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ABSTRACT

Fe—Co—Ni sulfarsenides and diarsenidesin apyrrhotite matrix were found aslocalized segregationsin the Arroyo delaCueva
area, at the northwestern margin of the Ronda Peridotite. The pyrrhotite matrix encloses alloclasite, |6llingite and pentlandite, and
is cross-cut by veins of chalcopyrite-cubanite intergrowths hosting arsenopyrite, cobaltite and sphalerite, as well as chlorite-
magnetite and calcite-talc with minor arsenopyrite and l6llingite. Alloclasite, arsenopyrite, cobaltite, 16llingite and pentlandite
show strong variation in their contents of Fe, Co, Ni, Asand S. Textural and chemical evidence suggests that the ore initially
formed at high temperatures and low fugacities of sulfur. The ore was subsequently metasomatized at conditions of gradually
increasing sulfur fugacity and decreasing temperatures. The variations in Fe, Co and Ni in aloclasite, cobaltite and pentlandite
describe linear trends. These trends were compared with similar trends from other, especially mafic—ultramafic associations.
They depend on both mineral association and the requirement that a structure-specific number of nonbonding metal d electrons
be maintained. Three types of trends are shown by the sulfarsenides. 1) Trends describing Co replacement by amixture of Fe and
Ni are shown by sulfarsenides occurring in metal-rich environments. 2) Trends where Co isreplaced by Ni occur in associations
containing either pyrite, sulfarsenides or diarsenides indicative of higher anion fugacities. 3) Trends shown by sulfarsenides
associated with skutterudite describe replacement of Ni by a mixture of Co and Fe. The trends defined by pentlandite composi-
tions indicate the substitution Fe + Ni — 2 Co and support previously suggested bonding models.

Keywords: Fe-Co-Ni sulfarsenides, compositional trends, crystal chemistry, alloclasite, cobaltite, 6llingite, pentlandite,
pyrrhotite, smythite, Ronda Peridotite, Spain.

SOMMAIRE

Des sulfarséniures et diarséniures de Fe—-Co—Ni sont présents dans une matrice de pyrrhotite en ségrégations locales dans la
région d’' Arroyo de la Cueva, |le long de la bordure nord-ouest de la péridotite de Ronda, en Espagne. Cette matrice renferme
aloclasite, l6llingite et pentlandite, et est recoupée par des veines de chal copyrite—cubanite en intercroissance renfermant
arsénopyrite, cobaltite et sphalérite, de méme que chlorite-magnétite et calcite—talc, avec arsénopyrite et 16llingite accessoires.
Alloclasite, arsénopyrite, cobaltite, 16llingite et pentlandite font preuve de variationsimportantes dans | eur contenu de Fe, Co, Ni,
Aset S. D’aprés I évidence texturale et chimique, le minerai s'est formé d’'abord a température élevée et a faible fugacité en
soufre. Par lasuite, le minerai a subi une métasomatose au cours d' une augmentation graduelle de la fugacité du soufre et d’ une
diminution en température. Les variations en Fe, Co et Ni dans|’ alloclasite, lacobaltite et |a pentlandite sont linéaires. Cestracés
sont comparés aux résultats de suites semblables, en particulier de suites mafiques—ultramafiques. 1ls dépendent a la fois de
|" association de minérauix et des exigeances en nombre d’ électrons d non impliqués dans les liaisons, tel qu’'imposé par la struc-
ture. Troistypes de tracés sont évidents dans les sulfarséniures. 1) Un tracé décrivant le remplacement du Co par un mélange de
Fe + Ni caractérise les sulfarséniures de milieux riches en métaux. 2) Un tracé illustrant le remplacement de Co par Ni est la
marque d’ associ ations contenant pyrite, sulfarséniures ou diarséniures et indiquant une fugacité plus élevée des anions. 3) Les
sulfarséniures associés a la skutterudite montrent un tracé décrivant le remplacement de Ni par un mélange de Co et de Fe. Les
tracés décrivant la composition de la pentlandite indiquent la substitution Fe + Ni — 2 Co et concordent avec les modéeles de
liaisons proposés antérieurement.

(Traduit par la Rédaction)

Mots-clés: sulfarséniures de Fe—-Co—Ni, tracés de composition, chimie cristalline, alloclasite, cobaltite, 16llingite, pentlandite,
pyrrhotite, smythite, péridotite de Ronda, Espagne.
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INTRODUCTION

Ore accumulations in the Arroyo de la Cueva area,
at the northwestern margin of the Ronda Peridotite,
southern Spain, are localized around three abandoned
mines. The Mina La Herrumbrosa is situated on the
contact between the Ronda Peridotite and metamorphic
rocks of the Cassares Unit, whereas the Mina San Pedro
and the Mina Maar del Toro are both hosted by the
Ronda Peridotite. The ore is dominated by pyrrhotite,
chalcopyrite and cubanite. Local enrichmentsin Fe, Co,
Ni, As, Bi and Au lead to the presence of alloclasite,
arsenopyrite, cobaltite, |6llingite, maldonite (Au,Bi),
pentlandite, and westerveldite, aswell as native Au and
Bi. The (Fe,Co,Ni)-sulfarsenides and pentlandite exhibit
largevariationsin Fe, Co and Ni contents, and may even
define distinct compositional trends. Similar composi-
tional trends have been described in sulfarsenides
(Béziat et al. 1996, Gervilla et al. 1998, Barkov et al.
1999) and pentlandite (Merkle & von Gruenewaldt
1986).

In previous investigations, theoretical and experi-
mental studies of compositional variation in the disul-
fides, sulfarsenides and diarsenides of Fe, Co and Ni
have led to bonding models and schemes of coupled
substitution involving cations and anions. However,
detailed analysis of the natural trends and a comparison
of these with the crystal-chemical models have not been
performed. Here, we systematically compare the pre-
dicted and the observed trends and their relation to the
observed mineral associations.

GeoLocicAL BACKGROUND

The Rondamassif isalarge body of ultramafic rocks
hosted in the nappe complexes of the Betic Cordillera,
which is part of the Rif-Betic orogeny. This massif of
Iherzolite and harzburgite represents a portion of litho-
spheric mantle emplaced at a high temperature in the
continental crust, about 2022 My ago (Priem et al.
1979, Zindler et al. 1983, Reisherg et al. 1989, Zeck et
al. 1989). On the basis of its internal structure, the
Ronda massif was affected by the infiltration of
asthenospheric basaltic meltsup to acertain level called
the recrystallization front (Van der Wal & Bodinier
1996). Only small volumes of volatile-rich melt mi-
grated upward past the recrystallization front, whereas
below the recrystallization front, melt—rock reactions
gave rise to variably recrystallized and depleted peri-
dotites (Garrido & Bodinier 1999).

Three main types of mineralization have been rec-
ognized in the ultramafic massifs of the Rif-Betic orog-
eny (Gervilla & Leblanc 1990): chromite ores rich in
interstitial Ni arsenides (Cr-Ni ores), Fe-Ni—Cu sulfide
ores containing variable amounts of graphite (S-G ores),
and interstitial Ni-arsenide-free magnesiochromite ores
(Cr ores). The spatial distribution of these ore types
correlates with the petrological zoning of the peridotite
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bodies, Cr—Ni and S-G ores being mainly encountered
above the recrystallization front (Gervilla 1998).

The formation of Cr-Ni and S-G ores can be ex-
plained by the fractionation of small amounts of melt
that migrated upward past the recrystallization front.
The model involvesamagmacrystallizing chromite and
pyroxene at elevated temperatures, leading to the satu-
ration of arsenides and sulfides. The segregation of an
immiscible arsenide—sulfide liquid ensued, which then
developed into two liquids, aNi-rich arsenideliquid and
a Fe-Ni—Cu sulfide liquid (Gervilla et al. 1996). This
mechanism separated the arsenide melt from the sulfide
melt and led to the formation of Cr—Ni oresby the crys-
tallization of Ni arsenides as a matrix around the
chromite. The sulfideliquid subsequently formed the S-
G ores.

Theoresat Arroyo delaCuevacan be considered as
evolved examples of S-G ores. They are found as thin
veins and lenses located in joints and cracks cross-cut-
ting the peridotite, which is heavily serpentinized in this
area. The ore veins are surrounded by talc, chlorite and
fibrous serpentine.

Themineral assemblagein S-G oresmainly consists
of a matrix of Fe-rich pyrrhotite, enclosing grains of
either cobatian pentlandite or (Co,Ni)-rich |6llingite and
alloclasite. The pyrrhotite matrix commonly shows tex-
tures indicative of mechanical stress and deformation,
such as disaggregation and lenticular zoning. These de-
formed aggregates are dominated by S-rich pyrrhotite.
The pyrrhotite matrix is cross-cut by three different
types of veins: 1) coarse intergrowths of chalcopyrite
and cubanite associated with arsenopyrite, cobaltite and
sphalerite, 2) chlorite and magnetite hosting minor
16llingite and arsenopyrite, and 3) talc and calcite (with
2-5 at.% Mg). M etasomatism and deformation are com-
mon and have usually modified the original assemblage.
Most pronounced is the replacement of pyrrhotite,
|6llingite and alloclasite by arsenopyrite and cobaltite,
aswell asthe replacement of pyrrhotite and pentlandite
by marcasite and violarite, respectively.

The primary ore-forming process is difficult to dis-
tinguish in the assemblages subjected to metasomatism
and deformation, as both ore and host rock are tectoni-
cally reworked. One common denominator emerges
from the data: the significant role played by hydrother-
mal solutions under decreasing temperature and rising
sulfur fugacity. Apart from the primary paragenesis of
pyrrhotite + |6llingite + pentlandite + alloclasite, none
of the members of the complex mineral association can
be attributed to magmatic processes. Studies of serpen-
tine fibers and mineralized joints show a linkage be-
tween the late brittle tectonic regime and ore formation,
arguing for a hydrothermal origin (Hem 1998).

The source of the fluid precipitating these phasesis
uncertain. Residual magmatic fluids that segregated af -
ter the formation of S-G ores could have migrated up-
ward through the peridotite during the early stages of
brittle deformation. The metasomatism could represent
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the continued influence exercized by this fluid as it
evolved, or it could have occurred during a separate
episode linked to the serpentinization of the peridotite.

Crystal chemistry of MX;, sulfides

From the point of view of polyhedra, the MX, min-
erals (M = Fe, Co, Ni or PGE, X = As, Sor Sb) more or
less follow the same structural and crystal-chemical
principles. Table 1 summarizes the chemical composi-
tion, symmetry and general structure-type of the
(Fe,Co,Ni)(As,S), minerals. All of these structures con-
tain tightly bonded anion pairs, in which each anion has
tetrahedral coordination to one anion and three cations.
The cations are octahedrally coordinated to six anions.
Three different structure-types comprise the mineral s of
this group, the pyrite structure, the marcasite structure
and the pararammelsbergite structure. The other struc-

TABLE 1. SUMMARY OF M(X), MINERALS

Mineral Ideal General Space Anion Ref.
formula StTuCture-type group ordering
e Fef, Parent structure FPa3 - 1
Cebaltite CoAsS Pyrite-type struc- Fa3 Disorderad 2
ture with various Feal, Ordered 2
degrees of order Peal, Qrdered 3
among anions Frim - 4
Gersdarffite  MiAsS Pyrite-type struc- £2,3 Partial 5
ture with varicus Fai Disordered 6
degrees of order Fl - T
amang anions and
distortion
Pararammels-  NiAs, Transitional between  Fhea - 3
bergite pyrite and marcasite
Marcasite FeS§, Parent structure Fritren - o
Glaucodot  (CoFelasS Marcasite Cmmm - [[H
Alloclasite  CoAsS Marcasie Fl,1 - 11
F22,2, - 12
Cmm - 13
Rammels  NiAs, Marcasite Prpm - 14
bergite
Safflorite (Co,Fe)As, Marcasite Frpm - 15
Arssnopytite FeAsS Modified marcasite.  Cl124d  Partial 18
Fe atoms come f12del -
together in pairs and
along ¢, causing F1 - 17
periodic shortening #1241 - 18
of the ¢ axis
Clino- CohAs, Marcasite type, Plin - 19
safflprite modified in the same
WAy a5 arsenapyrite
Lallingite FeAs; Maodified marcasite.  Pram - 0

Shornening of ¢ axis

References: 1 Bragg {1914}, 2 Giese & Kerr (1965), 3 Fleet & Hums (1990}, 4
Polushkina & Sidorcoko {1963}, 5 Bayliss & Stephenson (1968), 6 Bayliss (1968a),
7 Bayliss (1968b), 3 Fleet (1972), % Buerger (1934), 10 Ferguson (1946}, 11 Scon
& Wowacki (1976, 12 Kingston (1971}, 13 Berry & Thompson (1962), 14 Kaiman
(1947), 15 Radeliffe & Berry (1968), 16 Fuess ef al. (1987), 17 Monmote & Clark
(1961), 18 Buerger {1934), 19 Radcliffe & Berry (1971}, 20 Buerger {1932).
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turesin these groups can be viewed as derivatives of the
above. The pararammelsbergite structure is transitional
between the pyrite and the marcasite structures, in the
sense that the cation coordination octahedra share cor-
nersin pyrite, one edge in pararammel shergite, and two
edges in marcasite. Order—disorder phenomena are of
great importance at the anion sites and lead to diversity
in the structures. Béziat et al. (1996) suggested that
ordering of the metals controlsthe compositional trends
that in some cases are exhibited by the sulfarsenides of
Fe, Co and Ni.

Alloclasite and cobdltite are polymorphs of CoASsS,
but significant amounts of Fe and Ni may substitute for
Co, and As and S partly substitute for each other
(Bayliss 1969, Klemm 1965, Petruk et al. 1971, Maurel
& Picot 1974). Cobaltite is homeotypic with pyrite, Co
taking the place of Fe, and AsS taking the place of S,.
Alloclasiteisin asimilar way derived from the marca-
site structure, and the alloclasite—cobaltite relation is
analogous to the marcasite—pyrite relation (Scott &
Nowacki 1976). Two structural modifications of cobal-
tite have been reported, one with a disordered distribu-
tion of As-S pairs (cubic; Giese & Kerr 1965) and one
with an ordered distribution (cubic; Giese & Kerr 1965;
orthorhombic; Fleet & Burns 1990). The distribution of
Asand Sis ordered in aloclasite (orthorhombic; Scott
& Nowacki 1976).

The arsenopyrite (FeAsS) and l6llingite (FeAs,)
structures are derivatives of the marcasite structure. In
all these structures, the Fe coordination octahedra share
edges perpendicular to the ¢ axis. The ¢ axis is gradu-
ally shortened when Sisreplaced by As. The arsenopy-
rite structure can therefore be viewed as an intermediate
between the marcasite and the 18llingite structures.

The structural modifications of the (Fe,Co,Ni)
(As,S), minerals can be listed according to increasing
metal—metal interaction: pyrite — pararammelshergite —
marcasite— arsenopyrite—I6llingite. Comparison of this
structural variation with the compositions of the corre-
sponding minerals led to the development of a set of
models explaining the electronic configuration of MX;
minerals. These models use crystal-field theory to ex-
plain the variation, producing an iso-electronic model
(Hulliger 1968, Nickel 1968, Maurel & Picot 1974).
Thismodel explains each structure type as stabilized by
a fixed number of nonbonding d electrons; pyrite = 6,
pararammel shergite 6, marcasite 6, arsenopyrite 5 and
|6llingite 4. The s and d electrons of the metal arein-
volved in covaent bonds with the anion groups, reduc-
ing the number of nonbonding d electrons as arsenic is
introduced. The ideal valence of the cation is equal to
the number of sand d el ectrons minus the nonbonding d
electrons. This predicts valences of Fe**, Co®* and Ni**
in pyrite-type structures, such as cobaltite and
gersdorffite, which are supported by the findings of
Wood & Strens (1979). The anions correspondingly
share two electrons within the anion group, thus giving
these groups the formal valences of -2 for S,, -3 for



834

AsS and 4 for As,. A survey of the relevant stoichio-
metric phases and structures shows that they generally
obey the iso-electronic model (Maurel & Picot 1974).
This situation is complicated where the minerals devi-
ate from stoi chiometry and where coupled substitutions
are required to maintain the required number of
nonbonding d electrons. Thismodel has been questioned
by Tossell et al. (1981) and Tossell (1984), who con-
cluded that anion—anion interaction is of greater impor-
tance than previously considered, and that the most
likely valences are —2 for AsS, As; and S,. loffe et al.
(1985) investigated the Mdssbauer spectra of pyrite,
arsenopyrite and 16llingite; their observations agree with
the model of Tossell et al. (1981), as they found Fe to
be divalent in al three minerals.

Crystal chemistry of pentlandite

In general terms, the composition of pentlandite is
best described by the formula (Fe,Co,Ni)g.xSs, where x
lies in the range —0.6 to 0.6 (Kaneda et al. 1986), al-
though in standard references it is given as (Fe,Ni)oSs.
The solid solution between FeySg and NigSg is limited
to the central portions of the (pseudo-) binary. Thereis
acomplete solid-solution between (Fe,Ni)oSg and CogSg
in both natural (Petruk et al. 1969, Huhma & Huhma
1970) and synthetic pentlandite (Knop & Ibrahim 1961,
Kojonen 1976, Kaneda et al. 1986). The metal:sulfur
ratio in pentlandite has been reported to increase with
Fe:Ni ratio and, partially, with temperature (Nickel
1970, Kaneda et al. 1986) as well as decreasing sulfur
fugacity (Sugaki & Kitakaze 1998).

The crystal structure of synthetic CogSg was solved
by Lindquist et al. (1936), and the same structure was
determined for (Fe,Ni)oSg (Pearson & Buerger 1956).
This structure was later confirmed and refined (Knop &
Ibrahim 1961, Hall & Stewart 1973, Ragjamani & Prewitt
1973). The unit cell of pentlandite contains 32 metal
atoms in tetrahedral coordination to sulfur and four
metal atomsin octahedral coordination. The metal -bear-
ing tetrahedra share three edges with adjacent metal-
bearing tetrahedra, across which metal—-metal bonds
extend, thereby forming “cube clusters’, each contain-
ing eight metal atoms. The cube cluster of eight atoms
isin theory stabilized by 56 d electrons, requiring a1:1
ratio between Fe and Ni, but allowing any amount of
Co (Rgjamani & Prewitt 1973). The octahedrad site is
more flexible and can contain any of Fe, Co, Ni, Ru, Ir,
Pd or Ag (Hall & Stewart 1973, Makovicky et al. 1985,
Cabri et al. 1996). The octahedral site prefers Ni to Fe
at high temperatures and low pressures (Tsukimura et
al. 1992), but this general relation may be modified by
variations in the activities of Ni and Fe.

Analytical methods

The electron-microprobe analyses were performed
on a Tracor Northern automated JEOL JCXA-733
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Superprobe (wavelength dispersion). The accelerating
voltage was set to 20 kV, and the beam current was 30
nA. The ZAF corrections were performed using an
online program supplied by JEOL. The arsenic-contain-
ing phases were initially analyzed using FeKa, CoKa,,
NiKa, SKa, AsLa, SbLa, BiLa and AuLa, although this
was subsequently reduced to Fe, Co, Ni, Asand Sasthe
other elements were found to be below the detection
limit. The sulfides were analyzed using SKa, FeKa,
CoKa, NiKe, CuKa, ZnKa, AsLa, AgLa, SbLa, AuLa
and BiL«. The number of elementswas later reduced to
Fe, Co, Ni, Cu, Znand Sin analyses of pyrrhotite, pent-
landite, chalcopyrite, cubanite and sphalerite, because
the concentrations of As, Ag, Sb, Au and Bi in these
mineralswerefound to be below the limits of detection.

Chalcopyrite, sphalerite, bismuthinite and pure met-
als and elements were used as primary standards. The
ASP 200 sample of Kretschmar & Scott (1976) was used
as a secondary standard to correct the analytical data
for al sulfarsenides, aswell asléllingite. Synthetic troi-
litewas used to correct the analytical datafor pyrrhotite
and smythite.

Small false concentrations of el ements known not to
be present in the standards were detected in both the
primary and the secondary standards. These concentra-
tions define the detection limit of the elements consid-
ered. Element concentrations lying in the ranges shown
in Table 2 were treated as absent in the phases investi-
gated unless other observationsindicated their presence.
Thevaluesin Table 2 are based on 47 analyses of ASP
200 and 42 of synthetic troilite.

Mineralogy and textures of the investigated ores

The mineralogical differences among the three oc-
currences of mineralization at Arroyo de la Cueva are
shownin Table 3, which lists minerals according to tex-
tural type, minera association and location. The head-
ing Type refers to the textural descriptions presented in
the following paragraphs. These are labeled | to VI
according to their relative age. Mineral Association

TABLE 2. FALSE CONCENTRATIONS IN SECONDARY STANDARDS

Standard Co Ni Cu Zn As B Au Sk
Troilite 008 004 006 012 010 009 Q10 Q19
Max, 018 016 017 049 030 075 047 0.7
Min, oM 40 oo 001 001 001 G0 00

o 0.036 0040 O04% 0124 0093 0224 G121 0159

ASP 200 008 005 - —  present 009 001 D020
Max. 0,22 023 - in 038 06v 081
Min. om0 - - standard 000 012 0.0]

L] 0.054 0.041 - - 0214 G241 0169

The above given concentrations define the detection limits of the given elements. They
will vary ding to analytical fitions and are not universally applcable

Concentrations are quoted in w4
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TABLE 3. MINERAL ASSOCIATIONS
IN THE ARROYO DE LA CUEVA DEPOSITS

Mineral Type T from T from Mira La Mina Majar Mina
solvus geotherm  Herrum- del San
{C") {"C) brosa Tere Pedro

14 Pyrrhotite [ - - - Scarce -
Pentlandite [ 330°-350°C - - Common -

IB  Pyhatite I - - Common
Lasllingite T - - Common - -
Alleclasite - 3150°-550°C - Searce - -
Westerveldite - - - Very scerce - -
Bismuth - - - Scarce Secarce -

2 Arsenapyrite I+1 490°-530°C  540°-700°C  Scarce - -
Cobaltite N+II+1I 280°-500°C - Scarce - -

3a  Lollingie nr - Scarce - -
Arsenopyrite [} SOR-550°C*  420°-700°C  Scarce - -
Magnetie - - - Cemman Scarce -
Chlerite - - - Comman Scarce Scarce
Tale - - - Scarce Scarce Scarce
Calcite - - - Scarce Scarce Scarce

JB  Arsenopyrite b + VI 650°C * 280°-630°C  Common Secarce -
Cobalite IV +y <330 -450°C - Commpn Comman -
Lllingive 1 - - Scarce - -
Maldorite - - 116°-373°C  Scarce -

Pentlandite i 330°-550°C - - Common

Pyrehotite 1 - - Abundam Abundant Scarce
Chalcapyrite - - - Abund Abund Abund;
Cubanite - - - Abund Abund Abund
Sphalerite - - - Scarce Scarce Common
Gald - - - Scarce Very scarce Scarce

4 Arsenopyrite VL - 250°-285°C  Common Scarce -
PyTite - - - Scarce Scarce -
Marcasite - - - Comman Abundant -
Sorythite - - - Searce Scarce -
Viplarite - - - - Commen -

5 Chalcocite - - - - Scarce Common
Covellite - - - - Searce Common
Goethite - - - Common Common Abundant
Lepidocrocite - - - - Scarce Searce

The minerals listed in the same group belong to the same association, and their relative age decreases as one moves
down in the table. The first column indicate which stage of » i the iation belongs to. The column
entitled Fipe refers to the different textural and chemical groupings, which are described in the text. The column T from
sodvus refers either to minimum temperatares determined from the sulfarsenide solvus of Klemm {1965} or the
pentlandite solvus of Kaneda ef al. {1986). The column 7 from geoth refers to es determined using the

arsenopyrite geothermometer (Kretschmar & Scott 1976) and fom the stability of maldonite. {*) Indicates that a

ial part of the o

itions lie within the explution gap ar 850°C. Atundanrt. equals § vel % or more, Commeon;

5-2 vol.%, scarce 1 vol.% or less, and very scorce means that only 1 or 2 grains of this phase were found. The

shundance of phases was visually estimated.

refersto groups of phases that are found together. They
arelabeled 1to 5 according to at which stage of mineral-
isation they formed, and A or B according to which
phases physically occur together. Stage 1 representsthe
primary ore-forming process, and Sage 2, the initia
breakdown of the high-temperature phases. Stage 3 rep-
resentsthe episode of hydrothermal alteration and meta-
somatism. Stage 4 indicates the late hydrothermal
alteration and possibly the earliest supergene ateration,
whereas Sage 5 is the late supergene weathering and
desulfurization. These stages do not represent separate

geological or metasomatic events, but the continuous
evolution of the hydrothermal system.

The most distinct textural and mineral ogical features
of the Arroyo de la Cueva deposits are overgrowths and
replacements, where several generations of a minera
overgrow earlier generations and phases. The composi-
tions of the Fe-Co—Ni-bearing phases commonly reflect
this, in that the Fe, Co and Ni contents vary according
to the textural types, and most sulfarsenides are zoned.
Asand S contents are, in contrast, distributed in loosely
defined groups with large overlaps between the differ-
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ent textural types. The average compositions of the Fe—
Co—Ni phases are listed in Table 4.

The veins cross-cutting the ore (Figs. 1G, H) are not
described in detail, but they are proof of the omnipres-
ence of hydrothermal alteration. The veins of chalcopy-
rite and cubanite, demonstrating ubiquitous lamellar
intergrowths, are produced by exsolution from the
intermedate solid-solution (iss) of the system Cu—Fe-S.
This assumption is supported by abundant transforma-
tion-induced twins in chalcopyrite. The exolution of
chalcopyrite and cubanite from iss must have occurred
in the temperature interval 300400°C, as the iss field
shrank toward metal-poorer compositions (Craig &
Scott 1982). This indicates initial temperatures above
300°C during the main metasomatism of the ore
(stage 3).
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Pyrrhotite

Pyrrhotite is the most common ore minera in the
Arroyo de la Cueva deposits. It occurs in association
with al the other ore minerals, typically forming ama-
trix. The pyrrhotite matrix occurs as centimetric sized
homogeneous masses, which commonly have been sub-
ject to alteration and deformation. The textures show-
ing this are corrugation and disaggregation of lamellae,
seen as subparallel lensoid discs or smaller equidimen-
siona grains, which in turn form aggregates or mosaic
textures. Parallel parting, probably along (0001), isvery
common and accentuated by weathering and replace-
ment.

Electron-microprobe analyses show that the compo-
sition of the pyrrhotite varies widely, from almost 49.0

Fic. 1. Typica examples of textures produced by the alteration, metasomatism and deformation of the primary ore assemblage
from Arroyo delaCueva. Symbols: Alc alloclasite, Cb cubanite, Chl chlorite, Cob cobaltite, Cp chalcopyrite, Asp arsenopyrite,
Mg Magnetite, Po pyrrhotite, Pn pentlandite, Vi violarite. A) Composite grain of alloclasite and cobaltite hosted in pyrrhotite.
Thealloclasite portionsform clearly defined sectors, containing distinct sets of lamellae. Thereisno significant compositional
variation from one lamella to another. The cobaltite domains of the grain show weak or no anisotropy, although different
growth-induced layers can be discerned. B) A grain of pentlandite hosted in amosaic of heavily deformed grains of Fe-poor
pyrrhotite. Violarite replaces pentlandite from the margins and along cracks. C) Intergrown grains of 16llingite (L6 | +11) and
arsenopyrite (Asp | +11). L6 | isdusted with inclusions of native bismuth, asisAsp |. Thelatter forms pseudomorphs after L6
1, inheriting the bismuth inclusions. L6 11 and Asp Il overgrow L6 | and Asp |, forming a bismuth-free crust. The aggregate
isenclosed in pyrrhotite. D) An aggregate of 16llingite and arsenopyrite. The core of the aggregate consistsof L6 | overgrown
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by athinrim of Asp|. Thiscoreisovergrown and replaced by L6 111 and Asp 1. This process aligns the bismuth inclusions.
The aggregate is hosted in achlorite-magnetite vein. E) Arsenopyrite (Asp Il + V) irregularly intergrown with cobaltite (Cob
111) and native bismuth. The arsenopyrite showsdiffuseinternal zoning between Asp Il (lighter grey) and Asp V (darker grey).
F) An aggregate of arsenopyrite showing complex zoning and growth history. The sector-zoned mantle of the aggregate (Asp
111b) overgrows the bismuth-dusted core (Asp |). The rim of the aggregate displays oscillatory growth-zonation (Asp 1V),
which in places has been eaten away by a more homogeneous phase (Asp V). This aggregate clearly illustrates the changing
conditions (T—X) prevailing during the hydrothermal ateration of the ore.
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Fic. 1. (continued) G) Chalcopyrite-cubanite vein. In this case, the ratio of cubanite to chalcopyrite is relatively low. On
average, it liesin the range 0.3 to 2. The star-shaped exsol ution-induced bodies of sphalerite are well developed and contain
a chalcopyrite core. The replacement of pentlandite by violarite seems to have occurred during the formation of theissvein.
H) Magnetite-chlorite vein that cross-cutsthe pyrrhotite matrix, hosting minor arsenides and remnantsof pyrrhotite. Pyrrhotite
surrounding the vein is partially replaced by marcasite. Textures indicate that magnetite formed later than the chlorite, asit
encloses and cross-cuts the latter. Figures 1A, B, G: 200X, oil immersion, A with crossed nicols. Figure 1H: 80X. All in
reflected light. Figures 1C, D, E, F: BSE image. Scale bar shows size in micrometers.

to 45.0 at.% Fe. The contents of other metallic elements
do not exceed the detection limits.

Where unaltered, the pyrrhotite is richer in Fe than
is altered pyrrhotite. There is a substantial overlap be-
tween the two groups (Fig. 2). Compositional distribu-
tions similar to those shown by the Arroyo de la Cueva
pyrrhotite have been shown to correlate with the mag-
netic and crystallographic properties of the pyrrhotite
(Kontny et al. 2000, Posfai et al. 2000). The composi-
tions of unaltered pyrrhotite overlap the solid-solution
fields of the intermediate-temperature forms, NC- and
NA-pyrrhotite, and are richer in Fe than the solid-solu-
tion fields of the high-temperature MC and 1C forms
(Scott & Kissin 1973). Two peaks in the compositional
histogram, close to the compositions of 11C and 6C,
indicate that these phases dominate in the unaltered
pyrrhotite matrix. Pyrrhotite-11C and -6C most likely
formed by transformation of pyrrhotite-NC or -NA as

temperature decreased. Compositions richer in Fe than
pyrrhotite-6C can be explained asintergrowthswith sub-
microscopic troilite, whereas the compositions poorer
in Fe areinterpreted as intergrowths with pyrrhotite-5C
or -4C. The atered pyrrhotite has a composition lying
largely within the compositional field of the monoclinic
pyrrhotite-4C, although there is an enigmatic peak
around 45.6 at.% Fe and another close to 45.0 at.% Fe,
which are attributed to the presence of smythite (FegS;1).

Analyses made on tiny lath-shaped crystals of
smythite growing in cracksin the pyrrhotite matrix gave
thefollowing composition (based on 11 analyses): 44.87
a.% Fe (0 = 0.21), 54.87 a.% S (o = 0.25), and no
concentration of any other element above 0.34 at.%.
The average concentrations of these minor constituents
(0.14 at.% Zn, 0.05 at.% Cu, 0.06 at.% Ni, 0.04 at.%
Co) equal those found in the secondary troilite standard,
indicating that they are analytical artefacts. Thetrue Fe
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TABLE 4. AVERAGE COMFPOSITIONS OF THE Fe—Co-Ni PHASES

Atoroig Percent Weight Percent

n Fe Co Wi As 5 Fe Ca Ni As 5  Total

La i 22 2341 534 489 6221 415 1944 467 427 6925 154 10028
I 7% 2514 67 182 6013 613 .32 600 168 6839 299 10085

m* 10 1975 928 450 65343 305 1626 BOS 339 W02 145 10016

Asp T* 25 27482 261 261 3807 2890 2734 270 270 50107 1630 9945
m 15 2753 388 227 3794 2839 701 235 400 4080 1600 997

Ma 7 2219 473 397 3TS6 2945 Z1L7T 410 893 4930 1661 9925
iIb* 85 2433 739 184 3663 2982 M08 193 774 4886 1703 0986

v 11 3137 072 188 3456 3148 3159 077 199 4648 1042 10LON

8 2946 135 308 3472 3141 3013 146 328 47463 1344 10054

Vo 37 2593 643 126 3594 3039 2597 133 675 JRI3 1744 9934

¥I 14 33.44 0,63 413 3399 3181 3397 .14 067 4632 1B.55 10003

Pn 1* 16 17.86  21.89 1250 N.A 4733 2215 2863 1642 NA. 3368 10105
n* 27 1947 2059 1323 NA 4667 2393 670 1710 NA. 329%4 10152
Alc* 74 1.5t 2718 52 3409 3204 151 288 547 459 1846 10025
Cob I* &1 138 2946 350 3309 3243 138 344 37 4468 1874 5099
i 45 209 2927 307 3272 2w 21 3 323 4405 1887 9934

i 16 119 3045 235 3401 32 1.2 3251 248 4612 1858 10108

ive 1 144 28016 425 341 3205 145 2993 448 4606 1853 10072

V= 38 147 2913 338 3358 3244 148 310 3159 4545 1879 10037

839

Concentrations below the estimated detection-limit (Table 1) were omitted before normalization ta 100 at %. Symbols:
L4 lollingite, Ale alloclasite, Pa pentlandite, Cob cobaltite, Asp arsenopyrite. ™. A. indicates that the element in guestion
was not saught Those marked with * show large compositional variations.

content of this smythite can thus be calculated as 100
times [44.87 at.% Fe / (44.87 at.% + 54.87 a.% 9)],
giving 44.98 at.% Fe. Two compositions have been re-
ported for smythite; the smythite from Arroyo de la
Cueva amost perfectly fits FegS,4, as found by Taylor
& Williams (1972), and not the stoichiometry Fej3Sss,
as reported by Fleet (1982).

Pentlandite

Pentlandite is found within the pyrrhotite matrix. Its
textural appearance is dependent on the degree of ater-
ation and deformation of the matrix. Flame- or bleb-like
bodies of pentlandite (Pn I) occur in unaltered pyrrho-
tite and are 10-100 wm in diameter, homogeneous and
unaltered. Granular pentlandite (Pn 1) is found in dis-
aggregated and altered pyrrhotite and occurs as euhedral
grains (40-150 pum) located at the junctions between
the pyrrhotite grains (Fig. 1A). Mimetic replacement by
violarite occurs along grain boundaries. Pn |l seems to
have formed by remobilization of Pn | during the disag-
gregation and alteration of the pyrrhotite matrix.

The compositional variation of pentlandite (Fig. 3)
defines a line going from approximately (FessCoszo
Ni25)590.058 10 (Fer.80C04,6Ni1.80)39.2Sg. The Metal/S ra-
tio does not vary along this line, but plots in distinct
groups according to textural position, Pn | being richer
in metal than Pn Il. The latter type of pentlandite dis-
plays a positive correlation of Co versus (Me/S) and a
negative correlation of Fe-Ni versus (Me/S).

Alloclasite

In the Arroyo de la Cueva deposits, alloclasite is
found as large (500-2000 wm in diameter) sub- to
euhedral grains within the pyrrhotite matrix. These
grains contain well-defined sectors. In turn, these sec-
tors contain lamellae that are parallel to the faces of the
crystal. Thethickness and number of lamellae vary from
one sector to another. The very strong anisotropy of
these zoned regions, along with the typica anisotropy
in colors, confirm that the grains are aloclasite. The
sector zoning closely resembles the hourglass textures
commonly shown by arsenopyrite.

Alloclasiteisinvariably partialy replaced by cobal-
tite, and thus loses its characteristic strong anisotropy
and sector zoning (Fig. 1B). Thisreplacement is pseudo-
morphic, and hence does not change the euhedral shape
of the grains. This results in large composite grains of
alloclasite and cobaltite. Such replacement of alloclasite
by cobaltite has been attributed to the all oclasite-cobal -
tite transformation (Kerestgjian 1984, Laroussi et al.
1992). The alloclasite—cobaltite transformation can be
triggered by decreasing temperature or by increasing
sulfur fugacity (Maurel & Picot 1974), and both factors
seem to have been important in the Arroyo de la Cueva
ores.

Thevariationin Fe, Co and Ni contentsin alloclasite
describes a continuous trend (Fig. 4). Almost al com-
positions of aloclasite follow this linear trend, regard-
less of growth lamellae and sector zones. The Co content
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Fic.2. Histogram of theiron content (at.%) in pyrrhotite from
Arroyo delaCueva The compositionsof the low-tempera-
ture pyrrhotite-4C, -5C, -11C and -6C, as well as that of
smythite, are shown with dotted lines. The solid-solution
field of pyrrhotite-NC is marked on the X axiswith ablack
bar. A) All analyzed grains of pyrrhotite, regardless of tex-
tural position. B) Pyrrhotite from relatively unaltered ag-
gregates (Type 1). Two peaks close to the compositions of
11C and 6C indicate these as dominant phases. C) Aggre-
gates of altered pyrrhotite consist of monoclinic (4C)
pyrrhotite with some grains significantly poorer in Fe
(smythite).

varies from one lamella to another by up to 1 at.%, but
the As-S content remainsrelatively constant within the
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grain. The bulk of the compositions describes a weak
negative correlation between As and Co contents.

Ldllingite

Lollingite occurs as an intergrowth of small (10-50
wm) anhedral grains, commonly forming aggregates
with arsenopyrite or cobaltite. These aggregates are lo-
cated either in the pyrrhotite or in chlorite-magnetite
veins. Inclusions of bismuth are commonly found in-
sidel6llingite. Some grains are dusted with these inclu-
sions, whereas they form parallel strings in others. A
single grain of westerveldite (FeAs) was found
intergrown with Bi-dusted 16llingite. The l6llingite was
found to contain significant amounts of Co (310 at.%),
Ni (1-7 at.%) and S (2-8 at.%) in addition to Feand As.
The areas dusted with Bi inclusions were scanned; the
average Bi contents of the |6llingite—bismuth aggregate
were found to be 1.8-3.3 at.% Bi. On the basis of tex-
tures and mineral associations, it was possible to dis-
cern three compositionally distinct types of 16llingite,
Lol to L6 Il (Fig. 5). L6 | grains are dusted with bis-
muth inclusions and form aggregates. These aggregates
arenormally enclosed by the pyrrhotite matrix. Typical
grains of L6 | are resorbed, and they are partialy re-
placed by arsenopyrite and L6 11 (Fig. 1C). The grains
of L6 1 are homogeneous and do not contain inclusions
of bismuth. They mostly occur in aggregateswith L6 |,
which are replaced and overgrown by arsenopyrite and
cobaltite. The third type of 16llingite (L& I11) is mainly
found inside the chal copyrite—cubanite or chlorite-mag-
netite veins, and is not in direct contact with pyrrhotite.
L6 111 occurs as well-defined grains occasionally over-
growing or replacing L6 | (Fig. 1D). They can contain
subparallel strings of inclusions of native Bi.

The textures described above indicate that 16llingite
grew during the primary episode of ore formation, and
in the early stages of the hydrothermal ateration; first,
Bi-bearing 16llingite (L6 1) formed together with pyr-
rhotite and possibly westerveldite. The assemblage was
then replaced and overgrown by “inclusion-free”
[6llingite (L6 I1) and arsenopyrite. The composition of
second-stage 18llingite is poorer in Feand S (L6 I11) in
areas where no pyrrhotite is present. This pattern indi-
cates that reactions between the hydrothermal fluid and
pyrrhotite locally buffered the activities of Feand S.

Cobaltite

Cobaltite from the Arroyo de la Cueva deposits re-
places and overgrows the earlier phases. It is found in
five textural varieties, which have distinct but overlap-
ping compositions (Fig. 4). Only Co, Fe, Ni, Asand S
werefound in amounts higher than their detection limit.
Cob | and Cob 1V + V have compositions that describe
linear trendsin the Fe—-Co—Ni triangle, whereasthe com-
positions of Cob Il and Cob 111 define loose groups.
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Fic. 3. Variation in the Fe, Co, and Ni contents and
metal:sulfur ratio in pentlandite. The Me/S versus Me
values (right-hand column) plot in two groups depending
on textura position. The curved linesare the limits of solid
solution outlined by Knop & Ibrahim (1961). Circles de-
note Pnl, crosses, Pnll.

Pseudomorphic cobaltite found in alloclasite-cobal -
tite composite grains (Cob I, Fig. 1B), shows a compo-
sitional trend much like that of aloclasite. This could
be inherited from the parent alloclasite. The composi-
tional trend isdlightly richer in Fethan that of alloclasite
(Table 5).

The second and third type of cobaltite are found in-
side the pyrrhotite matrix, together with 16llingite and
arsenopyrite (Fig. 1D). Grainsof Cob Il formsirregular
intergrowthstogether with arsenopyritereplacing Lo I1.
Thegrainsizevariesfromsmall (Cob Il ; 5-15 uwm) Fe-
and Ni-rich grains in the center to larger (Cob I11; 10—
50 pwm) euhedral grains at the edges of the aggregates,
which contain substantially more Co. Grains of Cob I11
were not found in direct contact with 18llingite.

The most abundant type of cobaltiteisfound aswell-
defined euhedral grains (Cob V), which are 100-200 pm
in diameter. These grains may display growth-induced
zonation (Cob 1V). These types of cobaltite are associ-
ated with the chal copyrite-cubanite veins and are most
likely contemporaneous. These types of cobaltite aso
replace pyrrhotite and overgrow composite grains of
aloclasite and cobaltite. Cob IV and V evidently grew
during the hydrothermal ateration the ore, and they dis-
play similar compositional trends. The cobaltite com-
positions are (Fe,Ni)-rich in the early stages, gradually
evolving toward more stoichiometric compositions.
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Arsenopyrite commonly replaces and overgrowsthe
other phases present in these ore deposits. Two main
textural categories of arsenopyrite can be discerned:



842

(Co,Fe)yz Niyy

Stage ]
Aldeerdeinize

11

| 1 |
Stape 2
e
© v I
CCed M
s Auped
LA T

Seape 3
{eddy
{akV

- e il
Anp 4R
A 1V

Stope b

oV
A 87

Fic. 4. Compositions of the sulfarsenides from Arroyo de la
Cueva, distributed according to their mineral associations
(Table 3). The plotsto theright show the arsenic content as
a function of Co content. Mineral association 1A + B:
alloclasite. Mineral association 2: cobaltite (I + 11 +111) and
arsenopyrite (I + I1) originating from the transformation and
breakdown of alloclasite and Idllingite. Mineral associa-
tion 3A + B: cobaltite (IV + V) and arsenopyrite (Il1a+ I11b
+ 1V), which grew during the metasomatism of the ore, re-
placing and overgrowing the previously deposited phases.
Mineral association 4: arsenopyrite (V) and (V1), originat-
ing from low-temperature re-equilibration, replacement
and overgrowth of earlier phases.

small irregular grains associated with |8llingite, cobal-
tite, pyrrhotite, bismuth, maldonite and gold, and mas-
sive impregnations and skeletal grains replacing
pyrrhotite and overgrowing magnetite and chlorite. The
small irregular grains of arsenopyrite are very heteroge-
neous on amicrometric scale. Thislarge compositional
variation is parallelled by variability in textures, and
they are best described in terms of six compositional
and textural types (Asp |, 11, llla, ll1b, IV and V). The
massive impregnations and skeletal grains are, on the
contrary, more homogeneous (Asp VI). These compo-
sitional variations are shown in Figure 4.

Asp | occurs typically as poorly defined, resorbed
grains20-60 pmin diameter (Fig. 1C). They commonly
enclose remnants of 16llingite and are dusted with in-
clusions of Bi. Asp Il consists of grains 40-100 pm in
diameter, which may occur with Cob Il (Fig. 1E). They
replace and overgrow the intergrowths of Asp |, L& |
and L& 1. The growth of these grains has remobilized
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bismuth into larger grains and veinlets. Asp lllarepre-
sents euhedral crystals of arsenopyrite intergrown with
LS Il enclosed in the chlorite-magnetite veins
(Fig. 1D). Thecrystalsare 5-30 wmin diameter and dia-
mond-shaped. Asp I11b isthe most common type of ar-
senopyrite. It isfound as euhedral overgrowths on Asp
| +11 aswell ason L& | + 11, but it also replaces pyrrho-
tite. Asp I11b may contain tiny inclusions of maldonite.
The Asp Il1b grains are 40-200 pwm in size, and they
usually contain triangular domains of different compo-
sitions(Fig. 1F). These domainsform star- or hourglass-
like textures, and are believed to be associated with the
hourglass texture commonly seen in arsenopyrite. The
composition varies between the different domainsin the
hourglass texture, which is seen as partitioning of (Co,
Ni, As) versus (Fe, S). Asp IV overgrows Asp |-lI1b as
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Fic. 5. The compositional variation exhibited by the various generations of |6llingite. L&
| (circles) is found together with pyrrhotite + aloclasite + westerveldite, and contains
abundant inclusions of bismuth. L& |1 (crosses) replaces L6 |, and does not contain
inclusions. L6 111 (triangles) was deposited in the chal copyrite-cubanite veins and the
magnetite—chlorite veins, not in contact with pyrrhotite.

well as pyrrhotite. This type of overgrowth consists of
an oscillatory zonation, seen as layers 3-5 um thick
(Fig. 1F). Because these layers alternate between Fe-
rich and Fe-poor compositions, they are shown as two
compositions in Table 4. The group Asp V consists of
partially re-equilibrated Asp 1-1V (Fig. 1E). Certain
zonesin Asp I-1V arericher in Fe and Sthan the rest of
the grain. Morphologically, this is seen as a small ir-
regular variation in element distribution independent of
cleavage and crystal faces. These textures are most
likely produced by post-depositional diffusion and
equilibration, indicating that arsenopyrite is not as re-
fractory as previously assumed (Kretschmar & Scott
1976, Sharp et a. 1985). The last type of arsenopyrite
(Asp VI) overgrows and replaces all the earlier
sulfarsenides, l6llingite or pyrrhotite (Fig. 1F).

ORE GENESIS

Textura evidence shows that the primary associa-
tion is monosulfide solid-solution (mss) + l6llingite +

aloclasite at the Mina la Herrumbrosa mineralization,
whereasit is mss subsequently exsolving pentlanditein
Mina Majar del Toro and Mina San Pedro. An impor-
tant observation isthe mutual exclusion of 16llingite and
pentlandite, which indicates that in the presence of ar-
senic, Co and Ni preferentially concentrated in 161lingite
rather than in mss, which otherwise would exsolve pent-
landite. This finding is in agreement with the observa-
tionsof Gervillaet al. (1996), who found that Asinhibits
the formation of pentlandite, because Ni is partitioned
into Ni arsenides.

The high Fe content of unaltered pyrrhotite suggests
that pyrrhotite and I6llingite were deposited on the
metal-rich side of the pyrrhotite-6llingite join in the
system Fe-As-S. This is supported by the grain of
westerveldite hosted in 16llingite. The effect of Co, Ni
and of the presence of aloclasite on the phase relations
in the system Fe-As-S is uncertain. Alloclasite only
formsin As-rich environments (Maurel & Picot 1974),
suggesting that the initial assemblage was mss +
|6llingite + alloclasite + westerveldite. Replacement of
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TABLE 5. SUMMARY OF COMPOSITIONAL TRENDS IN SULFARSENIDES

Na. Reference Paragenetic environment  Regression recalculated to formulae N R
Vinogradova ef af. (1994):  Cob--Ger rogether with Ty nz 051 F B oosd VA58 12 1.0
Vein hosted in ultramafic ~ Skt—Saf in an Au-bearing 003 <x <073
rocks mineralization
2 Mposkos {1983} Cob oceuting with Cotgpr F8 1300 10 e 05,2455 22 093
Pegmatite in gneiss Po—Cp—Pn-8p in 002<x<032
 pegmatite lens
3 Fukuoka & Hirowatari 3.1 Fukumaki deposit: T 090 B 10,01 NLASS B 1.0
{1980): Various Cob—Ger with No-Mi-Saf-Py 000 <x < (.59
MANgANEsE deposits 3.2 Tsutsumi deposit: Coper FepandVia o sniss B 0.91
containing Mr-bearing Ger with Ne-Po—Py 050 <x <095
cobaltite—gersdoriTite. 3.3 Fukadan and -guchi Cogar.Feo3.000Nip s A58 ) 097
deposit: Cob—Ger with G15<x <034
Ne-Po—Pn
4 Iner i ai. (1979): Tynebottom rmine: Cong 51T B g 30 NIASS ] i.0
MEV-type ores in minor  Ger—Glo with Asp-Ale—Skt 0.02 <x <045
shales and carbonates
5 Beézat efal (1995). Cob—Ger with Po—Pn Tty e F0 a3 MIp rn 4SS 14 099
Spessartite-hosted inclusions in Amp and 037<x <091
Phl phenocrysis
&  Barkov et af (1999): Cob—Crer containing Cgn ey grg sl g hss 15 057
Hosted in & mafic PGE occurring with 014 <x =057
ntrusion Po-Po—Cp-Py
T Gervillaei al (1598): 7a SfAs ores: CoyyeFep nomlo a9 Woo0w
Interstitial 1o, or Cob—Ger with 030 <x <056
inglusions in, the Ne—Po—Pn-Cp
silicates of an Tb As ores: Cob found Cop g F B g 1V g 2 A5 7 048
ultramafic intrusion together with Nc-Mc 00R<x <039
8 Tios study: &n Alloclasite formed Cogep Feg 10,V 0200 455 74 099
Deposited by high- with Fe-rich Po and L 006 <x <034
temperature magmatic 8b Cob [ formed by mimetic  Coyer Feg g 0nNips.AsS 81 099
fluids percolating the replacement of alloclasite Q0 <x =<0
Randa Peridotite. $cCob IV + V. Copgr FegmenmdNipnAsS 15 099
Oocurring with Po, Replacing Po Q00<x<0.23
{CoNiyrich Aspand L3 with Asp

Symbols: Amp amphibole, Al alloclasite, Asp arsenopyrite, Cp chalcopyrite, Cob cobaltite, Ger gersdorffite, Mc
maucherite, Mi mullerite, N nickelire, Phl phlogopits, Po pyrrhotite, Pn pentigndite, Py pyrite, Saf sefflonte, Skt
skutierudite, $p sphalerite, N: number of samples. B comelation cosflicient. R is to some extent artificially high
4 the p

3 SUM 10 & value.

|6llingite by arsenopyrite started as sulfur fugacity in-
creased and possibly astemperature decreased. Thefor-
mation of arsenopyrite (Asp | + I1) in coexistence with
cobaltite (Cob I? + Il + 111) represents theinitial break-
down of pyrrhotite and 16llingite, and is called stage 2.
This breakdown may have been triggered purely by a
decrease in temperature, as the phases involved show
little sign of metasomatism or hydrothermal alteration.
During the metasomatism, which is designated as stage
3, l6llingite (L6 11 + I11) continued to precipitate until
the depositing fluid moved into the arsenopyrite—pyr-
rhotite binary field of the Fe-As-S system. They were
precipitated together with cobaltite (1?+ 1V + V), arseno-
pyrite(ll1 to V1), iss, spaerite and native Au. The sulfur
fugacity was probably buffered by the presence of Fe-
rich hexagonal pyrrhotite. The low-temperature hydro-
thermal alteration (stage 4) was responsible for the

formation of marcasite, pyrite, smythite and violarite,
whereas chalcocite, covellite, goethite and lepidocrocite
formed during the late supergene weathering and des-
ulfurization.

Geothermometry (Kretschmar & Scott 1976) applied
to arsenopyrite replacing l6llingite suggests tempera-
tures in the range 600°—-650°C during the earliest stage
(stage 2) of alteration. The FeAsS-CoAsS-NiAsS
solvus of Klemm (1965) indicates minimum tempera-
tures of formation of alloclasitein the range 350°-550°C
and of transformation of alloclasite to cobaltite in the
range 300°-500°C (Fig. 7 in Klemm 1965). These ob-
servations support a high temperature of deposition of
the assemblage mss + |6llingite + alloclasite +
westerveldite. However, both methods of temperature
estimation are associated with large degrees of uncer-
tainty. Co- and Ni-containing arsenopyrite, such as
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observed in our study, has been shown to produce erro-
neously high estimates of temperature (Sundblad et al.
1984).

Using the pentlandite solvus diagram (Kaneda et al.
1986), the Arroyo de la Cueva pentlandite formed in
the temperature range 330°-550°C and at log f(S,) val-
ues from —15 to —11, and probably at the low-tempera-
ture and low-fugacity end of thisrange. Theselow sulfur
fugacities indicate that pentlandite formed in equilib-
rium with Fe-rich “hexagonal” pyrrhotite and corre-
spond well with the presence of minor troilite in the
“hexagonal” pyrrhotite aggregates. It is likely that the
formation of the euhedral grains of pentlandite was
coupled with the metasomatism of the ore, as they ex-
hibit Co-enrichment trends in much the same way as
the sulfarsenides.

Theinitial temperature of deposition of the primary
pyrrhotite and its associated phasesis very uncertain. It
was probably close to 400°-550°C, as indicated by the
compositions of the alloclasite and pentlandite. The
540°-700°C rangeindicated by the earliest replacement
by arsenopyrite is probably erroneously high, whereas
the 280°—420°C suggested by the compositions of co-
baltite are the most likely temperatures for the stage-2
alteration. Arsenopyrite and cobaltite compositions sug-
gest temperatures up to 500°C for the main stage of
hydrothermal ateration (stage 3). This is contradicted
by the maldonite inclusions found inside Asp Illb, as
maldonite is stable only in the temperature interval
116°-373°C (Okamoto & Massalski 1983). Maldonite
probably formed by reaction between the bismuth in-
clusions and Au contained in the metasomatic fluid.

An argument for a hydrotherma origin for all the
observed phases is the Co-enrichment trend exhibited
by the various Fe-Co—Ni-bearing phases. Even
aloclasite exhibits thistype of trend. Thisfact suggests
that the primary mineral association (stage 1) wasformed
during the same sequence of hydrothermal processes as
those which subsequently metasomatized the ore.

DiscussioN oF THE COMPOSITIONAL TRENDS

Mineralogical evidence from Arroyo de la Cueva
suggests that the compositional trends observed in the
Fe—Co-Ni-bearing phases are linked to the hydrother-
mal alteration of the ore. The most distinct trends are
shown by cobaltite and aloclasite, but pentlandite also
displays such compositional variation. Arsenopyrite and
|6llingite show equally large variationsin their contents
of Fe, Co and Ni, but these variations are only vaguely
linear, if at all.

The best way of describing these (Fe,Co,Ni)-trends
is by producing statistical regressions. All regression
lines discussed in the following paragraphs were calcu-
lated using molar proportion of Fe, Co and Ni divided
by the sum of metals. The sum of Fe, Ni and Co being
constant, any combination of the three elements could
be chosen as dependent and predictive variables, yield-
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ing practically the same lines. This enables comparison
of data from various minerals and sources.

The sulfarsenide trends that pertain to the Arroyo de
la Cueva minerals (8a, 8b and 8c in Table 5) show that
Ni and Fe substitute for Co in different proportions,
depending on the paragenetic situation. All three trends
begin close to the Co corner and end on the Fe-Ni join.
The aloclasite trend, 8a, starts on the Co—Ni join (0.02
Ni). The two cobaltite trends, 8b and 8c, start on the
Co-Fejoin (0.03 Fe). The trends (8a, 8b, 8c) intercept
the Fe—Ni join at 0.83, 0.88 and 0.90 Ni, respectively.

These trends were compared to similar trends in
other deposits. Compositions from a number of
sulfarsenide occurrences that display significant trends
are shown in Figure 6. These sulfarsenides were depos-
ited in various geological environments, although most
of them are related to ultramafic to mafic magmatic
activity. A summary of these deposits and their charac-
terigtics is given in Table 5, along with the results of
this study. The data are presented as cation proportions
[Me/(Fe + Co + Ni)] and anion proportions [X/(As +
S)]. This approach neglects the observed variations in
the metal:anion ratio, which most likely were produced
by differencesin the experimental conditionsand inthe
selection of standards. Statistical outliers and composi-
tions rich in elements other than Fe, Ni, Co, S and As
have been omitted.

The equations of the regression lines are listed in
Table 5, along with the basic statistical parameters. The
regression lines are shown in Figure 7. From thisfigure
and the corresponding equations, it is clear that the
trends of substitution vary from occurrence to occur-
rence and from association to association. The trends
can be divided into three groups: a) Ni/Fe trends (trend
2, 3¢, 5, 6, 7a, 7b, 8a), where Co is replaced by a mix-
ture of Fe and Ni, b) Ni trends (3a, 3b, 8b, 8c), where
Coisreplaced predominantly by Ni, and ¢) Co/Fetrends
(1, 4), where Ni is replaced by a mixture of Co and Fe.
When comparing these trends with the reported assem-
blages, the following relations emerge. The Ni/Fetrends
correspond to occurrences where the sulfarsenides
formed in the presence of monosulfides and mono-
arsenides, in addition to phases such as maucherite or
pentlandite, indicating ametal -rich environment. The Ni
trends are found in sulfarsenides, which formed in the
presence of sulfarsenides, disulfides or diarsenides, as
well as pyrrhotite or nickeline, suggesting that the an-
ion fugacities were inside the MeAs-MeAsS-Me(As),
or the MeS-MeAsS-Me(S), field. The Co/Fetrends are

Fic. 6 (following pages). Compilation of sulfarsenide com-
positionsfrom theliterature, in terms of atomic proportions
inthe Co—Fe—Ni triangle and as orthogonal plotsof As/(As
+ S) versus Col(Fe + Co + Ni). Source references are sum-
marized in Table 5.
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Fic.7. Linear regressionsderived from the datasetsin Figure
6. Equations and statistical parameters are given in Table
5. Three types of trends can be distinguished. They are de-
pendent on the mineral association in which the
sulfarsenides occur.

A,

THE CANADIAN MINERALOGIST

found in associations containing skutterudite as well as
sulfarsenides or diarsenides, suggesting an environment
with high fugacity of arsenic. Thereislittle correlation
between the Ag(As + S) and the Co/(Fe + Co + Ni)
values (Fig. 6). In some cases (trends 1, 4 and 5), vague
negative correlations can be recognized, and both Co/
Fe trends are among these.

By applying theiso-electronic model (Hulliger 1968,
Nickel 1968), it is possible to estimate valences of the
cations and of the anion group. The cation valenceswere
calculated by adding the d plus s electrons minus the 6
nonbonded d electronsin the pyrite- and marcasite-type
sulfides. The corresponding anion valences are equal to
-2+ [-2 AS/(As + S)], assuming As;*, AsS* and >
(Fig. 8). It should be noted that in this calculation, the
absolute valences are arbitrary, but the relation between
themisreal. Most of the compositionsquoted in Table 5
and used in Figures 6 and 7 have anion valences very
closeto—3, and cation valencesfrom +2.9to +3.1. There
is arelatively large variation in the valence of the cat-
ions (average equal to +3.10, o = 0.09), which is not
matched by a similar variation in the anion valence (—
3.02, o = 0.03). The model-valences are compared to
the line defined by the iso-electronic model (Fig. 8),
clearly showing adifference between observed and pre-
dicted behavior for the bulk of the compositions. A dif-

25
MeS,
27

29
MeAsS |-

-3.1

-3.3
MeAs,

4335

e

W

|
3.0

4.0

s Co | EED
< Fe (Fe,, Ni,s) i

Fic. 8. Calculated valences for the data presented in Figure 6. The valences were calcu-
lated assuming that both the d and s electrons of the metal participate in bonding, and
that six nonbonding d electrons are present in pyrite-type structures. + Ixer et al. (1979),
A Fukuoka & Hirowatari (1980), O al remaining compositions.
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ferent pattern is shown by the outlying cases, which
define a weak correlation parallel to the iso-electronic
line. Thisline lies on the sulfur-rich side of sulfur-rich
compositions and on the arsenic-rich side of arsenic-rich
compositions. Note also that no sulfur-rich compositions
have cation valences above the average (+3.10), whereas
no arsenic-rich compositions have cation valences be-
low the average. It thus seems that the As-for-S substi-
tution isrestricted to the area between the model -valence
line and the MeAsS line. The sulfur- and arsenic-rich
compositions can thus be explained by cation valences
lower and higher, respectively, than predicted by theiso-
electronic model.
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In the Arroyo de la Cuevamaterial, distinct compo-
sitional patterns are followed by aloclasite and cobal-
tite on the one hand and arsenopyrite on the other
(Fig. 9). Arsenopyrite showslarge variationsin the con-
tents of Fe, Co and As, whereas alloclasite and cobaltite
show large variations in the contents of Co and Ni and
amuch more restricted variation in the arsenic content.
The Ni—As plot in particular reveals two distinct pat-
terns of variation. The compositions of arsenopyrite
show a broad positive correlation of 0.5 at.% Ni for 1
at.% As, whereas the cobaltite and alloclasite composi-
tions show a correlation with aratio of 4-8 at.% Ni for
1at.% As. The correlations meet around 33 at.% Asand

at.% Ni
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[
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30 42
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32

Fic. 9. Compositional variation in the sulfarsenides from Arroyo de la Cueva shown as at.% Me versus at.% As and number of
d electrons versus at.% As. Distinct patterns are followed by arsenopyrite (O) compared to alloclasite (+) and cobaltite (X).
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0 at.% Ni, and only afew compositionsfall between the
two main clusters, al of these belongingtothe Asp Il1a
category. A plot of thenumber of d electronsversusat.%
As show two distinct clusters, an arsenopyrite cluster
(6-6.5 d electrons, 3341 at.% As) and an alloclasite—
cobaltite cloud (7—7.5 d electrons and 32—35 at.% AS);
again, it isthe Asp Illa category that falls between the
two groups. These observations point to two different
schemes of substitution, onefollowed by alloclasite and
cobaltite, and one followed by arsenopyrite. The
aloclasite—cobaltite scheme shows little interdepen-
dence between the extent of As-for-S substitution and
of substitutions involving Fe, Co and Ni. On the con-
trary, the arsenopyrite scheme shows a strong correla-
tion between the substitutions. As already mentioned
above, the Ni/As correlation in arsenopyrite has anega-
tive influence on the reliability of the temperaturesin-
ferred using the arsenopyrite geothermometer.

The regression line describing the composition of
pentlandite from Arroyo de la Cueva, [Fe/(Fe + Co +
Ni) =0.12 + 0.976 « Ni/(Fe + Co + Ni), R=0.818], is of
asimilar nature to the Ni/Fe trendsin the sulfarsenides,
but involves compositions much richer in Fe. Starting
with asurplus of iron, Co substitutes for Feand Ni in a
ratio close to 1:1. The trend cuts the Fe-Ni join at
FepssNip4s, and the Co—Fe join at CogggFep 12, main-
taining the surplus of Fe over Ni, AFe = [(at.% Fe —
a.% Ni)/=Me]. Only the central part of thetrend (Cog 33

Fe Ni

Fic. 10. Compositional trends for pentlandite from Outo-
kumpu, Bushveld and Arroyo de la Cueva show trendsin
compositional variation. The Arroyo de la Cueva trend
overlaps with the Bushveld trend, whereas the Outokumpu
trend is richer in Ni, although paralel. 0 This study, A
Merkle & von Gruenewaldt (1986), + Huhma & Huhma
(1970).
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to Cog51) isrepresented by measured compositions. The
compositions of the Arroyo de la Cueva pentlandite are
compared (Fig. 10) with pentlandite from the Bushveld
Intrusion (Merkle & von Gruenewaldt 1986) and
Outokumpu (Huhma& Huhma1970). In all three cases,
Co substitutesfor Feand Ni in alinear fashion. Thedata
from Bushveld form an extension of those from Arroyo
de la Cueva, following the same trend, whereas those
from Outokumpu follow a parallel trend. These trends
run perpendicular to the Fe-Ni join in the Fe-Ni—-Co
diagram, but diagonally in a Co versus Fe/Ni diagram.
The latter type of relations can also be seen in the data
compiled by Riley (1977). All these pentlandite com-
positions occur in mineral assemblages much like the
one at Arroyo de la Cueva and in deposits associated
with the alteration of ultramafic rocks. Hydrothermal
remobilization generally enriches pentlandite in cobalt,
and has not been considered to affect the Fe/(Fe + Ni)
value (Merkle & von Gruenewaldt 1986). The pentlan-
dite from Arroyo de la Cueva, Outokumpu and
Bushveld shows trends that maintain the AFe value but
not the Fe/(Fe + Ni) value.

Thetrend (Fey+05<CosxNi o.5x) exhibited by pentlan-
dite from Arroyo de la Cueva and the Bushveld suite
suggests that Fe occupies the octahedral site, whereas
the tetrahedral sites are occupied by equal amounts of
Fe and Ni. Co substitutes for Fe and Ni in the tetrahe-
dral clustersinal:1 ratio, thus maintaining the el ectron
count in the clusters. The compositional trend corre-
sponds to the Fe-rich limit of the bonding model sug-
gested by Hall & Stewart (1973) and Rajamani &
Prewitt (1973). This model suggests that the number of
non-bonding d electrons must be maintained at an aver-
age of 7 in the tetrahedral sites, and that the octahedral
siteisflexible (i.e., AFe may equal —0.11 to 0.11). The
pentlandite from the Outokumpu suite lies within the
limits of thismodel, having a AFe of —0.04. Thisequals
0.32 Fe and 0.68 Ni on the octahedra site, assuming
that all Co is tetrahedraly coordinated and the Fe:Ni
ratio in tetrahedral sites is 1. Kaneda et al. (1986)
showed that the Fe/Ni value in pentlandite is dependent
on sulfur fugacity and temperature, a high fugacity of
sulfur and low temperatures favoring high Ni contents.
These variables had to be relatively constant during the
(re-)crystallization to produce the above-mentioned
trends. If the hydrothermal fluid remabilizing pentland-
ite was in equilibrium with hexagona pyrrhotite, the
activities of Fe and Swould be buffered, producing ex-
actly the observed effect.

CoNCLUSIONS

The Arroyo de la Cueva occurrences formed as a
result of hydrothermal ateration of a mineral associa-
tion initially deposited at high to intermediate tempera-
tures and low fugacity of sulfur. The formation of the
ore occurrences can be divided into five main stages.
Stage 1: Primary mineralization depositing mss +
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I8llingite + alloclasite + westerveldite + pentlandite.
Stage 2: Initial replacement of pyrrhotite, 16llingite and
aloclasite by arsenopyrite and cobaltite. Sage 3: Main
hydrothermal alteration mainly forming iss, arsenopy-
rite, cobaltite, maldonite and native Au, as well as re-
mobilizing pyrrhotite and pentlandite. Iss breaks down
to chalcopyrite, cubanite and sphalerite. Sage 4: Late-
stage hydrothermal alteration where smythite, marca-
site and pyrite replace pyrrhotite, and violarite replaces
pentlandite. Sage 5: Supergene oxidation and desulfu-
rization responsible for the formation of chalcocite,
covellite, goethite, hydrated goethite and lepidocrocite.

The compositional trends observed in sulfarsenides
were found to be dependent on the mineral association.
Three groups of trends were distinguished: a) trends
where Coisreplaced by amixture of Feand Ni, b) trends
where Coisreplaced predominantly by Ni, and c) trends
where Ni is replaced by a mixture of Co and Fe. These
trends formed in environments of distinct fugacities of
Asand S, a) formed at relatively low fugacities, b) at
intermediate fugacities, and c) at high fugacities.

The compositional trends of pentlandite lie on the
Fe-rich limit (Arroyo de la Cueva, Bushveld), or within
the limits (Outokumpu), of the compositional range of
the bonding models suggested by Rajamani & Prewitt
(1973) and Hall & Stewart (1973). In the Arroyo de la
Cueva suite, the hydrothermal remobilization of pent-
landite occurred in equilibrium with pyrrhotite, which
explains why the trend lies at the Fe limit of the solid
solution. Cobalt, on the other hand, was geochemically
unbuffered and crystal-chemically unconstrained. It
therefore shows alarge variation in concentration, pro-
ducing the observed trend.
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