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Perchlorate (CIO,) and chlorate (ClO;) are ubiquitous on Earth and ClO, has also been found on
Mars. These species can play important roles in geochemical processes such as oxidation of organic
matter and as biological electron acceptors, and are also indicators of important photochemical reactions
involving oxyanions; on Mars they could be relevant for human habitability both in terms of in situ
resource utilization and potential human health effects. For the first time, we extracted, detected and
quantified ClO; and CIO3 in extraterrestrial, non-planetary samples: regolith and rock samples from

Keywords: the Moon, and two chondrite meteorites (Murchison and Fayetteville). Lunar samples were collected by
chlorate astronauts during the Apollo program, and meteorite samples were recovered immediately after their fall.
perchlorate This fact, together with the heterogeneous distribution of ClO, and CIO; within some of the samples,
memor_ite and their relative abundance with respect to other soluble species (e.g., NO3) are consistent with an
E/tllg?cirilr:seon extraterrestrial origin of the oxychlorine species. Our results, combined with the previously reported
Fayetteville widespread occurrence on Earth and Mars, indicate that CIO, and ClO3 could be present throughout the

Solar System.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Until the late 20th century, perchlorate (ClO,) was consid-
ered largely an anthropogenic compound, although its indige-
nous occurrence in the Atacama Desert had been already es-
tablished (Ericksen, 1981). Now we know that natural ClO, is
ubiquitous across the surface of Earth, where it consistently co-
occurs with chlorate (ClO3) at roughly equimolar ratios in atmo-
spheric deposition and soils, and both species reach their highest
concentrations in semi-arid and arid areas (Jackson et al., 2015;
Rao et al., 2010). CIO, has also been found to be widespread and
relatively abundant on Mars (Hecht et al., 2009; Ming et al., 2014;
Kounaves et al., 2014). These species can play important roles in
geochemical processes such as oxidation of organic matter and as
biological electron acceptors, and are also indicators of important
photochemical reactions involving oxyanions (Coates and Achen-
bach, 2004), and in the case of Mars they could be relevant for
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human habitability both in terms of in situ resource utilization and
potential human health effects (Davila et al., 2013).

It is now well established that terrestrial CIO, and ClO; are
ubiquitously formed in the atmosphere, and are widely distributed
by both wet and dry deposition (Rao et al., 2010; Rajagopolan et
al., 2009; Jackson et al., 2010, 2012, 2015; Kounaves et al., 2010;
Catling et al., 2010). ClO4 (and by inference ClO3') is formed in
the stratosphere by O3 mediated oxidation of ClI~ and/or ClO,,
and possibly by photochemical oxidation of ClOy, based on iso-
topic analyses (A!70 and 36Cl/Cl) of terrestrial ClO; (Jackson
et al, 2010; Sturchio et al., 2009). Heterogeneous oxidation of
CI™ may also contribute to terrestrial ClO, based on labora-
tory studies (Carrier and Kounaves, 2015; Dasgupta et al., 2005;
Kang et al., 2008) and the isotopic composition of some terres-
trial ClO, (Jackson et al, 2010). On the other hand, little is yet
known regarding the origin of ClO, on Mars, and the known ter-
restrial pathways of ClO, synthesis cannot adequately explain its
abundance or its distribution on that planet (Smith et al., 2014).

Here, we report the first detection of ClO, and ClO; in lu-
nar samples and in two chondrite meteorites, and based on these
results we suggest that these oxychlorine species are broadly dis-


http://dx.doi.org/10.1016/j.epsl.2015.09.003
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:andrew.jackson@ttu.edu
http://dx.doi.org/10.1016/j.epsl.2015.09.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2015.09.003&domain=pdf

W.A. Jackson et al. / Earth and Planetary Science Letters 430 (2015) 470-476 471

tributed in the Solar System. The presence of ClO, and CIO3
in non-planetary materials could indicate new sources and path-
ways of formation not operational on Earth, with implications for
our understanding of oxyanion photochemical production, and the
chemical and photochemical oxidation of meteoritic organic com-
pounds.

2. Methods

We investigated the occurrence of ClO,, ClO3, chloride (CI7),

sulfate (SOi‘) and nitrate (NO3) in two lunar samples and in
two chondrite meteorites (Fig. 1). Lunar samples included sample
66041, a regolith sample from the Cayley Plain near Stone Moun-
tain at the Apollo 16 landing site, and sample 66095, a portion of
“bulk sample” from the “Rusty Rock”, also at the Apollo 16 landing
site. The meteorite materials included subsamples of the Murchi-
son meteorite, a carbonaceous chondrite (class CM2) recovered
in Victoria, Australia, and the Fayetteville meteorite, an ordinary
chondrite (class H4) regolith breccia recovered in Arkansas, USA.

The protocol for sample preparation and analysis has been de-
scribed previously (Rao et al., 2010; Jackson et al., 2010). Soluble
salts were extracted from lunar and meteorite samples by leaching
in pre-cleaned and pre-tested containers using pre-tested filtered
(0.2 um) deionized distilled water (DDI) to avoid contamination.
Lunar regolith (Lunar 1) was leached as received without process-
ing. The “Rusty Rock” lunar sample (Lunar 2) was first leached
without processing, by soaking the unaltered sample in DDI. Sub-
sequently, the sample was removed from the water and crushed
in a stainless steel vessel using a stainless steel rod to produce
a fine powder. The powder was then leached with new DDI wa-
ter. Meteorite samples were crushed as described above (without
pre-leaching). Both the rod and vessel were pre-cleaned and tested
for residual ClO; and CIO, by extraction with DDI water. Unless
specifically mentioned, all extractant solutions were filtered with
either 0.2 pm syringe filters or disc filters. In all cases, syringes,
filters, and filtration units were pre-rinsed with DDI water and the
rinse water tested for ClO; and ClO, prior to each use. Ratio of
solid to liquid in the extraction suspension varied from 5:1 to 40:1
(by wt.) based on the mass of the sub-sample and required vol-
ume for analysis. Masses of leached subsamples varied from 0.2 to
1.2 g (Table 1). To test for contamination due to extraction, trans-
fer, filtering or other influence of the method, a pre-washed and
dried (500°C) sample of silica sand was subjected to the complete
extraction procedure including crushing and filtering. Concentra-
tions of ClO, and CIO; in the sand extract solution were less than
0.001 pg/L, the lowest level of quantification (LLQ).

Clo, and ClO; were quantified using IC-MS/MS. The IC system
(LC20, Dionex Corp., Sunnyvale, CA) consisted of a GP50 pump,

A

Fig. 1. Extraterrestrial samples analyzed in this study. (A) Subsamples of the Rusty
Rock collected during the Apollo missions. Scale bar is 1 cm. (B) A fragment of the
Fayetteville meteorite. Characteristic light clasts (arrows) are embedded in a dark
matrix. Scale bar is 2 cm. (C) Two small fragments of the Murchison meteorite.
Scale bar is 1 cm.

CD25 conductivity detector, AS40 automated sampler, and IonPac
AS20 (250 x 2 mm) analytical column. The IC system was cou-
pled to a triple quadrupole mass spectrometer (MDS SCIEX API
2000, Applied Biosystems, Foster City, CA) equipped with a Turbo
lon Spray source. A 45 or 20 mM (CIO, or CIOj, respectively)
NaOH eluent at 0.2 mLmin~! was followed by a 90% acetonitrile
(0.3 mLmin~') post-column solvent. To account for matrix effects
all samples were spiked with ClO}ls‘ or ClO%S_ internal standard.

Table 1
Abundances of soluble ClO,, ClO5, CI7, NO; and SO}~ in extraterrestrial samples.
Sample Description Mass of Distance from Clog clo, Cl~- NO; -N SOZ2
sample fusion crust
(mg) (cm) (ng/kg) (mg/kg)
Lunar 1 Regolith 0.06 <0.01 4.6 <5 58
Lunar 2 Rusty Rock? 0.5 0.03 6.6 <12 135
FVia LC 1205 0.5-1 21 22 8.3 <0.2 41
FV1b LC 831 0-0.5 310 41 45 <03 38
FVic LC 247 0-0.2 12 6.0 48 <0.1 50
Fvid LC 425 0.2-0.5 15 1.7 11 <.05 39
Fv2a DM 1759 0.5-1 20 0.91 20 17 63
FV2b DM 269 <0.2 0.45 2.6 67 24 96
M1 207 Unknown 1.0 0.06 215 <5 1.9 x 10*
M2 386 >0.2 15 1.2 230 <03 2.2 x 10*

Lunar 1 = Moon regolith-66041; Lunar 2 = Moon rock-66095; FV = Fayetteville; M1 = Murchison (1) USNM 5451-2; M2 = Murchison 2. LC = Light Clast (F-10); DM =

Dark Matrix (F-141).
@ Analysis after initial surface extraction and crushing.
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Table 2

Stable isotopic composition of NO3 extracted from the Fayetteville meteorite.
Sample Description Method 1N 5180 570 A0

(%00) (%0) (%0) (%0)

FV2a DM below fusion layer (aliquot 1) N0 28.2 323 NA NA
FV2a DM below fusion layer (aliquot 1) Ny + O 275 321 16.7 0.0
FV2a DM below fusion layer (aliquot 2) N,O 29.8 318 NA NA
FV2b DM + fusion layer + small clast layer N2O 24.6 32.0 NA NA

NA = Not analyzed.
FV2a (aliquot 1) had NO, /NO; molar ratio of 0.014.

A 200 pL loop was used for sample loading with a CIO, and CIO3
method detection limit (MDL) of 0.0002 pg/L. The MDL was de-
termined by multiplying the standard deviation of 7 sequential
0.001 pg/L standards by the “t” value for 99% confidence level and
6 degrees of freedom. Our LLQ is 0.001 pg/L, equal to our low-
est calibration standard. Analytical spike recoveries were 90-110%.
cl-, 50;2, and NO; were analyzed following EPA Method 300.0
using a Dionex LC20, an lonPac AS14A column (4 x 250 mm),
8 mM NayCO3/1 mM NaHCO3 eluent, and an Anion Atlas elec-
trolytic suppressor. Initially, samples were run using a 25 pL loop
resulting in a LLQ of 500 ng/L NO3-N. As most samples did not
contain NO; above the LLQ, when sufficient filtered extracts were
available we re-analyzed the solutions using a 500 pL injection
loop, which produced a LLQ of 10 pg/L of NO3-N. The concen-
tration of nitrite (NO, ) was measured in Fayetteville dark matrix
extract sample FV2a by a NO, selective version of the bacterial
reduction method (Bohlke et al., 2007).

Stable isotope ratios (8'°N, 8180, §170) of NO3 in Fayetteville
meteorite dark matrix extracts were determined by the bacterial
reduction method (Casciotti et al., 2002; Sigman et al., 2001), with
and without conversion of N,O to N, and O, (Kaiser et al., 2007).
Data were calibrated by analyzing NO; isotopic reference materials
USGS32, USGS34, and USGS35 as samples and normalizing results
to be consistent with reported values (Bohlke et al., 2003).

3. Results

ClOo, and (or) ClO; concentrations were measurable in all ex-
tracts from both lunar and meteorite samples. ClO; was detected
in lunar samples 66041 (regolith) and 66095 (“Rusty Rock”) at
concentrations of 0.06 pg/kg and 0.5 pg/kg, respectively (Table 1).
Clo, was also measured in the “Rusty Rock” (0.03 pg/kg) but
was below the limit of detection (<0.01 ng/kg) in the regolith
sample. Cl0, and ClO; were also detected in all subsamples an-
alyzed of the Murchison meteorite and the Fayetteville meteorite
at concentrations of up to two orders of magnitude higher than
in lunar samples (Table 1). In both meteorites, subsamples var-
ied with respect to the inclusion of, and/or distance from, the
fusion crust. ClO, and ClO; were detected in two independent
samples of Murchison, one of them taken ~2 cm below the fu-
sion crust, and in multiple samples of the Fayetteville meteorite
including the dark matrix (F-141) and light clast (F10) (Fig. 1C).
Generally, CIO; was more abundant than ClO, by a factor 1 to
100. The sole exception was one subsample of the Fayetteville me-
teorite (FV2b) consisting of material adjacent to the fusion crust,
which contained more ClO, than ClO3. The highest ClO; concen-
tration was found within a light clast of Fayetteville (310 pg/kg);
but significantly, both CIO, and ClO; were detected also in the
dark matrix of the same meteorite. The dark matrix is com-
posed of comminuted clast material that has been darkened by
space exposure, is characterized by large amounts of implanted
solar wind atoms (such as inert gases), and has experienced ra-
diation damage (e.g. by charged particle tracks) (Pellas, 1972;
Rieder and Wanke, 1969; Suess et al., 1964). CIO; was observed
to be unstable in the Fayetteville meteorite extractant suspension,

likely because of reduction by solid phase reduced Fe, includ-
ing Fe°, but was stable in the filtered extracts (Jarosewich, 1990;
Engelbrektson et al., 2014).

Because of the observed instability of CIO; in non-filtered
extractant suspensions, we further investigated the possible reduc-
tion of ClO; during extraction. Two small subsamples of Fayet-
teville light clast (F-10) were leached but not filtered, one com-
posed mainly of fusion crust (scraped from surface) and the other
of light clast material directly below the fusion crust to a depth of
<5 mm, and the concentration of CIO; was monitored over time.
ClO; in the sample composed of light clast material below the fu-
sion crust was reduced by 90% after 24 h compared to the initial
concentration measured after ~10 min of exposure in the extrac-
tant solution (DDI water). However, the concentration of ClO; in
the surface sample composed of oxidized fusion crust increased
by ~10 times compared to the initial concentration (~10 min),
likely because of increased efficiency of extraction due to diffusion
of CIO3 out of the solid particle matrix and no reduction due to
the oxidized state of the material. We also observed >90% loss of
ClO; in 24 h after addition of ClO5 solution (1 pg/L) to the resid-
ual FV1a solids that were leached previously. Residual solids in all
non-crust samples clearly reflected iron oxidation in the laboratory
by progressive alteration in color from grey to orange.

cl-, 50‘21’ and NO3 were also analyzed in the extraction so-
lutions from all meteorite fragments and lunar samples. CI~ and
SOi’ concentrations were similar to those previously reported for
these types of meteorites and lunar materials (Table 1). NO3 con-
centrations were 24 and 17 mg/kg NO3-N in two subsamples of
the dark matrix in the Fayetteville meteorite obtained at different
distances from the surface (<0.2 cm and 0.5-1 cm, respectively).
NO3 was below our detection limit (<0.05 to <5 mg/kg) in all
other meteorite and lunar samples (Table 1). Stable isotope ratios
of N and O in NO3 from two Fayetteville dark matrix extracts an-
alyzed in two different laboratories were similar (Table 2). Mean
values for all samples, aliquots, and methods were +27.4 4 2.0%
for 81°N (n =4), +32.4 £ 0.3%¢ for §'80 (n =4), and 0.0% for
A0 (n=1).

4. Discussion

We report for the first time the occurrence of ClO, and ClO3
in non-planetary materials. Several lines of evidence suggest that
the detected species are extraterrestrial in origin. The two lunar
samples were collected by astronauts during the Apollo mission,
and were kept under stringent clean conditions (Heiken, 1991). As
such, the extraterrestrial origin of CIO, and CIO3 in these sam-
ples appears certain. As for the meteorite samples, both Murchison
and Fayetteville were recovered immediately after falling to Earth:
within days for Murchison and <1 day for Fayetteville (Lovering et
al.,, 1971; Schwarz and Sears, 1988), which largely precluded the
risk of contamination by terrestrial processes after the falls. The
instability of ClO; in Fayetteville unfiltered extracts also indicates
the meteorite was not substantially exposed to liquid water after
falling to Earth and thus minimizes the likelihood of post-fall ter-
restrial contamination.



W.A. Jackson et al. / Earth and Planetary Science Letters 430 (2015) 470-476 473
107 —
o ‘Wet Deposition (Rao et al., 2010) +
106 - 1:1 Ratio ‘e
A Mojave (Rao et al., 2010) +'/A+ v
105 + Atacama (Rao et al., 2010) T+
= Total Deposition (Andraski et al., 2014) -4
41— -A —  Mars Meteorite Range (Kounaves et al., 2014) - -~ . +
10% 4 * Fayetteville LC (this study) e
g 10° 4 S Fayetteville DM (this study) Az
&0 Murchinson (this study)
E 102
g O Lunar Regolith (this study) A at
oo 10"
=
& 100 -
g *
'57 107" A + R
b A
5 107 . O
""l = a
1073 1 YO
* O 0t Kk
10 s "o
105 4
o®
10°¢ 9 T T T T T T T T T T T
10¢ 10° 104 10° 102 10" 10° 10" 10*> 10® 10* 105 10° 107

Cl0, (mg/kg or mg/L)
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The relative abundances and heterogeneous distributions of the
different anions within the Fayetteville meteorite also support an
extraterrestrial origin, particularly when considering the relative
distribution and abundance of these species on Earth (Figs. 2, 3).
Terrestrial ClO,, CIO5, and NO3 are globally distributed, and NO3
and ClO, abundances are strongly correlated worldwide in arid
and semi-arid environments, with NO3/ClO, molar ratios typi-
cally of the order of 10* to 10°, except in the Atacama Desert
(103) (Jackson et al., 2015). ClOo, and ClO5 concentrations in me-
teorite and lunar samples are similar to or lower than the lower
range of terrestrial soil and caliche concentrations (Fig. 2). How-
ever, samples of the Fayetteville meteorite light clast contained
measurable ClO, but no detectable NO; (Table 1), a scenario
never encountered so far in terrestrial samples. Assuming a max-
imum NOj concentration based on our LLQ (10 pg/L), the max-
imum possible molar NO; /CIO, ratios in the light clast sam-
ples would have been <100, lower than those of any reported
terrestrial samples, but closest to those of Atacama Desert soils
(Fig. 3). In contrast, the dark matrix contained both NO3 and

Clo,, with NO; /ClO, ratios at least two orders of magnitude
higher than in the light clast. Finally, the molar ClO; /ClO, ra-
tios in the lunar and meteorite samples fall within the range of
all other previously published and unpublished terrestrial sam-
ples and similar to those observed in Martian meteorite sam-
ples with ratios generally 1:1 to 10:1 (Fig. 2; Rao et al., 2010;
Carrier and Kounaves, 2015). However, the observed reactivity of
ClO3 in unfiltered aqueous extracts from the Fayetteville mete-
orite is important because it suggests that its actual concentrations
could be higher than the measured values by a factor of 10 or
more. Future analysis should carefully evaluate the potential for
oxy-anion reactivity during extraction. As such, the reported CIO3
concentrations should be viewed as minimum values and this may
explain the relatively large variations in CIO3 concentrations com-
pared to ClO,, which is relatively unreactive (Engelbrektson et al.,
2014).

The isotopic composition of NO3 leached from the dark ma-
trix of the Fayetteville meteorite does not preclude, but is difficult
to reconcile with terrestrial sources. The §'°>N value of Fayetteville
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NO3 is within the range of values reported for both terrestrial and
extraterrestrial solid N (Coplen et al., 2002; Fiiri and Marty, 2015).
The low A'70 value (0%o) is unlike that of terrestrial atmospheric
NO; (typically of the order of +60 to +90%0) but similar to that
of other terrestrial NO; formed in soils and aquatic systems. How-
ever, the §1°N and §'80 values are higher than those of most
terrestrial NO; that has not been isotopically fractionated by par-
tial reduction. Therefore, the isotopic data are not consistent with
either terrestrial atmospheric NO3, or with common NO3 in nor-
mal terrestrial soils such as those near the area of recovery, or with
mixtures of those two sources. It is possible the Fayetteville NO3
once had §'°N, 8180, and A'70 values near 0 if it was reduced
subsequently with a A§'N/A8180 ratio of 1 (Granger et al., 2008).
For example, for an assumed fractionation effect of —25%¢ (&'°N),
a change in §'°N from 0%o to 27%o could be consistent with loss
of 62% or more of the initial NO3. One possible, but rather com-
plicated, scenario is that the observed isotope ratios were a result
of chemical processes during the fall itself; for example, if atmo-
spheric Ny or soil organic N were oxidized before or during Earth
impact. NO; formed before, during, or after the fall could have
had §'°N, 8180, and A'70 near 0 and, if subsequently partially
volatilized or reduced, could then have approximately equally el-
evated 81N and §'80, as observed. Alternatively, it is possible
that some NOj isotopic fractionation occurred during solute ex-
traction, if NO3 was subject to similar reactions that apparently
reduced ClO; concentrations, but the isotopic similarity between
two different extractions would then be fortuitous. In summary,
the rapid recovery of the meteorite, the large differences in NO3
concentrations and NO3 /ClO, ratios between the light clast and
dark matrix, the occurrence of NO; at depth below the meteorite
surface, and the stable isotopic composition of the NOj, are not
readily explained by terrestrial NO; contamination or production
during or after the fall.

The presence of extraterrestrial ClIO0, and ClO3 in lunar and
meteoritic samples would imply a mechanism of formation in the
environment of space, different from the main processes for syn-
thesis on Earth, and which operates on non-planetary bodies with
different chemical and mineralogical composition, and dissimilar
histories of alteration. It is considered unlikely that gas phase re-
actions could be responsible for the presence of ClO, and CIO3
in lunar samples or in chondrites; instead, heterogeneous photo-
catalytic or radiation-induced mineral-surface reactions involving
chlorine-bearing phases may be responsible (Dasgupta et al., 2005;
Kang et al,, 2008; Kim et al.,, 2013; Carrier and Kounaves, 2015).
For example, chlorine oxides carrying the -ClO3 and -ClO, groups
can form via the interaction of energetic electrons and carbon
dioxide-rich chlorine-bearing ices in the solid phase (Kim et al.,
2013). Schuttlefield et al. (2011) showed that highly oxidizing va-
lence band holes produced by UV illumination of naturally occur-
ring semiconducting minerals are capable of oxidizing CI~ to CIO,
in aqueous solutions, a non-atmospheric pathway that could oper-
ate on the surface of minerals. This heterogeneous production has
been demonstrated for Cl~ coated silica under atmospheric condi-
tions similar to those on Earth (Dasgupta et al., 2005) and Mars
(Carrier and Kounaves, 2015).

In the case of the Moon, CI~ has been detected in some sam-
ples. For example, sample 66095 has leachable CI~ (in H,0) rang-
ing from 29 to 117 mg/kg (Sharp et al., 2010). El Goresy et al.
(1973) recognized that the volatile metals were probably “salts”
such as a Cl-bearing sulfate, because Cl was mostly leachable in
hot water. More recently, Shearer et al. (2014) reported substantial
metal chlorides in the same sample, and attributed them to de-
position from degassing of an impact ejecta blanket, which may
have experienced multiple episodes of oxy-hydration. In such a
scenario, UV illumination of Cl-bearing minerals around water ice

or adsorbed water could be a possible endogenous source of the
Cl7, Cl0, and ClO5. Reported temperatures for the mineral phase
formation in sample 66095 are above ClO, and ClO; decomposi-
tion temperatures (Shearer et al., 2014), and strongly suggest that
both species would postdate the rock formation event. A radiation-
induced origin could be reflected in the vertical distribution of
Clo, and ClO3, such that both species should be absent or at
much lower concentrations below the average depth of the lu-
nar regolith (c.a. 2-16 m), a mixed layer of fine-grained lunar soil
and ejecta deposits (Zhang et al., 2015). There are also possible
exogenous sources, such as the impact of terrestrial and Martian
meteorites, albeit the contribution of these sources would likely be
small. Water-extractable SOi’ from the Murchison and other CM
chondrites possesses positive A170 values supporting the role of
photochemical processes that could be conducive to the formation
of ClO, and ClO3 (Airieau et al., 2005); however, NO3 from the
Fayetteville meteorite does not have a positive A70 value. Fur-
ther study of the abundances and isotopic compositions of various
anions in these meteorites may help resolve uncertainties about
the alteration of their parent bodies, potentially involving salt rich
fluids.

Our findings could also help explain the presence, abundance
and distribution of ClO, near the surface of Mars (Hecht et al,
2009; Ming et al., 2014). There, a purely atmospheric origin via
gas-phase oxidation of volcanically-derived chlorine appears un-
likely given the small amount of ozone in the atmosphere, and the
colder, drier conditions, which cause low rates of gas phase oxida-
tion reactions (Smith et al., 2014). Instead, heterogeneous photo-
catalytic or radiation induced surface reactions involving chlorine-
bearing phases, and the direct input via meteoritic delivery may be
additional, or alternative sources of ClO, that could have been ac-
tive for billions of years. In addition, our results suggest that ClO3,
which has not yet been detected on Mars, is likely also present,
locally perhaps even at higher abundances than CIO, .

Ionizing radiation in the environment of space can also cause
the partial decomposition of ClO, and CIO; into Oy and reactive
chlorine species (RCS) such as ClIO~ and ClO, (Prince and John-
son, 1965; Quinn et al., 2013). The formation of RCS could explain
in part the diagenetic history of some meteorites, and in partic-
ular the unexplained origin of chlorinated organic compounds in
some carbonaceous chondrites, including Murchison (Schéler et al.,
2005).

5. Conclusion and implications

Our findings indicate that ClO, and ClO;, and perhaps other
more transient oxychlorine species, may be ubiquitous in the Solar
System, as they have been reported on Earth and Mars, and now
in lunar samples and in two chondrite meteorites. The contribution
of meteorites to the ClO; content of Mars and Earth surface ma-
terial is likely negligible even over a time period of 1 billion years
based on estimated meteorite mass inputs (~107 kg/yr) (Flynn
and McKay, 1990) and our measured concentrations of ClO, in
meteorites (~0.01-0.06 mg/kg) but it could represent a significant
fraction, perhaps even the dominant source, of ClO, in lunar sur-
face material based on an estimated 1-2% meteorite material in
indigenous lunar mare soils (Anders et al, 1973). We recognize
that these are preliminary estimates based on a small number of
data. With the available information we cannot estimate the timing
for the origin of ClO, and ClO; in the meteorites, but potentially
they could be as old as the meteorites themselves, or even pre-
date them as part of the original parent body from which the
meteorites formed. In either case considering that carbonaceous
chondrites may represent the most primitive solar system materi-
als known, the ClO, and ClO; described here might be the most
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ancient natural occurrences reported so far. The presence of ClO,
and CIO3 in meteorites as well as on Earth, the Moon and Mars
implies they may be present to varying degrees throughout the
Solar System.

Acknowledgements

We would like to acknowledge the CAPTEM (Curation and Anal-
ysis Planning Team for Extraterrestrial Materials) and the lunar
sample curators at NASA Johnson Space Center for providing the
Moon samples. We acknowledge the Smithsonian Institution for
providing samples of the Murchison meteorite, and the Univer-
sity of Arkansas for providing samples of the Fayetteville mete-
orite. Janet Hannon and Andrew Schauer assisted with NO3 iso-
tope analyses. David Stonestrom, Balaji Rao, Mark Claire, and an
anonymous reviewer provided helpful reviews of the manuscript.
AFD acknowledges funding from the NASA Astrobiology program
(Grant NNX12AD61G), and the NASA Astrobiology Institute (NAI
Grant NNX15BB01A to the SETI Institute). Any use of trade, firm, or
product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Author contributions

W.A. Jackson, N. Estrada, and M. Brundrett processed the sam-
ples and performed the analyses. D. Sears provided meteorite sam-
ples and interpretation of meteorite results. C. McKay, A. Davila, D.
Sears, J. Coates, J.K. Bohlke, and W.A. Jackson designed the study
and wrote the paper. All authors discussed the results and com-
mented on the manuscript.

References

Airieau, S.A., Farquhar, J., Thiemens, M.H., Leshin, L.A., Bao, H., Young, E., 2005.
Planetesimal sulfate and aqueous alteration in CM and CI carbonaceous chon-
drites. Geochim. Cosmochim. Acta 69, 4167-4172. http://dx.doi.org/10.1016/
j.gca.2005.01.029.

Anders, E., Ganapathy, R., Krahenbuhl, U., Morgan, J.W., 1973. Meteoritic material on
the moon. Moon 8, 3-24. http://dx.doi.org/10.1007/BFO0562747.

Andraski, B.J., Jackson, W.A., Welborn, T.L., Bohlke, J.K., Stonestrom, D.A., 2014. Soil,
plant, and terrain effects on natural perchlorate distribution in a desert land-
scape. ]. Environ. Qual. 43, 980-994. http://dl.sciencesocieties.org/publications/
jeq/abstracts/43/3/980.

Bohlke, J.K., Mroczkowski, SJ., Coplen, T.B., 2003. Oxygen isotopes in nitrate:
new reference materials for '80:70:10 measurements and observations on
nitrate-water equilibration. Rapid Commun. Mass Spectrom. 17, 1835-1846.
http://dx.doi.org/10.1002/rcm.1123.

Bohlke, J.K., Smith, R.L., Hannon, J.E., 2007. Isotopic analysis of N and O in nitrite
and nitrate by sequential selective bacterial reduction to N,O. Anal. Chem. 79,
5888-5895. http://pubs.acs.org/doi/abs/10.1021/ac070176k.

Carrier, B.L.,, Kounaves, S.P., 2015. The origins of perchlorate in the Martian soil. Geo-
phys. Res. Lett. http://dx.doi.org/10.1002/2015GL064290.

Casciotti, K.L., Sigman, D.M., Hastings, M.G., Bohlke, J.K., Hilkert, A., 2002. Measure-
ment of the oxygen isotopic composition of nitrate in seawater and freshwa-
ter using the denitrifier method. Anal. Chem. 74, 4905-4912. http://dx.doi.org/
10.1021/ac020113w.

Catling, D.C., Claire, M.W., Zahnle, K., Quinn, R.C., Clark, B.C., Hecht, M.H., Kounaves,
S., 2010. Atmospheric origins of perchlorate o Mars and in the Atacama. ]. Geo-
phys. Res. Lett. 115, EOOE11.

Coates, ].D., Achenbach, L.A., 2004. Microbial perchlorate reduction: rocket-
fueled metabolism. Nat. Rev. Microbiol. 2, 569-580. http://dx.doi.org/10.1038/
nrmicro926.

Coplen, T.B., Bohlke, J.K., De Biévre, P, Ding, T., Holden, N.E., Hopple, ].A., Krouse,
H.R. Lamberty, A., Peiser, H.S., Révész, K., Rieder, S.E., Rosman, KJ.R., Roth, E.,
Taylor, P.D.P,, Vocke ]Jr.,, R.D., Xiao, Y.K., 2002. Isotope-abundance variations of se-
lected elements. Pure Appl. Chem. 74, 1987-2017. http://iupac.org/publications/
pac/74/10/1987/.

Dasgupta, PK., Martinelango, P.K., Jackson, W.A., Anderson, T.A., Tian, K., Tock, RW.,
Rajagopalan, S., 2005. The origin of naturally occurring perchlorate: the role of
atmospheric processes. Environ. Sci. Technol. 39, 1569-1575.

Davila, A.F, Willson, D., Coates, ]J.D., McKay, C.P, 2013. Perchlorate on Mars: a
chemical hazard and a resource for humans. Int. J. Astrobiol. 12, 321-325.
http://dx.doi.org/10.1017/S1473550413000189.

El Goresy, A., Ramdohr, P, Pavicevi¢, M., Medenbach, O., Miiller, O., Gentner, W.,
1973. Zing, lead, chlorine and FeOOH-bearing assemblages in the Apollo 16 sam-
ple 66095: origin by impact of a comet or a carbonaceous chondrite? Earth
Planet. Sci. Lett. 18, 411-419. http://dx.doi.org/10.1016/0012-821X(73)90097-6.

Engelbrektson, A., Hubbard, C.G., Tom, L.M., Boussina, A., Jin, Y.T., Wong, H., Piceno,
Y.M., Carlson, H.K., Conrad, M.E., Anderson, G., Coates, ].D., 2014. Inhibition of
microbial sulfate reduction in a flow-through column system by (per)chlorate
treatment. Front. Microbiol. 5, 315. http://dx.doi.org/10.3389/fmicb.2014.00315.

Ericksen, G.E., 1981. Geology and origin of the Chilean nitrate deposits. U.S. Geolog-
ical Survey Professional Paper 1188. U.S. G.P.O. 37 pp.

Flynn, GJ., McKay, D.S., 1990. An assessment of the meteoritic contribution
to the Martian soil. J. Geophys. Res. 95, 14497. http://dx.doi.org/10.1029/
JB095iB09p14497.

Fiiri, E., Marty, B, 2015. Nitrogen isotope variations in the Solar System.
Nat. Geosci. 8 (7), 515-522. http://www.scopus.com/inward/record.url?eid=
2-52.0-84934296111&partnerID=40&md5=1fe99c8754dad26caf58b16cb7a26a38.

Granger, J., Sigman, D.M., Lehmann, M.E, Tortell, P.D., 2008. Nitrogen and oxygen iso-
tope fractionation during dissimilatory nitrate reduction by denitrifying bacteria.
Limnol. Oceanogr. 53, 2533-2545. http://dx.doi.org/10.4319/10.2008.53.6.2533.

Hecht, M.H., Kounaves, S.P, Quinn, R.C., West, SJ., Young, SM.M., Ming, D.W.,
Catling, D.C,, Clark, B.C., Boynton, W.V., Hoffman, ]., Deflores, L.P., Gospodi-
nova, K., Kapit, J, Smith, PH., 2009. Detection of perchlorate and the solu-
ble chemistry of martian soil at the Phoenix lander site. Science 325, 64-67.
http://dx.doi.org/10.1126/science.1172466.

Heiken, G., 1991. Lunar Sourcebook: A User’s Guide to the Moon. CUP Archive.

Jackson, W.A., Bohlke, ].K., Andraski, B.J., Fahlquist, L., Bexfield, L., Eckardt, F.D., Gates,
J.B., Davila, A.E, McKay, C.P, Rao, B., Sevanthi, R., Rajagopalan, S., Estrada, N.,
Sturchio, N.C., Hatzinger, P.B., Anderson, T.A., Orris, G., Betancourt, ]., Stone-
strom, D., Latorre, C,, Li, Y., Harvey, G.J., 2015. Global patterns and environmental
controls of perchlorate and nitrate co-occurrence in arid and semi-arid environ-
ments. Geochim. Cosmochim. Acta. http://dx.doi.org/10.1016/j.gca.2015.05.016.

Jackson, W.A., Davila, AF, Estrada, N. Berry Lyons, W., Coates, ].D., Priscu,
J.C., 2012. Perchlorate and chlorate biogeochemistry in ice-covered lakes of
the McMurdo Dry Valleys, Antarctica. Geochim. Cosmochim. Acta 98, 19-30.
http://dx.doi.org/10.1016/j.gca.2012.09.014.

Jackson, W.A., Bohlke, J.K,, Gu, B., Hatzinger, P.B., Sturchio, N.C., 2010. Isotopic
composition and origin of indigenous natural perchlorate and co-occurring ni-
trate in the southwestern United States. Environ. Sci. Technol. 44, 4869-4876.
http://dx.doi.org/10.1021/es903802j.

Jarosewich, E., 1990. Chemical analyses of meteorites: a compilation of stony and
iron meteorite analyses. Meteoritics 25, 323-337.

Kaiser, J., Hastings, M.G., Houlton, B.Z., Rockmann, T., Sigman, D.M., 2007. Triple oxy-
gen isotope analysis of nitrate using the denitrifier method and thermal decom-
position of N»O. Anal. Chem. 79, 599-607. http://dx.doi.org/10.1021/ac061022s.

Kang, N., Jackson, W.A., Dasgupta, PK., Anderson, T.A., 2008. Perchlorate production
by ozone oxidation of chloride in aqueous and dry systems. Sci. Total Envi-
ron. 405, 301-309. http://dx.doi.org/10.1016/j.scitotenv.2008.07.010.

Kim, Y.S., Wo, K.P,, Maity, S., Atreya, S.K., Kaiser, R.I,, 2013. Radiation-induced forma-
tion of chlorine oxides and their potential role in the origin of Martian perchlo-
rates. J. Am. Chem. Soc. 135, 4910-4913. http://dx.doi.org/10.1021/ja3122922.

Kounaves, S.P, Stroble, S.T., Anderson, R.M., Moore, Q., Catling, D.C., Douglas, S.,
McKay, C.P., Ming, D.W,, Smith, P.H., Tamppari, LK., Zent, A.P,, 2010. Discovery
of natural perchlorate in the Antarctic Dry Valleys and its global implications.
Environ. Sci. Technol. 44, 2360-2364. http://dx.doi.org/10.1021/es9033606.

Kounaves, S.P., Carrier, B.L, O'Neil, G.D. Stroble, S.T., Claire, M.W., 2014. Ev-
idence of martian perchlorate, chlorate, and nitrate in Mars meteorite
EETA79001: implications for oxidants and organics. Icarus 229, 206-213.
http://www.scopus.com/inward/record.url?eid=2-s2.0-84890165623&partnerID=
40&md5=71cf6469859c21044384a71f2eaa4fb3.

Lovering, J.F, Maitre, RW.,, LE, Chappell, BW. 1971. Murchison C, carbonaceous
chrondrite and its inorganic composition. Nature 230, 18-20. http://dx.doi.org/
10.1038/physci230018a0.

Ming, D.W., Archer, P.D., Glavin, D.P, Eigenbrode, ].L., Franz, H.B., Sutter, B., Brun-
ner, E., Stern, J.C., Freissinet, C., McAdam, C., Mahaffy, PR., Cabane, M., Coll, P,
Campbell, J.L., Atreya, S.K., Niles, P.B., Bell, ].E, Bish, D.L., Brinckerhoff, W.B., Buch,
A., Conrad, P.G., Des Marais, D.J., Ehlmann, B.L, Fairén, G., Farley, K., Flesch,
GJ., Francois, P, Gellert, R, Grant, ], Grotzinger, J.P, Gupta, S., Herkenhoff,
K., Hurowitz, ], Leshin, L., Lewis, KW., McLennan, S.M., Miller, K.E., Moer-
sch, ], Morris, R\V., Navarro-Gonzailez, R., Pavlov, A.A., Perrett, G.M., Pradler,
I, Squyres, S.W., Summons, RE., Steele, A, Stolper, EMM., Sumner, D.Y., Szopa,
C., Teinturier, S., Trainer, M.G., Treiman, H., Vaniman, D.T., Vasavada, R., Web-
ster, C.R.,, Wray, ]J.,, Yingst, R., 2014. Volatile and organic compositions of sed-
imentary rocks in Yellowknife Bay, Gale crater, Mars. Science 343, 1245267.
http://dx.doi.org/10.1126/science.1245267.

Pellas, P., 1972. Irradiation history of grain aggregates in ordinary chondrites. Possi-
ble clues to the advanced stages of accretion. In: Elvius, A. (Ed.), From Plasma
to Planet. John Wiley & Sons, New York, pp. 65-92.

Prince, L.A., Johnson, E.R., 1965. The radiation—induced decomposition of the alkali
and alkaline earth perchlorates. II. Mechanism of the decomposition 1a. J. Phys.
Chem. 69, 377-384. http://dx.doi.org/10.1021/j100886a003.


http://dx.doi.org/10.1016/j.gca.2005.01.029
http://dx.doi.org/10.1007/BF00562747
http://dl.sciencesocieties.org/publications/jeq/abstracts/43/3/980
http://dl.sciencesocieties.org/publications/jeq/abstracts/43/3/980
http://dx.doi.org/10.1002/rcm.1123
http://pubs.acs.org/doi/abs/10.1021/ac070176k
http://dx.doi.org/10.1002/2015GL064290
http://dx.doi.org/10.1021/ac020113w
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4361746574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4361746574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4361746574616C32303130s1
http://dx.doi.org/10.1038/nrmicro926
http://iupac.org/publications/pac/74/10/1987/
http://iupac.org/publications/pac/74/10/1987/
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4461736574616C32303035s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4461736574616C32303035s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4461736574616C32303035s1
http://dx.doi.org/10.1017/S1473550413000189
http://dx.doi.org/10.1016/0012-821X(73)90097-6
http://dx.doi.org/10.3389/fmicb.2014.00315
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib45726931393831s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib45726931393831s1
http://dx.doi.org/10.1029/JB095iB09p14497
http://www.scopus.com/inward/record.url?eid=2-s2.0-84934296111&partnerID=40&md5=1fe99c8754dad26caf58b16cb7a26a38
http://www.scopus.com/inward/record.url?eid=2-s2.0-84934296111&partnerID=40&md5=1fe99c8754dad26caf58b16cb7a26a38
http://dx.doi.org/10.4319/lo.2008.53.6.2533
http://dx.doi.org/10.1126/science.1172466
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib48656931393931s1
http://dx.doi.org/10.1016/j.gca.2015.05.016
http://dx.doi.org/10.1016/j.gca.2012.09.014
http://dx.doi.org/10.1021/es903802j
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4A617231393930s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib4A617231393930s1
http://dx.doi.org/10.1021/ac061022s
http://dx.doi.org/10.1016/j.scitotenv.2008.07.010
http://dx.doi.org/10.1021/ja3122922
http://dx.doi.org/10.1021/es9033606
http://www.scopus.com/inward/record.url?eid=2-s2.0-84890165623&partnerID=40&md5=71cf6469859c21044384a71f2eaa4fb3
http://www.scopus.com/inward/record.url?eid=2-s2.0-84890165623&partnerID=40&md5=71cf6469859c21044384a71f2eaa4fb3
http://dx.doi.org/10.1038/physci230018a0
http://dx.doi.org/10.1126/science.1245267
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib50656C31393732s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib50656C31393732s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib50656C31393732s1
http://dx.doi.org/10.1021/j100886a003
http://dx.doi.org/10.1016/j.gca.2005.01.029
http://dx.doi.org/10.1021/ac020113w
http://dx.doi.org/10.1038/nrmicro926
http://dx.doi.org/10.1029/JB095iB09p14497
http://dx.doi.org/10.1038/physci230018a0

476 W.A. Jackson et al. / Earth and Planetary Science Letters 430 (2015) 470-476

Quinn, R.C,, Martucci, H.EH., Miller, S.R,, Bryson, C.E., Grunthaner, EJ., Grunthaner,
PJ., 2013. Perchlorate radiolysis on Mars and the origin of martian soil reactivity.
Astrobiology 13, 515-520. http://dx.doi.org/10.1089/ast.2013.0999.

Rajagopalan, S., Anderson, T., Cox, S., Harvey, G., Cheng, Q., Jackson, W.A., 2009.
Perchlorate in wet deposition across North America. Environ. Sci. Technol. 43,
616-622.

Rao, B., Hatzinger, P.B., Bohlke, J.K., Sturchio, N.C., Andraski, B.J., Eckardt, ED., Jack-
son, WA, 2010. Natural chlorate in the environment: application of a new
IC-ESI/MS/MS method with a CI'803-internal standard. Environ. Sci. Technol. 44,
8429-8434. http://dx.doi.org/10.1021/es1024228.

Rieder, R., Wdnke, H., 1969. Meteorite Research, Meteorite Research SE - 8. Astro-
phys. Space Sci. Libr. Springer, Dordrecht, Netherlands.

Scholer, H.E, Nkusi, G., Niedan, V.W. Miiller, G., Spitthoff, B., 2005. Screening
of organic halogens and identification of chlorinated benzoic acids in car-
bonaceous meteorites. Chemosphere 60, 1505-1512. http://dx.doi.org/10.1016/
j.chemosphere.2005.02.069.

Schuttlefield, ]J.D., Sambur, ].B., Gelwicks, M., Eggleston, C.M., Parkinson, B.A., 2011.
Photooxidation of chloride by oxide minerals: implications for perchlorate on
Mars. J. Am. Chem. Soc. 133, 17521-17523. http://dx.doi.org/10.1021/ja2064878.

Schwarz, C., Sears, D., 1988. Guide to the Sampling of the Fayetteville Meteorite.
University Museum Special Publication. NASA.

Sharp, Z.D., Shearer, C.K., McKeegan, K.D., Barnes, ].D., Wang, Y.Q., 2010. The chlorine
isotope composition of the moon and implications for an anhydrous mantle.
Science 329, 1050-1053. http://dx.doi.org/10.1126/science.1192606.

Shearer, CK., Sharp, Z.D., Burger, PV.,, McCubbin, EM., Provencio, PP, Brearley,
AJ., Steele, A, 2014. Chlorine distribution and its isotopic composition in
“rusty rock” 66095. Implications for volatile element enrichments of “rusty
rock” and lunar soils, origin of “rusty” alteration, and volatile element behav-
ior on the Moon. Geochim. Cosmochim. Acta 139, 411-433. http://dx.doi.org/
10.1016/j.gca.2014.04.029.

Sigman, D.M., Casciotti, K.L., Andreani, M., Barford, C., Galanter, M., Bohlke, J.K., 2001.
A bacterial method for the nitrogen isotopic analysis of nitrate in seawater and
freshwater. Anal. Chem. 73, 4145-4153. http://dx.doi.org/10.1021/ac010088e.

Smith, M.L,, Claire, M.W.,, Catling, D.C., Zahnle, K]J., 2014. The formation of sul-
fate, nitrate and perchlorate salts in the martian atmosphere. Icarus 231, 51-64.
http://dx.doi.org/10.1016/j.icarus.2013.11.031.

Sturchio, N.C,, Caffee, M., Beloso, A.D., Heraty, L., Bohlke, J.K., Hatzinger, P.B., Jack-
son, W.A., Gu, B., Heikoop, J.M., Dale, M., 2009. Chlorine-36 as a tracer of per-
chlorate origin. Environ. Sci. Technol. 43, 6934-6938. http://pubs.acs.org/doi/abs/
10.1021/es9012195.

Suess, H.E., Wadnke, H., Wlotzka, F, 1964. On the origin of gas-rich me-
teorites. Geochim. Cosmochim. Acta 28, 595-607. http://dx.doi.org/10.1016/
0016-7037(64)90080-8.

Zhang, J., Yang, W,, Hu, S., Lin, Y., Fang, G., Li, C,, Peng, W., Zhu, S., He, Z., Zhou,
B., Lin, H., Yang, |, Liu, E., Xu, Y., Wang, J., Yao, Z, Zouy, Y., Yan, ]J., Ouyang, Z.,
2015. Volcanic history of the Imbrium basin: a close-up view from the lunar
rover Yutu. Proc. Natl. Acad. Sci. USA 112, 5342-5347. http://dx.doi.org/10.1073/
pnas.1503082112.


http://dx.doi.org/10.1089/ast.2013.0999
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib52616A6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib52616A6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib52616A6574616C32303039s1
http://dx.doi.org/10.1021/es1024228
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib52696557616E31393639s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib52696557616E31393639s1
http://dx.doi.org/10.1016/j.chemosphere.2005.02.069
http://dx.doi.org/10.1021/ja2064878
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib53636853656131393838s1
http://refhub.elsevier.com/S0012-821X(15)00570-1/bib53636853656131393838s1
http://dx.doi.org/10.1126/science.1192606
http://dx.doi.org/10.1016/j.gca.2014.04.029
http://dx.doi.org/10.1021/ac010088e
http://dx.doi.org/10.1016/j.icarus.2013.11.031
http://pubs.acs.org/doi/abs/10.1021/es9012195
http://pubs.acs.org/doi/abs/10.1021/es9012195
http://dx.doi.org/10.1016/0016-7037(64)90080-8
http://dx.doi.org/10.1073/pnas.1503082112
http://dx.doi.org/10.1016/j.chemosphere.2005.02.069
http://dx.doi.org/10.1016/j.gca.2014.04.029
http://dx.doi.org/10.1016/0016-7037(64)90080-8
http://dx.doi.org/10.1073/pnas.1503082112

	Widespread occurrence of (per)chlorate in the Solar System
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	5 Conclusion and implications
	Acknowledgements
	References


