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The electrical resistivity of galena, pyrite, and chalcopyrite
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Abstract.

The sulf ides galena, chalcopyrite, and pyri te are semiconductors whose electr ical resist ivi ty
and type are control led by deviat ions from stoichiometry and impurity content, and hence by
their geochemical environment. We measured electr ical resist ivi ty, type, and the impurity
content (emission spectrograph and microprobe) on small  volumes of sample. Our results,
together with those obtained from a comprehensive l i terature analysis, are used to construct
histograms of the natural variabi l i ty in carr ier density and resist ivi ty.

Sulfur deficiency is the dominant defect in chalcopyrite and hence almost al l  natural
samples are n-type. l t  appears that the copper/ iron rat io is also important electr ical ly, the
copper-r ich samples being the more resist ive.

lmportant donor deiects in galena (z-type samples) are antimony and bismuth impurit ies,
and sulfur vacancies; acceptor defects (p-type samples) include si lver impurit ies and lead
vacancies. P-type samples appear to be restr icted to 'Mississippi Val ley' and argenti ferous
deposits.

In pyri te, electr ical ly act ive impurit ies include cobalt,  nickel,  and copper as donors, and
arsenic as an acceptor. Deviat ions from stoichiometry, in the same sense as galena, may be
important. Pyri tes from sedimentary and epithermal deposits are usually p-type i f  cupriferous
sulf ides are not present. Samples from hypothermal deposits are usually z-type i f  there are no
arsenic minerals in the assemblaee.

Introduction
The sulfides galena, chalcopyrite, and pyrite are

semiconductors. The semiconductivity is due to free
charge carriers, for which three sources may be
distinguished: (l) deviation from stoichiometry, (2)
trace elements in solid solution, and (3) thermal exci-
tation across the energy gap. The energy gaps of
galena, chalcopyrite, and pyrite are 0.4,0.6, and 0.9
electron volts, respectively (for references see Shuey,
1975,  Chapters l l ,  13,  l6) ;  therefore,  the contr ibu-
tion of the last source is negligible at room temper-
ature. The crystal defects which produce the carriers
in these sulfides can be classified as either donors or
acceptors, depending on whether they "donate" elec-
trons to the conduction band or "accept" electrons
from the valence band, leaving a hole. Unless the
concentrations of donors and acceptors are almost
exactly equal, the carriers are of predominantly one
type. The semiconduction is termed n -type or p-type
according to whether electrons or holes are domi-
nant .

The main objective of the research reported in this
paper was to determine the sources of free carriers in

pyrite, chalcopyrite, and galena; in particular to iden-
tify the dominant donors and acceptors, and under-
stand the geologic factors which may control their
concentrations. Our experimental method consisted
of measuring the resistivity and thermoelectric volt-
age on a suite of specimens of diverse geological
origin. The resistivity is proportional to the product
of the carrier concentration and mobil ity, while the
thermoelectric voltage gives carrier type and some
information about the carrier concentration. On the
basis of these measurements, representative samples
were selected for chemical analysis (spectrograph and
microprobe) to identify the electrically active impu-
rit ies.

In recent years there have been numerous pub-
lished measurements of resistivity, thermoelectricity
and impurity, particularly in pyrite (e.9., Fischer and
Hi l ler ,  1956,  Favorov et  a l . ,  1972).  Rarely  have a l l
three kinds of data been collected on the same speci-
men. As we report our experimental results, we in-
dicate when a similar result has been previously pub-
lished. For our interpretations we draw upon all
available data, our own and that already published.
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Electrical measurement procedure

The thermoelectric and resistivity. measurements
were made with a l inear, four-needle probe (Signa-
tone Co.). The steel needles were spaced 0.63 mm
apart, with tip radius 2.54 p"m, and loaded to 80 gm
per needle. Sulfide hand specimens were prepared for
measurement by grinding and polishing a cut face
down to a 6 pm diamond lap.  The probe d id not
mark the pyrite surfaces, but left pits of diameter 20
to 70 pm and depth I to 30 trrm in galena and chal-
copyrite. In addition to the 'point' contacts on the
polished surface, we used a large area contact f ixed to
the rough surface of the specimen by a silver impreg-
nated sil icone paste (Eccobond 59C from Emerson
and Cuming Inc. )

Current for the measurement (0. I to l0 mA) was
supplied by batteries, and the voltage was measured
with a Hewlett Packard 419A. A.C. pickup was re-
duced to about 4 pV by floating all circuitry and
grounding the specimen through the large area con-
tact .

The reported resistivity measurements (Table I )
were obtained by passing current through the outside
two needle electrodes and measuring the voltage
across the inner two electrodes (Wenner array). Lin-
earity and reciprocity were routinely checked. To
monitor sample homogeneity, adjacent electrodes
were used for current and voltage (Dipole array), the
probe was raised and lowered several t imes, and the
sample was displaced several t imes transverse to the
array, by a distance about equal to the array spacing.
We considered the resistivity to be homogeneous
when the results from all these measurements varied
by less than a factor of 2. In many cases the variation
was less than a fourth of the allowed range.

Thermoelectric voltage was measured between one
of the needle electrodes and the large area base elec-
trode. We used the convention that the thermopower
(Seebeck coefficient) is positive when the gradients of
voltage and temperature are in opposite directions,
i.e., when the hot electrode is electrically negative.
The point electrode was heated by passing current
through a fine wire wrapped around it. The values in
Table I are for 40 mA current in 10 turns of 138 wire.
From the magnitude of the voltage, the temperature
difference was of the order of 1'C. The values given
are strictly relative to the thermopower of steel ( l0 to
15 p,Y /"C), but this is small enough to be neglected.
In a few cases only a sign is reported because the
samples were used for other experiments before the
quantitative thermoelectric measurements were
made.

Spurious thermoelectric voltages on polished sur-
faces of galena, due to the polishing process, have

been documented by Granvi l le  and Hogarth (1951).

Tauc (1953) suggested that these were due to electri-
cally charged mechanical damage in a surface layer.

We found no evidence of such a surface layer effect,
possibly because our probe load was an order of
magnitude greater than theirs.

Resistivity distributions

The three sulfides being considered have a variable

resistivity, due to variations in composition. To in-
vestigate the statistical distribution of resistivity in

each case, we combined our data with all the pre-

viously published data we could find. In this way we

reduced the statistical f luctuations due to l imited

sample number, and also averaged over many more

local i t ies.  The h is tograms (Figs.  1,2,  and 3)  inc lude

only resistivity measurements on natural specimens
for which type was also determined and for which

ancil lary information indicated the measurements re-

ferred to a region of electrical and mineralogical

homogeneity. Thus we excluded resistivity measure-
ments on grains of mixed type and on polymineralic

ores.
Figures I and 2 show that for both pyrite and

galena p-type samples have a higher average resis-
tivity than n-type samples, although the distributions
overlap considerably. For pyrite (Fig. 2) the resis-

tivity distributions seems to be log-normal, while for
galena (Fig. l) they are curiously flat, i.e., have a
negative kurtosis. The individual collections com-

bined for Figures I and 2 do not differ significantly
from the total resistivity distribution for given min-

eral and type. However, individual collections do
differ significantly in the relative proportions of n-

type andp-type. No homogeneousp-type galena sam-
ples were present in our collection, but in Figure I

about one quarter of the galena samples arc p-type.
For chalcopyrite all measurements meeting the

given criteria were on t?-type samples. However, p-

type CuFeS, is known. Some of the synthetic speci-

mens of  Donovan and Reichenbaum (1958) were p-

type, while Austin et al. (1956) and Olhoeft (personal

communication, 197 4) each report one naturalp-type
chalcopyrite. The individual collections used in Fig-

ure 3 do show significantly different resistivity distri-
butions. More specifically, our values are distinctly
higher than those reported by Parasnis (1956,p.270).

The respective modes are 3 X l0-3 ohm-m and 4 X

l0-o ohm-m. We attributed this to a difference in ore
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Tnnr-s l .  Sample descript ions and electr ical data

q u

Locat lod

Theroo- Reslst-
elect l lc ivt ty

Deposlt  vol tage ole
type* (yV) meters* ComeDts

EAIENA

114,1 Edvards 3100 level D-7M Met.
BaI@t, New York

).L7,L 5767 Bench, Berkeley HvP var.-
?i t ,  Butte, Montana

rr7 ,2

118 Baxter Sprlngs, Kansas
1 L 9 , 1  7 1 0 0 - 7 5 0 0  l e v e l ,  l l e c l a

SEar Mlne, l {al lace
LL9,2 Coeur D'Alene
r t 9 , 3
L2l Lark Mlne, Tlnclc,  Utah

Var. Coarse to f ine gralned talena,
nl .nor pyr i te,  s l l lcates.

3.4xI0- '1 } tediuo grained galena, Dinor
py! i te,  6l l lcatesi  var lable themo-

2.6xIO-2 electr lc vol tage probably due to
lncluded phasee.

9.6x10-t  Coarse trained galena.
t .5xIO-2 Fine gralned galena, si l icates.

Var. -

L . L . Z .  - 4 0 3
HVR -490

HVR -480
-488

HVR -620

-530

-290

123,1 Lark Mine, TinElc,  Utah HVR
L 2 3 , 2
1 2 3 , 3
L24,L Butte, l '1onta@ HVP
1 2 5 , 1  N o ,  2 9  u i n e ,  S t .  J o e ,  L , L . Z .

Viburnm, Miasouri
t25,2

L27,L  Sroken H l l I ,  Aus t ra l ia

) . ) x r u  _

1 . 7 x I 0 - 3
I . 7 x I 0 - ' z

1 . 1 x I 0 - '
2.2xLO'2
7 . 6 x 1 0 - t
6 . 2 x 1 0 - s
8 . 2 x 1 0 - 3

9 . 7 x 1 0 - l

Coarse gralned galem,
Dinor chalcopyri te,  q@rtz.

Coalse gralned talena.

coar6e gralDed galena.
Coarse gralned galena, minor

dolomlEe; var iable chemo-
elecEric sign probably due to
changee in chenistry;

6,1 Leadvi l le,  Colorado HRV +745

M a C . H  - 8 9

Mag, H
-36

1 , L  S u l l i v a n ,  M i s s o u r i
8,1 Sul l ivan, Missouri
8 , 2
8 , 3

9 , L  S u l l i v a n ,  M i s s o u r i  M a g . H  - 3 6
1 0 , 1  6 6 0 0 r  l e v e l  S o u t h  f a c e ,  H P  -  +
1 0 , 2  B i n g h a n ,  U r a h  -  +

L28,1 3850 level,Lucky Fr iday HV
Mlne, Coeur D'Alene

L29,I  7700 level,Lucky l r iday lw
Mine, Coeur D'A1ene

PYRITE

3,1 BinghaE, UEah l{P

4 , I  D u g w a y ,  U t a h  H V

5,I  Cactus Mine, Newhouse, HV
U t a h

no indicat lons of separate phases.
1.2x10- '  coarse gralned galeoa and

sPhaIe!1te.
8.2xl0-a coarse Eo f lne glained galena,

m l n o r  c h a l c o p y r l t e ,  s l l l c a E e s .
1,5x10-3 Medlw grained galena, nloor

E e t r a h e d r i t e ,  q u a t t z .

5 . 0 x 1 t r r  S i n g l e  c r y s t a l ,  s t r i a t i o n s .
5 . 3 x 1 0 - ' ?  S i n g l e  c r y s t a l '  s l r l a E l o n s ;

v a r i a b l l i t y  i n  t h e r n o e f e c t r l c i E y
due to separate phases.

V a r .  S i n g l e c r y s t a l , s E r l a c l o n s ,  z o n e
of concentr ic hmisphelIcal  ho1es.

3 . 7 x 1 0 - '  C o a r s e  g r a l d e d  p y r l t e ,
o u a r t z  c r v 6 t a l s .

3 , 9 x l 0 - a  S i n g l e  r w i n n e d  c r y s t a l ,  s ! r i a t e d .
t . 9 x t 0 - s  C o a r s e  g r a i n e d  p y r i E e , m a g n e t l t e ,
2 . 3 x 1 0 - 5  n l n o r  c h a l c o p y r l t e ,  s l l i c a E e s ;
3,9x10- '  Eherooelectr ic vol tage quite

variable.
3 . 1 x 1 0 - 5  C o a r s e  g r a i n e d  p y r i t e .
3.1x10- '  Medlum to coarse grained vuggy
2,2xIO-'  pyr i te,  s{I icates; var iable themo-

electr ic 6ign probably due to
inc]uded phases.

7 . 3 x 1 0 - r  M e d i u m  t o  c o a r s e  g r a i n e d  v u g g y
2 . 7  p y r i t e ,  s i l i c a t e s ;  v a r i a b l e  L h e r h o
2.9x10- '  eleclr Ic slgn probably due to

lncluded phases,
4xIO-2 Medium grained granular pyr i te,
1 . 5 x I 0 - r  s i l i c a t e s ;  v a r i a b l e  t h e r m o e l e c E r i c

6ign probabLy due Eo included phases.
3.Ix l0- '? Coarse gralned pyr i te,  ninor sphal-
4 . 7 x l 0 - ' ?  e r l E e ,  c h a l c o p y r i t e ,  g a l e n a ,  s i l i c a t e s ;

var iable thetnoelectr lc sign probably
due to included phases,

2 . 1 x 1 0 - '  C o a r s e  g r a l n e d  p y r i t e ,  s i l i c a t e s ;
1 . 2 x I 0 - a  c h a l c o c i t e  s t a i n l n c .
1 . 5 x I O - r  M e d i u n  E o  c o a r s e  g r a i n e d  p y r i t e ,
2 , 1 x I 0 - '  s i l i c a t e s ;  c h a l c o c i t e  s t a l n l n g .
4 . 9 x I 0 - '  M e d i u m  g r a i n e d  p y r i t e ,  s i l l c a t e s ;
3 , 2 x I 0 - '  c h a l c o c l t e  s E a i n l n g .
3 . 5 x 1 0 - ' ?  S i n g l e  c r y s E a l ,  s E l l a l l o n s ,  f r a c t u r e d .
2. 8x10- 'z
3.1x10-3 Medium gralned pyr l te,  quartz.

1 . 8 x l o - 3  F r a c t u r e d  c o a r s e  g r a i n e d  p y r i t e ,
6 . 5 x 1 0 - '  q u a r t z ;  c h a l c o c i t e  s t a i n l n g ,

2 . 8 x 1 0 - 5  C o a r s e  g r a l n e d  p y r i t e ,  p y r r h o E i t e r
s l 1 1 c a t e s .

6600' Ievel SouEh face, t lP
Bingham, Utah

S t r a t .  - 3 0 0

- 4 8 8

-493

+185
V a r . -

- +

- +
- +

S t r a t .  - 9 8
- +

S t r a t .  +
fr1not _

HVP
-6r

HVP -8t-
-84

IwP -7 4
- 7 6

HRV +153
+

HP -83

1 1 , 1
I I , 2
t . L , 3

f 2 , L  c e c o ,  O n t a r i o
L 2 , 2

1 3 , 1  G e c o ,  O n t a r i o
1 3  , 2

1 4 , 2  4 9 3 3  l e v e 1 ,  B e r k e l e y  P i E ,
L 4 , 3  B u t t e ,  M o n t a n a
1 5 , 2  4 9 3 3  l e v e l ,  B e r k e l e y  P i t ,
1 5 , 3  B u t t e ,  M o n l a n a
16,1 4900 level,  N. t , l i ,  Series
L6,2 veins, Butte, Montana
L 7 , I  L e a d v l l l e ,  C o l o r a d o
L 7  , 2
IE,1 Phyl l ic Zone D1abase,

I layden, Arizona
L9,2 2900 level,  (Leonard Mlne) HVp -65
1 9 , l  B e r k e l e y  P i r ,  B u t t e ,

llonEam
2 1 , 1  B a I @ r  N o .  2 ,  1 9 0 0  s u b  M e E .  - 4 6

level,  BalmaE, Nev york

* A b b " e u i a t i o n s  a s  f o L L o D s :  H = h y d r o t h e m a l ;  p = p o r p h y r g ;  R = r e p L a c e n e n t ;  v = D e i n ,  v a r .  = u q r i a b l e ;
strat.  = rc|siue strat i fom; L.L.z.  = Linestone-Lead-zinc; Mag. = rcgimatic;  aet,  = highla netmorphbeed;
Cont. = contact net@or?hic.
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TABLE l ,  cont inued

j  Thermo- Resis-

:  
-  e l e c t l i c  t l v i t y

A 3 Deposit  vol tage ohm-
tyPe* ( lV) meters* Coments

C HALCO?YRIT E

301,1 } l t .  I6a, Austral ia
3 0 2 , 1  P a r k  C l t y ,  U t a h
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3 0 3 , L
303,2
3 0 4 , 1
304 ,2
3 0 5 , r
305 ,2
3 0 5 , 1
306,2
3 0 7  , 1

3 0 8 , r
3 0 9 , 1
io9,2
3 t 1 , 1
3 1 1 , 2
3 1 2 , 1
3 r 2 , 2
3 1 3 , 1
3L3,2
3 1 4 , 1

HR

S t r a t .
HP

2. Ox10-l
3 . 7 x I 0 - '
3 .  6 x | 0 - a
1 . 9 x 1 0 - 3
2 . 3 x 1 0 - 3
2 . 3 x 1 0 - '
1.  6x10-a
I . 6 x 1 0 - '
I . 6 x I 0 - 2
2 . 6 { . 0 - 3

Jewel Stope, Jerone,
Arizom

Matahanbre, Cuba
Bingh@, Utah

T l m l n s ,  O n t a r i o  S t r a E .

cale@ Mlne, wal lace, HVR
coeur D'Alene.

Anerlcan Fork, Utah HVR

P r e s c o t t ,  A r i z o n a  c o n t .

2.2x70- '  Fine grained chalcopyri te,  s i l icates.

5.1x10-3 coalse grained chalcoPyri te,  mlnor
g a l e n a ,  s i L i c a t e s .

2.6x10-a Fine grained chalcopyl i te
3 . 4 x 1 0 - a
2.9xto-r } , ledim grained chalcopyriEe, minor
3.0x10-3 pyr l te and galena'

1.9x10-3 Coarse grained chalcopyri te.
1 . 7 x 1 0 - 3
9,9x10-a Coarse Slained chalcopyri te '  Pyr i te
1 . 5 x I 0 - 3  q u a t t z .
1.8x10-3 I ine grained chalcoPyri te with sub

connected si l icates'
Fine gralned chalcopyrl te.
Coarse grained chalcopyrlre;  chalcoci te

stainlng.
Coarse to mediun grained chalcoPyri te '

v u g g y  q u a r t z .

M e d i m  g r a l n e d  c h a . L c o p y r i t e ,  p y r i t e .

M e d 1 u t u  g r a i n e d  c h a l c o p y t i l e ,  P y r i t e .

V e i n  o I  m e d i u m  S r a i n e d  c h a l c o P y r i t e

in diabase.
2.6x10-r Medlun gralned chalcopyri te,  minol

2 . 6 x I 0 - r  p y r l r e .
3 . 0 x 1 0 -  I

S  t r a t .
HVR

-363
-465

-348
-350

-420
-408
-334
-326
-334

-444
-365

-365
-435
-423

N o ,  2 9  m l n e ,  S t .  J o e ,  L . L . Z .
Viburnu, I l j .ssouri

G e c o ,  o n t a l i o  S E r a t .

BuEEe, lv lontana HVP

Ore Zone Dlabase, HP
Hayden, Arizona

3I5,1 4500 level,  Steward Mine, HVP
315,2 3utte, Montana
3 r5 ,3

environment. Our samples are mostly from the por-
phyry copper deposits of the western U.S., while
those of Parasnis are from Swedish iron deposits. The
same correlation was noticad by Harvey (1928, p.
799) who "observed that many low-resistance speci-
mens came from mines that contained pyrrhotite,
while many high-resistance specimens came from
mines that contained bornite."

Mobility and carrier density

Resistivity is proportional to the product of carrier
densi ty  and mobi l i ty  (e.g. ,  Shuey,  1975,  p.46)  so that

- R  _ j  - l

ro"  to"  ro
R E S I S T I V I T I  O H M - M

Frc.  l .  Resist iv i ty  d ist r ibut ion for  galena.  Sol id l ine is  for  n-

type, dashed line is for p-type. Samples of mixed type are omitted.

Based on the data in Table l, the references to Figure 4, the 8

samples of  Telkes (1950) and the 35 samples of  Kireev et  a l .  (1969\.

the variations i l lustrated in Figures 1,2, and 3 must

be due to variations in mobil ity and carrier density.

Where the deviations from stoichiometry andlor pur-

ity are known, carrier density can be calculated.

Then, knowing the resistivity, the mobil ity can be

calculated. The only samples of ours for which this is

possible are pyrites fr5 and fi21 (Table 3). Here we can

equate the density of carriers to that of Co atoms and

then calculate mobil ity using the measured resistivity.

For  #21 the resul t  is  5.5 cm2V- 'sec- ' .  Near s i te  l8-2

o l o
z

"  
r o 5  t o o  t o 3  t d z  t d r  l o o

R E S I S T I V I T Y ,  O H M - M

FIc. 2. Resistivity distribution for pyrite. Solid line is for n -type,

dashed line is for p-type, and samples of mixed or uncertaln type

are omitted. Based on the data in Table I plus the following values:

22-Smith (1942): 2-Telkes (1950); 6-Marinace (1954); 20-

Sasaki (1955); 20-Hill and Green (1962); l8-Kireev e.t al. (1969\;

l -Fukui  et  at .  (1971' l :7-Ovchinnikov and Kirvoshein (1972);

6 -Ho r i t a  ( 1973 ) .
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64 tdz roo
R  E S I S T I V I T Y ,  O H M - M

Fto. 3. Resistivity distribution for chalcopyrite. Besides the data
in Table I this histogram includes published data as follows: I l-
Telkes (1950); 3-Boltaks and Tarnovsky (1955); 7-parasnis
(1956): 4-Donovan and Reichenbaum (1958); 2-Frueh (1959);
l -Teranishi ( 1961 ); 4-Wintenberger ( 1 968).

the Co averaged 0.3 wt percent and the computed
mobi l i ty  is  20 cm2V-rsec-1.

For a given mineral, type, and temperature, there is
a definite upper l imit to the mobil ity, due to lattice
vibrations. At room temperature these limits are ap-
proximately as follows, in units of cm2V-rsec.-1: 600
for ,?-type and p-type galena, 150 for n-type pyrite, 20
for n -type chalcopyrite, and 2 for p-type pyrite. (See
Shuey, 1975, for references). Mobil ity may be re-
duced by additional scattering due to point defects,
dislocations, and grain boundaries. The range of mo-
bil ity becomes smaller as the maximum theoretical
value decreases. For p-type pyrite the lowest Hall
mobil ity is about 0.5, one-fourth of the highest mo-
bi l i ty .

There is no statistical difference between electron
and hole mobil it ies in galena, so the difference in
resistivity (Fig. I ) must be due to a difference in
carrier density. This was recognized by Kireev et al.
(1969) from their data on 33 samples. These together
wi th 30 other  samples of  d iverse 'or ig in are used in
Figure 4. We find no statistically significant correla-
tion of mobil ity with carrier density.

For pyrite there is no statistical difference in carrier
density between n-type and p-type. This difference in
resistivity (Fig. 2) is due entirely to the difference in
mobil ity of electrons and holes.

Although there are relatively few published values
of carrier density in chalcopyrite, the range is remark-
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ably narrow, from 8 X l0r8 cm-3 (Teranishi, l96l ) to
4 X lOr 'g cm- ' (Donovan and Reichenbaum, 1958).
This small range, together with the low value of the
upper mobil ity l imit, explains the relatively narrow
dist r ibut ion in  F igure 3.

Correlation of resistivity and thermoelectricity

Under certain conditions the magnitude of the
thermopower depends linearly on logarithm of car-
rier density, with a slope of -198 pY/'C per decade
(Tauc, 1962). One might expect therefore a high
linear correlation of thermopower with logarithm of
resistivity. Figures 5 and 6 show this is true for our
data on galena and pyrite. P-type pyrite samples have
systematically higher resistivity and higher ther-
mopower than do n-type samples, since holes have a
much larger effective mass and a smaller mobil ity
than electrons. No correlation Was observed for the
data on chalcopyrite.

For a given mineral, type, and temperature, the
thermopower depends on a second factor, the scatter-
ing mechanism. Thus ip chalcopyrite where there is
only a relatively small range in carrier concentration,
the scattering mechanism becomes an important vari-
able and the correlation between resistivity and ther-
mopower disappears.

For pyrite and galena, a calibrated thermoprobe
offers a rapid means of obtaining approximate resist-
ivit ies on small volumes of sample.
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Impurity

According to the principles of semiconductor phys-
ics, impurity atoms in solid solution generally have
the following effects: a substitution of an element
from the right in the periodic table constitutes a
donor defect, and conversely a substitution of an
element from the left constitutes an acceptor defect.
Substitution from the same column, such as Se for S,
has no effect other than slightly reducing the mobil-
ity. A metal interstit ial is a donor, and anion inter-
stit ials are of negligible abundance. We did not con-
sider impurit ies in chalcopyrite because of the
evidence below that departure from stoichiometry
has a greater influence on the carrier density.

Galena

For five galena samples chosen to span the full
range of resistivity, the galena and included phases
were scanned for Ag, Bi, Cu, and Sb (Table 2) with

the microprobe (n.n.l. rux-su). ln only one speci-
men, fi129, were any of these elements detected in the
galena. We did not notice any tendency for Ag and
Sb concentrations to fluctuate synchronously. This is

somewhat surprising in view of the extensive solubil-
ity of AgSbS, in PbS (Wernick, 1960). In the speci-
men with p-type regions (#125) no trace elements
were detected in either n-type or p-type regions.

Pyrite

Nine pyrites of various types were analyzed for
minor elements by a 3-meter Baird emission spectro-
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graph (with a grating of 30,000 lines per inch) and by
microprobe.  The mic roprobe-sens i t i v i t y  ca .
300-400 ppm for Co and Ni but much less for As-
showed that only pyrites 18 and 2l contained Co, Ni,
or As in solid solution. Samples of 40 mg for spectro-
graphic analyses were secured by drill ing, using a
tungsten-carbide tipped bit, from the polished sur-
faces where the resistivity measurements had been
made. These powders were ground and mixed with a
germanium oxide buffer (one part sample, 3 parts
buffer, total mass 16 mg) and fired with a D.C. arc of
12 amps. No tungsten was detected in any of the
samples, so we assume there was no contamination
from the bit. Semi-quantitative standards (1, 10, 100,
1000, 10000 ppm) were made by mixing spectro-
graphically pure hgmatite and flowers of sulfur in the
correct proportions for pyrite and pipetting in known
amounts of impurities. Such a standard is not ideal
because the sulfur is likely to come off earlier than for
pyrite, thereby creating different matrix effects' The
good agreement of spectrographic and probe results
(for Co in samples 18 and f2l) suggests the spectro-
graph standards were adequate for this study'

The spectrograph results (Table 3) for several sam-
ples showed Ag, Bi, and Cu to be present in amounts
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Tnrln 2. Microprobe results for Ag, Bi,  Cu, Sb in galena
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S IqD- ohm-neters

Comenta

IL7 3'Ox1o-'? ChalcopyrJ.te, pyrite, sphalerite grains. Ex-
solved phases of AgCu nineral (Jalpaite?)
and Ag nlneral (argentite?).
sphalellte and pyrlte grains.
No obsenable separate phases.
No detectable change in Bi, Ag, Sb, Cu across
aras where type changes. Exsolved Ag Eln-
eral (argentite? ) ,

1'5x10-3 b(solved SbCu(variable)Ag phases. Probably a
mober of tennantite - tetrahedrite series.
Detectable Ag, Sb in lattice. AEount of Ag
qulte varlable.

L23
L24
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L29

- +

1.4x10-2
6. 2x10-5
9 'Ox lO-3

above the sensitivity l imit of microprobe. Hence we
returned to the probe and scanned for these elements.
In lro case were they detected in the pyrite. Instead
they were found in small inclusions and (for Ag and
Cu) fi l l ing cracks.

In Table 3 the four  samples (#3,  #5,  # l l ,  # t7)
lowest in Co are the four which are not definitely n-
type. Three of them had no detectable Ni. This agrees

with the statistics reported by Favorov et al. (1972).
Also three of them have higher As than (Co + Ni),
the exception being the one sample of these nine (l l I )
for which type could not be reliably determined.

The sample of mixed type (15) was a single crystal
with round holes about 30 to 70 pm in diameter,
arranged in a zone about I mm wide and concentric
with the edges of the crystal. The crystal is n-type in

Tasr-E 3. Pyrite impurity analyses
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the vicinity of the cavities but p-type both at the
surface and in the deep interior ofthe crystal (Fig.7).
Inward from the p-type zone the thermoelectric volt-
age is very erratic, indicating near equality of donor
and acceptor concentrations. Radial zoning of this
sor t  has been previously  noted by Smith (1942,p.7)
and by Fischer and Hi l ler  (1956,  p.  287) .  The micro-
probe showed Ag (and in one case Cu) on the edges
of the cavities, and also in some cracks. No impurit ies
were detected in the pyrite, either in n-type or p-Iype
regions. One possible interpretation of our data for
pyrite 15 is as follows: The crystal init ially grew as p-
type, due to content of As (and possibly Mn). Then
the content of Ag and Cu increased, these acting as
donors to compensate the As acceptors. Then a Ag-
rich phase precipitated in the growing pyrite, which
by this time was completely n-type. For a final stage
of growth the init ial conditions were repeated. The
Ag-rich phase was later eroded out leaving the cav-
it ies, and possibly at this time Ag was deposited in
some cracks.

Among the five n-type pyrites of Table 3, the two
outstandingly low in resistivity (#8, #21) are also the
two rich enough in cobalt for the probe to prove its
presence in the pyrite structure. For sample fi21 the
Co content was fairly uniform at 1000 ppm : 0. I wt
percent : 0.2 at percent. By contrast, in pyrite 18

+rOO

o

-roo

Ftc.  7.  Two typical  prof i les of  thermoelectr ic  vol tage ( in micro-
vol ts)  across pyr i te sample 15.  Arrows show the zone of  round

cavities.
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Frc. 8. Thermoelectric voltage (above) and wt percent cobalt

(below) a long the same prof i le in pyr i te f8.  The microprobe resul ts

for Co are the average of two traverses.

cobalt concentration varied from over I to 0'06 wt

percent. Figure 8 shows how the thermoelectric volt-

age varies synchronously with Co content. This data
is in accord with theory (Tauc, 1962) rf we assume a

temperature difference of l 'C and an effective elec-

tron mass of 0.1 times the free-electron mass. This

latter value is also implied by the thermoelectric and

the Hall effect data of Bither et al. (1968) on one

sample of synthetic n-type FeS2.
Comparison of data for pyrites fi4 and 114 il lus-

trates the importance of Cu as a donor. Pyrite I has

Co + Ni ) As without any of the impurity concen-

trations being very high. lt is accordingly n-type with

fairly high resistivity. In pyrite ff14 the spec analyses

show (Co = Ni) ( As which would suggest p-type

semiconduction. But this sample is evidently satu-

rated with Cu, based on the extraordinary high Cu

analysis and the presence of various Cu-rich miner-

als. The observed large r-type conductivity must be

attributed to the donor effect of Cu.

Discussion

The lower l imit of detection with spectrographic
analys is  is  about  1016 cm-3 for  most  impur i t ies,

though somewhat higher for As (about l0'8 cm-3). In
galena and pyrite this is near the lower l imit of carrier

density (cf Fie. 4). Although the spectroscope has

sufficient sensitivity for most impurit ies, many sulfide

specimens contain microscopic to submicroscopic in-

clusions which wil l contaminate any microsampling
of the specimen. Sampling with the microprobe is
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much more reliable, but the lower l imits of detection
are close to l01s cm-3. In galena or pyrite, carrier
densities this large are exceptional (cf Fig. a).

The measurements reported above suggest that,
with few exceptions, large spectrographic impurity
levels indicate contamination by separate phases. The
correlations reported by other authors between type
and impur i t ies (Hi l ler  and Smoczyk,  1953;  F ischer
and Hil ler, 1956, Favorov et al., 1972) may strictly
represent correlations with microscopic to submicro-
scopic inclusions containing these impurit ies. Of
course trace elements present in separate phases are
likely present in solid solution in the host as well.
Within these limitations, our results for pyrites from
North American deposits agree with previously pub-
lished results from deposits in Germany (Fischer and
Hiller, 1956) and Russia (Favorov et al., 1972). Spe-
cifigally the important donor impurit ies are Ni, Co,
and Cu, while As is the most important acceptor
impurity. Low resistivity occurs in pyrite if a single
impurity is present in significantly greater concentra-
tion than other impurit ies. Roughly equal concentra-
tions of donor and acceptor defects gives a high re-
sistivity (e.g., pyri& rt4).

Nonstoichiometry

A metal excess (sulfur deficiency) corresponds to a
donor defect (n-type semiconduction) and a metal
deficiency (sulfur excess) corresponds to an acceptor
defect (p-type semiconduction). This is true regard-
less of whether the atomic mechanism in either case is
a vacancy or an interstit ial. These defects are always
present to some extent, because only a finite energy is
needed to create them. Thus in practice a mineral is
never stoichiometric. The maximum deviation in a
homogeneous phase wil l depend somewhat on tem-
perature of atomic equil ibration. lt may however be
too small to resolve by chemical analysis, while at the
same time large enough to account for the observed
electrical charge carriers. This is the situation in all
three of the minerals under consideration.

Gslena

The electrical effects of deviations from stoi-
chiometry in galena have been well studied by Bloem
and Kroeger (1956). Their results show that the com-
position can deviate in either direction depending on
temperature and sulfur pressure. Lowering the tem-
perature at f ixed sulfur pressure changes the equil ib-
rium composition from n-type to p-type.

Pyrite

It seems that at high temperature and a broad
range of sulfur pressures, pure pyrite is n-type. Crys-
tals produced near 700'C by Bittner (1950) from a
bromide melt and by Bither et al. (1968) using chlo-
rine transport were all n-type. We heated a portion of
our sample fi17 for a week at 500'C in a closed vessel
(free volume about 100 times sample volume). This
sample was initially p-type, and our purpose was to
create donors by driving offsulfur. After heating, the
sample was not quenched but rather allowed tq cool
naturally. There was no type change but resistivity
did increase, suggesting that donors had been created
to compensate the acceptors initially present. Resis-
tivity measurements ranged from 4.7 to 4.9 X l0-'z
ohm-m before heating, and from 6.5 Lo 7 .4 X l0-'
after heating. When we repeated the experiment at
550oC, the sample shattered with visible sulfur loss.
We could not then measure resistivity, but the type
had not changed. Bittner (1950, p. l8a) reported that
in some cases he was able to change p-type to n-type
by driving off sulfur, but he gives no details.

It is not clear whether there is a p-type portion of
the pyrite field at high temperature. We could not
produce a change in type by annealing an n-type
sample at 550'C with excess sulfur. However, Bittner
(1950, p. 183) reported he could change natural n-
type pyrite to p-type by heating in a closed evacuated
vessel near 700"C and removing the pyrrhotite
formed.

Chalcopyrite

Metal in excess of stoichiometric CuFeSz is in-
dicated as a donor defect because of persistent re-
ports of an irreversible decrease in resistivity upon
heating (references in Shuey, 1975, p. 248). It is
plausible to suppose that the characteristic rr-type
conduction is a consequence of the characteristic
slight metal excess (Barton, 1973). The natural range
of carrier density (see below) corresponds to a metal
excess on the order of 0. I percent. The ratio of iron to
copper in chalcopyrite may also deviate from stoichio-
metric CuFeSr. Comparison between our resistivity
measurements and those previously published sug-
gests that iron substituted for copper will have a
donor effect, while substituting copper for iron will
create acceptors. This hypothesis is not at all incon-
sistent with the established donor effect of Cu sub-
stituted for Fe in pyrite, because of the differences in
band structure (Shuey, 1975, p.249,313).



In an attempt to verify this prediction, we coated
chalcopyrite sample #304-2 with copper paint and
heated it in an evacuated vessel at 150'C for 4
months. This low temperature was chosen because of
the published report of irreversible sulfur loss at
200'C (Donovan and Reichenbaum, 1958). Light
repolishing after heating removed less than I mm of
material. The measured resistivity was the same as
previously measured (Table l). No definite inference
can be made, but a l ikely explanation is that the
diffusion of copper was too slow for penetration to
the depth probed in the resistivity measurement.

Geochemistry of charge carriers

The main motivation for the measurements and
statistical analyses reported in this paper was to un-
derstand the geologic factors controll ing the density
of free charge carriers. We are led to certain con-
clusions, which should be regarded as working hy-
potheses, to be tested and revised by future work.

Galena

Our suite contained no p-type galena and only one
mixed-type galena (#125). Therefore, we analyzed the
localit ies given in the l iterature for p-type galena.
Besides the references to Figures I and 4 we consulted
Hi l ler  and Smolczyk (1953) and Smolczyk (1954),
who determined type (but not resistivity) on 57 ga-
lena samples of diverse origin. We found without any
definite exception that p-type galena is restricted to
two kinds of deposits, namely stratabound limestone-
lead-zinc ("Mississippi Valley") deposits and also
those deposits considered notably argentiferous. ln
both cases n-type and mixed-type occur with the p-
type, all with comparable abundance. The acceptor
defects in galena are Pb vacancies and Ag substitut-
ing for Pb. In the argentiferous deposits it is natural
to assume that Ag in solid solution is the dominant
acceptor. The stratabound limestone-lead-zinc depo-
sits are "characteristically very low in silver" (Stan-
ton, 1972, p. 5a8). By elimination, Pb vacancies are
indicated. This also makes sense because limestone-
lead-zinc deposits were formed at low temperature,
and the extensive experiments of Bloem (1956)
showed that lowering temperature (at constant sullur
fugacity) results in lead-deficient equil ibrium galena
composition. But the observation of exsolved silver
suffide in galena fi125 (Table 2) is a reminder of
caut ion.
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Pyrile

Because pyrite occurs in almost any type of geo-
logic environment, no simple analysis can be ade-
quate for the factors influencing type and density of
carriers. We are aware of more than a dozen pub-
lications on this subject, but the question is far from
resolved. It seems to us that in many situations the
relevant defects are the donor impurities Co, Ni, Cu,
and the acceptor impurity As. The studies on our
limited suite certainly support this. It can no longer
be supposed, as Smith (1947) in effect presumed, that
carrier type and density are unique functions of for-
mation temperature. Yet it seems that two patterns
originally recognized by Smith have been sub-
stantiated by subsequent investigations. First, pyrite
from sedimentary and epithermal deposits is p-type
with remarkable consistency, provided cupriferous
sediments are excluded. For example,Favotov et al.
(l972,Table 2) show allp-type for a lead-zinc deposit
at Blagadatskoie (1616 samples) and also for a de-
posit at Tsentral'noie with colloform pyrite (2073
samples). At Gilman, Colorado, Lovering (1958)
identified pyrite deposited before and after the main
mineralization. The later pyrite, with interpreted for-
mation temperature below 150'C, was all p-type.
What is not established is whether the dominant ac-
ceptor is iron deficiency or arsenic impurity. (lt
should be remembered that arsenic can contribute
almost l0r8 cm-s carriers yet be undetectable in spec-
trographic analyses).

The second pattern, first shown by Smith's data, is
that pyrite from high-temperature veins is n-type with
remarkable consistency, provided arsenopyrite is not
in the assemblage. As an example, Hill and Green
(1962) found only n-Iype (38 samples) in the miner-
alized quartz-porphyry dikes of Mt. Bischoff, Tas-
mania, where the pyrite was formed with cassiterite.
Karasev et al. (1972, Table 2) show only n-type (784
samples) from a tungsten deposit at Kholtosonskoe.
They imply the probable cause is sulfur deficiency
due to high formation temperature.

Chalcopyrite

The evidence available to date gives no indication
that impurities have any important effect on the re-
sistivity and type of chalcopyrite. Natural p-type
samples are tare, apparently because of the donor
effect of excess metal. Copper substituting for iron
may produce acceptors which compensate some of
the donors, decreasing the carrier concentration and
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so increasing the resistivity. However, this has not yet
been demonstrated by direct experimentation.
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