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THE ENRICHMENT OF ORE DEPOSITS.

By WmLiam Harvey Emmons.

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 enrlchment 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 exceptions 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 superior opportunities for study of certain districts will correct
any wrong impressions 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. 822-824, 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. Scl,
24 ser., vol. 20, pp. 58-57, 1855.
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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 marks 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
“lateral 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.

< Hills, R. C., Ore deposits of Summit district, Rlo Grande County, Colo.: Colorade
Sci. Soc. Proc., vol. 1, p. 20, 1888,

s Penrose, R. A, F., jr., The superficial alteration of ore deposits: Jour. Geology, vol. 2,
P 288, 1884,
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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.t 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 deposnts

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, Edmond, and De Launay, Louis, Traité des gttes minéraux et métallifdres, vol.
2, p. 230, 1893.

3 Emmons, 8. 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. 424—448, 1901.

¢ Van Hise, C. R.,, Some principles controlling the deposition of ores: Am. Inst. Min.
Eng. Trans., vol. 80, pp. 27-177, 1901.

¢ Kemp, J. F., Secondary enrichment in ore deposits of copper: Econ. Geology, vol. 1,
pp. 11-25, 1906.

¢ Ransome, F. L., Criterla of downward sulphide enrichment: Econ. Geology, vol. 5,
p. 205, 1910.
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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 deposn.s
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 agenclw. The term is not restricted to pseudomorphous
replacements but is used to include also material deposlted 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 ambiguity by using qualifying
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 genesis 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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Syngenetic deposits; contemporaneous with the inclosing rocks:
Sedimentary deposits; mechanical, chemical, organic, etc.
Magmatic segregations; consolidated from molten magmas.
Eplgeneti? deposits ; deposited later than the inclosing rocks:
Pegmatite veins; deposited by * aqueo-igneous ” magmatic solutions.
Contact-metamorphic deposits; deposited in intruded 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. Either before or after deformation 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 sulphide
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 them 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 dcpcie~
of this group are closely affiliated with the contact-metamorphic
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 contact-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 deposits 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 deposits of copper that carry pyrrhotite 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 enrichment 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 superficial 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 Colorado, 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.
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During the 15 years 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
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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.
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PHYSICAL CONDITIONS OF ENRICHMENT.

The processes of superficial alteration depend on the physical con-
ditions, environment, and the geologic history of the deposits and
on their chemical and mineral composition. Of the purely physical
conditions, climate, 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 may
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
latitudes in two essential respects—in environment and in geologic

1 Winchell, H. V., Prospecting in the North: Min. Mag., vol. 3, pp. 436438, 1910,
Broek, B. W., Discussion of paper by H. V. Winchell on Prospecting in the North: Min,
Mag,, vol. 4, pp. 24-205, 1911.
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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 Prince 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, 8. 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 Gogebic 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 period
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 deposits in lower latitudes do
not show sulphide enrichment. Examples are mines lying in the
foothill copper belt, California (see p. 233); La Reforma mine,
Mexico (p. 242); the Copper Queen mine, Velardefia, 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 alteration 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
1s not more than 10 or 12 inches. In some of these deposits, howerver,
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 occurrmg 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 material can go on for a long time. As a
peneplain is eroded very slowly the weathered residual 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 ultimately
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.

As stated above, even the most solid rock will ultimately succumb
to surface weathering. Rocks that have long been exposed at the
surface, evén 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. 4565, 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 ¢arried 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 metals 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 portions 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. 5,
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 deposits 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 enrichment 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 8purr, J. E., Geology of the Tonopah mining district, Nevada : U, 8. Geol. SBurvey Prof,
Paper 42, p. 95, 1905,

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

8 Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado: U. 8. Geol. Burvey Prof. Paper 064, pp. 204, 217-232, 1906.

¢ Ransome, F. L., Geology and ore deposits of Goldfield, Nev.: U. 8. Geol. S8urvey Prof.
Paper 66, pp. 191-195, 1909.

s Graton, L. C., Reconnaissance of some gold and tin deposits of the southern Appa-
lachians, with notes on the Dahlonega mines by Waldemar Lindgren: U. 8. Geol. Survey
Bull. 293, p. 67, 1908.

¢ Ransome, F. L., The geology and ore deposits of the Bisbee quadrangle, Arizona:
U. 8. Geol. Survey Prof. Paper 21, p. 160, 1904. Also this bulletin, p. 208.

7 Spurr, J. E, 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 Vah
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 Hige, 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 portions, where the ice is accumulating, pressures are greater,
the ice is more rigid, 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 Sixteenth
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.

g 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,

1 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.

$Kemp, J. F., The rdle of the igneous rocks in the formation of veins, in PoBcpny, 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 8cL Soc. Proc., vol. 7, pp. 193-252, 1904.



46 THE ENRICHMENT OF ORE DEPOSITS.

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 the 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, however, and it 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 PoBepn¥, 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.

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

1Kemp, J. F., The r0le of the igneous rocks In the formation of veins, in PoSepny, Franz,
The genesis of ore deposits, pp. 681-809, 1902.

?Finch, J. W., The circulation of underground aqueous solutions and the deposition of
lode ores : Colorado Sci. Soc. Proc., vol. 7, pp. 193-2532, 1904.

3Rickard, T. A., Water in mines; a theory: Eng. and Min. Jour., vol. 75, pp. 402403,
589-590, 1903. 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
weré 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 filled, 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.

3 Finch, J. W., The circulation of underground agueous solutions and the deposition of
lode ores: Colorado 8ci. 8oc. 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
mdefinite, 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 crosscuts, 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

er examples, in rocks not disturbed, of moderately concentrated
aters, 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 Finch, J. W., op. cit., p. 209,

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

s 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 sulphide ores: Econ. Geology,
vol. 10, pp. 186-139, 1915.
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tent of waters in deep openings, like those in mine workings,
decreases greatly where horizons of the neutral or alkaline 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.

All 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 increaseis 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 carbon 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. T18, 1892,

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

® Miiller, R., K.-k. geol. Reichsantalt Jahrb., vol. 27, Min. Mitt, p. 25, 1877, cited by
Clarke, F. W,, U. 8. Geol. Survey Bull. 616, pp. 478479, 1916. The original 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:

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

8102. | Al3Os. K30 | NasO. | MgO. | CaO. | P20y. | FeO. | Sum.
Adularia.... ...| 0.1552 0.328
Hornblende. . 419 1. 536
- 307
1529
2.111
1211

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 feldspars
are transformed into kaolin, the magnesian minerals into talc or serpentine,
the iron * * * becomes 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 G. P. Mcrrill.

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, 3d ed.: U. S. Geol. Survey Bull. 616, pp.
481-482, 1918.

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 eleolite syenite,
composed of nepheline, diopside, @gerite, magnetite, biotite, etc., of
Fourche Mountain, Ark.;! and (B) an analysis of the same rock
decomposed.

Analyscs of fresh and altered eleolite 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 igncous 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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FIGURE 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-
¢idered, 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 outcrop
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 bodles 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 depobits of the Bisbee quadrangle, Arisona: U. 8.
Geol. Burvey Prof. Paper 21, p. 169, 1904.



56 THE ENRICHMENT OF ORE DEPOSITS.

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
PoBepny, Franz, The g i8 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 2 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
hard}y 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 crust 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

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

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

! Lindgren, Waldemar, Graton, L. C., and Gordon, C. H., The ore deposits of New Mexico :
U. B. 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,® a
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. 8.
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 800 feet. * * * In the oxidized stopes
nearer the surface the zinc and lead part company. The oxidized zinc ores
form wide stopes in which caves large enough for a man to craw!l 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

! Lindgren, Waldemar, Graton, L. C., and Gordon, C. H., The ore deposits of New
Mexico: U, 8. Geol. Burvey Prof. Paper 68, p. 65, 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 2400 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, Teny., 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 greater the depth of oxidation. In the central cop-
per area, where the “ granite ” 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 Mecxico:
U. 8. Geol. S8urvey Prof. Paper 68, p. 60, 1910.

3 Boutwell, J. M., Economic geology of the Bingham mining district, Utah: U. 8. Geol
Survey Prof. Paper 38, p. 215, 1905.

3 Ransome, F. L., and Calkins, F. C., The geology and ore deposits of the Coeur @’Alene
district, Idaho: U. S. Geol. Survey Prof, Paper 62, pp. 160-152, 1908.

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

¢ Jdem, p. 96.

¢ Sales, R. H., Superficial alteration of the Butte veins: Econ. Geology, vol. b, 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 sulphides 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,? 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. According 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 Fmmons, S. T, 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 PoSepny, Franz, The genesis of ore deposits, p. 438, 1902. Lindgren, Waldemar,
oral communication. )

1 Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado: U. 8. Geol. Survey Prof, Paper 54, p. 106, 1908.

3Oral 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 th\e 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 oxides, 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, etc., 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. 8. Geol
Survey Prof. Paper 25, p. 65, 1904,

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

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

¢ Lindgren, Waldemar, The copper deposits of the Clifton-Morenct district, Arizona:
U. 8. Geol. 8urvey 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
is 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

1 Ransome, F. L., The geology and ore deposits of the Bisbce quadrangle, Arizona: U. 8.
Geol. Survey Prof. Paper 21, p. 145, 1904,

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

® Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arizona:
U. 8. Geol. Burvey 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 1200 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

1 Halse, Edward, 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. 8, p. 418, 18965.
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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 sulphuric acid of copper sulphide, 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 the water level, will drive gold and silver
from solution. Copper sulphide, which dissolves readily in sulphuric
acid in the presence of air, is not dissolved in its absence. Hydrogen
sulphide 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 a short 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 saturated 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 gold, 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 climate in this

1 Allen, E. T., oral communication.
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 during Tertiary time, 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 solutions might become reduced, so that
the metals could readily be precipitated.?

Any former water level doubtless maintained the usual relation 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 enrichment.? 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 8ci. Soc. Proc., vol. 7, p. 238, 1804.

3 Ransome, F. L., thig bulletin, p. 2105.
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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 analogous 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, although
even under these conditions the valuable minerals might be segre-
gated somewhat by selective precipitation.

1Ransome, F. L., this bulletin, p. 216.

* Finch, J. W., The circulation of underground aqueous solutions and the disposition of
lode ores: Colorado 8ci. Soc. Proc., vol. 7, p. 240, 1904.

1 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 enriched to the bottoms of the original
primary ore shoots.

It may be repeated here that many 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 evidence of such enrichment.

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 Ransome, F. L., Discussion: Econ. Geology, vol. 8, p. 721, i913.
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 Butté, 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-
idly than the other common rocks. Where the walls are feldspathic
lgneous 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. In calcite or other carbonate rocks, or in alkali-rich igneous

1Finch, J. W., A geological journey in Guerrero: Min. and Scl. Press, vol. 101, p. 498,
1910,

t Winchell, H. V., Discussion of paper by L. C. Graton and Joseph Murdoch on 'I‘he
sulphide ores of copper Am. Inst. Min. Eng. Trans., vol. 43, p. 91, 1914,

! Tolman, C. F., lary sulphide enrich t: Mln and Sci. Press, vol. 108, p. 41,
December, 1913. '
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rocks, such as some of those of Cripple Creek, one would not expect
gold to travel far, because such rocks reduce gold solutions with
great rapidity.!

In some deposits of silver, particularly in arid 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 appears
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 migrate 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 carbonate
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 lehlhqm. G. 8., The rate of reduction of acidity of descending waters by certain ore
and gangue minerals and its bearing upoh secondary sulphide enrichment : Econ, Geologys
vol. 9, p. 748, 1014,
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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 a equals the vertical
extent in feet of the leached zone, b the vertical extent in feet of
the enriched zone, ! 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:

m=a(l—p)+b(e-—p)
P

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 is recognized, 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 calcitic deposits. 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. QOolitic, 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 algs. Siliceous oolites are extensively developed in limestone in
Cambrian and Ordovician strata in central Pennsylvania. Moore?*
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,
sbout 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., oolitic barite, according 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 precipitation 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. In the Bassick mine, Custer County, Colo.,*
nodules with banded crusts are formed about rounded rock frag-

1 Rothplets, August, On the formation of oolite: Translation in Am. Geologist, vol. 10,
p. 279, 1892.

$Moore, E. S., British Assoc. Adv. Sci. Rept. 1911, p. 890, 1912.

3 Hovey, B. O., Geol. 8oc. America Bull., vol. 5, p. 627.

¢ Ziegler, Victor, The siliceous oolites of central Pennsylvania: Am. Jour. 8ci.,, 4th
ser., vol. 34, p. 127, 1912

¢ Burchard, B. F., The red iron ores of eastern Tennessee: Tennessee Geol. Survey
Bull. 16, p. 74, 1918,

¢ Moore, E. 8., Oolitic and pisolitic barite from the Saratoga oll fleld, Texas: Geol. 8oc.
America Bull, vol. 25, p. 77, 1914,

TEmmons, S. F., The mines of Custer County, Colo.: U. 8. Geol. Survey Seventeenth
Ann. Rept., pt. 2, p. 4569, 1896,

* Idem, p. 432.
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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.

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 examined closely, particularly with a lens, it shows an
indistinct unevenness of texture suggestive of the obscurer forms of pisolitic
structure observed in some bauxites. Critical scrutiny of the inclosed grains
of pyrite discovers the fact that their outlines are rounded and that the chal-
cocite 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.

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

2Read, T. T., The secondary enrichment of copper-iron sulphides: Am. Inst. Min. Eng.
Trans., vol. 87, p. 302, 1906. 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.

8Irving, J. D, Replacement ore bodies, in Bain, H. F., and others, Types of ore de-
posits, San Francisco, pp. 289-290, 1911,

¢ Ransome, F. L., Geology of the Globe copper district, Arizona: U. 8. Geol. Survey
Prof. Paper 12, p. 11, 1908,

8 Graton, L. C., and Murdoch, Joseph, The sulphide ores of copper; some results of
microscopic study : Am, Inst, Min, Eng, Trans., vol. 45, p. 88, 1014,
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County and Neihart, Mont., Bastin * notes that crystals of galena are
replaced by polybasite along cleavage cracks. At both places the
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 whén 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, B. 8., Metasomatism in downward sulphide enrichment : Econ. Geology, vol. 8,
p. 60, 1913.

tGraton, L. C., and Murdoch, Joseph, op. cit., p. 58.

*Ray, J. C., Paragenesis of the ore minerals in the Butte district, Montana: Econ.
Geology, vol. 9, p. 463, 1914,

¢ Becker, G. F., in Podepny, Franz, The genesis of ore deposits: Am. Inst. Min. Eng.
Trans., vol. 1, p. 205, 1888,

s Ransome, F. L., Criteria of downward sulphide enrichment: Kcon. Geology, vol. 5,
p. 214, 1010,
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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, ehiefly
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
Fiourm 2.—Chalcocitization of pyrite. After veinlets show narrow dark lines
Sldney Paige. 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 \py,.ite)

the other, the par-

: . FIGURE 3.—Veinlet in sericitized feldspar filled with chal-
t’ldes bemg muCh cocite, pyrite, and quarts. After Sidney Paige.
more abundant -

near the contact. This suggests that the inclosed mineral has bee

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

Quartz
/

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

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

B. Chalcopyrite (cp) altering to chalcocite (cc), from Calumet & Arizona mine, Bisbee, Ariz. After Graton
and Murdoch.

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

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

. C. Ray.

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

P. 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
pletely rep d by chalcucite. 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 1.

CEMENTATION TEXTURES.

Much of the material which is generally termed secondary sulphide
ore consists essentially of shattered and fractured primary sulphide
ore, the cracks in which are
filled with later sulphides, or
of angular fragments of the
earlier sulphides crusted over
with those that were introduced
later. Primary ore fractured
and enriched is illustrated by
figure 4. Such textures, how-
ever, do not invariably indi-
cate processes of sulphide en-
richment by descending solu-
tions. Many authentic examples
show that, in the course of pri-
mary mineralization, the ore
first deposited has been frac-
tured and that solutions from
below have deposited later sul-
phidesin the fractures. The ore

e 3
illustrated by figure 5 may be -
all primary. In many deposits

2 Inches

the latet sulphides are richer Granite  Quazand  Quartz

than the original fractured ore. R )
Pseudomorphous replacement R::g:d:roéite Rub

- - . uar s\ g

lndlc??w a Change Of P hy 81ca.l Ficurp 4.—Banded ore from south vein,

conditions or of chemical en- Granite-Bimetallic lode, Philipsburg, Mont.,

vironment. Minerals that were  2howing secondary ruby silver in vugs and
stable under certain conditions  camims., oo SR
have been dissolved and other minerals have simultaneously been
deposited. On the other hand, fractured ore cemented by later
minerals may be s 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 sulphides are formed invariably under a single
set of conditions.

The texture of the secondary veinlets is important, however, and it
may throw considerable light on their genesis. Concerning this 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

o 1 2 sinches deposited layer on
m layer in open spaces,

a . Z the minerals forming

R::?;ﬁ?é“ z.',.';°3,‘:,';2;;:;'::‘*- the last layer or crust

Fi1GURE 5.—Ore from Granite vein, level 8, Philipsburg, may dlﬁ,er fr.0m thOSG
Mont. Fragments of rhodochrosite and quartz are formed earher, a.nd
cemented by an ore composed of zinc blende, quartz, W L
and chalcopyrite. Both generations may be primary. hen cavities a.re
After W, H. Emmons and F. C. Calkins, broken open the min-

erals last deposited ap-
pear to be of late age. The position of the mineral lining the cav-
ity does not certainly indicate that it was deposited by descending
waters, for the last ores deposited by ascending waters in open spaces
would be in a similar position. Crustified banding, 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-

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. 8. 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.* 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 similar intergrowth. 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

1Laney, 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.

3Gllbert, C. G., and Pogue, J. E., The Mount Lyell copper district of Tasmania: U. 8.
Nat. Mus. Proc., vol. 45, p. 618, 1918.

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

¢ Begall, Julius, The origin and occurrence of certain crystallographic intergrowths:
Econ. Geology, vol. 10, pp. 462—470, 1915.

‘Ransome, F'. L., Copper deposits near Superior, Aris.: U. 8. Geol. Survey Bull. 540,
. 148, 1912,

SGraton, L. C., and Murdoch, Joseph, op. cit., p. 76.

"ldem, p. 80.

‘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

F1GURE 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.

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 owe 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 enrichment of copper ores, with special reference to micro-
graphic study: Min. and Sci. Press, vol. 109, p. 685, 1914, See also Segall, Jullus,
op. cit.,, p. 466.
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POLISHED SURFACES OF GRAPHIC ORES OF BORNITE AND CHALCOCITE.

Intergrowth of chalcocite (light) and bornite (dark), from Wall mine, Virgilina district, Virginia. After
F. 8. Laney.

Courtesy ot Mr. Julius Segall.

Intergrowth of chalcocite (c) and bornite (b), from Mount Lyell copper district, Tasmania.
Gilbert and Pogue.
B (b) and chal

Intergrowth of chalcocite (light) and bornite (dark), from Bevelheymer mine, Washoe County, Nev.

After

te, 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 divided 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 hilitop, 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 plateaus
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 the 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. (d) 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. (e) 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 precipitation or substitu-
tion of certain metals—also show certain characteristic features: (a)
They may be porous and open textured, particularly in the oxidizing
zone, though at greater depths cementation tends to close openings.
(6) 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 coun-
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. (e) 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
of each common mineral as indicating genesis is discussed elsewhere
in this paper. (f) The texture of an ore and its paragenesis 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. (¢g) 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. (%) 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. (7) 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.

Alkglies
100

C
100

| >
00 Alkali earths Other metals

FIGURE 7.—Diagram showing relative proportions (reacting values) of alkalles, alkall
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 4, are like-
wise grouped in the corners of a triangular diagram. In the hot
waters of regions of late volcanic activity (A) 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-
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Fioure 8.—Diagram showing relative proportions (reacting values) of Cl, COs, and SO, in
(A) 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 (C) 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, 19165.

3 Palmer, Chase, The geochemical interpretation 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.
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Fieurp 9.—Diagram showing relative abundance of SO, Cl, and CO; in 50 mine waters.
After E. 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 analyses 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.)

1. Green Moumain mine, Butte. Mont., 2,200-foot level in fissure in ‘granite,” remote from known velins.

Crosscut o) before sample was taken. W. F. Hﬂlebrand anal st. W. H., Geology and ore
b oFche Butle distriet. plontana: U_B. Geol B Prof. Paper 74, p. 1 o8y

1912.
Glengarry mine, Butte, ‘Mont., 220-foot crosscut sout Very mnght.ly aikalne. Black deposit con-
t;lning FeS, much free ur, robably Zn8. nalyst. Weed, idem.
3. Anaconds mine, Butte, Mont., feet west. Very mlntly alkalfno deposits iron and manganese.

W.F Hlllebmnd analyst. Weed idem
4. Gagnunmim But Mont 1125 reotfromshaft Vel'y faintly alkaline; depositsiron. Weed, idem.
5. Mountain View mine, Butte, Mont., second level. W. F. Hillebrand, analyst. Clarke, F. W., The
dm of geochemistry: U. é Geol. Survey Bull. 616, 033 1916. nlsoWeec op.cit.
. St. Lawrence mine, Butte, Mont. . F. Hilleb { st. Clarke, op. cit.; also Weed, op. cit.
‘l Burra Burra mine, bucktown Tenn., first level below blac copper workings. R.C. Woells, mmlyst
Emmons, W. H., and Laney, of report on the mineral deposits of Ducktown, Tenn.;
U S. Geol. Survey Bull. 470, pp. 171172, 1911,

East 'l‘ennessee mine, Duc town, '1"enn 30-fathom level. R.C. Wells, analyst. Emmons, W. H.,
md Laney, F. B., idem.

aCalculated as KsO+NasO.
9. No. 20 shaft (top), Ducktown, Tenn. Emmons and Lane ubﬁshed manuseript.
10. No. ﬂ)shﬂttap Duckiown Tenn. Emmons and Ln%:; P
11. Calhway shaft, Duc town 'l‘ann at water level. R. yst. Emmons, W. H.

,F.B lmlmryro an the 'mineral deposits of Ducktown, Tmn U. 8. Geol. Surve, hull
470, pp. 171-172, 1911. port post ! v
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12, Calhw%yshan Ducktown, Tenn., 37 feet below water level. R.C. Wells, analyst. Emmons, W.H.,

13. Ceé)o e,Cananea Mexico, 300-foot level. G. W. Hawley (chief chemist, Cananea Consolidated
Copper ze , analyst. Amlyses 14 t0 17 obtained through the courtesy of Mr. D. B Hymnes.
mine, Cananea, Mexico, 400-foot level. G. W. Hawley, analyst.
15. Cepocemlne Cananea, Mexico, 900-foot level. G.W. Hawley, emlﬁs
16. Capotemlne Cananea, Mexico, water pumped from mine. ‘W. Hawle; l{
17. Capote, Puertacitas buluth and Democratic mines, Cananea, exico; wnterusedetom-
centrator at Cananea. (‘frculates at coneentmtor in contact with ore and air. G. W. Hewley annlyst
18. Ruth mine, Ely, Nev., bottom of inclined shaft. H. E. Miller, analyst. Law . C., The
cop de ts of the Robinson mining district, Nevada: California Univ. Dept. Geology Bull vol. 4,

19 ﬁrookxlncll.ned shaft, Glroux Consolldataed Mining Co., collected by A. C. S8pencer, September, 1910,
Chase Palmer, analyst. Bpeneer ., Chalcocite enr! chment: Econ. jeology, vol. 8, p. 645, 1913,

‘Waters of gold, silver, and gold and silver mines.
[Parts per million.]

20. Geyser mine, Custer Count, Uv Colo., 500-foot level. W. F. Hillebrand, analyat Emmons, 8. F.,The
mines of Custer County, Colo.: U. 8. Geol. Survey Sewemeemh Ann Rept cf" 461, 1896,
21, Geyser mine, Custer County, Colo., 2,000-foot level. em{y Emmons, 8.F,

id em
d:vs%e mine $Comstock Iode; , Storey County, Nev eoo-toot level.
shaft (Comstock lode), Storey County, Nev., 2,250-foot level. N. E. Wilson, analyst. Reid,
{ 90% , The structure and genesis of the Comstock Iade: Califrnia Univ. Dept. Geology Bull., vol. 4, p. 189,

Cenh'a.ltulnnel(Comstock lode), Storey County, Nev., vadose water. N. E. Wilson, analyst. Reld,

Goul d & Curry mine (Comstock lode), Storey County, Nev., 1,700-foot level.
26 Hale & Norcross tunncl section omstock lode), Storey Cou.nty Nev,
Gould & Curry mine (Comstock lode), 8 County, Nev., 1,300-foot level.
ederal Loan mine, Nevada C‘iﬁ; f 400-oot level. W. F.'H illebrand, analyst. Lindgren, Wal-
demarﬁ’l‘h‘e go:diquertz veins of Nev: City ‘and GmsValley, California: U. 8. Geol. Survey Seventeenth
ep ) p
Fﬂnce mlne, Nevada City, Cal., 400-foot level. W. F. Hillebrand, analyst. Lindgren, Wal-

J.
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‘Waters of gold, silver, and gold and silver mines—Continued.
[Parts per million.]

30-33. Rothschdnberger Stolln, Freiberg, Germany. A. Frenzel, analyst. Beck, Richard, The nature
olmdcposh.s (translated by W. H. Weed vol. 2, p. 377 1905,
:u. achelor mine, Creede, Colo. Iron ncludes some aluminum. Water is alkaline. Chase Palmer,
ufl Sdomnp mine, Creede, Colo. Iron includes some aluminum. Water is alkaline. Chase Palmer,
yst.
36, Stanley mine, Idaho Springs (‘olo L. J. W. Jones, analyst. Jones, L. J. W Ferric sulphate in
lnlnenwuand its action on metals: Colorado Sci. Soc. Proc vol. 6, ? 48, 1897-1900,
37. Mizpah mine, onop‘h Nev., from bore hole 2,316 feet deep bonates were reduced to normal
carbonates. R. C. We st.
38, Nettie mine tte Mont., 300-foot level. W F. Hillebrand, analyst. Weed, W. H., Geology
lndorode its oftho Butte district, Montana: U. 8. Geol. Survey Prof. Paper 74, tEmlm, 1912,
qis mine, Baguio, P.f up]i)erworkmgsmmewrstromsurhee neutral tolitmus
Ahmmum lncluded with fron. Solution contains 1.6 cubic centimeters CO. per liter. V. Q. Gi
Phﬂfg' Edd T., Alteration and enrichment in calcite-quartz-manganese gold deposits ln tho
glnelslands anillpplne Jour. Sci vol. 8, No. 2,8ec. A, p. 127, 1913.
eadquarters mine, , upper worl'dngs meters from surface. Solution euntalnss 0
c&bic oenumeura CO, per llt,er éolutlan neutral to litmus. V. A. Gana, analyst. Eddingfield, F. T.,

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

! Buckley, E. 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 Sharwood.? 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. 13 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
woal 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 egtending 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 8Sharwood, W. J., Analyses of some rocks and minerals from the Homestake mine, Lead,
8. Dak.: Econ. Geology, vol. 6, p. 742, 1911,

3 Lepsius, B.,, Ueber dle Abnahme des geldsten Sauerstoffs im Grundwasser und elnen
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 ibnic 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 to 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=ZnS0,.

The oxidation of ferrous sulphate to ferric salt and the hydrolysis

of ferric sulphate take place very readily in the presence of oxygen.
2FeS0O,+H,S0,40=Fe,(SO,) ,+H,O.
6FeSO,+30+4-3H,0=2Fe,(SO,),+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 5,412.7 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
(S0O,) in the 41 waters is 7,839. In seven of the waters from copper
mines the dcidity 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.

Chlorides—The salt (NaCl) in sedimentary rocks may be dissolved
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 345 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 fairly 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.2 As

1Clarke, 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

D. D. Jackson.

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.
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In arid countries dust containing salt doubtless contributes chlorine
to mine waters. Penrose,! discussing the distribution of the chloride
ores, pointed out long ago that chlorides 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
sea is greater. Two samples from Butte, Mont., show a large content
of chlorine. In general the chlorine content in the samples analyzed
is 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 necessarily 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. F,, jr., The superficial alteration of ore deposits: Jour. Geology, vol. 2,
pp. 314-316, 1894,

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

3 Emmons, 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, BSee also Jour. Geology, vol. 19, p. 20, 1911. To obtain this estimate many
partial analyses were included. Thesec 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
is 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 deposﬂ:ed 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 arsenic 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.

Nitrates—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 determinations for phosphate were
. made.

Potassium.—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 solutlons
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 orc de-
posits of the Butte district, Mont. : U. 8. Geol. Survey Prof. Paper 74, p. 101, 1812,

3 Min. and Sci. Press, vol. 105, p. 404, 1912,

2 Emmons, 8. F., The mines of Custer County, Colo.: U. 8. Geol. Survey Seventeenth
Ann. Rept., pt. 2, p. 462, 1896 ; analysis of water from Geyser mine, Bllver Cliff, Colo. See
also statement of W. F. 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.

Cdalcium.—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 mines is 136.2 parts. Calcium
was determined in every sample.

M agnesium.—In 18 samples gf 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.

Aluminum.—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 mines.

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).

Zine.—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
zinc. ‘

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-

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

3 8harwood, W. J., Analyses of some rocks and minerals from the Homestake mine:
Econ. Geology, vol. 6, p. 742, 1911,

~ 84239°—Bull. 6256—17T—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
trom 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—

Fe,(SO,),+H,S=2FeS0,+S+H,SO,,
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 especially
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
thropgh considerable unoxidized material. Alkaline waters have not
received sufficient attention in studies of sulphide enrichment.

Samples 13, 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 is in 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,
8o 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

i ‘,)
:‘J .
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silica, calcium, magnesium, aluminum, zinc, 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 standing 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.

Many 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. III.) 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. 36 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:?*

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, calcilum carbonate with a little magnesium carbonate,
and manganese as MnO,, 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-
tricts, California: U. 8. Geol. Survey Seventeenth Ann. Rept., pt. 2, p. 121, 1896.
8 Idem, pp. 122-128.
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Analyses of muds precipitated from mine waters.

a Insoluble residue.
b Some Dfan present. The analysis as stated gives O, 8.43, and MnO, 44.78.

¢ Mn,0y
é With additions noted below.

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

2. De t from a mine at Freiberg, Saxony, taken from workings that had beén flooded 135 years. Con-
tgx::ego E&xiiigeo,l 36; cadmium oxlde, 0. 19 lead oxide, 3.45. Beck, Richard, Lehre von den Erzlager-
8 , Pe

3 A depoalt. from water from Federal Loan mine, near Nevada City, Cal. CaO equals CaCO3 and MgCOs;

material calculated wlth water. Insoluble material included with SIO, Ll.nd , Waldemar,
iolg quaﬁtz :oin: g! Nelghl City and Grass Valley districts, California: U. 8. Geol urvey Seven-
nn. Rept., p P.
b Partof deposit in drain tunnel of Providence mine, near Nevada City, Cal. Lindgren, Waldemar,
em
beooslts of sinter from 20(1)-!001: level of Geyser mine, Custer Coun Colo Emmons, s F.,
Mlnes o( (‘mwr County, Colo.: U. Geol. Survey Seventeenth Ann. Rept. pt. gp
W. F. Hillebrand, vst Shows rip le-marked structure. Contains also 0.1 K0, 1.5
Nagoe 0 11134'3 with tnmf phosphorus, chlorine, and lithium and minute traces o{ lend ooppor nlckel
zine, and
eposlt.s of sinter from 2,000-foot level o! Ge; mine, Custer County, Colo. Emmons, 8,
Contninsalaosto 0.26; K40, 0.03; an 0T Fraces of matala notad 165 also oted (6. A ‘hird
analysis from the same depth is of plsolitlc sl.nl:ar.

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. Alabema Coon mine, Joplin district, Missourf. H. N. Stokes, anal

. Victor mine, Joplin district, Missousi. . H, A. Buchler and V. H. Gotiachalk, analysts.
44. Water from Missouri zinc 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 CO, 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

1 Biebenthal, C. E., 8pring deposits at Sulphur Springs, Ark., with a microscopic examina-
tion by H. E. 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.

0.388 0.022
.040 -000
. 005 . 004
2.100 2.940
1.450 2.820
19.810 1.300
1. 530 . 100
49. 930 62.8%

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 14.7].......... 12.5 6.0 11.4
315.8 126.9 141.4 142.7 106.1 95.3
183.2 73.8 174.2 77.3 74.1 138.0
4.0 9.0 11.0 8.0 9.0 120
36. 2 Trace. |.......... .- 3 (N e
204.4 126.9 ] 141.4 88.0 9.1 108.7
133.6 58.9 128.67 60.7 52.9 7.8
100.7 31.2 48.4 42.5 40.5 63.7
.............................. ) Y 1 PN 31
........... Tloveeerenns B P, 1.6

(?) 2.0 22.0(7)) 6.0 3.0 ®)
10 20] S Present. | Present. | Present.

45. Clinton, Mo., well; A. E. Woodward, anal
46. Chapman & Lennan mine; W. G. Waring, analyst. Sample taken Sept. 12, 1012
man mine; W. G. Waring slyst. Sample taken Dec. 23, "1013.
48 te Sulphur eﬁrl.ng. W.G. 0. Waring, anal
9. Miami, O malyst.
60. Bulphur Sprlng. A.E. Meode, maiys

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 Supenor
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.

1lane, A. C., The Keweenawan series of Michigan: Michigan Geol. and Blol. 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.
Burvey 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 CaCls. In a sodium chloride water in contact with calcite concentration of lime
chioride would probably increase.
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Analyses of waters from Lake Superior mines.
[Parts per million.)

71

a Clay is included with SiOs.

51. Drift between Hull and Rust mines, Hibbin M’.lnn C. K. Leith, The Mesabi iron-bearing
district of Minnesota: U. 8. Geol. Burvey Mon. 43

52. Vulcan mine, 15th level, Menominee dlstrlot. n “E. E. Ware, Lane, A. C., The
Keweenawan series of mch.‘ﬁan Michigan Geol. Surve l ser 4, vol i p 7 1, 1911

53 Aurora mine, 900 feet Ironwood, Gogebic

54. Republic mine, Mich., 1,7. 0-foot level. ' G. ernekas,anal t ldem,p 787 W.missumllddp
g lQle ublic iron mun;a,l M.lch. 28th level,la slow dder‘l’ Bm . Cobb, y:galg:. Idem, Chrk F.W.,
evel. er, anal ported by e,

U. 8. Geol.cgurvey Bull. 616, p. 185 1916 Yrad E°

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:?

FeS,+704+H,0=FeS0,4H,S0,.

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:

6FeSO,+-304-3H,0=2Fe, (S0,),+2Fe(OH),.

The hydrolysis of ferric sulphate may first give a basic ferric sul-

1 Allen, E. T., Sulphides of lron and their genenln Min. and Sci. Press, vol. 103, pp.
413414, 1011, Gottschalk, V. , and Buehler, H. A, Oxidation of sulphides: Econ.
Geology, vol. 7, pp. 156-34, 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),43H,SO,.

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

4Fe(OH),=2Fe,0,+6H,0=2F¢,0,.3H,Q4-3H,0.

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

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

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 access to the solutions the attack of ferric sulphate may take
place without increase of acldlty 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 indicated by
the following equation:

Fe,S,+6Fe,(S0,),+H,S0,=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 indicated
below :

Milligrams.
Fes(SO) s oo 27.68
H,SO.-_ _— e e 5.7
Ferrous fron ____________________ . Trace.
SO, — - _ Trace.

In the total solution there was—

Milligrams.
Fea(SO ) s oo o~ 332
HaSO4 oo 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, Lelpzig, 1896.

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

3 Nishihara, G. 8., The rate of reduction of acidity of descending waters by certain ore
and gangue minerals and Its bearing upon secondary sulphide enrichment : Econ. Geology,
vol. 9, p. 749, 1914,

¢ Winchell, A. N., The oxidation of pyrite: Econ. Geology, vol. 2, pp. 200-294, 1807.

5Grout, F. F., The oxidation of pyrite: Econ. Geology, vol. 8, pp. 632-534, 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.

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 precipitate in 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=FeS0,+H,SO,.

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. §,
pp. 28-35, 1910 ; vol. 7, pp. 15-84, 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.

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. Zinc 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 experinients 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., Oxidation of sulphides: Econ. Geology, vol. 7,
PP 16-34, 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 volts, of several sulphides measured in distilled water against

copper wire.
Marcasite +0.87 | Chalcocite +0.14
Argentite _____________________ +.27 | Hematite________________ +0.08 to.28
Cassiterite - +.27 | Cuprite - +.05
Chalcopyrite —_________ +0.18 to. 30 | Niccolite : +.02
Enargite - ________________ +.18t0.23 | Domeykite _____________________ +.01
Molybdenite___________________ +.20 | Metallic copper —______________ .00
Covellite —ee=t.20 | Stibnite_ . _________ —0.17 to.
Pyrite _ +.18 | Sphalerite______—_______ —.2 to.4
Bornite. +.17 | Metallic zinc —. 8
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 highest 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 pyrite showed no evidence of oxidation.

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., Electric 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 cha]cocma bormte, 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 named. The filtrates from chalcocite and
hornite 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 pyrite and
pyrrhotite.

If the metal magnesmm 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 zinc
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 Polepny, Frans, The gene-
ois of ore deposits, pp. 676-677, 1802.

3Le Blanc, 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 e —2.8
Bl e —2.8
Sro - — - —2.7
0 —2.5
Mg —1.56
Al - -—L2
Mo e —1.0
/]« VS —0.7
Rarely native:
Fe —0.4
CO —0.3
N —0.2
Pb e —0.1
S ——— —0.1
H ——- =+0. 00
Frequently native :
Sb_ e +0.1?
Bl +0.2?
AS_ e +0.3?
CU e +0.8
Ag oo +0.8
Hg +0.8
Usually native :
P __ +0.8
Pt._ — —- - - -— +0.8
AW e +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 wiisserigen Blektrolyten : Deutsche Bunsen-Gesell. angew. physikal
Chemfe, abh. 5, pp. 106-206, 1911, Values for aluminum and platinum are from Le Blanc,
op. cit,



CHEMISTRY OF ENRICHMENT. 113

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 are 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 anhydrous sulphates
are compared.

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

[After Kohlrausch.]

Grams,
BaSO¢ - iiiieeeceeeee 00023
P8O e 041
CaSO . 1 2.0
AZSOuc o 5.5
KeSOg 111.1
NasSOa o 168. 3
MES O e e e e 354.3
ZnSO¢ o 531.2

In the table below the solubilities of several hydrated sulphatés
are compared.’

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

Grams.
FeSO..’IHaO ____________________________________________ 264. 2
CuSO.SHO e oo 423.3
AL(S0.)s.18H,0 (8t 0°) 868.5
MEgSOTHO e 1,160.0
Z0SOCTHO e 1,610.0
Na,S0..10H:0 (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+H,0=FeS0,+H,SO,.
The ferrous sulphate oxidizes to ferric sulphate thus:

9FeSO,+H,S0,4-0=Fe,(S0,),+H,0.

1Data from Comey's and from Seidell's dictionaries of solubilities. I have utilized also
Lindgren's compilation, U. 8. Geol. Survey Prof. Paper 43, p. 181, 1905,

? Austin, L. 8., The metallurgy of the common metals, 2d ed., pp. 351-353, San Fran-
clsco, 1909,

34239°—Bull. 625—17—S8
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The ferric sulphate reacts on chalcocite and éhanges it to sulphate
as follows:

Fe,(S0,),;4Cu,S=CuS0,42FeS0,+CuS.

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:

Fe,(SO,);4+CuS+30+H,0=CuS0,+2FeSO,+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, being occasionally 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 following results:

Orthoclase and sulphuric acid; content of 40 cubic centimeters.

Constituent. Grams. | Millimols.
0.042 |............
.0313 a0.92
Undet. |............
.0010 .03
0556 .50
.0108 .17
.1229 1.71
.1536 214

e 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.

1 Sullivan, E. C., The Interaction between minerals and water solutions, with special
reference to geologic phenomena: U. 8. Geol. Survey Bull. 812, pp. 87-64, 1907. Also,
The chemistry of ore deposition—precipitation of copper by natural silicates: Econ.
Geology, vol. 1, pp. 67-78, 1905, '
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Albite (NaAlSi,O,) in contact overnight with cupric sulphate
solution gave the following results:

Ezperiment with albite and cupric sulphate.

Constituent. Grams. | Millimols.
0. 1268 1.9
.0343
.0823 1.45
<0046 [............
0020 .08
.0107 .19
e,0516 83
0689 1.08
0898 1.41

a Including a little MgO and K,O.

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.

Ezxperiment with orthoclase and silver sulphate.

Mill-
Constituent. Grams. equiva-
lents.
Silver in 50 cubic centimeters:
Y ettt et iee e atee e iaaaaaane 0. 10668 0.98
22 7 0039 .04
LUOBB. . o ettt .1027 94
Content of 30.27 cubic centimeters:
0., Fog0s, 000, . oo <0007 |..oonnnnnnnn
L0001 |............
0004 .02
.0170 .36
.0073 .23
. 0255 .61
0421 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 cubie
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-Morencl district, Arizona:
U. 8. Geol, Survey Prof. Paper 43, p. 192, 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 highly 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 readily es-
cape; thus hydrogen sulphide would have but little effect in pl‘eCIP-
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 with 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, 8. H., The chemistry of gossan: Eng. and Min. Jour., vol. 54, pp. HR2-68%,
1892.

3 Welgel, Oskar, Dic L3slichkeit von Schwermetallsulfiden in reinem Wnsser Zeltscbr.
physikal. Chemle, vol. 58, pp. 293-300, 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 distilled water at 18° C.

[Mols X 10-¢per liter.]

Crystallized.
MnS - 5.5
Pyrrhotite — 53.6
Pyrite (Freiberg) ________ ___ 48. 89
Pyrite (artificial) ___________ 40. 84
Wurtzite (artificial)_________ 28, 82
Millerite (artificial)_________ 16.29
Greenockite (artificial)______ 8.99
Zinc blende (Santander)..___ 6. 55
Zinc blende (artificial)______ 6.63
CuaS 3.1
Galena (Freiberg)___________ 1.21
Galena (artificial) .. _______ 1.21

Galena (from precipitated PbS) 1.18

SoS, -—- 1,18
AgS . . 5522
SoS (crystallized) .- .14

Freshly precipitated (probably amorphous).

MnS . 71. 60
ZnS 70. 60
FeS ___ 70.1
CoS . 41. 62
NiS . 39.87
Cas 9. 00
SbaSs . 5.2
PbS .. 3.6
CuS____ .. 3.51
AS:Sy . 2.1
Ag.S . . 562
BaSs oo .35
HgS_ . . 054

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.

CuSOuSHYO oo
PO(NOs)s oo o

Grams per liter.

________________________ 24. 880

1 Anthon, E. F., Ueber die Anwendung der auf nassem Wege dargestellen Schwefel-
metalle bel der chemischen Analyse: Jour. prakt. Chemie, vol. 10, pp. 353-856, 1837.
? Schuermann, Ernst, Ueber die Verwandtschaft der S8chwermetalle gsum Schwefel : Lie-

big's Annalen, vol. 249, p. 826, 1888.
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Grams per liter.
Bi0:Ha(NOs) oo 30.311
MDSO¢.5H:0 ____________________________________________ 24. 042
AgNOs e 16. 955
SnCl..2Hg0 _____________________________________________ 22. 408
PACls e 17. 694
$A8.0s e 9. 884
c.moﬁ;o.gn.o _________________________________________ 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 affinity ” 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 Schuer-
mann series and Weigel’s 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;? to each amount stated should
be applied the factor X10-.

Comparison of Schuermann's and Weigél's series.

Schuermann’s series. ‘Welgel’s series. Mols per liter.
(1) Hg. (1) HgS ——- 0. 054
(2) Ag. (3)AgS_ . . 552
(3) Cu. (49)CuS____.___. .. _.______ 3851
(4) Bi. (2)Bi.Ss_ .. .. _______ .8
(5) Cd. @ycas__ 9.0
(6) Pb. : () PbS_______ 3.6
(7) Zn. (10)ZnS_________ . 70.6
(8) Ni. (T)NiS_______ 39. 81
(9) Co. (8)CoS_ o __ 41. 62

(10) Fe. (Q)FeS_____________ 70.1
(11) Mn. (I1)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 8chuermann, Ernst, Ueber die Verwandtschaft der Schwermetalle zum Schwefel : Lie-
big’'s Annalen, vol. 249, p. 826, 1888, Emmons, S. 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. 80, p. 428, 1901 ; The
affinity of metals for sulphur: Eng. and Min. Jour., vol. 50, p. 484, 1880 ; Review of
lecture by Watson Smith on Schuermann's reactions: Soc. Chem. Ind. Jour., vol. 11,
pp. 869-K71, 1892,

2 Weigel, Oskar, Die Lislichkelt von Schwermetallsulfiden in reinem 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 sifted, 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 exactly 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 correction for
the end point 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. 8., The rate of reduction of acidity of descending waters by certain ore
and gangue minerals ‘and its bearing upon secondary sulphide enrichment : Econ. Geology,
vol. 9, pp. T48-787, 1914.
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Relative reactivity of minerals in decreasing acidity of eighth normal H:SO..

[Results given in cublc centimeters; 2.5 indicates 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.

PR

COCCOOOO O =ONRNNWWaANRN
P ReIgY

[
R
COOOCOCO™ONOWHALCI@IDWLC N

R A Rt

COOOOOOOONONNIIADNMI
.. ERPEPN

. EPPPRPP

Nt ad 3d ad ad 04
OO OO R PDNIO 3 thehthtnen

. DR
COOCO=HON=WNIAO Uttt

.
.
..
“ v e e
s o e 00 0s
I T e T T I
COCO NG R b h Nttt

.
.

..

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. 1day. | 2days. | 3days. | 5days. | 7days.
2. 3.0 3. 3. 3.
' L0 1 1. 3.
1 1 2 2 2
1 2 2.
. 1 2
1 2.
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Extract titrated against tenth normal Na,CO: in each test; 3=all; other fig-
ures=3 minus the cubic centimeters NasCO; used in titration.
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FiGURE 11.—Diagram showing relative reactivity of minerals in seven days in reducing
iron in solutions of ferric sulphate. After G. S. Nishihara.

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

Minerals in order of activity. 1day. | 2days. | 4days. | 8days. | 18 daye.
1.8 3.3 3.3 33 33

.2 .5 .9 1.7 30

.0 .1 .3 .7 L4

.0 .1 .2 .6 11

.0 .1 .1 .2 .1

1 4 .5 .6 ..

1 1 .1 .3 .6

1 .1 .1 .2 .6

1 1 .1 .2 .4

.1 .1 1 .2 .3

.0 .0 .0 .0 N1

.0 .0 .0 .0 .0

Mineral, 1 gram, 80-200 mesh, each in 25 cubic centimeters tenth normal

CuSO. and Fex(SO)s; extract titrated against tenth normal Na,CO; in each test;
3.3 equals complete reduction; 0 equals no reduction; other figures obtained by
subtracting from 8.3 the cubic centimeters Na,CO, used in titration. Obviously

the ferric sulphate had partly hydrolyzed, ylelding some sulphuric acid.
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Relative reaclivity of minerals in reducing iron in solution qf cupric sulphatc
and ferric sulphate.

Minerals in order of activity. 1day. | 2days. | 4days. | 8days. | 18 days.
) J 0.2 0.3 0.6 1.5 4.2
. .2 .4 .7 1.5 2.6
. .. .0 .1 .4 1.0 2.5
Tetrahedrite. .. .0 .0 .2 .8 2.3
.1 .1 .2 .6 1.7
.1 .1 .2 .6 1.6
.0 .0 .0 .3 L4
9 .0 .0 .2 1.2
- .0 .0 .0 .2 1.2
.0 .0 .0 .0 .5
.0 .0 .0 .0 .0

Mineral, 1 gram, 80-200 mesh, in 25 cubic centimeters each tenth normal
CuSO, and Fe:(SO4)s. 2 cubic centimeters extract titrated against KMnO,
solution. Figures indicate the cubic centimeters KMnO, used in titration.!

Relative reactivity of minerals in reducing iron in ferric sulphate solution to
Jerrous iron.

Mineral, 1 gram, 80-200 mesh, in 30 cubic centimeters tenth normal ferric
sulphate. 2 cubic centimeters extract titrated against KMnO, solution. Figures
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 alkaline solutions. Measured amounts of the re-

3 Nishihara, G. 8., op. cit,, p. 765.

?]1dem, 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 sulphides reacting 1with 1 per cent solution of
alkalies.

.

NaHCO, | 8ameoon-( w400,

con-
KOs NaOH
1 week at lmﬁt 1 week at lt;ivne‘elﬁt 1 week at | 1 week at
25°C. | 1eekst [ Ta5eC, | 1geekat | T3C” | 35eC.
1 100 100 100 100 100
g 20 100
22

EYeTeY: 13

coocommmMBLBNWArranBRS

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

Relative reactivity of minerals in contact with several solutions.
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J. D. Clark! treated several rocks with acid to ascertain the rate
st 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:

Neutralizing action of certain rocks on sulphuric acid.

Amount. | APHRG
Rock and locality. Principal minerals in order of abundance. N/10H,804 Deutral- ]
used. ised.

Cu.cm. Cu.cm.

limestone from | Calcite, chalcedony............cceunnnnnnnannnn 50 48.5
rear of Stanford University. '
Mt from Stanford Uni- | Plagioclase, augite, orthoclase, zeolites, pyrite. . 50 23.4
Diorite t?om South Fork, | Orthoclase (sericitized), hornblende, biotite, 50 16.7
River, near Low epidote, chlorite.
h&cﬁun'lhnlo from Tesla, | Clay substance, quartz, iron-bearing minerals. . 50 15.1
Rhyulite from Alum Rock, | Glass(devitrified and silicified), quartz and chal- 50 11.0
8an Jose, Cal. cedony, orthoclase, p! , ksolin, fron

melmdﬁr‘ &eﬂu from | Glass, hu-nblende, plagioclase, orthoclase....... 50 1.0
Granite from ‘Santa Lucia, Cal.| Orthoclase, plagioclase, quarts, biotite, apatite . . 50 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. 8. Geol. Survey Bull. 609, pp. 85-86, 1915.



126 THE ENRICHMENT OF ORE DEPOSITS.

Summary of fractional precipitations of carbonates at ordinary temperature.

Precipitation series deduced from the experiments on fractional precipitation of
carbonates and relative precipitation of the tico metals.
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In some of the experiments both metals were first precipitated in
nearly equivalent quantities, but with lapse of time one proceeded
to dissolve, the other to precipitate. The change goes on for several
days at the ordinary temperature, accompanied by a gradual trans-
formation of the precipitate from a flocculent to a more or less crys-
talline state. The bottles containing the solutions and precipitates
were allowed to stand as long as desired, with occasional shaking,
at a temperature in the laboratory of about 20° C.

The concentrations given in the table are expressed in milli-equiva-
lents per liter, an equivalent being equal in grams to the molecular
weight of the metal or radicle reduced to a univalent basis. The
farther apart the metals are in the series the greater is the frac-
tionation. The series does not represent the order of solubility of
the carbonates, for some of the precipitates were basic, but it does
represent the order of the precipitating power of carbonates upon
metallic salts under similar conditions. The order is mercury, lead,
copper, cadmium, zinc, iron, nickel, manganese, silver, calcium, mag-
nesium. The molar solubilities of carbonates determined by Kohl-
rausch (see p. 492) are, in increasing order, lead, strontium, silver,
barium, calcium, zinc(?), magnesium, sodium, potassium. If zinc,
whose value is given as doubtful in Kohlrausch’s series, is eliminated,
the elements common in both series show the same order.

The following experiment was made by Nishihara:?

A solution of ferric sulphate and copper sulphate was brought
simultaneously in contact with calcite and chalcopyrite, and the cal-
cite precipitated iron as ferric hydroxide and copper as carbonate,
and at the same time chalcopyrite was coated with the secondary
bornite. When ferric sulphate was introduced the bornite coating
was quickly destroyed, but later, when the calcite had neutralized
ferric sulphate, the secondary deposition went on again without in-
terruption. The calcite precipitated the iron as ferric hydroxide
and copper as carbonate, as before, and at the same time reduced
the acidity of the solution, and the copper sulphide was deposited
as before the introduction of ferric sulphate.

In connection with this experiment the following effects on the
color of pyrite and chalcopyrite were noted as the result of placing
them in the hot solutions indicated :

Effect of hot solutions on colors of pyrite and chalcopyrite.

Cupric sulphate_____.____________. _. Color unchanged.
Ferrous sulphate__.___._______________Color unchanged.
Ferric sulphate______________________ Color unchanged.

‘Nluhﬂ;ra. G. 8., The rate of reduction of acidity of descending waters by certain ore
and gangue minerals and its bearing upon secondary sulphide enrichment : Kcon, Geology,
vol. 9, pp. 750, 753, 1914.
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Cuprie and ferric sulphate____________ Color unchanged.
Cupric and ferric sulphate and calcite__.Color unchanged.
Cupric sulphate and calcite___________ Color unchanged.
Ferrous sulphate and caleite__________ Color unchanged.

Cupric sulphate and ferrous sulphate_._Chalcopyrite tarnished.
Cupric, ferrous, and ferric sulphate____.Chalcopyrite tarnished, but in less degree.
Cupric, ferrous, and ferric sulphate and

calcite Chalcopyrite tarnished.

OXIDATION, SOLUTION, AND DEPOSITION OF CERTAIN METALLIC
SULPHIDES.

FACTORS CONCERNED.

In the presence of air the oxidation and the solution of the metallic
sulphides take place simultaneously and it is difficult, if not impos-
sible, to consider the two processes separately. The rate of solution
depends on many factors, among them (1) the solubility of the mate-
rial in water, (2) the molecular and physical structure of the mate-
rial, (3) the solubility of the salts formed by oxidation, hydration,
and related processes, (4) the composition, concentration, tempera-
ture, and pressure of the solutions, (5) the mineral and chemical en-
vironment, (6) the rapidity of circulation, and (7) the potential or
electromotive force of the mineral compared with the electromotive
force of the mineral or minerals with which it is in contact.

It is noteworthy that the natural conditions are not those which
commonly exist in the laboratory, for in nature the solvent is in
motion and is therefore bringing new and generally unsaturated
solutions into contact with bodies that are dissolving. Thus, if
sufficient time is afforded even minerals that in the laboratory are
most nearly insoluble may by natural processes be completely dis-
solved. Even salts so insoluble as cerargyrite and anglesite may be
entirely removed from the outcrops of ores.

The solubilities of the sulphates that are formed by these reactions
are nevertheless important, for, other conditions being similar, it.
would be supposed that the metals that have the most soluble sul-
phates would be most readily dissolved. As shown by the table of
solubilities, iron, zinc, and copper have highly soluble sulphates,
whereas the solubilities of the sulphates of lead and silver are low.
Although galena (p. 109) is readily attacked by cold dilute sulphate
solutions, it is nevertheless slow to dissolve in metalliferous deposits.
This fact—the low solubility of its sulphate—may indicate why lead
lags behind iron, copper, zine, and many other metals in its migra-
tion downward in ore deposits.

Pyrite and marcasite, which have the same formula, oxidize and
dissolve at different rates, owing. probably, to a difference in their
molecular structure. Cellular pyrite will oxidize more rapidly than



CHEMISTRY OF ENRICHMENT. 129

dense pyrite. All may ultimately become iron oxide, as illustrated
by figure 12.

The importance of an oxidizing environment as a condition for
the solution of some metals should be emphasized.

All the experimental evidence shows that the oxidation and solu-
tion of the sulphides in pure water is slow. Under natural condi-
tions it may be accelerated somewhat by carbon dioxide, which is
invariably dissolved in rain water and forms a weak acid that may
start solution. Sulphuric acid, a more powerful solvent, is released
in the presence of iron sulphides. '

The recent work of Gottschalk and Buehler® shows that several
sulphides in contact in water form weak batteries. The current
flows from the mineral having the higher potential to the one having
the lower potential, which is dissolved, the one with higher potential
being to some extent
protected from solu-
tion. These experi-
ments should prob-
ably be interpreted
as indicating particu-
larly the relations
that exist at the be-
ginning of solution,

for the electromotive o & Inches
f - 3 h e

ox:ce varies WIth pcrpe 12 Lumps of ore from Southern Cross and Red
variations in the solu- Lion mines, Philipsburg quadrangle, Montana, showing
. . oxidation of pyrite. After W. H. Emmons and F. C.
tions, which, as al- Calkins,

ready stated, are con-

tinually changing. The relations considered are those which exist
in the presence of free air. Under natural conditions all portions
of oxidizing deposits are not equally accessible to atmospheric
 oxygen. Some sulphides that are readily dissolved in dilute sul-
phuric acid in the presence of air are practically insoluble in its
absence. Chalcocite, for example, is highly stable in portions of
deposits where air is excluded, but in the presence of air and acid
it dissolves very readily. The solution and oxidation of the sul-
phides depend on so many factors that general statements can not
be applied to all conditions or combinations, each mineral associa-
tion presenting, in a sense, a problem in itself.

RELATIVE RATE OF SOLUTION OF SEVERAL SULPHIDES IN AN OXIDIZING
ENVIRONMENT.

The following table shows the order of oxidation of some of the-
sulphides, according to the views of several investigators. The sul-

1 Gottschalk, V. H., and Buehler, H. A., Oxidation of sulphides: Econ. Geology, vol. 7,
p- 16, 1912,

34239°—Bull. 625—17—9
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phides that are most readily attacked are placed highest in each

series.

The differences that appear between certain of the series

might be interpreted as indicating differences which should be ex-
pected under natural conditions, the order of oxidation depending
on the environment.

Order of oridation of sulphides, according to several authorities.
1 2 3 4 5 l 6
Sphalerite gyﬂrumrt:':." ' g’ﬂ‘fm'
alel . N .
Chalcocite. Chalcocit Chalcocit Ogslcocito. paae P
Galena. Galena.
) Bornite.
Pyrrhotite. Pyrrhotite. Pyrite.
Chalcopyrite. | Chaleopyrite.  {haicoPyTe  lchglcopyrite.
Pyrite. Pyrite. Pyrite. Argentite. ! Pyrite.

1. Lindgren, Waldemar, The copper deposits of the Cuftog-uomucidistrict ,Arizona: U. 8. Geol. Survey

Prof Paper 43, p. 180, 1905, At some laces in Clifton di
2. Emmons,” . H.,and Laney, F Preliminary report o%ethle mllneml deposits of Ducktown, Tenn.:
e water level

Y; S (‘}):to} JS‘llinav %ﬂlggs lm_lﬁ w(l,} mﬁ?:;:sits in Po!epny Franz, The genesis of ore deposits,
pp '676-677, 1902, Order of attack ﬁ)oﬁ;ies by ferric chiorid ' ’
. ﬁ ttsuhalk, V. H., and Buehler, H. A, op. cit., p.31. Table showing relative potential of several
5. Wells C Rateofuttackofo 057 normal solution Hs80on several sulphides. (seep 59 of Bull.529.)
Nishihara, G. 8., The rate of reduction of acidity of descending waters by re and
minerals and m bcaring upon secondary sulphide enrichment: n. Geology, vol. 9, P. 745, 1914.
Activity of minerals in decreasing acidity of eighth normal HsSO, solutions.

As already stated, the relative rate of solution of the sulphides
probably can not be expressed in a hard and fast series, yet certain
relations hold under many, probably under most conditions. Sphal-
erite is so readily dissolved by acid in the absence of air that at
many places it is removed even from primary ores that are in a
reducing environment. Consequently in many deposits the order
of the rate of solution of sphalerite, chalcocite, and pyrrhotite in
acid where oxygen is in great excess can not be stated. Possibly
sphalerite should be placed at the head of the series shown in
the table; possibly it should be placed between pyrrhotite and
chalcopyrite.

The relative rate at which chalcocite and pyrite are removed where
oxygen is in excess is shown by the relations of these minerals in
several deposits. Lindgren® notes that in the Morenci district chal-
cocite is often oxidized, whlle much pyrite remains. At Ducktown,
Tenn., the “ black copper ” ores, composed of pyrrhotite, pyrite, and
chalcomte, which have replaced the iron sulphides near the water
level, quickly lose their copper content when the ores are exposed to
highly oxygenated waters by the artificial depression of the level of
the ground water. Solution is so rapid there that it is difficult to

“obtain rich chalcocite ores in mines that have been opened below the

1 Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arisona:
U. S. Geol. Survey Prof. Paper 43, p. 180, 1905.
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water level for a few years. At Ducktown, as at Morenci, chalcocite,
where oxygen is present, is dissolved more rapidly than pyrite.

The pyrite in some of the leached chalcocite ore of Ducktown
remains almost unaffected by the leaching, its bright crystals being
distributed through a dark mass of sooty black pyrrhotite, which has
been partly altered and from which practically all copper has been
removed. The order of solution indicated at Ducktown is chalcocite,
pyrrhotite, pyrite.

As shown by Gottschalk and Buehler, galena oxidizes more readily
than pyrite. The oxidation product, lead sulphate, is so insoluble,
however, that it remains to cover the crystals of galena and serves to
delay further action. Galena remains in the outcrops of many sul-
phide ore bodies after iron and zinc compounds have been completely
altered. It is said that some ore deposits in the Wisconsin zinc dis-
trict were discovered by farmers who plowed up crystals of galena.

Enargite also is an exceedingly persistent mineral in outcrops.
According to Reno Sales? it is commonly found in or near oxidized
ores of the Butte copper mines, and it is said that at Tintic enargite
remains in oxidized ores even after galena has been dissolved.
Series 3 (table on p. 130), based on experiments of Vogt, shows the
nte of attack by strong solutions of ferric chloride, an oxidizing
agent, on several sulphides. Chalcocite was dissolved quickly, as it is
in secondary sulphide zones, where it is exposed to solution in the
presence of air. Bornite also was attacked at a relatively rapid rate.
Stokes 2 showed that dilute ferric sulphate attacks chalcopyrite more
readily than pyrite. All these experiments and observations seem to
indicate that in the zone of oxidation in many deposits the sulphides
are dissolved in the following order: Sphalerite (?), chalcocite,
pyrrhotite, chalcopyrite, pyrite, galena, enargite. This series does
not correspond exactly with the series of Wells (column 5 of table),
which was obtained from experiments with sulphuric acid alone.

NET RESULTS OF CHEMICAL CHANGES DURING OXIDATION OF CERTAIN ORES.

The results of the chemical changes that take place during the
oxidation of sulphide deposits depend largely on the minerals that
form the deposits. Some gangue minerals disappear completely,
others are partly dissolved, and some elements of still other min-
erals remain in the mass in new combinations. Not many sets of
analyses of sulphide ore and of corresponding oxidized ore from the
same deposit are available. The data for the deposits of Duck-
town, Tenn., are fairly satisfactory. The gossans of the copper

18ales, R. H., Discussion of paper by F. L. Ransome on Criteria of downward sulphide
earichment : Econ. Geology, vol. 5, p. 681, 1910, -~
1 8tokes, H. N., On pyrite and marcasite: 1. 8. Geol. Survey Bull. 186, p. 33, 1901,
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deposits have been smelted for iron, and average analyses of thou-
sands of tons are available from furnace records, through the
courtesy of Mr. R. H. Lee and Mr. John B. Newton. Yearly aver-
ages from the smelters of sulphide ore from the same deposits are
available through the courtesy of the officers of the Tennessee Copper
Co. and the Ducktown Copper, Sulphur & Iron Co. On the assump-
tion that the average of several specific-gravity determinations of the
gossan (2.2) applies to the entire mass and that the average specific
gravity of the sulphide ore is 4.05, the following table has been pre-
pared to indicate the nature of the change by which primary ore
becomes gossan. Column 1a shows the percentage weight of the con-
stituents of the primary sulphide ore of the Mary mine (average of
all ore smelted in 1906). Column 1b shows its percentage weight
times its specific gravity (4.05) and may be regarded as expressing
the number of grams in 100 cubic centimeters of the primary ore.
Column 2a shows the chemical composition of the gossan (average
of two large shipments). Column 2b gives its percentage weight
times its specific gravity (2.2, corresponding to 89 per cent porosity).
Column 3 shows the gain and the loss of the several constituents.
Losses are shown for sulphur, silica, alumina, lime, iron, zinc, copper;
gains for oxygen and water. Carbon dioxide and magnesia were
not determined in the analyses of gossan but were almost entirely
carried away.

Chemical changes by oxidation processes at Ducktown, Tenn.

a Hy0 and O are estimated, on the assumption that the Fe is in limonite.

Mineralogically the primary ore consists of pyrrhotite, pyrite,
chalcopyrite, sphalerite, actinolite, calcite, tremolite, quartz, py-
roxene, garnet, zoisite, chlorite, and micas. Small quantities of
bornite, specularite, and magnetite are present and at some places
graphite, titanite, and feldspars. The following is a close approxi-
mation to the mineral composition of the unoxidized ore:
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Composition of primary ore at Ducktown, Tenn.

Pyrrhotite_.___ . ___ . . _. __ e e 38.5
Pyrite - e 5.1
Chalcopyrite.__ __________________ . 7.1
Sphalerite_ . ___ _ ___________ - 4.2
Quartz__ oo 10.3
Caleite_ . ___ e 6.0
Garnet_ ____ . _ o e 3.0
Amphiboles, pyroxene, zoisite, ete___ ________________._____ 25.8

100.0

Oxidation has changed this ore into a gossan consisting essentially
of limonite with a little silica and kaolin, carrying a fraction of 1 per
cent of copper and sulphur.

The table below shows the results of an analysis of rich concen-
trates of sulphide ore from the Montana Tonopah mine, Tonopah,
Nev., and an analysis of rich oxidized ore from the Valley View vein
of the same district. The principal primary minerals in this district,
according to Spurr,' are quartz, carbonates, adularia, some sericite,
and sulphides of silver, antimony, copper, iron, lead, and zinc.
Limonite, wad, and horn silver are deposited in the oxidized zone,
with some silver bromide, silver iodide, and free gold.

Analyses of ores from Tonopah, Nev.

1 2
15.18 16.53
.82 .62
25.92 62. 54
6.21 .32
1.32 .00
9.87 1.39
1.36 .07
6.84 .10
2. 56 .38
None. None.
.19 .03
.92 .15
I (R
3.70
6.

Not det. |............
l 81.72 82.22

1. trates of sulphide ore from Montana Tonopah mine.
¥, R ated ore from Vailsy View vern, o Momtana Tonopah mine
Discussing the composition of the puimary and secondary ores
shown by the analyses, Spurr? says:
Aside from the complex carbonate of lime, manganese, magnesia, and iron, the

analysis of the primary sulphide ore indicates the presence of a large amount
of silver sulphide—argentite. Antimonial sulphides of silver, polybasite, very

1 8purr, J. E., Geology of the Tonopah mining district, Nevada : U, 8. Geol. Survey Prof.
Paper 42, p. 90, 1905.
3Idem, pp. 92-93.
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likely stephanite, and smaller amounts of galena, blende, pyrite, and chal-
copyrite are also indicated. Of very great interest is the presence of a consid-
erable amount of selenium, which occurs, in part at least, as a silver selenide,
and the absence of its usually closely associated element tellurium. The chemi-
cal form of the gold is yet uncertain.

It is fair to assume that the oxidized ore in its primary sulphide state may
have had a composition somewhere relatively near that of the primary sulphide
analyzed. The two analyses may then be compared with the object of per-
ceiving the changes effected by oxidation. There is no element which can be
considered as having remained quantitatively unaffected during oxidation, so
that merely the large relations can be glanced at. All the metals except silver
and perhaps gold are present in the oxidized ore in much diminished propor-
tions, The lead, copper, and zinc are present in small quantities. The man-
ganese is now in the form of oxide, but very little remains; the iron is in the
form of oxide, with some residual or secondary pyrite. There is much less gold
in proportion to silver in the oxidized ore than in the sulphide ore; but this
may be fortuitous and depend on the specimen selected. More than half the
silver is In the form of sulphide, and from the very small quantity of arsenic
and antimony present this portion must be nearly all in the form of argentite.
The antimonial silver sulphide is very probably pyrargyrite (ruby silver),
judging from microscopic observations. It is noteworthy that antimony and
arsenic are present in the same proportions to one another in both analyses.
There is less than a third as much selenium in the oxidized ore as in the sul-
phide ore, but the discrepancy is not so great as in the case of lead, copper,
manganese, zine, arsenic, and antimony; and this selenium seems to be still
in the form of a silver selenide.

Therefore it is probable that during the process of oxidation the primary car-
bonates were attacked by surface waters and the lime and magnesia, together
with most of the iron and manganese, removed in solution. Some of the iron
and manganese remain as oxides. No important change in the amount of gold
and silver is proved. The argentite has largely remained unaltered, but the
polybasite (and stephanite if present) has probably been attacked, and much
of the silver selenide. Part of this silver has been reprecipitated with little
change of position as secondary argentite, not distinguishable from the primary
argentite, while a large portion has been altered to chloride by the action of
chlorine contained in the shallow underground waters. Most of the arsenic and
antimony in the original polybasite and stephanite has been removed in solution ;
the rest goes to form the secondary sulphide pyrargyrite, as indicated by numer-
ous field observations. The pyrite and the chalcopyrite have been attacked.
Most of the iron In these sulphides has been removed; a small part remains
as oxide, or rarely as residual or secondary pyrite. Nearly all the copper has
been removed, a little remaining in the probable form of oxide.

At Cripple Creek, as noted by Lindgren and Ransome,! the original
vein structure is destroyed by thorough oxidizing decomposition.
In some sheeted lodes having many small parallel fissures and joints
these openings become closed or effaced and the lode appears as a
homogeneous brown, soft mass. In other places a central seam is
retained and appears as a streak of soft, more or less impure kaolin;
in still other places a central seam is filled with white compact

1 Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado: U. 8, Geol. Survey Prof. Paper 54, p. 199, 1906.
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alunite, more rarely by jasperoid or opaline silica. Crusts of comb

quartz, if originally present, lie included in the clayey seams, but

neither the original fluorite nor the carbonates are ordinarily pre-

served. Very rich oxidized ore fills the central cavities of some lodes

like a thick brown mud and easily flows out when the vein is opened.
Lindgren and Ransome say:?

In general oxidation tends to transform sulphides, sulphosalts, and tellurides
to oxygen salts and native metals, both of which may, under certain circum-
stances, be further changed or carried away by surface waters. The silicates in
the veins are changed to a few minerals most stable under atmospheric in-
fluences—that is, kaolin, quartz, manganese dioxide, and limonite. The car-
bonates of the earthy metals are carried away in solution, while those of man-
ganese and iron are changed to oxides. As waters of acid reaction, frequently
containing free sulphuric acid, prevail during oxidation of vein deposits, original
quartz will not be attacked. New silica, generally hydrated, may be deposited
by solutions derived from the decomposition of the silicates.

The processes are more difficult to follow and %to establish by means of
analyses than those due to primary vein formation, for it seems to be a charac-
teristic feature of oxidation to segregate the new minerals in larger masses
and thus produce a less homogeneous product; this is no doubt due to the
energetic action of oxygen and of the acids set free, as well as to the increas-
ing mobility of substance near the surface. Oxidation tends to thorough change
of composition and also to obliteration of structure of the original rock or
vein.

Of the metallic minerals the tellurides form the most important division.
The bond between the tellurium and the gold is not a strong one, and direct .
oxidation very easily produces residual pseudomorphs of free gold and teliurium
dioxide (the mineral tellurite), which in presence of iron oxides easily changes
to various tellurites such as the yellowish-green emmonsite. In the Bonanza
King lode of the Midget mine occur veinlets of pyrite with tellurides. Within
30 or 40 feet of the surface oxidation has changed the tellurides to specks of
native gold, while pyrite remains practically unaltered. The tellurides in
fissures and joints, which form the most common mode of occurrence, will be
most easily oxidized, while those occurring as metasomatic products in the
rocks are not so readily reached by the surface waters.

Galena ‘and zinc blende change to lead sulphate and zinc silicate,
which may remain or even be somewhat concentrated in the altered
mass. Molybdenite oxidizes very readily to yellow and blue molyb-
dite and ilsemannite, products that do not seem to be easily carried
away. Tetrahedrite yields various forms of oxidized copper com-
pounds which, as usual, show considerable mobility. No oxidized
products containing antimony have been recognized. The fluorite on
exposure to oxidation loses its deep-purple color and becomes disin-
tegrated. Eventually a part of it is dissolved in surface waters.

The following table shows the results of analyses of unoxidized ore
from the Moose mine (column 1) and the oxidized portion of the
same specimen (column 2). The specimens were analyzed by F. C.

1 Lindgren, Waldemar, and Ransome, F. L., op. cit,, pp. 199-200.
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Knight and have been described by Richard Pearce.! Column 3
shows an analysis by W. F. Hillebrand of wholly oxidized ore from
the 100-foot level of Stratton’s Independence mine.

Analyses of fresh and oxidized ores from Cripple Creek, Colo.

a Both Fe;O3 and FeO present.

b Both MnOjs and MnO present.

¢ By difference.

d Possibly high.

¢ The diflerence is largely made up of combined water.

Of these analyses Lindgren and Ransome 2 say:

From the analyses and from what IS known about the normal composition of
unoxidized ore the following conclusions may be drawn, although it is of course
realized that much more analytical work would be necessary for an exhaustive
treatment of this difficult subject.

During oxidation the percentage of silica decreases moderately, probably by
solution of silica set free during the decomposition of silicates. Alumina
remains fairly constant, though it may locally concentrate to pure kaolin.
The iron is apt to locally increase by concentration as limonite, though a part
will be carried away as sulphate. Small amounts of lime and magnesia are
probably leached from the rock, but the quantity is not greatly changed.
Manganese Is greatly concentrated, locally, on the seams of the rock. As to
alkalies, the accumulation of potassium begun during the vein-forming process
is continued or at least maintained during oxidation. Pyrite is converted into
sulphuric acid and sulphates, and the percentage of sulphur is greatly decreased
in the oxidized ore. Part of it remains as sulphate, but as there appears to
have been no corresponding decrease of the bases it would seem likely that a
considerable part of it was carried away as free acid. Little change is noted
in the titanium, while phosphoric acid and zinc appear to have increased. The
small quantities of other metals do not seem to differ notably from those ob-
served in fresh vein material. An increase of water to 3 or 5§ per cent is 8

1 Pearce, Richard, Further notes on Cripple Creek ores: Colorado Sci. Soc. Proc., vol. 6,
pp. 11-16, 1896.

? Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado : U. 8. Geol. Survey Prof. Paper 54, pp. 202-203, 1906,
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natural consequence of the formation of kaolin and other hydrated salts;
locally it may increase up to 14 per cent, which is the amount contained in pure
kaolin.

Silver and tellurium are removed by oxidation, but in general gold
has remained. It is not easy to demonstrate whether a slight en-
richment has taken place or not. Lindgren and Ransome incline to
the belief that the oxidized ores as a whole are somewhat richer than
the corresponding telluride ore, but this difference may depend on
the original unequal distribution of the gold.

RELATIVE RATE OF SOLUTION OF SEVERAL SULPHIDES IN A REDUCING
ENVIRONMENT.

When oxygen is present the process of solution is so intimately
related to that of oxidation that their results can not be considered
separately. The experiments of Wells on the solution of pyrrhotite,
sphalerite, galena, chalcopyrite, and pyrite in dilute sulphuric acid
were made in stoppered test tubes, and although no special precau-
tion was taken to exclude atmospheric air, yet the excess of hydrogen
sulphide generated in at least three of the experiments indicates a
reducing environment. The minerals were attacked in the following
order, determined by the amount of hydrogen sulphide generated
from thé three first named: Pyrrhotite, sphalerite, galena, chal-
copyrite, and pyrite. This series does not agree closely with any of
the others named above. Possibly the electric currents that may be
generated when two of the minerals are in contact would modify the
rate of solution, but it should not be supposed that the series obtained
under reducing conditions in acid would be identical with the series
obtained by Gottschalk and Buehler in distilled water with free
access of air.

The series obtained from Wells’s experiments may not apply every-
where, but geologic evidence indicates that it applies to many de-
posits. Thus, in the Morenci district, according to Lindgren,' the
solutions that deposit chalcocite in the secondary sulphide zone
appear not to attack pyrite as long as zinc blende is present. Pyrrho-
tite also is attacked more readily than pyrite in the chalcocite zone
at Ducktown, Tenn. In some ore the pyrrhotite has been reduced to
a powdery mass while pyrite remains fresh and untarnished.

METASOMATIC REPLACEMENT OF PRIMARY SULPHIDES BY SECONDARY
SULPHIDES AND RELATIONS INDICATED BY SCHUERMANN’S SERIES.

As already stated, the series of Schuermann does not agree exactly
with the solubilities of all the sulphides involved; but if compara-

!Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arizona:
U. 8. Geol. Survey Prof. Paper 43, p. 183, 1905,
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tively unimportant metals, such as arsenic, antimony, cobalt, and
bismuth, are eliminated the series is almost the same as that indicated
by the molar solubilities of the sulphides as determined by Weigel.
The positions of zinc sulphide and iron sulphide are reversed, but
according to Weigel the molar solubilities of these are almost the
same. As Schuermann himself observed, the farther apart in the
series any two sulphides are the more nearly complete is the replace-
ment. :

In the processes of sulphide enrichment the primary sulphides are
commonly replaced pseudomorphously by the secondary sulphides.
Eliminating the relatively unimportant sulphides, such as those of
cadmium and bismuth, and the sulphides of arsenic and antimony,
which generally enter into composition with more than one other
element to make the more complex secondary minerals, Schuer-
mann’s series (and Weigel’s series, except zinc sulphide) is as fol-
lows: Mercury, silver, copper, lead, zinc, iron. In the table below,
for convenient inspection, the metals are placed in order of increasing
solubilities of their sulphides in water, the more soluble sulphides
being placed to the right of and also below the less soluble ones.

Metasomatic replacement of several sulphides.

(In the order of Schuermann’s series.)

Mercury. Silver. Copper. Lead. Zinc. Iron.

Mercury.

Silver. ? On Pb8. On Zn8. On Fe8;.

Copper. "mate. | morphie. | morpie
Lead. Metaso- | On Fesy.
Zinc. o‘;l?ﬂir::»
Iron.

According to Schuermann’s series it might be supposed that mer-
cury sulphide would replace the sulphides of silver, copper, lead, zinc,
and iron; that silver sulphide would replace the sulphides of cop-
per, lead, zinc, and iron; that copper sulphide would replace the
sulphides of lead, zinc, and iron; and so on.

The search for well-authenticated examples to fill in the several
blocks in the table has been only partly successful. It would hardly
be supposed that mercury sulphide would replace extensively the
more soluble sulphides of other metals, for the solutions that trans-
port the metals are in the main sulphate solutions, and mercury sul-
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phate has exceedingly low solubility. Moreover, mercury sulphate
is easily hydrolyzed to form insoluble compounds and also tends
to form the native metal and the chloride. Secondary cinnabar,
although not common, is not known (p. 398).

Silver dissolves very readily in dilute sulphuric acid”solutions
in the presence of ferric sulphate, and at depth its sulphide is pre-
cipitated on those of lead, zinc, and iron. Carl Hintze® mentions
pseudomorphs of argentite after proustite, stephanite, and pyrargy-
rite, but no examples of pseudomorphs of argentite after sphalerite,
galena, or pyrite are available. The occurrences of secondary argen-
tite are generally described as incrustations on the primary sulphides”
or as veinlets cutting them. Secondary chalcocite commonly con-
tains silver, which is disseminated through and doubtless contempo-
raneous with the copper sulphide, but the nature of the silver mineral
is uncertain. The precipitation of silver sulphide at the expense of
sphalerite has been emphasized recently by Irving and Bancroft?
in their discussion of secondary processes of enrichment of silver ores
at Lake City, Colo. In view of the fact that copper sulphide is
highly stable in acid solutions in the absence of an oxidizing agent
it is not remarkable that the replacement of copper sulphides by
silver sulphides is not common in the deeper zones.

Copper is much more abundant in its deposits than silver and the
nature of its changes is more easily recognized. Long ago it was
pointed out by Genth * that copper sulphide replaces galena in depos-
its at Ducktown, Tenn., and B. S. Butler found examples of covel-
lite replacing galena in the San Francisco district, Utah. Shannon *
described covellite replacing galena in the Caledonia mine, Coeur
d’Alene, Idaho. As stated above, Lindgren has shown that copper
sulphide replaces sphalerite at Morenci, and Butler found examples
of the replacement of zinc sulphides by covellite in the San Fran-
cisco district. Copper sulphide replaces sphalerite at Butte, Mont.,
and without much doubt similar replacement is common in many
mineral deposits. At Miami, Ariz.,* where sphalerite is rare, and in
other districts where pyritic copper ore is found, pyrite is replaced
directly by chalcocite without intermediate covellite. Examples of
the pseudomorphous replacement of pyrite by copper sulphide are
numerous, this being a common method of origin of secondary copper
sulphide ores. (See Pl. IV, A.) Some examples are enumerated
on page 186.

! Hintze, Carl, Handbuch der Mineralogie, Band 1, p. 442,

2Irving, J. D., and Bancroft, Howland, Geology and ore deposits near Lake City, Colo. :
U. 8. Geol. Survey Bull. 478, pp. 64-65, 1911,

3Genth, F. A., Contributions to mineralogy : Am. Jour. Scl., 2d ser., vol. 38, p. 194, 1862,

‘8hannon, E. V., Secondary enrichment in the Caledonia mine, Coeur d@'Alene, 1daho:

Geology, vol. 8, p. 569, 1913.

Tolman, C. F., jr., and Clark, J. D., The oxidation, solution, and precipitation of cop-

Per In electrolytic solutions: Econ, Geology, vol. 9, pp. 560-594, 1914,



140 THE ENRICHMENT OF ORE DEPOSITS.

Although there are well-authenticated examples of sulphide en-
richment of lead deposits, pseudomorphs of galena after zinc and
iron sulphides are not common. According to Butler,! galena re-
places sphalerite in the Horn Silver mine, San Francisco region,
Utah. Hintze? notes one replacement pseudomorphous after sphal-
erite and one after arsenopyrite. Statements are made that lead
has driven iron or zinc out of its sulphide combinations, but lode
ores afford surprisingly few examples of pseudomorphous replace-
ments of sphalerite or pyrite. Possibly the strong tendency of
galena to assume its own crystal form has obscured its pseudo-
morphic replacement of other minerals.

It has frequently been stated that zinc sulphide has been precipi-
tated at the expense of iron sulphide and that zinc has driven iron
out of its sulphide combination, but no examples of the pseudomor-
phous replacement of pyrite or marcasite by zinc blende are a.vall-
able. On the other hand, Hintze® notes a pseudomorph of mar-
casite after zinc blende.

In even feebly acid solutions in the secondary sulphide zone a
sulphide that appears to the right of the serrate line in the table on
page 138 would not normally replace one to the left of the same line.
Thus the copper sulphides would not be replaced by lead sulphide
or by zinc sulphide, and so on. Some examples, however, do not
agree with the relations indicated in this series,* for there are pseudo-
morphs of pyrite after chalcopyrite, arsenopyrite, argentite, stephan-
ite, polybasite, ruby silver, and tetrahedrite, and pseudomorphs of
marcasite after pyrrhotite, pyrite, galena, argentite, stephanite, poly-
basite, miargyrite, bournonite, chalcopyrlte, zinc blende, and other
minerals.

The conditions that exist where sulphlde pseudomorphs are formed
at the expense of a sulphide less soluble in water can not be stated.
It would not be supposed that in cold acid solutions, under condi-
tions that prevail in secondary sulphide zones, the more soluble sul-
phides would be fixed at the expense of the less soluble sulphides
unless the metal entering into the composition of the more soluble
sulphide were present in very high concentration in accordance with
the well-known law of concentration effect. Probably some of the
pseudomorphs mentioned above were formed in alkaline solutions
and possibly some were formed at high temperatures. It should be
noted, however, that the secondary replacements that are clearly of
great economic significance are such as would be expected from the
relations indicated by the Schuermann series.

1 Butler, B. 8., Geology and ore deposits of the San Francisco and adjacent districts,
Utah: U. 8. Geol. Survey Prof. Paper 80, p. 92, 1913.

8 Hintze, Carl, Handbuch der Mineralogie, Band 1, p. 481.

2 Idem, p. 820.

¢ Idem, pp. 722 and 821.
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MECHANISM OF REPLACEMENT PROCESSES IN SUPERFICIAL ENRICHMENT.

Metasomatic replacement or metasomatism is a chemical process
by which a mineral or rock is replaced by another of different com-
position. This process goes on under widely varying conditions and
operates to form epigenetic ores of every class. It has been effective
in connection with the formation of some pegmatites; it is the domi-
nant process in the formation of contact-metamorphic deposits; it is
operative in forming veins at great depths and at moderate depths
and near the surface ; waters, magmatic or meteoric, hot or cold, form
extensive ore bodies by replacement. Metasomatism is important in
processes of oxidation and of sulphide deposition, and in chalcociti-
zation it is the dominant process. In an ore body undergoing super-
ficial alteration, replacement commonly begins along small frac-
tures or along bedding planes, or wherever air or aqueous solutions
can make their way. The result will be a mass of older ore cut by
numerous planes along which younger secondary minerals are de-
veloped. But the process will go on until the secondary or later
products predominate and then the original unaltered or slightly
altered material tends to become a mass of nodules or rude spheres,
each surrounded by secondary material. (See Pl. V.) Some min-
erals, particularly those that alter slowly, such as pyrite and galena,
show very strong tendencies to preserve spherical shapes, for any
irregularities or sharp protuberances are more likely to be attacked
because they present greater surfaces to the decomposing solutions.

Metasomatism takes place by solution and reprecipitation. When
a sponge of the new substance is precipitated before the old sub-
stance is completely dissolved the form of the old substance is likely
to be preserved. The zone of solution and reprecipitation may be so
narrow that no visible sponge is formed between the old and new
substance. In the zone of oxidation the secondary substances, such
as carbonates and oxides, usually contain numerous cavities or are
porous or spongy, even in minute particles, though dense new crys-
tals and crystalline bodies may form here and there in the open-
textured mass. Moreover, the sponge may later become indurated by
deposition of like material. At some places where a new mineral
has replaced an old one metasomatically there is between the two a
porous zone, or a zone occupied by a paper-thin spongy mass. One
example, a nodule of zinc sulphide covered with a thick shell of
copper sulphide, evidently replacing the zinc sulphide metasomati-
cally, on being broken separated along the contact between the
two minerals. Such a plane of contact, however, is not invari-
ably a plane of separation between the old and the new substance.
Another specimen, a lead ore from Creede, Colo.,! consisting of a

' Emmons, W. H., and Larsen, E. 8., Geology and ore deposits of Creede, Colo.: U, S.
Geol. Survey Bull. (in preparation).
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sphere of galena covered by a shell of anglesite about a quarter of an
inch thick, when broken directly across the contact yielded thin
plates consisting of pure lead sulphide and dense lead sulphate,
with apparently a sharp contact between. When these plates were
boiled in red aniline dye, some of them, on examination under the
microscope, showed minute red lines representing a zone of absorb-
ent material along which the dye had stained the specimen, the zone
being clearly a very thin spongy layer surrounding the galena, itself
surrounded by anglesite. The spongy zone was, however, ordinarily
invisible and was so thin that it did not greatly weaken the contact.
The spongy zone did not dissolve on treatment with strong acid
and is doubtless anglesite, though less dense than the anglesite that
surrounds it. (See fig. 24, p. 358.)

Such nodules undergoing oxidation may illustrate in a small way
the rearrangement of minerals in superficial alteration. The ar-
rangement of sheets from the outside toward the center of the nodule
is in general the same as the arrangement of layers from the surface
downward and is doubtless due to the same cause—a gradual deple-
tion of the oxygen in the solutions.

The alteration of galena to anglesite involves several steps. In
aqueous solutions some of the galena is dissolved as sulphide. Its
solubility in water, according to Weigel, is 1.2)X10-° mols per liter.
If air or oxidizing solution has access to the nodule through the
pores of the already oxidized portion, the reaction is

PbS+440=PbSO,,
or, if the reaction is by ferric sulphate,
Fe,(SO,)+PbS+H,0430=PbS0,+4-2FeSO,+H,SO,.’

Lead sulphate is precipitated first as a sponge near the galena, and
but a short distance from the galena this sponge is firmly cemented
by new lead sulphate. In order that the reaction may continue new
air or new air and ferric sulphate solutions must be supplied and
some lead sulphate must go out, because volume for volume the end
product carries less lead and less sulphur. There must be accession
of oxygen and escape of lead and of the carrier by which the oxygen
is brought to the zone of decomposition. In the zone of oxidation,
which is generally the vadose zone, water is not always present, at
least not in the larger openings. Drying, as well as the circulation
of water, will aid in removing the oxygen-carrying solution.
Another nodule studied was of pyrite from the Southern Cross
mine, near Anaconda, Mont.” The nodule was covered with iron
oxide, which also penetrated it along fracture planes. So dense was

1 Emmons, W. H., and Calkins, F. C., Geology and ore deposits of the Pbilipsburg quad-
rangle, Montana : U. 8. Geol. Survey Prof. Paper 78, p. 185, 19138,
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the iron oxide that no spaces were observed in it under the micro-
scope, and it absorbed no dye on boiling, yet clearly oxygen had
been passing through it and sulphur in some form escaping from it.
The oxidation of pyrite to limonite, mentioned above, is supposed to
involve certain subprocesses. Oxygenated waters attack iron sul-
phide, forming ferrous sulphate, oxygen being present outside the
zone of attack. Ferrous sulphate in acid with oxygen forms ferric
sulphate, which hydrolyzes and gives basic ferric sulphate, which
slowly breaks down, yielding sulphuric acid and ferric.hydroxide—
limonite. The solid first formed—basic ferric sulphate—is slowly
leached by water and doubtless after leaching becomes very per-
meable to water, which creeps around the film of basic ferric sulphate
that lies between the pyrite and the limonite. Subsequently ferrous
sulphate, passing through the film of basic ferric sulphate, may enter
the outer film or concentric layer of limonite. There it is oxidized
to more ferric sulphate and hydrolyzes, depositing more iron oxide on
that previously formed, making it less porous. All these reactions
have doubtless taken place in the ore, although it does not show even
microscopic openings.

The metasomatic processes attending the deposition of primary
ores and the hydrothermal alteration of rocks is fully discussed else-
where.! These processes are reviewed here only as they are effective
in superficial alteration and enrichment. In the zone of oxidation
the openings are larger and the replacement process is more obvious.
Of the material from the secondary sulphide zones which I have
studied only a few specimens show a thin porous layer of material
between the new and old mineral. In most of them the contact
appears, even under the microscope, to be clear and fairly sharp;
yet there must be openings in the outer shell large enough to let
solutions of the new material pass through and to allow certain
products to escape.

Chalcopyrite, according to Graton and Murdoch® frequently
changes to chalcocite through a zone occupied by a hairlike inter-
growth of needles of covellite. Bornite also alters to chalcocite
through a thin transition zone, probably covellite. Study with
lenses of the highest power may show that the contact zones are less
simple and less dense than they are generally supposed to be.

In most metasomatic processes, however, precipitation succeeds
solution so closely that they seem to be essentially the same process.
The absence of microscopically visible spaces has led to frequent
statements that the new has replaced the old substance *molecule

! Lindgren, Waldemar, Metasomatic processes In fissure veins: Am. Inst. Min. Eng.
Trans., vol. 30, p. 684, 1900. Irving, J. D., Some features of replacement ore bodies:
Canadian Min. Inst. Jour., vol. 14, p. 395, 1911,

*Graton, L. C., and Murdoch, Joseph, The sulphide ores of copper ; some results of mi-
crographic study : Am. Inst. Min, Eng. Trans., vol. 45, p. 43, 1914,
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by molecule.” This expression has not been in great favor in recent
years because the theory encounters insuperable chemical difficultjes.
It is evident, moreover, from the figures given below, showing the
sizes of openings in minerals, of microscopically visible particles, and
of molecules, that in a space too small to see with the microscope there
is room for myriads of molecules; the most varied reactions may
occur even in a submicroscopic space.

Sizes of openings in minerals and of visible particles and molecules.

Size in meters.

Subcapillary sheet opening (maximum)'___________ 0. 0000001
Particle clearly seen by microscope (minimum)?_____ . 00000025
Molecule® ___ e . 0000000003

Only large molecules of colloidal substances are visible even in
the ultramicroscope. The attraction of a molecule? extends through
5X10* meter. Subcapillary sheet openings are not more than
twice as large, or 1X107 meter, and in such openings the combined
radii of attraction of molecules would extend across the space.
Water in these openings tends to attach itself permanently to solids.
Microscopes of even the highest power can not make visible a body
no more than twice as large as a subcapillary opening of the maxi-
mum size. In metasomatic processes, then, it is possible that mate-
rial is transferred through invisible yet capillary openings. The
values given above assume ordinary temperatures and pressures. At
high temperatures and pressures water moves through such open-
ings with greater freedom.

Molecules have approximately one eight-hundredth the linear di-
mensions of the smallest particle ordinarily made visible by a micro-
scope. Thus, if we do not consider intermolecular spaces, more than
kalf a billion molecules may be inclosed in a space so small that we
can not see it with a microscope. Within such a space there may
evidently be room for the most complicated chemical reactions, in-
volving solution and precipitation in numerous stages, like those
~ discussed above, all carried on in a zone so thin as to be invisible.
That a zone of such permeable material may be so thin as not to
weaken a contact between old and new substances is evident, for
the attractions of molecules strengthening the contact might extend
over a space filled by numerous other molecules undergoing change.
In other words, it is possible that a thin layer, even of permeable
material, may not be visible and may not greatly weaken the contact
between old and new substances.

1Duff, A. W., A textbook of physics, p. 115, Philadelphia, 1910.

2 Scales, F. 8., Practical microscopy, p. 168, 1909.

3 Kaye, W. C,, and Laby, T. H., Physical and chemical constants, p. 32, Longmans,
Green & Co., 1911, Approximately the mean of several values given.
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DEEP-SEATED METASOMATIC DEVELOPMENT OF CHALCOCITE AND COVELLITE.

In certain deposits that show the deep-seated metasomatic develop-
ment of chalcocite this copper ‘sulphide has been regarded by some
as a deposit from ascending thermal waters. The phrases “ upward
secondary sulphide enrichment,” or “ascending secondary enrich-
ment,” which have been used in discussion of the phenomena, I be-
lieve to be unfortunate. Such additions to deposits of valuable
metals, together with deposits formed by the reopening and cementa-
tion of veins by ascending thermal waters, should be otherwise desig-
nated.

Metasomatism, as above noted, is a very common process in the
genesis of ores. It is widely effective in the deposition of ores from
ascending thermal waters and in alteration of ores by descending
cold solutions, and there is nothing inherently improbable in the
theory that would invoke ascending solution as an agent in the
metasomatic development of rich copper sulphides. But at present
the proof that it does commonly occur is meager. The best known
examples are the chalcocite that rims older sulphides at Butte de-
scribed by Rogers!® and by Ray,? and the richer copper ores in de-
posits in Plumas County, Cal., where presumably chalcocitized ores
are now found at moderate depths. - At Butte they lie deeper, the
phenomenon being observed at depths of 1,600 feet in the Leonard
mine. These investigations are highly illuminating and should
stimulate further study of this important problem.

Aside from the fact that these richer copper sulphides are found at
unusual depths at Butte, the evidence that they were formed by
ascending thermal waters at present rests largely on the fact that
the rock minerals near them show little or no kaolinization or other
alteration that could be due to downward-moving acid solutions.
Although kaolin generally, if not invariably, does form in acid
waters, it is by no means certain that all secondary chalcocite and
covellite have been deposited from acid solutions. In the laboratory
they may be formed more readily from pyrite in neutral solutions
than in acid solutions, and the downward-moving meteoric cir-
culation, which is acid near the surface, without doubt becomes
neutral and later alkaline in depth, where it comes more and more
in contact with alkaline minerals and rocks. It is true that Stokes’s

1Rogers. A. F., Upward secondary sulphide enrichment and chalcocite formation at
Butte, Mont. : Econ. Geology, vol. 8, p. 781, 1913. Turner, H. W, and Rogers, A. F.,, A
geologic and microscopic study of a magmatic copper sulphide deposit in Plumas County,
Cal, and its modification by ascending secondary enrichment: Econ. Geology, vol. 9,
p. 359, 1914,

tRay, J. C., Paragenesis of the ore minerals in the Butte district, Montana : Econ,
Geology, vol. 9, p. 463, 1914, '

34239°—Bull. 625—17—10
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equation illustrating chalcocitization of pyrite implies the develop-
ment of sulphuric acid, but this equation probably represents only
one of several ways in which secondary chalcocite may be formed.
Lindgren® states that the chalcocitization of porphyry at Morenci
is generally attended by the formation of a little kaolin, although
more is developed in the massive veins. According to calculations
of four analyses of the altered porphyry at Morenci, only one shows
the presence of kaolin.? In the Mount Morgan mine, Queensland,
Australia (see p. 343), secondary chalcocite has formed from solu-
tions no more acid than one that can deposit calcite. The absence
of kaolin alone is not certain evidence that descending waters have
not been active. (See p. 149.)

SOURCES OF THE SULPHUR OF SECONDARY SULPHIDES AND GENERATION OF
HYDROGEN SULPHIDE.

The sulphuric acid solutions that carry the metals dowpward from
the oxidized zone to a reducing environment can not be regarded as
an adequate source of sulphur for the secondary sulphides. Sulphides
are almost unknown in mine waters, and in the presence of air hydro-
gen sulphide or any dissolved metallic sulphide would be oxidized to
sulphate. In only two of the 41 analyses on pages 87-89 is sulphur
reported—about 1 part per million in the alkaline water of the Fed-
eral Loan mine, Nevada City, Cal. (No. 28), and in an alkaline water
from Butte, Mont. (No. 2). Traces of thiosulphate, probably due to
oxidation after bottling, were noted in Nevada City samples (Nos.
28, 29). Both of these were samples of alkaline solutions obtained
from reducing environment.

The sulphate radicle, once formed, is exceedingly stable. It may be
broken up by heat but probably not at temperatures that exist under
conditions of superficial alteration. Certain bacteria break up
gypsum and other stable sulphates and liberate hydrogen sulphide,
but these bacteria can hardly be regarded as important agencies for
the generation of hydrogen sulphide, for it is doubtful whether they
could survive the presence of copper and other salts, which most of
these underground mineral waters carry. It is said that carbon may
reduce the sulphate radicle to sulphide, but this statement has not
been confirmed experimentally. Organic material, though it has
been recognized in some mine waters, is not reported in many of the
samples that were taken in glass-stoppered bottles and could have
little or no part in the concentration of most lode ores. The only
apparent adequate source of the sulphur that combines with the

1 Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arisona:
U. 8. Geol. Survey Prof. Paper 48, p. 183, 1905.
$ Idem, p. 169.
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metals to form the secondary sulphides lies in the older sulphides.
Where these sulphides are replaced pseudomorphously by secondary
sulphides the sulphur has evidently remained in place, and in general
the pseudomorphous replacements are attended by loss rather than
by gain of sulphur.

As already stated, some of the secondary sulphide ore is found in
cracks that cut the older sulphides. In some of these cracks the
secondary minerals have replaced older veinlets of sulphide ore,
but in others the ore has clearly been deposited in open spaces, which
indicates that both the metal and the sulphur that enter into com-
bination to form-the secondary sulphide have migrated to the points
of deposition. In some districts even secondary chalcocite is known
to form veinlets in the older sulphide ore, one of the best examples
being afforded by deposits of the Virgilina district, North Carolina,
reviewed on page 248. These relations, indicating a transfer of sul-
phur in some unoxidized form, together with experimental evidence
showing that dilute acid in contact with several primary sulphides
will generate hydrogen sulphide, strongly suggest hydrogen sulphide
or alkaline sulphides as agents precipitating some secondary sul-
phides. In view of the fact that sulphur compounds other than sul-
phates are practically unknown in mine waters, this conclusion might
be questioned, but it should be recalled that of the samples available
all but two were taken in the presence of air and that these two and
many others contain ferric sulphate, which readily decomposes
hydrogen sulphide. Hydrogen sulphide is used up in many ways, so
it is not surprising that it does not accumulate in the upper zones of
alteration.

PROCESSES OF SULPHIDE ENRICHMENT COMPARED WITH THE PROCESSES
EMPLOYED FOR SEPARATING THE METALS IN QUALITATIVE CHEMICAL
ANALYSIS,

Although it has not been shown that hydrogen sulphide is actu-
ally generated by bringing acid into contact with pyrite or chalco-
pyrite at low temperatures, or that it is an intermediate product in
processes of metasomatic replacement, yet Wells’s experiments for
producing hydrogen sulphide (p. 119) clearly indicate the power of
various sulphides to reduce natural solutions or to precipitate sul-
phides from soluble salts. Without doubt the same laws of chemical
equilibrium apply to both processes, for the mineral that evolves
hydrogen sulphide most easily will precipitate a secondary metallic
sulphide most readily and will reduce acid solutions of reducible
salts most readily. :

The method commonly employed in qualitative analysis for sepa-
rating the metals is as follows: The solution of the metals is made
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acid with hydrochloric acid, which precipitates silver, lead, and
univalent mercury as chlorides. Hydrogen sulphide is passed into
the acid solution and precipitates sulphides of lead, bismuth, copper,
arsenic, antimony, tin, and bivalent mercury. The filtrate is made
alkaline, generally with ammonium hydroxide, and then ammonium
sulphide is added, which preclpltates the sulphides of iron, manga-
nese, nickel, cobalt, and zinc, also aluminum hydroxide. A review
of this prooedure will throw light on some of the natural processes
of alteration and sulphide enrichment, for in separating the metals
the chemist has followed closely a natural process. In the labora-
tory, however, the separation is more nearly complete because the
conditions as to concentration are easily controlled. Mine waters in
. the oxidized zone—the zone of solution—are acid and generally
contain some chlorides. Silver chloride (cerargyrite), mercurous
chloride (calomel), or lead chloride or chlorophosphate (pyromor-
phite) may be fixed ini the oxidized zones of deposits carrying the
metals indicated, but as chlorides are in general not abundant in
mine waters, and as the chlorides named above are themselves some-
what soluble, some of the silver, lead, or mercury may be carried
downward by the sulphuric acid solutions. Hydrogen sulphide,
which, as already stated, is generated by the action of dilute sul-
phuric acid waters on certain sulphides, will precipitate from acid so-
lutions arsenic, antimony, tin, bismuth, copper, cadmium, mercury,
lead, silver, and gold. These metals may therefore be precipitated
as sulphides before the solution has become less acid. Thus the
sulphides of copper, lead, and silver, for example, may be formed
at or near the water level, or, if the water level lies deep, in the upper
part of the zone of reduction. As the solutions descend they become
neutral and ultimately alkaline. When the solutions have lost
acidity, sulphides of zinc, iron, nickel, and some other metals may be
precipitated.

The analogy of the process of separation employed in qualitative
analysis is not complete, however, for sulphide enrichment takes
place in moving solutions and in solutions probably more dilute; the
changes from acid solutions to neutral or alkaline solutions are
gradual, especially in deposits not containing minerals that react
readily with the solutions, like soluble carbonates and pyrrhotite.

Another relation should be emphasized : Although zinc sulphide is
not precipitated by hydrogen sulphide in the moderately acid solution
used in the laboratory, it is precipitated in solutions of very feeble
acidity. Thus zinc sulphide may be precipitated from a solution of
acetic acid. Iron sulphide is less readily precipitated in acid than
zinc sulphide. There is not much geologic evidence that either iron
or zinc is precipitated extensively from cold descending sulphuric
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acid solutions which traverse lode ores in igneous or other non-
calcareous rocks. In such rocks the descending waters probably
remain acid to moderately great depths, for the acid waters do not
react on silicates so rapidly as on calcium carbonate. These condi-
tions would delay the deposition of secondary iron and zinc
sulphides. There is some evidence that secondary chalcopyrite,
pyrite, and sphalerite are formed in small cracks in the lower parts
of some secondary sulphide zones, but they are surely subordinate
to secondary copper sulphides in most deposits in noncalcareous
rocks.

DECREASE OF ACIDITY OF DESCENDING SULPHATE WATERS.

In the discussion of the composition of mine waters of sulphide
ore deposits it was stated that the waters of the shallow zones are
generally acid waters. The compounds generally present near the
surface are sulphuric acid, ferric sulphate, and cupric sulphate, all
of which give acid reactions. Probably all these salts decrease in
quantity with increase in depth or disappear. There is indisputable
evidence that the total acidity of solutions decreases with depth,
ferric sulphate being reduced to ferrous sulphate, which does not
givean acid reaction. The accumulation of the sulphates of zinc,
ferrous iron, magnesium, and calcium at great depths utilizes the
sulphuric acid to make neutral salts. All these compounds are
either neutral or slightly alkaline. Carbonic acid is only weakly
acid and unites with bases to form alkaline carbonates, particularly
those of potassium, sodium, and calcium. Alkali hydroxides and
silicates also give alkaline reactions. Analyses of two samples of
water taken from a column of water in the Callaway shaft at Duck-
town, Tenn., indicate a decrease in acidity of more than 50 per cent
within a vertical distance downward of 87 feet. Some analyses
from the Capote mine, of Cananea, Mexico, show also a neutraliza-
tion of acid at comparatively shallow depths. At least ten other
samples, all except two taken at considerable depths, are alkaline.
The conclusion is fully warranted, therefore, that acid solutions
descending through sulphide ores decrease in acidity where oxygen is
excluded; later they become neutral, and ultimately alkaline. The
geologic data are completely in harmony with this conclusion, for
there is abundant evidence that descending acid waters attack alka-
line or alkaline earth silicates and alkaline earth carbonates; acid
reacting with feldspars or sericite forms kaolin, and these reactions
are attended by the solution of alkalies or alkaline earths as sul-
phates. Where limestone is attacked decrease in acidity may be
attended by precipitation of gypsum.
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There are reversals of these processes, it is true, for according to
Stokes, the precipitation of chalcocite is attended by the liberation
of sulphuric acid. This acid, however, would soon be neutralized by
reactions on silicates and carbonates and could not accumulate per-
manently. That it is so neutralized is indicated by the common
association of secondary copper ore with kaolin or gypsum.

CHANGES IN THE STATE OF OXIDATION OF DESCENDING SULPHATE
SOLUTIONS.

The acidity of descending sulphate waters decreases below a cer-
tain depth, and because air is excluded the state of oxidation of the
solutions likewise decreases. The degree of oxidation of iron, which
is generally abundant in mine waters, affords a useful index to the
state of oxidation of the solutions. The waters that pass downward
from the oxidizing zone carry iron mainly in the ferric state. They
may carry also some dissolved oxygen, but not much, for, according
to Winkler,! at atmospheric pressure and at 16.87° a liter of water
can dissolve but 6.84 cubic centimeters of oxygen. Underground
waters are, moreover, seldom saturated with oxygen.

Dilute sulphuric acid, which reacts on certain sulphides of iron,
zinc, and lead, will release hydrogen sulphide, which is available
(1) for reduction of the oxygen in the water, (2) for reduction of
ferric to ferrous sulphate, or (3) for the precipitation of copper or
other metals which may be held in sulphate solution.

The reduction of the oxygen in the water will take place before

- the copper sulphide is precipitated, as_oxygen tends to inhibit the
precipitation of copper sulphide. It is probable also that the oxygen
of the solution is reduced before ferric sulphate is attacked, although
both reactions may go on together. Assuming the presence of H,S,
we may state the reactions as follows:

(1) H,S+0=H,0+S.

(2) Fe,(SO,),+H,S=2FeSO,+H, SO,+S

(3) {H 25+ CuSO,=CuS+H,SO,.
CuS+CuSO.+HzS=Cu,S+H,SO‘+S.

If oxygen is present the reaction may go on as indicated by (1);
if ferric sulphate is present, equation (2) would be possible; with
neither oxygen nor ferric sulphate in the solution, equations (3) are
possible.

RATE AT WHICH HYDROGEN SULPHIDE IS GENFRATED FROM SEVERAL PRI-
MARY SULPHIDES BY COLD DILUTE SULPHURIC ACID WATERS.

As shown by experiments made by R. C. Wells (p. 119), cold
dilute sulphuric acid solutions attack several metallic sulphides and

1 Hempel, Walther, Gasanalytische Methoden, pp. 129-130, 1900,



CHEMISTRY OF ENRICHMENT. 151

generate hydrogen sulphide. With equal surfaces exposed, such solu-
tions in these experiments set hydrogen sulphide free at least four
times as rapidly from zinc blende as from pyrite or chalcopyrite,
and about 25 times as rapidly from pyrrhotite as from zinc blende.
With pyrite and chalcopyrite the amount of hydrogen sulphide gen-
erated is small and the quantities determined may represent the end
points of titration, for hydrogen sulphide was not identified as a
product of the reaction. Doubtless sphalerite containing consider-
able iron sulphide will react more readily with acid than pure zinc
sulphide. The quantity of hydrogen sulphide generated with galena,
sphalerite, and pyrrhotite was sufficiently great to give the results
a quantitative value.

These experiments were carried on with pure minerals that had
been carefully examined. Minerals so pure are seldom found in large
bodies of sulphide ores, where the sulphides generally occur in more
or less intimate association. Gottschalk and Buehler have recently
shown that in such mixtures weak batteries are formed and that the

- oxidation and solution of the mineral with the lowest potential will
be increased while the solution of the mineral which is higher in the
series will be retarded. There is no reason to suppose that the order
of solution in an oxidizing environment like that in which the experi-
ments of Gottschalk and Buehler were carried on would correspond
closely to the order of attack in a reducing environment like that
which existed under the conditions of Mr. Wells’s experiments. Yet
the associations of the sulphides may affect the rate of their solution
in the reducing zone also. Consequently the rate of attack of sul-
phuric acid solutions on some sulphide ores in the reducing zone can
not be accurately stated. Possibly each association is a problem in
itself. Where one of the metallic sulphides greatly predominates,
however, it should not be supposed that a high potential would
greatly retard its attack by acid in the reducing environment which
is assumed to exist where the secondary sulphides are precipitated.

The laboratory experiments and geologic observations indicate
that pyrrhotite is attacked very readily by acid solutions, at least
where it constitutes a considerable part of the ore. The reaction
with sphalerite was less rapid than with pyrrhotite but more rapid
than with pyrite and chalcopyrite. Here, too, field observations sup-
port the conclusions based on the laboratory experiments available.
Describing the chalcocitization of sphalerite at Morenci, Lindgren?
notes that pyrite apparently does not precipitate Cu,S or CuS while
zinc blende is present. Weed notes also that sphalerite is present
in some of the primary ores at Butte, but that it is absent in the

1Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arizona:
U. 8. Geol. SBurvey Prof. Paper 48, p. 188, 1805,
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enriched chalcocite ores.! The latter, however, contain pyrite. In a
recent paper by Irving and Bancroft 2 on the deposits of Lake City,
Colo., the precipitation of secondary minerals on sphalerite from
downward-moving sulphate solutions is emphasized.

The data available seem therefore to indicate that in a large
number of deposits at least the action of dilute sulphuric acid in the
absence of air on the following sulphides is probably in the same
order as that indicated by the experiments of Wells—(1) pyrrho-
tite, (2) zinc blende, (3) pyrite and chalcopyrite.

'COMPOSITION OF THE PRIMARY ORE AS A FACTOR DETERMINING
THE VERTICAL EXTENT OF THE SECONDARY SULPHIDE ZONE.

S. F. Emmons and others have emphasized the fact that the ver-
tical extent of the secondary sulphide zone depends principally on the
amount of fracturing of the primary ore body and the size, con-
tinuity, and character of the fractures. The course of such fractures
determines the course of ‘descending waters and the size, character,
and continuity of open spaces control the rates at which the solutions
descend.

In their descent the metal-bearing solutions react on the walls of
the watercourses, and these reactions produce changes of chemical
equilibria and deposition of certain metals. These changes depend
not only on the rate at which the solutions descend but also on the
chemical environment through which they pass. In limestone or in
calcite gangue the downward migration of copper would be delayed
at least temporarily by the formation of carbonates (see p. 311) and
calcite would quickly drive gold from acid solutions in which it was
held dissolved as chloride.

As already stated, dilute acid waters dissolve pyrrhotwe more
rapidly than sphalerlte and sphalerite more rapidly than pyrite
and chalcopyrite. The action on pyrrhotite and sphalerite is at-
tended by the liberation of hydrogen sulphide, which precipitates
several of the metals in acid solution. Under similar conditions, be-
cause the reactions are brought near to completion more quickly, the
vertical extent of the zones of secondary ores should be less in
primary ores which carry abundant pyrrhotite than in ores of pyrite
and chalcopyrite which contain no pyrrhotite, and although such
secondary zones might be richer they would not extend so deep.

The attack of acid solutions on sphalerite is less vigorous than
on pyrrhotite but more vigorous than the action on pyrite and
chalcopyrite; consequently deposits that carry sphalerite should

1Weed, W. H., Geology and ore deposits of the Butte district, Montana: U. 8. Geol.
Survey Prof. Paper 74, p. 78, 1912,

2 Irving, J. D., and Bancroft, Howland, Geology and ore deposits near Lake City, Colo.:
U. 8. Geol. Survey Bull, 478, pp. 64-05, 1911.
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have secondary zones which are not so extensive vertically as those
of deposits that contain pyrite and chalcopyrite with neither
sphalerite nor pyrrhotite. Briefly stated, the vertical extent of the
secondary sulphide zones should vary inversely with the rate at which
the descending solutions attack their primary minerals.

Principal mineral combinations of three groups of copper deposits.

1 2 3

Pyrrhotite ores with te and | Pyritic ore with sphalerite and | Pyritic chalcopyrite ores, with
;h;kogyme with ol:'yﬂwithout }c’{i‘almp te, andp\s vith little or ttle or no [Igyrrhouw or zinc

no pyrrhotite. blende.
Ducktown, Tenn Morenci, Ariz. Butte, llont (in part).
Gmlud Va.and N. C. Santa Rita, N. Mex. (in part). Bisbee, Ariz.
Ely, Vt. Shasta County, Cal. Globe, Ariz.
&nthgo de Cuba. Velardeﬂa, Mexico. Miaml, Ariz.
nt, Wyo. Jerome, A Ray, Ariz.

Cananea, llexloo (in part).

ma dm part).

In the foregoing table certain deposits have been so grouped that
three classes of copper ores may be inspected to ascertain whether
the secondary chalcocite zones have a greater vertical extent in
pyrrhotite deposits, in sphaleritic deposits, or in copper deposits that
contain little or no sphalerite or pyrrhotite. Those in the first col-
umn contain considerable pyrrhotite; all of them are known to have
comparatively shallow chalcocite zones; in general the lower limit
of chalcocite is from 50 to 250 feet below the present surface. Some
of these deposits are known to be comparatively tight and relatively
impervious to the downward migration of mineral waters; conse-
quently they may not afford examples ideal for comparison. Never-
theless I can find no example of a deposit that carries abundant
pyrrhotite in which secondary sulphides are shown to have been
deposited at great depths.

On comparing the deposits of column 1 with those of column 3
it is clearly apparent that the chalcocite zones in the latter are of
much greater vertical extent; indeed, they include the deepest chal-
cocite zones that have been developed. In several of the deposits
of column 3 chalcocite extends to depths ranging from 1,000 to nearly
1,500 feet below the surface. It is found at still greater depths at
Butte, Mont., but an increasing trend of opinion held by those most
familiar with these deposits indicates that the chalcocite of the lower
levels of the Butte mines is primary. In some of the deposits of
Arizona the secondary zones are very extensive vertically, owing to
the great distance to the zone of saturation. Undoubtedly some of
the deposits of column 3 are more highly fractured than some of
those of column 1, vonsequently these examples are likewise not
ideal for comparison. Yet the fact that none of the deposits with
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deep chalcocite are known to carry appreciable pyrrhotite appears
to be significant.

The deposits of column 2 have chalcocite zones which in general
are of greater vertical extent than those of column 1 and less than
those of column 3, but possibly the differences are too slight to
give the figures much significance. It is a fact familiar to all, how-
ever, that rich silver ores commonly give way in depth to primary
ores containing abundant sphalerite, the transition zone being at some
places comparatively thin.

From the comparison of the several groups of deposits investigated,
it is concluded that with approximately similar temperatures, rain-
fall, erosion, head, permeability, and other conditions, the vertical
cxtent of the secondary sulphide zone depends on the mineral com-
position of the primary ore. In general, ores containing abundant
pyrrhotite are not enriched to depths so great as those containing
pyrite and chalcopyrite but little or no pyrrhotite. The influence
of zinc blende can not yet be positively stated.

The influence of the mineral composition of the primary ores on
the vertical extent of the secondary zones is not so simple as may
be inferred from the illustration noted above. This subject is treated
separately for each of the more important metals on pages that

follow.
COPPER.

PRINCIPAL COPPER MINERALS,

The names and the chemical composition of the principal copper
minerals are given below:

Copper— - ___ Cu.

Chalcanthite --CuSO.5H:0.
Pisanite______________________. (Cu,Fe) SO.TH,O0.
Brochantite___________________ CuSO.(0OH), or 4Cu0.S0,.3H,0.
Nantokite_____________________ CuCl.

Atacamite_ . ________________. Cu:C1(OH); or CuCl.3Cu(OH),.
Malachite_ . _____________ Cu: (OH),CO; or 2Cu0.CO0:.H:0.
Azurite. . ____ Cus (OH)3(CO0s)s or 3Cu0.2CO0:.H,0.
Chrysocolla___________________ CuS10:.2H,0 or CuO.Si0,.2H,0.
Dioptase_ .. _______ CuH,S810, or Cu0.Si0..H,0.
Turquoise - ________. Cu,0.A1,0,.2P50..9H,0 ( ?).
Cuprite. -—-Cu,0.

Tenorite________________ CuO.

Copper pitch ore.

Chalcocite. - --.CusS.

Covellite ----CuS.

Bornite® _____________________ CusFeS..

1A complex hydrated oxide.

2 Formula as established by B. J. Harrington (Am. Jour. 8ci., 4th ser., vol. 16, p. 161,
1803). The older, commonly accepted formula is CugFeS,, also written Cu,S8.CuB.FeS8, or
8CueS.Fegfly.



COPPER. 155

Chalcopyrite CuFeS; or Cu,S.Fe;Ss.

Enpargite______________________ CusAsS, or 3Cu,S.As;Ss.
Tetrahedrite__________________ CusSbsS; or 4Cu,S.Sb.S,.
Tennantite____________________ CusAs:S; or 4Cu.S.As:S,.
Famatinite CusSbS, or 3Cu,S.Sb,Ss.

SOLUBILITIES OF SOME COPPER COMPOUNDS.!

At 20° C. a liter of water dissolves 172 grams cupric sulphate.?
At 20° C. a liter of water dissolves 435 grams cupric chloride. At
15° to 16° C. a liter of water containing 16.66 grams hydrochloric
acid dissolves 61.59 grams cuprous chléride.

According to J. L. Lassaigne,® one part of the carbonate dissolved
in 3,333 parts water saturated with carbon dioxide at 10° C. at a
pressure of 755 millimeters. E. E. Free* showed that the solubility
of copper carbonate in carbonate solutions is very small.

NATURE AND RELATIONS OF THE COPPER MINERALS.

Copper, silver, and gold belong chemically to the same family.
The three elements occupy exclusively the right side of the second
column of the table of the periodic system and are somewhat closely
affiliated. They stand apart as metals in the concentration of which
the processes of sulphide enrichment are most clearly expressed.
They are dissolved more or less readily in an oxidizing sulphate or
chloride environment and are readily precipitated from acid waters
by reactions in the sulphide environment where oxygen is excluded.

The mineral waters in the oxidizing zones of sulphide deposits
contain sulphuric acid and ferric sulphate. In the presence of oxy-
gen such solutions dissolve copper sulphide very readily, and in con-
tact with copper compounds such a system will contain also copper
sulphate. The copper sulphate in solution reacts with carbonates or
with acid carbonate in solution, precipitating copper carbonate. If
chlorides are abundant, copper chlorides may form. Cupric chloride
is readily soluble in water; cuprous chloride oxidizes to form oxy-
chloride. In moist countries both chlorides are unstable. In arid
countries some copper chloride may accumulate as atacamite. The
sulphates chalcanthite and brochantite also may be precipitated,
and the basic sulphate brochantite once formed is fairly stable. The
silicates of copper are probably formed by solutions bearing copper
and silicic acid, which, as shown by analyses, are common in mine
waters. Reactions with calcite or other alkali minerals would aid

1 8eidell, Atherton, Solubilities of inorganic and organic substances, D. Van Nostrand
Co., New York, 1907.

3 For the solubility of hydrated copper sulphate see p. 113,

3 Lassaigne, J. L., Jour. prakt. Chemie, vol. 44, p. 247, 1848.

¢Free, E. E., The solubility of precipitated basic copper carbonate in solution of carbon
dloxide : Am. Chem. Soc. Jour., vol. 30, p. 1366, 1908.
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precipitation. Cuprite and tenorite are formed by the oxidation
of various copper compounds, and native copper may be formed by
their reduction. Such changes may be pseudomorphic after an
older mineral. All the copper minerals mentioned above are formed
in the main in the oxidized zone, and in sulphide ores none of them
form in depth by deposition from hot ascending alkaline solutions.

Below the actively oxidizing zone, where air is excluded, copper is
precipitated as sulphides; chalcocite, covellite, bornite, chalcopyrite,
and some of the more complex compounds of antimony and arsenic
are formed by these processes. Precipitation may be brought about
by chemical interchange with pyrite, chalcopyrite, pyrrhotite, zinc
blende, galena, and some other sulphides mainly by metasomatic re-
placement. The copper sulphides are precipitated also by hydrogen
sulphide, which is generated by attack of sulphuric acid solutions on
several of these sulphides. At ordinary temperatures only 3.5110-¢
mols of copper sulphide dissolves in a liter of water. In the reducing
environment the copper sulphides are stable. They are insoluble even
in hot solutions of concentrated sulphuric acid if a slight trace of
hydrogen sulphide is present.*

Iron sulphide dissolves in acid, however, and it should not be
supposed that the double sulphides of iron and copper would be pre-
cipitated from acid solutions which contained much copper.? But
as the solutions descend they lose acidity, and copper sulphide is
precipitated at the expense of iron sulphide, the iron going into solu-
tion. A decrease in acidity, a decrease in copper, and an increase
of iron in solution bring about a state of equilibrium which is in-
creasingly favorable to the precipitation of double sulphides, such
as chalcopyrite and bornite.

The fact that the iron-bearing copper sulphides are generally pre-
cipitated in the zone below the zone of active chalcocitization is
supported also by observation. Some polished sections show that
pyrite has first been converted to chalcopyrite, the chalcopyrite to
bornite, the bornite to covellite, and covellite to chalcocite. This
phenomenon has been observed by Krusch,® by Graton and Murdoch,*
by Ransome,® and others. In some ore from the Queen mine, near
Superior, Ariz., the series, according to Ransome, is pyrite to chalco-
pyrite to bornite to chalcocite. A. C. Spencer® regards transitional

1 Allen, E. T., oral communication.

3 Wells, R. C., The fractional precipitation of sulphides : Econ. Geology, vol. 5, pp. 12-13,
1910.

3 Krusch, P., Primiire und sekundiire Erze unter besonderer Berlicksichtigung der * gel
und der ‘ schwermetallreichen™ Erze: Cong géol. internat.,, 12th session, Toronto,
Canada, Compt. rend., p. 281, 1914,

4 Graton, Joseph, and Murdoch, L. C., The sulphides of copper; some results of mi-
croscopic study: Am. Inst. Min. Eng. Trans., vol. 45, p. 40, 1914,

8 Ransome, F. L., Copper deposits near Superior, Ariz.: U. 8. Geol. Survey Bull. 540,
p. 147, 1914, particularly fig. 15.

¢ Spencer, A. C., Chalcocite enrichment: Econ. Geology, vol. 8, p. 638, 1918.
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changes as normal processes of chalcocitization of chalcopyrite at
Ely, Nev. It is noteworthy here that normal erosion of a deposit
undergoing chalcocitization will carry the chalcocite zone lower and
lower, and that as it progresses downward it will be superimposed
on any zone of secondary chalcopyrite or bornite that is below. It
is probable that a large part of the copper from downward-moving
copper sulphate solutions is precipitated as a copper sulphide
directly, and that the secondary copper-iron sulphides form only -
after the solution has become poor in copper and relatively high in
iron. This condition, as stated above, is more favorable to the pre-
cipitation of the double sulphide. From a solution rich in copper
and poor in iron only the less soluble copper sulphide should be de-
posited. Clark states that native sulphur also will precipitate copper
sulphide from copper sulphate solutions.!

In the oxidizing zone copper is much more soluble than gold, and,
unlike gold, it may be dissolved in the absence of chlorides in sulphate
solutions. Thus many deposits which contain both copper and gold
show a distinct segregation of gold near the surface, whereas copper
ores with subordinate gold are found in depth. The Highland Boy"
mine, at Bingham, Utah; the United Verde mine, at Jerome, Ariz.;
and the Mount Morgan mine, in Australia, were operated first as
gold mines and subsequently developed large bodies of copper-gold
ores. In two of these mines the gold has probably not been dissolved
to any great extent; in one, the Mount Morgan mine, the solution of
gold is clearly indicated. Even where the conditions for the solu-
tion of gold are most favorable, however, it is probably precipitated
mainly in the upper part of the chalcocite zone. It would not
remain in solutions that contain much ferrous sulphate, and chal-
cocitization is attended by abundant ferrous sulphate.

Silver, like copper, dissolves somewhat readily in a sulphuric acid
environment, especially if ferric sulphate is present. Silver sulphide
is not so soluble as copper sulphide, however (see p. 117), and in the
presence of chlorides its downward migration is delayed by its pre-
cipitation as cerargyrite, or in the presence of ferrous sulphate or in
contact with several sulphides and gangue minerals native silver is
deposited. Some of the great copper lodes of Butte, Mont., were
worked for silver to depths from 200 to 400 feet below the surface,
where the deposits changed to rich copper ore.? Like gold, silver
would be precipitated from sulphate solutions in an environment
where chalcocite forms. Its sulphide is even less soluble than copper
sulphide and in depth would be precipitated as argentite. More-
over, chalcocite readily precipitates gold and silver from chloride

1Clark, J. D., A chemical study of the enrichment of copper sulphide ores: New Mexico
Univ. Bull,, vol. 1, no. 2, Chemistry scries, p. 112, 1914,

*Emmons, 8. F., The secondary enrichment of ore deposits, in PoSepny, Franz, The
genesis of ore deposits, pp. 442-443, 1902,



158 THE ENBRICHMENT OF ORE DEPOSITS.

and sulphate solutions. The rich narrow chalcocite zones at Duck-
town, Tenn., contained considerable silver, although the primary
pyrrhotite ore is only slightly argentiferous. In the north vein,
Mass I1, at Rio Tinto, Spain,! both gold and silver were concentrated
in a thin layer just above the zone of copper and iron sulphides.

As already stated, both gold and silver are precipitated from dilute
solutions by ferrous sulphate, but copper sulphate and ferrous
sulphate may exist in the same solution without precipitation of
copper. Although gold may be precipitated with chalcocite, it is
not so likely that under similar conditions native copper and chalco-
cite are precipitated simultaneously. In the deeper zone, where
sulphur or sulphides are in excess, both copper and silver are pre-
cipitated as sulphides rather than as native metals.

The rate at which certain sulphides react with acid to generate
hydrogen sulphide and the tendency of certain ores to delay the
downward migration of copper has already been discussed (p. 152).
The precipitation of gold and silver, if any were held in the copper
sulphate solution, would be more rapid than copper.
~ Carbonates react with solutions of sulphuric acid even more rap-
idly than pyrrhotite and likewise tend to delay the solution and
downward migration of copper and gold. If there is much calcium
carbonate in the gangue of the ore or in the wall rock, the downward
migration of metallic sulphates may be checked or even inhibited.
As stated by Bard,? chalcocitization is seldom extensive in carbonate
rocks, because the copper is precipitated as carbonate by reaction
with calcite. To this there are some exceptions, and, appreciating
these, Bard notes that the precipitation of some copper carbonate
on the limestone may inhibit further action and insulate the passages
from reaction with the descending solutions. Under such conditions
copper sulphate could descend through carbonate rocks to consider-
able depths, where it could be precipitated by iron sulphide or by
hydrogen sulphide if any were generated by the action of acid on
sulphides.

In some districts the primary mineralization of limestone is
- attended by extensive silicification. If carbonate has been removed,
it would, of course, be no longer effective.

A gangue of siderite, dolomite, or other carbonates would also react
with sulphuric acid solutions and tend to neutralize them, and thus
to delay solution or to cause precipitation of gold or copper.?

1 Vogt, J. H. L., Problems In the geology of ore deposits, in PoSepny, Frang, op. ct.,
p. 676.

3 Bard, D. C., Absence of secondary copper sulphide enrichment in calcite gangue:
Econ. Geology, vol. 5, pp. 59-61, 1910,

8 Nishihara, G. 8., The rate of reduction of acidity of descending waters by certalin ore
and gangue minerals and its bearing upon secondary sulphide enrichment: Econ, Geology,
vol. 9, p. 743, 1914,
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SOLUTION OF COPPER.

Pyrite, pyrrhotite, chalcopyrite, and bornite are commonly present
n copper sulphide deposits, and nearly all copper deposits contain
two or more of these minerals. They are generally the principal
sulphides in the primary ore, and they are also present in the sec-
ondary ore, for residual masses of primary ore, not yet dissolved,
will generally remain in the secondary sulphide zones. In the pres-
ence of oxygen and water these minerals are oxidized, setting free
ferrous and ferric sulphates and sulphuric acid :

FeS,+70+H,0=FeSO,+H,SO,.
FeS+440=FeSO,.
CuFeS,+80=CuSO,+FeSO,.
Cu,FeS,+2H,SO,+180=5CuSO,+FeSO,+2H;,0.

Some zinc blende that is rich in iron, (Zn,Fe)S, would also produce
ferrous sulphate on weathering. Ferrous sulphate in the presence of
oxygen changes to ferric sulphate.

6FeSO,+30-43H,0=2F¢, (S0,),+2Fe(OH),.
9FeS0,+H;S0,4-0=Fe,(SO,) ,+H,0.

Ferric sulphate is an active solvent of nearly all natural sulphides,
and it dissolves nearly all the common metals except gold. It dis-
solves copper sulphides very readily, more readily, indeed, than
sulphuric acid and free oxygen. The reactions may be written:

Fe,(S0,);+Cu,S=CuS0O,+42FeSO,+4CuS.
Fe,(S0O,),+CuS+30+H,0=CuS0,+42FeS0,+H,SO,.
Fe,(S0O,) ;+CuS=CuS0,+2FeSO,+S.
2Fe,(S0,) ;+CuFeS,=CuSO,+5FeSO,+4-2S.
Fe,(SO,),+FeS,=3FeSO,+28S.

In the oxidizing zone the sulphur is converted to sulphuric acid
and sulphur dioxide, and consequently not much accumulates in that
zone. Though these reactions are doubtless more simple than those
that take place in nature, they represent the beginning and some
of the end products of the processes and indicate the general tenden-
cies of the superficial changes.!

1 8tokes, H. N., On pyrite and marcasite: U. S. Geol. Survey Bull. 186, 50 pp., 1901.
Buehler, H. A., and Gottschalk, V. H.,, The oxidation of pyrite: Econ. Geology,
vol. 3, p. 532, 1908, Gottschalk, V. H., and Buehler, H. A., Oxidation of sulphides: Econ.
Geology, vol. 5, p. 15, 1912, Lindgren, Waldemar, Copper deposits of Clifton-Morencl
district, Arizona: U. 8. Geol. Survey Prof. Paper 43, p. 180, 1905. Allen, E. T., Sul-
phides of iron and their genesis: Min, and Sci. Press, vol. 103, p. 414, 1911. Tolman,
C. F., Secondary sulphide enrichment of ores : Min. and Sci. Press, vol. 106, p. 140, 1913,
Spencer, A. C., Chalcocite enrichment : Econ. Geology, vol. 8, p. 621, 1913,
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In the oxidation of the copper sulphides, both primary and sec-
ondary, not all the copper is dissolved and removed, but semistable
compounds or minerals are formed. These include, as stated above,
the native metal, chlorides, sulphates, carbonates, silicates, and
oxides of copper. That these minerals are only moderately stable
in an oxidizing sulphate environment is indicated by their absence
or rarity in the gossans of many sulphide deposits. They are almost
entirely absent above some of the copper deposits at Butte, Mont.;
Ducktown, Tenn.; Morenci, Ariz., and at many other copper de-
posits, and in nearly all districts containing copper sulphide ores
they are more abundant near the secondary sulphide zone than at
the surface. Except the sulphate and cupric chloride, all have very
low solubilities in water. They are more soluble, however, in hydro-
chloric and in sulphuric acid and would be attacked by the small
amounts of acid contained in mineral waters.

It has been shown (p. 305) that chlorine is the natural solvent
of gold in processes of superficial alteration and that transfer of
gold by chloride solutions is of economic importance in some de-
posists. But gold is some 2,000 times as valuable as copper, and
transfers of small amounts of gold would be of commercial im-
portance, whereas transfers of equal amounts of copper would
be unimportant. Nevertheless transfers as chloride may take place.
The zeolitic native copper deposits of the Lake Superior region are
said to have been somewhat richer near the surface than at depths,
and Lane?® has suggested that enrichment has been effected by chlo-
ride waters. Moreover, sodium chloride is found in the lower levels
of the Lake Superior mines in considerable concentrations. The
solution of copper by sodium chloride is exceedingly slow, however,
as is indicated by the use of that metal for covering seagoing vessels,
and the copper transferred in chloride solutions of the concentration
found in the mine waters of sulphide deposits must be exceedingly
small.

Carbonate solutions likewise dissolve copper very sparingly, as is
indicated by the comparatively stable carbonates of copper. The
solubility is about 1 part in 3,333 parts water, saturated with carbon
dioxide. The green crusts that form on copper that has been long
exposed to the weather are mainly the basic carbonate, and the col-
lection of these crusts in streaks indicates a certain mobility of the
alteration product. Read ? showed that copper is dissolved in small
amounts by calcium bicarbonate. About 108 cubic centimeters of a
solution containing 0.15 gram per liter of calcium bicarbonate was

1Lane, A, C., Salt water In the Lake mines: Lake Superior Min. Inst. Proc., vol. 12,
p. 161, 1906.

2 Read, T. T., The secondary curichment of copper-iron sulphides: Am, Inst. Min. Eng.
Trans., vol. 37, p. 290, 1006
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placed in a 150 cubic. centimeter flask, with 10 grams ground chal-
copyrite (40-100 mesh) that had previously been tarnished with
cupric sulphate, and was shaken daily for one month. The copper-
iron sulphide showed a loss of 0.1 per cent and the solution contained
a little copper. A sulphate was present in the filtrate, however, show-
ing that the loss may have been due partly to oxidation. Free!® has
shown that water with carbon dioxide dissolves the basic copper
carbonate in presence of calcium sulphate and sodium chloride; that
large amounts of sodium chloride or sulphate increase solubility, and
that sodium carbonate or calcium carbonate decreases solubility.

Tolman and Clark? showed that malachite, azurite, and chryso-
colla, in the presence of an alkali, are slightly soluble in water con-
taining carbon dioxide. Into a gas-washing bottle was put 1 gram of
200-mesh chrysocolla and 100 cubic centimeters water, into a second
bottle 1 gram of 200-mesh azurite and 100 cubic centimeters water,
and into a third 1 gram of 200-mesh azurite and 100 cubic centimeters
one-half normal potassium carbonate. Carbon dioxide was passed
through each bottle very slowly for 96 days. The liquid in the first
bottle contained 0.0004 gram copper; the liquid in the second con-
tained 0.0007 gram copper, and the liquid in the third 0.0007 gram.
With excess carbon dioxide under heavy pressure carbonate solution
is a more active solvent. The pressures in the upper part of the oxi-
dized zone, however, are generally atmospheric pressures.

All the data given above indicate that water solutions containing
alkali chlorides and carbonates are but feebly effective as solvents of
the oxides, carbonates, and silicates of copper, and the other copper
compounds that commonly accumulate in the lower parts of the
oxidized zone. Except chalcanthite, which is soluble in water, these
minerals are doubtless dissolved principally by sulphates. Sulphuric
acid ® reacts so readily on malachite, azurite, and chrysocolla that
copper in them may be recovered commercially by acid leaching.
Brochantite also, as is shown by experiments on ores from Chu-
quicamata, Chile,* is readily attacked by sulphuric acid, and yields
an increase of acid on precipitation. Croasdale® states that sulphuric
acid will extract but half the copper from cuprite.

1Free, E. E., The solubility of precipitated basic copper carbonate in solutions of
carbon dioxide: Am. Chem. Soc. Jour., vol. 30, pp. 1366-1374, 1908.

3 Tolman, C. F., jr., and Clark, J. D., The oxidation, solution, and precipitation of copper
in electrolytic solutions and the dispersion and precipitation of copper sulphides from
colloidal suspensions, with a geological discussion : Econ. Geology, vol. 9, p. 564, 1914,

3 Croasdale, Stuart, The action of iron sulphides on copper solutions: Eng. and Min.
Jour., vol. 97, p. 746, 1914. .

¢ Leaching copper ores in Chile (anonymous): Min, and Sci. Press, vol. 106, p. 933,
1913,

$ Croasdale, Stuart, Leaching experiments on the Ajo ores: Am. Inst., Min. Eng. Trans.,
vol. 49, p. 618, 1915.

34239°—Bull. 625—17—11
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The principal source of the sulphuric acid in the upper parts of
the oxidized zones is doubtless pyrite. This mineral is the most
stable of the iron sulphides under oxidizing conditions, and between
fractures and cavities where it is not readily accessible to ground
water a little is preserved, in some deposits to the very gossan. The
most thoroughly weathered gossans with which I am familiar—those
at Ducktown, Tenn.—contain a fraction of 1 per cent of sulphur.
In western deposits one may frequently find a little pyrite at the
outcrops by breaking the more solid and less altered country rock
adjoining the oxidized lodes, and it is not at all uncommon in the
harder and less altered parts of the weathered lodes themselves.

Other sources of sulphuric acid are the basic iron sulphates, such
as jarosite. Although these are fairly stable in the oxidizing zones
they ultimately break down or are partly dissolved, forming iron
oxides and releasing their sulphate radicle. Thus it appears that
sources of sulphuric acid are adequate to accomplish the leaching of
the oxides and related copper minerals in the upper parts of the
weathered zones. The simpler reactions, dissolving malachite, agzu-
rite, chrysocolla, and brochantite, respectively, may be thus stated :

CuC0,.Cu(OH),+2H,80,=2CuS0,+3H,04CO,.
2CuCO,.Cu(OH),+3H,S0,=3CuS0,+4H,0+4-2CO,.
Cu0.H,Si0,+H,80,=CuS0,+H,Si0,+H,O.
4Cu0.80,.3H,043H,S0,=1CuS0,+6H,0.

The oxides may be dissolved as follows:

Cu,0+4-2H,S0,4+0=2CuS0,4-2H,0.
Cu0+H,80,=CuS0,+H.O0.

Or with ferrous sulphate:
Cu,0+2FeSO,+H,SO,=Fe,(SO,) +H,0+2Cu.

The native metal is dissolved with acid:
Cu+H,SO,+0=CuS0,+H,0.

The equations stated above are intended to show merely the general
nature of the reactions. Any ferrous sulphate or sulphur dioxide
present would unite with any oxygen present and be converted to
ferric sulphate and sulphuric acid, thus further aiding solution.
Ferric sulphate, which is found almost universally where copper ores
are leached in the presence of atmospheric oxygen, probably aids in
the solution of all copper minerals.

PRECIPITATION OF COPPER.

The superficial alteration of copper, as indicated above, may yield
from a simple ore—for example, from one composed of chalcopyrite
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and pyrite—many secondary minerals. In most deposits there is a
fairly definite segregation of the minerals of the oxidizing zone—
the native metal, sulphates, silicates, carbonates, and oxides; and the
secondary copper sulphides and copper-iron sulphides. It is true
that the oxidized zone commonly penetrates the secondary sulphide
zone along fissures and water channels, but the oxidized minerals play
out in depth, generally above the bottom of the secondary sulphide
zone. The secondary sulphides that are found in the oxidized zone
are generally to be regarded as the residuals of a former sulphide
zone that is not yet completely oxidized.

We should therefore consider two sets of conditions—one where
acid, free oxygen, and some ferric sulphate are present, and one
where acidity is decreased, where there is no free oxygen, where fer-
rous salts predominate, and where primary sulphides occur in con-
siderable quantities. On the following pages the occurrence and
genesis of the minerals of the oxidizing zone are considered in some
detail. The reactions there stated are summarized below for com-
parison.

Yielding native copper:

Cu,S+4Fe,(S0,);+4H,0=Cu+CuSO,+48FeSO,+4H,SO,.
Yielding brochantite:
2Cu,S+100+4+4H,0=H,Cu,S0,,+H,SO,.
Yielding malachite and azurite: .
2CuSO,+2H,Ca (CO,), = CuCO,.Cu(OH),4+2CaS0,+3CO,+H,O0.

3CuS0,+4-3H,Ca (CO,) ,=2CuCO,.Cu(OH),43CaSO,+
4C0,+2H.,0.

Yielding chrysocolla:
CuS0,+H,Ca (CO,),+H,810,=CuOH,Si0,+4CaS0,+H,0+2CO,.

Yielding cuprite:
2Cu,S4+0=2CuS+Cu,0.

It is noteworthy that these reactions use up oxygen, ferric sul-
phate, ‘or bicarbonate. The equations merely represent the begin-
ning and end products of the reactions, which are doubtless more
complicated than the equations indicate. All these salts are dis-
solved in a strong excess of acid, and their solution is aided by
ferric sulphate. They are consequently dissolved from the outcrops
and the upper parts of the oxidized zones, where the acidity of solu-
tions is less readily decreased because acid has already dissolved
and carried away the ore and gangue minerals that are most readily
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attacked and that therefore more readily reduce the acidity of the
solutions. These minerals of the oxidizing zone therefore, as stated
before, must be considered transition phases, not permanently stable.
But in deposits that carry relatively little iron as sulphides, the com-
mon sources of acid, the oxidized ores are dissolved slowly and may
accumulate at the very surface, as at Ajo, Ariz., where, according to
Joralemon,! disseminated ores in porphyry are highly stained with
copper at the surface but have a relatively small zone of chalcocite.

Further evidence of the instability of the copper minerals where
exposed during long periods of weathering at the surface is their
comparatively rare occurrence in sluice boxes of placers formed in a
temperate climate. In the far north, however, the copper minerals
show greater stability and the sulphides are found in stream gravels.?

At the greater depths copper is precipitated as copper sulphides or
as copper-iron sulphides. The carbonates and silicates are not de-
posited at great depths, though it is a well-established fact that deep
underground waters carry silica and carbonates. Even in limestone
rocks the chalcocite zone is generally deeper than the zone of copper
carbonate and associated minerals. This problem offers an attractive
field for experimental study. Indeed some qualitative experiments
of Spencer?® and Nishihara* have a bearing on it. Spencer states
that calcite does not precipitate copper from a solution containing
both cupric and ferrous sulphate, but that in such a solution, in the
presence of much calcite, pyrite and chalcopyrite may be coated with
films of a secondary copper sulphide.® Nishihara repeated this ex- -
periment, making also one in which no calcite was introduced, and
found that calcite not only did not inhibit the precipitation of copper
sulphide but, if the solution is acid, by reduction of acidity the calcite
accelerates precipitation of the sulphide. If ferric sulphate is added
to the solution any bornite formed is quickly dissolved, but after the
calcite has removed ferric sulphate (by precipitation of limonite and

gypsum) the copper sulphide is again deposited, owing again doubt-
" less to reduction of acidity and state of oxidation of the solution.
The function of carbonates in halting the downward migration of
copper is discussed on page 173.

1 Joralemon, 1. B., The Ajo copper-mining district: Am. Inst. Min. Eng. Trans, vol.
49, p. 601, 1915,

2 Moffit, F. H., and Maddren, A. G., Mineral resources of the Kotsina-Chitina region,
Alaska : U. 8. Geol. Survey Bull. 374, 1909, Moffit, F. H,, and Capps, S. R., Geology and
mineral resources of the Nizina district, Alaska : U. 8. Geol. Survey Bull. 448, p. 89, 1911,
Winchell, II. V., Prospecting in the North : Min. Mag., vol. 3, p. 204, 1910,

8 Spencer, A. C., Chalcocite enrichment : Econ. Geology, vol. 8, p. 648, 1913,

4 Nishihara, G. S., The rate of reduction of acidity of descending waters by certain ore
and gangue minerals and its bearing upon sccondary sulphide enrichment : Econ. Geology,
vol. 9, p. 750, 1914, Also, Importance of carbonates in the rdle of secondary enrich-
ment : Econ. Geology, vol. 9, p. 483, 1914,

§ Spencer, A. C., op. cit.,, p. 649,
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There are many data relating to the precipitation of secondary
sulphides of copper, chalcocite, covellite, bornite, and chalcopyrite,
as well as to their synthesis and their occurrence in ore bodies.
Although some of the data are conflicting, the general nature of the
processes is indicated.

Winchell * placed crystals of pyrite in a sealed jar in a slightly
acid solution, containing sulphur dioxide and a dilute solution of
copper sulphate. At the end of three months films of chalcocite were
deposited on the pyrite, and its copper content, which at the begin-
ning was 1.50, had increased to 3.60 per cent. In another jar, with
similar reagents except sulphur dioxide, no chalcocite was deposited.
Winchell suggests that sulphur dioxide is necessary for the deposi-
tion of cuprous sulphide. He infers that the cupric sulphate in solu-
tion with sulphur dioxide supplies cuprous ions for the reaction with
the pyrite that supplies the sulphur for the chalcocite, the iron going
into solutions as ferrous salt. He found that iron was dissolved and
subsequently precipitated as ferric hydrate.

The inference that cuprous ions form in this reaction has not
received universal acceptance, because cuprous salts have not been
identified in mine waters. Cuprous sulphate is a very unstable
compound. It may be held in solution in some substances, but when
placed in water it quickly becomes cupric sulphate. Recently, how-
cver, Wells? has shown that cuprous ions may exist in exceedingly
small concentration under conditions nearly similar to those that
prevail where sulphate waters attack iron and copper sulphides. Ex-
amination of eight mine waters collected by the writer failed, how-
ever, to reveal a trace of cuprous salt.

Oxygen tends to delay or to inhibit the precipitation of copper
sulphides. Possibly the difference in the behavior of the two chemical
systems above described, one with and the other without sulphur
dioxide, is due in part also to the power of sulphur dioxide to remove
atmospheric air from the solution. The oxygen would be removed to
form sulphuric acid, and copper sulphide would then be more readily
precipitated by pyrite. In the jar without sulphur dioxide enough
oxygen may have been present to effectively delay precipitation.

Another point which should be considered in this connection is
the acidity of the solutions from which precipitation was attempted.
Mr. F. F. Grout?® has repeated Winchell’s experiment, with excess
of acid and with careful exclusion of atmospheric oxygen, but after
three years there is little change in the sulphides introduced.

1 Winchell, H. V., Synthesis of chalcocite and its genesis at Butte, Mont.: Bull. Geol.
Soc. America, vol. 14, pp. 272-275, 1903.

2 Wells, R. C., The fractional precipitation of sulphides: Econ. Geology, vol. 5, p. 12,
1910.

3Grout, F. F., unpublished data.
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Sullivan® also repeated the experiments of Winchell. Forty cubic
centimeters of cupric sulphate solution containing 0.1 gram of cop-
per and saturated with sulphur dioxide lost its color almost at once
on shaking with 20 grams of finely powdered chalcopyrite, but cupric
sulphate without sulphur dioxide, similarly treated, became color-
less only at the expiration of a week. To each of the colorless solu-
tions 4 cubic centimeters of a cupric sulphate solution was then
added, containing 0.250 gram of copper. On standing overnight
the solution containing sulphurous acid was again colorless, and the
color of the solution containing no sulphur dioxide faded very
slowly. In similar experiments with pyrite and cupric sulphate,
one in the presence of and one in the absence of sulphurous acid,
the copper at the end of three days had been practically all precipi-
tated from the solution that contained cupric sulphate and sulphu-
rous acid (H,SO;), while from the solution that contained cupric
sulphate alone about 0.040 gram of copper had been precipitated out
of a total of 0.097 gram of copper in 40 cubic centimeters.

These experiments show that the quantity of copper precipitated
on pyrite varies with concentration of acid and that high acidity is
not favorable to precipitation of secondary copper sulphide on
pyrite or chalcopyrite. T. T. Read ? also repeated Winchell’s experi-
ments and found that there was a small loss of copper and gain of
iron in solution when 10 grams powdered chalcopyrite was treated
with 108 cubic centimeters of cupric sulphate containing 3 grams
copper per liter, but this was much increased by addition of sulphur
dioxide.

Stokes?® states that cupric sulphate reacting with pyrite yields
sulphuric acid, as is indicated in the following equation, one which
has been widely accepted as representing the process of chalcociti-
zation of pyrite:

5FeS,+14CuS0O,+12H,0=7Cu,S+5FeS0,+12H,SO,.

Welsh and Stewart, by treating chalcopyrite with dilute cupric
sulphate for three months, obtained a tarnish, probably of copper
sulphide.*

A. C. Spencer found that bornite reacts with cupric sulphate and
gives a film which is probably covellite. This subsequently changes
to the color of chalcocite.® Chalcopyrite with cupric sulphate alone
is not readily affected, but with both ferrous sulphate and cupric

1 Sullivan, E. C., Discussion of paper by T. T. Read on The secondary enrichment of
copper-fron sulphides: Am. Inst. Min. Eng. Trans, vol. 37, p. 893, 1906.

3 Read, T. T., Secondary enrichment of copper-iron sulphides: Am. Inst. Min. Eng.
Trans., vol. 33, p. 299, 1906.

3 Stokes, H. N., Experiments on the actions of various solutions on pyrite and mar-
casite : Econ. Geology, vol. 2, p. 23, 1907.

¢+ Welsh, T. W. B., and Stewart, C. A.. Note on the effect of calcite gangue on the sec-
ondary enrichment of copper veins: KEcon. Geology, vol, 7, p. 785, 1912,

¢ Spencer, A, C., Chalcocite enrichment : Econ. Geology, vol. 8, p. 625, 1913.
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sulphate a film was observed which changed in coior from bronze to
pink, purple, indigo, and steel blue. The final coating was cupric
sulphide. The reaction did not take place in the presence of a little
sulphuric acid in four months. As shown by H. V. Winchell,* acidi-
fied copper sulphate and copper sulphate without sulphur dioxide
had not deposited copper sulphate on pyrite at the end of two years.

Spencer expresses the belief that chalcocitization generally involves
several stages, from chalcopyrite through bornite and covellite to
chalcocite. Krusch, as well as Graton and Murdoch, have noted
a closely similar paragenesis, and Ransome, at Superior, Ariz.,
noted the series in ascending order: Pyrite, chalcopyrite, chalcocite.
The series pyrite, chalcopyrite, bornite, chalcocite, was noted by
Gilbert and Pogue in ores at Mount Lyell, Tasmania. In that region
there is less probability that the deposit was formed by descending
waters, since the tetrahedrite, enargite, and chalcopyrite were formed
after chalcocite, and their genesis is said to be uncertain. In the
Leonard mine at Butte, according to Ray,* the paragenesis is pyrite,
enargite, covellite, chalcocite, bornite, and some chalcopyrite, fol-
lowed by a later generation of chalcocite. This series, except the
later generation of chalcocite, he believes, however, to represent
deposition by ascending thermal waters. (See p. 168.)

Spencer, discussing the pyrite-chalcocite series, tabulated below,
writes many equations showing how members of this series, by react-
ing with cupric sulphate, may become richer in copper and poorer in
iron, finally reaching the chalcocite stage. It is noteworthy that acid
and ferrous sulphate are almost always shown as formed in these
equations. Stokes, who accomplished these syntheses® in the pres-
ence of sulphuric acid (p. 166), proved quantitatively the increase
of acid.

Pyrite-chalcocite scries.

Pyrite_ FeSs.
Chalcopyrrhotite_______________________ CuFe S
Barracanite __________________ . CuFesS..
Cubanite _________ CuFe;S,.
Chalcopyrite_ - CuFeS:..
Barnhardtite .. ___________________ o __ Cu.Fe:Ss.
Bornite (1) CusFeS,.
Bornite (2)- -~ CusFeS..
Bornite (3)---_ . CusFeS..
Covellite . ______ CusS.
Chalcocite______ e Cu.S.

! Winchell, H. V., op. cit., p. 272.

3 Ray, J. C., Paragenesis of the ore mincrals in the Butte district, Montana: Econ.
Geology, vol. 9, p. 463, 1914,

38tokes, H. N., op. cit. See U. 8. Geol. Survey Prof. Paper 43, p. 183, where this
equation is discussed by Lindgren; also Beck, R., The nature of ore deposits, translated
by W. H. Weed, vol. 2, p. 380, where the chemistry of copper enrichment is treated by
E. C. Sullivan ; and Spencer, A, C., Chalcocite enrichment : Washington Acad. Sci. Jour.,
vol. 8, p. 78, 1918 ; Econ. Geology, vol. 8, pp. 621-6852, 1918.
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Paragenesis of some copper sulphide ores.

1 2 3 4 5 6 7
Morenci.a Superior.b Ely, Nev.c | Mount Lyell.d Butte.e “Common.”/ | ““As a rule.”’s

Chaloocite. | Chalcocite. Chaloocite. Chalcocite. Chalcocite. Chalcocite. Chalcocite.

{gg;lmwyﬂu.

o

Chaloogite.

Covellite. Covellite. Covellite. Covellite.
Bornite. Bornite. Bornite. Bornite. Bornite. Barnite.
Chalcopyrite. | Chalcopyrite. | Chalcopyrite. Enargite. Chalcopyrite. | Chalcopyrite.

n
Sphalerite. | Pyrite. Cupri(erous Pyrite. Pyrite. Pyrite.

pyrite.

P:o Ll%dgren Waldems;(,)s The copper deposits of the Clifton-Morenct district, Arizona: U. 8. Geol. S8urvey
a|

ey (fo? oposits near Superior, Ariz.: U. 8. Geal, Survey Bull. 540, p. 149, 1912

cer, A. C comw enrichment: Geology, vo
JG bert, C. G., 'and Pogue, J. E., The Mount Lyellwpperdastr} ot of 'i‘nsmmln U. 8. Nat. Mus. Proc.,

618, 1913.
P ¢Ray, J. C., enesis of the ore minerals in the Butte district, Montana: Econ. Geology, vol. 9, p.

463,1914. R. 'H aﬁu states that bornite is a transition E roduct between pyrite and chalcocite but some
bomnehestabeslsprlmnry and formed after chalcocite (Econ. Geol vo 5 p 682 1910)
Isg}rlngl;:,b C.,and Murdoch, Joseph, The sulphide ores of copper Eng. Trans., vol. 45,
P Krusc Primiire und sekundiire Erze unter besonderer Beriicksichtigung der ‘“‘gel” und der
"schwermotallrdchen" Erze: Cong. géol. internat., 12th session, Toronto, Canada, p. 281, 1914.
Copper sulphide is precipitated also by pyrrhotite, sphalerite, and
galena. All these minerals may be replaced by chalcocite or by

covellite. The reactions set forth involve no changes of valence.

FeS+CuSO,=CuS+FeSO,.
ZnS+CuS0O,=CuS+ZnS0,.
PbS+CuSO,=CuS+PbS0,.

The first two equations represent common processes. Where galena
precipitates copper, lead sulphate is probably formed, and its low
solubility ‘would tend to delay the reaction. Examples of replace-
ment of iron, iron-copper, zinc, and lead sulphides are mentioned
on page 138.

Dilute cold sulphuric acid reacting on sulphide minerals evolves
hydrogen sulphide. The action is most rapid with alabandite and
pyrrhotite, but, as shown by Wells,! it goes on with sphalerite and
galena, and at a slightly higher temperature (41° C.), according to
Clark? it is accomplished very slowly with pyrite, chalcopyrite,
and bornite. Hydrogen sulphide will readily precipitate copper
from sulphuric acid solutions, on account of the low solubility of
copper sulphide. It will likewise precipitate copper sulphide frow
neutral or alkaline solutions.

Grout ® has shown that dilute solutions of either alkali carbonates,
alkali hydroxides, or alkali silicates, one or all of which probably
accumulate at great depths, will react with the various metallic sul-

—

1 Wells, R. C., in U. 8. Geol. Survey Bull. 529, p. 59, 1912,

2Clark, J. D., A study of the enrichment of copper sulphide ores: New Mexico Univ.
Bull,, Chemistry ser., vol. 1, No. 2, p. 116, 1914,

8 Grout, F. F., On the behavior of cold acid sulphate solutions of copper, silver, and
gold, with alkaline extracts of metallic sulphides: Kcon. Geology, vol. 8, p. 429, 19813.
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phides and form alkali sulphide (Na,S or K,S). These sulphides,
like hydrogen sulphide, react with copper sulphate, causing precipi-
tation of copper sulphide. Moreover, these sulphides with antimony
or arsenic will form double sulphides of alkalies and arsenic or anti-
mony, which will precipitate silver antimony sulphide and probably
such cupriferous double salts as tetrahedrite and possibly enargite.

Stokes’s equations showing the precipitation of copper sulphide in
acid solutions have been widely credited, and it is generally sup-
posed that chalcocite is formed in an acid environment. That chal-
cocite may be deposited in an alkaline environment is indicated
above, however, by chemical experiments cited ; these are supported
by field observation. In chalcocite ore from Mount Morgan, Queens-
land, which I have recently examined, through the courtesy of
Mr. H. Eidemiller, the copper sulphide which replaces pyrite con-
tains numerous crystals of calcium carbonate. (See p. 345.) In a
solution more than very slightly acid this carbonate would have
been dissolved, and it is highly improbable that reactions generating
acid, such as are indicated in many equations showing the precipita-
tion of chalcocite, would simultaneously precipitate calcium car-
bonate. The deposition of chalcocite takes place in neutral and
alkaline as well as in acid solutions, and on pyrite and chalcopyrite
more readily in alkaline solutions.

RESUME OF BASIC OBSERVATIONS.

Mineral waters in sulphide ores near the surface are solutions of
sulphuric acid and ferric sulphate. With increase of depth the
acidity of such solutions decreases and ferrous sulphate accumulates.
At greater depths the waters become neutral and ultimately they
become alkaline. Copper in practically all its compounds is dissolved
by sulphuric acid in the presence of air, and particularly in the
presence of ferric sulphate. Cupric sulphate is formed. Copper
sulphide may be precipitated from cupric sulphate solutions in the
presence of sulphuric acid and ferrous sulphate but not in the pres-
ence of much ferric sulphate. Copper is dissolved in the presence
of only a little ferric sulphate, but the solubility product for the
system, comprising cupric, ferrous, and ferric sulphates, in the pres-
ence of a soluble sulphide, has not been worked out. Precipitation
takes place simultaneously with solution of nearly all other sulphides,
and the common sulphides—those of lead, zinc, and iron, all of
which are below copper in the Schuermann series—are replaced by
copper in its deposits. Hydrogen sulphide formed by the action of
acid on many sulphides, and alkaline sulphides formed by the action
of dilute alkalies on many sulphides, will precipitate copper from
its solutions. Although copper is precipitated in the presence of
sulphuric acid, on pyrite it is more readily precipitated in a nearly
neutral, or neutral, or in an alkaline environment.
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OUTCROPS OF COPPER DEPOSITS.

As already stated, the upper part of the oxidized zone of a copper
sulphide deposit may be so thoroughly leached that practically all
the copper is removed and carried downward. As the upper part
of the oxidized zone becomes by erosion the outcrop, it follows that
the outcrops of copper sulphide deposits, if erosion is slow and the
conditions for leaching are favorable, may be practically barren of
copper. Inbase-leveled countries or in countries where the surface has
remained nearly stationary for a long time, the outcrops are generally
depleted of copper. Even in mountainous countries, where erosion
is comparatively rapid, not many large deposits of copper are work-
able at the surface. Ferric sulphate hydrolyzes, depositing limonite,
so the deposits of many iron-copper sulphide ores are marked by a
gossan or “iron hat.” Many copper deposits have been discovered
by following downward a nearly barren gossan or by the downward
exploitation of deposits of precious metals that are concentrated near
the surface above deposits of copper ores in which the precious
metals are present in but small amounts. Examples of deposits
showing such changes are given on page 157.

In copper deposits that do not carry sulphides the downward
transportation of copper is generally slow. The native copper depos-
its of Keweenaw Point, Mich., are workable at the surface, although
the country has undergone erosion for a period so long that it has
become nearly a peneplain.

Where the sulphides are present in subordinate quantities copper
carbonates and silicates may occur abundantly at and near the sur-
face, as at Ajo, Ariz.,! where oxidized copper minerals are con-
spicuous in outcrops.

In limestone copper will commonly segregate as carbonate at and
near the surface, and many oxidized copper deposits in limestone
have been worked by open pits. Limestones that have been altered
by contact metamorphism are relatively impermeable, because their
tough, heavy silicates, such as garnet, amphibole, and mica, are not
readily fractured. Most such deposits contain considerable calcite,
and any copper-iron sulphides they carry will usually oxidize to car-
bonates, silicates, and oxides. The copper in such an ore is particu-
larly stable and is likely to endure long weathering. Such deposits
have stimulated deep prospecting in many districts where other types
of deeper copper ores are present,® and they have thus served as
useful indicators of hidden wealth. Garnet zones have been worked
as open pits in the Morenci-Metealf district, Arizona; in the Bullion

1 Joralemon, I. B., The Ajo copper-mining district: Am. Inst. Min. Eng. Trans., vol
49, p. 601, 1915,

2 Emmons, W. H., The outcrops of ore deposits, in Bain, H. F., and others, Types of
ore deposits, p. 318, San Francisco, 1911,
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district, Nevada; at Patagonia, Ariz.; and at many other places.
In some places secondary sulphides, partly oxidized, occur at the
surface.

The copper lodes in igneous rocks at Butte are leached of copper,
some of them to a depth of 400 feet. The disseminated ores in por-
phyry show great variation as to depth of leaching, but are commonly
leached to depths of 100 to 300 feet below the surface, and excep-
tionally at greater depths. Some of them show practically no cop-
per at the surface. At Cananea, Sonora, and Morenci, Ariz., barren
gossans that were explored to considerable depths have led to good
deposits of chalcocite ore. Copper was only sparingly present at
most ‘places in the outcrops of the great disseminated deposits at
Miami and Ray, Ariz. At Bingham it was locally somewhat con-
spicuous as carbonates and silicates.

It is noteworthy that some gossans that have been followed far
downward have led to no copper sulphide ore below. A pyritic pri-
mary deposit not containing sufficient copper will oxidize without
concentration of copper ores in the sulphide zone. ’

In making explorations for copper the question frequently is raised
whether drilling is justified in an area that shows but little iron
oxide at the surface. Nearly all copper deposits in North America
do show ferruginous outcrops, but some gossans that cap valuable
disseminated ores in porphyry are not heavily stained with iron.
At Cananea, Sonora, valuable chalcocite deposits occur below out-
crops that show heavy iron stain only here and there. As a rule,
however, the outcrops show much silicification and kaolinization and
more or less limonite. Of the outcrops at Morenci Lindgren says:*

Such “iron caps” as are seen at the outcrops of veins in regions where oxi-
dation proceeds undisturbed by erosion are generally absent in this district.
The veins are rather marked by siliceous outcrops containing a small amount
of oxidized copper ore and little limonite; some of them are entirely barren.

The ore bodies in limestone contain, it is true, much limonite, but that is rather
due to reactions between sulphate and carbonate than to direct oxidation.

TRANSPORTATION OF COPPER AND DEPTHS TO WHICH SECONDARY ENRICH-
MENT OF COPPER MAY BE EFFECTIVE.

It has already been shown that the copper migrates downward
by stages, and may be carried into solution and precipitated again
and again, its behavior depending on the chemical environment,
that is, on the state of oxidation and the acidity of the solutions,
which, again, depend on nearness to the surface. In an oxidizing
acid environment copper that has been precipitated will be redis-
solved ; in a reducing, less acid environment it will be precipitated.

1 Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arizona:
U. 8. Geol. Survey Prof. Paper 43, pp. 179-180, 1905.
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The deposition of secondary copper sulphides will depend on the
depths to which oxidation has extended. There may not every-
where be a secondary sulphide zone below the zone of oxidation,
but there is evidently a general relation between oxidation and
secondary sulphide enrichment. The depth of oxidation depends
on many factors, among them permeability of the ore, climate,
topography, duration of period of weathering, rate of erosion,
and character of ore and of the gangue. In the heavy pyrrhotite
ores at Ducktown, Tenn., the maximum depth of oxidation in nearly
all the lodes is about 100 feet. At Encampment, Wyo., it is 100
feet or more. At Morenci oxidation in sphaleritic copper sulphide
ore is generally 50 to 200 feet deep. At Butte, Mont., oxidation is
300 to 400 feet deep; at Bingham, Utah, it is only 300 feet deep in
the Highland Boy mine but 1,450 feet deep in the Brooklyn mine.
At Globe, Ariz., oxidation is general at depths of 700 or 800 feet
and locally extends to much greater depths. In the White Oaks
region, N. Mex., it is about 1,380 feet deep. In deposits in limestone
at Tintic, Utah, it is 2,400 feet deep.

In deposits containing copper-iron sulphides secondary copper
sulphides will generally form at depths below the zone of active oxi-
dation, although to some extent the oxides may be associated with
sulphides. Secondary chalcocite is deposited at slight depths below
the surface in ores carrying much pyrrhotite. At Ducktown it is
generally found within 100 feet of the surface. In the pyrrhotitic
deposits at Encampment, Wyo., secondary copper sulphides lie 200
feet or more below the surface. At Morenci secondary chalcocite
ores are found 400 feet or more below the surface; at Ely the av-
erage depth of the bottom of ores developed in porphyry is about
325 feet; but in the Alpha mine enriched ore is as deep as the
1,200-foot level. At Globe secondary copper ore is found as deep as
the 1,600-foot level of the Old Dominion mine. On the Live Oak
ground at Miami it was found at depths below 1,000 feet. At Ray
the chalcocite ore extends to depths of 700 feet. At Butte chalco-
cite ores are found below the 3,000-foot levels, but probably such
ore is not secondary. Weed?! states, however, that the deposition
of chalcocite by descending water on the 2,200-foot level of the
Mountain Con mine was interrupted only by the opening of the
mine workings.

INFLUENCE OF ORE AND GANGUE MINERALS ON DEPTHS OF SECONDARY
SULPHIDE ZONES.

As already stated, the depth of the secondary sulphide zone de-
pends on climate, topography, duration of period of weathering,
permeability, composition of ore, and other factors. These factors

1 Weed, W. I1., Geology and ore deposits of the Butte district, Montana: U, S. Geol
Survey Prof. Paper 74, p. 164, 1912,
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must be weighted for each deposit or group of deposits, but cer-
tain relations of mineral composition to depth are often the con-
trolling ones and these will be emphasized here.

Bard? first called attention to the fact that as calcite precipi-
tates copper as carbonate, the downward migration of copper in
limestone would be thus delayed. Later Spencer? showed that
in the presence of calcite, ferrous sulphate, and cupric sulphate,
chalcopyrite will develop films of copper sulphide. As it has been
shown, however, that ferric sulphate inhibits the precipitation of
copper sulphide and that decrease of acidity and development of
alkaline conditions favor precipitation of copper sulphide on pyrite,
and as both the state of oxidation and the acidity of descending
waters are reduced in presence of calcite, it follows that a gangue
of calcite will delay the downward migration of copper. Other
. carbonates, particularly siderite, as shown by Nishihara,® readily
decrease the acidity and reduce the state of oxidation of acid ferric
sulphate solutions.

Silicification of limestone removes carbonate and by weathering
also calcite is rapidly eliminated. Indeed the most deeply oxidized
zones are in limestones. Moreover, though the elimination of car-
bonates is aided by sulphuric acid generated by iron sulphide, it
occurs also in the absence of iron pyrite. The most deeply oxidized
iron deposits known to me are those of the Newport mine on the
Gogebic iron range, Mich., which owe their workability to the oxida-
tion of a cherty iron carbonate. There sideritic protore* has been
completely decarbonated at depths of 2,700 feet measured on the in-
cline, and more than 2,400 feet vertically below the surface. At
Tintic, Utah, copper deposits in limestone have been oxidized 2,400
feet below the surface. Nevertheless, if we inspect the various de-
posits of North America with these premises in view, we find that
the deepest extensive secondary chalcocite zones are not in limestone
nor in ores that carry much carbonate in the gangue. The deepest
extensive chalcocite zones in limestone are those of Bisbee, where, in
the Lowell mine, secondary chalcocite is found at a depth of 1,600
feet. But Ransome® has shown that in this district secondary depos-
its were formed before the beds were tilted to their present positions,
indeed before the Cretaceous rocks were deposited. They are there-

* Bard, D. C., Absence of secondary copper sulphide enrichment in calcite gangue : Econ.
Geology, vol. 5, pp. 59-61, 1910.

3 Spencer, A. C., Chalcocite enrichment : Econ. Geology, vol. 8, p. 648, 1913,

2 Nishihara, G. S., The rate of reductlon of acidity of dexcending waters by certain ore
and gangue minerals and its bearing upon secondary sulphide enrichment : Econ. Geology,
vol. 9, p. 7563, 1914, :

¢Van Hise, C. R, and Leith, C. K., The geology of the Lake Superfor region: U. §,
Geol. S8urvey Mon. 52, p. 242, 1911,

¢ Ransome, F. L., Notes on the Bisbee district, Arizona: U. 8. Geol. Survey Bull. 529,
p- 179, 1913.
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fore related not to the present topography and the present water level
but to an ancient surface that was long ago covered by later rocks.

Ores carrying much pyrrhotite are not enriched at great depths
below the oxidized zone. This conclusion is justified by field ex-
perience and by much experimental data. Among the common sul-
phides the position of pyrrhotite is unique; it will decrease acidity,!

NW. . S8E. -

"/ / / // P 'i‘ \;(/
W) B
Schist Ore zone

Figure 13.—Cross section of the Mary lode, Ducktown, Tenn. After W, H. Emmons and
I. B. Laney. 1n this deposit of pyrrhotite ore the chalcocite zone i8s exceptionally thin.

reduce ferric sulphate,®> and generate hydrogen sulphide® more
rapidly than any other common sulphide. Even in alkaline solutions
it will react with the alkalies to form alkaline sulphides more rapidly
than other common minerals. In every series of reactions that tends
toward precipitation of copper as sulphide its activity is rapid.
Alabandite would likewise delay the downward transfer of copper,
but it is not an abundant mineral, and if present only in small

1 Nishthara, G. 8., op. cit.,, p. 753.
2Grout, F. F., op. cit.,, p. 427.
3 Wells, R. C,, U. S. Geol. S8urvey Bull. 529, p. 59, 1918.
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amounts it would generally be used up quickly and would then be
no longer effective. Sphalerite reacts with acid solutions to liberate
hydrogen sulphide more readily than pyrite or chalcopyrite, and it
is replaced by copper sulphide before pyrite, but it reacts less readily
than pyrrhotite. Pyrite and chalcopyrite react more slowly than
any of the common sulphides.

As stated on page 153, the vertical extent of the secondary sulphide
zone in pyrrhotite deposits is relatively small. (See fig. 13.) In
sphaleritic deposits without pyrrhotite it is more extensive vertically
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Figure 14.—Cross section of Joy vein, Morenci district, Arizona. After Waldemar Lind-
gren. The primary ore carries pyrite, chalcopyrite, and sphalerite but no pyrrhotite.

(see fig. 14), and in thoroughly fractured deposits of pyrite and chal-
copyrite with little or no sphalerite or pyrrhotite the secondary sul-
phide zone may be much more extensive vertically. (See Pl. VI.)

Secondary zones of only moderate vertical extent should be ex-
pected in deposits that carry much arsenopyrite and tetrahedrite.
I know of no secondary copper sulphide zone in leucite or nephe-
line rocks, but if such a zone is found without much doubt it will
not extend far below the zone of oxidation because the feldspathoids
decrease acidity so readily. All basic rocks are unfavorable to deep
enrichment except when thoroughly altered.
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OCCURRENCE OF THE COPPER MINERALS.

Native copper occurs in the Lake Superior district and in zeolitic
lodes elsewhere as the principal primary copper mineral. In the
sulphide ores of the Cordillera of North America native copper is
confined to the upper zone of the ore bodies and is clearly secondary.
It is formed in many places by the reduction of cuprite and is fre-
quently found, with copper oxides, directly above the zone of sec-
ondary chalcocite ores. A. F. Rogers® described a specimen of native
copper from the Calumet & Arizona mine, Bisbee, Ariz. Cubes
modified by octahedral and dodecahedral faces occur in cavities of a
limonite gangue. The native metal there he believes replaces cuprite.

The following reactions’ forming native copper from cuprite ap-
pear probable:

Cu,0+H,S0,=H,0+Cu,S0,.
C1,80,4-2FeS0,=2Cu+Fe, (S0,),.

Or expressed as one equation:
Cu,0+4-2FeS0O,+H,SO,=2Cu+Fe,(SO,),+H,O.

At Cananea, Mexico, at Cashin, Colo., and at many other places
tabular masses of native copper cut the decomposed oxidized ore,
suggesting the possibility that it has altered directly from chalecocite.
At Morenci, Ariz., it is associated with cuprite, as a rule in the upper
limit of the chalcocite zone. In the Williams vein, Arizona Central
mine,? in this district, 200 feet below the surface, a vein of solid cop-
per was found in sericitized porphyry. The vein formed a sheet of
copper, in places 8 inches thick, standing nearly vertical. It had in
places a fibrous structure, perpendicular to the plane of the vein,
such as occasionally is exhibited by the chalcocite seams, of which
it is believed to be a pseudomorphic development. In one specimen.
according to Lindgren, two sheets of copper were found separated
by sooty chalcocite. According to Graton and Murdoch ? native cop-
per forms directly from chalcocite in some ore of the Old Dominion

- mine, (lobe, Ariz.

In view of these relations it appears that copper may form di-
rectly from chalcocite without the intermediary stage of oxidation
to cuprite. Lindgren suggests this reaction:

Cu,S+-3Fe,(S0,),+4H,0=2Cu4-6FeS0O,+4H,SO0,.

1 Rogers, A. F., Notes on some pseudomorphs, petrifactions, and alterations: Am.
Philos. Soe. Proc., vol. 49, p. 17, 1910,

? Lindgren, Waldemar, The copper deposits of the Clifton-Morencl district, Arizona:
U. S. Geol. Survey Prof. Paper 43, p. 101, 1905.

3 Graton, L. C., and Murdoch, Joseph, The sulphide ores of copper; some results of
microscopic study: Am. Inst. Min. Eng. Trans., vol. 45, p. 56, 1914,
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An equation in which not all of the copper is reduced to native
metal in the presence of ferric sulphate may be written:

Cq,S+4F e, (S0,);+4H,0=Cu+CuSO,+4-8FeSO,+4H,SO,.

Native copper was abundant above the third level of the Copper
Queen ore body at Bisbee, Ariz., but comparatively rare in the lower
portions of the oxidized ores! In the Calumet & Arizona mine,
however, it is abundant on the 1,050-foot level. It occurs in part as
incrustations of chalcocite. As Ransome (see p. 209) has shown,
these deposits have been tilted since they were oxidized. At Bing-
ham, Utah,? native copper is rare but has been observed. Some native
copper is present in most of the mines at Tintic, Utah, but generally
in small amounts. A specimen from the Boss Tweed mine showed
native metal surrounded by cuprite.® Much native copper is devel-
oped in the upper zones of copper deposits at Santa Rita, N. Mex. In
general, it is abundant from 100 to 200 feet below the surface. Ac-
cording to Lindgren, Graton, and Gordon* it is probably an altera-
tion product of sulphides, but the latter appear to have been deposited
in part in open spaces in the porphyry rather than as replacements
of pyrite. In this district and also in the copper deposits of Lake
Superior native copper has been found as pseudomorphs after horn-
blende. According to Yeates® native copper in Grant County,
N. Mex., is pseudomorphous after azurite. Native copper is not
asbundant at Butte, Mont.,* nor at Park City, Utah.” At Ducktown,
Tenn., according to report, where mines that had been closed during
the Civil War were reopened masses of native copper were found
hanging to some of the timbers.®

In view of the fact that ferrous sulphate, a reducing agent, prob-
ably accumulates at depths at which chalcocite forms, one would
suppose that native copper, which is a product of reduction, might
be deposited under some conditions along with chalcocite; this asso-
ciation is common but is probably due to subsequent oxidation of

1 Ransome, F. L., The geology and ore deposits of the Bisbee quadrangle, Arizona: U. S.
Geol. Survey Prof. Paper 21, p. 120, 1904.

3 Boutwell, J. M., Economic geology of the Bingham mining district, Utah: U. 8. Geol.
Survey Prof. Paper 88, p. 110, 1905.

$Tower, G. W., and 8mith, G. O., Geology and mining industry of the Tintic district,
Utah: U. 8. Geol. Survey Nineteenth Ann. Rept., pt. 3, p. 701, 1898,

¢ Lindgren, Waldemar, Graton, L. C., and Gordon, C. H,, The ore deposits of New
Mexico: U. 8. Geol. 8urvey Prof. Paper 68, p. 316, 1910.

8 Yeates, W. 8., Pseudomorphs of native copper after azurite, from Grant County,
N. Mex.: Am. Jour. 8ci., 3d ser., vol. 38, pp. 405407, 1889.

* Weed, W. H., Geology and ore deposits of the Butte district, Montana : U. 8. Geol. S8ur-
vey Prof. Paper 74, p. 80, 1912,

7 Boutwell, J. M., Geology and ore deposits of the Park City district, Utah: U. 8. Geol.
Survey Prof. Paper 77, p. 106, 1913.

* Edwards, W. F., Discusslon of a paper by II. A. Lee on Gases in metalliferous
mines : Colorado Sci. 8oc. Proc., vol. 7, p. 183, 1904,

34239°—Bull. 625—17.
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chalcocite and reduction to native copper. In the deeper parts of the
zones of alteration sulphur, in the primary minerals, generally occurs
in abundance and consequently the secondary copper minerals that
form there are sulphides.

Chalcanthite (blue vitriol), CuSO,.5H,0, is commonly present in
the oxidized zones as efflorescences of stalactites on open fissures, or as
veinlets filling small crevices above the upper limit of the zone of
secondary sulphides. At Ducktown, Tenn., it is abundant also in
the chalcocite zone and constitutes a valuable ore mineral. It rarely
forms far below the top of the chalcocite zone, except on surfaces of
openings made by mining operations. At Butte, Mont., according to
Weed,! it coats rock fragments in old stopes, in places so abundantly
that it has been found profitable to collect it from time to time. In
the Silverbow mine pure chalcanthite is so abundant as to almost fill
some of the old drifts. Beautiful stalactites and shapes imitating
organ pipes are developed. At Horn Silver mine, Utah, chalcanthite
is abundant on the eleventh, the lowest level examined.? At some
other mines, also, it is found at considerable depths. It occurs spar-
ingly on the 1,600-foot and 1,700-foot levels in the Ontario mine,
Park City, Utah.* In Butte copper deposits, according to Weed,
copper sulphate is carried by the moisture of the atmosphere circu-
lating in mine openings.* '

Pisanite, (Cu,Fe)SO,TH,0, is a rare sulphate of copper and iron.
Large and beautiful specimens were found in copper deposits at
Bingham, Utah.® At Butte, Mont., stalactites occur, usually in de-
serted drifts.® It occurs sparingly, according to Van Horn,” at
Ducktown, Tenn.

Brochantite, H,Cu,SO,,, a basic sulphate of copper, has been
identified at only a few places. It is of common occurrence in the
ores of the Clifton-Morenci district, Arizona, where, according to
Lindgren? it is intergrown with malachite, which effectively masks
its presence in hand specimens. In the Shannon mine, near the sur-
face. in porphyry, it constitutes a rich ore body. Brochantite has
been found at Tintic, Utah.? Ransome noted it also in thin sections

1 Weed, W. H., Geology and ore deposits of the Butte district, Montana : U. S. Geol. Sur-
vey Prof. Paper 74, p. 81, 1912,

2 Butler, B. 8., Geology and ore deposits of the San Francisco and adjacent districts,
Utah: U. S. Geol. Survey Prof. Paper 80, p. 108, 1913,

3 Boutwell, J. M., Geology and ore deposits of the Park City distri~t, Utah: U. 8. Geol.
Survey Prof. Paper 77, p. 115, 1913.

¢ Weed, W. H., op. cit,, p. 99.

8 Boutwell, J. M., Economic geology of the Bingham mining district, Utah: U. S. Geol.
Survey Prof. Paper 38, p. 111, 1905.

¢ Weed, W. H., op. cit., p. 82.

70ral communication.

8 Lindgren, Waldemar, The copper deposits of the Clifton-Morenct district, Arizona:
U. S. Geol. Survey Prof. Paper 43, p. 119, 1905.

® Hillebrand, W. F., and Washington, H. 8., Notes on certain rare copper minerals from
Utah : T. 8. Geol. Survey Bull. 55, p. 47, 1885.
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from the oxidized zone at Bisbee, Ariz., and it is found in oxidized
ores of the Horn Silver mine, Utah,! and the Cerro Gordo mine, Cali-
fornia.? At Chuquicamata, Chile.? it is the principal mineral in one
of the largest copper deposits in the world. This deposit, which has
been proved to depths of 1,000 feet in places, changes with depth
to chalcocite, bornite, and chalcopyrite. About three-fourths of the
ore developed is brochantite and one-fourth is sulphides. In all its
occurrences brochantite is probably deposited by oxidizing waters.

Sullivan * obtained a substance of the composition of brochantite
by treating silicates with copper sulphate solutions. Lindgren®
states that brochantite may form directly by the oxidation of chal-
cocite according to the following reaction:

2Cu,S+100+4-4H,0=H,Cu,SO,,+H,SO,.

Atacamite and nantokite—Atacamite, CuCl,.3Cu(OH),, the oxy-
chloride of copper, and nantokite, CuCl, cuprous chloride, are com-
paratively rare secondary copper minerals. They are probably
formed in the oxidized zones, but on account of their solubility in
natural waters they do not generally accumulate. In the arid region
near the western coast of South America, atacamite has been re-
ported from several places. At Chuquicamata, Chile,? it has been
supposed to be abundant, but recently this ore has been proved to be
mainly brochantite. In the United States the natural chlorides of
copper are almost unknown.

Malachite, (CuOH),CQ,, a basic cupric carbonate, is abundant in
the oxidized zones of many cupriferous deposits and is most abundant
in deposits that are inclosed in limestone. It was present in con-
siderable quantity in the superficial portions of copper deposits at
Bingham, Utah,” where it occurs as globular masses and also as
bands equivalent to parts of certain rock strata. It also forms en-
velopes about sulphides and oxides. In the Old Dominion mine at
Globe, Ariz., according to Ransome,” malachite is conspicuously
developed as veinlets in quartzite and has locally replaced the
quartzite. At Park City, as stated by Boutwell,® malachite is found

1 Butler, B. 8., Geology and ore deposits of the San Franclsco and adjacent districts,
Utah: U. 8. Geol. Survey P’rof. Paper 80, p. 108, 1913,

3 Knopf, Adolph, Mineral resources of the Inyo and White mountains, Cal.: U. 8.
Geol. Survey Bull. 540, p. 105, 1914.

3 Editorial, Min. and Sci. Press, vol. 106, p. 933, 1913.

¢ Sullivan, E. C.,, The Interaction between minerals and water solutions: U, 8. Geol.
Survey Bull. 312, p. 61, 1907,

® Lindgren, Waldemar, op. cit.,, p. 188.

¢ Boutwell, J. M., Economic geology of the Blnzham mining district, Utah: U, 8. Geol,
Survey Prof. Paper 38, p. 107, 1905.

7TRansome, F. L., Geology of the Globe copper district, Arizona: 1. 8. Geol. Survey
Prof. Paper 12, p. 122, 1903.

* Boutwell, J. M., Geology and ore deposits of the PPark City district, Utah: U. 8. Geol.
Burvey Prof. Paper 77, p. 112, 1913,
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in cracks in quartzite at stopes on the 1,200-foot level of the Silver
King mine. In this district malachite occurs also as a coating on
gray copper.

Malachite is present almost universally also in the oxidized zones
of cupriferous sulphide deposits in rocks other than limestones and
in some of them it persists in the outcrops. In the Philipsburg dis-
trict, Montana,! in lodesinclosed in granite, malachite generally occurs
in the oxidized zones of silver deposits that carry a little chalcopyrite
and tetrahedrite. At Butte it is only sparingly developed in most
of the oxidized ore. In the San Francisco district, Utah, malachite
was an important mineral in the O K and Lady Bryan mines.? The
former is in quartz monzonite; the latter in limestone.

The association of malachite with limonite in the gossan has en-
couraged deep development in many copper districts. It is unknown
as a primary ore in deposits formed by thermal waters.

If copper sulphate waters should mingle with acid carbonate
waters, the following reaction * would probably take place:

2CuS0,+2H,Ca (CO,) ,=CuCO,.Cu(OH),+2CaS0,+3CO,+H,O.

Acid waters attacking limestone would form malachite according
to the following reaction:

2CuS0,4-2CaC0,+5H,0 = CuCO,.Cu(OH),+2CaS0,.2H,04CO.,.

Solutions of iron sulphate and copper sulphate react with lime-
stone and deposit limonite and malachite simultaneously.* )

Malachite may readily be obtained synthetically also by brlngmg
carbonate solutions into contact with metallic copper. The min-
eral has been identified on many coins that have been buried for
iong periods.® On Chinese copper coins of a dynasty of the seventh
century, Rogers® found malachite coated with azurite. In sulphuric
acid solutions copper carbonates are dissolved freely, and more
freely in the presence of ferric sulphate. Wells showed that copper
is precipitated in alkaline carbonate solutions more readily than the
other common metals except mercury and lead.” That copper car-
bonate is almost insoluble in alkaline carbonate solutions is shown

1 Emmonsg, W. H., and Calkins, F. C., Geology and ore deposits of the Philipsburg quad-
rangle, Montana : U. 8. Geol. Survey Prof. Paper 78, p. 157, 1913.

2 Butler, B. S.,, Geology and ore deposits of the San Francisco and adjacent districts,
Utah: U. 8. Geol. Survey Prof. Paper 80, p. 100, 1913,

3 Kemp, J. F., Secondary enrichment in ore deposits of copper: Econ. Geology, vol. 1,
p. 24, 1906.

¢ Lindgren, Waldemar, The copper deposits of the Clifton-Morenci district, Arizona:
U. S. Geol. Survey Prof. Paper 43, pp. 180-190, 1905,

s Clarke, F. W., The data of geochemistry, 3d ed.: U. 8. Geol. Survey Bull. 616, p. 683,
19186.

¢ Rogers, A. F., Minerals observed on buried Chinese coins of the seventh century : Am.
Geologist, vol. 31, p. 45, 1903.

7 Wells, R. C., The fractional precipitation of carbonates: Washington Acad. Scl. Jour.,
vol. 1, p. 21, 1911,
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also by experiments of J. D. Clark, who exposed it for many days in
presence of alkaline carbonates and CO, with only trivial loss.!

Azurite, 2CuCO,.Cu(OH),, like malachite, is a basic cupric car-
bonate. So far as known, it is not formed by ascending thermal
waters. ,It is very much less abundant than malachite, but in some
deposits in limestone, as at Bisbee, Ariz., it is plentiful. Kemp 2
suggests the following reaction with copper sulphate and acid car-
bonate solutions:

3CuS0, 4+ 3H,Ca(CO,), = 2CuCO,.Cu(OH), + 3CaS0, + 4CO, + 2H,0.

Azurite may form in the gossan and oxidized zone, even in ore
deposits that contain only a little copper.® At Park City, Utah,*
azurite is somewhat less rare than the green carbonate. In the
Silver King mine, in a stope between the 800-foot and 900-foot
levels, there was a solid bed of azurite one-fourth to one-half
inch thick, and below the stope copper carbonate stains or replaces
lead carbonate. Tetrahedrite also is coated with azurite. At Morenci
it is frequently associated with kaolin® and is generally one of the
last minerals to form.

In limestone azurite may be formed according to the following
reaction :

3CuS0,+3CaCO,+7H,0=2CuCO,.Cu(OH),
+3CaS0,2H,0+CO,.

" Rogers® described occurrences of azurite on ancient Chinese copper
coins recently exhumed. On three of the coins the succession was
copper, cuprite, malachite, and azurite. Azurite was, however, less
abundant than malachite.

Chrysocolla, CuOH,_SiO,, the bluish-green hydrous copper sili-
cate, forms rather abundantly in the outcrops and near the sur-
face of some copper deposits, though in others it is rare or absent.
Of 62 analyses, according to Foote and Bradley,” only 12 agree with
the formula stated above. These investigators regard chrysocolla a
“solid solution” of CuSiO, and H,O, its composition depending on
conditions of formation. Chrysocolla is a common mineral in the

1Clark, J. D., A chemical study of the enrichment of copper sulphide ores: New
Mexico Univ. Bull. 75, p. 103, 1914,

3Kemp, J. F., Secondary enrichment in ore deposits of copper: Econ. Geology, vol. 1,
p. 24, 1906.

3 Emmons, W. H., and Calkins, F. C., Geology and ore deposits of the Philipsburg quad-
rangle, Montana : U. 8. Geol. Survey Prof. Paper 78, p. 157, 1913.

¢ Boutwell, J. M., Geology and ore deposits of the Park City district, Utah: U. 8. Geol.
Survey Prof. Paper 77, p. 112, 1913.

§ Lindgren, Waldemar, The copper deposits of the Clifton-Morencli district, Arizona:
U. 8. Geol. Survey Prof. Paper 43, p. 118, 1005.

$Rogers, A. F., Minerals observed on buried Chinese coins of the seventh century: Am.
Geologist, vol. 31, p. 45, 1903.

TFoote, H. W., and Bradley, W. M., On solid solution in minerals: Am. Jour. 8ci, 4th
ser, vol. 86, p. 180, 1918.
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oxidized zone of some silver and gold mines. Although widely dis-
tributed in some lodes, it occurs at most places only in small bodies.
It is commonly associated with malachite and azurite and is not
known as a deposit of ascending hot waters. At Globe, Ariz.,* chrys-
ocolla replaces dacitic tuff. In this district it is older than malachite
where the two minerals are together and it forms at greater depths
than malachite. It is an ore mineral in several other deposits of the
Southwest, where it is mined with copper oxides and carbonates. At
Bisbee it is only sparingly present. At Butte, Mont.,? it is found
in the country rock near the veins. Chrysocolla is abundant in veins
and decomposed country rock at Tintic, Utah.* It is common in the
secondary ores of the San Francisco region, Utah,* and occasionally
present at Park City.® It is known also in the Cerro Gordo mine.
Inyo County, Cal.® At Philipsburg, Mont., it is not abundant but
occurs here and there in the upper levels of several mines.” Minute
specks are common in oxidized copper ores. At Cripple Creek chryso-
colla is an oxidation product of tetrahedrite.?

There is no record of the synthesis of chrysocolla in the laboratory.
Kemp® has suggested that it results from gelatinizing silica and
solutions of copper sulphate:

CuSO, + H,Ca(CO,), + H,SiO, =CuOH,SiO, + CaSO, + H,0 + 2CO0,.

In the Coppereid district, Nevada. according to Ransome,!® it has
replaced limestone.

According to Rogers, calcite scalenohedrons at Arlington, N. J.,"
and calcite rhombohedrons at the Reward gold mine, Inyo County,
Cal., are replaced by chrysocolla. The rhombohedrons are made up
of concentric layers of varying shades of blue. It appears, however,
that abundant carbonate is not uniformly a condition for its genesis,

1 Ransome, F. L., Geology of the Globe copper district, Arizona: U. S. Geol. Survey
Prof. Paper 12, p. 123, 1903.

2 Weed, W. H.,, Emmons, S. F., and Tower, G. W., U. 8. Geol. Survey Geol. Atlas, Butte
special folio (No. 38), p. 6, 1897,

8 Tower, G. W., and Smith, G. O., Geology and mining industry of the Tintic district,
Utah: U. S. Geol. Survey Nineteenth Ann. Rept.,, pt. 3, p. 701, 1898.

4 Butler, B. 8., Geology and ore deposits of the San Francisco and adjacent districts,
Utah : U. 8. Geol. Survey Prof. Paper 80, p. 105, 1913,

s Boutwell, J. M., Geology and ore deposits of the Park City district, Utah: U. S. Geol
Survey Prof. Paper 77, p. 112, 1913,

¢ Knopf, Adolph, Mineral resources of the Inyo and White mountains, Cal.: U. 8. Geol
Survey Bull. 540, p. 106, 1914.

T Emmons, W. II,, and Calkins, F. C., Geology and ore deposits of the Philipsburg quad-
rangle, Montana : U. 8, Geol. Survey Prof. Paper 78, p. 162, 1913,

8 Lindgren, Waldemar, and Ransome, F. L., Geology and gold deposits of the Cripple
Creek district, Colorado: U. 8. Geol. Survey Prof. Paper 54, p. 129, 1906.

® Kemp, J. E., Secondary enrichment in ore deposits of copper: Econ. Geology, vol. It
pp. 24-25, 1906.

10 Ransome, F. L., Notes on some mining districts in HHumboldt County, Nev. : U. 8. Geol.
Survey Bull. 414, p. 65, 1909.

11 Rogers, A. F.,, Notes on some pseudomorphs, petrifactions, and alterations: AD.
Philos. 8oc. Proc., vol. 49, p. 20, 1910.



COPPER. 183

gince in the Morenci district, Arizona,! it is more abundant in the ores
in porphyry and in granite than in the ores in limestone. In some de-
posits in porphyry it is of commercial value. An interesting occur-
rence of highly auriferous chrysocolla is that of the Original Bullfrog
mine in Nevada. If in the reaction suggested by Kemp ferrous acid
carbonate were present in place of that of lime, ferrous sulphate
would form instead of calcium sulphate. Minute quantities of fer-
rous sulphate drive gold from solutions in which it is dissolved as
chloride. Possibly the free gold of chrysocolla was precipitated by
ferrous sulphate.

In the Calumet & Arizona mine chrysocolla forms thin shells
about kernels of cuprite, native copper, and brochantite and is in
turn enveloped by malachite and calcite.?

Chrysocolla incrusts cuprite in the Yellow Pine district, Nevada,
and it replaces cuprite also in the ores from the Santa Margarita
mine,* New Almaden, Cal., and from the Tintic district, Utah. A
specimen from the Calumet & Arizona mine, Bisbee, Ariz., de-
scribed by Koenig,® consists of melanchalcite forming thin envelopes
about kernels of cuprite and inclosed in turn by chrysocolla.

Chrysocolla is itself moderately soluble in dilute sulphuric acid.®
The reaction is rapid enough to be used on a commercial scale. In
slkaline solutions” and excess carbon dioxide at ordinary pressures
chrysocolla is very slowly soluble.

Dioptase, H,CuSiO, or H,0.CuO.Si0,, like chrysocolla, is a sec-
ondary copper silicate. It is characteristically formed in the zone
of oxidation and is unknown as a deposit from hot ascending waters.
It is known in only a few places in the United States, among them
Morenci Ariz.? where it is associated with chrysocolla in limestone.

Turquoise, probably Cu,0.A1,0,.2P,0,.9H,0(?), is not a common
oxidation product of copper ores but appears to form under condi-
tions where copper salts are formed along with those of phosphorus.
As apatite is fairly abundant in some of the disseminated copper
deposits, it is surprising that turquoise is not more common. The

1 Lindgren, Waldemar, The copper deposits of the Clifton-Morencl district, Arizona:
U. S. Geol. Survey Prof. Paper 43, p. 112, 1905.

3 Ransome, F. L., The geology and ore deposits of the Bisbee quadrangle, Arizona: U. 8.
Geol. S8urvey Prof. Paper 21, p. 126, 1904,

s Hill, J. M., The Yellow Pine mining district, Clark County, Nev.: U. 8. Geol. Survey
Bull. 540, p. 246, 1914,

¢ Rogers, A. F., op. cit., p. 20.

5 Koenig, G. A., On the new species of melanchalcite and keweenawite: Am. Jour. Scl.,
4th ser., vol. 14, pp. 404—409, 1902,

¢ Austin, W. L., The leaching of copper ores at the Steptoe works, Nevada: Am. Inst.
Min. Eng. Trans,, vol. 49, p. 669, 19106.

TTolman, C. F., jr., and Clark, J. D., The oxidation, solution, and precipitation of
copper in electrolytic solutions and the dispersion and precipitation of copper sulphides
from colloidal suspensions, with a geological discussion: Econ. Geology, vol. 9, p. 564,
1014,

8 Lindgren, Waldemar, op. cit., p. 111,
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best known deposits in the United States yielding turquoise are near
Tyrone, about 10 miles southwest of Silver City, N. Mex. There tur-
quoise is inclosed in intruded granite and quartz monzonite where
these rocks have been deeply eroded and extensively weathered.! The
turquoise is in veins filling cracks in the altered granite and nuggets
or concretions of turquoise are embedded in kaolin.? Associated min-
‘erals are malachite and chrysocolla, and veins of quartz and jarosite
cut the turquoise. Below the zone of oxidation turquoise is absent and
not much material of value is found below depths of 100 feet. The
minerals found at depths are pyrite, quartz, sericitized feldspar, and
apatite.> Zalinsky thinks the turquoise deposits were formed by the
agency of heated waters, but Paige regards them as products of
normal weathering.

Cuprite, Cu,0, is a common mineral of the oxidized zones of de-
posits of copper sulphides and is probably secondary in all its occur-
rences. The capillary or hairlike form is known as chalcotrichite.

Cuprite is an important ore mineral at Bisbee, Ariz., where,
according to Ransome,* it is found in an impure earthy condition
mixed with limonite and ferruginous clays or in crystalline masses
associated with native copper. The latter occurrence is particularly
characteristic of the deeper oxidized zones in the vicinity of chalco-
cite and other sulphides. In the Calumet & Arizona mine cuprite
is found in large crystalline masses. On the 950-foot level it occurs
in bunches in earthy ore, penetrated by dendritic masses of metallic
copper and spotted with little vugs of acicular malachite. It is
abundant at Morenci, Ariz., at Cananea, Sonora,and in other western
districts. At Morenci, according to Lindgren,® it occurs normally
at the upper limit of the chalcocite zone as a product of decomposi-
tion of chalcocite. Similar relations are shown at Cananea. At
Santa Rita, N. Mex., abundant cuprite and native copper fill fissures
in the oxidized zone and presumably are secondary in the main after
chalcocite. At Butte, Mont., where it is sparingly developed and is
not important commercially,® it generally contains masses of native
copper, the line of contact between them being indistinct.” Accord-
ing to Boutwell® cuprite is not abundant at Bingham, Utah, but

1 Paige, Sidney, The origin of turquoise in the Burro Mountains, N. Mex. : Econ. Geology,
vol. 7, p. 382, 1912,

3 Zalinski, E. R., Turquoige in the Burro Mountains, N. Mex.: Econ. Geology, vol 2,
pp. 464492, 1907.

8 Paige, Sidney, op. cit., p. 387.

¢ Ransome, F. L., The geology and ore deposits of the Bisbee quadrangle, Arigona : U. 8
Geol. Survey Prof. Paper 21, p. 128, 1904.

s Lindgren, Waldemar, op. cit.,, p. 106. [

¢ Weed, W. H., Geology and ore deposits of the Butte district, Montana: U. 8. Geol.
Survey Prof. Paper 74, p. 80, 1912,

7 Weed, W. 1., Emmons, 8. F,, and Tower, G. W., U. 8. Geol. Survey Geol. Atlas, Butte
special folio (No. 38), p. 6, 1897. .

s Boutwell, J. M., Economic geology of the Bingham mining district, Utah: U, 8. Geol
Survey Prof. Paper 38, p. 109, 1905.
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small grains covered with malachite were noted in brown altered
limestone of the Commercial mine. It is rare also at Park City,
Utah.! Cuprite is present in the upper part of the rich secondary
ore at Ducktown, Tenn., and in other copper deposits of the south-
ern Appalachians. At Morenci, Ariz., the normal occurrence of
cuprite is at the upper limit of the chalcocite zone as a product of
decompeosition of the latter.

" The mode of its derivation from chalcocite is stated by Lindgren
as follows: 2

2Cu,S+0=2CuS+Cu,0.

Lindgren considers it improbable that ferrous sulphate reduces
cupric sulphate to precipitate cuprous oxide, as cupric sulphate
and ferrous sulphate appear to mix in all proportions without re-
action.

Tenorite, CuO, the crystalline form of the black oxide of copper,
is much less abundant than cuprite. The earthy, sooty variety,
known as melaconite, is said to be present at Butte, Mont., where it
is associated with cuprite and native copper and forms dark rims
about cuprite.* According to Boutwell,* scales of black copper oxide
with metallic luster occur with chalcocite in ores of Bingham, Utah.
At Bisbee ®* melaconite is found in soft clayey ores on the 1,000-foot
level of the Lowell mine. Apparently it is now being deposited
along with wad near the 850-foot level of the Calumet & Arizona
mine. At Tintic, Utah, melaconite is moderately abundant.® In
this district it is said to form from various copper minerals and to
be changed by reduction to form cuprite.

At Ducktown, Tenn., much of the so-called black copper ore has
proved to be sooty chalcocite.

Copper pitch ore is a secondary material of complex character and
somewhat uncertain composition. A sample from the Detroit mine
in the Morenci district, Arizona,” analyzed by Hillebrand, showed
oxides of copper, zinc, and manganese, with considerable water and
silica. Material that is probably of a similar mature is found at
Bisbee and at Courtland, Ariz., and on the Ida, Montgomery, and

1 Boutwell, J. M., Geology and ore deposits of the Park City district, Utah: U. S. Geol.
Survey Prof. Paper 77, p. 109, 1913.

2 Lindgren, Waldemar, op. cit.,, p. 186.

3 Weed, W. H., Emmons, 8. F., and Tower, G. W., U. S. Geol. S8urvey Geol. Atlas, Butte
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Amazon claims?! at Butte, Mont. It occurs also in many of the
copper ores of the San Francisco region, Utah.?

Chalcocite {copper glance), Cu,S, is the most valuable copper
mineral. In 1906, according to Graton,® 47 per cent of the copper
produced in the United States was derived from chalcocite ores. In
most of its occurrences chalcocite is clearly of secondary origin.
It replaces other minerals metasomatically or occurs as veinlets in
small cracks in the primary ore. Well-authenticated examples are
known of its replacement of pyrite, chalcopyrite, covellite, bornite,
enargite, zinc blende, and galena. In many deposits now worked in
which chalcocite is the principal mineral exploration extends into
the lower-grade primary sulphide ore, which generally consists of
chalcopyrite, pyrite, and other minerals without chalcocite.

- Examples indicating replacement of pyrite by chalcocite are
numerous. At Morenci, Ariz., according to Lindgren, most of the
ore bodies owe their origin to this process. He says:*

By chalcocitization the massive veins of pyrite become transformed into solid
masses of black dull chalcocite, while the sericitized porphyry becomes filled with
grains and little seams of the same mineral. The first constitutes high-grade
ores, the second the low grade. A residue of pyrite, not yet acted upon, is
nearly always present. Thus a veln of massive sooty material cutting the
shale in the Montezuma mine contained 96 per cent Cu.S and 2.4 per cent
FeS,;, and pyrite may be easily seen in nearly every specimen of low-grade
porphyry ore. The pyrite first becomes coated with a black stain; in a more
advanced stage the chalcocite penetrates the pyrite on cracks and fissures in all
directions ; finally it almost entirely replaces it. * * * Kaolin gouge always
accompanies chalcocite when occurring as massive veins; in the chalcocitized
porphyry the process is nearly always attended by a formation of a little
brownish kaolin, together with microcrystalline quartz or more often chalced-
ony; these minerals encircle the pyrite or traverse the chalcocite as minute
veinlets, distinctly later than the alteration of the porphyry to sericite and
pyrite. Sericite does not form during chalcocitization; on the contrary, the
kaolin is formed at the expense of that mineral. * * * The transition from
chalcocite to unaltered pyrite at the lower limit of the zone is remarkably
sudden. Usually a change takes place within 25 feet, sometimes within 10
feet, from rich chalcocite ore to pyrite with one-half to 1 per cent copper.
Chalcopyrite is rarely found as a secondary mineral but has been observed as
small grains inclosed in chalcocite veinlets. '

At Bingham, Utah, according to Boutwell,® chalcocite incloses
pyrite and chalcopyrite. At the Snowstorm and Park mines, in the
Coeur d’Alene district, Idaho, chalcocite and bornite ore are dissemi-
nated in quartzite. At the Park mine chalcocite has formed on

1 Weed, W. H., Geology and ore deposits of the Butte district, Montana: U. 8. Geol
Survey Prof. Paper 74, p. 81, 1912.

3 Butler, B. 8., Geology and ore deposits of the San Francisco and adjacent districts,
Utah: U. 8. Geol. Survey Prof. Paper 80, p. 97, 1913,

2 Graton, L. C., Copper: U. 8. Geol. Survey Mineral Resources, 19068, p. 410, 1907.

¢ Lindgren, Waldemar, op. cit., p. 185.

® Boutwell, J. M., Economic geology of the Bingham mining district, Utah: U, 8. Geol
Survey Prof. Paper 38, pp. 221-222, 1905,
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pyrite and chalcopyrite.! In the Bisbee district, according to Ran-
some, chalcocite occurs as veinlets in and envelopes around grains of
pyrite. Limestone altered to white claylike material is streaked with
veinlets of chalcocite and speckled with native copper. Some solid,
compact chalcocite is associated with bornite.? Chalcocite replaces
pyrite in the O K mine, San Francisco region, Utah.?

Examples of replacement of pyrite by chalcocite could be cited
from nearly every important district in the United States that
produces copper sulphide ores. At Ely, Nev.,* according to Spencer,
chalcocite extensively replaces chalcopyrite. Where pyrite and chal-
copyrite occur together the chalcopyrite is generally most altered.

In the great copper deposits of Butte, Mont., chalcocite is an
important ore mineral. The bulk of the ore is altered *granite”
with disseminated grains and veinlets of chalcocite intergrown with
pyrite or replacing that mineral completely. Distinct crystals are
rare. In this district the history of the vein formation is exceedingly
involved, and at least two periods of mineralization are recognized.
The great chalcocite bonanzas in the upper levels at Butte were re-
garded by S. F. Emmons, W. H. Weed, H. V. Winchell, and others
as secondary, and no other interpretation appears to be warranted
by their occurrence and relations. More recently, however, masses
of ore containing chalcocite have been found as deep as 2,800 feet
below the surface, and Reno Sales® is of the opinion that a portion
of the massive deep-seated chalcocite at Butte is of primary origin.
The studies of polished surfaces examined microscopically by Simp-
son® of ore from the 2,000-foot level showed massive pyrite sur-
rounding, in the plane of the section, small and apparently isolated
flakes of chalcocite. A veinlet of ore from the 1,000-foot level of the
Leonard mine shows isolated idiomorphic crystals of quartz and
pyrite surrounded by chalcocite.”

Metallographic studies by Ray showed that chalcocite replaces
covellite, enargite, and bornite and cements fragments of the earlier
sulphides® In the Mountain Con mine at Butte, according to

1 Ransome, F. L., and Calkins, F. C., The geology and ore deposits of the Coeur d’'Alene
district, Idaho: U. 8. Geol. S8urvey Prof. Paper 62, p. 91, 1008,

3 Ransome, F. L., The geology and ore deposits of the Bisbee quadrangle, Arizona: U. 8.
Geol. Survey Prof. Paper 21, pp. 123-124, 1904,

3 Butler, B. 8., Geology and ore deposits of the 8an Francisco and adjacent districts,
Utah: U. 8. Geol. S8urvey Prof. Paper 80, p. 93, 1913,

¢ 8pencer, A. C., Chalcocite enrichment : Econ. Geology, vol. 8, p. 642, 19138,

s Sales, R. H., Discussion of paper by F. L. Ransome on Criterla of downward sulphide
enrichment : Econ. Geology, vol. 5, p. 681, 1910.

¢ Simpson, J. F., The relation of copper to pyrite in the lean copper ores of Butte,
Mont. : Econ. Geology, vol. 3, p. 634, 1908.

7T Weed, W. H., Geology and ore deposits of the Butte district, Montana : U. 8. Geol. S8ur-
vey Prof. Paper 74, p. 76, 1912, For Weed's final conclusions sce this bulletin, p. 205.

* Ray, J. C., Paragenesis of the ore minerals of the Butte district: Econ. Geology, vol. 9,
p. 427, 1914,
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Weed, sooty chalcocite and bornite were forming in minute frac-
tures in ore and altered granite on the 2,200-foot level, third drift
north, when that part of the mine was opened.

L. C. Graton noted that chalcocite is found as deep as 970 feet in
the Bully Hill mine, Shasta County Cal., where it seems to be below
the zone of secondary sulphide enrichment. He says that “ there is
no reason to believe that it is secondary.”?

According to Lewis,® chalcocite is the original ore of the Rocky
Hill mine, in New Jersey, where it is found near intrusions of trap
intimately associated with magnetite, hematite, and tourmaline.
Near Pine City, Minn., veins of primary chalcocite are found in
basalt flows. The chalcocite in the region of Christiania, Norway,
is regarded by V. M. Goldschmidt* as in part a primary mineral.

The copper lodes of the Virgilina district, in Virginia and North
Carolina, described by Laney,® are of peculiar interest in this con-
nection. The country is an area of schists and gneisses intruded
by granite and diabase. The deposits are fissure veins. The level
of ground water is 50 to 75 feet below the surface and the zone of
secondary alteration does not appear to extend below 250 feet. The
important mines of the district are 350 to 500 feet deep and the ore
from the deepest levels contains almost as much chalcocite as bornite.®
The ores in the deeper levels show little secondary fracturing, and
from this Graton ” concluded that the chalcocite is in part of primary
origin. Laney subsequently worked out the paragenesis of these
ores by a microscopic study of polished surfaces. Some of his sec-
tions® show a crystallographic intergrowth of bornite and chalco-
cite in relations that suggest the intergrowth of quartz and feldspar
in a graphic granite. Their intergrowth suggests that in this ore
these two minerals are contemporaneous, and as the specimens were
obtained from considerable depth in tight lodes it can not reasonably
Le supposed that the minerals were deposited by cold sulphate waters.
Laney® concludes that— ’

Chalcocite is clearly of two periods—one confined to the upper portions of
the vein more recent than and filling a network of minute fractures in the

1 Weed, W. H., Geology and ore deposits of Butte district, Montana : U. S. Geol. Survey
Prof. Paper 74, p. 164, 1912,

2 Graton, L. C., The occurrence of copper in Shasta County, Cal.: U. 8. Geol. Survey
Bull. 430, pp. 104-105, 1910. See also Graton, L. C., and Murdoch, Joseph, The sulphide
ores of copper; some results of microscopic study: Am. Inst. Min. Eng. Trans., vol. 45,
p. 76, 1914.

8 Lewlis, J. V., Copper deposits of the New Jersey Triassic : Econ. Geology, vol. 2, p. 247,
1907.

¢ Goldschmidt, V. M., Die Kontaktmetamorphose im Kristianiagebiet, p. 250, 1911,

¢ Laney, F. B., The relation of bornite and chalcocite in the copper ores of the Vir-
gllina district of North Carolina and Virginia : Econ. Geology, vol. 6, pp. 389—411, 1911.

¢ Jdem, p. 399.

7Graton, L. C., Copper: U. 8. Geol. Survey Mineral Resources, 1807, pt. 1, p. 620,
1908.

¢ Egpecially that figured in his pl. 7, fig. 2, p. 406.

® Laney, F. B,, op. cit,, p. 411,
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bornite ; the other contemporaneous and intergrown, often crystallographically,
with it. There is no evidence that any of the bornite is of secondary origin.
It is therefore believed that in the Virgilina district the greater part of the
chalcocite is a primary mineral contemporaneous with the bornite and in no
way derived from it or from any other copper-bearing minerals by processes of
secondary alteration.

Other examples of “graphic structure” shown by chalcocite and
bornite are seen in ores from Mount Lyell, Tasmania, and Plumas
County, Cal., mentioned on page 79. Not all investigators agree in
their interpretations of the “graphic” intergrowths. It appears
probable, howerver, that under some conditions chalcocite is deposited
as a primary mineral by ascending hot waters. Ascending alkaline
hot solutions are generally supposed to have deposited the primary
ores of nearly all the larger copper deposits. Such solutions are
doubtless variable in composition. It appears probable that under
conditions where the concentration of iron is low in the solutions chal-
cocite may form as a primary mineral instead of chalcopyrite, which
is the commoner primary ore.

The chalcocite deposits in sandstone and shale which are very
widely distributed in the Southwest should be mentioned here.
Many of these deposits are in areas remote from igneous rocks and
appear not to be related genetically to igneous processes. They
have doubtless been deposited by cold waters and some of them
have replaced coal or other organic material. In New Mexico,' in
Colorado,? and elsewhere, such deposits have formed where there is
no evidence that a sulphide existed previously. In the “ Red Beds”
of Oklahoma, 10 miles northeast of Stillwater, in Payne County,
according to W. A. Tarr,® veinlets of chalcocite are found cutting
carbonaceous material. Barite is present in several of these ore
bodies, suggesting the agency of sulphate solutions. Although these
deposits are not secondary in the sense that they have formed at the
expense of older sulphides, the corditions under which they were
formed as regards temperature, pressure, and concentration of solu-
tion are probably near those which prevail in processes of sulphide
enrichment. Indeed, in certain deposits in Oklahoma that have
recently been described by Fath ¢ chalcocite is shown to have replaced
marcasite.

1 Lindgren, Waldemar, Graton, L. C., and Gordon, C. H., The ore deposits of New
Mexico: U. 8. Geol. Survey Prof. Paper 68, pp. 76-77, 1910.

f Emmons, S. F., Copper in the red beds of the Colorado Plateau region: U. S. Geol.
Survey Bull. 260, 