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THE ENRICHMENT OF ORE DEPOSITS.

By WiLiam Harvey Emmoxns.

INTRODUCTION.
STATEMENT OF THEORY. .

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

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

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

' 11



12 THE ENRICHMENT OF ORE DEPOSITS.

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

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

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

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

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

DEVELOPMENT OF THEORY.

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

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



DEVELOPMENT OF THEORY. 13

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

The chalcocite ore Whitney terms “ bluish black sulphuret.”

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

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

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

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

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

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

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

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

DISTINCTIONS BETWEEN PRIMARY AND SECONDARY DEPOSITS.

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

1. The deposition of the deposits.

2. The deformation of the deposits.

3. The superficial alteration and enrichment of the deposits.

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

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

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

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

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

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

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

. unchanged by superficial agencies since the ores were deposited.

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

- superficial agencies. The term is not restricted to pseudomorphous

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

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

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

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

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

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

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

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

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

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

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

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

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

The deposits formed at moderate and shallow depths by cold solu-
tions include a large number of important deposits of lead and zine
in the Mississippi Valley and many copper deposits in Coloradg, New
Mexico, and Utah. -Examples could be multiplied, but these define
the type. The conditions under which these deposits form are doubt-
less closely similar to those which exist in zones of sulphide enrich-
ment, and many of the minerals formed are found also in the second-
ary sulphide zones. Much evidence has been cited to show that these
deposits were formed by ground water that gathered its metallic
contents from great masses of rocks in which the metals were spar-
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ingly disseminated. The metallic salts, chiefly sulphates and chlo-
rides, were gathered in water channels, and the metals were deposited
.as sulphides where conditions were favorable. In many examples
some form of organic material supplied the precipitating agent. If
deposition had taken place on an older sulphide these deposits would
be classed as secondary sulphide ores, but in general there is no evi-
dence that bodies of older sulphide ore occupied the place of the
deposits. These ores are therefore considered primary, although
they have been leached by ground water from an older metalliferous
rock. :
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During the 15 §ears that have passed since the first general papers
on sulphide enrichment were issued a number of detailed reports have
appeared, treating the geology and ore deposits of certain mining
districts. In several of these papers the chemical processes involved
are discussed in the light of the field relations of the deposits. The
contributions of Lindgren,” Ransome, Spencer, Boutwell, Irving,
Graton, Spurr, Garrey, Ball, Butler, Lawson, Paige, Knopf, Um-
pleby, and Gordon are particularly valuable. Since 1905, when the
work of collecting the mineral statistics of the United States was
placed in the hands of field geologists, the annual reviews of re-
sources, production, and development that have appeared in the
reports entitled *“ Mineral resources of the United States” have been
a never-failing source of information. The chapters on gold, by
Waldemar Lindgren and H. D. McCaskey; those on copper, by
L. C. Graton and B. S. Butler; those on lead and zinc, by C. E.
Siebenthal; and those on the rare metals, by F. L. Hess, have fur-
nished many valuable data.

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

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

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

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

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

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

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