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THE ENRICHMENT OF ORE DEPOSITS.

By WiLiam Harvey Emmoxns.

INTRODUCTION.
STATEMENT OF THEORY. .

When mineral deposits are exposed to weathering at and near the
surface of the earth, they break down and form soluble salts and
minerals that are stable under surface conditions. No metallic
sulphide that is long exposed to air and water remains unaltered.

“Iron sulphides, which are present in practically all sulphide ores,
are changed by weathering to iron oxides, and the changes are
attended by the liberation of sulphuric acid. Many of the metals
form soluble sulphates with sulphuric acid, and when conditions
favor their migration downward they are carried in solution to
depths where air is excluded. Unoxidized rocks are nearly all
alkaline. Acid solutions that encounter such rocks at depths where
air is excluded will lose acidity, and as solutions approach a neutral
or alkaline condition some of the metals they contain are deposited.
When solutions of the metallic sulphates encounter metallic sul-
phides at depths, precipitation may take place in cracks and fissures,
or there may be an interchange between the metals in solution as
sulphates and the metallic sulphides. Thus, as a result of precipi-
tation in openings or of chemical interchange, the metals are re-
deposited, and certain portions of the ore bodies, particularly those
just below the oxidizing environment, may be enriched.

In the course of weathering each of the metals behaves in its pe-
culiar way, its behavior depending on its chemical character and
relations. Deposits of iron, aluminum, and manganese, and some
of gold and other metals, may be enriched near the surface by the
removal of valueless materials. On the other hand, many  deposits,
especially of ores of copper sulphides, are leached near the surface
and are much richer below the leached zones. The ore at still greater
depths is of lower grade. Without doubt, in a great many deposits
the copper leached from the upper zone has been carried downward
and redeposited, forming the enriched zone. The deeper, lower-
grade sulphide ores are assumed to be representative of the original

' 11



12 THE ENRICHMENT OF ORE DEPOSITS.

or primary material of the whole deposit. Some deposits of gold
ores and some of silver ores show similar features. Relatively few
deposits of lead and zinc have clearly defined secondary sulphide
zones, although some such deposits show appreciable enrichment.
The principles involved in the enrichment of ores have become fairly
well understood and have proved to be of considerable economic
value, for they have been successfully applied to the development of
many mineral deposits.

The problems of superficial alteration and enrichment are not
simple. Not only do the several metals segregate in different ways,
but each metal may behave differently in different mineral associa-
tions. Every district and every deposit should be studied separately
in the light of all available chemical and geologic data. There are,
however, certain laws of segregation that almost invariably are
clearly indicated, and as data have accumulated many puzzling ap-
parent exceptlons to these laws have disappeared. ‘

This paper is an amplification of an earlier Survey bulletin on
the enrichment of sulphide ores (Bulletin 529). It is a discussion of
representative deposits, especially of the paragenesis of their ores
and of the principles that underlie the processes of enrichment.

I hope it may suggest to those engaged in geologic work and
in mining some lines of approach to the solution of the complex
problems that are encountered in the field.

I realize fully that there may be serious omissions and possibly
errors in the discussion of the complex problems here presented. I
shall esteem it a favor if anyone whose statements I may have mis-
quoted or misinterpreted will set me right, and if those who have
had s supenol opportumtles for study of certain districts W111 correct
any wrong 1mpresswns that I may have given.

DEVELOPMENT OF THEORY.

That rocks and ores are changed near the surface by weathering
and that certain metals are in this way segregated was probably
known to ancient miners. The earlier geologic literature contains
many references to altered outcrops. Superficial changes are in
many places conspicuous, and nearly all experienced prospectors,
even those without academic training, appreciate fully the signifi-
cance of gossan and the weathered zone. But the theory that certain
metals are dissolved near the surface and precipitated as sulphides
below, at, or near a water level is of comparatively recent develop-
ment. Whitney* was probably the first to apply this theory. De-
scribing the deposits of Ducktown, Tenn., in 1854, he said:

1 Whitney, J. D., The metallic wealth of the United States described and compared
with that of other countries, pp. 322-324, Philadelphia, 1854. Also, Remarks on the
“changes which take place in the structure and composition of mineral veins near the
surface, with particular reference to the east Tennessee copper mines: Am. Jour. Sci.,
24 ser., vol. 20, pp. 53-57, 1855.



DEVELOPMENT OF THEORY. 13

Beneath the gossan is found a bed or mass of black cupriferous ore of variable
thickness and width. This, as well as the gossan, is the result of the decom-
position of an ore consisting originally of a mixture of the sulphurets of ‘iron
and copper which was associated with a quartzose gangue or vein stone. The
place of the bed of copper ore maljks the limit of the decomposition of the vein;
beneath it the ore exists in its original condition. The depth at which the
gossan terminates is nearly coincident with the water level or the point where,
in sinking, water is found in considerable quantity.

The chalcocite ore Whitney terms “ bluish black sulphuret.”

Hunt,* in 1873, described the Ducktown district, and his conclu-
sions regarding downward changes are essentially like those of
Whitney, but he had apparently a clearer conception of the chemis-
try of the processes of sulphide enrichment. Anticipating by 15
years the experiments of Schuermann, he obviously had in mind a
metasomatic interchange of the metals. Said he: “ Pyrrhotite is not
without action on copper solutions, and its agency has been with great
probability suggested . * * * as accounting for the precipitation
of the copper sulphide.”

In the later half of the nineteenth century the theory of so-called
“Jateral secretion” was widely accepted. The advocates of that
theory held that the metals were gathered from rocks near by and
precipitated in openings available. A migration of the metals in
cold waters was postulated, but the precipitation on older sulphide
ore, such as generally takes place in sulphide enrichment, was not
assumed to be the prevailing process. In the literature of this period
there are, however, numerous references to the migration of the
metals in cold solutions from oxidizing ore bodies and to their re-
precipitation near by. Becker,® in 1882, discussing the paragenesis
of ore minerals in the Comstock lode, stated that the rich minerals
“have probably formed at the expense of surrounding bodies of
lower grade.” S. F. Emmons? in his report on Leadville, in 1886,
mentioned the migration of silver into country rock. R. C. Hills,* de-"
scribing the Summit district, Colo., in 1883, noted the solution and
removal of gold during weathering of kaolinized gold deposits. A
noteworthy paper by Penrose® on the superficial alteration of ore-
deposits appeared in 1894.. This paper treated the oxidation activi-
© ties of nearly all the metals separately and greatly stimulated the
application of chemical principles to the study of surface decompo-
sition of mineral deposits. The subject of superficial oxidation was

1 Hunt, T. 8., The Ore Knob copper mine and some related deposits: Am, Inst. Min.
Eng. Trans., vol. 2, p. 123, 1874.

2 Becker, G. F., Geology of the Comstock lode and the Washoe district: U: 8. Geol, Sur-
vey Mon. 3, p. 273, 1882,

3 Emmons, S. F., Geology and mining industry of Leadville, Colo.: U. S. Geol. Survey
Mon. 12, p. 553, 1886. )

4 Hills, R. C., Ore deposits of Summit district, Rio Grande County, Colo.: Colorado
Seci. Soc. Proec., vol. 1, p. 20, 1883, .

5 Penrose, R. A, F,, jr., The superficlal alteration of ore deposits: Jour. Geology, vol. 2,
p. 288, 1894,
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discussed at some length by Fuchs and De Launay * in their treatise
published in 1893.

Papers treating the subject of sulphide enrichment were issued in
1900 by S. F. Emmons,> W. H. Weed,* and C. R. Van Hise.* In
them the writers, working independently, assembled the geologic
and chemical data bearing on the problem, formulating a clearly
stated theory from scattered and undigested observations. Five years
later Kemp ® wrote a summary of the processes of secondary enrich-
ment of ore deposits of copper, and in 1910 Ransome ¢ issued a com-
prehensive review of the criteria of downward sulphide enrichment,
~ in which he treated concisely the various processes of enrichment and
their results. '

DISTINCTIONS BETWEEN PRIMARY AND SECONDARY DEPOSITS.

In the study of mineral deposits it is helpful to outline three
groups of processes:

1. The deposition of the deposits.

2. The deformation of the deposits.

3. The superficial alteration and enrichment of the deposits.

Not every ore deposit has been deformed since deposition and not
all have been enriched by superficial alteration, but these processes
have operated to form or modify a great many deposits. Nearly
-all geologic processes may, under suitable conditions, operate to
form or modify valuable mineral deposits. These, like other geologic
bodies, may be deformed by faulting, by folding, by deep-seated
metamorphism, or by other processes. Similarly, as rocks are
weathered by air and water, so ores are changed, and frequently
they are changed more profoundly than rocks, for many ores carry
sulphides and these, with air and water, yield sulphuric acid, a very
active solvent of many of the metals. When rocks are weathered -
most of their soluble constituents are carried away and scattered,
though some may descend into the earth through openings and be
redeposited. The redeposition of certain of the soluble constituents
of sulphide ores is very common. In deposits of some metals, in cop-
per deposits, for example, such redeposition is almost though not
quite universal. Nearly all the richest deposits of such metals are

1 Fuchs, BEdmond, and De Launay, Louis, Traité des gttes minéraux et métalliferes, vol.
2, p. 230, 1893.

2 Emmons, S. F., The secondary enrichment of ore deposits : Am. Inst. Min. Eng. Trans.,
vol. 30, pp. 177-217, 1901. ' : :

3 Weed, W. H., The enrichment of gold and silver veins: Am. Inst. Min, Eng. Trans.,
vol. 30, pp. 424448, 1901. )

4Van Hise, C. R., Some principles controlling the deposition of ores: Am. Inst. Min.
Eng. Trans., vol. 380, pp. 27-177, 1901, .

5 Kemp, J. F., Secondary enrichment in ore deposits of copper: Econ. Geology, vol. 1,
pp. 11-25, 1906.
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due to redeposition. Other metals are less soluble; for example,
gold dissolves with great difficulty and is likely to be carried away
with the débris of its associated minerals. Many of the rich deposits
of gold are primary.

In this paper I apply the term “primary” to all bodies of ores
whose chemical and mineral composition has remained essentially

. unchanged by superficial agencies since the ores were deposited.

These include ores that have replaced the wall rock and are “sec-
ondary ” after rock-making minerals or sedimentary beds. A sec-
ondary ore, as the term is here used, is one that has been altered by

- superficial agencies. The term is not restricted to pseudomorphous

replacements but is used to include also material deposited by super-
ficial processes in fractures in and near the primary ore bodies.
Frequently during the primary deposition of lode ores the veins al-
ready formed by ascending waters are fractured, and ascending
waters again deposit material in the fractures. Such material, al-
though it is later than the ore first deposited, is not to be regarded
as “secondary,” for only rarely is it formed by the solution and
redeposition of an earlier ore, and its genesis is essentially similar
to that of ore of the period of the earliest deposition. A few in-
vestigators, however, use the term “secondary” to describe such a
deposit and some to describe an ore body formed by ascending
solutions that replaced the wall rock. It is unfortunate that the
term “secondary ” is used with different meanings, but since nearly
all writers employ it only to describe the results of downward-mov-
ing meteoric waters, reacting in or near an older mineral deposit,
I have so restricted its use in this paper. Where the meaning is
doubtful I have attempted to avoid amblgmty by using quahfymg
phrases.

A discussion of the genesis of primary ore deposits does not come
within the scope of this paper,-but in order to distinguish clearly
between primary and secondary ores as the terms are here used, it is
desirable to mention briefly the several classes of primary deposits.
Any attempt to classify ore deposits by means of the data now avail-
able is hazardous. Sharp divisions are not generally found in nature,
and any classification based on gene51s should be regarded merely as
a convenient means of comparison and study. Not only do some
classes of primary ores overlap one another, but some primary ores
formed at moderate depths by cold solution and some formed very
near the surface by ascending thermal waters are in many respects
similar to deposits formed by descending sulphate solutions in pro-
cesses of secondary alteration, and it is not everywhere practicable to
draw sharp distinctions between them. The following classification
includes the more important groups of primary ores:
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Syngenetie deposits; contemporaneous with the inclosing rocks:
Sedimentary deposits; mechanical, chemical, organic, etc.
Magmatic segregations; consolidated from molten magmas.

Epigenetic deposits; deposited later than the inclosing rocks:
Pegmatite veins ; deposited by ‘ aqueo-igneous ” magmatic solutions.
Contact-metamorphic deposits; deposited in mnuded rocks by fluids pass-

ing from consolidating intruding rocks.
Deposits of the deep-vein zone; formed at high temperature and under
_ great pressure, generally in and along fissures.
Deposits formed at moderate and shallow depths by ascending hot solutions.
Deposits formed at and near the surface by ascending hot solutions.
Deposits formed at moderate and shallow depths by cold meteoric solutions.

The deposits of any of these groups may be changed by various geo-
logic processes. They may be deeply buried and altered by dynamic
metamorphism, or they may be folded in the zone of combined frac-
ture and flow, or they may be folded, fractured, or faulted near the
surface. Elther before or after deformatlon they may be exposed to
weathering and be leached or enriched by superficial processes.

Syngenetic deposits are those that are contemporaneous with ‘the
inclosing rocks. Syngenetic deposits include sedimentary beds and
magmatic segregations. Sedimentary beds are of course younger
than the rocks stratigraphically below and older than the overlying
rocks. Sedimentary beds are the sources of many economic prod-
ucts—such as coal, clay, oil, iron ore, or manganese. Of the sulphlde
ores, however, very few are sedimentary. Some copper deposits in
the “ Red Beds” have been considered sedimentary—for example the
% Kupferschiefer ” of Mansfeld, Germany. Workable sulphide depos-
its of sedimentary origin in the United States are unknown to me.

Magmatic segregations are products of the differentiation of
igneous magmas. Genetically considered they are in the strict sense
igneous rocks. These deposits include ore bodies of considerable
economic importance, among then some of the magnetic iron ores of
the Adirondack Mountains, in New York. No large sulphide deposits
of this kind are known in the United States. The nickel-copper
deposits of Sudbury, Ontario, are the best-known examples of this
group in North- America. These deposits have been planed off by
glacial erosion in recent geologic time and do not show any con-
siderable enrichment by superficial processes.

Pegmatite veins are very nearly related to magmatic segregations.
They are magmatic segregations or end products of crystallization
that have been thrust, like igneous dikes, into openings in rocks
already consolidated. As they are probably formed from eutectic .
solutions, many pegmatite veins tend to approach a fairly uniform
composition and are also generally characterized by large crystals of
rock-making minerals.. Pegmatites that have not moved from the
parent magma and are not related to openings in rocks could properly
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be classed with syngenetic deposits, as magmatic segregations, but
some authorities reserve the latter term for the more basic differen-
tiation products. In pegmatites the sulphides are present, as a rule,
in small quantities, and except some deposits of rare elements they
have very little economic importance as sources of the metals.

Contact-metamorphic deposits are formed in intruded rocks by
fluids given off by intruding igneous magmas. Many of the ores of
such deposits contain the sulphides of copper, zinc, and lead, inter-
grown with heavy silicates and calcite. In general the ore bodies of
this class are not clearly related to determinable fissures. Many of
these deposits have been enriched by superficial alteration. As a rule
the changes are easily followed in the field, for many minerals that
are formed by contact-metamorphic processes are not formed by
processes of superficial alteration, and vice versa. In general sul-
phide enrichment does not extend to great depths in contact-meta-
morphic ores; the tough, fibrous, or platy minerals of the gangue do
not favor extensive fracturing, and the presence of calcite favors
precipitation of secondary carbonates near the surface.  Exceptions
to this rule are known. _

The deposits of the deep-vein zone are mineralogically related,
more or less closely, to contact-metamorphic deposits. They have
formed in and along openings in rocks, however, and in the main
they approach the tabular form more closely than the contact-meta-
morphic deposits. As pointed out by Lindgren, who first defined the
group, the deposits of the deeper zone have formed under conditions
of high temperature and pressure, which prevail also in contact meta-
morphism. Because high temperature and pressure are necessary
for their genesis these deposits do not form at moderate or shallow
depths, at least not in fissures that extend to the surface, and there-
fore they are seldom found in the more recent rocks. The dcpcrit
of this group are closely affiliated with the contact- metamorphlc
deposits on the one hand and with deposits formed at moderate depth
on the other and can not be sharply divided from the latter. If this
class is made to include only deposits that are related to openings in
rocks and that carry in the gangue some of the contaet-metamorphic
minerals (such as heavy silicates, magnetite, or specularite), it may
be said that the examples found in the United States are but little
affected by sulphide enrichment. The gold depos1ts of this group are
generally not manganiferous, and silver is not an important con-
stituent of most of them. On the other hand, some important sul-
phide dep051ts of copper that carry pyrrhotlte and magnetite might
be included in this group, and sulphide enrichment has played an
important part in the genesis of a number of these pyrrhotitic copper
deposits.

34239°—Bull. 625—17——2
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The deposits formed at moderate and shallow depths by ascending
thermal solutions constitute a very important group, which includes
numerous deposits of ores of copper, gold, silver, lead, and zinc.
Many of these deposits-show important sulphide enrlchment and
illustrate the downward migration of the metals. Some of them are
noted for relatively small bodies of very rich ore, locally developed in
a larger lower-grade deposit. This group, more than any other, may
- be characterized as the “bonanza” group. Some of the bonanzas are
due to sulphide enrichment, but doubtless many of them are primary.

Much may be said for the theory that some of the metals are pre-
cipitated most effectively from ascending thermal alkaline solutions
in the zone where they first encounter descending ground water.
Whether the solutions are alkali chlorides, alkali sulphides, or alkali
carbonates, a decrease in temperature and partial oxidation would
cause precipitation. An alkali sulphide solution containing iron
would be converted to a ferrous sulphate solution, and from such
a solution gold would be deposited almost completely. Some of the
metals may be precipitated from alkali sulphide solutions merely by
dilution. In the deposits of this group, more than in any other, the
presence of bonanza ore has little genetic significance. Each deposit
and each ore shoot is a separate problem. Even its relation to the
present surface is not everywhere conclusive, for obviously the pri-
mary bonanza may have a genetic relation to a former zone of
ground water—a zone which is itself superﬁcml but which may
not be determinable.

Deposits of sulphide ores formed at or very near the surface by .
ascending hot solutions are mainly of scientific rather than economic
importance, although a few of them have ‘been exploited for the
metals. As atmospheric oxygen is present in the superficial zone
the minerals they contain include the hydrous oxides and various
. sulphates, and as the pressure is nearly atmospheric the temperature
can not have been much above 100° C. Consequently the minerals
form under physical conditions that are not greatly different from
those found in the zones of surface alteration and sulphide enrich-
ment where ores are exposed to the action of surface agencies.

The deposits formed at moderate and shallow depths by cold solu-
tions include a large number of important deposits of lead and zine
in the Mississippi Valley and many copper deposits in Coloradg, New
Mexico, and Utah. -Examples could be multiplied, but these define
the type. The conditions under which these deposits form are doubt-
less closely similar to those which exist in zones of sulphide enrich-
ment, and many of the minerals formed are found also in the second-
ary sulphide zones. Much evidence has been cited to show that these
deposits were formed by ground water that gathered its metallic
contents from great masses of rocks in which the metals were spar-
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ingly disseminated. The metallic salts, chiefly sulphates and chlo-
rides, were gathered in water channels, and the metals were deposited
.as sulphides where conditions were favorable. In many examples
some form of organic material supplied the precipitating agent. If
deposition had taken place on an older sulphide these deposits would
be classed as secondary sulphide ores, but in general there is no evi-
dence that bodies of older sulphide ore occupied the place of the
deposits. These ores are therefore considered primary, although
they have been leached by ground water from an older metalliferous
rock. :
ACKNOWLEDGMENTS.

During the 15 §ears that have passed since the first general papers
on sulphide enrichment were issued a number of detailed reports have
appeared, treating the geology and ore deposits of certain mining
districts. In several of these papers the chemical processes involved
are discussed in the light of the field relations of the deposits. The
contributions of Lindgren,” Ransome, Spencer, Boutwell, Irving,
Graton, Spurr, Garrey, Ball, Butler, Lawson, Paige, Knopf, Um-
pleby, and Gordon are particularly valuable. Since 1905, when the
work of collecting the mineral statistics of the United States was
placed in the hands of field geologists, the annual reviews of re-
sources, production, and development that have appeared in the
reports entitled *“ Mineral resources of the United States” have been
a never-failing source of information. The chapters on gold, by
Waldemar Lindgren and H. D. McCaskey; those on copper, by
L. C. Graton and B. S. Butler; those on lead and zinc, by C. E.
Siebenthal; and those on the rare metals, by F. L. Hess, have fur-
nished many valuable data.

Data on the chemistry of the processes of sulphide enrichment
have been accumulated rapidly since 1900. The paper by Schuer-
mann* published in 1888 was for many years the most important
source of information respecting the behavior of sulphides in certain
reactions involving double decomposition. In 1907 Weigel 2 pub-
lished a paper showing the solubilities in water of the metallic sul-
phides, which, as was pointed out by R. C. Wells,?* correspond closely
in order to the series found by Schuermann. In 1903 H. V. Winchell
published the results of experiments in chalcocitization of sulphide
ores. More recently experiments in the solution or precipitation of

1 Schuermann, Ernst, Ueber die Verwandtschaft der Schwermetalle zum Schwefel : Lie-
big’s Annalen, vol. 249, p. 326, 1888.

2 Weigel, Oskar, Die Loslichkeit von Schwermetallsulfiden in reinem Wasser: Zeitschr.
physikal, Chemie, vol. 58, pp. 293-300, 1907.

3 Wells, R. C., The fractional precipitation of sulphides: Econ. Geology, vol. 5, pp. 1-14,
1910. ’

¢ Winchell, H. V., Synthesis of ‘chalcocite and its genesis at Butte, Mont.: Geol. Soc.
America Bull.,, vol. 14, pp. 269-276, 1908.
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the metals have been made by Sullivan, Wells, Allen, Stokes, Buehler
and Gottschalk, Brokaw, Cooke, Grout, A. N. Winchell, and many
others. _

Since August, 1912, when an earlier bulletin® was transmitted for
publication, many important papers have been published. Among
them may be mentioned those on copper by Graton and Murdoch, -
Spencer, Ransome, Butler, Rogers, Ray, Tolman, and Clark; on
silver by Cooke, Palmer and Bastin, Schrader, Grout, Nissen and
Hoyt, and Ravicz; on gold by Brokaw, Lehner, Eddingfield,
Umpleby, Paige, and Ferguson; on zinc by Siebenthal, Butler,
Knopf, Loughlin, and Hill; on rare metals by Hess and Bancroft.
These papers have served greatly to elucidate certain vexed problems
of the genesis of ores of these metals. Several papers treating the
general problem of superficial alteration are noteworthy. These in-
clude contributions of Lindgren, Krusch, Tolman, Grout, Nishihara,
Wells, Hodge, and many others.

I wish to acknowledge my indebtedness to my colleagues of the
United "States Geological Survey, especially to Messrs. Waldemar
Lindgren, F. L. Ransome, A. C. Spencer, F. L. Hess, Adolph Knopf,
and B. S. Butler, who have read portions of this paper and have
generously contributed unpublished data on certain districts. Dr.
W. H. Hunter, of the University of Minnesota, and Mr. R. C. Wells,
of the United States Geological Survey, have read critically certain
parts of this paper, where the problems of physical chemistry are
treated, and many of the reactions have been discussed with Dr.
E. T. Allen and associates, of the Carnegie Geophysical Laboratory
at Washington, and with Mr. F. W. Clarke, of the United States
Geological Survey.
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PHYSICAL CONDITIONS OF ENRICHMENT.

The processes of superficial alteratlon depend on the physwal con-
ditions, environment, and the geologic history of the deposits and
on their chemical and mineral composition. Of the purely physical
conditions, chmate, altitude, and relief are important. Permeability
of the deposits is favorable to reprecipitation, for if solutions can
not find access to the lower horizons the metals dissolved near the
surface may be scattered. The duration of the period of weather-
ing is important also, for under certain conditions the amount of
leaching and reconcentration is directly proportional to the time
during which the deposits are exposed to weathering. Indeed, there
is scarcely a feature of the geologic history of a deposit that m-my
not affect the extent and character of its enrichment.

CLIMATE.

TEMPERATURE.

A warm climate, in so far as it favors chemical action, is favor-
able to enrichment. Deposits in high latitudes are not so likely to
show extensive migration of the-metals, because low temperature
decreases chemical activity and freezing prevents solution. Where
the ground is frozen to considerable depths during the winter and
thaws out only a short distance below the surface during the summer,
thorough weathering can not extend to great depths. Assuming the
persistence of the present relation between latitude and climate, it
may be said that bonanzas of secondary ore are less numerous and
less extensive in higher than in lower latitudes.?

In late geologic time large areas in northern latitudes have been
glaciated, and in many places the surface has been planed off by ice
" erosion. The altered zones of many deposits have doubtless been
removed. Thus the deposits of the North differ from those of lower
'lIatitudes in two essential respects—in environment and in geologic

t Winchell, H. V., Prospecting in the North: Min. Mag.,, vol. 3, pp. 436-438, 1910.
Brock, R. W., Discussion of paper by H. V. Winchell on Prospecting in the North: Min,
Mag., vol. 4, pp. 24-205, 1911. N
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history. To what extent the smaller development of secondary sul-
phide ores in the North depends on present temperature and other
climatic conditions, and to what extent it is due to recent glacial
action, are questions that probably will not be answered until more
data are available concerning deposits in driftless areas in high
latitudes. In Alaska, Canada, and New England there are but few
sulphide deposits of proved secondary origin that are comparable
in extent or value to those which have formed at lower latitudes.
The available evidence indicates that the large and important ore
bodies of these countries are mainly of primary origin. The gold
deposits of Douglas Island, Alaska; the copper deposits of Kasaan
Peninsula, Latouche Island, and Prmce William Sound; and the
nickel and copper deposits of the Sudbury region are not deeply
oxidized. Carbonate ores extend to a depth of 300 feet in the Cop-
per Mountain mines, Prince of Wales Island, and chalcocite and
native copper lie at least 200 feet deep at the Goodro mine.! In
many of the deposits in the North, however, the ore has proved to
 be of approximately uniform grade to considerable depths.

On the other hand, it is well known that great climatic. changes
have taken place in many regions, and that temperatures have been
by no means constant throughout geologic time. Therefore, because
the processes of weathering of ore bodies are slow to-day in certain
places, it does not follow that they have always been inactive there,
and under favorable conditions secondary deposits formed in older
geologic periods in places protected from erosion should be preserved
to-day.

The rich native silver ores of Cobalt Ontario, have been consid-
ered secondary by some investigators, but all who have studied these
deposits are not agreed as to their genesis.? Doubtless some enrich-
ment has taken place in the Copper Cliff and Vermilion mines of
the Sudbury region, Ontario. In the Vermilion mine; according to
Barlow, native copper, probably derived by alteration from chal-
copyrite, is found 900 feet below the surface.? In general, the
secondary sulphide zones of deposits in western Canada in about the
same latitude as these are not extensive, but some deposits—for
example, those in the St. Eugene mine, in British Columbia—show
unmistakable evidence of sulphide enrichment. The developments
in southwestern Canada are not sufficient to permit decisive state-
ments.

1 Wright, F. E. and C. W., The Ketchikan and Wrangell mining districts, Alaska: U. S.
Geol. Survey Bull. 347, 1908. Wright, C. W., Discussion of paper by H. V. Winchell on.
Prospecting in the North: Min. Mag., vol. 4, p. 359, 1911,

2 Miller, W. G., Notes on the cobalt area: Eng. and Min. Jour., vol. 92, pp. 645- 649
1911. Emmons, S. F., Types of ore deposits, San Francisco, p. 140, 1911.

3 Barlow, A. E., The nickel and copper deposits of Sudbury, Ontario: Canada Geol. Sur-
vey Ann. Rept., vol. 14, pt, H, p. 106, 1904. °
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In temperate and torrid climates iron, aluminum, and nickel ores
are formed by the weathering of rocks containing those metals. The
data available indicate strongly that these processes are not so effec-
tive in very cold climates, yet deposits that are now in fairly cold
temperate climates show extensive segregation. In northern Min-
nesota, in the Mesabi range, where the average annual temperature
is at present 37° F., weathering of ferruginous sediments has yielded
deposits of iron that are probably the most valuable in the world.
In the Gogeblc range, in Michigan, thorough oxidation and segre-
gation of iron oxides by weathering extends to depths below 2,400
feet. These are perhaps the most deeply oxidized deposits in the
Western Hemisphere. The Lake Superior iron ores have been ex-
posed to weathering since pre-Cambrian time, and in this long perlod
much concentration has taken place. Moreover, the climate in
northern latitudes was probably once warmer than it is now. De-
. posits that were formed under torrid or temperate conditions are
likely to be found in the far North. There is doubtless a relation be-
tween latitude and superficial enrichment, but it is one that can not
be expressed by an invariable rule. :

On the other hand, many sulphide depos1ts in lower latitudes do
not show sulphide enrlchment Examples are mines lying in the
foothill copper belt, California (see p. 233); La Reforma mine,
Mexico (p. 242); the Copper Queen mine, Velardefa, Mexico (p.
244) ; and several deposits of the Braden Copper Co., Chile (p. 247).
According to J. M. Moubray,* several deposits in the Kafue copper
district, in northern Rhodesia, between 13° and 14° south of the
Equator, show copper sulphides at the very surface. In the Sable
Antelope mine of this region superficial alteratlon is practically
absent.

RAINFALL,

Since water is the agent of ore enrichment, abundant rainfall is .
favorable to the formation of secondary ores. The activity of ground
water depends principally, however, on the natural acids and other
compounds which it dissolves, and the waters in regions of oxida-
tion and solution are generally not saturated with acids. Thus, even
in arid regions a moderate supply of ground water under conditions
favorable to permeability may bring about appreciable results in
relatively brief geologic periods. Some of the silver-gold deposits of
the Great Basin clearly show deep alteration and sulphide enrich-
ment, although the primary ores were deposited as late as or later
than the Miocene epoch. Ores that form some of the best examples
of sulphide enrichment seen in the United States are found in

1 Moubray, J. M., Discussion of paper by H. V. Winchell on Prospecting in the North:
Min, Mag., vol. 4, pp. 117-118, 1911,
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deposits that occur in the arid Southwest, where the annual rainfall
is not more than 10 or 12 inches.” In some of these deposits, however,
much of the secondary ore was probably formed when the rainfall
was greater. Concerning this point it is obviously difficult to draw
any general conclusions, because data regarding the former climates
of many arid regions are inadequate.

In arid countries the ground-water level is likely to lie deep, and
the zone of solution is generally not clearly differentiated from the
zone of precipitation. Above the water level in ore deposits in arid
regions there may be considerable amounts of primary sulphide ore,
~ of secondary sulphide ore, and of oxidized ore, all at approximately
the same horizon. In such deposits the secondary sulphide ores,
though occurring through greater vertical ranges, may not be con-
centrated in small volume.

ALTITUDE.

As a rule, relief is great in areas of high altitudes, and erosion is
consequently more rapid. Moreover, in such areas temperatures are
lower and conditions are less favorable to solution. Deposits at
very high altitudes, where rocks are disintegrated by frost and
carried away unweathered as talus and bowlders, are not so likely
to be extensively enriched as are deposits at lower altitudes. Be-
cause erosion is slower at low altitudes, topographic surfaces in low
regions are more stable than those in high regions. Rocks are com-
monly decomposed more thoroughly at low elevations. Many iron
and aluminum deposits of the lateritic or residual type are formed
by the thorough decomposition of iron-bearing or aluminum-bearing
rocks. The physiographic conditions most favorable to such de-
composition are found in regions approaching base-level, where the
removal of valueless materlal can go on for a long time. As a
peneplain is eroded very slowly the weathered re51dual material will
accumulate. Nevertheless, many residual ores are found at high
altitudes. The Cuban iron ores occur on elevated plateaus, and the
residual nickel ores of New Caledonia are found high on the moun-
tains. Many such deposits that are now found at considerable alti-
tudes were doubtless formed at lower altitudes in regions that have
subsequently been elevated. Some decomposed surface zones are
related to old base-levels or peneplains that were afterward raised.

The processes of sulphide enrichment, on the other hand, are
effective under certain conditions at considerable altitudes. Many
deposits in Colorado that outcrop at altitudes about 10,000 feet
above sea level and some in Montana that outcrop at about 8,000
feet above sea level contain extensive zones of secondary ores.
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RELIEF.

In so far as strong relief supplies head, it is favorable to deep and
rapid circulation of underground water, and it is likewise favorable
to relatively deep enrichment. In base-leveled regions concentration
may take place by the removal of valueless material near the surface,
as is indicated above, but the underground circulation is sluggish
and its nearly stagnant waters can not descend far into the zone of
primary ore without losing the valuable metals that they may have
dissolved higher up. Calculations made for lodes in the base-leveled
region that includes Ducktown, Tenn., show that all or nearly all
the secondary copper in the chalcocite zones may be a result of the
leaching of the gossan below the old base-leveled surface. Under
the conditions that prevailed in that district, at least, it appears that
a large part of the copper dissolved and reprecipitated in any sec-
ondary sulphide zone that. was formed while the country was being
reduced to base:level probably had been redissolved and scattered
when the country reached base-level. In deposits that were more
permeable ‘and in those that had been enriched to greater depths
the conditions would have been more favorable to the preservation
of the secondary ores formed before base-level had been approached.
The available data regarding sulphide enrichment of base-leveled
deposits are scant, for nearly all ore deposits that clearly show sul-
phide enrichment are in areas of moderate or strong relief.

PERMEABILITY.

No rocks are so impermeable as to be unaffected by weathering,
but some decompose more rapidly than others. Decomposition is
aided by fracturing and fissuring, and for concentration by redepo-
sition, which requires downward migration of metals, permeability
is essential. If the primary deposits are not permeable, the solutions
that pass downward through the oxidized zones will move laterally
along the contact between oxidized and sulphide ores and ultlmately
will escape into fractures in the wall rock or reissue as springs at
some level below the points of entry. If they do not encounter a
reducing environment, the metals may be scattered. In rocks that
have been shattered by strong movements since the primary ore was
deposited there is generally more extensive and deeper enrichment
than in deposits that have been but slightly fractured. Brittle min-
erals, like quartz and chert, fracture readily, and deposits composed
largely of the brittle minerals are generally more deeply enriched
* than deposits of tough or elastic minerals. Many of the heavy
silicate sulphide ores of contact-metamorphic origin that carry a
gangue of abundant fibrous amphibole, mica, chlorite, or like min-
erals do not show sulphide enrichment to great depths.
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In a great many districts, especially in the western part of the
United States, pronounced earth movements have occurred since the
ores were formed. Many deposits fill fissures or were formed in
zones of fracturing that were planes of weakness along which move-
ments took place before ore deposition. To relieve subsequent
stresses the same zones of fracture may be again fractured, like a
rod that breaks at or near the place where it was welded. Such later
fracturing has taken place in many mineral deposits after the pri-
mary ore was deposited, and consequently many of the planes of
later movement may parallel the veins, following one wall or the
other or cutting irregularly across the ore. If the deposit is com-
posed of material that is easily fractured, such as quartz or chert,
the ore may become brecciated and may therefore contain many
small openings. A large number of small openings, such as may
result from fracturing or shattering of the primary sulphides, are
more favorable to concentrated enrichment than a few larger open-
ings, for a larger surface of primary ore is exposed to solution along
many small openings than along a few large openings. Moreover,
inasmuch as friction is greater along small openings, the descent of
solutions in them is retarded, and therefore reactions that result in
precipitation of secondary sulphides may be brought nearly to com-
pletion at relatively shallow depths. o

As stated above, even the most solid rock will ultimately succumb
to surface weathering. Rocks that have long been exposed at the

“surface, even those that appear fresh, will under the microscope show
characteristic changes. The feldspars will be more or less kaolinized,
the ferromagnesian minerals will be altered to chlorite, iron oxides,
and other minerals, and the dark micas will be bleached. All these
changes show that solid rocks are not altogether impermeable. Some
minerals, however, seem to be water-tight; fluid inclusions in quartz
are common, and some cavities are occupied by gases under pressure.
Examples of fluid inclusions are known even in minerals that have
good cleavage. Albite at Zimapan, Mexico,* carries fluid inclusions,
and cavities from which fluids have been drained have been observed
in calcite. Yet these minerals are slowly disintegrated and be-
come permeable, especially in the vadose zone. Very small open-
ings, such as the pore spaces of minerals and other capillary or sub-
capillary openings, are normally not effective water channels, be-
cause friction along them retards circulation. Under some condi-
tions, however, even in the secondary sulphide zone, cold mineral-
bearing solutions do penetrate these minute openings and deposit
ore in them. In certain deposits near Globe, Ariz., according to

: 1 Lindgren, Waldemar, and Whitehead, W. L., A deposit of jamesonite near Zimapan,
Mexico : Econ. Geology, vol. 9, p. 455, 1914.
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\

Ransome,* specks of secondary chalcocite ore are embedded in solid
veinlets of quartz and in silicified schist, indicating a migration of
copper, for short distances at least, through exceedingly minute open-
ings. Although water may penetrate such minute openings, it does
not circulate freely in them but is nearly stagnant. It would be
supposed that the metals would not be garried far in such openings’
before precipitation, at least not in rocks that are readily attacked
by the solutions, but if the openings are lined with siliceous alkali-
free minerals or with other minerals that are but slowly affected
by the solutions, the reactions which reduce and tend to neutralize
the solutions and to precipitate the metals would take place more
slowly and the métals might be carried in solution to greater depths.

INFLUENCE OF RATE OF EROSION ON RATE OF ENRICHMENT.

Slow erosion favors the concentration of deposits that are formed
at the surface by the removal of valueless material—for example,
the concentration of residual iron ore. In so far as strong relief is
favorable to rapid erosion it is unfavorable to thorough leaching.
Where erosion is slow the outcrops and upper portions of deposits
are exposed to processes of weathering for periods long enough to
favor through leaching, and, if the metals are reprecipitated at
lower depths, to favor sulphide enrichment. On the other hand,
erosion may be delayed to a point beyond which it is unfavorable
to solution and precipitation. The downward migration of the zone
of oxidation exposes new surfaces to solution, making masses of
fresh ore available for reconcentration. Consequently where metals
dissolve readily, comparatively rapid erosion may favor rapid con-
centration. The metallic contents of many deposits of secondary
ores represent not only what has been leached from the gossan now
exposed but also what has been dissolved from pottions of the de-
posits that have been carried away by erosion.

AGE OF THE PRIMARY DEPOSITS AND THEIR PERIODS OF
WEATHERING.

Other conditions being similar, the amount of enrichment may
depend -on the length of time the deposits have been exposed to
weathering and erosion. In general, weathering has acted for a
shorter time on late Tertiary deposits than on middle Tertiary,
early Tertiary, or Cretaceous deposits. The age of the deposit is
not, however, invariably the most important factor in determining
the extent of its enrichment, for some of the middle or late Tertiary
deposits, such as those in the southwestern part of the United States,

1 Ransome, F. L., Criteria of downward sulphide enrichment: Econ. Geology, vol. b,
pp. 217-218, 1910.
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show more extensive migration of the metals than is shown by some
older deposits which have been exposed to weathering for a much
longer time.

In the United States the bonanza deposﬂ;s of the precious metals
are in the main the younger ones, for in general the Paleozoic and
older deposits are less rich, though many of them are more nearly
uniform in value. Many of the middle or late Tertiary deposits of
the precious metals in the Great Basin region—such as those of
Tonopah,' the Comstock lode,? and Tuscarora, Nev.—show unmistak-
able evidence of enrichment, yet there are good reasons for supposing
that the primary ores of many of these young deposits were originally
somewhat richer nearer the surface than at greater depths. The
deposits of Cripple Creek, Colo.® and of Goldfield; Nev.,* show a
similar relation as to values and depth, yet sulphide enrlchment has
probably not been appreciably important in either of these districts.
Gold is generally slow of solution, especially where the environment
is not favorable to solution. As pointed out by Graton,’ some of the
gold deposits of the Appalachian region are workable at their out-
crops, where gold has remained undissolved ever since the peneplana-
tion of the region, which probably. took place as early as Tertiary
time.

In general, the sulphide deposits that show the most clearly defined
secondary zones are those of copper. The periods of primary deposi-
tion of all the known important copper sulphide deposits of deter-
mined age in the United States, except those of Tintic, Utah, probably
antedate the Miocene, and all have long been exposed to erosion and
weathering. According to Ransome,® the deposits at Bisbee, Ariz.,
may have been exposed to processes of alteration as far back as the
Cretaceous. The copper deposits of Velardefia, Mexico, according to
Spurr and Garrey,” are probably later than middle Tertiary. The
deposits of the Braden mine of Chile, as shown by Pope Yeatman,?
are likewise of comparatively late age. In none of these districts
where middle Tertiary or later ores are developed are the secondary

1 Spurr, J. E., Geology of the Tonopah mining district, Nevada : U. S. Geol. Survey Prof,
Paper 42, p. 95, 1905.

2 Becker, G. F., Geologr of the Comstock lode and the Washoe district: U. S. Geol. Sur-
vey Mon. 3, p. 273 1882,

3 Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado: U. 8. Geol. Survey Prof. Paper 54, pp. 204, 217-232, 1906,

4« Ransome, F. L., Geology and ore deposits of Goldfield, Nev.: U. 8. Geol. Survey Prof.
Paper 66, pp. 191—195 1909,

5 Graton, L. C., Reconnaissance of some gold and tin deposits of the southern Appa-
lachians, with notes on the Dahlonega mines by Waldemar Lmdgren U. 8. Geol. Survey
Bull. 293, p. 67, 1906.

¢ Ransome, I, L., The geology and ore deposits’ of the Bisbee guadrangle, Arizona:
U. S. Geol. Survey Prof. Paper 21, p. 160, 1904. Also this bulletin, p. 208.

7 Spurr, J. B, and Garrey, G. H., Ore deposits of the Velardefia district, Mexico : Econ.
Geology, vol. 3, pp. 724-725, 1908.

% Yeatman, Pope, The Braden copper mines: Min. and Sci. Press, vol, 103, pp. 769-772,
1911.
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sulphide zones conspicuously shown. Many copper deposits of the.
eastern United States are much older, the more important ones
having been formed in Paleozoic or earlier periods. Although some
of these deposits have long been exposed to erosion, their secondary
sulphide zones, though rich and well defined, are not nearly so deep
" nor so extensive as some in the younger deposits of the West.

I do not know of any secondary sulphide zones that were unques-
tionably formed in pre-Mesozoic time, although zones of oxide
enrichment as old as the Archean are known. According to Van
Hise and Leith * some of the rich specular hematites of the Vermilion
Range are the metamorphosed products of surface enrichment that
were indurated and infolded before the beginning of Algonkian time.
In the Marquette range, Mich., surface concentration is known to
antedate the Animikie (upper Huronian) rocks.

PALEOPHYSIOGRAPHY.

Inasmuch as enrichment depends on the action of surface agencies,
it is important to know as far as possible the details of the history
of any deposit considered, the length of time it has been exposed
to weathering, and whether faulting or folding or a second episode
of primary ore formation has taken place since it was first formed.
In short, any geologic or physiographic data might have a bearing .
on the problem of enrichment.

Residual ores of iron, aluminum, or of other metals that have
formed on and just below an ancient peneplain may be lifted up and
the plain may be deeply dissected by rejuvenated streams. Side wash
in valleys will scatter ore along the slopes and mechanical deposition
of material already weathered may take place on the bottoms of
valleys. Thus residual ores, where abundant, will tend to veneer
new surfaces as they are formed.

The study of the deposition and enrichment of lode ores may give
rise to important physiographic problems. If the present topog-
raphy is like that which prevailed when primary deposition took
place—and it may be if the deposits were’ formed in comparatively
late geologic time—then the richer ore of the primary deposits may
have an obvious relation to the present surface. In some deposits of
gold and silver ore the maximum precipitation of the metals appears
to have taken place at relatively short distances below the surface
that existed at the time of deposition. Thus the primary ore may
show a comparatively constant change in value, which may decrease
with increasing depth. In general, the more remote the period of
primary deposition the less the probability that the important fea-

1Van Hise, C. R., and Leith, C. K., The geology of the Lake Superior region : U. S. Geol.
Survey Mon. 52, p. 142, 1911,
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. tures of the present topography are similar to those which existed
when the primary ores were deposited and the less the probability of
error in attributing the deposition of a rich primary zone to second-
ary processes. ‘

STRUCTURAL FEATURES AND BLIND LODES.

Lodes that do not outcrop are termed “blind” lodes. Some of
them do not outcrop because the primary ores did not extend to the
present surface, others have been faulted off near the surface, and
still others have been covered by formations deposited later than the -
ores. A fissure across a sedimentary series may end abruptly just
below or at a bed of shale, and the ore that fills it will then be exposed
only where the shale has been eroded away. The portion of a lode
that is now capped by an impervious shale will not have been en-
riched by oxygenated waters unless, because of certain structural
conditions, such waters were conducted laterally below the shale bed
to the lode. Such structures as thin saddle reefs, thin anticlines, and
thin flat-lying beds are not particularly favorable to extensive sul-
phide enrichment, because they may be eroded in comparatively short
time and because the conditions below the deposits they contain are
not likely to be so favorable to precipitation as they are in deposits
or in parts of deposits that are underlain by sulphide ores. In the
absence of material below that may react with the solutions and
readily cause precipitation, the metals are likely to be scattered.
Nearly vertical or steeply dipping tabular deposits are in a position
favorable for secondary concentration, but sulphide enrichment may
be extensive also in large isodiametric deposits, or in thick deposits
that stand in any attitude.

Deposits that outcropped at one time but are now covered by
sedimentary rocks or by later lava flows may have been exposed to
weathering and may have been enriched by oxygenating water before
the beds covering them were laid down. It can not safely be assumed
that the rich ores below the beds covering such deposits are primary
- and therefore likely to extend downward to indefinite depths. The
secondary zones would obviously be related to a topography that
existed long ago and not to the present one.

Systems of postmineral fractures in ore and country rock are
structural features of obvious importance in the consideration of the
enrichment of any ore deposit.

GLACIATION.

In comparatively late geologic time a considerable portion of North
America was capped by a continental ice sheet, which removed by
erosion the loose débris and the surface rock over great areas. Gla-
ciation was most extensive in northern latitudes, but the continental
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glacier extended southward as far as Ohio and Missouri rivers, and
smaller glaciers accumulated in the more lofty mountain ranges of
the American Cordillera. Many of the ore deposits that lay in the
paths of the glaciers -were planed off, and the ores in their upper
zones were scattered in the rocky material which was left when the
ice had melted. Erratic fragments of such deposits have been car-
ried far from their sources and have been the cause of much fruitless
prospecting.

The outcrop of an ore body may be removed gradually by erosion
" by water, but weathering generally precedes erosion. The solutions
may leach the valuable metals from the outcrop and may precipi-
‘tate them at a lower level, where they will be preserved. But weath-
ering does not attend erosion by ice, and chemical action at low tem-
peratures is slight; consequently the metals present in the portions
of the deposits that are removed are likely to be scattered. The
extent to which the ore deposits in a glaciated region were weathered
or otherwise altered by surface agencies before the glacial period
began can not be estimated. The amount of rock removed by the
continental ice sheet is known to be considerable, however, for the
drift which it deposited is in many. places more than 200 feet thick.
It is probable that glacial erosion was in places equally great or
greater. Whatever the amount of ice erosion, it appears to have been
sufficient to remove the highly altered sulphide zones in most parts
of northern North America.

As stated already, the processes of solution and enrichment are
_ retarded in regions of low temperature. The areas in which ice
erosion has been most vigorous are those in which the lower tempera-
tures prevail to-day, and there is reason to suppose that the deposits
in these areas were not so deeply altered before the glacial epoch as
were similar deposits at lower latitudes. In Canada and in Alaska
there are few large deposits of sulphide ores which are clearly of sec-
ondary origin. The sulphide ores now exploited in Canada, except
possibly the deposits at Cobalt, in the silver-bearing region of On-
tario (which some have considered of secondary origin), and certain
.well-authenticated examples in British Columbia, are generally be- .
lieved to be primary. I know of no important secondary deposits in
New England. Small deposits of chalcocite ores were exploited in
the Ely district, Vermont. In a copper deposit at Milan, N. H.,
where the sulphides outcrop at the very surface, no considerable
amount of oxidation has taken place below 30 feet, and in general
oxidation is trivial at even shallower depths. Only a little chalco-
cite enrichment has taken place, the secondary ore consisting of pri-
mary yellow sulphides coated with thin films of chalcocite, adding
to its value probably not more than 1 per cent.
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In Norway and Sweden, according to Vogt,' the surface has been
polished clean by the Quaternary ice sheet, and secondary alteration
is insignificant. _ .

Glaciers do not erode their beds equally at all places. In their
higher portlons, where the ice is accumulatmg, pressures are greater,
the ice is more rlgld and erosion is more vigorous. Near the margins,
where the ice is melting, deposition exceeds erosion and the deposit
of drift protects the surface from wear. These differences are very
conspicuous in some mountainous sections of the West, where the
glaciers covered only portions of the country and the processes are
more clearly shown. In some of the ranges of Montana, Colorado,
and Utah, where ore deposits are numerous and varied, the evidences
of mountain glaciation are conspicuously preserved. At some places
the mountain glaciers seem to have removed very little of the altered
ore, for the secondary sulphide zones and even the oxidized ores are
intact, and some of these appear to be too extensive to have formed
since the Pleistocene or glacial epoch. The Amethyst lode at Creede,
Colo., has an extensive secondary zone, and one end of this lode was
overridden by the ice in late geologic time. In general, erosion by
mountain glaciers has been localized, the maximum wear taking
place near the heads of the glaciers.

Erosion by the continental glaciers is also somewhat erratic, for
great differences in the effect of the action of ice may be seen in a
comparatively small area. In the Mesabi range of Minnesota the
hard, fresh country rock is polished clean in places, whereas a few
rods away and at but slightly lower elevations thick bodies of cel-
lular, almost powdery iron-oxide ore remain intact. These facts
suggest that other important secondary zones may be encountered
when the area overridden by the continental ice sheet is more
thoroughly developed. -

THE UNDERGROUND CIRCULATION.

OPENINGS IN THE EARTH’S CRUST.

As emphasized by Van Hise in his treatise on metamorphism,® the
outer part of the earth’s crust may be divided into three zones, dif-
ferentiated by character of deformation—an upper zone of fracture,
a lower zone of flowage, and a middle zone of combined fracture and
flowage. The zone of fracture is near the surface. The openings in
the rocks of this zone are comparatively stable because the weight

1Vogt, J. H. L., Problems in the geology of ore deposits, in PoSepny, Franz, The genesis
of ore deposits, p. 675, 1902,

2 Van Hise, C. R., A treatise on metamorphism : U. 8. Geol. Survey Mon. 47, pp. 187-191,
1904 ; Principles of pre-Cambrian North American geology : U. 8. Geol. Survey Sixtcenth
Ann. Rept., pt. 1, p. 589, 1896,
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of the overlying load of material is less than the crushing strength of
the rock. At greater depths, where the differences in the stresses
exceed the strength of the rocks, openings, if formed, would almost
immediately be closed by pressure. It is estimated that for all but
the strongest rocks flowage would begin at depths not greater than 5
or 6 miles, where the weight of the overlying mass is greater than the
crushing strength of the rocks, but there are some reasons for extend-
ing this estimate of the zone of fracture to even greater depths. This
problem has recently been investigated experimentally by F. D.
Adams?* and mathematically by L. V. King.> Small holes were bored
in cylinders of granite that were inclosed in hollow cylinders of
nickel steel. Thus confined, the granite sustained loads of nearly 100
tons per square inch, a load more than seven times as great as that
which will crush it at the surface of the earth in the usual laboratory
tests. Adams concludes that, under the conditions of pressure and
temperature that are believed to prevail within the earth’s crust,
cavities and fissures may exist in granite to a depth of at least 11
miles and may exist at still greater depths if they are filled with
water, gas, or vapor, owing to the pressure exerted by the liquid or
gas on their inner surfaces. ‘

Superficial enrichment, however, is probably confined to the upper
part of the zone of fracture, and although transfers of certain mate-
rials may take place in the deeper zones, these do not come within the
scope of this investigation. The deepest bodies of secondary sulphide -
ores now exposed lie at comparatively shallow depths; most of them
less than 1,000 feet below the surface, and nearly all that have been

. developed lie at depths less than 2,000 feet. The depth at which

precipitation takes place depends not only on the rate at which the
solutions are carried downward but also on the rate at which they
react on the walls of their conduits. Although openings may exist at
depths of several miles, they would not become channels of circula-
tion unless they were connected. There is without doubt a tightening
of the rocks a few hundred feet below the surface, for, as pointed out
by Kemp ® and by Finch,* the lower levels of many deep mines are
dry. '

Y THE LEVEL OF GROUND WATER. .

The terms “ water table” and “level of ground water ” are gener-
ally used to describe the upper limit of the zone in which the openings
in rocks are filled with water. This upper limit of the zone of satura-

1 Adams, F. D.., An experimental contribution to the question of the depth of the zone of
flow in the earth’s crust: Jour. Geology, vol. 20, pp. 97-118, 1912,

2 King, L. V., On the limiting strength of rocks under conditions of stress existing in the
earth’s interior: Jour. Geology, vol. 20, pp. 119-138, 1912,

3 Kemp, J. I, The rdle of the igneous rocks in the formation of veins, in PoSepny, Franz,
The genesis of ore deposits, p. 696, 1902.

¢ Finch, J. W,, The circulation of underground aqueous solutions and the deposition of
lode ores: Colorado Sci. Soc, Proc., vol. 7, pp. 193-252, 1904,

-
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tion is not a plane but a warped surface. It follows in general
the topography of the country but is less accentuated. It is not
so deep below a valley as below a hill but rises with the country
toward thé hilltops and in general is higher there than in the valleys.
Although the water in the zone of saturation does not move rapidly,
it is not stationary. If there is a lower outlet, it will move toward
~ that point. Its movements are slow, howevex, and 1t may follow
a very circuitous route before it issues again at the surface. It
follows the paths of least resistance, and if these are downward the
water may sink to great depths before it rises, under pressure, to
make its exit at some point which is lower than that at which it
first entered the belt of saturation. Thus the water table may be
considered a kind of indicator that registers the differences between
the loss or leakage of the zone of saturation and the addition from
the surface.

As the country is eroded, the water level moves downward and,
within certain limits, it changes with the seasons. In dry years it is
deeper than in wet years, and in dry seasons it is deeper than in wet
seasons. The difference of elevation between the top of this zone in a
wet year and in a dry year is normally greater under the hilltops than
on the slopes and in the valleys. In deposits where the ground is open
the.level of ground water probably changes with every considerable
rain. Consequently there is a zone that is above ground-water level
. in dry periods but below it in wet periods, and in moist hilly coun-
tries this zone may be of considerable vertical extent. Thus the water
table oscillates, though in general it moves downward with degrada-
tion of the land surface.

THE VADOSE OR SHALLOW CIRCULATION.

Of the rain that falls on the surface a part is drained off by rills
and streams, another part is evaporated, and still another part soaks
deep into the ground, passes downward, and is added to the water of
the zone of saturation. The zone mentioned under the preceding
heading—a zone that lies above the zone of saturation and may be
relatively dry during a dry period but soaked with water after a
wet period—includes openings which in a relatively dry time are
filled with air; consequently the water that soaks into the ground
~ after a subsequent rain or snow is aerated and thus becomes a more
active agent of solution. The downward movement of such water
toward the zone of saturation has been termed the “ vadose ”* circula-
tion. The depth or thickness of this vadose zone is variable, for its
lower limit depends on the variable level of ground water. Near

1 Pofepny, Franz, The genesis of ore deposits, p. 18, 1902, PoSepny includes in the
“vadose " circulation water below the ‘ permanent water level.”
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permanent streams or lakes and other bodies of water this limit
is not much higher than they are. In moist hilly countries its depth
from the surface varies from a few feet to several hundred feet. In’
arid regions, where the rainfall is low and evaporation is rapid, this
zone may extend to much greater depths. It is, in the main, a zone
of solution; consequently its rocks are open and circulation within
it is comparatively rapid.

THE DEEPER CIRCULATION.

The circulation of the water in the belt. of saturation depends on
the relief of the country and on the number, continuity, spacing, and
size of the openings in the rocks. Under hydrostatic head the waters
in this zone move to points of less pressure and issue at points lower
than those of entry. If the deposit is tight and there are no deep out-
lets, the principal movement is shallow, following down the grade of
the undulating water table. As a rule movement in the deeper zone is
much slower than in the vadose zone, because the openings are less
abundant and also because they are smaller, so that friction on their
walls is greater. Some have maintained that the deeper circulation
is fairly vigorous, but so far as may be inferred from the develop-
ments of deep mines it appears that the underground circulation, in
many places at least, is exceedingly sluggish. The depths to which
* the solutions descend is a question concerning which there are great

differences of opinion. In some rocks, under favorable structural
conditions, surface waters are conducted, in porous beds or along
" fractured zones, several thousand feet below the surface, but in other
rocks little or no water is collected at depths of more than a few

hundred feet. A

The shallowness of the zone of the meteoric circulation has been
emphasized by Kemp,* Finch,? and Rickard.® In the copper-bearing
region of Keweenaw Point, Mich:, the lower ends of several shafts
that penetrate many layers of bedded rocks are dry and dusty. One
of these shafts is sunk about a mile below the surface, but no water
is raised from the deeper levels. At Przibram, Bohemia, no water is
raised from depths below 2,500 feet, although the workings extend
below 3,500 feet. The water raised in the Dives-Pelican mine,
Georgetown, Colo., from the sump, 2,000 feet below the surface, was
not greater in quantity than that which was pumped from the mine
when the bottom of the shaft was at higher levels. The drainage

1 Kemp, J. F., The role of the igneous rocks in the formation of veins, in Po%epny, Franz,
The genesis of ore deposits, pp. 681-809, 1902.

2 Finch, J. W., The circulation of underground aqueous solutions and the deposition of
lode ores: Colorado Sci. Soc. Proc., vol. 7, pp. 193-252, 1904.

8 Rickard, T. A., Water in mines; a theory: Eng. and Min. Jour., vol. 75, pp. 402—403,
589-590, 1908, Also, Waters, meteoric and magmatic: Min. and Sci, Press, vol. 96, pp.
. 872-875, 1908.
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tunnels at Cripple Creek become nearly dry a few years after they
are run, indicating that the waters in that area are stored in the
funnel of the volcanic complex, which is surrounded by relatively
impervious granite and crystalline schists.! In the lower levels of
deep mines of Butte, Mont., there is very little water except that
which flows in from higher levels. In many comparatively deep
mines of the arid Southwest no body of standing water has been
encountered. At Tintic, Utah, according to Finch,? water for drill-
ing is conducted into the mines from the surface. Many deep bore
holes sunk in search of oil and water have proved to be dry. These
and many other examples indicate that the water circulation is
exceedingly sluggish in some regions a short distance below the
surface. '

On the other hand, it should be noted that large volumes of water
were lifted for considerable periods from deep levels of the Com-
stock lode, of the Granite-Bimetallic mine in Montana, of the Com-
modore mine at Creede, Colo., and of a great many other mines that
have been developed more than 2,000 feet below the surface. From
this it appears that local differences in the underground circulation
are extreme. The amount of fracturing of the deposits, and espe-
cially the size of the openings, seem to be the most important factors
controlling the rate of the circulation. Friction that retards flow
‘multiplies with decrease in size of channels.

THE REGION OF NEARLY STAGNANT WATERS.

The zone of the deeper circulation differs greatly in depth and
- vertical extent. Its water is discharged at points that are not lower
than the lowest elevation of the country, and if numerous points of
discharge are located along a lode that outcrops at several different
elevations there will be a considerable lateral movement of the waters
toward these, for the solutions move to points of less pressure. If
lower rocks are saturated and their openings are filléd, the solutions
descending from above will find any lateral outlet that is available.
In some deposits the solutions doubtless descend to points lower
than the lowest outlets and rise again to issue at such outlets, but
such circulation is probably slight compared to the circulation that
keeps closer to the surface owing to the nearness of points of issue
which are located at the surface. Where there are structures that
afford passages like inverted siphons there may be a considerable
movement of water below the lowest outlet, but under conditions

1 Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado : U. S. Geol. Survey Prof. Paper 54, p. 238, 1906.

2 Finch, J. W., The circulation of underground aqueous solutions and the deposition of
lode ores : Colorado Sci. Soc. Proc., vol. 7, p. 216, 1904.
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of fairly regular spacing of openings along the lode the circulation
becomes less and less vigorous as depth increases below the lowest
outlet. There is thus a division, probably everywhere somewhat
indefinite, between the sluggish deeper circulation and a zone of
static or nearly stagnant waters below it. This conception has been
clearly developed by Finch in his paper on the circulation of under-
ground waters.! There is much evidence that in some rocks the top
of this zone lies within a few hundred feet of the surface or even less,
but where there are deep open fissures it may be much deeper. Finch
cites considerable evidence to show that rocks are generally dry below
depths of 1,000 or 1,500 feet, except where they are strongly frac-
tured. . Long dry crosscu_ts, so familiar to all who have worked in
deep mines, point clearly to this conclusion.

Other evidence not less convincing may be cited to show that the
deeper waters at many places are nearly stagnant. In some of the
lodes of the Keweenawan copper country, Michigan, the waters are
fairly abundant and are very dilute near the surface? and contain
principally lime carbonate. At greater depth the freshly opened faces
are nearly dry, but at still greater depths—that is, at levels 1,000
feet or more below the surface—the rocks are moist with a concen-
trated solution of sodium chloride and other chlorides. Lane has
called these solutions “connate” waters, and he shows that they are
without much doubt residual sea waters which have remained in the
rocks since they were formed, or since pre-Cambrian time. In this
region, at least, there can not then have been a deep meteoric circu-
lation, for it would have carried fresh water to these rocks long ago.
More recently, supporting this conclusion, Lane ® has cited numerous
'other examples, in rocks not disturbed, of moderately concentrated
waters, probably ancient and connate.

It should be recalled, however, that in the Keweenaw region the
circulation may be more active along open fissures; where any residual
waters are likely to be dilute. The Challenge exploration of the St.
Mary’s Mineral Land Co., Michigan, has shown, as is pointed out by
Lane, a rapid decrease in the mineral content of the ground water
along a level toward a fault.

That the higher concentration of the deep-lying solutions in these
tight and undisturbed rocks is due not merely to more active solu-
tion of the material of the deeper rocks themselves is suggested by
the results of studies by Hodge,* who found that the mineral con-

1 Rinch, J. W., op. cit.,, p. 209,

2Lane, A. C., Michigan iron mines and their mine waters: Canadlan Min. Inst. Jour.,
vol. 12, p. 114, 1910, .

3 Lane, A. C., Mine water composition as an index to the course of ore-bearing currents :
Econ. Geology, vol. 9, p. 239, 1914.

¢ Hodge, E. T., The composition of waters in mines of sulphlde ores: Econ. Geology,
vol. 10, pp. 136-139, 1915.
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tent of waters in deep openings, like those in mine workings,
decreases greatly where horizons of the neutral or alkahne waters are
encountered as the depth increases. '

PULSATING MOVEMENTS OF UNDERGROUND WATERS.

The underground circulation of water is normally downward
from the top of the vadose zone to the water table; thence by less
direct routes to greater but generally undetermined depths below the
water table; after that laterally, and perhaps upward, to openings
that are lower than the points of entrance. This circulation, how-
ever, is not to be regarded as a uniform, steady flow. Many springs,
probably most of those that are fed by underground meteoric waters,
issue more copiously during and immediately after rainy seasons
than during dry seasons. At times of droughts some of them will
. cease to flow. There are sound reasons for supposing that the

" normal movement of ground water is not steady, even at depths below
the ground-water level. After a rainy season the water level is
raised and the additional pressure on the water in the zone of satura-
tion will cause it to move more rapidly to points of less pressure
and to issue at any available openings. The water that during a
dry season has ceased to issue through springs or other openings
but has remained nearly if not quite static will have had a longer
time to be attacked by ores and gangue minerals with which it is
in contact. At depths where air is excluded acid will be neutralized,
and as nearly all rocks give alkaline reactions with water the solu-
tions will tend to become alkaline. Higher up, at and above the
water level, where air has access, the solutions will be acid. But
after a season of heavy rains the acid water of the higher zones will
rapidly encroach upon, mingle with, and tend to crowd out the alka-
line waters below, which, of course, issue at the surface where open-
ings are available. “Thus we may with good reason assume that cer-
tain parts of zones of alteration are alternately in alkaline and in
acid environments.

WEATHERING OF ROCKS.

A1l rocks exposed near the surface to water and air are gradually
decomposed and broken up. The term weathering includes all those
processes that attend such changes. Rain water carries some carbon
dioxide, which renders it a more active solvent; if it enters the soil
it gathers organic compounds, and some of these will aid solution.
Changes of temperature, frost, vegetation, and other agencies loosen
the rocks and make them more permeable. The alkalies are readily
dissolved, especially sodium. Alkaline earths are attacked also, and
calcium and magnesium go into solution. The alkalies render the
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solutions still more active solvents. Iron and aluminum are slowly
dissolved, the iron more readily than the aluminum. New minerals
are formed, especially oxides, hydroxides, and carbonates; but most
carbonates are unstable under conditions of thorough weathering.

As a rule the weathering! of igneous rocks will increase volume
where expansion is possible, but this increase is only temporary, for
by solution material is removed. Most ores that have been concen-
trated by weathering are characterized by much pore space, due to
removal of material by solution. The pore space in many weathered
rocks equals as much as 50 per cent. But development of pore space
weakens the rock, and the pore space may be reduced by slumping.
Weathering takes place mainly above the water level. Where rocks
are attacked the disposition of products that go into solution may
be unimportant economically; where sulphide ores are attacked the
disposition of solution products and their precipitation below the
vadose zone as “ secondary ” ores may be of the highest importance.

Of the minerals attacked by weathering, some are comparatively
stable : Gold, platinum, chromite, garnet, cassiterite, rutile, monazite,
and several other species are not readily attacked, and will accumu-
late in residual bodies and placers. Quartz is not strongly attacked,
but the alkali, alkali earth, and ferromagnesian minerals are more
readily dissolved. It may be stated as a general rule that the lower
silicates—that is, those containing low silica, like olivine or enstatite—
will be changed more readily than feldspars, and the feldspars more
readily than quartz. Consequently the basic rocks, such as gabbro
and peridotite, are more easily altered. Such rocks are the sources
of many metalliferous products of weathering. Kaolin, bauxite,
and limonite are stable under surface conditions, and rocks com-
posed of these minerals are but slowly attacked. Iron and alum-
inum in rocks will enter new combinations, particularly kaolin and
limonite.

Air is approximately nitrogen, 77.9 per cent; oxygen, 21 per cent;
argon, 1 per cent; carbon dioxide, 0.03 per cent In rain water
oxygen and calbon dioxide are concentrated. According to Bunsen ?
the gases of cold rain water include nearly 3 per cent carbon dioxide
and about 34 per cent oxygen. A little chlorine is also present in
rain water, but generally only a few parts in a million. Many sili-
cates digested in water give alkaline reactions. Digested with water
charged with carbon dioxide, the loss is very appreciable.®* Thus a
powder of potash feldspar (adularia) lost 0.328 per cent in seven
weeks. The following table shows the percentage of certain oxides

1 Merrill, G. P., Principles of rock weathering: Jour. Geology, vol. 4, p. 718, 1892,

2 Bunsen, R. W., Annalen Chemie u. Pharmacie, vol. 93, p. 48, 1855.

3 Miiller, R., K.-k. geol. Reichsantalt Jahrb., vol. 27, Min. Mitt., p. 25, 1877, cited by
Clarke, I'. W,, U. 8. Geol. Survey Bull. 616, pp. 478-479, 1916; The otigmal is not
accessible to me
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‘lost by six minerals when immersed in carbonated water for seven
weeks. The column headed “ Sum” expresses the percentage of the
mineral that went in solution:

1
Material extracted from minerals by carbonated water (after R. Miiller).

SiOg. AlaOa. Kzo Nag0. MgO. CaO. I’zOs. FeO. Sum.

Adularia.. ........0 .. [ 01852 | 0.1368 | 1.3527 | |eeeeni oot Trace. 0.328
Hornblende............. .419 | Trace. | Trace. |....cccufeeunnnn. 8,528 |........ 4.829 1.536
Magnetite........oooooofoeeni oo .942 .307
Apatite. ... e 1.696 | 1.417 [.......... 1.529
Olivine.................. 873 1291 |.ooaoofeeaan 8.733 2.111
Serpentine.............. I i SO PRSI UM DR [ 7 I IR R 1.527 1.211

Summarizing the weathering processes, Clarke says:!

The effect of rain water upon a rock must now be divided into several phases.
First, it partially dissolves the more soluble minerals, with liberation of col-
loidal silica and the.formation of carbonates containing lime, iron, magnesia,
and the alkalies. The iron carbonate is almost instantly oxidized, forming
a visible rusty coating or precipitate of ferric hydroxide. The lime, mag-
nesia, and -alkali salts remain partly in solution, to be washed away, together
with much of the dissolved silica. * * * The second phase of the proc-
ess is represented by a hydration of the undissolved residues. The feldspar§
are transformed into kaolin, the magnesian minerals into tale or serpentine,
the iron * * * Dbecomes essentially limonite, and the quartz grains are but
little if at all changed. This double process of solution and hydration is ac-
companied by an increase of volume, which may or may not assist in effect-
ing disintegration. On the surface, the weathered rock crumbles easily; but
if the alterations have taken place at considerable depths the pressure due to
expansion may hold all the particles in place and the rock will seem at a first
glance to be unaltered. Such a rock, although apparently solid when it is first
exposed to the air, rapidly falls to pieces and becomes a mass of sand and clay.

The following table gives the results of analyses of diorite from
Albemarle County, Va.? : .

Analyses of fresh and altered diorite, by Q. P. Merrill.

A is the fresh rock, B its altered equivalent. The concentration
of aluminum and iron and the loss of lime, magnesia, and soda are

1Clarke, F. W., The data of geochemistry, 8d ed.: U. S. Geol. Survey Bull. 616, pp.
481-482, 1916. )

2 Merrill, G. P., Rocks, rock weathering, and soils, pp. 224-225, 1906 ; cited by Clarke,
F. W., op. cit., p. 488.
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noteworthy. The large loss on ignition of the altered rock indicates
extensive hydration during weathering.

In the second table are shown (A) an analysis of elaolite syenite,
composed of nepheline, diopside, sgerite, magnetite, biotite, etc., of
Fourche Mountain, Ark.! and (B) an analysis of the same rock
decomposed. :

Analyses of fresh and altered elwolite syenite.

It is noteworthy that soda is removed more readily than potash.
Magnesium and lime are extensively removed. These facts illustrate
the principle above noted, that under similar conditions basic rocks
will weather more rapidly or more thoroughly than acidic and inter-
mediate rocks. In the concentration of iron and nickel ores by
weathering of igneous rocks the basic rocks are of chief importance.

ZONES OF SULPHIDE DEPOSITS.

‘DOWNWARD CHANGES IN SULPHIDE DEPOSITS.

Residual ores of iron and other metals commonly lie above partly
altered rock, below which is generally found the protore or original
rock from which the ore has been derived. In the Mesabi range in
Minnesota greenalite alters by oxidation to taconite, and taconite,
by further oxidation and leaching out of valueless constituents, to
rich iron ore. The residual iron ores of Cuba have formed by oxida-
tion and leaching of serpentine, and serpentine probably from altera-
tion of peridotite. Cupriferous iron sulphide ore may alter first to
chalcocite and then to limonite (fig. 1). Thus the change from
protore to ore or gossan occurs by stages depending on depth, which
controls the state of oxidation of the aqueous solutions that are the
agents of weathering. _

As set forth by R. A. F. Penrose, jr., S. F. Emmons, W. H. Weed,
and others, many sulphide deposits show characteristic changes
from the surface down the dip. At or near the surface the deposits

1 Williams, J. F., The igneous rocks of Arkansas: Arkansas Geol. Survey Ann. Rept. for
1890, vol. 2, pp. 81-82; analysis A by W. A, Noyes, B by R. N. Brackett.

. -
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are generally oxidized and stained with limonite. The outcrop and
the upper part of the oxidized portion of the deposit may be poor.
Below this there may be rich oxidized ores; still farther down, rich
sulphide ores; and below the rich sulphides, ore of relatively low
grade. This lowest ore is commonly assumed to be the primary ore
from which the various kinds of ore above have been derived. ‘The
several kinds of ore have a rude zonal arrangement, the so-called
“zones” being, like the water table, highly undulatory. They are
related broadly to the present surface and generally to the hydro-
static level, but may be much more irregular than either, for they
depend in large measure on the local fracturing in the lode which
controls the circulation of underground waters. Any zone may be
thick at one place and thin or even absent at another. If these zones
are platted on a longitudinal vertical projection it is seen that the
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Ficure 1.—Side elevation of a part of the Old Tennessee-Cherokee lode, Ducktown, Tenn,,
showing position of secondary or enriched chalcocite ore and of the barren gossan iron

ore. In this district the secondary copper ore is exceptionally thin. After W. H,
Emmons and F. B. Laney.

. .

primary sulphide ore may here and there project upward far into
the zone of secondary sulphides, or into the zone of enriched oxides,
or into the zone of leached oxides, or may even be exposed at the
surface. The zone of sulphide enrichment (which is not everywhere
present) may project upward far into the zone of rich oxidized ore,
or into the zone of leached oxides, or may outcrop at the surface.
The zone of sulphide enrichment nearly everywhere contains consid-
erable primary ore, and commonly the so-called secondary ore is
merely the primary ore containing in its fractures small seams of
rich secondary minerals. The zone of enriched oxides is generally
found above the lowest level reached by the water table. This zone
in places extends to the outcrop. The zone of secondary sulphides
in moist countries is in general below the water level. In arid coun-
tries it may be partly or entirely above the water level.
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All these zones except that of the primary ore are, broadly con-
sidered, continually descending. Ore taken from the outcrop may
represent what was once primary ore; afterward, enriched sulphide
ore; still later, oxidized enriched sulphide ore; later still, leached .
oxidized enriched sulphide ore; and finally it became the surface ore
or gossan. Through more rapid erosion at some particular part of
the lode any one of these zones may be exposed, and hence an outerop
of ore of any character is possible.

THE OXIDIZED ZONE.

CONDITIONS IN THE OXIDIZED ZONE.

In the presence of air and water ores and protores break down
and form soluble salts and minerals that are stable under surface
conditions. Silicate rocks and carbonate rocks are altered and com-
monly change to residual ores of iron, aluminum, and other metals,
the nature of the ore depending on the composition of the rocks and
the thoroughness of weathering. Sulphide ores also are altered. No
metallic sulphide that is long exposed to the action of these agents
remains unchanged. Iron sulphides, which are present in practically
all deposits of sulphide ores, are altered to iron oxides, and such a
change is attended by the liberation of iron sulphates and sulphuric
acid, which under favorable conditions dissolve many of the min-
erals. In many deposits relatively stable basic iron sulphates are
formed, but even these eventually break down.

The oxidizing zone is in the main the zone of solution. Precipita-
tion also takes place in this zone, especially the precipitation of the
oxides and hydrous oxides of iron, aluminum, manganese, and sili-
con. By redeposition deposits of the more valuable metals are formed
also in this zone. Solution generally exceeds precipitation, how-
ever, and by solution the mass is reduced and open spaces are en-
larged. In limestones many of these spaces, called “watercourses,”
are large enough.for a man to pass through. The increase in the
size and in the volume of the openings renders the downward cir-
culation comparatively free in the zone of oxidization. Regarding
the processes of solution at Bisbee, Ariz., where oxidized ores are
exceptionally developed, I quote the following from Ransome:*

The most marked physical effect of the oxidation of the ore bodies has been
a great increase in the porosity of the masses acted upon. This, by enabling
solutions to percolate easily through the partly oxidized zone, has greatly facili-
tated the migration and concentration of the desulphurized ores and their seg-
regation in workable masses from the bulk of the limonitic and clayey ‘ledge
matter.”

The oxidized material is not only more porous but much softer and more
plastic than the original mineralized limestone and hence greatly weakens by

1 Ransome, F. L., The geology and ore deposits of the Bisbee guadrangle, Arizona: U, 8,
Geol, Survey Prof. Paper 21, p. 169, 1904.
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its presence the rocky structure in which it occurs. The overlying limestones,
no longer adequately supported, fissure and settle down upon the soft plastic
ore and gangue. The access of solutions is thus still more facilitated, and the
processes of oxidation and solution proceed so much the faster. That part of
the surface which is underlain by oxidizing ore bodies is thus rendered less re-
sistant to erosion, other things being equal, than the surrounding country.

Some of the metals—for example, gold—dissolve very slowly in
the zone of oxidation. If the other materials in an ore deposit are
taken away the ore may be enriched by decrease in volume, in the
manner elucidated by Rickard.!

The hydrous oxides, once formed, are comparatively stable, and
under certain conditions .the more valuable metals dissolve more
readily than the other vein materials in the oxidized zone. Conse-
quently the oxidized zones may be leached of the valuable metals.
Leaching is generally incomplete, however, for owing to the removal
of the outcrops by erosion, new surfaces are presented to attack.

As already stated, the oxidized zone is generally above a secondary
sulphide zone. As the latter is the richest part of many sulphide de-
posits, and as the zone of oxidation is descending, the processes of
oxidation attack materials that are comparatively rich. In many de-
posits the first effect of oxidation is to convert the richer sulphides
to rich oxides; consequently the lower part of the oxidized zone may
be as rich as or even richer than the secondary sulphide zone.

As copper sulphides may replace iron sulphides almost completely
in the altered zones of some deposits the gossans in such regions
represent the oxidation product of a chalcocite zone nearly free from
iron. Thus the outcrop may be only slightly stained with iron.
Some important bodies of copper ores at Butte, Mont., at Morenci,
Ariz., at Bingham, Utah, and at Cananea, Mexico, have outcrops
composed of light-colored kaolinized rocks that are not highly fer-
ruginous..

SEGREGATION OF THE METALS IN THE OXIDIZED ZONE.

As a result of surface alteration the metals are at many places
segregated in the oxidized zone. Low-grade protores of iron sili-
cates and iron carbonates become rich ores by weathering. In sul-
phide deposits the changes are not less marked. At Ducktown, Tenn.,
a pyritic copper ore is converted near the surface into a high-grade
iron ore. Below the iron ore is an exceptionally rich chalcocite ore,
and below this the low-grade copper ore, the original deposit from
which the iron ore and the rich copper ore have been derived. At
Ducktown, as in many other districts, the processes of alteration are

1 Rickard, T. A., The formation of bonanzas in the upper portions of gold veins, in
Polepny, Franz, The genesis of ore deposits, pp. 734-755, 1902,
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clearly related to the water level, which divides the zone of solution
from the zone of precipitation of copper, but in certain districts
where the water level is lower nodules of oxidizing ore show the same
zonal arrangement. Many of these nodules or spheres are made up
of successive shells, each inclosing a smaller one, like the layers of
an onion. Although the spherical shape of some of these nodules
may be original, most of them have become rounded by oxidation.
Where irregular blocks are inclosed by fractures to which water and
oxygen have access, processes of oxidation, extending inward from
the fractures to approximately equal depths, tend to round off irregu-
larities of the unaltered mass, because the inequalities are the more
exposed. The processes may be compared to concentric weathering
at the surface.

At the Southern Cross mine, near Cable, Mont., nodules of gold-
bearing pyrite are surrounded by shells of limonite which clearly
have been derived from the oxidation of the iron sulphide in place.
Gold is concentrated in the outer shells by diminution of mass, but
volume for volume the tenor of the iron sulphide and iron oxide is
approximately the same. At Leadville, Colo., according to Ricketts,
nodules of galena carry six times as much silver as the cerusite
crusts that surround them. A number of assays cited by S. F.
Emmons ? show a silver content of 420 ounces per ton of galena and
only 28.6 ounces per ton of the corresponding cerusite crusts. In
view of the fact that the galena of Carbonate Hill averages only 145
ounces per ton,! these figures seem to indicate addition of silver to
the galena, as well as leaching of silver from the carbonate.

To illustrate the separation of copper and iron in the zone of oxi-
dation, I quote from Lindgren, Graton, and Gordon? the following
description of oxidizing nodular masses in the Apache No. 2 mining
district, New Mexico.

The primary ore consists here of a gangue of extremely coarse calcite with a
little iron and practically no magnesia. When this is dissolved in acid there
remains a skeleton of small films and grains of quartz whose presence would
hardly be expected in the apparently homogeneous cleavage pieces. The calcite
contains grains of chalcopyrite and small cubes of pyrite. During oxidation
this primary low-grade ore becomes surrounded by crusts of secondary calcite,
limonite, hematite, malachite, and chrysocolla. The iron and copper separate,
the former being deposited in the recrystallized calcite as hydroxide or oxide,
while the copper minerals form a thin erust directly adjoining the primary ore

and gradually traveling inward as the oxidation progresses. This is exactly
what happens under the more intense conditions of artificial oxidation or the

1 Ricketts, L. D The ores of Leadville and their modes of occurrence, p. 37, Prince-
ton, 1888.

2 Emmons, 8. F., Geology and mining industry of Leadville, Colo., with atlas: U. 8. Geol.
Survey. Mon. 12, pp. 553-554, 1886.

3 Lindgren, Waldemar, Graton, L. C., and Gordon, C. H., The ore deposits of New Mexico:
U. 8. Geol. Survey Prof. Paper 68, pp. 55-56, 1910,
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roasting of chalcopyrite in metallurgical work. The heat in the presence of
oxygen will gradually concentrate the copper sulphide or oxide in the_ center
of the lump, while the ferric oxide forms a shell which can easily be knocked off.

Considered in more detail, the narrow ring of oxidized copper ore consists of
alternate narrow bands of malachite and chrysocolla, the latter being due to
the quartz distributed microscopically through primary calcite. The malachite
always forms the inner zone and projects into the fresh calcite as tufts of
slender needles. In places a thin layer of calcite will separate the copper
minerals. The wide outer crust consists of recrystallized calcite which only
in part has the same orientation as the central cleavage piece of primary ore.
This recrystallized calcite contains limonite in flocculent masses, in places dis-
tributed concentrically, but does not carry even a trace of copper. At the outer
edge of the specimen the limonite changes to dark-brown hematite.

At Bisbee, Ariz., the segregation of the metals in the zone of oxi-
dation is shown on a grand scale. As stated by James Douglas,!
large mass of ore developed between the 200 and 400 foot levels of
the Copper Queen mine consists of a core of compact pyrite, very
lean in copper, surrounded by a shell of rich copper ore. According
to Ransome,? a mass of pyrite was noted on the 1,000-foot level of
the Lowell mine, lying generally parallel with the bedding of the
limestones and in contact with partially oxidized ore both above
and below. Some native copper was seen in the oxidized ore close to
the pyrite. Similar residual masses of worthless pyrite surrounded
by good ore, usually containing chalcocite, were seen on the 1,050-foot
level of the Calumet & Arizona mine.

The processes that operate to form the small nodules are probably
similar to those that operate to form the larger masses. Many de-
tails of the chemistry of these processes have not been worked out,
but it is known that oxidation favors the solution of some com-
pounds and the precipitation of others. Dilute acid in the presence
of air dissolves the sulphides of both copper and iron. Iron but
not copper is precipitated by hydrolysis of sulphates. Dilute acid
in the absence of air dissolves iron sulphide but not copper sulphide,
for copper sulphide is precipitated at the expense of iron sulphide
if air is excluded. The spherical bodies of enriched sulphide ore in
the zone of oxidation, which are crusted with lower grade, presum-
ably leached oxidizing ore, doubtless illustrate in a small way the
same processes that result in the rearrangement of the metals in the
several zones that are related to depth.

The separation of lead carbonate and zinc carbonate during the
oxidation of ore bodies containing zinc and lead sulphides is con-
spicuously shown in some districts, especially in ore bodies inclosed
in limestone. At Leadville, Colo., deposits of sphalerite, galena, and

1 Douglas, James, The Copper Queen mine, Arizona : Am. Inst. Min, Eng. Trans., vol. 29,
p. 531, 1900,

2 Ransome, F. L., The geology and ore deposits of the Bisbee quadrangle, Arizona: U. S,
Geol Survey Prof. Paper 21, p. 146, 1904,
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pyrite are overlain by large oxidized ore bodies, some of which con-
sist of argentiferous cerusite containing but little zinc and others
of iron-stained smithsonite containing little lead. At some places a
zone of smithsonite is below one of lead carbonate. At the Kelly
mine, in the Magdalena district, N. Mex., these processes have taken
place on a smaller scale but are very clearly indicated. There,
according to Lindgren, Graton, and Gordon,® the primary ore con-
sists of zinc blende, magnetite, a little pyrite, and galena. As stated
by these investigators— ‘

The depth of oxidation is about 300 feet. * * * In the oxidized stopes
nearer the surface the zine and lead part company. The oxidized zinc ores
form wﬁde stopes in which caves large enough for a man to crawl into are
coated with beautiful botryoidal, light-green masses of smithsonite. The crust
of this material is almost 3 inches thick, and underneath is a dark powdery
material rich in .manganese but also containing much zinc. The lead stopes
are much smaller and are composed of almost pure “ sand carbonate ” with oc-
casional bunches of galena.

DEPTH OF THE OXIDIZED ZONE.

-The depth of the zone of oxidation and the extent of oxidation
within that zone depend upon the permeability of the ore and its
character and composition. Conditions differ greatly in different
districts and even in different deposits in the same district. The
depth of thorough oxidation is generally less than the depth of the
vadose circulation, for oxidation follows the depression of the water
level. Where the ground-water level has been depressed by rela-
tively rapid climatic change rather than by the gradual downward
migration of ground water that attends the normal degradation of a
country the rate of its depression may be more rapid than that of
the zone of oxidation, and in consequence the sulphide ores may be
marooned in the vadose zone. In an arid country oxidation is
probably slow, for it depends in a measure on the supply of oxygen-
bearing waters. Thus at Tonopah, at Morenci, and in some other
districts in the Southwest the lower limit of oxidation has lagged
far behind the downward-migrating water level.
~ The depths of oxidation and enrichment of iron-bearing rocks
show extensive variations. The iron ores of Mayari, Cuba, formed
by decomposition of serpentine, extend to depths about 30 to 40 feet
below the surface. In the Mesabi range, Minn., ferruginous sedi-
ments are altered to depths of 200 feet and locally as much as 600
feet below the bottom of the drift mantle. In the Cuyuna range,
Minn., the ores formed by oxidation are commonly found at depths
of 500 feet and locally 1,000 feet. In the Gogebic range, Mich., in

1Lindgren, Waldemar, Graton, L. C., and Gordon, C.” H,, The ore deposits of New
Mexico: U. 8. Geol. Survey Prof. Paper 68, p. 53, 1910,
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the Newport mine, ores have formed by oxidation at depths below
2,400 feet. This oxidation has been accomplished, moreover, by
waters that are practically free from sulphuric acid. A few but not
many sulphide deposits show partial oxidation at depths equally
great. At Tintic recent developments have exposed oxidized ores
about 2,400 feet below the surface. The Old Abe mine, in the
White Oaks district, Lincoln County, N. Mex., according to Lind-
gren, Graton, and Gordon, has been worked to a depth of 1,380 feet,
yielding rich oxidized ores.! The water level in this mine is 1,300
feet below the surface. In the Brooklyn mine at Bingham, Utah,?
oxidation is said to extend 1,450 feet below the surface. In the
Snowstorm mine, in the Coeur d’Alene district, Idaho, according to
Ransome, carbonates of copper are found about 1,200 feet below the
outcrop of the lode? At Creede, Colo., partial oxidation has ex-
tended locally more than 1,000 feet below the surface.

At Tonopah, Nev.,* the depth of oxidation is variable. In veins
that outcrop oxidation has taken place locally to depths greater than
700 feet. Veins which do not outcrop but which are capped by vol-
canic rocks later than the ore show comparatively little oxidation.
A single fracture line or a fault line may divide the oxidized from
the unoxidized ore and rock. In this district no standing ground
water has been encountered in the mine workings, which extend to
depths below 1,100 feet.® '

At Przibram, Bohemia, in a comparatively moist climate, oxida-
tion extends, according to Beck, from 200 to 900 feet below the
surface. In some other moist districts, as at Ducktown, Tenn., the
oxidized ores are not more than 100 feet below the present surface.

At Butte, Mont., according to Reno Sales,® in the vicinity of the
St. Lawrence and Mountain View mines, the depth of oxidation is
- nearly 400 feet, although in many parts of the camp it is only 10 feet.
The depth of oxidation in this district depends largely on the compo-
sition of the country rock—to a greater degree, in fact, than on the
topographic features. The more complete the alteration and
“pyritization the grea,ter the depth of oxidation. In the central cop-
per area, where the gramte " is strongly altered and pyritized, the
upper limit of sulphides is roughly a horizontal plane, although the
surface contours in the same area show variations of 300 feet. Over

1 Lindgren, Waldemar, Graton, L. C., and Gordon, C. H., The ore deposits of New Mexico :
U. S. Geol. Survey Prof. Paper 68, p. 60, 1910,

2 Boutwell, J. M., Economic geology of the Bingham mining district, Utah: U. S. Geol.
Survey Prof. Paper 38, p. 215, 1905.

3 Ransome, F. L., and Calkins, I, C., The geology and ore deposits of the Coeur d’Alene
district, Idaho: U. 8. Geol. Survey Prof. Paper 62, pp. 150-152, 1908.

4 Spurr, J. E., Geology of the Tonopah mining district, Nevada : U. 8. Geol. Survey Prof,
Paper 42, p. 90, 1905, .

s Idem, p. 96. .

¢ Sales, R, H., Superficial alteration of the ‘Butte veins: Econ. Geology, vol. 5, p. 19,
1910,



ZONES OF SULPHIDE DEPOSITS. 61

the remainder of the copper area the average depth of oxidation is
approximately 50 feet. The depth of oxidation in the veins is in-
fluenced to a slight degree by the physical character of the veins
themselves. Under like conditions a quartz vein is oxidized to a
greater depth than a fault or “ granite vein,” owing to the greater im-
permeability of the clay and crushed “granite” of veins of the
latter class.

At Tintic, Utah, where the limit of oxidation in fractured lime-
stone is at least 2,000 feet deep, the ground-water level and zone of
unaltered sulphldes in igneous rocks scarcely half a mile away is
only 200 or 300 feet from the surface.*

At Cripple Creek, Colo., partial oxidation is found in some places
at depths of 1,200 feet;,2 but in other places it is relatively shallow.

SUBMERGED OXIDIZED ORES,

As already stated, the oxidized ore is generally above the ground-
water level, and in arid countries oxidation is seldom complete at
depths considerably above that level. In deep mines little smears and
veinlets of oxidized material, generally a mixture of kaolin and
limonite or of kaolin and manganese oxide, are found at considerable
depths. In most countries such veinlets were probably deposited
below the water level. As the solutions descend, their acidity is
reduced, and some of the metals which may be held in acid solutions
would be precipitated by a decrease of acidity.

Extensive oxidation is probably limited to those parts of deposits
that lie above the ground-water level at the time of oxidation. In
some deposits, however, the ores are extensively oxidized below the
water level. Accordlng to B. S. Butler,® the ores of the Harring-
ton-Hickory mine, near Milford, Utah, are oxidized at least 100
feet below the present water level. Submerged oxidized ores were
found also at Tintic and Park City, Utah, and at Eureka, Nev. At
Bisbee, Ariz., the depth of oxidized ore ranges from 200 to 1,600 feet
and the deeper oxidized ores are submerged. As shown by Ransome
(p- 212), the altered ores are related to a tilted pre-Comanche erosion
surface rather than to that existing to-day.

Where ore bodies are extensively oxidized far below the ground-
water level it is reasonable to infer that the level of the ground water
has risen. The amount of atmospheric oxygen that water may dis-
solve and carry far below the water level is very small (see p. 150)

1Tower, G. W., Smith, G. 0., and Emmons, S. I’ U. 8. Geol. Survey Geol. Atlas, Tintic
special folio (No. 65), p. 5, 1900. Emmons, S. F., The secondary enrichment of ore de-
posits, in Pofepny, Franz, The genesis of ore deposits, p. 488, 1902, Lindgren, Waldemar,
oral communication. .

2 Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado: U. S. Geol. Survey Prof. Paper 54, p. 196, 1906.

8 Oral communication.
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and probably would be insufficient to oxidize large masses of sul-
phides, even in a comparatively long period.

TRANSITIONS BETWEEN OXIDIZED AND SULPHIDE ORES.

- In moist countries, where the level of ground water is near the
surface, the transition between the almost completely oxidized ore
and the unoxidized sulphides is generally abrupt. This is especially
noticeable in the pyrrhotitic copper ores of Ducktown, Tenn., where
the contact between the two is at some places as sharp as a, knife
blade. - In pyrrhotitic ores of the Encampment district, Wyoming,
chalcocite ores occur immediately below the gossan.! In the pyritic
copper ores of Butte, Mont., according to Sales, the transition is
sharp. He says:?

Examined from the surface downward the oxidized portion of a copper vein
will show but little variation in physical character or mineral composition be-
tween the outcrop and the sulphide ore. The line of separation marking the
change from oxidized to sulphide ore is very sharp and clean cut. There is no
partial oxidation of the vein; no mixture of sulphides and oxides. The entire
change in any single cross section of a vein takes place within 2 or 3 feet
vertically. Generally the sulphide ore, through slight changes in the relative
abundance of certain minerals, indicates the proximity of the oxidgé, while in
the case of the oxides there is seldom, if ever, any change to indicate a near-
ness to sulphides. In the copper belt the minor veins, stringers, iron pyrite
seams, country rock, ete., are all oxidized and bear the same relation to the
surface and to depth of oxidation as do the large veins.

In some other districts, however, there is no such sharp dividing
line between the oxide and the sulphide ore. At Bingham, Utah,
according to Boutwell,? the transition from the zone of oxidation to
the zone of sulphide enrichment is gradual, as it is also at Morenci,
Ariz., where the zone of secondary sulphides is oxidized through a
considerable vertical distance. Says Lindgren:*

The oxidation does not extend down to any well-defined water level, which
must be far below the deepest workings, but acts most irregularly, sometimes
leaving fresh metamorphic limestone at the surface and again reaching down
to a depth of 400 feet along fissures and faults. The present ore bodies prob-
ably fell an easier prey to oxidation by reason of their richness in sulphides
and their favorable exposure to percolating waters. In such position are the
upper ore bodies of the Detroit and Manganese Blue. In other cases the oxida-
tion was facilitated by means of fault planes and porphyry dikes.

1 Spencer, A. C., The copper deposits of the Encampment district, Wyoming: U. S. Geol.
Survey Prof. Paper 25, p. 55, 1904.

2 Sales, R. H., Superficial alteration of tlie Butte veins: Econ..Geology, vol. 5, p. 19,
1910.

8 Boutwell, J. M., Economic geology of the Bingham mining district, Utah: U, S. Geol.
Survey Prof. Paper 38, p. 221, 1905.

4 Lindgren, Waldemar, The copper deposits of the Clifton-Morenci dlstrict Arizona :
U. 8. Geol. Survey Prof. Paper 43, p. 197, 1905.
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At Bisbee, Ariz., the zone of transition between the oxide and
sulphide ore is extensive. According to Ransome:?*

Within the transition zone between completely- oxidized and unaltered sul-
phide ores, which has a maximum depth or thickness of about 900 feet, the
oxidizing processes are controlled to a large extent by recent irregular fissuring
and by the relative permeability of the various sulphide masses to generally
descending solutions. Fissures cutting through masses of lean pyrite are
almost invariably accompanied by streaks of rich ore, often containing chalco-
cite, together with cuprite and native copper. Where there are several such
fissures near one another, important ore bodies result. The general association
of profitable ore with fissured, broken, permeable ground is well recognized
in practical operations and turned to good account in underground exploration.

THE SECONDARY SULPHIDE ZONE.
POSITION AND EXTENT.

The secondary sulphide zone is generally below a zone of oxida-
tion. It is not everywhere developed, not even in copper ores that
are capped with gossan. Examples of such deposits are cited on
a following page. In many deposits the transition between the
oxidized and secondary sulphide zone is sharp, being essentially at
the ground-water level. The secondary ores extend downward to
various distances below the water level. The vertical extent of the
secondary zone differs widely in different districts. In some of
the districts of the southern Appalachians the chalcocite zones oc-
cupy only a few feet vertically. At Ducktown, Tenn., in all except
one mine the average thickness of the secondary chalcocite zone
1s between 3 and 8 feet, but some secondary chalcopyrite is de-
veloped far below this zone. In the East Tennessee mine, in this
district, the vertical range of chalcocite is about 125 feet. In the
Encampment district, Wyoming, the vertical extent of chalcocite is
at least 200 feet. In the disseminated deposits in porphyry at
Bingham, Utah, the zone of workable sulphides, mainly chalcocite
and chalcopyrite, has an average vertical extent of 418 feet,?> and,
owing to the rugged topography, the vertical range is much greater.
At Morenci, Ariz., the belt of maximum deposition of secondary
chalcocite is in general from 200 to 400 feet below the surface,
although veins of chalcocite are said to extend to greater depths,
especially in the Coronado mine. In this mine also, according
to Lindgren,® chalcocite in places reached the surface. At Bis-
bee, Ariz., chalcocite, partly oxidized, is found within 200 feet of
the present surface and extends to depths at least 1,500 feet below
the surface. At Globe, Ariz., in the Old Dominion mine, chalcocite
has been found more than 1,200 feet below the surface, and has a

1Ransome, F. L., The geology and ore deposits of the Bisbee quadrangle, Arizona: U. S.
Geol. Survey Prof. Paper 21, p. 145, 1904.

2Utah Copper Co. Seventh Ann. Rept., Dec. 31, 1911

3 Lindgren, Waldemar, The copper deposits of the Chfton-Morcncl district, Arizona:
U. S. Geol. Survey Prof. Paper 43, p. 210, 1905,
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vertical range of at least 800 feet. In the Miami Inspiration ore
zone, chalcocite is said to be found 900 or 1,000 feet below the sur-
face. In all these districts chalcocite is regarded as a mineral which
is in the main, if not altogether, secondary. At Butte, Mont., chal-
cocite has been found at depths 2,800 feet below the surface. In
the upper levels of the Butte mines secondary chalcocite is abundant,
but recent investigations, especially those of Reno Sales, indicate
that the chalcocite of the deeper levels is probably primary. At
Tintic, Utah, oxidized ore extends to depths of 2,400 feet, and
secondary sulphides occur with the secondary oxides. Except at
Butte, Mont., and Tintic, Utah, no data now available indicate
deposition of secondary chalcocite at depths greater than 1,500 feet
below the outcrop. It is not at all improbable, however, that sec-
ondary chalcocite deposited at greater depths may be revealed by
future exploration.

Examples of enrichment of silver sulphide deposits at depths of
1,000 to 1,200 feet below the surface are well authenticated. In
Mexico, at Pachuca, Guanajuato, and Zacatecas, there are several
great silver deposits® capped by gossan, below which sulphide ores
(negros), in part at least of secondary origin, extend downward from
1,200 to 1,500 feet. At lower depths lean pyritic and sphaleritic ores
with some galena are found. Possibly secondary deposits of silver
- occur at greater depths, but it is questionable how far the several
species of the silver-bearing minerals may indicate geologic processes.
I know of no examples of the precipitation of appreciable amounts
of gold by descending solutions at depths more than 1,000 feet below
the surface. In general, gold that is dissolved by surface waters is
precipitated at relatively shallow depths.

The data reviewed above show that no definite depth can be fixed
below which processes of enrichment are not effective. The maxi-
mum precipitation occurs at comparatively shallow depths, however,
and there is little reason to suppose that these processes are effectively
operative in the deeper part of the zone of fracture. The depth to
which the metals are carried depends on local climatic conditions,
permeability, and the chemical and mineralogic environment.

RELATION TO GROUND-WATER LEVEL.

The ground-water level, the so-called water table, has frequently
been regarded as indicating the top of the secondary sulphide zone
at the time that zone was formed. As has been stated, the water level
is not stationary but oscillates, although it tends to move downward
as the major drainage channels approach grade. If the water level

1Halse, BEdward, On deep mining in Mexico and the changes that occur in the coun-
try rock and vein filling in depth: Inst. Min. and Met. Trans., vol. 3, p. 418, 1895,
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is comparatively high or if the lode is much fractured, and par-
ticularly if it contains large spaces, there is probably but little pre-
cipitation of the secondary sulphides above the water level. There
are two reasons why this should be true; one is that the solutions
descend in open rocks at a comparatively rapid rate through the frac-
tured and partly weathered zone of somewhat cellular ore above the
shallow water level, and the other is that several of the sulphides of
the more valuable metals that are dissolved readily in an oxidizing
environment are not readily precipitated in such an environment.
If the rocks are open, atmospheric oxygen should find ready access
to the ore above the zone of saturation. Even if precipitation
should take place the sulphides precipitated would later be exposed
again to oxidation and solution.

The sulphides below the water level are protected from the oxygen
of the air, however, and solution of some metals is retarded if not
prevented. The solution in sulphuricacid of copper sulphlde, silver
compounds, and gold requires an oxidizing agent. It is well known
that a small concentration of ferrous sulphate, which is surely present
in the reducing zone below tlie water level, will drive gold and silver
from solution. Copper sulphlde, which dissolves readily in sulphuric
acid in the presence of air, is not dissolved in its absence. Hydrogen
=ulph1de is generated by the action of acid on several sulphides and
in the presence of the faintest trace of hydrogen sulphide, copper
sulphide is not dissolved—not even in boiling concentrated acid.!
Thus it would be supposed that under these conditions the solution
of copper, silver, and gold would be inhibited at ground-water level
or ashort distance below it. Since a liter of water can absorb under
surface conditions only about 6.84 cubic centimeters of atmospheric -
oxygen, the amount carried dissolved, even in a siturated solution,
can not be great. Any oxygen that is made available by hydrolysis
when ferric sulphate is reduced to ferrous sulphate and that which
combines to form the higher oxides of manganese might delay reduc-
tion, but the delay would be only temporary. Although oxygen is
- required for the solution of geld, silver, and copper, the sulphides
of zinc and at least some of the sulphides of iron might be dissolved
at depths considerably below water level, for they are attacked by
sulphuric acid even in the absence of an oxidizing agent.
~ Many deposits of secondary sulphide ore in the arid Southwest are
well above the present ground-water level. The lower limits of some
of these deposits have been reached by mining, and below some of them
lie considerable bodies of pyrite and chalcopyrite ore which have
been penetrated by mine workings that encountered no standing
underground water. As has been already stated the chmate in this

1 Allen, E. T., oral communicatlon
34239°—Bull. 625—17. 5
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area has changed from humid or subhumid to.arid in comparatively
recent time, and it is possible that some bodies of secondary sulphide
ore have been marooned by the rapid descent of the ground-water
level that attended the change. At Morenci, Ariz., nearly all the
mines are dry in and below the chalcocite zones of the deposits.
Of these Lindgren? says: _

Chalcocite perhaps forms at the present time in the upper levels of the belt
occupied by this mineral where copper-sulphate solutions from oxidizing chal- -
cocite above are abundant and free oxygen absent. * * * Direct oxidation
has, in fact, already penetrated to the deepest levels attained in the pyritic
zone; at present it works here chiefly along fissures and seams but is prob-
ably slowly spreading.

I regard the chalcocite zone as formed about an ancient water level much
higher than the present. During the epoch of the Gila conglomerate the water
level was surely at least several hundred feet higher than it is now, and it
was probably still higher dux ing Tertiary tlme, in which a moist climate most
likely prevailed.

PRECIPITATION OF'SULPHIDES ABOVE THE WATER. LEVEL,

In arid districts, where the water level lies very deep, the descend-
ing metal-bearing solutions may encounter a reducing environment
in ‘the so-called vadose zone, especially in rocks that contain only
minute openings, through which the water soaks downward from the
surface, excluding the admission of any considerable amount of air.
It would be supposed that the oxygen present in such waters and in
the imprisoned air would be used up before the descending solutions
encountered any zone of permanent saturation, or that before reach-
ing ground-water level the splutions might become reduced, so that
the metals could readily be precipitated.?

Any former water level doubtless maintained the usual relatlon to
the topography that existed when it prevailed, and it is generally
untenable to assume that the topography which controlled a former
water level in a region where the climate has changed recently was
very different in its major features from the present topography..
Stope sheets and other available information show that many of
the chalcocite zones in copper deposits of arid regions have a pretty
definite relation to the major features of the present topography,
and. it therefore seems possible that when they were formed they
bore the usual relation to the water level then prevailing. The
disseminated chalcocite ores of Miami, Ariz., are, however, not
definitely related to the present topography, which was apparently
developed after the main period of enrichment3 At Ray also, ac-

1 Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arizona:
U. 8. Geol. Survey Prof. Paper 43, p. 206, 1905.

3 Finch, J. W., The circulation of underground aqueous solutions and the deposition of
lode ores: Colorado Sci. Soc. Proc., vol. 7, p. 238, 1904, L

3 Ransome, F. L., this bulletin, p. 215.
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cording to Ransome,' the layer of disseminated chalcocite ore has
many irregular undulations that apparently have no dependence on
the present topography. :

It is not at all unlikely that secondary sulphide ores have formed
independently of any present or past water level. As stated by
Finch,? deposits exposed to processes of alteration in an arid region -
may lie in gaseous zones that are analpgous to the aqueous zones of
more humid regions. Oxygen predominates in the surface zone,
whereas carbon dioxide and other heavier gases may prevail ‘at
greater depths. Thus in an arid region there may be an oxidizing
gaseous zone and below it a reducing gaseous zone in which precipi-
tation may take place in the absence of oxygen. Circulation by
evaporation would be possible in the lower zone.

Precipitation by evaporation is undoubtedly a factor to be con-
sidered in shallow oxidizing zones and may account for the veinlets
of clayey limonite that are found in cracks in some sulphide ores at
depths considerably below the zones of nearly complete or well-
advanced oxidation. The material precipitated by the evaporation
of the mineral waters should be chemically similar to that deposited
by evaporation under surface conditions, and, so far as analyses
show, mineral waters that accomplish sulphide enrichment generally
carry iron, aluminum, and other metals of low value greatly in ex-
cess of the more valuable metals. Unless, by processes of selective
precipitation, certain compounds only could be removed from the
solutions in depth, nearly all of the material dissolved in-the oxidiz-.
ing environment and carried below into the reducing environment
would be precipitated. There would be a downward circulation of
water and dissolved mineral matter. The upward circulation of
evaporated water might carry some of the dissolved salts, but few
data are available on this point. Weed states that ferrous, copper,
and zinc sulphates are carried by the moisture of air circulating in
mine openings. He thus accounts for efflorescence of these salts on
mine workings.? Since mineral matter could not readily escape,
however, the enrichment that could take place where downward-
moving aqueous solutions could not reissue would depend on the sum
total of the openings available, for appreciable replacement under
these conditions would probably not occur. The secondary materials
that are deposited under such conditions as a whole would not be

~much if any richer than the residues of descending waters, althqugh
even under these conditions the valuable minerals might be segre-
gated somewhat by selective precipitation.

‘1 Ransome, T, L., this bulletin, p. 216.

Z Finch, J. W., The circulation of underground aqueous solutions and the disposition of
lode ores: Colorado Sci. Soc. Proc., vol. 7, p. 240, 1904, -

3 Weed, W. H., Geology and ore deposits of the Butte district, Montana : U. S, Geol. Sur-
vey Prof. Paper 74, p, 99, 1912,
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THE PRIMARY ORE.

Since the primary ore extends downward generally to indefinite -
and almost always to unknown depths, the primary ore body can
seldom be properly designated as a “zone.” Yet, as has already
been stated, many primary ore bodies that are workable near the
surface become poorer in depth. At some places also, as in some
deposits in the Bisbee district, Arizona, and at Georgetown, Colo.,
the primary ores have been enr1ched to the bottoms of the original
primary ore shoots. ‘

It may be repeated here that mmny ore bodies that have not been
enriched by superficial processes are workable in the primary con-
centration; indeed some of the largest deposits in the world show
little ev1dence of such enrlchment

The term “ primary ore” is commonly used to designate valueless
material that on weathering becomes an ore through superficial en-
richment. Obviously, since the material is not workable, it is not
strictly speaking an “ore.” For such material Ransome? has pro-
posed the convenient term profore to designate the “ valueless mate-
rial which generally underlies ores formed by sulphide enrichment
and which would be converted into ore were the enriching process
continued to sufficient depth.” In this paper, with Mr. Ransome’s -
consent, this term is used to designate the unchanged portion of
any primary material that locally has been concentrated into ore,
and that which by weathering may be so concentrated. Thus the low-
.grade porphyry beneath the disseminated copper ores of Bingham,
Utah, of Ely, Nev., and of Santa Rita, N. Mex., may be termed

“protore ”; likewise the greenalite and cherty iron carbonate rocks
of the Lake Superior iron ranges and the parent rock below the '
residual iron ores of Cuba are so designated.

PRECIPITATION OF METALS OUTSIDE OF PRIMARY ORE BODIES.

Metals in deposits undergoing weathering may not all be recon-
centrated and preserved as a result of secondary enrichment.? Some
may be carried away in the run-off, mechanically or in solution; some
may be redeposited in the wall rock, making a deposit of a grade
higher or lower than that of the original ore. The amount of scat-
tering of the metals depends upon the structural features which de-
termine the shape and attitude of the deposit and the nature and ex-
tent,of fractures that involve the deposit.. Physiographic conditions
and the position of the water level also are important.

The scattering of the metals dissolved is most marked in the oxi-
dized zone, where the ground is generally more open, but it may take

1 Rangome, F. L., Discussion: Econ. Geology, vol. 8, p. 721, 1913.
2 Penrose, R. A. F., jr:;, Certain phases of superficial diffusion in ore deposits: Econ.
Geology, vol. 9, pp. 20-24, 1914,
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~ place also around the zone of secondary sulphide deposition. ~Ade-
quate treatment of the subject must include a review of the chemical
relations of the metals involved and the rate at which they react on
" minerals in the wall rock when the metals are redeposited. Many de-
posits indicate loss. The weathering of the copper deposits of
Ducktown, Tenn. (p. 236), during the period of base-leveling—that
is, before the last period of rejuvenation—was probably attended by -
great loss, and doubtless the material dissolved from the ores was
carried away in the run-off. At the Reforma mine,* Mexico, the tight
condition of the copper lode has prevented deep oxidation, and
weathering is attended by reprecipitation of little or no copper.
Copper sulphide is readily dissolved and in the oxidized zone copper
is mobile. Copper is readily precipitated as compounds stable in the
absence of air, and its migration or scattering in the deeper zones is
more restricted. At Butte, Mont., however, in the. Anaconda vein,
streaks of chalcocite run out many feet into the walls, apparently in
granite that had no ore of the earlier period of mineralization.? The
few known examples of this kind appear to be of relatively little im-
portance compared with secondary ore bodies reprecipitated on older
sulphides. In the oxidized zones of copper deposits where fractures’
lead away from the decomposing ore body and into the country rock
there may be seats of mineralization on a larger scale. Valuable ore
bodies are more likely to be reconcentrated where the country. rock is
limestone, because limestone causes precipitation of copper more rap-
1d1y than the other common rocks. - Where the walls are feldspathic
1gneous rocks, scattering is likely to be more widespread and to re-
~ sult in loss. :

Gold, in its deposits that are free from manganese, is likely to be
concentrated at the outcrop and in placers near by. In manganifer-
ous ore deposits there may be solution but probably not much loss by
scattering, because gold is precipitated so readily and by so many
agents. Nevertheless there is good evidence that small deposits of
gold have formed in crevices where in all probability no gold de-
posits existed before. An example in Pinal County, Ariz., is cited
by Tolman,* where “gold mirrors” with manganese are deposited in
cracks in rhyolite. Probably of analogous origin are the “ points”
of the Mad Mule mine, Weaverville quadrangle, Cal., described by
Ferguson, where gold, evidently derived from deposits near by, has
been reprecipitated about small calcite lenses lying near a slate foot-
wall. TIn calcite or other carbonate rocks, or in alkali-rich igneous

1F1nch 'J. W., A geological journey in Guorrero Min., and Sci, Press, vol, 101, p. 498,
1910,

2 Winchell, H. V,, Discussion of paper by L. C. Graton and Joseph Murdoch on ’(‘he
sulphide ores of copper: Am. Inst. Min, Eng. Trans.; vol. 45, p. 91, 1914,

8Tolman, C. F\., Secondary sulphide enrichment: Min, and Scl. Press, vol. 106, p. 41,
December, 1918,
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rocks, such as some of those of Cripple Creek, one would not expect
gold to travel far, because such 1ocks reduce gold solutions ‘with
great rapidity.:

In some deposits of silver, particularly in arld climates, the forma-
tion of the chloride restricts migration. In other deposits silver
migrates readily. Where the silver travels outward in solution into
the country rock it is precipitated less readily than gold or lead.
At Leadville workable deposits have been found in porphyry near
oxidizing bodies of silver-lead ore where no older ore body appeals
to have been present. (See p. 269.)

On oxidation deposits of zinc sulphide give zinc sulphate, a.salt
that is highly soluble in water. It reacts but slowly with most ore
and gangue minerals and will therefore migraté farther before pre-
cipitating zinc. But in carbonate rocks or in calcite gangue the
insoluble zinc carbonates are deposited, and around bodies that are
undergoing oxidation in limestone valuable bodies of zinc calbonate
ore may form. These are discussed on page 374.

Lead salts formed by oxidation have low solubilities, and under all
conditions of superficial alteration lead appears to be nearly im-
- mobile. Some examples of scattering of several other metals are
mentioned in sections of this paper where the metals are treated
separately.

ESTIMATES OF VERTICAL EXTENT OF PORTIONS OF LODES
: ERODED

Where there is reason to suppose that the primary ore was of
approximately uniform composition before secondary alteration took
place, it is possible to estimate the vertical extent of the portion of
the deposit-that has been eroded. As already stated, the ore in the
secondary zone generally contains the valuable metals that were
present in the.primary ore, those that were leached from the oxidized
zone above the secondary ‘sulphide ore, and those that were leached
from the portion of the deposit that has been removed—the metals
that were carried downward by solutions in advance-of erosion.

Estimates made for the Granite-Bimetallic lode, Philipsburg,
Mont., indicate that at.least 1,600 feet of material like the primary
ore in the bottom of the mine was required to supply the valuable
minerals in the secondary sulphide zone, in addition to those of the
primary ore and any that may have been dissolved from the oxi-
dized zone and reprecipitated below. Estimates for Ducktown, Tenn.,
~on the other hand, show that the valuable minerals in the secondary
sulphide zone may be fully accounted for by the reconcentration of

1 Nishihara, G. 8., The rate of reduction of acidity of descending wateis by certain ore
and gangue minerals and its bearing upon secondary sulphide enrichment Econ, Geology,
vol, 9, p. 743, 1914,



TEXTURES OF SECONDARY ORES. 71

copper formerly in the leached zone now exposed, and that the
copper that was present in the part of the lodes removed by erosion
was scattered, probably while the region was at base-level.

The vertical extent in feet (2) of the part of the lode that has
been. removed from above the present apex of the deposit may be
computed by the following equation, in which ¢ equals the vertical
extent in feet of the leached zone, b the vertical extent in feet of
the enriched zone, 7 the assay content per ton remaining.in the
leached zone, ¢ the similar content in the enriched zone, and p the
similar content in the primary ore:

MR

This formula does not take into account the changes in mass in
the ore itself nor the pore space formed, but if value can be expressed
as assay contents per unit of volume, changes in mass are accounted
for. It isrecognized, of course, that many other factors may modify
the results; for the metal content may not all be reconcentrated,
and the primary ore body, before alteration and enrichment, may not
have been of equal size and richness throughout the deposit. The
estimates therefore give only a rude approximation, but one which
may be used, in connection with other geologic data, as a check on
conclusions regarding the minimum amount of erosion that has taken
place since the primary ore was deposited.

TEXTURES OF SECONDARY ORES.

OPEN SPACES.

In the zone of oxidation solution ordinarily much exceeds precipi-
tation. The oxidized ore is generally of spongy open texture and
contains numerous solution cavities. The iron ores formed by the
weathering of ferruginous igneous or sedimentary rocks are almost
invariably open textured, although in some the pore space formed
by removal of valueless material is eliminated or closed by slumping
near the surface and in some deposits by cementation with iron
oxide at lower depths. Gossans of sulphide ores contain many .
openings ranging in size from minute pores to enormous caves. In
~ such openings stalactites, stalagmites, organ pipes, iron straws,
* botryoidal masses, and reniform bodies are characteristic. These
are formed principally of limonite, subordinately of carbonates and
other compounds. Stalactitic, botryoidal, and similar forms are
practically unknown in primary lode ores. In the secondary sul-
phide zone solution does not exceed precipitation to the same extent.
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~ In the sulphide zone solution cavities may be developed, but these
are likely to be filled, partly or completely, by secondary minerals.
Yet the texture of secondary sulphide ore varies widely. Some of
the chalcocite ore of Ducktown, Tenn., is little more than a sponge
of chalcocite from which iron, copper, and other sulphates have been
dissolved. - On the other hand, some secondary sulphide ores consist
largely of massive chalcocite inclosing numerous primary minerals,
the pore space in the ores being quite subordinate.

Chalcocite, argentite, and other dark silver and copper minerals
are frequently found as sooty amorphous powder coating firmer and
more distinctly crystallized minerals. In Mexico and South America
the dark ore containing these minerals is called negros or negrillos,
contrasting with the red or yellow gossan ores above, called colo-
rados, and the yellow or lighter colored ore below. Commonly, but
not invariably, the sooty sulphide ores are secondary. Under some
conditions the primary sulphides break down and form dark pow-
dery material in an early stage of oxidation.

Many fractures formed by movement in primary ore are ﬁlled by
secondary minerals. These have already been discussed (p. 38).

NEGATIVE PSEUDOMORPHS.

In ores from which certain minerals have been dissolved and in
which other minerals remain intact the -empty spaces may be
bounded by surfaces that represent former surfaces of dissolved
crystals. These spaces are commonly developed in the gossan of
quartz-pyrite deposits, particularly where quartz predominates, the
quartz locally surrounding the crystals of pyrite. Galena, tung-
states, and many other minerals in quartz will likewise be dissolved .
and leave their negative pseudomorphs. Of nearly related genesis
is the texture shown by imbricating blades of quartz which join at
angles that represent the cleavage of calcite. Ore of this character
is found in the oxidizing zone of deposits at Bullfrog and Manhat-
tan, Nev.; at De Lamar, Idaho; Marysville, Mont.; and in many
other calmtlc dep051ts If the undissolved calcite from below such
ore is examined in thin section the genesis of these structures be-
comes obvious. The cleavage cracks of the calcite are filled with
numerous thin plates of quartz, and after calcite has been removed

the quartz plates remain and preserve the cleavage of the calcite.  If
~ the carbonate carries manganese, as it commonly does, the quartz
septa are heavily stained with black or chocolate-colored manganese
oxide. Material containing solution cavities may itself be wholly
primary, but as the minerals removed are dissolved more readily in
the oxidizing zone the negative pseudomorphs generally suggest
superficial alteration.
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NODULAR AND, OOLITIC TEXTURES.

Oolitic rocks are those with textures resembling fish roe. In piso-

litic rocks the spheres are as large as peas, and in nodular rocks they

are commonly larger, some of them much larger. Nodular is ap-
plied, however, to spheres of all sizes. Oolitic, pisolitic, and nodular
textures are found under widely different conditions. Marine ferru-
ginous beds of oxides, carbonates, and silicates of iron are commonly
oolitic. Weathered iron-bearing rocks and weathered aluminous
rocks are commonly oolitic or pisolitic.

Rothpletz ! states that calcareous oolites on the shores of Great
Salt Lake and on the shores of other lakes and seas are due to action

of alge. Siliceous oolites are extensively developed in limestone in-

Cambrian and Ordovician strata in'central Pennsylvania. Moore 2
regards these as replacements of the limestone. Hovey® regards the
oolites as deposits formed by deposition about nuclei of sand of ma-
terial from hot springs. Ziegler* concludes that some of the oolitic
layers are replacements of oolitic limestones, but that most of them
are due to direct deposition of silica from solutions, probably hot,

about pure quartz sand. This replacement occurred, he assumes,

on seashores in Carboniferous time, for angular fragments of normal
limestone are inclosed in'siliceous oolites. E. F. Burchard® has
shown that Clinton iron ore oolites are commonly formed about
sand grains.

At Saratoga, Tex., colitic barite, accordlng to Moore,® has been
deposited 1,000 feet below the surface by ascending thermal waters.
That oolitic texture may form.also in cold nonmarine waters is in-
dicated by its development by ordinary weathering as noted above.
A lime carbonate mud, formed by : prempltatlon from mine waters
in the 2,000-foot level of the Geyser mine, Custer County, Colo., is
oolitic.”

Primary sulphide lode ores rarely show oolitic structure, though
such structure appears perhaps in some ores that were formed
almost at the surface, where conditions were probably like those at
the orifices of hot springs. Inthe Bassick mine, Custer County, Colo..?
nodules with banded crusts are formed about rounded rock frag-

1 Rothpletz, August, On the formation of oolite Translation in Am. Geologist, vol. 10,
p. 279, 1892.
2Moore, E. 8., British Assoc. Adv. Sci. Rept. 1911, p. 390, 1912,
3 Hovey, B. O., Geol. Soc, America Bull.,, vol. 5, p. 627.
4 Ziegler, Victor, The siliceous oolites’ of central Pennsylvania: Am. Jour. Sci, 4th
‘ser., vol. 34, p. 127, 1912, . .
6 Burchard, B. F., The red iron ores of eastern Teuneasee Tennessee Geol. Survey
_ Bull. 16, p. 74, 1918
8 Moore, E, 8., Oolitic and pisolitic barite from the Saratoga oil fleld, Texas: Geol. Soc.
America Bull, vol. 25, p. 77, 1914.
"Emmons, S. F., The mines of Custer County, Colo. : U S. Geol. Suxvey Seventeenth
Ann, Rept., pt. 2, p. 469, 1896,
8 1dem, p. 482, .

s
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ments by primary processes, but such deposits are very rare, and are
probably due to unusual conditions. ‘The pitchblende ores of Anna-
‘berg, Saxony, form spherulitic masses, which Bastin® considers pri-
mary. Superficial alteration, however, very commonly develops nod-

ules of various sizes. The process in the oxidizing zone has been com-
’ pared° to kernel roasting of copper- bearing iron sulphides, where
iron oxide forms a shell about the grains and copper is concentrated
toward their centers. ‘ v

Such nodules may represent on a small scale the rearrangement of
the metals with relation to depth. (See p. 57.) ‘In the oxidation of
iron-copper sulphides limonite forms outside, then copper oxide and
sulphide. between limonite and the original ore. In the oxidation
of masses of silver-lead ores limonite and cerusite form outside, and
the silver will be segregated with lead around galena.

Nodules form also in secondary sulphide zones. In some secondary
deposits the small rounded cores of an older sulphide are coated
over with shells of the secondary sulphide. As stated by Irving,?
this in itself is evidence of replacement. That solution and precipi-
tation went on simultaneously is indicated in such deposits by the
even spacing of the cores. If solution had been completed before
precipitation began, the small, rounded, partly dissolved masses
would have settled and would have been massed closer. Of.the chal-
cocite ore of the Old Dominion mine, at Globe, Ariz., Ransome * says:

When the chalcocite .is examine_d closely, particularly with a lens, it shows an
indistinct unevenness of texture suggestive of the obscurer forms of pisolitic
structure observed in some bauxites. Critipal scrutiny of the inqlosed grains
_ of pyrite discovers the fact that their outlines are rounded and that the chal-
cocnte has a more or less distinct concentric shelly structure around each grain.
These facts at least strongly suggest that the chalcocite has been formed at
the expense of the pyrite and that the minute structure observable in chalcocite

now free from pyrite records the former presence of that mineral and its sub-
sequent replacement by the sulphide of copper. '

‘

i DEPOSITION IN CLEAVAGE CRACKS.

Secondary sulphides may be developed in cleavage cracks of pyrite,
galena, and other minerals, and they may then show on polished sur-
faces a kind of indistinct network like the quartz in calcite mentioned
above, the position of the thin blades being controlled by the cleavage
of the older mineral® In describing silver deposits of Gilpin

1 Bastin, B. 8., Geology of the pitchblende ores of Colorado: U S. Geol. Survey Prof.
Paper 90, p. 1, 1914,

2 Read, T. T., The secondary enrichment of copper-iron sulphxdes Am. Inst. Min. Eng.
Trans., vol. 37, p. 302,71906. Lindgren, Waldemar, Graton, L. C., and Gordon, C. H.,,
The ore deposits of New Mexico: U. 8, Geol. Survey Prof. Paper 68, p. 56, 1910.
~ 3Irving, J. D., Replacement ore bodies, in Bain, H. F., and others, Types of ore de-

posits, San Francisco, pp. 289-290, 1911. .

4+ Ransome, F. L., Geology of the Globe copper district, Arizona: U. S. Geol. Survey
Prof. Paper 12, p. 11, 1903.

5 Graton, L. C., and Murdoch, Joseph, The sulphide ores of copper, some results ot
microscopid study Am, Inst, Min, Eng, Trans., vol. 45, p. 38, 1914,
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County and Neihart, Mont., Bastin ® notes that cr ystals of galena are
replaced by polybasﬂ:e along cleavage cracks. At both places thec
polybasite is believed to be deposited by downward-moving solutions,
Here also should be mentioned cleavage of chalcocite  inherited ”
from minerals it replaces. Graton and Murdoch ? describe a speci-
men from the Copper Queen mine, Bisbee, where chalcocite replacing
bornite shows a continuation of the cleavage lines of the latter.. A
similar structure is exhibited in ores of the Leonard mine at Butte.
According to Ray? many ores at Butte retain ancient structures. -

PSEUDOMORPHOUS REPLACEMENTS.

At depths below the earth’s surface, particularly below the water
level, the solution of primary sulphides and the precipitation of .
-secondary sulphides may go on simultaneously along contacts and
on outer surfaces, along cleavage planes, and in fractures that cut
the older mineral. Thus the secondary mineral may replace the pri-
mary one. Becker* says: “The theory of the substitution of ore
for rock is to be accepted only when there is definite evidence of
pseudomorphic molecular replacement.” In the earlier discussion
-of metasomatism, the term pseudomorphic replacement was used in
this 'safe yet somewhat narrow sense to define a mineral substance
that has the form:of another mineral, particularly a crystal form
that is not its own, or minerals that replace shells, plants, or other
organic remains. More recently the criteria of metasomatic replace-
- ment has been extended, and many deposits that do not show crystal
forms are.assumed to have replaced other deposits. Such evidence,
though less certain, is nevertheless suggestive, and used with other
criteria it has greatly aided investigation. Pseudomorphs of chalco-
cite or covellite after pyrite, chalcopyrite, or zinc blende are the
most common. Such replacements of pyrite are clearly shown in
‘the Miami-Inspiration ore zone at Miami, Ariz.,° and. at other places.
Examples scarcely less suggestive are found in districts where
masses of primary sulphide not having crystal form but of dis-
tinctive occurrence have been replaced by secondary ores. In the No.
" 20 ‘mine near Ducktown, Tenn., where the primary ore, consisting
chiefly of massive pyrrhotite, pyrite, and chalcopyrite, includes small
rounded masses of quartz, garnet, and actinolite, the secondary ore
. consists of chalcocite and other minerals and includes similar rounded

1 Bastin, . S., Metasomatism in downward sulphlde enrichment : Econ. Geology, vol. 8,
p. 60, 1913,
2 Graton, L. C., and Murdoch, Joseph, op. cit., p. 58.
~ 3Ray, J. C., Paragenesis of the ore minerals in the Butte district, Montana : Econ.
Geology, vol. 9 p. 463, 1914.
¢ Becker, G. F., in PoSepny, Franz, The genesis of ore depoqits Am. Inst, Min. Eng.
Trans., vol. 1, p. 205, 1888.
5 Ransome, I". L., Criteria of downward sulphide enrichment: Hcon. Geology, vol. 5,
p. 214, 1910, .
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masses of gangue minerals partly dissolved. At Morenci, Cananea,
", Bingham, Ely, Santa Rita, and in other districts containing dis-
seminated deposits of secondary chalcocite, where the mineralized
material below the secondary zone consists of a granular or a por-
phyritic igneous rock containing numerous small masses and
veinlets of sulphide ore, chiefly
pyrite and chalcopyrite, the
same rock in the secondary zone
contains small masses and vein-
lets of chalcocite, with some
pyrite and chalcopyrite, show-
ing an arrangement of spacing
similar to that shown by the
minerals in the lower zone.
(See figs. 2 and 3.) Such evi-
dence of replacement isscarcely
less convincing than pseudo-
“morphs having the regular
boundaries of older crystals.
Some secondary chalcocite
Flouse 2.—Chalcocitization of pyrite. After veinlets show narrow dark lines
Sidney Palge. ‘ along their centers, which
Graton and Murdoch® consider to represent the original fractures
from which the veinlets have expanded. This feature was noted
in ore from the Three R mine, Patagonia, and from Virgilina, Va.,
and Ajo, Ariz. The chalcocite of the original channel appears
to be softer than that formed by replacement and more easily torn
" out by grinding. )
Under the micro-
scope some ores Sericitized feldspar
show, near the con-
tact of two miner-
als, small particles
of one inclosed in
the other, the par-
ticles being much
"more abundant
near the contact. This suggests that the inclosed mineral has been
partly replaced by the inclosing mineral, but this criterion should be
used with caution and in connection with other criteria, for it is
~ obviously possible that such an ore may form by normal primary
- metallization. If the inclosed fragments are thinly spaced, and if
"all are oriented the same way and are oriented like the same mineral

Ficure 3.—Veinlet in sericitized feldspar filled with chal-
cocite, pyrite, and quartz. After Sidney Paige.

1Graton, L. C., and Murdoch, Joseph, op. cit., p. 76.
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POLISHED SURFACES OF COPPER ORES.

Chalcopyrite (cp) cut by veinlets composed of covellite (cv) and chalcocite (cc), from Pilares mine,
Nacozari, Sonora, Mexico. After Graton and Murdoch.

Chalcopyrite (ep) altering to chalcocite (cc), from Calumet & Arizona mine, Bisbee, Arlz After Graton
and Murdoch.

Strongly fractured and sheeted pyrite (p), largely converted into secondary chalcocite (cc), from Detroit
mine, Morenci, Ariz. After Graton and Murdoch.

Covellite (cov) replacing enargite (eng), from 1,600-foot level of Leonard mine, Butte, Mont. After

. Ray.

Bornite (bo) and needles of covellite (cov) inclosed in chalcocite (cc), from 1,600-foot level of Leonard
mine, Butte, Mont. After J. C. Ray.

Chalcocite (cc) replacing covellite (cov), from 1,600-foot level of Leonard mine, Butte, Mont. The
area containing the minute needles of covellite is believed to represent a mass of covellite almost
completely replaced by chalcocite. After J. C. Ray.
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beyond the contact, the evidence of replacement is much stronger;
but if the fragments are thickly spaced they may all be one crystal
formed simultaneously and also simultaneously with the other min-
eral, as quartz and feldspar form in graphic granite. The signifi-
cance of oolitic and nodular textures is discussed above. Secondary
ores are shown in Plate L.

CEMENTATION TEXTURES.

Much of the material which 1s generally termed secondary sulphide
ore consists essentially of shattered and fractured primary sulphide
ore, the cracks in which are

filled with later sulphides, or FT/'?—’),'
of angular fragments of the :\\;\\/\7
earlier sulphides crusted over [{7/ 13
with those that were introduced /7 1
later. Primary ore fractured |/ 7/,
and enriched is illustrated by [},

figure 4. Such textures, how- |77/
ever, do not invariably indi- [7/
cate “processes of sulphide en- |-y/!
richment by descending solu- |1\
tions. Many authentic examples |'\>,
show that, in the course of pri- 7\
mary mineralization, the ore
first deposited has been frac- ,"7\_
tured and that solutions from [\ B &zt
below have deposited later sul-

phidesin the fractures. The ore 9 1 3 Inches
illustrated by figure 5 may be = === —
all primary.ylngmany dep}(',)sits oy B G bg 7'
the later sulphides are richer Granite  Quanizand  Quartz
than the original fractured ore. ‘ K x
Pseudomorphous replacement Rhodochrosite ~ Ruby
and quartz silvér

lndlc_a' t,;es a Change of Physmal FiGURE 4.—Banded ore from south vein,.
conditions or of chemical en-  Granite-Bimetallic lode, Philipsburg, Mont.,

vironment, Minorals that were  Snyine seeniaty s sver n e ued

stable under certain conditions - calkins.

have been dissolved and other minerals have simultaneously been

deposited. On the other hand, fractured ore cemented by later -
minerals may be a result of normal and perhaps continued deposition

from below. If, however, the minerals that fill the later cracks are

those that are commonly formed by descending solutions, and if they

do not persist in depth, the assumption that they are secondary may

with considerable confidence be regarded as confirmed.
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In many deposits the genesis of such later veinlets is perplexing.
As the matter now stands, the mineralogic criteria are unsatisfactory,
for few if any of the sulphldes are formed invariably under a single
set of conditions.

The texture of the secondary vemlets is 1mportant however, and it
may throw considerable light on their genesis. Concerning thls point
certain observations by Hynes?® on ores from the Mina Mexico vein,
Sonora, Mexico, are noteworthy. The polished surfaces of several
specimens prepared by him showed primary ore composed of pyrite
and quartz not containing any antimony mineral, cut by veinlets of
ore composed of tetrahedrite and quartz. In the later veinlets the
-quartz is everywhere

inclosed in the tetra-
hedrite and is gener-
ally idiomorphic. Its
crystals are distributed
~with great regularity.
through the tetra-
hedrite, suggesting
definite or “eutectic”
proportions. _
When in the course
of the deposition of
: ores the minerals are
sinches deposited layer on
— layer in open spaces,
the minerals forming
the last layer or crust
4FIGUBE 5.—Ore from Granite vein, level 8, Philipsburg,. may dlﬁ’er fI‘OIIl those

Mont. Fragments of rhodochrosite and quartz are formed earher, and

cemented by an ore composed of zinc blende, quartz, ywhepn cavities are

and chalcopyrite. Both generations may be primary. . .
After W. H, Emmons and F. C. Calkins, broken open the min-

erals last deposited ap-
péar to be of late age. The posmon of the mineral lining the cav-
ity does not certainly indicate that it was deposited by descendmg
waters, for the last ores deposited by ascending waters in open spaces
would be in a similar position. Crustified bandmg, though much
less common in secondary than in primary ores, is not unknown in
- them. If, however, the walls of cavities and fractures are coated with
the hydrous oxides of iron or manganese, and if sulphides have formed
along with these oxides, there is small probability of error in deter-
mining whether the sulphides were formed by ascending or descend-

=
-
~

S/WA

‘ \\'\// NG

Rhodochrosite Zinc blende,quartz,
and quartz and chaleopyrite

1 Hynes, D. P., Notes on the geology of the Mina Mexico vein: Econ. Geology, vol. 7, pp.
280-286, 1912. See also Weed, W. H., Geology and ore deposits of the Butte district, Mon-
tana : U. S. Geol. Survey Prof. Paper 74, p. 76 (fig. 13, showing chalcocite inclosing idio-
morphic crystals of quartz and pyrite), 1912,
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ing solutions, for the hydrous oxides are rarely deposited with pri-
mary- sulphide ores. Likewise the intimate ascociation of native
metals with such hydrous oxides is generally evidence of deposition
by oxidized descending solutions.

GRAPHIC INTERGROWTHS.

Peculiar intergrowths of chalcocite and bornite occur in ores of the
Virgilina district, Virginia,* of the Mount Lyell mine, Tasmania,? at
the Engels mines, Plumas County, Cal.? and of the Bevelheymer
mine, near Reno, Nev.t These are frequently termed “ graphic inter-
growths,” because they resemble in general appearance the inter-
growth of quartz and feldspar in graphic granites. The appear-
ance of these structures (see Pl. II) Ransome® has aptly termed
“ordered irregularity.” The sharp angles and sharp contacts-sug-
gest that of the two minerals each has influenced the crystallization
of the other, which leads to the inference that they were formed at
the same time and not that one mineral replaced the other along
cleavage cracks. Moreover there is fairly even spacing, suggesting
that the ore was deposited by a solution of uniform composition,
“possibly one with the metals in “eutectic” proportions. It is be-
lieved by some that these sharp graphic patterns are not developed
by secondary processes; certainly they are not developed by such
processes near the surface, where iron and copper strongly tend to
segregate. .

SUBGRAPHIC PATTERNS.

A specimen of chalcocite and bornite from Butte shows an inter-
growth less well ordered,® and one from Bisbee” shows chalcopyrite
and bornite with a sunllar mtergrowth Graton and Murdoch term
such a structure “subgraphic” and consider it to indicate primary
metallization. Ransome?® found bornite and chalcopyrite similarly
intergrown in the Queen mine, near Superior, Ariz., where there
is considerable evidence that most of the bornite is secondary. (See

1 Laney, F. R., The relation of bornite and chalcocite in the copper ores of the Virgilina
district of North Carolina and Virginia: Econ. Geology, vol. 8, pp. 399—411 1911, Espe-
cially Pl. VII, fig. 2.

2 Gilbert, C. G., and Pogue, J. E.,. The Mount Lyell copper district of Tasmania : U S.
Nat. Mus. Proc., vol. 45, p. 618, 1913,

o3 Rogers, A. F., Secondary sulphide enrichment of copper ores, with special reference to
. microscopic study Min. and Sci. Press, vol. 109, p. 680, 1914,

- ¢ Segall, Julius, The origin and occurrence of certain crystallographic intergrowths.
Icon. Geology, vol. 10, pp. 462—470, 1915.

5 Ransome, F. L., Copper deposits near Superior, Ariz.: U. 8. Geol. Survey Bull. 540,
p. 148, 1912,

8 Graton, L. C., and Murdoch, Joseph, op. cit p. 76.

- 7Idem, p. 80.
- 8 Ransome, F. L., op. cit., p. 149,
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fig. 6.) A. F. Rogers* found such structures in chalcocite and bornite
ore at the Engels mine, Plumas County, Cal., but he regards the

Fo N~ T NIV,

icp,

-\

N NN

‘1\\_ ’ l“‘l/

/2Millimeter

Ficure 6.—Polished surface of ore from Queen mine, Superior, Ariz. Shows remnants of
pyrite (p) surrounded by chalcopyrite (cp), with bornite (b) in areas suggestive of
intergrowth with chalcopyrite. Chalcocite (cc) in a distinct veinlet, After F. L.
Ransome. : L ’

chalcocite as a replacement developed in the bornite. It appears
probable that ores showing “subgraphic” textures may be formed
either by primary or secondary processes.

SUMMARY OF CRITERIA FOR IDENTIFICATION OF SEC-
ONDARY ORES. :

Because many ores éwe their workable grade to secondary proc-
esses it is important to note the features by which the results of
secondary processes may be recognized. As secondary ores are super-

“ficial they will play out in depth, so that the problems of enrichment
are vital to intelligent exploitation. A statement of all the princi-
ples involved would include much of the data presented in this
paper, for metals behave differently, and a statement of the criteria
for the determination of secondary ores must give proper weight to
such differences. The migration of metals depends upon the ore
‘and gangue and upon many other factors reviewed above; yet certain

1 Rogers, A. F., Secondary enriéhment of copper ores, with special reference to micro-
graphic study: Min, and Sei. Press, vol, 109, p. 685, 1914, See also Segall, Julius,
op. cit.,, p. 466, . .
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POLISHED SURFACES OF GRAPHIC ORES OF BORNITE AND CHALCOCITE.

A. Intergrowth of chalcocite (light) and bornite (dark), from Wall mine, Virgilina district, Virginia. After
Laney.
B. Intergrowth yof chalcocite (light) and bornite (dark), from Bevelheymer mine, Washoe County, Nev.
Courtesy of Mr. Julius Segall.
C. Intergrowth of chalcocite (c) and bornite (b), from Mount Lyell copper district, Tasmania. After
Gilbert and Pogue.
D. Bornite (b) and chalcocite, from Engels mine, Plumas County, Cal. After A. F. Rogers.
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general principles may be applied to the investigation of all de-
posits. These have been treated elsewhere but will be summarized
briefly here.

Secondary ores may be d1v1ded into two classes—ores formed by
the removal of valueless material and enriched by subtraction and
reduction of mass, and ores enriched by precipitation or by substi-
tution of metals.

Ores formed by the removal of valueless material without much
addition of valuable material exhibit certain characteristic features.
(@) They are porous, the pores representing the material that has
been removed; slumping near the surface and cementation below
operate to close pore spaces. (b) They generally grade downward
into low-grade ore or protore. (¢) They show an evident relation
to the present or to a former surface and commonly but not always
to the ground-water level; the deposits are likely to be thicker under
a hililop, where the outcrop is high and the water level is farther
below the outcrop than in valleys. Ores of this character are com-
monly developed on base-leveled surfaces and are found on plate‘mus
or in elevated regions, on such surfaces that have been raised since the
ores were formed. Circulation may have been controlled by struc-
tural features, and ¢he deposits, enriched by removal of valueless
material; may be found in the more highly fractured masses, be-
cause circulation was more active there, or in structural basins or
pitching troughs. (&) They have been concentrated at the surface
because the metals they contain are not readily removed by solu-
tion; in many places they have been removed by mechanical erosion
from the outcrops, and commonly they are found along streams or

in beds that have been formed by mechanical disintegration and
deposition near by. Placers of gold and tin and detrital iron oxide
sediments are commonly formed near older deposits containing those
metals or in overlying unconformable rocks, particularly in basal
conglomerates. (¢) Their minerals are those that are stable under
surface conditions, the so-called “ end products” of weathering—iron
oxides, kaolin, bauxite, manganese oxides—and the stable residuals,
such as magnetite and chromite, and in some deposits gold, cassite-
rite, and monazite.

Ores enriched by addition—that is, by preupltatlon or substitu-
tion of certain metals—also show certain characteristic features: (a)
They may be porous and open textured, particularly in the omdlzmg
zone, though at greater depths cementation tends to close openings.
(5) They commonly show characteristic changes downward, a
leached zone at and near the surface grading into a zone of higher
grade sulphide and this into a zone of primary ore. Although

34239°—Bull. 625—17——6
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. these zones are developed in most of the deposits. of this group they
are not developed in all, and rapid erosion may remove the ore
of one or all of the secondary zones. (¢) The secondary zones
of such ores will be related to the topography that existed when they

- were formed, their:.tops generally lying farther below the surface, yet
at higher elevations below hilltops than below valleys. The top of
the secondary sulphide zone is generally related also to the water
level that existed when it was formed, but subsequent changes of
the water level may obscure this relation, particularly in arid ¢oun-
tries. Where the water level lies very deep some secondary sulphide
ores appear to have formed above and independent of the water
level. As stated elsewhere, many primary ores that are formed near
the surface show a relation to the topography that existed when
they were formed because the maximum precipitation of the metals
in the original ore body was accomplished by the mingling of ascend-
ing hot waters with cold and perhaps oxidized meteoric waters, or
by the escape of gases that had held the metals in solution, or by
other processes. Thus a relation of the rich zone to the present
topography is a more nearly certain criterion if applied to older
and more deeply eroded deposits than to younger ones that may have
formed under topographic conditions that were perhaps similar in
essential features to the topography now existing. (d) The metals
that are concentrated by transportation and precipitation are those
that go into solution and consequently those that are commonly
leached from outcrops. Thus a porous leached outcrop stained with
iron will suggest secondary ores below, and a great many deposits
are found by following downward nearly. barren gossans. But ero-
sion may be so rapid that the gossan is not completely leached,
and the valuable metals may not all be removed. Thus placers may
form from a deposit whose gossan is only partly leached; or by still
more rapid erosion the gossan or even the secondary sulphide zone
itself may be removed and the primary ore exposed at the outcrop.
This criterion should be applied with great caution and with ade-
quate understanding of the physiography and geology of the region.
Otherwise it is likely to lead to error. Altered zones that have been
tilted or faulted or covered with later igneous rocks or sedimentary
beds are discussed elsewhere in this bulletin. (¢) The groups of
minerals of the several zones are characteristic. Few sulphide min-
erals are exclusively primary or exclusively secondary, yet some are
essentially one or the other, and in nearly all deposits an adequate
study of the minerals and their relations will throw much light on
the genesis of the deposit. As the heavy silicates and several other
minerals that are characteristic of deposits formed at considerable
depths are not formed by secondary processes, the mineralogic
criteria are more satisfactory when applied to these deposits. Chem-
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ical and geologic data on mineral genesis are now accumulating very
rapidly and promise to make such criteria more certain. The value v
of each common mineral as indicating genesis is discussed elsewhere
in this paper. (f) The texture of an ore and its palagenes1s is im-
portant and will frequently indicate its origin. The primary min-
erals are, by the definition of the terms, earlier than the secondary
ones, which are formed in cracks cutting the earlier ore, or replace
it along such cracks. The mere: fact that one association of min-
~ erals is found in cracks in an older association of minerals, or that

one mineral is a metasomatic replacement of another is not in itself
* an indication of its deposition by downward-moving waters. Many |
veins are fractured after they are formed, and ascending waters
deposit minerals of different composition in them. Therefore this
criterion may not lead to a.final decision, but it should be used, proper
weight being given to the mineral -composition of the older and
younger groups of minerals, to the relation of the ore body to other
zones, and to other facts and conditions. (¢) From the study of a
large number of deposits we learn that certain downward changes
may be considered standard. There are exceptions, it is true, but
the reasons for them become more clear as information is accumu-
" lated. These standard changes, which are different for each. of the
metals and commonly for each metal in different mineral associations,
are discussed later. (k) The vertical extent of a secondary sulphide
zone, though depending somewhat on the topography, the duration
of the period of erosion, geologic history, and environment, should
nevertheless show a relation to the permeability of the primary ores
and to their mineral composition. In permeable primary deposits the -
valuable metals may be carried farther before they are precipitated
than in ores less permeable; but in equally permeable ores the rates
at which the metals are precipitated varies greatly. The secondary
sulphide zone will have smaller vertical range in deposits whose pri-
-mary ores react readily to precipitate the metals. These relations for
each important metal are discussed in the following pages. (i) Sec-
ondary ores will not contain elements not in the primary ores or in
the country rock or in air or surface waters. The absence in the pri-
mary ore of at least small amounts of elements in supposed secondary
minerals should lead to doubt as to the validity of the conclusion,
unless such elements are present in the wall rock or in the air or
surface waters.

CHEMISTRY OF ENRICHMENT.
GENERAL CHARACTER OF UNDERGROUND WATERS.

Underground waters are chiefly solutions of carbonates, chlorides,
and sulphates of the alkalies, alkaline earths, and other metals. Some
waters that were trapped in sediments when they were deposited are
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ancient sea waters and are therefore rich in chloride. Broadly
» speaking, the hot waters in areas of recent volcanism are alkali
chloride waters, and the hot waters in regions where there are no
late igneous rocks contain predominantly the alkali earth carbonates.*
Seventy-five analyses of hot springs and 42 analyses of mine
waters have been tabulated and, when necessary, reduced to parts
per million and to uniform statements so that they may more readily
‘be compared. The analyses of hot springs have been divided into
two groups, one representing springs that issue from regions of late
volcanic activity, and one representing springs that issue from re-
gions of more remote volcanic activity.

Alkalies
100

A

10 .
0 Alkali earths Other meta_léoo

FicurRE 7.—Diagram showing relative proportions (reacting values) of alkalies, alkali
earths, and other metals, in (4) an average of 58 analyses of hot springs from areas of
relatively late volcanic activity, (B) an average of 17 analyses of hot springs from areas
of remote volcanic activity, and (C) an average of 42 analyses of mine waters. After
W. H. Emmons and G. L. Harrington.

A comparison of the averages of the results obtained shows that
the waters of these three groups—the mine waters and the two groups
of hot-spring waters—carry essentially the same elements, although
they differ greatly in' the amounts of the elements they carry. These
differences are shown graphically by the triangular diagrams given
above and on page 85. As shown by figure 7, the ascending hot
waters in areas of relatively late volcanic activity (4) are essentially

~ solutions of the alkalies, though they carry also alkaline earths and
other metals. The hot waters in areas of remote volcanic activity
(B) are essentially. alkaline earth solutions, although they carry

1 Emmons, W. H., and Harrington, G. L., A comparison of the waters of mines and of
hot springs : Econ, Geology, vol. 8, pp. 653-669, 1913.
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some alkalies and other metals. Mine waters associated with sul-
phide ores (C) are chiefly solutions of the heavy metals but contain
appreciable amounts of alkaline earths and some alkalies.

In figure 8 the negative radicles, except those in group A, are like-
wise grouped in the corners of a triangular diagram. In the hot
waters of regions of late volcanic activity (4) chlorides predomi-
nate, though there is but a slightly lower proportion of carbon-
- ates and also an appreciable proportion of sulphates. Hot waters
in areas of remote volcanic activity (B) are essentially carbonate
solutions, although they contain also sulphates and chloride in appre-

Cl
100

cos 504

Fioore 8.—Diagram showing relative proportions (reacting values) of Cl, COs, and SO« in
(4) an average of 58 analyses of hot springs from areas of relatively late volcanic
activity, (B) an average of 17 analyses of hot springs in areas of remote volcanic
activity, and (C) an average of 42 mine waters. After W. H, Emmons and G, L.
Harrington.

ciable quantities. Mine waters (€) are chiefly sulphate waters and
carry only a little ‘of the carbonates and chlorides.

Of the 42 analyses of mine waters, 41 are given in the ‘tables on
pages 87-89.

Hodge* has recalculated 50 analyses of Waters in mines of sulphide
ores to the system proposed by Palmer.? As indicated in figure 9,
there is a remarkable uniformity in the character of these waters.
Nearly all of them are essentially sulphates of metals with some
alkalies and alkali earths, but they differ greatly as to acidity and
state of oxidation. Calculated by the method proposed by Palmer,

1 Hodge, E. T. ‘The composition of waters in mines of sulphide ores: Econ. Geology, vol,
10, p. 123, 1915.

2 Palmer, Chase, The geochemical inter pretatlon of water analyses: U. 8. Geol. Survey
Bull, 479, p. 13, 1911.
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22 are acid, 14 are neutral, and 14 are alkaline. These results, how-
ever, do not all agree with the determinations of acidity and alka-
linity stated by the analysts, but they are the closest approximations
that can be made with the methods employed. In some of the .
analyses carbon dioxide is obviously present, although it is not
reported. With depth solutions change from acid to neutral and
later become alkaline. According to Hodge, the average total con-
centration of salts per liter in acid waters is 2.96 grams, in neutral
waters 0.82 gram, in alkaline waters 0.66 gram. All the positive
‘radicals decrease with decreasing acidity, except the alkalies, which
increase as acidity decreases. Silica decreases as the solution becomes
neutral and increases with increase of alkalinity.

FIGURE 9.—Diagram showing relative abundance of SO, Cl, and CO3 in 50 mine waters,
AfterE T. Hodge.

Even if carbon dioxide is added to analyses of neutral and alkaline
solutions to balance all positive radicals, the concentration in acid
waters is still much greater than in neutral and alkaline waters.

COMPOSITION OF WATERS IN COPPER AND PRECIOUS-METAL
' MINES OF SULPHIDE ORES.

ANALYSES.

The following tables show the results of mmlyses of 41 samples of
water taken from mines containing deposits of sulphide ores:
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" Analyses of mine waters.
Waters of copper mines.

{Parts per million.)

71,053.3
17.7

1. Green Mountain mine, Butte, Mont., 2,200-foot level in fissure in ¢ granite,’’ remote from known veins.
Crosscut opened day before sample was taken, W. F. Hillebrand, analyst. Weed, ‘W. H., Geology and ore
deposits of the Butte district, Montana: U. 8. Geol. Surve Prof. Paper 74, p. 101, 1912,

. Glengarry mine, Butte, Mont., 220-foot crosscut south. Very slightly alkaline. Black deposit con-
taining FeS, much free sulg) ur, and gggbab]y Zn8. W.F. Hillebrand, analyst. Weed, idem.

3. Anaconda mine, Butte, Mont., feet west. Very faintly alkaline; deposits iron and manganese.
W. F. Hillebrand, analyst. Weed, idem.

4. Gagnon mine, Butte, Mont., 1,125 feet from shaft. Very faintlf alkaline; depositsiron. Weed, idem.

5. Mountain View mine, Butte, Mont., second level. 'W. F, Hillebrand, analyst. Clarke, F. W., The
data of geochemistry: U. 8. Geol, Survey Bull. 616, p. 633, 1916; also Weed, op. cit.

6. St. Lawrence mine, Butte, Mont. W. F. Hillebrand, analyst. Clarke, op. cit.; also Weed, op. cit.

7. Burra Burra mine, Ducktown, Tenn, first level below black copper workings. R, C. Wells, analyst.
Emmons, W. H., and Laney, F. B., Preliminary report on the mineral deposits of Ducktown, Tenn.;
U. S. Geol. Survey Bull. 470, pp. 171-172, 1911,

8. East Tennesses mine, Ducktown, Tenn., 30-fathom level. R.C. Wells, analyst. Emmons, W. H.,
and Laney, F. B, idem. . ] .

9 10 11 12 13 ‘14 15 16 - 17 18 19

aCalculated as K;0+NagO,

9. No. 20 shaft (top), Ducktown, Tenn. Emmons and Laney, unpublished manuscript.

10. No. 20 shaft (bottom), Ducktown, Tenn. Emmons and Laney, idem.

11. Callaway shaft, Ducktown, Tenn., at water level. R. C. Wells, analyst. Emmons, W, H., and
Laney, F. B., Preliminary report on the mineral deposits of Ducktown, Tenn.: U. S. Geol. Survey Bull.
470, pp. 171-172, 1911. . -
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12, Callaw%y shaft, Ducktown, Tenn., 37 feet below waterlevel. R.C.Wells,analyst. Emmons, W. H.,
and Laney, ¥. B., idem. . . N .
13. Capote mine, Cananea, Mexico, 300-foot level. G. W. Hawley (chief chemist, Candnea Consolidated
Copper Co.), analyst. Analyses 14 to 17 obtained through the courtesy of Mr. D. P. Hynes.
14. Capote mine, Cananea, Mexico, 400-foot level. G. W. Hawley, analyst.
15. Capote mine, Cananea, Mexico, 900-foot level. G. W. Hawley, anallyirst.
16. Capote mine, Cananea, Mexico, water pumped from mine. G.W. Hawley, analyst. :
17. Capote, Puertacitas, Cananea-Duluth, and Democratic mines, Cananea, Mexico; water used at con-
centrator at Cananea. Circulates at concentrator in contact with ore and air. G. W. Hawley, analyst.
18. Ruth mine, Ely, Nev., bottom of inclined- shaft. H. E. Miller, analyst. Lawson, A. C., The
copg%er l%%gosits of the Robinson mining district, Nevada: California Univ. Dept. Geology Bull., vol. 4,

. 332 3
r 19. Brooks inclined shaft, Giroux Consolidated Mining Co., collected b(y A. C. Spencer, September, 1910,
_Chase Palmer, analyst. Spencer, A. C., Chalcocite enrichment: Econ. Geology, vol. 8, p. 645, 1913.

‘Waters of gold, silver, and gold and silver mines.

[Parts per million.]

20 21 - 22 23 24 25 26 27 28 29

161.70 | 380.38 | 474.00 1209,100.00 | 173.40 | 272.30 | 160.00 7.70 7.80
) 127.60. 52 | 13.77 ] 16.82 3.16 | 3.

a7.71

1,418.61

20. Geyser mine, Custer County, Colo., 500-foot level.. W. ¥, Hillebrand, analyst. Emmons, S. F., The
mines of Custer County, Colo.: U. S. Geol. Survey Seventeenth Ann. Rept., pt. 2, p. 461, 1896.
'd21. Gey;%ezr mine, Custer County, Colo., 2,000-foot level. W. F. Hillebrand, analyst. 'Emmons, 8. F.,
idem, p. 462. :

22. éz)wage mine (Comstock lode), Storey County, Nev., 600-foot level.

23. C. & C. shaft (Comstock lode), Storey County, Nev., 2,250-foot level. N. E. Wilson, analyst. Reid,
{éo%" The structure and genesis of the Comstock lode: California Univ. Dept. Geology Bull., vol. 4, p. 189,

5 2;‘1‘: antral tum21e1 (Comstock lode), Storey County, Nev., vadose water. N. E. Wilson, analyst. Reid,’
. A., idem, p. 192.
95." Gould & Curry mine (Comstock lode), Storey County, Nev., 1,700-foot level.
26. Hale & Norcross tunnel section (Comstock lode), Storey County, Nev.
27. Gould & Curry mine (Comstock lode), Storey County, Nev., 1,800-foot level..
28. Federal Loan mine, Nevada City, Cal., 400-foot level. W. T. Hillebrand, analyst. Lindgren; Wal-
dAemar1 Thegold-quarltzzlvelsisgs of Nevada City and Grass Valley, California: U. S. Geol. Survey Seventeenth
nn. Rept., pt. 2, p. 121, 1896. .
29. Bl_ack’ rince mine, Nevada City, Cal., 400-foot level. W. F. Hillebrand, analyst. Lindgren, Wal-
demar, idem,
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Waters of gold, silver, and gold and silver mines—Continued.

[Pai-ts per million,]

30 31 32 33 34 35 36 37 38 39 40 41

2,039. 51
8.16

2.2
Neutral |Neutral Alk.
1.2 0.81)........
@ 0 25.2

30-33. Rothschonberger Stolln, Freiberg, Germany. A. Frenzel, analyst. Beck, Richard, The nature
of ore deposits (translated by W. H. Weed), vol. 2, p. 377, 1905. .

341. Béachelor mine, Creede, Colo. Iron includes some aluminum. Water is alkaline. Chase Palmer,
analyst.

351. Stolomon mine, Creede, Colo. Tron includes some aluminum. Water is alkaline. Chase Palmer,
analyst. -

36. Stanley mine, Idaho Springs, Colo. L. J. W. Jones, analyst. Jones, L. J. W., Ferric sulphate in
mine waters and its action on metals: Colorado Sci. Soe. Proc., vol. 6, p. 48, 1897-1900.

37. Mizpah mine, Tonopah, Nev., from bore hole 2,316 feet deep. Bicarbonates were reduced to normal
carbonates. R.C. Wells, analyst. - '

38. Nettie mine, Butte, Mont., 300-foot level. W. F. Hillebrand, analyst. Weed, W. H., Geology
and ore deposits of the Butte district, Montana: U, S. Geol. Survey Prof. Paper 74, p. 101, 1912.

39. Headquartersmine, Baguio, P.I’., upper workings 20 metersfrom surface. Solution neutral tolitmus.,
Aluminum is included with iron. Solution contains 1.6 cubic centimeters CO: per liter. V. Q. Gana,
analyst. Eddingfield, F. T., Alteration and enrichment in caleite-quartz-manganese gold deposits in the
Philippine Islands: Pﬁmppme Jour. Sei., vol. 8, No. 2, Sec. A, p. 127, 1913. .

40, Headquarters mine, Baguio, P. 1., upper workings 40 meters from surface. Solution contains 5.0
cubic centimeters CO; per liter. Solution neatral to litmus. V. A. Gana, analyst. Eddingfield, F'. T.,

idem.
41. Colorado mine, Masbate, P. I. Reaction alkaline. V. Q. Gana, analyst. Eddingfield, F. T.,idem.

DISCUSSION O ANALYSES.

- MINES REPRESENTED.

Of the foregoing analyses of 41 samples of water taken from mines
containing sulphide deposits, samples 1 to 19 were taken from cop-
per mines and samples 20 to 41 from gold, silver, and gold and silver
mines. The tables include almost all the available nearly complete
analyses of waters from sulphide deposits in noncalcareous rocks.
Among those not included in the table are several analyses of
waters from the district in southeastern Missouri containing dis-
seminated lead deposits, discussed by Buckley,' and some analyses

1 Buckley, I. R., Geology of the disseminated lead deposits of St. Francois and Wash-
ington counties, Mo.: Missouri Bur, Geology and Mines, vol. 9, pt. 1, pp. 99, 171, 249,
1908. ' : :
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of waters from the Granby district and from Joplin, in southwest-
ern Missouri. A number of partial analyses of waters from gold
mines of Australia and New Zealand are reported by Don,! and
several analyses of waters from the Homestake mine, Lead, S. Dak.,
have recently been published by Shaitwood.> Analyses of waters
from the Lake Superior iron and copper mines and from the Jop-
lin region, Mo., are given on pages that follow.

Six mines are represented by two or more analyses. More ex-.

tended series of analyses of waters taken at different depths from
the same body of water would be very useful in investigations made
to determine the acidity and the state of oxidation of waters as
related to depth. The first work of this character was done by
Lepsius,® who showed that the oxygen content of waters taken from
bore holes decreases with increase of depth. -A series of samples
(Nos. 18 to 16) from the different levels of the Capote mine, Can-
anea, Sonora, analyzed under the direction of G. W. Hawley, chief
chemist of the Cananea Consolidated Copper Co., is especially val-
uable. Samples 11 and 12 were obtained from the Callaway shaft
at Ducktown, Tenn.; sample 11.was taken from the top of the water .
level in this shaft, and sample 12 was taken 37 feet below. To ob-
tain this sample a special device was arranged by Mr. Laney and
myself for subaqueous filtration. This device consisted of a crate
holding two 1-gallon bottles, below which was attached a heavy
weight to sink the unfilled bottles; below this was attached, with a -
short rope, a second weight for sounding. Each bottle was equipped
with a small cylindrical filter tube charged with asbestos wool. A
perforated porcelain disk was placed below and another above the
wool to equalize pressure. The filter tube extended nearly to the
‘bottom of the bottle to prevent air from coming into contact with
the water dropping into the bottles. Each stopper was fitted with
a glass exhaust tube extending from the top of the bottle to a
point above the filter, and the upper end of each tube was fitted
with a valve which let out air but prevented any intake of water.
Rubber sheeting was fastened over the filter to prevent premature
entry of waters and this was removed by means of a strong cord
passed to the surface. The bottles were lowered slowly to prevent
the stirring of the water in the shaft.

Many of the samples were taken from small bodies of water stand-
ing in mines. The water in such bodies is generally more concen-
trated than the average water of the mines and is probably not

1Don, J. R., The genesis of certain auriferous lodes: Am. Inst. Min. Eng. Trans., vol.
27, p. 654, 1898

2 Sharwood, W. J., Analyses of some rocks and minerals from the Homestake mine, Lead,
S. Dak.: Econ. Geology, vol. 6, p. 742, 1911,

3 Lepsius, B., Ueber die Abnahme des gelosten Sauerstoffs im Grundwasser und einen
einfachen Apparat zur Entnahme von Tiefproben in Bohrléchern : Deutsch. chem Gesell.
Ber,, vol. 18, pt. 2, pp. 2487-2490, 1885,
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typical underground mine water. Samples 7, 8, 9, 10, 11, 12, 23,
28, 29, 34, 35, 37, and probably several others were taken from un-
derground streams or rills or from large bodies of standing water.

The composition of mine water, especially that in the upper part
of a deposit, is changed by the opening of the mine, by which, doubt-
less, the water is more highly oxidized and probably its acidity is
increased. The addition of artificial water channels and the depres-
sion of the ground-water level by pumping produces mixtures of
water from several levels and increases the rate of the underground
circulation. ‘This increase tends to dilute the waters; but, on the
other hand, the downward change to a more highly oxidized and
therefore a more highly acid condition will render the solutions
" more active solvents and tend to increase the concentration of metals
they contain. Which set of processes predominates can not be shown,
but the analyses represent only qualitatively the character of the -
solutions by which alterations of sulphide ores are brought about.’
Many of the analyses are not complete, and some analysts do not
state whether certain elements were looked for. Some of the
averages are therefore only rude approximations.

In the work of recalculating these analyses to the ionic form of
statement I have had assistance from Messrs. H. K. Shearer, N.
Sankowsky, and Clarence Russell.

CHEMICAL CHANGES INDICATED.

Sulphates and sulphuric acid.—Sulphides exposed to air and water
are changed to sulphates and t¢ sulphuric acid.. The iron minerals
are the more important sources of sulphuric acid because some of
them contain more sulphur than that necessary to balance iron when
iron sulphate forms and because iron sulphate in the presence of
oxygen forms the ferric salt, which hydrolyzes readily, giving basic
ferric sulphate and ultimately limonite. Galena and zinc blende
may oxidize to sulphates without liberating acid. The following
equations, which represent certain stages in the reactions, illustrate
this principle: ,

FeS,+H,04-70=FeSO,+H,SO,.
Fe,S;+H,04-310=7FeSO,+H,SO,.
CuFeS,+80=FeS0,+4CuSO,.
PbS+40=PbSO,.

ZnS+40=2ZnS0,. .

The oxidation of ferrous sulphate to ferric salt and the hydrolysis
of ferric sulphate take place very readily in the presence of oxygen.

2FeS0,+-H,S0,4+0=Fe,(S0,),+H,O0.
6FeS0,4-30+3H,0=2F¢,(S0,),+Fe,(OH),.
Fe,(S0,),+6H,0=2Fe¢(OH),+3H,SO,.
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All the waters from copper mines (1-19) are sulphate solutions.

Carbonates are determined in only two of these—No. 1, an alkaline
water taken at some distance from any known ore body, and No. 19,
also an alkaline water. The combined negative radicles of several
are insufficient to balance the positive radicles, a fact that suggests
the probability that some of the metals are balanced by carbon
dioxide, hydroxyl, or silicic acid. The average sulphate (SO,) of
19 samples of water from copper mines is 5412.7 parts per million.
This figure is increased greatly by sample 5, an exceptionally strong
sulphate solution. The average sulphate of the!18 other samples .
is 1,820.9 parts per million. The average sulphate of 22 samples
from gold and silver mines is 9,754.9 parts per million; if the sample
of concentrated water (No. 24) from the Comstock lode is elimi-
nated the average of 21 samples is 252.7. The average sulphate
(SO,) in the 41 waters is 7,839. In seven of the waters from copper
mines the acidity has been determined, the average being 291 parts
~ per million, calculated as sulphuric acid (H,SO,). Samples 7 and 8
show appreciable acidity, notwithstanding a deficiency of sulphate
ions to balance the metals. In at least 16 samples there is no free
acid. Of these at least 10 samples from copper and precious-metal
mines (1, 2, 3, 4, 19, 28, 29, 34, 35, 41). are alkaline.
- C’klomdes —The salt (NaCl) in sedlmental y rocks maybedlssolved
by ground water, and in some places it is a source of commercial
supply. From the available analyses it appears that in many
regions the amount of salt in such rocks is small. The chlorine
content of composite samples of 78 shales and 253 sandstones is
only a trace, and an analysis of a composite of 845 limestones shows
only 0.02 per cent.* A few rock-making minerals, such as chlor-
apatite, scapolite, haiiyne, and nosean, contain combined chlorine;
but all of these except apatite occur mainly in rocks of very rare types.
"In some rocks chlorine is present probably as sodium chloride in the
solid particles contained in fluid inclusions.

Apatite, though widespread in igneous rocks, is a falrly stable
mineral and consequently can not be regarded as an important source
of chlorine, although it may afford small amounts when exposed to
favorable conditions of weathering. The average chlorine content
of igneous rocks, according to F. W. Clarke, is 0.06 per cent.

Chlorine is present in nearly all surface waters, which derive it
from fine salt or salt water from the sea or other bodies of salt water.
The fine salt is carried by the wind and precipitated with rain.? As

1 Clarke, F. W., The data of geochemistry, 3d ed.: U. S. Geol. Survey Bull. 616, p. 28,
1916.

2 Jackson, D. D., The normal distribution of chlorine in the natural waters of New York
and New England: U. 8. Geol. Survey Water-Supply Paper 144, 1905.
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shown by figure 10, the amount of chlorine in bodies of natural water
varies with remarkable constancy with variations in the distance of
the bodies from the shore. Several determinations of water from
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bodies very near the seashore show 10 to 30 parts of chlorine.per
million ; in bodies a few miles away it is generally about 6 parts per
million ; in bodies 75 miles from shore it is generally less than 1 part
per million. ' :

D. D. Jackson.
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It arid countries dust containing salt doubtless contributes chlorine
to mine waters. Penrose,' discussing the distribution of the chloride
ores, pointed out long ago that chlorldes form most abundantly in
undrained areas. : '

The average chlorine content of the 19 waters from copper mines
is 58.9 parts per million. In three of these chlorine is not reported,
but in two of the three it was not looked for. The average of the 16
samples is 69.9. The waters from gold and silver mines carried less
chlorine than those of copper mines. The average of 22 samples is

21.3. Exclusive of six samples showing traces, the average is 29.3.

The chlorine content of waters of well-drained areas like those
of Ducktown, Tenn., and Creede, Colo., is conspicuously low. The
amount of chlorine in deposits in or near arid regions or near the
sed is greater. Two samples from Butte, Mont., show a large content .
of chlorine. In general the chlorine content in the samples analyzed
1s much lower than in samples of water obtained by Don? from a
large number of Australasian mines and considerably lower than a
former estimate (873 parts per million) given by me in a previous

" paper ® on the concentration of gold by cold solutions.

Carbonates.—As sulphuric acid tends to drive carbon dioxide out
of solution, it would not be supposed that highly carbonated waters
would be common in oxidizing zones of mines where the ore carried
much pyrite. That small amounts of sulphuric acid and carbonates
may exist in the same solution is shown, however, by several analyses.
In the acid waters under consideration the carbonates of the bases
would necessarlly be present as bicarbonates, although this fact is
not indicated in all the analyses.

Carbonates were determined in only two samples of water from
copper mines but are probably present in others. The average of
those two is 83.3 parts per million. Carbonates are shown in 15
waters from gold and silver mines, the average of the 15 samples.
being 216.2 parts per million. The average of the 17 waters that
carry carbonates is 200.5 parts per million. Two waters from the
Geyser mine, Custer County, Colo., and two from Creede, Colo.,
contain, in addition to the carbonate radicle (CO,), considerable
excess carbonate calculated as carbon dioxide, but this is not in-
cluded in the average. . Several analyses of waters from mines of
Butte, Mont., show insufficient carbon dioxide in the bicarbonate

1 Penrose, R. A. I, jr., The superficial alteration of ore deposits: Jour. Geology, vol. 2,
pp. 314-316, 1894.

2 Don, J. R., The genesis of certam auriférous lodes: Am. Inst. Min. Eng. Trans., vol.
27, p. 654, 1898,

3 Expmons, ‘W. H., The agency of manganese in the superficial alteration and secondary
enrichment of gold deposits in the United States: Am. Inst. Min, Eng. Trans., vol. 42,
p. 9, 1912, See also Jour. Geology, vol. 19, p. 20, 1911, To obtain this estimate many

partial analyses were included. These are not given in the table herein.
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state to satisfy the bases, hence both normal and bicarbonates were
assumed as present, and the summation was raised to correspond.*

Silica.—The analyses show that an appreciable quantity of silica -
1s dissolved by even strongly acid mine waters. Very little is known
concerning the ‘conditions that favor the solution of silica in such
waters. Solutions that contain much alkali and carbonate generally
carry larger quantities of silica, although the one that carries the
most silica is a concentrated sulphate solution from the Comstock
lode. The average silica content of 19 waters from copper mines is
43.9, that of waters from 22 precious-metal mines is 60.8.

Arsenic and antimony.—Compounds of arsenic and antimony are
.dissolved in some mine waters, for there is evidence that minerals
containing these metals are deposited from cold solutions. Only
traces of antimony are reported in any analyses, but arsenic is more
soluble and when hydrolyzed in acid solutions forms not only basic -
insoluble salts but the soluble acids. Hillebrand notes that con-
siderable arseni¢ was found in a precipitate from a filtered sample
of water collected by Lindgren at Grass Valley, Cal., where the gold
ores carry arsenopyrite. Traces of arsenic are reported in three
waters from Butte, Mont. A partial analysis? of another water
from the Leonard mine records 2.6 parts of arsenic and 0.8 part of
antimony per million. This is noteworthy, as the water carries 139

parts of free acid per million.

Nitrages—Nitrates are not abundant in mine waters. In only one
analysis (21) is nitrate (NO,) reported (1.60 parts per million),
and this in a water that was questionably representative, for it
appears to have been imperfectly filtered.® A possible source of
nitrate is dynamite, commonly used in mines.

Phosphates—Traces of phosphate are reported in eight mine
‘waters. One sample .contained 1.5 parts per million; others con-
tained none, or only traces, if determlnatlons for phosphate were -
made.

Potassiwm.—Potassium has been found in all the samples of mine
waters from copper mines where it was looked for. The average
of 14 samples is 10.7. In the samples from gold and silver mines it
ranged from 1 part to 254 parts per million, the average of 14
samples being 53.9. :

‘Sodium.—Owing to its greater solubility in sulphate solutions,
sodium is generally more abundant than potash in these mine waters.
The 14 samples of waters from copper mines in which sodium was

. 1 Hillebrand, W. F., Composition of mine waters, in Weed, W. H., Geology and ore de-
posits of the Butte district, Mont. : U. 8. Geol. Survey Prof. Paper 74, p. 101, 1912,

2 Min. and Sci. Press, vol. 105, p. 404, 1912. ’ )

3 Emmons, S. F., The mines of Custer County, Colo.: U. S. Geol. Survey Seventeenth

- Ann. Rept., pt. 2, p. 462, 1896 ; analysis of water from Geyser mine, Silver Cliff, Colo. See

also statement of W, I', Hillebrand, analyst, on p. 460 of same report. ’
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determined averaged 34.4. The average sodium content of 14 sam-
ples of water from precious-metal mines is 122.9 parts per million.

Calcium.—The average calcium content of 19 samples of waters
from copper mines is 204.9 parts per million. The average of 22
samples of waters from precious-metal mlnes is 136.2 parts. Calcium
was determined in every sample. :

Magnesium.—In 18 samples of waters from copper mines magne-
sium averages 47.4 parts per million. In 18 samples of waters from
precious-metal mines it averages 397 parts. ‘In 4 samples of such
waters it is not reported. The remarkable concentration of mag-
nesium in sample 24 (an exceptional water) brings the average far
ebove that of calcium, but notwithstanding the greater solubility of .
its sulphate, magnesium exceeds calcium in only three of the samples

Alwminum.~Like the alkalies and alkaline earths, aluminum is
readily dissolved from the silicates of the ore or from the wall rock.
In general, it is more abundant in sulphate waters than in those that
carry considerable carbonate. It is not present in the alkaline waters.

The average aluminum in 12 samples from copper mines is 81.5

parts per million. "It is absent in 4 waters from mines at Butte,
Mont., which are in “granite.” All these waters give alkaline
reactions. Aluminum is reported from only 8 samples of water from
precious-metal mines, the average being 1,209.9. If analysis 24,
which shows exceptionally high alumina, is excluded, the average of
the 18 other samples is only 1.3 parts per million.
- Manganese—In 16 samples of water from copper mines the aver-
age content of manganese is 40.8 parts per million. In two analyses
it is not reported; in another a trace is shown. It is especially
abundant in the waters from Cananea, Sonora, Mexico.

The average of 13 samples of ‘water from precious-metal mines is
81.5 parts per million. It is not reported in 8 samples. The varia-
tion in manganese content is exceedingly great. Only two waters—
one from the Comstock lode and another from the Stanley mine,
Georgetown, Colo.—contain more than a few parts per million.

Iron.—All the 19 samples of water from copper mines contain
iron. In 2 analyses it is stated as total iron. In 15 samples ferrous
iron is present, the average of these being 283.5 parts per million.
Ferrous iron present in 20 samples of the 41 averages 210.9 parts per
million. There is ferric iron in 7 samples of copper mine waters,
in which it averages 55.9 parts per million, It is present in 6 waters .
of precious-metal mines, in which its average is 841.3 parts per mil-
lion. In the 13 analyses of all waters that carry ferric iron the
average is 418.2 parts per million. None of the analyses of samples
taken underground at Cananea (Nos. 13-16) show ferric iron, yet the
sample (17) taken from the concentrator, where it circulates over the
tables in contact with ore and air, contains appreciable ferric iron.
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In 2 samples-of water from precious-metal mines iron is stated as
total iron. Acid waters carry much more iron than alkaline waters,
in which, as would be supposed, little or no ferric iron is found.

If sample 24 from the Comstock lode is excluded, the average of
the other 5 samples is only about 5 parts per million. This is lower
than the ferric iron in waters from copper mines and very much
lower than the ferric iron determined by Don in many waters from
Australasian min\es.

Copper—Copper, dissolved as sulphate, is abundant in many mine
waters. In some mines at Butte,-Mont., Ducktown, Tenn., Jerome,
Ariz., and Rio Tinto, Spain, and in the Ballygahan mine, Wicklow,
Ireland, the waters during certain periods of development have been
sufficiently cupriferous to yield marketable quantities of copper.
The average of 13 samples from copper mines is 3,690 parts per
million. In 6 samples it is absent or is not reported. The water
from the Mountain View mine at Butte, Mont., is by far the most
highly cupriferous. Exclusive of this, the average of 12 samples is
only 195.5 parts per million. Copper is reported also in a concen-
trated water from the Comstock lode (No. 24) and in water from the
Stanley mine at Georgetown, Colo. (No. 36), and traces are present
in waters from other precious-metal mines (20 and 21).

Zinc—~The zinc content of the waters of 15 copper mines averages
140.3 parts per million. The average of 22 samples from precious-
metal mines is 5.8 parts per million. In the 7 of these from which
it is reported the average is 18.3 parts per million. Some waters
from mineral deposits of the Mississippi Valley contain abundant
zine.

Gold and silver—Small amounts of gold and silver have been
detected in waters from the Comstock lode,* and gold has been de-
termined in a water from the Homestake mine, in South Dakota.
Traces of both gold and silver are present in waters from the Granite
vein, Philipsburg, Mont.

CHANGES IN COMPOSITION DEPENDING ON DEPTH.

Waters descending from the surface through sulphide ore deposits
pass through a changing chemical environment and are continually
changing in chemical composition. In the oxidized zone, as already
stated, they are oxidized waters and acid waters; when they pass
below the region where oxygen is in excess their acidity and their
state of oxidation change. Their reaction on some sulphides pro-
duces hydrogen sulphide, and their reaction on silicates and car-

1 Reid, J. A., The structure and genesis of the Comstock lode: California Univ. Dept.
Geology Bull, vol. 4, pp. 189, 192, 1906.

2 Sharwood, W. J., Analyses of some rocks and minerals from the Homestake mine;
Econ. Geology, vol. 6, p. 742, 1911,

34239°—Bull. 625—17—7
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bonates decreases their acidity. Iron is generally abundant in waters

of pyritic ore bodies, and the degree of the oxidation of the iron is im-

portant as an index to the state of oxidation of the water. Mineral
waters may thus be divided into several groups, depending on the

degree of their oxidation and their acidity. Nos. 8, 9, and 10 from

Ducktown, Tenn., are samples of waters containing sulphuric acid

and ferric sulphate. Samples of sulphuric acid and ferrous sulphate

water are represented by No. 18, from the Ruth mine, Ely, Nev.; .
Nos. 7, 11, and 12 from Ducktown, Tenn.; No. 36, from the Stanley

mine, Georgetown, Colo.; and No. 33, from the Rothschonberger

Stolln, Freiberg, Germany. ‘

Of the 41 samples of water analyzed 16 or more carry no free acid,
and 10 of these are alkaline. The alkaline waters include two (34,
25) from the deep levels of mines at Creede, Colo., where they de-
scended to depths of 1,300 feet or more before they issued at the
drain levels. As would be supposed, ferric iron is not present in any
of the analyses of alkaline waters.

Samples 28 and 29 are waters collected by Walaemar Lindgren -
from the 400-foot levels in the Federal Loan and Black Prince mines
at Nevada City, Cal. As the temperature of these waters when col-
lected was the same as that of the surrounding rock, they come, pre-
sumably, from the meteoric circulation. Both are alkaline and both
form yellow-brown deposits consisting principally of hydrated iron
oxide, alumina, and silica. These waters were clear when bottled,
but when opened after several months both contained dark-colored
deposits of silica, hydroxides, and sulphides. Dr. W. F. Hillebrand,
who made the analyses, detected no hydrogen sulphide in either water,
although both appeared to contain a little thiosulphate. Sample 28
contained metallic sulphides in solution, and an odor of hydrogen
sulphide was noticeable near the place where it was obtained. Sam- -
ple 29 contained no metallic sulphides and emitted no noticeable odor
-of hydrogen sulphide. ‘At least eight additional samples (7, 8, 9, 10,
11,12, 34, and 35) have been tested for hydrogen sulphide, with nega-
tive results. Sample 2 deposited sulphur and ferrous sulphide.

Although hydrogen sulphide is rare in mine waters, it forms when
certain sulphides are in contact with acid. When exposed to the air
it oxidizes rapidly. It is not supposed that it would accumulate, at
least not in the zone where air has free access to the deposits, where
most samples of mine waters are taken. On descending to greater
depths it would be used up according to the reaction—

Fez (804) 3+st=2Fe804+S+HZSO4,
or it may be used up also in the precipitation of metallic sulphides

from sulphates. Whether it would be used first to form ferrous
sulphate and afterward to precipitate metallic sulphides can not
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be shown, but this order of action occurs at least under some con-
ditions. Samples 7 and 8 from Ducktown, Tenn., are especmlly
instructive in this connection, for No. 7 contains much ferrous iron
and no ferric iron, whereas No. 8 contains much ferric iron and
only 1.3 parts of ferrous iron. The ore through which sample 7
passed before issuing where it was taken is more than 90 per cent
pyrrhotite, which generates hydrogen sulphide rapidly. The ore
through which sample 8 passed contains chiefly chalcopyrite and
lime silicates, with but little pyrrhotite. This water contains con-
siderable iron, almost all in the ferric state. Since No. 7 contains
even more copper than No. 8 it appears that the ferric sulphate is
reduced to ferrous sulphate (FeSO;) before copper sulphide is pre-
cipitated, as in this water the iron is entirely reduced to the ferrous
state while there is still a considerable amount of copper in solution.
It is noteworthy that the alkaline waters contain appreciable quan-
tities of carbonates, with lime, potash, and soda. They carry also
a certain concentration of sulphates. Of the alkaline waters two
from Nevada City, Cal., and two from Creede, Colo., have descended
_through considerable unoxidized material. Alkaline waters have not -
received sufficient attention in studies of sulphide enrichment.
Samples 18, 14, 15, and 16 are from the Capote mine, at Cananea,
Mexico. The deposit is in an area of quartzite and other rocks
intruded by diorite porphyry. The ore isin part of the disseminated
. type and carries pyrite, chalcopyrite, and zinc blende, with second-
ary chalcocite. I can not state the vertical range of chalcocite in
this deposit, but it is not so abundant at the 900-foot level, where
sample 15 was obtained, as it is at the 300-foot level, where sample
13 was obtained. Sample 13 contains 970 parts of free acid per
million, whereas the samples taken at greater depths contain no free
acid.

The two pairs of samples Nos. 9 and 10 and Nos. 11 and 12 are
from unused shafts at Ducktown, Tenn. As stated above, the sam-
ples 10 and 12 were taken by lowering bottles equipped with asbes-
tos filters to the desired depths, then removing the covers from
the filters and allowing the bottles to fill. The waters from the
open shafts are diluted by a large proportion of surface water,
so they are less concentrated than mine waters that have traveled
considerable distances through the rocks. In taking samples 9 and
10 the water was disturbed, so that the analyses of these samples
are of less value; samples 11 and 12 were taken with special pre-
cautions to prevent agitation and show very well the difference
in the mineral content of the waters at different depths. The
water from the water level (No. 11) contains more than twice
as much free acid as the deeper water, No. 12, taken 37 feet deeper.
No. 12, taken below water level, is more concentrated with respect to

N
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silica, calcium, magnesium, aluminum, zine, and iron, but the con--
centrations of potassium, sodium, and manganese are closely similar.
The amount of copper is greatly decreased. This suggests that at
a depth of 37 feet other metals are being taken into solution, but the
greater part of the copper has already been deposited. Although
the deeper water contains more ferrous iron and more ferric iron
than that at the water level, the proportion of ferric to ferrous iron
has increased with increase of depth, showing just the reverse of the
conditions expected. It is thought that the increase in the propor-
tion of iron in the solution with increase of depth has been brought
about by reaction of acid on pyrrhotite, and also that ferric iron has
decreased near the surface by hydrolysis of ferric sulphate. The
filter paper was colored red by a dustlike iron precipitate, probably
basic ferric sulphate, formed presumably near the surface and held
in suspension in the water. The formation of this precipitate prob-
ably accounts for the very small concentration of ferric iron at the
- surface of the standing water, and possibly also for the somewhat .
smaller amount of total sulphate held in solution near the surface.
This precipitate would probably not form so extensively under con-
ditions affording free circulation.

The four waters from Freiberg, Germany (samples 30, 31, 32, 33),
agree in containing considerable zinc and manganese. One of them
on standlng forms a deposit consisting chiefly of manganese oxide
and some zinc oxide.

‘Sample 21 is from the 2,000-foot level of the Geyser mine at Silver
Cliff, Colo. This water contained some nitrate, which is uncommon
in analyses of mine waters.

Several of these waters do not contain sufficient amounts of the
negative radicles to hold in solution the metallic portions. If carbon
dioxide was determined in such waters, a part of the metals must
be dissolved as silicates or possibly even as hydroxides.

PRECIPITATES FROM MINE WATERS UNDER SUPERFICIAL CONDITIONS,

Mén,ny waters, after issuing from mineralized rocks, deposit copious
precipitates, and some such deposits are so large that the mine work-
ings have been closed by them. (See Pl IIL.) In some mining
districts the streams which carry away the underground drainage
from the adits have stained their beds for great distances from the
points of issue. In certain of these areas, as at Cananea, Mexico,
near Homestake mine, South Dakota, and at Bingham, Utah, the
gravels above the present streams are cemented by iron oxides, show-
ing that the processes of precipitation at the surface were operative
before the mines were opened. These deposits, formed under atmos-
pheric pressure and in the presence of oxygen, are very different
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from the deposits of secondary ore that are formed at depths where
sulphide enrichment is assumed to take place. Few, if any, of them
are workable for the more valuable metals. Nearly all of them con-
sist largely of the colloidal compounds, such as the hydrous iron
oxides, hydrous aluminum compounds, and hydrous silica.

Many samples of water quickly become cloudy after they have
been filtered, either because of oxidation by air, or because of slight
changes in temperature, or because of loss of carbon dioxide or -
some other gas by agitation; or, if they have been taken from low
depths, because of decrease in pressure. Two samples of water
taken from adits at Creede, Colo., and filtered in the presence of
air deposited light-gray precipitates, presumably compounds of
aluminum and silica. Six samples collected at Ducktown, Tenn.,
were likewise clouded. Two of these samples, one taken 37 feet
and the other 55 feet below the water level, were filtered under
water, and although the air spaces left in the necks of the bottles
were exceedingly small the samples clouded in a few hours. Several
samples from Butte, Mont., deposited solids before analyses were
made.

The results of analyses of six samples of material precipitated
from mine waters are stated in the table below. Sample 1 is from a
water in the Stanley mine, near Georgetown, Colo. (No. 86 in table
above). Sample 2 is from a mine in Freiberg, Saxony. The sample
was taken from workings that had been flooded 135 years. It con-
tained much manganese and considerable zinc. Sample 3 is a slime
collected in the Federal Loan mine,' near Nevada City, Cal., where
the water represented by sample 28 of.the table on page 88 issued
from the wall rock. Of this analysis Dr. Hillebrand makes the fol-
lowing remarks: 2 :

The bottle was filled with a black slimy matter emitting a disgusting odor of
organic decomposition. The cork was forced out with ease by imprisoned
gas, chiefly consisting of CO. and CH,. The slime was said to have been white
when collected ; the subsequently developed black color is due to iron sulphide.
Aside from organic matter and water, the deposit is essentially ferric oxide
with a little arseniate, calcium carbonate with a little magnesium carbonate,
and manganese as MnQO., besides gelatinous silica and fragments of minerals.

A deposit collected by Lindgren in the drain tunnel of the Provi-
dence mine, near Nevada City, Cal., when dried, formed dirty white
masses and coarse green lumps. An analysis of some of the green
pieces is given in column 4 of the following table. Samples 5 and 6
are from the Geyser mine, Custer County, Colo.:

1 Lindgren, Waldemar, The gold quartz veins of Nevada City and Grass Valley dis-
triets, California: U. 8. Geol. Survey Seventeenth Ann. Rept., pt. 2, p. 121, 1896,
2 Jdem, pp. 122-123.
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Analyses of Muds precipitated from mine waters.

.29
1.21
42.98

499.76

a Insoluble residue.

b ﬁ)‘;ng I\éInO present. The analysis as stated gives O, 8.43, and MnO, 44.78.
4 203

d With additions noted below.

1. Precipitate filtered from water of Stanley mine. Jones, L. J. W., Ferric sulphate in mine waters and
itsaction on metals: Colorado Sci. Soc. Proc., vol. 6, p. 48, 1900.

2. Deposit from a mine at Freiberg, Saxony, taken from workings that had been flooded 135 years. Con-
tains cobalz 6>2}d{]!§;11.36; cadmium oxide, 0.19; lead oxide, 3.45. Beck, Richard, Lehre von den Erzlager-
stiitten, p. 402, 1901, .

3. A deposit from water from Federal Loan mine, near Nevada City, Cal. CaO equals CaCOz and MgCOs;
organic material calculated with water. Insoluble material included with SiQ;. Lindgren, Waldemar,
The gold quartz veins of Nevada City and Grass Valley districts, California; U. S. Geol. Survey Seven-
teenth Ann. Rept., pt. 2, p. 122, 1896.

‘d4. Partlgf3 deposit in drain tunnel of Providence mine, near Nevada City, Cal. Lindgren, Waldemar,
idem, p. 123.

5. Devosits of sinter from 2,000-foot level of Geyser mine, Custer County, Colo. Emmons, S. F.,
Mines of Custer County, Colo.: U. 8. Geol. Survey Seventeenth Ann. Rept., pt. 2, pp. 459-460, 1896.
W. F. Hillebrand, analyst. Shows ripple-marked structure. Contains also SrO, 0.17; K20, 1.5; and
Na.0, 0.17, with traces of phosphorus, chlorine, and lithinm and minute traces of lead, copper, nickel,
cobalt, zine, and aluminum.

6. Deposits of sinter from 2,000-foot level of Geyser mine, Custer County, Colo. Emmons, 8. ¥., idem.
Contains also Sr0, 0.26; K30, 0.03; and Na,0, 0.16. Traces of metals noted in 5 also noted in 6. A third
analysis from the same depth is of pisolitic sinter.

COMPOSITION OF MINE WATERS OF THE JOPLIN REGION.

The table on page 103 gives analyses of mine waters of the Joplin
district, Missouri. The deposits are iron, lead, and zinc sulphides,
inclosed in cherty limestone. They contain also some sulphides of
copper and cadmium. These waters closely resemble those obtained
in mines of lode ores in the Western States. They are strong sul-
phate solutions, containing much zinc and some cadmium. In view
of the fact that the deposits are in calcareous rocks the acidity is
noteworthy. :
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Analyses of mine waters of the Joplin district, Missouri.

42 43 . 4

1,647.6 | 2,728.4
3.7 6.8
%32 36.4
3.2 4.2
13.0 48.2
260.5 608.6
18.6 57.8
1.7 8.4
3.4

42, Alabama Coon mine, Joplin district, Missouri. H. N. Stokes, analyst.
43. Victor mine, Joplin district, Missouri. H. A. Buehler and V. H. Gottschalk, analysts.
44. Water from Missouri zin¢ region., H. N. Stokes, analyst. .

In order to compare the mine waters in lode deposits with the
waters of a deep circulation through rocks containing small amounts
of lead, zinc, and iron sulphide, I have rearranged and give on page
104 a table of analyses recently presented by C. E. Siebenthal. Asin
previous tables, iron and aluminum are stated as Fe and Al, instead
of as oxides of these metals, and COj, instead of HCO, ion as stated
by Siebenthal.! »

The Joplin region is on a great monocline that dips at a very
low angle westward from the Ozark uplift. Along the northwest
border of the region the older Paleozoic limestones, cherts, and sand-
stones are capped by Pennsylvanian shale, but about the crest of the
Ozark uplift Carboniferous rocks are eroded away so as to expose
the edges of the Ordovician and Cambrian rocks. Waters entering
these older rocks pass downward and outward, and where wells or
other openings penetrate the Pennsylvanian shale the waters, having
passed through great bodies of sedimentary rock, rise to the surface.
These waters. are believed by Siebenthal to have deposited ores of
lead and zinc. They carry an average of 602 parts per million total
solids, iron and aluminum being calculated as oxides. This amount
is less than that of the average mine water but greater than that
carried by the waters of some mines. The waters are neutral or
very slightly alkaline. They carry considerable alkaline chlorides,
carbon dioxide, and hydrogen sulphide. The metals are dissolved
partly as bicarbonates, and when the waters are passed into basins at
the surface sulphides of the metals and calcium carbonate are depos-
ited as a result of escape of part of the carbon dioxide and hydrogen
sulphide. Analyses of precipitates from such waters are given on
page 104. o

1 Siebenthal, C. E., Spring deposits at Sulphur Springs, Ark., with a microscopic examina-
tion by H. BE. Merwin : Econ, Geology, vol. 9, pp. 768-767, 1914,
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Analyses of sediments from springs at Sulphur Springs, Ark.

[W. George Waring, analyst. Expressed in percentages of the total dried residues.s)

White [ Black
Sulphur | Sulphur
Spring. Spring.

0.388 ©0.022
.040 .009
.005 .004

2.100 2.940

1.450 2.820

19.810 1.300

1.530 .100

49.930 62.820 -

Microscopic examination by Merwin of the sediments from Sul-,
phur Springs, Ark., showed the presence of pyrite and calcite.

Analyses of deep waters in Joplin zinc-lead region.

[Parts per million.]

45 46 47 48 49 50
63.4 4.7 ... 12.5 6.0 11.4
315.8 126.9 141.4 ‘142.7 106.1 95.3
183.2 73.8 174.2 77.2 74.1 138.0
4.0 9.0 11.0 8.0 9.0 12.0
36.2| Trace. |.......... 39.810. .. feeiil....
204.4 126.9 141. 4 88.0 94.1 106.7
133.6 58.9 128.67 60.7 52.9 77.6
100.7 31.2 48.4 42.5 40.5 63.7
ceeraea- . ) PO 2.1
. Tl 1.6

22.0(7) 6.0 3.0 )
Strong. | Present. | Present. | Present.

45, Clinton, Mo., well; A, E. Woodward, analyst.

46. Chapman & Lennan mine; W. G. Waring, analyst. Sample taken Sept. 12, 1912.
47. Chapman & Lennan mine; W. G. Waring, analyst. Sample taken Dec. 23, 1913,
48. White Sulphur Spring; W. G. Waring, analyst.

49. Miami, Okla., well; J. F. Wexford, analyst.

50. Sulphur Spring; A. E. Meade, analyst.

COMPOSITION OF WATERS OF LAKE SUPERIOR MINES.

The table on page 106 gives six analyses of water from Lake Su-
perior mines. Five of these are from iron mines and one (56) is from
the Quincy copper mine.  The first three are from shallow or moderate
depths; the last three from great depths. Although the first three
are very dilute solutions they appear to be capable of enriching iron
ores somewhat by removal of valueless materials. They are alkaline
and alkaline earth carbonate solutions with a little sulphate radicle,
and one carries chloride. That such solutions remove silica is shown
by the relatively high percentage of silica in their total solids. A
little alumina has been dissolved by one solution and but little iron.
These waters are dilute, and if such solutions leached so extensively
the great bodies of thoroughly oxidized ores with which they are
associated the leaching must have required eons of time. In the
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earlier stages of oxidation, when the rocks contained more soluble
materials, the mineral waters passing through them were probably
more concentrated. ‘It may be recalled here that some of the Lake
Superior iron ores were exposed to weathering during much of pre-
Cambrian and through a large part of post-Cambrian time.

The last three analyses from the deep levels of Lake Superior
mines indicate very concentrated solutions of sodium and calcium
chlorides, which drip in small quantities from rocks at great depths.
Lane? considers them connate waters, or sea waters trapped when the
rocks containing them were formed. The waters obtained near the
surface are of the vadose circulation. They are more dilute, much
more abundant, and are carbonate rather than chloride waters. Lane
recognizes also waters of intermediate composition, doubtless mix-
tures of the two kinds of waters. Van Hise and Leith,®> however,
consider the deep concentrated chloride solutions “to be related to
depth and stagnancy.” They “must be regarded as representing
solutions from which all possible insoluble materials have already
crystallized out.” The problem of these waters is perplexing. The
explanation last stated meets difficulties in accounting for the ab-
normally high chlorine content; the other explanation appears to
account for facts observed in the Lake Superior copper deposits,
but does not appear to be applicable to high chlorine waters in iron
deposits supposed to have been concentrated by circulation of me-
teoric water, for such waters should early have diluted and removed
any connate water present. A third explanation might be suggested,
namely, that the iron deposits, after they were deeply weathered and
enriched, were sunk below the sea and the pore spaces filled with
sea water, some of which still remains. Many of the Lake Superior
deposits, as shown by Van Hise and Leith, were submerged after
. they had been deeply weathered, for they are capped by basal con-
glomerates of iron ore. The increase with depth of the ratio of cal-
cium chloride to sodium chloride appears difficult to account for? by
any of the explanations offered and suggests the desirability of more
experiments with rocks and salt solutions, to be carried on in the
cold for long periods of time.

1 Lane, A. C., The Keweenawan series of Michigan: Michigan Geol. and Biol. Survey,
Geol. ser, 4, vol. 2, p. 846, 1911.

‘2 Van Hise, C. R., and Leith, C. K., The geology of the Lake Superior region: U. 8. Geol.
Survey Mon. 52, p. 544, 1911,

3 A liter of water at 18° C. dissolves 5.42 mols NaCl; a liter of water at 18° C. dissolves
5.4 mols CaCl;. In a sodium chloride water in contact with calcite concentration of lime
chloride would probably increase.
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Analyses of waters from Lake Superior mines.

[Parts per million.)
51 52 53 54 55 | 56
21.2
134,916.7
21.2
21.2
11,9525
65,345.9
21.2

Notdet. |....oooooufernannines

o Clay is included with SiOs.

51. Drift between Hull and Rust mines, Hibbing, Minn. C. K. Leith, The Mesabi iron-bearing
district of Minnesota: U. S. Geol. Survey Mon. 43, p. 264, 1903,

52. Vulcan mine, 15th level, Menominee district, Michigan. E. E. Ware, analyst. Lane, A. C., The
Keweenawan series of Michigan: Michigan Geol. Survey, Geol. ser. 4, vol. 2, p. 781, 1911.

53. Aurora mine, 900 feet deep, Ironwood, Gogebic Range, Mich. Idem, p. 783.

54. Republic mine, Mich., 1,710-foot level.  G. Fernekes, analyst. Idem, p.787. Water is a small drip.

55. Republiciron mine, Mich., 28th level, a slow drip. M. A, Cobb, analyst. Idem, p. 787.

56. Quincy copper mine, Mich., a deep level. George Steiger, analyst. Reported by Clarke, F. W.,
U. S. Geol. Survey Bull. 616, p. 185, 1916.

EXPERIMENTAL DATA ON THE SOLUTION AND PRECIPITATION
OF THE METALS.

Under this heading are stated experimental data that bear upon
superficial alteration and enrichment of ore bodies in general. On
pages that follow may be found chemical data relating to each
metal. The solutions that are the principal agents of alteration are
the sulphates and carbonates, and subordinately also chlorides, sili-
cates, and, perhaps, hydroxides and sulphides.

Sulphate solutions form by the oxidation of pyrite and other
iron sulphides and subordinately by oxidation of sulphides of other
metals. The oxidation of pyrite is considered by many to proceed as
follows:? o

FeS,4+-704+H,0=FeS0,+H,SO,.

This equation does not express intermediate steps, nor does it rep-
resent the final products. Ferrous sulphate in the presence of atmos-
pheric oxygen will be oxidized to ferric sulphate or to ferric sulphate
and ferric hydroxide:

6FeS0,4-30-3H,0=2F¢, (S0, ),+2Fe (OH),.
The hydrolysis of ferric sulphate may first give a basic ferric sul-

1 Allen, E. T., Sulphides of iron and their genésis: Min. and Sci. Press, vol. 103, pp.
413-414, 1911. Gottschalk, V. H., and Buehler, H, A., Oxidation of sulphides: Econ.
Geology, vol. 7, pp. 15-34, 1912.
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phate,* but this subsequently breaks down, forming ferric hydroxide
and sulphuric acid, as indicated below :

Fe,(S0,) ;+6H,0=2Fe (OH),-+3H,SO0..

Ferric hydroxide probably corresponds to the mineral limnite, which
on dehydration would give limonite:

4Fe(OH),=2Fe,0,+6H,0=2F¢,0,.8H,0+3H,0.

According to Stokes? the oxidation of pyrite by ferric sulphate
should be regarded as taking place by two independent reactions:

(1) FeS,+Fe,(SO,),=3FeSO,+2S.
(2) 28+6Fe,(SO,),+8H,0=12FeS0,+8H,S0,.

In the presence of air the ferrous sulphate formed would change
again to ferric sulphate. But if ferric sulphate is limited and air has
not free accéss to the solutions the attack of ferric sulphate may take
place without increase of acidity. Experiments by Nishihara,® in
which ferric sulphate was in contact with pyrite for seven days in
stoppered bottles, showed steady decrease of acidity. With pyrrhotite
the solution became neutral at the end of two weeks, when evolution
of hydrogen sulphide gas ceased and hydroxide of iron had begun
to form. A possible reaction in this case may be that mdlcated by
the following equation:

Fe,S,-+6Te, (SO, ) - H,SO,=H,S+19FeSO, 7S,

A. N. Winchell * treated powdered pyrite containing a trace of cop-
per to dripping aerated water. At the end of ten months 300 grams
of pyrite had lost 0.2 gram and the solution circulating through the -
pyrite had gained, per liter of the solution, the amounts 1nd1cated
below :

. Milligrams.
Fez(SO4)s y —— 27.68
H.SO, - ' - — B.7T,
Ferrous iron e - —-- Trace.
S0, ' .- Trace.

In the total solution there was—
. . ) ) Milligrams. 0
Te, ( SO¢) 3 . 332
H:S0. ——— 68

Grout ® repeated these experiments, subjecting the powdered min-
eral to repeated drying. In a year the specimens had lost from 0.015

1 Penrose, R. A, F., jr., The superficial alteration of ore deposits: Jour. Geology, vol. 2,
p. 293, 1894. Brauns, Reinhard, Chemische Mineralogie, p. 368, Leipzig, 1896,

2 Stokes, H. N., On pyrite and marcasite : U, 8. Geol. Survey Bull. 186, p. 15, 1901,

3 Nigshihara, G. S., The rate of reduction of acidity of descending waters by certain ore
and gangue minerals ang its bearmg upon secondary sulphide enrichment: Econ. Geology,
vol. 9, p. 749, 1914,

¢ Winchell, A. N.,, The oxidation of pyrite: Econ. Geology, vol. 2, pp. 290-294, 1907.

6 Grout, F. F., The oxidation of pyrite: Econ. Geology, vol. 3, pp. 532-534, 1908.
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to 0.057 per cent. These losses are of the same order as those shown
by the figures obtained by Winchell, namely, 0.067 per cent.

Buehler and Gottschalk* made numerous experiments with dis-
tilled water, leaching powdered sulphides to determine the nature of
the alteration products. The finely powdered sulphides were placed
upon filter paper spread upon a Hirsch filter plate, which was fitted
in a 6-centimeter funnel. The sulphides were then washed twice
daily with distilled water, the filtrate being caught in a flat-bottomed
flask. The sulphides were treated alone and also when mixed with
pyrite or marcasite or some other natural sulphide.

A series of the filtrates obtained from marcasite alone and from
marcasite mixed with galena, sphalerite, and copper sulphides were
tested for free sulphur dioxide, sulphites, and thiosulphates, but none
of these compounds were present. 4

In experiments with pyrite the residue left on the funnel was
treated with carbon disulphide to test for the presence of free sulphur.
No sulphur was found in a series of eight experiments, but a 10-pound
sample of marcasite similarly treated showed the presence of free
sulphur.

Tests for the presence of hydrogen sulphide as a possible decom-
position product of these sulphides were made. in an apparatus
through which air could be drawn. The air was passed slowly
through lead solution to free it from any hydrogen sulphide; it was
then passed through a tube in which finely ground sulphide was
placed; finally the air was again washed in lead solution. The sul-
phides were washed twice daily with water. After four months’
continuous treatment there was‘no sign of blackening of the lead
solution, indicating the absence of even traces of hydrogen sulphide.
If any hydrogen sulphide had formed it was held in watery solution
and oxidized before analysis. The following analysis of the solution
and precipitatein the flask indicates hydrolysis:

Solution, 1,068 cubic centimeters.

FeSO,, 0.0602 gram; Fe,(S0,),, 0.1799 gram; SO, (excess), 0.2697
gram; Fe,O, (in the precipitate), 0.0218 gram.

" The conclusion of Gottschalk and Buehler is that the oxidation of
pyrite in water proceeds according to the reaction—

FeS,+70+H,0=FeSO,+H,S0,.

‘This does not involve the generation°of hydrogen sulphide, of sul-

phur dioxide, or of more than an exceedingly small amount of
sulphur. '

1 Buehler, H, A., and Gottschalk, V. H., Oxidation of sulphides: Econ. Geology, vol. 5,
pp. 28-35, 1910; vol. 7, pp. 15-34, 1912,
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In this connection it is noteworthy that these experiments were
carried on with distilled water with very free access of air. Dilute
acid solutions acting upon some sulphides of lead and zinc and upon
ferrous iron will generate hydrogen sulphide. o

In several experiments by Gottschalk and Buehler* the powdered
sulphides spread on a filter were washed twice daily with distilled
water. In most of these experiments the sulphates were passed
through 60-mesh screens and caught on 80 or 100 mesh screens, so
that the powders were of approximately equal fineness. In some
experiments galena was caught on 200-mesh screens, giving relatively
greater surfaces for attack. Equal masses, not equal volumes, of
the several minerals were taken.

In most experiments the accumulated washings were about 500
cubic centimeters. Pyrite, marcasite, galena, sphalerite, and enar-
gite were attacked. Each of the metals was oxidized to sulphate and
washed through the filter. Pyrite and marcasite were oxidized to
ferric and ferrous sulphate and to sulphuric acid. Zine sulphide was
oxidized to zinc sulphate and washed through. Galena was oxidized
to lead sulphate, but most of it remained on the filter, though some
washed through; of the part that washed through a little was depos-
ited in the flask as lead sulphate. Hydrogen sulphide and sulphur
dioxide were not identified in any of these experiments, although
in some of the filtrates there was a loss of sulphur which is not
accounted for.

Each sulphide when treated alone was dissolved rather slowly,
but when two were treated together the action on one of them was
greatly accelerated and that on the other retarded. Sphalerite dis-
solved more readily in the presence of pyrite. The acid generated
by the oxidation of iron was not the only factor that favored solu-
tion, for when the iron sulphide was placed on a filter above zinc
sulphide the rate of solution of zinc sulphide was not greatly in-
creased. Gottschalk and Buehler conclude that the acceleration of
the reactions is due to electric currents generated by contact of
minerals of different potential. The electric current flows from
the mineral having the higher potential, so the one of lower poten-
tial will dissolve more rapidly, the one of higher potential being
protected from oxidation and solution. . '

Gottschalk and Buehler arranged several minerals in a series
analogous to the electromotive series of the metals, the values having
been determined by the use of the Ostwald potentiometer. The
results of the experiments are shown below. The force generated
while any two of these minerals are immersed in a solution tends

1 Gottschalk, V. H., and Buehler, H, A,, Oiidatlon of sulphides: Econ, Geology, vol. 7,
pp. 15-34, 1912, '
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to accelerate the oxidation and dissolution of that sulphide which
stands lower in the series and to retard the oxidation of the one
that stands higher. It is noteworthy that the experiments were
made with distilled water. The potential varies with the solution,
‘and for some salts the relations are not those indicated in the table.

Potential, in volls, of several sulphides measured in dwtdled water against
copper wire.

Marecasite +0.387 | Chalcocite . __________ +o0.14

Argentite +.27 | Hematite________________ +0. 08 to. 26
Cassiterite . +.27 | Cuprite +.05
Chalcopyrite ___________ -+0.18t0.30 | Niccolite___ +.02
Enargite —________________ +.18t0.23 | Domeykite ___ +.01
Molybdenite =+.20 | Metallic copper ————_________ .00
Covellite +.20 | Stibnite__———————————___ —0.17t0.6
Pyrite +.18 Sphalerite______________ —.2 to.4
Bornite +.17 | Metallic zinc —.83
Galena +.15 .

According to this table marcasite shows the highest electromotive
force and sphalerite shows the lowest for the minerals, the difference
being more than 0.6 volt. Metallic zinc shows a negative relation
to copper of 0.83 volt, and there is a difference of 1.2 volts between
the hlghest and lowest member of the series.

A piece of pyrite and a piece of galena, each 2 inches long and
about 1 inch square, each having copper wire attached near one
end, were placed in a small dish containing ordinary distilled water.
The wire did not touch the water, nor were the minerals in contact.
A circuit formed by placing a galvanometer between the free ends
of ‘the wires showed the same difference in potential that is shown
in the above table and recorded a current of about 5 microamperes.
In the course of a few days, the circuit being maintained, the galena
became coated with lead sulphate, while a similar piece of galena,
placed in the same solution but not in circuit, remained perfectly
bright. The pyrlte showed no evidence of ox1dat10n

Electric activity in ore deposits has recently been treated by R.C.
Wells.* Nearly all the metallic mineral sulphides and oxides, except
zinc blende, are good conductors of electricity. This sulphide and
nearly all sulphates, carbonates, and silicates are poor conductors.
Their potentials vary greatly with variations in the solutions and in
the minerals employed, and as chemical activity continues the salts
that are formed by the decomposition of minerals will themselves
cause the electrical action to change, as is shown by changes of po-
tential. The acid and oxidizing solutions in general gave the highest
potentials and the alkaline and reducing solutions the lowest.

1 Wells, R C., Blectric activity in ore deposits: U, 8. Geol, Survey Bull. 548, 78 pp.,
1914,
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Large currents are seldom found in the earth, but small currents,
locally generated, may have some potency. As stated by Wells, it
would be incorrect to say that “the electric batteries are run down,”
yet we can not expect to find batteries in the field comparable in
intensity to those constructed in the laboratory. In the earth there
are strong tendencies toward equalization and adjustment of poten-
tials by chemical reaction. Indeed, “zero potential” is itself the
. potential of the earth.

Vogt* pulverized 6 grams each of chalcocite, bornite, pyrrhotite,
chalcopyrite, and pyrite and treated them separately in 100 cubic
centimeter jars with aqueous solutions containing 30 grams of ferric
chloride. After standing several years at about 14° C. they were
dissolved in the order mamed. The filtrates from chalcocite and
bornite showed a trace of sulphate, those from chalcopyrite a stronger
trace, and those from pyrite a still stronger trace. Sulphur separated
from the first four minerals named and probably also from pyrite.
Sulphur did not appear to oxidize to sulphate in the reaction with
chalcocite, though oxidation occurred in some degree with pyI ite and
pyrrhotite. o

If the metal magnesium is placed in contact with zinc sulphate,
‘magnesium sulphate is formed and zinc is liberated. If zinc is
placed in contact with iron sulphate, iron is precipitated and zine
sulphate is formed. As a result of these and similar experiments the
metals may be named in a vertical series in which any metal will dis-
- place those below it and be displaced by those above it. Ifin a voltaic
cell the several metals are used as electrodes in dilute acid solution
the strength of the current or its voltage will depend on the metals
used ; and thus also a vertical series of metals can be tabulated. the
position of each metal in the table being determined by voltage.?
Moreover, in this series, called the electromotive series, the metals are
in the same order as in the one mentioned above. By measuring the
voltage of each metal against a calomel electrode the values stated
below are obtained.

This series defines the chemical activity of the free metals. Those
below and including palladium are usually native; those above pal-
ladium and below hydrogen are frequently native; those above hydro-
gen and below zinc are very rarely native, and those above zinc and
. including it are never native. ThoSe below copper do not form
natural oxides, but many of those above it do.

1Vogt, J. H. L., Problems in the geology of ore deposits, in PoEepn_\’z, Franz, The gene-
sis of ore depeosits, pp. 676-677, 1902.

3 Le Blance, Max, Lehrbuch der Electrochemie, pp 214-215, 1903. In the series. as
stated by Alexander Smith (Introduction to general inorganic chemistry, p. 862, 1912)
copper and arsenic and also bismuth and antimony are reversed.
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Electromotive potentials of metals.

Never native: Volts.
K - —3.2
Na I —2.8
Ba_ e —2.8
Sr - —_——— - 2.7
Ca___ — - I 1
Mg i e —1.5
Al i —1.2
Mn _ — —1.0
7Zn —0.7
Rarely native: '
Fe___. : - —0.4
CO —0.3
Ni __ — —0.2
Pb - - - —0.1
Sn __ _ -—0.1
H [ - =+0. 00
Frequently native: )
SO +0.1?
Bi_ o _____l S - +0.22
©  AS — +0.3?
Cu_____ N — - +0.3
Ag ol T +0.8
Hg ___ - —_— — +0.8
Usually native:
Pa__ o _____ - I - +0.8
Pt - . +0.8
AW N — +1.5

It should be noted that this series defines the activity of the metals
only when they are free; it has no bearing on the reactions that in-
volve double decomposition, in which a radicle in one salt replaces
a radicle in another. In nature the metals above iron are not free
either in primary or secondary ores, but if they were free in primary
ores they would soon form salts by attack of carbonate or sulphate
waters, or by displacing hydrogen in water itself.

The above table shows only the general tendencies of the groups
of metals. The geologic activities of individual elements of the
groups to form native metals are not all defined by their positions in
the table. Gold occurs, free and also in combination with tellurium
and selenium in primary ores. In secondary ores it is invariably
free. Platinum also is free in primary ores; in some deposits it
forms also the arsenide, sperrylite. Silver, mercury, and copper
are commonly secondary, much more commonly than antimony and
arsenic. Some native bismuth is primary. Tin, the metal next above

1 Abegg, R., Auerbach, F., and Luther, R.,, Messungen elektromotorischer Kriifte gal-
vanischer Ketten mit wisserigen Elektrolyten : Deutsche Bunsen-Gesell. angew. physikal,
Chemie, abh. 5, pp. 196-206, 1911, Values for aluminum and platinum are from Le Blanc,
op. cit.
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hydrogen, is almost unknown in the native state, but native copper,
which is below hydrogen, is very common. In its alteration activities
lead behaves much more like antimony than copper. Native tin,
nickel, cobalt, and ‘iron aré so rare as to be classed as “mineral
curiosities.” Except tin, they are found only in meteorites and in
very rare types of igneous rocks and they break down readily, form-
ing oxides and other compounds. Native zinc has been reported, but
its occurrence is doubtful. ‘

In the table below the solubilities of several rmhydlous sulphates
are compared.

Anhydrous sulphates held in solution in o liter of water at 18° C.

- [After Kohlrausch.]

Grams.
BaSO4__-_________-__/_______;m; _______________________ 0. 0023
PBSOu- ool —  .ou
CaSO0u e 2.0
AngO; ______________________________ e 5.5
RSO 111.1
NaaS O o 168.3
MES O Ll 354.3
ZnS0,- — - 531.2

In the table below the solubilities of several hydrated sulphates
are compared.!

Hydrated sulphates dissolved in a liter of iuater at about 20° C.

Grams,
FeSO.TH- O 264. 2
CuS0. 51,0 _ e 423.3
Al(804)3.18H:0 (at 0°) __ o __. 868.5
MgSO. ™0 . e 1,160.0
S0 THO e 1,610.0
NazSO4.10HZQ (at 31.25°) ... ._ - . 4,800.0

The chemical practice in the leaching process at Rio Tinto, Spain,?
is said to be as follows. The ore heaps are built up with open spaces
to give ready access of air and water. In the presence of these the
following reactions, according to Austin, take place:

FeS,+70+4+H,0=FeSO,+H,SO,.
.The ferrous sﬁlphate oxidizes to ferric sulphate thus:

9FeSO,4+H,80,+0=Te,(S0,),+H,0.

1Data from Comey’s and from Seidell’s dictionaries of solubilitles. T have utilized also
Lindgren’s compilation, U. 8. Geol. Survey Prof. Paper 43, p. 181, 1905.

2 Austin, I, S., The mectallurgy of the common metals, 2d ed., pp. 351-353, San Fran-
cisco, 1909.

34239°—Bull. 625—17—38
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The ferric sulphate reacts on chalcocite and changes it to sulphate
as follows:

Fe,(S0,) ;4+Cu,S=CuS0,+2FeSO,4CuS.

This reaction is relatively rapid, and, accordingly, about half the
copper goes-into solution in a few months. The covellite molecule
. remaining is further dissolved according to the following reaction:

Fez(SO )3+CuS+3O+H 0= CuSO4+2FeSO4+H SO..

" This reaction is slow, but in two years, under favorable conditions,
80 per cent of the remaining half of the copper is dissolved. These
chemical processes illustrate in a large way the processes of solution
of chalcocite under natural conditions.

Copper is precipitated from sulphate solution by alkaline silicates.
E. C. Sullivan* placed finely ground materials—such as orthoclase,
albite, amphibole, and clay gouge—in flasks with copper sulphate,
silver sulphate, and other salts. They remained several days at room
temperature, bemg occasmna,lly shaken. The solutions were dilute,
and the precipitation in many of the flasks was nearly complete.
. Whether contact was maintained for a few hours or a few months
. made little difference. Analyses of the filtrate before and after the
reactions showed that considerable material, especially the alkalies,
had been dissolved from the silicate. The filtrate from 25 grams of
powdered orthoclase with 40 cubic centimeters 0.1 normal sulphuric
acid gave the followmg results: '

Orthoclase and sulphuric acid; content of 40 cubic centimeters.

Constituent. Grams. | Millimols.

0.0242 [............

.0313 a0.92

Undet. |............

. 0010 .03

. 0556 .59

.0108 .17

.1229 1.71

.1536 2.14

o This is the number of divalent millimols to which 0.0313 gram alumina is equivalent.

The acid has dissolved somewhat less than its own equivalent of
bases from the orthoclase. No change in the concentration of the
sulphate radicle could be detected.

, 1Sullivan, E. C., The interaction -between minerals and water solutions, with special
reference to geologic phenomena: U. S. Geol. Survey Bull. 312, pp. 37-64, 1907. Also,
The chemistry of ore deposition—precipitation of copper by natural silicates: Econ,
Geology, vol. 1, pp. 67-73, 1905,
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Albite (NaAlSi,O;) in contact ovelmght with cupric sulphate‘
solution gave the following results:

Experiment with albite and cupric sulphate.

Constituent. . Grams. | Millimols.
Copper in 50 cubic centxmeters

Originally 0. 1266 1..99
43 .54
0023 ' 145
L0046 |............
. 0020 06
.0107 .19
a,0516 .83
. 0639 1.08
. 0898 1.41

a Including a little MgO and K30.

Twenty;ﬁve grams powdered orthoclase were placed in contact
for two days with 50 cubic centimeters of silver sulphate solution.
The silver was almost completely precipitated.

°

Experiment with orthoclase and silver sulphate.

' Millf-
Constituent. Grams, equiva-.
lents,
Silver in 50 cubic centimeters:
Originally 1068 0.98
Finally... . 0039 .04
LOSS e e A .1027 .94
Content of 30.27 cubic centimeters:
8101, FO:Os, etc L0007 [.oeeennn....
Ca0 1) OO
. 0004 .02
0170 36
.0078 23
0255 61
L0421 1.01

Experiments by Sullivan on shale from Morenci, Ariz., are de-
scribed by Lindgren* as follows:

Fifty grams of shale finely ground in agate mortar were placed in 100 cubic
centimeters of solution of cupric sulphate containing 0.0025 gram of copper
per cubic centimeter. After standing for four days, with occasional shaking,
the solution contained but 5 per cent of that amount of copper. A solution of
the same strength had lost all its copper after four months’ contact with shale.
A concentrated solution with original content of 0.7645 gram copper per cubic
centimeter had but 0.7058 gram copper per cubic centimeter after a few days’

1 Lindgren, Waldemar, The copper deposits of the Clifton-Morenel district, Arizona:
U. 8. Geol, Survey Prof. Paper 43, p. 1902, 1905,
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contact, 100 cubic centimeters of solution thus giving up nearly 0.6 gram copper
(0.75 g. cupric oxide, CuO) to 50 grams shale.

A certain amount of acid radicle is also taken from the solution by the shale.
This loss in one experiment with the dilute copper sulphate mentioned was
something over 10 per cent of the total SO..

The shale in turn gives off a part of its constituents to the solution, about 0.2
gram having been found in 100 cubic centimeters after treatment with the dilute
copper-sulphate solution. This is 0.4 per cent of the 50 grams shale taken.” Of
this dissolved matter, mostly present as sulphate, one-third to one-half was
potassium oxide, most of the remainder being magnesium oxide and calcium
oxide, with sodium oxide, manganese oxide, ferric oxide, and silica in smaller
quantities.

The acidity of the solution was not increased by removal of copper, analysis
showing that copper precipitated in excess of that equivalent to the acid radicle
removed was replaced in solution by other bases as sulphates.

Reactions of this character are probably at some places important
processes in the enrichment of ore bodies, for the essential conditions
of the experiments commonly exist in nature. The neutralization of
the acid solutions by the alkaline silicates permits also such reactions
as are favored by a neutral environment.

In some silver and copper mines clay gouge and hlghly altered ma-
terial carry valuable minerals. This altered material may have been
produced by the attrition of rock originally metalliferous, but the ex-
periments described above suggest processes by which it may have
been enriched. The results of experiments showing the extent to
which these reactions may go on when sulphides also are present are
not available.

According to Stephen H. Emmens,! hydrogen sulphide and sul-
phur dioxide form with sulphur as intermediate steps in the oxida-
tion of pyrite. These compounds, however, will oxidize where oxygen

is in excess, or in the absence of water pressure they can readlly es-
cape; thus hydrogen sulphide would have but little effect in precip-
itating the metals in the oxidizing zone.

The statement of Emmens that hydrogen sulphide is formed in the
oxidation of sulphides was made as early as 1892, but it was not sup-
ported by a record of experiments, and it has not received the atten-
tion that it probably deserves. Buehler and Gottschalk showed that
pure water does not generate hydrogen sulphide in the presence of
oxygen with sulphides, but it is formed on contact W1th some sul-
phides and weak sulphuric acid.

The crystallized and the freshly precipitated sulphides of a metal
may show considerable difference in solubility in water, as is indi-
cated by the table below, which gives the results of a number of de-
terminations by Weigel,* who used a sensitive apparatus for measur-

1 Emmens, S. H., The chemistry of gossan: Eng. and Min. Jour., vol. 54, pp. 582-583,
1892.

2 Weigel, Oskar, Die. Loslichkeit von Schwermetallsulfiden in reinem Wasser: Zeitschr,
physikal, Chemie, vol. 58, pp. 293-800, 1907.
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ing these very low solubilities. Weigel showed also that the amount
of lead sulphide dissolved in water increases for a short period and
then decreases, owing probably to the precipitation from the solution
of crystallized galena, or some dense form which is less soluble than
the freshly precipitated sulphide.

Solubility of the sulphides of the heavy metals in (iist,illetl water at 18° C.

[Mols "X 1.0-¢ per liter.]

”

Crystallized. ) Freshly precipitated (probably amorphous),
MnS 54.5
Pyrrhotite - 53.6 MBS 7160
Pyrite (Freiberg) - _..___ 48. 89 DS e 70. 60
Pyrite (artificial) ___________ 40. 84 RS e 70.1
Wurtzite (artificial) —_______ R 41. 62
Millerite (artificial)—________ 16,20 | NS 39.87
Greenockite (artificial)______ 8.99 OdS oo 9.00
Zinc blende (Santander)._____ 6.55 88y oo 5.2
Zine blende (artificial) 6.63 |EPS oo 3.6
CusS 31 CuS 3.51
Galena (Freiberg) ___________ 1.21 AsSyooo oo 2.1
Galena (artificial) .. ._____ 1.21 ggss ““““““““““““““ ggz
Galena (from precipitated PbS) 1.18 le q“‘ ““““““““““““““ 054
SnS, o~ 1.13 & - --
AgS ___: ————  .5522
SnS (erystallized) . ______ .14

The reactions of sulphate solutions with sulphides were first studied
by Anthon.! His experiments were repeated and amplified by
Schuermann,? who established a series in which the sulphides of
any one of the metals thereof will be precipitated at the expense of
any sulphide lower in the series. - He used 50 cubic centimeters, of
about 0.1 formula weight, of solutions of the salts noted below with
100 cubic centimeters of water and introduced small amounts of

“metallic sulphides.

Amounts of various salts used in Schuermann’s experiments.

Grams per liter,

CuS0:.56H:0 o . 24. 880

Pb (NO8) - 33.018
ZNSOLTHLO oo 28. 642
NiSOWTHLO oo 28. 014
CO(NO8)28H:0 oo 29. 014
FeSO,.7TH:0 - S oo 27,742
HgCls S 27. 054
CASOMFHO oo 25.541

‘1 Anthon, E. F., Ueber die Anwendung der auf nassem Wege dargestellen Schwefel-
metalle beil der chemischen Analyse: Jour. prakt. Chemie, vol. 10, pp. 353-356, 1837.

2 Schuermann, Ernst, Ueber die Verwandtschaft der Schwermetalle zum Schwefel : Lie-
big’s Annalen, vol. 249, p. 326, 1888.
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Grams per liter.

BiO.H;(NOs) —cee oo i, ‘ 30. 311
MnSOSHD oo 24. 042
AgNO; _ e e 16. 955
SnCL.2H,0 _ i} e . 22,406
PACl e 17. 694
i‘ASzO:I - —— e -~ 9.884
: C4H4OeSlI’{O.§H2(); ________________________________________ 33.119

The sulphides were placed in 150 cubic centimeter flasks that were
closed with a Bunsen valve to allow steam to escape and to prevent
access of air. On the application of heat the metal in solution as
sulphate, as chloride, or as nitrate was precipitated as sulphide, and
the metal of the introduced sulphide simultaneously went into solu-
tion. In general,the attack was continued for several hours. Schuer-
mann’s series is as’follows: Palladium, quicksilver, silver, copper,
bismuth, cadmium, lead, zinc, nickel, cobalt, iron, thallium, and man-
ganese. Under the conditions named any metal in solution will, ac-
cording to Schuermann, be precipitated as sulphide if in contact with -
the sulphide of a metal lower in the series, and the metal lower in the
series will simultaneously go into solution. - As a rule the reaction is
the more nearly complete the farther apart the two metals are in the
series.

In a series which he regards as showing the “relative aﬁimty 7 of
the heavy metals for sulphur, Schuermann includes antimony, arse-
nic, and tin. This series is palladium, mercury, silver, copper, bis-
muth, cadmium, antimony, tin, lead, zinc, nickel, cobalt, iron, arsenic,
thallium, and manganese. Those last named have the least affinity.

Schuermann’s results have been widely applied. The term “ chem-
ical affinity ” is a convenient one but is used in the absence of more
definite information to express a relation, not chemical constants.
As pointed out by Wells, the principal results of Schuermann’s ex-
periments may be regarded as reactions establishing chemical equi-
libria, the salts being fixed in order of their solubilities under the
conditions of the experiments. The positions of the commoner metals
in the Schuermann series agree fairly well with the solubilities of
the sulphides determined by Weigel, and the metals which replace
those lower in the series generally have sulphides of lower solubili-
ties than those which are replaced. As shown in the table that fol-
lows, there are, however, several discrepancies between the Schuel-
mann séries and Welgel’ table.

If ammonium sulphide is added to a solution in which the metals
are dissolved (in equal molar concentration) those which have the-
lowest solubilities are precipitated first. Under similar conditions
and with equal molar concentrations the metals would be precipi-
tated by ammonium sulphide approximately, but not exactly, in the
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order indicated in the Schuermann series. This order of precipita-
tion would hold, however, for the sulphides of the most common
metals and . for those which are assumed to be most important in
processes of sulphide enrichment.

In the table below Schuermann’s series is compared with a series
showing the solubilities of the metallic sulphides as determined by
Weigel, the numbers in parentheses indicating the order of (molar)
solubility. In Schuermann’s series the metals are arranged in the
order of their decrease of “affinity for sulphur.”* In Weigel’s
series the order of solubility of the freshly precipitated metallic sul-
phides is expressed in mols per liter;?2 to each amount stated should
be applied the factor 10 :

Comparison of Schuermann’s and Weigel’s series.

Schuermann's series. ‘Weigel’s series. Mols per liter.
(1) Hg. (1) HgS 0. 054
(2) Ag. (3) AgS . . 552
(3) Cu. 4)CuS_ 3.51
(4) Bi, i (2 BieSs .35
(5) Cd. ®yecas 9.0
(6) Pb. CB)PbS 3.6
(7) Zn. (10) ZnS_____ S (| N
(8) Ni. (7)) NiS_ 39.81
(9) Co. ) (8) COS e 41,62

(10) Fe. Q) FeS_____________ SR (1 2 |
(11) Mn. (A1)MnS____ 71.6

Hydrogen sulphide is made in the chemical laboratory by treating
artificial ferrous sulphide with acid. The generation of hydrogen
sulphide is almost instantaneous. As recently shown by Allen,
‘pyrrhotite is in reality a solid solution of ferrous sulphide (FeS) and
sulphur. Both pyrrhotite and zinc blende dissolve in acid with
noticeable evolution of hydrogen sulphide, whereas pyrite and chal- .
copyrite are almost insoluble in sulphuric or in hydrochloric acid.
They are readily decomposed, however, in nitric, an oxidizing acid.

Several experiments were made by R. C. Wells to ascertain the
rates at which hydrogen sulphide is generated by the action of cold
dilute acid waters on sulphides of the metals. The ores, obtained
from the Smithsonian Institution through the courtesy of Dr. J. E.
Pogue, were pyrite from Leadville, Colo.; chalcopyrite from the.
Cactus mine, Utah ; sphalerite from Webb City, Mo.; pyrrhotite from

1 Schuermann, Ernst, Ueber die Verwandtschaft der Schwermetalle zum Schwefel : Lie-
big’s Annalen, vol. 249, p. 326, 1888, Emmons, 8. F., The secondary enrichment
of ore deposits : Am, Inst, Min. Eng. Trans., vol. 30, p. 212, 1901, Weed, W. H., The en-
richment of gold and silver veins: Am. Inst. Min, Eng. Trans., vol. 30, p. 428, 1901 ; The
affinity of metals for sulphur: Eng. and Min. Jour, vol. §0, p. 484, 1890; Review of
lecture by Watson Smith on Schuermanns reactions: Soc. Chem. Ind. Jour., vol. 11,
Pp. 869-871, 1892,

2 Weigel, Oskar, Die Loslichkeit von Schwermetallsulfiden in reiném Wasser : Zeitschr.
phys, Chemie, vol, 58, p. 293, 1907, .

’
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Ely, Vt.; and galena from the Motley mine, Carterville, Mo. All
these specimens appeared to be pure. They were powdered, washed
with hydrochloric acid, alcohol, and ether, and 51fted the material
passing a 200-mesh sieve and that held on an 80-mesh sieve being
rejected. Thus the material used was free from fine dust and lumps.

In preliminary experiments the minerals were used in quantities
proportional to their densities, thus insuring approximately equal
surfaces. Portions of the minerals placed in flasks and covered
with 0.1 normal sulphuric acid showed no visible change until a week
had elapsed, when flasks containing pyrrhotite began to show a
precipitate of basic ferric sulphate. No regularity was found in the
variation in the acidity of the solutions on account of the simultane-
ous consumption and production of acid with the different minerals.

The five minerals were further exposed overnight to 0.057 normal
sulphuric acid. The resulting solutions were titrated with iodine
solution to ascertain the amount of hydrogen sulphide generated, the
iodine solution used being, for pyrrhotite, 28.5 cubic centimeters; for
sphalerite, 1.05 cubic centimeters; for galena, 0.40 cubic centimeter;
for chalcopyrite, 0.29 cubic centimeter; for pyrite, 0.28 cubic centi-
meter.

A set of experiments e\iactly similar to the above was made, the
resulting solutions being titrated with potassium permanganate. The
consumption of the salt with the solutions from pyrrhotite greatly
exceeded the consumption with those from any other mineral.

In another series of experiments the hydrogen sulphide generated
by the action of cold dilute acid on pyrrhotite, on sphalerite, and on
galena was determined qualitatively by lead acetate paper. There
was no proof that hydrogen sulphide was formed with either pyrite
or chalcopyrite, and the very small quantities indicated above (0.28
cubic centimeter for pyrite and 0.29 cubic centimeter for chalcopy-
rite) are not regarded by Mr. Wells as proof that hydrogen sulphide
is formed by the action of acid on pyrite and chalcopyrite. "The
slight reduction of the iodine solution may represent a correctlon for
the end pomt of the titration.

In a series of experiments by Nishihara® 1 gram each of. various
minerals that had been passed through 80-mesh screens and caught on
200-mesh screens were each treated with 30 cubic centimeters of one-
eighth normal sulphuric acid. The acidity of the solutions was
tested by taking 2 cubic centimeters of the solutions that had been
in contact with the various minerals and titrating against tenth nor-
mal sodium carbonate. The relative reactivity of the minerals is
shown on the next page. ~ ‘ -

1 Nishihara, G. S., The rate of reduction of acidity of descending waters by certain ore
and gangue minerals and its bearing upon secondary sulphide enrichment : Econ. (:eology,
vol. 9, pp. T48-757, 1914,
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Relative reactivity of minerals in decreasing acuhty of eighth normal H2S0a.

[Rcsults given in cubic centimeters; 2.5 indlcates all acid reduced ; 0 indicates no action.]

Minerals, in order of activity. | 1day. | 1 week. |2 weeks. | 3 weeks. | 1 month. {2 months.|3 months.
Calcite 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Rhodochrosit 2.4 2.5 2.5 2.5 2.5 2.5 2.5
Siderite .5 2.2 2.5 2.5 2.5 2.5 2.5
Nephelite .6 [ 1.9 2.3 2.4 2.5 2.5 2.5
Pyrrhotit .8 1.4 1.9 2.4 2.5 2.5 2.5
Leucite. . 1.3 L5 1.7 1.9 2.1 2.2 2.2
Tetrahedrite. .2 .6 - .8 .9 1.0 11 1.4
Labradorite........ .2 .2 .5 5 .6 .9 1.2
Hornblende.......... .2 .2 .4 .4 .6 .7 11
Galena ............... .0 .0 .1 .1 .2 .6 1.1

gite............... .1 .2 .3 .3 .3 .8 .9
S;ilhalente ...... .0 .0 .0 .0 .1 .2 .4
...... .1 .1 .2 .2 .2 .3 .3
Fluorite.............. .0 .0 .0 .0 .0 .1 .2
Orthoclase ... ... ... .0 .0 .1 .1 .1 .1 .2
Chalcopyrite......... .0 .0 .0 .1 .1 .1 .1
Arsenopyrite....... .0 .0 .0 .0 .0 .0 .1
Marcasite.......... 0 .0 .0 .0 .0 0 .0
Muscovite. . .0 .0 0 .0 .0 0 .0
Pyrite..... .0 .0 .0 .0 .0 0 .0
Quartz. ........oiiiiiiiiiin .0 .0 .0 0 .0 1} .0

The odor of hydrogen sulphide was noted in solution with
pyrrhotite, galena, and sphalerite.

To compare the relative reducing powers of minerals on ferric sul-
phate solution the minerals were pulverized and the powders were
passed through an 80-mesh screen and caught on a 200-mesh screen,
each powder being treated with 30 cubic centimeters ferric sulphate
solution. The results by Nishihara are given in the table below.

Relative reactivity of minerals in reducing acidity of tenth normal ferric

sulphate.
Minerals in order of activity. lday. | 2days. | 3days. | 5days. | 7days.
[0 1 2.9 3.0 3.0 3.0 3.0
Olivine...........c.coooviunene .6 L0 15 1.9 3.0
S0dalite . ... 1.2 1.6 2.2 2.8 2.9
Rhodochrosite............................ .6 .9 1.4 2.2 2.8
Siderite. .. ... .4 .6 .9 1.6 2.3
Pyrrhotite.............oooooiiill .3 .6 .9 16 2.2
UCHEO. ... oo ceeeeeiii i .5 W7 .8 1.1 1.4
Tetrahedrit...ooeeeeeereemenenennaa... .3 .4 .6 .8 1.3
A] et 113 i y (2"» g lg
rsenopyrite . . . . .

Labrad%r .0 .0 .2 .3 .4
Sphalerite .0 .2 .2 .3 .4
ite. .. .0 .0 .0 .4 .4
ornblen .0 .1 .1 .3 .4
Enargite. .0 .0 .0 .1 .4
Marcasite. .......oo i .0 .0 1t .4 .4
Kaolinite..........coooooiiiiiiiii .1 .1 .2 .2 .3
Augite.............oioll e .0 .1 .1 .2 .3
Chalcopyrlte e e .0 .0 .0 .2 .2
Biotite . . . .eueii .0 .0 .0 .0 .1
Orthoclase. ... ........... .0 .0 .0 .0 .0
Muscovite. ... e .0 .0 .0 .0 .0
Fluorite........ et aeeeeeieeeeiaas .0 .0 .0 .0 .0
QuArtz. .. ... .. oo .0 .0 .0 .0 .0

Extract titrated against tenth normal Na.CO; in each test; 3=all; other fig-
ures=3 minus the cubic centimeters Na,COs used in titration,
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0 i 7 days
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—Orthotlase, cplicite, fthodochjrosite, fluorite, labradorite,
leucite, muscovite,quartz, sodalite, augite, biotite, kaolinite

(o}

FI1GURE 11.—Diagram showing relative reactivity of minerals in seven days in reducing
iron in solutions of ferric sulphate. After G, S. Nishihara.

N

Relative reactivity of minerals in reducing acidity of tenth normal cupric sul-
phate and ferric sulphate.

O 01 DO D = i O 0O

Minerals in order of activity. lday. | 2days. | 4days. | 8days. | 18 days.
CAICIEB . + e e e ererenreienensniasanenannanrnanananans 1.8 3.3 3.3 3.3 3.
Siderite......... . .2 .5 .9 1.7 3.
Tetrahedrite. . ... .0 .1 .3 B | 1
Galena........ .0 .1 .2 .6 ‘1.
Pyrrhotite.. . .0 .1 .1 .2 N
Arsenopyrite .1 .4 .5 .6 .
Chalcocite. ...... .1 .1 .1 .2 .
Sphalerite................... .1 .1 .1 .2
Pyrite....cooveereaiaann. .1 .1 .1 .2 .
arcasite........ .1 .1 .1 .2 .
Enargite........ .0 .0 .0 .0 .
Chalcopyrite .0 .0 .0 .0 .

Mineral, 1 .gram, 80-200 mesh, each in 25 cubic centimeters tenﬁ; normal
CuSOs and Fe;(S04)s; extract titrated against tenth normal Na.COQs in each test;
3.3 equals complete reduction; 0 equals no reduction; other figures obtained by
subtracting from 3.3 the cubic centimeters Na.CO: used in titration. Obviously
the ferric sulphate had partly hydrolyzed, yielding some sulphuric acid.
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Relative reactivity of minerals in reducing iron in solution of cupric sulphate
and "ferric sulphate.

Minerals in order of activity. 1day. | 2days. | 4days. | 8days. | 18days.
(SIAerite). .. .ueenii i e e 0.2 0.3 0.6 1.5 4.2
Arseno yrite. . .2 .4 .7 L5 2.6
otite.. .. .0 .1 .4 1.0 2.5
'l‘etrahedrite .0 .0 .2 .8 2.3
Chalcooite) .1 .1 .2 .6 1.7
alena..... .1 .1 ©.2 .6 1.6
Sphalente .0 .0 .0 .3 1.4
17 i .0 .0 .2 © 12
arcasite ....... Y .0 .0 .0 .2 12
ChalcOpynte.... et ieeeie i .0 .0 .0 .0 .5
Calete. .. oo.oeneeii .0 .0 N .0 .0

Minéral, 1 gram, 80-200 mesh, in 25 cubic centimeters each tenth noxjmal
CuSO. and Fe:(80.)s. 2 cubic centimeters extract titrated against KMnO
solution. Figures indicate the cubic centimeters KMnO, used in titration.*

" Relative reactivity of minerals in 1educmg iron in ferrw sulphate solution to
ferrous iron. .

Minerals in order of activity. 1day. | 2days. | 3days. | 5days. | 7 days.
Pyrrhotite.......... ..o 0. 1 1. 3.2 4.
Siderite). .. .... . e 1 1 2.7 3.
etrahedrite........... .- .. 1 1.9 2.
Arsenopyrite. . ........ ereeieieeiaaaa . 1.2 ‘L
Galena. ....ooiiiiiiii 1. 1.2 1.
Enargite....ooveeeiuiiiiiii e i . .6 L
Marcasite....:...ooeiiiiiiiiiin, PR .8
.7 .

P Yrite. . ..eeeiiiiiiiant e

2 .2 9 3

.2 .0 6 8

.2 .7 2 3

.3 .5 6 7

.6 .7 0 5

.2 .3 5 1

.2 .4 .4 .9

.2 .3 .5 8

halerlte .1 .3 I 1 O .5
8 livine). . .0 .2 .2 .3 .4
halcop ite .1 .2 .2 .2 .3
Homblende) .0 .0 .0 .1 .2
- Orthoclase.. .0 NE .0 .0 | .0
Caleite....... .0 .0 .0 .0 .0
Rhodochrosite.................... Ceeeeeeniaeaaaas .0 .0 .0 .0 .0
Fluorite......oooovviiniii. ., .0 .0 .0 .0 .0
Labradorite. . ...t .0 .0 .0 .0 .0
Leucite. .. ..ot .0 .0 .0 .0 .0
MUSCOVIE®. e veeee e e il .0 .0 0 .0 - 0
RET:1 o /N .0 .0 0 .0 .0
Sodalite ............................ .0 .0 .0 .0 .0
Augite. . .0 .0 .0 .0 .0
Biotit.e .0 .0 .0 .0 .0
.0 .0 .0 -0 .0

Kaolinite..... .

Mineral, 1 gram, 80-200 mesh, in 30 cubic centlmeters tenth normal ferric
sulphate. 2 cubic centimeters extract titrated against KMnO; solution. Plgures
show cubic centimeters KMnO, solution used in titration.?

F. F. Grout® made a series of experiments in which he placed
3 or 4 grams of minerals, each powdered to pass through a 40-mesh
screen and caught on 200-mesh screens, in corked tubes with about
10 cubic centimeters of 1 per cent sodium carbonate and in similar
series with other a.lkaline solutions. Measured amounts of the re-

1 Nishihara, G. S., op. clt p. 755.

2Idem, p. 749.
" 3Grout, F. F., On the behavior of acid sulphate solutions of copper, silver, and gold
with alkaline extracts of metallic sulphides : Econ. Geology, vol. 8, p. 427, 1913.
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sulting solutions were treated with silver sulphate in solution with
a little acid. The rate at which some of the sulphides are attacked
by dilute alkalies is shown below. Alkali silicates will also attack
the sulphides. These figures may be interpreted as indicating the
rates at which alkali sulphides form when dilute alkaline solutions
react with metallic sulphides.

Order of reactivity of mineral su

Iphides reacting with 1 ber cent

solution of

alkalies.
‘ Same con- Same con-
NaHCO; § Na,COs § K,CO. .NaOH
1weekat | 4 %l;gli%t Lweekat | ?V%El?}it 1 week at | 1 week 8t
25° C. 50° C. 25° C. 50° C. 25°C, 25° C.

Orpiment
%tl l;lite..
" Pyrrhoti
Realgar..
Marecasite. ........
Alabandite........
Pyrite....oooennn
illerite. .
Galena............
Blackjack.........
Chalcopyrite. .....
Stannite. . ..
Tetrahedrite
Smaltite. .
Arsenopyr.
Cinnabar....
Enargite. ...
Chalecocite................

Rosin]jack
Niccolite

O OO 1310 M 16O i i 7 G5 00 5 83

._.
O OO DN - N © 00 ~1h & R3O o D

In the table below data from experiments of
Grout are assembled for more convenient inspection.

Nishihara and

. Relative reactivity of minerals in contact with several 8blutions.

1 2 3 4 5 6

: . Reducing | Reducing | Sulphides

Mineral. R;:dig;;;ng R:ggggng Reducing | Fe'’in | acidit form in

HiS0, | Fou(SOws | (Ferin " | Fex(804s of Fex(SOa)s| 1 per cent

253_-alf 32=a1143 Fey(SO4)s. | with and aHCOg

- . . CuS04. .| CuSO4 | solutions.
Caleite. ooumuineeiniiineaiann.s All
Rhodochrosite................ All
Siderite. ..ocveeiiiiiiiiii..t All,
Nephelite..................... AllL
Pyrrhotite. . All
Olivine...ooveeeiinannniiiiiiiaaiae
Leucite. 2.2
Sodalite....ceeeerenan i,
Tetrahedri 1.4
Labradorite. 1.2
Hornblende................... ¢ 1.1
Galena.......... 1.1
Augite.......... .9
Sphalerite.......... .4
Biotite...covieiiiniiiiils .3
Fluorite .2
.2
.1
.1
None.
None.
None

. None.
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J. D. Clark? treated several rocks with acid to ascertain the rate
at which solutions were neutralized. Five grams of each rock, pul-
verized, were passed through 200-mesh screens and put in bottles
with 50 centimeters tenth normal sulphuric acid and shaken daily.
After 30 days the amounts of tenth normal sulphuric acid neu-
tralized were as follows.

N eutralizing action of cerlain rocks on sulphuric acid.

y

Amount
ine Amount N710 H,S0
Rock and locality. Principal minerals in order of abundance. N/10H,804 neutrzal- 4
. used. ized.
. Cu.cm. Cu.cm.
Franciscan limestone from { Calcite,chalcedony........c.ocevvemiirniinnnnaa. 50 48.5
rear of Stanford University. L . )
Basalt from Stanford Uni- | Plagioclase, augite, orthoclase, zeolites, pyrite.. 50 - 23.4
versity quarry.
Diorite from South Fork, | Orthoclase (sericitized), hornblende, biotite, 50 16,7
Trinity]Rlver, near Low epidote, chlorite.
Frénlcfscan shale from Tesla, Clay substance, quartz, iron-bearing minerals. . 50 15.1
: o
Rhyolite from Alum Rock Glass (devitrified and silicified), quartz and chal- 50 1.0
San Jose, Cal. cglony, orthoclase, plagioclase, kaolin, iron
stain. .
Hornblende andesite from | Glass, hornblende, plagioclase, orthoclase. ...... 50 11.0.
Marysville, Cal. : : . .
Granite from Santa Lucia, Cal.| Orthoclase, plagioclase, quartz, biotite, apatite .. 50 4.7

R. C. Wells? made a series of experiments to ascertain the order
of precipitating power of carbonates on metallic salts. A dilute solu-
tion containing two metallic salts in equivalent quantities was pre-
cipitated by sodium carbonate enough for one metal only. After
a time the mother liquor of each experiment was analyzed and the
composition of the precipitate determined by difference.

1(Clark, J. D., A study of the enrichment of copper sulphide ores: New Mexico Univ,
Bull., 75, p. 125, 1914.

3 Wells, R. C., The fractional precipitation of carbonates: Washington Acad. Sci. Jour.,
vol. 1, p. 21, 1911, Also U. S, Geol. Survey Bull. 609, pp. 35-36, 1915.
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Summary of fractional pfepipitations of carbonates at ordinary temperature.

Duration
Experi- Quantity of mixture taken (milligram {of experi- Quant:ty of the metal found in precipi-
ment. equivalents per liter). ment tate (milligram equivalents).
. ~ | (@ays).
8 CaS0y4. ' 17| 6.52zinc Trace of calcium,
19 | 15. .| 4.5 zine.
3 | 6. .} Trace of calcium.
2 | 5. 5.35 iron.
26 | 6. 0.76 zine.
~ 41800 0.08 silver.
6] 8.00 .| 0.42 cadmium.
61 7.96 .| Trace of zinc.
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