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Chloride concentrations in surface and groundwater within the Twin Cities
Metropolitan Area of Minnesota are increasing and hand-sample monitoring is not
sufficient to understand the scale and temporal nuance of chloride concentrations
within the aquifer system. We explore the relationships between chloride concentration
and specific conductance (SC) in regional aquifers as a mechanism to generate a
larger quantity of data related to groundwater chloride concentrations at a higher
temporal frequency. Paired measurements (N = 2,118) from 1,050 wells collected
between 1972 and 2022 allow statistical relationships to be generated for several
aquifer units that enable the use of SC as either a direct proxy or qualitative indicator of
chloride concentration going forward. In the uppermost unconsolidated Quaternary
aquifer and in the immediately underlying bedrock aquifer (Platteville Formation),
correlation between chloride concentration and specific conductance imply that
conductances of 1,350 and 3,800 uS/cm correspond to state chronic and acute
exposure standards of 230mg/L and 860 mg/L, respectively. SC values have
increased through time in bedrock aquifers that provide the region’s largest volume
of residential and industrial groundwater (the Prairie du Chien and Jordan aquifers) and
interpreting these changes in detail requires consideration of the local hydrogeologic
context.

Keywords: groundwater, chloride, conductance, continuous monitoring, hydrogeologic context

INTRODUCTION

In the Twin Cities Metropolitan Area (TCMA) chloride concentrations are increasing in several
regional aquifers due to the use of rock salt (NaCl) as a road deicer over the last half century
(McDaris et al., 2022). High groundwater chloride concentrations can affect the taste of drinking
water, limit the utility of the water for agricultural and industrial use, contribute to corrosion of
built infrastructure, and harm freshwater ecosystems. Although most measurements of
groundwater chloride concentration remain below chronic environmental exposure limits set
by state and federal regulators, continued increases will pose environmental quality challenges

Earth Science, Systems and Society | The Geological Society of London 1

August 2023 | Volume 3 | Article 10084


http://crossmark.crossref.org/dialog/?doi=10.3389/esss.2023.10084&domain=pdf&date_stamp=2023-08-22
http://creativecommons.org/licenses/by/4.0/
mailto:mcda0030@umn.edu
https://doi.org/10.3389/esss.2023.10084
https://doi.org/10.3389/esss.2023.10084

McDaris et al.

SC-Chloride in TCMA Groundwater

Precambrian
Bedrock

MO |
L'. ~'+] Quatemary unconsolidated sediment

PALEOZOIC BEDROCK
[ sanpsTONE AQUIFER

aq mo 16 km

CARBONATE AQUIFER

AQUITARD

o StPeter -
Prairie du Chien _

. ' Jordan - 3
e . Upper TunrmlClty' i

- Wonewoc " ‘- i

el MESimon. T e s

FIGURE 1 | Hydrogeologic context of the Twin Cities Metropolitan Area (TCMA). (A) Cross-section view showing the major aquifer units in
the region. (B) Map view of the 7 county Twin Cities Metropolitan Area (TCMA). The red line is the path of the cross-section through the region.
The dashed green line indicates the easternmost extent of the Des Moines Lobe glacial tills (Adapted from McDaris et al., 2022).
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and eventually require expensive mitigation strategies (e.g.,
reverse osmosis filtration and the drilling of new wells) for the
75% of Minnesotans who get their drinking water from
groundwater aquifers via residential or municipal wells.
Understanding the mechanisms by which chloride
concentrations are changing in groundwater is vitally
important to the region’s environmental and economic future.

Identifying mechanisms and rates of movement for
chloride will require large data sets at high temporal
frequencies. Yet the time-intensive nature of hand
sampling, combined with staffing limitations at most
state and federal agencies with groundwater oversight
authority, places limits on the data resolution that can be
achieved through current groundwater monitoring practices.
The available data consist of highly detailed geochemical
analyses gathered annually in a small fraction of available
wells. Under this sampling regimen, sub-annual oscillations
are invisible and long-term trends can be obscured
depending on the precise timing of sampling. Specific
conductance (sC) measurements, which are
comparatively inexpensive and easy to automate, have
the potential to provide new information about chloride
and other dissolved constituents of groundwater on
extremely fast timescales. Such data could be
instrumental in helping monitoring agencies prioritize their
limited human resources in a more strategic manner.

This study takes advantage of detailed geologic mapping,
high quality drilling records, and well construction information
available for the TCMA to determine in which hydrogeologic
settings SC can be a useful proxy for chloride concentration.
Examining over 50 years of historical data from a number of
TMCA aquifers in variable settings, we explore: (1) the
relationship between SC and chloride concentration for each
aquifer, (2) how the hydrogeologic setting affects the SC-
chloride relationship in particular aquifers, and (3) how
relative changes in SC over time can be linked to changes in
chloride concentration. We demonstrate that SC can be used to
directly estimate groundwater chloride concentrations in some

aquifers under particular hydrogeologic conditions, and that in
some other aquifers relative SC changes over time can also be
used to infer changes in chloride concentration.

Hydrogeologic Context

The TCMA basin is comprised of Paleozoic sedimentary
bedrock deposited on a shallow marine shelf, overlain by
varying thicknesses of Quaternary glacial deposits
(Figure 1). Regionally, there are six major bedrock aquifer
units dominated by fine-to coarse-grained sandstones or
carbonate rocks with extensive secondary porosity (Runkel
et al., 2003; Runkel et al., 2006). The shape of the basin
allows individual bedrock units to be overlain in some
places by other bedrock units and elsewhere to subcrop
immediately beneath Quaternary deposits. The composition
of those Quaternary deposits also varies greatly across the
region. The clay-rich tills of the Des Moines Lobe in the west
(commonly exceeding 30 m in thickness) and the patchier,
sandier, and thinner tills in the east constitute very different
barriers to the infiltration of surface water (Tipping, 2012). The
heterogeneous nature of the Quaternary deposits and the
extensive secondary pore networks play an important role in
the movement of water from the land surface to depth (Runkel
et al,, 2018).

Previous Work

The natural background chloride concentration in Minnesota
groundwater is typically less than 7 mg/L (Kroening and Ferrey,
2013). While there are several potential sources for elevated
chloride concentrations in groundwater, two main contributors
have been identified in Minnesota: road deicing salt and brines
from water softeners (MPCA, 2016). More than three-quarters
of the total volume of water softener brine passes into rivers
via sanitary sewers and water treatment plants (Overbo et al.,
2019). By contrast, road salts are distributed directly into the
environment where they have led to elevated salinity in TCMA
lakes (Novotny et al, 2008). Because surface water and
groundwater are intimately connected, this excess chloride
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FIGURE 2 | Data distributions in time for the units with more
than 100 measurements in the dataset in stratigraphic order. The
y-axis of the QWTA graph is shown in log scale. All the others are
shown in linear scale. Data between 1986 and 2004 were not
available.

is now present in the Quaternary and bedrock aquifers of the
region (McDaris et al., 2022).

Specific conductance (SC) is the capacity of an aqueous
solution to conduct electricity normalized to a standard
temperature of 25°C, and empirically it is proportional to the
concentration of total dissolved solids present (Chang et al,
1983; Hem, 1989; Hayashi, 2004; Fondriest Environmental, Inc,
2014). Since SC is determined by contributions from all dissolved
ions, it provides an aggregate measure of water quality.

SC is often measured during manual stream and
groundwater monitoring efforts and is useful for basic water
quality assessments. The World Health Organization (2004)
has set a recommendation for the upper limit of SC for drinking
water (400 uS/cm). The US EPA developed a benchmark
methodology for protecting aquatic life in surface waters
based on SC (Cormier et al., 2011). Elevated SC (greater
than 600 pS/cm) is one of the criteria for the Minnesota
Department of Health in determining whether a given aquifer
is highly sensitive to potential pollution (MDH, 2016). Aquifers
that have been contaminated with hydrocarbons exhibit a
distinctive relationship between total dissolved solids and
bulk SC (Atekwana et al., 2004).

Continuous, automated SC measurements have not been as
widely utilized in groundwater monitoring, though such
measurements are used extensively in studies of seawater
intrusion into coastal aquifers (e.g., Diamantis and Petalas,
1989; Lee et al, 2007; Roehl et al., 2013), exploration of
groundwater contaminant build up in agricultural land (e.g.,
Deverel and Fujii, 1988; Hamilton and Helsel, 1995; Abanyeh
et al., 2005), and investigation of groundwater-surface water

SC-Chloride in TCMA Groundwater

interactions (e.g., Chen et al., 2006; Fernald and Guldan, 2006;
Cox et al., 2007). In the current study, we explore the variations
in the relationship between SC and chloride concentration in a
well-characterized, multi-aquifer groundwater system across
an urban area with decades of intensive road salt application.

The contribution to SC of any single dissolved constituent
such as chloride can be determined empirically for a particular
water body by analyzing paired measurements of its
concentration and the SC of the solution. A robust and
statistically significant trend in that relationship can allow
the estimation of one from the other (Granato et al., 2015).
This correlation is widely used in monitoring surface waters
and springs (e.g., Panno et al.,, 2003; Rasmussen et al., 2005;
Zamella et al., 2007; Fisher and Feinberg, 2019; Moore et al,,
2020; Yang and Moyer, 2020). In Minnesota, Novotny et al.
(2008) established a relationship between SC and chloride
concentration for surface waters by sampling 13 lakes
around the TCMA:

[CI"]=0.25SC - 37.25(R? = 0.94) )

This work also demonstrated the link between elevated
chloride concentrations in lakes and the application of road
salt in the winter.

The SC-chloride relationship can also be determined
theoretically from first principles. The contribution of each
dissolved ionic species to specific conductance is the product
of its electric charge, electrophoretic mobility (i.e., the speed at
which ions drift through the water per unit electric field), and
concentration. For example, chloride ions have a mobility of 7.9 x
10®m2V/s (Aupiais, 2011). If every chloride anion is
accompanied by a sodium cation, as in the simple case of
halite dissolved in water, then sodium would also contribute to
the specific conductance of the water with a mobility of about
5.0 x 108 m?V/s (Lee and Rasaiah, 1996). Increasing the equal
concentrations of these two ions in water would increase the
specific conductance, with the change in concentration being 0.28
(mg/L)/(uS/cm) times the change in specific conductance. Thus,
for a solution of halite dissolved in pure water, we would expect
the slope of the SC-chloride relationship to be 0.28. Any
replacement of sodium by higher-mobility ions such as
potassium (as from water softener brines) or calcium/
magnesium (natural components of Minnesota groundwaters),
would yield a lower slope (e.g., stoichiometric KCl yields a slope of
0.23 (mg/L)/(uS/cm)).

METHODS

Data Sources

The data for this study is derived from McDaris et al. (2021).
The data set consists largely of data gathered by three state
agencies (Minnesota Pollution Control Agency, Minnesota
Department of Natural Resources, and Minnesota
Department of Health) spanning 1965-2021. A small
number of additional observations were made by McDaris
and research scientist Scott Alexander of the University of
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TABLE 1 | Units and subpopulations with statistically significant (p < 0.05) linear correlation between specific conductance and chloride concentration.

Code Aquifer Name Wells
QWTA Quaternary Water Table Aquifer 130

QBUA Quaternary Buried Unconfined Aquifer 24
QBAA Quaternary Buried Artesian Aquifer 217

OPVL Platteville Formation 2
OPDC Prairie du Chien Formation (all) 110

Prairie du Chien Formation (elevated) 74

>15m clay 37

<15m clay, top unit 23

<15m clay, not top unit 14

OPCJ Prairie du Chien — Jordan 84
CJDN Jordan Sandstone (all) 231
Jordan Sandstone (elevated) 139

>15m clay 37

<15 m clay, top unit 5

<15 m clay, not top unit 97

CSTL Saint Lawrence Formation 6

CWEC Wonewoc — Eau Claire 4

Meas. R? p Slope
566 0.92 <2.2e-16 0.26
62 0.17 0.0127 0.07
289 0.12 <2.2e-16 0.04
9 0.90 1e-4 0.23
231 0.55 <2.2e-16 0.15
176 0.74 <2.2e-16 0.18
81 0.81 <2.2e-16 0.19
75 0.62 <2.2e-16 0.16
20 0.76 7.4e-7 0.14
136 0.44 <2.2e-16 0.11
446 0.26 <2.2e-16 0.1
258 0.56 < 2.2e-16 0.13
57 0.35 <1.1e-6 0.08
13 0.61 0.0017 0.10
188 0.62 <2.2e-16 0.14
16 0.28 0.034 0.04
14 0.38 0.019 0.03

The number of wells and measurements associated with each and the R? p values, and slope for the linear model are indicated. Data from OPDC and CJDN have been decomposed into
subpopulations based on the amount of clay in the overlying Quaternary deposits and whether or not there are overlying bedrock units at the well location. Units and subpopulations in

bold have an R? > 0.5.

Minnesota Department of Earth and Environmental Sciences at
wells on the University of Minnesota campus. Additional data
on the thickness and composition of Quaternary deposits at
each well site were obtained from the Minnesota Well Index
(MDH, 2023). Since the bulk of the data were gathered as part
of monitoring and regulatory work rather than research, a
quality control effort was made to remove spurious data
points. There are a small number of specific conductance
readings from a series of wells taken on the same day or
successive days, which are notably out of agreement with
previous and/or subsequent readings from these same
wells. The geologic conditions and well construction at these
sites are not conducive to rapid and significant changes in water
chemistry. Instead, the discrepancies seem to indicate a
systematic issue with those particular measurements perhaps
related to calibration errors or sensor failure. These outliers have
been removed from the data set for the purposes of developing
chloride-conductance relationships for the different aquifer units.
In addition, the original data set contains many measurements of
chloride concentration without paired SC measurements which
could not be used for the current analysis. After these
adjustments to the data set, this study makes use of
2,118 paired measurements from 1,050 wells across
31 aquifer designations (MGS, 2023) between the years of
1972 and 2022. There is a gap from 1986 to 2004, the data
from which are presently not available to the public as paper
records from state agencies await digitization. The distribution of
specific conductance over time in aquifers with more than
100 measurements in the data set is shown in Figure 2.

Computation and Analysis

Data from each aquifer designation was analyzed to determine
if there was a significant (p < 0.05) linear correlation between
specific conductance and chloride concentration. Parametric
linear regressions were performed in RStudio, yielding

correlation coefficients (R?) and p values. For the six
bedrock aquifers, additional analysis was conducted to
ascertain the impacts of geologic context on the observed
linear relationships. Data from each unit was classified based
on the presence or absence of overlying bedrock layers as well
as whether there was more or less than 15m of clay in the
Quaternary deposits at the well site. Again, linear regression
models were evaluated for these subpopulations and
compared to the bulk unit relationship.

RESULTS AND DISCUSSION

Well data from nine aquifer designations showed statistically
significant linear relationships between SC and chloride
concentration (Table 1). Two of these aquifer designations
denote wells that are screened in an interval that spans the
boundary between two bedrock aquifers. OPCJ wells span the
Prairie du Chien and Jordan units, and CWEC wells span the
Wonewoc Sandstone and the Eau Claire Formation. The other
seven designations denote wells with screened intervals
entirely within a single unit.

Of the nine units with significant trends, there are only three
with an R? greater than 0.50 (QWTA, OPVL, and OPDC). These
units are discussed in detail below. Three of the bedrock units
that did not reach that threshold with all available data had
subpopulations of data that did (OPCJ, CJDN, and CSTL). The
data for the Jordan Sandstone (CJDN) is explored as an
exemplar of these cases. CJDN is also used to demonstrate
how to make use of relative changes in SC data over time.

SC-Chloride Relationships

The Quaternary Water Table Aquifer (QWTA) consists of sand
and gravel with less than 10 feet of overlying clay-rich confining
material (MPCA, 1999). In this unit, we find a robust linear
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FIGURE 3 | Plot of chloride concentration vs. specific
conductance in the QWTA unit in the TCMA. Inset shows the same
data on a log-log plot to provide greater detail on the data points
with lowest chloride concentrations. Dashed lines represent

the chronic (230 mg/L) and acute (860 mg/L) environmental water
quality standards for chloride set by the state. Red points are those
with the most influence on the slope of the best fit line, blue points
have moderate influence, and black points have the least influence.

The confidence interval for the linear regression is shaded grey.

relationship between specific conductance and chloride
concentration (Figure 3):

[CI"]=0.26 SC - 120 (R* = 0.92) 2

The similarity of this relationship in the shallow subsurface
to that found by Novotny et al. (2008) for surface waters
reflects the known, intimate connections between these two
reservoirs. Regional lakes and the uppermost water table
aquifer often act as a single, interconnected system. (This
statistical relationship assumes unique uniform uncertainty in
both the specific conductance and chloride concentration
measurements. For a more detailed discussion of this
assumption, see the Supplementary Information Text S1).

Importantly, the data in Figure 3 are not distributed
uniformly on either axis. As a simple exercise to determine
the sensitivity of the bestfit line to each individual
measurement, we re-fit the ensemble after removing each
data point in turn and compared these lines with the fit to
the entire dataset. (This procedure was used to demonstrate
statistical robustness in a dataset in Anderson et al., 2020.)
There are six points (red in Figure 3) whose removal changes
the slope of the fit (0.26) by 0.001 or more, and a further
29 points (blue in Figure 3) that affect the slope by 0.0001 or
more. Removal of any of the remaining 493 points (black in
Figure 3) affects the slope by less than 0.0001. Therefore,
despite the nonuniform data distribution, the robustness of this
linear relationship is high.

The numerical value of the slope we observe in the
relationship between SC and chloride concentration is also
very similar to the theoretical calculation above (0.28). Natural
water chemistry in most of Minnesota’s aquifers tends to be
enriched in calcium and magnesium (Alexander and Alexander,
1989) and any appreciable concentration of these ions could
lower the observed slope relative to stoichiometric NaCl. The

1000
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>

1 10 100 1600
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FIGURE 4 | Estimation of QWTA chloride concentrations using

SC. Vertical lines indicate state chronic (230 mg/L) and acute
(860 mg/L) water quality thresholds for chloride. Black points are
correctly characterized. Green points were estimated to be
below the chronic threshold, but were measured at higher values.
Yellow points were estimated to be between the chronic and acute
thresholds, but were measured outside this region. Red points
were estimated to be above the acute threshold, but were
measured at lower values.

fact that our empirical slope is close to the value expected from
first principles is an a posteriori justification of our assumption
of uniform absolute uncertainty in the data.

Under this assumption, Eq. 2 allows the calculation of an
expected specific conductance for a given chloride
concentration. For instance, the state’s chronic water quality
standard for chloride of 230 mg/L would correspond with a
specific conductance of 1,350 uS/cm in the QWTA, and the
acute standard of 860 mg/L would correspond to a specific
conductance of 3,800 pS/cm. To assess the utility of this linear
model, we used the specific conductance measurements from
wells in the QWTA to “predict” the associated chloride
concentration and then compared those predictions with the
actual measured chloride concentrations (Figure 4). Though
this algorithm can predict values that differ from the measured
chloride concentration of some individual well samples by
more than  100mg/L, it correctly characterizes
514 measurements out of 562 (91.5%) as being below,
between, or above the state’s chronic and acute water
quality standards. Of the 48 mischaracterizations, 38 were
chloride overestimations (i.e., the false positive rate was
6.8%), and only 10 were chloride underestimations. The low
rate of mischaracterization, and the especially low rate of
under-detecting chloride concentrations that exceed the
chronic or acute standards, demonstrate that specific
conductance measurements can usefully triage wells in the
QWTA, and identify those which require follow-up chemical
assays to determine if the water is at or above either quality
standard.

Identifying and  interpreting  chloride-conductance
relationships for bedrock aquifers in the TCMA requires
closer consideration of the local hydrogeologic context.
Wells screened in a single bedrock aquifer can yield waters
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FIGURE 5 | Plot of SC vs. chloride concentration data from the
OPVL aquifer in the TCMA along with the trend and confidence
interval for the overlying QWTA unit.

with greatly variable dissolved constituents that reflect the
variable connections to surface water across the extent of the
aquifer. For this reason, we have subdivided the data from each
unit based first on total overlying clay thickness and then by the
unit's bedrock stratigraphic position. We discuss the relevant
bedrock aquifer units from Table 1 in stratigraphic order.

Much of the Platteville Formation (OPVL) has been removed
by erosion and its remnants are present as outliers at or near
the top of the bedrock sequence in the TCMA. The remnants
are heavily fractured and karstified limestone that can produce
significant amounts of water.

The data set contained 12 paired measurements of SC and
chloride concentration with the OPVL designation, and they
come from only two wells. There is little clay in the overlying
Quaternary deposits at either site and no intervening bedrock
layers. Figure 5 shows the data from this unit along with the
trend from the overlying QWTA. It is clear that the OPVL data lie
along a slope that is consistent with the downward flow of
water from the QWTA into this unit. Given the small number of
measurements, this similarity is likely more meaningful than
the statistical fit of OPVL data.

The Prairie du Chien dolomite (OPDC) underlies the QWTA
over much of the region and is an important source of pumped
groundwater in the TCMA. The bulk trend of OPDC data is

[CI"]=0.15SC - 59 (R* = 0.55) (5)

We see that 76% of OPDC measurements are elevated
above the estimated background chloride concentration of
7 mg/L. Focusing only on those data, we see a trend of

[Cl-]=0.18SC - 69 (R? = 0.74) (6)

To explore whether or not hydrogeologic context could be
used to refine this relationship, we subdivided the elevated
OPDC data based on how much clay is present in the
Quaternary deposits each well site and whether the OPDC
was the uppermost bedrock unit at each well site. The
measurements are roughly equally split between wells

— Bulk elevated trend

300 -+ >15m clay

-+ <15m clay with
overlying bedrock

<+ <15m clay without
overlying bedrock

* <7 mg/L chloride .

200 concentration .

=
o
o

Chloride Concentration (mg/L)

400 800 1200 1600
Specific Conductance (uS/cm)

FIGURE 6 | SC vs. chloride concentration for the OPDC unit in

the TCMA. Grey points are below the estimated background level
of 7mg/L. The black line is the trend of all points above the
background threshold. Blue points are wells overlain by >15 m

of Quaternary clay. Red points are from wells with <15 m of
overlying clay where OPDC is the uppermost bedrock. Green points
denote wells were the OPDC is overlain by one or more bedrock
aquitards and with <15 m of overlying clay. The confidence interval
for each regression is shaded grey. Due to the uncertainty
associated with the regression for each subpopulation, it is not
possible to distinguish between them statistically.

overlain by more and less than 15m of clay (81 and
95 respectively). Of the elevated measurements from wells
with less clay, 75 come from areas where the OPDC is the top
bedrock unit and 20 come from areas where it is overlain by at
least one other bedrock unit. In the latter setting the OPDC
would be confined by the lower St Peter bedrock aquitard. The
trends for each of these subpopulations are given here and
shown in Figure 6.

>15mclay (blue): [CI']=0.19SC-76(R*=0.81) (7)
< 15m clay with overlying bedrock (green): [CI7]

=0.14SC - 50 (R* = 0.76) ®
< 15m clay without overlying bedrock (red): [CI™]
= 0.16SC - 60 (R* = 0.62) 9

The confidence intervals on these different trends show
significant overlap in the region of the plot where most of the
data is found. Unfortunately, this means that knowledge of the
hydrogeologic setting cannot be used to improve the estimate
of chloride concentration based solely on SC in the OPDC.
However, in wells where the chloride concentration is known to
be above the natural background, Eq. 6 is a more robust
relation than Eq. 5 and should provide a better chloride
estimate.

The Jordan Sandstone (CJDN) is the other highly utilized
aquifer in the region. Together with the OPDC, the CJDN
supplies around 70% of the groundwater pumped in the
TCMA (Ross, 2013) and both aquifers already show
increased chloride concentrations (McDaris et al., 2022) due
to anthropogenic inputs. The CJDN subcrops beneath
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FIGURE 7 | SC vs. chloride concentration for the CJDN unit.
Grey points are below the estimated background level of 7 mg/L.
The black line is the trend of all points above the background
threshold. Blue points are from wells overlain by >15m of
Quaternary clay. Red points are from wells with <15 m of overlying
clay where CJDN is the uppermost bedrock. Green points denote
wells were the CJDN is overlain by one or more bedrock aquitards
and there is <15 m of overlying clay. The trend for the blue points is
not plotted because it does not reach an R? of 0.5. Only the red
trend is distinguishable from the other subpopulations.

Quaternary glacial deposits in a crescent around the northern
and western parts of the TCMA but in the central, southern, and
eastern areas it is largely buried beneath one or more bedrock
units, including where it is confined by the lower Oneota
aquitard. The linear fit for all CJDN data is

[CI"]=0.074SC - 23 (R* = 0.26) (10)

but the low R? value indicates this will not provide very accurate
estimates of chloride from SC.

Following the same process as for the OPDC, we see that
58% of CJDN measurements are above the generalized
background and focusing only on the elevated chloride
measurements yields a relation of

[CI"]=0.13SC - 47 (R* = 0.56) (an
and the same data subpopulations yield:
>15mclay (blue): [CI"]=0.08SC - 21(R*=0.35) (12)
< 15m clay with overlying bedrock (green): [CI7]

=0.10SC-6(R* = 0.61) (13)
< 15m clay without overlying bedrock (red): [CI7]
=0.14SC - 57 (R* = 0.62) (14)

In Figure 7, we see these trends and their associated
confidence intervals. Note that the trend for the >15m of
clay points (blue) was not plotted since its R? is less than
0.5. Distinct from the OPDC case, we see that the trend and
confidence interval of the measurements from wells with less
clay and no overlying bedrock (red) can be distinguished from
the other trends. For wells in that context, we can now use this

SC-Chloride in TCMA Groundwater

more robust transfer function to estimate chloride
concentration from SC. This trend and the elevated trend
will both dramatically improve chloride estimates compared
to the bulk CJDN relation in Eq. 10. In those cases, SC actually
can be a good proxy for chloride concentration even though the
same cannot be said for an arbitrary CJDN well.

Relative Changes Over Time

Even when there is not a robust transfer function between SC
and chloride concentration, relative changes in SC
measurements can illuminate how chloride concentrations
evolve in groundwater. Because of chloride’s strong impact
on SC, changes in chloride concentration tend to be readily
apparent in SC time series data. For example, there are
47 wells in the data set with 8 or more paired
measurements over the study period. Figure 8 presents the
time series data for chloride (a) and SC (b) in one of these
wells screened in the CJDN (well #121063). In the figure, it is
readily apparent that chloride concentrations and SC are
changing in this well following the same general pattern
which is characteristic of the large majority of the wells
with multiple measurements. A single SC sensor in such a
well could provide continuous, if semiquantitative, monitoring
of chloride changes.

We can also make use of relative changes in SC over time to
better understand how chloride-enriched recharge is reaching
deeper aquifers such as the CJDN. The quantity of rock salt
used for road deicing in Minnesota began to increase
dramatically in the mid twentieth century, rising ~10 fold
between 1955 and 1965 (Sander et al., 2007; Novotny et al.,
2008). Given its strong connectivity to the land surface the
QWTA would have received water with elevated chloride
concentrations very soon after, and today we see that this
unit is permeated with high-chloride waters (McDaris et al.,
2022). However, more deeply buried aquifers such as the CJDN
remain much more variably impacted by chloride-enriched
recharge. Research using residence time indicators such as
tritium show that the CJDN has zones of groundwater with pre-
1953 mean residence times alongside zones of more recent
and mixed waters (post-1953) (Berg, 2016; Berg, 2019; Berg,
2021). A more precise mean residence time of these recent
waters has been estimated at approximately 40—-50 years
using a variety of tracers (DCEM, 2003; Crawford and Lee,
2015; Demuth and Scott, 2020) which means that our data set
spans the period during which this anthropogenic chloride
likely began to reach the CJDN.

To look for this change in water chemistry, we binned the
CJDN data by decade of sample date and computed a linear
best fit between SC and chloride concentration in each bin.
Only two decades yielded statistically significant trends above
the 90% confidence level: the 1970s and the 2010s (Figure 9).

The 1970s data shows almost no correlation between the
two factors, and very low chloride concentrations (Figure 9A).
With a mean residence time of 40-50 years, CJDN chloride
concentrations in the 1970s would not yet have been affected
by increased salt use at the surface, and they therefore can be
used to directly infer a natural background concentration for
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this unit. Calculating two standard deviations above the mean
of the 1970s data yields a background estimate of 6.7 mg/L
which confirms previous research (Kroening and Ferrey, 2013;
McDaris et al., 2022) and is consistent with the estimated
background presented earlier in this work. By the 2010s,
surface waters carrying deicing chloride would have had
time to permeate into this unit (Figure 9B). While there are
still many wells in which chloride concentrations are low and
do not contribute appreciably to SC (gray points), there is a new
population of measurements with chloride concentrations
elevated well above the natural background (black points)
with a handful more than halfway to the chronic water
quality threshold of 230 mg/L. The trend associated with
these elevated concentrations has nearly the same slope as
the overlying OPDC unit (Eq. 5) which illustrates the
strengthening connection to shallower waters. (Data and fit
statistics are shown for all four decades in Supplementary
Figure S1)

[CI"]=0.14SC~-51(R* = 0.61) (15)

It is striking how similar Eq. 15 is to Eq. 14. Eq. 14 was
derived from a spatial, hydrogeologic context perspective while
Eq. 15 was derived from data constrained by an interval of
time. Based on this similarity, we would infer that CJDN wells
which had elevated chloride concentrations in the 2010s are
likely to be in areas where there is <15 m of clay in the overlying
Quaternary deposits. This is borne out when we plot the data
based on clay thickness (Figure 10). Combining the temporal
and spatial approaches can bring more insights than either
approach alone.

CONCLUSION

The use of rock salt for winter deicing will continue unless a
viable alternative is developed, which means that chloride will
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than 15 m of clay in overlying deposits.

continue to build up in lakes, streams, and groundwater
aquifers until the amount leaving the region via rivers is in
balance with the amount being added to the system.
Mitigating this accumulation relies on understanding how
much chloride is being introduced into each of these
reservoirs as well as the locations of geologic features
that could provide fast pathways to deep aquifers. This
level of insight will require more and more frequent data
about how chloride concentrations are changing in aquifers
than is currently available.

Specific conductance is routinely employed as a proxy for
chloride concentration in surface water studies and some
groundwater studies. In this work, we have used extensive
historical data to examine groundwater in an urban setting
where issues with salinity are driven primarily by anthropogenic
activity. We have parsed out different hydrogeologic settings
within individual aquifers across this multi-aquifer system to
evaluate where the SC-chloride proxy is quantitatively robust
and have shown that qualitative change over time also holds
value.

Our findings reinforce the need to develop a sentinel
network of SC sensors in wells across the TCMA gathering
continuous measurements at multiple levels in the aquifer
system. Data from these sensors can provide a high-
resolution view of chloride movement, sub-annual variations,
and feedback on the effects of changes in management
practices.
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