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Widespread Presence of Naturally
Occurring Perchlorate in High Plains
of Texas and New Mexico

SRINATH RAJAGOPALAN,'
TODD A. ANDERSON,*
LYNNE FAHLQUIST,S
KEN A. RAINWATER,"
MOIRA RIDLEY,” AND

W. ANDREW JACKSON*f

Department of Civil Engineering, Texas Tech University,
Lubbock, Texas 79409-1023, The Institute of Environmental
and Human Health, Texas Tech University, Lubbock, Texas
79409-1163, U.S. Geological Survey, 8027 Exchange Dr,
Austin, Texas 78754, and Department of Geosciences,

Texas Tech University, Lubbock, Texas 79409-1053

Perchlorate (Cl0;~) occurrence in groundwater has
previously been linked to industrial releases and the
historic use of Chilean nitrate fertilizers. However, recently
a number of occurrences have been identified for which
there is no obvious anthropogenic source. Groundwater from
an area of 155 000 km? in 56 counties in northwest

Texas and eastern New Mexico is impacted by the presence
of Cl0,~. Concentrations were generally low (<4 ppb),
although some areas are impacted by concentrations up
t0 200 ppb. Cl0,~ distribution is not related to well type (public
water system, domestic, agricultural, or water-table
monitoring) or aquifer (Ogallala, Edward Trinity High Plains,
Edwards Trinity Plateau, Seymour, or Cenozoic). Results
fromvertically nested wells strongly indicate a surface source.
The source of CI0,~ appears to most likely be atmospheric
deposition. Evidence supporting this hypothesis primarily
relates to the presence of ClI04 in tritium-free older water,
the lack of relation between land use and concentration
distribution, the inability of potential anthropogenic sources
to account for the estimated mass of Cl0;~, and the
positive relationship between conserved anions (e.g., 1037,
Cl=, S0,72) and CI04~. The Cl0,;~ distribution appears to
be mainly related to evaporative concentration and
unsaturated transport. This process has led to higher
Cl04,~ and other ion concentrations in groundwater where
the water table is relatively shallow, and in areas with
lower saturated thickness. Irrigation may have accelerated
this process in some areas by increasing the transport

of accumulated salts and by increasing the number

of evaporative cycles. Results from this study highlight
the potential for ClI0;~ to impact groundwater in arid and semi-
arid areas through long-term atmospheric deposition.
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Introduction

Since the discovery of perchlorate (ClO,") as a groundwater
contaminant in California in 1997, it has become the focus
of research efforts and controversy. Perchlorate salts have
been widely used for decades as oxidizers in rockets and
munitions, as well as in various industrial products including
fireworks, electroplating products, dyes, and air bag inflators
(I). As improved analytical capabilities allow measurement
of ClO,~ atlower concentrations, the frequency of detections
in groundwater and surface water has steadily increased.
Well-known occurrences (e.g., Lake Mead and the lower
Colorado River) can be attributed to industrial or military
sites, primarily associated with point sources such as
munitions production and assembly areas. Lesser known
occurrences of ClO4~ could be associated with other widely
used products such as fireworks, matches, gas drying
applications, seismic charges, and highway safety flares.
Historic use of naturally derived nitrate fertilizers mined from
Chilean salt deposits, which contain ClO,~, also could
introduce it into agricultural environments. Natural sources
of ClO,~ other than Chilean nitrate have not been widely
considered in exposure assessments.

The possibility that ClOs~ contamination of surface and
groundwater may have multiple origins (military, industrial,
agricultural, or natural) complicates site characterization and
efforts to assign responsibility for remediation. Other com-
plications arise when assessing potential human exposure
to ClO4™, especially if affected waters are used for drinking,
livestock, or irrigation of food crops. For example, human
exposure to ClO;~ has been documented in vegetation that
was irrigated with water containing ClO,~ (2, 3) and in dairy
milk (4). The concern for human exposure to ClO4s~ stems
from its adverse effect on developing organisms through
decreased levels of thyroid hormones (T3 and T4). Perchlorate
competes with iodide uptake into thyroid hormones (5) and
this inhibition has been the basis of a reference dose (Rfd)
set by the U.S. Environmental Protection Agency (0.7 ug/
kg/day) and current action levels for drinking water (e.g., 1
ppb, State of Massachusetts; 4 ppb, State of Oregon; and 6
ppb, State of California).

Naturally occurring ClO4~ from the Atacama is widely
known (6). The Atacama Desert nitrate deposits of northern
Chile also contain naturally occurring ClO,~ and other
oxyanions such as I0;~, CrO,*", and Cr,0-*~. NO;~, 103",
and Cl- are known to form and accumulate under arid
conditions (7—9). Until recently, the well-documented
Chilean deposits were believed to be the only occurrence of
natural ClO,~. Recent studies that examined the A0 of
Chilean ClO4~ (10) or NO;~ and SO,%~ (8) from these deposits
indicate an atmospheric origin. ClO,~ has been reported in
atmospheric aerosols (I11) and precipitation (12). Other
reports of natural ClO,~ occurrences in the U.S. include a
nitrate deposit in California (13) and potash minerals and
other evaporites from California and New Mexico (14). A
relatively large areal distribution of ClO,~ in west Texas
groundwater (I15) and groundwater, surface water, and
bottled water from other areas (16) has been tentatively
attributed to natural sources as well as ClO,~ in Pleistocene
and Holocene groundwater in New Mexico (17).

This study was designed to evaluate the potential source
and occurrence of ClO4~ in West Texas. Previous studies
described ClO,™ in public water systems (PWS) and other
wells in nine counties (23 960 km?) of the southern high plains
of Texas (15) in which ClO,~ was generally ubiquitous in
groundwater and no correlation between ClO,~ presence and
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FIGURE 1. Distribution of CI0, concentration relative to (A) land use in the study area (20) and (B) saturated thickness in Ogallala aquifer
(29) (C) depth to water table in Ogallala aquifer (29) (D) active oil and gas wells in the study area (22).

human sources could be established. The study area was
expanded to include 54 counties in west Texas and two
counties in eastern New Mexico (see Figure A, Supporting
Information), covering an area of 153 000 km?. ClO,~
concentrations and potential sources were evaluated with
respect to land uses, aquifer conditions, and other water
quality parameters.

Study Area. Population in the study area is about one
million, with about 50% of the population living in three

major metropolitan areas, Lubbock, Odessa-Midland, and
Amarillo (18, 19). As shown in Figure 1A, major land uses in
this region are cultivation and rangelands (20). About 34%
of the study area is cultivated farmland and about 1% is
urban. Most of the land use (63%) is rangeland and pastures,
and the rest (2%) is barren, forest, or open water. Large-scale
farming in the study area began around the 1930s and
irrigated agriculture (21) accelerated after World War II. The
cultivated farmland in the study area is approximately 2.67%
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of the total farmland in the United States and is of similar
extent to the farmland in California from 1930 to 1980 (21).
Oil and gas exploration has occurred throughout the study
area (22), with most concentrated exploitation in locations
shown in Figure 1D. Two ClO,~ processors or users are present
in or near the study area and include the Pantex plant and
Melrose Air Force Base (See Figure A, Supporting Informa-
tion).

Major and minor aquifers are present within the study
area (See Figure A, Supporting Information). The Tertiary
Ogallala and Cretaceous Edwards—Trinity (Plateau and High
Plains) aquifers are the principal aquifer systems (see
Supporting Information for a more detailed description).
Minor aquifers include Cenozoic Pecos Alluvium, Dockum,
and Seymour, and are of limited extent or exploited to a
lesser degree in this region (23). The study area is semi-arid
with average annual precipitation ranging from 0.25 m in
the south to 0.75 m in the north (24, 25).

Approach. Wells Sampled. Groundwater samples were
collected from a variety of wells in the study area and analyzed
for a suite of cations and anions, including ClO,~. The Texas
Commission on Environmental Quality (TCEQ) identified
2782 PWS wells in 356 PWS systems in the 54 counties.
Examples of PWS wells include those for cities, mobile home
parks, rural convenience stores, and industrial facilities. A
subset of 560 (20%) PWS wells were selected to provide
adequate areal coverage for the study. When a selected well
could not be sampled, a nearby well was selected. TCEQ
sampled 256 additional PWS wells in 19 counties. In addition,
76 domestic wells in 24 counties in Texas and 10 domestic
wells in two New Mexico counties were sampled to further
increase the areal distribution of sample locations. Water
samples were also obtained from 29 U.S. Geological Survey
(USGS) water table monitoring wells and 99 High Plains
Underground Water Conservation District (HPUWCD) No.1
irrigation wells (See Figure A, Supporting Information).

Monitor Well Clusters. Three well clusters were installed
to study the vertical distribution of ClO,™ in the saturated
zone of the study area in Bailey (2 wells), Gaines (3 wells),
and Martin (3 wells) counties (Table 1). These three well
clusters lie in an approximate 386 km north—south transect
covering 65% of the length of the study area (See Figure A,
Supporting Information). In addition to these well clusters,
two nested well clusters installed by USGS in Hale (4 wells)
and Castro (4 wells) counties were also sampled. Details of
those wells are listed in Table 1.

Groundwater Sampling. Where possible, groundwater was
sampled following well stabilization (monitored by flow-
through cells) to ensure representative samples. Some
domestic windmill wells could not be stabilized. Field
parameters measured at the time of sampling included pH,
total dissolved solids (TDS), conductivity (as conductance
and specific conductance), temperature, dissolved oxygen
(DO), and oxidation—reduction potential (ORP). Wells
sampled by Texas Tech University (TTU) were analyzed for
ClO,~, CI7, F, Br—, NO; ™, SO4%7, PO,%, alkalinity as CaCOs,
Nat, Mg?t, K, Ca?*, Sr?*; total Fe. 87 of the samples also
were analyzed for I0;~. Samples from the TTUWRC nested
well clusters and the USGS monitoring wells were analyzed
for tritium by USGS.

Analytical Methods. Analysis of ClO,~ followed EPA
method 314.0 (26), details of which have been previously
described (15). The ClO,~ detection limit for the analytical
method (MDL) was 0.5 ppb. Anions (other than ClO, - and
I057) in water samples were determined following EPA
method 300.0. Major cations and other metals were analyzed
by inductively coupled plasma—atomic emission spectrom-
etry (ICP—AES), details of which have been previously
described (15). Iodate analysis was carried out using ion-
pair chromatography (HP 1100 series liquid chromatograph)

land Use
non agricultural
since 1980s
formerly irrigated
non agricultural
since 1990s
formerly irrigated
rangeland
cropland
cropland

DO ppm
5.81
5.18
4.69
1.97
4.42
2.42
8.14
<0.5
5.6
3.9
<0.5

2.6
<0.5
<0.5
<0.5

S
ppm
3300
3280
550
398
396
7690
444
312
331
349

Cl-
ppm
858
95.8
14.5
17.4
4160
17.3
7.26
8.84
9.79

N034
ppm
9.3

25
1.6
1.68
0.22
8.68
0.22
0.62
2.43

1.3

tritium

(TU)

3.1 £(
5.7
<0.3
<0.3
<0.3
<0.3
<0.3
<0.3

0.20

Clo,
(ppb)
27.2
15.7
17.9
<0.5
6
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5

sampling
Date
TTU WRC well clusters
USGS wells clusters?

4.8
8.3

9.1
69.9
69.5

depth to
Water BLS
(m)
3
1

depth to top
and bottom of
Screen Interval
BLS (m)
36.3—38.7
41.8—47.9
47.9-53.9
7.6—13.7
30.5—36.6
60.3—-66.4
20.1—-26.2
48.2—54.3
74.7-77.7
100.6—103.6
118.9—-121.9
140.2—149.4
70.4—-73.5
97.54—100.6
112.8—115.8
127.1-130.2

aquifer in which the
Well is Completed
Ogallala, Edwards—Trinity (HP)

Edwards-Trinity (HP)
Edwards-Trinity (HP)

Ogallala
Ogallala
Ogallala
Ogallala
Dockum
Ogallala
Ogallala
Ogallala
Dockum
Ogallala
Ogallala
Ogallala
Ogallala
2 From McMahon (2004) except CIO,.

MW?2
MW1
MW3
GW2
GW3
GW1
BW2
BW1

ST ON—T < OMON—

location
Martin
Gaines
Bailey
Hale
Castro

TABLE 1. Vertical Distribution of CI0,~ Concentration and Relative Age of Groundwater at Nested Well Cluster Locations within the High Plains Aquifer System
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with UV detection at 214 nm. The column was a LiChrospher
RP-18 (4 mm x 125 mm). The isocratic mobile phase was
0.01 M KH,PO4 and PIC Reagent A at 1 mL/min. This approach
offered areasonably simple technique that had the advantage
of utilizing selective detection to minimize matrix interfer-
ences (chloride, sulfate) common to high salinity water
samples. Tritium was analyzed at USGS by electrolytic
enrichment and liquid scintillation (27).

Results and Discussion

Spatial Distribution of Perchlorate with Aquifer, Well Type,
and Land Use. About one-half of the 1030 samples (wells)
contained ClO4~ at concentrations less than 0.5 ppb (Figure
1). 115 of these samples were reanalyzed using a precon-
centration method (28) that achieved a lower method
detection limit of 0.1 ppb. Of the samples that were
reanalyzed, 82 contained detectable ClO;~ (>0.1 ppb). The
high percentage of reanalyzed samples that tested positive
for Cl0,~ atalower method detection limit indicates that the
distribution of ClO,™ in the study area is likely a conservative
estimate of its occurrence. Most of the wells sampled were
aerobic, with dissolved oxygen (DO) >2 mg/1 for 95% (638)
of the 675 wells for which DO was measured; under these
conditions, ClO,~ should be stable.

The presence of ClO,~ is widespread across the study area
and concentrations are highly variable. In general, the highest
concentrations were observed in the southern Ogallala aquifer
with an evident abrupt change in concentration distribution
above a NW—SE diagonal line approximately in the middle
of the study area (Figure 1). This abrupt concentration
decrease north of this line coincides with both an abrupt
increase in the depth of the saturated zone and unsaturated
zone north of the line (Figure 1). Perchlorate was detected
(>0.1 ppb) in 56% of the wells and in all but four counties
in the study area. More than 78% (636) of the PWS wells were
completed in the Ogallala aquifer, and 398 of these contained
detectable (>0.1 ppb) ClO,~ (Figure 2). About 35% of PWS
wells completed in aquifers other than the Ogallala contained
detectable ClO,, indicating that the presence of C1O4~ is not
unique to the Ogallala formation. Similar to the PWS wells,
domestic wells completed in the Ogallala aquifer (84%) more
often contained ClO4~ than wells in the other aquifers (24%).
Almost all of the irrigation wells (98), and all (29) of the USGS
water-table monitoring wells were completed in the Ogallala
formation. 42 of the samples from irrigation wells had
detectable ClO,~ (>0.5 ppb). The USGS water-table moni-
toring wells were screened at the top of the Ogallala aquifer;
20 of these wells had detectable ClO,~ (>0.5 ppb) (Figure 2).

Perchlorate concentration distribution was similar be-
tween PWS, irrigation, and domestic well types, even though
the wells are operationally quite different. Other than the
USGS wells, only limited well construction data are available
on screen lengths and depths. PWS and irrigation wells are
more likely to be screened over longer intervals and at deeper
depths than domestic wells. Interestingly, the USGS water-
table monitoring wells, present in 10 counties, had a clearly
different ClO,~ distribution pattern and a larger percentage
of wells with detectable (>0.5 ppb) ClO,~ (Figure 2). One
possible reason could be that the wells are located near
agricultural lands. An additional possibility, which is not
exclusive of the first, relates to sampling depth. If the source
of ClO4~ isat or near the surface, then infiltrating ClIO,~ would
be less likely to be diluted in the water-table monitoring
wells. These monitoring wells have shallow screen intervals
and low mixing potential compared with other well types.

Of the 1030 wells sampled, 886 (86%) were within 1.6 km
of agricultural lands. 489 (55%) of these wells had detectable
ClOs~ (>0.1 ppb). Of the 139 (13.5%) wells located in
rangeland that was at least 1.6 km away from the nearest
agricultural land, 79 (58%) wells had detectable C1O,~ (>0.1

100
A
80 1
N=99
E 60 N=86
g N=816
£ a0 N=29
20 A
,, S | [T Y |
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FIGURE 2. Fraction of wells containing Cl0, in specific concen-
tration ranges by (A) well type (B) aquifer (C) land use. (Data include
115 PWS and domestic wells reanalyzed at a lower detection limit
of 0.1 ppb).

ppb) (Figure 2). It appears that the source of the ClO, is
most likely distributed over the surface and unlikely to be
related to point anthropogenic sources, given the uniform
distribution of ClO4s~ between different land uses and its
widespread occurrence in most aquifers.

Relation Between Perchlorate, Depth to Water, and
Saturated Thickness. Relations between the saturated thick-
ness and depth to water (unsaturated zone thickness) in the
Ogallala aquifer with respect to ClO4~ concentrations were
evaluated. The saturated thickness and aquifer thickness data
for the Ogallala aquifer were obtained from the USGS (29).
The depth to groundwater was estimated as the difference
between water-table and land surface altitudes. Only wells
completed in the Ogallala aquifer were considered because
sufficient aquifer data were not available for wells in the
other aquifers. In addition to this analysis, the results from
USGS nested wells and TTU well clusters were available for
vertically discrete data.

Perchlorate, TDS, SO, 2, Cl~, Br~,and NOs~ concentrations
in the Ogallala aquifer are inversely correlated with depth to
the water table from the ground surface (ClO,~; r = —0.62,
p < 0.0001) and saturated thickness (ClO;~; r = —0.41, p <
0.0001) (see Figures B and C, Supporting Information).
Saturated thickness is variable over the study area, although
the northeastern part of the study area has much greater
saturated thicknesses (29). The correlation between depth
to water and ClO,~ concentration may be related to the time
of travel through the unsaturated zone and the relation
between ClO,~ concentration and saturated thickness may
represent dilution of Cl10,~ in the saturated zone. Downward
migration could be enhanced in irrigated agricultural or other
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areas of focused recharge, such as playas. If the source of
ClO,™ is from the land surface, then samples collected from
wells that are screened over large or deep intervals might be
expected to have lower concentrations of ClO,~ than those
that are screened near the water table. Total mass of ClO4~
in the saturated zone of only the Ogallala portion of the study
area was estimated to be 1.60 x 10° kg (see Supporting
Information).

Relation of Perchlorate to Other Water Quality Param-
eters. Water quality parameters measured only in the Ogallala
aquifer were tested for correlation with ClO,~ concentration
(see Table A, Supporting Information). This analysis included
data from 620 samples completed in the Ogallala aquifer
and 65 wells from the first subset for which 105~ was also
evaluated. Data from other aquifers were not considered
because insufficient data were available. SO4?~, Cl~, and Br~
had correlation coefficients exceeding 0.5, while F~ and NO; ™~
had correlation coefficients less than 0.3. Cations had
generally lower correlation coefficients (r < 0.5); Sr>* and K*
had the highest correlation coefficients (r=0.47 and r=0.42
respectively), while Na*, Ca?*, and Mg?* were less than 0.4.
For the smaller subset, 103~ and SO,*~ had the highest
correlation coefficients (r = 0.66 and 0.67, respectively) with
respect to ClO,~. Chemical species that had relatively large
correlation coefficients in the larger dataset also had higher
correlation coefficients in the smaller dataset. The high
positive correlation of C10,~ with 103~ is consistent with the
hypothesis of atmospheric origin for ClO, in the study area
(9, 12) as the only major source of 105~ is atmospheric
deposition. Positive correlations with TDS, anions, and
cations could indicate general flushing of salts from the land
surface or unsaturated zone to the water table by precipita-
tion-irrigation-evaporation cycles.

Vertical Distribution of Perchlorate. The vertical dis-
tribution of C10,~ was evaluated in five well clusters designed
to sample from discrete vertical intervals. Generally, a
decrease in ClO,~ concentration with increase in depth in
the Ogallala aquifer was observed at each site (Table 1). The
nested well cluster in Martin County was installed on land
that has not been in agricultural use since the 1980s. This
location is also near a large PWS well field with relatively
high (~20 ppb) local concentrations of ClO4~. All three wells
in the cluster were completed in the Ogallala formation (Table
1). Tritium values for water from the middle and lower screen
intervals indicated the deeper water infiltrated the aquifer
before the early 1950s, while water from the shallowest screen
interval reflects infiltration since the 1950s (modern water).
ClO4~ concentration was highest in the shallowest well and
was stable over a two year period with the maximum observed
change less than 10%. NO;~, TDS, and SO,*~ had similar
decreases in concentration with depth, while CI~ and Br~
had increases in concentration with depth. It should be noted
that irrigated agriculture started as early as 1930 in this area,
which would represent 20 years of irrigation prior to 1950.

The nested well cluster in Gaines County sampled water
from the Ogallala, Edwards Trinity (High Plains) (ETHP), and
Dockum groups (Table 1). The depth to water in this location
was less than 10 m. These wells were installed at a location
that was removed from agricultural use in the 1990s, but was
previously in agricultural use since the 1930s. Perchlorate
concentrations were the highest of any samples collected in
the study area (179, 111, and 97.9 ppb for the descending
screen intervals, respectively). Tritium values (1.5 TU to 3.3
TU) indicate the water at this site was mixed and has been
influenced by modern water infiltration since the 1950s.
Intense irrigation can cause vertical mixing from large areas
(30, 31).

Two wells were installed in Muleshoe National Wildlife
Refuge with a relatively shallow water table of 16 m. The
upper well screen (20.1—26.2 m) spanned both the Ogallala
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and ETHP aquifers (Table 1). The lower screen sampled from
the ETHP aquifer. Tritium data indicated neither well has
been influenced by infiltration of modern water. Water from
the upper-screened interval contained ClO,~ (1.2 ppb) while
the lower screened interval did not contain ClO,~ above 0.1
ppb. Water from the deeper interval was anaerobic (DO <
0.5 mg/L), and ClO,~ would not be stable under these
conditions.

The USGS nested well clusters were installed in zones of
greater saturated thickness and were in areas of larger depths
to water than the TTU well clusters (Table 1). Water quality
in these wells has been previously characterized and dis-
cussed (30). Perchlorate was not detected (<0.5 ppb) in any
of the Castro County nested wells, even though the top screen
interval was affected by agricultural activities. Low DO in
water at this site can lead to ClO,~ being used as an alternate
electron acceptor (32).

In Hale County, ClO,~ concentration was highest (6 ppb)
in the uppermost (water-table) screen interval and a trace
(0.2 ppb) was detected in the intermediate deep interval (from
118 to 121 m below land surface). Perchlorate was not
detected above 0.5 ppb in the remaining two well screens.
Water from the shallow interval was affected by infiltration
since the 1950s, while deeper water was >1000 years old
(30). Water from the top interval was generally higher in
most major anion and cation concentrations, which was
attributed to agricultural influences. Possible explanations
for the elevated presence of ClO4™ in the top interval include
agricultural activity as a source, or the flushing of naturally
occurring ClO,~ from the unsaturated zone.

Potential Sources of Perchlorate. Data supporting the
hypothesis that ClO4~ has a surface origin include the vertical
distribution of ClO,~ in saturated vertical transects (Table
1), the high correlation between ClO,~ and atmospherically
derived 1057, independence of ClO,~ concentration relative
to aquifers, and the relation between ClO,~ occurrence and
depth to the water-table. In addition, ClO,~ has been found
in unsaturated sediments from the clustered well sites (33).

A number of potential sources can be excluded from
consideration as the primary ClO,~ source in the study area.
Formerly used defense sites (FUDS) are not a likely source
because of their limited distribution in the study area as well
aslack of evidence for the widespread use of ClO4~ containing
products at these facilities (15). Slow groundwater velocities
(<0.3 m/d) in the study area (34) make it difficult for point
sources to account for the widespread distribution in
groundwater, as insufficient time is available for widespread
transport and dispersion of anthropogenically derived C1O, .
Flares and fireworks, while potentially a more widespread
source, are excluded, as the mass required is unreasonable,
and the occurrence in areas of extremely limited populations
also makes these unlikely sources.

The oil and gas industry is widespread across the study
area. Locations of oil and gas wells do not appear to have any
relation to ClO,~ occurrence (Figure 1D). Insufficient data
are available to estimate the total mass of ClO,~ potentially
derived from seismic exploration without information on
blast locations, type of explosive, residual ClO,~ (post blast),
and placement depth. However, this is not a likely source as
ClO,~ is much more widely distributed than oil and gas
activities.

ClO, isnota primary chemical for agricultural purposes.
However, ClO,~ can exist as an impurity or byproduct in two
common agricultural products, mined nitrate fertilizers
primarily from Chile and ClOs~ defoliants. Assuming chlorate
was used as the only defoliant for the time period from 1930
to 2000 on the maximum area of recorded cotton cultivation
(11 500 km?), 3.9 x 108 kg of ClO3~ could have been applied
in the study area (see Supporting Information for assumptions
and calculations). A measured concentration of CIO,~ in ClO3~



defoliant (24 mg/kg) would account for 1.7% of the estimated
ClO;~ mass in the study area. Even given the extreme time
period assumed (chlorates have not been a preferred defoliant
for over 20 years), maximum acreage applied, and sole use
of chlorate defoliants, it would require greater than 50x the
measured concentration to account for the estimated mass
of ClO,” in the saturated zone alone. It is possible that
historical use of chlorate herbicides have contributed to the
occurrence of ClO,~ in the study area but it is highly unlikely
that they are the primary source of ClO,~, given the required
time period, area affected, and ClO,~ application rates
required.

The amount of Chilean nitrate imported into the United
States from 1938 to 1968, the time period with the best
historical information, was 1.61 x 10'° kilograms (35). This
amount includes Chilean nitrate used in the defense industry,
local industrial use, and fertilizers. Records of Chilean fertilizer
use in Texas were not identified; however, for comparison
the amount of Chilean nitrate used from 1923 to 1998 in
California, which has roughly the same area of improved
farmland as the study area, was 4.77 x 108 kg (36). Assuming
ameasured concentration of 0.1% ClO,™ in the fertilizer (37),
and taking the calculated mass of ClO,™ in the saturated
zone of the Ogallala, a conservative estimate of 1.60 x 10°
kg of the Chilean nitrate fertilizer is required if considered
as the sole source of ClO4~ in the Ogallala aquifer. This value
would require 10% of the entire Chilean nitrate imported
into United States from 1938 to 1968 to have been applied
over the Ogallala aquifer portion of the study area alone. If
the mass in the other saturated parts of the study area and
the mass in the overlying unsaturated sediments of the study
area were to be included, the required percentage of imported
Chilean nitrate fertilizer use would increase. Given that a
large fraction of Chilean nitrate imported (35) was used for
manufacturing explosives during the World War II and
California was reported to use only 4.77 x 108 kg (30% of the
value derived above) of Chilean nitrate fertilizer from 1923
to 1998, it is unlikely to be the sole or primary source. In
addition, the presence of ClO4~ in regions where no cultivated
agriculture was practiced, and the lack of correlation between
NO;~ and ClO,4~ in groundwater in the study area support
the conclusion that agricultural compounds are not the
primary sources of ClO4~.

The known occurrence of ClO4~ in Chilean nitrate deposits
(6), evaporites in North America (14), and in precipitation in
the study area (12) coupled with the understanding that the
Chilean deposits are of atmospheric origin (8), indicate that
some ClO,~ occurrences can be naturally derived. Using an
average ClO,~ concentration of 0.2 ppb (n = 22) in precipi-
tation measured for the study area over a 14 month period
(12) and assuming an average yearly precipitation of 0.5 m
(range 0.35 to 0.65 m) would result in an average ClO,~
deposition of 0.1 mg/m?/yr. Considering only the ClO;~ in
the saturated zone in the Ogallala aquifer, 156 years would
be required to generate the calculated mass. This is well
within the accepted accumulation times (2500—10 000 years)
for salts and groundwater in the high plains region (38). Even
ifthe average ClO,~ concentration in precipitation is an order
of magnitude lower, deposition from precipitation is still a
reasonable source. It should be noted that this calculation
does notinclude potential dry deposition which would further
shorten the estimated times required nor does it include
ClO,~ transformed by microbial reduction, plant uptake, or
lost to runoff (generally considered negligible for the high
plains) which would increase required accumulation times.

An atmospheric origin is also supported by the ratios of
Cl7/Br~ (39) and CI/ClO,4~ (12) in groundwater of the Ogallala
which closely track the modern bulk atmospheric ratio line
for each ratio (Figure 3). The high correlation of the Cl~/ Br~
ratio and its similarity to the modern bulk atmospheric ratio
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FIGURE 3. (A)CI-/Br ratios in Ogallala aquifer with average inland
and maximum coastal atmospheric deposition lines (39); (B) CI-/
Cl0, ratios in Ogallala aquifer with average atmospheric deposition
ratio lines 'Data from Dasgupta et al. (Non detectable CIO,;~
concentrations assigned 0.005 ppb) (72) 2Data from Plummer et al.

(16).

(39) strongly supports an atmospheric origin of these anions.
The Cl~/ClO,™ ratio line shown is certainly much more open
to question, but as there is extremely limited data available
on ClOs~ in wet and dry deposition, the agreement is
compelling. The higher ratio reported here (220 000) indicates
that significantloss of C1O,~ has occurred as Cl~ is considered
conserved although non atmospheric sources of Cl~ are
possible. The average Cl~/ClO4~ ratio as well as almost all
individual ratios for this study is also higher than reported
by Plummer et al. (17) (25 000) for New Mexico Pleistocene
and Holocene groundwater. The concentration range of both
Cl™ and ClO,4~ reported here is also much greater and not
likely due to simple evaporative concentration but rather
flushing of atmospherically deposited salt species into
groundwater due to either climate change or more likely
modern irrigation practices and possibly additional evapora-
tive concentration due to multiple irrigation and return flow
cycles. As ClO4~ can be used as an electron acceptor by
bacteria and accumulated by plants, it is unlikely to be
completely conserved in the soil, and so the higher ratio
reported in this study is not unexpected. Other evidence
supporting atmospheric deposition includes the strong
correlation between 105~ and ClO, ™, the extremely large area
affected by ClO,~, and the presence of ClO,~ in water older
than 1950.

A definitive source for the ClO;~ cannot be determined
from the available data and it is likely that multiple sources
contribute to the occurrence of ClO, . The data indicate that
the majority of the ClO4~ could result from atmospheric
deposition. Variations in concentration for different parts of
the study area may be explained by complex relations
between the depth to water, saturated thickness, and land
use. Recent advances in isotope analysis may be able to
identify the source(s) of ClO4~; however, isotopic analyses
done for 2 wells in the study area were inconclusive (40).
Results from this study highlight the need for future studies
of land use changes in arid and semiarid areas in relation to
the impact on groundwater quality.
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