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Climate change is expected to reduce recharge to montane aquifers in the western United States, but it is unclear
how this will impact groundwater resources in watersheds where intensive surface-water development has
disrupted the natural hydrologic regime. To better understand sources of recharge and associated vulnerabilities
of groundwater supply in this setting, we made a detailed geochemical survey of domestic wells finished in
fractured bedrock throughout the Yuba and Bear River watersheds (Sierra Nevada foothills, northern California)
during historic drought (2015–2016). Stable isotopes of water and noble gas recharge temperatures closely
tracked atmospheric lapse rates across a broad elevation gradient (100–2000 m), indicating groundwater inputs
are dominated by local precipitation that rapidly recharges fractured bedrock during the winter wet-season.
However, nearly one-quarter of wells had water isotopes that were fractionated by evaporation and warm recharge temperatures, indicative of mixing with dry-season recharge by surface water. Monte Carlo mixing
models suggest evaporation-impacted groundwater samples are mixtures of local rain with an average of
28% ± 13% from diverted surface water that can recharge bedrock aquifers during the dry-season by either
irrigation return flow or seepage from extensive distribution infrastructure. Wells that received recharge subsidies from diverted surface water had elevated levels of nitrate and coliform bacteria compared to those replenished exclusively by local precipitation, which are more vulnerable to supply shortage during drought. It is
important to consider the impacts of increased surface-water development on the quantity and quality of
groundwater recharge in rapidly developing montane watersheds.
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1. Introduction
Understanding complex interactions between climate change and
human alterations to the water cycle is essential to predict and mitigate
vulnerabilities of drinking water resources on a regional scale.
Groundwater provides drinking water to > 1.5 billion people worldwide and accounts for approximately 30% of fresh water withdrawals in
the United States (Alley et al., 2002; Dieter et al., 2018); however, there
is considerable uncertainty as to how climate change will affect aquifer
recharge dynamics and the associated sustainability of already stressed
subsurface water supplies (Döll, 2009; Green et al., 2011). In addition
to direct effects on precipitation and temperature, climate change is
also expected to have substantial impacts on the seasonality of
groundwater-surface water interactions as well as groundwater abstraction and return flows associated with irrigated agriculture (Taylor
et al., 2012).

⁎

California has one of the world’s largest economies and exemplifies
the impacts of rapid population growth and urbanization on water resources in a changing climate where drought frequency and severity
have been increasing along with water demand in recent years (Hanak,
2005; Mount et al., 2018). Nearly half of California’s approximately 40
million residents depend in some part on groundwater for their
drinking water supply, including up to 2 million who rely on privately
owned domestic wells or small community groundwater distribution
systems with < 15 service connections (California State Water
Resources Control Board, 2015). Recent shifts in California environmental policy reified by the Sustainable Groundwater Management Act
(SGMA) and addition of the Human Right to Water to the State Water
Code have highlighted the need for science-based assessments to determine vulnerabilities of domestic groundwater supplies from both
quantity and quality perspectives (Carle, 2016).
From 2012 to 2016 California experienced one of its most severe
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and extended droughts in modern history, which included the driest
four-year stretch and two hottest years on record (Lund et al., 2018;
Mount et al., 2018). During this time, groundwater levels declined in
many parts of the state and wells were deepened in response. A
drought-response vulnerability assessment by the California Department of Water Resources (DWR) found that the 77% of wells deepened
in the state from 2010 to 2014 were domestic wells in fractured bedrock
aquifers concentrated in the Sierra Nevada foothills of northern California (California Department of Water Resources, 2014). Located between the fog of California’s Central Valley and the seasonal snowpack
of the northern Sierra Nevada summit, this region drains to highly
developed and managed tributaries of the Sacramento River, which are
diverted to supply drinking and irrigation water both locally and statewide (Carle, 2016). Climate change is expected to decrease recharge
to montane aquifers in the western United States due to increasing
drought frequency and changes in snowmelt volume and timing
(Dettinger et al., 2015; Meixner et al., 2016). However, groundwater
flow and storage in fractured rock aquifers are notoriously difficult to
characterize (e.g. Shapiro et al., 2007) and the potential impacts of
climate change in this hydrogeologic setting are poorly understood.
Stable isotopes of water (δ18O, δ2H) and dissolved noble gases (Ne,
Ar, Kr, Xe) can be used to determine the elevation and seasonality of
groundwater recharge in montane regions where steep atmospheric
lapse rates impart unique altitude-dependent geochemical fingerprints
to recharge waters (Manning & Solomon, 2003; Peters et al., 2018).
Prior studies using these methods have focused on climate change impacts to snow and tree line elevations as drivers of recharge variability
in high-elevation catchments (Singleton & Moran, 2010; Segal et al.,
2014; Peters et al., 2018) and return flows of mountain river water
diverted to low-elevation alluvial basins for irrigated agriculture (Visser
et al., 2018). However, to our knowledge, these tools have not been
used to evaluate climate vulnerability of both groundwater supply
quantity and quality in developed montane watersheds below the snow
line where recharge inputs to fractured bedrock aquifers are dominated
by direct rainfall and interactions with intensively managed surfacewater systems.
During 2015 – 2016 the U.S. Geological Survey (USGS) made a
geochemical survey of domestic wells in the Yuba and Bear River watersheds of the Sierra Nevada foothills (Fig. 1) as part of the California
State Water Resources Control Board’s Groundwater Ambient Monitoring and Assessment (GAMA) program (Fram et al., 2017; Jasper
et al., 2017). The Yuba and Bear watersheds were chosen for study to
assess the impacts of drought on groundwater supply reliability in a
region where a high density of rural households depend on fractured
bedrock aquifers for drinking water (Johnson & Belitz, 2015). Because
the elevation of the study area spans a broad range (Fig. 1b), water
isotope and noble gas tracers provide powerful tools to understand
sources and pathways of groundwater recharge to fractured bedrock on
a regional-scale. Here, we couple analyses of these geochemical tracers
with select indicators of surface contamination from the broader water
quality assessment with the objectives: (1) to identify sources and
seasonality of groundwater recharge to fractured bedrock in highly
developed montane watersheds, (2) to determine associated vulnerabilities to domestic groundwater supply quantity and quality during
extreme drought, and (3) to discuss broader implications of findings for
integrated water resources management.

(Fig. 1). The Yuba and Bear Rivers flow into the Feather River, which is
the largest tributary of the Sacramento River draining the northern
Sierra Nevada.
The study area has a Mediterranean climate with cool, wet winters
and hot, dry summers. Lower elevation grasslands and oak woodlands
transition to conifer forests across the foothills with sub-alpine meadows at the highest elevations (Cosumnes, American, Bear, Yuba
Integrated Regional Water Management Group, 2014). The 1981 –
2010 annual normals averaged across the study area for mean annual
air temperature (MAAT) and mean annual precipitation (MAP) precipitation were 12 °C and 1500 mm, respectively (PRISM Climate
Group, http://www.prism.oregonstate.edu/). Average annual potential
evapotranspiration (PET) and actual evapotranspiration (AET) from the
California Basin Characterization Model (BCM) for 1981 – 2010 were
1157 mm and 477 mm, respectively, indicating a regional moisture
surplus (Flint & Flint, 2014). There is a distinct seasonality to the climate regime, with Pacific frontal systems driving storms during the
winter “wet-season” from November through April that generate 85%
of the total annual precipitation (Fig. 2a). Although rain is the dominant form of precipitation in the study area, snowfall can occur during
the winter above elevations of ~1500 m (Hatchett et al., 2017). Runoff
is driven by winter rain and spring snowmelt, the latter of which typically occurs from mid-April through June, giving way to low flows
during the “dry-season” from June through September (Peterson et al.,
2008).
The bedrock geology of the northern Sierra foothills consists of
granitic plutons emplaced into a heterogenous assemblage of accreted
metasedimentary and metavolcanic terranes (Saucedo & Wagner,
1992). Well-preserved Mesozoic ophiolite sequences of the Smartville
complex and Mesozoic metavolcanic rocks dominate the western, lower
elevation portion of the study area transitioning into mostly Paleozoic
marine metasedimentary rocks at higher elevations to the east with
Mesozoic granitic rocks interspersed throughout (Day et al., 1985).
Eocene auriferous (gold bearing) sediments and Miocene-Pliocene
volcanic deposits cap ridge tops, and Quaternary glacial sediments
mantle the easternmost portions of the Yuba basin (Saucedo & Wagner,
1992). Northwest trending folds and steeply dipping faults characterizing the “Foothills fault system” (Clark, 1960) presaged the modern
drainage network, which formed approximately five million years before present in response to further uplift and westward tilting of the
Sierra fault block (Wakabashi & Sawyer, 2001). Most domestic
groundwater wells in the region tap water-bearing fractures in bedrock,
which trend to the northwest and southwest, and are most abundant at
depths up to 60 m (Page et al., 1984).
Human development has substantially impacted on the hydrology of
the study area. Hydraulic mining of Eocene gravel exposures beginning
during the Gold Rush of the mid- to late- 1800s mobilized over a half
billion cubic meters of sediment in the Yuba and Bear River watersheds
(Gilbert, 1917; James, 1989). In the late 1960 s, urban ex-migration
resulted in a “second Gold Rush” of rural development in the foothills
(Duane, 1996). In Nevada County, which overlaps the majority of our
study area, the unincorporated (rural) population nearly quadrupled
from 1970 to 2010 (Nevada County Executive Office, 2017; Fig. 3). This
rise in population corresponds with concomitant increases in private
land zoned for rural-residential and recreational use (Walker et al.,
2003) and dispersed, sub- and ex-urban development (Falcone, 2015).
Well completion reports for over 22,000 new or deepened wells finished in bedrock within the study area show that median well depth
increased from 25 m in 1965 to nearly 100 m in 2014 (Fig. 3; Stork
et al., 2019), suggesting a general decline in regional groundwater levels over the past 50 years corresponding with the changes in rural
population and land use. Similar trends of well deepening in response to
groundwater resource depletion have been observed throughout the
United States (Perrone & Jasechko, 2019).
Surface-water control infrastructure has fundamentally altered the
hydrologic system in the Yuba and Bear River watersheds. > 100

2. Study area
The Sierra Nevada range functions as a north–south orographic
barrier to western air masses from the Pacific Ocean, generating the
majority of runoff in California (Carle, 2016). The study area
(4425 km2) comprises the parts of the Yuba and Bear River watersheds
that lie within the Sierra Nevada hydrogeologic province defined by
Belitz et al. (2003) and extends from the crest of the Sierra Nevada
along its gently dipping western slope to California’s Central Valley
2
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Fig. 1. Maps showing (a) location of the study area within the Sierra Nevada hydrogeologic province of California, (b) location of groundwater sampling sites colored
by groundwater age classification (TU = tritium units) with study area land surface elevation in meters above sea level (m.a.s.l.), and (c) major hydrologic features of
the Yuba and Bear watersheds including regional rivers with surface water sampling locations and major reservoirs and surface water distribution infrastructure (e.g.
canals, ditches, piplines) from the USGS National Hydrography Dataset (https://www.usgs.gov/core-science-systems/ngp/national-hydrography). The outermost
extent of the Nevada Irrigation District (NID) Deer Creek service area is outlined by dashes. Vertical coordinate information is referenced to the North American
Vertical Datum of 1988 (NAVD 88).

jurisdictional dams and diversions in the Yuba and Bear River watersheds
store and deliver water to local users in addition to providing flood/
sediment control and hydropower functions (Cosumnes, American, Bear,
Yuba Integrated Regional Water Management Group, 2014). Monthly
median values of daily mean streamflow for the Yuba River at Marysville
(USGS gaging station #11421000) averaged over a “transitional” period
(1944 – 1969) of early water infrastructure expansion and the more recent fully “regulated” period (1970 – 2018), illustrate the extent to which
surface-water development has altered the natural flow regime (Fig. 2;
cbec, 2013). Surface-water regulation in the Yuba River watershed has
increased dry-season baseflows and decreased snowmelt-driven floods,
reducing and shifting peak flows from May to March.
Surface-water distribution infrastructure also has a profound effect
on the hydrology of the study area. An extensive network of canals and
ditches deliver surface water throughout the lower reaches of the Yuba

and Bear watersheds for both domestic supply and irrigation (Fig. 1c).
The Bear River, in particular, is intensively managed as water conveyance infrastructure and receives approximately 200,000 acre-feet of
imported water annually from the Yuba and American Rivers, which
have higher elevation catchments (Fig. 1c). The largest purveyor of
surface waters in the study area is the Nevada Irrigation District (NID),
which operates 10 reservoirs in the Yuba and Bear watersheds that
service over 100,000 km2 in Placer, Nevada, and Yuba counties through
approximately 680 km of mostly open and unlined canals (Kleinschmidt
Associates, 2011). Monthly deliveries of both treated water for domestic use (Fig. 2b) and untreated irrigation water through the NID
distribution system have a distinct seasonality that is an inversion of the
natural flow regime and roughly correspond to canal flowrates, which
peak during the dry season (Hydrofocus, 2012; NID, personal communication, 2019).
3
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2010). The groundwater resource was defined as the combined area of
all 1 km2 Public Land Survey System sections within the study area
boundary containing at least one domestic supply well within DWR,
USGS, state, or county databases (Jasper et al., 2017). This extent was
then subdivided into 75 equal area grid cells (approximately 30 km2
each) to ensure that the survey design was spatially unbiased. One site
within each grid cell that was suitable for sampling and for which
permission could be obtained was randomly selected from all known
domestic supply sources.
A total of 71 drilled wells and 4 developed springs used for domestic
drinking water were selected for sampling and are all referred to as
“wells” in this paper unless otherwise noted (Fig. 1b). Sample site
density was higher in the more populated portion of the study area at
elevations below 1000 m and along major transportation corridors
(Route 49 and I-80) at higher elevations. Site and well construction
information (e.g. depth to open interval, depth of well) as well as USGSreported groundwater levels are detailed in Table 1 the USGS data release associated with this study (Jasper et al., 2017), and all groundwater well identifiers here correspond to the last three characters of the
“GAMA ID” field in the data release. Well-completion reports for all
study wells confirm they were finished in fractured rock except for B25
and Y29, which were finished in unconsolidated volcaniclastic deposits.
We used historic (1981 – 2010) climate normals from the BCM to
calculate MAP and MAAT at each study site (Flint & Flint, 2014). We
also re-sampled climate data at 1 km2 resolution (4430 point locations)
to see how climate broadly varied with elevation throughout the study
area. We weighted normal monthly mean temperatures by normal
monthly precipitation to calculate precipitation-weighted MAAT at
each location. Since there is very little precipitation in the study area
during the summer (Fig. 2), precipitation-weighted MAAT values are
broadly representative of winter air temperatures under which the bulk
of groundwater recharge occurs beneath the snow-line (Supplementary
Material SM1).

Fig. 2. Plots showing (a) monthly average precipitation normals from for the
study area from 1981 − 2010 (PRISM Climate Group, http://www.prism.
oregonstate.edu/) and (b) monthly median daily mean river discharge for the
Yuba River at Marysville (USGS gaging station #11421000) in cubic feet per
second (cfs) averaged over a “transitional” period of early surface water development (1944–1969) and a latter fully “regulated” period (1970–2018).
Monthly domestic surface water deliveries by the Nevada Irrigation District
averaged from 2010 to 2018 are plotted on a secondary y-axis in millions of
gallons (Mgal).

3.2. Groundwater sampling and analysis
Groundwater wells were sampled from November 2015 through
May 2016 during the latter portion of the historic 2012 – 2016
California drought. Precipitation was approximately 60 – 80% of the
1981 – 2010 normal during the water years preceding sampling (2012 –
2015) (PRISM Climate Group, http://www.prism.oregonstate.edu/).
From May 2013 through November 2015, the Palmer Drought Severity
Index (PDSI) in the study region (NOAA National Climatic Data Center,
California Climate Region 2, https://www.ncdc.noaa.gov/) ranged
from −2.5 to −4.0, indicating moderate to severe drought conditions
(Palmer, 1965). During sampling, above average rainfall in December
2015 and January/March 2016 broke the drought slightly, but dry
conditions resumed from April 2016 through the end of the sampling
campaign and persisted until heavy rains beginning in October 2016
ended the drought.
Groundwater sampling methods followed the USGS National Field
Manual (U.S. Geological Survey, variously dated) as described by
Jasper et al. (2017). All samples were collected as close to the wellhead
as possible and represent “raw” untreated groundwater. A field replicate sample was collected at eight of the study sites directly after the
initial sample was taken. The presence or absence of microbiological
indicators (total coliform, Escherichia coli, and Enterococci) was determined in the field using U.S. Environmental Protection Agency
(USEPA) Method 1604 for the coliform bacteria species (U.S.
Environmental Protection Agency, 2002) and USEPA Method 1600 for
Enterococci (U.S. Environmental Protection Agency, 2006). Samples
were analyzed for additional water quality parameters such as total
dissolved solids (TDS), nitrate as nitrogen (NO3-N), and age dating
tracers (tritium and isotopes of carbon) at various laboratories following methods and quality control protocols described by Jasper et al.
(2017).

Fig. 3. Compilation of California Department of Water Resources well completion report data for all wells deepened or finished in bedrock within the
study area from 1965 to 2014 (Stork et al., 2019). Points represent annual
median well depths with upper and lower whiskers spanning the interquartile
range (25th to 75th percentile of annual well completion depths). The unincorporated (rural) population of Nevada County from 1970 to 2010 census data
is plotted as a red line on the secondary y-axis and has nearly quadrupled within
the past 50 years (Nevada County Executive Office, 2017). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

3. Methods
3.1. Groundwater site selection and attribution
A randomized, stratified survey design was used to select a statistically representative subset of wells to characterize the groundwater
resource used for domestic supply in the study area (e.g. Belitz et al.,
4
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Samples were analyzed for stable isotopes of water (δ18O, δ2H) at
the USGS Reston Stable Isotope Laboratory (RSIL). Reporting units for
stable isotopes of water are in delta (δ) notation, where the ratio of
stable isotopes of oxygen (18O/16O) or hydrogen (2H/1H) in the sample
(R) is related to the ratio of those isotopes in the reference Vienna
standard mean ocean water (RVSMOW) so that δ = (R/RVSMOW –
1) × 1000 (Clark & Fritz, 1997). Analyses for δ18O and δ2H were made
using dual-inlet isotope ratio mass spectrometry following methods
described in Révész and Coplen (2008) with respective analytical precisions of 0.2 and 2‰. However, in practice reproducibility of measurements was much more precise, with absolute differences among
replicate sample pairs ranging from 0.00 to 0.07‰ (mean of 0.03‰)
for δ18O and 0.2 – 2.0‰ (mean of 0.8‰) for δ2H. In this study, we
summarize water isotope results in terms of d-excess, which is defined
as: δ2H – 8δ18O (Dansgaard, 1964). A d-excess value lower than that of
precipitation (providing the trend for isotopes in precipitation has a
slope of ~8 in δ-space) is indicative of the effects of kinetic isotope
fractionation due to evaporation.
Samples were collected for dissolved noble gases (Ne, Ar, Kr, Xe) in
10 mL copper tubes, with care to avoid inclusion of air bubbles, that
were subsequently clamped to seal off from the atmosphere (Cey et al.,
2008). Samples were analyzed at the Lawrence Livermore National
Laboratory (LLNL) noble gas mass spectrometry facility following
methods described by Cey et al. (2008). Analytical precision was approximately 2% for Ne and Ar and 3% for Kr and Xe. Relative percent
differences for measured noble gas concentrations between field replicate pairs were within 13%, 5%, 8% and 9% for Ne, Ar, Kr, and Xe,
respectively, except for one where the replicate showed evidence of
sample degassing during collection or analysis and was not considered
in calculation of groundwater recharge temperatures.

3.4. Noble gas recharge temperature modeling
We modeled noble gas recharge temperature (NGRT) using concentrations of dissolved Ne, Kr, Ar, and Xe. The concentrations of these
noble gases in groundwater depend primarily on conditions determining equilibrium solubility at the water table during recharge
(temperature, pressure, and salinity) and “excess air” (i.e. air bubbles
trapped below the water table that subsequently dissolve; Stute &
Schlosser, 2000). We used a numerical solution to determine best-fit
model parameters based on a weighted, non-linear least-squares parameter estimation routine (e.g. Ballentine & Hall, 1999; AeschbachHertig et al., 1999) with either an unfractionated excess air (UA) model
(Heaton & Vogel, 1981), which requires a parameter for excess air, or a
closed-system equilibration (CE) model (Aeschbach-Hertig et al., 2000),
which requires an additional fractionation parameter. Model fits were
based on optimization of the Chi-squared test statistic (χ2), which
quantifies misfits between observed and modeled gas concentrations
(Aeschbach-Hertig et al., 2000). Model parameter error was quantified
using the variance–covariance matrix for UA model fits and Monte
Carlo simulations for the CE based on the analytical error of dissolved
gas concentrations as described by Levy and Faulkner (2019).
We computed NGRT values for the 72 wells with acceptable noble
gas data using both UA and CE models and estimated recharge salinity
and pressure values based on sample TDS and wellhead elevation, respectively (Levy & Faulkner, 2019). We selected gas models for each
sample based on which had the higher χ2 probability, which was calculated using the χ2 distribution, test statistic, and the degrees of
freedom (difference between number of gases and model parameters).
This method favored the more parsimonious UA model, and CE models
were only chosen when the UA model could not well explain observed
gas concentrations. Only models with probability values > 1%
(p > 0.01) were accepted (Aeschbach-Hertig et al., 2000). For wells
with a replicate sample, results for the higher probability gas model
between the two samples are presented.
We report excess air for all models using the conventional ΔNe term,
which is defined as: [(Nesamp / Neeq) – 1] × 100, where Nesamp and
Neeq are the measured concentration of dissolved Ne in the sample and
the equilibrium concentration at the modeled NGRT, respectively. The
ΔNe term is reported widely in the noble gas literature as a metric of
excess air because Ne is assumed to derive solely from atmospheric
sources and has a high analytical precision (Singleton & Moran, 2010).
We did not report results for samples with ΔNe > 400% (excess
air ~50 cm3 STP kg−1), which indicates the sample was likely contaminated with air bubbles during collection or analysis (Cey et al.,
2008).

3.3. Surface water sampling and analysis
To characterize the variability of surface-water δ18O and δ2H in the
study area over space and time, we present here a dataset of 126 river
water samples collected by the USGS between January 2000 and
December 2002 at eight locations (Fig. 1c), four along the Yuba River
(Y1 – Y4) and four along the Bear River (B1 – B4), at elevations ranging
from 45 to 664 m. The regional PDSI mostly oscillated between −1.0
and −3.0 during this time period indicating abnormally dry to severe
drought conditions, similar to those under which groundwater samples
were collected. A detailed timeseries of samples was taken monthly at
the four Bear River sites, which are variously upstream and downstream
from three major reservoirs (Rollins, Combie, and Camp Far West;
Fig. 1c), between December 2001 and December 2002. All samples
were depth and width integrated with respect to the river channel and
collected using sampling protocols described in the USGS National Field
Manual (U.S. Geological Survey, variously dated). Depth and width
integrated river temperatures were measured in-situ.
Additionally, to characterize evaporative processes affecting the isotopic composition of standing surface-water bodies in the Yuba and Bear
watersheds, stable isotope data is included here for 68 samples from a
detailed sampling survey of the Camp Far West Reservoir (CFWR) and
the adjacent Dairy Farm Mine pit lake in the lower portion of the Bear
River watershed (elevation ~80 m). The samples were collected between
from October 2001 through August 2003 at depths of 0.2 – 46 m below
the water surface at various sites within and around the reservoir as
detailed by Alpers et al. (2008). Grab samples were taken from three
high-elevation (2360 – 3080 m) mine pit lakes in the Yuba River watershed from December 1999 to August 2000. All surface-water samples
were analyzed for δ18O and δ2H at the University of California, Davis as
described by Alpers et al. (2008). While regional surface water data
presented in this study were collected ~15 years before the groundwater
survey, they are useful to broadly characterize the regional surface-water
endmember within the modern period of surface water regulation and
were sampled under similar climate conditions.

3.5. Statistical analysis
We used basic non-parametric statistics to test for correlation among
continuous variables and differences among categorical groups (Helsel
and Hirsch, 2002), and evaluated the significance of all hypothesis tests
using a confidence level of 95% (p = 0.05). We used the Spearman’s
rho test in the R package Hmisc (Harrell Jr. et al., 2018) to assess
correlations among wellhead elevation, well depth, depth to top of the
open interval (either screen or open borehole), groundwater level,
MAP, MAAT, d-excess, NO3-N, and NGRT – MAAT. Additionally, we
used the Kruskal-Wallis test in the R base package (R Core Team, 2018)
to test for differences between these continuous variables and categorical variables associated with total coliform (presence, absence) and
groundwater age classification (premodern, mixed, modern). For the
latter, if the Kruskal-Wallis test showed significant difference
(p < 0.05) we used the post-hoc Dunn test with Bonferroni adjusted pvalues to make pairwise comparisons using the R package PMCMR
(Pohlert, 2014).
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Table 1
Results of Spearman’s rho tests for correlations of continuous variables related to groundwater geochemistry and site characteristics. The top and bottom cells in each
row and column are the correlation coefficient (rho) and p-value, respectively. Correlations significant at a 95% confidence level are highlighted in bold.
Abbreviations: MAAT, mean annual air temperature; MAP, mean annual precipitation; NGRT, noble gas recharge temperature.

Elevation (m)
Well depth (m)
Depth to top of open interval
(m)
Water level (m)
MAAT (°C)
MAP (mm)
d-excess (‰)
NO3-N (mg L-1)

Well depth
(m)

Depth to top of open interval
(m)

Water level
(m)

MAAT (°C)

MAP (mm)

d-excess (‰)

NO3-N (mg L-1)

NGRT - MAAT(°C)

−0.31
0.008
–
–
–
–
–
–
–
–
–
–
–
–
–
–

0.06
0.634
0.10
0.433
–
–
–
–
–
–
–
–
–
–
–
–

0.01
0.914
0.30
0.018
0.30
0.023
–
–
–
–
–
–
–
–
–
–

−0.98
< 0.001
0.34
0.003
−0.05
0.655
0.02
0.887
–
–
–
–
–
–
–
–

0.95
< 0.001
−0.34
0.003
0.13
0.287
0.02
0.862
−0.95
< 0.001
–
–
–
–
–
–

0.72
< 0.001
−0.33
0.006
0.18
0.141
0.08
0.557
−0.71
< 0.001
0.75
< 0.001
–
–
–
–

−0.40
< 0.001
−0.04
0.742
−0.15
0.212
−0.17
0.189
0.40
< 0.001
−0.44
< 0.001
−0.28
0.015
–
–

−0.42
< 0.001
0.14
0.255
−0.09
0.456
−0.18
0.173
0.40
< 0.001
−0.42
< 0.001
−0.52
< 0.001
0.41
< 0.001

4. Results

with site elevation (Table 1), largely reflecting that the deepest (up to
229 m) wells are located in the low elevation part of the study area
(~500 m) where rural population has been increasing in recent years
(Fig. 3). However, some deep wells (> 150 m) also were located at high
elevations (> 1200 m) along transportation corridors where development has also been increasing.
Since virtually all wells in this study were finished as open boreholes in fractured bedrock, depth to the top of the open interval serves
as a rough proxy for depth of the unconsolidated overburden, which
typically is cased to prevent infill below the sanitary seal. Median and
maximum depths to the open interval were 23 m and 122 m, respectively, with the majority (84%) of wells ranging from the minimum
value of 6 m to 50 m. There was not a significant correlation between
depth to open interval and wellhead elevation, indicating that well
construction characteristics and overburden depth are heterogeneous
throughout the study area, and do not correlate with the other elevation-dependent variables (Table 1).

4.1. Groundwater site characteristics
Wellhead elevations ranged from 100 to 2016 m, although most
groundwater sampling sites (77%) were below elevations of 1000 m in
the more densely populated portion of the study area (Fig. 1). Here, we
refer to wells located above 1000 m elevations as “high-elevation” sites
and below 1000 m as “low-elevation” sites. Site MAP and MAAT had
strong positive and negative correlations with site elevation, respectively (Table 1). The MAP increased linearly from 735 mm at the lowest
elevation site to near constant values of ~1700 mm at high-elevation
sites (Fig. 4a) while MAAT decreased linearly with elevation
throughout the study area.
Median and maximum well depths were 62 m and 229 m, respectively, with the majority (74%) of well depths ranging from the
minimum value of 18 m to 100 m. Well depth was negatively correlated

Fig. 4. Relations of wellhead elevation to: (a) mean annual precipitation (1981–2010 normal) at the wellhead location, (b) groundwater d-excess values, (c)
groundwater nitrate (NO3-N) with non-detects plotted at the reporting limit (0.04 mg L-1), and (d) boxplots of elevations by absence of total coliform (TC) and
presence of TC, E. Coli (EC), or Enterococci (ENT) in groundwater samples. Upper and lower box edges span the interquartile range (25th to 75th percentile) with a
horizontal dividing line at the median (50th percentile). The upper and lower extent of whiskers extend from the box to a length of 1.5 times the interquartile range
or the maximum/minimum data point if it is within that range. Points are outlier values outside of the whisker’s extent. Sample counts are denoted above each
boxplot.
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Groundwater levels were measured at 60 of the well sites and
ranged from 0.07 m (at site B09, where springs were reported to be
present on the property by the well owner) to 108 m below the land
surface, with a median of 12 m and 75% of measured water levels
shallower than 20 m. Water levels only correlated with well depth and
depth to top of open interval and did not correlate with the other elevation dependent variables (Table 1). Water levels confirm a shallow
vadose zone throughout the study area compared with adjacent alluvial
basins and are likely lower than normal at some sites due to the preceding drought.
We used tritium and carbon-14 to classify groundwater samples as
premodern (recharged hundreds to thousands of years ago), modern
(recharged entirely after 1950), or a mixed (a mixture of modern and
premodern) (Supplementary Material SM2). According to this classification system— 9%, 30%, and 61% of the wells in our study area
contained premodern, mixed, and modern groundwater, respectively
(Fig. 1b). Premodern groundwater was mostly confined to high-elevation watershed divides, except for one low-elevation well (B03) located
upgradient from Camp Far West Reservoir. There was no discernable
spatial pattern between mixed and modern samples. There was no
significant difference in well depth among the different age classes
(p = 0.085), although wells with modern groundwater tended to be
shallower than those with mixed or premodern groundwater
(Supplementary Material Figure S1).

Table 2
Results of Kruskal-Wallis tests for differences in continuous variables related to
groundwater samples and site characteristics between two groups: samples
testing positive (present) and negative (absent) for total coliform bacteria.
Median values for continuous variables are reported for each group with the
number of samples (n) in parenthesis along with test p-values. Variable groups
with significant difference (p < 0.05) are highlighted in bold. Abbreviations:
MAAT, mean annual air temperature; MAP, mean annual precipitation; NGRT,
noble gas recharge temperature.
Total coliform

Elevation (m)
Well depth (m)
Depth to top of open interval (m)
Water level (m)
MAAT (°C)
MAP (mm)
d-excess (‰)
NO3-N (mg/L)
NGRT - MAAT (°C)

Present

Absent

p-value

533 (17)
78 (14)
12 (14)
78 (14)
15.1 (17)
1030 (17)
10.12 (17)
0.81 (17)
−2.8 (17)

696 (58)
61 (57)
24 (56)
61 (57)
14.1 (58)
1426 (58)
11.94 (58)
0.05 (58)
−2.9 (55)

0.073
0.767
0.237
0.084
0.146
0.040
0.021
0.006
0.470

controlling transport factor of bacteria to the well as has been reported
for other settings (Procopio et al., 2017; Shuler et al., 2018). However,
these precipitation data represent annual totals and do not integrate
more complex event-based dynamics, such as rapid water table rise
during a rainstorm into microbiologically active portions of the vadose
zone. Presence of TC was detected in 26% and 22% of wells with
modern and mixed age groundwater, respectively, and was absent in all
wells with premodern water.

4.2. Groundwater quality
The 2015 – 2016 GAMA sampling included a comprehensive water
quality assessment (Fram et al., 2017; Jasper et al., 2017); here we
focus on NO3-N and microbial indicators to determine vulnerabilities of
domestic wells to contamination from surface sources. Nitrate is a nutrient that is often associated with anthropogenic sources such as
agricultural runoff, septic system leachate, and wastewater treatment
plant discharge (Burow et al., 2010). Groundwater NO3-N ranged from
non-detect (< 0.04 mg L-1) to 5.25 mg L-1 (Fig. 4c). While NO3-N was
not present in the study area above the Maximum Contaminant Level
set by the U.S. Environmental Protection Agency for public drinking
water (10 mg L-1), 20% of wells had concentrations > 1 mg L-1, which
is the typical threshold for natural “background” NO3-N in groundwaters of the United States (Burow et al., 2010). Concentrations above
this threshold indicate contamination by anthropogenic sources. Nitrate
concentrations were significantly higher in modern compared to mixed
(p = 0.006) or premodern (p = 0.003) groundwater (Supplementary
Material Figure S2). Groundwater NO3-N was not detected above
background levels at the high-elevation sites and generally increased at
lower elevations (Fig. 4) with weak but significant correlation
(Table 1).
Total coliform (TC), E. Coli (EC), and Enterococci (ENT) are not
necessarily pathogenic but are commonly used to indicate microbial
contamination (U.S. Environmental Protection Agency, 1986). Coliform
bacteria are naturally present in soil and surface water but are also
found in the digestive tracts of warm-blooded animals and can indicate
fecal contamination. Presence of EC and ENT is a more specific indicator of water impacted by fecal waste (Grisey et al., 2010). Indicator
species of TC, EC, and ENT were present in 22%, 5%, and 10% of the
groundwater wells, respectively. E. coli is a type of coliform bacteria,
and all wells that tested positive for EC also tested positive for TC.
There were no detections of these microbiological indicators at any of
the high-elevation sites, and no detections of EC above 600 m (Fig. 4d).
Wells that tested positive for TC had significantly higher NO3-N
concentrations (Table 2), however there was not a significant relationship of either TC or NO3-N to depth to the top of the open interval
or water level, suggesting that unsaturated overburden thickness is not
an important control on the presence of surface contamination in the
study area (Tables 1 and 2). Precipitation was significantly lower for
wells with TC present (Table 2), suggesting that rain may not be a

4.3. Stable isotopes of groundwater
Groundwater δ18O and δ2H ranged from −13.5‰ to −6.8‰ and
−97.5‰ to −51.4‰, respectively (Fig. 5a). Groundwater d-excess
ranged from 3.0‰ to 15.4‰ and decreased markedly from the highelevation site mean (12.6‰) to < 10‰ at lower elevations (Fig. 4b).
Samples with δ18O values less than −9.5‰ located above elevations of
700 m fall along an estimated local meteoric water line (LMWL) with
the same slope (8) as the global meteoric water line (GMWL) but shifted
to a d-excess of 12.6‰ (Fig. 4, Fig. 5a). Globally, meteoric d-excess
values above 10‰ (plotting above the GMWL) indicate low humidity
source regions or continental recycling of water vapor, which would be
expected for the Pacific frontal systems that traverse the California
Coast Ranges and Central Valley to supply moisture to the study area
(Ingraham & Taylor, 1991).
Groundwater d-excess values below 10‰ (plotting below the
GMWL) broadly indicate alteration of the isotopic composition of water
due to evaporation, especially in regions where the d-excess of local
precipitation exceeds the global average (Clark & Fritz, 1997). Approximately one quarter (26%) of groundwater samples in the study
area had d-excess values < 10‰, consistent with isotopic enrichment
by evaporation (Fig. 5a). Groundwater d-excess was strongly correlated
with site elevation and MAP (Fig. 4a-b, Table 1), indicating that evaporation-impacted groundwaters with lower d-excess values are associated with low-elevation sites that receive less precipitation than highelevation portions of the study area. Although no groundwater sampled
in this study below an elevation of 400 m had d-excess > 10‰, two
61 m deep Yuba County Water Agency wells (YCWA-09 and YCWA-10)
located in the Sacramento Valley approximately 20 km west of the
study (Supplementary Material Figure S3) were sampled in March 2006
for a prior study and had d-excess values of 12.6‰ and 12.8‰, respectively (California Department of Water Resources, 2008), confirming that the LWML derived from the high-elevation groundwater
samples is also a reasonable endmember for precipitation at low elevations within the study area (Fig. 5a).
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mixed age (Supplementary Material Figure S4). Water quality indicators of surface contamination were significantly related to d-excess,
with higher NO3-N concentrations and TC detection frequency associated with lower d-excess values (Tables 1 and 2). The highest NO3-N
groundwaters also tested positive for TC and were located in the lower
elevation portions of the study region where groundwater d-excess was
close to or < 10‰ (Fig. 6).
4.4. Stable isotopes of surface water and river temperatures
Surface-water δ18O and δ2H from the main stems of the Yuba and
Bear rivers ranged from −12.9‰ to −7.9‰ and −96.6‰ to
−61.6‰, respectively, with river temperatures ranging from 2 °C to
26 °C (Fig. 5a, Supplementary Material Table S1 and Figure S5). Waters
from the Yuba and Bear rivers had a similar central tendency (both
groups had identical values for median δ18O of −11.3‰), but the Bear
River had slightly more depleted and enriched values than the Yuba
River at up- and down-gradient sites, respectively (Supplementary
Material Figure S6). This could be due to the fact that the Bear River
sampling was more temporally extensive than the Yuba, which was not
sampled through much of 2003 (Supplementary Material Figure S5).
River waters that followed the GMWL plotted at the lower end of the
groundwater δ18O spectrum and fell considerably below the lapse trend
(Fig. 5). This large vertical offset is due to the influence of runoff from
higher elevation (> 1500 m) portions of the study area that is derived
in large part from snowmelt and ranges from −15‰ to −12‰
(Ingraham & Taylor, 1991). River waters had d-excess values ranging
from −4.5‰ to 12‰ (with 88% below 10‰) due to the near ubiquitous effects of evaporation on Bear and Yuba River water.
Surface-water samples from the Camp Far West Reservoir (CFWR)
and the adjacent Dairy Farm Mine pit lake had δ18O values ranging
from −10.8‰ to −4.5‰ (Supplementary Material Table S2) and define a local evaporation line for the CFWR area with a slope of 4.6
(Fig. 5a), consistent with expected evaporation line slopes for surface
waters in the study region (4 – 5; Gibson et al., 2008). The CFWR
evaporation line intersects the GMWL at δ18O value of −11.7‰, similar to the median value of the aggregate river water dataset. The
Dairy Farm Mine pit lake captures overflow from the CFWR and includes the most evaporated endmembers of high-elevation source waters conveyed by the Bear River. Dry-season samples from sites along
the Bear River located both above and below the CFWR (B3 and B4) fell
along the CFWR evaporation line with δ18O values ranging from approximately −10.5‰ to −7.9‰. Samples from B3 were also likely
impacted by evaporative processes occurring in the up-gradient Combie
Reservoir. High-elevation mine pit lakes are also included here to
constrain the variability and extent of surface-water evaporation on the
isotopic composition of standing surface waters throughout the study
area and plotted both above and below the CFWR evaporation line with
δ18O values ranging up to approximately 3.0‰ (Supplementary
Material Table S2, Figure S6).
Time series of samples collected each month along the Bear River
for one year showed that river temperature and δ18O generally increased while d-excess decreased with distance downstream, due to the
cumulative effects of surface warming and evaporation on surface
waters moving through open channels and reservoirs (Fig. 7). River
water δ18O and d-excess showed a distinct seasonal pattern, respectively
decreasing and increasing in response to meteoric inputs during the
winter wet season through spring snowmelt. At the onset of the dry
season, δ18O and d-excess respectively increased and decreased due to
evaporation throughout the summer and into the fall, with a peak separation of δ18O values between upstream and downstream sites of
about 3.5‰ in November. There was a temporal lag between peak δ18O
peak and peak river temperature, with the latter occurring 3 – 4 months
earlier during the middle of the dry season. This is likely due to complex
mixing dynamics in open channels and reservoirs. Long-term memory
effects of mixing with evaporated water stored in abundant reservoirs

Fig. 5. Bivariate plots showing (a) stable isotopes of water (δ18O, δ2H) for
groundwater and regional surface-water samples from the Yuba and Bear rivers
and Camp Far West Reservoir with local and global meteoric lines (LMWL and
GMWL, respectively) and (b) relations of groundwater and surface-water δ18O
to sample-site elevation with lapse trend (“z” denotes site elevation in kilometers). Low-elevation groundwater samples from the Sacramento Valley are
shown for reference (California Department of Water Resources, 2008).

Variation of meteoric δ18O and δ2H along the LWML is due to the
“altitude effect” on equilibrium isotope fractionation— causing the
isotopic composition of precipitation from rising and cooling air masses
to become increasingly depleted at higher elevations (Clark & Fritz,
1997). The approximate δ18O-elevation lapse slope for our study area
based on regression of regional precipitation data is −2.8‰ km−1
(Lechler & Niemi, 2011). We assumed the intercept of the lapse trend to
be −7.5‰ at sea level (0 m), which represents the amount-weighted
annual mean of precipitation δ18O in the southwestern Sacramento
Valley where storm tracks traverse before rising over the Sierra Nevada
range (Criss & Davisson, 1996). The YCWA well data support this
precipitation-derived lapse intercept with groundwater δ18O values of
−7.7‰ and −7.6‰ at elevations of 19 and 16 m, respectively
(Fig. 5b).
Groundwater δ18O closely tracked the estimated lapse rate trend
due to inputs from meteoric sources with altitude-dependent isotopic
signatures (Fig. 5b). Groundwater δ18O residuals (horizontal offset from
the lapse trend in Fig. 5b) ranged from −1.0 to 1.2‰, with a central
tendency of zero (respective mean and median of residuals was 0.04‰
and 0.05‰; below the analytical error) and 86% falling within ±
0.5‰. Groundwater site elevation residuals (vertical offset from the
lapse rate in Fig. 5b) ranged from −372 to 416 m, with a central tendency close to zero (respective mean and median of residuals was 17 m
and 14 m) and 89% falling within ± 200 m. These data indicate that
precipitation sourcing groundwater recharge is extremely local to respective study sites.
There were no statistically significant differences among d-excess
values for the different groundwater age classes (p = 0.261)— however, all but one of the low d-excess samples were of either modern or
8
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Fig. 6. Contour map of study area with groundwater d-excess values interpolated using inverse
distance weighting (IDW) in ArcMap v. 10.5.1.
Squares and circles represent groundwater samples
that tested positive and negative for total coliform
bacteria (TC), respectively, and are shaded by nitrate (NO3-N) concentrations. Two headwater
springs just north of the North Yuba River that
tested positive for coliform bacteria are indicated
by black arrows.

(Table 3). The intercept of the lapse trend equation (b18z) and LMWL
intercept (bLMWL) parameters determine the composition of the δL
endmember and were randomly varied from the base model values
by ± 0.3‰ and ± 1.0‰, respectively, based on the standard deviations of the unevaporated groundwater samples from the lapse trend
and LMWL (Fig. 8b). The δsw endmember depends on the evaporation
line slope (mLEL) and the δ18O value of its intersection point with the
GMWL (δi). We allowed the mLEL to vary randomly between 3 and 5,
representing the potential range of evaporative slopes for soil and
surface waters in study region (Gibson et al., 2008), and the δi values
from −13.0‰ to −10.8‰, covering the range of observed regional
surface waters plotting along the GMWL (Fig. 5a). Further discussion of
model parameters and sensitivity analysis is included in Supplementary
Material (SM4). Models were considered to “fail” when the estimated
δsw endmember fell outside of the range of observed isotopic values for
regional surface waters in the study area (δ18O from −13 to −3‰) and
estimated mixing fractions were discarded.
Thirteen of the 20 modeled samples exclusively produced δsw values
within the acceptable range and had model failure rates of 0%
(Table 4). Only four samples had model failure rates > 10% (B02, B04,
B06, B09). Three out of these four samples (B02, B06, B09) had measured δgw values that were enriched from corresponding δL endmembers in δ-space with slopes between 3 and 5 in 15% – 26% of
sample model scenarios and could therefore be explained by evaporation of local rain for those particular parameter combinations (Table 4).
It is worthy of note that well B09 had a water level 7 cm below the land
surface at the time of sampling and could have easily be impacted nearsurface evaporation of local rain in ponded or waterlogged soils. No
other samples had isotopic compositions that could be explained by
evaporation of local rain given the modeled parameter ranges.
Of the accepted models, estimated δsw values covered a broad range
of potential evaporation trends in δ-space, encompassing the observed
range of evaporated samples within the Yuba and Bear River watersheds (Fig. 8b). Evaporated samples from CFWR and Bear River sites

can also explain why regional river waters fall beneath local and global
meteoric trends even following snowmelt when river δ18O and d-excess
values are clearly impacted by substantial influxes of meteoric runoff
(Figs. 5a, 7).
4.5. Monte Carlo mixing model analysis
In order to extend the above results and heuristically evaluate recharge sources and associated mixing fractions for evaporation-impacted groundwater, we developed a simple 2-component “base”
mixing model, assuming low d-excess groundwater samples could be
explained by mixing of local precipitation and an unknown regional
surface-water endmember. We modeled the 20 samples with d-excess < 10‰ that were most clearly impacted by evaporative processes.
We estimated the δ18O and δ2H of local precipitation (δL) at each
sample site using the wellhead elevation, study area lapse rate, and the
LMWL (Fig. 5, Table 3). Next, we extrapolated a mixing line connecting
the δL endmember with its corresponding sampled groundwater value
(δgw) in δ-space to a point of intersection with the Camp Far West Reservoir evaporation line— defining an evaporated surface-water endmember (δsw) for a given site at that point (Fig. 8a). We then evaluated
the fraction of surface water in the groundwater sample (nsw) using the
following modification of the two-component mixing equation given by
Faure (1998): (δgw - δL)/(δsw - δL); for detailed model equations, see
Supplementary Material SM3. Results from the base model show that
mixing proportions from surface-water sources resembling CFWR and
dry-season Bear River water ranged from 11% to 63%, with a mean of
31% across the 20 modeled samples (Table 4).
Since the above modeling approach is fundamentally limited by
uncertainties in the δL and δsw endmembers, we used a Monte Carlo
simulation to explore the effects of parameter uncertainty on the base
model (e.g. Arendt et al., 2015). We generated 10,000 potential combinations of four model parameters by randomly sampling uniform
distributions bounded by physically reasonable parameter ranges
9
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Fig. 8. Bivariate plots showing (a) base isotope mixing model and (b) Monte
Carlo isotope mixing models. Surface-water endmember values were determined by extending a mixing line (solid grey) from the δL endmember
through the groundwater sample coordinates in δ-space to an intersection point
with the Camp Far West Reservoir evaporation line. The Monte Carlo analysis
included re-running the base model for 10,000 random combinations of model
parameters determining the δL and the evaporation line. Modeled δSW endmember density for all successful models is shown and 95% and 50% probability contours were calculated using the HPDregionplot function in the R
“emdbook” package (Bolker, 2019).

samples mixed with an evaporation-impacted source water of highelevation origin, the most probable δsw endmember for the ensemble
dataset closely resembles evaporation trends consistent with surface
waters along the Bear River that have undergone extensive evaporation
in open channels and reservoirs with high-elevation catchments.
Of the accepted models, surface-water mixing percentages ranged
from 4% to 84% (Table 4). Normal statistical moments can often be
used to characterize Monte Carlo mixing models (Arendt et al., 2015),
and in this case, though distributions of sample surface-water mixing
fractions were non-Gaussian, model output distributions had strong
central tendencies. Sample means for surface-water mixing percentages
were only 0% – 2% higher than respective medians and standard deviations were generally within 10% of the mean and only 1% – 5%
lower than the span of respective interquartile ranges (Q3 – Q1;
Table 4). Mixing proportions for the base model were generally higher
than the Monte Carlo median/mean values, but within the interquartile
range (Fig. 9). The Monte Carlo mean ± standard deviation for surface-water mixing percentages for the 20 individual samples ranged
from 12 ± 4% to 58 ± 9% (Table 4). The mean ± standard deviation of surface-water mixing percentages for all accepted mixing
models across the 20 different samples was 28 ± 13%.
Monte Carlo simulation results should be interpreted with caution.
Modeled surface-water endmembers and mixing fractions are probabilistic representations based on model assumptions and endmember
parameter uncertainty. However, this modeling approach is useful

Fig. 7. Time series of river water (a) temperature, (b) δ18O, and (c) d-excess
from the Bear River (sites B1 - B4) collected monthly from December 2001 to
December 2002. Both δ18O and d-excess show seasonal and spatial variation
along flowpaths from B1 to B4. The d-excess of the global meteoric water line
(GMWL) is shown for reference.
Table 3
Parameters for base mixing models and parameter ranges for Monte Carlo
mixing models.
Parameter

Base model

Monte Carlo
(low)

Monte Carlo
(high)

Lapse rate intercept (b18z)
LMWL intercept (bLMWL)
Evaporation line slope (mLEL)
Evaporation line intercept with
GMWL (δ18i)

−7.5‰
12.6‰
4.6
−11.7‰

−7.2‰
11.6‰
3
−13‰

−7.8‰
13.6‰
5
−10.8‰

fell within a 95% probability region calculated from the highest marginal posterior density for all accepted model δsw values, which was
estimated using a bivariate kernel density smoothing algorithm (Bolker,
2019). The majority of dry-season Bear River and CFWR samples fell
within the highest-density probability region in δ-space, which encompassed 50% of all accepted modeled δsw values. This shows that
given the uncertainty in the δL endmember and the assumption that
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Table 4
Results of base and Monte Carlo mixing models. Monte Carlo statistics are based on accepted models, where “percent Monte Carlo model fails” of 0% indicate a count
of 10,000 accepted models for a given sample and 10% corresponds to a count of 9,000 etc.

B01
B02
B03
B04
B05
B06
B07
B08
B09
B11
Y01
Y02
Y03
Y04
Y05
Y06
Y07
Y12
Y17
Y24

0.8

Percent Monte Carlo
model fails

Percent Monte Carlo models explained by
evaporation of local rain

Monte Carlo surface-water mixing fraction (nmix) statistics
min

max

median

mean

Q3 - Q1

standard
deviation

0.63
0.11
0.50
0.39
0.21
0.12
0.37
0.33
0.18
0.38
0.28
0.34
0.34
0.32
0.18
0.21
0.22
0.37
0.26
0.50

0
42
0
21
4
49
0
0
44
0
0
0
0
0
4
6
0
0
0
0

0
18
0
0
0
26
0
0
15
0
0
0
0
0
0
0
0
0
0
0

0.38
0.04
0.27
0.18
0.05
0.04
0.11
0.1
0.07
0.12
0.07
0.1
0.13
0.12
0.05
0.07
0.05
0.12
0.05
0.16

0.84
0.28
0.69
0.6
0.41
0.31
0.6
0.54
0.4
0.6
0.48
0.55
0.52
0.5
0.35
0.39
0.39
0.6
0.48
0.79

0.57
0.11
0.45
0.32
0.18
0.12
0.3
0.28
0.17
0.32
0.24
0.29
0.29
0.28
0.15
0.18
0.19
0.32
0.22
0.41

0.58
0.12
0.45
0.33
0.18
0.13
0.3
0.29
0.18
0.32
0.24
0.29
0.29
0.28
0.16
0.18
0.19
0.32
0.22
0.43

0.14
0.05
0.11
0.11
0.08
0.05
0.12
0.09
0.07
0.11
0.09
0.1
0.09
0.08
0.07
0.08
0.08
0.12
0.1
0.16

0.09
0.04
0.07
0.08
0.06
0.04
0.08
0.07
0.05
0.08
0.06
0.07
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Fig. 9. Modeled surface-water mixing fractions using for base and Monte Carlo
mixing model output. Upper and lower box edges span the interquartile range
(25th to 75th percentile) with a horizontal dividing line at the median (50th
percentile). The upper and lower extent of whiskers extend from the box to a
length of 1.5 times the interquartile range or the maximum/minimum data
point if it is within that range. Points are outlier values outside of the whisker’s
extent. Percent model fails are denoted above each boxplot. Since 10,000
models were run, 0% “model fails” corresponds to a count of 10,000 for a given
boxplot, while a 10% failure rate would correspond to a count of 9,000 a given
boxplot.
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Fig. 10. Relation of groundwater noble gas recharge temperatures (NGRTs) to
wellhead elevation with 1-sigma error bars. Climate data from the basin characterization model (BCM) sampled at 1 km2 resolution throughout the study
area is plotted against elevation for the normal (1981–2010) mean annual air
temperature (MAAT) and also the monthly precipitation (PPT)-weighted
MAAT. Regression lines and equations for the regional lapse relationships are
also displayed on the plot (“z” denotes site elevation in kilometers). Mean dryseason (June – September) river temperatures are plotted for Yuba and Bear
river sites. The dry-season average temperature for site B3 is off-scale (24.0 °C
at an elevation of 323 m).

because it demonstrates that evaporation of local precipitation is an
extremely unlikely source of the low d-excess groundwater signal and
constrains the extent to which native groundwater could have mixed
with regional surface waters of high-elevation origin.
4.6. Noble gas recharge temperatures
Measured dissolved noble gas results for groundwater Ne, Ar, Kr,
and Xe and additional model inputs are included in the USGS data release of Levy and Faulkner (2019). Groundwater NGRT ranged from
2.4 °C to 21.4 °C with mean errors of ± 0.9 °C, and generally decreased
with elevation (Fig. 10, Table 5). Model probabilities ranged from 1%
to 99% with a median of 58% (Table 5). No models were removed due

to low probability values. Excess air expressed as ΔNe ranged from 2%
to 369%, with a median value of 43% (Table 5). The sample from well
Y09 had ΔNe > 400% and was omitted from these results. Although
high values of ΔNe (> 100%) have been associated with fractured rock
11
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Table 5
Results of noble gas recharge temperature (NGRT) models. Unfractionated air and closed-system equilibration models are denoted as UA and CE, respectively. Well
ID’s appended with an “r” indicate model results from a field replicate sample.
Well ID

Gas model

Chi-squared test
statistic

Model
probability (%)

NGRT (°C)

NGRT 1-sigma
error (°C)

Δ Ne (%)

B01
B02
B03
B04
B05
B06
B07
B08r
B09
B10
B11
B12
B13
B14
B15
B16
B17
B18
B19
B21
B22
B23
B24
B25
B26
B27
B28
Y01
Y02
Y03
Y04
Y05r
Y06
Y07
Y08
Y10
Y11
Y12
Y13
Y14
Y15
Y16
Y17
Y18
Y19
Y20
Y21
Y22
Y23
Y24
Y25
Y26
Y27
Y28
Y29
Y30
Y31
Y32
Y33
Y34
Y35
Y36
Y37
Y39
Y40
Y41
Y42
Y43
Y44
Y45
Y46
Y47

CE
CE
CE
CE
UA
CE
CE
CE
UA
UA
CE
CE
CE
CE
UA
UA
UA
UA
UA
CE
UA
CE
CE
UA
UA
CE
CE
CE
UA
UA
UA
UA
UA
UA
UA
CE
CE
CE
UA
UA
UA
CE
CE
CE
CE
UA
CE
CE
UA
UA
UA
CE
CE
UA
CE
UA
CE
UA
UA
CE
UA
CE
UA
UA
CE
CE
CE
CE
UA
UA
UA
UA

0.260
0.052
0.367
0.031
1.18
0.074
0.675
0.511
2.20
0.680
0.257
0.035
0.004
3.88
0.402
0.264
8.94
0.292
0.733
1.95
0.879
0.023
0.093
2.70
0.735
0.429
0.011
4.00
3.71
0.233
3.51
0.31
0.899
5.86
0.028
0.156
0.778
4.270
1.57
0.58
2.388
0.59
0.037
0.438
0.067
0.105
1.220
0.04
1.497
2.544
1.20
1.48
0.57
4.138
0.05
1.700
0.89
0.665
0.418
0.012
0.026
1.191
1.66
3.001
0.75
1.163
0.03
0.004
0.208
1.672
0.28
2.009

61
82
55
86
56
79
41
48
33
71
61
85
95
5
82
88
1
86
69
16
65
88
76
26
69
51
92
5
16
89
17
86
64
5
99
69
38
4
46
75
30
44
85
51
80
95
27
85
47
28
55
22
45
13
82
43
35
72
81
91
99
28
44
22
39
28
85
95
90
43
87
37

17.8
13.6
14.2
17.8
14.8
16.5
14.4
17.4
12.9
11.3
11.6
11.4
9.3
10.7
10.5
11.9
8.8
12.0
10.5
11.5
11.1
12.0
8.6
9.0
7.1
7.0
9.7
14.1
12.8
17.8
15.9
21.4
12.2
12.6
10.3
12.2
14.1
14.0
16.8
9.6
11.7
13.0
12.7
11.3
11.5
10.2
9.2
11.3
9.6
12.3
15.2
11.2
10.1
10.7
10.1
8.8
12.4
11.4
7.3
6.4
9.7
7.7
6.9
5.5
8.3
3.5
2.4
4.6
6.1
5.8
8.0
8.4

1.1
1.0
1.1
1.1
1.0
1.6
1.1
1.2
0.6
0.6
1.0
1.1
1.1
1.0
0.6
0.6
0.6
0.6
0.6
1.1
0.6
1.0
1.0
0.6
0.6
0.9
1.0
1.1
0.7
0.7
0.7
0.8
0.9
0.6
0.6
1.0
1.1
1.1
0.6
0.6
0.6
1.0
1.0
1.0
1.0
0.6
1.0
1.1
0.6
0.6
0.7
1.2
1.0
0.6
1.0
0.6
1.1
0.6
0.6
0.9
0.6
1.1
0.6
0.5
1.0
0.9
0.9
0.9
0.6
0.6
0.6
0.6

78
25
47
77
369
16
37
43
21
33
34
82
337
51
51
12
42
17
41
165
24
42
118
39
9
57
102
56
55
6
18
73
270
28
36
138
40
225
2
16
20
63
59
43
24
36
53
77
60
43
36
127
63
22
18
45
46
41
52
46
9
240
16
8
81
51
28
44
37
102
2
4
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aquifers where rapid water table fluctuations can lead to elevated excess air concentrations, the majority (85%) of modeled samples had
ΔNe < 100%. Samples with ΔNe > 100% occurred at both low- and
high-elevation sites (245 to 1650 m) and were within the range measured in other montane, fractured rock aquifers (e.g. Manning & Caine,
2007).
Although lapse trends for precipitation-weighted MAAT and MAAT
had similar slopes (−4.6 °C km−1 and −4.7 °C km−1, respectively), the
former had a lower intercept (12.5 °C) than the latter (17.4 °C) because
most of the precipitation in the study area occurs during the winter
when temperatures are cooler than the annual average (Fig. 10). Highelevation sites preferentially tracked the lapse rate for the precipitationweighted MAAT. We detrended the NGRT by subtracting the MAAT to
better understand how recharge temperatures vary with respect to the
MAAT over the elevation gradient of the study area. Detrended NGRT
values ranged from −6.4 °C (below the MAAT) at high-elevation and
exceeded the MAAT by 0.6 to 4.8 °C at eight low-elevation sites
(Fig. 10, Table 5). The detrended NGRT had a significant correlation
with elevation (and the other elevation-correlated variables) and was
most strongly correlated with d-excess (Table 1), suggesting a linkage
between the groundwater evaporation signal and warmer recharge
temperatures co-located at low elevations.
Since NGRT models are sensitive to changes in recharge elevation,
we did a model sensitivity analysis by increasing the recharge elevation
of the initial model by 400 m, which is approximately the maximum
elevation residual of groundwater δ18O from the stable isotope lapse
rate (Fig. 5a). Modeled NGRT values at +400 m from the wellhead
elevation were only 1.0 °C to 1.7 °C cooler than the base model with
slopes of relation (-4.2 °C km−1 to −2.7 °C km−1) that were only
slightly higher than MAAT and precipitation-weighted MAAT lapse
rates (Supplementary Material Figure S7). This suggests that even if the
sampled groundwater did recharge at a substantially higher elevation,
which is unlikely for most samples considering how closely the data
follow the stable isotope lapse trend, it would not greatly change the
interpretation of NGRT values with respect the atmospheric lapse rate
trends.
Modeled NGRT values close to the precipitation-weighted MAAT are
likely due to rapid recharge of precipitation equilibrated to cool ambient air temperatures during the winter wet-season. Values of NGRT
between the precipitation-weighted MAAT and MAAT at low elevation
sites could either be due to higher proportions of warmer season recharge or longer residence times in the vadose zone, where the temperature of recharge typically approaches the mean ground temperature (typically 0 – 3 °C greater than the MAAT) at depth as it infiltrates
to the water table (e.g. Stute & Schlosser, 2000). However, these sites
did not show concomitant increases of detrended NGRT with depth to
the open interval or water level (Table 1), which would both be linked
longer vadose zone transit times.
Soil temperatures (at 10 and 15 cm depths) from the NOAA-ESRL
meteorological station 14 km northeast of Nevada City at an elevation
of 1055 m closely tracked air temperatures from 2011 to 2019, showing
a slight attenuation of signal amplitude with depth (Supplementary
Material Figure S8). At these shallow depths, mean and precipitationweighted mean annual soil temperatures were within a degree cooler
than those of the air, suggesting that average air temperatures are a
reasonable approximation for those of the shallow ground in the study
region. Seasonal variations of shallow ground temperature typically
attenuate with depth and approach the MAAT plus any additional
geothermal heating (Anderson, 2005). Assuming a regional geothermal
gradient of 25 °C km−1 (Segal et al., 2014), geothermal heating at the
depths to groundwater levels measured in this study could result in
ground temperatures exceeding the MAAT by 0.4 °C on average and up
to 2.7 °C at the deepest water level. However, at low elevations, where
NGRT was highest, geothermal heating could only account for + 0.0 –
1.5 °C at measured water table depths, and thus could not explain the
higher NGRT values.

The most likely explanation for NGRT values exceeding the MAAT
at low-elevations is recharge during the summer dry-season— when
seasonal temperatures exceed the annual mean. Since virtually no
precipitation occurs during the dry-season, surface water is the primary
source of recharge to bedrock aquifers during these times. Six out of the
eight samples with NGRT values higher than the MAAT also had dexcess values < 10‰, corroborating evidence of recharge from surfacewater sources. The mean of all measured dry-season (June – September)
river-water temperatures at each of the Yuba and Bear River sampling
sites ranged from 14 °C to 24 °C, corresponding with the elevation and
temperature ranges of the warmest NGRT values (Fig. 10,
Supplementary Material Figure S9).
5. Discussion
5.1. Sources and seasonality of groundwater recharge
Determining sources of recharge to fractured rock aquifers is critical
to predict vulnerabilities of montane water supplies to climate change
(Meixner et al., 2016). Groundwater from domestic wells in the Yuba
and Bear River watersheds closely tracked δ18O and precipitationweighted MAAT lapse trends, which suggests that rapid and local meteoric recharge is prevalent throughout the study area. This finding is
consistent with other studies of recharge to fractured rock aquifers
(Abbott et al., 2000; Gleeson et al., 2009). Although mixing with premodern groundwater is apparent throughout the study area (Fig. 1c),
isotopic studies of Eocene gravels in the Yuba River suggest that paleoclimatic lapse rates were similar to those observed in modern precipitation and would not substantially shift groundwater samples away
from modern lapse trends (Mulch et al., 2006).
In a contrasting geological setting, Peters et al. (2018) showed
groundwater sampled across a broad elevation gradient on Mount
Shasta (northern California) had δ18O and NGRT values that fell substantially below lapse trends and likely traveled > 1000 vertical meters along deep subsurface flowpaths before reaching lower elevation
discharge zones. In the northern Sierra Nevada foothills, local geology
does not support the formation of elevation-driven intermediate and
regional flow systems (sensu Tóth, 1963) because major faults and
fractures along which groundwater travels are oriented roughly perpendicular to the regional elevation gradient. Recharge originating at
local topographic highs throughout the study area likely discharges
towards adjacent, deeply incised river valleys (Fig. 1b). Alternately, the
volcanic setting of Mount Shasta is more conducive to long-range
subsurface flow through high-permeability igneous structures oriented
parallel to the regional topographic slope (Peters et al., 2018).
The geologic setting of our study area also influences recharge rates,
as evidenced from the noble gas data. Other studies of high-elevation
montane recharge in the nearby Lake Tahoe area reported NGRT values
much closer to the local MAAT (Singleton & Moran, 2010; Segal et al.,
2014). However, those measurements were made in alluvial basins
where slower recharge rates through unconsolidated sediments allow
more time for infiltrating water to equilibrate to the ground temperature (~MAAT) at depth in the vadose zone (Stute & Schlosser, 2000).
Conversely, rapid infiltration through bedrock fractures can quickly
isolate recharge waters from atmospheric gases thereby preserving
seasonal recharge signals (e.g. Plummer et al., 2001). This is most
clearly shown in our study by NGRT values which fall along the precipitation-weighted lapse trends (Fig. 10), signifying rapid, seasonal
recharge during the winter when the bulk of annual precipitation occurs (Fig. 2). Manning and Solomon (2003) observed a similar offset of
NGRT values from the MAAT lapse trend to one of near identical slope
but lower intercept in an alpine, fractured rock aquifer where recharge
occurs predominantly during spring snowmelt.
The most striking feature of these data is the presence of low dexcess groundwaters at low-elevation sites, which we interpret as a
conservative tracer of mixing with surface waters sourced from high13
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elevation catchments. Although evaporation processes such as subcloud evaporation of rain (e.g. Salamakilis et al., 2016) and soil water
evaporation (e.g. Sprenger et al., 2016) could affect the d-excess of local
rain infiltrating warmer and drier low-elevation sites, these processes
do not typically affect the isotopic composition of groundwater recharge, except in some in arid regions with deep vadose zones, and are
not likely to be important in the study area where the vast majority of
precipitation rapidly infiltrates shallow soil columns during the cool
and humid wet-season (Evaristo et al., 2015; Sprenger et al., 2016).
Additionally, only a few of the low d-excess groundwater samples could
be explained by evaporation of local precipitation in Monte Carlo
mixing simulations (Table 4). Therefore, the most likely source of low
d-excess groundwater at low elevation within the study area is mixing
with evaporated surface waters from higher-elevation sources.
There are three primary sources of surface water that could contribute to groundwater recharge in the study area: local tributaries,
regional rivers, and diversions for human-use. Local tributaries in the
study area also tend to have d-excess values < 10‰, but δ18O values
closer to local precipitation because they source waters from subcatchments that are hydrologically disconnected from isotopically depleted headwaters (Soltero, 2013, 2018). Additionally, local tributaries
are typically ephemeral at low-elevations with peak flows during the
wet-season. This is inconsistent with stable isotope and NGRT results at
low-elevation sites that support mixing with high-elevation source
waters that are isotopically fractionated by surface evaporation and
recharge during the dry-season. It is also unlikely that direct seepage
from regional rivers could cause such a spatially distributed recharge
signal across the low-elevation study sites because they flow through
deeply incised channels that span a limited extent of the study area and
cannot possibly supply recharge to intervening highlands (Fig. 1).
At low elevations, however, large volumes of regional river water
sourced from high-elevation catchments are diverted for local use
through widespread networks of earthen ditches and canals (only a
portion of which are mapped in Fig. 1c), where flow increases during
dry times in response to human demand (Fig. 2). Although several
water districts deliver surface waters to low-elevation portions of the
study area, the NID is the largest and its service area roughly corresponds to the area of low-elevation sites with low d-excess groundwater,
elevated NGRT values, and surface contamination indicators (Figs. 1c,
6, and 10). The NID diverts Bear River water for human use within and
to the south of the study area and we interpret isotopic signatures from
sites B1 to B4 to be broadly representative of the diverted river endmember, which becomes isotopically enriched due to evaporation as it
travels from high to low elevation through extensive water distribution
infrastructure (Figs. 7 and 8).
Regional river water diverted for human use could recharge bedrock
aquifers either by direct application of irrigation water to the land
surface or seepage from distribution infrastructure (e.g. unlined ditches
and canals). The most substantial deliveries of NID irrigation water by
acreage are forage-pasture (69%) and family garden/orchard (21%;
Brown and Caldwell, 2016). Historic deliveries of raw irrigation water
by the NID to the Deer Creek service area (Fig. 1c) are approximately
52,000 acre-ft yr−1 to 42,000 irrigated acres (Tables 4-3 and 4-5 from
Kleinschmidt Associates, 2011) equaling approximately 355 mm of irrigation water per year spread out across the lower reaches of the study
area. Normal annual precipitation minus AET at low-elevation sites
ranged from approximately 1000 mm at elevations near 1000 m to
285 mm at the lowest elevation site (Flint & Flint, 2014). Therefore,
irrigation water could ostensibly comprise from 27% (~1000 m elevations) to 56% (~100 m elevations) of the total water available for
recharge across the climate gradient of the low-elevation sites. This
could also explain why the d-excess signal is so much weaker at higherelevations within the NID service area, in addition to the fact that
evaporative enrichment of regional river water becomes more pronounced as it travels through distribution infrastructure from high to
low elevation (Fig. 7).
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Fig. 11. Conceptual model of study area hydrology showing (a) wet times when
local precipitation dominates groundwater recharge to domestic wells and (b)
dry times when irrigation return flows and seepage from water distribution
infrastructure water becomes a more substantial portion of the recharge budget
to domestic groundwater wells. Plus and minus signs indicate increases or decreases of labeled factors from wet to dry conditions.

Although direct application of irrigation water to the land surface is
clearly an important pathway for diverted river recharge, it is also
important to consider seepage from the distribution infrastructure.
While the volume of irrigation water applied directly to the land surface
within the study area is quantitatively important with respect to the
recharge budget, as shown above, much of this water is dispersed over
large areas and may not overcome the soil moisture deficit to recharge
underlying aquifers. Seepage studies on canals within the study area
using both isotopic tracers and numerical modeling have shown that
leakage from unlined channels can saturate the underlying vadose zone
and seep vertically into fractured bedrock, thereby forming a direct
hydrologic connection to the underlying aquifer (Hydrofocus, 2003,
2010). Further, seepage rates below canals have been shown to increase
during periods of high-stage that occur when human demand peaks
during dry times. The NID typically assumes conveyance seepage losses
of 15% on raw water deliveries (Kleinschmidt Associates, 2011).
Therefore, using the above estimate for raw water deliveries, distribution infrastructure seepage alone could account for 6% (~1000 m elevations) to 28% (~100 m elevations) of the water available for recharge
across the climate gradient of the low-elevation study sites, and is likely
even greater with proximity to ditches and canals. Hydrofocus (2010)
used stable isotopes of water to show that wells located up to 300 m
downslope from an NID canal located at elevations ~1000 m contained
an average of 32% canal water.
Based on the above discussion we propose the following conceptual
model for the hydrogeology of our study area during wet and dry
conditions. During wet times groundwater is predominantly replenished by local precipitation that rapidly recharges aquifers through
bedrock fractures (Fig. 11a). During dry times, regional water tables
drop and flow through water distribution infrastructure increases to
meet demand in a reversal of the natural flow regime (Fig. 2). Increased
14
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application of irrigation water at the land surface and seepage from
unlined ditches and canals thereby can become a much more substantial portion of the recharge budget at low elevations during drought
(Fig. 11b).

that are intensively managed for domestic use. Rather, climate change
impacts are typically modeled on representative “natural” systems to
reduce uncertainties associated with the human component of the
water cycle (e.g. Flint & Flint, 2014; Godsey et al., 2014) or heavily
irrigated agricultural systems where focused effects on the recharge
budget are extremely pronounced (e.g. Toews & Allen, 2009; Condon &
Maxwell, 2014).
Here, we illuminate the impacts of distributed surface-water development and drought on groundwater resources in a rural-residential
setting where re-plumbing of the natural hydrologic system has substantially altered sources and seasonality of groundwater recharge
(Fig. 11). Return flows associated with surface-water development are
potentially a double-edged sword and could both enhance recharge
during drought and introduce water quality vulnerabilities associated
with rapid infiltration of untreated surface waters. Additionally, since
recharge to fractured bedrock aquifers in the Sierra Nevada foothills is
highly localized, land-use planning for source protection and recharge
enhancement in this and other similar settings should be focused close
to the wellhead. Hydrologic models and climate mitigation planning for
such resources should focus on predicted changes to seasonal rainfall
patterns as opposed to snowmelt volume and timing, since recharge
from the latter will depend more on secondary effects of reservoir and
streamflow regulation in intensively managed headwater catchments.
Given that population is expected to increase by nearly 85% in the
northern Sierra Nevada foothills between 2000 and 2050 (Cosumnes,
American, Bear, Yuba Integrated Regional Water Management Group,
2014) it is of extreme importance to understand the impacts of increased human demand on paired groundwater and surface-water
supplies, and how these resources are fundamentally connected (Winter
et al., 1998).

5.2. Vulnerability of the groundwater resource
Both quantity and quality of groundwater resources are vulnerable
to the impacts of climate change (Green et al., 2011). Expansion of the
rural residential population in the study area over the past 50 years has
put increasing stress on the fractured bedrock aquifer (Fig. 3), which is
most vulnerable to drought at high elevations where recharge is derived
primarily from local precipitation. The prevalence of modern groundwater throughout the study area also suggests that groundwater storage
is transient and deep stores of premodern fossil water are not available
to buffer supplies during drought (Fig. 1b). Although our results suggest
low elevation groundwater supplies can be buffered by surface-water
subsidies during dry times (Fig. 11b), water quality vulnerabilities may
become more pronounced with increasing reliance on surface-water
sources. Our results show that groundwater in our study area is susceptible to microbial and NO3-N contamination at low elevations
(Fig. 4).
Presence of TC, EC, and ENT in groundwater can be caused by
mixing with surface water, septic leachate, agricultural recharge/runoff
and supported by biofilms growing on well casings, screens, or pumps
(Jamieson et al., 2002; Pandey et al., 2014; Somaratne & Hallas, 2015).
Direct connection of bacteria in groundwater wells to surface-water
sources has been inferred by physiographic setting and microbial taxonomy (Conboy & Goss, 2000; Somaratne & Hallas, 2015) as well as
observed directly using isotopic tracers (Shuler et al., 2018). Geology is
an important control on the susceptibility of domestic wells to microbial contamination. In a survey of domestic wells across the United
States, Embrey and Runkle (2006) found higher detection frequencies
for coliform bacteria in carbonate or crystalline rock aquifers than those
composed of unconsolidated sediments. This is consistent with a wide
body of literature showing that pathogenic bacteria are better attenuated in recharge moving through high porosity media with longer
residence times compared to rapid, preferential flow through fractures
and macropores (Pandey et al., 2014).
Prior studies of domestic wells in the Sierra Nevada foothills have
found bacterial indicators to be of concern— with detection frequencies ~25%, similar to our findings (California State Water
Resources Control Board, 2005, 2010). In this study, higher detection
frequencies for TC were associated with groundwater that received
inputs from diverted surface water (Table 2, Fig. 6). Coliform bacteria,
particularly EC, occur widely in surface waters of our study area (Brown
and Caldwell, 2016; Starr & Palencia, 2017). Three out of the four
springs sampled in this study tested positive for TC, including two in the
headwaters of the North Yuba River, suggesting TC may be a fairly
broad indicator of surface-water sources in the study area. However, the
co-occurrence of elevated NO3-N with TC at low elevation sites supports
more specific anthropogenic contamination sources including septic
leachate, irrigation return flows, or seepage of untreated surface water
from ditches and canals (Table 2, Fig. 6).

6. Conclusions
We made a detailed geochemical survey of domestic wells in the
Sierra Nevada foothills to determine sources of recharge and associated
vulnerability of groundwater supply from fractured rock aquifers
during historic drought. Stable isotopes of water and NGRT values
closely tracked atmospheric lapse trends suggesting that groundwater
inputs in the study region are dominated by local precipitation that
recharges fractured bedrock rapidly during the winter wet-season.
However, samples from wells with water isotope signatures that were
fractionated by evaporation and elevated NGRT likely contained a
component of dry-season recharge from diverted surface waters. Both
irrigation return flows and seepage from extensive water distribution
infrastructure throughout low-elevation irrigation districts are potential
sources of the surface-water signal and would logically increase in the
dry-season and drought when human demand is high. Monte Carlo
isotope mixing models show that evaporation-impacted samples are
likely mixtures of local rain with an average of 28 ± 13% from diverted river water from high-elevation catchments. Groundwater wells
impacted by mixing with diverted surface waters tended to have elevated levels of nitrate and coliform bacteria compared to those replenished exclusively by local precipitation. High-elevation wells reliant on precipitation for recharge are more vulnerable to supply
shortage during drought, whereas low-elevation wells that receive recharge subsidies from diverted surface waters are more susceptible to
water-quality degradation. The impacts of human alterations to the
water cycle are important to consider for both groundwater and surface
water to forecast vulnerabilities of paired drinking water resources to
climate change.

5.3. Implications for integrated water resources management
The human component of the hydrologic cycle needs to be quantified to forecast the impacts of climate change on water resources
(Taylor et al., 2012). Previous studies have examined the impacts of
suburban development on runoff generation and groundwater recharge
(Burns et al., 2005), irrigation and groundwater abstraction on aquifer
geochemistry (Jurgens et al., 2009; Ayotte et al., 2011), and return
flows related to groundwater-surface water interactions (Fernald et al.,
2010; Visser et al., 2018). However, few studies have reported the effects of climate change on paired surface and groundwater resources
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