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ABSTRACT

In urban environments, municipal water sources (e.g., drinking water and wastewater) can contribute considerably to regional
groundwater resources. However, little is known about municipal water fluxes between streams and shallow groundwater at
the floodplain scale. Understanding surface water-groundwater interactions in urban floodplains is essential for protecting
both human and ecosystem health, sustainably managing water resources, and informing efforts to upgrade municipal water
infrastructure as cities continue to expand. To address this research gap, we investigated whether the shallow groundwater in an
urban floodplain transports drinking water and untreated wastewater to a stream. Our study focused on the urban Deer Creek
watershed, near St. Louis, Missouri, United States, where we collected samples from the stream and three shallow (<4 m deep)
groundwater wells situated in its floodplain <0.5km apart. Stream and shallow groundwater samples were obtained weekly over
2.6years and analysed for municipal water tracers (e.g., optical brighteners, faecal coliform bacteria, and F~) as well as other
water quality parameters (e.g., temperature, specific conductivity, major anions, and total element concentrations) to understand
water sourcing and exchange in this urban catchment. Although municipal water tracer signatures were elevated in Deer Creek,
the shallow groundwater in its floodplain exhibited low concentrations for these tracers. Our findings suggest that the shallow
groundwater is not a meaningful source of drinking water or untreated wastewater to the stream. However, if municipal water
types migrate deeper into the groundwater profile than the depths we sampled, deeper groundwater could still deliver drinking
water and untreated wastewater to Deer Creek, potentially explaining the elevated municipal water signatures observed in the
stream. Nevertheless, we found that the shallow groundwater was geochemically heterogeneous despite the proximity of the
observation wells. Variations in shallow groundwater characteristics among the wells are likely driven by differences in water
depth, floodplain geomorphology, water residence time, mineral precipitation and dissolution processes in the substrate, and
localised urban land use. Such differences over the small spatial extent we explored imply that municipal water types could still
locally impact shallow groundwaters in urban catchments.

© 2025 John Wiley & Sons Ltd.
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1 | Introduction

Urbanisation has impacted the hydrological cycle by altering
natural fluxes of water and introducing new water sources
in developed areas. While contributions of precipitation to
groundwater are hindered in urban settings due to high levels
of impervious surface area (Miller et al. 2014; Marx et al. 2021),
municipal waters, including drinking water, untreated wastewa-
ter, and treated wastewater, have become substantial sources of
groundwater recharge in many cities (Vazquez-Suié et al. 2010;
Sanzana et al. 2019; Beal et al. 2020). The addition of municipal
waters to the urban water cycle has implications for both water
quantity and quality in urban catchments.

Drinking water enters the environment through deliberate uses
(e.g., lawn irrigation; Fillo et al. 2021) or infrastructure failures
(e.g., water main breaks). Drinking water contributions to the
environment can be determined by assessing surface water
and groundwater resources for tracers like F~ since drink-
ing water is commonly fluoridated to a known concentration
above natural background levels in the United States for den-
tal health (USHHS 2015; Lockmiller et al. 2019; Finegan and
Hasenmueller 2023a). High levels of drinking water in surface
water and groundwater resources waste water and economic
resources, prompting the potential need for infrastructure
updates.

Both untreated and treated wastewaters can be released into the
environment through intentional means (e.g., constructed sewer
outfalls or effluent discharge sites; Kuhlemann et al. 2021; Marx
et al. 2021; Oswald et al. 2023) or unintentional pathways (e.g.,
leaking infrastructure; Paul et al. 2004; Sercu et al. 2011; Lee
et al. 2015). While both types of wastewater can cause water
quality impairments, untreated wastewater entering the envi-
ronment is a more considerable water quality concern as it has
a greater potential to contribute microorganisms, nutrients,
heavy metals, and emerging contaminants to water resources
per unit volume (Cheung et al. 1990; Petelet-Giraud et al. 2009;
Dickenson et al. 2011). Common tracers for detecting un-
treated wastewater in waterbodies include faecal coliforms like
Escherichia coli (E. coli), optical brighteners (synthetic whiten-
ing compounds present in laundry detergents and paper prod-
ucts; Tavares et al. 2008; Cao et al. 2009; Dubber and Gill 2017;
Corsi et al. 2021; Finegan and Hasenmueller 2023a), and B con-
centrations and isotope compositions (since B can be sourced
from household detergents; Vengosh et al. 1994; Hasenmueller
and Criss 2013; Lockmiller et al. 2019). Elevated F~ concentra-
tions have also been used to indicate wastewater inputs to water
resources since F~ amendments for drinking water can be re-
tained in the wastewater signature (Lockmiller et al. 2019).

While drinking water and wastewater have been found to
be significant inputs to urban watersheds, most studies ex-
amining municipal water recharge of urban groundwater re-
sources occur at the watershed, city, or regional scale (Paul
et al. 2004; Wolf et al. 2006; Luque-Espinar et al. 2015; Barthel
and Banzhaf 2016; Vystavna et al. 2018; Sanzana et al. 2019;
Beal et al. 2020; Kuhlemann et al. 2021). For example, an as-
sessment of Barcelona, Spain, found that municipal water leaks
accounted for 52% of urban groundwater recharge, with 22%
originating from the drinking water supply and 30% coming

from wastewater infrastructure (Vazquez-Suiié et al. 2010). In
Lima, Peru, drinking water main leaks contributed 40% of the
total aquifer recharge (Lerner 1986).

These regional scale studies are important for understanding the
water budgets of cities, particularly when estimating human-
sourced recharge to the groundwater (Wallace et al. 2021), but
they often generalise the heterogeneities in water fluxes and
contamination levels that might be observed at smaller spatial
extents. Few studies examine fluxes of municipal water types
between surface water and groundwater reservoirs at higher
spatial resolutions, like floodplain or hyporheic scales (Banzhaf
et al. 2013; Keefe et al. 2019), despite the shallow groundwater
usually being more impacted by infrastructure issues (Paul
et al. 2004; Wolf et al. 2006; Lee et al. 2015). Thus, studies with
high spatial resolution are necessary to understand local ex-
changes between surface water and groundwater resources and
the potential flux of municipal waters across them.

This study therefore investigates whether shallow groundwater
in stream floodplains can serve as a source of legacy drinking
water and wastewater to urban stream systems. To address this
objective, we conducted a comprehensive geochemical assess-
ment of an urban stream, the shallow groundwater within its
floodplain, and representative sources of drinking water and
untreated wastewater for the catchment. We also examined nat-
ural controls on stream and shallow groundwater geochemistry
to evaluate the spatial and temporal connectivity between these
water resources and how such interactions might influence the
transport of municipal water types through the basin. Our in-
tegrated approach provides insight into both the sources and
exchange pathways of municipal waters in urban watersheds as
well as the geochemical evolution of urban water resources at a
floodplain scale.

2 | Methods
2.1 | Study Site

This study was performed in the Deer Creek watershed, near St.
Louis, Missouri, United States (Figure 1a), which is a 95.3km?
catchment that is almost entirely covered by developed land
use classifications (Figure 1b). We selected the urbanised Deer
Creek basin to examine if shallow groundwater plays a role in
transmitting municipal waters to surface waterbodies for several
reasons. First, the only municipal water types that can poten-
tially be sourced to the watershed are drinking water and un-
treated wastewater. The untreated wastewater produced within
the catchment is transported to a treatment facility outside of
the basin via the sewer infrastructure network and, therefore,
treated wastewater is not a confounding third municipal water
endmember for our study location. Second, only 42 parcels
within the entire Deer Creek basin potentially use septic sys-
tems (Deer Creek Watershed Alliance 2023), so septic systems
have a comparatively limited capacity to source wastewater to
the catchment. Third, a regional scale sewer infrastructure ren-
ovation that was completed on 31 July 2022 removed sewer over-
flows from the watershed prior to our study, thereby eliminating
direct inputs of untreated wastewater to the stream (Finegan
and Hasenmueller 2025).
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FIGURE 1 | Maps illustrating (a) the study site's location (star) in relation to the contiguous United States, (b) the St. Louis Metropolitan area
showing land use classifications (USGS 2024) and the boundaries for both the upper Deer Creek subwatershed (which drains to USGS gage 07010055)
and the entire Deer Creek watershed, and (c) the Litzsinger Road Ecology Center (LREC), with the stream sampling site, shallow groundwater sam-
pling sites, and USGS stream gage location from (b) on an aerial image (St. Louis County 2021).

The efforts to remove the sewer outfalls in the Deer Creek
basin have improved the stream'’s water quality (Finegan and
Hasenmueller 2025). Nevertheless, concentrations of tracers
for both untreated wastewater and drinking water in Deer
Creek are still elevated relative to rural streams in the region
(Lockmiller et al. 2019; Finegan and Hasenmueller 2025),
suggesting that these two municipal water types may still be
sourced to the stream due to failing subsurface water infra-
structure or irrigation. Shallow groundwater discharge has
been hypothesised as a potential vector for municipal water
contributions to streams in the region (Lockmiller et al. 2019),
including Deer Creek (Buckley 2020). However, these prior
studies did not acquire the needed hydrological and geochem-
ical data to determine if the shallow groundwater could serve
as a potential legacy source for municipal waters to urban
streams.

We focused our assessment of shallow groundwater as a poten-
tial conveyer of municipal water types to a gaining reach of Deer
Creek (MoDNR 2025) at the Litzsinger Road Ecology Center,
which is a 0.16km? private education and restoration site sit-
uated at the centre of the Deer Creek watershed (Figure 1b,c).
A United States Geological Survey (USGS) stage and discharge
station (gage 07010055; USGS 2025) is just downstream of our
study location and collects data for the 31.1km? upper Deer

Creek subcatchment (Figure 1b,c). The upper Deer Creek sub-
basin mostly contains low to medium density urbanised land
use and has 32.2% impervious surface area, but the Litzsinger
Road Ecology Center property is unique because it features
restored tallgrass prairie and bottomland woodland habitats
(Figure 1b,c; USGS 2024). Despite these ecological restoration
efforts, the property managers have reported instances of sewer
laterals leaking into a vernal pool at the site, demonstrating the
potential for the shallow groundwater to transmit municipal wa-
ters to proximal surface waterbodies.

Three preexisting shallow groundwater wells (i.e., Well A, Well
B, and Well C; Figure 1c) were available on the property for our
study, with all having been installed on 13 June 2022. The wells'
depths range from 2.93 m to 3.81 m below the surface, with Well
A being the shallowest and Well C being the deepest. All three
shallow groundwater wells are located within the floodplain of
Deer Creek, ranging from 10 m to 30m from the stream's chan-
nel. The western floodplain, which includes Well B and Well C,
is inundated more frequently than the eastern floodplain due to
topographic differences. While the bedrock geology of the upper
Deer Creek watershed includes both Mississippian carbonates
and Pennsylvanian siliciclastic sedimentary rocks, the study
site overlies Mississippian St. Louis Limestone (Harrison 1997;
MoDNR 2025).
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2.2 | Stream and Shallow Groundwater
Physicochemical Characterisation

Our study site was visited approximately weekly from 15
September 2022 through 1 May 2025. During each field visit,
in situ measurements and samples were collected from Deer
Creek and the three shallow groundwater monitoring wells
installed in the stream's floodplain (Figure 1c). At the stream,
in situ water quality measurements were collected for tem-
perature, specific conductivity, pH, and dissolved O, using a
YSI Professional Plus Multiparameter Instrument and opti-
cal brighteners using a Turner Designs AquaFluor Handheld
Fluorometer (with units reported as reference fluorescence
units (RFU)). At the three observation wells, the shallow
groundwater's depth was determined using a Solinst 102
Water Level Indicator. To prevent the sampling of stagnated
water, water was pumped out of each well prior to sample
collection using a Geotech Geopump Peristaltic DC Pump fol-
lowing the United States Environmental Protection Agency's
(USEPA) groundwater sampling procedures for the low flow
method (Puls and Barcelona 1996; USEPA 2013). Briefly, the
shallow groundwater was pumped from each well at a low
flow rate while specific conductivity, pH, and dissolved O,
measurements were checked for stability every 0.10-0.25L
of water pumped using the handheld YSI Professional Plus
Multiparameter Instrument. Pumping continued until the
shallow groundwater measurements stabilised to within 5%
for specific conductivity, 0.1 units for pH, and 10% for dissolved
0, among three consecutive measurements per the USEPA's
groundwater stabilisation criteria (Puls and Barcelona 1996;
USEPA 2013). Once these parameters were stable, the same
in situ measurements that were obtained for the stream were
acquired for the three shallow groundwater wells.

We also collected water samples from the stream and shal-
low groundwater locations for analyses of anion (i.e., F~, Cl,
SO42‘, and NO3‘—N) concentrations during every site visit,
while samples for measurements of total element (i.e., B, Na,
Ca, Mg, Sr, K, and Si) and E. coli concentrations were obtained
from 15 September 2022 to 1 January 2024. The samples for
anion and total element analyses were field-filtered with 0.2-
um cellulose acetate filters into 50-mL polypropylene sam-
ple vials and transported back to the laboratory on ice. The
samples that were used for determining anion concentrations
were stored at —18°C until analysis on a ThermoFisher Dionex
Integrion High Pressure Ion Chromatograph (IC), while the
samples for total element analysis were acidified to 1% HNO,,
stored at4°C, then analysed on a PerkinElmer 8300 Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES).
Instrument accuracy and precision were within 5% for the IC
and within 10% for the ICP-OES based on blanks, check stan-
dards, and sample replicates. To evaluate E. coli levels, stream
and shallow groundwater samples were collected into auto-
claved 150-mL polypropylene bottles and transported to the
laboratory on ice for immediate processing with the USEPA
approved IDEXX Colilert Quanti-Tray System (USEPA 2017)
and autoclaved glassware. Given the high levels of E. coli in
the stream, we diluted the stream samples with autoclaved
ultrapure (18.2MQ cm) water using a 1:5 ratio for our analy-
ses. The E. coli data are reported in colony forming units per
100mL (CFU/100 mL).

2.3 | Physicochemical Characterisation
of Potential Endmember Contributions to
the Stream and Shallow Groundwater

We obtained drinking water and untreated wastewater samples
to measure their physicochemical attributes to determine how
these endmembers might impact the stream and shallow ground-
water at our study location. We collected four drinking water
samples on 29 August 2023, 5 September 2023, 16 November
2023, and 21 December 2023 from a tap at the Litzsinger Road
Ecology Center. On 12 October 2023, we received a 24-h com-
posite influent wastewater sample from the Metropolitan St.
Louis Sewer District's wastewater treatment plant that receives
the untreated wastewater from the Deer Creek basin. All the
municipal water endmember samples were processed for the
same analytes as the stream and shallow groundwater samples
(see Section 2.2 for more detail). We compared our results for the
stream, shallow groundwater, and municipal water endmember
samples from the Deer Creek catchment to published data for
18 rural spring samples, 8 rural stream samples, 17 drinking
water samples, and 24 untreated wastewater samples collected
in the St. Louis region (Lockmiller et al. 2019; Finegan and
Hasenmueller 2023a).

To understand how the floodplain substrate might influence
the characteristics of the shallow groundwater, we analysed
an archive of sediment samples that had been collected when
the wells were originally installed. These archived substrate
samples consisted of 120-160 cm? of homogenised floodplain
sediment obtained from the top, middle, and bottom of 0.46 m
long sections of well core that had been collected at depths
of 0.30-0.76 m, 1.06-1.52m, and 1.83-2.29m for all the wells
and 3.20-3.66 m for Well C. The sediment sample collection
had been stored at —18°C in glass jars prior to our analyses.
Gravimetric water content for each thawed sediment sample
was determined by weighing 10 g of sediment, drying the sed-
iment at 105°C for at least 48 h, measuring the resulting dry
sediment mass, and calculating the percent water loss. Each
of these dried sediment samples was subsequently measured
for organic matter content by heating the dry sediment in a
muffle furnace at 550°C for 4 h, allowing it to cool overnight,
weighing the new mass, and calculating the percent organic
matter loss (Heiri et al. 2001). Exchangeable cations (i.e., Na,
Ca, Mg, and K) in the substrate were analysed by weighing
10g of untreated sediment for each sampling interval, allow-
ing the sediment to air dry for 4days, and creating as many
2.5g replicates as possible (which resulted in 2-4 replicates
per sediment sample). Each dried 2.5 g sediment replicate was
mixed with 25mL of 0.1 M BaCl,-NH,CI, then the slurry was
shaken for 30 min after which time it was left to settle over-
night (Amacher et al. 1990). The supernatant from each mix-
ture was subsequently gravity-filtered using an 11-um filter
and acidified to 1% HNO, prior to analysis for exchangeable
cations on the ICP-OES.

2.4 | Data Calculations, Visualisations,
and Statistics

We were unable to test our water samples for HCO,~ and
CO0,*, but we could estimate their values through ion balance
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FIGURE2 | (a)Discharge for Deer Creek (USGS 2025) and (b) the shallow groundwater elevation in the observation wells, with the land surface
elevation for each well indicated by a solid line of the same colour. Water quality data are shown for (c) temperature (temp), (d) specific conductivity
(SpC), (&) pH, (f) dissolved O,, (g) optical brighteners, (h) E. coli, (i) F~, (j) B, (k) CI~, (1) SO,>~, (m) NO,™-N, (n) Na, (0) Ca, (p) Mg, (q) Sr, () K, and (s)
Si. When applicable, lower and upper limits of detection (LOD) for our methods are indicated on the plots with dashed grey lines.

using concentration data for the measured major anions (i.e.,
Cl~, SO,*~, and NO,") and total elements that typically spe-
ciate as cations (i.e., Na, Ca, Mg, Sr, and K). To complete the
ion balance for each sample, we presumed respective cation
charges of Na*, Ca?*, Mg?*, Sr?*, and K+, summed the anions
and cations (as mEq/L) in RStudio using base R functions (R
version 3.6.1; R Core Team 2024), and assumed that the ex-
cess cation concentration would equal the total concentration
of both HCO,~ and C032‘ (in mEq/L). The calculated HCO,~
and CO,?~ values were combined with measured analyte con-
centrations in The Geochemist's Workbench to create Piper
diagrams.

Other data visualisations were created in R using ggplot2
(Wickham 2016), and summary statistics for the stream and shal-
low groundwater data were calculated using R's rstatix package
(Kassambara 2023). We applied the Kruskal-Wallis test to the
non-normally distributed physicochemical data to determine
significant differences among the stream and shallow ground-
water samples using the ggpubr package (Kassambara and
Mundt 2020). A Wilcoxon rank sum test was employed with the
“wilcox_test” function of the rstatix package (Kassambara 2023)
to establish which groups were significantly different. We used
a significance level of «=0.01 for all statistical analyses. Any
relationship that is hereafter described as “significant” has met
this threshold.

3 | Results

3.1 | Stream and Shallow Groundwater
Physicochemical Characteristics

During the monitoring period, continuous discharge for Deer
Creek (Figure 2a), measured at USGS gage 07010055 (USGS 2025),
had an average value of 0.48 m3/s and a median value of 0.06m3/s.
The stream responded rapidly to precipitation events, with the
largest flood events most frequently occurring in the spring
months. However, we intentionally collected our weekly samples
for the stream when discharge was low (i.e., <5m?/s). The shal-
low groundwater well levels all fluctuated <1m over the monitor-
ing period, but the water levels tended to be highest in the wells
in the early spring and lowest in the late summer and early fall
(Figure 2b). While Well B and Well C typically had sufficient water
volumes to collect samples, Well A was periodically dry or so close
to dry that we were unable to pump sufficient volumes of water for
the physicochemical parameters to stabilise for our measurement
and sample collection (these periods are indicated by dates without
data for Well A in Figure 2b).

Our water quality measurements highlighted physicochem-
ical differences between the stream and shallow groundwa-
ter sampling sites. While we found no significant differences
among the sites' temperatures over the monitoring period, the
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TABLE1 | Averagesand standard deviations for the physicochemical parameters for the stream and three shallow groundwater monitoring sites.

Parameter Stream (n=130) Well A (n=175) Well B (n=107) Well C (n=108)
Water table elevation (m) NA 142.46+0.19 142.07+0.11 140.98+0.14
Water table depth (m) NA 2.52+0.19 2.75+0.11 2.48+0.14
Temperature (°C) 14.1+7.7 15.3+3.9 16.4+3.6 15.2+2.9
Specific conductivity (uS/cm) 1040+ 749 1206+236 1031 +117 978 £111
pH 7.63+0.27 6.56+0.17 6.69+0.09 6.52+0.18
Dissolved O, (%) 92.0+33.9 31.9+9.5 35.8+7.9 26.3+8.0
Optical brighteners (RFU) 18.1+5.7 74+2.4 69+1.4 79+1.7
E. coli (CFU/100 mL)? 113 +42 4+18 5+28 5+23
F~ (ug/L) 237165 82+26 105+42 98+33

B (ng/L) 80+26 79126 99+18 66+19
Cl~ (mg/L) 221.4+233.8 76.2+47.4 26.1+£59 32.8+9.8
SO42’ (mg/L) 74.2+£25.3 125.9+24.6 20.7+74 68.2+29.1
NO,™-N (mg/L) 0.25+0.24 0.04+0.06 0.51+0.41 0.03+0.06
Na (mg/L) 98.9+85.1 34.5+15.6 18.5+3.2 299+72
Ca (mg/L) 70.3+20.7 193.7+38.4 144.1+16.3 143.5+18.8
Mg (mg/L) 17.1+5.3 16.1£3.0 449+5.6 21.8+1.3
Sr (ng/L) 366+104 503+75 446+ 53 541+40
K (mg/L) 39+0.9 0.8+0.7 0.8+0.3 1.6+£0.5
Si (mg/L) 3.3+1.2 121+1.6 10.5+1.6 9.4+0.7
Mg:Ca (mM/mM) 0.40+0.05 0.14+0.03 0.51+£0.02 0.26+0.05

aGeometric means and geometric standard deviations are reported for E. coli.

shallow groundwater temperatures fluctuated less than those
of the stream (Table 1; Figure 2c). Specific conductivity was
elevated in the stream during the winter months, but the shal-
low groundwater wells did not demonstrate the same seasonal
fluctuations (Figure 2d). Nevertheless, Well A had elevated
specific conductivity values following prolonged dry periods
when the well would go dry (Figure 2b,d). The pH values of
the shallow groundwater sites were also significantly lower
than the stream's pH measurements (Table 1; Figure 2e). We
observed higher pH in the winter and lower pH in the summer
for the stream, but the shallow groundwater did not exhibit
this behaviour. The average dissolved O, percent saturation
values for the shallow groundwater sites were less than half
those for the stream, and Well C had dissolved O, saturation
values that were typically lower than the other two wells
(Table 1; Figure 2f).

Optical brightener values were significantly higher in the
stream relative to the shallow groundwater wells (Table 1;
Figure 2g). The E. coli levels were also elevated in the surface
water compared to the shallow groundwater, with the E. coli
geometric mean of the stream being > 20X higher than the shal-
low groundwater sampling sites (Table 1; Figure 2h). We ob-
served no significant differences in either optical brightener or
E. coli levels among any of the shallow groundwater wells. The
F~ levels were significantly higher in the stream compared to

all the shallow groundwater wells (Table 1; Figure 2i). Stream
F~ concentrations were most distinct from the shallow ground-
water during the summer and fall. However, in the winter, the
F~ concentrations for the stream and shallow groundwater wells
began to converge (Figure 2i). The highest F~ levels we observed
during the study (up to 444 mg/L from 14 to 16 November 2023;
Figure 2i) occurred in the stream and coincided with a reported
drinking water main break upstream. The B concentrations
were indistinguishable among all water types throughout the
monitoring period (Table 1; Figure 2j).

The ClI~ levels were highest and most variable in the stream
(Table 1), with concentration peaks occurring in the winter
(Figure 2k). The Cl~ concentrations in Well A were higher than
in the other two wells (Table 1), especially following the peri-
ods when the well would go dry (Figure 2b,k). Throughout the
study period, Well A consistently had the highest SO,*~ values
of all our monitoring sites, while Well B featured the lowest
SO,?~ concentrations (Table 1; Figure 21). Well C had SO,*~
concentrations that were similar to Well A at the beginning of
the monitoring period, but they gradually decreased over the
course of the study period towards the values observed in Well
B (Figure 21). As with other analytes, SO,*~ concentrations
increased in Well A following dry periods (Figure 2b,l). The
NO,™-N values were not significantly different between Well A
and Well C, but both Well B and the stream had significantly
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the entire sampling period.

higher NO,™-N concentrations compared to the other two wells
(Table 1). While no seasonal patterns in NO,~-N were observed
in Well A and Well C, both Well B and the stream exhibited high
NO,™-N concentrations in the spring and early summer fol-
lowed by declining NO,™-N values later in the summer and into
the fall (Figure 2m).

Our total element data (Figure 2n-s) showed that the stream
had significantly lower concentrations of Ca, Sr, and Si com-
pared to the three shallow groundwater monitoring sites,
while concentrations of Na and K were significantly higher
in the stream relative to the shallow groundwater (Table 1;
Figure 3a,b,d-f). Average Mg concentrations in the stream were
similar to Well A and Well C (Table 1; Figure 3c). When com-
paring significant differences among the wells, we found that
Well A had the highest Ca and Si concentrations, Well B had
the lowest Na concentrations but the highest Mg concentrations,
and Well C had the highest K concentrations (Figure 3a-c,e,f).
All three wells had similar Sr values (Figure 3d). In our evalua-
tion of temporal patterns for our sites, we found the stream had
elevated Na in the winter months compared to the rest of the
year (Figure 2n). Well A had elevated concentrations of Na, Ca,
Mg, Sr, and Si (Figure 2n-g,s) following a period of prolonged
drought (Figure 2b), which coincided with elevated specific con-
ductivity readings for that well (Figure 2d).

3.2 | Endmember Physicochemical Characteristics

Our drinking water and wastewater endmember samples had
municipal water tracer and other analyte values that were typ-
ically close to the ranges presented in prior studies for the re-
gion (Lockmiller et al. 2019; Finegan and Hasenmueller 2023a;

see Table 2). Untreated wastewater always had elevated opti-
cal brightener levels relative to Deer Creek and the shallow
groundwater in its floodplain (Table 2). Drinking water and
untreated wastewater F~ concentrations were commonly ele-
vated relative to the stream and shallow groundwater samples
from the Deer Creek watershed (Table 2). While B concentra-
tions were generally lower in the stream and shallow ground-
water samples compared to drinking water and untreated
wastewater, we observed more overlap in B values between
the watershed samples and both municipal water types than
we did with the other tracers (Table 2). Our Deer Creek stream
samples also had elevated municipal water tracer ranges rela-
tive to stream and spring samples collected at rural sites in the
region (Table 2).

Our evaluation of the floodplain sediment samples collected
when the wells were originally installed showed that the sub-
strate had similar gravimetric water content across compa-
rable depths for all the well sites (Figure 4a). While organic
matter content values were similar among the sites for the
deeper floodplain sediment samples, Well C had ~2x higher
organic matter levels near the ground surface compared to the
other two wells (Figure 4b). The cation exchange capacities
of the substrate for all the well sites were within 5cmol /kg
for similar depths, but their values generally decreased with
depth for Well A and Well C and increased with depth for
Well B (Figure 4c). The floodplain sediment's exchangeable
Mg:Ca molar ratio at Well A increased then decreased with
depth, but it consistently increased with depth for Well B
(Figure 4d). Well C's exchangeable Mg:Ca molar ratios did not
notably change as a function of substrate depth (Figure 4d).
The exchangeable Na percentage for the floodplain sediment
was >4x higher at Well A compared to Well B and Well C

Hydrological Processes, 2025
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FIGURE 4 |

Physicochemical characterisations of the floodplain sediment substrate at each of the shallow groundwater well sites. Replicate

averages (points) and standard deviations (bars; note that the standard deviations were less than the point size in most cases) are provided for (a)

gravimetric water content (GWC), (b) organic matter (OM) content, (c) cation exchange capacity (CEC), (d) exchangeable Mg:Ca ratios, and (e) ex-

changeable Na percentages (ESP) at each depth interval.

for the two shallowest sampling depths (Figure 4e). However,
the deepest sediment sample for Well A had an exchangeable
Na percentage value that was analogous to the other well sites
(Figure 4e).

4 | Discussion

4.1 | Drinking Water and Untreated Wastewater
Signatures in an Urban Watershed

Across the 2.6 years we monitored stream and shallow ground-
water physicochemical attributes in the Deer Creek catchment,
standard tracers of drinking water and untreated wastewa-
ter were often elevated in the stream relative to the shallow
groundwater in its floodplain (Tables 1 and 2; Figure 2). Indeed,
optical brighteners and E. coli, which are used as untreated
wastewater indicators, were higher in Deer Creek relative to
the wells and had a significant and positive (r=0.50) correla-
tion for the stream samples. These findings suggest that Deer
Creek continues to receive untreated wastewater contributions
despite the prior sewer renovation (Hartel et al. 2008; Tavares
et al. 2008; Finegan and Hasenmueller 2023a). We expect that
the optical brighteners and E. coli were mainly sourced to the
stream from untreated blackwater since they were found at
high levels together rather than independently (e.g., individ-
ually elevated optical brightener levels can suggest contribu-
tions from greywater, while high E. coli concentrations alone
can indicate inputs from wildlife). We nevertheless acknowl-
edge that these other potential sources may impact Deer Creek
to a minor degree given the moderate strength of the stream's
optical brightener and E. coli correlation. Interestingly, the
shallow groundwater wells had low optical brightener and E.
coli levels (Table 1; Figure 2g,h), and the parameters were not
correlated for the well samples. Low values for these tracers
in the shallow groundwater suggest limited sourcing of un-
treated wastewater to the observation wells.

Concentrations of F~ that are elevated above background lev-
els in natural waterbodies can indicate either drinking water
or untreated wastewater inputs. Like our optical brightener
and E. coli data, Deer Creek's F~ concentrations were almost
always higher than those in the shallow groundwater samples
(Tables 1 and 2; Figure 2i). The highest F~ concentrations for
the stream usually occurred in the summer, while the shal-
low groundwater generally exhibited elevated F~ levels in
the winter. These differences in F~ behaviour between the
surface water and shallow groundwater may respectively be
due to lawn irrigation with fluoridated drinking water im-
pacting the stream in the summer and water main breaks in
the subsurface contributing drinking water to the shallow
groundwater in the winter. Seasonal variations in drinking
water contributions to the Deer Creek basin are consistent
with previous observations for an urban catchment in Austin,
Texas, United States, where drinking water inputs accounted
for <1% to nearly 100% of the total recharge to the studied
basin during the wet and dry seasons, respectively (Passarello
et al. 2012). We even captured the signal of a large drinking
water main break around 14-16 November 2023 that impacted
Deer Creek. During the event, stream F~ concentrations in-
creased from 246 mg/L to 444mg/L and corresponded with
an increase in discharge over the 2 days of the drinking water
main break event (Figure 2a,i). While we clearly documented
the considerable and immediate input of drinking water to the
stream, we could not ascertain if the subsequent increases we
observed in F~ concentrations for the shallow groundwater in
the winter of 2023-2024 were the result of this specific main
rupture event or multiple leaks. Indeed, the shallow ground-
water sites exhibited elevated F~ concentrations across mul-
tiple winters during the study period. Untreated wastewater
may also source F~ to the stream given Deer Creek's elevated
optical brightener and E. coli signatures, but, as noted earlier,
low values for these parameters in the well samples suggest
that untreated wastewater is an unlikely source of F~ to the
shallow groundwater.

Hydrological Processes, 2025
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While the Deer Creek watershed historically contained
constructed sewer overflows upstream of our sampling lo-
cation, they were removed by 31 July 2022 (Finegan and
Hasenmueller 2025), which was 1.5months before our study
started on 15 September 2022. With the stream no longer
receiving rapid and direct inputs of sewage, any untreated
wastewater entering Deer Creek would likely be sourced
from faulty infrastructure in the watershed. We thus hypoth-
esised that the shallow groundwater was delivering untreated
wastewater as well as drinking water to the stream, which had
been previously suggested for urban streams in the St. Louis
region (Lockmiller et al. 2019; Buckley 2020). Nevertheless,
we found that Deer Creek had higher drinking water and
untreated wastewater tracer concentrations compared to the
shallow groundwater, which was not our anticipated result.
Our findings instead indicate that the shallow groundwater
we sampled was not a meaningful transporter of legacy drink-
ing water and untreated wastewater to this urban stream
system.

One possible reason for the low municipal water tracer con-
centrations in the shallow groundwater samples might be our
observation well depths. We originally assumed that sampling
the shallow groundwater at the depths at which the wells
occur would be sufficient to capture drinking water and un-
treated wastewater signals because the study site is situated
such that leaking water infrastructure at residences uphill
would travel downhill with the groundwater towards the
stream. Our F~ data suggest this process probably occurred to
some degree for drinking water since the F~ signature in the
well sites was elevated during the winter months (Figure 2i).
However, F~ concentrations in the wells rarely exceeded those
in the stream.

The phenomenon of untreated wastewater leaking at shallow
depths in the subsurface was in fact previously observed by the
land managers at the Litzsinger Road Ecology Center when a
sewer lateral pipe ruptured, causing raw sewage to upwell into
a vernal pool on the property. Despite past examples of sub-
surface sewage infrastructure failures leading to untreated
wastewater contributions to surface waterbodies at the site,
we suspect the potentially heterogeneous nature of the sewage
infrastructure leaks meant we did not capture their signatures
where we were monitoring. Deeper samples of the groundwa-
ter may exhibit stronger untreated wastewater signals when
the water homogenises as it travels farther into the subsurface.
Additionally, while our wells reached depths up to 3.81 m below
the surface, sewer lateral pipes can range from 1 m to 5m in
depth (Lee et al. 2015) and the recently installed sanitary tunnel
in the watershed that collects untreated wastewater from the
lateral pipes and trunk sewer networks is approximately 10m
below the surface (MSD 2020). If wastewater exfiltrates from
faulty sewer pipes at depths > 3.81m, deeper groundwater may
have elevated untreated wastewater tracer concentrations com-
pared to the shallower groundwater that we sampled. Indeed,
leaking wastewater infrastructure has been shown to contam-
inate groundwater at depths up to 23m (Wolf et al. 2006; Lee
et al. 2015). Deer Creek is mapped as a gaining stream at our
study site (MoDNR 2025), and, should deeper groundwater be
its supply, then groundwater could still be a vector for delivering
municipal waters to the stream.

With these variables in mind, future studies should examine
groundwater geochemistry across larger depth ranges in con-
junction with shallow aquifer properties (though information
on the characteristics of shallow aquifers is often limited in
many regions). We also note that future work should consider
the potential for groundwater to infiltrate into the wastewater
infrastructure. Given that our selected site features groundwater
depths that are shallower than components of the wastewater
infrastructure network, movement of groundwater through the
sewer system is a strong possibility (Zeydalinejad et al. 2024)
and may vary seasonally with groundwater level (Figure 2b).

Another unexpected outcome of our study was the similarity
of the B signatures across our monitoring sites (Tables 1 and
2; Figure 2j). The B signal in water resources is often used as
an indicator of wastewater pollution since B can be added to
wastewater from household detergent use (Vengosh et al. 1994;
Hasenmueller and Criss 2013; Lockmiller et al. 2019). If B were
only sourced to our sites from untreated wastewater contribu-
tions, our B results would suggest that the stream and shallow
groundwater are similarly impacted by untreated wastewater
inputs. However, this hypothesis is inconsistent with our find-
ings for the other municipal water tracers. A mixing diagram
for the B and F~ concentrations in our samples from the Deer
Creek watershed sites as well as potential endmembers (i.e., un-
impacted water types from rural areas in the region, drinking
water, and wastewater) showed that our stream samples had a
combination of the characteristics of regional rural water types
and municipal waters (Figure 5). All the wells occasionally had
samples that fell between the signatures of the rural waterbod-
ies and drinking water, indicating some drinking water contri-
butions to the shallow groundwater. However, many shallow
groundwater samples fell outside of the mixing diagram where
they had high B but low F~ concentrations (Figure 5). Thus, an
uncharacterised source of B to the shallow groundwater con-
founds the municipal water signatures, and, consequently, using
B concentrations alone appears to be an infeasible method to de-
tect untreated wastewater at our shallow groundwater sites. We
suspect weathering processes in the floodplain substrate may be
the source of the elevated B levels in the shallow groundwater
(Mavromatis et al. 2015), but the Deer Creek watershed samples,
municipal water types, and any additional B endmembers would
need to be better constrained through quantifying their §''B
values as has been done in other systems (Vengosh et al. 1994;
Barth 1998; Petelet-Giraud et al. 2009; Guinoiseau et al. 2018).

4.2 | Drivers of Shallow Groundwater
Heterogeneity

While all the shallow groundwater wells had low levels of mu-
nicipal water tracers (i.e., optical brighteners, E. coli, and F~)
compared to the stream, we found that the shallow groundwa-
ter was surprisingly heterogeneous for other analyte signatures
(Tables 1 and 2; Figures 2 and 3) given the proximity of the wells
(i.e., all within 0.5km of each other; Figure 1c). We anticipated
that the anions and total element concentrations would exhibit
a gradient between the shallowest groundwater well (i.e., Well
A) and the stream, but no consistent geochemical trend emerged
among the monitoring sites (Figures 2 and 3). Thus, to better
constrain the sourcing and evolution of shallow groundwater in
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the urban Deer Creek catchment, we assessed potential drivers
of geochemical variability at the floodplain scale for our water-
shed sites.

Natural drivers of shallow groundwater geochemistry can in-
clude contributions from precipitation, losses via evapotrans-
piration, spatiotemporal variations in flowpaths, fluctuations
in water table depth, connections with surface waterbodies,
changes in topography, and interactions with the substrate
(e.g., soil, sediment, or rock; Gao et al. 2020). Of these pro-
cesses, spatial variations in the water budget from precipita-
tion and evapotranspiration should be minimal at our study
location given its floodplain scale and are thus unlikely drivers
of the heterogeneity in the shallow groundwater's geochemis-
try. While watershed lithology can influence the assemblages
of dissolved species in groundwater (Négrel et al. 1993; Blum
et al. 1998; Roy et al. 1999; Jin et al. 2008; Wu et al. 2014), our
shallow groundwater wells sit above or at the contact with the
bedrock, where the same unit is mapped for the entire study
area. Therefore, variations in geology are probably not an im-
portant factor controlling geochemical heterogeneity in the
floodplain's shallow groundwater.

Other hydrological factors, including infiltration processes,
preferential flowpaths, and flow rates, can impact the geo-
chemistry of the shallow groundwater via water retention

times, which may affect water-substrate interactions at our
well sites. In the floodplain, the sediment properties and water
flow along the contact between the sediment and rock, partic-
ularly for Well C, which extends to the surface of the bedrock,
are likely major controls on the shallow groundwater's flow
and geochemical evolution. Moreover, fluxes between the sur-
face water and shallow groundwater can change seasonally,
leading to the stream experiencing either gaining or losing
conditions (Prajapati et al. 2021). We periodically observed
evidence for such surface water-groundwater exchanges, in-
cluding through potential first flushing events, where certain
anions and total element concentrations increased concur-
rently for the well sites and Deer Creek (Figure 2). Prominent
examples of possible first flush events included when SO,*~
concentrations simultaneously increased for Well A and Deer
Creek during small discharge events for the stream that fol-
lowed dry periods (Figure 2a,b,l), though other analytes and
wells could exhibit similar behaviour (Figure 2).

Some of the shallow groundwater heterogeneities in the flood-
plain could be attributable to the depth of the wells and, thus, the
residence time of the water they were collecting. Well A had the
highest variability in temperature and a variety of geochemical
parameters (e.g., specific conductivity, Cl~, Na, Ca, Sr, and K),
seasonally went dry after periods of drought, and was the most
saline after those dry periods (Table 1; Figures 2 and 3). Well
A therefore perhaps represents the youngest water in our shal-
low groundwater system and, consequently, is more impacted
by temporal fluctuations in precipitation and water table level
than the other wells (Crowther and Pitty 1982; Constantz 2008).
Since Well B and Well C typically featured less variability for
many of their geochemical signatures compared to Well A, they
likely exemplify deeper and better mixed water sources within
the system.

Another possible cause of the shallow groundwater's geo-
chemical variability is the geomorphology of the floodplain
(Nolan et al. 2003; Akbariyeh et al. 2018). Well A is situated
atop a steep cutbank, while the other two wells are located
at lower elevations on the opposite bank (Figure 1c). Thus,
the Well B and Well C sites are more frequently inundated
during Deer Creek's flood events due to the lower ground sur-
face elevation. The Well A site being flooded less frequently
than the other sites could lead to drier sediment conditions
that cause the precipitation of evaporite minerals during pe-
riods of drought, leading to higher salinity in the sediment
(Figure 4e). The dissolution of those minerals following rain-
fall events could indeed explain the periodic first-flushing
events that we observed at the site.

We also explored potential water flowpaths and surface water—
groundwater interactions at our sites using the Mg:Ca molar
ratios in our water samples (Fairchild et al. 2006; Williams
et al. 2007; Musgrove et al. 2010). When we plotted the Mg:Ca
molar ratios for our Deer Creek basin samples (Figure 6), we
observed that the trendlines varied considerably among our
stream and shallow groundwater monitoring sites despite the
local scale of the study. While we did not assess the mineral-
ogy of the substrate in which the wells are located, we suspect
the divergent Mg:Ca molar ratios among the wells may repre-
sent differing mineral weathering and precipitation processes
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FIGURE 6 | Mg:Ca molar ratios for the stream and shallow ground-
water samples.
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FIGURE 7 | A Piper diagram for the stream and shallow groundwa-
ter samples.

across the sites. For example, the Mg:Ca molar ratios are low-
est in Well A, which also featured large Ca and SO >~ pulses
during first flush events following dry periods (Figure 2b,1,0).
These Ca and SO,*>~ peaks in Well A's water may represent
an influx of gypsum weathering products from the flood-
plain substrate, and geologic maps of the area indeed indicate
the presence of evaporite minerals in the limestone bedrock
(Harrison 1997). Pulses of gypsum weathering products
would elevate the Ca concentrations in Well A but would not
similarly increase the Mg concentrations. This process would
subsequently lead to the relatively low Mg:Ca molar ratios for
Well A compared to the other sampling sites. Future work to
characterise the substrate's mineralogy would help resolve the
causes of the diverse Mg:Ca molar ratios for the stream and
shallow groundwater sites.

Our Piper diagram further demonstrated the geochemical variabil-
ity among our stream and shallow groundwater sites (Figure 7).
Our data for Well B clustered tightly within the Ca-Mg-HCO,™-
type water field (Figure 7) and had Mg:Ca molar ratios (Figure 6)
most representative of calcite weathering (Williams et al. 2007).
These characteristics of Well B likely result from the underlying
limestone at the study location (Harrison 1997; MoDNR 2025).
While Well A also mostly plotted in the Ca-Mg-HCO, -type
water field, some samples trended to Ca-Mg-SO,*~-type waters
(Figure 7). This behaviour may be related to the first flushing
events we observed at Well A (e.g., SO,*~ pulses; Figure 21). Like
the other two wells, Well C plotted in the Ca-Mg-HCO, -type
water field, but its data extended between the more tightly clus-
tered data of the other two shallow groundwater sites as well as the
stream (Figure 7). Similarly, Well C had Mg:Ca molar ratios that
fell between the values obtained for the stream and the other two
shallow groundwater wells (Figure 6).

Compared to the shallow groundwater samples, the stream water
was shifted into the Ca-Mg-SO,?>~-type and Na-Cl--type water
compositions (Figure 7) because Cl~ and Na concentrations
were elevated in Deer Creek during the winter (Figure 2k,n).
High levels of CI~ and Na in the stream are unsurprising since
deicing salts are applied in our study catchment (Finegan and
Hasenmueller 2023b) to increase roadway safety during snowy
and icy conditions in the winter (Hintz et al. 2022). In contrast,
the shallow groundwater samples exhibited low concentrations
and variability in their C1~ and Na signatures, except Well A
following first flushing events (which typically occurred in
the late summer and early fall; Figure 2k,n). Prior studies have
shown that road salt related ions can accumulate in groundwa-
ter over time, with annual Cl~ increases of 1-6 mg/L (Godwin
et al. 2003; Kelly et al. 2008; Perera et al. 2013; Robinson and
Hasenmueller 2017). However, we suspect that the limited
road salt signature in the observation wells is due to the dis-
tance between our monitored sites and nearby roadways, which
likely restricted the exposure of the shallow groundwater at
these locations to deicer contamination events (Baraza and
Hasenmueller 2021).

While all the shallow groundwater sites in the floodplain of
Deer Creek were relatively unimpacted by road salt pollution
(Table 1), other land use associated pollutants behaved differ-
ently among the wells. For example, Well B featured elevated
NO,™-N concentrations in the spring (up to nearly 2.0mg/L)
compared to the other wells that always had NO,™-N levels of
<0.6mg/L (Figure 2m). The stream also featured springtime
increases in NO,™-N (Figure 2m), but the average NO, -N
value for the stream was half that of Well B (Table 1). The high
NO,™-N concentrations in Well B may be sourced from a small
horse farm ~100m upgradient of the well (Figure 1c) that may
likewise impact the stream. Our discovery of high heterogeneity
for pollutants like NO,~-N across the well sites illustrates the
importance of understanding small scale land use variations in
urban floodplain environments. Although shallow groundwater
did not appear to be a major pathway for transmitting municipal
water types to the nearby stream, the high variability of analytes
such as NO,~-N across the floodplain monitoring wells suggests
that the shallow groundwater's role in transporting drinking
water and untreated wastewater to streams may vary across
urban watersheds.
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5 | Conclusions

Our integrated, floodplain scale study of the physicochemi-
cal characteristics of an urban stream and its adjacent shallow
groundwater showed that the shallow groundwater was not a
meaningful source of the elevated drinking water and untreated
wastewater signatures observed in the stream. Although the
shallow groundwater at our monitoring sites played a limited
role in conveying municipal waters to the stream, we observed
striking geochemical differences among the observation wells.
At this local scale, factors such as precipitation, evapotranspi-
ration, and geology did not appear to drive this observed vari-
ability. Instead, the geochemical heterogeneity among the wells
likely reflects differences in groundwater depth, geomorphol-
ogy, residence time, mineral precipitation and dissolution pro-
cesses, and urban land use. While the shallow groundwater did
not act as a major conduit for municipal water types to the sur-
face water at our study location, the high variability in other an-
alytes across the floodplain's shallow groundwater suggests that
its role in transmitting drinking water and untreated wastewa-
ter to streams may vary across urban catchments. Future studies
should monitor more locations and a wider range of groundwa-
ter depths within urban stream floodplains to better identify
where municipal water transmission may occur.

Acknowledgements

This work was funded by research grants from the Missouri Botanical
Garden's Litzsinger Road Ecology Center's Small Grants Program
to Carly R. Finegan (in 2021-2022 and 2023-2024) and the Terracon
Foundation to Elizabeth A. Hasenmueller (in 2023-2024) as well as
other funds from Saint Louis University. P. Benjamin Luetkemeyer
of Terracon is thanked for donating time and resources to install the
shallow groundwater wells that were used in this study. We appreciate
the assistance of the Litzsinger Road Ecology Center's former (James
Faupel) and current (Adam Rembert) site coordinators as well as other
staff and volunteers for their help with coordinating access to the stream
and shallow groundwater wells on the property. We are grateful to those
who assisted with data collection and analysis for this project. We also
would like to thank two anonymous reviewers for their thoughtful com-
ments that helped us improve our manuscript.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

Akbariyeh, S., S. Bertlet-Hunt, D. Snow, X. Li, Z. Tang, and Y. Li.
2018. “Three-Dimensional Modeling of Nitrate-N Transport in Vadose
Zone: Roles of Soil Heterogeneity and Groundwater Flux.” Journal of
Contaminant Hydrology 211: 15-25. https://doi.org/10.1016/j.jconhyd.
2018.02.005.

Amacher, M. C., R. E. Henderson, M. D. Breithaupt, C. L. Seale, and
J. M. LaBauve. 1990. “Unbuffered and Buffered Salt Methods for
Exchangeable Cations and Effective Cation-Exchange Capacity.” Soil
Science Society of America Journal 54, no. 4: 1036-1042. https://doi.org/
10.2136/s552j1990.03615995005400040018x.

Banzhaf, S.,A.Krein, and T. Scheytt. 2013. “Using Selected Pharmaceutical
Compounds as Indicators for Surface Water and Groundwater Interaction
in the Hyporheic Zone of a Low Permeability Riverbank.” Hydrological
Processes 27: 2892-2902. https://doi.org/10.1002/hyp.9435.

Baraza, T., and E. A. Hasenmueller. 2021. “Road Salt Retention and
Transport Through Vadose Zone Soils to Shallow Groundwater.”
Science of the Total Environment 755: 142240.

Barth, S. 1998. “Application of Boron Isotopes for Tracing Sources of
Anthropogenic Contamination in Groundwater.” Water Research 32,
no. 3: 685-690. https://doi.org/10.1016/s0043-1354(97)00251-0.

Barthel, R., and S. Banzhaf. 2016. “Groundwater and Surface Water
Interaction at the Regional-Scale—A Review With Focus on Regional
Integrated Models.” Water Resources Management 30: 1-32. https://doi.
0rg/10.1007/s11269-015-1163-z.

Beal, L., J. Senison, J. Banner, et al. 2020. “Stream and Spring Water
Evolution in a Rapidly Urbanizing Watershed, Austin, TX.” Water
Resources Research 56, no. 4: e2019WR025623. https://doi.org/10.1029/
2019WR025623.

Blum, J. D., C. A. Gazis, A. D. Jacobson, and C. P. Chamberlain. 1998.
“Carbonate Versus Silicate Weathering in the Raikhot Watershed
Within the High Himalayan Crystalline Series.” Geology 26, no. 5:
411-414. https://doi.org/10.1130/0091-7613(1998)026<0411:CVSWIT>
2.3.CO:;2.

Buckley, C. E. 2020. “Spatial and Temporal Trends in Municipal
Water Inputs to an Urban Headwater Catchment. Saint Louis
University ProQuest Dissertations & Theses, 28001159.”

Cao, Y., J. F. Griffith, and S. B. Weisberg. 2009. “Evaluation of Optical
Brightener Photodecay Characteristics for Detection of Human Fecal
Contamination.” Water Research 43, no. 8: 2273-2279. https://doi.org/
10.1016/j.watres.2009.02.020.

Cheung, W. H. S., K. C. K. Chang, R. P. S. Hung, and J. W. L. Kleevens.
1990. “Health Effects of Beach Water Pollution in Hong Kong.”
Epidemiology and Infection 105: 139-162. https://doi.org/10.1017/S0950
268800047737.

Constantz, J. 2008. “Heat as a Tracer to Determine Streambed Water
Exchanges.” Water Resources Research 44, no. 4: 2008WR006996.
https://doi.org/10.1029/2008 WR006996.

Corsi, S. R., L. A. De Cicco, A. M. Hansen, et al. 2021. “Optical
Properties of Water for Prediction of Wastewater Contamination,
Human-Associated Bacteria, and Fecal Indicator Bacteria in Surface
Water at Three Watershed Scales.” Environmental Science and
Technology 55, no. 20: 13770-13782. https://doi.org/10.1021/acs.est.
1c02644.

Crowther, J., and A. F. Pitty. 1982. “Water Temperature Variability as
an Indicator of Shallow-Depth Groundwater Behaviour in Limestone
Areas in West Malaysia.” Journal of Hydrology 57, no. 1-2: 137-146.
https://doi.org/10.1016/0022-1694(82)90108-1.

Deer Creek Watershed Alliance. 2023. “Deer Creek Watershed
Management Plan: Chapter 3: Element A. Identifying Impairments.
Missouri Botanical Garden. Page 3.18.” https://www.deercreekalliance.
org/2023_plan_details.

Dickenson, E. R. V., S. A. Snyder, D. L. Sedlak, and J. E. Drewes.
2011. “Indicator Compounds for Assessment of Wastewater Effluent
Contributions to Flow and Water Quality.” Water Research 45, no. 3:
1199-1212. https://doi.org/10.1016/j.watres.2010.11.012.

Dubber, D., and L. W. Gill. 2017. “Suitability of Fluorescent Whitening
Compounds (FWCs) as Indicators of Human Faecal Contamination
From Septic Tanks in Rural Catchments.” Water Research 127: 104-117.
https://doi.org/10.1016/j.watres.2017.10.005.

Fairchild, I. J., G. W. Tuckwell, A. Baker, and A. F. Tooth. 2006.
“Modelling of Dripwater Hydrology and Hydrogeochemistry in a
Weakly Karstified Aquifer (Bath, UK): Implications for Climate Change
Studies.” Journal of Hydrology 321, no. 1-4: 213-231. https://doi.org/10.
1016/j.jhydrol.2005.08.002.

Fillo, N. K., A. S. Bhaskar, and A. J. Jefferson. 2021. “Lawn Irrigation
Contributions to Semi-Arid Urban Baseflow Based on Water-Stable

Hydrological Processes, 2025

13 of 15

85U8017 SUOWILIOD BAIEa.D 8|qed![dde 8Ly Aq pausenob ase Ss(oie YO ‘SN JO Sa|nJ Joj A%eiq)aulUO A1 UO (SUORIPLOD-PUR-SWUBIAL0D A8 |1 AReIq 1 el |UO//SdNY) SUORIPUOD pue Swie 1 8y} 89S *[620z/0T/0T] Uo Ariqiauliuo A(IM Aisean ames uebiyoln Aq 62202 dAu/z00T 0T/I0p/woo" A3 |1mAReid 1 jeuluoy//sdiy woly pepeojumod ‘0T ‘5202 ‘S80T660T


https://doi.org/10.1016/j.jconhyd.2018.02.005
https://doi.org/10.1016/j.jconhyd.2018.02.005
https://doi.org/10.2136/sssaj1990.03615995005400040018x
https://doi.org/10.2136/sssaj1990.03615995005400040018x
https://doi.org/10.1002/hyp.9435
https://doi.org/10.1016/s0043-1354(97)00251-0
https://doi.org/10.1007/s11269-015-1163-z
https://doi.org/10.1007/s11269-015-1163-z
https://doi.org/10.1029/2019WR025623
https://doi.org/10.1029/2019WR025623
https://doi.org/10.1130/0091-7613(1998)026%3C0411:CVSWIT%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1998)026%3C0411:CVSWIT%3E2.3.CO;2
https://doi.org/10.1016/j.watres.2009.02.020
https://doi.org/10.1016/j.watres.2009.02.020
https://doi.org/10.1017/S0950268800047737
https://doi.org/10.1017/S0950268800047737
https://doi.org/10.1029/2008WR006996
https://doi.org/10.1021/acs.est.1c02644
https://doi.org/10.1021/acs.est.1c02644
https://doi.org/10.1016/0022-1694(82)90108-1
https://www.deercreekalliance.org/2023_plan_details
https://www.deercreekalliance.org/2023_plan_details
https://doi.org/10.1016/j.watres.2010.11.012
https://doi.org/10.1016/j.watres.2017.10.005
https://doi.org/10.1016/j.jhydrol.2005.08.002
https://doi.org/10.1016/j.jhydrol.2005.08.002

Isotopes.” Water Resources Research 57, no. 8: e2020WR028777. https://
doi.org/10.1029/2020WR028777.

Finegan, C. R., and E. A. Hasenmueller. 2023a. “Using in Situ
Measurements of Optical Brighteners for Rapid Reconnaissance
of Wastewater Inputs to Water Resources.” Science of the Total
Environment 881: 163378. https://doi.org/10.1016/j.scitotenv.2023.
163378.

Finegan, C. R., and E. A. Hasenmueller. 2023b. “Winter Road Salt
Retention is Enhanced in Watersheds Dominated by Silicate Rocks
Compared to Carbonate Rocks.” American Geophysical Union: Abstract
Number: H33U-2057.

Finegan, C. R., and E. A. Hasenmueller. 2025. “A Nearly Decade-Long
Assessment of Urban Stream Physicochemical Responses to a Regional-
Scale Wastewater Infrastructure Renovation.” Hydrological Processes.
https://doi.org/10.1002/hyp.70271.

Gao, Y., H. Qian, C. Huo, J. Chen, and H. Wang. 2020. “Assessing
Natural Background Levels in Shallow Groundwater in a Large
Semiarid Drainage Basin.” Journal of Hydrology 584: 124638. https://
doi.org/10.1016/j.,jhydrol.2020.124638.

Godwin, K. S., S. D. Hafner, and M. F. Buff. 2003. “Long-Term Trends
in Sodium and Chloride in the Mohawk River, New York: The Effect
of Fifty Years of Road-Salt Application.” Environmental Pollution 124:
273-281. https://doi.org/10.1016/S0269-7491(02)00481-5.

Guinoiseau, D., P. Louvat, G. Paris, et al. 2018. “Are Boron Isotopes a
Reliable Tracer of Anthropogenic Inputs to Rivers Over Time?” Science
of the Total Environment 626: 1057-1068. https://doi.org/10.1016/j.scito
tenv.2018.01.159.

Harrison, R. W. 1997. “Bedrock Geologic Map of the St. Louis 30’ x 60’
Quadrangle, Missouri and Illinois.” In United States Geological Survey
Publications Warehouse. United States Geological Survey. https://doi.
org/10.3133/i2533.

Hartel, P. G., K. Rodgers, G. L. Moody, S. N. J. Hemmings, J. A.
Fisher, and J. L. McDonald. 2008. “Combining Targeted Sampling and
Fluorometry to Identify Human Fecal Contamination in a Freshwater
Creek.” Journal of Water and Health 6, no. 1: 105-116. https://doi.org/
10.2166/wh.2007.004.

Hasenmueller, E. A., and R. E. Criss. 2013. “Multiple Sources of Boron
in Urban Surface Waters and Groundwaters.” Science of the Total
Environment 447: 235-247. https://doi.org/10.1016/j.scitotenv.2013.
01.001.

Heiri, O., A. F. Lotter, and G. Lemcke. 2001. “Loss on Ignition
as a Method for Estimating Organic and Carbonate Content in
Sediments: Reproducibility and Comparability of Results.” Journal of
Paleolimnology 25: 101-110. https://doi.org/10.1023/A:1008119611481.

Hintz, W. D., L. Fay, and R. A. Relyea. 2022. “Road Salts, Human Safety,
and the Rising Salinity of Our Fresh Waters.” Frontiers in Ecology and
the Environment 20, no. 1: 22-30. https://doi.org/10.1002/fee.2433.

Jin, L., E. L. Williams, K. J. Szramek, L. M. Walter, and S. K. Hamilton.
2008. “Silicate and Carbonate Mineral Weathering in Soil Profiles
Developed on Pleistocene Glacial Drift (Michigan, USA): Mass Balances
Based on Soil Water Geochemistry.” Geochimica et Cosmochimica Acta
72, no. 4: 1027-1042. https://doi.org/10.1016/j.gca.2007.12.007.

Kassambara, A. 2023. “ggpubr: ‘ggplot2’ Based Publication Ready
Plots. R Package Version 0.6.0.” https://CRAN.R-project.org/package=

ggpubr.

Kassambara, A., and F. Mundt. 2020. “factoextra: Extract and Visualize
the Results of Multivariate Data Analyses. R Package Version 1.0.7.”
https://CRAN.R-project.org/package=factoextra.

Keefe, S. H., L. B. Barber, L. E. Hubbard, P. M. Bradley, D. A. Roth,
and D. W. Kolpin. 2019. “Behavior of Major and Trace Elements in a
Transient Surface Water/Groundwater System Following Removal of a
Long-Term Wastewater Treatment Facility Source.” Science of the Total

Environment 668: 867-880. https://doi.org/10.1016/j.scitotenv.2019.
02.358.

Kelly, V. R., G. M. Lovett, K. C. Weathers, et al. 2008. “Long-Term
Sodium Chloride Retention in a Rural Watershed: Legacy Effects of
Road Salt on Streamwater Concentration.” Environmental Science &
Technology 42, no. 2: 410-415. https://doi.org/10.1021/es071391.

Kuhlemann, L. M., D. Tetzlaff, and C. Soulsby. 2021. “Spatio-Temporal
Variations in Stable Isotopes in Peri-Urban Catchments: A Preliminary
Assessment of Potential and Challenges in Assessing Streamflow
Sources.” Journal of Hydrology 600: 126685. https://doi.org/10.1016/j.
jhydrol.2021.126685.

Lee, D. G., P. R. Roehrdanz, M. Feraud, et al. 2015. “Wastewater
Compounds in Urban Shallow Groundwater Wells Correspond to
Exfiltration Probabilities of Nearby Sewers.” Water Research 85: 467-
475. https://doi.org/10.1016/j.watres.2015.08.048.

Lerner, D. N. 1986. “Leaking Pipes Recharge Ground Water.”
Groundwater 24, no. 5: 654-662. https://doi.org/10.1111/j.1745-6584.
1986.tb03714.x.

Lockmiller, K. A., K. Wang, D. A. Fike, A. R. Shaughnessy, and E. A.
Hasenmueller. 2019. “Using Multiple Tracers (F—, B, 8 11 B, and Optical
Brighteners) to Distinguish Between Municipal Drinking Water and
Wastewater Inputs to Urban Streams.” Science of the Total Environment
671: 1245-1256. https://doi.org/10.1016/j.scitotenv.2019.03.352.

Luque-Espinar, J. A., N. Navas, M. Chica-Olmo, S. Cantarero-Malagén,
and L. Chica-Rivas. 2015. “Seasonal Occurrence and Distribution of
a Group of ECs in the Water Resources of Granada City Metropolitan
Areas (South of Spain): Pollution of Raw Drinking Water.” Journal of
Hydrology 531: 612-625. https://doi.org/10.1016/j.jhydrol.2015.10.066.

Marx, C., D. Tetzlaff, R. Hinkelmann, and C. Soulsby. 2021. “Isotope
Hydrology and Water Sources in a Heavily Urbanized Stream.”
Hydrological Processes 35, no. 10: el4377. https://doi.org/10.1002/hyp.
14377.

Mavromatis, V., V. Montouillout, J. Noireaux, J. Gaillardet, and J.
Schott. 2015. “Characterization of Boron Incorporation and Speciation
in Calcite and Aragonite From Co-Precipitation Experiments Under
Controlled pH, Temperature and Precipitation Rate.” Geochimica et
Cosmochimica Acta 150: 299-313. https://doi.org/10.1016/j.gca.2014.
10.024.

Metropolitan St. Louis Sewer District (MSD). 2020. “Deer Creek
Sanitary Tunnel Project: Winter 2020 Update.” https://brentwoodmo.
org/DocumentCenter/View/28220/MSD-Deer-Creek-Sanitary-Tunne
I-Project-Phase-II-Winter-2020.

Miller, J. D., H. Kim, T. R. Kjeldsen, J. Packman, S. Grebby, and R.
Dearden. 2014. “Assessing the Impact of Urbanization on Storm Runoff
in a Peri-Urban Catchment Using Historical Change in Impervious
Cover.” Journal of Hydrology 515: 59-70. https://doi.org/10.1016/j.jhydr
01.2014.04.011.

Missouri Department of Natural Resources Office of Geospatial
Information (MoDNR). 2025. “Geosciences Technical Resource
Assessment Tool (GeoSTRAT).” https://www.arcgis.com/home/item.
htm1?id=465c9feb5c4e407a903eda81e2cbc045.

Musgrove, M., L. A. Stern, and J. L. Banner. 2010. “Springwater
Geochemistry at Honey Creek State Natural Area, Central Texas:
Implications for Surface Water and Groundwater Interaction in a Karst
Aquifer.” Journal of Hydrology 388, no. 1-2: 144-156. https://doi.org/10.
1016/j.jhydrol.2010.04.036.

Négrel, P., C. J. Allégre, B. Dupré, and E. Lewin. 1993. “Erosion Sources
Determined by Inversion of Major and Trace Element Ratios and
Strontium Isotopic Ratios in River: The Congo Basin Case.” Earth and
Planetary Science Letters 120, no. 1-2: 59-76. https://doi.org/10.1016/
0012-821X(93)90023-3.

Nolan, B. T., A. L. Baehr, and L. J. Kauffman. 2003. “Spatial Variability
of Groundwater Recharge and Its Effect on Shallow Groundwater

14 of 15

Hydrological Processes, 2025

85U8017 SUOWILIOD BAIEa.D 8|qed![dde 8Ly Aq pausenob ase Ss(oie YO ‘SN JO Sa|nJ Joj A%eiq)aulUO A1 UO (SUORIPLOD-PUR-SWUBIAL0D A8 |1 AReIq 1 el |UO//SdNY) SUORIPUOD pue Swie 1 8y} 89S *[620z/0T/0T] Uo Ariqiauliuo A(IM Aisean ames uebiyoln Aq 62202 dAu/z00T 0T/I0p/woo" A3 |1mAReid 1 jeuluoy//sdiy woly pepeojumod ‘0T ‘5202 ‘S80T660T


https://doi.org/10.1029/2020WR028777
https://doi.org/10.1029/2020WR028777
https://doi.org/10.1016/j.scitotenv.2023.163378
https://doi.org/10.1016/j.scitotenv.2023.163378
https://doi.org/10.1002/hyp.70271
https://doi.org/10.1016/j.jhydrol.2020.124638
https://doi.org/10.1016/j.jhydrol.2020.124638
https://doi.org/10.1016/S0269-7491(02)00481-5
https://doi.org/10.1016/j.scitotenv.2018.01.159
https://doi.org/10.1016/j.scitotenv.2018.01.159
https://doi.org/10.3133/i2533
https://doi.org/10.3133/i2533
https://doi.org/10.2166/wh.2007.004
https://doi.org/10.2166/wh.2007.004
https://doi.org/10.1016/j.scitotenv.2013.01.001
https://doi.org/10.1016/j.scitotenv.2013.01.001
https://doi.org/10.1023/A:1008119611481
https://doi.org/10.1002/fee.2433
https://doi.org/10.1016/j.gca.2007.12.007
https://cran.r-project.org/package=ggpubr
https://cran.r-project.org/package=ggpubr
https://cran.r-project.org/package=factoextra
https://doi.org/10.1016/j.scitotenv.2019.02.358
https://doi.org/10.1016/j.scitotenv.2019.02.358
https://doi.org/10.1021/es071391
https://doi.org/10.1016/j.jhydrol.2021.126685
https://doi.org/10.1016/j.jhydrol.2021.126685
https://doi.org/10.1016/j.watres.2015.08.048
https://doi.org/10.1111/j.1745-6584.1986.tb03714.x
https://doi.org/10.1111/j.1745-6584.1986.tb03714.x
https://doi.org/10.1016/j.scitotenv.2019.03.352
https://doi.org/10.1016/j.jhydrol.2015.10.066
https://doi.org/10.1002/hyp.14377
https://doi.org/10.1002/hyp.14377
https://doi.org/10.1016/j.gca.2014.10.024
https://doi.org/10.1016/j.gca.2014.10.024
https://brentwoodmo.org/DocumentCenter/View/28220/MSD-Deer-Creek-Sanitary-Tunnel-Project-Phase-II-Winter-2020
https://brentwoodmo.org/DocumentCenter/View/28220/MSD-Deer-Creek-Sanitary-Tunnel-Project-Phase-II-Winter-2020
https://brentwoodmo.org/DocumentCenter/View/28220/MSD-Deer-Creek-Sanitary-Tunnel-Project-Phase-II-Winter-2020
https://doi.org/10.1016/j.jhydrol.2014.04.011
https://doi.org/10.1016/j.jhydrol.2014.04.011
https://www.arcgis.com/home/item.html?id=465c9feb5c4e407a903eda81e2cbc045
https://www.arcgis.com/home/item.html?id=465c9feb5c4e407a903eda81e2cbc045
https://doi.org/10.1016/j.jhydrol.2010.04.036
https://doi.org/10.1016/j.jhydrol.2010.04.036
https://doi.org/10.1016/0012-821X(93)90023-3
https://doi.org/10.1016/0012-821X(93)90023-3

Quality in Southern New Jersey.” Vadose Zone Journal 2, no. 4: 677-691.
https://doi.org/10.2136/vzj2003.6770.

Oswald, C. J., C. Kelleher, S. H. Ledford, et al. 2023. “Integrating
Urban Water Fluxes and Moving Beyond Impervious Surface Cover:
A Review.” Journal of Hydrology 618: 129188. https://doi.org/10.1016/].
jhydrol.2023.129188.

Passarello, M. C., J. M. Sharp, and S. A. Pierce. 2012. “Estimating
Urban-Induced Artificial Recharge: A Case Study for Austin, TX.”
Environmental and Engineering Geoscience 18, no. 1: 25-36. https://doi.
org/10.2113/gseegeosci.18.1.25.

Paul, M., L. Wolf, K. Fund, et al. 2004. “Microbiological Condition of
Urban Groundwater in the Vicinity of Leaky Sewer Systems.” Acta
Hydrochimica et Hydrobiologica 32, no. 4-5: 351-360. https://doi.org/10.
1002/aheh.200400539.

Perera, N., B. Gharabaghi, and K. Howard. 2013. “Groundwater
Chloride Response in the High-Land Creek Watershed due to Road Salt
Application: A Re-Assessment After 20Years.” Journal of Hydrology
479: 159-168. https://doi.org/10.1016/j.jhydrol.2012.11.057.

Petelet-Giraud, E., G. Klaver, and P. Negrel. 2009. “Natural Versus
Anthropogenic Sources in the Surface- and Groundwater Dissolved
Load of the Dommel River (Meuse Basin): Constraints by Boron and
Strontium Isotopes and Gadolinium Anomaly.” Journal of Hydrology
369, no. 3-4: 336-349. https://doi.org/10.1016/j jhydrol.2009.02.029.

Prajapati, R., N. N. Overkamp, N. Moesker, et al. 2021. “Streams,
Sewage, and Shallow Groundwater: Stream-Aquifer Interactions in the
Kathmandu Valley, Nepal.” Sustainable Water Resources Management 7,
no. 5: 1-18. https://doi.org/10.1007/s40899-021-00542-8.

Puls, R. W.,and M. J. Barcelona. 1996. “Low-Flow (Minimal Drawdown)
Ground-Water Sampling Procedures. United States Environmental
Protection Agency Ground Water Issue.” https://www.epa.gov/sites/
default/files/2015-06/documents/lwflw2a.pdf.

R Core Team. 2024. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https://www.R-
project.org/.

Robinson, H. K., and E. A. Hasenmueller. 2017. “Transport of Road Salt
Contamination in Karst Aquifers and Soils Over Multiple Timescales.”
Science of the Total Environment 603: 94-108. https://doi.org/10.1016/].
scitotenv.2017.05.244.

Roy, S.,J. Gaillardet, and C.J. Allégre. 1999. “Geochemistry of Dissolved
and Suspended Loads of the Seine River, France: Anthropogenic Impact,
Carbonate and Silicate Weathering.” Geochimica et Cosmochimica Acta
63, no. 9: 1277-1292. https://doi.org/10.1016/S0016-7037(99)00099-X.

Saint Louis County. 2021. Historical Aerials in St. Louis County, Missouri
From 1937 to 2024. Saint Louis County GIS Service Center. https://
www.arcgis.com/apps/webappviewer/index.htm1?id=be830565f4f34d3
2882962f788560db.

Sanzana, P., J. Gironas, I. Braud, et al. 2019. “Impact of Urban Growth
and High Residential Irrigation on Streamflow and Groundwater Levels
in a Peri-Urban Semiarid Catchment.” Journal of the American Water
Resources Association 55, no. 3: 720-739. https://doi.org/10.1111/1752-
1688.12743.

Sercu, B., L. C. Van De Werfhorst, J. L. Murray, and P. A. Holden.
2011. “Sewage Exfiltration As a Source of Storm Drain Contamination
during Dry Weather in Urban Watersheds.” Environmental Science &
Technology 45, no. 17: 7151-7157. https://doi.org/10.1021/es200981k.

Tavares, M. E., M. I. H. Spivey, M. R. Mclver, and M. A. Mallin. 2008.
“Testing for Optical Brighteners and Fecal Bacteria to Detect Sewage
Leaks in Tidal Creeks.” Journal of the North Carolina Academy of
Science 124, no. 3: 91-97.

United States Department of Health and Human Services Federal
Panel on Community Water Fluoridation, and US HHS. 2015. “U.S.
Public Health Service Recommendation for Fluoride Concentration

in Drinking Water for the Prevention of Dental Caries.” Public Health
Reports 130: 318-331. https://doi.org/10.1177/003335491513000408.

United States Environmental Protection Agency (USEPA). 2013.
“Science and Ecosystem Support Division Operating Procedure:
Groundwater Sampling.” Number SESDPROC-301-R3. https://www.
epa.gov/sites/default/files/2015-06/documents/Groundwater-Sampl
ing.pdf.

United States Environmental Protection Agency (USEPA). 2017.
“Analytical Methods Approved for Compliance Monitoring Under
the Long Term 2 Enhanced Surface Water Treatment Rule.” Office of
Water. EPA/540/S-95/504. https://www.epa.gov/sites/default/files/
2017-08/documents/1t2-approved-methods.pdf.

United States Geological Survey (USGS). 2024. “Annual National Land
Cover Database (NLCD) Collection 1 Science Products (ver. 1.1, June
2025).” United States Geological Survey data release. https://doi.org/10.
5066/P94UXNTS.

United States Geological Survey (USGS). 2025. “National Water
Information System, USGS Water Data for the Nation. Data Downloaded
for Site 07010055.” https://doi.org/10.5066/F7P55KJN.

Vazquez-Suné, E., J. Carrera, I. Tubau, X. Sdnchez-Vila, and A. Soler.
2010. “An Approach to Identify Urban Groundwater Recharge.”
Hydrology and Earth System Sciences 14, no. 10: 2085-2097. https://doi.
org/10.5194/hess-14-2085-2010.

Vengosh, A., K. G. Heumann, S. Juraske, and R. Kasher. 1994.
“Boron Isotope Application for Tracing Sources of Contamination in
Groundwater.” Environmental Science and Technology 28, no. 11: 1968—
1974. https://doi.org/10.1021/es00060a030.

Vystavna, Y., D. Diadin, P. M. Rossi, et al. 2018. “Quantification of
Water and Sewage Leakages from Urban Infrastructure into a Shallow
Aquifer in East Ukraine.” Environmental Earth Sciences 77, no. 22.
https://doi.org/10.1007/s12665-018-7936-y.

Wallace, S., T. Biggs, C. T. Lai, and H. McMillan. 2021. “Tracing
Sources of Stormflow and Groundwater Recharge in an Urban, Semi-
Arid Watershed Using Stable Isotopes.” Journal of Hydrology: Regional
Studies 34: 100806. https://doi.org/10.1016/j.ejrh.2021.100806.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag New York.

Williams, E. L., K. J. Szramek, L. Jin, T. C. W. Ku, and L. M. Walter.
2007. “The Carbonate System Geochemistry of Shallow Groundwater-
Surface Water Systems in Temperate Glaciated Watersheds (Michigan,
USA): Significance of Open-System Dolomite Weathering.” Bulletin of
the Geological Society of America 119, no. 5-6: 515-528. https://doi.org/
10.1130/B25967.1.

Wolf, L., M. Eiswirth, and H. Hotzl. 2006. “Assessing Sewer-
Groundwater Interaction at the City Scale Based on Individual Sewer
Defects and Marker Species Distributions.” Environmental Geology 49,
no. 6: 849-857. https://doi.org/10.1007/s00254-006-0180-x.

Wu, W. H,, H. B. Zheng, J. H. Cao, and J. D. Yang. 2014. “Sr Isotopic
Characteristics in Two Small Watersheds Draining Silicate and
Carbonate Rocks: Implication for Studies on Seawater Sr Isotopic
Evolution.” Hydrology and Earth System Sciences 18, no. 2: 559-573.
https://doi.org/10.5194/hess-18-559-2014.

Zeydalinejad, N., A. A. Javadi, and J. L. Webber. 2024. “Global
Perspectives on Groundwater Infiltration to Sewer Networks: A Threat
to Urban Sustainability.” Water Research 262: 122098. https://doi.org/
10.1016/j.watres.2024.122098.

Hydrological Processes, 2025

150f 15

85U8017 SUOWILIOD BAIEa.D 8|qed![dde 8Ly Aq pausenob ase Ss(oie YO ‘SN JO Sa|nJ Joj A%eiq)aulUO A1 UO (SUORIPLOD-PUR-SWUBIAL0D A8 |1 AReIq 1 el |UO//SdNY) SUORIPUOD pue Swie 1 8y} 89S *[620z/0T/0T] Uo Ariqiauliuo A(IM Aisean ames uebiyoln Aq 62202 dAu/z00T 0T/I0p/woo" A3 |1mAReid 1 jeuluoy//sdiy woly pepeojumod ‘0T ‘5202 ‘S80T660T


https://doi.org/10.2136/vzj2003.6770
https://doi.org/10.1016/j.jhydrol.2023.129188
https://doi.org/10.1016/j.jhydrol.2023.129188
https://doi.org/10.2113/gseegeosci.18.1.25
https://doi.org/10.2113/gseegeosci.18.1.25
https://doi.org/10.1002/aheh.200400539
https://doi.org/10.1002/aheh.200400539
https://doi.org/10.1016/j.jhydrol.2012.11.057
https://doi.org/10.1016/j.jhydrol.2009.02.029
https://doi.org/10.1007/s40899-021-00542-8
https://www.epa.gov/sites/default/files/2015-06/documents/lwflw2a.pdf
https://www.epa.gov/sites/default/files/2015-06/documents/lwflw2a.pdf
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1016/j.scitotenv.2017.05.244
https://doi.org/10.1016/j.scitotenv.2017.05.244
https://doi.org/10.1016/S0016-7037(99)00099-X
https://www.arcgis.com/apps/webappviewer/index.html?id=be830565f4f34d32882962f788f560db
https://www.arcgis.com/apps/webappviewer/index.html?id=be830565f4f34d32882962f788f560db
https://www.arcgis.com/apps/webappviewer/index.html?id=be830565f4f34d32882962f788f560db
https://doi.org/10.1111/1752-1688.12743
https://doi.org/10.1111/1752-1688.12743
https://doi.org/10.1021/es200981k
https://doi.org/10.1177/003335491513000408
https://www.epa.gov/sites/default/files/2015-06/documents/Groundwater-Sampling.pdf
https://www.epa.gov/sites/default/files/2015-06/documents/Groundwater-Sampling.pdf
https://www.epa.gov/sites/default/files/2015-06/documents/Groundwater-Sampling.pdf
https://www.epa.gov/sites/default/files/2017-08/documents/lt2-approved-methods.pdf
https://www.epa.gov/sites/default/files/2017-08/documents/lt2-approved-methods.pdf
https://doi.org/10.5066/P94UXNTS
https://doi.org/10.5066/P94UXNTS
https://doi.org/10.5066/F7P55KJN
https://doi.org/10.5194/hess-14-2085-2010
https://doi.org/10.5194/hess-14-2085-2010
https://doi.org/10.1021/es00060a030
https://doi.org/10.1007/s12665-018-7936-y
https://doi.org/10.1016/j.ejrh.2021.100806
https://doi.org/10.1130/B25967.1
https://doi.org/10.1130/B25967.1
https://doi.org/10.1007/s00254-006-0180-x
https://doi.org/10.5194/hess-18-559-2014
https://doi.org/10.1016/j.watres.2024.122098
https://doi.org/10.1016/j.watres.2024.122098

	Geochemically Heterogeneous Shallow Groundwater in an Urban Stream's Floodplain Contributes Negligible Quantities of Municipal Water Types to the Stream
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Site
	2.2   |   Stream and Shallow Groundwater Physicochemical Characterisation
	2.3   |   Physicochemical Characterisation of Potential Endmember Contributions to the Stream and Shallow Groundwater
	2.4   |   Data Calculations, Visualisations, and Statistics

	3   |   Results
	3.1   |   Stream and Shallow Groundwater Physicochemical Characteristics
	3.2   |   Endmember Physicochemical Characteristics

	4   |   Discussion
	4.1   |   Drinking Water and Untreated Wastewater Signatures in an Urban Watershed
	4.2   |   Drivers of Shallow Groundwater Heterogeneity

	5   |   Conclusions
	Acknowledgements
	Data Availability Statement
	References


