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Chilean manto-type (CMT) Cu(–Ag) hydrothermal deposits share a characteristic association of volcano-
sedimentary Jurassic to Lower Cretaceous host rocks, style of mineralization, ore and associated mineralogy
and geochemistry, with ore grades typically N1%Cu, that make this family of deposits significant and interest-
ing, both academically and economically. Although often stratabound, geological evidence supports an epige-
netic origin for these deposits. We present a detailed stable isotope study of La Serena andMelipilla–Naltahua
Lower Cretaceous deposits, central Chile, which reveals extremely negative δ34S values, to −50‰, which are
among the lowest values found in any ore deposit. In addition, the range of δ34S values from sulfides in the
two areas is very wide: −38.3 to −6.9‰ in La Serena, and −50.4 to −0.6‰ in Melipilla–Naltahua. These
new data significantly extended the reported range of δ34S data for CMT deposits. Co-existing sulfates
range from 7.9 to 14.3‰, and are exclusive to La Serena deposit. The wide sulfide isotopic range occurs at de-
posit and hand specimen scale, and suggests a polygenic sulfur source for these deposits, where bacteriogenic
sulfide dominates. While sulfur isotope data for the bulk of Jurassic CMT deposits, northern Chile, suggests a
predominant magmatic source in their origin (mean = −2.7 ± 1.9‰, 1σ), contributions of a magmatic
component is only likely to be involved at Melipilla–Naltahua deposit.
The δ13C values obtained for calcites associated with the mineralization range from −20.1 to 0.2‰ also
suggesting polygenic carbon sources, with the likely strong involvement of degradation of organic matter
and leaching of limestone.
Two different genetic models, with involvement of hydrocarbon, are proposed for both areas. For Melipilla–
Naltahua, a two-step model can be developed as follows: 1) Framboidal pyrite growth, with very low δ34S,
formed by bacterial sulfate reduction in an open system, and with diagenetic degradation of oil-related
brines, leaving pyrobitumen. 2) Cu-bearing stage, replacing of framboidal pyrite, inheriting depleted sulfur
as low as −50.4‰, together with sulfides directly precipitated from a hydrothermal fluid with δ34S close to
0‰. For La Serena, a single step model fits best, without framboidal pyrite generation. Cu-bearing sulfides
were precipitated mainly in veins where Cu plus base metal-bearing hydrothermal fluids mixed with H2S
generated by bacterial sulfate reduction in the host rocks. Isotopic evidence clearly illustrates that bacterial
activity, perhaps enhanced by hydrothermal activity, was fed by hydrocarbon brines and sulfate remobilized
from continental evaporites. It is possible that variable ecological conditions led to different extents of isoto-
pic fractionation, adding to the typical sulfur isotopic heterogeneity of such bacterial systems. For both areas,
the Cu-bearing stage occurred during the peak to waning stages of the very low-grade metamorphism that
affected the Lower Cretaceous sequence.
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1. Introduction

Stratabound manto-type Cu–(Ag) deposits (Kojima et al., 2009;
Maksaev and Zentilli, 2002; Sato, 1984; Sillitoe, 1989; Tristá-Aguilera
et al., 2006) are widely distributed in the Jurassic to Lower Cretaceous
volcano-sedimentary sequences of the Coastal Range of north and
north-central Chile. These Chileanmanto-type (CMT) deposits are rela-
tively high grade, e.g., up to 200 Mt with 1.34% Cu at the El Soldado
mine (Boric et al., 2002), with variable amounts of Ag as a by-product.
Their origin is controversial (Maksaev and Zentilli, 2002), and while
syngenetic models have been proposed (Ruiz and Peebles, 1988; Ruiz
et al., 1965), local discordant structures have been observed, and geo-
chronological data indicates that the orebodies were emplaced after
the deposition of host rocks (~1 Ma at theMichilla, Jurassic CMT depos-
it, Oliveros et al., 2008; 10 Ma at El Soldado Cretaceous CMT deposit,
Wilson et al., 2003a). Therefore, epigenetic models appear more realis-
tic (Saric et al., 2003; Tassinari et al., 1993; Vivallo andHenríquez, 1998;
Wilson et al., 2003b). Recently, it has been cogently argued that these
deposits belong to the geotectonic spectrum of ores which includes
the much-debated Iron Oxide Copper Gold (IOCG; e.g., Barton and
Johnson, 1996; Benavides et al., 2007; Sillitoe, 2003; Tornos et al.,
2010), massive magnetite(–apatite) bodies, and small porphyry copper
deposits (Maksaev and Zentilli, 2002), particularly related to the
first main metallogenic event of the Andes: attenuated arc crust with
high heat flow (Sillitoe, 2003). In addition, during the last decade, the
discovery of an intimate association of pyrobitumen and copper miner-
alization has also been considered a key factor in the genesis of some of
the Lower Cretaceous stratabound orebodies (Cisternas and Hermosilla,
2006; Cisternas et al., 1999; Hagan et al., 2003; Rieger et al., 2008;
Wilson and Zentilli, 1999, 2006; Wilson et al., 2003b; Zentilli et al.,
1997). On balance, magmatism and metamorphism are seen as the
main driving forces of CMT ore genesis (see Kojima et al., 2009;
Maksaev and Zentilli, 2002, for recent reviews).

The following two models provide the current context for the in-
terpretation of the key data from this paper, the sulfur isotope data.
Two very distinct sources of sulfur dominate current thinking on
CMT deposits:

a) Sulfur of unspecified magmatic derivation: mainly argued
for Jurassic deposits which have δ34S between −7 and 0‰ (mean =
−2.7 ± 1.9‰, 1σ; Ramirez et al., 2006; Saric et al., 2003; Sasaki et al.,
1984; Tristá-Aguilera, 2007; Vivallo and Henríquez, 1998). These values
are not usual for magmatic systems given their homogeneity and prox-
imity to the more usual 0 ± 4‰ for primary magmatic rocks (Ohmoto,
1986). However, the strong temporal and spatial association of Cu with
intense and very widespread volcanism resulting in several kilometers
of flows and volcaniclastics, often hosting the ores, adds substance to
the interpretation that volcanic-derived sulfur is likely to be the main
source.

Cisternas and Hermosilla (2006) also suggested amagmatic origin for
some Lower Cretaceous CMT Cu-deposits 325 km north of La Serena,
even though they display verynegative δ34S values, to−44.7‰. They sug-
gested that the very low sulfur valueswere the result of an extreme redox
process. However, such disproportionation would require an unreason-
ably low temperature to account for the extreme fractionation (Ohmoto
and Lasaga, 1982), and itwould also require that the systembedominat-
ed by sulfate (Rye, 1993),which, apart from La Serena, is very rare or ab-
sent in these deposits. Extreme acidity might also be expected in such a
system (Rye, 1993), and this is not observed (e.g., lack of extreme car-
bonate dissolution, wholesale bleaching; development of vuggy silica;
and absence of acid sulfate minerals). Moreover, sulfate, which occurs
as barite in only a few Lower Cretaceous deposits such Cerro Negro
with δ34Ssulfate 9.6 and 11.1‰, has also been argued to be of a magmatic
source (Munizaga et al., 1994). We also disagree with this hypothesis
since δ34Ssulfide at this deposit is depleted to −20‰, thus invoking
an unreasonable isotopic disproportionation fractionation, and, again,
acid alteration mineral assemblages are absent.
b) Sulfur produced by bacteriogenic sulfate reduction: originally
postulated by Spiro and Puig (1988) and Munizaga et al. (1994) for
some Lower Cretaceous deposits and evolved by Wilson et al. (2003b)
for the Lower Cretaceous El Soldado deposit. The genetic model
proposed for El Soldado deposit considers two mineralizing events
(e.g., Boric et al., 2002; Wilson et al., 2003b): 1) an early (130–
125 Ma) diagenetic low-temperature (b100 °C) stage, during which
framboidal pyrite forms following migration of shale-derived petro-
leum in oil-field brines into suitable reservoirs, within the volcanic se-
quence. 2) A later (103 Ma) hydrothermal high temperature (up to
300–350 °C) event in which pyrite was replaced by Cu-bearing min-
erals with no significant isotopic homogenization, fractionation or addi-
tion of new sulfur. The resulting δ34Ssulfide, from −11.1 to 28.0‰
(dominantly −6 to +14‰), reflects incomplete sulfate reduction in a
partially closed system of connate seawater sulfate during the first
stage, although no isotopic analyses of primary sulfides (e.g., framboidal
pyrite) were provided. This hydrothermal event occurred after peak
very low-grade metamorphism and has been argued to be coincident
with batholith intrusion (Wilson et al., 2003a), occurring in an exten-
sional geological context (Vergara et al., 1995). Previous sulfur isotope
studies on these Lower Cretaceous CMT deposits show a relatively
large variation in δ34S, but the vast bulk of data falls between −8 and
+3 (Munizaga et al., 1994; Saric et al., 2003; Sasaki et al., 1984; Spiro
and Puig, 1988). With the exception of Wilson et al. (2003b) for the
El Soldado deposit, few analyses are presented, and all, including
El Soldado, use only conventional techniques.

Our study focuses on some Lower Cretaceous stratabound de-
posits in north-central and central Chile in which we have obtained
extremely low δ34S values. In particular: (i) the La Serena area, in-
cluding the Talcuna mining district with around 15 Mt, at 1.5% Cu
(Boric, 1985), and (ii) the Melipilla–Naltahua area, including Melipilla
and Naltahua districts. We present a significant sulfur dataset, includ-
ing the first in situ laser sulfur isotopic analyses from this type of de-
posit, which is supplemented with carbon isotopes. These new data
differ significantly from the previous studies, presenting a surprising,
much greater range of data, especially to low δ34S (among the lowest
recorded in any ore deposit), which strongly confirms a significant
role for bacteriogenic sulfide in the process of mineralization.

We propose a model for sulfide precipitation which integrates the
observed δ34S isotopic data and the mineralogical observations. While
replacement and remobilization of a pre-existing bacteriogenic sulfide
reservoir at the site of mineralization is plausible at Melipilla–Naltahua,
that cannot be the case at La Serena. In the latter, bacteriogenic sulfur
appears not to have been available at the deposition site, but was in-
stead transported to the area.

2. Geological setting

The Lower Jurassic and Lower Cretaceous volcanic and volcano-
sedimentary sequences along the Coastal Range in north and
north-central Chile were respectively generated in extensional
back-arc basins at an active convergent margin. They are the loci of in-
tense volcanism and plutonism, and burial-induced very low-grade
metamorphism (e.g., Aguirre, 1985; Aguirre et al., 1999; Oliveros
et al., 2008).

The Lower Cretaceous forms an almost continuous, north-trending
belt, 1200 km in length (from 25°30′ to 35°30′ S), up to 100–150 km
wide, and 3–5 km thick. Thick, extensional volcanic plagioclase-rich
porphyritic high-K calc-alkaline to shoshonitic basaltic andesites and
andesite sequences dominate in central Chile (Aguirre, 1985; Morata
and Aguirre, 2003; Vergara et al., 1995). Shallow marine to continental
sedimentary intercalations vary in abundance along the belt, but are
volumetrically more important at northern latitudes. After volcanism,
extension and basin subsidence, an anomalously high thermal gradient
produced very low-grade metamorphism, coeval with plutonism
(Aguirre et al., 1999; Levi et al., 1988; Morata et al., 2005).



15J. Carrillo-Rosúa et al. / Ore Geology Reviews 56 (2014) 13–24
In the La Serena region (29°30′ to 30°00′ S, Fig. 1), the Lower
Cretaceous sequences are represented by the Hauterivian–Barremian
Arqueros Formation comprising lava flows with shallow limestone in-
tercalations (Aguirre and Egert, 1965), and the Quebrada Marquesa
Formation, an Upper Barremian–Albian sequence of lava flows with
continental volcaniclastic intercalations, and evaporites at the top of
the sequence (Aguirre and Egert, 1965). The Quebrada Marquesa
Formation hosts the stratabound copper deposits in the Talcunamining
district (Boric, 1985). A lava flow from the Arqueros Formation was
Fig. 1. Simplified geological map of the Lower Cretaceous belt in the Coastal Range of
north-central and central Chile (modified from SERNAGEOMIN, 2002) showing some
of the main Cu-mining district cited in the text. A: Melipilla area; B: La Serena area.
1: Naltahua district; 2:Melipilla district; 3: Lo Aguirremine; 4: El Saladomine; 5: El Soldado
mine; 6: Cerro Negro district; 7: Uchumi district; 8: Talcuna mine.
dated at 114.1 ± 0.5 (40Ar/39Ar on primary Ca-plagioclase, Morata
et al., 2008). A K–Ar age from celadonite associated with sulfides at
the Talcuna mine of 93 ± 2 Ma is interpreted as the likely age of the
main mineralization event (Morata et al., 2006).

In the Melipilla–Naltahua area (≈33°50′S), the Lower Cretaceous
sequence is represented by a bi-modal volcanic suite, with marine
and continental sedimentary intercalations, the Lo Prado Formation
(Berriasian–Hauterivian), and the basic volcanic-rich sequences of
the Veta Negra Formation (Hauterivian–Barremian). The Melipilla
mineralizations are hosted by andesites and by a carbonate sequence
in the upper part of the Lo Prado Formation. Volcanism from the Veta
Negra Formation has been dated by 40Ar/39Ar at around 120 Ma,
whereas the mineralization is dated at 98 ± 3 Ma through a K–Ar
age on associated celadonite (Morata et al., 2006). The Naltahua dis-
trict consists of small and dispersed former mines hosted by
volcaniclastic sequences in the upper part of the Lo Prado Formation.
These ores occur at a stratigraphic level that is correlated with that
which hosts El Soldado (Boric et al., 2002) and other, smaller
deposits.

Both areas are intruded by Lower to Upper Cretaceous granitoids
(see Morata et al., 2008; Wall et al., 1999 and references therein), and
were affected by very low-grade regional metamorphism, witnessed
by the occurrence of albitization of plagioclase, and development of
calcite, chlorite and the typical calc-silicates prehnite, pumpellyite and
epidote (e.g., Carrillo-Rosúa et al., 2003; Morata et al., 2005).

Jurassic CMT deposits, which are restricted to northern latitudes
(22°–26°S), are mostly hosted by volcanic rocks, which display rather
similar geochemical characteristics to the volcanics hosting Lower
Cretaceous CMT (Maksaev and Zentilli, 2002). However, Jurassic
CMT deposits lack sedimentary rocks in their host sequence. The La
Negra Formation hosts the ore deposits and is largely composed of
high-K calc-alkaline to tholeiitic andesitic–basaltic rocks (e.g., García,
1967; Oliveros et al., 2007). Jurassic CMT deposits often occur near
basic to intermediate sub-volcanic intrusive bodies but these intrusives
are largely un-mineralized and some of them even postdate copper
mineralization (e.g., Espinoza et al., 1996; Tristá-Aguilera et al., 2006).
Available geochronological data suggest primary sulfide ores, although
epigenetic, were emplaced shortly after deposition of the volcanic
rocks and associated diorite intrusion (e.g., Oliveros et al., 2008;
Tristá-Aguilera et al., 2006).

3. Analytical methods

Eighty-five ore and host rocks samples, thirty-five from La Serena
and fifty from theMelipilla–Naltahua area, were analyzed petrographi-
cally by reflected and transmitted light microscopy and scanning elec-
tron microscopy.

Sixty-eight samples from La Serena (24) and Melipilla–Naltahua
(44) were then selected for isotopic analyses, with separates of
sulfides, sulfates, calcite and pyrobitumen obtained by hand picking and
microdrilling techniques. Six polished blocks from La Serena and five
from Melipilla–Naltahua were also prepared for in situ laser combustion
analyses. Five country rocks from Melipilla–Naltahua were processed by
standard heavymineral separation techniques to obtain sulfide separates.
SO2 for conventional isotopic analyses was extracted by standard
techniques from seventy-five sulfides and eleven sulfates following
Robinson and Kusakabe (1975) and Coleman and Moore (1978) respec-
tively. Fifty-seven in situ laser S isotope analyses were carried out,
following Kelley and Fallick (1990) and Wagner et al. (2002). Liberated
and purified gases were analyzed on a VG Isotech SIRA II mass spectrom-
eter, and standard corrections applied to produce true δ34S. The standards
employed were the international standards NBS-123 and IAEA-S-3, and
SUERC standard CP-1. These give δ34S values of +17.1‰, −31.5‰ and
−4.6‰ respectively, with 1σ reproducibility around±0.2‰. Data are re-
ported in δ34S notation as permil (‰) variations from the Vienna Canyon
Diablo Troilite (V-CDT) standard.
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CO2 for isotopic analyses was quantitatively released from forty-three
calcites samples, 17 from La Serena and 26 from Melipilla–Naltahua, by
the standard procedure of overnight reaction in vacuo with 100% phos-
phoric acid at 25 °C. Gases thus produced were analyzed on an AP 2003
mass spectrometer. Analytical raw data were corrected using standard
procedures (Craig, 1957). Four pyrobitumen samples from Melipilla–
Naltahua and La Serena were analyzed by continuous-flow isotope ratio
mass spectrometry, involving a Carlo Erba C/N/S analyses interfaced
with a Finningan Tracer Mat isotope ratio mass spectrometer. Isotope
data are reported in standard δ-notation as per mil (‰) deviations rel-
ative to the V-PDB (V-Pee Dee Belemnite) standard. Error of reproduc-
ibility, based on complete analysis of internal standards (including
acid digestion for calcite and gelatine standard for pyrobitumen) was
±0.2‰ (1σ).

Sulfur content of pyrobitumenwas determined by a Cameca SX-50
electron microprobe (EPMA). Seventy analyses in three samples were
obtained, 25 kV accelerating potential, 25 nA bean current, 60 s acqui-
sition time being the operating conditions. Three samples of separated
pyrobitumen grains were also analyzed by an elemental analyzer
(Fisions Carlo Erba EA 1108). Identification of minerals were confirmed
by EPMA, and, in the specific case of Cu-sulfides, XRD analyses (Phillips
PW 1710, with CuKα radiation) were used.

A microthermometric study of 26 (12 at La Serena, 14 at Melipilla–
Naltahua) fluid inclusions was performed using a Linkam THMSG
600 heating–freezing stage. Obtained data using the cycling tech-
nique described by Goldstein and Reynolds (1994) are reproducible
to ±0.5 °C and ±5 °C for freezing and heating runs, respectively.
Fig. 2. (a) Symplectitic intergrowth of bornite (bn) and djurleite (dj). (b) Bornite + djurl
(qtz)-rich pocket. (c) Polymetallic association with a succession of banded sulfides, rang
tenantite (te–tn). (d) Massive chalcopyrite (ccp) cementing framboidal pyrite (py). (e) P
with a porous texture which suggests it was originated by the replacement of earlier pyri
have been included in (c), (d) and (f) images.
4. Mineralization

The mineralization at Melipilla–Naltahua and La Serena is typically
discontinuous, irregular or occurs as tabular orebodies, concentrated
within porous host rocks, such as pyroclastic layers or at limestone-
volcanic contacts. Vein style mineralization is also present, especially
in La Serena. The Cu–(Ag) mineralization occurs as disseminations, re-
placement pockets, veins, crustiform bands, or filling vacuoles spatially
associated with volcanic (La Serena area) and volcanic and carbonate
rocks (Melipilla–Naltahua area). Barren porphyritic andesite dykes,
which appear to be post-mineralization, are also commonly found in
these localities, as they are in other CMT deposits (e.g., Susana-Lince,
Kojima et al., 2003; El Soldado, Boric et al., 2002). Both areas share ore
mineral characteristics (Fig. 2), with two distinct mineral associations:
a) bornite–djurleite (Cu31S16) association, and b) Cu-rich polymetallic
association.

4.1. Bornite–djurleite association

Bornite–djurleite intergrowths, often developing a symplectitic tex-
ture (Fig. 2a), appear filling vacuoles, disseminated in the volcanic rocks
and at vein selvages, more abundantly at Melipilla–Naltahua than in La
Serena. This association constitutes a minor proportion of the deposits.
It is associated with minerals that appear in regional very low-grade
metamorphism: prehnite, pumpellyite, zeolites, chlorite, albite, quartz,
celadonite ± calcite. Nevertheless, pumpellyite is absent in La Serena,
but it is found in Melipilla–Naltahua intergrown with prehnite, chlorite
eite associated with prehnite (prh), pumpellyite (pmp) and chlorite (chl) in a quartz
ing from galena (gn), sphalerite (sp), chalcopyrite (ccp) and, finally to tetrahedrite–
yrobitumen (pyb) bleb including crystals of bornite–djurleite association. (f) Bornite
te framboids. The δ34S values of sulfides obtained by in situ laser combustion analysis

image of Fig.�2


Fig. 3. Paragenetic sequence of mineralizations at Melipilla–Naltahua and La Serena.
The Hydrothermal Event is defined by the occurrence of copper mineralization.
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and quartz (Fig. 2b). Thus, prehnite–pumpellyite faciesmetamorphism is
evident at Melipilla–Naltahua, while at La Serena, metamorphism only
reach the zeolite facies. Some textures suggest a link between
calc-silicate minerals, which precipitate early and Cu-bearing minerals
that precipitated subsequently (Fig. 2b). Late euhedral djurleite and
tenantite, closely associated with pyrobitumen, are also observed in
pockets at La Serena.

4.2. Polymetallic association

The polymetallic association occurs as veins, sometimes crustiform-
like, filling of vacuoles, and replacement in both volcanic and
volcaniclastic rocks at La Serena and Melipilla–Naltahua, and also in
sedimentary rocks atMelipilla–Naltahua. A greatermineralogical diver-
sity in this association reveals significant differences between La Serena
and Melipilla–Naltahua areas.

At La Serena, bornite and chalcopyrite are the major phases, with
significant quantities of sphalerite, galena and tetrahedrite–tenantite
(Fig. 2c), while arsenopyrite, stromeyerite, pyrite, carrolite, gersdorffite–
cobaltite and an unidentified As-bearing phase are minor constituents.
It is noteworthy that stromeyerite is the only Ag-bearing phase. There-
fore, Ag is thought to be in Cu-sulfides since Cu-sulfides are demonstrated
to bear Ag in minor amounts (Reich et al., 2010). Pyrite occasionally oc-
curs as fine to coarse grains in the volcanic rocks, partially replaced by
chalcopyrite, and as rare coarse grains in veins. The deduced paragenetic
sequence is showed in Fig. 3. The associated gangue minerals are barite
(mainly before and during sulfide formation) and calcite (mainly during
and after sulfide formation).

At Melipilla–Naltahua, chalcopyrite, bornite and pyrite (mainly
framboidal) are the major phases (Fig. 2d) with minor tenantite,
sphalerite, arsenopyrite, galena, marcasite and Ge-bearing sulfosalts.
Here, barite is absent and calcite ± celadonite ± chalcedony are the
most important gangue minerals. There is also an unusual association
of coarse pyrite, chalcopyrite, magnetite (and also minor bornite and
pyrrhotite) with quartz and chlorite found in veins in the volcanic
rocks. This association resembles typical volcanic-hosted epithermal
mineralization.

Small amounts of pyrobitumen (Fig. 2e) have been found in both
areas usually cementing minerals of the bornite–djurleite association.
In Melipilla–Naltahua, spherical globules are common, whereas in La
Serena, pyrobitumen generally occurs in open spaces. Pyrobitumen
has high carbon (~80 ± 10 wt.%) with a sulfur content of ~0.7 wt.%
and 0.15–0.50 wt.%, for La Serena and Melipilla–Naltahua respective-
ly according to EPMA data. No sulfur content zonation (core–rim) was
detected in the pyrobitumen grains.

The observed textural relationships indicate that the bornite–
djurleite association at Melipilla–Naltahua is intersected by the
polymetallic association, with pyrobitumen being deposited between
both events (Fig. 3). At La Serena, bornite–djurleite and polymetallic
association form a continuous sequence, with the former commonly
appearing at the selvages of veins, with pyrobitumen occurring, at
least, after the bornite–djurleite association (Fig. 3). At Melipilla–
Naltahua, chalcopyrite and bornite replace (Fig. 2f) or overgrow
framboidal pyrite (Fig. 2d). Polymetallic sulfides without a pyrite pre-
cursor are also a common feature at Melipilla–Naltahua. In La Serena,
there are textures suggesting replacement processes of pyrite, mainly
in disseminated grains in the volcanic rocks. However, fine lamina-
tions and overgrowth textures in veins are more common suggesting
a direct precipitation of the sulfides from the hydrothermal fluids.

4.3. Fluid inclusion data

Petrographic observations show that fluid inclusions at La Serena and
Melipilla–Naltahua are two-phase liquid plus vapor. Microthermometric
determinations of a selection of fluid inclusions, shows temperatures of
first melting (Te) lower than −40 °C indicating that the fluids can be
represented by the system H2O–NaCl–CaCl2(–KCl) (Shepherd et al.,
1985). At La Serena, salinities range between 12.0 and 25.0 wt.% NaCl
eq. (average. 21.5 wt.%NaCl eq.), while atMelipilla–Naltahua the values
are slightly lowers (6.7 to 25.7 wt.% NaCl eq., average: 10.4 wt.% NaCl
eq.). Temperatures of homogenization (Th) at La Serena ranges be-
tween 110 and 170 °C (average: 140 °C), while at Melipilla–Naltahua
are higher (146 to 214 °C, average: 185 °C). True temperatures of
entrapment could be appreciable higher (10 to 40 °C) according to
pressure corrections (Shepherd et al., 1985). It is noteworthy that
differences among La Serena and Melipilla–Naltahua in hydrothermal
minerals are also in accordance with differences the temperature of
peak metamorphism.

In the La Serena area, Oyarzun et al. (1998) obtained Th in calcite
(which are coeval to paragenetically later than sulfides), slightly
lower (mainly between 90 and 160 °C). In contrast, Cucurella et al.
(2003) recorded higher temperatures (between mainly 180 and
320 °C).
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Table 1
Stable isotope analyses.

Sample Assoc. Sulfide δ34Ssulfide (‰) δ34SSO4
(‰) δ13Ccal (‰) δ13Cbit (‰) Sample Min. assoc. Sulfide δ34Ssulfide (‰) δ13Ccal (‰)

ARQ-33-1 Poly. Bn C −26.4 −7.4 MLP-117 Poly. Ccp C −17.2
ARQ-33-2 Poly. Dj C −33.6; −36.2 MLP-118 Poly. Ccp C −19.9 −3.4
ARQ-34-1 Poly. Ccp; Gn C −16.8; −18.5 MLP-119 Poly. Ccp C −21.9 −2.8

Bn + Ccp L −15.3; −28.2; −29.3 9.4; 9.5; 10.1 Ccp + Fram. Py C −19.8
ARQ-34-4 Poly. Gn L −17.7; −19.5; −20.2 10.2; 10.3 −7.4; −9.1; −20.1 Sp C −15.4

Sp (±Gn) L −19.1; −29.3 14.3 MLP-123 Poly. Fram. Py −22.6; −26.0 −1.8
ARQ-35 Poly. Bn; Ccp C −21.8; −24.8 −8.9 (±Ccp) L −27.2; −28.5; −32.7
ARQ-49 Bn–Dj Bn + Dj; Dj + Bn C −31.9; −35.0 −7.3 Ccp L −13.0; −13.3; −15.1

Ccp L −29.4 MLP-213-3 Poly. Ccp C −37.1
ARQ-50-1 Poly. Tet–Ten L −27.9 MLP-213-4 Poly. Ccp C −32.6

Gn L −37.7; −38.3 MLP-214 Black-lime. Py C −0.2; −1.4; −2.1
Sp L −33.1.; −34.7 MLP-302-1 Poly. Bn C −6.2 −4.3

ARQ-50-2 Poly. Ccp; Gn; Sp C −27.4; −38.1; −34.8 8.5 −9.1 MLP-305-1 Poly. Bn L −48.7; −48.8; −49.0
Bn–Dj Bn (+Dj) L −16.0; −17.2 −49.5; −49.5

ARQ-51-1 Poly. Gn L −22.9; −26.2; −27.6 −6.0; −10.2 MLP-305-2 Bn–Dj Bn + Dj C −49.5 −6.8
Sp (±Gn) L −26.3; −28.0 Bn + Dj C −46.6

ARQ-51-2 Bn–Dj Bn + Dj L −26.1; −27.8 −6.2 MLP-305-3 Bn–Dj Bn + Dj L −45.9; −47.0; −47.1
Dj + Bn L −26.9; −28.4 −47.4; −47.6

ARQ-53- Poly. Ccp L −22.6 8.5; 9.5 −6.5 MLP-305-4 Poly. Bn C −33.0
ARQ-53-2 Poly. Bn C −28.2 MLP-305-5 Bn–Dj Bn + Dj C −49.6
ARQ-55 Poly. Bn; Ccp C −18.9; −19.8 MLP-305-8 Bn–Dj Bn + Dj C −49.1
ARQ-56 Poly. −8.0 MLP-305-10 Bn–Dj Bn + Dj C −50.4 0.2
ARQ-57 Poly. Bn; Ccp C −24.8; −30.8 −7.4 MLP-307-1 Poly. Bn C −45.6
ARQ-58 Poly. Bn C −18.9 −6.5 MLP-307-2 Poly. Bn L −45.7; −46.5; −46.9
ARQ-60 Poly. Bn L −31.1; −32.2 9.3 −6.1; −3.1 −47.1; −47.4

Sp (±Ccp) L −16.6; −27.9 MLP-309 Dike Py C −3.2
ARQ-70 Bn–Dj Bn + Dj; Ten C −15.5; −32.5 −24.9 MLP-310 Dike Py C −5.3
ARQ-71 Plant Sul (±Brt) C −18.6 MLP-311 Poly. Ccp C −13.4
ARQ-92 Evaporite 9.4 MLP-312 Poly. (py-ccp-mt) Py C −2.6
ARQ-100 Poly Py C −6.9
ARQ-110-1 Poly. Py; Ccp C −12.1; −18.4 MLP-316-4 Black-shale Py C −20.1
ARQ-110-2 Poly. Ccp, Sp C −20.3; −30.8 Poly. Bn C −2.8 −2.5
ARQ-115 Poly. Ccp C −27.8 −5.6 MLP-317-1 Poly. Cp C −4.3
MLP-102 Bn–Dj Bn + Dj, Dj + Bn C −4.7; −5.8 −10.1; −12.5 MLP-317-2 Poly. Bn L −3.3; −3.7; −4.2; −4.8
MLP-105 Poly. Ccp C −4.7; −3.1 −4.2 MLP-318 Poly. Ccp C −17.7 −3.1
MLP-107 Poly. Ccp C −25.5 −5.1 −25.2 MLP-319 Poly. −6.9
MLP-109 Poly. Ccp C −36.7; −36.9 0.1 MLP-325 Granodiorite Py C 2.1; 1.4
MLP-110 Bn–Dj Bn + Dj C −23.7 MLP-402 Poly. −2.3
MLP-111 Bn–Dj Bn + Dj C −7.9 −12.5; −12.9 −27.1 MLP-403 Poly. −3.9
MLP-112 Bn–Dj Bn + Dj C −9.7; −16.7 −9.3 −26.9 MLP-427-1 Poly. Ccp C −0.6 −1.3
MLP-113 Poly. (py-ccp-mt) Bn; Ccp; Py C −4.6; −5.9; −6.0 MLP-428 Poly. Ccp C −2.6

MLP-434 Poly. Ccp C −17.3 −5.8
MLP-115 Poly. Ccp C −20.6 −0.6; −1.5; −6.2 MLP-438-1 Poly. Ccp C −12.8
MLP-116 Poly. Ccp C −14.3 −1.5 MLP-438-2 Poly. Ccp C −9.0 −5.8

Explanations and abbreviations: ARQ: samples from La Serena area; MLP: samples from Melipilla -Naltahua area; Assoc: association; Plant: a concentrate of sulfide with a small amount of barite from the processing plant; Poly: polymetallic
association; Bn -Dj: bornite -djurleite mineral association; Bn + Dj: bornite + djurleite where bornite is more abundant than djurleite; Dj + Bn: the opposite; Brt: barite; Ccp: chalcopyrite; Gn: galena; Py: pyrite; Fram. Py: framboidal
pyrite; Sp: sphalerite; Ten: tenantite; Tet: tetrahedrite; Blac-lime: black limestone; C: conventional analyses; L: laser-combustion analyses. δδ34SSO4 correspond to analyses of barite, with exception of a gypsum analysis from evaporite
in the country rocks (ARQ-92).
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5. Sulfur isotope results

The δ34S values obtained for sulfides in the two areas using conven-
tional and laser analyses range from −38.3 to −6.9‰ in the La Serena
area, and from −50.4 to −0.6‰ in the Melipilla–Naltahua area
(Table 1, Fig. 4). This is an extraordinary range for CMTdeposits, and con-
tains some of the lowest ore sulfide δ34S ever measured in any deposit.
Considerable variation in δ34S occurs within each deposit and, through
the use of the in situ laser technique, is also demonstrated in individual
samples. For example, a polymetallic vein from the La Serena area ex-
hibits δ34S values from −38.3‰ in early galena, to −27.9‰ in later
tetrahedrite–tenantite (Fig. 2c). However, opposite δ34S trends are
more common in other veins in La Serena: from −15.3‰ in early
bornite + chalcopyrite to −29.3‰ in later chalcopyrite + sphalerite
(Fig. 5). In the Melipilla–Naltahua area, sample MLP-123, with massive
chalcopyrite cementing framboidal pyrite, exhibits chalcopyrite δ34S
around −14.0‰ whereas framboidal pyrite and fine re-crystallized py-
rite has δ34S down to at least −32.7‰ (Fig. 2d; due to fine-grain sizes,
some cross-contamination was probable in these samples). Together
with the bimodality of our data, this suggests that framboidal pyrite
has a δ34S lower than −32.7‰, and cementing chalcopyrite may have
δ34S higher than−14‰.

Despite the large range of δ34S values exhibited by each mineral
phase, and mineral associations, some systematic patterns are observed:
a) framboidal pyrite is found only inMelipilla–Naltahua area, and sulfides
with evidence of framboidal pyrite replacement always show a very low
δ34S signature, however Cu-sulfides with very depleted sulfur do not
always shows signs of a framboidal pyrite precursor (Fig. 2d and f);
b) in contrast, fine- to coarse-grained pyrite at La Serena exhibits
the heaviest sulfur in this area: −6.9 to −12.1‰, and is observed
to be replaced by isotopically lighter chalcopyrite (~−20‰); c) bornite
and bornite–djurleite intergrowths, show a bimodal distribution at
Melipilla–Naltahua (Fig. 4); d) the unusual polymetallic association of
Melipilla–Naltahua with coarse pyrite + chalcopyrite + magnetite
with quartz + chlorite gangue shows relatively high δ34S values
(between−6.0 and −2.6‰, Fig. 4).

The δ34S of barite, which exclusively occurs in La Serena (Fig. 4),
ranges between 7.9 and 14.3‰, although the majority of the results
are rather isotopically homogeneous (10.3 ± 1.9‰). The highest
δ34S (14.3‰) is from a single sample of barite precipitated in the lat-
est stages of the main sulfide deposition episode (Fig. 5).

Pyrite extracted from the nearest Cretaceous granitoid outcrop in
the Melipilla–Naltahua area (85 ± 10 Ma, K–Ar in amphibole, Wall
et al., 1999) has δ34S between 1.4 and 2.1‰. Pyrites in sub-volcanic,
unmineralized, but relatively pyrite-rich dikes, sampled in the
Melipilla–Naltahua district have δ34S between −5.3 and −3.2‰. Py-
rite extracted from black-limestone has δ34S between 2.1 and−0.2‰,
whereas pyrite from black-shale has a δ34S of −20.1‰ (Table 1,
Fig. 4). Finally, gypsum from evaporite rocks at the top of Quebrada
Marquesa Formation at La Serena gives a δ34S of 9.3‰ (Fig. 4).

6. Carbon isotope results

The δ13C values obtained for calcites range from −20.1 to −3.1‰
in the La Serena area, and from −12.9 to 0.2‰ in the Melipilla–
Naltahua area (Table 1, Fig. 6). In La Serena, in calcites related to
the polymetallic mineral association, the majority of the data are
restricted in an interval between −10 and −6‰. A depleted value,
−20.1‰, corresponds to the latest calcite in a vein where calcite
shows a trend to lower δ13C values, associated with barite with the
heaviest δ34S, and sulfides showing a depletion trend (Fig. 5). A single
value for calcite of−21‰, from a Cu deposit (Manto Delirio) in the La
Serena is noted in Wilson and Zentilli (2006). In Melipilla–Naltahua,
two types of calcite have been analyzed: one from the bornite–
djurleite mineral association with relatively light carbon (δ13C be-
tween −12.9 and 0.2‰, average of −9.1‰) and another one from
polymetallic mineral association with relatively heavy carbon (δ13C
between −6.9 and 0.1‰, average of −3.3‰).

Pyrobitumen samples fromMelipilla–Naltahua are characterized by
δ13C between −27.1 and −25.2‰, typical for marine-sourced hydro-
carbon (−31 to −25‰, Hunt, 1996). Cucurella et al. (2003) give a
δ13C value of −23.8‰ for a pyrobitumen sample from a Cu deposit
from La Serena area. We also note that calcite samples associated with
pyrobitumen show relatively low δ13C values (Table 1).

7. Discussion

7.1. Relevance of the magnitude of measured δ34Ssulfide range

This work reveals one of the lowest δ34Ssulfide values obtained to date
(−50.4‰), not only for CMT Cu–(Ag) deposits, but also in any ore de-
posit (only exceeded by values down to −70‰ found in supergene
ores of a Carlin-type gold deposit, Bawden et al., 2003), although some
Alpine, Irish-type and sediment-hosted Kupferschiefer Cu deposits ap-
proach similar negative values (Bechtel et al., 2001; Boyce et al., 1983;
Gustafson and Williams, 1981; Schroll and Rantitsch, 2005). The other
striking feature of the data reported here, together with previous pub-
lished data (Fig. 7), is the heterogeneity of the new sulfide data, and
the consequent extreme variations of δ34Ssulfide values, ranging from −
50 to +28‰ for all CMT Cu–(Ag) deposits. This range for sulfide sulfur
is one of the broadest found in the nature, comparable to, for example,
red bed Cu deposits (e.g., Gustafson and Williams, 1981; Ohmoto and
Goldhaber, 1997). This work also reports the largest range of δ34Ssulfide
within a CMT deposit, 49.8‰ at Melipilla–Naltahua. At La Serena the
range is also considerable: 45.2‰. OnlyWilson et al. (2003b) noted sim-
ilar δ34Ssulfide range at El Soldado, although theirs was considerably
shifted to more positive values (from −11.1 to 28.0‰).

Despite the apparent homogeneity of the age of this mineralizing
event, the common nature of host rock, style of mineralization,
mineralogy (mainly bornite, chalcopyrite and hypogene “chalcocite” —

more likely djurleite as is demonstrated in the studied deposit
here), moderate salinity of b25% NaCl eq. and relatively low temper-
ature fluid inclusions, below 250 °C (data presented here; Boric et al.,
2002; Maksaev and Zentilli, 2002; Oyarzun et al., 1998; Sillitoe,
1989; Vivallo and Henríquez, 1998), the distribution and range of
the sulfide sulfur isotopic data indicate that there is unlikely to be a
singular sulfur source for all CMT Cu–(Ag) deposits, and thus the
details of the metallogenic model for each deposit may, vary
significantly.

7.2. Dominant origin for sulfide sulfur at La Serena and Melipilla–
Naltahua

The range and highly negative sulfur values are characteristic of
sulfide generated from bacteriogenic sulfate reduction. Bacteriogenic
sulfate reduction is the source of the largest sulfur isotopic fraction-
ations in nature, in some cases, up to 75‰ (Wortmann et al., 2001).
While our measured range is greater than the 45‰ attained experi-
mentally by bacteria single step reduction (e.g., Kaplan and
Rittenberg, 1964), it is common in natural systems (e.g., Canfield
and Teske, 1996; Wortmann et al., 2001). What is relatively uncom-
mon, to date, about the CMT bacteriogenic systems is their
geo-environmental setting, in that they are partially hosted by volca-
nic and/or volcaniclastic rocks in the thick volcanic sequences of the
Coastal Range of Chile.

7.3. Models for sulfide deposition

We propose two different models for La Serena and Melipilla–
Naltahua areas which could be also applicable to other CMT
Cu–(Ag) deposits.
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7.3.1. Melipilla–Naltahua — a dual source with bacterial dominance
We propose a two-step ore-formation for Melipilla–Naltahua

(Fig. 3): 1) framboidal pyrite stage; 2) Cu-bearing sulfides. In situ
laser analyses have shown that finely crystalline framboidal pyrite
has δ34S lower than around –30‰ (Fig. 2d), which represents prima
facie evidence of a low-temperature diagenetic stage. Our analyses
also show that Cu-sulfides (bornite and chalcopyrite), which host
remnants of framboidal pyrite, are always characterized by very low
δ34S: bornite to −50.4‰, with a mean of −47.2 ± 3.5‰. These values
(approximately between −50 and −30‰) most likely represent the
most depleted end-member value for the bacteriogenic source, and
maybe the main bacteriogenic sulfur signature. The framboidal pyrite
formation could have occurred in the volcanic and sedimentary rocks
during bacteriogenic degradation of migrating petroleum, with con-
comitant bacterial sulfate reduction, at low-temperature conditions:
i.e. diagenesis, as has been suggested for El Soldado (Wilson et al.,
2003b), and previous to very low-grade metamorphism that would
volatized the oil. However, the bacteriogenic sulfate reduction at
Melipilla–Naltahuahas to have occurred in anopen systemwith respect
Fig. 4. Histogram of δ34S values obtained by conventional and laser-combustion techniqu
(II) Cu-rich polymetallic mineral associations at the La Serena and Melipilla–Naltahua area
to sulfate, since the primary pyrites always exhibit very negative values,
whereas a semi-closed system has been argued for El Soldado, where
substantially more positive values are produced. Petroleum involve-
ment is supported by the presence of bitumen that has δ13C b −25‰,
suggesting a marine hydrocarbon source (Hunt, 1996), and the associ-
ated light carbon isotope signature of calcite in the earlier bornite–
djurleite stage. The source of petroleumwould likely be the black lime-
stones and black shales from the Lo Prado formation. Derivation of
fluids from shales is also supported by Re–Os data in El Soldado deposit
(Ruiz et al., 1997). The presence of variable amounts of pyrobitumen
has been documented in many Cu deposits/districts in Lower Creta-
ceous sequences (Copiapó, La Serena, Uchimi, Cerro Negro, El Soldado,
and Melipilla–Naltahua; Cisternas and Hermosilla, 2006; Cisternas
et al., 1999; Zentilli et al., 1997; this work) and we would thus agree
with previous authors that it has likely played a significant role in ore
genesis.

The Cu-bearing ore-minerals formed during or shortly after very
low-grade metamorphism that affected the Lower Cretaceous se-
quence, with the formation of bornite–djurleite mineral association
es of sulfides and barite from different phases belonging to (I) bornite–djurleite and
s, as well as pyrite from different country rocks at Melipilla–Naltahua.
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Fig. 5. Diagram illustrating the layering sequence of a crustiform vein (photograph in
the left side) from La Serena, with information about mineralogy and stable isotope
geochemistry. Sulfides were analyzed by in situ laser combustion technique. Barite
and calcite are extracted from the sample by microdrilling.
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first, and the Cu-rich polymetallic association later. The bornite–
djurleite association is intergrown with typical calc-silicates (prehnite,
pumpellyite) and chlorite and often shows a symplectitic texture
(Fig. 2a), and is thus consistent with growth during very low-grade
metamorphism. This texture, a feature common in CMT deposits as a
whole, suggests: i) decomposition of an earlier Cu sulfide to bornite–
chalcocite, or ii) a replacement process with associated changes in the
redox state (e.g., Sverjensky, 1987). Chalcocite transforms to djurleite
when temperatures are less than 93 °C according to its temperature sta-
bility (Potter, 1977). This process was possible due to relatively slow
cooling rates, incompatiblewith typical dramatic hydrothermal temper-
ature drops in shallow hydrothermal systems, but in accordance with
a waning stage of a very low-grade metamorphic event. In fact, at
El Soldado CMT deposit it is shown by fission track thermochronology
in apatite that temperatures going down of 100 °C, more than 10 Ma
after metamorphic peak (Wilson et al., 2003a). The dominance of this
Fig. 6. Histogram of δ13C values of calcites and pyrobitumen for (I) bornite–djurleite
and (II) Cu-rich polymetallic at the La Serena and Melipilla–Naltahua areas. Other
values are also provided for comparison: (1) δ13C of pyrobitumen in La Serena area
(Cucurella et al., 2003); (2) δ13C range of pyrobitumen from El Soldado deposit (Wilson
et al., 2003b); (3) δ13C range of pyrobitumen from Copiapó deposit (Cisternas et al.,
1999); and (4) δ13C of calcite fromManto Delirio fromLa Serena area (Wilson and Zentilli,
2006).
texture in Melipilla–Naltahua with respect to La Serena could be sup-
ported by the higher temperature regime deduced in the former,
according to calc-silicate mineral assemblage (i.e. very low-grade meta-
morphic peak) and fluid inclusion data. In some areas (e.g., sample
MLP-305-1) the hydrothermal Cu-bearing event involves replacement
of diagenetic pyrite with no observed variation of δ34S (Fig. 2f), and
therefore could be expressed as: Cu+ + FeS2 + 0.5H2 → CuFeS2 + H+

in the case of chalcopyrite formation (Eldridge et al., 1983). The acidity
generated by this reaction could be easily neutralized by reaction with
limestone, with concomitant space generationwith enhance hydrother-
mal fluid circulation and ore deposition.

In other areas, the hydrothermal event not only introduced copper,
but also isotopically heavy sulfur from another source (i.e. “hydrother-
mal source”). The polymetallic mineral association with coarse pyrite,
chalcopyrite and magnetite, with δ34S between −6.0 and −2.6‰
show mineral and isotopic characteristic coherent with typical hydro-
thermal veins in volcanic rocks. This mineralization, plus some other
sulfides also belonging to polymetallic (chalcopyrite) or bornite–
djurleite mineral associations with δ34S between −8 and −1‰, corre-
spond to the sulfides product of the other, end-member, sulfur source
(hydrothermal source) of Melipilla–Naltahua mineralization.

It is difficult to establish the precise origin of this sulfur. We can rule
out a simple magmatic source, since truly magmatic sulfides of the
nearest granitoid yield a significantly higher, and typically magmatic
δ34S of 1 to 2‰ (Fig. 4). Amore likely possibilitywould be thedissolution
of sulfides disseminated in the Lower Cretaceous volcano-sedimentary
sequence and their subsequent homogenization by the hydrothermal
fluid. Moreover, dykes in proximity to the mineralization are uncom-
monly sulfide-rich, with pyrite showing strikingly similar δ34S (−5 to
−3‰) to this polymetallic population (−9 to−1‰, Fig. 4), suggesting
hydrothermal fluids may also channeled through these dykes. It is nota-
ble that this range of “hydrothermal” sulfur is similar to the signature
that dominates in Jurassic CMT deposits, and is a signature that is also
found in some previously studied Cretaceous CMT deposits (Lo Aguirre
deposit in Saric et al., 2003).

We also suggest that the hydrothermal event probably resulted
not only in oxidation of pyrobitumen, but also in substantial dissolu-
tion of limestone, given that the calcite of the polymetallic association
shows relatively variable but isotopically heavy carbon (Fig. 6) as a
result of this processes.

Finally, although a priori the full sulfur isotopic range in La Serena
could be explained by a sole bacteriogenic origin, a two sulfur source
(bacteriogenic and hydrothermal) is preferred by the conjunction of
isotopic and geological observations. Early bornite–djurleite mineral
association with a bimodal isotopic sulfur histogram, reflect most
clearly these two sources, while polymetallic mineral association
(in the case of galena, sphalerite and, in part, chalcopyrite) suggest
a mixing of the sulfur of both sources.

7.3.2. La Serena — contemporaneous bacterial source
The El Soldado or Melipilla–Naltahua two-stage models for ore

formation are not appropriate for La Serena deposits, since there is
no evidence of early pyrite replacement, and very 34S-depleted
framboidal pyrite is absent: just the opposite, pyrite shows the heavi-
est sulfur signature of all sulfides (Fig. 4). Instead, features such as
vein textures, including crustiform bands of sulfides, suggest the cop-
per and sulfur directly precipitated sequentially from the hydrother-
mal fluids during mineralizing events.

Another significant characteristic of La Serena CMT deposit, which
makes these deposits different to Melipilla–Naltahua or El Soldado, is
the barite abundance, occurring mainly prior to contemporaneous sul-
fide precipitation. Such barite has a very homogeneous sulfur signature
(10.3 ± 1.9‰, 1σ, Fig. 4), similar to other deposits in La Serena
area: Mn stratabound (δ34S between 8 and 9‰, authors own data)
and Ag–Ba vein deposits (δ34S between 9 and 10‰, Carrillo-Rosúa
et al., 2006). This value is also similar to other Cretaceous CMT deposit
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Fig. 7. Histograms of δ34S values obtained in this study in comparison with data published from CMT Cu–(Ag) deposits (data from Cisternas and Hermosilla, 2006; Munizaga
and Zentilli, 1994; Munizaga et al., 1994; Ramirez et al., 2006; Saric et al., 2003; Sasaki et al., 1984; Spiro and Puig, 1988; Tristá-Aguilera, 2007; Vivallo and Henríquez, 1998; Wilson
et al., 2003b).
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such as Cerro Negro (δ34S: 9.6–11.1‰, Munizaga et al., 1994). These iso-
topic values rule out a derivation from seawater sulfate via
remobilization of earlier evaporites, since the sulfur isotope signature
of marine evaporites in the period 150 to 90 Ma is 14 to 17‰
(Claypool et al., 1980). Nonetheless, evaporites are present within the
volcano-sedimentary pile at the top of Quebrada–Marquesa Formation
(Aguirre and Egert, 1965). A gypsum sample from this section at La
Serena has a δ34S of 9.3‰, which is coincident with the barite in the
deposits. Such isotopic values are consistent with the evaporitic sulfate
being formed in a continental, restricted basin environment (see, for ex-
ample, the Ebro Basin sequence, Birnbaum and Coleman, 1979). We
thus argue that remobilization of this continental evaporitic sulfate is
the principal sulfur source for these deposits.

CalculatedΔSO4-sulfide (=δ34Ssulfate–δ34Ssulfide) in the overall data (in-
cludingpyrite, isotopically enriched and scarce), ranges between15 and
54‰, but is typically significantly greater than 20‰ (Figs. 4 and 6).
These values exclude thermochemical sulfate reduction as the main
mechanismdrivingmineralization, as this process involves a typical iso-
topic kinetic fractionation of ≤15–20‰ (e.g., Machel et al., 1995;
McGowan et al., 2003). Instead, bacterial sulfate reduction offers the
most straightforward explanation of this extended fractionation.

The temperatures during the mineralization, according to the FI
study, are higher than 120 °C and therefore incompatible with bacte-
rial activity (which needs less than about 120 °C, Kashefi and Lovley,
2003; Stetter et al., 1990). However, it is likely that bacterial commu-
nities developed in the surrounding volcano-sedimentary rocks at
lower temperatures. Indeed, hydrothermal activity has been shown
to enhance, rather than inhibit biological activity, including bacterial
sulfate reduction (Weber and Jorgensen, 2002). Such hydrothermal
activity can pyrolyze organic matter, and accelerate organic degrada-
tion, delivering an additional source of organic matter to the associat-
ed bacterial systems (Simoneit and Lonsdale, 1982).

A further carbon source for this biota could be derived from
marine-derived hydrocarbons, as witnessed by the low δ13C of
pyrobitumen found in La Serena (Fig. 6). δ13C of calcite,which is relatively
homogeneous anddepleted (Fig. 6), also supports this hypothesis, further
suggesting that the isotopic signature could represent amixture of organ-
ic carbon and bicarbonate derived from dissolution of marine limestone
in the volcano-sedimentary sequence.

Mineralogical observations in the La Serena deposits also suggest
lower temperatures than in Melipilla–Naltahua. Thus, the very
low-grade metamorphic peak at La Serena corresponds to the zeolite
facies conditions, contrasting with the prehnite–pumpellyite facies of
Melipilla–Naltahua.

Overall, it appears likely that the key ore forming process was the
mixing of H2S generated by sulfate reducing bacteria in the host rocks
of the Quebrada Marquesa Formation with hydrothermal Cu–(Ag-,
Pb-, Zn-) bearing fluids.

In detail, the observed sulfur isotopic heterogeneity on single
specimen scale also points strongly to the activity of sulfate reduction
bacteria. Thus, the isotopic trend to depleted sulfide sulfur observed
in vein in Fig. 5, could be explained by the local changes in bacterial
environment with time leading perhaps to a lower reduction rate
and thus an increased fractionation (Kaplan and Rittenberg, 1964),
although temperature variations and also organic substrate variations
can also affect the extent of fractionation (Canfield, 2001). Whatever
the cause, our data show examples of substantially increasing and
decreasing fractionation of S isotope with time, typical of bacterial
systems. We also note that if Fig. 5, δ34Ssulfate increases up to 14‰,
suggesting exhaustion of sulfate in a semi-closed system towards
the end of the precipitation of this sample. Furthermore, this
sample also shows very depleted carbonate sealing the vein (δ13C:
−20.1‰) recording an exhaustion of hydrothermal carbonate, and a
dominance of organic-derived bicarbonate, perhaps associated with
the reduction process.

8. Final remarks

Lower Cretaceous CMT Cu–(Ag) deposit genesis is linked to an im-
portant metallogenic event, with the formation of numerous small to

image of Fig.�7
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medium size deposits in a short interval of time due the conjunction
of several factors in the Coastal Range of Chile:

a) Filling of different separate marine basins, with formation of
organic-rich sediments probably in euxinic realms. These sediments
constitute a petroleum source. Petroleum is subsequently implicated
in the main sulfur-forming stage, as key nutrient for sulfate reduction
bacteria. This bacteriogenic sulfur is directly incorporated into ore
minerals (the case of La Serena), or indirectly in a two-stage model
with replacement process (the case of Melipilla–Naltahua). Jurassic
CMT Cu–(Ag) deposits, and maybe some Lower Cretaceous deposits
(e.g., Lo Aguirre, Saric et al., 2003) lacking this factor would be mostly
dominated by magmatic/(metamorphic?) hydrothermal activity. The
isotopic sulfur isotopic signature of these deposits is a rather homoge-
neous δ34S.

b) Extensional geodynamic context, combined with intense mag-
matic activity, with the formation of a thick (several km) stratigraphic
pile suitable for copper (+silver and other base-metals) leaching —

as well as creating the genetically important continental evaporitic
sulfate source.

c) Diagenesis to very low- to low-grade metamorphism coeval to
intrusive activity provides geothermal gradient and extensional tec-
tonic activity favorable for the development of hydrothermal activity.

The coincidence of these factors led to an important Lower Creta-
ceous metallogenic province with Cu-deposits characterized by sul-
fides not only with a huge δ34S range, but also the lowest δ34S
values found in hypogene mineral deposits in nature. Local and re-
gional differences are shown to clearly exist, and thus each deposit,
while genetically related, should be considered within its own con-
text when considering exploration and exploitation strategies.
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