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Abstract

Over the past few decades several studies have reported that pyrite hosts
appreciable amounts of trace elements which commonly occur forming complex zoning
patterns within a single mineral grain. These chemical zonations in pyrite have been
recognized in a variety of hydrothermal ore deposit types (e.g., porphyry Cu-Mo-Au,
epithermal Au deposits, iron oxide—copper—gold, Carlin-type and Archean lode Au
deposits, among others), showing, in some cases, marked oscillatory alternation of
metals and metalloids in pyrite growth zones (e.g., of Cu-rich, As-(Au, Ag)-depleted
zones and As-(Au, Ag)-rich, Cu-depleted zones). This decoupled geochemical behavior
of Cu and As has been interpreted as a result of chemical changes.in ore-forming fluids,
although direct evidence connecting fluctuations in hydrothermal fluid composition
with metal partitioning into pyrite growth zones is still dacking. In this study, we report a
comprehensive trace element database of pyrite from the Tolhuaca Geothermal System
(TGS) in southern Chile, a young and active hydrothermal system where fewer pyrite
growth rims and mineralization events are present and the reservoir fluid (i.e. ore-
forming fluid) is accessible. We combined the high-spatial resolution and X-ray
mapping capabilities of electron microprobe analysis (EMPA) with low detection limits
and depth-profiling capacity of secondary-ion mass spectrometry (SIMS) in a suite of
pyrite samples retrieved from a ~1 km drill hole that crosses the argillic (20 to 450 m)
and propylitic (650 to 1000 m) alteration zones of the geothermal system. We show that
the concentrations of precious metals (e.g., Au, Ag), metalloids (e.g., As, Sb, Se, Te),
and base and heavy metals (e.g., Cu, Co, Ni, Pb) in pyrite at the TGS are significant.
Among the elements analyzed, As and Cu are the most abundant with concentrations
that vary from sub-ppm levels to a few wt. % (i.e., up to ~5 wt. % As, ~1.5 wt. % Cu).
Detailed wavelength-dispersive spectrometry (WDS) X-ray maps and SIMS depth vs.
isotope concentration profiles reveal that pyrites from the TGS are characterized by
chemical zoning where the studied elements occur in different mineralogical forms.
Arsenic and Co occur as structurally bound elements in pyrite, Cu and Au in pyrite can
occur as both solid solution and submicron-sized particles of chalcopyrite and native Au
(or Au tellurides), respectively. Pyrites from the deeper propylitic zone do not show
significant zonation and high Cu-(Co)-As concentrations correlate with each other. In
contrast, well-developed zonations were detected in pyrite from the shallow argillic
alteration zone, where Cu(Co)-rich, As-depleted cores alternate with Cu(Co)-depleted,
As-rich rims. These microanalytical data were contrasted with chemical data of fluid
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inclusions in quartz and calcite veins (high Cu/As ratios) and borehole fluid (low Cu/As
ratios) reported at the TGS, showing a clear correspondence between Cu and As
concentrations in pyrite-forming fluids and chemical zonation in pyrite. These
observations provide direct evidence supporting the selective partitioning of metals into
pyrite as a result of changes in ore-forming fluid composition, most likely due to
separation of a single-phase fluid into a low-density vapor and a denser brine, capable

of fractionating Cu and As.

1. INTRODUCTION

Sulfide minerals are common in many active geothermal systems worldwide,
including the Salton Sea in California (Skinner et al., 1967; McKibben and Elders,
1985; McKibben et al., 1988a, b; Hulen et al., 2004), Rotokawa, Ngawha and
Broadlands-Ohaaki in New Zealand (Krupp and Seward, 1987; Cox and Browne, 1995;
Simmons and Browne, 2000), Kirishima and Yanaizu-Nishiyama in Japan (Shoji et al.,
1989; 1999), Mataloko in Indonesia (Koseki and Kazuo, 2006; Koseki and Nakashima,
2006), Joaquina in Guatemala (Libbey et al., 2015) and Reykjanes in Iceland (Libbey
and William Jones, 2016). Among sulfides, pyrite is ubiquitous in geothermal systems
although most studies have focused on their metal-rich fossil counterparts (i.e., ore
deposits). Mineral chemistry studies of pyrite in hydrothermal ore deposits, including
Carlin-type and Archean lode Au deposits, porphyry Cu deposits, epithermal Au-Ag
deposits and iron oxide—copper—gold deposits (IOCG), among others, have pointed out
that this sulfide is a major host of metals and metalloids such as Au, Ag, Cu, Pb, Zn,
Co, Ni, As, Sh, Se, Te, Hg, Tl, and Bi (Cook and Chryssoulis, 1990; Fleet et al., 1993,
Huston etal., 1995; Simon et al., 1999; Large et al., 2009; Palenik et al., 2004; Vaughan
and Kyin, 2004; Reich et al., 2005; 2006; Barker et al., 2009; Cook et al., 2009;
Deditius et al., 2009a,b; 2011; 2014; Sung et al., 2009; Koglin et al., 2010; Ulrich et al.,
2011; Peterson and Mavrogenes, 2014; Steadman et al., 2015; Gregory et al., 2016;
Reich et al., 2016; Tanner et al., 2016). These studies have also provided analytical and
spectroscopic evidence showing that the incorporation and micro-textural distribution of
these elements is complex in pyrite, occurring in both solid solution and/or as metal
nanoparticles or nano-inclusions forming chemically-heterogeneous growth and sector
zones. This variation in the chemical composition of pyrite has been used to elucidate
the chemical evolution of hydrothermal systems and ore deposits at various scales
(Muntean et al. 2011), and has also been evaluated as a vectoring tool in mineral
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exploration (Baker et al., 2006; Belousov et al., 2014; Franchini et al., 2015; Gregory et
al., 2016; Soltani Dehnavi et al., 2015). More recently, trace element contents in marine
sulfides, particularly pyrite, are being used to answer some fundamental questions about
the evolution of the Earth's ocean-atmosphere system, including how nutrient trace
element cycles relate to geodynamic cycles, biological evolution and mass extinction
events (Large et al., 2014; 2015a, b; Gregory et al., 2015a, b; Long et al., 2015).

Recent studies have reported complex oscillatory growth and sector zoning in
pyrite from hydrothermal ore deposits where elements such Cu, Au and As are
preferentially enriched and show a decoupled geochemical behavior (Deditius et al.,
2008; 2009; 2011; Reich et al., 2013). Arsenic-rich zones containing Au, Ag, Sh, Te,
and Pb, can alternate with Cu-rich zones with significantly lower concentrations of
these elements, and barren pyrite zones with no other elements. These chemical zoning
features have been related to selective partitioning of metals into pyrite as the result of
physico-chemical changes in the ore-forming fluids (Deditius et al., 2009; Peterson and
Mavrogenes, 2014; Reich et al., 2013; 2016). Furthermore, in low-temperature
sedimentary environments, recent studies have shown that diagenetic pyrite formed
within the anoxic sediments can record the composition of pore water (Berner et al.,
2006; 2013; Gregory et al., 2014).

In particular, the presence of finely spaced multiple growth zones in pyrite
where Cu and As are geochemically decoupled provide evidence that the composition of
shallow hydrothermal systems can be affected intermittently and repetitively by vapors,
probably from underlying magmas (Deditius et al., 2009; Reich et al., 2013). However,
direct observations linking the alternating metal concentrations in pyrite zonations and
the chemical evolution of the ore-forming fluid are still lacking. Furthermore, in active
geothermal systems very few studies report trace metal concentrations in pyrite
(Reykjanes geothermal system; Libbey & William-Jones, 2016), and no data linking
sulfide composition, paleofluid and present-day fluid chemistry are currently available.
Such information is relevant and is feasible to obtain in a young, active geothermal
system where fewer mineralization events are present, pyrite show fewer growth zones
and/or chemical oscillations, and the reservoir fluid (i.e. ore-forming fluid) is accessible.
This evidence is crucial to interpret the reportedly complex zoning of pyrite in fossil
hydrothermal systems.

In this paper we report a comprehensive major and trace element database of
pyrite from the active Tolhuaca Geothermal System (TGS) in the Andes of southern
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Chile, a high enthalpy geothermal reservoir that has been drilled down to ~2 km depth,
but has not affected by geothermal production or re-injection (Melosh et al., 2012;
Sanchez-Alfaro et al., 2016a). At the TGS fine-grained pyrite is abundant, the present-
day well fluid carry metals and metalloids including Cu, Au and As, among others, and
paleofluids compositions are also available from fluid inclusions studies (Sanchez-
Alfaro et al., 2016a). Therefore, the TGS provides an excellent opportunity to link the
chemical and textural features of pyrite with paleofluids and borehole fluid compaosition
data. In situ concentrations of precious metals (e.g., Au, Ag), metalloids (e.g., As, Sb,
Se, Te) and base and heavy metals (e.g., Cu, Co, Ni, Pb) were measured using a
combination of electron microprobe analysis (EMPA) and secondary-ion mass
spectrometry (SIMS) in a suite of well constrained pyrite samples retrieved from a ~1
km drill core. Furthermore, we correlated our pyrite trace element data with
geochemical data of present-day borehole fluid samples and LA-ICP-MS analyses of
fluid inclusion assemblages hosted in paragenetically-linked quartz and calcite veins
from Séanchez-Alfaro et al. (2016a). By integrating these three sources of data, i.e.,
elemental concentrations in pyrite, fluid inclusions data and borehole fluid chemistry,
we provide evidence that fluctuations in the trace element budget of pyrite are directly
linked to changes in hydrothermal fluid composition resulting from episodic inputs of
magmatic vapor and/or phase separation (or boiling) of a single-phase hydrothermal
fluid.

2. GEOLOGICAL BACKGROUND

In the Andean Cordillera of the central-southern Chile, hydrothermal systems
occur in-close spatial relationships with active volcanism as well as with major
seismically active fault systems (Cembrano and Lara, 2009). In this region, geothermal
features are spatially related with the Liquifie-Ofqui Fault System and with the NW-
trending Arc-oblique Long-lived Basement Fault System (Sanchez et al., 2013; Tardani
et al., 2016). The active TGS is located in the northern termination of the Liquifie-Ofqui
Fault System (Fig. 1) and is spatially associated with both NE- and NW-striking faults.

The Tolhuaca volcano is a glacially scoured composite stratovolcano of late-
Pleistocene to Holocene age that rises ~900 m over a Miocene volcano-sedimentary
rock basement (Thiele et al., 1987; Lohmar et al., 2012). In the summit, several NW-
trending aligned craters with different preservation states indicate a migration of the
volcanic activity from the SE towards the NW (Thiele et al.,, 1987). Lavas are
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predominantly basaltic andesites and andesites, with minor presence of basalts and
dacites (Thiele et al. 1987; Lohmar et al., 2012). The latest eruptive phases occur in the
NW portion of the volcanic edifice and correspond to a ~2 km long NW-trending fissure
and a pyroclastic cone. The Tolhuaca volcano is likely to be related to the ALFS, which
provides the suitable conditions for the development of magma reservoirs and magma
differentiation (Cembrano and Lara, 2009; Pérez-Flores et al., 2016).

The TGS is located in the northwest flank of the Tolhuaca volcano and is
characterized by several surficial thermal manifestations including fumaroles, boiling
pools and hot springs (Fig. 1). Geothermal exploration campaigns have revealed the
existence of a high-enthalpy reservoir in the system (Melosh et al., 2010; 2012). Two
slim holes (Tol-1 and Tol-2) and two larger diameter wells (Tol-3 and Tol-4) were
drilled down to 2117 m vertical depth (Fig. 1). Temperature logging and fluid samples
suggest the presence of a geothermal reservoir at c.a. 1.5 km depth, at liquid-saturated
conditions with temperatures up to 300 °C' and a relatively high meteoric water
component (Melosh et al., 2012). The main reservoir is overlain by a steam heated
aquifer at shallow depths that reaches up to 160 °C and controls the chemical nature of
most of the hot springs (Melosh etal., 2010; 2012).

The different geologic units, observed in the Tol-1 drill core material, are mainly
lavas and related breccias, volcanoclastics and minor tuffs (Fig. 1). Hyaloclastites and
pillow breccias also ‘occur at different levels in the Tol-1 core (Lohmar et al., 2012;
Sanchez-Alfaro €t al., 2016a). Based on thin section petrography and X-ray diffraction
(XRD) analyses of the Tol-1 core, three alteration zones were defined: 1) an upper zone
of argillic alteration (20 to 450 m); 2) an intermediate zone with sub-propylitic
alteration (450 to 650 m); and 3) a deeper zone of propylitic alteration (> 650 m) (Fig.
1) (Melosh et al., 2012). Lohmar et al. (2012) and Séanchez-Alfaro et al. (2016a)
characterized argillic alteration facies by Fe-oxides + chlorite + calcite + clay + quartz +
pyrite (+ apatite), whereas the mineral assemblages in high temperature propylitic facies
are composed of chlorite + epidote + calcite + pyrite + quartz + zeolites.

Melosh et al. (2012) and Sanchez-Alfaro et al. (2016a) recognized four stages
(S1 to S4) of hydrothermal alteration in the TGS. The S1 stage represents an early
heating event characterized by precipitation of iron oxides, quartz, and chalcedony as a
result of widespread boiling and flushing. An episode of pervasive hydrothermal
alteration of the volcanic and volcaniclastic rocks defines the S2 stage, where low
temperature (<200 °C) argillic alteration assemblages (smectite; illite/smectite;
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interlayered chlorite/smectite, pyrite, calcite and chalcedony/amorphous silica)
developed at the shallower levels (<670 m), while propylitic alteration assemblages
(chlorite, epidote, quartz, calcite and pyrite) were formed under higher temperature
(>250 °C) conditions in the deep upflow zone (>700 m). Between the S2 and S3 stages,
a low-permeability clay cap composed of chlorite and smectite was formed, separating
the deep part of the system (propylitic alteration) from the shallower one (argillic
alteration) (Fig. 1). The S3 stage was characterized by an increase in magmatic heat that
promoted hydro-fracturing and brecciation of the clay-cap. The homogenization
temperature data from fluid inclusions indicate diffuse boiling in the upper and lower

zones. Finally, the S4 stage reveals a phase of fluid mixing and gentle boiling.

3. SAMPLES AND METHODS

Six representative pyrite-bearing samples from the argillic and propylitic
alteration zones were selected (PFI-2, PFI-3, PFI-26, PFI-39, PFI-41, and PFI-45) from
different depths of the drill core, as shown in Figure 1. Scanning electron microscope
(SEM) observations were undertaken at the Andean Geothermal Centre of Excellence
(CEGA), Universidad de Chile, using a FEI Quanta 250 SEM equipped with secondary
electron (SE), energy-dispersive X-ray spectrometry (EDS), backscattered electron
(BSE) and cathodoluminescence (CL) detectors. The analytical parameters were: spot
size of 1-3 um, an accelerating voltage of 10-20 keV, a beam intensity of 80 pA, and a
working distance of 10 mm.

Pyrite is present as euhedral or sub-euhedral disseminated grains (<1 mm) at the
TGS, occurring in millimeter-sized monomineralic veinlets and in micrometer-sized
crystals in the rim of veins of amorphous silica and Fe-oxides (Fig. 2). Pyrite is
generally fine-grained in the deeper propylitic zone (<30 um). In the sub-propylitic zone
(clay cap), pyrite is almost absent and is replaced by minor chalcopyrite and bornite.
Minor amounts of sphalerite and galena are also identified. For detailed descriptions of
the alteration and mineralization assemblages at Tolhuaca, the reader is referred to
Sanchez-Alfaro et al. (2016a).

Electron microprobe analysis (EMPA) of pyrite grains (152 spot analyses total)
was performed using a field-emission gun JEOL 8530F hyperprobe equipped with five
wavelength-dispersive spectrometers at the Center for Microscopy, Characterization and
Analysis (CMCA), University of Western Australia in Crawley, WA. Operating
conditions were 40 degrees take-off angle and beam energy of 20 keV. The beam
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current was 50 nA, and the beam was fully focused. Elements were acquired using the
following analyzing crystals: LiF for Fe Ka, Au La, Te La, Cu Ka, Ni Ka, Zn Ka and
Co Ka; PETJ for S Ka, Ag La, and Cd La; PETH for Sb La, and Pb Ma; and TAP for
As La and Se La. The standards employed were commercially available metals, oxides,
sulfides, selenides, and tellurides. Counting time was 20 seconds for S Ka and Fe Ka,
60 seconds for Cu Ka, Ni Ko, Zn Ka, and Co Ko, 80 seconds for Se La and Te La; 100
seconds for As La, Sb Lo, and Pb Ma, 120 seconds for Ag La and Cd La, and 200
seconds for Au La. Mean atomic number background corrections were employed
throughout (Donovan and Tingle, 1996). Unknown and standard intensities were
corrected for dead time and the ZAF algorithm was used for matrix absorption
(Armstrong, 1988). On-peak interference corrections were applied as appropriate
(Donovan et al., 1993). Detection limits ranged from 0.006 wt. % for Sb to 0.032 wt. %
for Au.

Wavelength-dispersive spectrometry (WDS) X-ray maps were acquired using
the calibration set up described above. Detection limit maps were acquired for these
elements and applied as the minimum cut-off values. Map acquisition utilized a 100 nA
beam current with 2 x 2 um pixel dimension and 40 msec dwell time per pixel. Data
were processed using the Calcimage software package and output to Surfer® for further
processing and enhancement.

Additionally, 152 secondary-ion mass spectrometry (SIMS) spot analyses were
acquired on individual pyrite grains from selected samples from the argillic and
propylitic alteration zones (Table 2). SIMS analyses were performed at the Advanced
Mineral Technology Laboratories (AMTEL) in London, Ontario, using a Cameca IMS-
3f ion microprobe. Secondary ions monitored were ®Cu, ®*Cu, "*As, ®Se, ¥se, 1’Ag,
Wag, 121gp, 123gh, 28Te, 0Te, and ’Au. In addition, the major sulfide-matrix
constituent isotopes, *°Fe and **S were monitored. A 10 kV and 8 nA primary Cs+ beam
source was used for measurements, with a 4.5 kV accelerating voltage used for the
negative secondary ions. The analytical spot size of the primary beam was ~25 um;
depth of analysis was 3.5-7.0 um. Mineral standards used were produced
experimentally by implanting a known dosage of the element of interest into the pyrite
matrix using the Tandetron accelerator at the University of Western Ontario, Canada.
The detection limits were ~0.03 ppm for Au, 3 ppm for As, 0.1 ppm for Cu, 0.02 ppm
for Ag, 0.2 ppm for Sh, 0.01 ppm for Te, and 0.1 ppm for Se. For depth-concentration

profiles, the minimum detectable size of sub-micron mineral inclusions was 500 nm at a
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5 sec counting time. Thus, if more than one nanoparticle or inclusion is intercepted

simultaneously, they register as a single particle in the depth profile.

4. RESULTS

Representative EPMA and SIMS analyses of pyrite are reported in Tables 1 and
2, respectively. A summary of the trace elements concentration in pyrite is presented in
Figure 3. Back-scattered electron (BSE) images and quantitative WDS X-ray maps of
representative samples from the shallow argillic alteration zone (PFI-2 and PFI-3) are
shown in Figure 4, while Figure 5 displays WDS X-ray maps of pyrite grains from the
deeper propylitic alteration zone (PFI-39 and PFI-41). Although no marked vertical
variation in the trace element concentrations was generally observed in pyrite from the
TGS, the average concentrations of some metals (Cu, Co, Pb, and Ni) and metalloids
(As, Sb, Te) are slightly higher in the shallower argillic alteration zone (first 250 m of
the drillcore).

Pyrite from the TGS is characterized by high concentrations of As, Pb and Cu,
up to ~5 wt. %, ~2 wt. % and ~1.5 wt. %, respectively (Fig. 3). Cobalt and Sb contents
are also relatively high and vary from 0.2 to ~10000 ppm and from ~0.3 to ~5000 ppm,
respectively, spanning five orders of magnitude in concentration. Arsenic, Cu and Co
show distinct zoning in the shallower argillic alteration zone (Fig. 4). WDS X-ray maps
indicate that arsenic is enriched in the rims of pyrite crystals and depleted in the center
(Fig. 4b, f, i, | and 0), while Cu and Co show the opposite distribution with the highest
concentrations found in the pyrite cores (Fig. 4c, d, g, j, k, m, n, p and q). WDS X-ray
maps of fine-grained pyrite from the deeper, propylitic alteration zone (Figs. 5a-f) do
not display the well-defined zonation patterns observed in pyrite grains from the argillic
alteration zone samples. Only one pyrite grain from the propylitic zone shows As-
enriched cores (Fig. 5a), although these higher concentrations do not correlate with
increased Cu or Co (Fig. 5b and c).

Concentrations of Au in pyrite are detectable using SIMS. Only one data point
was detected by EPMA with a concentration of 1500 ppm (Table 1). SIMS data show
Au values that vary between 0.01 to ~10 ppm. Silver concentrations range between 0.07
and ~400 ppm, with one data point reaching ~0.5 wt. %. Cadmium, Ti and Se contents
of pyrite range from a minimum of 200, 160 and 0.03 ppm, respectively, to maximum
concentrations of 1000’s of ppm. Nickel and Te concentrations vary between ~60 to 600
ppm, and ~0.01 to 500 ppm, respectively.
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5. DISCUSSION
5.1 Mineralogical incorporation of metals and metalloids in pyrite from the TGS

Pyrite from the TGS can be classified as “arsenian” in terms of its As contents
(i.e., up to 5 wt. % levels), which is also in agreement with the high As concentrations
documented in the well fluids and thermal springs (up to 25 ppm; Sanchez-Alfaro et al.,
2016a). The generally homogeneous distribution of As in pyrite, as detected by WDS
X-ray maps (Figs. 4b, f, i, I, o and Figs. 5a and d), strongly suggests that As is
structurally bound (solid solution), even if the As-Fe-S ternary diagram in Figure 6
suggests minor presence of As’. Correlation plots showing As-S and As-Fe inverse
trends (Figs. 7a and b) and the ternary diagram of Figure 6 does not show a conclusive
trend of As substitution at the TGS, and it is likely that As*, As** and As®*" ionic species
are present (Deditius et al., 2008; 2014; Qian et al., 2013). No significant clustering
distribution of As are observed in WDS maps, where As is markedly enriched in the
pyrite rims (Figs. 4b, f, i, | and 0). Also, no noticeable differences in As speciation are
observed in pyrite from the shallower or deeper zones, as suggested using SIMS depth
profiling, where each successively deeper layer of the material is analyzed as a function
of time. The flat "As depth profile in Figure 8b strongly suggests that As is mainly
incorporated within the pyrite structure.

The high Cu concentrations (up to ~2 wt. %) measured by EMPA are related to
two dominant mineralogical forms of Cu, as observed on SIMS depth profiles: (i)
structurally bound Cu, and (ii) as micro- to nano-sized inclusions of chalcopyrite (Figs.
8c and.d). Both forms of Cu can also be observed in the elemental maps in Figures 4d,
0, k, n-and g, and in Figures 5¢c and f. Structurally bound Cu is distributed
homogeneously, forming the light blue-colored areas usually restricted to the core of the
pyrite crystals, which contrasts with the dark-blue, low-Cu background (Fig. 4d, g and
k, WDS maps). The elemental plot in Figure 7c shows a negative correspondence
between Cu and Fe (R%=0.60), suggesting Cu** < Fe** as a possible substitution,
although the precise mechanism of Cu incorporation cannot be deduced (Shimazaki and
Clark, 1970; Schmid-Beurmann and Bente, 1995). It is likely that most of the
structurally bound Cu replaces Fe in octahedral sites, which may be due to considerable
distortion of the pyrite symmetry by the presence of other elements such as As, Sb or
Co (Radcliffe and McSween, 1969; Bayliss, 1989).
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Micro- to nano-sized Cu-bearing inclusions occur as scattered discrete particles
and blebs along the growth zones (Fig. 4d, k, n and Fig. 5c; yellow-to-red-colored). The
size of the particles is less than 5 um, and they occur as individual inclusions and/or as
aggregates of abundant micrometer- to submicrometer-sized particles. The occurrence
of the two mineralogical forms of Cu in pyrite in the TGS is confirmed by SIMS depth
profiling. In Figure 8c and d, depth—concentration profiles are presented for the pyrite
matrix isotopes (*°Fe, **S) and copper (**Cu). When Cu is present in solid solution
(structurally bound), the depth—concentration profile of ®*Cu is flat (Fig. 8¢, 1100 ppm
Cu), whereas at higher concentrations the spiky °*Cu profile confirms the presence of
individual particles or clusters of particles of 500 nm in size (Fig. 8d, ~100 ppm Cu).
Previous experimental studies have pointed out that the solid solution of CuS; in FeS; is
thermodynamically unstable in nature and the solubility of Cu in FeS, decreases
considerably with temperature (from 4.5 mol% Cu at 900 °C to ~0.6 mol% Cu at 700
°C, at 45 kbar; Shimazaki and Clark, 1970; Schmid-Beurmann and Bente, 1995).
However, the solubility of Cu in pyrite has not been determined at the lower
temperatures relevant for most hydrothermal systems (e.g., <500 °C). Analogously to
Reich et al. (2005), it may be suggested that the incorporation of As could influence Cu
incorporation in both solid solution‘and as Cu-bearing nanoparticles in pyrite (Reich et
al., 2013). At the TGS, Cu and As concentrations do not show a correspondence (Fig.
7d), and the micrometric chalcopyrite inclusions are found associated with both low and
high As-bearing concentration zones. At very low temperatures (i.e., sedimentary
settings) Cu is incorporated within the pyrite structure at low concentrations (ppm
levels), while Cu-bearing microinclusions at present at higher concentrations (wt %
levels; Gregory et al., 2015a). Factor analysis has shown that Cu is associated with large
cations that disrupt the pyrite structure enhancing Cu incorporation. However, it is
likely that the total concentration of the metals in fluids play a key role on Cu
incorporation into pyrite as evidenced in studies such as Gregory et al. (2015a).

As shown in Tables 1 and 2 and Figure 3, Co concentrations in pyrite are
variable, ranging from hundreds of ppb to thousands of ppm. Despite the fact that the
plot of Co-Fe in Figure 7e does not show a clear correlation trend, the SIMS depth
profile (Fig. 8a) and WDS X-ray maps (Fig. 4c, j, m and p) suggest that cobalt in the
studied pyrites is in solid solution. This is in agreement with the fact that Co extensively
substitutes for Fe in pyrite, due to the similar ionic radii of Co®* and Fe*, and that the
CoS; endmember adopts the pyrite structure (Vaughan and Craig, 1978; Tossell et al.,



363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

1981; Abraitis et al., 2004; Gregory et al., 2015a, b). WDS X-ray maps in Figure 4c, |,
n, p, show that chemical zoning of Co, like Cu, is spatially correlated to cores and/or
thin bands within pyrite crystals. The positive correspondence between Co and Cu in
Figure 7f supports the hypothesis that these two metals may be included in pyrite in
similar mineralogical form. The relatively high Co concentrations (up to ~0.2 wt. %)
and high Co/Ni ratios between 1 and 10 in pyrite from the TGS (Fig. 9a) are indicative
of a magmatic-hydrothermal origin associated with a greater mafic affinity (Large et al.,
2009; Koglin et al., 2010; Reich et al., 2016), in agreement with the compaosition of the
lavas from Tolhuaca volcano, which have mainly basaltic to andesitic compositions
(Sanchez-Alfaro et al., 2016a).

Apart from the base metals, precious metal (Au, Ag) concentrations in the
studied pyrite are at least one order of magnitude higher when compared to pyrite from
other active geothermal systems (Libbey and William-Jones, 2016), ranging from 0.01’s
to 10’s of ppm for Au and from 0.01’s to 1000’s of ppm for Ag (Tables 1 and 2). Gold
and silver incorporation into pyrite structure is favored by the substitution of anionic or
cationic As, due to a structural distortion and/or decrease in the size of pyrite grains,
increasing the surface/volume ratio (e.g., Simon et al., 1999; Palenik et al., 2004;
Deditius et al., 2008; 2014). Several different incorporation mechanisms for Au and As
have been proposed for pyrite. The most validated model involves the coupled
substitution of cationic Au for Fe in distorted octahedral sites and anionic As for S in
tetrahedral sites (Simon et al., 1999). It is relevant to note that the highest
concentrations of Au in pyrite are usually related to the presence of Au-bearing micro-
to nano-sized inclusions and clusters of Au nanoparticles (Reich et al., 2005; Deditius et
al., 2014; Gregory et al., 2015a; 2016).

As shown in Table 2 and Figure 3, SIMS data show Au concentrations in pyrite
that varies between 0.01 and ~10 ppm. Only one EMPA data point reported in Table 1
shows Au concentration of 1500 ppm (sample PFI-41; Table 1). In Figure 9b, most Au—
As analyses plot below the solubility limit defined by Reich et al. (2005), suggesting
that Au occurs as structurally bound ions (Au'*). Only three data points plot above the
As-dependent solubility limit, indicating the presence of nanoparticles of native Au°
and/or Au-tellurides. Although SIMS depth—concentration profiles do not confirm the
presence of nanoinclusions (Fig. 8e and f), the occurrence of nanoparticles smaller than
the SIMS depth-profiling detection capabilities (<500 nm) is possible, and higher
concentrations of Au (e.g., >10 ppm) measured by EMPA and SIMS may be related to
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micro- to nano-sized Au-bearing mineral particles. The similar incorporation behavior
of Au and Te, both as solid solution or gold-telluride, is also assessed by the positive
correlation between Au and Te, shown in Figure 9c.

As shown in Tables 1 and 2 and summarized in Figure 3, the measured Ag
content of pyrite varies between ~0.07 and 5000 ppm. Previous studies have shown that
Ag is widely present in pyrite in both solid solution (replacing Fe** as Ag") ‘and/or
forming micro and nano-sized Ag-sulfide and sulfosalt inclusions (Abraitis et al., 2004,
Deditius et al., 2011). At the TGS, SIMS depth profiles show that Ag occurs in both
mineralogical forms. In Figure 10a and b, depth—concentration profiles are presented for
%Ag. The flat profile in Figure 10a (at 11 ppm Ag) support the presence of Ag in solid
solution, whereas the spiky *>Ag profile confirms the presence of individual particles or
clusters of Ag-bearing particles <500 nm in size (Fig. 10b, 5 ppm Ag). The generally
positive trend between Ag and Au (Figure 9d) suggests a similar incorporation behavior
of these two metals, as documented in previous studies (e.g., Reich et al., 2010).
Furthermore, Ag-As data points in Figure 9e show two groups at higher (~200 ppm) and
lower (<100 ppm) Ag contents. The lower Ag concentration group display a positive
correspondence with As, while 'the high-Ag concentrations do not vary with As
contents, showing a line parallel to'the Y axis. These data, in addition to SIMS depth
profiles in Figure 10a and b, suggest that Ag incorporation into pyrite is dependent on
As and follow a similar behavior than Au (Reich et al., 2005; 2013; Deditius et al.,
2014).

All other trace elements measured in pyrite at the TGS (e.g. Pb, Ni, Ti, Sb, Se,
Te, Cd)also occur in relatively high amounts, e.g., 100-ppm levels for Ni and Te, 1000-
ppm. levels for Ti, Sh, Se and Cd, and up to wt. % levels for Pb. Lead may be
incorporated in solid solution by the substitution of Pb?" for Fe?*, as suggested by the
negative relation shown in the elemental plot of Figure 9f. However, the high
concentrations of Pb (up to 2 wt. %) may also be attributed to the presence of sub-
micron sized Pb-bearing inclusions, most likely galena (Griffin et al., 1991; Huston et
al., 1995; Abraitis et al., 2004; Pacevski et al., 2012; Gregory et al., 2015a). Tellurium
and Se are likely hosted in solid solution, as shown in the flat SIMS profiles (Figs. 10c
and d), although the presence of micro- or nano-inclusions cannot be excluded. In fact,
the SIMS depth profiles in Figure 10e and f indicate that Se is probably incorporated in
pyrite as both solid solution and Se-bearing mineral inclusions.
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5.2  Decoupling of Cu and As in the TGS: linking pyrite chemistry with
paleofluid and borehole fluid composition

The trace element geochemistry of pyrite has proven useful in accessing the
history of complex processes undergone by a single sample. In magmatic-hydrothermal
settings, pyrite has been used to fingerprint ore sources, vector towards mineralization
and infer changes in fluid composition (e.g., Franchini et al., 2014; Mukherjee and
Large, 2016). Similar observations are reported in lower temperature sedimentary
environments where pore waters progressively enrich in trace elements as they desorb
from organic matter, resulting in a sequential enrichment of trace elements in pyrite
with increasing sediment depth (Huerta-Diaz and Morse, 1994; Gregory et al., 2014).

Abrupt changes in As and Cu concentrations in pyrite growth zones have been
observed in the Pueblo Viejo and Yanacocha high sulfidation'/Au-Ag deposits (Deditius
et al., 2009). Arsenic-rich zones, also enriched in Au, Ag, Sb, Te, and Pb, alternate with
Cu-rich zones with significantly lower concentrations of these elements and barren
pyrite zones with no other elements. In situ trace element and sulfur isotope (8%*S) data
by Peterson and Mavrogenes (2014) in pyrite at the Porgera Au deposit in Papua New
Guinea uncovered a stratigraphy. of repeated high-Au negative 5**S and low-Au positive
8%S zones, recognized with‘a 3 pm spot size laser ablation, within individual pyrite
crystals present in the highest grade gold event. These zonations are less likely to reflect
changes in substitutional mechanisms of As and Cu into pyrite forming from a fluid of
constant composition. Rather, the chemical and isotopic data provide strong evidence
pointing to sharp.variations in the pyrite-forming fluid composition (Deditius et al.,
2009; Kouzmanov et al., 2010).

In-high-temperature hydrothermal settings, these abrupt chemical changes have
been interpreted as the result of mixing between the pyrite-forming fluids and magmatic
vapors, the latter capable of geochemically decoupling As and Cu during its separation
from the parental magma (Deditius et al., 2009). Indeed, although it has been observed
that both As and Cu partition into the magmatic vapor, they respond differently to P-T-
X conditions of the system, especially in terms of ligands (Cl and S) availability
(Heinrich et al., 1999; 2004; Pokrovski et al., 2002; 2005; Williams-Jones et al., 2002;
Williams-Jones and Heinrich, 2005; Simon et al., 2006; 2007; Pokrovski et al., 2013).
Magmatic vapors, formed by direct separation from the parental silicate magma, may
remain a single phase or separate into a brine and a lower density vapor, a process that

can take place more than once during the upward migration of the magmatic vapor
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(Heinrich, 2004, 2005). These phase separation processes are capable of fractionating
As and Cu in the porphyry-epithermal environment. Pokrovski et al. (2005; 2013)
compiled experimental data of vapor-liquid partition coefficients between 300 and 450
°C for various metalloids, base and precious metals. They determined that As partitions
preferentially into the low density, low salinity vapor phase than Cu which has a higher
affinity for the high-density saline brine. This selective metal partitioning has been
extensively reported in experiments and fluid inclusion studies in ore deposits, from the
deeper magmatic-hydrothermal porphyry roots to the shallower epithermal domain
(Kouzmanov and Pokrovski, 2012, and references therein).

For most hydrothermal systems it remains difficult to determine how the
compositions of hydrothermal fluids change with time and how those changes affect the
precipitation of ore minerals, including pyrite (Rusk et al., 2008). Several studies have
reported LA-ICP-MS data of fluid inclusions from porphyry systems (e.g., Heinrich et
al., 2005; Audetat et al., 2008), epithermal Au(-Ag) deposits (e.g., Pudak et al., 2009),
and from fluid inclusions hosted in sulfide ore minerals (e.g., Wilkinson et al., 2009;
Kouzmanov et al., 2010). All these studies have reported significant variations in metal
concentrations related to chemical fluctuation of hydrothermal ore fluids. Despite such
evidence, a direct correlation between chemical changes in ore-forming fluids and the
trace metal chemical zonations recorded in pyrite (e.g. Cu, As, Co, Au, Sb, Ni) remains
to be confirmed beyond trace element analyses of the sulfide phase (Large et al., 2009;
Deditius et al., 2009; Thomas, 2011; Reich et al., 2013; 2016; Peterson and
Mavrogenes, 2014, Deditius et al., 2014; Steadman, 2015; Gregory et al., 2016).

By combining our EMPA/SIMS pyrite data with 1) LA-ICP-MS analyses of
fluid inclusion that are paragenetically linked in calcite/quartz veins, and 2) borehole
fluid chemical data at the TGS, we provide evidence that the observed zonations in
pyrite are likely related to chemical changes in the pyrite-forming hydrothermal fluid.
Borehole fluids in the TGS have trace metal contents that are broadly similar to those
measured in the Taupo Volcanic Zone in New Zealand and in the active Lihir gold
deposit in Papua New Guinea (Simmons and Browne, 2000; Simmons et al., 20163, b;
Sanchez-Alfaro et al., 2016b). Furthermore, and unlike pyrites from ore deposits that
commonly show multiple growth bands and complex oscillatory zoning patterns, pyrite
in the shallow argillic zone of the TGS presents the advantage of having only two

growth zones as observed in the WDS X-ray maps (Figures 4 and 11).
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The fluid inclusions data used in this study were reported by Sanchez-Alfaro et
al. (2016a). In particular, the LA-ICP-MS data were obtained in fluid inclusion
assemblages observed in pyrite-bearing, calcite/quartz veins retrieved from the
shallower part of the drillcore (first 400 m), which represents the upwelling paleo-
hydrothermal fluid. In contrast, the present-day borehole fluid composition (measured
using ICP-MS) is likely to represent the resulting fluid after the condensation of ‘a low-
density vapor that separated from a magmatic-hydrothermal fluid sourced in the deeper
parts of the hydrothermal system. This distinction allows us to correlate the composition
of paleo- and present-day fluids with measured concentrations of trace metals in cores
and rims of pyrite in the shallow argillic zone, which are the only pyrite grains that
show clear zonation patterns.

As shown in Figure 11a and b, we will refer in the following discussion to the
pyrite growth zones as P1 for pyrite cores, and P2 for the pyrite rims. Copper-As ratios
of pyrite cores (red) and rims (green) are compared in Figure 11c with the Cu/As ratios
of fluid inclusions (red circles) and borehole fluid from the TGS (green circles). The
textural and chemical data in Figure 11 suggest that a Cu-rich, As-depleted fluid was
involved in pyrite core formation (P1), followed by a late-stage, low-Cu and high-As
fluid related to the precipitation of pyrite rims (P2). In the same way, the comparison
between (present-day) borehole fluids and fluid inclusion data reveals significant
differences. Fluid inclusions are Cu-rich but poor in As (Cu/As~1) while borehole fluids
are rich in As, but Cu-poor (Cu/As~10"). According to Sanchez-Alfaro et al. (2016a),
simple boiling models cannot explain the aforementioned differences in fluid chemistry
because non-volatile elements such as Cu and As remain in the liquid phase during
boiling  (K¢=Cvapor/Ciiquia, Kas=0.001-0.01; Kc,< 103 KNa<10'3) under epithermal
conditions (100<T<280 °C; Pokrovski et al., 2013). In Figure 11, the relatively high-Cu,
low-As concentrations in fluid inclusions (Cu/As~1, Fig. 11c) can be paragenetically
linked to the formation of the Cu-rich, As-depleted pyrite cores (Cu/As~1-10, Fig. 11c).
In contrast, the As-rich, Cu-depleted pyrite rims (Cu/As~0.1-0.01, Fig. 11c) correlate
with the high-As and low-Cu concentrations measured in the borehole fluid (Cu/As~10
® Fig. 11c) at the TGS. These observations strongly suggest that the zonations reported
in pyrite from TGS are the result of a compositional change of the pyrite-forming
hydrothermal fluid during continuous pyrite precipitation.

EMPA data and WDS X-ray maps also show that pyrite cores are significantly
enriched in Co (up to 4 wt. %). Unfortunately, no experimental partitioning data are
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available for Co, and Sanchez-Alfaro et al. (2016a) do not report Co concentrations in
fluid inclusion or borehole fluids. However, and as shown by Pokrovski et al. (2013),
most base metals present a marked affinity for a high-density saline brine; therefore it is
reasonable to assume that Co may display a similar behavior than Cu (see maps in Fig.
4c, j, mand p).

The pyrite core precipitation stage P1 at Tolhuaca was most likely related to
Cu(Co)-rich supercritical magmatic vapors that segregated during a stage of magmatic
diking and sill intrusion as reported for the TGS. The episodic separation of these
magmatic vapors produced fluid overpressure conditions inducing fracturing and
brecciation of the low permeability clay-cap, as observed by Sénchez-Alfaro et al.
(2016a). This magmatically derived single-phase fluid ascended, and following phase
separation (or boiling) (Sanchez-Alfaro et al., 2016b), precipitated pyrite (cores) with
high concentrations of Cu and Co, in both the deep and shallower parts of the TGS.
Pyrite in the argillic (shallower) zone hosts higher concentrations of Cu and Co than
pyrite in the propylitic (deeper) zone (Fig. 3; Tables 1 and 2). This may be due to the
neutralization of acid hydrothermal fluids in the upper argillic zone, as proposed by
Sanchez-Alfaro et al. (2016a), producing a concomitant decrease of metal solubility in
the fluid phase.

During a later phase of evolution of the TGS (P2), the fluid pressure was lower
than the lithostatic ‘pressure and the clay-cap acted as a low-permeability barrier
(Sanchez-Alfaro et al., 2016a). Phase separation took place in the deeper part of the
system, partitioned the magmatic/hydrothermal fluid into a low-density vapor and high-
density brine capable of fractionating Cu (and Co) and As. During this phase, only the
As-rich vapor was able to migrate upwards, reaching the dominantly-meteoric aquifer in
the argillic zone and possibly contracting into an As-rich hydrothermal fluid that
precipitated the As-rich, Cu(Co)-poor pyrite rims, over the previously formed Cu(Co)-
rich, As-depleted cores (Fig 4f, g, i, k, 0 and g). The Cu(Co)-rich, As-poor brine, on the
other hand, remained in the deep (propylitic) part of the system where it continued
precipitating pyrite with similar Cu, Co and As concentrations as the pyrite core
deposited during P1 phase. In the sub-propylitic zone, the local accumulation of the
brine, now blocked by the low permeability barrier or clay-cap, may have triggered
local supersaturation of Cu in the fluid phase with the consequent deposition of

chalcopyrite and bornite instead of pyrite as the main sulfide phase.
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Our results are in agreement with recent studies discussed by Simmons et al.
(20164, b) in the Taupo Volcanic Zone, New Zealand, where significant amounts of
metals are reported in geothermal fluids. The authors report that boiled chloride waters
are strongly depleted in Cu, Pb, Ag, Au, and Te, because these metals deposit in sharp
response to gas loss and cooling in the well. In contrast, As, Sb, and other metals and
metalloids are measurably less depleted in boiled waters, making them available to form
metal anomalies at shallow depths (Simmons et al., 20163, b).

The precipitation of Cu minerals might have also been reached locally in the
argillic zone during the P2 phase. As previously documented, kinetic effects can trigger
the formation of micro to nano-particulate inclusions of chalcopyrite that co-precipitate
with pyrite during rim formation (Fig. 4k and n) (Deditius et al., 2011; Reich et al.,
2011). Therefore, Cu-bearing nanoparticle nucleation in pyrite might be, in this case,
favored by the high As concentration on the mineral surface, or electrochemical effects
as it has been previously proposed for precious and base metals (e.g., Au, Ag, Pb and
Zn) (Oberthur et al., 1997; Abraitis et al., 2004; Mikhlin et al., 2007; 2011).

6. CONCLUDING REMARKS

Our EMPA-SIMS database show that significant concentrations of base and
heavy metals (e.g., Cu, Co, Ni, Pb), precious metals (e.g., Au, Ag) and metalloids (e.g.,
As, Te, Se, Sb) are hosted in pyrite at the Tolhuaca Geothermal System. Detailed WDS
X-ray maps and-SIMS depth vs. isotope concentration profiles reveal that pyrites in the
shallower argillic zone in the TGS are characterized by two chemically distinct zones
where Cu(Co) and As are geochemically decoupled, while pyrites in the deeper part of
the system (propylitic zone) do not display significant textural or chemical zonations.

When contrasting Cu-As contents in pyrite cores and rims with LA-ICP-MS
fluid inclusion data and borehole fluid composition (Sanchez-et al., 2016) in the TGS,
we observed that selective partitioning of metals and metalloids into pyrite is most
likely the result of changes in fluid composition. The aforementioned changes are
interpreted as being related to excursions of single-phased, magmatically-derived vapors
that are further separated into a low-density vapor and dense brine capable of selectively
scavenging Cu and As. During the first stage of pyrite formation (P1), fracturing of the
impermeable clay-cap resulted in the formation of Cu(Co)-rich, As-depleted pyrite
cores in both the deep and shallower parts of the TGS. This stage preceded the
formation of As-rich Cu(Co)-depleted pyrite rims (P2) in the shallower (argillic) part of
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the system. Although the absolute timing between these two main (and consecutive)
pyrite formation events is yet to be constrained, the high As and low Cu contents of the
present-day borehole fluids suggest that the late-stage, pyrite-forming fluids were
compositionally similar to the present-day fluid in the Tolhuaca deep reservoir.

The results presented in this study show that significant variations in fluid
composition may be related to abrupt changes in the P-T-X conditions at the TGS.
However, experimental studies and more observations in natural systems are needed to
assess the precise nature of the triggers leading to such changes — i.e., magmatic input
of metal rich fluids, system overpressure, and externally-forced perturbations such as
earthquakes (e.g., Cox and Ruming, 2004; Peterson and Mavorgenes, 2014, and
Sanchez-Alfaro et al., 2016b). Finally, results from this work confirm that pyrite
composition and micro-textures are valuable complements to other geochemical tools

used to investigate the evolution of hydrothermal systems.
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FIGURE CAPTIONS

Figure 1. Geological map of the Tolhuaca Geothermal System (TGS), modified from
Aravena et al. (2016) and Sanchez-Alfaro et al. (2016a). The main geologic units,
structures, surface thermal features and geothermal well locations, as well as the
schematic cross section, were modified from Sanchez-Alfaro et al. (2016a). Simplified
lithology of the Tol-1 well and hydrothermal alteration zones were taken from Melosh
et al. (2010; 2012) and Sénchez et al. (2013). Depth location is indicated for pyrite-
bearing samples PFI-2, PFI-3, PFI-26, PFI-39, PFI-41 and PFI-45. LOFZ: Liquifie
Ofqui Fault Zone; ALFS: Arc-oblique Long-lived Basement Fault System.

Figure 2. Backscattered electron (BSE) images showing representative textural
relationships of pyrite-bearing samples from the TGS. Pyrite occurs as disseminated
grains (A, B, C, E, F) and in silica veinlets (C, D), and is mainly associated with Fe-
oxide (A) and chalcopyrite (E). Chalcopyrite inclusions in pyrite are visible in selected
grains (F). Py: pyrite; FeOx: Fe-oxide; Zeo: zeolite; Ab: albite, Cpy: chalcopyrite. The
red line (F) shows an EMPA traverse (see table 1, sample PFI-39, datapoints 44a T3).

Figure 3. Concentration plot for minor and trace elements in pyrite (samples PF-2, PF-
3, PF-26, PF-39, PF-41 and PF-45). Pyrite data from argillic and propylitic alteration
zones are identified by black circles and open squares, respectively. Data are plotted in
parts per million (ppm) on a vertical logarithmic scale. For each element, median

concentrations measured by EPMA (solid lines) and SIMS (segmented lines) are shown
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together with maximum and minimum values. Outliers are shown as red crosses. The
horizontal dotted line is the mean detection limit (mdl) of EPMA analysis for all
elements (~100 ppm).

Figure 4. Representative microtextures and chemical zonations of pyrite from the
(shallow) argillic alteration zone of the Tolhuaca Geothermal System. Samples: PFI-2
(@ b, c d, e fand g) and PFI-3 (h, i, j, k, I, m, n, 0, p and q). (a), (e) and (h):
backscattered electron (BSE) image showing pyrite (Py) crystals. (b), (c), and (d):
quantitative wavelength dispersive spectrometry (WDS) X-ray maps of area in (a) for
As (Ka), Co (Ka), and Cu (Ka), respectively. (f) and (g) show WDX maps of area in
(e) for As (La) and Cu (Ka), respectively. (i), (j) and (k) show WDX maps of area in
(h) for As (La), Co (Ka), and Cu (Ka), respectively. (l) and (0); (m) and (p); and (n)
and (q) show WDX maps of disseminated pyrite grains for As (La), Co (Ka), and Cu
(Ka), respectively. Quantitative WDX maps for As (La) Co (Ka), and Cu (Ka) show
zonations of these metals. Cu (Ko distributions in (d), (k) and (n) show discrete
inclusions of chalcopyrite. A color scale bar for concentration (in wt %) is shown for

each WDS map. Py: pyrite.

Figure 5. Representative microtextures and chemical features of pyrite from the deep
(propylitic) alteration zone. Samples: PFI-39 (a, b, c) and PFI-41 (d, e, f). (a) and (d)
show quantitativeWDX maps for As. (b) and (e) show maps for Co (Ka). (c) and (f)
show WDX maps for Cu (Ka). Cu (Ka) distribution in (c) shows discrete inclusions of

chalcopyrite. Color scale bars for concentration (in wt %) are shown. Py: pyrite.

Figure 6. Ternary diagram showing the As-Fe-S composition of pyrite in the Tolhuaca
Geothermal System. Five different trends show substitution of (i) As for S (As' - pyrite;
green arrow); (i) As® nano-inclusions (As® red arrow); (iii) As** for Fe (As®* -pyrite;
light green arrow); (iv) As®* for Fe (As®**-pyrite; orange arrow); and (v) divalent metals
Me?* for Fe (blue arrow). The composition of As®*-pyrite (after Qian et al., 2013;
Deditius et al., 2014) was calculated based on the assumption of ideal occupancy of S
(66.66 at.%). n = 2924,
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Figure 7. Elemental correlation plots of (a) As vs. S, (b) As vs. Fe, (c) Cu vs. Fe, (d) Cu
vs. As, (e) Co vs. Fe, and (f) Co vs. Cu. Black diamonds, open diamonds, open squares,
open triangles, black circles and open circles represents pyrite samples PFI-2, PFI-3,
PFI, 26, PFI, 39, PFI, 41 and PFI-45, respectively. R® values are shown.

Figure 8. SIMS depth-concentration profiles (time vs. intensity) of trace elements in
pyrite from Tolhuaca Geothermal System. Spiky profiles for ®Cu (c and d) reflect the
presence of individual nanoinclusions or clusters of mineral nanoparticles (colored
circles and ovals), whereas *°Co (a), ">As (b), and **’Au (e and f) show a more
homogeneous (solid-solution) distribution. Major sulfide-matrix-constituent isotopes,
*®Fe and **S, were monitored during each run (top). Vertical intensity scale is in counts

per second (cps); horizontal (depth) scale is in micrometers (um).

Figure 9. Elemental correlation plots of (a) Co vs. Ni, (b) Au vs. As, (c) Te vs. Au, (d)
Ag vs. Au, (e) Ag vs. As and (f) Pb vs. Fe. Black diamonds, open diamonds, open
squares, open triangles, black circles and open circles represents pyrite samples PFI-2,
PFI-3, PFI, 26, PFI, 39, PFI, 41 and PFI-45, respectively. Solid lines in (a) represent
Co/Ni=1 and Co/Ni=10. The curvein (b) is the As-dependent solubility of Au in pyrite
as determined by Reich et al. (2005). R? values are shown.

Figure 10. SIMS depth-concentration profiles (time vs. intensity) of trace elements in
pyrite from the TGS. Spiky profiles for '®Ag (a and b), and %°Se (e and f) reflect
presence of individual nanoinclusions or clusters of mineral nanoparticles (colored
circles and ovals), whereas “*°Te (c) and **Sb (d) show a more homogeneous (solid-
solution) distribution. Major sulfide-matrix constituent isotopes, *°Fe and ‘S, were
monitored (top). Vertical intensity scale is in counts per second (cps); horizontal (depth)

scale is in micrometers (um).

Figure 11. Combination of pyrite data (WDS X-ray maps) with LA-ICP-MS analyses
of fluid inclusions in pyrite-bearing veins and borehole fluids chemical data at the TGS,
The panels (a) and (b) show a pyrite grain from the argillic zone that contains a Cu-rich,
As-poor core (P1), and an As-rich, Cu-poor rim (P2). The panels (c) shows the Cu/As
ratio of fluid inclusions (red circles) and borehole fluids samples (green circles),
respectively, reported by Sanchez-Alfaro et al. (2016a). The Cu-rich, As-poor pyrite
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core (P1) correlates with the high Cu/As ratios measured in fluid inclusions in calcite-
quartz-pyrite veins. Conversely, As-rich and Cu-poor pyrite rims (P2) correlate with the

low Cu/As and ratio measured in the present-day borehole fluid.
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Table 4.1. Representative EPMA Analyses (wt %) of Pyrite from the
Tolhuaca Geothermal System. Py: pyrite, Cpy: chalcopyrite, Br: bornite.
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Table 4.2. Secondary lon Mass Spectrometry (SIMS) Analyses of Au, Ag, Co, Cu, As, Sh, Se and Te in Pyrite

from the Tolhuaca Geothermal System.

Au Ag Co Cu As Sb Se Te

(ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
PFI-2
0lpycl3l  0.40 221 1030  444.00  24.00 n.d. 0.15 n.d.
0lpycl33  0.11 3.74  116.00 1123,00° 226.00 22.70  0.03 n.d.
0lpycl35  0.08 2.26 3420 277.00 113200 36.20 0.03 n.d.
Olpycl38 0.03 1050 274.00 21.30 ####### 633 053 0.10
0lpyc139  0.03 405 14100 837.00 38400 2350 < 0.03 n.d.
0lpycl40  0.02 221  114.00 1091.00 206.00 13.80 . 0.15 n.d.
0lpycl42  0.05 6.33  105.00 553.00 #4530 0.08 n.d.
Olpycldd  0.17 6.53  101.00 472.00 #1690  3.43 n.d.
0lpycl48  0.02 313  223.00 420.00 453500 ~384.00  0.03 n.d.
Olpycl50 0.13 10,60 14.60  234.00 ######  35.00  0.95 n.d.
0lpycl51  0.16 032 1340  71.40 _ 24400 4.20 n.d. n.d.
0lpypl29  0.07 125 7330 862.00 839.00 2240 0.10 n.d.
0lpyp130  0.25 418  705.00 142500 15800 7.98  0.13 n.d.
0lpypl32  0.07 7.20  261.00 <1165.00 9887.00 5840  0.48 n.d.
0lpypl34  n.d. 10.40  426.00 - 5980.00 #u##i## 88.00  0.43 n.d.
0lpyp136  0.10 6.98  457.00 311200 23500 12.00 0.18 n.d.
0lpypl37  0.06 8.16 1173.00 2950.00 824.00 10.80  0.40 n.d.
Olpypl4l  n.d. nd.. 1220.00 2243.00 288.00  n.d. n.d. n.d.
0lpypl43  0.13 777 -653.00 2175.00 #7110 0.40 n.d.
Olpypl45 0.17 10.70° 1544.00 2847.00 448400 47.60  1.70 n.d.
0lpypl46  0.08 472  247.00 1988.00 834.00 2520 013  0.10
0lpypl47 0.1 496  222.00 1490.00 2248.00 3470  0.30 n.d.
0lpypl49 0.02 408 9240 809.00 2246.00 5570 0.03  0.28
PFI-3
0lpyc0l - 0.15 460  182.00 27400 2136.00 2490 133 135
Olpyc06 <~ 358 3090 574 335400 136.00 6840 120 2250
01pyc07 n.d. 1.04  243.00 422.00 119300 990 085  0.25
01pyco8 n.d. 1.82  247.00 471.00 280500 41.00 055  0.10
Olpycl5  0.12 345 42300 112400 1893.00 54.80  1.18 n.d.
0lpycl8  0.06 n.d. 3.39 4.48 1250  0.00 1430 0.88
0lpycl9  0.01 2.66  239.00 196.00 535500 28.90 2,68°  0.33
Olpyc22  0.11 345 117.00 65400 988.00 5750 043  0.58
0lpyc23  0.02 144  136.00 323.00 361500 22.00 0.63 n.d.
0lpyp02  0.15 351  900.00 2202.00 292500 81.90 2.70 n.d.
0lpyp04  0.10 484  406.00 1405.00 150500 59.40 320  0.90
0lpyp05  1540*° 554 599  3572.00 15800 1020 1.58  13.80
0lpyp09  0.24 524  1055.00 3928.00 1817.00 9410 593  0.30
Olpypl0  0.43 566  669.00 1708.00 1963.00 80.90 245  0.58



1125
1126

0lpypl2
01pypl3
O0lpypl4
0lpypl6
O0lpypl7
01pyp20
01pyf03
01lpyfll
0lpyf21l

0.26
0.03
0.03
4,63
0.01
n.d.
0.28
n.d.
0.19

4.86
1.78
1.51
1.32
3.86
1.52
7.54
0.62
2.35

823.00
199.00
720.00
7.85
1292.00
304.00
120.00
142.00
147.00

5155.00
1335.00
1202.00
4962.00
3184.00
461.00
296.00
805.00
448.00

1303.00
2727.00
2907.00
31.70
2440.00
4058.00
672.00
517.00
490.00

76.30
74.40
55.80
0.00
44.60
57.50
40.90
20.30
29.50

3.03
0.88
3.90
1.60
2.38
0.13
0.75
1.98
0.83

0.13
1.08
n.d.
0.60
n.d.
n.d.
1.55
n.d.
0.38




