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Abstract Supergene enrichment of Cu deposits in the
Atacama Desert has played a critical role in making this
the prime Cu-producing province of the world. Previously,
this has been believed to have occurred exclusively over a
long period from the middle Eocene to the late Miocene,
which ended when climatic conditions changed from arid to
hyperarid. Here, we report U-series disequilibrium ages in
atacamite-bearing supergene assemblages that provide a
new conceptualization on both the supergene enrichment
process and the onset of extreme hyperaridity in the
Atacama Desert. 230Th–234U ages of gypsum intergrown

with atacamite in supergene veins from Cu deposits cluster
at ~240 ka (Chuquicamata), 130 ka (Mantos Blancos,
Spence), and 80 ka (Mantos de la Luna, Michilla). When
coupled with previous data, these results indicate that
supergene enrichment of Cu deposits did not cease after
the onset of hyperaridity. We propose that supergene
enrichment in the Atacama region developed in two main
stages. The main phase, caused by downward circulation of
meteoric waters in a semi-arid setting, was active from 45
until ~9 Ma, with a last pulse ca. 5 Ma in the southern
Atacama Desert. During this phase, atacamite-bearing
supergene assemblages were not preserved because ataca-
mite requires saline water for its formation and rapidly
dissolves when contacted by meteoric water. This was
followed by a second stage starting at ~2–1.5 Ma and
continuing until at least the late Pleistocene, when deep
formation waters derived from the basement passed up
through and modified the pre-existing supergene Cu oxide
minerals. Atacamite has then been preserved in the
prevailing hyperarid climate.
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Introduction

Supergene enrichment of Cu deposits in the Atacama
Desert of northern Chile has been a principal factor in this
region becoming the greatest producer of Cu in the world.
Supergene enrichment zones are believed to have formed
by exposure of Cu sulfides to the effects of oxidative
weathering during moderate precipitation. Thus, their
development is strongly coupled to the climatic evolution
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of the region since the early Oligocene (Alpers and
Brimhall 1988; Sillitoe and McKee 1996; Mote et al.
2001; Hartley and Chong 2002; Hartley and Rice 2005;
Arancibia et al. 2006; Clarke 2006). Isotopic dating of
supergene minerals, principally alunite group minerals, has
shown that supergene enrichment occurred over a long
period from ~45 to 9–5 Ma, reaching a maximum at 14–21
(Alpers and Brimhall 1988; Sillitoe and McKee 1996; Mote
et al. 2001; Arancibia et al. 2006). Supergene enrichment is
traditionally believed to have ceased when arid conditions,
with significant pluvial precipitation, changed to hyperarid.
However, there is no consensus about the onset of hyper-
aridity, which may have commenced as early as 25 Ma
(Dunai et al. 2005) or 19–13 Ma (Rech et al. 2006) or as
late as 3–4 Ma (Hartley and Chong 2002; Hartley and Rice
2005). Also, it is debatable if supergene processes ceased
completely as a result of hyper-aridification. Recent
geochemical and isotopic studies reveal that atacamite, a
major constituent of supergene Cu oxide zones in this
region, formed within the last 1.5 Ma as a product of the
upward flow of saline basement waters through the pre-

existing oxide zones and has been preserved in the
hyperarid climate prevailing since that time (Cameron et
al. 2007; Leybourne and Cameron 2008; Reich et al. 2008).
Despite this new evidence, our knowledge of the timing
and mechanism(s) of formation of the final supergene
assemblages is limited. We present here U-series disequi-
librium data in atacamite-bearing assemblages from Cu
deposits in the Atacama Desert that provide new age
constraints and extend supergene oxidation into the
Pleistocene. We then explore how climate and active
tectonics have influenced the development of supergene
oxidation zones before and after the onset of hyperaridity.

Geologic background and samples

The Atacama Desert of northern Chile is the driest desert on
Earth and hosts the world’s largest known accumulation of
Cu, the primary Cu sulfide hydrothermal mineralization
having formed during Late Jurassic to Early Oligocene time
as part of the geological evolution of the southern segment

Fig. 1 Digital elevation map
(from SRTM 90 m dataset) of
the studied area of the Atacama
Desert in northern Chile show-
ing the distribution of copper
deposits containing atacamite in
oxide zones (squares, (1) Man-
tos de la Luna, (2) Michilla, (3)
Mantos Blancos, (4) Spence, (5)
Chuquicamata, (6) Radomiro
Tomic, (7) El Abra, (8) Gaby
Sur, (9) Escondida). Insets show
modern precipitation seasonality
in the Atacama Desert, taken
from Vargas et al. (2006) and
Betancourt et al. (2000). Major
structural features are shown,
including the Atacama Fault
System (AFS), the Antofagasta-
Calama Lineament (ACL), and
the Domeyko Fault System
(DFS)
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of the Central Andes (Maksaev et al. 2007). There are four
main NS-trending metallogenic belts decreasing in age to
the east: Late Jurassic stratabound-volcanic hosted “Manto-
type” (e.g., Michilla, Mantos de la Luna), Early Cretaceous
porphyry-type Cu (e.g., Mantos Blancos, Antucoya Buey-
Muerto), Late Paleocene–Early Eocene porphyry Cu depos-
its (e.g., Spence, Lomas Bayas), and Late Eocene–Early
Oligocene (e.g., Chuquicamata, Radomiro Tomic, El Abra;
Maksaev et al. 2006; 2007; Ramírez et al. 2006).
Weathering of the primary (hypogene) sulfide mineraliza-
tion in these deposits produced several hundred meters of
higher grade caps of secondary Cu sufides, oxides,
hydroxides, carbonates, sulfates, and chlorides. This super-
gene 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; Chávez 2000; Clarke 2006). The green
mineral atacamite (Cu2Cl(OH)3) is a major constituent of
supergene zones in the Atacama Desert, and increasing
evidence suggests that atacamite-bearing oxide assemblages
are late products of supergene enrichment, likely to have
formed by the replacement of pre-existing oxide assemb-
lages during the passage of saline water (Cameron et al.
2007; Leybourne and Cameron 2008; Reich et al. 2008).

Atacamite-bearing assemblages were sampled in super-
gene oxide zones of five Cu deposits (Fig. 1, numbers 1–5).
In these deposits, atacamite is a major constituent of
supergene zones and occurs in veins, veinlets, and fine-

grained disseminations, commonly associated to gypsum.
For details about sample location and their characteristics,
see Table 1 (and caption). Careful examination of selected
samples under the polarizing optical microscope and
transmission electron microscope (TEM) revealed that
atacamite is intimately associated to gypsum at all scales,
supporting the recent notion that both minerals formed
contemporaneously (Reich et al. 2008; Fig. 2). Since there
is no geochronometer to directly date atacamite, the
intimate association of gypsum and atacamite provides an
alternative dating method by applying the U-series disequi-
librium method to gypsum intergrown with atacamite.

U-series method and 230Th– 234U ages

Isochron method

The U-series disequilibrium method is based on the natural
fractionation of U and Th isotopes that lead to the
preferential precipitation in authigenic minerals (e.g.,
gypsum) of parent nuclides over certain insoluble daughter
products in the decay series (Ku 1976; Luo and Ku 1991;
Ku et al. 1998). The method has been successfully applied
to obtain absolute ages of formation of salt minerals that
precipitate from aqueous solutions (e.g., gypsum, anhydrite,
and halite), in a range that falls between <10 and 350 kyrs
(Ku et al. 1998). The isolation of uranium into a sample at

Table 1 U-series data for gypsum intergrown with atacamite in supergene zones from copper deposits, Atacama Desert, Chile
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Coordinates and altitude (in meters above the sea level) of the samples are shown in the second column. Sample from Chuquicamata was taken
from the Banco Sur in the Chuqui pit and is a 5-cm-wide gypsum/atacamite veinlet, oriented N5ºE. Sample from Mantos Blancos is an 18-cm-
wide atacamite/gypsum vein, oriented N55ºE, taken from the oxidation zone at the Banco Oriental, Mantos Blancos pit. Sample from Mantos de
la Luna was taken at the entrance of the main pit (eastern wall) and corresponds to a N4Eº trending atacamite/gypsum vein 10 cm wide occurring
in the limit between the leach cap and the oxidation zone. Samples from Spence and Michilla are atacamite/gypsum veinlets 2 and 7 cm wide
(N60ºE and N3ºW trending, respectively), taken at the Banco Sur, Spence pit, and at the entrance of the underground mine, respectively.
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the time of precipitation leads to the growth of radioactive
230Th from the decay of 238U and 234U radionuclides.
Therefore, the extent of growth of 230Th toward secular
equilibrium with 234U is a function of time (or age). The U-
series method requires simultaneous measurements of the
degree of radioactive disequilibrium between 230Th and 234U
and between 234U and 238U in the salt minerals. However,
age uncertainties can arise due to (a) the presence of
inclusions or clays in the samples containing detrital 230Th
and 234U that cannot be removed by physical and chemical
means from the primary phases and (b) the required closed
system condition for the isotopes of interest is not ensured
due to recrystallization or dissolution of the minerals.

In order to overcome these potential difficulties, we have
analyzed only primary gypsum associated with atacamite in
veins and veinlets, with no evidence of recrystallization or

dissolution (Fig. 2). The methods used for U-series dating
of gypsum intergrown with atacamite followed the isochron
approach of Luo and Ku (1991) that corrects for initial
230Th contamination. Samples were homogenized by grind-
ing into powder and separated into three or four subsamples
by dispersing the sample in an ethanol solution. The
subsamples contain various amounts of U and Th isotopes
such that isochron plots can be constructed to determine the
non-detrital 230Th/234U and 234U/238U activity ratios and
thus a reliable age of the sample. About 0.2–1 g was
weighed for each subsample and dissolved with HNO3 and
HF under the presence of 236U and 229Th tracers.
Separation and purification of U and Th from the samples
were done using anion exchange columns. The purified U
and Th were measured for isotope concentrations of U
(234U and 238U) and Th (230Th and 232Th) by using a

Fig. 2 Atacamite–gypsum
assemblages from supergene
zones in Atacama: A atacamite–
gypsum vein from the Spence
deposit; B atacamite–gypsum
veinlet from the same deposit;
C, D photomicrograph of fine-
grained aggregates of atacamite–
gypsum in the veinlet shown in
B (reflected light polarizing mi-
croscopy); E TEM image of the
atacamite aggregates showing a
close relation with gypsum at
the micrometer scale. Both min-
erals were identified by energy-
dispersive X-ray spectrometer
(EDS) analysis (F, G). gyp gyp-
sum, atac atacamite. TEM
observations were performed at
the Department of Geology,
University of Chile, using a FEI
Tecnai F20 FEG TEM operated
at 200 kV, with an EDAX ED
(~0.5–1 wt.% detection limit)
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Fig. 3 Isochron plots of
230Th/232Th vs. 234U/232Th and
234U/232Th vs. 238U/232Th for
samples from Chuquicamata,
Mantos Blancos, Mantos de la
Luna, Spence, and Michilla
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double focusing magnetic sector field ICP-MS (Element II,
Thermo Scientific) at the National Cheng-Kung University,
Taiwan. The overall blanks of the procedures were
measured to be about <0.2 ng for 238U, <0.08 ng for
232Th, and negligible for 234U and 230Th, respectively.

230Th–234U ages

Measurements of U and Th isotopes in gypsum associated
to atacamite in supergene zones of Cu deposits from the
Atacama are shown in Table 1. Absolute ages were
calculated based on the U–Th non-detrital activity ratios
of 230Th/234U and 234U/238U derived from the slopes of
isochron plots (Fig. 3), following the methods of Luo and
Ku (1991). All samples analyzed show Pleistocene ages,
with Chuquicamata being the oldest at 237±8 ka (Middle
Pleistocene). Younger, Late Pleistocene ages are obtained
for Mantos Blancos at 143±29 ka, Spence at 127±29,
Mantos de la Luna at 84±11 ka, and Michilla at 75±0.4 ka.

Discussion

Two-stage model for supergene enrichment in Atacama

U-series dating of gypsum–atacamite-bearing assemblages
shows that supergene oxidation processes in Cu deposits
were active during the Middle and Late Pleistocene when
hyperarid climate conditions prevailed in the Atacama
Desert of northern Chile.

When combined with previously published isotope ages,
our data constrain the chronology of supergene enrichment and
oxidation in copper deposits from the Atacama Desert, from
the Middle Eocene (~45Ma) to the Late Pleistocene (~100 ka;
Fig. 4). K–Ar and Ar–Ar dating of supergene alunite-group
minerals documents almost continuous supergene oxidation
from 33 to 9 Ma, with a peak coeval with semiarid conditions
between 21 and 14 Ma (Alpers and Brimhall 1988; Sillitoe
and McKee 1996; Mote et al. 2001; Arancibia et al. 2006).
Based on the alunite data, supergene oxidation of copper
deposits has been previously interpreted to cease completely
after a last pulse at ca. 5 Ma in the southern Atacama, as a
result of the climate desiccation (Arancibia et al. 2006).

We propose that supergene oxidation did not cease after
the onset of hyper-aridity, but continued until Middle-to-
Late Pleistocene based on U-series ages and previously
published 36Cl data of atacamite-bearing assemblages
(Reich et al. 2008). As atacamite requires saline water for
its formation and dissolves rapidly when exposed to
meteoric water (Hannington 1993; Cameron et al. 2007),
hyperarid climate conditions are necessary for its preserva-
tion in supergene zones. Based on this argument, the age of
formation of atacamite can be used as a climate marker of
hyperaridity in the Atacama Desert. The presence of low
but detectable 36Cl of fissiogenic origin in atacamite from
supergene zones indicates that the hyperarid conditions
necessary for its preservation were already established at
1.5 Ma, ~five times the half-life of 36Cl (Reich et al. 2008).
Therefore, we propose a two-stage model for the develop-
ment of supergene oxidation zones in copper deposits in the

Fig. 4 Chronology of supergene oxidation of copper deposits in the
Atacama Desert, Chile, and its relation with climate change in the
region. Dotted vertical lines mark the onset of hyperaridity according
to different authors (numbers), with hyperarid prevalence towards the
right (arrow direction). Isotope data for supergene minerals (data
curve taken from Arancibia et al. 2006 and references therein) define
an extended period of supergene oxidation between ~45 to 9–5 Ma
with a peak at ~21–14 Ma, dominated by downward circulation of
meteoric water under semi-arid to arid climate conditions. A
transitional period, characterized by a gap in isotope data (between
~5 and 2 Ma) precedes the late stage of supergene oxidation

dominated by the formation (and preservation) of atacamite under
hyperarid conditions (<1.5 Ma, 36Cl). Absolute ages of formation of
atacamite in various copper deposits cluster between ~250 and 75 ka
(Middle to Late Pleistocene), with decreasing ages westwards (see
inset on the right). References: (1) Alpers and Brimhall (1988), (2)
Sillitoe and McKee (1996), (3) Hartley and Chong (2002), (4) Dunai
et al. (2005), (5) Arancibia et al. (2006), (6) Hartley and Rice (2005),
(7) Rech et al. (2006), (8) Reich et al. (2008), (9) Haug and
Tiedemann (1998), (10) Haug et al. (2001), (11) Haug et al. (1999),
(12) Cannariato and Ravelo (1997), (13) Ravelo et al. (2004), (14)
Garzione et al. (2008)
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Atacama Desert: a supergene meteoric, “pre-atacamite”
stage, developed under semiarid to arid conditions, fol-
lowed by a supergene “atacamite” stage, coeval with
modern hyperarid climate conditions (Fig. 4).

The long-lived supergene meteoric stage was comprised
between ~45 and 9–5 Ma, where transient downward
circulation of meteoric water weathered hypogene sulfide
mineralization to form higher-grade caps of secondary Cu
sulfides, oxides, and hydroxides. During this stage, charac-
terized by a semiarid climate (>10 mm/year precipitation),
oxide zones were exposed to percolating rainwater during the
uplift of the Central Andes. A maximum in K–Ar and Ar–Ar
ages between 21 and 14 Ma recorded by alunite-group
minerals implies wetter conditions, followed by a first pulse
of climate desiccation at 13 Ma in the eastern margin of the
Atacama Desert (Rech et al. 2006). The paucity of supergene
alunite ages after 9 Ma, with a final pulse at ca. 5 Ma in the
southern margin of the Atacama Desert (Arancibia et al.
2006), is consistent with arid conditions at 3–4 Ma as
suggested from sedimentological evidences in northern Chile
(Hartley and Chong 2002; Hartley and Rice 2005). During
this period, ~9 to 2 Ma for the central Atacama Desert,
meteoric circulation waned due to reduced precipitation
precluding the formation of supergene alunite-group miner-
als and therefore making the “meteoric” isotopic signal
obscure. At the same time, formation and preservation of
atacamite was inhibited by the reduced but still active
meteoric infiltration, resulting in a gap of radiometric data
between ~5 to 1.5 Ma (Fig. 4). Thus, the presence of 36Cl in
the atacamite–gypsum assemblages suggests that atacamite
has been preserved only since ~1.5 Ma, marking the onset of
modern extreme hyperarid conditions (< 1–4 mm/year) in the
Atacama Desert.

Climatic implications

Our findings support a stepwise aridification of the
Atacama Desert, rather than a single major climate shift,
most probably driven by a combination of tectonic and
global-to-regional ocean-climate reorganizations. Although
a first significant pulse towards aridification occurred at
13 Ma, possibly related to the uplift of the Central Andes to
elevations that were high enough to block moisture
entrained in the South American Summer Monsoon from
entering the Atacama region (Rech et al. 2006), greater
aridification seems to have occurred coetaneously with a
rapid pulse in the uplift of the Andes, e.g. towards
elevations up to 4 km between 10 and 6 Ma as suggested
by Garzione et al. (2008). The occurrence of alunite ages of
ca. 5 Ma suggests that the southern margin of the Atacama
Desert received significant amounts of precipitation shortly
after this date, probably reflecting the asynchronous
installation of hyperaridity in the Atacama region.

The increase of aridity that characterizes the following
period is coincident with the initial global reorganization of
climate that followed the closing of the Panama seaway
from 4.6 to 4.2 Ma (Haug and Tiedemann 1998; Haug et al.
1999, 2001). A close match is observed between the onset
of the modern east–west sea surface temperature gradient in
the tropical–subtropical Pacific at 2–1.5 Ma (Cannariato
and Ravelo 1997; Ravelo et al. 2004) and the maximum
36Cl atacamite “preservation” ages in the Atacama (Fig. 4).
This match suggests that strong Walker circulation and cool
subtropical temperatures in the eastern Pacific should have
reinforced the atmospheric subsidence associated to the
subtropical high pressure cell, blocking the humidity from
the Pacific Ocean basin, turning the Atacama into the
modern extreme hyperarid desert (< 1–4 mm/year), with the
consequent preservation of atacamite in supergene Cu
deposits. The close spatial correlation between atacamite-
bearing Cu deposits and major structures in the region
(Fig. 1), coupled with the high salinity and the isotopic
composition of the waters from which it precipitated
(Leybourne and Cameron 2006; 2008; Reich et al. 2008),
suggests that supergene enrichment under hyperarid con-
ditions has been driven by upwards circulation of deep
saline waters during active faulting along major structures
(Armijo and Thiele 1990; Cameron et al. 2002; 2007;
Vargas et al. 2005; Gonzalez et al. 2006).
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