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Perchlorate (Cl04~) is ubiquitous in the environment. It is
produced naturally by atmospheric photochemical reactions,
and also is synthesized in large quantities for military, aerospace,
and industrial applications. Nitrate-enriched salt deposits of
the Atacama Desert (Chile) contain high concentrations of natural
ClO4~, and have been exported worldwide since the mid-
1800s for use in agriculture. The widespread introduction of
synthetic and agricultural Cl0;~ into the environment has
contaminated numerous municipal water supplies. Stable isotope
ratio measurements of Cl and O have been applied for
discrimination of different ClO,~ sources in the environment.
This study explores the potential of *Cl measurements for further
improving the discrimination of ClO;~ sources. Groundwater
and desert soil samples from the southwestern United States
(U.S.) contain ClO,~ having high *Cl abundances (*CI/Cl = 3100
x 107" to 28,800 x 107", compared with those from the
Atacama Desert (*CI/Cl = 0.9 x 107" to 590 x 10~%) and
synthetic CI0,~ reagents and products (*Cl/Cl = 0.0 x 107"
t0 40 x 107"). In conjunction with stable Cl and O isotope ratios,
%Cl data provide a clear distinction among three principal
Cl0,~ source types in the environment of the southwestern
U.S.

Introduction

Perchlorate (ClO,”) is ubiquitous in trace amounts in
precipitation, fresh surface water, groundwater, and soils
(I). Synthetic ClO,~ salts are widely used as oxidants in
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energetic materials such as propellants and explosives.
Natural ClO, is present in relatively high concentrations
(~0.2 wt %) in natural nitrate-rich salt deposits from the
Atacama Desert (Chile) that have been used worldwide in
fertilizer production for well over a century (2). As a
consequence of the widespread use of ClO,” in military,
aerospace, and other industrial applications, the common
application of large amounts of Chilean nitrate fertilizers in
agricultural areas, and accumulation of indigenous natural
ClO,™ in arid regions (3—5), many groundwater supplies in
the southwestern U.S. now have elevated concentrations of
ClO,™ in the ppb to ppm range. Perchlorate has been found
in avariety of food products (6—9) and is ubiquitous in human
urine and milk (10—13). The primary risk to human health
from ClO,~ ingestion comes from its inhibitory effect on
iodine uptake and interference with thyroidal hormone
production. A daily reference dose of 0.0007 mg/kg/day has
been established (14, 15), and some states have set regulatory
limits or action levels for drinking-water supplies ranging
from 1 to 18 ug/L. Although no federal regulation for Cl1O,~
in drinking water currently exists, the U.S. Environmental
Protection Agencyrecently issued an interim health advisory
level of 15 ug/L (16). Considerable uncertainty remains,
however, about the sources, exposure pathways, and toxicity
of ClO,~ in humans (11, 17).

The recent development of methods for analyzing stable
isotope ratios of Cl and O in ClO4~ led to their application
for distinguishing sources of ClO,~ in the environment and
for quantifying isotope effects caused by microbial reduction
of ClO,~ to CI” and H,O (18—22). Natural ClO,~ from the
Atacama Desert has excess 70, indicating an atmospheric
origin by photochemical reactions involving ozone (19); this
findingis consistent with O isotope studies of NO;~ and SO,*~
from the Atacama Desert indicating atmospheric sources for
those compounds as well (23, 24). Synthetic ClO,™ has a CI
isotope ratio similar to that of its Cl source, and an O isotope
ratio related to that of the water used for its production
(20, 25). Although synthetic and Atacama ClO,~ are isoto-
pically distinctin terms of both Cl and O stable isotope ratios,
some apparently indigenous natural ClO,~, such as that found
in the High Plains region in western Texas and eastern New
Mexico (3), has a distinct isotopic composition that cannot
be unequivocally distinguished from a biodegraded mixture
of synthetic ClO,™ and Atacama ClO4~ (20, 25). The differences
in the isotopic composition of these two well-documented
types of natural ClO,~ (Atacama and High Plains) are not yet
explained; they may represent different production mech-
anisms and/or different Cl reactants. To better understand
the origins of different types of natural ClO,~, and thus to
enable more diagnostic source apportionment in forensic
studies, we measured the radioactive isotope *Cl in a set of
representative samples.

Several atmospheric production mechanisms for natural
ClO;,~ have been proposed and tested with laboratory
experiments and balloon-borne measurements (26—29). The
presence of ClO,  associated with stratospheric sulfate
aerosols observed by single-particle mass spectrometry (28)
supports a stratospheric production mechanism. Other
mechanisms proposed for production of natural ClO,” in
the troposphere or at the soil surface include ozone- and
UV-catalyzed oxidation of ClI~ and OCl~, which have been
simulated in laboratory experiments (29, 30), and biogenic
production analogous to nitrification. Stratospheric CIO,",
with its signature '7O-enrichment inherited from strato-
spheric ozone, should also have a high initial abundance of
cosmogenic **Cl because most *Cl production occurs in the
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TABLE 1. Chlorine Isotope Data for Synthetic Perchlorate Reagents and Products?

synthetic perchlorate reagents
KCIQy4, Aldrich (lot 11921HO)
CsClQ,, Aldrich (lot LI09119JI)
HCIO,, Baker (9656—1, lot 146358)
KClQ,4, Baker (lot 45155)
KClQ4, General Chem. Co. (lot 13)
NaClQO,4, Mallinckrodt (lot 1190 KHJJ)
NH,CIO,, Kerr-McGee (lot 7974F)
NH,CIO,, Kerr-McGee (lot 5094)
NH,CIO,, Kerr-McGee (lot 7914NN)
NH,ClO4, PEPCON (lot 87010)
NH,ClO4, PEPCON (lot 87015)
NaClO, solution, AMPAC, 2007
KCIO4, Hummel Croton
KCIQg4, Taiwan
NaClO4-H,0, EM, Germany (lot SX0693—2)
NaClO4-H,0, EM, Germany (1992)
NaClO,4-H,0, EM, Germany (1995)

synthetic perchlorate products
ClO4™ in highway safety flare
ClO4~ in commercial bleach

“n.a. = not analyzed. ? 6%’Cl = [Rsample —
analyses per sample.

%Cl (%o)? BCI/CI (107) n°
+1.0 31+4 1
+1.6 34+ 2 2
+0.6 28 +4 1
+1.1 0.0+ 25 1
+0.6 6.2+ 1.6 2
+1.2 19+4 1
+0.7 22 +3 1
+1.5 37+4 1
+0.3 303 1
+0.6 40+ 3 1
+0.7 38+4 1
+0.4 30£3 1
+0.2 6.4+1.4 1
+0.3 58+ 1.4 2
—-3.1 45+1.3 1
-5.0 7.7 +£28 1
n.a. 3.2+1.0 1
+0.1 16 +5 1
+14.0 9.6 £ 1.6 1

Rstandaral — 1, where R = 3CI/5CI; std. dev. & 0.2 %o. ©n = number of ¢Cl

stratosphere (31). In contrast, ClO,” produced in the tro-
posphere or at Earth’s surface is more likely to have ¢Cl
abundances typical of Cl™ in meteoric deposition, in which
cosmogenic *Cl-enriched stratospheric Cl is diluted by
marine Cl~ having negligible *Cl abundance (32).

The principal atmospheric production mechanism for %Cl
is from galactic cosmic-ray spallation of *°Ar (31, 33). The
range of measured **Cl/Cl ratios of Cl~ in preanthropogenic
groundwater across the continental U.S. is from ~10 x 1071
near the coasts to as high as 1670 x 10~ ° in the central Rocky
Mountains (34). The lower ratios near the coasts reflect
dilution by marine sea-salt aerosols in which 3¢CI/Cl = 0.0
x 10715, Evidence from fossil rat urine in packrat middens
dating back to about 40 ka indicates that *Cl production
rates (and therefore 3¢Cl/Cl ratios in meteoric deposition)
during the interval 35 to 10 ka may have been up to twice
as high as modern values, because of fluctuations in
geomagnetic intensity (35). No sample of soil or groundwater
CI™ having 3¢Cl/Cl ratios as high as 2,000 x 107'® has ever
been reported, except where bomb-produced **Cl is present
(32, 34). Testing of thermonuclear bombs in the Pacific Ocean
during 19521958 injected a large amount of *Cl, produced
by neutron irradiation of seawater chloride, into the strato-
sphere, and produced worldwide 3¢Cl fallout (32). The
presence of bomb-pulse CI~ may be identified from its
anomalously high *¢Cl/Cl ratio relative to natural background
values and from its association with high tritium activity.
The highest measured *°Cl/Cl ratio for bomb-affected
groundwater Cl~ is 12,800 x 107'® (34). The *Cl/Cl ratio of
Cl™ in Long Island (NY) rainwater, sampled in 1957 (during
the peak of the nuclear bomb testing era in the Pacific) was
as high as 127,000 x 107" (36), and Arctic deposition in 1957
also had high 3¢Cl/Cl [28,600 x 107'°] as observed in the
Dye-3 ice core (37).

Samples and Methods

A set of 35 samples was chosen to represent the three known
principal sources of ClO,” in the environment of the
southwestern U.S,, i.e., synthetic ClO,~, natural ClO,~ from
soils and groundwater of the Atacama Desert, and natural
ClO,~ from the southwestern U.S. They were analyzed for
36Cl abundance by accelerator mass spectrometry at the

Purdue Rare Isotope MEasurement (PRIME) Lab, and for
stable Clisotope ratio (*’Cl/3°Cl) at the Environmental Isotope
Geochemistry Laboratory (University of Illinois at Chicago).
Methods used for preparation and isotopic analyses of C10,~
and Cl™ are described elsewhere (21, 22, 38). The synthetic
ClO,~ samples were mostly laboratory reagents, but also
included one sample derived from a highway safety flare
and one extracted from a bottle of commercial bleach solution
(6.5% NaOCl). The Atacama ClO,~ samples were mostly
extracted from bulk soils, with the exception of one sample
collected from Atacama groundwater, one from industrial
grade NaNOj; produced in Chile from the Atacama nitrate
deposits, and one from a New Jersey groundwater believed
to have been contaminated with Atacama nitrate fertilizer-
derived ClO, . In addition to the Clisotopic analyses of ClO, ",
five samples of Atacama Cl~ extracts also were analyzed. The
natural ClO,~ samples from the southwestern U.S. were
mostly extracted from groundwater having ClO,~ concentra-
tions ranging from 0.24 to 90 ug L7}, with tritium and/or
radiocarbon data indicating recharge times from pre-1945
to older than 10 ka (3, 39). However, two ClO,~ samples (NM
Water Canyon Gallery and TX Martin - shallow) were from
groundwater having relatively high tritium activity, and one
ClO,~ sample was extracted from the leachate of a nitrate-
rich caliche-type soil sample from the Mojave Desert at
Saratoga Hills, near Death Valley, CA (23, 40).

Stable isotope ratios for Cl are given as 6’Cl values relative
to the Standard Mean Ocean Chloride standard, where 6°’Cl
= (¥"Cl/*CDsample/ ("Cl/*Clsmoc — 1, reported in parts per
thousand (%o). The reproducibility of ¢*’Cl values for ClO4~
is given by the reported standard deviation (0.2 %o).

Results and Discussion

The results of Cl isotopic analyses for all samples are given
in Tables 1—3. The ClI isotopic compositions of the ClO,~
samples define three distinct, nonoverlapping clusters in a
diagram of 3¢Cl/Cl x 10715 vs ¢°7Cl (Figure 1). The highest
values of **Cl/Cl are those of the natural ClIO,~ samples from
the southwestern U.S. (3100 x 107> to 28,800 x 107'%); these
samples have a range of ¢°’Cl values from —1.3 to +4.5 %o.
Natural ClO,~ samples collected from the Atacama Desert
nitrate deposits have much lower values of 3Cl/Cl and *’Cl
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TABLE 2. Chlorine Isotope Data for CI0,~ and Cl~ from Atacama Desert Nitrate Deposits and Products®

&%Cl (%o)? %cl/cl (10°1) n°

Atacama Desert (Chile) nitrate deposits
ClO4~, Baquedano District, shallow groundwater -12.9 83+ 10 1
Cl~, Baquedano District, shallow groundwater -0.3 87+6 1
ClO4~, Baquedano District, vertical vein fill -12.8 52 + 16 1
ClI~, Baquedano District, vertical vein fill -0.8 53+4 1
Cl7, N. Tarapaca District, caliche soil -1.7 09+1.0 1
Cl-, S. Tarapaca District, caliche soil -1.2 18+3 1
Cl~, Tocopilla District, caliche soil -1.7 79 + 4 1
ClO,4~, Estanque Qasis, fracture fill at =6 m (TTU-P1) —-14.3 55+ 8 2
ClO4~, Estanque Qasis, fracture fill at —6 m (TTU-P2) —-13.6 590 + 20 1
ClO4~, Estanque QOasis, surface pit mine (TTU-P4) -11.8 460 + 23 1

Atacama Desert (Chile) nitrate products
ClO,~, SQM industrial grade NaNOj3 (purchased 2003) —-14.2 22+ 3 1
Cl~, SQM industrial grade NaNO;3 (purchased 2003) n.a. 46 +7 1

“n.a. = not analyzed. ? 6% Cl = [Rsampie — Rstandaral — 1, where R = 3CI/*Cl; std. dev. £ 0.2 %o. °n = number of 3C|

analyses per sample.

TABLE 3. Perchlorate Concentrations, Chlorine Isotope Data, and Tritium Activities of Groundwaters and Soil Leachate from the

Southwestern United States?

[CIO; ], pg L! °H, TU 0%Cl (%) %*CI/Cl (107%%) n°
Southwest United States natural perchlorate
Texas: Martin County, well water - shallow (36 to 39 m) 24 254+0.2 +2.4 4550 + 120 1
Texas: Martin County, well water - deep (48 to 54 m) 19 0.3+0.2 +4.1 3130 4+ 100 1
New Mexico: Roosevelt County, Kountry Jct., well water 15 0.2 +0.2 +4.5 5440 + 170 1
New Mexico: Water Canyon Gallery Spring water 0.32 2.2t0 8.0 +4.1 28800 + 920 1
New Mexico: Valle Grande Spring water 0.24 0.03 £0.09 +0.4 12300 + 360 1
New Mexico: Albuquerque, RR 8—2 well water 0.67 —-0.2£0.3 +3.1 8240 £ 240 2
New Mexico: Albuquerque, RR 16—1 well water 0.85 0.3+0.3 +3.7 8370 £+ 270 2
California: Mojave Desert soil leachate? n.a. n.a. -1.4 19200 + 890 1
contaminated groundwater
New Jersey: Bergen County, Park Ridge, well water 90 n.a. -12.3 290 + 12 1
@TU = tritium unit = *H atoms/10'® H atoms. n.a. = not analyzed. ? 6%’Cl = [Rssmpie — Rstandgardd — 1, Where R = ¥CI/*5Cl;

std. dev. + 0.2 %o. ©n = number of 3Cl analyses per sample. “ Mojave Desert soil sample from Saratoga Hills, near Death

Valley; bulk [CIO4"] = 0.85 mg/kg.
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FIGURE 1. %CI/Cl (atom ratio) vs &%Cl (%.) in representative
samples of synthetic CI0, reagents and products; natural Cl0,~
and CI~ extracted from soil and groundwater from the Atacama
Desert, Chile; and natural CI0,~ extracted from groundwater
and soil from the southwestern United States. Sizes of symbols
exceed analytical errors. Delineated square area shows ranges
of ¥CI/Cl ratios and 6*Cl values for Cl- in U.S. groundwater
(46, 47).

than those from the southwestern U.S. If the ClO,™ in these
two different regions formed by similar mechanisms and
had similar initial %Cl abundances, then the contrast in
measured *°Cl abundance could be interpreted chrono-
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metrically if the southwestern U.S. ClO,~ is assumed to have
formed in Holocene or Pleistocene time (2, 39) and the mean
age of the Atacama ClO,~ is assumed to be 3—8 million years
(41, 42), which is 10 or more half-lives of **Cl (#,, = 301,000
a). In a landscape as old as the Atacama Desert, with
continuous deposition of atmospheric ClO,~ since Miocene
time, most of the **Cl would approach secular equilibrium
with its environment. For the two Atacama samples in which
36Cl/Cl was determined for coexisting ClO,~ and CI -, the ra-
tios are identical (within analytical uncertainty) and are
within the range of typical subsurface equilibrium nucleo-
genic %Cl/Cl ratios in silicate rocks (33). The Atacama ClO4~
sample having the highest **Cl/Cl ratio (590 x 107'%), even
if it had an initial **Cl/Cl ratio equal to the lowest of any
natural ClO,” sample from the southwestern U.S. (3100 x
1071%), would imply an apparent age of ~750,000 a, which
can be estimated from (43)

t=—1/igInl(R, — R)/(R, — R €Y

where t = time (a), 135 = decay constant of *Cl (= 2.303 x
10-%a™!), R,, = measured **Cl/Cl, R; = initial **Cl/Cl, and R,
= secular equilibrium 3¢Cl/Cl ratio (assuming a typical value
of 50 x 107'%). This assumes the sample behaved as a closed
system following its formation at time = t.

The reason for the difference in 6*’Cl values between the
natural ClO,~ samples from the Atacama Desert (0°’Cl =
—14.3 to —12.8 %o) and the southwestern U.S. (63’Cl = —1.3
to +4.5 %o) is not known because of the scarcity of available
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data on the isotopic composition of stratospheric Cl species
and their global variations. Our data may imply a significant
difference in the Cl isotopic compositions of the reactants
that produce CIO,~ at the two localities. Resolution of this
issue could benefit from isotopic analyses of stratospheric
Cl species and terrestrial ClO,~ from other regions of the
world, along with experimental studies of kinetic isotope
effects accompanying potential stratospheric reactions that
produce ClO,".

Synthetic ClO,~ typically is produced by electrochemical
oxidation of NaCl brine (44). The Cl isotopic characteristics
are therefore inherited from the source of NaCl used in the
brine. Most of the synthetic ClO,~ samples have ¢*’Cl values
in the range +0.2 to +1.6 %o, which is consistent with a
predominantly marine halite source having 63’Cl = 0.0 & 0.9
%o (45). The synthetic ClO,™ reagent samples obtained from
EM Co. (Germany) have anomalous *”Cl values of —3.1 and
—5.0 %o that may reflect a Cl source other than typical marine
halite (46), or fractionation during synthesis. The range in
36Cl/Cl ratios of synthetic ClIO,~ samples (0.0 x 107 to 40
x 10719) is consistent with marine halite Cl sources, provided
some nucleogenic *Cl contribution (e.g., from mudstone
layers in bedded halites) to the higher values. The ClO,~
samples known to have been produced in the southern
Nevada area (Kerr-McGee and PEPCON samples, Table 1)
all have similar *¢Cl/Cl ratios around 22 x 107" to 40 x 10715,
whereas those produced in Germany, Taiwan, and by General
Chem. Co. (production location unknown) and Hummel-
Croton Co. (imported from China) appear to have a distinctly
lower range in %CI/Cl (3.2 x 107'® to 7.7 x 1071%). Only one
synthetic ClO,” sample (from a jar of Baker KCIO, dated 1963)
has a %Cl/Cl ratio (0.0 & 2.5 x 107'%) consistent with pure
marine CL

The high ¢Cl/Cl ratios in ClO,~ from groundwater and
soil samples from the southwestern U.S. (3100 x 107' to
28,800 x 10719, relative to the range of *Cl/ClI ratios in
prebomb meteoric chloride deposition over the same geo-
graphic area (300 x 10715 to 1110 x 107'%) (34), appear to
preclude a significant amount of ClO,~ formation from CI~
at or near the Earth’s surface (e.g., by tropospheric ozone/
UV irradiation, lightning strikes, or biogenic mechanisms).
Such near-surface production mechanisms could not account
for the elevated 3*Cl abundances observed in our samples of
preanthropogenic ClO,~ because the only apparent location
of sufficiently *Cl-enriched Cl is the stratosphere, where
cosmogenic **Cl production is highest (31). Although we are
not aware of any evidence indicating in situ production of
36Cl0O,~ during the Pacific nuclear bomb tests, **Cl-enriched
ClO,~ would have been generated by normal production
mechanisms from bomb-pulse **Cl injected into the strato-
sphere (i.e., bomb-pulse **ClO,"). This phenomenon would
have been transient, as the stratospheric residence time of
bomb-pulse 3¢Cl was around 2 yr (37), and any ClO,~
produced in the stratosphere at this time would have had an
anomalously high 3¢Cl/Cl ratio and would have been de-
posited ultimately at the ocean or land surface within weeks
of entering the troposphere.

Several of our samples (Water Canyon Gallery spring
water, Martin shallow well water, and Mojave Desert soil
leachate), on the basis of their appreciable *H abundances
(in water samples) or exposure at the land surface (Mojave
soil), could contain bomb-pulse *¢CIO,". The Water Canyon
Gallery spring water and Mojave soil leachate ClO,~ samples
have the highest 3¢Cl/Cl ratios of all we measured, and that
of the Martin well shallow water sample CH = 2.5 TU) is 45%
larger than that of the Martin well deep water sample (*H =
0.3 4 0.2 TU), which also could indicate bomb-pulse 3¢ClO,~
in the younger, shallower Martin well water. For most of the
southwest U.S. groundwater samples, however, low 3H
concentrations provide evidence that the high 3¢Cl/Cl ratios

predate thermonuclear bomb tests and are natural features
of the ClO,". New Mexico samples RR8 and RR16, with 3¢Cl/
Cl ratios exceeding 8000 x 10715, were obtained from
groundwater with *C ages >10 ka ((39), Jackson and others,
in preparation). The Atacama soil samples are mostly from
pits or trenches and their exposure histories to atmospheric
deposition during the past 50 years are less well documented;
the presence of a small amount of bomb-pulse **ClO,~ in
some of these samples cannot be ruled out, but it would
presumably have relatively minor impact because of the large
reservoir of much older ClO,” in these deposits.

In summary, characteristic *Cl and *’Cl isotopic abun-
dances found in the three principal sources of CIO,~ present
in the environment of the southwestern U.S. allow these
sources to be distinguished from each other. These results
may have immediate forensic applications in delineating the
sources of ClO,~ in water supplies and foodstuffs, and they
may provide important constraints for determining the
natural production mechanism of ClO,".
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