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Abstract

The distribution of cadmium, manganese and selenium between coexisting sphalerite
and galena and of cadmium and manganese between wurtzite and galena has been
studied experimentally over the temperature range 600°-800° C. The distribution of
selenium between galena and chalcopyrite has been investigated between 390° and 393°
C. Cadmium and manganese are strongly fractionated toward sphalerite or wurtzite T
relative to galena, while the sequence for fractionation of selenium is: galena > chal-
copyrite > sphalerite. Cadmium- and manganese-bearing galena and sphalerite solid
solutions appear to exhibit Henry’s law behavior throughout the concentration ranges
normally found in nature. Selenium-bearing galena and sphalerite solid solutions be- .
have as sensibly ideal mixtures over the temperature range studied. Therefore, at con-
centration levels expected in nature distribution coefficients (K) for these systems are
functions of temperature and pressure alone. Log K vs 1/T°g plots are linear for each
of these systems and their slope and position suggest that they may be used to estimate
temperatures of ore formation to a precision of #:13°-20° C down to temperatures as
low as 200° C for many deposits. The effect of pressure, as calculated from precise
molar volume data, is insignificant. Values of the distribution coefficients should be
determined in the-range 200°-500° C to check our linear extrapolations to low tempera-
Polytyping of natural sphalerites may lead to serious underestimation of tem-

; < tures.
- perature if unrecognized.
h. ' The most serious barrier to the application of these data to ore deposits is the neces- 1
¥ sity for an accurate paragenetic interpretation coupled with precise sampling. The

materials analyzed must represent samples that equilibrated with respect to the par-

: titioned components at the time of deposition and that have praserved their composi-

A tions throughout the postdepositional history of the deposit. The common occurrence

of growth zones suggests that in many cases it will be necessary to sample contem-

2 ' poraneous and internally homogeneous zones in each of the minerals. A nearly absolute

, ) degree of sample purity is required, particularly for the depletzd phase. The rapid

: rates of solid state reaction in galena and chalcopyrite imply that both phases should be

considered suspect even in low temperature environments. Concordant temperature

estimates based on the partitioning of two or more elements should provide an excellent
. test of the degree of approach to, and preservation of, equilibriurn compositions.

Introduction that the distribution coefficients are independent
of composition and vary sufficiently with tempera-

i

THE distribution of minor elements between co-
existing minerals has been suggested as a gen-
erally applicable geothermometer (Friedman, 1949;
Holland, 1956; Mclntire, 1963; and many others).
Barton (1970) and Barton and Skinner (1967)
have pointed out the advantage of using the
distribution of minor elements between minerals
as opposed to the minor element content of a
single mineral in the estimation of the conditions
of ore formation. This report describes the experi-
mental measurement of the distribution coetficients
for cadmium, manganese, and selenium between
sphalerite and galena, and for selenium between
galena and chalcopyrite. Our experiments show

t Publication authorized by the Director, U. S. Geological
Survey. -

ture to permit reasonably precise temperature
estimates. They therefore constitute a first step
toward useful geothermometry. However, this
method still requires extensive testing by field
application, and the problems associated with
such application are imposing.
"~ We have reported our preliminary findings in
abstracts (Bethke, Barton and Page, 1938, and
Bethke and Barton, 1939), but additional data and
more precise metinods of evaluation have led to
minor changes in the reported values of the distribu-
tion coefficients.

Principles

It is generally recognized that “impurity”

elements may be incorporated into minerals in
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weveral ways: in substitutional solid solution, as
\dsorbed films, or as components of discrete solid
or fuid inclusions. In this discussion we shall
consider only the solid solutions, for the surface
sims and extraneous phases are not amenable
;0 quantitative interpretation and can, in theory
1t least, be eliminated by adequate sample prepa-
ration.

It is convenient for our purposes not to draw
sharp distinctions between major, minor, and trace
constituents. There is little difference in principle
whether we consider, for instance, the distribution
of sodium between plagioclase and alkali feldspar,
or the distribution of manganese between sphalerite
and galena. However, since most applications to
ore minerals will be based on elements occurring
in rather low amounts, we shall employ the term
“minor component’”’ to designate any nonessential
constituent occurring in solid solution.

[t is most convenient, for this discussion, to
define the equilibrium distribution of a minor
component between two or more phases in terms
such that, at equilibrium, the activity of the com-
ponent is the same in all phases present.? Let us
consider, for example, the contemporaneous deposi-
tion {at equilibrium) of sphalerite and galena from
an aqueous solution containing a small amount of
manganese. The equilibrium statement with
respect to manganese is:

soin (1)

8D — gn .
Uzins = Qpns ™ Omns

where @, and a%l,q, @335 are the activities of MnS
in sphalerite, galena and the solution, respectively.?
The mole fraction, &V, of a component in solution,
{either solid or aqueous) is related to its activity
through the activity coefficient, for example:

Nil;ns = a?v?ns/’)’;gns (2)

where N® o and y%,¢ are the mole fraction and
activity coefficient of MnS in sphalerite, respec-
tively. The activity coefficient is an inverse mea-
sure of the ability of the host phase to accommodate
the minor component. Its magnitude varies with
temperature, pressure and composition of the host,
and may be expected to be very different in different

? Activity as used here is the absolute activity of Guggen-
heim (1950), ¢ = e#RT where p is the chemical potential,
15 the gas constant, and T is the temperature in degrees
%\elvm. The absolute activity is always referred to the same
standard state (such as CdS of the greenockite structure, or

S vapor at 1 atmosphere) no matter what the nature of
the Phases in which the component occurs. Our definition
of the distribution coefficient which follows therefore differs
”lznoia.lxon from that of MclIntire (1963).

:-\ltlxotx.gh we may speak of the “‘manganese content”
‘{I =§haler1te, we must really consider the component to be
\In‘ not Mn because the solid solution is between ZnS and
03 not ZnS and Mn.

SULFIDE MINERALS

=4

phases. Substituting (2) into (1) we see:

gn .80 o, soln _ . 80ln
Mus" Yins = Vilas Vs

(3)

and the distribution coefhicient, K, defined as the
ratio of the concentrations of the minor component
in any two phases, may be written: :

N2 A8 —
Mas " Y oS

@

goln-8p soln 74D — 1
K™ = Niws/Nius = Y803/ 13006
or, for the solid phases:
8pgn . AJSP g S
M = N{%ue/ Nhs = 15tas/ s (3)

Since, with the possible exception of fluid inclu-
sions, the ore fluid is not available for analysis
the partitioning between mineral pairs is the more
useful situation.

We have noted that the activity coefficient,
and therefore, the distribution coefficient, is, in
general, a function of temperature, pressure, and
composition of the host phase(s). In order to
evaluate the potential usefulness of the partitioning
of minor elements it is first rniecessary to evaluate
the relative influence of each of these variables.

In general, the activity coefhcient of a minor
component in a solid solution varies with the con-
centration of the component, but as the concen-
tration approaches zero, the activity coefficient
reaches a constant value analogous to the Henry’s
law constant. Therefore, over the concentration
range through which both minerals exhibit Henry’s
law behavior, the distribution coethcient will be
constant. We have determined the distribution
coefficients over a wide range of compositions in
each of the systems studied, and with the exception
of the distribution of selenium between galena
and chalcopyrite, the distribution coefficient in
each is sensibly constant over a compositional
range many times that expected in natural as-
semblages. - :

While the activity coefficient is a function of all
compositional variables in the host phase, as
pointed out by Kretz (1661) and MclIntire (1963),
minor amounts of other components in solid solu-
tions generally do not influence the activity
coefficients of components present in low amounts
to an appreciable extent.* An important exception
is the special case of coupled substitution, e.g.,
Ag*t + Bit+++ for 2Pb*+ in galena (cf. Van Hook,
1960). We have specifically chosen to work with
components which do not participate in coupled
substitution in the host minerals considered.

4 FeS appears to be the only component commonly entering
sphalerite in sufficient amounts to be of concern and most
galena seems to be even less subject to such compnsitional

mfluences.
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The effect of temperature on the distribution
coefficient may be expressed:

dlog K - —AH
d1/T) 23R

where AH equals the difference in the partial molar
enthalpies of the reactants and products of the dis-
tribution reaction (e.g., H®,s — HE.): R is the
gas constant, and T is the absolute temperature.

The effect of pressure on the distribution coeffi-
cient may be expressed:

dlog K - —AV
- aP 23 RT

(6)

M

- where AV is the difference in the partial molar

volumes of the reactants and products of the
distribution reaction. '
The expression for the P-T behavior of a given
distribution coefficient is:
' dT  —TAV
dP ~  AH ®)
which is one form of the Clapeyron-Clausius
equation. . .
It should again be emphasized that the pre-
ceding discussion is predicated on the assumption
of equilibrium between the coexisting pair.

Experimental Studies

As a first step in the evaluation of the potential
application of the principles just discussed, several
promising systems were investigated to determine
if the variation of the distribution coefficient with
temperature was large enough to permit reasonably
precise temperature estimates, and if the magnitude
of the coefficient were small enough over the pre-
sumed temperature range of ore deposition to per-
mit precise analysis of the impoverished phase.

- Special attention was given to the extrapolation

of our data out of the compositional range of our
experiments. The results of our experiments
providea quantitative basis for the geothermometry
of some natural ores.

Methods of I'nvestigation

Our experiments consisted of determining tie-
lines in the systems CdS-PbS-ZnS, MnS-PbS-ZnS,
PbS-PbSe-ZnS-ZnSe and PbS-Cuyg.s:sFeq. 5265-PhSe-
Cuo.56Feq 5265e by allowing finely powdered me-
chanical mixtures of the pure components or binary
solid solutions to react in evacuated silica tubes at
controlled temperatures. The compositions of the
reaction products were determined by precise
X-ray diffraction techniques. With the exception
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Bethke and Barton (1961), Skinner (1961), and
Skinner and Bethke (1961) were utilized as the
basis for the compositional analyses.> The man-
ganese content of galena was estimated by X-ray
diffraction techniques on the basis of a'Vegard’s
law assumption using values of 35.9358A and

5.2234A (Robie, Bethke and Beardsley, 1967) for

the cell-edges of galena and alabandite, respec-
tively. Because of the small solubility of MnS

in galena (approximately 3.5 mole percent at 850°
C) it was not considered necessary to prepare
spacing-curve standards for this system. In the.

analogous systems reported above, any deviations
from Vegard's law were too small to be detectable-

over this compositional range. “The starting ma-.
terials for this study were the same as those re-
ported in the above papers,® and the end members .-

or binary solid solutions used in compounding the
runs for this study were either from the same
batches or prepared in the same. fashion as the
compounds for which cell-edge data was reported.

The uncertainties assigned to the compositions
of the reaction products are equivalent to twice the
standard deviation derived in the above mentioned
cell-edge versus composition studies. The un-
certainty is independent of composition and at
extremely low concentrations may exceed the
reported concentration.

The sizes of the charges varied between 50 and
200 mg. The silica tubes were evacuated to a
pressure of less than 200 microns of mercury.
Temperatures of the furnaces were controlled to
less than =+3° C and were continuously recorded.
The runs were quenched in cold water, and no
suggestion of inadequate quench was ever noted.

Criteric for Equilibrium

The sharpness of the X-ray diffraction profiles

was used as a criterion for a close approach to -

equilibrium. Because of the large changes in cell-
edges with composition for the solid solutions

5 Skinner (1961) mistakenly used weight percent instead of
mole percent values for the MnS content of his four highest
manganese sphalerites in his derivation of the relationship
between unit cell-edge and composition of manganese-bearing
sphalerites. A linear regression of Skinner’s values of ao
on his values of mole percent Mn$ in sphalerite, forced to
pass through ao = 5.4093A for pure ZnS yields the relation-
e — 5.4093

0.00186
tionship was used in our study.

¢ Unfortunately the analysis of the copper reagent used to
prepare the chalcopyrite was omitted from our previous paper
(Bethke and Barton, 1961). Baker and Adamson reagent
grade copper wire was used. Semiquantitative spectrographic
analysis by K. V. Hazel, of the U. S. Geological Survey,
showed only the following impurities: Fe 0.001 5, Mg 0.0001 %o
Ag 0.0003%%, Ba 0.0001%, Ni 0.001%, Zn 0.039%,.

ship: mol ¢ MnS = This recalculated rela-

of manganese-bearing galenas, the relationships
between cell-edge and composition reported by -

L
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qvolved, very slight changes in composition lead
o significant angular changes in the high angle
.eflections used. Therefore even slight composi-
on:l heterogeneity leads to considerable broad-
ening of the diffraction profiles. (For a relatively
nsitive example, see Fig. 4 in Sims and Barton,

1961.; The formation of polytypes of sphalerite

and wurtzite solid solutions was a possible source
of error as it potentially affected both the distribu-
tion coefficient and the X-ray diffraction analysis.

All runs containing a ZnS phase were checked for -

the presence of polytypes by examining low angle
N-rav diffraction patterns and/or by optical
methods. The runs reported herein showed no
evidence of polytyping. All systems except
PbS-Cuo‘525Feo,5sz-PbSe-Cuo_525Fe0,mSe contained
runs that approached the equilibrium distribution
relationship from opposite directions.

Distribution of Cadmium between Sphalerite
or Wurtzite and Galena

The distribution of CdS between sphalerite
or wurtzite and galena may be described in terms
of the system CdS-PbS-ZnS (Fig. 1A). The
system contains three crystalline phases: a CdS-
bearing galena  solid solution, a CdS-bearing
sphalerite solid solution, and a wurtzite-greenockite
solid solution. The solubility of PbS in greenockite
and sphalerite is too small to bias our compositional
analyses, as is the solubility of ZnS in galena.
Galena will take CdS into solid solution up to
approximately 25 mole percent at the eutectic
temperature of about 950° C (unpublished data).
Little detail is available for the ZnS-CdS binary.
Wourtzite and greenockite have been shown by
Hurlbut (1957) and Skinner and Bethke (1961)
to be completely miscible at elevated temperatures.
The sphalerite-wurtzite transition temperature

TABLE I

EXPERIMENTAL DATA IN THE SYSTEM CdS-PbS-ZnS

-A.  Composition of ZnS-CdS solid solutions used as
starting materials in 890°C and 850°C isotherms.

Mole fraction Mole fraction

Batch

Cd101
¢d102
caioh
€ai05
€d106
Ca107
€a108
€d109
€d110
T4y

cas ZnS

.0207 <9793
.oko2 .9598
L0795 .9205
.0995 -9005
.2956 . L 7okk
g8k .5016
.5998 - .hoo2
.7012 2987
. 7980 .2019
.8998 .1002

B. Composition, tem;;exjature, dui‘aticn, and results of runs.

-Mole fraction CdS

Starting . Temp. Time Wz sp gn
Materials +5°¢ days +.002 £.002  £.002

£4101+ZnS+PoS 890°c 30 0085 .0050
CA8+ZnS+PbS 12 0108 .C083
C2102+ZnS+PbS 30 -.0146 006k
C28+ZnS+FbS . 13 .0163 .0093
C4105+4ZnS+PbS 30 L0271 0134
€d10k+ZnS+PbS” . 30 L0297 .0122
CdS+ZnS+PbS 13 . 0169
C2105+Cd101+PbS 30 . L0162
CdS+ZnS+PbS .13 . .0303
£1104+ZnS+Pbs 30 . L0327
CA5+ZnS+PbS ’ 13 . L0501
CdS+ZnS+PbS 9 . .06kl
£4107+Cd105+P03 30 . " .0609
C48+ZnS+PbS 13 . L0677
£4102+Cd106+PbS 30 . L0818
C1103+Cd107+PbS 30 . L1016
71110+C4108+Pb3 . 30 . 121k
C4111+Cd109+PbS 30 . .1h28
C4110+CAS+PbS 30 . : 1648

C31014ZnS+PbS 90 €039
£31024ZnS+PbS 90 L0057
C41044ZnS+PbS 90 . .0123
C2105+Cd101+PbS 90 . L0142
C3105+ZnS+PbS 90 . L0274
23107+04105+PbS 90 . L0501
C1105+0d106+PbS 50 . L0710
CA103+Cd107+PbS 90 . .08k
C4110+0d108+Pb8 90 . . 1018
Cd13140d109+Pb3 90 . 1209
C411G+CAS+PbS 90 . +1395

‘Mole fraction Cd$

Starting Temp. Time wz sp en
Run Materials +5°0 days +.002 +.002 +,002

Cd27B  CdS+ZnS+PbS  820°C 15 01327 .c062
Cd26B  "CAS+4nS+PbS 15 +0208 .C0BT
Cd25B  CAS+ZnS+PbS 15 L0375 0134
cd2ha C3S+ZnS+PoS 15 .0235
Cd23B  CdS+ZnS+PbS p 15 . 0389
Cd21B  CdS+ZnS+PbS .15 .0508.
cd228 CAS+ZnS+PbS 15 L0555

cd27c CAS+ZnS+PbS 21 00u48
Cd26¢ CAS+ZnS+FbS 21 . .CokL3
cd25¢ CAS+ZnS+Pbs 21 .0100
caz2he CAS+ZnS+PbS 21 .0203
[kl CAS+ZnS+FbS 21 .0288
cdz21c CAS+ZnS+PobS 21 L0367
cdeac CdS+ZnS+Pb3 21 3 .Qh27

€d27D CdS+Zn5+FoS 70 .0017
Cd26D CdS+ZnS+FbS 70 L0023
©d25D CdS+ZnS+PbS L0083
Cc2hD CAS+ZnS+PbS : L0183
€d23D CAS+ZnS+PbS 7 0195
€d21D CdS+ZnS+PbS 7 .0262
cda2p CAS+ZnS+PbS T .0303

CARTE CAS+ZnS+Pb3 .C012
Caz6e CAS+ZnS+Pb5 2 Kok 6029
Cd25E  CAS+ZnS+PbS : L0052
Cd2LE CdS+Zn8+FbS L0117
€d4238 CAS+ZnS+PbS L0132k
Cd21E  CdS+ZnS+PbS .0198
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F1G. 1. The condensed system CdS-PbS-ZnS at 740° C and vapor pressure of the system. (A) Representation of composi-
tions of coexisting phases on ternary plot. All phase compositions fall on heavy side lines. Tie lines solid where determined -
experimentally, dashed were inferred. Three phase region stippled. (B) Plot of mole fraction CdS in galena vs mole fraction -
CdS in sphalerite or wurtzite. Open bars represent sphalerite-galena pairs; solid bars represent wurtzite-galena pairs. Dimen- =
sions of bars indicate analytical uncertainty. Metastable extensions of curves are dashed. Note four-fold expansion of galena

8 7ns 00 05 10
mole fraction CdS in gaiena

B

scale. Open circle represents PbS-CdS binary point from Bethke and Barton (unpublished data).

1,020° C, is lowered with increasing CdS content
(Kallerud, 1953), but the shape and position of
the two phase field and the limit of CdS solubility
in sphalerite are not known. The existence of
CdS with the sphalerite structure (as the rare
mineral hawleyite) suggests the possibility of
extensive solid solution between the cubic modi-
fications at low temperatures. The very slight
solubility of PbS in the ZnS-CdS solid solutions,
although it does not produce a detectable change
in cell-edge, may have a significant effect on the
shape and position of the PbS-saturated sphalerite-
wurtzite two phase field, and so our ternary three
phase data do not necessarily define the binary
two phase region.

Procedures—Two series of runs were prepared to
determine the mole fraction ratios N¥,/N&s and
N2 /NZ, over a range of temperatures and bulk
compositions. In the initial series the charges were
prepared by adding varying amounts of CdS to a
base mix containing 1:1 mole proportions of galena
and sphalerite. After intimate mixing by grinding

in a power mortar each of the seven compositions -
prepared in this manner was split into five runs:z.
Additional ;
890° C and 850° C isotherms were prepared in:
which approximately equal amountsof twowurtzite-
greenockite solid solutions, whose compositions:

bracketed the expected final ZnS-CdS composition, -

were mixed with an appropriate amount of galena

890°, 820°, 740°, 638°, and 600° C.

to produce a 1:1 mole ratio of galena to sphalerite

or wurtzite. In this way the much slower reacting -
sphalerite or wurtzite approached its equilibrium -
composition from opposite directions. A close ap-

proach to equilibrium was assumed when single,
sharp diffraction profiles were produced by the
ZnS-CdS phase.

Resuits of Experiments.—The results and con-

ditions of the various experiments are given in -

Table I and the experimental data are plotted in
Figures 1 and 2. Mlole fraction ratios for sphalerite-

galena pairs are represented by open bars, and those -
for wurtzite-galena pairs by solid bars. The -

dimensions of the bars represent the uncertainty
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of the analysis of composition. Note that the
horizontal scale representing mole fraction CdS
in galena is expanded 5 times over the vertical
scale which represents the CdS content of sphalerite
or wurtzite. In Figure 2 the region about the
origin has been enlarged 5 times to better display
the data points.

For each isotherm, the sphalerlte galena pomts
were fit by linear regression to a straight line
passing through the origin. The slope of this line
is the mean value of the distribution coefficient.
The uncertainty assigned to each distribution
coefficient was estimated by assuming that lines
‘representing the maximum and minimum values
of the constant must pass through the origin and
be within the band prescribed by one standard
deviation from the mean throughout the range
of our data. The data do not indicate any system-
atic variation from a straight line through the
origin indicating that the mole fraction ratio is
sensibly constant over the compositional range
through which sphalerite is the stable ZnS phase.
Thus both sphalerite and galena appear to exhibit
Henry’s law behavior at these temperatures.

The wurtzite-galena mole fraction ratios are
seen, in each' isotherm, to describe an S-shaped
curve from the origin through the point represent-
ing the PbS-CdS binary solvus. The lower,
dashed portions of these curves are metastable
extensions into the sphalerite field, but must also
pass through the origin. The curvature described
by the wurtzite-galena data indicate that at
moderate to high CdS contents the distribution
coefficient is clearly a function of composition.
We have drawn the metastable extensions of the

‘curves to approximate straight lines through the

origin in accordance with the expected approach
to Henry’'s law behavior at low concentrations.
Distribution coefficients for wurtzite-galena pairs
were estimated by visual inspection with the as-
sumption that the curve is approximately linear
throughout most of the metastable range. Since
no data were obtained in this range, such estimates
are clearly less reliable than those for sphalerite-
galena pairs. The uncertainty assigned to each
wurtzite-galena distribution coefficient reflects our
judgement as to the maximum and minimum
slopes tolerated by the data.

The variation of the distribution coefficients
K#er and KEE" with temperature is illustrated in
Figure 5A. A linear regression of unweighted
values of log K on 1/7.x was computed for each
set of data. Although the sphalerite-galena data
suggest curvature of the log K vs 1/Tx relation-
ship, we prefer the linear function illustrated, be-
cause in most reactions involving only solid phases
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the enthalpy change of reaction may be assumed
to be essentially constant over a rather broad range
of temperature (Kubaschewski, Evans and Alcock,

1967, pp. 25-33). This assumption becomes in.
creasingly tenuous upon extrapolation significantly
beyond the experimental range. The 909, cor

fidence interval was computed as part of the regres

sion analysis on both data sets. That for the
sphalerite-galena data is illustrated to indicate the
uncertainty in the relationship between log K and
1/T.-g. Because the wurtzite-galena relationship is
geologically less significant, the 909, confidence
interval has been omitted from the illustration. It

is, however, narrower than that for the sphalerite- -

* galena data, perhaps fortuitously so considering the

method used to estimate the distribution Coefﬁcxent
at each temperature. :
The slopes of the log K vs 1/T¢ relatlonshxps

may be used to estimate the partial molar enthalpy /

change (AH) for the reactions:

and-
CdSp=CdSys  (10)

where CdS,,, CdS;, and CdS,, represent CdS
in galena, sphalerite and wurtzite structures at the
temperature, pressure and composition range of
our experiments. The values so estimated are
listed in Table V. The uncertainties given were
computed from the maximum and minimum slopes
of straight lines lying wholly within the 909
confidence interval over .the temperature range
of the data.

Pressure corrections were calculated using molar
volume data reported by Robie, Bethke and
Beardsley (1967).7 This calculation assumes that
AV and AH do not change significantly over the
P-T range of interest. This assumption appears
reasonable since the log K vs 1/7 plots may be
considered essentially linear; the compressibilities
of sulfides are quite low in general; and the coeffi-
cients of thermal expansion for cadmium-bearing
sphalerites and galenas are very similar (Skinner,
1962). The pressure correction so calculated is
very small, varying from —6° C/kb at 200° C
to —11° C/kb at 600° C, and for most purposes
can be neglected. The calculated correction has

7 The value of @¢ for CdS of the rocksalt structure reported
in Robie, Bethke and Beardsley (1967) was taken from Bethke
and Barton (1961) and was based on a linear extrapolation
of ap vs composition for CdS-bearing galenas. We have
recently re-evaluated this relatlonshxp, and prefer an extrap-
olation based on a linear change in molar volume wit
composition. The corrected values, based on the linear
molar volume extrapolation, for CdS of the rocksalt structure
are: ap = 54887, V,, = 24.89 cm?® or 0.5948 cal bar™t, The
corrected values were used in these calculations.
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cen combined with the log K vs 1/T relation-
Aip in Table V to define the P-T equation.
Although natural wurtzite is apparently always
setastable, the data on the distribution of CdS
etween wurtzite and galena are geologically sig-
iicant because they set a probable maximum limit
1 the potential error introduced by the occurrence
| privtypes in natural sphalerites. The divergence
{ the two log K vs 1/Te relationships is suffi-
dently large to suggest that polytyping of natural
sphalerites may introduce serious errors in the
remperature estimate.  The sense of such errors
would be to indicate an apparent temperature lower
than the actual temperature of deposition. In the
absence of quantitative laboratory studies, a rough
correction can perhaps be estimated if the relative
proportions of sphalerite and wurtzite “layers”
1 can be determined in the natural material, and the
CdS content apportioned on this basis.
Discussion.—In Figure 11 we have plotted values
4 of log K% (converted to the more useful weight
percent basis) against 1/7%x and have made a linear
extrapolation to 200° C.  Neglecting, for the mo-
ment, the problems of such an extrapolation, the
following points are evident: (1) even at tempera-
tures as low as 200° C, galena formed in equilibrium
with sphalerite containing a normal amount of CdS
(1,000-3,000 ppm) would contain from 1-3 ppm
CdS, an amount measurable by atomic absorption
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techniques; and (2) the slope of the line permits a
temperature estimate to a precision of approxi-
mately £10-15° C at 300° C assuming an analyti-
cal uncertainty of +109%, of the amount present.
If such a linear extrapolation, or a close approach
thereto, is valid, the distribution of CdS between
sphalerite and galena is potentially an attractive
basis or precise geothermometry over a broad
temperature range. The small correction for the
effect of pressure enhances the attractiveness.

The linear extrapolation of the log K vs 1/Tx
relationship is probably reasonable to 100 C° or
so below our experimental range, but beyond that
it becomes increasingly tenuous. Our data serve
to fix the position of the log K vs 1/T¢ curve
rather well in the experimental range, but, at lower
temperatures, the uncertainty in the slope becomes
increasingly important, and the assumption that
AH remains essentially constant becomes in-
creasingly less reliable. ,

In any event, it clearly remains necessary to
determine the value of the distribution coefficient
at low temperatures. Analytical difficulties due
to the high values of the distribution constants
together with sluggish reaction rates at tempera-
tures below those investigated make an experi- .
mental approach to this problem very difhicult.
Empirical determination ef distribution constants
from natural materials utilizing independent tech-

TABLE I1

_ EXPERIMENTAL DATA IH THE SYSTEM MnS-PbS-ZnS

A. Compositicas of solid solutions used as starting
materials in 850°C isotherm.

Mole fraction

Batch

MnlOl
Hnlo2
Mnl03
Mnl05
MnlO7
}nl08
Mnl09
Mnll0

0186
.0405
0608
.0397
.2013
2995
.3996
ko8l

Mole fraction
MnS Zns

L9814
.9595
.9392
.9C03
L7987
L7005
.600b
5016

B. Composition, temperature, duration, and results of runs.

" "Mole traction ¥sS

wz
+,002

59
*.002

Time
days

Temy.
*5°¢

Starting an
Materials *.002
0036
.0033
.00bs
007k
.0107
.0160
L0219
L0292
.0353

L0215
L0306
10392

Hal024ZnS+PbS 850°¢C
Mnl024Mn101+PbS "
Fnl03+Mn102+Fbs "
Mn105+Mnl03+Pb3 "
Mnl07+ZnS+Pbs "
Hni07+Mn105+PbS "
Mn108+n107+PbS "
HMnl10+Mn109+PbS "
Mr110+Pbs "

90
S0
90
90
G0
90
S0
90
90

.OL80
..0746
0924
1400
.2367
Jh377
L1870

.0025
.00k9
L0067
L0177
0185
L0260

MnS+ZnS+Pbg 820°C
MnS+ZnS+Pbs "
MnS+ZnS+Pbs "
MnS+ZnS+Pbs "
MnS+Zng+Pbs "
Hn3+Zn84Pbs "

15
15
15
15
15

Hole fraction MnS

wz
£.002

en
+.002

Time
days

sp

Starting
+,602

Run Materials

-0020
.OO?G
Meied
.C078
~0003
-0135
.0188

0231
L0296
L0704

21
21
2L
21
21
21
21

MaS+ZnS+Pbs
MnS+ZnS+FosS
MnS+ZnS+Po3
MnS+ZnS+Pos
HMnS+ZnS+Pb3
MnS+ZnS+Pbs
MnS+ZnS+7bS

T MaR7C
Mn26C
Mn25C
Mn22C
Mn2hC
Mn23C
¥n21C

.0015
.0035
-C032
.COBT
L0079
-C095

T0
T0
70
T0
70
70

MS+ZnS+PhsS
MnS+ZnS+Pbs
MnS+ZnS+Pus
MnS+HLnS+PoS
MnS+ZnS+Pos
MnS+Zn3+Pb3

Mn27D
Mn26D
Mn25D
Mn22D
Mn2hD

in23D
000k
.00tk
L0055

Mp2T7E
28R

Mn2ZE

MnS+ZnS+Pos 229
MnSAZnS+PbS 229
MNS+ZnS+Po% 229
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F16. 3. The condensed system MnS-PbS-ZnS at 740° C and vapor pressure of the system. (A) Representation of composi-

tions of coexisting phases on ternary plot.
Three phase regions stippled.

bars represent sphalerite-galena pairs; solid bars represent wurtzite-galena pairs.
certainty. Metastable extension of wurtzite-galena pairs dashed.

niques of geothermometry is perhaps the most
promising approach. Comparison with filling
temperatures of fluid inclusions appears particu-
larly promising, and we are currently pursuing
such studies on material from Creede, Colorado.

Dastribution of Manganese between Sphalerite or
Wurtzite and Galena

The distribution of NnS between sphalerite
or wurtzite and galena may be described in terms
of the system MnS-PbS-ZnS (Fig. 3A). The
system is analogous to the system CdS-PhS-ZnS
just described, and was handled in essentially the
same manner. At the temperatures of our experi-
ments, the system contains 4 solid phases: an MnS-
bearing galena solid solution, an MnS-bearing
sphalerite solid solution, an MnS-bearing wurtzite
solid solution, and essentially pure alabandite.
As in the previous system, the solubility of galena
in the ZnS-MnS solid solutions is too small to affect
our analyses as is the solubility of ZnS in galena.

All phase compositions fall on heavy side lines. Tie lines determined experimentally.
(B) Plot of mole fraction MnS in galena vs mole fraction MnS in sphalerite or wurtzite. Open

Dimensions of bars indicate analytical un-
Note ten-fold expansion of galena scale.

The solubility of MnS in galena is considerably
smaller than that of CdS. Incomplete experiments
indicate that the maximum solubility is about
3.5 mole percent. Several investigators have
studied the ZnS-MnS binary (Kroger, 1938; 1939;
Kullerud, 1953; Juza et al., 1956; B. J. Skinner,
personal communication, 1962). The system differs
from the ZnS-CdS binary in that, in the range of
our experiments, a miscibility gap appears at about
50 mole percent between manganese-bearing wurtz-
ite and alabandite. The wurtzite solvus is quite
steep, decreasing about 83° C per mole percent
MnS. The sphalerite-wurtzite two-phase field
also plunges steeply, the limit of sphalerite stability
being approximately 7 mole percent MnS at 600° C.
As in the previous system, the slight solubility
of PbS in the ZnS-MnS solid solutions may have a
significant affect on this two-phase field, and there-

fore our data cannot necessarily be compared -

directly with the binary.

Procedures—Two series of runs were prepared -
to determine the mole fraction ratios N®,o/ Nos -

Con
and




C850°C -

90 days -

N . l '
© : | . 0.04

2 740°C o | - 600°C

21 days / B , 229 days

in sphalerite or wurtzite

mole fraction MnS

o

i 1 £
0.04 0.02 0.04
mole fraction MnS in galena
Fic. 4, Mole fraction MnS in galena vs mole fraction-MnS in sphalerite or wurtzite. Experimentaldataatj temperatures.

Construction and notation as in Figure 3B. Three phase (ala + wz + gn) points taken from PbS — MnS binary (Bethke
and Barton, unpublished) are shown as open circles.
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F16. 5. Variation of distribution coefficients with tempera-
ture. (A) Distribution of CdS between sphalerite and galena
and wurtzite and galena. = (B) Distribution of MnS between
Size of
crosses’ indicates uncertainty in estimation of distribution
coefficients and +5° C uncertainty in temperature for
sphalerite-galena data. Uncertainties in wurtzite-galena data
not shown. 90 percent confidence interval indicated by
dashed lines.

and Nyi./N&.s over a range of temperatures and
bulk compositions. In the initial series the charges
were compounded by adding various amounts of
alabandite to a 1:1 base mix of galena and sphal-
erite, and intimately mixing each batch in a power
mortar. Each batch was then split into 5 iso-

therms: 890°, 820°, 740°, 658° and 600° C. The

890° C runs showed evidence of melting and were
discarded. Consequently an 850° C isotherm was
prepared from pure galena and a mixture of
two MnS-bearing wurtzite solid solutions which
bracketed the expected final composition of the
ZnS-MnS phase.

Results of Experiments—QOur experimental data
for the distribution of MnS between sphalerite
or wurtzite and galena are presented in Table I
and illustrated in Figures 3 and 4. In these figures
the coordinate representing the NMnS content of
galena is expanded 10 times over.that representing

log K

P. M. BETHKE AND P. B. BARTON, JR.

the MnS content of sphalerite or wurtzite. Our
interpretation of the MnS data is essentially the
same as for the analogous CdS data. We assume
that all sphalerite-galena pairs exhibit Henry’s
law behavior at the temperatures of our experi-
ments because the data points (represented by
narrow bars in Fig. 3 and 4) are compatible with
straight lines through the origin. The distribution
coefficient and its associated uncertainty were
estimated for each isotherm in a manner identical
to the procedure used in the previous system.
The degree of fit of the sphalerite-galena data is
clearly not as good as in the previous system due,
in part, to the greater magnitude of the distribution
coefficient, but also probably because of-a less close
approach to equilibrium due to the relative inert-
ness of MnS in dry systems. o
The wurtzite-galena points are seen to lie alon
S-shaped curves from the lower limit of wurtzite
stability through the points representing the
alabandite-galena-wurtzite field. The degree of
fit of the wurtzite-galena data points to this curve
is-approximately the same as in the previous sys-

- tem. Again, the curve was constructed to approach

a straight line through the origin in the dashed,
metastable region, consistent with a close approach
to Henry’s law behavior in that range. -The
distribution coefhcients K3 and K¥ZE and the
uncertainties assigned to them again were estimated
in an identical manner to those describing the dis-
tribution of CdS between these phases.

The relationship between the distribution coeffi-
cients and temperature is illustrated in Figure 5B.
A linear regression of log K on 1/T-x was computed
for each set of data using the same assumptions asin
the previous system, and the resulting expressions
are given on Figure 5B. The scatter of log K
values about the straight line is considerably larger
than for the previous system, and the 909, con-
fidence interval much broader. The log K¥&%
points on the other hand, exhibit about the same
degree of scatter as do the log K¥%5" and the 909,
confidence interval (again not illustrated) on the
wurtzite-galena relationship is much narrower than
on the sphalerite-galena line. Again, the wurtzite-
galena data serve to indicate the possible error
introduced by polytyping in natural sphalerites.
The change in partial molar enthalpies calculated

. for the two distribution reactions are listed in

Table V.

Pressure corrections calculated from the molar
volume data of Robie, Bethke and Beardsley
(1967)® ranged from —9°/kb at 200° C to —16°/kb

8 The value for the partial molar volume of MnS in sphal-
erite used in these calculations was computed by extrapolating
the corrected relationship between @y and MnS content
of sphalerite (footnote 5) to pure MnS. The values so

S,




o

o
[0 8]
o
w
lena
<}
@
alerite

o
[

ZNHe i wphalente

©
D
mole fraction ZnSe in sph

<
[«2]
o ]
E-Y o2}
tion PbSe in ga

008 06
ZnSe /InS -

froction
o
S

S
N

[e)
n
mole frac

0 ’ ¢—'"""’/I__/. .
PbS - 0 0.2 0.4 0.6 08
; o . PbS mole fraction PbSe in galena
A ‘ B - B

F16. 6. The condensed system PbS-PbSe-ZnS-ZnSe at 815° C and vapor pressure of the system. (A) Representation of
compositions of coexisting sphalerite and galena solid solutions on quaternary plot. All phase compositions fall along heavy
side lines. Tie lines solid where determined experimentally, dashed where inferred. (B) Mole fraction ZnSe in sphalerite vs
mole fraction PbSe in galena. Size of circles approximately 2 times analytical uncertainty. Inset is plot of same data computed

L -

o
10 ZnS
PbSe

23 mole fraction ratios PbSe/PbS and ZnSe/ZnS allowing direct estimation of distribution coefficient from slope of line through

origin and points.

at 600° C. This correction is still small, and in

many instances can be neglected. The combined
P-T expressions for the distribution of MnS be-
wveen sphalerite and galena and wurtzite and
galena are given in Table V.

Discussion.—Values of log K38 converted to a
weight percent basis are plotted in Figure 11, and
extended to 200° C assuming a linear extrapolation.
Considering the large width of the 909, confidence
interval in Figure 5B together with the assumption
of constant AMl, such an extrapolation is semi-
quantitative at best, and, even more than in the
previous system, data at low temperatures are
required. The extrapolation is presented only to
indicate that it falls within the same range as that
for K2 and therefore the distribution of MnS be-
tween sphalerite and galena is potentially useful
and worthy of further calibration. ‘

Distribution of Selentum belween Galena
and Sphalerite

We may refer our discussion of the distribution
ot selenium between sphalerite and galena to the
Svstem PbS-PhSe-ZnS-ZnSe (Fig. 6). Both sphal-

determined are ay = 5.596A, V, = 26.385 cm? or 0.60359
%‘ﬂ bar~l These values differ from those reported in Robie,
Bethke and Beardsley (1967) which were taken from Skinner’s
Ineorrect relationship.

erite-stilleite and galena-clausthalite form complete
binary solid solutions at the temvperatures of our
experiments. The mutual solubility of PbSe and
ZnSe and of PbS and ZnS is too small to bias our
compositional analyses. Both solid solution series
are, for purposes of this study, stoichiometric with
respect to metal:anion ratio. Thus the composi-
tions of all crystalline phases in the system lie
on the two heavy side lines in Figure 6A. The
system constitutes a reciprocal salt pair and thus
is ternary although represented in Figure 6 in
terms of four components. The reaction describing
the distribution is the exchange reaction:

PbS + ZnSe = PbSe + ZnS

and the distribution coefficient has the form:

(11)

gn . A7Sp gn 8D
Kegnsp . -LPbse N Zns K YPbs " Yzose
Se - gn . \78p = reaction*_gn
PbS 4V ZnSe

— - (12)
Pbse” Tzns
where K eaction 15 the standard equilibrium constant
for reaction (11).

Procedures—Runs in this system were prepared
in two ways. The 815° and 700° C isotherms were
compounded using opposing end members, either
PbS + ZnSe or PbSe 4+ ZnS, as starting materials.
The 890°, 740°, 658° and 600° C isotherms were
prepared from mixtures of pure PbS and ZnS-ZnSe
solid solutions of various compositions. The condi-
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TABLE IIX

EXPERIMENTAL DATA IN THE SYSTEM PbS-PbSe-ZnS-ZnSe

A, Composition of ZnS-ZnSe solid solutions used as starting
-materials in 890°C, 740°C, 660°C, and 600°C isotherms.

Mole fraction

P. M. BETHKE AND P. B. BARTON, JR.

Mole fraction

Batch ZnSe ZnsS
Sel05 L0772 .9228
8el06 3004 6996
Se107 98k .5016
Se108 L7711 .2289
. - 8el09 L6922 .3078
Sell0 4093 .5903
Selll .3335 6665
Sell2 L1430 8570

B. Composition, temperature, duration, and results of runs.

-Mole fraction

i ) PbSe ZnSe | -
~ Starting Temp. Time in gn in sp
Run Materials £5°C days +,002 +.002
SelA Sel05+PbS 8oo°c 13 - 077 .006
SeBA Sell2+PbS " 13 .160 .011
SeTA Selll+Pbs " 13 .321 .029
Se2A Se106+PbsS " 13 .325 .027
SebA. Sell0+Pbs " 13 .397 .037
Se3A  SelOT7+PbS " 13 453 .053
Se5A Sel09+Pbs i 13 .551  ° .070
Sela S€108+Pbs 1" 13 .682 .123
Se7l PbSe+ZnS 815°C 27 .050 .00k
SeSL PbSe+ZnS " 19 .102 .00k
Se55 PoSe+ZnS " 19 .168 011
SeT2 PbSe+ZnS u 27 172 .0l11
Se52 PbSe+ZnS n 19 .2h2 .015
Ses6 PbSe+ZnS " 19 .305 .019
Se73 PbSe+Zns w7 27 .333 022
- 8e53 PbSe+ZnS n 19 .382 026
SeTh PbSe+Zns It 27 .651 072
Se75 PbSe+ZnS n 27 . .825 .170
se8c Se112+PbS 740°C 21 .136 .005
se7C Sell1l+PbS " 21 .336 .01k
Se2C Sel06+PbS u 21 346 .016

tions of the experiments, starting materials and
compositions of the reaction products are listed
in Table T11. :

Results of Experiments—The results of our ex-
periments on the distribution of selenium between
sphalerite and galena are illustrated in Figures 6
and 7. In Figure 6A tie lines determined at 815° C
are plotted. In Figure 6B, the mole fraction PbSe
in galena is plotted against mole fraction ZnSe
in sphalerite in the major portion of the diagram.
The points fall on a smooth, symmetrical curve
for which the ratio:

N %’!:)SG.N Zas __ 77gn-sp
Ny N, 8 (13)
is constant over the compositional range in-
vestigated. This constancy of the mole fraction

Starting Temp. Time
Run . Materials *5°C days
SebC Sell0+PbS Tho°C 21
Se3c 8e107+PoS " 21
Se5C Se109+PbS " 21
sekC Sel08+PbS w 21
seB2  PbSe+ZnS T00°C 70 L3kl
Se83 PbSe+ZnS " 70 879
SeB85  PbS+ZnSe ow 70 .878 .12
Se8l PbSe+ZnS " T0 .883 12k
Se7D Selll+Pbs 660°C 70 336, Nkl
Se2D Sel06+PbS " 70 .3k0 .013 .
SebD Sell0+PbS " T0 L3592 .019
Se3D Sel07+PbS " 70 .488 .013
Se5D 85e109+PbS " 70 -595 .02k
SekD Sel08+Pbs " 70 .7h9 .0kg
Se2E Sel06+P0bS 600°C 210 .308 .00k -
SebB Sell0+PbS " 210 .03 .0C5 ..
Se3R Sel0T7+Pbs " 210 . .301 .010
SeSE Sel09+Pbs " 210 500 L0t
Selw 5€108+Pbs " 210 2752 027~

ratio is better illustrated in the insert in Figure
6B where N8, /NE is plotted directly against
N2/ NPs In Figure 7 plots similar to this inset
are presented for each isotherm showing that the
mole fraction ratio is independent of composition
at least down to 600° C. Straight lines through
the origin were fit to the data by the method of
least squares, and the slope of this line is the
numerical value of K&*P. The reported uncertainty
was calculated in the same manner as described for
the cadmium distribution coefficients.

The fact that the mole fraction ratio is constant .
at each temperature, over the entire compositional
range investigated, means that the activity co-
efficient ratio must also be constant. This suggests
that both solid solutions behave ideally over the -

composition and temperature range investigated.
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\lrernatively, fortuitous, mutually compensating
eviation from ideality in both phases could give
-ze to the apparently ideal behavior. Since the
wehavior is maintained over a temperature range of
searly 300° C, we strongly prefer the first alter-
aative. ’

At low concentrations the values of N8y and
V2. are nearly unity and therefore have little effect
on the numerical value of the distribution coeffi-
cent. Therefore, for assemblages containing only
small amounts of selenium, the reduced distribution

coefficient

N Klgn-sp == '————Pbsegn (14)

e = ZnSe,

will yield numerical values well within the precision
of analysis, and is much more convenient. .

Wurtzite was not produced in any of our runs
and therefore we cannot predict the effect of
polytyping of natural sphalerite on temperature
estimates based on the distribution of selenium
between sphalerite and galena.

In Figure 10A the logarithm of the distribution
constant is plotted against the reciprocal of the
absolute temperature. The straight line through
the points computed as in the previous systems

describes the temperature dependence of the dis-

ribution constant, and its analytical expression
is noted on the figure. The 909, confidence interval
is also illustrated. If both solid solutions are as-
sumed to behave ideally, the AH of the distribution
reaction calculated frorn the slope of the log
K vs 1/T-x plot is —13,030 == 1,500 calories per

mole, which is not inccnsistent with the 25° C

value of —9,700 = 4,200 calories calculated from
the heats of formation of the phases given by
Kubaschewski, Evans, and Alcock (1967).

A pressure correction of slightly more than
+1°/1,000 bars at 600° C was calculated from the
molar volume data (Robie, Bethke and Beardsley,
1967), and can obviously be neglected for any
practical application. '

Discussion.—Values of log K converted to a
weight percent basis are plotted against 1/Tex
tn Figure 11. The straight line describing the data
hﬂ_S a greater slope than those for either the cad-
hium or manganese bearing systems. Assuming
the validity of such a linear extrapolation, the slope
should allow temperature estimates to a precision
of +10°-15° C for those assemblages to whichit
can be applied. At lower temperatures the values
of the distribution coefficient are quite high,
reaching 1,000:1 at approximately 375° C. Al-
thOUgh the selenium content of some ores may
reach several percent, the element is most com-
monly present in only trace amounts. We .may

. 700° C

70 doys

. 890°C

13 doys

anisp - ansp _ +
KIS' =158+04 ' st -5,2.7_0.7

3 i 1 1 1 i 1 3

| 660°C

70 days’

| 815°C

19 ~27 doys

L S B
- : J 18 20
i KL* =228+02 [2

i 1 1 1 4 1

I i 1

PbSe / PbS
EN

N

KE® = 57916 _
1 i k3 1 1

 740°C .

21 days

EGOO‘ Cc

210 doye

K3” =390%2 KL® = 1074
L L. 1 L J 1 ] 1 1

08 2 04 08 2
ZnSe / ZnS i

Fic. 7. Plots of mole fraction ratios PbSe/PbS vs ZnSe/
ZnS calculated from experimental data for 6 temperatures.
Construction and notation as for inset in Figure 6B.

therefore expect that the distribution of selenium
between sphalerite and galena will not be as uni-
versally applicable as that of manganese and, in

particular, cadmium.

The validity of the linear extrapolation of the
selenium distribution data to lower temperatures
is just as questionable as in the previous systems.
A recent attempt by Halbig (1969) to measure the
distribution coefficient at temperatures down to
300° C has yielded results at considerable variance
with ours. -Halbig’s data were gathered by re-
crystallizing PbS. and ZnS in a 2 molar NaOH
aqueous solution doped with Se? radioisotope
added as HSeO;, followed by separation of the
phases and radiometric analysis. His data also
yield a linear relationship between log K and 1/ 7 =%,
but the slope of this line is much lower than ours,
and in the range of overlap Halbig’s data indicate
a distribution coefficient significantly lower than
ours. Mutual discussions have failed as yet to
resolve the reasons for the differences in our results,
but we see no reason for abandoning our values.
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Distribution of Selenium between Galena
and Chalcopyrite

Preliminary experiments were conducted on the
distribution of selenium between galena and chal-
copyrite. In gross aspects the system is analogous
to the distribution of selenium between galena and
sphalerite. However, at higher selenium contents
the chalcopyrite-eskebornite(in the sense of Tischen-
dorf, 1960) join becomes nonbinary, thus limiting
the extent of solid solution. In the runs prepared
for spacing curve standards, compositions greater
than 36.7 mole percent eskebornite yielded spurious
phases at 600° C. No further attempt was made to
clarify the relations along this join as it was felt
the complexities of the system Cu-Fe-S were
sufficient without introducing selenium as an addi-
tional component. An additional complication

‘is the departure of chalcopyrite from the ideal

CuFeS; composition at high temperatures, both
with respect to the Cu:Fe and metal: anion ratio.
For this study we chose to use chalcopyrite of a
1:1 Cu to Fe ratio and a 1.052:1 metal to anion
ratio. Chalcopyrite of these proportions is stable
over the temperature and compositional ranges in-
vestigated. The reaction describing the distribu-
tion is most conveniently written to include one
mole of selenium on each side of the equation:

PBbS 4 Cuo.s26Fep.5265¢ =
:PbSe + Cug.s2eFep 526 (15)

TABLE 1V

EXPERIMENTAL DATA IN THE SYSTEM PbS-PbSe-Cu‘széFe.526S-Cu 526FC 2

A. Composition of runs,

Ccp95B,C,D,F 526Fe 5265.914758.053 + PbS
Cep963,C,D,F Cu.526Fe_5263.895Se‘105 + Pu3
Ccp978,C,D,F Cu'526Fe'5268.7h7Se.253 + PbS

Cep98B,C,D,F  Cu gpgFe 5568, gaaSe 355 + 70S

B, Temperature, duration, and results of runs.

Mole fraction
PbSe in Cu‘:go.“e 526Sf’
Temp, Time galena in ch&*onyrite

Run no, 35°¢C days *,002 ~£.003
Ccp95B 595°C 10 .089 011
Cep9sB o 10 .167 .05
Cep978 w 10 Lh23 .033
Ccp98B " 10 643 L0350
Cep95¢ 550°C 12 091 .008
Cepy6C " 12 L17L .co3
Cep97C " 12 435 .018
Cep98C " 12 .597 .030
Cepgsb L75°C 30 .090 .00
Cop6D " 30 200 .C05
Cep97b " 30 473 .01
€cp98D " 30 639 .013
Cep95F 390°C 72 .090 .C00
Ccp96F " 72 .313 .Co0
Cepy7F " 72. .533 003

Cep98r n 72 654 005

The distribution coefficient is thus:

g | ATecp
N Pble N Cuy. 525Feq. 5268

Se - e ecp
Pb3 "LV Cug 506Feg, 52650

Kgn:ccp —

_ K ‘Y.Pbs ’YCuo s35Feg.5265e
= R reaction” ~+ER (I 6)

PbSe” ’Ycuo_ssteo.ssz

Procedures—Tie lines relating the composition
of galena-clausthalite solid solutions to those on the
chalcopyrite-eskebornite join were determined for
four compositions at each of four temperatures:-
595°, 550°, 475° and 390° C. The runs were com-..
pounded from pure PbS and various chalcopyrite-
eskebornite solid solutions, ground together in
batches and split into the four isotherms. The:
starting compositions and conditions of each run
and the composition of the reaction products ar
listed in Table IV. The short duration of the runs
(10 to 72 days) and the comparatively low tem
perature range are particularly notable.

Results of Experiments—The results of our
experiments listed in Table IV and illustrated in:-
Figures 8 and 9 clearly show that selenium is -

- concentrated in galena relative to chalcopyrite. -

However, in contrast to the previously described dis--
tribution of selenium between galena and sphalerite -
wherein the distribution coefficient is independent:
of composition, Figure 8 shows that the true dlstrl- :
bution coefficient

(K =1 %’I!])Se'

clearly increases with increasing selenium content.
Surprisingly, the reduced distribution coefficient
(K’ = N&yse/ NE2 . soves suse) gives a better fit to the
data and is independent of selenium content at the
concentration levels investigated. We shall use.
the reduced distribution coefficient to describe the
distribution of selenium between galena and chalco-
pyrite, but for reasons discussed below we shall ©
limit its application to the compositional range of
our experiments.

cep / ecp )
Cug.326Fe0. 5265 PbS Cug_s25Feg. 526Se.

Discussion.—~—The slope and position of the
straight line describing the temperature dependence
of the reduced distribution coefficients as plotted
in Figure 11 would appear to provide an excellent
basis for geothermometry, but three important
factors place severe limitations on the potential
usefulness of this relationship.

To explain the first difficulty let us further
consider the typical isotherm shown in Figure 8.
We have noted that the true distribution coefhcient,
K, is not independent of composition in contrast =
to the data on the distribution of selenium between ..
galena and sphalerite, whereas the reduced distribu-
tion coefficient, K’, is apparently constant over the:=




TABLE V

SUMMARY OF DISTRIBUTION COEFFICIENTS AS FUNCTIONS OF TEMPERATURE AND FRESSURE

Reaction Distri‘outiofx coefficient
Sp-gn
cds

WZ=gn

Xeas

Sp-gn
Mng LK =
5P Mns

HnS,,, IS‘Z];@“ =

Kgn-sp - PbSegn-ZnSSp

PbS, +ZnSe ., < PbSe — 20
an sp Se N
€ ) Pbs[;n ZnSeSp

g‘m«ZnSSp

%/(gn-ccp _ PbSepn

PbS ., +01 2682y, 5268200y ==
gntlig, sogl’eg 524 ccp Se C"O.SQGFeO.Eaéseccp

FoSegnt®o, 526720, 5265 ccp

3/ cep-
4 CCp-sp

Cug.526¥20, 5268 ccp@ndesp w=> Se ZnSegy
z

E
S

g, 52670, 52650 0ptEnS sy

1/ Calculated from experimental date by relation (6) in text.
2/ Calculated from data in Robie, Bethke, and Beardsley (1967).
3/ Emperical constants, see text,

_ Cup,526Feq, 5068ecep

logK=M+C

Mcle fraction

. 2080026k )\,

™
Log

_ 2380-,0268P

Tog =1.83

- 1410-.0262P

~0.4k0
Toy .

_ 1890-.0278p

ToK

-0, T

2850;. 002TE o)
%

-2.85
%

222 4,61
X

- 2080~ ,0264P
_ 2580-.0268P

- 140-.0261P

Weight percent

TOK -1.98

'I'oK

-0.01
Tog

1890-.0278p _

TOK

2850+.002
SOL00BTE ) 33

3410
Tog "3-10

:_?_Q_ +1.TT
K

bH
:-Léal mole‘l

-9, 500%1,050

1.5k -12,220#1,500 -

=6, bhoh, 110

-10, 3005, 000

-13, 03011) 500

-15,580+1,050

+2,65041, 300

Y barTL
0.119%+.0008
0.120T+.0006
0.117T+.0005

0.1274+.0003

0.0125+,0003

Temperature range

of experiments

600-890°C

600-890°C

600-850°C

660-850°C

600-890°C

300-595°¢C

Calculated from
(5) ana (6)
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F16. 8. The distribution of selenium between galena and chalcopyrite at 595° C.  (A) Plot of mole fraction ratios PbSe/PbS
vs Cug.s2sFeo, s265e/Cug. s26Feo.52S.  Dimensions of bars indicate analytical uncertainty. (B) Plot of mole fraction Cuo.s2sF e, szSe
in chalcopyrite vs mole fraction PbSe in galena. Size of circles is approximately 2 times analytical uncertainty. Lines illustrat-
ing two different models for the distribution coefficient are shown in both diagrams. Solid line drawn for reduced distribution
coefficient (K’ =PbSe/Cuo.s2Feq, 5265¢ =12.0); dashed line drawn for true distribution coefficient (K =PbSe-Cuo.s2Fes 5265/
PbS-Cuq.s26Feo.5265e). Upper portion of curve for true distribution constant in (B) is metastable. Cup.s35Fe0.5:65 — Cuo.526F €0, 526

becomes nonbinary at compositions somewhere above 36.8 mole percent Cuq,s:sFes.52s5e. Composition of breakdown point

not determined.

range of compositions investigated. Because K’

should — K as Se— 0 we have drawn the two
relationships tangent at 0 selenium content in Fig-
ure 8A. However, we lack an appreciable com-
position range over which we can demonstrate
that K = K’, and thus we have no reason to
assume that the constants we derived are applicable
to the much more dilute composition found in most
ores. .

In the preceding system our confidence in the
extrapolation of the reported distribution coeffi-
cients is based on the apparently ideal behavior
of PbS-PbSe and.ZnS-ZnSe solid solutions through-
out the temperature and composition range in-
vestigated. In the systems describing the dis-
tribution of cadmium and manganese between
sphalerite and galena the extrapolation was based
on the consistency of our data with an assumption
of Henry’s law behavior. In the present system,
however, the behavior of the chalcopyrite-eske-
bornite solid solutions is demonstrably nonideal;
nor does it fit a regular solution model. Further,
our data, although they may approach it, do not
demonstrate Henry's law behavior. Without a
thermodynamic basis, we cannot be confident of
any extrapolation of our data to lower concen-
tration ranges. ’

Second, the well-known nonstoichiometry of chal-

copyrite at high temperatures forced us to choose
an arbitrary metal rich composition (CuFeS; q») for

a phase known to vary widely in composition. -

Natural chalcopyrites can have a wide range of

compositions at high temperatures (e.g., 600° C) -

but cluster near ideal CuFeS; at low temperatures.?
The magnitude of the influence of this composi-

tional variation on the fractionation of sulfur and :

selenium between chalcopyrite and galena is un-
known.

Third, the ability of the system to equilibrate -

in 72 days at only 390° C implies that natural
chalcopyrite-galena pairs are highly susceptible
to retrograde reactions following deposition. Prob-

lems of postdepositional changes are discussed

in a following section.

Distribution of Selenium between Chulcopyrite .
and Sphalerite

No experiments were performed on the distribu-
tion of selenium between chalcopyrite and sphal-
erite. However, the equation for the variation of

9 An additional complication is the inversion in the 500°- -
600° C region from the cubic high temperature form to the -

tetragonal form stable at lower temperatures.
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550°C -
|2.doys o

mol i d 3 J : :
e fraction C“..szeFe.azeS"‘ in chalcopyrnite

06 o8 10

mole fraction

0.06¢
475°C

30 doys

ppSe —2,*
K= C“.azGFel-526

k/J"///Tf. .

- 0.2 04 06

"390°C

72 days

e,

;__Pbse
K= CugpeFesesS®
1 f_— .

0 02 04 06 08 1.0
in galena

= 200 + 85

0
PbSe

Fic. 9. Mole fraction Cuo,suFeo.ssSe in chalcopyrite vs mole fraction PbSe in galena. Experimental data for 4 temperatures.
Construction and notation as in Figure 8B. Note short duration of runs.

the distribution constant with temperature for the
reaction :

InS + Cug.gasFeq sos5e =

ZnSe + Cug.ssFeossS (17)

can be calculated by algebraic combination of the
equations describing the distribution of selenium
between galena and sphalerite and between galena
and chalcopyrite. . Such calculations indicate that
selenium is moderately fractionated toward chal-
copyrite in the expected temperature range of ore
deposits, and that, in contrast to the other systems
studied, the degree of fractionation decreases with
decreasing temperature. We may also note that
the slope of the curve so calculated is very low,
precluding its use in geothermometry.

Rates of Reaction

Al_though our experiments were not designed to
provide quantitative information on reaction rates,
We wish to call attention to the vastly different
umes required for equilibration between galena-
chalcopyrite pairs (10 days at 595° C) as opposed
[0 galena-sphalerite pairs (210-230 days at 600° C)

It is readily apparent that the limiting factor is the
equilibration of the sphalerite, and that galena is
capable of reacting at least two orders of magnitude
faster than sphalerite at 600° C, and presumably
at lower temperatures as well. Studies in the
PbS-PbTe system by us (unpublished) and Darrow,
White and Roy (1966) indicate even faster reaction
rates for galena-based solid solutions. The im-
portance of these observations is that they indicate
that the upper temperature limit of application
of our data to natural assemblages will be strongly
influenced by the ability of galena to retain its
original composition during postdepositional cooling.

Combination with Fluid Inclusion Thermometry

The small effect of pressure on the distribution
coefficients for the systems studied permits the
combination of minor element distribution and
fluid inclusion geothermometry where significant
pressure corrections often must be made. The
application is illustrated schematically in Figure 12.
In this illustration the P-V-T relations of an
aqueous solution containing 109, NaCl calculated
from the data of Klevtsov and Lemmlein (1959)
are superimposed on the P-T curves for the dis-
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Fi16. 10. - Variation of distribution coefficients with tem-
perature. (A) Distribution of selenium between galena and
sphalerite. (B) Distribution of selenium between galena and
chalcopyrite (reduced distribution coefficient shown). Size
of crosses indicates uncertainty in estimation of distribution
coefficients and £5°C in temperature. 90 percent con-
fidence interval indicated by dashed lines.

tribution of manganese between sphalerite and
galena calculated from our data. It isassumed that
a filling temperature (Tx) of 250° & 10° C has
been determined from a group of contemporaneous
fluid inclusions in sphalerite and that the composi-
tion of the fluid has been determined to be that
chosen for the illustration. The distribution of
manganese between the sphalerite and a contem-
poraneous galena yields a temperature (Tp) of
400 # 20° C. The intersection of these two curves
provides a corrected temperature-pressure estimate
of 385° C and 1,500 bars = 20° C and 300 bars.
Obviously, the combination of the two methods
vields considerably more information than either
of the two applied separately.

Problems of Application

Within the limitations specified, our experimenta]
studies provide a basis for the estimation of tem.
peratures of ore deposition. However, the problemg
of actual application are imposing, and the utility
of the approach remains to be demonstrated. I
the paragraphs below we will briefly discuss only
some of the more obvious of these problems.

Analytical and Saompling Restrictions

The strong fractionation in the systems we have
studied presents considerable difficulty in the
sampling and chemical analysis of the minerals.
involved. Concentrations of the minor elements
will be very low in the impoverished phase under
most conceivable environments. Highly sensitive
and precise analytical techniques are required in
most instances, and since we are dealing with
vastly different concentration ranges in two differ- -
ent matrices, opportunities for systematic errors"
to creep into the analyses are plentiful. The strong
fractionation further requires a nearly absolute
degree of sample purity, for even minute amounts
of the enriched phase may add significant amounts
of the minor element to the analysis of the de-:
pleted phase. The magnitude of this effect is jl-

lustrated in Figure 13 where an apparent tem-
perature of formation has been calculated as a
function of the weight percent impurity of the en--
riched phase in the impoverished phase for a mineral
pair equilibrated at 300° C. This effect can be cor-
rected if the contents of zinc and lead are deter-
mined in the galena and sphalerite concentratss,

respectively, assuming that both metals are present l

only as physical impurities of sphalerite or galena.

Paragenetic Restrictions

The premier requirement for the successful ap-
plication of minor element distribution is that the
mineral pair must have been in equilibrium at the
time of emplacement, and that postdepositional l
changes have not altered the compositions of the
phases. Failure of an assemblage to meet these
requirements will lead at best to an indecipherable
scatter of data, and at worst to a misleading, but
apparently consistent, relationship. Barton, Bethke
and Toulmin (1963} have discussed the general
problem of equilibrium in ore deposits in some
detail, but several ramifications of arguments:
presented therein have particular significance to
the distribution of minor elements. .

Depositional Phenomena.—Deposition of a min-
eral pair in mutual equilibrium implies that both
crystals were in equilibrium with the ore fluid.~
Because of the relatively rapid reaction rates:
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¥i16. 1. Summary of variation of distribution coefficients with temperature. Mole fraction values converted to weight percent
basis. (Reduced distribution coefficient shown for distribution of selenium between chalcopyrite and galena.)

between crystals and the solutions from which

they have grown, we may be somewhat optimistic
about finding mineral pairs grown in equilibrium,
although non-equilibrium deposition is far from
rare (Barton, Bethke and Toulmin, 1963).
activity of many minor components in the ore fluid
may fluctuate by several orders of magnitude in
response to changes in the chemical environment
fsee discussion by Barton, 1970). If equilibrium
crystallization proceeded under such fluctuating
conditions, the geometrically simplest result would
be growth zoning in single crystals or banding in
P)Ol}'cr,\ﬁstalline aggregates in simple vein fillings.
I.l'O\'iding that solid state diffusion was suffi-
clently  sluggish to prevent the crystals from
*quilibrating internally, the zoned crystals pro-
dut‘f?d would represent a series of superimposed
*quilibria of widely varying compositions, or in the
terminology of Thompson (1959), a set of local
“Quilibria.  In massive or replacement bodies the
geometric relations of these domains representing

The

local equilibrium might be much more complex.
It should be obvious that such compositional
heterogeneity must be recognized in the mineral as-
semblage, and that only samples taken from
contemporaneous zones can yield valid results.
In many assemblages it will be difficult or impos-
sible to obtain sufficient amounts of valid samples
to provide accurate analyses. Without attempting
a complete discussion, we might point out that
marked heterogeneity in both the manganese and
selenium content of ore minerals appears to be
very common, whereas the distribution of cadmium
tends to be far more uniform.

Postdepositional Phenomena —The thermal history
of many ore deposits may have been such that
postdepositional changes have obscured the original
record. The relatively high diffusion rates in
galena and chalcopyrite make -these phases par-
ticularly suspect. Let us consider the simultaneous
deposition of a sphalerite-galena pair. If the tem-
perature of emplacement is high enough, an entire
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F1c. 12. Superposition of P-V-T data for 10 wexght percent NaCl brine on P-T relations for the distribution of manganese
between sphalerite and galena, illustrating method of estimating both temperature and pressure of deposition by combining
minor element distribution and fluid inclusion thermometry. Ty =temperature of homogenization of fluid inclusion; T'p =tem-

perature of formation computed from distribution of MnS between sphalerite and galena.
Stippled area is region of uncertainty in the resulting P-T estimate.

uncertainties in estimation of apparent temperatures.

galena crystal may be able to maintain itself in
equilibrium with the ore fluid therefore not pre-
serving any record of compositional fluctuations,
while its neighboring sphalerite crystal, in which
diffusion rates are much lower, may record such
fluctuations in minute detail. At somewhat lower
temperatures of formation, diffusion rates in the
galena may be slow enough, relative to rates of
crystal growth, to establish growth zoning, but
such zoning may be gradually erased if deposition
is followed by very slow cooling.

In addition to re-equilibration within galena
crystals themselves, we must also consider post-
depositional reaction between adjacent galena
and sphalerite grains. As the value of the distribu-
tion coefficient increases during cooling neighboring
sphalerite and galena grains will attempt to main-
tain equilibrium concentrations by transfer of CdS
and MnS out of the galena into the sphalerite or
by exchange of selenium and sulfur between galena
and sphalerite. If the rate of such reaction is
fast enough, relative to the rate of cooling, signifi-
cant alteration of the original state may occur.

Dashed lines represent reasonable

The rate controlling process in this case will be
the solid state diffusion of material into and out of
the sphalerite. The times required for equilibra-
tion in our experimental runs indicate that con-
siderable reaction may take place in the upper
temperature ranges generdlly assumed for ore
deposition. In high temperature ore deposits,
or those subject to high grade metamorphism,
equilibration may be essentially complete near the

cools, diffusion in the sphalerite will eventually
become so attenuated that only the edges of grains
adjacent to the galena will be involved, and reaction
rims, slightly enriched in manganese and cadmium
and verv much depleted in selenium will develop.
Assemblages formed at, or subjected to, moderate
temperatures might be expected to show only reac-
tion rims.

As we have prevxously noted (Bethke and Barton,
1959) perhaps the best test for the attainment
and preservation of equilibrium compositions be-
tween the phases will be provided by the distribu-

tion data themselves, for concordant temperature

peak of the thermal history, but as the deposit -

N s W
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mination of concentrate of impoverished phase by small amounts
manganese and cadmium for a sphalerite-galena pair assumed

Fi6. 13. Diagram indicating magnitude of errors due to conta
of enriched phase. Calculated for the distribution of selenium,
to have equilibrated at 300° C.

cannot possibly be summarized here. Each mineral
assemblage will contain its own set of complications
with which the investigator will have to deal. We
feel that the limitations on the method may be

estimates should be obtained for all of the elements
determined.

The conceivable difficulties in the application of
the results of this study to real ores are legion and
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severe and may greatly restrict the number of ore
deposits to which the method can be successfully
applied.

If we have seemed to overemphasxze the inherent
difficulties in the use of the distribution of minor
elements between coexisting minerals, it is, per-
haps, due to our own experience that the successful
application of laboratory studies to natural as-
semblages requires considerably more effort and
good fortune than does the pursuit of the experi-
mental work itself.

| Summaty

We may briefly summarize the conclusions drawn
from our studies as follows:

1. Under equilibrium conditions cadmium and
manganese are strongly fractionated toward sphal-
erite (or wurtzite) relative to galena in the tempera-
ture range of ore deposition, the fractionation
becoming stronger with decreasing temperature.

2. At temperatures below 800° C selenium is
fractionated under equilibrium conditions accord-
ing to the following sequence of increasing selenium
content: sphalerite-chalcopyrite-galena. The frac-
tionation between galena and sphalerite and galena
and chalcopyrite becomes stronger with decreasing
temperature, and that between chalcopyrite and
sphalerite stronger with increasing temperature.

3. Cadmium- and manganese-bearing galena and
sphalerite solid solutions appear to exhibit Henry's
law behavior well beyond geologically reasonable
concentration ranges. Selenium-bearing galena
and sphalerite solid solutions behave sensibly as
ideal solid solutions above 600° C. Thus, the
distribution of cadmium, manganese and selenium
between sphalerite and galena in natural assem-
blages may be treated as functions of temperature
and pressure alone, and, our experimental results,
most of which were gathered at significantly higher
concentrations than expected in natural assem-
blages, are applicable to mineral pairs containing
only trace amounts of the distributed component.

4. The variation of the distribution coefficient
with temperature is large enough in each of the
above systems to permit temperature estimates to a
precision of 15°-20° C, assuming normal precision
in the analyses of naturally occurring mineral pairs.

5. The effect of pressure on the distribution coeffi- -

cients, as calculated from molar volume data, is
too small to be of significance in the estimation of
temperatures of formation, and, in fact, is so small
that for most purposes it can be neglected.

6. Assuming a linear extrapolation of our data
to low temperatures, the magnitude of the distribu-
tion coefficients is low enough in the temperature
range of ore deposition to permit precise tempera-

P. M. BETHKE AND P. B. BARTON, JR.

ture estimates for many deposits formed -as low.
as 200° C.

7. Extrapolation of our data to lower tempera-

tures remains tenuous, and it is necessary to deter-
mine the values of the various distribution con-
stants in the range 200°-300° C.

8. Polytyping of natural sphalerites, if unrecog-
nized, may lead to considerable under-estimation
of temperature of formation. Rough corrections
can probably be applied if the proportions of the
sphalerite and wurtzite ‘‘layers’” can be determined.

9. Solid state reaction rates in galena are high

" enough that re-equilibration following deposition
may be common, particularly in higher temperature .

deposits.

10. The distribution of sefemum between chal-{i
copyrite and galena appears promising, but we:
cannot show that our results may be applied to the-

lower selenium contents expected in ores, and the:
potential usefulness is complicated by composi-
tional variation in chalcopyrite and the strong
possibility of retrograde reaction down to very»

~low temperatures.

11. The distribution of selenium between chal-
copyrite and sphalerite is relatively insensitive
to both temperature and pressure and therefore
does not present sufficient precision to be useful as
a geothermometer.

12. By utilizing the distribution of minor elements
in conjunction with the filling temperatures of fluid
inclusions: both temperature and pressure of ore
deposition may be estimated.

13. The concentration of cadmium, manganese
and selenium in the impoverished phase should
be very low in most ore deposits thereby requiring
a nearly absolute degree of sample purity and the:
use of highly sensitive analytical techniques.

14. Successful application of the method requires
the recognition of a region of apparent local equilib-
rium of sufficient size to permit adequate sampling
and the demonstration that equilibrium did obtain
and was frozen in.

15. The problems of application of the methed
are imposing and may greatly restrict the number

of ore deposits to which it may be successfully

applied.
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