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Urban populations and the sprawl of urban environments are increasing in the
United States as well as globally. The local hydrologic cycle is directly impacted by
urban development through greater generation of surface runoff and export of
water through subterranean pipes networks to surface water bodies. These pipe
networks carry waters that have potentially dramatic effects on the chemistry of
groundwater and surface water bodies. In this work, we sampled waters from the
Olentangy River and two subterranean outfalls that flow into the river in
Columbus, Ohio United States. We measured the major ion, nutrient, and
dissolved silica concentrations of each water source to identify how the urban
landscape impacts the chemistry of a river that travels from an agricultural
landscape to an urban environment. The outfalls had elevated concentrations
of all major ions (Na+, K+, Mg2+, Ca2+, Cl−, SO4

2-) and H4SiO4. However, the
Olentangy river typically had greater NO3

− and soluble reactive phosphorus (SRP)
concentrations. Sources of elevated ion export include road salts and combined
storm runoff (Na+, Cl−), municipal water treatment practices (K+, Na+, SO4

2-), and
concrete pipe weathering (Ca2+, Mg2+, K+, H4SiO4, SO4

2-). Utilizing stable isotopes
of water, δ18O and δ2H, we identified that the water in the pipe networks is
typically a mix of multiple precipitation events, but there is evidence of flushing
following high-volume precipitation events. The contribution of high TDS waters
from subterranean urban outfalls modified the ion abundance in the Olentangy
river and produces a tendency towards freshwater salinization syndrome. This is
particularly apparent when comparing the chemistry of the urban Olentangy to
the agricultural corridor of the river and its other source waters. This research
details the transformation of a river as it flows from an agricultural to urban
landscape and provides data on the chemistry of source waters that facilitate the
river’s chemical changes.
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1 Introduction

The investigation of the geochemical quality of water in urban and suburban areas has
traditionally been the purview of environmental and sanitary engineers to maintain a
potable water supply that is safe for human consumption. The complexity of urban
landscapes in terms of age, development, population density, variety of transportation
modes make urban areas diverse in their impact on water quality. The interaction of water
with human made infrastructure, the disturbance of the natural soil surface and subsurface
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through building and construction, and the diversion of the
hydrologic cycle through increased impervious surfaces and
stream channelization have significant consequences on water
quality (Gardner and Carey, 2004). For example, the
combination of the loss of more natural “green space” and the
rapid diversion of water through human drainage pathways changes
the hydrological connectivity of the landscape leading to less
retention of more particle reactive elements and compounds in
the urban setting, allowing direct and rapid introduction into urban
aquatic systems. By 2050, approximately 68% of the population is
expected to live in urban areas, and within the United State 89% of
the population will live in urban areas (United Nations, 2018). This
shift in population dynamics will be accompanied by an increase in
urban land area, where current urban area composes 3% of the
United States landscape and will account for over 6% by 2060
(Center for Sustainable Systems, 2023; references within). To
understand the role of urban landscapes on the overall impact of
anthropogenic activities on local, regional, and global
biogeochemical cycling, there is a need to elucidate and quantify
the sources and fates of chemicals in cities (Lyons and Harmon,
2012; Lyons and Harmon, 2012). Geochemical and ecological
research originating from the Baltimore Ecosystem Study Long
Term Ecological Research (LTER) Network in Baltimore, MD
has led research in understanding the complex biogeochemical
interactions among human and natural environments (Kaushal
and Belt, 2012; Pickett et al., 2020) It is essential to recognize
both spatial and temporal (current and legacy) impacts of
chemical fluxes from urban landscapes to contrast urban
geochemical behavior to cities of different ages, structures, and
developmental evolution. It is also vital to compare urban
chemical fluxes to those of more natural landscapes (i.e., forests,
grasslands, etc.), and other human-managed landscapes, such as
agricultural settings (Fitzpatrick et al., 2007; Chambers et al., 2016).

Seminal work by Kaushal and his co-workers have argued that due
to variations in infrastructure, neighborhood age and history,
population density, vehicle traffic flow and volume, and other
environmental constructs, the composition of urban runoff water
can vary dramatically. They have termed such water compositions
as “chemical cocktails” (Kaushal et al., 2018a, Kaushal et al., 2018b,
Kaushal et al., 2019, Kaushal et al., 2020, Kaushal et al., 2022). Variations
include introduction of major ions via deicing activities and the
chemical weathering of human-built infrastructure such as roads
and buildings, nutrient inputs from sewage overflow, fertilizers, and
combustion products, and trace elements from industrial wastes, vehicle
wear, and fossil fuel combustion products (Steele et al., 2010). Although
these studies clearly demonstrate that baseline concentrations ofmost of
these constituents have increased over time, spatial and temporal
variations occur from the difference in the biophysical characteristics
of each urban watershed.

It has been suggested that there is an evolution of
biogeochemical cycling in urban aquatic systems as land use and
infrastructure change over time (Kaushal and Belt, 2012). Although
recent work has investigated the influence and variation of low-
order urban streams to document the transport of urban-introduced
chemicals from their source downstream (Kaushal et al., 2020), it has
been recognized that vertical water movement in urban settings may
also have influence on the overall quality of urban steams and rivers
(Kaushal and Belt, 2012). Subsurface urban flow systems have been

termed “urban karst” and refers to water movement through a high-
density network of pipes, including ones transporting storm
overflow, combined storm and sanitary sewer flow, and potable,
municipal water, along with building discharge from cooling,
heating or other sources, and naturally occurring groundwater
(Kaushal and Belt, 2012). This flow can be enhanced by previous
construction disturbances, foundation drainage, and leaking older
infrastructure. Garcia-Fresca and Sharp (2005) were among the first
to recognize the hydrological similarity between urban areas and
naturally occurring carbonate karst landscapes in that the shallow
subsurface can be dominated by fractures, conduits, and cave-like
human produced structures that have produced secondary porosity
and increase permeability and can lead to rapid, increased flow
during precipitation events. The significance of urban karst on water
transport, water budgets, and solute transported have been a topic of
more hydrological science interest recently (Bonneau et al., 2017;
Galvão et al., 2017; Shepley et al., 2020; D’Aniello et al., 2021). From
a geochemical perspective, leakage from watermains has recently
been shown to be a heretofore important source of phosphorus in
the United States (Flint et al., 2023; Flint et al., 2023), suggesting that
aging infrastructure transporting municipal water could be a
significant source of certain chemicals into the environment.
From a water quality perspective, it is now clear that urban water
is a complex mixture of components of different origins that are
largely dependent upon the age of the urban infrastructure age,
hydrologic connectivity, human population and road density. A
better understanding of contaminant loadings is needed to predict
the fate and transport of these urban water components (Lapointe
et al., 2022), especially if green infrastructure is to be designed and
strategically placed to minimize urban water impact on portable
water resources (Smith et al., 2023).

In this paper we present 12 months of geochemical data obtained
from water samples from 2 outfalls draining the subsurface areas to the
east of the Olentangy River, associated with and adjacent to the campus
of The Ohio State University, Columbus, Ohio, United States. The goal
of this paper is to quantify and characterize the chemistry of urban
runoff into the Olentangy River to discern how the urban landscape
modifies the chemistry of a river as it travels from an agricultural to
urban environment. The objectives of this work were (1) to measure
major ions, nutrients, dissolved silica, and stable water isotopes of urban
runoff and the Olentangy River and (2) to compare these chemistries to
other local waters and water sources to conceptualize the “evolution” of
water in urban landscapes. The samples were collected on a semi
biweekly basis and their geochemistry compared to data collected at the
same time from the river. The outfall waters were initially thought to
represent storm water from the local impervious surface surrounding
the university, but we now view the outfalls as a mixture of different
water sources reflective of the localized urban karst system. The work
was undertaken to assess the geochemistry of the outfall waters and how
it varies with time and influences the geochemistry of the urban river.

2 Study site

2.1 The Olentangy River

The Olentangy River watershed covers 1,370 km2 of central
Ohio. The watershed is dominated by row-crop agriculture in its
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northern portion that transitions into suburban areas north of
Columbus in both Delaware and Franklin counties (Figure 1).
The river flows through glacial tills deposited during the
Wisconsinian glaciation and drains Upper Devonian and Lower
Mississippian shale in the northern, agricultural region of the
watershed. As the river flows south, toward the urban corridor,
the river also drains Middle to Lower Devonian limestone (Ohio
Division of Geological Survey, 2006).

The Olentangy flows through a major environmental transition.
North of metropolitan Columbus, a 35 km segment of the river is
designated as a Scenic River by the Ohio Department of Natural
Resources for its undisturbed riparian buffer. The Olentangy is an
important source of drinking water in Delaware county, north of
Columbus. The river is also a valued recreation resource. It feeds and
drains Delaware Lake and a recreation trail that runs alongside the
river as it approaches the center city of Columbus. Below Delaware
Lake, the river flows into the populated metropolitan area of
Columbus, Ohio, which is the 14th largest city in the
United States, with a population density of ~1,400 people/km2

(United States Census Bureau, 2021). Once reaching the
metropolitan area of Columbus, the river is dammed by a series
of low-head dams that control water flow. The Olentangy River is a
tributary to the Scioto River, which also flows from an agricultural
landscape through urban Columbus (Figure 1). The confluence of

the two rivers is in center city Columbus, Ohio. As the Olentangy
flows throughmetropolitan Columbus, it receives numerous types of
runoff and the input of chemical constituents from various sources,
including agriculture, urban and suburban runoff, and other
anthropogenic activities (Gardner and Carey, 2004; Wichterich
et al., 2024). Both sanitary sewer overflows (SSOs) and combined
sewer overflows (CSOs) discharge into the river. These outfalls drain
infrastructure, impervious surfaces of streets and parking areas
containing stormwater, and greywater. The geochemistry of these
outfall waters is the primary focus of this work.

2.2 Sample locations

Olentangy River and outfall waters that drain directly into the
river were collected from three locations on The Ohio State
University campus (Figure 1). The campus is located
approximately 5 km north of the Olentangy-Scioto confluence.
The three sample locations include (1) Big Outfall - an outfall
fed by a subsurface drainage network that extends toward the
north section of The Ohio State University campus and the
surrounding area north east of campus (Ohio State Facilities and
Engineers, personal communication), (2) Small Outfall - an outfall
that is fed by a smaller, subsurface drainage network, which is

FIGURE 1
Map of The Ohio State University campus with sample points denoted (A). The Scioto River (faded) and Olentangy River (bold) watersheds with
landcover depicted (B). State of Ohio with county boundaries and the upper Scioto and Olentangy watersheds shaded gray (C) (USGS, 2011; USGS, 2023;
National Land Cover Database, 2019; The Ohio State University, 2024). Figure modified with additional data from Lyons et al. (2024).
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centered on the eastern portion of Ohio State’s main campus (3)
Olentangy River. The Big Outfall is located beneath Woody Hayes
Bridge, a major east-west street on campus. The Small Outfall is
located approximately 30 m south (downstream) of the Big Outfall
location. The Olentangy River Sample was collected directly from
the river between the two outfall locations (Figure 1).

Outfall networks on campus are exclusively meant for storm
water, while networks off campus are usually sanitary sewer
overflows (SSOs) and combined sewer overflows (CSOs). The Big
Outfall is a point source with a pipe network that extends into the
Columbus’ drainage system and is fed by a combination of Ohio
State campus runoff, Columbus City SSOs, and CSOs. It drains a
wider area and runs along W. Woodruff Drive and Woody Hayes
Drive (Figure 1). The outfall drainage area extends east and north of
campus, collecting water within 0.5 km north and east of campus.
The Small Outfall is also a point source with a pipe network that
drains runoff from campus and does not extend beyond Ohio State.
The Small Outfall drains the northern parking lots of Ohio Stadium,
Tuttle Park Pl Parking Garage, and Hitchcock Hall (Figure 1). The
outfall also received water from Tuttle Park Pl Parking Garage
detention basin. The impervious surfaces of both outfall drainages
included roadways, parking lots, building roofs, and building
structures. The retention time of water within the water network
is unknown and may vary depending on precipitation patterns and
the volume of water in the pipe network. Water does not constantly
flow from the outfalls, and the discharge is dependent on local
precipitation.

3 Methods

3.1 Sample collection

Surface water samples were collected from November 2021 to
November 2022 on a weekly or bi-weekly basis from the Olentangy
River and the two outfalls draining the Ohio State and surrounding
area (Figure 1). Samples were collected in a 1 L plastic bottle attached
to ~1.3 m PVC pipe that was rinsed three times with running source
water prior to collection. The collected sample was divided into two
aliquots. The first aliquot was decanted into 250 mL bottle that was
pre-cleaned with 18.2 MΩ deionized water. These aliquots were
filtered through 0.45 μm pore-size Whatman polypropylene filters
using 30 mL previously unused polypropylene Luer Lock syringes in
60 mL pre-cleaned HDPE bottles (Lyons et al., 2021; Lyons et al.,
2021). Samples were filtered within 12 h, and most within 2 h, of
collection. The second aliquot was decanted into a 20 mL
scintillation vials with no headspace for stable water isotope
analysis. All samples were immediately transported back to the
laboratory and stored at 3°C–4°C in a dark refrigerator
until analyzed.

3.2 Analytical methods

Filtered samples were analyzed for anions (Cl−, SO4
2-, F−, Br−)

and cations (Na+, K+, Mg2+, Ca2+) via ion chromatography (Welch
et al., 2010), and nutrients (NO3

−, soluble reactive phosphorus-SRP)
and H4SiO4 via Skalar SAN++ Continuous Flow Analyzer using

colorimetric methods. Techniques and procedures are most recently
discussed by (Lyons et al., 2021). Bicarbonate (HCO3

−)
concentrations were determined by the charge imbalance of
major anions and cations (Welch et al., 2010). We acknowledge
that minor cation concentrations not considered in the calculation
of HCO3

− have a lesser impact on the concentration of HCO3
− that is

not accounted for in the reported data. Accuracy for anions and
cations was ≤9%, and accuracy for nutrients and H4SiO4 was ≤10%.
In-run precision for anions was ≤1%, cations was ≤7%, and
nutrients was ≤10%. Detailed description of accuracy and
precision calculation for ion and nutrient analyses are published
by Wichterich et al. (2024). We calculated Pearson correlation
coefficients among ions and nutrients to identify patterns within
the datasets, with measured significance at the 95% confidence level.

Unfiltered samples collected in 20 mL scintillation vials with
no headspace were analyzed on a Picarro Wavelength Scanned-
Cavity Ring Down Spectroscopy Analyzer Model L1102-I for
δ18O and δ2H. A sample aliquot of 2 mL was used for analysis,
where seven injections of 2.3 μL were made per sample. The first
three injections were discarded to avoid memory effects and the
last four injections were averaged to obtain the sample δ18O and
δ2H raw values. The sample δ18O and δ2H were corrected by
internal laboratory standards that had been calibrated to
VSMOW (δ18O = 0‰, δ2H = 0‰) at the Institute of Arctic
and Alpine Research (INSTAAR) at University of Colorado at
Boulder by a dual inlet mass spectrometer. Internal laboratory
standards were Colorado (δ18O = −16.53‰; δ2H = −126.3‰),
Nevada (δ18O = −14.20‰; δ2H = 104.80‰), Ohio
(δ18O = −8.99‰; δ2H = −61.80‰), and Florida
(δ18O = −2.09‰; δ2H = −9.69‰). Two internal standards
were run at the beginning and end of each sample run and
after every fifth sample. Instrument precision was 0.016‰ for
δ18O and 0.15‰ δ2H (Smith et al., 2024). Accuracy for samples
was determined by the difference between the known value of the
standard and the correct value of the standard. In-run accuracy
was ≤0.34‰ for δ18O and ≤1.0‰ for δ2H. Instrument
uncertainty was calculated by propagating the error of
accuracy and precision measurements:

uncertainty �
����������������������������
precision‰( )2 + accuracy‰( )2

√

where instrument propagated uncertainty was 0.34‰ for δ18O and
1.0‰ for δ2H. River and outlet sample δ18O and δ2H values were
compared to local precipitation values (Smith et al., 2021; Smith et al.,
2024). Precipitation volume and temperature data were downloaded
from the College of Food, Agricultural, and Environmental Sciences
weather station on the Ohio State University Campus (CFAES, 2023).
Methods of precipitation collection and measurement are reported in
(Smith et al., 2021; Smith et al., 2024).

4 Results

4.1 Geochemical temporal patterns

Throughout the sampling period, major ion concentrations
from the Big Outfall and Small Outfall waters were typically
greater than the Olentangy River. There was a wide range
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(<150 to >3,400 µM) of Cl− concentrations measured from the Big
and Small Outfalls (Supplementary Table S1). Cl−concentrations
measured from the Small Outfall were frequently greater than the
EPA Chronic Threshold for aquatic life (6,488 μM, Figure 2A)
(Environmental Protection Agency, 2024b). Generally, Cl−

concentrations measured in the Big Outfall were lower than the
EPA Chronic Threshold, with Cl− values greatest in the early winter
months of 2022 that systematically declined into late autumn 2022
(Figure 2A). River concentrations remained below the EPA Chronic
threshold and were relatively consistent (<2,500 uM) across the
study period. The exception to this pattern were 7 sample events
from January to April 2022, when Cl− concentrations were elevated
(Figure 2A). Outfall and river Na+ concentrations followed a very
similar pattern to Cl− (Figure 2B). All Olentangy River samples
plotted on a 1:1 Na:Cl line, with some enrichment in Cl−

concentrations (Supplementary Figure S1). In general, the Big
Outfall and Small Outfall samples tended to be enriched in Cl−

compared to Na+, particularly at higher concentrations
(Supplementary Figure S1).

Like patterns observed for Cl− concentrations, K+ concentrations
measured in the Small Outfall were typically greater than the Big
Outfall and the Olentangy River (Figure 2C). K+ concentrations in
the Olentangy River displayed a pattern of elevated values in
November 2021 that fell in winter 2022, and slowly increased
over the course of the calendar year (Figure 2C). This general
pattern was only disrupted by precipitation and corresponding
dilution events, where K+ concentrations declined following large
volume events (Figure 2C). The Small Outfall and Big Outfall also
exhibited evidence of dilution following precipitation
events (Figure 2C).

Unlike Cl− and K+, there was no distinct difference between the
outfalls for Ca2+, SO4

2-, H4SiO4 and Mg2+ (Figure 2; Supplementary
Table S1). Ca2+ concentrations measured in the Big Outfall
(~360–3,200 µM), Small Outfall (~130–3,500 µM), and
Olentangy River (~430–2,800 µM) varied over the course of the
study period (Figure 2D; Supplementary Table S1). The means of the
Big Outfall (2,238 µM) and the Small Outfall (2,294 µM) were
similar, but the Olentangy River mean Ca2+ concentration was lower

FIGURE 2
Cl− (A), Na+ (B), K+ (C), Ca2+ (D), SO4

2- (E), H4SiO4 (F), Mg2+ (G), NO3
−(H), soluble reactive phosphorus (SRP) (I), concentrationsmeasured in Olentangy

River, Big Outfall and Small Outfall sample locations fromNovember 2021 to November 2022. Precipitation amount is denoted by light blue lines (CFAES,
2023). EPA Chronic Threshold limit for Cl−shown as a dashed line (Environmental Protection Agency, 2024; Environmental Protection Agency, 2024).
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(1,432 µM) (Supplementary Table S1). After a large precipitation
event or multiple smaller events in quick succession, Ca2+

concentrations in the Olentangy declined, however this dilution
pattern was inconsistent for the outfall waters. Temporal patterns
for SO4

2- and H4SiO4 were similar to that of Ca2+ (Figures 2E, F). Big
Outfall means for SO4

2-(1,220 µM), and H4SiO4 (148 µM) were
similar to the Small Outfall SO4

2- (1,475 µM), and H4SiO4 (134 µM)
concentrations, while the Olentangy River SO4

2- (548 µM) and
H4SiO4 (88 µM) were substantially lower (Supplementary Table S1).

NO3
− concentrations in the Olentangy River were

typically <220 µM and greater than concentrations measured in
the Big Outfall and Small Outfall (Figure 2H). Riverine
concentration rose to ~400 µM in late spring and early summer,
which is greater than half of the United States Environmental
Protection Agency maximum contaminant level for N-NO3

- in
drinking water (714 µM) (Environmental Protection Agency,
2024a). NO3

− concentrations declined into late autumn of 2022.

NO3
− concentrations measured in the Small Outfall typically had the

lowest values of the three sample locations, with a mean of 51 µM
compared to the Big Outfall (65 µM) and the Olentangy (125 µM).
(Supplementary Table S1). Evidence of dilution was not consistently
apparent in the NO3

− concentration patterns (Figure 2H). Instead,
elevated NO3

− concentrations sometimes corresponding to high
volume precipitation events, particularly in late spring and early
summer, suggesting that NO3

− was being flushed into the river
system during these high-volume precipitation events.

SRP concentrations of the outfalls were typically lower than the
river SRP concentrations (Figure 2I). However, elevated
concentrations were measured in the Small Outfall between April
and August. Patterns of dilution were evident in the Olentangy River
but did not necessarily follow the same dilution patterns as NO3

−

concentrations.

4.2 Geochemical correlations and
spatial patterns

Pearson correlations of major ions, H4SiO4, and NO3
− for the

Big Outfall, Small Outfall, and Olentangy presented further
differences among the samples’ geochemistries. Ca2+

concentrations exhibited robust, significant correlations with
SO4

2-, H4SiO4 and Mg2+ concentrations (Table 1). This same
finding was true for the Small Outfall, where Ca2+ concentrations
also had significant robust correlations with Cl− and K+. This pattern
was similar for the Olentangy River, however correlations of
Ca2+ – K+, Ca2+ – H4SiO4, and Ca2+ – SO4

2- were weaker in
relation to the outfalls (Table 1). NO3

− concentrations did not
show a strong positive correlation with any other analyte, except
for a significant relationship with H4SiO4 for the Olentangy River.
Small Outfall Cl− concentrations showed strong, significant
correlations with all other analytes except for NO3

−, and while
correlations among Cl− and other analytes were significant in the
Big Outfall and Olentangy, the correlation coefficients were not
consistently as large as the Small Outfall.

The mean cation abundance in the urban corridor of the
Olentangy River was Ca2+ > Na+ > Mg2+ > K+, compared to the
cation abundance of the upstream, agricultural corridor of the
Olentangy River, which was Ca2+ > Mg2+ > Na+ > K+. The mean
cation abundance of both outfalls was Na+ > Ca2+ > Mg2+ > K+

(Supplementary Tables S1, S2). Anion mean abundance of the urban
sector of the Olentangy River was Cl− > SO4

2- > NO3
− and the

abundance of the outfalls were Cl− >> SO4
2- >NO3

− (Supplementary
Table S1). While Cl− was the dominant anion for the river and
outfalls, the average Cl− concentration of the outfall was ~3,800 µM
(Big Outfall) to ~8,300 µM (Small Outfall), much greater than the
Olentangy River (~1,500 µM). Using the mean values from the
Olentangy River and other urban water types, ternary plots were
generated with Geochemist Workbench® to characterize each water
type. The ternary plots (Figure 3) show this transition of the
Olentangy River from its agricultural to urban corridor along
with reference waters, such as the Scioto River downstream of
the Olentangy–Scioto confluence (Wichterich et al., 2024),
precipitation (Carey et al., 2016; Lyons et al., 2024), tap water
from buildings on Ohio State’s campus (Zic, 2022), a first-order
urban stream draining into the Olentangy north of Ohio State

TABLE 1 Correlation coefficients (R) of major ions, nutrients, and dissolved
silica concentrations of samples collected from the Big Outfall, Small
Outfall, and Olentangy River from November 2021 to November 2022.
Bolded values show correlations are significant at the 95% confidence
level.

Big Outfall

Mg2+ 0.45

K+ 0.18 0.61

Ca+ 0.47 0.92 0.65

Cl− 1.00 0.48 0.18 0.49

SO4
2− 0.42 0.92 0.80 0.91 0.44

H4SiO4 0.22 0.90 0.69 0.83 0.24 0.87

NO3
− 0.19 0.23 −0.07 0.09 0.20 −0.01 0.09

Small Outfall

Mg2+ 0.97

K+ 0.66 0.72

Ca+ 0.94 0.97 0.78

Cl− 1.00 0.97 0.66 0.95

SO4
2− 0.91 0.97 0.80 0.96 0.92

H4SiO4 0.82 0.85 0.93 0.88 0.81 0.89

NO3
− 0.20 0.13 0.48 0.22 0.19 0.12 0.28

Olentangy River

Mg2+ 0.61

K+ 0.17 0.38

Ca+ 0.61 0.93 0.32

Cl− 0.97 0.62 0.14 0.61

SO4
2− 0.66 0.79 0.52 0.73 0.62

H4SiO4 −0.15 0.04 −0.23 0.05 −0.01 −0.26

NO3
− −0.23 0.08 −0.18 0.06 −0.13 −0.38 0.59

Na+ Mg2+ K+ Ca+ Cl− SO4
2- H4SiO4
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campus (Stucker, 2013; Stucker and Lyons, 2017), and urban
highway runoff from a highway that runs parallel to Ohio State’s
campus (Gardner and Carey, 2004). The mean values of each dataset
fall along a line from the agricultural corridor of the Olentangy to the
highway runoff dataset, representing increasing urban influence. In
the anion ternary diagram, tap water fromOhio State’s campus plots
outside of this linear relationship due to a lower proportion of Cl− in
the anion composition of the water (Figure 3).

The precipitation samples were collected in an open bucket
collector approximately 4 km north of Ohio State’s campus (Carey
et al., 2016). Precipitation samples reflected atmospheric deposition
and were also influenced by urban-derived Ca-rich dust deposited as
dry deposition (Carey et al., 2016; Grider et al., 2023). Two
precipitation sample means are shown on the diagrams from the
same set of data. The unaltered sample set includes all Ca2+

measurements, with a mean of 34 μM, and the altered sample set
has sample values greater than 125 µM removed because these high
Ca2+ concentration samples were the result of Ca2+-rich dry
deposition, rather than wet atmospheric deposition. The mean of
the revised dataset was moderately reduced by the exclusion of six
samples to 27 µM (Supplementary Table S2). Despite the removal of
samples with excessively high Ca2+ concentrations, the cation
proportion only moderately changed (Figure 3). The prevalence
of urban Ca2+-rich dust deposition seemed to affect all precipitation
samples, as has been demonstrated in previous work (Carey et al.,
2016; Grider et al., 2023).

4.3 Stable water isotopes

The Olentangy River, Big, and Small Outfalls had similar δ18O
values that ranged from −14.67‰ to −2.99‰. These water samples
did now show the degree of isotopic variation displayed in

precipitation δ18O values (Figure 4). However, when a large
precipitation event had a depleted (more negative) isotopic
signature or an enriched (less negative) signature, the river and
outfall water responded in kind (Figure 4). The river and outfall
samples fell close to the LMWL and global meteoric water line
(GMWL) (Craig, 1961; Smith et al., 2021; Smith et al., 2024). The
mean δ18O and δ2H values of the Olentangy River
(−6.66‰, −42.3‰), Big Outfall (−7.20‰, −46.5‰) and Small
Outfall (−7.35‰, −47.4‰) were very similar to the mean
weighted annual average precipitation isotopic composition
(−7.40‰, −48.2‰) (Smith et al., 2021) (Supplementary Figure
S2). The observation that the river mean was more enriched than
the precipitation perhaps suggests the loss of the lighter isotope
through evaporation along the flow path of the river-
reservoir system.

5 Discussion

5.1 Urban sources

5.1.1 Road salt application
Elevated Cl− and Na+ concentrations in the two outfalls were

likely derived from road salts applied to Ohio State’s campus and the
surrounding area (Figures 2A, B), as has been demonstrated locally
(Gardner and Carey, 2004; Dailey et al., 2014; Stucker and Lyons,
2017). To support this assertion, we calculated the Cl−/Br− ratios of
the Olentangy River and the outfalls (Supplementary Table S1).
Elevated Cl−/Br− ratios are an indicator of road salt (halite)
application. Halite has a high Cl−/Br− ratio that is driven by the
process of formation, where the high solubility of bromide salts
compared to chloride result in preferential precipitation of chloride
in halite formation (Davis et al., 1998). Cl−/Br− ratios ranged from

FIGURE 3
Ternary diagrams showingmean values of datasets from theOlentangy River, BigOutfall, and Small Outfall from this study, precipitation (Carey et al.,
2016; Lyons et al., 2024), road (highway) runoff (Gardner and Carey, 2004), Scioto River downstream of the Olentangy confluence (Wichterich et al.,
2024), tap water on Ohio State’s campus (Zic, 2022), a first order urban stream (Stucker, 2013; Stucker and Lyons, 2017), agricultural corridor of the
Olentangy River at Waldo, Ohio. Mean ion concentrations for all samples are provided in Supplementary Table S2. Precipitation* revised dataset
means are also provided in Supplementary Table S2, and description of correction is provided in section 4.2.
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~550 to 6,900 in the Olentangy River and ~1,100 to 7,000 in the
outfalls. Ratios were greatest for the Olentangy River and outfalls in
the winter months (Supplementary Table S1). The range Cl−/Br−

ratios match results of Dailey et al. (2014) for Ohio rivers and ratios
greater than 1,000 support conclusions that elevated Na+ and Cl− are
derived from halite dissolution (Davis et al., 1998).

Clearly elevated Na+ and Cl− are not just a problem in Ohio
rivers. There is strong evidence that increases on Na+ and Cl− are
both a national and international problem (Kaushal et al., 2005;
Kaushal et al., 2018b; Kaushal et al., 2020; Kaushal et al., 2022;
Kaushal et al., 2024; Connor et al., 2014; Han and Xu, 2022; Hintz
et al., 2022a; Hintz et al., 2022b; Dugan et al., 2023; Rossi et al., 2023).
Long-term datasets from the Baltimore metropolitan region have
shown increasing Cl− concentrations in urban and exurban
watersheds due to road salt application and to a lesser extent,
sewage effluent (Kaushal et al., 2005; Bird et al., 2018;
Castiblanco et al., 2023). In addition, elevated Na+ and Cl−

concentrations have been observed in regions where deicing salts
have not been used as extensively as in the northeast and Midwest of
the United States, indicating other anthropogenic sources into urban
rivers (Schoonover, 2005; Rose, 2007; Steele and Aitkenhead-
Peterson, 2011; Kaushal et al., 2024). The corresponding increase
in other base cations and alkalinity with Cl− is referred to as

freshwater salinization (FSS), which has multiple negative human
and environmental health impacts (Kaushal et al., 2018a; Cruz et al.,
2022; Hintz et al., 2022b). Sixty-nine percent of the samples in the
Small Outfall had Cl− concentrations greater than the EPA Chronic
threshold (Figure 2A). The Small Outfall drains a portion of the
university’s campus that includes a major parking lots around Ohio
Stadium (Figure 1). The period of elevated concentration extended
beyond road salt application season (typically November–March).
The Na:Cl ratios from both outfalls were enriched in Cl−

(Supplementary Figure S1). This is indicative of a road salt
source, where Cl− will move through the environment
conservatively but Na+ can have cation exchange with K+, Ca2+,
Mg2+ on soils and sediments (Kelly et al., 2012; Dailey et al., 2014).

Gardner and Carey (2004) demonstrated that evidence of road
salts can be observed in storm drain effluent up to 7months after last
application. Dailey et al. (2014) built upon this finding to show that
conventional fertilizers may also result in drained waters with
elevated Cl− in spring and summer months. Interestingly, the
temporal trends of Cl− and Na+ concentrations in the Big Outfall,
which drains a much broader area, are much more predictable,
showing elevated concentrations in the road-salt application season
(winter) and declining through summer months into autumn. We
suggest this is the result of a dilution pattern that is driven by the

FIGURE 4
δ18O values measured in Olentangy River, Big Outfall and Small Outfall sample locations from November 2021 to November 2022. Precipitation
amount is denoted by light blue lines and precipitation δ18O values are denoted by blue stars. Monthly mean temperature is plotted as black dots (CFAES,
2023). Figure modified with additional data from Lyons et al. (2024).
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amalgamation of waters from a wider watershed that includes
campus and the surrounding neighborhood. This dilution pattern
is well documented in other urban systems (Kaushal et al., 2018a).
Nevertheless, the elevated concentrations of Cl− and corresponding
Na+ suggest that there is a risk of freshwater salinization effect in the
urban corridor pf the Olentangy River (Figures 2A,B;
Supplementary Figure S1). This is apparent when comparing the
urban and agricultural corridors of the river (Figure 3).

5.1.2 Municipal water contribution
While the primary role of the subsurface drainage of the Small

Outfall is to collect and export storm water, it can receive water from
a facilities building on Ohio State’s campus (Ohio State Facilities and
Engineers, personal communication). Themean concentration of K+

in the Small Outfall (123 µM) was within the range of mean K+

concentration measured in the three Columbus municipal water
plans (120–128 µM) (City of Columbus, 2022). K+ is added as a
water softener in Columbus municipal waters. Unlike the Small
Outfall, the Big Outfall receives storm flow and combined sewage,
but only in event conditions. The concentrations measured in the
Big Outfall effluent match those of the Olentangy, and all sample
types demonstrate evidence of dilution in precipitation events
(Figure 2C). Due to the lack of correlation among Na+-Cl--K+

(Table 1) we do not propose the primary source of K+ additions
are from sewage, although this has been established in as a source in
previous studies (Rose, 2007; Tao et al., 2021). The Big Outfall and
the Olentangy River demonstrate a pattern of increasing K+

concentration during the late spring through autumn. The mean
K+ value of the urban Olentangy and the Big Outfall (~110 µM) are
only slightly elevated from the agricultural corridor of the Olentangy
upstream (93 µM) (Supplementary Tables S1, S2). These data
suggest that the source of K+ in the urban Olentangy and Big
Outfall is primarily derived from a weathering source, as the
river runs through Devonian-age shale and siltstone bedrock and
some Devonian-age carbonates (Ohio Division of Geological Survey,
2006). The pattern of increasing K+ concentration in spring and
summer is likely representative of seasonal hydrology, where
seasonal low flow and base flow tend to dominate in from late
spring to autumn (Gardner et al., 2023). The same pattern was
apparent in the urban Olentangy SO4

2- concentrations, which
increased throughout the summer and into autumn months, only
to be disrupted by dilution events that corresponded to a high
volume or consecutive precipitation events (Figure 2E).

Additional ions are added to Columbus municipal water in the
treatment process. Sodium carbonate (NaCO3) is added to soften
waters that are naturally high in Ca2+ andMg2+ ions fromweathering
of limestone bedrock, and alum (Al2(SO4)3) is added as a coagulant
in the treatment process. Fluoride is also added as part of the
treatment process (City of Columbus, 2022). Mean fluoride
concentrations were greater for the outfalls compared to the
Olentangy River (Supplementary Table S1). These water
treatment additions likely contribute to elevated concentrations
measured in the Small Outfall (Figures 2D,G).

5.1.3 Pipe weathering
Further additions of major ions to the outfall waters were

derived from the weathering of subsurface infrastructure in
which the surface runoff water is transported. There are multiple

unknows regarding the subsurface transportation of water running
off Ohio State’s campus and the surrounding neighborhood. In
addition to the lack of information on direct flow path, the residence
time of water in the subsurface system was unknown. A portion of
storm and surface runoff traveling through subsurface pipes is lost to
groundwater through leaky pipes, which can be driven by high
hydraulic conductivity ratios, shallow and low gradient pipe systems
(Shepley et al., 2020). Furthermore, groundwater can contribute to
water in subsurface pipes during baseflow discharge conditions
(Kaushal and Belt, 2012). These potential loses and additions of
water make it difficult to define the residence of water in subsurface
pipe networks.

Based on the variations in major ion concentrations (Ca2+, Mg2+,
SO4

2- and H4SiO4) we expect the shortest residence time (hours)
occurred following high-volume precipitation events when the
outfall effluent resembled the chemistry of the urban Olentangy.
We expect that the longest residence time was on the order of days to
weeks, when the outfall effluent chemical cocktail was distinctly
different from the urban Olentangy (Supplementary Table S2). As
mentioned above, SO4

2- was derived, at least partially, from bedrock
weathering and municipal water treatment additions. Ca2+ was
partially derived from a natural weathering process of limestone,
as both the agricultural and urban corridors of the river had high
average concentrations (~1,600 μM, 1,400 µM) compared to the
world average (world average, 365 µM Ca2+, Berner and Berner,
2012) (Supplementary Table S2). Additional sources of Ca2+ in the
agricultural corridor may be liming, where excess Ca2+ and/or Mg2+

are added to increase soil pH. Liming processes can increase the
concentration of Ca2+ and alkalinity surface waters (Oh and
Raymond, 2006). Sources of increased Ca2+ and alkalinity in
urban areas can be from weathering of impervious surfaces
(Kaushal et al., 2013), and these results align with interpretation
of long-term elevated Ca2+, Mg2+, and HCO3

− in an urban
environment from the LTER Baltimore Ecosystem Study (BES)
(Bird et al., 2018).

Weathering of soils, impervious surfaces, and increased erosion
in agricultural and urban watersheds also increase H4SiO4

concentrations and silica-rich chemical cocktails in surface waters
(Kaushal et al., 2020). Higher concentrations of Ca2+, SO4

2-, and
H4SiO4 measured in the outfalls were likely due to the weathering of
concrete pipes (Figures 2D–F). The contribution of concrete pipe
weathering has been shown to result in major modification of water
ion chemistry (Davies et al., 2010; Wright et al., 2011; Müller et al.,
2020) and the rate of infrastructure weathering needs to be
considered from a water quality perspective when designing
subsurface drainage. Weathering of impervious surface in urban
environments results in increased ion loading and chemical cocktails
of runoff waters (Kaushal et al., 2018a). Subsurface pipe networks,
particularly concrete pipes, should also be viewed as water
interacting with an impervious surface. Concrete is commonly
comprised of three major compounds: calcium silicate hydrates
(C-S-H), Portlandite (Ca(OH)2), and Ettringite (Ca6 [Al(OH)6]
2(SO4)3•26H2O), composing ~60%, 25%, and 15% of cement
paste, respectively (Saleh and Eskander, 2020; Davies et al., 2010;
Davies et al., 2010). In addition to the aforementioned primary
compounds, Mg2+, Na+, and K+ oxides are included in cement paste
(Mindess et al., 2003; Mindess et al., 2003). Furthermore, gypsum
(CaSO4•H2O) is frequently added to the paste to slow aluminate
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hydration and increase durability of concrete (Neto et al., 2021). The
dissolution of concrete pipes via urban water flow and the
production of Ca+, K+, HCO3

− and SO4
2- has been documented

(Davies et al., 2010).
Subsurface pipes are not always constructed out of concrete;

PVC piping is another common material used in subsurface systems
(Müller et al., 2020). In fact, multiple types of material are
commonly used within a pipe network, facilitating the exchange
of groundwater with water transported in the pipes that contributes
to the urban karst phenomenon (Kaushal and Belt, 2012). Both the
Small Outfall and the Big Outfall waters exhibited significant, robust
correlations among Ca2+, H4SiO4, SO4

2-, Mg2+, and to a lesser extent,
K+ (Table 1). These correlations were not as robust for the Olentangy
River, and the relationships between Ca2+ and H4SiO4

(Supplementary Figure S3), Mg2+ and H4SiO4, and SO4
2- and

H4SiO4 were not significant (Table 1). K+ showed significant
correlations with SO4

2- and Ca2+ (Table 1). These data indicate
that weathering of subsurface concrete pipes acts as a substantial
control on outfall chemistry. Except for high-volume precipitation
events that caused dilution, concentrations of Ca2+ and H4SiO4

concentrations were always greater than the urban Olentangy River
water (Figures 2D,F). The dissolution of concrete and other
impervious surfaces contribute ions to urban rivers, but the
fluctuations in ion and dissolved silica concentrations suggest
that samples collected following high volume precipitation events
were dominated by event water. Nevertheless, all samples were a
mixture of runoff, CSO, and municipal (Small Outfall)
water sources.

5.1.4 Upstream agriculture
The increased intensity of industrial-scale agriculture in the

United States, and around the world, has transformed the delivery of
nutrients to surface and groundwaters. NO3

− concentrations in the
urban Olentangy river were the result of agricultural influence
upstream (Figure 3). NO3

− was also delivered to the river by
urban sources, as was apparent from the fluctuating NO3

−

concentrations in the outfalls (Figure 2H). Recent work has
clearly documented that urban input can be a major source of
NO3

− to riverine budgets (Chung et al., 2023). The Small Outfall
commonly had the lowest NO3

− concentrations, except for four
samples, with concentration values greater than or equal to the Big
Outfall and the Olentangy river. NO3

− sources to urban drainage
include chemical fertilizers, natural atmospheric deposition, vehicle
emissions, soil organic N, and sewage and/or animal waste, (Toor
et al., 2017; Yang and Toor, 2017). Given the relatively smaller
drainage area of the Small Outfall, the input of NO3

− in these
instances may be due to animal waste, lawn irrigation surface runoff,
and atmospheric deposition related to vehicle emissions (Toor et al.,
2017). The Big Outfall exhibited higher NO3 concentrations that
were often similar to the concentration measured in the urban
Olentangy River during the same sample collection. These data
suggest that the aforementioned combination of urban sources,
including sewage, contributed to NO3

− loading in the urban
Olentangy and the outfall. Urban sources were overwhelmed by
the upstream agricultural input in late spring and early summer
following fertilization of large agricultural fields in the upper portion
of the watershed (Figure 2H) (Wichterich et al., 2024). The pattern
of increased NO3

− concentrations in central Ohio surface waters,

particularly agricultural corridors, has been previously documented
(Dailey et al., 2014; Leslie and Lyons, 2018; Wichterich et al., 2024)
and aligns with large scale studies (Tian et al., 2020; Tian et al.,
2020). The average NO3

− concentration of the Olentangy river in the
upstream agricultural corridor was 170 µM (n = 3) (Supplementary
Table S2). However, two samples collected in June 2020 and May
2021 had concentrations that ranged from 225 to 235 µM compared
to the sample collected in August 2021 with a concentration of
48 µM (Supplementary Table S2). These measurements from
previous years align with measurements made from samples in
2022 and support the cyclic loading of NO3

− in the agricultural
corridor of the Olentangy.

Interestingly, the same pattern was not apparent in SRP
concentrations (Figure 2I). The Small Outfall exhibited elevated
concentrations of SRP on the 22nd and 29th of April. These might
have been from a fertilizer source on Ohio State’s campus, as NO3

−

concentration was also elevated. In addition to the agricultural
source attributed to NO3

− and SRP concentrations in the urban
Olentangy, upstream agricultural was likely an additional source of
K+ from fertilizer application (Kaushal et al., 2018b). In most
oxygenated waters nitrate and phosphate have different
physicochemical forms, where nitrate remains dissolved in
solution while phosphate is primarily thought to be adsorbed
onto particles, such as Fe-oxyhydroxides. For example, numerous
studies have demonstrated that in urban road runoff and stormwater
flowmuch of the total P present is associated with particulate matter
(Hobbie et al., 2017; Pamuru et al., 2022; Silva et al., 2023). This is
also the case for Columbus stormwater runoff (Smith et al., 2020;
Smith et al., 2023). As pointed out by Hobbie et al. (2017), different
management practices are needed to minimize the input of N and P
into natural river systems from urban sources.

Upstream agricultural management practices can exert a long-
term impact on water quality downstream into urban environments.
Work by Howden et al. (2010) utilized long-term data from the
Thames to investigate the variations in NO3

− loading along the river
as it travels from agricultural to urban landscape to show that
increased NO3

− in the river was derived from agricultural and
land changes, rather than urban development. The findings of
our work exemplify the outcome determined by Howden and
colleagues (2010), which is to say that a more robust
understanding of solute input within the entire catchment area is
needed not only to assess the source of particular elements and
compounds, but also to determine the best management practices to
maintain water quality.

5.2 Water sources

The subsurface network of pipes draining The Ohio State
University’s campus and the surrounding neighborhood remain a
black-box system in many ways. The leading questions surround the
proportion of different water sources and water residence time in the
system. Stable water isotopes can elucidate water sources within the
pipe system. Overall, the δ18O values of outfall waters are similar to
the urban Olentangy (Lyons et al., 2024) (Figure 4). However, most
of the Big Outfall samples (74%) and Small Outfall samples (84%)
have δ18O values that fall outside the instrument propagated
uncertainty when compared to the Olentangy River samples.
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These data suggest that while the water is mixed, the isotopic
composition of water in the outfalls is more responsive to recent
precipitation events than the river and is a mixture of recent of
seasonal precipitation. This is likely due to the stark difference in
water volume between the outfalls and the Olentangy River.
Previous work shows that the Scioto River, which the Olentangy
feeds into, reflects a dampened seasonal pattern of precipitation δ18O
and δ2H (Lyons et al., 2024; Smith et al., 2024). There has also been
documentation of minimal isotopic change apart from enrichment
(less negative) δ18O values below reservoirs that result from
evaporation or elongated residence time in the Scioto system.
The weekly samples collected in this study do not show strong
evidence of seasonal enrichment corresponding to temperature
increase associated with midlatitude precipitation and surface
waters (Kendall and Coplen, 2001; Dutton et al., 2005), and
observed in the Scioto (Smith et al., 2024).

Previous work has demonstrated that a greater proportion of
watershed urban land cover shortens the mean water transit time
within a catchment (Soulsby et al., 2014). In our study, transit times
were difficult to identify and proportion of water sources remained
unknown due to time lapse between sample events and the multiple
sources of water. Beyond identifying seasonal patterns, the outfalls
did not consistently respond to precipitation events. Low volume
precipitation events did not result in the same isotopic composition
from outfall waters (Figure 4). Mixing models were not employed in
this study due to time lapse between sample events and the multiple
unknown sources of water. However, after high volume
precipitations events there was an apparent response from the
rivers and outfalls. The river and outfall response was
particularly evident for depleted (more negative δ18O values)
precipitation events, for example, on May 27, where δ18O values
in the outfalls showed depleted signatures in response to the
precipitation and indicated rapid transport of event water. The
assertion that isotopic depletion is a reflection of the antecedent
precipitation event is supported by major ion dilution patterns that
occurred simultaneously, as discussed in section 5.1. In these
scenarios, the residence time was likely on the order of hours
and the largest proportion of source water was the precipitation
event water. However, for most of the study period, the consistent
δ18O and δ2H values suggest that water was well mixed within the
subsurface system. The residence time was heavily dependent on the
amount of and the rate of precipitation.

5.3 River geochemical evolution from an
agricultural to urban landscape

Subsurface outfalls that drain urban landscapes are major
sources of elevated ion and nutrient concentrations to the
Olentangy River, as demonstrated by the elevated concentrations
of almost all major ions and nutrients from outfalls referenced in this
work. Long-term research in Baltimore has shown that the
concentration of major ions in urban streams continue to
increase despite stable land use over time, demonstrating the
legacy outfall and runoff waters (Bird et al., 2018). As reflected in
previous sections, an important question to consider is how were
these different waters chemically altered, and is there a systematic,
even predictable biogeochemical “evolution” of these waters? The

concept of the geochemical evolution of natural waters was
developed around the concentration of solutes through water loss
to evaporation and the precipitation of simple salts as their
saturation index is reached (Mackenzie and Garrels, 1967;
Eugster and Jones, 1979). In the case of urban water, the
question centers around how non-urban water is chemically
modified in the urban setting. The ternary plots that display
averages of various water types and sources of water to the
Olentangy River describe the evolution of an agricultural to
urban river system (Figure 3). A prominent observation is the
clear mixing line from the agricultural corridor of the Olentangy
River and precipitation to the road runoff sample, representing
chemistry of runoff from a highway parallel to Ohio State’s campus
(Gardner and Carey, 2004). The urban Olentangy, Small Outfall,
and Big Outfall plot along this line in both ternary diagrams. The
Scioto River samples collected just downstream of the Olentangy-
Scioto confluence had similar ion compositions to the Olentangy.
Previous work by Wichterich et al. (2024) describes the urban
influence on the Scioto. While the river systems differ for a
myriad of anthropogenically-derived and natural reasons, they
are both surface waters that transition from agricultural to urban
corridors and as a result of this similarity, the geochemical
patterns aligned.

The relationship among these waters can be further investigated
by considering the chemical transformation of precipitation. In
Columbus proper, the precipitation falls to the landscape surface
and is transported into both the subaerial and subterranean pipes.
These two water types then flow into surface water systems (e.g., first
order streams and higher order rivers). Previous work showed that
the precipitation in Columbus is enriched in Ca2+ due to Ca2+-rich
dry and wet deposition (Carey et al., 2016; Grider et al., 2023). Once
deposited onto the landscape, the runoff is further enriched in Ca2+

and other solutes. The TDS increases as the rain interacts with the
motorway, urban streets, and the relative anion abundance is
modified. The pattern of increasing Na+ and Cl− dominance and
the overall increase in Ca2+, Mg2+, SO4

2−, and HCO3
− concentrations

in the Olentangy suggest freshwater salinization syndrome is a
major concern, as it is in many other urban rivers (Kaushal
et al., 2018b; Tao et al., 2021). As discussed in section 5.1.1, the
major ion composition of the outfalls and road runoff indicate that
the urban Olentangy FSS is caused by surface runoff transported
through subsurface networks (Figure 3). FSS of surface waters that
supply municipal water can cause an increase in Na+ and Cl−

concentrations in drinking waters that may have health
ramifications for the population. Increases in drinking water Cl−

concentrations have been observed in Columbus drinking waters
starting in January and declining into May. The increase was
attributed to road salt application and water residence time in
surface water reservoirs that supply Columbus drinking water
(Leslie and Lyons, 2018). In addition to road salt application,
other anthropogenic activities likely also contribute to river FSS.
Clearly, geography plays a role, as one would expect more
contributions from road salts in colder climates where snow and
ice are major contributors to precipitation. However high
concentrations of Na+ and Cl− are not observed solely in higher
latitude urban settings (Rose, 2007; Steele and Aitkenhead-Peterson,
2011). Urban inputs are major contributions. However, previous
research has demonstrated that FSS syndrome can also be instigated
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by salinization of groundwaters that contribute to surface water
systems (Rossi et al., 2023). The combination of both salinization of
urban Olentangy baseflow input and outflow effluent drive the shift
in ion dominance (Figure 3).

The ion composition of the Big Outfall was similar to the
Columbus urban first-order stream (Figure 3) (Stucker and
Lyons, 2017). The first-order stream receives both SSO and CSO
effluent from systems like the Big Outfall. Stucker and Lyons (2017)
observed that minor differences in land cover of urban landscapes
do not significantly alter the chemistry of receiving waterbodies.
Although the first-order urban stream and the Big Outfall drain
different areas of Columbus, they are similar in chemistry. This
supports the notion of Stucker and Lyons (2017) that there may be a
minimum impervious surface within an urban first order watershed
that leads to the homogenization of urban storm runoff. Conversely,
the Small Outfall, draining mostly impervious surfaces of parking
lots exhibits an ion composition with greater Cl− and Na+

dominance, more like the highway runoff in storm events and
further demonstrates the persistence of road salt in the
environment after application (Gardner and Carey, 2004).

In few cases there are data available spanning all the potential
water types from cities as we have for Columbus. Here have been
studies through the years that have compared urban water chemistry
to samples from the same river taken in agricultural portions of the
watershed. We utilize a series of data from the upper, agricultural
corridor of the Olentangy River and urban sources to establish the
geochemical evolution of a river flowing through an urban area. Like
other urban studies, the Olentangy River is substantially affected by
urban water sources that alter the composition of the dissolved load
as it travels through Columbus, Ohio.

6 Conclusion

In this study we sampled the Olentangy River and the discharge of
two urban outfalls to measure the chemistry of urban waters feeding
the Olentangy. We identified the shift in chemistry of the river as it
travels from an agricultural to an urban environment. Findings
demonstrate evidence of freshwater salinization affecting the
Olentangy as urban runoff with elevated Na+, Cl+ and other major
ions flow into the river along the urban corridor. We show that water
interaction with impervious surfaces does not only happen on the
ground surface, but also in the subsurface, through interaction with
concrete pipe networks that have the potential to increase Ca2+, Mg2+,
H4SiO4, SO4

2−, and K+ throughweathering processes.Municipal water
addition and combined storm overflow also contributed to the
concentration and ion abundance of the dissolved load. The
isotopic composition of waters and corresponding dilution patterns
in these outfalls indicate that the water residence time varies, but
during non-event sampling, the waters in the system were well mixed
from multiple sources and reflected a dampened precipitation
signature of recent events. Finally, we demonstrate that the
agricultural headwaters still have notable control on the nutrient
composition of the Olentangy River, where NO3

− concentrations
showed an elevated response to spring fertilizer application while
outfalls did not.

The evolution of the river from an agricultural to urban corridor
exhibits the fate of many rivers around the world, where the ion

abundance is altered from a “natural” signature that is formulated
primarily by weathering of soils, tills, and bedrock to an
anthropogenic signature that is controlled by the chemistry of
runoff that has interacted with the urban landscape and sewage
effluent (Fitzpatrick et al., 2007). Studies documenting the
progression of chemical change in urban and agricultural
landscapes are essential to quantify the degree and rate of surface
water geochemical change. Opportunities for future work in the
Columbus metropolitan region and other urban areas include high
resolution and event-based sampling of outfalls, river, and
groundwaters to disentangle water sources and corresponding
chemical contribution to urban rivers. Numerous water sources
and restraints on information regarding the flow and residence time
of waters in subsurface pipes hinder chemical source attribution.
High resolution, daily, sampling of these systems will provide
appropriate information to inform mixing models and quantify
source water contributions to urban rivers. This type of data will
support research investigating the source of water to subsurface
systems and the transformation of water as it carries runoff through
an urban karst landscape and contributes to both surface and
groundwaters.
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