discussed

at p. 1007.

The southeast of Ireland supplies an admirable illustra
tion of the relation between granite and its surrounding rocks

(Fig. 280). A mass of granite 70 miles in length and from

Fig. 280.-Section across part of the granite belt of the southeast of Ireland.
a, Granite; bb, patches of Lower Silurian rocks lying on the granite at variouR

distances from the main Lower Silurian area, c c.

7 to 17 in width there stretches from northeast to southwest,
nearly along the strike of the Lower Silurian rocks. These
strata, however, have not been upraised by it in such a way
as to expose their lowest beds dipping away from the gran
ite. On the contrary, they seem to have been contorted

' Ann. Soc. Geol. Nord, xv. 11887, pp. 1-40.







944 TEXT-BOOK OF GEOLOGY

prior to the appearance of that rock; at least they often dip
toward it, or lie horizontally or undulate upon it, apparently
without any reference to movements which it could have

F
oduced. As Jukes showed, the Silurian strata are under.

i)arin by a vast mass of Cambrian rocks, all of which must
have been invaded by the granite before it could have
reached its present horizon. He infers that the granite
must have slowly and irregularly eaten its way upward
through the Silurian rocks, absorbing much of them into
its own mass as it rose. For a mile or more, the stratified
beds next the granite have been altered into mica-schist, and
are pierced by numerous veins from the invading rock.
Within the margin of the granitic mass, belts or rounded

irregular patches of schist (b b) are inclosed; but in the cen
tral tracts, where the granite is widest, and where therefore
we may suppose the deepest parts of the mass have been laid
bare, no such included patehesof altered rock occur. From
the manner in which the schistose belt is disposed round the

granite, it is evident that the upper surface of the latter
rock, where it extends beneath the schists, must be ver
uneven. Doubtless the granite rises in some places muc
nearer to the present surface of the ground than at others,
and sends out veins and strings which do not appear above

ground. If, as Jukes supposed, a thousand feet of the
schists could be restored at some parts of the granite belt,
no doubt the belt would there be entirely buried; or if, on
the other hand, the same thickness of rock could be stripped
off some parts of the band of schist, the solid granite under
neath would be laid bare. The extent of granite surface

exposed must thus be largely determined by the amount of
denudation, and by the angle at which the upper surface
of the granite is inclined beneath the schists. Where the
inclination is high, prolonged denudation will evidently do

comparatively little in widening the belt.' But where the

slope is gentle, and especially where the surface undulates,
the removal, for some distance, of a comparatively slight
thickness of rock, may uncover a large breadth of under

lying granite. Portions of the metamorphosed rocks left by
denudation upon the surface of the granite boss, are relics
of the deep cover under which the granite no doubt origi
nally lay, and, being tougher than the latter rock, they have
resisted waste so as now to cap hills and protect the granite

8 See Jukes's "Manual of Geology," 3d ed. p. 243.
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below, as at the mountain Lugnaqu.illa (L in Fig. 280), which
rises 3039 feet above the sea.

Recent observations by Prof. Hull and Mr. Traili, of
the Geological Survey of Ireland, have shown that in the
Mourne Mountains, a mass of granite has in some parts risen

up through highly inclined ilurian rocks, which conse

quently seem to be standing almost upright upon an under

lying boss of granite. The strata are sharply truncated by
the crystalline mass, and are indurated but not otherwise
altered'. The intrusive nature of the granite is well shown
by the way in which numerous dikes of dark melaphyre are
cut off when they reach that rock.° The accompanying dia-

a

I-.-- I
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Fig. 281.-Section of Slievenamaddy, Mourne Mountains.
a a, Lower Silurian strata dipping at high angles; b b, Dikes of basalt (melaphyre),

cutting these strata but truncated by the granite c, which along the outer margin
and in extruded veins passes into a quartz-porphyry, d ci.

gram (Fig. 281) is taken from one of the sections in which
this structure is portrayed by these observers.

In the Lower Silurian tract of the south of Scotland sev-
eral large intrusive bosses of granite occur (Fig. 282). The
strata do not dip away from them on all sides, but with

trifling exceptions maintain their normal N.E. and S.W.
strike up to the granite on one side, and resume it again on
the other. The granite indeed has not merely pushed aside
the strata so as to make its way past, but actually occu

pies the place of so much Silurian graywacke and shale,
which have disappeared, as if they had been pushed or
blown out or had been melted up into the granite. There
is usually a metamorphosed belt of about a mile in width, in
which, as they approach the granite, the stratified rocks
assume a thoroughly schistose character. Numerous small,
dark, often angular patches or fragments of mica-schist may
be observed in the marginal parts of the granite. Occasion

ally granite-veins protrude from the main masses; in the

metamorphosed zone which surrounds the Criffel granite

Horizontal Section No. 22, Geol. Surv. Ireland.
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area in Kirkcudbright, hundreds of dikes and veins of vari-
ous felsitic or elvanitic rocks occur (see p. 959" 10

Similar features are presented by the granite bosses of
Devon and Cornwall, which have risen through Devonian
and Carboniferous strata. The Dartmoor mass is specially
instructive. As shown by the early work of De la Beche,
it passes across the boundary between the Devonian and
Carboniferous areas, extending chiefly into the latter, so that
it cuts across strata of different ages. In doing so it has
risen irresistibly through the crust, without seriously affect

ing the general strike of the rocks. It cuts volcanic bands,
as well as grits and shales into which it sends veins."

Connection of Granite with Volcanic

Rocks.-The manner in which some bosses of granite

penetrate the rocks among which they occur strongly re

calls the structure of volcanic necks or pipes (p. 909). The

granite is found as a circular or elliptical mass which seems

to descend vertically through the surrounding rocks with

out seriously disturbing them, as if a tube-shaped opening

had been blown out of the crust of the earth, up which

the granite had risen. Several of the granite masses of the

south of Scotland, above referred to, exhibit this character

very strikingly (Fig. 282). That granite and granitoid rocks

have probably been associated with volcanic action is indi

cated by the way in which they occur in connection with

the Tertiary volcanic rocks of Skye, Mull, and other islands

in the Inner Hebrides. Jukes suggested many years ago

that granite or granitoid masses may lie at the roots of

volcanoes, and may be the source whence the more silicated

lavas proceed."

10 Explanation of Sheet 9, Geological Survey of Scotland. The contact
metamorphism of these granite bosses is described on p. 1008-

11 De la Beche, "Report, Devon and Cornwall," p. 165. J. A. Phillips,
Q. J. Geol. Soc. xxxiv. p. 493. Compare the action of the Tertiary granites
of Skye., Trans. Roy. Soc. Edin. xxxv. 1888, Fig. 56, p. 170.

12 "Manual of Geology," 2d ed. p. 93; Geikie, Trans. Geol. Soc. Edin. ii.
p. 301; Trans. Roy. Soc. Edin. xxxv. 1888, p. 150; Judd, Quart. Journ. Geol..
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While the instances are few where any satisfactory con

nection can actually be traced between granitic masses and

true lava-form or volcanic rocks, the close relationship

between granite and the crystalline schists has long been

recognized. It was formerly believed by many geologists

that some granite is of metamorphic origin, that is to say,

may have been produced by the gradual softening and re

crystallization of other rocks at some depth within the crust

I ..

Fig. 282.-Plan of granite boss, Calrnsmore of Fleet, Scotland.
The granite area (c) is from 7 to 10 miles in diameter, rising through highly Inclined

Lower Silurian strata (a), among which are some conspicuous bands of black
anthracitic and graptolitic shales (b). The arrows show the direction of dip; the
parallel lines that of the strike. The ring within the dotted line round the granite1efines the belt of metamorphism.

of the earth. As giadations can be traced from gneiss

through less distinctly crystalline schists into unaltered

strata, the granite into which such gneiss seems to pass
was by some looked upon as the extreme of metamorphism,
the various schists and gneisses being less advanced stages
of the process. Prof. Dana has described a series of horn

blendic, hypersthenic, augitic, micaceous, and olivine rocks

in the valley of the Hudson River, which, as varieties of

granite, syenite, diorite, norite, etc., he describes as masses

Soc. xxx. p. 220; Reyer, Jahrb. Geol. Reiehsanat. 1819, p. 405, and his "Bei
trag zur Physik der Eruptionen."
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that have been reduced to a fused or plastic condition

though metamorphic action. The tendency of modern

inquiry is to regard granite as an eruptive and. not as a

metamorphic rock, and to look upon the gradations be

tween it and various schists as phases in the deformation

and alteration of the original granite. Many cases are now

known where under great mechanical stresses the compo
nent minerals of granite have been drawn out, as in the

tluxion structure of lavas, and the rock has assumed the

laminar structure of gneiss.. Many gneisses are almost cer

tainly only varieties of granite in which a foliated structure

has been superinduced.'4

Diorite, e"-On a smaller scale usually than granite,

other crystalline rocks assume the condition of amorphous

bosses. Diorite, syenite, quartz-porphyry, gabbro, and

members of the diabase and basalt family have often been

erupted in irregular masses, partly along fissures, partly

along the bedding, but often involving and apparently

melting up portions of the rocks through which they have

made their way. Such. bosses have frequently tortuous

boundary-lines, since they send out veins into or cut capri

ciously across the surrounding rocks.. In Wales, as shown

by the maps and sections of the Geological Survey, the

Lower Silurian formations are pierced by huge bosses of

different crystalline rocks, mostly included under the old

term "greenstone," which, after running for some way

with the strike of the strata, turn round and break across

it,. or branch and traverse a considerable thickness of strati

fied rock. In central Scotland, numerous masses of dolerite

18 Amer. Journ. Sci. xx. 1880, p. 219.
' See, for an early statement of this view, Dr. Lehmanu's work on the

graiullte' region of Saxony, cited ante, p. 272. The gneisses of the northwest
of Scotland are believed to be essentially crushed and foliated eruptive rocks.
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or diabase have been intruded among the Lower Carbonif-

erous formations. One horizon on which they are partic

ularly abundant lies about the base of the Carboniferous

Limestone series. Along that horizon, they rise to the

surface for many miles, sometimes ascending or descending
in geological position, and breaking here and there abruptly
across the strata.' There can be little doubt that they have

actually melted down some parts of the stratified rocks,

particularly the limestone."' Considerable petrographical
differences occur among them, which may perhaps be in

some measure due to the incorporation of such extraneous

material into their mass. Gaps occur where these intrusive

rocks do not rise to the surface, but as they resume their

position again not far off, it may be presumed that they are

really connected under these blank intervals. In the Inner

Hebrides huge bosses of gabbro occur as well as granophyre
and other acid rocks in the midst of the Tertiary volcaniQ

series.

Mr. 0. K.. Gilbert has described, under the name of

"laccolite," a structure in the Henry Mountains in South

ern Utah, which is probably not uncommon in denuded

volcanic districts. Large bosses of trachytic lava have

risen from beneath, but instead of finding their way to

the surface, have spread out laterally and pushed up the

overlying strata into a dome-shaped elevation (Fig. 283).

Here and there, smaller sheets proceeding from the main

masses have been forced between the beds, or veins have

been injected into fissures, and the overlying and contigu

ous strata have been considerably metamorphosed.

15 Trans. Roy. Soc. Edin. xxix. p. 476.
16 See Dr. Stecher's papers, quoted posea, pp. 93'?, 1013.
11 "Geology of the Henry Mountains," U. S. G-eog. and Geol. Survey,

Washington, 187'?. A similar structure was figured and described by C Mac
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Effects on Contiguous Rocks.-The contact

metamorphism around bosses of diorite and other rocks

includes alteration of the texture and even the minera

logical composition of the rocks through which intrusive

material has been erupted. The amount and nature of the

change produced vary with the character and bulk of the

eruptive mass, as well as with the susceptibility of the sur

rounding materials to alteration. Diorite, diabase, mela

phyre, basalt, felsite, and other eruptive rocks are not

Fig. 283.-Ideal section of three "Laccolites," after Gilbert.

infrequently accompanied by considerable metamorphism

of the adjacent strata, though the change seldom approaches

the intensity of that around large areas of granite. These

phenomena are manifested also by intrusive sheets, dikes,

veins, and necks. They belong to the series of changes

embraced under the head of contact-metamorphism, and

are grouped together for description in Part VIII.

Effects on the Eruptive Mass.-Allusion has

been made above to the displacement of rocks by eruptive

bosses as if the original material that filled the present area

laren, "Geol. of Fife and Lothians," 1839, pp. 100, 101. The gabbros of 3kye
have been injected in this way into the sheets of the great basalt-plateau.
Trans. Roy. Soc. Edin. xxxv. 1888, p. 122. See also J. 1). Dana, Amer. Journ.
Sd. xlii. 1891, p. '79.
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of these bosses had been blown out, pushed up, or melted

down into the advancing column of the igneous magma. If

any serious amount of material were incorporated by fusion

into an eruptive mass we should expect to be able to detect

some change in the chemical composition or crystalline

structure of the rock so affected. The observations and

deductions of Dr. Stecher on the change in the composi

tion of intrusive sheets (Book IV. Part VIII.) deserve full

consideration, for they appear to indicate that considerable

differences may be induced on an igneous mass by the in

corporation into its substance of portions of the surround

ing rocks.

Connection with Volcanic Action.-There

can be little doubt that in regard. to eruptive masses, par

ticularly of the dioritic, gabbro, and doleritic or basaltic

series, though the portions now visible consolidated under

a greater or less depth of overlying material, they must in

many cases have been directly connected with superficial

volcanic action. Some of them may have been underground

ramifications of the ascending molten rock which poured

forth at the surface in streams of lava, though these super

ficial portions have been removed by denudation. Others

may mark the position of intruded masses which were ar

rested in the unsuccessful attempt to open a new volcanic

vent. The gabbro and granophyre bosses of the Inner

Hebrides were undoubtedly a part of the general Tertiary

volcanic phenomena of that region.

Connection with Crystalline Schists.-In

some regions masses of diorite, gabbro, diabase, etc.,

associated with crystalline schists, have undergone such

a rearrangement of their component minerals as to pass

into amphibolites and hornblende-schists. These changes
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are well developed in the Saxon Granalitgebirge and in

the North of Scotland. They are further referred to at

p. 314, and Book IV. Part VIII.

§ 2. Sheets, Sills

Eruptive masses have been intruded between other

rocks, and now appear as more or less regularly defined

beds. In many eases, it will be found that these intru

sions have taken place between the planes of stratification.

The ascending molten matter, after breaking across the

rocks, or rather, after ascending through fissures, either

previously formed or opened at the time of the outburst,

has at last found its path of least resistance to lie along

the bedding-planes of the strata. Accordingly it has thrust

itself between the beds, raising up the overlying mass,

and solidifying as a nearly or exactly parallel cake, sheet,

or sill.

It is evident that one of these intercalated sheets must

present such points of resemblance to a subaerial stream of

lava as to make it occasionally a somewhat difficult matter

to determine its true character, more especially when, owing

to extensive denudation, or other cause, only a small por

tion of the rock can now be seen. Intrusive sheets are

marked by the following characters, though these must

not be supposed to be all present in every case. (1) They

do not rigidly conform to the bedding of the rocks among

which they are intercalated, but sometimes break across it,

and run along on another platform. (2) They catch up and

involve portions of the surrounding strata. (3) They some

times send veins into the rocks above and below them.

(4) They are connected with dikes or pipes which, descend

ing through the rocks underneath, have been the channels
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by which the sills were supplied. (5) They are commonly

most close-graineci at their upper and under surfaces, and

most coarsely crystalline in the central portions. (6) They

are rarely cellular or amygclaloiclal. (7) The rocks both

above and below them are usually hardened and otherwise

more or less altered.

As a well-known and (from its association with the Hut
tonian and Wernerian disputes) classical example of this
structure, the mural escarpment called Salisbury Crags at

Edinburgh may be described (Fig. 284. This is a sill of

crystalline diabase (dolerite), which can be traced for a dis
tance of 1500 yards, lying among the red and gray sand
stones, shales, and impure limestones which form the base

Fig. 284.-Diagrammatic view of Salisbury Crags. Edinburgh-a sill in Carboniferous
sandstones and shales.

of the Carboniferous system of central Scotland. As the

general dip of the rocks is northeasterly, the sill forms a

lofty cliff facing west and south, from the base of which a

long grassy slope of dbris stretches down to the valley in
front. Its thickness at the highest part is about 80 feet, but
at a distance of 650 yards to the north this thickness dimin
ishes to less than a half. At first, the diabase might be
taken for a conformable sheet, regularly interposed between
the sedimentary strata. But an examination of the beds on
which it rests shows that it transgressively passes over a suc
cession of platforms, and eventually comes to rest at the east
end on strata somewhat lower in geological position than
those at the north end. Moreover, another parallel intru
sive sheet intercalated in a lower portion of the sandstone

-.: -
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series gradually approaches the rock of Salisbury Crags.
They are both transgressive across the strata, and they ap
pear to unite in a large mass called Samson's Ribs.

On the west front, a large dike-like mass of the diabase
descends vertically through the sandstones, and has been

regarded as not improbably a pipe or feeder, up which the
molten rock originally rose (Fig. 284). Along the southern
face of the escarpment, several instructive exposures show
the behavior of the diabase to the strata through which it
has made its way. In Fig. 285, for example, a portion
of the underlying strata having been carried away, the dia
base has wedged itself below one of the remaining broken
ends. Again, veins and threads of the eruptive rock have
been injected into fragments of the strata caught up in its
mass (Fig. 286). The strata in contact with the .iabase have

Fig. 285.-Section at base of south front of Salisbury Crags, showing portion
of strata cutout by intrusive diabase. a, sanastones, shales, etc.;

b, diabase. Length of section, 2 feet.

been much hardened, the shales being converted into a kind.
of porcellanite, arid the sandstones into quartzite." The

diabase in the centre of the bed is a coarse-grained rock, in.

which the component minerals can readily be detected with
a lens, or even with the unassisted eye. But as it ap
proaches the sedimentary beds, above and below, it becomes

finely crystalline. I have had sections cut for the micro

scope, showing the actual junction of the two rocks (Fig.

287). In these it is interesting to observe that the diabase,

for about the eighth of an inch inward from its edge, con

sists mainly of an altered glass in which lie well-formed

crystals of triclinic feispar and numerous opaque tufted

microlites, which may be of augite. An inch back from

18 Mr. Sorby has observed in specimens from this locality sliced by him for

microscopic examination that the fluid cavities in the quartz-grains have been

emptied. -Address, Quart. Jour. Geol. Soc. xxxvi. Address, p. 82. But see
Dr. Stecher's papers quoted p. 937, 991. This author gives a detailed account of
the contact phenomenon of the Carboniferous sills in the basin of the Firth of
Forth.
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the edge, the glass and the mierolites have alike disap

t
eared, and the rock is merely a crystalline diabase, though
-ner in grain than in the central portions of the bed.
Nu-meroussteam- or gas-vesicles occur in the vitreous part, some
of them empty, but mostly filled with calcite or a brown fer.

ruginous earth. There can be little doubt that the vitreous
structure of this marginal film was originally that of the
whole rock. The thinness of the glassy crust is in harmony
with all that is known as to the feeble thermal conductivity

/
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Fig. 286. Fig. 287.
Fig. 286.-Mass of sandstone and shale (a) Imbedded in the diabase (h) of Salisbury

Crags, and injected with veins and threads of it.

Fig. 287.-Junction of intrusive Diabase with Sandstone, Salisbury Crags, Edinburgh.
Magnified 20 Diameters.-The granular portion at the bottom of the drawing is
Sandstone, a part of which Is involved in the diabase that occupies the rest of the
slide. The darker portion next the sandstone Is a vitreous substance which has
been serpentinized. It contains crystals of plagloclase and vapor vesicles drawn
out in the direction of flow. Above the darker part the glassy condition rapidly
passes into ordinary but minutely crystalline d1abae. The rock has been con
siderably altered, calcite occupying many of the vesicles and fissures.

of lava. When the rock was intruded, it was no doubt a
molten glass containing much absorbed vapor, the escape of
which at its high temperature was probably the main agent
in indurating the adjacent strata. In a number of slices cut
from different parts of the central portion of the diabase, .1
have failed to detect any of the steam-holes so marked in
the outer vitreous edge.

19 One of the most remarkable examples of an intrusive sheet is the Whin
Sill of Northumberland, of which an account by Messrs. Topley and Labour
will be found in Q. J. Gaol. Soc. miii 1817, p. 406. See also J. 3. H. TeaU,
op. cit. 1884.
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This greater closeness of texture at the surfaces of con

tact forms one of the distinguishing marks of an intrusive as

contrasted with a contemporaneous sheet (pp. 952, 979)

Microscopic examination of these marginal parts from many

of the intrusive sheets in central Scotland, shows that even

where no distinct glass remains, the rock is crowded with

black opaque microlites arranged in a delicate geometric net

work. Back from the surface of contact, the microlites dis

appear, and the magnetite or titaniferou.s iron assumes its

ordinary crystalline and often indeterminate or imperfect

contours. These bodies, developed along the marginal por

tions of the intrusive mass, probably belong to conditions

of rapid cooling."

Another lithological characteristic of the intrusive, as

compared with the interbeddeci sheets, is the considerable

variety of composition and structure which may be detected

in different portions of the same mass.. A rock which at

one place gives under the microscope a crystalline-granular

texture, with the mineral elements of diabase, will at a short

distance show a coarsely crystalline texture with abundant

orthoclase and free quartz-minerals which do not belong to

normal diabase-or may be traversed by veins of fine-grained

siliceous material. These differences, like those above re

ferred to as noticeable among amorphous bosses, seem to

point to successive stages in the consolidation of a molten

magma of which the more basic constituents separated first.

But sometimes they suggest that great intrusive sheets have

here and. there involved and melted, down portions of rocks,

and have thus acquired locally an abnormal composition."

° See Fouqu6 and Michel.Lvy, "Synth.êse des Min6raux."
' Trans. Roy. Soc. Edin. xxix. p. 492. Clough, Geol. gag. 1880, p. 433.

See also 3. .1. II. Teal!, Q. J. Geol. Soc. xl. p. 24'?, xlviii. p. 104. Stecher,
paper cited on p. 937.
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Effects on Contiguous Rocks.-Admirable ex

amples of the alteration produced by eruptive masses are not

uncommonly presented at the contact of intrusive sheets

with the surrounding rocks. Induration, decoloration,

fusion, the production of a prismatic structure, conversion

of coal into anthracite, of limestone into marble, and other

alterations, may be observed. The nature of these changes
is described in Book IV. Part VIII.

Connection with Volcanic Action.-Many
volcanic rocks occur in the form of intrusive sheets, as

felsite, quartz-porphyry, diorite, mela phyre, diabase, dole

rite, basalt, trachyte, and others. The remarks above made

regarding the connection of intrusive bosses with volcanic

action may be repeated with even greater definiteness here.

Intrusive sheets abound in old volcanic districts, intimately
associated with dikes and surface-outflows, thus bringing
before our eyes traces of the underground mechanism of

volcanoes. They frequently occur among the rocks that lie

beneath a mass of ejected lavas and tuffs, or traverse the

lower, sometimes even the upper parts of the volcanic mass.

They then appear to mark some of the later stages of erup
tion when the orifices of discharge had become choked up
and the subterranean energy only sufficed to inject the

magma between the bedding of the rocks below ground
but not to impel it to the surface. It is observable that

later intruded masses are often more acid than the lavas

previously erupted."

Among the Palaozoic and Tertiary volcanic regions of

Britain numerous illustrations of such sills are to be found.

Some of the most striking are those that emerge from be-

Trans. Roy. Soc. Min. xxxv. 1888, p. 143. Quart. Journ. Geol. Soc.
xlviii. 1892, Address, p. 1
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neath the great erupted masses of Arenig and Bala age in

North Wales. Admirable examples occur among the Car

boniferous volcanic rocks of the basin of the Forth." The

Tertiary sills injected among Carboniferous and Cretaceous

rocks of Antrim. and the Jurassic rocks of the Inner Heb

rides are likewise conspicuous for size and abundance.
24

§ 3. Veins and Dikes

The term "vein" is rather vaguely employed by geolo

gists. It is used as the designation of any mass of mineral
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matter which has solidified between the separated walls of

a fissure. When this mineral matter has been deposited

from aqueous solution or from sublimation, it forms what

is known as a mineral vein (Pt. IX.). When it has been

See Trans. Roy. Soc. Edin. xxix. p. 474.
24 Op. cit. xxxv. 1888, p. 11.1.

Fig. 288.-Intrusive Veins and Dikes of Porphyrite in Tuff of a Volcanic
"Neck," Renfre wshire.
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injected in a molten or pasty state into some other rock,

it forms an eruptive vein, or, if it forms a vertical wall-like

mass, a dike. When it forms part of the igneous rock in

which it occurs, but belongs to a later period of consolida

tion than the portion into which it has been injected, it has

been called a contemporaneous vein. When it has trystal

lized or segregated out of the component materials of some

still unconsolidated, colloid, or pasty rock, it is called a

segregation-vein.

Eruptive or Intrusive Veins and Dikes are portions of

once-melted, or at least pasty matter, which. have been

injected into rents of previously solidified rocks. When

traceable sufficiently far, they may be seen to swell out

and merge into their parent mass, while in the opposite
direction they may become attenuated into mere threads.

Sometimes they run for many yards or miles in tolerably

straight lines. When this takes place along vertical or

highly-inclined stratification, they look like beds, but they
are of course really intrusive sheets. They may frequently
be found to break across the bedding in a very irregular
manner.

No rock exhibits more instructively than granite the
numerous varieties of form assumed by V e ins." Three
distinct kinds of granite veins may be observed. (1) Pro.
trusions of the ordinary granite extending from the main
masses into the surrounding rocks and demonstrating the

intrusive. character of the granite (Figs. 289, 290). These,

varying
n breadth from several feet or many yards down

to fine filaments or threads, are often remarkably abundant
and markedly irrecrular in the manner in which they branch
and intersect. Wiere they are several yards broad their
texture, at least in the central parts, may not sensibly differ
from that of the main granite mass, though it is apt to

25 On granite veins, see Prof. H. Credner, Zeitsch. Deutsch. Geol. Ges. 18'5,
p. 104; 1882, p. 500. E. Kalkowsky, op. cit. 1881, p. 629.
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become finer especially as the veins diminish in breadth.
Round some bosses of granite the adjacent rocks are in

jected or impregnated with such an abundance of minute
threads or veins of granite substance, like layers or leaves
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Fig. 289.-Granite Veins.

parallel with the stratification or foliation, that they are said.
io be "gramtized."

20

Besides greater closeness of texture, these intrusive veins
oro.etimes present considerable differences in mineralogical

'ig. 2U0.-Section of granite (a), seuding a network of veins into slate (b);Cornwall (B.).

composition. The mica, for example, may be reduced to

exceedingly minute and not very abundant fla1es, and may
almost disappear. The quartz also occasionally assumes a

subordinate place, and the rock of the veins passes into

Michel-Lévy, Bull. Soc. Geol. France, ix. 1881, p. 18.
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one of the varieties of felsite, quartz-porphyry, elvanite,
aplite or eurite.2'

It is in the metamorphosed belt, already (p. 946) de
scribed as encircling an intrusive boss of granite, that erup
tive veins are typically developed and most readily studied.
In Cornwall, for example, the slates around the granite
bosses are abundantly traversed by veins or dikes of gran
ite and of quartz-porphyry (elvans), which are most numer
ous near the granite (Fig. 291. They vary in width from

"
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Fig. 291.-Map of part of the Mining District of Gwennap, Cornwall (B.).
a a, Granite; c C, Schistose rocks: b b, Elvan dikes; s, "Greenstone"; v v, d d1

two intersecting series of mineral-veins.

a few inches or feet to 50 fathoms, their central portions
being commonly more crystalline than the sides. They
frequently inelose angular fragments of slate (p. 940). In
the great granite region of Leinster, Jukes traced some
of the elvans for several miles running in parallel bands,

each only a few feet thick, with intervals of 200 or 300

yards between them. Around some of the granite bosses of

the south of Scotland similar veins of felsite and porphyry

21 See a reference to the Bodegang, ante, p. 277; also Hawes, Amer. Journ.
Sd. xx. 1881, p. 244. -.
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abound. The granite of the Wabsatch Mountains in Utah,
which rises through the Upper Carboniferous limestones,

converting them into white marble, sends out veins of

granite-porphyry and other crystalline compounds. In
short, all over the world it is common for eruptive bosses
of this rook to have a fringe of intrusive veins (Apopliyses).

(2) Veins in the granite itself. These must be regarded
as later than the rook which they traverse, but they may
represent lower, still liquid portions of the granitic magma
which have been forced by earth-movements into rents in
the

partially. or wholly solidified granite. They are gen
erally finer n grain than the granite around them, and
differ more or less from it also in composition, especially
in their greater acidity (Fig. 30).

(3) Pegmatites. These are distinguished by the manner
in which their component minerals, notably the quartz and.

feispar, are intergrown (see p. 175). Much discussion has
arisen as to the origin of such veins. They evidently cut
the ordinary granite and in so far may be regarded as intru
sive veins. But it is difficult to conceive that they could

have been injected in their present crystalline condition.

They may have been squeezed up from some lower, still

liquid part of the granitic magma, but their remarkable

crystalline structure would seem to have been afterward

superinduced by. some process of segregation or rearrange
ment and. crystallization of their materials.

Many other eruptive rocks (diorite, diabase, melaphyre,
basalt, etc.) present admirable examples of intrusive (even

pegmatitic) veins. These are generally distinguished from

those of granite by the much less metamorphism with which

they are attended.

The "Contemporaneous Veins" of older writers included

those veins in crystalline rocks which, though differing suffi

ciently from the surrounding material to be easily distin

guished, resembled it so closely as to indicate that they

were probably a part of it. The veins above described

under No. 2 are examples. But they are not confined to

granite, since they may not infrequently be observed in

sheets of gabbro, diorite, dolerite, diabase, and other erup

tive rocks. They are more particularly to be seen in sills



GEOTECTONIC GEOLOGY 963

and bosses. They ran as straight, curved, or branching

ribbons, usually not exceeding a foot in thickness. They

are finer in texture than the rock which they traverse.

Close examination of them shows that, instead of being

sharply defined by a definite junction line with the inclosing

rock, they are welded into that rock in such a way that they

cannot easily be broken along the plane of union. This

welding is found to be due to the mutual protrusion of the

component crystals of the vein and. of the surrounding

rock--a structure sometimes admirably revealed under the

microscope. Veins of this kind evidently point to some

process whereby, into rents formed in the deeply buried

and at least partially consolidated or possibly pasty or

jelly-like mass, there was an injection of similar material

from some still unsolidified part of the mass with a trans

fusion or exosmosis of some of the crystallizing minerals

along the mutual boundaries. Such veins are to be distin

guished from the true Segregation-veins, which are irreg

ular bands usually of more coarsely crystalline material not

infrequently to be seen in intrusive sheets, wherein the

constituent minerals have crystallized out in a much more

conspicuous form than in the main mass of the surrounding

rock along certain lines or around particular centres. These

are probably due to some kind of segregation from the sur

rounding mass, though the conditions under which it took

place have not yet been satisfactorily explained." Segre

gation-veins occur among the crystalline schists and even

in sedimentary rocks which have been crushed and meta

morphosed, as in the feispathic Torridon Sandstone of

Loch Carron.

98 For some ifiustrations see Trans. Roy. Soc. Edin. xxxv. 1888, pp. 113,
115, 118, 131.
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"
Along the margin of segregation-veins in granite a foli

ated structure of the rock may be occasionally observed, as

in some of the large granite quarries near Aberdeen (Fig.

292). Coarse pegmatite veins abounding in large plates of

muscovite, black tourmaline, and quartz, with occasional

crystals of beryl and other minerals, merge into the sur.-

" q .5 " ",.- I -
--., - I,

/

- :-
:

/

-
/

-
\ \"

" "": :. .". "1. / t
" .5. -5 . . / . '.

- . - ." ."" ....... . - .-!." ". . ' \"
SI .I . -.

. N.' "".b " ." "
I It , .

Fig. 292.-Pegmatite Vein associated with foliated granite. Rubislaw
Quarry, Aberdeen.

g g, Ordinary granite or the mass; p p, coarse pegmatite veins; 8 8, foliated
" granite passing insensibly into g; q, mass 01' quartz. The black

patches in p and q are nests of schort.

rounding granite which for a few inches along the contact

has a foliated structure precisely resembling that of a fine

gneiss. This foliation may indicate motion of the granite

mass along the line of fissure, while the rock itself or the

material forced up into the fissure was still capable of mo.

lecular rearrangement. It is in veins in granite that the

remarkable structure known as graphic granite occurs.

29 For an able discussion of Pegmatite veins see Prof. W. (3. Brögger's great
work "Die Mineralien der Syenitpegmutitgnge," in Groth's Zeitsch. Krystal
]ographie, xvi. 1890; at p. 215 et 8eq. a historical iésum4 of the discussion wiLt
be found.
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D i k e s are veins of eruptive rock, filling vertical or

highly-inclined fissures, and are so named on account of

their resemblance to walls (&otice, dikes). Their sides are

often as parallel and perpendicular as those of built walls,

the resemblance to human workmanship being heightened

by the numerous joints which, intersecting each other along

the face of a dike, remind us of well-fitted masonry. Where

the surrounding rock has decayed, the dikes may be seen

projecting above ground exactly like wails Fig. 294); in

deed, in many parts of the west of Scotland they are made

use of for inclosures. The material of the dikes has in other

\ \
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Fig. 293.-1 'Contemporaneous Veins" In diabase.

cases decayed, and deep ditch-like hollows are left to mark

their sites. The coast-lines of many of the Inner Hebrides

and of the Clyde Islands furnish numerous admirable exam

ples of both kinds of scenery.

The term dike may be applied to some of the wall-like

intrusions of quartz-porphyry, elvanite, and even of granite,

but it is more typically illustrated among the basic and in

termediate igneous rocks such as basalt, diabase, andesite,

diorite, etc., while occasionally dikes may be observed of

even tuff arid volcanic agglomerate.'0 Veins have been in.

'° Some remarkable examples of sandstone-dikes have been described from
various districts of North America, ranging from a mere film to eight feet broad
and varying from 200 yards to upward of nine miles in length. They have been
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jected into irregular branching cracks; dikes have been

formed by the welling upward of liquid or plastic rock in

vertical or steeply inclined fissures, though obviously there

is no essential difference between the two forms of structure.

Sometimes the line of escape has been along a fault. In

Scotland, however, which may be regarded as a typical

region for this kind of geological structure, the vast major-
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ity of dikes rise along joints or fissures which have no throw,

and are therefore not faults. On the contrary, the dikes

may be traced undeflected across some of the largest faults

in the midland counties.

Dikes differ from veins in the greater parallelism of

their sides, their verticality, and their greater regularity

of breadth and persistence of direction. They sometimes

occur as mere plates of rock not more than an inch or two

-- -

ascribed to the infilling of fissures with sand from below by earthquakes acting
on wet sandstone strata underground. 3. 8. DiUer, Bull. Geol. Boo. America,
1. 1890, p. 411.

'ig. 294.-Dikes in volcanic tuff of a "neck"; shore, Elle, Fife.
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in thickness, at other times they attain a breadth of twelve

fathoms or more. The smaller or thinner dikes can seldom

be traced more than a few yards; but the larger examples

may be followed sometimes for many miles. Thus, in the

south and west of Scotland, a remarkable series of basalt

and andesite dikes can be traced across all the geological

formations of that region, including the older Tertiary ba

salt-plateau. They run parallel to each other in a general

northwest and southeast direction for distances of twenty

and thirty miles, increasing in numbers toward the north

west, and they have been assigned to the great volcanic

activity of Tertiary time. A dike of the same series crosses

the north of England, from near the LOW WArER MARS
coast of Yorkshire for about 100

miles inland. A complex system

of massive pre-Cambrian dikes oc

curs in N.W. Scotland.

Though the wall-like form is

predominant among dikes, it may

readily pass into vein-like rami- Fig. 295.-Plan of dikes (b b) cut-
ting sandstone (a a); shore,

fications and intrusive sheets (Figs.
Gourock, Renfrewshire.

284, 288). The molten material took the channels that

happened to be most available. If the fissure bent off at

an angle from its previous trend, or if another adjacent

fissure happened to be more convenient, the eruptive rock

might change its course. Again, while the ascending" lava,

under the hydrostatic pressure of the mass below, rose in one

main fissure, portions of it might find their way into neigh

boring parallel rents, and inclose wall-like portions of rock

within the dike, as in Pig. 295, where the total breadth of

the main dike, including the sandstone between the two

arms, is about thirty feet, the sandstone being gently in.
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dined, and the portions inclosed between the arms of the

dike having been greatly indurated.

It must be kept in mind, however, that irregular expan
sions and contractions of dikes may sometimes be caused by

subsequent movements of the terrestrial crust. The dikes,

for instance, may be plicated together with the rocks among

which they have been intruded, and the folds may afterward

be pressed in such a way as to give rise to alternate or ir

regularly distributed enlargements and constrictions, or a

similar effect may be produced by shearing or by faulting.
Mr. Olough has found that in a great system of dikes tra

versing the crystalline schists of Argyllshire frequent at

tenuations of the dikes are produced by faults.

In internal structure, considerable differences may be

detected among dikes. The rock may appear (a) with no

definite structure of any kind beyond irregular jointing;

(b) columnar, the prisms striking off at right angles from

the walls, and either going completely across from side to

side, or leaving a central non-columnar part in which they

branch and lose themselves; when the side of a dike having

this structure is laid bare, it presents a network of polygonal

joints formed by the ends of the prisms which, if the dike is

vertical, lie of course in a horizontal position, whence they

depart in proportion as the dike is inclined: occasionally

the prisms are as well-formed as in any columnar bed of

basalt; (c) jointed parallel with the walls, the joints being

sometimes so close as to cause the rock to appear as if it

consisted of a series of vertical plates or strata: this platy

character is due doubtless to contraction in cooling between

parallel walls, and when it occurs in basalt-dikes is best de-

' Compare the struclure illustrated by Fig. 312. See also Harker, Geol.
Mag. 1889, p. 69, and the account of the pro-Cambrian rocks in Book VI. Part L
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veloped near the margins; (ci) vesicular or amygdaloidal,
lines of minute vesicles having been formed parallel with

the walls, and attaining their greatest number and size along
the centre of the dike.

As a rule, the outer parts of a dike of crystalline rock,

like the upper and under surfaces of an intrusive sheet, are

finer grained than the centre. Occasionally, the external

surface has a vitreous structure. Basalt veins, for example,

have not infrequently an external coating or crust of glass

(tachylite, hyalomelan, etc.). It occasionally happens also

that the central portions of a basalt or andesite dike are

glassy, of which structure several cases have been observed

in Scotland; perhaps in these instances the dike has opened

along its centre, and a fresh uprise of more glassy material

has risen in the fissure."

Effects on Contiguous Rocks.-These are sim-

ilar to the changes produced by intrusive sheets and other

eruptive masses. Induration is the most frequent kind of

alteration. Remarkable examples have been observed where

limestones in contact with dikes have had a saccharoid crys

tallization of the calcite superinduced upon them, and where

even new crystalline silicates have been developed (pp.

545, 998)."




§ 4. Necks

Under this term are included the filled-up pipes or fun

nels of former volcanic vents. Every series of volcanic

sheets poured out at the surface must have been connected

either with fissures, or with orifices probably opened in lines

of fissures. On the cessation of the eruptions, these orifices

32 See Proc. Roy. Phys. Soc. Edin. vol. V. 1880, p. 241.
23 On the Mechanism of Dikes see Mallet, Q. J. Geol. Soc. xxii18'6, p. 412.
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have remained filled with lava or with fragmentary matter.

But unless subsequent denudation has removed the over

lying cone, a vent lies buried under the materials which

came out of it. So extensive, however, has been the waste

of the surface in many old volcanic regions that the vents

have been laid bare. In Fig. 296 two volcanic funnels are

represented, one of them still buried under overlying forma

tions, the other partially exposed by denudation. The study

of volcanic Necks brings before us some of the more deep-

Fig. 296.-'Diagram-section to show the structure of old volcanic vents, and how they
may be concealed and exposed.

1, Tuff cone with basalt plug still buried under sedimentary accumulations;
2, Tuff cone and basalt plug partially exposed by denudation.

seated phenomena of volcanic action, that cannot usually be

seen at a modern volcano.

A Neck is circular or elliptical in ground-plan, but oc

casionally more irregular and, branching, and may vary

in diameter from a few yards (Fig. 297) up to two miles,

or even more. It descends into the earth perpendicularly

to the stratification of the formation with which it is chron

ologically connected. Should rocks originally horizontal

be subsequently tilted, a neck associated with them would

of course be thrown out Df the vertical (Fig. 296). As a

rule, however, the vertical descent of necks into the earth's

crust appears to have been comparatively little interfered

with. In external form, necks commonly rise as cones or

dome-shaped hills (Fig. 298). This coutoui', however, is
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not that of the original volcanoes, but is due to denuda

tion. Occasionally the rocks of a neck have beep so worn

away that a great hollow,

suggestive of the original
crater, occupies their site.

(Fintry Hills, Stirlingshire.)84
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Fig 297 -Plan of Neck, shore, near
St. Monans, Fife. 0

ii, beds of limestone; c, thin coal-seam; \ / +
B, basalt veins; 5, large bed or block
of sandstone. The Neck, T, measures
about 80 by 37 yards. The arrows mark
the clip of the strata. Q)
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lines of fissure. But in cen-

tral Scotland, where they . /

abound in rocks of

Carbonif-erousage, it is quite excep-

tional to find one placed on a fault. As a rule, they seem

34 For some striking views of denuded volcanic necks see Captain Dutton'
Report on Mount Taylor and the Zulu Plateau, 6th Ann. Rep. U. S. Geol. Sur-
vey, 1884-85. Compare also Trans. Roy.Soc. Edin. vol. xxxv. 1888, p. 100.
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to be independent of the structure of the visible part of

the crust through which they rise.

The materials filling up ancient volcanic orifices may

be (a) some form of lava, as granophyre, felsite, gabbro,

diabase, porphyrite, basalt; or b) the fragmentary materials

which fell back into the throat of the volcano and finally

solidified there. In many instances, both kinds of rock

occur in the same neck, the main mass consisting of ag

glomerate or tuff with a central pipe or numerous veins

of lava. Among the Palaozoic volcanic districts of Britain,

necks not infrequently are filled with some siliceous crystal

line rock, such as a quartz-porphyry or felsite, even where

the surrounding lavas are basic. The great vent of the

Braid Hills near Edinburgh, belonging to the time of the

Lower Old Red Sandstone, is filled with felsite-tuff con

taining 70 per cent of silica, while the lavas which flowed

from it are porphyrites and diabases with not more than

50 per cent of this acid. Again, at Largo in Fife, strings

of quartz-felsite occur in one of the necks, though all the

surrounding lavas are basalts.

In some necks composed of eruptive rock, the material

appears arranged in successive spherical shells, which may

be supposed to be due to the protrusion of successive por

tions of the pasty or viscous mass one within the other,

the outer layers thinning away over the crown of the dome

as they were attenuated by the ascent of fresh material from

below." Or we may suppose that the top of the plug some-

. 36 Necks of agglomerate and fine tuff abound among the Carboniferous and
Permian volcanic regions of Scotland, and are laid bare in so many admirable
sections, that these regions may be regarded as typical for this kind of geological
structure.

86 Scrope, "Geology and Extinct Volcanoes of Central France," 2d edition,

p. 68. See E. Reyer, Jahrb. Geol. Reichsanst. xxix. 1879, p. 463; and ante,

p. 421; A. G., Trans. Roy. Soc. Ediu. xxxv. 1888, p. 161.
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times solidified, and that subsequent emissions of lava rose

through rents in the crust, and flowed down the outside of

the vent.

The fragmentary materials in necks consist mainly of

different lava-form rocks imbedded in a gravelly peperino-
like matrix of more finely comminuted d6bris of the same

rocks; but they also contain, sometimes in abundance, frag
ments of the strata through which the necks have been

drilled. When occasionally, as in some of the Maare of

the Eifel, these non-volcanic fragments constitute most

of the debris (p. 417), we may infer that after the first

gaseous explosions, the activity of the vent ceased, without

the rise of the lava-column or its ejection in dust and frag

ments to the surface. So unchanged are many of the pieces

of sandstone, shale, limestone, or other stratified rock in

the necks, that they have evidently never been exposed to

any high temperature. In some cases, however, consider

able alteration is displayed. Dr. Heddle, from observations

in Fife, concluded that the altered blocks in the tuff there

must have been exposed to a temperature of between 6600

and 900° Fahr.

Among the numerous vents of central Scotland, pieces

of fine stratified tuff not infrequently appear in the agglom

erates. This fact, coupled with the not uncommon occur

rence of a tumultuous, fractured, and highly-inclined bed

ding of the tuff with a dip toward the centre of the neck

(Figs. 298, 299), appears to show that the pipes were partly

filled up by the subsidence of the tuff consolidated in beds

within the crater and at the upper part of the funnel. Fur

ther indication of the probable subaerial character of the

87 Trans. Roy. Soc. Edin. xxviii. p. 487.
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tuff is furnished by abundant pieces of inclosed coniferous

wood, which may have belonged to trees or brushwood that

grew upon the dry slopes of the cones; for these fragments
are seldom to be seen in the estuarine and marine strata,

out of which the necks rise.

It is cornmn to find among necks of tuff numerous

dikes and veins of lava which, ascending through the tuff,

are usually confined to it, though occasionally they pene
trate the surrounding strata. They are often beautifully

columnar, the columns diverging

from the sides of the dikes and
I
oeiug frequently curved

13




Proofs of subsidence round

B
the sides of vents may often

-
be observed. Stiatifieci rocks,

through which a volcanic funnel
Fig. 299.-Plan of Neck, on shore,

at Elie, Fife, has been opened, commonly dip
T, tuff; the arrows marking the in-.

ward dip; S sandstones through into it all round, and may evenwhich the *eck has been blown
open; B B, basalt dikes. be seen on edge, as if they, had

been dragged down by the subsidence of the materials in the

vent. Beautiful examples occur along the shores of the

Firth of the Forth." (Figs. 300, 301). The fact of sub

sidence beneath modern volcanic cones has been already

referred to (pp. 395, 418).
-
Effects on Contiguous Rocks. -The strata

round a neck are usually somewhat hardened. Sandstones

have acquired a vitreous lustre; argillaceous beds have been

indurated into porcellanite; coal-seams have been fused,

blistered, burned, and rendered unworkable. The coal

workings in Fife and Ayrshire have revealed many inter-

Trans. Roy. Soc. Edin. xxix. p. 469. For an excellent example from New
Zealand, see Heaphy, Q. J. Geol. Soc. 1860, p. 245.
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esting examples of these changes, which may be partly due

to the heat of the ascending column of molten rook or
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eyected fragments, partly to the rise of heated vapors, even

for a long time subsequently to the volcanic explosions.

Proofs of a metamorphism, probably due to the latter cause,
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may sometimes be seen within the area of a neck. Where

the altered materials are of a fragmentary character, the

nature and amount of this change can best be estimated.

What was originally a general matrix of volcanic dust has

been converted into a crystalline and even porphyritic mass,

through which the dispersed blocks, though likewise in

tensely altered, are still recognizable. Such blocks as, from

the nature of their substance, must have offered most resist

ance to change-pieces of sandstone or quartz, for example
-stand out prominently in the altered mass, though even

they have undergone more or less modification, the sand

stone being converted into vitreous quartz-rock."

89 For a detailed account of the structure of some volcanic necks, the student
may consult a monograph by the author on the Carboniferous volcanic rocks of
the Basin of the Forth, Trans. Roy. Soc. Edin. xxix" p. 437.
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