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ARTICLE INFO ABSTRACT

Editor: Claudia Romano The Atacama Desert, known as the driest region on Earth, has accumulated substantial salt deposits owing to
hyperarid conditions prevailing since the Miocene. These salt deposits mainly include Ca-sulfates and halite, but

Keywords: are also known for their large nitrate deposits. This study focuses on the sources of Ca-sulfates, which occurs in a

Gypsum great mineralogical and compositional diversity. Previous research argued that main sources contributing sulfate

Evaporites

to the Atacama salt budget include secondary atmospheric sulfate and biologically recycled sulfate. Secondary
atmospheric sulfate originates mostly from marine and atmospheric sources. Additionally, sources delivering Ca
into the Atacama Desert include weathered material from the Andes, which is transported by rivers and
groundwater flow into the Central depression and to a somewhat lesser extent also marine aerosols. However,
there are still open issues, in particular with respect to the elemental mass balances of Ca and sulfur that are
different because of contrasting relative abundances in seawater derived components and weathering products.
This study uses 8Sr/%°sr isotope compositions of both lacustrine as well as pedogenic Ca sulfates and water
samples to further investigate sources and transport pathways of Ca within the Atacama Desert. Two case studies
from the driest portion of the Atacama Desert, namely the Tiliviche basin (—19.5°S) and the Quillagua-Llamara-
Basin (—21.5°S), are investigated in detail. The sulfate samples and their detrital impurities were dissolved
utilizing a newly developed method for selective digestion of Ca-sulfates, using anion exchange resin. This
method allows for rapid dissolution of Ca-sulfate samples without affecting inherent siliciclastic material. The
water samples analyzed exhibit a moderately radiogenic range in 8’Sr/%°Sr of ~0.7063 to ~0.7075. Fossil salar
Ca-sulfates display less variation, ranging from ~0.7065 to ~0.7072, whereas pedogenic samples diverge toward
higher values, spanning a range from ~0.7067 to ~0.7081. Siliciclastic particles, incorporated within the Ca-
sulfates, span a wider 8 Sr/%0Sr range from ~0.7058 to ~0.7095.

The relatively narrow 8’Sr/%0Sr range of the water samples contrasts with the variable Sr isotope composition
of the Andean basement. This observation is attributed to mixing and efficient pooling, arising from larger scale
water-rock interaction with diverse geological units. The even narrower range observed for lacustrine Ca-sulfate
samples likely results from additional homogenization processes, both laterally and vertically, driven by erosion
and dissolution-reprecipitation of Ca-sulfates and other salts. In marked contrast, pedogenic Ca-sulfate samples
diverge to more radiogenic Sr isotope values. This reflects more local patterns and is indicative for the presence
of a high-87Sr/%0Sr endmember other than sea spray. In the two case studies investigated, Jurassic limestones in
the Coastal Cordillera appear as plausible high-87Sr/%Sr sources. Moreover, the &Sr/%%Sr composition of water
sources and fossil salar Ca-sulfates in the Tiliviche basin allows identifying past hydrologic networks with
different catchments. For example, 8Sr/80Sr ratios of fossil lacustrine Ca-sulfates and recent water courses in the
Tiliviche basin indicate a former hydrologic connection between two different drainage systems, the Tana/
Tiliviche drainage and the Aroma drainage.

Sr isotopes
Atacama Desert
Transport processes

1. Introduction 0-5 mm of precipitation per year in its hyperarid core. Paleoclimate
studies indicate that hyperarid conditions prevailed since the Miocene
The Atacama Desert stands as Earth's driest region, receiving only (e.g., Jordan et al., 2014; Rech et al., 2003; Risacher and Fritz, 2009).
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This prolonged aridity has resulted in the formation of substantial de-
posits of water-soluble evaporites, predominantly Ca-sulfates and halite.
One of the primary contributors to the Atacama salt budget are
marine aerosols, i.e., sea spray and coastal fog, which predominantly
carry sulfates, chlorides and moisture, but also some dissolved cations
like Ca or Sr. In particular the moisture content triggers dissolution-
reprecipitation processes in the soil (e.g., Rech et al., 2003, Voigt
et al., 2020, Klipsch et al., 2023). Locally, unique soil features in the
Atacama Desert can be observed, including polygonal patterned ground
structures, believed to result from volume changes during sulfate
dissolution-precipitation (Ericksen, 1981; Zinelabedin et al., 2024).

The altitude of the coastal fog layer is an essential parameter for
sulfate precipitation, as it is restricted by the marine boundary layer
(MBL), a robust thermal inversion layer resulting from the convergence
of a cold air layer above the ocean with descending warm air. The
descending warm air is a consequence of the typical Hadley circulation
patterns in subtropical regions (Serpetzoglou et al., 2008; Garreaud
et al., 2007; Wood et al., 2011). The cold air above the sea surface is
caused by upwelling of the cold Humboldt current along the South
American coast (Thiel et al., 2007). The maximum height of the MBL at
around 20°S fluctuates between 750 and 1300 m. Common westerly
wind systems can carry the moisture through the Coastal Cordillera into
the Central Depression to altitudes higher than that of the MBL. How-
ever, most parts of the marine aerosols are already blocked at altitudes
above 1000 m (Del Rio et al., 2018, 2021). In the northern part of the
Central Depression (between 19 and 22°S), fog can penetrate deeper
inland compared to the southern part, as the Coastal Cordillera is
generally lower and additionally intersected by deeper canyons (que-
bradas). In the following discussion, we consider the altitudinal range
between 225 and 1075 m as influenced by marine fog, following Con-
sentino et al., 2015.

Weathered material from the Andes also plays a major role in the
Atacama Desert's salt mass balance. Dissolved ions are primarily trans-
ported through groundwater flow and limited surface water runoff.
Additionally, dust material can be transported to the Central Depression
by easterly winds, which may result from a southward shift of the
Bolivian high (Reyers et al., 2019).

Atmospheric deposition is another mechanism for delivering mainly
nitrates and sulfates. The sulfates can be emitted into the atmosphere as
primary, oxidised atmospheric sulfate (PAS) or in its reduced form as
sulfide (secondary atmospheric sulfate — SAS). PAS originate from sea
spray or mineral dust from sulfate bearing surface soils and sediments.
SAS originates also from marine sources like HS or dimethylsulfide
(DMS) and from globally distributed volcanic and anthropologic emis-
sions. Secondary oxidation is driven by ozone and other oxidants like
-OH radicals or Oy (Bao et al., 2004; Brimblecombe, 2013; Gamboa
et al., 2019; Michalski et al., 2004; Pérez-Fodich et al., 2014). Stable
isotope compositions of sulfur and oxygen in sulfates demonstrate that
the major amount of atmospheric sulfate is the product of secondary
oxidation (Klipsch et al., 2023). The recycling of salts is another process
impacting the salt budget. This can occur through aeolian erosion of
primary (lacustrine) evaporites, or through dissolution and reprecipi-
tation driven by groundwater flow (brine recycling) (Risacher et al.,
2003).

Various geochemical tracers, including element ratios (e.g., Na/Cl, e.
g., Voigt et al., 2020) and isotope patterns (®7sr/8sr, 680504, A7 0504,
6348504, 1291, 1, §°%/ 52Cr, 5'°N) are helpful in distinguishing the different
salt sources in the Atacama Desert. For instance, a combination of §°N,
12911 and 8%3Cr have been utilized to characterize the source of nitrates
in the Atacama Desert (Bohlke et al., 1997; Pérez-Fodich et al., 2014).
The stable isotope composition of sulfate (6"80s04, A 0504, 53*Ss04)
and radiogenic Sr isotopes (¥Sr/%°Sr) were typically employed to
identify the sources of Ca-sulfates and other sulfate minerals (e.g.,
Consentino et al., 2015; Consentino and Jordan, 2017; Gamboa et al.,
2019; Klipsch et al., 2023; Rech et al., 2003). Here, stable sulfur isotopes
are indicative for the origin of the sulfate, whereas Sr/%Sr indicate the
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Ca source. The similar geochemical behavior of Sr and Ca leads to their
coupled transport. As, unlike Rb, Sr readily incorporates into the crystal
lattice of Ca-sulfates, the Sr isotopic ratio of the source material is frozen
in Ca-sulfate without significant radiogenic ingrowth.

Calcium sulfates in the Atacama Desert exhibit remarkable diversity
in their morphology and origins. Primary Ca-sulfates form through the
evaporation of brines, primarily in lacustrine salar systems that receive
water from precipitation in the high Andes via groundwater aquifers and
river systems downwards into the Central Depression (e.g., Ericksen,
1981, 1983; Jordan et al., 2022). Often, these lacustrine Ca-sulfates have
been transformed to anhydrite. Another variety of primary Ca-sulfates
occurs as vein-filling selenites, resulting from subsurface brine circula-
tion and associated evaporation. Moreover, primary Ca-sulfates of ma-
rine origin are present, mainly on coastal sections like the Mejillones
Peninsula, north of Antofagasta that once formed as a lagoonal system
during the Pliocene (Di Celma et al., 2014).

Due to weathering and redeposition processes, secondary gypsum
and anhydrite are also present in the Atacama Desert, and are referred to
as pedogenic Ca-sulfate below. The source of pedogenic Ca-sulfate was
highly debated (Ericksen, 1981 and references therein, from 1861 to
1980), proposing various origins including 1) marine aerosols (Chong,
1988; Ericksen, 1981; Van Moort, 1985), 2) dry and wet deposition of
atmospheric aerosols (Bohlke et al., 1997; Claridge and Campbell, 1968;
Ericksen, 1981), 3) weathering of Andean volcanics, releasing sulfates
and chlorides (Berger and Cooke, 1997; Ericksen, 1961, Ericksen, 1983;
Searl and Rankin, 1993), and 4) direct deposition of volcanic sulfides
(Berger and Cooke, 1997; Searl and Rankin, 1993). Ongoing research,
such as studies conducted by Arens et al., 2021, Consentino et al., 2015,
Klipsch et al., 2023, Leybourne et al.,, 2013 and Voigt et al., 2020,
continues to investigate and discuss these different origins.

Rech et al., 2003 pioneered in the use of Sr isotopes to trace the
origin of Ca in the pedogenic salt deposits of the Atacama Desert,
complemented by stable sulfur isotopes (5%%S), to infer the origin of
sulfur. These workers analyzed samples collected along transects
stretching from the Coastal Cordillera, affected by sea spray, to the hy-
perarid core of the Atacama Desert. Their samples covered transects
from the Coastal Cordillera to the hyperarid core revealing a binary
mixture for both isotope systems with two primary contributors to
pedogenic Ca-sulfates: marine sea spray (7Sr/%sr = 0.7091; &%*s =
+20.9 %o0) and Andean weathering (mean 875r/86gr — 0.70749; 534S =
+5.4 %o). The latter mean value was calculated as a mean of sampled
salar waters and evaporites.

This pioneering study was recently expanded by Klipsch et al., 2023,
who reported combined isotope analyses for calcium and sodium sul-
fates (thenardites) for 8343, 87Sr/80Sr, A1 0g04, and 5'80g04. The mixing
endmembers defined by these tracers include SAS, SAS sourced by
dimethylsulfide, biologically recycled sulfate, marine PAS and also hy-
drothermal sulfur. A novel triple oxygen isotope method was developed
to discriminate sulfate ions sourced by the atmosphere and to qualita-
tively estimate the degree of biological sulfur cycling, which is again
dependent on water availability. Worth noticing is the isotope signature
of thenardites, which points to a hydrothermal endmember that has not
been characterized previously.

With respect to possible Ca sources, Andean basement rocks exhibit a
large 8Sr/%Sr variability (e.g., Worner et al., 1992; Lucassen et al.,
1999; Kramer et al., 2005; Mamani et al., 2005) which is inherited by
interacting ground and surface waters. Therefore, disentangling the
different Ca sources using Sr isotopes becomes more complex and
applying a mean & Sr/%Sr value for Andean weathering, as proposed by
Rech et al., 2003, may be somewhat simplified. Nevertheless, it is now
possible to utilize the 8Sr/%Sr compositions of salt deposits and their
potential source waters to reconstruct the recharge areas and hydrologic
networks over time.

This study focuses on the different possible Andean endmembers for
Ca supply to the Central Depression. Additionally, the processes of
redistribution and sedimentation within the Atacama Desert are
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examined, both in spatial and temporal context. We introduce a new
analytical protocol that permits separate 7Sr/%6Sr analyses of highly
water-soluble fractions, sulfates and detrital components from the same
samples. A comprehensive study was conducted here, producing a
dataset comprising approximately 120 samples, mainly sulfates and
water. In detail, this dataset includes samples of Ca-sulfates from salars
and marine settings, pedogenic Ca-sulfates, as well as the highly water-
soluble fraction like halites and thenardites. Furthermore, the silici-
clastic components incorporated within the Ca-sulfate deposits are
analyzed for comparison.

2. Study area & samples
2.1. The Atacama Desert

The Atacama Desert covers a coastal region in southern Peru and
northern Chile between 15° to 30° south and is flanked to the east by the
Andean mountain range, with an elevation gradient up to 3500 m above
sea level (a.s.l.). The desert owes its unique features to the subduction of
the Nazca plate beneath the South American plate since the Jurassic,
which has given rise to various episodes of volcanism, compression-
related faulting and extension (e.g., Coira et al., 1982; Ramos, 2009;
Stern, 2004; Suarez, 2009; Trumbull et al., 2006).

From west to east, the Atacama Desert can be divided into five
geologic-topographical units. The Coastal Cordillera, adjacent to the
Pacific, shows elevations mainly below 2000 m a.s.l. The basement is
composed of batholiths and andesitic volcanic rocks from the Jurassic to
early Cretaceous magmatic arc, along with marine limestone, shales,
conglomerates (Allmendinger and Gonzales, 2010) as well as wide-
spread Neogene gravels (Vasquez et al., 2018). Adjacent to the Coastal
Cordillera, the Central Depression encompasses the hyperarid core of
the Atacama. This fore-arc basin is filled with Cenozoic fluvial and
lacustrine sediments as well as alluvial fan deposits from both the Pre-
cordillera and the Coastal Cordillera (Hartley et al., 2000; Hartley and
Evenstar, 2010). The Precordillera, also called Domeyko Cordillera, is a
moderately elevated mountain range reaching heights between 3500
and 4000 m a.s.l. It consists of sediments as well as igneous and meta-
morphic rocks of Paleozoic to Mesozoic age (Victor and Oncken, 2004;
Garcia and Herail, 2005). Further east, the Altiplano, an endorheic intra-
montane basin located at approximately 3600 m, features several sizable
salars such as the Salar de Huasco and the Salar de Uyuni. Adjacent to
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the Altiplano is the volcanically active Western Cordillera, with average
altitudes between 3800 and 4500 m and peak heights above 6000 m.
The basement of this area comprises Precambrian to Early Paleozoic
metamorphic rocks as well as Mesozoic sedimentary and volcanic rocks
(e.g., Hartley and Evenstar, 2010; Karatson et al., 2012).

The Atacama Desert is known as the driest desert on Earth. While the
Central Andes experience arid conditions with 100-400 mm/year pre-
cipitation, the Central Depression is hyperarid with only 0-5 mm/year
precipitation (DGA, 1987). Moreover, potential evaporation even rea-
ches 2500 mm/year (Risacher and Fritz, 2009). The extreme aridity is
attributed to several factors. First, its location in the subtropical high-
pressure belt leads to descending air masses that hinder moisture con-
vection (zonal effect). Secondly, the distance from the Amazonia-
Atlantic region, a significant source of moisture for southern America,
limits the inland transport of moisture (continental effect). Third, the
small amounts of Amazonian moisture that manage to reach inland areas
are blocked by the Andes (rainshadow effect). Lastly, the upwelling of
the cold Humboldt Current along the western coast of South America
cools the air masses in the marine boundary layer, reducing the moisture
capacity (oceanic effect) (e.g., Houston and Hartley, 2003).

2.2. Soils in the Atacama Desert

A conceptual soil profile tailored for the nitrate mining regions of the
Atacama Desert was developed by Ericksen, 1981 and is depicted in
Fig. 1 The uppermost layer, known as Chuca, spans a depth of 10 to 30
cm and is composed of powdery to loosely cemented gypsum and
anhydrite (CaSO4*2H20 and CaSOj4, respectively), interspersed with
varying quantities of silt, sand, and gravels. The Chuca layer contains
surface and subsurface concretions of diverse sizes and solidification
grades, locally referred to as Losas (Arens et al., 2021). Often, the Chuca
layer is overlain by a thin gypsiferous crust of less than 0.5 cm in
thickness and a < 20 cm thick layer of highly soluble salts may occur in
the lower part. These salts may include thenardite (NapSOy4), bloedite
(NagMg[SO4]2-4H20), epsomite (MgSO4), and humberstonite
(K3NayMg2[NO3|(SO4)312-6H20) (Ericksen, 1981, 1983). The Chuca
layer gradually evolves into the Costra layer, extending 0.5 to 2 m deep
and comprising both gypsum and anhydrite. Below the Costra, the
Caliche layer includes firmly cemented halite (NaCl) that occasionally
harbors veins and layers of economically important nitratine (NaNOg).
At the base of the soil profile, either the Conjelo, a regolith cemented

Siliciclastic gravels

o R-ad-

Subsurface

concretion ©

Gypsum bearing
7] surface crust, <0.5
cm thickness

Siliciclastic gravels

o Chuca, 10-30cm
thickness

Locally occuring
layer of highly
soluble salts, i.e.,
Thenardite

Fig. 1. Schematic sketch through typical uppermost section of the Atacama Desert soil examined here.
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Table 1

Sample list, description, location and ®Sr/®6Sr results. Data is first sorted by sample type, then by latitude.
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Sample ID Description Location Latitude Longitude Elevation 878r/8sr /-
[°] [°] [m]
Water samples
ATA19-045 River water, Quebrada Tana Tiliviche area, Domeyko Cordillera, —-19.4112 —69.6156 1792 0.706422 14
Camina
ATA22-W1 River water, Tiliviche river Tiliviche area, Coastal Cordillera, Huara —19.5524 —70.1944 55 0.706373 9
ATA18-014a Groundwater sample from 18 m deep well Tiliviche area, Domeyko Cordillera, —19.6752 —69.9390 1137 0.706676 9
Antofagasta region
ATA19-046 River Water, Quebrada Aroma Tiliviche area, Central Depression, Huara  —19.8069 —69.6780 1280 0.707457 12
ATA17-066 River water sample in the middle of a wide  Tiliviche area, Quebrada Aroma. Central =~ —19.8499 —69.6977 1211 0.707450 8
flow channel, Quebrada Aroma Depression, Huara
ATA22-001 water Salar water, Salar de Huasco Altiplano, Pica —20.3000 —68.8477 3789 0.706164 9
ATA14-012d Groundwater which feeds the Salar de QLB, Salar de Llamara. Central —21.2722 —69.6179 760 0.707164 17
Llamara, sampled from a well Depression, Pozo Almonte
ATA19-050 River water, Rio Loa QLB, Central Depression, Quillagua —21.6586 —69.536 805 0.707217 13
border
ATA22-068 A Hydrothermal water, El Tatio Geysir Altiplano, Calama —22.3356 —68.0129 4290 0.708723 17
ATA18-122 Groundwater sample taken from well Domeyko Cordillera, Sierra Gorda —23.7885 —69.3510 1720 0.707214 11
PozoAlcayaga Groundwater, well Central Depression, Antofagasta —24.0452 —69.7980 976 0.706101 12
POZO-AB-6 Groundwater, well Central Depression, Antofagasta —24.1070 —69.9081 1048 0.706584 14
ATA17-021a Pond 1 from recent flooding surface with a Domeyko Cordillera, Antofagasta region —24.1185 —68.7183 2984 0.707079 12
few trenches cutting older lake sediments
ATA17-022a Pond 3, same flooding surface Domeyko Cordillera, Antofagasta region —24.1261 —68.7218 2985 0.707124 8
ATA17-024a Pond 5, same flooding surface Domeyko Cordillera, Antofagasta region —24.1808 —68.7769 2975 0.707136 12
ATA22-W2 Groundwater, spring Domeyko Cordillera, Taltal —24.9841 —69.3217 2947 0.707377 10
ATA23-031/1 Groundwater, well Domeyko Cordillera, Taltal —24.9900 —69.3200 2966 0.707392 9
Pedogenic samples
ATA17-086 A Surface concretion Tiliviche area, Central Depression, Huara —19.4464 —69.9759 1090 0.707239 9
ATA17-086B Sub-surface concretion Tiliviche area, Central Depression, Huara —19.4464 —69.9759 1090 0.707228 9
ATA17-086b RESIN Sub-surface concretion Tiliviche area, Central Depression, Huara ~ —19.4464 —69.9759 1066 0.707238 10
ATA19-044C Sub-surface concretion Tiliviche area, Central Depression, —19.4505 —69.6642 1728 0.707086 10
Camina
ATA17-087 A Surface concretion Tiliviche area, Central Depression, Huara —19.4729 —69.8818 1186 0.707255 13
ATA17-083B Sub-surface concretion Tiliviche area, Coastal Cordillera, Huara —19.4804 —70.0605 1077 0.707276 10
ATA17-080d H20 Sub-surface concretion Tiliviche area, Coastal Cordillera, Huara —19.5155 —70.1440 965 0.707746 12
ATA17-080d RESIN Sub-surface concretion Coastal Cordillera, Huara —19.5155 —70.1440 965 0.707746 13
ATA19-041 A Surface concretion Central Depression, Huara —19.5639 —69.8584 1199 0.707168 8
ATA19-041B1 Surface, slightly consolidated gypsum chips  Central Depression, Huara —19.5639 —69.8584 1199 0.708149 24
ATA19-041C Sub-surface concretion Central Depression, Huara —19.5639 —69.8584 1199 0.707146 11
ATA22-12 Surface concretion Coastal Cordillera, Huara —19.7244 —70.0843 1165 0.707980 9
ATA19-088 Surface concretion Central Depression, Pozo Almonte —20.9948 —69.2751 1444 0.708114 10
ATA22-05 Surface concretion Central Depression, Pozo Almonte —21.0056 —69.6964 896 0.707575 11
ATA22-10 Surface concretion Coastal Cordillera, Iquique —21.0858 —69.9498 730 0.707762 9
ATA19-095 A Chuca; Loose material around concretions, Central Depression, Pozo Almonte —21.0967 —69.6672 905 0.707552 15
5-15 cm depth
ATA19-095B Subsurface concretion Central Depression, Pozo Almonte —21.0967 —69.6672 905 0.707511 13
ATA22-02B Surface Chuca Coastal Cordillera, Iquique —21.1704 —70.0863 126 0.708094 7
ATA17-153 Chuca and concretions (no depth QLB, Cerro Soledad, Central Depression, —21.2511 —69.5563 1020 0.707329 17
information) Pozo Almonte
ATA17-151 Surface concretions QLB, Cerro Soledad, Central Depression, —21.2541 —69.5554 1053 0.707224 11
Pozo Almonte
ATA22-29 A Surface crust QLB, Central Depression, Pozo Almonte —21.2706 —69.6625 764 0.706871 10
ATA22-29B Subsurface concretion QLB, Cerro Soledad, Central Depression, —21.2706 —69.6625 764 0.707047
Pozo Almonte
ATA19-077B Subsurface concretion Central Depression, Maria Elena —22.2675 —69.4351 1345 0.706866 12
ATA19-076 B Sand cemented with gypsum, 5-30 cm Central Depression, Maria Elena —22.2711 —69.3541 1500 0.706748 21
depth
ATA19-076¢ H20 Surface chuca (< 5 cm depth) Central Depression, Maria Elena —22.2711 —69.3541 1500 0.706815 9
ATA19-076¢ RESIN Surface chuca (< 5 cm depth) Central Depression, Maria Elena —22.2711 —69.3541 1500 0.706821 21
ATA19-078B Sub-surface concretion Central Depression, Maria Elena —22.2780 —69.5093 1200 0.706866 11
ATA19-082B Sub-surface concretion Central Depression, Maria Elena —22.2811 —69.6922 1235 0.707044 12
ATA17-014a Chuca, 5-10 cm depth Central Depression, Antofagasta —23.3176 —70.5328 1255 0.707347 -
ATA17-014B Subsurface concretion Central Depression, Antofagasta —23.3176 —70.5328 170 0.707351 15
ATA18-121b Thenardite Domeyko Cordillera, Antofagasta —23.7764 —69.3902 1771 0.707002 12
ATA17-016a Surface Chuca Central Depression, Antofagasta —23.8877 —69.8164 790 0.707622 -
ATA17-020a Surface Chuca Domeyko Cordillera, Antofagasta —24.1166 —68.7020 3109 0.707265 -
ATA17-026b Subsurface concretion, 10 cm depth Domeyko Cordillera, Antofagasta —24.1864 —69.2873 2187 0.707464 50
ATA18-001c Thenardite Central Depression, Antofagasta —24.3271 —69.9617 1299 0.706910 10
ATA22-15 Thernadite Central Depression, Antofagasta —24.3272 —69.9616 1303 0.706923 9
ATA18-126a Surface crust Central Depression, Taltal —25.0672 —69.9970 1920 0.707369 11
ATA18-126b Thenardite Central Depression, Taltal —25.0672 —69.9970 1920 0.707336 14
ATA18-126C Subsurface, Chuca, 30 cm depth Central Depression, Taltal —25.0672 —69.9970 1920 0.707366 11
ATA18-125a Surface Chuca, 5 cm depth Central Depression, Taltal —25.1384 —69.9180 1809 0.707089 13
ATA18-125b Thenardite Central Depression, Taltal —25.1384 —69.9180 1809 0.707082 9

(continued on next page)
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Table 1 (continued)
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Sample ID Description Location Latitude Longitude Elevation 875r,/86r +/-
[°] [°] [m]
ATA18-125¢ Subsurface concretion Central Depression, Taltal —25.1384 —69.9180 1809 0.707094 12
Lacustrine Ca-sulfate samples
ATA18-022a Halite crust Tiliviche area, Coastal Cordillera, Huara —19.4814 —70.0529 1007 0.706946 16
ATA18-022b Sulfate / Gypsum. Transition, lake become Tiliviche area, Pampa Tiliviche, Central —19.4814 —70.0529 1007 0.706897 10
salt flat Depression, Huara
ATA18-012d Gypsum/ Tiliviche, lake become salt flat Tiliviche area, Pampa Tiliviche, Central —19.5041 —69.9617 1085 0.706544 15
Depression, Huara
ATA18-025b-c Selenite. Transition, lake become salt flat Tiliviche area, Pampa Tiliviche, Central —19.5627 —70.1185 1181 0.706527 8
Depression, Huara
ATA18-015a Gypsum Tiliviche area, Coastal Cordillera, Huara -19.6792 —70.0209 1134 0.707069 11
ATA22-42 H20 Gypsum Coastal Cordillera, Iquique —21.2027 —69.9070 852 0.706843 11
ATA22-42a RESIN Gypsum Coastal Cordillera, Iquique —21.2027 —69.9070 852 0.706822 8
ATA17-159 Lowest bank of halite/sulfate breccia Level 2 of Cerro Soledad, Central —21.2443 —69.5586 808 0.706894 11
Depression, Pozo Almonte
ATA17-156 Massive sulfate with visible crystals, Level 4 of Cerro Soledad, Central —21.2492 —69.5588 951 0.706802 16
possibly gypsum, looks like secondary Depression, Pozo Almonte
crystals.
ATA17-155 Halite with anhydrite veins / Level 5 (uppermost) of Cerro Soledad, —21.2496 —69.5573 984 0.706879 16
Central Depression, Pozo Almonte
ATA17-158 Massive halite with large sulfate clasts Level 3 of Cerro Soledad, Central —21.2507 —69.5605 899 0.706817 19
Depression, Pozo Almonte
ATA22-29-3 F&G Gypsum Coastal Cordillera, Pozo Almnote —21.2706 —69.6625 763 0.706858 18
H20
ATA22-29-3 F&G Gypsum Coastal Cordillera, Pozo Almnote —21.2706 —69.6625 763 0.706858 18
H20
ATA22-29-3 F&G Gypsum Coastal Cordillera, Pozo Almnote —21.2706 —69.6625 763 0.706847 9
RESIN
ATA22-29-3 F&G Gypsum Coastal Cordillera, Pozo Almnote —21.2706 —69.6625 763 0.706847 9
RESIN
ATA17-130 Recent gypsum precipitate QLB, Salar de Llamara, Central —21.3521 —69.5610 754 0.707196 10
Depression, Pozo Almonte
ATA17-168 Selenite QLB, Level 5 (uppermost) of Cerro —21.3529 —69.5603 817 0.706880 13
Soledad, Central Depression, Pozo
Almonte
ATA17-169b Halite in which the selenite grew QLB, Level 5 (uppermost) of Cerro —21.3529 —69.5603 795 0.707206 13
Soledad, Central Depression, Pozo
Almonte
ATA19-064 Selenite QLB, Rio Loa Canyon*, Central —21.4461 —69.7568 811 0.707137 14
Depression
ATA22-53-R1 Gypsum QLB, Rio Loa Canyon*, Central —21.4462 —69.7572 811 0.706672 10
Selenite H20 Depression
ATA22-53-R1 Gypsum QLB, Rio Loa Canyon*, Central —21.4462 —69.7572 811 0.706657 10
Selenite RESIN Depression
ATA19-066 Selenite QLB, Rio Loa Canyon*, Central —21.4463 —69.7569 811 0.706677 13
Depression
ATA17-038 Selenite QLB, Rio Loa Canyon*, Central —21.4466 —69.7568 811 0.706686 14
Depression
ATA19-067 Selenite QLB, Rio Loa Canyon*, Coastal —21.4486 —69.7562 824 0.706695 15
Cordillera
ATA19-073 Gypsum QLB, Rio Loa Canyon*, Central —21.4566 —69.7315 816 0.706777 13
Depression
ATA17-037 Selenite QLB, Rio Loa Canyon*, Central —21.4612 —69.7023 821 0.706691 14
Depression
ATA18-009a Selenite, top QLB, Rio Loa Canyon*, Central —21.6271 —69.5496 811 0.706644 16
Depression
ATA18-009b Selenite, middle QLB, Rio Loa Canyon*, Central —21.6271 —69.5496 811 0.706615 14
Depression
ATA18-009c¢ Selenite, bottom QLB, Rio Loa Canyon*, Central —21.6271 —69.5496 811 0.706811 10
Depression
ATA18-004b Gypsum interlayed with alluvial fan Precordillera, Taltal —24.9015 —69.2691 2943 0.707172 12
material, 25-30 cm
ATA18-004c Gypsum interlayed with alluvial fan Precordillera, Taltal —24.9015 —69.2691 2943 0.707128 11
material, 65-70 cm
ATA22-018 Gypsum layer above lake sediments and Domeyko Cordillera, Taltal —24.9773 —69.3238 2955 0.706807 10
below Miocene ignimbrite, polyphase.
Lacustrine diatomite samples
ATA18-022¢ Diatomite Tiliviche area, Central Depression, Huara ~ —19.4814 —70.0530 1007 0.706784 10
ATA7-073c Upper Diatomite Tiliviche area, Central Depression, Huara  —19.5486 —70.0180 1034 0.707017 14
ATA17-073e Lower Diatomite Tiliviche area, Central Depression, Huara —19.5486 —70.0180 1034 0.707013 11
ATA17-040 Diatomite QLB, Rio Loa Canyon*, Central —21.5355 —69.6377 869 0.708526 13

Depression, Antofagasta

(continued on next page)
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Table 1 (continued)
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Sample ID Description Location Latitude Longitude Elevation 875r,/86r +/-
[°] [°] [m]

ATA17-041a Diatomite QLB, Rio Loa Canyon*, Central —21.5872 —69.6054 882 0.707280 14
Depression, Antofagasta

ATA7-041c Diatomite QLB, Rio Loa Canyon*, Central —21.5872 —69.6054 882 0.706711 11
Depression, Antofagasta

Travertine alternating with supergene Ca-sulfate

ATA22-17 A.1 Supergene gypsum Domeyko Cordillera, Commune Taltal, —24.8738 —69.5477 2474 0.705985 9
Region Antofagasta,

ATA22-17 A.2 Supergene carbonate “ —24.8738 —69.5477 2474 0.704392 11

Marine gypsum samples

AT22-65-LL1-A Marine gypsum, top layer Mejillones —23.3200 —70.5328 124 0.708999 11

AT22-65-LL1-E Marine gypsum, top layer Mejillones —23.3176 —70.5328 124 0.709002 9

AT22-65-LL2-A Marine gypsum, middle layer Mejillones —23.3176 —70.5328 124 0.709054 10

AT22-65-LL2-D Marine gypsum, middle layer Mejillones —23.3176 —70.5328 124 0.709054 9

AT22-65-LL3-B Marine gypsum, top layer Mejillones —23.3176 —70.5328 124 0.708965 11

AT22-65-LL3-C Marine gypsum, top layer Mejillones —23.3176 —70.5328 124 0.708964 9

* Rio Loa Canyon refers to a general proximity to the Canyon, not necessarily a position inside the canyon.

with salt, or the Coba, an unconsolidated regolith, are present. In this
work we examine all different components of the uppermost soil (Fig. 1),
including Chuca, Losas, thenardite layers, the surface crust and the
incorporated siliciclastic components. The majority of samples comprise
Chuca and Losas.

2.3. Sample locations and types

In this work, a comprehensive study on approximately 120 samples
was conducted, covering an area between 19° and 25° south (Table 1,
Table 1 Appendix). Most of the samples were taken within the Central
Depression, with some corresponding to the Coastal Cordillera, Pre-
cordillera and Altiplano (Fig. 2). The sample set comprises 19 water
samples, 44 pedogenic sulfate samples, six diatomite samples and 33
lacustrine Ca-sulfate samples. Additionally, the study includes 13 sam-
ples consisting of siliciclastic material, extracted from Ca-sulfates of
different origin (5 lacustrine, 7 pedogenic) as well as the suspended load
of the Tiliviche river. Six marine Ca-sulfate samples from Mejillones
Peninsula are also included.

The group of water samples includes the Tiliviche and Rio Loa rivers,
and wells and springs from the Central Depression and Precordillera. A
water sample from the hydrothermal El Tatio Geysir on the Chilean
Altiplano marks a hydrothermal endmember.

Pedogenic samples consist primarily of concretions, loose chuca
material, and minor amounts of thenardite, largely consistent with those
previously described and analyzed by Voigt et al. (2020). As listed in
Table S1, “surface samples” refer to materials collected from depths of
0-10 cm, while “subsurface samples” were taken from depths of 10-30
cm.
Based on deposition rates of 5-10 g/m?/year (Wang et al., 2014) and
reported bulk densities for Atacama soils ranging from 1.34 to 1.68 g/
cm?® (Zinelabedin et al., 2024; see also Wang et al., 2014: ~1.4 g/cm?’),
the expected sediment accumulation is approximately 0.38-14 pm/year.
Accordingly, the 10 cm surface samples likely represent an age range of
~7000 to 26,000 years, while subsurface samples (to 30 cm depth) may
reach a maximum age of ~79,000 years.

Thus, the surface samples are interpreted as dating to the Holocene
or uppermost Pleistocene, while the subsurface samples represent upper
Pleistocene material.

At some sites, in-depth soil profiles were sampled and analyzed,
investigating the different soil phases. Generally, these pedogenic sam-
ples are not significantly influenced by marine fog (Klipsch et al., 2023;
Rech et al., 2003; Voigt et al., 2020).

The six diatomite samples have been taken in the Tiliviche and QLB
region. The diatomites document the full lake stage of the QLB system

and the Tiliviche lake prior to evaporite deposition. These deposits have
been analyzed to characterize the initial lake stages and to identify
possible changes of drainage patterns with time.

The 33 lacustrine Ca-sulfate samples include one lacustrine Ca-
sulfate specimen which precipitated from an active salar system (Salar
de Llamara), along with 32 fossil salar Ca-sulfate samples that primarily
originate from the Soledad formation (4.1 to 2.6 Ma; Jordan et al.,
2022). The samples were predominantly taken within the Quillagua-
Llamara basin (QLB), with a few exceptions from the Tiliviche basin
and areas south of the QLB.

The analyzed siliciclastic material was primarily obtained from the
siliciclastic detritus incorporated within the Ca-sulfate samples,
following the selective dissolution procedure outlined below. Addi-
tionally, soil samples virtually entirely composed of siliciclastics, as
shown by XRD data (Voigt et al., 2020), were included. One siliciclastic
sample represents the suspended load of the Tiliviche river. The six
marine Ca-sulfate samples from Mejillones Peninsula were taken from
three of a total of six Ca-sulfate layers, each separated by clay layers.
According to the geological map of Cortés et al., 2007, this succession is
of Pleistocene to Holocene age.

Additionally, one travertine sample alternating with supergene
gypsum was analyzed.

3. Methods and selective dissolution protocol

Many Ca-sulfates incorporate varying amounts of detrital compo-
nents, and their 8Sr/%°Sr values might deviate from those of the Ca-
sulfate itself. Depending on the amount of detritus, the Sr concentra-
tions in both the detritus and the Ca-sulfate, and the difference in the Sr
isotope composition, these detrital signals may overprint that of the Ca-
sulfates. Therefore, a selective dissolution method that does not affect
the detrital components was developed here. In this new approach,
anion exchange resin is used to selectively dissolve the water-soluble
sulfate minerals. Approximately 50 mg of Ca-sulfate (or more, depend-
ing on the actual sulfate content), along with approximately 15 ml of
MilliQ water and 750 pl of pre-cleaned anion resin (AG1-X8, 100-200
mesh, BIO-RAD) are placed in a vial and kept at 60 °C for 1-2 days. The
anion exchange resin was conditioned with HCl before and rinsed with
MilliQ water afterwards to ensure a neutral pH. During the reaction time
of 1-2 days, Ca-sulfate (along with other water-soluble minerals) starts
to dissolve. The (sulfate) anions get adsorbed onto the resin, lowering
the ion activity product of the sulfates in the solution. Consequently,
more Ca-sulfate can be dissolved with time and the natural process of
Ca-sulfate dissolution in water is accelerated. After 1-2 days, the solu-
tion with the dissolved cations is separated from the resin that also
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Fig. 2. Map of the study area showing sample locations. The Tiliviche basin and of the Quillagua-Llamara basins (QLB) investigated here in more detail are indicated
by the black boxes. Modified from Google Earth (Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Image Landsat / Copernicus).

contains the unaffected residual siliciclastic minerals. Only in some in-
stances, residual gypsum grains have been observed. However, this does
not affect the 8Sr/%%Sr ratio of the solution, as the dissolution process
doesn't fractionate radiogenic Sr isotope compositions. After dry-down
of the solution, it is taken up in 2.5 N HCI for standard cation column
chemistry to separate the Sr. For selected samples, the remaining sili-
ciclastic components were digested and analyzed separately. The
digestion process follows a standard protocol for silicates by adding a
mixture of concentrated HF-HNO3, followed by several drydown steps in
HNO3 and total dissolution in 6 M HCL.

To validate this method, we conducted a series of sequential disso-
lution tests using this protocol. We selected Ca-sulfates from Tiliviche,
the Quillaga-Llamara basin and from Tocopilla, known to contain a
significant portion of highly water-soluble minerals, as indicated by
previous XRD data (Voigt et al., 2020). During the first leaching step, the
samples were dissolved in water for approximately 30 min. During this
time, the strongly water-soluble minerals like nitratine or halite imme-
diately dissolve. After 30 min, the aqueous solution and the remaining
undissolved sample were separated. After thorough rinsing, which is
supposed to affect the Ca-sulfate phase just insignificantly due to slow
dissolution rates, the residual sample underwent the resin procedure as
described above to dissolve the less water-soluble sulfates. The residual
sample, comprising the resin and the unaffected siliciclastics, was then
digested using the acid procedure described above. All three cuts of the

samples were dried down and the Sr purified by column chemistry. The
results of these leaching tests are presented in Fig. 5 and are discussed
below.

The diatomite samples have been digested with 2.8 N HNOg in a first
step to digest potentially included carbonates. In a second step, the
sample was treated with a mixture of concentrated HF-HNO3 to digest
the SiO; phase.

Measurements of &Sr/%0sr were conducted with a Neptune MC-IGP-
MS at Cologne. The mass-dependent isotope fractionation observed
during measurement was corrected to an %6Sr/%8Sr value of 0.1194 using
the exponential law.

The mass dependent fractionation of 87Sr/%%Sr was corrected to a
86Sr/88sr value of 0.1194 using the exponential law. Results are given
relative to a &Sr/%0Sr value of 0.710240 for the NBS 987 standard.
Possible interferences were monitored using ®3Kr/%6Sr and 8Rb/®sr.
The external reproducibility is better than +/ 100 ppm (2s) statt (2).

4. Results

Measured 8Sr/%sr data from this study are shown in Fig. 3. The
siliciclastic components in sulfates exhibit a range from ~0.7058 to
~0.7095, with the majority of samples falling between ~0.7063 to
~0.7072. The marine gypsum samples show very similar 8”Sr/%sr ratios
of ~0.7090 which are slightly less radiogenic than the seawater
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Fig. 3. Overview of Sr/%Sr compositions of all analyzed samples from the Atacama Desert. Error bars are smaller than symbol sizes.

composition of the time of their formation 1.8 Ma ago (0.709093,
McArthur et al., 2020) (refer to section 5.2.1). The fossil salar gypsum
samples cover a slightly less radiogenic range from ~0.7065 to
~0.7072. The 87Sr/%°sr composition of the single analyzed recent salar
gypsum sample falls within the upper range at ~0.7072. The 8Sr/%°sr of
the river and groundwater water samples range from ~0.7061 to
~0.7075. The hydrothermal El Tatio water exhibits a remarkably
radiogenic value of ~0.7087. The diatomites show %7Sr/36Sr ratios
comparable to the fossil salar gypsum and water samples (~0.7067 to
~0.7073) with one outlier, showing a conspicuously high radiogenic Sr
isotope composition of ~0.7085. The large group of pedogenic salt
samples is relatively uniform with Sr isotope compositions between
~0.7067 and ~ 0.7081.

For some samples, the 87Sr/%0Sr of the inherent siliciclastic residues
after leaching were also examined, using the above acid digestion pro-
tocol (Fig. 4). In a few examples, the 87Sr/%0Sr of salts, including Ca-
sulfates, closely resemble that of the siliciclastic components. Howev-
er, for most cases, the siliciclastic components show different 875r/86gr
than the highly soluble salts and the sulfates. In case of the fossil salar
Ca-sulfates, the siliciclastic components often exhibit more radiogenic
879r/%08r values. Conversely, in the pedogenic Ca-sulfate samples, the
inherent siliciclastic material tends to show less radiogenic 87Sr/%0sr
values.

The travertine sample exhibits the most unradiogenic Sr isotope
composition within our data set (~0.7044), while the alternating su-
pergene gypsum shows a Sr isotope composition within the range of the
other gypsum types (~0.7069).

5. Discussion
5.1. Selective digestion protocol

A series of selective digestion tests were conducted (Fig. 5) that
provide insights into the diagenetic history of the heterogeneously
composed sediments in the Atacama Desert. A consistent observation
was the remarkable similarity of the Sr isotope composition to that of the
water-leached fraction (nitrates, chlorides and thenardites) with that of
the resin-leached fraction (other sulfates). In contrast, the siliciclastic
components often exhibit significant differences.

From the above-mentioned observations, three conclusions can be
drawn. First, the chosen resin method that dissolves both Ca-sulfate and
highly water-soluble salts, is suitable for investigating the Sr isotope
composition of Ca-sulfates. This is true even for mixed samples with

significant amounts of highly water-soluble salts. Here, the siliciclastic
components with their different Sr isotope composition apparently
remained unaffected and are not leached. Secondly, the experiments
also showed that Ca-sulfates are frequently in Sr isotopic equilibrium
with the ambient water-soluble salts like halite or thenardite. This iso-
topic equilibrium might stem from either a shared primary Ca source or,
alternatively, from dissolution-reprecipitation processes that homoge-
nize the Sr isotopic budget of the system after crystallization.

As third important conclusion, the siliciclastic components in Ca-
sulfate-bearing samples often do not show equilibrium with the evapo-
rite minerals. Studies previously investigating the degree of equilibra-
tion between the parent rock and groundwater from which the
evaporites precipitate and inherit their 87gr/86sy signature are Herrera
et al., 2018 and Gamboa et al., 2019. Herrera et al., 2018 showed that
coastal springs in the Atacama Desert receive minimal contributions
from water-rock interaction, with their Sr ion budgets being primarily
influenced by atmospheric deposition. In deep groundwater seawater-
derived signals are subsequently modified through water-rock interac-
tion and hydrothermal alteration. Waters from deep boreholes show
extensive water-rock interaction, as indicated by %Sr/%Sr signatures
close to those of the parent volcanic and intrusive rocks. This highlights
that the degree of equilibration varies significantly depending on the
groundwater type. Likewise, Gamboa et al., 2019 identified distinct
geological units influencing the composition of groundwater. Above
3400 m, groundwater flows through fractured Permian volcanic rocks,
resulting in short residence times and a low degree of equilibration with
bedrock, although some interaction is evident from elevated 8 Sr/%°sr
ratios compared to recharge water. Below 3400 m, groundwater springs
indicate a less radiogenic source, consistent with Jurassic marine
limestones.

However, these findings, while advancing the understanding of
groundwater dynamics, cannot explain the disequilibrium observed
between evaporite deposits and embedded siliciclastic grains. This
disequilibrium is likely attributed to the distinct sources of Ca-sulfate
forming brines and siliciclastic grains. While intra-basinal siliciclastic
grains are directly sourced from the underlying bedrock, extra-basinal
grains can be transported from the high Andes in the East or the
Coastal Cordillera in the West. The brines contributing to the Ca-sulfate
itself seem to be of different origin, as indicated by their distinct
878r/8sr, reflecting different transport mechanisms. Extra-basinal sili-
ciclastic grains and Ca-sulfate-forming Ca ions can both be transported
by rarely occurring surface water runoff. However, the siliciclastic
grains are also transported by wind, while the Ca-sulfates may also be
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sourced by groundwater flow. The difference between the 87Sr/%Sr of
Ca-sulfates and siliciclastic components therefore appears to be main-
tained after deposition, as there is less chance for subsequent diagenetic
equilibration, at least in the dry environment. Siliciclastic components
appear to exchange much more slowly with their environment, given the
infrequent and sporadic water occurrences.

Previous studies investigating the 87Sr/%Sr of pedogenic Ca-sulfate
have utilized either acid digestion (Rech et al., 2003) or water dissolu-
tion (Consentino et al., 2015; Consentino and Jordan, 2017). Rech et al.
(2003) utilized 2 N HCI for sample digestion and reported87Sr/86Sr for
pedogenic Ca-sulfate samples ranging from 0.7070 to 0.7076. These
values fall within the range observed in the pedogenic samples analyzed
in this study and do not provide evidence for significant dissolution of
siliciclastics during their analyses. This could be attributed to negligible
amounts of siliciclastic material, the presence of HCl-resistant silicates
or to similar 87Sr/%%sr in siliciclastic particles and pedogenic salts. The
latter remains plausible based on some results presented here (see
Fig. 5). However, for samples with a high siliciclastic content of different
873r/865r ratios, digestion with HCl may substantially alter the measured
875r/%0sr.

Consentino et al. (2015) and Consentino and Jordan (2017) dis-
solved their gypsum samples using ultrapure H20 in an ultrasonic bath.
This method eliminates the risk of dissolving silicate minerals. In com-
parison, however, our resin method offers several benefits: it can
dissolve larger amounts of gypsum within a shorter time frame, as the
sulfate anions are continuously removed from the solution by the anion
resin. Additionally, the same quantity of gypsum can be dissolved in a
smaller volume of water. Although the actual dissolution times reported
by Consentino et al. (2015) and Consentino and Jordan (2017) are
shorter than those typically applied for the resin method, a reduction in
dissolution time for the resin method should be feasible with further
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optimization.
5.2. Endmember characterization

In Ca-sulfates, ratios of 87Sr/%%Sr are suitable as tracer for the Ca
source, but don't provide insight into the transport processes of sulfate.
The origin of sulfate in the Atacama Desert was already investigated in
several previous studies. In the comprehensive study of Klipsch et al.,
2023, a combination of §3*S, §'®0gps and A7Ogo4 has been used.
Similar to 87Sr/86sr for Ca, 63 reflects the sulfate source with a specific
value for marine sulfate (5°*S ~ 22%o). The 6180504 value depends on
both the sulfate source and on the oxidation mechanisms. The A Ogo4
value quantifies mass-independent oxygen fractionation that takes place
during ozone oxygenation of SAS. If the SAS is biologically recycled after
deposition, mass-independent anomalies diminish. Thus, A17Oso4 serves
as a proxy for ozone oxidation and biological cycling, which depends on
water availability. Therefore, A1”Ogo4 can practically be used as proxy
for hyperaridity (Klipsch et al., 2023). In the Atacama Desert the ma-
jority of the accumulated sulfate is of secondary atmospheric origin or
results from biologic sulfur cycling (Bao et al., 2004; Brimblecombe,
2013; Gamboa et al., 2019; Klipsch et al., 2023; Michalski et al., 2004;
Pérez-Fodich et al., 2014).

This section focusses on 8Sr/%%Sr as tracer for the origin of Ca ions in
sulfates. Values of 8Sr/%%Sr can be used to define major mixing end-
members contributing Ca to the Ca-sulfate deposits. In the Atacama
Desert, these ions may originate from various sources, primarily Andean
weathering but also atmospheric sources supplying marine sea spray (e.
8., Berger and Cooke, 1997; Ericksen, 1981; Klipsch et al., 2023; Rech
et al., 2003; Voigt et al., 2020).

5.2.1. The marine endmember

The present-day 87Sr/%Sr signature of the marine endmember mir-
rors that of the modern ocean, marked at 0.709174 (McArthur et al.,
2020). To further investigate the local marine contributions, we exam-
ined six marine gypsum samples extracted from three of six distinct
gypsum layers on Mejillones Peninsula. Specifically, we analyzed the
top, middle and bottom gypsum layers. These deposits originally formed
in a lagoonal environment (Di Celma et al., 2014) and were previously
dated at ~1.8 Ma using the U/Pb decay system (Miinker et al., 2023).
The 87Sr/%0Sr of the marine Ca-sulfate should then be expected to be
identical to that of the ambient ocean 1.8 Ma ago (0.709093, McArthur
et al., 2020). However, the 8Sr/%°Sr of the Mejillones gypsum samples
are lower than expected (0.70896-0.70905) (Fig. Al). This discrepancy
can be best explained by terrigenous components, transported by
riverine systems into the shallow coastal waters. The 87Sr/%sr data
therefore indicate that the ambient meteoric waters do not immediately
homogenize with the ambient ocean. Instead, the meteoric waters alter
the Sr isotope budget in the lagoonal system and possibly in the shallow
coastal environment. Consequently, the common practice of using Sr
isotopes in carbonates or sulfates for direct dating (e.g., Denison et al.,
1998; Miiller and Mueller, 1991) should be treated with caution, espe-
cially for minerals like gypsum formed in restricted environments such
as lagoonal settings.

5.2.2. The hydrothermal endmember

To explore the hydrothermal endmember, we examined two trav-
ertine deposits that are likely related to hydrothermal outgassing and
are located on the Domeyko Cordillera in the Taltal municipality.
Additionally, we analyzed hydrothermal water from the El Tatio Geysir
near San Pedro the Atacama and thenardite deposits from the Taltal and
Antofagasta regions, showing sulfur isotope compositions indicative of
hydrothermal origin (Klipsch et al., 2023).

The essential condition for the formation of travertine deposits is the
addition of COy gas. This can be sourced either by hydrothermal out-
gassing or by the digestion and oxidation of organic matter. The latter
would require high organic carbon contents in the soil, which is unlikely
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for Atacama Desert soils. Hence, we assume a hydrothermal origin of the
CO, forming the travertines. The travertine deposit studied here in-
tercalates with microcrystalline gypsum. The Sr isotope composition of
the travertine marks the lowest value within our entire dataset
(~0.7044). In contrast, the microcrystalline gypsum layer display a
more radiogenic Sr isotope ratio of ~0.7069, suggesting meteoric water
contribution to the parental brine of the Ca-sulfates.

In contrast, the hydrothermal water from the El Tatio geyser exhibits
one of the most radiogenic values among our data set (8Sr/%°sr ~
0.7087). The water originates from meteoric sources, infiltrating the
subsoil ~15 km east of El Tatio and is heated and enriched in dissolved
species while passing underneath a volcanic chain (Giggenbach, 1978).
Its Cl content is high (~5000 to ~8000 mg/L) and 875r/80Sr values of the
hydrothermal solutions known from the literature range between
0.70876 and 0.70896, also overlaping Sr/3%Sr of the dacites found in
the central volcanic zone (0.70876 to 0.70896). Another type of water at
El Tatio originates from shallower, local groundwater heated by
ascending gases, characterized by high concentrations of sulfate rather
than chloride (Cortecci et al., 2005; Giggenbach, 1978). Based on the
873r/86sr and the high chloride content of the water sample analyzed in
this study (>6000 mg/L), the sample belongs to the chloride-rich water
type.

The thenardites from the Antofagasta and Taltal regions, located
within the Central Depression and the Domeyko Cordillera, display
5180504 and 634Sg04 values that imply a hydrothermal influence (Klipsch
et al., 2023). However, their 878r/80Sr are around ~0.7070 and thus
within the typical range of pedogenic Ca-sulfates, indicating that Ca—Sr
and SO anions have different sources.

In summary, we can therefore conclude that there is no specific hy-
drothermal Sr isotope signature in the region. Instead, the hydrothermal
signature depends on that of the geological basement. Following this
rationale, the water that fed the analyzed travertine is probably
controlled by mafic or intermediate rocks with unradiogenic 8Sr/®%sr,
whereas the El Tatio hydrothermal water is buffered by more felsic units
with radiogenic 8Sr/%°Sr that underwent crustal contamination.

5.2.3. Andean basement and its interaction with meteoric water

An average Sr isotope signature of Andean weathering was previ-
ously proposed by Rech et al., 2003. These workers analyzed samples
from salts and salar waters on the Altiplano in the Antofagasta region
and calculated a mean %7Sr/%%Sr value of ca. 0.70749. However, it is
crucial to note that the regional Sr isotope signatures of Andean
weathering can be expected to exhibit significant regional variability,
mirroring the diverse lithologies of the Andean basement. Various
studies have documented this radiogenic isotope variability, also
providing a large dataset for different geological units within the Andes
(e.g., Worner et al., 1992; Lucassen et al., 1999; Kramer et al., 2005;
Mamani et al., 2005). Across our study area (—19.4 to —25.0°S), the high
Andes and the Precordillera span a ’Sr/%6Sr range from ~0.7038 to
~0.7627 (Coira and Kay, 1993; Davidson and De Silva, 1995; De Silva
et al., 1994; Feeley and Davidson, 1994; Francis et al., 1977; Godoy
et al., 2018; Gonzales-Maurel et al., 2019; Hongda et al., 2019; Haw-
kesworth et al., 1982; Hawkesworth et al., 1979; Hilton et al., 1993; Kay
et al., 1994; Meixner et al., 2020; Rabbia et al., 2017; Taussi et al., 2019;
Thorpe et al., 1976; Wittenbrink, 1997). The majority of the data (~90
%) lie between ~0.7038 to ~0.7085, and the median of all data points is
~0.7067, slightly less radiogenic than the estimate by Rech et al., 2003.

The 87Sr/%0Sr signature of the Central Andes and the Precordillera is
transported into the Central Depression by groundwaters and rare sur-
face water runoff. The 85r/%Sr values of groundwaters, salar waters
and rivers within our dataset exhibit a narrow range (~0.7061 to
~0.7076). Our results are in line with the calculated median of the
873r/865r range given by the different Andean lithologies. The majority
of water samples, however, show Sr isotope ratios higher than the me-
dian of 0.7067. Notable exceptions with ¥7Sr/%sr < 0.7067 include
water samples taken from with the Tana/Tiliviche drainage, salar water
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from the Salar de Huasco, and groundwater samples from the Aguas
Blancas region. The Tana / Tiliviche drainage water shows a /Sr/%6Sr
ratio of 0.706373, and the corresponding suspended load an indistin-
guishable 85r/%6Sr of 0.706351. Both of these unradiogenic Sr com-
positions may be attributed to the geologic units present in its catchment
area. The source waters drain a Cenozoic volcanic shield (Fig. 6) with
comparably unradiogenic 878r/86Sr (~0.7055; Worner et al., 1992, De
Silva et al., 1993 and Hoke and Lambs, 2007). Consequently, water-rock
interaction between the Tana/Tiliviche drainage and this volcanic shield
probably controls the system's budget. The Salar de Huasco, which is
located at high altitudes (~3800 m) at around 20.3°S shows an even
more unradiogenic Sr isotope composition of ~0.7062. The salar is
mostly fed by the Collacagua river, which drains from north to south. In
the north, this drainage system also taps the same unradiogenic volcanic
shield as the Tana Tiliviche system (Fig. 6). The Aguas Blancas
groundwater samples, located approx. 70 km southeast of Antofagasta,
exhibit 87Sr/80Sr ratios of 0.7061 and 0.7065. According to Gamboa
et al., 2019, groundwater in this region flows from the south / southeast
toward north into the Aguas Blancas area. Their analysis of different
groundwater samples taken in that area revealed a decreasing trend in
878r/868r ratios (from ~0.7073 to ~0.7070 to ~0.7068 to ~0.7069)
with increasing latitude (from c. -24.6°S to c. -24.4°S), consistently with
northward flow. The two Aguas Blancas samples (c. -24.1°S) presented
here seem to represent the downstream end of this isotopic trend. As
discussed above, this trend is probably caused by increasing water-rock
interaction with less radiogenic geological units.

The observed uniform compositions of our water samples are in
marked contrast to the large Sr isotope variability in the Andean base-
ment rocks. Even more remarkable are the uniform 8 Sr/%°sr patterns
within the group of lacustrine salt samples (see Fig. 3). Both phenomena
can be best explained by mixing and efficient pooling. Rivers and
groundwater courses traverse various lithological units and integrate
their Sr isotope budget. The actual impact of a lithological unit on the Sr
signature of a water course is dependent on the specific rates of water-
rock interaction during weathering or subsurface interaction, the Sr
concentration within the rock units and the difference between the Sr
isotope compositions of water and the bedrock.

Gamboa et al., 2019 analyzed the 8Sr/%0Sr signature of different
groundwater samples taken from the Atacama Desert. Although their
study area (7500 km?) is much smaller than the study area covered
during this work (~200,000 km?), there is a substantial variability
among the 87Sr/%Sr of their groundwater samples. In contrast to our
water samples, the water samples of Gamboa et al., 2019 were pre-
dominantly obtained from the Precordillera and the Altiplano at higher
altitudes. Considering the typical water flow directions from the high
Andes into the Central Depression, it is likely that the high-altitude
water samples only had limited interactions with diverse lithological
units. Consequently, their 8Sr/%°Sr preserved more local and variable
signatures. The findings of Gamboa et al., 2019 revealed that springs
located below 3400 m display a relatively narrow range in Sr/%6Sr
from ~0.7073 to ~0.7078 and are frequently associated with Jurassic
marine limestones (ranging from 0.7068 to 0.70785, Burke et al., 1982).
In contrast, springs located above 3400 m exhibit a broader composi-
tional range, reaching higher 8Sr/36Sr alues from ~0.7070 to ~0.7149.
These springs are commonly linked to igneous Permian rocks, with
875r/8%Sr values ranging from ~0.7078 to ~0.7173 (Gamboa et al.,
2019).

Evaporites within the Central Depression are in most cases fed by
watercourses and groundwater systems draining the Andes. Therefore,
the precipitating salts will mirror the small variability in 8Sr/%sr of
these mixed water sources. Compared to the waters, however, the
87r/8Sr of evaporite salts including Ca-sulfate span an even smaller
range (Fig. 3). This observation is best explained by additional mixing
due to various erosion cycles and dissolution-reprecipitation, governed
by wind and continuous groundwater flow. This is also supported by
Jordan et al., 2022, who describe a repeated history of groundwater
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exchange, further enhancing equilibration. In summary, we therefore
cannot assign specific Sr isotope values to any endmembers discussed
above, except the marine one (~0.7091) and a pooled composition of
waters that have interacted with larger areas of basement (~0.7067).

5.3. Soil profiles

Pedogenic Ca-sulfate samples from soil profiles display a larger Sr
isotope variability, than waters or lacustrine Ca-sulfates, indicating a
higher variability of its Ca sources. This observation might be best
explained by sampling local basement and not siliciclastics redistributed
by aeolian processes, which are expected to homogenize the pedogenic
Ca budget. However, groundwater processes that are shown above to
homogenize lacustrine gypsum (section 5.2.3) may be a more effective
way of homogenization. Additionally, as described in section 2.3, the
majority of pedogenic samples analyzed here were selected to ensure
that they were not influenced by surface water driven secondary rede-
position (mixing) and were therefore located at local topographical
heights. This sampling strategy again reduces the probability of external
aeolian input.

We examined seven upper soil profiles from the Tiliviche area, Taltal,
Mejillones, Tocopilla and the northern QLB. Within an idealized soil
profile, the thenardites, analyzed along within some of these soil pro-
files, belong to the layer of highly soluble salts (Fig. 1). A notable feature
of all soil profiles is that they are remarkably uniform in Sr isotope
compositions along the individual depth profiles (Fig. 7). With the
exception of two cases in the Tiliviche basin, different soil components
exhibit nearly identical 8”Sr/%6Sr compositions. This was also shown by
Consentino and Jordan, 2017 for 9 soil profiles.

In the Tiliviche soil profiles, different Sr isotope compositions are
both displayed by siliciclastic components in the sulfates, and by the
surface crusts. The different 87Sr/®Sr of the siliciclastic components
probably reflect different transport mechanisms and limited exchange
rates, as already discussed in section 5.1. Surface salts may accumulate
through aeolian deposition and gradually exchange with underlying
salts over time. At the Tiliviche site, the 875r/8%Sr data show that
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isotopic equilibrium between surface and subsurface has not (yet) been
fully established. This can be explained through different scenarios: (i)
surface salts accumulate more rapidly compared to other sites, (ii) the
exchange rates between surface and subsurface salts are particularly
slow in this site, or (iii) the isotopic difference between the freshly
accumulated surface salts and salts in the subsurface is larger.

The overall consistency of 8Sr/%5sr compositions within the diverse
soil profiles is likely the product of efficient homogenization, governed
by wind erosion, transport via groundwater and dissolution-
reprecipitation processes. Thus, mixing also seems to operate also
vertically. Infiltration of water, sourced by intermittent rain events or
fog advection, dissolves and precipitates soil salts to a certain depth (see
also Arens et al., 2021; Consentino and Jordan, 2017). In this perspec-
tive, utilizing the Sr isotope signatures across such depth profiles could
potentially serve as an indicator for water infiltration depths and ho-
mogenization efficiency. Alternatively, the accumulated salts may
originate from the same source at all times. In this regard, homogenous
873r/8Sr through a depth profile can also be interpreted as reflecting
persistent environmental conditions, as previously discussed by Con-
sentino and Jordan, 2017.

5.4. Sources and transport pathways within distinct basins

As outlined above, hydrologic transport pathways and endmember
composition within the Atacama desert are complex. Therefore, two
different basins, the Quillagua-Llamara and the Tiliviche basin, are
discussed here in detail.

5.4.1. Tiliviche site

Based on sedimentological, stratigraphic and geomorphological ev-
idence, Kirk-Lawlor et al., 2013 proposed the presence of a deep-water
lake in the western Central Depression around 19.3 and 19.7°S near
Pisagua during late Miocene to Pliocene (10.86 to 6.4 Ma). The Tiliviche
lake was likely fed by the Tana/Tiliviche drainage, with possible con-
tributions from the Aroma Drainage, as indicated by groundwater res-
ervoirs in between (Fig. 6). Around 3.5 Ma ago, hydrological changes led
to the termination of the lake stage, and the basin became drained by
larger canyons. Subsequently, a groundwater-fed salar environment
developed, leading to the accumulations of evaporites. The exact cause
for termination of the salar system remains a topic of debate. In-
terpretations include tectonic factors (Binnie et al., 2020; Consentino
and Jordan, 2017; Coudurier-Curveur et al., 2015; Evenstar et al., 2015;
Garcia and Herail, 2005; Kirk-Lawlor et al., 2013) to climatic influences
(Farias et al., 2005; Garcia et al., 2011; Jeffery et al., 2012).

In the Tiliviche basin, five water samples, three diatomite samples,
six fossil salar Ca-sulfate samples, three siliciclastic samples and eight
pedogenic samples were examined. Additionally, four data points pro-
vided in Consentino et al., 2015 who investigated pedogenic samples in
this area were also included. The 87Sr/%°Sr data analyzed for the Tili-
viche area are shown in Fig. 8a. Two water samples originate from the
Tana/Tiliviche drainage. Their 87gr/86gr isotope compositions are
strongly similar, at ~0.7064, representing the lowest values within this
dataset. In contrast, two water samples originating from the Aroma
drainage display the highest 8Sr/%0Sr ratios of water samples within the
Tiliviche area at ~0.7075. The groundwater sample, taken between the
Aroma drainage and the former Tiliviche lake, yields an intermediate
value of ~0.7067 and the diatomites span an exceptional large range in
878r/86sr compositions from ~0.7067 to ~0.7085. The upper value is
the most radiogenic Sr composition measured inside this basin. The
fossil salar Ca-sulfate samples exhibit 87Sr/%0Sr ratios ranging from
~0.7065 to ~0.7071, falling within the range observed for the water
samples. Notably, the pedogenic Ca-sulfate samples exhibit significantly
more radiogenic values, ranging from ~0.7071 to ~0.7081.

For the Tiliviche basin, we analyzed two types of lacustrine sedi-
ments: diatomites and Ca-sulfates. The diatomites mirror the full lake
stage before evaporite deposition and exhibit a large variety in
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for details.

8751/865r. As discussed in section 5.2.3, a small variety in 8Sr/%°Sr ra-
tios is often attributed to a high degree of homogenization. On the
contrary, the large variety in the Sr isotope composition of diatomites
indicates more local signals. A highly radiogenic 8Sr/%®Sr signal found
for some of the diatomites may originate from the Costal Cordillera,
which consists of Jurassic marine sediments and intrusive rocks of
dacitic and andesitic composition (Mapa Geologico de Chile, 2003).
Such material may have been transported in the Tiliviche basin through
debris flows or surface water runoff along the eastern flank of the
Coastal Cordillera.

The fossil salar Ca-sulfates within the Tiliviche lake exhibits more
radiogenic 8Sr/30Sr than the present-day Tana/Tiliviche drainage. This
difference may be explained either by (i) changes in the catchment area
of the Tana/Tiliviche drainage, leading to interactions with different
geological units, or (ii) by mixing with an additional source, shifting the
875r/86Sr composition of the entire water body to more radiogenic
values. Kirk-Lawlor et al., 2013 proposed a hydrological connection
between the former Tiliviche lake and the Aroma drainage in the south.
Presently, the ¥7Sr/%5Sr composition of the Aroma drainage is more
radiogenic and thus, may constitute the additional source which
contributed to the more radiogenic Sr budget of Tiliviche lake. More-
over, the Sr/%6Sr composition of the groundwater, sampled between
the former Tiliviche lake and the Aroma drainage, falls between the
compositions of both river systems, further confirming a mixture of both
water sources. However, it has to be noted, that the 875 /805y compo-
sition of the groundwater may have changed by recharge through the
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surrounding aquifer. The data presented here thus support the hypoth-
esis of a hydrologic connection between the Aroma drainage and the
ancient Tiliviche lake (cf. Kirk-Lawlor et al., 2013). The variations of Sr
isotope compositions within the group of fossil salar Ca-sulfates may be
explained by variable mixing ratios of Tana/Tiliviche and Aroma
waters.

Pedogenic Ca-sulfates, in general, are supposed to be a secondary
mixture of various sources, including marine sea spray, dust of lithologic
origin and dust sourced by the weathering of primary salts (e.g., Arenas-
Diaz et al., 2022; Ewing et al., 2006; Rech et al., 2003). Within the
Tiliviche area, the analyzed (Holocene) pedogenic Ca-sulfates exhibit
more radiogenic ®Sr/%0Sr compared to corresponding water and
lacustrine Ca-sulfates. This suggests the presence of an additional source
with elevated 87Sr/%Sr ratios. A suitable radiogenic %7Sr/®Sr end-
member in the Atacama Desert may be given by marine aerosols,
delivering a 878r/80Sr ratio of ~0.7091 (Burke et al., 1982). However, in
the Tiliviche basin, marine sea spray can be ruled out as a significant
component for the Holocene to upper Pleistocene pedogenic samples.
Such an influence of marine sea spray onto the pedogenic salt budget
would be indicated by decreasing Sr isotope compositions with
increasing coast distance (as already proposed by Rech et al., 2003) or,
alternatively, decreasing Sr isotope compositions with increasing ele-
vations outside of the marine fog zone (225-1075 m NN).

In Fig. 9, the 8Sr/%%Sr compositions of the Tiliviche samples are
displayed relative to coast distance and in relation to their elevation. As
no variation between the 87Sr/%Sr of pedogenic Ca-sulfate with coastal
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distance or elevation (Fig. A3) is visible, marine aerosols are likely only
a negligible constituent in the pedogenic salt budget of the Tiliviche
area.

Consentino and Jordan, 2017 also investigated the Sr isotope
composition of pedogenic Ca-sulfates from the Tiliviche area and eval-
uated the influence of marine sea spray on the salt budget. They came to
the same conclusion that the pedogenic ion budget most probably did
not receive significant marine contribution. However, their 87Sr/%0sr
range (~0.7067 to ~0.7070) is lower than the data set reported here
(~0.7065 to ~0.7078) and within the range of fossil lacustrine gypsum.
Notably, the samples analyzed by Consentino and Jordan, 2017 are
older (2.5 to 6.4 Ma).

A previously underestimated source of dust in the Tiliviche basin
may be the Coastal Cordillera, from where weathered material may have
been transported into the Central Depression by prevailing westerlies.
The Coastal Cordillera in the Tiliviche area consists of granodiorites,
diorites and granites dating back to the Jurassic to Cretaceous period
(Mapa Geologico de Chile, 2003). These rocks are enriched in incom-
patible elements and thus, likely have developed radiogenic & Sr/%0Sr
over time. Wang et al., 2014 analyzed such wind-transported dust ma-
terial, transported from the Coastal Cordillera in to the Central
Depression by using dust traps, installed east from Mejillones peninsula.
The main portion of this dust consists of insoluble materials, i.e. silici-
clastic particles, supporting the hypothesize that siliciclastic dust with
radiogenic 8Sr/30Sr contributes to the pedogenic salt budget within the
Central Depression. Nevertheless, it cannot be excluded that gypsum soil
from the Coastal Cordillera also contributes to the Ca—Sr budget. In
contrast, winds transporting sediment from the east are not likely to
raise the 87Sr/%°sr ratio. During the Austral summer, easterly winds
above the Andes occur due to the southward shift of the Bolivian high
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(Reyers et al., 2019). Nevertheless, in the specific latitudinal range in the
high Andes (19.15-19.60°S), only young volcanic rocks of Neogene to
upper Paleogene age are exposed, displaying more unradiogenic
875r/8%sr. Hence, it is unlikely that material from these rocks signifi-
cantly raised the Sr compositions of the pedogenic salts.

Within the Tiliviche basin, three pedogenic Ca-sulfate samples were
additionally analyzed for their inherent siliciclastic components, (see
method section above and Fig. A2). Notably, the 87Sr/3%sr of the silici-
clastic components are significantly less radiogenic than those of their
ambient Ca-sulfate hosts. Consequently, it is evident that the radiogenic
Sr isotope compositions of these three pedogenic samples cannot be
equilibrated with the siliciclastic grains.

Another potential source of high radiogenic Sr may be represented by
the Jurassic marine limestones that occur in the Coastal Cordillera
(Mapa Geologico de Chile, 2003). Unfortunately, no 878r/80Sr data for
this geologic unit are currently available. However, as marine lime-
stones inherit their Sr isotopic signature from the ambient ocean water
at the time of their deposition, the global marine Sr curve allows an
estimation of the Sr composition of these rocks. According to McArthur
et al., 2020, the Sr isotope composition during the Jurassic varies be-
tween 0.7068 and 0.7077, with an average value of 0.7072. Whilst this
range is rather unradiogenic, it is still higher than that of the pedogenic
samples. Wang et al., 2014 did not identify significant amounts of car-
bonate within their aolian dust traps. Though, a significant aeolian
transport of Jurassic marine limestones (i.e. carbonate) into the Central
Depression is not very plausible. Alternatively, dissolved limestones may
be transported by groundwater flow from the Coastal Cordillera into the
Central Depression. Herrera et al., 2018 analyzed the 8Sr/%0sr of
groundwater samples taken from the Coastal Cordillera. Groundwater
samples taken from coastal springs vary between 0.70635 and 0.70867,
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showing a large overlap with Jurassic marine ocean water, making
groundwater flow a plausible pathway. Consentino and Jordan (2017)
measured less radiogenic 8 Sr/%0Sr ratios in pedogenic Ca-sulfates from
Miocene to Pliocene age in the Tiliviche area. This may imply that
transport of radiogenic Sr into the Central Depression was less active or
not active during Miocene to Pliocene times.

5.4.2. Quillagua-Llamara basin

The Quillagua-Llamara-Basin (QLB) represents a former lake system
once fed by the Rio Loa river. This drainage system originates in the high
Andes, also drains the Calama basin and was also fed by ephemeral
creeks from the Precordillera. The transformation of this lacustrine
system from endorheic to exorheic occurred due to the incision of the
Rio Loa canyon, leading to the successive decrease of the water table and
evaporite deposition. Evidence of this former lake system is given by
thick layers of lake deposits and evaporites within the Quillagua and
Soledad formations. The Salar de Llamara represents a remnant of this
paleo-lake system and is fed by a northern groundwater flow (Jordan
et al., 2018; Jordan et al., 2022; Ritter et al., 2018; Saez et al., 1999).
During times of rare but extreme rain events, the salar system is also fed
by surface water flow (Olivares and Jordan, 2024).

The 8Sr/%Sr data for QLB samples are displayed in Fig. 8a. Two
water samples were also examined, of which one was taken at the es-
tuary of the Rio Loa and a second from the groundwater flowing into the
Salar de Llamara. Their 8Sr/%°Sr are very similar (~0.70722 and ~
0.70716, respectively). The recent salar Ca-sulfate from the Salar de
Llamara (Atal7-130) exhibits a virtually identical 875r/865r  of
0.707196. The 87Sr/%Sr of the fossil lacustrine Ca-sulfates, obtained
from the Quillagua and Soledad formation, span a range from ~0.7066
to ~0.7072. The diatomite samples, which underlie the lacustrine
gypsum, exhibit 8Sr/6Sr between ~0.7068 to ~0.7070. The pedogenic
samples, while partially overlapping with the waters and some of the
fossil salar Ca-sulfate samples, extend to significant more radiogenic
values, reaching up ~0.7084. The similar 8 Sr/%Sr of the diatomites
and fossil Ca-sulfates indicate a comparable water source for both the
lake and the salar stages. Conversely, the present-day water sources (Rio
Loa and groundwater) exhibit significantly more radiogenic 8 Sr/30Sr
than the fossil lacustrine sediments. In analogy to the Tiliviche basin
(Fig. 9), this suggests a shifted drainage area of the Rio Loa River or the
presence of an additional source contributing to the lake system. The
latter possibility may be supported by the ephemeral creeks draining
from the Precordillera.

Jordan et al., 2022 studied the evolution of the Quillagua depocenter
between 9 and 2.6 Ma. According to their work, the Quillagua formation
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accumulated in a relatively wet period, where a constant surface water
flow was supplied by the paleo-Loa river. Additionally, the ephemeral
creeks in the Precordillera which interacted with a freshly deposited
ingnimbrite (‘Carcote’ ignimbrite, Ancachi formation, 5.8 Ma) played an
important role. During the deposition of the Soledad formation, the
climate was drier and the Quillagua lake turned into a salar environment
fed by groundwater from the Calama basin and ephemeral streams from
the Precordillera. The ‘Carcote’ ignimnrite was probably completely
eroded during that time.

Our work does not rule out the possibility of a changed drainage area
of the Rio Loa, but supports the hypothesis of Jordan et al., 2022, that
the Precordillera influences the ion budget inside the Quillagua
depocenter.

The pedogenic samples of the QLB exhibit elevated %Sr/%%sr in
comparison to other sample types, suggesting an additional source
contributing to the pedogenic salt budget. Within the latitudinal range
of the QLB, the Coastal Cordillera is comparably low with several cor-
ridors that would allow fog to penetrate. Therefore, marine fog may
represent a potential radiogenic source of salts. However, there is no
clear correlation between 87Sr/%%Sr ratios and altitude (Fig. A3). Since
the sample locations are not aligned along a single transect but are
rather distributed across the region, this pattern may rather reflect
localized influences than a consistent altitudinal trend.

As for the Tiliviche basin, radiogenic Sr might also be delivered by
erosion of Jurassic marine limestones. Within the QLB latitude, this unit
is present in the Coastal Cordillera as well as in the Cerro Soledad
(Vasquez et al., 2018).

The observations suggest that both marine fog and erosion of
radiogenic lithologies, such as Jurassic marine limestones, may play a
role in the enriched Sr composition of the pedogenic samples inside the
QLB.

5.5. A model for Sr sources and transport processes within the Atacama
Desert

By combining our Sr/%Sr data with findings from literature using
sulfate isotopes (Bao et al., 2004; Klipsch et al., 2023; Michalski et al.,
2004; Rech et al., 2003), it is now possible to develop a comprehensive
model for the sources and transport processes contributing to the
elemental Ca-sulfate budget within the Atacama Desert, illustrated in
Fig. 10. The data demonstrate that Ca and S are delivered by different
sources. The sulfur budget is primarily dominated by SAS of atmospheric
and marine origin, along with biologically recycled sulfur (cf. Klipsch
et al., 2023). The amount of marine PAS and SAS decrease with
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increasing coast distance (Fig. 10, arrow 2), while atmospheric SAS of
anthropogenic and volcanic origin is deposited evenly across the whole
Atacama Desert (arrow 3). Biologic sulfur cycling takes place in playa
like environments under water availability (arrow 7). The amount of
sulfur, sourced by the Andes (arrows 9 and 10), is difficult to quantify as
it does not carry a distinct S isotope signature (Klipsch et al., 2023).

In contrast to S, the Ca budget is mainly sourced from rock weath-
ering in the high Andes and the Coastal Cordillera (arrow 4, 9 and 10).
Additionally, at altitudes below 1075 m, marine Ca is also stored within
the salt deposits in significant amounts (arrow 2). Other important
processes, responsible for the homogeneous Sr isotopic signal across the
Atacama Desert, are lateral and vertical homogenization processes
(arrow 5 and 8) as described in section 5.2.4.

6. Conclusions

Our study presents a comprehensive model for the sources of Ca in
Ca-sulfates of the Atacama Desert using Sr isotopes. We present a novel
selective digestion method for impure Ca-sulfate samples and apply this
protocol to a representative set of evaporite samples, their siliciclastic
components and a corresponding set of water samples from the Atacama
Desert in Chile. Several key findings can be inferred:

1. The selective digestion method using anion resin is suitable for
analyzing Sr isotope compositions in evaporate samples with mixed
mineralogy. Within a single sample, highly water-soluble salts are
frequently in equilibrium with Ca sulfates due to their common
origin and rapid equilibration rates. In contrast, siliciclastics are
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usually not in equilibrium due to differences in their transport
mechanisms and slow exchange rates in water-limited environments.

2. Andean basement rocks constitute a significant source to the Ca
budget of the Atacama evaporites. The ”Sr/%0Sr range of the Andean
siliciclastics exhibit a great range. However, the Sr budget within the
Atacama Desert salts is notably homogenous due to complex pooling
and mixing cycles both laterally and vertically. We infer a typical
value of ~0.7067 for salt-forming brines. This efficient pooling and
mixing process operates through erosion and dissolution-
reprecipitation reactions and is also driven by wind, groundwater
flow and fog infiltration.

3. Soil salts often show more radiogenic 8’Sr/36Sr compared to waters
and lacustrine Ca-sulfate. While marine fog may contribute to the
pedogenic salt budget in low areas within the Coastal Cordillera, for
example in the QLB, the absence of correlation of 7Sr/%6Sr with
coastal distance or altitude indicates an additional high 8sr/%sr
source other than sea spray. The radiogenic Sr may be supplied by Sr-
rich, weathered Jurassic carbonate rocks from the Coastal Cordillera.

4. The Sr isotope data allow further inferences on paleo-drainage pat-
terns. 87Sr/%6Sr compositions of fossil salar Ca-sulfate from the
former Tiliviche lake at ca. -19.5°S, in comparison to that of the
recent inflowing water, suggests a past hydrologic connection to the
Aroma drainage in the south. This confirms a previous model by
Kirk-Lawlor et al., 2013.

5. The combination of the 8Sr/%Sr data gained within this study with
previous sulfur and Sr isotope data from literature allows further
insights into the important Ca sources and ion fluxes operating
within the Atacama Desert, responsible for the extensive Ca-sulfate

H,S

volcanic

Ca?t, Srz*

Western Cordillera
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@ Biologic sulfur cycling in playa environments

Lateral homogenization through dissolution &
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@ Hydrodynamic and sedimentologic downhill transport
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@ Hydrothermal leaching

Fig. 10. Schematic cross section through the Atacama Desert, illustrating the main ion sources and fluxes relevant for Ca-sulfate deposition. Green arrows indicating
sulfur fluxes, brownish arrows Ca®" fluxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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deposits. While sulfur is mainly sourced by the ocean and the at-
mosphere, Ca is mainly sourced by rock weathering.
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