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Abstract

Modern atmospheric deposition across the Atacama was collected by an array of dust traps that stretched from the Pacific
coast to the Andean altiplano, and the material was analyzed for its geochemical, mass and isotopic composition. The coastal
trap had the second-highest insoluble mineral particle and highest soluble salt deposition rates due to significant inputs from
the Morro Mejillones Range and the Pacific Ocean, respectively. The Andean trap had the highest insoluble mineral particle
deposition owing to transport of weathered material, but the lowest deposition rate of soluble salts due to its distance from the
ocean and anthropogenic sources. The removal of oceanic material was effective by the coastal mountains, while the westward
transport of the Andean material was determined to be minimal. The atmospheric deposition in the inland traps was mainly
from the local entrainment of surface material, inland anthropogenic emissions, and transport of marine aerosols. The nitrate
isotopes (d15N and D17O) suggested that NOx sources and NO3

� chemistry shifted along the west–east transect, and were
greatly impacted by anthropogenic emissions with soil NO3

� being a minor source of deposited nitrogen.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The influence of atmospheric deposition on soil develop-
ment can be enhanced in arid environments and may be the
dominant soil formation mechanism in hyper-arid regions
such as the Atacama Desert. The Atacama Desert in north-
ern Chile is one of the driest places on Earth, where the
water limitation results in extremely low levels of organic
matter and microorganisms in the soils, and little or no
plant life across much of the desert (Ericksen, 1981;
Navarro-Gonzalez et al., 2003; Quinn et al., 2005). These
conditions restrict normal soil formation processes such as
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weathering, leaching, mass/chemical transport, and biolog-
ical transformations. Massive nitrate deposits, rare iodate
and perchlorate salts, and chloride, sulfate, and borate salts
are ubiquitous in the Atacama (Ericksen, 1981). A wide
range of theories have speculated on the origins of the salt
deposits, but recent stable isotope evidence has indicated
that a significant portion of the Atacama’s nitrate, sulfate,
and perchlorate salts are photochemically produced and
deposited to the soil from the atmosphere (Böhlke et al.,
1997; Bao et al., 2004; Michalski et al., 2004). This suggests
that net mass gains from the atmospheric deposition of
dust, including water-insoluble mineral particles and associ-
ated water-soluble salts, may be the major soil development
mechanism in the Atacama (Dan and Yaalon, 1982; Gerson
and Amit, 1987; Quade et al., 1995; Capo and Chadwick,
1999; Ewing et al., 2006; Amit et al., 2007).
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Atmospheric deposition also aids in the development of
desert pavements, a ubiquitous geomorphic feature in arid
environments. Desert pavements are characterized by a
layer of closely packed, interlocking angular or rounded
pebble- and cobble-sized clasts that protect the surface from
wind erosion (Cooke, 1970). Insoluble mineral particles and
soluble salts deposited from the atmosphere can fill between
and beneath surface rock fragments, promoting the develop-
ment and uplift of the pavement (McFadden et al., 1987;
Anderson et al., 2002). In addition to dense desert pave-
ments, gypsum crusts have developed in the Atacama. These
gypsum crusts could potentially allow fine dust to migrate
below the crust surface, trapping atmospherically deposited
material in a fashion similar to desert pavements. This desert
pavement/gypsum crust theory also suggests that atmo-
spheric deposition is a key mechanism for soil formation
in arid systems. Therefore, assessing the rates at which dif-
ferent types of material are deposited from the atmosphere
is important for understanding soil formation in arid envi-
ronments in general, and in the Atacama Desert in particu-
lar (McFadden et al., 1987; Reheis and Kihl, 1995).

While it is clear that atmospheric deposition plays an
essential role in the Atacama’s soil formation process, there
still remains uncertainties about the rates, ionic composi-
tion, and sources of salts deposited in the Atacama. Rech
et al. (2003) used strontium and sulfur isotopes to indicate
that the Atacama gypsum/anhydrite development is mainly
impacted by marine aerosols at coastal sites and the eolian
reworking of Andean salar salts at inland sites, but the
deposition of other material was not investigated. Ewing
et al. (2006) analyzed the atmospheric deposition collected
at three sites, but focused on evaluating atmospheric ele-
ment flux along a north–south rainfall gradient without
quantitative constraints of the relative importance of the
origins of the atmospheric deposition and their importance
as a function of distance inland from the coast. Also, the ef-
fect of aerosol size and composition on dry deposition rates
and the role of fogs in wet deposition in the Atacama have
not been systematically discussed. The extent of surface
material that is recycled and the net dust flux across the
Atacama remains unknown, as is the impact of modern
human activities (e.g. mining, fossil fuel burning) on atmo-
spheric deposition. Addressing these uncertainties is impor-
tant for understanding how atmosphere-soil interactions
influence soil formation in hyper-arid regions such as the
Atacama. This may have implications for understanding
surface processes on other planets, such as Mars where soil
development in the absence of water has occurred for the
past 600 million years (Pike et al., 2011).

In this study, we assessed the composition, rates and po-
tential sources of atmospheric deposition along a west–east
transect in the Atacama Desert. The objective was to inves-
tigate the spatial variations in modern atmospheric deposi-
tion characteristics such as mineralogy, ionic content and
accumulation rates in order to explore atmospheric deposi-
tion of material from different sources that can potentially
influence soil development. Previous studies indicated that
there are two categories of material in atmospheric deposi-
tion in the Atacama (Rech et al., 2003; Michalski et al.,
2004; Ewing et al., 2006). The first is primary aerosols
(i.e. eolian material) consisting of marine aerosols from
the adjacent Pacific Ocean, surface material (e.g. surface
soil, crust, and playa salts) from local entrainment, weath-
ered mountain material, long-range-transported dust, and
direct volcanic emissions (Rech et al., 2003; Mather et al.,
2004; Stuut et al., 2007). The second category is secondary
aerosols such as nitrates and sulfates, produced from reac-
tive atmospheric gases (Michalski et al., 2004; Ewing et al.,
2006). We hypothesize that eolian material can be carried
from different source regions by winds and deposited to a
west–east transect, and the relative importance of each
source is a function of its proximity to a given collector.
We speculate that the distribution of secondary aerosols
in the atmosphere is determined by the regional emissions
of precursor gases, the residence time for converting the
gases into aerosols, and the removal efficiencies of the
resulting aerosols along their transport paths. In modern
times, human activities are hypothesized to exert a signifi-
cant enhancement in the production and deposition of
secondary aerosols in the Atacama basin.

2. SAMPLING AND ANALYSIS METHODS

The physiography of the Atacama Desert consists of
three major geologic units going from west to east: the
Coastal Range, the Central Valley and the Andes (Figs. 1
and 2). The Coastal Range is a mountain range running
north and south that abuts the Pacific Ocean, has altitudes
generally less than 2000 m, and is mantled by Jurassic vol-
canic sequences imbedded with marine and continental con-
glomerates (SERNAGEOMIN, 2003). The Central Valley
is a longitudinal depression typically with altitudes between
900 and 2500 m, comprising a few hundred meters thick
layers of Upper Miocene-Pliocene piedmont clastic sedi-
ments (SERNAGEOMIN, 2003). The Andes consist of an
altiplano about 4000 m in altitude surmounted by hundreds
of volcanic peaks (�5000 m), and a succession of parallel
Pre-Andes mountain ranges (i.e. the Cordillera Central in
the north and the Cordillera Domeyko in the south) with
intervening valleys and basins; the Andes are predominately
underlain by Pliocene-Quaternary volcanic flow, tuffs, and
breccia rocks (SERNAGEOMIN, 2003).

An array of ten dust traps (T1–T10) were installed along
a west–east transect across the Atacama to investigate the
spatial variations of atmospheric deposition in the desert
(Figs. 1 and 2). The selection of the dust trap locations
was based on the accessibility, absence of dirt roads or
other artificially disturbed areas upwind, and inconspicu-
ousness. The traps were mostly placed in flat, relatively
open areas every 10–50 km inland from the western Pacific
coast (see Supplementary Information for site pictures).
The traps consisted of a single-piece Bundt cake pan (outer
ring diameter: 25 cm, surface area: 477 cm2) fitted with a
circular piece of 0.25-inch mesh galvanized screen on which
a layer of pre-washed glass marbles were placed to mimic
desert pavements (Reheis and Kihl, 1995). The traps were
mounted on �1 m high poles above the ground to eliminate
most saltating particles and left exposed from 7/10/2007 to
1/1/2010 (915 days). Trap 9 was destroyed during this
period and is thus excluded from this study.



Fig. 1. Diagram showing the origins and transport of eolian material and secondary aerosols in the Atacama Desert. Seawater droplets,
anthropogenic emissions and local entrainment of surface material (mainly suspension process) can be introduced to the atmosphere before
they are eventually transported and deposited across the Atacama depending on their distance from the source regions as well as their
compositions and sizes.

Fig. 2. Location map of the trap array along an west–east transect
across the Atacama Desert, major cities and copper smelters in the
Antofagasta region (T1-a barren hillslope of the Morro Mejillones;
T2-a barren mountain basin with sparse desert pavements; T3-a
barren hillslope with medium desert pavements; T4-a barren
mountain basin with sparse desert pavements; T5-a barren alluvial
fan with disturbed surface; T6-a mountain basin with dense desert
pavements and dry plant roots; T7-a barren hilltop of the
Cordillera de Domeyko with dense desert pavements; T8-the
Atacama basin rim with salt crusts and holes; T10-a closed basin
with dense desert pavements).
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Atmospheric deposition collected in the traps was finally
retrieved at the end of the exposure period and analyzed.
All insoluble and soluble material was removed from the
traps by washing the pans, marbles and screen with
deionized water into 1 L plastic bottles. The washed solu-
tions were kept frozen and shipped to Purdue University
overnight and gradually freeze-dried in the laboratory.
The dried solids, considered as the bulk atmospheric depo-
sition, were weighed to calculate deposition rates, and their
mineralogical composition was determined using X-ray dif-
fraction. The bulk dust was then washed, filtered to sepa-
rate the insoluble mineral particles and soluble salts, and
the filtrate was measured for pH (Fisher Science). The
insoluble mineral particles were air-dried in evaporating
dishes and reweighed to measure the soluble salt mass.
Two 3 mL aliquots of the filtrate containing soluble salts
for each sample were used to analyze cations (Ca2+, K+,
Mg2+ and Na+) by inductively coupled plasma-optical
emission spectroscopy (ICP-OES Thermo Scientific iCAP
6500), ammonium NH4

+ by an automated discrete analyzer
(Seal Analytical AQ2), and anions (Cl�, NO3

� and SO4
2�)

by ion chromatography (Dionex DX-500). A blank control
sample was prepared by using Millipore water to rinse a
new trap without dust collection, and the rinse solution
went through all the processes and each analysis as for
the real sample. No targeted ions have been detected in
the blank control. The measurement uncertainties for dif-
ferent ion concentrations in this study were typically <5%
based on replicate analysis of standards and calibrations.
Finally, another split was withdrawn from the filtrate and
d15N and D17O values of nitrate were analyzed using a
bacterial reduction, gold redox method (Kaiser et al.,
2007; Riha, 2013) by Delta V Plus isotope ratio mass
spectrometry (IRMS) at the Purdue Stable Isotope facility.
The isotopic results were normalized to multiple laboratory
working standards that were previously calibrated to
international standards USGS32, USGS34 and USGS35.
The precisions for d15N and D17O values were ±0.4&

and ±0.3&, respectively, based on replicate analysis of
the working standards and calibrations.

Fog, lake water, and snow samples were also collected
and analyzed. A single fog sample was collected overnight
(December 2011) at Salar de Grande (21.20�S, 70.01�W,
elevation: 847 m) using a 2 m � 2 m polyethylene sheet
(termed as “Grande fog” for later discussion). This location



Table 1
Major mineralogy of bulk atmospheric deposition.

Sampling site XRD results

T1 An, Qz, Ab, H, Gp
T2 An, Gp, Ab, Qz
T3 An, Gp, Qz, Ab
T4 Gp, An, Qz, Ab
T5 An, Gp, Qz, Ab
T6 An, Gp, Qz, Ab
T7 An, Gp, Qz, Ab
T8 An, Gp, Qz, Ab
T10 An, Qz, Ab

Qz: quartz (SiO2), Ab: albite (NaAlSi3O8), An: anorthite (CaAl2-

Si2O8); Gp: gypsum (CaSO4), H: Halite (NaCl) (listed from highest
to lowest amount no less than 5%).
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is 8 km away from the ocean, �230 km north of our T1 site.
Lake water was collected from the Salar de Tara (23.10�S,
67.43�W, 4260 m, 1.5 km south of the T10 site, termed as
“Tara lake water” for later discussion) in January of
2010, while one sample was collected from a remnant snow
drift in the Salar de Tara (9 km northwest of the T10 site,
termed as “Tara snow” for later discussion) in July of
2007. These samples were analyzed for cation and anion
concentrations by ICP-OES and ion chromatography,
respectively.

3. RESULTS

3.1. General characterization of dust deposition

The deposition rate and composition of atmospheric
dust varied greatly from the coast to the Andean site
(Fig. 3). The bulk dust deposition rates were highest at
the Andean site T10 (35.1 g m�2 yr�1) and at the coastal
site T1 (16.2 g m�2 yr�1), while the lowest was at T7 site
(5.0 g m�2 yr�1), and was relatively consistent at T2–T6
and T8 sites (6.0–9.7 g m�2 yr�1). Similarly, the highest
insoluble mineral particle deposition rates occurred at
T10 and T1 sites, 32.6 and 12.3 g m�2 yr�1, respectively,
and the T7 site had the lowest insoluble mineral deposition
rate of 3.2 g m�2 yr�1. The deposition rate of soluble
material (i.e. soluble salts and other soluble material) signif-
icantly decreased from 4.0 g m�2 yr�1 at T1 site to
2.5 g m�2 yr�1 at T2 site �65 km inland, and stayed rela-
tively consistent from T2–T10 (2.7 ± 0.3 g m�2 yr�1). For
all traps, the soluble salts accounted for 1.4–16.6% of the
bulk dust and 19–58% of the total soluble material (Fig. 3).

3.2. Mineralogical and geochemical compositions

The major mineral (>5% by mass) assemblage in atmo-
spheric bulk deposition for T1–10 sites was anorthite–
quartz–albite–gypsum (Table 1). In general, the X-ray
diffraction patterns of the traps were similar but those at
Fig. 3. The deposition rates and general composition of atmo-
spheric deposition.
T2–T8 sites were slightly different from those at T1 and
T10 sites. For example, T1 site has a significant amount
of halite, while T10 site is mainly composed of anorthite
with minor amounts of albite (<5%).

Ion analysis of the soluble salts showed that all these
sites were rich in Cl�, NO3

�, SO4
2�, Na+, and Ca2+, which

totaled over 90% of the dissolvable salt mass, with small
amounts of NH4

+, Mg2+ and K+ cations also being present
(Table 2). T1 site had the highest or second-highest deposi-
tion rates of those five major ions among all sites. There
was a sharp decrease in Na+, Cl� or SO4

2� amount going
from T1 to T2 site, where the soluble ion deposition rates
were relatively consistent from T2–T8 sites. The lowest
deposition rates of the major ions occurred at the Andean
site (T10). The molar ratio of Na+/(NO3

� + Cl�) was
approximately 1 (<10% deviations) at all sites except at
T1, T6 and T10, while the Ca2+/SO4

2� molar ratios were
close to 1 at T2–T8 sites. There were relatively low NH4

+

deposition rates at all sites, but the highest were at T10
(0.19 mmol m�2 yr�1) and T1 (0.18 mmol m�2 yr�1) sites
with the lowest at T2–T8 sites ranging from 0.02 to
0.10 mmol m�2 yr�1. Mg2+ deposition continuously de-
creased from the rate of 1.25 mmol m�2 yr�1 at T1 site to
0.31 mmol m�2 yr�1 at T10 site. A similar sharp decrease
was observed for K+ deposition rate from T1 coastal site
to T2 inland site, but it fluctuated at T2–T10 sites. The ionic
charge was almost balanced (<15% deviations) at all sites
other than T10.

3.3. Variations in isotopic composition of nitrate

The isotopic composition of the nitrate salt (NO3
�) also

showed spatial differences from the coast to the Andes
(Fig. 4). The NO3

� d15N ranged from +1.5& to +10.6&,
and while the NO3

� d15N value generally decreased from
the coast (+8.5&) to the inland sites with the lowest value
at T8 site, an abrupt increase to the highest value was ob-
served at T10 site. The NO3

� D17O values were in a relatively
narrow range of 24.0–27.8& with the highest value occur-
ring at T1 site and the lowest value at T10 site. Sample rep-
licates had mean standard deviations of 0.5& for d15N and
0.5& for D17O (n = 3 for each sample set).



Table 2
Deposition rates of the soluble ions (mmol m�2 yr�1) and the molar ratios.

Sampling site NH4
+ Ca2+ K+ Mg2+ Na+ Cl� NO3

� SO4
2� Ca2+/SO4

2� Na+/(Cl�+NO3
�) Positve/negative

charge
pH

Coastal site

T1 0.18 4.10 0.93 1.25 23.90 11.05 3.47 9.53 0.43 1.65 1.06 7.03

Andean site

T10 0.19 1.55 0.18 0.31 2.20 2.86 0.54 2.37 0.65 0.65 0.77 5.04

Inland sites

T2 0.05 3.54 0.22 0.79 4.13 1.39 2.88 3.69 0.96 0.97 1.12 4.71
T3 0.04 3.19 0.35 0.75 5.24 0.96 4.62 4.01 0.79 0.94 0.99 6.03
T4 0.06 3.93 0.53 0.85 4.86 1.29 3.54 4.55 0.86 1.01 1.08 4.38
T5 0.02 4.41 0.26 0.70 6.77 1.73 4.83 4.23 1.04 1.03 1.15 6.74
T6 0.10 3.98 0.39 0.66 5.75 0.85 3.70 4.86 0.82 1.26 1.09 6.58
T7 0.03 2.89 0.16 0.37 3.48 1.11 2.74 3.51 0.82 0.91 0.94 4.64
T8 0.06 4.04 0.23 0.43 5.49 3.91 2.00 3.69 1.09 0.93 1.11 5.33

Previous study

Yungaya 0.16 6 n.d. n.d. 20 4 17 19 0.32 0.95 0.55 n.d.

a From Ewing et al. (2006) except the NH4
+ data that is from Ewing et al. (2007).

Fig. 4. The isotopic composition of trap NO3
�.

F. Wang et al. / Geochimica et Cosmochimica Acta 135 (2014) 29–48 33
4. DISCUSSION

The mass, mineralogical, ionic, and isotopic composi-
tion of atmospheric dust deposited along the Atacama
transect from the coast to the Andes can provide insight
to the characteristics of atmospheric deposition at a de-
tailed scale and allow us to investigate possible shifts in
sources of atmospheric deposition along the Atacama tran-
sect. Therefore, we will individually discuss the T1 site, the
T10 site and T2–T8 sites in order to investigate the influence
of oceanic inputs, Andean inputs, local entrainment of sur-
face material, and anthropogenic emissions on the deposi-
tion of atmospheric compounds to the Atacama’s surface.

4.1. The influence of marine aerosols at the coastal site T1

T1 site had the second-largest bulk dust deposition rate
(16.2 g m�2 yr�1) among the nine sites, which could be
mainly accounted for by the high deposition rate of insolu-
ble mineral particles (12.3 g m�2 yr�1). This may have been
due to T1 being located on a western hillslope of the Morro
Mejillones and the influence of weathering of silicate mate-
rial and a significant down-slope dust flux. The area near
T1 site may also have been subject to dust from some small
surface mining operations during the collection period. The
major mineral assemblage of the Morro Mejillones surface
soil was anorthite–quartz–albite, similar to that of the
atmospheric bulk deposition. Therefore, weathering mate-
rial from the Morro Mejillones Range was a significant
source of insoluble mineral particles deposited at the T1
site. The average ionic composition in the surface soil
(0–10 cm) in the Morro Mejillones was: Ca2+ 0.006 mmol g�1,
K+ 0.006 mmol g�1, Mg2+ 0.004 mmol g�1, Na+ 0.05
mmol g�1, Cl� 0.08 mmol g�1, NO3

� 0.002 mmol g�1 and
SO4

2� 0.01 mmol g�1. The contribution of salts from the
entrainment of surface soil material into our T1 trap would
then be the multiplication of soil ion concentration by the
insoluble dust deposition rate (12.3 g m�2 yr�1). The frac-
tions of the soil ions relative to the corresponding trap ions
were 2%, 7%, 4%, 3%, 9%, 1% and 2% for Ca2+, K+, Mg2+,
Na+, Cl�, NO3

� and SO4
2�, respectively. It was evident that

local soil entrainment accounts for only a small part of the
ions load in the T1, except for Cl�, and therefore, soil
contribution to dust anions, other than Cl� are neglected
in the remainder of the discussion in this section. The
contribution of soil Cl� was subtracted from the observed
Cl� deposition in T1 trap yielding a non-soil Cl� deposition
rate of 10.02 mmol m�2 yr�1.

The soluble fraction of material deposited at T1 site was
predominately attributed to ocean salts. Amongst all sites,
T1 site had the highest soluble salt deposition rate
(4.0 g m�2 yr�1), roughly five times higher relative to the
other sites. The salts were primarily composed of Na+

and Cl� (Table 2), the main salt components of seawater,
suggesting major oceanic salt inputs at T1 site. This was
not surprising given that the T1 site was located on the
windward side of the Morro Mejillones range on the Mejill-
ones Peninsula approximately 6 km away from the ocean
and that sea-salt aerosols usually dominate aerosol loadings



Table 3
The enrichment factors (EFNa) for different ions in the trap and fog
samples.

Species Coastal site

EFNa T1 EFNa El Tofo fog EFNa Grande fog

Ca2+ 7.8 5.2 21.7
K+ 1.8 2.1 3.7
Mg2+ 0.5 1.1 1.0
Na+ 1.0 1.0 1.0
Cl� 0.4 0.9 0.9
SO4

2� 6.6 7.5 6.9
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in coastal regions (Fitzgerald, 1991; O’Dowd and de Leeuw,
2007). Further, there were no salt playas on the Mejillones
Peninsula or the nearby coast (Stoertz and Ericksen,
1974) and the entrainment of material from salt playas lo-
cated east of the Coastal Range to T1 site was likely trivial
because of the isolation of T1 site from the mainland by the
Morro Mejillones and the Coastal Range (discussed below).

Marine aerosols are comprised of primary and second-
ary aerosols, both of which appear to be important to ion
deposition at T1 site. Primary marine aerosols are sea-salt
aerosols (SSA) consisting of seawater droplets that are en-
trained into the atmosphere, forming particles that are
mainly NaCl. The droplets originate from the bursting of
air bubbles or tearing of drops off wave crests induced by
the action of winds on the ocean, with the supermicron-
sized (>1 lm) particles typically dominating the aerosol
volume (mass) concentration (O’Dowd and de Leeuw,
2007). These large sea-salt particles can quickly gravitation-
ally settle (Lewis and Schwartz, 2004), explaining the high
rate of NaCl deposition at T1 site. Secondary marine aero-
sols are mostly submicron-sized particles formed from the
chemical and/or physical transformations of oceanic pre-
cursor gases in the atmosphere (O’Dowd and de Leeuw,
2007). For example, H2SO4 derived from dimethyl sulfide
(DMS) oxidation can react on sea salts with NH3(g) emitted
by the ocean to form SO4

2� aerosols explaining part of SO4
2�

in the T1 trap (Charlson et al., 1987; O’Dowd and de
Leeuw, 2007). Thus, the presence of NH4

+ in the T1 trap
was also indicative of the existence of secondary marine
aerosols at this site. Therefore, the T1 trap may have accu-
mulated marine aerosols, mainly supermicron sea-salt-
aerosols and submicron secondary aerosols. This hypothe-
sis was supported by the ionic ratios of the T1 trap salts.

To investigate the contribution of SSA to the ionic load,
enrichment factors (EFNa) were calculated for each ion (X)
relative to the seawater using EFNa = (X/Na)dust/(X/Na)sea-

water, where (X/Na)dust and (X/Na)seawater are the ratios of
the ion X to Na+ concentration in atmospheric dust or sea-
water, respectively. Here, Na+ was used as the reference
trace element to calculate the enrichment factors at T1 site
because Na+ is derived predominantly from seawater, is
easily determined using the ICP-OES technique, and has
a high concentration in sea-salt aerosols that is insensitive
to perturbation by outside sources (Keene et al., 1986).
The average composition of ions in seawater was taken
as: 0.546 M Cl�, 0.468 M Na+, 0.0103 M Ca2+, 0.0102 M
K+, 0.0532 M Mg2+; 0.0282 M SO4

2� (Millero, 1974). All
of the ions showed some enrichments (EFNa > 1), except
non-soil Cl� and Mg2+, that were depleted, and Na+ (by
definition = 1.0) (Table 3). This indicated that at T1 site
there was a loss of Cl� and Mg2+ whilst there were sources
of Ca2+, K+, and SO4

2� other than that derived from
dissolved ions in seawater.
4.1.1. Evidence of aerosol Cl� loss by acid displacement at

the T1 site

The non-soil Cl�/Na+ of 0.42 at T1 site was much lower
than the typical seawater equivalent ratio of 1.17, likely re-
lated to the reaction of NaCl aerosols with atmospheric acids.
Acids such as HNO3 and H2SO4 produced photochemically
in the atmosphere can displace Cl� by liberating the more
volatile acid HCl(g) (Ayers et al., 1999; Newberg et al.,
2005), resulting in the loss of Cl� from aerosols to the air col-
umn. This is consistent with the observations of Cl�deficits in
marine aerosols, and especially, smaller aerosols are more de-
pleted in Cl� owing to their higher surface to volume ratios
(Harkel, 1997). During our rainless collection period with
typical wind speeds of 3–10 m s�1, these Cl� depleted aero-
sols could have rapidly dry deposited to the land surface
(including T1 trap) with the dry deposition velocity of
1–6.5 cm s�1 (McDonald et al., 1982). Some dry deposition of
volatilized HCl(g) may have also occurred in the trap by inter-
acting with its surface material, but it was unlikely retained
because of its high volatility and the inertness of the glass
marbles. Assuming Cl� was mainly lost by the displacement
reaction with HNO3 and H2SO4, then [Cl�]loss = 1.17 �
R[Na+] � R[Cl�], where R[X] was the deposition rate for
the X ion, and 1.17 was the Cl�/Na+ molar ratio in the sea-
water. This yielded a [Cl�]loss of 17.94 mmol m�2 yr�1, a
60% Cl�deficit when referenced to Na+. This deficit at T1 site
was comparable to the Cl� deficits of �50% in aerosols
over northern Chilean coastal waters observed during the
VAMOS Ocean-Cloud-Atmosphere-Land Study field cam-
paign (Chand et al., 2010) or the 83% Cl�deficit in bulk atmo-
spheric deposition�120 km southeast of T1 calculated based
on the data reported by Ewing et al. (2006). This chloride def-
icit should have been equivalent to the sum of secondary
NO3

� and SO4
2� acids (excluding the SO4

2� from seawater).

4.1.2. SO4
2� source apportionment at the T1 site

The EFNa for SO4
2� was 6.6 showing that sources other

than seawater have contributed to the bulk of SO4
2� at the

T1 site. Besides its existence in seawater, SO4
2� can be

produced within the atmosphere mainly by oxidation of
SO2 into sulfate by OH radicals, H2O2 and ozone via heter-
ogeneous and homogeneous pathways (Khoder, 2002;
Seinfeld and Pandis, 2006). These sulfates are distinguished
from the sea-salt sulfate and often termed as non-sea-salt
(NSS) sulfate. A substantial fraction of NSS sulfates are
associated with sea-salt aerosols because the high pH of
sea-salt water promotes a rapid oxidation of reduced sulfur
species into NSS sulfates via ozone (Sievering et al., 1990;
Song and Carmichael, 2001). However, once the sea-salt aer-
osol alkalinity is consumed, the H2O2 and halogen oxidation
pathways become significant (Vogt, 1996; Keene et al.,
1998). The NSS sulfate amount can be calculated based
on: R[NSS SO4

2�] = (EFNa(SO4
2�) � 1) � R[SO4

2�]/EFNa

(SO4
2�). This resulted in a NSS SO4

2� deposition rate of
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8.1 mmol m�2 yr�1, and a corresponding seawater sulfate
deposition rate of 1.4 mmol m�2 yr�1. Considering one
H2SO4 molecule could displace two NaCl molecules during
the reaction 2NaCl + H2SO4! Na2SO4 + 2HCl, assuming
this NSS sulfate was previously in the form of H2SO4, then
it could account for most of the Cl� loss with a remaining
Cl� deficit of 1.7 mmol m�2 yr�1.

Natural sources of the NSS SO4
2� at T1 site could be

volcanic and oceanic reduced sulfur emissions (i.e. DMS)
as well as the entrainment of gypsum from salt playas. Vol-
canic emissions can be important over long timescales that
encompass volcanic activities (Andres et al., 1991), but
these were absent over the timescale of our sample collec-
tion (Source: National Geophysical Data Center/World
Data Service). Gypsum from several small playas (Salar
de Carmen, Salar de Navidad and Salar Mar Muerto) with-
in 150 km southeast of T1 site (east of the Coastal Range)
(Stoertz and Ericksen, 1974; Rech et al., 2003) were proba-
bly transport-limited because of the mountain barriers and
predominant westward air flow (see detailed discussion
below) and thus was likely a trivial source of SO4

2�. This
suggested that DMS oxidation may have accounted for a
significant fraction of NSS at T1 site. The average ocean/
atmosphere DMS flux was estimated to be 1.4 ± 0.1
mmol m�2 yr�1 for the coastal regions near Antofagasta
(Yang et al., 2011); slightly lower than the estimated
2.1 ± 2.4 mmol m�2 yr�1 for the gyre regions in Southeast-
ern Pacific (Marandino et al., 2009). The latter flux was
observed away from the Atacama’s coast in a region with
relatively high wind speeds and during the Southern Hemi-
sphere’s summer months when there were higher primary
productivities. Both wind-speed and primary productivity
could enhance ocean–atmosphere DMS fluxes, likely
explaining the higher DMS flux in the open ocean relative
to the coastal region. Based on these studies, a DMS depo-
sition flux range of 1.3–4.5 mmol m�2 yr�1 was adopted,
and by assuming all DMS was converted to an equimolar
amount of NSS sulfate and deposited to the surface,
this estimated DMS-derived sulfate flux could account for
16–56% of NSS sulfate. The deposition of DMS-derived
sulfate could be at least equal to, or as much as three times
higher, than the deposition of sea-salt sulfate along the
coastal Atacama.

A check of the estimated sea-salt SO4
2� and NSS deposi-

tion rates can be carried out using sulfur isotope mass bal-
ance. Rech et al. (2003) measured the d34S values of surface
gypsum deposits in several Atacama coastal soils, which
can be considered sulfate in the absence of human impacts
and surface disturbance. The two natural sources of oceanic
sulfate have distinguishable d34S values: +21.1 ± 1.9& for
seawater SO4

2� and +15.6 ± 3.1& for DMS-derived SO4
2�

(Calhoun et al., 1991). The isotopic mass balance equation
is therefore: d34SNDEP�RNDEP[SO4

2�] = d34Ssw�Rsw[SO4
2�] +

d34SDMS�RDMS[SO4
2�], where the subscripts NDEP, SW,

and DMS stand for natural rates (R) of atmospheric depo-
sition, seawater input, and DMS emission, respectively, and
RNDEP[SO4

2�] = Rsw[SO4
2�] + RDMS[SO4

2�]. Based on our
delineation between seawater and DMS SO4

2� fluxes and
assuming these fluxes have remained constant prior to
human sulfur sources in the region, the pre-anthropogenic
sulfate d34SDEP value would range from +16.9 ± 2.5& to
+18.4 ± 2.8&. This was close to the d34S values (+16.6&

to +18.3&) of soil sulfate located 4–8 km away from the
coast and �60 km south of the T1 site (Rech et al., 2003).
This demonstrated that the sulfate d34S values near the
coast were slightly lower than the seawater sulfate d34S,
likely due to the DMS flux rather than any imprint from
the Andean weathering material as indicated by Rech
et al. (2003). Thus, ignoring the importance of DMS flux
has likely resulted in an overestimation of the importance
of Andean weathering SO4

2� inputs to the Atacama (Rech
et al., 2003).

Anthropogenic reduced sulfur emissions could account
for the remaining NSS sulfate. Important local anthropo-
genic sources of sulfur include regional power plants and
copper smelters (Table 4). However, there were several lines
of evidence suggesting that large amounts of anthropogenic
sulfur emitted were not effectively transported to or
deposited at T1 site. Firstly, most of the anthropogenic
sources were inland, separated from T1 site by the Morro
Mejillones and Coastal Ranges. These fog-laden mountain
ranges were effective barriers for boundary layer transport
of soluble compounds (discussed below). Further inland,
solar heating of the western slope of the Andes caused day-
time upslope air flow (Andean pump) resulting in much
weaker seaward air mass returns (Rutllant et al., 2013).
Analysis of atmospheric transport in 2008, during our sam-
pling, showed that the number of easterly-wind events that
could potentially pollute the coastal stratocumulus cloud
deck with inland anthropogenic or natural sulfur aerosols
were limited to only four to eight times per year (Huneeus
et al., 2006; Rutllant et al., 2013). Therefore, the inland
Noranda and Chuquicamata smelters were unlikely to be
able to significantly impact SO4

2� deposition at the T1 site.
Moreover, the prevailing wind on the coast was the onshore
southwesterly, which further limited possible anthropogenic
SO4

2� deposition from inland sites as well as minimizing the
impact of sulfur emissions in the city of Tocopilla 130 km
northwest. Hence, the Mejillones Peninsula and the city
of Antofagasta (mainly the Edelnor power plant) that to-
gether emitted 10,970 metric tons of SO2 per year
(1.7 � 108 mol yr�1) (Table 4) were likely accounting for
the remaining NSS sulfate. Given an average wind speed
of �5 m s�1 (Muñoz, 2008) and a SO2 lifetime of 10–12 h
in power plant plumes (Ryerson et al., 1998), the SO2 could
potentially spread over a circle area with the radius of
180–216 km area. Thus, the anthropogenic SO2 emission
rate in the T1 surrounding region could account for a
SO4

2� deposition rate of 4.6–6.7 mmol m�2 yr�1. In conclu-
sion, the SO4

2� deposition at T1 site was comprised of
28–62% oceanic SO4

2� derived from DMS (1.3–
4.5 mmol m�2 yr�1) and seawater (1.4 mmol m�2 yr�1),
and 38–72% anthropogenic SO4

2� (3.6–6.8 mmol m�2 yr�1).

4.1.3. NO3
� and NH4

+ sources at the T1 site

The NO3
� found in the T1 trap, similar to NSS SO4

2�,
was produced in the atmosphere by the oxidation of nitro-
gen (N) compounds and may have accounted for the
remainder of the chloride deficit. NO3

� was deposited at a
rate of 3.47 mmol m�2 yr�1, but was from secondary, not



Table 4
Major regional anthropogenic emissions.

Sources Emissions, metric
tons per year

NOx SO2

Mejillones Peninsula

Edelnor power plant (341 MW)a 7128 10,951
On-road automobilesb 42 0.5

Antofagasta city

On-road automobilesb 1485 18
Port activitiesc 5772

Tocopilla city

Norgener power plant (277 MW)a 5800 8911
Electroandina power plant (269 MW)a 10,146 18,357
On-road automobilesb 94 1
Port activitiesc 1653

Calama city

On-road automobilesb 619 8

Inland smelters

Chuquicamatad 212,000
Norandad 40,000

Antofagasta region (126,049 km2)e 35,718 242,253

Tarapacá bay (Tarapacá region)

Celta power plant (158 MW)a 3304 5075

a Norgener and Electroandina data from Jorquera (2009), the
other power plant data scaled from Norgener data based on their
output shown in the parentheses.

b Antofagasta data from MMA (2011), the others scaled from
Antofagasta data based on the population relative to Antofagasta
population (2008 population, Mejillones: 10,108; Antofagasta:
354,372; Tocopilla: 22,464; Calama: 147,702, Lagos and Blanco,
2010).

c Tocopilla data from Jorquera (2009), Antofagasta data scaled
from Tocopilla data based on the maximum loading ratio of 1676
to 480 million metric tons.

d Huneeus et al., 2006.
e MMA, 2011.
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primary aerosol production. NO3
� in the deep ocean can ex-

ceed 30 ppm, but it is consumed as a nutrient by phyto-
planktons in the euphotic zone, leading to surface water
concentrations that are usually below detection limits
(Whitney and Freeland, 1999). Therefore, primary sea-salt
aerosols sourced from the ocean surface do not contain
appreciable NO3

�. Instead, nitrogen oxides (NOx =
NO + NO2) can be emitted from the ground (discussed be-
low) to the atmosphere, where the majority of NOx is then
oxidized to HNO3 (Seinfeld and Pandis, 2006). HNO3 can
then react on aerosols, including sea-salt particles contain-
ing Cl�, forming particulate NO3

�, which is ultimately
deposited via dry and wet deposition (Mamane and
Gottlieb, 1992; Zhuang et al., 1999). The secondary NO3

�

produced should have accounted for the remainder of
the NSS sulfate corrected Cl� deficit at T1 site. The
equivalent sum of the NSS SO4

2� and NO3
�, called “acid

equivalent” below, was: 2 � R[NSS SO4
2�] + R[NO3

�] =
19.7 mmol m�2 yr�1. This actually exceeded the equivalent
of the Cl� loss by 1.8 mmol m�2 yr�1 and meant that
atmospheric H2SO4 and HNO3 had the potential to
displace more sea-salt Cl� than what was observed. This
did not occur, probably due to the presence of NH3 and
CaCO3, which can buffer mineral acids (discussed below)
in the atmosphere (Ziereis and Arnold, 1986; Evans et al.,
2004).

Sources of NOx that produce NO3
� include several

anthropogenic and natural sources. Anthropogenic NOx

sources include fossil fuel combustion via electric generat-
ing units (EGUs), automobiles, and port activities. Natural
sources of NOx include nitrification, denitrification,
stratospheric mixing and lightening (Holland et al., 1999;
Galloway et al., 2004). The preindustrial inorganic nitrogen
deposition in the tropical and Southern Hemisphere
temperate deserts of �2.9 mmol m�2 yr�1 (Holland et al.,
1999) was adopted for that in the Atacama Desert, roughly
half of it in the form of nitrate, i.e. �1.4 mmol NO3

� m�2

yr�1. This was in agreement with the estimate for remote
ocean islands and south Pacific surface waters by Duce
et al. (1991) and Warneck (2000). This suggested that the
remaining 2.1 mmol m�2 yr�1 of atmospheric nitrate depos-
ited at T1 site was of anthropogenic origin, which was
supported by nitrate nitrogen and oxygen isotope evidence
(discussed below). The anthropogenic nitrate was likely de-
rived mainly from the nearby urban NOx emissions from
the Mejillones Peninsula and the city of Antofagasta that
amounted to 15,200 metric tons NOx per year (4.0 � 108

mol yr�1) (Table 4). These anthropogenic NOx emissions
were 2.3 times higher than the coastal anthropogenic SO2

emissions, but the anthropogenic NO3
� deposition was only

0.3–0.6 of anthropogenic SO4
2� deposition. This could be

due to an overestimation of natural NO3
� deposition, an

overestimation of anthropogenic SO4
2� in the trap, or

long-distance transport of inland SO2 or SO4
2� to the T1

site, or a combination of all three.
The NH4

+ deposition rate at T1 site was second highest
among the nine sites and should have provided a buffering
capacity that partially explained the excess acid equivalents
over the Cl� loss. After being released from the land surface
to the atmosphere, NH3 has a short residence time of only a
few hours and mostly deposits to the source region within
50 km (Ferm, 1998). Because of its high solubility, some
NH3 is hydrated to ammonium hydroxide that can be
deposited back to the surface with wet deposition (Renard
et al., 2004). More importantly, as the dominant atmo-
spheric gaseous base, NH3 rapidly reacts forming hygro-
scopic ammonium salts (Ziereis and Arnold, 1986;
ApSimon et al., 1987); typically, the (NH4)2SO4, with a
low NH3 vapor pressure, is preferably formed compared
to the NH4NO3. At T1 site, the NH4

+ deposition rate was
0.18 mmol m�2 yr�1, which would indicate that only a
small amount of NH3 had reacted with atmospheric acids
and accounted for only a small portion of the imbalance
between the potential acidity and Cl� loss. Given the esti-
mated imbalance of 1.8 mmol m�2 yr�1 and a base equiva-
lent from NH3 of 0.18 mmol m�2 yr�1, there would still be
a 1.6 mmol m�2 yr�1 of the acid equivalent unbalanced.

The source of the NH4
+ at T1 site could be related to

both natural system emissions and anthropogenic activities.
It is well accepted that modern agricultural systems,
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especially animal farming and fertilizer application, may
have given rise to large losses of NH3/NH4 (NHx) to the
atmosphere (Bouwman et al., 1997). Considering the
Atacama is generally barren, these land based natural
sources cannot be a significant NH3 contributor. Power
plants in coastal cities (Mejillones, Antofagasta and
Tocopilla) can also emit significant amounts of NH3, while
other industrial processes and on-road automobile emis-
sions are relatively minor. The NH3 emissions from power
plants were �1/9 of the NOx emissions in the Antofagasta
region (MMA, 2011), suggesting that a significant fraction
of NH3 may have been from anthropogenic emissions. One
potential natural NH3 source is the upper ocean where
NH3, produced during biological decomposition of organic
matter by free-living bacteria or zooplankton (Kirchman,
2000), can exchange across the ocean/atmosphere surface
(Quinn et al., 1996). The magnitude of this emission de-
pends on the differences in NH3 concentrations between
in the atmosphere and ocean. Quinn et al. (1988, 1990)
estimated a net flux of ammonia from the ocean to the
atmosphere ranging between 0.7 and 5.8 mmol m�2 yr�1

in the central and Northeastern (NE) Pacific Ocean based
on the measurements of NH3 concentrations in the seawa-
ter and atmosphere. Clarke and Porter (1993) found that
ammonium concentrations in aerosols were associated with
seawater chlorophyll and had a similar net ocean to atmo-
sphere flux of 3.6 mmol m�2 yr�1 over the equatorial Paci-
fic. Despite T1 site being located along coastal Chile’s
highly productive upwelling zone, which has high ammo-
nium regeneration rates (Probyn, 1987; Farı́as et al.,
1996), our observed NH4

+ deposition rate (0.18 mmol m�2 -
yr�1) was surprisingly low. Liss and Galloway (1993) indi-
cated that the oceanic ammonia fluxes should be similar to
DMS fluxes, but our NH4

+ deposition rate was at least seven
times lower than the DMS-derived NSS SO4

2� at T1 site.
The NH4

+/(NSS SO4
2�) was 0.02, considerably lower than

the NH4
+/SO4

2� molar ratios of 0.2–0.8 in remote marine
aerosols in the equatorial Pacific measured by Clarke and
Porter (1993). However, the observed NH4

+ deposition at
T1 site was consistent with an estimated dry deposition
NH4

+ flux of 0.18 mmol m�2 yr�1 in the NE Pacific Ocean
(Quinn et al., 1988) and the bulk deposition NH4

+ rate of
0.16 ± 0.07 mmol m�2 yr�1 �120 km southeast of T1 site
in the Atacama (Ewing et al., 2006). This low NH4

+ deposi-
tion rate was unlikely due to post-depositional nitrification
of NH4

+ in the trap based on the nitrate isotopes discussed
below. The low rate was probably because free gaseous
NH3 accounted for �70% of the total NH3/NH4 in the
coastal atmosphere (Tsunogai, 1971; Yamamoto et al.,
1995) and it was not efficiently retained by the inert surface
of the dust trap. We conclude that only a small fraction of
atmospheric NH3 has neutralized atmospheric acids to
form NH4

+, suggesting the preferable uptake of atmospheric
acids by other atmospheric bases at T1 site.

4.1.4. Ca2+ excess at the T1 site

The large EFNa for soil Ca2+ of 7.8 in the T1 trap sug-
gested that there were other calcium sources in addition to
dissolved seawater Ca2+. The Ca2+ excess (e.g. non-sea-salt
Ca2+ = NSS Ca2+) could come from other major calcium
sources that include marine aerosols, weathering of parent
material, and surface material. Silicate weathering has been
considered a minor calcium source in the Atacama (Rech
et al., 2003). Since there were no salt playas within 80 km
of T1 site, the NSS Ca2+ in atmospheric dust at T1 site
likely originated from oceanic inputs, including microor-
ganisms with calcified shells, such as Coccolithophorids.
Coccolithophorids are a characteristic group of mostly uni-
cellular algae with delicate calcified scales and significant
contributors to the phytoplankton community in the South
America coastal upwelling regions (Klaveness and Paasche,
1979; Chavez and Barber, 1987). The CaCO3 scales can
continually slough off as the Coccolithophorids grow or
are released during viral infection or predation. These scales
may mainly accumulate in the ocean’s surface microlayer
(upper 0–1 mm) (Hardy, 1982) and then readily inject into
the atmosphere to form marine aerosols (MacIntyre,
1974; Fitzgerald, 1991), which may have led to the observed
NSS Ca2+ in the T1 trap. Similar observations of marine
aerosol NSS Ca2+ sourced off coastal New Zealand were
attributed to biological surface Ca2+ fluxes (Sievering
et al., 2004), and our observed Ca2+ EFNa of 7.8 was in line
with the EFNa for NSS Ca2+ (4.6–27.0) in that study.
Therefore, it could be concluded that all of the Ca2+ depos-
ited at T1 site could be attributed to the ocean, i.e. the
seawater and phytoplankton. This gave a sea-salt Ca2+

deposition rate of 0.53 mmol m�2 yr�1 and a NSS Ca2+

deposition rate of 3.57 mmol m�2 yr�1 (R[NSS Ca2+] =
(EFNa(Ca2+) � 1) � R[Ca2+]/EFNa(Ca2+)).

If all the NSS Ca2+ originated from biogenic derived
CaCO3, this could account for the slightly positive charge
surplus and could further resolve the potential acidity-
[Cl�]loss disparity at T1 site. Generally, the seawater-derived
alkalinity could be determined by 0.005 � R[Na+] (Millero,
1974) of 0.12 mmol m�2 yr�1. This alkalinity could be
rapidly consumed during the oxidation of SO2 or NOx

occurring on the sea-salt aerosols (Chameides and Stelson,
1992). However, the presence of other alkaline species, such
as NH3 or CaCO3, could help neutralize atmospheric acids.
If assuming all NSS Ca2+ in the form of CaCO3, the
alkalinity equivalent of NSS Ca2+ was 7.14 mmol m�2 yr�1,
which far exceeded the unbalanced acid equivalent of
1.8 mmol m�2 yr�1 remaining after removing chloride dis-
placement reactions. This was in line with the near-neutral
pH value of the dust at T1 site despite the high amounts of
acidic NSS and NO3

� (Table 2). The neutralization of atmo-
spheric acids on CaCO3 or NaCl aerosols may have ac-
counted for the low NH4

+ deposition rate at T1 site. The
Ca2+ deposition rate (4.10 mmol m�2 yr�1) was comparable
to the natural sulfate (seawater SO4

2� + natural NSS SO4
2�)

of 2.7–5.9 mmol m�2 yr�1. This suggested that, in the ab-
sence of human sulfur emissions, sea-salt aerosols sourced
off northern Chile would contain high amounts of CaSO4,
but little CaCO3 because of the NSS SO4

2� reactions. Trans-
port of these aerosols inland and their deposition may have
contributed to widespread CaSO4 (anhydrite) or CaSO4-

�2H2O (gypsum) mineral crusts observed in surface soils
across the hyper-arid core of the Atacama (Ericksen,
1981; Rech et al., 2003). Any sulfur excess, either from vol-
canic SO2 emissions or increased DMS, would result in
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Ca2+/SO4
2� variations and a shift towards the production of

other sulfate minerals, such as thenardite (Na2SO4),
typically found in the subsurface of the Atacama soils.

4.1.5. Mg2+ and K+ sources at the T1 site

The depletion of Mg2+ (EFNa: 0.5) was difficult to explain
with any natural Mg2+ losses or anthropogenic processes.
Mg2+ can randomly substitute for Ca2+ to form Mg-calcite
(CaCO3) (Gattuso and Buddemeier, 2000; Andersson et al.,
2008), and thus a Mg2+ excess was expected, but our obser-
vation contradicted this. We are arguing that the Mg2+

depletion was not a result of Na+ enrichment by soil entrain-
ment, since by assuming Mg2+ was representative of seawa-
ter, half of the Na+ (12.9 mmol m�2 yr�1) would have to
come from soil. However, this assumption was unreasonable
due to the negligible Na+ concentration in the surrounding
soil profiles (see discussion above). Instead, one possible
interpretation was Mg2+-involved unknown reactions inside
the collecting pan. There was some hard, white material that
could not be dissolved or washed from the trap screen and
may have been insoluble MgCO3 or Mg(OH)2. The highly
saline environments and moisture (fog) in the T1 trap may
have promoted this reaction since the same material was
not observed in the other traps where fog incursions are rare.
However, Sievering et al. (2004) also reported a similar Mg2+

deficit relative to Na+, but it was attributed to additional
Na+ inputs from the soil and glass fiber filters. We could
not rule out some other unknown natural Mg2+ loss
processes.

There was an EFNa of K+ (1.8) that must also have had
origins other than seawater K+. The slight enrichment of
K+ in the T1 trap compared to seawater was not likely from
natural biomass fuel use, or open burning of vegetation,
since this did not occur in the arid, non-vegetative environ-
ment near T1 site (Didyk et al., 2000). Also, the K+ excess
was not likely due to the contribution from local soil K+ be-
cause of the low content of K+ in the soil as discussed
above. Therefore, the K+ excess may have been of anthro-
pogenic origins, such as the fossil fuel burning or industry
activities.

4.1.6. The role of wet deposition in ion accumulation at the

T1 site

Wet deposition is the removal of atmospheric gases and
particles by precipitation consisting of in-cloud and below-
cloud scavenging and this may have been important at T1
site. While there was nearly no rainfall at T1 site (Houston,
2006), high-altitude terrains (>500 m elevation) can inter-
cept low clouds to produce fogs, locally called “camanch-
aca”. These camanchaca may form every day in the
winter and twice a day during the summer at some places
because of high humidity, cold ocean surface waters, and
widespread nuclei from salts and kelp (Schemenauer
et al., 1988). Fog deposition rates along the Atacama’s
coast have been reported (8.26 and 1.43 L m�2 day�1 at
two sites 80 and 350 km south of T1 site, respectively)
(Kidron, 1999; Larrain et al., 2002), but they were much
higher than predicted surface deposition rates because of
their fog collector design. These collectors were oriented
vertically and collected fog proportionally to the horizontal
wind component (Schemenauer and Cereceda, 1994). Surface
fog deposition, on the other hand, was mainly a function of
the fog droplet fall velocities that are typically 1–5 cm s�1

(Fuzzi et al., 1985; Garreaud and Muñoz, 2005), consider-
ably lower than the horizontal wind speeds. If the fog liquid
water content at T1 site was assumed to be 0.1 g m�3, a typ-
ical water content for stratocumulus (Schemenauer and
Isaac, 1984; Schemenauer and Joe, 1989), then the flux of
fog water to the ground would be the product of fog droplet
fall velocity and the liquid water content, giving a fog depo-
sition rate of 1–5 mg m�2 s�1. This rate was similar to an
observed fog deposition rate of 2.2 mg m�2 s�1 measured
using a flat-funnel device (Fuzzi et al., 1985), similar to
our collection trap orientation. With a foggy day frequency
of �70% (256 days per year) (Schemenauer et al., 1988;
Cereceda and Schemenauer, 1991; Cereceda et al., 2008)
and lasting for 8 h a day, the annual fog deposition at T1
site could then range from 7 to 37 L m�2 yr�1 (equivalent
to 0.7–3.7 cm annual precipitation), in line with the fog
deposition rate of 25 L m�2 yr�1 estimated using the eddy
covariance method at Cerro Guanaco (300 km to the north
of T1 site) (Westbeld et al., 2009). Given this volume, the
ion deposition rates at T1 site may have been greatly im-
pacted by the fog deposition.

Estimates of the fog ion deposition rates at T1 could be
derived if the ion concentrations of the fog were known.
Multiplication of the median fog deposition rate
(22 L m�2 yr�1) and the ion concentrations in two coastal
fogs (El Tofo and Grande fogs) (Table 5) gave conflicting
rates. The ion deposition rates based on the Grande fog
ion concentrations were 13–30 times higher than the total
deposition in the T1 trap. In particular, the Grande fog
was considerably more enriched in Ca2+ than El Tofo fog
(67-fold), and had a Ca2+/SO4

2� molar ratio of �1 similar
to gypsum minerals found on the Salar de Grande’s surface,
near where the fog was collected. The NO3

� concentration
in Grande fog was 25.4 times in El Tofo fog, and six times
higher compared to the T1 trap, suggesting the Grande fog
may have been subject to anthropogenic NOx emissions
from the nearby Tocopilla city and Tarapacá power plants
(Table 4). This indicated that Grande fog ion content was
considerably impacted by the dust from Salar de Grande
and anthropogenic emissions and it would not be suitable
for the comparison with the T1 trap sample. The El Tofo
fog had a similar ionic composition to the T1 trap as shown
by EFNa (Table 3) despite small discrepancies in Ca2+,
Mg2+ and Cl� (Schemenauer and Cereceda, 1992). Using
the El Tofo fog ion content as the basis, the fog Na+ depo-
sition rate at T1 site was 4.6 mmol m�2 yr�1, which was
20% of the total Na+ deposition rate (23.9 mmol m�2 yr�1).
The Cl�/Na+ molar ratio of 1.06 in the El Tofo fog (EFNa:
0.9, Tables 3 and 5) indicated that there was nearly no Cl�

deficit in the El Tofo fog (the same EFNa of 0.9 for the
Grande fog). This was likely because displaced HCl(g) in
the air column could be scavenged by the fog. This scaveng-
ing would not be apparent in the T1 trap because the
dissolved HCl would volatilize upon evaporation of the
fog water. The fog Ca2+ deposition rate at El Tofo was
estimated of 0.5 mmol m�2 yr�1, 10% of that in T1 trap
sample, and its EFNa of 5.2 was also lower than the EFNa



Table 5
The ion composition of fog, lake and snow water samples and the derived ion deposition rates.

Samples NH4
+ Ca2+ K+ Mg2+ Na+ Cl� NO3

� SO4
2�

Ion concentration, lmol L�1

El Tofo foga 65.0 24.0 9.5 25.8 209.1 221.7 32.7 95.0
Grande fog n.d. 1621.2 272.0 392.6 3397.9 3546.7 831.1 1406.2
Tara lake water n.d. 1014.3 153.0 95.7 9935.7 10630.9 0.0 215.6
Tara snow n.d. 106.3 24.5 14.0 324.0 186.7 10.8 70.9
Cerro Tapado snowb 2.8 4.2 0.5 0.9 2.9 3.0 5.7 4.8
El Tatio snowc n.d. 28.5 9.5 5.0 87.0 140.8 n.d. 31.3

Fog ion flux, mmol m�2 yr�1with the fog deposition rate of 22 L m�2 yr�1

El Tofo fog 1.4 0.5 0.2 0.6 4.6 4.9 0.7 2.1
Grande fog n.d. 35.7 6.0 8.6 74.8 78.0 18.3 30.9

Snow ion flux, mmol m�2 yr�1with the snow deposition rate of 50 mm yr�1

Tara snow n.d. 5.3 1.2 0.7 16.2 9.3 0.5 3.5
Cerro Tapado snow 0.4 0.2 0.0 0.0 0.1 0.1 0.3 0.2
El Tatio snow n.d. 1.4 0.5 0.3 4.3 7.0 n.d. 1.6

n.d. – not determined.
a El Tofo (29.26�S, 71.15�W, elevation: 780 m, 34 km away from the ocean) (Schemenauer and Cereceda, 1992).
b Cerro Tapado (30.13�S, 69.92�W, 5536 m asl, 800 km south of T10 site) (Ginot et al., 2001).
c El Tatio (22.37�S, 68.00�W, 4345 m asl, 100 km northwest of T10 site) (Houston, 2007).
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of 7.8 for Ca2+ for T1 trap sample, which was probably re-
lated to the smaller number of the Coccolithophorids at the
latitude of El Tofo site compared to of our T1 site in South
Pacific (Saavedra-Pellitero et al., 2010). The EFNa for SO4

2�

in El Tofo fog of 7.5 was slightly higher than that of 6.6 for
T1 trap sample. The significantly larger EFNa for K+ and
Mg2+ of the El Tofo fog as well as the Grande fog sug-
gested that K+ and Mg2+ in fogs were more enriched than
in the T1 trap sample, possibly because of K+ and Mg2+

minerals in local land surface material entrained and cap-
tured by the fog at these two fog sites. While the two fog
samples were both subject to local entrainment and geo-
graphic influence, the estimated El Tofo fog ion deposition
rates were likely more similar to the fog ion deposition rate
at T1 site. This suggested that fog was an important
pathway of atmospheric deposition at T1 (�20%) and even
more efficient in scavenging gaseous species. However,
given the uncertainties in estimating fog ion deposition
using data from sites other than T1, future monitoring of
T1 site fog deposition rates and fog water composition is
warranted.

The fogs may enhance coastal deposition of large marine
aerosols but may not significantly impact small particles’
transport inland (sea salts, NSS Ca2+, and secondary
NO3

� and SO4
2�). Two mechanisms for marine aerosol re-

moval are possible. The first is simply that the fogs are
nucleated on aerosols that would predominately be large
sea-salt aerosols along the coast, and the high frequency
of fog events would result in high removal rates (Noone
et al., 1992; Seinfeld and Pandis, 2006). The second mecha-
nism is cloud processing, where small sea-salt particles
accumulate in fog droplets as solutes but the droplets are
not deposited. Upon evaporation, the salts crystallize form-
ing larger aerosols relative to their initial state that can then
be more effectively removed by gravitational settling
(O’Dowd et al., 1998). The fogs, however, are typically
occurring at low elevations (500–1000 m) (Cereceda et al.,
2002, 2008) and these two mechanisms would not be effec-
tive in removing particles high in the boundary layer and
free troposphere. Small particles and gases, such as SO2 de-
rived from DMS and HNO3, are more effectively mixed to
the upper boundary layer and free troposphere (Ferek
et al., 1986) and they would therefore be more efficiently
transported inland. This would suggest that deposition of
secondary aerosols generated over the ocean, particularly
NSS SO4

2�, would be proportionately more important
inland relative to the coast and that a significant faction
of the Atacama’s sulfate deposits are a result of biogenic
sulfur emissions (in the absence of human sulfur emissions).

4.2. Dust deposition rates and composition at the Andean site

T10

The T10 site was located in a closed basin surrounded by
rolling hills and a high-altitude lake (4260 m) on the An-
dean altiplano. The bulk dust deposition rate of
35.1 g m�2 yr�1 at T10 site was more than two times the
rate at the other sites, and 92.7% of it was ascribed to
sand-sized insoluble mineral particles. These were likely
due to weathered mineral particles blowing in from the
surrounding hills during frequent high winds. The ionic
contents in the local surface soil (0–10 cm) at T10 site were
low, 0.0005 mmol g�1 Cl�, undetectable NO3

� and
0.0004 mmol g�1 SO4

2� (preliminary data), yielding a poten-
tial deposition flux of 0.02 and 0.015 mmol m�2 yr�1 Cl�

and SO4
2�, respectively. This indicated that the local soil

deposition contributed less than �1% of Cl�, NO3
� and

SO4
2� to Trap 10, suggesting that local soil surfaces exerted

a negligible influence in the deposition of Cl�, NO3
�, SO4

2�,
and other ions. Therefore, soil contribution to ionic deposi-
tion was not considered in the remainder of the discussion.
The total salt deposition rate was relatively low (2.6 g m�2 -
yr�1) compared to T1, probably due to its distance from the
ocean and the lack of anthropogenic pollution in this
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remote, high-elevation region. However, the Andean
weathering and long-distance transport from the easterly
source could be unique material sources on the Andean alti-
plano that may have provided significant inputs to the
atmospheric deposition at T10 site (Rech et al., 2003).
Therefore, a detailed study of the atmospheric deposition
at T10 site can be meaningful to identify the Andean signa-
tures for atmospheric deposition that are potentially used
to further determine the importance of Andean sources
for the atmospheric deposition in the Atacama region.

The ionic charge was not balanced at T10 site (positive/
negative charge ratio of 0.77), in contrast with the other
sites. This indicated there may have been other positive-
charged ions (iron and H+ would be insufficient to account
for the balance) or functional groups that were present in
the soil but not detected by our measurements. Ion charge
imbalance in deposition has also been observed by other
studies in the Atacama (Schemenauer and Cereceda, 1992;
Grosjean et al., 1995; Ewing et al., 2006). The T10 site
was close to vegetation-covered soils that surround the
Tara lake and may have been sources of organic matter
and clays. Therefore, the charge imbalance at T10 site
may have been due to the presence of negatively charged or-
ganic matter or clay minerals that could exchange cations
during filtration.

4.2.1. The role of snow deposition at the T10 site

The T10 site was the wettest site, with the annual aver-
age precipitation of �150 mm, and wet deposition could
thus have accounted for a significant fraction of soluble
ions at T10 site. However, during our 2007–2009 collection
period, La Niña was in effect and precipitation was only
approximately 50 mm, mainly as snow (DGA, 2010). In or-
der to constrain the importance of snow in ion deposition at
T10 site, ion concentrations in three regional snows were
compared. The ion concentrations in a remnant snow drift
(Tara snow) near T10 (except Cl�) were considerably high-
er than in the El Tatio or Cerro Tapodo snow (two fresh
snow samples) (Ginot et al., 2001; Houston, 2007) (Table 5).
This was probably because ion concentrations in snow
drifts (Tara snow) were known to increase through snow
sublimation. Therefore, Tara snow was excluded from our
further comparison with the T10 trap data. The ionic con-
centrations (except NO3

�) in the Cerro Tapado snow were
5–47 times lower than in the El Tatio snow, which could
be explained by the ion dilution effect occurring at Cerro
Tapado site because of snow accumulation rates as high
as �1000 mm yr�1 (Ginot et al., 2001). Therefore, only
snow from El Tatio, which has similar average annual pre-
cipitation to T10 site, was used to estimate wet ion deposi-
tion at T10 site (Houston, 2007). The snow deposition rates
of Ca2+, K+, Mg2+ and SO4

2� could account for 66–92% of
those deposition rates detected in T10 trap, while the snow
deposition rates of Na+ and Cl� exceeded those in the T10
trap. It was unlikely that this was due to the local entrain-
ment of salar salt minerals at El Tatio site (personal com-
munication with Dr. John Houston). Rather, the T10 trap
may not have effectively retained all snow deposition and
there were uncertainties in estimating the total snow fall
at the T10 site. This also highlighted the uncertainties in
using a composite sample collected during one season
(December 1999–March 2000) to estimate the net snow
deposition rates over a different 2.5-year period. However,
similar ionic molar ratios in the El Tatio snow and the
T10 trap indicate that the snow precipitation was likely
an important contributor of ion deposition at T10 site.

4.2.2. Local ion sources at the T10 site

Local ion sources on the Andean altiplano could also
impact the atmospheric deposition at T10 site. The Cl�

deposition rate at T10 site was 2.86 mmol m�2 yr�1, the
third largest among the nine sites, while the Na+ deposition
(2.20 mmol m�2 yr�1) was the lowest. This apparent con-
tradiction was a result of there being little Cl� displacement
on NaCl aerosols at T10 site. The lack of Cl� displacement
corroborated by smaller amounts of SO4

2� deposition rela-
tive to the Central Valley/coast, negligible amounts of
NO3

� deposition, and a Cl�/Na+ molar ratio of 1.3. This
suggested that anthropogenic NOx and SO2 produced in
the Central Valley or on the coast were not effectively en-
trained into the Andean altiplano (see discussion below)
and were not reacting with local NaCl particles.

The source of the NaCl deposited in the T10 trap was
likely local, rather than influenced by oceanic transport as
T1 Trap. Mountain ranges can greatly hinder the transport
of sea-salt aerosols, which was evidenced by the pro-
nounced attenuation of Cl� deposition (by 87%) by the
Coastal Range (Table 2). This suggested that the delivery
of oceanic Cl� over the Coastal Range (1–2 km in altitude),
the Domeyko Range (�3 km in altitude) and the Andes
front (�5 km in altitude) to the Andean altiplano located
�320 km away from the Pacific coast was likely negligible.
T10 is near the Tara lake, part of a series of connected salt
lakes in the region, whose ionic content was primarily Na+

and Cl� with Cl�/Na+ molar ratio of 1.1 (Table 5). Salt
crusts surrounding the lake, as well as large desiccated sec-
tions, would likely be a major source of NaCl in T10 trap.
This is consistent with Cl�/Na+ molar ratio in T10 trap of
1.3 being similar to the ratio in Tara lake water (of 1.1) and
local halite minerals (of 1.0). This was also supported by the
conjecture attributing increases in Cl� in Andean ice cores
to recycled Cl� from salt lakes during desiccation cycles in
high-altitude closed basins (Herreros et al., 2009).

Attributing NaCl to the lake system contradicts the
conclusion that snow can account for most of the NaCl.
However, the high Cl� concentrations in the El Tatio snow
relative to similar mountain systems suggest that local NaCl
is likely incorporated into snow. For example, the Cl� con-
centrations in snow collected in the Sierra Nevada range
(US) average 11.3 lmol L�1 (Feth et al., 1964), nearly 10
times less than El Tatio snow. This is in spite of the fact that
the Sierra Nevada and Andes are geographically similar,
including distance to the ocean, coastal ocean circulation
characterized by cold water upwelling zones, the barrier
of a coastal range, and high altitude (Feth et al., 1964). In-
deed, one would expect the higher elevation of the Andes to
result in less Cl� deposition because of rainout and particle
settling. However, salt playas are common in the Central
Andes but absent in the Sierra Nevada, which likely ac-
counts for the difference in the Cl� concentration in their
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snow. Thus, it is likely that the high amount of NaCl found
in the El Tatio snow was from local dust acting as cloud
condensation nuclei or washed out during precipitation
events. Therefore, it is unlikely that the salt lake and snow
can be considered separate sources of ion deposition in T10
trap rather they are one and the same.

While the NaCl found in the T10 trap may originate
from the Tara lake system, the SO4

2�/Cl� molar ratio
(0.8) was considerably higher than in the lake (0.2), suggest-
ing there were additional source(s) of SO4

2� other than the
Tara Lake. There were two copper smelters that can pro-
vide SO2 precursor gases for H2SO4 production in the Ata-
cama region (Table 4) and the “Andean pump” effect could
induce eastward air flows (Rutllant et al., 2013). However,
the SO4

2� deposition rate of 2.37 mmol m�2 yr�1 at T10 site
was lowest among all nine sites, suggesting limited amounts
of anthropogenic derived SO4

2� have reached the high alti-
tude site, which was also supported by apparent minimal
Cl� volatilization loss. The low anthropogenic SO4

2� inputs
were probably due to most SO4

2� being pumped into the
free troposphere and lost instead of being delivered to the
Andean altiplano. Therefore, the SO4

2� in T10 trap could
not be mainly attributed to anthropogenic inputs, but is
likely due to the local entrainment of surface, stream, lake,
and salar salts (reflecting Andean weathering material) as
suggested by Rech et al. (2003).

Total N deposition at T10 site was the lowest of all sites
and reflected a relatively pristine environment that is not
significantly impacted by Central Valley anthropogenic N
emissions. The NO3

� deposition rate at T10 site
(0.54 mmol m�2 yr�1) was a factor of 3–8 lower than at
the other sites, and only 38% of model-estimated
(1.4 mmol m�2 yr�1) preindustrial nitrate deposition (Duce
et al., 1991; Holland et al., 1999; Warneck, 2000). It was
similar to wet deposition (0.36 mmol m�2 yr�1) at a remote
high-altitude site on the eastern slope of the Andes in south-
ern Chile (Galloway et al., 1996), supporting the hypothesis
that NO3

� may have been primarily due to snow deposition.
The NO3

� was unlikely from local NOx emissions (a single,
low usage road) or NO3

� minerals, since there were no re-
ported nitrate-bearing playas or exposed nitrate minerals
in the Andes region. Thus the low NO3

� deposition rate
has reflected limited regional emissions, the modern global
nitrogen budget (Galloway et al., 2004), and the mountain
crest effect because of material scavenging along the moun-
tain slope (Feth et al., 1964). This was consistent with the
minor importance of anthropogenic sulfur pollution in
SO4

2� deposition (discussed above). The NH4
+ deposition

rate (0.19 mmol m�2 yr�1) was the highest of all sites and
was likely the result of the local high-altitude prairie ecosys-
tem with significant animal grazing and possibly the
upwind Amazon plain where there is frequent biomass-
burning activity (Andreae et al., 1988).

To sum up, the T10 site featured the largest insoluble
dust deposition but lowest salt deposition rates among all
sites. The salt ions (except NO3

�) at T10 site mainly origi-
nated from the entrainment of local surface material (like
salt lakes) or the snow deposition with salt components
incorporated. In contrast, low NO3

� and SO4
2� deposition

rates reflected a pristine environment with little anthropogenic
influence, but some delivery of SO2 and NOx emissions
from the Central Valley. Considering the small amounts
of salts at T10 site and the predominant eastward air flows,
the net flux of salts from the Andean altiplano to the
Central Valley should be small.

4.3. Dust deposition rates and composition at the inland sites

T2–T8

The T2–T6 sites were located in the longitudinal depres-
sion (Central Valley) of the Atacama, bounded by the
Coastal Range to the west and the Pre-Andes (separated
by Domeyko Fault system from the Andes Range) to the
east. The rain shadow effects created by these two mountain
ranges make this central region the driest portion of the
desert (<10 mm annual average precipitation), called the
hyper-arid core of the Atacama Desert (Ericksen, 1981).
The T7 and T8 sites were located on the Cordillera de
Domeyko, and the rim of the Atacama basin (Salar de Ata-
cama), respectively. These Pre-Cordillera sites were slightly
wetter than the valley site with �10 mm annual average
precipitation (Houston, 2006). The atmospheric deposition
at these seven inland sites is hypothesized to be impacted by
a mixing of the oceanic and Andean inputs, local entrain-
ment and anthropogenic emissions with essentially no wet
deposition.

4.3.1. The attenuation of oceanic inputs over the Coastal

Range

There was an abrupt decrease in the salt deposition rate
from the T1 to T2 site, reflecting an efficient blocking of
oceanic aerosol salts by the Coastal Range. The NH4

+,
Na+, Cl� and SO4

2� deposition rates at T2 site dropped
by 73%, 87%, 83% and 61%, respectively, relative to those
at T1 site. This was comparable to the 90% attenuation
of sea-salt particles by the 2000 m high coastal mountain
range in Alaska (Shaw, 1991), and consistent with low
Cl� deposition in the lee of the Rocky Mountains in the
US (Junge and Gustafson, 1957). This efficient removal of
oceanic aerosol ions was likely related to scavenging by
wet deposition (fog) and dry deposition of large sea-salt
particles by gravitational settling on the windward side of
the mountains (McDonald et al., 1982) as discussed above.
The deposition rate of Mg2+ decreased by 37%, which
could be doubled to 74%, similar to the decrease in Na+,
Cl� and SO4

2�, if the missing Mg2+ in Trap 1 was due to
aqueous reactions on the trap screen. In contrast, the depo-
sition rates of Ca2+ and NO3

� decreased only by 14% and
17%, respectively. Since most NH4

+, Na+, Cl�, SO4
2�,

Mg2+ and NO3
� salts have similar solubility, the lower

attenuation of Ca2+, NO3
�, and possibly SO4

2�, indicated
there may have been significant sources of these latter ions
other than marine aerosols at the T2 site.

4.3.2. The Andean inputs to the west of the Andes

Rech et al. (2003) suggested that Andean inputs are a
significant source of material in the Central Valley and
Pre-Andes region (T2–T8) but this was not supported by
our data. The T10 site had the lowest ion deposition
rates (except Cl�) among all the nine sites, which were
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specifically lower than at its nearest T8 site by 30–270%,
suggesting small aerosol loadings at T10 site and scanty
material that could be transported out of the Andes. This
was probably because at T10 site, mineral dust from local
entrainment can be quickly gravitationally settled and the
Andean snow does not occur in low-altitude regions (Houston,
2006). Moreover, considering aerosol removal by the
Pre-Andes range and the predominant westerly winds in
the Atacama induced by the “Andean pump” effect, ion
deposition west of the Andes was likely regulated by local
entrainment of salts rather than Andean inputs. Therefore,
though Rech et al. (2003) suggested that the Atacama Ca
and S are a mixture of oceanic and Andean inputs, we
are arguing that the Andean inputs are relatively minor to
the west of the Andes. Indeed, the inland T2–T8 sites could
likely be a source region for the Andean deposition such as
SO4

2� because of the westerly airflow as discussed above.

4.3.3. A comparison with previous research

The geographic location of the T2 site was similar to the
Yungay site studied by Ewing et al. (2006) and a compari-
son of deposition characteristics between the two sites can
give insights into local deposition effects. The Yungay site
is located in a mountain basin to the east of the Coastal
Range, 95 km to the south of the T2 site at a similar altitude
(1276 m versus 1372 m for T2). The ion deposition rates at
Yungay were 1.7–5.9-fold higher than those at T2 site
(Table 2). However, the percentage of soluble/total material
at the Yungay site (37 ± 22%) was similar to that at the T2
site (41.4%). This suggested that the Yungay site was sub-
ject to significantly more local dust deposition compared
to our T2 site. This could not be evaluated, however,
because the insoluble dust accumulation rate was not
published (Ewing et al., 2006). A similar Cl� deficit was ob-
served at Yungay (Cl�/Na+ molar ratio of 0.2 calculated
based on their published data) and T2 (Cl�/Na+ molar ra-
tio of 0.3) sites, revealing acid displacement on NaCl aero-
sols deposited at both sites (discussed above). The NH4

+

deposition rate was similarly low at Yungay and T2, while
the difference in the NO3

� deposition rate by 5.9-fold be-
tween the two sites likely reflects the difference in total dust
deposition. The Yungay’s Ca2+/SO4

2� molar ratio was only
0.32 compared to 0.96 at T2. Considering the ions at Yungay
site were far from being charge balanced, it was difficult to
infer the meaning of Ca2+/SO4

2�, which also limits a further
comparison of the other ions between the two sites.

4.3.4. The impact of local entrainment and anthropogenic

emissions at T2–T8 sites

After an abrupt decline in the Na+ or Cl� deposition
rate from T1 to T2 site, these rates were relatively constant
at T2–T8 sites. There was no clear trend of the Na+ depo-
sition rate with distance from the ocean, suggesting that
Na+ at T2–T8 sites was not exclusively from the oceanic in-
puts, but subject to some other sources. Though the most
important source of inland Cl� deposition may have been
sea-salt, there are also salt playas containing chloride
deposits (Stoertz and Ericksen, 1974). For example, the rel-
atively high Na+ and Cl� deposition rates at the T8 site
could be explained by eolian input from the nearby Salar
de Atacama, the largest NaCl-type salt playa in Chile, while
the second-highest Na+ deposition rates at T5 site was
likely attributed to the influence of Salar de Pampa Blanca
(7.5 km to the southwest) that is rich in NaCl (Stoertz and
Ericksen, 1974). The Cl�/Na+ molar ratios at the T2–T8
sites were in the range of 0.2–0.7, indicating a chloride def-
icit relative to NaCl at these valley sites, which could be due
to displacement by atmospheric acids and/or the enrich-
ment of Na+. The Na+/(Cl� + NO3

�) molar ratios of
0.94–1.26 approximated to 1 (Table 2), which supported
the mechanism of Cl� displacement by nitric acid or the
enrichment of Na+ in the form of NaNO3. We argue that
the displacement reactions were more important, based
on the common absence of NaNO3 in the surface soil and
on isotopic evidence (see detailed discussion below).

The NO3
� deposition rate was relatively consistent in the

range of 2.0–4.8 mmol m�2 yr�1 at T2–T8 sites. This was
comparable to 17 mmol m�2 yr�1 if corrected by the sev-
eral-fold higher total dust deposition at Yungay site. The
NO3

� deposition inland (T3, T5 and T6 sites) exceeded that
of T1 and T2 sites (closest to the coastal urban regions),
which could not be completely explained by the coastal
anthropogenic inputs. Local entrainment of surface mate-
rial may have also contributed to the trap NO3

� deposition.
Though there was a lack of NO3

� in the upper 10 cm of
most Atacama soil (preliminary data), there are many
abandoned nitrate mines that have exposed subsurface ni-
trate minerals that could be sources of atmospheric nitrate.
If true, then this would be most evident at the T5 site that
was located in the Sierra Gorda nitrate works (Ericksen,
1981) and near the Salar de Pampa Blanca that has surface
crusts containing NaNO3 (Stoertz and Ericksen, 1974).
However, isotopic evidence seemed to refute this explana-
tion, though the T5 had the highest NO3

� concentration
among the nine sites. Modern secondary atmospheric
NO3

� had D17O values of 20–32&, and the T5 site had trap
NO3

� D17O values of 25.6&, within ±0.7& of the D17O val-
ues at the T2–T8 sites. The Atacama surface NO3

�, on the
other hand, had D17O values between 15& and 21& signif-
icantly lower than the traps values (Michalski et al., 2004).
The consistently high NO3

� D17O values in the T2–T8 trap
samples and the absence of a lower D17O values in T5 trap
NO3

� suggested that soil NO3
� entrainment was minimal.

The T3 and T5 sites, with the highest NO3
� deposition, were

�2 km away from major roads, while T6 site was 40 km
away from the city of Calama, both of which emitted signif-
icant amounts of NOx. This suggested that although we
tried to minimize the potential anthropogenic influence at
our sites, there were still significant anthropogenic activities
across the Atacama that impact NO3

� deposition. This was
supported by relatively lower NO3

� deposition at T7 and T8
sites, which are furthest from road and city NOx sources.

The Ca2+ and SO4
2� deposition rates were relatively con-

sistent at T2–T8 sites (Table 2) with the Ca2+/SO4
2� molar

ratio of 0.91 ± 0.12. The comparable concentrations of
Ca2+ and SO4

2� suggested the deposition of CaSO4 (anhy-
drite) or CaSO4�2H2O (gypsum) minerals as dust. These
minerals may have been sourced from local soil entrain-
ment considering they are widespread on the surface of
Atacama soils and usually occur just below surface clasts
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forming large polygonal surface structures (chuca layer)
(Ericksen, 1981; Rech et al., 2003). These surface minerals
are susceptible to wind erosion and disturbance by off-road
vehicles and surface mining (field observation), which
would enhance regional entrainment CaSO4.

That surface gypsum may have been the dominant
source of SO4

2� at the T2–T8 sites was somewhat surprising
given the amount of anthropogenic SO4

2� emissions along
the trap gradient (Table 4). In the Antofagasta region,
which encompasses the traps, the total SO2 emissions were
3.8 � 109 mol yr�1 and were dominated by the Chuquica-
mata copper smelter, the largest open-pit copper mine in
the world, while NOx (x = 1.5) emissions were �9.4 � 109

mol yr�1. Given a 1.5-fold higher SO2 emission rate relative
to NOx in the Antofagasta region and assuming equal pro-
portions of NOx and SO2 were converted to NO3

� and
SO4

2�, we would expect four times as much SO4
2� relative

to NO3
�. Yet the molar ratio was only 1.2 ± 0.3. Thus it ap-

peared that at least 75% of secondary aerosol SO4
2� was not

being deposited in the traps. Even this is a low estimate gi-
ven that the Ca2+/SO4

2� molar ratio indicated much of the
SO4

2� was local gypsum dust.
This low anthropogenic SO4

2� deposition in the Central
Valley could arise from several reasons. The chemical con-
version of SO2 into SO4

2� was considerably slower than the
oxidization of NOx to NO3

� (Seinfeld and Pandis, 2006).
Therefore, transport of SO2 out of the basin may have oc-
curred faster than SO4

2� production. This could be facili-
tated by the “Andean pump” effect which draws SO2

eastward into the free troposphere. SO2 oxidation may have
also been hindered by the near absence of boundary layer
clouds at T2–T8 sites. In the absence of clouds, the oxida-
tion of SO2 via OH radical in the gas phase (SO2 +
OH + M(N2, O2)! HOSO2 + M) is the only effective sul-
fate production pathway. The chemical lifetime (s) of SO2

would then be approximately: 1/s = k[OH] where k was
the effective second-order rate constant (4.1 � 10�13

cm3 molecule�1 s�1 at 300 K at 2400 m) and [OH] was as-
sumed to be 1 � 106 molecules cm�3 (Lee et al., 1990;
Seinfeld and Pandis, 2006). This yielded a chemical lifetime
of s = �28 days, sufficiently long for the transport of SO2

out of the basin before its conversion to SO4
2� and subse-

quent deposition. In contrast, the apparent higher fraction
of anthropogenic SO4

2� at T1 (and T10) may have been due
to aqueous SO2 oxidation in the frequent fogs (clouds),
which would decrease the chemical lifetime of SO2 and
result in more NSS SO4

2� deposition along the coast.
Despite the overall relatively low SO4

2� deposition rate,
the importance of proximity of the anthropogenic sulfur
sources for SO4

2� deposition, could be detected near the
Chuquicamata smelter. The T6 trap, nearest to the Chuqu-
icamata smelter (�50 km to the north), had the highest
SO4

2� deposition rate among T2–T8 sites with the Ca2+/
SO4

2� and Na+/(Cl� + NO3
�) molar ratios of 0.8 and 1.3,

respectively. This suggested the existence of anthropogenic
SO4

2� that could account for the chloride deficit. However,
the SO4

2� deposition at T6 site exceeded that of other inland
sites by only 0.31–1.35 mmol m�2 yr�1, indicating that even
at T6 site the deposition of local anthropogenic SO4

2� was
limited. This was probably because the Chuquicamata
smelter is located to the north of our trap array and the
prevailing eastward wind (Rutllant et al., 2013) may have
restricted the transport of SO2 and SO4

2� southward to
our traps. Overall, the contribution of anthropogenic
SO4

2� inputs to the T2–T8 sites did not appear to be the
main SO4

2� source, rather it is surface gypsum/anhydrite
dust.

The Mg2+ deposition rate logarithmically declined with
the distance from T1 to T10 site: R[Mg2+] = �0.25 � ln
(distance) + 1.79 (R2 = 0.94). This was consistent with
models and observations that showed oceanic aerosol depo-
sition decreasing exponentially with increasing distance
from the ocean (Slinn et al., 1982). This suggested that
Mg2+ at these nine sites was of oceanic origin, mainly sea-
water Mg2+. In contrast, the K+ deposition rate had
abruptly dropped from T1 to T2 site and then varied
among T2–T8 sites (0.31 ± 0.13%). This could probably
be explained by that K+ comes more easily from crustal
dust and biogenic sources than Mg2+ (Hoffman et al.,
1974; Buat-Ménard, 1983; Andreae, 1983).

Surface type may have influenced atmospheric
deposition at T2–T8 sites because of the local entrainment
of surface material. Entrainment of surface material usually
has a short residence time because of the rapid gravitational
settlement of larger aerosols near the source, and thus the
local surface is an important source of dust deposition.
The development of desert pavements and/or gypsum
crusts, both common in desert regions, can protect the
underlying soil profile from wind erosion, and are key fac-
tors controlling the degree of local entrainment (Qu et al.,
2001; Goudie and Middleton, 2006). The T8 site had the
largest bulk dust deposition rate of 9.7 g m�2 yr�1 among
the seven inland sites. This site had no desert pavements,
but rather windy conditions and NaCl crusts. Similarly,
sparse desert pavements and disturbed surfaces at T5 site
may have contributed to the observed high deposition rate
of bulk dust (9.6 g m�2 yr�1) and certain ions, like Ca2+

and SO4
2�. Conversely, the T7 site, which contained dense

stone desert pavements, had the lowest bulk dust and salt
deposition rates of the sites studied: 5.0 and 2.2 g m�2 yr�1,
respectively. Vegetation can be effective in protecting soil
from wind erosion like stone pavements by binding the soil
particles (Wolfe and Nickling, 1993) and its emissions and/
or decomposition may also impact the soil property and
even the regional deposition. Among T2–T8 sites, T6 was
the only site with seasonal shrubs, whose presence may
have explained why this site had a relatively low bulk dust
deposition rate but the highest ammonium deposition rates
among the seven inland sites.

4.4. Atmospheric NO3
� isotope variations

The observed d15N of the trap NO3
� varied from 1.5& to

10.6&, which may have reflected shifts in the NOx sources.
Different anthropogenic and natural sources of NOx have
distinctive d15N signatures (Heaton, 1986; Elliott et al.,
2007). For example, d15N values of NOx from coal-fired
EGUs range from +9.0& to +12.6& (Felix et al., 2012),
while vehicle NOx exhausts have d15N values in the range
of +3.7& to +5.7& (Moore, 1977; Ammann et al., 1999;
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Pearson et al., 2000) with significantly lower d15N values
from �13& to +2& also reported (Heaton, 1990). In com-
parison to natural NOx, d15N values of NOx produced by
lightning and biogenic emissions range from 0& to +2&

(Hoering, 1957), and from �20& to �49& (Li and Wang,
2008), respectively. A d15N analysis of NO3

� in a 300 year-
old Greenland ice core indicated that biomass burning
can induce high d15N values of NOx (+14.3&) while fossil
fuel burning is associated with negative d15N values
(Hastings et al., 2009). These distinguishable d15N signa-
tures of NOx can then be imprinted on atmospheric NO3

�

via the transfer of N atoms during the oxidation of NOx

to NO3
� and the small N isotopic fractionation associated

with this oxidation (Freyer, 1991). Because the trap NO3
�

was deposited over a 2.5-year period, any d15N changes
arising from seasonal shifts in NOx chemistry or sources
should have been eliminated. Therefore, d15N values of
NO3

� in the traps should reflect the d15N of the NOx sources
that produced the NO3

�.
The observed d15N values of the trap NO3

� varied
depending on the trap location, which can help resolve
the sources of NO3

� found in the dust traps. At T1 site,
the NO3

� d15N was +8.5& (Fig. 4), slightly lower than
the d15N values of coal-fired EGU-derived NOx (Felix
et al., 2012). This supported our previous prediction that
T1 trap NO3

� was mainly derived from coastal power plant
NOx emissions and port activities whose NOx d15N
signatures should be similar since they burn similar fuels
(Table 3), but also due to natural sources (i.e. lightning,
biogenic emissions and biomass burning) that typically pos-
sess lower d15N signatures. The NO3

� d15N value of
+7.1 ± 0.6& at T2 site was similar to that at T1 site, also
indicating that the collected NO3

� was still primarily NOx

transported inland from nearby coastal power plants. There
was a decrease in the NO3

� d15N values from T3 to T8 sites.
This suggested a shift in NOx/NO3

� sources away from
EGU’s to mobile NOx sources associated with the city of
Calama and the Chilean central highway. The NO3

� d15N
of +10.6 ± 0.2& at T10 was close to the NO3

� d15N values
for preindustrial ice core NO3

� (Hastings et al., 2009), sug-
gesting a minor anthropogenic imprint at T10 site and pos-
sibly a significant amount of NOx from biomass burning on
the altiplano or the Amazon Plain to the east.

The concurrent analysis of stable oxygen isotopes (16O,
17O and 18O) can be indicative of atmospheric chemistry
that transforms NOx into NO3

� and can help constrain
sources of NO3

� along the trap array. For the majority of
the processes on Earth, the abundances of the three differ-
ent oxygen isotopes depend on the relative isotope mass dif-
ferences. This is termed as “mass-dependent fractionation”

and follows the rule in d17O–0.52�d18O (Thiemens, 2006).
However, deviations from mass-dependent fractionation
have been observed in photochemically produced NO3

� that
can be quantified by D17O = d17O � 0.52 d18O (Thiemens,
1999; Miller, 2002). Limited measurements have indicated
the D17O of modern atmospheric NO3

� in the range of
20–33& in non-polar regions (e.g. Michalski et al., 2003;
Morin et al., 2009; Costa et al., 2011). The magnitude of
the NO3

� D17O value is a function of the D17O of ozone
(the main NOx oxidant), the amount of NO oxidized by
O3, and the relative importance of three major pathways
of nitric acid production in the atmosphere: the third body
mediated OH oxidation of NO2, heterogeneous hydrolysis
of N2O5 on wet aerosol surfaces, and hydrogen abstraction
by NO3 radicals (Michalski et al., 2003, 2011; Alexander
et al., 2009). Thus, changes in NO3

� D17O values can be re-
lated to atmospheric N chemistry regarding NOx oxidation.

The NO3
� D17O values differed significantly between T1

and T10 sites (27.8& and 24.0&, respectively), but were rel-
atively consistent across the remainder sites, ranging from
25.8 ± 0.5&. The NO3

� D17O value (27.8&) in the T1 trap
was the highest among the nine sites. This was likely be-
cause of an increase of the heterogeneous N2O5 pathway
(N2O5 + H2O + surface! 2HNO3), which had a higher
contribution of oxidation by ozone leading to higher
NO3

� D17O values (Michalski et al., 2003, 2011). The en-
hanced N2O5 pathway was probably because of high aero-
sol surface area from the coastal fogs and high amount of
sea-salt aerosols (evidenced by the high salt load in the
T1 trap). The limited amount of sunlight caused by thick
stratus cloud decks and cool temperature from Peru Cur-
rent’s coastal upwelling may have also been a factor. The
NO3

� D17O values at T2–T8 sites were significantly lower
than at T1 site (p < 0.01). This was likely the result of a
decrease in the importance of the N2O5 pathway because
of a lower number density of sea-salt and fog particles
and the penetration of increased sunlight that promotes
the OH oxidation pathway. The T10 site had the lowest
NO3

� D17O value most likely due to the small amount of
NOx and clean air at this altitude. It is improbable that
the midrange D17O values at T2–T8 sites were the result
of the mixing of the high D17O NO3

� from the coastal re-
gions and the low D17O values of NO3

� from the Andes,
since that would require �80% contribution from the An-
dean NO3

� which was unlikely given the Andean site has
by far the lowest NO3

� deposition rate.

5. CONCLUSIONS

A west–east array of nine dust traps were analyzed to
investigate the characteristics and spatial variations of
modern atmospheric deposition across the Atacama. The
coastal trap (T1) had the second-highest insoluble particle
deposition rate, perhaps due to the surrounding mountain
ranges, and the largest amount of soluble salts that were
dominated by Na+, Cl�, Ca2+ and SO4

2� ions, mainly from
oceanic inputs including seawater droplets, calcium carbon-
ate mineral and dimethyl sulfide emissions. The T10 trap
was located on the Andean altiplano and likely susceptible
to the weathering material from the Andes, leading to its
highest insoluble particle deposition rate. The soluble salt
deposition rates at T10 site were relatively low due to the
minimal delivery of oceanic material and anthropogenic
influence. Instead, the soluble salt ions at T10 site were
mainly ascribed to the local entrainment of surrounding sal-
ars and snow deposition. There were relatively consistent
insoluble mineral particle and soluble salt deposition rates
among T2–T8 sites. While oceanic aerosols were greatly
attenuated because of the blockage of the coastal mountain
ranges, they still accounted for the main source of “new
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material” to the interior, i.e. net accumulation. The Andes,
on the other hand, had limited importance on atmospheric
material deposited in the inland regions to the west. Local
entrainment and secondary aerosols then accounted for
most of the material at T2–T8 sites and the majority of
gross accumulation in the Central Valley. The NO3

� d15N
and D17O indicated the shifts in NOx sources from the
coastal power plants to the road activity emissions at inland
sites. In addition, the NO3

� chemistry experienced decreas-
ing contributions of the N2O5 pathway from west to east.
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Rutllant J., Muñoz R. and Garreaud R. (2013) Meteorological
observations on the northern Chilean coast during VOCALS-
REx. Atmos. Chem. Phys. 13, 3409–3422.

Ryerson T., Buhr M., Frost G., Goldan P., Holloway J., Hübler
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