Chemical Geology 525 (2019) 435-446

Contents lists available at ScienceDirect

CHEMICAL
GEOLOGY

ISOTOPE GEOSCIENCE

Chemical Geology

journal homepage: www.elsevier.com/locate/chemgeo

Atmospheric deposition across the Atacama Desert, Chile: Compositions, R

Check for

source distributions, and interannual comparisons At

Jianghanyang Li”, Fan Wang”“", Greg Michalski*“, Benjamin Wilkins

& Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette, IN 47907, USA

® School of Atmospheric Sciences, Guangdong Province Key Laboratory for Climate Change and Natural Disaster Studies, Sun Yat-sen University, Zhuhai 519082, China
¢ Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519082, China

d Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA

ARTICLE INFO ABSTRACT

Editor: Donald Porcelli Hyper-arid areas such as the Atacama Desert accumulated significant amounts of insoluble dust and soluble salts
from the atmosphere, providing minable salt deposits as well as mimicking the surface processes on Mars. The
deposition rates, compositions and sources, however, were poorly constrained. Especially, the variabilities of
atmospheric deposition in the Atacama Desert corresponding to a changing climate were unassessed. In this
work, the atmospheric depositions collected using dust traps across a west-east elevation gradient in the
Atacama (~23°S) from 1/2/2010 to 12/31/2011 were analyzed and compared to previous results in 2007-2009.
The insoluble dust deposition rates in our sampling period were significantly higher than those of 2007-2009 in
most dust traps, which was attributed to the changes in wind, highlighting the importance of long-term mon-
itoring of insoluble dust fluxes. Soluble salts, instead, showed less distinct interannual variations in deposition
rates, geochemical compositions or source contributions. At the coastal site (T1), soluble salts were originated
from both primary sea-salt (SS) aerosols and non-sea-salt (NSS) sources such as anthropogenic emission, marine
biogenic emission and biomass burning; the deposition rates of these salts largely depended on the wind speed
and the amount of anthropogenic emissions. Sulfur isotopic evidence further showed that NSS sulfate at T1 was
mainly originated from local SO, emission from local power plants. The inland sites (T2-T8) displayed much
lower soluble salts deposition rates, and the salts were primarily sourced from entrainment of local surface
minerals, including Na(Cl, NO3), CaSO,, and nitrate formed via atmospheric oxidation of anthropogenic NO,.
Sulfur isotopic compositions of sulfate deposited at T2-T8 were similar to those in local surface soil; however,
three sites near the Chuquicamata mine showed slightly lower 834Sguirate values, indicating the presence of
secondary sulfate originated from mining activities. The soluble salts deposited at the Andean site (T10) were
dominantly from wet deposition that incorporated local lake salts, and therefore, the deposition rates were
mainly controlled by the amount of precipitation.
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1. Introduction and perchlorate, have been found within Atacama soils (e.g., Rech

et al., 2003; Bao et al., 2004). This is similar to the occurrences of ni-

As one of the driest places on Earth, the Atacama Desert has a hy-
perarid climate with mean annual precipitation (MAP) < 10 mm
(Ericksen, 1981). The surface soil in the Atacama Desert is character-
ized by 1) very little organic matter content (Ericksen, 1981; Navarro-
Gonzalez, 2003), 2) little to no microbial activity (Navarro-Gonzalez,
2003), 3) slow weathering, leaching, and water erosion rates (Ericksen,
1981; Ewing et al., 2006, 2008), and 4) a surface layer of desert pa-
vement (Cooke and Warren, 1973; McFadden et al., 1987). In addition,
high concentrations of soluble salts, such as nitrate, sulfate, chloride,

trate salts (Kounaves et al., 2014; Stern et al., 2015), subsurface gypsum
(CaS042H,0) crusts (Edwards et al., 2005; Fishbaugh et al., 2007),
massive chloride deposits (Osterloo et al., 2008), and abundant per-
chlorate (Hecht et al., 2009) on Mars (e.g., Catling et al., 2010;
Navarro-Gonzalez, 2003; Vitek et al., 2012). Given the similar climatic
conditions and soil chemical composition between the Atacama and
Mars, the processes that led to the formation of these two unique pla-
netary surfaces are possibly similar. Therefore, the Atacama Desert is
considered as an ideal analog for studying the pedogenesis on Mars

* Corresponding author at: School of Atmospheric Sciences, Guangdong Province Key Laboratory for Climate Change and Natural Disaster Studies, Sun Yat-sen

University, Zhuhai 519082, China.
E-mail address: wangfan25@mail.sysu.edu.cn (F. Wang).

https://doi.org/10.1016/j.chemgeo.2019.07.037

Received 16 February 2019; Received in revised form 16 July 2019; Accepted 30 July 2019

Available online 05 August 2019
0009-2541/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2019.07.037
https://doi.org/10.1016/j.chemgeo.2019.07.037
mailto:wangfan25@mail.sysu.edu.cn
https://doi.org/10.1016/j.chemgeo.2019.07.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2019.07.037&domain=pdf

J. Li, et al.

(e.g., Catling et al., 2010; Navarro-Gonzalez, 2003; Vitek et al., 2012).

The origins of the Atacama soil salts have long been debated (e.g.,
Darwin, 1906; Ericksen, 1983 and refererences therein). While several
studies have suggested that groundwater (~43-88 m below surface)
played a significant role in the formation of some salt deposits in the
Atacama Desert (Cameron and Leybourne, 2005; Pérez-Fodich et al.,
2014; Alvarez et al., 2016), stable isotopic evidences have suggested
that the majority of nitrate, sulfate and perchlorate ions in the Atacama
top soil were produced photochemically in the atmosphere and then dry
deposited as gases or dust (Bao et al.,, 2004; Bohlke et al., 1997;
Michalski et al., 2004; Rech et al., 2003). Additionally, Wang et al.
(2015) proposed a mechanism of soil accumulation via atmospheric
deposition based on the meteoric '°Be record of a 225 cm soil profile
from the hyperarid core of the Atacama Desert, further suggesting at-
mospheric deposition is an important, even the dominant, process
controlling soil development in the Atacama. Therefore, characterizing
the rates, chemical compositions and sources of atmospheric deposition
across the Atacama will help understand the soil development processes
in the Atacama, with potential implications for a surface evolution
mechanism on Mars.

Due to the lack of standard deposition monitoring stations, only a
few studies have attempted to collect and analyze the atmospheric
depositions in the Atacama. Ewing et al. (2006) first quantified the
deposition rates of major ions (Na*, Ca®*, NO;~, C1~ and SO4>") at
three sites along a 300 km north-south transect and observed significant
spatial variations in ion depositions. However, since these sites were all
located the hyperarid core of the Atacama, whether they can represent
the atmospheric deposition over the entire Atacama region was unclear.
To fill this knowledge gap, Wang et al. (2014) set up a series of dust
traps along a west-east transect from the Pacific coast to the Andean
plateau and reported the chemical, mineral, and nitrate isotopic com-
positions of atmospheric deposition collected during 7/10/2007-12/
31/20009 to characterize the atmospheric deposition along this transect.

However, a few questions still remain after this one-time recovery of
atmospheric deposition over a 2.5-year sampling period. First, it is
unclear whether the atmospheric depositions in the Atacama show in-
terannual variations, which were observed in some other arid areas
such as Southern California, U.S., Nevada, U.S., and Gansu, China (e.g.,
Reheis, 1997; Reheis and Kihl, 1995; Ta et al., 2004). Second, it is
unknown how shifted climate conditions would affect the deposition in
the Atacama. Last, there is little knowledge on the impact of anthro-
pogenic activities (mainly mining and transportation) to the atmo-
spheric deposition in the Atacama Desert. Thus, a follow-up comparison
study to Wang et al. (2014) was necessary to examine and interpret the
interannual variabilities of atmospheric deposition in the Atacama.

In this study, atmospheric depositions were collected during 1/2/
2010-12/31/2011 by the same nine dust traps set up by Wang et al.
(2014). The deposition rates as well as the chemical and isotopic
compositions were analyzed and compared with the 2007-2009 results
to investigate their interannual variations. These interannual compar-
isons can help understand the impact of climate, weather conditions
and anthropogenic activities on the atmospheric deposition in the
Atacama and assess the credibility of using annual average deposition
to estimate the deposition over a longer period.

2. Sampling and analytical methods

The Atacama Desert, bordered on the west and by the Pacific Ocean
on the east by the Andes, is divided into three physiographic provinces
(Fig. 1A, from west to east): Coastal Range consisting of Mesozoic ig-
neous and sedimentary rocks (Clarke, 2005), which runs in a general
north-south direction adjacent to the Pacific Ocean with altitude <
2000 m; the Central Valley that is filled with Oligocene to Pliocene
clastic sedimentary rocks (Sernageomin, 1982; Sillitoe et al., 1968)
with altitude between 900 and 2500 m; and the Andes consisting of an
altiplano about 4000 m in altitude and several intertwined pre-Andean
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ranges and basins (e.g. the Atacama Basin, Clarke, 2005) that abut the
Andean Cordillera.

A series of nine dust traps were previously set up as shown in Fig. 1
(Wang et al., 2014) along a west-east transect in the Atacama: T1 on the
Costal Range, T2-T6 in the Central Valley, T7 on the pre-Andean range,
T8 in the Atacama Basin and T10 on the Andes. Locations of dust traps
were carefully selected to minimize the influence of anthropogenic
activities, particularly open-pit mining activities that were widespread
in the region. Each dust trap was made of a single-piece Bundt pan with
the outer ring diameter of 25 cm and surface area of 477 cm>. One piece
of 0.25-inch-galvanized mesh was fixed on top of each pan, and a layer
of glass marbles were spread on the mesh to simulate the effect of
surface gravels in preventing wind erosion (Reheis and Kihl, 1995). The
dust traps were all mounted ~1 m above ground to avoid the con-
tamination from surface dust. Sample collection spanned from 1/2/
2010 to 12/31/2011.

The sample collection and processing procedures were identical to
those used for the 2007-2009 depositions in Wang et al. (2014). At the
end of the exposure period, atmospheric deposition in each trap was
carefully washed multiple times with Millipore water (18.2 MQ-cm)
into a 1L plastic bottle, to ensure complete transferring of both in-
soluble and soluble material into the bottle. The solutions were then
kept frozen, shipped to Purdue University, and freeze-dried to evapo-
rate all the water. The residual solid materials were weighed, dissolved
in ~100 mL Millipore water to make sure the major inorganic salts, i.e.
(Na, K)(Cl, NO3), (Na, K)»S04, (Mg, Ca)S0,>~, (Mg, Ca)(Cl, NO3),,
were far from being saturated. The re-washing solution was then fil-
tered to separate soluble salts from insoluble dust. The insoluble dust
was subsequently freeze-dried to ensure minimum volatilization and
weighed to calculate the mass of soluble salts. Since the major inorganic
salts were found undersaturated in the ~100 mL re-washing solutions,
we suggest all the major ions have been completely dissolved, while
some trace elements (e.g. Mn, Fe, Cu, Zn) forming low-solubility salts
might not have been completely dissolved (Pan and Wang, 2015).
However, the atmospheric fluxes of trace elements were generally 3—4
orders of magnitude lower than those of the major ions (Pan and Wang,
2015). Therefore, the contributions of trace elements to the total ma-
terial deposition were minor, and their incomplete dissolution would
not introduce significant uncertainties to the calculation of the in-
soluble/soluble material deposition rates here.

For cation (Na*, K*, Ca®*, Mg®*) analysis, 5 mL of each solution
was mixed with 5mL 10% HNOs, then analyzed by ICP-OES (Thermo
Scientific, Pittsburgh, PA, USA) in the Purdue Rare Isotope
Measurement (PRIME) Laboratory at Purdue University. Another ali-
quot of each solution was used for anion (Cl1~, NO;~, SO,27) analysis
using a Dionex DX-500 Ion Chromatography (Dionex Corp., Sunnyvale,
CA, USA) in the Purdue Stable Isotope Laboratory at Purdue University.
For all ions at the T1 site, we calculated the enrichment factors (EF)
relative to seawater by assuming all the Na* deposition in T1 was
originated from seawater (Table 2, see Discussion):

EFx = (X/Na*)r1/(X/Na™ )seawater in Which (X/Na™ ), represented
the molar ratio of any ion (X) to Na™ at T1 and (X/Na*)scawater was the
molar ratio of ion X to Na* in seawater (Pilson, 2012). EF values < 1
suggested biologic, chemical, or physical losses of ion X, and the loss of
X was defined as X deficit: X deficit = [Na®]r; X (X/
Nat)seawater — [X]t1. EF values > 1 indicated extra source(s) other
than seawater for ion X, and the ion X was divided into sea-salt ion (SS-
X) and non-sea-salt ion (NSS-X): SS-X = [Na™ ]t X (X/Na™)seawater;
NSS-X = [X]11 — [Na+]T1 X (X/Na+)seawater~

Sulfur isotopic analysis of soluble sulfate was performed at the
Purdue Stable Isotope Laboratory. A 0.5 mL of 5% acidified BaCl, was
added into 5mL of each solution to completely precipitate sulfate as
BaSO, that was then extracted, weighed, mixed with V,05 powder, and
combusted at 980 °C in a Costech Elemental Analyzer. The produced
SO, was then directed to an isotope ratio mass spectrometer (IRMS-
Thermo Delta V Plus) equipped with a ConFlo interface for isotopic
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Fig. 1. Geological map (A) of the Atacama Desert showing the locations of dust traps, and the sketch of the transect (B) modified from Wang et al. (2014).

analysis. The sulfur isotopic compositions were reported in delta no-
tation:  8%*S = ((®*S/**S)sampte/ C*S/**S)reference — 1) * 1000%o0,  in
which the reference material is Vienna-Canyon Diablo Troillite (VCDT),
the standard deviation (10) of our sulfur isotopic analysis was + 0.2%o.

3. Results

Bulk mass (insoluble dust and soluble salts) atmospheric deposition
rates varied significantly along the west-east transect, with the lowest
deposition rate of 4.3 g/m?/yr at T8 and the highest of 149.2 g/m?/yr at
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Fig. 2. Insoluble dust and soluble salts depositions of T1-T10 during both
sampling periods.

T10 (Fig. 2). The spatial variations in the bulk mass deposition rates
were mainly controlled by the insoluble dust deposition rates that
spanned from 3.8 g/m?/yr to 149.0 g/m?/yr (Fig. 2). Dust traps in
mountainous regions showed higher insoluble dust deposition rates:
18.5 g/m?/yr at T1, 80.9 g/m?/yr at T7 and 149.0 g/m?/yr at T10,
while T2-T6 (Central Valley) and T8 (Atacama Basin) displayed lower
insoluble dust deposition rates ranging from 3.8 g/m?/yr to 9.8 g/m?/
yr. Comparing to the 2007-2009 period, the insoluble dust deposition
rates in 2010-2011 increased by 11% to 2723%. The exception was T8,
the insoluble dust deposition of which decreased by 47% from 7.1 g/
m?/yr to 3.8 g/m?/yr (Fig. 2).

The deposition rates of soluble salts ranged from 0.2 to 6.0 g/m?/yr
and displayed a general decreasing trend from T1 to T10 (Figs. 2 and 3).
The coastal site (T1) had the highest soluble salts deposition rate (6.0 g/
mz/yr) and the central depression (T2-T7) showed lower but consistent
deposition rates ranging from 1.7 to 2.3 g/m?/yr. The lowest soluble
salts deposition rates were at T8 and T10 (< 0.5 g/m?/yr). The soluble
salts deposition rates also showed interannual variabilities. The
2010-2011 soluble salts deposition rates at T1 to T7 increased by
67%—-176% relative to 2007-2009, while the rates in T8 and T10 de-
creased by 46% and 57%, respectively.

Major cations (Na*, Ca?*, K*, Mg?") and anions (Cl~, NO3™,
S0427) accounted for 47 = 11% of total soluble salts in the dust traps
(Table 1 and Fig. 3). Their deposition rates showed a similar spatial
variation pattern as the soluble salts deposition rates. Among all the
sites, T1 displayed the highest ion deposition rates, with the depositions
of Na*, K*, NO3;~, CI~ and SO~ were 3 to 20 times higher than the
other sites. T2-T7 sites had consistently lower ion deposition rates than
T1, and the deposition rates of all ions were lowest at T8 and T10.

—
[
=
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Compared to 2007-2009, the 2010-2011 total ion deposition (sum of
Na*, Ca®*, K*, Mg?", G-, NO3~, SO,27, Fig. 3) was 98% higher at
T1, 20%-85% lower at T3, T4, T6 and T8, and not significantly dif-
ferent at T2, T5 and T7.

The sulfur isotopic composition of soluble sulfate (§>*Ssyce) in the
nine dust traps ranged from 4.0%o to 8.3%o (Table 1, Fig. 5). The lowest
83*Sgutfare value (4.0%o) occurred at T1 while T8 had the highest
834Squifate value of 8.3%o. The 83*Sqyigace at T2-T4 were similar (7.1%o to
7.6%o), and then showed a decreasing trend from 7.5%o to 4.7%o from
T4 to T7. The Andean dust trap (T10) had the 83*Sgyare Of 5.8%o.

4. Discussion
4.1. Coastal site T1

The deposition rate of insoluble dust at T1 had significant inter-
annual variations, which could be attributed to variations in wind
speed, precipitation, and/or anthropogenic activities. T1 was located on
the west side of a hill slope, ~6km away from the ocean. During
2010-2011, the deposition rate of insoluble dust (18.5g/m?/yr) was
50% higher relative to that of 2007-2009 (12.3 g/m?/yr, Figs. 2 and 3).
The insoluble dust at T1 had been hypothesized to be primarily from 1)
entrainment of down slope dust, which was mainly weathered silicates,
and 2) nearby surface and subsurface soil due to nearby open-pit
mining activities (Wang et al., 2014). However, no significant geo-
morphology alteration was observed near the city of Mejillones during
2007-2011 (Sargent et al., 2010), therefore, dust from nearby open-pit
mining activities should be minimal. Fluctuations in weather condi-
tions, such as increased wind speed, would greatly increase the in-
soluble dust deposition by increasing the entrainment of particles from
the surface (Goudie and Middleton, 1992; Reheis and Kihl, 1995; Shao
et al., 1993). The wave height data off the coast supported a higher
wind speed during 2010-2011 than 2007-2009. A buoy ~1500 km off
the coast of Chile in Southern Pacific Ocean (Station 32ST0, National
Data Buoy Center, 2018) measured hourly wave heights during both
sampling periods. The average wave heights during 2010-2011
(2.42 £ 0.65m) were higher than those of 2007-2009
(2.21 * 0.60m), corresponding to a ~0.5m/s increase in average
wind speed using the statistical wave forecasting equation (Group,
1988). Besides, the changes in wind speed was likely tied to the oc-
currence of El Nifo since El Nifio was suggested to reduce the average
wind speeds and precipitation in northern and central Chile (Watts
etal., 2017). 2007, 2008, 2010 and 2011 were all moderate to strong La
Nifia years, but 2009 was a moderate El Nifio year (National Weather
Service, 2015). Therefore, the average wind speed during 2010-2011
could be higher than during 2007-2009, possibly resulting in a higher
dust deposition rate.

The soluble salts deposition rates at T1 had increased by 159% in
2010-2011 (6.0 g/m?/yr, Fig. 2) relative to 2007-2009 (2.6 g/m?/yr),
and all the inorganic ion deposition rates increased, but to different
extents (Table 1). The contributions of local soil to the soluble salt
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Fig. 3. Soluble ion deposition rates at T1-T10 sites during both sampling periods.
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Table 1
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Deposition rates of soluble cations and anions (in mmol/m?/yr) and insoluble dust (in g/m?/yr) during 2010-2011, and their changes (in %) comparing to during

2007-2009, as well as the sulfur isotopic compositions.

Trap cl- NO;~ 5042~ Na* K* Mg2* Ca%* Dust Na*/(ClI~ +NO3z~)  Ca®'/80,2~  Negative/positive  8>*S (%o)
T1 38.0 5.6 10.4 41.9 1.2 3.8 6.7 18.5 0.96 0.64 1.01 4.0
Change (%) 244.1 62.3 9.2 75.1 23.9 208.4 62.2 50.8
T2 2.1 3.6 3.6 4.2 0.2 0.9 3.2 6.5 0.75 0.88 1.02 7.6
49.3 24.4 -1.7 2.7 10.9 9.4 -9.7 85.6
T3 0.6 1.9 4.5 3.0 0.3 0.6 4.4 5.3 1.2 0.97 0.88 7.1
-36.3 —58.4 13.0 —42.1 —28.6 -21.3 37.6 66.5
T4 0.6 1.4 4.8 2.4 0.3 0.6 4.9 9.8 1.14 1.03 0.85 7.5
—-50.3 —59.8 5.1 —-51.6 —-50.2 —29.4 25.7 195.6
T5 2.6 3.6 5.5 5.6 0.3 0.9 6.1 9.1 0.9 1.1 0.87 6.1
48.5 —-25.5 30.1 -17.8 16.5 21.3 37.5 40.2
T6 1.4 1.6 4.2 2.8 0.2 0.4 3.8 4.8 0.95 0.91 0.99 5.6
64.1 -57.9 —-14.0 —-51.4 —46.8 —-38.2 —-4.7 11.8
T7 1.7 1.8 4.2 2.8 0.2 0.5 4.4 81.0 0.81 1.05 0.92 4.7
48.6 —34.7 18.7 —-20.1 26.3 47.0 50.7 2723.1
T8 0.2 0.1 1.2 0.4 0.1 0.1 1.1 3.8 1.41 0.87 1.01 8.3
—-95.3 —-94.0 —-67.3 —-92.2 —-76.4 —86.1 —-74.1 —46.7
T10 1.3 0.4 1.5 1.0 0.1 0.2 1.0 149.0 0.59 0.69 1.3 5.8
—56.4 -32.0 —-37.8 —-56.9 —-34.6 —34.3 —34.5 357.7

depositions were estimated using the ion concentrations in the nearby
Morro Mejillones surface soil (Wang et al., 2014). For most ions, < 4%
of ion deposition could be attributed to the local soil deposition, and
~10% K™ was originated from local soil. Therefore, the 159% increase
in the soluble salts deposition rate cannot be explained by the increased
soil flux during 2010-2011 (Wang et al., 2014). In the following dis-
cussion we have subtracted the amount of salts attributed to local soil to
assess the interannual variations of other ion sources at T1.

The 2010-2011 deposition rates of major cations (Na™, K™, Mg®*
and Ca?*) at T1 were significantly higher than those during
2007-2009, which could, in part, be attributed to the interannual
variabilities in sea-salt aerosols (SSA) deposition. SSAs were formed by
entraining the seawater droplets into the atmosphere that were gener-
ated by bursting air bubbles or tearing off of wave crests. The SSA
deposition rates were commonly estimated using the Na* deposition
rate (e.g., Li et al., 2018; Norman et al., 1999) for three reasons. First, it
is the most abundant cation in seawater (1.08 wt%, Rees et al., 1978)
thus a major component in the SSAs. Second, Na* is biologically in-
active and is not likely subject to post-depositional chemical losses in
arid regions. Third, it has low concentrations in local surface soil
(discussed above) and lack any major anthropogenic sources. Using
Na™ concentrations, we suggest the SSA concentration had increased by
75% during 2010-2011 relative to during 2007-2009.

The deposition of SSA at T1 consists of both wet (precipitation and
fog) and dry depositions. For any ion, the annual ion deposition rate is
quantified by

Ton deposition rate = p,Cp, + fqviCs + 365 * %C, @

The first two terms in Eq. (1) are the wet deposition rate and the
latter is the dry deposition rate. In Eq. (1), pq is the annual precipitation
depth (m), C, is the molar concentration of a SSA ion in rain
(mmol + m~3), fy is the number of fog days per year, v is the fog de-
position velocity (m/day), C¢ is the concentration of a SSA ion in fog
water (mmol/m®), v4 is the dry deposition velocity (m/day) and C, is
the concentration of a SSA ion in the atmosphere (mmol/m®). An in-
crease in precipitation, fog deposition velocities, and/or SSA con-
centrations would result in an increase in annual ion deposition rates,
therefore we evaluated any potential increase in these terms during
2010-2011 relative to 2007-2009.

Changes in the annual precipitation depth (pg) was determined
using archived data from ASA (Andres Sabella Airport, NOAA Climate
Data Online Database, 2018) station, located ~30 km south of the T1
site (Fig. 1). Annual precipitation depth at ASA was 1.0 mm/yr during
2007-2009 and 4.3 mm/yr during 2010-2011. The contribution of
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precipitation to total deposition, however, was small. Assuming the
precipitation contains 20 ppm Na™, an upper limit for Na* con-
centrations in coastal rain (Brecciaroli et al., 2012), the precipitation
only contributed 3.3 mmol/m?/yr of Na* during 2010-2011 (8% of
total Na* deposition) and 0.5 mmol/m?/yr of Na* during 2007-2009
(2% of total Na* deposition). This was a net increase in Na* deposition
of only 2.8 mmol/m?/yr, which could only account for 15% of the
observed increase (75%) in the Na* deposition rate.

Changes in annual fog water deposition depth (fqv¢) was also de-
termined using archived meteorology data collected at ASA. Fog de-
position was estimated by assuming fog would form when the minimum
daily temperature was lower than the daily dew point and v; was the
same in both study periods. Daily temperature minimums at T1 (T;,)
were estimated using the minimum temperatures at ASA (T), the al-
titude difference between T1 and ASA (h = 0.454km), and the dry
adiabatic lapse rate (L = —9.8 K/km): Ty, = T + h * L. By comparing
Tmin and the daily dew point, fog events likely occurred 186 days/yr
during 2007-2009 and 176 days/yr during 2010-2011. Using an esti-
mated fog deposition of 0.1 mm per event (Merriam, 1973), and mea-
sured fog water Na™ concentration of 5ppm (Schemenauer et al.,
1992), we estimated that the Na* flux from fog deposition was
4.2mmol/m?/yr during 2007-2009 and 3.8 mmol/m?/yr during
2010-2011. This resulted in a 5% decrease, also cannot explain the
observed 75% increase in SSA deposition in 2010-2011.

The higher SSA deposition at T1 may be due to an increased SSA dry
deposition flux (v4*C,). The dry deposition velocity (vq) of SSA de-
position was often treated as a constant (Seinfeld et al., 1998; Tedeschi
et al., 2017) since most SSA masses are in the large particle fraction
(Liang et al., 2016; McDonald et al., 1982). Therefore, the changes in
SSA should be mainly due to changes in SSA concentrations (C,), which
were strongly affected by wind speed (Jaeglé et al., 2011; Kishcha et al.,
2011; Lewis and Schwartz, 2004; Li et al., 2018; Martensson et al.,
2003; McDonald et al., 1982; O'dowd et al., 2007; Zakey et al., 2008).
In the open ocean, SSA concentration is positively correlated to the
wind speed. For example, Dror et al. (2018) observed a linear re-
lationship between annual average wind speed and SSA concentration
at South Pacific Ocean, showing a 0.4 m/s increase in wind speed would
increase SSA concentration by ~10%. Using the wave height data
(discussed above), which corresponding to an average wind speed in-
crease of ~0.5m/s in the 2010-2011 relative to 2007-2009, we sug-
gested that the average SSA concentration in the open ocean during
2010-2011 should be 10% - 20% higher than during 2007-2009. While
significant, this predicted increase was still significantly lower than our
observed 75% increase at T1.
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Unlike open ocean, the SSA production at coastal regions was also
affected by the depth and topography of the sea floor (Lewis and
Schwartz, 2004). As a result, the effect of wind speed on the con-
centrations of SSAs was no longer a simple linear relationship
(Lewandowska and Falkowska, 2013). Exponential relationships be-
tween the wind speed and SSA concentrations had been observed along
coastal areas (McDonald et al., 1982; Lewandowska and Falkowska,
2013). McDonald et al. (1982) suggested that an increase in wind speed
from 3.4m/s to 10 m/s could increase the SSA concentration by 6.7
times along the coast. Using the data in McDonald et al. (1982) and
assuming SSA concentration increases exponentially with increasing
wind speed, we estimated that 0.5 m/s increase in coastal wind speed
could increase the SSA concentration by 15.2%. Lewandowska and
Falkowska (2013) also noted an exponential increase of SSA con-
centration (i.e., Na* concentration) with increased wind speed (v)
along coastal zones in southern Baltic Sea: [Na®™] = 0.3 €% when
v > 7m/sand [Nat] = 4.3 %e%3%*V whenv < 7m/sand v > 5m/s.
Using these equations, we calculated that an increase in wind speed of
0.5 m/s would result in 16-32% increase of SSA flux. The combination
of above factors (15% increase of SSA from wet deposition, 10%-20%
increase of SSA produced in the open ocean and 16-32% increase of
SSA produced on the coast) still cannot fully account for the observed
75% increase in our sampling period, indicating other factors, i.e.,
strong wind events from the ocean, were important but unaccounted.
Future study should use more sophisticated models to better quantify
the emission of SSAs in the coastal areas (e.g., Callaghan, 2013;
Demoisson et al., 2013) but it is beyond the scope of our work.

Non-sea-salt (NSS) soluble salts also contributed to the deposition of
some inorganic ions at T1. The EFs of SO,2~, K* and Ca®" were higher
than 1, indicating extra sources of these ions other than SSAs at T1
(Table 2 and Fig. 4). Additionally, since SSAs contain little NO3 ™~ (Rees
et al., 1978), the observed NO3;~ at T1 was also originated from NSS
sources. While NSS-S0,%~ and NO3;~ were mainly produced by atmo-
spheric oxidation of NO, and SO, gases (see detailed discussions
below), NSS-K* and NSS-Ca?* were likely directly emitted during
several processes, including biomass burning, anthropogenic emissions
and marine biogenic activities.

The NSS-K*  deposition rate was calculated (NSS-
K* = [K+]T1 - [Na+]T1 X (K+/Na+)seawater’ where (K*/
Na™*)geawater = 0.0218, Rees et al., 1978) to be 0.15 mrnol/mZ/yr
during 2010-2011, decreased by ~63% compared to during
2007-2009 (0.41 mmol/mz/yr). The origins of NSS-K* at T1 were
possibly forest biomass burning in central Chile and anthropogenic
emissions (Fig. 4). Forest biomass burning in central Chile could be a
major source of NSS-K* deposition (Banales-Seguel et al., 2018; Pachon
et al., 2013). The NSS-K™ in aerosols (~40 ng/mS) at Paposo, a small
coastal town ~150km away from Antofagasta, was suggested to be
mainly originated from biomass burning (Chand et al., 2010). Mean-
time, anthropogenic emissions, especially coal burning, could be a
potential NSS-K™ source. Coal burning ash was suggested to contain
0.19% wt. to 0.71% wt. K* (Zhang et al., 2018), which could account
for some of the K deposition at T1 but was difficult to quantify. The
number of forest fires in Chile had decreased from 6092 events per year
during 2007-2009 to 4511 events per year during 2010-2011 (National

Table 2

Enrichment factors (EF) of each ion at

T1.
Ion EF
Na* 1.00
K* 1.17
Mg>* 0.81
Ca®* 7.26
Cl™ 0.76
5042~ 4.14
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Fig. 4. NSS ions depositions (or SSA deficit) at T1. Positive values indicate non-
sea-salt ion input (EF > 1) and negative values indicate deficit from sea salt
composition. Different colors represent different processes that might lead to
SSA deficit or serve as non-sea-salt sources.

Forest Corporation in Chile, 2018, in Spanish), and the energy pro-
duction rate at Edelnor Power Plant located ~10 km from T1 the had
decreased by 12% from 2007 to 2009 to 2010-2011 (Global Energy
Observatory, 2011). These suggested a decreased NSS-K* emissions
during 2010-2011, in agreement with the observed lower NSS-K* de-
position rate.

The NSS-Ca®* increased by 58% from 3.6 mmol/m?/yr during
2007-2009 to 5.6 mmol/m?/yr during 2010-2011. Using the emission
factors of K™ (0.29g/kg) and Ca®** (0.085g/kg) during biomass
burning (Akagi et al., 2011) and assuming all NSS-K* at T1 was ori-
ginated from biomass burning, the maximum contribution of biomass
burning NSS-Ca®* was calculated to be 0.044 mmol/m?/yr. This small
contribution was corresponding to 1.2% of total NSS-Ca®*, suggesting
biomass burning was not an important NSS-Ca%™ source (Fig. 4). Also,
the NSS-Ca®* was not likely derived from the entrainment of gypsum
minerals because the nearest gypsum-rich salt playas existed > 80 km
away from T1 and on the east side of the Costal Range (Rech et al.,
2003; Stoertz and Ericksen, 2009; Wang et al., 2014) from which the
gypsum transportation should be substantially blocked. Therefore, we
suggest marine CaCO; input from the microorganisms with calcified
shells on the surface layer of the ocean might be the major source of
NSS-Ca®* (Fitzgerald, 1991; Hardy, 1982; Maclntyre, 1974; Wang
et al., 2014). Although CaCO3 aerosols were less soluble in water, they
could form Ca(NOs), or CaSO, with soluble Ca%?™ ions via acid dis-
placement reactions in the atmosphere (see discussion below). Ad-
ditionally, since marine biogenic CaCO; particles would be entrained
into the atmosphere similar to SSAs, their variation in deposition rates
should also be similar: the observed 58% increase in NSS-Ca®* was in
general agreement with the 75% increase in SSAs, again supporting our
hypothesis that NSS-Ca®* was probably marine biogenically originated.

The Mg>* deposition rate was 3.8 mmol/m?/yr during 20102011,
slightly depleted relative to seawater (EFy = 0.8), and the Mg+
deficit (0.9 mmol/m?/yr) decreased by 41% compared to during
2007-2009 (1.5 mmol/m>/yr, EFy, = 0.5, Fig. 4). Biomass burning
could be a potential NSS-Mg?* source and was calculated (similar to
biomass burning Ca®*) to be ~0.02 mmol/m?/yr. However, a depletion
of Mg?* relative to SSAs was observed, which was also previously
observed during 2007-2009 and attributed to the formation of MgCO3
and Mg(OH), inside the dust collection pan during fog events (Wang
et al., 2014). Alternatively, the formation of Mg complexes with lipids,
fatty acids and saccharides during the formation of SSAs (Jayarathne
et al., 2016) might also resulted in the observed Mg?* depletion. These
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Mg complexes were less soluble (or insoluble) due to their high mole-
cular weight, thus some Mg might not be dissolved and were removed
during the filtration, resulting in a lower dissolved Mg concentration
relative to seawater.

The C1™ deposition rate during 2010-2011 also increased relative to
during 2007-2009 because of a higher SSA flux, but C1~ was very de-
pleted relative to seawater (EF¢ = 0.76, Fig. 4). This chloride deficit
was commonly observed in marine aerosols (Kerminen et al., 1998;
Laskin et al., 2012; McInnes et al., 1994; Wang et al., 2014) and was
due to the loss of C1~ (and CO527) in aerosols via acid displacement
reactions (Ayers et al., 1999; Metzger et al., 2006; Newberg et al.,
2005):

HNOs() + NaClgy — NaNOs(,) + HClg (RD)
H,SO04¢) + 2NaClg,) — Na,SOy(p) + 2HClg, (R2)
2HNOj3(g + CaCOs() — Ca(NO3)yp) + HyO + COyg (R3)
H,S04) + CaCOs(p — CaSOyqy + Hy0 + COx (R4)

Assuming SSA was the sole source of Cl~ at T1, the C1™ deficit was
calculated to be 11.2mmol/m?/yr, significantly less than the
17.9 mmol/m?/yr deficit during 2007-2009. This may be because
CO3%~ is kinetically and thermodynamically favorable to be displaced
by HNOj3 or H,SO, relative to C1~ (Clarke and Karani, 1992). Assuming
that CO52~ is present as CaCO5 then the amount of CO5%~ displaced
should be equal to the amount of NSS-Ca®*, i.e. 5.6 mmol/m?/yr. The
total negative charge deficit from Cl~ (11.2 mmol/m?/yr) and CO4>~
(5.6 mmol/mz/yr) in milliequivents (meq) was
11.2 + 5.6*2 = 22.4 meq/m?/yr. This is close to the total amount of
NO;~ (5.6 meq/m?/yr) and NSS-SO.>~ (7.8*2 = 15.6 meq/m?/yr)
measured at T1.

The deposition of NO;~ at T1 must be largely originated from an-
thropogenic N emissions and any interannual variation must be due to a
change in N emissions (Alexander et al., 2009; Fitzgerald, 1991). The
deposition rate of NO3~ at T1 during 2010-2011 was 5.6 mmol/m?/yr,
a ~61% increase compared to during 2007-2009 (Wang et al., 2014),
which should be attribute to an increased local NO, emission
(Galloway, 1985; Galloway et al., 1996). In November 2010 a new
nitric acid plant was built near the city of Mejillones (Panna 4, Enaex
S.A., Fig. 1), which was only 10 to 15km away from T1 (Enaex
Memoria Annual, 2011). Nitric acid plants emitted NO,, N-O and trace
amounts of HNO3 mist (Wood and Cowie, 2004), which could sig-
nificantly increase local deposition rate of NO3~ (Kumar et al., 2005;
Schindler et al., 2006). This extra emission occurred in 14 of our 24-
month sampling period (Nov. 2010 to Dec. 2011). Assuming the NO3 ™~
deposition rate in the first 10 months was the same as the 2007-2009
value, then the NO3;~ deposition rate due to the nitric acid plant could
be as high as 7.1 mmol/m?/yr, twice the NO;~ deposition rate of
2007-2009. This increase was supported by the calculated HNOj
emission from the plant that was calculated from the annual yield
(800,000 tons/yr, Panna 4, Enaex S.A.; Enaex Memoria Annual, 2011,
in Spanish) and the estimated NO, emission factors ranging from 0.5 to
3kg/ton (Cheremisinoff, 2016) by assuming the emitted HNO3; were
evenly spread within a 50 km radius. The HNO; deposition due to the
plant ranged from 0.81 to 4.85 mmol/m?/yr, consistent with the ob-
served increase of 3.6 mmol/m?/yr.

Both $S-50,2~ and NSS-SO,2~ were important sulfate sources at
T1. The S$-SO,~ deposition rate was 2.5 mmol/m?/yr, and the NSS-
S0,%~ deposition rate (7.9 mmol/m?/yr) accounted for 76% of total
S042~ deposition rate at T1 during 2010-2011, similar to that of
8.1 mmol/mz/yr in 2007-2009. The NSS-SO,2~ at T1, accounting for
74% of total C1~ and CO3>~ deficit, was also suggested to directly
impact the number of cloud condensation nuclei (Lana et al., 2011; Li
et al., 2018), and therefore, was important to understand its sources.
Volcanic sources were ignored because of there was no nearby volcanic
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eruptions during the sampling period. Therefore, NSS-SO,%>~ were
mainly sourced from oxidation of SO,, which was either directly
emitted from anthropogenic activities, or formed from oxidation of
dimethyl sulfide (DMS) produced during marine biological processes (Li
et al., 2018).

834S uirate values were used to evaluate the relative contribution of
anthropogenic and biogenic emissions to the NSS-SO,2~ deposition
rate. A two-component isotope mixing model was first used to evaluate
the 8'S of NSS-S04>~ (8**Sss):

fss 8%Sss + fuss 8**Snss = 881

Jos +hss =1

where fsg and fyss are the mole fractions of $S-SO42~ (0.24) and NSS-
S0.42~ (0.76), respectively; the 8%4S value of SS-SO42~ (8%%Sgg) is
21.0 = 0.1%o (Rees et al., 1978), and the measured 83*Sgs.e value at
T1 (83%Sy1) is 4.0%o. This resulted in the §3*Sygs of —1.4%o. Sulfate
derived from anthropogenic coal burning had §3*S values ranging from
—3%o0 to +3%o0 (Norman et al., 1999), while biogenic DMS-derived
S0,2~ had the §3*S values of ~ + 18%o (Sanusi et al., 2006; Patris
et al., 2007). The calculated §3*Syss of —1.4%o suggested that regional
anthropogenic SO, emissions (mostly coal burning at Edelnor Power
Plant located ~10km from T1) should be the dominant NSS-SO4>~
source at T1: the contribution of anthropogenic emission was at least
92% (~7.3 mmol/m?/yr) using the lower limit of anthropogenic §3*S
value (—3%o) and could be as high as 100% (~7.9 mmol/mz/yr). An-
thropogenic sulfate deposition rate at T1 were previously estimated by
Wang et al. (2014) using the inventory calculations, which suggested a
range of 3.1 mmol/m?/yr to 5.8 mmol/m?/yr, lower than our estima-
tion. This discrepancy could be attributed to two possibilities. The first
possibility was that the anthropogenic emissions during our sampling
period had increased since the 2007-2009 period, possibly due to sig-
nificantly higher SO, emissions at the Edelnor power plant. However,
the energy production rate of the Edelnor power plant had decreased by
12% from 2007 to 2009 to 2010-2011 (Global Energy Observatory,
2011), and the SO, emission was unlikely to increase considering the
anthropogenic S emission was usually proportional to the energy pro-
duction in power plants. Alternatively, we suggest the flux calculation
using emission inventory may underestimate the NSS-SO,2~ deposi-
tion. Wang et al. (2014) calculated the SO, flux at T1 by assuming the
emitted SO, was evenly distributed in a circle area with radius of
180-216 km, which was likely to underestimate the SO4>~ deposition
rate at T1 since T1 was only 10 km from the power plant.

The 83*S1; was significantly lower than the §3S of sulfate extracted
from surface soil samples (Fig. 5) along a 50 km long west-east transect
starting near Antofagasta by Rech et al. (2003). Sulfate in soils located
~30km to the south of T1 site had 8§3*Ssyuce values of + 15%o—-+18%o,
which were attributed to SS-S0,4>~ being the main source of soil sulfate
near the coast. Our data suggested that anthropogenic sulfate

Eq. 1

Eq. 2
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Fig. 5. 8>*Sqyate values of atmospheric depositions at T1-T10 (red dots) com-
paring with 84Sy values of nearby soil gypsum in Rech et al. (2003). (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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depositions have recently dwarfed natural SO,>~ deposition along the
coast and is a further evidence of the Anthropocene (Capaldo et al.,
1999; Crutzen, 2002; Li et al., 2018; Wadleigh, 2004).

4.2. Inland sites T2-T8

The 2010-2011 deposition data confirmed that the atmospheric
depositions at T2 to T8 sites were likely controlled by local entrainment
of insoluble dust and soluble salts as suggested by (Wang et al., 2014).
Oceanic inputs at our inland sites were small because of fast settlement
of large particles and efficient blocking by the Coastal Range (Wang
et al., 2014; Rech et al., 2003), evidenced by the fact that the deposition
rate of Na™® at T2 was 90% lower than T1. Similarly, the material from
the Andes was also unlikely to be transported to the inland sites for
several reasons. First, the deposition rates of salts at the Andean site
(T10, see discussion in Section 4.3) were much lower than the inland
site traps, indicating very limited input from the Andean to the Ata-
cama. Secondly, due to the daytime upslope air flow caused by the fast
heating of the Andean west slopes, namely the “Andean pump effect”
(Rutllant et al., 2013), the seaward air mass movement should be low
and not conducive to the inland transportation of Andean inputs. In-
stead, the depositions at these inland sites were more likely derived
from local entrainments of surface soil and anthropogenic emissions.

Insoluble dust deposition at the inland sites showed significant
variations between the two sampling periods (50%-100% increase at
T2-T6 sites, 46% decrease at T8 site, and 27 times increase at T7),
which was caused by a combination of increased wind speed and an-
thropogenic activities. Significant spatial variations among different
sites (3.8-80.9 g/m?/yr) were again observed. Since all the traps were
set in the open field with small geomorphological variations among the
locations of traps (Wang et al., 2014), these spatial variations were
unlikely caused by biased sampling but reflected the average atmo-
spheric depositions of the region. However, all the sites except for T8
(discussed below) displayed significant increases in insoluble dust de-
position rates during 2010-2011, which can be attributed to a combi-
nation of higher average wind speed (Watts et al., 2017) and enhanced
anthropogenic activities. The archived wind speed data at Calama site
(Fig. 1, NOAA Climate Data Online Database, 2018) showed that the
average wind speed during 2010-2011 (14.9 + 2.0 m/s, n = 630) was
statistically significantly higher (p < 0.05) than those of 2007-2009
(14.6 = 2.0m/s, n = 811). This increased wind speed can at least
partially explain the general increasing trend in insoluble dust deposi-
tion at T2-T6, similar to the increased insoluble dust deposition at the
coastal site (T1). Similar interannual variations have also been observed
at several desert sites in California (Reheis, 1997; Reheis and Kihl,
1995), probably owing to the susceptibility of surface soil to local en-
trainment in arid environments. Meanwhile, the huge increase in in-
soluble dust deposition at T7 (27 times increase) was possibly caused by
nearby anthropogenic activities. The satellite images near T7 (Fig. 6A,
B) suggested that a major new mine located ~60 km SW from T7 came
into operation between 2007 and 2011. Meantime, the size of another
open-pit gravel mine located 10km from T7 expanded significantly
from 2007 to 2011 (Fig. 6C, D). These mining activities could sig-
nificantly increase local soil entrainment and insoluble dust deposition
rate at T7.

The soluble salts at T2-T8 were mainly in the forms of Na(Cl, NO3)
and CaSO, with the molar ratios of both Na®/(Cl~ + NO3;~) and
Ca®* /8042~ close to 1 (except for T8, see discussion below). The Ca**/
S0,42~ molar ratios in these traps of ~1 (i.e. 0.87 to 1.10) suggested
that CaSO4 was mostly sourced from the widespread gypsum minerals
in local surface soil (Ericksen, 1981; Rech et al., 2003). Na* and Cl~
were likely originated from chloride deposits in the nearby salt playas.
For example, the Salar de Pampa Blanca located only 7.5 km from T5
(Stoertz and Ericksen, 2009) likely contributed to the highest deposi-
tion rates of Na* and Cl~ at T5 among the seven inland sites. The NO3~
deposition at T2-T7 (1.4 to 3.6 mmol/m?/yr) can originate from both
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anthropogenic NO, emissions and local soil entrainment (Michalski
et al., 2003). The Cl”/Na™ ratio at T2-T7 averaged at 0.42 =+ 0.15,
close to the average Cl~/Na* ratio (0.43) in the Atacama soil
(Grossling and Ericksen, 1971; Michalski et al., 2004), supporting that
most Na* and Cl~ should be originated from local soil and salt playas.
In 2010-2011, the deposition rates of CaSO, at T2 and T6 slightly de-
creased by 5.7%-9.4% while other traps showed increases of
15.4%-34.7%; the Na™ deposition rate at T2 increased by 2.7% and
other traps showed decreased depositions by 17.8%-51.6%. This
overall increased CaSO, deposition and decreased Na(CLLNO3) deposi-
tion can also be explained by the increased wind during 2010-2011.
Most Atacama soil had a well-developed gypsum crust on the surface,
while the nitrate and chloride were usually observed beneath the sur-
face layer (Wang et al., 2014). As a result, stronger wind would result in
more entrainment from the surface layer and less entrainment from the
deeper soil layers. However, these ratios were significantly higher than
the Cl~/Na* ratios observed in 2007-2009 (0.25 = 0.07), where
(Wang et al., 2014) suggested that significant acidic displacement re-
action had occurred. This higher ratio, along with lower NO3;~ de-
position rate in 2010-2011 (38% lower than 2007-2009), suggested
weaker acidic displacement during our sampling period. This may at
least partially be attributed to a drier climate during 2010-2011 since
the acidic displacement reaction will be greatly inhibited at a lower
relative humidity (RH) (Laskin et al., 2012): at the Calama site (near T6
& T7): the average RH during 2007-2009 was 33.5% while the average
RH during 2010-2011 was 27.6%.

The 8%*Suifate at T2-T4 ranged from 7.1%o to 7.6%o, similar to those
of gypsum minerals from nearby surface soil observed in Rech et al.
(2003, Fig. 5), corroborating the major source of sulfate in these inland
dust traps was local soil entrainment. A decrease in §*Syae from
7.1%o to 4.7%o was observed at T5-T7, possibly due to the mixing of
gypsum mineral and secondary sulfate oxidized from SO, emitted from
Chuquicamata smelter near T7, where the §3*S of sulfide minerals at
this mine sites ranged from —4.7%o to +4.0%o (U.S. Geological Survey,
2005). If we assume the §3*S value of sulfate in local soil was 7.4%o
(average value of T2-T4), and the secondary sulfate from Chuquica-
mata smelters had a 8°*S value of —0.4%o, the contribution of sulfate
from anthropogenic SO, at T5, T6, T7 would be 17%, 23% and 35%,
respectively.

The decrease in both insoluble dust and soluble salts depositions at
T8 during 2010-2011 may be attributed to a combination of lower
atmospheric deposition and the loss of deposition sample during the
sampling period. The insoluble dust flux at T8 had decreased by 47% in
2010-2011 while the soluble salts deposition had a much higher de-
crease of 80%, from 0.92g/m?/yr (highest among T2-T8) during
2007-2009 to 0.18 g/m?/yr (lowest among T2-T8). We suggest these
low values should at least partially be attributed to the loss of some
insoluble dust and soluble salts by leaching during the sampling period.
Two facts could support this hypothesis. First, Na*, Cl~, and NO3~
depositions had decreased by ~92-95% while Ca®>* and SO,>~ de-
creased by only 67% and 74% (Fig. 3), and this discrepancy was likely
resulted from leaching since Na(Cl, NO3) was more soluble and subject
to leaching losses than CaSO,. Second, the 83*Sy e at T8 showed the
highest value of 8.3%o0 among the inland sites (Fig. 5), significantly
higher than at T7 (4.7%o) and adjacent surface soil (5.4%o, Rech et al.,
2003). This is likely caused by the enrichment in 534S uifate during
dissolution of gypsum minerals, with the equilibrium fractionation
factor between solid and dissolved CaSO, of ~2%o at 273K (Van
Driessche et al., 2016).

4.3. Andean site T10

The insoluble dust deposition rate (149.0 g/m?/yr) at T10 during
2010-2011 was the highest among all sites and increased by 3.6 times
compared to that of 2007-2009 (Fig. 2), probably due to the inter-
annual variations in precipitation. T10 was located at a valley on the
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Fig. 6. Google Time Lapse images for 3 locations near sampling sites: A, B: a mine site located ~60 km SW from T7; C, D: an open-pit mine located 10 km from T7; E,

F: the lake next to T10.

Andean altiplano receiving significant amount of precipitation (MAP
~150 mm). The insoluble dust was likely from local soil entrainment by
winds; hence its deposition rate would be strongly affected by both
wind speed and precipitation. However, there was no wind speed or
precipitation observation available near T10. We used the ERA-interim
reanalysis data (Dee et al., 2011) to investigate the variations in wind
speed. The modelled average wind speeds were 1.59m/s during
2007-2009 and 1.61 m/s during 2010-2011, therefore it might not be
able to account for the 3.6 times increase in insoluble dust flux. The
precipitation during 2010-2011 likely decreased comparing to
2007-2009, since the size of local lakes located near T10 was observed
to have deceased in December of 2010 (Fig. 6E, F) compared to that in
January of 2009. This observation agreed with the occurrence of El
Nifio in 2009: El Nifo has been linked to increased precipitation in the
Andean area (Bozkurt et al., 2016; Mason and Goddard, 2001;
Ropelewski and Halpert, 1989; Valdés-Pineda et al., 2016), and there-
fore the average precipitation during 2007-2009 (2 years of La Nina
and 1 year of El Nino) was likely higher than that of 2010-2011 (2 years
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of La Nina). The decreased precipitation at T10 could increase wind
erosion and thus significantly increase the insoluble dust flux (Reheis
and Kihl, 1995).

In contrast with T1-T8, the soluble salts depositions at T10 had
decreased. This is because the soluble salts at T10 were mostly from wet
deposition, mainly snow, as suggested by (Ginot et al., 2001; Houston,
2007; Wang et al., 2014). The dry deposition had little contribution to
the total salt deposition at T10 because 1) concentrations of soluble ions
in dust (local soil) near T10 were extremely low (0.0005 mmol/g Cl ™,
0.0004 mmol/g SO,~ and undetectable NO3~, Wang et al., 2014) thus
the salt from dust only accounted for < 6% of total Cl~ and < 5% of
total SO,>~; 2) T10 was distant from both the ocean and anthropogenic
activities, thus lacking SSAs or anthropogenic secondary aerosols.
Meantime, wet deposition, especially snow deposition, played an im-
portant role in the salt deposition at T10 because snow could in-
corporate ions from a few reservoirs, such as NaCl and CaSO, from the
salt lakes (e.g., Tara Lake, Wang et al., 2014) on the Andean plateau. In
2010-2011, the deposition rates of Na*, Cl1~, Ca®*, SO42~ decreased
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by 34% to 57% relative to 2007-2009, which should be attributed to
the decreased precipitation at T10 during 2010-2011.

The §%*Squitace at T10 was 5.8%o, close to the §34S value of gypsum at
Tara Lake (5.2%o, Risacher et al., 2011), again supporting that the
origin of sulfate deposition was local gypsum. Precipitations could in-
corporate some gypsum from nearby salt lakes and deposit back to the
surface (Wang et al., 2014), the 8**S value of which was also similar to
the 83*S values of soil gypsum (5.2-7.5%o) in the Atacama (Rech et al.,
2003), further evidencing that the surface soil gypsum in the Atacama
Desert was probably originated from local salt lakes. The salt-rich soil
was either formed via subsurface chemical weathering processes (Rech
et al.,, 2003), or other deeper soil development processes, such as
groundwater flow (Cameron and Leybourne, 2005). The salts were then
transported either directly by wind as insoluble dust across the Atacama
Desert (T2-T8) or incorporated into precipitation (at T10) and trans-
ported within the Andes, then deposited onto the surface.

The NO;~ deposition rate at T10 was 0.37 mmol/m?/yr during
2010-2011, slightly lower than 0.54 mmol/m?/yr during 20072009,
which also could be due to the decrease in precipitation. These values
are close to the NO3;~ deposition rate at the Torres del Paine National
Park in southern Chile (0.36 mmol/mz/yr, Galloway et al., 1996),
which is a remote coastal site with minor anthropogenic activities,
suggesting minimal anthropogenic N emission at T10 (Wang et al.,
2014). In remote areas, N could generally derive from soil emissions
(nitrification and denitrification), lightning, lower stratosphere mixing
and long-distance transportation of peroxyacetyl nitrate (PAN) at the
top of troposphere (Crutzen, 1979; Galloway et al., 2004; Holland et al.,
1999; Singh et al., 1985; Singh and Hanst, 1981). The 31% decrease of
NO;~ in 2010-2011 is similar to the decrease of Na*, Cl~, Ca®",
S042~ depositions, indicating that these deposition rates were likely
controlled by wet deposition.

5. Conclusions

In this work we investigated the sources, compositions and inter-
annual variabilities of atmospheric depositions across the Atacama
Desert. The nine dust trap sites across the Atacama Desert displayed
significant spatial variations in atmospheric deposition because of their
different geomorphological features and the characteristics sources at
each site. The atmospheric deposition at coastal site T1 mainly con-
sisted of local soil (as insoluble dust) and sea-salt aerosols (as soluble
salts). NSS-S04,%~ and NO5;~ at T1 were mainly originated from an-
thropogenic emissions, then entered particle phase via acidic dis-
placement reaction. At inland sites T2-T8, the insoluble dust was from
local soil entrainment and the soluble salts were likely originated from
nearby salars and salt lakes. The insoluble dust deposition at the
Andean site (T10) was also dominated by local soil but the soluble salts
were mainly from wet depositions. The rate of atmospheric deposition
(both insoluble dust and soluble salts) displays strong variations be-
tween the two sampling periods. At the coastal site T1, the deposition
rates of both insoluble dust and salts during 2010-2011 had increased
significantly comparing to during 2007-2009, due to higher wind
speeds. Anthropogenic NO3; ™ also had increased as a result of higher
NOy emissions from a newly built nitric acid plant near T1. At the in-
land sites T2-T8, the increased insoluble dust and gypsum depositions
resulted from a windier and drier climate in the Atacama during
2010-2011. In the meantime, a drier climate at the Andean site (T10)
likely had resulted in a higher insoluble dust deposition rate and a
lower soluble salts deposition rate.

Our observation confirmed that the insoluble dust at all the sam-
pling sites was mainly originated from local surface soil and weathered
material. The salt depositions were strongly impacted by the ocean
input in the coastal region, but in inland areas the erosions of local
salars and salt lakes were more important. Shifted climate conditions
(such as wind speed and precipitations) can impact the flux of both
insoluble dust and soluble salts, and the dust fluxes were more easily to
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be influenced than salt fluxes.

Anthropogenic activities impacted the atmospheric depositions
across the Atacama in two ways. First, the open-pit mining activities
greatly increased the dust flux at nearby areas, as suggested by the
observed high dust flux at T7 during our sampling period. Second,
anthropogenic SO, and NO, formed sulfate and nitrate aerosols, which
increased SO42~ and NO;~ deposited in the Atacama Desert. Our iso-
topic evidence suggested that the SO,2~ originated from smelters
contributed up to 35% of total sulfate in nearby dust traps.
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