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Abstract

The Atacama region in northern Chile hosts the driest desert on Earth and is the world’s premier iodine production pro-
vince. The origin of iodine enrichment in Atacama is controversial and fundamentally different processes have been invoked
over the years that involve marine, eolian and more recently deep sedimentary fluid and groundwater sources. As a result of
the very limited geochemical iodine data in Atacama and the western South American margin, the origin of iodine enrichment
in this region still remains elusive. In this study, we present a comprehensive survey of iodine concentrations and isotopic
ratios (129I/I) of different reservoirs in the Atacama Desert of northern Chile, including nitrate soils, supergene copper depos-
its, marine sedimentary rocks, geothermal fluids, groundwater and meteoric water. Nitrate soils along the eastern slope of the
Coastal Cordillera are found to have mean iodine concentrations of at least three orders of magnitude higher than the mean
crustal abundances of �0.12 ppm, with a mean concentration of �700 ppm. Soils above giant copper deposits in the Central
Depression are also highly enriched in iodine (100’s of ppm range), and Cu-iodide and iodate minerals occur in the supergene
enrichment zones of some of these deposits. Further east in the Precordillera, Jurassic sedimentary shales and limestones show
above-background iodine concentrations, the latter averaging �50 ppm in the southern portion of the study area. The highest
iodine concentrations in fluids were measured in groundwater below nitrate soils in the Coastal Range (�3.5–10 ppm) and in
geothermal waters (1–3 ppm) along the volcanic arc. Although highly variable, the iodine isotopic ratios (129I/I) of Jurassic
marine sedimentary rocks (�300–600 � 10�15), nitrate soils (�150–1500 � 10�15) and waters (�215 � 10�15) are consistently
low (<1500 � 10�15), indicating that recent anthropogenic additions are almost negligible in most surficial and deeper reser-
voirs. Geochemical mixing models reveal that the measured 129I/I ratios in Atacama are in agreement with multiple sources of
iodine that include variable contributions from old organic iodine sources (i.e., marine sedimentary rocks) and younger fluids
such as pore waters, geothermal fluids and meteoric waters. Our results show that the large variation observed in the iodine
isotopic ratios of different reservoirs (129I/I from 150 to 1580 � 10�15) is indicative of significant mixing and circulation of
fluids of meteoric, sedimentary and volcanic origin along the Chilean continental margin in the last 30 million years. We con-
clude that this protracted and large-scale fluid flow was driven by tectonic uplift and highly influenced by the climatic history
of the Atacama Desert. The combination of such factors has played an unforeseen role in transporting and accumulating
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iodine and other soluble components in the Atacama region, and is evidence that elemental remobilization is a key process in
the overall crustal cycle of iodine over scales of millions of years.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The global distribution of iodine (I) is dominated by the
marine system, in particular marine sediments, which hold
about 70% of the total iodine in the crust at concentrations
from 1600 to 10,000 lM (Wong, 1991; Muramatsu and
Wedepohl, 1998). In contrast, seawater contains only
0.4 lM due to extensive iodine partition into marine phyto-
plankton and algae, and subsequent accumulation in mar-
ine sediments (Broecker and Peng, 1982; Ullman and
Aller, 1983, 1985; Küpper et al., 2008).

Although the global iodine budget and its distribution
in marine settings has been generally constrained (Fehn
et al., 1986, 2007a), naturally elevated iodine concentra-
tions in rocks, soils and waters are rarely reported, with
iodine mineral occurrences being restricted to hyper-arid
desert environments. Among these, the Atacama Desert
in northern Chile hosts mineral deposits with some of
the highest iodine concentrations known in continental
settings (Ericksen, 1981). In the Atacama region, iodine
is highly concentrated in nitrate soils, a �1 m thick layer
that covers an almost continuous 700 km long by 20 km
wide area along the western margin of the Central
Depression. Iodine in the nitrates exceeds by 3–4 orders
of magnitude the average crustal concentrations and forms
iodate (IO3

�) minerals that occur along with nitrates, sul-
fates, chlorides and rare perchlorates and chromates
(Ericksen, 1981; Muramatsu and Wedepohl, 1998; Pérez-
Fodich et al., 2014). In addition, recent studies suggest
that iodine enrichment in the region is more widespread
than previously thought. For example, high iodine occur-
rences have been reported in copper deposits from the
Coastal Range (e.g., Mantos de la Luna) to the Central
Depression (e.g., Spence) and the Precordillera (e.g.,
Chuquicamata and Escondida). These anomalous iodine
concentrations are restricted to supergene zones and soils
above copper deposits, forming fine-grained iodides and
iodates that coexist with Cu-chlorides and sulfates, among
other oxidized Cu phases (Jarrell, 1939, 1944; Reich et al.,
2009a, 2013; Cameron et al., 2010).

Recently, Pérez-Fodich et al. (2014) reported 129I/I iso-
topic ratios of iodine-rich nitrate soils from Atacama
(�150–600 � 10�15) revealing signatures similar to marine
sedimentary pore waters (�200–500 � 10�15; Fehn et al.,
2007b). These surprisingly low 129I/I ratios are strong evi-
dence for a non-atmospheric source for the iodine compo-
nent of nitrates and point toward a significant role of
groundwater and deep sedimentary fluids in the formation
of iodine-bearing nitrate soils in Atacama.

Despite these recent advances, little is known about the
regional setting and distribution of iodine in the Atacama
Desert. In fact, a survey of previously published studies
suggest that iodine enrichment is not exclusively restricted
to discrete reservoirs (e.g., nitrate soils and supergene cop-
per deposits), but is rather wide-spread in most surficial
reservoirs in Atacama such as surface and ground water,
spring and thermal water, and marine sedimentary rocks
outcropping between the Central Depression and the
Precordillera. Considering the fact that the cycling of iodine
is still poorly understood in continental settings, the conver-
gence of anomalous iodine occurrences with unique geo-
logic, tectonic and climatic factors in Atacama offers an
intriguing opportunity to investigate iodine enrichment
over long timescales in an active continental margin.

In this study, we present a comprehensive survey of
iodine concentrations and isotopic ratios (129I/I) of selected
reservoirs in the Atacama Desert of northern Chile, includ-
ing nitrate soils, supergene copper ores, sedimentary rocks,
geothermal fluids, groundwater and surface water. By cou-
pling new iodine concentration data and 129I/I isotopic
ratios with previously published data, we show that iodine
is significantly enriched in most surface reservoirs, and its
origin can be related to multiple sources that include marine
sedimentary rocks, geothermal/volcanic fluids and meteoric
water. We also explore the role of groundwater as a trans-
port agent in the region, and by using geochemical mixing
models, we show that the iodine 129I/I ratios can be used
not only to trace the origin of iodine, but also to constrain
the timescales of groundwater circulation over scales of mil-
lions of years.

2. BACKGROUND

2.1. Geological setting

The study area is located in the central Atacama region
of northern Chile (19� 200 S–24� 100 S), and covers a portion
of the Tarapacá and Antofagasta regions (Fig. 1A). The
present tectonic configuration of the Chilean active margin
is characterized by the subduction of the Nazca Plate
beneath the South American Plate (Fig. 1A). This configu-
ration was acquired after the breakup of the Farallon Plate
into the Nazca and the Cocos Plates around 25 Ma ago
(Pardo-Casas and Molnar, 1987). Currently, the conver-
gence rate between Nazca and South American plates is
7.8 cm/yr in this region, and the sediment column on the
under-riding plate includes from the oldest to recent age
sediments at the top (DeMets et al., 1994; Angermann
et al., 1999).

The uplift history of the northern Chilean Andes has been
subject of debate, with two opposing end member models: a
rapid rise in elevation in the past 10 Ma (of�2.5 km at�10–
6 Ma, Garzione et al., 2008) and a slow and steady rise to
present elevations since �60 or 40 Ma (e.g., Barnes and
Ehlers, 2009; Charrier et al., 2013 and references within).
However, both views are in agreement with the fact that



Fig. 1. Map of the studied area: (A) Digital elevation map of northern Chile showing the main morphological units. (B) Mean-annual
precipitation map of northern Chile, Puna and Altiplano, showing the distribution of sampling sites used for this study, data points in gray
were sampled in previous works (Table 1). The major structural features shown are the Atacama Fault System (AFS), the Antofagasta-
Calama Lineament (ACL) and the Domeyko Fault Zone (DFZ). Solid black circles show the location of supergene Cu deposits where high-
iodine concentrations have been reported (MDLL: Mantos de la Luna, RT: Radomiro Tomic, CHQ: Chuquicamata, SP: Spence, MB:
Mantos Blancos, ES: Escondida).
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the Central Andean Cordillera is the result of protracted
shortening and thickening over the past �50 Ma.

In the central Atacama region, four different mor-
phostructural units are identified from west to east:
Coastal Cordillera, Central Depression, Precordillera
(Domeyko Range) and Western Cordillera (Fig. 1A). The
Coastal Cordillera is mainly composed of Jurassic andesitic
and Cretaceous sedimentary rocks that are intruded by
Jurassic and Lower Cretaceous plutonic rocks (Coira
et al., 1982; Marinovic et al., 1995). The Central
Depression is mostly covered by Neogene alluvial fan
deposits with scattered outcrops of the Jurassic – Early
Cretaceous marine/continental sediments and Cretaceous
volcanic units. The Precordillera is composed by some of
the oldest rocks in the region that correspond to stratified
volcanic and sedimentary sequences of Paleozoic to
Mesozoic age, intruded by Paleozoic to Triassic and
Paleocene-Eocene plutonic rocks (Hervé et al., 1991). The
Western Cordillera is composed mostly of Tertiary andesi-
tic volcanic rocks (Marinovic and Garcı́a, 1999; Cortes,
2000; SERNAGEOMIN, 2003). The major structural fea-
tures in the area are the strike-slip Atacama Fault System
(AFS), the Antofagasta-Calama Lineament (ACL) and
the Domeyko Fault System (DFZ) (Fig. 1B).

2.2. Climatic and hydrologic setting

The Atacama Desert of northern Chile is the driest
desert on Earth and makes up much of the hyperarid
margin of western South America (Fig. 1B). The hyperarid
core of the Atacama Desert receives less than 2 mm/yr pre-
cipitation (Figs. 1B and 2), and scattered rainfall events
occur only once every decade (Houston and Hartley,
2003; McKay et al., 2003; Garreaud et al., 2010). The west-
ern margin of the Atacama Desert receives consistent mois-
ture in the form of coastal fog or sea spray, at elevations
between 300 and 1000 m a.s.l. (Rundel et al., 1991).
Along the eastern margin of the Atacama Desert, at the
base of the Andes (�2500 m a.s.l.), precipitation is
>20 mm/yr, and grades to a semiarid desert between 2700
and 3000 m a.s.l. (Fig. 1B). Occasional precipitation events
in the central Atacama Desert generally result from Pacific
air masses that migrate northward from the westerly precip-
itation. On the other hand, precipitation in the eastern mar-
gin of the Atacama Desert is associated with the South
American summer monsoon (roughly 80% of annual rain-
fall occurs during the austral summer), where air masses
spill over the central Andes and generate precipitation at
elevations above �2800 m a.s.l. (Houston and Hartley,
2003), but do not cause rainfall in the central Atacama
(Zhou and Lau, 1998; Rech et al., 2006). Therefore, the
main source of precipitation in this region is the Atlantic
Ocean and most of the rain falls between December and
March (Garreaud and Aceituno, 2001).

The extreme lack of precipitation is a feature that has
remained stable over millions of years because of major
coupled atmospheric and tectonic feedbacks (Rech et al.,
2006). However, short-lived times of increased precipitation



Fig. 2. Nitrate-rich soils in northern Chile and iodine isotopic ratios (129I/I) distribution. Data points in gray correspond to results of other
authors listed in Table 1.
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exist in paleohydrological and pedological records (e.g., late
Quaternary, Betancourt et al., 2000; Ewing et al., 2006;
Nester et al., 2007; Amundson et al., 2012).

Groundwater resources in the Atacama Desert are fre-
quently stored in aquifers that are part of sedimentary
sequences that were deposited during the Neogene and
the Quaternary (e.g., alluvial fan deposits), and have thick-
nesses of up to 900 m (Magaritz et al., 1990). Although
there is limited hydrologic information in the south portion
of the studied area (Antofagasta region), several investiga-
tions have studied the groundwater system to the north,
where the main aquifers are located in the Pampa del
Tamarugal (19� 300–22�S), corresponding to a terminal
basin of an endorheic drainage system (e.g., Magaritz
et al., 1990; Aravena, 1995; Gayó et al., 2012; Dorsaz
et al., 2013). Isotopic, chemical and geological evidence
support the hypothesis that a regional primary inflow to
the aquifers in the hyperarid Atacama Desert occurs via
groundwater associated with recharge areas located in the
higher part of the Andes region (Magaritz et al., 1990;
Aravena, 1995; Aravena et al., 1999). The most important
recharge areas are located along the Western Cordillera
and Sierra Moreno (Nester et al., 2007; Gayó et al.,
2012). The recharge of the aquifers is strongly related to
annual atmospheric conditions and the high topography
of the Andes where annual rainfall increases from
<10 mm/yr below 2000 m to 120 mm/yr at 4000 m
elevation (Houston, 2002, 2006). Thus, precipitation over
the High Andes generates surface water runoff and infiltra-
tion to aquifers, where discharge occurs as fracture flow
through the volcanic units situated at the foothills of the
Andes and in the Atacama Desert along the Central
Depression (Magaritz et al., 1990).

The hydrologic environment in Atacama has exerted
strong controls on the different types of sedimentary facies
deposited. In the eastern canyons, alluvial fan deposits trig-
gered by mass wasting due to the rare storms at high eleva-
tions are dominant (Houston, 2002, 2006). On the other
hand, the regional groundwater flow goes from northeast
to southwest feeding aquifers in the western part of the
Central Depression. Here, the water table nearly intersects
with the land surface allowing the generation of salt lakes
or salars (Magaritz et al., 1990; Aravena et al., 1999).

Shallow aquifers and desert oases in the hyperarid zone
have been known since pre-Colombian times, and were
used by the communities surrounding nitrate mines over a
century ago (Latorre et al., 2013). Despite the documented
presence of the near-surface water table, the influence of
groundwater on the accumulation of iodine and other com-
ponents in the caliche deposits has often been ignored in
previous studies. Currently, the water table levels in the
Central Depression vary from near-surface in salars and
wetlands (Rech et al., 2002) to 33–55 m (below surface) at
the Pampa del Tamarugal (Leybourne and Cameron,
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2006a). Other studies set the water table level at 30–90 m
(below surface) near the Spence copper mine in the
Central Depression (Leybourne and Cameron, 2006b) and
27 m (below surface) near the Salar de Imilac in
Precordillera (Quade et al., 2008).

2.3. Iodine-rich nitrate soils and supergene copper deposits

The Atacama Desert is the premier source of natural
iodine, which is highly concentrated in the nitrate-rich
“saltpeter” soils or “caliche” deposits located between
19�S and 26�S (Fig. 2). These deposits are unique due to
their mineralogical features and extension, and are com-
posed of a complex mixture of nitrates (�7–15% NO3),
iodates, perchlorates, chromates and even borates
(Ericksen, 1981; Chong, 1994). They are significantly
enriched in iodine, with concentrations in excess of
500 ppm. Virtually all the iodine in the nitrates occurs as
iodate minerals such as lautarite (Ca(IO3)2), fuenzalidite
(K6(Na,K)4Na6Mg10(SO4)12(IO3)12�12H2O) and hectorflo-
resite (Na9(IO3)(SO4)4) (Pueyo et al., 1998).

This almost continuous belt is only interrupted by salars

(e.g., Salar Grande and Salar de Llamara) and the Loa
River. The iodine-rich nitrate deposits have a longitudinal
extension that vary from a few kilometers to up to 30 km
wide, and have been geographically separated in two dis-
tinctive domains in the Tarapacá and Antofagasta regions
(Fig. 1A). Five historic districts are recognized from north
to south: Tarapacá, Tocopilla, Baquedano, Aguas Blancas
and Taltal. The nitrate deposits occur within alluvial fans
cementing gravels, and also interstratified as vetiform and
lenticular bodies (Ewing et al., 2006, 2007). Neogene allu-
vial fans along the eastern margin of Coastal Cordillera
host large amounts of nitrates in a narrow, NS-trending,
�700 km long belt with an average altitude of �1000 m
a.s.l (Fig. 2). Typically, nitrate rich-soils cover the land-
scape and their maximum concentrations are found near
the salars, also exhibiting east–west variations in their
chemistry that are a function of the distance from marine
aerosol sources (Rech et al., 2003; Ewing et al., 2006).

Nitrate soils vary between 3 and 13 m in thickness and
consist of several horizons (Ericksen, 1981): (i) chusca: sur-
face horizon (�30 cm) of powdery gypsum and anhydrite;
(ii) costra: thick horizon below the chusca that ranges
between �50 cm and 2 m, and is composed of cemented
gypsum and anhydrite; (iii) caliche: corresponds to a
firmly-cemented horizon below the costra that varies from
1 to 5 m in thickness, and contains nitrate and other soluble
salts; (iv) conjelo: is a horizon up to 2 m thick of salt-ce-
mented regolith; and (v) coba: a loose, unconsolidated soil.
A representative iodine-rich nitrate soil profile from the
Aguas Blancas mine is shown in Fig. 5.

Several theories about the origin of nitrate deposits have
been proposed since the 19th century. These hypotheses
have pointed to biologic sources (Forbes, 1861; Noellner,
1867; Penrose, 1910; Gale, 1912; Brüggen, 1938), atmo-
spheric/meteoric factors (Pissis, 1878; Singewald and
Miller, 1916; Wetzel, 1924; Mueller, 1960; Ericksen, 1983;
Böhlke et al., 1997; Michalski et al., 2004; Ewing et al.,
2006, 2007, 2008), and volcanic inputs (Ericksen, 1961;
Fiesta, 1966; Oyarzún and Oyarzún, 2007), to name a
few. Even though the debate about the origin of nitrate
deposits is still open, recent studies show robust evidence
toward a multi-source origin for the principal components
of nitrate deposits. These include dominant atmospheric
sources, such as marine aerosol, for the nitrate, sulfate
and calcium components (Böhlke et al., 1997; Rech et al.,
2003; Michalski et al., 2004; Ewing et al., 2006, 2007,
2008). The oxygen-17 data in perchlorate present in the
Atacama nitrate soils are also consistent with a natural
atmospheric origin for this component (Bao and Gu,
2004). Most recently, a groundwater source model has been
proposed to explain the presence of chromate and iodate
components in the nitrates (Pérez-Fodich et al., 2014).

Apart from nitrate deposits, iodine mineral occurrences
in Atacama have been documented in the supergene zones
of porphyry and Manto-type copper deposits (Fig. 1B).
The copper-iodide marshite (CuI) and other copper-iodate
minerals such as salesite [Cu(IO3)(OH)] and bellingerite
[Cu3(IO3)6)�2H2O] were reported to occur in the oxide zone
of the giant Chuquicamata Cu deposit (Jarrell, 1939, 1944),
while the silver iodide iodargyrite (AgI) was documented
more recently at the Mantos de la Luna Cu-Ag deposit
(Reich et al., 2009a). Geochemical surveys have also shown
high iodine concentrations in soils above giant Cu deposits
(e.g., Spence, Chimborazo; Cameron et al., 2010 and Kelley
et al., 2003; Fig. 1B), and fossil soil anomalies have been
reported at the Pampa del Tamarugal (Leybourne and
Cameron, 2006a). Almost all of these geochemical anoma-
lies occur above fracture zones in the gravels that can be
correlated to deeper structural features of the hypogene
deposits (Cameron et al., 2002). At the Spence porphyry
Cu deposit, Leybourne and Cameron (2006b) have reported
high iodine concentrations (>65 ppm) along with high Cu
concentrations (2 ppm) in saline groundwaters. Thus,
recent studies have related the occurrence of Cu-(halogen)
soil anomalies to deep-sourced saline groundwaters that
have been pumped to the surface along active faults and/
or fractures during seismic events (Cameron et al., 2002,
2007, 2008; Reich et al., 2008, 2009b; Leybourne et al.,
2013).

2.4. Iodine geochemistry and the 129I isotopic system

In oxidized form (as iodate or I2 molecules) iodine has
the most biophilic nature among the halogens and is com-
monly associated with organic material (Elderfield and
Truesdale, 1980; Wong, 1991). As a member of the halogen
group, iodine shares characteristics with chlorine (Cl) and
bromine (Br), but iodine has the largest ionic radius of
the three elements and is much less frequently incorporated
into minerals. Thus, iodine in reduced form remains in the
aqueous phase much longer than chlorine, the least bio-
philic element of these three. While the largest reservoir
of chlorine in the Earth’s surface is seawater, iodine is con-
centrated in marine sediments where the total amount of
iodine reaches up to 5.90 � 1012 tonnes, corresponding to
�70% of the total iodine inventory in the Earth’s crust
(Muramatsu and Wedepohl, 1998). Due to its biophilic
behavior, iodine in marine particulate organic matter varies
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from 200 to 1300 ppm while seawater contains approxi-
mately 0.05 ppm iodine (Wong, 1991; Muramatsu and
Wedepohl, 1998).

Iodine has one stable isotope (127I), and a long-lived
radioisotope (129I) with a half-life of 15.7 Ma. In nature,
129I is mainly produced by cosmic ray-induced spallation
of Xe isotopes in the atmosphere (cosmogenic component)
and by spontaneous fission of 238U in crustal rocks (fissio-
genic component). Both production pathways contribute
similar amounts of natural 129I to surface reservoirs
(Fabryka-Martin et al., 1985). Since there is only one stable
isotope of iodine (127I) and the radiogenic isotope 129I is
present in very small amounts, 129I/I (129I over total iodine)
is for all practical purposes identical to 129I/127I. Due to the
long residence time of iodine in the oceans (300,000 yr,
Broecker and Peng, 1982) and the fact that iodine moves
quickly through most surface reservoirs, natural iodine is
in isotopic equilibrium in all surface reservoirs, with an ini-
tial 129I-to-stable 127I isotopic ratio (129I/I) of
(1500 ± 150) � 10�15 at�at�1 (Fehn et al., 2007a). This ratio
is independent of latitudinal variations in the production of
cosmogenic 129I and is considered as the starting value for
129I calculations. The equilibrium in surface reservoirs has
been disturbed since �1945 by the addition of anthro-
pogenic 129I from nuclear weapons tests and fuel reprocess-
ing which has increased the 129I/I ratio of surficial
reservoirs by several orders of magnitude (Snyder and
Fehn, 2004). Thus, in most cases the anthropogenic 129I sig-
nal can be detected because of the large difference between
anthropogenic and natural values (Fehn et al., 2007a).
Although this signal is present in all surface reservoirs
which are in rapid exchange with the oceans, anthropogenic
129I is not affecting marine sediments, deep fluids and aqui-
fers with ages >60 yr.

While the initial 129I/I ratio in surface reservoirs is
�1500 � 10�15, different values have been reported in
fore-arc, volcanic and deep crustal fluids. The 129I/I ratios
in fore-arc fluids are significantly lower than surficial reser-
voirs, ranging between �100 and 500 � 10�15. These fluids
contain “old” cosmogenic iodine that has been derived
from organic material, and are hosted in marine sequences
that are substantially older (Fehn et al., 2004, 2007a; Lu
et al., 2011). In contrast, volcanic fluids from active conti-
nental margins have higher ratios, with values that range
between 700 and 1000 � 10�15 (e.g., Snyder et al., 2002).
These values reflect the age of the subducted slab, indicat-
ing a “young”, slab-derived marine sediment source compo-
nent for iodine in volcanic fluids (Snyder and Fehn, 2002;
Snyder et al., 2003). When iodine is separated from its orig-
inal source (e.g., marine sediment source), the isotopic equi-
librium is broken and the cosmogenic signal starts to
decrease as a function of time until secular equilibrium with
the fissiogenic (in situ) signal is reached (Fehn et al., 2007a).
Additionally, deep crustal fluids can show high 129I/I ratios
(>2000 � 10�15) due to accumulation of 129I from rock
sources that are anomalously enriched in uranium (e.g.,
Andrews et al., 1989; Bottomley et al., 2002; Snyder
et al., 2003; Fehn and Snyder, 2005).

The iodine isotopic system has received increasing atten-
tion because it covers an age range of wide applicability
including, for example: (1) tracing groundwater and
geothermal fluid sources (e.g., Fabryka-Martin et al.,
1991; Frohlich et al., 1991; Fehn et al., 2000), (2) unraveling
the origin and transport history of deep crustal fluids (e.g.,
Fehn and Snyder, 2005), (3) dating oil field brines and coal-
bed methane (e.g., Fehn et al., 1990; Snyder and Fabryka-
Martin, 2007) and (4) investigating sediment recycling in
subduction zones (Martin et al., 1993; Lu et al., 2008),
where iodine source compartments include subducting mar-
ine sediments (e.g., Snyder and Fehn, 2002), organic-rich
formations in the overlying plate (e.g., Fehn and Snyder,
2003) and, to a lesser extent, a serpentinized sub-arc mantle
wedge (e.g., Snyder et al., 2005). These different applica-
tions are possible due to the existence of the two natural
modes of iodine production (i.e., cosmogenic and fissio-
genic). Since the cosmogenic signal predominates in fluids
related to organic material, the measured 129I/I ratios
allows to determine the time of separation from surficial
reservoirs (Moran et al., 1995; Snyder et al., 2003).
Otherwise, the fissiogenic signal is more important in fluids
hosted in U-rich rocks in the crust, where the 129I/I ratios
have been used to calculate the age and residence time of
fluids in deep formations (Fabryka-Martin et al., 1989;
Fehn et al., 1992; Bottomley et al., 2002).

3. SAMPLES AND METHODS

Rock, nitrate soils and water samples were collected in
the study area (�100,000 km2), including the Coastal
Range, Central Depression, Precordillera and Western
Cordillera in northern Chile (Fig. 1B). These selected sam-
ples are representative of different reservoirs in the Atacama
region, and include nitrate deposits from the Tarapacá and
Antofagasta districts in the Central Depression (Tarapacá,
Baquedano and Aguas Blancas districts), Jurassic marine
sedimentary rocks outcropping in the Central Depression
and Precordillera, and geothermal fluids from the
Puchuldiza and El Tatio geothermal fields in the High
Andes (Figs. 1 and 2). In addition, groundwater samples
were collected from wells in the Central Depression and
below nitrate deposits, and from salt lakes or “salars” in
the Precordillera. Meteoric water samples were collected
from surface streams in the Central Depression,
Precordillera and Western Cordillera, including the Loa,
San Pedro and Pufica rivers. Rainwater samples were col-
lected during the 2010–2012 period. Custom-made stations
were placed in selected areas in the Western Cordillera and
Central Depression, and samples were retrieved after rain-
fall events. Light paraffin oil was placed at the bottom of
the collector to seal the sample and prevent evaporation.
The thickness of the paraffin oil layer floating on the water
was �0.5 cm. Finally, seawater samples were taken along
the coast, near the cities of Iquique and Antofagasta.

For water samples, temperature, conductivity and pH
were measured in situ (Table 2) and 250 ml were collected
and filtered (0.45 lm Millipore filter) for chemical analysis.
Previous to iodine extraction for Accelerator Mass
Spectrometry (AMS) 129I/I isotopic determinations, all
water, rock and soil samples were analyzed for iodine con-
centrations using inductively-coupled plasma mass
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spectrometry (ICP-MS) at Rice University in Houston and
Gakushuin University in Tokyo. Water samples were
diluted 200–5000 times and tetramethyl ammonium
hydroxide (1%), and 100 ppm Na2SO3 were added to avoid
loss of iodine from the solution prior to the ICP-MS deter-
mination. For rocks and soils, approximately 50 g of sam-
ple material was powdered and combined with 100 ml of
purified 18 MX water and placed in 250 ml high-density
polyethylene container. In order to enhance iodate dissolu-
tion, samples were agitated during 8 h and centrifuged for
30 min at 1000 rpm. Iodine was extracted from water and
solid samples following established methods, i.e., extraction
into chloroform or carbon tetrachloride followed by back
extraction using sodium bisulfite or hydroxylamine
hydrochloride (Fehn et al., 1992). Finally, approximately
1 mg of iodine was precipitated as silver iodide (AgI) targets
for AMS isotopic determinations. The AMS measurements
were performed at Prime Lab, Purdue University (Indiana),
following established procedures (Sharma et al., 2000). The
analytical error (1r) for each analyzed sample is included in
Table 1. Due to the small size of the targets, ratios generally
have errors between 5% and 25%. Because the 129I abun-
dance depends on the total amount of iodine in samples,
values are expressed as 129I/I ratios. The theoretical AMS
detection limit is on the order of 2 � 10�15 129I atoms per
total I atoms, estimated based on counting statistics and
measurement times. However, the practical detection limit
is somewhat higher because of the lack of suitable blank
materials with ratios below �20 � 10�15 (Fehn et al.,
2007a).

4. RESULTS

4.1. Iodine concentrations

Iodine concentrations of nitrate soils and rock samples
from the Atacama Desert are listed in Table 1. The nitrate
samples of the Tarapacá and Antofagasta districts contain
the highest iodine concentrations of all reservoirs in the
Atacama region, with a mean concentration of
�700 ppm, with maximum and minimum values of
�4000 ppm and 2 ppm, respectively (Table 1). Soils above
the Spence and Mina Sur copper deposits in the Central
Depression and Precordillera show iodine concentrations
in excess of 100 ppm above fracture zones crosscutting
supergene copper mineralization (Cameron et al., 2010;
Reich et al., 2013). Mesozoic shales and limestones are also
enriched in iodine, averaging �50 ppm in the Antofagasta
region (i.e., Caracoles Group), with a maximum iodine con-
centration of �130 ppm (Table 1). These values are signifi-
cantly higher than Mesozoic sedimentary marine rocks
(shales and calcareous siltstones) in the northern portion
of the studied area (Tarapacá, iodine concentrations
<1 ppm). Additionally, iodine concentrations above crustal
averages are found in selected continental sedimentary
rocks, siliceous sinter deposits and lacustrine evaporite
samples in the study area, with iodine concentrations vary-
ing between �1 and 6 ppm (Table 1).

Iodine concentrations of water samples are reported in
Table 2. The highest concentrations of iodine were
measured in groundwater below nitrate deposits with values
between 0.5 and 48 lM, averaging �12 lM, and the highest
concentrations are found in the Antofagasta region (sample
A1; Table 2). These high iodine concentrations are followed
by water samples from the Puchuldiza (�21 lM) and El
Tatio (�7 lM) geothermal springs in the Western
Cordillera. Spring waters from the Precordillera present
values between �1 and 12 lM (average of �5 lM), and
waters from salt lakes (“salars”) have concentrations from
0.25 to 8 lM (average of �3 lM). Finally, the lowest iodine
contents were measured in seawater (near Antofagasta),
surface water and rain water with an average of �0.7 lM,
although surficial (river) water from the Western
Cordillera present slightly higher values.

4.2. 129I/I isotopic ratios

The 129I/I ratios (at 1r error) of soil/rock and water
samples are listed in Tables 1 and 2, and sample distribu-
tion is shown in Fig. 2. The results for each reservoir are
plotted schematically in Fig. 3. The 129I/I ratios of the
high-iodine nitrates from the Tarapacá district in the north-
ern part of the study area are low and range from 230 to
�870 � 10�15, while the 129I/I ratios of nitrate soils in the
Antofagasta region, show a larger dispersion and range
from �150 to �1500 � 10�15 (Pérez-Fodich et al., 2014).
The iodine isotopic ratios for Mesozoic marine sedimentary
rocks could only be obtained for two shales and one cal-
careous sandstone (Antofagasta samples), and vary from
�300 to �600 � 10�15. Because of the relatively low con-
centrations of iodine in the water samples, an isotope ratio
could only be determined in one groundwater sample. This
sample from the Central Depression below nitrate soils in
the Aguas Blancas district yielded a 129I/I ratio of
217 � 10�15 (Table 2; Figs. 2 and 3).

5. DISCUSSION

5.1. Distribution of iodine in Atacama

Iodine concentrations in nitrate soils, soils above Cu
deposits and selected rock samples from the Atacama
region (Table 1) are considerably higher than the average
crustal value of �0.12 ppm (Muramatsu and Wedepohl,
1998). Iodine concentrations in the studied samples are
plotted in Fig. 4 and compared to natural iodine reservoirs
(Fehn, 2012). Fig. 4 shows that selected soils and Mesozoic
marine sedimentary rocks from Atacama are strongly
enriched in iodine compared to most natural reservoirs
(rocks and organic-rich sediments). Water samples
(groundwater, geothermal waters and spring waters) also
show elevated iodine concentrations, within the range of
pore waters in marine formations and volcanic fluids. In
the case of freshwaters from Atacama, iodine concentra-
tions are one order of magnitude higher than the average
in continental meteoric waters. Concerning iodine distribu-
tion in soils, rocks and waters from Atacama region, con-
centrations reach maximum values in the nitrate belt of
Antofagasta (1000’s ppm range; Table 1), although high
iodine values in soils and groundwater are distributed over



Table 1
Analytical results of iodine concentrations and 129I/I ratios in soils, sediments and rocks.

Site Sample Type Location (UTM) Elevation
(masl)

Soil
depth (m)

I concentration
(ppm)

129I/I
(10�15 at�at�1)

1r
(10�15at�at�1)

129I concentration
(107 at/kg)Latitude (�S) Longitude (�W)

Tarapacá

T3 T3A-A Nitrate soil 21� 20 2500 69� 370 3000 889 0.50 2.00 ND
T3E-A Nitrate soil 889 0.60 28.57 476 30 6.45
T3C-A Nitrate soil 889 0.80 4.78 LCV
T3D-A Nitrate soil 889 1.05 38.50 ND

T4 T4A-A Nitrate soil 20� 500 1500 69� 430 1500 960 0.25 24.81 ND
T4B-A Nitrate soil 960 0.30 17.39 870 112 7.18

T6 T6B-A Sandstone 20� 150 4300 70� 020 0400 802 – 0.74 AV
T6C-A Shale 802 – 0.39 ND

T8 T8B-A Nitrate soil 19� 520 2000 69� 490 2000 1176 0.30 46.45 LCV
T8A-A Nitrate soil 1176 0.80 74.58 359 46 12.71

T9 T9A-A Nitrate soil 20� 030 0400 69� 450 5800 1114 0.20 61.70 358 83 10.48
T10 T10B-A Nitrate soil 20� 020 4800 69� 450 5300 1123 0.40 120.75 239 39 13.70

T10A-A Nitrate soil 1123 0.50 839.94 231 33 92.08
T12 T12A-A Shale 20� 550 4100 69� 030 3700 2263 – 0.60 LCV
T16 T16A-A Siltstone 20� 550 4100 69� 030 3700 2263 – 0.75 ND

Antofagasta

M1 M1G-A* Nitrate soil 24� 090 2500 69� 510 4000 1048 0.10 101.98 323 115 15.63
M1E-A* Nitrate soil 1048 0.40 817.90 660 236 256.17
M1D-A* Nitrate soil 1048 0.70 2439.27 190 15 219.94
M1F-A* Nitrate soil 1048 1.10 1003.46 191 14 90.95
M1C-A* Nitrate soil 1048 1.40 912.36 150 10 64.95
M1B-A Nitrate soil 1048 1.70 24.70 ND
M1A-A* Nitrate soil 1048 2.15 59.60 1510 371 42.71

M2 M2A-A* Nitrate soil 24� 090 2500 69� 510 4000 1048 1.30 237.11 435 74 48.95
M3 M3A-A Nitrate soil 24� 090 2500 69� 510 4000 1048 1.10 168.75 1002 460 80.24
M4 M4A-A Nitrate soil 24� 090 1400 69� 520 2700 1049 0.80 96.37 LCV
M5 M5B-A* Nitrate soil 24� 100 0100 69� 510 1200 1068 1.05 152.39 209 49 15.11
M6 M6B-A* Nitrate soil 24� 080 3900 69� 530 5400 1038 1.30 846.67 447 99 179.60
M7 M7B-A* Nitrate soil 23� 120 2800 69� 410 3200 1274 0.70 75.76 1580 244 56.80
M8 M8A-A Nitrate soil 23� 110 5800 69� 410 1300 1299 0.30 4.39 ND

M8B-A* Nitrate soil 1299 1.10 3978.63 325 79 613.63
M9 M9B-A* Nitrate soil 23� 120 0500 69� 410 2400 1295 0.40 475.87 200 31 45.17

M9E-A* Nitrate soil 1295 1.05 261.05 164 18 20.32
M9D-A* Nitrate soil 1295 1.20 519.44 338 130 83.32
M9A-A* Nitrate soil 1295 1.35 476.67 156 13 35.29
M9C-A* Nitrate soil 1295 1.80 92.35 853 229 37.38

M10 M10A-A Sinter 22� 190 4800 68� 000 3600 4281 0.00 6.08 ND
M11 M11A-A Evaporite rock 23� 030 5400 68� 120 5200 2337 0.00 32.00 1415 72 21.49
M12 M12A-A Nitrate soil 23� 110 5800 69� 410 1300 1305 1.10 824.51 210 30 82.17
M13 M13A-A Shale 23� 110 5800 69� 410 1300 1305 – 37.58 590 60 10.52

(continued on next page)
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a much wider area (Fig. 2). No other significant relations
are observed between latitude or longitude and iodine
concentrations, although soils and groundwater in the
Central Depression generally contain higher iodine concen-
trations than in the other morphostructural units shown in
Fig. 1A.

In general, the iodine isotopic ratio of soils, rocks and
waters show no significant longitudinal or latitudinal varia-
tions. However, nitrate deposits are characterized by varia-
tions in 129I/I ratios and iodine concentrations along soil
profiles. In order to better understand how iodine is dis-
tributed in these soils, we studied a depth profile of a repre-
sentative iodine-rich nitrate soil hosted in an alluvial fan
deposit in the Aguas Blancas iodine mine (site M1,
Fig. 1B). Fig. 5 shows the iodine concentrations and iso-
topic ratios for each sample in a profile of 2.3 m thickness.
Iodine concentrations show a sharp increase from the top
layer (102 ppm in chusca; Fig. 5) to the nitrate-rich core
of the soil profile. Within this portion (�1.3–1.8 m), iodine
is significantly high and ranges from 912 to 2439 ppm in the
conjelo and caliche, respectively (Fig. 5). Iodine concentra-
tions decrease below the caliche by almost two orders of
magnitude to 25–60 ppm in coba. The highest iodine con-
centrations observed in the soil profile are closely related
with the highly cemented horizon, i.e., the caliche layer that
contain low detrital components, while the lowest concen-
trations are associated with the unconsolidated regolith
(coba) below the caliche horizon.

The highest iodine concentrations along the soil profile
strongly correlate with the lowest 129I/I ratios (between
150 and 191 � 10�15) observed in the more cemented
horizons, i.e., the caliche and conjelo. In the upper
non-consolidated soil horizons (chusca), the isotopic ratios
are higher (323 and 660 � 10�15) but still substantially
lower than the pre-anthropogenic ratio of 1500 � 10�15,
typical of surface (meteoric) reservoirs. It is noteworthy
that the highest 129I/I ratio (1510 � 10�15), located at the
bottom of the soil profile, is associated with the lowest
iodine concentrations (Fig. 5).

The observation that samples with lower iodine concen-
trations have higher isotopic ratios points to the input of
pre-anthropogenic meteoric water, because this relict “sur-
ficial” signal is more easily detectable in samples in which
the initial concentrations of stable iodine are low. Based
on these observations, we suggest that iodine distribution
and isotopic ratio variations in nitrate soils may be related
to changes in climate such as increased surface precipitation
(meteoric water addition) and/or inputs of groundwater
with “older” signatures. Previous studies have suggested
that vertical variation in nitrate soil chemistry in the
Atacama Desert may be related to events of downward
water movement (Ewing et al., 2006, 2008). Based on
nitrate and chloride distribution in soils from Atacama, in
the southern boundary of our study area, Ewing et al.
(2006) related the increased concentrations within a
�1.5 m layer to rare rainfall events on a centennial to mil-
lennial scale. This interpretation is consistent with our new
iodine data, since recent downward flow in nitrate soils
would shift the originally low 129I/I ratios of caliche to
higher, more meteoric values by isotopic mixing within



Table 2
Analytical results of iodine concentrations in water samples.

Sample Morphostructural unit Type Location pH T� (�C) EC (lS/cm) I concentration (lM)

Latitude (�S) Longitude (�W)

Tarapaca

TA1 Tarapaca Coast Seawater 20� 390 3600 70� 110 0600 8.1 17.2 ND 0.37
TA2 Central Depression River 21� 370 3100 69� 330 1700 7.7 17.9 5870 1.56
TA3 Central Depression Groundwater 20� 500 2100 69� 420 4900 ND ND ND 22.29
TA4 Central Depression Groundwater 19� 530 0500 69� 510 5400 7.5 31.7 2780 7.25
TA5 Western Cordillera Salt lake 20� 180 2300 68� 520 3300 6.1 14.5 8600 7.99
TA6 Western Cordillera Salt lake 20� 180 2300 68� 520 3300 ND ND ND 1.00
TA7 Western Cordillera Spring 20� 180 3200 68� 520 2100 6.7 15.6 940 0.35
TA8 Precordillera Spring 20� 570 5000 69� 100 2300 7.3 22.1 2290 3.85
TA9 Precordillera Spring 20� 570 5000 69� 100 2300 7.4 22.1 2240 10.36
TA10 Precordillera Spring 20� 570 5000 69� 100 2300 7.3 21.8 2250 12.00
TA11 Precordillera Spring 20� 550 4500 69� 050 4800 8.1 14.4 1950 3.76
TA12 Western Cordillera Geothermal 19� 240 3800 68� 580 1700 8.4 19.2 3800 18.35
TA13 Western Cordillera Geothermal 19� 240 5100 68� 570 4500 6.8 50.0 4300 15.23
TA14 Western Cordillera Geothermal 19� 240 4400 68� 570 3300 8.0 84.0 4600 26.24
TA15 Western Cordillera River 19� 400 4900 69� 100 5300 7.9 16.5 390 0.36
TA16 Western Cordillera Geothermal 19� 400 5900 69� 100 3600 8.4 40.0 450 0.54
TA17 Precordillera Spring 20� 290 1400 69� 190 0600 8.2 30.3 170 1.25
TA18 Precordillera Spring 20� 290 1400 69� 190 0600 8.5 10.0 ND 2.29

Antofagasta

A1* Central Depression Groundwater 24� 100 3100 69� 520 0700 7.2 22.8 1570 48.12
A2 Central Depression Groundwater 24� 100 3800 69� 520 0600 6.9 18.4 1010 1.17
A3 Central Depression Groundwater 24� 030 2900 69� 490 3100 7.7 22.7 3570 4.26
A4 Antofagasta Coast Seawater 23� 280 1000 70� 300 4600 7.8 16.8 ND 0.40
A5 Antofagasta Coast Seawater 22� 280 3500 68� 540 5100 7.9 16.5 ND 0.44
A6 Central Depression River 22� 550 2000 68� 090 5900 7.8 15.3 7235 0.93
A7 Central Depression Groundwater 22� 530 2500 68� 120 5000 6.4 28.6 3670 2.64
A8 Central Depression River 23� 030 5400 68� 120 5200 7.3 22.4 5510 0.25
A9 Atacama Basin Salt lake 23� 030 3200 68� 120 4900 7.8 16.0 ND 6.18
A10 Atacama Basin Groundwater 23� 030 3200 68� 120 4900 ND ND ND 0.46
A12 Atacama Basin Salt lake 23� 070 4000 68� 140 3900 7.0 23.5 ND 0.25
A13 Western Cordillera Geothermal 22� 190 4800 68� 000 3600 6.8 81.0 ND 7.92
A14 Western Cordillera Geothermal 22� 240 2400 68� 000 4100 6.4 85.5 ND 6.29
A15 Western Cordillera Lake 22� 250 5800 68� 020 5700 7.7 16.9 1020 0.51
A16 Western Cordillera Spring 22� 430 1200 68� 020 3700 ND ND ND 1.78
A17 Western Cordillera River 22� 460 0900 68� 040 0700 8.4 11.0 2240 1.49
A18 Western Cordillera Lake 22� 250 5800 68� 020 5700 7.7 13.9 1360 0.37
A19 Western Cordillera River 22� 460 0900 68� 0400 700 8.8 20.2 2120 1.51
A20 Western Cordillera Salt lake 23� 030 5400 68� 120 5200 8.2 19.7 ND 3.59
AM-02 Western Cordillera Rainwater 22� 250 5900 68� 020 5700 7.7 ND 1180 0.29
AM-04 Central Depression Rainwater 22� 420 0600 68� 260 4400 7.8 ND 1175 0.50

ND: Not determined.
* This sample yielded a 129I/I ratio of 217 ± 18 and 129I concentration of 0.63 � 107 at/L.
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the less cemented horizons (e.g., chusca and coba, Fig. 5).
However, it is important to mention that a model that
exclusively considers iodine contribution to nitrate soils
from liquid or dry precipitation sources does not fully
explain the lower isotopic values that correlate with the sig-
nificantly high iodine concentrations in the caliche hori-
zons. In order to assess the feasibility of this model, we
estimated the time required to reach the current iodine con-
centration through both precipitation mechanisms. As a
first approximation, we considered a mean iodine concen-
tration and thicknesses of the chusca, caliche, conjelo and
coba as shown in Fig. 5, and an average density of
1900 kg/m3 (Ewing et al., 2006), obtaining a total iodine
content of 4.4 kg/m2. Assuming a steady state precipitation
rate of 10 mm/yr and a meteoric iodine concentration of
approximately 30 nmol/L (Gilfedder et al., 2008), it would
take �120 Myr to accumulate this amount of iodine
through a cycle of precipitation and drying, clearly much
longer than the period of hyperaridity in the region (at least
6 Ma and perhaps as long as 15 Ma; Alpers and Brimhall,
1988; Hartley and Chong, 2002).

Dry deposition is another possibility that has been used
to explain the presence of iodine in nitrate soils. Using a
molar ratio IO3

�/NO3
� of 0.0034 (or 0.0096 in weight;

Grossling and Ericksen, 1971), and a total estimated
deposition flux of 16.5 mg N m2 yr�1 (Michalski et al.,



Fig. 3. Iodine isotopic ratios (129I/I) of water, rock and soil samples from the Atacama Desert. Most of the 129I/I ratios range between �150
to 450 � 10�15 and all values are at or below 1500 � 10�15 (initial isotopic ratio of surface reservoirs; Fehn et al., 2007a). The Chuquicamata
Cu deposit data are taken from Reich et al. (2013). Selected Antofagasta nitrate samples and one marine sedimentary rock data are taken
from Pérez-Fodich et al. (2014). Detailed information about samples is presented in Table 1.

Fig. 4. Concentration ranges of iodine in rock, soils and water in the Atacama region (red segmented lines). The concentration ranges of fluids
and solids in natural reservoirs are shown after Fehn (2012) (solid black lines). Numbers in parenthesis show the number of samples analyzed
for each material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2004), the estimated time to reach the current iodine con-
tent of 4.4 kg/m2 (and assuming 100% of retention) is
�26.5 Ma. This period of atmospheric deposition of iodine
is more than twice the estimated age of nitrate deposits,
which is related to the onset of hyper-arid conditions of
the Atacama Desert. Even though mass balance calcula-
tions indicate that atmospheric deposition cannot explain
the high contents of iodine and low isotopic ratios reported
in the nitrates, we stress the importance of the atmospheric
input for most of the other components of the nitrate soils.
The atmospheric signature is indeed recorded in the
nitrates, but it does not explain by itself the massive occur-
rence of iodine in Atacama. In the next sections we evaluate
the participation of a deep and “old” organic source with



Fig. 5. Representative soil profile at the Aguas Blancas iodine mine near Antofagasta. Iodine concentrations (ppm) and isotopic ratios (129I/I)
of selected samples are shown in each soil horizon.
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low 129I/I ratios and high iodine concentrations as an addi-
tional source of iodine in the Atacama region.

5.2. Sources of iodine

Most of the Earth’s surficial iodine resides in marine
sediments along continental margins, intra and back-arc
marine basins, and nearly 98.8% of the total atmospheric
iodine is contributed by oceans due to air-sea exchange,
where iodine is transferred from the oceans to the atmo-
sphere and land (Muramatsu and Wedepohl, 1998;
Snyder et al., 2010). For this reason and because of its high
mobility, iodine is strongly depleted in continental environ-
ments. Thus, any model proposed to explain the anoma-
lously high iodine concentrations in Atacama region
requires a concentrated iodine source and/or concentration
process. In both cases, a process that removes iodine from
its original source to its final sink is necessary. Finally, and
in order to preserve an originally “old” signature, strong
iodine fixation and long-term preservation are needed.

Iodine enrichment in terrestrial environments can be
related to the following sources: (i) Atmospheric “young”

iodine derived from seawater, rivers, lakes and other surfi-
cial reservoirs, deposited by liquid, solid or dry (aerosol)
precipitation. This source will present a pre-anthropogenic
isotopic signal of �1500 � 10�15 (initial ratio, Moran et al.,
1998; Fehn et al., 2007a), or in certain cases higher ratios
caused by anthropogenic iodine contamination (Schink
et al., 1995; Rao and Fehn, 1999; Snyder and Fehn,
2004); (ii) “Old” cosmogenic iodine stored in rocks and
weathered soils, in particular from marine sedimentary for-
mations that have low ratios usually between 100 and
500 � 10�15 (Fehn et al., 2004, 2007a; Lu et al., 2011);
(iii) Iodine from volcanic fluids that have variable ratios
between 500 and 800 � 10�15 (Snyder and Fehn, 2002;
Snyder et al., 2002).

Fig. 3 shows that the isotopic signature of iodine in most
nitrate soils from Atacama, supergene Cu-iodine minerals,
Mesozoic marine sedimentary rocks and groundwater are
in agreement with previously reported 129I/I ratios of mar-
ine pore fluids derived from organic material (200–
500 � 10�15; Fehn et al., 2007b; Fehn, 2012). Despite the
fact that some higher, surface-like values were measured
in the nitrates (see previous section and Fig. 5), iodine
ratios in nitrate soils from Atacama average
�430 � 10�15. Marine sedimentary rocks present a some-
what similar isotopic signature, with shales and calcareous
sandstones showing low ratios (�300–600 � 10�15), and
one evaporitic rock sample showing a surface-like ratio of
1415 � 10�15. One groundwater from Antofagasta has an
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isotopic ratio of 217 � 10�15 (Fig. 3). Most of these data
are significantly lower than surficial values represented by
the pre-anthropogenic marine input ratio of 1500 � 10�15.
While the lowest isotopic ratios point toward one or more
old and deep organic sources for iodine, the ratios close
to 1500 � 10�15 suggest the presence of pre-anthropogenic
atmospheric iodine. This large variation observed in the iso-
topic ratios in Atacama is most likely the result of fluid mix-
ing from different organic and non-organic sources.

Potential sources for organic iodine within an active
continental margin include marine sediments (e.g., Snyder
and Fehn, 2002) and organic-rich formations in the overly-
ing plate (e.g., Fehn and Snyder, 2003). The Jurassic marine
basement, outcropping in the Central Depression and
Precordillera of the Atacama region, is formed by a thick,
�1.5 km thick marine sedimentary sequence containing
organic rich deposits as shales, richly fossiliferous lime-
stones and calcareous sandstones, and has been proposed
as a viable source of organic iodine (Arcuri and Brimhall,
2003; Amilibia et al., 2008; Reich et al., 2013; Pérez-
Fodich et al., 2014). On the other hand, sources of
pre-anthropogenic atmospheric iodine could correspond
to aerosol deposition or meteoric water addition before
the onset of the nuclear age (Michalski et al., 2004; Ewing
et al., 2006, 2008; Pérez-Fodich et al., 2014).

Fig. 6 shows a mixing diagram where the 129I/I ratios in
soil and rock samples were plotted vs. the reciprocal of
iodine concentration. Datapoints in Fig. 6 display an
inverse relation between isotopic ratios and iodine concen-
trations, which provides additional evidence that there is
more than one source of iodine in Atacama (Fehn et al.,
2007b). Most of the isotopic data range between �150
and 450 � 10�15, although a small but significant group
with higher ratios is observed. This, together with the wide
variation in iodine concentrations suggests that iodine in
these reservoirs could have different mixing histories (Lu
et al., 2008). In Fig. 6, we identify two different mixing
Fig. 6. Iodine mixing diagram. Three endmembers are shown (A, B an
detailed discussion. Samples from Chuquicamata were taken from Reich e
were taken from Pérez-Fodich et al. (2014).
trends and three endmembers (A, B, and C). The “A” end-
member corresponds to the point with the lowest isotopic
ratio and the highest iodine concentration (nitrate soils
and supergene Cu deposits), its isotopic signature is indica-
tive of significant inputs of old organic iodine sources from,
for example, the Jurassic marine sequences. The “B” end-
member corresponds to the highest isotopic ratio showing
the lowest concentration (in this case sample M1A-A;
Table 1). Finally, the “C” endmember is characterized by
the lowest iodine concentration (sample T4B-A; Table 1).
The A–B trend indicates mixing of iodine in nitrate soils/su-
pergene Cu deposits (A) with a largely atmospheric source
of 129I/I�1500 � 10�15 (B). In contrast, the A–C trend rep-
resents interaction between the nitrates/Cu deposits (A) and
a possible volcanic source (C) with an isotopic ratio of
�800 � 10�15 (Snyder and Fehn, 2002). A large number
of datapoints plot in the lower part of the diagram and have
isotopic ratios <450 � 10�15, reflecting a stronger influence
of the “A” endmember. Although most of the samples do
not show any significant preference for a particular trend,
five of the six samples from the Tarapacá nitrate soils are
in agreement with the A–C trend (Fig. 6).

This analysis suggests that organic-rich (marine sedi-
mentary rocks), volcanic (arc-related) and meteoric (atmo-
spheric) sources are most likely involved in iodine
enrichment in Atacama. Of all these sources, the Jurassic
marine-sedimentary sequences (e.g., shales, limestones and
sandstones) are the most probable source of “old” organic
iodine since they have low 129I/I ratios (Table 1 and Fig. 2),
high organic content, and a widespread regional occurrence
upstream in the drainage basin (Mpodozis et al., 2005;
Vicente, 2006; Pérez-Fodich et al., 2014). Marine Jurassic
rocks in the Precordillera and Central Depression are inter-
preted as a series of back-arc basins associated with a mag-
matic arc located westwards along the present-day Coastal
Cordillera. In the study area (19�–25�S), the Jurassic geo-
logical record to the east is characterized by a thick
d C) and two mixing trends (A–B and A–C). See Section 5.2 for
t al. (2013) and selected nitrate soil and marine sedimentary data (*)
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succession of marine sedimentary deposits composed of fos-
siliferous limestones, calcareous sandstones and shales, the
result of an important marine regression that occurred in
the Andean Basin (Marinovic et al., 1995; Vicente, 2006;
Oliveros et al., 2012).

5.3. Fluid mixing and timescales of groundwater flow

Despite the fact that large-scale groundwater flow has
been recognized to play a fundamental role in leaching
halogens from the aforementioned Jurassic marine
sequences (e.g., Cameron et al., 2002, 2010; Arcuri and
Brimhall, 2003; Reich et al., 2008, 2009b, 2013; Pérez-
Fodich et al., 2014), the extent, amount of mixing and time-
scales of circulation in the Atacama region still remain
unconstrained.

In the this section we evaluate the iodine contributions
from additional sources such as meteoric water and volcanic
fluids, considering also the effects of fissiogenic or “in situ”

iodine production, which can have a significant impact
within the “old” isotopic signal of deep marine fluids hosted
by rock formations with significant concentrations of ura-
nium (usually U > 1 ppm, ratios > 1500 � 10�15, Fabryka-
Martin et al., 1989; Snyder et al., 2003). By combining the
isotopic data with a geochemical model of fluid mixing, we
Fig. 7. Geochemical mixing model showing the secular variation of the i
black curve). This source fluid undergoes mixing with volcanic fluids and m
evolution. Modeled fluid trajectories (dotted curves and arrows) show t
increase the 129I/I ratios of the source fluid, explaining the range of pres
area). Individual samples are shown on the right-hand side. See Section
(dotted horizontal line).
estimate the timescales of groundwater circulation and mix-
ing trajectories for the sample dataset.

In our conceptual model, iodine formerly resides in the
pore waters of the marine sediments in the Jurassic basin.
During or after compaction and diagenesis, a fraction of
this “old” and organically derived iodine of low 129I/I ratio
was progressively released from the sediment column and
migrated with the fluid. The remaining iodine in the sedi-
mentary rock, measured today in our rock samples from
the Jurassic formations was incorporated into the solid
fraction, most likely in the carbonate or clay portions.
Thus, it is likely that iodine has been subjected to multiple
episodes of remobilization from its original sedimentary
source by the effect of fluid migration (e.g., deep formation
waters), direct leaching, or both.

In order to explore fluid mixing scenarios, we evaluated
the evolution of iodine isotopic ratios as a function of time
starting with an analog deep pore fluid that represents the
“old” iodine source with initial 129I/I = 290 � 10�15 and
iodine concentration of �1130 lM (pore fluids hosted in
recent marine sediments on the Peru fore-arc, Fehn et al.,
2007b). These starting values are used in the absence of
129I/I data in marine sediments from the Chilean fore-arc,
and are considered representative of marine sediments in
a continental margin setting. The black curve in Fig. 7
odine isotopic ratio of an organically derived deep pore fluid (solid
eteoric water at selected times (stars), and arrows indicate the fluid

hat fluid mixing episodes (stars) occurring between �30 and 5 Ma
ent 129I/I ratios measured in the Atacama samples (horizontal gray
s 5.3 and 5.4 for details. Secular equilibrium is reached at �80 Ma
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shows the evolution of 129I/I ratios in the marine sediment
source as a function of time:

129I

I
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129I

I

� �
i

e�k129 t þ
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ð1�uÞ
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n o
1�e�k129 tð Þ

k129

� �
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ð1Þ

The first term on the right-hand side of Eq. (1) corresponds
to the cosmogenic decay component, where (129I/I)i is the
initial value (1500 � 10�15), k129 is the decay constant
(4.41 � 10�8 yr�1), and t is the time elapsed since burial
of organic matter. The second term corresponds to the fis-
siogenic or “in situ” component, which was included in the
model, where N238 = 238U atoms/kg rock, ksf = sponta-
neous fission decay constant for 238U (8.5 � 10�17 yr�1;
Decarvalho et al., 1982), Y129 = spontaneous fission yield
of 238U at mass 129 (3 � 10�4; Hebeda et al., 1987),
e = escape efficiency of 129I from the mineral lattice into
the fluid, q = rock density, u = effective porosity, k129 =
decay constant for 129I (4.41 � 10�8 yr�1), t = residence
time of fluids in contact with the rocks and N127 = stable
127I atoms/L fluid. When the term e�k129 goes to zero, sec-
ular equilibrium value for 129I is reached. For our model,
we considered a shale density of 2.7 g/cm3 and effective
porosity of 0.01 (Young et al., 1991), if u << 1, the term
{(1 � u)/u} in Eq. (1) reduces to (1/u). Taken into consid-
eration recent studies in Atacama (Lacassie et al., 2012;
Reich et al., 2013), a uranium concentration in the host
rocks of 9 ppm was used, and a value for e of 0.006 was
assumed (Fabryka-Martin et al., 1991; Snyder and
Fabryka-Martin, 2007).

Considering a minimum age of formation of marine
sequences at 160 Ma in the Atacama region (Amilibia
et al., 2008; Blanco et al., 2013) and all previous conditions,
the secular equilibrium for the iodine isotopic system was
reached at �80 Ma with a ratio of �35 � 10�15 (Fig. 7, dot-
ted horizontal line). Within this scenario, an organically-
derived fluid separated from the Jurassic marine basement
would have had an 129I/I ratio too low (35 � 10�15) to
explain the whole range of 129I/I ratios measured in the
studied samples (Fig. 7, horizontal gray area and data
points for each reservoir), and thus seems unlikely as a sole
fluid source for iodine enrichment in Atacama.

The second scenario involved fluid mixing, considering
the evidence presented in the Section 5.1 (Fig. 6). Fig. 7
shows segmented lines that represent the evolution of the
starting iodine source that, instead of having evolved in a
closed system as in the previous scenario, mixed with iodine
inputs from additional sources (i.e., meteoric and volcanic
sources) at specific times (Fig. 7, white stars). We consid-
ered the same deep pore fluid source containing an “old”

iodine component (Xfw = 5%, (129I/I)fw = 290 � 10�15,
I = 1130 lM; Fehn et al., 2007b; Reich et al., 2013), that
was diluted with a younger fluid (e.g., groundwater) com-
posed of meteoric water (Xmw = 90%, (129I/I)mw =
1500 � 10�15, I = 0.4 lM; Table 2; Fehn et al., 2007a;
Reich et al., 2013) and volcanic fluid (Xvw = 5%,
(129I/I)vw = 500 � 10�15, I = 35 lM; Giggenbach, 1992;
Snyder and Fehn, 2002):
129I
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and

N127mix ¼ XfwNfw þXvwNvw þXmwNmw ð3Þ

The isotopic evolution of the diluted fluids was modeled
using Eq. (1), substituting (129I/I)mix for (129I/I)i and
N127mix for N127 (Fig. 7, segmented curves). It is noteworthy
to mention that most of the total iodine concentration
(�96.8%) is provided by the deep pore fluid source (first
term in Eq. (3)), while the volcanic fluid provides about
3% (second term in Eq. (3)), and meteoric water only
�0.2% (third term in Eq. (3)). Therefore, the number of
atoms of 129I in the deep pore fluid (�94.7%) is much larger
than the number of atoms of 129I in the volcanic fluid
(�5%) and meteoric water (�0.3%). Therefore, even though
the ratios for meteoric water and volcanic fluids are higher
than the ratio for the deep formation waters, the latter will
not be seriously affected at the time of mixing.

Thus, the modeled fluid 129I/I ratios are in agreement
with the measured 129I/I ratios in nitrate soils, rock and
groundwater samples (�150–450 � 10�15; horizontal gray
area in Fig. 7) when mixing or dilution events between
the old organic source, and younger groundwater would
correspond to a long-term process. Based on the model pre-
sented here, we estimate that this process operated between
30 and 5 Ma ago.

5.4. Tectonic, climatic and metallogenic implications

The estimated range of mixing time above (30–5 Ma) is
consistent with the climatic, tectonic and hydrologic evolu-
tion of the Atacama region during the last 30 million years.
Although there is no consensus about the onset of hyper-
aridity, different authors have reported semiarid climate
conditions with rates of precipitation that have decreased
progressively from >10 cm/yr (45–15 Ma) to less than
10 mm/yr in the last 10 Ma (Arancibia et al., 2006; Rech
et al., 2006; Reich et al., 2009b; Amundson et al., 2012).
Regarding tectonic evolution, a relationship between the
Andean uplift during the Miocene and the desiccation of
the western margin of the Atacama region has been pro-
posed, where tectonic uplift blocked moisture from the
South American summer monsoon from entering the
Atacama Desert (e.g., Hartley, 2003; Rech et al., 2006).
Regardless of the uplift model invoked, there is consensus
that progressive deformation events developed since the late
Oligocene-early Miocene (�30 Ma, Charrier et al., 2013)
would have caused uplift in the central Andes (Hartley,
2003; Garzione et al., 2008; Barnes and Ehlers, 2009).
Our estimated mixing times are consistent with a protracted
groundwater flow phase between �30 and 5 Ma, most likely
triggered by an increase in the hydraulic potential between
the Andes and the Central Depression creating favorable
conditions for the development of the groundwater system
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(Hoke et al., 2004; Pérez-Fodich et al., 2014). These results
are also in agreement with the significant isotopic fraction-
ation of chromium reported by Pérez-Fodich et al. (2014),
indicative of intense Cr redox cycling due to groundwater
transport from a source in the High Andes to a final sink
in the chromium-bearing nitrate soils in the Central
Depression. Even though detailed geochemical models are
still needed to better constrain the extent of groundwater
contribution in terms of dissolved salt species, published
data sources (Bale et al., 2002) indicate that reduced species
of iodine, chromium, nitrogen and sulfur can be stable in
groundwater at near-neutral to slightly alkaline pH condi-
tions that are consistent with those measured in the field
(Table 2).

The estimated mixing period reported in this study (30–
5 Ma) overlaps with the peak of supergene enrichment of
copper in northern Chile, as determined by Ar–Ar dating
of supergene minerals giving ages between �33 and 9 Ma
(Alpers and Brimhall, 1988; Sillitoe and McKee, 1996).
However, our data suggest the involvement of groundwater
flow until �5 Ma, in agreement with more recent studies
that constrain the age span of supergene enrichment in
Atacama. Radiometric data compiled by Hartley and
Rice (2005) show an increase in the frequency of supergene
ages until �6 Ma, while Arancibia et al. (2006) proposed
that supergene oxidation of copper deposits ceased ca.
5 Ma as result of climate desiccation in the southern
Atacama Desert. Along the same line, Reich et al.
(2009b) suggest that the “meteoric” supergene enrichment
of copper, driven by downward penetration of surficial
waters, waned after 9 Ma and ceased at �5 Ma. As a result
of desiccation, the meteoric supergene stage was followed
by an atacamite-forming supergene stage, driven by the
interaction of old and saline brines with copper minerals
under conditions of increasing aridity (Reich et al., 2008).
Therefore, during this interval (30–5 Ma), large-scale circu-
lation of groundwater and deep fluids existed in the
Atacama region, which would have allowed continuous
mixing for at least 25 Ma (Fig. 7).

The analysis presented here focuses mostly in samples
showing low iodine isotopic ratios (from �150 to
450 � 10�15), which are in fact the most abundant.
However, the presence of a few datapoints with higher iso-
topic ratios (>1000 � 10�15; Fig. 3) cannot be explained
exclusively by an “old” meteoric water influence, because
this would imply mixing episodes before the deposition of
the Jurassic organic source (>160 Ma) to achieve such high
ratios. Therefore, “young” meteoric inputs seem more
likely to explain the higher, near-surface isotopic ratios.
Such ratios are indicative of recent fluid mixing events
between an organic source (e.g., marine sedimentary rocks)
and meteoric water younger than 5 Ma, probably in a lesser
extent than other components previously described. This
interpretation is in agreement with studies proposing that
modern hyperarid conditions would have settled since late
Pliocene to early Pleistocene (e.g., Hartley and Chong,
2002; Ewing et al., 2006). Pedological evidence of salt distri-
bution in Pliocene soils near Aguas Blancas suggests large
and infrequent storms that infiltrated gentle alluvial fans
(Ewing et al., 2006; Amundson et al., 2012). The most
recent Atacama landform ages of �2 Ma, determined using
cosmogenic and Ar–Ar dating, point toward a cessation of
fluvial features that are related to an arid-hyperarid rainfall
transition (Ewing et al., 2006; Amundson et al., 2012). Even
though surface run-off in the last �2 Ma was infrequent,
and most likely related to flooding events associated with
increased precipitation in the High Andes, there is geologi-
cal evidence of subsequent groundwater recharge episodes
in the Atacama Desert (e.g., >15.4–9 ka, Rech et al.,
2002; �16–13 ka, Nester et al., 2007; �16–10, Quade
et al., 2008). The presence of recent groundwater flow is
also supported by chlorine-36 data in atacamite
(Cu2Cl(OH)3) from copper deposits in the region.
Atacamite samples from supergene assemblages in Cu
deposits from the Precordillera to the Coastal Range show
very low 36Cl-to-Cl ratios (11 � 10�15 to 28 � 10�15 -
at�at�1), comparable to previously reported 36Cl-to-Cl
ratios of deep formation waters and old groundwaters
(Reich et al., 2008). Chlorine-36 data in atacamite indicate
that the chlorine in saline waters related to atacamite for-
mation is old (>1.5 Ma) but that atacamite formation
occurred more recently (<1.5 Ma). This strongly suggests
that significant groundwater mixing and circulation events
have occurred intermittently since the onset of hyperaridity
(Nester et al., 2007; Reich et al. (2009a,b); Saez et al., 2012).

Results from this study show that the anomalous iodine
enrichment in Atacama is evidence of extensive and pro-
tracted fluid flow within an active continental margin.
The extent of fluid circulation is reflected by the remobiliza-
tion of iodine from volcanic fluids and marine sedimentary
rocks in the Precordillera and volcanic arc. This groundwa-
ter, originally composed of low salinity regional fluids of
meteoric origin and fluids of volcanic origin, diluted the
“old” organic iodine in marine sequences along its flow
path and increased the 129I/I ratios during a significant per-
iod of time (between �30 and 5 Ma). Iodine fixation in
soils/sediments and precipitation of supergene Cu minerals
was possible due to the interaction between these mixed flu-
ids and preexisting deposits under increasing tectonic uplift
and desiccation conditions, with significant (and highly
variable) inputs of atmospheric, eolian and sea spray con-
tributions (Hoke et al., 2004; Pérez-Fodich et al., 2014).
Even though increased aridity resulted in the preservation
of iodine and other soluble components, detailed analyses
of soil profiles suggest subsequent in situ mixing processes
with pre-anthropogenic meteoric water, which have
increased the isotopic ratios to values around 1500 �
10�15 after 5 Ma.

It is noteworthy that old and deep groundwater has
played an essential role not only in the continental cycle
of iodine in Atacama, but also has had an impact on metal
speciation, transport and mineral precipitation in supergene
zones, and on the development of geochemical soil anoma-
lies above copper deposits. This has been documented by
several authors, including Cameron et al. (2002, 2004,
2007, 2008, 2010), Cameron and Leybourne (2005),
Palacios et al. (2005), Leybourne and Cameron (2008),
and Reich et al. (2008, 2009b, 2013). The involvement of
a persistent regional groundwater flow in Atacama, sup-
ported by stable isotope studies (e.g., d37Cl in atacamite
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at Radomiro Tomic, Arcuri and Brimhall, 2003; dD and
d18O in groundwaters at Spence, Leybourne and
Cameron, 2006b; Pérez-Fodich et al., 2014), strongly sug-
gests that the regional-scale iodine (and supergene copper)
enrichment in Atacama is tied to large-scale groundwater
circulation over a scale of millions-of-years.
6. CONCLUSIONS

The results reported in this study show that iodine
enrichment in the Atacama Desert of northern Chile is
widespread and varies significantly between reservoirs.
Most iodine isotopic ratios of soils, rocks and waters
reported in this study (�150–1580 � 10�15) are lower than
the pre-anthropogenic surface ratio of 1500 � 10�15,
strongly suggesting that iodine in the studied reservoirs is
derived from different sources undergoing different mixing
histories. Our geochemical mixing models confirm that
the most significant rich-organic source for the widespread
iodine enrichment in the Atacama region is the Jurassic
marine basement, with variable degrees of meteoric water
and volcanic fluid inputs that have occurred extensively
over a protracted period (�30–5 Ma).

Our data show that the iodine isotopic system (129I/I)
can be successfully used in continental settings as a paleo-
tracer of water circulation over tens-of-million year time-
scales. Since large-scale fluid migration is now recognized
as playing a major role in virtually all geologic processes
(Garven et al., 2010) including metal transport and deposi-
tion (e.g., Leybourne and Cameron, 2006b, 2008), land-
scape evolution (e.g., Hoke et al., 2004), geothermal and
hydrothermal recharge (e.g., Giggenbach, 1978; Snyder
et al., 2002) and halogen recycling through subduction
zones (e.g., Kendrick et al., 2011, 2012), the results pre-
sented in this study shed new lights on timescales of fluid
flow and its relations with the climatic, hydrologic and geo-
dynamic history of active continental margins.
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Chong G. (2008) The role of inherited tectono-sedimentary
architecture in the development of the central Andean moun-
tain belt: insights from the Cordillera de Domeyko. J. Struct.

Geol. 30(12), 1520–1539.
Amundson R., Dietrich W., Bellugi D., Ewing S., Nishiizumi K.,

Chong G., Owen J., Finkel R., Heimsath A. and Stewart B.
(2012) Geomorphologic evidence for the late Pliocene onset of
hyperaridity in the Atacama Desert. Geol. Soc. Am. Bull. 124,
1048–1070.

Andrews J. N., Davis S. N., Fabryka-Martin J., Fontes J. C.,
Lehmann B. E., Loosli H. H., Michelot J.-L., Moser H., Smith
B. and Wolf M. (1989) The in situ production of radioisotopes
in rock matrices with particular reference to the Stripa granite.
Geochim. Cosmochim. Acta 53, 1803–1815.

Angermann D., Klotz J. and Reigber C. (1999) Space-geodetic
estimation of the Nazca-South America Euler vector. Earth

Planet. Sci. Lett. 171, 329–334.
Arancibia G., Matthews S. J. and De Arce C. P. (2006) K-Ar and

Ar-40/Ar-39 geochronology of supergene processes in the
Atacama Desert, northern Chile: tectonic and climatic rela-
tions. J. Geol. Soc. London 163, 107–118.

Aravena R. (1995) Isotope hydrology and geochemistry of north-
ern Chile groundwaters. Bull. Inst. Fr. Etudes Andin. 24, 495–
503.

Aravena R., Suzuki O., Peña H., Pollastri A., Fuenzalida H. and
Grilli A. (1999) Isotopic composition and origin of the
precipitation in northern Chile. Appl. Geochem. 14, 411–422.

Arcuri T. and Brimhall G. (2003) The chloride source for atacamite
mineralization at the Radomiro Tomic porphyry copper
deposit, northern Chile. Econ. Geol. 98, 1667–1681.

Bale C. W., Chartrand P., Degtrev S. A., Eriksson G., Hack K.,
Ben Mahfoud R., Melancon J., Pelton A. D. and Petersen S.
(2002) FactSage thermochemical software and databases.
Calphad 26, 189–228.

Bao H. M. and Gu B. (2004) Natural perchlorate has a unique
oxygen isotope signature. Environ. Sci. Technol. 38, 5073–5077.

Barnes J. B. and Ehlers T. A. (2009) End member models for
Andean Plateau uplift. Earth Sci. Rev. 97, 105–132.

Betancourt J. L., Latorre C., Rech J. A., Rylander K. A. and
Quade J. (2000) A 22,000-year record of monsoonal precipita-
tion from northern Chile’s Atacama Desert. Science 289, 1542–
1546.
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Oliveros V., Labbé M., Rossel P., Charrier R. and Encinas A.

(2012) Late Jurassic paleogeograhic evolution of the Andean
back-arc basin: New constrains from the Lagunillas Formation,
northern Chile (27�30’-28�30’S). J. S. Am. Earth Sci. 37, 25–40.

Oyarzún J. and Oyarzún R. (2007) Massive volcanism in the
Altiplano-Puna Volcanic Plateau and formation of the huge
Atacama Desert Nitrate Deposits: A case for thermal and
electric xation of atmospheric nitrogen. Int. Geol. Rev. 49, 962–
968.

Palacios C., Guerra N., Townley B., Lahsen A. and Parada M.
(2005) Copper geochemistry in salt from evaporite soils, coastal
range of the Atacama Desert, northern Chile: an exploration
tool for blind Cu deposits. Geochem. Explor. Environ. Analysis

A 5, 371–378.
Pardo-Casas F. and Molnar P. (1987) Relative motion of the

Nazca (Farallon) and South American Plate since Late
Cretaceous time. Tectonics 6, 233–248.

Penrose, Jr, R. A. F. (1910) The nitrate deposits of Chile. J. Geol.

18, 1–32.
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