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Abstract

We collected groundwaters in and around a large (313 Mt at 1.08% Cu and 0.3% cutoff) undisturbed porphyry copper deposit
(Spence) in the hyperarid Atacama Desert of northern Chile, which is buried beneath 30–180 m of Miocene piedmont
gravels. Groundwaters within and down-flow of the Spence deposit have elevated Se (up to 800 μg/l), Re (up to 31 μg/l), Mo (up to
475 μg/l) and As (up to 278 μg/l) concentrations compared to up-flow waters (interpreted to represent regional groundwater flow).
In contrast, Cu is only elevated (up to 2036 μg/l) in groundwaters recovered from within the deposit; Cu concentrations are low
down gradient of the deposit. The differential behavior of the metals/metalloids occurs because the former group dissolves as
anions, enhancing their mobility, whereas the base metals dissolve as cations and are lost from solution most likely through
adsorption to clay surface exchange sites and through formation of secondary copper chlorides, carbonates, and oxides. Most
groundwaters within and down-flow of the deposit have Eh–pH values around the FeII/FeIII phase boundary, limiting the impact of
Fe-oxyhydroxides on oxyanions mobility. Se, Re, Mo, and As are all mobile (with filtered/unfiltered samples ∼1) to the limit of
sampling 2 km down gradient from the deposit. The increase in ore-related metals, metalloids, and sulfate and decrease in sulfate–S
isotope ratios (from values similar to regional salars, +4 to +8‰ δ34SCDT to lower values closer to hypogene sulfides, +1 to +4‰
δ34SCDT) is consistent with active water–rock reactions between saline groundwaters and the Spence deposit. It is likely that
hypogene and/or supergene sulfides are being oxidized under the present groundwater conditions and mineral saturation calcu-
lations suggest that secondary copper minerals (antlerite, atacamite, malachite) may also be actively forming, suggesting that
supergene and exotic copper mineralization is possible even under the present hyperarid climate of the Atacama Desert.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Elevated trace metal and metalloid concentrations in
aqueous systems are increasingly recognized as an
important health hazard (Selinus et al., 2005). One of the
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Fig. 1. Regional geology of northern Chile, showing major ore deposits in relation to the geologic belts that host them (modified from Sillitoe, 1992;
Richards et al., 1999). The north–south dashed line is the Domeyko Fault Zone (DFZ) and the northeast-southwest dashed line is the Antofagasta–
Calama lineament (ACL), as discussed in the text (after Palacios et al., 2007).
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difficulties in environmental research is establishing the
relative contributions of metals and metalloids from
geogenic (natural) and anthropogenic sources (Rasmus-
sen et al., 1998). Undisturbed ore deposits provide
natural laboratories of point source “contamination”,
with groundwater–deposit interactions resulting in
metal abundances at levels commonly well in excess
of background or health guidelines. For example, vol-
canic terrain and geothermal waters in northern Chile
have elevated As concentrations, which contaminate
regional water supplies (Romero et al., 2003). There is a
need then to better understand the sources, mobility,
pathways, redox speciation and attenuation of trace
metals and metalloids in aqueous systems, in particular
because the solubility, bioavailability and toxicity of
polyvalent metals and metalloids is controlled by redox
chemistry (Myneni et al., 1997). Several species of
interest in porphyry copper systems are also important
as they are direct byproducts of radioactive waste e.g.,
79Se with half-life of 6.5×104 years (Tachi et al., 1998),
or are analogs for nuclear waste products e.g., Re
behaves similarly to 99Tc (Xiong and Wood, 1999).
Improved understanding of metalloid speciation and
mobility will also be of use in management of Se con-
tamination through anthropogenic activity (Peters et al.,
1999), As contamination through changes in ground-
water management practices (Horneman et al., 2004;
Van Geen et al., 2004; Thoral et al., 2005), and naturally
anomalous areas such as the Atacama Desert. Finally,
the speciation and transport mechanisms of Se and
associated metalloids are also of interest because of
applications with respect to mineral exploration and
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environmental base-line studies (Cameron et al., 2004;
Leybourne, 2007).

In this paper, we report on elevated Cu, Se, As,
Mo and Re concentrations in groundwaters recovered
in and around the large Spence porphyry copper de-
posit in the hyperarid Atacama Desert of northern
Chile. The purposes of this study are to determine:
1) the sources of elevated metals and metalloids in
groundwaters interacting with porphyry copper miner-
alization in northern Chile; 2) the style of water–
deposit interaction occurring; 3) the extent of
transport of porphyry-associated metals and metalloids;
and 4) mechanisms of metal and metalloid atten-
uation. We show in this paper that the concentration of
porphyry copper deposit-associated metals and metal-
loids in groundwaters in this hyperarid climate is a
consequence of water–rock interaction and further
demonstrate that these species are stable in solution
for relatively long transport distances (N1 km), com-
pared to metals that complex as cations, such as Cu
(≪1 km).

2. Geological setting

Chile is host to a large number of copper deposits (such
as Chuquicamata, Escondida, El Salvador, Collahuasi and
Spence) related to major porphyry intrusions that occur
within a narrow belt in northern Chile (Fig. 1). These
porphyry copper depositswere produced by hydrothermal
systems associated with Cenozoic continental arc mag-
matism (e.g., Sillitoe, 2000; Tosdal and Richards, 2001).
Porphyry intrusions were focused along major, long-lived
fault systems, withmany of the largest deposits associated
with the West Fault or Domeyko Fault Zone (DFZ;
Fig. 1). The Spence deposit coincides with a major north-
northeast lineament that extends from the coast through
the town of Calama (Antofagasta–Calama Lineament;
ACL) and intersects the DFZ (Fig. 1).

Porphyry copper deposits in northern Chile may
contain supergene-enriched high-grade ores (Chávez,
2000; Cuadra and Rojas, 2001). Supergene alteration
occurred in the mid-Miocene as the climate of northern
Chile became progressively more arid, which, in con-
junction with regional uplift, resulted in falling water
tables; hypogene sulfide minerals were oxidized with
subsequent downward migration of Cu and other
associated species. Below the water table, increasingly
Fig. 2. A) Outline of the Spence deposit, showing the location of the major po
locations of groundwater samples. Groundwater flow is generally NW to SE.
atacamite and brochantite in the oxide zone, as well as supergene and hypog
reducing conditions caused the removal of Cu from
solution, either as secondary oxides, carbonates, sulfates
or clays (oxide zone), or as secondary chalcocite and/or
covellite replacing of primary bornite and chalcopyrite
(supergene zone) (Chávez, 2000). Following supergene
enrichment, thick piedmont gravels were deposited, as
the climate of northern Chile became hyperarid begin-
ning around 14 Ma (Alpers and Brimhall, 1988),
although more recent age dating of K-bearing supergene
minerals and sedimentological evidence suggests that
supergene oxidation may have continued until 3–6 Ma
(Hartley and Rice, 2005). In addition, the presence of
atacamite (Cu2(OH)3Cl) and/or paratacamite (atacamite
polymorph) inMiocene gravels overlying some supergene
zones suggests that some secondary mineralization may
be relatively recent (Cameron et al., 2007).

The Spence deposit was discovered in 1996–1997 by
RioChilex (now part of BHP-Billiton Ltd.) via grid drilling
through the Miocene piedmont gravels that blanket the
deposit. The Spence deposit is a large (313.1Mt atN1.08%
Cu, at a Cu cutoff of 0.3% total Cu; (BHP-Billiton, 2007)
porphyry deposit, with mineralization having occurred at
around 57 Ma (Rowland and Clark, 2001). Three quartz–
feldspar porphyries intrude andesitic volcanic rocks
(Fig. 2A) and the hypogene mineralization occurs in the
porphyries and adjacent andesites. These porphyries are
north-northeast aligned and are cut by tourmaline–quartz–
sulfide hydrothermal breccias. Prior to the onset of
hyperarid conditions in the mid-Miocene (Alpers and
Brimhall, 1988), the deposit underwent supergene altera-
tion that produced a leached cap and enriched oxide (now
dominated by atacamite and brochantite (Cu4(OH)6SO4))
and sulfide (chalcocite, covellite, pyrite) zones overlying
the primary (hypogene; chalcopyrite, bornite, molybde-
nite, tennanite, pyrite) sulfide zone (Fig. 2B). The leached
cap forms an irregular surface covered by gravels, which
vary in thickness from 30 to 180 m, thinning from north to
south. A decline was constructed in the southern part of the
deposit to obtain bulk samples of all zones, and there is
local disturbance of the hydrology in this vicinity.

3. Methods

Details of the field sampling and laboratory methods
have been presented elsewhere (Leybourne and
Cameron, 2006). Briefly, groundwaters were collected
from exploration drill holes at the Spence deposit in 1999
rphyries that intrude host andesitic volcanic rocks. Also shown are the
B) The cross-section shows the southern part of the Spence deposit with
ene sulfide zones.
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Table 1
Geochemistry of Spence deposit groundwaters

Sample# Area Easting Northing TDS pH Eh
(mV)

δ34SCDT
(‰)

SO4 As Co Cu Mo Pb Re Se U Zn

mg/l mg/l μg/l μg/l μg/l μg/l μg/l μg/l μg/l μg/l μg/l

MLC00-
1001

Within 474531 7480501 25,540 6.81 223 3.6 7031 25.6 65 443 83 0.2 5.27 197 0.39 95

MLC00-
1002

Within 474531 7480501 25,280 6.75 −40 3.3 7049 26.4 64 389 87 1.11 5.28 192 0.42 77

MLC00-
1004

Within 475040 7481435 24,918 7.52 −276 3.8 5686 42.6 5.61 148 475 0.27 30.71 185 1.86 65

MLC00-
1009

Within 474990 7479868 21,374 7.46 −21 4.0 7313 17.9 43 1308 29 0.29 0.647 b50 1.89 1344

MLC00-
1017

Within 474874 7481755 37,270 7.33 −259 2.9 5105 71.5 4.98 232 303 0.34 27.35 412 0.68 38

MLC99
1001

Within 474531 7480501 25,543 6.37 169 3.6 8709 19 97 1200 25 3.2 4 120 0.5 129

MLC99
1002

Within 474904 7480433 12,656 6.18 390 3.2 4913 12 9 490 9 1.1 3.7 b50 0.4 139

MLC99
1005

Within 475040 7481435 7.54 183 3.0 5282 19 4 363 354 0.2 16.1 189 b0.2 62

MLC99
1006

Within 474000 7479500 34,466 6.03 57 3.6 6273 46 2 121 222 0.8 0.5 169 b0.2 42

MLC99
1007

Within 474500 7479750 26,558 4.73 316 3.7 9503 43 187 28,991 3 4.1 13.9 308 1.8 212

MLC99
1010

Within 474445 7479053 29,162 5.08 0 3.4 7187 71 12 812 7 0.4 0.6 129 0.8 82

MLC99
1013

Within 474829 7481299 19,845 6.99 172 3.3 5012 29 10 88 38 2.6 6.6 98 1.8 37

MLC99
1014

Within 474787 7481564 38,410 7.25 190 2.4 7648 68 2 24 105 0.4 3.9 461 0.1 19

MLC99
1015

Within 474874 7481755 44,584 7.27 217 2.0 4916 95 3 10 263 0.1 5.6 706 0.7 5

MLC99
1016

Within 473916 7478963 27,000 7.3 152 2.9 9170 33 23 195 18 1.5 2.6 181 0.5 39

MLC99
1017

Within 473924 7479880 27,794 6.57 218 3.0 8850 16 50 191 5 1.6 0.5 84 0.8 134

MLC99
1018

Within 475208 7482214 43,105 7.35 235 2.1 9970 129 2 24 60 0.4 2.3 468 0.3 21

MLC99
1023

Within 474990 7479868 15,719 6.43 174 4.3 6102 b10 19 955 33 13.3 0.7 b50 0.3 723

MLC99
1024

Within 474990 7479868 16,008 6.43 174 6201 b10 29 2036 32 9.6 0.6 b50 0.3 1093

MLC99
1025

Within 474635 7479481 13,061 7.88 5656 b10 27 180 69 2.6 0.6 b50 0.2 49

MLC99
1026

Within 474200 7480200 24,409 9.22 −6 3.7 7918 10 2 14 221 0.1 1.5 51 b0.2 5

MLC99
1027

Within 474700 7480100 9359 7.54 66 7.8 4209 50 3 25 40 1.2 0.2 b50 b0.2 18

MLC00-
1007

Within 475340 7481975 3875 8.3 −341 7.3 1387 3.7 1.66 20 4.08 0.41 0.214 2.64 0.05 13

MLC00-
1020

West 472000 7480000 54,483 7.21 −186 3.5 1983 160.9 7.16 257 72 0.62 6.75 219 2.75 55

MLC00-
1021

West 472000 7479000 20,114 7.87 −207 3.7 6648 38.3 19 79 190 0.33 1.64 130 2.41 45

MLC00-
1023

West 473451 7479500 29,332 7.67 −165 3.7 7475 62.1 1.58 130 62 0.05 2.89 166 5.61 37

MLC00-
1024

West 473451 7479500 29,165 7.67 −165 7490 60.8 1.66 128 63 0.07 2.95 162 5.51 40

MLC00-
1003

West 473475 7480511 39,045 7.35 −338 2.5 4706 86.3 20 302 75 0.025 10.9 559 7.01 57
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Table 1 (continued )

Sample# Area Easting Northing TDS pH Eh
(mV)

δ34SCDT
(‰)

SO4 As Co Cu Mo Pb Re Se U Zn

mg/l mg/l μg/l μg/l μg/l μg/l μg/l μg/l μg/l μg/l μg/l

MLC00-
1014

West 473451 7479500 28,757 7.55 −278 3.4 7196 58.6 1.62 187 62 1.99 2.87 163 5.33 71

MLC00-
1015

West 472500 7481500 145,020 6.53 −188 0.9 2004 278 10 564 90 0.48 11.1 486 2.52 131

MLC99
1003

West 473475 7480511 53,155 6.86 230 1.7 4269 93 4 13 63 1.1 8.6 797 0.3 35

MLC99
1004

West 474031 7481487 39,495 7.37 176 2.5 7001 73 2 14 24 0.2 5.1 503 b0.2 46

MLC99
1008

West 472549 7478950 27,594 7.28 485 2.5 5770 50 b2 13 66 0.1 2.1 330 b0.2 16

MLC99
1009

West 472521 7478522 26,761 7.41 470 2.8 6486 36 2 10 53 0.1 2.1 330 b0.2 14

MLC00-
1005

East 475206 7481379 1716 8.39 −310 5.1 539 17.4 0.61 61 61 12.79 1.36 2.35 0.92 69

MLC00-
1006

East 475206 7481379 1644 8.32 −254 5.2 533 17.6 0.54 67 60 13.18 1.31 2.1 0.9 74

MLC00-
1008

East 475295 7480003 2237 8.21 −180 5.6 920 2.8 0.63 17 57 0.09 0.088 2.38 3.28 7.75

MLC00-
1013

East 475500 7480000 24,073 7.81 −262 3.4 8847 31.5 4.19 127 14 0.025 2.44 111 0.71 88

MLC00-
1016

East 475500 7481500 3087 8.67 −229 5.9 1096 7.4 0.74 27 7.95 0.41 0.503 2.68 0.46 9.02

MLC99
1011

East 475206 7481379 1412 7.57 125 4.5 524 28 b2 41 45 6.8 1.2 56 b0.2 30

MLC99
1012

East 475360 7481180 902 7.05 180 5.7 410 b10 2 127 9 0.1 0.1 b50 b0.2 80

MLC99
1019

East 475340 7481975 3395 7.97 -314 4.8 1378 b10 b2 9 15 1.2 0.1 b50 b0.2 19

MLC99
1020

East 475324 7481686 7.58 −48 3945 b10 3 53 2 2.8 0.9 b50 b0.2 58

MLC99
1021

East 475295 7480003 1900 7.14 160 5.1 920 b10 b2 29 54 5.1 0.1 b50 b0.2 5

MLC99
1022

East 475229 7479872 6377 7.78 31 4.7 2855 b10 4 12 136 23.8 0.7 b50 b0.2 84

MLC99
1029

East 474708 7480838 2238 7.32 88 3.6 1204 b10 b2 48 33 4.8 0.5 b50 b0.2 17

MLC00-
1010

North 476000 7483500 27,351 7.71 −228 3.4 8721 87.3 1.33 121 28 0.025 0.987 78 11.98 39

MLC00-
1011

North 476500 7483000 29,478 7.86 −288 3.4 10,045 119.3 1.68 126 38 0.025 0.795 60 13.58 44

MLC00-
1012

North 475000 7483500 32,973 8.1 −314 3.6 9940 45 1.8 113 19 0.17 0.101 b50 18.46 35

MLC00-
1022

South 475977 7478000 34,434 7.52 −131 3.1 7256 72.5 1.75 154 65 0.025 3.39 211 18.85 34
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and 2000, using flow-through bailer and down-hole
pump methods, respectively. Water samples were tested
in situ for pH, Eh, electrical conductivity (as ameasure of
salinity), temperature and dissolved oxygen (DO) using
a Hydrolab Quanta multiprobe meter. The pH was
temperature compensated and was calibrated at least
daily using NIST traceable pH 4, 7 and 10 buffers. We
did not attempt to compensate for the influence of high
ionic strength on pH for the most saline groundwaters
recovered (pmH scale) (Bates and Culberson, 1977).
Gieskes et al. (1991) found differences between the
standard pH and pmH scales of around 0.114±0.013 pH
units for waters from the Nankai Trough; differences
at this level for the more saline Spence groundwaters
do not affect the interpretations presented here. Both
filtered (to 0.45 μm using Sterivex capsule filters) and
unfiltered aliquots were collected for cation analysis and
were acidified to 1% by volume with ultrapure HNO3.
Major cations were analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES; PE



Table 2
Spearman rank correlation matrix for Spence deposit groundwaters

pH Eh DO δ18

OVSMOW

δ34

SCDT

TDS HCO3 Cl SO4 Br I Ca Mg Na K Si B Fe Mn

pH 1
Eh −0.65 1
DO −0.34 0.52 1
δ18OVSMOW −0.33 0.14 −0.02 1
δ34SCDT 0.44 −0.35 −0.18 −0.85 1
TDS −0.33 0.09 −0.05 0.96 −0.81 1
HCO3 0.72 −0.56 −0.27 −0.45 0.56 −0.45 1
Cl −0.40 0.14 −0.04 0.95 −0.80 0.95 −0.54 1
SO4 −0.13 0.13 0.02 0.52 −0.44 0.52 −0.08 0.41 1
Br −0.38 0.09 −0.03 0.85 −0.71 0.87 −0.53 0.91 0.38 1
I −0.37 0.23 0.11 0.82 −0.78 0.83 −0.57 0.82 0.46 0.89 1
Ca −0.50 0.24 0.01 0.89 −0.81 0.88 −0.64 0.96 0.34 0.86 0.77 1
Mg −0.35 0.04 −0.07 0.94 −0.78 0.97 −0.46 0.95 0.49 0.88 0.80 0.89 1
Na −0.36 0.12 −0.04 0.96 −0.80 0.99 −0.45 0.96 0.53 0.88 0.81 0.90 0.96 1
K −0.51 0.21 −0.05 0.84 −0.70 0.81 −0.49 0.86 0.44 0.78 0.67 0.86 0.81 0.84 1
Si −0.21 0.23 0.34 0.33 −0.36 0.26 −0.29 0.22 0.34 0.13 0.26 0.28 0.23 0.22 0.27 1
B −0.21 0.03 −0.16 0.83 −0.70 0.75 −0.31 0.75 0.65 0.63 0.70 0.69 0.74 0.74 0.71 0.33 1
Fe −0.20 0.35 0.35 −0.25 0.20 −0.28 0.02 −0.15 −0.52 −0.06 −0.16 −0.07 −0.27 −0.26 −0.07 0.03 −0.50 1
Mn −0.37 0.12 −0.04 −0.29 0.25 −0.24 −0.02 −0.16 −0.12 −0.11 −0.28 −0.09 −0.22 −0.21 0.10 −0.16 −0.27 0.39 1
Al −0.05 −0.35 −0.24 0.20 −0.05 0.20 −0.09 0.22 0.09 0.18 0.16 0.17 0.25 0.14 0.21 0.26 0.36 −0.14 −0.06
Ba 0.20 −0.46 −0.51 0.06 0.11 0.08 0.15 0.14 −0.31 0.14 −0.05 0.13 0.10 0.05 0.21 −0.13 0.02 0.30 0.35
Cs −0.42 −0.09 −0.14 0.45 −0.33 0.53 −0.24 0.47 0.57 0.46 0.41 0.41 0.57 0.54 0.50 −0.02 0.46 −0.26 0.25
Ni −0.46 0.04 −0.26 0.50 −0.35 0.48 −0.39 0.53 0.39 0.49 0.38 0.53 0.54 0.50 0.63 0.05 0.61 −0.30 0.25
Li −0.48 0.22 0.02 0.90 −0.74 0.90 −0.49 0.90 0.57 0.79 0.74 0.86 0.88 0.92 0.88 0.21 0.75 −0.23 −0.09
Rb −0.60 0.15 −0.01 0.69 −0.59 0.70 −0.44 0.70 0.61 0.64 0.57 0.67 0.73 0.73 0.81 0.19 0.64 −0.12 0.22
Sr −0.23 0.06 −0.16 0.93 −0.80 0.93 −0.47 0.93 0.46 0.84 0.78 0.90 0.93 0.93 0.76 0.23 0.78 −0.36 −0.36
U 0.13 −0.46 −0.24 0.30 −0.15 0.34 0.15 0.25 0.36 0.20 0.11 0.19 0.37 0.34 0.20 0.04 0.41 −0.62 −0.19
V 0.20 −0.50 −0.48 0.39 −0.14 0.36 0.06 0.37 0.13 0.32 0.21 0.30 0.43 0.34 0.18 −0.05 0.49 −0.52 −0.32
As −0.22 0.00 0.01 0.85 −0.69 0.87 −0.33 0.82 0.40 0.74 0.75 0.77 0.84 0.84 0.61 0.30 0.69 −0.22 −0.42
Co −0.57 0.29 −0.06 0.30 −0.30 0.29 −0.45 0.34 0.43 0.35 0.30 0.40 0.30 0.33 0.57 0.09 0.41 −0.18 0.52
Cr 0.21 −0.19 −0.11 0.62 −0.49 0.58 −0.20 0.57 0.29 0.45 0.57 0.49 0.58 0.53 0.25 0.24 0.67 −0.54 −0.66
Cu −0.45 −0.06 −0.14 0.17 −0.07 0.16 −0.15 0.18 0.37 0.19 0.11 0.18 0.21 0.19 0.43 0.00 0.34 −0.32 0.39
Mo −0.02 −0.07 −0.20 0.40 −0.27 0.36 −0.35 0.47 −0.07 0.41 0.31 0.51 0.40 0.36 0.33 −0.15 0.36 −0.10 −0.10
Pb −0.16 0.17 0.17 −0.43 0.33 −0.43 0.13 −0.41 −0.33 −0.31 −0.33 −0.35 −0.48 −0.42 −0.19 −0.25 −0.49 0.73 0.43
Re −0.37 0.13 0.12 0.63 −0.62 0.56 −0.51 0.64 0.21 0.55 0.55 0.69 0.58 0.56 0.63 0.26 0.66 −0.16 −0.13
Se −0.49 0.33 0.12 0.88 −0.83 0.83 −0.66 0.88 0.37 0.78 0.77 0.89 0.83 0.83 0.77 0.35 0.77 −0.22 −0.26
Zn −0.35 0.02 0.08 0.02 −0.01 0.01 −0.11 0.04 0.24 0.11 0.10 0.02 0.03 0.02 0.22 −0.08 0.18 −0.05 0.38

Al Ba Cs Ni Li Rb Sr U V As Co Cr Cu Mo Pb Re Se ZnData from Table 1 and from Leybourne and Cameron (2006).
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Optima 3300 DV), trace elements by mass spectrometry
(ICP-MS; PE-Sciex Elan 6100 DRC), anions by ion
chromatography (Dionex DX 600) and ICP-OES
(sulfur), and alkalinity by end-point titration. Elemental
analyses were performed at the Geological Survey of
Canada (waters collected in 1999) and the Geochemistry
Laboratories at the University of Texas at Dallas (waters
collected in 2000). Electrical balances are excellent with
all waters reported here having less than 5% difference
between cations and anions. For ICP-MS analyses,
measurements were made using external calibration. A
drift standard was measured after every five unknowns
and the data drift corrected following a modification of
the method of Cheatham et al. (1993). Typical ICP-MS
operating conditions were 1100 W forward RF power,
13 l/min plasma gas flow, 1.2 l/min auxiliary gas flow
and typically around 0.92 l/min nebulizer gas flow.
Nebulizer gas flow rates were optimized daily to
minimize oxide formation (CeO+) and double ionization
(Ba++). Sample uptake rate was 1 ml/min. Se was mea-
sured using the least interfered isotopes, 78Se and 82Se.
Detection limits for As are elevated owing to the po-
tential for mass overlap on 75As through the formation of
40Ar35Cl+ in the plasma. For Re analyses, both isotopes
(185Re and 187Re) were monitored and samples from
1999 were rerun at the UTD laboratories, with excellent
agreement between the labs. Saturation indices and PCO2
calculations were performed using the computer code



Table 2 (continued )

Al Ba Cs Ni Li Rb Sr U V As Co Cr Cu Mo Pb Re Se Zn

1
0.26 1
0.26 0.02 1
0.48 0.27 0.59 1
0.12 −0.03 0.57 0.56 1
0.29 0.07 0.84 0.71 0.81 1
0.21 0.10 0.37 0.50 0.82 0.58 1
0.51 −0.02 0.34 0.42 0.28 0.33 0.34 1
0.54 0.27 0.19 0.51 0.22 0.19 0.49 0.61 1
0.24 0.02 0.42 0.37 0.71 0.55 0.83 0.45 0.47 1
0.18 0.09 0.57 0.72 0.42 0.66 0.28 0.07 0.00 0.08 1
0.37 0.04 0.12 0.20 0.43 0.19 0.67 0.37 0.61 0.68 −0.21 1
0.47 0.02 0.60 0.65 0.30 0.63 0.11 0.46 0.23 0.10 0.65 −0.16 1
0.06 0.21 0.05 0.28 0.30 0.08 0.48 0.13 0.40 0.40 0.02 0.38 −0.06 1

−0.18 0.11 −0.19 −0.11 −0.32 −0.18 −0.52 −0.43 −0.43 −0.48 0.08 −0.64 0.03 −0.14 1
0.47 0.07 0.28 0.61 0.52 0.50 0.61 0.32 0.39 0.59 0.42 0.42 0.33 0.45 −0.14 1
0.16 −0.04 0.34 0.49 0.78 0.61 0.86 0.13 0.29 0.78 0.35 0.54 0.10 0.48 −0.37 0.76 1
0.33 0.03 0.45 0.58 0.15 0.44 −0.03 0.23 0.08 −0.06 0.57 −0.14 0.72 −0.07 0.21 0.26 −0.01 1
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PHREEQC (Parkhurst and Appelo, 1999), utilizing the
WATEQ4F thermodynamic database (Ball and Nord-
strom, 1991). Samples with salinities greater than
seawater are excluded from discussion of saturation for
Cu species because the method for activity coefficient is
not valid at these ionic strengths.

4. Results

4.1. Groundwater trace metal and metalloid
concentrations

Selenium concentrations vary from 2 to 800 μg/l
(Table 1). Selenium concentrations in groundwaters
along the eastern margin of the deposit are the lowest in
the study (e.g., most are between 2 and 3 μg/l; one more
saline water at 110 μg/l), whereas the highest Se
concentrations occur in the northern section of the
deposit and down-flow from the northern section.
Selenium displays strong positive correlations with
oxygen isotopes (r=0.873; Spearman Rank correlation,
Table 2), As (r=0.776) (Fig. 3), and TDS (r=0.840).
Note, r-values are statistically significant at the N99.9%
confidence interval (pb0.001) unless otherwise noted.
Additionally, Se concentrations increase as the sulfur
isotopic compositions become lighter, suggesting that
elevated Se concentrations are derived from Spence
deposit sulfide minerals (see below). Selenium shows
poor inverse relationships with Fe, Mn, Zn, and Pb
(e.g., Pb shown on Fig. 3). Additionally, Se/TDS ratios
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increase with increasing Se concentration indicating that
Se concentrations increase more rapidly than does TDS,
or conservative tracers such as Na (Fig. 4).
Fig. 3. Variation diagrams illustrating the relationships between dissolved Se
groundwaters.
Groundwaters along the eastern margin of the deposit
have generally low Re concentrations (≤1 μg/l; Fig. 5),
whereas groundwaters within the deposit, in particular
and other porphyry–copper related elements and isotopes for Spence
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the northern half, and down-flow of the deposit have
elevated Re concentrations, up to 30.7 μg/l (Fig. 5).
Rhenium shows a general increase with increasing TDS
(r=0.562, p=0.0167) and with increasing Se (r=0.760,
p=0.0014; Fig. 5), whereas there is no consistent
relationship between Re and Cu or Mo.

Arsenic concentrations are variable, ranging from b5
to 278 μg/l (Figs. 3E, 5C). Similar to Se and Re, As
concentrations are generally low in waters that flow in
from the east and increase into and down-flow of the
deposit. Arsenic concentrations increase with increasing
salinity and show a positive correlation with Se con-
centrations (Fig. 3E).

Molybdenum concentrations are variable along
the eastern margin of the deposit, ranging from 2 to
136 μg/l compared to 5 to 475 μg/l for groundwaters
within the deposit (Fig. 5E). Within the deposit,
Mo concentrations are highest in the northern seg-
ment and along the southwestern edge of the deposit.
Down-flow to the west and southwest, Mo concentra-
tions are generally lower than within the deposit (24–
190 μg/l).

Copper concentrations are highly variable, ranging
from9 to 2036μg/l (Figs. 3D, 5F). One sample, recovered
from the exploration decline has a Cu concentration of
29,000 μg/l; this sample is not considered in the
discussion below. The most elevated Cu concentrations
occur in groundwaters within the deposit, especially in the
central portion, although groundwaters along the eastern
margin have Cu concentrations up to 127 μg/l. Waters
down-flow of the deposit have consistently low Cu
concentrations of 10–14 μg/l.
Fig. 4. Variation diagrams showing a porphyry–copper related elements (Se)
porphyry-related metal and metalloid concentrations (e.g., Se) increase at a
metal), whereas Na displays an essentially flat trend (increase is generally e
4.2. Filtered versus unfiltered trace element
concentrations

Both filtered and unfiltered aliquots were collected for
cation determination (Fig. 6).Arsenic (H2AsO4

−, HAsO4
2−),

Mo (HMoO4
−), Re (ReO4

−) and Se (HSeO3
−, SeO4

2−, SeO3
2−)

behave as oxyanions (Brookins, 1988) or as neutral
aqueous species (As(OH)3(aq)) at the Eh and pH condi-
tions of the waters sampled at the Spence deposit (e.g.
Se, As; Fig. 7). These elements for the most part show
identical compositions between filtered and unfiltered
aliquots, with As showing the greatest difference
(Fig. 6). In contrast, Fe, Mn and Al are strongly
controlled by the suspended sediment phase, with
significant differences between the filtered and unfil-
tered aliquots (Fig. 6). For the Spence deposit ground-
waters, metals that show moderate to major
fractionation onto suspended material, including col-
loids, include Cu, Pb, and Zn and to a lesser extent, Co
and Cd (i.e. the affinity for colloids increases in the
order CdbCobZnbCubPb) (Fig. 6). Note also that for
the metal cations, the standard deviation (variability) in
the difference between filtered and unfiltered is much
greater than for the oxyanions (Fig. 6).

5. Discussion

5.1. Origin of Spence groundwaters

Major ion concentrations and stable isotope (O, H, C,
and S) ratios of Spence deposit groundwaters were
reported by Leybourne and Cameron (2006). In order to
and a conservative tracer (Na) normalized to salinity (TDS). Note that
greater rate than salinity (increasing metal/TDS ratios with increasing
qual to the increase in salinity).



218 M.I. Leybourne, E.M. Cameron / Chemical Geology 247 (2008) 208–228
properly interpret the trace metal and metalloid
geochemistry, some comments on this previous work
are warranted. Based on variations in major ion
Fig. 5. Variation diagrams illustrating the relationships between dissolved Re
groundwaters.
chemistry and the δ18OVSMOW and δ2HVSMOW ratios,
there appear to be two dominant sources of water at
the Spence deposit. Groundwaters up-flow of the
and other porphyry–copper related elements and isotopes for Spence



Fig. 6. Bar chart showing average elemental values for the filtered/
unfiltered aliquots. The error bars represent the standard deviation
for each element. Note that Se and Re show essentially no differ-
ence between the filtered and unfiltered aliquots, whereas metals
such as Fe and Al, strong colloid formers, occur largely as sus-
pended matter.
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deposit are characterized by low salinities (typically
b10,000 mg/l) and the δ18OVSMOW and δ2HVSMOW

ratios are consistent recharge in the high Andes
(N4000 m elevation); thus these waters are interpreted
as regional meteoric waters. In contrast, groundwaters
within and down-flow of the deposit have elevated
salinities (most≤ seawater in ionic strength; two
samplesN seawater), and the δ18OVSMOW and δ2H-
VSMOW ratios are consistent with mixing of meteoric
waters with basinal brines. Sulfur isotope ratios are also
variable (Leybourne and Cameron, 2006); groundwaters
up-flow of the deposit have heavier sulfur isotope ratios
(+4 to +8‰ δ34SCDT), similar to regional waters and
salars (Carmona et al., 2000; Pueyo et al., 2001; Rech
et al., 2003), whereas groundwaters within and down-
flow of the deposit have progressively lighter sulfur
isotope ratios (+1 to +4‰ δ34SCDT), approaching
porphyry copper ore values (Field and Gustafson,
1976; Dold and Spangenberg, 2002).

5.2. Comparisons with seawater and groundwater in
other settings

Groundwaters in and around the Spence porphyry
copper deposit have elevated Se (up to 800 μg/l), Re (up
to 31 μg/l), Mo (up to 475 μg/l) and As (up to 300 μg/l)
concentrations compared to up-flow (regional) waters
(Figs. 3–5). Although these metal and metalloid concen-
trations in the groundwaters in the deposit are clearly
anomalous compared to the regional meteoric waters,
how do they compare to other groundwater systems and
seawater?

Spence deposit groundwaters have elevated Re
concentrations compared to low temperature fluids in
other settings. Seawater Re concentration is around
7.3 ng/l (Anbar et al., 1992). Groundwaters from the
southern Great Basin, Nevada, have average Re concen-
trations of 6.9 ng/l, with a range of 1.3 to 26.1 ng/l (Hodge
et al., 1996). Dalai et al. (2002) reported Re concentra-
tions from rivers in the Himalayas, with elevated values
derived fromweathering of black shales, with values up to
20.7 ng/l, three order of magnitude lower than Spence
deposit groundwaters. Thus, the Re concentrations of
Spence deposit groundwaters are anomalous, reaching
values typically only recorded in anoxic environments
(Crusius et al., 1996; Jaffe et al., 2002).

Seawater has an average Mo concentration of around
10.6 μg/l (Sohrin et al., 1999), similar to many Spence
groundwaters, but well below the most elevated waters
from within the deposit (Fig. 5E). There are relatively
few studies of Mo in groundwater systems. Hodge et al.
(1996) reported groundwater Mo concentrations from
Nevada of 6.3 to 25 μg/l (average 11.5 μg/l). Ground-
waters associated with undisturbed volcanogenic mas-
sive sulfide (VMS) mineralization in eastern Canada
have groundwater Mo concentrations from 0.7 to 56 μg/l
(Leybourne et al., 1998). Spence deposit groundwaters
range up to much higher Mo concentrations.

Although Se commonly substitutes for S in sulfide
minerals in VMS systems (Layton-Matthews et al., in
press), groundwaters associated with disturbed and
undisturbed VMS deposits generally have low Se
concentrations, typically less than 10 μg/l (Leybourne
and Goodfellow, 2003; Phipps et al., 2004). Selenium
concentrations on the same order as at the Spence deposit
have been reported from the upper Colorado River basin
(up to 1300 μg/l) (Engberg, 1999) and from shallow
wells in the Sierra Nevada alluvial aquifer where Se
ranges from b1 to 2000 μg/l (Deverel et al., 1994).

There have been numerous studies of As in terrestrial
aqueous systems (Smedley and Kinniburgh, 2002), and
arsenic contamination of water supplies from natural
(geogenic) and anthropogenic (mining) sources in
northern Chile is a known health issue (Romero et al.,
2003; Caceres et al., 2005; Christian et al., 2006;
Oyarzun et al., 2006). A study of As in the Rio Loa
system of northern Chile reported elevated values as
high as 27,000 μg/l in a tributary draining the El Tatio
geothermal system (Romero et al., 2003). Arsenic in
groundwaters associated with ore deposits are typically
elevated compared to background values and Spence
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deposit groundwaters have As values similar to ground-
waters associated with ore deposits elsewhere (Clark
and Raven, 2004; Phipps et al., 2004).

5.3. Source of Re, Se, Mo, As in Spence deposit
groundwaters

Several lines of evidence suggest that the elevated Cu,
Se, Re, As, and Mo concentrations in groundwaters
within and down-flow of the deposit are the result of
water–deposit interaction superimposed on mixing of
meteoric and saline groundwaters. These include: 1) the
fact that low salinity waters up-flow of the deposit
Fig. 7. Eh versus pH plots for Spence groundwaters, showing speciation of Se,
have generally lower Eh values than the 1999 (flow-through bailer) samples.
10−4. The formation of Se solids (native Se, FeSe2 and FeSe) was suppressed. B
the ferroselite field (FeSe2) is the FeSe2/Fe2O3–Se

0 boundary. The dashed lin
The dashed lines parallel to the selenate and selenite fields indicates displacem
Fe–OH–SeO3

2− indicates conditions of strong adsorption; adsorption decrea
speciation, with [SO4]=10

−2, [HCO3]=10
−3, [Cl]=10−1. Also shown are the f

[HCO3]=10
−3, [Fe]=10−5. For the As diagram, formation of realgar, orpim

unlikely to form in these waters. For the Fe diagram, magnetite, hematite an
Geochemists Workbench (Bethke, 1994).
generally have low abundances of Re, Se, As, and Mo, 2)
that groundwaters in the deposit are anomalous in met-
als and metalloids that are characteristic of porphyry
copper mineralization, in particular Re andMo, and 3) the
correlation between these trace metalloids and sulfur
isotopes (Figs. 3B, 5A). Thus, the source of anomalous
metal and metalloid concentrations in the Spence ground-
waters is interpreted to be hypogene and/or supergene
sulfides in the Spence porphyry copper deposit.

Molybdenum is common in porphyry copper systems,
and is hosted primarily in molybdenite. For example, Mo
and As reach concentrations in excess of 0.1 wt.% in
whole rock assay samples at the Chuquicamata deposit,
SO4 and As. Note that the samples collected in 2000 (down-hole pump)
A) Se speciation, with [Se]=10−6, [SO4]=10

−2, [HCO3]=10
−3, [Fe]=

) Selenium speciation diagram after Howard (1977). Dotted line within
e within the pyrite field indicates the Se0–H2Se and Se

0–HSe− couples.
ent of the field owing to adsorption of Se on Fe-oxides. The shaded field
ses with increasing pH. [Se]=10−5, [SO4]=10

−1, [Fe]=10−3. C) SO4

ields for Fe speciation. D) As speciation, with [As]=10−6, [SO4]=10
−2,

ent, scorodite and claudetite was suppressed, as they are kinetically
d goethite were suppressed. Plots A, C, and D were created using The
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close to the West Fault (Ossandon et al., 2001). There has
been relatively little research into Se and Re concentra-
tions of porphyry–Cu deposits, with the exception of the
use of the Re–Os method of dating sulfide deposits
(Freydier et al., 1997; Mathur et al., 2000) and laser
ablation analyses of sulfide inclusions in samples of
hornblende diorite from porphyry systems (Audétat and
Pettke, 2006). Rhenium is a characteristic trace element in
porphyry copper deposits (Cameron et al., 2000), and is
primarily hosted in molybdenite (McCandless et al.,
1993), in which ReS2 forms a solid solution with MoS2
(Morris, 1969). Freydier et al. (1997) studied Re–Os
isotopic systematics in sulfide minerals from two Chilean
porphyry deposits and found Re concentrations of
chalcopyrite, sphalerite, bornite and pyrite from the El
Teniente deposit range from 0.053 to 0.18 ppb, whereas in
pyrite from the Andacollo deposit, Re concentrations
reach 100 ppb. Mathur et al. (2000) carried out a similar
study on seven porphyry–Cu deposits in Chile and
showed data for pyrite and chalcopyrite with Re
concentrations ranging from 0.17 to 46.5 ppb.

Although selenium minerals have been observed in
many different styles of mineralization (e.g., epithermal
deposits, skarn deposits, sandstone- and unconformity-
type uranium deposits), Se is mostly present as a solid
solution impurity in hypogene sulfide minerals (Xiong,
2003a). The substitution of Se for S in sulfides is a result
of their similar size and oxidation state (Simon et al.,
1997). Discrete selenide phases are not typical of
porphyry copper systems, such as those of northern
Chile, presumably because during hypogene minerali-
zation, reduced sulfur activities are high, so that ƒSe2(g)/
ƒS2(g) ratios are too low to stabilize selenide minerals
(Simon and Essene, 1996; Simon et al., 1997).

During supergene weathering of porphyry copper
deposits, sulfide minerals are progressively oxidized
and their constituents redistributed according to their
behavior as a function of the redox state and pH of the
system (Thornber, 1975; Alpers and Brimhall, 1988).
Although considerable attention has been given to the
fate of Cu during supergene oxidation, there is little
information regarding Se, Re, or Mo. Given that the
groundwaters at the Spence deposit are likely interacting
with both the hypogene and supergene parts of the
deposit, some comments are warranted.

As hypogene sulfides are oxidized during supergene
processes, Cu is removed in solution and reprecipitates
lower in the supergene profile where conditions are
more reducing. In the Atacama Desert, Cu is repreci-
pitated in the oxide zone as carbonates (e.g., malachite;
Cu2(OH)2CO3), chlorides (e.g., atacamite), sulfates
(e.g., brochantite, antlerite (Cu3(OH)6SO4), chalcanthite
(Cu3SO4·5H2O)), oxides and copper wad (Mn oxyhy-
drates) (Münchmeyer, 1996; Mote et al., 2001).
Regarding the fate of the other species, we can draw
analogies with sulfide weathering in other systems and
climates.Molybdenum and Se are immobile under acidic
oxidizing conditions and thus may be retained along
with As and Sb as in the Bathurst Camp (Boyle, 2003). In
supergene zones developed on porphyry copper deposits
in the western U.S., molybdenite or ferrimolybdite
(Fe2(MoO4)3·nH2O) are the dominant Mo minerals
present (McCandless et al., 1993). During supergene
alteration, some molybdenites were found to have ex-
perienced some Re loss, with ferrimolybdite at the Questa
Mine, NewMexico, containing no Re (McCandless et al.,
1993). However, Re was enriched in secondary minerals,
some intergrown with molybdenite, such as illite and
powellite (Ca(Mo,Re)O4) (McCandless et al., 1993). In
the presently neutral to alkaline pH and redox and salinity
conditions of the Spence deposit groundwaters (Fig. 7),
Mo is mobile. Hodge et al. (1996) concluded that Mo in
groundwaters in theGreat Basin of Nevada and California
behaved conservatively, similar to its behavior in sea-
water. As discussed below, in northern Chile ground-
waters, Mo also appears to be conservative relative to Se
and Re.

Spence groundwaters have significantly lower U/Re
ratios than groundwaters from Nevada. Hodge et al.
(1996) determined U/Re ratios for groundwaters from
AshMeadows andDeath Valley of between 230 and 1800
from an aquifer system in Nevada, U.S.A. In contrast,
most groundwaters around, within and down-flow of
the Spence deposit have U/Re b10 (Fig. 8). Rhenium is
present within porphyry copper mineralization, whereas
U is not. Thus, these data are consistent with our con-
tention that the anomalous metal and metalloid concen-
trations in Spence deposit groundwaters are derived from
mineralization rather than the host rocks.

5.4. Speciation and attenuation of Re, Mo, Se, As in
Spence deposit groundwaters

The speciation and transport of metals and metalloids
away from porphyry copper mineralization is important
both in terms of understanding the fate and transport of
these species in the secondary environment, and for
understanding the development of geochemical anoma-
lies in surface horizons in arid environments, of concern
to mineral exploration. We have shown in this study that
some porphyry-related species, such as Se, Re, Mo, and
As appear to remain in solution for some distance down-
flow of the Spence deposit. We suggest that the pri-
mary reason that As, Se, Re and Mo concentrations of



Fig. 8. Plots of A) Se/Smolar and B) Mo/Umolar versus U/Remolar for
Spence deposit groundwaters.
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groundwaters remained elevated down-flow of the
deposit, whereas Cu and other base metals decrease
rapidly down-flow, is that the former elements are spe-
ciated primarily as neutral species or oxyanions in these
groundwaters. All the groundwaters recovered to date
from the Spence deposit have Eh–pH values in which As,
Se, Re, and Mo are speciated either as oxyanions or as
neutral hydroxides (e.g., As and Se; Fig. 7). Additionally,
no sulfides are stable, as all the waters are in the SO4

stability field (Fig. 7C). Note that the Eh measurements
on the Spence groundwaters were made with a Pt
electrode, so that the measurements most likely reflect the
FeII/FeIII redox couple (Runnells and Lindberg, 1990),
consistent with the samples collected by down-hole
pump straddling the Fe2+/Fe(OH)3(ppd) phase boundary
(Fig. 7C). Thus, probably the most important constraint
on attenuation of As, Se, Re, and Mo in Spence
groundwaters is adsorption to mineral surfaces.

Species that form oxyanions in solutions have
variable tendencies to adsorb to the surfaces of metal
oxyhydroxides, roughly inversely proportional to their
dissociation constant in oxidizing waters at neutral to
alkaline pH (Johannesson et al., 1996). Tachi et al.
(1998) found that Se(IV) was most strongly adsorbed by
Fe-oxyhydroxides and pyrite at pH values b8 in tuff
samples, consistent with the pHznpc (znpc=zero net
proton charge) of Fe(OH)3 ranging from 8.5 to 8.8
(Langmuir, 1997). Similarly, Se(IV) adsorption on clays
(smectite) was found to be significant only at pH b5
(Boult et al., 1998). Se(IV) is more strongly adsorbed
than Se(VI), and in the presence of hydrous Fe-oxides,
Se(IV) displays a strong adsorption edge at pH 8.5,
whereas, Se(VI) has a strong adsorption edge at pH ∼6
(Plant et al., 2003). However, the adsorption edge
for Se(IV) shifts to lower pH as the concentration of
amorphous Fe-oxyhydroxides decreases and as the
concentration of competing anions, including sulfate,
increases (Balistrieri and Chao, 1990; Kent et al., 1994;
Kent et al., 1995). Yllera de Llano et al. (1996) showed,
using X-ray adsorption near edge structure (XANES),
that Se(VI) was strongly adsorbed to sulfide mineral
surfaces by reduction, primarily to Se(IV) on the mineral
surface.

Arsenic is commonly assumed to be adsorbed to Fe-
oxyhydroxides and remobilized only under moderately
to highly reducing conditions (Smedley and Kinni-
burgh, 2002; Horneman et al., 2004). Typically, As(V) is
more strongly adsorbed at neutral pH, although As(III)
also shows strong affinity for hydrous Fe-oxide surfaces
(Plant et al., 2003). It is possible that As is far-traveled in
northern Chile groundwaters because the redox state of
groundwaters, like those at the Spence deposit, are close
to the FeII/FeIII transition (Fig. 7), so that FeII/FeIII ratios
are sufficiently elevated to prevent significant retarda-
tion of As, without corresponding elevated aqueous Fe
concentrations (Horneman et al., 2004). In this case,
although Se(IV) is more strongly adsorbed to hydrous
Fe-oxides than Se(VI), the occurrence of the Spence
groundwaters at the FeII/FeIII transition would also
prevent significant Se(IV) adsorption.

Clearly, based on the filtered and unfiltered aliquots
and the fact that Cu concentrations decrease rapidly
down-flow of the deposit, unlike the oxyanions, Cu is
heavily attenuated. There are significant differences in
the filtered and unfiltered samples for Fe and to a lesser
extent, Mn. Although Cu might be partially adsorbed to
mineral surfaces, if amorphous Fe-oxyhydroxides were
significantly fixing Cu, then As and Se should also be
immobilized and this appears not to be the case, as
discussed above. Thus, loss of Cu from solution may be
more closely associated with formation of Cu oxide,
chloride and carbonate minerals such as atacamite and
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malachite (Fig. 9; see below). Alternatively, copper may
be adsorbed to clay surfaces rather than hydrous oxide
surfaces. The preferential removal of Cu from Spence
groundwaters may also inhibit/prevent the formation of
copper-selenides. It is possible that the Se/S ratios are
too high for selenides to form and the redox state is still
sufficiently oxidizing that sulfides cannot form, thus, Se
is mobile. Rhenium behaves differently than Se in post-
oxic sediments, displaying no sharp concentration peak
suggesting that Re remains fixed in the sediment
(Crusius and Thomson, 2003). Rhenium can exist in
solution as Re(OH)4(aq) close to the HS

−/SO4
2− boundary

over a wide range of pH values (Xiong, 2003b). Xiong
(2003b) suggested that the behavior of Re in the Black
Sea was more consistent with speciation as Re(OH)4(aq)
rather than the commonly assumed ReO4

−, which is
insoluble at higher redox than Re(OH)4(aq).
Fig. 9. Activity diagrams showing the relationship between Spence groundwa
oxides. Samples with ionic strength N1 are not included.
Reduced forms of Se are not soluble (Kulp and Pratt,
2004). Thus, although the Eh–pH diagram suggests that
some Spence waters are stable with respect to Se(0) and
selenides (Fig. 7B), the fact that there is essentially no
difference in Se concentrations between filtered and
unfiltered aliquots (Fig. 6) indicates either that reduced
forms of selenium are not present, or that they are
adsorbed/coprecipitated with fine colloids that pass
through the 0.45 μm filter used in this study. The latter
option is considered less likely given the large
difference in average filtered versus unfiltered concen-
trations for the main colloid formers, Fe, Al and Mn
(average filtered concentrations are 135, 100 and
240 μg/l for Fe, Al and Mn, respectively, versus average
unfiltered concentrations of 6300, 7800 and 1025 μg/l).

Crusius et al. (1996) and Sundby et al. (2004) suggest
that both Re and Mo are conservative in seawater and
ters and seawater to various copper carbonates, chlorides, sulfates and



224 M.I. Leybourne, E.M. Cameron / Chemical Geology 247 (2008) 208–228
also in the anoxic portions of the Black Sea water
column, and therefore these species are not significantly
scavenged onto particulates or precipitated. Robb
(2005) suggested that Mo is not reprecipitated following
supergene oxidation of Mo-bearing sulfides, but is
comprehensively removed via groundwater flow. Sea-
water has a Re/Mo molar ratio of 0.4 mmol/mol and
Crusius et al. (1996) suggested that values well in excess
of this ratio indicate suboxic conditions, whereas values
close to the seawater ratio would occur under sulfidic
conditions. Although other studies of Re, Mo and U in
groundwaters and oxic seawater found that near
constant ratios indicated conservative behavior for
these species (Hodge et al., 1996; Sundby et al.,
2004), for the Spence deposit groundwaters variable
Re/Mo and U/Re and Mo/Re (Fig. 8) are a function of
different sources for U compared to Re and Mo com-
bined with differential speciation in the Spence ground-
waters (i.e. non-conservative behavior).

5.5. Implications for supergene and exotic Cu
mineralization

There has recently been some debate as to the timing
of supergene mineralization in northern Chile, and in
particular, the timing of cessation of supergene pro-
cesses (Alpers and Brimhall, 1988; Sillitoe and McKee,
1996; Hartley and Rice, 2005; Nishiizumi et al., 2005;
Arancibia et al., 2006). Some have suggested that
hyperarid conditions were attained around 14 Ma, as a
consequence of Miocene global climate change related
to Andean uplift and propagation of cold upwelling
waters along the coast of Chile, consistent with the
fact that supergene porphyry mineralization, as dated by
K–Ar and Ar–Ar methods, is 14 Ma or older. However,
Hartley and Rice (2005) suggest that as more age data
becomes available, there is increasing evidence for
different periods of cessation of supergene enrichment,
at 20, 14 and 6 Ma, and that, based on sedimentological
constraints, there was likely also fluctuations in arid/
semi-arid conditions between 4 and 3 Ma. Thus, super-
gene enrichment may have occurred more recently than
many models for the climate of northern Chile suggest
(Hartley and Rice, 2005).

In addition to supergene copper oxide and sulfide
zones, some porphyry systems in northern Chile have
associated secondary exotic deposits. Exotic deposits are
comprised of copper oxide, silicate, chloride and car-
bonate minerals, interpreted to have formed as a result of
supergene sulfide oxidation, with subsequent transport
of Cu via groundwater flow and precipitation some
distance from the original sulfide deposit (Münchmeyer,
1996; Mote et al., 2001; Mora et al., 2004). Copper
transported away from sulfide mineralization was
deposited in paleodrainages in bedrock and gravels.
Deposits formed in this manner in northern Chile range
in size from small (100–10,000 tonnes; Quebrada
Blanca and La Palanada deposits) to large (millions of
tonnes; Mina Exotica, El Tesoro) (Münchmeyer, 1996;
Mora et al., 2004). Mina Exotica is interpreted to have
been derived from the giant Chuquicamata deposit
(Alpers and Brimhall, 1988). Exotic copper mineraliza-
tion in northern Chile is dominated by copper wad,
atacamite and paratacamite, and chrysocolla (Mora et al.,
2004). During supergene oxidation, acidic Cu2+-bearing
waters flow away from hypogene mineralization and the
copper is precipitated as the acidic waters are neutra-
lized. Based on our studies at the Spence deposit, we
suggest that supergene and exotic processes may be
ongoing, rather than having ceased at 9–14 Ma (Alpers
and Brimhall, 1988; Arancibia et al., 2006) or 3–6 Ma
(Hartley and Rice, 2005).

Groundwaters at the Spence deposit are close to,
or exceed, saturation with respect to several second-
ary Cu minerals such as atacamite, malachite, azurite
(Cu3(OH)2(CO3)2), brochantite, antlerite, and chalcanthite.
However, the metal concentrations of the recovered
groundwaters, combined with the sulfur stable isotopic
compositions (Figs. 3, 5), suggest that groundwaters are
actively oxidizing sulfides (hypogene and/or supergene)
at the Spence deposit. Elevated Cu in the decline water
indicates that anthropogenic activity can further enhance
sulfide oxidation by increasing exposure to atmospheric
oxygen. Secondary copper minerals (e.g., malachite) are
abundant within the supergene-enriched zone at the
Spence deposit and may have formed primarily prior to
14 Ma. However, mineral saturation calculations (Fig. 9)
suggest that secondary copper minerals may be forming
under present conditions. Saturation with respect to the
copper minerals does not prove that they are actively
forming, but is consistent with this interpretation
(Cameron et al., 2007).

Recently, Mote et al. (2001) dated copper wad and
alunite associated with exotic mineralization at El
Salvador. They found that exotic mineralization began
around 35 Ma and continued until around 11 Ma,
coinciding with supergene oxidation of the El Salvador
deposit. Transport of Cu away from porphyry miner-
alization and formation of exotic mineralization ceased
in the Middle Miocene owing to enhanced dessication of
the Atacama Desert (Mote et al., 2001). Although the
bulk of exotic mineralization apparently stopped in mid-
Miocene times, the results from the Spence deposit
indicate that the current groundwater regime may be
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capable of producing limited amounts of exotic copper
mineralization that are deposited within or close to the
deposit. Present groundwaters at Spence are not
sufficiently acid-producing to mobilize large amounts
of copper and transport it away from the deposit.

6. Conclusions

Groundwaters at the Spence porphyry copper deposit,
Atacama Desert, northern Chile are characterized by
elevated concentrations of metals and metalloids char-
acteristic of this style of ore deposit. Groundwaters up-
flow of the deposit represent the regional groundwaters
and are characterized by relatively low concentrations of
metals and metalloids characteristics of porphyry copper
ores in northern Chile, i.e., Cu, Mo, Se, Re, As. In
contrast, most ore-related metals, metalloids and SO4 are
elevated (Se up to 800 μg/l, Re up to 31 μg/l, Mo up to
475 μg/l and As up to 300 μg/l) in groundwaters within
and down-flow of the deposit. Similarly, copper (up to
1300 μg/l; decline water=29,000 mg/l) and some other
metal cations (e.g., Pb, Zn, Ni, and Co) have elevated
concentrations in groundwaters within the deposit, but
lower concentrations down-flow of the deposit. Within
the deposit, regional meteoric waters from the east mix
with saline waters of deep origin. Elevated salinities
down-flow from the deposit indicates that inflow of
saline waters dominates. The concentrations of ore-
associated metals and metalloids are elevated in these
groundwaters after accounting for changes in salinity
indicating that these groundwaters have interacted with
the porphyry copper ore. Coincident with increasing
concentrations of ore-associated metals and metalloids,
groundwaters δ34SCTD ratios decrease from regional
values (+5 to +8‰) towards ore-values (around 0‰),
consistent with groundwater–deposit interaction.

The different behavior of Se, Re, As and Mo
compared to Cu in the Spence groundwaters is probably
a function of speciation of the metals and metalloids and
Eh–pH conditions of the groundwaters; the former group
behave as anions or neutral species in these ground-
waters, enhancing their mobility, whereas the base
metals are present as cations and are lost from solution
most likely through adsorption to colloidal material,
consistent with differences in filtered/unfiltered ratios.

Our groundwater geochemical data from the Spence
deposit indicate that sulfides (in the hypogene and/or
supergene zones) are being oxidized under the present
conditions and mineral saturation calculations suggest
that secondary copper minerals (antlerite, atacamite,
malachite) may also be actively forming. Thus, super-
gene mineralization processes may be ongoing, despite
the hyperarid conditions and the assumption that these
processes ceased in the mid-Miocene or towards the end
of the Miocene.
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