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a b s t r a c t

Soils overlying two porphyry Cu deposits (Spence, Gaby Sur) and the Pampa del Tamarugal, Atacama Des-
ert, Northern Chile were collected in order to investigate the extent to which saline groundwaters influ-
ence ‘‘soil’’ chemistry in regions with thick Miocene and younger sediment cover. Soil carbonate (calcite)
was analyzed for C and O isotopes and pedogenic gypsum for S isotopes. Soil calcite is present in all soils
at the Spence deposit, but increases volumetrically above two fracture zones that cut the Miocene grav-
els, including gravels that overlie the deposit. The C isotope composition of carbonate from the soils over-
lying fracture zones is indistinguishable from pedogenic carbonate elsewhere at the Spence deposit; all
d13CVPDB values fall within a narrow range (1.40–4.23‰), consistent with the carbonate having formed
in equilibrium with atmospheric CO2. However, d18OVPDB for carbonate over both fracture zones is statis-
tically different from carbonate elsewhere (average d18OVPDB = 0.82‰ vs. �2.23‰, respectively), suggest-
ing involvement of groundwater in their formation. The composition of soils at the Tamarugal anomaly
has been most strongly affected by earthquake-related surface flooding and evaporation of groundwater;
d13CVPDB values (�4.28‰ to �2.04‰) are interpreted to be a mixture of dissolved inorganic C (DIC) from
groundwater and atmospheric CO2. At the Spence deposit, soils only rarely contain sufficient SO4 for S
isotope analysis; the SO4-bearing soils occur only above the fracture zones in the gravel. Results are uni-
form (3.7–4.9‰ d34SCDT), which is near the middle of the range for SO4 in groundwater (0.9–7.3‰). Sulfur
in soils at the Gaby Sur deposit (3.8–6.1‰ d34SCDT) is dominated by gypsum, which primarily occurs on
the flanks and tops of hills, suggesting deposition from SO4-rich fogs. Sulfate in Gaby Sur deposit gypsum
is possibly derived by condensation of airborne SO4 from volcanic SO2 from the nearby Andes. At the Gaby
Sur deposit and Tamarugal anomaly, pedogenic stable isotopes cannot distinguish between S from por-
phyry or redeposited SO4 from interior salars.

The three sites studied have had different histories of salt accumulation and display variable influence
of groundwater, which is interpreted to have been forced to the surface during earthquakes. The clear
accumulation of salts associated with fractures at the Spence deposit, and shifts in the isotopic compo-
sition of carbonate and sulfate in the fractures despite clear evidence of relatively recent removal of salts
indicates that transfer from groundwater is an ongoing process. The interpretation that groundwaters can
influence the isotopic composition of pedogenic calcrete and gypsum has important implications for pre-
vious studies that have not considered this mechanism.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The Atacama Desert is recognized as being the driest on Earth
and has been arid or semi-arid since perhaps the Jurassic (Alpers
and Brimhall, 1988; Hartley et al., 2005). The timing of climate
change to hyperaridity has recently been debated, with interpreta-
tions ranging from Late Oligocene to Pliocene (Alpers and Brimhall,
1988; Hartley and Chong, 2002; Hartley et al., 2005; Dunai et al.,
2005; Clarke, 2006; Garzione et al., 2006; Ghosh et al., 2006; Rech
et al., 2006; Reich et al., 2009). The change to hyperaridity is signif-
icant for a number of reasons including cessation of significant

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apgeochem.2012.10.030&amp;domain=pdf
http://dx.doi.org/10.1016/j.apgeochem.2012.10.030
mailto:matthew.leybourne@alsglobal.com
http://dx.doi.org/10.1016/j.apgeochem.2012.10.030
http://www.sciencedirect.com/science/journal/08832927
http://www.elsevier.com/locate/apgeochem


56 M.I. Leybourne et al. / Applied Geochemistry 29 (2013) 55–72
supergene enrichment of porphyry mineralization (Arancibia et al.,
2006), reduction in surface erosion and preservation of surface
landscapes on the scale of millions of years (Alpers and Brimhall,
1989), and accumulation of salts in soils (Rech et al., 2003b).

There continues to be debate over the origin of salts (i.e., sul-
fates, nitrates and chlorides) that have accumulated in the hyper-
arid Atacama Desert (e.g., Ewing et al., 2006, 2007, 2008;
Michalski et al., 2004). Sources of salts that have been considered
previously include marine aerosols, non-marine aerosols, weather-
ing of volcanic rocks in the active part of the Andean arc, volcanic
emissions, organic remains from lakes, and guano (summarized by
Rech et al. (2003b)). Bao et al. (2004) used D17O anomalies in soil
gypsum to suggest that SO4 sources should be classified as primary
(derived from rock weathering, marine aerosols, and presumably
redistributed from salars) and secondary (biological or volcanic
emissions). Based on the major and trace element composition of
soils and groundwaters associated with several porphyry Cu sys-
tems in the Atacama Desert, previous studies have suggested that
soils overlying deeply buried mineralization are influenced by the
movement of groundwater to surface during seismic events
(Cameron et al., 2004, 2002; Cameron and Leybourne, 2005;
Cameron, in press). Detailed studies around the Spence deposit
(Fig. 1) have shown that seismically migrated fluids include a
significant component derived from deep basinal brines that are
modified by water–rock interactions with hypogene and supergene
mineralization (Cameron and Leybourne, 2005; Leybourne and
Cameron, 2006a, 2008). Earthquake-induced groundwater flow,
therefore, brings isotopically and chemically distinct fluids to the
surface, with the potential to influence the development and
accumulation of surface salts especially carbonates, sulfates and
halides mostly in localized areas around fracture systems.

Carbonate is found in soils from arid to sub-humid climatic re-
gions, typically where the soil pH P 7. Soil carbonate is mostly
comprised of CaCO3, but there may also be smaller amounts of
MgCO3. Where sufficient carbonate is present, it may cement the
clastic constituents of the soil to form hard layers called calcrete
or caliche. The O and C isotopic compositions of pedogenic carbon-
ate have been used as paleoenvironmental proxies because of
equilibration between soil zone CO2 and soil water; the isotopic
composition of soil gas and water is in turn controlled by vegeta-
tion and climate patterns (Cerling, 1984, 1991; Quade et al.,
1989, 2007; Kaakinen et al., 2006; Breecker et al., 2009). However,
in hyperarid climates such as the Atacama Desert of northern Chile,
poor to non-existent soil development complicates reconstruction
of climate information. For example, Rech et al. (2006) studied
paleosols in the Calama Basin and showed that soils formed ca.
20 Ma were calcic vertisols, with gleyed horizons and root traces
consistent with significantly wetter climates (>200 mm/a precipi-
tation). By contrast, gypsisols interpreted to be ca. 13–8 Ma are
consistent with rainfall of �20 mm/a, nominally greater than much
of the core of the Atacama Desert at present (Rech et al., 2006).
Thus, the relationship between soil zone CO2 and pedogenic calcite
is complicated by low PCO2 in Atacama Desert ‘‘soils’’ (Rissmann,
2003; Rissmann et al., in preparation).

In this paper the results are presented of a stable isotopic study
of soil carbonate (C, O) and gypsum (S) firstly for samples collected
over two porphyry Cu deposits (Spence and Gaby Sur deposits)
buried by Miocene and younger gravels and secondly for samples
from an apparently unmineralized but geochemically anomalous
portion of the Pampa del Tamarugal (the Tamarugal anomaly;
Leybourne and Cameron, 2006b). The objectives of this study are
to: (1) determine if groundwaters interacting with porphyry
mineralization influence the isotopic composition of authigenic
soil minerals overlying mineralization; (2) determine if the S iso-
tope composition of soil SO4 could be used to distinguish between
SO4 of porphyry origin from SO4 deposited from coastal fog; and (3)
determine the extent to which atmospheric CO2 influences the iso-
topic composition of soil carbonate in hyperarid climates.
2. Geological setting and field observations

The Atacama Desert of northern Chile hosts the world’s largest
Cu resource. Weathering of the primary (hypogene) sulfide miner-
alization in giant porphyry Cu deposits has produced several hun-
dred meters of higher grade caps of secondary Cu sulfides, oxides,
hydroxides, carbonates, sulfates and chlorides. This supergene
mineralization is a reflection of the history of groundwater flow,
tectonics, landscape, and climate of the Atacama Desert (Alpers
and Brimhall, 1988; Sillitoe and McKee, 1996; Clarke, 2006).

The Spence porphyry Cu deposit was discovered by RioChilex in
1996–1997 by grid drilling through piedmont gravels that cover
the deposit, which displays a typical supergene-enriched sequence
(Fig. 2). The deposit is situated some 50 km SW of Calama, at an
altitude of �1700 m above sea level. Mineralization is associated
with three quartz–feldspar porphyry bodies intruded along a NE
axis into andesitic volcanic rocks. Intrusions are cut by tourma-
line–quartz–sulfide hydrothermal breccias. The irregular deposit
surface is covered by 30–180 m of gravels.

The Gaby Sur porphyry Cu deposit (�35 Mt of Cu), located
43 km SE of the Spence deposit, was discovered by Codelco in
1997 (Fig. 1). The Gaby Sur deposit lies at an altitude of �2700 m
above sea level in a broad valley that slopes SW at 40 m/km. A
supergene-enriched zone of Cu oxides up to 180 m thick is under-
lain by hypogene sulfides. The deposit is completely covered by up
to 40 m of gravel. The deposit lies in a graben, delimited by high-
angle boundary faults.

The Pampa del Tamarugal is a broad plain between the moun-
tains of the Coast Range to the west and the Sierra de Moreno (part
of the Precordillera) to the east (Fig. 1). The study area is 50 km
west of the giant Chuquicamata porphyry Cu deposit, at an altitude
of �1100 m above sea level (Fig. 1). The Pampa is largely underlain
by Quaternary piedmont and alluvial gravels, which the Rio Loa has
incised to a depth of about 50 m. North of the study area is an
abandoned Cu mine (Mina Campamento), associated with exposed
andesite and granitic bedrock through the gravels. A soil geochem-
ical survey by Noranda established an extensive Cu anomaly, over
100 km2, previously defined as the Tamarugal anomaly (Leybourne
and Cameron, 2006b). Despite the large soil Cu anomaly, drilling
only intersected unmineralized andesitic basement below 262–
338 m of gravel and other clastic sediment. The water table in
the Tamarugal anomaly is at �50 m.
2.1. Surface features

At the Gaby Sur deposit, the upper 20 m of gravel is variably ce-
mented by calcrete, making it impermeable to water where unfrac-
tured. Water is only found in the basement below the gravels,
where drill holes intersect major faults (Cameron et al., 2004).
The Gaby Sur deposit is most typical of ground cover in the Ata-
cama Desert (Fig. 3B). Immediately below a cobble surface, soils
developed on the piedmont gravels have a variable thickness of
gypsum mixed with clastic sediment, below which there is com-
monly hard or soft calcrete. This gypsum-rich surface is classified
here as the ‘‘old’’ surface. Over a minority of the area of Gaby
Sur, there is a younger ‘‘new’’ surface, which is present in areas that
are slightly lower topographically, and likely reflects the action of
sheetwash, during a period of higher rainfall in the nearby moun-
tains. Erosion caused the upper horizon of the ‘‘old’’ surface, con-
taining gypsum, to be removed and replaced by solely clastic
material, again capped by a pebble surface, but with pebbles smal-
ler than those of the ‘‘old’’ surface. Gypsum is soft and soluble, so
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Fig. 1. (A) Location of the study areas. DFZ refers to the Domeyko Fault Zone and ACL is the Antofagasta-Calama Lineament. (B) Profile of changes in rainfall with elevation;
precipitation data from (Houston and Hartley, 2003). (C) Plan map of the Spence Deposit, showing the location of the soil traverse, and profiles 51, 54, and 74. (D) Plan map of
the Gaby Sur deposit, defined by Cu content of the supergene zone, showing location of the soil traverse. (E) Tamarugal anomaly, as defined by Cu contents of soils in MMI
leach, showing location of the soil traverse.
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Fig. 2. Idealized east to west cross section of the Spence Deposit, showing the locations of the fracture zones through gravels overlying mineralization and to the east of the
deposit. Note that the Spence deposit has a classical supergene enrichment profile (leached cap, oxide zone, supergene sulfide zone, hypogene sulfide zone). Also shown are
the Na and Cl concentrations in deionized water leaches of the soils overlying the deposit.
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was readily removed during sheetwash erosion. By contrast, hard-
pan calcrete is resistant and insoluble and has been retained below
this ‘‘new’’ surface. Although the terms ‘‘old’’ and ‘‘new’’ are used,
both surfaces may be several million years old, and during sam-
pling vertical fractures were observed that penetrate both the older
and newer surfaces. At the Spence deposit, and at Gaby Sur, partly
caliche-cemented fractures were observed in the gravels, which
are coincident with anomalous porphyry-associated metals and
metalloids. Fractures have up to 1 cm void space and extend to
within 5–10 cm of the surface. In 2000 at the Spence Deposit, a
backhoe was used to excavate L-shaped sets of trenches in the
gravels, 5 m long N–S and E–W, and 1.5 m in depth. Trenches in
the fracture zone directly over the Spence deposit were character-
ized by common fractures (�1 fracture/m) oriented both E–W and
N–S. Trenches excavated over the Eastern fracture zone also re-
vealed E–W fractures (�1 fracture/m) and more common N–S frac-
tures (�2 fractures/m). By contrast, the trenches excavated in
geochemical background to the west of the deposit were poorly
fractured, with only one N–S fracture over the 5 m trench. These
fractures are distinct from the typical polygonal fractures in soil
seen commonly in the Atacama Desert (in this study, polygonal
fractures were mostly observed at Gaby Sur).

By contrast to the Gaby Sur deposit, at the Spence deposit there
is no gypsum horizon and the occurrence of calcrete is rare. Of the
>100 sample pits dug along a 2.5 km east–west traverse centered
on the deposit, only one pit showed a significant calcrete hardpan
layer. The absence of gypsum accumulation is attributed to local
erosion of the ‘‘old’’ surface, by sheetwash from mountains to the
east (Fig. 3A). Elsewhere in the immediate area, there is a gypsum
horizon, including on the slopes and tops of hills. There are no
obvious NO3 accumulations along the Spence soil traverse,
although within a few km westwards is one of the richest areas
of nitrate deposits in Chile.

At the Pampa del Tamarugal, a polymictic pebbly lag surface, a
few cm thick, is underlain by ‘‘chusca’’, a horizon comprised of
powdery, fine-grained, salts including gypsum, nitrates and halite
(Fig. 3C). The salts are only visible where the surface has been dis-
turbed, e.g., vehicle tracks (Fig. 3C) (Leybourne and Cameron,
2006b). The salt horizon is of variable thickness (up to several tens
of cm). On a satellite image of the survey area (Leybourne and
Cameron, 2006b), the most intense portion of the Cu geochemical
anomaly appears to be undisturbed. To the west, there has been
erosion of the surface, including the salt, in the flood plain of the
River Loa. To the south, the surface has been partially disrupted
by streams from an alluvial fan.
3. Methods

3.1. Field methods

Soil samples at the Spence deposit were collected at 10–20 cm
depth and 50 m intervals along an undisturbed east–west traverse
over the centre of the deposit, where gravels range from 50 to
100 m in thickness. Additional samples were collected from zones
of higher NaCl content, based on field measurement of the conduc-
tivity of soil + deionized water slurries. Several deeper profiles
were obtained by trenching using a backhoe. Trenches were dug
both over Cu mineralization, over the eastern fracture zone, and
in unfractured gravels distal from the deposit. Samples were sieved
to <177 lm, and were treated by a variety of selective leaches,
including deionized water, Enzyme Leach, ammonium acetate,
hydroxylamine hydrochloride, and aqua regia (for details, see
Cameron et al., 2004). Groundwaters were also sampled at the
Spence Deposit, within the deposit, and upflow and downflow of
the deposit. Full sampling and analytical details on the groundwa-
ters have been presented elsewhere (Leybourne and Cameron,
2006a, 2008). Soils were sampled from the Gaby Sur deposit along
an undisturbed east–west traverse across the deposit, with
samples at 50 m intervals over the deposit and 100 m intervals
on the flanks. Soils were sampled based on horizons with the most
Fe-oxide (i.e., most well developed oxide zone, in this area typically



Fig. 3. Photographs showing the different surfaces at the three study areas: (A)
Spence deposit shows an erosional surface, (B) Gaby Sur deposit, showing the ‘‘old’’
surface with abundant gypsum (left side of image with deeper tire tracks) and the
‘‘new’’ washout surface lacking gypsum (right side of image), and (C) Tamarugal
anomaly in the Pampa del Tamarugal, showing abundant soft salt (exposed by truck
tires) below the pebbly lag surface.
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minimal at best), with sample depths variable between 10 and
35 cm. Twenty soil samples were collected at the Tamarugal anom-
aly on Line 7565000N extending from 453460 to 455400E, crossing
the large Cu anomaly described in Leybourne and Cameron
(2006b). Sites were at approximately 100 m intervals, avoiding
areas disturbed by drilling. Samples were taken from 40 cm depth.

3.2. Analytical methods

Stable isotopes were measured at the G.G. Hatch Isotope Labo-
ratories in the Department of Earth Sciences, University of Ottawa.
Samples were weighed into exetainers, 0.1 mL of H3PO4 was added
to the side, and the exetainers were capped and He-flushed while
horizontal. Reaction at 25 �C for 24 h (calcite) was followed by
extraction in continuous flow. Isotope ratios were measured using
mass spectrometry on a Delta XP and a Gas Bench II (ThermoFinn-
igan). Routine precision (2r) on a pure carbonate analysis is 0.1‰.
The 18O fractionation factor used for the calcite–H2PO4 reaction
was 1.01025 (Friedman and O’Neil, 1977). Carbon is reported in
‰ as d13CVPDB, where the results are referenced to the Vienna Pee
Dee Belemnite (VPDB) standard. The O isotope ratio measured in
carbonate, is also referenced to this standard as d18OVPDB. The O
isotopes in water are referenced to Vienna standard mean ocean
water (VSMOW) as d18OVSMOW. The relationship between VPDB
and SMOW is expressed as: d18OVPDB‰ = 0.97 � d18OVSMOW � 29.98
(Table 1). Samples for S isotope analysis were weighed into tin cap-
sules with tungstic oxide (or vanadium pentoxide), loaded into a
Costech elemental analyzer (EA), and flash combusted at 1800 �C.
Helium carrier gas was used to remove released gases, which were
then cleaned and separated. The resulting SO2 gas was carried into
a DeltaPlus isotope ratio mass spectrometer (ThermoFinnigan) for
analysis. Sulfur isotope values are reported in ‰ as d34SCTD, where
the results are referenced to the Canyon Diablo Troilite (CTD) stan-
dard. Analytical precision is ±0.2‰.

Details of the methods used for the geochemical analysis of the
soils are presented elsewhere (Cameron et al., 2004). Briefly, for the
deionized water extraction, 20 mL of water were added to 2.5 g
sample and tumbled in a roller for 3 min every 15 min for 1 h. After
settling for 10 min, the leach was centrifuged for 8 min at
2500 rpm, and decanted. Enzyme Leach and MMI-A are patented
and proprietary leaches, respectively, described by Hall (1998).
However, both leaches are relatively weak, with Enzyme Leach
similar to deionized water (Cameron et al., 2004) and MMI
somewhat more aggressive, extracting the adsorbed and carbonate
fractions in addition to the water soluble fraction. For ammonium
acetate (i.e., NH4OAc) at pH 5 (AA5), which dissolves carbonate
minerals, a 1 g sample was digested by 40 mL of 1.0 M NH4OAc/
pH 5.0 for 2 h, then centrifuged and the solution diluted with water
50:1. Cold hydroxylamine in weak acidic solution dissolves Mn oxi-
des (HX Mn). For this, 1 g of sample was treated with 25 mL of a
solution with 0.1 M NH2OH�HCl in 0.04 M HNO3 for 30 min at room
temperature. For a limited number of samples involving sequential
leaches at the Spence deposit, ammonium acetate at pH 7 (AA7)
was also used and a more aggressive hydroxylamine leach (HX
Fe), which dissolves Fe as well as Mn oxides; hot 0.25 M NH2OH�HCl
in 0.25 M HCl. An aqua regia leach was also used, which dissolves
all secondary minerals in soils. After dissolution, all leach solutions
were analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) and, for elements at high concentrations, by inductively
coupled plasma optical emission spectroscopy (ICP-OES). Note that
because the MMI-A and hydroxylamine leaches are acidic, they also
dissolve carbonates. Thus, in a non-sequential leach mode, HX Mn
dissolves the water-soluble salts and elements within carbonates,
as well as elements present in Mn oxides.
4. Results

4.1. Spence deposit

Soil Na and Cl contents dissolved by deionized water show
peaks at two sites: (a) directly over the Spence deposit and (b) 1-
km to the east. These represent fracture zones in the gravel, which
are interpreted to be the upward propagation of basement faults
(Cameron et al., 2002) (Fig. 2). There are also peaks for Ca and S
in the soils above these zones (Fig. 4).

All d13C values fall within a relatively narrow range between
1.40‰ and 4.23‰ for both ‘Type A’ (from soils not associated with
fracture zones) and ‘Type B’ (from soils above fracture zones)
carbonates, i.e., the carbonates above the fracture zones are



Table 1
Isotopic and elemental compositions of soils from the Spence and Gaby Sur deposits, and the Tamarugal anomaly.

Sample Easting Depth Na Cu S d34SCTD Ca d18OVPDB d13CVPDB

(ppm) (ppb) (wt%) (‰) (%) (‰) (‰)

Spence deposit
EMC030 476049 4550 96 0.15 3.9 4.08 1.55 3.57
EMC031 476004 7850 111 0.74 4.9 3.00 �0.09 3.25
EMC033 475907 55 110 0.05 1.31 �2.61 2.83
EMC034 475857 342 58 0.04 1.09 �0.30 3.87
EMC037 475758 188 49 0.20 4.8 3.95 2.09 4.23
EMC039 475659 94 60 0.04 1.04 �6.52 1.40
EMC044 475412 40 107 0.04 1.36 �1.69 3.77
EMC050 475030 134 46 0.04 1.05 �2.10 3.00
EMC051 474975 3820 53 0.70 4.7 2.38 �0.53 2.90
EMC088 474958 3620 84 0.17 4.5 2.54 �0.36 3.18
EMC052 474937 960 334 0.10 3.7 2.41 2.90 3.58
EMC086 474855 59 216 0.05 1.18 �1.62 3.11
EMC055 474791 3520 136 0.05 0.90 �1.76 3.33
EMC057 474698 2880 122 0.05 4.3 2.09 0.15 3.01
EMC062 474425 50 95 0.05 1.30 �2.12 3.04
EMC068 474134 30 49 0.04 1.23 �2.72 2.59
EMC079 473595 45 53 0.04 1.29 �0.86 3.59
EMC507 474959 95 4.76 �1.86 3.24
EMC515 474959 95 5.63 �2.37 2.47
EMC525 474959 95 5.29 �0.29 3.04
EMC559 474939 95 4.27 �3.86 3.39
EMC570 474939 5 3.40 �7.53 2.16
EMC574 474939 45 4.97 �3.79 3.02
EMC579 474939 95 5.51 �0.40 2.67
EMC607 95 5.09 0.06 3.64

Salar southwest of the Spence deposit
S004 2.86 3.80 0.63
S005 2.85 3.80 0.63
S006 1.27 3.40 0.64
S007 1.01 3.20 0.16
S008 2.19 2.90 0.23

0.99 4.50 0.18

Gaby Sur deposit
EMC125 517200 30 15 4.90� 4.9 9.49 �4.42 6.30
EMC126 517250 35 14 9.50� 5.9 9.57 �5.79 7.69
EMC127 517300 5080 54 2.61 6.1 4.58 �8.63 0.23
EMC128 517350 25 10 12.60� 5.3 9.27 �5.51 8.04
EMC129 517400 5400 65 1.29 5.7 2.78 �8.13 �0.73
EMC130 517450 5980 71 0.25 7.5 2.22 �0.79 2.77
EMC131 517500 50 13 10.80� 5.2 9.52 �6.68 6.69
EMC132 517550 55 11 3.6 5.3 6.62 �2.89 6.01
EMC133 517600 64 10 9.20� 6.1 8.69 �7.75 3.86
EMC134 517650 8790 92 0.23 4.4 1.10 �0.94 3.50
EMC135 517700 50 6 9.05� 3.8 8.71 �4.91 7.63
EMC136 517750 144 8 12.10� 4.1 8.43 �6.16 5.78
EMC137 517800 79 10 4.95� 5.8 8.21 �1.67 5.83

Tamarugal anomaly
EMC610 453460 40 0.96 175 3.1 3.3 3.62 �5.07 �4.28
EMC611 453558 40 5.49 553 6.7 2.7 2.27 �5.34 �3.38
EMC612 453658 40 1.56 190 3.7 2.2 3.25 0.26 �3.37
EMC613 453757 40 1.26 184 2.4 3.4 3.00 �4.48 �3.18
EMC614 453853 40 3.51 328 6.1 2.0 4.02 �5.04 �3.41
EMC615 453963 40 0.34 141 2.3 3.6 3.59 �4.40 �3.13
EMC616 454050 40 0.18 44 5.1 3.2 4.01 �2.56 �2.04
EMC618 454243 40 7.43 949 6.5 2.8 1.13 �5.57 �3.65
EMC619 454332 40 6.14 1110 8.7 3.5 2.47 �5.39 �3.72

* contains significant amount of gypcrete.
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isotopically indistinguishable from those interpreted to have formed
by ‘‘normal’’ soil processes, involving atmospheric CO2 (see Sec-
tion 5) (Figs. 4 and 5A and C). For d18OVPDB values of soil carbonates,
there is a statistically significant difference between the type ‘A’ and
‘B’ carbonates, at the 99% confidence level (i.e., p < 0.001; Fig. 5A).
The ‘Type B’ samples above the fracture zones range from �0.5‰

to 2.9‰, whereas the ‘Type A’ samples range from�6.5‰ to�0.3‰.
Only a small number of soil samples above the Spence deposit

contained sufficient SO4 for a determination of the S isotope value;
all are type B soils (Fig. 5D). The d34S values have little variation, in
the range 3.7–4.9‰ and there is no statistically significant
difference between the samples collected over the Spence fracture
zone and those collected over the Eastern fracture zone (Fig. 4A). In
Spence deposit groundwaters, there is a statistically significant
negative correlation between d18OVSMOW and d34S values (Fig. 6)
(Leybourne and Cameron, 2006a). The soils above both fracture
zones plotted in terms of these isotope ratios, fall within the
groundwater array (Fig. 6).

To investigate vertical variations in geochemistry of the soils,
three sets of trenches were dug, two in the deposit fracture zone
(sites 51 and 54) and one in a background area to the west (site
74). Six profiles in total were sampled from sites 51 and 54. These
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profiles are at 10 cm intervals from 0–10 cm to 90–100 cm (Fig. 7).
The median values for water-soluble S for these six profiles are
490 ppm S in the 0–10 cm interval, increasing downwards to
1629 ppm S at 90–100 cm depth. For the background profile (site
74), water-soluble S was 170 ppm in the 0–10 cm interval, decreas-
ing to 61 ppm S in the 90–100 cm depth interval. Species associ-
ated with groundwater-deposit interaction show different depth
profiles (Fig. 7). Species dissolved as metal cations, such as Cu,
show peaks in the surface soils, and decrease with depth. By con-
trast, more water-soluble (labile) species, including S (not shown),
Se and Na show maximum contents at 80–100 cm depth (Fig. 7). A
limited number of samples at sites 51 and 74 were also analyzed
for the isotopic composition of carbonate and sulfate (Table 1).
There are no systematic trends observed in the data, which are
broadly consistent with values seen in the surface profiles.

4.2. Gaby Sur deposit

Over both boundary faults, there are distinct anomalies for
water-soluble Na and Cl and for Cu by Enzyme Leach (Fig. 8).
There are also peaks for elements similar to those found at the
Spence deposit: As, I, Mo, Se and Re (Se shown in Fig. 9). In soil
pits, the calcrete-cemented gravels are fractured in these saline
zones, also similar to the Spence deposit. For the isotope study,
soil samples were selected from a traverse along a line 517200E
to 517800E. This interval brackets the anomalous and non-
anomalous soils that lie above the boundary fault to the west of
the Gaby Sur deposit. The soils at the Gaby Sur deposit differ from
those at the Spence deposit in that many samples contain
gypsum, consistent with elevated S concentrations, up to
126,000 ppm (12.6% S) compared to 7400 ppm S at the Spence de-
posit. Gypcrete, of presumed atmospheric origin, is widely present
throughout the Atacama Desert. Four samples contain elevated
salt (Na) and Cu (Fig. 9). d13C values for carbonate have a greater
range (�0.7‰ to +8‰) than those for the Spence deposit (Figs. 5
and 9). d18OVPDB values also have a wider range (�8.6‰ to �0.8‰)
in the soils at the Gaby Sur deposit than at the Spence deposit
(Fig. 5). Only a small number of samples containing gypsum at
Gaby Sur were analyzed for d34S, with values ranging from
3.8‰ to 6.1‰.
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4.3. Pampa del Tamarugal

Isotope measurements were carried out on selected soil
samples from a line across the Tamarugal anomaly, defined by
Leybourne and Cameron (2006b). In addition to halite, the samples
contain varying amounts of gypsum (i.e., elevated S; Table 1). Re-
sults show that Tamarugal anomaly samples have higher salt con-
tents than those from either the Spence or Gaby Sur deposits, with
up to 7.4% Na, or �19% NaCl (Table 1). Sulfur is comparable in con-
centration to the soils at the Gaby Sur deposit (Table 1), but is more
evenly distributed than the latter. The most significant feature of
the Tamarugal anomaly soils compared to those at the Spence
and Gaby Sur deposits is the depletion of d13C in soil carbonates
from the Tamarugal anomaly (Figs. 5 and 10). The Tamarugal
anomaly soils have d18O values that are lower than Type A soils
at the Spence deposit, but broadly similar to those at the Gaby
Sur deposit (�5.6‰ to 0.3‰), and d34S lower than both of these
deposits (2.0–3.6‰) (Fig. 5).
4.4. Partial leaches

Based on the soil isotope data presented above, there appear to
be quite different controls on accumulation of salts and respective
isotopic signatures for each deposit. These differences are also re-
flected in the differential accumulation of various species in the
soils (Fig. 11). Accumulations of salts derived entirely from atmo-
spheric deposition would not be expected to have anomalous accu-
mulation of metals and metalloids associated with porphyry Cu
mineralization. Previous studies have suggested that S/Se values
are elevated where associated with sedimentary sources/marine
sources (away from metal deposits) and decrease towards the
deposits, owing to the increased contribution of magmatic/hydro-
thermal sources with low S/Se (Cameron et al., 1995). For the water
leach, soils at the Spence deposit show an inverse relationship be-
tween S/Se and Cu content, consistent with significant accumula-
tion of SO4 in the soils from groundwater (Fig. 11A), and
consistent with higher Cu/S values than for the Gaby Sur Deposit
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and Tamarugal anomaly (Fig. 11D). Soils above the Gaby Sur depos-
it mostly have elevated S/Se values and relatively low labile Cu
contents, with the exception of those directly over fractures
(Fig. 11). Both the Spence deposit and the Tamarugal anomaly have
elevated As and S contents with higher As/S values than the Gaby
Sur deposit (Fig. 11B). Although I is commonly associated with the
accumulation of marine aerosols, I is also abundant in saline
groundwaters and groundwaters associated with geothermal/
hydrothermal systems. Soils above the Gaby Sur Deposit have
low abundances of I and Cu compared to those above the Spence
deposit and at the Tamarugal anomaly (Fig. 11C).

5. Discussion

5.1. Origin of soil calcite

Typically, soil carbonate forms in relatively dry soils (arid to
sub-humid climates) dominated by grass and mixed grass/shrub
environments where evaporation or evapotranspiration of soil
water leads to supersaturation with respect to calcite (Cerling,
1984; Cerling and Quade, 1993). These environmental conditions
result in soil pH values P7, and pedogenic carbonate is most com-
mon where rainfall is <75 cm/a (Cerling, 1984). Although compli-
cated by a variety of processes, the O isotope composition of soil
carbonate is determined by that of in situ soil waters, which reflect
the O isotope composition of local meteoric precipitation (Cerling,
1984; Cerling and Quade, 1993). The relationship between the O
isotope composition of soil carbonates and meteoric water can be
described by the following equation (Cerling, 1984):

d18OVPDBðsoil carbonateÞ ¼ 1:015 � d18OVSMOWðmeteoric waterÞ
þ 1:15ðR2 ¼ 0:969Þ ð1Þ

The isotopic composition of d13C in soil carbonate is primarily
governed by the local proportions of C3 and C4 plants and the res-
piration rates of CO2 in the soils (Cerling and Quade, 1993; Quade
et al., 2007). Most soils have plants and bacteria that release CO2

more depleted in 13C than atmospheric CO2. Cerling (1984) showed
that atmospheric CO2 is only significant in controlling the d13C va-
lue of soil carbonate at depths <10 cm or where soil respiration
rates are low. For the Atacama Desert locations described here that
have no vegetation, we suggest that the effects of plant respiration
can be neglected, so that the dominant source of CO2 in the soil car-
bonates is atmospheric CO2. Modern, pre-industrial CO2, based on
ice core measurements in Antarctica, has a d13C of �6.5‰ and this
is assumed to have been relatively constant throughout the last
100 Ma (Ekart et al., 1999). The isotopic fractionation between
CO2(g) and carbonate is �10.4‰ d13C at 25 �C (Bottinga, 1969).
Thus, modern soil carbonate formed at 25 �C in equilibrium with
atmospheric CO2 has a value for d13C of ca. 3.9‰. A recent study
of hypolithic (cyanobacteria) communities on surface pebbles
along a rainfall gradient transect of the Atacama Desert found that
in its hyperarid core, the Atacama Desert is essentially devoid of
significant life (Warren-Rhodes et al., 2006).

For Spence deposit soils, Ca was extracted using ammonium
acetate, which specifically dissolves carbonate. Two types of car-
bonate have been identified at the Spence deposit; ‘Type A’ carbon-
ates have a lower range of Ca contents (Fig. 4) that we suggest
represents carbonate precipitated by ‘‘normal’’ soil-forming pro-
cesses for the hyperarid Atacama Desert. In this case, the weather-
ing of clastic silicate minerals releases Ca2+, which combines with
carbonate species formed by the dissolution of atmospheric CO2

in percolating rainwater with subsequent evaporation driving soil
waters towards supersaturation and precipitation of calcite.
Additional CaCO3 that occurs over the fracture zones (‘Type B’
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carbonate) is interpreted as partially coming from groundwater
that was pumped to the surface during earthquakes (see below).

The average d13C value of Spence deposit soil calcite is 3.2‰,
which is close to the value (3.9‰) expected for carbonate that
has equilibrated with atmospheric CO2 in a modern, pre-industrial
atmosphere with d13C of �6.5‰. Dissolved inorganic C (DIC; i.e.,
HCO3) in groundwaters from the Spence deposit shows a wide
range of d13C, ranging from �15‰ to +9.4‰ (Fig. 6; note one sam-
ple at �28‰) (Leybourne and Cameron, 2006a). In part, this wide
range likely reflects the oxidation of sulfide minerals serving as
an energy source for bacteria, which fractionate DIC. Some ground-
water samples are saturated in CO2(g) compared to the atmosphere.
If CO2 has degassed from Spence deposit groundwaters, rising
through the fracture zone in the gravels, this gas could have been
incorporated into carbonate (Type B) in the soils directly above
the deposit, giving type B carbonate a different C isotope composi-
tion from that which had equilibrated with atmospheric CO2 (i.e.,
Type A carbonate). Fig. 6A shows a field containing the range of
d13C values for the soil carbonates within Spence deposit soils pro-
jected onto a plot of Spence deposit groundwaters. The majority of
the Spence deposit groundwaters have pH values above 6.4, the pH
at which HCO3 becomes the dominant component of DIC. This
dominance of HCO3 permits a direct comparison of d13C values be-
tween the groundwater and the soil carbonates. If CO2 had
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degassed from the groundwaters, the CO2 would have been lighter
in 13C by about 10‰ relative to the principal HCO3 component of
dissolved inorganic C. The narrow range of d13CVPDB for the soil car-
bonates, relative to that in groundwater, and the lack of differenti-
ation between soil carbonates over the fracture zones and those
elsewhere along the traverse, indicate that CO2 degassed from
groundwater is unlikely to have been involved in the formation
of the soil carbonates. Therefore, data strongly suggest that C in soil
carbonate is derived from atmospheric CO2.

Soil carbonates normally derive their O isotope composition
from that of local precipitation (Cerling, 1984; Cerling and Quade,
1993). Values of d18OVSMOW for precipitation tend to become more
negative with altitude (Fig. 6B) (Dansgaard, 1964; Aravena et al.,
1999). The Spence deposit occurs at an altitude of 1700–1770 m
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above sea level. After conversion to d18OVSMOW, the data for the soil
carbonates not associated with fractures (Type A) at the Spence de-
posit are reasonably consistent with the data of Aravena et al.
(1999) (Fig. 6B). The lowest altitude that these authors sampled
was 2380 m, because of the difficulty in collecting precipitation
over the hyperarid core of the Atacama Desert. It is possible that
the difference in O isotope values between the type A and B car-
bonates is due to those above the fracture zones having equili-
brated or partly equilibrated with saline groundwater, rather
than with rainwater, consistent with the fact that the fractures
are interpreted to serve as conduits for more saline fluids, with
heavier d18OVSMOW values than meteoric waters, propagated from
depth through the deposit during seismic events (Cameron et al.,
2002; Cameron and Leybourne, 2005).

Based on the present data, the d18OVPDB values of soil carbonate
at the Spence deposit can be interpreted as reflecting a mixture be-
tween meteoric fluids, saline fluids expelled at or near the surface
during seismic events, and infiltration from rare local rainfall. This
interpretation is consistent with elevated Na and Cl associated
with the fractures (Fig. 2). Alternatively, Quade et al. (2007) sug-
gested that evaporation of local meteoric fluids was likely the dom-
inant control on the O isotopic composition of pedogenic calcite in
the Atacama Desert, and further noted that in arid and hyperarid
climates, evaporation would hinder the use of calcite d18O in paleo-
elevation reconstruction. It is noted that the samples with the
heaviest d18O values at the Spence deposit occur directly over the
fracture zone (Fig. 4). If the variation in calcite d18O values were
dominantly controlled by evaporation, it is unclear why the soils
would be heaviest over the fracture zones. However, if movement
of saline fluids does influence soil carbonate isotopic compositions,
it would add a further complication to paleoelevation reconstruc-
tions. Note also that the isotopic composition of the meteoric
waters at the Spence deposit is primarily controlled by recharge
in the high Andes, not by local precipitation (Cameron and
Leybourne, 2005; Leybourne and Cameron, 2006a).

It is also possible that groundwater DIC is incorporated into
pedogenic calcite over the fracture zones at the Spence deposit.
Many of the groundwaters sampled from within the deposit at
Spence have d13C values of around 0.0‰ (although ranging from
�10‰ to +10‰; Fig. 6A). There is only a small C isotopic fraction-
ation between water and calcite (�0.9‰ at 25 �C; Mook et al.,
1974) so the calcite that would form during evaporation of saline
fluids would have a d13CVPDB not much lighter than the saline flu-
ids, assuming no fractionation of 12C during evaporation and CO2

degassing.
At the Gaby Sur deposit, it is doubtful that all the soil carbonates

formed in equilibrium with atmospheric CO2. Two of the samples
with elevated salt contents have low values for d13C, which may
derive from groundwater at the Gaby Sur deposit. Data for
d18OVSMOW also have a wider range in the soils at the Gaby Sur de-
posit than at the Spence deposit (Figs. 5 and 6). As a group, soils at
the Gaby Sur deposit have isotopically heavier d13C compared to
d18O than the soils at the Spence deposit (Fig. 5).

The Tamarugal anomaly soil calcites are also interpreted to have
derived part of their C from groundwater. Two groundwater sam-
ples from Tamarugal have d13C values of �10.6‰ and �12.2‰ for
DIC (Leybourne and Cameron, 2006b). This is in the lower part of
the range found for the Spence deposit groundwaters (Fig. 6A)
and compares with values of �2.0‰ to �4.3‰ for Tamarugal
anomaly soil carbonate and +1.4‰ to +4.2‰ for Spence deposit soil
carbonate. The Tamarugal anomaly carbonates are, therefore,
interpreted to be a mixture of DIC from groundwater and carbon-
ate that has equilibrated with atmospheric CO2. Calculated values
of d18OVSMOW for Tamarugal anomaly carbonates overlap those
for the local groundwaters (Fig. 6).

Taking the three locations together, the primary influences on
the C and O isotopic composition of soil carbonate above Cu ore
deposits and geochemical Cu anomalies of the Atacama Desert ap-
pears to be dominated by atmospheric CO2, with minor to signifi-
cant influence from local groundwaters, depending on location and
presence/absence of fractures and faults. Biologically respired, soil
zone CO2 appears to have little impact on the d13C values of the soil
carbonates owing, in large part, to the lack of surface vegetation
and minimal to non-existent soil development (see also Rissmann,
2003; Quade et al., 2007).

It is also possible that the shift to significantly heavier C isotopic
values for calcite in soils at the Spence and Gaby Sur deposits may
have resulted from evaporative enrichment (Stiller et al., 1985:
Potter et al., 2004). As discussed by Cerling (1984), precipitation
of carbonate in soils is considered to result from evaporation,
evapotranspiration, and lowering of PCO2 (degassing). For soil cal-
cite formation in most environments, evaporation will not be a sig-
nificant contributor because the presence of vegetation results in
evapotranspiration being predominant (Cerling, 1984). However,
in the hyperarid core of the Atacama desert, evaporation has the
potential to affect both the d18O values (Cerling, 1984) and the
d13C values (Stiller et al., 1985: Potter et al., 2004). Rech et al.
(2003a) has documented Atacama Desert soil carbonate isotopic
compositions near the coast (<1000 m elevation) and at higher ele-
vations in the Andes (2500–4000 m elevation). Values for d13C ran-
ged from �8.2‰ to +7.9‰ and for d18OVPDB from �6.0‰ to +7.0‰

(Rech et al., 2003a). Rech et al. (2003a) suggested that evaporation
may have influenced the C and O isotopic composition of the isoto-
pically heavier carbonates. Although difficult to quantify owing to
the lack of good estimates of the fractionation factors for 13C during
evaporation and loss of CO2, the D18OVPDB/D13CVPDB value for the
soil carbonates studied by Rech et al. (2003a) is �1, similar to val-
ues expected under normal pedogenic calcite formation (Cerling,
1984). In contrast, the D18OVPDB/D13CVPDB for Spence deposit soils
is �3, suggesting greater fractionation of O.

5.2. Origin of soil gypsum

Rech et al. (2003b) reported S and Sr isotopic compositions of
soil gypsum and calcite collected along three transects from the
coast towards the Andes in the Atacama Desert. They interpreted
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soils with d34S values >14‰ (i.e., values approaching modern sea-
water with d34S = 20.9‰; Rees et al., 1978; Claypool et al., 1980),
as having been dominantly influenced by marine aerosols (primar-
ily by coastal fog). In contrast, soil gypsum with d34SCDT values be-
tween +5‰ and +8‰ is interpreted to represent dust redistributed
from salars. Salars and rare streams in the Atacama Desert have
average d34SCDT values of 5.4 ± 2‰, with a range of 2.9–8.7‰ (Rech
et al., 2003b) and waters and sulfates from the Salar de Atacama
exhibit a similar range, i.e., 5.9 6 d34S 6 9.0‰ (Carmona et al.,
2000). Likewise, groundwaters from in and around the Salar de
Punta Negra, near Mina Escondida, have d34S values ranging from
+3.0‰ to +8.3‰ (Rissmann, 2003). In addition, the Central Depres-
sion (Fig. 1) hosts remnants of the Hilaricos and Soledad forma-
tions (Upper Miocene and Pliocene continental evaporites) that
have d34S values between +4.5‰ and +9‰, consistent with an ori-
gin dominantly from volcanic influence (Pueyo et al., 2001). The
characteristically positive and relatively homogenous isotopic val-
ues for dissolved SO4 and gypsum/anhydrite in groundwaters and
salars of the Atacama Desert have also been attributed to the iso-
topic enrichment of SO4 during the oxidation of S in shallow epi-
thermal systems related to local volcanic activity (Pueyo et al.,
2001).

Leybourne and Cameron (2006a) have previously interpreted
the S isotopic composition of Spence deposit groundwaters as
resulting from mixing between the dilute regional groundwaters
flowing into the deposit from the east, with d34S typical of the inte-
rior of the Atacama Desert and recharge in the high Andes (+4.5‰

to +9‰), and lighter S derived from (a) more saline (formation)
waters; and (b) dissolution of hypogene and/or supergene sulfides
in the deposit, with the latter likely dominating this end member.
There are no data on the isotopic composition of hypogene sulfides
or supergene sulfides and sulfates at the Spence deposit, although
data are available for similar deposits in northern and central Chile.
Hypogene sulfides at the Mantos Blancos, El Teniente, Río Blanco-
Los Bronces and El Salvador Cu deposits, for example, have average
d34SCDT values of �1.4‰, �1.0‰, �1.1‰, and �3.0‰, respectively
(Field and Gustafson, 1976; Dold and Spangenberg, 2002; Ramirez
et al., 2006). The same authors report that supergene sulfates at El
Salvador had d34S values of �0.7‰, whereas averages of hypogene
sulfates at the three deposits ranged from 10.2‰ to 11.9‰.
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In Spence deposit groundwaters, there is a good correlation be-
tween d18OVSMOW and d34S (Fig. 6C). The soils above both fracture
zones, when plotted in terms of these isotope ratios, fall within
the array, which is consistent with the derivation of the SO4 from
local groundwater. As discussed above, this interpretation does
not appear to be supported by the C isotope composition of the soil
carbonate. However, groundwater migrated to the surface during
seismic events will have, in terms of mass balance, much higher
S and O relative to atmosphere compared to dissolved C. DIC in
the Spence deposit groundwaters is commonly lower relative to
atmospheric sources (Leybourne and Cameron, 2006a); although
it is the latter that are most likely to dominate the isotopic signa-
ture of soil carbonate minerals. Soil samples were also collected
from a salar SW of Spence into which the groundwaters for the re-
gion discharge. These salar samples were analyzed for S by Enzyme
Leach and for S isotope ratios, and have a mean d34S value of 3.6‰

(Table 1). The salar samples have d34S values similar to the mean
value for the soils at the Spence deposit (4.4‰). Hartley and May
(1998) suggested that gypcrete in the Atacama Desert that is pres-
ent beneath a 9.5 Ma ignimbrite is Miocene; after 9.5 Ma, the Ata-
cama Desert was hyperarid, which they suggest impedes the
formation of gypcrete. However, they do not take into account
the possibility of earthquake-induced groundwater migration to
the surface (Section 5.3 below). Furthermore, the present isotopic
and geochemical data for soil carbonate and gypsum (Fig. 5) and
groundwaters from the Tamarugal anomaly (Leybourne and
Cameron, 2006b) are consistent with long term accumulation of
salts from groundwater, coupled with gradual lowering of the
water table as the Rio Loa incised. Young, on-going supergene
mineralization is also suggested by groundwater data at Spence
and dating of atacamite (Cameron et al., 2007; Leybourne and
Cameron, 2008; Reich et al., 2008, 2009).

The d34S values for the Gaby Sur deposit soils (3.8–6.1‰) may
suggest ore-associated input. The implications of the data are that
it is not possible to distinguish between the sources of S in gypsum
from S of local porphyry origin. Rech et al. (2003b) reported an iso-
topic study of soil gypsum from the Atacama Desert, with samples
collected along a traverse from the coast inland. Near the coast
more than half of the S is of marine origin with d34S values
>14‰, i.e., similar to the Namibian gypcretes (Eckardt and Spiro,
1999). Inland, d34S values ranged from 5.0‰ to 8.0‰, which are
similar to the values obtained from soils at the Gaby Sur deposit.
These values also resemble those obtained from the salars, d34S
values of 5.4 ± 2‰, suggesting that the gypsum is the result of aeo-
lian redistribution of salts from the salars. However, aeolian fea-
tures, such as dunes, are rare in the Atacama Desert and the even
distribution of gypsum over wide areas and its occurrence on the
slopes and tops of hills argue against this interpretation. There is
also a wider range in d34S values for SO4 at the Gaby Sur deposit
compared to the Spence deposit (Fig. 5), but these do not discrim-
inate between SO4 present in gypsum from that which may be de-
rived from the oxidation of igneous sulfide and brought to the
surface in mineralized groundwater.

The gypsum at the Gaby Sur deposit is interpreted to be of
atmospheric origin derived from the SO4-rich fog. On hill slopes
in this region, the amount of gypsum increases with height until
thin soils over decomposed bedrock are commonly largely com-
prised of massive gypsum overlain by a pebble and sand carapace.
The fog condensates are essentially a weak solution of H2SO4, with
pH as low as 3.5 (Schemenauer and Cereceda, 1992). The weak acid
can attack soil minerals, decomposing silicates and carbonates to
release Ca, which reacts with SO4 to produce gypsum. Gypcretes
also occur in the hyper-arid Namib Desert of Namibia, located in-
land from the Atlantic Ocean and the cold Benguela Current, anal-
ogous to the Atacama Desert, the climate of which is influenced by
the cold, north-moving Humboldt Current (Hartley and Chong,
2002). The Namibia gypcretes have distinctive d34S values in the
range 13.0–18.8‰, taken to indicate derivation from marine di-
methyl sulfide (DMS), which has been incorporated into fog gener-
ated over the cold ocean water (Eckardt and Spiro, 1999).
Atmospheric condensate collected by these authors on the Atlantic
shore had a d34S value of 15.9‰. The Namibian gypcretes also have
an excess of 17O (Bao et al., 2001a,b), which is interpreted to be due
to the oxidation of reduced S in the atmosphere by O3 and/or H2O2,
both of which also have excess 17O.

The d34S values of the soils at the Tamarugal anomaly are isoto-
pically lighter than the corresponding groundwaters (Fig. 6). Gyp-
sum of atmospheric origin is well developed in the Tamarugal area,
suggesting that part of the material analyzed for S isotopes was de-
rived from the atmosphere (Rech et al., 2003b). But, like those at
the Gaby Sur deposit, there is no distinct ‘‘marine’’ dimethyl sulfide
isotopic signature in the range 13–19‰ that characterizes gypsum
close to the Pacific coast (Rech et al., 2003b). The S isotopic compo-
sition of the soils in the Tamarugal anomaly may, therefore, reflect
distal sulfide mineralization, consistent with the interpretations
based on the porphyry deposit associated metal contents and Se/
S values of the soils (Leybourne and Cameron, 2006b).

5.3. Earthquake-induced groundwater flow and application of soil
isotopes to mineral exploration

Soil anomalies over the Spence deposit and the eastern fracture
zone suggest that mineralized groundwaters have reached the sur-
face along fracture zones in the gravel above basement faults (e.g.,
see Cameron et al., 2002; Leybourne and Cameron, 2008; Reich
et al., 2008). The anomalously elevated contents of saline and por-
phyry-associated elements in the anomalous soil zones is similar
to that of local groundwater and is inconsistent with interpreta-
tions other than physical movement of groundwater to the surface
(Cameron et al., 2008, 2002; Cameron and Leybourne, 2005;
Palacios et al., 2005). The abundance of Na and Cl, which are not
volatile species, associated with the fractures indicates that vapor
transport was not the cause. The theoretical basis for earth-
quake-induced groundwater flow was developed by Sibson (Sibson
et al., 1975; Sibson, 1981) and empirical evidence is provided by
increased permeability and flooding of the surface along fault lines
for weeks and months following earthquakes, including desert
areas (Nur, 1974; Montgomery and Manga, 2003; Elkhoury et al.,
2006). The model has been refined most recently by Cameron (in
press). At the Spence deposit, earthquake-induced flow of saline
water was initiated along basement faults at depths of several kilo-
meters. As the saline water rose, it mixed with groundwaters in
contact with the deposit and with less saline groundwaters in
the overlying gravel aquifers. Upon discharge of these mixed
groundwaters at the surface along the fracture zones (Fig. 2), it
was evaporated, and the major salts and trace elements were sub-
sequently selectively redistributed during rare, periodic rains
(Fig. 7). Gravel exposed in the trenches above the deposit show
two sets of vertical fractures at �1 m intervals; east to west and
north to south. Furthermore, within trenches constructed in a
background area, where earthquake-induced groundwater flow
has not occurred, only one north–south fracture has been identi-
fied, underscoring the importance of these fractures in bringing
deep groundwater to the surface. The clear association of ore-
related metals and metalloids with these fractures indicates that
the fractures are not surface polygonal fractures or Neptunian
dykes. The latter represent top down processes, whereas it can
be shown that at the Spence deposit, the dominant process is bot-
tom up, albeit with some redistribution by infrequent rains. The
relationship between Cu deposits, groundwater and soil geochem-
ical anomalies is also demonstrated by the variation in soil chem-
istry at the three study areas (Fig. 11). Thus, soils overlying the



70 M.I. Leybourne et al. / Applied Geochemistry 29 (2013) 55–72
Spence Deposit show direct evidence of the underlying deposit;
low S/Se, elevated Cu contents, elevated I and As (high Cu/S, I/Cu
and As/S values) (Fig. 11). By contrast, soils overlying the Gaby
Sur deposit only show anomalous Cu in fractures; most of the soils
have S/Se and Cu, As and I contents more consistent with atmo-
spheric deposition, as also suggested by the soil isotope values. Fi-
nally, the soils at the Tamarugal anomaly show evidence for long
periods of accumulation (elevated S, Ca, Na, Cl; Figs. 5 and 11),
but also the clear signature of distal mineralization (elevated Cu,
I and As; Fig. 11).

Soils above the Spence Deposit exhibit poor correlation be-
tween Na and Cu, despite the presumed groundwater source of
both Na and Cu in these soils (Fig. 7A and B). Copper is concen-
trated in the upper 20 cm of the gravel soils, as a result of adsorp-
tion onto Fe oxyhydroxides and other soil materials (e.g., clay
minerals), whereas the constituents of the groundwater that are
less easily adsorbed, e.g., Na, B, Se and As are concentrated at
depths of 50 cm and below. The differences in behavior between
species that are adsorbed and retained higher in the soil profile
compared to more labile species is also observed in filtered vs.
unfiltered samples of groundwater (Cameron and Leybourne,
2005; Leybourne and Cameron, 2008).

There is a broad spatial correlation between fracturing of the
gravels and the presence of groundwater-derived constituents.
But small-scale correlation is limited: at site 51 over the deposit
there is a correlation between Na and fracturing, with the highest
concentrations in soils where an east–west and north–south frac-
ture intersect and the lowest concentration in an unfractured pro-
file. However, at site 54 over the deposit, there is no such
correlation and there is no correlation between Cu and fracturing
at either site.

If some portions of the soil calcite or gypsum that form in and
over fractures that intersect porphyry Cu mineralization are influ-
enced by earthquake-induced deep groundwater flow, it was orig-
inally postulated that this might be detected in the isotopic
composition of these authigenic soil minerals, thereby providing
a new mineral exploration tool. However, as has been shown
above, although the isotopic data for soil calcite and gypsum can
be interpreted as including at least some component of a ground-
water isotopic signature, there appear to be no obviously system-
atic differences in the isotopic compositions of soil carbonate or
sulfate associated with fractures that cross-cut mineralization
compared to barren fractures and unfractured soils. Groundwater
transported to surface from depth has not previously been consid-
ered as a source of dissolved solutes for soils in the Atacama Desert
(e.g., Rech et al., 2003b; Bao et al., 2004; Quade et al., 2007; Ewing
et al., 2008).

5.4. Implications for paleoclimate research

Current models that use the C isotopic composition of pedo-
genic carbonate to interpret paleoclimate are limited by a number
of constraints. One of the largest problems is that the soil zone PCO2

is a major influence on these calculations and this value is difficult
to quantify (Ekart et al., 1999; Robinson et al., 2002), although esti-
mates in wet soils have been made using the C isotopic composi-
tion of carbonate substituted into goethite (Tabor et al., 2004).
Much of the hyperarid core of the Atacama Desert is devoid of
any vegetation (and in the driest parts, even hypolithic bacteria
are essentially absent e.g., Warren-Rhodes et al., 2006), so that
the PCO2 of the soil zone will essentially be largely controlled by
diffusion from the atmosphere. Another unknown in these calcula-
tions is the d13C value of the atmosphere through time. In using
pedogenic carbonate as a paleobarometer, the C isotopic ratio of
the atmosphere is typically either assumed to be the same as the
modern pre-industrial value, or assumed to be controlled by the
fractionation factor between marine carbonate and atmospheric
CO2 (Ekart et al., 1999). However, by looking in hyperarid climate
regions, a more direct proxy for atmospheric d13C values may be
recorded in soil calcite. Thus, the assumptions regarding the d13C
values of past atmospheres could be tested by investigation of ped-
ogenic calcite in regions with a hyperarid climate such as the Ata-
cama Desert, in particular where carbonate can be related to ash
beds that can be isotopically dated, or where other independent
ages can be determined. For example, studies on the groundwaters
and soils at the Spence deposit have suggested that the Cu mineral
atacamite may not be related to the main supergene oxidation
events in the Miocene, but might be very young, associated with
earthquake-induced groundwater migration (Cameron et al.,
2007; Leybourne and Cameron, 2008). Subsequent work has
shown, based on 36Cl dating of atacamite and U-series disequilib-
rium dating of gypsum intergrown with atacamite, that atacamite
at many of the porphyry Cu deposits is relatively young, with ages
ranging from 240 to 80 ka (Reich et al., 2008, 2009).
6. Conclusions

Soils overlying the Spence and Gaby Sur porphyry Cu deposits
and the Pampa del Tamarugal, Atacama Desert, northern Chile dis-
play variable evidence in the isotopic values of stable isotopes of
carbonate and sulfate for the influence of saline groundwaters.
Pedogenic calcite is present in all soils at the Spence deposit, but
increases volumetrically above fracture zones that cut the Miocene
gravels overlying the deposit. The C isotope values of carbonate
from the soils overlying the fracture zones is indistinguishable
from pedogenic carbonate elsewhere at the Spence deposit and
formed in equilibrium with atmospheric CO2. However, d18O val-
ues for carbonate over both fracture zones are statistically different
from carbonate elsewhere, consistent with involvement of ground-
water in their formation. The Spence deposit is characterized by
soils that have elevated contents of saline and porphyry-associated
elements only above the fracture zones over the deposit and to the
east, with isotopic values (3.7–4.9‰ d34S) near the middle of the
range for SO4 in groundwater at the Spence deposit (0.9–7.3‰).
At the Spence deposit, the original soil profile, including surface
gypsum and NO3 that can be found nearby, has been removed by
‘‘recent’’ erosional events. There has been insufficient time since
then to develop much of a true soil profile, except for some limited
calcrete over the fracture zones, particularly in the eastern fracture
zone. Thus, the effects of earthquake-induced movement of
groundwaters are most evident in the major and trace element
chemistry of the soils, and the O and S isotopic composition of
the carbonate and sulfate, respectively, associated with the
fractures.

The composition of soils at the Tamarugal anomaly has been
most strongly affected by earthquake-related surface flooding
and evaporation of groundwater with long-term accumulation;
d13C values (�4.3‰ to �2.0‰) are interpreted to be a mixture of
dissolved inorganic C (DIC) from groundwater and atmospheric
CO2. Sulfur in soils at the Gaby Sur deposit (d34S values = 3.8–
6.1‰) is dominated by gypsum, which primarily occurs on the
flanks and tops of hills, suggesting deposition from SO4-rich fog.
The SO4 in Gaby Sur deposit gyspum is possibly derived by conden-
sation of airborne SO4 derived from SO2 of volcanic origin from the
nearby Andes.

Soil carbonate from soils across the Spence deposit has O and C
isotopic values similar to those recorded for other studies in the
Atacama Desert. By contrast, those from the Gaby Sur deposit are
amongst the heaviest isotopically for C, with lighter O isotope val-
ues than previously recorded in the Atacama Desert. Finally,
although the soils from the Tamarugal anomaly fall within the
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range for Atacama Desert soils, they are much lighter in C isotope
values than soils at either of the two porphyry Cu deposits. The
accumulation of salts at all three sites has different histories and
display variable influence of groundwater, which is interpreted to
have been forced to surface during recurrent seismic events in
the Atacama region. The clear accumulation of salts associated
with fractures at the Spence deposit, and shifts in the isotopic com-
position of carbonate and sulfate in the fractures despite clear evi-
dence of relatively recent removal of salts indicates that transfer
from groundwater is an ongoing process. The interpretation that
groundwaters can influence the isotopic composition of soil cal-
crete and gypsum has important implications not only for explora-
tion of covered Cu deposits but also for paleoenvironmental
reconstructions in the hyperarid Atacama Desert.
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