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ABsrRAsr

This snrdy of argentopentlandite from El Charc6n, in southeastern Spain, is the first documented report for Spain and also
the first occunence of argentopentlandite associated with hydrothermal systems related to acid-type volcanism. Ag values above
1.00 and M/S values lower than 1.125 can be explained by the presence of defects (mainly vacancies of Fe and Ni or S or both)
in the argentopentlandite structure. These defects can also explain: (1) the differences observed between measured M/S and
FeA.{i values and M/S and FeA.{i values calculated by the "cation addition - omission solid solution" model for natural
argentopentlandite, and (2) the fact that most compositions of natural argentopentlandite fall outside the stability ftelds
established for synthetic argentopentlandite at 300 and 400oC. The following modification ofthe argentopentlandite formula is
proposed:@e5nn.rNi3on.rr)>s$Agrr"S8r",with0<lxl <0.30,0<lyl <0.23,and0<lzl <0.30.Theestimatedcondit ionsof
formation for argentopentlandite from El Charc6n are: temperaflrre between 400 and 450"C, salinity between 17 atd22 wtclo
NaCl equivalent, log/(S) between -9.6 to -15,7 am., and P between 200 to 900 bars.

Keryords: hyclrothermal, argentopentlandite, reflectivity, electron-microprobe data" thermochemical conditions, Betic
Cordillera, Spain.

Sotulaene

Notre 6tude de l'argentopentlandite de El Charc6n, dans le sud-est de I'Espagne, en dtablit le premier exemple connu dans
un milieu hydhothermal associ6 i un magmatisme felsique, et aussi le premier exemple de cette espbce en Espagne. Des teneurs
en Ag d€passant 1.00 atomes pm unit6 formulaire et un rapport de m6tal d soufre (M/S) inf6rieur tr 1.125 seraient dus d la
pr6sence de d6fauts structuraux, sur0out des lacunes impliquant les sites Fe, Ni, et S. La pr6sence de ces d6fauts expliquerait
aussi (1) les diff6rences observ6es entre les rapports M/S et FeA.{i mesur6s et calculds selon le sch6ma de solution solide par
addition ou omission de cations, et (2) le fait que la plupart des compositions d'argentopentlandite naturelle ddpassent Ie champ
de stabilit6 dtabli d'aprbs les dtudes synth6tiques h 300o et 400oC. Nous proposons la modification suivante de la formule
structuralet lel 'argentopentlandit€:(Fe5$.zNi:ro.rr:eirAgrsSsl",ovoc0<lr l  <0.30,0<lyl<0.23,e1 0<lel <0.30.
L'argentopentlandite de El Charc6n se serait form6e aux crinditions suivantes: tempemture comprise entre 400 et 450'C,
salinit6 entre 77 et22%o (en poirls) 6quivalent NaCl, log/(S) entre -9.6 et-15.7 am., et P entre 200 et 900 bars.

Mots-clds: hydrothermal, argentopentlandite, r6flectivitd, donn6es de microsonde 6lectronique, conditions thermochimiques,
Cordilldre B6tique, Espagne.

INTRoDUcTToN

The base-metal hydrothermal-type ore deposits of
the Aguilas zo e are related to the potassic calc-
alkaline and shoshonitis volcaoism of southeastern
Spain (Ld,pez Rulz & Rodrlguez Badiola 1980). During
the Upper Miocene, this volcanism was in turn
affected by N-S compression that produced different
regional sets of fractures: N70-90E, N40-60E,
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N10-30E and N-120-140E (Alvarez 1987, Alvuez
& Aldaya 1985). The Fe-{u-Pb-Zn mineralization at
El Charc6n (Morales 1994), where the argento-
pentlandite was found, consists of a system of veins
related to these volcanic rocks and hosted within'a
Triassic metamorphic complex (quartzite and quartz
schists from the El Cantal unit) of the internal domain
of the Betic Cordillera. The mineralization fills only
the NIG-3OS subvertical fractures that affect the rocks
of the metamorphic basement.

The mineralization consists of massive ore with
minor breccia containing chalcopyrite, sphalerite,
pyrite, galena, arsenopyrite, cubanite and argento-
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pentlandite, together with quartz and minor carbonates
as gangue minerals. The paragenetic sequence
(Morales et al. 1993) is divided into three stage of
deposition: I) Cu-Zn-(Ag-As), with chalcopyrite,
sphalerite I, argentopentlandite, cubanite and quartz,
tr) Fe-Zn-Cu-As, with pyrite, sphalerite II, chalco-
pyrite, arsenopyrite and quartz, and m) Pb, with galena
and minor carbonate. The most abundant is srage II,
and the least abundant, stege III.

Argentopentlandite is a scarce mineral. It has been
described in no more than ten deposits worldwide,
in one of four associations: a) Co-Ni skarn-type
mineralization (Shishkin et al. 1,971), b) Ni-Cu
deposits as$ociated with ultrabasic rocls, within or
along the contacts of the mineralized rocls with
the host rock (Vuorelainen et al. L972) or near, but
not in, ultrabasic sills (Scott & Gaspanini 1973),
c) metamorphosed ultramafic sequences, in which
case the hydrothermal origin is related to dyke
emplacement (Groves & Hall 1978) orto metamorphic
remobilization of tourmalinite (Benvenuti 1991), and
d) as hydrothermal mineralization within paragneissic
(Kontny et al. 1994) and metabasic rocks (Kozlovskiy
et al. 1988), during their retrogression.

Our study of argentopentlandite from El Charc6n is
the first occlurence of argentopentlandite associated
with hydrothermal systems related to felsic volcanism,
and constitutes the first documented report in Spain.

Op,ncal PRoPERT]ES

Argentopentlandite from El Charc6n is reddish
brown to brown in reflected ligbt and is easily polished,
but tarnishes quickly in air to d darker color. It is
isohopic and has no internal reflections. The anhedral
(oval, rounded or dendritic) crystals (Ftg. 1) measure
up to 100 p,m across and only occur as inclusiow
in chalcopyrite (which shows lamellae twins), as
individual grains, in some cases in common
orientationo and occasionally as poorly developed
dendrites. The boundaries between argentopentlandite
and chalcopyrite invariably are sharp. Both the
argentopentlandite and chalcopyrite commonly include
sphalerite stars and skeletal crystals of sphalerite.
Regular intergrowths or symplectite-like intergrowths
of argentopentlandite with the chalcopyrite have not
been observed at El Charc6n. Argentopentlandite has
never been found around the margin of chalcopyrite
grains, and it never presents exfoliation features,
fractures or alteration.

We determined the reflectivity of argentopentlandite
using a SF Zeiss microphotometer attached to a Carl
Zeiss photomicroscope, at wavelengths varying from
400 to 700 nm. Mea$urements were carried out in air
using a Zeiss SiC standard and 16x and 40x objectives.
The results obtained, together with other published
values, are given in Table 1. The spectral reflectance

{:

Ftc. l. Chalcopyrite (cp) including elongate and rounded inclusions of argentopentlandite
(ag-pn| and exsolved sphalerite (sph) stars aligued in parallel rows. Bar: 30 pm.
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TABLE '1. REFLECTANCE VALUES (%) FoR ARGENTOPENTLANDITE

941

(nm)

400
4n
440
460
470
480
500
520
540
546
560
580
tao

600
620
640
650
660
670
680
700

s.9

35.5

n.2 n.1
21.4 21.0
v5.7 21.9
n.5 29
27.9 4.7
28.8 24.2
29.6 25.6
31.3 27.2
n.7 28.8
32.8 n.1
3.7 30.4
34.9 31.9
35.6 nt
35.7 S.3
36.4 34.6
36.9 35.8
37.0 S.3
37.3 S.8

37.7 37.8
37.8 38.6

tc.J

28.9 28.3
25.5

29.3m.1

24.1

3t.6

38.137.4

39.438.1

31.8

34.0

8.4m.4

s.7

32.6s.8

36.3

st.2

39.1

40.8

n.8

m.3

37.4

s.0?

35.0

$.5

38.6

33.7
35.5

38.3

34.9

s.9

39.839.6

9.2

(1) El OwD6n, Nbabs (1991); (2) Antnny et at (1990); (3) Kapnkov et aL (1973), 9tdhrg (4)
Kapenkwet aL (1973), Tahd<trskm l: (5) Kapenkoret aL (1973), Tahakhskoe ll; (6) Kapenkov el
aL (1973), Khoruaksinkm; (7) &ott & Gaspanini (1973); (8) Vuorebinen el at ('1972) std (9)
$ishkin et aL (|971).
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Frc. 2. Spectral reflectance curve for argentopentlandite from El Charc6n (curve 1)
compared with others obtained from published data (same legend as Table l).
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curve for argentopentlandite from El Charc6n agrees
with the other curves obtained from published data
(Fie.2).

Mtr{ERAL Cnrvtsrny

Analyses of the El Charc6n argentopentlandite were
performed on a CAMECA SX-50 electron microprobe
at the Technical Service of the University of Oviedo
(Spain), using an accelerating potential of 20 kV,
and a beam current of 30 nA. Counting times were
1.0 seconds on peaks, and 5 seconds on background
positions. The practical limit of detection in these
routine analyses varied from 0.05 to 0.08 wt7o. Results
were corrected with a ZAF program. We used CuFeS2
(Fe,Cu), synthetic Ag2S (Ag), NiAs (Ni), CoS (Co) and
ZnS (S) as standards.

Results of analyses (Table 2) are compared to those
from other sources in Table 3, in which we have
calculated all compositions from Table 34. on the basis
of 17 atoms per formula, and also 8 S atoms in order
to compare with the previously published data.
Tables 3A, which contains a listing of compositions of
argentopentlandite from various localities Qn weigbt Vo
and atomic Vo), and 38, in which the compositions are
Iisted as a function of Ag content (atomic Vo), are
available from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario,
Canada KIA 0S2.

The average value of Ag in the argentopentlandite
on the base of 8 S atoms (Iable 3) is 1.00 atom per
formula unit (1.02 for argentopentlandite from El
Charc6n). This value agrees with the proposal of Scott

& Gasparrini (1973), and with the demonsftation of
Hall & Stewafi (1973) that Ag occurs in a specific site
loctahedral (4b) positions] within the structure. On this
basis, argentopentlandite is considered a distinct
mineral species and not an end member of an
isomorphous series with normal pentlandite. However,
although the average Ag value is close to 1.00, values
from the literature (Table 3) range from 0.77 to 1.1,4.
Values below 1.00 were explained (Hall & Stewart
L973) by the presence of @e,Ni) at the octahedral
position assigned to Ag. Values above 1.00 can be
explained in tlree ways: (1) analytical errors (Hall &
Stewart L973), (2) Ag partially replacing @e,Ni)
at tetrahedral positions, and (3) defects in tlte
argentopentlandite structure. The first of these expla-
nations (analytical error) is considered unlikely, as a
high percentage (60Vo) of the compositions in Table 3
show excess Ag. Hall & Stewart (1973) demonstated
that for stereochemical and energetic reasons, it seems
unlikely for Ag to occur at different octahedral
positions (4b); the relative increase of Ag in
comparison to (Fe,Ni) must therefore be due to
vacancies in the argentopentlandite structure. To
deterrnine the structural location of these vacancies, it
is better to use compositions calculated on the basis of
17 atoms per formula (Iable 3). For Ag > 1 atom per
formula wit (apfu), we can see two different groups of
compositions: (a) Fe + Ni < 8 and S ).8 apfu, whrch
indicates tle existence of vacancies in the tetrahedral
sites of argentopentlandite\ normally occupied by
(Fe,Ni) atoms, and O) Fe + Ni > 8 and S < 8 apfu,
which indicates vacancies in the S position.

The Fe and Ni values for argentopentlandite from El

TABLE 2. CO|vIPOSITION C ARGENTOPENT|ANDITE FROM EL CI'IARCOM

Ag Co Cu S TOTATFe
1
2
3
4
5
6
7
8
I
10
11

35,48 $,n 13,09 0,06 0,50
36,15 fl,n 12,85 0.6 1,71
36,S 19,48 13,16 0,04 1,03
34,80 20,59 13,45 0,m 0,51
35,39 21,55 13,45 0,m 0,32
35,13 21,14 13,48 0,m A,%
35,01 21,24 13,87 0,00 A,%
34,80 21,n 13,€ 0,00 o,fl
34,73 n,U 13,25 0,02 0,07
34,67 20,59 13,48 0,01 0,57
u,n 21,42 13,70 0,m 0,09

MIN 34,67 fi,n 12,85 0,00 0,07 31,13 99,79
[,fA,\ 36,45 21,55 13,87 0,06 1,74 31,U 101,97
AVEM@ 35,20 20,47 13,39 0,02 0,50 31,28 100,85
'Compcitlons were determined by eleclron-micropobe analysb, and are quoted
in weight %.

31,27 1m,10
31,26 1m,06
31,27 100,S
312 100,59
31,26 101,97
31,U 101.46
31,39 101,79
31,32 101,07
31,29 99,79
31,13 100,44
31,n 1fi,20
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T g.r 3. RESULTSOF B.ECIROI$MCROPROBEAMTYSES OFAROB{rOPEN|IANDG FOR I SATOMS Pm FoRMut-AAl@ 17 AToMSPER FORI'[!3

I s6rE lTdornssirnub

Rst Fs t{ Ag 0o ol Fo t{ A9 oo Ar S F€/M Ws
1 5,21 ?'78 r,O 0,0r 0,6 5,n a75 0,S 0,U q6 7,98 t,89 t,13
2 5fi ZA8 0,98 0,m 0,23 5,3{ 417 0,98 0,m 0,22 7,98 ar6 r,r3
3 5,n Zn 1,O 0,O 0,13 6,?1 2,70 0,S 0,0r 0,13 7,S r,91 r,r1
1 5,12 2,88 I,m 0,O 0,07 5,09 2,87 r,O 0,m 0,07 7,S \n \$
5 5,20 3,0r 1,02 0,O qU 5,r2 aS 1,01 0,m 0,u 7,87 l,n 1,16
6 5,F agl r,qz 0,o 0.m 5,@ 492 r,0r 0,o 0,|r 7,91 111 1,11
7 5,12 aS r,06 0,m 0,6 907 2,90 r,u 0,o 0,6 7,92 r,n r,to
8 5,10 497 1,02 0,m 0,0a 5,V LtA \V2 0,m 0,02 7,9t \n UI
9 5,10 2,86 1,0t 0,O 0,0t 5,'lt 2,86 1,01 0,O 0,01 s,01 \n \Q
10 5,? ats 1,6 0,m 0,o q08 e87 r,02 0,o 0,07 7,s \n \11
11 5.12 3.0 t.0t 0.m 0.0t 5.o a97 1.6 0.0 0.01 7.92 1.71 t.t5
12 5,A 478 0,91 0,r8 5,23 2,76 0,90 0.18 7,S 1,S r,r1
13 1,99 286 0,91 0,m 0,05 5,$ aS 0,S5 0,m 0,m 8,07 1,75 t,1'l
14 1.V. L8 0,r/ 0,{3 0,00 4,8 2'71 0,n 0,11 0,00 8,10 1,80 1,'r0
15 1,78 3,07 r,0 0,01 0,(b 4,80 gS 't,01 0,01 0,m 8,0{ 1,56 r,r2
16 5,07 aS 1,01 5,m ZS I,m 7,S 1,71 1,13
17 5,r9 a78 0,91 0,08 5fi Zn 092 0,08 0,m \87 1,12
'18 480 2,98 1,05 0,01 0,6 1,$ aS r,6 0,m 0,(E 8,U 1,6.| 1,11
19 1J3 3,O r,07 0,6 0,07 1,71 3gt 1,07 0,06 0,S 8,0r 1,51 1,r2
20 1,8t 3,r5 r,O 0,01 0,01 485 3,'r1 r,m 0,0r 0,01 7,s 1,55 r,t3
21 4,S 290 I,A 0,(n 0,01 4$ e98 r,S 0,m 0,01 7,99 1,66 l,'13
n 46 2,8 I,m 0,02 0,01 4,gt ?98 1,6 0,6 0,0r 0,04 $1 \12
n 1p zn r,(B 0,a 0,(B 4$ e81 'r,01 0,m 0,07 8,09 1,76 1,10
24 5,@ a5',t 1,6 0,04 0,m 5,11 ?dl 1,01 0,0{ 0,09 8,08 1.98 1,10
x 5,n zn 0,97 0,m 010 5,28 461 0,97 0,m 0,10 0,m La \f
n 5,m za 0,s 0,m 0,07 5,23 e61 0,95 0,03 0,09 8,6 1,98 1,1'l
n 5,28 e56 '1,02 0,0r 0,06 5,30 2,59 l,m 0,01 0,05 8,02 Z6 1,12
28 5,18 a79 l,m 0,01 5,r9 2,79 r,00 0,0r 8,01 1,06 1,'12
a 5,ts e& 1.$ 0,01 521 e81 1,m 0,0r 7,97 1,86 1,'13

{,s 3,29 1,@ 1,O 3,30 1,00

SSdom 'l76n6p6krnub

s
31
v

31

5,12 e$ q97

5,O 452 1,01
5,& 2,28 1,09
5,$ 451 1,m

35 5,75 aS 1,6
36 5,29 aB 0,9
37 t,91 3,O 1,01
38 5,15 3,18 r,01
39 5,31 e86 0,97
40 459 a$ r,0l
4t 1,91 3,m 1,&

5,12 as 0,97
6,56 e!0 1.m
6:t7 26 \47
5,4t 453 r,07
6,70 eil t,tF
n26 e01 0,s
490 3,01 t,05
5,6 3,6 1,00
5,28 480 0,96
{,7r 3,01 r,01
{,s 901 r,01

8,ts 1,11 1,12
7,S r,75 r,r3
7,91 ZA U1
7,91 456 r,15
7,96 L15 1,11
7,93 218 1,11
7,95 1,87 1,11
9,U \A L12
7,70 \n \21
792 1,86 1,15
8,N r,56 1,07
8,03 1,61 1,12 Bilr&{r#ctEcdr

R d . t u l s A g b o
{5 5,09 276 0,96
{6 d97 2,9{ 101
47 a,95 2,U 0,99
{8 1,84 2,88 1,05
19 5,13 3,18 1,07
50 103 3,11 'r,6

51 5,22 Zn 0,S
52 5,21 178 A,Sl
53 5,A 23? r,6 0,m
51 5,31 2,02 r,02 0,01
56 5.27 aEo 087 0,01
56 5.28 aEl 087 0,04
57 1,84 3,17 0,W
58 5,61 45',l l,m 0,ol o,ol
59 5,62 e58 1.05 0,01 o,&
60 5,61 a65 l,m 0,01 0,01
61 5,60 e6l r,01 0,0r 0,01
62 1,91 405 1,01
a 4s 3,01 1,6
61 5,07 3,m r,08 0,01
66 5,39 2,78 0,8t 0,0| 0,01
66 5,3/ e75 0,4 0,0r 0,(B
6./ 5,38 2,81 0,80 o,fi q6

68 5,53 an 0,77 0,01 0,01
@ 5.00 3.r5 0.78 0,01 0,6
70 5,6 a39 r,S 0,0r 0,06
71 5,49 ?'71 r,14 0,m 0,01
n \51 3,31 r,@ 0,m 0,01

BChrm
MrN 5,10 ao 0,98 0,m 0,01
rrN( 5,S qfi 1,6 o,ol 0,23
AVER 5.17 a88 1,02 0,O 0,06

etbg!"hy
t[N 4,51 aA 0,n 0,00 0,01
MAX 5,01 3,t/ 1,11 0,43 0.18
AVER 5,18 ?0{ 0,S 0,6 0,05

F € l { A q C o O t S F€/t{ MIS

5,15 a79 0,97 8,09 1,81 1,10
1,S 295 1,m 8,01 1,69 l,ll
5,0a 2,86 1,O 8,11 1,76 1,10
1,$ e92 1,(E 0,11 1,68 .|,10

6.O 3,11 1.04 7,83 '1,61 1,17
437 3.10 1,01 7,$ .|,60 .|,15

521 \N 0,91 8,(B 1,88 l,t2
5fi 2.76 o,Ct 8,02 1,9 1,12
5.O a36 1,06 0,q2 7,96 2,38 1,13
5,25 Zn 1,01 0,04 7,91 i,88 1,15
5.?1 L79 0,97 0,01 7,97 1,80 1,13
5.6 e79 0,97 0,01 7,95 1,08 1,11
4.81 3,17 0,S 8,0 1,53 1,13
5,54 a53 r,01 0,01 0,01 7,91 zl9 1,15
5,$ a5{ r,o1 001 0,(I2 7,87 218 1,16
5,53 2,60 t,or qfi 0,01 101 L13 1,17
5,51 Zil lA 0,01 0,01 l&7 211 1,16
1.91 3,01 1,01 7,98 l,m 1,13
1,$ 3,01 r,6 8,m \d \12
1,97 a13 1,6 0,0r 7,e 1,59 1,17
5,S a7, 0,85 0,01 0,01 7,98 1,91 1,13
5,38 e75 0,83 0,0r 0,6 8,m 1,95 I,l2
5,36 180 0,80 0,0r 0,(b 7,97 1,91 I,l3
5,9 2n ofi 0,01 0,04 7,96 Lt2 1,11
5(F 3,13 0,78 0,01 0,6 7,97 1,6'1 1,13
5,58 eS7 't,01 o,fi 0,m 7,93 as t,t4
5,37 Z6 1,12 0,m 0,01 18{ zv 1,17
4.5r 3.37 1,$ 0,m 0,01 8,01 1,u 1,12

5,07 e17 0,98 0,m 0,0r 7,87 111 1,12
5,31 e97 1,01 0,01 0,2 E01 el6 l,16
5,13 a84 1,01 0,m 0,(F 7,95 1,01 1,14

1,51 ZX 0,n 0,0 0,01 170 '1.31 I,07
5.n 3$ '.t,12 0,11 0,r8 8,21 Zft 1,21
5.16 a& 0.99 0,08 0,$ 7,98 1,01 l,l3

42 5,14 3,6 0,91 5,10 3.m 0,S 7,94 1,68 1,14 MN 1,51 aA 0,77 0,m 0,01 4,51 ZX 0,n 0,m 0,01 170 1,34 ,l,07

43 5,f4 3,m 131 5,(p aS 1,O 7,92 '1,70 1,15 ir X 5,81 3,3f l,l4 0,13 0'3 5n 3,{l 1,12 0,4 0,n 8,21 Z8 t?l

11 5.11 287 0.$ 53 2r0 0.91 7.89 1.89 1.15 AVER 5.17 2& 1,m 0,02 0,05 5,$ 2a 0,s 0,02 0'05 7,97 l'81 l,l3
'l-11: Eqir!6c 12..|4 lhtrydd(1S4X 15: 8cn6{rt(1S1} 1alf Andutydst(lW}: l&27: lrtodc(1Sq 2429 elti€6&Hd(1978} 3&S: i,ltdzid(&sod($n
3S5t tuddsdddd(97?): 51.53: C&ieHbnm(1970: 5{.t6: tmidal(1975} 5/: rHesssl(l9n): 5&61: KsFd@€'td.(19fq 62-61: Soon&Gaspadni(l9n[
S-OS Vllctetirm d a! (1972), rd 7U72 $idrrh d al {'1971}.

Charc6n are very variable (Fe in the range 5.10 to
5.35 apfu, Ni between 2.48 and 3.01 apfia and Fen{i
between 1.71 and 2.1O and are intermediate v/ith
regard to values reporled for argentopentlandite from
other environments (Fe 4.51 to 5.84 apfu, Ni 2.28 to
3.37 apfu, and Fe/Ni L.34 to 2.56). The wide range of
Fe and Ni values can be explained by coupled
substitution involving Fe and Ni in tenahedral sites
(32D.

The argentopentlandite from El Charc6n is devoid
of Co, which is characteristic Clable 3) of the other
examples known (range of 0-0.04; only one is 0.43).
This finding confirms the proposal that argento-
pentlandite does not form an isomorphous solution
with pentlandite. Pentlandite and cobaltopentlandite
are two isostuctural species that do form a solid
solution (Rajamani & Prewitt 1973). If argento-
pentlandite and pentlandite were end members of a
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distinct solid-solution series, then Co could be
expected to be sipificant in the argentopentlandite
smrdure.

The metal-to-sulfur (M/S) ratio for the El Charc6n
argentopentlandite ranges from 1.12 to 1.16. These
values are intermediate in comparison with values in
the literature (1.07 to 1.21). The maximum frequency
of the M/S ratio is approximately 1.125, which
corresponds to the stoichiometric composition of
argentopentlandite (MlS = 9/8). However, cases
with values other than 1.125 were observed. Sulfur-
deficient compositions (MlS > 1.125) were found in
6l%o of. tlte occurrences investigated. These cases
can be explained by analytical errors (Scott &
Gasparini 1973), or by the restrictive conditions of
S fugacities in nature, as Harris & Nickel (1972)
proposed for normal pentlandite. A relative
deficiency of sulfur also is observed for other
sulfide phases (pyrite, As-bearing pyrite, sphalerite and
galena) in the paragenetic assemblage from El Charc6n
(Morales 1994). On the other hand, values lower than
1.125. indicative of a deficit in cations. can be
explained by vacancies at tetrahedral sites, as proposed
in pentlandite by Rajamani & Prewitt (1973). \

Sixty-seven of seventy-two compositions from
Table 3 are in agreement with one of the following
cases (Table 3B): (1) Ag < I and (Fe,Ni) > 8
(22 analyses), which was explained (Ilall & Stewart
1973) by ttre presence of Ge,Ni) at the octaledral
positions assigned to Ag; (2) Ag > 1, @e,Ni) < 8 and
S > 8 (17 analyses), which indicates tle existence of
(Fe,Ni) vacancies; (3) Ag > 1, (Fe,Ni) > 8 and S < 8
(25 analyses), which agrees with the idea of a
deficiency in S, and (4) Ag > 1, (Fe,Ni) < 8 and S < 8
(3 analyses), which shows the simultaneous existence
of (Fe,Ni) vacancies and S-deficit. As a result,
deviations from the ideal formula can be explained not
only by replacement of Ag by Ge,Ni) (Hall & Stewart

1973), but also by the existence ofvacancies at (Fe,Ni)
positions or by a deficit of S. For argentopentlandite
from El Charc6n, most of the analyses indicate Ag 2 1,
(Fe,Ni) > 8 and S < 8 (5 analyses).

The average formula for argentopentlandite from El
Charc6n (Iable 3, anal. I to 1l) is Fe5.17Ni2.soAgr.mSc.
This formula agrees with the average formula
(Fe5.1sNi2.saAgo.ssSs) calculated for data in the
literafure (Table 3, ual. 12to72). Both also agree with
the formula proposed by Groves & Hall (1978):
(Ferrn.6Ni3*e.)o*, Agr_rSs, with 0 < x < 0.2.

Nevertheless. from the values obtained for the
argentopentlandite from El Charc6n and those from
the literature in Table 3. some modifications of the
Groves & Hall (1978) formula can be proposed. These
authors proposed "I = 8 + x" and"l-l' subscripts for
@e,Ni) and Ag, respectively, to indicate that the deficit
in Ag is compensated by addition of @e,Ni) in the
octahedral sites. But, as we have seen above, there are
two objections to this idea. (a) In Table 3, we found not
only (Fe,Ni)-excess with Ag-deficient compositions,
but also some with different combinations of (Fe,Ni)
and Ag deficieqcies.or excesses. Theqefore, modiflca-
tion of the subs$ripts '2 = B + l" byrf'I = 8 t x'l for
(Fe,Ni), and o'l - r" by *l X y" for Ag will: be
necessary. (b) If we calculate the compositions on
the basis of 17 atoms per formul4 we have also found
variations in the subscripts of S, and consequently the
ideal value of 8 for S must be changed to '8 t 2".
According to this idea and the values of Table 3, the
formula of argentopentlandite can therefore be
reformulated as:

(Fe5re.77Ni3.e.7irysAg r *r5 r1.,
with 0 < lxl < 0.30, 0 < lyl < 0.23 aid 0 < lzl < 0.30. We
propose this formula because it shows better the
expanded compositional range of this mineral and
the possibility of vacancies at different sites in the
structure.

-Ag- t .o  - -Ag-0 .9  - -494.8
. - . Ag.O.7 o 0.7€ b 0.79 a 0.80 t0 0J4

t 035io0.89 x 0.90b094 . 0.95b0.S
r  1 . {X1b1.04  +  1 .05b 1 .09  n  1 ,10b1. I4

Ftc. 3. Fe/Ni versw MIS val-
ues for argentopentlandite
compositions of Table 3.
Curved lines correspond
to theoretical variation of
metaVsulfir with Fe/Ni in
argentopentlandite with
different Ag values. These
curves are calculated
using the formula pro-
posed by Mandziuk &
Scott (1977).

1 , t 8

1,14

1 , 1 0

1,06
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Cnysrer CHH\dIsrRy

The stoichiometric composition of argento-
pentlandite can be predicted as a function of Ag
content using the oocation addition--omission solid
solution" model proposed by Mandziuk & Scott
(1977). Therefore, for Ag = | apfu,Fe and Ni must be
5 and 3 apfu, respectrely. On the other hand, Ag
values from both El Charc6n and the average formulae
in the literature are close to 1.00 apfu. Howevet,
neither average formula satisfies the Mandziuk & Scott
(1977) model. Measures of MIS and Fe/I.{i values in
argentopentlandite from both El Charc6n and the
literature Grg. 3) show a considerable difference from
values inferred by their model for different Ag
contents. This model is therefore valid for synthetic
argentopentlandite, but not for natural argento-
pentlandite. It is not clear why this is so, but owing
to the absence of significant quantities of trace
elements, it may be because of vacancies in the
argentopentlandite structure that were not taken into
account in the tleoretical calculations.

PHYSTcAL alu Cnmncar, Co\rDmoxs
AND MECHAMSM oF FoRMATIoN

P-T-X-fi(S) conditions

Physical and chemical conditions ofstage I and tr of
the paragenetic assemblage for El Charc6n ore deposits
were delermined as follows.

The temperature of formation for stage I of the
paragenetic assemblage is difficult to establish exactly.
However, the determination of an interval of tempera-
ture is possible. Different events occurred within this
interval: (a) Inversion from high- to low-temperature
chalcopyrite [400 to 550oC, according to Craig &
Kullerud (1969)1, (b) formation of sphalerite stars
[400 to 500oC, according to Sugaki et al. (1987)],
and (c) formation of argentopentlandite [<455'C,
according to Mandziuk & Scott (1977)1. The most
probable interval ranges from 400 to 455'C. This
interval is in accordance with the range in temperature
of homogenization obtained from fluid inclusions of'
stage I (see below), and it is also above of determined
interval of temperature for stage tr of the paragenetic
assemblage. This range in temperature implies an
interval of logflS) from -9.6 to -15.7 afin. (Fig. 4).

The conditions of formation of the mineral
assemblages of stage II can be estimated from the
Fe content in sphalerite [4.4]-11.75 at.Vo, according
to Morales (1994)1, using the equation of Craig &
Scott (1974), together with the geothermometer of
Kretschmar & Scott (1976) tor the As content in
arsenopyrite [30.29-31.98 ar.%o, according to Morales
(1994)L both coexisting in equilibrium with pyrite. At
El Charc6n, temperature and logJtS) intervals defined
by the assemblage arsenopyrite + sphalerite + pyrite

mss+pn+
Ag-pn

mss+
pn

a
a

,

t

,
' FeS

a

, t  F e

log f(Sz)[atm] 
", ) y

| |+ /  .
A  o  . ' P o

-8.6

-10.6

-'12.6

-14.6

-16.6

300 400 500 600
Temperature (!C)

Frc. 4. Stability conditions for stages I and II of the
paragenetic sequence in the temperature versw log fl52)
diagram. Conditions for stage I were calculated after
Mandziuk & Scott (1977) using a lower limit at 400oC
(see text for explanation). Conditions for stage II were
calculated after Barton & Skinner (L979), Crwg & Scot[
(1974), and IGetschmar & Scott (1976).

range from 354 to 404'C and from -6.5 to -8.4 atm.,
respectively (Frg. 4).

Fluid-inclusion studies of quartz from stage I and tr
of the paragenetic sequence show two populations
(Morales 1994). In those associated with stage I, the
temperature of homogenization ranges from 405 to
508'C, and the salinity, from 17 to 22 wt.Vo NaCl
equivalent. For stage II, the temperature of homo-
genization ranges from 160 to 310"C, and the salinity,
from 2 to 8 wt.7o NaCl equivalent. Isochores calculated
following Thang & Frantz (1987) for fluid inclusions
from stage I can be bracketed between 400 and 450"C
(see above). Fluid pressure in this temperature range
varied from 200 to 900 bals.

All values for argentopentlandite in Table 3 were
plotted in terms of Ag-Fe-Ni, established by
Mandziuk & Scott (1977) tot synthetic argento-
pentlandite. Most of the values (included compositions
of argentopentlandite with a temperature of fonnation
lower than 400'C) fall beyond the stability fields at
300 and 400'C (Fig. 5), which indicates that this
diagram is not usefirl for determination of temperature
of formation. There are two possible explanations for
this: (1) the stabilify fields are valid for synthetic
argentopentlandite, but not for natural argento-
pentlandite, in which case other factors must be taken
into aceounto or (2) the displacement of values for
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% at. Ni
2 0 2 5 3 0 3 5 4 0

1 0 '

5
70 65 60 E5 50

96 at. Fo

Ftc. 5. Ag-Fe-Ni plots for argentopentlandite compositions
from Table 3. Dark circles: argentopentlandite from El
Charc6n; open circles: argentopentlandite from other
occrrrences. Stability fields at 400"C (dashed lines) and
300'C (tuIl lines) frorr Mandziuk & Scott (1977).

natural argentopentlandite toward the Ag corner of
the diagram is the consequence ofrelative enricbment
in Ag because of vacancies. The latter agrees with the
conclusions obtained by study of argentopentlandite
chemisffry (see above).

Mechanism of formation

Three facton can be mentioned to explain the
genesis of argentopentlandite from El Charc6n as
the result of exsolution. (1) Argentopentlandite is
invariably enclosed in chalcopyrite, as individual
grains with sharp boundarieso in some cases with
common orientation and occasionally as poorly
developed dendrites. This last texture was described by
Scott & Gasparrini (1973) as a characteristic product
of exsolution. (2) Argentopentlandite always occurs
associated with star-shaped sphalerite. Genesis by

exsolution has been infened for star-shaped sphalerite
(Morales 1994) on the basis of textural features of
sphalerite and also by calculating the bulk chemical
cor.nposition of chalcopyrite containing star-shaped
sphalerite, using the method by Sugaki et al. (L987).
(3) The textures described by Groves & Hall (1978) as
being characteristic of genesis by subsolidus reactions
are not found in the argentopentlandite from El
Charc6n. There is therefore a connection between
the origin of argentopentlandite, the presence of star-
shaped sphalerite and the inversion of chalcopyrite
from a high- to a low-temperature form. The forrnation
of lamellae twins in the chalcopyrite seems to have
occurred "simultaneously" with the exsolution of
sphalerite and argentopentlandite.

In summary, we contend that both argento-
pentlandite and sphalerite exsolved from Ag- and
Zn-ich chalcopyrite (or iss) during cooling of ore-
bearing solutions. We can suggest further lines of
research on argentopentlandite. Work must be done on:
(1) the electronic model for stabilization of the
argentopentlandite structure, (2) the stability fields of
natural argentopentlandite, and (3) verification of its
space group.
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