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In the past few years, it has become increasingly apparent
that perchlorate (Cl0,”) is present on all continents, except the
polar regions where it had not yet been assessed, and that

it may have a significant natural source. Here, we report on the
discovery of perchlorate in soil and ice from several Antarctic
Dry Valleys (ADVs) where concentrations reach up to 1100 ug/
kg. Inthe driest ADV, perchlorate correlates with atmospherically
deposited nitrate. Far from anthropogenic activity, ADV
perchlorate provides unambiguous evidence that natural
perchlorate is ubiquitous on Earth. The discovery has significant
implications for the origin of perchlorate, its global biogeochemical
interactions, and possible interactions with the polar ice
sheets. The results support the hypotheses that perchlorate is
produced globally and continuously in the Earth’s atmosphere,
that it typically accumulates in hyperarid areas, and that it does
not build up in oceans or other wet environments most likely
because of microbial reduction on a global scale.

Introduction

Contributions of anthropogenic and natural processes to
terrestrial sources of perchlorate (ClO,") and its effects have
been the subject of numerous investigations over the past
several decades (I1—4). In the past few years, it has become
increasingly apparent that perchlorate is present on all
continents, except the polar regions where it had not yet
been assessed, and that it may have a significant natural
source (5, 6). Widespread use of perchlorate salts in a variety
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of products, including solid rocket propellants, pyrotechnics,
explosives, paint production, batteries, lubricants, automotive
air bag systems, and as a byproduct of pulp processing (1, 2, 5),
has also resulted in its release to aquifers and soils in
populated areas and has increased concerns as to its effects
on human health (4).

Naturally occurring ClO,” has been identified in the
stratosphere and locally in mineral deposits in several arid
locations (7—12). The largest accumulation, known since the
1800s, is in the nitrate deposits of the Atacama Desert in
Chile (7, 8). It has also been reported in Death Valley,
California (9), in potash deposits of Saskatchewan (Canada)
and Bolivian playas (10), in geological formations in the
Mission Valley Eocene deposits in San Diego, California (5),
and in prehistoric aquifers of Texas and New Mexico (11, 12).

Several mechanisms have been proposed for the formation
of natural perchlorate: photochemically in the atmosphere
(11—15), on chloride-coated mineral surfaces as the end-
product of photochemical reactions of chlorine precursors
such as hypochlorite, chlorite, and chlorate upon exposure
to ultraviolet (UV) radiation (I6), by ozone oxidation of
chloride in aqueous and dry systems (17), and by electrical
discharge (6). Although the exact mechanism is not known,
isotopic analysis demonstrates a stratospheric origin of the
ClO,™ in the Atacama Desert (15, 18—20). Consequently, it
is likely that perchlorate is produced globally in the strato-
sphere and deposited everywhere but accumulates only in
arid locations because of its high aqueous solubility. Wide-
spread atmospheric deposition is also supported by the
presence of trace levels of ClO, ™ in rainwater across the entire
North American continent (21).

In the summer of 2008, NASA’s Phoenix Lander found
that the soil on Mars contained 0.6 wt % perchlorate (22, 23).
Thislevel of natural ClO,~ israrely attained on Earth; however,
even though average concentrations in nitrate ore from the
Atacama Desert contain 0.03 wt % ClO,~, concentrations as
high as ~0.6 wt % have been measured (7, 8). With increasing
evidence, the implication for Mars and Earth appears to be
that given enough time, an appropriate environment, and a
source of chlorine, perchlorate will accumulate.

The Antarctic Dry Valleys (ADV) are the largest ice-free
expanse on continental Antarctica, encompassing an area of
~4800 km?. The arid conditions of the ADV are due to the
blocked flow of ice from the Polar Plateau by the Transan-
tarctic Mountains and a lack of any significant precipitation.
Figure 1 shows a view of a portion of the upper elevation
Beacon Valley. The mean annual temperatures in the valleys
are about —20 °C in the lower valleys (<1000 m elevation;
Taylor, Wright, Victoria) to about —33 °C in the upper valleys
(Beacon, University). The lower valleys can reach temper-
atures of 10 °C during the summer months and are relatively
less arid with intermittent flowing meltwater streams. In the
lower reaches of the coastal valleys, the permafrost is wet in
the summer with an active zone (i.e., depth of moisture-
related shrinkage or expansion over the seasons) of ~50 cm.
However, in the higher elevation (~1600 m) Beacon and
University Valleys, conditions are so cold (<0 °C) and moisture
levels so low that dry permafrost (i.e., subfreezing uncon-
solidated soil) overlays ice-cemented ground throughout the
year (24).

Here, we report on the discovery of perchlorate in soil
and ice from several ADVs. Isolated from direct anthropogenic
activity, ADV perchlorate provides unambiguous evidence
that natural perchlorate is ubiquitous on Earth, produced
globally and continuously in the Earth’s atmosphere, and
typically found in hyperarid areas or other locations where
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FIGURE 1. View of Beacon Valley, an ice-free sampling area in
the Antarctic Dry Valleys, located at an altitude of ~1400 m.
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FIGURE 2. Soil pit #7 in University Valley, where samples were
obtained, is a typical pit for a high-elevation dry valley.
Because of extreme aridity and the predominance of Fe-rich
dolerite and sandstone in the valley walls, the soil has a
reddish cast and sandy loam consistency.

it has not been removed by leaching or bioreduction. The
discovery has significant implications for the origin of
perchlorate, its global biogeochemical interactions, and
possible interactions with the polar ice sheets.

Experimental Section

Sampling. Soil samples were collected during the 2007—2008
field season from pits dug in all three of the microclimate
zones of the Antarctic Dry Valleys, subxerous (wetter coastal),
xerous (inland), and ultraxerous (highlands), where these
terms describe increasing aridity (25). A typical pit for a high-
elevation dry valley is shown in Figure 2. Samples of ~1 kg
each (~500 g for Upper Wright Valley) were collected from
a total of 10 pits from every distinctly identifiable horizon
down to and including the ice-cemented soil. Table 1
summarizes the latitude, longitude, and elevation of all 10
pits. It also includes the depth to the ice-cemented soil and
number of soil horizons sampled. All soil samples were
maintained at —20 °C and shipped to our laboratories for
analysis.

Analysis. Soil samples were homogenized by pulverizing
with a mortar and pestle. A 1:5 weight ratio of soil to water
was used for extraction of soluble species. Three grams of
each soil was aliquoted and 1 g was placed in three separate
10 mL glass vials with 5 mL of 18.0 MQ2 cm deionized water.
The vials were capped, shaken for 30 s, and leached at room
temperature for 23 h. Each solution was filtered once using
a 0.2 ym filter. Ion chromatography was used to measure
ClO, in the leached solution. Analysis was preformed on a

DionexICS-2000 Reagent Free IC using a 100 4L sample loop,
an IonPac AG16 guard column (4 x 50 mm L.D.), an IonPac
AS16 analytical column with 35 mM potassium hydroxide at
a flow rate of 1.25 mL/min, an anion self-generating
suppressor 300 (4 mm) with a suppression current of 200
mA, and a DS6 heated conductivity cell. Samples were run
undiluted in triplicate. The method detection limit (MDL)
for Cl1O,™ was 5 ug/L in the leachate or 25 ug/kg (dry weight)
in the soil. Additional analysis of other common anionic
species (Cl~,NO;~, and SO,*") was preformed using the same
procedure as for the ClO,~ but with a 1:25 weight ratio of soil
to water for the extraction of soluble species. The same Dionex
ICS-2000 Reagent Free IC was used with a 25 uL.sample loop,
an IonPac AG18 guard column, an IonPac AS18 analytical
column with 23 mM potassium hydroxide at a flow rate of
1.0 mL/min, an anion self-generating suppressor 300 (4 mm)
set as a suppression current of 59 mA, and a DS6 heated
conductivity cell. Samples were diluted 100-fold and run in
triplicate.

To ensure the aliquot of soil analyzed was representative
of the whole sample collected, we homogenized the soil prior
to leaching. Three aliquots of soil were individually leached
and run in triplicate through the IC on separate days. Thus,
accuracy and precision standard deviations were calculated
along with the average perchlorate values. A new set of
calibration standards were run at the start of each day along
with quality control blanks (solutions of Nanopure 18 mQ/
cm water containing no perchlorate) at the start of each run,
between the calibration and the soil samples, and in between
different soil samples to ensure no perchlorate cross over
between standards or samples.

There was no internal standard utilized in this analysis.
The Dionex column utilized (IonPac AS16) for perchlorate
analysis was chosen specifically for its ability to separate
perchlorate from other interfering ions. Likewise, a program
was created specifically for this analysis, which allowed for
agap of approximately eight minutes between the previously
eluted ion and the perchlorate ion.

Results and Discussion

Perchlorate was found to be present in all soil horizons, from
the pavement to the ice-cemented soil, in all the samples
from University and Beacon Valleys. The concentration of
ClO,™ in these soils ranged from 31 to 630 ug/kg in University
Valley and 167 to 575 ug/kg in Beacon Valley. Figure 3 shows
the perchlorate versus depth profile for the University and
Beacon Valley soils. The depth profiles indicate a decrease
in the concentration of ClO,~ with depth below the surface
pavement level, suggesting a surface depositional process.

While ClO,~ was ubiquitous in the higher elevation
ultraxerous zone, this was not the case for the lower elevation,
xerous, and subxerous microclimate zones. Perchlorate was
<25 ug/kg (MDL) in the Wright Valley pit and was only
detected in one soil horizon from one pit dug in Victoria
Valley at a concentration of 62 ug/kg. In Taylor Valley,
perchlorate was present in 6 of the 23 sampled soil horizons
butwith no regular or discernible pattern. The concentrations
were highly variable in this valley, ranging from the MDL to
as high as 1100 ug/kg. The horizon containing this high
concentration was between 9—12 cm in depth, sandwiched
between two visible oxidized horizons, and composed of lithic
fragments, perhaps a buried pavement. The observed
distribution of ClO,~ in these lower valleys is in keeping with
the expectation that more frequent episodic wetting events
will have mobilized portions of a relatively regular or
homogeneous distribution, creating a “spotty” pattern in
vertical and horizontal directions.

The presence of a continuous profile of perchlorate in all
soil horizons of the ultraxerous zone valleys is the result of
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TABLE 1. Description of Samples Collected

valley pit number latitude longitude elevation (m)  depth to Ice table (cm) number of soil horizons
subxerous (coastal)
Lower Taylor 1 77°36706.1”S  163°08719.2' E 21+5.5 28 5
Lower Taylor 2 77°36706.1”S  163°08719.6" E 21+5.5 28 8
Lower Taylor 4 77°35”59.9’S  163°08700.4’ E 41+ 4.9 29 5
Lower Taylor 3 77°35743.8°S  163°07723.4'E 108 £ 5.5 34 6
xerous (inland)
Upper Wright 13 77°30745.9° S 161°09”17.6' E 182 +5.9 23 4b
Middle Victoria 8 77°22728.9°S  161°48729.9' E 357 +£5.8 19 5
Middle Victoria 7 77°22705.3’ S 161°48”56.5" E 394 +5.2 27 5°
ultraxerous (highlands)
Lower Beacon 11 77°49729.1" S  160°38”34.1"E 1209+ 6.4 >75° 52
Middle Beacon 20 77°49749.5’S  160°38”58.8'E 1240+ 5.6 20 5
University 7 77°51743.6’S  160°42”23.8'E 1683 +£5.9 34 5
University 10 77°51”52.9’ S 160°43740.2’E 1703 £5.5 19 4

?The ice table was never reached. ® The top (pavement) level soil horizon was not included because of insufficient

homogeneity.
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FIGURE 3. Depth profile for perchlorate in the ultraxerous soils
from University and Beacon Valleys.

the hyper-arid conditions, which prevent the long-range
aqueous migration of this highly soluble salt. In contrast, its
lack of detection at concentrations >25 ug/kg (the MDL) in
the soils of the xerous and subxerous zones is most likely due
to the moderate climate present in these valleys. The higher
temperatures and thus the presence of liquid water could
facilitate transport of ClO,” to inaccessible locations or
eventually to the ocean. It is also possible that the CIO,™ is
being utilized by perchlorate-reducing bacteria and ending
up as chloride. However, most of these bacteria will
preferentially reduce nitrate rather than perchlorate, unless
anaerobic conditions are present, which is not likely in the
shallow soil column (26, 27).

If both perchlorate and chloride are atmospherically
deposited, we would expect their concentrations to be
correlated in proportion to their deposition fluxes. In the
ultraxerous zone, chloride was present in all soil horizons
ranging from 166 to 994 mg/kgin University Valley and from
774 to 1886 mg/kg in Beacon Valley. As shown in Figure 4,
the two ions are highly correlated in University (R? = 0.98)
and Beacon (R? = 0.94) Valley. This correlation between
perchlorate and chloride reinforces the idea of a common
depositional and evapoconcentrated source. In the xerous
and subxerous zones, the chloride levels were an order of
magnitude higher with no apparent correlation to perchlorate
(R2=0.03). This is most likely due to the inconsistent presence
of ClO4~ in the wetter zones and also the variable contribution
of chloride to these zones from marine aerosols.

Additional evidence for atmospheric production of C1O,~
in the ultraxerous areas is its corresponding profile with that
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FIGURE 4. Correlation between perchlorate and chloride in soil
samples from the ultraxerous zones.
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FIGURE 5. Correlation between perchlorate and nitrate in soil
samples from the ultraxerous zones.

for nitrate, another anion known for its atmospheric pro-
duction in the form of nitric acid aerosols (28), and its
stratospheric origin in the ADVs from isotopic studies (29).
Nitrate in the ultraxerous zone, like chloride and perchlorate,
is present in all soil horizons, ranging from 695 to 4488 mg/
kgin University Valley and from 712 to 4377 mg/kg in Beacon
Valley. As shown in Figure 5, nitrate correlates highly with
perchlorate in University (R* = 0.82) and Beacon (R = 0.96)
Valleys. As with chloride, no correlation was found between
perchlorate and nitrate in the xerous and subxerous zones.
The decreasing concentration of ClO,~ from hyperarid valleys
to areas with more moisture in the Antarctic demonstrates the



strong influence of a lack of water for the retention of ClO,~,
while the correlation of ClO,~ with atmospherically deposited
NO;~ (29) suggests an atmospheric source for ClO, .

The large mass ratio of NO;/ClO,~ production ~10000/1
in the ADVs is consistent with modeled atmospheric sources.
A recent photochemical model of fluxes of NO;~ and CIO,~
over the Atacama Desert suggests a NO; /ClO, ™ flux ratio of
~1000/1, although this ratio is highly dependent upon poorly
known rates of reactions that produce higher molecular
weight chlorine oxides (ClO,) (30). Thus, the difference of
the Antarctic ratio with this model could be simply due to
overestimated perchlorate production in the photochemical
model or a smaller source of volatile chlorine in the
troposphere over the Antarctic highlands compared to
the Atacama Desert. These ratios can also be compared to
the mass ratios found in precipitation 60000/1 (21) and in
unsaturated zones 24000/1 (31), across and in the southwest
of the United States, respectively. All these ratios may have
errors of +50%, but even taken at face value, their differences
most likely reflect the differences in the environment and its
effects on persistence of the perchlorate.

The potential widespread presence of perchlorate, not
only in the ADVs, but on the broader extent of the polar ice
sheet is suggested by two additional findings: (1) a surface
sample from Battleship Promontory at the northern extreme
of the ADVs (~100 km north of Beacon Valley) containing
~110 ug/kg ClO4~, and (2) an analysis of the sawdust from
the Mars meteorite EETA79001 (collected during a 1979
Antarctic expedition in Elephant Moraine, ~200 km north of
Beacon Valley) also showed the presence of ~400 ug/kg ClO, ™.
However, the perchlorate leached from this meteorite may
originate from either Mars or from the ice that may have
melted around the meteorite while sitting on the ice surface.
Future analyses will determine its provenance, but if it is
from absorbed melted terrestrial water, it suggests that C1O,~
isindeed widespread in the south polar ice cap at significant
concentrations. If the ClO,™ is from Mars, it would suggest
that ClO,~ is widespread on Mars, either way a tantalizing
conclusion.

Combining the present results for the ADV with recent
reports for the Arctic and the continental United States,
provides an emerging picture of global perchlorate deposi-
tion, extent, and persistence in the ADV. The annual
deposition of ClO,~ across North America has been reported
as 5.1 x 10* kg (21), or for a total land area of 9.5 x 10° km?,
about 5.3 x 1072 kg/km?/yr. For the arctic (between 65°N
and 90°N) an estimated 4.4 x 10* kg was deposited per year
(32), or for a total area of 2.4 x 107 km?, about 1.8 x 1073
kg/km?/yr. Taking ~3.6 x 1073 kg/km?/yr as a plausable
estimate for the average global flux of perchlorate, gives us
an annual deposition of ~5.0 x 10* kg of perchlorate for the
Antarctic continent. If we use this value (= 40 ng/cm?/yr) to
calculate the total amount of ClIO,~ ina 1 cm? x 35 cm deep
section of soil in University Valley (Figure 3) representing
the accumulation of C1O,™ in the soil above the ice table, we
obtain an integrated accumulation period of ~7 million years.
This age is similar to that reported for the ice table in a pit
in upper Beacon Valley that has been dated at ~8 million
years using *He/?'Ne cosmogenic dating of surface boulders
and laser fusion “°Ar/*Ar radiometric dating of surface ash
fall deposits (33).

In conclusion, the results presented here support an
emerging paradigm for the global presence of natural
perchlorate on the Earth. These and previous results support
the hypothesis that ClO,™ is globally formed in the atmo-
sphere, but that the surviving deposits are restricted to
hyperarid environments and that elsewhere C10,~ must have
along-term sink. For example, by using the above estimated
global flux of perchlorate ~3.6 x 102 kg/km?/yr, the oceans
would accumulate ClO,~ at a rate of 1.8 pg/L/yr. Given the

measured seawater concentration of between the MDL ~0.09
to <0.1 ug/L (34), all oceanic ClO,~ must be lost on a time
scale of ~5 x 10* years or less. Because aqueous ClO,4~ is very
inert inorganically (3), we hypothesize that its lack of
accumulation in the ocean or global ground waters may be
attributable to microbial conversion to chloride in areas of
low nitrate or anaerobic zones (35—37). Perchlorate provides
an ideal electron acceptor for microbial utilization under
anoxic conditions where it is reduced to chloride (4). Close
to 100 strains of dissimilatory (per)chlorate reducing bacteria
(DPRB) have been isolated from a variety of environments
(4, 36). Interestingly, two genera of bacteria have been isolated
and identified in pristine sediment and water from Lake
Fryxell and Lake Hoare in the lower ADV (38).

Another possible implication for the presence of C1O,~ in
various ice caps is the ability of perchlorate salts to
significantly suppress the freezing point of water. The alkaline
earth salts of ClO,~ have eutectic points that can form brines
and depress the freezing point of water to as low as —70 °C
(39). It is a plausible hypothesis that continuous deposition
of ClO,~ on polar ice sheets over tens of millions of years
(e.g., Antarctica and Greenland) could result in the concen-
tration of its salts in the basal ice layers. The question then
arises as to whether such accumulations would be sufficient
to lower the melting point at certain locations under the ice
cap, form lubricating brines, and possibly contribute to an
increased rate of movement of the ice sheet that is currently
not taken into account by ice flow models? Even though the
answer to this question will have to await measurement of
basal ice ClO,, recent calculations for the north polar cap
of Mars suggest that in that case there is enough ClO4~ in the
ice cap to generate a lubricating brine and facilitate its flow
(40). On the Martian polar caps, however, the soil dust loads
are higher and the CIO,” is also present at a higher
concentration. Thus, the effect may be more significant on
Mars than on Earth.

The discovery of perchlorate in Antarctica has significant
implications for its origin, global biogeochemistry, and possible
interactions with the polar ice sheets. The ADVs provide an
ideal set of environments to better understand the deposition
and distribution of perchlorate. Free of any local anthropogenic
source of perchlorate, they range from the high-elevation valleys
with no precipitation with subfreezing average temperatures
to the coastal valleys with precipitation and flowing streams
during the summer months. Further sampling and analysis of
perchlorate is needed to determine its extent on the ice caps,
global distribution, interactions with terrestrial ecosystems, and
isotope systematics for tracing its atmospheric formation
pathways.
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