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PART !.-GENERAL PRll,CIPLES. 

lNTRODUCTIO:N. 

THE following paper upon the principles controlling the 
deposition of ores is adapted from a treatise on Metamor
phism, tobe puhlished hereafter as a Monograph of the United 
States Geological Survey. In the present paper the argument 
can he made only in outline. The argument is especially frag
mentary in the treatment of the general principles controlling 
the circulation of underground water. 

lt will he held in this paper that the deposition of most ores 
is but a special case of the general work of groundwaters, of 
exccptional interest to man. In order to unclerstand the 
special problem, it is necessary to have a profound knowledge 
of the general principles controlling the circulation and work 
of gronndwaters. In the treatise from which this work is 
aclaptcd I have attempted to treat this subject more fully and 
broadly than has heretofore been done. From this treatise so 
mnch is abstracted as seems absolutely necessary in order to 
understand the special application of the work of groundwaters 
to the genesis of ore-deposits. Where points are not covered 
with sufficient fullness, I heg the reader to suspend juclgment 
until he sees the füll treatise. 

In the treatise, as well as in the following paper, I have of 
course <lrawn upon the knmvledge contained in the writings 
of all previous workers. No general treatise upon a broad 
subject is the work of a single man. lt is the conjoint product 
of all previous workers and its '"Titer. In the following dis
cussion of ore-deposits I am indebtecl to all who have contrib
uted ideas to this suhject, from the great Bischof to Sandberger 
nnd Posepny. I have tried to give füll cre<lit to all by Dl}merons 
references; but I cannot be sure that I have done füll justice in 
every case. A comparison ,vith the writing~ of others will show 
that I am in aecord witb Prof. Joseph Le Conte upon more 
points than with any one else. * 

Ore-cleposits may be divided into three groups, viz.: (A) 

* Trans. Am. Inst. Jlin. Engineers, vol. xxiv., p. 996. "On the Genesis of 
1\Ietalliferous V eins," by J os. Le Conte : Am. Journ. Sei.., 3d series, vol. xxvi. 1 

1883, p. 1 et seq. 
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ores of direct igneous origin, (B) ores which are the direct 
rcsult of the processes of sedimentation, and (C) ores which 
are deposited by undergrouncl water. 

Ore-deposits of direct igneons origin are probably of limitecl 
extent. Certain very basie igneons rocks havc been workecl as 
iron-ores. In N orway are s11lphide ores of various metals 
which Vogt* holds to be a direct segregation from a magma. 
Emmonst bas also favored the idea of at least a first concentra
tiou of the metallic contents of ore by processes of differeutia
tion from igneous rocks, more particularly hasic ones. In 
rnany cases where ore-deposits, and especia11y sulphides are 
supposed to be igneous, the question may pertinently be asked 
as to how far aqueous agencics have workecl in connection with 
the igneous agencies. I !=mspect, in most cases, that even if a 
first concentration has becn accomplished by magmatic differ
entiation, that a second and more important concentration has 
been performed by un<lerground waters, and this position I nn
clerstand Emmons also to hold. Upon the questiou as to how 
für some ore-deposits are tbe direct processes of igneous agen
cies I do not propose here to enter. 

To a limited extent ores are also the direct result of pro
cesses of sedimentation. As an iustance of such ores may be 
mentionecl some placer <lcposits. Possibly some ores are due 
to sublimation. 

However, in so far as ores are of igneons origin, or· are tlie 
tlirect result of the processes of sedimentation, or are the results 
of sublimation, they are excludcd from the scope of thc present 
paper. I intend here to consider only the third group of ores, 
-those produced through the agency of underground waters. 

llfy first and fundamental prem.ise is that the .r;reater number of 
ore-deposits are the result of the work of underground u:ater. 

THE THREE ZoNEs oF THE LITHOSPHERE. 

In another placet I have shown that thc outer part of the 
crust of the earth rnay be divided into three zones, depending 

* J. H. L. Vogt: Zeiisclir. fiir P.ml.:t. Geol., Jan. and .Apr., 1893; Oct., 1894; 
.Apr., Sept., Nov., Dec., 1895. 

t Trans. Am. ln.~i .. i.llin. Eng., vol. xxii., pp. 53-95. "The l\Iines of Custer 
County, Colorado," by S. F. Emmons: lith Ann. Rept. U. S. Geol. Sun., part ii., 
1896-96, pp. 4'i0-4i2. 

~ "Principles of North American Pre-Cambrian Gcolog~·," by C. R. Van 
Hise, l 6t/1 Ann. Rep. U. S. Geol. Sm·1•. for 1894-5, pt. i., p. 589 et seq., 1896. 
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npon the character of its cleformation: an upper zone of frac
ture, a lower zone of rock flowage, ancl a midclle zone of com
bined fraeture and flowage. 

Zone of Fracture. 

The zone of fracture is that near the surface. In this zone 
the rocks are not deformed mainly by flowage, but by fracture. 
They are adjusted to their new po~itions mainly by rupture and 
differential movements between the separated part.s. \Vhen 
rocks are deformecl in the zone of fracture the ruptures which 
occur are those of faulting, jointing, differential movemeuts be
tween the layers ( or accommodation), :fissility, and brecciation. 
The so-called fokls in the zone of fracture are chiefly the result 
of numerous parallel joint-fractures across the strata with slight 
displacements at the joints, giving each block a slightly differ
ent position from the previons one, aud tbus as a whole mak
ing a fold. For instance, thc folds of the rigid rocks in the 
Alleghenies are not in the main true flexures„ but a series of 
slightly displncecl blocks.. 

Zone oJ Flmc.age. 

In the zone of rock-flowage the cleformation is by granulation 
or recrystallization, no openings being produced, or at least 
none except those of microscopic size. * This conclusion rests 
npon argnments which cannot here be fully repeated. How
ever, it may be saicl in passing tha,t the conclusion that a zone 
of rock-fiowage exists at moderate <lepth is based, first, upon 
deduction from known physical principles as to the behavior 
of solid bodies under pressure, and secon<l„ upon observation. 
lt is well known that when a rigid body, such as rock, is suh
jcctecl to stress greater than its ultimate strength., it must rnp
tnre or flmv. If a rock be subjectecl to a stress in a single 
direction greater than its u1timate strength in that clirection, 
and the rock is not under pressure in other clirections, rupture 
occurs. Ho"·ever, if we suppose that the rock be subjected to 
stresses greater than the ultirnate strength of the rock in all 
directions, and that the clifference in the stresses in different 
directions is greater than the ultimate strength of the rock 

* " Principles, '' cit., p. 594, et seq. 
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under the conditions in which it exists, then if openings coulcl 
Le procluced by a rupture, they would almost immecliately be 
dosed by pressure. In other words, at a certain depth below 
the surface of the earth, if we could suppose that cracks and 
crevices are formed by the cleformation to which the rocks are 
subjected, the pressures in all directions being greater than t.he 
ultimate strength of the rock, these cracks and crevices would 
be almost immediately closecl. 

Since this conclusion was reached, Adams has actually de
formed marble uncler the conclitions supposecl to exist at mod
erate depth bclow the earth, with the result that the rock 
changed its form without rupture aud with no perceptible 
openings or cracks. * 

Before the above inductive rcasoning or Adams' experiment 
was made, I had become convinc~cl from observation that at 
moderate depth rocks are deformed with fracture and diffären
tial movements betweeu the solid particles (granulation), and by 
continuous solution and redeposition by underground water 
(recrystallization). t lt was calculated that for all but the very 
strongest rocks, flowage must begin at a depth not greater than 
12,000 meters,t for at this level the weight of the superincum
bent mass is greater than the ultimate strength of the rocks. 

Factors Infiuencing Depth at lVhich Flowage Occurs.-In the 
case of anticlinal arches a portion of the loacl may be removed 
by the supporting limbs, and thus the depth of the levcl at which 
the zone of fl.owage occurs beneath the arch be theoretical1y 
somewhat increased. However, it is highly probable tlrnt lnteral 
stresses and increased ternperature v.rhich always accompany 
rapid deformation, more than compensate for any rcmoval of 
load. Time is another important factor. It is well known that 
a stress which in a short time is iusufficient to rupture material 
may, if long continned, result in its deformation by ftowage. 
The geologist has this factor, time, to a larger extent than scicn
tists in any other subject, and it is a factor which he has con-

* Experiments in the ßow of rocks are still being made at 1\IcGill University 
by Frank D. Adams. A preliminary account was presented to the Geol. Soc. 
Am., Montreal meeting, 189i. This is summarized in "Science," vol. vii., 1898, 
pp. 82-83. 

t '' :\Ietamorphism of Rocks and Rock Flowage, '' by C. R. Y an Hisc. Bull. G. 
S . .A.., vol. ix., 1898, pp. 295-313, 318-326. 

t "Principles," cit., p . .592. 
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stantly to keep in mincl. How important this factor is may be 
ill ustratcd by the deformations of rocks as result of very 
moderate long-continued pressures. In sorne cases, in ceme
teries, ruarble slabs have been placed horizontally and suspended 
at the ends. In the course of a score or more of years such 
slabs are founcl to have saggecl in the middle a -very consider
able amount. If the slabs bad at the outset been bent to this 
extent they would have undoubtedly been ruptured. The 
chauge in form is only possible by rock flowage, eithcr through 
a differential movement of the solid particles with reference 
to one another or by solut_ion ancl redeposition, i.e., recrystal
lization, or the two combined. The consideration of time leads 
me to believc that the limit of 10,000 to 12,000 meters placecl 
as the level at which :fiowage of the strong rocks must occur is 
probably too great, and observations upon deformation in the 
cores of mountain masses which have been deeply denuded con
firm this conclusion. Rocks, even of the strongest kincl, ha-ve 
in many instances been cleformed by flowage rather than by 
fracture, when at <lepths much Iess than 10,000 meters. 

Other fäctors, sut.:h as igneous intrusions or orogenic move
ments, increase the heat ancl pressure acting on the rock, and 
thus tend to climinish the depth at which flowage occurs. 

If this reasoning is correct, it follows that all fissures mm;t 
disappear at some depth, and that the maxim um depth is 
limited by the depth of the zone of fracture for the strongest 
rocks. 

Zone of Combined Fracture and Flowage. 

There is a zone of combined fracture and flowage below the 
zone of fracture, because rocks have varying strengths, because 
there is great variation in the rapidity of deformation, in the 
temperature at which the deformation occurs, in the moisture 
present, and in various other factors. A weak rock, for iustance 
a shale, may be deformed by :fiowage at a much less depth than 
a strong rock, such as a granite. Thus the belt of combined 
fracture and flowage is of considerable thickness, possibly as 
thick as 5000 meters. In this zone we have all combinations 
of the phenomena of fracture in the various ways abo-ve men
tioned, and of :fiowage by granulation and recrystallization. 

lt is highly probable that the openings of the zone of fractu rc 
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gradually decrease in size as depth increases, nntil in the zone 
of :flowage the openings are, as already explained, microscopic 
or non-existent. If.a gradation such as indicated exists, it is a 
necessary corollary that the deformatious of the zone of frac
ture must have their equivalents in the deeper seated zone of 
:flowage and :flexure. This point I havc fnlly developed in other 
places. * lt is explained that in depth faults are replaced by 
flexnres, and that any deformation of a Iarge mass of a given 
rock from one form to another by fracturing may be paralleled 
by similar changes of form in the zone of flowagc, the result 
being there accomplished by granulation of the rnineral par-
ticles or by recrystallization, or by both. _ 

lt might be thought that the above general statement is a 
deduction which cannot be confirmecl by obserYation, but such 
is not ~he case. Many rocks which have bcen deformed in the 
zone of :flowage or in the zone of combined fracture and flow
age, as a consequence of denudation have reached the surface, 
and one is able to observe all the transition phenomena of de
formation between the zones of fracture and :flm.vage. These 
I have somewhat fully described in auother place. t An excel
lent illustration of the deformation of a rock mainly by flowage, 
but in a subordinate way by fracture, is the Berlin rhyolite
gneiss, described by Samuel \Veidman.t The formation of 
this rock was mainly that of recrystallization, but many of the 
mineral particles were granulated. Also many minnte joint 
crevices were formed which were subsequently filled by cemen
tation. 

lt follows from the above reasoning that fissures may <lis
appear at different depths helow. vVhere there are fractures 
with large displacements, fissnres are likely to exten<l to very 
considerable depths. In proportion as the displacements are 
small, the :fissures are likely to disappear below at less depths. 
Furthermore, as has already been explained, certain rocks are 
deforme<l by flowage at a much less depth than are other 
roeks. Therefore, in a region in which there is a great shale 

-::; "Principles," cit., p. 676; ":Metamorphism," cit., pp. 313-318. 
t "Principles,'' eil., pp. 601-603; ".Metamorphism," cit., pp. 312-313. 
t "A Contribution to the Geology of the Pre-Carubrian Igneous Rocks of the 

Fox River Valley, Wisconsin," by S. Weidman. Bull. 1Vis. Geol. and Nat. Hist. 
S1trv., No. III. , pt. 2, 1898. 
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or slate formation at a moderate depth, a strong :fissure in more 
brittle rocks at the surface may disappear as it encounters the 
shale formation, being replacecl there by a :fl.exure. I have 
little doubt that considerablc fissures thus disappear at a depth 
less than 1000 meters. 

Illustrations of the disappearance of fissures with depth are 
found at various places. In the gold belt of the Sierra N evadas, 
Lindgren * says it is " an incontestable fact that many small 
veins close up in clepth." 

Not ouly may fissures die out below, bnt fissures may clisap
pear above, the fault along the fissnres being replaced by a 
:fl.exure in the overlying stratum, wbich yields by flowage. 
This is beautifu11y illustrated by the Enterprise rnine, of 
Rico, Col., describecl by Rickard, t where faultccl fissures in 
sandstone and limestone disappear above, at the place where 
shale is encounterecl, the shale accommodating itself to the frac
tnres below by monoclinal :fl.exures. (See Fig. 9, p. 128.) 

The marked efiect which the character of the country rock 
may have upon the nature of a fissure is well illustratecl in the 
Cripple Creek district, where, accordiug to Penrose,t the fis
sures in the harcl rocks are sharp, clean-cut breaks, while in 
the soft rocks they are orclinarily a series of very small cracks, 
constituting a <lisplacement of a kind which I call a distributive 
fault. W cll illustrating this are mines which are partly in hard 
ancl partly in soft rock. " The vein on which the Buena Vista, 
Lee Smuggler, and Victor mines are located occupies a sharp, 
clean-cut fissure, partly in the massive rock an<l partly in the 
hard breccia; but when it passes iuto the soft, tufaceons 
breccia 011 the east slope of Bull Hill the fissure is represented 
only by fäjnt cracks occupied by no vein of irnportance. In 
this case the force which caused the fissure overcame the co
hcsion of the harder rock sufficiently to make a clean break, 
but in the more plastic rock it overcame cohesion only to the 

* "The Gold-Quartz Veins of Nevada City and Grass Valley, California," by 
Waldemar Lindgren, 17th Ann. Rept. U. S. Geol. Sun·., pt. ii., 1895-96, 
p. 162. 

t "The Enterprise Mine, Rico, Col.," by T. A. Rickard, Tmns. .Ani. Inst . 
. illin. Engineers, rnl. xxvi., 189i, pp. 906-980. 

t "Mining Geology of the Cripple Creek District," by R. A. F. Penrose, Jr., 
16th Ann. R.ept. U. S. Geol. Surv., pt. ii., 1894-95, p. 144. 
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extent of causing a series of faint fractures withouf any one 
well-defined break."* 

This point of transition between the zone of fracture and the 
zone of :fl.owage and the dying out of :fissures below is dwelt 
upon in order to exclucle the hypothesis of filling of fissures 
from the bottom. If :fissures gradually decrease in size ancl 
finally die out, the streams which make their way into the fis
sure must enter from the side or from above. For fort.her dc
velopment of this point, see pp. 54-56. 

In closing the subject it may be said that in all cases vdiere 
rocks havc been deformed in the zone of rock :fl.owage, or in 
the zone of combined fracture and flo·wage, and are now at the 
surface, there will be Sl,lperimposed, upon the effects of the 
deep-seated deformation, the deformation by fracture, resulting 
from earth movements cluring the time the rock is slowly mi
grating through the zone of fracture to the surface. 

THE W ATER-CONTENT AND ÜPENINGS IN RocKs. 

Since the ore-deposits consiclered in this paper are the work 
of underground water, and since the :fl.owage of underground 
water is mainly through tbe openings in rocks, it is necessary 
to consider the condition of the water in the openings and the 
character of the openings which may occnr in rocks. 

As to the content of water the zone of fracture may be di
vided into two belts, an upper belt above the level of grouncl
water called the belt of weatbering and a lower belt below the 
level of grounclwater called the belt of saturation. Above the 
level of groundwater the openings in the rocks are orclinarily 
only partly filled with liquid. U nder different conditions, which 
need not here be discussed, the water in the openings varies 
from an exceedingly small fraction of tlrnt required to :fill the 
openings, to saturation. 

Condition of lV ater in the Zone of Fracture. 

In the belt of saturation, from the level of groundwater to 
its base, if it be limited to a <lepth of 10,000 meters, the H 20 is 
in liquid form, as water. The water is, however, for much of 
the belt superheated. If the increment of increase of tempera-

* Loc. cit., p. 144. 
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ture be taken as 1 ° C. for every 30 meters, the critical tem
perature of water, 364° C., would be found at a depth of 10,920 
meters. At any girnn place the water is subject to the pressure 
of the superincumbent column. The questiou as to whether 
hydrostatic pressure increases sufficiently fast to prevent the 
water from passing into the form of gas needs to be answered. 
Supposing the temperature of the water were 100° C., or just 
at the boiling-point at the surface of the earth, the most un
favorable assumption to holding the water as a liquid in the 
zone of fracture, it would still be true that the water would be 
in the form of liquid in this zone, as is shown by the following 
table based upon this supposition, colunrn (1) being tempera. 
tures, column (2) being prcssures necessary to hold H20 as a 
liquid at these temperatures, column (3) being clepth in meters 
at which the pressures would be produced, column (4) being 
the depth which vrnuld be required to produce the temperatures 
on the snpposition that the increment of the increase of tem
perature is 1 ° C. for every 30 meters, and column (5) being the 
actual temperatures which exist upon this supposition at the 
clepths represented by column (3): 

1 {!) 

·-
(2.) 1 (4) (5.) 

Tem P"•tum. 
(3.) i . Temperntures Actu-

Pressure_s Corre- Depth Necessnry Depth Necessar} ully Existing at 
spondmg to to Produce to Produce Pressures a.nd 

Temße1ature of Pressure ofCol. 2. Temperature of Depths of Cols. 2 
ol. 1. Col. 1. and 3. 

Deg. C. Atm. Meters. :Meters. Deg. C. 
120 2 20 3,600 100.66 
180 10 100 5,400 103.33 
225 25 250 G,750 108.33 
265 51 510 7,950 117.00 
310 99 990 9,300 133.00 

1 

340 148 1,480 10,200 149.33 

1 

365 205.5 2,055 10,950 168.33 

From this table it will be seen tbat the hydrostatic pressure 
at various depths is for in excess of tlrnt required to hold the 
'vater in the form of a liquid; or, looked at in another way, for 
any given depth the temperature is not sufficiently high to allow 
the water at that depth and pressure to exist in the form of a 
gas. 

Therefore, where the increase of temperature is normal, the 
pressure at any point down to the level at which the critical 
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temperature of water is met is clearly much more than adcquate 
to prevent the water from changing to steam. \Vhere magma 
is intruded in the lithosphere, the temperatnre may become so 
high that this statement will not hold. This, however, is the 
exceptional, not the usual, case. Furthermore, it is conceivable 
that as result of deformation itself the temperature of the rocks 
might rise so high as to convert the water present into the form 
of steam. This possibility will not be discussed. However, it is 
believecl tobe probable from investigations upon metamorphism 
that this condition of affairs rarely if ever obtains, since, as I 
have elsewhere explainecl, long beforc the critical temperature 
of water is reached, solution and deposition of rock material, or 
recrystallization, readily takes place, and in this clrnnge the 
work c01werted into heat is far less than in mechauical graun
lation. * 

The Openings in Rocks. 

The openings in rocks include (1) those which are of great 
length and clepth, as compared with their width, and thus are 
essentially flat parallelopipeds; (2) those in which the dimen
sions of the cross-sections of the openings are approximately the 
same, and therefore resemble tubes of various kinds, ancl (3) 
irregular openings. 

(1) The openings of the :first kind are those of faults, of 
joints, of :fissility, ancl of bedding partings. The opcnings of 
tbis class are likely to be continuous for considerable clistances. 
This is true to the largest extent of fault openings, is true to a 
less extent of joint openings and bedding partings, and to a still 
less extent of the openings of :fissility. lt is recognized tlrnt 
many of the fissnres are excecdingly complex. They are, in
deed, in many instances, a series of parallel or intersecting frac
tnres, forming a zone of brecciation. Ho\vever, for such a zone, 
as a, whole, the statement still holcls that the openings have great 
length and depth as compared with their wiclth. In position, 
the joint-, fault-, ancl fissilility-openings ordinarily have an im
portant vertical element, or at least traverse the beds. Frequently 
they are nearly vertical, or traverse layers of formations at right 
angles. In consequence of this, they are very important factors 

.,;; "Metamorphism of Rocks and R~ck Flowage," by C. R. Van Hise, Bull. G. 
S. A., vol. ix., 1898, pp. 310-311, 313-318. 
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in the flowagc of undergrouncl water. Rclatively pervious for
mations scparated by impervious formations may be thus con
necied. Pervious formations overlain by impervious formations 
may be connectecl with the surface. Bedcling-partings are 
parallel to the laycrs. Since undcrgrouncl waters vcry fre
quently follow forrnations, the bedding-partings, which extencl 
long distances, bccomc vcry important factors in the promotion 
of flmrnge parallel to the formations. This is especially true 
of thc contact of forrnations of different character. These con
tacts arc places of maximum differential rnovemcuts, of conse
qucnt complex fracturing, and therefore of important openings 
and large circulatiou. 

(2) Thc spaces of thc seconcl class are those of the mcchani
cal sediments, including conglomerates, saudstones, soils, tuffa, 
etc. Thc openiugs of mechanieal sediments havc a strong ten
dency to a definite form, ancl are continuons. The forms of 
these openings havc been fully discnssecl hy Slichter.* The 
openings alternately narrow and \vielen. At their wider parts 
their sections are roughly polygonal, the polygons ha,·ing morc 
than three sides, ancl these are curved. At their ~rnrrowest places, 
the cross-sections of the openings approximate to triangles, ancl 
\\·here the grains arc of equal size, the triangles are cquilat<-~ral. 
The form of the tubes at their minimum cross-section is dne to 
the contact of thrce grains in a plane, the space bctween which 
is near]y triangular. 

(3) Irregular openings are those of the vesicu1ar 1arns ancl 
the irregu1ar fractures of the rocks. They are in part con
tinuous and in part discontinuous. In rocks where the open
ings are exceedingly irregular in form, the flowagc of watcr is 
limited to the continuous openings, however small thcy may be. 

Openings of any of the above classes, whether a result of 
dcformatiou or prodnccd by original sedimentation or formed 
in connection n·ith volcanic action, may be enlarged by solution. 
Indeed, this will be the case wherever the processes of solution 
more than connterba1ance the processcs of precipitation. lt is 
later explaiued that this is the more likely to occnr with down
lrnrcl moviug watcr than with upward moYing water. Since 

* "Theoretical Investigation of thc Motion of Ground "•uter," by C. S. 
Slichter, Hlth Ann. Rept. U. S. Geol. Sun:., for 1897-981 pt. ii., pp. 305-323. 
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dowrnrnrcl moving waters are dominant aboYe the level of 
groundwater ancl prominent in the upper part of the belt of 
saturation, it is in this area that openings are most frequent1y 
enlargccl by solution. (See pp. 46-48, 132.) lt has been argued 
by Posepny* that openings serving as channels for underground 
water may be wholly produced by solution. That openings may 
be somewhat pro]onged aud difförent openi ngs connectecl by 
solution, thns helping unclerground circulation, is more than 
probable, hut that important passages are procluced wholly by 
solution is an assumption which I think has not been verified 
by the facts of ohservation. 

Size and Numbcr of Openings.-Large openings are favorable 
to rapid fiowage. Small openings are unfavorable to rapid 
flowage. This results from the fact that the friction between 
the walls ancl the moving column eteadiJy becomes greater for 
a given volume of water as the openings become smaller. 
Large openings are favorable to a somewhat direct course. 
Small openings are favorable to a circuitous route. The direct 
course of water in large openings is i1lustrate~1 by limestone 
regions, where there are numerous large joints and caves within 
which the water is quickly concentratecl. T~is being the case, 
the fiowage of water is very largeJy in the upper part of the 
zone of fracture. "'\V1rnre the openings are sma1l, a circuitous 
ronte must be taken, for to pass a given volume of "\Vater from 
one point to another it is necessary that a wide range of open
ings must be usecl. This is more fully explained, pp. 28-36. 

Fault, joint, bedding, and fissility openings may be so nu
merous that the pore-space is very ]arge. U pon the average 
fault openiugs are farther apart, but }arger than the joint open
ings, and joint openings are wider spaced and }arger than the 
openiugs of fissility. lt cannot be said which kind of opeuings 
upon the avcrage gives the }arger pore-space. Since, however, 
largc openings are favorable to rapid flowage, for a given porc
space the fau]t openings are likely to give a greater fiowage 
than joint openings, and joint openings a greater fiowage than 
those of fissility. This fo1lows from the greater size of the 
fewer openings. To this is tobe added the element of greater 

* "The Genesis of the Ore-Deposits," by F. Posepny, Trans. Am. Inst. J.llin. 
Engineers, vol. x:s:iii., 1894, pp. 207-212. 
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continuity of the Iarger openings. Therefore, with a given 
pore-space, the flowage may be vastly greater in the case of 
faults than in the case of joints, and much greater in the case of 
joints than in the case of fissility. lt will later be explained 
that the Iarger openings are occupied by the trunk streams, and 
that in these openings ores are most likely to be concentrated; 
hence, ore-deposits rnost frequently form in fault-fi::;sures, less 
frequently in joints, and still less frequently in the smaller and 
more discontinuous openings. 

If the principle that large openings are favorable to rapid 
flowage be applied to mechanical sediments, it follows that with 
a given pore-space the coarse conglomerates fnrnish a much 
}arger flow than fine conglomerates, the fine conglomer?-tes a 
larger flow than the sanclstones, and these a vastly }arger flow 
than the fine-grained shales. 

Upon the basis of size, openings in rocks rnay be clivided into 
(a) openings which are !arger than those of capillary size, or 
supercapillary openings, (h) capillary openings, and (c) sub
capillary openings. 

For water, openings }arger th:m capillary openings, accord
ing to Daniell, * may be circular tu bes which exceed .508 mm. 
in diameter, or may be sheet-openings, such as those furnished 
by faults, joints, etc., the wid'th of which are one-half of this 
or exceed .254 mm. To movement of water in such openings 
the ordinary laws of hydrostatics apply. Capillary openings 
for watcr solutions include those which, if circular tubes, are 
smaller than .508 mm. in diameter, or, if sheet spaces, are nar
rower than .254 mm., and which in either case ai·e larger than 
the openings in which the molecular attractions of tbe solid 
material extend across the space. Such openings in the case 
of circular tu bes are those smaller than .0002 mm. in diameter, 
or, if sheet passages, are below .0001 mm. in width. Capillary 
openings therefore inclucle circular tubes from .508 mm. in di
ameter to .0002 mm. in diameter, ancl sheet passages from .254 
mm. in width to those .0001 mm. in width. Capillary openings 
of other forms have a range limitcd between .508 mm. and 
.0001 mm., but no one form has so wide a range as this. To 
movement of water in openings such as these the laws of cap-

* Text-Baok of Physi~, by Alfred Daniell, 3d ed., 1894, pp. 277, 316. 
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illary flow apply. By subcapillary openings are meant those in 
which the attraction of the solid molccnles extends from wa11 
to wall. These include all tubcs smallcr thau .0002 mm. in di
ameter, ancl shect opcnings smaller than .0001 mm. in width. 
For intermediate forms t.he subcapil]ary openings have as tbeir 
rnaximnrn limit a range from .0002 mm. to .0001 mm. 

vVithin this paper I cannot fully cliscuss the laws of flowage 
för each of these classes of openings ancl their application. 
This is fnlly tlone in a treatise on " .Metamorphism," from 
which this paper is ahstractecl. lt is, however, necessary to 
snmmarize the laws of flowage of water in each of the threc 
classes of opeuings. 

The flowage of water throngh supercapillary tubes nearly 
follows the ordinary laws of hydrostatics, i.e., the flowage of 
water is as the square root of the pressnre dne to head. If 
V = velocity, H = pressure due to head, and G = force of 

gravity, then V = 1/2GH. For instance, the velocity resnlt
iug from a head of 10 cm. would be the square root of 
2 x 981 x 10 cm. 

This form nla is only approximately correct, for the internal 
friction in supercapillary tubes is dependent upon the viscosity 
of the solntions ( a factor consiclerecl on p. 30), upon the regn
larity of the tubes, and upon the velocity of fiowage. If the 
t.ubes are not straight, eddies will form \V hieb will increase 
the internal friction and decrease the speecl of movement. In 
the long, rongh, irregular underground passages not of deter
minable size, _eddies may so increase the internal friction as to 
render the formula of hydrostatic fiow inapplicable. Furt.her, 
as a result of the Yiscosity, the resistance increases with increase 
of velocity, so that where the velocity of movement is consider
able, even if the tubes are open and continuous, the formula 
gives too high results. 

The fiovrnge of water with a given head in supercapillary 
openings is Yery rapid indeed, as compared with the sma11er 
openings. The supercapillary openings inclucle the greater 
number of the fault openings, joint openings, bedding partings, 
many openings of fissility, and the openings in the coarser 
mechanical sediments, such as very coarse sandstones, and 
conglomerates. 

According to Poisenille's law, the flowage of water in capil-
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lary opcnings is proportional not to the square, as in supercap
illary opcnings, but to the fourth power of the radius; is pro
portional not to the square root of the pressure, as in supercap
illary openings, but to the pressure; is inversely proportional 
to the length of the tube; ancl is indireetly proportional to the 
viscosity of the liquid.* 

From the foregoing it follows that the :fiow in a tube with a 
radius of .2 mm. in diameter would bc sixteen times as great 
as in a tube .1 mm. in diameter. Furthermore, in a tube of 
a definite length, if the pressure be doubled the :fiow would be 
doublecl, if trebled the :fiow be trebled. \Vith a given pressure, 
if the length be dou bled the :fiow would be diminished to one
half, if trebled to one-thircl. The viscosity of unclergrouncl 
waters decreases rapidly with the temperature, being only one
fifth as much at 90° C. as at 0° C. Therefore, with capillary 
tubes of a given size the :fiowage would be five times as fast at 
90° C. as at 0° C. 

How important the laws of capillary flow are in the move
rnent of undergrouncl water and the production of ore-deposits 
will be understood w hen it is known that the openings of all 
ordinary sanclstones and mechanical sediments are capillary 
openings. Furthermore, it is to be remembered that at a 
depth of 2700 meters, supposing the increment to be 1 ° C. for 
30 mcters, the temperature is 90 ° C. Therefore this fact, 
because of decreased viscosity, is very favorable to the :fiowage 
through tbe openings at considerable deptb. 

N otwithstancling the increased mobility of water, the circu
lation in small capillary tubes is_ very slow indeed; so slo'v 
that layers of rocks in which the openings are of small capil
lary size, such as those of dense clays and shales, are spoken 
of as impervious. Although this is not exactly true, the move
ments of water through such materials is slow as compared with 
the rnovement in larger capillary openings. 

Openings of the third class are subcapillary. In thcse the 

·~ According to Poiseuille, the general formula for thc Oow through a tube of 
4 

circnlar section is f = :ra _P, in w hieb j is the discharge in cubic centimeters per 
8µ1 

second, n is the radius of the tube, l its lcngth, p is the difference in pressure at 
its ends in dynes per square centimeter, and µ is the coefficient of viscosity of the 
liquid. (See "Theorctical lnvestigation of the Motion of Ground Water," by 
C. S. Slichter, 19th .A.nn. &p. U. S. Geol. Sur-v„ pt. ii., p. 317.) 

2 
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attraction of the solid molecules extends from wall to wall. 
The water is held as a film glned to the walls by the adhesion 
between the water ancl rock. There is no free water. In such 
openings as these the flowage must he exceedingly slow 
or nil. Subcapillary openings as here used include also inter
molecular spaces. 

lt is evident, from the reasoning given on the preceding 
pages, that the openings in the zone of rock-flowage are those 
of subcapillary size. Furthermore, it is eYident that the sub
capillary openings are cliscontinuous. lt has been seen tbat at 
a depth greater than abont 11,000 meters the water prohably 
has a temperature greater than the critical temperature of water; 
but in the opinion of some physieists the liquid state may per
sist even after the critical temperatm·e be passed. * "\Vhether 
the H 20 below this dcpth is a liquid or is water-gas cannot cer
tainly he cletermined; bnt it may be supposecl that the viscosity 
is comparatively small. Furthermore, the water is under enor
mous pressures. Under circumstances of temperature exceed
ing the critical tem perature of water and very great pressure, 
one would be rash to assert that water cloes not pass through 
the exceedingly small subcapillary spaces of rocks in the zone 
of flowage, or possibly also through the intermolecnlar spaces. 
Some movement of water might also occur in connection with 
the processes of solntion and deposition, or recryst.allization, 
which, as I have explained,. is charact.eristic of t.his zone. That 
is to sa.y, t.he mobility within the solid material implies at least 
an equal mobility in the liquid material which is also present. 

In reaching a probable conclusion it is, however, to be 
rememberecl that it must be assumed that the rocks of the 
lower part of the lithosphere are also probahly satnrated with 
water, ancl that the pressure above is resisted by equal pressure 
from below. Doubtless, under the changing conditions caused 
by rock deformation, metamorphism antl den udation, and by 
othcr vicissitndes to which the lower part of the lithosphere is 
subjected, the watcr-pressures become unequal at various times 
and places, and at such times and places there wonld be an 
undoubted tendency for water to move from places of great 
pressure to places of less pressure. 

* Preston, "Theory of Heat," p. 378. 
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Whatever conclusion may be reachecl as to the possibility of 
the circulation of water in the zone of rock-:flowage, it will 
probably be agreecl by all that the circulation, if it occurs at 
all, must be exceedingly slow. Indeed, upon this point we are 
not confined to cleduction. We have an almost certain infer
ence from the character of the alterations which occur in the 
zone of rock-:flowage. In my treatise on Metamorphism I 
show that within the zone of fracture, immigration and emi
gration of rock-material is very great, ancl that the composition 
of a rock may within this zone be materially modified as a con
sequence. However, while a rock in the zone of flowa.ge may 
be transformed from a massive form to a schist or a gneiss, the 
composition of the resultant schist or gneiss is almost identical 
with that of the original rock. Had there been rapid and 
extensive circulation of water ·within this belt, it would have 
been inevitable that the composition of the resultant metamor
phosed rocks would have been difterent. 

Ore-Deposits Derived from Zone of Fracture. 

W e conclude from the foregoing that w hile underground 
circulation of water upward, downwarcl, and lateral, is a possi
bility within the zone of rock-:flowage, it is very slow, and that 
it cannot be appealed to to explain metalliferous deposits. If 
any one asserts that the metalliferous materials of mineral veins 
are derived by water circulation from the centrosphere, * or are 
derived from the lithosphere* below the zone of rock-fracture, 
I hold this to be a pure unverifiecl assumption for which there 
has not as yet been adducecl one particle of evidence, aucl op
posed to w hich stand well-known principles of physics con
cerning the movement of water in minute openings, and all 
observations which have been made as to the actual changes 
which have taken place in the rocks once within the zone of 
rock-:flowage. 

The original source of much of the material for the metal
liferous deposits may, indeed, be largely the centrosphere or the 
lower part of the lithosphere; for from these sources vast masses 

* The term lithosphere is here applied to the outer shell of earth, which is 
known tobe solid. The term centrosphere, following Powell, is applied to the 
central mass within the lithosphere comprising the greater part of the world, as 
to the character of which we have no definite knowledge. 
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of volcanic rock are injected into the zone of fracture or brought 
to the surface. This is especially true during great periods of 
vulcanism. Furthermore, it is well known that in regions of 
volcanic rocks many ore-deposits are found. Also it is believed 
that all the rocks of the lithosphere were originally igneous, 
and that from these igneous rocks the sedimentary rocke have 
been derived by the epigene forces, i.e., the forces working 
through the agencies of atmosphere and hydrosphere. lt fol
lows, therefore, that the metals of ore-deposits, either directly 
or indirectly, are derived from igneous rocks. However, the 
ores are directly derived from rocks in the zone of fracture by 
circnlating underground watcrs. The rocks which furnish the 
metallic compounds may be intruded igneous rocks; they may 
be extruded igneous rocks; they may be the original rocks of 
the earth's ernst; they may be sedimentary rocks derived by 
any of the processes of erosion from primary rocks; they may 
be the altered equivalents of any of thesc classes. 

That there is a suffi.cient amount of metalliferous material 
within the rocks of the zone of fracture to account for all 
metallic cleposits will be admitted by all. lt is well known 
that the amount of material which it is nccessary to suppose 
to be origina.lly present in the country-rock within the reach 
of thc nnderground water circulation in the zone of fracture, 
in order to fully account for the ore-deposits, is an excecdingly 
small fraction of 1 per cent. ; such small fractions in the case 
of the rarer metals that the numbers have little significance to 
us. Even in the case of the common metals, such as iron, lead, 
zi nc and copper, the fraction of a per cent. w hich it is necessary 
to suppose to be present is exceedingly small. This is well 
illustra.ted by the lead- ancl zinc-district of southwestern Wis
consin. Here, according to Prof. Chamberlin, Mr. Buell has 
calculated that if the source of the metal in the Potosi district, 
tbe richest in the region, be restricied to a layer 100 feet deep 
and limited on the outside of the arca of paying crevices by 
half the average distance between the crevices, to account for 
all the lead which bad been taken out, it would only be neces
sary to suppose that the rock contained " one-fourteen-hun
dredth of one per cent., or a little more than one-seven-mil
lionth of the rock."* 

* "Ore-Deposits in Southwestern 'Visconsin," by T. C. Chamberlin, Gool. of 
Wis. 1 vol. i,·., 1882, pt. iY., p. 538. 
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The second fundamental premise of tMs paper is, tliat the material 
f or ore-deposits is derived from rocks within the zone of fracture. 

The Sow·ce of Underground lVater. 

Since it bas been shown it cannot be assumed that there is 
any considerable circulation of underground water in the zonc 
of rock-ßowage, it follows that we cannot suppose tbat the 
water of the zone of fracture passes into or is derived from the 
zone of rock-:flowage on any large scale. Doubtless this trans
fer does take place to some sma1l extent. Also, through the 
agency of vulcanism water occluded in magma is tranf?ferred 
from the zone of rock-:flowage, or even possibly from the cen
trosphere, to the zone of rock-fracture. Fnrthermore, hydration 
and dehydration of the rocks are constantly taking place, and 
these processes may not balance. However, the amount of 
underground water coming from the deep-seated zone of rock
:flowage in these ways at any one time is relatively small, and 
therefore the meteoric water entering the crust su bstantially 
balances that issuing from it. llence, so für as the main work 
of ore-cleposition is concernecl, the water is that of the zone of 
rock-fracture, and tbis water is water of meteoric origin, which 
makes its way from the surface into the grouncl, and there 
performs its work and issues to the surface again. 

The third premise of this paper is that by f ar the major part oj 
the water depositing ores is rneteoric. 

The Cause of the Flowagc of Underground lVater. 

The fourth premise of this paper is, that the flowage of under
ground uater is caused chiefly by gravitative stress. 

Gravity is effective in the movement of underground water 
in proportion to the bead. Head is due to the fact that the 
water enteriug the ground at a certain level, after a short or 
long underground journey, issues at a lower level. 

The effi.ciency of gravity is also dependent upon temperature. 
In so far as water is "\varmer at its point of issuance than it was 
when it joined the sea of underground water, this is favorable 
to circulation, and gives an efföct in the same direction as head. 
This is due to the fact that the density of \Vater varies inversely 
with tbe temperature. 

Taking tbe volumc of water at 4° 0. as 1, its volume at 50° 
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C. would be 1.0120; at 75° C. would be 1.0258, and at 100° 
C. wonld be 1.0432. * Therefore the increase in the tempera
ture of undergronnd water may !essen its density as much as 4 
per cent. 'vithout exceeding its boiling-point at normal pressure, 
and a diminution of density of 1 per cent. or more is probably 
not uncommon. lt is therefore evident that in columns of 
water of equal length the stress of gravity is considerably 
greater upon the column baving the lower temperature. That 
the difterence in gravitative stress, due to diffcrence in tem
perature, may be suffi.cient to produce rapid circulation in 
pipes lvbicb are supercapi1lary, is shown by the use of the 
principle in the hot-water system of heating buildings. U uder
ground, as in the hot-water system of heating, heat is thc 
energy which causes the water to expand, and gives a differ
ence in density. When heat has produced a difterence in 
density of the two colunrns, gravity is the force which inaugu
rates and maintains the circulation. 

lt is believed tbat undergrouncl circulation may be promotcd 
in an important degree by diffcrence in temperature of the 
descending and ascending columns of watcr, resulting from 
heat ahstracted from the rocks, due wholly to their normal 
increment of temperature with _depth. Laterit will be shown 
that the downward moving water is ordinarily dispersed in 
many small openings and morns relatively slow. Therefore it 
may be supposed at any given place to have approximately the 
temperature of the rocks. The upward movement of water, 
upon the contrary, is shown to he usually in the larger open
ings and relatively rapid. Therefore at any given place its 
temperature is probably higher than is normal for tbe rocks at 
that depth. The result is to give thc descending and ascend
ing columns a difference in temperature, the ascending column 
being hotter. As already noted, the expansion of water with 
increase of temperature is considerablc, amounting to over 4 
per cent. between 0° C. and 100° C., that is, a given mass of 
water would occupy a volume 4 per cent. greater. In other 
words, if there is an average difforence of 100° C. in the ascend
ing and descending columns, 100 feet of the down ward moving 

* "Exercises in Physical l\Ieasurements,'' by L. W. Austin and C. B. Thwing, 
1896, p. 151. 
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water wonld balance 104 feet of thc upward moving water. If 
we suppose the dcscencling and ascencling columns to bc con
nectecl, of equal height, and having an average di:fforence of 
100° C. in temperature, this wouhl bc cquivalent to a head of 
4 feet per 100 feet all along the length of the column. Prob
ably thc difference in temperature · between the colnmns is not 
often so grcat as 100° C., but the illnstration shows that the 
clifference in tcrnperature between ascending and descencling 
columns of the same length may give a sutficicnt stress to over
come friction and viscosity, and give a sommvhat rapid move
ment to underground water. 

As an illustration of the principle may be mentioned the 
watcr-power of the sea-mills of Cephalonia, which, according 
to the Crosbys, is "·holly clue to the difförcnce in thc tempera
ture of the clescencling ancl ascending 'vaters. * In regions 
where vulcanism or dynamic action have recently occnrred, the 
difference in density resulting fro:m diffcrence in temperature 
in the clescencling and ascending columns may be an even 
more important influence in the circ_ulation of thc underground 
waters than in regions where the high t~mperature is due to 
thc normal heat of the rocks. Such a region is the Yellow
stone Park. 

In some cascs the issuing water throughout a grcat rcgion 
is very clearly at a higher temperature than the entering water, 
and in such regions this differenc-e in temperaturc must be a 
very important factor in its underground circulation. In such 
cases the diffärence in temperature of the descending and as
cending waters gencrally results from the normal increase of 
temperature clue to depth, from regional vulcanism, and frorn 
the rocks having a higher temperature than normal because 
of recent orogenic movements. 

An excellent illust.ration of such a region is the Cordilleran 
region of the western United States, in which there are nrnny 
valuable ore-deposits. Gilbertt and others · have shown that 
scattered throughout this vast region, occupying nearly one-

!!> "The Sea-Mills of Cephalonia,'' by W. F. Croshy and W. 0. Crosby, Teclt. 
Quar., vol. ix., 1896, pp. 6-23. 

t "The Geology of Portions of Nevada, Utah, California and Oregon, Ex
amined in years 18il and 1872," by G. K. Gilbert, Rept. Geog. and Geol. Survey.q 
west of lOOth Meridian, vol. iii., 1Si3, pt. 1, pp. 148-149. 
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third of the United States, are many hot springs, the tempera
tures of which vary from 37° C. to 100° C. More numerous 
than these are the warm springs, the temperatures of which are 
below blood beat. The warm springs ma.y be considered as 
ineluding those betweeu 18° C. and 37° C. Accorcling to 
Gilbert, the water of all the foregoing springs exceeds the mean 
anuual temperature of the region by 8.3° C. 

Although we have no <labt by which to verify the statement, 
I have no doubt whatever tliat the springs, the temperature of 
which is above the mean annual temperature, but less than 
8.3 ° C. above, exceed by many times the total of all springs 
the temperatures of which are 8.3° C. or more above the normal 
temperature of the region. And it is to be remembered tliat 
a slightly increased temperature of issuing water over that of 
the fa.lling water through the vast number of springs and 
through seepage is of far greater quantitative importance than 
the marked increase of tempcrature in the comparatively few 
warm and hot springs. This ill ustrates the old principle 
that the widespreacl, moderate forces are incomparably more 
important than the more conspicuous, but more circumscribed 
forces. 

While gravity is the only important force to which appeal can 
be made to account for the circulation of waters producing ore
deposits, circulation in some small clegree does result from 
other immediate ca.uses. For instance, earth movernents may 
deform the rocks, aud in this process squeeze out the water, 
as in the production of the crystalline schists from the secli
mentary rocks. If the <leformation of the rocks bc referred 
to their ultimate cause, gravity, even the circulation of the 
"~ater resulting from dcformation is indirectly due to thc stress 
of gravity. However, the important immediate causes of move
ments ofunderground water below watcr lenl are two-gra.vity 
ancl deformation. 

But whatever the cause of the flow of unclerground water, 
the direction of movement is from places of greater pressure 
to placcs of less pressure. A current going in any direction 
is evidcnce of an excess of pressure in the rear of the currcnt. 
Thus, water which enters_ by seepage or through capillary tubes 
into a larger opening, such as a fissure, must be under greater 
pressure than the column of water into which it makes its 
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way. '"~hether the motive force in the movement of the 
water is difforence in gravitative stress or deforrnation, or any 
other cause, the excess of pressure resulting in movement is 
hehind the current. 

In the foregoing statement as to the cause of the movement 
of underground water, only the vertical component of the 
columns has been considered. The horizontal component of 
the column has no efföct. So far as there is horizontal move
ment, the energy required for this movement to overcome fric
tion ancl iuternal viscosity is derived from the forces already 
mentioned,-that is, gravitative stress or deformation. 

Bclts of ·Underground Circulation. 

The circulation of underground water is <livided into two 
parts: that of an upper belt above the level of groundwater, 
and a lower belt below the leve] of groundwater. 

Upper Bclt of Underground Circulation.-The u pper belt of 
underground water circulation extends from the surface to the 
level of groundwater. The thickness of this outer belt of 
water circulation varies greatly. At or near streams, lakes, or 
ocean, andin areas where the surface is not much higher than 
the adjacent bodies of water, the level of groundwater may 
reach near or to the surface, and thus there may be, for these 
areas, either a very thin upper belt of circulation, or none. In 
regions of moderate elevation and moderate irregularities of 
topography the level of ground water is usually from 10 feet 
to 100 feet below the surface. lt is especially likely to bc ncar 
the surfhce in regious w here there is a thick layer of drift or a 
thick layer of disintegrated rocks. In elcvated and irregular 
regions, and especially those in w hieb thc precipitation is rather 
small, the level of groundwater may be from 100 to 300 feet 
below the surface. In high, desert regions, und especially 
limestone regions, the level of ground·water may be from a 
thousand to several thousand feet below the surface. 

The position of the ]evel of groundwater is more fully con
sidered furthcr on, in connection with the belt below that level. 

A large amount of the water viYhich enters the upper belt is, 
without cntering the lower belt, again brought to the surface 
through capillarity, or through the infl.uenee of vegetation. 
Thc circulation of this water in the upper belt alone has little 
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influence upon the ore-deposits, and is here ignored. Another 
portion of the groundwater moves downward through the upper 
belt and joins the sea of underground water. This water is 
associatecl with oxygen, carbon-dioxide, and otber gases. These 
substances perform various classes of work, which are consid
ered on pp. 48-53. 

Lower Belt of Underground Circulation.-The lower belt of 
circula.tion has as its upper limit thc level of ·groundwater. 
This level is not horizontal, but is undulating, the undulations 
following the topography. A topogräphic map of a region is 
to a certain extent a topographic map of the level of grouncl
water; but the latter is less accentuatecl. The ele,·ation of the 
contour of the grounclwater at a given place is less than the 
elevation of the surface contour by the depth of the level of 
groun<l.water. 

That the level of groundwater roughly follows thc topography 
is shown by the fact that upon many hills ancl mountains, wells 
reach water at the very moderate depths of a few score, or at 
most 100 or 200 feet. The relation is further illustrated by the 
fact that where a shore begins to rise from a body of water, as 
from a lake, the level of groundwater also rises, but not so rap
iclly. As an example of this may be mentioned thc case of a 
well at Madison, w·isconsin, about 1200 fcet frum Lake :Men
dota und 88 feet above its surface, in which the \Vater is on an 
average about 52 feet auove the surface of the lake. * 

In general, the more accentuated the topographic features, 
the greater is the difference between the surfäce topography 
and that of the level of groundwater. Howcver, this diffärence 
also depen<ls npon thc character of the rocks. \Vhere the 
opcnings in the rocks are numerous and large, there is a greater 
differcnce in the topography ofthe surface and of the level ofthe 
groundwater than where the rocks are less open. In fractured 
limestone regions containing caves, the level of the ground
water may follow approximately that of thc drainage of the 
district, and th us there be a great difference between the topog
raphy of the surface and that of the grounclwater. vVhere a 
region is covered with a thick mantle of fine material, as drift, 

* "Principles and Conditions of MoYements of Groundwater," by F. H. King, 
19th Annual Rept. U. S. Geol. Surv. 1 for 1897-98, pt. ii., p. 991 1899. 
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the topography of the groundwate~ may very closcly follow 
that of the surface. Finally, the less the precipitation the 
greater the difterence between the contours of the surface and 
the level of groundwater. In the Grand Canon region of 
Colorado we have a district in which the topography is much 
accentuated with sudden and great changes in elevation, in 
which the rocks are largely limestone ancl the precipitation 
small. Therefore in this region there is a very great difference 
between the topography of the surface and that of the level of 
groundwater. 

Capacity of Water for ·w ork in the Lower Belt of Under
ground Circulation.-The temperature of water in the lower 
belt of underground circulation increases with depth. The 
average increment is about 1° C. for 30 meters. Supposing the 
water at the surface to be 0° C., it would be 100° C. at a clepth 
of 3000 meters. At a depth of 10,000 rneters it would be 333 ° C. 
lt has been shown, pp. 10-12, that the pressure increases with 
depth with sufficient rapiclity to hold the water in the form of 
a liquid. Therefore the work of the water in the zone of frac
ture below 3000 meters is that of superheated water. lt is 
well known that pure water at ordinary temperatures is capable 
of dissolving all cornpouncls to some extent, but the amount of 
the rnore refractory compounds dissolved is exceedingly small. 
Bnt pure water at a high temperature is a potent solvent. 
Barns has shown that water at temperatures above 185° C. 
attacks the silicates composing soft glass with astonishing 
rapidity.* 

At 180° C. various zeolites can be dissolved in pure water, 
the material crystallizing out on cooling. Lernberg shows that 
water at 210° C. slowly dissolved anhydrous powdered silicates. 
lt is therefore apparent that water in the lower part of the zone 
of fracture is a most potent chemical agent. 

Furthermore, it is well known that one salt in solution may 
assist water in dissolving another salt. For instance, the pres
ence of a1ka1iue sulphides is very favorable to solution of sul
phides of the heavy metals, such as copper, silver and gold. 
On the other hand, the presence of one .compouncl in solution 

· * 11 Hot Water and Soft Glass in their Thermo-dynamic Relations, by C. Barus, 
Am. Jour. Sei., n·., vol. ix., 1900, pp. 161-175. 
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may be unfavorable to the solution of another compound. Thus 
in the underground waters the material in solution contiuually 
affects the capacity of the water to dissolve ancl precipitate 
other materials. This subject will be further discussed, pp. 
43-45. 

Movements of Water in the Lower Belt of Underground Cir
culation.-The complex movements of underground water may 
beresolved into two components,horizontal or lateral movements 
ancl vertical movements. 

The vertical component of thc journey of underground 
waters in the zone below the level of gronndwater may Le 
considered as con:fined to the zone of fracture, ancl is probably 
measured at a maximum by 10,000 meters, or at most by 12,-
000 meters. The lateral component, on the other hand, may 
vary from a few meters to hundreds or even a thousand or 
more kilometers. U pon the average, the horizontal component 
is probably für greater than the vertical componcnt. 

In order to understand the work done by underground water 
in its journey, it is first necessary to know the path which it 
follows. Upon this point the recent analytical work of Prof. 
C. S. Slichter* gives the desired information. He has ascer
tained that the spaces in soils and in mechanical sediments, so 
far as the :flowage of underground water is concernecl, may be 
considered as a series of triangular tubes. By Prof. Slichter's 
analysis the :flowage of water from one place to another, say 
from A to B (see Fig. 1), is not by a direct path, but by a large 
number of diverging paths from A during the :first part of the 
journey, and by a large number of converging paths to B dur
ing the latter part of the journey. This may be illustrated by 
supposing the water tobe poured into a well, A, and to :flow to 
a 'vell, B. The horizontal course of the water is represented 
by Fig. 1, and the vertical course by Fig. 2. These conclu
sions apply equally well to any porous rock other than a soil 
or sandstone in which the spaces are distributed in a somewhat 
uniform manner. 

lt is apparent that these conclusions have far-reaching con
sequences as to the :flowage of underground water. In the 

* "Theoretical lnvestigation of the Motion of Ground-Waters," by C. S. 
Slichter, 19th A.nn. Rept. U. S. Geol. Surv., for 1897-&8, p. 312. 
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passage of the water from the top or slope of a hill to a 
poiut of issue a.t the foot of thc hill, supposing these to be 
the only points of entrance or issuance of the water, and 

Fw. 1. 

Ideal Horizontal Section of the Flow of Underground Water through a llomo
geneons Medium, from On~ "r ell to Another. 

supposing the spaces to be uniform, thc vertical course would 
be rcpresented by the lines of Fig. 3, and the horizonal course 
\Yould be represented by the lines of Fig. 1. "\Ve see at once 
that for the larger topographic features the vertical component 
of flow may pass quite to the lower limit of the zone of frac-
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ture. This would probably be true even if water throughout 
its underground jonrney remained at a constant temperature. 
But it is to be remembered that the deeper water penetrates, the 
higher its temperature; also that the movement of water in the 

FIG. 2. 

A B 
~~~~~ r~~~~~~-:::==--~ ~ ...... =-~~~~~~~~-

Ideal Vertical Section of the Flow of Underground Watcr through a Homogene
ous Medium, from One "\Vell to Another. 

lower part of the zone of fracture is largely through capillary 
openings; further, tlrnt the flowage in capillary openings is in
versely as the viscosity; and, finally, that the viscosity decreases 
rapidly with increase of temperature. Therefore, the increase 
of temperature with depth is a potent factor favorable to a deep 
course for underground water. lt therefore seems probable 
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that as a result of head due to to1).ographic irregularities and 
temperature difterences, the entire zone of fracture is being 
regularly traYersed hy undergrouud waters. Of course, the 

Fw. 3. 

Ideal Verticnl Section of the Flow, through a Homogeneous l\Iedium, of Under
ground \Vater Entering at One Point on a Stope and Issuing nt a Lower Point. 

amount of flowage is far greater in the upper part of the zone 
than in the lower part, but even in the lower half or third of the 
zone of fracture the amount of :flowage cannot be considered 
small. 



32 SO~IE PRINCIPLES CONTROLLING DEPOSITION OF ORES. 

The principle of the di~tribution of the flowage of water 
over the entire available area is well illustrated by the case of 
watcr flowing horizontally into a beaker from one side and 
overflowing the beaker on the other siele. The movement of 
the water will not be confinecl to the liquid near thc surface of 
the bcaker, but all portions of the water in the beaker from 
the top to the very bottom will take part in the flowage, 
altbough, of course, the rate of movement will be much more 
rapid at the top tban at the bottom. * The well-known hydro
clynamical principle tbus illustratecl, that the entire available 
cross-section will always be utilized by flowing currents, is 
directly applicable to lateral moving waters in thc zone of frac
ture. lt is conclusive evidence that this zone will be searched 
to its base by moving waters, although the waters joining and 
departing from the underground sea appear ancl disappear at 
the surface. 

In an actual case of undcrgrouncl flowage the water does not 
entcr the grouncl at a single point, but enters at every point of 
a slope. As a sample case, we may suppose that the watcr en
tering on a slope reaches the surface again at the level of a 
stream in an adjacent valley. To gct an iclea of the complex
ity of thc flow in this ideal case, we may arbitrarily select a 
num ber of points where the water enters, and trace out its 
course. _ We may plat by different kin<;ls of lines, continuous 
and broken, the vertical components of the flmvage of the 
water w hich enters at each place independently of the water 
that enters at other places. (Fig. 4.) -w e have a series of 
intersecting lines in the figure representing the vertical com
ponents of movement. 

lt is not snpposcd that water actually follows paths similar 
to those represented by the figure, for there is mutual interfer
ence of the water entering at the various points. As a resnlt 
of this, the water cntcring the openiug nearest the exit would 
take a morc clirect course than the average of that platted; but, 
as a conseqnence of this, the water f'rom the next openings up 
the slope would take a more indirect course, on thc average, 
than that platted, and so on. The total result would be to give 

* Slichter, cit., p. 331, sect. 5. Compare Posepny, cit., :trans. Am. Inst. JJlin. 
Engincers, Yol. xxiii., 1894, p. 220. 
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an average course for the water which can be represented Ly 
combining the independent curves. (Fig. 5.) The eftect, so 
far as the geological action of the undcrground water is con-

Fm. 4. 

Ideal Vertical Section of the Flow, through a Homogeneous Medium, of Under
ground '\Vater Entering at Three Points and Issuing at a Single Point, Each Sys
tem of Flow Bcing Independent of the Others. 

cerned, would be approximately the same, whether the course 
of the water were that represented by Fig. 4 or that repre
sented by Fig. 5. This statement, applicable to a few points of 
entrance and one of exit, is equally applicable to a great num
ber of points of entrancc. The statement can be further ex-

3 
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tended to an indefinite number of points of entrance distributed 
along the contours of the slope as well as up the slope, and to 
many points of exit at or near the level of the valley. 

The Preferential Use by Water of Large Channels.-In nature 
the points of entrance for groundwater are indefinitely numer-

FIG. 5. 

Ideal Vertical Section of the Flow, through a Homogeneous Medium, of Under
ground Water Entering at l\Iany Points along a Slopc and Issuing at a ~Hngle Point 
of Lower Elevation. 

ous, and the places of exit comparatively few. The water falls 
upon the ground everywhere and enters the innumerable pores 
between the grains. After a longer or shorter undergronnd 
course, perhaps passing under many subordinate hills and val
leys, it escapes to the surface as a spring or by seepage, nearer 
the drainage-level than where it entered the grouncl. The 
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water began its jonrney through an almost infinite number of 
openings. lt issnes at rnauy opcnings, but these are few com
parecl with the Yast number of those at which it entered. 

This conclusion is basecl on the following facts: Openings in 
rocks are never of uniform size. lt has been seen tliat thc resist
ance to flowage in capillary openings is far greater than in super
capillary openings. In supercapillary openings of moderate 
size the resistance is greater per unit of flowage than in larger 
ones. Thus there is a strong tendency for the water starting 
through innumerable small openings to couverge into larger 
ancl }arger openings, \vhich are the lines of least resistance. 
Of conrse, it may go long distances underground, as in some 
sandstones, without fincling larger openings than those near thc 
snrface; but if largc openings exist, they will be fully uti1ized. 
Finally, when a single opening or a group of openings larger 
than the average reach the snrface at a lower altitucle than the 
average level of entrance of the water, there is a spring. 

lt lrns been seen tlrnt cluring the first part of the uncler
ground journey of water the vertical component is downward, 
and during the latter part of its jouruey the vertical compo
nent of much of it is upward. lt follows that, on the aYerage, 
the downward movements of water are through the smaller, 
and the npwarcl movements through the }arger, openings in 
the rocks. Of course, where large openings are available for 
the clownward-moving water they will be utilized; and doubt
less the larger openings are utilized to a great extent by the 
down ward moving \Vaters. However, even if this be the case, 
the statement wonld still he true that upon the arerage the 
}arger openings are more extensively used by the upward 
moving water than by the downward moving water. From 
the foregoing it appears that the system of circulation of 
underground water has a very close analogy to that of a tree 
of a peculiar eharacter. 

The points of entrance are the ends of the indefinite num ber 
of twigs; these twigs unite into a brauch; the branches 
unite to procluce a !arger brauch; the larger branches unite 
into a tru nk; and at the end of a truuk is a spring. The 
analogy of an underground draina.ge system to a tree is even 
closer than that of a surface system, for in a system of under
ground water circulation three climensions are concerned to an 
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important extent, while in a surfacc system of drainage the 
movement of the water is approximately con:fined to a plane. 
However, from what has gone bcfore, it is clear that the tree 
of underground water has a peculiar shape. The twigs and 
branches have an important downward component; the ]arger 
branches of the tree may be consiclered as approximately hori
zontal; and the trunk usually has an important npward com
ponent. Thns twigs, branches and trunks togethcr orclinarily 
make a great U. The sicles of the U may berat her close together 
in the case of marked topography, where the watcr issues near 
the places of entrance. The sidcs of the U may be very far 
apart in the casc of gentle topography, where there is great 
lateral m°'·ement of the water. Such a system of under
ground rnovement is sornewhat similar to that of a surface 
system of drainage. 

The analogy of a tree has been utilizecl in orcler to get defi
nitcly in mind the generaf character of the circulation of 
underground water. However, the analogy must not be 
pushed too far. A tree commonly has but a single, continu
ous, solid trunk, although willows and other trees have nrnny 
trunks. Very frequently, indeed commonly, the trunk-chan
nels of underground water circu]ation are very complex. 
\Vhile a main water course may exceptionally occupy a singlc 
opcn passage, ordinarily it is composecl of a num ber of inter
loeking passages. These may be the parallel openings of a 
cornplex fault, tbey may be the smaller numcrous openings of a 
zone of fissility, or they may be the more open spaces of sand
stones or conglomerates. In short, a trunk-channel of under
ground water cliffers only from other clrnnnels in that they are 
places where there is more circulation. 

PHYSICO-ÜHEMICAL PRINCIPLES ÜONTROLLING THE vV ORK OF 

UNDERGROUND vV ATERS. 

Before considering the actual geological work of under
gronnd water in the alteration of the rocks and in the pro
duction of ore-cleposits, it is necessary to consider briefly the 
physico-chemical principles which control that work. * 

* In my trentise on "Metaruorphism" (.illonogrcipli U. S. Geol. Sm·vey) 1 con
sider this subject in detail. In the present p&per, only that portion of this part 
of the l\lonograph is summarized which is absolutely necessary in order to under
stand the deposition of ore-deposits. 
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Chemical Action. 

The fundamental principle of chemical dynamics is that 
chemical action is proportional to the active mass. This is the 
]aw of mnss action. * 

Chemical action may take place between gases and gases, 
between gases and liquids, between gases and solids, between 
different liqnicls, between liquids and solids, between difierent 
solids. So far as the depositions of ores are concerncd, the 
reactions in conuection with undergrouncl liquid solutions are 
by far the more important. 

The water of rocks, whether at ordinary temperatures or 
pressures or at higher temperatures and prcssures, rnay take 
any of the substances with which it comes in contact into solu
tion; may deposit substances from solution; may combine with 
substances forming h,rdrates, as in the case of many of the 
zeolites or of limonite from hematite; may part with its hydro
gen in exchange for bases, and especially the alkalics and alka
line earths, thns at the same time changing the composition of 
the rock and taking the bases replaced into solution, as in the 
changc of enstatite to talc. There may be reactiom; as a result 
of different snbstances being taken into solution at diffürent 
times; there may be reactions as a resnlt. of difierent solutions 
coming together, and thus mingling; there may be reactions 
between substances in solution auu the solid material with 
which the water is in contact; there may be reactions as a result 
of changing temperature and pressure. All of these changes 
are of the nature of chemical action. Therefore, by chemical 
action of unclergronnd water is meant the taking of material 
into solution, the deposition of material from solution, the inter
change between materials in solutions, the interchange between 
materials in solutions and adjacent solids, and, finally, the inter
change of the adjacent solid particles. But this last reaction is 
probably accomplishecl through the medium of a separating 
.film of water, in which case the apparently simple reaction is 
really accomplished bytransfers between the solutions and solids. 

In all these interchanges the materials therefore pass throngh 
a state of aqueous solntion, and, according to modern ideas of 
physical chemistry, the salts in aqueous solution are at least 

* "Out1ines of General Chemistry," by W. Ostwald: Translation by 'Valker, 
1S9.j, p. 292. 
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partly separatecl into their ions. Their properties in this con
dition are therefore the sum of the properties of their separate<l 
ions. Indeecl, the potency of water as an agent through which 
metarnorphism may takc place is due, according to thcse icleas, 
to its capaeity to separate substances which it holcls in solutions 
into their free ions. In this power of ionization water exceeds 
all other solvents. And it is by the migration of these free ions 
that the interchanges arc accomplished. As the greatcr por
tion of underground liquid solutions are rather dilute, at least 
where somewhat free circulation is the rule, we may suppose tha.t 
the salts held in solution are largely separated into their ions, ancl 
therefore these free ions are ever ready för chemical reactions. 

Also water reacts upon the salts it holds in solution by hy
drolitic dissociation, producing free acids and hydrates of the 
bases. This process is especially important with the salts of 
the weak acids. * The dominant acids of nature are the very 
weak acids silicic and carbonic; and, therefore, hydrolitic dis
sociation is very important. The silicates of the alka1ies in 
dilute solutions are practically completely decomposed, the re
sult being the liberation of free silicic acid and hydrates of the 
a1kalies, as shown by Kahleuberg and Lincoln. t The carbon
ates of the alkalies are also, to a considerable extent, similarly 
dissociated. 

Underground Aqueous Solutions.-The quantity of a solid 
which can be dissolved in liquid depends upon the number 
ancl nature of the compounds present, upon the pressure, and 
upon the temperature. 

""When a solid salt is placed in liquid, it forms a homogeneous 
mixture of salt and liquid. This statement applies to all 
natural compounds,-that is, the minerals of nature are salts 
which are soluble in water. No substance is wholly insoluble 
in the underground waters, even at ordi11ary tempcratures and 
pressures. This statemeut applies alike to quartz and the most 
refractory silicates. U nder surface conditions, the etching of 
quartz grains is evidence of the :first statement,t and the uni-

* "Theoretical Chemistry," by W. Nernst, 1895, p. 660. 
t "Solutions of Silicates of the Alkalies," by Louis Kahlenberg and A. T. 

Lincoln, Journ. Phy.s. Gli<'m., vol. ii., 18!)8, p. 89. 
t "Solution of Silica Under Atmospheric Conditions,'' by C. ,V, Hayes, Bull. 

Geol. Soc. Am., vol. viii, 1897, pp. 213-220. 
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versal decomposition and partial solution of the silicates is evi
dence of the second; and in the lower zonc of water circulation 
the so1ution of quartz and the refractory silicates may be com
p1etely accomplished, as in the case of the Calumet and Hecla 
conglomerates, many of the bowlders of which have been com
pletely dissoked aucl their spaces taken by copper. 

The quantity of material which may be dissolved in any case 
under definite conditions has a limit. vVhen this limit is 
reached the solution is saturated. This Jimit clepcnds upon 
pressure and upon temperature. 

The Relations of Solution and Temperature.-The relations 
of temperature and solution have two phases; (1) the speed of 
the reaction, and (2) the quantity of material which may be 
helcl in so1ution. 

(1) The speed of solution is greatly increased by rise of tem
perature. * A slight increase in temperature may increase the 
rate of solution out of all proportion to the absolute change in 
temperature. At temperatures above 100° C., and especially 
above 185° C., the activity of water may increase to an amaz
ing degree. The rapid solution of glass by Barust at tem
peratures above 185° C. illustrates this. At any temperature 
solution will continue until the point of saturation is reached. 
However, it is clear that this state will be attained at high tem
peratures in but a small fraction of the time required at low 
temperatures. For instance, to saturate an unclerground solu
tion with the refractory silicates or sulphicles. at ordinary tem
peratures might require months or even years, while to saturate 
them at temperatures above 185° C. rnight require only an 
equal number of minutes, or at most hours. The capacity of 
water for action at high temperatures combined with pressure, 
considered below, is adequate to explain the complete recrys
tallization of great volumes of natural glass and crystallized 
rocks. 

(2) The effect of temperature upon quantity of material 
which may be held in solution does not admit of a simple gen-

* "Theoretical Cheruistry," by W. Nernst. Translated by C. S. Palmer, Lon
don, 1895, p. 568. 

t "Hot Water and Soft Glass in t.heir Thermo-dynamic Relations,'' by C. Barus. 
Am. Joum. Sei., 4th series, rnl. ix., No. 51, 1900, pp. 167-168. 
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eral statement. * For most substances moderate increase of 
temperature gives greater capacity for solutions; but for many 
substances there e.xists a temperature at which there is the 
maximum capacity for solution, ·and the amount of material 
which may be held in solution at higber and lower temperatures 
is less than this maximum. For various substances this max
imum capacity for solution lies between 60° C. and 140° C., 
and for many substances it is probably below 200° C. lt there
fore follows in undergrouncl solutions tbat a general statement 
cannot be made as to how change of temperature may afiect 
solubility. However, it is highly probable that up to tempera
tures of 100° C., and, therefore, to depths of 3300 meters, in
crease of temperature increases thc average capacity of under
ground water to hold material in solution. lt may be probable 
that the average capacity of underground water may increasc 
to temperatures considerably above 100° C., and, th~refore, to 
depths greater than 3300 meters. But when water passes down
ward to the deeper parts of the zone of fracture the increase in 
temperature may lessen the average capacity for holding mate
rial in solution, provided the joint efföct of pressure be barrcd. 

The Relations of Solution and Pressure.-In general, the vol
ume of the solvent plus that of the sa]t is greater than that of 
the solution. For a given quantity of the solution the con
traction is greater the more of the solvent is used. t In some 
cases, however, the volume of the salt and solvent is lcss than 
that of the solution, or expansion results from dissol ving the 
solid. Sal ammoniac in water is an illustration of this case. 
From the foregoing relations vrn obtain a rule as to the rela
tions of pressure to solubility.t In the common case in which 
the volume of the solution is less than that of solvent and salt, 
pressure increases solubility; for in that case solution tends to 
bring the molecnles nearer together and works in conjunction 
with the pressure. In the reverse case, that in which the vol
ume of the solution is greater than that of solvent and salt, pres
sure decreases the solubility, the reason being the reverse of 
that of the pre-vious case. 

* "Solntions," by W. Ostwald. Translated by M. M. P. l\:luir, London, 1891, 
pp. 55-77. 

t "Solutions," cit., p. 82. 
t "Theoretical Chemistry," by W. X ernst, 1895, p. 567. 
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lt is well known that the solubility of calcium carbonate and 
some other carbonates is increased by pressnre. * lt is a fair 
inference from Barus' work that the solnbility of the silicates 
is also increased by pressure. Barust founcl that when soft glass 
is <lissolved in water at ternperatures above 210° C., the volume 
is 20 to 30 per cent. less than the two separately. This glass 
was one which contains alkalies, alkaline earth and lead, and, 
therefore, is somewbat similar in composition to rnany natural 
silicates. The solu bility of many other salts, besicles the car
bonates and silicatcs, oc.:curring undergronncl is increased by 
pressure. \Vhile, therefore, pressnre may lessen the solubility 
of some natural salts, in thc majority of the complex nnder
gronncl solutions the volume of the solution is less than that of 
the salts aud solvent separately; ancl, therefore, the total of the 
salts in solution is generally increasecl by pressure. 

lt has been pointed out that in the lower part of the zone of 
fracture increase in temperature with depth may exceptionally 
lessen the average amount which may be held in solution, but in
creasing pressure with inereasing depth promotes solubility. 
The quantitative values of these two elements are, however, 
unknown, and no positive statement can be made as to whether 
the increasing temperature and pressure co.mbined in passing 
to the lower part of the zone of' fraeture increases or decreases 
the capacity of underground water for solution. However, it 
is clear that to very considerable depths, that is, to 3000 meters 
or more, the joint effect of the temperatnre and pressure factors 
is to increase the average ca.pacity for solution. 

Precipitation-After a number of chemical substances are 
brought together, and especiaJly when they are united by a 
solvent, interactions between them may occur which, after a 
tiine, appear to cease. 'Vhen the conditions have become such · 
that there is 110 increase or decrease in the amount of any one 
of the chemical componnds, the system is in a condition of 
chemical equilihrium.t The interaction may result in the pre
cipitation of compounds. 

* "Gold-quartz Veins of Nevada City and Grass Valley, California," by W. 
Lindgren. l7thAnn. Report U. S. Geol. Sur·i:ey, 1sg.j-9ö, pt. ii.; 189(}, pp. 176-178. 

t "Hot '\Vater and Soft Glass in their Thermo-dynamic Relations,'' by C. Barus. 
Am. Jou.-n. Sei., 4th series, vol. ix., rnoo, p. 173. 

t N ernst, cit., pp. 355-356. 
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Since the separation of material from solntion in under
ground waters is of the utmost importance, it is necessary to 
consider the conditions uuder which precipitation takes place. 
lt is clear tlrnt the necessary conclition for precipitation is 
snpersaturation; for if a solution be sufficiently supersaturated 
some of the material must bc thrown down, or be precipitated. 

Supersaturation and consequently precipitation may result in 
various ways, of which the fol1owing are the more important: 
(1) By change in temperature, (2) by changc in pressure, (3) by 
rea.ctions between aqueous solutions, ( 4) by reactions between 
liquid solutions and solids, and ( 5) by reactions between gases 
and sol utions or solicls, or both. 

1. Precipitation by Change in Temperature.-Change in tcm
perature is the rule for underground circulating waters. The 
waters which are passing to lower levels are upon the average 
becoming warmer. W aten1 which are rising to higher levels 
are upon the average becoming colder. .Also, there are 
changes of temperature both positive and negative due to 
varying local conditions. 

If the temperature of a saturatecl solution changcs in a di
rection adverse to solution, it tends to become supersaturated. 
If crystals of the solid solution are present, and this is usually 
the case with underground solutions, considerable supersatura
tion does not occur ; for the excess of salt separates, so that at 
any given temperature equilibrium is nearly retainecl by con
tinuous adjnstment. 

lt has already been seen that increase of temperature to 100° 
C. or more promotes solution, ancl decrease of temperature from 
100° C. or more causes supersaturation, and therefore precipi
tation. One would, therefore, expect that descending waters 
which are increasing in temperature are, upon the whole, con
stantly taking additional material into solution, at least to a 
depth of 3300 meters, ancl that waters ascending above this 
level which are becoming cooler are upon the whole precipitat
ing material. However, this staternent needs various quali:fica
tions. .As a consequence of the action of igneous rocks ancl 
dynamic action ternperatures higher than the normal for a given 
clepth may be obtained. While these ternperatures may be so 
high as to be unfavorable to the quantity of material held in 
solution, they are very favorable to rapid solution. Since the 
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temperature is Yariable which causes the maximum solution 
of a given salt, it follows that as watcr passes down through 
the midclle part or lower parts of the zone of fracture, or as it 
becomes somewhat highly heated because of the presence of ig
neous rocks or of heat procluced by orogenic movement, that the 
increase of temperature may incluce the precipitation of some 
compounds, and favor the solution of additional quantities of 
other compounds. Therefore, because of changing temperature 
in the midclle ancl lower parts of the zone of fracture, and 
where igneous rocks are present or earth movcments have oc
currecl, there is selectiYe solution and precipitation. However, 
in the normal case within the belt of which we have most exact 
information, that is, the upper 3000 meters of the ernst of the 
earth, the upvrnrcl course of water is likely to be favorable to 
precipitation. (See pp. 58-65.) 

2. Precipitation by Chauge in Pressure.-It has been seen that 
where waters are descending the pressure is constantly becom
ing greater, and they are capable of taking additional material 
in solution. Where waters are ascending the pressure is con
stantly becoming less, and they are, therefore, not capable of 
holding so much material in solution. Hence, the pressure 
effect in ascending waters is to promote precipitation. All 
of these statements apply to the average complex under
ground solutions. ~xceptional cases may exist where the re
verse effoct occurs. 

3. Precipitation by Reactions betwe~n Aqueous Solutions.
Physical chemistry holds that when solutions containing various 
salts are mixed, the resultant solution will contain all the salts 
and ions which can be made by the various combinations of their 
positive and negative factors. In any given case there is a con
stant relation between the amount of a salt which can be held 
in solution and the number of free ions of that salt which 
balance each other, and upon this fact are based the laws of 
precipitation from solutions. 

The laws of chemical precipitation from aqueous solutions 
are somewhat complex, and cannot be here fully summarized. 
So far as present purposes are concerned, the old statement of 
chemistry will suffice. When solutions of two or more kinds 
are mingled, if a compound or compounds can form which are 
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insoluble in the liquicls present, this will take place and pre
cipitation will follow. * 

The most important case of precipitation in nature is that 
resulting from the mingling of aqueous solntions of solicls. 

Another case of precipitation occurring in nature results from 
mixing solutions, one of which contains a gas. Perhaps the 
most important case of this kincl is the mixing of a solution 
containing oxygen with one containing salts of iron protoxicle. 
As a result of this, the salts will be clrnnged from ferrous to 
ferric iron, and the latter precipitated either as a sesq uioxide 
or hydrosesquioxide. In the latter case hyclration occurs simul
taneously with the oxidation. 

4. Precipitation by Reactions between Liquid. Solntions and 
Solids.-A -vcry important undergrouncl reaction is that be
twcen thc solutions and the adjacent solid rnatei·ials. Ordi
narily in this case a portion of the solid material is taken into 
solution and a portion of the material before held in solution 
is depositecl. This principle may be illustratecl by the labora
tory experiment in which metallic iron is placed in a solution 
of a copper salt, for instance copper sulphate. The iron goes 
into solution as sulphate and metallic copper is precipitated. 
An excellent case illustrating precipitation from solution in 
nature, onc of the rnost fundamental importance, is the almost 
immediate partial substitution of magnes_ium for the calcium 
of shells and corals by the sea-waters. 

In orcler that crystals in a solvent shall grow, it is uecessary 
that the solutions shall be saturatcd or supersatnrated at the 
immediate place of crystal growth. Since underground, there 
is always a superabun<lance of solid material present as compared 
'\Vith the amount of watcr, we may suppose that at a moderate 
clcpth below the surface, and especially in the smaller spaces 
where movement is slow, the solutions are often saturated. lt 
is a well-known fä.ct that under conditions of saturation, with a 
snperabunclance of solid material, the larger crystals grow at the 
expense of the smaller ones, and that this process goes on more 
rapidly in proportion as the temperature is high ancl the pres
sure is great. This principle is taken advantage of in the 

* For a more exact statement of the principles of precipitation see the various 
treatises on physical chemistry. A simple statement of the laws of precipitation 
is given by C. Tolman, Journ. of Geol. 1 vol. vii., 1899, pp. 58i-5~H. 
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chemical laboratory in the procluction of a coarse precipitate 
before filtration by boiling or other means, the :finer particles 
of the precipitate being clissolved and the coarser ones being 
enlargecl at their cost. 

5. Precipitation hy Reactions between Gases and Solntions, 
ancl Solids.-The reactions between gases a11d liquid solutions 
ancl solids i1wolve matter in all its t.hree forms. The laws of their 
mutual interactions are ,·ery complex, and they cannot here be 
taken up. But for the present purpose it may be said that the 
result of the mixture of gases,' liquid solutions and solids, may 
result in the precipitation of a substance frorn solution. The 
most common actiYe gascs present undergrouncl are carbon 
clioxide, hyclric sulphicle, ancl oxygen. The action of hyclric 
sulphide upon a solution may throw down a sulphide of a metal; 
the oxidizing action of oxygen rnay result in precipitation, as 
in the case of peroxiclation of iron. Furthermore, the action 
of the gases and liquid solutions may together result in the ab
straction of substances from the solid compouncls and the pre
cipitation of thern, or parts of them, elsewhere. The combined 
action of gases, liquicls and solids is more common in the belt 
of weathering than elsewhere, see pp. 46-48. 

Tim GEXERAL GEoLOGICAL WoRK OF UNDERGROUND \VATERS. 

lt has been seen tlrnt the geological work of undergrouml 
waters is clepenclent on many factors. Some of these are the 
limita.tion in clepth by the zone of fracture, the nature of the 
openings in the rocks, the rapidity of the ßowage, the char
acter of the materials through \vhich the waters ßow, the char
acter of the substances it may carry in solution, the pressure, 
and the temperature. Of these many factors, two are ever 
working together according to very definite laws. These 
are pressure and temperature. Both increase with depth, 
and therefore greatly promote the activity of deep under
ground waters. However, of all of these varying factors, 
varying temperature is the one which is of incomparably the 
greatest importance. High temperature orclinarily results from 
depth of penetration; but it has been pointed out that it may 
result from various other causes, of which chemical action, 
mechanical action and the presence of intmsive igueous rocks 
are the more important. The capacity which water has for 
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taking and holding various relatively insoluble compounds in 
solution increases as the temperature increases, to a 100° C. or 
more. The velocity of chcmical reactions incrcase cnormously 
with increase of temperature. Not only is high temperature 
favorable to gcological work because of the chemical activity 
of the water, but high temperature greatly deereases its viscosity, 
and this, as already explained, is favorable to depth of pene
tration and fl.owage through minnte openings. Since thc tem
perature changes of underground water are commonly depend
ent upon depth, the vertical com ponent of the movement of 
unclerground water is ordinarily far more important m geo
logical work than the longer horizontal component. 

Division of the Zone of Fracture 1'.nto a Bclt of ·weathering and a 
Belt of Cementation. 

So far as the work of underground water in the production 
of ore-deposits is concerned, the zone of fracture may be dividecl 
into two belts: (1) an upper bclt of weathering, ancl (2) a lower 
belt of cementation. The belt of weathering extencls from the 
surface to the level of groundwater, and för a variable distance 
into the sea of underground water. The belt of cementation 
extends from the bottom of the belt of weathering to the bot
tom of the zone of fracture. 

In the belt of weathering various gases are present, of which 
carbon dioxicle and oxygen are the more important. vVith these 
are a great variety of solutions and the greatest possible va
riety of solids. The reactions in the bclt of weathering, there
fore, in volve gases, liquids and solids. Furthermore, in this 
belt we have the complicated action of organic bodies upon 
inorganic bodies. These organic compounds ym·y in magni
tude from the smallest bacteria to large trees, which act both 
while alive and dead. lt is, therefore, clcar that the chemical 
reactions in the belt of weathering are of an extraordinarily 
complex character. Only the more important of them will be 
consiclered. The dominant ones · are carbonation, hydration, 
oxiclation and solution. 

The process of carbonation takes place upon a most exten
sive scale in the belt of weathering, producing abundantly car
bonates of the alkalies, alkaline earths and iron, ancl less abund
antly carbonates of otber metals. Where vegetation is absent 
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the air in the soil contains only a small amount of carbon diox
ide, but where vegetation is abundant and is dccaying upon a 
large scale, the carbon dioxide in the soil is from 15 to 100 
times more abundant than in air; h~nce, in the process of car
bonation the presence of vegetation is of fundamental import
ance. The dominant compounds upon which the proccss of 
carbonation acts are the silicates. In the carbonation of the 
silicates the silica separates as silicic acid. * Since the quan
tity of silicates decomposed by carbonation is very great, the 
amount of silicic acicl liberated is enormous. This passes into 
solution, and, as explainecl below, is transferred to the bclt of 
cementation. 

N ext in importance to carbonation is hydration. While hy
dration is usual in the belt of weathering, under some con
clitions, and especially those of great aridity and high temper
ahue, clehydration may occur. 

Oxidation is also very general in the belt of weathering, but 
deoxidation may occur in regions of very luxnriant vegetation, 
where there is an unusually large amount of reducing.material. 

If the compounds formed in the belt of weathering all re
mained in situ, the volume of the rocks would be greatly in
creased by the above changes; but simultaneously with these 
reactions, solution, the fourth important reaction of the belt of 
weathering, is taking place upon a grea.t scale. The quantity 
of material clissolved is more than sufficient to counterbalance 
the increase in volume due to the chemical changes, and conse
quently the volume of the rocks continually decreases. In con
sequence of this preponclerance of solution the openi11gs of the 
belt of weathering tend to increase in size. However, this is 
not apparent with the unconsolidated materials at the surface, 
for gravity brings the particles together as fast as material is 
dissolved; but in the rocks belo'v the soils, which have suf
ficient strcngth to support themselves, the openings are wiclenecl. 
The best illnstrations of rocks with cnlargecl openings are the 
limestones. · 

In connection with the chemical changes above summarized, 
mechanical action is continually subdivicling the material. 

* "Solutions of Silicates of the Alkalies," by L. Kahlenberg and A. T. Lincoln. 
Journ. Phys. Gliem., rnl. ii., 1898, pp. 88-90. 
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In general, then, in the belt of weathering, clisintegration, 
decomposition and solution are the rules. The minerals which 
remain are usually few ancl simple; the volume of the rocks is 
diminishecl ; they soften and dcgenerate ; ancl they are finally 
clestroyed as coherent solicls. 

In the belt of cementati0n, hydration, carbonation, oxidation, 
and deposition occur. Hydration and deposition are the char
acteristic reactions. Carbonation and oxidation are suborclin
ate. The reactions take place by metasomatic change within 
many of the original minerals and by deposition of material 
within thc openings. Mauy of the minerals produced are 
strongly hyclrated. Because of hyclration ancl deposition the 
volume of the rocks is increased. Cracks ancl crevices produced 
by mechauical action, such as those of faults, joints, bedding 
partings and fissility; and the openings originally present in 
the rocks, such as pore-spaces in the mechanical sediments and 
the vacuoles in volcanic rocks, are slowly but certainly filled by 
the action of the groundwater, and the rocks are thus cemented 
and indurated. This process may be called construction. 

The belts of weathering and cementation, therefore, contrast 
strongly. In the former solution continually takes place; in 
the latter~ deposition; in the former we have disintegration, 
decomposition and softening; in the latter we have cementation 
and indnration; in the former the volume of material is less
ened ; in the latter it is increased; in the former the character
istic chemical reaction is carbouation; in the latter it is hydro
gen. Therefore, the belt of weathering is characterized by 
disintegration and decomposition, carbonation, hydration and 
oxidation, by solution and decrease of volume. The belt of 
cementation is characterized by cementation and induration, by 
hydration, by deposition, and by increase of volume. 

Migration of Material frorn the Belt of Weathering to the Bell of 
· Cementation. 

lt is believecl that the material dissolved in the belt of weath
ering is largely deposited in the belt of cernentation. Tlrns 
may be explained the steady diminution of a given mass of 
material in the belt of "\veathering, and the increase in mass of 
the material in the belt of cementation. Since this migration 
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of material is one of great importance, it will be necessary to 
consider it in some detail. 

As a result of the horizontal component of the movement of 
underground water, tbere is a tendency for material tobe takeu 
into solution ancl to be abstracted by the water. The longer 
the horizontal underground course, the nearer will the water 
approach to saturation with thc compounds with which it is iu 
contact, because of the time factor. If the journey be long, the 
state of saturation may be attainecl at an early stage, after which 
the additions and subtractions of material upon the average 
neutralize euch other. Throughout the journey there are various 
chemical interactions. There may be solution of material at a 
certain place ancl later deposition of it elsewhere; there rnay 
be iuteractions between the solutions and solids; there may be 
interactions between thc mingled solutions from different 
sources. However, thesc reactions do not change the end
result-that is, the longer the horizontal journey the richer the 
solutions become, and material is abstracted until the point of 
saturation is reached. • 

Since it is clear that, so far as the horizontal movement of 
underground water is concerncd, the efi:ect is to. abstract nrn
terial, and since deposition, with consequent cementation and 
consolidation rat.her than solution is a general fact in the belt 
of saturation, we conclude that this result must be due to the 
vertical movement of the water. In the downwarcl journey of 
the water from the surface to the level of grounclwater, it is 
continuously taking material into solution, and therefore steadily 
contributes an increment of material to the sea of unclerground 
water. 

After the water reaches the level of groundwater, movement 
<loes not cense. Disregarding the lateral movement, the sea 
of undergronnd water at a given place might be considere<l a~ 
a column moving downward as rapi<lly as the increment of 
grouu<lwater is ad<led from above. However, superimposed 
upon this vertical movement is lateral movement which carries 
it to some point where upward movement is taking place. 
Therefore the amount which continues downward is an ever
clecreasing fraction of the entire amount of precipitation which 
joins the sea of groundwater. But for this part the pressure 
and temperature steacfily increase, and the capaeity of tlw 

4 
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water to take material into solution steadily changes. One 
might conclude that during at least the first part of the down
ward course of the water solution was occurring. During the 
upward course of the water, pressure atld temperature steadily 
become less, and one might conclude that for at least the latter 
part of the upward course deposition was occurring. How
ever, these simple statements do not fully cover the facts; for, 
as already pointcd out, thc relations of temperature and pres
sure are exceedingly complex, and also deposition, cementa
tion and consolidation scem to be general facts for the belt of 
cementation. 

lt has alrea<ly been poiuted out that the conditions for solu
tion are very favorable in the downward passage of water 
through the belt of weathering, and that cach unit of water 
which joins the belt of cementation carries with it in solution a 
certain increment of material. Duriug the long-continued 
erosion of a region the belt of 'veathering at any given time 
represents the residual disiutegrated and partly decomposed 
material then .above the level of grouudwater. Thus the belt 
of weathering is steaclily progressing downward. The forces 
of weathering are continually finding new material_ at the 
bottom of the belt upon which to work. Therefore, as denu
dation goes on there is cver a belt of a certain thickness which 
contributes material to the belt of cementation below. Hence 
\Ve have a·n aclcquate source for an increment continuously 
added to the belt of cementation. If this increment thus 
aclded to the sea of underground water could be deposited 
throughout its course in the belt of cementation, there would 
be a sufficient causc for the induration of this belt. 

However, according to one of our fundameutal premises, the 
quantity of water whiCb emerges by seepage or through springs 
to the snrface and joins the run-off' nrnst be equal to the 
amount adcled to the sea of groundwater by percolation. Tbe 
question must therefore be asked as to the relative amounts of 
materials carried to the sea of groundwater by percolation and 
that abstracted from it by the ascending waters. To this q ues
tion no answer based upon comparative analyses can be given. 
However, the general deposition and consolidation in the zone 
of cementation already emphasized seems· to be conclusive 
evidence that the amount of materiaf containecl in issuing 
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water is not so greut as that which joins it througb perco
lation. 

Of the substances deposited in the belt of cementa.tion, 
quartz is undoubtedly the one which dominates over all others. 
The one great process in the helt of cementation is silication. 
N ext in abundance to the quartz, the various silicates are de
posited, and especially the zeolites and chlorites. Of less irn
portance are the carbonates of the alkaline earths. Still less 
abundant are the various meta11iferous ores and associated 
gangue minerals not of the classes already mentioned. While 
these subordinate products are of great economic importance, 
their quantity is insi.gnificant as compared with the non-metal
liferous <leposits. 

If it is certain that the one great process of the belt of 
cementation is silication; it is equally certain that the one great 
process in the belt of weathering is the carbonation of the sili
cates, thus forming carbonates and liberating soluble silicic acid. 
Hence it is highly probable that silicic acid is the dominant con
stituent contained in sol ution in down ward percolating waters. 
Therefore we have a source both for the deposited quartz and 
for the process of silication which forms the silicates. In 
another place* I have shown that one of the deep-seated domi
nating reactions is the process of silication of the carbonates 
or the substitution of silica for carhon-dioxide with the simul
taneous liberation of carbon-clioxide. This process takes place 
at moderate depth, especially und er dynamic conditions, although 
it is especially important in the zone of rock-flowage. The car
bon-dioxicle liherated in part joins the underground waters. 
Such carbonated waters are very capable of taking into solution 
the salts of the metals, and particularly the salts of the alkalies, 
alk:aline earths ancl iron. The solutions which reach the surface 
bear as their more abundant compounds the carbonates of the 
alkalies, alkaline earths and iron. With these are also other 
~alts, including the salts of the valuable metals. Also issuing 
waters contain other acids pesides carbonic acicl, such as chlor
hydric, sulphidric, sulphuric and others. 

From the foregC1ing it appears tbat during the circulation of 

* "~fetamorphism of Rocksand Rock Flowage/' by C. R. Van Hise, Bull. ti. 
S. A., vol. ix., lb98, p. 282. 
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\Vater in the belt of cementation the processes of precipitation 
aud solution are sclective. Quartz ancl silicates are the dominant 
precipitates. Carbonates of the alkalies and alkaline earths arc 
the dominant salts which join the run-ofi: The above precipi
tations and solutions are precisely what sbould be anticipated 
from the laws of chemical action already given. The com
pounds which upon the avcrage are thrown down to the great
est extent, are those which are least soluble and most abundant. 
The compounds which are retained in solution to the greatest 
extent are those which are most soluble and least abundant. 
Howcver, of the more soluble and less abundant compounds a 
portion is precipitated. The conditions under which we \rnulcl 
expect partial precipitation of thesc compounds, at least for the 
upper 3000 meters, are those of lessening tem.peratnre ancl 
pressure. These are the conditions of the ascending colnmns 
of water. lt has alreacly been seen that the ascending colunrns 
are likely to be the main water channels. Hence is explainecl 
the frequent precipitation of soluble carbonates of the alkaline 
earths and rare metalliferous ores in these trunk chaunels. 

lt is not supposed tlrnt the above furnishes a füll explanation 
of the cementation of the entire zone of fracture. lt has been 
pointed out, p. 48, that hydration is perhaps the rnost character
istic reaction of this belt and tlrnt hydration results in expansion 
of volume. So far as this reaction takes place, and it undonbt
edly occurs on a most extensi \~e scale, this would tend to fill the 
openings ancl thus cement and consolidate the rocks withont 
reference to material from the belt of weathering. Thus for 
instance metasomatic change including hydration in a vesicular 
basic igneous rock may so increase the volume of the material 
as to completely fill thc vesicles by zeolites, quartz, and other 
minerals without the aaditions of any material frorn an extrane
ous source. Which. of the two factors, material from the belt 
of weathering, or expansion hy the processes of metasomatism 
inclucling hydration,. is the more important in :filling openings_ 
in the belt of cementation, I am wholly unable to state. 

Other factors also, doubtless, entcr into the cementation of 
openings. Some of these have already been mentioned. These 
are selective solution and precipitation, depending upon vary
ing temperature and pressure, and the reaction of the different 
so]utions upon one another. Another factor which is probably 
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important is diffnsion, lrnt its action is too complex to be taken 
up in this general paper. 

By the various processes of cementation the larger openings 
are filled with cleposits. However, where one of these contains 
metalliferous ores in sufficient qnantity to be of service to man, 
many thousancls are filled with quartz, calcite, dolomite, and 
other gangue minerals. I repeat again that the deposition of 
the ores is but a special phase of a general geological process 
of great consequence. 

PART II.-.APPLICATION OF PRINCIPLES TO ORE
DEPOSITS. 

The general cliscussion in Part I. is believed to contain in 
large measure the philosophy of the förmation of ore-deposits 
by nnderground waters. lt is now clearer than when first stated 
that the deposition of the greatest group of metalliferous ores is 

,a special case of the work of unclerground water. 
There have been enclless cliscussions as to whether ore-cle

posits are procluced by descending, lateral-secreting, or ascencl
ing waters. lt is a corollary from Part I. that the first con
centration of many ore-deposits is the result of descencling, 
lateral-moving, and ascending waters. I say first concentration; 
for it will subsequently appear that many, if not the majori~y, 
of the workab]e ore-deposits have unclergone a second concen
tration. 

The larger, more nearly complete idea of the genesis of ore
deposits comprises all of the olcl ideas, shows that insteacl of 
being coutraclictory, as suppo~ecl by many, they are mutually 
supporting; combined, they furnish a much more satisfactory 
theory than any one of them alone. How true these statements 
are will later more clearly appear. 

In the first stage of the concentration of many cleposits the 
waters are descendiug. During tbe clescent they are wiclely 
clispersecl in small passages, have an exceeclingly large surface 
of contact with the rocks, come uncler conditions of increasing 
temperature and increasing pressure, and are moving slowly 
downward. All of these conclitions favor solution to the point 
of saturation. The various metalliferous elements present in 
exceedingly small quantities in the rocks, as well as many other 
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compounds, are picked up. (See pp. 38-41.) This follmYS from 
the law of physical chcmistry, tlrnt a solution will hold some 
part of all of the elements with which it is in contact. While 
cleposition as -a whole may be occurring in the belt of cementa
tion, so]ution of the ores certainly takcs place. 

The waters uhich perform the .first work in the genesis of ore
deposits are descending waters. 

Superimposedupon the downward component of thc moving 
"\Vaters is a lateral component. This lateral component, com
bined with the \ertical component, carries "\rnter sooner or later 
to the trunk channels. The amount of water taking part in 
the lateral moYement is greatest near the snrface of grouncl
water, and from that surface steadily decreases to the bottom 
of the zone of fracture. lt has been explained tlrnt all fissurcs 
and other openings gradually die out helow as the zone of rock
tlowage is ncared. (See pp. 7-10.) Therefore, for a giveu 
fissure, the watcrs which enter it clo so from the siele or top, 
not. from the bottom. Furthermore, the water cloes not enter, 
the fissure at a single place, but may enter at numberless points 
all the way along its course, from the deepest parts of the 
fissure to the surface. Some·where, hmrnver, the water which 
enters a fissure m ust flow from it. This place may be at the 
surface of the ground or at a considerable depth below the 
leyel of groumlwater (see Fig. 6). The streams entering the fis
sure at high levels may have a dowmvard component, ancl con
tribute water abundantly. Below the level at which watcr 
escapes laterally from a channel of given size, the water cou
tributecl to it clecreases on the average with increase of <lepth, 
until in the deeper part of the zone of fracture the contributions 
are very small. Posepny* calls attention to the generally ob
sen·ed fact of the clecreasing arnonnt of laterally contributed 
waters as depth increases. As a specific instance of this, he 
mentioned the Przibram district, in which the water which 
enters the fissures below a depth of 300 meters is so small as 
to be insignificant. 

While the amount of water laterally entering a fissure 
steadily clecreases from near its top to the hottom, the amount 

* "Genesis of Ore Deposits,'' by F. Posepny (Discnssion, 1894), Tmns., 
xxiv., 971. 
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of mineral material per unit volume in all probability steadily 
increases; for the waters entering at a ]ow level take a longer 
journey through smaller openings and at higher temperatures 
and pressures than the waters entering at a high level. There
fore it is clear, if the rocks with which the deeper water comes 
in contact can fnrnish metalliferous materials, Chat such water 

Fw. 6. 

Ideal Vertical Section of t.he Flow of Water Entering at a. Number of Points 
on a Slope, and Passing to a Valley Below, through a Homogeneous Medium, In
terrupted by Two Open Vertical Channels, on the Slope and in the Valley Re
spectively. 

will be heavily loaded. lt follows from this, even if the 
amount of water which is furnished in a given brief time to a 
fissure be small, that such water may furnish from the comiiry
rock much more mineral material in solution than suffieient 
to entirely ~11 a :fissure during its long life. This is evident 
from the following : W ater issuing at the surfäce from min
eral springs generally contains more than 1 part of silica in 
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100,000. * If it be premised that only as much silica be de
posited as issues at the ·surface, in order completely to fill a 
fissure it would be necessary only to supposc that the amount 
of water which enters a unit length of a fissure is 100,000 
times as great as the volume of a unit length of the opening. 

1N e now undcrstancl that thc amount of water entering a 
fissure decreases from the level of groundwater to it.s bot,om, 
but that the amount of mineral matter brought into the fissure 
by the water (but not necessarily deposited) increascs per unit 
volume from top to bottom. lt is, therefore, impossible to 
make a general statement as to whether more mineral material 
is contributecl to a trunk cham~el in its upper portion or in its 
lower portion. Doubtless this varies in difforent cases. Other 
conditions than amount of water or depth may be contr~lling 
factors in this respect. For instance, if igncous rocks be in
trudecl at high or low levels only, the presence of the igneous 
rocks may furnish conditions which determine the amount of 
metalliferous material contributed by the waters. 

While the foregoing paragraphs imply that the lateral mov
ing waters are also downward moving, this is meant only as a 
general rule. The lateral movement may be accompanied by 
no down ward movement. Not only this, but lateral movement 
may be accompanied by an upward component. Indeed, this 
is believed to be very frequently the case, especia1ly so far as 
the main brauch streams in the deeper parts of the zone of 
fracture are concerned. In so far as there is an upward compo
nent in these branch streams, the reactions which obtain are 
the same as those of the truuk channele to be considered 
below. 

From the foregoing, it appears that ores are carried to trunk 
channels by laterally moving waters. Lateral secretion is therefore 
an essential step in the first concentration of ore-deposits, although 
I nse the term lateral secretion in a broader sense than did 
Sandberger. 

W e have now reached the place where the ore-deposits 
thei:nselves are found. As already noted, these maiuly occur 
in the more continnous larger openings. These openings are 

* "Lists aml Analyses of the Mineral Springs of the United States," by A. C. 
Peale, Bull. U. S. Geol. Surv., No. 32, 1886, p. 363. 
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occnpied by the trnnk streams of circulating waters, and 
thcrefore the journcy of the water is in the latter part of its 
course. Hence these trunk streams, as has already been 
shown (p. 35), have in general an upwarcl rather than a down
warcl vertical component. The waters reaching the trunk 
channel at any point immediately begin their ascent. At any 
given cross-section of a channel there must pass all of the 
water contribnted helow. This amount at great depth has 
already been seen to be small. From a smaH amount, the 
waters steadily increase in volume to the point where tbey 
hegin to escape laterally from. a trunk channcl (see Fig. 6).. 
Hence from a trunk channel of a definite size the circulation is 
sl~w below and increases in speed above. N ear the bases of 
the channels from which the .Mammoth Hot Springs ancl geysers 
of the Yellowstone Park issue thc amount of water contributecl 
rnay be small, and the movement of the water may be exceed
ingly slmv. Evcn if true, as helcl by some, that rapid movement 
of water is unfavorable to dcposition of ores, it is wholly possible 
at moderate depth and es1:lecially in the deeper parts of a 
channel from which the fiow at the snrface is. rapid tbat the 
conditions are those of slow movement and rapid precipitation 
of ore-deposits. 

As the water passes upward, the variety of solntions as well 
as the amount increases; for each stream differs in its salts 
from any other, since no two streams can possibly have bad 
exactly similar histories. Moreover, the character of the wall
rock may vary from place to placc. The pressure and the 
temperature are also lessening. These conditions are favorable 
to precipitation. Therefore, many ores in their first concentration 
are precipitated by ascending waters. 

lt is now clear that a satisfactory account of the genesis of 
ores includes ascending waters. By the ascending waters many 
ores in their first concentration are actually precipitated, ancl 
thus the emphasis which has been placecl upon this part of the 
work of circulating waters. 

The broacler statement of the genesis of a great class of ore
deposits is that the water after penetrating the earth is widely 
scattered in contact with rocks in innumerable minor openings. 
These waters travel downward with steadily increasing pressure 
and temperature. They take up the constituents of the ore-
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deposits. The dowmrnrd movement of the waters has super
jmposed upon it a lateral component, as a result of \Yhich the 
waters are carried to the larger openiugs. During this process, 
also, the waters continue to take material into solution. In 
the larger openings where the waters are congregated they are 
upon the averagc at first asccnding with decreasing tempera
ture and pressure, and there the ores are precipitated. 

Of course, frorn tbis statement it is not meant to imply that 
materials are not deposited by descending and lateral moving 
waters, nor that materials are not dissolved by ascending 
\Vaters. Indeed, it is certain t·hat solution and precipitation 
are tnking place at all times throughout the entire course of 
all the branches of the underground cireulation. This is' a 
necessary consequence of the laws of physical chemistry. lt 
is only meant to imply that in the first concentration of one 
clnss of ore-deposits, solntion so far as the ores are concernecl 
is the rule for tbe descent and deposition for the ascent, 
although there is no doubt that there are many local excep-
tions to this. · 

lt is of course understood that the underground circulation 
in any actual instance will be much rnore complex than that 
given in the simple ideal case which has been considerecl. This 
part of the subject will be deYeloped. For instance, it is cer
tain that, in the same mineral-bearing area, immecliately adja
cent trunk-channe]s may have bad very different histories. This 
is especially well shown by the deposits of Butte, Montana, 
where there are two parallel ma.in zones of mineralization, only 
a short distance apart, the mineral wealth of one of which is 
mainly copper, while that of the other is main ly silver. * Many 
of the other special factors which modify the simple general 
statement above given are discussed on pp. 112-140. 

THE PRECIPITATION OF ÜRES BY AscENDING \VATERS. 

The precipit.ation of ores in the trunk-channels by ascending 
waters is of so much importance in the concentration of orcs 
that this process needs further consideration. The precipita
tion results from the various principles given pp. 41-45. 

fl '' Notes on the Geology of Butte, Montana," by S. F. Emmons. Trans., xvi., 
54, 1888. 
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Precipitation by Decrease of Temperature and Pressute. 

The general relations of solution and preeipitation as a 
consequence of Yarying temperature and pressure have heen 
considered pp. 42-44. Where the incremcnt of temperature 
is normal, it has heen seen that decreasing temperature and 
pressure resu1ting from the ascension of waters from at least a 
depth of 3000 meters are favorable to precipitation. Further
more, the same statement holds even if the increment of tem
peratnre is greater than normal, provided the temperature does 
not grcatly exceed 100° C., and cases in which water issues at 
the surface at such temperaturcs are very rare. :MoreoYer, 
prohably decreasing pressure and temperature with rising so
lutions at depths greater than 3000 meters are farnrable to pre
cipitation. Since it has just becn shown that ascending waters 
are likely to be in truuk-channels, these are the places where 
lesseniug temperature and pressure are most likely to produce 
precipitates. Therefore the openings of faults, joints ancl hed
cling partings and the more open places in porous sandstones, 
conglomerntes and amygdaloids, are likely to bave material 
precipitated in them as a consequence of lessening temperature 
and pressure. 

When one attempts to apply these ,general statements to spe
cific salts, we find experimental data lacking. lt is undoubt
cdly the.case that decreasing temperature and pressure are rnuch 
more infiuential in the precipitation of some salts than of others; 
and that with a fmv salts decreasing temperature and pres
sure are favorable to solution. U ntil experimental work has 
cletermiued how the various salts commonly found unclergronnd 
respond to changing temperature and pressure, it is impracti
cable to specify the ores the precipitation of which are strongly 
favored by decrease of temperature and pressure. One "·ould 
expect tbat precipitation as a consequence of cbanging tem
perature and pressure woüld tend to give a somewhat orderly 
vertical distribution of the various metalliferous ores. 

Precipitation by Mh1_qling of Soluüons. 

Precipitation in the trunk-cbannels is produced by reactions 
caused by the mingling of various solutions. The solutions may 
be those of solids in the water, or of gases in the water, or of 
both. According to the modern tbeory of solutions, a solid 
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dissolvecl in water is in the form of a gas; and therefore, so for 
as the precipitation is concerned, it makcs no difterence whether 
the substance in the water, if separated, would be a solid or a gas. 

lt is evident that solutions from difterent sources are enter
ing a given trunk-channel at many places. Euch of tbe in
coming streams will have a solution difterent from that entering 
by any other stream, althongh in many cases the differences may 
be slight. As a case of certain considerable differences may 
be mentioned the ascending and descendiug streams. (See pp. 
96-97.) Thus a multitude of streams of different composi
tion cnter and mingle in a trunk-channel. If in a chemical 
laboratory a multitucle of solutions taken at random are thro,vn 
togcther, it is certain that various precipitates will be formed. 
lt is just as certain 'vhen the various solutions in an under
ground channel come together that precipitates will frequently 
form. This mingling of solutions is one of the most impor
tant of all the factors which results in the deposition of the 
ores. I have 1ittle question that in this fact of the wide variety 
of solntions which enters a given channel we have in a 1arge 
measure the explanation of the variable richness in ore-de
posits in a given fissure. lt is wen known that an ore-cleposit 
varies in richness in an exceedingly irregnlar manner. At a 
place in a fissure where a metal is abundantly found, the ex
planation in many cases is certainly that at or near tqat place 
there enterecl a stream which either carriecl the precipitatecl 
metal Ör carried an ageut capable of precipitating the metal 
which was alreacly in the trunk-channel. For instance, it is 
believecl that where the great bonanza of the Comstock lode 
was founcl, there or near there enterecl either solntions rich in 
golcl ancl silver which met other solntions capable of precipitat
ing this golcl and silver, or else at that place there entered a 
solution having a compouncl which was capable of precipitating 
the golcl and silver already traveling upwarcl within the locle. 
Perhaps the former hypothesis is the more probable. 

Ore-clrntes, or chimneys of ore of exceptional richness, are 
very frequent phenomena in veins. These are sometimes 
parallel with the dip, at other times pitch to the right or left 
of it. The explanation of these ore-chutes in many instances 
I believe to be a cross-fracture or joint through which waters 
enterecl, either carrying metalliferous material itself or solutions 
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capable of precipitating the metalliferous mineral in the tru11k
channcl at the place where the lateral streams of water entered. 

The lead and zinc deposits of the Mississippi valley, accorcl
ing to J enney, are larger at the crossings of two sets of fissures 
than elsmYliere. This may be partly explained by the greater 
abunclance of the solutions furnished by two sets of fissures, 
but are probably at least partly explained, as suggcstccl by 
J enncy, * by the mingling of two different kinds of waters, thus 
giving conclitions füsorable for precipitation. 

In the Enterprise miue, at Rico, Col., describecl by Rickarcl, t 
the ore-bodies are in vertical veins and in :flats under shales. 
Wbile a set of cross-veins is barren," the rich orc-bodies o\·erlie 
them in the contact zone." Below the shale it is common to 
find ores of more than average grade in the pay Ycins where 
they are broken by the cross-veins. lt is believed the explana
tion of these relatious is the reactions resulting from the mingling 
of tlie solutions of the " Yerticals " with the inclinecl cross-veins. 

The silver-leacl deposits of the 4spen district of Coloraclo, 
clescribed by Spurr,t furnish an instance of very probable pre
cipitation of rich ore-chutes by the mingling of solutions. 
Spurr states that generally an ore-body is "found at the inter
section of two fault::;, one of these faults usually dipping 
steeply, while the other is much :flatter." For this "the 
explanation is offered that by the mingling of solutions which 
had pn:viously :flowecl along different channels the precipitation 
of met~llic sulphicles was brought about." 

Probably the rich ore-chutes of golcl ore in the Sierra N ernda, 
which, according to Lindgren, pitch to the left as one looks 
down the veins, further illustrate the principle of precipitation 
by mingled solutions. For the most part, Lindgren makes no 
staterneut as to the relations of ore-chutes ancl lateral seams. 
However, on the Canada Hill vein there are "occasional rich 
bunches at the intersections" of the two systems of veins. § 

* "The Lead and Zinc Deposits of the Mississippi Valley," by "-r· P. Jenney, 
Trans., xxii., 1894, pp. 189-190, 224. 

t "The Enterprise Mine, Rico, Col.,'' by T. A. Rickard, Trans., vol. xxvi., 
1897, pp. 9ii-978. 

t '' Geology of the Aspen .Mining District, C-0lorado," by J. E. Spurr, .Jllon. 
U. S. Gcol. Surrey, No. xxxi., 189~, pp. 2301 234--235. 

~ "The Gold-quartz Veins of Nevada City and Grass Valley, California," by 
Waldemar Lindgren, 17th Ann. Rept. U. S. Geol. Surv., pt. ii., 1896, p. 197. 
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lt is believed that the Cripple Creek deposits likewise illus
trate this principle. Penrose* notes that nrnny of the rich ore
chutes occur at cross-fissures. The formation of these ore
chutes at such places is doubtless partly explainecl by the 
greater amount of solutions furnished at an intersection of two 
trunk-lines of underground circulation; but it is thought prob
aLle that the main cause for the formation of ore-chutes at 
such places is the reaction of solutions furnished by one set of 
fissures upon those furnished by the other set. However, it is 
but fair to say that Penrose makes the explanation the 
"mechanical one, in deflccting the course of the ore-bearing 
solu tions." 

\Vhile apparent irregularities in the kinds ancl percentages of 
metals are doubtless in many cases explainecl as above, the dis
trilmtion of the metals in a definite order from the surfaee 
downwarcl, and the general law that many valuable metallifer
ous ores grow poorer in depth if the measure be 1000 m~ters 
or more are to be explain~d by other principles. Of these, 
varying temperature and pressure are important; but more 
important in rnany instances, as will be shown subsequently, 
is a seconcl concentration produced by descending waters. 

Reactions Due to Wall-Rocks. 

Precipitation of metalliferous ores from the solntions in the 
trunk-channels due to the in:fluence of the wall-rocks are fre
quently pro<lucecl in the following ways: (1) lt has alreacly 
been explaincd that a solid when placed in contact with ä liquid 
mayprecipitate some compound previously helcl in solution, some 
part of the solid going into solution at the same time. Thus, the 
'rnll-rock may precipitate ores. (2) The wall-rock produces an 
efiect upon the trunk-solutions by furnishing precipitating solu
tions to it, and this may result in precipitation of metals already 
in solution within the trunk-channels. (3) The wall-rock itself 
may fnrnish metalliferous material for the ore-deposit which 
may be precipitated when it reaches the trnnk-channel by the 
solntions there contained. This has been greatly emphasized, 
probably over-emphasized, by Sanclberger. vVhere the wall
rock is easily soluble, ready enlargements of the openings occur, 

,i; ''Mining Geology of Cripple Creek, Colorado," by R. A. F. Penrose, Jr., 
16th Ann. Rept. U. S. Geol. Surv., 1894-95, pt. ii., pp. 164-165, 1895. 
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furnishing places for the deposition of the metalliferous mate
rial. (See pp. 132-135.) 

lt is believed that the effect of the wall-rock in these various 
ways in the production of many ore-deposits is of great im-. 
portance. As an illustration; may be citecl the very general 
association of lead-ores with limcstone. Probably by far thc 
larger portion of the lead-ores mincd in the past have come 
from within limestone. I believe it to be highly probable that 
the position of the ores in limestone is due to the character of 
this rock. Any one of the factors above mcntioncd might be 
more important in a given case, but doubtlcss in many in
stances two or more work together. Thus, the position of 
the lead in a limestone may be partly explained by reactions 
betwcen the solutions of the trunk-channel entering the lime
stone and the limestonc itself. Or, the precipitation of the 
lead may be partly the resnlt of the reactions between the 
solutions furnished by the trunk-channel and the solutions fur
nished by the limestone. In a given case the waters of a trn 11k
channel entering ·the limesto~e may be acicl. The. solutions 
from the limestone would immediately react upon this solution, 
tencling to neutralize it, and tbe precipitati0n of leacl sulphide 
might be a cousequence. Or, the wall-rock might furnish the 
lead, as in the Mississippi valley. The ready solubility of the 
limestonc would furnish the openings ancl caves, giving a re
ceptacle for the lead, as in southwestern ·w'isconsin. 

A still clcarer case of precipitation resnlting from the infl.u
ence of the wall-rock is the well-known occurrence of metallic 
copper about grains of magnetite, and in the openings of sand
stones, conglomerates an<l amygdaloid of Keweenaw Point.* 
Where the copper is about the. magnetite it seems perfectly clear 
that the profoxideofiron in the magnetitewas the rcducing agent. 
which precipitated the metallic copper. t The metallic copper 
between the partic,les \vas <lou btless precipitatecl by ferrous 
solutions furnished by the waU-rocks, which in many cases are 
basic volcanics. ' 

The reactions due to the country~rock are more likely to be 
effective in proportion as it is porous, and therefore allows solu-

* '' Thc Copper-Bearing Rocks of Lake Superior," by R. D. Irving, Mon. U. S. 
Geol. Surv„ No. 5, 1883, p. 420. 

t Irving, cit., Pl. xvi., Fig. 1. 
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tions to permeate it. The country-rock is especially effäctive 
in its reactions wherc the trunk-channel is a complex one, and 
gives a large surface of action. This is illustrated by the Calu
met and Hecla conglomerate, by the Cripple Creek ore-dc
posits, * and by many other districts (sec p. 114). 

A particularly clear illustration of the efföct of the wall-rock 
is furnished by ores in which the sulphides are confined to strata 
containing organic matter, as in some copper-depositst and some 
of the gol<l-reefs of Australia. In the case of the copper-de
posits, the organic matter has in all probability reduced sul
phites ör sulphates to sulphides. Tbc function of the organic 
material in the casc of the golcl may have becn to red uce it to 
metallic gold, or to reduce it through the production of oas 
salts, for instance, ferrous sulphate (see pp. 92-94). 

General. 

In conclusion, it may be said that the precipitation of metal
lic ores by the mingling of various solutions is probably thc 
most important single factor lvhich results in the first concen
tration of ores. Probably next in importance to this are the re
actions upon the trunk-streams due to thc wall-rocks. Inas
much as tbe waters of lateral streams from beyoncl the 
wall-rocks m ust pass througb the Iatter, many of the streams con
tributed through the wall-rocks to the trunk-channels produce 
an effäct partly due to materials more remote than the wall
rocks and partly to the wall-rocks. Thus in many cases the 
effect of solutions beyond the wall-rocks and that of solutions 
furnishecl by the wall-rocks cannot be discriminated. How
ever, since the e:ffect of the wall-rocks has been so much dis
cussed, it seemed to me best to treat the two separately as far 
as practicable. 

Diminishing temperature and diminishing pressure, while 
probably subordinate in their effoct to the miugliug of streams 
and reactions due to the wall-rocks, are in many instances un
doubtedly important, and in some instances may be the domi
nant factors. In general, the tendency of writers has been to 

* "Mining Geology of Cripple Creek, Colorado," by R. A. F. Penrose, Jr., 
16th Ann. Rept. U. S. Geol Suni., 1894--95, pt. ii., p. 163, 1895. 

t "The Genesis of Ore-Deposits," by .F. Posepny, and Discussion of same, by 
F. M. F. Cazin, Trans. Am. Inst .. Jllin. Eng., vol. x:xiii., 1894: pp. 316, 606-60i. 
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em phasize tbe effect of diminishing temperature and pressure, 
and to minimize or even disregard altogether the effäcts of 
mingling solutions or the wall-rocks, or both. 

The Cornpounds Deposited by Ascending" "Watas. 

Of the metalliferous ores, those of iron, copper, lead, zinc, 
silver and gold are the more important. Where these are 
deposited by ascending waters they occur mainly as sulphides. 
In many cases the sulphides are simple binary salts. However, 
sulpharsenites and sulpharsenates, sulphantimonites and sul
phantimonates are common; but these also are sulphides, and all 
will be thus referred to without qualification. Besides sulphides, 
metallic products sometimes occur, as in the case of copper and 
silver; also tellurides, carbonates and silicates are formed. 

Why a_verage compounds deposited hy ascending waters are, 
for the most part, not oxidized compounds, but sulphides, 
tel1urides, or metallic compoqnds, is easily explained. The 
widely disseminaü <l, <lownward-moving water, beari11g oxygen, 
is robbed of this ronstituent early in its course. Ferrous com
pounds are abundrrntly present in the rocks in the forms of 
magnetite and silicates. Iron is a strong base; ancl where fer
rous compounds are present they continue to abstract the oxy
gen of the dmvnwnrd moving waters until it has practically dis
appeared. Moreover, buricd organic matter takes oxygen from 
underground waters. In believing that thc sulphides are com
monly precipitated by ascending 'vaters in the openings belmv 
the level at which oxidizing solutions are active, I follow Le 
Conte ancl Posepny. * 

Source of tl1c jJ[etals.-The nature of the rocks which contribute 
the metallic salts has been m.nch discussed. With Sandberger, t 
I bave little doubt that the metallic constitmmts of ores are in 
large part derived from the igneous rocks which have been 
int.ruded or extrucled into the 1ithosphere; and especially is 
this true of the basic rocks. Le Conte! points out that the un
doubted frequent occurrence of workahle ore-deposits in regions 
of vu]canism may be explained by the heat furnished by the 

* "On the Genesis of Metalliferons Veins,'' by Joseph Le Conte. Am. Journ. 
Sei., third series, vol. xrri., 1883, p. 4. "The Genesis of Ore-Deposits," by .F. 
Posepny, Trans., xxiii., 1894, p. 236. 

t "Untersuchungen über Erzgiinge~'' by F. Sandberger, 1882. 
t Op. cit., p. 10. 

5 
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igneous rocks, this promoting t.he 'vork of undergrouncl solu
tions. That the heat furnished the igneous rocks is a very im
portant factor in the production of the ore-deposit~„ I have no 
doubt. Since it is very difficult to prove that the metallic con-' 
tent of an igneous rock is original, it is impossible to rnake any 
general statement as to whether the metallic content or the 
heat furnished by the igneous rocks is the more important in 
the production of ore-deposits. lt seems to me clear that both 
are important; ancl equally clear, in many cases, that both work 
together. That is to say, an igneous rock may furnish all or a 
part of the metal which appears in an ore-deposit, and the heat 
of the same igneous rock may greatly assist its concentration 
by the underground waters. 

"\Vhile the massive igncous rocks are the undoubted source of 
a large portion of metallic deposits, it is also eqnal1y certain 
that another large part is clcrived from the sedimentary rocks 
and the metamorphosed, or partly metamorphosed, igneous and 
scdimentary rocks. Last1y, it is also certaih that many ore
deposits clerive their metalliferous content in part from igneous 
rocks and in part from sedimentary rocks. Probably this is the 
most frequent of all cases. To give any estimate of the relative 
amounts of metalliförous materials derived from the original 
igneous rocks ancl from the secondary rocks is quite impossible. 

This statement wi11, of course, be very unsatisfactory when 
applied to an individual district. However, it is not the pur
pose of this general paper to consider individual districts, ex
cept as they illustrate principles. lt is properly the part of the 
geologist or mining engineer who studies an individual district 
to find the source of the metal. In many cases, careful inves
tigations can undoubtedly determi1ie tbis point, as, for instance, 
that of the iron-ores of the Luke Superior region. In other 
districts, however, tbe most exhaustive study may not enab]e 
the investigator to determfne the source of the metalliferous 
material. This is especially like1y to be true of ore-deposits 
proclucecl by ascencling waters from a somewhat deep circula
tion. The undergronnd waters may have their sources of snp
ply in rocks which do not reach the surface, and bave not 
been penetrated by the mine workings. 

In conclnding this part of the subject, it may be suggested 
that in many instances mistakes have been made in assuming 
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that some one formation, sedimentary or igneous, is the sole 
source of the valuable metals. Such an assumption is particu
larly prevalent in papers descriptive of gold deposits and silver 
deposits. In many districts where there are various se<limen
tary and igneous rocks, I have no doubt that the silver and gohl 
are partly derived from two or several formations. 

Source of the Sulplmr of Salphides.-According to modern 
research, the metallic snlphides are original constituents of 
igneous rocks. This is a direct observation; but even if the 
observation had not been macle, the large amount of sulphur 
compounds issuing from the interior of the earth in connection 
with vnlcanism would lead to the conclusion that sulphides must 
exist in the jgneons rocks. lt is therefore probable that sul
phur, as sulphi.de, is or was present in sufficient quantity in the' 
original rocks to fnlly account for all of the sulphur compounds 
in the ore-deposits. 

lt is, of course, well known that sulphides in the belt of 
weathering are largely oxidized to sulph'.itcs and to snlphates, 
and taken into solution by descending waters. These com
pounds join the sea of unclerground water. There the sulphites 
and sulphates, eitl1er just below the level of groundwater or at a 
greater depth, may come in contact with buried organic mate
rial. Under these <.:onditions it is well known that the sulphites 
and sulphates are reduced to ous salts, or to sulphides. 

Occasional1y the rnetals may be carried to the trunk-channels 
as sulphites and sulphates, and there be reduced to sulphides. 
This would be especially likely to happen lvhere the ores are 
dissemiuated through beds bearing carbonaceous material. 
Cazin mentions the Vermont copper-mine as a case where the 
ores are mingled 'vith organic material.* Rickard mentions a 
number of cases where the deposition of the ores is confined 
to material containing organic matter, the more important 
being those gold-bearing snlphide reefs of Australasia, Cali
fornia and Colorado, where the ore is associated with strata 
bearing organic matter. t 

;* "Discussion of the Genesis of Ore-Deposits," by F. :M. F. Cazin, ~Tra11.~., 

xxiii., 1894, 60ti-60i. 
t "The Origin of the Gold-Bearing Quartz of Bendigo Reefs," T. A. Rickard, 

7'rans., xxii., 1893, 314-315. "The Enterprise Mine, Rico, Colo.," T. A. Rick
ard, 7hms., xxvi., 1897, 977-9i9. 
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In one case of the golcl-quartz veins of California, in carho
naceous argyllite, pyrite occurs in the argyllite but not in thc 
quartz. This is very strongly suggestive that the carbonaceous 
matter of the argyllite has reduced the sulphates to sulpliides. 
This occurrence in the California go1cl-be1t is especially sug
gestive, since the analyses of two springs of ascencling waters 
at the 400-foot levels in two separate mines show the presence 
of considerable quantities of snlphates. * 

Probably also sulphites and sulphates may be reducecl to 
sulphide by ferrous iron in the rocks. If this reaction takes 
place, it should be especially characteristic of the more basic 
rocks. The frequent occurrence of snlphides in the altered 
basic rocks, and especially the scoriaceous basic rocks, is very 
'strongly suggestive that this reduction has takeu place. So fär 
as I know, this reaction has not been before suggested. lt is 
probably an important one in the reduction of the sulphites 
and sulphates to sulphides in the lower part of the zone of frac
ture, and may explain the deposition of sulphides in rocks where 
organic material is not available for the reduction. 

The sulphides, w hether as original · constituents of tbe igne
ous rocks or produccd by the above reactions, are taken into 
solution and deposited in the main channels of water-circula
tion. Of the fact of the solution and deposition of the sul
phides there can be no doubt. However, the solvents in differ
ent cases are doubtless different, and moreover, in a single case, 
the solvents are probably complex. lt is 'vell known that the 
sulphicles of the valuable metals are somewhat freely soluble 
in alkaline solutions, and especially solutions of the alkaline 
sulphides. t Furthermore, from observation in the field it is 
known that certain of the sulphides have been thus transported, 
as for instance at Steamboat Springs and Sulphur Bank,! and 
doubtless this manner of transportation is very common. How
ever, as shown in another place, the bicarbonates with an ex
cess of carbon-dioxide are the most abundant compounds in 
un.clerground solutions. These bicarbonates are largely those 

* "The Gold-Quartz V eins of Nevada City and Grass Yalley, California," hy 
Waldemar Lindgren, 17th Ann. Rept. T}. S. Geof. SwT., pt. ii., 1895-96, p. 81; 
also Plate VIII., p. 140, and pp. 121-123, 172-li3. 

t Lindgren, op. cit., pp. 177-178. 
t Le Conte, cit., Am. Jour. Sei'.., vol. xxvi., p. 3. 
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of the alkalies ancl alkaline earths. Such carbonatecl waters also 
favor the solution of sulphides. Fnrthermore, sulphides are 
doubtless rendered more soluble by the presence of varions 
other compounds in the unclergrouml solntions. However, the 
transportation of snlphides is not limited to solutions which bear 
other compouncls; for the sulphides themselves are soluble in 
pure water to some extent, as has been shown by Doelter. * 

But in whatever form the sulphicles are transported, they are 
largely precipitatecl in dne time in tbe trunk-channels. By denn
clation these sulphides may again reach the belt of weathering 
when the cycle is complete. The sulphide may be again oxi
dized to sulphate, and so on. lt is therefore clear that snl
phur, as sulphicle and sulphate, may again ancl again take part 
in the deposition of ores ;t but the :first source of the sulphur 
must be the sulphides of the original rocks. 

In this connection Chamberlin has noted that in Wisconsin 
waters comparatively near the surface bear oxygen and oxidized 
compouncls, while deep artesian waters are "markecl by slightly 
snlphurett.cd waters."t Thus analyses of waters in a region of 
comparatively unclisturbed seclimentary rocks con:firm the state
ments of the previous paragraphs. That is to say, waters whi(;h 
are deep-seatetl, ancl therefore must take an upwarcl journey to 
reach the snrface, are likely to bear snlphides. 

While it is believed that sulphides are generally deposited by 
upwarcl-moving waters, this is not supposecl to be the universal 
case. N ature's proccsses are always too complex to be covere<l 
by a single gcneral statement As a result of mingling solutions 
at various places, and of reactions between solutions and walls, 
many lateral moving and downwarcl moving streams cloubtless 
do deposit rather than dissolve sulphides. Incleed, in the fre
quent case already notecl, where in downward moving waters, 
sulphites or tmlphates are rednced by organic matter to snl
phides, precipitation of a portion of the sulphicle is usual. Bnt 
still the statem.ent wonld hold true that upon the average more 
sulphides are dissolved by clescending waters tban deposited, and 
more sulphi<les are deposited by ascending waters than dissolved. 

* Lindgren, op. eil., pp. 179-180. 
t Le Conte, op. cit., p. 13. Compare Posepny, Trans., xxiii., 1894, 263. 
:t '' The Ore-Deposits of Southwestern Wisconsin," by T. C. Chamberlin, Geol. 

Wis., vol. iv., 1882, p. 547. 
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. W e conclude, therefore, that, whatever the source of the su.lphides 
as first concentrates, these ores are genemlly deposited by ascending 
waters in the trunk-thannels. 

Source of the Carbonic Acid of Carbonates.-Aside from sulph
bydric acid, the other acid of great importance in the deposi
tion of ore-deposits is carbonic acid. 'rhis as is well known 
is, indeed, the dominant acid contained in issuing underground 
waters. This point both Le Conte and Posepny strongly em
phasizc. * I have alrea<ly pointed out two sources for tbe 
excess of carbon-dioxide held in the underground waters. 
\iVhere vegetation is abundant, carbon-dioxide is concentrated 
in the soil. A large part ofthis is retained in the belt of weather
ing by the process of carbonation of the silicates, but another 
part joins the sea of underground waters. Another source for 
the carbon-dioxide is that liberated from cavities within rocks. 
lt is well known that in many rocks a large amount oi carbon
dioxide is included in innumerable microscopic cavities. When 
snch rocks are complexly dcformed in the zone of fracture, the 
fractures nrnst intersect many of these cavities, and thus liberate 
the carbon-dioxide. Where there are zones of crushing, that 
is, where there are trunk-channels for percolating waters, the 
amount of carbon-dioxide which may thus be liberated may be 
considerable. Another source for the carbon-dioxide is a pro
cess of silication, explained p. 51, as a result of which the 
carbonates are decomposed by the silicic acid at depth, liberat
ing the carbon-dioxide. Therefore, deep-seated waters are ever 
receiving contributions of carbon-dioxide, and thus are con
tinually more capable of taking rnetals in solution, until the 
waters reach conditions where silication does not occur. 

In this process of silication alone is believed tobe an adequate 
source of carbon-dioxide ; so that metals may be carried as bicar
bonates and the water also hold a further excess of carbon-clioxide. 

A very interesting confirmation of the liberation of silica by 
the process of carbonation near the surface an4 the liberation 
of carbon-dioxicle, probably by the process of silication at depth, 
as above explained, is furnished by the Geyser mine of Custer 
connty, Colorado, described by Emmons. t Here waters were 

* Le Conte, op. cit., p. 11. Posepny, 7'rans., xxiii., 23i. 
t "The Mines of Custer County, Colorado," by S. F. Emmons, lith Ann. Rept. 

U. S. Geol. Sun•., pt. ii., 1895-96, pp. 460-464. 
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analyzecl from the 154 meter ancl the 615 meter levels. The 
superficial waters containecl ten times as much silica as the 
deep-seatecl waters. In tbe deep waters the carbouic acicl is 
greatly in excess of that containecl ii_1 the vadose circulation. 

General. 

The foregoing statement explains to some extent the source 
of the compounds deposited by ascending waters. But it is 
not the intention here to discuss its application to each in
dividual metal. This l do not attempt., because l lack the 
necessary accurate obsen·ations npon which such a cliscus
sion should be based. To tell in what manner each of the 
individual metals is carried will require very dctailed investi
gation. For instance, the questions as to the condition in which 
gold occurs in the original rocks, the manner in which it is 
carried in solution, and the form in w hieb it is deposit.ed have 
been much discussed. Hmvever, the <lifficulties in this and 
other cases, since the modern theories of physical chemistry 
have been developed, clo not seem to be so great as when it 
was supposcd that we must regard each metal in solution as 
combined with some one acid. lt has already been stated that 
all substances are soluble in water, and sommvhat readily solu
ble in various unclerground solutions. lt is believed that in the 
very dilute und~rground solutions, metallic salts are 1arge1y in 
the form of free ions. Therefore, in one sense, gold and other 
metals in solution are not combined with acid ions, although 
they are balanced by them. Where precipitated, a metal might 
be thrown down in the metallic state, as, for instance, copper, 
silver or gold, by the ions which once balanced it being balanced 
by other m~tals. 

While it is not the purpose here to take up the solution and 
cleposition of the compounds which occur in ore-deposits in cle
tail, it is necessary to refer to the law of mass-action in this 
connection. Other things being equal, those compounds which 
are abundant will be dissolved in larger degree during thc 
downward course of the waters, and the same compounds will 
be most abundantly precipitatecl i~ the trunk-chanucls. lt is 
well known that iron is the rnost abundant of all the metallic 
compounds in the crust of the earth. In this fact, combined 
with the law of mass-action, we have the dominating abundance 
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of iron sulphide as compared with all sulphides of other 
metals. lt is well known in many cases that the deeper a 
mine goes below the level of groundwater, the greater the 
proportion of iron sulphi9-e and the lesseni.ng proportions of 
the other metals, as n result of which, combined with increased 
cost of working, it freqnently does not pay to work a deposit 
beyond a certain depth. The law of mass-action explains the 
abnn<lance of the iron sulphide; it does not explain the fre
quent relative increase in the iron snlphide and the decrease of 
more valuable sulphides as one passes from the leYel of ground
water into deep workings. To cxplain this we must take into 
account the etfoct of the downwarcl-moving waters, cliscussed 
under the succeeding heading. 

We have now seen that the zone of fractnre is searched by 
the percolating wa.ters; that metalliferous materials taken into 
solution by the downward and lateral moving waters are carried 
to the trunk channels of underground circulation; that in these 
trunk channels the metalliferous materia.Is are precipitated in 
various ways. Thus a first concentration, by ascending waters 
giving sulphurets and metals of some of the elements, is fully 
accounted for. 

In some cases the deposits thus produced are su:fficiently rieb, 
so that thcy are of economic importance. In these cases, which 
undoubtedly exist, but which perhaps are less numerous than 
one might at first think, a concentration by ascendin:g waters 
has been su:fficient. 

A conspicuous illustration of ore-deposits of this class whi.ch 
may be mentioned are the metallic copper deposits of the Lake 
Superior region. The copper was in all probability reduced 
and precipitated directly as metallic copper from upwartl mov
ing cupriferous solutions. The reducing agents were the fer
rous compounds in the solid form, in part as magnetite and as 
solutions derived from the iron-hearing silicates. When the 
copper was precipitated, the iron was changed into the ferric 
condition. * lt is well known that metallic copper once formed 
is but slowly affäcted by the oxidizing action. Oxidation has, 
in fact, occurred in the L:ke Superior region, but from the 

* "Paragenesis and Derivation of Copper and its Associates on Lake Superior," 
by R. PumpeJ1y, Am. Jour. Sei., vol. ii., 1891, p. 33. 
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facts now to be observed not to an important extent. An oxi
dized belt may have formed in pre-glacial times, but if so it 
'vas swept away by glacial erosion, and sufficient time has not 
since elapsed to form another. The ore-deposits now worked 
have apparently remained practically unchanged since the time 
of their first concentration. In this fact we have the ·explana
tion of the great ricbness of these deposits to extraordinary 
depths. 

As _a case of sulphicle deposits which continne to great depth 
without diminution in richness, may be mentioned the gold
quartz vcins of Nevada City and Grass Vallcy, California. 
According to Lindgren, "it can be confidently statecl that 
there is no gradual diminution of the tcnor of the ore in the 
pay-chutes below the zone of surface decomposition,"* although 
within the same chute there are many and great variations i~ 
richness. This statement is applicable to cleposits whicb reach 
a vertical depth of 500 or 600 meters. If Lindgren is correct 
in thinking the golcl-quartz veins of the Sierra Nevada do not 
diminish in depth below an extremely superficial upper zone, 
this would be a case in "~hich sulphuret ores were sufficiently 
concentrated by ascending waters alone to a:ftord workable ore
deposits. 

THE PRECIPITATION oF ÜRE-DEPosrrs BY AscENDING AND 

DEscENDING W ATERS Col\rnINED. 

Thus far we have considered orcs precipitated by ascendin"g 
waters alone. However, many of the ores thus produced have 
heen profoundly modified by the action of descending waters. 

"\:\There the point of exit of the ascending waters of the trunk 
channels is in a valley or near the level of surface drainage, 
the waters may continue to ascend quite to the surface. How
ever, where the openings are below slopes the waters ordinarily 
do not continue to ascend to the surface, but make their way 
laterally from the trunk-channel at and below the level of 
groundwater (see Fig. 6). Above the level of groundwater, 
and frequently for a certain distance below the level of ground
water, the movement is downward in the openings. The water · 

* "The Gold-Quartz Veins of Nernda City and Grass Valley, California," by 
Waldemar Lindgren, Iith Ann. Rept. U. S. Geol. Surv., pt. ii., 1895-96, p. 163. 
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thus moving downward inclndes not only that which directly 
passes into the trunk openings at the surface, but a much 
larger quantity w hich converges into these openings from the 
smaller openings 011 all sides. 

In regions in which mining is going on, denudation has ordi
narily truncated tbe veins for considerable depths, in many 
cases to hundreds or even thousands of meters. lt is therefore 
clear, in a majority of cases, tlrnt portions of the .fissures in 
which the waters are now descending were, in the past, in all 
probability much deeper bclow the surface, ancl therefore the 
waters at that time in the larger fissures were probably ascend
ing. During the time the water was ascending, the first con
centration of sulphurets aud other pro<lucts took place. But 
as a result of the downward migration of thc belt of weather
ii1g and the downwm·<l movement of water in that belt, altera
tion and secondary concentration of ore-deposits bave taken 
place. This second concentration of ore-deposits is of the very 
greatest importance, ancl I believe largely explains the frequent 
greater richness of the upper 50 or 100 or 500 metcrs, and in 
some cascs 1000 meters, as comparecl with lower levels. 

lt has alreacly been pointed out that the descending waters 
bear oxygen and carbon dioxide; and furthermore, that solu
tion is taking place. Moreover, the belt of weathering is mi
grating downward because of erosion. The result of all these 
changes is to produce an upper belt of second concentrates from 
the :first concentrates formed by ascending waters. This material 
may be divided into three parts: (1) above the level of ground
water is a belt largely comvosed of oxides, carbonates, chlorides 
and associated products, which~ however, may cont.ain enriched 
sulphides. (2) Abovc and below the level of groundwater is 
a transition belt composcd of sulphides rich in the valuable 
metals, such as gold, silver, copper, leacl and zinc, which, how
ever, contain subordinate amounts of oxidizcd products. (3) 
Deeper down is a belt of lean sulphides bearing small amounts 
of the more valnable sulphurets, and which comrnonly passes 
into iron sulphide. Between the three classes of material t.hcre 
are gradations. The oxidized belt graclually passes into the 
rich sulpbide belt; the rich sulphide belt gradnally passes into 
the poor sulphide belt. 

The above results are due to a cornplicated set of reactions 
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·which cannot here be given in füll. lt is, however, clear tlrnt 
if the su1phides are equal1y abundant the su1phide which is the 
most easil.r oxidized will he the first to disappear. The order 
of disappearance will therefore be iron, copper, zinc, lead, silver. 
lt is, however, understood that the oxid.ation of an easll.r de
stroyed sulphide is not complete before the oxidatiou of a re
fractory snlphide has begun. All of the sulphides are oxidize<l 
all the time, but the more readily a sulphide is oxidized, the 
more rapidly it is dcstroyed. During oxiclation the sulphides 
are largely altered to soluble sulphates, which are taken into 
solUtion and carried downwarcl. 

The eviclence of the extensive formation of sulphates in vcins 
by descencling water is found in the presence of sulphates in 
mine waters and in the frequent formation and precipitation 
of basic ferric snlphate in the veins, as, for instance, at Cripple 
Creek,* and in the l\Iercur district, Utah. t The forrnation of 
gypsnm ancl rnägnesium sulphate in veins is scarcely less posi
tive evidence of the oxidation of the su1phides to sulphates. 
Fnrther e\·idence of the formation of sulphates by oxidation of 
the s"ulphides is fnrnished by the hydrous sulphate of aluminum 
which occurs in the gold-veins of California.t 

The sulphides, however, are not all oxidized to su1phates; a 
portion of them, by oxidation, break up into sulphurous oxide 
ancl oxides of the metals. A part of the oxides unite with the 
carbonic acid to produce carbonates. Finally the oxicles and 
oxidized salts, hoth formed in place ancl transported, react upon 
the unaltered sulphides, producing richer sulphurets. The 
reactions may be between an oxide or a salt of a metal and its 
sulphide, as, for instance, the oxide or sulphate of copper npon 
the sulphide of copper, as given by the following equations: 

6CuS + 2Cu20 = 5Cu2S + S02 , 

and 
6CuS + 2Cu2SO ~ + 3H20 = 5Cu2S + 2H~SO • + H 2S03• 

* ''Mining Geology of the Cripple Creek District," by R. A. F. Penrose, Jr., 
16th Ann. Repf. [!. S. Geol. Sun•., pt. ii., 1894-9.5, p. 130. 

t "Economic Geology of tbe l\Iercur Mining District, Utah," by J. Edw. 
Spurr, 16ih Ann. Rept. U. S. Geol. Sur1:., pt. ii., 189~-Hö, p. 435. 

! "Tbe Gold-Quartz Veins of Neyada. City and Gras.s Valley, C'alifornia," by 
Waldemar Lindgren, 17th Ann. Rept. U. S. Geol. Surr., pt. ii., 1895-96, p. 120. 
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Or the reaction may be between the oxide or salt of one metal 
and the sulphidc of another metal, as, for instanec, copper oxide 
or copper sulphate upon iron sulphide, thus precipitating cop
per snlphide. The particular reactions in an individual case 
will depend upon the relative solubilities of the componncls 
present, and the law of mass-action. This will more clcarly 
appear npon subsequent pages. 

The concentrations by ascending and dcscending waters have 
been considered as if they \\~ere successive. In some instances 
this may be thc case; but frequently it is mnch more probable 
that ascending and descending waters are at work upon the 
same fissure at the same time, and that their products are, to a 
certain extent, simultaneously deposited. For instance, under 
the conditions represented by Fig. 6, a first concentration by 
ascending waters is taking place in the lower part of the fissure, 
and a second concentration by descencling waters is taking place 
in thc upper part of thc fissure. Between the two there is a 
belt in which both ascending ancl descending waters are at 
work. The rieb upper part of an ore-deposit which is worked 
in an individual case may now be in the place \vhere asceuding 
watcrs alone \:vere first acting, where later, as a consequence of 
denudation, both ascending and descending waters were at work, 
and still la.ter, where descending waters alone are at work. The 
more accurate statement for this class of ore-deposits, therefore, 
is that ascending waters are likely to be the potent factor in an 
early stage of the process, that both may 'rnrk together at an 
intermediate stagc, and that descending waters are likely tobe 
the potent foctor in the closing stage of the process. 

The above general statement may perhaps be better under
stood if supplemented by a consideration of specific associa
tions of the mctals. The associations which are chosen for 
illustrative purposes are as follows: (1) associations of lead, 
zinc and iron, (2) associations of copper and iron, (3) associa
tious of silver and gold with the base metals. 

THE AssocrATION oF LEAD, Zrnc AND lRoN Col\t:POUNDS. 

In order to unclerstand the relations of the lead, zinc and 
iron compounds where they occur together in ore-deposits, it 
seems advisable to take an individual district rather than to 
make a general statement. An excellent illustration of the 
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association of these metals is furnished by the Upper Missis
sippi Valley, and this district will therefore be considered. 

Facts of Occurrence. 

Here, as is wel1 known, in openings in limestones, lead and 
zinc mineral~ are associated with marcasite, and some pyrite and 
chalcopyrite. * Calcite is an abundant gangue mineral, as would 
be expccted, but it alld the other gangue minerals will here 
not be taken into account. Since the pyrite and chalcopyrite 
are very subordinate, they will not again be alluded to. All of 
the sulphide of iron will bc referred to as marcasite. 

The or<ler of occurrence in the district is commonly as fol
lows: Above the level of groundwater in the belt of weather
ing the dominant valuable minerals are galena and smithsonite. 
Frequently encrusting the galena, or in crystals upon it, there 
are some cerussite and less anglesite; with the smithsonite 
there is some sphalerite. The smithsonite may extend 5 or 
10 meters below the level of groundwater; but decper the 
oxidized products almost wholly disappear. The smithsonite 
below the level of groundwater is explaiued in some cases by 
the material being along a main channel of downward percolat
ing waters; in other cases by the fact tlmt the lcvel of ground
water is probably now higher than it once was, as a result of 
depression and valley-filling at the close of the glacial epoch; 
thirclly, by the well-known general downward movement of 
oxidizing water somewhat below the level of _groundwater; 
aucl, fourthly, by reactions between oxiclized leacl salts and thc 
sphalerite. (See p. 80.) Below the galena and smithsonite 
is sphalerite, with a large amount of marcasite. t For much 
of the district the workings hav.e not extended far below the 
level of grounclwater, but in certain parts of the district work
ing has extended for a considerable depth. 

While the above general statement is correct for much of 
the district, it must be understood that a single sulphide does 

* "The Ore-Deposits of Southwestern Wisconsin," by T. C. Chamberlin, Geol. 
of Wis., vol. iv., 1882, pp. 380-393. 

t Chamberlin emphasizes the inferior position of the zinc as compared with 
the lead ancl the association of the zinc and iron, but he does not consider the posi
tions of these compounds with reference to the level of groundwater. Loc. cit., pp. 
488-491. 
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not occnr at a given level to the exclusion of the others. In
deed, in many cases all of the sulphides are found at the same 
level. In many of the smaller veins the sulphides occur in a 
definite order. The füll succession at various openings, from 
the wa11 to the druse, is (1) marcasite, (2) ferriferons sphalerite, 
(3) galena, in cubic crystals, ( 4) ferriferous sphalerite (subordi
nate in quantity), (5) marcasite, (6) galena, in octahedral crystals 
(very subordinate in q uantity). * Of this succession at various 
veins some of these elements are ]acking. A very common 
order is (1) sphaledte, (2) ga1ena, and (3) marcasite. 

First Concentration. 

No clearer possible iJlustration could be found of the general 
principles of ore deposition by the underground waters, and the 
phenomenon of crustification emphasized by Posepny, than tlrnt 
furnished by this district. The :first concentration is believed to 
be the work of ascending waters, the materials being precipi
tated in the form of sulphides. lt is probable that there was a 
tendcncy at the time of the original crystallization for the snl
phides to be thrown down in a definite order across the open
ings, as shown by the phenomena of crustification. Further
more, it appears that there may have been two main cycles of 
precipitation, so far at least as the sphalerite ~nd galena are 
concerned, but the first cycle was by for the more important. 
lt is a]so possible that there was a tendency for the sulphides 
to be prccipitated in a definite orcler vertically, as a consequence 
of which the marcasite was the preclominate precipitate at the 
lowest level, sphalerite at the intermecliate levels, and galena 
at higher levels. Such an order might be explained as a result 
of the lessening pressure and temperature as the clepositing 
solutions rose in the openings. 

Second Concentration. 

While it is possible that the vertical order of the minerals is 
due to a first concentration, it is probable that this is not the 
most important factor in the regular vertical distribution of the 
sphalerite and galena. lt is believed that the present general 
order of these materials is mainly controlled by the downward
movin.~ waters combined with denudation. 

* Chamberlin, loc. eil., pp. 491-497. 
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lt is not necessary to show that the smithsonite above and a 
short distance below the level of groundwater was largely de
rived from sphalerite, and that the cernssite an<l anglesite were 
largely derived from galena. The details of the relations of the 
various oxiclized and sulphurettecl minerals above the level of 
grounclwater are exceedingly comnlcx, and no description of 
them will here be attemptecl. N or in this paper is it necessary 
to write reactions for the transformation of the sulphides into 
the oxidized products, since the general characters of such re
actions are so well known. * lt is, however, necessary to ex
plain how downward-percolating waters may concentrate galena 
at a high level and sphalerite at a lmrnr lenl. 

Galena.-If it be premised that the ascencling waters evenly 
distributecl the sulphides, at least so far as the vertical element 
is concernecl, it is certain tlrnt clownward-moving waters, com
bined with clenudation, may concentrate the galena at high 
levels and the sphalerite at lower levels. 

The galena is the most difficultly oxidizable of the three sul
phides. lt is, therefore, the most stable of them. By the oxida
tion and solntion of the sphalerite ancl marcasite above the level 
of gronndwater the galena would be concentrated. That this 
process has taken place on an extensive scale is shown by the 
occurrence of many detached fallen crystals and masses of 
galena in the openings above the level of grounclwater, and 
also at the bottoms of the wider openings ancl caves a short 
distance below the level of groundwater. Indeecl, a considerable 
portion of the lead of the district which has been taken above 
or within a few feet .below the level of gronndwater strongly 
corroborates the idea of concentration as result of solution of 
the other sulphides wbicb held the galena to the walls, thus per
mitting the material to drop to lower positions in the crevices. t 

While the concentration of the galena is partly explained as 
ab.ove, it may be explained also in part by chemical reactions 
between the various compounds. In the belt of weathering 
part of the galena as already noted is being oxidized, as is 
shown by the incrustations and superimposed crystals of <..:erus
site and anglesite. During the formation of thc sulphates and 

* Chamberlin, loc. eil.,· pp. 498-.509. 
t Chamberlin, loc. cit., pp. 4.53 to 498. 
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carbonates, a certain amonut of these salts is taken into solution 
and carried downward. These sulphates ancl carbonates woulcl 
react upon the other sulphides present and reprecipitate the 
lead as galena. These reactions might take place to some 
extent above, but woulcl be especially likely to occur below, 
the level of groundwater. As a result of the downward migra
tion of the belt of weathe~ing, there would be in the down
ward-moving waters a continnal supply of the sulphates and 
carbonates of leacl. The chief reaction would be that between 
the lead salts ancl the dominant iron imlphide. Supposing the 
iron were in the form of FeS, the reactions may be "Titten as 
follows: 

PbS0
4 
+ FeS = PbS + FeSO„ 

PbC03 + FeS = PbS + FeC03• 

If the iron be supposed to be in the form of FeS1, as is most 
likely, oxygen also would be necessary for the reactions. The 
equations wonld then be as follows: 

PbS04 + FeS2 + 0 2 = PbS + FeSO, + 801 , 

PbC03 + FeS2 + 0 2 = PbS + FeCO~ + 801• 

However, it has been premisecl that with the original sul
phides zinc sulphide is present, and this may also ~eact upon 
the lead salts, according to the following reactions: 

PbSO. + ZnS = PbS + Znso., 
PbC03 + ZnS = PbS + ZnC03• 

In the case of the latter reaction, smithsonite woulcl be 
formed. In this connection it is notable .that frequently asso
ciated with tlie galena for some distance below the level of 
groundwater, smithsonite occurs, as already noted. While a 
part of the smithsonite below the level of gronnclwater is of this 
origin, cloubtless the !arger portions of it are diffärently ex
plained. (See p. 77.) 

'ro the föregoing reactions, partly explaining thc concentra
tion of galena, objcction may be made upon aceount of the 
small solubility of lead sulphate and lead carbonate. lt is true 
that these substances are very sparingly soluble in pure water; 
however, they are su:fficiently soluble in waters bearing carbon
dioxide to account for the phenomenon. If this be not the 
case, the lead may have been carried downward as chloride. 
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Independent, however, of chemical theory, we know in many 
districts, ancl particularly in the leacl and zinc district of south
western Wisconsin, that the galena has been changed to some 
soluble form upon an extensive scale. As evidence for this in
ference, galena crystals above the level of groundwater are 
much corroded, and the amount of cerussitc ancl anglesite asso
ciated with them is so small as not to account for the corrosion, 
and therefore the lead has been transformed to a soluble salt, 
which has been transportecl below in important amounts. * So 
far as my argument is concerned, it is of no consequence 
whether the lead is as a sulphate, carbonate, chloride or other 
salt. Hmvever, it is believed that these are the forms in which 
thc lead was transferrecl on the most extensive scale. I regard 
the cerussite and anglesite as cviden.ce of the partial transfer of 
the lead as sulphatc and carbonate. A large amount of sul
phate and carbonate probably formecl, but the compounds are 
so insoluble tlrnt a part of the salts procluced were not carried 
clownward, but precipitated near the places of formation. 

Sphalerite.-Zinc holds sulph ur less strongly than lead, but 
much more strongly than iron. Thcrefore, the sphalerite would 
be conceutratecl in the zone below the galena, the reactions 
being similar to those producing the galena. They may he 
written as follows : 

or 

ZnSO, + FeS = ZnS + FeS0
4

, 

ZnC03 + FeS = ZnS + FeC0
3

, 

ZnSO~ + Fc82 + 0 2 = ZnS + FeSO~ + 802 , 

ZnC03 + Fc82 + 0 2 = ZnS + FeC03 + .S0
2

• 

Marcasite.-At a certain depth in the openings below the 
level of groundwater, nearly all of the salts of lead and zinc 
descending from the belt of weathering would be precipitated 
by reactions between them and the iron sulphide, as above 
explained. The remainder of this paragraph cannot be said to 
apply to the deposits of the upper Mississippi Valley; for thc 
vertical extent of the veins is probably very limited, many of 
them apparently being cut off by impervious strata within short 
distances from the surface. However, in veins in which the 

* Chamberlin, op. cit., pp. 498-499, 500. 
6 
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first concentration extencls to a depth greater than that to which 
downward-moving waters are efföctive, only the sulphurets of 
the first concentration would be found below this levcl. These 
sulphurets would consist mainly of marcasite, with subordinate 
amonnts of sphalerite and galena. However, even in this belt, 
concentration of galena and sphalerite may occur to some ex
tent, although it receives no contribution from the lead and zinc 
salts from above; for even after the salts of lead ancl zinc travel
ing clownward from the belt of wcathering are all precipitatecl, 
the waters may still hold oxygen. This oxygen would, to the 
largest extent, act upon the marcasitc, proclucing to some extent 
soluble salts which woulcl be abstracted, ancl thus recluce the 
quantity of this material, ancl relatively enrich the cleposits in 
lead ancl zinc, although not increasing the absolute amount of 
lead ancl zinc present in a given vertical distance. So fär as the 
zinc and lead salts were oxidized by the oxygen-bearing water, 
these would react upon the iron sulphide again, and they would 
be precipitated accorcling to the reactions above given. 

General. 

lt is believed that the concentration by descending waters 
explains, through the reactions given on pp. 80.:....81, the orderly 
distribution of the ores in a vertical direction, * although orig
inal deposition by ascending waters may have produced its ef
fect. Furthermore, it is believed that this concentration was 
the final determinative factor in making the ores so rieb as to 
warrant exploitation. This statement in reference to the rich 
deposits applies both to the oxidizecl products ancl to the sul
phurets, both above and below the level of groundwater. This 
process of concentration is primarily chemical, but also to some 
extent is mechanical, the latter being especially true of the ga
lena loosenecl by solution from the walls which have fallen to 
the lower positions in the crevices and caves. 

While the reactions of the clownward moving oxidized prod
ucts upon low grade sulphurets, thus proclucing rich sulphides, 
have been dwelt upon, it is not supposed that these are the only 
reactions which have resulted in enrichment. .As pointed out 
by Chamberlin, t organic matter has made its way into thc 

* Compare Chambcrlin, op. cit., pp. 551-553. 
t Chamberlin, op. cit., p. 544. 
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opening of the limestone, and as further indicatecl by Chamber
lin, * and emphasized by Blake, t organic matter is abundant in 
certain of the shaly layers. As argued by Chamberlin and 
Blake, organic material in the rocks from both of these sources 
was probably an important factor in the reduction and precipi
tation of tbe downward moving sulphates. As pointed out by 
Blake, the evidence of the efiect of this organic matter is es
pecially clear in the cases of the large sphalerite deposits which 
rest upon the oil-rock at the top of the Trenton as a fl.oor. 

:My own views in refercnce to the concentration of the ores 
in the npper ~Iississippi valley differ somewhat from those of 
Chamberlin,t 'Vhitney,§ and others, who have held that these 
ores are products of descending and lateral-secretiug waters 
alone; bnt still more from thosc of Percivalii and J enny,if who 
have beld that the ores were derived from a deep-seated source. 
This first supposed the transportation to have takeu place 
through igneous, the second through aqueous ·agencies. Since 
the discussion of this clifference of vimv involves the inftuence 
of some of the special factors considered later, it is deferred to 
pp. 116-124. 

Therefore, so far as practicahle, the above staternent .concern
ing concentrations by ascending and descending waters.and the 
reactions of the sulphates upon the snlphides is made without 
reference to the special features of the upper Mississippi valley 
district. This procedure has been followed because it is helieved 
that in many of the lead and zinc districts of the '"~orld the 
above statement is applicable in its rnain features. 

THE AssocrATION oF CoPPER AND IRoN CoMPOUNDs. 

Another very general association of metals is that of copper 
and iron. lt is well known, where this association occurs, that 

* Charnberlin, op. cit., p. 546. 
t "Lead nnd Zinc Deposits of the Mississippi Valley," by Wm. P. Blake, 

'.I.'rans. A. L J.ll. E., xxii., pp. 630-631. "Wisconsin Lead and Zinc Deposits," by 
Wm. P. Blake, Bull. G. S. A., vol. v., 1894, pp. 28-29. 

t Chamberlin, op. cit., pp. 544-549. 
~ Whitney, "Geol. of Wis.," vol. i., 1862, pp. 398, et seq. 
II Percival, "First Ann. Rept. Geol. Surv. of Wis.," 1854, pp. 30-33; "Ann. 

Rept. Geol. Surv. of Wis.," 1856, p. 63. 
~ Jenny, "Lead and Zinc Deposits of the Mississippi Valley," Tmns. Am. Inst . 

. Min. Eng., ''ol. xxii., 1894, pp. 2Hl-223. 
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above the level of groundwater, cuprite (Cu20), tenorite (CuO), 
azurite (CuCQ3Cu(OH)2) and malachite (CuC03 , Cu(OH)~) are 
vcry frequently found. lt is furthcr very well known that 
below the level of gronndwater these oxidized and carbonatecl 
proclucts occur in greatly diminished quautity, ancl that rich 
sulphurets freqnently occur, such as chalcocite (Cu2S), bornite 
( Cu3FeS3) and chalcopyrite (CuFeS

2
), and sometimes covellite 

(CuS). Somewhat deeper below the level of groundwater the 
oxides and carbonates are not found. Furthermore, the 
chalcocite, covellite and bornite are very generally restrictecl to 
the upper part of the belt of groundwater; deeper, the places 
of these minerals are largely occupied by chalcopyrite. Not 
only this, but still deeper the chalcopyrite is less prominent in 
many instances, and the iron sulphides more prominent. In 
the lower workings of many of the deeper mines the only 
metalliferous procluct found is cupriferous iron sulphides, the 
chalcopyrite having wholly disappeared. 

\Vhether or not this general statement is correct for a par
ticular area, each mining engineer cau j udge from his own 
knowledge. There may be exceptions to it, clue to variom: 
causes, one of which has becn alluded to in explaining bonau
zas. Tims below cupriferous pyrites there may again be found 
richer copper sulphides. Indeed, as before stated, ore-deposits 
vary greatly in their richness both horizontally and vertically, * 
and the above statement can only be considered as a general 
average. 

The above order is believcd tobe explained by the work of 
downward-moving waters. The combinations of lead, zinc 
and iron were followed from above downward. The reactions 
which occur in the case of the copper-iron deposits we may per
haps follow, to vary the order, from the base upward. At greater 
or less clepths below the level of groundwater the ores are 
frcquently cupriferous pyrites, the direct deposit of the ascend
ing waters. At a little higher level oxygen from above may 
have oxidized a portion of the iron and transportcd it else
where, thus relatively enriching the deposit in copper. At a 
still higher level there will be a contribution of soluble copper 
salts from above. Since copper sulphate would certainly be the 

* Trans., xxiv .• 991-992. 
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most common salt, for convenience all the soluble salts will be 
regarded as sulphates. R.eactions similar to those given below 
may easily be written for other salts. 

At the level where salts of copper appear from above, by the 
reaction of the copper salt upon iron sulphide, chalcopyrite 
may be procluce<l, the reactions following from the fact that 
copper-iron sulphides are less soluble than iron sulphidcs, and 
from the law of mass action. The reactions may be written as 
follows: 

Cn804 + 2FeS = CuFe82 + FeS04, 

or 
Cu80~ + 2FeS2 + 0, = CuFeS2 + Fe80., + 2802• 

\Vhere the iron sulphicle is pyrrhotite, iutermecliate between 
Fe8 and Fe8~, thc reactions may be written by combining the 
above equations in proper proportions. 

In passing npward from the lowest lcvcl at which the chal
copyrite appears, this mineral may steadily increase in quan
tity until it bccomes an important constituent, and finally the 
iron sulphide may become subordinate. Under these circnm
stances bornite is likely also to appear. The production of 
bornite by the direct reactions of the copper salts upon iron 
sulphide may be supposed to be as follows: 

or 
Cu2S04 + CuS04 + 3Fe82 + 60 = Cu3FeS3 + 

2Fe80 4 + 3802• 

However, the bornite may also be produced by the reaction 
of the copper salt upon the chalcopyrite itself. For instance: 

Reactions might also be written for the production of the 
bornite from the chalcopyrite by the reaction of cuprous 
sulphate ancl oxygen. Furt.her reactions might be written as 
result of which the bornite is derived from chalcopyrite and 
iron sulphide together; but it is hardly worth while to do this, 
since no new princip]e is illustrated. 

Passing to still higher levels, with the chalcopyrite and 
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bornite chalcocite may appear. The chalcocite may be pro
ducecl direct1y by the reaction of cuprous salt upon iron 
sulphicle, as follows: 

Cu2804 + Fe8 = Cu2S + FeS04, 

or 
Cu2804 + FeS2 + 0 2 = Cu2S + Fe804 + 802• 

Furthermore, the chalcocite may be produced by reactions 
of the su1phates either upon the chalcopyrite or upon the 
bornite. In thc first case the reaction may be written as 
follows: 

Cu.Fe82 + CuS04 + 0 2 = Cu28 + Fe804 + 802, 

or from the bornite by the following reaction: 

Of course, it is understood that these su1phides overlap one 
another. Before the iron su1phidc has wholly been replaced by 
chalcopyrite, bornite may a.ppear. At tbe place where bornite 
has become reasonably abundant, chalcocite may be found. 
However, certa.in general statements may be macle. If the 
dominating material is iron sulphicle, the copper mineral which 
is present is likely to be chalcopyrite rather than the richer 
sulphurets. Chalcopyrite, on the one hand, is likely to be 
associatecl with the pyrites, ancl on the other hand with bornite, 
or even chalcocite. Bornite ancl chalcocite are likely to be 
a~sociatecl with each other and with cha1copyrite, but with the 
first two compouncls iron sulphicle is likely to be suborclinate or 
absent. 

At still higher levels in a mine, a moderate distance below 
the level of groundwater, oxidized ancl carbonated prodncts 
rnay· appear with the sulphurets. These mixecl products, some
times called oxysulphurets, are well illustratecl in the Appa
lachian, Arizona ancl Montana deposits. * Still higher, and es
pecially above the level of groundwater, the oxiclized products 
may become dominant, for there the rich sulphurets which 
have emerged from the level of groundwater have been 
directly acted upon by the oxygen and carbon-clioxide. A 

* "The Copper ResourceH of the Unite<l States," by James Douglas, Trnns., 
xix., 1891, 690, et seq. 
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series of transformations now take place which may resu1t in 
metallic copper, cuprite, tenorite, azurite and malachite. As 
in the case of the ]ead and iron, the nature of these reactiuns 
is so well known that they will uot hcre be ,vritten out. The 
oxidation of the sulphur and copper may be simultaneous, or 
the sulphur may be oxidized first, forming metallic copper, 
which may later be oxiclized in "\vhole or in part. The O}..i

dized products may be first the oxicle, cuprite. This may 
be altered to tenorite, ancl this, later, may unite with carbon
dioxide and water to form the hydro-carbonates, azurite, and 
finally, hy fürther hydration, malachite. Illustrating this pro
cess, Prof. Penrose has shown me, in a single hand-specimen 
from the oxidized belt of the Arizona mines, concentrically 
arranged metallic copper, cuprite, tenorite, ancl carbonate of 
copper, the copper being in the core and the carbonate of 
copper on the outside. The oxidized products may largely 
remain in place, furnishing rieb ores, or they may be almost 
wholly dissolved and carried to lower levels, to react upon the 
sulphides, a.s already explained. 

'rherefore, largely by processes of oxiclation and reaction 
upon snlphurets, first forming rieb sulphurets and later rich 
oxidized products, there may be concentrated in the upper few, 
or few score, or few hnndred meters of a vein, a large part of 
the copper produced by a first concentration through a much 
greater clistance. Since the reactions already considered arc 
not the only ones which enter into the second concentration of 
rich deposits, incliviclual illustrative cases are deferred until 
after the other factors are considered. (See pp. 102-108.) 

By the foregoing it is not meant to imply that each copper 
sulphide deposit has gone through the entire history above 
detailed. Indced, there is no doubt that t.he general story out
lined will need much modification when applie<l to an indi
vidual case. Howcver, it is hcld tlrn,t some process of sec
ondary concentration similar to that outline<l has been a very 
important factor in the production of rich copper deposits at 
many localities. 

THE AssocIATION oF S11vER AND Go1n WITII THE BASE METALS. 

The two common cases of the association of lead, zinc and 
iron, and that of the association of copper and iron, have now 
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heen considerecl. A similar set of transformations can be 
traced out in eithcr of thcse classes of deposits which contain 
associated silver an<l gold. 

Sifoer. 

In the case of silver, it is wcll known that the original 
forrns are generally sulpbides, sulphantimonites, sulphanti
minates, su1pharsenites, and snlpharsenates. Silver is one of 
the compouncls which holds strenuonsly to its snlpbur. Ordi
narily it is not sufficiently abundant to constitute the main mass 
of an ore-cleposit. However, since it holds so strongly to its 
sn1phur, the silver salts are lik:cls to be fouud, in the case of 
1ead-zinc-iron compounds, most abundantly with the lead, less 
abundant1y with the zinc, and least abundantly with the iron; 
and in the case of the copper-iron compouncls, most abundantly 
with the copper ancl less abumlantly with the iron. The rich 
silver compouncls, viz., native silver, cerargyrite (AgCl), argen
tite (AgtS), proustite (Ag:iAsS:1), pyrargyrite (Ag3SbS:1), steph
anite (Ag"SbS:

1
), may be abundantly found in the upper parts 

of mines, but frequently decrease in amonnts in passing from 
the surface deep. into the zone of sulphides, and at sufficient 
clepth in this zone these silver minerals may entire1y disappear, 
the products being wholly argentiferons leacl, zinc, copper, and 
iron minerals. In many cases indepenclent silver minerals clo 
not occur at all, all of the silver being in the lead, zinc, copper, 
aud iron compounds. In the case of the lead, zinc, and iron 
deposits, as the orcs become poorer in lead ai1Cl zinc, they are 
also likely to become poorer in silver. Also, in case the cop
per-iron depos.its become poorer in copper with depth, the silver 
will also ordinarily decrease in amount. Therefore the plumb
iferous and zinciferous pyrites and cupriferous pyrites deep 
down are ordinarily lower in silver than. the deposits above, 
which are richer in the .base metals. 

In this gencral paper it is hardly worth while to write the 
rcactions for the production of the rieb silver sulphurets. 
Since silver holds to its sulphur more strenuously than a.ny of 
the base metals with which it is associatcd, the first of these 
baser metals which is met in muss will be reactecl upon by the 
silver salts. Suppose, for instance, that in the belt of weather
ing the silver sulphide is oxidized to silver sulphate or changed 
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to silver cbloride. The first of tbe salts ancl the seconcl to 
some extent are taken into solution and pass down where they 
may come in contact with chalcocite. Argentite 'vould then 
be precipitated according to t.he following reactions: 

Cu2S + Ag2SO, = Ag2S + Cu2SO i. 
Cu2S + 2AgCl = Ag2S + 2CuCl. 

In a rnanner similar to the treatment of the other salts, vari
ous other reactions could be written betwcen salts of silver and 
the other sulphides of copper, ]ead, zinc and iron. For the 
prescnt purposes, it is only necessary to understaucl that the 
silver will be concentratecl either as an indepcndent silver sul
phuret or as a silver sulphide associatecl with the rich sulphicles 
of the base metals. 

As a case in which silver is concentrated in a sulphide rather 
than in the carbonate, may be mentioned the Leaclville ores. 
Here, according to Emmons, the galena is much richer in silver 
than the cerussite. Not only is this so in general, bnt there are 
some very interesting special cases. For instance, in the case 
of :five assays of galena noclu]es 'vhich bad carbonate crusts, 
"there are six times as much silver in the galena as in the ce
russite."* This cliscrepancy may be partly explained by the ab
straction of the silver as sulphate from the leacl carbonate, but 
I suspect it to be mainly explained by the reaction of the oxi
dized silver salts upon the galena, producing a galena richer in 
silver than originally existed. 

Above the level of grounclwater the silver occurs to some ex
tent in the native form, but more largely as cerargyrite. Silver 
does not readily unite with oxygen, hence the explanation of 
tl~e metallic form. However, it does have a strong affinity for 
chlorine, ancl where that element is present cerargyrite is likely 
tobe found. 

Where the silver is largely changed to the sulpha:te and 
chloride, and is not largely precipitated as cerargyrite, the upper 
part of the silver veins in the belt of weathering may be greatly 
depleted in silver as a result of this leaching process. That 
the silver is not thrown down as cerargyrite may be due to a 

* "Geology ancl Mining Industry of Leadville," by S. F. Emmons, Mon. xii., 
U. S. Geol. Suri:., 1886, pp. 55~-554. 
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deficiency of chlorine in the desrencling solutions, or to the foct 
that the solutions are of such a character or so abundant that 
they are capable of dissolving the silver chloride. Probably 
i11ustrating this process of depletion is the Cripple Creek dis
trict, where the upper parts of the veins which carry frce gold 
are de:ficient in silver, while the original telluride contains a 
certain amount of silver, showing that the silver has probably 
been leached out.* 

Gold. 

Gold occurs extensivel_y (1) in the native form, (2) associated 
with the sulphicles, and (3) as a telluride. 

In the belt of wcathering, gold is Ycry lnrgely found in the 
metallic form associated with the oxidizecl products of tbe base 
metals, and especia11y with oxide of iron. Much of such gold 
has plainly been associated with sulphides or has been united 
with tellurium. 

Below the 1eve1 of groundwater the most common associa
tions of gold are the sulphides of the base metals. Wherc 
base metals other than iron do not occur, gold occurs associated 
on a great scale with pyrite. In such associations, where the 
sulphides are abundant, the gold is likely to be plentiful; 
where the sulphides are deficient, the gold is also likely to be 
deficient. t This relation is illustrated both by California and 
Australasia. The relation suggests that the original solution 
and deposition of native gold is frequently connected with that 
of the sulphides, and thcrefore it is reasonable to infer that the 
same conditions which produced sulpbides also resultecl in the 
solution ancl precipitation of gold. 

In various <listricts in the Cordilleran region, and especia11y 
in Coloraclo, and more particularly in the Cripple Creek dis
trict, the original form in which much of the gold was tle
positecl .is a te1luride.t 

* "Mining Geology of the Cripple Creek District," by R. A. F. Penrose, Jr., 
16th Ann. Repl. U. S. Geol. Surr., pt. ii., 1894-95, pp. 131-132. 

t "The Gold-Qu:lrtz Veins of :Nevada City and Grass Valley, California," by 
"Waldemar Lindgren, lith Ann. Rept. U. S. Geol. Suri·., pt .. ii., 1895-96, pp. 12~-
126. "The Genesis of Certain Auriferous Lodes," by J. R. Don, Trans., xxvii., 
1898, 56i. 

! " Mining Geology of the Cripple Creek District," by R. A. F. Penrose, J r., 
I6th Ann. Rept. U. S. Geol. Sun1., pt. ii., 1894-95, pp. 119-121. 
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The original form of the gold of the J udith mountains* is 
also a teJluride. Telluride of gold further occurs in the gold
belt of California, t in the mines of Cnster county, Colorado,t 
and in western Australia, associated with sulphides. Pearce§ 
suggestsll that the free gold \vhich occurs in variolis regions 
may have been originally deposited as a telluride which was 
later oxidized in the belt of weathering. The Cripple Creek 
district, in which the gold in the weathered zone is in the 
metallic form,if furnishes an excellent illustration of the forma
tion of free gold from a telluride. 

From tbe foregoing it is plain that gold may be originally 
precipitated by ascending solut.ions in a vein as metallic gold, 
as a teJluride, or partly in both forms. Moreover, either one 
or both of these forms rirny be assoc:iated with the sulphides of 
the base metals. 

N Öthing has thus far been said as to the form in which the 
gold is transported. However, it is certain that gold is soluble 
in the various underground solutions, and especially in the 
alkaline sulphides. Moreover, gold readily makes combina
tions with iodine and chlorine, and as an iodide and chloride 
is easily soluble. Also alkaline iodidcs are capable of dissolv
ing gold. ** Furthermore, gold is soluble in ferric sulphate. 
That gold and the sa1ts of gold-one of which we knmv to 
exist in nature as a solid, the telluride-are soluble in under
ground solutions is the main point. Since the modern ideas 
of physical chemistry have been developed, the form in which 
the gold is carried is put in a new light. lt was supposed that 
it must be regarded as united with one or more of the other 
ions present. Since un<lerground solutions of gold are exceed
ingly dilute, it is highly probable that the gold is ionized or is 

* "Geology and Mineral Resources of the Jndith l\lountains of Montana," by 
W. H. Weed and L. V. Pirsson, 18th Ann. Rept. U. S. Geol. Surv., pt. iii., 
1806-97, pp. 589, 591, 597. 

t Lindgren, op. cit ., p: 117. 
:j: "The l\lines of Custer County, Colorado,'' by S. F. Emmons, lith Ann. 

Rept. U. S. Geol. Sun·., pt. ii., 1895-96, p. 433. 
~ "The Superficial Alteration of Western Australian Ore-Deposits, '' by H. C. 

Hoover, 'J.lrmi.~., xxdii., 1899, 762. 
II Proc. Oilo. Sei. Soc., \•ol. ii., 1885, pp. 1-6. 
if Penrose, op. cit., p. 119-120. 
** " The Origin of the Gold-bearing Quartz of Ben<l igo Reefs, Australin, '! by 

T. A. Rickard, Tra11s., xxii., 1893, pp. 308-309. 
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in the free state. Tims regarded, it would be kept in the 
ionic state not by any one of the associated acid ions present, 
but partly by all of them. vVhile the above is true, it is also 
doubtless true that certain solutions are much more capable of 
dissolving gold and golcl salts than others, ancl upon this point 
further investigation is neeclecl. 

In whatever form gold is carriecl, it is known to be precipi
tatecl in the first concentration as a telluricle, or as metallic 
gold associatecl with tellnrides or sulphicles, or both. \Vhether 
it is also precipitated as a snlphide is uncertain. Too little is 
known about the tellurium salts or the origin of the tellurides 
to enable one to make any statemcnt concerning the precipita
tion of golcl in this form. However, it is comparatively easy 
to suggest agencies which may have resulted in the precipita
tion of gold in the metallic form. vVhen it is remembered 
that copper is extensively precipitatecl in the metallic forin in 
the Lake Superior region, and that golcl is even more reaclily 
reducible, the frequent precipitation of gold in the metallic 
form need occasion no surprise. Gold woul<l. be precipitated 
in the metallic form by organic matter or by any ous salt. 

Rickard * calls attention to the frequent association of 
metallic gold with sedimentary rocks bearing organic matter 
in Colorado, California, New Zealand, Australia and Tas
mania. t The most remarkable case is the concentration of golcl 
in veins where they cross strata of carbonaceous shale, called in
dicators. Says Don,t "Away from the indicator, the greater 
part of the vein quartz is absolutely barren; but at the inter
section with the indicator larger masses of gold (often more 
than · 100 ounces in one piece) have been obtainecl, and the 
greater part of the gold extracted from this belt has come 
from those parts of the quartz veins near some one of the 
indicators." Furthermore, Rickard § describes experiments in 
which the black carbonaceous shale of Rico was placecl in silver 
solutions ancl in solutions containing Cripple Creek gold-ore. 

* Trans., xxii., 314-315. 
t "The Indicator Veins of Ballarat, Australia,'' by T. A. Rickard, Eng. and 

.Min. Journ., vol. lx., 1895, pp. 561-562. . 
t "The Genesis of Certain Auriferous Lodes," by J. R. Don, Trans., :x:xvii., 

1898, p. 569. 
~ "The Enterprise l\Iine, Col.," by T. A. Rickard, Trans., xxvi., 1897, pp. 

978-979. 
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Both meta11ic silver and gold were abunclantly precipitated 
upon the shale in a short time. In the instances above men
tioned it can hardly be doubted that the organic material was 
an important or controlling factor in thc recluction and precipi
tation of the gold. 

Gold would also bc precipitatecl from solutions which came 
in eontact with ferrons oxide, such as magnetite, or by solu
tions bearing ferrous or cuprous sulphate, or any other ferrous 
or cuprous salts. \Vhen it is remembered that ous salts are 
extensively produced underground (see pp. 67-68), it becomes 
highly probable that such solutions are frequently the cause 
of the precipitation of gold with sulphurets. Since iron is the 
most abundant of all the metals carried in underground solu
tions, such sulphates would be more likely to be sulphates of 
iron than any other. If the salts formed in the belt of 
weathering were ferric sulphates, they would be likcly to be 
reduced to thc ferrous co1u.lition at depth by the ferrous iron, 
which is especially abundant in the basic rocks. Indeed, 
analyses of min(}ral waters which bear sulphates also ordinarily 
show ferrous iron. * Therefore ascending waters bearing fer
rous suiphate or other ous salt might be brought into a lode by 
side-streams and there precipitate the gold. Such side-chan
nels entering through lateral cracks may, in many cases, ex
plain the extreme irregularity of the distribution of the gold. 

Although Lindgren argues to the contrary in the Sierra 
Nevada, t the suggestion that a part of the gold there has been 
reduced by ferrous sulphate has extreme plausibility. The gold 
associated with the pyrites is native. In that distri.ct two analyses 
of the waters of feeding-streams (the only analyses reported) 
entering the lodes at a depth of 400 foet are given. Both of 
these analyses. show that sulpbates and iron are present.t Ac
cordin.g to the analyses the iron is reported as ferric ; but ap
parently no precautions wcre taken, when the waters were col
lected, to prevent the oxidation of ferrous to ferric iron. Indeed, 
the description of the deposits made by the underground springs 
renders it highlyprobable that ferrous saltswere there contained, 

* "Mineral "raters of the United States," by A. C. Peale, Bull. U. S. Geol. 
Sun•., No. 32. 

t Lindgren, op. cit„ p. 181, and pl. v., p. 134. 
: Lindgren, op. cit., pp. 121-123. 
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as shown by the precipitates of yellow material, which is partly 
ferric oxide. l\foreover, if these ana1yses are no~ suffi.cient evi
dence of the presence of sulphates, the clean vein qnartz itself, 
which contains a large num ber of fluid incl nsions, contains sul
phates, * sbowing that sulphate-bearing waters are not ex
ceptional, but m ust have been present at the time the lodes 
themselves were formed. Finally, thc ore-shoots have great 
irrcgularities in richness, for which Lindgren otfärs no expla
nation. The suggestion above macle tlrnt the gold is precipi
tated in the metallic form by the reducing action of ferrous sul
phate explains all of these facts. The deposits are rieb where 
the sicle-springs issned from cross-fissures aud furnishecl fer
rons sulphate to the ascending waters. The gold is in the 
metallic form because reduced by the ferrous sulphate. 

The argyllite with which many of the gold-ores of the Sierra 
Nevada are associated is carbonaceous, t and this carbonaceous 
material may have assisted in the production of the aus salts 
which ultimately reached the trunk-channcls. Indeed, in some 
places, as, for instance, where the pyrite occJ1rs in a carbona
ceous argyllite but not in quartz,t the gold may have been 
directly precipitated by the carbonaceous material. But since 
the gold in the Sierra Nevada is rnainly deposited in open fis
sures,§ the suggestion of reduction of the major portion of the 
gold by ous salts, and especially ferrous sulphate, is thonght to 
be the more plausible, although, as already explained, the for
mation of the ferrous sulphate may be due in part to carbon
aceous material in the country-rock. 

lt can hardly be doubted that after a first concentration of 
gold has taken place, that as consequence of descending waters 
a second concentration may take place. Bnt definite equations 
cannot be ·written until it is determined in what form the gokl.is 
transported. However, if in the solutions we do not know the 
acids against which the gold is balanced when transported 
do.wnward, we may feel sure that when such solutions reach 
the snlphide zone that there will be reactions between the acid 

<if Lindgren, op. cit., pp. 130-131, 260, 261. 
t "The Gold-Quartz Veins of Nevada City and Grass Yalley, California," by 

Waldemar Lindgren, 17thAnn. Rept. U. S. Geol. Sun:., 1895-96, pt. ii., p. 81; 1896. 
t Lindgren, op. cit., p. 140, pl. viii. 
e Lindgren, op. cit., p. 259. 



SOME PRINCIPLES CONTROLLING DEPOSITION OF ORES. 95 

ions balancing the golcl ancl the bases in the tellurides and sul
phicles. As a consequence of these reactions metallic gold, and 
possib1y tellurides and sulphides, will be precipitated in a man
ner similar to that of the precipitation of copper. Individual 
cases of second concentrations will be considered after other 
factors infiuencing concentration have also been dealt with. 
(See pp. 102-108.) 

CoNcENTRATION BY REACTION UPoN SuLPHIDES CoMrARED 

WrTII METALLURGICAL CoNcENTRATION. 

One of the more common processes of metallurgy for the 
separation of gol<l, silver, copper and lead from iron is based 
upon the r>rinciple explaining the second concentration given 
on preceding pages, viz., that iron holds su1phur less strongly 
than the other elements named. Thc sulphuretted orcs are 
imperfectly roastecl, thus partly oxiclizing them to oxides and 
sulphates. The ores are then smelted in a furnace with a flux. 
The oxides of the valuable metals and the sulphates rcact upon 
the remaining sulphides of all the metals, producing a matte 
containing the sulphides of the valuable metals. The iron gets 
all or nearly all of thc oxygen; and the iron oxide unites with 
the fluxes and passes into the slag. 

ÜTHER REACTIONS OF DESCEXDING "\VATERS. 

In the foregoing pa.ges the second concentration of metals by 
solution, downward transportation and precipitation by. reac
tions upon thc sulphides of the first concentration has been 
emphasized. However, it is not supposecl that this is the only 
process which may result in enrichment in thc upper parts of 
vein deposits by descending waters. The enrichment of this 
belt may be partly caused (1) by reactions between the down
ward moving waters carrying metallic compou nds and the rocks 
witb which they come in contact, and (2) by rcactions due to 
the mecting and mingling of the waters from above and the 
waters from below. 

(1) The descending watcrs carrying metallic :material dis
solved in the upper part of the veins may be precipitated by 
material contained in the rocks below. This material may be 
organic matter, ferrous salts, etc. So far as precipitating mate
rials are reducing agents, they are likely to change the sul-
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phates to sulphides and precipitate the metals in that form. 
·while sulphides may thus be precipitated cither above or below 
the level of groundwater, they are more likely to be thrown 
down below the level of groundwater. Other compounds than 
reducing agents may precipitate the downward moving salts in 
other forms than sulphides. 

(2) In a trunk-channel, where waters ascending from below 
meet waters descending from above, there will probably be a 
consiclerable belt in which the circulation is slow and irregular, 
the main current now moving slowly upward and nmv moving 
slowly <low1rn~ard, and at all times being disturbcd by convec
tional movements. Doubtless this belt of slow gencral move
ment and convectional circulation would reach a lower level at 
times and places of abundant rainfall than at othcr times and 
placcs, for under such circnmstances the descending current 
would be strong. The ascending currents, being controlled by 
the meteoric waters falling over wider areas, aud subject to 
longcr journeys tlrnn the descending currents, would not so 
quickly feel the effäct of abundant rainfall. Later, the ascend
ing currents might feel the e:ffect of the abundant rainfall and 
carry the belt of upward movement to a higher level than 
normal. However, where the circulation is a very deep one, 
little variations in ascending currents result from irregularities 
of rainfall. 

In the belt of meeting ascending and descending waters (see 
Fig. 6), convectional mixing of the solntions. due to difförence 
in temperature would be an important phenomenon. The 
waters from above are cool and dense, while those from below 
are warm and less dense. The waters from above in the neutral 
zone of circulation would thus tend to sink downward, while 
waters from below would tend to rise, and thus the waters would 
be mingled. Still further, even if the water were supposed to 
be stagnant at the neutral belt, it is probable that by diffusion 
the materials contributed by the descending waters would be 
mingled with the materials contrilmted by the ascending waters. 

Ascending and descending solutions are sure to have widely 
di:tforent compositions, and an accelerated precipitation of met
alliferous ores is a certain result. As a specific casc in which 
precipitation is likely to occur, we may recall that waters as
cending from below contain practically no free oxygen and are 
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often somewhat alkaline, while waters descending from above 
are usually rieb in oxygen and frequently contain acids, as at 
Sulph ur Bank, described by Le Conte.~ The mingling of such 
waters as these is almost sure to result in precipitation of some 
kind. Le Conte further suggestst by the mingling of the 
'vaters from below with those from above that the temperature 
of the ascending column will be rapidly lessened, and this also 
may result in precipitation, but the dilution would work in the 
reverse direction. 

The metals precipitated by the mingling of waters may be 
contributed by the clescending waters, by the ascending waters, 
or partly by each. In so far as more than an average amount 
of metallic material is precipitated from the ascending waters, 
this would result in the relat.iYely greater richnees of the upper 
part of veins independently of the material carried down from 
above. 

The above methods of precipitation and enrichment of the 
upper parts of deposits follow from the reactions of downward 
moving waters. Their efföct may be to precipitate the metals 
of the ascending water to some extent and thus assist in the 
first _conccntration. But the results of these processes cannot 
be discriminated from the second concentration resulting from 
an actual clownward transportation of the material of the first 
concentration. It is beliered that the downward transpoi'tation of 
metals is the rnost important of the causes explaining the character· of 
the upper portions of lodes ( see pp. 7 4-76); but whether this be so or 
not, their peculiar characters are certainly due to the r;tf'ect of descend
ing waters. 

SECOND CoNCENTRATION F AVORED BY LARGE ÜPENINGS OF THE 

BELT OF WEATHERING. 

The concentration of large ore-bodies in the belt of weather
ing is greatly favored by the abunclance and size of the open
ings as compared with the openiugs existing at greater <lepths. 

The opeuness of the rocks above the level of groundwater 
and the comparative lack of openings below the level of ground
water have already bcen alluded to as general phenomena, and 

* Compare Le Conte, Am. Journ. &i., iii., vol. xxvi., p. 9. 
t Le Conte, op. eil., p. 12. 

7 
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an explanation offered for their existence, viz., that in the belt 
of weathering, solution is the law, a.nd in the belt of cementa
tion, deposition is the law. (See pp. 46-48.) Of course, it is 
understood that there is usually not a su<lden change in the 
amount of opening space, but that the extremely open upper 
ground grades into the much less open lower grouncl at and 
below the level of groundwater. In some instances the grada
tion requires some distance. This openness of the belt of 
weathering and the comparative closeness of the belt of ce
mentation is we11 illustrated by many limestone regions; for 
instance, the lead and zinc district of southwestern Wisconsin, 
already described, pp. 77-83, 116-124. lt is also we11 illus
trated by the Leaclville district of Colorado, where, Emmons 
says, "Tbere is a noticeable absence in the region of greatcst 
ore-development of channels extending downward."* Thus, 
so far as the openings are concernecl, the conditions for the 
formation of large ore-deposit are more favorable above tbe 
level of groundwater, and as far below the level of groundwater 
as openings are numerous, than at dceper levels. 

The existence of numerous and large openings below tbe 
level of groundwater may be explained in individual cases in 
a number of ways. Of course, the more recent the earth
movements, the more numerous and larger are the openings. 
In some places the descending waters are not saturated when 
they reach the level of groundwater, and solution continues 
for some distance below that level. Furthermore, the level 
of groundwater varies under different circumstances. Where 
a region is being uplifted, the level of groundwater, other 
things being equal, will be descending. Where a region is 
subsiding, the l~vel of groundwater will be rising. As a re
snlt of physiographic changes, there may be alternate valley 
:filling and valley erosion. These changes affäct the level of 
groundwater. In Pleistocene time there was an extensive 
period of valley filling instead of erosion. Consequent on 
this, the level of drainage, and therefore the level of ground
water, rose. Also there may be very considerable variations 
of the level of groundwater, as a conseqnence of long-con-

* "The Geology and :Mining Indnstry of Leadville," by S. F. Emmons, Mon. 
U. S. Geol. Sun.1., No. 12, 1886, p. 573. 
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tinued climatic chauges; such, for instance, as thc alternating 
periods of humidity and aridity in the Cordillcras of the ·west 
in connection with the Pleistocenc. * The annual variations in 
rainfall cause a less-marked change in the position of the level 
of grounclwater. All these changes favor alternate solutiou 
and dcposition; solution when the water falls, precipitation 
when it rises. Where the undergrouud water has becn at a 
low level, this will be favorable to the procluction of large 
openings. Vlhere, later, for some reason, the level of grouud
water rises, these openings are in a very favorable condition to 
be filled with ore, as a result of the reactions of the descending 
solutions on the ores below and of the mingling of ascending 
and descending waters. 

lt might be argued that the existence of ore-deposits in the 
large openings near the surface is evidence that the orcs were 
not first deposited by ascending waters. However, as has been 
already explaiued, in the largc openings there may be concen
trated mineral material originally distributed by ascending 
waters through a. much greater vertical distance. Thus, a very 
rich ore-deposit, formed by the reaction of descending waters 
upon a first concentration prodnced by ascending waters, might 
be bounded below by a horizon in which the grouncl is very 
close, the comparatively small openings ·whieh once existed 
having been cemented by tbe material depositecl during tbe 
first concentration by the 'ascending 'vater. 

DEPTH OF THE EFFECT OF DESCENDING \V" ATERS. 

For the depth to which downward-percolating waters procluce 
an effect there can be no doubt of their importance in the pro
duction of ore-cleposits. The only question whicb remains open 
is the depth to which this process is effective. This varies 
greatly in different districts, and in different mines of the same 
district. In general, the eftect is likely to be deep-seated in 
proportion as tbe lode worked is on high ground (see pp. 135-
136). Also, in arid regions the level of groundwater is deeper 
below the surface than in humid regions. Moreover, the pro
cess of denuclation is slower, so that the dow·mvard-moving \Va-

* "Lake Bonne·dlle," by G. K. Gilbert, .ilfon. U. S. Geol. Sum, No. 1, 
1890. "Geological Histor~· of the Lake Laho.ntan, e. Quaternary Lake of South
western Nevada," by I. S. Russell, .Mon. U. S. Geol. Surv., No. 11, 188.5. 
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ters have both a wider zone in which to work above the level of 
groundwater aud a longer time in which to work upon a gh·en 
horizon, and thus in such regions the oxides and carbonates are 
likely to occupy a consiclerable zone. This is very well illus
tratecl by the copper-mines of Arizona and New l\fexico, and 
hy the colorados of the sil ver-gold deposits in various arid re
gions. In humid regions, upon the other band, the level of 
ground \Vater is likely to be near the surfoce. If this be com
bined with marked relief so that denudatiou is rapid, the pro
cesses of oxidation and carbonation may not be near1y so com
plete above the level of groundwater. Indeed, in many cases 
erosion may be so rapid that the sulphurets do not have time 
for oxidation, and they may extend nearly or quite to the sur
face, although in such cases they are likely to be enriched, as 
explained (PP· 73-76), and it is very uncommon to find a de
posit in whieh no e:fl:ect of descending waters can be discovered. 

lt has already been seen that the level of groundwater may 
vary from the surface to 300 meters or more below the snrface. 
Hence it is certain that, from the surface to 300 meters below 
the surface, the underground waters may be a potent factor in 
the production of the rich ore-deposits. The deposits in this 
belt are particularly profitable, not only because of the accessi
hility of the material, but because of the fact that there is no 
expense for pumping; and furthermore, the products are in 
forms which in most cases are easily reducible. This may be 
illustrated by the gold and silver deposits. In the former, the 
native gold is free from its entanglement of sulphurets and tel
lurides; in the latter the silver is largely in the form of the 
readily extracted chloride, or in some instances as native silver. 

U p to this point there will be no disagreement on t.he part of 
any one. But the question now arises as to the depths below 
the level of groundwater to which descending waters produce 
their effects. This is a question to be answered not by deduc
tion, but by observation. Even Posepny, who emphasizes the 
eftect of ascending waters, agrees that oxidized products are the 
evidence of the work of vadose circulation, or the circulation 
oflatera] and downward-mov.ing waters. Furthermore,Posepny* 

* "Genesis of Ore-Deposits, '' by F. Posepny (Discussion), Trans., xxiv., 1894, 
p. 967. 
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agrees that the iron-mines of the Lake Superior region, which 
are oxidized products, have been procluced by downward-mov
ing 'vaters. A number of these mines have been workecl to a 
clepth of 500 or more meters below the level of groundwater. 
lt is, therefore, perfectly clear in these cases that the down
warcl-percolating waters produce an oxidizing effoct to a depth 
of at least 500 meters below the level of groundwater. And 
this is so in a rcgion in which the level of grounclwater is rela
tively near the land surface, ancl which is not mountainous. 
In various other regions oxidized proclucts are also found to a 
very considerable clepth below tlie Ievel of the groundwater. 

In the San J uan district of Colorado, in the Gold King mine, 
at a vertical depth of more than 300 meters, "the ore taken out 
is characterized by decomposition, bcing stained by iron oxide, 
and showing almost no metallic sulphides."* The author does 
not state how far this is below the Ievel of groundwater, but 
merely says that the water-level is dcep. Many other veins 
contain sulphurets, which ext.end nearly to the surface. In the 
Cripple Creek clistrict of Colorado and the J udith mountains 
of Montana-humid areas-oxidizecl products are found to. a 
depth of 125 meters. The workings at the time when Penrose, 
vVeed and Pirssont examined the clistricts had not extende<l 
beyond this depth; and therefore we have no knowleclge as to 
the depth at which the last of the oxidized products will be 
found, or as to the depth to which the sulphicles and tellurides 
have been reacted upon and enriched by the downward-moving 
solutions from above. This belt of emiched material may be of 
even greater depth than that of the oxidizecl products. 

As has already been shO'\vn (PP· 75-90), where the ores are 
predominantly lean snlphides in the lower workings of the mines, 
these react upon the downward-moving oxi<lized salts of tbe 
valuable metals, and thus produce rich sulphurets. lt is, there
fore, clear that descending waters produce enrichment below 
the level at whicb oxidized products are found. 

* "Preliminary Report on the Mining lndustries of the Telluride Qnadrangle, 
Colorado," by C. W. Purington, 18th Ann. Rept. U. S. Geol. Surr., pt. iii., 1896-
97, pp. 825-826. 

t "Mining Geology of the Cripple Creek District," by R. A. F. Penrose, Jr., 
16th Ann. Rept. U. S. Geol. Surv., pt. ii., 1894-95, p. 129. "Geology and Mineral 
Resources of fhe Juclith Mountains of Montana," by W. H. Weed and L. V. 
Pirsson, l8th Ann. Rept. U. S. Geol. Surv., pt. iii., 1896-97, p. 592. 
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Our conclusion is, that ue have positive eridence that the belt in 
n~hich descending waters are e'fJ'ective in producing rich secondary 
concentrates, as explained on pp. 73-97, extends to very considerable 
depths. 

ILLUSTRATIONS OF SECONDARY ENRICRl\IENT AND DIMINUTION 

OF RrcHNESS WITH DEPTH. 

The processes have now been explained by means of which a 
rich upper belt may be produced. If the argument be corrcct, 
it is an inference from this that ore-deposits which have uncler
gone a second concentration are likely to diminish in richness 
with depth, provided a considerable bclt be considered. lt re
mains to givc instances, thc facts of which confirm the actual
ity of the processes explained, and illustrate diminution of rich
ness with depth. 

At Ducktown, Tenn., at the level of groundwater a bclt of 
rich black copper ( copper-glance) appears, which varies from less 
than oue to about two and one-half meters in thickness. Above 
this belt is gossan very poor in copper, below it is a very low 
grade cupriferous pyrrhotite. * In this instauce it can hardly 
be doubted that originally the lean cnpriferous pyrrhotite ex
tended not only to the present surface, but probably much 
higher than this. The downwarcl moving waters have trans
ported copper to its present locns near the level of groundwater. 
Here the coppcr salts have reacted upon the iron sulphide ancl 
produced rich snlphurets. 

A case which has been, perhaps, more closely studied than 
tlrnt of any other in the U nited Statc~s is that of the deposits ot 
Butte, Montana. Herc Douglas states that rich oxysulphurets 
are founcl near thc surface. These rich oxysulphurets occur in 
greatest ~lepths and richness on the sumrnit of the hill," where 
it secms as if the copper, leached out of the 400 feet of depleted 
vein, had been concentrated in the underlying ore, and had 
thus produced a zone of sccondary ore about 200 deep, which 
contains, as might be expecte<l, about thrice its normal copper
content."t 

;;i " The Persistence of I.;(1des in Depth," by \\'. P. Blake. Eng. and Min . 
. Jour., vol. k., 1893, p. 3. Also, "The Ducktown Ore-deposits and thc Treatment 
of the Ducktown Copper-ore,'' by C. Henrich, '1.'rans., xxv., 1896, 206-209. 

t "The Copper Resources of the United States," by Jas. DougJas, Trans., xix., 
1891 J p. 693. 
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Emmons says of the Butte deposits :* 

''Secondary deposition, or transposition of already deposited minerals, has played 
an unusually important role. In the case of the copper veins it has not been con
fined to the oxidizing action of surface waters, which has resulted in an irupover
ishment of the ore-Lodies, but below the zone of oxidation it has resulted in the 
formation of the richer copper mincrals bornite, clialcocite and covellite, in part 
at least by the breaking up of the original chalcopyrite. Unusual enrichment of 
the middle depths of the lodes has thus been caused. Whether the two processes 
of impoverishment and enrichment have been cliffering phases of the action of 
descending waters, or whether the Jatter may have been a la1er result of the rhy
olite intrusion„ has not yet been definitely decided. lt is, however, fairly weil 
determined timt the enrichment of the copper deposits is so closely associated with 
the sccondary faulting that it may be considered to be a gcnctic result of it." 

Brown states of the same area that oxidized products extend 
to the level of groundwater. These oxidized products, accord
ing to Brown, promptly change at water level in normal su 1-
phurets. "Therc follows below a region of varying height, of 
valuable rock, whieh again slowly deterioratcs in clcpth; this 
<leterioration, however, being so retarded final1y as to be 
scarcely appreciable."t He further says that above the level 
of groundwater is gossan "carrying high values in silver, and 
particularly in gold."t Thus at Butte we have in the belt abovc 
the level of groundwater cnrichment in silver and gold anJ. 
depletion in copper as compared with the material below thc 
level of groun<lwater; and at ancl below the level of ground
water we have rich sulphide of copper which grade into leaner 
sulphurets. In the case of the Butte deposits it can harclly bc 
doubted that the comparatively lean sulphicles in the deeper 
workings represent the pro<luct of ä :first concentration, and 
tha.t the moclifications of this material found above and below 
the level of groundwater rcpresent the work of downward 
moving waters. To account for the high values of gold and 
silver above the level of groundwater, one must suppose that 
this belt has received contributions of these metals from the 
upward extension of the veins which have now been removed 
by erosion. The great richness of the copper below the level 
of groundwater Douglas clearly attributes to the downward 

-:~ "Economic Gcology of thc Butte District, '' by S. F. Emmons, Geol. Atlas of 
the U. S., Butte special folio, .Montana, 1897. 

t "The Ore-dcpositsof Butte City," by R. C. Brown, Trans., xxiv., 1895, p. 556. 
t Brown, wc. eil., p. 555. 
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transportation of the material from the depleted eopper veins. 
However, apart of this material was doubtless derived from 
an upward extension of these veins preeisely ae in the case of 
the gold and silver. For my own part I have little doubt that 
the preeipitation of the rieb sulphides was pro<lueed by reac
tion upon the lean snlphurets, as given in the cquations pp. 
75, 85-86. Indeed, these equations were written out with ref
erence to the faets of the Butte dcposits. 

Penrose cites the Arizona copper deposits as instanees of 
seeondary eoneentration. These deposits he regards as pro
duced by leaching of the eopper from a lean eopper-bearing 
pyrite, and its segregation at the places where the rich ores 
oeeur. In this process Penrose, however, says that the volume 
of the <leposit n~ust be deereased ; but he makes the point that 
the smaller amount of the rieh produet is more valuable than 
a larger lcan deposit, beeause more easily mined and more 
readily redueed. * 

This proeess of eoncentration is further described by Douglas, 
who notes, also, that the ehanges have resulted in the produc
tion of enriehed sulphides from very leun sulphides in the 
Copper Queen miue. Here, aeeording to Douglas, a large 
very low-gracle eopper-bearing pyrite deposit running from the 
200- to the 400-foot level eontains rich oxysulphides and blaek 
sulphides ou the outside, ancl in the interior is mainly lean 
pyrite. t 

The original material in the Arizona locality is as pluinly a leau 
cupriferous pyrites as in Tennessee. Here, however, .on aecount 
of the peeuliar climatic e~nditions the altcrations have not ex
tended to a uniform depth. Instead of the rich belt being a 
sheet which diminishes in richness below, it oeeurs in a zone 
about the entire residual cupriferous pyrites masses. The prin
ciples of coneentration are, however, iclentical, and the rich 
sulphurets are unquestionably due to reactions between the ox
idized salts and the lean sulphides. The rieb oxidized products 
of this area, doubtless, were produced directly from the enricbed 
sulphurets. Therefore, in the formation of the .rich oxidized 

* "The Superficial Alteration of Ore-deposits," by R. A. F. Penrose, Jour. of 
Geol., vol. ii., 1894, pp. 306-308. 

t "The Copper Queen Mine, Arizona,'' by Jas. Douglas, Trans., New York 
Meeting, Feb. 1899, p. 20. 
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products there were two stages of a1teration; :first, the procluc
tion of rieb su1phurets by the reaction of oxidized proclucts 
upon the lean pyritiferous material, and after that oxidation of 
the rich sulpburets, which occur partly in situ, but also, doubt
less, has taken place with more or ]ess of transfer of material 
from one place to another. 

An excellent illustration of an enriched upper belt in the 
case of gold is furnished by the gold-quartz veins of Grass Val
ley, California, where, _according to Lindgren, the decomposed 
belt of weathering about 50 meters deep contaius "from $80 
to $300 per ton, while the average tenor in .depth is from $20 
to $30."* Furthermore, the rich 50 meters, which contains 
from four to ten times as rnuch gold as the sulphurets below 
the level of groundwater, is depleted in silver. llowever, in 
some veins the sulpburets extend almost to the surface. Lind
gren further states that the su1phurets below the level of ground
water continue with undiminished richuess to a dcpth of 500 
or more rneters. t He adds that the California region is one in 
whicb denudation has extended to a depth of 500 to 1500 or 
more meters.t From these facts it is highly pt·obable, as sug
gested by Lindgren, that the sulphurets similar to those below 
the level of groundwater were deposited above the present 
surfacc of the country. If this were the case the only possible 
exp1anation of the belt of ·weathering rich in gold and depleted 
in silvet is that descending waters have abstracted a large part 
of the gold from the .500 to 1500 meters removed by erosion, 
and have deposited it in the belt of weathering. Its precipita
tion there was, doubtless, mainly due to the reaction of the ox
i<lized products upon the sulphides, producing sulphurets richer 
in gold. Later, these rieb su1phurets have been oxidized, leav
ing the enriched belt of free gold. The silver apparently has 
been transported downward to a greater extent in tbis belt. 
One would expect that correlative with the belt above the level 
of groundwa.ter poor in silver, there would be a belt at and 
below the level of groundwater richer in silver than that above. 
Upon this point Lindgren does not give us information·. 

* "The Gold-quartz Veins of Nevada City and Grass Valley, California," by 
Waldemar Lindgren, 17th Ann. Rept. U. S. Geo. Surv., 1895-96, pt. ii., p. 128, 1896. 

t Lindgren, loc. c1:t., p. 163. 
t Lindgren, loc. cit., p. 183. 



106 SOl\IE PRINCIPL.l!:S cox·moLLING DEPOSITION OF ORES. 

Another very interesting case of the richness of the belt of 
weathering in gold, as compared with the unaltered sulphides 
below, is furnished by the Australian gold-fields, where the helt 
above the ]evel of groundwater is several times as rich as the 
unalterecl tellurides and sulphicles below; some mining men 
say ounces above to pennyweights helow. * 

This rich bclt is from 50 to 400 feet. In a portion of the 
mines of some clistricts-for example, the Kalgoorlie district
when the bottom of the oxidize<l zone i~ reachcd, the ores are 
so lean as to be valueless, so that min es w hieb were profitable 
in the weathered zone \vere uot profitable below that zone. t 
Many of the min es of that district, however, arc profitable below 
the weathered zone. If it hacl not been for the secon<lary enrich
ment of deuudation and downward transportation of material, 
many of the mines would not have been exploite<l, although 
Hoover thinks, that in this strange country, thc downwarcl 
concentration is more mcchanical than chemical. Thus the 
secondary concentration by descension is no less an important 
part of the genesis of the golcl-ores of Australia than the first 
concentration by ascending waters. 

The lead- and zinc-deposits of the Mississippi valley (see pp. 
76-83), are believed to be clear cases of the importance of the 
action of descending waters. This has already been shown for 
\\"'"isconsin. In the lead an<l zinc districts of Missouri the 
galena is at a high horizon, and the sphalerite at a low horizon, 
precisely as in Wisconsin. Moreover, the arrangement of the 
diflerent kin<ls of materials in the veins is very similar to that 
in Wisconsin, the order of deposition of the minerals from above 
down being (1) blende, (2) galena, (3) pyrite. This corresponds 
to the order of the more important deposits in Wisconsin, ex
cept that bcfore the blende, marcasite formed. (See p. 78.) 
Lead-bearing ores in Missouri occur in the Cambrian lime
stones; zinc-orcs occur in the sub-Carbonaceous limestones; 
and lead- and zinc-ores occur in the Lower Silurian rocks.t 

* '' The Genesis of Certain Auriferous Lodes," by J. R. Don, Trans., xxvii. 
1898, p. 596. 

t "The Altcrations of the 'Vestern Australian Ore-deposits," by H. C. Hoover, 
Trans., xxviii., 1899, pp. 762-764. 

l "The Lead and Zinc Deposits of the Mississippi Valley," by W. P. J enney, 
Trans., xxii., 1894, pp. 187-188, 197, 199-200. 
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In 'Visconsin the ores occur mainly "in tbe Galena, Trenton, 
and subordinately, Lower Magnesian limestones."* However, 
in all of these districts the ores which have been taken out are 
very largely above the 50 meter level. The probable explana
tion of these relations is as follows: The ores were disseminated 
in various sedimentary strata, and possibly, also, to some ex
tent in the pre-sedimentary rocks. They were concentratecl 
through a comparatively wide vertical range by ascending 
waters. But the position of the rieb ores near the surface is 
due to secondary concentration by descending waters, concen
tration going on pari-passu with erosion in such a manner that 
the rich ores are continutmsly deposited above and below the 
lcvel of' groundwater, as explained in the previous pages. As 
denu<lation passes dÖwnward, and thus the level of groundwater 
descends, also thc horizon of rich concentrates descends. 

The Leadville dcposits furnish an instance of the <lecrease of 
the richness in silvcr with depth. Emmons says: "There is a 
fair fonndation for the generalization that in the deposits, as 
developecl at the time of this investigation, the ores were gro~v
ing poorcr in silrnr as exploration extended farther from the 
surface."t 

Anotber case of the diminution of richncss of sulphurets 
with dcpth is furnished by the nickel mine of Lancaster Gap, 
which, however, were not worked beyond a depth of ahout 75 
meters, presumably because "the ores decreascd in richness as 
depth was attained."t 

In addition to these specific instances of the production of a 
rieb upper belt, some general statements have been made which 
need to be referred to. One of these is made by Douglas in 
reference to sulphuret mines as a whole. Says he, in the con
clusion of his discussion as to the copper resonrces of the 
United States, with reference to the various Appalachian de
posits, '' J ..... ike all sulphuret mines, they became poorer as depth 
was attainecl." § 

* "Geology of Wisconsin," vol. iv., p. 451. 
t " The Geology and Mining Industry of Lead ville," by S. F. Emmons, 11lon. 

U. S. Geol. Sun·., No. 12, 1886, pp. 554-555. 
t "The Nickel Mine at Lancaster Gap, Pennsylvania," by J. F. Kemp, Trans. 

xxiv., 1895, pp. 626, 884. 
~ "The Copper Resources of the United States," by Jas. Douglas, Trans., xix., 

1891, p. 69!. 
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Pcnrose, * in 1894, diseussed the superficial alteration of ore
deposits. He says : 

"As a result of these various changes, certain materials are sometimes leached 
from the upper parts of ore-deposits, which have become porons by alteration, and 
carried down to tbe less pervious unaltered parts. I-Iere they are precipitated by 
meeting other solutions or in other ways, and hence the richest bodies of ore in :L 

deposit often occur between the overlying altered part and the underlying unal
tered part. This is not a.lways the case, but it is true of some copper, silver, iron 
and other deposits."t 

De Launay,t in 1897, emphasizes the frequent oecurrenee of 
rieb products near the surface, wbich in some cases are oxi
dize products, and in otbers are sulphides. He, hm\rever, ex
plains tbe ricbness of the deposits by the abstraction of more 
soluble material. This frequently results iil transforming a low 
grade produet into a rich ore. By this proeess a poor sulphide 
may be ehanged to a rieb sulphide, as, for instance, cuprifer
ous pyrites or cbaleopyritc may be transforrned to covcllite or 
cbaleoeite by abstraction of iron sulphide. lt is a natural de
duetion from De Launay's§ explanation, that the volumc of tbe 
material is decreased, although be does not make this point. 

De Launay further emphasized thc point tbat tbe ore-material 
of veins may bave been rcpeatedly transferrecl from one place 
to another, ancl suggests that a part of the material now found 
in veins may have been transferred from vein material wbich 
was once above tbe present surface of denudation. 

While it is believcd tobe a very general ease, if a long enough 
seale be used, that ore-dcposits dirninish in ricbness with depth, 
it is well-known that abovc the level of groundwater the val
nable materials may be almost wholly dissolved and deposited 
at or below the level of groundwater by the reactions above 
stated, as at Ducktown, Tennessee, or partly dissolved and 
transported below, as at Butte, Montana. Thus, for a certain 
depth tbe ores may increase in richness. This exception, how
ever, does not affect the common rule as to diminution of rieb
ness with increasing deptb. 

* "The Superficial Alteration of Ore-deposits," by R. A. F. Penrose, J r., 
Jour. nf Geol., vol. ii., 1894, pp. 288-317. 

t Penrose, dt., p. 294. 
l "Contribution a l'Etnde des Gites Metallifärous," by l\I. L. De Launay, An

nales des J.lfines, 9th ser., vol. xii., 189i, pp. 151-152. 
~ De Launay, cit., p. 194. 
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GENERAL. 

lt is apparent from the foregoing that there has been a gen
eral understanding that a rich upper belt has been produced in 
many ore-deposits. Le Conte,* who appreciated tbis, suggests 
that the rich belt may be exp1ained by supposing that precipi
tation by ascending waters does not occur at great depth, 
because the solutions do not get saturated until comparativcly 
near the level of underground water. However, it is to be 
remembered that the upper part of a fissure is that receiv
ing abundant lateral '\Vaters which have taken a comparatively 
brief journey under conditions of low pressure and tempera
ture; whereas the so] utions lower down have taken a longer ..-
journey under conditions of high pressure and temperature. 
In this connection it might be further supposed that the vary
ing richness could be partly explained by the lessening temper
ature and pressure of the rising solutions. But if this be true, 
one would expect the most insoluble constituent to be precipi
tated deepest down. In the case of the lead-zinc-iron deposits 
this woulcl make the galena most abundant at depth, the sphal
erite most abundant at a higher level, and the iron sulphide the 
dominating constituent at tbe highest levels. In the case of 
the copper-iron cleposits, the rich sulphides of copper would be 
in the lower levels and the cupriferous pyrites at the higher 
levels. 

As already seen, Penrose's explanation of the phenomenon of 
a rich upper belt is that the concentrates have been produced 
by downward transportation and precipitation by meeting 
other solutions. De Launay's explanation of the phenomena 
is enrichment by the abstraction of the more soluble and less 
valuable material, tlrns producing a smaller quantity of rela
tively rich product. 

While the reactions between the oxidized products and the 
sulphides are emphasized, and are believe'd to be.the most fun
damental aud widespread, my own explanationt is, mainly, 

* Le Conte, loc. cit., p. 12. 
t Just as l am sending this paper to the press in its revised form (a preliminary 

proof edition was published and distributed in February, 1900), 1 am in receipt 
of a paper upon "The Enrichment of Mineral V eins by Later Metallic Sul
phides," by Walter Harvey Weed (Bull. Geol. Soc. Am., vol. ii., pp. 179-206). 
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that oxidized so]uble products are produced in the belt of 
vveathering; that these in situ or lower down react upon the 
lean sulphides. In this way a belt of rich sulphurets is forme<l. 
Later, in consequence of denudation, these rich sulphides pass 
into the belt of weathering. Here they are again exposed to 
the oxidiziug forces, where in situ they are largely transformed 
to oxides, carbonates, etc., a belt of rieb oxiclized products 
above the groundwater is formed. However, in part, when 
oxidized, they are taken into solution, again transported down
ward, and again react upon the sulphurets. In arid regions 
where the amount of downward-moving water is small, the 
oxidized products formed from the rich sulphurets are likely 
to remain in large part in situ. vVhere, upon the other band, 
water is abundant the sulphides when oxidized are in ]arge 
measure likely to be carried downward, and again react upon 
the sulphides below and fnrther broaden and enrich the belt of 
sulphides. Thus, under different climatic conditions, we may 

This paper stron~ly emphasizes the enrichment of an upper belt through the 
action of descencling waters. l\foreoYer, the paper includes the reactions of the 
oxidized prodncts upon the poor sulphurets, thus producing rich sulphurets. 
l\Iany occurrences are given which illustrate the enrichmcnt of sulphides by 
descencling waters, including copper, sih-er and zinc deposits. Some of the 
illustrations given by Mr. Weed 1 also have used. Others are additional to 
those given by me. In general it may be said that Mr. "~eed's paper and tbat 
J art of my own which deals with secondary enrichment by descen<ling waters are 
supplemental and support each other; since each did his work and arrived at his 
conclusions in entire ignorance of the fact that the other was working alung a 
similar line. 

Upon one point only is there difference of opinion betwecn us. )fr. 'Veed, in 
his general statement, says that the part of the veins "below the permanent 
groundwater level consists of the unaltered sulphides which composed the orig
inal ore of the vein. This part constitutes the zone of primary snlphide ore" 
(p. 181). Howcver, while Wced makes the above general statement, he appears 
to appreciate that in individual cases rich oxidize<l sulphides may be produced 
below the permanent groundwater level, for he says timt at Elkhorn, :Montana, 
this level is only 1~5 to ~10 metcrs below .the surface, whereas the sulphides 
enriched by descending w?tters ext.end .to the depth of 600 meters (p. 204). If 
my reasoning be correct, the zone of secondary enrichment by descending waters 
will ordinarily extend far below the permanent groundwater level, in many 
instances to the depth of several hundred meters. Indeed, not only the Montana 
instance, but other illustrations given by l\fr. Wecd confirm this conclusion. In 
the pyrite deposil.s of Spain .and Portugal, described by Vogt, the ores decrease 
in richness to the depth of 350 meters (p. 198). Also in Norway, if I under
stand Mr. Weed correctly, the diminulion of .richness of the copper deposits with 
depth exten<ls from 350 meters to over 700 meters. 
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have a rich oxidized zone, a rich sulphicle zone, or both, in 
varying proportion. 

Whi]e the reaction between the oxidized products ancl the 
sulphicles has been strongly emphasized in this paper because 
it is believed to be the most fundamental of the causes pro
ducing a rieb upper belt, it is understood that other factor}' 
may. also help in this process. As already pointed out, reduc
tion ancl precipitation of the metals of descending solutions 
may take place through the agency 0f organic matLer or other 
reducing rnaterials coutainecl in the rocks, or by meeting 
ascending solntions carrying precipitating agents; a]so near 
the surfüce more than an average amount of original precipi
tates from ascending solutions is a possibility in some cases. 
(See pp. 96-97.) 

Summarizing, it appears to me, therefore, that the existence 
of a rich upper belt in many <leposits, and the frequent diminu
tion of richness of the ores in passing down ward from the su rface 
to some distance helmv the level of groundwater, cannot Le 
explained as the work of ascending waters alone or as the work 
of desccnding waters alone; but is fully explainecl as due to 
the work of ascending and descending wäters combincd. 
Ascending waters produce a fir.st concentration. A second 
concentration by descending waters produces the rich proclucts. 
Moreover, these rieb products are fouud in the few meters or 
few hundred metcrs of the outer crust of the earth. vVhen it 
is remembered that the greater part of the ores which havc 
yet tobe abstracted from the earth comes from the first 500 or 
700 rneters, and when it is further considered that the efiect of 
descending wa~rs may be felt to these depths, it becomcs 
evident that the process of ·second concentration by <lescending 
waters is a very important one indeed, so far as the economic 
valuc of ore-deposits is concerncd. Indeed, as a result of it 
thcre is concentrated in the extreme outer shell of the crust of 
the earth a large portion of the products which cluring the 
first concentration may in many cases have been distributed 
over 1500 or 3000 meters or more, but which have now been 
largely rernoved by erosion. We tberefore conclude that for a 
large class of ore-deposits that a second concentration by descend
in,q waters cannot be said to be one whit less important in the gene.sis 
of ores than a first concentration by ascending watcrs. 
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lt follows from tbe foregoing tlrnt one of the most' impor
tant classes of ore-cleposits is that produced by the joint action 
of ascending and descending waters. 

THE PRECIPITATION OF ÜRES BY DESCENDING \VATERS ALONE. 

For the sake of simplicity and continuity of exposition, the 
effects produced by descending waters have been applied to de
posits which have been first concentratecl by ascending waters. 
However, it is perfectly clear that a concentration by descend
ing waters alone may be adequate to produce ore-deposits. 
Indeed, this is definitely known to be true of some of the most 
important ore-deposits, as for instance many of the iron-ores. 
A conspicuous case is that of the Lake Superior iron-ores, which 
very well illustrate the process of formation of ores of this class. 
Since the genesis of the Lake Superior iron-ores is fully dis
cussed by me in the Twenty-first Annual Report of the U. S. 
Geological Survey, this class of ores is not further discussed here. 

SPECIAL F ACTORS AFFECTING THE ÜONCENTRATION OF ÜRES. 

In Part I. it ]las been shown that the underground circula
ti011 may be effective to the bottom of the zone of fracture, and 
in Part II. it has been seen that the concentration of ores is an 
orderly but complex process. However, the discussion has not 
taken into account a number of the special factors which affäct 
the concentration of ores. The general discussion may need 
great modification to adapt it to a particular district. To illus
trate my meaning, it may be well to consider some of the ad
ditional factors affäcting the deposition of ores, and to point 
out the more obvious possible modifications • of the general 
theory which may result from them. The effect of (1) varia
tions in porosity and structure, (2) the character of the topo
graphy, and (3) physical revolutions, will be briefiy considered. 

Variations in Porosity and Structure. 

There are many ways in which variations in porosity and 
structure may affäct the concentration of ores by influeucing 
the circulation of waters. * The different strata of the sediment-

* Compare Emmons's "Structural Relations of Ore-Deposits," Trans., xvi., 
1888, S04-8a9. 
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ary rocks vary greatly in porosity. The igneous rocks, and 
especially the Javas, also vary much in porosity. The meta
morphosed equivalents of either seclirnentary or igneous rocks 
may differ in porosity. The contact of rocks frequently fur
nishes trunk-channels for undergrouncl circulation. Beclding 
partings producecl by shearing stresses during deformation fur
nish sheet channels parallel to the strata, or openings on the 
anticlines or synclines. Some strata when deformecl may 
yielcl by fracture, furnishing channels for water-circulation, 
while interlaminatecl strata may :yielcl by fl.owage, thus remain
ing relatively impervious. These various irregularities may 
combine in different ways. 

All irregularities in porosity and structure may modify, as 
in many cases profoundly, the simple gencral statements of the 
present paper (pp. 28-36, 53-58) concerning the character of 
underground circulation and the concentration of ore-dcposits. 
At some future time it may be possible to cliv.ide the moclifica
tions of the general circulation clue to variation of porosity and 
structure into classes, but for the present this canuot be clone. 
The modifications of the general circulation which occur in 
many individual clistricts must first be stuclied ancl described, 
after which generalizations may possibly be made. However, 
some general statements may be made in reference to certain 
modi:fications of the general nnderground circulation. 

The Complcxity of Openings.-In the general discnssion an 
ore-deposit has been spoken of as if it were a single continuous 
mass forruecl in a large opening. lt is clear this is not the fact, 
but, on the contrary, that many ore-tleposits have very complex 
forms. An ore-deposit in a single large opening is exceptional. 
From large single openings to openings of an extraordinarily 
complex character, there are all gradations. A trut1k-channel 
of circulation may be a set of distributive fau1ts; it rnay be a 
group of parallel or intersecting sets of openings along jointB; 
it may be the minute para1lel openings of fissility; it may be a 
group of openings along bedding planes; it may be the shrink
age openings formed within or along the borders of cooling 
magma; it may be the openings in an autoclastic rock o r 
reibungs breccia along a fissure; it may be the multitude of 
openings of a sanclstone or a conglomerate. 

Consequent upon the many irregularities, trnnk-channels of 
8 
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circulation may vary from vertical to nearly horizontal atti
tudes. Bnt ore-deposits orclinarily have important vertical com
ponents, althongh they may be found in nearly horizontal po
sitions. In such cases the trunk-channels forming the dcposits 
bad probably vertical components somewhere else. 

lt is hardly necessary to give illustrations of orc-deposits for 
each of these cornplex conditions. Howevcr, as very excellent 
illustrations of veins of a very composite character may be 
mentioned the Cripple Creek cleposits* and the golcl-quartz 
'Teins of Nevada City and Grass Va11ey, California. t The 
essential point, so für as the discussion of the foregoing pages 
is concernccl, is that ore-dcposits commonly occur at places 
where there are trnnk-cbannels for ascending or clesccn<ling 
waters, or hoth. In orcler that rnetalliferons material shall 
be brought to a place and deposited in large quantity, there 
must he long-rontinued circulation. lt matters not whether a 
1.runk-channel is. a single passage or is composed of an indefi
nite number of minor passages, the principles given on the 
previous pages are applicable to the dcposition of ores in such 
trunk-channels. 

In various regions the conditions are so exceedingly com
plcx that ore-deposits close together may differ from one anotber 
grcatl.r. This is the best evidcnce that, notwithstanding their 
continuity, the underground trees of water circulation have 
been, if not independent, at least partly so. 

This is wcll illustrated by the ore-dcposits of Butte, Montana. 
Here, apparent1y, the metallic contents of the individual feed
ing strcarns arnl even the trunk-channels are very different 
within short distanccs. At tbis place are two main zones of 
mineralization. The more important procluct of one of tbese 
mineral zönes is silver snlphide, which is associated with 
sulphides of lead, zinc ancl irou, and with silicate of manga
ncse. The chief product of the other mineral zone is copper, 
but this copper carries silver in important amounts.t 

!lt "Mining Geology of the Cripple Creek District," by R. A. F. Penrose, J r., 
l6th Ann. Rcpt. U. S. Geol. SunJ., pt. ii., 189-:1-95. 

t "The Gold·Quartz Veins of Nevada City and Grass Valley, California," by 
Waldemar Lindgren, lith .Ann. Rept. U. S. Geol. Surv., pt. ii., 1895-96, pp. 158-
lt:iO, 259. 

i "Notes on the Geology of Butte, Montana," by S. P. Emmons, Trans., xvi., 
54, 1888. 
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Impervious Strata at Various Depths.-Slichter's theoretical 
inveS>tigations on the motions of groundwaters show that, in 
order to cliscuss the ftowage under any given set of conclitions, 
it must be assumecl that the ftowage is Iimitccl only by an im
pervious stratum. * lt is, of course, understoocl tlrnt there is 
110 such thing in nature as an absolutcly impervions stratnm, 
but there are many strata which arc practically impcrvions. 
\Vherever there is an impervious stratnm in a district, this mnst 
be countecl as the lirnit of circulatiou in that clircction. The 
impervious stratum may be a phu;tic shale which yields to de
formation without fracture; it rnay be a rock intrucled after 
deformation has occurred, thus making a barrier. If an irn.
pervious stratum exists at a gi,·en depth, the cfföctive under
gronnd circulation for that district is there limitecl or clividecl, 
whether the stratum be at the depth of 100 or 1000 or ·more 
meters. Of conrse thcre will be all gradations, from practically 
impervious strata to strata whieh mere1y check the circulation. 
lt is believed that in the average case the limit of effäctive cir
culation is probab]y much less than the theoretical lirnit of 
10,000 meters girnn by the depth of the zone of fracture. 

1-IO"wever, if an impervions stratum be but 100 meters from 
the surface and fissnres be limited to that depth or interrupted, 
the laws given pp. 28-36 will comrnonly apply to the circulation 
above the stratum. Therefore such a fissure may be occupied by 
ascending wnter in the lowcr part and by descending water in its 
upper part. Hence an ore-deposit contained in such a sha11ow 
fissure may be the result of a single concentration by ascending 
or descendiug water~, or of two concentrations, the :first by 
ascending and the second by descending waters. 

The foregoing statement in reference to the practical limits 
of underground circulation for the ore-deposits of a given dis
trict may be true e'\·en if below the impervious stratum there 
are other strata, fed from a distance, in which circu]ation is 
occurring. 

Such lower pervious strata may have circulations of their 
own independent of the higher circulations, and this circulation 
may produce ore-bodies. This is beautiful1y illustrated by the 
Enterprise mine of Rico, Colo. (see Fig. 9, p. 128), described by 

* "Theoretical Jnyestigation of the Motion of Groundwaters," by .C. S. 
Slichter, 19th A.nn. Rcpt. U. S. Geol. Sun1• for 1897-98, pt. ii., pp. 329-357, 1899. 
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Rickard, * in which the ore is confinecl to fissured ancl broken 
limestones and sandstones below a black shale, which when 
hent did üot fracture, ancl therefore afforded no channels for 
water circulation. 

In this connection it may be well to mention the Mercur 
<listrict of Utah (see p. 130), where a silver ledge and a go1d 
ledge about 100 feet apart each occur in limestone below a shale
like stratum of altered porphyry. Spurr regarcls the silver lcdge 
as pro<lnced by an earliei· mineralizing period, aud the gold 
1cdge as resulting from a later period of rnineralization. t lt 
may be suggested that the true exp1anation of the existence of 
two mineral ledges so near together and of such difierent 
mineral character is that in this district there were two indepen
dent circulations separated by impervious strata, the upper one, 
producing the gold ledge, bciug between the two impervious 
porphyry belts, whilc the lower one, forming the silver-deposit, 
was below the lower impervious layer. 

That a difference · of opinion exists as to the source and 
manner of deposition of the leacl and zinc deposits of the upper 
}Iississippi valley has already been rneutioued. (See p. 83.) 
I believe that these deposits furnish an instance of two concen
trations where an impervious stratum limiting the concentrating 
circulation was at a very moderate depth. 

The succession for this district in descending order, accord
ing to Cham berlin,1 is as follows : 

Niagara limestone, 137 meters thick. 
Cincinnati shale, originally 61 meters thick (in Iowa called 

the Maq uoketa shale ). § 
Galena limestone, bearing organic matter, 76 meters thick. 
Trenton limestone, bearing organic matter, 12-30 meters 

thick, with mean of 21 meters, having at its top an oil-bear
ing shale, II " two or three to several feet in thickness at 

* "The Enterprise Mine, Rico, Colo.," by T. A. Rickard, 'l~·ans., xxvi., 1897, 
976-977 ; also Figs. 19, 3G, 40. 

t '' Economic Geology of the Mercur :Mining District, Utah," by J. E. Spurr, 
16th Ann. Rept. U. S. Genl. Survey, pt. ii., 1894-5, pp. 367-3ti9. 

l Chamberlin, op. cit., pp. 407-419. 
~ "Lead and Zinc Deposits of Iowa," by A. G. Leonard, lotca Geol. Sui"l:ey, 

vol. iv., 1897, p. 23. 
II Blake, Bull. Geol. Soc . .Am., vol. v., pp. 28-29; also Trans. Am. Inst. llli11. 

Eng., vol. xxii., pp. 629-632. 
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points,"* ancl containfng thronghout its mass varions sha1y 
layers, which, however, are "qnite clecicleelly most preva]ent 
near the base of the formation."t 

St. Peter's sanelstone, 15-46 meters thick. 
Lower Magnesian limestone, 30-76 meters thick. 
Potsdam sanelstone, 213-244 meters thick. 
Pre-Cam brian. 
lt is to be noted that the Galena limestone is boundeel by 

impcrdons shales above and below, and that the same stat.ement 
applies to a less extent in refercnce to t.he Trenton limestone. 
As to the impcrvions character of the thick Cincinnati shale 
above the Galena, there is no cloubt. One might, however, 
qnestion the impervions character of the thin bed of shale at 
the top of the Trenton, but that this is relatively impervious is 
strongly indicatecl by the fact that in the Shullsburg anel other 
distriets, as pointecl out by Blake, the ore-deposits stop at the 
top of this layer.t \Vhile in the Trenton the impervious 
shales are more prominent at the top and near the bottom, 
there are more or less impervious layers within the Trenton. 

The strata elip to the southwest. Chamberlin says for ·wis
consin, " The strata on the nortb siele of the lead region are 
500 feet (152 meters) higher than those of the south side, 
and if traced farther the difference in altitude would be found 
greater. Beds on the eastern siele are 350 feet (107 meters) 
higher those on the west siele."§ Superimposed upon the 
general sonthwest monodine of the clistrict are a number of 
subordinate anticlines and synclines, and the ores are mainly 
con:finecl to the synclines. JI At the time of this cleformation 
the brittle limestones were probably fractured, producing the 
present complex system of intersecting joints; but the plastic 
shales were deformed with comparatively little fracturing. The 
time at which the deformation occnrreel is not cle:finitely known, 
but in all probability it antedatecl the deep erosion and con
centration of ores in the district.if 

* Clamherlin, cit., p. 412. t Chamberlin, Geol. oj lVis., vol. iv., 1882, p. 409. 
t "Lead and Zinc Deposits of the Mississippi Valley," by \Vm. P. Blake, 

1.rans~ Am. Inst. JHn. Eng., vol. xxii., 1894, pp. 629-632. (Discussion of Jen
ney's paper.) 

~ Chamberlin, cit., p. 422. II Chamberlin, cit., pp. 432-438. 
if "Lead und Zinc Deposits of the Mississippi Valley," by ,V, P. Jenney, 

Trans. Am. Inst. 1llin. Eng., vol. xxii., 1894, pp. 208-209. Discussion of Jenney's 
paner, by Wm. P. Blake, op. cit., pp. 628-629. Chamberlin, op. cit., pp. 427, 485. 
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Areally thc ores occnr to a rnuch greater extent east of the 
Mississippi river than west of it; that is, main1y east of the 
main 1ine of drainage. As to horizons, by far the greater 
quantity of ores which have yet been abstracted are found in 
the Galena lirnestone. * However, considerable quantities of 
ores have been taken from the Trenton, ancl suborclinate 
quantities from 'thc St. Peters ancl Lower Magnesian. The ores 
occur in the Galena from the top to the bottom. In cases where 
erosion has not cut deep iuto the Trenton, the ore-deposits are 
apt to be found near the overlying Cincinnati shale. For in
stance, in Iowa, where the shales are close at hand as a contin
uons formation, J..Jeonardt states that the ore occurs "rnost1y 
near the top of the Galena limestone, within the upper 50 or 
60 foet (15 meters to 18 meters)." Where the drainage lines 
have cnt throngh the Galena into the Trenton or 1ower forma
tions, the ores of the Galena are likely, in ]arge measnre, to be 
ncar the bottom of the formatioil, and considerable hoclies may 
rest npon the oil-rock which marks. tbe beginuing of the 
Trenton. 

Following CharnLerlin, I think it probable that a large part 
of the material of theee ores was once clisseminated through 
the sedimentary rocks, and especially the limestones. My con
ception of the probable process of concentration in the Galena 
limestone is as fo11ows : 

\Vhile iu the \Visconsin lead district the Kiagara limestone 
and Cincinnati shale are on1y found on occasional mounds, as 
pointed out by Cbamberlin,j tbere is no question but that these 
formations once extencled o\•er the entire district. As already 
noted, the Cincinnati slrnle is a very imper,·ious stratum. Un
til it was cut through by the drainage, it is probable that effec
tive concentration of tbe ores did not begin. When it was 
once cut by erosion, then I conceive the rnain concentration 
history of the ore-deposits to have begun. The :Mississippi 
river and areas adjacent were the places \vhere the drainage 
was the lowest. However, these were not the places first cnt 
tl1rough by erosion, for the diffärence hetween tbe -level of 
the Mississippi drainage and the tributaries adjacent is not so 

"'' Gcol. of Wis., vol. iv., pp. 407, 4.57, 481. 
.t Leonard, cit., pp. 43, 61. 
l Charnberlin, ci:t., pp. 410-412. 



SOME PRIKCIPLES CONTROLLING DEPOSITION OF OB.ES. 119 

great as the dip of the straht to the southwest. In all proba
bility, thercfore, the Cincinnati was first cut through, and the 
Galena encroachecl upon by erosion north and east of the lead 
ancl zinc district. This is probable from the fact tlrnt at the 
present time the ~Iississippi ri ver for the most part in the lead 
district is on the Trenton, and nevcr reaches deeper than ~he 
St. Peters; while the majority of the smaller streams in the 
northeastern part of the lead district have cut into the St. 
Peters, an<l the heaclwaters of some of them, notahly the Pec
atonica, Platte, the Grant river, have cut through the St. Peters 
into thc Magnesian; while still farther to the nortbeast, north 
of the divide, occupied by the Lancaster branch of the C. & N. 
vV. Ry., the strong \Visco11si11 has cut down to the Cambrian.* 

It is to be remem bered that thc pervious strata overlain by 
impervious strata along the :Mississippi river bear water under 
pressure, as is shown by numerous artesian wells. The feeding 
area is the bigher ground to thc northeast. It is highly prob
able tbat the hroken brittle Galena limestone was a formatiou 
which was capable of carrying water to considerable distances, 
ancl in consiclerable quantities, although probably not compar
able in these respects to the St. Peters or Potsdam sanclstones. 
The lead and zinc district of Wisconsin is wholly south of the 
divicle between the Wisconsin river and the tributaries of the 
Mississippi. vVhen the -Wisconsin drainage north of the clivide 
bad cut through the Cincinnati sha1e, this furnishecl a föed
ing area to the Galena limestone. When later the Mississippi 
tributaries south of the dividc bad cut through the Cincinnati 
shale into the Galena, the waters cntering north of the diviclc 
escapecl. 

As erosion continued, tbe area in \\·hieb the Cincinnati wns 
cut through and tbc Galena penetrated, gradua1ly extencled to 
the southwest until the Mississippi itself hacl cut through the 
Cincinnati. During this time the water entered the Galena 
limestone at the higher elevations, that is, to the north and 
east, followed along this formation, and escaped at some lower 
point towarcl the Mississippi river. While the water to the 
greatest extent followed the upper portion of the Galena, it is 
believed that this broken formation was searched to its deepest 

* See '' Atlas of 'Wisconsin,'' pls. i. and viii. 
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part according to the laws of :flowage gi ven pp. 28-36. The 
places of escape were near the top of the formation, and, there
fore, the waters of the trunk-channels leading to these places 
were ascending. 

As erosion slowly progressed, the zone of rising waters and 
escape slowly migratcd from the northeastern part of the lcacl 
and zinc district to the southwestern part. The nature of the 
circulation at a given time is ronghly representecl by Fig. 7, a 
northeast-southwest vertical section. The surfacc of the country 

Fw. 7. 

Ideal Yertical Section of the Flow of Underground 'Vater in the Galena Lime
stone of the Upper Mississippi Yalley. 

is showu by A, A', A", in which A; A' is the cross-section of a 
northwest and southeast bclt, where waters enter, and A" is in a 
parallel belt to the southwest, in which the waters escape. The 
numerous curved lines below the Cincinnati shale are intended 
to represent the circulation. The downward-moving lateral
moving waters, in the early stages of their journey, were oxidiz
ing and dissolving waters. When, through the organic matter 
contained in the formation, the oxygen bad been exhansted and 
the oxidized products reduced, the waters were sulphuretted 
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watcrs, as explained pp. 6·7-6!'.). The upwarcl-moving waters in 
the trunk-channels (A" B') were precipitating waters, as ex
plained pp. 56-57. And especially the material was likely to 
be precipitatcd where the waters came in contact with abundant 
organic material. 

"\Vhere the limestone itself contained rnuch carbonaceous 
substances, the material precipitatecl might have been wiclely 
disseminated; but as the carbonaceous material was more abun
dant in the clay layers, which, to somc extent at least, repre
sented places where clay openings and ore-deposits now exist, 
the ore material was still more largely precipitated. The trans
fers of ore material at this time were, incleed, exceedingly 
complex, but because of a combination of all of the factors 
considered in the general part of this paper, the material was 
precipitated to a greatcr clegrce in the trunk-channels where the 
water was ascending than anywhere else. 

In an early stage of thc process the first concentration hy 
ascencling waters took place in the northeastern part of the 
district. By the time that erosion had cut through the Cin
cinnati into the Galena in the southwestern part of the district, 
and ascending waters 'vere concentrating ores, the northeastern 
part of the district might have been a feeding area where waters 
were descending, and a seconcl concentration taking place. 
Therefore, the second conce11tration by descending waters was 
going on in the northeastern part of the clistrict at the same 
time timt the first concentration by ascending waters was oc
curring to the southwest. At the present time the erosion has 
cut sufficiently deep so that the second concentration by clown
warcl-moving waters has extended quite to the Mississippi river, 
ancl, indeed, to the west of it. At the present time the condi
tion of aftairs, except the circulation, is represented by Fig. 7 
below the line B, B', which may be taken as thc present rnrface 
of erosion. 

This general statement as to the order of events concerning 
the district as a whole woulcl also apply to the local anticliues 
and synclines. Other things being equal, where there were an
ticlines there erosion would first cut through the Cincinnati 
shale, and water make its way into the Galena formation. Later, 
when erosion had cut cleep enongh to expose the bottoms of the 
adjacent synclines, there the water entering at the anticlines 
arose and escaped, ancl a first concentration occurred in the 
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synclinal areas. Latcr, when crosion bad cut deeper, a second 
concentration by desccncling waters occnrred; and thus these 
concentrations were localize<l in the synclincs, where, accord
ing to Chamberlin, they now occur. In this connection it is 
to be ~emembered that the anticlines aucl synclines of the dis
trict are very gcnt.le. Therefore, the conclitions are here differ
ent from those of a district where there are sbarp, strongly 
pitching folds covered by impervious strata. (See pp. 124-131.) 

My conception of the process of concentration of ores in the 
Galeua limestones is, thercfore, tlrnt of a circulation practically 
limitccl above by the Cincinnati shale and largely lirnited below 
by the impervious oil shale of the Trcnton. To what extent 
ascencling 'vaters from thc St. Peters, Cam brian and pre-Cam
brian rocks under the pressurc of considerable heacl were able 
to work up through the more or less impervious shales of the 
Trenton limestone is unccrtain. For the purposes of this paper 
it makes littlc difference whether during the time of deposition 
of ores in the Galena limestones by ascending waters the cir
culation vms practically limitcd by the Cinci11nati shale abovc 
and the Trenton be]O\v, or whether a contribution of waters 
ascended from greater depths. For a given point where the 
Cincinnati shale had just been removecl, the first concentration 
occurred by ascending waters, and later when thc Cincinnati 
slrnle had been removed farther to the southwest the second 
concentration by descencling waters took place. The bclt of 
seconcl concentrates by descending waters slow ly migratecl 
downward as erosion extendcd into the Ga..lena. Where the 
denudation has gone a little way into the Galena, the ore-de
posits are found near its upper part. vVhere denudation has 
gone well down into the Galena, the ore-deposits are found ncar 
its lower part. "\Vhere the lines of drainage are consiclerably 
below the Galena the second concentration and downwarcl mi
gration of the ores has resulted in the formation of consider
able deposits directly upon the petroleum oil-rock at the top of 
the Trenton. In these cases the materials exploited are prob
ably the second concentrates from the entire Galena formation. 

The precipitation of the 1ead- and zinc-ores by reactions of 
the oxiclizecl products upon the remaining sulphides, and by the 
reduci ng action of the organic material contained in the rock 
and the organic material coming down from above, have-already 
been considered. (See pp. 79-83.) Howevcr, in this connec-



SO~IE PRINCIPLES CONTROLLING DEPOSITION OF ORES. 123 

tion it shou1d he noted that the position of the ores upou thc 
oi1-rock is probably exp1ained through the reclucing action of 
so1utions slowly oozing up through the shale; for thc ore is not 
mainly precipitated in the oil-rock, but immediatcly aborn it. 
In this connection it is to be remembered that all of the per
vious strah1 capped by impcrvious strata in this rcgion hear 
waters under pressnrc. Therefore, water would slowly pass 
up through the shale, for no formation is absolutely impervious. 

lt will he seen at once that the above theory of circulation 
explains the formation of rich deposits near the top of the Ga
Iena, as in Iowa, and these deposits are very difficult to account 
for solely upon the tbeory of descending waters. lt accounts 
equally well for the formation of rich ores in thc mid<lle aud 
lower horizons of the Gnlena where denudation has gone fur
ther. lt aceonuts for the much wider distribution of the ores 
east of the Mississippi river than west of the Mississippi river, 
since the strah1 wcst of the Mississippi river continuc to clip to 
the soutbwcst; and the drainage wcst of the river has cut only 
for a little wny deep enough so that the process of concentra
tion as above outlinccl conld occur. 

In the parts of tlie Upper Mississippi valley district where 
erosion has cut deeply into the Treuton, and especially where 
it has gone into the St. Peters, a similar history is applicable to 
the Trcnton formation; only tbe Treuton is more variable in 
its porosity than the Galena, and the deposits may not have 
been wholly derived from the Trenton formation, hut may have 
received a suborclinnte contribution from the Galena fvrmation 
which has heen removed by erosion in part or altogether. 

In the application of the foregoing it is, of course, understood 
tbat the action of ascending and descending waters in a given 
fissure is not "·holly successive; but is in large measure si
multaneous. In the ear]y stages of the deposition of an ore
dcposit in a givcn fissure, ascending water would be likely to 
be the dominant factor; in an intermediate stage both ascend
ing and descending waters would be at work; and in the later 
stages of the process, and at the present time, descending waters 
are the dominant, and, perhaps, in thC' cases of many of the 
deposits where the oil-rock of the Trenton is near the surface, 
almost tbe sole foctor. 

At the bottoms of valleys the waters have continued to be 
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essentially ascending instead of descending to the present time. 
The fact of their present ascension Chamberlin* notes. Thus 
in these places a second concentration has not occurred, and, 
therefore, such places are deficient in workable ore-deposits, as 
notecl by Cham berlin. t (See p. 137.) 

The case of the lead and zinc district has been <lw'elt npon, 
as it seems to me to illustrate almost ideally thc practical lim
itations of circulating water by impervious strata. lt shows 
that precisely the same principles of ore deposition are appli
cable when the limit of circnlation is less thau 100 meters deep 
that apply when the circulation extends to the very bottom of 
the zone of fracture. 

If my vicws be comparecl with thosc of the ascensionists, 
typi:fied by J enney, and the descensionists, typified by Cham
berlin, it will be seen that I occnpy an intermediate position. 
Upon the fundamental point as to whether or not the ores are 
derived from a deep-seatcd source or are deri ved from sedimen
tary rocks, I am inclinecl to follow Cham bcrlin, although I 
do not feel certain that sornc of the material for the ores were 
not derived from a deeper source. 

The accoünt given pp. 76-83, 116-124, in reference to the 
ore-deposits of the U pper Mississippi valley is not even approxi
mately complete. To give a satisfactory account of the genesis 
of the ore-deposits ofthis district, vrnuld require a detailed study 
ancl a monographic report. Such a report npon many phases of 
the problem-a remnrkable paper-has already been written 
by Chamberlin.t When the study is completcd, it will be 
possible to explain not only the general orcler of mineral succes
sion vertically, but the multifarious an<l complcx distributions, 
such as the cycles of depositions already mentioned. 

Pitching Troughs and Arches.-Another interesting special case 
of in:fluence of porosity and structure is that where alternately 
pervious and impervious layers are in a set of pitching folds. The 
Yarying porosity may follow from original <lifference in the por
osity of the layers, or it may result from the deformation itself. 
The more rigid strata may be deformed by fracture, and the less 

·:;; Chamberlin, op. cit., p. 565. 
t Chamberlin, op. cit., p. 563. 
t "Ore-deposits of Southwestern Wisconsin,'' by T. C. Chamberlin, Geol. oj 

Wis., vol. iv., 188~, pp. 366-5il. 
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rigid by ßo,rnge. Also, the convex sicles of the britt1e 1ayefä 
are like1y to be more frac:turcd, and, therefore, rnore porons 
than the concaYe sicles. This wonl<l place the more porous 
parts of a stratum in contact with the confining impcrvious 
stratum be1ow at the sync1ines and above at the antic1ines. 
Furthermore, where the stratft are c1osely folded, unless therc 
is very great distortion of the strata, openings will form 
between the layers at the syncli nes and anticlines, thus furnish
ing trunk-channe1s. 

Any combinations of porouslayers with impervious laycrs in 
folds are likcly to give trunk-channels for undergrouud water 
at the troughs ahove impervious strata., and at the crcsts below 
impervious strata. \Vhen descending waters come into contact 
with an imperYious stratum, they are deßccted toward the syn
clines, and there finding the trunk-channels, they fo1low the 
troughs downward along the pitch. When ascending waters 
come into co11tact with an impervious stratum, they arc deflected 
toward the anticlines, ancl thcre finding the trunk-chanucls, fo]
low the arches upward aloug the pitch. Therefore, ore-deposits 
producecl hy descending watcrs are often found in pitching 
troughs under]ain by re]ative]y impervious strata; and ore-de
posits produced by ascending waters are rather frequently found 
in pitching arches overlain by impervious stra.ta. 

Tlie Lake Superior iron-ores fnrnish an admirable illustration 
of the concentration of ores by descending waters in pitching 
troughs which are on impervions basements. Since these ore
depm•its, which fully illustrate the principles of concentration 
of ores by descending "\Vater in pitching impervious troughs, 
nre fu11y discussed elsewhere, ores of this class will not be here 
further considered. 

A case in which ore is probably deposited by ascending 
waters in arches, because there concentrated by impervious roofs, 
is furnished by the Bendigo gold-district of Australia. * Thc 
typical position for the golcl i~1 the district, according to Rickard, 
is immediately below a slate, on top of a sandstone. The slate is 
the imperdous stratum and the sandstone the pervious stratum. 
The ores are, presumably, in part, in the openings between the 

* "The Bendigo Gold-Field,'' by T. A. Rickard, Trans., xx., 1891, PP· 463-
545. 
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layers made by folding. * (Fig. 8.) Moreover, in this district 
there are a large number of alternations of pervious and imper
vious strata, as a resu]t of which a num her of concentrations have 
occurred one above thc other. \Vhile Rickarcl cloes not speci
fically speak of the pitch of the anticlines, the longitudinal 
seetions show that they clo have a rnarked pitch_. Rickarcrs 
explanation of the ]ocation of t.he orest is that the apices of the 
anticlines would furnish more open passages than the synclines, 
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The Concentration of Ore by Ascending Water at a Crest below an Impervious 
Stratum. .After Rickard (1'mns., xx., 467, Fig. 2). 

but why at a given level this woulcl be so does not appear. 
This explanation mny possibly be to some extent applicahle, bnt 
the pitching arches concentrating the ascending solntions belO\v 
impervious strabt are believed to be the main cause of the local
ization of the gold. 

Another excellent illustration of ore-solntions concentratecl 
by an impervious roof is furnished by the Mercnr district, Utah, 
described by Spurr,t where two ore-bearing beds, one called 
the silver ledge and the other called the gold ledge, abont 100 

;i; Rickard, loc. cit., Fig. 2, p. 467. See also Fig. 12, p. 481 ; Fig 1:3, p. 483 ; 
Fig. 37, p. 499; and Fig. 38, p. 501. 

t "The Origin of the Gold-Hearing Quartz of the Bendigo Reefs," by T. A. 
Rickard, Trans„ xxii., p. 319. 

t "Economic Geology of the l\Iercur Mining District, Utah," by J. E. Spurr, 
16th Ann. Repf. U. 8. Geol. Stti-v., pt. ii., 1894-95, pp. 3ti·S-7, 395, :199-101, 449, 
45!; see also PI. xxxiv., Figs. 44 and 45, and Pl. XX\'. 1 p. 360. 
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feet apart, occur in a limestone below seams or heds of sha.Ie-like 
material, which, however, is very much altered porphyry. The 
ores arc cspecially localized w here fissu res reac:h these beds, 
and thns rlisplace them, and in some cases form local arches, 
although Spurr cloes not mention this latter fact. Moreover, 
the entire ore district is located upon a general anticline, 
furnishing a general pitcbing arch. 

Another exceedingly interesting illustration of the depo
sition of ores below an impervions stratnm in pitehing arches 
is that furnishecl by the Enterprise mine of Rico, Coloraclo, de
scribed by Rickard in a paper already cited. * In this district 
above the ore-bodies is an impervions shale which is not broken 
at all, or very rarely, by the fissures. The orc occnrs in two 
places, (1) in nearly vertical :fissnres extending indefinitely down
warcl below thc shale, but not upwarcl into it. The vertica.ls 
are cut by cross-fissures, and where the intersections occnr the 
fissures are likcly to bc unusnally rich. (See pp. 59-62.) The 
larger masses of ore are fonnd in crushed or fracturecl lime
stone below the hlack shale and above the fissures. More
onr, these bodies are narrow laterally, ancl am parallel to the 
strike of the verticals and also of the cross-veins. Figs. 9 and 
10 show tbat they occur below anticlinal :flexures of the shale 
made by the deformation resulting in the faulting in the more 
brittle rocks below. Rickard regards the deposits as the result 
of ascending waters, since the fissures continue clownwarcl but 
do not extend upward into the shale. lt is believed that when 
the Enterprise deposit is further studiecl it will bc founcl that 
the :flexures of the sbale furnishing the anticlinal arches have 
a pitch (and iudeed this is inclicatccl by Fig. 10), and that the 
watcrs issuing from the verticals and the c:ross-fissures followecl 
these arches u1nvarcl until the pitch somewhere brought them 
to the snrface, at which places the waters escapecl as springs; for 
the waters of the ascending circulation must have somewhere 
escapecl, and that they coulcl not do throngh the impervious 
shale. 

At this point it may be suggested that where ore-deposits 
occur in connection with pitching anticlines and synclines, that 
their posi~ions furnish a criterion by which it may be deciclecl 

* "The Enterprise Mine, Rico, Colo., '' by T. A. Rickard, '..frans., xxvi., p. 906, 
et seq. 
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whether their first concentration was accomplished by ascend
ing or descending waters. Where the ores occur in pitching 
arches bounded above by impervious strata, the presumption is 
that they were concentrated by ascencling waters; where the 
ore-deposits occur in pitching troughs bottomed by impervious 
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strata, the inference is that they were concentrated by descend
ing waters; for, as already explained, it is diffi.cult to see how 
waters can be converged at such positions by moving in the re
verse directions. Of course, this criterion cannot be too rigidly 
applied, for independently of the impervious strata, openings 
w hieb so frequently occur on anticlines and synclines might 
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· furnish trunk-channels which coulcl be taken advantage of by 
ascending or descending waters. Thus in the Bendigo gold 

c ,...., 

<listrict of Australia, while the more important ore-deposits are 
in anticlines, occasionally an ore-deposit is found on a syncline. * 

* "The Bendigo Gold-Field," by T. A. Rickard. Trani!. 1 xx., 1892, p. 4~4. 
See'Fig. S, p. 4i5. 

9 
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If the above criterion be applied to the Leadville ore-deposits, 
the conclusion wonld be that the sulphides of Leadville were 
deposited by ascending waters, since they mainly occur on an
ticlines or anticlinoria below a relatively impervious porphyry 
and in a much-brokcn limestone, mainly the blue limestone. * 
The plates of the Emmons atlas show that the ore rnore largcly 
occurs on anticlines and on the ßanks of the folds than in syn
clines, although some snbordinate synclines on anticlinoria con
tain ore-bo<lies. Whcn deposited as sulphicles the ores wcre 
probably somewhat more uuiformly distributed than at present 
along the base of the porphyries. Later, when the second con
centration occurred by <lownward-moving '\Vaters, the material 
which in many places was on denuded anticlines was in part 
carried down the limbs of the folcls under the porphyry into the 
limestone. At this time doubtless, also, the limestone would 
be largely dissol ved ancl the_ materials would be carried not 
only down along the dip but across the beds, thns producing 
the very great irregularities w hieb are characteristic of the bot
toms of these cleposits. If the above explanation be correct, 
the Leaclville ores woulcl present another case in which both 
the ascensionists ancl desceusionists have hacl a part of the 
truth.t 

In this conncction it may be suggested that thc positions of 
the ores in reference to the limestone and porphyry in the 
Leaclville district are remarkably similar to those of the ores in 
the Mercur district in reference to almost iclentical formations. 
The forms of the cleposits, their irregular under-surface in the 
limestone, ancl the regular surface at the porphyry are all iden
tical. Both Emmons and Spurr agree that the ore in the Mer
cur clistrict was deposited as sulphides by ascencling waters. 
If this be true, the same explanation is probably applicable to 
the Leadville district. 

A pervious layer _ or other opening furnishing a trunk
channel for circulating waters may be bounded on both sides 
by impervious strnta. In this case thc ore-deposit may be pro
duced by ascending or descending waters. But where the strata 

* "Geology and Mining Industry of Lead ville," by S. F. Emmons, llfon. U. S. 
Geol. Sui-i1. 1 No. 12, 188fl, chap. vi., pp. 539-!>84. 

t "Geology and Ore-Deposits of lron Hill, Col.," by T. E. Schwarz, Trans., 
xviii., 18!JO, 180. 
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are folded into pitching anticlines and synclines, the positions 
of the ores with reference to the folcls would determine whether 
the precipitating 'vaters were ascencling or clescending. An 
excellent illnstration of ore-cleposits at the openings of anticlines 
between relatively impervious strata, presumably formed by 
ascending waters, are the gold-bearing quartz-ores in the slates 
and quartzites of Nova Scotia, described by Faribault. * Hcre 
there are a great many parallel deposits directly at the anti
clines or on some parts of the anticlinal földs, the deposit:-; 
being separatecl by layers of relatively impervious slate. Fur
thermorc, the largest deposits are located on the great pitching 
anticlines rather than the su bordinate ones. 

Porous pitching troughs below an impervious stratum or 
above an impervious-stratum or betwe:en impervious strata may 
have a different origin from those mentioned. Very frequently 
such troughs are producecl in part or in whole by intrusiYe 
igneous rocks. For instance, if seclimentary strata have a 
monoclinal clip ancl a dike cuts across the strata, a pitching 
trough may be procluced, as, for instance, in the Penokee 
clistrict. t An intruded igneous rock may follow the contact 
between foldecl strata, and thns furnish a trough or arch 
bounded by an impervious formation. Various other ways 
will immediately occur to one in which pitching troughs or 
arches with impervious basements or roofs or both, may be 
proclucecl. lt rnatters not how the trough or arch be producetl, 
proviclecl a porous stratum or an opening between the layers 
fnrnish a trunk-channel, such a trough or arcb will be favor
able for the concentration of ores. Of course, other favorable 
conditions must co-operate with these in order to produce an 
ore-deposit. 

Combinations of pervious and impervions strata, united wn:h 
joints, faults ancl other structures which affäct some impervious 
strata and clo not others, may furnish extraordinarily complex 
sets of conditions which I am not able to discuss in a general 
way; but such will undoubtedly yield interesting results whcn 
stndied in special cases. 

*1 "The Gold :Measures of Nova Scotia and Deep :Mining," by E. R. Fari
banlt, Paper read before the Canadian Mining Institute, :March, 18!-<9. Pub
lished by the Mining .Assoc. of Nova Scotia, 1899. Pp. 11, with plates. 

t "The Penokee-Gogebic Iron-Bearing Series of Michigan and Wisconsin , " 
by R. D. Irving and C. R. Van Hise, .Jlon. U. S. Geol. Surv., No. 19, 1892. 
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Pre-Existing Channels and Replacements.-When it is under
stood that ore-deposits ordinarily form in trunk-channels, the 
question as to whether ores are deposited in pre-existing open
ings or are replacements is easily answered, as a general propo
sition. lt has been shown that solutions cannot be appealed to 
to explain the original formation of channels (see p. 14). The 
existence of channels for underground circulation must be 
explained by the original structures of rocks, or by the effects 
of deformation, as already indicated. lt therefore follows 
that ore-deposits are, to some extent at least, deposited in 
pre-existing openings.. However, the conditious for vigorous 
circulation are also those for reactions upon the wall-rocks. 
lt has been fully explaiued that solution and deposition are 
commonly simultaneous processes. Wherever there is a trunk
channel it is certain that the walls of the openings will to some 
extent be dissolvcd, and at the same time or subsequently 
metalliferous minerals be precipitated. lndeed, either enlarge
ment by solution and subsequent precipitation of ore or syn
chronous solution and precipitation by which the wall-rocks are 
replaced in various degrees molecule by molecule by the ore, 
or both together, are almost universal phenomena. 

I therefore beliere that the Zarge mojority of ore-deposits, if not all, 
are partly deposited in pre-existing openings and are partly replace
rnents of the 1call-1-ocks. However, in some cases the filling of the 
pre-existing cavities is the more important or even dominant 
process, and in other cases substitution for the wall-rocks is the 
more important or dominant process. 

Other things being equal, the main masses of ore-deposits 
are more likely to be in pre-existing cavities in refractory rocks, 
such as quartzite, granite and porphyry; and ore-deposits which 
ar~ largely replacements are more likely to occur in easily sol
uble rocks, such as limestone. · The gold-quartz veins of Cali
fornia give an excellent illustration of the deposition of ores 
in pre-existing cavities in refractory rocks, such as siliceous 
argyllite, diabase, diorite and granodiorite. * This instance is 
all the more interesting since the \vall-rock itself is greatly 
modified, ancl has lost and gained various elements. Ore-de
posits wbich. are largely replacements are well illustratecl by the 

* Lindgren cit., pp. li2-257, 259, 261 ; also pp. 146-157. 
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sih-er-lead deposits of Eureka, Nevada, and Lead\dlle, Colo
rado, and by the gold deposits of the J udith mountains, Mon
tana. * 

Replacements are likely to · be important also in proportion 
as the trunk-channels are complex rat.her than simple. This 
foIIows from the law of mass action. In proportion as a trunk
channel is complex, the surface of actiou upon the wall-rock for 
a given qu3:ntity of solution is large. As conspicuous examples 
where there are }arge surfaces of action may be mentioned 
sandstones and conglomerates, and the reibungs-breccias or 
crushed rocks along fault zones. Where the trunk-channels 
are very complex, the rocks even if refractory may be replaced 
to a considerable extent by the metalliferons ores. A conspic
uous instance of this in a sedimentary rock is that of the copper 
conglomerate deposits of Lake Superior, where many grains, 
pebbles and boulders ofporphyry are partly or whoIIy replaced 
by metallic copper. In some places the metallic copper occurs 
as partial or complete skulls surrounding the boulders of por
phyry; in otl~er places these skulls are thicker, and in still 
other places the entire masses of the boulders, as described by 
Pumpelly,t are fully replaced by the metallic copper. While 
the conglomerate deposits of Lake Superior are in part re
placements, they also are in large part, fillings of pre-existing 
cavities between the clastic particles. An excellent example 
of replacement in igneous rocks where there is complex dis
tributive faulting and thus a large surface of contact for sub
stitution, is furnished by the Cripple Creek <listrict, in which 
according to Penrose,t ore mainly occurs replacing and blend
ing into various igneous rocks. 

In case of substitution the entire mass of the rock may be 
continuously replaced. This is particula.r1y like1y to occur 

,.,. "The Silver-Lead Deposit of Eureka, Nevada," by J. S. Curtis, Non. U. S. 
Geol. Surr., No. 7, pp. 98-99. "Geology and :Mining Industry of Leadville," 
by S. F. Emmons, J.llon. U. S. Geol. S1iru., No. 12, pp. 556, 569. "Geology and 
l\linernl Resources of the Judith :Mountains of l\Iontana," by W. H. Weed an<l 
L. V. Pirsson, 18th Ann. Rept. U .. S. Geol. Surv., pt. iii., 1896-97, pp. 594, 598. 

t "Copper District," by R. Pumpelly, Geol. of .J.lfich., vol. i., for 1869-1873, 
pp. 3i-38. "Paragenesis and Derivation of Copper," by R. Pumpelly, Am. Jour. 
&i., vol. ii., 1871, pp. 28, 29. 

! "The Mining Geology of Cripple Creek, Colorado," by R. A. F. Penrose, 
Jr., 16th Ann. R.ept. U. S. Geol. Surv., pt. ii., pp. 140-141, 144-146, 161-162. 
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"·here the rock is uniform in strncture and composition, as 
limestone or dolomite. Where, however, the rock is of com
p1ex composition such as granite or porphyry; or where therc 
are different kinds of rock prescnt„ as, for instance, diorite and 
granite, the replacement will usually be largely selecth·e. This 
selective replacement may apply to the mass of the wall-rock, 
to the individual fragments of it, to clastic fragments of sand
stones or conglomerate, to the different constituent minerals in 
a single fragment. The particular minera]s or masses which 
are rnost soluble in the solutions present will be most rapid1y 
disso]ved. 

\,Vhere the wall-rock varies greatly in the soluhility of its 
minerals, the select_ive replacement of the country-rock may cx
tend for some clistance from the central deposits. The reaclily
solu ble minerals are dissolved, and in place of them there are 
precipitated tbe metalliferous minerals. This process is ordi
narily called impregnation. Selcctive replacement of this kincl 
is well illustrated by the Butte, Montana, granite, in which 
"the basic constituents of tbe granite are naturally attacked 
first; then the feldspars, and finally tbe quartz itself may be 
removed, so that in some parts there are found large masscs, 
composed entirely of metallic minerals."* 

In the variable solubility of the country-rock lies the partial 
explanation in regions of heterogeneous rocks of the frequent 
occurrence of the main masses of the ore-deposit in the morc 
soluble rock. For instance, where limestone ancl sandstone, 
limestone and quartzite, limestone and cliorite, limestone and 
trachyte, limestone and porphyry, limestone ancl granite, or 
limestone with almost any other rock occur in intimate asso
ciation and ore-cleposits are found, the ore is likely to be largely 
iu the limestone. t The partial explanation of this relation is 
undonbtedly the more ready solubility of the limestones. How
ever, other factors enter into the matter. lt has already heen 
explained that the country-rock may furnish solutions which 

* "N otes on the Geology of Butte, l\Iontana,:' by S. F. Ernmons, Trans., xvi., 
1888, 57. 

t "The Copper Ores of the Southwest," by Arthur F. Wendt, Ti·ans., xv., 25-
27. "The Silver-Lead Deposits of Eureka, Nevada," by Jos. Story Cnrtis, .Mon. 
U. S. Geol. Suru., No. 7. "Geology and Mining lndustry of Leadville, '' by S. 
F. Emmons, .Mon. U. S. Geol. Suru., vol. xii., p. 540. 
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react upon the mineral-bearing solutions, and thus cause pre
cipitation (see pp. 62-64). Furthermore, where limestone ancl 
stronger rocks are cleformecl together, the limestone, having 
less strength, is more likely to be crushecl ancl broken in a com
plex rnanner and thus furnish trunk-channels for circulation. 

In conclusion, I insist that ore-deposits form where there 
existed original trunk-channels of circulation. These trunk-. 
channels may have been greatly enlarged by solution. This, 
indeed, is the general tendency above the levcl of groundwater, 
but the general tendency bclow the level of groundwater is 
to cement rather than to enlargc the openings (see p. 48). 
Ore-deposits formecl along trunk-channels will commonly, if 
not universally, be to some extent in pre-existing openings ancl 
to some extent as a snbstihltion for the wall-rock. Whcre the 
trunk-channels are simple and the rocks arc refractory the ore
cleposits to a large extent are likely to be in pre-exist1ng open
ings. Where the trnnk-channels are complex and thc rocks 
soluble the ore-clcposits to a largc extent are likely to be re
placements. 

Clwracter of the Topogmphy. 

Effect of the V ertical Element.-Where the topography is 
marked the unclergrouncl circulation is likely to penetrate 
much deeper than in regions where the variations in topog
raphy are slight. 

In mtmntainous ancl elevated plateau regions the lithosphere 
is likely to have more 11umerons, larger, ancl deeper openings 
than low-lying areas. Elevated areas are thosc of compara
tively recent orogcnic or epeirogcnic movcment. Therefore 
they are regions in which the rocks have recently been de
formed and fractured, and hence the processes of cementation 
would have been less likely to have closecl the openings. In 
regions of very steep topography the tendency for thc material 
to glide down the slope uncler the stress of gravity also tench 
to widen openings "Thich have been once formed. Such move
ments are known to be effective to the depth of hundreds of 
meters. lt is hence clear that elevated and rough regions are 
those in which the unclerground circulation is likely to find 
large, numerous, ancl deep openings. 

Furthermore, elevated and mountainous regions arc those in 
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which the underground water has the greatest difference m 
head, and this is favorable to deep circulation. 

Thus, in mount.ainous regions, like the Cordilleras, it would 
be expected that the underground circulation both ascending 
and descending would be effäctive to greater depths upon the 
average, than in regions of gentle topography like that of the 
.leacl and zinc district of south\vestern Wisconsin (see Fig. 7, p. 
120), where it is perhaps probable that the scope of the effective 
circulation, ascencling and descending, is confined to a vertical 
distance of 500 meters or lcss. 

U nfortunately, the majority of descriptions of mines do not 
say anything as to the level of groull(hvater. In the San J uan 
district of Colorado, which is a region of very rugged topog
raphy, Purington states* that the level of groundwater is far 
below the surface, and that oxidizing effects are producecl at 
a depth of 300 meters or more, thus confirming the conclu
si?n that the zone of descending water is increased by rugged 
topography, and it can hardly be donbted that the zone of 
effäctive ascending circulation is equally increased. 

Effect of the Horizontal Element.-The horizontal position of 
an ore-deposit with reference to topography often has an im
portant influence upon its richness and magnitude. If the 
correct theory of circulation of underground waters and the 
deposition of ores has been giyen, certain corollaries follow from 
this theory with reference to this point. 

(1) Commonly ores deposited by ascending waters would be 
formed below the valleys, or at Je3st below the lower parts of 
the slopes; for these are the places lvhere waters are ascending 
in the trunk-channels. (2) Commonly ores deposited by dc
scending waters would be formed below the crests or below the 
upper slopes of elevations; for these are thc places where wa.ter 
would be descending. Probably the upper slopes would be more 
favorable places than the crests; for at an annular belt upon the 
upper slope of an elevation the quantity of descending waters 
would be greater than at the crests. (3) Commonly ores which 
receive a first concentration by ascending waters and a second 
concentration by descending waters would be on the slopes, 

* " Preliminary Report on the Mining Industries of the Telluride Quadrangle, 
Colorado," by c.· W. Purington, 18th .A.nn. Rept. U. S. Geol. Surv., pt. iii., 1896-
9i, pp. 825-827. 
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probably in many instances nearer the valleys than the crests. 
At such places the meteoric waters falling at the higher eleva
tions woulcl have sufficient heacl to deeply search the zone of 
fracture for ores. Therefore, the ascending circulation in trunk
channels would be strong. Furthermore, at such places the level 
of groundwater would be a considerable distance below the sur
face, and abundant descending wa.ters would be concentrated 
in the upper parts of the openings. (See Fig. 6, p. 55.) The 
downward migration of the belt of weathering would furnish 
the final favorable conclition for the accumulation of a large 
amount of second concentrates by clescending waters. 

Admirable illustrations of ore-deposits corresponding to the 
second ot the corrollaries are furnished by the iron-ore-cleposits 
of the Lake Superior region. These are the products of de
scending waters, and the great majority of the ore-deposits are 
found near the tops of hills or upon the upper slopes. 

An excellent illustration of the third corrollary is furnished 
by the lead and zinc district of the upper Mississippi valley. 
Chamberlin* notes that in the valleys of Wisconsin part of the 
district the waters generally ascend to the surface; therefore, 
at such places only a first concentration would be expected, and 
it is the general impression among miners that a lode makes 
better on the slope of a hill " than at the summit or at the foot 
of a hill."t Furthermore, it is held by the miners tbat the 
lodes which run parallel to a contour of a hill "like an eave
trough," are more likely tobe rich than those which run towarcl 
the sumrnit of the hill.t Both of these practical conclusions 
of the miners are fully explained by the theory of a first con
centration by ascending waters, ancl by a second concentration 
by descending waters when consiclered in connection with the 
topography. 

The above conclusions concerning the relations of ore-de
posits and topography are only perfectly applicable in regions 
in which the drainage lines have been reasonably stable. The 
Lake Superior region ancl the lead and zinc district of the 
upper Mississippi valley are regions of stable topography. The 
main drainage lines have probably not been greatly modi:fied 

* Chamberlin, cit., p. 565. 
t Cham berlin, cit., p. 563. 
t Chamberlin, cit. 1 p. 356. 
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since they were establisbed at the close of the Cretaceous periocl 
of base levelling. This is certainly true of the lead and zinc 
district; but in the Lake Superior region the drainage lines 
have been to some extent modified by the glacial invasions. 

In regions in which there have been receut important changes 
in the positions of the drainage lines and elevations, the gen
eralizations are only partly applicable. lt is well known in 
consequence of .the varying hardness of rocks, in consequence 
of their structure, in consequence of the unequal strength of 
streams ancl unequal declivity, that draiuage lines are almost 
constantly shifting, and in many regions somewbat rapidly. 
Consequent on this shifting, many ore-deposits which, when 
below valleys, received a first concentratiou by ascending 
waters, are now well up on slopes or even at crests. A change 
of this kind would be especially favorable to the development 
of ore-deposits which are due to two concentrations, the first 
by a.scending and the seP-ond by descending waters. In an 
early stage of the history of a deposit it would be in the most 
favorable place to receive a first contribution of ore. Later, 
when, as a consequence of a topographic change, it was on 
higher ground, it would then be in a favorable place for the 
work of descencling waters. Although it is difficnlt to prove, 
I have little doubt that many ore-deposits have had this very 
favorable history. 

Many other ways could be suggested in which changing 
topography would be favorable or unfavorable to further con
centration of ores. However, I shall not attempt this, but 
suggest that geologists in various regions study the ores in 
connection with the topographic development of the rcgion. 
Such studies will furnish facts upon which safe generalizations 
may be made. 

Physical Revolutions. 

The genesis of many ore-deposits is uncloubteclly further 
complicatecl by physical revolutions of various kinds. After 
an ore-cleposit has partly formecl, either by ascending or de
scending waters or both, the region may go through a physical 
revolution, and after the revolution the concentratiou of the 
ores may again be taken up by N ature's processes. 

After an ore-deposit has been formecl the country may be· 
reducecl to the level of the sea either by denuclation or sub-
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siclence; there he deeply buried under sedimentary rocks; 
may be again uplifted, and undergo a second cycle of reactions 
which affect the nature of the ore-deposits. An ore-deposit 
partly formed may be buried deep under volcanic rocks. This 
undoubtedly lrns occurred on a great scale through the great 
period of Tertia!·y vulcanism in the Cordillera.s of the West. 
The ore-deposits there buried are placed in a new environment, 
and are undergoing a second cycle of concentration or cleple
tion. When in the future tlenudation shall have stripped off 
these volcanics, these ore-deposits will be at the surface. This 
rnay not occur while man occupies the earth, but doubtless 
similar things lrnxe occurred with reference to extensive areas 
where mines are now being worked. lt is well known that 
"·hen•fissures once form, these are places of wealrness, and that 
movement lrns again arnl again recnrred along the old planes. 
Thus, where the conditions once become favorable for ore-con
centration they rnay recur in the same places through various 
revolutions. Physical changes of various other kinds may take 
place. Each of the complex changes in physical history will 
produce its effect upon an ore-deposit. 

General. 

lt is clear from the foregoing that an ore-deposit may not 
represent the work of a single period of ascending waters, but 
may incl ude several alternating periods of ascension and descen
sion, and in this way irregularities in certain of the ore-deposits 
in very ancient rocks may be explained. However, it appears 
probable in many cases tbat the main work of ore deposition 
has been the result of a single concentration by ascending 
waters and a single concentration by descending waters. 

Any of the special and local factors above discussed anrl 
others may in an individual case be so conspicuous as to ap
pear to be a controlling factor in the formation of an ore-deposit. 
One might say that the existence of a given trough was the 
cause of the production of an ore-deposit. The truer state
ment woulcl be that the factor under consideration is one 
essential factor among many. The porosity of a formation, 
the existence of a pitching trough, favorable topograpby, the 
presence of igneous rocks fnrnisbing heat to make the waters 
active, aud many other special factors, may, in a given case, all 
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be essential factors, witbout tbe belp of any one of whicb an 
ore-cleposit woukl not have been producecl. But no combina
tion of these special factors will form an ore-bocly, if a source 
of the metal is not available upon which the nndergronncl 
waters may act. In short, each case of the formation of an 
ore-cleposit requires the fortuna.te combination of many favor
able factors, \~orking harmoniously together, the absence of 
any one of wbich may preveut the concentratioll of the ore
cleposit. 

0RE-ÜHUTES. * 
No fact is better known concerning ore-depo8its thall that 

they vary in the most remarkable fashion, both in size alld 
richness. MQreov.er, these variations are both vertical and 
horizontal. Frequently rich deposits decrease in size or are 
wholly cut off with extraordinary abruptness. Other equally 
rich cleposits may appear somewhere eise Oll the same level or 
Oll another level in an equally strange and apparelltly inex
plicable manner. The ore-masses of exceptional richness are 
generally called ore-chutes. Sometimes the,r are spokei~ of as 
pay-streaks, at other times as bonauzas, at other times as chim
neys. In this paper ore-chute is used as a general term to 
include all deposits of exceptionai richness or size, of whatever 
or1gm. At various places in this paper factors have been men
tioned which procluce ore-chutes. However„ because of the 
very great economic importance of ore-chutes, it seems to me 
advisable to consider uncler one heading some of the more 
prominent of these factors, even at the risk of repetition. 

Ore-chutes may be gronped into those which are largely ex
plained (A) by structural features, (B) by the influence of the 
wall-rocks, and (C) by a secondary concentration by descencling 
waters. 

(A) One large class -0f -0re-chutes may be explailled princi
pally by structural featu·res. These strnctural features may be 
(1) the varying size, (2) varying complexity, (3) flexures, ( 4) in
tersections of fractures, and (5) later orogenic movements. 

(1) A fra.cture thmugh a mass of rocks is necessarily uneven. 
'Vhere there are movements, it follows that the walls will not 

;;i For a general discussion of ore-chutes in fissures, see "The Mining Geology 
of the Cripple Creek District," by R. A. F. Penrose, Jr., 16th Ann. Rept. U. S. 
Gcol. Sun:ey, part ii., 1894-1895, pp. 162-166. 
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be acljusted to each other. "\Vhere projections or complex sur
faces are opposite each other, the fissure may be represented 
by a mere seam. \Yhere, on the other hand, depressions or 
two concave surfaces are opposite each otber, a widening may 
occur which in some cases is su:fficient to procluce a great room. 
Rooms may be partly or largely produced by solution. Rooms 
may be connected hy comparatively large channels. Thus 
there may be in a single mine a succession of rooms :filled with 
rich deposits connected with rich chimneys. lt is evident from 
the above tlrnt there may be every variätion in the width of an 
ore-deposit clue to this factor, from zero to many feet. 

lt has been shown, other things being equal, that the under
ground circulation will follow the largest openings. Tims, 
wherever there are rooms, and especially where there are 
rooms witb conuecting passages of considerable width, there 
the most abundant circulation will be converged. Moreover, 
the solutions of this circulation will be derived from various 
sources. Hence, in the large openi ngs more ore and very fre
q nently richer ore will be deposited than in the narrower open
ings, where the sofotions are both less abundant and less com
plex. 

(2) Ore-chutes are frequent where the fractures, instead of 
being simple, are complex; that is, where there is a crushecl 
zone, or zone of brecciation and mashing. lt has been pointed 
out (pp. 62-64) that some ore-deposits are largely due to 
reactions between the solutions and the rocks through which 
they pass. Such an ore-deposit is most likely to be rieb at a 
crushed zone, where there is every opportunity for much 
greater interaction between the solutions of the trunk-channels 
and tbe rocks through which it circulates than where there is 
a single fracture, even if the space furnishecl by the latter is 
greater than tlrnt furnished by. the multitude of smaller open
ings. (See p. 133.) 

(3) Very frequently the rieb chutes of ore are located by 
flexures, the ore being either at the crests of anticlines or at 
the bottoms of synclines. As pointed out (pp. 124-131), this 
is especially likely to be the case where, in connection with the 
folds, there are impervious strata. Under such circumstances, 
as has already been fully explained, ore is likely to ~e con
vergecl from ascendiug solutions in the arches of pervious 
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strata below impervious strata, and by descending waters in 
troughs of pervious strata above impervious strata. In the 
cases cited, such as those of Australasian ancl Nova Scotian 
gold-ores ancl the Lake Superior iron-ores, these relations are 
perfectly clear; but µoubtless in many mines there are rninor 
flexures which have been overlooked, but which may be su:ffi
cient to control the movement of the circulation, and thus pro
cluce the chimneys of ore. These minor flexures may be par
allel with the clip of a deposit, or they may pitch to the right 
or to the left of a deposit as one looks down the dip. 

(4) The intersections of fractures furnish one of the most 
frequent explanations of ore-chutes. The intersections may be 
those of faultecl :fissures; those of fissures and joints, or the 
intersections of joints. In many instances one set of fractures 
carries the larger ore-deposits, and the intersecting set or sets 
of fractures are known as side fractures. In other instances 
the main deposits may occur in morc than one set of fractures, 
ancl still other sets of less importance constitute the siele frac
tures. 

In all cases where intersectiug fractures occur, there solu
tions will be contributed from two or more sources. The soln
tions will invariably have different compositions, and, therefore, 
precipitation will be likely to occur at the junctions. In some 
cases more than one set of fractures may fnrnish metalliferous 
material, while in other cases the metalliferous material may 
be contributed by one set of fractures and the precipitating 
agents by the others. In these instances where the intersecting 
veins all carry ore, it is easy to see why the deposits at the inter
sections should be unusually large and rich. However, where 
the siele veins are small or are wholly fillecl with gangue ma
terial, their importance in the genesis of ore-deposits has been 
very generally overlooked. In many instances there is little 
doubt that the metallic material bas been precipitatecl in a main 
fissure at or near where the side veins join through the infiu
ence of the solutions contributed by the latter veins. A very 
c]ear case of the infiuence of side veins is that already citecl of 
the Enterprise mine, of Rico, Colorado, where the pay-chutes 
are especially rieh in the main fissures at the places where bar
ren siele veins intersect them. Where ore-chutes are found to 
be connected structurally with barren siele veins, a cousidera-
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tion of the minerals themselYes and the minerals in the siele 
veins ought to lead to more exact know]edge concerning the 
manner of the precipitation of the meta}; for presumably the 
precipitation of the metals was conneeted with some of the 
compouncls which occur as gangue in the siele veins. 

Siele fract.ures may be at right angles to the main set of 
fractures or incline to them. They may extencl direct]y down 
the dip or pitch to the right or left a]ong the dip. Therefore, 
almost any curious distribution of the rich chutes may occur. 
In some cases a siele stream either bearing metals or precipitat
ing agents, or both, may not issue equally a1l along a fau]t or 
a joint, but maJ be largely convcrgecl into a single channel or 
strong spring which enters a fissure. In such cases, especially 
if the spring empties where there is a room proclucecl by the 
structural features cliscussed u ndcr (1 ), bonanzas may be formed, 
such as those of the Comstock ]ode. 

While the relative influence of the difforent sets of intersect
ing fractures is vcry complex, in an individual mine a close 
study of the numpcr, order and relations of the fractures and 
joints, many of which are, perhapst almost imperceptible, may 
furnish rules which will enable one to more intelligently search 
for ore. 

Between the two cases of a trunk-channel produced by flex
ure, described under (3), and by cross fracture described uncler 
( 4 ), there is complete gradation. 

(5) Late orogenic movements explain certain ore-chutes. 
After openings have received a first contribution of ore, ancl 
are, perhaps, fully cementecl by ore and gangue materials, oro
genic movements frequent]y recur, which again fracture the 
ground and produce openings. Some parts of a deposit may 
escape fracture, while other parts may be broken. The fractur
ing of the broken parts may be simple or complex. The com
plex fracturing may produce zones of parallel fractures, zones 
of intersecting fractures, hrecciated zones, or even zones in 
which the material is finely mashcd. Between the parts of the 
deposit which have no fracturing ancl those in which the frac
turing is of the most complex sort, there may be all gradations. 
The fractures may be confined to a narrow belt of a deposit or 
to one siele of it. lt may be co~1fined within varying limits 
latera11y or vertically. All of the above statements in refer-
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ence to the main deposits applies equally 'vell to intersecting 
sets of deposits; also, entirely new sets of openings may be pro
duced. Therefore, an ore-deposit which has received a first 
contribution, and again is subjected to orogenic movements is 
in such a condition that it may again receive a contribution of 
ore material under the same complex ·1aws as at first. This 
ore material will be distributed in the same irregular manner 
as that of the first contribution. Therefore, the new material 
will not only be distributed irregularly, but will be superim
posed upon the old material, which also had an irregular <lis
tribution, and thus there will be extraordinary variations in 
richness. 

(B) Ore-chutes in many cases are explained by the influence 
of the wall rocks. lt is well known that where ore-deposits 
intersect a complex set of rocks, that the pay-chutes are likely 
to have a decided preference for one rock rather than the others. 
For instance, if a fissure passes from granite to diorite, or from 
either Öf these to limestone, or from any of these to sandstone, 
t.he character and richness of the deposit may vary greatly as 
the rock changes. For this variability, due to the character of 
the wall rocks, different explanations apply in difförent cases. 
(1) In some instances the restriction of the ore-chutes to one 
rock is largely explainecl by the more ready solubility of that 
rock. This is particularly applicable to the substitution deposits, 
the wall rock being clissolved pari-passu with the deposition of 
the ore. By the solution of the soluble rock suffi.cient room is 
furnished for a large ore-deposit. The above is undoubtedly 
the partial explanation in many cases of the preference of 
the ores for limestone rat.her than to the adjacent more insolu
ble rocks. (2) Iu other instances the preference of the rich and 
large bodies to one wall-rock rather than another is clue to the 
fact that the wall rock itsclf, by reaction upon the solutions, 
precipitates the ore material. This may also partly explain the 
preference of certain ore-deposits for limestone. (3) In still 
other instances the wall rock itself furnishcs solutions contain
ing metalliferous material which is precipitated in the trunk
channels, or furnishes solutions capable of precipitating metal
liferous material in the trunk-channel. 

(C) A third class of ore-~hutes are those ·produced by the 
processes which have been so fully explained in this paper, viz.: 
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the secondary enrichment of a deposit by descending waters, the 
:first enrichment of which was produced by ascending waters. 
By this process rich ore-bodies, either oxidized or sulphuretted, 
or partly each, which are limited in depth by the distance to 
which the descending waters are ef:l:ective. 

General.-Of necessity, in this analysis, the variou~ factors 
which may produce ore-chutes have been separately treated. 
However, in a given case it is rare, indeed, to find that the en
tire explanation lies in the · application of a single one of them. 
To explain an ore-chute of an individual mine, ordinarily a 
number of the above causes need to be combined, and in some 
cases, <loubtless, other causes which have not been treated. No 
study is more important economically, more fascinating, or more 
difficult in a gi ven <listrict or mine than to ascertain the par
ticular cornbination of factors which produce the ore-chutes. 

From the foregoing it is plain tliat no general statement can 
be made in explanation of ore-chutes. In each individual dis
trict, more, in each individual mine, still further, in each indi
vidual part of a mine, all the phenomena there occurring must 
be closely studied in the light of a correct theory of ore-deposi
tion in order to reach an explanation applicable to the particu
lar case. 

lt is well known in the districts which are mineralized that 
the workable ore-deposits are ordinarily confined to relatively 
small areas, although, so far as one can see, the amount of 
metalliferous material to furnish ore-cleposits may have been 
the same throughout the districts. The explanation of the lack 
of workable ore-deposits for ]arger parts of the districts ordi
narily lies ii~ thc lack of the favorable combination of the vari
ous special factors mentioned, and doubtless rnany others which 
have not been considered. As better illustrating my meaning, 
I may again mention the iron-ores and copper-ores of the Lake 
Superior region. The iron-bearing formation has an extensive 
occurrence throughont the Lake Superior region. The work
able iron-ores are, however, confined to small areas, in which 
there have been happy combinations of ancient and recent 
metamorphism combined with favorable structural features. 
The Lake Superior copper-deposits equally well illustrate the 
principle. All of the mines now being exploited are connned 
to an exceedingly narrow area on Keweenaw Point. But the 

10 
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copper-bearing rocks occupy an extensive area about the entire 
Lake Superior basin. Moreover, these copper-bearing rocks 
are mineralized in many places, as is shown by the widely 
disseminated copper. But, unfortunately, in many areas a little 
copper is concentrated in many amygdaloid or sandstone belts 
rather than in a single amygdaloid or sandstone. For instance, 
in certain districts scores of amygdaloid beds lie upon one an
other. The scoriaceous upper surface of each of these beds 
bear metallic copper, but none of them in su:fficient amonnt so 
that thc copper is a workable deposit. Had the copper de
posited in a nuniber of these amygdaloid formations been con
centrated in one of them, a workable ore-deposit would have 
been produced. 

From the foregoing it is clear that an investigation of the 
local factors in a district should include both those which are 
favorable to concentration of ores and those which prevent the 
concentration of ores, for a study of the latter in many districts 
may prevent the expenditure of ]arge sums in exploration where 
the mineralization is general but the conditions are not such as 
to have concentrated the valuable material in su:fficient quantity 
at any one position to warrant exploitation. 

A treatise on ore-deposits, including descriptions of indi
vidual districts, necessarily deals in each area with the special 
factors which are important in that district. These special fac
tors may be considered so conspicuous that the entire attention 
is given to them. However, it is to be remembered that each 
of these is subordinate to the general principles controlling the 
cleposition of ore-cleposits in all districts. 

THE ÜLASSIFICATION OF ÜRE-DEPOSITS. 

Before giving the classification of ore-deposits which follows 
from the foregoing treatment, it may be well to briefly recall 
the most fundamental features of the water circulation which 
produces the ore-deposits. First comes the action of the down
ward-moving, lateral-moving waters of meteoric origin which 
take into solution metalliferous material. These waters are 
converged in trunk-channels, and there whilc ascending the 
first concentration of ore-deposits may result. After this :first 
concentration, many of the ore-deposits which are worked by 
man have nndergone a second concentration not less important 
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than the first, as result of <lescending, lateral-moving waters. In 
otber cases a concentration by <lescen<ling, lateral-moving waters 
alone is sufficient to explain some ore-deposits. lt, therefore, 
appears more clearly than heretofore that an adeq uate view of 
ore-deposits must not be a descending water theory, a lateral
secreting water theory, or an ascen<ling water theory alone. 
While an individual ore-deposit may be produced by one of 
these processes, f or rnany ore-deposits a cornplete theory rnust be a 
descending, lateral-secreting, ascending, descen ding, lateral-secreting 
theory. The descen<ling, lateraJ-moving, and ascending waters 
are alike driven by gravity. Each perförms its own work. 

We have now only to bring together in summary the different 
groups an<l classes of ore-deposits which have heen considered 
to have a satisfactory genetic classification of ores deposited 
by underground waters. As already noted, ore-deposits may 
be divided into three groups: (A) ores of igneous origin, (B) 
ores which are the direct result of the processes of sedimen
tation, and (C) ores which are deposited by underground 
water. 

Since the ores produced by igneous agencies and those pro
duced by processes of sedimentation have not been considered 
in this paper, a subdivision of these groups will not be 
attempted. 

Ores resulting from the work of groundwater, group (C) 
above, may be divided into three main classes: 

(a) Ores which at the point of precipitation are deposited by 
ascending waters alone. These ores are usually metallic, or 
some form of sulpburet; lmt they may be tellurides, silicates 
or carbonates. 

(b) Ores which at the place of precipitation are deposited by 
descending waters alone. These ores are ordinarily oxides, 
carbonates, chlorides, etc. 

(c) Ores which receive a :first concentration by ascending 
waters and a second concentration by descending waters. The 
concentration by ascending waters may wholly precede the 
concentration by descending waters, but often the two pro
cesses are at least partly contemporaneous. The materials of 
class ( c) comprise oxides, carbonates and chlorides above the 
level of groundwater, and rieb and poor sulphurets, tellurides, 
metallic ores, etc., below the level of groundwater. At or 
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near the level of groundwater these two kinds of products 
will be more or less intermingled, and there will frequently be 
a transition belt of considerable breadth. 

How extensive are the deposits of c]ass (a) I shall not attempt 
to state. Indeed, I have not such familiarity with ore-deposits 
as to entitle me to an opinion upon this point. However, a 
considerable number of important ore-deposits belong to this 
class. This class is illustrated by the Lake Superior copper
deposits. 

The ore-deposits of class (b) arc important. Of the various 
ores here belouging, probab1y the iron-orcs are of the most 
consequence. A conspicuous example of deposits of this kind 
are the iron-ores of the Lake Superior region. 

lt is believed that the ore-cleposits of class ( c) are by far the 
most numerous. I suspect that a close stucly of ore-deposits in 
reference to their origin will result in the conclusion that the 
great majority of ores formed by undergrouud water are not 
the deposits of asGending waters alone, but have by this process 
undergone a first concentration, and that dcscending waters 
have produced a second concentration, as a result of which 
there is placed in the upper 50 to 500 or possibly even 1000 

. meters of an ore-deposit a large portion of the metalliferous 
material which originally bad, as a result of the first con
centration, a much wider vertieal distribution. 

To the foregoing classifi.cation objections will at once occur. 
lt will be said that there are no sharp divicling lines between 
the groups and classes. To this objection there is instant 
agreement. Transitions are everywhere the law of nature. 
In another place* I have explaiuecl that there are gradatious 
between difforent classes of rocks, and this statement applies 
equally well to ore-deposits. I even hold that there are gracla
tions between ore-deposits which may be explained wbolly by 
igneous agencies, and those which may be explainecl wholly by 
the work of undergrouncl water, or by processes of seclimcnta
tion. Ore-deposits wbich have receivecl a first concentration 
by igneous agencies or by processes of sedimentation arc sure 
to be reacted upon by the circulating underground waters, and 
thus a second, or even rt. third concentration rnay take p1ace. 

* "The Naming of Rocks," by C. R. Van Hise, Journ. of Geol., vol. vii., 1899, 
pp. 687-688. 
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The first concentration by igneous or sedimentary processes may 
be the more important or dominant process, or the additional 
concentr~tion or concentrations by underground waters may be 
the more important or dominant processes. In some cases, 
therefore, the ores may be referred to as produced by igncous 
agencies, in others as produced by processes of sedimentation, 
in others as produced by these in conjunction with unclerground 
waters, and in still others as produced mainly by underground 
waters. Moreover, there will be found to be undoubted grada
tions between tbe difforent classes of deposits förmed by under
grou ncl waters. Ore-deposits which are precipitated almost 
solely by ascending waters will grade into those in wbich de
scending waters have produced an important e:ffect, and thus 
there will be transition between c]asses ( a) and ( c ). Simi]arly 
there will be every gradation hetween classes ( a) and (b ), and 
between classes (b) and ( c ). If this be so it will not infre
q uently happen that a single :fissure may fall partly in one 
class and partly in another. Thus, a single ore-deposit may be
long. partly in class (a) and partly in class (c). However, in 
most cases a deposit will primarily belong to one of the three 
classes. Indeed, not only are tbere gradations between different 
varieties of the ore-deposits among themselves, but there are 
gradations between the ore-deposits and the rocks, for the ore„ 
deposits, in many cases, are not sharply separated from tbe 
country-rocks, but grade into them in various ways. 

In answer to the above ohjection concerning gradations, it 
may be said that I know of no classification of ore-deposits 
which has yet been proposed to which the same objeetion may 
not be urged with equal or greater force. 

However, this retort does not give any criterion by which the 
usefulness of the above classification may bc tested. The test 
is, does this classification give us a more satisfactory method of 
studying ore-deposits than has heretofore been possible? Will 
an attempt to apply this classification assist miniug engineers 
and geologists in accurately dcscribing ore-deposits ? Will the 
classification, to a greater extcnt than any preYious one, give 
engineers rules to gnide them in their expenditure in explora
tion and exploitation? By these criteria I am willing that 
the classification sball be tested. 

As an illustration of the practical usefulness of the classi:fica-
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tion, is the connection between genesis and depth. Where the 
orcs are deposited by ascending waters alone it has been pointed 
out that this is favorable to their continuity to gre~-it depth. 
Thercfore, whcre a given ore-deposit has been shown to belong 
to this class, the expenditure of money for deep exploration is 
warranted. \Vhere a deposit is produced by descencling waters 
alonc, the probable extent in depth is much more limited. In 
such cases, when the bottom of the oxidized product is reached, 
it would be the height of folly to expend money in deep ex-
ploration. Where thc ore-deposit belongs to the third class, 
that produced by ascending and descending waters eombined, 
there will again be a richer upper belt which we cannot hope 
will be duplicated at <lcpth. However, this class of deposits 
may grade into tirst class, and after the transition the deposit 
may be rich enough to warrant exploitation at depth; but if 
such work be undertaken it must be done with the understand
ing tliat the rich upper products peculiar to the belt of weather
ing will not be reduplicated at depth. lt, therefore, appears to 
me that· the determination to which of the classes of ore-de
posits produced by underground waters a given deposit belongs 
has a direct pmctical bearing upon its exploration and exploita
tion. 
. lt is my hope tlrnt mining engineers and geologists will 
study ore-deposits in various regions in reference to the prin
ciples discussed in this paper. lt appears to me that he who 
does this will be capable of interpreting better than before the 
phenomena which he finds in the ore-body or bodies with which 
he is particularly concerned. Of course, it is fully understood 
that few ore-deposits will illustrate all of the principles above 
given. lt is appreciated that for a certain ore-deposit some 
few of the principles given on the foregoing pages may be the 
dominating ones, and that others are unimportant. But this is 
precisely what l should expect. 

In ad'dition to the points specially emphasized in this paper, 
accurate descriptions should be made of the relations of the 
different minerals of ore-deposits; of the occur~ence of each 
mineral with reference to the wall-rocks; and their variations 
in composition, relations and richness at various depths, reckon
ing both above and below the level of groundwater. More
over, such a study should include close observation of the 
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gangue-minerals in their relations to one another and to the 
valuable minerals; for in many instances they may givc impor
tant testimony as to the origin of the ore-deposit. In this 
paper, the gangue-minerals have been altogether ignored. 
Furthermore, a study should be made of the changes of country
rocks and wall-rocks. When a comprehensive study of various 
ore~bearing districts has been macle, including all of these fac
tors, and the special factors discussed on pp. 112-140, it is be
lieved that a more satisfactory treatise upon ore-dcposits may 
be written than has yet appeared. 

Such a study of ore-deposits must be a di:fficnlt one, involving 
as it does, a working knowledge of petrography, of mineralogy, 
and of modern physical chemistry. Uncloubtedly, the story of 
many ore-deposits will be found to be exceedingly complex, and 
not to come fully within the scope of the principles discussed 
in this paper. So far as any ore-deposit fails to do this, it w.ill 
give us data upon which to state a more nearly complete the
ory of ore-deposits than that here proposed. 
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