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Abstract

The Atacama Desert’s hyper-aridity is closely linked to the development of world-class copper and nitrate/iodine ores and
to regional tectonics and global paleoclimate changes in the Cenozoic era. The timing when the hyper-aridity commenced
remains controversial, with proposed ages ranging from Late Oligocene to Pleistocene. In this study, we provide an indepen-
dent constraint on the initiation of Atacama hyper-aridity utilizing a 100-m deep profile within the Atacama Gravels and
underneath porphyry copper deposit in Spence, northern Chile. The overall high concentration of sulfate (up to 10 wt%)
and a multimodal distribution of water soluble salt (sulfates, chlorides and nitrates) indicate multiple generations of sedimen-
tation and salt accumulation events under semi-arid to hyper-arid climate conditions. The multiple sulfate isotope composi-
tions (A70, 8'%0, §°*S) of the upper section (—15.0 to —34.5 m) are close to those of modern hyperarid surface sulfates, while
the lower section (—34.5 to —65 m) displays a depth dependent isotope trend that is best interpreted as marking a period of
climate change from semi-arid to hyper-arid. When these data are combined with new chronological “’Ar/*Ar dates obtained
from a volcanic ash layer at depth of —28.0 m, our results show that hyper-arid condition in the Atacama Desert was prevail-
ing at least prior to 9.47 Ma and may go back as old as the middle Miocene.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The extreme climate in the Atacama Desert contributes
to several unique features including the formation and
preservation of massive nitrate/iodine deposits, the world’s
largest supergene Cu deposits containing the climate-
sensitive mineral atacamite (Cu,CI(OH);), and the oldest
landform with extremely low erosion rates. It has been
argued that extremely arid climate could have played a role
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in the rise of the Andes (Lamb and Davis, 2003). Alterna-
tively, paleoclimate observations from the southern Alti-
plano region (east of the study area) suggest that middle-
late Miocene surface uplift of the Andean Plateau
(Garzione et al., 2014) could have enhanced aridity of the
western slope of the Andes. Knowing the timing, history,
and cause(s) of the climatic transition from semi-aridity
(>100 mm annual precipitation) to the current hyper-
aridity (<10 mm annual precipitation) is therefore critical
to understanding the global climate changes and their inter-
play with the tectonic evolution of South America, and to
the exploration of mineral resources.
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The published estimated ages for the onset of present-
day hyper-aridity range from Oligocene to Pleistocene
(Alpers and Brimhall, 1988; Sillitoe and McKee, 1996;
Hartley and Chong, 2002; Nishiizumi et al., 2005;
Arancibia et al., 2006; Clarke, 2006; Rech et al., 2006;
Reich et al., 2008; Amundson et al., 2012b). Most of these
previous investigations have focused on climate-sensitive
materials and/or processes including, the spatial distribu-
tion of evaporite deposits since Jurassic(Clarke, 2006;
Hartley et al., 2005), the dependence of Cu supergene
enrichment on water availability (Alpers and Brimhall,
1988; Sillitoe and McKee, 1996; Arancibia et al., 2006;
Reich et al., 2008), cosmogenic nuclide accumulation in
erosion-sensitive  landforms (Dunai et al., 2005;
Nishiizumi et al., 2005), drastic fluctuations in the sedimen-
tological and geochemical properties of paleosols (Rech
et al., 2006) and geomorphological and topographic
changes in landscape features (Hartley and Chong, 2002;
Amundson et al, 2012b). Despite these significant
advances, the exact timing, and thus the primary trigger
of transition into hyper-aridity remains controversial. This
is partially, if not mainly, due to spatial climate heterogene-
ity, temporal climate oscillations, and sensitivities of aridity
proxies in response to local tectonic/climatic/hydrological
conditions as revealed from those studies. The main debate
lies in whether the rain shadow effect associated with Andes
rise during the Miocene or global cooling during the
Pliocene-Pleistocene were the primary cause. In this study,
we investigated the chemical and isotopic signatures of salts
(notably sulfates) within a Miocene-age deep alluvial sedi-
mentary sequence (Atacama Gravels, Atacama Gravel),
focusing on a continuous archive that records critical cli-
matic transitions in line with recent studies on paleosol
development since the middle Miocene (e.g. (Clarke, 2006;
Rech et al., 2006; Oerter et al., 2016)).

Due to the lack of groundwater movement near the sur-
face, sulfate accumulations on today’s hyper-arid surface of
the Atacama Desert are mainly the result of atmospheric
deposition, with contributions from seawater aerosol (near
the coast), secondary atmospheric sulfate, and redistribu-
tion of Andean salt deposits via eolian processes
(Ericksen, 1983; Berger and Cooke, 1997; Bao et al.,
2004; Amundson et al., 2012a). Secondary atmospheric sul-
fate — i.e., sulfate formed via oxidation of sulfur gases from
oceanic (dimethyl sulfide) volcanic (SO, and H,S), and
anthropogenic emissions by ozone (Os), hydrogen peroxide
(H,0;), metal-catalyzed O,, and other oxidants in the
atmosphere — is the only source of sulfate known to bear
non-malkss—dependent 170 enrichment (where A0 =370
—0.52" 3'"%0 > 0), in contrast to all other sulfate sources
whose A'70 is at or slightly lower than 0 (Alexander
et al., 2009; Bao, 2015; Bao et al., 2016). The accumulation
of sulfates with positive A'’O values within surface regolith
is a distinct feature of arid desert environments due mainly
to the lack of post-depositional alteration by limitation of
water (Michalski and Rech, 2004; Bao, 2005). The detection
of sulfate A'7O values (>+0.2%0) within Atacama surface
deposits thus is a good indication of a hyper-arid climatic
state. Therefore, the preservation and pattern of sedimen-
tary and mineralogical features, salt concentration and

isotope composition such as 870, §**S, and §'%0 profiles
in the deep Atacama Gravel could reveal the desiccation
history of the Atacama Desert, specifically the age for the
onset of the hyper-aridity when combined with “°Ar/*Ar
ages from a volcanic ash bed within the Atacama Gravel.

2. GEOLOGY CONTEXT AND SAMPLING SITE

A deep exploration drill core was obtained at Spence
(22°47.3S, 69°15.3W, 1700 m a.b.s.l), a world-class por-
phyry copper deposit located in the east margin of the Cen-
tral Depression, a longitudinal morphotectonic unit
extending from marginal Pre-Cordillera to the eastern slope
of the Coastal Cordillera, ~20 km west to the Domeyko
fault zone (Fig. 1). Hypogene copper mineralization at
Spence occurred during the Late Paleocene to Early
Eocene, and the Cu deposit consists of a primary sulfide-
bearing ore body overlaid by a secondary, ~200-m thick
supergene Cu enrichment zone. The supergene Cu blanket
contains atacamite (Cuy(Cl)(OH);) and brochantite
(Cuy(SO4)(OH)g)) and was formed between 44.4 and
25.7 Ma (Cameron et al., 2007). The whole Cu deposit is
covered by Atacama Gravel (Mortimer, 1973). The Neo-
gene Atacama Gravel (average 150-200 m, up to ~600 m
in thickness) was originally defined as poorly consolidated
sedimentary deposits dominating the present landscape of
the southern Atacama (south of ~26°S), and is now extend-
ing to the eastern flank of the Central Depression and some
Pre-Cordillera basins (north to ~20°S) (Mortimer, 1973;
Clarke, 2006; Nalpas et al., 2008; Jordan et al., 2010).
Landforms in some northern and western flanks of the Cen-
tral Depression are covered by Atacama Gravel of various
ages, ranging from early Miocene to Pleistocene (Saez et al.,
1999; Cameron et al., 2007). Generically, the Miocene Ata-
cama Gravel are considered to be the integrated results of
past climatic and tectonic changes (Riquelme et al., 2007,
Nalpas et al., 2008). Its deposition likely occurred since
the early Miocene by means of debris-flow and sheet flood
from the Pre-Andean region down to the low elevation
paleo-valleys that were previously formed under wetter con-
ditions during the Oligocene (Riquelme et al., 2007). It was
suggested that the sediment transport capacity was signifi-
cantly reduced with increasing aridity, and deposition
ceased at the initiation of hyper-aridity, around 9 to 5 Ma
in the Central Depression (Nalpas et al., 2008). Therefore,
the Miocene Atacama Gravel most likely record the end
of a semi-arid to arid climate that provided episodic sedi-
ment depositions and the onset of a hyper-arid climate con-
ditions that allowed the preservation of the Atacama
Gravel and the salts therein.

The Atacama Gravel at Spence are composed of a 30—
180 m thick sequence of presently indurated and imperme-
able gravels cemented by calcretes (Cameron et al., 2007).
An unconformity separates the Atacama Gravel into two
morphological distinct units similar to the nearby Atacama
Gravel at El Tesoro (Tapia et al., 2011; Oerter et al., 2016),
with upper (—15 to —34.5 m) and lower (—34.5 to —65 m)
sections (Fig. 2). We took samples with 0.3 to 0.5 m sam-
pling intervals from a drill core of the Atacama Gravel
from depths of —15m to —65m, with 0 m marking the
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Fig. 1. Map of studied area of the Atacama Desert, northern Chile. Map shows four major geomorphological regions, West Andean
Cordillera, Precordillera, Central Depression and Coastal Cordillera; and major structural features are also shown as the Atacama Fault
System (AFS), the Antofagasta-Calama Lineament (ACL), and the Domeyko Fault System (DFS). Our sampling site is marked with square
shape, annual average precipitation is also shown in comparison to other localities in the Atacama Desert.

surface. Center portion of the core samples were taken to
avoid surface contamination from eolian processes.
Shallow-depth samples were taken to a depth of —1.5m
near the drill site for reference (Fig. 2). In addition, gypsum
samples intimately intergrown with atacamite were taken at
the transition between the unlithified gravel cover and the
underlying supergene Cu deposit at depths of —70 to
—100 m. These were retrieved from a freshly exposed out-
crop in the main mining pit, ~200 m laterally from the drill
core site (Fig. 2). Mineralogical and chemical data of the
Atacama Gravel and surface regolith were obtained. These
data were coupled with isotopic measurements of A'70,
380 and §**S of sulfates within Atacama Gravel and
supergene zone, together with two nitrate isotope data from
the depths of —39 and —46 m. As a result, we produced a
composite ~100-m vertical data profile. Furthermore, at a
depth of ~—28m, a volcanic ash layer (30-40cm in

thickness) was recognized in the drill core which is matched
with a distinctive white-colored ash bed within the Atacama
Gravel visible in the nearby mining pit. We conducted
“OAr/*°Ar dating on grains including sanidine and plagio-
clase picked from this ash layer. No apparent paleosol
development was observed for the sampled Atacama
Gravel profile. Groundwater table was not observed in
the >80-m deep mining pit.

3. METHODS

For each drill core samples and porphyry rock with
intergrown gypsum, water-soluble ion was step-wised
extracted using pH 2 HCI. The completeness of the dissolu-
tion and concentrations were determined/measured at
Louisiana State University (LSU) using Ion Chromatogra-
phy (Dionex ICS-3000). Mineralogy were determined using
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Fig. 2. Field photos of sampling site at Spence, north Chile and specimen. (A) Mining pit that is in ~200 m distance laterally from the drill
core site; (B) A close look of the mining pit wall showing Atacama Gravel and supergene formations; (C) Shallow regolith where surface
samples were collected; (D-F) show specimen of upper Atacama Gravel, lower Atacama Gravel and supergene atacamite/gypsum assemblage,

respectively.

Panalytical X’Pert Pro MPD with X’celerator detector at
the Johnson Space Center in Houston (Supporting Infor-
mation). Note that, the drill core samples were crushed
and well mixed prior to the salt extraction and XRD anal-
ysis. Sulfates were extracted as BaSO, for stable oxygen
(A0 and 5'%0) and sulfur (8°*S) isotope measurement
using Stable Isotope Ratio Mass Spectrometry (Thermo
MAT-253 and Delta V, respectively) (Bao, 2006). Nitrates
were extracted through cation exchange (CHG-10H resin)
and subsequently precipitated as AgNO;. Oxygen (O,)
was produced by thermo-decomposition of AgNO; at
~500°C and A0 was measured using MAT-253
(Michalski et al., 2002). All stable isotope analysis was con-
ducted at LSU.

“OAr/*Ar dating was performed at Lamont-Doherty
Earth Observatory. Samples were co-irradiated with Alder
Creek at the USGS TRIGA reactor in Denver and then
analyzed by static peak hopping on a VG5400 noble gas
mass spectrometer with analogue multiplier, after crystals
were fused with a CO; laser and cleaned with ST 707 getters
from SAES run at 2 amps. Data are corrected for blanks
and mass discrimination based on frequent measurements
of blanks and air pipettes and nuclear interferences based
on published estimates (Dalrymple et al., 1981). An age
of 1.193 Ma was used for the J-value calculation (Renne
et al., 1998), and this yielded an age of 0.768 + 0.005 Ma
for 5 co-irradiated Bishop tuff crystals.

4. RESULTS
The upper section (—15 to —34.5 m) and surface regolith

of the Atacama Gravel profile at Spence consist of poorly
sorted, clast-supported conglomerates with angular to

sub-angular ungraded gravels (diameter up to 10 cm) within
a sandy matrix. The main mineral phases are quartz, pla-
gioclase and anhydrite with minor amounts of mica. The
lower section (—34.5 to —65 m) contains well-sorted, fine
to coarse sands and silts where the dominant phases are
quartz, clay minerals and gypsum (see Supporting Informa-
tion). The concentration profiles of major water-soluble
salts (SO3~, CI~, NO3) within the drill core show multi-
modal trends within the measured ~50 m (Fig. 3). SO;~
concentration co-varies with that of Ca®* and displays a
pronounced ‘“zigzag” pattern; Both ClI~ and NO3 concen-
trations show two significant positive excursions at —17.2
and —39.0 m. The lowest concentrations for three anions
all reside at the boundary between the upper and lower sec-
tions, i.e., at —34.5 m.

The sulfate isotope compositions in the upper section
are in a narrow range of variation, with a weighted average
of +8.3%¢ for §'%0, +4.9%. for 5**S, and +0.26%o for A'7O.
These values are almost identical to those of sulfate in the
surface regolith, which are +7.5%o, +4.2%o, and +0.27%o,
respectively (Fig. 3). With increasing depth, the lower sec-
tion exhibits increasing 3'%0 (+6.8 to +10.2%0) and
decreasing A'’O from +0.29 to —0.04%c, all in a narrow
range of 5>*S with weighted average at +3.5%o. At the tran-
sition between the gravels and the supergene ore body
(Fig. 3), gypsum shows distinctively different 3130, 8%s
and A'70O values at +14.4 to +17%o, ~+4.3%o, and —0.04
to —0.20%o, respectively. The two nitrate samples from
depth of —39 and —46 m show pronounced positive A0
values at +15.1%0 and +10.3%o, respectively.

“OAr/®Ar dating of three most radiogenic samples
in the white volcanic tuff layer at —28 m give an age of
9.47 £ 0.04 Ma, m.s.w.d of 0.3 (Fig. 4).
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Fig. 3. (A): Major soluble anion (SO3~, CI~ and NO3) weight concentration profiles from an Atacama Gravel drill core at Spence, northern
Chile. Data show that their concentrations vary with depths. A surface regolith sample is included as reference of modern Atacama Gravel
material. Dashed and solid lines reflect the positions of a volcanic ash layer at ~—28 m and the sedimentary boundary (between the upper and
the lower sections) at ~—34 m, respectively. (B) Changing stable isotope compositions of sulfate (A'70, 5'%0, §°*S) with depths. Data include
a surface regolith sulfate, drill core sulfates and supergene sulfates from mining pit. Dashed and solid lines mark the positions of volcanic ash
layer at ~—28 m and the sedimentary boundary (between the upper and the lower sections) at ~—34 m, respectively.

5. DISCUSSION

5.1. Atacama Gravel morphology and salt content indicating
a hyper-arid climate prevailed after the deposition of the lower
Atacama Gravel

The observed morphological and compositional differ-
ences of the lower and upper Atacama Gravel sections
may be contributed to the variation in both climate and tec-
tonic conditions which govern the sediment transport,
deposition, and sediment source regions. The sedimentary
facies in lower section are consistent with an overall dry,
but relative wetter climate, deposited by low energy sheet
flows with standing water at distal locations. The upper sec-
tion sediments are largely deposited by sub-aerial high
energy debris flow from proximal locations (Nalpas et al.,
2008 and references therein). Although the relief between
east margin of the Central Depression and that of the
Pre-Cordillera probably has elevated since the early Mio-
cene due partially to the regional monoclinal tilting, how-
ever, the studied region likely only experienced minor
uplift (Jordan et al., 2010). Therefore, the source sediments
of the alluvial fans may be largely attributed to climatic
changes, rather than the tectonic changes.

The alluvial parent materials that fed the Central Depres-
sion are considered free of or at least low and homogeneous
with depth in salt content. Salt additions were mostly
derived from atmospheric deposition via airborne and
eolian processes (Berger and Cooke, 1997; Bao et al.,
2004; Clarke, 2006; Ewing et al., 2008; Amundson et al.,
2012a). Compositional and isotopic variations of salts
within alluvial fans thus vary with geographic/topographic
locations due to source variability as well as post-
depositional processes which are mainly controlled by the
frequency and magnitude of wet events that infiltrated salts
downward (i.e. top-down leaching) (Bao et al., 2004; Ewing
et al., 2008; Amundson et al., 2012a) or occasional flash-
flood or groundwater evaporation (i.e. bottom-up addition).
The depth distribution of salt in a close-system soil profile in
arid environment like Atacama is expected to be largely uni-
modal regardless of a top-down or a bottom-up process
(Ewing et al., 2008; Amundson et al., 2012a). We argue that
the observed multimodal pattern suggests that the deep
Atacama Gravel profile at Spence is a composite profile gen-
erated from multi-episodes of Atacama Gravel deposition
and subsequent salt accumulation. Post-depositional salt
leaching (dissolution/precipitation) events appear to not
have been frequent or massive enough to significantly
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impact the sulfate concentrations of previously buried
deposits. The salts could alternatively all be leached from
the surface long after the cessation of the gravel deposition,
and redistributed in the deep Atacama gravel profile. Such
salts infiltration, however, requires environment with wet
events of high frequency and large magnitude that would
have left a relatively uniform and low salt profile
(Fig. 3A). This scenario also requires substantial surface salt
accumulations that is only favorable under arid/hyper-arid
climate (Bao et al., 2004; Ewing et al., 20006), therefore is
considered implausible. Interaction between the salt inven-
tories of the upper and lower sections appears negligible
based on the salt distribution pattern, specifically on the
minimum concentration of all three anions at the unconfor-
mity. This indicates strongly that the salts accumulation
within the lower Atacama Gravel section predate the upper
Atacama Gravel deposition. Alternatively, the minimum
salt concentrations might be result of salt profile being dis-
continued by subsurface ground water with flow path pref-
erentially along the unconformity. The only subsurface
water movement reported in this region was occasional
highly saline formation water down within the supergene
ore body (Cameron et al., 2007). Also, the paleosol preserva-
tion (Oerter et al., 2016) and absence of clay formation (Sup-
porting Information) were observed near the unconformity.
Therefore, we consider this possibility unlikely. All the
observations are consistent with an overall arid to hyper-
arid climate in this region after the deposition of lower Ata-
cama Gravel section.

5.2. Multi-isotope profiles marking the lower Atacama
Gravel section as the arid to hyper-arid transition

At Spence, surface deposition of sulfate includes sec-
ondary atmospheric sulfates and dusts. At greater depths
where the supergene Cu ore body is present, sulfate miner-
als including alunite, jarosite and gypsum formed from
supergene oxidation (Hartley and Rice, 2005). These sulfate
sources have their characteristic set of stable isotope signa-
tures (Bao, 2005; Bao and Marchant, 2006; Ewing et al.,
2008; Amundson et al., 2012a). When examined in
centimeter-scale, sulfate 84S, 5'%0, and A!7O values vary
with depths from the surface. In McMurdo Dry Valleys
of the Antarctica, this variation is interpreted as the result
of preferential leaching one over the other between two dif-
ferent sulfate sources, i.e. SAS (H,SO4 and (NHy4),SO4) and
sea-salt (Na,SO,) initially deposited on soil surface. Cal-
cium isotopes and sulfate sulfur and oxygen isotopes have
been reported to vary as a function of depth in the Ata-
cama, which was attributed to fractionation caused by
meteoric water leaching and subsequent evaporation-
driven re-precipitation and compounded by a Rayleigh pro-
cess (Bao et al., 2004; Bao, 2005; Bao and Marchant, 2006;
Ewing et al., 2008; Amundson et al., 2012a). The
centimeter-scale isotope variations with depths may be pre-
sent near the surface of Atacama Desert soils and these
variations in deep sections could be re-worked by subse-
quent deposition, leaching, and re-precipitation of salts.
The isotope variation shown in Fig. 3, however, is much
larger in degree as well as in spatial scale. We argue that,

to the first order, these salt isotope variations are consistent
with concentration profiles, supporting episodic Atacama
Gravel depositions and subsequent salt depositions and
leaching from the surface during the sedimentary hiatuses.

The isotope compositions of sulfates in the upper section
and surface regolith indicate that the formation pathways
and source proportioning for the Atacama Gravel sulfates
have remained constant since the deposition of the upper
section. The surface and upper section sulfates all have
A0 values of ~+0.25%0. For an average A'’O value of
~ 10.70%c for secondary atmospheric sulfates in mid-
latitudes (Jenkins and Bao, 2006), secondary atmospheric
sulfates then constitutes about ~40% of the total surface sul-
fate deposition at Spence. Considering the fact that the 5>*S
and 8'%0 of bulk sulfate is close to a mixture of secondary
atmospheric sulfates with the sulfate from Andean lakes,
salars, and bed rock weathering from Altiplano (Bao
et al., 2004; Clarke, 2006; Boschetti et al., 2007; Ewing
et al., 2008), these multiple isotope signatures of surface sul-
fate are consistent with the present geographic and climatic
setting of the region. We therefore conclude that the upper
section of the Atacama Gravel profile at Spence is best inter-
preted by a series of small and relatively rapid debris depo-
sitions with intervals of hyper-aridity, during which
atmospheric salts were deposited and later leached down
into the gravel layer as a result of intermittent wetter events
(Nester et al., 2007). The pronounced positive A'’O anoma-
lies therefore support prevailing hyper-arid conditions dur-
ing and after the deposition of the upper section gravels.

The sulfate A'7O in the upper ~35 m of the lower section
has the same positive values as those of the upper section,
suggesting that a similarly hyper-arid climate condition
has already been in place at the deposition of the upper
lower section. This is also supported by the positive A'7O
(+15.1%0 and +10.3%0) of nitrate samples from depth of
—39 and —46 m, respectively (Michalski and Rech, 2004).
On the other hand, the sulfate A'’O decrease with increasing
depths from —41 to —65 m (Fig. 3B). Since secondary atmo-
spheric sulfate is the sole source of the A'’O-positive sulfate
added into the Atacama Gravel profile, this trend may
reflect a wetter climate during early stage of the lower Ata-
cama Gravel deposition. Wetter climate (semi-arid) favored
enhanced bed rock weathering and wet deposition of salts,
subsequently the secondary atmospheric sulfate proportion
in total atmospheric sulfate input was less than when under
drier climate. Wetter climate also provide sufficient moisture
to support microbial sulfate reprocessing within sediments
which attenuated the positive A'’O signatures. The antici-
pated changes on §>*S and 8'%0 (Fig. 3B) by wetter climate
may also support this scenario because (1) the salar or
Andean sulfates possess very similar sulfur isotope compo-
sitions to the Spence surface sulfates (Rech et al., 2003) thus
left negligible impact on the 5**S and (2) sulfate redox cycles
facilitated by microbes may elevate the 8'30 by involvement
of evaporated meteoric water during this process.

An alternative scenario is that supergene deep sulfate was
transported upward to mix with the lower Atacama Gravel
sulfates, via groundwater capillary forcing or pumping
induced by seismic events. The former only functions in a
few meters’ scale and the latter relies on fracture zones
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(Hoke et al., 2004; Cameron et al., 2007; Perez-Fodich et al.,
2014). Supergene sulfates seem to be one end member of this
mixing. Sulfate formed via hypogene sulfide ore oxidation
have a typical A0 value as low as —0.20%0 (Bao et al.,
2008), an anomalously high 5'%0 indicative of involvement
of saline groundwater that experienced intense evaporation
(8'%0p0 as high as +10%o), in sharp contrast to that of the
regional meteoric range at —8 to —11%o (Cameron et al.,
2007; Leybourne and Cameron, 2006). The 53*Sg04 is also
consistent with a sulfide source from the hypogene ore body
of volcanic origin that normally ranges from ~—5 to +5%o.
Because of the high salinity (Na-Cl type) of the local
groundwater and deep formation water (Leybourne and
Cameron, 2006), the mixing mechanism would have created
a very high concentration of sodium and chloride in the
lower section (Cameron et al., 2007), contradicting to our
ion distribution profile. Thus, we conclude that this upward
pumping and mixing scenario is less likely.

In addition, the A'70, §'®Ogos and 8**Sgos of the
supergene sulfates values of supergene-ore related
sulfate show a discernable trend from —0.05%0 to
—0.20%0, +14.4 to +17.7 %0 and +3.0 to +4.8%o, respec-
tively, with increasing depths. This further indicates that
the downward leaching and mixing of Atacama Gravel sul-
fate into the supergene sulfates, not the other way around.
Therefore, we argue that most portion of the lower section
of the Atacama Gravel profile at Spence likely reflects an
overall arid climate condition with a transition from rela-
tively wetter to hyper-arid.

5.3. Age of hyper-aridity

The sedimentological, salt concentration and isotope
profiles of the deep Atacama Gravel section all point to
the onset of a hyper-arid condition occurred since the depo-
sition of the top part of the lower Atacama Gravel, which
postdates the cessation of major supergene mobilization
and mineralization at 21 Ma (Rowland and Clark, 2001).
Here a further constraint is made available by the distinct
white-colored ash bed occurring at the low part of the
upper section. Our Ar-Ar dates suggest that by 9.47 Ma,
hyper-arid conditions had already been in place (Fig. 4).
The high sulfate concentrations below the ash bed, which
is within the upper Atacama Gravel section, are compara-
ble to, if not greater than, those found in the modern Ata-
cama Desert surfaces. It was shown that long-term salt
addition to the surface regolith resulted in soil volume
expansion and high concentration of water soluble salts in
the Atacama aided by an extremely low erosion rate
(Ewing et al., 2006). An estimated 1 million years are
required for regolith to accumulate a sulfate concentration
to the magnitude seen below the ash bed in the upper sec-
tion. Considering that sedimentary hiatuses are common
especially in a hyper-arid climate, the gap of sedimentation
between upper and lower Atacama Gravel could be as long
as 1-2 million years in the Miocene (Saez et al., 2012).
Therefore, the hyper-aridity of this region likely started as
early as ~12 Myrs ago. This independent constraint is in
agreement with recent landscape evolution from Pampa
del Tamarugal and paleosol characteristics from Calama

basin and nearby El Tesoro deposits (Jordan et al., 2014;
Oerter et al., 2016).

6. CONCLUDING REMARKS

The transition from arid to hyper-arid climate condi-
tions in the Atacama Desert is recorded in morphological,
chemical, and multiple sulfate isotope data of a deep Ata-
cama Gravel profile in the Central Depression. Our results
show that hyper-arid conditions were certainly established
before 9.47 Ma, and may have commenced at 12 Ma or ear-
lier. This is the time when the Altiplano and pre-cordillera
were experiencing protracted rise, a more than 2000 m ele-
vation change during 16 to 9 Ma. The rise could have cre-
ated an enhanced rain shadow effect that blocked
moisture entry from the continental interior in the east to
the Atacama (Garzione et al., 2014). During the same time,
the Humboldt cold current off the west coast of South
America was also strengthened due to the cold polar cur-
rent linked to an expansion of Antarctic Ice Sheet (Amiot
et al., 2008). This reinforced cold water upwelling further
prevented precipitation along the coastal region of South
America (Garreaud et al., 2010). A combination of these
factors could have triggered the long-term Atacama
hyper-aridity. It is relevant to note that our results provide
an independent time constraint on the onset of hyper-
aridity and long-term climate history in the heart of the
Atacama Desert rather than constraints on climatic oscilla-
tions in some region of the Atacama Desert in the past (e.g.,
Amundson et al., 2012b). For example, paleosol formations
at the nearby El Tesoro Cu mine reveal a remarkable period
of oscillations between relatively moist to semi-arid and
arid climates during the mid-Cenozoic (Oerter et al.,
2016). We also recognize that spatially, the climate evolu-
tion of different areas in Atacama Desert may not have
been synchronized (Alpers and Brimhall, 1988; Evenstar
et al., 2009; Jordan et al., 2014). Nevertheless, with tempo-
ral coverage and spatial extent over the entire Central
Depression, Atacama Gravel provides a rich record of the
Atacama desiccation history.
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