
Contents lists available at ScienceDirect

Applied Geochemistry

journal homepage: www.elsevier.com/locate/apgeochem

Four-dimensional isotopic approach to identify perchlorate sources in
groundwater: Application to the Rialto-Colton and Chino subbasins,
southern California (USA)

Paul B. Hatzingera,∗, J.K. Böhlkeb, Neil C. Sturchioc, John Izbickid, Nicholas Teagued

a Aptim Federal Services, Lawrenceville, NJ, USA
bU.S. Geological Survey, Reston, VA, USA
cUniversity of Delaware, Newark, DE, USA
dU.S. Geological Survey, San Diego, CA, USA

A R T I C L E I N F O

Editorial handling by J. Mirecki

Keywords:
Perchlorate
Isotope
Oxygen
Chlorine
USA
Groundwater
Chlorine-36
Forensic
Groundwater
Fertilizer
Atacama
Chile
Rialto

A B S T R A C T

Perchlorate (ClO4
−) in groundwater can be from synthetic or natural sources. Natural sources include ClO4

−

associated with historical application of imported natural nitrate fertilizer from the Atacama Desert of Chile, and
indigenous ClO4

− that accumulates locally in arid regions from atmospheric deposition. The Rialto-Colton
groundwater subbasin, 80 km east of Los Angeles, California, includes two mapped ClO4

− plumes from known
military/industrial sources. Larger areas downgradient from those plumes, and in the Chino subbasin to the
southwest, also contain ClO4

−. Perchlorate from wells was analyzed for chlorine and oxygen stable isotope ratios
(δ37Cl, δ18O, Δ17O) and radioactive chlorine-36 (36Cl) isotopic abundance, along with other geochemical, iso-
topic, and hydrogeologic data. Isotopic data show that synthetic ClO4

− was the dominant source within the
mapped plumes. Downgradient from the mapped plumes, and in the Chino subbasin, the dominant source of
ClO4

− was related to past agricultural use of Chilean (Atacama) nitrate fertilizer. The 36Cl and δ18O data indicate
that wells having predominantly synthetic or Atacama ClO4

− also contained small fractions of indigenous
ClO4

−. Little or no differences were observed in isotopic composition or ClO4
− source with depth in depth-

dependent data from selected wells. Indigenous ClO4
− was most evident in upgradient wells having ClO4

−

concentrations< 1 μg/L, consistent with its occurrence as a background constituent throughout the region.
Stable isotope ratios of chlorine and oxygen and 36Cl isotopic abundance data provided relatively unambiguous
discrimination of synthetic and Atacama sources in most wells having ClO4

− concentrations greater than 1 μg/L.

1. Introduction

1.1. Background

The contamination of groundwater and drinking water by per-
chlorate (ClO4

−) has become an issue of national concern because of
the adverse health effects of ClO4

− ingestion. ClO4
− in the environment

can be from synthetic or natural sources. Ammonium ClO4
− is widely

used as an oxidant in solid propellants (Cunniff et al., 2006), so it was
once assumed that ClO4

− contamination of groundwater largely re-
sulted from historical testing and disposal practices by the military, the
aerospace and ordnance industries, and ClO4

− manufacturers. How-
ever, a variety of commercial products also contain synthetic ClO4

−

either intentionally or as a manufacturing byproduct, including fire-
works, matches, air bags, road flares, perchloric acid, and chlorate

herbicides (Trumpolt et al., 2005; Aziz and Hatzinger, 2008), some of
which may contribute to ClO4

− in groundwater (Munster et al., 2008;
Böhlke et al., 2009; Munster and Hanson, 2009).

Natural sources of ClO4
− include Chilean nitrate fertilizers and in-

digenous ClO4
− that appears to form atmospherically and accumulate

in vadose soils in arid environments. ClO4
− has long been known to co-

occur with sodium nitrate (NaNO3) in surficial deposits in the Atacama
Desert of Chile at an average concentration of around 0.1% (by mass) of
the total soluble salt, with concentrations as high as 6.8% reported
(Schilt, 1979; Ericksen, 1981, 1983; Dasgupta et al., 2006). Processed
NO3

− deposits were widely used in the U.S. during the first half of the
20th century as a source of inorganic nitrogen fertilizer. According to
the California Department of Agriculture, more than 477,000 metric
tons of imported Atacama NO3

− was used in California as fertilizer
between 1923 and 1998 (California Department of Food and
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Agriculture, 1999). The final ClO4
− concentration of processed Ata-

cama NO3
− fertilizer prior to 2002 was variable, but likely ranged from

0.15 to 1.0 wt % based upon analysis of historical samples (Eldridge
et al., 2000; Urbansky et al., 2001a,b; Dasgupta et al., 2006). Changes
in manufacturing processes after 2002 were reported to reduce the final
ClO4

− concentration to ≤0.01% (Dasgupta et al., 2006). Thus, apart
from synthetic sources, past application of Atacama NO3

− fertilizer
provides a potential source of ClO4

− in groundwater and drinking
water in the U.S.

Natural ClO4
− that is not associated with Chilean fertilizers has also

been detected in soils, groundwaters, and mineral deposits collected
from arid regions in the western U.S., including groundwater under-
lying an area of 155,000 km2 in the Southern High Plains (SHP) of
Texas and New Mexico (Jackson et al., 2004, 2005; 2006; Dasgupta
et al., 2005; Rajagopalan et al., 2006) and in the Middle Rio Grande
Basin (MRGB) of New Mexico (Plummer et al., 2006). This indigenous
ClO4

− is hypothesized to form in the atmosphere through photo-
chemical reactions (Murphy and Thomson, 2000; Bao and Gu, 2004;
Dasgupta et al., 2005; Kang et al., 2008; Sturchio et al., 2009) and to
reach Earth's surface via precipitation or dry deposition, resulting in
long-term accumulations in arid regions (Rajagopalan et al., 2006; Rao
et al., 2007). When such salt accumulations become subject to large-
scale irrigation, accumulated ClO4

− can be mobilized and transported
to the water table. Such agricultural mobilization is hypothesized to
account for high ClO4

− concentrations in groundwater in West Texas,
which has been widely irrigated for several decades for production of
cotton and other crops (Rajagopalan et al., 2006). Irrigation also may
be associated with transport of ClO4

− to groundwater from crops
treated with Atacama nitrate fertilizer (Böhlke et al., 2009; Sturchio
et al., 2014).

Methods have been developed over the past decade to measure the
stable isotope ratios of chlorine (37Cl/35Cl) and oxygen (18O/16O,
17O/16O), and the fractional abundance of the radioactive isotope 36Cl
in ClO4

− (Bao and Gu, 2004; Böhlke et al., 2005, 2009, 2017; Sturchio
et al., 2006, 2009, 2012b, 2014; Poghosyan et al., 2014; Hatzinger
et al., 2011, 2013). These analyses have shown that the primary source
types of ClO4

− (synthetic, Atacama, U.S. indigenous) are isotopically
distinguishable. Additional background information about ClO4

− iso-
topic characteristics is provided in Supporting Data, Section S1 as well
as in the references cited above. The primary objective of the current
study was to evaluate the combined use of four independent isotopic
ratio measurements (four-dimensional isotope approach) for appor-
tioning groundwater ClO4

− sources in an area of southern California
having complex hydrogeology and land use history, with at least three
different types of potential natural and anthropogenic ClO4

− inputs
distributed heterogeneously. This study included depth-dependent
sampling in some wells, along with multiple tests of sampling and
analytical procedures.

1.2. Description of the study area

The study area includes the Rialto-Colton and Chino, CA subbasins
of the upper Santa Ana River groundwater basin in southern California
(Fig. 1) as described in detail by Izbicki et al. (2015). The study area is
underlain by highly-permeable, unconsolidated alluvial-fan deposits
(mainly sand and gravel) of Quaternary age between about 100m to
240m thick that overlie low-permeability, partly-consolidated Tertiary
sediments and granitic basement (Woolfenden and Kadhim, 1997).

The Rialto-Colton subbasin is bounded by the San Jacinto and
Rialto-Colton Faults (Fig. 1) that are part of the regionally active San
Andreas fault system (Dutcher and Garrett, 1963). The faults are bar-
riers to groundwater flow along most of their extent, and prior to
groundwater development water level difference across the northern
part of the Rialto-Colton Fault between the Rialto-Colton and Chino
subbasins were as much as 120m (Dutcher and Garrett, 1963). The
Rialto-Colton subbasin contains a regional aquifer that is pumped for

water supply. Depth to water in the regional aquifer in the northern
part of the subbasin can exceed 160m. In the north, the regional aquifer
is overlain by a perched aquifer about 100m below land surface. Prior
to development, groundwater recharge was from 1) local precipitation,
2) groundwater underflow across the northern part of the San Jacinto
Fault that originated as infiltration from streams that drain higher
elevations in the San Gabriel Mountains to the north, and 3) mountain-
block recharge from the San Gabriel Mountains. As a result of devel-
opment, groundwater recharge from irrigation and septic return,
stormflow detention basins, and artificial recharge from northern Ca-
lifornia increased. Groundwater movement in the Rialto-Colton sub-
basin is from recharge areas in the north to the southeast between the
San Jacinto and Rialto-Colton faults, but deviations can occur locally.
The perched aquifer is not present in the southern part of the subbasin.
Under predevelopment conditions, discharge from the Rialto-Colton
subbasin occurred as groundwater flow toward the Santa Ana River and
across the southeastern part of the Rialto-Colton Fault. As a result of
development, groundwater pumping from wells is a major component
of discharge from the regional aquifer.

Release of synthetic ClO4
− from military and industrial sources in

the northern part of the Rialto-Colton subbasin of San Bernardino
County, CA has contaminated parts of the perched aquifer and affected
a number of production wells completed in the regional aquifer.
Previously identified ClO4

− sources include: (1) a 160-acre industrial
site formerly occupied by several different industries, and also known
as the Rockets, Fireworks, and Flares (RFF) site (USEPA, 2014), and (2)
properties adjacent to the current Mid-Valley Sanitary Landfill (MVSL)
operated by San Bernardino County, including the Rialto Ammunition
Backup Storage Point, a site of several World War II era bunkers that
were later used for the manufacture, transport, and/or disposal of
fireworks, flares, explosives and other potentially hazardous materials
(SAIC, 2004). This site is known as the Mid Valley Sanitary Landfill/
Bunker Site (MSVL/Bunker Site) (GeoLogic Associates, 2003;
SARWQCB, 2005; Woolfenden, 2007) or the Former Bunker Area. The
distribution of ClO4

− concentrations in wells indicates two parallel
plumes emanating from those sites (Fig. 1). As defined by previous
studies, the mapped plume from the RFF Site is parallel to the Rialto-
Colton fault and extends at least 6 km downgradient of the site in the
southeast direction of groundwater flow (GeoLogic Associates, 2013).
Recent USEPA reports suggest that this plume may reach as far as 9 km
downgradient, but the distal extent is not yet known (USEPA, 2014).
The mapped plume from the MSVL/Bunker Site extends ∼3 km
downgradient, parallel to the RFF Site plume.

The extent of high-level ClO4
− contamination (e.g., > 50 μg/L)

emanating as plumes from the two military/industrial sites is reason-
ably well defined. However, ClO4

− has also been detected in ground-
water wells throughout the Study Area at lower concentrations
(∼1–20 μg/L). Perchlorate has been measured in groundwater wells to
the southeast of the two known plumes in the general direction of
groundwater flow, such as Colton 15 and 13B1-5 (RHSW-5), and in
wells to the south of the sources but outside the hypothesized
groundwater flow path, including a number of wells positioned to the
south of the Rialto-Colton Fault in the Chino subbasin, such as F-4A, F-
17B, F-35A, and others (Fig. 1). Several wells in the Chino subbasin
positioned between the Rialto-Colton Fault and the postulated Rialto-
Colton Fault West (Paulinski, 2012), such as F-26A and Chino 2 (Fig. 1),
also have measurable ClO4

−, albeit at low concentrations (< 2 μg/L).
The general pattern of low-level ClO4

− contamination in groundwater
throughout the Study Area (apart from the plumes emanating from the
two source areas) suggests the possibility of additional sources of ClO4

−

in the area, possibly including ClO4
− derived from historical Atacama

fertilizer application, indigenous natural ClO4
−, and synthetic ClO4

−

from local uses of flares, fireworks, blasting, or other sources.
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2. Materials and methods

2.1. Sample collection

A total of 27 wells (17 production wells, 8 monitoring wells, and 2
WestBay wells) were sampled for ClO4

− isotopic analysis (Fig. 1). In
conjunction with coupled well bore-flow and depth-dependent water
quality sampling (Izbicki et al., 2015), depth-dependent ClO4

− stable
isotope samples were collected from five of the production wells.
Groundwater was obtained from the 27 wells as described in Izbicki
et al. (2015). In order to collect adequate quantities of ClO4

− for

isotopic analysis, water from 25 of the wells (WestBay wells excluded)
was passed through 3.2-cm inner diameter x 15.2-cm length PVC col-
umns containing about 100mL (∼60 g dry wt) of Purolite A-530E bi-
functional anion exchange resin (IX resin), which is highly selective for
ClO4

− (Gu et al., 2007). The flow to the columns was generally set at≤
2.5 L per minute. Samples were periodically collected from the influent
and effluent of the columns to evaluate stability of influent con-
centration with time, to detect column breakthrough of ClO4

−, and to
estimate the total amount of ClO4

− trapped on each column. After a
pre-determined time, ranging from a few hours to several days (based
on flow rate and starting ClO4

− concentration in each well), the IX

Fig. 1. Map view of the Study Area with two previously identified ClO4
- source areas and associated groundwater perchlorate plumes delineated. Wells

selected for bulk discharge ClO4
− isotope sampling (light blue symbols) and depth-dependent ClO4

− isotope sampling (dark blue symbols) are indicated. The plume
map was generated previously and modified from GeoLogic Associates (2013) and Izbicki et al. (2015). The map does not include concentration data from the current
study, or the most recent USEPA site sampling (USEPA, 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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columns were removed from the well, sealed in Zip-Loc type bags,
placed at 4 °C (or on ice), and shipped to the University of Illinois at
Chicago (UIC) for ClO4

− extraction and purification. In many instances,
two or more (up to 8) columns were set up at a single well to collect
enough ClO4

− for stable isotope analysis from low-concentration wa-
ters, and to provide replicate samples to evaluate method reproduci-
bility.

As part of this study, laboratory experiments were conducted to
evaluate effects of ClO4

− adsorption to IX resin and column break-
through on values of δ37Cl, δ18O and Δ17O, as described in Supporting
Data, Section S5.

2.2. Aqueous perchlorate concentrations

Aqueous ClO4
− concentrations were analyzed by ion-

chromatography at the Aptim laboratory in Lawrenceville, NJ using
U.S. EPA Method 314.0 (Hautman et al., 1999). Concentrations of
ClO4

− below the detection limit for that method (0.5 μg/L), were
analyzed at Texas Tech University in Lubbock, TX, by ion-chromato-
graphy mass-spectrometry (ICMS) (US EPA Method 332.0) which has a
detection limit of 0.1 μg/L (Hedrick et al., 2005).

2.3. Purification of ClO4
− for stable isotope analysis

Preparation of ClO4
− trapped on the IX resin for chlorine and

oxygen isotope ratio analysis involved elution and recovery of ClO4
−

from the resin, followed by separation of ClO4
− from other materials

trapped on the IX resin, including a variety of anions and organic
compounds. Briefly, the key steps in the extraction and purification
method were as follows: (1) the resin was washed ultrasonically with

Table 1
Perchlorate concentrations and Cl and O isotope data for samples collected from wells in the Study Area. Perchlorate concentration data were published
previously in Izbicki et al. (2015).

State Local δ37Cl δ18Ο δ17Ο Δ17Ο 36Cl Perchlorate Perchlorate

well well

number name (‰) (‰) (‰) (‰) 36Cl/Cl x 10−15 (μg/L) (μg/L)

single column influent

Wells in the perched aquifer in the Rialto-Colton subbasin within the mapped plume
1N/5W-28J2 28J-2 0.8 ± 0.1 −18.3 ± 0.1 −9.7 ± 0.1 −0.1 ± 0.0 102 ± 1 285 261 ± 5
1N/5W-29H1 F6 −0.5 −13.5 −7.0 0.1 1040 (20) 8.8 12 ± 2
1N/5W-29H3 F6A-S −0.9 −15.5 ± 0.3 −8.0 ± 0.0 0.2 ± 0.1 NA 0.7 1.1 ± 0.4
1N/5W-33B2 N-10S 1.0 ± 0.0 −12.5 ± 1.7 −6.6 ± 1.0 0.0 ± 0.1 504 (12) 33 27 ± 5
Wells in the Regional aquifer in the Rialto-Colton subbasin within the mapped plume
1N/5W-21N2 PW-2 1.4 ± 0.1 −16.9 ± 0.4 −8.9 ± 0.3 0.0 ± 0.1 118 (4) 22 21 ± 0
1N/5W-21P2 PW-3 1.1 ± 0.2 −18.0 ± 0.2 −9.4 ± 0.2 0.1 ± 0.1 192 (17) 15 15 ± 0
1N/5W-33B1 N-10D 0.5 −14.1 ± 0.5 −7.2 ± 0.2 0.2 ± 0.0 3640 (200) 1.9 1.6 ± 0.2
1N/5W-34B2 Rialto 02 0.2 −20.3 ± 0.2 −10.7 ± 0.2 0.0 ± 0.0 NA 51 51 ± 1
1N/5W-34B2 Rialto 02 (800′) 0.3 −20.1 ± 0.1 −10.6 ± 0.0 0.0 ± 0.0 NA 35 35 ± 1
1N/5W-34G4 PW-5D 0.7 ± 0.4 −17.6 ± 0.6 −9.3 ± 0.3 0.0 ± 0.1 82 (9) 1150 NA
1N/5W-34M1 Rialto 03 0.6 ± 0.3 −15.2 ± 0.1 −8.0 ± 0.3 0.0 ± 0.2 687 (14) 11 12 ± 0
1N/5W-34M1 Rialto 03 (670′) 0.6 −14.4 ± 0.1 −7.6 ± 0.1 0.0 ± 0.0 502 (23) 11 11 ± 0
1S/5W-02B3 PW-9C 1.3 −16.1 ± 0.3 −8.5 ± 0.1 0.0 ± 0.1 127 (18) 341 NA
1S/5W-02G1 Rialto 06 1.3 ± 0.3 −16.9 ± 0.2 −8.8 ± 0.2 0.1 ± 0.1 86 (4) 226 239 ± 13
1S/5W-02G1 Rialto 06 (480′) 1.0 −17.1 ± 0.0 −9.1 ± 0.1 −0.1 ± 0.1 194 (30) 198 206 ± 13
1S/5W-02G1 Rialto 06 (560′) 1.1 −15.7 ± 0.2 −8.3 ± 0.2 0.0 ± 0.1 310 (70) 109 115 ± 13
1S/5W-03A1 Rialto 04 1.1 ± 0.1 −17.6 ± 0.2 −9.2 ± 0.3 0.0 ± 0.2 131 (3) 72 73 ± 2
Wells outside the mapped plume
1N/5W-17K2 WVWD 24 1.5 ± 0.4 −8.4 ± 0.3 −3.2 ± 0.3 1.2 ± 0.1 6021 (110) 0.3a 0.3 ± 0.0j
1N/5W-27D1 Rialto 01 −0.2 ± 0.1 −15.9 ± 0.2 −8.2 ± 0.1 0.2 ± 0.0 2660 ± 127 3.7 3.8 ± 0.5
1N/5W-33N1 F-49A −2.4 ± 0.0 −8.5 ± 1.0 −1.7 ± 0.4 2.8 ± 0.2 28,900 (1600) 0.4a NA
1S/4W-18G1 Colton 15 −12.3 ± 0.7 −4.6 ± 0.1 6.2 ± 0.1 8.6 ± 0.1 1590 (40) 3.2 3.3 ± 0.1
1S/5W-02K1 WVWD 11 −0.5 ± 0.4 −15.3 ± 0.6 −7.1 ± 0.3 1.0 ± 0.2 66 (3) 9.7 11 ± 1
1S/5W-05A5 F-10C −4.3 ± 0.2 −9.8 ± 0.5 −1.8 ± 0.2 3.4 ± 0.1 10,200 (400) 0.9a NA
1S/5W-13B5 13B1-5 (RHSW 5) −9.8 −7.1 ± 0.1 3.1 ± 0.0 6.9 ± 0.0 2210 (160) 4.4 4.2 ± 0.1
1N/5W-32A1 F-13A −5.5 ± 0.2 −4.8 ± 0.0 2.1 ± 0.2 4.7 ± 0.2 24,200 (1200) 0.4a 0.4 ± 0.0j
Wells in the Chino (or Arlington) subbasins
1S/5W-23A1 WVWD 42 −10.3 ± 0.1 −7.0 ± 0.0 3.5 ± 0.1 7.1 ± 0.1 1785 ± 134 1.4 1.4 ± 0.0
1N/5W-32N1 F-26A −9.7 −8.3 ± 0.0 1.7 ± 0.0 6.1 ± 0.0 5450 (130) 2.0 1.5 ± 0.2
1N/5W-32N1 F-26A (800′) −9.9 −8.4 ± 0.1 1.7 ± 0.0 6.2 ± 0.0 5140 (90) 1.6 1.5 ± 0.1
1S/5W-04N1 F-4A −11.8 ± 0.3 −7.9 ± 0.2 3.4 ± 0.0 7.6 ± 0.1 1380 (30) 5.8 5.9 ± 1.7
1S/5W-04N1 F-4A (J613; 2007 sample) −11.9 −8.0 3.3 7.6 NA 12 NA
1S/5W-07R1 F-35A −11.1 −9.4 ± 0.1 1.4 ± 0.0 6.4 ± 0.1 415 (15) 0.6 2.4 ± 0.4
1S/5W-14B1 Chino 02 −11.1 −6.8 ± 0.2 3.7 ± 0.1 7.4 ± 0.0 780 (40) 2.1 1.2 ± 0.8
1S/6W-23D2 F-17B −13.5 ± 0.0 −6.6 ± 0.3 4.7 ± 0.2 8.2 ± 0.1 91 ± 4 22 19 ± 0.7
1S/6W-23D2 F-17B (580′) −13.0 ± 0.2 −8.0 ± 0.2 3.9 ± 0.2 8.1 ± 0.1 100 (4) 20 18 ± 1

NA - data not available.
Means and standard deviations are provided for all individual analyses per well. When individual values are provided samples were analyzed once.
δ18O and Δ17O were analyzed by O2-DI-IRMS(+N2). See Equation 4 for definition of Δ17O.
j - estimated value between the MDL and PQL by IC.
“Column influent” samples were collected intermittently over a period of hours to days while isotope samples were being loaded onto columns.
“Single” samples were collected once when samples for other chemical and isotopic analyses were collected (Izbicki et al., 2015).
For 36Cl, values in parentheses are laboratory reported uncertainty for individual samples while ± values are standard deviations for multiple analyses.

a Analysis by IC-MS at Texas Tech University.

P.B. Hatzinger et al. Applied Geochemistry 97 (2018) 213–225

216



deionized water (DIW) and flushed with several pore volumes of 4M
HCl to remove adsorbed SO4

2−, NO3
−, HCO3

−, and humic substances,
but not ClO4

− which is more strongly held by the bifunctional resin
than most other anions or organics; (2) ClO4

− was eluted from the resin
bed using 1M FeCl3-4M HCl solution (Gu et al., 2001, 2011); (3) eluted
ClO4

− was purified by a series of cation exchange, oxidation, and
evaporation steps; (4) KOH was added to precipitate KClO4 for isotopic
analysis; and (5) KClO4 crystals were washed with methanol and their
purity was measured by ion chromatography (IC). Further details on
sample purification are provided in Supporting Data, Section S2.

2.4. Analysis of oxygen and chlorine isotope ratios in perchlorate

After the KClO4 was purified according to the procedures described
in the previous section, it was analyzed for O and Cl isotopic compo-
sition by isotope-ratio mass spectrometry (IRMS) according to proce-
dures described previously (Hatzinger et al., 2011; Sturchio et al., 2014;
Böhlke et al., 2017). Details concerning the specific IRMS methods,
reference materials, and calibration schemes are given by Böhlke et al.
(2017) and in Supporting Data, Section S2.

Stable O and Cl isotope data are reported as follows:

δ18O= R(18O/16O)sample/R(18O/16O)VSMOW – 1 (1)

δ17O= R(17O/16O)sample/R(17O/16O)VSMOW – 1, (2)

δ37Cl= R(37Cl/35Cl)sample / R(37Cl/35Cl)SMOC – 1 (3)

Δ17O = [(1 + δ17O) / (1 + δ18O)0.525] – 1. (4)

where Δ17O is an expression of non-mass-dependent “17O excess” that is
calculated from measured δ18O and δ17O values. Alternative definitions
of “17O excess” (Δ17O, 17Δ, etc.) generally would yield values within
approximately± 0.1‰ for samples analyzed in the current study.

Analyses of samples were calibrated by analyzing KClO4 isotopic
reference materials USGS37 and USGS38, which were prepared speci-
fically for calibration of ClO4

− isotopic analyses (Böhlke et al., 2017).
For consistency with published data, ClO4

− calibration values used for
data normalization in the current study were consistent with those re-
ported previously (Böhlke et al., 2003): for USGS37, δ18O=−17.00‰,
δ17O=−8.96‰, and δ37Cl = +0.6‰; for USGS38, δ18O = +52.5‰
and δ17O =+102.5‰, and δ37Cl=−87.2‰. Normalization was done
by assuming no uncertainty in these values (to permit subsequent re-
normalization if necessary); analytical uncertainties were estimated by
analyzing multiple sample aliquots in different batches, thus in-
corporating random uncertainties in raw data for both samples and
reference materials. Typical reproducibilities (1-σ) for analyses of re-
ference materials were on the order of± 0.1–0.3‰ for δ18O, δ17O, and
δ37Cl, and±0.1–0.2‰ for Δ17O. Reproducibilities for purified field
samples were similar or slightly larger (Table 1).

2.5. Analysis of 36Cl in ClO4
−

Analysis of 36Cl in ClO4
− was performed by accelerator mass

spectrometry (AMS) using Cl− derived from ClO4
−. The 36Cl/Cl mole

fractions were determined at the Purdue Rare Isotope Measurement
Laboratory (PRIME) at Purdue University (www.physics.purdue.edu/
primelab). The procedure used to produce Cl− for AMS was the same as
that described for IRMS in Supporting Data, Section S2.1 to the point of
AgCl precipitation, washing, and drying of crystals (i.e., prior to reac-
tion with CH3I). A portion of the sample prepared to this step for Cl
stable isotopic analysis was saved for 36Cl analysis. The AgCl was
subsequently re-dissolved and the Cl− purified twice by anion chro-
matography (using a method developed by the PRIME Lab at Purdue
University; http://www.physics.purdue.edu/primelab/AMSQAQC/
chemProc004.pdf) to remove trace amounts of S that might cause iso-
baric interference at mass 36. Purified Cl− was then re-precipitated as
AgCl for AMS measurement. Analyses of seawater Cl− provided a

reference datum of 36Cl/Cl with a value of 0.5× 10−15 (Argento et al.,
2010).

3. Results and discussion

3.1. ClO4
− concentrations in groundwater wells

Measured concentrations of ClO4
− in Study Area groundwater

ranged from 0.3 μg/L to 1150 μg/L in wells that were sampled for
ClO4

− isotopes (Table 1). Most of the wells with concentrations above
the California Maximum Contaminant Level (MCL) of 6 μg/L were lo-
cated within the two mapped ClO4

− plumes, although ClO4
− was de-

tected at 22 μg/L in Well F-17B in the Chino subbasin (Fig. 1). In
general, the average influent concentrations to the IX columns used to
collect ClO4

− for isotopic analysis (which were measured several times
while water was passing through the columns) were similar to the in-
dividual samples taken separately from each well for ClO4

− analysis
(Table 1). A statistical analysis of the variation of ClO4

− concentration
entering the columns with time (Izbicki et al., 2015) showed influent
ClO4

− concentrations did not change greatly with time in water from
wells in the regional aquifer within the Rialto-Colton subbasin or the
Chino subbasin, but ClO4

− concentrations were more variable in water
from wells in the perched aquifer underlying the Rialto-Colton sub-
basin.

3.2. Isotope results for ClO4
−

The Cl and O stable isotope results for ClO4
− in Study Area well

samples are provided in dual isotope plots in comparison to published
data for synthetic, Atacama, and selected indigenous natural ClO4

−

samples in Fig. 2 and Fig. 3. The indigenous source samples are from
published data for natural groundwater ClO4

− samples from the
Southern High Plains (SHP) of western Texas and eastern New Mexico,
and the Middle Rio Grande Basin (MRGB) of central New Mexico
(Sturchio et al., 2006; Jackson et al., 2010). Samples of Death Valley
caliche salts are also included in Fig. 2, but these samples were ex-
cluded from consideration as a potential indigenous endmember in the
Rialto area because of (1) the seemingly limited geographic distribution
of these caliche deposits, (2) the fact that ClO4

− having isotopic com-
position similar to that of the caliche has not been detected in the re-
gional groundwater (Sturchio et al., 2014), and (3) data regressions in
the current study were more consistent with SHP/MRGB-type back-
ground ClO4

− (see below). A more detailed description of indigenous
ClO4

− in these areas is provided in Supporting Data, Section S1. Isotope
values (δ37Cl, δ18O Δ17Cl, and 36Cl/Cl) from the Study Area samples are
plotted with respect to the inverse of the measured ClO4

− concentra-
tions in Fig. 4 to illustrate potential mixing and dilution trends. In this
figure, the isotope source values are from Fig. 2, and indigenous sources
(SHP and MRGB) are represented by boxes that encompass their iso-
topic values and concentrations in groundwater under natural condi-
tions (Fram and Belitz, 2011). Average isotope values and ClO4

− con-
centrations in the column influent are provided in Table 1.

In general, ClO4
− from all three proposed sources was present in

varying proportions in Study Area groundwater (Figs. 2–4). Samples
having relatively high ClO4

− concentrations (values of inverse ClO4
−

concentration < 1 L/μg, i.e. ClO4
− concentration>1 μg/L) generally

plot near a single dominant ClO4
− source, either synthetic or Atacama

(Fig. 4), whereas samples having lower concentrations commonly in-
dicate mixtures with varying fractions of indigenous natural ClO4

−.
These relations are consistent with the presence of low background
concentrations of indigenous ClO4

−, toward which the isotopic com-
positions of ClO4

− mixtures converge as fractions of the other two
ClO4

− sources approach zero (Fig. 4).
To facilitate discussion of results, hypothetical mixing relations

among three potential ClO4
− endmembers (synthetic, Atacama, in-

digenous) are plotted with the Study Area stable isotope data (δ37Cl vs
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δ18O and Δ17Cl vs δ18O) and with 36Cl data (36Cl/Cl vs δ37Cl) in Fig. 5.
A similar three-endmember mixing approach was also recently used to
determine the dominant source of ClO4

− in groundwater of the nearby
location of Pomona, CA, using δ37Cl, δ18O, and Δ17O data (Sturchio
et al., 2014). Characteristics of three ClO4

− endmembers for the Study
Area groundwaters were estimated as follows: (1) The Atacama and

synthetic endmembers were obtained by linear least-squares regres-
sions of δ37Cl, δ18O, and Δ17O values vs. inverse ClO4

− concentrations.
This procedure is based on the assumptions that all samples may have
varying amounts of background ClO4

−, no isotope fractionation has
occurred, and the Atacama and synthetic endmembers are most likely
to dominate at high concentrations (Sturchio et al., 2014). The best-fit
regression parameters (slope and intercept, with 2-sigma errors) for all
groundwater samples from this study having ClO4

− concentrations
exceeding 1 μg/L were determined using the regression function of

Fig. 2. Comparison of δ37Cl versus δ18O (top panel) and Δ17O versus δ18O
(bottom panel) in ClO4

− from Study Area groundwater samples (dia-
monds) and other published data. Red closed diamonds indicate wells within
the mapped ClO4

− plume areas and light blue closed diamonds indicate wells
outside the mapped plume areas (Table 1; Fig. 1; Izbicki et al., 2015). Other
data are for synthetic ClO4

− (open black circles), natural Atacama ClO4
− (open

blue circles for field samples and closed blue circles for Atacama nitrate ferti-
lizer samples), and indigenous natural ClO4

− of the southwestern U.S. in-
cluding Southern High Plains (SHP) and Middle Rio Grande Basin (MRGB)
groundwater (black open squares) and Death Valley caliche (black triangles).
ClO4

− isotope data from Bao and Gu (2004); Böhlke et al., 2005; Sturchio et al.,
2006, 2012a; Böhlke et al., 2009; Jackson et al., 2010; Hatzinger et al., 2011,
2013. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. Comparison of δ37Cl versus δ18O (top panel) and Δ17O versus δ18O
(bottom panel) in ClO4

− from Study Area groundwater samples within the
mapped plume areas (red closed diamonds with well designations) and
outside the mapped plume areas (light blue closed diamonds) with source
data (as described in the caption to Fig. 2). Study Area data are from Table 1.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. Comparison of δ37Cl versus 1/ClO4
− concentration (panel A), Δ17O versus 1/ClO4

− concentration (panel B), 36Cl/Cl (x 10−15) on log scale versus 1/
ClO4

− concentration (panel C), δ18O versus 1/ClO4
− concentration (panel D) and 36Cl/Cl (x 10−15) on linear scale versus 1/ClO4

− concentration (panel
E), with symbols as described in the caption to Fig. 3. The solid bars (including the wide gray bar for indigenous ClO4

−) represent hypothetical values for the
different endmember sources (see Table 2 and text for explanation). The concentration of indigenous ClO4

− may be lower than indicated on each panel as re-
presented by the arrow. The indigenous ClO4

− source (gray) includes SHP and MRGB only.
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Microsoft Excel. The concentration cutoff was based on the fact that
samples in this concentration range could clearly be seen as having
either a dominantly Atacama or dominantly synthetic source, based on
all three stable isotope values (see Fig. 4). (2) For the indigenous
endmember, as no sample of ClO4

− obtained from the Study Area was
clearly of “pure” indigenous origin, published data for natural
groundwater ClO4

− samples from the SHP and MRGB (Sturchio et al.,
2006; Jackson et al., 2010) were used to define its stable isotopic
composition (Sturchio et al., 2014). This represents one possible end-
member choice, and other alternatives are also discussed below. (3)
Because of relatively large variability in measured 36Cl/Cl ratios (par-
ticularly for samples relatively enriched in the indigenous endmember),
in contrast with the stable isotope ratios, regression analysis did not
yield precise estimates of 36Cl/Cl ratios in the dominant endmembers
from the Study Area. Therefore, ranges of published values were used to
represent 36Cl/Cl ratios of all three endmembers in mixing calculations
(Sturchio et al., 2009; Jackson et al., 2010; Poghosyan et al., 2014). The
endmember values used for the analysis are provided in Table 2.

The δ37Cl vs. δ18O, Δ17O vs. δ18O, and 36Cl/Cl vs. δ37Cl plots of
Study Area sample data, in comparison with the three ClO4

− source
endmembers defined above, indicate that the proposed three-compo-
nent mixing is capable of accounting for the observed variations in
isotopic composition in nearly all samples, given uncertainties and
potential variability of endmember characteristics (Fig. 5). Endmember
characteristics are shown as boxes with each side being the limit of 2-
sigma uncertainty or variability. Mixtures between pairs of end-
members are indicated by gray lines connecting the corners of the
endmember boxes. The mixing results in Fig. 5, as well as the Δ17O vs
1/concentration plot in Fig. 4 (panel B), indicate that the Δ17O range of
the proposed indigenous Study Area endmember is similar to in-
digenous ClO4

− observed in groundwater from the SHP and the MRGB,
as well as that in Great Lakes surface water samples (i.e., +0.3 to
+2.9‰) rather than the much higher range reported for Death Valley
caliche samples (i.e., +8.6 to +18.4‰) (Jackson et al., 2010;
Hatzinger et al., 2013; Poghosyan et al., 2014). Additional information
about ClO4

− stable isotope variations in these regions are provided in
Supporting Data, Section S1.

To estimate mixing fractions of each of the three ClO4
− end-

members in Study Area samples, the average values of all stable isotope

Fig. 5. Comparison of δ37Cl versus δ18O (panel A); Δ17O versus δ18O (panel
B) and δ37Cl versus 36Cl/Cl (panel C) in ClO4

− from Study Area ground-
water samples (symbols as in Fig. 3). The sides of each box represent the
endmember mean stable isotope ratio value±2-sigma error (and, for the 36Cl/
Cl ratio, the endmember midpoint value and range) and the gray lines represent
mixing zones between the endmember regions. The endmember values were
determined as detailed in the accompanying text and are provided in Table 2.
The dotted lines in panel C are hypothetical mixing curves with tick marks
dividing 10 equal increments along each of the bounding two-component
mixing curves.

Table 2
Isotopic compositions of hypothetical endmembers used for analysis of
dominant sources in Study Area groundwater. The values in parentheses are
95% confidence limits based on linear regression analysis of data from this
study (δ37Cl, δ18O, Δ17O for Atacama and synthetic endmembers) or based on
published data from Sturchio et al. (2006) and Jackson et al. (2010) (δ37Cl,
δ18O, Δ17O for the indigenous endmember).36Cl/Cl ratios for all three end-
members are the midpoints between highest and lowest reported values from
Sturchio et al. (2009), Jackson et al. (2010), and Poghosyan et al. (2014), with
½ of the total range of values for each endmember given in parentheses.

Isotope parameter Atacama ClO4
− Synthetic ClO4

− Indigenous ClO4
−

δ37Cl (‰) −12.4 (1.2) 0.8 (0.3) 4.5 (1.6)
δ18O (‰) −7.2 (1.7) −16.7 (1.1) 2.5 (2.8)
Δ17O (‰) 8.1 (0.8) 0.1 (0.1) 0.6 (0.8)
36Cl/Cl x 10−15 310 (280) 21 (20) 37,200 (34,000)

Values for Atacama and Synthetic endmembers are y-intercepts of best-fit linear
regression equations, where x= 1/ClO4

− (L/μg), as follows:

Atacama δ18O (‰): y=−1.05x −7.17
Atacama Δ17O (‰): y = −2.38x + 8.08
Atacama δ37Cl (‰): y= 3.52x – 12.37
Synthetic δ18O (‰): y= 2.70x – 16.71
Synthetic Δ17O (‰): y = 0.22x + 0.06
Synthetic δ37Cl (‰): y = −1.59x + 0.77

Number of points regressed=10 for Atacama endmember, 19 for Synthetic
endmember.
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ratio analyses for each well (from Table 1) along with endmember
values (from Table 2) were used as input for the spreadsheet program
IsoError1_04.xls as described in Phillips and Gregg (2001) and in the
instructions accompanying the spreadsheet. These spreadsheet calcu-
lations yielded endmember fractions for each sample, along with their
variances, standard errors, and confidence intervals. These calculations
are based on assumptions given above, and they account for sample
measurement uncertainties and endmember variability and population
sizes. Mixing fractions were calculated with 2-sigma error estimates
from three pairs of isotope values, δ37Cl vs. δ18O, Δ17O vs. δ18O, and
36Cl/Cl vs. δ37Cl. The 95% confidence limits (maximum and minimum
mixing fractions) from these calculations are provided in Supporting
Data, Tables S2–S4. Mixing fractions calculated from δ37Cl vs. δ18O
generally agree with those calculated from Δ17O vs. δ18O; there is a
cluster of samples near the Atacama endmember, a cluster of samples
near the synthetic endmember, and a few intermediate mixed samples
that are also the samples having the lowest total ClO4

− concentrations.
Some calculated maximum values of mixing fractions at a 95% con-
fidence interval exceeded 1.0 (with a maximum value of 1.1) and a few
of the minimum values were negative at a 95% confidence limit (with a
minimum value of −0.2), reflecting uncertainties in the endmember
characteristics. The dominant sources indicated by the 36Cl/Cl vs δ37Cl
mixing analysis were generally consistent with those determined using
the stable isotope pairs. The data also indicated minor fractions of in-
digenous ClO4

− in many of the samples as is apparent in Figs. 4 and 5
and discussed in more detail later in this section.

Measured values of δ18O, Δ17O, and δ37Cl were consistent with
those of synthetic ClO4

− sources for all sampled wells in a perched
aquifer within the two mapped ClO4

− plume areas (28J-2, F-6, F6A-S,
N-10S) (see Izbicki et al. (2015) for further details of aquifer char-
acteristics). Similarly, isotopic data from wells in the underlying re-
gional aquifer within the mapped plume areas also were consistent with
a dominantly synthetic source (with minimum mixing fractions gen-
erally ranging from 60 to 90% and maximum fractions at 100–110%
using a 95% confidence interval), including PW-2, PW-3, Rialto 2,
Rialto 2 (880′), PW-5D, Rialto 3, Rialto 3 (670′), PW-9C, Rialto 6, Rialto
6 (480′), Rialto 6 (560'), and Rialto 4). All of these samples had mean
δ37Cl values between −1.0 and + 1.5‰ and Δ17O values between
−0.1 and + 0.2‰, consistent with dominantly synthetic ClO4

−. The
δ18O values varied from −12.5 to −20.3‰, also within the range
previously reported for synthetic ClO4

−. However, the relatively wide
range in δ18O values for these samples also appears to reflect mixing
with indigenous ClO4

− (see next paragraph) in addition to possible
variation in synthetic source isotopic ratios.

Some data from wells within the mapped contaminant plume in-
dicate minor fractions (0%–∼10%) of indigenous natural ClO4

−, based
upon the values of 36Cl/Cl in the samples compared to synthetic ClO4

−

sources (Fig. 5, Table S4). Minor indigenous fractions were difficult to
resolve in the stable isotope endmember mixing model results, because
these fractions were small compared to the uncertainties associated
with the stable isotope mixing calculations (Tables S2 and S3), whereas
the indigenous source is more readily identified by its much higher 36Cl
abundance. Hypothetical mixing curves for 36Cl/Cl and δ37Cl with
endpoints in synthetic, Atacama, and indigenous natural ClO4

− in
Fig. 5 (panel C) highlight an apparent trend of increasing indigenous
ClO4

− in the data array from PW5D (0%) to N10-D (∼10%). δ18O
values slightly higher than the proposed synthetic endmember (with a
δ18O value of −16.7 ± 1.1‰) are also consistent with varying frac-
tions of indigenous natural ClO4

− in some of the same samples (Fig. 5).
Within the mapped plume areas, samples having larger apparent

fractions of indigenous ClO4
− based on elevated δ18O and 36Cl/Cl ratios

tended also to have lower total ClO4
− concentrations (Fig. 6), con-

sistent with varying fractions of a low-concentration background
source. According to a regional statistical study (Fram and Belitz,
2011), in the absence of anthropogenic sources or localized flushing of
ClO4

− from the vadose zone by irrigation or other artificial recharge

processes, concentrations of indigenous natural ClO4
− in groundwater

in arid/semiarid areas of the southwestern U.S. are likely to be less than
1 μg/L. Where accumulated salts are flushed from the vadose zone,
natural ClO4

− concentrations can be much higher, sometimes ex-
ceeding 4 μg/L and occasionally reaching>50 μg/L, as reported for
irrigated agricultural regions of the SHP (Jackson et al., 2005;
Rajagopalan et al., 2006; Rao et al., 2007). Some of the variability
observed in Figs. 5 and 6 may reflect differing concentrations of natural
background ClO4

− in these wells and variability in synthetic and in-
digenous endmember isotope values; nevertheless, the general relations
are consistent with relatively low background concentrations
(< 0.5 μg/L). The sample from N-10D, with a total ClO4

− concentration
of 1.6 μg/L, had a larger apparent fraction of indigenous natural ClO4

−

(∼10%, based on its 36Cl/Cl ratio) than most other wells within the

Fig. 6. Comparison of δ18O value (‰) versus ClO4
− concentration (top

panel) and 36Cl/Cl ratio vs ClO4
− concentration (bottom panel) for all

wells located within the mapped ClO4
− plume areas for which both values

are available.
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area of the mapped contaminant plumes, possibly indicating this
sample included groundwater from beneath the contaminant plumes,
which would be consistent with the relatively deep screened interval
from which the sample was collected (see Izbicki et al., 2015).

Downgradient from the two mapped plumes in the southeastern
direction, parallel to the Rialto-Colton Fault, the dominant source of
ClO4

− appears to shift from synthetic to Atacama, presumably because
of past fertilizer use in the recharge areas for these groundwaters. The
ClO4

− in WVWD 11 appeared to be predominantly synthetic (≥60%
based on mixing fraction analysis), but with a significant fraction of
Atacama ClO4

− based upon its Δ17O value of ∼ +1‰, compared
to < +0.2‰ for all other samples collected in the mapped plume
area. WVWD 11 also had a lower δ37Cl value (−0.5‰) than most of the
wells that appeared to have predominantly synthetic ClO4

−

(average + 0.6 ± 0.6‰), consistent with a minor Atacama compo-
nent. Farther downgradient, wells 13B1-5 (RHSW-5) and Colton 15 had
ClO4

− that was predominantly Atacama (≥70%), based upon their low
δ37Cl values (−9.8 and −12.0‰, respectively) and elevated Δ17O va-
lues (+6.9 and + 9.0‰, respectively). The combination of low δ37Cl
values and high Δ17O values in these samples is characteristic of
Atacama-derived ClO4

− (Böhlke et al., 2005, 2009; Jackson et al.,
2010; Sturchio et al., 2012a, 2012b, 2014). The non-Atacama ClO4

− in
these samples (RHSW-5, Colton 15) appears to be largely indigenous,
based upon elevated 36Cl/Cl values and other correlations.

Samples from the Chino subbasin, southwest of the Rialto-Colton
Fault, including those from wells WVWD 42, F-17B, F-35A, F-4A, Chino
2, and F-26A, also had isotopic characteristics indicating predominantly
Atacama ClO4

− (≥70% based on mixing fraction calculations), in-
cluding elevated values of Δ17O (+6.1 to + 8.2‰) and low values of
δ37Cl (−6.6 to −9.4‰). The finding of ClO4

− derived from Atacama
fertilizer in the Chino subbasin is consistent with data from previous
studies examining ClO4

− sources in the western region of this subbasin
using the triple stable isotope approach (Sturchio et al., 2008, 2012b,
2014). Similarly, Atacama ClO4

− was identified recently in a number of
wells in Riverside, CA in the vicinity of the San Bernardino Airport to
the southeast of the Study Area along the Santa Ana River using the
stable isotope approach (Sturchio et al., 2012a, 2012b). In that area,
Atacama ClO4

− was identified in wells outside a plume of synthetic
ClO4

−. Minor fractions of indigenous natural ClO4
− also were indicated

in some of the Riverside wells based on the stable isotope values.
The detection of Atacama ClO4

− in the Study Area on both sides of
the Rialto-Colton Fault and across the Chino subbasin is consistent with
the past agricultural history of this area, and with anecdotal evidence of
the application of Atacama nitrate fertilizer throughout this region
(Sturchio et al., 2008, 2012a, 2012b, 2014). A 1949 land use map
(GeoLogic Associates, 2002) showing agricultural regions in the Chino
Basin, and covering a substantial portion of the Study Area, is provided
in Fig. S5. This map shows the locations of irrigated vineyards, and
irrigated and non-irrigated citrus orchards. Based on the history of this
region, it is likely that these areas were in agriculture for at least a few
decades before this 1949 map, when application of Atacama fertilizer
was common. Additional historical citrus production along Lytle Creek
that is not shown on this figure has also been documented (GeoLogic
Associates, 2002). Peak citrus production in the Chino Basin occurred
during the period 1930–1950 (USDA, 2013).

Well WVWD 24 (northernmost well in Fig. 1) was initially selected
for sampling as a possible representative of uncontaminated (“back-
ground”) conditions, based upon its location far upgradient of the two
ClO4

− plume source areas, its low ClO4
− concentration (∼0.3 μg/L),

and its potential for recharge from the San Gabriel Mountains (Izbicki
et al., 2015). It was hypothesized that wells in this part of the Study
Area were most likely to contain local indigenous natural ClO4

−, rather
than synthetic or Atacama ClO4

−. Three additional wells (monitoring
wells F-27A, F-33A, and F-42A) to the north of WVWD 24 were con-
sidered for background sampling, but ClO4

− concentrations in these
wells (0.10, 0.11, and 0.14 μg/L, respectively) were considered to be

too low to obtain adequate ClO4
− for isotopic analysis.

Based on our endmember selections for mixing analysis, isotope
data for ClO4

− from WVWD 24 indicated that this well contained a
mixture composed primarily of indigenous natural ClO4

− and synthetic
ClO4

−. The sample had a δ18O value of −6.8‰, which is between the
estimated endmember values of synthetic ClO4

− (−16.7‰) and in-
digenous natural ClO4

− (+2.5‰) listed in Table 2. The WVWD 24
sample had a Δ17O value of +1.2‰, which is within the range reported
for indigenous natural ClO4

− in the southwest US (Jackson et al., 2010)
and slightly lower than that for samples from the Great Lakes
(Poghosyan et al., 2014). Finally, the 36Cl/Cl ratio of WVWD 24
(6021× 10−15) placed it within the lower end of the range reported for
indigenous natural ClO4

− (Sturchio et al., 2009; Poghosyan et al.,
2014). All of these observations, plus the higher ClO4

− concentration in
WVWD-24 of 0.3 μg/L compared to concentrations ranging from 0.1 to
0.14 μg/L in other nearby wells, are consistent with a synthetic-in-
digenous mixture in WVWD 24.

Tritium (3H) was detected in WVWD 24 at 10.6 pCi/L (Izbicki et al.,
2015), indicating that it contained at least some modern (post-bomb)
recharge water. WVWD-24 is upgradient from the identified source
areas of the two mapped ClO4

− plumes (Fig. 1), and it is unlikely to
have acquired synthetic ClO4

− from those source areas by groundwater
flow (Izbicki et al., 2015). If synthetic ClO4

− was present in WVWD 24,
as indicated by the isotope data, it may have originated from other
commercial sources, such as road flares, fireworks, or blasting ex-
plosives, each of which could have contributed to groundwater con-
tamination in this area, as they apparently have elsewhere in the U.S.
(e.g., Böhlke et al., 2009; Munster and Hanson, 2009; Munster, 2008;
Munster et al., 2008; Aziz and Hatzinger, 2008).

An alternative hypothesis is that the sample from WVWD 24 re-
presents a local indigenous natural component that is different from the
one proposed in the mixing analysis. Additional regional sampling
would be required to further evaluate this hypothesis. Moreover,
whether ClO4

− from WVWD 24 was entirely or only partly natural (i.e.,
indigenous mixed with synthetic), it could represent a regional back-
ground ClO4

− that is present in varying proportions in other wells in
the Study Area that are not within the mapped plumes. Mixing calcu-
lations based on this assumption could alter the estimated component
mixing fractions for some wells, but would not change the interpreta-
tion of major ClO4

− sources in most wells, except a few with very low
ClO4

− concentrations (< 1 μg/L) where the indigenous fraction is a
large component as discussed below.

Three wells not discussed above, F-13A, F-49A, and F-10C, had low
ClO4

− concentrations ranging from 0.4 to 0.9 μg/L and appeared to
represent mixed ClO4

− sources. In map view (Fig. 1), well F-13A is near
Barrier H (a mapped fault or hydrologic discontinuity), to the south of
the RFF site, well F-49A is east of Barrier H, and well F-10C is east of the
Rialto-Colton Fault and west of Barrier H. Wells F-10C and F-49A were
observed to have perched groundwater cascading downward and
mixing with deeper water in the well casing (Izbicki et al., 2015). The
perched groundwater may have carried ClO4

− that was not present in
deeper groundwater in these wells. Evaluating all three stable isotopic
parameters (δ18O, δ37Cl, Δ17O), and assuming the characteristics of
Atacama, synthetic, and indigenous end members as described above,
the ClO4

− in well F-13A appears to consist largely of Atacama and
indigenous ClO4

−, whereas wells F10-C and F49-A appear to have
ClO4

− from all three endmember sources, with no individual compo-
nent dominating the mixture. Alternatively, if isotope data from WVWD
24 represented a widespread mixed (indigenous ± synthetic) back-
ground ClO4

− type, then data from F10-C and F49-A could be con-
sistent with mixtures of Atacama and that mixed background type.

Relations between 36Cl/Cl and δ37Cl values (Fig. 5, panel C) gen-
erally support the observations above for these wells, but appear to
indicate somewhat larger fractions of indigenous ClO4

− and smaller
fractions of synthetic ClO4

−. These apparent differences could be due to
variability associated with the 36Cl/Cl ratio of natural ClO4

−.
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Alternatively, it could indicate contributions of anomalously 36Cl-en-
riched indigenous ClO4

− from the brief period of thermonuclear bomb
tests in the western Pacific (1952–1964). Poghosyan et al. (2014)
propose that ClO4

− having 36Cl/Cl ratios around 1,000,000×10−15

was widely deposited during that time, based on their measurements of
36Cl in ClO4

− from Lake Superior. Most of the samples analyzed in the
current study, with the exception of bulk discharge from well F-17B,
had measurable 3H (Izbicki et al., 2015), indicating at least a portion of
the water precipitated after 1952. Any bomb-pulse ClO4

− contribution
(if present) would likely be most evident in the lowest-concentration
samples (i.e., F-10C, F-13A, F-49A, and WVWD 24); these are the
samples having the highest 36Cl/Cl ratios in the present study. A po-
tential bomb-pulse contribution is partially accounted for in the in-
digenous endmember used for mixing calculations (Table 2) by inclu-
sion of data from the Great Lakes (Poghosyan et al., 2014). However, it
is possible that the 36Cl/Cl ratio was actually higher than that assumed
for our mixing calculations or that the bomb-pulse contribution varied
substantially on a well-by-well basis in relation to varying local re-
charge conditions.

The origin of the apparent synthetic ClO4
− fraction in wells F-10C

and F-49A (based on stable isotope data) is uncertain, as it contributed
a maximum of only about 0.6 and 0.2 μg/L, respectively, to the mix-
tures in the wells based on stable isotope mixing fraction estimates
(Tables S2 and S3). Sources of such low concentrations could include
upgradient background groundwater (as in WVWD 24), plume-related
or non-plume-related ClO4

− in perched groundwater, or other local
contamination. Alternatively, if the ClO4

− in WVWD 24 was iso-
topically representative of indigenous natural ClO4

− in the Study Area,
then the apparent synthetic fractions in wells F-10C and F-49A would
be reduced or eliminated, as these wells fall reasonably in a mixing line
between WVWD 24 and the Atacama endmember based on stable iso-
tope values (Fig. 5). In this case, however, the 36Cl/Cl ratios in these
two samples would be expected to fall between that of WVWD 24 and
the Atacama endpoint, rather than being much higher (as in F-49A).

3.3. Depth-dependent ClO4
− isotope results

Depth-dependent groundwater sampling and isotopic analysis were
conducted on five of the production wells in the Study Area: F-17B, F-
26A, Rialto 2, Rialto 3, and Rialto 6. This work was conducted as part of
the coupled well-bore flow and depth dependent water quality data
analysis described by Izbicki et al. (2015). The primary objective of
analyzing ClO4

− isotopes at various depths in these wells was to de-
termine whether different sources were entering the wells at different
depth intervals in the aquifer(s) (e.g., synthetic ClO4

− at the top of the
well screen and indigenous ClO4

− at a deeper screened interval).
Overall, the results showed that the source(s) of ClO4

− collected
from the surface discharge of each of the wells was similar to that
collected from a deep interval within the well, or in the case of Rialto 6,
from two different depth intervals (Table 1; Fig. 7). Although there
were small differences in δ18O between F-17B (580′) and F-17B (bulk
discharge) and between Rialto 6 (480′) and Rialto 6 (560′), these dif-
ferences did not indicate substantial differences in ClO4

− source frac-
tions. In general, the major-ion compositions of depth-dependent
samples were similar to those of the total surface discharge from each
well, with the exception of dissolved oxygen (DO), which generally
decreased with depth (Izbicki et al., 2015). Biological degradation of
ClO4

− and associated fractionation of Cl and O isotopes in ClO4
− are

possible under anoxic conditions, particularly if organic carbon or other
electron donors are available for growth of ClO4

− -reducing bacteria
(e.g., Sturchio et al., 2007; Hatzinger et al., 2013). However, depth-
dependent discharge data indicate deeper groundwater with low DO
may not contribute substantially to the total discharge from the wells
(Izbicki et al., 2015). No evidence of ClO4

− isotopic fractionation was
apparent in the depth-dependent samples. Similarly, no evidence of
NO3

− isotopic fractionation that might be associated with NO3
−

reduction was apparent in the same set of samples (Izbicki et al., 2015).
For wells F-26A, F-17B, and Rialto 6, both the deep sampled interval
and the bulk discharge had high DO concentrations (> 8mg/L; Izbicki
et al., 2015), indicating the bulk of the sampled groundwater was from
the upper oxic part of the aquifer. The DO concentration was low for
Rialto 3 at 670' (0.2 mg/L) but there was little or no evidence for bio-
logical isotopic fractionation of ClO4

− or NO3
− in this sample. Dis-

solved oxygen data were not available for Rialto 2 with depth.

Fig. 7. Comparison of δ37Cl versus δ18O (top panel) and Δ17O versus δ18O
(bottom panel) in ClO4

− from Study Area groundwater depth-dependent
samples (symbols as in Fig. 3) with published data for indigenous natural
ClO4

− of the SHP and MRGB (black open squares), natural Atacama
ClO4

−, (open blue circles for field samples and closed blue circles for
Atacama nitrate fertilizer samples) and synthetic ClO4

− (open black cir-
cles). Sources of data for Atacama, Synthetic and Indigenous ClO4

− as de-
scribed in Fig. 2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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3.4. Summary and conclusions

This paper describes a comprehensive applied isotopic study of
multiple ClO4

− sources in groundwater. Samples were collected from
wells throughout the Rialto-Colton and Chino groundwater subbasins
having complex hydrogeology and land use history with multiple
sources of ClO4

− contamination. The dominant source(s) of ClO4
− in

each of these samples was evaluated based on Cl and O stable isotope
ratios (δ37Cl, δ18O, Δ17O) and 36Cl abundances in the ClO4

−. The data
indicate that synthetic, Atacama, and indigenous natural ClO4

− all
were present in groundwater of the study area. In general, isotopic data
for samples having ClO4

− concentrations greater than 1 μg/L were
consistent with either synthetic or Atacama ClO4

− sources, whereas
isotopic data for samples having concentrations less than 1 μg/L were
more likely to indicate mixtures that include substantial indigenous
natural ClO4

− fractions.
Depth-dependent sampling was conducted in several production

wells to determine if different sources of ClO4
− were present in these

wells at different depth intervals (e.g., synthetic ClO4
− in shallow

groundwater and indigenous natural ClO4
− in deep groundwater). The

isotopic data generally were similar between the surface discharge of
the well and samples collected at depth within the well under pumped
conditions, indicating little or no variation in major ClO4

− source(s)
with depth in these wells.

In comparison to previous studies, this one featured comprehensive
isotopic characterization of a relatively large number of samples, with
multiple tests of sampling and analysis procedures, thus adding support
for the isotopic approach to ClO4

− source identification and appor-
tionment. Data and comparative dual-isotope mixing calculations il-
lustrate the value of measuring all four of the isotopic ratios in each
sample (δ37Cl, δ18O, Δ17O, and 36Cl/Cl) to minimize uncertainty in
ClO4

− sources. Although three stable isotope parameters commonly
were sufficient to resolve major sources in many samples, 36Cl/Cl va-
lues contributed substantially to detection of indigenous natural ClO4

−

components. Additional insights may be gained from further studies,
including integrated quadruple-isotope evaluation of endmembers and
mixtures, improvements in analytical procedures for low-concentration
samples, and an increased database of indigenous natural ClO4

− oc-
currences.
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