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TEXT-BOOK OF GEOLOGY

BOOK 11l

DYNAMICAL GEOLOGY
(CONTINUED)

Section iv. Hypogene Causes of Changes in the Textute,
Structure, and Composition of Rocks

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—1, the
effects of mere heat; 2, the influence of the co-operation
of heated water; 8, 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 i1t 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 temperatute by deptession.—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,




http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

6506 TEXT-BOOK OF GEOLOGY

had 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 tempetratute 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-
ment. 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 further 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. Daubrée 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° C. (65° to

1 The microscopic structure of the stages in the conversion of anhydrite
into gypsum is described by F, Hammerschmidt, Tschermak’s Mineral, Mittheil
v. (1883), p. 272,

? W. Skey, Chem, News, xxx. p. 290.
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104° Fahr.)."” The most elaborate and carefully condueted
geries 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:*

Number of cu-| o
remperature |FRLSY o o volumo o ice o
Rock 1 cublo foot of | ter at 82 deg. | {2 (PE Evel
© rock due to work| . evaporated |q; by one vol-
por iy into steam at |“8: 2V P7€ NC
g 212 deg. ume of roc
Caen Stone, Oolite.......c.ccuvueenns 8°-004 0:0046 0-04008
Sandstone, Ayre Hill, Yorkshire 47°79 0-0234 0-2026
Blate, CODWEY ..suiseivieessvsossssis 132°-86 007 0-5696
Granite, Aberdeen................... 155°-94 0:072 0617
Bcotch furnace-clay porphyry....| 198°-97 0-083 0-724
Rowley Rag (basalt)......cceeenen.. 213°-23 0-109 0-925

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

8 ““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 scatiered through the Annales des Mines, Comptes Rendus
de I’Academie, Bulletin de la Societe Geologique de France, and other publica-
tions. But he has collected and republished them as ‘‘Etudes Synthetiques de
Geologie Experimentale,’’ 8vo, 1879—a storehouse of information. The admi-
rable memoirs of Delésse in the same journals should also be studied. The trans-
formation of aragonite into calcite has been shown by Favre and Silbermann to

gi:e rise to a relatively large disengagement of heat. H. Le Chatelier, Compt.
nd. (1893), p. 390.
¢ Phil, Trans. 1873, p. 181.
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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 by 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:

Linear expansion .-
Rock for every 1° Fahr. Authority

Black marble, Galway, Ire- } 00000247 —  } { Adie, Trans, Roy. Soc. Edin.

1804, . ciessssaniiisossnssviine 04858 xiil, p. 366
Gray granite, Aberdeen.... ['00000438 = 1 | Ibid.
Slate, Penrhyn, Wales...... *00000676 = 1 | Ibid.

White marble, Sicily........ [00000613 = 1} Ibid.

Red sandstone, Portland, ] |. 1 Totten, Amer. Journ. Sei
(ODRECHCUS s vescsereee. } 9004090 msos{ xxii, (1832), 136.5

According to these data, the expansion of ordinary rocks
ranges from about 2:47 to 9:68 millionths for 1° Fahr. Hven

8 For additional results, see Mellard Reade’s ‘*Origin of Mountain Ranges”
(1886), p. 109,
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ordinary daily and seasonal changes of temperature suffice
to produce considerable superficial changes in rocks (gee
p. 569). The much higher temperatures to which rocks are
exposed by subsidence within the earth’s crust must have
far greater effects. Some experiments by Pfaff in heating
from an ordinary temperature up to a red heat, or about
1180° C., small columns of granite from the Fichtelgebirge,
red porphyry from the Tyrol, and basalt from Auvergne,
gave the expansion of the granite as 0-016808, of the por-
phyry 0:012718, of the basalt 001199.° The expansion and
contraction of rocks by heating and cooling have been al-
ready referred to as possible sources of upheaval and depres-
sion (p. 494). Mr. Mellard Reade concludes from his ex-
periments that the mean coefficient of expansion for various
classes of rocks may be taken as 4 for each degree Fahr.,
which would be equivalent to an expansion of 2-77 feet per
mile for every 100° Fahr."

Crystallization.—In the experiments of Sir James Hall,
pounded chalk, hermetically inclosed 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 of 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

8 Z. Deutsch. Geol, Ges. xxiv. p. 403.
1 “*Origin of Mountain Ranges,’’ p. 110.
8 Trans. Roy. Soc. Edin. vi, (1805), pp. 101,121, See note on page 51l
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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 ptismatic 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 France, and inferred from them, contrary
to the opinion previously expressed by Desmarest,’ that
basalt and lava have not been produced from granite, but
from hornstone (pierre de corne), varieties of ‘‘schorl,’’ cal-
careous clays, marls, and micaceous 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."

% C. Cochrane, Proc. Dudley Geol. Soc. iii. p. 54.

10 Mem. Acad. Scien, 1771, p. 2%3.

1 De Saussure, ‘‘Voyages dans les Alpes,”’ edit. 1803, tome i. p. 178.

1 ““Iles Ponces,” p. 8 ef seg. At temperatures between 2000° and 3000° C.
various metallic oxides are fused and crystallize. H. Moissan, 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 distinet erystals (probably pyroxene, olivine, and
perhaps enstatite) were recogunizable.” 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 Mitscher-
lich, G. Rose, C. Sainte-Claire Deville, Delesse, Daubrée,
Fouqué, Michel-Lévy, 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
glags thus obtained is rapidly cooled it remains vitreous,
and that, if allowed to cool slowly, a more or less distinet
crystallization sets in, the glass is devitrified, and a lithoid
product is the result.

A glass 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 devitrification pos-
sesses much interest to the geologist, seeing that most vol:
canic rocks, as has been already described (p. 212), present

18 Trans. Roy. Soc. Edin. v. p. 43. Hall’s actual products have been micro-
scopically examined by Fouqué and Michel-Lévy. Comptes Rend. May, 1881.
For repetitions of his fusion of limestone, op. ¢it. cxv. (1892), pp. 817, 934,
1009, 1296, -




http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

512 TEXT-BOOE OF GEOLOGY

the characters of devitrified 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
near 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

1 Zirkel, Mik. Besch. p. 92; Sorby, Address Geol. Sect. Brit. Assoc. 1880,
On the microscopic structure of slags, etc., see Vogelsang’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.
Fouqué and Michel-Lévy. 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 felspars,
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. W here 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 felspars, 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-

15 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 phonclite
were melted, Neues Jahrb. 1884, p. 19. Bischof 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 clay-slate had been added and the whole

had been kept for two hours in the furnace. ‘‘Chem, 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-
point 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 felspar, 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. Fouqué 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—irom the fusion of three parts of labrador and
one of augite. 3. A microlitic rock formed of pyrozene
and anorthite. 4. Basalts and labradoric melaphyres—from
the fusion of a mixture of six parts of olivine, two of augite
and six of labrador. 5. Nephelinites—from the fusion of
a mixture of three parts of nepheline and 1-3 of augite.
6. Leucitites—from the fusion of nine parts of leucite and
one of augite. 7. Leucite-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 felspar. 11. 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 minutis 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 Hussak of Gratz, to de-

16 See the work of Messrs. Fouqué and Michel-Lévy, ‘‘Synthése 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
M. Michel-Lévy the original slides prepared from the products obtained by him
and M. Fouqué, and T can entirely corroborate the resulls 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 spinel, 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. Fouqué and Michel-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

1 Neues Jahrb. 1884, pp. 18, 1568. Compare also A. Becker’s experimeuts
in melting pyroxenes and amphiboles, Zeitsch. Deutsch. Geol. Gesell. 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
8 to b per cent, and lavas, including the vitreous varieties,
from O 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 1-59 per cent, 100 parts of the molten liquid
measuring 98-41 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 93'8 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
golidification of a molten mass of siliceous rock 1000 feet
thick might cause a subsidence of about 16 feet, whi'le, 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, 1847, p. 1396. Bischof had determined the con-
traction of granite to be as much as 25 per cen? (Leonhard und Bronn, Jahrb.
1841). The correctness of this determination was disputed by D. Forbes (Geol.
Mag. 1870, p. 1), who found from his own experiments that the amount of con-
traction must be much less. The vulues given by him were still much in excess
of those afterward obtained with much care by Mallet, Compare O. Fisher,
““Physics of the Earth’s Crust,’’ 2d Edit., p. 45, and Barus quoted ante, p. 104

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, Daubrée, 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

® Trans Roy. Soe. Bdin, 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 infilling 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 watet in 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 carridre). This is not chemically com-
bined with their mineral constituents, but is merely retained
in their pores. Most of it evaporates when the stone 1s
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 0-50 to 1-50 per cent of water
by weight; granite, about 0-87 per cent; quartz from a vein
in granite, 0-08; chalk, about 20'0; plastic clay, from 19-5
to 24-5. 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
(p- 452), Daubrée has illustrated the power possessed by
water of penetrating rocks, in virtue of their porosity and
capillarity, even aguainst 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 capillaries is augmented by
heat. He proved that water at a temperature of 45° C.
in such situations moves nearly three times faster than
at a temperature of 0° C.™ At the high temperatures under

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

% Comptes Rendus (1840), xi. p. 1048. Pfaff (‘‘Allgemeine 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 Auid
state even at high temperatures,
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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
full 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 Jeast 5 per cent of the whole volume of
the containing quartz.'’

.Solvent powet 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

8 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 powet incteased 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. Daubrée has proved that very
moderate heat, not more than 50°. C. (122° Fahr.), has
sufficed for the production of zeolites in Roman bricks by
the mineral waters of Plombidres.” 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° C. 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 68 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. 534, 61Y.
% **Geologie Experimentale,’’ 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 Daubrée’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 eftect. By this means,
with alkaline water, he not only produced the two minerals
above mentioned, but also felspar and diopside. The high
pressures under which many crystalline rocks have solidi-
fied 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).

% 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, |

7 See Cailletet, Naturforscher, v, ; Pfaff, Neues Jahrb, 1871; W. Spring,
Bull. Acad. Roy. Belgique, 2d 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-
linites, 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 Daubrée 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. IHe showed that
while the melting-point of nitre by itself is 320° C., an ad-

% Bull, Soc. Geol. France, iv. p. 468,
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mixture of only 114 per cent of water reduceu the tempera-
ture of fusion by 20°, while by increasing the proportion of
water to 20-07 per cent he lowered the melting-point to 97-6°,
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 & high 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. Daubrée’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-
rie 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.

Attificial 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. xviii, (1884), p. 113,
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als successfully reproduced are quartz, tridymite, olivine,
pyroxene, enstatite, wollastonite, zircon, emerald, ruby,
melanite, melilite, several felspars, leucite, nepheline, meio-
nite, petalite, several zeolites, dioptase, rutile, brookite,
anatase, perowskite, sphene, calcite, aragonite, dolomite,
witherite, siderite, cerusite, malachite, corundum, diaspore,
spinel, hsematite, vivianite, apatite, anhydrite, diamond with
many metallic ores.*

Artificial alteration of intetnal 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, Daubrée'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 laminge 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

® Fouqué and Michel-Lévy, ‘‘Synthése des Minéruux et des Roches.’
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certain nearly opaque globules and of some minute trans-
parent infusible acicular crystals or mierolites, 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, ¥5 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-exist 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 rocks, 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 ef seg. 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 desgribed 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 Bischof. In 1857 Sterry Hunt showed by
experiments that water impregnated with these carbonates
would, at & 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.® Daubrée likewise proved that in presence of
dissolved alkaline silicates, at temperatures above 700°
Fahr., various siliceous minerals, as quartz, felspar, and
pyroxene, could be crystallized, and that at this tempera-
ture the silicates would combine with kaolin to form
felspar.*

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 mechaa-
ism of mineral veins.” Further illustrations of the impor-
tant part probably played by this element in the erystalliza-
tion of some minerals and rocks have been published by Ste.
Claire Deville and Hautefeuille, who by the use of com-
pounds of fluorine have obtained such minerals as rutile,
brookite, anatase and corundum in crystalline form.* KElie
de Beaumont inferred that the mineralizing influence of
fluorine had been effective even in the crystallization of
granite. He believed that *‘the volatile compound inclosed
in granite, before its consolidation contained not only water,
chlorine, and sulphur, like the substance disengaged from

2 Phil. Mag. xv. p. 68. 8 Bull, Soc. Geol. France, xv. (1885), p. 103,

% First suggested by Daubrée, Ann. des Mines (1841), 3me ser. xx. p. 66.

® Comptes Rendus, xlvi. p. 764 (1868); xlvii. p. 89; lvii. p. 648 (1866)
Fouqué and Michel-Lévy, *‘Synthdése des Minéraux et des Roches.”’
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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 properly 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

% ¢Sur les Emanations Volcaniques et Metalliféres,”” Bull. Soc. Geol.
France, iv. (1846), p. 1249, This admirable and exhaustive memoir, one of
the greatest monuments of Elie de Beaumont’s genius, should be consulted
by the student. See also De Lapparent (Bull. Soc. Geol. France, xvii. (1889),

p. 2;82) on the part played by mineralizing agents in the formation of eruptive
rocks,




http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

530 TEXT-BOOK OF GEOLOGY

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 erystalline, pres-
sure may induce a crystalline structure upon the whole
mass, a8 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.) Minot 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. Belg. 1880, p. 370.
8 Proc. Boston Soc. Nut. Hist. xviii. p. 272 (18176).
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More recently Mr. A. Strahan has called attention to the
occurrence of slickensided 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.”” *

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. 475). A con-
tinued 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. ILoose sedimentary ma-
terials may by mere pressure be converted into more or less
firm and hard masses. Hxperiments 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.**

(8.) Cleavage.—Over extensive tracts of country a pecul-
lar structure has been superinduced by powerful lateral

% Geol. Mag. 18817, p. 400. See also the same volume, pp. 511, 523.
9 Bull. Acad, Roy. Belg. 1880, p. 325, and ante, p. 249.
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pressure, especially upon fine-grained argillaceous rocks,
which are then termed slates. They split along a set of
planes which, as a rule, are highly inclined or vertical, and
independent of the original bedding. Kxamined more mi-
nutely, it is found that their component particles, which in

Pig. 80.—Bection of compressed ar Fig. 81.—Section of similar rock

gillaceous rock in which cleavage- which has not undergone this
stiucture has been developed. modification. Magnified.

Magnified. (Compare Fig. 256.)

most cases have a longer and shorter axis, have grouped
themselves with their long axes generally in cne 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 und<rgone

Fig. 8. ~Curved quartz-rock traversed by vertical and hi%hly inclined
Cleavage. South Stack Lighthouse, Anglesea (B.).

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 cleaved, and the fissile structure is termed clea v-
age. In Fig. 82, for example, where the strata, at first in
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even parallel beds, have been subjected to great compression
from the directions (4) and (B), the original planes of strati-
fieation 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-

Z 4 --mq?ﬁ““"r"v, 7, ﬂ‘?"j?“'f
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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 @, 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-
dall 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 movements 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 may 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 clastic 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. T4; v. (1848), p. 111. Sorby, Edin. New Phil.
Journ. Jv. (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.
Boc. 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.

4 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 & 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.
Daubrée 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. 5623). 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

4 Jannertaz, Renevier and Lory, Bull. Soc. Geol. France, ix. p. 649,

# Comptes Rendus, xliv. p. 823; also his ‘‘Geologie Experimentale,’”” part
i. sect. il. chap. iii.,, where & series of important experimenta on deformation Is
given. For various examples and opinions, see Rothpletz, Z, Deutsch., Geol.
Ges. xxxi, p. 365. Heim, “‘Mechanismus der Gebirgsbildung,” 1878, vol. il.
p- 31. Hitchcock, *“Geology of Vermont,” i, p. 28. Proc. Bost. Soc. Nat.
Hist. vii. pp. 209, 363; xviii, p. 97; 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. H. H. Reusch, ‘“Fossilien-fithrender 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

Flg. 85.—A Trilobite (Caly~ Fig.86.—The same Trilo- Fig. 87.—A Brachiopod (Stropho-
mene Blumenbachii), na bite, altered by defor-  mena expansa), 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.—8trophomena nsa, altered by the deforming mfluence of Cleavage=—
Lower Sffurla:: Cwm Idwg.l, Caernarvonshire (B.).

the shearing of the inclosing rock. In Fig. 88 four exam-
ples 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 @ 5.** 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
VIIL §i. §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. Tresca'” 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. Soec. iii. (1846), p. 16. W. Hopkins, Cam-
bridge Phil. Trans. viii. (1847), p. 466. 8. Haughton, Phil. Mag. (18566), xii
p. 409. O. Fisher, Geol. Mag. 1884, p. 399, Harker, Brit. Assoc. 1885, Re-
ports, p. 824,

4 Proc. American Assoc. Science, 1867. Giimbel, Zeitsch., Deutsch. Geol,
Ges. xxxiv. p. 642,

¢ Comptes Rendus, 1864, p. 754; 1867, p. 809. Mem. Sav. Ftrangers,
xviii, p. 733; xx. p. 16. Inst. Mech. Engineers, June, 1867; June, 18718. See
also W. O. 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-
duced, 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 flow 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).

Numerous examples have been found during the last
few years in the 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
laming 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-

48 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 VIIL §il. ““Scotush 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.* 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. 87). So intense has
been the pressure, that even the tiny flakes of mica and

4 *‘Report, Devon and Cornwall,”” p. 187,
50 “*Mechanismus der Gebirgsbildung,’’ 1878, vol. ii. p. 213.



http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

540 TEXT-BOOK OF GEOLOGY

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
of Geneva devised an experi-
ment which more closely imi-

= e — tates the conditions in nature.
trating contortion. 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.*
More vecently this subject has been illustrated experi-
mentally by Mr. H. M. Cadell, 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-

T et

51 Nature, xiv. (1878), p. 103.
53 Trans, Roy. Soc. Edin. xxxvi, (1888), p. 337,
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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, Daubrée 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 fauli. Daubrée 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. W hen 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

® “Geol. Experim.” Part I. sect. ii. chap. ii. See W. King, Roy. Irish
Acad. xxv, (1875), p, 605, and the theories of jointing given in Book IV. Part IL.
5 See J. M. Wilson, Geol. Mag. v. p. 206; O. 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 ‘*hades,’’ is the upthrow
side. Faults of this kind are termed normal, and are by far
the most common jn 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 I'V. 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

5 See A. Harker on the Physics of Metamorphism, Geol. Mag. vi. (1889),
p. 16 J. W. Judd, ib. p. 243, and Book IV, Puart VIIL of this Text-book.
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L

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 lamine, 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 clastic, 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,
go 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
full 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 horn-
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. 5621), 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-

8% Aun. des Mines, 5me ser. xii, p. 318, H. H. Reusch, ‘‘Die Fossilien
fihrenden krystallinischen Schiefer von Bergen’’ (translated by R. Baldauf),
Leipzig, 1883,

81 ““Manual,” 3d ed. 1880, p. 1568
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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 limestone.—One of the most
obvious cases of alteration—the artificial conversion of
limestone into crystalline saccharoid marble—has been al-
ready referred to (p. 509).°® 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 rock nas involved lime-
stone, it has sometimes been able to convert it for a snors
distance into marble. The heat (and perhaps the moisture)
of the invading lava have sufficed to produce a granular
stracture, which even under the microscope is identical
with that of marble. The conversion of wide areas of lime-

8 See also ‘“Marmarosis” in Book IV. Part, VIIL.
@GeoLoaY—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, ete.

Dolomitization.— Another alteration which, from the la-
bors of Von Buch, 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 of their origim, might have
been looked for.

Dolomite has been produced both on a small and on &
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 dolo-
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 erystal-
line structure analogous to that of the conversion of lime-
stone into marble.®

% Q. J. Geol. Soc. xv. p. 100.

% On dolomilization, see L. von Buch, in Leonhard’s Mineralog. Taschen-
buch, 1824; Naumann’s *‘Geognosie,’’ i. p. 763 ; Bischof’s ‘“Chemical Geology,”
iii. ; Elie do Beaumont, Bull. Soc. Geol. France, viii. 1836, p. 174; Sorby, Brit.
Assoc. Rep. 18566, patt il p. 77, and Address Q. J. Geol. Soc. 1879. A full
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Conversion of vegetable subsiance into coal.—Hxposed 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; 8d, by the separation of carbonic acid, carburetted
hydrogen, and water.”” 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, CH),) 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. Hoernes, Jahrb. Geol. Reichsanstalt, xxv. The dolomite
mountains of the Eustern Alps have been well described by Mojsisovics. See
account of Triassic system, postea, Book VI.

81 Hirschwald, Z. Deutsch. Geol. Ges. xxv. p. 364.

62 Bischof, ‘‘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.” Daubrée 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.*

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

3 Daubrée, ‘“‘Geologie HExperimentale,” p. 463, Part of the frumework
below a steam-liammer has been found after twenty years to be converted inte
lignite. F. Seeland, Verh. Geol. Reichs, 1883, p. 192.

& Op. cit. p. 1717,
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garnet are also of frequent occurrence. (See Book IV.
Part VIIL.)

Production of the schistose structure.—All rocks 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. 1t is along these planes that differences of
mineral structure and composition are ranged. Alfernate
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 lamins of deposit or of cleavage, and that in
this way a crystalline foliated structure may be developed.
Round masses of granite erupted among Palmozoic 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 VIIL.)
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, ete.,
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 lavas.®

% Sorby, Q. J. Geol. Soc. xxxvi. p. 82.

% Darwin, ‘‘Geological Observations,” p. 162. Ramsay, ‘‘Geology of North
Wales,” in Memoirs of Geol. Survey, vol. iii. p. 182.

 Op. cit. p. 84. 88 **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 volcanie 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. Daubrée,
availing himself of the researches of Tresca on the flow of
solids (p. 537), 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 laminge 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

® “Geologie Experimentule,” 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 ecrystallo-
graphic transformation, been made to assume a schistose
structure and pass into amphibolite-schist.

The study of metamorphism and wmetamorphic 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.

—

™ See G. H. Williams, Amer, Journ. Sci. 3d ser. xxviii. (1884), p. 259.
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PART II. EPIGENE OR SURFACE ACTION

An Inguiry 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
plutonic 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. W hile, 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 land
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 sur-
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 epigene may be suggested as a convenient term,
and antithetical to hypogene, or subterranean action.

The simplest arrangement of this part of Geological
Dynamics will be into three sections:

1. Air.—The influence of the atmosphere in destroying
and forming rocks. '

II. W ater.—The geological functions of the circulation
of water through the air and between sea and land, and the
action of the sea.

ITI. Life.—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 effects may bury
fertile soil under sterile desert. Again, the conservative
influence of vegetation has sometimes for centuries re.-
tained 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 1. Air
The geological action of the atmosphere arises partly
from its chemical composition and partly from its move-
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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 agqueous 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, prodauces 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 balf 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 destruetive tem-
pest or tornado. In Britain the tenth of an inch of baromet-
ric 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:®

Veloeity in Miles  Pressure in Pounds

per hour per square foot
I 5 T o 0 0
Light Dhreeze.....cccevesreviaransnane w14 1
e A R 42 9
Btrie galesaasiimnaeens 70 25
HLATHIOR0C. s mnsain s 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 direetly 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 Czerny, Peterman, Mitt, 1876, Erganzungshefs,
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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 of lightning.—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
pame 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 ful-
gurites, which range up to 2# 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 andesite at the summit of Little
Ararat.' 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. Hach 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 {requent
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

4 Sitzb. Akad. Wiss, Wien, Ix. (1870), p. 165.

5 G. Rose, Zeitsch. Deutsch. Geol, Ges. xxv. p. 112; Giimbel, op. cit, xxxiy.
(1882), p. 647; A. Wichmann, op. cit. xxxv. (1883), p. 849. Fusion by lightning
was observed by De Saussure in hornblende-schist on the summit of Mont Blane
(see also F. Rutley, Quart, Journ. Geol, Soc. 1885, p. 162); by Ramond in mica-
schist and limestone on a peak of the Pyrenees; by J. 8. Diller on the basalt
of Mount Thielson, Oregon, and on the top of Mount Shasta, California, Amer,
Journ, Sci. Oct. 1884; by J. Eccles in glancophane 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 80°
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
20°. 1In 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.,-84° 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-siones, caused by variations of
temperature. It was found that in fine-grained granite the rale of expausion
was 000004825 for every degree Fahr, of increment of heat; in white crystal-
line marble it was 000005668 ; and in red sandstone ‘0000095632, or about twice
as much as in granite, Totten, in Silliman’s Amer, Journ, xxii, p. 136, See
ante, pp. 496, 508,

! Livingstone’s “Zambesi,”’ pp. 492, 516. According to Stanley, cold rain
falling on these sun-heated African rocks caunses 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 débris is blown away by the wind.

Effects of wind.—The geological work directly due
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.” 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 rab 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

® The general geological effects of wind are discussed by F. Czerny, Petese
mann’s Mittheil, Ergdnzungsheft, No. 48, Nature, zv. p. 231.

% Proc. Roy. Geograph. Soc. 1889, p. 648,

10 Richthofen’s *“‘China,”" Berlin, 1817, i. p. 7.
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giliceous 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 rock-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-
tades of temperature, a continuous lowering of the general
level takes place. The great sandy deserts thus produced

1 The student will find much valuable information on this subject in the
experimental results obtained by Thoulet, Comptes Rend. civ. p. 381. Ann.
des Mines, 1887; and in the essay by Walther cited below

13 An excellent account of the denudation phenomena of the Egyptian
deserts will be found in an essay by J. Walther in vol. xvi, (1891) of the
Abhand, Konigl. Sichsisch. 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 1’Algerie,’’ 1890, p. 327.

18 Kayser, Z. Deutsch. Geol. Ges. xxvii. p. 966.

14 See Gilbert in Wheeler’s Report of U. 8. Geograph. Surv. W, of 100th
Meridian, iii. p. 82. W. P. Blake, Union Pacific Railroad Report, v. pp. 92,
230. Amer. Journ. Sci. xx. (1886), p. 178. Naumann, Neues Jahrh. 1874, p.
837. Cazalis de Fondouce, Assoc. Frangaise, 1879, p. 646. Many good illus-
trations are given by Walther 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 III. Part II. Sect. iii. § 3).

- 2. Reproductive action.—Growth of Dust. The fine
dust and sand resulting from the general superficial disin-
tegration' of rocks would, if left undisturbed, accumulate
¢n 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. ln 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 permanentiy
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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."

15 (. 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 cousisted partly of ruins, but
mostly of fine sand and dust blown from off the plaing and mixed with decayed
vegetable matter. Layard, ‘‘Nineveh and its Remains,” 3d edit. ii. p. 120.
See also Richthofen’s *“China,’ i. p. 97.

1 Johnson’s *‘Journey to Hohi, the capital of Khotan,” Journ, Geog. Soc.
xxxvii, 1867, p. 1. H. B. Guppy, Nature, xxiv. (1881), p. 126.
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Loess.—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 (Lossminchen, Losspuppen, p. 858) 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
s 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

18 The calcareous clays of the arid regions of North America have been
largely used for the manufacture of sun-dried bricks culled in Spanish ‘‘adobe’
—a term which has been proposed as a geological designation for these deposita.
1. C. Russell, Geol. Mag. 1889, p. 291.

19 See Mr. Russell’s paper 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 altitudes further west. In hilly
regions it fills up the valleys, shading off on either side up
the slopes into the angular débris of the adjoining rock.
Elsewhere, it spreads over the surface so as completely to
conceal the original inequalities of the ground. In Northern
China, Richthofen 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
teeming population.® In the arid tracts of North America
the loess or ‘‘adobe’ is estimated to be sometimes 2000 or
3000 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
zivers. But its wide extent, its independence of the alti:
tude or contours of the 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 beer widely accepted. Where rain is

% See Richthofen’s description, Geol. Mag, 1882, p. 293, and his *‘China,”
above cited. :

1 Ruesell, 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
1t 18 in great measure protected from further transport, and
thus heightens the soil.*

For atmospheric accumulations of this nature, Traut-
schold has proposed the name eluvium. They originate
in 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 ‘‘eeolian’’ is sometimes used.

Sandhills or Dunes.—Winds blowing continuously
upon sand drive it onward, and pile it into irregular heaps

¥

and ridges, called *‘dunes.”” This takes place more especi-
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,® Arabia, and in the arid lands of

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

% Richthofen, Geol. Mag. 1882, p. 297. For some of the more important
countributions to this subject, see Richthofen’s **China,’’ vols, i, and ii.; also
Verh. Geol. Reichs, 1878, p. 289; E. Tietze, Verh. Geol. Reichis, 1878, p. 113;
1881, p. 37; Jahrb, Geol. Reichs. 1881, p. 80; 1882, p. 11; 1883, p. 279; R.
Pumpelly, Amer. Journ, Sei, xvii. (1879); K. W. Hilgard, op. cit, xviii, (1879),
p. 106 (p. 427); 1. C. Russell, Geol. Mag, 1889, pp. 288, 342; F. Wahuschaffe,
Z. Deutsch., Geol, Ges. 1886, Jahrh, Preuss. Landesavst. 1889, p. 328, A,
Sauer, Zeitsch. fiir Naturwissensch. Ixii. (1889); and postea, Book VI. Part V,
Sect. i. On the loess of Alsace, see E. Schumacher, Commiss, Landesunter-
such. Elsass-Lothringen, vol. ii. Part I. (1889), p. 79; on the loess of the
Pampas, 8. Roth, Zeitsch, Deutsch. Geol. Gesell, xl. (1888), p. 422,

%8 Z. Deutsch. Geol. Ges. xxxi. p. 678.

% For an account of the sand-dunes of the Sahara see ‘‘Documents relatifs
& la Mission dirigee au Sud de 1’ Algerie,’’ A. Choisy, 1890, p. 323.
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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 (¢zangs 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 drainage 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
were, is continually on the

move from the sea-margin B\
toward the interior. A stream / SR
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. 00.—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. 1n iig. YU a stream (e €) is rep-
resented as crossing a plain (@) at the margin of the sea
or of a large inland sheet of water, bounded by a range
of sand-dunes (b 0) extending between the two lines of cliff
(c9)- 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 (/) has been ar-

3
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rested among the saady 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 and 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 trituration. In some cases, organic remains,
such as particles of shells, nullipores, etc., form the main
mass of the sand (see p. 572).*® The sand-grains liberated by

AT i eA et MRS
PR
o e SRR

Fig. 91.—Diagram of Ripples in blown Sand. The ridges b', b°, b°, impelled in the
direction of W W, successively come to occupy the hollows a,', a’, a® (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 cf Europe, exposed to prevalent
westerly and southwesterly winds, affords many instructive

% Mr. Russell (Geol. Mag. 1889) refers to some parts of the sands of the arid
Jands of North America as being composed mainly of the cases of cyprids, blown

away from the beds of dried-up lakes. . )
9% Engravings of some of the sand-grains from the Egyptian deserts are given

by Walther in the essay already cited.
#1 On the origin of ripple-murk, see Book IV. Part L. p. 850
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examples of these =olian 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 of, fragments 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 Holland, round to the shores of Courland 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 of Scotland it ranges from a few
yards to 8 miles; on the opposite side of the North Sea 1t
attains on the Dutch coast sometimes to as much as 5 miles.
The rate of progress of the dunes toward the interior de-
pends opon 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 8 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. Km«ong these must be included
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-

8 Ussher, Geol. Mag. (2), vi. p. 307, and authorities there cited. The upper
parts of the blown sand are sometimes crowded with land-shells, the deeay of
which furnishes the cementing material (see Fig. 76). :

2% See Kinahan, Geol. Mag. viii. p. 155. '

8 On the growth of Holland through the operation of the wind and the sea,
see Llie de Beaumont, *‘Legons de Geologie pratique,”® i, A detailed description
of the dunes of Holland is given by J. Lorié, Arch. Musee Teyler, ser. ii. vol. iii.
Part V., (1890), p. 376. For an account of the sand-dunes of Western Europe,
see W. Topley, Pop. Science Rev xiv. (1875), p. 133.

31 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 &
lurge revenue.
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ble 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 watgr the spread of the sand

léas driven the course of the Oxus, once a tributary of the
aspian.

n 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 rainless
regions is so great (ante, p. 559), that the existing sand 1is
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 1n 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 u[p 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
Algerian {rontier. Accordin to M. Rolland, the sand is
entirely due to the action '0? 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

8 For important information regarding the Central Asiatic wastes, see Rich-
thofen’s “*China,”” i. Also Tchihatchef, Brit. Assoc. 1882, p. 366. T. D. For-
syth, Journ. Roy. Geog. Soc. xlvii. (1878), p. 1.

4 Major C. Btrahan in *‘Report of Survey of India,’” 1882-83.

# @3, 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 @olian formations are in
course of accumulation at Bermuda and other coral-islands.
The finer coral-sand, with remains of shells, echinoderms,
calcareous alge, 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 débris 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 land up to that height is composed of these
hardened calcareous aolian deposits.®

Dust-showers, Blood-rain.—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, i1s occasionally so abundant as to darken the air and

% For accounis of sand-dunes, their extent, progress, structure, and the
means employed to arrest their progress, the student may consult Andersen’s
*Klitformationen,”’ 1 vol. 8vo, Copenhagen, 1861; Laval in Annales des Ponts-
et-Chaussees, 1847, 2me sem, Marsh’s *‘Man and Nature,*’ 1864, and the works
cited by him. Forchhamwmer, Edin, New Phil. Journ, xxxi, (1841), p. 6l.
Elie de Beaumont, ‘‘Lecons de Geologie pratique,” vol. i. p. 183, Winkler,
Cong. Internat. Geol. 1878, p. 181, Information regarding the sunds of the
interior of continents wiil be found in Palgrave’s ‘“Travels in Arabia’’; Blake, in
Union Pacific Railroad Report, v.; Tristram, ‘“The Great Sahara,’® 1860; Desor,
“Le Sahara, ses differents types de deserts,”” Bull. Soc. Sci. Nat. Neufchélel,
1864 ; T. Fuchs, Petermann’s Mittheil, 1879; A. Pomel, Assoc. Francaise, 1877,
p. 428; G. Rolland, Bull, Soc. Geol. France, 3me ser. x., La Nature, 1882, Soc.
de Geog. 1890; Richthofen’s ‘‘China,?’ i.; I. 0. Russell on the subaerial depos-
its of North America, Geol. Mag. 1889, p. 289.

% Nelson, Q. J. Geol. Soc. ix. p. 226. Wyville Thomson’s **Atlantic,*
vol. i, and ante, p. 226,
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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
glaces reached a depth of one inch. In 1846 the Sahara

ust 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
goil of the lang, and with the silt and sand of lakes, rivers,
or the sea; and how the minuter organisms of tropical re-
glons may thus come to be preserved in the same forma-

tions with the terrestrial or marine organisms of temperate
latitudes.*®

3 Consult an interesting paper by C. von Camerlander on snow with duut
which fell in Silesia, Moravia and Hungary in February, 1888, Jahrb. Geol.
Reichsanst, xxxviii. (1888), p. 281. :

% See Humboldt on dust whirlwinds of Orinoco, ‘‘Aspects of Nature’’; also
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The transport of voleanic 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 Kurope during the winter and spring of 1883-84
are aseribed to the diffusion of the fine dust from the great
Krakatoa eruption of August, 1883 (p. 8365). 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
at 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. vi.; Ehrenberg’s ‘‘Passat-Staub und Blut-
Regen,” Berlin Akad. 1847. A. von Lasaulx on so-called ‘‘cosmic dust,’
Tschermak's Mineral, Mittheil. 1880, p. 517.

# Nordenskisld, Geol. Mag. (2), iii. p. 292. F. Zirkel, Neues Jahrb. 1879,
p. 299. G. vom Rath, 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 Utah,
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-
phates in 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

% On efforescence of Great Salt Lake region, see Exploration of 40th Paral-
lel, i. sect. v. Consult also E. Tietze, *‘Entstehung der Salzsteppen,’’ Jahrb.
Geol. Reichsanst. 1877, and H. le Chatelier on the salt-crusts of Algeria,
Comptes Rend, lxxxiv. p. 396,
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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 1. 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 (8) 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.”
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
gleet. 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, send their drainage toward
the valleys and plains. Elsewhere it falls chiefly as rain,
gome 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.

4 Coulier and Mascart. Naturforscher, 1875, p. 400. Aitken, Proc. 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-tup 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 procved 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 grouad, continues, as we shall find, a great
series of similar reactions there. (2) It acts mechanically,
by wa,shihg_ 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

4 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. 64). 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, 64-47; oxygen, 33-76;
carbonie acid, 1'77. Carbonic acid, being more soluble than
the other gases, 1s contained in rain-water in proportions
between 80 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
20-1 parts of nitrate of ammonia. Sulphuric acid likewise
occurs, especially in the rain of towns and manufacturing
distriets."* 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-

8 Baumert, Aun, Chem. Pharm. Ixxxviii, p. 17. The proportion of carbonic
acid found by Peligot was 2-4. See also Bunsen, op. cit. xciii. p. 20. Roth,
‘“Chem. Geol.” i. p. 44. Angus Smith, ‘‘Air and Rain,”” 1872, p. 226.

“ Rivers Pollution Commission, 6th Rep. p. 29.

 The occurrence of sulphuric and nitric acids in the air, especially notice-
able in large towns, leads to considerakle 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. 1879-80, p. 618.



http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

582 TEXT-BOOK OF GEOLOGY

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 2-180
of chlorine, or 8-591 parts of common salt, in every 10,000
of rain. The mean proportion of chlorine over England is
about 0-022 in every 10,000 parts of rain; at Ootacamund
0-003 to 0-004.*

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 80AiUM...ccccreasrrersrsonsorseraass ceererons 37-5 kilogrammes
‘e POLBBENINL. ..cocavssmispvpvesmsoisnsmrsvanss 8-2 B
# MAENERILI iaussisvsvisasssssisariveg 2'6 ¢
i CaleitM,  cverereneiernriisiireneeneinneannes 1-8 L
Sulphate of 80da.......ccverierererennrararirercanaiiennas 8+4 kilogrammes
i POIREN. . cervesnssmnnssssioisnansbvaninrsanGs 80 ¢
“ HING. cicusmssvanmamanmsnssummusatmmsnonsssmnms 6°2 e
“ HAREORIN; svos v ssvsvsivsvemmvessnssvsesovas 59 ¢

/

46 Angus Smith, ‘“Air and Rain.”” Rivers Pollution Commission, 6th Rep.
1874, p. 425. During a westerly gale on the Atlantic coasts of Britain, when
the sea is white with foam, the air, elsewhere clear, may be seen to be quite
misty alongshore from the clouds of fine spray swept by the wind from the
cresis of the breakers, This salt-water dust is borne far inland. From the in-
vestigations carried on at the Agricultural Laboratory, Rothamsted, it appears
that the average proportion of chlorine is 2°01 per million parts of rain, which
in & rainfall of 31+65 inches is equal to a discharge of 24 pounds of pure sodium
chloride per acre. At Cirencester, where the rainfall is 3331 inches, the pro-
portion of chlorine is 325 per million, which is equivalent to 40°3 pounds of
sodium chloride per acre. R. Warington, Journ. Chem. Soc. 1887, p. 502.

41 Among the inorganic contents of rain and snow, fine terrestrial dust and
spherules of iron, probably in part of cosmic origin, have been specially noted.
See authorities cited ante, p. 1256; A. vor Lasaulx, as cited on p. 576. The
organic matter of rain is reveuled by the putrid smell which long-kept rain-water
gives out.

4 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 KEngland 4'87 parts of solid im-
purity in 100,000 parts, with 0-198 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 organie
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
to rain-water.—In previous pages, it was pointed out

¥ Rivers Pollution Commission, 6th Rep. p. 32.

% Benft, Z. Deutsch. Geol. Ges. xxiii. p. 666, 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), to which further
reference is made in later pages. See also his excellent paper on the decompo-
sition of pyrites, Ann. New York Acad. Bei. 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 the five
heads of Oxidation, Deoxidation, Solution, Formation of
Carbonates, and Hydration. |

1. Ozidation.—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
passage 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 (hzmatite),
which, reduced by decaying organic matter to ferrous
oxide, is usually removed in solution as an organic salt
or a carbonate. When the deoxidation 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 gives cal-
cinm carbonate and sulphuretted 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)."

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. 1In 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

81 The reducing action of organic acids is further described in Section iii.
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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 superficies, lost in
two years, by the solvent action of rain, 0180 gramme
in weight, in three years 0'548, 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 .53 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. Goodchild, 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. |

8 Pfaff, Z. Deutsch. Geol. Ges, xxiv. p. 405; and ‘‘Allgemeine Geologie
als exacte Wissenschaft,”” p. 317. Roth, ‘‘Allgemeine und Chem. Geol.”’ i. p.
70. Geikie, Proc. Roy. Soc. Edin. x. 1879-80, p. 518.

8 Geol. Mag. 1890, p. 466.
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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 felspars 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 pulverulent clay. In this decomposition the whole
of the alkali, together with about two-thirds of the silica,
is removed, leaving a hydrous aluminous 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, efe.) 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-
duced 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,
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drous), 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.
Weathering.—This term expresses the general 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 Nineveb and other ancient
sites, concentric agate-like rings of devitrification are formed
round isolated points, closely analogous to those above de-
seribed as artificially produced by the action of heated alka-
line waters (p. 526), and that groups of crystals or erystal-

8 Trans, Roy. Boc. Edin. xxii. 607; xxiii. 193. See ante, p. 521.
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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. 898); 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-

% This fact has been observed by my friend M. P. Dudgeon, of Cargen, in
an ill-ventilated cow-house, and T 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 Fowler, Trans. Soc. Antiquaries, xlvi, (1879), pp. 65-162.

¥ Reference may be made here to the liquid inclusions aiready alluded to as
developed in felspar during the decomposition of gneiss, ante, p. 200.

% This action can be instructively imitated by boiling and drying shales in
the manner deseribed in Book V. Sect. vii.
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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,
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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 in high bare tracts of ground
(Karrenfelder).*

Rocks liable to little chemical change are best fitted to
resist weathering, provided their particles have sufficient

Fig. 02. —Weathered 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-

% Heim, Jahrb. Schweiz. Alpenclubs, xiii. (1878).

* On weathering of building-stones, see Proc. Roy. Soc. Edin, 1879-80,
p. 618. Julien, Trans. New York Acad. Sci. Jan. 1883. W. Wallace, Proc.
Phil. Soc. Glas. xiv, (1882-83), p. 22.
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stones, however, contain argillaceous, caleareous, 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 erumble 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
the concentric coats of an onion
(Figs. 98, 94). Where one of these rocks has been in-
truded as a dike, it sometimes decoinposes 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-

Fig. 93.—Rings of Weathering.
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tery purposes, i8 found down to a depth of occasionally 600
feet. That what appears to be mere loose sand and clay is
really rock decomposed in situ, is proved by the quartz-
veins and bands of schorl-rock which ascend from the solid
rock (e, Fig. 96) into the friable part (3), and by the entire
agreement in structure between the two portions. Here and

S = e L Qi T
-1

Fig. 94.—Spheroidal ‘Weat'hez'ing of .Dolerite, North Queensferry.

there, kernels of still undecomposed granite may be seen (as
at ¢ ¢ 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
bowlders, so abundantly transported by the ice-sheets and
glaciers of the lce 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
. like tiers of masonry (Fig. 98),
f‘\\,:_: until, loosened by disintegra-

tion, they slip off and expose
“ﬁf‘* lower parts of the rock to the
~ same influences. Here and
~ there, aseparate block becomes

Fig. 95.—Felsite Dike weathering into S0 pOlSGd that it may be read-
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

spheroids, Cornwall (B.).

Fig. 96.—Decomposition of Granite, Fig. 97.—Decomposition of Granite. a,
a, Solid granite; b, decomposed Solid ﬁramte b, decomposed granite;
granite; c, vegeta.ble soil. ¢, ¢, 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
gouthwest 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 eountries which have not been under water for a vast
lapse of time, and where consequently the superficial rocks
have been continuously exposed to subaerial disintegration,
thick accumulations of “‘rotted rock’ are found on the sur-
face. The extent of this change is sometimes impressively
marked in areas of calcareous rocks. Limestone being

Fig. 99.—The “Kettls and Pans,” St. Mary, Scilly: cavities weathered
ont of Granite (B.).

mostly soluble, its surface is coniinually 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
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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.™

Other remarkable examples of similar subaerial waste
have been_specially noticed among crystalline schists and
eruptive rocks. 1n Brazil, it has been remarked with aston-
ishment that the crystalline rocks are sometimes decayed to
a depth of more than 800 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.® Dr. Sterry Hunt has specially drawn

8 On the origin of ““Terra Rossa,’’ see M. Neumayr, Verhandl. Geol. Reich-
ganst. 1875, p. 60; 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; C. de Georgi, Boll. Com. Geol. Ital, vii, p. 294.
It is included among the ferruginous deposits by Stoppani (*‘Corso di Geologia,”’
iil. p. 534). Neumayr shows that it is of various ages; in the Karst it incloses
Miocene mammals.

2 TLiais, ‘‘Geologie du Bresil,”” p. 2. Ann. des Mines, Tme ser. viii. p. 698.
T. Belt, ‘‘Naturalist in Nicaragua’’ (1874), p. 86. T. Sterry Hunt, Amer. Journ,
Sci. 3d ser. vii. p. 60; xxvi, (1883), p. 196; Geol. Mag. 1883, p. 310; American
Naturalist, ix. (1875), p. 471. This writer dwells especially on the great geo-
logical antiquity of the weathered crust. On the secular rock-weathering of the
%wediah mountains see Nathorst, Geol. Féren. Stockholm, Forhand. 1879, iv.

o. 13.

8 I. C. Russell, Bull, U. 8. Geol. Survey, No. 52 (1889), p. 12 ef seg. There
is a useful bibliography of papers on the subaerial decay of rocks appended to
this essay. See also W. O. Crosby, Proc. Nat. Hist. Soc. Boston, xxiii. p. 219.

 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
kti_gaa, with the remarkably uneven koundary along which they pass into each
ouner,
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attention to the geological importance of this prolonged dis-
integration in sitw. 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 vesulting 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 full of the decomposed material, but any subse-
quent action, such as that of glacier-ice, which eould scoop
out the detritus, would leave the basins and their interven-
ing ridges exposed.®

Formation of Soil.—On level surfaces of rock the
weathered crust may remain with comparatively little re-
arrangement until plants ake 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

% Pumpelly, Amer. Journ, Sci. 3d ser. xviii, 136; L. S, Burbank, Proc. Bost,
Nal. Hist. Soc. xvi. (1874), part 2, p. 150.
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other color of the rock beneath.®® This contrast, evidently
due to oxidation and hydration, especially of the iron, ex-
tends downward as far as the subsoil is opened up by

=, ¢ rootlets and fibres to the ready
WL, descent of rain-water. The yel-
i lowing of the subsoil may even
4 7’,, « occasionally be noticed around

Fig. 100.—Section showing the upward SOME stra.y rootlet which has

ey 'éf?giéifblseugg?lﬂ(é?? '’ 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 years. 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-

66 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. Couronn. Acad. Brussels, 1881.

87 Geol, Trans. v. 1840, p. 605; and his more recent researches in his vol-
ume on ‘‘Vagetable Mould.”” See also C. Reid, Geoi. Mag. 1884, p. 166.
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tance. With regard to the organic maitter, it is the experi-
ence of practical agriculturists in Britain that oats and rye
will grow upon a soil with 13 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
1s 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.’ *

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 subaerial
waste of the rocks of the neighborhood.™

9. Mechanical Action, — Besides chemically corroding

—

8 Johnston’s ‘“‘Elements of Agricultural Chemistry,’’ p. 80.

% For measurements of the permeability of soils, see Hondaille and Semi-
chow, Compt. Rend. cxv. (1892), p. 1015. '

" 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
“’loess’ 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 loess, 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 De 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.”
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 flat 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-

N *“Legons de Geologie pratique,” i. p. 140,
¥ @eikie, Trans, Geol. Soc. Glasgow, iii. p. 170,
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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 down 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 Hutton 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 débris 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-cap.—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 débris of certain parts of the west coast of
Patagonia.™ In Western Europe, slight indications of a

8 ““Theory of the Earth,’” Parl IL chaps, v, vi.
% Wyville Thomson’s *‘Atlantic,”’ vol. ii. p. 245. R. W. Coppinger, Q. J.
Geol. Sec, 1881, p. 348, See postea, under ‘‘Landslips,’’ p. 628,
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gimilar 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
mav be auite inaooreciable. excent after lone intervals and

Fig. 101.—Ruin-eroded pillars of Old Red Conglomerate, Fochabers.

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,

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-

8 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 resemblunce in the distance to flocks of (wether) sheep.
See *‘ Descriptive Catalogue of Rock Specimens in Jermyn Street Museum,’’ 3d
ed. ; Prestwich, Q. J. Geol. Soec. x. p. 128; Whitaker, Geological Survey Me-
moir on parts of Middlesex, ete., p. 71,

" Barrois, Anun, Soc. Geol, du Nord, vi. p. 366.
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integration is exhibited among the ‘‘buttes’ and *“bad lands"
of Wyoming and the neighboring territories of North Amer-
ica. Coloseal 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 deelivity,
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 la,l:ge measure produced the deiails 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 off into
runnels, brooks, and rivers, moves downward to the sea. 1t
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 eon-
tinually filtering downward into the rocks beneath. 'I'o
what depth this descent of surface-water may go is not



http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

606 TEXT-BOOK OF GEOLOGY

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 Daubrée 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

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 (),
through which water readily finds its way, may rest on a
less easily permeable clay (¢), followed underneath by a sec-
ond sandy pervious bed (c), resting as before upon compara-
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tively impervious” strata (¢). 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 (). 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, &) rising through joints and a fault (f).

bring different kinds of rock against each other (as @ and ¢
are by the fault / 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 9mpervious 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, mak-
ing watertight) canals and reservoirs, But it contsins 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

e

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

Fig. 106.—Diagram illustrative of the theory of Artesian Wells,

a, b, Lower water-bearing rocks, covered by an impervious series (c), 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 Ariesian, 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 leaves, 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 i1s 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 (C. 0°,
Fahr, 32°). Others, in volcanic districts, issue with the tem-
perature of boiling water (C. 100°, Fahr. 212°). Between
these two extremes every degree may be registered. Very

- —— i ———— e ——

% Nee Prestwich Q. J. Geol. Soc. xxviii, p. Ivii.,, and the references there
given, One of the besy recent exsays on the subject of Artesian Wells is that
by Prof. T. C. Chamberlin in the 5th Annual Report of the U, 8. Geol. Survey
(1883-84), p. 131.

" Desor, Bull. Sve, Sci. Nat. Neufchdtel, 1864, On the hydroiogy of the
Sahara consult G. Rolland, Assoc. Francaise, 1880, p. 647. Tchihatchef, Bris

Asgoc, 1882, p. 856, Choisy, ‘‘Documents relatifs & la Mission dirigee au Sud
de I’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 (glaciéres), 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 ingernal heat of the earth.
These are termed 7'%ermal Springs.® The hottest springs
are found in volcanic districts (see p. 402). But even at a
great distance from any active volecano, 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 1° Fahr. of subterranean heat for every 60 feet of de-
scent, the water at 120°, 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

8 A remarkable example of a glaciere i3 that of Dobschau, in Hungary, of
which an account, with a series of interesting drawings, was published in 1874
by Dr. J. A. Krenner, keeper of the uational museum in Buda-Pesth. See also
Murchison, 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 in 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 in.ter-tropxca.l
zone, that is from C. 0° to 30° (Fahr. 32°-84°), should be called “relatye,.” those
which surpass that limit (C. 30°~100°) ‘‘absolute,’’ and he gives a series illustra-
tive of each group: ‘‘Physikalische Geographie,”’ 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 voleanic 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, sulphuretted 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 miperals and forming soluble salts (p. 584).
The mineral matter of spring-water consisis principally of
carbonates of calcium, magnesium, and sodium, sulphates of
caleium 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. 684). Ordinary vegetable soil possesses the power
of removing from permeating water potash, silica, phos-
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phoric 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, especiaily in
regions of extinct or dormant volcanoes.. Subterranean
water coming in the way of this gas dissolves it, and thereby
obtains increased solvent power. (38) 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 decom-
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 fur-
ther disintegration of various miperals. ‘‘Carbonic acid,
bicarbonate of lime, and the alkaline carbonates bring about
most of the decompositions and changes in the mineral king-
dom. Itisa 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.’” ®

——

& Bischof, ‘“‘Chem. Geol.” i. p. 11.
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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 ma:y 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. Common Springs 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 (-5, or
at most 1'0 gramme per litre; the best waters contain less.
The amount of organic matter should not exceed from 0-005
to 0-01 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 caleic 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
Erecipltatg. Suach water is termed ‘‘hard.” Where the

ardness is due to the presence of bicarbonates it disappears
on boiling, owing to the loss of carbonic acid and the con-
sequent precipitation of the insoluble carbonate, while in
t!:lle 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-

8 Dr. B. H. Paul in Watts’ *Dict. 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 a,mmllr.lt of Bolid
s GBI 100
1. Fluviomarine, Drift and Gravel...............10 6132
B BRALE: . vnrrese amsrsinsisssdiii s daisasiia e 30 2-984
3. Hastings Sand and Greensands........c......19 3005
& OOUIBR..coimmsiviisnmssinsrssnivsvssssrrsaseess 35 3033
B.. LA amaisiiimsi v s e 7 3:641
6. New Red SandstOne..c.eeeececesssesscacessnsass 15 2'869
7. Magnesian Limestone....... SR — i 6-652
8. Coal-Meastres, ..ccisessasisavesnssarcsssinsssnaniss 14 2:430
9. Yoredale Beds and Millstone-Grit.....ceve... 8 1773
10. Mountain Limestone.....vieeeieereenreneereceasns 13 3:206
11. Devonian and Old Red Sandstone............ 32 2-506
12. Silurian......... R R R R e 15 1:233
13. Granite and GNeifS....cieeveerrerierescnesenanes 8 0-594

From this table it is evident how greatly the proportion
of dissolved mineral substance augments in those waters
which rise in calcareous tracts, and how it correspondinsly
ginks in those where the rocks are mainly siliceous. The
maximum percentage in group No. 13 was less than 1 part
in every 10,000 of water, the minimum being 0-140 from
granite. In No. 1, on the contrary, the maximum was
92:524, in No. 6 it was 7426, and in No. 10 it was 9:850.*

2. Mineral Springs are in some instances cold, in
others warm, or even Dboiling. Thermal springs are more
usually mineral waters than cold springs, but there does not
appear to be any necessary relation between temperature
and chemical composition. Mineral springs may be roughly
classified for geological purposes according to the prevailing
mineral substance contained in them, which may range in
amount from 1 to 300 grammes per litre.*

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-

& Rivers Pollution Commission, 6th Report, 1874, pp. 107-131, Sce also
Reports of Brit. Assoc. Committee on underground circulation of wuter, begin-
ning in 1876, and R. Warington’s Report on experiments at the Rothamsted
Taboratory, Journ. Chem. Soc. 18817.

8 Paul, Watts’ ““Dict. Chem.*’ v. p. 10186.

8 Roth, *“Chem. Geol.”’ i. p. 48, “‘One litre of water, either cold or boiling,
dissolves about 18 milligrammes.”” Roscoe and Schorlemmer, *‘Chemistry,”
ii. p. 208.
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portion of this carbonate present in springs depends mainly
on the proportion of free carbonic acid, whicg retains the
lime in solution. On 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 of living plants. (Book IIL. Part II. Sect. iiL.
§ 8.) Water saturated with carbonic acid will at the freez-
ing-point dissolve 0-70 gramme and at 10° C. 0-88 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
guantities of lime as to form considerable hills (see, p. 622).

Ferruginous or Chalybeate Springs contain a large pro-
portion of ferrous sulphate (iron-vitriol, copperas) in the
total mineral ingredients, and are known gy their inky
taste, and the yellow, brown, or red ochry deposit along
their channel. They may be frequently observed in dis-
tricts where beds or veins of pyritous 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 sulphide (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
orust of hydrous 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 0:37696 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
alter eighty-four hours 63-2 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 min-

® Journal fiir Prakt, Chem. Ixiv. 368, quoted by Roth, op. cit. i. p. 566.
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. 'I'hose
of Cheshire in England, the Salzkammergut in Austria,
Bex in Switzerland, etc., have long been well kuown.
That of Clemenshall, Wiirtemberg, 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, sulphuretted hydrogen, marsh-gas,
and nitrogen.*®

Medicinal Springs, a vague term applied to mineral
springs which have or are believed to have curative
effects 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; Bitler Waters, with sulphate of magnesia and soda—
Sedlitz, Kissingen; Salt or Muriated Waters, with common
salt as the leading mineral constituent— Wiesbaden, Chelten-
ham; Karthy Waters, lime, either a sulphate or carbonate
being the most marked ingredient—-—Batfn, Lucca; Sulphur-
ous Waters, with sulphur as sulphuretted 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. Sul-
phur springs are sometimes warm, but also oceur abundantly
cold, where the water rises through rocks containing decoms-
osing sulphides and organic matter. Sulphates are there
rst formed, which by the reducing effect of the organie
matter are decomposed, with the resultant formation of sul-
phuretted hydrogen (p. 124). Sulphuretted hydrogen and
sulphurous acid are sometines oxidized into sulphuric acid,
which remains free in the water.®

e a

8 Roth, ““Chem. Geol.” i, p. 412, Bischof, *‘Chem, Geol.”” ii.  Many sub-
terranean waters, though not descerving the name of brines, econtuin consideras
hle proportions of chlorides. On the alkaline chlorides of the Coual-measures see
R. Malherbe, Bull. Acad. Roy. Belgique, 1875, p. 16; also R. Laloy, Anu, Soe.
Geol. Nord, 1875, p. 195.

¥ Roth, op. cit. L. pp. 444, 462,
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Hot Springs, Geysers.—The thermal waters of volcanie
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

urvey of the United States on the wavers of torty-three hot
springs in the Yellowstone National Park. The tempera-
tares of these waters ranged up to 93° C., and the total
amount of dissolved mineral matter up to 2-8783 grammes in
every kilogramme. The silica sometimes amounted to 0-6070
gramimne, the sulphuric acid to 19330, the carbonic acid to
1-2490, the chlorine to 1:0442, the calcium to 03076, the
magnesium to 0-0797, the potassium to 01608, the sodium
to 0-4407, 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 Kdin-
burgh). In many countries it comes up by itself or mingled
with influnmable gases. Relerence has already been made
(pp. 254, 401) to the abundance of this product in North
Xmerica. In western Pennsylvania, some oil-wells have

lelded as much as 2000 to 3000 barrels of oil per day.

hat the oil, which is specinlly 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 vielded the oil.*

Results of the Chemical Ac¢tion of Under-
ground Water.—Three remarkable results of the chem-
ical operations of underground water are: 1st, The internal
composition and minute structure of rocks 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

% F. A. Gooch and J. E. Whitfield, Bull. U. S. Geol. Survey, No. 47, 1888,
%1 See the authorities ciied 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 oh 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 pseu-
domorphs becomes important, for we thereby learn what
was the original composition of the mineral or rock. The
mere existence of a pseudomorph points to the removal
and substitution of mineral matter by permeating water.®

The extent to which such mineral replacement has been
carried 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

9 Tt is not needful to take accouut here of such exceptional cases as the
artificial conversion of aragonite into caleite by exposure to a high temperature,
In snch paramorphs the change is a molocular or cerystalline ruther than a chem-
ical oue, though how it tukes place is still unknown. Pseudomorphs may be
artificially formed, Crystals of atacamite (('u;04Cla4-4H,0) placed in a solu-
tion of hicarbonate of soda are completely changed into malachite in four years,
Tschermak's Min, Mitth. 1877, p. 97,
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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 minutiee 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 indi-
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-felspars, the series
of hydrous green ferruginous silicates (delessite, saponite,
chlorite, serpentine, ete.), so commonly met with in crystal-
line rocks, are usually witnesses of the influence of infil-
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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 felspars or allied min-
erals. Their mode of formation is indicated by the obser-
vation already cited (p. 522), that Roman masonry at the

Fig. 107.—Fossil wood from tuff, Burntisland, Fig. 108.—Section of a purt of a Stalac-
showing parts perfectly preserved and tite. Magnified 10 diameters.
parts destroyed by crystallization of
calcite, Mayvnified 10 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 50° C. (122° Fahr.) under ordi-
nary atmospheric pressure, that various zeolitic silicates
nave been developed in the brick.™

(2) Chemical 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 stalae-
tites and stalagmites bDeneath damp arches and in limestone
caves (p. 262). As each drop gathers on the roof and begins

% Duubrée, “‘Geologie lxperimentale,” p. 179 et seq.
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to evaporate and lose carbonic acid, the excess of carbonate
which it can no longer retain is deposited round its edges
as a ring (Fig. 108). Drop succeeding drop, the original
ring grows into a long pendent tube, which, by subsequent
dleposit 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 débris of calcareous
organisms and interstratified among perfectly unaltered
shales and sandstones, have acquired a ecrystalline 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

% The rate of deposit in the Ingleborough Cave is stated to be ‘2946 inch
per annum, or about 24 feet in a century (Boyd Dawkins, Brit. Assoc. 1880,
Sects. p. 673). This is probably an exceptionally rapid growth.

% Sorby, Address to Geological Society, Q. J. Geol. Soc. 1879, p. 42 et seq.
The finely flbrous 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 waier-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. Cale-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.®
Chalybeate 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 Laacher
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 recentive 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

% Lyell, “Principles,® i. p. 402. At Narni, the greater the velocity of tlow,
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, Proe. Inst. Civ.
Engineers, xli. 1876, p. 246. The student will find much detail regarding the
abstraciion and deposit of carbonale of lime by subterranean water in a paper
by Senft, ‘‘Die Wanderungen und Wandelungeun des kohlensiuren Kalkes,”’
Z. Deutsch. Geol. Ges. 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 sublerranean 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 temperasure of 120° Fahr.,
are impregnated with sulphates of lime and soda, and chlo-
rides of sodium and magnesium. Sir A. C. 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 Loudéche '(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.”

% E. 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 formation
of pools and lakes. The landslips and meres of Cheshire are
illustrations of this process. In that county, owing to the
pumping out of the brire 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,

Fig. 109.—Section of a Limestone Cavern (B.).

21, A limestone hill, perforated by a cavern (b b) which communicates with the valley
(v) by an opening («). The bottom of the cavern is covered with ossiferous loam,
above which hes a layer of stalagmile (d d), while stalactites hang frowm the roof,
aund 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 eavities (swallow-holes, sinks,
dolinas), by the solution of the rock along lines of joint or
of faults that serve as channels for descending rain-water.
The line of‘oulscrop of a limestore-band, among non-calcare-
ous strata, may often be 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

%8 T. Ward, ‘“History and Cause of the subsidences at Northwich,’’ etec.,
18817, Geol. Mag. 18817, p. 6117.
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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.” 1In the course of time, the underground
rivers open out new courses, and leave their old ones dry,
as the Poik has done at Adelsberg. 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-irr 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 débris, as at d in Fig. 110, where also
the partial filling-up of a cavern (@ «) from the same cause is
seen. W here 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, ete., see
Mojsisovics, ‘““Geologie von Bosnien-Hercegovina,’’ pp. 44-60; Zeitsch. Deutsch,
Alpenvereins, 1880. E. Tietze, Jahrb. Geol. Reichsanst. xxx., 1880, p. 729,
and papers ciled by him. Dr. J. H. Kloos and Dr. Max Miiller, description and
photographs of the Hermann’s Cave of Ritbeland 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.' Mnud, sand, and gravel, with the remains of
plants and animals, are swent below ground and sometimes

Pig. 111. —-bect.mn of the channel ot‘ an underr*round stream.

accumulate in deposits of loam and breccin, such as are so
often found in ossiferous caverns (Figs. 109, 110).

As from time to time the roofs of 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

10 Sge interesting accounls by M, Martel of the subterranean chanunels of
the Causses or Jurassic limestoue plaleaus of Gard and Lozére in the South
of France, and of the formation of cafions there. Compt. 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—In its passage along fissures and
channpels, 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 Bec

i —

101 Baltzer, in his work ‘‘Ueber Bergstiirze in den Alpen’’ (Ziirich, 18176),
classifies Swiss landslips into four categories, viz., 1st, Rock-falls (Felsstiirze);
2d, Earth-slips (Erdschliffe); 3d, Mud-streams (Schlummstrome), 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 Stiirze), 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 and the solid or muddy condition of the ma-
terial, Neues Jahrb. 1880 (ii.), p. 198. See A. Rothpletz, Zeitsch. Deutsch.

Geol, Ges. 1881, p. 540; also op. cit. 1882, pp. 430, 435. K. Buss and A. Heim,
““Der Bergsturz von Elms,’’ Zurich, 1881.
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Rouge in the Tarentaise, where the side of the mountain is
slowly overwhelming the village of Miroir,'* or it may be
sudden and disastrous.

Along sea-coasts and river valleys, at the base of eliffs
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 ﬁg’.) are overlain by poreus
ereensand (b), above which lies chalk (¢) capped with gravel
(d). In consequence of the percolation of water through
the sandy zone ﬁ)), the support of the overlying mass is
destroyed, and hence, from time to ftime, segments are
Jaunched down toward the sea. In this way, a confused
medley of mounds and hollows (/) lforms a characteristic
strip of ground termed the ‘*Undercliff”” on this and other
parts of the English coasts. This
recession of the upper or inland
cliff through the operation of
springs is here more rapid than
that of the lower cliff (y) washed
by the sea.’”® In the vear 1839,
after a season of wet weather, &
Fig. 112.—Section of Landslip forming Mass of chalk on the same coast

underelift, Pinhay, Lyme-Regis (B.. glipped 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 shilted 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. In February, 1891, a
mass of chalk-cliff, calculated to contain some 10,000 tons
of material, gave way on the cliffs to the east 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 Sandgate 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

108 T, Borrell, Bull, Soc. Geol. France, ser. 3, vi. 1877, p. 41.

193 Do la Beche, ‘‘Geol. Observer,”” p. 22.

104 Conybeare and Buckland’s *‘Axmouth Landslip,’’ London, 1840. Lyell,
“‘Principles,’’ i. p. 536.
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undercliff of the Isle of Wight, the cliffs west of Brandon
Head, county Kerry, the basalt escarpments of Antrim, and
the edges of the great voleanic 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 (, Fig. 113) situated
behind the Rigi in Switzerland, rising to a height of more
than 5000 feet above the sea. After the rainy summer of
1806, o large part of one side of the
mountain, consisting of steeply slop-
ing beds of hard red sandstene and
conglomerate (b), resting upon soft
sandy layers (¢ ¢), gave way. The 7%
lubrication of the lower surface b
the water having loosened the cohe- Mg I~ Section Mustrating
sion of the overlying mass, thousands '
of tons of solid rock, set loose by mere gravitation, sud-
denly swept across the valley of Goldau (d), burying about a
square German mile of fertile land, four villages containing
330 cottages and outhouses, with 457 inhabitants.”® In 1855
a mass of débris, 8500 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.

§ 8. Brooks and Rivers

These will be considered under four aspects:—(1) sources
of supply, (2) discharge, (3) flow, and (4) geological action. ™

1. Soutces 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

1% Zay, *‘Goldau und seine Gegend.”’ Baltzer, Noues Jahrb, 1875, p. 15.
Upward of 160 destructive landslips have been chronicled in Switzerland.
Riedl, Neues Jahrb, 1871, p. 916.

1% An excellent monograph on a river is (. Lenthérie’s “Le Rhéne, 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 varieties 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 80 to 35 feet, at Cairo 28 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 Sadne from 20 to 24} feet. In
the middle of March, 1876, the Seine rose 20 feet at Paris,
the Oise 17 feet near Compidgne, the Marne 14 feet at
Damery. The Ardéche at Gournier exceeded a rise of 69
feet during the inundations of 1827."" The cause of floads,

107 For a graphic account of rivers swollen by heavy rainfall, see Sir T. D.
Lauder’s ‘‘Morayshire Floods.”” On torrents consult Surell and Cézanne,
“Ktudes sur les Torrents des Huutes Alpes,”’
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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
floed 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 *4090 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 Tucas, ‘‘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. B. Lawes, Dr. Gilbert and Sir John Evans on
the percolation of rain through soils and chalk (Min. Proc. Inst. Civ. Fngin.
xlv. p. 208; see also Greaves, op. cit. p. 19) should Dbe tried in many different
areas.

19 In the present state of our inform:tion it seems almost useless to stule
any of the resulls already obtuined, 8o widely discrepant and irreconcilable aro
they. In some cases, the evaporation is given as usually three times the rain-
fall; and Lhat evaporation always exceeded rainfaull was for many yeurs the
belief among the French hydraulic engineers. (See Annales des Ponts-ot-Chaus-
gees, 1850, p. 383.) Observations on a Jarger scale, and with greater precau-
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.™

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 82:40 cubic inches per minute
per square mile, equal to a depth of 7-31 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 Humphreys 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
wxs 20°946 inches, while the rainfall was 25634 (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 lrying the evaporation
from soil, see British Rainfall, 1872, p. 206.)

10 ‘‘Reclamation and Protection of Agricultural Land,” Edin, 1874, p. 15.

™ “Hydrology,”” p. 201. Comp. Report of Royal Commission on Water
Supply, 1869, p. liii.

1‘;; “Physics and Hydraulics of the Mississippi River,”” Washington, 1861,
p. 136,
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Ratio of Discharge
to Rainfall
Ohio River...... T ——— R Tmrmmm— 0-24
Migsourl BIVEE . covnvasmmsairaiitisianiasn i 0-15
Upper Mississippi RivVer......ccccvieviviiiiiiiciiiiniieenennes 0-24
Bmall TrbUtaren. c.umvepssnmisssmesapssssppasssaes 0-90
Arkansas and White River...veeeeereeeeene. SRR 015
Red River....ciceeiviieneeescrnnscssnnees e 0°20
Y 0200 RIVOr.iiuriiiireriiereiarererercncanesnnreersceerserenassannss 0:90
b Frannctd BIVel. .. ismisssisanins svrvainssivesssssas 0-90
Entire Mississippi, exclugive of Red River...............oeei. 0-25

In the Mississippi basin, one-fourth of the rainfall is
thus discharged into the sea. The Klbe, from the begin-
ning 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.™

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

13 Verhandl. Geol. Reichsanstall, Vienna, 1876, p. 173.

14 Tn 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
1his. Mr. Bateman’s observations for seven years in the Loch Katrine district
gave & mean annual rainfall of 873 inches at the head of the lake, with an out-
flow equivalent to a depth of 8170 inches of rain removed from the drainage
basin of 71} square miles. See a paper by Graeve on the quantity of water in
German rivers, and on the relation between rainfall and discharge, Der Civil-
Ingenieur, 1879, p. 691; Nalure, xxiii. p. 94. J. Murray, Scott. Geog. Mag, 18817,
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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 850 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. 1xv. Compare the conditions of the
catchment basin of the Seine as given by A. Delaire, Aun. Conserv. Arts et
Metiers, No. 138, p. 336. ‘

118 Report of (Austrian) Committee on Diminution of Water in Springs and
Rivers, Proc. Inst. Civ. Engineers, xlii,, 1875, p. 271.

" Bee A. Tylor on the Laws of River-action, Geol, Mag. 1815, p. 443,
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it takes its rise as a mere broek, 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
neadlong 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. 8. The
Plcin Track—where, having quitted the undulating region,
the river finally emerges upon broad plains, probably wholly
or in great part composed of alluvial 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 course, 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 11
inches per mile, but between Killaloe and Limerick about
64 feet per mile; of the Nile, below Cairo, 325 to 55 inches
per mile; of the Doubs and Rhone, from Besangon to the
Mediterranean, 24-18 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 cafions with an average declivity
of 7-72 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."*®

U8 D. Btevenson, **Canal and River-Engineering,” p. 234.
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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, ¢, d), moving with different velocities, the great-
est movement being at the centre (d), and the least in the
layer which lies directly on the chanuel. 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 (¢ @), being retarded by friction
against the channel, moves less rapidly than the layers (b o,
¢ ¢) toward the centre (d).

. b e i‘ ¢ b « P . .
o ‘ The central piers of a bridge

= “ have consequently a4 greater

velocity of river-current to

e - 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.™*
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
Iriction 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

19 J. Thomson, Proc. Roy. Soc. xxviii,, 1878, p. 114. Comp. Collignon,
*Cours 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.'

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. Chemical.—The water of rivers must possess the
powers 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,'*! .

10 “‘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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Daubrée endeuvored to illustrate the chemical action of
rivers upon their transported pebbles by exposing angular
tragments of felspar to prolonged friction in revolving cylin-
ders of sandstone containing distilled water. He found that
they underwent considerakﬁe decomposition, as was shown
by the presence of silicate of potush, rendering the water
alkaline. Three kilogrammes of felspar fragments made to
revolve in an iron cylinder for a perim}l of 192 hours, which
was equal to a journey of 460 kilometres (287 miles), yielded
2-720 kilogrammes of mud, while the five litres of water in
which they were kept moving contained 12:60 grammes of
potash, or 2-52 grammes per litre.'*

The mineral matter held in solution in river-water is,
doubtless, partly derived from the mechanical trituration of
rocks and detritus; for Daubrée’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.'”
tion depend upon the nature of the rocks forming the drain-
age-basin. Where thése 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,

Its amount and composi-

122 ‘‘(zeologie Experimentule,”” p. 271; Fayol, Bull. Sce. Geol. France, 3me
ger. xvi. p. 996, postea, p. 652,
133 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
sodlum, potassium, calcium, and magnesium; silicate of
potash; nitrates; phosphoric acid; and organic matter. The
minimum proportion of mineral matter among the analyses
collected by Bischof wus2-61 in 100,000 parts of water in the
Moll, near Heiligenblut—a mountain stream 3800 feet above
the sea, flowing from the Pasterzen glacier over crystalline
schists. On the other hand, as much as 54'5 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 of
these analyses is about 21 parts of mineral matter in 100,000
of water, whereof carbonate of lime usually forms the half,
1ts mean quantity being 11-34.'* Bischofycalculated that,
assuming the mean quantity of carbonate of lime in the
Rhine to be 9-46 in 100,000 of water, which is 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 half of the dis-
solved mineral matter. Less in amount are sodinm chlo-
ride,””* magnesium carbonate and sulphate, and silica. Of
the last-named, a percentage amounting to 4-88 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 83 parts in
100,000 of water.™™

14 Bischof, ‘‘Chem. 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. 8.
Geol. Surv, 1889,

1% On the variations of the chlorine in the Nile and Thames, see J. A.
Wanklyn, Chem. News, xxxii, 1875, pp. 207, 219.

1% 0f the total solid matter dissolved in the water of the River Uruguay as
much as about 46 per cent consists of soluble silica, chiefiy as hydrated silicie
acid, Hence the *“‘petrifying’’ property of the waler. J. Kyle, Chem. News,
xxxviii. 1878, p. 28.

""" Bischof, op. et loc. cit.; Roth, op. eit. i. p. 464, 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 1s 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 15w 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 Klbe
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,
14({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.'

El)\f[r. 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. Ixvii.

129 Breitenlohner, 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, ;



http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

DYNAMICAL GEOLOGY 643

by the Rhine to be equal to 92:3 tons per square mile, that
of the Rbhone at Avignon 2382 tons, that of 313 Danube 727
tons, and that of the Mississippi 120 tons. He supposes that
on an average over the Whoﬁe 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. Mechanical.—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 erags on either

180 Addresses, Liverpool Geol, Soc. 1876 and 1884,

131 On the behavior of rivers, consult Dausse, *‘Etudes relatives aux inonda-
tions,”* Parig, 1872,

188 See Login, Nature, i, pp. 629, 654; ii. p. 72.

18 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
(Peredinium fuseum), A. Angell, Brit. Assoc. 1882, Sects. p. 589.
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gide. 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 detritus 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 Cochem and Coblentz, the same
fact may be noticed.

The transporting capacity of a stream depends (@) on

124 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 thousunds 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,
C.E., 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; counsequently the amount of loss of surface, which is represented
by the coarse gravel and sand alone, is | ! . of a foot per annum,
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the volume and velocity of the current, (5) 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,™ 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 1b, Mr. David Stevenson'® gives
the subjoined table of the power of transporf of dlﬁerent
velocities of river currents:

In. per Mile per
Second. Hour.

3 = 0170 will just begin to work on flne clay.
6 == 0340 will lift fine sand.
8 == 04545 will lift sund as coarse as linseed.
12 == 06819 will sweep along fine gravel.
24 == 1-3638 will roll along rounded pebbles 1 inch in diameter.
36 = 2045 will sweep alonﬂ' 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.
() The average specific gravity of the stones in a river
ranges between two and three times that of pure Iresh
water; hence these stones when borne along by the river
lose from a bali to & 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-

1 Q. J. Geol. Soc. viii. p. xxvil.

18 ¢‘Canal and River Engineering,’” p. 316, See also Thouiet, “Ann, des
Mines,”” 1884, p. 501,
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current The shape of the fragments greatly aifects their
portability, when they are too large and heavy to be carried
in mechanical suspension. Rounded 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 river-water 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 Red 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-

187 T, Sterry Hunt, Proc, Boston Nat. Hist. Soc. 1874; W. Durham, Chem.
News, xxx., 1874, p. 67; xxxvii., 1878, p. 47; W. Ramsay, Quart. Journ. Geol.
Soc. xxxii,, 1876, p. 129; C. Barus, Bull, U. 8. Geol. Surv. 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 density equal to 1'003) 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 4-6 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
get 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 im-.
peded river through the temporary ice-barrier. In another
way, ice sometimes vastly increases the destructive power

138 The exient to which heavy rains can alter the usual characters of rivers
is foreibly 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 havoo. See also
G. é&w Koch, “Ueber Murbriche in Tyrol,” Jahrb. Geol. Reichsanst, xxv., 1875,
p. 9.
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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-dam accu-
mulated into a lake containing 800,000,000 cubic feet. DBy
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.
T'he proportion of sediment is partly dependent upon the
kardness 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, 1830), become roll-
ing currents of mud."”

39 Tn his journeys through equatorial Africa, Livingstone came upon rivers
which appear usually to eonsist more of sand than of water. He describes the
Zingesi as *‘a sand-rivulet in flood, 60 or 70 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 whicl 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 analysis should take into account what is chemicall
dissolved, what is mechanically suspended, and what 1s
driven or pushed along the bottom. We have already dealt
with the chemically dissolved ingredients. In determina-
tions of the mechanically mixed counstituents of river-water,
it is most advantageous to obtain the proportion first b
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 Arles gave ,, as the proportion when
the river was low, ., during floods, and ., in the mean state
of the river. The greatest recorded quantity is 4 by weight,
which was found ‘‘when the river was two-thirds up, with a
mean velocity of probably about 8 feet per second.” ™ A.
Guérard, 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 vards, or ., of the
volume of the water.'' Lombardini gives 4, as the propor-
tion by volume of the sediment in the water of the l;) . In
the Vistula, according to Spittell, the proportion by volume
reaches a maximum of 4.’ The Rhine, according to Hart-
soeker, contains 5, by volume as it passes through Holland,
while at Bonn the experiments of I.. Horner gave a propor-
tion of only 0 by volume.”® Stiefensand found that, after
a sudden flooding, the water of the Rhine at Uerdingen con-
tained ,4 by weight. Bischof measured the quantity of sedi-
ment in the same river at Bonn during a turbid state of the
water, and found the proportion to be 45 by weight, while at
another time, after several weeks 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, & person diving to the bottom may hear
literally thousands of stones knocking against each other.”’

@ Surell, “Memoire sur ’amelioration des embouchures du Rhone.** Hum-
phreys and Abbot, “‘Report upon the Physics and Hydraulics of the Mississippi,
1861, p. 147,

4! Min, Proc. Inst. Civ. Engin, lxxxii., 1884-85, p. 309.

13 Thid. p. 148, 18 Edin, New Phil. Journ. xviii, p. 103,
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and when the water had become clear and blue, he detected
only -’ In the Meuse, according to the experiments of
Chaondellon, the maximum of sediment 1n suspension in the
mouth of December, 1849, was .}, the minimum .}, and
the mean y),."** In the Elbe, at Hamburg, the proportion
of mineral matter in suspension and solution has been found
by experiment to average about 4. The Danube, at Vienna,
yielded to Bischof about ., of suspended and dissolved mat-
ter.'* The Durance bhas 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 muy sink to about ,5,; the average for nine years from
1867 to 1875 was about g,.'"" The Garoune is estimated to
contain perhaps ,%.'** In the Avon, which falls into the
Severn, the mean amount of suspended mud is estimated
ab g% ' The observations of Mr. Kverest upon the water
of the Ganges show that, during the four months of flood in
that river, the proportion of earthy matter is J, by weight,
or &; by volume: and that the mean average for the year
is b by weight, or .4 by volume.™ According to Mr,
Login, the waters of the Irrawaddy contain ., by weight of
sediment during floods, and % during a low state of the
river.  In the Yangtse the proportion of sediment by
weizght is estimated by Mr. H. B. Guppy at .4."" The
amount in the water of the River Plate is computed to
be .5 by weight.’™ The Nile has been estimated to contain
159 parts of solid material in every 100,000 parts of water.
With regard to the amount of coarser and heavier sedi-
ment pushed along the bottom of a river by the downward
current, it is more difficult to obtain accurate measuremeunts.
But it must sometimes constitute a large proportion of the
total bulk of solid material discharged into the sea. In

4 ““Chemical Geolozy,” i. p. 122.

16 Annales des Travanx publics de Belgique, ix. 204,

Mo Qp. cit. i, p. 130. More recent observations 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 speciic gravily 1'9) &, by volume,

¥ G, Wilsonr, Min. Proe, Inst. Civ. Engin, li., 1877-78, p. 216.

143 Baumgarten, cited by Réclus, “La Terre.”

19 7', Howard, Brit. Assoc, 1875, p. 179.

¥ Journ. Asiatic Society of Caleutta, March, 1832,

181 Proc. Roy. Soe. lidin, 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. 684.

13 . Higgin, Nature, xix, p. 666.
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the case of the Rhone, for example, it is concluded by M.
Guérard, 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 1t is
not uncommon for whole banks of sand to travel bodily
down the river.'™

The most extensive and accurate determinations yet made
upon the physics and hydraulics of a river are those of the

nited States Government upon the Mississippi. As the
mean of many observations carried on continuously at dif-
ferent parts of the river for months together, Humphreys
and Abbot, the engineers charged with the investigation,
found that the average proportion of sediment contained in
the water of the Mississippi is ,4 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

' Mem. Proc. Inst, Civ. Engin. lxxxii., 1884-85, p. 309. o
1% *‘Report,’” p, 148. The specific gravity of the silt of the Mississippi
is given as 19,
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erosive work of running water depends for its rate and
character upon («) the friction of the detritus driven by the
current against the sides and bottom of a water-course, modi-
fied by (0) the varying declivity and the geological structure
of the ground.

(@) Driven downward by the descending water of a river,
the locse 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

»

‘““vater-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. Daubrée maie fragmeunts 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 0-80
to 1 metre in a second. He found that after the first 25
kilometres (about 15} English miles) the angu]m‘ fragments
of granite hud lost  of their weight, while in the same dis-
tance fracments already well rounded had not lost more
than . b0 & The fragments rounded by this journey ol 25
kilometres in a cylinder could not be distinguished either
in form or in gencral aspect from the natural detritus of »
river-bed. A second product of these experiments was an
extremely fine impalpable mud, which remained suspended
in the water severul days after the cessation of the move-
ment. During the production of this fine sediment, the
water, even though cold, was found in a day or two to have
acted chemically upon the granite fragments. Alter a jour-
ney of 160 kilometres, 8 kilogrammes (about 6; 1bs. avoirdu-
pois) yielded 8-3 grammes (about 50 gruins) of 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 felspar, 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 diameter
would be worn ten times as much as one ,, of an inch in
diameter, and a pebble 1 inch in diameter would be worn
relatively more by being drifted a few hundred yards than
a sand grain g of an inch in diameter would be by being
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. Daubrée found that the milky tint
of the Rhine at Strasburg in the months of July and August
was due, not to mud, but to a fine angular sand (with grains
about & millimetre in diameter) which constitutes gy of the
total weight of water. Yet this sand had travelled in a rapidly
flowing tumultuous river from the Swiss mountains, anclt had
been tossed over waterfalls and rapids in its journey. He
ascertained also that sand graing with a mean diameter
of §, mm. will float in feebly agitated water; so that all sand
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 jede0 of its
weight in every kilometre travelled.'

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 débris, only the upper portion
of which is pushed onward by the normal current, will pro-
tect the solid rock of the river-channel which it covers, but

156 ‘‘Geologic Fxperimentale,’’ p. 250 et seq.
11 Q. J. Geol. Soe. xxxvi. p. 59.
18 ‘‘Geologie Experimentale,’’ pp. 266, 258.
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it is apt to be swept away from time to time by violent
floods. Sand, gravel, and bowlders, 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-

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 down by the
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stream (Fig. 115). Such pof-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,
18 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 FErie, 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 the vast
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 bowlder-
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 Iorce 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 asmall 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 curves 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. Soie
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
strcam 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 @, b, and ¢, in Fig. 116, and thus for a while
shorten its channel. Instances of this nature may {re-
quently be observed in streams flowing through alluvial
land. The old deserted loops'™ are converted, first into
lakes, and by degrees into stagnant pools or bogs, until
finally, by growth of vegetation and infilling of sediment
by rain and wind, they become dry ground.

"f“ J. 'I_.‘hnmr'-r_m, Proe. Roy. Soe, xxv,, 1876, p. b.
B0 Ajrues-mortes,’* or 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
Tréves, Mainz, and the Siebenge- “ ' f
birge form a notable illustration. : NS

Abrupt changes in the geolo- |
gical structure or lithological CROHEMS
character of the rocks of a river-
channel may give rise to water-

o ¢ ' A
NEWRER
a L

Fig. 116.—Meandering course of a brook.

ALF

falls. In many cases, this feature oo RN

of river-scenery has originated in
lines of escarpment over which -
the water at first found its way, | i =

or in the same geological arrange- o _
ment of hard and soft rocks by mig. 117.—Windings of the gorge of
which the escarpments themselves he Moselle above Gochem.
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 ob-
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-
actlon. 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 which it
issues into the lacustrine plain, P
the gorge of the river extends :
for about 7 miles, with a width
of from 200 to 400 yards, and a
depth of from 200 to 300 feet. At
the upper end lie the world-re- (
nowned falls. The whole of this

reat ravine has unquestionably é‘
%een 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
the escarpment running across its . dinal'gﬂzhigfg‘:% o~
course, and may then have be- Clinton Limestone and Shale, 30
gun the excavation of its gorge. [ref o Tiagara Shale, €0 feet:
More probably, however, the es- of which 85 feet are visible at
the fall,

carpment and waterfall began to

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
& 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 18 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 (C) 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

Fig. 119.—Plan of the Ravine of Niagara at the Falls,

A, American Fall; C, Canadian Fall; W, Whirlpool; @, Goat Island; D, Bauk 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 begun
to work. Goat Island, which now separates the two falls,
18 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
strim 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 Irie joined those of
Ontario, before the erosion of the present gorge. Bakewell,
from historical notices and the testimony of old residents,
inferred that the rate of recession of the falls is three fect
in a year. Lyell, on no better kind of evidence, concluded
that ‘‘the average of one foot a year wonld be a much mora
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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 ma(fe, 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 80
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 82,900
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

s ' &

Flg. 120.—Section to illustrate the lowering of Lake Erie by the recession of
Niagara Falls,

to Lake Krie, 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. 120, by the letters f to =, and
in the consequent lowering of the lake by the letters a, b to
e. It is believed, however, that a slight inclination of the
strata carries the soft underlying shale out of possible reach
0}5 t111ekfa,11, 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-

18 Lyell, ““Travels in North America,” i. p. 32; ii. p. 93. “‘Principles.””
L. 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.
Tle Falls of 8t. Anthony on the Mississippi show, according to Winchell, a rate
of recession varying from 349 to 673 feet per annum, the whole recession siuce
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
opeued in the ground by subierranean agency, has often

Fig. 121.—River-gorge in line of Fanlt, Fig. 122.--River-gorge in fissured strata,

led to a mistaken belief that such marked superficial
features could only have arisen from actual violent disle-
cation. Even 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 necessary 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.

162 Wiirtemberger, 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 Cafion (ravine) of the Colo-
rado River is 800 miles long, and in some places more than
6000 feet in depth. In many instances there are two cafions,
the upper being several miles wide, with vast lines of clif-
walls and a broad plain between them, in which runs the
second cafion 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 VIIL.

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,

' For descriptions and figures of this remarkable region, see Ives and New-
P‘erry, “Eyp}orationa of the Colorado River of the West,” 1861; J. W. Powell,
Exploration of the Colorado River of the West and its Tributaries,”” 1876;
Captain Dutton, *“Tertiary History of the Grand Cafion of the Colorado’; Morio-
graph IL U. 8. Geological Survey, 410, 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 is

I:v’;\

,‘hl\ m“ﬂ

~--View of the erosion of the San Juan, Colorado Basin (Newbeirry ).

=4}
3

i

g,

deprived of some of its carrying power, and begms 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 6 to e.

In the course of every brook and river, there are fre-

- / .
7 | e, T

¢ _ LT
Fig. 124.—Section of part of a river-channel {(B.).

quent checks 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.

(@) At the foot of Mountain Slopes.—W hen a ruanel or

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 it8 coarser sediment, which gathers in a fan-shaped
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pile or cone (‘‘cone de déjection'’; ** Murbriiche'’ '**), with the
apex pointing up the water-course. Huge accumulations
of bowlders and shingle may thus be seen at the foot of such
torrents—the water flowing through them, often in several
channels which reunite in the plain 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.'

(0) In River-beds.—The deposition of alluvium on river-
beds is characteristically shown by the accumulation of sand

168 G, A. Koch, Jahrb, Geol. Reichsanst. xxv., 1875, p. 9’{, describes the

debacles of the Tyrol. Consult also the work of Surell and Cézanne cited on
. 630,

e On tle alluvial deposits of this region, see Drew, Q. J. Geol. Soc. xxix,

p. 441; also his *‘Jummoo and Kashmere Territories,”” 1876.

1% See Duttou’s “‘Iligh Pluteaus of Utah.’” Hayden’s ‘‘Reports of the
U. 8. Geological and Geographical Surveys of the Territories.”’

167 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
Getritus must amouut in many places to several thousand feet. See on this
subject I. C. Russell, Geol. Mag. 1889, and Gilberi’s Essay on Lake-Shores in
tae 5th Annual Report of the U. 8. Geol. Surv.

18 G, A. Koch, Jahrb, Geol. 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,

o
BT
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Fig. 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 been rapid, and enters a
region of level plain, it begins to drop its burden on the
chanpel, 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 Bo.“" 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.'™
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 Tt is in the north of Italy that the strugele between man and nature has
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 embauking.
E. L. Oxenham, Journ. Geog. Soc. xlv., 1875, p. 182,

1 Between Mantua and Modena the Po is said to have raised its bed more

than 5} metres since the 16th century, Dausse, Bull. Soc. Geol. France, iii.
(3me ser.) p. 131,
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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 i1s 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 Hoang 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 80 miles in a current ten to twenty feet deep in
the middle.

(¢) 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,
aveR _
3 f”z—“"':i—/
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Fig. 126.—Section of River-terraces.

and cuts into its old alluviam, 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 of 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 Zerrace 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. "

" 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
of 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

Fig. 120 —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.

() 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 (¢ 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-
looking a small lake among
mountains. At the mouth of
each torrent or brook lies a

little tongue of its alluvium Fig. 130.—Streamlet (v)entering a small
. ) lake (@), and depositing & fan of sedis
(a true delta), through which ment @

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 ¢, d, Fig. 181) may join their
alluvia and divide a lake into two, like the once united

Fig. 131.—Plan of a lake entered by three streams
(¢, d, e), each of which deposits a coue of sedl-
ment (a, b) at its mouth.

Fig. 132.—Lake (as in Fig. 131) filled up and con-
verted into an alluvial plain by the three
streams, ¢, 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. 182).
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The rapidity of the infilling 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 80°, 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 Liucerne 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 mouan-
tains. Thus, the Rhone enters the Lake of Geneva turbid
and 1mpetuous, but escapes at Geneva as blue transiucent
water. Its 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
(p. 684).'™

(¢) Estuarine Deposits; Bars and Lagoon-barriers.—If we
take a broad view of terrestrial degradation, we must adinit
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
tides, a new set of conditions is established in regard to
the disposal of the sediment. During the flow of the tide
in the Severn, for example, the suspended mud is carried
up the estuary, and somctimes far up its tributaries. For

12 A, Heim, Jahrb. Schweizer Alpenklubs, 1879,
13 Consult a suggestive essuy, (. K. Gilberl on the topographic features of
lake-shores, 5th Aun. Rep. U. 8. Geol. 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.™

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,
1ts 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

'™ See an interesting paper by Prof. Sollas, Q. J. Geol. Soc. xxxix., 1883,
p. 611, and authorities there cited.



http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

674 TEXT-BOOK OF GEOLOGY

a river with the sea must of itself be a cause of the deposit
of sediment. Moreover, in many cases the sea itsell 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 sﬁong 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-
ances like tree-trunks, up 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 inflammable
gas rise upon them. After
the lapse of a considerable
time, the springs cease to
Fig. 133.—Shingle and sand-spit (e) at the give off 598, and the lumps

mouth of an estuary (c), entered by a are worn away bY the cur-

river, and opening upon an expoused rents of the river ELIl[] th&

r coast-line (B.).

B e 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 burs.'™

Conspicuous examples of the formation of detrital bars
may occasionally be observed at the mouths of narrow
estuaries, as at e in Fig. 133. A constant struggle takes

lace in such situations between the tidal currents and waves
which tend to heap up the bar and block the entrance to the

—

1% 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 1llustration 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 man
miles parallel to the shore-line, accumulating behind the

d
e S horores =/ ) ////f

Fig. 134.—8ection of bar and lagoon. Slapton Pool, Start Bay, Devon (B.).

A

barriers into broad and long lagoons, but eventually break-
ing through the barriers of alluvium and entering the sea.
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 ().
The lagoons of the shores of the Mediterranean,’® and the

Fig. 135,—Plan of coast-bars and lagoons. Coast of Florida.

Kurische and Frische Haf 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 similarl

bordered. Klie de Beaumont, indeed, estimated that about

16 For an account of these see Ansted, Min. Proc. Inst. Civ. Engin. xxviii.,
1869, p. 281.

11" See Report by H. D. Rogers, Brit. Assoc. iii. p. 1.
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a third of the whole of the coast-lines of the continents is
fringed with such alluvial bars.'

n 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 la Beche described an
example from the coast of South Wales where two streams
the Towey and Nedd (¢ and b, Fig. 186), enter Swansea
Bay, bearing with them a considerable amount of sandy and

Fig. 136.— Action of rivers, tides, and winds in Swansea Bay (B.).

muddy sediment. The fine mud is earried by the ebb-tide
{¢ ¢ ¢) into the sheltered bay between Swansea (¢) and the
Mumble Rocks () but is partly swept round this headland
into the Bristol Channel. I?I‘he coarser sandy sediment, more
rapidly thrown down, is stirred up and driven shoreward by
the breakers caused by the prevalent west and southwest
winds gﬂ) The sandy flats thereby 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).""

(f) Deltas in the Sea.—The tendency of sediment to ac-
cumulate in a tongue of flat land when a river loses itsell 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 mari-

178 *‘Lecons de (eologie pratique,’’ i. p. 249. In this volume some interest-
ing examples of this kind of deposit are described.
179 “(eological 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 A, with
the apex pointing up the river, and the base fronting the
sea. This shape being the common one in gll 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. Ilence, in deposits formed at the
mouths of rivers, we may always expect to find terrestrial
organic remains.

A delta does not necessarily form at every river-mouth,
even where there 1s 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.” 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, “‘An investigation of the effect of the
prevailing wave influence on the Nile’s deposit,’ folio, London, 1859.
s For a discussion on non-tidal rivers, see Min. Proc. Inst. Civ. Engin.

Ixxxii.,. 1886, 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 past the delta.

These features are nowhere more strikingly displayed
than by the great delta of the Mississippi (Fig. 187). 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 Rbine, 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 Rhone) about four millions of cubic
metres of sediment to the shores.” The upper reaches of
the Adriatic Sea are being so rapidly shallowed and filled
up by the Po, Adige, and other streams, that Ravenna,
originally built in a lagoon like Venice, is now 4 miles from

182 Humphreys and Abhot, op. cit.; see also C. Hartley, Min. Proc. Inst.
Civ. Engin. xI. p. 185. The tide has a mean rise of 15 iuches every 24 hours
at the Mississippi mouths.

183 For this delta and its lagoons, see the paper by Austed, quoted ante,
p. 6756. Reclus, *‘Geographie Universelle,”” tome ii. (France), chaps. ii. and
jii., and A, Guérard, Min, Proc. Inst. Civ. Eugin. lxxxii.,, 1884-85, 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 land gunined 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 elays, sands, and lignitiferous beds. Marine shells
(Cardium, ete.) occur in the sandy layers; the lignites and
lignitiferous clays contain land-vegetation and terrestrial
shells (Succinea, Pupa, Helix), the whole succession of de-

Fig. 137.—Map of Delta of Mississippi.

osits indicating an alternation of marine and terrestrial or
resh-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 8 miles

18 Flie de Beaumont, ““Lecons de Geologie pratique,®’
ix., 1812, p. 486. gons ologie pratique,’’ i. p. 323. Geol. Mag,
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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,
go 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

Go

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
er annum.'® The typical delta of the Nile has a seaward
order 180 miles in length, the distance from which to the
apex of the plain where the river bifurcates is 90 miles.'®

18 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. 180, Iaccompanied 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 us of the Nile, will
be found in Elie de Beaumont’s “‘Legons de Geologie pratique,’ vol. i, p. 263.

188 Hartley, Min. Proe. Inst. Civ. Engin. xxxvii, p. 216,

187 For a detailed study of the Nile delta in its gcological aspects, see an
essay by Dr. J. Janké, Mittheil. Jahrb, Kon. Ungarischen Geol. Anst. viii,
1890, p. 236.
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The united delta of the Gangcs and Brahmaputra (Fig. 138)
covers a space of between 50,000 and 60,000 square miles,
and 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 remains of trees, but
with no trace of any marine organism.'®

(7) 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 [ronting 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 18 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;
alsgzz more recent paper by Mr. Medlicott, Records Geol. Surv. 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 Hurope
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 Seiches, 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.'®

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 Christison, 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 57-8° Fahr., but
at a de}gll:h of 160 fathoms the thermometer had fallen to
42-1°. The surface temperature of Loch Ness in the same
month was 54°, but at 120 fathoms 42:1°."® 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 Sabatino 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.

19 F. A. Forel, Comptes Rend. Ixxx. 1875, p. 107, lxxxiii. 1876, p. 112,
Ixxxvi. 1878, p. 1600, lxxxix. 1879, p. 869; Assoc. Francaise, 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 Léman,*’ Lausanue, 1893.

191 For observations on the freezing of this and other lakes, see J. Y.
Buchanan, Nature, xix. p. 412, On the deep-water temperature of lakes
A. Buchan, Brit. Assoc. 1872, Sects. p. 207. ’

192 Proe. Roy. Soc. Edin. xviii., 1890-91, p. 139,
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Geological functions.—Among 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 4° 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. Lalkes 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 still water. KEach rivulet may be

193 The lakes of Sweden, which cover one-twelfth of the surface of the
country, exercise an imporiant influence on climate according us they are frozen
or open. See Prof. Hildebrandsson on the freezing and breuking-up of the ice
on the Swedish lakes. Aun, Bur. Central Meteorol. France, 1878,

18 Winds, by blowing strongly down the length of a lake, sometimies con-
siderably increase, for the time being, the volume of the outflow, If this takes
place coincidently with a heavy rainfall, the lood of the escaping river is greatly
augmented. Theve features are noticed in Loeh Tay (D. Stevenson, *‘Reclama-
tion of Land,”” p. 14). Hence, though on the whole lakes tend to moderate
floods in the outflowing rivers, they may, by a combinatiop »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. 189). But as it advances
into the lake, it may come to rest upon some older lacus-

Fig. 189.—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 ]ong course

iy

e Vi ’f
_:\'\\\\,\ \ N

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 @, b, ¢, in Fig. 141). As the highest

Fig. 141.—Filling up of a successlon 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 /. The same process
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will be repeated at e and & 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 lake-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. Geol. France (3), iil. p. 661.

1% 5th Ann. Report U. 8. Geol. Survey, 1885. See also Dutton, in 2d Re-
port of same Survey, 1880-81, p. 169; I. C. Russell, 3d Report U. 8. Survey,
1881-82, p. 195; 4th Report, 1882-83, p. 435; 8th Report, 1886-87, p. 201;
and Monograph XI., 1885, of saume Survey. W. Upham on the beaches and
terraces of a former glacinl lake (Luke Agassiz) Bull. U. 8. Geol. Survey, No.
39, 1887; also 8th Ann. Report Geol. and Nat. Hist. Burvey Minnesota, 1879,
pp. 84-87; H. W. Turner on a vanished lake in Mohawk Valley, Plumas
Oounty, California, Bull. Phil. S8oc. Washington, xi., 1891, p. 386,
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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, ete. (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 13 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

197 For an elaborate paper on these lake-ores (See-erze), see Stapff, Z. Deutsch,
Geol. Ges. xviii. pp. 86-113; also A. F. Thoreld, Geol. Fren, Stockholm. Forh,
iii, p. 20; and postea, Section iii.

1% F. A. Forel, Archives d. Sciences, Sept. 1882, 0. E. Imhof An
Nat. Hist., 1884, p. 69. P mhof, Ann, Mag.
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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 Hocene age in Wyoming, for example)
cover areas occasionally hundreds of square nmiles 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 infilling 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.” 1In a
river-course 1t 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. Itis
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 discusse !
in Book VIL.

2. Saline Lakes, considered chemically, may be grouped
as salt lakes, where the chief constituents are sodium and
magnesium chlorides with magnesium and calcium sul-

19 The level of the Luke of Geneva is said to have been lowered about six
and & 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 bditler laiss, 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 saltness to the evaporation and concentra-
tion of water poured into them by their feeders; and (2)
those which were originally parts of the ocean.

(¢) 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 platean 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 Laddkh, extensive lakes
formed by the ponding back of valley waters by alluvial
fans, have grown saline and bitter, and have become the
site of deposits of rock-salt and soda.*®

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-

20 B, 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 molluscan fauna has been
found.” According to Gilbert there are proofs that, pre-

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 vasgt 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 de-

201 For an account of this fauna see R. E. Call, Bull. U. 8. 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

rogress, 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 regious,
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
carbonate and sulphate as well as chloride of sodium. The
Big Soda Lake near Ragtown in Nevada contains 129:015
grammes of salts in the litre of water. These salts consist
largely of chloride of sodium (55-42 per cent of the whole),
sulphate of soda (14:86 per cent), carbonate of soda (12:96
per cent), and chloride of potassium (3-73 per cent). Soda
18 obtained from this lake for commmercial purposes.*

(6) 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

%02 Much information regarding the Great Basin and its lakes is to be found
in vol, iii. of Wheoler’s Survey West of 100th Meridian, vols. i. and iv. of the
Burvey of the 40th Parallel, and Report of U. 8. Geol. Survey, 1880-81, L. C,
Russell, ‘“‘Geological History of Lake Lahontan,” U. S, Geol Survey Mono-
graphs, No. XL, and in the papers cited ante, p. 686.

%8 Bull, U. 8. Geol. Surv, No. 9, 1884, p. 26. T. M. Chatard, Amer. Journ,
Sei, xxxvi, 1888, p. 148, and xxxviii. 1889, p. 59.
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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 1s 85; 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 242-7
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. é)eals of a
species (Phoca caspica) which may be only a variety of the
common northern form (Ph. fetida), abound in the Caspian,
which is the scene of one of the chief seal-fisheries of the
world.” On the west side of the Ural chain, even at pres-
ent, by means of canals connecting the rivers Volga and
gwina, vessels can pass from the Caspian into the W hite

eﬂ_-ﬁﬂb

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 Helmersen, 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

%4 Another variety or species of seal inhabits Lake Baikal. For an account
of the structure and distribution of seals see an interesting mounograph by J. A.
Allen in Miscellaneous Publications of U. 8. Geological and Geographical Survey
of the Territories. Washington, 1880.

2% Count von Helmersen, however, has stated his belief that for this extreme
northern prolongation of the Aralo-Caspian Sea there is no 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.
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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 Aral 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 1:8 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. Aleng 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 marked in the
great offshoot called the Karaboghaz, which is connected
with the middle basin of the Caspian Sea by a channel 150
vards wide and & 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 850,000
tons of salt. An appreciable increase of the saltness 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, wherz they have formed a salt bed
of unknown extent, and the sounding line, when scarcely
out of the water, is covered with saline crystals.*’

The following table shows the proportions of saline in-
gredients in 1000 parts of the water of some salt lakes:

[ ]

26 Bull. Acad. 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.

7 Von Baer, Bull. Acad. 8t. Petershourg, 1855-56. See also Carpenter,
Proe. Roy. Geog. Soc. xviii. No. 4. For the composition of the water of salt
and bitter lakes, see the analyses collected by Roth in his “Chemische Geol-
ogie,’’ i, p. 463 et seg.
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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-
coming 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 givé 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 before*the
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 murking
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 marls 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. 646).

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.®*®

28 Sterry Hunt, in ‘‘Geology of Canada,’’ 1863, p. 676.
3% 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-
portion 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 to from 0525 to *0603 per cent) is at once precipi-
tated. With 1t gypsum in crystals goes down, also the car-
bonate of lime which, though present in the tributary
streams, is not found in the waters of the Dead Seca. In
spring, the rains bring large quantities of muddy water into
this sea. Owing to dilution and diminished evaporation, a
check must be 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 salt 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 shew a sarface of bluish-gray clay or marl full of
crystals of common salt and gypsum. Beds of similar salif-
erous and gypsiferous clays, with bands of gypswn, rise
along the slopes for some height above the present surface
of the water, aud mark the deposits left when the Dead Sea
covered a larger area than 1t now does. Save occasional
impressions of drifted terrestrial plants, these strata contain
no organic remains.”"  Interesting details regarding salifer-
ous deposits of recent origin, on the site of the Bitter Lales,
were obtained during the construction of the Suez Canal.
Beds of salt, interleaved with laminge 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 8 to 18 cen-
timetres thick, could be counted in a depth of 2-46 metres.
A deposit of earthy gypsum and clay was ascertained to
have a thickness of 367 fect (112 metres), and another bed of

by shells of Melania, etc., found in lacustrine terraces 1300 feet above its pres-
ent level. Hull, ‘““Mount Seir,”’ 1885, pp. 100, 180.

210 Bischof, ‘““Chem. Geol.”” i. p. 8397. Roth, “Chem. Geol.”’ i. p. 476,

2 Lartet, Bull. Boc. Geol. Frauce (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.



http://geology.19thcenturyscience.org/books/1902-Geikie-Geology/README.htm

DYNAMICAL GEOLOGY 697

nearly pure crumbling gypsum to be about 230 feet (70
metres) deep.*"

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 tufa, which
appears to have been abundantly formed along the shores
where the broolks, on mingling with the lake, immediately
parted with their lime. KEven at é)resent, 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-

osits of calcareous tufa, 20 to 60 and even 150 feet thick.
his tufa, 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-
Elaced by calecium. When this variety of tufa, distinguished
y the name of thinolite, was originally formed, the waters
of the vast lake must have been bitter, fil{e 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-

12 Tesseps, Comptes Rend. Ixxviii. p. 1740, Ann. Chim. et Phys. (5), iii.
p. 139. Bader, Verh. Geol. Reichsanst. 1869, p. 288.

18 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, E. 8. Dana, Bull. U. 8. Geol. Surv. No. 13, 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.— W ater, 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. If 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 chilled
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 inc¢reases as the temperature sinks. At 80°
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 Greenland, 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 ereep 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, intc which the water

1+ Kerr, Amer. Journ. Sci. xxi. 1881, p. 345; C :
1889, p. 286, » P- 346; C, Davidson, Geol. 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 bowlders. Similar results are repeated
during subsequent rises and falls of temperature, the débris
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, what 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 bowlders 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 bowlders,

6 G, A. White, Amer. Naturalist, ii. 1868, p. 148; G. K. Gilbert, 6th Ann.
Rep. U. 8. Geol. Survey, 1885, p. 109,

%16 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 & loose, slushy, adhesive
kind of ice. See also Nature, xxi. p. 612; xxii. 31, 54.
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flont 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 bowlder-clay and solid rock are
fringed with blocks which have been siranded 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
bowlders, may be driven ashore and pushed up the beach;
even Dblocks 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
disappearec. its place being indicated merely by a strong
rippie of thu water, which is every year geiting 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 drven against them on the
arrival of spring. Reference has already been made to the
increased power of transport and erosion acquired by frozen
rivers, and especially when, 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
trom geographical position or from elevation into the upper

1 Bleasdell, Q. J. Geol. Soc. xxvi. p. 669; xxviii, p. 292,
28 For an account of the different theories proposed to account for hail, see
vrof. Viguier, Assoc. Frangaise, 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
part'of 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 8000 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 geolegical 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) . 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.
b. Snow accumulating on gentle slopes and slowly sliding
downward, pushes soil or loose stones down-hill. ~Consider-
able transport of rotted rock and bowlders 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 H, Y. Hind, Canadian Naturalist, viii. 1878, pp. 967, 976.
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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.” d. Another indirect etfect
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 of snow has been observed on
the sides of the Rocky Mountains, where the drifting of
snpow-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.*

Glacters™® 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

20 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 Inn was at Siis in 1827. For accounts of ava-
lanches, see J. Coaz, *‘Die Lawinen in den Schweizeralpen,’” Befne, 1881,

1 Geol. Mag. 1888, p. 1656.

98 Clarence King, Exploration of 40th Parallel, i. p. 527.

8 Qn glaciers and their geological work, see De Saussure, ‘‘Voyages dans
les Alpes,” § 636; Agassig, ‘‘Etudes sur les Glaciors,”” 1840; Rendu, *““Theorie
des Glaciers de la Savoie,”’ Mem. Acad. Savoie, x., translated into English,
1876; J. D. Forbes, *“*Travels in the Alps,”” 1843; “‘Norway and its Glaciers,””
1853; ‘‘Occasional Papers on Glaciers,”” 1852; Tyndall, *‘Glaciers of the Alps,”
18567; Mousson, *‘(Hletacher der Jetztmeit,$® 1864; A. Heim, ‘““Handbuch der
Gletscherkunde,® Stuttgart, 1886; E. Richter, ‘‘Gletacher der Ostalpen,’’ Stutt-
gart, 1888,
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becomes firmer, passing into the condition of névé or firn
(p. 2568). 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 Glace of Chamouni, the mean daily rate of motion in
the summer and autumn was from 20 to 27 inches in the
centre, and from 18 to 19} near the side. Helland has ob-
served that on the west coast of Greenland the glacier
of Jacobshavn has a remarkably rapid motion, its rate for
twenty-four hours ranging from 482 feet to 64-8 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. G. 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

84 Amer, Journ. Sci. xxxiii. 1887, p. 10. For the glaciers of the United
8tates see Wright’s *“Ice-Age in Anferica’’; H. P, Cushing, American Geologist,
1891, p. 207; Hayes, National Gengrephic Magazine, iv. 1892, p. 160; Russell,
Amer. Journ, Sei. xliii, 1892, p. 169, b6th Ann. Rep. U. 8. 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-sheet 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 drainage
of a great show-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 eircle) 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 8000 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.™® As far back

*% The canse of glacier motion has been 8 much-vexed question in physics,
See, besides the works cited in the foregoing note, J. Thomson, Proe. Roy. Soc.
1856-57; Mosely, op. cit. 1869; Croll, ‘‘Climate and Time,’’ 18756; Hopkins,
Phil. Mag, 1845; Phil. Trans. 1862; Helmholtz, Heidelberg Verhandl. Nat,
Mod. 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 H. H. Howorth, Mem. Proc. Manchester Lit. Phil. Boc. iv. 1891. The
conclusion to which the most recent researches point coincides essentially with
thut 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. Sos.
xxxviii. p. 107. The banded structure of glacier-ice may be compared with
shear-structure (see p. 6538, and Fig. 266).

38 The Greenland snow-llelds and glaciers are well described in the *“Med-
delelser om Grdnland’’—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. 54° 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 Chimborazo (20,498
feet), for example, being capped with ice and sending
glaciers out in all directions.*” Hence the pecu