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THE NATURAL OCCURRENCE OF GALENA-CLAUSTHALITE
SOLID SOLUTION SERIES*

Rosnnr G. Cor-nlreN, U. S. Geological Swraey, Menlo Park, Cal,ifornia.

ABSTRACT

A study of the sulfides associated with the vanadium-uranium deposits of the Colorado
Plateau has revealed that a complete natural solid solution series exists between galena
(PbS) and clausthalite (PbSe). Twenty analyzed samples range in composition from 0.04
to 93.7 molecular per cent PbSe in PbS with a concomitant variation of the unit cell lrom
5.930 A b 6.127 A. A ptot of these values using the o,:g 936 A for PbS and a.:6.140 A
for PbSe indicates an almost straight line variation of the cell edge betrveen galena and
clausthalite. Mineragraphic and r-ray study shows these minerals to be true solid-solution
phasesl exsolution of one end member in the other was not found. Semiquantitative spec-
trographic analyses indicate that the minor elements in these sulfides are similar to those
found in galena with some variations resulting from the environment of deposition.

INrnooucrrow

Recent studies (Coleman and Delevaux, 1957) of the sulfides asso-
ciated with sedimentary-type uranium deposits from the western United
States indicate that selenium is commonly present in the sulfide struc-
tures substituting for sulfur. A systematic study of these various sulfides
shows that galena usually contains more selenium than the associated
sulfides, particularly where these minerals have crystall ized from
selenium-rich solutions.

Earley (1950) has shown that a complete solid solution series, PbS-
PbSe, can be produced by pyrosyntheses. The fusions were made at
intervals of 20 atomic per cent between the end members, galena and
clausthalite. A plot of the unit cell dimension against composition pro-
duces an almost l inear variation i l lustrating that the two isostructural
compounds could form a continuous series.

The presence of selenium has often been reported in galena (Fleischer,
1955); however, the combined analytical and ,r-ray data were insufficient
to definitely establish the natural occurrence of the PbS-PbSe solid solu-
tion series.

Bergenfelt (1953) has reported 50 ppm to 1.5 per cent Se in galena from
the Boliden mine, Sweden, but the unit cell was not determined on these
samples. Heier (1953) has used the unit cell size of galena to determine
its selenium content from Earley's synthetic data. He determined the
molecular per cent of PbSe as 80, 79, and 93 per cent on three samples
from Norway. Since chemical analyses were not made on Heier's
samples, these may not be used to further i l lustrate the series as other
elements may have been substituting in the PbS structure.

* Pubhcatron authorized by the Director, U. S. Geological Survey.
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Within the collection of sulfides from the Colorado Plateau uranium-
vanadium deposits analyzed for selenium it was found that 19 samples
ranged in composition between galena and clausthalite. Fortunately,
these specimens exhibited enough range in selenium content to i l lustrate
the existence of a galena-clausthalite series in nature.

Loc.crroN eNo DoscnrprroN oF Seupr-os

The majority of the galena-clausthalite samples were obtained from
the vanadium deposits in the Entrada sandstone of Jurassic age (Table
1). In most of these layered deposits thin sulfide bands asymmetrically
border the tabular ore bodies. These bands may be continuous along
strike for several hundred feet.

The galena-clausthalite within the thin sulfide bands forms as inter-
stit ial grains concentrated in a thin zone to produce a continuous banding
effect (Coleman and Delevaux, 1957). The bands are well developed in
the Rifle and Garfieid mines, Garfield County, Colorado, where the ma-
jority of the samples were obtained through the cooperation of R. P.
Fischer and Theodore Botinelly, U. S. Geological Survey. Similar
galena-clausthalite bands are developed in the Bear Creek mine, San
Miguel County, and Good Hope mine, La Plata County, Colorado
(Table 1) .

The almost pure clausthalite was obtained by A. D. Weeks and Lee
Eicher, U. S. Geological Survey, from the Corvusite mine, Grand County,
Utah, a uranium-vanadium deposit in the Morrison formation of Jurassic
age. Here the clausthalite formed a quarter-inch layer bordering an
uranium-rich coalified log. The seieniferous galena, from the Darwin
mine, California, was collected by Wayne E. Hall, U. S. Geological
Survey.

Awarvucel Pnoceounns

Each sample was treated in a similar manner in its purifi.cation. The
rock containing the sulfide-selenide was crushed to pass through a 100-
mesh sieve and concentrated by the use of a superpanner. The super-
panned concentrate was further purified by centrifrrging in methylene
iodide. The abundance of heavy minerals in these sulfide-bearing sand-
stones along with alteration of the sulfide-selenide to secondary lead
minerals contribute impurit ies to the concentrates.

Each purified sample was then analyzed for selenium by the distillation
method described by Robinson and others (1934). The selenium content
was determined gravimetrically except in the one sample (74-D) where
selenium was determined colorimetrically. The analytical error estimated
for the qravimetric determination of selenium by this method is *5
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T-q.srn 1. Locarror ,q.nn Drscnrpuox ol Sauplesl

AW-165-52 -Corvusite mine, Grand County, Utah; selenide rimming coalified log as-

sociated with uranium ore. Morrison formation. U. S. National Museum

No. 112933.
306-RGC-56 -Rifle mine, Garfield County, Colorado; single sulfide band in No. 1 vein.

Navajo (?) sandstone.
303-RGC-56 -Rifle mine, Garfield County, Coiorado; single sulfide band in No. I vein.

Navajo (?) sandstone.
302-RGC-56 -Rifle mine, Garfield County, Colorado; single sulfide band in No. 1 vein.

Navajo (?) sandstone.
305-RGC-56 -Rifle mine, Garfield County, Colorado; single sulfide band in No. 1 vein.

Navajo (?) sandstone.
73A-RGC-55 -Rifle mine, Garfield County, Colorado; single sulfide band in No. 2 vein.

Entrada sandstone.
74-RGC-55 -Rifle mine, Garfield County, Colorado; single sulfide band in No. 1 vein.

Navajo (?) sandstone.
300-RGC-56 -Rifle mine, Garfield County, Colorado; single sulfide band near junction

of No. 1 and No 2 veins. Entrada sandstone.
304-RGC-56 Rifle mine, Garfield County, Colorado; multiple sulfide bands in No. 1

vein. Navajo (?) sandstone.
74C-RGC-55 -Rifle mine, Garfield County, Colorado; single sulfide band in No. 1 vein.

Navajo (?) sandstone.
69-RGC-55 -Rifle mine, Garfield County, Colorado; thin multiple bands in No. 1 vein.

Navajo (?) sandstone.
72-RGC-55 -Rifle mine, Garfield County, Colorado; single broad band in No. 2 vein.

Entrada sandstone.
452-RGC-56 -Good Hope mine, La Plata County, Colorado; multiple fine bands in En-

trada sandstone.
75-RGC-55 -Bear Creek mine, San Miguei County, Colorado; broad zone of dissemi-

nated sulfide in Entrada sandstone.
65-RGC-55 -Garfield mine, Garfield County, Colorado; single sulfide band in No. 2

vein Entrada sandstone.
301-RGC-56 -Rifle mine, Garfieid County, Colorado; extremely finely disseminated band

in No. 1 vein. Navajo (?) sandstone.
66-RGC-55 -Garfield mine, Garfield County, Colorado; double sulfide band in No. 3

vein. Entrada sandstone.
68-RGC-55 -Garfield mine, Garfield County, Colorado; broad double banding in No. 2

vein. Entrada sandstone.
H-2 -Darwin mine, Inyo County, California; sulfide in iead-zinc vein type de-

posit, massive galena in Essex vern.
74D-RGC-55-Rifle mine, Garfield County; galena in brecciated fracture zone, probably

hydrothermal in origin. Entrada sandstone.

r Exact locations for samples from the Rifle and Garfield mines are plotted on mine

maps compiled by R. P. !-ischer (personal communication), U. S. Geological Survey.
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per cent of the reported value. When large amounts of selenium are

present (> 20 per cent Se) the error may be higher, possibly * 10 per cent'

The unit cell dimensions were determined from r-ray diffractometer

charts, using the method described by Parrish, e/ a/' (1953)'

A split of the original sample was then analyzed by the semiquantita-

tive spectrographic method described by Waring and Annell (1953) '

Each sample was carefully checked by mineragraphic techniques lo

establish the presence of a single phase. Exsolution of PbSe in PbS or

PbS in PbSe was not observed in any of the samples. This was verif ied

by the r-ray examination as all the peaks of the important reflections are

well defined; no doublets were observed. To check the possibil i ty that

the difiractometer was not sensitive enough to distinguish exsolved

phases, several mechanical mixtures of galena and clausthalite were

made. In all these mixtures it was possible to distinguish the individual

peaks of the two end members.

RBsur-rs

The 20 analyzed samples range from 0.04 to 93.7 molecular per cent
pbSe in pbS with a variation in the unit cell from 5.930 A to 6.127 fr

natural. The value used for clausthlalite is somewhat open to questron

as it was not analyzed and the density is low. A small amount of sulfur

substituting for selenium in clausthalite wouid produce a marked change

in the unit cell determination.
The value used in this study for galena (PbS) is o":5'924 kX, deter-

the cell size of end members.
The true cell size of PbSe is difficult to establish as there are many con-

flicting values reported in the literature. Unit cell measurements for

synthetic PbSe have been reported as ao:6.14 A (Ramsdell, 1925),

i " :oJza A (Nozato and lgaki ,  1955),  o, :6.135 A (Goldschmidt , . l926) ,

and for natural clausthalite the values reported are ao:6'162 A (OIs-

hausen, 1925), a.:6.124 L (Swanson and others, 1955)'

The values given by Ramsdell and Goldschmidt are in fairly close
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TasLE 2. LrNrr Cnr,r, aNl Ser,eNruu DBrBnurNarroNS o,F.THE
Gar,nNe-Cr,a.usrHelrrr Snnms

Sample No. Per cent Ser
t"J;Tli:H$"' Unit cen in A2

6. t27 + .003
6 .099 + .003
6 .1201 .003
6  116+ .003
6 .103+ .006
6 .048+ .008
6 .099+ .008
6.043+ 003
6 068+.005
6 .048+ .008
6 .044+ .008
6 .033+ .008
6  029+ .003
6 003+.008
5 .996+ .008
5 .981+ .008
5 .996+ .008
5 .981 + .008
5 .924 + .005
5 .930 + .008

I Relative error of the se analyses is approximately *5 per cent of the reported value.
Analysts, Maryse Delevaux and Esma Campbell, U. S. Geological Survey.

2 cuKa radiation; calculations from *-ray spectrometer charts. The estimated error of
the unit cell measurement was established from the average of five ao determinations from
reflections in the high angle region. The extremes on either side of the average give the es-
timated error. Measurements by R. G. coleman and J. R Houston, u. S. Geological
Survey.

agreement and since these were determined on synthetic pbse, the cell
size ao:6.140 A seems to be the best f igure.

Using o, :5.936 A for  galena and a, :6.140 A for  c lausthal i te  as the
best values for the end members, a graph was constructed with molecular
per cent plotted against unit-cell size. The assumption was made that
the relationship was linear. The naturally occurring gaiena-clausthalites
were plotted on the same graph along with Earley's (1950) data on syn-
thetic materials (Fig. 1). rn the majority of cases the varues determined
seem to follow lhe hypothetical l inear trend. The greatest divergence is
found near PbSe where the analytical problem of accurate Se determina-
tions becomes crit ical because of the great difference in atomic weight
between sulfur and selenium. rn addition to this, impure samples tend to
decrease the amount of total selenium (for exampie , 74-RGC-55, Fig. 1).
Only one complete analysis was made (AW-165-52, Table 3), and from

Aw-165-52
306-RGC-56
303-RGC-56
302-RGC-56
305-RGC-56
73A-RGC-55
74-RGC-55
300-RGC-56
304-RGC-56
74C-RGC-55
69-RGC-55
72-RGC-55
4s2-RGC-56
75-RGC-55
65-RGC-55
301-RGC-56
66-RGC-55
68-RGC-55
H-2
74D-RGC-55

2 5 . 6
25.7
2 2 . 5
2 1  . 9
2 t . r
1 8 . 0
1 7 . 0
1 6 . 1
1 5  . 9
1 5 . 1
14.2
1 1 . 8
t 1  . 7
1 0 . 0
8  .66
8 . 2 4
8 .  1 0
7 .o9
2 . 1 1
0.009

93.7
89 .4
7 8  . 8
7 6 . 4
7 3 . 0
6 l . l
.)o. /
.54 .0
53.2
5 0 . 3
4 7  . 6
3 8  . 5
3 8 . 1
3 2 . 2
2 7  . 7
2 6 . 2
2 5  . 8
2 2 . 4
6 . 5
0 . 0 4
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this PbS and PbSe were calculated directly. For the other points in
Fig. 1 the molecular per cent PbSe was calculated from the selenium
analyses and the remainder was taken as PbS. When using this type of
calculation to determine PbSe-PbS values, impurit ies wil l give a lower
apparent weight per cent PbSe with the same ao. The strong divergence
of H-2 can be explained by its high bismuth content. X-ray spectrometer
analysis on this sample indicates several per cent Bi; and as shown by
Wasserstein (1951), substitution of Bi for Pb causes a decrease in cell
size. A complete analysis of clausthalite (AW-165-52) shows that small
amounts of sulfur may greatly affect the unit-cell determination (Table
J ' .

The calculation of the molecular Der cent of PbS and PbSe in the

Talr,n 3. Crrrnrcar, ANelvsrs ol Cr-ausrn,llrrr, (AW-165 52)r
(Analyst, A. M. Sherwood, U. S. Geological Survel')

Weight
per cent

Nlolecular per cent clausthalite-galena

Pb
Se
S

Total

7 2 . O
25.6
0 4
0 . 6

9 8 . 6

PbSe 93.7
Pbs-s.9
Density 25' C.:8.01 +0.005 (Berman balance)
Density :8.09 (calculated)

I Corvusite mine, Grand County, Utah. Material used for analysis and r:-ray determi-

nation is in the U S National Museum, No. 112933.

clausthalite from the Corvusite mine i l lustrates that only 0.4 per cent S
in clausthaiite accounts for 5.9 per cent galena (PbS) . Thus, one must be
cautious in selecting natural material for true end members unless a com-
plete analysis has been made.

The pyrosyntheses of the galena-clausthalite solid soiution series by
Earley (1950) was accomplished at fusion temperatures; however, data
on the PbS-PbSe system at various pressures and temperatures is not
available. The majority of these samples were taken from sandstone-type
uranium-vanadium deposits suggesting that the formation of this series
can be accomplished at fairly low temperatures. Estimates of the tem-
perature of formation of these particular deposits have shown that they
may have formed at temperatures similar to that of the enclosing host
rock (Coleman,  1957).

Spncrnocn.q.PHrc ANALYSES

Each sample was analyzed by a semiquantitative spectrographic
method described by Waring and Annell (1953) to ascertain the minor
element content of this group of specimens (Table 4).
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In general, the minor element content of these galena-clausthalites is
similar to those elements present in galenas as summarized by Fleischer
(1955). Ifowever, several notable differences were observed and it is as-
sumed that unique environment of deposition of the galena-clausthalites
may account for these variances in minor element content. Bismuth and
antimony are almost completely absent whereas both these elements are
commonly reported in galenas from typical hydrothermal deposits.
Antimony was found in the samples from the Good Hope and Darwin
mines.

The iron, copper, ar'd zinc reported are considered as impurities in the
samples, as pyrite, chalcopyrite, and sphalerite were present in many of
the sulfide concentrates. Nickel and cobalt are consistently present in
about equal amounts ranging from 10 to 500 ppm and it js assumed
that these elements must enter the galena-clausthalite structure. One
might suspect that the small amount of iron sulfide present could con-
tribute the necessary Ni and Co. However, the Ni-Co content does not
vary sympathetically with the iron content.

The silver content of these specimens is similar to what has been re-
ported in the l iterature (Fleischer, 1955) for galenas. The strong varia-
tions are probably related more to the local geochemistry of the sample
rather than a function of temperature as suggested by Tischendorf (1955).

I{olybdenum is a common element in these sediments and shows a
marked affinity for sulfides. The amount of Mo reported is small in the
samples but it undoubtedly has been captured in the sulfide-selenide
lattice. Insufficient data are at hand to compare this with other galenas.

Magnesium and iron are probably present as impurit ies, the iron re-
sulting from pyrite and chalcopyrite and the magnesium from dolomite.

Strontium has not been reported as a minor element in galena up to
this time; however, in the galena-clausthalites from sedimentary rocks,
Sr was found to be present in amounts up to 1 per cent. As the element
is strongly lithophile one would not expect it to be present in sulfides.
Ifowever, SrS has a NaCl type structure and Sr2+ has an ionic radius
1.27 A which is very similar to the ionic radius of Pb2+ (1.32 A). Stron-
tium bearing minerals were not observed in the host rocks or in the purified
concentratesl however, further analytical work is necessary to establish
the substitution of Sr for Pb in the galena-clausthalite minerals.

There is no apparent difference in the kind of minor elements found
in the PbS-PbSe series when compared to those characteristic of galena.
It seems that the minor elements substituting for Pb are not strongly
controlled by the sulfur-selenium ratio.

CoNcr-usroNs

The close adherence of naturally occurring galena-clausthalites to the
hypothetical l inear variation of unit cell plotted against composition
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strongly suggests that a complete isomorphous series PbS-PbSe does
exist in nature.

The minor element content of these galena-clausthalites reflects, in
part, their peculiar environment, but, in generai, the minor element
suites are comparable to those found in other galenas.

AcxNowTBoGMENTS

This work is part of a program being conducted by the U. S. Geological
Survey on behalf of the Division of Raw X{aterials of the U. S. Atomic
Energy Commission.
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