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ABSTRACT

Some of the metallogenic provinces of the southwestern United
States and northern Mexico are defined by the geographic distribution
of trace elements in the primary sulfide minerals chalcopyrite and
sphalerite. The elements investigated include antimony, arsenic,
‘bismuth, cadmium, cobalt, gallium, germanium, indium, manganese,
molybdenum, nickel, silver, tellurium, thallium, and tin. Of these
elements, cobalt, gallium, germanium, indium, nickel, silver, and tin
exhibit the best defined geographic distribution.

The data indicate that chalcopyrite is the preferred host for tin
and perhaps molybdenum; sphalerite is the preferred host for cadmium,
gallium, germanium, indium, and manganese; galena is the preferred host
for antimony, bismuth, silver, tellurium, and thallium; and pyrite is
the preferred host for cobalt; nickel, and perhaps arsenic. With respect
to the two minerals chalcopyrite and sphalerite, antimony, arsenic,
molybdenum, nickel, silver, and tin prefer chalcopyrite; and bismuth,
cadmium, ccbalt, gallium, germanium, indium, manganese, and thallium
prefer sphalerité. This distribution probably is the result of the inter-
action of several factors, among which are these: the various radii of
the elements, the association due to chemical similarities of the major
and trace elements, and the degree of ionic versus covalent and metallic
character of the metal-sulfur bonds in chalcopyrite and sphalerite. The
type of deposit, according to a temperature classification, appears to
be of minor importance in determining the trace element content of
chalcopyrite and sphaleritee.

A preliminary investigation of large single crystals of sphalerite

and chalcopyrite indicates that the distribution within a single crystal
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of some elements such &s cadmium in sphalerite and indium and silver in
chalcopyrite is relatively uniform, whereas the distribution of some
other elements such as cobalt and manganese in sphalerite is somewhat
less uniform and the distribution of tin in sphalerite is extremely
erratice The variations in trace element content probably are due
largely to variations in the composition of the fluids during the growth
of the crystels, but the erratic behavior of tin in sphalerite perhaps is
related to the presence of numerous cavities and inclusions in the crystal
studied.

Maps of the geographic distribution of trace elements in chalcopyrite
and sphalerite exhibit three main belts of greater than average trace
element content, which are called the Eastern, Central, and Western belts.
These belts are ccnsistent in trend and pesition with a beltlike distribu-
tion of copper, gold, lead, zinc, silver, and tungsten deposits and with
most of the major tectonic features., However, there appear to be no
definite time relétionships, for as many as four metallogenic epochs,
from Precambrian to late Tertiary, are represented by ore deposits within
the Central belt.

The evidence suggests that the beltlike features have a deep seated
origin, perhaps in the sub-crust or outer parts of the mantle, and that
the deposits within each belt might be genetically related through a
beltlike compositional heterogeneity in the source regions of the ores.

Eence, the belts are regarded as metallogenic provinces.
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INTRODUCTION

The concept of metallogenic provinces appears to have
been first expressed by De Launay and Urbain (1210), and it
was later developed by De Launay (1913). De Launay used the
term to designate certain geographic areas which are metallif-
erous, but which also are charscterized by specific combina-
tions of metallogenic epochs and of presumably relested tectonic
conditlons. In other words, certain metallized regions of the
earth can be distinguished from others by unique combinations
of metallogenic epochs and of tectonic and erosional conditions.
The provinces thus defined tend to be large, commonly of
continental dimensions, and hence tend to include many ore
deposits that are only superficially related. Consequently,
De Launay's concept of metallogenic provinces is of limited
value in the study of actual genetic relationships.

As early as 1902, Spurr (1902, p.336) proposed the term
metalliferous provinces to describe those regions that are
", ..characterized by special combinations or amounts of the
rarer, especially the commercially valuable, metals...".
Spurr (1905) later changed the term to metallographic province
in order to conform to the generally accepted usage of the
terms petrographic province and physiographic province. Spurr
appears to have had specific areas in mind when he proposed
these terms, particularly the so-called Arizona copper
province. However, within thls province he recognized four
distinct metallogenic epochs, the oldest pre-Cambrian and the
youngest late Tertlary, each of which 1s characterized by ore

deposits abnormally rich in copper.
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There is, therefore, a fundamental difference between
De Launay's concept of a metallogenic province and Spurr's
concept of a metallographic province. The metallogenic
province includes, as one of its more important elements, a
time dependence factor, the metallogenic epoch, whereas the
metallographic province involves only concentration phenomena,
and apparently is independent of time, at least as far back as
the geologic record 1s accurately decipherable.

Lindgren (1933) apparently either did not recognize the
difference in these concepts or did not accept Spurr's concept,
for on page 878 he states:

"Over larger or smaller areas the conditions may
at a given time be favorable for the deposition of
useful minerals. Such areas are called minerogenetic
or metallogenetic provinces."

Lindgren's conception of metallogenic (metallogenetic)
provinces, therefore, appears to have been similar to
De Launay's, but somewhat more vague. In fact, it is of little
practical value.

Bateman (1950) more recently has recognized the differ-
ences between the two concepts and the confusion that has
existed in the use of the terms, and has completely separated
the metallogenic epochs (periods of widespread deposition of
metals separated by long periods of non-deposition) from the
metallogenetic provinces (regions characterized by relatively
abundant mineralization that is dominantly of one type).
However, in doing this, he has applled De Launay's term

metallogenetic province to the concept for which Spurr used the

term metallographic province. Although Bateman's discussion
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has not aided in the clarification of the terminology, it has
served to put ﬁhese two independent concepts into their proper
perspectives.

On the other hand, there are certain objections to the use
of the term metallogenic (metallogenetic) to describe features
for which there is yet little evlidence of genetic relation-
ship. Therefore, what Bateman calls metallogenetic provinces
perhaps should be more aptly called metallographic provinces,
as originally proposed by Spurr. The term metallogenic
province then could be defined as a region of the earth which
is characterized by greater than average concentrations of
a particular metal or group of metals, and in which the metal-
liferous deposits are genetically related. The requirement of
a genetic relationship is important, for without it the terms
metallogenlc and metallographic become synonymous.

Although there are numerous discussions in the literature
concerning metallogenic or metallogenetic provinces, in terms
of groups of ore deposits or mining districts that possess
some genetic feature In common, very few of them have resulted
in concrete expressions, such as maps of thé provinces. Spurr
(1923) was one of the first to attempt such an expression in
the publication of maps (pp. 459-462) that show "The Great
Silver Channel". He concluded that all the silver deposits
along the '"channel" have a common genetic element; namely,
an underlying source which possesses a compositional hetero~
genelty with a configuration that corresponds to the config-
uration of the "channel". About 10 years later, Butler (1933,

p. 233) published a map which indicates that the important
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mining districts of the western United States tend to be
cencentrated around the margins of the Colorado and Columbia
plateaus. This distribution had previously prompted Butler
(1930) to suggest a possible genetic relationship between the
ore deposits and these "positive" tectonic elements. More
recently Billingsley and Locke (1941, p. 52) have published

a map of the orogenic belts of the United States (reproduced
in part as plate 20 of this paper), and have attempted to show
that the more important ore deposits tend to cluster around
intersections of these orogenic belts (the "erossroads") and
other tectonic features that extend to great depths. If this
relationship were true, perhaps each of these clusters could
be considered as a metallogenic province, in the present sense
of the term, inasmuch as all of the deposits in a cluster
presumably would be genetically related through the structural
feature that was responsible for the cluster.

Kerr (1946) has outlined three "tungsten arcs" in the
western United States, based on the geographic distribution of
tungsten deposits. Furthermore, he finds certain features in
the deposits of one "are" which in general serve to distin-
guish these deposits from those in the other "arcs". Hence,
there is a suggestion of a genetic relationship among the
various deposits within each M"arc".

The foregoing summary of ildeas concerning metallographic
and metallogenic provinces is not intended as a comprehensive
survey of the literature on the subject, but as an 1llustra-
tion of the fact that although the basic concepts have been

in existence for nearly half a century, our knowledge of
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metallogenic provinces amounts to little more than specula-
tion. This ié somewhat surprising in view of the importance
of such knowledge in the exploration for new ore deposits and
in the attack on problems of ore genesis.

The present investigations were undertaken to obtain
factual information that perhaps would shed some light on
these general problems. Specifically, they have been aimed
at two questions. First, do metallogenic provinces exist?
Second, if they do exist, what is their general appearance?

These problems are approached through a detailed study
of the distribution of some of the sulfophile trace elements
in certain primary sulfide ore minerals, chiefly because of
the following considerations. First, in order for two or more
ore deposits to be genetically related, their ores either must
have come from common or related sources or must have arisen
through the same causal processes. If they have come from
common or related sources, about the only property of the ores
that could reflect their common heritage would be certain
compositional characterlstics. Consequently, a study of the
compositional variations in the primary sulfide ores of s
region might reveal which of the deposits could be genetically
related, although these variations must be consistent to be of
genetic significance. The demonstratlion of a consistent
reglional difference in the content of one metal, particularly
if it is one of the major metals such as copper, is not
sufficient for the establishment of a metallogenic province,
for it 1s readily conceivable that two unrelated sources

might be rich in the same metal. But if a group of major and
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minor sulfophile elements exhibits a consistent regional dis-
tribution, a genetic relationship is more firmly indicated.

Another factor that prompted the cholice of the trace
element approach is the recording by earlier workers, espe-
cially Stoiber (1940) and Warren and Thompson (1945), of
large regional differences in the content of certain trace
elements in sphalerite, which they related to the metallogeniec
provinces in which the sphalerite occurs. These findings were
influential in the undertaking of the present study, the
immediate objective of which is to determine whether there are
significant regional differences in the trace element content
of certain primary sulfide minerals.

Chalcopyrite was selected for the initial study mainly
because one of the most obvious metallographic provinces in
North America is the Arizona copper province, and a compara-
tive study of the principal primary ore mineral of copper,
chalcopyrite, in this and the surrounding regions was believed
most likely to reveal an associated metallogenlec province, 1f
such exists. Other factors that were influential in the
selection of chalcopyrite are: (1) its fairly widespread
occurrence, (2) its nearly universal occurrence as a hypogene
mineral, and (3) its common occurrence in fairly coarse grained
crystalline masses that are relatively free of intergrowths
with other minerals. The main disadvantage in its use ig its
high iron content, which has necessitated the development of
speclal spectrographic techniques in order to obtain the

desired sensitivities with very small samples.
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Sphalerite eventually was included in therstudy with the
hope that its trace element content would be sufficiently
similar to that of chalcopyrite to permit its use in some
areas where chalcopyrite is unavailable. Despite the fact
that definite relstionships exist between the two minerals
“with respect to trace element distributions, the relationships
unfortunately are not precise enough to permit prediction of
the amounts of trace elements contained in chalcopyrite from
a knowledge of their content in sphalerite. Therefore,
sphalerite was investigated with the same objectives in mind
g8 for chalcopyrite, but as an independent system.

The principal factor in the choice of sphalerite is the
fact that considerable spectrochemical work has been done on
it by several workers, and some of the results indicate a
"provincisl" dependence of its trace element content. Other
influential factors include the three enumerated above for
chalcopyrite, and the fact that sphalerite commonly contains
a large variety of "impurity" elements. Disadvantages to the
use of sphalerite include: (1) its highly variable iron
content, (2) its tendency to contain abundant cavities and
inclusions, and, apparently related to this, (3) an erratic
behavior of certain trace elements.

The general abundance and widespread occurrence of pyrite
are important factors in favor of its use in studles such as
this, but the common occurrence of more than one generation
of pyrite in many ore deposits, together with the technleal
difficulties attending its very high iron content, originally

were regarded as serious objections to its use. However, a
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reconnalssance investigation of ten samples of pyrite, after
the technical difficulties were solved in the development of
the analytical method for chalcopyrite, indicate that pyrite
is very sultable for the purposes at hand. Actually, it may
prove to be more suitable than sphalerite.

An examination of 15 samples of galena indicates that this
mineral also is an indicator of the geographic distribution of
trace elements in the sulfides. The chief value of galena,
however, lies in an assemblage of trace elements that is
different from those in the other common sulfides. The prin-
cipal disadvantage to its use, as with sphalerite, is an
erratic behavior of some of the elements.

In order for the results of a study of the trace element
distribution in sulfides to have genetic significance, the
assemblage of elements investigated must include the so-called
sulfophile or chalcophile elements. That is, the elements
investigated must have accompanied the metal sulfide-bearing
solutions from their sources, and must not have been intro-
duced in appreciable quantities from extransous sources such
as the wall rocks. The elements that in general satisfy this
requirement are antimony, arsenic, bismuth, cadmium, cobalt,
copper, gallium, germanium, gold, indium, iron, lead, mercury,
molybdenum, nickel, selenium, silver, sulfur, tellurium, tin,
and zine. Of these, copper, iron, lead, sulfur, and zinc are
ma jor constituents of the ores and therefore are generally
unsuitable. Furthermore, the poor spectrographic sensitivi-
ties do not allow accurate evaluations of the distributions

of antimony, arseniec, gold, mercury, selenium, and tellurium.
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The enlargement of the area included in the present
studies has been mainly in the directions indicated by the
results of the preliminary investigations on the Arizona
copper province. The area now includes parts of Arizona,
California, Colorado, Nevada, New kexico, Utah, and northern
Mexico. The coverage is by no means complete, and in some of
these places, especially in Colorado, it is insufficient as

a bagis for definite conclusions.
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SAMPLING METHODS

It was nécessary at the outset of these invesgtigations
to determine the variations in the trace element content of
chalcopyrite within an ore deposit, within a mining district,
and between mining districts. To this end, samples were
collected personally from several of the large copper mines
of the Southwest. A speciasl effort was made in doing this %o
obtain clean fresh material from as widely separated parts of
the deposits as possible.

When favorable results were obtained from a preliminary
investigation of thlis material, the problem arose of obtaining
the maximum geographic coverage of samples in the time
available. A majority of the mines and prospects that have
ylielded suitable material in the past have been abandoned, and
the time required to visit gll these places personally was
considered prohibitive. Hence, samples were accepted and
utilized from every avallable source. It 1s resllized that in
adopting this practice the chances for errors in location of
samples are great, but the large amount of material thus made
readily avallable is considered worth the sacrifice. However,
in a few cases where there is good reason to doubt the accu-
racy of location of the sample as labeled, the sample either
was discarded or the analysis was not considered in the final
interpretation.

A polished section was made from the most suitable part®
of each hand specimen preparatory to obtaining the spectro-
graphic sample. A small block about 10x15x20 mm was sawed

from the hand specimen and mounted in a polystyrene ester
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plastic. One sawed surface of the mounted specimen was ground
on agate and cast iron laps, with silicon carbide and crushed
corundum as abrasives. The cast iron lap is made of "gray
iron" which contains one percent each of copper and molybdenum.
A preliminary polish was obtained with levigated alumina and
diamond powder on a lap coated with cellulose acetate and
levigated alumina. Diamond powder in mineral oil (Nujol) was
used as an abrasive for the final polish on a lap coated with
cellulose acetate and cerium oxide.

The samples for spectrographic analysis were obtained as
drill cuttings from the surfaces of the polished sections.
The drilling equipment consists of a laboratory model dental
machine fitted with S. S. White No. 2 "carbide" dental burrs.
These burrs are approximately one millimeter in diameter and
therefore are suitable for the sampling of relatively small
areas of the polished section under the microscope. This
method of sampling, by drilling the sample from a polished
section under the mineragraphic microscope, is regarded as
superior to the commonly employed method of selecting "clean"
fragments of crushed material under & binocular microscope.

The chief advantages of the polished section method of
sampling are: (1) samples can be obtained from a very small
amount of initial material; (2) microscopic intergrowths of
other minerals, which ordinarily cannot be seen in rough
fragments under the binocular microscope, can be avolded, thus
assuring a purer sample; and (3) the other minerals that
commonly are associated with the sample mineral can be

identified and reckoned as potential contaminants. The
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principal disadvantages of the polished section method are:
(1) the implicit but necessary assumption that the material
1s homogeneous and monomineralic to the depth penetrated by
the drill (ordinarily about one millimeter), and (2) the
increased chances of contamination during preparation of the
polished section and during the drilling process.

Although 1t 1s necessary to assume that the sample is
homogeneous to the depth penetrated by the drill, the uncer-
tainty introduced by such an assumption may be minimized by
noting the other minerals present in the polished section and
regarding them as possible contaminants. Furthermore, from
a knowledge of the distribution of the trace elements among
the more common sulfides, which are more likely to be contam-
inants, it is commonly possible to evaluate semi-quantita-
tively the contribution of the contaminant mineral to the
total trace element content of the sample.

The possibility that contamination occurs in the prepa-
ration of the polished sections and in the drilling process
was tested by analysing two samples that were taken from the
same part of a specimen by two different methods. One sample
(JER-36HSP) was chipped with a diamond-tipped probe from an
unprepared specimen of chalcopyrite. No other minerals could
be seen in the specimen under the binocular microscope.

A second sample (JER-36) was obtained by the regular drilling
procedure from a polished section of the same part of the
specimen, after the first sample was obtained. It is evident
from the analyses of these samples presented in table 1 that

the preparation of the polished sections and the drilling
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process do not introduce any systematic contamination effects.

Table 1

Tests for Contamination in the Preparation of Samples
(In parts per million)

Sgmple No.: Ag As Bi Cd Co Ge In Mn Mo Ni Sb Sn Te

JER=-36HSP 30 = 30 = 4 - 100 30 = - - 300 =
JER=36 30 - 30 = - - 100 20 = - - 100 =~

After the general distribution of trace elements in the
four most common primary sulfides (chalcopyrite, sphalerite,
pyrite, and galena) had been determined, some samples that
were known to be contaminated by one or another of these
minerals were utilized for certain elements. The purpose of
this was to obtain some idea of the distribution of the trace
elements in those areas from which no other material was a-

vailable at the time.
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ANATLYTICAL METHODS

Equipment and Instrumental Conditions
The trace element contents of chalcopyrite and sphaler-
1te, and of a few samples of pyrite and galena, were deter-
mined spectrographically with the equipment and under the

conditions described below.

Spectrograph - A Jarrel-Ash 21 foot Wadsworth mounted
grating-type instrument that has a dis-
persion of 5.2 Angstroms per millimeter
in the first order. The grating, a

Johns Hopkins original, has 15,000 lines
per inch.

Electrodes - The anodes are shaped from 1/4 inch graph-
ite rods according to the specifications
of Myers (1251). The cathodes are two

inch long pieces of 1/8 inch graphite rods
that are pointed on one end.

Photographic plates - 4x10 inch Eastman Kodak, emulsion
number III-C, developed four
minutes at 20°C in DK-50 devel-
oper. ’

Wavelength range - 2300 to 4800 Angstroms in the first
order.

Excitation - A 10 ampere DC arc is used throughout.
The analytical gap is four millimeters,
of which the central half millimeter is
used. The arc is magnified five times and
focused on the slit.

Exposure - A slit width of 25 microns is maintained
throughout. Neutral density quartz filters
are used to reduce the amount of light
transmitted to 40 percent for the chalco-
pyrite samples and to 64 percent for the
sphalerite samples.

Densitometer - Applied Research Laboratories, model
2250.

The Analysis of Chalcopyrite

The spectrographic method for the analysis of chalco-
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pyrite that is used here was developed specifically to over-
come the difficulties that are connected with the high iron
content of the mineral (CuFeSg). The aim in this development
has been to combine fair precision and high sensitivity with
speed of analysis.

Previously described methods for the quantitative analy-
sis of sulfides are few, especially for iron-rich sulfideé,
and most of them are of about the same general nature (Strock,
1945). The most common procedure has been to mix the sample
with an excess of powdered carbon, and to burn the mixture to
completion. This procedure is unsatisfactory for the present
purposes because: (1) the background on the photographic plate
is so intense, owing to the high iron content, that the
general sensitivity is lowered tec an undesirsble level;

(2) an iron-rich bead forms during arcing and tends to
"spatter" from the arc, and (3) the consequent loss of sample
results in relatively poor reproducibillity of analysis.
Oftedal (1941) encountered similar difficulties in the analy-
sis of iron-rich sphalerite.

In attempts to improve the arcing characteristics, repro-
ducibility, sensitivity, selective volatilization, and to add
an internal standard, considerable experimentation was done
with various mixtures of NapCOz, SiOg (quartz), Zn0O, and CuO,
in place of the powdered carbon. The best results were
obtained with a mixture that consists of 50 percent SiOg,

40 percent ZnO, and 10 percent NagCO3z. The SiOo forms a bead
that burns smoothly. The ZnO 1s added as an internal stand-

ard and to promote selective volatilization of the non-ferrous
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elements. The NaoCOz acts to stabilize the arc and as a flux
in the formation of the silica-rich bead. Despite the improve-
ments that resulted from the use of this mixture, the back-
ground was still objectionably intense. This objection was
overcome, however, by arcing the sample in two stages.

A moving plate study indicated that after the sample
mixture is arced for 50 seconds at 10 amperes, the elements
of interest, except cobalt, iron, manganese, molybdenum, and
nickel are nearly completely volatilized. Furthermore, even
enough of these five elements are volatilized in this periocd
of time to yleld acceptable sensitivities. Therefore, the
procedure finally adopted is to arc the sample mixture for
50 seconds, then advance the camera, without breaking the arc,
and burn the sample to completion (altogether about 90 to 110
seconds). Nearly all the iron is effectively held in the
silicg=-rich bead until after the camera 1s advanced; hence,
there is no longer an objectionably intense background in the
first, most important exposure. The second and iron-rich
exposure, with its intense background, could be used for the
determination of cobalt, manganese, molybdenum, and nickel,
but the results obtained for these elements from the first
exposure are nearly as reproduclible as those from the second
and are more expeditiously obtained. The second exposure is
now used mainly tc evaluate iron, manganese, and cobalt inter-
ference.

Inasmuch as it was commonly possible to obtain only 15
or 20 milligrams of sample altogether, all the experimentation

was done using only five milligrams of sample. This sanple
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was mixed with 15 milligrams of the Si05-Zn0O-NagC0z mixture

to make a total electrode charge of 20 milligrams. The use of
the small 5 milligram sample permitted about 95 percent of the
analyses to be made in duplicate. Moreover, the samples are
still large enough to yleld falirly good sensitivities, as

. shown in figure 1lA.

The method of internal standardization used in these
studies differs somewhat from standard procedures. Ordinarily
the internal standard element i1s added in very small amounts,
but in the present work no suitable internal standard could
be found that would not be expected to occur as a minor or
trace constituent of the samples. Therefore, zinc was used
as an internal standard for the less refractory elements by
adding a large enough quantity (30 percent of the total mix-
ture in the form of Zn0) to "swamp ouﬁ" the effects of small
amounts of zinc (less than one percent) that might be present
as a contaminant from admixed sphaleritse. Similarly, inasmuch
as the iron content of chalcopyrite is essentially constant,
iron was used as an internal standard for cobalt, nickel, and
manganese.

Another practice that was adopted in this work, but which
i3 not recommended for the highest precision, is the use of
only one zinc line (2670.5 %) and one iron line (2791.5 R) as
internal standard lines, instead of the general practice of
using neighboring line pairs. The considerably increased
speed of analysis 1s considered worth the slight sacrifice

in precision.






Figure 1. The spectrographic sensitivities of the elements
in chalcopyrite (A) and sphalerite (B).
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The chalqopyrite standards were prepared by adding, as
spectrographically pure oxides, the elements antimony, arsenie,
blsmuth, cadmium, cobalt, germanium, indium, manganese, molyb-
denum, nickel, silver, tin, and tellurium to a base of nearly
pure natural chalcopyrite from Ajo, Arizona (AJ-40, table 4).
Blank corrections were made for the small amounts of bismuth,
cobalt, indium, manganese, silver and tin that were present
in the base. A mixture that contains 5.0 percent by weight of
the elements in the ohalcopyriﬁe base was prepared first and
then diluted to 1.0 percent with the base. Further dilutions
from an aliquot of the 1.0 percent standard were made 1In steps
that differed from each other by a logarithmic factor of 5.
The result is the series of standards, 1, 3.2, 10, 32, 100,
320, 1000, 3200, 10000 parts per million.

The standards are exposed with each group of samples,
and the working curves are reconstructed each time. The
actual construction of the working curves, examples of which
are shown in figures 2 and 3, consisted of plotting on loga-
rithmic coordinates the concentrations versus the element line
to internal standard line intensity ratios. The 1ntensities,
in turn, are obtained from the photographic emulsion calibra=-
tion curves, which are constructed according to the method of
Diecke and Crosswhite (1943).

The reproducibility of the method was determined by
analyzing a sample of chalcopyrite (BOR-1, table 4) 14 times
during a period of six months. The results of these tests are
summarized in table 2. Among the six elements that were de-

tected in the test sample, the best reproduciblility is
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Figure 2. Working curve for the determination of the amount
of tin in chalcopyrite. The lengths of the vertical
bars represent the ranges in the results of 13
analyses of the standard mixtures.

Figure 3. Working curve for the determination of the amount
of nickel in chalcopyrite. The lengths of the vertical
bars represent the ranges in the results of 13 analyses
of the standard mixtures.
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Table 2

Reproducibility of Chalcopyrite Analyses

Element : Mean t Mean Deviation :Standard Deviation
: {ppm) : (percent) : (percent)
Cadmium - 50 $ 15 $ 19
Indium : 76 : 23 : 29
Manganese : 7 : 20 $ 25
Nickel - 18 -~ 23 : 29
Silver $ 640 i 17 - 21
Tin g 2000 - 13 : 16

obtained with tin, and the poorest is obtalined with nickel.
The method of internal standardization is thought to be large-
ly responsible for the poor reproducibility of the nickel
value. The data indicate that in general the analytical
method for chalcopyrite gives results that are reproducible

to one significant figure with a standard deviation of about

25 percent.

The Analysis of Sphalerite
The method that has Jjust been described for the analysis
of chalcopyrite was used, with only minor modifications, for
the analysis of sphalerite after conslderable experimentation
failed to produce an equally satisfactory method that was
simpler or less time consuming. The more or less standard
procedure of mixing the sample with excess carbon and arclng

the mixture to completion gave fair but not wholly
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satisfactory results for iron-poor sphalerite, and for the
more iron-rich types the method was entirely unsatisfactory.

Inasmuch as sphalerite commonly contains large and
variable amounts of iron in substitution for zinc, iron cannot
be used for an internal standard, as it is in chalcopyrite.
Therefore, 15 percent of Cu0 was added to the Si05-Zn0-NasCOz
mixture in place of part of the Zn0O and the copper 1s used as
an internal standard for cobalt, manganese, molybdenum, and
nickel. This amount of CuO 1s believed sufficient to "swamp
out" the effects of one percent or less of copper that might
be present as a contamlnant from admixed chalcopyrite. The
copper line at 2998.4 2 i1s used as an internal standard line,
together with the zinc line at 2670.5 8. The effects on
internal standardization of the variable zinc content of
sphalerite are minimized by the presence of 25 percent Zn0
in the S5S109-Zn0-Cu0-NapsCOz mixture.

The only chenge that was made in the exposure conditions
that were established for chalcopyrite is an increase from
40 to 64 percent in the amount of light transmltted to the
slit. This change apparently is responsible for the slight
increase in the sensitivities of some of the elements in
sphalerite, as shown in figure 1B.

The sphalerite standards were prepared by adding, as
spectrographically pure oxides, the elements antimony,
arsenic, bismuth, cadmium, cobalt, gallium, germanium, indium,
manganese, molybdenum, nickel, silver, tin, tellurium, and
thallium to a base of synthetic phosphorescent (green) zine

sulfide manufactured by Hammer Laboratories, Denver, Colorado.
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Blank corrections were made for 30 ppm cadmium and 10 ppm
manganese. The procedure for dilution of this standard mix-
ture and the method of construction of the working curves are
the same as described previously for chalcopyrite.

The reproducibility of the method was determined by ana-
‘lyzing a sample of sphalerite (PEW-8, table 5) nine times
during a period of six months. A summary of the results for

the elements detected in the sample is presented in table 3.

Table 3
Reproducibility of Sphalerite Analyses

Elements s Mean ¢ Mean Deviation :Standard Deviation
¢ (pom) : (percent) : (percent)
Bismuth : BT 3 13 : 16
Cadmium : 1400 : 10 : 13
Cobalt - 1758 t 25 3 31
Indium : 1 : 15 - 19
Manganese : 1200 $ 19 2 24
Nickel $ 5.3 : 30 % 37
Silver : 25 - 20 - 25

Although there appears to be a greater range of reproducibili-
ties for the elements in sphalerite than in chslcopyrite, the
average standard deviation, again, is approximately 25 percent.
The working curves for cadmium, which gives the most reprodtc=-
ible results, and for manganese, the reproducibility of which

is average, are shown in figures 4 and S.
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The Anelysis of Pyrite and Galena

The analﬁses of the ten pyrite samples were made using
the method and standards that are used for the analysis of
chalcopyrite. However, 1t was necessary to use zinc as the
internal standard for all elements because there i1s a consid-
‘erable difference in the iron contents of pyrite and chalco-
pyrite. Similarly, the 15 galena samples were analyzed by the
method and standards used in the snalysis of sphalerite.

The errors involved in this practice arise chiefly from
differences in composition between pyrite and chalcopyrite, on
the one hand, and between galena and sphalerite, on the other.
The lack of zlne in galena might be expected to result in a
weakened intensity of the zinc internal standard line, but
the effect apparently is too slight to be detected by the
present method. The reason factors such as this are not very
influential is that the "matrix" is dominated by the standard
mixture of constant composition. It is doubtful, therefore,
that the analyses reported for pyrite and galena are signifi-

cantly in error.
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Figure 4. Working curve for the determination of the amount
of cadmium in sphalerite. The lengths of the vertical
bars represent the ranges in the results of 14 analyses
of the standard mixtures.

Figure 5. Working curve for the determination of the amount
of manganese in sphalerite. The lengths of the vertical
bars represent the ranges in the results of 14 analyses
of the standard mixtures.
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7 THE ANALYTICAL DATA

All the samples of chalcopyrite, sphalerite, pyrite, and
galena that were analyzed in connection with the present study
are represented in tables 4 - 7. ZEach entry in the tables is
an average of duplicate determinations on the same sample in
about 95 percent of the cases. Insufficient material was
available in the other five percent to permit duplicate deter-
minations. These data form the bases for the ensuing discus-
sions and are the main evidence for the conclusions that are
drawn.

The arrangement in each of the four tables is essentially
the same. The analyses are grouped according to the mining
districts from which the samples came, and the samples are
located within each district as accurately as the available
information permits. The data thus grouped are averaged for
certain of the elements in chalcopyrite and sphalerite, and
these district averages are presented in the legends of the
maps of plates 1 - 12. Each district is indicated on t hese
maps by a number which corresponds to the district number in
the tables.

Near the ends of %tables 4 and S5 are several groups of
analyses that are given letter designations instead of district
numbers. These analyses are not represented on the maps
(plates 1 - 12) for one reason or ancther. Some have been
obtained from districts that are outside the areas covered by
the maps, for some others the exact localities are not known,
and others represent series of analyses from single crystals

or individual specimens.
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A short dash (-) in the tables indicates that the element
was not detected in either analysis of the sample. A "less
than" symbol (<)} in the silver analyses indicates that silver
was detected, but in amounts less than one part per million,
the lower limit of the standards. A "greater than" symbol ())
indicates that the element is present In such large amounts
that the analysis line is too dense %o microphotometer
accurately (less than two percent transmission). A query (?)
indicates one of two things: either slight contamination from
the preceding sample during weighing is suspected, or a poten-
tially interfering element is present in abnormally high
concentrations. Both situations are relatively esasy to detect,
but neither is easy to evaluate.

Although tellurium was sought in all samples analysed, it
was not detected in any sample of pyrite, and in only one each
of chalcopyrite and sphalerite#, both of which are suspected
of being contaminated. Therefore, tellurium is omitted from
tables 4 - 6 to conserve space. For the same reason, gallium

is omitted from table 7.

# The chalcopyrite sample, N-116, contains 800 ppm tellurium,
and the sphalerite sample, ARI-58, contains 300 ppm tellurium.
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SOME ASPECTS OF THE CRYSTAL CHEMISTRY AND GEOCHEMISTRY
. oF CHALCOPYRITE AND SPHALERITE
The Variations in Trace Element Content

Within Single Crystals and Specimens

Sphalerite

An examination of table 5 reveals that the trace element
content of sphslerite from various parts of a mine, or, in
many places, an entire mining district, is relatively constant
wlth respect to some elements, and highly variable with respect
to others. For example, the cadmium content of sphalerite is
remarkably constant throughout a mine or district, but the tin
content commonly varies within wide limits. In contrast to
this, the tin content of chalcopyrite from a given mine tends
strongly to vary within reletively narrow limits, and, on this
basis, tin 1s regarded as exhibiting a well defined geographic
distribution. It is important, therefore, to determine if
possible whether the large variations in the tin content of
sphalerite are dependent upon the site of crystallization or
upon other factors.

The approach to this problem has been to determine the
variations in the trace element content within a single crystal
of sphalerite, and by comparison to determine whether these
variations could account for the variations observed between
different specimens from the same mine. It 1s realized that
the properties of a large well-formed crystal of sphalerite,
which obviously grew in an open space, are not necessarily
representative of the bulk of the sphalerite samples studied

here, most of which occur as relatively fine-gralned
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replacements. In fact, the open space fillings very probably
exhibit a much greater variabllity than other modes of occur-
rence, owing to the wide range in conditions, especially of
pressure, that must exist in an open space during the growth
of a large crystal.

The large crystal that was selected for analysis occurred
as a partial filling of a vug in andradite-rich rock at the
Empire Zinc Mine, Hanover, New Mexico. An examination of the
sawed surface of the interior of this crystal revealed that it
is twinned; hence care was taken to obtain samples from only
one Individual of the twin. As shown in figure 6, the samples
were taken at three fto four wmillimeter intervals, from the
base (where the crystal was attached to the wall of the vug)
to the terminal faces. About a centimeter from the terminaticn
the crystal undergoces a color change, from dark brown Ilnward
to greenish-gray outward. This color change is faintly
visible in figure 6 and is indicated in figure 7 by the verti-
cal line very near sample Z.

The analyses of the l4 samples that were obtalned from
this crystal (HAN-20) are presented ih table 5 (distriet C),
and are represented graphically in figure 7#%. The results, as
they are shown in figure 7, clearly indicate the source of the
varliations in trace element content that were noted above.

The cadmium content remains remarkably constant through-
out the crystal, whereas the tin content is extremely erratic.

The manganese content, on the other hand, is approximately

#The data are plotted to two significant figures in figure 7,
but are reported to only one significant figure in table 5.






Figure 6. Section of a large crystal of sphalerite (HAN-20)
showing the locations of the samples, the analyses of

which are reported in table 5, digtrict C, and repre-
sented graphically in figure 7. The twinned crystal
occurred in a vug in andradite-rich contact rock and

was attached to the wall of the vug along the surface
indicated as the "base" in the photograph.
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Figure 7. Variatlions in the trace element content of the
large crystal of sphalerite shown in figure 6. The
left-hand border of the figure represents the "base"
of the crystal, where it was attached to the wall of
the vug, and the right-hand border represents the
terminal face of the crystal.
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constant within the brown part of the crystal, but undergoes
about a tenfoid decrease across the color zone boundary into
the greenish-gray part. Similarly, a comparison of intensity
ratios for iron indicates that the amount of this element also
decreases by a factor of approximately ten across the color
zone boundary; and the decrease doubtless is largely respon-
sible for the change in color. Hence it would appear that the
same or closely related factors govern the distribution of both
iron and manganese in sphalerite. Silver also appears to de-
crease in amount toward the outer part of the crystal, but the
decrease, if real, is slight. Although the cobalt content
decreases across the color zone boundary, there is essentially
as much cobalt in the outer greenish-gray zone as there is in
the inner part of the brown zonse.

The cause of the erratic behavior of tin is not fully
understood. It probably 1s not the result of changes in the
composition of the fluids from which the crystal was deposited,
for none of the other elements shows simiiar or related varia=-
tions. However, this does not mean that changes in the compo-
sition of the fluids are not important, for they very likely
are the cause of the changes in the iron, manganese, cobalt,
and silver contents that were described in the foregoing
paragraph.

The fact that the behavior of tin is unique among the
elements present in the crystal suggests that the cause might
lie in some unigue property of tin or one of its compounds.
This suggestion becomes a real possibility when it 1s recog-

nized that tin, in the form of a volatile halide, very well
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could be an important constituent of the microscopic white
crustifications that occur on the walls of numerous cavities
that were penetrated by the drill in obtaining samples. The
cavities that occur in the large crystal are of two general
types; angular cavities as much as five millimeters across

that apparently are the result of non-uniform growth of the
erystal, and semi-spherical cavities that are as much as two
millimeters in dlameter. The semi-spherical cavities presum-
ably represent bubbles of the vapor phase that became attached
to the surfaces and eventually were incorporated in the growing
erystal. The tin, then is presumed to have been present in the
vapor phase originally, as the fluoride perhaps, and subse=-
guently to have precipitated as a constituent of the white
erustifications. Many of the cavities, moreover, contain

small quartz crystals that are "dusty" with minute crystals

of a high refringent and high birefringent mineral that could
be cassiterite.

It is possible that the decrease in the iron and manganese
contents of the crysfal near its outer margins indicates a
sharp decrease in the temperature of the system during crys-
tallization., Either this is not the case or cadmium is not
sensitive to such temperature changes, for the cadmium content
remains constant acrosgs the color zone boundary. The decrease
more probably represents an impoverishment of the fluids in
iron and manganese.

In summary, 1t is suggested that the erratic behavior of
tin in the crystal studied is in some way related to the

presence of numerous cavitles and inclusions, but that the
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more systematlic variations are a reflection of the changing
nature of the'fluids from which the crystal was deposited.
Furthermore, the geologle occurrence of the specimen, essen-
tially as an open space filling, is regarded as important not
only in the development of such a large crystal, but in the
lnumber and nature of the cavities and inclusions, and in the
general varlability of both the physical and chemical condi-
tlons of crystal growth.

The importance of conditions of deposition in the
distribution of trace elements is further emphaslized by the
results of an examination of a specimen of botryoidal sphaler-
ite from the North Lilly Mine, Tintic District, Utah (EUR-48).
Samples were obtained from eight successive layers of the
specimen as shown in figure 8. The results are presented in
table 5 (districtsD) and are shown graphically in figure 9.

The most striking feature of the trace element content of this

[ ad

sample is 1ts pronounced variability; however, there is &
readlly discernible pattern to the variations. The general
level of concentration is highest in the first sample (4),
the earliest, decreases through the middle, and increases
toward the last sample (H), the latest. The main exceptions
are germanium and thallium, which are enriched in the outer
layers. In general, the higher trace element contents are in

the darker colored layers, and sample G, which is richest in

germanium, is from a distinetly reddish layer.

#The data are plotted to two significant figures in figure 9,
whereas they are reported to only one significant figure in
table 5. '
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Figure 8. A polished section of botryoidal sphal-
erite (EUR-46) showing the location of samples,
the analyses of which are reported in table 5,
district D, and represented graphically in
figure 9. The specimen is capped by layers
of botryoidal pyrite.
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Figure 9. Variations in the trace element content of the
specimen of botryoidal sphalerite shown in figure 8.
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The causes for the behavior of the trace elements in this
specimen are ﬁot known, especially for the erratic behavior of
cadmium. The fact that layers A and H, both of which are rich
in trace elements, were near layers of botryoidal pyrite
suggests that the gross variations may be the result of varia-
tions in the composition of the solutions; that is, the initial
supply of solutions may have become impoverished in the trace
elements, and then replenished, perhaps by a fresh supply of
solutions. Whatever may be the causes for the behavior of the
trace elements in this specimen, botryoidal sphalerite is rare
in the Southwest and any conclusions based on this specimen

are not likely, therefore, to be generally applicable.

Chalcopyrite

Chalcopyrite crystals as large as the sphalerite crystal
studied were not avallable; hence fewer samples could be
obtained from each crystal. Furthermore, it was not possible
to tell et what point the crystals began thelr growth, as was
possible with the sphalerite crystal.

One fairly large twinned crystal of chalcopyrite was
obtained from Elienville, New York (NY-4), through the cour-
tesy of Professor C. S. Hurlbut of Harvard University. Seven
samples were obtained from a polished section of this crystal,
as indicated in figure 10. The analyses (table 4, district F)
reveal that this crystal is nearly free of trace elements,
except for silver and a small amount of indium. Although
this is unfortunate for the present purposes, the remarkably

slight variations in the silver and indium contents throughout
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both individuals of the twin provide convincing evidence that
single crystals of chalcopyrite have a much greater tendency
toward uniform trace element composition than have sphalerite
crystals.

A second chalcopyrite crystal of about the same size as
the one just described was obtained from the El Carmen Mine,
Alisos, Chihuahua (MEX-35), through the courtesy of
Mr. M. B. Nesbitt of the El Potosi Mining Company. The seven
analyses of this crystal, which are presented in table 4
(district E), indicate that it is even purer than the first
crystal. Despite 1ts purity, however, it exhibits remarkably
uniform silver and indium contents throughout.

On the other hand, the tin content of this crystal
appears to vary within wide limits. This feature was somewhat
puzzling at first because tin was not detected in a composite
sample of the interior of an adjacent crystal (table 4,
district 154). However, the composite sample does not include
the near surface parts of the crystal, whereas the first and
last samples (MEX-354 and MEX-35G) not only include the near
surface parts on opposite sides of the crystal, but some of
the surface tarnish as well. Hence, it is suggested that most
of the tin that is in these two samples was contributed either
by the tarnish coating or by the near-surface parts of the
crystal, and therefore probably was not all an original
constituent.

It is probably coincidental that the only available large
crystals of chalcopyrite are remarkably pure with respect to

most of the trace elements., But it is also concelvable that
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Figure 10. A polished section of a twinned crystal
of chalcopyrite (NY-4) showing the location of
samples, the analyses of which are reported in
table 4, district F. The dashed line indicates
the trace of the composition plane of the twin.
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the crystals grew to a relatively large size because some
elements, whi&h commonly occur in finer grained chalcopyrite
and which might act to "poison" the surfaces of the growing
crystals and thereby inhibit their growth, were absent from
the fluids from which the crystals were deposited.

The distribution of trace elements in single crystals of
galena has been studied by Frondel, Newhouse, and Jarrel
(1e42). The spectrochemical evidence indicated that the octa-
hedral face loci of the galena crystal tend to be slightly
richer in trace elements, especially silver, than the cube
face loci. In corroboration of this, it was demonstrated by
differential staining techniques that the octahedral face locl
contain more silver than the cube face loci. However, the
evidence from staining is not conclusive for there naturally
is more silver per unit area of octahedral surface, even if
the silver is randomly distributed through the crystal, owing
to the fact that the atomic density is greater in the octshe-
dral planes than in the cube planes.

On the other hand, it i1s possible that two univalent
silver atoms could replace one divalent lead atom in the
galena lattice by the substitution of one of the silver atoms
for the lead atom and allowing the other silver atom to enter
a tetrahedral interstice. The silver atoms do not have to
enter the lattice in pairs, just so long as silver occurs in
both positions. Such an arrangement would result in a greater

effective concentration of silver in the octahedral plane than

in the cube plane.
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The causes for the behavior of the trace elements in
single crystalé remain in large part poorly understood.
It 1s suggested that the nature of the solutions from which
the crystals were deposited is an important factor, whereas
temperature effects generally are of less significance. This
1s true only so long as the saturation levels of the elements
in the particular mineral are not reached; otherwise temper-
ature may be a controlling factor. However, it 1s believed
that the saturation levels rarely have been reached in the

examples studied here.

The Distribution of Trace Elements Among the Sulfides
Thirty nine of the polished sections that were made in

connection with the present investigations have furnished
samples of both chalcopyrite and sphalerite. The analyses of
these sample pairs bear the same specimen numbers in tables
4 and 5. Inasmuch 8s each of these sample pairs has been
obtained from the same polished section, all together they
should provide a fairly reliable estimate of the distribution
coefficients of the various elements between chalcopyrite and
sphalerite. Together with nine chalcopyrite-pyrite pairs, one
chalcopyrite~-sphalerite-pyrite trio, six chalcopyrite-
sphalerlte-galena trios, one chalcopyrite-galena pair, one
sphalerite-pyrite pair, and five sphalerite-galens pairs, the
39 chalcopyrite-sphalerite pairs form the basis for the
following discussion. However, it should be mentioned at the
outset that although the data are considered adegquate to

establish the relationships between chalcopyrite and sphalerite,
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they are relatively meager for pyrite and galena; hence, the
conclusions thét are drawn concerning these latter two minersals
may, in certain cases, require modification when more data are
obtalned.

The distribution of the various trace elements among the
four sulfides, pyrite, sphalerite, chalcopyrite, and galena,
- 1s summarized in figure 11l. The preference of a particular
element for each of the four minerals is indicated in the
figure by the relative lengths of the bars; no other relation-
ship is intended. Thus galena contains very much more silver
than the other three minerals, whereas there are only rels-
tively slight differences in the silver contents of pyrite,
sphalerite, and chalcopyrite. On the other hand, arsenic is
not highly concentrated in any one of the four minerals,
although pyrite and chalcopyrite appear %o contain slightly
more than sphalerite or galena.

The greater amount of data available fof chalcopyrite
and sphalerlite permitsa more precise analysls of the distri-
bution of trace elements between these two minerals than is
possible with any of the other minerals considered. A series
of nine frequency histograms is presented in figure 12,
representing the data obtained from the 39 chalcopyrite-
sphalerite pairs. In the following pages, this distribution
1s discussed in considerable detail, particularly with respect

to its crystallochemical and geochemical significance.






Figure 1l. The distribution of trace elements among the
minerals pyrite, sphalerite, chalcopyrite, and galena.
The relative degree of concentration of a particular
trace element in each of the minerals is indicated by
the lengths of the bars. No relationship is intended

in the relative lengths of the bars vertically within
each column.
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‘: !
Element | Pyrite Sphalerite Chalcopyrite Galena
Antimony 17 ]
Arsenic L] ] ] ]
Bismuth 1 1 L]
Cadmium j. D ]
Cobalt | | ] 1 |
Gallium P ] r |
Germanium ] | ]
Indium :] ] | |
Manganese __ | | ] | ]
Molybdenum :! :j :l :
Nickel | } 1]
Silver :l b ]
Tellurium ‘ ——'
Thallium | 3 ] P -]
Tin — 1 /3
i |

Figure |l
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Antimony

Galena veﬁy clearly is the most important host mineral
for antimony among the four sulfides under consideration.
According to Goldschmidt (1954, p. 477), "Antimony, in amounts
up to about 0.5 per cent. (or even 1 per cent.) by weight, is
a very common constituent of many hydrothermal galena deposits,
replacing either sulphur (as does arsenic) or lead (as does
bismuth). Possibly both alternatives occur." However, on
page 406 he states: "It is certain that Se and Te replsce
sulphur, and this is most probably also true for As and Sb
which are often found as constituents of galena in amounts
up to 10,000 p.p.m." It would appear from this that
Goldschmidt favors the sulfur over the lead as the element
that is replaced by antimony. However, a comparison of the
distributions of antimony, arsenic, and bismuth among the four
sulfides (figure 11), reveals that antimony very closely
resembles bismuth, which generally is believed to substitute
for lead in galena, but bears little resemblance to arsenic,
which doubtless substitutes for sulfur. Furthermore, the
atomic (and ionic) properties of antimony are more similar to
those of lead than to those of sulfur. These features,
together with the fact that antimony greatly prefers the lead
sulfide to the other sulfide minerals, strongly suggest that
lead in galena is the element most commonly replaced by anti-
mony. However, another factor that might be involved in the
high antimony content of galena 1s the possiblity of increasing
concentrations of antimony in the solutions during the sequence

of crystallization, which is in general from pyrite to galena
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Figure 12. Frequency histograms that represent the distri-
bution of nine trace elements between chalcopyrite and
sphalerite. A log concentration ratio greater than
unity indicates a preference for chalcopyrite, a ratio
less than unity indicates a preference for sphalerite.
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(left to right) in figure 11.

The distribution of antimony between chalcopyrite and
sphalerite is not well defined because antimony was detected
in only seven of the chalcopyrite-sphalerite pairs. In six of
the seven palrs, antimony is concentrated in chalcopyrite;
hence, 1t is assumed that this element has a slight preference
for chalcopyrite over sphalerite, although the maximum level
of concentration in uncontaminated samples of both minerals
is about the same, approximately 500 ppm. MNMoreover, a compar-
ison of tables 4 and 5 indicates that, in general, antimony is
of more common occurrence in sphalerite than in chalcopyrite,
despite the fact that a potentisl antimony contaminant, tetra-
hedrite, is fully as common in association with chalceopyrite
as with sphalerite.

There is little doubt that both chalcopyrite and sphal-
erite can accept as much as 500 ppm antimony in solid solu-
tion, apparently in substitution for the metals rather than for
sulfur. That it does not substitute for sulfur is suggested by
the large difference in their tetrahedral radil, 1.36 2 for
entimony and 1.04 & for sulfur, which is in excess of the
20 percent limit#. In sphalerite it probably substitutes for
zinc, which has g tetrahedral radius of 1.31 R. on the basis
of covalent radii alone, it would appear that the antimony in
chalcopyrite has a choice of positions, for the radil of both

copper (1.35 8) and iron (1l.24 X) differ only slightly from

#It is generally accepted on empirical grounds that isomor-
phous substitution does not readily occur if the relevant radilil
of the two elements concerned differ by more than 20 percent of
the larger radius.



e i
the radius of antimony. However, an examination of several
analyses of tefrahedrite (Palache, Berman, and Frondel, 1946,
pp. 376-378), a mineral with a tetrahedral structure analogous
to chalcopyrite and sphalerite, indicates that in the reverse
substitution, iron prefers the copper site to the antimony site.
Furthermore, the absence of antimony in the pyrite analyses of
table 6 indicates that antimony does not readily substitute for
iron. Hence, it seems probable that antimony substitutes for
the copper in chalcopyrite. It also is probable that the
similarity in the levels of antimony substitution in both
chalcopyrite and sphalerite is a reflection of the similarities
in atomic positions and general structural features of these
two minerals.

The absence of antimony in the analyses of pyrite in
table 6 and in other published analyses (Auger, 1941, and
Hawley, 1952) perhaps is best explained by the fact that the
antimony atom in either four or six-fold coordination is too
large to substitute for sulfur (four-fold coordination) or
iron (six-fold coordination).

An examination of tables 4 and 5 reveals a relatively
strong tendency for high antimony values to be accompanied by
high silver values. Much of this effect probably is due to
contamination by a silver-tearing sulfo-antimonide such as
tetrahedrite, pyrargyrite, or polybasite; but In some cases
where 1t can be shown microscopically that the sample is free
of such minerals, there still appears to be a general parallel-
ism between the antimony and silver contents. Perhaps this

assoclation reflects a tendency toward isomorphous substitution
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of pyrargyrite or tetrahedrite, or it might indicate an im-
portant amount of association# of certain elements in the

solutions prior to the deposition of solid phases.

Arsenic

Arsenic, unlike antimony, possesses no strong affinities
for any of the four sulfides, although there appears to be some
preference for the iron-bearing minerals, pyrite and chalcopy-
rite. The main reason for the relatively uniform distribution
of arsenic, which is in contrast to antimony, 1s that arsenic
substitutes for sulfur, the "common denominator" of all four
minerals. The difference in thelr tetrahedral radii amounts
to only 12 percent of the larger arsenic radius (1.18 X). The
apparent preference of arsenic for pyrite is readily understand-
able in view of the relationship of pyrite to arsenopyrite
(FeAsS), but the nearly equal preference for chalcopyrite is
not readily understandable on this basis, in that there is no
apparent structural reason for arsenic definitely to prefer
chalcopyrite over sphalerite. The very strong tendency for ar-
senlec to be associated with the earlier crystallized iron-bear-
ing sulfides suggests again that there may be a significant
amount of association of some elements, in this case iron and
arsenic, in the hydrothermal solutions at the time of deposi-
tion of chalcopyrite and sphalerite. If this is true, chalco=-

pyrite might be expected to be enriched in arsenic as compared

with sphalerite.

#Association is used here in a generzl sense. It does not
necessarily mean that the "assocliated" elements are bonded
together in the strict chemical sense, although both of them
might be indlstinguishably bonded to sulfur, oxygen, etec. in
complexes. It 1s possible that the "association" arises as
a consequence of close similarities in chemical behavior and

response to varlous physical conditions.
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The maximum amount of arsenic that can be taken into
sphalerite and'chalcopyrite appears to be in excess of 2000
ppm and to be about the same for each mineral. The data do
not permit a reliable estimate of the maximum amounts that
may be accepted by pyrite and galena, although 1t is fairly
certain that pyrite may contain more than 600 ppm arsenic and
galena more than 900 ppm despite the statements of Palache,
Berman, and Frondel (1946, p. 202) to the contrary. The
extremely high value of 10,000 ppm arsenic in the sample of
galena, N-139 (table 6, district 106), is due to contamination
by a mineral that closely resembles jordanite, but which might
be a mixture or a solid solution of jordanite and an antimony-

bearing mineral with properties similar to jordanite.

Bismuth

Galena is by far the most important host mineral for
bismuth of the four species studled, as it commonly contains
more than 10,000 ppm. Oftedal (1941) found as much as 30,000
ppm bismuth in galena from southern Norway. Generally it is
assumed that bismuth, with an atomic radius of 1.77 £, substi-
tutes for lead (1l.69 K) in galena, and it was on this basis
that the comparison with antimony was made previously.
However, Goldschmidt (1954, p. 408) suggests that a mechanism
similar to that proposed for the capture of silver by galena
might also operate in the capture of bismuth; 1i.e., the
silver (and bismuth?) may be captured in the tetrahedral

interstices of the galena structure.
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The phenomenon of octahedral clesavage or parting in
galena, which Goldschmidt (1954, pp. 406-407) related to
bismuth contents approaching 10,000 ppm, was not observed in
the bismuth-rich galena studied here. Nor do the results of
the present investigations support Goldschmidt's claim (p. 407)
that, "...all galena rich in bismuth (about 10,000 p.p.m. Bi)
also contains thallium (100 - 500 p.p.m.)...". In fact, the
only thallium-bearing galena analyzed in the present work is
relatively bismuth-poor. However, there is some support for
Goldschmidt's claim that galena rich in bismuth always is rich
in silver, although much silver-rich galena is not bismuth-
bearing.

The capture of an element in interstices of the crystal
lattice also might be invoked to explain the occurrence of as
much as 500 ppm bismuth in pyrite. It is conceivable that
bismuth might be captured in the tetrahedral interstices in
the pyrite structure, which are just about large enough to
accoﬁbd;te the bismuth atom in tetrahedral coordination. No
other explanation is offered for this occurrence of bismuth,
for the atomlc properties of bismuth are much tooc different
from those of iron or sulfur to permit its substitution for
either of them.

Bismuth exhibits a slight but noticeable preference for
sphalerite over chalcopyrite, as shown in figure 1l2A, although
the maximum concentration in uncontaminated material appears
to be about 700 to 1000 ppm in both minerals. A bismuth-
bearing mineral, most commonly bismuthinite, is intergrown

with chalcopyrite or sphalerite in nearly all the samples of
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these minerals that contain 2000 ppm bismuth or more.

A good reéson for the slight preference of bismuth for
sphalerite is not forthcoming. Its tetrahedral covalent
radius (1.46 B) is such that it could substitute equally well

for copper in chalcopyrite or for zinc in sphalerite.

Cadmium

Sphalerite 1s so predominant as & host for cadmium that
when more than 100 ppm of this element appears in an analysis
of one of the other minerals, except possibly galena, contam=-
ination from sphalerite may be suspected. Oftedal (1941)
found as little as 10 ppm cadmium in sphalerite from
Kangerluarsuk, Greenland, and as much as 51,000 ppm in a
sample of sphalerite from southern Norway. The cadmium con-
tents of the sphalerite samples analyzed in the present
studles range from 200 to 20,000 ppm, but more than 95 percent
are within the range 2,000 to 10,000 ppm. The regional
average cadmium content of sphalerite for the Southwest is
about 5,500 ppm. Warren and Thompson (1945) obtained an
average of 4,500 ppm cadmium for sphalerite from British
Columbia, but considering the difference in spectrographilec
methods, it is doubtful whether the difference between these
averages 1s significant.

Sandell and Goldich (1943) found that the ratio of cad-
mium to zine in some "American igneous rocks" is very near
1:500. Goldschmidt (1954, p. 271) has compared this with
a cadmium to zinc ratio between 1:100 and 1:300 for sphalerite,

chiefly from Norway, and has interpreted the difference as
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confirmation of the more chalcophile nature of cadmium as
compared with 2inc. Although the regional average for the
ratio of cadmium to zinc in sphslerite from the Southwest is
about 1:120, the ratio ranges from 1:70 to 1:700, depending
upon the geographic location. Furthefmore, the 1:500 ratio
for the "magmatic rocks" is based on samples that represent
relatively small areas of only two states, Minnesota and
Texas, and cannot, therefore, be assumed to represent all
"magmatic" rocks the world over.

It has been well established that cadmium occurs in solid
solution in sphalerite, in substitution for zinec (Krgger,
1939; Kullerud, 1953). Generally it is assumed that this
substitution occurs because cadmium and zinc sulfides have
identical crystal structures, and because cadmium and zine
are very similar chemically; i.e., they have similar electron-
ic configurations, electronegativities, etec. However, chalco-
pyrite has the same crystal structure and similar lattice
constants, and when associated with sphalerite, it generally
contains less than 10 ppm cadmiums (figure 12B). Therefore
the behavior of cadmium in these tetrahedral structures
cannot be logically explained on crystallochemical grounds
alone.

The very strong preference that cadmium shows for sphal-
erite 1s readlily explained if it 1s assumed that, because of

the very close chemical simlilarities of cadmium and zinc, the

#Where no sphalerite is present, as in some of the gold quartz
veins of Grass Valley, California, the chalcopyrite contains
as much as 200 ppm cadmium.
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two elements already are associated in the fluids prior to
deposition. This hypothesis of pre-depositional association
of some of the elements, which has been suggested before as
a possible explanation for the apparent association of antimony
with silver, 1s compatible with the observation that galena,
which generally crystalllzes later than either sphalerite or
chalcopyrite, persistently contains up to 100 ppm cadmium; and
Oftedal (1941) has found as much as 1000 ppm cadmium in
sphalerite-free galena from Norway. This hypothesis, if
correct, also would explain the remarkably constant cadmium
content of sphalerite within most mining districts.

The substlitution of cadmium for lead in galena is readily
understandable strictly from the atomic and ionic size relation-
ships of these two elements. Moreover, the covalent radius of
iron (1.24 B) is close enough to that of cadmium (1.47 8) to
permit a small amount of cadmium %o substitute for iron in
pyrite. However, because of the posslbility of contamination
from sphalerite in the only analysis of pyrite in which cad-
mium was reported, 1t is doubtful that cadmium commonly occurs

in pyrite in amounts greater than 20 or 30 ppm.

Cobalt

Cobalt was found in all four of the sulfides analyzed,
although the amount actually present in the galena structure
probably does not exceed 20 ppm. Pyrite contains the most
cobalt (2000 ppm or more), as might be expected from the close
similarities in chemical properties of cobalt and iron, and
from the similarities in crystal structures of the sulfides of

these two elements. According to Goldschmidt (1954, p. 668),
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Gavelin and Gabrielson (1947) found that pyrite and pyrrhotite
in copper 0res>generally contain more cobalt than the same
minerals in zinc ores. The data in table 6 are inconclusive
in this respect, although 1t is true that the highest percent-
ages of cobalt are in pyrite from districts in which copper
predominates over zinc. If inferences can be drawn from the
meager data, a comparison of the zinc-rich deposits associlated
with the Hanover stock, New Mexico (district 83), with the
more zlnc-poor, copper-rich deposits assoclated with the Santa
Rita stock (district 85) affords some support for Gavelin and
Gabrielson's suggestion. However, even though the more cobalt-
poor pyrite appears to be associated with the less copper=-rich
ores, thesé ores are not necessarily zinc-rich, as, for example,
in the Bunkerville district, Arizona (district 33), a predomi-
nantly copper producing district in which the pyrite 1s rela-
tively poor in cobalt.

Bj#rlykke (1945) found the cobalt content of Norwegian
pyrite to range from 0.47 to 1l.25 percent. From a comparison
with table 6, 1t may be concluded that pyrite from Norway is
considerably richer in cobalt than pyrite from the southwest-
ern United States, especially Arizona. A comparison of sphal-
erite samples from the two regions also reveals a large differ-
ence in cobalt contents. Thus, Oftedal (1941) found as much as
3000 ppm cobalt in many Norwegian sphalerite deposits, whereas
800 ppm is the most cobalt found in sphalerite from the South-
west.

Chalcopyrite also i1s a host for cobalt, but & relatively

poor one by comparison with pyrite or sphalerite, as shown in
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figure 12C. The amount that occurs in chalcopyrite generally
is less than 400 ppm, except for one sample (UT-38, table 4,
district 141) which very probably is contaminated with
cobaltite.

The very definite enrichment of cobalt in sphalerite, as
compared with chalcopyrite, is difficult to explain by the
crystallochemical principles discussed thus far, unless it is
assumed that small differences in covalent radii are important.
Alternatively, it is possible that the decrease in ccbalt con-
tents through the series pyrite - sphalerite - chalcopyrite -
galena 1s a result of temporally progressive impoverishment
of the solutions in cobalt.

Cobalt occurs in galena in amounts up to 20 ppm. This
relatively small amount is in keeping with crystallochemical
considerations, and with the impoverishment postulate as well.
Regardless of whether the bonding between lead and sulfur in
galena i1s largely ilonic (as suggested by Goldschmidt, 1954),
metallic, covalent, or, more probably, of hybrid character,
the size relationships of the atoms and/or ions involved are

inappropriate for appreciable substitution of cobalt for lead.

Gallium

Galllum was determined only in sphalerite and galena in
the present investigations. However, most of the spectra of
chalcopyrite and pyrite were examined for gallium, but none
was found in amounts greater than about 30 ppm, the approxi-
mate level of interference by iron. Nor was gallium detected

in any of the samples of galena (table 7), an observation in
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full agreement with those of 0ftedal (1941l), who also found no
detectable galiium in sphalerite-free galena from Norway.
Together these facts indicate that sphalerite, which in the

Big Cottonwood district, Utah (district 134) contains more than
700 ppm gallium, contains essentially all the gallium in the
average base-metal sulfide deposit;

The obvious preference of gallium for sphalerite, despite
the lack of quantitative information on its partition between
sphalerite and chalcopyrite, poses the same problems of distri-
bution as do cobalt and cadmium. Explanations based on simple
crystallochemical considerations are not convincing, because
the crystal structures and the sizes of the constituent atoms
of chalcopyrite and sphalerite are too similar. Moreover, the
hypothesis that involves progressive changes in the composition
of the solutions is not very acceptable because the changes in
the gallium content of the minerals are not systematic. Among
the possible explanations that have been proposed thus far,
there remains the one that involves a relatively high degree
of association of some of the elements in the solutions prior
to deposition. This may be particularly applicable to gallium
in sphalerite in view of the close proximity of gallium to zinec
in the periodic table. However, another explanation, which
perhaps might also apply to the distribution of cadmium and
cobalt as well as tc gallium, involves a consideration of
differences in the character of the bonds between the various
metals and sulfur--specifically a consideration of the probable
differences in the degree of ionic versus covalent and metallic

bonding associated with the metals in chalcopyrite and



sphalerite.

According to Kullerud (1953), the unit cell dimensions of
[3(Zn,Fe)S increase with increasing iron content, and he has
correlated this phenomencn with a greater ionic character of
the Fe-S bonds. Kullerud also found that manganese has a
similar, though much greater effect on the M-S bond distance.
This finding tends to support his first interpretation, inas-
much as the Mn-S bond 1s considered to be largely ionic
(Pauling, 1948, pp. 186-187)%. If it is true that the presence
of iron or manganese in the ZnS structure imparts a more ionilc
character to the bonds with sulfur, and if it 1s assumed that
metals like iron and manganese, which have a relatively
greatef tendency toward ionic character in thelr bonds with
sulfur, are preferentially congentrated in the more ilonilec
structures, then an explanation of the partition of some of
the metals between sphalerite and chalcopyrite 1s suggested.
Thus a comparison of electronegativities (Pauling, 1948;
Green, 1953) and of M-S bond distancess## indicates that, in
general, the bonds in sphalerite have ébout twice as much
ionic character as the bonds in chalcopyrite. Thus it might
be predicted that metals such as gallium, cadumium, and partic-
ularly manganese, whose tendencies toward ionic character of
their bonds with sulfur are equal to or greater than that of

iron, would be concentrated in sphalerite; in contrast, those

#Cadmium has an even greater effect on the unit cell dimen-
sions of /2(Zn,Cd)S than does manganese (Kullerud, 1953,

p. 116), but this is most likely due to the much larger tetra-
hedral radius of cadmium (1.48 A).

#¢In sphalerite the Zn-S bond distance is 2.35 S, and_in
chalcﬁpyrite the Cu-S and the Fe-S distances are 2.32 & and
2.20 A, respectively.
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metals with lesser ionic tendencies would be concentrated in
chalcopyrite. For those elements similar to iron in respect
to ionic character, other factors might be decisive. Horeover,
it is doubtful that the degree of ionic character of the M-S
bond is an important factor in the partition of trace elements

between chalcopyrite and sphalerite unless other factors such

as atomic size are favorable.

Germanium

Among the four minerals under consideration, sphalerite
is the principal host for germanium. As much as 1000 ppm
germanium has been found in the sphalerite investigated here,
and similar amounts have been reported from the Mississippil
Valley region (Graton and Harcourt, 1935; Stoiber, 1940;
Warren and Thompson, 1945). Oftedal (1941) found as much as
500 ppm germanium in sphalerite from'Norway.

A feature of germanium~rich sbhalerite that was noticed
in these investigations is a yellowish-orange to ruby red
color in the more iron-poor varieties. The actual shade of
color appears to depend upon the ratio of germanium to iron,
the darker reds belng assoclated with higher l1ron contents.
If the iron content exceeds a certain but unknown amount,
however, the reddish color is no longer apparent, and the
germanium=-rich sphalerite is then brown.

Chalcopyrite also contains germanium, but in much smaller
amounts than sphalerite. The largest amount found (200 ppm)
is in the chalcopyrite of a pitchblende—bearing specimen from

the San Rafael district, Utah (district 141). Goldschmidt and
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Peters (1933) found as much as 50 ppm germanium in chalco-
pyrite from Buﬁte, Montana, and in the present investigations
a similar amount (40 ppm) was found in a sample from the same
district (table 4, district 172).

Germanium was not detected in any of the pyrite samples
analyzed here, and this, together with the similar experiences
. of others (Goldschmidt, 1954, pp. 386=-387), clearly indicates
that pyrite does not readily accept germanium. Furthermore,
judging from the work of Oftedal (1941) and, except for one
sample, from the present investigations, a similar conclusion
can be drawn for galena. The single exception 1s the galsena
from specimen number N-139 (table 7, district 106}, and the
sphalerite from this specimen contalns the most germanium
found in the present investigations (greater than 1000 ppm).
Moreover, the galena sample is plainly contaminated with
jordanite(?), the germanium content bf which is unknown.

The problems connected with the distribution of germanium
among the four sulfides are essentially the same as those
involved in the distribution of gallium. The fact that germa-
nivum, like gallium, tends to form tetrahedral sulfide struc-
tures 1s the most logical reason for its concentration in
sphalerite and chalcopyrite instead of in minerals with non-
tetrahedral structures like pyrite and galena. However, this
does not explain the definite tendency for germanium, as well
as gallium, to be concentrated in sphalerite in preference to
chalcopyrite. Nor does this preference appear to be explained
by any hypothesis involving changes in the composition of the

solutions. The hypothesis of association of the metasls prior
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to deposition, in this case germanium with zinc, may be appli-
cable, but it does not appear to be as likely an explanation
for germanium as for gallium, owing to the greater difference
in chemical properties of germanium and zinc. There remains,
then, the possibility, outlined in the discussion of gallium,
that the difference in behavior of sphalerite and chalcopyrite
as hosts for germanium may be related to differences in the
character of the M-S bonds in the two minerals. A comparison
of electronegativity values indicates that germanium, in a
tetrahedral sulfide, should have gbout the same or slightly
greater tendency toward lonic bonding than gallium, therefore

it 1s more likely to be enriched in sphalerite.

Indium

Erfimetsd (1939), in a detailed study of the indium con-
tent of many Finnish rocks and minerals, found that among the
sulfides indium is concentrated in the following minerals, in
order of decreasing amount: Sphalerite, chalcopyrite, bornite,
and tetrahedrite. No indium was detected in 10 samples of
galena, although in every instance sphalerite from the same
mine contained indium in amounts up to 1000 ppm. These
findings are in close agreement with those of Oftedal (1941),
who detected no indium in 47 samples of galena from various
parts of Norway, although 75 percent of the sphalerites from
the same region contain as much as 500 ppm indium. However,
McLellan (1945, p. 635), without presenting any supporting
evidence, attempted to refute these findings by claiming that:

"In the course of treatment at the smelters and
refineries the indium tends to concentraste with the
zine and the cadmium and this, no doubt, has glven
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rise to the erroneous observation that indium occurs
in nature largely in assoclation with zinc minerals.
Indium is frequently observed in relatively large quan-
tities in primary zinec sulfide ores but its actual
occurrence in them is typically in the galena associated
with these zinc and cadmium minerals."

The only support for Mclellan's claim that has been found
to date comes from analyses published by Anderson (1953},
according to which just one of 1S samples of sphalerite,
mostly Australian and Tasmanian, contains an appreciable
amount of indium (in excess of 100 ppm). No indium was de-
tected 1In the galena analyzed in the present study, although
12 of the 15 galena samples are from polished sections that
also furnished sphalerite samples, and seven of these 12
sphalerite samples contain up to 300 ppm indium. In view of
this and of the statistical fact that only one of 91 analyses
of galena from various parts of the world report an appreciable
amount of indium, it is concluded, despite McLellan's claims
to the contrary, that indium is not concentrated in galena as
compared with sphalerite.

It is evident from table 4 that chalcopyrite also is an
important host for indium, as it contains as much as 1000 ppm
of the element. However, the evidence presented in figure 12D
indicates that chalcopyrite is not as favorable a host for
indium as is sphalerite. It would appear by analogy with
gallium, which has similar.crystallochemical properties and
distribution, that the factors which determine the distribution

of indium and gallium between sphalerite and chalcopyrite are

somewhat similar. Hence the arguments presented in attempts
to explain the preference of gallium (and germanium) for

sphalerite probably can be applied to the similar behavior
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of indium.

Pyrite also contains indium, but apparently in quanti-
ties not much greater than 30 ppm. The relatively slight
tendency for indium to occur in the octahedral pyrite struc-
ture apparently reflects its very strong preference for the
tetrahedral structures, as shown by many of its compounds

such as InSb, InAs, InP, and InS (metastable).

Manganese

Manganese occurs 1n appreciable quantities in all four
of the minerals investigated; but sphalerite is by far the
best host, for it contains as much as 40,000 ppom (4 percent)
manganese. Although this maximum value is about twice the
maximum amount of cadmium found in the sphalerite of the
Southwest, the regilonal average manganese content 1s about
1700 ppm and 1is therefore somewhat less than the regional
average cadmium content (5500 ppm).

Kullerud (1953) has shown that the substitution of man-
ganese for zinc in sphalerite causes a large increase in the
unit cell dimension and in the M-S bond distanée. Inasmuch
as the covalent radius of manganese (1.26 3) igs even smaller
than that of zine (1l.31 E), the increase in the M-S bond dis-
tance is interpreted as being probably the result of an in-
creased lonic character imparted to the bonds by manganese.
Furthermore, because the Increase in bond distance is greater
for manganese than for iron, it is probable that the M-S bond
in (Zn,Mn)S mixed crystals is more ionic than in (2Zn,Fe)S
mixed crystals. Such an interpretation finds additional
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