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Subsurface drainage modifications are a common practice in agricultural watersheds, especially in poorly
drained soils of the American Midwest, yet our understanding of their impact on baseflow generation processes is
incomplete. By extension, these same practices can make baseflow vulnerable to salinization. To address these
knowledge gaps, a combined geochemical and multiple isotope approach was used to identify sources of base-
flow and salinity in the Wabash River, draining Indiana, Ohio, and Illinois. Anomalously high salinity and high
concentrations of F~, SO42’, Na™, Sr**, and K+ were measured in baseflow along the headwaters reach of the
Wabash River from Fort Recovery, OH to Huntington, IN. Three river sites in the headwaters reach have low
36C1/Cl ranging from 27.5 (x 107'%) to 33.4 (x 107 1°) that do not fall within the °Cl/Cl range for monthly
precipitation. Their 3°Cl/Cl are consistent with 2°Cl dilution most likely due to the presence of old Cl™ found in
potash (KCl) fertilizers. However, the 875r/805r ratios of the headwaters reach range from 0.708530 to 0.708904
(+/- 0.000025) and are similar to Silurian bedrock samples (0.708292 +/- 0.000047) indicating a geologic
source for some solutes. The 8'%0 of the headwaters reach are isotopically light and similar to cold-season
recharge, whereas the 5'80 of the downstream river samples are similar to summer precipitation. The Cl-,
NOs", C17/Br~, and ¢Cl/Cl data point to an anthropogenic source of salinity, namely KCl and road salt, whereas
the F~, Sr?*, $04%~, and #7sr/%0r data point to a geologic source of solutes. We infer that shallow groundwater
that is CI” and NOs™ rich mixes in the river with regional groundwater that is CI~ and NO3~ poor. The contri-
bution of regional groundwater to baseflow in the headwaters reach is not insignificant (>58 percent) and these
interactions should be considered in future hydrologic models of the Upper Wabash River. Without the aid of
multiple isotopic and geochemical tracers, baseflow generation processes and sources of salinity in the head-
waters reach would remain masked by the elevated solute concentrations associated with the shallow aquifers.
Further research is needed to better understand the impact of KCl fertilizers on the overall salinity budgets of
agricultural watersheds.

1. Introduction

Baseflow in pristine and/or relatively undisturbed watersheds is
sourced primarily from groundwater and other delayed sources of water
(Hall, 1968). Although baseflow is present year-round in perennial
streams, it is especially critical in sustaining flow and supporting aquatic
life during dry seasons and droughts. Baseflow generation in agricultural
watersheds, in comparison, is quite complicated due to the presence of

subsurface drainage modification systems and their impact on the
shallow water table and suspected impacts to recharge to deep aquifers.
The installation of tile drains and modified tile drains (Frankenberger
et al., 2004; Fausey, 2005; Skaggs et al., 2010) is a common practice in
humid areas with poorly draining soils such as the American Midwest.
While subsurface drainage practices have obvious benefits to crop
growth and yields (Kladivko, 2020), it remains uncertain how over a
century of drainage modifications has impacted groundwater recharge
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and baseflow generation in agricultural watersheds (Schilling, 2005;
Zhang and Schilling, 2006). Unfortunately, we lack the field data in
many cases to quantify how baseflow has been impacted by drainage
modification since tile-drain installations either pre-date stream gauge
installation and/or are located in watersheds that are largely ungauged.
However, if we want to understand how aquatic agroecosystems are
currently responding (and will respond in the future) to predicted
changes in recharge associated with climate and land-use/land-cover
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change, then it is imperative that we improve our understanding of
how drainage modifications alter recharge processes and impact base-
flow generation processes in agricultural watersheds today.
Groundwater recharge is traditionally defined as water that has
percolated through the unsaturated zone and entered the saturated
porous media beneath the water table (Freeze and Cherry, 1979). In
some agricultural watersheds, tile drains control the depth of the
shallow water table passively (e.g, traditional drainage) or actively (e.g,

560000

640000 720000
] |

4600000

NOAA Rain Gage
USGS Streamgage

* DEM (m)
— High 1509

- Low : 64

640000 720000

T s

|}
4200000

560000

Fig. 1. Map of sampling sites in the Wabash River watershed. Inset map shows the regional basemap. State boundaries are thin black lines and can be matched to the

inset map. UTM coordinates are shown around the perimeter of map.
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controlled drainage, see Frankenberger et al., 2004). As a consequence,
water that recharges the shallow aquifer may be quickly routed to a
drain, thereby limiting circulation deeper than approximately 1 m and
reducing the potential for recharge to deeper aquifers. There is growing
concern that baseflow in these watersheds is sourced predominantly
from tile-drainage systems (Schilling, 2005; Schilling et al., 2012). This
has serious implications for water quality, salinity, nutrient persistence,
and overall agroecosystem health (Tesoriero et al., 2013; Yaeger et al.,
2013; Munn et al., 2018). Unfortunately, baseline geochemical and
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isotopic surveys of baseflow are lacking for many large agricultural
watersheds in the American Midwest and globally. Data from synoptic
and longitudinal surveys are sorely needed in these large agricultural
watersheds.

To address the larger knowledge gap, two catchment-scale studies
and one large watershed-scale study were initiated in the Wabash River
watershed in 2015. The two catchment-scale studies were conducted in
2015 through 2016 to quantify the sources of baseflow in four small
catchments draining agriculturally-fragmented land in northern and
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Fig. 2. Bedrock geology map of the Wabash River watershed. Inset map shows the bedrock geology of the headwaters reach. State boundaries are thin black lines and
can be matched to the inset map of Fig. 1. UTM coordinates are shown around the perimeter of map.
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central Indiana (Frisbee et al., 2017). This study revealed that relatively
old (> 60 years), nitrate-free groundwater from confined glacial
outwash sands supported baseflow in one catchment (Ross Reserve)
located near West Lafayette, IN. This catchment was not as heavily
impacted by agriculture as an adjacent catchment and as a consequence,
the geochemistry of baseflow was quite different. The adjacent catch-
ment was heavily impacted by agricultural runoff, thereby shortening
the mean residence times of shallow groundwater and increasing the
nitrate concentration substantially (Frisbee et al., 2017). During that
same time, a synoptic sampling campaign was conducted in October and
November of 2015 to identify the sources of baseflow in the much larger
Wabash River and its major tributaries (Figs. 1 & 2). The Wabash River
drains nearly 70 percent of Indiana and portions of Ohio and Illinois. It is
the largest northern tributary to the Ohio River and the Ohio River is an
important tributary to the Mississippi River. Over 65 percent of the
northern Wabash River watershed drains agricultural land (Pyron and
Neumann, 2008; Ahiablame et al., 2013; Wiener et al., 2016). The
geochemical data from the Wabash River sampling campaign revealed
high spatial complexity in geochemical concentrations and isotopic
compositions. For example, anomalously high salinity (C17) coincident
with high total dissolved solids (TDS) and high concentrations of sodium
(Na™), sulfate (50427, strontium (Sr?*), potassium (K*), and fluoride
(F7) were measured in river samples collected along the headwaters
reach from Fort Recovery, OH (WR1 in Figs. 1 & 2) to the Forks of the
Wabash near Huntington, IN (WR4 in Figs. 1 & 2). These observations
pose two interrelated questions: what is the source of the high salinity
and high TDS in the headwaters reach, and what does the observed high
salinity and TDS of baseflow mean with respect to long-term water
quality in the headwaters of the Wabash River?

While this research was initiated to improve our understanding of
the sources of water that support baseflow in large agricultural water-
sheds, the observed high salinity in the headwaters reach of the Wabash
River watershed has additional implications for the salinization of
baseflow and Cl™ legacies in agricultural watersheds. Freshwater sali-
nization is a global problem (Kaushal et al. 2018). Agricultural water-
sheds, such as those in the American Midwest, are particularly
vulnerable to salinization because there are many potential sources of
salt that can contribute to salinity including anthropogenic sources such
as potash (KCl) fertilizers, seasonal ice/snow control using road salt
(halite), septic and industrial effluent, home and business water-softener
systems, and dust control on country roads using brines (Panno et al.,
2006; Kaushal et al., 2018). Salt can also come from geologic sources
(Warren, 2016), such as bedded halite. The dissolution of the fluid in-
clusions in the halite can potentially alter other solute concentrations
(Cendon et al., 2008; Brennan et al., 2013). Due to its unique geologic
setting and the presence of intensive agricultural practices, the head-
waters of the Wabash River provides a unique setting to address this
issue since there are numerous anthropogenic and potential geologic
sources that can explain the observed salinity. In the study area, we
investigate the following sources of salinity: 1) surface and shallow
subsurface runoff from agricultural fields impacted by potash fertilizers
(KClI or muriate of potash), 2) septic effluent (Vengosh and Pankratov,
1998; Panno et al., 2006), wastewater discharge (Wiener et al., 2016), or
brine discharge from home water-softener systems (Panno et al., 2006),
3) discharge from deep sedimentary brines (or leaky gas wells) given the
proximity of the headwaters reach to the Trenton Gas Field (Keith,
1985), and 4) deicing and dust-control agents in the study area (namely
road salt or halite, although oil-field brines may have been used at one
time in portions of northwestern OH; Kell et al., 2004). We also assess
regional groundwater discharge from the Midwestern Basins and Arches
Regional Aquifer System (Eberts and George, 2000) as a potential source
of elevated CI™ and other solutes. This aquifer is hosted in Silurian-
Devonian carbonate rocks and is spatially extensive through north-
western Ohio, northern Indiana, southern Michigan, and northeastern
Illinois (see Fig. 2 of Eberts and George, 2000).

The dataset presented here adds to the growing body of literature on
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the effects of landscape management, namely agricultural and drainage
practices, on hydrological processes (Skaggs et al., 1994; Sloan et al.,
2016; Buskirk et al., 2020). Impacts of agricultural practices on shallow
subsurface processes have been well documented in research completed
at the Intensively Managed Landscapes Critical Zone Observatory (IML-
CZO) and in other independent study sites. The IML-CZO research has
substantially improved our understanding on how surface agricultural
practices, such as tillage, and subsurface drainage modifications have
impacted water, solute, and nutrient yields from agriculturally managed
landscapes (Kumar et al., 2018; Wilson et al., 2018). However, these
studies rarely consider interactions with deeper aquifers, thereby
limiting our understanding on their role in baseflow generation and
their effect on salinity and TDS in these agricultural watersheds. This
study bridges that gap by providing valuable insight into 1) the in-
teractions between surface water, shallow aquifers, and deep aquifers
(including regional flow in bedrock), 2) advantages and limitations in
using multiple isotopic and geochemical tracers as forensic tools to
differentiate between anthropogenic and geologic sources of salinity to
agricultural rivers, and 3) the two-way exchange of salinity and nutri-
ents between surface water, shallow aquifers, and deeper aquifers.

Here we address the following overarching questions 1) what is the
source of the anomalous solute concentrations and high salinity in the
headwaters reach of the Wabash River, 2) what do the solute concen-
trations reveal about the sources of baseflow in the headwaters reach,
and 3) how much, if any, groundwater from the regional aquifer is
discharged to the headwaters reach? We answer these questions using a
multiple isotopic tracer approach combined with geochemical analyses.
Specifically, chlorine-36 ratios (*°cl/cl) and chloride/bromide mass
ratios (Cl"/Br~) are used to identify and differentiate between the
numerous sources of salinity. Strontium isotopic ratios (87Sr/865r) are
measured in river water, soil, and bedrock samples to identify the
flowpaths that contribute to baseflow salinity (i.e., is the salinity coming
from the shallow subsurface, deeper aquifers, or gas field formations).
Stable isotopes of water (180 and 2H) are used to identify mixing re-
lationships between different sources of water and to identify sources of
recharge.

2. Description of study area
2.1. Geography and geology

The Wabash River watershed is large (85,340 km?) and the river
flows through different geologic settings. Therefore, to aid in the com-
parison of data across the watershed, the entire watershed was divided
into 3 regions that largely conform to preexisting subdivisions used in
other publications. In this paper, we define the Upper Wabash River
(UWR) as that portion of the river extending from Ft. Recovery, OH
(WR1 in Fig. 1) to Lafayette, IN (WR7 in Fig. 1). The UWR primarily
drains the Central Till Plain (Tipton Till Plain; see Gray, 2000). The
Middle Wabash River (MWR) extends from Lafayette, IN south to Terre
Haute, IN (WR12 in Fig. 1) and primarily drains the Central Till Plain
(Gray, 2000). The MWR defined here conforms to the area defined in
Doss (1994). The Lower Wabash River (LWR) extends from Terre Haute,
IN south to New Haven, IL (WR18 in Fig. 1) and primarily drains the
Southern Hills and Lowlands Region (Gray, 2000). The area that we
have defined as the LWR largely conforms to the area delineated in Il-
linois flood maps (ISWS, 2020).

A brief geologic description is provided here (please see Casey
(1996), Bugliosi (1999), and Eberts and George (2000) for a detailed
explanation of the geological, hydrogeological, and geochemical
framework of the study area including the Midwestern Basin and Arches
Regional Aquifer System). Bedrock units and their associated deep
aquifers in the study area are covered by glacial sediments up to
approximately 154 m thick in some places from the Wisconsinan ice
sheet (Fig. 3; Eberts and George, 2000). However, the unconsolidated
glacial sediment is relatively thin (less than 30 m) along the headwaters
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Fig. 3. Geologic map showing thickness of unconsolidated glacial sediment in headwaters reach. Map is modified from Bayless et al. (2017). The white dashed line
represents the border between Indiana to the west and Ohio to the east. The watershed delineation can be matched to Figs. 1 and 2.

reach. Silurian bedrock units found in northeastern Indiana and north-
western Ohio were originally deposited in shallow marine and reef
settings (Casey, 1996; McLaughlin et al., 2018). These units are pri-
marily comprised of limestones and dolomites (Pinsak and Shaver,
1964) and contain evaporites and sulfide minerals (Pinsak and Shaver,
1964; Casey, 1996). Outcrops of Silurian bedrock (Wabash Formation)
are exposed at the land surface in road cuts near the Forks of the
Wabash, Huntington, IN (see site WR4 in Fig. 2) and near France Park,

Logansport, IN (Frisbee et al., 2019; see site WR6 in Fig. 2). Discontin-
uous exposures of Upper Ordovician rocks are present beneath the un-
consolidated sediment in the headwaters reach of the Wabash River
watershed where the ancient Teays River system has eroded the Silurian
carbonate sequence (Melhorn and Kempton, 1991; Figs. 2 and 3). The
Ordovician rocks are primarily comprised of shales with a smaller pro-
portion of interbedded limestones. The upper Ordovician rocks host the
Maquoketa Group Aquifer System (Schmidt, 2009) that is coincident
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with the buried Teays Valley. The Ordovician Trenton Limestone lies
beneath the Maquoketa Group Aquifer System and it hosts the Trenton
Gas Field and associated formation brines (Keith, 1985; Casey, 1996).

The headwaters reach of the Wabash River is positioned between the
Michigan Basin located to the north (separated by the Kankakee Arch),
the Illinois Basin located to the southwest (separated by the Cincinnati
Arch), and the Appalachian Basin located to the east (separated by the
Findlay Arch; see Fig. 2 of Eberts and George, 2000). The location be-
tween these arches has profoundly affected the underlying structure and
attitude of sedimentary units, and groundwater flow directions. For
example, older geologic units, such as Upper Ordovician, Silurian, and
Devonian rocks, were brought closer to the land surface along the axes of
these arches. Thus, bedrock units get younger moving west, north, and
east from the axes of the arches (see Fig. 2 of Eberts and George, 2000).
Uplift and glaciation have also affected groundwater flowpaths (Casey,
1996; Bugliosi, 1999; Eberts and George, 2000).

2.2. Hydrogeology and surface hydrology

Unconsolidated glacial sediments in the UWR and MWR (Fig. 3) host
shallow phreatic aquifers. These aquifers are thought to contain pri-
marily modern groundwater. Eberts and George (2000) report tritium
(®H) activities ranging from 3.0 to 20.6 TU in the shallow phreatic
aquifers which were, at the time, consistent with modern recharge (<
70 years). Although Eberts and George (2000) did not collect samples of
groundwater that are spatially coincident with the Wabash headwaters
reach, they did sample a transect across the UWR. They report some
overlap in 880 between the shallow phreatic aquifers in the unconsol-
idated glacial deposits (—7.85%o to —7.65%0) and the shallow portion of
the regional carbonate aquifer (—7.90%o to —7.75%0). However, isoto-
pically light groundwater (—14.4%o to —7.40%o) was found in the deep
regional carbonate aquifer with the lightest groundwater found in the
Maumee River basin northeast of Fort Wayne, IN. This isotopically light
groundwater was inferred to be a mixture of Pleistocene recharge and
modern, cold-season recharge (Eberts & George, 2000).

The Silurian bedrock units, whose thickness generally increases to
over 760 m progressing northward from the axes of the arches toward
Michigan, support the Midwestern Basin and Arches Regional Aquifer
System. Regional groundwater flow in the Silurian carbonate aquifer
follows the dip away from the axes of the arches. Eberts and George
(2000) modeled the hydrogeology of this aquifer system and found that
local-scale groundwater (i.e., short groundwater flowpaths that are
affected by seasonal variations in recharge) likely accounts for 50 to 97
percent of baseflow to streams in the region, while regional groundwater
(i-e., long groundwater flowpaths that are minimally affected by varia-
tions in seasonal recharge) accounts for 3 to 50 percent of baseflow.
Eberts and George (2000) also present isotopic data on samples of
groundwater collected from the deep regional carbonate aquifer. These
samples were found to be largely tritium dead (°H < 0.1 TU). In addi-
tion, radiocarbon residence times tended to get longer as flowpath
lengths increased, ranging up to approximately 13,000 years near the
distal end of a set of flowpaths in the Maumee River basin near Lake Erie
(Eberts and George, 2000). Thus, they inferred that a significant pro-
portion of Pleistocene recharge from the Last Glacial Maximum is pre-
sent in the deep regional carbonate aquifer.

The Wabash River originates from seeps located on private property
south of Fort Recovery, OH (west of WR1 in Figs. 1, 2). During this study,
water samples could not be collected from the private property. How-
ever, water samples were collected where the headwater stream is
channelized in a ditch located approximately 1.5 km downstream of the
private property at the Historic Anthony Wayne Parkway Roadside Park
- Wabash River (16S 691220 mE, 4,469,326 mN; see WR1 in Fig. 2). The
stream channel then takes a circuitous route, looping northeast then
northwest back to Fort Recovery, OH (see site WR2 in Fig. 2) before
flowing into northeastern Indiana (Fig. 1). This paper focuses on the
headwaters reach from Fort Recovery, OH (site WR1 in Fig. 2) to

Journal of Hydrology 609 (2022) 127769

Huntington, IN (site WR4 in Fig. 2).

There are three USGS stream gauging sites in the headwaters reach of
the Wabash River and all three sites are located in Indiana. Two of our
sampling sites in the headwaters reach are located near a USGS stream
gauging site. Site WR3 is located near the stream gauge at Linn Grove, IN
(site 03322900; https://waterdata.usgs.gov/in/nwis/inventory/?site
_10=03322900; last accessed on 08 February 2022) and Site WR4 is
located near the stream gauge at Huntington, IN (site 03323500;
https://waterdata.usgs.gov/in/nwis/inventory/?site_no=03323500;
last accessed on 08 February 2022). The average daily discharge at Linn
Grove over the period from 01 January 1965 to 31 December 2019
ranged from 0.11 to 394 m® s~1. A continuous record of discharge over
the same time period is not available at Huntington, IN. However, the
average daily discharge at Huntington over the period from 01 January
1965 to 31 December 2001, excluding incomplete years of 1992 and
1993 ranged from 0.10 to 239 m® 5L

An average annual hydrograph (Fig. 4) was created for the head-
waters reach over a 55-year period of record (01 January 1965 to 31
December 2019) using stream gauge data from the USGS gauge at Linn
Grove, IN. A set of flow duration curves (FDCs) was created for the
discharge data from the USGS gauging sites at Linn Grove, Huntington,
and an additional site at Peru, IN located in proximity to Site WR5. Daily
discharge data for the Wabash River near Peru, IN was obtained from
USGS Site 03,327,500 (https://waterdata.usgs.gov/in/nwis/inventory
/?site n0=03327500; last accessed on 08 February 2022) over the
same interval as the Linn Grove site. These curves (Fig. 5) show that the
headwaters reach is relatively flashy and that discharge generally in-
creases from Linn Grove, IN (WR3) to Peru, IN (near WR5). Here, we
define flashy streamflow as stream discharge that responds quickly to
rain or snowmelt events and has an event-scale recession that is usually
steep (Poff et al., 1987). For example, the annual hydrograph of the
headwaters reach shows quick responses to precipitation events,
particularly during summer and fall thunderstorms (see days 160 to 280
of Fig. 4). In addition, the slopes of the flow duration curves shown in
Fig. 5 are slightly steeper in the 20 to 80% exceedence probability range
of the plots than expected for groundwater-dominated streams (Searcy,
1959). In general, the highest stream flows occur in the spring after
snowmelt (late February through late April) and prior to the growing
season (days 52 to 115 of Fig. 4). Stream flows gradually decrease over
the course of the summer growing season despite plentiful rainfall
during this time (Fig. 4). The lowest stream flows occur in the autumn
near the end of the growing season and prior to winter storms occurring
in November and December (Figs. 4 & 5). Miller and Lyon (2021) report
similar flashy behavior for tile-drained watersheds in Ohio. Baker et al.
(2004) examined flashy stream behavior in Midwestern watersheds
using a new flashiness index.

2.3. Climatology

The headwaters reach of the Wabash River experiences cold winters
and hot summers. Only one weather station was found in the headwaters
reach with a sufficiently long and continuous period of record compa-
rable to the 55-year period of record of from the stream gauge at Linn
Grove, IN. Meteorological data were obtained from NOAA Climate Data
Online (https://www.ncei.noaa.gov/maps/daily/; last accessed on 10
February 2022) for a weather station located in Berne, IN, approxi-
mately 7.0 km to the east of Linn Grove, IN (01 January 1965 to 31
December 2019; Fig. 1). The average low and high January (winter)
temperatures measured at Berne, IN over the last 55 years are —-8.0 °C
and 0.4 °C, respectively, and the average low and high July (summer)
temperatures are 17.8 °C and 29.2 °C. Berne, IN receives an average of
100.3 cm of precipitation per year (Fig. 6). Precipitation is seasonally
distributed; 19 percent occurs in the winter months, 30 percent occurs in
the spring months, 30 percent occurs in the summer months, and 21
percent occurs in the fall months. The study area receives between 10.7
cm and 157.9 cm of snow (not snow-water equivalent) per year.
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Fig. 4. Average annual hydrograph of the headwaters reach over a 55-year period of record (01 January 1965 to 31 December 2019) using stream gauge data from
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During the spring and summer of 2015, the study area received the
4th highest annual precipitation observed over the 55-year period of
record (Fig. 6). This resulted in widespread flooding throughout the
Wabash River watershed (see green dashed line in Fig. 4). Floodwaters
began to recede near the end of August (calendar day 240 of Fig. 4b) and
baseflow conditions resumed in late September and were persistent
through October and early November. Samples were collected in the
UWR on 30 October 2015, indicated by the red x-mark in Fig. 4a, con-
firming that samples were collected during acceptable baseflow
conditions.

3. Methods
3.1. Field chemistry and geochemical analyses

The entire main channel of the Wabash River was longitudinally
sampled over the course of 3 days. Sites WR1 through WR5 (Fig. 1) in the
UWR were sampled on 30 October 2015 and the remaining two sites in
the UWR (WR6 and WR7) were sampled on 06 November 2015. The
MWR sampling sites (WR8 to WR12; Fig. 1) were sampled on 06
November 2015. The LWR sampling sites (WR13 to WR18; Fig. 1) were
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Fig. 5. Flow duration curves of headwaters reach over a 55-year period of record using stream gauge data from the USGS gauges at Linn Grove, IN (blue dashed line;
includes data from 01 January 1965 to 31 December 2019), Huntington, IN (purple dashed line; includes data from 01 January 1965 to 31 December 2001), and
Peru, IN (green dashed line; includes data from 01 January 1965 to 31 December 2011). Incomplete years were excluded from the flow duration curves. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sampled on 20 November 2015.

A YSI Professional Plus (Pro Plus) multi-parameter meter
(https://www.ysi.com/proplus; last accessed on 10 February 2022) was
used to measure field chemical parameters including: pH, temperature,
electrical conductivity (EC; pS cm 1), and dissolved oxygen (DO; mg L™?
and % saturation relative to air saturation). Specific conductivity (SpC;
uS em 1), EC corrected to 25°C, is calculated by the YSI meter by: SpC =
EC * 1.91; where 1.91 is the temperature coefficient for waters at 25°C.
Total dissolved solids (TDS; mg L’l) is also calculated by the YSI meter
by: TDS = SpC x 0.65. The YSI meter was calibrated prior to the first
sample site each day using a three-point calibration for pH and EC. The
calibration was checked randomly throughout the day. A new DO
membrane and fresh electrolyte (O solution) was used for each sam-
pling trip.

All water samples were collected by tossing one end of a 10 m length
of viton tubing into the river from the bank, letting the tubing settle to
the bottom of the channel, and then connecting the other end to a
Geotech 0.45 pm dispos-a-filter (http://www.geotechenv.com/disp
osable filter capsules.html; last accessed on 08 February 2022). The
tubing was then fed into the drive head of a Pegasus Alexis peristaltic
pump and pumped for 3 to 5 min to completely flush the filter. The
filters were replaced approximately every 2 to 3 sample sites. Water
samples were collected in clean, non-acidified 250 mL wide-mouth
HDPE Nalgene bottles for general geochemistry analyses (standard
cations and anions) which were completed at the Chemical Laboratory
of the New Mexico Bureau of Geology and Mineral Resources. The suite
of cations includes sodium (Na™), potassium (K), magnesium (Mg2+),
calcium (Ca2+), and strontium (Sr2+) and these were measured using a
PerkinElmer Optima 5300 DV ICP-OES per EPA 200.7. The suite of an-
ions includes chloride (Cl7), bromide (Br~), fluoride (F™), nitrate
(NO3"), and sulfate (SO42_) and these were measured using a Dionex
ICS-5000 IC according to EPA 300.0. Alkalinity was not measured in the
field, but alkalinity as CaCOs and bicarbonate (HCO3") was completed in
the lab according to EPA 310.1. Silica (SiO3) concentrations were
completed according to SM 1030E. Duplicates were analyzed on every

tenth sample to assess repeatability and analytical precision. Detection
limits, analytical uncertainty, and charge balances were reported from
the lab and are provided within this paper.

3.2. Chlorine-36 analyses

Chlorine-36 ratios (*°Cl/Cl) and Cl~/Br~ mass ratios (mg L’l/mg
LY are used to identify and differentiate between the numerous sources
of salinity that are present in the headwaters of the Wabash River
watershed. Potential chloride endmembers were identified through
previous research by Frisbee et al. (2017) and from other published data
(see below). Groundwater recharged during the bomb-pulse era should
have elevated °Cl/Cl compared to pre-anthropogenic and modern
recharge (Clark and Fritz, 1997; Corcho Alvarado et al., 2005; Tosaki
et al., 2011; Phillips, 2000; 2013; Shaw et al., 2014). Frisbee et al.
(2017) found that springs in Shades State Park in central Indiana were
discharging a substantial component of groundwater recharged during
or immediately after the bomb-pulse era. Those springs had 3¢Cl/Cl >
1300 (x 107'°). Baseflow in streams draining those same catchments
ranged from 720 (x10*15) to 1250 (XlO’lS). In comparison, pre-
anthropogenic 2°Cl/Cl in groundwater for northern Indiana should
range from 300 x107 1) to approximately 450 (x1 0~15) based on data
provided in Davis et al. (2000, 2003). Monthly-integrated samples of
precipitation were collected in West Lafayette, IN to provide an end-
member for within-year runoff (Frisbee et al., 2017). Geologic brines can
be found in the headwaters of the Wabash River watershed. Brines tend
to have very low 36Cl/Cl (<20 x 10') relative to modern and clean,
unaffected groundwater (Vengosh, 2014).

The expected range of C1”/Br~ mass ratios for wet deposition varies
with distance inland from oceanic sources (Short et al., 2017). Davis
etal. (1998, 2000) report Cl”/Br™ less than approximately 250 for clean
modern groundwater, defined as groundwater unaffected by Cl™ pollu-
tion. Regionally, Panno et al. (2006) reports a Cl /Br  range of 23 to
521 and a mean of 156 for pristine groundwater from sand and gravel
aquifers in nearby northeastern Illinois. Frisbee et al. (2017) report Cl™/
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Fig. 6. A) Hyetograph of average annual precipitation created from meteorological data obtained from NOAA Climate Data Online for a weather station located in
Berne, IN, approximately 7.0 km to the east of Linn Grove, IN (period of record is 01 January 1965 to 31 December 2019). B) Y-axis is scaled to show the increased
precipitation occurring in 2015 (green dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Br™ ranging from 30 to 95 for clean, unaffected springs in central Indi-
ana. Cl/Br™ mass ratios tend to be elevated (>1000) in geologic brines
and in waters that interacted with evaporite minerals (Davis et al.,
1998). Therefore, 36Cl/Cl can be coupled with CI™/Br~ to potentially
differentiate between sources of Cl~ (Davis et al., 2000; Davis et al.,
2003).

Filtered water samples were collected from each river site in clean,
non-acidified, wide-mouth 1000 mL HDPE Nalgene bottles for 3°Cl an-
alyses. Precipitation was collected on a monthly basis in 2015; the
winter precipitation samples that were collected after baseflow samples
were collected for this study are not shown in this paper. The %°Cl/Cl of
precipitation was assumed to be equivalent to the 3°Cl/Cl of modern
(within year) recharge and surface runoff. This assumption is made

based on the inferred flashy behavior of streams in the region. Precipi-
tation was collected in clean buckets installed in an open grassy area
located near West Lafayette, IN (Frisbee et al., 2017). The buckets were
inspected daily (or immediately following precipitation events). Event-
scale precipitation samples were then poured into clean 2L Nalgene
bottles. Samples were then combined at the end of the month to create
integrated monthly samples. The buckets were washed with Alconox
and rinsed with deionized water after precipitation samples were
collected, and then re-installed.

Samples of road salt (halite) were acquired from two salt vendors
that supply the Indiana Department of Transportation. One sample was
provided by Compass Minerals from Silurian salt deposits near God-
erich, Ontario and the other sample was provided by Cargill Deicing
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from Silurian salt deposits near Cleveland, OH. Halite samples were
dissolved in deionized water, given a sulfur reduction step to reduce
interference with 3¢S, and AgCl was precipitated from the water sample.
All *°Cl/Cl analyses and chemistry steps were completed at the Purdue
PRIME Lab using accelerator mass spectrometry (AMS; Sharma et al.,
2000; https://www.physics.purdue.edu/primelab/). The reported rela-
tive measurement uncertainty ranged between +/- 2.3 to 4.5%.

3.3. Strontium Isotope analyses

Strontium isotopic ratios (87Sr/30Sr) of water samples are compared
to the 87Sr/%0sr of rocks, rock leachate, and glacial sediment leachate
present in the study area to identify which rocks host the flowpaths,
assuming that the 87Sr/%%Sr of each endmember are distinct (Hogan and
Blum, 2003; Frisbee et al., 2017). Filtered water samples were collected
from each river site in clean, non-acidified, wide-mouth 1000 mL HDPE
Nalgene bottles for 87sr/%6Sr analyses. Samples of geologic material
found in the study area were also collected for whole rock and rock
leachate 87Sr/%Sr analyses. Bedrock samples were also collected in the
study area including Silurian Wabash Formation (dolomitic limestone),
Silurian Brassfield Formation (dolomitic limestone), and Ordovician
Platteville Formation (dolostone). Whole-rock samples were crushed
and processed at Isotope Tracer Technologies. Glacial sediment samples
were collected from the surface and shallow subsurface in the study
area. The glacial sediment samples were leached using deionized water
since they are a mix of rock clasts and clay material and leaching is
thought to provide a more representative ’Sr/%°Sr of the unconsoli-
dated glacial sediment. This technique has been applied successfully in
other recent studies (Frisbee et al., 2017; Warix et al., 2020; Gleason
et al., 2020). Rock-leachate samples were created by: 1) placing 300 g of
glacial sediment in clean 2 L Nalgene bottles, 2) filling the bottle with
deionized water (DI), 3) capping the bottle and leaching the rock sam-
ples for 2 months, 4) decanting the water from the bottle, and 5)
measuring the strontium (Sr**) concentrations of the water and
measuring the 8Sr/8Sr of the rock-leachate. All ”Sr/%°Sr analyses were
completed by Isotope Tracer Technologies using Thermal Ionization
Mass Spectrometry (TIMS). The reported analytical uncertainty is pro-
vided. For comparison purposes, we use 3”Sr/3%Sr ratios for precipitation
that were reported in Sherman et al. (2015). Specifically, 878r/80Sr for
precipitation for Dexter, MI (0.709966 +/- 0.000360) and Detroit, MI
(0.708785 +/- 0.000390) are used as potential endmembers given the
proximity of these sites to the headwaters of the Wabash River in
northern IN and OH.

3.4. Stable isotopes of water

Stable isotopes of water, 180 and 2H, were used to identify the
sources of water contributing to baseflow. Small aliquots of water (5 mL)
were pipetted from each general chemistry sample. Stable isotopic ratios
of water (52H and 5'80) were analyzed by the Purdue Stable Isotope Lab
using an LGR Triple Isotope Liquid Water Analyzer. Three standards
were used for calibration: §°H = 18.1%o and 8'80 = 2.78%,, §°H =
—117.2%0 and §'80 = —15.7%o, and 5°H = —44.5%0 and 5'0 = —6.9%o.
Each water sample was analyzed ten times; the first four runs were
discarded while the last six runs were averaged to provide the final
isotopic ratios. 5?H and §'80 were reported relative to VSMOW (Vienna
Standard Mean Ocean Water). The precision of analyses relative to
known standards are 0.61%. for §?H and 0.09%o 5'0. Uncertainties for
each sample are provided.

4. Results
4.1. Field chemistry and spatial trends in geochemical concentrations

The SpC values (829 to 1051 pS c¢m ) measured in the headwaters
reach are nearly twice as large as those measured in the remainder of the
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UWR (493 to 676 pS c¢m 1) and almost all of the MWR (580 to 604 us
cm_l), except for WR12 (1246 pS em™)) at Terre Haute, IN (Table 1).
Only the measurements made at the LWR sampling sites (1061 to 1255
S em ™), with the exception of WR18, are higher than those measured
in the headwaters reach. Site WR3 has the lowest SpC of the headwaters
reach. This site also has the lowest DO (59.1%) of the headwater reach;
Sites WR1, WR2 and WR4 have DO values of 65.7, 84.0, and 82.5%,
respectively.

The CI~ concentration measured at WR1 is 39.4 mg L™ (Fig. 7,
Table 2) and Cl~ concentrations increase to 56.4, 68.7, and 131 mg Lt
at sites WR2, WR3, and WR4, respectively. Immediately downstream of
WR4 there is a substantial decrease in Cl~ (29 mg L™ and the
remaining stream sites have Cl~ concentrations less than 34.2 mg L.
For comparison, water samples collected in the Ohio River upstream of
the confluence with the Wabash River at Mt. Vernon, IN and down-
stream of the confluence at Old Shawneetown, IL have Cl~ concentra-
tions of 37 mg L™ and 29.2 mg L™}, respectively. Sodium concentrations
largely parallel CI™ concentrations (Fig. 7, Table 2).

Strontium and sulfate concentrations are surprisingly high in the
headwaters reach. Sr** concentrations range from 1.13 to 2.77 mg L™}
in the headwaters reach while, in comparison, the Sr®* concentrations of
the remaining sample sites are less than 0.69 mg L™} (Table 2, Fig. 7).
Sr?* concentrations decrease with increasing distance downstream of
the headwaters reach. SO42~ concentrations in the headwaters reach
range from 105 to 143 mg L™}, while in comparison, the average SO4%~
concentration of the remaining sample sites is 50.6 -+/- 6.7 mg L™1. Only
one sampling site in the lower reaches of the Wabash River watershed
has a $042~ concentration comparable to the headwater reach. Site
WR16 has a SO4>~ concentration of 175 mg L™! and is located imme-
diately downstream of a coal-burning power plant near Mt. Carmel, IL.
The sites in the headwaters reach also have elevated F~ concentrations
ranging from 0.30 to 0.51 mg L ™! relative to the other sampling sites
which have an average F~ concentration of 0.26 +/- 0.03 mg Lt
(Fig. 7).

The solute concentrations of the water sample collected from Site
WR3 are odd relative to Sites WR2 and WR4 in the headwater reach
sites. The concentrations of CI~, Na™, Br~, and F~ increase progressively
from WR2 to WR4 (Tables 1 & 2). However, WR3 has the highest con-
centrations of Mg?*, Sr?*, and SO4%~ of the headwaters reach (Tables 1
& 2). This site also has the lowest SpC and DO, and lowest concentra-
tions of Ca®*, NO3~, and Si.

4.2. Spatidl trends in CI”/Br~ and *°Cl/Cl

The Cl™/Br~ of sites WR1, WR2, WR3, and WR4 are all elevated
relative to the remaining sites, except for WR9, WR14, and WR15. Sites
WR1, WR2, WR3, and WR4 have Cl” /Br ™ ratios of 985, 1077, 758, and
1139, respectively (Table 3, Fig. 8). Cl”/Br~ ratios then decrease
downstream reaching a minimum at site WR6 near Logansport, IN
(Fig. 8). The remainder of the Wabash River sampling sites, excluding
WR9, WR14, and WR15, have Cl”/Br~ ranging from 229 to 649 and
show little variability through portions of the MWR and LWR. Sites
WR9, WR14, and WR15 all have C1"/Br~ >1300.

The 3°Cl/Cl of monthly precipitation from April to October 2015
ranges from 43.2 +/- 2.8 (x 1071%) to 79.8 +/- 3.8 (x 10715, Table 3).
The range of °Cl/Cl measured in precipitation for this study is illus-
trated by the grey box in Fig. 8. All of the river samples have 3°Cl/Cl
lower than the expected range for clean groundwater in the region
(~450 x 10~ %) based on data provided in Davis et al. (2000, 2003). Site
WR1 has a **Cl/Cl of 50.0 +/- 2.6 (x107), while the **Cl/Cl ratios of
sites WR2, WR3, and WR4 are 33.4 +/- 1.9 (X10’15), 27.5 +/- 1.5
(XlO’lS), and 30.4 +/- 1.5 (X10’15), respectively (Table 3, Fig. 8). The
remaining river samples have 3°Cl/Cl ranging from 39.9 +/- 1.9
(x10_15) to 94.8 +/- 3.5 (X10_15; Table 3, Fig. 8). Two additional river
sites have 2°Cl/Cl that fall outside the range for monthly precipitation.
Site WR14 at Merom, IN has a low *°Cl/Cl, 39.9 +/- 1.9 (x10~®), that is
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Field chemistry data for the Wabash River Watershed. ‘ORUP’ was collected in the Ohio River upstream of the confluence of the Wabash River and ‘ORDN’ was
collected downstream of the confluence. Elevation of the sampling sites are listed in meters above sea level (masl). The field data from the headwaters reach are shown

in the red shaded cells.

Sample  Sample UTM16T UTM16T  Elev. Temp. pH SpC TDS DO DO
D Location mE mN (masl)  (°C) (Sem™)  (ppm) (%)  (mgL7H
WR1 Historic Anthony Wayne Parkway Roadside Park, Fort Recovery, 691,220 4,469,326 309 9.1 7.94 676 439 65.7 7.6
OH
WR2 Fort Site Park, Fort Recovery, OH 688,103 4,476,187 278 9.9 8.14 868 564 84.0 9.5
WR3 Ceylon Bridge, Ceylon, IN 674,238 4,498,051 250 10.3 7.99 829 539 59.1 6.5
WR4 Historic Forks of the Wabash, Huntington, IN 623,519 4,526,130 215 12.7 7.99 1051 683 82.5 8.6
WR5 West City Park, Peru, IN 577,024 4,510,339 194 11.9 8.21 493 320 85.3 8.9
WR6 France Park, Logansport, IN 546,150 4,511,076 172 14.8 8.14 637 414 67.8 6.9
WR7 Davis Ferry Park, Lafayette, IN 511,124 4,480,531 157 14.9 8.50 587 382 87.8 88
WR8 Granville Park, West Lafayette, IN 496,907 4,473,555 156 15.4 8.53 581 378 96.5 9.6
WR9 Ouabache Park, Attica, IN 478,264 4,460,423 153 15.2 8.60 585 380 97.7 9.7
WRI10 Five Crossings Park, Covington, IN 465,592 4,442,991 149 15.5 8.60 580 377 100 10
WR11 Reeder Park, Montezuma, IN 468,034 4,404,105 146 16.9 8.62 604 393 103 9.9
WR12 Fairbanks Park, Terre Haute, IN 463,866 4,367,517 135 11.7 7.99 1246 810 90.2 9.7
WR13 Darwin Ferry, Darwin, IL 447,333 4,348,360 136 11.9 8.05 1255 816 79.0 8.6
WR14 Bluff Park, Merom, IN 450,546 4,323,289 131 11.4 8.07 1255 816 67.7 7.0
WRI15 Kimmel Park, Vincennes, IN 454,822 4,283,104 125 11.4 8.05 1233 801 81.9 8.9
WR16 Mt. Carmel Wildlife Refuge, Mt. Carmel, IL 432,729 4,248,054 119 11.2 7.71 1223 795 50.8 5.6
WR17 Boat Ramp, New Harmony, IN 417,453 4,240,638 113 11.5 7.73 1061 690 63.2 7.0
WR18 New Haven, IL 404,614 4,187,753 106 11.7 7.51 702 456 55.4 6.0
ORUP Ohio River, 421,472 4,198,255 108 13.5 7.78 979 636 84.7 8.6
River Bend Park, Mt. Vernon, IN
ORDN Ohio River, 406,075 4,172,741 102 12.4 7.74 922 599 75.0 8.0

Boat Ramp, Old Shawneetown, IL

similar to the headwaters reach; while site WR18 at New Haven, IN has a
higher 3Cl/Cl of 94.8 +/- 3.5 (x1071%; Table 3).

4.3. Spatial trends in 87Sr/%sr

At site WR1, the 87Sr/80Sr is 0.709080 (Table 4) falling between that
of the glacial sediment (0.709783, purple triangle in Fig. 9) and the
Silurian Wabash Formation (0.708778; orange square in Fig. 9). The
878r/%0Sr ratios decrease downstream of WR1 and reach a minimum at
WR3; the ratios then gradually increase downstream of WR4 (Fig. 9).
Sites WR2, WR3, and WR3 of the headwaters reach have 875r/808r of
0.708904, 0.708530, and 0.708609, respectively. These ratios are
similar to the dolomitic limestone samples of the early Silurian Wabash
Formation and late Silurian Brassfield Formation (0.708292, green
square in Fig. 9). The 87Sr/%0Sr ratios of these Silurian rock-leachate
samples closely match the 87Sr/%sr seawater curve for the Silurian
era reported in Burke et al. (1982) and McNutt et al. (1987). The
873r/805r of the headwater sites are not similar to either the Ordovician
dolostone (0.710589, black diamond in Fig. 9) or Trenton brines
(0.70901 to 0.71034, grey shaded box in Fig. 9) reported in McNutt et al.
(1987). The remaining river samples have 878r/80Sr similar to glacial
sediment (Fig. 9, Table 4). Some samples in the LWR have 875r/85r that
fall within the grey box for Trenton brines; however, these sample sites
are located far from the Trenton Gas Field and are, therefore, not asso-
ciated with oilfield brines.

4.4. Spatial trends in 5'%0 and 5°H of water

The 580 and 8%H compositions of all river sites are plotted in Fig. 10
relative to the global meteoric water line (GMWL, solid line in Fig. 10a;
Craig, 1961) and the non-weighted local meteoric water line (LMWL,
dashed line in Fig. 10) for West Lafayette, IN (Welp-Smith et al., 2020).
Time series datasets of stable isotopes measured in precipitation are not
available for the headwaters reach. The samples from the headwaters
reach are isotopically distinct from the remainder of the river samples.
In fact, WR1, WR2, WR3, and WR4 all cluster together and have 5180
values less than —7.65%0 and 5°H values less than —45.2%o (Fig. 10a).
Site WR3 has the lowest (most negative) stable isotopic composition of
the three sites in the headwaters reach (6180 = -8.15%0 and &°H =

11

-53.0%0; Table 5). Two of the remaining downstream river sites are
isotopically heavy relative to the other river samples. Site WR5, located
immediately downstream of the headwaters reach, has a 50 of
—4.79%0 and 8°H of —32.8%0), while WR16, located in the Lower
Wabash, has a 5180 of —5.45%0 and 5°H of —27.9%o (Fig. 10a). The
remaining river samples have isotopic compositions falling within a
relatively narrow range (-7.05 < 680 < -5.82%0 and —44.9 < &°H <
-35.6%0; Fig. 10a and Table 5). Seasonal, non-weighted precipitation
endmembers from Welp-Smith et al. (2020) are plotted in Fig. 10b as
average values +/- 1 standard deviation (Table 6). Despite considerable
storm-to-storm (interstorm) variability in these seasonal precipitation
endmembers, the samples from the headwaters reach (open red circles)
plot closer to the average spring endmember as compared to the other
river sites (open blue circles) which plot within the bounds of summer
precipitation (Fig. 10b).

5. Discussion
5.1. Sources of salinity inferred from geochemistry data

5.1.1. Sources of elevated chloride, sodium, and potassium

Baseflow Cl™ concentrations in the three headwater sites range from
56.4 to 131 mg L™! and are 1.9 to 4.3 times higher than measured
elsewhere in the Wabash River. For regional context, these Cl~ con-
centrations are higher than the two samples collected in the much larger
Ohio River above (37 mg L’l; ORUP in Table 2) and below (29.2 mg LL
ORDN in Table 2) the confluence with the Wabash River. For a broader
context, these C1™ concentrations are higher than those reported for the
Middle Rio Grande and portions of the Lower Rio Grande in New Mexico
(ClI™ less than 75 mg L) where deep sedimentary brines are thought to
discharge to the Rio Grande (Hogan et al., 2007). The CI"/Br~ mass
ratios of the headwaters reach (758 to 1139) are also surprisingly high
compared to the remainder of the watershed. In comparison, clean
shallow groundwater (unaffected by pollution) collected in the middle
reaches of the Wabash River watershed have C1”/Br™ ranging from 52 to
92.

One potential explanation for the elevated Cl”/Br  ratios of the
headwaters reach is septic effluent and/or the discharge of brines from
home water softener systems in septic effluent. Davis et al. (1998) report
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Fig. 7. Solute concentrations (mg L") versus distance from headwaters measured along the main channel of the Wabash River. A) Grey circles represent sulfate,
yellow circles represent chloride, and red circles represent sodium. B) Blue circles represent strontium and green circles represent fluoride x 5. (For interpretation of
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that the C1”/Br~ of domestic sewage commonly ranges between 300 and
600. For comparison, Vengosh and Pankratov (1998) reported Cl™/Br~
for domestic sewage in Israel ranging from 410 to 873. For a regional
comparison, Panno et al. (2006) reported Cl”/Br~ of 403 to 533 for
septic effluent in northeastern Illinois, although private septic systems
had ratios ranging from 65 to 5404 where the highest ratios were due to
the discharge of brine solution from water softener systems installed in
the homes (see Harrison, 2006 for a description on how water softeners
work). A simple divalent/monovalent cation mass ratio (D/M ratio) can
be created from (Ca%t + Mg?")/(Na® + K*) to differentiate untreated
(hard) from treated (softened) water. For example, water samples were
analyzed before and after a water softener was installed in the home of
the author for reference (Table 7). The untreated water has a D/M ratio
of 4.1 and the treated water has a D/M ratio of 0.67 illustrating the
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substantial reduction (adsorption) of divalent ions in the water after
treatment. Water samples from WR2, WR3, and WR4 have D/M ratios of
2.77,1.73, and 1.07, respectively; whereas the average D/M ratio of the
remaining river sites is 3.53 +/- 0.75 and range from 1.72 (near the
confluence with the Ohio River at WR18) to 4.69 (WR1). Ultimately, it’s
unlikely that the D/M ratios in the headwaters reach result from brine
effluent from home water softener systems due to the sparse population
of the region. This type of effluent may have localized impacts, but we
suspect that the brine becomes diluted in the larger aquifer or once it
reaches a river. It’s unlikely that septic effluent alone is responsible for
the high Cl”/Br™ ratios observed in the headwaters reach since it is
located in open farmland and is not heavily populated except for the
town of Huntington, IN.

Schnoebelen and Krothe (1999) state that non-reef portions of the
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Aqueous geochemical data for the Wabash River watershed. All solute concentrations are listed in mg L™!. The analytical uncertainty relative to standards is shown
beneath the ion in ‘+/- x* and the detection limits are shown in brackets. ‘C.B.” is charge balance. The field data from the headwaters reach are shown in the red shaded

cells.
Site Cca* Mgt K* Na* Sr2* Br~ cl- F~ NO5~ 5042~ HCO3~ Si CB.
D +/-5 +/-4 /-7 +/-5 +/-4 +/-6 +/-5 +/-6 +/-4 +/-6 +/-4 +/-9 (%)
[0.05] [0.05] [0.05] [0.05] [0.005] [0.01] [0.1] [0.1] [0.1] [1.0] [5.0] [0.05]
WR1 90.4 22.4 5.34 18.7 0.899 0.040 39.4 0.28 25.8 82.9 255 10.4 -1.2
WR2 97.5 30.9 11.8 34.6 1.13 0.052 56.4 0.29 64.4 131 218 8.79 0.24
WR3 75.4 32.1 9.32 52.8 2.77 0.091 68.7 0.41 8.91 143 247 5.39 -1.3
WR4 82.6 29.5 7.03 97.8 1.81 0.115 131 0.51 30.10 105 286 8.42 —0.90
WR5 59.8 19.9 4.89 19.3 0.633 0.059 29.0 0.26 4.51 43.7 237 2.19 -1.0
WR6 81.8 25.1 4.35 18.9 0.692 0.126 28.9 0.32 8.55 49.2 320 4.27 -1.3
WR7 74.9 24.6 4.72 21.4 0.488 0.091 33.6 0.29 4.09 43.9 201 2.13 0.68
WR8 70.7 23.0 4.13 19.5 0.432 0.074 31.9 0.26 4.44 48.4 294 2.91 -3.3
WR9 71.0 229 4.16 22.7 0.432 0.025 34.2 0.26 5.31 49.1 278 2.86 —0.98
WR10 72.5 23.5 4.07 21.6 0.423 0.061 32.4 0.26 5.31 50.2 283 3.26 —0.84
WR11 72.4 24.4 3.89 22.7 0.383 0.067 33.9 0.26 6.01 52.6 201 3.43 -1.7
WR12 68.7 25.4 3.55 22.2 0.308 0.064 31.9 0.25 7.80 51.2 283 3.03 -1.4
WR13 72.2 25.0 3.71 22.3 0.362 0.069 32.1 0.24 6.01 56.8 289 3.15 -1.5
WR14 71.9 24.4 3.75 22.1 0.357 0.017 31.3 0.24 6.04 57.8 283 3.59 -1.5
WR15 71.1 24.3 4.20 21.9 0.322 0.019 31.1 0.24 6.19 54.7 278 4.50 -0.61
WR16 59.5 24.4 5.09 26.6 0.208 0.039 16.3 0.20 4.87 175 130 6.89 —0.59
WR17 54.0 18.7 5.14 22.4 0.204 0.064 29.1 0.23 5.89 62.9 203 5.62 —-2.2
WR18 31.7 10.5 8.97 15.6 0.103 0.038 24.6 0.25 5.68 37.3 114 6.89 -1.8
ORUP 44.7 13.8 3.72 29.1 0.281 0.083 37.0 0.21 4.22 82.7 125 0.84 -1.8
ORDN 45.5 14.2 5.18 21.8 0.212 0.041 29.2 0.22 4.89 59.0 153 3.63 -1.6
Table 3 shales and subsequent mixing of waters in the carbonate aquifer. Un-

able

36Cl/Cl and Cl1~ dataset for the sampling sites in the Wabash River watershed and
monthly-integrated precipitation samples. 36Cl/Clyy is the analytical uncer-
tainty for the measured 3°Cl/Cl. All CI~/Br~, K*/Cl~, and (K* + Na™)/Cl™ ratios
are calculated as mass ratios (mg L’l/mg LY.

Site 3écl/cl 36Cl/Clyne  CI7/Br~  K'/CI-  (Na' +K")/Cl™
D x1071%  (x10719)

WR1 50.0 2.6 985 0.14 0.61
WR2 33.4 1.9 1085 0.21 0.82
WR3 27.5 1.5 755 0.14 0.90
WR4 30.4 1.5 1139 0.05 0.80
WR5 42.3 2.4 492 0.17 0.83
WR6 59.6 2.7 229 0.15 0.80
WR7 52.3 2.2 369 0.14 0.78
WR8 56.9 2.9 431 0.13 0.74
WR9 54.6 2.5 1368 0.12 0.79
WR10 51.9 2.5 531 0.13 0.79
WR11 52.3 3.3 506 0.11 0.78
WR12 45.5 2.5 498 0.11 0.81
WR13 55.5 2.6 465 0.12 0.81
WR14 39.9 1.9 1841 0.12 0.83
WR15 54.2 2.5 1637 0.14 0.84
WR16 77.3 3.2 418 0.31 1.94
WR17 49.9 2.5 455 0.18 0.95
WR18 94.8 3.5 647 0.36 1.00
ORUP 36.1 2.3 444 0.10 0.89
ORDN 49.6 2.1 714 0.18 0.92
April 2015  69.1 3.6 - - -
May 2015 68.3 3.5 - - -
June 2015 43.2 2.8 - - -
July 2015 46.3 2.3 - - -
Aug. 2015 79.8 3.8 - - -
Sept. 2015 43.7 2.4 - - -
Oct. 2015 55.4 3.1 - - -

Silurian-Devonian carbonate aquifer in northwestern Indiana contain
layers of interbedded montmorillonite and that these clay layers have a
high cation exchange capacity. They attribute sodium-rich groundwater
found in the non-reef carbonate aquifer to cation exchange processes
occurring in the clay layers. It’s plausible that elevated Na', and
possibly at least some of the K*, may originate from a similar process in
the Silurian-Devonian carbonate aquifer in northeastern Indiana. Eberts
and George (2000) state that sodium-rich groundwater found in the
study area is due to cation exchange processes occurring in Devonian
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fortunately, we do not have bedrock cores to test this explanation.

Road salt (halite) is used as a deicer throughout the UWR during the
winter. In addition, oilfield brines have historically been used as road
deicers in the winter and as dust-control agents on country roads in the
summer in northwestern Ohio (Kell et al., 2004), but brines are not used
as deicers today. The dissolution of halite increases both the Cl™ con-
centration and Cl~/Br~ in water but dilutes the *®Cl/Cl in water. Davis
et al. (1998) reported that halite dissolution results in Cl"/Br~ mass
ratios ranging from 1000 to 10,000. Samples of halite obtained for this
study were dissolved in deionized water and found to have Cl"/Br~ of
6060 and 6091 consistent with the range reported by Davis et al. (1998).
Given the geologic age of these halite deposits, they should be °Cl-dead
3°Cl/Cl = 0). These halite samples had 36¢l/Cl of 2.39 +/- 0.51 (x
107'5) and 2.43 +/- 0.49 (x 10~ '%). Bedded halite, if present in Silurian
bedrock in northeastern IN, would be expected to have similar Cl~/Br~
and °Cl/Cl approximately equal to 0. However, bedded halite deposits
have not been mapped in the Silurian units of northeastern IN. There-
fore, a geologic explanation in the Silurian bedrock for the observed
salinity is tenuous at best. Alternatively, the elevated C1~ and Cl™/Br~
could potentially come from oilfield brines in the underlying Ordovician
bedrock. However, the 8Sr/%sr data argue against Trenton oilfield
brines as a source for the observed salinity since the river samples do not
fall within the range shown in the grey shaded box (data from McNutt
et al.,, 1987) in Fig. 9. Thus, Trenton oilfield brines are not likely the
source of the observed salinity.

Fertilizers, such as muriate of potash (KCl), can also contribute
excess Cl™ to the headwaters reach via agricultural runoff or subsurface
tile-drains. Samples of potash were not analyzed during this study;
however, Panno et al. (2006) report a Cl™/Br~ of 510 for potash. In that
same study, Cl”/Br~ ranged from 108 to 1974 for tile-drainage from
agricultural fields in northeastern Illinois. In this study, the mass ratio of
K*/Cl™ ranges from 0.05 to 0.21 in the headwaters reach, whereas the
(Na™ + K")/Cl™ ranges from 0.80 to 0.90. This would suggest that the
Cl” is sourced primarily from NaCl rather than potash fertilizers
(Table 3). However, the (Na™ + K¥)/Cl™ ratio can be misleading since
potassium and sodium do not behave conservatively or similarly in
agricultural landscapes. Potassium is an essential nutrient for all plants
(Hawkesford et al., 2012) while sodium is not essential for most crop
plants (Maathuis, 2014). Although data for Na* and Cl~ concentrations
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Fig. 8. 3°Cl/Cl and Cl~/Br~ versus distance from headwaters measured along the main channel of the Wabash River. 3°Cl/Cl of river samples are shown by circles;
the red circles represent the headwaters reach samples and the blue circles represent the remaining river samples. C1”/Br~ data are shown by open diamonds. The
grey shaded area represents the range of °Cl/Cl for monthly-integrated precipitation collected during this study. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 4

878r/%0Sr dataset for the Wabash River watershed. 'The 87Sr/%°Sr data for pre-
cipitation was reported in Sherman et al. [2015]. 2The glacial sediment end-
member is leachate from a mixed gravelly till and clay-rich till sample. >The
‘SBF’ refers to a dolomitic limestone sample from the Silurian Brassfield For-
mation (whole rock 8Sr/%Sr analyses), the ‘SWF’ refers to a dolomitic lime-
stone sample from the Silurian Wabash Formation (whole rock &Sr/®°sr
analyses), and the ‘OPF’ refers to a dolostone sample from the Ordovician
Platteville Formation (whole rock 87Sr/%°Sr analyses).

Site 1/8r%* 87r/56sr 878r/86sr
D (Lmg™1) Uncertainty
WR1 1.11 0.709080 0.000029
WR2 0.885 0.708904 0.000025
WR3 0.361 0.708530 0.000024
WR4 0.552 0.708609 0.000024
WRS5 1.58 0.708812 0.000026
WR6 1.45 0.708703 0.000024
WR7 2.05 0.708875 0.000029
WRS8 2.31 0.708891 0.000036
WR9 2.31 0.708886 0.000030
WR10 2.36 0.708912 0.000021
WRI11 2.61 0.708984 0.000035
WR12 3.25 0.709124 0.000050
WR13 2.76 0.709021 0.000027
WR14 2.80 0.709022 0.000030
WR15 3.11 0.709066 0.000022
WR16 4.81 0.710702 0.000045
WR17 4.90 0.709350 0.000028
WR18 9.71 0.710007 0.000036
ORUP 3.56 0.710925 0.000031
ORDN 4.72 0.710184 0.000045
Precipitation Dexter, MI* - 0.709966 0.00036
Precipitation Detroit, MI* - 0.708785 0.00039
Glacial Sediment (Leachate)? - 0.709783 0.000034
SBF - 0.708292 0.000047
(Whole Rock)3
SWF - 0.708778 0.000034
(Whole Rock)®
OPF - 0.710586 0.000015

(Whole Rock)®
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of soybean and corn grain are sparse, what data is available shows that
K* concentration in grain exceeds that of Na* and Cl~ by approximately
1 to 2 orders of magnitude (Pietz et al., 1978; Parker et al., 1983, 1985;
Yang and Blanchar, 1993). Crop plants take up K™ and a proportion of
this K* is removed in the grain and subsequently leaves the field. Ulti-
mately, the (Na™ + KM)/Cl™ ratio does not account for the uptake/
removal ratio of K by plants. In studies investigating sources of CI~ in
watersheds, it’s common to see either 1) plots of K* vs CI”~ compared to
plots of Na™ vs C1~, 2) Na*/Cl ™~ ratios compared to K*/Cl™ ratios (shown
here), or 3) attempts to close Cl ™ mass balances at the watershed scale. If
the effects of uptake/removal ratios of K™ per crop are not considered,
then the impact of KCI applications on the CI~ load at the watershed
scale will be underestimated.

Recommended rates of potash application to crops in Indiana are
made based on soil test K (an estimate of plant available K*) and are
outlined in Culman et al. (2020). Applications are usually made uni-
formly to the soil surface in the months of November through April,
annually for one crop season or biennially for two crop seasons. Typi-
cally, the fertilizer will either be left on the soil surface or incorporated
into the upper 15 cm of the soil. Briefly, the objective of fertilization is to
maintain an optimal level of soil test K™ (100 to 170 mg kg ! soil varying
by soil cation exchange capacity) and then replace crop removal from
the field, plus 20 Ib KO acre (~20 kg K ha™'). Corn and soybean K*
removal from the field in the grain are estimated at 0.20 and 1.15 1b K20
bushel !, respectively, equivalent to approximately 3.5 and approxi-
mately 18 kg K Mg™! grain dry matter. Since the recommendations are
geared to replace crop K removal, only approximately 20 kg K™ ha™! of
the Kt applied is expected to remain in the field as K+ (20-30% of that
added) and most would be retained by the negative charge of the soil.
This would tend to drive the K™/Cl™ of agricultural runoff lower than
expected based on fertilizer application rates. In contrast, only 2 to 10%
of the C1™ applied would be removed from the field in the grain and that
left in the soil (90-98% of that added) would be repelled by the soil’s
negative charge, making it much more likely to move with water.

The headwaters reach flows through farmland in Adams, Wells, and
Huntington counties in Indiana where the primary crops are soybeans
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Fig. 9. 87Sr/%06r in river samples versus distance from headwaters measured along the main channel of the Wabash River. Red circles represent the samples collected
in the headwaters reach, while the blue circles represent the remaining river samples. The purple triangle represents the unconsolidated glacial sediment leachate,
orange square represents the Silurian Wabash Formation (SWF), green square represents the Silurian Brassfield Formation (SBF), and the black diamond represents
the Ordovician Platteville Formation (OPF). The shaded grey area represents the range of 8’Sr/%Sr for Trenton brines (0.70901 to 0.71034) reported in McNutt et al.
(1987). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and corn. In 2015, Adams County had 100,760 acres of soybeans and
67,962 acres of corn, Wells County had 116,635 acres of soybeans and
85,283 acres of corn, and Huntington County had 101,297 acres of
soybeans and 61,315 acres of corn. In this region, approximately 150 1b
KCl/acre (168 kg KCl/ha) would be recommended annually for soybean
crops and approximately 75 1b KCl/acre (84 kg KCl/ha) for corn crops.
Combined, this equates to approximately 34,094 U.S. tons (30,929
metric tons) of KCl that would be applied annually in these three
counties alone. The vast majority of the potash used in this region, and in
the Midwest, is mined from Devonian evaporite deposits in Saskatch-
ewan (Fuzesy, 1982) and is supplemented with potash mined from Late
Permian deposits in New Mexico (Austin, 1980). Given the geologic ages
of these deposits, we can assume that the Cl~ present in the potash
mined from these deposits is also 36C] dead. Thus, based on these data,
potash is a plausible explanation for the high Cl~, high Cl"/Br~, and
36C1/Cl dilution observed in the headwaters reach.

5.1.2. Sources of elevated strontium, sulfate, fluoride, and nitrate

The unique geochemical composition of the three headwater sites is
apparent when the data are plotted in a piper diagram (Fig. 11). Despite
their location in the headwaters of the watershed, their geochemical
composition more closely matches that of river sites in the LWR. The
three headwater sites are calcium-sulfate type waters while the
remaining river samples are calcium-bicarbonate type waters, except for
WR16 (Fig. 11). Site WR16 likely has elevated 8042’ from coal-ash re-
siduals and is an anomalous sample (discussed below). The Sr** and
S042~ concentrations measured in the headwaters reach are quite high
relative to the remaining river samples. In general, Sr*>* concentrations
tend to be very low in natural waters, often less than 0.10 mg L~! (Hem,
1985). Foley et al. (1972) reported elevated Sr?* and SO42’ in the
bedrock aquifer of Allen County, IN located immediately north of the
headwaters reach. However, Sr> concentrations in the unconsolidated
glacial aquifers of Allen County tended to be very low in comparison. In
that study, they attributed the anomalous concentrations of Sr*>* and
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SO42’ in the bedrock aquifer to the dissolution of celestite (SrSO4) and/
or strontianite (SrCO3) present in the carbonate bedrock. The Findlay
Arch mineral belt contains abundant celestite (Carlson, 1987; 1994),
however celestite has a relatively low solubility compared to gypsum
(Dove and Czank, 1995) which may limit its contribution to the Sr?* and
S042" load to groundwater and surface water. Schnoebelen and Krothe
(1999) analyzed groundwater from bedrock in Silurian-Devonian
bedrock in northwestern Indiana. They did not observe elevated Sr2*
(0.41 to 0.63 mg L™ 1) in the non-reef Silurian-Devonian aquifer, but they
did report elevated SO42’ (150 to 170 mg L™1). Feulner and Hubble
(1960) and OH EPA (2012) both report high Sr?* concentrations in
groundwater from Silurian carbonate aquifers in western Ohio (south-
east of Fort Recovery, OH) due to the presence of celestite and stron-
tianite in the bedrock. Luczaj and Masarik (2015) also suggest that
celestite (and possibly strontianite) are responsible for elevated Sr?*
concentrations in groundwater in eastern Wisconsin, however their
groundwater samples were collected from older Cambrian-Ordovician
sandstones.

Sacks and Tihansky (1996) analyzed concentrations of Sr** and
S04%~ in samples of gypsum collected from the Upper Floridan Aquifer
that were dissolved in deionized water. They report Sr2*/S042~ molar
ratios of 1 for celestite and 0.003 in gypsum (explained by limited
replacement of Ca?* with Sr?* in gypsum). We ground samples of car-
bonate rocks collected in the headwaters of the Wabash River from the
Ordovician Platteville Formation, Silurian Wabash Formation, and
Silurian Brassfield Formation and dissolved them in deionized water in a
similar fashion. The leachates yielded Sr2t/ 8042_ molar ratios of 0.002,
0.004, and 0.037, respectively. In addition, Frisbee et al. (2019)
collected water samples from three karst springs emerging from the
Wabash Formation near Site WR6 in Logansport, IN. These three springs
had Sr?*/5042~ molar ratios ranging from 0.005 to 0.008 consistent
with the rock leachate from the Silurian Wabash Formation. In com-
parison, Sites WR2, WR3, and WR4 had Sr?*/804%~ molar ratios of
0.009, 0.021, and 0.019, respectively which are, again, similar to the
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Silurian rock leachates. The three headwater sites have the highest Sr2t/

S04~ molar ratios in the entire watershed. Site WR1 has a Sr>*/504%~
molar ratio of 0.012 and the ratios decrease progressing downstream of
WR4. Therefore, the dissolution of gypsum can potentially explain the
higher concentrations of strontium and sulfate.

Only one sampling site in the LWR has a SO42~ concentration com-
parable to the headwater reach. That site, WR16, has a S04~ concen-
tration of 175 mg L' and is located immediately downstream of a coal-
burning power plant near Mt. Carmel, IL. This site also has an elevated
875r/80Sr ratio (0.710702) that is consistent with the range of coal
combustion residuals (CCR) from the Illinois Basin reported in Ruhl et al.
(2014) and Harkness et al. (2016). High SO42_ concentrations were also
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reported in plumes from a coal-fired power plant in Portage, WI (Sim-
siman et al., 1987). A water sample collected concurrently in the White
River upstream of its confluence with the Wabash River and upstream of
the coal-burning power plant near Mt. Carmel, IL has a 875r/8%r of
0.709359 and a SO42~ concentration of 74 mg L™! for comparison. The
elevated SO42~ and high %7Sr/%%Sr at Site WR16 are consistent with coal-
ash residuals.

The Findlay Arch mineral belt also contains abundant fluorite
(Carlson, 1994). Fluorite has a low solubility and fluoride concentra-
tions tend to be very low (< 1.0 mg L™!) in natural waters having TDS
less than 1000 mg L1 (Hem, 1985). However, elevated F~ concentra-
tions (ranging up to 4 mg L) have been reported in wells installed in
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Table 5

580 and &%H dataset for river sites in the Wabash River watershed. The
analytical uncertainty (8'®0yne and 82Hyne) shown here is calculated as the
average variability of the final six measurements. ‘D-excess’ is deuterium excess
given by: 8°H — (8 x 51%0).

Site 5'%0 5'%0unc 5°H 5%Hyne D-excess
ID (%0) (%0) (%0) (%o0)

WR1 ~7.70 0.14 —45.2 0.1 16.34
WR2 -7.92 0.18 —47.3 0.4 16.06
WR3 -8.15 0.10 —53.0 0.4 12.21
WR4 ~7.65 0.10 —49.1 0.2 12.04
WR5 —-4.79 0.04 -32.8 0.3 5.52
WR6 ~6.65 0.05 —44.9 0.4 8.27
WR7 —6.79 0.04 —-37.7 0.3 16.65
WR8 —-6.72 0.10 —-38.0 0.4 15.70
WR9 —6.44 0.09 -38.0 0.3 13.55
WR10 -6.75 0.09 -37.9 0.2 16.14
WR11 -6.81 0.06 —-37.6 0.3 16.95
WR12 ~5.82 0.07 -39.3 0.4 7.25
WR13 ~6.80 0.09 -37.5 0.3 16.96
WR14 -6.83 0.12 -37.1 0.4 17.49
WR15 —6.59 0.13 -36.3 0.4 16.48
WR16 —5.45 0.25 -29.9 0.8 13.66
WR17 -6.61 0.09 -36.2 0.3 16.70
WR18 —7.05 0.05 -35.6 0.2 20.86
ORUP -7.37 0.05 -39.2 0.4 19.71
ORDN -6.75 0.06 -35.7 0.1 18.32

Silurian and Devonian rocks in northwestern Ohio in close proximity to
the headwater reach (OH EPA, 2012). The F~ concentrations for sites
WR2, WR3, and WR4 were 0.29 mg L™}, 0.41 mg L™}, and 0.51 mg L},
respectively. All but one of the remaining river sites have F~ less than
0.29 mg L~L. Schnoebelen and Krothe (1999) provide an alternative
explanation for high F~ concentrations (2.4 to 3.1 mg L) observed in
the non-reef Silurian-Devonian aquifer in northwestern Indiana. They
state that the high F~ can be explained by apatite instead of fluorite. In
their study, the groundwater samples were undersaturated with respect
to fluorite and positive with respect to apatite. In principle, PO4>~
concentrations should increase as apatite is weathered. However, our
samples were not field acidified and therefore nearly all the sites were
non-detects with respect to PO,°~. In any case, there is a plausible
geologic explanation for the relatively high F~ concentrations observed
in the headwaters reach.

Reconciling the apparent disagreement on the source of the high Cl -,
high C1I"/Br~, and low 36Cl/Cl and the source of the high Sr2t, SO42’,
and F~ is difficult. However, NO3™ provides additional insight. The NO3~
concentrations in the headwaters reach are also high relative to the
remaining river sites. Site WR1 has a NO3™ concentration of 25.8 mg L ™!
while Sites WR2, WR3, and WR4 have concentrations of 64.4, 8.91, and
30.1 mg L™}, respectively. Site WR3 is again distinct from WR2 and WR4
in that it has the lowest NO3™ concentration. The remaining downstream
river sites have NO3~ concentrations ranging from 4.09 to 8.55 mg L!
with an average concentration of 5.76 +/- 1.23 mg L. Elevated NO5" is
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groundwater discharging to the river from the Silurian carbonate
regional aquifer mixes with shallow groundwater that has been
contaminated over time with CI~ and NO3™ from agricultural practices.
This would preserve the high Cl~, high C1~/Br~, low 2°Cl/Cl and the
high Sr>*, S042~, Mg?" and F~. However, Site WR3 does not conform to
this conceptual model.

5.2. Sources of salinity inferred from Isotope data

River samples are plotted relative to the LMWL (dashed line), GMWL
(solid line), and seasonal endmembers in Fig. 10b. The storm-to-storm
(interstorm) variability in the seasonal precipitation endmembers is
quite high (Fig. 10b; Welp-Smith et al., 2020). Winter and spring pre-
cipitation have the lightest minimum 5'80 values (—26.3 and —22.4%o,
respectively), yet winter precipitation also has the largest interstorm
variability of all seasonal endmembers. Summer precipitation has the
heaviest (least negative) 5'%0 and 8°H composition and shows the least
interstorm variability of the seasonal endmembers. The §'%0 and §2H
compositions of WR1, WR2, WR3 and WR4 are lighter (more negative)
than and distinct from the remaining downstream river samples
(Fig. 10a). These four river samples plot closely with the average spring
endmember (Fig. 10b). In comparison, the remaining river samples have
5180 value more positive than —7.1%o and plot between the average
summer and average fall precipitation endmembers (Fig. 10b).

It’s unlikely that much, if any, recharge occurs during the summer
growing season (April through September) in northern Indiana because
there is an increased water demand for crops and the summer months
are typically the driest. In fact, Daniels et al. (1991) and Naylor et al.
(2016) state that >65 percent of groundwater recharge in northern
Indiana occurs from fall (October/November) to spring (March/April).
Frisbee et al. (2017) found that a recharge temperature between 0 °C
and approximately 4 °C provided the best fit to atmospheric CFC curves
and yielded comparable CFC ages for the groundwater samples sug-
gesting that little, if any, recharge occurs in the summer growing season.
It’s more likely that the 5!%0 values of the downstream river samples
reflect a large proportion of recent runoff. This inference is consistent
with the 36Cl/Cl data. Table 3 shows the 2°Cl/Cl of monthly precipita-
tion from April to October of 2015. The minimum 3°Cl/Cl during this
period was 43.2 x 1071° and the maximum was 79.8 x 10~ '° (this range
isillustrated by the grey box in Fig. 8). The water samples were collected
in the UWR in October 2015 when the monthly 36Cl/Cl in precipitation
was 55.4 x 10715, In comparison, the remaining downstream river
samples have 3°Cl/Cl ranging from 39.9 +/- 1.9 (x 10 %) t0 94.8 +/- 3.5
(x 1071%). This range is somewhat misleading since 11 of the 14

Table 7

Aqueous geochemical data for a home water softener system in West Lafayette,
IN. All solute concentrations are listed in mg L', Detection limits are shown in
brackets.

5 2+ 2+ + + 2+ 2+ + +
an indicator of nutrient-rich runoff or legacy nutrients in groundwater. Site Ca Mg K Na (Ca™" + Mg™)/(Na™ + K7
. . . 50 P D [0.05] [0.05] [0.05]  [0.05]
These data again seem at odds with the concentrations of Sr*" and SO4
which are not likely due to anthropogenic effects found in the study _[rjmr:'actled ?2'2 2‘71“;’2 12; f;; 3'27
area. One plausible explanation for Sites WR2 and WR4 is that reate . ’ . ’ .
Table 6
5'80 and 5°H dataset for precipitation collected near West Lafayette, IN (Welp-Smith et al., 2020).
Spring Summer Fall Winter
(March — May) (June — August) (Sept. — Nov.) (Dec. — Feb.)
5'%0 8°H 8'%0 8°H 8'%0 8°H 8'%0 8°H
(%) (%) (%) (%o) (%o0) (%o0) (%o0) (%o0)
Average -7.8 -50 -4.8 -28 -7.1 —45 -13.6 -96
Std. Dev. 5.3 43 2.5 21 3.7 30 6.9 57
Maximum -0.7 5 -0.2 1 0.7 12 0.5 13
Minimum -22.4 -173 ~11.5 -81 -16.3 -116 ~26.3 ~107
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Fig. 11. Piper diagram of the river samples. Red circles represent the headwaters reach samples, blue circles represent the samples from the UWR, light blue triangles
represent the samples from the MWR, and light green squares represent the samples from the LWR. Labels are not provided for all sampling sites to avoid clutter.
Instead, only the sampling sites in the headwaters reach (1 = WR1, 2 = WR2, 3 = WR3, 4 = WR4, and 5 = WR5) and the sampling sites in the LWR (16 = WR16, 17
= WR17, and 18 = WR18) are provided for comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

downstream samples fall within the range of 42.3 x 107!° to 59.6 x
10715, a range that is similar to that of monthly precipitation during this
time (Table 3, Fig. 8). We infer that the downstream river samples
contained a substantial component of recent runoff at the time of
sampling.

Sites WR2, WR3, and WR4 have **Cl/Cl of 33.4 x 107'5, 27.5 x
10_15, and 30.4 x 10_15, respectively. These ratios are even lower than
the range for monthly precipitation collected in 2015 ranging from 43.2
x 1071% t0 79.8 x 1075, Davis et al. (2000) show **Cl/Cl data for five
wells located northeast of Fort Wayne, IN. These wells were installed at
depths of 6.1, 18.0, 24.4, 29.0, and 48.8 m deep. All but the deepest well
was installed in unconsolidated glacial sediments; the 48.8 m well was
screened into the underlying Devonian carbonate bedrock. They report
3¢l/Cl of 12.6 +/- 2.9 (x 1071%), 166 +/- 11 (x 107 1%), 153 +/- 8 (x
10715),190 4/- 22 (x 1071%), and 250 +/- 15 (x 10~ 1%), respectively and
all but the 6.1 m deep well were tritium-dead. These groundwater
samples had Cl"/Br~ of 2720, 43.4, 47.8, 32.4, and 41.6, respectively.
Davis et al. (2000) inferred that the low 36CIl/Cl, high C1"/Br~, and high
*H (16 TU) of the shallow well (6.1 m) resulted from an influx of CI™ -
contaminated surface water. The higher 36¢1/Cl, lower Cl~/Br~, and °H-
dead groundwaters of the remaining wells most likely resulted from the

18

weathering of fluid inclusions in plutonic clasts in the unconsolidated
glacial sediment. The 36¢1/Cl of WR2, WR3, and WR4 are lower than the
groundwater samples reported in Davis et al. (2000) and lower than
2015 precipitation samples reported here. We infer that these samples
show the effects of 3°Cl dilution.

As mentioned earlier, it’s unlikely that the old Cl™ originates from
septic effluent and/or home water softener brine alone or bedded halite.
In addition, the 87Sr/8%Sr of WR2, WR3, and WR4 most closely match the
875r/80Sr of the Silurian Brassfield Formation (SBF) and Silurian Wabash
Formation (SWF) and argue against a source in the Ordovician rocks or
Ordovician oilfield brines. Ultimately, the two remaining sources that
can potentially explain the low 3°Cl/Cl are old Cl~ from road salt or
potash fertilizer. Given the application rates of KCl in the counties of the
headwaters reach and the timing of the river sampling in late fall (prior
to the winter use of deicers), KCl seems most plausible. We cannot dis-
count the possibility of legacy Cl™ from road salt.

The unconsolidated thickness of the headwater reach may help
reconcile these datasets. The unconsolidated sediment is relatively thin
in the headwaters reach (Fig. 3) ranging from less than 1.0 to 154 m in
the UWR (please note that Fig. 3 shows the minimum and maximum
thickness in the window and not in the UWR alone). The unconsolidated
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sediment is 28.2 m, 23.4 m, 43.7 m, and 17.0 m at Sites WR1, WR2,
WR3, and WR4, respectively. This thin cover of glacial sediment would,
in principle, increase the possibility that regional groundwater could be
discharged to the Wabash River or allow it to mix with shallow
groundwater. Hoyer and Hallberg (1991) state that bedrock aquifers in
Iowa that are overlain by glacial sediment less than 30.5 m are more
susceptible to contamination. If applied to Indiana, then this suggests
that Sites WR1, WR2, and WR4 are likewise more susceptible.

Site WR3 does not conform to this conceptual model. This site is
spatially located where the Ordovician Maquoketa Group Aquifer Sys-
tem has been mapped (Schmidt, 2009) and is spatially coincident with
the buried channel of the ancient Teays River (Fidlar, 1943; Steeg, 1946;
Bruns and Steen, 2003). At Ceylon, IN (north of Geneva, IN), the un-
consolidated sediment is 43.7 m. Previous research indicates that the
sidewalls of the buried Teays Valley in this area are steep and cut
through Silurian Salamonie Dolomite into Ordovician carbonates and
shales (Bruns and Steen, 2003). In northern IN, the Salamonie Dolomite
overlies the Brassfield Formation thereby supporting the 8Sr/%0Sr data.
Site WR3 also has lower DO and SpC than the other sites in the head-
waters reach, and much lower NO3~ concentrations. If ture, then this
suggests that the groundwater discharging from the Teays Valley sedi-
ment and carbonate bedrock aquifer may not be contaminated. If sig-
nificant mixing were occurring between the shallow aquifers and deep,
relatively clean groundwater from the regional carbonate aquifer, then
we would expect WR3 to show similar effects as WR2 and WR4. In any
case, a hydrogeologic connection is present between the headwaters of
the Wabash River, the Silurian-Devonian carbonate aquifer, and the
buried Teays Valley sediment at WR3. Without the aid of multiple iso-
topic tracers and geochemical data, this hydrogeologic connection
would remain masked by the solute burden of the phreatic aquifer.

5.3. Baseflow separation models

A second goal of this study was to determine how much, if any,
baseflow comes from the inferred sources of the salinity. To accomplish
this task, we chose to use a 8’Sr/%°Sr mixing model. In the 87Sr/%0sr
mixing model, we assumed that the strontium ratio for each river sample
is equal to a mixture of shallow groundwater (phreatic aquifer in un-
consolidated sediment) and regional groundwater (carbonate aquifer).
We know the Sr/88Sr of glacial sediment in the region and the glacial
sediment leachate should approximate the 8’Sr/%°Sr of the shallow
aquifer, tile drains, and perhaps even surface runoff in the headwaters
reach. Thus, if water infiltrates the glacial sediment, then it will slowly
acquire the 87Sr/%0Sr of the strontium-bearing minerals in the sediment.
Therefore, we assume that the 8Sr/%°Sr of the shallow aquifer is
equivalent to the 8Sr/%Sr of leachate from glacial sediment (0.709783
+/- 0.000034). The regional groundwater endmember is assumed to be
equivalent to the ®’Sr/%0Sr of the Silurian Brassfield Formation
(0.708292 +/- 0.000047). The results of this two-endmember mixing
model show that the fraction of regional groundwater in baseflow at
WR2, WR3, and WR4 is 58, 84, and 79 percent, respectively. The highest
contribution from regional groundwater is associated with WR3.

These estimates are conservative. First, as mentioned earlier, wide-
spread flooding occurred throughout the UWR and MWR in 2015. While
we have faith that baseflow conditions were present when the UWR was
sampled (Fig. 4), it is difficult to determine what effect delayed sub-
surface runoff had on the isotopic and geochemical signature of base-
flow in the headwaters. Repeat synoptic sampling campaigns should be
completed to sample baseflow during a “normal” precipitation year and
identify the contribution of groundwater from deep aquifers on baseflow
in the remaining downstream sites. Second, while we have collected and
analyzed a small subset of the rocks in the stratigraphic column, we may
not have captured variability in 8Sr/%%Sr present in different lithofacies.
However, our data and interpretations of groundwater flow and
geochemical processes largely conform to those of other studies in the
same rock units. In any case, the 8’Sr/%Sr data support a hydrogeologic
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connection between the headwaters of the Wabash River and the
regional carbonate aquifer and show that there is a connection between
the aquifer associated with the buried Teays Valley, regional carbonate
aquifer, and river. Without the aid of multiple isotopic and geochemical
tracers, the hydrogeologic connection between the river and the
regional aquifer would have remained masked.

6. Conclusions

The main objectives of this research study were to address the
following questions 1) what is the source of the anomalous solute con-
centrations and high salinity in the headwaters reach of the Wabash
River, 2) what do the solute concentrations reveal about the sources of
baseflow in the headwaters reach, and 3) how much, if any, ground-
water from the regional aquifer is discharged to the headwaters reach?
The most plausible explanation for the elevated Cl~ observed in the
headwaters of the Wabash River is that it comes from an anthropogenic
source. The timing of the sampling at the end of the growing season and
prior to widespread application of road salt in winter suggests that KCl
fertilizers are the likely source of the salinity. However, we cannot rule
out the effects of legacy Cl™ from past road salt usage. In either case, an
old source of Cl~ is responsible for the salinity and the observed 36Cl
dilution in the headwaters reach. Unfortunately, °Cl/Cl cannot, by it-
self, differentiate between the proportions of salinity coming from two
36Cl-dead sources of salt.

With respect to the 2nd objective, baseflow generation processes in
the headwaters of the Wabash River are spatially complex. The Cl™,
NOs3-, Cl7/Br™, and 36C1/Cl data seem at odds with the F~, Sr>™, SO42_,
and ¥Sr/%0Sr data; the former point to anthropogenic effects while the
latter point to geologic sources of solutes. The 87Sr/%Sr data support a
hydrogeologic connection between the headwaters of the Wabash River
and the regional carbonate aquifer. Sites WR2, WR3, and WR4 have
878r/86Sr ratios similar to Silurian carbonate rocks which host the
Midwestern Basins and Arches Regional Aquifer System. In comparison,
the 87Sr/%6Sr steadily increase progressing downstream of the headwa-
ters reach and gradually reach a 8Sr/%0Sr similar to leachate from
glacial sediment. In addition, the 52H and 8'®0 compositions for the
downstream sites are distinct from the headwaters reach and plot more
closely to the average summer precipitation endmember suggesting
again that these sites contain a large proportion of recent runoff. These
data support our inference that the downstream river sites are comprised
of a larger proportion of runoff or discharge of shallow groundwater
from recent flooding. In comparison, Sites WR1, WR2, WR3, and WR4
have the lightest (most negative) 5°H and §'%0 compositions and are
similar to the average 52H and 5'80 composition of spring precipitation
(cold season recharge). The retention of the light 5°H and 5'%0
composition in the headwaters reach is important. We infer that it points
to groundwater discharged from the regional aquifer. It’s plausible that
the regional groundwater is a mixture of modern recharge and Pleisto-
cene recharge based on the range for Pleistocene recharge presented in
Eberts and George (2000). Our conceptual model for the headwaters
reach is that the Cl1~, NO5~, ClI"/Br~, and °Cl/Cl are tracking anthro-
pogenic sources of solutes discharged from shallow groundwater hosted
in unconsolidated sediment, whereas the F, Sr2+, 8042’, and 7sr/%%sr
are tracking bedrock weathering processes in the underlying carbonate
aquifer. At baseflow, mixing between shallow (Cl™ and NOs~ rich)
groundwater from the unconsolidated sediment and regional (C1~ and
NOj3™ poor) groundwater from the carbonate aquifer occurs in the river.

Site WR3 does not completely conform to this conceptual model. We
infer that there is some communication between the river and ground-
water associated with the buried Teays Valley at Site WR3. In fact, a
greater proportion of deep groundwater is present in baseflow at Site
WR3 based on the Sr/80sr mixing model. Thus, with respect to the 3rd
objective, we estimate that 58 to 84 percent of baseflow in the head-
water reach comes from the regional groundwater discharged from the
Silurian-Devonian carbonate aquifer (and buried Teays Valley sediment
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at WR3). These estimates are conservative and additional synoptic
sampling campaigns combined with sampling of groundwater wells are
necessary to get a more complete understanding of seasonal variability
in the sources of baseflow and salinity in the headwaters of the Wabash
River. Without the aid of multiple isotopic and geochemical tracers, the
hydrogeologic connection between the river and the regional aquifer
would have remained masked. Forensic applications of multiple isotopes
enhance the ability to “see” different reservoirs of water even in
intensively-managed landscapes.

These findings have implications for the UWR and other agricultural
watersheds. While the Intensively Managed Landscapes Critical Zone
Observatory (IML-CZO) has substantially improved our understanding
on how agricultural practices, such as tillage and subsurface drainage
modifications, have impacted water, solute, and nutrient yields from
agriculturally managed landscapes (Kumar et al., 2018; Wilson et al.,
2018), these studies rarely quantify deep or regional groundwater pro-
cesses. As a consequence, our understanding of their role in solute
release, salinity, residence times, and agroecosystem integrity is
incomplete. In addition, our understanding of the exchange of CI~ and
NOj3~ between phreatic aquifers and deeper aquifers remains incom-
plete. Further quantification of this groundwater component in agri-
cultural watersheds will improve regional hydrological models, solute-
and nutrient-loading models, and geochemical weathering models. It
will also fill knowledge gaps in our understanding of baseflow genera-
tion processes in agricultural watersheds and improve salinity budgets
in these same areas. On a local-scale, future investigations of the UWR
should not ignore the discharge of groundwater from the regional car-
bonate aquifer or groundwater associated with the buried Teays Valley.

In the majority of agricultural watersheds, salinization can largely be
explained by anthropogenic sources of salt. In the American Midwest,
road salt and KCl fertilizers are usually identified as the primary sources
of salinity. However, the role of KCl in salinization may be under-
estimated in studies where crop K uptake/removal ratios are not
considered. The uptake/removal of K' is very different than Na™ for
crops grown in the UWR; therefore, ratios of Nat/Cl~, K*/Cl~, or (Na™*
+ K™)/Cl™ suggest that KCl has less of an impact on salinity. This seems
at odds with the KCl application rates. While 3°Cl/Cl can be used to
identify old sources of Cl7, it cannot by itself discern between two
sources of Cl~ that are both 3°Cl-dead. Future work should investigate
coupling 3°Cl/Cl with other tracers to sort out the individual impacts of
road salt versus KCl fertilizers. This problem is further exacerbated by
our incomplete understanding of the roles of shallow and deep
groundwater in baseflow generation in these settings. The salinity
budget in agricultural watersheds is complicated by a continual ex-
change of water, salt, and nutrients between the land surface and
shallow subsurface aquifers; however, there are few attempts to quantify
the exchanges with deep aquifers. If exchanges of C1™~ between surface
water, shallow aquifers, and deep aquifers are substantial, then future
efforts to mitigate salinity increases in agricultural rivers will not be
successful because there may be substantial storage of CI™ in ground-
water and it may be released slowly across long time scales.
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