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Abstract

Sediment-hosted gold deposits represent a significant portion of the world’s gold resources. They are charac-
terized by the ubiquitous presence of organic carbon (Corg; or its metamorphosed product, graphite) and the
systematic occurrence of invisible gold-bearing arsenian pyrite. Yet the role played by these features on ore
formation and the distribution of gold remains a long-standing debate. Here, we attempt to clarify this ques-
tion via an integrated structural, mineralogical, geochemical, and modeling study of the Shahuindo deposit in
northern Peru, representative of an epithermal gold deposit contained in a sedimentary basin. The Shahuindo
deposit is hosted within Lower Cretaceous fluvio-deltaic carbon-bearing sandstone, siltstone, and black shale of
the Marafi6n fold-and-thrust belt, where intrusions of Miocene age are also exposed. The emplacement of the
auriferous orebodies is constrained by structural (thrust faults, transverse faults) as well as lithological (intrusion
contacts, permeable layers, anticlinal hinge in sandstone) features. The defined gold reserves (59 tons; t) are
located in the supergene zone in the form of native gold grains. However, a primary mineralization, underneath
the oxidized zone, occurs in the form of invisible gold in arsenian pyrite and arsenopyrite. Here, four subse-
quent pyrite generations were identified—namely, pyl, pyll, pylIlL, and pyIV. Pyl has mean Au concentrations
of 0.3 ppm, contains arsenic that is not detectable, and is enriched in V, Co, Ni, Zn, Ag, and Pb compared to
the other pyrite generations. This trace element distribution suggests a diagenetic origin in an anoxic to euxinic
sedimentary basin for pyl. Pyrite II and pyIV have comparable mean Au (1.1 and 0.7 ppm, respectively) and
As (2.4 and 2.9 wt %, respectively) concentrations and precipitated under conditions evolving from lower (pyr-
rhotite, chalcopyrite, sphalerite) to higher (enargite, digenite, chalcocite) sulfidation, respectively. The pyIIl
generation is the major gold event in the primary mineralization, with pyrite reaching 110 ppm Au (mean
~7 ppm) and 5.6 wt % As (mean ~1.8 wt %), while coeval arsenopyrite attains 460 ppm Au. Pyrite III is also
enriched in other trace elements such as Se, Ge, Mo, In, Ga, and Bi compared to the other pyrite generations,
which is indicative of a magmatic source. Bulk analyses of the surrounding unmineralized rocks show only parts
per billion levels of Au and less than 25 ppm As. These data, combined with mass balance considerations, dem-
onstrate that the sedimentary rocks could not be the sole source of gold, as they could only contribute a minor
portion of arsenic and sulfur (and iron) to the deposit. Conversely, fluids exsolved from a pluton crystallizing at
depth likely provided the great part of the gold endowment. Equilibrium thermodynamics simulations, using
geochemical constraints established in this study, demonstrate that interaction between Au-As-S-Fe-bearing
fluids and organic carbon-bearing rocks strongly enhanced the fluid ability to transport gold by maximizing its
solubility as Au! hydrosulfide complexes via a combined increase of pH and aqueous sulfide concentration.
This finding challenges the traditional qualitative view of organic matter acting exclusively as a reducing agent
for Au! that should promote gold deposition in its native state (Au) rather than enhance its solubility in the
fluid. Our results have significant implications for the exploration of carbonaceous sedimentary environments.
Such settings may provide a very effective mechanism for focusing gold transport. Subsequent scavenging of
Au! from solution in a chemically bound form is promoted by the precipitation of arsenian pyrite in permeable
structural and lithologic traps, bound by more impermeable units, similar to what occurs in petroleum systems.
Our integrated study underlines the important potential of sedimentary Core-bearing rocks in the formation and
distribution of gold and associated metal resources.
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Introduction

Sediment-hosted deposits represent an important part of gold
resources on Earth. Examples of mineralization in siliciclastic
sedimentary rocks that contain gold as the main product or
by-product can be found in at least six (orogenic, porphyry,
epithermal, Carlin-type, reduced intrusion-related, and vol-
canogenic massive sulfide) out of the 11 gold deposit classes
proposed by Sillitoe (2020). Notwithstanding the classifica-
tion and exact source of gold (e.g., magmatic, metamorphic,
sedimentary, or biogenic), the most characteristic features of
sediment-hosted gold deposits are the systematic presence
of organic carbon (Corg, i.e., bitumen, pyrobitumen, or their
metamorphosed product, graphite) and arsenian pyrite (e.g.,
Cline et al., 2005; Large et al., 2009; Muntean et al., 2011;
Gaboury, 2013; Gregory et al., 2016; Percival et al., 2018; Xie
et al,, 2018). The respective roles of these ubiquitous features
as a possible gold source and their impact on the processes of
metal concentration and/or remobilization are long-standing
subjects of debate. Some authors consider the carbonaceous
sediments to be both the source and trap for mineralization,
which was produced by hydrothermal processes at local to
regional scale within the crust (e.g., Phillips et al., 1987; Large
et al., 2011; Hofstra and Cline, 2000). Other studies defend a
magmatic source and vapor-phase transport of gold, with car-
bonaceous sediments acting exclusively as a metal trap (e.g.,
Muntean et al., 2011; Large et al., 2016; Muntean and Cline,
2018).

There exist multiple instances of close spatial and tempo-
ral associations of gold with organic matter, such as in the
renowned Witwatersrand basin, where the precipitation of
native gold and uraninite was suggested to have occurred by
reduction at the interface between a hydrothermal sulfide-
bearing fluid and hydrocarbon liquids or solids (Disnar and
Sureau, 1990; Robb and Meyer, 1995; Drennan et al., 1999;
Drennan and Robb, 2006; Fuchs et al., 2016). The close spa-
tial association of gold and carbonaceous-bearing formations
(including hydrocarbons) in the Carlin trend deposits has trig-
gered the foundation for the carbonaceous trap model (Radtke
and Scheiner, 1970). However, more recent work on Carlin
deposits has shown that organic carbon contents and ore
grades do not correlate, thus suggesting that Corg likely played
only a minor role (if any) in gold concentration and precipi-
tation, compared to the major gold precipitation mechanism
through sulfidation of ferroan carbonates (Hofstra and Cline,
2000; Cline et al., 2005; Kusebauch et al., 2019; Muntean,
2020). Gold transport and concentration are known to result
from a complex interplay of different parameters (tempera-
ture [T], pressure [P], pH, redox, S content) of the fluid dur-
ing its evolution and interactions with the host rock (e.g.,
Seward, 1973; Heinrich, 2005; Pokrovski et al., 2014). How-
ever, quantification of the respective contributions of these
parameters is lacking for sedimentary deposit settings. It also
remains unclear whether gold may be transported to a signifi-
cant degree by the liquid hydrocarbon phases as opposed to
the aqueous phase. Rare experimental data on a wide range
of crude oil samples at temperatures of 150° to 300°C show
that gold solubilities are too low (e.g., <50 ppb; Migdisov et
al., 2017) to allow for massive gold transport. Indeed, these
low values contrast with thermodynamic predictions, multiple

experimental studies, and extensive data from natural fluid
inclusions, all of which demonstrate that an aqueous S-rich
epithermal fluid (>0.1 wt % S), at equivalent temperatures, is
capable of dissolving tens to hundreds of parts per million of
Au, at favorable pH and redox conditions (e.g., Seward, 1973;
Heinrich, 2005; Kouzmanov and Pokrovski, 2012; Pokrovski
etal., 2014, 2022a; references therein). Thus, our current view
on the mechanisms of formation of sedimentary gold depos-
its lacks a quantitative physicochemical understanding of the
interactions that take place between a fluid and the rocks it
flows through. This understanding is now possible by coupling
the robust up-to-date knowledge of the chemical speciation
and solubility of Au in aqueous fluids with a well-constrained
geologic framework based on detailed studies of the ores and
their host rocks.

Another serious limitation in understanding the transport
and deposition of gold in sedimentary deposits is the role of
arsenic, since arsenian pyrite and arsenopyrite are systemati-
cally enriched in invisible gold in these settings (e.g., Cathelin-
eau et al., 1989; Reich et al., 2005; Deditius et al., 2014). Even
though the redox and chemical state of gold and its incorpora-
tion mechanisms in these sulfides remain subjects of debate
(e.g., Arehart et al., 1993; Pokrovski et al., 2019; references
therein), recent experimental data attest to an enhanced Au
partitioning from a hydrothermal fluid to As-bearing pyrite
with increasing As content in the system (e.g., Kusebauch
et al., 2019; Pokrovski et al., 2019, 2021). This partitioning
data, together with the recent spectroscopic knowledge of the
structural and redox state of invisible Au in sulfarsenides (e.g.,
Pokrovski et al., 2021; references therein) as well as improved
thermodynamic and structural models of the incorporation of
As into pyrite (e.g., Xing et al., 2019; Manceau et al., 2020),
allow at present more quantitative modeling of the arsenic-
gold relationships during fluid-rock interaction.

In this study, we attempt to unravel fundamental questions
of the roles played by arsenic and organic carbon in the forma-
tion of sediment-hosted gold deposits. Here, we explore the
Au-As-Co relationships using, as a case study, the Shahuindo
gold deposit in northern Peru, characterized by the presence
of invisible gold associated with arsenian pyrite and organic
matter in a sedimentary basin (Defilippi et al., 2016; Vallance
et al., 2018). To interpret these features, we have combined
detailed structural investigations of the formation and evolu-
tion of this sedimentary sequence with in situ microanalyses
of ore and gangue minerals, followed by physicochemical
modeling of fluid-mineral-organic carbon interactions. Our
results provide new constraints on the controls exerted both
by arsenic and Corg on gold transport and deposition. Our
findings may be applicable to many other sediment-hosted
deposits and thus contribute to improving exploration strate-
gies for this important resource of gold and associated metals.

Geologic Background and Samples

Regional geology

The thousand-kilometer-long NNW-SSE-trending Mara-
fion fold-and-thrust belt of central to northern Peru hosts a
variety of ore deposits, including Cu-Mo-Au porphyry (e.g.,
Toromocho), polymetallic and Cu-Fe skarn (e.g., Antam-
ina), and epithermal precious and base metals deposits (e.g.,
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Yanacocha and Cerro de Pasco), genetically linked to Oligo-
cene to Miocene subduction-related calc-alkaline magmatism
(Noble and McKee, 1999; Bissig et al., 2008; Scherrenberg et
al., 2016; Fontboté, 2018). This belt hosts, respectively, 40,
30, 75, and 65% of the Au, Cu, Zn, and Ag production of the
country (Noble and McKee, 1999; Scherrenberg et al., 2016;
Fontboté, 2018). In the study area, the rocks building the
Maraiién belt correspond to fluvio-deltaic and marine sedi-
ments of Late Jurassic to Late Cretaceous age, deposited in a
back-arc basin on a basement of Precambrian to Lower Ordo-
vician metamorphic rocks known as the Marafién Complex
(Mégard, 1984; Benavides-Cdceres, 1999; Chew et al., 2007;
Eude et al., 2015; Scherrenberg et al., 2016). The Marafién
belt is truncated by a middle Eocene regional unconformity
capped by volcanic and volcaniclastic sediments of the late

Eocene to Middle Miocene Calipuy plateau basin to the west
(Noble et al., 1990; Prudhomme et al., 2019) and the Caja-
bamba basin fluvial and lacustrine sediments to the east (Figs.
1, 2). The base of the Cajabamba deposits has recently been
dated at ~23 Ma (Prudhomme et al., 2019). Therefore, the
belt is considered to have developed during an early period
of the Andean orogeny (traditionally known as Peruvian and
Incaic phases; Noble et al., 1979; Mégard, 1984), between
the Late Cretaceous and the middle Eocene. The Marafién
belt is a thin-skinned thrust system related to a detachment
located at the base of the Late Jurassic black shale and sand-
stone rocks of the Chicama Formation and composed by a
succession of tight imbricates and associated folds, reflecting
a significant amount of horizontal shortening. The post-Incaic
orogenic period is characterized by the development of the
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Fig. 1. Geologic map of the Marafi6n fold-and-thrust belt in northern Peru showing the location of major deposit and projects
and the X-Y cross section shown in Figure 4 (modified from Eude, 2014).
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Fig. 2. Stratigraphical column of the Marafi6n fold-and-thrust belt in the study area (compiled and revised from Jaillard and
Jacay, 1989; Defilippi et al., 2012, 2016; Eude, 2014; Prudhomme et al., 2019). MFTB = Maraiién fold-and-thrust belt.

Calipuy and Cajabamba basins above the middle Eocene
regional unconformity and the intrusion of igneous stocks
in the subjacent folded and thrusted Cretaceous sediments
(Benavides-Cdceres, 1999; Scherrenberg et al., 2016; Prud-
homme et al., 2019; Fig. 1). These relatively weakly deformed
basins are associated with normal faulting (Bellier et al., 1989;
Prudhomme et al., 2019) and likely have recorded the posto-
rogenic period of tectonic quiescence and relaxation. From
the Late Miocene, the Marafién belt and the Calipuy and
Cajabamba basins were uplifted and exhumed as a result of
the Nazca Ridge subduction (Hampel, 2002; Rosenbaum et
al., 2005).

Deposit geology and host-rock lithology

The oldest rocks exposed in the area of the Shahuindo deposit
are marine graphite-bearing pyritic shale, silt, and sandstone,
with intercalations of coal seams of the Late Jurassic Chicama
Formation of ~1,000 m in thickness (Navarro Colque et al.,
2010; Figs. 2, 3). The shale and coal layers at the base of the
Chicama Formation, at the contact with the Paleozoic base-
ment, are considered to be the detachment plane common to
all thrusts in the Marafién belt (Mégard, 1984). The Chicama
Formation is overlain by siliciclastic fluvio-deltaic and shallow-
marine sequences of the Lower Cretaceous Goyllarisquizga
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the X-Y cross section shown in B (modified from Defilippi et al., 2016). B. Southwest-northeast cross section of the central
part of the Shahuindo deposit (modified from Defilippi et al., 2016). m.a.s.l. = meters above sea level.

Group. The base of the Goyllarisquizga Group comprises
~500 m of fluvial fine- to medium-grained (63-250 and 250—
500 wm, respectively) sandstones with occasional coal seams
of the Chimui Formation (Jacay, 2005; Navarro Colque et al.,
2010). The deposit lithology is described in detail by Defilippi
et al. (2016). Briefly, the Chimi Formation forms the core of

the Algamarca anticline, which defines the highest elevation
of the Shahuindo area (Fig. 3). The Santa Formation lies on
the Chimd Formation and is composed of pyritic black shales
with local intercalations of limestone. The Santa Formation
is strongly deformed and therefore precludes more accurate
thickness estimations, which actually range between 150 and
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200 m in the mine area. The Santa Formation is covered by
~500 m of gray siltstone interbedded with fine- to medium-
grained sandstone, pyritic black shale, and rare bioclastic
limestone named the Carhuaz Formation. The uppermost
formation of the Goyllarisquizga Group, named the Far-
rat Formation, is of ~500 m total thickness and includes up
to 2-m-thick beds of yellow to white fine- to coarse-grained
sandstone and quartzite with minor interbedded siltstone.
The Goyllarisquizga sedimentary sequence crops out in the
cores of the fault propagation anticlines, northwest-southeast
oriented and segmented by northeast-southwest strike-slip
and normal faults apparently posterior to the Marafién belt.
These northeast-southwest faults segment the Shahuindo
deposit into three blocks (western, central, and eastern; see
Fig. 3). The eastern and central blocks were down-dropped
by hundreds of meters, and the western block is likely to rep-
resent the deepest part of the deposit (R.W. Hodder, unpub.
report, 2010). Stocks of andesitic (also locally named “diorite
porphyry”) and later dacitic (or quartz-feldspar porphyry)
intrusions of Oligo-Miocene age crop out and are inter-
sected by diamond drilling mostly in the western, deeper part
of the deposit (Defilippi et al., 2016). Their emplacement
as elongated bodies was generally controlled by anticline
axes, thrust faults, and transverse northeast-southwest faults

(Fig. 3). Longitudinal fractures in the outer arcs of the hinge
zones of the competent unit, like Farrat sandstone, axial
planes of anticline (mainly in the San José anticline), thrust
faults, transverse faults, intrusion contacts, and permeable
layers in sandstone, are all presumably preferred sites for
emplacement of mineralization as will be confirmed by the
structural analysis in this study (Fig. 4).

Mineralization

The Shahuindo deposit comprises a zone of primary sulfide
ore and an oxidized zone of supergene origin. In the latter,
gold is found as native metal particles of <5 wm in size, asso-
ciated with goethite (FeOOH), hematite (Fe3Os), jarosite
(KFe3(SO4)2(0OH)g), and scorodite (FeAsO4 - 2H:0). Gold
reserves in the supergene zone are of 59 t Au at 0.46 g/t, and
extraction is currently conducted by heap-leach process (C.
Alvarez, pers. commun., 2019). The primary sulfide miner-
alization does not crop out. Gold reserve estimates for this
zone are not currently available, because exploration has not
yet been completed. Pyrite is the main sulfide mineral hosting
invisible gold in the primary ore, in addition to minor amounts
of arsenopyrite, chalcopyrite, galena, sphalerite, tetrahedrite,
and stibnite. This assemblage points to an epithermal, so-
called intermediate-sulfidation type of deposit for Shahuindo,
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Fig. 4. A. A 2017 view of the Algamarca anticline to the left and the Shahuindo open pit to the right. B. Structural southwest
to northeast cross section across the Marafién fold-and-thrust belt reconstructed in this study.
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according to Defilippi et al. (2016). Gold grades in the sulfide
ore are typically <2 g/t; however, higher grades, up to 33 g/t,
were locally measured (R.W. Hodder, unpub. report, 2010;
Defilippi et al., 2016). Within the area of endogenic miner-
alization, the distribution of gold reflects both primary and
secondary permeability. The former is induced by favorable
sedimentary facies, while the latter occurs because of faults,
breccia, and intrusion contacts, with notable paucity of veins
and open-space-filling features. In the sedimentary rocks,
gold occurs preferentially in the coarse-grained sandstone
that is capped by less permeable horizons, and it is hosted
within pyrite. Less permeable, graphite-bearing, fine-grained
pyrite-rich shale horizons rarely show gold grades in excess of
0.2 g/t, except in the proximity of faults or breccia related to
extended fracture networks. In the shale, gold is also spatially
associated with pyrite, even though the bulk pyrite content in
the rock does not display a direct correlation with gold grades.
This can be attributed to the diverse occurrences and origins
of pyrite, including fine-grained disseminations of diagenetic
origin and/or partial replacement of graphitized vegetal frag-
ments and bioclasts in shale and fine-grained sandstone hori-
zons (Fig. 5A, B), euhedral pyritohedra in medium-grained
sandstone (Fig. 5C), bioclast replacement in the rare lime-
stone beds, and filling in <1-cm-thick veinlets (Fig. 5D). Mas-
sive coarse-grained pyrite bodies formed locally at the contact
between the intrusion and sedimentary host rock are sur-
rounded by a gray-beige silicification halo (Fig. 5E). These
pyrite bodies are weakly mineralized, with grades <0.5 g/t Au.
The highest gold grades (up to 33 g/t) were found in polypha-
sic breccia in thrust and transverse faults, within sedimentary
rocks.

Multiple porphyritic igneous bodies of andesitic to dacitic
composition have intruded the Cretaceous sedimentary rocks
in the Shahuindo deposit and the adjacent Algamarca mine
area (Fig. 3). Field observations, drill core data, and a pre-
liminary geochronological study (S. Bussey and E. Nelson,
unpub. report, 2011, cited by Defilippi et al., 2012) suggest
that the oldest intrusions have andesitic composition. Zircon
U-Pb dating yielded an age of ~26 Ma, while the youngest
dacitic intrusions were dated at ~16 Ma (no error margins
reported). In the intrusive rocks, gold mineralization is scarce,
only occurring in <5-cm-thick veins and locally in stockworks
and breccia cement (Fig. 5F), as well as disseminations in
strongly sericitized andesite and dacite. The occurrence of
gold in both andesitic and dacitic intrusions provides there-
fore an upper age limit of 16 Ma for the mineralization at
Shahuindo (Defilippi et al., 2016; Vallance et al., 2018; this
study). This age is consistent with a K-Ar age value of 15.5 +
0.4 Ma reported by Noble and McKee (1999) from hydrother-
mal muscovite bordering a polymetallic vein that crosscuts a
quartz monzonite porphyry at Algamarca. These results con-
firm a value of 16 to 15 Ma for the age of the mineralization
at Shahuindo, assuming that both deposits belong to the same
magmatic-hydrothermal system.

Methods

Construction of a regional structural cross section

To better understand the stratigraphic and structural archi-
tecture of the Marafion fold-and-thrust belt and the tectonic

framework of the Shahuindo Au deposit, a regional structural
cross section (see Fig. 1 for location) has been constructed
following the classic thrust-tectonics concepts (Dahlstrom,
1969; Boyer and Elliott, 1982; Elliott, 1983) and using the
structural geology modeling MOVE  software (Petroleum
Experts, 2022). The structural construction results from the
integration of surface data, as structural dips, faults, and
stratigraphic contacts in line with the stratigraphic synthesis
presented in Figure 2. Surface data were obtained from our
own field surveys and 1:100,000 geologic maps available from
the Instituto Nacional Geolégico, Minero y Metalirgico del
Perd (INGEMMET). In order to validate our construction,
the final cross section has been forward modeled based on
the MOVE flexural-slip algorithm and assuming constant bed
length and thickness. The results are presented in Figure 4.

Analytical techniques

Thirty polished sections from sulfide ore sampled in drill
cores were examined using a LEICA DM2500 optical micro-
scope. A selection of key samples was examined on an envi-
ronmental scanning electron microscope (SEM) Quanta 650
FEL equipped with an EDAX-Octane Pro energy dispersive
spectrometry (EDS) microanalysis system at Centro de Car-
acterizacién de Materiales of the Pontifical Catholic Uni-
versity of Peru (CAM-PUCP). Operating conditions were
20-kV accelerating voltage and 5-nA current in backscattered
electron (BSE) mode. Bulk contents of carbon, sulfur, other
major elements, and a suite of 36 trace elements from 10
host-rock and mineralized samples were determined at ALS
Loughrea-Geochemistry, Ireland, and Lima, Peru. Analytical
instruments, digestion methods, numerical results, and their
corresponding detection limits are given in the Appendix
(Table A1).

Major elements (>0.1 wt %) in sulfide minerals were quan-
tified using a CAMECA SXFive electron probe microanalyzer
(EPMA) equipped with five wavelength dispersive spectrom-
eters at the Raimond Castaing Microanalysis Centre of the
University of Toulouse, France. Analyses were conducted at
25-kV acceleration voltage and 20-nA electron beam current,
with a beam diameter of <2 wm and 10 s of counting time
at the fluorescence peak and 5 s at the left- and right-side
background around the peak. The elements analyzed were
S (Ka), As (Lp), Au (La), Fe (Ka), Cu (Ka), and Sb (La).
Mineral standards included natural chalcopyrite for calibra-
tion of Fe, Cu, and S, arsenopyrite for As, and native metals
for Au and Sb. The detection limits for each element and the
obtained numerical data are reported in Table 1 and Appendix
Table A2.

Laser ablation-inductively coupled plasma-mass spectrom-
etry (LA-ICP-MS) analyses of 21 trace elements in sulfide
minerals (5'V, 57Fe, 39Co, 60Ni, 63Cu, 667Zn, "' Ga, “Ge, PAs,
TSe, %Mo, 107Ag, UsIn, 121Sh, 130Te, 187Re, 190s, 195Pt, 197Au,
205Pb, 209Bi) were performed at the GET laboratory using a
Thermo Finnigan MAT Element HR quadrupole ICP-MS
coupled with a ultraviolet femtosecond laser (New Wave)
(energy 0.003 m], fluency 0.94 J/em?, power 12%, frequency
5 Hz). The laser ablation spot size was ~20 um for most analy-
ses, with additional spots of ~60 wm for large-grain samples to
increase the signal to noise ratio. The counting time for each
ablation spot analysis was 140 s, including 30 s of preablation
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Fig. 5. Photographs of representative samples of the host rocks at the Shahuindo deposit. A. Pyritized vegetal fragments and
bioclasts in shale; sample BSHA-05. B. Pyrite (py) I dissemination and late pyII vein (white arrow) in shale; sample MSHA-
13. C. Pyrite I overgrown by euhedral coarse-grained pyII (white arrow) in medium-grained sandstone rich in shale clasts (red
arrow); sample BSHA-09b. D. Pyrite IT dissemination in carbonaceous fine-grained sandstone cut by a pyII-III vein; sample
MSHA-08. E. Brecciated and altered medium-grained sandstone (black arrow) cemented by pyII and pyIII; sample MSHA-
14. F. Strongly sericitized and brecciated dacite showing abundant pyrite as disseminations (pyII > pyIII), filling veinlets and
aggregates in the breccia cement, with local presence of sphalerite (sph); sample BSHA-20.
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Table 1. Pyrite and Arsenopyrite Generations, with As and Au Concentration Range and Average Content, for the Shahuindo Mine,
as Analyzed by EPMA and LA-ICP-MS

EPMA LA-ICP-MS
As (wt %) Au (ppm)
Range Range
Pyrite / Mean Mean
arsenopyrite type  Morphology and spatially associated minerals Number of points ~ Number of points Stage

pyl 10- to 200-pm aggregates of subhedral to euhedral cubic <0.2 0.1-4.5 Diagenetic/syngenetic

microcrysts and framboids; no other sulfides associated <0.2 0.3
11 56

pyll <2-mm subhedral to euhedral crystals in sandstone, replacing <0.2-2.4 0.1-9.9 Hydrothermal
organic detritus and/or bioclasts; dissemination, vein filling, 0.5 1.0 pre-ore, low As and Au
and local breccia cement in intrusions; massive bodies at the 51 45
contact between igneous intrusions and sedimentary wall
rocks; <30-pm pyrrhotite and chalcopyrite inclusions

pylIlI Rims on and/or partial replacement of pyll; massive bodies <0.2-5.6 0.1-110.0 Hydrothermal
and breccia cement at the contact between igneous intru- 1.8 7.0 main ore stage,
sions and sedimentary wall rocks; filling <5-cm-thick veins 107 129 high Au and As
in dacitic intrusions; oscillatory zoning with As-rich and As-
poor bands; in part coeval with arsenopyrite; frequent oc-
currence of <50-pm inclusions of chalcopyrite, sphalerite,
tetrahedrite-tennantite, galena, and stannite

apylII Subhedral to euhedral <0.3-mm strongly zoned grains along 40.9-46.8 1.8-460.0 Hydrothermal
fracture walls rimmed by pyIII; accompanied by chalcopy- 42.3 55.0 main ore stage,
rite, sphalerite, tetrahedrite-tennantite, galena, and minor 23 11 high Au and As
quartz and carbonate

pyLV Only observed in a vein cutting andesitic intrusion and in a <0.2-2.9 0.1-2.6 Hydrothermal
contact pyrite body as rims on pylIl; oscillatory zoning with 1.8 0.7 late ore stage,
As-rich and As-poor bands; no inclusions observed; accom- 12 8 medium As and low Au

panied by enargite and minor digenite

Abbreviations: EPMA = electron probe microanalysis, LA-ICP-MS = laser ablation-inductively coupled plasma-mass spectrometry

background, 80 s of laser ablation, and 30 s of postablation
background. Iron (as 5"Fe) was used as the internal standard;
its content in arsenian pyrite was determined by EPMA and
found to be fairly constant and independent of As content
(£0.1 wt %). The external calibration reference materials
were Po-726 (Sylvester et al., 2005), NIST610 (Norman et al.,
1996), MASS-1 (Wilson et al., 2002), and a natural arsenopy-
rite (Pokrovski et al., 2002, 2021).

Thermodynamic modeling of fluid-rock interactions

Chemical speciation and mineral solubility in simplified fluid-
rock systems relevant to the geologic context of the deposit
were modeled using available robust thermodynamic data.
The goal was to better constrain the major compositional
fluid and ore-forming parameters to help validate the pro-
posed model of formation. In particular, the major focus in
this study was on evaluating the role of organic matter on Fe,
Au, and As transport and precipitation. Other accompanying
trace elements were not considered in detail by the modeling,
because of the paucity of both analytical and thermodynamic
data on their content, distribution, and speciation in the fluid
and major host ore mineral (pyrite).

Calculations were performed using the HCh software pack-
age and associated Unitherm database, allowing chemical
equilibrium simulations in multicomponent fluid-mineral sys-
tems based on the minimization of the Gibbs energy of the
system (Shvarov, 2008, 2015), and accounting for nonideality

of the fluid using the extended Debye-Hiickel equation
(Helgeson et al., 1981). The selection of thermodynamic
data sources and their consistency for Au, S, and Fe were
discussed in detail elsewhere (Pokrovski et al., 2015, 2019,
2022a, b; Kokh et al., 2016, 2017) and are only briefly over-
viewed here. The thermodynamic properties of the minerals
were taken from the Joint Army-Navy-Air Force (JANAF;
Chase, 1998) and the U.S. Geological Survey (USGS; Robie
and Hemingway, 1995) databases, whereas major fluid com-
ponents (salts) and most sulfur aqueous species were adopted
from the updated SUPCRT database (Johnson et al., 1992) or
its recently extended equivalent, SUPCRTBL (Zimmer et al.,
2016) and were complemented by recent data for important
ionic sulfur forms including S3 (Pokrovski and Dubessy, 2015)
using the revised and extended Helgeson-Kirkham-Flowers
equation of state (HKF'; Oelkers et al., 2009; Sverjensky et al.,
2014; references therein). A large set of organic aqueous ions
and molecules (hydrocarbons, carboxylic acids, thiols) whose
thermodynamic coefficients are available in the SUPCRT
database was also tested in the calculations, but their equi-
librium concentrations were found to be too low (<0.001 m,
where m is number of moles per kg of water) to significantly
affect the fluid properties (pH, redox) and mineral solubility,
compared to the dominant COs and CH4. The data for ferrous
iron species (Fe?*, FeCl*, and FeCl)) were taken from the
SUPCRT database, whereas those for FeCl3 from Testemale
et al. (2009). Both FeCl} and FeClT dominantly contribute to
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the Fe speciation at our conditions. The properties of aqueous
Asand AsY oxyhydroxide complexes and iron (sulfo)arsenide
minerals (FeAsS, FeAs,, and FeAs) were adopted from Per-
fetti et al. (2008). The major arsenic aqueous species over the
entire range of our conditions is arsenious acid, As(OH)S. We
also incorporated and examined the recent model of As solid
solutions in marcasite and arsenopyrite recently proposed by
Xing et al. (2019) based on the data for those pure phases
from Perfetti et al. (2008) and density functional theory and
Monte Carlo theoretical calculations of As substitution for S
in the FeSy and FeAsS structures by Reich and Becker (2006).
This model yielded As tenors in pyrite (0.5-1.0 wt %) right in
the middle of the analyzed range of our samples and thus was
judged to be adequate to account for the general arsenic dis-
tribution and mass balance between fluid and rock. The ther-
modynamic properties of the molecular sulfur aqueous forms,
HsS, SOz, and dissolved Ha, Oz, CO2 and CHy, were adopted
according to the Akinfiev and Diamond (2003) model for aque-
ous nonelectrolytes, which allows a more accurate description
than the HKF model over the T-P range relevant to our study
(<350°C; <1 kbar; Pokrovski and Dubessy, 2015). Note that
the thermodynamic data from Akinfiev and Diamond (2003)
have also been used in derivation of the thermodynamic
properties of the Au species and thus were chosen here to
maintain thermodynamic consistency. The thermodynamic
properties of traditional hydrogen sulfide (AuHS", Au(HS)3)
and hydroxide (AuOH?) species were taken from the compila-
tion of Pokrovski et al. (2014), consistent with existing robust
experimental data (e.g., Stefansson and Seward, 2004; Tagirov
et al., 2005), whereas those for the dichloride species (AuClz)
were taken from Zotov et al. (2018) and those for the recently
discovered gold complex with the trisulfur ion, Au(HS)Ss,
from Pokrovski et al. (2015). Species such as AuCl’, AuCls,
and Au(OH);, tentatively suggested in some previous compi-
lations, were ignored in the present modeling because of the
large uncertainties associated with predictions of their stabil-
ity constants at elevated temperatures as well as the lack of
direct spectroscopic evidence of their existence. Among the
chosen Au species, AuHS? and Au(HS); are the dominant
complexes at acidic (<4) and neutral to basic pH (>6), respec-
tively, in the S-bearing epithermal fluids considered in this
study (e.g., Tagirov et al., 2005). In addition, Au(HS)Ss also
contributes to the gold solubility at intermediate pH values
(4-5) at redox conditions of the sulfate-sulfide coexistence in
the fluid. The precision of our predictions of Au, Fe, and As
concentrations at a given model fluid composition at the T-P
conditions of this study (150°-350°C, <1,000 bar) is typically
better than 50% of the concentration value, as conditioned
by the intrinsic uncertainties of the thermodynamic data and
activity coefficient models chosen here. The input HCh files
of representative models are supplied as an electronic supple-
ment (App. 1).

Results

Structural analysis

The structural framework, reconstructed in this study, is illus-
trated by the regional structural cross section in Figure 4. It
shows the geometry of the imbricated thrusts and associated
folds of the E-verging Marafién belt, which has been partly

eroded during the middle Eocene postorogenic period (Noble
et al., 1990; Prudhomme et al., 2019). The belt is covered to
the west by the Calipuy volcaniclastic sediments and to the
east by the Codebamba lacustrine and fluvial deposits (Figs.
2, 4). Both formations are poorly deformed, indicating that
the Neogene reactivations of thrusts structures were rather
weak. Imbricated thrusts and folds are tight and accommo-
dated a large degree of shortening. They are connected to
a sole thrust that developed at the interface between the
Chicama black shales and the metamorphic basement. The
entire thickness of the Chicama black shales (~1,000 m) was
deformed, and the shales occupy the cores of imbricates and
anticlines, which form excellent structural traps when pre-
served. The Chicama base décollement developed between
7 km deep in the west and 2 km in the east, with a steep slope
in the east.

Our structural analysis shows that the Shahuindo deposit is
located in a system of four imbricate thrusts where the related
anticlines are preserved. The most spectacular of these anti-
clines is the Algamarca anticline, which marks the landscape
of the region with an outcropping fold made of Chimu sand-
stones (Fig. 4). The Algamarca imbricate is the most western
and uplifted and thus the first to have been formed in accor-
dance with the in-sequence thrusting propagation evidenced
by the normal stacking of the four imbricates. The Shahuindo
gold deposit has been trapped in the reservoir sandstones
(Carhuaz and Farrat Formations) of the anticlines of the sec-
ond and third imbricates. It is possible that similar deposits
could also exist in the Chimu sandstones, but these have not
yet been revealed by the mine drill holes. In the Algamarca-
Shahuindo imbricate system, elongated bodies of andesitic
and dacitic intrusions are emplaced at the intersection of the
northwest-southeast thrust faults and later northeast-south-
west transverse faults. In our structural interpretation, these
intrusions are connected to an upper crustal laccolith installed
at the interface between the basement and the Chicama black
shales, following the model of Vigneresse et al. (1999) and
Richards (2003), and resulting from magma migration along
deeper and later northeast-southwest transverse faults clearly
identified at the surface (Fig. 3). As a result of this analysis,
the obtained structural cross section allows us to circumscribe
the Algamarca-Shahuindo imbricate system that likely fed the
Shahuindo deposit. The migration of ore fluids was guided
by the thrust geometries up to the reservoir sandstones of
the anticlines, showing analogies with processes typically
observed in petroleum systems (e.g., Magoon and Dow, 1994;
Calderon et al., 2017; Baby et al., 2021). Moreover, the Lower
Cretaceous Shahuindo stratigraphic series comprise essential
elements as black shales, sandstone reservoirs, and overbur-
den rocks (Fig. 2) that all contributed to the processes of trap
formation and fluid migration and accumulation linked to
thrust tectonics of the Marafién belt.

Host-rock and ore geochemistry

Thirty-seven samples were collected in the Shahuindo area,
most of them (n = 32) selected from drill core to avoid the
influence of supergene alteration. Barren and gold-rich
samples were collected from both sedimentary and igneous
rock types of the Shahuindo area in order to characterize all
facies of the deposit. Additionally, two fresh outcrop samples
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of graphite-bearing sandstone from the Chicama Formation
were collected about 20 km southeast of the deposit, where
no igneous and/or hydrothermal activity was detected, to
assess the host rock unaffected by hydrothermal fluids. The
location of the 10 samples from mineralized and barren sedi-
mentary rocks as well as their mineralogical and geochemical
characteristics are given in Figures 1 and 3, Appendix Figure
AlA, Tables 2 and 3, and Appendix Table Al. Locations of
graphite-rich sandstone samples from the Chicama Forma-
tion (MSHA-22 and MSHA-23) are shown in Figure 1. The
Chimt Formation was not sampled, because it was not inter-
sected by exploration drilling, and all exposed occurrences are
affected by strong supergene alteration. The Santa Formation
was sampled from core drilled in the deposit (MSHA-05).
The Carhuaz Formation was sampled from surface outcrops

(samples MSHA-01 to MSHA-04; Fig. 3A) as well as from
drill core (MSHA-08; MSHA-11). Sample MSHA-14 is from
a breccia with pyrite cement at the contact between a dacitic
intrusion and fine-grained sandstone of the Carhuaz Forma-
tion (Fig. 5E).

Based on their chemical and mineralogical compositions,
the rock samples were separated into two groups. The first
consists of three barren samples, including MSHA-22 and
MSHA-23 from outside the deposit and MSHA-01 collected
within the deposit. They do not show any Au, As, or Cu enrich-
ment compared to typical black shales (Johnson et al., 2017).
These samples have major element compositions within the
range of typical barren black shales (Johnson et al., 2017;
App. Fig. Al). Their gold and arsenic contents (<1-2 ppb and
12-23 ppm, respectively) are at the lower end of the range of

Table 2. Description and Key Element Bulk Composition of Selected Rock Samples from the Shahuindo Mine

Sample Sample type Geographical C S Fe! Cu As Au
identity and location coordinates Description (Wt %) (wt %) (wt%) (ppm) (ppm) (ppm)
MSHA-01  Surface outcrop ~ 7°37'30.02"S Carhuaz Formation; light-gray siltstone with flaser ~ 0.43 0.22 5.31 30 12 0.002
78°12'19.04"W  bedding; black organic matter accompanied by
fine-grained pyrite is abundant in mud layers
MSHA-02  Surface outcrop ~ 7°37'30.14"S Carhuaz Formation; light-gray siltstone with flaser ~ 0.94 044 384 130 16 0.02
78°12'18.31"W bedding; black organic matter accompanied by
fine-grained pyrite is abundant in mud layers
MSHA-03  Surface outcrop ~ 7°37'30.14"S Carhuaz Formation: light-gray siltstone with flaser ~ 0.93 0.53 4.15 124 21 0.02
78°12'18.31"W  bedding; black organic matter accompanied by
fine-grained pyrite is abundant in mud layers
MSHA-04  Surface outcrop — 7°37'29.27"S Carhuaz Formation, SW-NE fault zone; strongly 0.13 7.15 6.81 31 743 0.18
78°12'19.60"W  deformed black shale accompanied by coarse-
grained pyrite
MSHA-05  Drill core 7°36'35.94"S Santa Formation; black shale rich in 0.65 0.75 3.74 37 41 0.03
within the 78°12'53.54"W carbonaceous material with dissemination
deposit of fine-grained pyrite
MSHA-08  Drill core 7°36'23.52"S Fine-grained dark-gray sandstone of the 0.03 19.3 16.71 8250 1,000 0.95
within the 78°12'27.80"W Carhuaz Formation; dissemination of abundant
deposit subidiomorphic pyrite (>0.5 mm); yellow fine-
grained pyrite fills sinuous veinlets (<1 mm)
MSHA-11  Drill core 7°36'24.39"S Fine-grained dark-gray sandstone of the Carhuaz 1.43 5.09  4.70 64 237 0.03
within the 78°13'01.73"W  Formation with abundant carbonaceous
deposit matter including plants fragments and
dissemination of fine-grained pyrite
MSHA-14  Drill core 7°36'49.36"S Matrix-supported breccia with ~30% subangular 020 219 18.81 57 2460 0.25
within the 78°13'02.87"W to subrounded clasts of altered medium-
deposit grained sandstone; the cement is mainly pyrite
with minor amounts of arsenopyrite,
tetrahedrite-tennantite, Bi and Te minerals,
aluminum phosphate-sulfate minerals, and
quartz; sample collected at a sandstone/intrusion
contact
MSHA-22  Surface outcrop  7°41'39"S Chicama Formation; light-gray fine-grained 1.91 0.44 2.78 21 12 0.001
20 km SE of 78°05'07"W sandstone with flaser bedding; black organic
the deposit matter accompanied by fine-grained pyrite is
abundant in mud layers; left side of the
Rio Condebamba River
MSHA-23  Surface outcrop ~ 7°41'39"S Chicama Formation; light-gray fine-grained 2.27 0.37  3.35 26 23 <0.001

20 km SE of
the deposit

78°05'07"W

sandstone with flaser bedding; black organic
matter accompanied by fine-grained pyrite is
abundant in mud layers; left side of the

Rio Condebamba River

ICalculated on the basis of the oxide analysis; see also Appendix Table Al
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Table 3. Comparison of Element Content Along a 50-m-Long Profile
Perpendicular to a Roof Branch of the Thrust that
Controls Mineralization at the Deposit Scale

Au As Ag S Fe excess!
Sample Location (ppb)  (ppm) (ppm) (wt%) (mol/kg)
MSHA-01 50 m SW of 2 12 0.1 0.22 0.09
the thrust
MSHA-02 25 m SW of 17 16 0.1 0.44 0.06
the thrust
MSHA-03 25 m SW of 17 21 0.2 0.53 0.06
the thrust
MSHA-04 0 m from 180 743 0.7 7.15 0.01

the thrust

Fe excess, in moles per 1 kg of rock, relative to the FeS, stoichiometry, that
all S is in pyrite

whole-rock analyses of black shales compiled for the Sukhoi
Log, Carlin, and Bendigo Au-As provinces (Large et al., 2011).
Mass balance calculations, assuming all sulfur to be in pyrite,
show iron to be in excess compared to sulfur (i.e., mole ratio
Fe/S > 0.5; App. Fig. A1B) for samples that contain less than
1 wt % S, thereby suggesting an additional contribution from
other Fe-bearing minerals (silicates, carbonates). In contrast,
hydrothermal pyrite-bearing samples enriched in gold (0.02—
1.0 ppm) show a mole Fe/S ratio close to 0.5 (App. Fig. A1C),
indicating that almost all of the iron and sulfur are hosted by
pyrite. Assuming all carbon to be from carbonaceous matter
(traces of carbonate were only found in sample MSHA-14),
there is no correlation between carbonaceous matter contents

and gold concentrations. Samples MSHA-02, MSHA-03, and
MSHA-04 belong to the above-mentioned 50-m-long profile
starting with MSHA-01 (Fig. 3A). While samples MSHA-02
and MSHA-03 do not differ in mineralogy and texture from
sample MSHA-01 (Table 3), they show significantly higher Au,
S, and As concentrations and much smaller Fe excess. These
compositional differences are even more pronounced in sam-
ple MSHA-04 taken from the fault zone itself.

Pyrite paragenctic sequence

Pyrite is by far the major sulfide mineral associated with
gold at Shahuindo, accompanied by subordinate amounts of
arsenopyrite, pyrrhotite, chalcopyrite, sphalerite, tetrahe-
drite-tennantite, enargite, chalcocite, and galena and minor
stibnite, bismuthinite, tellurobismuthite, kobellite, stannite,
boulangerite, and greenockite. Gangue minerals comprise, in
decreasing abundance, white micas, quartz, kaolinite, carbon-
ates, pyrophyllite, and aluminum phosphate-sulfate minerals.
In contrast to samples affected by oxidation from the super-
gene zone (the defined gold resource), in the endogenous sul-
fide ore no visible gold was detected by optical microscopy nor
SEM, even in samples with grades as high as 30 g/t Au. Figure
6 shows the paragenetic sequence comprising four succes-
sive stages as defined by four generations of pyrite identified
in this study based on morphological characteristics, chemi-
cal composition, and mineral assemblages as summarized in
Table 1 and detailed below.

Pyrite I: The earliest pyrite (pyI) occurs as aggregates of
subhedral to euhedral cubic-shaped microcrysts and fram-
boids of 10 to 200 um in size, which are only observed in the

Mineral Stage |

Stage Il Stage Il Stage IV

Pyrrhotite
Arsenopyrite
Chalcopyrite
Pyrite

Gold *

Sphalerite
Tetrahedrite-tennantite
Stibnite

Galena
Bismuthinite
Tellurobismuthite
Russellite
Boulangerite
Kobellite
Carbonates
Enargite
Digenite
Chalcocite
Kaolinite

APS minerals **

pyll | pylll pylv

* Gold chemically bound in pyrite and arsenopyrite
** Aluminum-phosphate-sulfate minerals

Fig. 6. Paragenetic sequence of the Shahuindo gold deposit as established in this study. The bar thickness is roughly indicative
of the relative mineral abundance. Stage I corresponds to the deposition of diagenetic pyl; pyrrhotite, chalcopyrite, and sphal-
erite of stage IT occur as inclusions within coarse-grained pylII; gold precipitated within pyIIT and arsenopyrite during stage
I11, and the other sulfides fill open space between their euhedral terminations, with evidence of local replacement; pyrite
IV forms overgrowths on pyIIT and is accompanied by enargite, minor digenite, and aluminum phosphate-sulfate minerals,
partially replacing stage IIT chalcopyrite and tetrahedrite-tennantite.
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sedimentary rocks of the Santa and Carhuaz Formations (Fig.
7A, B). This pyrite type is not accompanied by other sulfide
minerals and occurs as disseminations at a regional scale,
strongly suggesting a diagenetic origin.

Pyrite II: Stage II pyrite (pyII) is the most abundant of
the four types. It is spatially associated with intrusive bodies
and occurs both in the igneous rocks and nearby sediments.
Pyrite II occurs mainly as pyritohedral crystals up to 5 mm
in size, filling porosity in sandstone, (Fig. 6C-E), replacing
organic detritus and/or bioclasts in siltstone and shales (Fig.

6F), or filling veinlets. Pyrite II is also the main constituent
of pyrite bodies formed at the contact between igneous intru-
sions and sedimentary wall rocks. In the igneous rocks, dis-
seminated pyII occurs together with sericite as replacement
of mafic minerals. It also fills thin veinlets (<5 mm thick) that
are locally interconnected and form a stockwork array and is
an important constituent of the breccia matrix. In both igne-
ous and sedimentary rocks, SEM analyses do not show com-
positional zoning of pyII (Fig. 6E) but reveal the presence
of <30-um-size inclusions of pyrrhotite and, less commonly,

Fig. 7. Textural features of pyrite I and pyrite II from the Shahuindo deposit. A. Cluster of subhedral to euhedral pyrite
microcrysts. Reflected light. B. Spatial association between framboidal pyrite (pyI) and graphitic organic detritus (C). Pyrite
IT (pyII) nucleation on pyrite I, making it difficult to distinguish between pyI and pyII. Reflected light. C. Subhedral pyri-
tohedron (py) in sandstone that encloses detrital quartz (gtz). Transmitted light, crossed polars. D. Euhedral pyrite II grain
with As-rich pyrite IIT (pyIII) overgrowths. E. Backscattered electron image of coarse euhedral pyrite II grain with pyrite
IIT overgrowths showing alternating As-rich (lighter color) and As-poor bands. F. Partial replacement of graphitic organic
detritus (C) by pyrite II (pyII), locally infilling plant cells (center of the picture). Reflected light.
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intergrowths of pyrrhotite, chalcopyrite, and sphalerite with
local chalcopyrite disease.

Pyrite III: Similar to pyrite IL, pyrite III (pyIII) was
observed both in sedimentary and igneous rocks as well as in
massive pyrite bodies. Pyrite III typically forms rims on pyII
(Fig. 6E) and, less frequently, fracture and crystallographically
controlled replacement zones (Fig. 7A). The key distinguish-
ing feature of pylIl is an oscillatory zoning with an alterna-
tion of As-rich and As-poor bands (Fig. 7B, D). As-rich bands
often contain <50-um inclusions of chalcopyrite, sphalerite,
tetrahedrite-tennantite, galena, and stannite (Fig. 7D) and,
more rarely, bismuthinite, tellurobismuthite, kobellite, and
russellite. Arsenopyrite (apylIII) is coeval with pyIII and forms
strongly zoned subhedral to euhedral grains (<0.3 mm; Fig.
7B, C, E). Locally, arsenopyrite occurs as euhedral crystals
along fracture walls rimmed by pyIII within pylI (Fig. 6B,
E). In these fractures, chalcopyrite, sphalerite, tetrahedrite-
tennantite, galena, and minor quartz and carbonate fill open
space between euhedral terminations with evidence of local
replacement (Fig. 7E).

Pyrite IV: The fourth generation of pyrite (pyIV) was only
identified in a vein cutting an andesitic porphyry body and in
a massive pyrite contact body. Pyrite IV occurs as inclusion-
free overgrowths on pylII with alternation of As-rich and As-
poor bands (Fig. 7F), and is accompanied by enargite, minor
digenite, and aluminum phosphate-sulfate minerals, partially
replacing chalcopyrite and tetrahedrite-tennantite.

Pym’te and arsenopyrite composition

The EPMA analyses of pyrite I show a close to ideal stoi-
chiometry, FeSs00, and no As, Sb, and Cu were detected
(<0.05-0.1 wt %; Fig. 8; App. Table A2). Pyrite II is also
close to stoichiometric (FeS1gs200), with detectable As (up
to 2.4 wt %). Pyrite III is more enriched in both As and Cu
(up to ~5.6 and ~0.9 wt %, respectively). The latest pyrite
type, pyrite IV, contains up to 2.9 wt % As. There are no sig-
nificant correlations between S and As in pyll, whereas in
pyIII and pyIV both elements display negative correlations
(Fig. 9A), implying an isomorphic substitution by As in the
—I formal oxidation state for S in the pyrite structure (e.g.,
Fleet and Mumin, 1997; Simon et al., 1999; Deditius et al.,
2008; Manceau et al., 2020; references therein). The stron-
gest As enrichment in pyIlI was observed in grains hosted by
sedimentary rocks, whereas the lowest concentrations were
found in grains occurring in transverse faults (Fig. 9B). Arse-
nopyrite, belonging to the pylII stage, is generally depleted in
As (Feo.9s-1.01A80.85-1.0091.13-1.00) compared to the ideal FeAsS
stoichiometry, and it is zoned, with cores having lower As
(~41 wt %) than the rims (~47 wt %). Sulfur correlates nega-
tively with As plus Sb supporting an (As + Sb) to S substitution
mechanism, typical of most arsenopyrites (e.g., Boiron et al.,
1989; Pokrovski et al., 2021).

Trace element composition of pyrite and arsenopyrite

Pyrite (from the four paragenetic stages; Fig. 6) and arseno-
pyrite (from the pylIIl stage) were analyzed for trace elements
using LA-ICP-MS in 10 representative samples collected in
sandstone, andesite, contact sedimentary rocks/dacitic bod-
ies, dacitic bodies, and the northeast-southwest fault (Fig. 10;
Table 4; App. Tables A3, A4). Gold contents in pyl range from

0.1 to 1.7 ppm (with a single data point of 4.5 ppm). Gold
correlates positively with Ge, Se, and Te and negatively with
V, Ga, and In but shows no statistically meaningful pattern
with As (Fig. 11A). In pyll, gold ranges from 0.03 to 9.9 ppm
(mean value ~1 ppm) with a generally positive correlation
with As, depending on the host lithology (App. Table A4).
Gold concentrations in pyIII range from ~0.1 to 110 ppm,
with the highest concentrations measured in pyrite bodies at
the contact of dacitic intrusions with the sedimentary rocks
(Fig. 11B). Conversely, the lowest values were observed in
pyrite from the andesitic intrusion. The correlations between
gold and other elements in pylII vary greatly depending on
the host lithology. Gold and arsenic are strongly correlated
in pyrite samples from transverse faults and intrusions but
uncorrelated in pyrite from samples from sedimentary rocks.
Other minor/trace elements such as Ni, Cu, Zn, Ag, In, Sb,
Te, Pb, and Bi locally show relatively high tenors and often
strong intercorrelations (App. Fig. A2; App. Tables A2, A4).
Such correlations suggest that some spot analyses may include
microparticles of minerals like chalcopyrite, kobellite, or tet-
rahedrite-tennantite. Indeed, the presence of such mineral
inclusions is confirmed by SEM analyses (see Fig. 7D-F) as
well as by observation of spikes in some laser ablation spectra
of pyrite. The presence of arsenic-rich mineral phases (such
as tetrahedrite-tennantite) that do not contain significant gold
(e.g., George et al., 2017) would, at least partly, obscure cor-
relations between As and Au in sediment-hosted pyIII sam-
ples. Gold in arsenopyrite from the pylIIl generation exhibits
a large range of concentrations (2-460 ppm) independent of
the lithology (Fig. 11C, D; App. Table A3). LA-ICP-MS sig-
nals of Cu, Zn, Ag, Ga, Ge, Sb, and In in arsenopyrite often
show spikes and/or irregular patterns, which are suggestive
of the presence of tetrahedrite-tennantite and/or chalcopy-
rite inclusions enriched in those elements (App. Fig. A3).
This interpretation is in accordance with the textures of pyIII
and apylIlII indicating replacement by these Cu-bearing min-
erals. Pyrites III and IV show similar alternation of As-rich
and As-poor zones, but pyIV is almost free of inclusions and
has a lower average content of trace elements than pyIII (Fig.
10; Table 3). Gold concentrations in pyIV range from 0.1 to
2.6 ppm (mean = 0.7 ppm), weakly correlating with arsenic.

Discussion

Evolution of the ore-forming conditions and succession
of the mineralization events

The structural reconstruction analysis and the paragenetic
sequence established above provide key constraints on the
evolution of ore-forming conditions during the Shahuindo
deposit formation. The earliest ore mineral assemblage,
identified both in sedimentary and intrusive rocks, is only
evidenced by residual inclusions of pyrrhotite, chalcopyrite,
and sphalerite within the abundant pyII mineralization. This
assemblage is consistent with deposition under relatively
reducing and sulfur-poor conditions, indicative of pyrrhotite
stability. Extensive hydrothermal alteration of the intrusions
that accompanies pyII deposition suggests acidic pH condi-
tions, as sericitization is typically associated with percolation
of acidic fluids (Hemley and Jones, 1964; Hemley and Hunt,
1992; Seedorf! et al., 2005). The occurrence, in the following
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Fig. 8. Scanning electron microscope (SEM) photomicrographs (in backscattered electron mode) of ore samples from the
Shahuindo deposit. A. Replacement zone of pyrite IT (pyII) by pyrite III (pyIII) and tetrahedrite-tennantite (tt). C = graph-
ite, po = pyrrhotite inclusion in pyrite II. B. Pyrite II (pyII) rimmed by oscillatory-zoned pyrite III (pyIII) and arsenopyrite
(apyIII). C. Same view as in B, with different contrast enhancing the arsenopyrite zoning and the later tetrahedrite-tennantite
(tt) and galena (gn). D. Details of the oscillatory zoning in pyrite III (pyIIl); tetrahedrite-tennantite (tt) and chalcopyrite
(cpy) inclusions are preferentially located at the limit between bands; later enargite (eng) partially replacing tetrahedrite-
tennantite. E. Arsenopyrite (apyIIl) precipitated at the contact between coarse pyrite II (pyll) and finer pyrite III (pyIII)
grains with local replacement of the latter; chalcopyrite (cpy) filling spaces between arsenopyrite euhedral terminations. F.
Late subhedral oscillatory-zoned and inclusion-free pyrite IV (pyIV) occurring as overgrowth on oscillatory-zoned inclusion-

bearing pyrite IIT (pyIII).

pyII stage, of Au-rich highly arsenian pyIII and arsenopy-
rite with the presence of later Ca-Mg-Fe carbonate minerals
indicates less acidic fluid pH, more favorable for stabilizing
the carbonate mineral phases. The chalcopyrite-tetrahedrite-
tennantite assemblage that postdates Au-bearing pyIII and
arsenopyrite points to an evolution toward higher sulfida-
tion conditions, as also suggested by late pyIV together with
digenite, enargite, kaolinite, and aluminum phosphate-sulfate

minerals within the magmatic intrusions and at their contacts
with sedimentary rocks (Einaudi et al., 2003; Fontboté et al.,
2017). This assemblage of enargite, chalcocite, and digenite is
indicative of magmatic fluids (Einaudi et al., 2003). The transi-
tion from low- to intermediate- and to high-sulfidation stages
has been documented in other Cordilleran deposits of Cen-
tral Peru, such as Morococha, Cerro de Pasco, and Ayawilca
(Catchpole et al., 2015; Rottier et al., 2016; Fontboté, 2020;
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Fig. 9. Electron probe microanalyses (in at %) of pynte from the Shahuindo deposit. A. As versus S for the indicated pyrite
generations. Dashed lines represent 1:1 correlation; r is the Pearson correlation coefficient. B. As versus S for the pyITl gen-

eration from different host-rock types or tectonic position.

Benites et al., 2022). Indeed, the different sulfidation stages
identified in our study are rather similar to stages A to C of
most Cordilleran-type deposits that are generally explained
by decreasing temperature (Fontboté, 2018, 2020). However,
the fundamental reasons for this evolution of sulfidation state
may be different at Shahuindo and reflect the particularities
of interaction of magmatic fluids with Corg-rich rocks, as will
be shown below. Due to high reactivity of sedimentary organic
matter, initially acidic, oxidized magmatic-derived fluids may
have completely lost their acidic and oxidizing properties by
1nteract1ng with fresh portions of Corg-bearing rocks, result-
ing in the low-sulfidation mineral assemblages at early stages.

Subsequent portions of fluids may have passed through pro-
gressively more and more altered rocks having less and less
buffering capacity and resulted in an apparent increase in sul-
fidation state conditions from pylII to pyIV generations. This
interpretation is consistent with the thermodynamic modeling
that will be discussed further below.

Gold-arsenic relationships in pyrite

Gold and arsenic contents in diagenetic pyrite (pyI) from the
Shahuindo deposit are similar to those observed in sedimen-
tary pyrite from other provinces worldwide such as Sukhoi
Log (Russia), Bendigo (Australia), and the Otago schist in
New Zealand (Large et al., 2009, 2012). At Shahuindo, no
clear correlation emerges between gold and arsenic at this
early stage, suggesting that these elements were decoupled
at the time of diagenesis, before ore formation. Hydrother-
mal pyll, pylIll, and pyIV display, in contrast, positive cor-
relations between Au and As with the maximum of Au-As
enrichment attained during pyIII deposition. The maximum
As concentration value of 5.6 wt % in pylll is consistent
with theoretical predictions of As-S solid-solution range in
pyrite, which may extend to ~6 wt % As incorporated in the
pyrite structure, without formation of arsenopyrite domains
(Reich and Becker, 2006). This As saturation limit in pyrite
is also in agreement with the paragenetic sequence showing

that arsenopyrite and pyIII were coeval. A maximum con-
tent of 460 ppm Au analyzed by LA-ICP-MS in arsenopy-
rite of the pylIll stage is consistent with both natural and
experimental data, which indicate that arsenopyrite incor-
porates much higher Au contents than coexisting pyrite (up
to 1-2 wt %; Boiron et al., 1989; Wu and Delbove, 1989;
Fleet and Mumin, 1997; Pokrovski et al., 2021). The arse-
nic-gold coupling in hydrothermal pyrite evidenced in our
study is consistent with the common As-Au associations and
As control on Au incorporation in pyrite, initially identified
in Carlin-type deposits (e.g., Radtke et al., 1972; Wells and
Mullens, 1973; Fleet and Mumin, 1997; Simon et al., 1999;
Cline, 2001; Cline et al., 2005; Muntean et al., 2011) and
later recognized in many other gold deposit types such as
orogenic (e.g., Cook and Chryssoulis, 1990; Large et al.,
2007; Velasquez et al., 2014; Belousov et al., 2016), intru-
sion-related (e.g., Voute et al., 2019), porphyry Cu-Au (e.g.,
Deditius et al., 2014), and volcanogenic massive sulfide (e.g.,
Deditius et al., 2014; Belousov et al., 2016). More recently,
the key role of arsenic in invisible gold incorporation into
pyrite has been demonstrated by direct laboratory experi-
ments coupled with in situ X-ray absorption spectroscopy
(e.g., Kusebauch et al., 2019; Pokrovski et al., 2019, 2021).
Our findings thus confirm the recent proposition, based on
experimental and spectroscopic evidence, that incorpora-
tion of gold in pyrite and arsenopyrite from gold-under-
saturated fluids during pyritization of the host rock occurs
through a redox-driven reaction of Au binding to As in the
structures of pyIll and apylIIl (Pokrovski et al., 2021). In
contrast, gold occurring in much lower concentrations in
As-poor diagenetic pyrite (pyl) is decoupled from arsenic
and is likely being chemisorbed on the pyrite surface and/or
incorporated in structural defects in the form of Au sulfide
complexes (e.g., Pokrovski et al., 2019). Gold concentrations
increase in pyllII that is enriched in arsenic, which is also in
line with the coexistence of Au-rich apylIl. The formation
of both As-rich phases is likely favored by an increase in As
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Fig. 10. Box plots showing the contents of 17 trace elements (in logy units of ppm) analyzed by laser ablation-inductively coupled
plasma-mass spectrometry in the four pyrite generations (pyI to pyIV) and in arsenopyrite (apyIII, belonging to pyIII generation).
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Fig. 11. Results of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analyses of gold and arsenic
concentrations in representative pyrite (py I to pyIV) and arsenopyrite samples from the Shahuindo deposit. A. Logarithmic
plot of As versus Au for all pyrite generations. B. Logarithmic plot of As versus Au for pyIII from different host rocks. C.
Scanning electron microscope photomicrograph of an Au-poor pyII grain with later Au- and As-bearing pyIII and coexisting
arsenopyrite (apyIII); green circles show the position of LA-ICP-MS laser spots. D. As and Au concentrations obtained in the

laser ablation spots indicated in C.

2020). We therefore adopted a value of 4 ppb Au as the most
plausible background level for the global source rock, com-
posed of sediments crosscut by intrusions, and we used this
value in the mass balance analysis that follows.

Reserves estimates at Shahuindo are 59 t Au in the oxidized
currently exploited part of the deposit. Considering a similar
amount of the underlying primary sulfide ore, a total endow-
ment of 100 t Au would be a reasonable estimate. Assuming
4 ppb Au in the source rock (density of 2.6 g/cm?), with 50%
efficiency for gold mobilization from the rock and 50% effi-
ciency for subsequent Au deposition, 38.4 km3 (3.4 x 3.4 x
3.4 km) of source rock would be necessary to supply 100 t of
gold. This estimated volume is conservative because of the
presence of numerous impermeable shale horizons, particu-
larly in the Santa and Carhuaz Formations, which show no
evidence of hydrothermal alteration. This mass balance anal-
ysis indicates that the host sedimentary rock alone cannot
be regarded as the only source for gold in the deposit. This
is because the potential size of the Shahuindo hydrother-
mal system, as estimated by the exploration drilling program
(Defilippi et al., 2016) (Fig. 3), is less than ~2 km (<8 km?),
which is almost five times smaller than the necessary volume
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calculated above to account for the known Au tonnage. In
addition, there is no evidence of massive release of gold
from diagenetic pyrite related to a regional metamorphic
event as in orogenic gold settings. The iron content of the
host rock is also a key parameter, as its abundance and reac-
tivity partly controls the HsS fluid content and the resulting
Au dissolved concentration in the form of sulfide complexes.
The analyzed sedimentary rocks show an excess of iron
compared to FeSy, which decreases when approaching the
mineralized zones. In the case of the intrusions, sericitic
alteration is accompanied by iron sulfidation of mafic min-
erals. Iron sourced from magmatic minerals is sufficient to
account for the abundance of pyrite in the system. However,
an additional contribution of iron directly from magmatic
fluids is also possible and would be in line with the large
amount of pyrite observed within the massive contact bod-
ies. Note that low-salinity aqueous fluids of magmatic origin,
typical of porphyry-epithermal settings, are able to transport
as much as tens of parts per million Au, 100 to 1,000 ppm
As, and 10,000 ppm Fe, as demonstrated by the large body
of direct fluid inclusion analyses available (e.g., Kouzmanov
and Pokrovski, 2012). Our statistical sample is, however, not
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sufficiently large to provide a more quantitative estimate of
the amounts of the different pyrite types and their respec-
tive gold contributions compared to the whole mineralized
rock. Nevertheless, our rough mass balance assessment
above, combined with the observed mineral assemblages,
and independent geochemical evidence from trace element
patterns in pyrite, strongly suggests that a magmatic-hydro-
thermal source was the major metal supplier to the deposit
for both Au and As and partly for Fe. In-depth understand-
ing of the mechanisms of Au transport and precipitation and
the effects of organic carbon and arsenic may be helped by
physical-chemical modeling, as discussed below.

Thermodynamic modeling of mechanisms of gold and
arsenic transport and precipitation

Based on the constraints detailed above, we simulated inter-
actions of an Au-As-Fe-bearing hydrothermal fluid with an
organic carbon-bearing rock, in an attempt to model gold
transport and concentration mechanisms as they may have
occurred in the Shahuindo deposit. In these simulations, gold
and arsenic were assumed to be transported by moderate-
salinity (7 wt % NaCl equiv; Na/K = 10) S-bearing (0.6 wt %
total S) acidic fluids (pH < 3), such as typically exsolved in
magmatic systems (Heinrich, 2005; Fontboté et al., 2017;
references therein). We chose a wide range of redox poten-
tial (from strongly oxidized, sulfate-dominated, to strongly
reduced, hydrogen sulfide-dominated), between 150° and
350°C at pressures of 100 to 1,000 bar. These conditions
are consistent with the temperatures and sulfidation stages
inferred in this study from mineral assemblages and with the
general epithermal-like setting of the deposit (Defilippi et al.,
2016). The fluid was assumed to interact with hydrocarbon-
bearing sandstone/shale such as the host rocks of the sedimen-
tary basin. In order to best evaluate the maximum potential for
the fluid to transport Au and Fe, we assumed saturation with
respect to metallic gold and pyrite. Arsenic was also added to
the initial fluid at a level of 100 ppm, a typical concentration
inferred from published fluid inclusion analyses from epither-
mal deposits (e.g., Kouzmanov and Pokrovski, 2012). Figure
12 shows the evolution of Au, Fe, and As, as well as sulfate,
sulfide, trisulfur ion, methane, carbonate, and hydrogen con-
centrations, oxygen fugacity, and pH in two initially acidic (pH
~2.5) S-bearing (0.6 wt % total S) fluids of contrasting redox
potential. One fluid is reduced (oxygen fugacity in log fo,
relative to the conventional hematite-magnetite [HM] buffer,
HM - 3) and the other is oxidized (log fo, = HM + 3). Each
fluid type was allowed to interact at 300°C and 500 bar with a
hydrocarbon-bearing rock (Corg, with a molal C/H ratio of 1)
with progressively increasing modal Corg abundance (Fig. 12).
Calculations at other T-P values within the chosen epithermal
range (150°-350°C, 100-1,000 bar), and for rocks with dif-
ferent types of organic matter ranging from oil-like composi-
tions (C/H ratio ~'4) to matured kerogen (C/H ratio ~2) and
to graphite (C/H ratio ), yielded very similar solubility trends
and thus are not reported here in detail.

Our results show that the effect of organic matter on Au, As,
and Fe solubility is strongly conditioned by the initial redox
state of the fluid, yielding highly contrasting solubility trends
for the three metals. These trends are driven by changes
in three key parameters—redox potential, pH, and sulfide
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activity—as they affect the solubility reactions for native gold
and pyrite as well as the degree of arsenic and gold incorpora-
tion in pyrite:

Au (metal) + 403 + HaS(aq) = AuHS () + Y2H20 (1a)
Au (metal) + %402 + 2HsS(q) = Au(HS)z + H* + H,O  (1b)
FeSs (pyrite) + 2H* + 2CI" + HO =
FeClYuy + 2HsSq + %40s @)
FeS; (pyrite) + As(OH)uq) =
[FeAsS] + HaS(aq) + 1%40; + %H,0, (3)

where [FeAsS] denotes arsenopyrite or arsenian pyrite solid
solution for simplicity. All reaction constituents other than
pyrite, arsenopyrite, and gold metal are aqueous species in the
single-phase liquid-like fluid. In these reactions, we have cho-
sen O because oxygen fugacity is the most widely admitted
redox parameter and is conveniently referenced to common
mineral buffers typical of hydrothermal systems (e.g., HM,
or pyrite-pyrrhotite-magnetite [PPM]). Note that equivalent
reactions may be written with any other oxidizing or reducing
component, such as Ha, CH4, COs, or CO, with no effect on
the thermodynamic equilibrium relationships.

Figure 12 shows that the changes in fo,, pH, and sulfide
activity are rather minor for an initial strongly reduced HsS-
dominated fluid interacting with organic carbon. This is
because both fluid and rock have similar redox potential. In
addition, the dissolution of hydrocarbon in water, leading to
the formation of uncharged dominant species, COs, CHy, and
graphite, cannot generate significant changes in fluid acidity
(Fig. 12A, B). As a result, the solubility of Fe increases only
slightly and that of Au and As decreases slightly when the
fluid reacts with the first portions of sedimentary rock. Such
HsS-rich acidic fluid can thus transport significant concentra-
tions of Fe (~1,000 ppm) but rather low concentrations of Au
(0.1 ppm) and As (<10 ppm), the latter being preferentially
incorporated in arsenian pyrite (up to 10,000 ppm in the min-
eral). Thus, such fluids cannot transport significant amounts
of As and Au together. Furthermore, they would rapidly lose
their contents in the presence of reactive ferrous iron (FeO)
present in carbonates and mafic silicates. These reactions
altogether would lead to both a decrease in pH and consump-
tion of HS through precipitation of pyrite (inverse of reaction
2), and concomitant gold deposition, mostly via decrease in
HsS activity in the fluid (inverse of reaction la, b).

A different scenario occurs for a more oxidized fluid con-
taining sulfate upon interaction with the carbonaceous rock
(Fig. 12C, D). Such a fluid, which initially transports Fe, As,
and Au with concentrations of up to 1,000, 100, and 1 ppm,
respectively, similar to the reduced fluid above, exhibits dras-
tic changes when interacting with organic carbon. It can be
seen in Figure 12C that Fe concentrations drop as much as
six orders of magnitude even in the presence of quite low con-
tents of Corg in the rock (<2 mol %), whereas As concentra-
tions remain constant in the fluid, and only a small As fraction
is incorporated into pyrite at tenors of few parts per million
As. Tt is only when the aqueous sulfate is mostly consumed
by reduction by organic carbon (Cyrg in rock >3 mol %) that
As is incorporated into pyrite in amounts comparable to the
naturally observed levels as found in this study (>10-100 ppm
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Fig. 12. Diagrams showing the results of thermodynamic modeling of fluid-rock interactions in the context of the Shahuindo
deposit. Two contrasting cases of the initial S-Au-As-Fe-bearing epithermal fluid are monitored: (A, B) reduced (HaS-dom-
inated) and (C, D) oxidized (sulfate-dominated). The low-salinity acidic (7 wt % NaCl equiv; 1 m NaCl + 0.1 m KCI + 0.05
HCI, pH = 2.5) magmatic-derived fluid containing 100 ppm As and saturated with pyrite and metallic gold was allowed to
react at 300°C and 500 bar with a hydrocarbon-bearing shale at a mass fluid/rock ratio of 1:1 as a function of organic carbon
content in the rock (Corg, with C/H atomic ratio of 1). A and C. Concentrations of dissolved Au, Fe, and As in the fluid (aq)
and of As in pyrite as a function of CH content for a reduced (fo, is close to the conventional pyrite-pyrrhotite-magnetite
redox buffer, PPM ~ HM - 3) and an oxidized (fo, is above that of the hematite-magnetite buffer, HM + 3) initial fluid. B
and D. Corresponding evolution of the fluid-phase concentrations (in log10 units of molality) of sulfide, sulfate, the S3- ion,
dissolved hydrogen, and carbon-bearing species, pH, and oxygen fugacity (relative to the HM buffer). It can be seen that
organic carbon may exert a contrasting effect on the transport of different metals, depending on the initial fluid properties
and the organic carbon (Corg) content. In particular, organic matter may promote, rather than limit, gold fluid transport in

Corg-bearing sedimentary/metamorphic rocks (see text for discussion).

As in pyIII and apyIII). Gold shows a spectacular increase in
its solubility, attaining several hundreds of parts per million
Au at C contents in the system comparable to that of S (at Corg
>2-3 mol %), followed by a slight decrease (to 10s ppm Au)
when approaching the graphite saturation. These contrast-
ing changes are fundamentally driven by the evolution of pH
and redox of the sulfate-bearing fluid, which are controlled by
thermochemical sulfate reduction (TSR) reactions:

SOE_ + CHy + 2 H* = HoS(g + CO2 + 2H20 (4)
CH4 + 209 = COg + 2H:0. <5)

It can be seen in Figure 12D that proton-consuming reac-
tion (4) induces a pH increase of >4 units (from ~2 to >6)
upon fluid infiltration into the carbonaceous rock. At the same
time, reaction (5), which consumes oxygen, leads to an fo,

decrease of five to six orders of magnitude. Note that reaction
(1b) imposes Au solubility to be linearly proportional to the H*
activity, i.e., inverse of pH, but to be proportional only to the
power of one-fourth of fo,. Likewise, pyrite solubility (reac-
tion 3) is proportional to the square-power of H*, but to only
the power of one-half of fo,. Although changes in HaS upon
fluid interaction with organic matter are relatively small com-
pared to those in pH (1 log unit HsS concentration vs. >4 log
units in pH; Fig. 12D), they do contribute to favoring Au
solubility, in particular for reaction (1b). Therefore, increase
in pH (and partly in HS) upon sulfate reduction by organic
carbon appears to exert the major control on Au solubility for
a typical epithermal fluid in a high-sulfidation regime. Thus,
independently of the exact scenario of Fe and Au fluid-phase
transport, whose details would depend on a fine interplay
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between the exact fluid initial redox, S and Corg contents of
the system, and the fluid/rock ratio, the effect of pH increase
on Au solubility is generally much greater than the opposite
effect of fo, decrease. Thus, our modeling quantitatively dem-
onstrates that TSR reactions of epithermal fluids may strongly
enhance gold mobility and focused transfer from a magmatic
source to a sedimentary organic-bearing rock sequence and
its subsequent deposition in favorable structures such as
anticlines. Hence, our findings question common belief that
organic matter would be unfavorable for gold transport and
therefore act as trap for this metal in hydrothermal systems
(Radtke and Scheiner, 1970; Bierlein et al., 2001; Zhou et al.,
2010; Phillips and Powell, 2013).

Gold incorporation in arsenian pyrite and arsenopyrite

Our quantitative thermodynamic modeling demonstrates that
parts per million-level Au concentrations can be transported
by moderately reduced to moderately oxidized (sulfate-sulfide
coexistence) S-bearing epithermal fluids through organic-
rich sedimentary rocks, without reaching saturation with the
metal. Such gold metal-undersaturated fluids may lose their
dissolved gold content by Au incorporation to arsenian pyrite
in a chemically bound state. Although quantitative thermody-
namic models of chemically bound Au incorporation in arse-
nian pyrite are not available at present, direct X-ray absorption
spectroscopy data show Au to substitute for Fe in the octa-
hedral sites by forming As-rich [Au(As,S)s] arsenopyrite-like
moieties (Pokrovski et al., 2021). Combining this speciation
data with a recent thermodynamic model proposed for arse-
nopyrite (Pokrovski et al., 2021), the following formal reaction
may be considered for Au incorporation in arsenian pyrite:

Au(HS); + H* + As(OH)3q) =
[AUASS]pyme + 1/202 + HZS(aq) + 2H20> (6)

where [AuAsS]pyite is the mole fraction of the fictive Au end
member in the arsenian pyrite solid solution, and Au(HS);
and As(OH)s are the activities of the major Au and As aque-
ous species in the fluid. It can be seen from reaction (6) that
the incorporation of Au in pyrite is directly favored by (1)
higher Au and As dissolved concentrations, (2) more reducing
conditions, (3) lower HsS contents in the fluid, and (4) near-
neutral pH at which Au is the most soluble as dihydrosulfide
complexes. These trends are in good qualitative agreement
with the increase of invisible Au concentrations in pyrite from
the As-poor pylI of the low-sulfidation stage to As-rich pyIII
(intermediate-sulfidation) and subsequent decrease in the
more oxidized pyIV generation (high-sulfidation stage). More
quantitative analysis of reaction (6) would require numerical
values of its thermodynamic constant at a given T-P, coupled
with more direct knowledge of the fluid composition gained
from fluid inclusions, which are not presently available at
Shahuindo. In the meantime, recent pyrite-fluid gold parti-
tioning coefficients, experimentally measured by Kusebauch
et al. (2019) at 200°C and Pokrovski et al. (2019, 2021) at
300° to 450°C, may be used for first-order estimations. Using
an Au partition coefficient range of 100 to 1,000 between
an arsenian pyrite with 0.1 to 1.0 wt % As and an S-bearing
fluid carrying 0.1 to 1 ppm of Au (i.e., the typical Au con-
centration in epithermal porphyry-related fluids; Kouzmanov
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and Pokrovski, 2012), it can be estimated that such a pyrite
would incorporate 10 to 1,000 ppm of Au in a bound state.
Remarkably, such predicted tenors are of the same order of
magnitude as those measured in arsenian pyrites and arseno-
pyrites of this and many previous studies (Cathelineau et al.,
1989; Cook and Chryssoulis, 1990; Fleet and Mummin, 1997;
Simon et al., 1999; Reich et al., 2005; Muntean et al., 2011;
Deditius et al., 2014; Belousov et al., 2016; Voute et al., 2019).
As a conclusion, our thermodynamic analysis attests for the
large potential capacity of As- and S-bearing fluids for focused
Au transfer from magmatic settings and subsequent Au intake
in arsenian pyrite in structural traps in organic carbon-bearing
sedimentary basins.

Formation model for the Shahuindo deposit

The structural analysis, coupled with geochronological data,
paragenetic sequence, mineralization and host-rock geo-
chemistry, and thermodynamic modeling presented here,
allows us to propose a new model for the Au-bearing mag-
matic-hydrothermal fluid evolution in the sedimentary setting
of the Shahuindo deposit (Fig. 13). A magmatic source for
Au, As, and partly Fe is supported by the solubility of these
elements in fluids typical of the epithermal conditions that
prevailed in the system (Fig. 12) as well as by mass balance
constraints attesting that the amount of gold initially present
in the sedimentary host rocks is insufficient to account for the
total tonnage of the deposit. Dacitic intrusions rooted in a lac-
colith at depth were emplaced along thrust faults, anticline
axial planes, and northeast-southwest transverse faults of the
Algamarca-Shahuindo imbricate system. Gold- and arsenic-
bearing aqueous fluids (possibly of variable sulfidation state)
exsolved at depth from the crystallizing igneous complex and
ascended into the sedimentary basin along the same paths as
the intrusions. During the fluid ascent, its interactions with
the sedimentary formations rich in organic carbon allowed for
efficient and focused dissolved gold transport, without reach-
ing saturation with metallic gold. This gold transfer occurred
through the sedimentary sequence to structural (e.g., frac-
tured anticline hinges, brecciated intrusion-sediment con-
tact) or lithological (e.g., layers of permeable rock between
less permeable strata) traps that resemble those commonly
observed in oil systems. Entrapment of the Au-As-H,S(-Fe)-
bearing fluid in zones of reduced permeability, followed by
its eventual cooling, favored invisible chemically bound gold
incorporation in arsenian pyrite, thereby resulting in the for-
mation of the orebodies.

The enhancement of hydrothermal gold transport by pH
neutralization produced by feldspar alteration in igneous
rocks or by calcite dissolution in sediments has been predicted
thermodynamically in the literature to account for the large
gold mobility in epithermal settings hosted within organic
carbon-poor altered volcanic rocks (Heinrich, 2005). The
chemical-level control of the enhancement of gold solubility
is fundamentally similar in our model, as driven by reaction
(1b), which is favored by both increasing pH and H»S content.
However, in our case the cause of this enhancement is the
interaction of the fluid with carbonaceous matter, followed
by subsequent gold incorporation in arsenian pyrite. Such a
new combined mechanism of gold transport and precipita-
tion in a sedimentary setting has not yet been documented.
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Fig. 13. A. Block diagram model of the Shahuindo deposit showing the location of the San José anticline, thrust and transverse
faults, intrusion contacts, and permeable fine- to medium-grained sandstone horizons that control the location of gold ore.
B. Schematic representation of the mineralization process, with gold transport by a magmatic fluid during its interaction with
organic carbon (Corg)-bearing sedimentary rocks, and subsequent gold scavenging from the fluid by arsenian pyrite. The key

aqueous species of gold and associated elements are indicated.

This scenario is also different from the one generally assumed
for Carlin-type deposits, where Au-bearing arsenian pyrite is
formed by direct sulfidation of Fe-bearing carbonate rocks
(Cline et al., 2005; Muntean et al., 2011; Kusebauch et al.,
2019). Our mechanism is also different from those invoked
in many other types of epithermal gold deposits, where boil-
ing and fluid mixing in rock types lacking organic carbon are
considered to be the dominant processes for gold deposition
(e.g., Simmons et al., 2005, 2020). Although invisible gold in
arsenian pyrite has been also recognized in different types of
ore deposits such as orogenic (e.g., Large et al., 2007; Velas-
quez et al., 2014; Belousov et al., 2016; Simmons et al., 2020),
intrusion-related (e.g., Voute et al., 2019), some porphyry
Cu-Au (e.g., Deditius et al., 2014), and volcanogenic mas-
sive sulfide (e.g., Deditius et al., 2014; Belousov et al., 2016),
its fraction appears to be small compared to the predomi-
nant visible metallic gold in those settings. In addition, the
molecular state of invisible gold in pyrite from those settings

(nanoparticulate metal vs. chemically bound) is not well estab-
lished. In contrast, chemically bound gold incorporation in
arsenian pyrite is clearly the main gold depositional process at
Shahuindo and suggests a new, previously disregarded mecha-
nism for gold transport and deposition in organic carbon-rich
sedimentary rocks in an epithermal setting.

Comparison with other gold deposits

The Shahuindo deposit shares some common features with
Carlin-type deposits (Hofstra and Cline, 2000; Cline et al.,
2005; Muntean et al., 2011; Rhys et al., 2015; Muntean and
Cline, 2018; Henry et al., 2023), including (1) significant
stratigraphic and structural ore control, (2) rarity of veins, (3)
gold in a chemically bound state in arsenian pyrite, and (4)
similar temperature and pressure conditions (150°-300°C,
100-1,000 bar). Conversely, Shahuindo differs from Carlin-
type deposits by the following features: (1) apparently lower
tonnages and grades (however, exploration in this area of the
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Maraiion fold-and-thrust belt is far more immature compared
to the area of the Carlin trend), (2) a clearer genetic asso-
ciation between mineralization and coeval felsic magmatism
as source of fluids and metals, (3) an episode of polymetal-
lic mineralization, (4) high-sulfidation conditions reached
locally, and (5) rarity of carbonates and lack of evidence of
their sulfidation.

Shahuindo also displays some structural similarities with
orogenic gold deposits hosted in carbonaceous sedimentary
sequences. However, these deposits are believed to be formed
through release of gold from diagenetic pyrite during regional
metamorphism and associated compression. Gold deposition
in such deposits occurred in anticlinal and/or thrust structures
in higher and less metamorphosed portions of the sequence
in response to sulfidation of the wall rock under relatively
reducing conditions corresponding to the PPM mineral buf-
fer (Mikucki, 1998; Goldfarb et al., 2005; Pitcairn et al., 2006;
Large et al., 2011; Gaboury, 2013; Tomkins, 2013; Pokrovski
etal., 2015). At Shahuindo, no evidence of regional metamor-
phism has been identified. Furthermore, the changing sul-
fidation conditions and the resulting hydrothermal alteration
types are not compatible with a metamorphic model.

At Shahuindo, the presence of a significant magmatic-
hydrothermal component of the fluids, the spatial associa-
tion with intrusions, and the polymetallic stage are features
in common with the distal disseminated gold =+ silver deposit
type (Cox, 1992; Muntean and Cline, 2018). In contrast, an
important difference is the absence of a proximal zone that
is typical in porphyry/skarn mineralization. Other notable
differences from these distal deposits are the abundance of
invisible gold mineralization and a large range of sulfidation
conditions.

Gold association with low-sulfidation mineral assemblages
at Shahuindo makes it similar to the low-sulfidation type of
epithermal deposits. In addition, some low-sulfidation epi-
thermal deposits contain auriferous pyrite, even though the
gold speciation is not clear (John et al., 2003; Morishita et al.,
2018). In contrast, in most classic low-sulfidation epithermal
deposits, gold-bearing pyrite represents only a small fraction
of the mineralization, in which gold occurs mainly as electrum
(Au-Ag alloy). Furthermore, metal deposition in such depos-
its is usually accompanied by precipitation of large amounts of
silica, carbonate, and adularia with textures indicative of boil-
ing. Such features are not observed at Shahuindo.

The transition from low- to intermediate- and to high-sul-
fidation stages detected at Shahuindo may reflect the con-
tinued interaction of the magmatic fluids with the reactive
Corg-bearing sedimentary rocks, with later fluid portions pass-
ing through already altered rocks, partly losing their chemical
reactivity and buffering capacity. Alternatively, or in parallel,
the evolution of the magmatic fluid itself from low-sulfidation
to high-sulfidation might have contributed to this sequence.
The latter is also a typical feature of many porphyry-related
Zn-Pb-(Ag) deposits of central Peru known as Cordilleran-
type deposits formed in an epithermal environment (Catch-
pole et al., 2015; Rottier et al., 2016; Fontboté, 2020; Benites
et al., 2022). These deposits are believed to be formed via
cooling of a metal-bearing fluid of magmatic origin in con-
tact with silica-alumina-carbonate—bearing rocks. The Cordil-
leran-type deposits are, however, typically polymetallic (Cu,
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Zn, Pb, Ag) and relatively poor in gold. Thus, the Shahuindo
deposit may represent a gold-rich end member where a previ-
ously disregarded very efficient mechanism of gold transport,
concentration, and deposition in carbon-rich sedimentary set-
ting played the major role.

Concluding Remarks

At Shahuindo, gold was transported and deposited after
andesitic and dacitic bodies intruded into the sedimentary
rocks. The shape of these bodies was controlled by thrusts
that were imbricated in a northwest-southeast direction,
along with associated folds and transverse faults that ran in
a northeast-southwest direction. The auriferous orebodies
were emplaced under similar structural control as the igneous
bodies, with a strong influence from the anticlines, intrusion
contacts, and permeable layers situated between imperme-
able horizons. This is a typical pattern seen in the formation
of petroleum systems.

A thorough mineralogical and geochemical examination of
the primary sulfide ore at Shahuindo has revealed that the
majority of the gold is present in a chemically bound form
in arsenian pyrite and arsenopyrite. These minerals were pri-
marily deposited in a sedimentary environment under rela-
tively low sulfidation conditions.

Additional geochemical analyses of the surrounding rock
formations, coupled with mass balance constraints, have indi-
cated that the sedimentary rocks alone did not contain suf-
ficient gold, arsenic, and sulfur to be considered as the main
source of the metals and ligands. Our results collectively sup-
port an igneous source of these metals, which may have been
introduced via magmatic fluids exsolved from a plutonic com-
plex crystallizing at depth.

The formation of the primary orebody could be envisaged
by the following sequence of events. The ascent of magmatic
aqueous fluids, likely acidic and rich in Au-As(-Fe) sulfate-
sulfide, led to their interaction with the organic matter in the
sedimentary sequence through TSR reactions. This process
facilitated (or at least maintained) efficient transport of dis-
solved gold, enabling its deposition in structural and lithologi-
cal traps in a chemically bound state within coprecipitating
arsenian pyrite.

Implications for Exploration

These findings have significant implications for exploration, as
invisible gold may be the main potential source of gold pro-
duction in many countries (Berger et al., 2014; Volkov and
Sidorov, 2017; Velasquez et al., 2020) despite the common a
priori exclusion of refractory gold ores due to extraction dif-
ficulties. At the deposit scale, dating igneous intrusions, iden-
tifying arsenic, carbon, and gold geochemical anomalies in
the rock and soil, and obtaining detailed trace element signa-
tures in sulfide ore are of primary importance. At the regional
scale, imbricated thrusts and folds should be targeted because
they can provide pathways for magma and fluid migration to
entrapment sites. Intersection of these structures with trans-
verse faults may provide the necessary structural connectivity
for an efficient flow of metal-bearing fluids sourced from crys-
talizing plutonic complexes at depth. This connectivity also
makes it more probable for gold deposition to focus at such
locations, which should be targeted during exploration. In
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addition, anticlines, such as those in the thick, brittle Chimu
and Farrat sandstones, are preferential zones for fluid entrap-
ment between more impermeable rock types. Theses struc-
tural factors highlight the interest for constructing balanced
cross sections in mineral exploration analogous to those exten-
sively used by the oil industry for petroleum exploration in
fold-and-thrust belts. These analogies with petroleum systems
should prove helpful for developing mineral exploration strat-
egies in sedimentary basins. Overall, our integrated structural,
mineralogical, geochemical, and modeling study highlights an
important potential of sedimentary carbon-bearing rocks in
the formation and distribution of gold and associated critical
metal resources.
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