U.S. Geological Survey public-access version of the following article:

Groundwater movement, recharge, and perchlorate occurrence in a faulted alluvial
aquifer in California (USA)

By John A. Izbicki, Nicholas F. Teague, Paul B. Hatzinger, J. K. Bohlke, and Neil C. Sturchio

Published in: Hydrogeology Journal, vol. 23, May 2015, p. 467—-491

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S.
Government

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials as
noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

USGS release date (this version): May 2021

For link to publisher’s version, see https://pubs.er.usgs.gov/publication/70159354.



Received: 4 April 2014 /Accepted: 20 November 2014
Published online: 16 December 2014

* Springer-Verlag Berlin Heidelberg (outside the USA) 2014

Electronic supplementary material The online version of this article (doi:10.1007/s10040-014-1217-y) contains supplementary material,
which is available to authorized users.

Abstract

Perchlorate from military, industrial, and legacy agricultural sources is present within an alluvial aquifer in
the Rialto-Colton groundwater subbasin, 80 km east of Los Angeles, California (USA). The area is
extensively faulted, with water-level differences exceeding 60 m across parts of the Rialto-Colton Fault
separating the Rialto-Colton and Chino groundwater subbasins. Coupled well-bore flow and depth-dependent
water-quality data show decreases in well yield and changes in water chemistry and isotopic composition,
reflecting changing aquifer properties and groundwater recharge sources with depth. Perchlorate movement
through some wells under unpumped conditions from shallower to deeper layers underlying mapped plumes
was as high as 13 kg/year. Water-level maps suggest potential groundwater movement across the Rialto-
Colton Fault through an overlying perched aquifer. Upward flow through a well in the Chino subbasin near
the Rialto-Colton Fault suggests potential groundwater movement across the fault through permeable layers
within partly consolidated deposits at depth. Although potentially important locally, movement of
groundwater from the Rialto-Colton subbasin has not resulted in widespread occurrence of perchlorate within
the Chino subbasin. Nitrate and perchlorate concentrations at the water table, associated with legacy
agricultural fertilizer use, may be underestimated by data from long-screened wells that mix water from
different depths within the aquifer.

Introduction

Faults have long been known to influence groundwater flow. Whether faults are impediments or conduits to
flow depends on the nature of the faulted material, and the extent and nature of the fault (Freeze and Cherry
1979; Smith et al. 1990; Bredehoeft et al. 1992; Wibberley et al. 2008; Dafny et al. 2013). In bedrock or
partly consolidated deposits, faults may be conduits to groundwater flow as a result of fractures within the
rock created as movement occurs along the fault. In unconsolidated deposits, faults may be impediments to
groundwater flow, as a result of fine-grained material deposited within fractures or clay-rich gouge zones
within the fault plane (Caine et al. 2002; Caine and Minor 2009). In alluvial aquifers, fault properties also
may differ over short distances and with depth and consolidation of deposits. Faults in older, more-
consolidated deposits at depth tend to fracture and may create conduits to groundwater flow. In contrast,
faults in younger, less-consolidated deposits may tend to form barriers to groundwater flow. The effect of a
fault on groundwater flow may be greater where movement along the fault has been greater and the offset
between permeable deposits is greater. In addition, layers of differing permeability within faults may lead to
a high degree of anisotropy, with maximum permeability potentially occurring within the plane of the fault
(Forster and Evans 1991).

In complex alluvial aquifers, groundwater flow across a fault may be difficult to measure and quantify from
field data (Bense et al. 2003; Folch and Mas-Pla 2008). In these settings, flow across a fault is commonly
estimated as a residual in groundwater budgets or in numerical groundwater-flow model analyses. It is
possible that in areas where groundwater flow across faults is too small to be quantified within regional water
budget analyses, these small quantities of groundwater flow may unexpectedly carry contaminants across a
fault from one basin to another.
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The alluvial deposits that compose the Rialto-Colton groundwater subbasin (California Department of Water
Resources 2004), 80 km east of Los Angeles, California (USA), are extensively faulted (Fig. 1). These faults,
many of which have little or no surface expression, were first identified as abrupt changes in groundwater-
level elevation as great as 120 m in the late 1920s (Eckis 1928; Dutcher and Garrett 1963). Differences in
groundwater level elevation associated with these faults were used to define the margins of the groundwater
subbasins (California Department of Water Resources 2004).

Perchlorate, an oxidant used as a component of solid rocket fuel, flares, and pyrotechnics, is present in
groundwater at sites throughout the United States where perchlorate was manufactured, used, and stored—
including many active and former military bases (Brandhuber et al. 2009; Government Accountability Office
2010). Ingestion of perchlorate affects iodine uptake by the human thyroid and thyroidal hormone production
(US EPA 2002). Although the US Environmental Protection Agency has not yet established a maximum
contaminant level (MCL) for perchlorate in drinking water, California has established a drinking-water
perchlorate limit of 6 pg/L (California Department of Public Health 2007).

Perchlorate is highly soluble, moves readily with groundwater, and can be transported great distances in oxic
groundwater (Motzer 2001). Microbial degradation of perchlorate can occur in some settings, potentially
limiting perchlorate transport in reduced aquifers (Coates and Achenbach 2004; Lieberman and Borden
2008). Knowledge of the distribution and sources of perchlorate in groundwater increased with improved
analytical methods and lower detection limits that led to recognition of widespread occurrence of perchlorate
in groundwater from agricultural fertilizers derived from nitrate deposits in the Atacama Desert in Chile
(Bohlke et al. 2009), and to the identification of low-concentration perchlorate background from natural
sources through much of the southwestern United States (Rao et al. 2007; Fram and Belitz 2011).
Differences in the chlorine and oxygen isotopic composition of the perchlorate molecule can be used to
evaluate perchlorate contributions from different sources (Bohlke et al. 2005; Sturchio et al. 2009 and 2014;
Jackson et al. 2010), and to evaluate potential degradation of perchlorate in groundwater under anaerobic
conditions (Sturchio et al. 2007a; Hatzinger et al. 2009).

Perchlorate contamination in the Rialto-Colton groundwater subbasin originated in part from military and
industrial sources at sites in the northern part of the subbasin (Fig. 1), including the 160-acre site (formerly
known as the “BF Goodrich site” and currently known as the “Rockets, Fireworks, and Flares” site; US EPA
2010), and the Former Bunker Site/Mid-Valley Sanitary Landfill (GeoLogic Associates 2003; Woolfenden
2007).

Perchlorate contamination in the area was first identified in 1997, and the mapped extent of perchlorate
contamination within two plumes shows perchlorate has moved at least 6 km downgradient from source
areas in the general direction of groundwater flow (GeoLogic Associates 2013). Near the source areas, the
upgradient portion of the plumes is well defined and perchlorate concentrations in monitoring wells
upgradient from and outside of the mapped plume were low or absent during this study. However, there are
public-supply wells outside the mapped plumes where perchlorate concentrations have exceeded the
California MCL of 6 pg/L, resulting in the removal of these wells from service, or treatment of water from
the wells to remove perchlorate. Historical land use data (Lippincott 1902; Wildermuth Environmental Inc.
2000) where military and industrial releases of perchlorate occurred do not show evidence of extensive
agricultural land use and concomitant potential for perchlorate associated with legacy agricultural land use
that included application of fertilizer from the Atacama Desert. However, perchlorate associated with legacy
agricultural land use may be a source of perchlorate elsewhere in the study area, including some areas
upgradient and cross gradient of known military and industrial sources (GeoLogic Associates 2002).

The purpose of this study was to evaluate groundwater recharge and movement within the Rialto-Colton
subbasin, and the potential for movement of groundwater between the Rialto-Colton subbasin and adjacent
Chino subbasin near the northwestern extent of the Rialto-Colton Fault. Scope of the study included: (1)
compilation of water-level data and construction of water-level contour maps for selected time periods, (2)
collection of chemical and isotopic data from selected wells, (3) collection of coupled well-bore flow, and
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depth-dependent chemical and isotopic data from selected wells. Data were collected concurrently with
samples intended for analyses of the chlorine and oxygen isotopic composition of perchlorate within and near
two mapped contaminant plumes within the Rialto-Colton subbasin and from the adjacent Chino subbasin.
Results from this study provide the hydrologic framework to support isotopic interpretations of the source(s)
of perchlorate in water from wells within the Rialto-Colton and adjacent Chino subbasins.
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The climate of the study area is Mediterranean, with cool wet winters and hot, dry summers. Average annual
precipitation is about 400 mm, and average annual temperature in Rialto, California is about 19 °C.

Precipitation is greater and average temperatures lower in the San Gabriel Mountains to the northwest where
average annual precipitation, falling mostly during the winter months, exceeds 1,000 mm (Belitz et al. 2004).
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In the Rialto-Colton subbasin, unconsolidated alluvial fan deposits of Quaternary age and partly consolidated
sedimentary deposits of Tertiary age overlie granitic bedrock (Fig. 2). The upper-most surface of the Tertiary
age deposits forms the effective base of the groundwater system (Woolfenden and Kadhim 1997,
Woolfenden and Koczot 2001). The overlying alluvial deposits, eroded from the San Gabriel Mountains and
deposited by Lytle Creek and other smaller streams, dip to the southeast and range in thickness from about
100 m to slightly more than 240 m (Wisely and Schmidt 2010).

Alluvial deposits within the Rialto-Colton subbasin have been divided into river channel deposits along
Warm Creek and the Santa Ana River to the southeast (not shown on section A—A’, Fig. 2), and the regional
aquifer has been further subdivided into upper, middle, and lower water-bearing units (Woolfenden and
Kadhim 1997; Woolfenden and Koczot 2001; Fig. 2). The deposits dip more steeply than the water table, and
the upper water-bearing unit and part of the middle water-bearing unit are unsaturated in the northwestern
part of the subbasin (Fig. 2). In this area, a perched aquifer (Fig. 2) overlies low-permeability deposits within
the middle water-bearing unit (GeoLogic Associates 1997; GeoSyntec Consultants 2006; Paulinski 2012). To
the southeast, additional low permeability deposits separate groundwater within the regional aquifer
(Woolfenden 2007). Alluvial deposits within the Rialto-Colton subbasin are extensively pumped for water
supply, and the middle water-bearing unit is the primary source of water to wells (Woolfenden and Kadhim
1997). Groundwater pumping increased from about 14.8x10° m* in 1970 to more than 37x106 m? in 2010
(GeoLogic Associates 2010; CH2M-Hill 2012). Since 1998, much of the increase in pumping occurred in the
northwestern part of the subbasin. Water levels declined beginning in 1998 in response to increased pumping
and decreases in groundwater recharge (CH2M-Hill 2012).
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Fig.2  Sections A-A" and B-B' through the Rialto-Colton groundwater subbasin, California

The boundaries of the Rialto-Colton subbasin are defined by the San Jacinto Fault on the northeast, the
Rialto-Colton Fault on the southwest, and the San Gabriel Mountains on the northwest (Fig. 1; Dutcher and
Garrett 1963; California Department of Water Resources 2004). There is about 25 km of right-lateral offset
and 1,000 m of vertical-normal offset along the San Jacinto Fault; and about 2 km of right-lateral offset and
600 m of vertical normal offset along the Rialto-Colton Fault (Wisely and Schmidt 2010). The Rialto-Colton
Fault has not ruptured in recent geologic time; consequently, evidence of the fault is not present at the
surface, and the depth at which the fault breaks alluvial deposits is not known. Splays of these two larger
faults, including Barrier E (Dutcher and Garrett 1963) and an “unnamed fault” (Woolfenden and Kadhim
1997 and Woolfenden and Koczot 2001) have been identified within the subbasin. Barrier H bounds a
sediment-filled graben within the underlying Tertiary-age deposits in the northwestern part of the subbasin
(Anderson et al. 2004). Collectively these faults generally dip through the alluvium to the east, merging into
fewer faults at depth that form a single fault zone within consolidated bedrock (Anderson et al. 2004;
Catchings et al. 2008). Locations of individual faults within the Rialto-Colton subbasin and adjacent
subbasins are often not precisely known, some faults have been mapped differently by various researchers
(Paulinski 2012), and as new information becomes available fault locations may be revised.

Uplift and subsidence occurred as a result of movement along faults, resulting in folding and bending alluvial
deposits within the subbasin (Wisely and Schmidt 2010). As a consequence, the upper and middle water-
bearing units are not flat-lying (Woolfenden and Kadhim 1997). These units are thicker where subsidence
occurred along parts of the San Jacinto Fault between Fault Q and Barrier E, and thinner along parts of the
Rialto-Colton Fault between Fault Q and Barrier H (Wisely and Schmidt 2010).

Prior to development and groundwater pumping, recharge to the Rialto-Colton subbasin was from (1)
groundwater flow from the Lytle and Bunker Hill subbasins across Barrier E and the San Jacinto Fault, (2)
mountain-block recharge from the San Gabriel Mountains (including infiltration from small ungaged
streams), (3) areal infiltration of precipitation, and (4) infiltration of streamflow from Warm Creek and the
Santa Ana River farther downgradient (Fig. 1; Woolfenden and Koczot 2001). Underflow from the Lytle and
Bunker Hill subbasins originated as streamflow infiltrated along the channel of Lytle Creek and its
tributaries. Although Lytle Creek is not perennial downstream from the mountains, winter runoff and
stormflows may extend along the entire length of its channel to the Santa Ana River. After development,
additional recharge also occurred as (1) irrigation return, (2) infiltration of water from stormflow detention
basins, and (3) importation of water from northern California (Woolfenden and Koczot 2001).

Groundwater flow is from recharge areas in the northwestern part of the subbasin near the mountain front to
discharge areas in the southeast along the Santa Ana River and Warm Creek. The San Jacinto and Rialto-
Colton Faults generally restrict groundwater flow along much of their extent. Historically, water-level
differences were as much as 15 m across parts of the San Jacinto Fault, and as much as 120 m across parts of
the Rialto-Colton Fault (Dutcher and Garrett 1963) in the 1930s. The effect of some faults within the Rialto-
Colton subbasin on groundwater movement did not become apparent until after pumping and subsequent
water-level declines (GeoLogic Associates 1997, 1998). The Rialto-Colton Fault is not an impediment to
groundwater flow in the river channel deposits and in the upper and middle water-bearing units along the
southeastern extent of the fault (Gosling 1967; Woolfenden and Koczot 2001). Waterlevel and geophysical
data (Gosling 1967), and numerical groundwater flow modeling results (Woolfenden and Koczot 2001) show
movement of groundwater from the Rialto-Colton subbasin across the southeastern part of the Rialto-Colton
Fault into the adjacent Chino and Arlington groundwater subbasins. On the basis of InSAR data (Lu and
Danskin 2001), water-level differences across the Rialto-Colton Fault increase to the northwest toward
Barrier H, suggesting that groundwater movement across the fault decreases to the northwest. Groundwater
flow across the northwestern part of the Rialto-Colton Fault was simulated as a no-flow boundary in a
groundwater flow model of the area (Woolfenden and Koczot 2001).



Recent work showed the San Jacinto and Rialto-Colton Faults to be part of a single fault zone (Anderson et
al. 2000, 2004). Anderson et al. (2000, 2004) identified several splays of the Rialto-Colton Fault within
bedrock to the west of the Rialto-Colton Fault in the adjacent Chino subbasin, but were unable to determine
if those splays extended upward into the alluvium. Catchings et al. (2008) used seismic-reflection data to
identify faulting within the alluvium in the Chino subbasin, but did not evaluate the effect of faulting on
groundwater flow. Paulinski (2012) suggested that fault splays described by Anderson et al. (2000, 2004) and
Catchings et al. (2008) composed a single trace of the larger fault zone running parallel to the Rialto-Colton
Fault (Fig. 1). The effect of this “western Rialto-Colton fault” on groundwater flow in the Chino subbasin
was not investigated by Paulinski (2012).

Methods
Water-level data

More than 51,800 water-level measurements from 324 wells were obtained from water purveyors and
stakeholders in and near the Rialto-Colton subbasin. Data were reviewed for consistency and obvious errors
in well location, land-surface elevation, or water-level measurements. Erroneous data were corrected or
removed. The data were used to develop water-level maps of the Rialto-Colton subbasin and parts of the
Chino and Arlington subbasins (hereafter referred to solely as the Chino subbasin) near the Rialto-Colton
Fault for Spring 1996, Spring 2005, and Spring 2010, and for the perched aquifer within the Rialto-Colton
subbasin for Spring 2010. The 1996 time period corresponds to the end of model simulations by Woolfenden
and Koczot (2001). Water-level hydrographs for selected wells near Barrier H and in the western part of the
Chino subbasin were examined.

Field and laboratory methods

Water-quality samples were collected from 17 production wells, 8 monitoring wells, and 2 WestBay sample
ports in the Rialto-Colton and adjacent Chino subbasins (Fig. 1; Table 1). Wells were selected to include
wells within and outside of the two mapped perchlorate plumes (including upgradient and downgradient
wells). Most production wells were sampled from the surface discharge of the existing pump. Monitoring
wells were sampled using a 4.5-cm diameter, positive displacement gas-reciprocating pump capable of lifting
water from depths greater than 200 m below land surface. Additional samples were collected from WestBay
installations using specialized equipment according to manufacturer’s specifications.



Table 1 Well-construction, elevation, and depth to water data for sampled wells in the Rialto-Colton and Chino groundwater subbasins,
California, June 2010 to February 2012. (Depths in meters below land surface; Elevation in meters above sea level. Mapped plume extent
from GeolLogic Associates 2013). USGS US Geological Survey

State well Local USGS identification Type Depth Depth to Depth to Elevation
number well name No. of well of well bottom top of of land
of deepest shallowest surface
well screen well screen datum
Wells in the perched aquifer in the Rialto-Colton subbasin within the mapped plume
1 N/5 W-28 )2 28 J-2 340828117240102 Monitoring well 1372 1372 131.1 460.9
1 N/5 W-29H1 F6 340836117250801 Monitoring well 139.6 139.6 103.0 499.9
1 N/5 W-29H3 F6A-S 340836117250902 Monitoring well 133.2 133.2 127.1 475.5
1 N/5 W-33B2 N-108 340804117242302 Monitoring well 132.6 132.6 123.4 451.1
Wells in Regional aquifer in the Rialto-Colton subbasin within the mapped plume
1 N/5 W-21 N2 PW-2 340909117245402 Monitoring well 152.4 150.9 138.7 499.9
1 N/5 W-21P2 PW-3 340004117243502 Monitoring well 152.7 151.2 139.0 487.7
1 N/5 W-33B1 N-10D 340804117242301 Monitoring well 169.5 169.5 166.4 451.1
1 N/5 W-34B2 Rialto 02 340807117232601 Production well 311.5 3048 179.2 441.7
1 N/5 W-34G4 PW-5D 340752117233104 Westbay port 190.5 190.5 187.5 438.9
1 N/5 W-34 M1 Rialto 03 340218117234601 Production well 2704 262.1 160.0 4298
18/5 W-02B3 PW-9C 340654117222203 Westbay port 149 .4 149 .4 146.3 396.2
18/5 W-02G1 Rialto 06 340652117221901 Production well 304.8 292.6 134.1 3978
1 W-03A1 Rialto 04 340715117230001 Production well 2713 2713 93.6 413.6
clls in the Regional aquifer in the Rialto-Colton subbasin outside the mapped plume
/5 W-17 K2 WVWD 24 341018117253201 Production well 71.3 67.1 18.3 565.1
/5 W-27D1 Rialto 01 340853117234701 Production well 292.6 292.0 198.1 467.3
/5 W-32A1 F-13A 340759117250801 Production well 3048 301.8 158.5 456.3
/5 W-33 N1 F-49A 340700117240001 Production well 3231 317.0 91.4 431.3
18/4W-18G1 Colton 15 340510117201901 Production well 162.8 162.8 T4.4 3350
18/5 W-02 K1 WVWD 11 340643117222101 Production well 2524 2399 94.5 3932
S/5 W-05A5 E-10C 340714117251201 Production well 307.8 301.8 134.1 4298
1S8/5 W-13B5 13B5 340521117212005 Monitoring well 88.4 88.4 82.3 3536
(RHSW-3)
Wells in the Chino (or Arlington) subbasins
1S8/5 W-04 N1 F-4A 340631117250401 Production well 286.5 280.4 164.6 414.8
1 N/5 W-32 NI F-26 A 340729117260201 Production well 3475 3414 2134 4359
18/5W-07R1 F-35A 340541117262401 Production well 259.7 257.6 2124 380.1
18/5W-14B1 Chino 02 340525117221901 Production well 2225 216.4 161.5 3624
1S/5W-23A1 WVWD 42 340433117215801 Production well 192.0 185.9 106.7 3322
18/6W-23D2 F-17B 340438117291402 Production well 265.2 262.1 1524 3328

Coupled well-bore flow and depth-dependent water chemistry and isotopic data were collected from seven
wells along two sections: one parallel to groundwater flow, and the other perpendicular to groundwater flow
that crossed the Rialto-Colton Fault. Well-bore geophysical logs collected from these wells included natural
gamma, caliper, fluid temperature, fluid resistivity and electromagnetic (EM) flow logs. Fluid temperature,
fluid resistivity, and EM flow logs were collected under unpumped and pumped conditions. Depth-dependent
samples were collected under pumped conditions.

Field methods including details of coupled well-bore flow and depth-dependent sample collection (including
unpumped and pumped calibration of EM flow logs), sample handling and preservation, laboratory methods,
and quality-assurance data are provided in the electronic supplementary material (ESM).

Results and discussion
Water-level data

Regional-scale analysis of water-level data and groundwater flow in the upper Santa Ana River basin was
done by Dutcher and Garrett (1963), updated by Gosling (1967), and more recently updated by Wildermuth
Environmental Inc. (2000). Water-level maps of the Rialto-Colton subbasin also were prepared as part of
geohydrologic and groundwater-flow model studies (Woolfenden and Kadhim 1997; and Woolfenden and
Koczot 2001), and as part of perchlorate contaminant studies (GeoLogic 2003; GeoSyntech 2006; DPRA Inc.
2008; CH2MHill 2012). Similarly, water-level maps were prepared as part of groundwater-flow model
studies of the Chino subbasin (Wildermuth Environmental Inc. 2003). However, not since Gosling’s (1967)



work along the southeastern part of the Rialto-Colton Fault, have water-level data been evaluated
concurrently on both sides of the Rialto-Colton Fault.

Rialto-Colton and Chino subbasins

Water-level contours for the Rialto-Colton and parts of the adjacent Chino subbasins near the Rialto-Colton
Fault are shown for spring 1996, spring 2005, and spring 2010 in Fig. 3a,b,c, respectively. Water levels in
both subbasins declined during this period as a result of increased pumping and decreases in recharge.
Consistent with previous studies: (1) the direction of groundwater movement in the Rialto-Colton subbasin
was toward the southeast, roughly parallel to the faults that bound the subbasin, (2) groundwater movement
from the Rialto-Colton subbasin into the Chino and Arlington subbasins occurred across the southeastern
part of the Rialto-Colton Fault, and (3) differences in water-levels along the fault increase to the northwest
and exceed 60 m in some areas (Fig. 3). The relatively flat gradient in the northeastern part of the Rialto-
Colton subbasin is consistent with impediment to areal recharge to the regional aquifer in this area resulting
from the overlying low-permeability deposits that form the base of perched aquifer.
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Fig. 3 Water-level contours in the Rialto-Colton and parts of the adjacent Chino groundwater subbasins, California, a Spring 1996, b
Spring 2005, and ¢ Spring 2010

Water-level contour maps were constructed largely on the basis of data from production wells screened over
long intervals, but also include data from monitoring wells screened over short intervals (USGS multiple-
well sites and US EPA WestBay sites). With the exception of the perched aquifer and the underlying
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Tertiary-age deposits, differences between water levels in monitoring wells in the regional aquifer in the
northwestern part of the subbasin were about 0.3 m. In contrast, vertical differences in water levels in wells
at a USGS multiple-well monitoring site in the southern part of the subbasin, 1S/ 3W-13B1-5, were as great
as 3 m (Fig. S4 of the ESM). Water levels at this site were lower in wells completed within the middle water-
bearing unit as a result of groundwater pumping. Water levels were higher in the well near the water table,
and within the underlying Tertiary-age deposits. Similar differences in water levels were observed in
production wells screened at different depths within the regional aquifer (Fig. S5 of the ESM). On the basis
of these data, water-level contours in the southern part of the Rialto-Colton subbasin (Fig. 3) represent water
levels in the main producing zone pumped for water supply, and not necessarily the elevation of the water-
table.

Water-level hydrographs from two production wells (F-10C and F49A) in the northwestern part of the
Rialto-Colton subbasin along section B-B' show large declines in recent years (Fig. 4). Between 2000 and
2010, more than half of the pumping from the subbasin was near this area. Water-level declines were greater
in well F-10C, between Barrier H and the Rialto-Colton Fault; however, by the early 2000s, water levels in
both wells dropped below the bottom elevation of the perched aquifer. Water-level contours for the regional
aquifer are not shown between Barrier H and the Rialto-Colton Fault (Fig. 3); however, the interaction
between the perched aquifer, the regional aquifer, and the underlying partly-consolidated deposits in this area
is examined on the basis of flow-log, chemical, and isotopic data discussed later in this paper.
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Fig. 4 Water-level hydrographs for wells F-10C (1 N/5 W-5A2) and F-49A (1 N/5 W-33 N1) near Barrier H, Rialto-Colton
groundwater subbasin, California, 1995-2010

Water-level contours in the Chino subbasin slope toward the central part of the subbasin (Fig. 3). Water-level
data in the Chino subbasin were sparser than data in the Rialto-Colton subbasin and, as a consequence, the
contour intervals in the Chino subbasin were larger than in the Rialto-Colton subbasin and intervals differed
spatially. Water-level contours in the Chino subbasin assume the “western Rialto-Colton fault” (Paulinski
2012) is an impediment to groundwater flow. This assumption simplified water-level contours—yielding a
time-series of maps having a more consistent appearance than maps drawn assuming no effect on water
levels from this fault. Water-level hydrographs from wells F4A, F18A, and F35A in the Chino subbasin to
the southwest of the “western Rialto-Colton fault” show similar long-term declines in water levels between
1995 and 2010, with declines occurring later in well F4A farther to the southeast (Fig. 5). In contrast,
although water levels in wells Chino-2 and F-26A, within fault-bounded alluvium between the “western
Rialto-Colton fault” and the Rialto-Colton Fault show declines similar to the other wells, they also show
greater response to seasonal pumping (Fig. 5). These data are consistent with compartmentalization of the
alluvial deposits by faulting within this area. In some areas, contoured groundwater levels across the
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“western Rialto-Colton fault” were as much as 6 m higher than water levels in the adjacent parts of the Chino
subbasin. In contrast to water-level differences along the Rialto-Colton Fault, difference in water levels along
the “western Rialto-Colton fault” decreased to the northwest (Fig. 3). Given the absence of depth-dependent
water-level data from monitoring wells, it was not possible to determine how differences in water levels with
depth affect contours in the Chino subbasin.
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Fig. 5 Water-level hydrographs for wells a F4A, F18A, and F35A, and b Chino-2 and F26A, in the Chino groundwater subbasin,
California, 1995-2010

Perched aquifer

Water-level contours for the perched aquifer generally slope to the southeast and the gradient is roughly
parallel to the San Jacinto and Rialto-Colton Faults and similar to water levels in the regional aquifer (Fig.

6). Wells completed at different depths within the perched aquifer may have different water levels (GeoLogic
Associates 1998); as a result of multiple low-permeability layers within the perched aquifer, or from
downward gradients caused by leakance of water through the low-permeability deposits that form the base of
the perched aquifer.
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The Rialto-Colton Fault and Barrier H extend upward into the perched aquifer. During 2010, groundwater
flow in the perched aquifer between Barrier H and the Rialto-Colton Fault was to the south, rather than
southeast as in the regional aquifer (Fig. 6). This southern direction of flow toward the Rialto-Colton Fault
differs from the southeasterly direction of flow previously measured in this part of the perched aquifer
(Geologic Associates 1998) prior to the onset of water-level declines from pumping in the underlying
regional aquifer beginning in about 2000 (Fig. 4). The Rialto-Colton Fault impedes flow from the perched
aquifer into the Chino subbasin, and groundwater levels in the perched aquifer between Barrier H and the
Rialto-Colton Fault are higher than levels east of Barrier H (Fig. 6).

Well-bore flow data

Well-bore flow data were collected from seven wells in the Rialto-Colton and Chino subbasins under
unpumped and pumped conditions. Two wells (Rialto-2 and Rialto-6) are along section A—A’, aligned in the
general direction of groundwater flow, and within the eastern perchlorate plume in the Rialto-Colton
subbasin. Six of the wells (F-17B, F-26A, F-10C, F-49A, Rialto-3, and Rialto-2) are along section B-B’;
perpendicular to the Rialto-Colton fault and to the general direction of groundwater flow in the Rialto-Colton
subbasin (Fig. 1). In addition to flow logs, depth dependent water-chemistry and isotopic data (discussed
later in this report) also were collected under pumping conditions from wells along sections A—A’ and B-B'.

Unpumped flow logs

Unpumped flow within a well occurs as a result of differences in water pressure (head) with depth in the
aquifer(s) penetrated by the well. Positive values indicate flow in the upward direction; negative values
indicate flow in the downward direction; near-zero values (within the =1c precision of the EM flow tool)
indicate no flow (Fig. 7). Increasing positive or negative magnitude indicates increasing flow in the upward
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or downward direction, respectively, as water enters the well from the aquifer. Decreasing positive or
negative magnitude indicates decreasing flow as water flows from the well into the aquifer. No change in
magnitude indicates water is neither entering nor leaving the well.
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Fig. 7 Unpumped flow logs from selected wells in the Rialto-Colton and Chino groundwater subbasins, California, June 2010 to
February 2012

Unpumped flow through wells F-17B and Rialto-6 was downward from the uppermost screens (or
perforations) to the major producing zones within the aquifer at rates as high as 0.6 to 1.3 L/s, respectively.
The distribution and magnitude of flow within these wells is typical of flow within wells in aquifers pumped
for water supply (Fig. 7). In contrast, the magnitude and distribution of unpumped flow through wells F-49A,
F-10C, and F-26A, along section B-B' through Barrier H and the Rialto-Colton Fault, was different as a
result of faults, pumping, and cascading water from overlying aquifers (Fig. 7).

Unpumped downward flow was measured at rates as high as 12 and 15 L/s in wells F-49A and F-10C,
respectively and water was cascading into the wells from depths of 120.7 m and 136 m below land surface,
respectively. (Cascading water was evident on the basis of a roaring sound from within the wells. The depth
of the cascade was identified on the basis of fluid temperature and fluid resistivity logs, not shown on Fig. 7.)
At the time these data were collected, upward flow at rates as high as 6 L/s also was measured in the deeper
parts of well F-10C below 240 m. Downward flow through the upper part of well F-10C and upward flow
from the deeper part of the well was redistributed throughout the screened interval into the aquifer as a result
of pumping in nearby well F-10B, 60 m to the northeast. After well F10B was turned off overnight
(approximately 12 h), downward flow decreased to about 7 L/s and upward flow was reduced to near zero
(Fig. 7). Redistribution of flow within well F-49A into the aquifer did not occur in the upper part of the
screened interval until a depth of about 168 m below land surface—approximately the elevation of the water
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table within well F-10C on the opposite side of Barrier H. Below that depth, flow decreased to a depth of
about 280 m as water flowed from the well into the aquifer (Fig. 7). The unpumped flow log data suggest
well F-49A may be hydraulically connected to the aquifer on the opposite side of Barrier H below a depth of
168 m. Faults in the area are not vertical and generally dip downward through the alluvium to the east
(Catchings et al. 2008), and it is possible Barrier H is penetrated by well F-49A at a depth of about 168 m
below land surface and lower heads at depth drive flow through well F-49A.

In contrast to wells F-49A and F-10C, upward flow was measured in well F-26A along the section B-B' on
the opposite side of the Rialto-Colton Fault at a rate of about 0.75 L/s (Fig. 7). Flow-log data show water
entered the well through a thin interval within the partly consolidated Tertiary-age deposits at a depth of
about 326 m below land surface (no flow was measured in the well between 326 m and the bottom of the
well at 341 m below land surface), and was redistributed into the aquifer between 325 and 262 m below land
surface. Upward flow can occur only if these deeper deposits have a higher head than shallower deposits. It
is possible that deposits encountered by well F-26A are hydraulically connected to aquifers having higher
head (1) on the opposite side of the Rialto-Colton Fault, about 1,200 m to the east; or (2) on the opposite side
of Barrier J, 3 km to the northwest (Fig. 1). If all the flow through well F26A originated as flow across the
Rialto-Colton Fault, annual leakance across the fault would be at least 2.4x10* m*—this value is small and
less than 0.1 % of the total annual pumpage from the Rialto-Colton subbasin. Because of the small
magnitude of leakance and because it may be difficult (or impossible) to identify hydraulically connected
layers within complex alluvial aquifers during test drilling prior to installation of traditional short-screened
monitoring wells, well-bore flow data from long-screened wells that fully penetrate aquifer deposits may be
the only way to identify groundwater flow through hydrologically connected layers across a fault.

Multiple-well monitoring sites completed in partly consolidated Tertiary-age deposits within the Rialto-
Colton subbasin commonly have higher water levels than those in the overlying alluvial deposits
(Woolfenden and Kadhim 1997; Teague et al. 2014). These differences in water levels may also cause small
amounts of upward flow within long-screened wells that penetrate the Tertiary-age deposits. If isolated from
sources of recharge, water-level differences between partly consolidated Tertiary-age deposits and overlying
alluvium, and resulting well-bore flow, would be expected to dissipate through time and only small amounts
of flow would occur through these wells. Consistent with this scenario, only small amounts of upward flow
(at rates less than the sensitivity of the flow meter, about 0.1 m/min) were measured in well Rialto-3 within
the Rialto-Colton subbasin at distance from faults (Fig. 7). Temperature logs collected within the well (not
shown on Fig. 7) were consistent with upward flow through the well. The small rates of upward flow in
Rialto-3 would be consistent with flow rates expected solely from partly consolidated deposits at depth that
are not hydraulically connected to an aquifer having a higher head.

Pumped flow logs

Pumped flow logs show cumulative flow of water within a well, and identify depth intervals where water
enters the well during pumping (Fig. 8). In general, intervals within flow logs that increase in magnitude
indicate water entering the well from the aquifer. Greater increases indicate more water entering the well.
Vertical intervals indicate little or no water entering the well from the aquifer during pumping.
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Fig. 8  Pumped flow logs in selected wells in the Rialto-Colton and Chino groundwater subbasins, California, June 2010 to
February 2012

Most pumped flow logs in the study show consistently increasing flow from deeper to shallower screens
within the well and indicate higher yields from shallower alluvium that contributes as much as 50 % of the
flow to some wells (Fig. 8). In general, the logs show changes at depths corresponding to changing hydraulic
properties of different aquifer layers (Fig. 8). Assuming the wells are 100 % efficient, these data indicate
higher hydraulic conductivities at shallower depths, and lower hydraulic conductivities at deeper depths
consistent with finer-grained materials and increasing consolidation with increasing depth (Fig. 8). In
contrast to other wells measured, the pumped flow logs from well F-10C show decreasing downward flow
from the water table to a depth of about 250 m and upward flow from the bottom of the well as a result of
nearby pumping in well F-10 B (Fig. 8).

Changes in flow logs with depth within wells (also fluid conductivity and fluid temperature logs)
approximate but do not precisely align with aquifer layers identified previously on the basis of indirect data
such as lithologic or geophysical logs (Fig. 9). For example, well-bore flow measured in Rialto-6 under
pumped conditions increased at about 140 m below land surface. This increase is consistent with more
permeable deposits at that depth, and may indicate the middle water-bearing unit is present to a depth of 140
m below land surface, rather than 121 m previously estimated (Paulinski 2012). Similarly, the low yield to
the well below about 243 m is consistent with partly consolidated Tertiary-age deposits at that depth, rather
than the 255 m estimated previously. The pumped flow log within the lower water-bearing unit indicates two
layers (from 140 to 195 m and 205 to 243 m below land surface) separated by a low-permeability layer (from
195 to 205 m below land surface) that does not contribute water to the well. Each of these features on the
flow logs is aligned with changes in the general character of geophysical logs from the well (Fig. 9). This
suggests that flow logs (and fluid conductivity and temperature logs), and more commonly collected indirect
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data such as lithologic or geophysical logs, can be used together to refine conceptual understanding of
layering within complex aquifer systems.

Logs collected under pumped conditions
Q =11 liters per second
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Fig. 9 Selected geophysical and unpumped and pumped well-bore flow logs for well Rialto-6 (1S/5 W-2G1), Rialto-Colton
groundwater subbasin, California, March 2011

The utility of flow-log data to refine understanding of aquifer systems is increased when multiple logs are
collected along sections through an aquifer so that regional features become apparent (Fig. 8). Similar to
Rialto-6, flow logs from Rialto-3, and Rialto-2 show breaks in slope consistent with aquifer layering and
changes in hydraulic properties throughout the subbasin. These wells yielded little or no water from deeper
parts of the screened interval during pumping, consistent with previous interpretations that the wells
penetrate partly consolidated Tertiary-age deposits and the effective base of the aquifer (Paulinski 2012). The
depth of the Tertiary-age deposits estimated from flow-log data appears to be shallower than previously
suggested (Woolfenden and Koczot 2001; Paulinski 2012). Well F49A penetrates Barrier H and the lack of
flow at depths below 240 m may result from well interference associated with nearby pumping in well F-10B
between Barrier H and the Rialto-Colton Fault rather than changes in geology. Similarly, nearby pumping in
well F-10B obscures correlations with geology in flow-log data collected from well F-10C.

Water-chemistry and isotopic data

Water-chemistry and isotopic data collected from the surface discharge of production wells and from
monitoring wells are presented in Tables S1 and S2 of the ESM, respectively. Depth-dependent water-
chemistry and isotopic data collected from wells along sections A—A’ and B— B’ during pumped conditions
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are presented in Tables S3 and S4 of the ESM, respectively. Sample collection depths within wells were
determined in the field on the basis of flow-log data (including fluid resistivity and fluid temperature), as
discussed in the ESM. The deepest sample within each well is representative of the chemical or isotopic
composition of water in the well and the aquifer at the sample depth. The next deepest sample is a mixture of
the deepest sample, and water that entered the well between the two sample depths (Izbicki et al. 1999;
Izbicki 2004); the shallower samples within a well represent similar mixtures. These mixtures can be
resolved on the basis of the pumped flow-log data (see the ESM). In contrast, samples collected near the
water table (above the temporary pump) in wells F-10C and F-49A are representative of water at the water
table and water from an overlying aquifer cascading into the wells.

Major-ions, perchlorate, and nitrate concentrations

Water from the surface discharge of production wells and from most sampled monitoring wells in the Rialto-
Colton and Chino subbasins was oxic and moderately alkaline, with pH ranging from 7.4 to 7.9. In general,
dissolved-solids concentrations ranged from 200 to 410 mg/L (Table S1 of the ESM). However, water from
two Westbay sample ports sampled within the mapped perchlorate plume, PW-5D and PW-9C, had higher
pH values and lower dissolved-solids concentrations (Table S1 of the ESM)—possibly because of their
location within the plume, or because of construction and development differences between WestBay wells,
production wells, and traditional monitoring wells.

Calcium and bicarbonate were the predominant ions in water from most sampled wells (Fig. 10a). The
major-ion composition of water from wells in the perched and regional aquifer within the Rialto-Colton
subbasin were generally similar, with small differences in the composition of water from wells F-6 (screened
in the perched aquifer adjacent to the Mid-Valley Sanitary Landfill) and 13B5. Although completed in the
regional aquifer, monitoring well 13B5 is relatively shallow (screened from 82.3 to 88.4 m below land
surface), and reflects water chemistry near the water table (79.2 m below land surface) rather than the larger
interval sampled by production wells. Within the regional aquifer, the major-ion composition of water from
sampled wells within the mapped plumes was generally similar to the composition of water from wells
outside the mapped plumes (with the exception of water from Westbay sample port PW5D discussed
previously).
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selected wells within the Rialto-Colton and Chino groundwater subbasins, California, June 2010 to February 2012

The major-ion composition of water from sampled wells in the Chino subbasin was similar to that of wells in
the Rialto-Colton subbasin, with slightly lower calcium plus magnesium fractions, and slightly higher
sodium plus potassium percentages in some Chino subbasin samples (Fig. 10a). Water from Chino-2 differed
in major-ion composition from most other wells in the Chino subbasin (Fig. 10a). Chino-2 is completed
partly in underlying Tertiary-age deposits, and the higher sodium and bicarbonate fractions in water from this
well are consistent with the composition of water from the Tertiary-age deposits identified by Woolfenden
and Kadhim (1997).

In general, the major-ion composition and dissolved-solids concentration of water from most wells having

depth-dependent water-chemistry data were similar to the composition of water from the surface discharge of
the well and fairly uniform with depth (Table S3 of the ESM). pH values typically increased with depth, and
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commonly exceeded 8. Dissolved-oxygen concentrations decreased with depth, and were as low as 0.2 mg/L
in water from wells F-10C and Rialto-3, indicative of reducing conditions at depth (Table S3 of the ESM).

In contrast to most sampled wells, the major-ion composition of water at depth within well F-10C, between
the Rialto-Colton Fault and Barrier H, differed substantially from the composition of water in the surface
discharge of the well (Fig. 10b). At depth, the composition of water was similar to that of water from Chino-
2 completed in Tertiary-age deposits underlying the Chino subbasin, and water from Tertiary-age deposits
described by Woolfenden and Kadhim (1997; Fig. 10). Given the large quantity of pumping in this area and
the complex distribution of flow within well F-10C under unpumped and pumped conditions, large
differences in major-ion chemistry with depth are not surprising. The absence of water having a similar
major-ion composition within the deeper parts of well F-26A west of the Rialto-Colton Fault might be
explained by movement of water from alluvial deposits having higher head on the opposite side of the Rialto-
Colton Fault or Barrier J.

Perchlorate concentrations in water from sampled monitoring wells and from the surface discharge of
sampled production wells ranged from less than 0.2 to 1,150 ug/L. Perchlorate concentrations were higher in
the Rialto-Colton subbasin within the mapped contaminant plumes (Table S1 of the ESM), and were within
the range of concentrations measured as part of remedial investigations in the area (US EPA 2004; GeoLogic
Associates 2013). Perchlorate concentrations in excess of the California MCL for perchlorate of 6 pug/L were
measured in 7 of 14 sampled wells in the Rialto-Colton and Chino subbasins outside the mapped plumes
(Table S1 of the ESM). Perchlorate concentrations were as high as 22 pg/L in water from well F-17B in the
Chino subbasin farthest from the mapped plumes. The source of perchlorate in water from this well was
previously identified as agricultural, rather than synthetic perchlorate, on the basis of its chlorine and oxygen
isotopic composition (Sturchio et al. 2007b). Perchlorate concentrations in well F-26 near the Rialto-Colton
Fault and Barrier H that had previously exceeded the California MCL of 6 pg/L (Fontana Water District,
Fontana Calif., written communication, April 2011) were lower than previously reported, possibly because
the well was no longer pumped for supply after perchlorate concentrations in excess of the California MCL
were measured.

Along section B-B' within the mapped plume, perchlorate concentrations near the top of the screened
interval in wells Rialto-2 and Rialto-6 (calculated on the basis of flow log and depth-dependent water-quality
data; see the ESM) were higher than perchlorate concentrations from the surface discharge from these
wells—consistent with a surface source of contamination (Fig. 11). Unpumped flow within these wells was
downward (Figs. 7 and 9), allowing redistribution of perchlorate from shallow to deeper aquifer units. The
low calculated perchlorate concentrations in Rialto-6 between 171 and 203 m below land surface coincide
with the interval where unpumped flow data (Fig. 7) show that water moving downward through the well
does not leave or enter the aquifer. Given calculated perchlorate concentrations of 114 and 330 pg/L entering
wells Rialto-2 and Rialto-6 from contaminated intervals, respectively (Fig. 11), and measured-downward
unpumped flow rates of 1.0 and 1.3 L/s, redistribution of perchlorate through ambient (unpumped) well-bore
flow in these wells may be as high as 3.6 and 13 kg/year, respectively. Assuming conditions were similar
through time, as much as 130 kg of perchlorate may have moved from shallower to deeper aquifer units
through Rialto-6 between the discovery of perchlorate contamination in 2002 and the end of data collection
for this study in 2012. Similar redistribution of perchlorate may have occurred through other wells within the
mapped plume, and unpumped flow through production wells that are no longer pumped as a result of
contamination may partly explain the presence of perchlorate contamination within deeper parts of the
aquifer within the Rialto-Colton subbasin that would otherwise be protected from surficial sources of
contamination (DPRA Inc. 2008).
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Fig. 11 Depth-dependent perchlorate concentration in water from selected wells, Rialto-Colton and Chino groundwater subbasins,
California, June 2010 to February 2012

Perchlorate concentrations also were high throughout well F-17B within the Chino subbasin farthest from the
mapped plume. Sturchio et al. (2007b) indicated perchlorate within well F-17B was the result of legacy
agriculture and the use of nitrate fertilizer containing perchlorate, rather than military or industrial activities.
The perchlorate concentration in the surface discharge from well F-17B was 22 pg/L (Tables S1 and S3 of
the ESM); whereas, the calculated perchlorate concentration from the uppermost part of the well screens
(between 152.4 and 176.8 m depth, Table S3 of the ESM) was 47 ng/L (Fig. 11).

Although subject to some uncertainty, these data illustrate how samples from the surface discharge of
production wells, screened over long intervals, yield mixtures of water having different perchlorate
concentrations from different depths within an aquifer. Interpretation of data from long-screened wells may
underestimate maximum perchlorate concentrations near the water table associated with legacy agricultural
use of fertilizer in the Chino subbasin. Similar to wells Rialto-2 and Rialto-6, downward flow through well
F-17B under unpumped conditions also may be responsible for perchlorate in deeper parts of the aquifer.
Given a concentration of 47 mg/L (Fig. 11) and unpumped downward flow at a rate of 0.6 L/ s (Figs. 7 and
9), redistribution of perchlorate from legacy agriculture through well F-17B may be as high as 0.9 kg/ year.

The perchlorate concentration in the surface discharge of well F-26A was about 2 pg/L. Depth-dependent

water-quality data indicate two layers of water containing perchlorate within the well—a shallow layer from

the water table to a depth of about 244 below land surface, and a deeper layer from 262 to 326 to about m

below land surface (Fig. 11). Perchlorate at shallower depths may have originated from legacy agricultural

land uses in this area (Lippincott 1902; Wildermuth Environmental, Inc. 2000) similar to perchlorate in well
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F-17B. Perchlorate at deeper depths also may have legacy agricultural source or from other sources
associated with water that flowed through the perched aquifer across the Rialto-Colton Fault (Fig. 6).
However, perchlorate concentrations within the perched or regional aquifer in the Rialto-Colton subbasin
west of the mapped plumes during this study were less than 1 pg/L and not high enough to explain
concentrations as high as 6 ug/L in water from well F-26 A. Unpumped flow data (Fig. 7) show perchlorate at
depth originated with water that entered the well between 315.5 and 330.7 m below land surface. Unpumped
flow within this part of the well was upward (Fig. 7), and unlike wells Rialto-2, Rialto-6, and F-17B
perchlorate at depth within well F-26A is not the result of redistribution from shallow depths within the well
under unpumped conditions. As previously discussed, upward flow within well F-26A may be driven by
aquifers having higher head (1) on the opposite side of the Rialto-Colton Fault, about 1,200 m to the east, or
(2) on the opposite side of Barrier J, 3 km to the northwest (Fig. 1).

Perchlorate concentrations in the surface discharge from wells F-10C, and F-49A were low, 0.93 and 0.43
ng/L, respectively (Fig. 11, Table S3 of the ESM). Comparatively uniform perchlorate concentrations in the
upper part of well F-10C to a depth of 198 m and throughout well F-49A (ranging from 0.9 to 1.0 and 0.4 to
0.5 pg/L, respectively) are consistent with redistribution of water and perchlorate throughout the wells under
unpumped conditions (Fig. 7). Lower concentrations of perchlorate at depth in well F-10C, ranging from 0.2
to 0.3 pg/L (Table S3 of the ESM) detected using ionchromatography mass-spectrometry (ICMS), in water
having a major-ion composition similar water from Tertiary-age deposits (Fig. 10b) could be consistent with
low natural perchlorate background concentrations in groundwater in the southwestern United States (Rao et
al. 2007; Fram and Belitz 2011).

Nitrate concentrations in water from sampled monitoring wells and from the surface discharge of sampled
production wells ranged from 1.6 to 14.8 mg/L as nitrogen (mg/L as N; Table S1 of the ESM).
Concentrations were higher outside the mapped plume boundaries, and water from three sampled wells
(13B5, F-4A, and F-17B) exceeded the MCL of nitrate of 10 mg/L as N. Nitrate and perchlorate were not
significantly correlated (on the basis of Kendall’s Tau correlation coefficient with a confidence criteria of
a=0.05). This differs from results in the nearby Bunker Hill subbasin where nitrate and perchlorate were
positively correlated (Kent and Landon 2012), consistent with a legacy agricultural source of perchlorate.

Nitrate was present at detectable concentrations in all depth-dependent samples within sampled wells, even
in samples where perchlorate was not detected (Table S4 of the ESM). Although nitrate and perchlorate were
not highly correlated overall, the distribution of nitrate and perchlorate in depth-dependent samples was
similar and nitrate data also showed effects of redistribution from surface sources of contamination through
wells (Fig. 12). Similar to perchlorate, calculated nitrate concentrations of 32 mg/L as N in water from near
the top of the screened interval in well F17B were higher than the concentration in the surface discharge
from the well of 14 mg/L as N (Fig. 12), and indicate the potential for data from long-screened production
wells to underestimate maximum nitrate concentrations associated with legacy agricultural fertilizer use.
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Fig. 12 Depth-dependent nitrate concentration in water from selected wells, Rialto-Colton and Chino groundwater subbasins,
California, June 2010 to February 2012

Stable oxygen and hydrogen isotope ratios in water

The stable oxygen and hydrogen isotope ratios (reported in delta notation as §'*0 and &°H, respectively) in
precipitation throughout the world are linearly correlated and distributed along a line known as the Global
Meteoric Water Line (Craig 1961). Water that condensed and precipitated in cooler environments at higher
altitudes typically contains less of the heavier isotopes (has more negative delta values) and is isotopically
lighter than water that condensed in warmer environments at lower altitudes (which has less negative delta
values and is isotopically heavier). In addition, water that has been partly evaporated contains more of the
heavier isotopes and is shifted to the right of the meteoric water line along an evaporative trend line as a
result of preferential removal of lighter isotopes (IAEA 1981).

The §'80 and §*H values of water from the surface discharge of sampled production wells and monitoring
wells ranged from —9.5 to —7.6 and —62 to —50 %o, respectively (Table S2 of the ESM)—and was similar to
the isotopic compositions in water from wells in the study area sampled by Woolfenden and Kadhim (1997)
and Teague et al. (2014). Most samples from the Rialto-Colton subbasin plot along a local groundwater line
about 3 %o (with respect to 62H) above the Global Meteoric Water Line (Fig. 13a)—consistent with previous
work that showed precipitation and groundwater in the San Gabriel and San Bernardino Mountains near
Cajon Pass has 8°H values about 3 %o above the Global Meteoric Water line (Izbicki et al. 1998; Izbicki
2003; Woolfenden and Kadhim 1997).
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Lytle Creek drains the higher altitudes of the San Gabriel Mountains immediately west of Cajon Pass (Fig. 1)
and is an important source of recharge to the Rialto-Colton subbasin. Although the isotopic composition of
streamflow in Lytle Creek probably varies widely, a sample collected from Lytle Creek by Woolfenden and
Kadhim (1997) had relatively light §'0 and 6°H values of —10.6 and —73 %o, consistent with precipitation
and runoff from higher altitudes. Groundwater samples with similarly light §'*0 and °H values consistent
with a high fraction of recharge from Lytle Creek include water from well WV WD-24 upgradient from the
mapped perchlorate plume, and water from well PW-2 near the northeastern edge of the perchlorate plume
(Fig. 13a). Water from well Colton-15, farther from the mountain front in the southeastern part of the Rialto-
Colton subbasin, also was isotopically light and may contain a high fraction of recharge from Lytle Creek or
another other high altitude source (Fig. 13a).

In contrast, recharge from precipitation at lower altitudes along the front of the San Gabriel Mountains had
less negative 8'*0 and 8*H values. For example, a spring (12FS1) sampled by Woolfenden and Kadhim
(1997) near the front of the San Gabriel Mountains had §'*0 and §*H values of —7.7 and —50 %o, respectively
(Fig. 13a). Water from wells F-10C, and F-13A, farther from Lytle Creek, was isotopically heavier than
water from most other sampled wells, plots slightly below the local groundwater line, and may contain a high
fraction of recharge from lower altitude sources along the front of the San Gabriel Mountains.

Water from wells in the perched aquifer in the Rialto-Colton subbasin plot along a line about 1 %o above the
Global Meteoric Water Line and have only a small range in 8'*0 and §°H values intermediate between higher
altitude and lower altitude recharge sources (Fig. 13a). Most samples from the Chino subbasin, farther from
Cajon Pass, also plot closer to the Global Meteoric Water Line than samples from the regional aquifer within
the Rialto-Colton subbasin. The 5'30 and °H values of water from well F-35A in the Chino subbasin were
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heavier and similar to those of water from the mountain front spring, despite the locations of well F-35A
comparatively far from the mountain front within the Chino subbasin. Water from well F17-B, farthest from
the mapped perchlorate plume, is the only well that plots below the Global Meteoric Water Line (Fig. 13a),
possibly consistent with partial evaporation of irrigation return water associated with legacy agriculture.

The §'80 and §*H values of depth-dependent samples from most wells were fairly similar with depth,
typically having a range of less than 3 %o with respect to 8*H (Table S4 of the ESM). The largest range in
8%H values in depth-dependent samples within a well, 8 %o, was from well Rialto-3 (Fig. 13b). The deeper
samples from this well (228.6 and 234.7 m below land surface) were isotopically heavier and similar in
composition to water recharged along the front of the San Gabriel Mountains; the shallower samples were
isotopically lighter and similar to water recharged from Lytle Creek (Fig. 13a,b). These data show water
recharged from different sources can flow along discrete flowpaths through the aquifer with depth. As a
consequence, the sources and quantity of water recharged from the mountain front may be difficult to
characterize solely on the basis of samples collected from the surface discharge of wells. A range of about 3
%o in 8°H values was present in water from well F-10C (Fig. 13b). In contrast to Rialto-3, the deepest sample
from F-10C (289.6 m below land surface) was isotopically lighter than water from shallower samples (Table
S4 of the ESM). Major-ion data, discussed previously (Fig. 11a), are consistent with water from Tertiary-age
deposits and with age-dating parameters (discussed in the next section) that show this is among the oldest
water sampled as part of this study.

Age-dating parameters

Tritium (°H) is a naturally occurring, radioactive isotope of hydrogen having a half-life of about 12.3 years.
Tritium is measured as an activity, in picoCuries per liter (pCi/L). One picoCurie is about 0.037 atomic
disintegrations per second. For the purposes of this report, samples that do not contain measurable tritium are
interpreted as groundwater recharged prior to 1952, and samples containing tritium are interpreted as
groundwater containing at least some fraction of water recharged after 1952. Tritium may provide
information relevant to the source and occurrence of perchlorate. Most perchlorate associated with
agricultural use of Chilean nitrate fertilizer would likely have been introduced prior to World War II, and
most synthetic perchlorate associated with military or industrial sources would largely have been introduced
after World War II (Bohlke et al. 2009; Sturchio et al. 2009; Brandhuber et al. 2009; Government
Accountability Office 2010).

Tritium activities in water from the surface discharge of wells in the Rialto-Colton subbasin ranged from 1.0
to 8.6 pCi/L (Table S2 of the ESM). Tritium activities were higher in the perched aquifer than in the regional
aquifer (Fig. 14). Within the regional aquifer, tritium activities decreased from recharge areas in the
northeastern part of the study area near sources of perchlorate contamination downgradient to Rialto-6 and
WVWD-11, near the leading edge of the mapped perchlorate plume. Tritium activities were slightly higher
farther downgradient in well Colton-15, where §'30 and §°H data (Fig. 13) indicate recharge from infiltration
along downstream reaches of Lytle Creek near the leading edge of the mapped perchlorate plume.
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Tritium activities in water from the surface discharge of wells in the Chino subbasin ranged from the
reporting level of <0.3 to 2.6 pCi/L (Table S2 of the ESM). Overall, tritium activities were lower in the
Chino subbasin than in the perched or regional aquifer within the Rialto-Colton subbasin (Fig. 14). Well F-
17B, in the central part of the Chino subbasin, was the only well with a tritium activity less than the detection
limit of 0.3 pCi/L, suggesting that water in the well originated as precipitation prior to the atmospheric
testing of nuclear weapons beginning in 1952. This is consistent with previous work (Sturchio et al. 2007b)
that attributed perchlorate in this well to legacy agricultural land uses occurring prior to 1952.

Carbon-14 is a naturally occurring, radioactive isotope of carbon, having a half-life of about 5,730 years
(Mook 1980). Carbon-14 activities are reported as percent modern carbon (pmc), and 13.56 disintegrations
per minute per gram of carbon equals 100 pmc (Kalin 2000). Similar to trititum, carbon-14 also was produced
as a result of atmospheric testing of nuclear weapons and groundwater containing tritium can have carbon-14
activities greater than 100 pmc. Similar to tritium, carbon-14 also may provide information relevant to the
source and occurrence of perchlorate.

Carbon-14 activities from the surface discharge of wells in the Rialto-Colton subbasin ranged from 79 to 116
pmc (Table S2 of the ESM). Carbon-14 activities were higher in the perched aquifer than in the regional
aquifer (Fig. 14), and the highest carbon-14 activity was in water from well N-10S (116 pmc) in the perched
aquifer. Consistent with tritium data, this high value indicates water from this well was recharged after the
onset of atmospheric nuclear weapons testing in 1952 (possibly near the peak of atmospheric testing in
1962); and would coincide with the period of military and industrial activity in the study area that led to the
release of perchlorate. The lowest carbon-14 activity in the regional aquifer was in water from well WVWD-
11 (79 pmc) near the leading edge of the mapped perchlorate plume. This sample had a tritium activity of 2.1
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pCi/L, possibly indicating a fraction of post-bomb water mixed with older water. §'*0 and 5°H values in
water from well WVWD-11 are consistent with higher fractions of water recharged near the mountain front
as opposed to Lytle Creek.

Carbon-14 activities from the surface discharge of wells within the Chino subbasin ranged from 70 to 88 pmc
(Table S2 of the ESM). Carbon-14 activities were lower in the Chino subbasin, consistent with lower tritium
activities and older groundwater ages, than in the perched or regional aquifer within the Rialto-Colton
subbasin (Fig. 14). The lowest carbon-14 activity was from well Chino-2. This sample also had relatively
low tritium activity (1.1 pCi/L). Similar to water from well WVWD11, these data may indicate a fraction of
post-bomb water mixed with older water, and are consistent with lithologic and major-ion data (Fig. 10a),
indicating the well is partly completed in the underlying Tertiary-age deposits.

The range in tritium and carbon-14 activities in depth-dependent samples from most sampled wells was small
(Table S4 of the ESM). This small range would be expected for wells such as Rialto-6, F-49A and F-17B,
having downward flow under unpumped conditions that distributes water from shallower to deeper depths
through the well. Well F-10C, which had a complex distribution of upward and downward flow within the
well (Figs. 7 and 8), had the largest range in tritium activities (7.1 to <0.3 pCi/L) and carbon-14 activities
(90-71 pmc) with depth of any well sampled. Although recent (post-bomb) water was present at shallower
depths, the deepest sample (289.6 m below land surface) did not contain measurable tritium and had a
carbon-14 activity of 71 pmc (Table S4 of the ESM). These low activities are consistent with major-ion data
that show water from partly consolidated Tertiary-age deposits present at depth. Tritium also was not
detected in deep samples collected within Rialto-3 (Table S4 of the ESM), although carbon-14 activities did
not differ as greatly with depth as in well F-10C. Tritium data are consistent with §'*0 and §°H data (Fig.
13b), indicating that water within well Rialto-3 below 228.6 m was recharged near the mountain front that
has moved through the aquifer at depth.

Tritium and carbon-14 activities were comparatively uniform with depth in well F-26A, ranging from 2.4 to
2.9 pC/L and 79 to 82 pmc, respectively (Table S4 of the ESM). These data are consistent with at least some
recently recharged, post-1952, groundwater throughout the well. Well F-26A penetrates Tertiary-age
deposits, and differences in major-ion chemistry (including perchlorate) and age distribution between well F-
26A and well F-10C, are consistent with different sources of water to the wells. As previously discussed,
upward flow through well F-26 A may be driven by aquifers having higher head on the opposite side of the
Rialto-Colton Fault (1,200 m east) or Barrier J (3 km to the northwest). In contrast, upward flow at depth
below 240 m within well F-10C (Fig. 7) is locally driven by pumping within nearby in well F-10B.

Dissolved gases

Dissolved gases measured as part of this study were argon, nitrogen, and methane (Table S5 of the ESM).
Argon, a noble gas, does not react chemically in water. Nitrogen also is relatively non-reactive, but may be
produced in groundwater as a result of denitrification under reducing conditions. Argon, nitrogen, and
methane occur naturally in the atmosphere and their solubility in water is a function of temperature, pressure,
and salinity according to Henry’s Law (Stumm and Morgan 1996). The change in argon and nitrogen gas
concentration in pure water at one atmosphere pressure as a function of temperature is shown as the water-air
equilibrium line (Fig. 15). Gas concentrations greater than expected according to Henry’s Law occur if
infiltrating water traps bubbles of air, known as excess air, that later dissolve (Stute and Schlosser 2000).
Argon and nitrogen concentrations in groundwater from excess air increase with respect to the atmospheric
concentration of these gases, rather than according to solubility from Henry’s Law (Fig. 15).
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The combination of temperature and excess-air effects on dissolved-gas concentrations in groundwater can
provide information interpretable in terms of the source and timing (seasonality) of groundwater recharge,
and of chemical reactions (such as denitrification) within aquifers. In general, cooler groundwater recharge
temperatures and greater excess-air concentrations are consistent with recharge from winter streamflows that
infiltrated rapidly through the unsaturated zone (entrapping air). In contrast, warmer groundwater recharge
temperatures and lower excess-air concentrations are consistent with recharge from sustained streamflows
along losing stream reaches downstream from the mountain front, with areal recharge from precipitation, or
irrigation return that infiltrated slowly through the unsaturated zone prior to recharge (Stute and Schlosser
2000).

Recharge temperatures estimated from dissolved argon and nitrogen-gas concentrations in water from most
wells in the Rialto-Colton subbasin ranged from about 19 °C, approximately the average annual temperature
of the study area, to about 10 °C (Fig. 15). Most samples within the Rialto-Colton subbasin were recharged
under cooler-than average annual temperatures, and as recharge temperature decreased excess air
increased—consistent with recharge from focused recharge sources such as infiltration of winter streamflows
along Lytle Creek. Although streamflow in Lytle Creek infiltrates outside the Rialto-Colton subbasin, it may
subsequently move across the San Jacinto Fault and Barrier E into the subbasin as groundwater. The
dissolved gas concentrations at the time of recharge are preserved in the groundwater enabling identification
of the recharge source.

When interpreted in light of §'0 and 6°H data (Fig. 13a), dissolved-gas data (Fig. 15) suggest multiple
recharge sources in the Rialto-Colton subbasin that include: (1) recharge from Lytle Creek that infiltrated
closer to the mountain front during sustained spring and early summer flows, and consequently has lighter
5'80 and 8°H values, warmer temperatures and less excess-air than winter stormflows (WVWD-24, Rialto-
1), (2) recharge from winter stormflows infiltrated along downstream reaches of Lytle Creek, with lighter
8'80 and &°H values, colder recharge temperatures and greater excess air than water infiltrated by sustained
streamflow (Colton-15), and (3) mountain front recharge dominated by infiltration of runoff after winter
storms, with heavier §'*0 and §°H values, colder recharge temperatures and high excess air (F-13A, WVWD-
11). As previously discussed, depth-dependent chemical and isotopic data show water from some wells such
as Rialto-3 and F-10C, was recharged from different sources entering the well along discrete flowpaths with
depth.
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In contrast to water from other sampled wells, groundwater temperatures and excess air-values in water from
F-10C and F-49A plot close to the water-air equilibrium line (Fig. 15). This may occur because the dissolved
gas concentrations in water from these wells were reset by water cascading into the wells.

Water from several wells within the contaminant plume (Rialto-2, 28 J2, N-10D, PW-2, and PW-3) appear to
have relatively high nitrogen/argon ratios and an excess of nitrogen gas relative to other wells (Fig. 15).
Although native groundwater in the aquifer is generally oxic, and water within the perchlorate plumes also is
generally oxic, it is possible that excess-nitrogen gas in these wells could be indicative of denitrification and
reducing conditions at some point within the groundwater flow system. Methane indicative of strongly
reducing conditions (not shown in Table S5 of the ESM) was only detected in water from Rialto-2 at a
concentration of 0.003 mg/L (the methane concentration in Rialto-2 at 243.8 m depth was 0.024 mg/ L).
Reducing conditions and potential denitrification in water from wells was evaluated on the basis on nitrate
isotope data (discussed later in this report).

In comparison to the Rialto-Colton subbasin, water from wells in the Chino subbasin had higher estimated
recharge temperatures and less excess air (Fig. 15). Recharge temperatures closer to the average annual
temperature of the study area may indicate a greater fraction of areal recharge within the Chino subbasin
compared to the Rialto-Colton subbasin which receives recharge originally infiltrated from stormflows in
Lytle Creek that recharged the Rialto-Colton subbasin as groundwater movement across Barrier E and the
San Jacinto Fault. Warm recharge temperatures, the small amount of excess air, and 5'%0 and §°H data (F ig.
10a) are consistent with irrigation return and partial evaporation of water from well F-17B.

Stable isotope ratios in nitrate and sulfate

Nitrogen, sulfur, and oxygen isotope ratios within nitrate and sulfate ions were measured to determine if the
sources of these constituents might be related to different water masses and if microbial reduction of nitrate
or sulfate occurred within the aquifer. If reduction of nitrate or sulfate occurred, it is possible that reduction
of perchlorate also may have occurred.

The nitrogen isotopic composition of nitrate (5'°N-NO3) from the surface discharge of most sampled wells
ranged from 1.4 to 7.3 %o, and the oxygen isotopic composition of nitrate (6180—-NO3) ranged from 4.1 to
8.9 %o (Table S2 of the ESM). The ranges in 3'°N — NO; and §'®— -NOjs values in the study area are small
compared to the ranges reported for natural water (Coplen et al. 2002) and generally consistent with those
expected from nitrification of common reduced nitrogen sources including soils, fertilizers, and local organic
contaminants (Heaton 1986; Kendall and Aravena 2000; McMahon and Boéhlke 2006; Jackson et al. 2010;
Andraski et al. 2014). Isotopically heavier values commonly associated with extensive denitrification were
not present. In general, nitrate concentrations and 8'°N-NOs values were greater in the Chino subbasin than
in the Rialto-Colton subbasin. §'*0O-NO; values decreased with increasing 8'°N-NO; values, consistent with
differences in nitrate sources, rather than increasing together consistent with denitrification (Bdttcher et al.
1990; Granger et al. 2008; Izbicki 2014). Samples having high nitrogen/argon ratios and excess nitrogen gas,
Rialto-2, 28 J2, N-10D, PW-2 and PW-3 (Fig. 15) did not have anomalously elevated §'°N— NO; or §'*0—
NOs values. This could indicate that (1) high nitrogen/argon ratios resulted from some other process, perhaps
related to recharge or subsequent degassing, or (2) the samples contained mixtures of undenitrified and
denitrified water such as might exist above and below a redox boundary (Bohlke et al. 2007). Water from the
WestBay sample port PW-5D had anomalously high §"°N— NOs and §'*0-NO; values of 19 and 11 %o,
respectively (Table S2 of the ESM). This sample also had an unusual major-ion composition (Fig. 10) and
was one of the few wells with detectable nitrite concentrations, 0.78 mg/L as N (not shown in Table S2 of the
ESM). These data are consistent with localized partial denitrification in water from PW-5D. It was not
possible to measure dissolved gasses in water from the WestBay sample port to provide additional evidence
for denitrification. Differences in §'°’N— NO; and §'*0-NO; values with depth in wells F-17B, F-49A,
Rialto6, and Rialto-2 were less than 1 %o (Table S4 of the ESM) and do not indicate denitrification at depth
within the aquifer penetrated by these wells, even though dissolved-oxygen concentrations generally
decreased with depth (Table S3 of the ESM). In contrast, 3'°N— NO; and §'30-NO; values increased by as
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much as 1.7 and 1.3 %o at depth within well F-26 and could indicate potential denitrification, although
denitrification at depth within well F-26 was not apparent in dissolved-gas data. Relatively low 5'*0-NO;
values at the two deepest sample depths in water from wells F-10C and Rialto-3 (0.7 to 0.9 %o, respectively,
Table S4 of the ESM) were outside the range of other wells measured in the study area, and are consistent
with (1) different geologic conditions at depth in well F-10C indicated by well-bore flow (Fig. 8) and major-
ion data (Fig. 10), and 2) different water mass and recharge history for well Rialto-3 indicated by §'*O and
O:H data (Fig. Fig. 13). Water from these samples was comparatively old and did not contain reportable
tritium.

The sulfur isotopic composition of sulfate (5**S—SO4) from the surface discharge of sampled wells ranged
from 0.6 to 5.8 %o, and the oxygen isotopic composition of sulfate (5'*0-SO4) ranged from 2.9 to 5.2 %o
(Table S2 of the ESM). The ranges in §**S—SO, and §'*0—SO4 values are small compared to the ranges
reported for natural water (Coplen et al. 2002). There was not a consistent relation between §**S—SQ4, §'0—
SO4 and sulfate concentrations, and there was little difference in these constituents between the Rialto-Colton
and Chino subbasins or within the mapped plume within the Rialto-Colton subbasin. Despite its unusual
major-ion composition, the sulfate concentrations and isotopic composition of water from WestBay sample
port PW-5 was within the range of other sampled wells, and did not suggest localized sulfate reduction.
Similarly, water from well F-26A did not suggest sulfate reduction at depth. §**S— SO, compositions for
water from well F-13A (0.6 %o, Table S2 of the ESM) and depth-dependent samples collected within wells F-
10C and Rialto-3 at 298.6 and 234.7 m below land surface were relatively low (0.3 and —3.7 %o, respectively;
Table S4 of the ESM). Similar to §'30-NOs data, these values were consistent with different geologic
conditions, and with different water mass having different recharge histories discussed previously.

Summary and conclusions

Perchlorate from military, industrial, and agricultural sources is present within alluvial aquifers pumped for
water supply in the Rialto-Colton groundwater subbasin, 80 km east of Los Angeles, California (USA). The
area is extensively faulted and many of the faults are barriers to groundwater flow. Consistent with previous
work, the direction of groundwater movement in the regional aquifer within the Rialto-Colton subbasin was
from recharge sources near the San Gabriel Mountains toward the southeast, roughly parallel to the faults
that bound the subbasin. Interpretation of §'*0, 8°H, and dissolved-gas data show recharge sources include:
(1) recharge from Lytle Creek infiltrated closer to the mountain front during sustained spring and early
summer flows, (2) recharge from winter stormflows infiltrated along downstream reaches of Lytle Creek,
and (3) mountain front recharge dominated by infiltration of runoff from smaller streams.

Flow logs collected within wells under unpumped conditions show downward movement of water through
long-screened production wells that may redistribute perchlorate from shallower to deeper deposits within
the contaminant plumes at rates as high as 13 kg/year in some wells. This may partly explain the presence of
perchlorate in deeper parts of the aquifer that would normally be isolated from surface sources of
contamination. Upward flow in a well on the downgradient side of the Rialto-Colton Fault from permeable
units within partly consolidated Tertiary-age deposits penetrated by the well may result from a hydraulic
connection to aquifers having higher head on the opposite side of the Rialto-Colton Fault (about 1,200 m to
the east), or on the opposite side of Barrier J (3 km to the northwest). Given the complex stratigraphy and
layering within most alluvial aquifers it may be difficult (or impossible) to identify hydraulically connected
layers within alluvial aquifers using commonly available data such as lithologic or geophysical logs. Well-
bore flow data from long-screened wells that fully penetrate aquifer deposits may be the only way to identify
hydraulically connected layers within aquifers and groundwater flow through those layers across faults.

Flow logs collected within long-screened production wells under pumped conditions show changes in flow
consistent with the conceptual understanding of aquifer layering and changes in hydraulic properties
throughout the subbasin. Most logs show greater yields to wells from shallower alluvium which contributes
as much as 50 % of the flow to some wells. Yields to wells generally decrease with depth. In contrast to
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lithologic or geophysical logs, pumped flow logs provide direct information on well yield and aquifer
hydraulic properties with depth that can be used to further refine conceptual understanding of layering within
complex aquifer systems.

For wells having downward flow under unpumped conditions, groundwater chemistry and isotopic
compositions were similar at depth within the well as a result of redistribution of shallower groundwater
throughout the well. For wells having upward (or near zero) flow under unpumped conditions, differences in
groundwater chemistry with depth were interpretable with respect to the source of water and age of water
contributing flow to wells. Coupled well-bore flow and depth-dependent water chemistry data indicate that
samples from the surface discharge of long-screened production wells, that are mixtures of water from
different depths penetrated by the well, may underestimate maximum perchlorate and nitrate concentrations
near the water table. Coupled well-bore flow and depth-dependent water-quality data also show reduced
conditions at depths penetrated by some wells, but do not show sufficiently reduced conditions to promote
reduction of nitrate or sulfate (or by extension perchlorate) at depth where dissolved oxygen concentrations
are low.

Hydrologic, water-chemistry, and isotopic data collected as part of this study provide the hydrogeologic
context needed to support interpretation of chlorine and oxygen isotopes within perchlorate sampled as part
of this study. Water-level data within the perched aquifer suggest some water may move from the Rialto-
Colton to the Chino subbasin across the Rialto-Colton Fault through the perched aquifer, and well-bore flow
data suggest that some water may move across the Rialto Colton Fault at depth through partly consolidated
Tertiary-age deposits. In both cases, the amount of water movement is likely small, and additional data
collection and analyses would be required to quantify the rate of water movement. Additional interpretation
of the source and movement of perchlorate within the study area will be made on the basis of chlorine and
oxygen isotopic data within the context of local geology and hydrologic conditions identified within this
study.
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