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abundant sulfide in the analyzed section of the deposit and shows variations in textures and trace metal content (de-
termined by LA-ICPMS), between the porphyry and epithermal stages. Pyrite from the porphyry stage is
fine grained and depleted in most trace elements analyzed, except for traces of Co (up to 276 ppm) and Ni (up to
131 ppm). Pyrite from the epithermal stage is texturally complex, compositionally heterogeneous, and the trace

?f::;oerlis{nems metal content varies with depth and within sub-stages of mineralization. At an intermediate depth (2625 m),
Pyrite-marcasite epithermal pyrite from the cement of the jig-saw and clast-supported hydrothermal breccias are enriched in Cu
Porphyry Cu (up to 2961 ppm) that correlates with the highest Cu grades in the section. This pyrite contains micro-inclusions
High sulfidation epithermal of sulfosalt minerals as inferred by LA-ICPMS elemental mapping and individual spot ablation profiles. They are

zoned and show a Co-rich core, an intermediate zone enriched in Cu, and an outer rim rich in Zn. At shallower levels
(3000 m), epithermal pyrite cements in the heterolithic hydrothermal breccia are unusually rich in trace metals that
correlate with the highest Pb, Zn, Au, and Ag grades. The ore-stage pyrite occurs as either successive colloform bands
on earlier Co-bearing cores or as veinlets infill. The colloform pyrite bands and veinlets are As-poor (<30 ppm) and
enriched in Pb (up to 4528 ppm), Cu (up to 3900 ppm), Zn (up to 1078 ppm), Ag (up to 136 ppm), Au (up to
6.7 ppm), Bi (up to 1077 ppm), and Te (up to 3.1 ppm). In LA-ICPMS elemental maps, arsenic concentrates in a
thin inner band within the thicker, trace element-rich rims. The colloform banding in pyrite is interpreted to reflect
rapid crystallization during fluid boiling at a hydrothermal fluid-meteoric water interface, creating intense fluctua-
tions in temperature and producing undercooling in the mixed fluid. This late and shallow fluid was depleted in As
and Cu and also precipitated alunite, Fe-poor sphalerite, and marcasite enriched in trace metals. Maximum Au and
Ag inputs into the system occurred towards the end of the epithermal cycle and are expressed by the Au-Ag-rich
rims in hydrothermal pyrite. Based on Au-As data in pyrite, ore fluids forming early pyrite were undersaturated
with respect to native Au (solid solution incorporation), while later fluids precipitating colloform pyrite were super-
saturated with respect to native Au forming Au nanoparticles. This study provides evidence that pyrite records
chemical changes at the porphyry to epithermal transition that can be used to monitor hydrothermal fluid evolution,
constrain different mineralization stages, and vector towards undiscovered ore zones.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Pyrite is widespread in hydrothermal ore deposits and previous
studies have documented significant concentrations of Au, Ag, Cu, Pb,
* Corresponding author at: Consejo Nacional de Investigaciones Cientificas y Técnicas. Zn, Co, Ni, As, Sb, Se, Te, Hg, Tl, and Bi, which in some cases can reach
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weight-percent levels (Cook and Chryssoulis, 1990; Cook et al., 2009;
Deditius et al., 2011; Deditius et al., 2014; Large et al., 2009; Reich
et al., 2005; Reich et al., 2006; Reich et al., 2013). Despite the fact that
the trace-metal budget of pyrite has been heavily investigated in ore de-
posits where pyrite is a major Au-bearing ore mineral (i.e., Carlin-type
and orogenic Au deposits), only a few studies have reported data in por-
phyry Cu deposits and epithermal Au systems (e.g., Chouinard et al.,
2005; Deditius et al., 2009; Deditius et al., 2014; Maydagan et al.,
2013; Reich et al., 2013; Zwahlen et al., 2014). Considering the fact
that pyrite is ubiquitous in mineralized veins that represent the main
locus of fluid flux in porphyry and epithermal systems, pyrite composi-
tion can complement mineralogical observations and fluid inclusion
data, and provide further insights into metal budgets and changes in
fluid composition (Deditius et al.,, 2014; Reich et al., 2013). Moreover,
and considering recent evidence of Cu, Au, and As decoupling in pyrite
from epithermal Au and porphyry Cu (e.g., Deditius et al., 2009; Reich
et al,, 2013, respectively), there is a need to better constrain the trace-
element composition of pyrite throughout the porphyry to epithermal
transition.

Here we document the compositional variation of pyrite and
marcasite from the main section of the world-class Agua Rica Cu
(Mo-Au) deposit in Catamarca, Argentina. This system presents a
unique opportunity to constrain pyrite compositional systematics
through the porphyry-epithermal transition, since sulfides and sulfosalts
of Fe, Cu, Mo, As, Zn, Pb, Sn, and Bi, and related invisible Au-Ag mineral-
ization precipitated during the porphyry through to high-sulfidation
epithermal stages; they are juxtaposed due to telescoping of this system,
so that they are now exposed at the same level of erosion (Franchini
etal, 2011, 2012).

Pyrite is the most abundant sulfide in the deposit and
shows differen textures, including replacement and dissolution-
reprecipitation processes evident from scanning electron microsco-
py (SEM) backscatter electron (BSE) imaging, and compositions
that are easily recognized even when the porphyry and high-
sulfidation epithermal stages of mineralization are superposed with-
in the same sample. For example, in the phyllic envelope, pyrite is
fine grained and anhedral. Coarser grained pyrite typical of the
epithermal stage shows colloform overgrowths and at least three
generations of pyrite have been identified in hydrothermal breccias.
Marcasite occurs in minor amounts in hydrothermal breccias filling
interstices between pyrite and other sulfides. Previous studies
reporting electron microprobe analyzer (EMPA) data have docu-
mented trace element-enriched rims relative to the cores in some
of these pyrite crystals (Franchini et al., 2011), suggesting the pres-
ence of multiple fluid pulses and differential partitioning of metals
into pyrite at Agua Rica.

In this study, the trace-element composition of well-constrained
pyrite and marcasite samples from Agua Rica was obtained using laser
ablation-inductively coupled plasma mass spectrometer (LA-ICPMS)
techniques. We show that the trace-element database of pyrite from
Agua Rica can help: a) to constrain variations in the pyrite composition
over the transition from porphyry to the epithermal stages, and thus
evaluate the use of trace elements in pyrite as vectors in exploration,
b) to define the paragenetic relations among the various bands of
colloform pyrite, marcasite, and the polymetallic zinc (sphalerite),
lead (aikinite), bismuth (emplectite), gold, and silver (invisible) miner-
alization that are still not well defined, and c) analyze to what extent
these changes in fluid composition and precipitation mechanisms in
the high sulfidation epithermal environment influence pyrite composi-
tion overall. Furthermore, and in the light of recent studies documenting
the geochemical behavior of Au, As, and Cu in hydrothermal systems
(Deditius et al., 2009; Deditius et al., 2014; Reich et al., 2013), we
explore the role of pyrite as a scavenger of metals and its use as a marker
of changing physiochemical conditions of saturation throughout the
transition from the porphyry mineralized system to the epithermal
mineralization.

2. Geology of the deposit

Agua Rica is located at the northern end of the Sierras Pampeanas
geological province close to the southern margin of the Puna geological
province and separated by the NE-striking Tucuman Transfer Zone
(Urreiztieta et al., 1993). The region contains Precambrian to early
Paleozoic folded metamorphic rocks (Koukharsky and Mirré, 1976)
and Paleozoic granitic rocks (422.7 + 6.1 and 438.4 + 6.3 Ma, K-Ar
muscovite ages, Capillitas-Belén granite suite; Caelles et al., 1971;
Koukharsky and Mirré, 1976). These rocks have been intruded by the
Farallén Negro Volcanic Complex (FNVC, 12.56-5.16 Ma; Sasso, 1997;
Sasso and Clark, 1998) — the easternmost manifestation of Neogene vol-
canic activity in this area with a basin and range topography (Jordan and
Allmendinger, 1986; Fig. 1A). The FNVC in the study area is represented
by the Melcho porphyry (8.56 + 0.48 Ma, Ar-Ar age in hornblende;
Sasso, 1997; Sasso and Clark, 1998), the Trampeadero and the Seca
Norte alkaline and high K, feldspar porphyries (5.10 4 0.05 Ma, K-Ar
age of hydrothermal biotite; Perell et al., 1998) with multiple intrusive
facies (Landtwing et al., 2002; Perell6 et al., 1998), and various breccia
types, the volumetrically most prominent being a hydrothermal breccia
that is exposed south and southeast of the Agua Rica camp, along the
Quebrada Minas lineament (Fig. 1A). Several small porphyritic bodies
have been mapped along the margin of the deposit (distal porphyries;
Landtwing et al., 2002; Fig. 1A). The porphyries and breccias were
emplaced along the SE-striking Quebrada Minas lineament. East-west
striking, south-dipping normal faults were active both syn- and post-
mineralization. The Agua Rica camp structure has the same orientation
as the Quebrada Seca Fault and may have controlled emplacement of
the biotite porphyry. West-southwest dipping low-angle reverse faults
(Fig. 1A) have structurally thickened the leached capping on the west
side of the deposit, and the thrusted granite-metasedimentary rock
contact has the same geometry (Landtwing et al., 2002).

3. Alteration and mineralization

Agua Rica is a world class Cu (Mo-Au) deposit in which the por-
phyry and high sulfidation epithermal stages, usually ~1 km vertically
separated, are exposed at the same erosional level. Telescoping is
interpreted as a consequence of the progressive degradation of the
paleosurface (exhumation) due to regional uplift of Sierras Pampeanas
along NE-striking faults (Allmendinger, 1986; Jordan and Allmendinger,
1986; Sasso, 1997; Sasso and Clark, 1998; Bissig et al., 2001). Previous
investigations (BHP, 1999; Koukharsky and Mirré, 1976; Landtwing
et al., 2002; Navarro, 1986; Perell et al., 1998; Rojas et al., 1998;
Rosco and Koukharsky, 1999; Sasso, 1997) document a complex history
of overprinting stages of subvolcanic intrusions, mineralization, brecci-
ation, and erosion at Agua Rica. Franchini et al. (2011, 2012) presented
a detailed description of the distribution of the hydrothermal alteration
and mineralization along the east-west 6969400 main section, where
the Seca Norte (west) and the Trampeadero porphyries have intruded
the metasedimentary rocks and are in turn cut by igneous and hydro-
thermal breccias and sandy (pyroclastic) dikes (Fig. 1B). In this section,
relic early, high temperature (370 °C to >550 °C) potassic alteration
(Fig. 1C) with high Cu (0.11-0.6% Cu) and low Mo (average =
196 ppm) grades is encapsulated in a phyllic halo (Fig. 1C) with a min-
eral assemblage that suggests temperatures of formation of <350 °C
and high sulfur fugacity. This stage was Mo-rich (>1000 ppm), did not
add Cu, Ay, and As in the altered zone, and some of the stockwork quartz
veinlets have been striped/leached of their former sulfides.

An early stage of advanced argillic alteration was barren and precip-
itated andalusite (~360 °C-375 °C) clots in the roots (Fig. 1C), pyrophyl-
lite (280 °C-360 °C) at intermediate levels, and vuggy silica (<250 °C)
in the uppermost levels of the alteration halo. A new emplacement of
magma at shallow depth and resulting fluid exsolution, expansion,
and unroofing, produced hydrothermal brecciation (interfingering
granite and hydrothermal breccias) and subsequent multistage
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Fig. 1. A) Geological map of the Agua Rica district with the location of the E-O 6969400 N cross-section and sampled drill holes (modified from BHP, 1999; Landtwing et al., 2002).
B) Geology of the E-O section along 6969400 N with the location of sampled drill holes and analyzed pyrite samples (modified from BHP, 1999). C) Lateral and vertical distribution of
hydrothermal and supergene alteration types along the section. D) Geochemistry (modified from BHP, 1999; Franchini et al., 2011).

advanced argillic alteration and mineralization (Fig. 1C). These fluids
precipitated an intermediate temperature advanced argillic paragenesis
with Fe-Cu-As-Sn sulfides and sulfosalts as cement in the deepest parts
of the hydrothermal breccias located in the center of the section

(Figs. 1C, 2; jigsaw breccia). This zone contains the highest grades of hy-
pogene Cu and As (up to 3.7% Cu and 0.27% As), with traces of Zn (up to
0.3%) and Pb (0.13%) (Figs. 1D, 2). At higher elevations (10 to 196 m
depth), the breccia becomes matrix-supported with local evidence of
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Data are based on BHP (1999) and Franchini et al. (2011).

more than one episode of brecciation (Figs. 1C, 2). Copper and As grades
in this breccia zone are lower (0.2-0.6% Cu, 0.001-0.03% As), but
Zn (0.1-0.55%) and Pb (0.1-0.53%; Figs. 1D, 2) grades are higher. High
Au and Ag grades (1-5.6 g/t Au and 239-325 g/t Ag) display a positive
correlation with Pb and Zn. Hypogene Cu grades notably decrease east-
wards (>1% Cu), with sectors up to 3.4% Cu in the brecciated Trampeadero
porphyry towards <0.35% Cu in the brecciated metasedimentary rock
(Fig. 1D), as does Zn, Au, and Pb, whereas As contents are higher in
the brecciated metasedimentary rock. Dickite and kaolinite occur in the
advanced argillic and phyllic halos as late minerals in clots or in veinlets

thus, in these zones, fluid cooled enough for their formation. For more
details refer to Franchini et al. (2011, 2012).

4. Analytical methods

Seventy-two samples of hydrothermally altered rocks were collect-
ed from 4 BHP drill cores of the main section. Fig. 1A, B, and C shows
drill-hole locations in the east-west cross-section 6969400 N across
the Agua Rica deposit. Textures and sulfide-gangue relationships were
examined first in drill cores samples using a binocular microscope and



Table 1A
Selected trace element analyses of pyrite and marcasite determined by LA-ICPMS.

Average minimum detection limit (MDL) ppm 0.002 Int2SE 0.171 0.003 0.005 0.500 0.009 0.002 0.034 0.004 0.055 0.040 0710 0.650 0.100 0.037 0.015 0.019 0.200

Porphyry stage

Sample no. Analysis Comments Au Au As Ag Co Ni Pb Bi Te Mo \% Cu Zn Mn Ge cd Sn Sb Hg

(ppm) ppm (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

AR18-85 m Py. 1.1 Fractured crystal in 0.009 0.004 2720 0.028 276.000 5200 0.393 0.527 <0.034 <0.004 0.038 87.000 <0.71  <0.65 1.340 0.035 0.013 <0.019 NA.
vein

AR18-85 m Py.1.2  Fractured crystal in <0.002 0.000 1.740 0.001 33900 17.600 0.008 0.001 <0.034 <0.004 0.042 2100 <0.71 <0.65 1260 <0.037 0.007 <0.019 NA.
vein

AR18-85m Py.1.3  Fractured crystal in 0.011 0.005 2460 0018 166.800 17.800 0.540 0243 <0.034 0.006 0.060 38.000 0510 <0.65 1.280 0.008 0.020 0.019 NA.
vein

AR18-85 m Py.1.4  Fractured crystal in 0.001 0.001 2460  0.003 189.000 4500 0.016 0.016 0.021 0.003 <0.055 5.300 0270 <0.65 1.180 0.009 0.022 <0.019 NA.
vein

AR18-85 m Py.1.5  Fractured crystal in <0.002 0.001 1.880  0.002 159.700 1.890 0.004 0.006 <0.034 <0.004 0.017 2200 <0.71 <0.65 1.190 0.007 0.012 <0.019 N.A.
vein

Average 0.007  0.002 2252  0.010 165.080 9398 0.192 0.158  0.021 0.005 0.039 26.920 0.390 1.250 0.015 0.015  0.019

AR9-187 m Py. 1.1 Anhedral crystal, core  <0.002 0.001 0.080  0.001 26.400 3230 0.017 0002 <0.034 0.002 0.024 0.850 0.110 <0.65 1.150 <0.037 0.020 0.005 NA.

AR9-187 m Py.1.2  Anhedral crystal, mid- <0.002 0.000 <0.17 <0.003  30.500 4380 <0.009 <0.002 <0.034 <0.004 0.039 0790 <0.71 <0.65 1.180 0.018 0.011 <0.019 N.A.
section

AR9-187 m Py.13  Anhedral crystal, mid-  0.002 0.002 <0.17 <0.003 56.800 8.700 0.024 0.002 <0.034 0.002 0.042  2.400 0.720 <0.65 1.080 <0.037 0012 <0.019 NA.
section

AR9-187 m Py. 2.1 Anhedral crystal, rim  <0.002  0.001 0.840 0004 58200 131.000 0.060 0.074 0.198 <0.004 0.058 14.000 <0.71  <0.65 1.190 <0.037 0.007 0.008 N.A.

AR9-187 m Py.2.2  Anhedral crystal, core 0.001 0.001 0.170  0.002 110.000 3.260 <0.009 0.001 <0.034 <0.004 0.018 1.500 <0.71 0.590 1.180 0.026  0.009 <0.019 N.A.

AR9-187 m Py.23  Anhedral crystal, rim  <0.002 0.000 0.180  0.001 127.000 12.800 0.023 0.001 <0.034 0.003 0.011 1.050 0.180 0410 1.200 0.016 <0.015 0.004 N.A.

Average 0.001  0.001 0318 0002 68150 27228 0.031 0.016  0.198 0.002 0032 3432 0.337 0500 1.163 0.020 0.012  0.006

Abbreviations: Cv: covellite, Int2SE: analytical error, N.A.: not analyzed, Mcr: marcasite, Py: pyrite. Notes: The internal standard used was Fe for pyrite and marcasite (460000 ppm).
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Table 1B

Selected trace element analyses of pyrite and marcasite determined by LA-ICPMS.

Average minimum detection limit (MDL) ppm 0.002 Int2SE 0.171 0.003 0.005  0.500 0.009 0.002 0.034 0.004 0.055  0.040 0.710 0.650 0100 0037 0015 0.019 0.200
Epithermal stage. Heterolithic, matrix-supported hydrothermal breccia
Sample no.  Analysis Comments Au Au As Ag Co Ni Pb Bi Te Mo \) Cu Zn Mn Ge cd Sn Sh Hg
(ppm) ppm (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)  (ppm) (ppm) (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
AR82-96 m Py. 1.1 Clast, core <0.002 0.003 <0.17 <0.003 7.600 1.600 0.122 0.145 0.190 0.006 NA. 2.200 1400 <1.1 2.260 0.029 <0.014 0.080 0.050
AR82-96 m Py.1.2 Clast, core 0.002 0.004 <017 0.006 21.700 2.720 0.130 0.027 <0.00734 0.000 NA. 2.300 0660 <1.7 2.040 <0004 0006 <0.075 <0.033
AR82-96 m Py. 13 Clast, mid-section <0.002 0.003 0.610 0.006 1.590 0.240 0.020 0.031 <0.1091 0.000 NA. 3.300 0790 <0.1 1.800 <0.03 0.010 <0.012 0.250
AR82-96 m Py.14 Clast, rim 0.004 0.005 <0.17 0.041 19.100 4.090 1.940 1.800 0.250 0.000 NA. 9.200 0200 <1.1 2110 0.023 0.009 <0.005 0.240
AR82-96 m Py. 1.5 Clast, rim 0249 0.067 0.550 3.260 0.183 0.390 6.900 0.660 0.190 0.000 NA. 11.000 5800 <0.6 2.030 0034 0030 0.036 0.040
Average 0085 0016 0.580 0.828  10.035 1.808 1.822 0.533 0.210 0.001 5.600 1.770 2.048 0029 0014 0058 0.145
AR82-96 m Py.2.1 Elongated clast <0.002 0.004 <0.17 0.023 121.600 26.500 0.090 0.029 0.000 0.000 NA. 4.100 0900 <1.6 2000 <0043 0051 <0.068 0.260
AR82-96 m Py.2.2 Elongated clast <0.002 0.004 <0.17 0.017 41.600 5.530 0.084 0274 0.035 0.000 NA. 3.900 0.600 <03 2.090 0079 0006 0.043 0.150
AR82-96 m Py.23 Anhedral clast 0.011 0.007 4.030 0.038 194.100 15.400 7.000 3.590 0.630 0129 NA. 4.400 7500 6200 1.680 <0.001 1.520 <0.067 0.070
Average 0.011 0.005 4.030 0026 119.100 15810 2391 1.298 0222 0.043 4.133 3.000 6200 1.923 0079 0526 0043 0.160
AR82-96 m Py.2.1 Veinlet in clast 0.155  0.005 1.850 0611 18290 9.700 2230 0944 <0.034 0.071 0410 574.000 2400 0990 1.220 0051 3900 0175 NA.
AR82-96 m Py.22  Veinletin clast 0328 0.038 1.610 1510 17.800 14.000 1.930 1.000 0.046 0.032 0.049 49.000 0710 1200 1.830 0.032 0210 0061 NA.
AR82-96 m Py.2.3 Veinlet in clast <0.002 0014 <0.17 0.005 1.250 1.230 0.054 0.021 0.038 <0.004 <0.055 373.000 0230 0.780 1.600 0056 0.027 0012 NA
AR82-96 m Py.24  Veinlet in clast <0.002 0011 0.220 0.002 31480 21.700 0.129 0.022 <0.034 <0.004 0.059 21.500 <0.71 1.100 1.740 0068 0028 0.008 NA.
Average 0242 0017 1.227 0532 17205 11.658 1.086 0497 0.042 0.052 0.173 254375 1113 1018 1598 0.052 1.041 0.064
AR82-96 m Py.3.1 Anhedral in clast 0.007 0.005 <0.17 0.033 3.370 6.480 0.860 0.255 0.000 0.000 NA. 56.000 1.130  0.100 1.800 0.009 0.007 0.033 0.010
AR82-96 m Py.32  Anhedral in clast 0352 0070 <017 2600 23300 37.300 1.860 154.000 0.800 0000 NA. 1090.000 1200 1300 2.180 0014 0085 0.023 <011
AR82-96 m Py.3.3 Anhedral in clast 0016 0.011 0.090 0.023 25900 44.000 0440 0.503 1.160 0.000 NA. 66.600 0300 0600 1540 <0.022 0080 0006 0.110
Average 0.125 0.029 0.090 0885 17523  29.260 1.053 51.586 0.653 0.000 404.200 0877  0.667 1.840 0012 0057 0021 0.060
AR82-96 m  Py.43  Veinlet in clast 0055 0019 4500 0406 121400 72.300 4570 0692 <0.081 0047 NA 15.400 24000 1200 2300 0.100 0.067 <0.066 0.090
AR82-96 m Py.44  Veinlet in clast 0.132 0.032 40.700 0.036 28300 40.700 21.900 0.960 0.150 0.151 NA. 56.000 8500 9.100 1.820 0046 1620 0.096 <023
Average 0094 0026 22.600 0221 74850  56.500 13.235 0.826 0.150 0.099 35.700 16250  5.150 2.060 0073 0844 0.096 0.090
AR82-96 m  Mcr.5.1 Very fine-grained 0550 0110 28700 66000 0035 0160 33000 162000 0560 0000 N.A. 8940.000 8000 2500 2.070 0003 0980 2210 0450
cement
AR82-96 m Mcr. 5.2 Very fine-grained 6.590 0410 81.800 940.000 0.236 1.590 1437.000 241.000 5.600 0.008 NA. 2830.000 5710000 4700 1.830 0450 22700 4220 0.170
cement
AR82-96 m Mcr. 5.3  Very fine-grained 6120 0530 90200 668.000 0.790 0.870 1130.000 203.300 3.800 0000 NA. 3500.000 59000.000 2.000 2250 27300 19260 5210 0490
cement
AR82-96 m Mcr. 54  Very fine-grained 1600 0170 11.700 21300 128.600 43.100 106.700 57.900 1.070 0300 NA. 6390.000 11900 1500 1.930 0190 0465 0980 0.250
cement
Average 3715 0305 53100 423825 32415 11430 676.675 166.050 2.758 0.077 5415.000 16182475 2.675 2.020 6986 10851 3155 0340
A82-146 mA Py.1.1 Clast, core 0.003  0.002 0.180 0.018 46.000 16.520 0.021 0.041 0.000 0.000 NA. 4370 0360 <0.11 1.760 0.021 0012 0.002 0.076
A82-146 mA Py.1.2 Clast, core 0.031 0.015 0470 0880 119.100 17.770 50.000 0.900 0.000 1610 NA 185.000 4400 1470 1.920 0017 0025 0.044 0.001
A82-146 mA Py.22 Clast, core 0.001 0.001 0.110 0.114 138.000 14.100 0430 0.131 0.049 0.008 NA. 7.700 0740 0480 1910 0020 0610 <001 0.022
Average 0012  0.006 0.253 0337 101.033  16.130 16.817 0.357 0.016 0.539 65.690 1833 0975 1.863 0019 0216 0023 0033
A82-146 mA Py.2.1 Anhedral, colloformrim  4.890  0.150 5530 108.700 1.990 6370 376.000 129.400 1.140 19.600 NA.  3660.000 57.600 3.690 1910 0186 0552 0568 0.185
A82-146 mA Py.23 Anhedral, colloformrim  4.830 0.160 12530 104400 18400 4390 2410.000 156.600 2.280 1400 NA. 3650.000 520.000 38900 1.710 0442 0743 0517 0.187
A82-146 mA Py.3.1 Anhedral, colloform, 5480 0210 17290 121.800 1.930 0.920 3330.000 169.200 2.200 0880 NA. 3149.000 563.000 49200 1.630 0550 0734 0691 0312
fine-grained
A82-146 mA Py.32  Anhedral,colloform, 3384 0.090 4630 119.800 1.209 2.750  279.900 97.500 1.050 12110 N.A.  3900.000 26700 1980 1.720 0214 0542 0683 0.027
fine-grained
Average 4646  0.153 9995 113675 5882 3.608 1598975 138.175 1.668 8498 3589.750 291.825 23443 1.743 0348 0643 0615 0178
A82-146 mB Py.5.1 Veinlet, core 0.045 0.011 0.800 1.956 6.900 3470 268.400 2.120 0.014 0.000 NA. 888.000 31200 2320 1.820 0.152  0.058 <0.013 <0.003
A82-146 mB Py.5.2 Veinlet, core 1461 0.073 8980 23280 19.600 6.580 1680.000 29300 0470 0000 NA. 1177.000 142900 26500 2.120 0600 0244 0149 0.012
Average 0.753 0042 4890 12618 13250 5025  974.200 15.710 0242 0.000 1032.500 87.050 14410 1970 0376  0.151 0.149 0012
A82-146 mB Py.5.3 Stringer, core 3660 0220 21440 80.800 3.200 1450 4300.000 123.900 2.720 0020 NA. 2270000 1078.000 84.600 2330 1810 0498 0461 0.134
A82-146 mB Py.6.1 Stringer, colloform rim 3010 0.140 22150 55200 22400 11.120 4528.000 80.400 1320 0250 NA. 1316.000 893.000 87.000 2.960 4510 0366 0511 0.041
A82-146 mB Py.6.2 Stringer, colloform rim 3510 0.150 24500 57300 11.840 3.920 4150.000 79.300 1.650 0009 NA. 1445.000 796.000 84.100 3.660 5180 0309 0636 0.162
A82-146 mB Py.6.3 Stringer, colloform rim 4000 0.140 25.190 73400 11.400 3.030 4480.000 100.800 1.960 0270 NA.  2210.000 908.000 96.700 3.370 5020 0346 0582 0.172
Average 3545 0163 23320 66675 12210  4.880 4364.500 96.100 1913 0.137 1810.250 918750 88.100 3.080 4130 0380 0548 0.127
A82-146 mC Py.7.1 Clast, first generation 0.001 0.001 <0.1 0005 11.870 43.400 0.035 0.022 0.000 0.000 NA. 4.400 0730 0.170 1.590 0.000 0.027 0.005 <0.019
A82-146 mC Py.7.2 First generation 0.002  0.002 0.150 0013 14320 40.500 0.138 0.012 0.000 0.000 NA. 5.400 0040 0350 1710 <0.023 0010 0.000 0.035

(continued on next page)
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Table 1B (continued)

Average minimum detection limit (MDL) ppm 0002 Int2SE 0.171 0.003 0.005 0500 0.009 0.002 0.034 0004 0055 0.040 0.710 0650 0100 0037 0015 0019 0200

A82-146 mC Py.8.1  First generation 0.005 0.003  0.080 0101 10990 11.500 4,700 0.124 0.000 0000 NA. 55.000 4390 <008 1450 <0003 0018 0.025 0.010

A82-146 mC Py.10.1 First generation 0111 0035 0490 2410 28400 8.600 340.000 1960 <0.012 0018 NA. 450.000 54000 4.000 1590 0151 0.049 0.037 0.080

Average 0.030 0010 0240 0632 16395  26.000 86218 0.529 0.000 0.005 128.700 14790 1507 1585 0076 0026 0017 0042

A82-146 mC Py.73  Second generation, 1241 0086 4540 15400 33.100 41.500 746.000 18.600 0.230 0000 NA. 577.000 67.000 11200 1520 0124 0072 0.086 <0012
colloform

A82-146 mC Py.82  Second generation, 6730 0380 19.800 121.900 2.010 0.390 4190.000 184.000 1.200 0009 NA.  1820.000 764.000 76.600 1.720 0810 2000 0.626 0.160
colloform

A82-146 mC Py.83  Second generation, 5800 0440 18500 86.500 6.100 1.970 4040.000 120.600 1.170 3640 NA.  2230.000 573.000 57400 1430 0536 0249 0484 0.200
colloform

A82-146 mC Py.10.2 Second generation, 4720 0170 10540 107.700 0.960 2.240 3030.000 145.700 1.710 0670 N.A. 2700000 1045.000 66.700 1580 0850 0489 0422 0290
colloform

A82-146 mC Py.103 Second generation, 3140 0270 6700 37900 132.000 31.400 1050.000 36.700 0.270 44000 NA. 873.000 107.000 23300 1.520 0560 0136 0.109 0234
colloform

Average 4326 0269 12016 73880 34834 15500 2611.200 101.120 0916 9.664 1640.000 511200 47.040 1554 0576 0589 0345 0221

A82-146 mC Py.9.1  Third generation, 4900 0440 14300 64500 30900 17360 2650.000 93.000 1.050 4270 NA. 1610.000  383.000 44500 1.500 0570 1710 0287 0230
colloform

A82-146 mC Py.92  Third generation, 2120 0110 6430 37600 12.800 7.920 1106.000 51.000 0.270 0000 NA. 583.000 100.000 17.800 1.400 0205 0078 0.142 0.071
colloform

A82-146 mC Py.93  Third generation, 2850 0130 8040 40300 10.590 3,510 1482.000 54.600 0.500 2040 NA. 1096000 204600 26300 1.630 0284 0193 0207 0175
colloform

Average 3290 0227 9590 47467 18.097 9.597  1746.000 66.200 0.607 2.103 1096333 229200 29533 1510 0353 0660 0212

A82-146 mD Py.4.1  Subhedral in clast 0.001  0.001 0.210 0.000 829.000 8.970 0.003 <0.0023 <0.01485 0000 NA. 0.780 0380 0290 1620 <0016 0014 0036 <0.059

A82-146 mD Py.42  Subhedral in clast 0.000 0000 0.120 0.007 322.000 43.500 0.013 0.001 0.000 0.000 NA. 1.950 0200 0110 1660 <0032 0.005 <0.006 0.067

A82-146 mD Py.43  Subhedral in clast, rim 0.150 0045 4990 3.530 140900 34500 420.000 3330 0.092 0003 NA. 373.000 31200 9400 1.810 0375 0035 0.048 0.106

Average 0.050 0015 1.773 1.179 430633 28990  140.005 1.666 0.046 0.001 125243 10593 3267 1.697 0375 0018 0042

A82-147m  Py.1.1  Clastrim 0026 0002 0.180 0330 114.000 161.000 0.820 4900 <0.032 0003 0021 35.200 <0.29 0.000 1.980 0.021 0007 0.042 NA.

A82-147m  Py.12  Clastrim 0.110 0130 15.080 0011 119.600 97.000 0.003 0.630 0.013 0.005 <0.034 2.500 0110 1.000 1.640 0.053 <0003 0017 NA.

A82-147m  Py.13  Clast rim 0930 0300 18.000 0.002 1720 14800  <0.0039 0.014 0.015 0.066  0.043 0.660 0060 1.850 1.670 0001 0011 0010 NA.

A82-147m  Py.14  Clast core 3420 0550 52.500 0021 1.120 0.610 0.012 0.040 0.091 0066 0019 3.870 <0500 1900 1770 <0.013 <0.008 <001 NA.

Average 1121 0246 21440 0091 59110 68353 0278 1.396 0.040 0035 0028 10.558 0085 1.188 1765 0025 0009 0023

A82-147m  Py.21  Clast <0.0441 0.001 0.070 0.162 9.710 12.800 0.007 1190 <0.01 0.000 0.038 280.000 1860 0.500 1.680 0051 0370 <0.042 NA.

A82-147m  Py.22  Clast 0040 0100 0320 0.900 5610 39.200 0.017 8.700 <0.036 0003 0083 107.000 2.800 0.600 1.940 0.024 0223 <0032 NA.

A82-147m  Py.23  (last <0.0272 0.001 0410 0.089 0364 25.800 0.016 0.077 0.064 0.000  0.089 8.800 0480 0290 2.020 0.010 0016 <0.026 N.A.

Average 0040 0.034 0267 0.384 5228 25933 0.013 3322 0.064 0.001 0070 131.933 1.713 0463 1880 0028 0203

A82-147m  Py.32  Fine grained, in veinlet 0920 0390 9.700 67.000 7.600 7.900 10230 1077.000 0.650 3410 0890 2770.000 43400 15200 1.790 0219 1240 0594 NA.

A82-147m  Py.33  Fine grained, in veinlet 1780 0630 3.620 136.400 9470 14.600 2.960 269.800 0.510 4260 0360 1374.000 81500 19400 1.730 0085 1270 0327 NA.

Average 1350 0510 6.660 101.700 8535 11.250 6.595 673400 0.580 3835 0625 2072.000 62450 17300 1.760 0152 1255 0461

Abbreviations: Cv: covellite, Int2SE: analytical error, N.A.: not analyzed, Mcr: marcasite, Py: pyrite. Notes: The internal standard used was Fe for pyrite and marcasite (460000 ppm).
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TABLE 1C

Selected trace element analyses of pyrite and marcasite determined by LA-ICPMS.

Average minimum detection limit (MDL) ppm 0.002 Int2SE 0.171 0.003 0.005 0.500 0.009 0.002 0.034 0.004 0055 0.040 0.710  0.650 0.100 0.037 0.015 0.019 0.200

Epithermal stage. Heterolithic, matrix-supported hydrothermal breccia

Sample no. Analysis Comments Au Au As Ag Co Ni Pb Bi Te Mo A" Cu Zn Mn Ge Ccd Sn Sh Hg

(ppm) ppm  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

AR82-160 mA Py. 1.1 Rounded clast, core <0.002 5.800 0.010 0.004 548.000 300.000 0.014 0.004 <0.034 <0.004 0.039 0.400 <0.71 0.230 1.190 0.020 <0.015 0.019 NA.

AR82-160 mA Py.1.2  Rounded clast, core <0.002 2400 0.000 0.001 964.000 227.200 0.019 0.002 <0.034 <0.004 <0.055 0.640 <0.71 0400 1420 <0.037 0.017 <0.019 NA.

AR82-160 mA Py.1.3  Rounded clast, core 0.003 18.000 0.090 0.001 32,570 435.000 0.008 0.002 <0.034 <0.004 <0.055 1.060 <0.71 <0.65 1350 <0.037 <0.015 <0.019 N.A.

Average 0.003 8733 0.033 0002 514.857 320.733 0.014 0.003 0.039 1.060 0315 1320 0.020 0.017 0.019

AR82-160 mA Py.2.1 Rounded clast, porous 0.048 5200 0.180 0.038 0.250 0.230 0440 0481 0.137 0.004 <0.055 399.000 <0.71 0.900 1.550 0.016 <0.015 0.010 N.A.
mid-section

AR82-160 mA Py.2.2  Rounded clast, porous 0.029 5200 0320 0.074 0.090 <0.50 1360 0415 0.128 <0.004 <0055 413.000 <0.71 <0.65 1400 <0.037 <0.015 0.035 NA.
mid-section

AR82-160 mA Py.23  Rounded clast, porous 0.036 12.000 0.630 3.630 57.800 357.000 2.590 2.760 0.210 <0.004 0.074 1191.000 <0.71 <0.65 1250 <0.037 0.018 <0.019 NA.
rim

Average 0.038 7467 0377 1247 19.380 178.615 1463 1219 0.158 0004 0074 667.667 <0.71 0.900 1.400 0.016 0.018 0.023

AR82-160 mA Py.3.1 Anhedral clast, porous 0.033 4400 0.340 1.245 4.000 21500 3.770 9330 1390 <0.004 <0.055 1170.000 <0.71 0.740 1.310 0.023 <0.015 0.050 N.A.

AR82-160 mA Py.3.2  Anhedral clast, porous 0.069 1.000 0.870 1.900 16400 70.100 8.890 4520 0.230 <0.004 0.068 1209.000 1.640 1.080 1.250 0.017 0.019 0.009 NA.

AR82-160 mA Py.3.3  Anhedral clast, porous 0.120 1400 0.080 7.310 106.200 468.000 6.860 5680 0.069 0.290 0.032 1429.000 <0.71 <065 1270 <0.037 0.016 <0.019 N.A.

AR82-160 mA Py.3.4  Anhedral clast, porous 0.069 0.001 4.090 3.470 38.100 132.500 41.700 4.470 3.090 0.006 <0.055 1464.000 2.610 3.090 1320 <0.037 0.070 0.059 N.A.

Average 0.073 1.700  1.345 3481 41.175 173.025 15305 6.000 1.195 0.148 0.050 1318000 2.125 1.637 1.288 0.020 0.035 0.039

AR82-160 mB Py.1.1  Anhedral clast in the 0.008 0.004 0.200 0.061 9.770  NA. N.A. 0303 NA. 0.007 0.045 194.000 7.000 N.A. 1.700 N.A. 0.070 0.000 N.A.
breccia matrix

AR82-160 mB Py.1.2  Anhedral clast in the 0.001 0.001 0.980 0.002 84400 NA. N.A. 0.002 N.A. 0.000  0.033 1400 0.260 N.A. 1.670 N.A. 0.014 <0.0015 N.A.
breccia matrix

AR82-160 mB Py.1.3  Anhedral clast in the 0.021 0.008 0.290 0.158 0.603  N.A. N.A. 0226 NA. 0.000  0.039 410.000 <0.11 N.A. 1.730 N.A. 0.004 0.000 N.A.
breccia matrix

AR82-160 mB Py.1.4  Anhedral clast in the 0.007 0.002 0.220 0.042 37500 NA. N.A. 0.154 NA. 0.000  0.058 19.700 <0.01 N.A. 1.640 N.A. 0.036 0.003 N.A.
breccia matrix

AR82-160 mB Py.1.5  Anhedral clast in the 0.004 0.002 1.360 0.054 53.600 N.A. N.A. 0.195 NA. 0.000  0.059 8.700 0.720 N.A. 1.650 N.A. 0.036 0.004 N.A.
breccia matrix

AR82-160 mB Py.1.6  Anhedral clast in the 0.029 0.008 0.720 0.440 65.800 N.A. N.A. 0.870 N.A. 0.000 0.058 103.000 0310 N.A. 1.450 N.A. 0.014 0.011 N.A.
breccia matrix

AR82-160 mB Py.1.7  Anhedral clast in the 0.005 0.003 0.770 0.050 7150 NA. N.A. 0.090 N.A. 0.103  0.277 91.000 21.000 N.A. 1.730 N.A. 0.085 0.014 N.A.
breccia matrix

AR82-160 mB Py.1.8  Anhedral clast in the 0.000 0.000 0.430 0.004 29.000 NA. N.A. 0.051 NA. 0.006  0.036 40.200 <0.23 N.A. 1.520 N.A. 0.023 0.002 N.A.
breccia matrix

AR82-160 mB Py.1.9  Anhedral clast in the 0.000 0.001 <0.05 0.006 104.800 N.A. N.A. 0.011 NA. 0.000  0.030 3.800 0330 NA. 1.420 N.A. 0.012 0.000 N.A.
breccia matrix

Average 0.008 0.003 0.621 0.091 43.625 0211 0.013  0.071 96.867  4.937 1.612 0.033  0.004

AR82-160.5 m Py. 1.1 Subhedral, core 0.000 1.000 <0.51 0.035 66.400 4000 0001 0160 0.019 0.004 0.066 19500 0290 0200 1260 <0.026 0.061 0.028 N.A.

AR82-160.5 m Py.1.2  Subhedral, core 0.000 1.000 0.000 0.009 86.800 3.400 0.000 0.033 <0.015 0.006 0.015 19300 0.020 1500 1.900 <0.012 0.014 0.021 N.A.

AR82-160.5 m Py.1.3  Subhedral, core 0.023 0.046 0.170 0.210 67.700 2400 0.033 0.184 0014 0.007 0.101 141.000 0.700 0.000 1910 <0.008 0.030 0.023 N.A.

AR82-160.5 m Py.1.4  Subhedral, core 0.000 1.000 28.400 0.024 46.600 3.900 0.065 38900 0.077 1.130 0.090 12.400 <0.15 1.100 1.520 <0.019 0.029 0.023 NA.

Average 0.006 0.762  9.523 0.070 66.875 3425 0025 9819 0037 0287 0.068 48.050 0337 0.700 1.648 0.034 0.024

AR82-160.5 m Py.2.1 Fine-grained, colloform, <0.0488 0.003 3.200 0.602 19.040 10.000 0.137 2350 0.140 0.089 0400 507.000 4.100 <0.2 1.410 0.070 6.800 3.700 N.A.
1n veins

AR82-160.5 m Py.2.2  Fine-grained, colloform, 0.053 0.087 1220 1.580 9400 13.700 0288 1960 0.003 0.036 0.104 54300 1.100 0.600 2.020 0.017 0.190 0.084 N.A.
in veins

AR82-160.5 m Py.23  Fine-grained, colloform, 0.013 0.060 <0.180 0.008 0.520 <0.01 0.000 0.074 <0.059 0.008 0.001 352.000 0.760 0200 1.480 0.015 0.020 0.024 NA.
1n veins

AR82-160.5 m Py.2.4  Fine-grained, colloform, <0.0354 0.001 0.100 0.007 30.000 20.000 0.000 0.180 0.012 0.000 0.051 23900 0200 1300 1.660 0.052 <0.005 0.018 N.A.
in veins

AR82-160.5 m  Py.3.1 Fine-grained, colloform, 0.400 0.260 0.420 0.041 7.320 5200 0.020 0.630 0.024 0.000 3.020 145.000 2.000 1.200 1.580 0.028 0470 0.120 NA.
in veins

Average 0.155 0.082 1235 0448 13.256 12225 0.089 1039 0.045 0027 0715 216440 1632 0.825 1.630 0.036 1.870 0.789

Abbreviations: Cv

: covellite, Int2SE: analytical error, N.A.

.. not analyzed, Mcr: marcasite, Py: pyrite. Notes: The internal standard used was Fe for pyrite and marcasite (460000 ppm).
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Table 1D

Selected trace element analyses of pyrite and marcasite determined by LA-ICPMS.

Average minimum detection limit (MDL) ppm 0.002 Int2SE 0.171 0.003 0.005 0.500 0.009 0.002 0.034 0.004 0.055 0.040 0.710 0.650 0.100 0.037 0.015 0.019 0.200

Epithermal stage. Clast-supported hydrothermal breccia

Sample no. Analysis Comments Au Au As Ag Co Ni Pb Bi Te Mo \' Cu Zn Mn Ge cd Sn Sh Hg

(ppm) ppm (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

AR82-265m Py. 1.1 Euhedral to subhedral, fine- 0.021 0.009  0.170 0.171 105.000 51.500 1.160 1.920 0.036 0.003 0.012 277.000 2400 0.510 1.530 <0.006 0.206 <0.003 N.A.
grained cement

AR82-265 m Py.1.2  Euhedral to subhedral, fine- 0.028 0.007 <0.02 0.039 0.004 0.560 0.235 0.045 0.011 0.002 0.039 327.000 0.820 0.400 1.460 0.001 0.021 0.017 NA.
grained cement

AR82-265 m Py.1.3  Euhedral to subhedral, fine- 0.039 0.026  0.180 0.059 6.460 8.300 0.560 0.069 0.013 0.004 0.014 208.000 0.550 0.640 1.672 <0.008 0.013 0.001 NA.
grained cement

AR82-265 m Py.1.4  Euhedral to subhedral, fine- 0.040 0.051 0.130 0.052 44.900 708.000 0420 0.103 0.000 0.000 0.140 62.000 4.200 0.460 1.410 0.031 0.060 <0.0508 N.A.
grained cement

AR82-265 m Py.2.1  Euhedral to subhedral, fine- 0.031 0.006  0.120 0.179 81.200 332.000 0.605 0.277 0.019 0.000 0.230 270.000 3.200 0.480 1.405 0.005 0.097 <0.008 N.A.
grained cement

AR82-265 m Py.2.2  Euhedral to subhedral, fine- 0.770 0.120  0.740 0.960 9.750  81.100 1.870  2.440 0.180 0.006 1.800 1076.000 2.200 0.690 4.260 0.025 0.780 0.094 NA.
grained cement

AR82-265 m Py.2.3  Euhedral to subhedral, fine- 0.008 0.003  8.730 0.042 554.000 57.700 1.010 0.338 1.240 0.117  0.057 41.000 0270 0.380 1.380 0.005 0.006 0.017 NA.
grained cement

AR82-265 m Py.2.5  Euhedral to subhedral, fine- 0.001  0.001 0.080 0.036  92.100 42.600 0.044 0.006 0.000 0.000 0.046 82900 0200 0.440 1.350 0.001 0.005 <0.015 N.A.
grained cement

AR82-265 m Py.2.6  Euhedral to subhedral, fine- 0.004 0.003  0.230 0.027 151.000 67.400 0.150 0.010 0.000 0.000 0.075 31.600 0.870 0.350 1.450 0.019 0.007 0.000 NA.
grained cement

Average 0.105 0.025 1298 0.174 116.046 149.907 0.673 0579 0.167 0.015 0268 263944 1.634 0483 1.769 0.012 0.133  0.026

Epithermal stage. Jigzaw hydrothermal breccia

AR82-359 m Mcr. 2.1 Fine-grained anhedral rim  0.026  0.001 0491 0920 <0.005 <0.50 5210 <0.002 0.513 <0.004 <0.055 7.050 0.121 <0.65 0.024 0.468 <0.015 0.031 NA.

AR82-359 m Mcr.2.2 Fine-grained anhedral rim  0.051  0.001 0.663 1.657 0.079 0.356 8310 0.005 1.021 <0.004 <0.055 18.740 0.159 <0.65 0.024 0.619 0.006 0.046 N.A.

AR82-359 m Mcr.2.3 Fine-grained anhedral rim  0.011  0.001 0.322 0.507 0.012 <0.50 9.540 0.004 0208 <0.004 <0.055 1.720 4530 0.714 0.026 0.345 0.013 <0.019 NA.

AR82-359 m Mocr. 2.4 Fine-grained anhedral rim  0.008 0.000  0.330 0.730 0.023 0.306 5280 <0.002 0.143 <0.004 <0.055 1.705 5356 0.671 0.025 0.310 0.006 <0.019 NA.

Average 0.024  0.001 0451 0.954 0.038 0.331 7.085 0.004 0471 <0.004 <0.055 7304 2541 0.693 0.025 0436 0.008  0.039

AR82-359 m Py.1.1  Subhedral, core 0.000 0.001 0.150 0.021 9.370  20.400 0.025 0.003 0.010 0.000 <0.006 5600 0.030 0310 1371 <0.0078 0.015 0.011 NA.

AR82-359 m Py.1.2  Subhedral, core 0.000 0.001 <0.08 0.020 239.300 107.400 0.106 0.021 0.021 0.000 0.025 22700 0.040 0410 1330 <0.00946 0.007 0.006 N.A.

AR82-359 m Py.1.3  Subhedral, core 0.000 0.001 0.120 0.019 84.900 122.600 0.015 0.003 0.000 0.000 <0.004 9.000 <0.07 0.260 1.567 <0.0043 0.016 <0.01 N.A.

AR82-359 m Py.1.4  Subhedral, core 0.002 0.001 <0.01 0014 13300 46.100 0.498  0.050 0.000 0.002  0.022 22.800 0.160 <0.04 1.240 0.004 0.001 <0.015 N.A.

Average 0.000  0.001 0.135 0.019 86.718  74.125 0.161  0.019 0.008 0.001  0.024 15.025 0077 0327 1377 0.004 0.010  0.009

AR82-359 m Py.3.1 Fine-grained enclosing Cv 0.011 0.004 <0.02 0.043 0.008 0.000 0239 0.035 0.023 0.004 0.018 2961.000 0.070 0.580 1.380 0.000 0.033 0.022 NA.

AR82-359 m Py.3.2  Fine-grained enclosing Cv 0.077 0.009  0.070 0.237 0.001 <0.17 0.290 0.441 0.045 0.006 0.014 2828.000 <0.16 <0.11 1.410 0.031 0.029 0.021 NA.

AR82-359 m Py.3.3  Fine-grained enclosing Cv 0.016 0.004 1.020 5.960 0.007 0.200 235.000 0.041 0.067 0.132  0.022 2399.000 10.740 0.160 1.450 0.800 0.025 0.039 NA.

Average 0.035  0.006 0.545 2.080 0.005 0.100 78510 0.172 0.045 0.047 0.018 2729.333 5405 0370 1413 0277 0.029 0.027

Abbreviations: Cv: covellite, Int2SE: analytical error, N.A.: not analyzed, Mcr: marcasite, Py: pyrite. Notes: The internal standard used was Fe for pyrite and marcasite (460000 ppm).
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then petrographically. The composition of major and minor elements in
sulfides was obtained using EMPA methods and has been reported in a
previous study (Franchini et al., 2011). The microprobe analyses of indi-
vidual pyrite grains confirmed that Fe and S concentrations do not devi-
ate significantly from stoichiometric proportions. Based on these
previous studies, 8 samples containing pyrite and marcasite were se-
lected for laser ablation ICP-MS analyses (Fig. 1C).

Trace-element analyses (n = 117) and maps (n = 36) in pyrite and
marcasite were performed at the LA-ICPMS laboratory of the Depart-
ment of Earth Sciences of the University of New Brunswick, Canada
(see McFarlane and Luo, 2012). The LA-ICPMS system used a Resonetics
M-50 193 nm excimer laser system connected, via Nylon tubing, to an
Agilent 7700x quadrupole ICP-MS equipped with dual external rotary
pumps. The ICP-MS was operated at 1450 W and a torch depth of
5.0 mm and was tuned, while rastering across NIST610 glass, to achieve
ThO"/Th™ < 0.3% (monitor of oxide production), 228U"/?*?Th™ ~1.0
(monitor of plasma robustness), and 22 M*/*Ca** < 0.3% (monitor of
double-charged production).

Samples and standards were loaded together into a two-volume
low-volume Laurin Technic Pty sample cell that was repeatedly evacu-
ated and backfilled with He to remove traces of air from the cell after
each sample exchange. Sulfide samples were ablated in spot mode
using 44 um craters and a 4 Hz repetition with the laser energy (fluence)
regulated at ~1.5 J/cm?. Each point was ablated for 30 s following 40 s of
gas background collection. For trace-element mapping, sulfides were
ablated using a 17 um crater, a stage scan speed of 8 um/s and a 10 Hz
repetition with the laser fluence regulated at ~1.5 J/cm?. Ablated mate-
rial was transported out of the two-volume low-volume ablation cell
using 750 mL/min He as a carrier gas. This was mixed downstream of
the cell with 2.5 mL/min N (to enhance sensitivity) and 700 mL/min
Ar (from the ICP-MS) prior to reaching the ICP-MS torch.

For spot analyses, the ‘squid’ smoothing device was used to ensure
low %RSD signals; the ‘squid’ was removed for trace element mapping
to ensure fastest possible washout from the cell (~3 orders of magni-
tude in 1 s). The following isotopes were analyzed in both modes of
analysis: 2°Si, 345, 51 v, >>Mn, >’Fe, >°Co, 8%62Ni, 53Cu, %6Zn, 72Ge, "°As,
9Mo, 107Ag, 1“Cd, ”85n, 121Sb, 125Te, 197Au, 207Pb, 209g; 125Te, and
238, Analyte dwell times were set individually, with longest dwell
times set for the lowest concentration elements. Total quadrupole
sweep time was kept <0.5 s. Concentrations in unknowns were calibrat-
ed against sulfide reference material MASS-1 and an internal standard
obtained by microprobe analyses: Fe for pyrite and marcasite. GSE-1
glass was used as a quality control standard. Replicate analyses
of GSE-1G during each acquisition yielded relative deviations (%RD:
100 x [(ppMmeas — PPMyef) / PPMyef]) between 4 25% with V, Mn, Co,
Cu As, Mo, Ag, Cd, Sn, Pb, and Bi typically within 10% of the GEOREM ref-
erence values. Recovery of Au in GSE-1G was low (~3 ppm) compared
to the reference value of 7 ppm. At the end of the ablation sequence,
the laser log file and ICP-MS intensity data file were synchronized
using lolite™ (Paton et al., 2011) running as a plug in for Wave metrics
Igor Pro 6.22™, Each ablation time-series was inspected offline and
adjusted when necessary to avoid artifacts related to ablating through
thin grains or from placement of craters overlapping other mineral
(e.g., silicates). Spikes in the data were automatically filtered using
the default 20 outlier rejection in the Iolite internally- standardized
trace-element data reduction scheme. For trace-element maps, non-
pyrite material was masked using the Fe CPS elemental map as a guide;
concentration scales for each map are shown as internally-standardized
absolute ppm.

MASS-1 external standard has a somewhat inhomogeneous distri-
bution of Au at the micron-scale. Thus, the gold concentration in sulfides
and sulfosalts reported in this work should be viewed with some cau-
tion. Detection limits for analyses of Au varied for each run ranging
from <0.001to 0.05 ppm. Limits of detection (LOD) are given in the
supplementary data (Appendices A and B). In both Table 1 and in the
appendices, results at ~1/2 the mean LOD were retained whereas

those <<LOD or with negative value are listed as <LOD. Special care
was taken in the selection of pyrite free of inclusions. The analyzed sam-
ples do nevertheless show inhomogeneity, at least in some samples.
Since the LA-ICPMS spot size is greater than many of these features,
the ablation profiles will not always show homogeneity on the scale of
the ablation spot. Representative single-spot spectra, showing both
smooth and irregular profiles, were analyzed in pyrites enriched in
trace elements. Abbreviations for minerals are from Whitney and
Evans (2010).

5. Textural features of pyrite and marcasite

Pyrite is the most abundant sulfide at Agua Rica. Two main groups of
pyrites were recognized: early crystals related to the porphyry stage
and later pyrite related to the epithermal stage. Within each group,
particularly at the epithermal stage, various pyrite generations were
distinguished, based on differences in texture. Marcasite occurs in
minor amounts in the hydrothermal breccias. Pyrite types and marca-
site occurrence, their spatial relationship with alteration, geochemistry,
and hydrothermal breccias can be seen in the cross-sections of Fig. 1C, D
and in the drill hole AR82 of Fig. 2.

In the early porphyry stage, pyrite is the main sulfide in the po-
tassic and phyllic alteration halos. It occurs as fine-grained dissem-
inations (0.5 mm average) with hypogene chalcopyrite and traces
of molybdenite and bornite in remnants of potassic alteration
patches with hydrothermal biotite or K-feldspar in the Seca Norte
porphyry. In the phyllic alteration envelope dominated by white
micas + microcrystalline quartz aggregates + rutile and quartz stock-
work veining, pyrite is accompanied by covellite + molybdenite. Pyrite
textures vary from disseminations within phyllosilicate clots or within
seams of phyllosilicates + rutile in the metasedimentary rocks, delin-
eating phyllosilicate clots, filling hairline fractures and B-type quartz
veinlets that crosscut the phyllic alteration assemblage. Pyrite occurring
as subhedral to euhedral, very fine-grained crystals (0.04 to 0.15 mm)
are always volumetrically more abundant than anhedral hypogene
covellite and tabular molybdenite crystals. This pyrite contains vugs pro-
duced by the dissolution of micro-inclusions of sulfides (chalcopyrite,
bornite, pyrrhotite).

In the epithermal stage, mineralization followed the formation
of monolithic and heterolithic hydrothermal breccias. Pyrite occurs
with other sulfides and advanced argillic mineral assemblages as
hydrothermal cement in all breccia types and in clots and veinlets at
depth in unbrecciated sectors of the Trampeadero porphyry and the
metasedimentary rock. This breccia cement mineralization overprints
the earlier phyllic alteration and an early and barren advanced argillic
alteration. Some breccia clasts consist of polygranular pyrite (with sub-
ordinated covellite).

The hydrothermal breccias contain several epithermal pyrite gener-
ations. For example, in the jigsaw breccia (AR82, between 320 and
390 m depth; Fig. 2), pyrite fills the open space between clasts, the frac-
tures within clasts, and early reopened quartz veins with the assem-
blage covellite + enargite + molybdenite + kuramite and marcasite
accompanied by alunite + diaspore + native sulfur. Euhedral pyrite
(0.1 to 1 mm) rims covellite (Fig. 3A) and contains inclusions of
kuramite, zunyite, diaspore, and relict quartz (Fig. 3B, D). A few crystals
are rimmed by a second pyrite generation (Fig. 3C) and anhedral or
radiating marcasite (Fig. 3D). At approximately 290 m depth, beneath
a zone of intense faulting, the hydrothermal breccia becomes mainly
clast supported (Fig. 2) and epithermal pyrite occurs with covellite +
enargite 4+ molybdenite + kuramite, and marcasite accompanied by
alunite and alumino-phosphate-sulfates (APS) =+ diaspore 4 zunyite +
native sulfur + rutile or anatase as hydrothermal cement. Pyrite occurs
as idiomorphic to subidiomorphic, fine-grained (0.25 to 1 mm) crystals
with morphologies dominated by pentagonal dodecahedra and subor-
dinate octahedra. The crystals contain micro-inclusions and irregular
boundaries alternate with crystal faces. Marcasite occurs in minor
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Fig. 3. Reflected light microphotographs illustrating the textures of pyrite (Py) in the hydrothermal breccias between 390 and 248 m depth. A) Euhedral pyrite (0.1 to 1 mm) rims covellite
(Cv). B) Micro-inclusions in pyrite, some filled with kuramite, others with zunyite, diaspore and relict quartz (arrows); interstitial marcasite (Mcr) between pyrite crystals. C) Pyrite
rimmed by a second pyrite generation. D) Marcasite rimming pyrite. E) Thin band of very fine-grained and brownish pyrite separating pyrite and marcasite (arrow); kuramite (Ku)

inclusions in pyrite. F) Micro-inclusions of remnants pyrite in covellite. Qz: quartz.

amounts as radiating laths (0.05 mm) filling interstices between pyrite
and covellite and plates of covellite, and rims pyrite crystals. There is
usually a thin band of very fine-grained, brownish pyrite separating
pyrite and marcasite (Fig. 3E). At 267 m depth, the covellite cement of
the breccia contains numerous micro-inclusions of remnant pyrite
(Fig. 3F). Another breccia sample (AR82-259 m; Fig. 2) contains pyrite
as small and very porous (formed by micro-scale inclusions that have
been plucked, resulting in a pseudo-porous texture) crystals and as
big and euhedral crystals that include probably remobilized molybde-
nite. Veinlets of pyrite and alunite (AR82-248 m; Fig. 2) cut the altered
porphyry clasts in the breccia.

In the matrix-supported heterolithic hydrothermal breccia (AR82 be-
tween 140 and 170 m depth; Fig. 2), early pyrite cores are rimmed by at
least two generations of epithermal pyrite bands (Fig. 4A). The anhedral
(rounded to subrounded) coarse-grained pyrite is overgrown (mantled)
by a much finer grained, crudely colloform to sieve-textured pyrite (lo-
cally very fine grained; Fig. 4B, C). Some cores contain micro-scale to
minute inclusions of rounded rutile, chalcopyrite-bornite or pyrrhotite;
note some of this is plucked as well (pseudo-porous texture; Fig. 4D).
The colloform pyrite also fills vugs in the early pyrite cores where they
form micro-geodes up to 60 um in diameter with pyrite grains

protruding into vugs (Fig. 4E). Colloform pyrite is locally disseminated
as cement of the breccias and fills seams and veinlets (Fig. 4F).
Emplectite and sphalerite (AR82-160 m) rim pyrite and aikinite fill
voids of the breccia. At 147 m depth, a late alunite veinlet has been
reopened and filled with very fine-grained pyrite (0.005-0.01 mm;
Fig. 4G).

In the upper levels of the matrix-supported hydrothermal breccia
(AR82-96 m depth; Fig. 2), an early pyrite in sub-rounded crystal aggre-
gates with interstitial covellite occurs as breccia clasts and as anhedral
grains in the clastic matrix with pyrophyllite, zunyite, covellite, rutile
or anatase, and native sulfur. Late colloform pyrite occurs as a rim of
early crystals and as very fine-grained spherulites intergrown with
sphalerite cementing the breccia clasts, replacing the matrix, and filling
veinlets that cut the breccia. In other sectors of the same breccias, fine-
grained marcasite with sphalerite and alunite constitute late cements
(Fig. 4H).

East of the main central breccia, pyrite occurs in the monolithic
Trampeadero and metasedimentary breccias as cement with covellite +
diaspore + zunyite and alunite + zunyite + enargite, respectively. It
also occurs in veinlets and clots in sectors of the Trampeadero porphyry
with covellite 4- diaspore 4 alunite 4 native sulfur (between 17 and
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Fig. 4. Reflected light microphotographs illustrating the textures of pyrite in the hydrothermal breccias between 170 and 96 m depth (Fig. 2). A to C) Early pyrite (Py) cores are rimmed by
colloform to sieve-textured pyrite bands (locally very fine grained). D) Micro-scale inclusions of rounded rutile, chalcopyrite-bornite or pyrrhotite; note some of this is plucked as well
(pseudo-porous texture). E) Micro-geodes of colloform pyrite fill vugs in the early pyrite cores. F) Seams, veinlets, and cement of colloform pyrite. G) Reopened alunite (Alu) veinlet filled
with very fine-grained pyrite (0.005-0.0 mm). H) Late, fine-grained spherulites of marcasite (Mcr) and sphalerite (Sp) rim pyrite clasts and cemented the breccia.

77 m depth and at 266 m depth) overprinting the phyllic alteration and
the transitional alteration with andalusite (Fig. 1C).

6. Trace element composition
1. Porphyry stage pyrite

The fine-grained pyrite grains from the porphyry stage are, in gen-
eral (except for Co and Ni; Table 1), trace-metal poor (sample AR9-

187 m; Fig. 1C; Table 1), with the exception of pyrite from an early
quartz vein that contains traces of As (up to 2.70 ppm) and Cu

(87 ppm; AR18-85 m, Fig. 1C; Table 1). This vein has chalcopyrite par-
tially replaced by covellite and a halo of alunite.

2. Epithermal stage pyrite

In the jig-saw breccia (AR82-359 m depth; Fig. 2), euhedral pyrite
that rims covellite is significantly enriched in Cu (up to 2961 ppm)
and depleted in Co (<0.008 ppm) and Ni (<0.2 ppm) compared to the
subhedral crystals inherited from the porphyry stage (up to
239.3 ppm Co and 122.6 ppm Ni; Table 1). Some of these early crystals
are rimmed by marcasite.
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Pyrite grains in the cement of the clast-supported hydrothermal
breccia (AR82-265 m; Fig. 2) are slightly enriched in all elements
compared to the early pyrite from the porphyry stage (Table 1). Nine
spots in different euhedral, corroded, and fine-grained pyrite associated
with covellite were analyzed. This group shows a high correspondence
between Au and V, Sn, Ge, Cu, Ag, and Sb, and a weak covariation or
absence of any trend with the rest of the analyzed trace elements
(Fig. 5). A representative time-resolved LA-ICPMS signal of a pyrite
grain from this zone is shown in Fig. 6. Elemental concentrations for
major components are stable (e.g., Fe and S) and trace element con-
centrations are generally low, with the exception of the high (but
heterogeneous) Cu distribution (Table 1). Some optically homogeneous
pyrite grains show transient signals indicating the presence of micro-
inclusions (Fig. 6). Such inclusions contain Cu as a major component
and additionally have concentrations of Bi, Zn, Pb, Ag, Ay, and Sn that
are highly variable, as indicated by imperfect covariation of Cu with
other trace metals even within one pyrite host (Fig. 6A, B, C). Another
LA-ICPMS spectra for this pyrite shows characteristically spikey signals
for V and Sn (Fig. 6D), and an elevated but smooth Cu signal that can be
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correlated with Fe and S and interpreted as micro-inclusions of Cu-Fe
sulfides.

Fig. 7 shows LA-ICPMS trace element maps of a selected pyrite grain.
Pyrite shows a noticeable zonation that includes a Co-rich core followed
by a band-like enrichment of Cu in the mid-section, whereas Zn and Au
are enriched towards the rim. High values of As, Sn, Cu, V, Sb, Mo, and Bi
are concentrated in the upper right zone of the grain towards the rim
(Fig. 7), and in small spots as seen from the color intensity in the images.
Some Ag and Bi are observed in the rims, and high-intensity Au spots
suggest the presence of Au-bearing “invisible” micro- to nano-scale
inclusions.

Five types of pyrite were analyzed in the heterolithic matrix-
supported hydrothermal breccia (AR82-160, 160.5 m depth, Fig. 2): a
large, internally zoned subhedral clast, small anhedral clasts with
sieve-like texture, fine-grained and anhedral pyrite grain from the
matrix, and fine-grained pyrite in a veinlet. Spot analyses conducted in
the zoned clast (Table 1) show a massive core surrounded by colloform
rims enriched in Cu, Pb, Bi, Ag, As, Te, and Au, with respect to the core.
The anhedral and sieve-like pyrite clasts show the highest Cu (up to
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Fig. 5. Binary plots of selected trace elements (all in ppm) for pyrite analysis from the clast-supported hydrothermal breccia (AR82-265 m depth). Pearson correlation coefficients are

displayed with each binary plot.



M. Franchini et al. / Ore Geology Reviews 66 (2015) 366-387

379

A) AR82-265m, Py 1.1
57
Fe

B) AR82-265m, Py 1.3
57-
Fe

8,
10 C) AR§2-265 m, Py 1.4 1 D) AR82-265 m, Py 2.2
57Fe -
, Fe
10= |
g
10 -
63Cu o
662n
6GZn \ i
27py, wpi /“A.V RS
18,
| Sn 107
X A ’
\ VI | |
— — — — — — T ‘Iil[ I
NS ST EREC8RE —vzs

Time (seconds)

Fig. 6. Representative single-spot LA-ICPMS spectra for selected elements in pyrite from sample AR82-265 m. A) Spot 1.1. Note the general smooth and parallel signals for Fe and S and
numerous spikes in the signal for Cu, Bi, Pb, Zn, and Sn. B) Spot 1.3. High signals of Cu, Bi, Pb, Ag, and Au as the crater intercepts a sulfosalt inclusions. C) Spot 1.4. A similar trend of Cu, Ag, Zn,
Bi, and Au enrichment is seen in the edge of the grain. D) Spot 2.2. Another characteristic spikey signal for V and Sn that do not correlated with small peaks for Pb and Zn; Cu and Bi shows a

relatively smooth signal.

1464 ppm), Pb (41.7 ppm), Ag (up to 7.3 ppm), Bi (9.3 ppm), and Te
(3.1 ppm) contents of all analyzed pyrite grains in this sample and the
fine-grained pyrite from the veinlet has the highest Au content (up to
0.40 ppm) followed by anhedral clast of pyrite (0.12 ppm). In general,
Au shows a relatively good correspondence with Ag and Cu, but no
significant covariation with the rest of the analyzed elements.

The best examples of zoned pyrite crystals are samples of the
heterolithic breccia from 146 and 147 m depths. In these breccia
samples, pyrite in the clasts (and as elongated crystals from a stringer)
is rimmed by late, irregular, colloform pyrite overgrowths. Locally, a
thin band of early pyrite occurs between bands of the late (colloform)

pyrite. Spot analyses conducted on three pyrite generations (Table 1)
show that the colloform bands in the crystal are enriched in Pb (up
to 4190 ppm), Cu (up to 3900 ppm), Zn (up to 1045 ppm), Au (up
to 6.7 ppm), Ag (up to 122 ppm), Bi (up to 184 ppm), and Te (up to
2.3 ppm). Gold shows a clear positive correlation (r > 0.95) with in-
creased As, Pb, Mn, Ag, Bi, and Sb, although no correspondence is ob-
served between Au and Co, Mo, Nij, and Ge (r = 0; Fig. 8).
Representative single-spot LA-ICPMS spectra for selected elements
in the second generation of colloform pyrite show high concentrations
of Cu and Pb, enrichment in Bi, Zn, Ag, and minor Au and As. These ele-
ments show variable concentrations with increasing crater depth and
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Fig. 7. LA-ICP-MS mapping of trace elements distribution (in ppm) in a zoned pyrite crystal from sample AR82-265 m (clast-supported hydrothermal breccia) with a Co-rich core, a Cu-rich
mid-section, and a rim enriched in Zn, Ag, Bi, and Au. A micro-inclusion enriched in Cu, V, Sn, As, Sb, Si, and Bi occurs in the upper right sector of the crystal rim. CPS: counts per second. The

first picture shows a reflected light microphotograph of the analyzed pyrite crystal.

show very small irregularities (Fig. 9A), with the exception of Bi, Ag, and
Zn peaks in spots7.3 and 10.3 (Fig. 9B, C). A very good correspondence
between the Bi and Ag peaks is evident. In the third generation of
colloform pyrite, these same elements display higher variance and rag-
ged profiles with good correspondence between Bi and Ag, and only
subtle trending relations between Zn, Ag, and Au, between Au and Ag,
and between Pb, Cu, Bi, and Au (Fig. 9D, E). Notable and elevated Pb
and Cu contents (w/r to Fe and S) are observed in the rim of another py-
rite crystal, as well as relatively smooth and parallel profiles for
most elements (Fig. 9G). Pyrite in the stringers is enriched in Pb (up
to 4528 ppm), Cu (up to 2270 ppm), Zn (up to 1078 ppm), Bi (up to
80 ppm), Au (up to 4 ppm), As (up to 25.2 ppm), Ag (up to
80.8 ppm), Te (up to 2.7 ppm), Mn (up to 96.7 ppm), Cd (up to 5.2
ppm), and <1 ppm Sb and Sn (Table 1).

The LA-ICPMS mapping presented in Fig. 10 shows a zoned pyrite
crystal (sample AR82-146 m; Fig. 2) with a mid-section of the early
pyrite generation enriched in Co, followed by a thin band rich in As,

Cu, Au, Ag, Bi and a rim enriched in Cu, Au, Ag, Bi, and Zn, both the
banding and the rim are part of the late colloform pyrite. Vanadium,
Sb, and Sn are not associated with any of the aforementioned metals
and they are mainly concentrated as scattered small inclusions within
pyrite, showing a good correspondence between them. Another zoned
pyrite crystal from the same sample (Fig. 11) shows similar trace-
element enrichment and distribution, except for V, Sn, and Sb that are
also slightly enriched in the crystal rim.

In sample AR82-147 m (Fig. 2), very fine-grained anhedral pyrite
crystals from a late veinlet that cut the breccia have the highest Bi con-
tent of all analyzed pyrite in this study (up to 1077 ppm). Such high Bi
values are in agreement with enrichment in Cu, Ag, Au, Mo, Zn, Mn,
Sb, Sn, and V, compared to the early, subhedral pyrite grains from the
matrix and clasts of the breccia (most analyses <10 ppm; Table 1).

The pyrite grains from the shallower sections of the deposit come
from a similar heterolithic hydrothermal breccia sample (AR82-
96 m; Fig. 2) that contains late marcasite, colloform pyrite, and
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Fig. 8. Binary plots of selected trace elements (in ppm) for colloform pyrite analysis from the matrix-supported hydrothermal breccias (AR82-146 m depth). Pearson correlation coeffi-

cients are displayed with each binary plot.

sphalerite. Spot analyses conducted on a pyrite clast, fragments of
pyrite in the matrix, and fine-grained marcasite cement, show that
the latter is enriched in Zn, Cu, Pb, Ag, Bi, Au, Sn, Sb, and Cd, when
compared to the earlier generations of pyrite (Table 1). In addition,
it has the highest Zn contents (up to 59,000 ppm) that correspond
with the highest Cd (up to 27.3 ppm) and Ag (up to 940 ppm) con-
tents of all analysis, although such high Zn (and Cd) could be due to
the fine-grained nature of marcasite, which is in direct contact with
sphalerite.

7. Discussion

In a previous study, Franchini et al. (2011) reported EMPA analyses
of pyrite from Agua Rica showing elemental enrichment in zoned grains
from the breccias, including rims slightly enriched in Zn, Cu, As, Sb, and
Ag relative to the pyrite cores. When our new LA-ICPMS spot analyses
are combined with quantitative elemental maps (Section 6), it is
possible to constrain whether a particular trace element occurs as
a homogeneous substituent or as micro- to nano-sized inclusions,
or alternatively, as larger isolated micron-sized inclusions within

pyrite. It is noteworthy to mention that a finer distinction between
nanoparticulate versus solid solution incorporation of metals was
not possible to determine exclusively using LA-ICPMS data, but is
later constrained for Au using Au-As relations (Reich et al., 2013).

7.1. Trace elements in pyrite and textures as indicators of the porphyry to
epithermal transition

We recognize compositional and textural variations of pyrite grains
precipitated in the porphyry stage and at various phases of the evolu-
tion of the high sulfidation epithermal mineralization process at Agua
Rica. In general, pyrite crystals from the porphyry stage are fine grained
(0. 04 to 0.5 mm) and trace element-poor (Table 1). Few studies have
documented the mineralogy and trace element composition of pyrite
in high-temperature porphyry deposits. For example, at the Pebble
porphyry Cu-Au-Mo deposit, pyrite in the sodic-potassic and potassic
assemblages contains high copper (0.47-14.0 ppm), Co (up to 2031
ppm), Ni (up to 5827 ppm), and up to 4.3 ppm Au (Gregory et al.,
2013). A recent SIMS/EMPA study at the Dexing porphyry Cu (Mo-
Au) deposit in China shows that Cu, As, Au, and Ni are the most
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Fig. 9. Representative single-spot LA-ICPMS spectra for selected elements in the second and third colloform pyrite generations from sample AR82-146 m (Fig. 2). Note high concentrations
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abundant elements in pyrite with concentrations that vary from sub-
ppm levels to a few wt.% (i.e., ~6 wt.% Cu, ~3 wt.% As, ~0.25 wt.% Au,
and ~0.2 wt.% Ni) (Reich etal,, 2013). Detailed EMPA and WDS mapping
of the Dexing pyrites revealed complex zoning where Cu, Au, and As
occur in different mineralogical forms. For example, Cu and Au can
occur as solid solution in pyrite, as well as encapsulated forming
micro- to nano-scale metal sulfides, such as chalcopyrite and native
Au (Reich et al., 2013). At the Altar porphyry Cu (Au-Mo) deposit, a sig-
nificant fraction of gold of the early stockwork veins occurs in pyrite as
submicroscopic particles that are spatially related to inclusions of a Bi-
Te-Pb-Ag-enriched Cu-Fe-sulfide phase (Zwahlen et al., 2014). In
this deposit, Maydagan et al. (2013) found low contents of trace el-
ements in pyrite from the potassic stage but documented the pres-
ence of micro- to nano-scale sized Au (Ag alloys) and sulfosalt

inclusions with As, Ag, V, Zn, Sn, Bi, and Sb in pyrite from the phyllic
stage.

At Agua Rica, a preliminary analysis of metal speciation in pyrite,
based on the methodology by Reich et al. (2005), indicates that Au is
present in both mineralogical forms (solid solution as Au™' and native
as Au®). Fig. 12 shows Au-As relations of pyrite from porphyry and
epithermal deposits as reported by Deditius et al. (2014) (red and
yellow fields). In this diagram, the solubility limit of Au as a function
of As (red segmented line) separates the Au-As space in two fields,
where high Au/As ratios indicate speciation of Au in pyrite as native
Au nanoparticles (NPs, above the red line) while low Au/As ratios are
indicative of solid solution incorporation (SS, below the line). At
Agua Rica, most pyrite samples from the porphyry stage, jigsaw hydro-
thermal breccia, clast-supported hydrothermal breccia, and matrix-
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supported hydrothermal breccia (pyrite clasts), plot below the Au
solubility line suggesting solid solution incorporation (Fig. 12). In
contrast, most samples of the late, colloform pyrite plot above the solu-
bility limit at high Au/As, indicating that most of their measured Au is
contained as nanoparticles of native Au.

The previous analysis is consistent with a view where Au and other
trace elements in the early pyrites from the porphyry stage may have
been leached and remobilized during later mineralization stages related
to the advanced argillic overprint. Pyrite crystals that precipitated dur-
ing the high sulfidation mineralization stage are texturally complex
and have significantly more elevated concentrations of trace elements
including Pb, Ag, Zn, Sb, Bi, Cu, and Au (Table 1). Therefore, it is likely
that metals leached from early pyrites (porphyry stage) may have con-
tributed to the metal budget of late epithermal fluids that precipitated
trace metals as submicron-sized particles within newly formed
colloform pyrites after cooling and super saturation. The trace element
budget of pyrites at Agua Rica vary with depth and within
sub-stages of mineralization, and results from this study show a

¥Co (ppm)

.,_[ |
il

Fig. 10. LA-ICP-MS mapping of trace elements distribution (in ppm) in a zoned pyrite crystal from sample AR82-146 m (Fig. 2) with a core enriched in Co and minor Mo, and colloform
bands rich in As, Cu, Au, Ag, Bi, and Zn. Note scattered small inclusions rich in V, Sb, and Sn. CPS: counts per second. The first picture shows a reflected light microphotograph of the analyzed
pyrite crystal.

correspondence between the trace-metal content of pyrite and the
ore grades of the host rock. For example, in the jigsaw hydrothermal
breccia with the highest grades of Cu (up to 3.7 % Cu; Fig. 2), euhedral
pyrite crystals are enriched in Cu (up to 2961). At shallower levels (10
to 196 m depth), in the heterolithic hydrothermal breccia (0.6 % Cu)
with the highest grades of Zn (up to 0.55 %), Pb (up to 0.53 %), Au (up
to 5.6 g/t), and Ag (up to 325 g/t) (Fig. 2) late, colloform pyrite is
enriched in Pb (up to 4528 ppm), Cu (up to 3900 ppm), Zn (up to
1078 ppm), Ag (up to 136 ppm), Au (up to 6.7 ppm), and Bi (up
to1077 ppm). This suggests that variations in the trace element con-
tents and textures in pyrite corresponding to different hydrothermal
mineralization stages in a complex system like Agua Rica, may serve
as vectors to ore in exploration.

7.2. Variations in trace elements and textures of epithermal pyrite

Pyrite from the epithermal breccias at intermediate depths occur as
idiomorphic to subidiomorphic, coarser grained (up to 1 mm) crystals
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Fig. 11. LA-ICP-MS mapping of trace elements distribution (in ppm) in another zoned pyrite crystal from sample AR82-146 m (Fig. 2) with similar trace element enrichment and distri-
bution. Note a V, Mo, Sn, and Sb enriched sector of the crystal's outer most rim. CPS: counts per second. The first picture shows a reflected light microphotograph of the analyzed pyrite

crystal.

with some irregular boundaries and numerous vugs (dissolved micro-
inclusions) in their cores, suggesting that they progressively underwent
chemical overprinting by retrograde reaction or dissolution. This type
of texture has been reported in pyrite from several epithermal deposits
(e.g., Carrillo Rosta et al., 2003; Freitag et al., 2004; Pacevski et al., 2012)
and from a Cu-Au skarn overprinted by a younger hydrothermal event
that produced oxidation, silicification, argillization, and sulfidation
(Cepedal et al., 2008).

Pyrites from the jigsaw breccia (AR82-359 m) and the clast-
supported hydrothermal breccia (AR82-265 m) are enriched in Cu (up
to 2961 and 1076 ppm; respectively) compared to pyrite from the
phyllic halo (up to 14 ppm Cu; sample AR9-187 m) (Table 1), and cor-
relate with the highest grades of hypogene Cu (up to 3.7% Cu) in the sec-
tion (Franchini et al., 2011; Fig. 2). The LA-ICPMS ablation profiles
(Fig. 6) and the trace-element maps of one of these pyrites (AR82-
265 m; Fig. 7) show distinctive zones enriched in Cu, V, Sn, As, Sb, or
Pb, Zn, Ag, Au, and Bi that can be associated with sulfosalts inclusions.
One such inclusion is colusite that contains V and Sn (2.95-3.13 wt.%
V and 4.61-6.60 wt.% Sn). The compositional maps also show a zonation

in trace metals defined by a Co-rich core, a mid-section enriched in Cu,
and a rim enriched in Zn and minor Au (Fig. 7). The compositional and
textural features described before are consistent with previous reports
showing an intimate association between porosity in pyrite and the
occurrence of inclusions of sulfosalts and multiple-metal inclusions, on
both micro- and nano-scales (e.g., Deditius et al., 2011).

At shallower levels (AR82-160-96 m), pyrite in colloform bands and
veinlets and marcasite precipitated during the latest stage of epithermal
mineralization are unusually rich in trace metals that correlate with the
highest Zn, Pb, Au, and Ag grades of the analyzed section (Fig. 2). These
pyrites occur as either successive colloform bands on earlier, gold-free
pyrite cores, or very fine-grained, irregularly shaped grains in the
cement and in the late veinlets. Based on textural and mineral chemical
data, the Co-bearing cores that are depleted in trace elements are
interpreted as representing relict pyrite fragments from the early por-
phyry stages (potassic-phyllic). Most analyzed colloform pyrites from
the breccias zone are As-poor (As contents are <30 ppm; Table 1).
These pyrites are significantly depleted in As when compared to pyrites
from the epithermal deposits, e.g., the low sulfidation epithermal
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deposit of Emperor in Fiji (up to 16.60 wt.% As; Pals et al., 2003), and the
high sulfidation deposits of Palai-Islica, Spain (up to 6.11 wt.% As;
Carrillo Rosda et al., 2003), El Dorado, Chile (up to 1.96 at.% As;
Carrillo Rosta et al., 2003), Yanacocha, Pert (up to 5.5 wt.%; Deditius
et al., 2009), Pueblo Viejo, Dominican Republic (up to 3.04 wt.%;
Deditius et al., 2011) and the Coka Marin, Serbia (up to 4 wt.% As;
Pacevski et al., 2012), or in quartz stockwork veins with high As content
(up to 4.5 wt.% As; Zacharias et al., 2004). The highest As values in this
study were measured in a pyrite core from a clast (52.5 ppm in sample
AR82-147 m; Table 1) and in late marcasite (up to 90.2 ppm in samples
AR82-96 m; Table 1). All this evidence suggests relatively low activity of
As in the hydrothermal fluids in this stage.

Another interesting fact related to the chemical zoning of these late
pyrites (maps in Fig. 10) is that As concentration is preferentially
distributed along a thin (inner) growth band within the thicker trace
element-rich rim. Zinc is enriched following As depletion (Fig. 11). Pre-
vious studies have demonstrated that “invisible” gold in pyrite from a
large variety of ore deposits is spatially associated with local enrichment
in As (e.g., Deditius et al., 2014; Fleet et al., 1989, 1993; Mumin et al.,
1994; Palenik et al., 2004; Reich et al., 2005; Simon et al., 1999).
Among other likely mechanisms (e.g., semiconducting and/or redox
surface effects), chemisorption may have played a role in efficiently re-
moving Au and other trace metals from ore fluids onto As-rich bands in
colloform pyrite, as suggested by Fleet and Mumin (1997).

One significant feature of these colloform bands is their high Pb (up
to 4528 ppm) and Cu (up to 3900 ppm) contents. The LA-ICPMS profiles
for Pb and Cu of Fig. 7 show some irregularities that appear to be related
to inclusions of discrete Pb and Cu-bearing minerals. For example,

elevated Pb contents in pyrite from the epithermal Palai-Islica,
Yanacocha, Pueblo Viejo, and Céka Marin epithermal deposits were re-
ported by Carrillo Rosta et al. (2003) (up to 0.5 wt.%), Deditius et al.
(2008) ( up to 0.4 wt.%), Deditius et al. (2011) (up to 0.76 wt.%), and
Pacevski et al. (2012) (up to 7 wt.%), respectively. Lead was found
substituting isovalently for Fe in crystallites of As-bearing pyrite
(Deditius et al., 2008) or as micro- to nanoscale inclusions - mainly
Pb-(+ As, Ag, Cu) sulfosalts - in pyrite that hosts lead and other trace el-
ements (Deditius et al., 2011; Pacevski et al., 2012). At the Coka Marin
deposit, Pacevski et al. (2008) found pyrites with band-like texture, os-
cillatory and rarely sector-zoning patterns that contain structurally
bound copper (up to 8 wt.% Cu) substituting for Fe. Copper (up to 1.26
wt.%) also occurs in the late stages of pyrite crystallization (as
collomorphic pyrite) in the Palai-Islica deposit associated with the de-
position of non-stoichiometric As by colloidal precipitation (Carrillo
Rosta et al., 2003). Other examples of epithermal deposits where pyrite
contains high Cu are Pueblo Viejo (up to 2.76 wt.% Cu; Deditius et al.,
2011), Nukundamu (10 wt.% Cu), Cerro de Pasco (up to 1.5 wt.% Cu;
see Pacevski et al., 2008 and references therein). In the ore-stage pyrite
from the high-sulfidation Pascua deposit in Chile and part of Argentina,
enrichment patterns of Cu (up to 0.42 wt.% Cu) are mainly antithetic to
those of As (up to 0.60 wt.%; Chouinard et al., 2005). Based on SIMS
depth-profiling and EMPA WDS mapping in Cu-rich pyrite, Reich et al.
(2013) suggested that Cu concentrations in excess of ~10,000 ppm
(~1 wt.%) were most likely related to the presence of sub-micrometer
particles and nanoparticle aggregates of chalcopyrite or other Cu-
bearing sulfide minerals.

Zinc reaches 1078 ppm in late pyrites from this breccia zone at
Agua Rica (1045 ppm in colloform bands and 1078 ppm in stringer).
Some LA-ICPMS signals for Zn of colloform pyrites are smooth
(Fig. 9A, E, F) and others are ragged (Fig. 9B, C, D), indicating either
its homogeneous distribution within solid solution or its presence as
Zn-bearing inclusions. The porous and the collomorphic pyrites of
the epithermal Palai-Islica deposit have relatively large amounts of
Zn (up to 0.39 and 0.18 wt.%, respectively); Zn in the porous pyrite
correlates with Au-Ag alloys and in the colloform variety correlates
with Ag, Cu, Ni, and As concentrations (Carrillo Rosta et al., 2003).
As-rich pyrite from the early precious metal stage at El Dorado
epithermal deposit contains up to 0.48 wt.% Zn (Carrillo-Rosda
et al., 2008). At the Yanacocha epithermal deposit, stage 3 pyrite
contains as much as 3600 ppm Zn (Deditius et al., 2009).

“Invisible” Au and other metals in the colloform band sand fine-
grained (veinlet, stringer) pyrites at Agua Rica are up to 6.7 ppm Au,
136 ppm Ag, 1077 ppm Bi, and 3.1 ppm Te. The ablation profiles
of these bands indicate that at the scale of each spot, Au can be
homogenously distributed (Fig. 94, C, E, F) or as micro-scale inclusions
(Fig. 9D) with Bi and Ag (Fig. 9D). This is consistent with predictions
of Au speciation in pyrite using Au-As relations in Section 7.1
(Fig. 12). At Palai-Islica there is a low content of “invisible” Au in the
pyrite (up to 160 ppm), but there is a relatively large amount of Ag in
the pyrite (up to 1.47 wt.%) associated with marcasite and in the
collomorphic pyrite (up to 0.20 wt.%; Carrillo Rosta et al., 2003).
At Pueblo Viejo, the As-rich growth zones of pyrite contain up to
1600 ppm Ag, 900 ppm Sb, 600 ppm Hg, 300 ppm Te, and 200 ppm
Se, whereas precious metal (Ag with smaller amounts of Au) and Pb-
rich nanoparticles with additional trace elements, including Pb-Sb-Bi-
Ag-Te-S and Pb-Te-Sb-Au-Ag-Bi-S, were observed in Cu-rich and
barren pyrite (Deditius et al., 2009). Similarly, atYanacocha Au (up to
0.10 at.%) in pyrite is concentrated in the As>"-rich zones of colloformic
overgrowths (Deditius et al., 2008). Pyrite from the Porgera epithermal
deposit, in Papua New Guinea, hosts nanoparticles consisting of Pb-Ag-
Sb-S, Sb-Pb-S, and PbS (Deditius et al., 2011). Ore-stage pyrite in
the Pascua deposit contains up to 0.41 wt.% Ag and 386 ppm Au
(Chouinard et al., 2005); gold has a stronger relation with Cu and Se,
while As is associated mainly with Ag, and Te with Se. In the Emperor
deposit the concentrations of Au (up to 11,057 ppm, with average of
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507 ppm), and Te (up to 5796 ppm) in pyrite are extraordinarily high
(Pals et al., 2003). The elevated Au content of pyrite may be due to the
presence of As-rich marcasite or arsenopyrite lamellae in its structure
or to Au being adsorbed in telluro-gold complexes (Pals et al., 2003).

7.3. Fluid composition and incorporation of trace elements in pyrite

At Agua Rica, the most elevated trace element concentrations in
colloform pyrite occur in the hydrothermal breccia at shallow levels,
along with late stage Bi-Pb-Cu sulfosalts, marcasite, sphalerite, and
“invisible” Au and Ag. This matrix-supported breccia with rock flower
and minor hydrothermal cement that hosts the analyzed pyrite and
marcasite, is a product of a high degree of mixing and milling of frag-
ments, which indicates the highest zone of energy released of the ex-
amined breccias. These processes may have been repeated several
times during the protracted magmatic hydrothermal activity at
Agua Rica as is indicated by breccia in breccia textures and the vari-
ous generations of alunite and pyrite (Franchini et al., 2011). The
Au-As signature of pyrite in hydrothermal ore deposits has been
used by Reich et al. (2005) and more recent studies to constrain
the saturation state of Au-bearing fluids from which arsenian pyrite
precipitated. Within this context, the Au-As data in pyrite at Agua
Rica shown in Fig. 12 supports a hydrothermal evolution where
ore fluids forming early pyrite were undersaturated with respect
to native Au (solid solution incorporation), while later fluids precip-
itating colloform pyrite where supersaturated with respect to native
Au (Au nanoparticles).

Colloform texture - initially explained by colloidal deposition - has
found to be formed under non-equilibrium, kinetically controlled condi-
tions (Fleet et al., 1989), and represents changes in the ore fluid or in the
precipitation conditions (Craig and Vaughan, 1994). Thus, the colloform
banding in pyrite from this breccia zone may reflect rapid crystallization
during fluid boiling and/or fluid mixing, creating large temperature fluc-
tuations and producing undercooling in the mixed fluid. Hydrothermal
fluids were supplied by continued fluid pathways generated by breccia-
tion. These shallow fluids were already depleted in As and Cu (this brec-
cia zone does not contain covellite or enargite cement, in contrast to the
deeper zones of the jigsaw or clast supported-breccias; Fig. 2) and may
still have had very high activity of sulfur, high fO,, and /or pH <5 to pre-
cipitate alunite (Stoffregen, 1987) and marcasite (Murowchick and
Barnes, 1986). The low concentration of Fe in sphalerite (0-0.51 wt.%
Fe; Franchini et al.,, 2011) in this breccia, also indicates high
sulfidation state /or high oxygen fugacity of the late stage fluids
(Czamanske, 1974; Einaudi et al., 2003). The conditions produced
by dilution of the ore fluids by meteoric waters are conducive to
H,S and HS™ generation and consequently, marcasite precipitation
(at temperatures less than 240 °C, pH less than 5), and sulfide spe-
cies partially oxidized, or reacted with more-oxidized sulfur species
(Murowchick and Barnes, 1986). The trace elements in pyrite and
marcasite - Pb, Cu, Zn, Bi, and Ag - are part of the low temperature
chalcophile group of bismuth sulfosalts and tellurides, minerals
that can carry invisible Au (Ciobanu et al., 2009). Thus, the metal-
bearing inclusions documented in this study in colloform pyrites
may be viewed as the final sinks for trace elements remobilized dur-
ing the waning stage of the epithermal mineralization in the Agua
Rica deposit (Franchini et al., 2011).

Recent work on pyrites from the high sulfidation epithermal Pueblo
Viejo and Yanacocha deposits (Deditius et al., 2009) found alternating
and multiple As-rich (with Au, Ag, Sb, Te, and Pb), Cu-rich, and barren
growth zones reflecting abrupt changes in fluid composition. These
changes have been interpreted to be the result of mixing between the
pyrite-forming fluid and vapor that invaded the main hydrothermal
system episodically. The As-rich vapor formed at high and possibly
magmatic temperatures, whereas the Cu-rich vapor formed at lower
temperatures, possibly during migration of the original magmatic
vapor (Deditius et al., 2009). More recently, well-developed oscillatory

zoning has been detected in pyrite from the Dexing porphyry Cu (Mo-
Au) deposit in China, where Cu-rich, As-depleted growth zones alter-
nate with Cu-depleted, As-rich layers. Such features are consistent
with geochemical decoupling of Cu and As-Au, suggesting that selective
partitioning of metals into pyrite is the result of changes in hydrother-
mal fluid composition (Reich et al., 2013). Furthermore, mineralogical
evidence from the Céka Marin polymetallic, high sulfidation epithermal
deposit indicates that entrapment of nanoscale Pb-bearing inclusions in
pyrites was attributed to abrupt changes in ore-forming conditions and
rapid co-precipitation of metal sulfides in a sub-volcanic environment
(Pacevski et al., 2012). At the Yanacocha deposit in Per(, the presence
of Au-bearing As>*-bearing pyrite suggests that the hydrothermal
fluids were acidic, oxidized and undersaturated with respect to native
gold (Deditius et al.,, 2008).

8. Conclusions

We have described the textures and trace-element distributions
within pyrite and marcasite from the polymetallic Agua Rica deposit
in time and space. Pyrite formed throughout the ore-deposit evolution
from early porphyry to the latest stages of epithermal mineralization.
Using SEM-BSE imaging coupled with LA-ICPMS analysis, the major-
and trace-element composition of various pyrite crystals and marcasite
were constrained and then compared to literature data for such min-
erals in typical epithermal deposits. Pyrites from all the epithermal
sub-stages at Agua Rica are much lower in arsenic than most other
epithermal deposits and this may reflect its preferential incorporation
into enargite.

Early pyrites from the porphyry stage are fine-grained and trace
element-poor. Pyrite crystals that precipitated during the high
sulfidation mineralization stages are texturally complex and have sig-
nificantly more elevated concentrations of trace elements. In the jigsaw
and the clast-supported hydrothermal breccias with the highest grades
of hypogene Cu, pyrite crystals are enriched in Cu and contain inclusions
of sulfosalts and multiple-metal inclusions. In the hydrothermal brec-
cias at shallow levels, late colloform bands and veinlets of pyrite and
marcasite are rich in trace metals that correlate with the highest Zn,
Pb, Au, and Ag grades of the analyzed section. These pyrite and marca-
site precipitated in the highest zone of energy released of the examined
breccias, probably during fluid boiling and mixing with meteoric waters.
These shallow fluids had temperatures <240 °C, high fS, and fO,, pH<5,
and were depleted in As and Cu but supersaturated with respect to
native Au (Au nanoparticles). Thus, the metal-bearing inclusions docu-
mented in colloform pyrites may be viewed as the final sinks for trace
elements remobilized during the waning stage of the epithermal miner-
alization in the Agua Rica deposit.

We have demonstrated that the systematic correlation between
texture and trace element variations in pyrite provides key information
related to the chemical evolution of hydrothermal fluids from the por-
phyry to epithermal stages. When combined with detailed geological
information and mineralogical observations, our data shows that the
trace metal composition of pyrite can be used as a monitor of the ore
environment and a proxy for fluid composition variations, which can
be used both as a vector for exploration and as a tool for better under-
standing the genesis of giant hydrothermal ore deposits.
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