10
11
12
13
14

15

Isotopic discrimination of natural and anthropogenic perchlorate sources
in groundwater in a semi-arid region of northeastern Oregon (USA)

Paul B. Hatzinger!", J.K. Bohlke?, W. Andrew Jackson®, Baohua Gu*, Stanley

Mroczkowski? and Neil C. Sturchio®

! Aptim Federal Services, Lawrenceville, NJ, USA
2U.S. Geological Survey, Reston, VA, USA

3 Texas Tech University, Lubbock, TX, USA

4 Oak Ridge National Laboratory, Oak Ridge, TN, USA

S University of Delaware, Newark, DE, USA



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

ABSTRACT

Perchlorate (ClO4) has synthetic and natural sources. Synthetic ClO4 is released to the
environment from its use as an oxidant in military and aerospace applications, and from its
presence in a variety of common commercial products, such as safety flares, chlorate
herbicides, and fireworks. Natural sources of ClO4 in the environment include imported
nitrate fertilizers derived from salt deposits in the Atacama Desert of Chile and indigenous
natural ClO4 that accumulates in unsaturated soils and groundwaters in other arid and semi-
arid environments, largely from atmospheric deposition. The stable isotope ratios of chlorine
(*’C1/°Cl) and oxygen ('*0/'0, 70/'*0) and the isotopic abundance of radioactive **Cl in
ClO4 can be used to discriminate these different sources. Perchlorate was previously detected
at relatively high concentrations (3.8 to 34.7 pg/L) in groundwater from many wells in the
Boardman-Umatilla area near the Columbia River in northeastern Oregon, which is a semi-
arid, highly agricultural, heavily irrigated area that includes several past and current military
installations. Eight representative groundwater wells were sampled throughout this region
and isotopic characteristics of ClO4 collected from each well were measured along with
other chemical and isotopic parameters including tritium and other groundwater age
indicators. Isotopic data indicate that indigenous natural Cl1O4” was present in groundwater
from all sampled wells and was the predominant source in five of the wells. Synthetic C104
was present in the three remaining wells with natural ClO4", and a minor fraction of Atacama-
fertilizer-derived ClO4 was indicated in one of the wells. Data from this study expand the
geographic area of the USA in which indigenous natural ClO4 has been detected to include

the semi-arid northwest. This study also illustrates the role of irrigation recharge as a



38

39

40

41

42

43

44

45

46

47

48

49

50

mechanism for producing relatively high concentrations of indigenous natural ClO4 in

groundwater by flushing accumulated salts from the unsaturated zone.

Keywords
Perchlorate, nitrate, isotope, Oregon, Umatilla, groundwater, fertilizer, irrigation, Atacama,

Chile

Highlights
e (ClOy4 from three different sources was identified isotopically in groundwater
e Indigenous natural ClO4 appears to be the predominant source in groundwater
e (ClO4 was flushed from unsaturated zone salt accumulations into groundwater by

irrigation recharge
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1. Introduction

1.1. Perchlorate sources and isotopic characteristics

Perchlorate (ClO4) in the environment has synthetic and natural sources. This
oxyanion is widely used by the military and the aerospace industry as an oxidant in solid
propellants, and it is also present in a wide array of commercial products such as fireworks,
matches, safety flares, air bags and chlorate herbicides among others (Trumpolt et al., 2005;
Aziz and Hatzinger, 2008). Natural sources of ClO4 in the USA include imported nitrate
fertilizers mined from the Atacama Desert of Chile that contained ClO4™ as a co-occurring
anion in the past (Schilt, 1979; Ericksen, 1981, 1983; Dasgupta et al., 2006) and indigenous
ClO4 that can accumulate in unsaturated soils and groundwaters in arid and semi-arid
environments (Jackson et al., 2004, 2005, 2006; Dasgupta et al., 2005; Rajagopolan et al.,
2006; Plummer et al., 2006). Natural ClO4 appears to form largely by photochemical
reactions in the atmosphere (Murphy and Thomson, 2000; Bao and Gu, 2004; Dasgupta et
al., 2005; Kang et al., 2008; Sturchio et al., 2009) and to reach the surface of Earth via
precipitation or dry deposition, resulting in long-term accumulation in arid regions
(Rajagopalan et al., 2009; Rao et al., 2007) as well as in large water bodies such as the
Laurentian Great Lakes (Poghosyan et al., 2014). Precipitation infiltration can cause
mobilization to groundwater of synthetic and indigenous natural ClO4 as well as that present
in crop areas where Atacama nitrate fertilizers have been applied (Rajagopalan et al., 2006;
Plummer et al., 2006; Bohlke et al., 2009; Jackson et al., 2010; Sturchio et al., 2014;
Hatzinger et al., 2018).

In groundwater, relatively high concentrations of ClO4 (e.g., > 100 pg/L) are

commonly attributed to local anthropogenic releases of synthetic ClO4’, whereas lower
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concentrations of ClO4” may represent any of the natural or synthetic sources individually or
as mixtures (Bohlke et al., 2009; Jackson et al., 2010; Fram and Belitz, 2011; Sturchio et al.,
2012, 2014; Hatzinger et al., 2018). Under natural recharge conditions, concentrations of
indigenous natural ClO4 in groundwater commonly do not exceed a few ug/L (Plummer et
al., 2006; Fram and Belitz, 2011). However, flushing of vadose zone salt accumulations by
irrigation or other forms of artificial recharge in arid regions may result in anomalously high
concentrations of indigenous natural ClO4™ in groundwater (Rajagopolan et al., 2006).
Techniques have been developed to measure the stable isotope ratios of chlorine
(*’C1/%°Cl) and oxygen (80/'°0, 70/'%0) in ClO4, as well as the abundance of the
radioactive isotope *°Cl in ClO4 derived from environmental samples (Bao and Gu, 2004;
Bohlke et al., 2005, 2017; Gu et al., 2011; Hatzinger et al., 2011; Sturchio et al., 2009;
Poghosyan et al., 2014). These isotopic techniques have been used to evaluate the primary
sources of ClO4™ (i.e., synthetic, Atacama, indigenous) in groundwater, surface water, soils,
and plants from a number of locations including New York, New Jersey, North Carolina, the
Laurentian Great Lakes, southwestern USA, Chile, France, and Antarctica (Bohlke et al.,
2005, 2009; Estrada et al., 2017; Jackson et al., 2010, 2016; Sturchio et al., 2006, 2012a,b,
2014; Poghosyan et al., 2014; Hatzinger et al., 2018; Cao et al., 2020). The primary objective
of the current study was to test the applicability of isotopic approaches for evaluating
potential sources of the relatively high groundwater ClO4 concentrations found in the
Boardman-Umatilla area, south of the Columbia River in northeastern Oregon (Figure 1), a
semi-arid environment with complex hydrogeology and variable historical land use,

including both military and agricultural uses. Geochemical measurements, water isotopes,
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nitrate isotopes, and groundwater recharge age dating were used as supporting information

in the forensic determination of ClOs sources in this area.

1.2. Boardman-Umatilla study area

The widespread detection of elevated NOs™ concentrations in groundwater in the
Boardman-Umatilla area (study area), with regional NO3-N concentrations exceeding 7
mg/L, led to the establishment of a 352,000-acre Lower Umatilla Basin Groundwater
Management Area (LUBGWMA) by the Oregon Department of Environmental Quality
(DEQ) in 1990 (Oregon DEQ, 2006, 2012, LUBGWMA, 2021). An investigation was
conducted by DEQ in 1992 in which 207 wells in the LUBGWMA were sampled and
analyzed for NO3™ and a variety of other geochemical parameters. A subset of these wells
was re-sampled in 2003 and again in 2009 to evaluate long-term trends in NOj3
concentrations in the region (Oregon DEQ, 2012). Analyses of ClO4 concentration also
were performed on samples from the 2003 sampling event. At that time, C104” was detected
(1 to 25 pg/L) in 72 of the 133 wells (54 %) for which data were collected, with a mean
concentration of 2.6 pug/L (Oregon DEQ, 2006). Moreover, ClO4 was observed over a wide
area and in both shallow wells screened in alluvium (64 of 119) and deeper wells screened
in basalt (6 of 11). The source(s) of ClO4 in this area were unknown prior to the current
study.

The study area is semi-arid (~ 22 cm rainfall per yr; Grondin et al., 1995), highly
agricultural, and extensively irrigated using water from both the Columbia River and
groundwater sources. The history of irrigation in the Umatilla and Morrow county areas of
northeastern Oregon dates to the late 1800s, with the first large-scale project commencing

when Congress authorized the Umatilla Project in 1905 (Bureau of Reclamation, 2021). That
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project, which included construction of storage reservoirs, diversion dams and canals,
resulted in the irrigation of ~ 22,000 acres by 1950 (Ziari, 2021). During the 1950s,
groundwater became a major source of irrigation water in this region, further expanding the
total agricultural acreage in the region and eventually causing a significant decline in the
water table elevation in many areas. The introduction of center pivot irrigation and direct
pumping from the Columbia River beginning in the late 1960s vastly increased the total
irrigated land in Umatilla and Morrow Counties, which reached 187,000 acres by 1987. As
0f 2007, ~ 493,000 acre-ft of water per year was required for irrigation in the Umatilla Basin
(Wozniak, 2007).

Given the widespread irrigation in this region, the mobilization of indigenous natural
ClO4 from vadose soils to groundwater is one possible explanation for its widespread
occurrence. This scenario would be similar to that of the Southern High Plains (SHP) of
West Texas and New Mexico, where widespread irrigation has been hypothesized to have
flushed substantial quantities of indigenous natural C1O4 and other salts from the unsaturated
zone to groundwater (Jackson et al., 2004, 2005; Dasgupta et al., 2006; Rajagopalan et al.,
2006; Rao et al., 2007). This hypothesis was supported by stable isotopic analyses of Cl104
in the SHP regional aquifer (Jackson et al., 2010). However, the Boardman-Umatilla area
also includes current and former military installations (Boardman Bombing Range, Cold
Springs Bombing Range, Umatilla Chemical Depot) and a former Boeing rocket engine
testing facility, in addition to intensive agricultural land use. Thus, the list of possible C104
sources includes indigenous natural salt deposits, Atacama nitrate fertilizer used for

agriculture, synthetic ClO4 from past military and aerospace activities, and possibly ClO4
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from bleach used to treat large-scale drip irrigation systems (Oregon DEQ, 2006). Road
flares and fireworks also may be possible sources of synthetic ClO4".

Regional hydrology of the study area is complex because of complicated geology,
mixed land use, irrigation with both groundwater and surface water, local wastewater
disposal, and many other factors. Groundwater flow is generally from south to north toward
the Columbia River (Grondin et al., 1995), but local patterns can deviate from this regional
pattern, especially near areas receiving large amounts of irrigation water (Frans et al., 2009;
Kahle et al., 2011). Groundwater characteristics may or may not be related to local land use
characteristics because sampled groundwaters may be old and reflect past land use, and they
may have infiltrated and recharged some distance away from the sampling site. Thus, in
addition to ClO4 concentrations and isotopic compositions, other chemical and isotopic
characteristics also were evaluated to aid determination of ClO4 sources in the regional

groundwater.

2. Materials and methods

2.1. Sampling locations

Eight wells within the LUBGWMA that were reported previously to have ClO4
(Oregon DEQ, 2006) were sampled in 2007 for analysis of ClO4™ stable isotope ratios, *°Cl
abundance, and other supporting parameters to provide insight into the contributing sources
of ClO4 in the region. Four of the sampled wells were screened in alluvial sediments that
overlie the Columbia River Basalt Group (Grondin et al., 1995). The alluvial sediments
include sands, silts, and gravels deposited largely during the Pleistocene Epoch. The alluvial

aquifer is a major source of private water for rural residents and provides some of municipal
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water for several of the cities in the region, including Hermiston and Boardman. The alluvial
aquifer is susceptible to contamination from surface activities because water readily passes
through the unsaturated zone to the water table (Grondin et al., 1995). Primary sources of
recharge water include irrigation water and leakage from canals, streams, and reservoirs;
Local precipitation is only a minor source of groundwater recharge (Kahle et al., 2011). Four
of the sampled wells were screened within the basalt bedrock or in variably weathered basalt
and rubble near the base of the alluvium (termed “weathered basalt™).

Locations and other site information for sampled wells are summarized in Table 1
and Figure 1. Two of the wells were near the active Area 11 landfill at the Umatilla Chemical
Depot (UMCD 11-1 and UMCD 11-7), formerly called the Umatilla Ordnance Depot, a
military facility established for World War II that includes a large number of bunkers for the
storage of military munitions. These wells were located in rangeland, near munition bunkers,
in a region that was not irrigated at the time of the study. Three wells were located near
irrigated land north (POM-13 and S1) and northeast (POM-15) of the Boardman Bombing
Range, an active US Navy facility. Well MW-20 was located on the Three Mile Canyon
Farm, in a region that was actively planted to crops and watered via center-pivot irrigation.
Well BGW-001 also was located on the Three Mile Canyon Farm, but in an area adjacent to
the former Boeing jet engine test facility. The M&P Dairy well was located in rangeland near

an irrigation canal and large stands of irrigated hybrid poplar trees.

2.2. Groundwater sampling
Groundwater samples were collected in June 2007 using a portable submersible
pump, with the exception of well S1, where a dedicated well pump was used. Groundwater

from each well was passed through a flow cell, and geochemical parameters (oxidation-
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reduction potential, dissolved oxygen, specific conductance, temperature and pH) were
measured continuously using a YSI XL 600 multi-parameter meter (YSI, Yellow Springs,
OH) according to low-flow sampling protocol (Barcelona et al, 1985; Puls and Barcelona,
1996). When the continuously measured field parameters stabilized, samples were collected
for laboratory analyses. Samples for ClO4 isotopic analysis were collected by pumping
water (flow rate ~0.7 to 2.5 L/min) through columns containing ~ 100 cm? of Purolite AS30E
anion exchange resin (Purolite Co., Bala Cynwyd, PA) until an amount of water containing
a total of 5-10 mg of ClO4 based on input concentration had passed through each column.
Details of the column design and sampling protocol are provided in Hatzinger et al. (2011).
The total volume of groundwater passed through each column ranged from ~ 300 L for the
M&P Dairy well to ~ 1400 L for UMCD 11-1. All columns were saturated with 0.05 N HCI

and stored at 4°C for preservation when ClO4™ sample collection was complete.

2.3. Perchlorate purification and isotopic analysis

The collected ClO4 was extracted from the columns and purified at Oak Ridge
National Laboratory using techniques described in Hatzinger et al. (2011) and Gu et al.
(2011). The purified ClO4 from each sample was then shipped as CsClO4 to the U.S.
Geological Survey (USGS) in Reston, Virginia, for analysis of 6'%0, ¢'70, and A0 in O,
produced by decomposition of the ClO4". The CsCl residue from decomposition was then
shipped to the Environmental Isotope Geochemistry Laboratory at the University of Illinois
at Chicago (UIC) for analysis of °’Cl. Detailed descriptions of the stable isotopic analytical
methods, reference materials, and calibrations are provided in Bohlke et al. (2017).

Stable O and Cl isotope data are reported as follows:
[Eq. 1] 0130 = R(130/'0)sampie/R(*30/°O)vsmow — 1
[Eq. 2] 370 = R(M0/'%0)sampie/R(17O/M%O)vsmow — 1,

10
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[Eq. 3] 57C1 = RC'CIA3Cl)sampie / RC'CIA3Cl)smoc — 1

[Eq. 4] A0 = [(1+570)/ (1 +60)*5>] - 1.

Where R indicates molar ratio and A!’O represents non-mass-dependent 1’0 excess” that
can be an indicator of C1O4 formation reactions involving ozone (Bao and Gu, 2004; Bohlke
et al. 2005; Jackson et al., 2010; Estrada et al., 2021). Stable isotope data reported in the
current paper were normalized to the following reference values for KC1O4 isotopic reference
materials: for USGS37, 0'%0 =-17.00%o, 670 = -8.96%o, and 5°'Cl = +0.90%o; for USGS38,
580 =+52.5%o0, 6170 = +102.4%o, and 6°'C1 = -87.9%o. Analytical precisions (+ one standard
deviation) based on replicate stable isotope measurements of ClOs extracted from
groundwater using the methods of this study are equal to or better than + 0.3%o for §'%0, £0.2
%o for A'’0, and +0.3%o for 8°’Cl.

Analysis of *$Cl was performed by accelerator mass spectrometry (AMS). The
procedure used to produce AgCl for AMS measurements was performed at UIC and followed
the same protocol as in previous **Cl studies of C1O4™ (Sturchio et al., 2009; Poghosyan et
al., 2014; Hatzinger et al., 2018). The **C1/CI mole fractions were determined at the Purdue
Rare Isotope Measurement Laboratory (PRIME) at Purdue University (PRIMELAB, 2021).
Seawater chloride was included in each measurement batch as a reference having known
35C1/Cl mole fraction of 0.5 x 10~!° (Argento et al., 2010); the measured value of seawater
chloride was used to subtract the instrument background of ~ 4-5 x 10~'. Typical precision

of 3*C1/C1 mole fractions (+ one standard deviation) is 2—5% of the reported value.

2.4. Additional geochemical and isotopic analyses

Samples were collected for isotopic analyses of H>O and NO3™ as well as major and
minor element chemistry, major dissolved gases (Ar, N2, Oz, and CH4), and atmospheric
environmental tracers (*H, SFe, and chlorofluorocarbons (CFCs)). These parameters are
useful for estimating the timing of ClO4™ infiltration and its relation to sources of water and
other natural and anthropogenic chemicals as described previously for other locations

(Bohlke et al., 2007, 2009; Izbicki et al., 2015). Major anions (CI", NOs~, SO4*, and Br’)

11
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were analyzed by ion chromatography following EPA Method 300.0. Major dissolved gases,
CFCs and SFs were analyzed by gas chromatography in the USGS Reston Groundwater
Dating Laboratory (USGS-RGDL, 2021). Stable isotope ratios of O, H, and N in H>O and
NOs™ were analyzed by isotope ratio mass spectrometry in the USGS Reston Stable Isotope
Laboratory (USGS-RSIL, 2021) and reported as delta values defined by Equation 1 and:

[Eq 5] 52H = R(ZH/IH)sample/R(zH/lH)VSMOW - 1
[Eq 6] 515N = R(lSN/14N)sample/R(1SN/14N)AIR - 1

&°H and 6'30 values in H,O were determined using gas equilibration methods and normalized
to the VSMOW-SLAP scale, with typical reproducibilities (+ one standard deviation) of +
1%o for 6°H and % 0.1%o for 6'30. ¢'°N and 6'®0 values in NO3™ were determined using the
bacterial reduction method and normalized to the following reference values: for USGS34,
SN = -1.8%o and 6'%0 = -27.9%o; for USGS32, 6"°N = +180%o and 5'%0 = +25.7%., with
typical reproducibilities (+ one standard deviation) of + 0.3 for 6'°N and + 0.5%o for §'%0.
Tritium was analyzed by electrolytic enrichment and scintillation counting in the USGS
Menlo Park Tritium Laboratory (USGS-MPTL, 2021) and reported in tritium units (TU =

SH/H x 10'8).

3. Results and discussion
3.1. Geochemical conditions

The groundwater sampled during this study was oxic, with dissolved oxygen (O>)
concentrations ranging from 7.5 to 9.9 mg/L (Table 1). Groundwater pH values were near
neutral (6.8 to 7.7). Concentrations of ClO4 at the time of sampling in June 2007 varied from
3.8 ug/L in well POM-15 to 34.7 ug/L in the M&P Dairy well. Seven of the eight wells had

NO3™-N concentrations exceeding the US EPA maximum contaminant level (MCL) of 10

12
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mg/L, with three wells exceeding 30 mg/L. Sulfate concentrations varied from 31.8 to 118
mg/L and CI varied from 24.3 to 249 mg/L.

High dissolved O» concentrations indicated that CIO4,, NO3, and SO4*" likely were
not affected by microbial reduction in the aquifer and may represent the recharge
composition of the groundwater. This was supported by N> and Ar concentrations indicating
little or no excess N> attributable to NO3™ reduction (e.g., denitrification) and by NO3" isotopic
data indicating little or no fractionation attributable to NO3™ reduction (Table 1, Section 3.5).
Relations among ClOs, NOs, SOs*, CI" and Br are summarized in Appendix A;
Supplemental Data (Figure S1). There were modest positive correlations between the
concentrations of ClO4 vs CI" and ClO4 vs Br in the samples (R> = 0.62 and 0.64,
respectively; Figure S1), as might be expected if all three of these anions were derived from
a single source such as atmospheric deposition and were flushed together from the vadose
zone to groundwater in precipitation or irrigation recharge (e.g., Plummer et al., 2006). No
similar correlations were apparent between ClO4™ vs NO3™ or ClOs” vs SO4>, as might be
anticipated if any of those anions had additional components derived from fertilizers or
mineral weathering reactions (e.g., Bohlke et al., 2009). The complex land use history in
this region, which includes large-scale irrigation with both groundwater and Columbia River
water as well as fertilization (potentially with various natural and synthetic N sources) over
the past 50 years, makes strong correlations between ClO4™ and the other anions less likely

than at sites with less complex land-use history.
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3.2. Isotopic compositions of Cl and O in ClOs

Stable isotope data for Cl104™ (8 130, A0, & *’Cl) were obtained for all eight wells
(Figure 2 and Table 1). The dual-isotope plots in Figure 2 (8 '*0 vs A'70 and § 130 vs §*'Cl)
also show the isotopic characteristics of different C1O4™ source types for reference, including
synthetic, Atacama, and indigenous natural ClO4 from the Southern High Plains (SHP)
groundwater and mineral salt deposits from Death Valley, CA (DV). The origin and isotopic
characteristics of these different sources have been described previously (Bohlke et al., 2005;
Jackson et al., 2010; Sturchio et al., 2006). Anaerobic biodegradation can fractionate Cl and
O isotope ratios in ClO4 in a predictable manner (Sturchio et al., 2007; Hatzinger et al.,
2009), but this process requires an available electron donor and is inhibited by both oxygen
and nitrate (Farhan and Hatzinger, 2009), which were present at mg/L concentrations in all
wells (Table 1). Further, there was no clear evidence for NO3™ reduction (see Section 3.5).
Thus, it is concluded that ClO4™ reduction within the aquifer likely did not cause substantial
changes in the isotopic composition of ClO4 analyzed in this study.

The ClOy4 stable isotope data from three of the wells (M&P Dairy, BGW-001, MW-
20) were similar to those from wells sampled in the SHP of Texas and New Mexico as shown
in Figure 2 and described in Jackson et al. (2010). The A!’O values of these three samples
(+1.7 to +2.9%0) were slightly higher than the reference SHP values (+0.2 to +1.3%o) which
include Pleistocene paleowater samples from the Middle Rio Grande Basin of New Mexico
but were within the range reported for C1O4™ from the Laurentian Great Lakes (A!’O = +1.7
to +2.7%o), which is also hypothesized to be primarily indigenous natural ClO4 (Poghosyan
etal., 2014). All ClO4 occurrences that are roughly similar to the SHP type had A'”O values

much lower than those of ClO4 from caliche salt deposits in Death Valley, CA, and the

14
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Atacama Desert, Chile. Reasons for variation of A!’O values among natural sources of C104”
may include variable natural production mechanisms, precursor characteristics, and/or
catalyzed isotopic exchange of oxygen between ClOs and H>O or other O-containing
compounds (Estrada et al., 2021). The detection of indigenous natural ClO4™ in semi-arid
northeastern Oregon expands the geographic area over which indigenous natural ClO4™ has
been identified isotopically in groundwater of the USA and slightly expands the isotopic
range of A'’O and §'80 that might be characterized as “SHP-type”.

UMCD 11-1 and UMCD 11-7 appear to be composed mostly of indigenous natural
ClOy, but also appear to contain minor fractions of synthetic ClO4. As shown in Figure 2,
the 8'80 values of synthetic C1O4™ tend to vary from ~ -25%o to -12%o, likely because of
variations in source water values and variable fractionations during electrochemical
production of the ClO4™ (Sturchio et al., 2006; Bohlke et al., 2017). The §'30 values of the
UMCD samples are slightly offset from the SHP reference §'%0 values in the direction of the
synthetic source. Similarly, the §*’Cl values of UMCD samples are intermediate between
SHP and synthetic endmembers.

The Port of Morrow Wells, POM-13 and POM-15, appear to be composed primarily
of synthetic C104", with a fraction of SHP-type ClO4", based upon the & '*0, A0 and §*'Cl
values (Figure 2). In contrast to all the others, the sample from private well S1 appears to
have a component of Atacama-type ClO4 (based on its relatively low 3’Cl and elevated
A'0), combined with both synthetic and indigenous natural ClO4". It should be noted that
wells POM-13, POM-15, and S1 are all near the northern boundary of the Boardman
Bombing Range, a possible (but not proven) source of synthetic ClO4™ in this region (Figure

1). As the general direction of groundwater flow in this region is to the north toward the
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Columbia River, any ClO4 deposited on the range and mobilized to groundwater might be
expected to move in a northerly direction, though transient flow variations could result from
nearby irrigation mounding.

Overall, the stable isotope data indicate that indigenous natural ClO4 is a dominant
source in this region, likely transported to groundwater in part via extensive irrigation. These
findings are similar to those from the heavily irrigated SHP region of Texas and New Mexico
(Jackson et al., 2010). The stable isotope data also indicate the presence in the study area of
both synthetic and Atacama-type ClO4, which were not generally observed in the SHP
region. Previous forensic studies of C1O4™ sources in Long Island, NY (Bohlke et al., 2009),
Redlands, CA (Sturchio et al., 2012a), Pomona, CA (Sturchio et al., 2014) and Rialto, CA
(Hatzinger et al., 2018), have identified groundwater with predominantly Atacama and/or
synthetic ClO4™ rather than indigenous natural ClO4". In these previous studies, where a large
number of groundwater wells were sampled, indigenous natural ClO4™ was interpreted to be
the dominant source only in groundwater having relatively low ClO4 concentrations (<1
ng/L), consistent with its presence as a low-level background constituent (Fram and Belitz,
2011) that was commonly overwhelmed by higher concentrations of synthetic or Atacama
fertilizer-derived ClOy4".

Higher groundwater concentrations of indigenous natural Cl1O4™ in the SHP (up to 200
png/L) and Boardman-Umatilla (up to 35 pg/L) study areas may be a transient effect of
modern irrigation flushing long-term natural accumulations of salts from soils (Rajagopolan
et al., 2006). Two soil cores collected by direct-push (i.e., Geoprobe) from undisturbed
rangeland in the study area indicated indigenous natural ClO4™ at concentrations up to ~ 4

pg/kg in the unsaturated zone (Appendix A; Supplementary Material, Figure S2, Table S1),
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further supporting this hypothesis. Similar accumulations in vadose soils were previously
detected in undisturbed rangeland in the SHP (Jackson et al., 2010).

In addition to the stable isotope data, analyses of the long-lived radioactive isotope
35CI (half-life = 301,000 yrs) were obtained for all ClO4 samples in the current study.
Atmospheric production of *°Cl occurs via the cosmic-ray spallation of “°Ar (Lehmann et al.,
1993; Lal and Peters, 1967), and this isotope may become incorporated into stratospherically
generated ClO4™ (Sturchio et al., 2009). Previous studies have revealed that the isotopic
abundance of *°Cl (as **C1/Cl mole fraction) is substantially elevated in all indigenous natural
Cl04 samples thus far collected from the SHP and DV regions, ranging from 3,130 x 107!
to 28,800 x 1075 (Sturchio et al., 2009). Values of *°Cl/Cl in C104” from the Laurentian Great
Lakes were even higher, ranging from 7,400 x 107 to 71,200 x 10" (Poghosyan et al.,
2014). In contrast, relatively low *°CI/CI values were observed for both synthetic ClO4
(*SCl1/C1 from approximately 0 x 1071 to 40 x 107°) and Atacama ClO4™ (**Cl/CI from 22 x
10715 to 590 x 107'%), the former because it is synthesized electrochemically from NaCl brines
having low *°Cl abundance, and the latter presumably because this material is generally
millions of years old, and therefore would have lost much of its initial atmospherically-
derived**Cl by radioactive decay (Sturchio et al., 2009). The ClO4 samples from the study
site all had elevated **C1/Cl ratios (i.e., > 4,500 x 1071, indicating substantial fractions of
indigenous natural ClO4™ (Table 1; Figure 3), in agreement with the stable isotope results,
with the exception of POM-13 and POM-15, which had relatively high **C1/Cl ratios but
stable isotope values relatively near the range of synthetic ClO47, as described in more detail

below.
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Based on the stable isotope data, simple mixing calculations were performed to
estimate the fractions of the different ClO4™ source type end-members in the study area
groundwaters, following the procedure described by Phillips and Gregg (2001). Fractions of
three potential endmember components were estimated separately from §*’Cl versus §'%0
data (Figure 1a) and from A'7O versus 8'%0 data (Figure 1b), and the results were averaged
(see Appendix A, Supplementary Material, Section S3). For initial estimates, synthetic C104
produced at Henderson, Nevada (n=5) was used to represent a common synthetic
endmember, ClO4 derived from Chilean fertilizer products was used for the Atacama
endmember (n=6), and the ClO4” sample from well BGW-001 (n = 1) was used to represent
the local natural indigenous endmember (Figure 2). The choice of BGW-001 as the local
indigenous endmember was based on the fact that it had the highest §'*0, §*’Cl, and *°CI/Cl
values of all samples from the study area, and because those values were similar to the SHP-
type reference data (Figures 2 and 3).

With those assumptions, estimated fractions of indigenous natural C104” were > 83%
in the M&P Dairy well and > 99% in BGW-001 (reference value) and MW-20 (Figures 2
and 3; Table S2). These samples had high ratios of **C1/C1 (9,920 x 10'° to 15,900 x 1071%),
within the range of *°Cl data reported previously for indigenous natural C1O4 samples from
the southwestern USA and the Laurentian Great Lakes (Sturchio et al., 2009; Jackson et al.,
2010; Poghosyan et al., 2014). Slightly lower ratios of **C1/Cl were present in C104 obtained
from wells UMCD 11-7 and UMCD 11-1 (4,530 x 10" and 4,950 x 107", respectively).
Mixing calculations indicated that these two samples contained a mixture of slightly less than
65 % indigenous natural ClO4 with the remainder synthetic and no Atacama natural ClO4

(Table S2). The ClO4 in well SI had a low *’Cl value and high A!'7O value. Mixing
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calculations indicated that this sample contained a mixture of ~37% Atacama, ~41%
synthetic, and ~22% indigenous natural ClO4 (Table S2).

Wells POM-13 and POM-15 had anomalously high *Cl/Cl ratios (5,788 x 107" &
10,745% 10713, respectively) for samples that are presumably dominated by synthetic ClO4
based on stable isotope ratios (Table 1, Figure 3). These samples are ~ 75% synthetic based
on the aforementioned endmember analysis with the remainder indigenous (Table S2). The
elevated *°Cl/Cl ratios in these samples may reflect (1) inclusion of ClO4™ generated during
thermonuclear testing, which is expected to be highly enriched in *°ClI (see discussion in
Poghosyan et al., 2014); (2) variability in **Cl/Cl in natural ClO4 (i.e., with that in these
samples, and POM-15 in particular, being higher than others in the region); (3) that these
samples contained predominantly natural C1O4” with an unusually low value of §'%0, or (4)
that the synthetic ClO4 in these samples had relatively low 8'0 values compared to the
Henderson values used in the initial mixing calculations.

Two ClO4 samples collected previously from groundwater at the Arkema site in
Portland Oregon (formerly owned by Pennsalt Chemicals Corp, a manufacturer of ClO4
salts; ITRC, 2005) had a mean §'30 value of -23.3 + 0.8%o, which is among the most negative
values reported for a synthetic source. These samples had ClO4 concentrations of 19.8 and
10.6 mg/L, respectively, consistent with a local synthetic source. If the synthetic ClO4 in the
POM-13 and POM-15 wells were derived from this manufacturer, which is located ~ 300 km
west of the study area, then the relative proportion of indigenous ClO4™ in those wells could
be significantly greater than that estimated using the Henderson synthetic endmember. Using
the same mixing model described above, but replacing the Henderson synthetic endmember

isotope data with the Arkema data, increased the estimated indigenous component of the
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ClOy4 in these wells to between 44 and 49% (Table S3). Given the generally wide range of
36CI/Cl in indigenous natural C104™ (e.g., 3,130 x 107!° t0 28,800 x 10°!® in samples from DV
and SHP and as high as 71,200 x 107" in Lake Superior (Sturchio et al., 2009; Poghosyan et
al., 2014)), the reported values are within the range of those expected if the POM ClO4
samples were > 44% indigenous. Corresponding results indicated nearly equal fractions of
all three ClO4 endmembers with smaller uncertainties for well S1, and slightly larger
indigenous fractions for the other wells (Table S3).

The variable and elevated **Cl/Cl ratios in indigenous natural ClO4 may reflect
inclusion in some samples of atmospheric ClO4 having highly elevated *°CI/CI ratios
deposited during the time of thermonuclear weapons testing, (primarily from 1952 to 1964),
as inferred from measurements on ClO4 extracted from Lake Superior (Poghosyan et al.,
2014). Atmospheric ClO4 formed within a few years after thermonuclear weapons tests in
the Pacific Ocean injected *°Cl into the stratosphere may have had **Cl/Cl ratios up to
~1,000,000 x 107> (Poghosyan et al., 2014). As described below, groundwater from POM-
13, POM-15, and S1 all had tritium (*H) values consistent with post-bomb meteoric waters
providing potential for inclusion of some fraction of C1O4” with elevated **Cl from previous

weapons testing.

3.3. Indicators of groundwater age and recharge processes

Additional environmental isotopes and tracers of groundwater age were evaluated to
determine if groundwater Cl1O4 might be related to human activities. One such tracer used
in the current study is *H, which entered the atmosphere following nuclear weapons testing

and has a 12.3 yr half-life. Concentrations of *H in groundwater from the study area ranged
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from approximately 0 to 7 trittum units (TU) (Table 1). Four samples (MW-20, M&P Dairy,
UMCD 11-1, UMCD 11-7) had *H concentrations less than the detection limit of ~0.5 TU (2
sigma), indicating meteoric water that precipitated before the era of nuclear weapons testing
(i.e., before 1952). Three samples (POM-13, POM-15, S1) had *H concentrations around 3-
7 TU, potentially consistent with values expected in post-bomb meteoric waters that
precipitated since about the early 1980s in this region, allowing for uncertainty in the sources
of recharge water and the rate of increase of atmospheric *H concentrations with distance
from the Pacific Coast (Michel, 1989). One sample (BGW-001) had *H around 1 TU,
possibly indicating a mixture of pre-bomb and post-bomb meteoric water. The *H data
confirm that the POM-13 and POM-15 samples contained post-bomb era meteoric waters,
which could contain a component of synthetic Cl104™ potentially from the Boardman Bombing
Range, which was first put into service during World War II, and possibly **Cl-enriched
ClO4 deposited from the atmosphere in the years immediately following Pacific nuclear
weapons testing.

Seven of the samples (excluding S1) were analyzed for chlorofluorocarbons (CFCs)
and sulfur hexafluoride (SFs), which are anthropogenic atmospheric trace gases that can
provide additional indicators of groundwater age (time of recharge) in the post-WWII era
(Busenberg et al., 1992, 2006) (Table 1). Samples from POM-13 and POM-15 had
concentrations of CFCs and SFs indicating apparent (piston-flow) recharge dates around the
middle to late 1980s (POM-13) and middle 1970s to early 1980s (POM-15), which are
roughly consistent with their post-bomb *H concentrations. Preliminary lumped-parameter

dispersion models fit to all the tracer data from POM-13 and POM-15 yielded mean ages of
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around 19 and 33 years at the time of sampling (in 2007), respectively, with dispersion
parameters of around 0.2 using the TracerLPM program (Jurgens et al., 2012).

Some of the samples having undetectable (pre-bomb) *H had measurable
concentrations of CFCs and SF¢ indicating post-bomb exchange with air. Possible
interpretations include: (1) Old groundwater (no *H) was used for irrigation and CFCs and
SFs were incorporated during recharge and can be used to estimate post-bomb recharge dates.
(2) Pre-bomb precipitation infiltrated slowly through the unsaturated zone before arriving at
the water table, where CFCs and SFs were acquired during recharge. (3) Samples were
recharged before nuclear weapons testing and variably contaminated by local non-
atmospheric sources of CFCs and SFs, such that recharge dates cannot be determined; this
option might be supported locally by concentrations of specific CFC compounds that greatly
exceed atmospheric equilibrium values at UMCD 11-1, UMCD 11-7, and BGW-001, for
example. (4) Samples are mixtures dominated by old (pre-bomb) recharge with appreciably
smaller fractions of much younger recharge containing relatively high concentrations of
CFCs and SFg; this option probably cannot account for observations unless combined with
some contamination.

If the first interpretation is correct, estimated apparent recharge dates for some of the
low->H samples could be from the 1960s to 1970s (M&P Dairy), middle 1970s to middle
1980s (MW-20), and late 1970s to late 1980s (UMCD 11-1, UMCD 11-7, BGW-001). From
these data, given local variability in sources of irrigation water, it is possible that all of the
samples contained groundwater that recharged recently enough to contain ClO4™ from any or
all of the sources indicated by isotope data. The timeline of large-scale irrigation in this

region (see Section 1.2) is consistent with the recharge dates estimated for groundwater from
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many of the sampled wells (i.e., 1960s to 1980s); however, more detailed investigations
would be required to resolve apparent inconsistencies between *H and gas tracer data in some
cases. The second and third interpretations of the tracer data would imply that most of the

ClOq in the low->H wells was associated with pre-nuclear age infiltration and recharge.

3.4.Isotopic composition of water

According to Kahle et al. (2011), irrigation in the Umatilla Basin uses a
heterogeneously distributed mixture of groundwater and surface water, with overall mean
annual fractions of around 72% surface water and 28% groundwater (1985-2007). Annual
recharge from precipitation was estimated to be of the order of 0.2 to 1.0 inches, whereas
recharge from irrigation can be more than 20 inches locally. Hydrogen and oxygen isotope
ratios (8°H and 8'%0 values) of H,O were measured to determine possible origins of the water
in each well (Table 1, Figure 4). Compared to regional meteoric waters, the sampled
groundwaters had relatively low values of “deuterium excess” (d-excess: 8'*0-8*5*H = -7.1
to -0.2%o) and a data array with relatively low slope (A§?H/A8'%0 ~ 4.3). These data indicate
the groundwaters may have been variably affected by evaporation prior to recharge (Clark
and Fritz, 1997), possibly while exposed in streams, ponds, canals, or irrigation distribution
systems. The most evolved samples (i.e., furthest from the local meteoric mixing line, or
most evaporated) were from MW-20, UMCD 11-1, and UMCD 11-7. The least evolved
samples were from BGW-001, M&P Dairy, and POM-15. Although these data do not
indicate directly the source(s) of the groundwater sampled in the wells, the inferred
evaporation effects may have been a result of irrigation practices, which ultimately also
promoted ClO4™ flushing from the unsaturated zone to the groundwater. Further details of

this analysis are provided in Appendix A, Supplementary Material, Section S4.
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3.5. Isotopic composition of nitrate

Nitrogen and oxygen isotope ratios (8'°N and 8'*0) in NO;  were measured to
determine if any of the wells had characteristics indicating distinctive sources or
transformations of NO3™ (Kendall et al., 2007; Jackson et al., 2015; Bohlke, 2002). The
ranges of 3!°N and 8'%0 values were not large and they are generally consistent with NO3"
derived from nitrification of reduced N from soil organic matter or fertilizers (Table 1).
There was no clear evidence of systematic correlated N and O isotopic fractionation caused
by NOs3™ reduction (e.g., denitrification). This is consistent with the high dissolved oxygen
concentrations and lack of evidence for excess (non-atmospheric) dissolved N> gas in the
samples, and it supports the interpretation that the isotopic composition of ClO4~ was not
altered substantially by biodegradation in the subsurface, as both NO3 and O; have been
shown to inhibit ClO4™ biotransformation (Farhan and Hatzinger, 2009). The highest §'°N
and lowest 8'*0 values were from UMCD 11-7 and UMCD 11-1, in relatively highly
evaporated water with moderately high NO;™ concentrations. According to Frans et al.,
(2009), groundwater in this area may have been affected by nearby wastewater irrigation.
Samples with the highest NO3™ concentrations (POM-13, POM-15, S1) had relatively low
8'°N values, like those commonly attributed to N fertilizer application. Interestingly, these
wells also were the same ones north of the Boardman Bombing Range that had a significant
component of synthetic ClO4~. Only S1 had a significant fraction of ClO4 attributed to
imported Atacama nitrate fertilizer, although the isotopic composition of NO;3™ in that sample
did not indicate a substantial component of unaltered Atacama Desert NO3", which typically

has 8'80 > +50%o (Jackson et al., 2015). Similarly, in some other areas of the USA, Atacama

24



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

nitrate fertilizer appears to have been a substantial local source of C1O4™ in groundwater even
where it was not identified as a substantial source of groundwater NO3™ (Bohlke et al., 2009;
Sturchio et al., 2012a, 2014; Hatzinger et al., 2018). In most of the groundwater sampled in
the current study, high concentrations of NO3  from natural or anthropogenic sources

apparently coexisted with ClO4” predominantly of natural atmospheric origin.

4. Conclusions

Isotope data from the study area indicate the presence of three different types of C104
in varying proportions in groundwater: (1) indigenous natural ClO4 similar to that reported
previously from the SHP and the Laurentian Great Lakes, largely derived from regional
atmospheric deposition; (2) Atacama ClO4 likely introduced with imported Atacama nitrate
fertilizer; and (3) synthetic C1O4™ from unidentified local sources. Indigenous natural C1O4
was ubiquitous and appeared to be the predominant source in most of the wells, based the
combination of stable isotope data and **C1/Cl data. Two of the wells appeared to contain
two-component mixtures of synthetic and indigenous natural C104". Both of these wells also
had *H concentrations in groundwater consistent with post-bomb recharge during the period
of industrial-scale synthetic ClO4™ production and use. Only one of the wells appeared to
contain a significant component (~ 35%) of Atacama ClOy’, as indicated particularly by its
high A'70 and low §*’Cl values. In some of the wells, stable isotope data for H,O and NOs",
along with apparent groundwater ages derived from environmental tracers, were consistent
with local history indicating irrigation was a major source of groundwater recharge, in some

cases with addition of anthropogenic constituents such as NO;3".
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Concentrations of indigenous natural ClO4™ in study area groundwaters are similar to
those reported for parts of the SHP where irrigation was a major source of recharge (Jackson
et al., 2005), and much higher than values reported for some other parts of the southwestern
USA affected by natural groundwater recharge (Plummer et al., 2006; Fram and Belitz,
2011). Relatively high groundwater concentrations of ClO4™ in arid regions like the SHP and
this study area apparently were caused by recharge of excess irrigation water containing salts
that were flushed from the unsaturated zone after having accumulated for long periods of
time by natural processes.

The combination of widespread irrigation with both river water and groundwater
(which may have redistributed ClO4 and complicates interpretation of groundwater dating),
and complex local hydrogeology, makes forensic interpretation of ClO4™ sources in the study
area challenging. However, the ClO4 isotope data indicate that indigenous natural ClO4,
similar to that observed in groundwaters of West Texas, New Mexico, and in the Laurentian
Great Lakes, is an important source of groundwater ClO4™ in the study area. This finding
extends the known geographical range of this type of indigenous natural ClO4 to the

northwestern USA.
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872  Figure 1. Location map of wells sampled for ClO4 isotope analysis in the Lower

873  Umatilla Basin, OR. Regional groundwater flow is to the north toward the Columbia

874  River, but directions may differ locally. UMCDI11-1 and UMCD11-7 were near the active
875  Area 11 landfill in rangeland that was not subject to irrigation. POM-15, POM-13, and S1
876  were located near irrigated land north/northeast of the Boardman Bombing Range. Well
877  MW-20 was in a region actively planted to crops and watered via center-pivot irrigation.
878  Well BGW-001 was in a cattle yard near the former Boeing jet engine test facility. M&P
879  Dairy was in rangeland near an irrigation canal and irrigated hybrid poplar trees. Map

880  image is the intellectual property of Esri and is used herein under license. Copyright ©
881 2020 Esri and its licensors. All rights reserved.
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Figure 2. Comparison of 3*’Cl versus 6'%0 (panel a) and A'7O versus 6'%0 (panel b) in C1O4"
from groundwater samples (red triangles). Black symbols indicate representative data for
other ClO4 sources and occurrences: circles = synthetic; diamonds = Atacama; squares =
triangles = Death Valley (DV) from previous studies (Bao and
Sturchio et al., 2006, 2012a; Bohlke et al., 2005, 2009;
Hatzinger et al., 2011, 2013, 2018). Green symbols with tielines represent endmembers used
for source analysis. Two different values (Henderson and Arkema) were evaluated as

Southern High Plains (SHP);

Gu, 2004; Jackson et al., 2010;

synthetic endmembers. Analytical uncertainties are smaller than the symbols.
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Figure 3. *°C1/Cl ratio vs 8*’Cl of ClO4” from groundwater samples (red
triangles). Black symbols indicate representative data for other C1O4™ sources and
occurrences: circles = synthetic; diamonds = Atacama; squares = indigenous
Southern High Plains (SHP); triangles = Death Valley (DV) from previous studies
(Jackson et al., 2010; Sturchio et al., 2009). Analytical uncertainties are smaller
than the symbols.
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Figure 4. Isotopic composition of H (6>°H) and O (8 '*0) in H20 in groundwater samples
(red, this study) compared with data from springs and rivers in the surrounding region.
River data from U.S. Geological Survey (USGS) monitoring sites are from Coplen and
Kendall (2000). Spring data are from the USGS National Water Information System (USGS-
NWIS, 2021). Hypothetical curves representing constant conventional d-excess values ([d-
excess %o] = [82H %o] — 8 x [8 180 %o]) are shown for reference.
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Table 1. Descriptions and data for groundwater samples

Well Identification MW-20 M&P Dairy UMCD 11-1  UMCD 11-7 POM-13 POM-15  BGW-001 S1
Latitude North (°) 45.7297 45.7472 45.8530 45.8493 45.8203 45.7845 45.7108 45.8102
Longitude West (°) -119.8869 -119.5387 -119.3981 -119.4032  -119.6642 -119.6240 -119.8852 -119.7697
Aquifer type alluvium alluvium alluvium alluvium alluvium/wb  alluvium/wb alluvium/wb basalt
Land surface elev (m)  185.0 192.9 200.3 199.9 118.6 145.4 186.8 115.8
Water table elev (m) 182.9 170.0 157.5 154.5 109.4 129.1 180.9 109.7
Mid- screen elev (m) 177.7 165.8 151.2 151.2 102.4 121.0 179.8 100.7
Mid- screen elev (+m) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 9.3
Sample date 6/13/2007  6/14/2007  6/15/2007 6/15/2007  6/16/2007 6/17/2007  6/18/2007  6/19/2007
Field temp. (°C) 15.5 18.4 20.4 21.8 16.8 18.3 17.5 16.3
Conductivity (mS/cm)  0.900 1.243 0.611 0.625 1.081 0.917 1.183 1.064
Field ORP (mV) 22 111 53 62 99 72 72 36
Field O, (umol/L) 307 264 285 267 272 295 308 233
Field pH 7.28 6.81 7.64 7.72 7.21 7.55 7.51 7.44
ClO4 (pg/L) 11.5 34.7 7.6 10.5 7.2 3.8 11.0 5.9
CIO4” (umol/L) 0.12 0.35 0.08 0.11 0.07 0.04 0.11 0.06
CI' (mg/L) 159 249 24.3 33.2 74.7 67.6 186 53.5
Br’ (mg/L) 1.23 1.80 0.70 0.29 0.47 0.43 1.31 0.68
NO;™-N (mg/L) 3.8 21.7 17.0 14.0 38.9 49.4 17.4 32.7
SO,” (mg/L) 31.8 64.9 58.9 57.2 118 90.9 70.2 64.1
NO;™ - 5"°N (%) 3.52 2.31 5.22 5.85 1.01 1.32 3.97 1.60
NO;™ - 5'%0 (%) -2.40 -6.01 -6.66 -6.26 -3.66 -2.10 -1.67 -3.37
ClOy™ - 8Cl (%o) 3.00 3.78 2.35 2.07 1.36 1.51 3.77 -4.35
Clo,™ - 30 (%o) 5.88 1.61 -2.48 -2.55 -9.90 -10.90 5.99 -8.67
ClOy" - 8"70 (%o) 5.72 2.59 -0.07 -0.16 -5.05 -5.31 6.04 -0.85
ClOy - A0 (%) 2.62 1.74 1.23 1.18 0.16 0.43 2.89 3.73
Clo, -**crcix 10 9900 10000 4950 4530 5880 10700 15900 10800
H,0 - 5°H (%o) -105.2 -111.5 -106.0 -106.3 -107.8 -111.4 -113.0 -108.2
HO0 -3'%0 (%0) -12.53 -13.85 -12.46 -12.40 -13.24 -13.89 -13.69 -13.28
H,O - d-excess (%0)  -4.98 -0.74 -6.28 -7.09 -1.86 -0.24 -3.50 -1.98
H,0 - *H(TU) 0.15 -0.08 0.02 0.14 4.90 7.00 1.13 3.40
H,0 -*H, sd (TU) 0.23 0.23 0.23 0.25 0.30 0.40 0.24 0.26
Ar (pmoV/L) 19.38 15.07 17.31 15.37 17.14 16.84 18.01 nd

N, (umol/L) 873 551 693 629 683 646 623 nd

N, - "N (%o) 0.60 0.81 0.72 0.70 0.60 0.59 0.78 nd
Recharge temp., est. (°C 11.2 13.9 11.2 17.2 11.6 10.9 5.0 nd
Excess air, est (cc STP/17.2 -1.0 2.1 2.2 1.9 0.6 2.4 nd
Gas comment high air? degassed? high T? degassed, low T?
SF6, mean (fmol/kg) 1.02 2.44 0.31 0.29 1.08 0.67 0.22 nd
SF6, sd (fmol/kg) 0.23 0.12 0.01 0.03 0.04 0.00 0.02 nd
SF6, est (pptv) 1.48 7.44 0.68 0.74 2.43 1.68 0.46 nd
SF6, est. (year) 1985 contam 1978 1979 1990 1986 1976 nd
SF6, est (age) 23 contam 29 29 17 21 32 nd
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961  Table 1. Descriptions and data for groundwater samples (continued)
962

963 Well Identification MW-20 M&P Dairy UMCD 11-1 UMCD 11-7  POM-13 POM-15 BGW-001 s1
CFCl1, mean (fmol/kg) 5465 957 12921 59383 4192 2874 6333 nd
CFCl1, sd (fmol/kg) 5124 28 79 1461 46 8 30 nd
CFCl1, est (pptv) 281 58 671 4185 221 147 232 nd
CFCl11, est (year) variable 1970 contam contam 1986 1977 1987 nd
CFCl11, est (age) variable 38 contam contam 22 30 21 nd
CFC12, mean (fmol/kg) 1285 564 19683 15147 2274 1486 2401 nd
CFC12, sd (fmol/kg) 163 11 681 442 7 23 62 nd
CFC12, est (pptv) 242 128 3856 3881 452 290 349 nd
CFC12, est (year) 1976 1960 contam contam 1988 1978 1982 nd
CFC12, est (age) 32 48 contam contam 20 29 25 nd
CFC113, mean (fmol/kg) 352 122 294 269 337 166 463352 nd
CFC113, sd (fmolkg) 236 20 8 10 6 1 1500 nd
CFCl113, est (pptv) 57 24 49 63 57 27 53415 nd
CFCl113, est (year) 1988 1980 1986 1988 1987 1981 contam nd

964 CFC113, est (age) 20 27 22 19 20 26 contam nd

965  wb = weathered basalt

966  sd = standard deviation

967  nd = not determined

968  est = estimated value derived from dissolved gas concentration data (USGS-RGDL, 2021)
969  degassed = anomalously low Ny/Ar ratio possibly indicating sample was partially degassed,;

970 estimated recharge temperature, excess air concentration, and environmental tracer ages are
971 uncertain

972  year; age = apparent groundwater recharge year (date) and groundwater age (in years) based on
973 single tracer (USGS-RGDL, 2021)

974  contam = concentration of CFC or SF6 higher than maximum estimated value for recharge prior to
975 the sample date

976
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