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Increasing trends in base cations, pH, and salinitylmdnizingfreshwaters have been
documented in U.S. streams for over 50 years. These patterns, collectively known as Freshwater
Salinization Syndrom@SS), are driven by multiple processes, including applications of road
salt and humaiaccelerated weathering of impervious surfaces, reductions in acid rain, and other
anthropogenic legacies of change. FSS mobilizes chemical cocktails of distinct elementa
mixturesvia ion exchange, and other biogeochemical procekgban streams in temperate
areas experience chronic salinization throughout the year punctuated by acute salinization during

winter storms with associated road salting.

My researctanalyzedmpacts of FSS on stream water chemigirthe field with routine
bi-weekly and targeted high frequency sampling during road salting ekezitssites were
proximal to USGS stream sensors using multiparameter datasondes, allovaddifional

parametrs to be monitored at B minute resolutiorn the laboratory incubation analyses were



also conducted using sediment and water samples to assess the function of stormwater best

management practices (BMPs) during road salting events.

Acute FSS assocrd with road salting was found to mobilize chemical cocktails of
metals (Mn, Cu, $t), base cations (NaC&*, Mg?*, K*), nutrients (TDN), and organic matter
(NPOC). Regression relationships were developed among specific conductance and major ion
and tr@e metal concentrations. These linear relationships were statistically significant in most of
the urban streangtudied(e.g, R? = 0.62 and 0.43 for Mn and Cu, respectively), and showed
that specific conductance could be used as a proxy to peedicéntrations of major ions and

trace metals.

Principal component analysis (PCA) showedngobilization {.e., correlations among
combinations of specific conductance, Mn, Ci¥}Sand all base cations during certain times of
year and hydrologic conditns). Cemobilization of metals and base cations was strongest
during peak snow events but could continue over 24 hours after specific conductance peaked,

suggesting ongoing cation exchange in soils and stream sediments.

Increased salt concentratioofsall three major road sal{®aCl, CaC4, and MgC#) had
profound effects on major and trace element mobilization, with all three salts showing significant
positive relationships across nearly all elements analyadttype showed preferential
mobilizationof certain elements. NaCl mobilized Cu, a potent toxicant to aquatic biota, at rates

over an order of magnitude greater than both gzl MgCp.

Hourly mass fluxes of TDN in streams were also found to be elevated during winter
months with peaks coincidiwith road salting events. Targeted winter snow event sampling and

high-frequency sensor data suggested plateabi®©n/ NO,” and TDN concentrations at the



hi ghest peak | evels of SC during road salt
possibly ndicated source limitation of TDN after extraction and mobilization of watershed

nitrogen reservoirs by road salt ions.

My results may help guide future regulations on road salt usage as there are currently no
federally enforceable limits. NaCl is the most commonly used deicer in the United States, largely
because it is often the least expensive option. Other technologless brines and other more
efficient deicers (CaGland MgCp) should be considered in order to lessen the deleterious

effects of FSS.
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Chaptlenrt rlooduct i on

Freshwater salinization is an emerging environmental problem around the world,
universally degrading the quality of ground and surface waters. Due to freshwater
salinization, streams, rivers, reservoirs, and lakes jormegions of North America
have exhibited increasing trends in total dissolved solids, and major ions such as
chloride, sodium, calcium, magnesium, and potassium for over half a céay
Anning and Flynn, 2014; Corst al, 2010; Dugan, Bartletet al, 2017; Dugan,
Summerset al, 2017; Kaushagt al, 2005, 2013, 2017, 2018, 2019) additia,

over the past century there have been similar increasing trends in concentrations of
base cations in streams, rivers, reservoirs, and lakés Q@&d, Mg?*, and K") across

not only North America but also in Europe, China, Russia and Kanshalet al,

2019) Coinciding increases in major igrehanges in specific conductance and pH,
and the increased direct and indirect impacts of salt ions on water quality,
ecosystems, and infrastructure has been te
Sy ndr o meKaushaletls 2018, 2019) FSS is caused by various salt ions
originating from diverse sources such as road deicers, irrigation, agricultural liming
and potash, sewage, mining, and weathering of concrete in therbuitbnment and
surficial geology due to erosion and acidic precipitaf{idngan, Bartlettet al, 2017;
Haqget al, 2018; Kaushagt al, 2018; Kunzet al, 2013; Schulz and Cafiedo

Arglelles, 2019)FSS has been shown to mobilize elemental mixtures known as
chemical cocktailgKaushalet al, 2018, 2019, 2020put relatively little is known

about which elements are mobilized and when; ih fae chemical causes and



consequences of FSS are not yet fully understood in watersheds across varying land

use, hydrologic conditions, and stormwater management.

1.1 Scope and Sources of Freshwater Salinization Syndrome

Salinity, specific conductancend base cation concentrationgreEhwater
streams and rivers in North American and Europe have shown an increasing trend
over the past centuAnning and Flynn, 2014; Corst al, 2010; Dugan, Summers
et al, 2017; Kaushakt al, 2005, 2018, 2019More locally, hcreased salinization
has been observed in 37% of the area of the contiguous (&t Kaushalet al,

2018) Increasing trends ihasecations are often observed in the Eastern and
Midwestern US, thought to be driven by anthropogenic land use, increased
impervious surface cover and inased population densignd road saltingKaushal

et al, 2018) However, hese trends are nohiform across the natiowith declining

trends of major ions and total dissolved solids observed in the southwest of the U.S
This is thought to be related to increased prevalence of large dams, crop irrigation and
water diversiongKaushalet al, 2019)

Sources ofreshwatesalinization includeveathering of bedrock, built
infrastructure, agriculture and, in temperate regions, predominantly road salting
(Demars and Benoit, 2019; Dugan, Summets)|, 2017; Kaushakt al, 2018, 2019;
Mooreet al, 2020) These sources can be broken down into three nniaiersd
agricultural land use, urban and suburban land use, and the quantity of snowfall
deposited in a region. Agricultural land use usually presents itself as a more gradual

baseline shift in specific conductance due to slow build up in groundwategthrou



irrigation (NaCl) and the addition of lime and potash to fields during growing season
K*and( # / (Kaushalet al, 2018) Urbanized land use also contributes base cations
into waterways through dissolution of concrete, cement and other calcium carbonate
rich materials (sometimes referred to as
slowly altered anaveathered over time as concrete reacts with the atmosphere
Ca(OH»+ CO;Y C af6L0. Sightly acidic precipitation, even that which is just

in equilibrium with CQ in the atmosphere can chemically weather this further into
aqueoua(HCQ)2 (Zhang, 2011)Chemical dissolution happens particularly readily

in concrete based drainage infrastructure which is constantly exposed to urban runoff
(Davieset al, 2010; Wrightet al, 2011) Areaswhich accumulate large volumes of
snowfall are also at heightened risk for episodic salinization during the winters, with
potential for baseline fluctuations as NaCl and otlecers build up in groundwater

and soils. Annual U.S. highway road salt sales have increased from 0.28 megatons to
16 megatons from the 1940s to the 2000s, following increasing roadway cover within
temperate regiondackson and Jobbagy, 2005; Kausttadl, 2018 ; .DatiRL C0)
from thelocal Baltimore LongTerm Ecological Research sghow a positive

relationship betweeroad salt applidédon andmobilization ofbase cation&Bird et

al., 2018; Kaushatt al, 2017; Mooreet al, 2017) Cations likelyoriginate from
storageeservoirs irground water andoils which can be flushed to streams and
rivers(Kaushalet al, 2017; Shanley, 1994Base cation levels urban streamwere

found in concentrations @imes greater than found in agricultural and forested

catchmentg¢Kaushalet al, 2017)



Land use has a large effect on the salinity monitored streams. Studies in
Chicago, Maryland and New Hampshire have identified a positive relationship
between urban land use and"Mad Ciconcentrations in streani3ackson and
Jobbagy, 2005; Dalest al, 2009; Kellyet al, 2012; Coopeet al, 2014; Kaushakt
al., 2005; Bakeet al, 2019; Mooreet al, 2017, 2020; Stetst al, 2020) Percent
impervious surface coverage and percent road pavement are alssywsexies for
urbanization in many of these studies as road surface coverage is a major factor for
the quantity of road salt appliéBakeret al, 2019; Daleyet al, 2009) Some studies
have noted as much as a 27 fold change in ion concentrations along a rural to urban
gradient(Mooreet al, 2017) Increased urbanization and road surface cover act to
not only increase the quantity sdlt applied to a watershed but also decrease
infiltration and transport time. Channelization and the use of storm drains increase the
hydrological connection between roadways and the aquatic environment, decreasing
transport times and increasing the flagss of storm hydrograph respon@€sushal
et al, 2005)

Base cation exchange rates, metal bioavailability, pH, and, ionic strength are
often altered by the addition of road g&laushalet al, 2019) Changes iiCation
ExchangeCapacity (CEC) can disrupt the number of cations attacheddatively
chargedsoil particlesurfaces. Mis can increase agueous loading of metals including
cadmium, zinc, and coppéCooperet al, 2014; Kaushatt al, 2019; Lofgren, 2001)

The addition of adiumcaitons have been shown to displace copper, lead and zinc
from sols adjacent to streams after road sal(idgushal, 2016; Nelsoet al, 2009;

Norrstrom andlacks, 1998)This has the potential to increase mobile metal

4



concentrations throughout riparian and aquatic environméehgssolubility of metals
can also be influenced by elevated soil salinity adjacent to roadi@elystneret al,
2009) In particular, heightened dissolved chloride’Y@§and concentrations can
increase the solullily of metals including cadmium. This is a concéonboth

drinking waterandcrops irrigated with heavy metal contaminated wéRemicet

al., 2012) The risk ofroadsalts mobilizing metals is particularly significant for
cities and other areas with aging infrastructure. Lead piping and solder is still
pervasive in aged drinking water supply netkgy along with associated metal
enriched sedimen{®mrheinet al, 1992; Kaushal, 2016%alt displacement and
corrosion often mobilizes these metals, often going unnoticed as water quatignis
monitored at its treatment facility or souednotatthe end usefAmrheinet al,
1992; Kaushal, 2016 race elements including metals are often transported as
agueous complexes. These complexes are made up of associated cations and anions
or as neutral molecules known as ligaf@aillardetet al, 2003) Colloids, miniscule
particlesb et we en 0. 2dftensnalhethoudh torpass through conventional
filters), are also a carrier of trace elemef@sillardetet al, 2003) Increased Nahas
been shown to displace metdtom their exchange sites and into solution in both
waters and soiléKaushalet al, 2019) Higher valence base cations including¥g
and C&*, sometimes found in deicers or mobilized through cation exchange, are even
more efficient at displacing metals in sdi(saushalet al, 2019) C&* outcompetes
Zn, Pb, and Cd in soil cation exclggnsitegAcostaet al, 2011; Kaushatt al,

2019) Similarly Mg?* outconpetesCu, with Cu concentrations often being the

highest at the soil surfag@costaet al, 2011; Kaushag¢t al, 2019) NaClis known



to increase the solubility of Pb and Cd, which increases solubility through-chloro
complexationKaushalet al, 2019; LopezZChuken and Young, 2010} should be

noted thathere is constant competition between ions and cations at exchange sites in
complexes, ligands, and organic matter. Because of this complex, natigree ratios

of major ions and organic matter can yield different metal solubiityeasing the
difficulty of predicting toxicity(Duan and Kaushal, 2015; Hetal., 2018; Kaushal

et al, 2019)

1.2 Applications of Stream Sensors as Proxies for FSS Chemical Cocktail

Transport

Using high frequency specific conductance sensors as proxies for chloride has
been explored in resent research, highlighting thefutrsess in detecting water
guality exceedancg#looreet al, 2020) This is particularly useful in the case of
studyng road salting events as sample collection and lab resources are not able to
provide 5 to 15minute resolution data for prolonged periods of time as readily or
efficiently as data sondes are. However, Site specific calibration is necessary as some
sites #em to be best explained via a linear fit model and other sites seem to be best
explained via a piecewise mod&looreetal., 2020)

As road salting is an episodic event in response to local precipjtati®n
mani fested as Apul s edteénlasting daye afteréhedtorrat i ons o
itself (Haget al, 2018) These acute events are often associated with increased base
cation mobility, nitrogen and phosphorus loading, elevated metals, and altered pH

(Haget al, 2018; Manganetal,2005) The dAfirst flush phenome
6



in episodic salinization with accumulated contaminantsanrthropogenic salts
becoming mobilized along with precipitati@Gooperet al, 2014)

Chronic NaCl pollution has been shown to persist in the environment long
after road salting has ended. Elevated salinity is found in both groundwater and
surface vater well into the summer monthaccumulatingn the ecosystem over
years or decadd€ooperet al, 2014) The flashier hydrograph responses associated
with urbanization and densely packed roadways often limit infiltration into
groundwater, potentiig slowing the effect of salinization locally. Unfortunately,
certain environmentally conscious stormwater management practices such as
stormwater retention ponds and wetlands imayedetrimental effects to
groundwater salinity. Similar to episodic sa@tation, chronic salinization has been
shown to elevate sodium, calcium, magnesium, and potassiumdukds
decreasing pH. Recent studies indicate that infiltration due to stormwater retention
may induce exceedances in both chronic and acute chlamdemtration§Cooperet
al., 2014) This may be tempered by stormwater management features retaining
metals (Cu, Zn, and Pb), but the joint effect of high salinity have yet to be studied

(Daviset al, 2009)

1.3 Examples of Environmental Implications of FSS

Increased freshwater salinizatismnot only harmful to aquatic organisms, but
human health as well. The Environmental Protection Agency (EPA) has placed an
acceptable drinking water advisory at 20 mg/l of Na. phi®ary advisoryis mainly

put in place for those on salt restricted diets but there is a secondary limi6é0fr80
7



for taste(Cooperet al, 2014) The EPA also has regulations for ambient chloride
concentrations. Aesthetic and cosmetic concerns tinboride to 250 mg/I for

drinking water. Recommended maximums are also in place for acute levels greater
than 860 mg/L and chronic concentrations greater than 230 (@gfperet al,

2014; Corskt al, 2010; Mooreet al, 2020) Despite these regulations3 tities in

the northern US and 4 in southern metro avear®foundto bein violation of theset
chronic maximum 55 % of thieme while exceedinghe acute maximum 15 % of the
time during cold weather (November to ApfiQorsiet al, 2010) Exceedances

dropped to 16% for chronic pollution and 1% for acute during warm weather (May to
October), indicating a likely link tooad saltingCorsietal., 2010) Aquatic

organisms are also affected by salt exceedances with changes in food webs, fish
species assemblages, and species die offs found to be associated with increased
salinity (CafiedeArguelleset al, 2013; Hintz and Relyea, 2017; Jameésl, 2003;
Morganet al, 2012) Metals mailized by FSS can also be toxic to various aquatic
species. Injury or death to some species, such as salmon, may also represent potential
economic losse@erntsseret al, 1999; Mahroslet al, 2014) Key questions
regardingdrinking water quality are related to what types of chemical cocktails are

mobilized by FSSand hav often there may be exceedances in thresholds



ChaptSerns2:rs track mobilizat.i
streams i mpacted by road sal't
wat er shed

2.1 Abstract

Increasing trends in base cations, pH, and salinity of freshwaters have been
documented in U.S. strearftg over 50 years. These patterns, collectively known as
Freshwater Salinization Syndrome (FSS), are driven by multiple processes, including
applicatiors of road salt and humaatcelerated weathering of impervious surfaces,
reductions in acid rairgnd other anthropogenic legacies of change. FSS mobilizes
chemical cocktails of distinct elemental mixtuwgsion exchangeandother
biogeochemical processéNe analyzed impacts of FSS on stream water chemistry
acrosdive urban watersheds in the Baltiméfiéashington, USA metropolitan region.
Through combined grabampling and higiirequency monitoring by USGS sensors,
regression relationships were developetbng specific conductance and major ion

and trace metal concentrations. These linear relationships were statistically significant
in most of the urban streams g, R? = 0.62 and 0.43 for Mn and Cu, respectively),

and showedhat specific conductancewd be used asp@roxy to predict

concentration®f major ions and trace metaMajor ions and trace metals analyzed

via linear regression and principal component analysis (PCA) showed co
mobilization (.e., correlations among combinations of specificauetance, Mn, Cu,

Sr*, and all base cations during certain times of year and hydrologic conditions). Co

mobilizationof metals and base catiowss strongest during peak snow events but

on
S



could continue over 24 hours after specific conductance peskggksting ongoing
cation exchange in soils and stream sedimémitsand Cu concentratiomsedicted
from specific conductance as a proxy indicated acceptable goodness of fit for
predictedvs.observed values (NasButcliffe Efficiency > 0.28)Metak
concentrdons remained elevated fdaysafter specific conductance decreased
following snowstormssuggesting lag times amdntinued mobilizatiomfterroad
salt use. HigHrequencysensomonitoringand proxiesassociated with FS®ay help
betterpredict contarimant pulsesnd contaminant exceedanaesesponse to

salinization and impacts on aquatic life, infrastructure, and drinking water

2.2 Introduction

Freshwater salinization is an emerging environmental problem around the world,
degrading the qualityf@round and surface watgfGafnedeArguelleset al, 2016;
Kaushalet al, 2005; Kaushal, Likengt al, 2018a; Kaushal, Likens Gene &t al,

2019) For example, freshwater salinization has impacted streams, rivers, reservoirs,
and lakes in North America, with concurrent positiemds inmajor ions such aSl-

, Nat, Ca2+, Mg2+ over half a centurgAnning and Flynn, 2014; Corst al, 2010;
Dugan, Summerst al, 2017; Kaushagtal., 2005; Kaushal, Likengt al, 2018a;
Stetset al, 2020) Similar increasing trends in concentrationbase cationfNat,

Ca2+, Mg2+, and k+) have been observed Europe,China,Russia and Iranverthe

past centurgyKaushal, Likens Gene Eet al, 2019) Coinciding increases in major
ions,changes in specific conductance and pH, and the increased direct and indirect

impacts of salt ions on water quality, ecosystems, and infrastructure have been called

10



the Freshwater Salinization Syndrome (FE3vieset al, 2010; Kaushaét al,

2013; Kaushal, Goldkt al, 2018; Kaushal, Likens Gene Et,al, 2019) FSS is an
emerging environmental issue caused by multiple salt ions originating from diverse
sources such as road deicers, irrigation, agricultural limmppotash, sewage,

mining, and weathering of concrete in the built environment and surficial geology due
to erosion and acidic precipitatigDavieset al, 2010; Dugan, Barttg et al, 2017,

Haqget al, 2018; Kaushal, Goldt al, 2018; Kaushatt al, 2020; Kunzet al, 2013;
Schulz and Cafedargtelles, 2019)FSS is expected to increase due to increased

use of roadway deicers, construction materials, fertilizers, treat anthropogenic
substances. For example due to the legacy of human construction, annual road salt
sales in the United States have increased nearly an order of magnitude in ~60 years
(Corsiet al, 2010)coinciding with an accumulation of road salt ions in soils and
groundwatefKaushalet al, 2005; Kaushal, Likengt al, 2018a; Mooret al,

2017) a phenomenon that may be exacerbated by long (over 50 year) residence times
of road salts in watershe@Shawet al, 2012) FSS mobilizes chemical cocktails of
metals, nutrients, organics, and other ions through shifts in ion exchange, solubility,
and microbial activitf Amrheinet al, 1992; Duan and Kaushal, 2015; Green and
Cresser, 2008; Haet al, 2018; Kaushal, Likens Gene Et al, 2019; Milleret al,
2008)The indirect and direct effects of major ion pollution on water quality,
ecosystems, and urban infrastructure are not well known, a concerning gap in

knowledge.

Increased urbanization anmdpervioussurface covein the Mid-Atlantic have

increasd the quantity of salionsapplied to a watershed butasanp | i fy HApul seso
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salinization due talecreaseinfiltration and transport timéDaleyet al, 2009;

Kaushal, Mayeret al, 2014) Stream and riverfannelzation and the use of storm
drainsincease t he Ahydr olbetvgen wadiaysandaquatict i vi t y o
ecosystems (Elmore and Kaushal 2008, Kaushal and Belt Z0t&asing the

0 hy dr tlashmeséotstorm hydrograph responsesd the magnitude dn

frequency of road salt puls@saushalet al, 2015; Mooreet al, 2020; Trowbridgest

al., 2010) Increased specific conductance from episodic road salt pulsésstdor

days, weeks, and months, with associated chemical cocktails of metals and cations
sometimes remaining elevated for lon@daget al, 2018; Kaushal, Likens Gene E.,

et al, 2019)

Increasednajorion loading from road salts enhances base cation exchange
and mobilization of trace metals in both stream sediments and soils to surface waters
(Amrheinet al, 1992; Kaushal, Likens Gene Et,al, 2019; Lofgren, 2001; Shanley,
1994) For example, monovalent and divalent cations can displatenobilize trace
metals from exchange sites on negatively charged colsuds, asvin, Si2+, Cu, Hg
andZn(t hroughout this paper we dondot include
their conplex multiple oxidation stateg)to the dissolvedloa@ D6 1 t r i , 199 2; F a
Shi, 2012; Kaushal, 2016; Kaushal, Likens GEnet al, 2019; Nelsoret al, 2009)
Though research on this topic is only just beginning, increasedfblaexample, can
displace metals from their exchange sites on stream sediments and soil @articles
into solution(Kaushal, Likens Gene Eet al, 2019; Lazuet al, 2020) Higher
valence base cations including R4ég and C&+, sometimes found in deicers or

mobilized through cation exchange, are even more efficient tharaiNdisplacing

12



metals in soil§Kaushal, Likens Gene Eet al, 2019) C&+ outcompete&n, Pb, and

Cd in soil cation exchange sitdséaush# Likens Gene Egt al, 2019) Similarly

Mg2+ outcompetes Cu, with Cu concentrations often being the highest at the soll
surface(Kaushal, Likens Gene Eet al, 2019) Following these ion exchange

reactions, trace metals are often transported as aqueous complexes. These complexes
are made up of eentral metal ion bound to an ion or molecule, forming a metal

ligand bond ordefGaillardetet al, 2003) CI- is known to increase the solubility of

Cd and Pb, which increases solubility through chtmmplexationKaushal, Likens

Gene E.gt al, 2019; Norrstrom and Bergstedt, 200Because most research has

been conducted on mobilization of individual element mobilization knowledge gaps

still exist regarding the full suite of metals released by FSS.

One of the key challenges in understanding the magnitude and scope of FSS is
characterizing peaks and lag times in specific conductance and elemental
concentrations as a result of road salting events and associated geochemical
processes. Here we use highquency sensor data, coupled withwaekly grab

sampling of stream watehemistry to test the hypothesis that FSS has substantial,
negative impacts on urban freshwater systems and to characterize the chemical
cocktails formed due to FSS in urban streams across seasons. Changes in the
composition of these chemical cocktails Hreught to be most significant during and
after instances of winter precipitation events. Knowledge of seasonal changes in the
magnitudes and mixtures of chemical cocktails mobilized by FSS has implications for
protection of aquatic life, safe drinking veatand how the public and government

can best mitigate this emerging environmental ig8aegsiet al, 2010; Herberet al,
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2015; Hintz and Relyea, 2017b; Jameéal, 2003 Kaushal, 2016)Most research
has focused on documenting increasing {tergn annual trends in specific
conductance, Cland Na& in streams, rivers, lakes, and reserv@@sersiet al, 2010;
Dugan, Bartlettet al, 2017; Dugan, Summerst al, 2017; Kaushatt al, 2005;
Kaushal, Likenset al, 2018a; Stetst al, 2020) However, with increased
availability of high- frequency sensor data in streams, episodic salt pulses can be
detected in real time and quantified in urban and suburban wate(staept al.,
2018; Kaushal, Likens Gene [t,al, 2019; Mooreet al, 2020; Morelet al, 2020;

Trowbridge et al, 2010)

Monitoring elemental flux in highly dynamic urban streams is very time and resource
intensive; thereforerpxiescanbe developedsing high frequencgpecific
conductancelata to estimate other elemental concentratibliasiet al, 2018;

Kaushal, Goldet al, 2018; Kaushatt al, 2020; Mooreet al, 2020; Morelet al,

2020) Previous work using specific conductance as a proxy fdnasl shown that

Cl- pulses during road deicing events are difficult to capture using traditional grab
sampling methods (Trowbridge et al. 2010, Moore et al. 20E3s Wwork has

focused on characterizing the dynamics of metals that are also mobilized by deicing
eventgHaget al, 2018; Kaushal.ikens Gene Ee¢t al, 2019; Morelet al, 2020)

Due to these knowledge gaps, the main research goals answered in this study are to:
(1) identify what metals are mobilized during snow events, and (2) develop proxies to

predict the mobilization of tlse metals
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2.3 Methods

2.3.1 Study Sites

All 5 study watershedgotaling381 knR were located throughout the Baltimore and
Washington D.C. metropolitan areas and within the greater Chesapeake Bay
Watershed (Figure 1). Sampling locations were chosBIS&S gauge stations,
providing higher temporal resolution datald minutes) than could be obtainad

grabsampling(lUSGS NWIS, 2020)

(T TORAETTERERTORIRROERRARRONRRR! /11 1EEEAN
50% 1

Legend
:I Herring Run Watershed
Sligo Creek Watershed
Scotts Level Branch Watershed
Rock Creek Watershed

Jones Falls Watershed

Figure 1. Map of Sampling Sites

Impervious surface cover within the watersheds of sample collection sites in the
Baltimore and D.C. metropolitan arg&sriet al, MRLC, 2020; StreamStats, 2020)
Red triangles indicate sampling sites.
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USGS monitoring stations utilize multiparameter datasondes wdikeh t

instantaneous measurements of specific conductance, dissdyadlidity and

NO3-/ NO2- (USGS NWIS, 2020)Watersheds were delineated the StreamStats
USGS web application and remotely sensed watershed characteristics, including land
use and impervious surface cover, were obtained frB@im resolution datasets

provided by the 2016 National Land Cover tse (NLCDYMRLC, 2020;

StreamStats, 2@3. Site characteristics were analyzea ArcMap 10.4 and

Microsoft Excel.

Five urban streams were sampled for this study (Figure 1 and Table 1): Rock Creek,
a stream with large riparian buffer and the lowest proportion of impervious surface
cover; 3igo Creek, an urbanized stream with a walking trail and road that follows
much of its length; Scotts Level Branch, a stream influenced by suburbanization and a
small riparian buffer abutted by houses; Herring Run, a heavily urbanized stream
which has a saill water treatment plant about two miles upstr¢aomes, 1996;

Parks, 2016)and Jones Falls, a mainly buried, heavily yiltl tidal stream flowing

directly into the inner harbor of the Chesapeake Bay (Table 1).
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Table 1. Site Characteristics

Sitecharacteristics for all sampling sites and their accompanying USGS stations
(AUSGS RWRE&)pD) .

NLCD 20166
. Metro : . USGS Drainage Impervious

Study Site Area Latitude Longitude Site # Aream?  Surface

Cover
Rock Creek | D.C. 38°57'36.6" 77°02'31.4" 1648010 63.7 18.35
Sligo Creek | D.C. 38°59'10.4" 77°00'17.5" 1650800 6.45 27.19
Scotts Levell o iore  39°21'41.7" 76°4542.3" 1589290  3.23 22.24
Branch
Herring Run| Baltimore 39°19'04.7" 76°33'18.5" 1585219 16.3 32.76
Jones Falls | Baltimore 39°17'02.8" 76°36'13.1" 1589485 57.5 21.28

2.3.2 USGS Continuous Monitoring Data

High frequency (515 minute resolution) data for specific conductance (SC), in
micro-siemens per centimeter at 25°C, discharge (Q) in cubic feet per second, and
temperature (T) in degrees Celsius, turbidity (TB) and pH were obtained from the
USGS National Watdnformation System (NWIS) for the duration of the study
(October 2017 October 2019). SC is measured using contact sensors with
electrodes, which are temperature compensating and have an accuracy greater than
0.5%0.5 percent of readings, or +2 uS/@@ibset al, 2012; Wagneet al, 2006) T is
measured with a thermistor with an accuracy of + 0.10C and Q is accurate to the
nearest 0.01 ft or 0.2 % stage height, or whichever is [8f86S, 2020; Wagneat

al., 2006) Instrumental error, calibrations, and accuracy of USGS multiparameter

datasondes are further described in Gibs et al. (2012) and Wagner ed@). (20
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2.3.3Bi-Weekly Grab Sampling and Targeted Snow Event Sampling

Water samples were collected approximatetywbekly from all five sites
across the Washington D.C. and Baltimore metropolitan areas (red triangles in Figure
1). Two 125ml acidwashed HIPE Nalgene bottles of stream water were collected
from each site after being triple rinsed with stream water before sample collection.
Samples were kept on ice until being transported back to the University of Maryland
College Park for analysis. Grab saewgivere filtered through pmombusted 0.2 m
glass fiber filters to separate dissolved and suspended loadmAdiuotof the
filtered sample was stored in asiished HDPE Nalgene bottles with 0.5% hkigh
purity nitric acid.Acidified samples were analed within6 monthsvia inductively
coupled plasma optical emission spectrom@@pP-OES)on a Shimadzu Elemental
Spectrometer (ICPR800; Shimadzu, Columbia, Maryland, US/laget al, 2018)
ICP-OES analysis determined elemental concentratiohaef Ca2+, Mg2+, K+,
Cu, Se+, and Mn.The remaining unacidified sampleerekeptat4 oC for up to
two weeks before being analyzed on a Shimadzu Total Organic Carbon Analyzer
(TOC-V CPH/CPN; Shimadzu, Columbia, Maryland, USMaget al, 2018) The
TOC-V analyzer uses a combustioatalyticoxidationNDIR method to dissolved
inorganic carbon (DIC)content. The Jones Falls site often exhibited brackish water
due to its tidal nature, due to this all samples were diluted with four parts high purity
Milli -Q water (conductivity below detection limit) to ofpart sample before analysis
as to not damage the instrument. In addition tvdxekly sampling, burly sampling
was also conductad response to 2 road deicing events (during the peak and directly

following snow eventsat Sligo Creeln the winter of 2019.
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2.3.4 Synoptic Sampling

Longitudinal, synoptic surveys of Sligo Creek and Rock Creek were
conducted during July of 2018. Samples were colleagtethe biweekly
methodology described above along theytarof both streams at approximatehl 6
km intervals. Samples were intentionally collected above or at least 100 m below any
large tributaries to increase the likelihood obtaining a homogenized sgKglishal,
DelaneyNewcomb.et al, 2014) Impervious suace cover was calculated upstream
of the sampling point to determine how anthropogenic ground cover might affect
analyte{MRLC, 2020; StreamStats, 202®atterns in stream water chemistry

measurements were then evaluated and related to the drainage area above each point.

2.3.5Statistical Analysis

Regression relationshipgere developedmong elemental concentrations and
ancillary variablesAll ICP-OES data were analyzed in triplicate to improve data
guality. The relative standard deviation (RSD) of these three sampledividsd by
a calculated RSD derived from sample concentration to deteth@eeror
acceptabity (Burgess, 2000; Horwitet al,, 1980; Horwitz and Albert, 2006) he
acceptable error threshold is based upon the assumption that RSD increases as analyte
concentration decreas@durgess, 2000; Horwitet al, 1980) Equation 1 below was

used taodetermine the calculated RSD.
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Eqg. 1
YYDOA o & Qo FQ
Where

Cisrelative concentration

Equation 2 determines the Horwitz ratio or HORRAT. If the HORRAT is < 2
it is generally an acceptable value. If it the HORRAT is > 2¢tireesponding
measurement is excluded from the res{Bisrgess, 2000)

Eq. 2

/22.JTY@&EQ]UQQ
( T YYR O 0o a N0 QQ

The NashSutcliffe model efficiency coefficient (NSE) (equation 3)
was utilized to determine thpredictive power of the model relating concentrations of
metals to specific conductan@doriasiet al, 2007; Nash and Sutcliffe, 1970)
Samples were arranged by date and alternating data points (odd) were used to develop
the linear relaonships. The NSE test was then performed on the half of the dataset

(even data points) not used for model calibration.

Eq.3

VYO B & W

Where
@ istheith observation of the data being tested
@ istheith simulated value of the data being tested

W is the mean of the observed data
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nis the number of observations in the dataset

Principal component analysiBCA) was used to quantify more roplex
multivariatepatternan metals mobilizationPCA analysis was performed in
MATLAB with normalized datasets in order to correct for the different scales and
units of the data usee.g, pS/cmand mg/L)in the analysis. PCA was able to
illustrate thechanging correlations between major and trace elements as a result of

FSS across seasons and in response to road salt events.

2.4 Results

2.4.1Linear Relationships between Specific Conductance and Metals across Sites

There were seasonal trends, witkajer concentrations of base cations and

metals during winter than the rest of the year (Figure 2 and Table 2).
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Table 2. Elemental Statistics

Elemental concentrations for all sampling sites and their accompanying USGS
stationg USGS NWIS 2020)

Attribute | C&* Cu Fe K* Mg?* Na Se* Mn
vaiﬁ[jf’;gn 52.7 0.0479 0.12 7.28 185 224 0.203 0.146
pimerStd 1 182 0.0678 0.0973 41 106 251 0.5 0.37
Average

itg}:mer 40.3 0.0104 0.0914 4.19 13 42.3 0.12 0.06565
gg;nmefsw 17.9 0.0104 013 3.01 71 443 0.084 0.0729
%Difference | 131 468 134 174 142 529 166 258

Winter 2019 had the most significant snowfall and summer 2018 received the

most rain across all sites (Supplemental FiQuig The estuarine nature of Jones

Fall s

di

mi

ni shed

t he

siteds

rel ati onshi

frequently ineract with the sensorhis saltwater intrusion likely does not affect the

entire Jones Falls watershed however, with more upstream areas mainly being

affected by road salt applicatioe typically observed significant positive linear

relationships betweespecific conductance, base cations and select trace metals

across all sites (Figure 3 and Supplemental Figie
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Figure 3. Linear Relationships

Positive linear relationships between base cations, metals and specific conductance in
D.C. and BaltimordUSGS NWIS, 2020)(Linear trends wit ap value <.05 shown
on the right)
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R? values differed among sites and elements, but relationships remained positive and
significant across all sites (except for Fe at most sites and Mn at Jones Falls) (p<0.05)

(Table 3).
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Table 3. Linear Statistics

Linear trend statistics for all sampling sites and their accompanying USGS stations
(USGS NWIS, 2020)
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Rock Creek

Slope of p value R
Element relationship (Element / (Element / Slope
SC) SC)
ca* Positive 0.05 0.08 0.006
Cu Positive 4.55E08 0.49 1.65E05
Fe Negative 0.54 0.01 -1.59E05
K" Positive 1.68E04 0.28 0.001
Mg Positive 0.04 0.09 0.002
Mn Positive 7.16E06 0.38 4.07E05
Na" Positive 8E30 0.94 0.170
SP* Positive 0.01 0.16 4.31E05
SligoCreek
Element iallzgﬁ)r?;hip ?E\I/:lll‘nj:nt / ?élement / Slope
SC) SC)
ca* Positive 4.70E03 0.16 0.006
Cu Positive 1.08E10 0.62 1.46E05
Fe Positive 0.81 0.04 1.59E06
K" Positive 5.61E09 0.54 0.001
Mg?* Positive 0.02 0.12 0.001
Mn Positive 6.32E07 0.43 2.98E05
Na" Positive 3.18E18 0.81 0.122
SP* Positive 3.57E04 0.26 3.55E05
Jones Falls
Element rsellzgiir?;hip FE\I’:rl::nt / (Flilement / Slope
SC) SC)
ca* Positive 5.00E04 0.26 0.010
Cu Positive 4.46E03 0.19 2.12E05
Fe Negative 0.15 0.05 -1.36E05
K Positive 7.94E12 0.70 0.005
Mg?* Positive 1.24E13 0.75 0.015
Mn Positive 0.40 0.02 7.65E06
Na" Positive 2.20E04 0.29 0.108
SP* Positive 7.67E04 0.25 7.1E05
Herring Run
Slope of p value R
Element relationship (Element / (Element / Slope
SC) SC)
cg* Positive 7.31E03 0.16 0.020
Cu Positive 1.94E10 0.67 0.000134
Fe Positive 4.08E03 0.18 5E05
K Positive 5.24E07 0.48 0.006
Mg?* Positive 0.03 0.11 0.005
Mn Positive 3.7E05 0.34 0.000104
Na" Positive 5.62E16 0.80 0.375
SP* Positive 2.84E03 0.21 0.000208
Scotts Level Branch
Element rselltﬁﬁ)r?;hip E’E\I,:rl#:nt / zlement / Slope
SC) SC)
c&* Positive 9.75E05 0.28 0.006
Cu Positive 0.04 0.11 9.3E06
Fe Positive 0.67 0.00 4.39E06
K" Positive 7.78E07 0.43 0.001
Mg?* Positive 0.02 0.11 0.001
Mn Positive 7.18E10 0.61 3.42E05
Na" Positive 2.87E09 0.55 0.092
SP* Positive 7.96E05 0.30 3.05E05

Though the data appears todkewed towards low concentraticaissome of the sites

represented ikigure 3, additional data collected at Sligo Creek further supports the
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trends observed (Supplemental FigRi®. Discharge integrated daily loads were
explored as an alternative but provided less favorable results (Supplemental Figure
2.4). Alternate treds were also explored including power and logarithmic but models
which had the best fit varied across sites and analytes (SupplementalZFayuis
expected, Naexhibited the strongest relationshigigh specific conductance, with’R
values up to 0.94Mn and Cu also exhibited strong positive linear relationships with
specific conductance fRalues up to 0.61 and 0.67 respectively) (Table 3). Across
all sites, Fe was not significantly related to specific conductance, potentially due to
higher sensitiy to redox conditions than stream salinity. Mn can also be sensitive to
changes in redox but its mobilization does not follow that ofCleacentrations of

base cations also exhibited significant positive relationships with watershed
impervious surface a@r at Sligo Creek; with Kand DIC showing similar trends at
Rock Creek (Figure 4 and Supplemental Tahlg. There was some variability in the
goodness of fit in the regressions due to tributary inputs influencing concentrations,

but there were statistlly significant relationships for base cations (p<0.05).

28



10

Concentration mg/L

Rock Creek Synoptic Survey Sligo Creek Synoptic Survey

eDIC ®K* e Na* e Ca’ e Mg’ K

~
=}

@
=}

28N
L] B L

Concentration mg/L
ot

23 28 33 38 43 48 53 34 36 38 40 42 a4 46 48

Percent Impervious Surface Cover Percent Impervious Surface Cover
Figure 4. Increasing Trends with Impervious Surface Cover

Synoptic survey results illustrating increasing dissolved inorganic carbon (DIC) and
basecations with increasing impervious surface coBmtted lines represent linear
trends(MRLC, 2020)

Using the linear relationships from Figure 3 and Table 3, specific condactanc
values were used to predMi and Cu concentrationBata from Sligo Creek were
selected, as it was the only site where (high frequency) hourly metals data was
collected during snowstorms, giving it the most robust dataset for this analysis. NSE
and Roo Mean Square Error (RMSE) results for the dataset containing regular bi
weekly measurements were mixed with an NSE of 0.5 for Cu and 0.06 for Mn (Table
4). By incorporating high frequency (hourly data) collected during a snowfall event
into the regressiqroverall predictability improved, with an NSE of 0.4 for Cu and
0.3 for Mn (Table 4). However, observed data after peak snowfall were harder to
predict using the relationships developed from regular sampling combined with
hourly snowfall data, resultingninegative NSE values, and suggesting a deviation

between predicted and observed values after snow events (Figure 5 and Table 4).
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Figure 5. Estimated Metal Concentrations Using Proxies

Estimated metals concentrations usingdinelationships developed at Sligo Creek
(USGS NWIS, 2020)

Table 4. Root Mean Square Error and NashSutcliffe Efficiency

Root Mean Square Error and Nash Sutcliffe Efficiency for predicted values at Sligo
Creek(USGS NWIS, 2020)SC = SpecificConductance pS/cm at each time interval.
Samples were arranged by date; odd samples were used to generate the regression and
even samples were used as a test of model validity.

Dataset generated Dataset Applied Equation Element RMSE NSE

Regularsampling odd Regular sampling even 1.1*10- Cu 0.0093 0.502
5*SC+0.0045

Regular sampling odd Regular sampling even 2.89*10 Mn 0.0523 0.059
5*SC+0.005

Regular sampling + high frequenc Regular sampling + high 1.9*10- Cu 0.0255 0.366

peak odd frequency peak even 5*SC+0.0016

Regular sampling + high frequenc Regular sampling + high 3.2*10- Mn 0.0477 0.282

peak odd frequency peak even 5*SC+0.0112

Regular sampling + high frequenc Sampling after peak of storm 1.9*10- Cu 0.1154 -5.006

peak odd 5*SC+0.0016

Regular sampling + high frequenc Sampling after peak of storm 3.2*10- Mn 0.0878 -0.326

peak odd 5*SC+0.0112
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This lag time in metals concentrations returning to baseline levels with specific
conductance is most noticeable for Buring March and April of 2019 (Figure 5).
There also may be Mn lag times evident in November 2018 and January 2019
associated with a snowstorm on Novembe&h1However, due to the limited size of

the dataset, it is unclear if these are outliers or camgadother mechanism.

2.4.2Changes in Composition of Chemical Cocktails across Seasons and Snow
Events

Across seasons at Sligo Creek, there was a general pattern where distinct chemical
cocktails were more correlated with specific conductance durimigmdeicer use.
During the spring and summer (Figure 6A) a weak clustering of Cu &+ch8d

some base catiorfblat, K+, Mg2+) is present. During the peak of an episodic
salinization event however (Figure 6B) Mn2%rand all base cationBlé+, Ca2+,

Mg2+ and K+) were correlated with specific conductanés.specific conductance
begins to slowly return to baseline levels (Figure 6C and 6D) base cations and trace
metals remain correlated but Nand specific conductance are actirrelated.

All PCA biplots illustrate correlations between base cationsi@ogmetals

throughout the year with the strongest groupings (highest correlation between co
mobilized elements) occurring at theakof episodic salinization eventisess

distinct groupings of eleantswere observed in sprirend summer of 201@nd less
variability was explained on the primary axis (55%), meaningobilization was

less distinct (Figure 6A). All metals, except Cu andweretightly clustered during

a snowstorm salinity spike alg with base cations and specific conductance (Figure

6B). A large proportion of the data was explained by principal component 1 (~72%)

31



in this plot suggesting thato-mobilization was strong. Figure 6C illustrates a similar
biplot to Figure 6B, but is k&n from a dataset collected during the descending

specific conductance limb of a sn@went following deicer us& here was a looser

cluster of major and trace elements, with two smaller subgroups therein. Specific
conductance wasot correlated to mobiiedbasecations andracemetals in this plot.

As specific conductance reached a temporary elevated baseline a day after the peak of
the storm, (Figure 6D) clustering of base cationsteambmetals remained strong

though Na& was also found to be artorrelated with specific conductance
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winter storm captured between 1/29/19 and 1/30/19 illustrating a vergtgying of major and trace elements
mobilized through base cation exchange. Figure 6C illustrates a dataset collected during the descending limb of
specific conductance during a storm between 3/1/19 and 3/2/19. A grouping of elements similar to #&ean be

in #C as well but with specific conductance and Biecoming a less significant portion of the cocktail. Figure 6D
shows data collected later in the day on 3/2/19, metal mobilization in this plot appears to be driven primarily by
C&*, Mg?* and K’ instead of Na or specific conductance. This process is likely cyclic year to year, illustrating the
complex and evechanging nature of chemical cocktails in urban stre@fs5S NWIS, 2020)
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2.5 Discussion

Although there are multiple causes and sources of FSS in urban environments
(Kaushal et al. 2017, 2019, 2020), episodic road salting events can be a driver of
Awi ntero chemical C o (Kaushal,iLikems Geme Ef a8, mper at e r
2019; Lofgren, 2001)Our results show that chemiicacktail mobilization of base
cations and trace metals begins within an hour of the start of snowstorms
(Supplemental Figur2.6), which correlates with the addition of large quantities of
road sali{Haget al, 2018; Kaushal, Golat al, 2018; Mooreet al, 2020; Snodgrass

et al, 2017) These chemical cocktails evolve in concentration and composition
quickly over time, mobilizing Mn, Cu, Sr2+, and poteliyi@ther metals into

solution (Figure 3 and 6); this mobilization may occur on exchange sites on colloids
present in stream and bank sedimaushal, Likens Gene Eef al, 2019) Some of

the mechanisms behind metal and base cation mobilization are thought to be a
combination of base cation exchangel @hlorecomplexation among other
mechanisms of chemical cocktail formation in urban environn{&atsshalet al,

2017; Kaushal, Likens Gene [Et,al, 2019; Kaushaét al, 2020)

2.5.1FSS Increases witlmpervious Surface Cover: Anthropogenic Inputs and

Urban Karst
We observed increasing trendsconcentrations dbase cationwith impervious
surface cover at Sligo Creakd inorganic carboand K+ with impervious surface
coverat Rock CreekFigure 4) Our results are similar to those reported elsewhere
whenincreased chemical weatheringamincrete urban infrastructuirethe form of

buildings, sidewalks, and drainage infrastruc{umban karst)leads to elevated base
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cations and inorganic carb@Bonneatet al, 2017; Kaushaét al, 2015, 202Q)
Concreteweatheringeleases carbonates and base cafGa€03a nd C3aift®H)
downstream urban waterwagl3emars and Benoit, 201%Hlumanaccelerated
weathering in urban environments increases the potential for river alkalinization as
carbonates are released during the chemical weathering p(eessalet al, 2013,
2017) In Baltimore MD, USA, drinking water alkalinity has increased by over 50%
over almost 50 years due to release of carbonates from weatbiecmigcrete
infrastructure (buildings, pavements and pipes) as in other @alasret al, 2008;
Davieset al, 2010; Demars and Benoit, 2019; Kausttadl, 2017) The increase in
dissolved inorganic carbon that whserved irour studymay also be a function of
concrete weathering@ he increase in wéaering products such as Zig Mg2+, K+,

and other ions has also been observed across space and time in other urban
watersheds in Marylan@aushalet al, 2017)and elsewher@Barnes and Raymond,
2009; Demars and Benoit, 2019; Moeteal, 2017) Increasing pH and alkalinity

may al® be due to reduced nitrogen and sulfur oxide emissions due to the

implementation of the Clean Air Act and its amendments.

2.5.2Episodic Salinization: Acute Mobilization of Chemical Cocktails due to FSS

We observed increased mobilization of chemicaktaits of base cations and trace
metals in response to episodic road salting events (Figure 2 and+o)C#la,

Mg2+, K+, Mn, Cu, SR+, and Fe were all more elevated during winters than
summers, potentially due to ion exchange or chtammplexation and other

geochemical process@saushalet al, 2017; Kaushal, Likens Gene Et,al, 2019;
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Lofgren, 2001; Norrstréom and Betgdt, 2001) We observed strong seasonal effects
in metals Table2) with Mn and Cu being more than 2.5 and 4.6 times higher
respectively in the winter than they were in the summer. Copper is toxic to aquatic
organismsat these concentrations and cansgainjury or deatfBerntsseret al,

1999; Mahrostet al, 2014) Mn pulses during winter storms reached 0.631 mg/L,
over 12 timeghe EPA drinking water standadS EPA, 2015a)Base cation and

metal peaks were found at all sites during both winters immediately after winter
storms and road salting. Silani effects may be causing elevated Mn in drinking water
(Shaver, 2015)Previous work has shown that pure laboratory grade salt ions
mobilize the exact same metals and base cations mobilized in thiqldagist al.,

2018; Kaushal, Likens Gene Et,al, 2019)

2.5.3Episodic Salinization Shifts Mixtures in Chemical Cocktails

Mixtures of base cations and metals continuously evolve throughout seasons in
regionseffectedby FSS. During the summer (Figus8), specific conductance was
weakly associated with metals and cations (Cu2Mand S2+). Specific

conductance peaks durittge summer were often associated with periods of drought
whereas precipitation events had a dilution effect (Figure 2). Specific conductance
peaks associated with road salting (FighBg were strongly correlated with almost
every element (Ng S2+, K+, Ca2+, Mg2+, and Mn); these strong correlations
suggest that beyond a salinity thresholdpuabilization increases dramatically. As
specific conductance begins to decre&sgure 6G after a snow event, it becomes

less correlated with the metals and baa@ons. Thus, contaminant mobilization is
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highly correlated with base cations and metals during the rising limb of a specific
conductance pulse but not the falling limb, which can remain elevated for weeks
afterwardgKaushal, Likens Gene Eef al, 2019) This may be due to ongoing
mobilization of baseations after specific conductance and-Magin to decrease.
The main grouping of base cations and trace metaH®ar, Mg2+, Cu, Mn, and
Sr2+, circled inFigure 60 remain correlated while both Mand specific
conductance are artorrelatedMn corcentrations indicated that metals are
mobilized up to 24 hours after peak stream salifiibese elevated metals
concentrations may persist in urban streams for several months before returning to
baseline conditionfKaushal, Likens Gene Eet al, 2019) The mechanism causing
the lag times may be relaktéo salt accumulation in sediments or groundwater

(Cooperet al, 2014)

2.5.4Potential Mechanisms of Metal Mobilization

Theconcentration of metals in stream soils and sediments is likely due to the extent
of watershed impervious surface area and proximity of roadways to streams. Heavy
metals are a common pollutant deposited by motor veh(istsmmset al, 2009)

Metals are often ionically bonded in colloids or ligands #&maefore can also be

mobilized through base cation exchanbjee linear relationship between specific
conductance and Cu may be caused by indirect mobilization of organic matter present
in stream sediments and adjacent soils (often in the form of cQl{@idgheinet al,

1992; Nelsoret d., 2009; Norrstrom and Jacks, 1998 has also been shown to

associate with oxides and edge sites of clay silicate min&taBride, 1994; Nelson
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et al, 2009) Mobilization of Mn due to rahsalting may be due to cation exchange
through the formation of Ecomplexes and other geochemical processes. The
amount of organic matter present, pH and redox conditions also may facilitate
mobilization(Granateet al, 1995; Wen, 2012a) Metals are generally less
biologically available if they are complexed and more biologjicalailable when
dissolvedJohn and Levanthal, 1995lo researctihe possibility of Mn and Cu being
contaminants within theoad salt applied, daily loads of Mn and Cu were plotted
against daily loads of Nain Supplemental Figur2.7. Best fit lines werenostly
logarithmic in nature with N&increasing faster than the metals. This leads us to
believe there is little additional of Mn or Cu found in the salt applieé.

relationship observed may be controlled by a single high concentration point however
so further research should be condudtedile out this possibilityCation and metal
mobilization using lab grade NaCl has been shown in previous work hoy(ttaeget

al., 2018; Kaushal, Likens Gene Et,al, 2019)

2.5.5Specific Condueince as a Proxy for Chemical Cocktails in R&adt Impacted

Streams
Simple linear regression models of specific conductance and metals showed promise
for developing Mn and Cu proxies. NSE appears to be higher for Cu than Mn but
both are within acceptabtanges for a natural system as are RMSE values ranging
from 0.009 to 0.05. Adding additional data (from taegesnow event sampling),
which populates the dataset with higher concentrations of both specific conductance
and mobilized metals in response dad salt use, also appears to help overall model

validation. Interestingly, the areas of the timeseries in which the model is the least
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accurate occur immediately after snowfall events where observed metals
concentrations remain elevated after specifidagtance has decreased to-gpnew

event levels (Figure 5). This temporal lag time has been noted in other studies as well
(e.g.(Kaushal, Likens Gene Eet al, 2019), with metals remaining elevated for up

to a month after a storm. Difficulty modeling post storm metal values are also
suggested in Tabk with low RMSE and NSE values for data collected 24 hours

after a salinization event. Datasets in Figure 3 are somewhat skewed towards lower
concentrations with only a few winter storms captured at or near their maximum
specific conductance. Additionabarly sampling data was collected before and

during the peak of a storm at Sligo Creek (Supplemental FRB)yevhich helps

illustrate that the slopes derived in Figure 3 are valid and not simply being controlled
by the sparse high values. Data collectioming storms is challenging as specific
conductance can increase by >1@&Jicm per hour during a stomecessitating

extremely high sampling frequencies or lab experiments to cover the gaps in the data.
More research should be done just prior to, dyramgl after winter snowstorms to

better constraiproxy models and account for metals release and biogeochemical
mechanisms contributing to lag times in metals concentrations returning to baselevel
following road salt events. A larger dataset would alkawalor developing

regression relationships based on weather, discharge, precipitation and/or season.
Monitoring of a more Anatural 06 catchment
baseline metal mobilization is without anthropogenic salt applicddata from

urban water sheds with differing amounts of deicing salts applied could also help

illuminate how much of the metals flux is originating from cation exchange in
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sedimentwys. metals flux from motor vehicle particulate. It appears that specific
conductance may not be a simple proxy for metal concentration. A more complex
model integrating time dynamics of mobilization may be needed to account for the
lag times discovered. Metal mobilization can be predicted with some precision with

the currentmode b u't itds return to basel evel [

2.5.6Future Monitoring Implications

Information on the concentrations and compositions of chemical cocktails will be key
to identifying management strategies for this anthropogenic le§aegific

conductance in streams is a robust proxy fercGhcentrations in multiple studies
(Corsiet al, 2010; Daleyet al, 2009; Hacet al, 2018; Mooreet al, 2020; Oswalakt

al., 2019; Pererat d., 2013; Robinson and Hasenmueller, 2017; Snodgtaes

2017; Trowbridgest al, 2010) but the potential for specific conductance to serve as

a proxy for multiple base cations and trace metals in urban streams has not been
thoroughly investigatedntil recently(Haget al, 2018; Kaushal, Likens Gene Et,

al., 2019; Kaushat al, 2020; Lofgren, 2001; Moreat al, 2020) and less is known
regarding applications of sensors to develop proxdes.analysis suggests that

proxies can be developed to predict concentrations of base cations and trace metals
from sensors and characterize seasonal shifts in chemical mixtures or cocktails.
Specific conductance sensors are becoming relatively inexpeasinaall, and

could be distributed across many sites, allowing for much higher frequency
monitoring over larger spatial areas than grab sampling or automated water samplers.

More research is needed to evaluate proxy relationships across sites spaviderg a
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gradient of environmental conditions and applications, to manage the causes and
consequences of FSIf.addition, it is difficult to obtain highesolution elemental

data from expensive and labiotensive ICP analyses in routine monitoring of

streams and during hydrologic events compared to analyses of nutrients and carbon.
Whenadditionaldata is available, more complex models may alsaseewhich
createdifferent regressiontr baseline and storm events conditi@mslincorporaé
insights gaind from the literature on concentratidischarge (€Q) relationship
variability. For examplethe GQquick-slow model shows particular promise as it is
able to consider the possibility that@relationships vary across seas@vi;maudo

et al, 2019) Nonlinear empirical modeling may also be explored as similar studies
have been conducted relating phosphorus concentrations to turbidity and discharge

measurement@inaudoet al, 2017; Stutteet al, 2017; Villaet al, 2019)
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ChaptSeror3mwat er Best Management |
Experi ment al Evaluati on of Chemi
Freshwater Salinization Syndr ome

3.1 Abstract

Freshwater Salinization Syndrome (FSS) refers to the suite of physical, biological,
and chemical impacts skltions on the degradation of natural, engineered, and

social systems. Impacts of FSS on mobil@aof chemical cocktails has been
documented in streams and groundwater, but little research has focused on the effects
of FSS orstormwater best management practices (BMPs) such as: constructed
wetlands, bioswales, ponds, and bioretentidowever emeging research suggests
thatstormwater BMPsnay be both sources and sinks of contaminants, shifting
seasonally with road salt applicatiolge conducted lab experiments to investigate

this premise;eplicate water and soil samples were collected fromdatinct

stormwater feature types (bioretention, bioswale, constructed wetlands and retention
ponds) and were used in salt incubagaperiments conducted under six different
salinities with three different salts (NaCl, CaGind MgC}). Increased salt
concentrations had profound effects on major and trace element mobilization, with all
three salts showing significant positive relationships across nearly all elements
analyzed.Across all sites, mean salt retention was 34%, 28%, and 26% for Na

Mg?* and C&' respectively, and there were significant differences among stormwater
BMPs. Salt type showed preferential mobilization of certain elements. NaCl

mobilized Cu, a potent toxicant to aquatic biota, at rates over an order of magnitude
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greater thandth CaCitand MgCp. Stormwater BMP type also had a significant
effect on elemental mobilization, with ponds mobilizing significantly more Mn than
other sitesHowever salt concentration and salt type consistently had significant
effectson mean concenttians of elements mobilizeacross alstormwateBMPs
(p<0.05),suggesting that processes such as ion exchange mobilize mekalize
metals and salt ions regardlesBMP type. Our regilts suggest that decisions
regarding the amounts and types ofssaked as deicers can have significant effect

onreducingcontaminant mobilization to freshwater ecosystems.

3.2 Introduction

Freshwater Salinization Syndrome (FSS) is an emerging global pollution
problem with both human health and environmental ri€lesiedeArguelleset al,
2013; Kaushaét al, 2005; Kaushal, Reimer, Mayer, Shatkay, Maas, Nguyen, Boger,
Yaculak, Doody, Pennino, Bailey, Galella, Waiadg, Collison, Wood, Haqg, Johnson,
et al, 2022; Kaushal, Likengt al, 2018b, 2019; Thorsluret al, 2021) FSS occurs
when anthropogenic sources of salt ions, like deicers, mining waste, fertilizers,
sewage, and weathering of concrete raise tlheityasdnd alkalinity of freshwater
(Galellaet al, 2021; Kaushatt al, 2017; Kaushal, Likengt al, 2018b) FSS has
increasingly affected temperate areas of the United States and Europe over the past
century corresponding to increased road sal{@sesiet al, 2010; Johnson and
Stets, 2020; Kaushal, Reimer, MayShatkay, Maas, Nguyen, Boger, Yaculak,
Doody, Pennino, Bailey, Galella, Weingrad, Collison, Wood, Haq, Johatah,
2022; Kaushal, Likenst al, 2019) Fa example, road salt sales in the US have

increased from 164,000 tons in 1940 to oventiion tons in 2019Abolfazli and
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Strom, 2022)In temperate regions, extremely high salinity is sometimes caused by
road salting during winter precipitan eventgGalellaetal., 2021; Kaushadt al,

2005; Mooreet al, 2020) Elevated salinity from FSS can act to corrode

infrastructure, increase aquatic fauna mortality, and destabilize soil aggregate
structuregGreenet al, 2008c; b; Mahroshkt al, 2014; Kaushal, Likengt al,

2018b) In urban streams, high salinity can mobilize major and trace elements.
Positive correlations have been found between specific comabecsad mobilization

of base cations and trace metals like C&*,%ind Mn(Amrheinet al, 1992; Galella

et d., 2021; Kaushal, Likenst al, 2019; Léfgren, 2001, p. 20dpn exchange is

thought to be amajor driver of contaminant mobilization, but redox reactions and Na
dispersion of colloids likely also play a rqi€aushal, Goldetal, 201 8 ; Ki ns man
Costelloet al, 2022) Increases in the magnitude and frequency of road salt pulses
may also lead to the retention and release of multiple contaminants from urban
stormwater Best Management Practices (BMPs)which are ubiquitous in urban
landscapegKaushal, Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak,
Doody, Pennino, Bailey, Galella, Weingrad, Collison, Wood, Haq, Johatah,

2022) Stormwater BMPs, also known as green stormwater infrastructure or structural
BMPs, are generally designed with the goal of reducing soil erosion, attenuating peak
runoff from impervious surfaces, and increasing groundwater connectioperfido

et al, 2014; Yuet al, 2013) Previous research has shown that stormwater 8d4R

be both sources and sinks of various elements, changing seasonally with road salt

application(Barbieret al, 2018)

44



A recent study estimates that between 2016 and 2036, the US will spend $19.2
billion (US) on stormwater infrastructu(@hroweet al, 2020) Modern stormwater
BMPs such as bioretention cells and constructed wetlands often act to retain nutrients
and attenuate peak dischaf(@mllins et al, 2010; Davis, 2008; Passepettal,

2013) Thaugh the efficacy of nutrient removal and flood prevention varies from site
to site, there is generally a net positive effect of stormwater BMPs on contaminant
retention(Davis, 2008; Koclet d., 2014) Less is known, however, about the
effectiveness of stormwater BMPs for retaining the chemical cocktails mobilized by
FSS(Kaushal, Mayeret al, 2022; Kaushal, Reimer, Mar, Shatkay, Maas, Nguyen,
Boger, Yaculak, Doody, Pennino, Bailey, Galella, Weingrad, Collison, Wood, Haq,
Johnsonet al, 2022) Chemical cocktails are an anthropogenic consequence of FSS,
defined by an increase in the mobilization of inorganic agdrmc chemicals
combinations both chronically and acutely due to salt poll{@ushal, Goldet al,
2018) Specifically in this research we will focus on chromatographic chemical
cocktails (ions mobilized and retained on soil exchange sites) and reactive chemical
cocktails autrients and redox sensitive elemeiikgushal, Goldet al, 2018)

Because salinization mobilizes chemical contaminants from sedifiards and
Kaushal, 2015; Hagt al, 2018; Kaushal, Likengt al, 2019) these salt ions may
unintentionally affect théunctioning ofstormwateiBMPs toreleasénarmfulions

and metal¢Barbieret al, 2018; Semadetbavies, 2006; Williamst al, 2016)

lon exchange in soils and sediments is a major driver of chemical cocktail
mobilization during FSS, but chges in redox conditions, pH, and solubility,

enhanced microbial activity, complexation, and others process likely play a role
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(Kaushal, Mayeret al, 2022; Kaushagét al, 2021; Kaushal, Likenst al, 2018b)
Anthropogenic inputs of NaC&*, Mg?*, and K ions contribute to freshwater
salnization across land usé@§aushalet al, 2017; Mooreet al., 2017) Positively
charged metal ions such as Cu, Mrf; Sand Hg are often ionically bonded to
negatively charged exchange sites on colloid particles in sediment and soil.
Monovalent and divalent base cations, often introduced through roam)sattt to
displace metals and other cations into solu(®alellaet al, 2021; Kaushal, Likens,
et al, 2019; Morelet al, 2020) Metals are also often transported as aqueous
complexes with salt ions, forming metajand bondgGaillardetet al, 2003)
Chloro-complexation may also play a role in mobilization asc@h increase Cd

and Pb solubilitfKaushal, Likenset al, 2019) Combinations of road salts may be
more harmful than using only NaCl. For example, a 3:2 ratio of Ga®laCl (by
weight), commonly used in road salting, was shown to mobilize greater quantities of
As, Pb and Hg, from grosed soils than did NaCl alo(feunet al, 2015)

In addition to other salt ions and trace metals, FSS has also been shown to
mobilize nutrients and organic mat{@reenet al, 2008a; Hacpt al, 2018; Inamdar
et al, 2022) As salt ions accumulate in soils, ammonium, nitrate, and organic
nitrogen can be mobilized bgn exchange and other processes influencing relative
proportions of inorganigs.organic formgGreenet al, 2008a; Hale and Groffman,
2006) The process of nitrification and denitrification and other forms of microbial
activity may be also affected due to changes ir{@®keenet al, 2008a; Hale and
Groffman, 2006)As a result, leaching of nitrate to local wateywancreases in salt

impacted soil§Greenet al, 2008a) Road salt can also affect organic matter
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mobility, particularly when using Na@Greenet al, 2008c) Organic matter
naturally helps maintain soil structure and aggregate stafifitynemanret al,
2005) Increased soil aggregate stability may be caused by the cation exchange
capacity (CEC) of the organic matter present, the preference’bioBaxchange
sites over N§ and the ability of soil organic matter to donate pro{@&nemanret
al., 2005) C&* and Mg help bind organic matter, but when mobilized through base
cation exchange with Nidrom road salting, soil aggregate structure can begin to fail,
mobilizing organic mattefGreenet al, 2008c; b) Initially, increases in salinity act to
temporarily disperse organic matter, as soil aggregates break@pesenet al.,
2008c; b) If this increased salinity becomes chronic,soil pH can decrease, howeer.
Through the mobile anion effect (this is when riegdy charged ions move through
the soil profile), bonded base cations can be mobilized along with anions, exhausting
buffering capacity]Greenet al, 2008c; b) Elevated concentrations of NaCl, CgCl
and MgCp in streams in response to road salting can also increase étooudf
suspended sediments and s@ibolfazli and Strom, 2022)eading to larger soil
aggregates, increased deposition, and compromising benthisttosjAbolfazli
and Strom, 2022)locculation increases with ion concentrations and is caused by
cations (particularly divalent and multivalent catiodsgreasing the thickness of the
double layer (the two layers of charge surrounding an object), allowing for the
attraction force to overcome the repulsion force, forming aggrefrsvesfazli and
Strom, 2022)

Because stormwater BMPs are ubiquitous in urban landscapes (and also key

features along urban hydrologic flowpatKksaushal and Belt, 201R)it is critical to
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understand how these features are affected by FSS and how contaminant mobilization
impacts urban water quality. With many different design strategies available, we seek
to understand how different stormwater BMPs mobilize or retain chemical cocktails
during road salting events and how different road salt types influence the chemical
cocktails released. This research quantifies how different salt ions, salt
concentrationsand stormwater BMPs affect the mobilization of carbon, nutrients,

and major and trace elements. Our study aims to provide a better understanding of
mobilization thresholds and the behavior of salts in stormwater BMPs. We assess
whether these stormwatemamagement features are potential salinity management
tools or if salt adversely affects their function. StormwBfIPs at the University of
Maryland College ParkMaryland, USA38°59'9.53"N, 76°56'33.21"W were chosen

for this study. Bioretention cellbjoswales, wetlands, and ponds were chasen

sampling sites to test a variety of differetdarmwateBMPs(Table 5.
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Table 5. Stormwater BMP Characteristics

Table 5 Characteristics of stormwater management BMPs sampled in this study.
Samples were collected at the University of Maryland College 38#39'9.53"N,
76°56'33.21"W

Site Feature Drainage Year Sediment
Area (m?) Area (m? Constructed Matrix
Bioswale #1 165 2,500 2017 Mulch and
porous soll
Bioswale #2 175 2,500 2017 Mulch and
porous soll
Bioretention 10 30,000 2006 Organic
#1 rich soil
Bioretention 225 30,000 2003 Mulch and
#2 porous soil
Wetland #1 1,100 25,500 2001-:2002 | Sand/ silt/
clay
Wetland #2 2,400 4,200 19891994 | Silt/ clay
Pond #1 3,500 25,000 20022005 | Silt/ clay
Pond #2 700 6,000 <1988 Silt / clay

We hypothesize thaalt type, salt concentration, and stormwater BMP type
influence the mobilization of chemical cocktails from stormwater BMP sediments
into aqueous fornBarbieret al, 2018; Burgiset al, 2020; Gillet al, 2017; Kaushal,
Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak, Doody, Pennino, Bailey,
Galella, Weingrad, Collison, Wood, Haq, Johnsstral, 2022; Knoxet al, 2021;
Maaset al, 2021; McGuire and Judd, 2020; Semad®&xivies, 2006; Snodgrass
al., 2017) We hypothesize that different salt types will preferentially mobilize
different major and trace elements, increasing salt concentration will mobilize greater
concentrations of maj@nd trace elements (until a potential threshold is reached),

and stormwater BMP type will influence retention of major and trace elements. Our
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results have implications for guiding decisions regarding the amounts and types of
road salt ions used and thpotential to reduce contaminant mobilization in the

environment.

3.3 Methods

3.3.1Experimental Design of Salinization Experiments

For this study we sampled 8 separate stormwater BMPs consisting of pairs of
stormwater BMP site typesipretentioncell 1 and 2bioswalel and 2 wetlandl

and 2 and pond. and 3. The stormwater BMPs were all located within the
Uinversity of Maryland College Park Campus but separate from each other
hydrologically. Salt incubations of sieved sediment and unfiltesser from each
stormwater BMP were prepared with three different salt types, NaCl,,Gafdl

MgCI2. Six different treatment levels were chosen with salt quantities being
normalized to 1, 2.5, 5, and 10 GI/L for each salt type, along with MHIQ and
stream water blanks. Each site had a duplicate sample prepared for each salt
concentration including MiliQ and stream water blanks. Every sampling site
nominally had 12 samples prepared per salt type or 36 samples in total. When all
sampling sites arecluded, 288 samples were prepared in total but 4 accidently
became crossontaminated and could not be used for further analysis, meaning n =
284. The quantity of salt added is not subtracted from subseque@BSRinalysis
results. For clarity a graphaf the experimental design used in this study is included

in supplemental material (Supplemental Fig8u®
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3.3.2Site Descriptions for Stormwater Management BMPs:

ThestormwateBMPssampled during this study were located on the
University of Maryland @llege Park campus) the Paint Branch watershed nested
within thebroaderAnacostia River watershe8oils, water quality, stormwater
management, and hydrology within the Paint Branch watershed have been described
extensively in our previous papdksaget al, 2018; Kaushal, Reimer, Mayer,

Shatkay, Maas, Nguyen, Boger, Yaculak, Doody, Penninde\Bdbalella,

Weingrad, Collison, Wood, Haq, Johnsehal, 2022; Kaushal, Likengt al, 2019;
Woodet al, 2022)and elsewheréDavis, 2008; Davigt al, 2009, 2011; DiBlaset

al., 2009;Jones and Davis, 201Fjour types ostormwateBMPs (bioretentiorcells
bioswales, wetlands, and ponds) weaepled, in pairs for a total of eight sampling
sites Table 5. Bioretention features are characterized by a base of sand, soil, or other
type of organic media that treats stormwater while also allowing for infiltration,
topped by mulch, vegetation, and an area for runoff pooling and ovdiflaws et

al., 2009) Bioswales are similarly constructed except they are usualheglto

convey water through the system efficie(thSLA, 2022) Constructed wetlands are
often characterized by a teakner, topped with soil, sand, gravel, or other organic
material with shallow standing water, an assemblage of hydrophilic plants and
planned surface and subsurface fl@avis, 1995) Retention wet ponds are often

built to store water, prevent flooding, and reduce peak storm discharge. In Maryland
retention ponds are often 1284 m deep with accommodations for anticipated
flooding (10 and 100 year) and adequate overflow spillf@gbueler and Claytor,

2009) Current regulations require pisto have vegetative cover, but older
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structures may be concrete lin¢8chueler and Claytor, 2009 enceforthwe refer
to the sites aBioretention #1 and #2, Bioswale #1 and #2, Wetland #1 and #2, and
Pond #1 and #Steswerechoserbased orsimilar characteristicsSSome sites were
ephemeral and foyBioswales #1 and #2, and Bioretention #1 andhvé2)) no stface
waterwhen sampledror these sites, water from nearby Paint Branch and Campus
Creek were collecte@urface water for the remaining four sites was colleictesitu
from the stormwater BMRs

Bioswales#1 and #2 were constructed in 2Qb#elp manage runoff from
new building construction and a new ~2,569parking lot.Three bioswales were

constructed but the two most similar in size were sampled for this @Eiglye 7.
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Figure 7. Stormwater Management Features

Stormwater management features sampled across the UMD campus. Duplicate
bioswale, bioretention, wetland, and pond sites were selected
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Cells(the discreet vegetated units which facilitate filtration, storage, and groundwater
connection) wereonstructed of a top layer-@cm) of mulch overlaying a porous

soil matrix(Daviset al, 2011) Water tolerant species were planted in this area to
promote evapotranspiration and slow overland flow of runoff.

Bioretention site #hAnd #2 were built three years apart from one another.
Bioretention #lwas constructeth 2006to help draira neighboring~30,000m?
parking lot. The site is the smallest of gtermwateBMPssampled, with a 1-tn
concrete inlet collecting runoff from the parking lot and an outlet discharging into
CampusCreek. Organigich soil with overlaying grassegas present in the coit.
Bioretention #2built in 2003 to treat runoff from a 2,006 parking lot(Daviset al,
2011) contains two separate, parallel cells which originally contained porous soil
covered with a 8 cm layer odecomposetiardwood mulck{Daviset al, 201J. In
order b increase biological diversity, evapotranspiration, and pollutant uptake, trees,
shrubsand grasses were plant@haviset al, 2011)

Wetland #1 was constructed and Wetland #2 was accidental (an unintentional
artefact of managemengdnsuMaas et al2021).During 2001 and 2002, Wetland #1
was installed to help control runoff froall7,000m? indoor stadiunfacility at the
University of Maryland (UMD)nd neighboring 8,500¢ parking lot. Wetland #1
contains two parallel cells containing individual efinlets each witha ponded
section with boulders and cobbles to help reduce erosion and a shallow marsh area
populated with wetland flora. Wetland #2 was originally designed as a runoff pond
sometime between 1989 and 1994 to capture runoff from foghloeiing buildings

on the UMD campuand three small parking lots. After ~30 years of gradually
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infilling through slack water sedimentatidhe site has transitioned tdaavily
vegetatedvetlandwith <10% open water.
Ponds #1 and #2 were similar in ggsbut differed in agePond #1 was
constructed between 2002 and 200%ccepdrairage fromtheUMD6 s 2 5% 00 0
School of Music building complex. The site contains a riparian buffer planted around
the | akebdbs border t o r erldnd@og.The bldestsite mper at ur
sampled was Pond #2, constructed prior to 1988 and further altered in 200#2Pond
has high banks andigh-water depth, with abundametland floraand fauna€.g.

amphibians)

3.3.3Salinization Experiments tBetermine Mobilization of Chemical Cocktails

Sediment samples were collected alonghyydrologicflowpaths of stormwater

BMPs. Individual samples were homogenized in the &eld later subdivided into
replicate batches for use in salinization incubati@usnilar to our previous methods
in Haget al.(2018), Duan and Kaushal (2015), and Kaustall. (2022, ~1-kg of
sediment was removed from each site with a cj#astic trowel angblaced into a
newzip-top bag Metal tools were not usesh as to nomtroduceadditional metals to
the sediment. At least two liters of surface wateremlso collectedvja acidwashed
HPDE Nalgene bottles; no headspace). If no surface water was available within the
site itself, the closest neighboring body of water wsegluas a collection point. Both
sediment and water samples were put in a chilled cooler for transport back to the
laboratoryandchilled at #C (Haqget d., 2018) In order to increase homogeneity, the

sedimensamples weresieved through a-thm sieve and the fines were utilized for
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incubation analysi@Quan and Kaushal015; Hacet al, 2018) Sixty grams of
sediment fines and 100 mL of unfiltered streaater from each site were added to
duplicate acidwvashed glass Erlenmeyer flasks. The vertical water column created
therein simulates a vertical water column withhbatsedimentvater and wateair
interface.

The @mmon road salts NaCl, Mg£land CaGlwere used to create aqueous
salt treatments for this study. Salt quantities were normalized to@ientration
with concentrations of 1, 2.5, 5, and 1CL addedo stream water and ultf@gh

purity Milli -Q water(pH 7), for a total of six treatnre levels(Table §.

Table 6. Salt Additions Normalized to Chloride

Quantity of NaCl, CaG| and MgC# added to unfiltered stream water for each
incubation.

Salt Introduced 0gCI/L  1gCHL 259gClL 5gCl/L 10gCl/L

NaCl 0.0 1.6 4.1 8.2 16.5
CaCb 0.0 1.6 3.9 7.8 15.7
MgCl2 0.0 1.3 3.4 6.7 13.4

The range of salinities were selected based upon the peak salinity readings within the
WashingtorDC and BaltimoreVID metroareaswith the highest concentration of
added Clbeing just over half that of seawateong-term chloride concentrations in
Baltimore streams reachatiove5 g/L (Kaudhal et al, 2005)and in wetlands and
ponds CI concentrationsigh as 13.5 g/lwere observe(Hintz and Relyea, 2019)

All sediment aliquots for each site were inatdal together with their

duplicates within 12 hours of field collection. Flasks were loosely capped with an
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aluminum foil shield used to block out any ambient light during incubation. Flasks
were placed on a shaking table and slowly agitated for 24 hbanoam

temperature of ~2C. Agitation during incubation simulated water flow through the
stormwateBMP features. Poshcubation, water was carefully removed from the
flask using a pipette to avoid undue disturbance to the sediment. Water was
immediatdy filtered through an ashed Ordicron glass fiber filter and stored in a
refrigerator atl°C or frozen for later analysis. A portion of the filtered incubation
water was diluted to 8.5g Ct andacidified in a 60 mL acidvashed HDPE Nalgene
bottle to aconcentration of 0.5% metal grade nitric aéididification made the
sample shelf stablet room temperaturfer 6 monthsand allowed for later analysis
viainductively coupled plasma optical emission spectrometryQES

(Environmental Monitorig Systems Laboratory, 1996)

3.3.4Sampling a Stormwater Management Feature During a Snow Event

An opportunity to study real world chemical cocktail formation in response to
road salt applications in a stormwater BMP presented itself during the wiotehs
of this study. In order to corroborate our incubation results, an ISCO 3700 water
sampler was used to sample the surface water of Wetland #2 during a snow event
(and road salt applications) between 1/28/22 and 1/Z9&2dyne, 2022)Samples
were immediately collected and kept chilled &€ 4intil filtered through an ashed
0.7-micron glass fiber filter. A 60 ml aliquot of the sample was transferred &cidn
washed HDPE Nalgene botd@&d acidifiedo a concentration of 0.5% metal grade

nitric acid.Acidification made the sample shelf stabteoom temperaturier 6
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montrs and allowed for later analysis virzductively coupled plasma optical emission

spectrometry ICFOES(Environmental Monitoring Systems Laboratory, 1996)

3.3.5Water Chemistry Analyses

Base cation and trace metal concentrations in the azdifater samples were
measuredia ICP-OES on a Shimadzu Elemental Spectrometer (IS8ED;
Shimadzu, Columbia, Maryland, USA). Base cation measurements were analyzed in
radial mode (across a plasma flame), and trace metals measurements, were analyzed
in axial mode (down plasma flame). The instrument was calibrated to the range of
trace metals that are commonly observed in urban streams via the utilization of an
Inorganic Ventures standard.

Dissolved organic carbon (DOC), measured aspugeable organic carbon,
dissolved inorganic carbon (DIC) and total dissolved nitrogen (TDN) were measured
using a Shimadzu Total Organic Carbon Analyzer (T{ODCPH/CPN) total nitrogen

module, TNM1 (Haqget al, 2018)

3.3.6Statistical methods

In order toelucidate the relationships between salt application and elemental
mobilization, linear regressions were performed in Microsoft Excel (Figarel
Table7) with CI concentration as the independent variable and elemental
concentration in mg/L as the deykent variable. Retention of Ne&C&*, and Md*
was determined by calculating the concentration df B&*, and Mg* added to the

incubation aliquots in mg/L and subtracting the concentration (in mg/L) measured
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after 24 hours of incubation. The quanti&gained (mg/L) was plotted against the
initial concentration added (Figu® to indicate how much of the cation added is

sorbed onto colloids and other sediment particles.
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Figure 8. Elemental Mobilization

Elements mobilized by salt type and concentrat8males are matchirgetween salt
types to better illustrate changes in mobilization by salt typevisual clarity, the Y
axis is plotted logarithmicallyo allow for easy comparison between glbts.
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Table 7. R2 Resultsi Elemental Concentration / Ct Concentration

Linear regression analysis of elemental concentration tcoGtentration added in
incubationsR? results are color coded from white to green with green indicating high
R? and white indicating loviR?. Significant cells are shown in bold typefapevalues
<0.05).

NaCl R *-values

Element BS1 BS2 BR1 BR2 PND1  PND2  WL1 wL2

B ; i 0.07 0.49 0.54 0.41
Ba”* ; 0.06 0.44

CaCl, R *.values

Element BS1 BS2 BR1 BR2 PND1 PND2 WL1 WL2
.64 041 0.5

Ba” 0.54 0.37

MgCl, R >-values
Element BS1 BS2 BR1 BR2 PND1 PND2 WL1 WL2
B 0.22 )
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The dataset was found to be normally distributed using a Quai@ilantile plot
(QQ plot) and density plot aésiduals (Supplemental Figue, 3.3). Threeway
analysis of variance (ANOVA) was performed witbncentrations afespective
elements as dependent variablemodels that included alleatmentgstormwater
BMP type, salt type, or salt concentration leyals independent variables. Main
treatment and interaction effects witlpha level pO 0 wéréconsidered
statistically significant and indidag thatthe major or trace element analyzed
increased in concentratigne., mobilized)due tostormwate BMP type, salt type,
andsalt concentratioor interactions thereof. For thregay ANOVAS, Tukey 6 s
HonestlySignificantDifference test was used teake paikwise comparisons among
means for respective treatments (stormwater BMP sail&type, salt concentration
level) and interactions among treatments to determine which BMP type, salt type, salt
concentration, or combination thereof influenetéeimental mobilizatiorData were
analyzedusingR-Studio,software

Principal component analysis (PCA) was ugeexploremultivariate patterns
in major and trace elememntobilization.The PCA wascompletedn MATLAB ,
where datasets wemnermalized to corredor the different scales of the data used
PCA wasusedto illustrate the changing correlations betwegjor and trace
elementdased on salt type used in the incubation. Distinct groupingiemfents
represent distinct chemical cocktails mobilized by NaCl, ga®id MgC#; any
element within a Y0angle of one another is considered positively correlated in a

PCA analysis, and any element 18Pposed to one another is Roorrelated.
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3.4 Results

3.4.1Retention of Salt lons among Stormwater BMPs

We calculatd retention of N&, Mg?* and C&" by comparingheknown
concentration of each cation in the water added to each incubatioe measured
concentration in post incubation aliquolfieretentionshown in mg/L(Figure9)
indicates how much of the cation is retained on cation exchange sites in the
stormwateBMPs sedimentOther biogeochemical reactions may also be at
occurring, but we believe cation exchange to be the primary dritke abserved
retention.Na', Mg?* and C&" retention varied based on the type of salt added, salt
concentration, and the stormwaB¥IP sampledRetention increased with increasing
concentration oNa', Mg?* and C&" added in all but one sampling site. Wetland
#2,Mg?* retention decreased as more was added, 103 mg/L was retained of the initial
342.8 mg/L dose (1g @L) and retention decreased to 47.8 mg/L of the initial 3428
mg/L dose (10g CL). This may be caused by locally high Mdevels presenti the
sediment at Wetland #2 as elevatec®Mgvels were present in NaCl incubations of
the site. Mean Naetention was the highest at 1011 mg/L (34%), likely due to it
being monovalent, with divalent Mfjand C&* averaging 690 mg/L (28%) and 357
mg/L (26%) retention, respectively. UsingBBay A NOVA anal ysis and T
HonestlySignificantDifference tes, retention was found to be significantly
different between salt types. Stormwater BMP type was also found to be a significant

factor in retention vih bioswale sites significantly retaining the most salt cations
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(mean retention 914 mg/L) and wetland sites significantly retaining the least salt
cations (mean retention 543 mg/L). Bioretention and pond sites retained similar
guantities of base cations ¢an retention 646 mg/L and 633mg/L respectively)

making them statistically indistinct from one another.

Our results showed that cation exchange sites could become saturated at
elevated salt levels. In 79% of incubations, base cation retention decreased or
plateaued with increasing salt concentration, suggesting that cation exchange sites on
colloids and orgaic matter became saturated. The remaining 21% of incubations
showed increasing cation retention with increasing salinity. If saturation is reached on
soil exchange sites, the stormwater BMP may no longer be able to thdweféects

of salinizationdowngream and any metals will be mobilized into solution.

3.4.2Mobilization of Elements across Salt Concentrations, Salt Types, and Site

Types
Significantmobilizationwasobserved in salt ions, metaBIC, DOC,and
TDN across stormwater BMP typeslt concentrationgndsalttypes(Tables7, 8, 9,

10, Figure8).
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Table 8. 3Way ANOVA

Threeway ANOVA analysis data assessingain effects of stormwat&MP type,
salt type and salt concentration resulting elemental maization. Major and trace
elemental analysis is shown, along wdtesolvedinorganiccarbon (DIC),dissolved
organiccarbon as noipurgeable organic carbon (DOC), aothal dissolvednitrogen
(TDN). Significant p values are denoted by btydeface Lower pvalues and higher

F-ratios have greater significance.

A
BMP Type Salt Type Salt Concentration

Variable N F-ratio p-value N F-rato p-value N F-ratio p-value
B 284 38.795 <0.001 (284 5.295 0.006 284 3.838 0.002
Be" 284 38.67 <0.001 |284 27.826 <0.001 |284 37.97 <0.001
cg* 284 1.522 0.21 284 619.158 <0.001 (284 235.919 <0.001
Cu 284 1.466 0.225 284 321.924 <0.001 (284 101.24 <0.001
Fe 284 21.078 <0.001 (284 2.049 0.13143 |284 1.23 0.29609
K 284 19.132 <0.001 [284 12.86 <0.001 |284 120.436 <0.001
M92+ 284 5.487 0.00119 |284 2214.832<0.001 (284 699.21 <0.001
Mn 284 26.152 <0.001 (284 2.424 0.09105 |284 3.949 0.00191
Na' 284 8.078 <0.001 |284 5305.091 <0.001 (284 1578.654 <0.001
sr? 284 22.656 <0.001 (284 377.479 <0.001 (284 282.989 <0.001
DIC 82 1232.88 <0.001 |82 32.09 <0.001 |82 33.05 <0.001
DOC 82 1051.47 <0.001 (82 24.972 <0.001 (82 7.247 <0.001
TDN 82 130.305 <0.001 |82 16.089 <0.001 |82 22.533 <0.001
B

BMP TYPE:Salt BMP TYPE:Treatment Salt:Treatment BMP TYPE:Salt:Treatment
Variable N F-ratio p-value N F-ratio  p-value N F-ratio p-value N F-ratio  p-value
B 284 5.45 <0.001 |284 3.464 <0.001 (284 1.632 0.099 284 1.657 0.022
B 284 3.471 0.003 284 0.492 0.943 284 3.643 <0.001 |284 0.641 0.927
ca" 284 4.682  <0.001 |284 1552  0.09 284 159.525 <0.001 (284 2214  <0.001
Cu 284 0.641 0.697 284 0.411 0.975 284 89.056 <0.001 (284 0.383 0.999
Fe 284 3.265  0.00431 (284 0.588  0.88273 (284 1.836  0.05608 (284 1.149  0.2805
K 284 2.537 0.02158 |284 3.406 <0.001 (284 2.55 0.00632 (284 0.592 0.95587
Mg® 284 7.728  <0.001 (284 2.218  0.00678 |284 656.652 <0.001 (284 3.621  <0.001
Mn 284 1.789  0.10261 (284 2.339  0.00408 |284 0.489  0.8964 |284 0.332  0.99967
Na" 284 6.223  <0.001 (284 3.262  <0.001 (284 1479.792<0.001 (284 2,504  <0.001
srZ 284 1.615 0.144 284 3.724 <0.001 |284 74.651 <0.001 (284 0.816 0.741
DIC X X X 82 39.41 <0.001 (82 3.61 0.001 |X X X
DOC X X X 82 10.91 <0.001 (82 1.363 <0.001 |X X X
TDN X X X 82 7.472 <0.001 (82 1.043 <0.001 |X X X
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Table9. Tukey8at Test

Tuk ey 0s -SioiftantDiffdreyce test was used tcompare mean elemental
mobilization in the threevay ANOVAs acrosslifferent salt{NaCl, CaCi, MgCL).
Mean mobilization ratefor a given major or trace element share a common letter in
the posthoc columnwhen they are not statistically different framne another

(p>0.05)

Salt Mean SE Post- Mean SE Post- Mean SE Post-
mg/L hoc  mg/L hoc mg/L hoc
Barium Boron Calcium

NaCl 0.422 0.029 a 0.933 0.266 a 100.106 8.235 a

CacCl, 0.710 0.053 b 0.720 0.241 ab 1294.752 152.265

MgCl, 0.601 0.032 b 0.224 0.069 b 173.952 15.994 a

Copper Iron Potassium

NaCl 1.175 0.150 a 4.031 1.230 a 14.985 1.172

CaCl, 0.054 0.007 b 2.488 0.854 a 11.151 0.868

MgCl; 0.072 0.008 b 1.557 0.528 a 12.568 0.987
Magnesium Manganese Sodium

NacCl 17.856 1.423 a 1.166 0.250 a 1280.582 153.306 a

CaCl, 35.826 3.533 a 2.496 0.689 a 55.831 4922 b

MgCl, 791.744 99.690 b 1.803 0.463 a 53.085 4.409 b
Strontium DIC DOC

NaCl 0.280 0.022 a 20.836 2.650 a 26.267 3.438 a

CaCl, 1.107 0.105 b 17.418 0.610 a 5.737 0.601 b

MgCl, 0.472 0.041 a 16 1.144 a 14.922 1.706 ab

TDN

NaCl 6.394 0.792 a

CaCl, 3.896 0.361 b

MgCl; 7.164 0.871 a
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Table1l0. Tukey 8MP Typest

Tuk ey 0 s -SifjoiftantDiffdreyce test was used moake pairwise
comparisons among mean elemental mobilization in the-thageANOVAS across
BMP type (Boswale, Bioretention, Pond, Wetland). Mean mobilization rfatea
given major or trace element share a common letter in thehpostolumnwhen they
are not statistically different from one another@.05)

BMP Type  Mean SE Post- Mean SE Post- Mean SE Post-
mg/L hoc mg/L hoc mg/L hoc
Barium Boron Calcium
Bioswale 0.305 0.042 a 2.323 0.428 a 501.291 104.996 a
Bioretention 0.763 0.039 b 0.055 0.008 b 527.595 113.628 a
Pond 0.642 0.049 b 0.059 0.014 b 502,491 127.861 a
Wetland 0.610 0.044 b 0.037 0.008 b 583.624 141.788 a
Copper Iron Potassium
Bioswale 0.389 0.104 a 0.114 0.015 a 16.620 1.434 a
Bioretention 0.459 0.114 a 0.095 0.022 a 13.052 1.320 b
Pond 0.487 0.126 a 1.576 0.759 a 11.477 0.784 b
Wetland 0.388 0.126 a 9.084 1.807 b 10.340 0.958 b
Magnesium Manganese Sodium
Bioswale 246.732 64.689 a 0.021 0.005 a 413,962 110984 a
Bioretention 306.827 84.349 a 0.252 0.049 a 467.035 121.800 a
Pond 289.398 81.000 a 5.569 1.014 b 482.271 130371 a
Wetland 278.035 84365 a 1.408 0.176 a 478.618 127.623 a
Strontium DIC DOC
Bioswale 0.663 0.092 a 15.112 0.532 a 8.400 0.750 a
Bioretention 0.767 0.096 a 48.165 3.178 b 61.183 2.765 b
Pond 0.477 0.075 a
Wetland 0.588 0.084 a 8.380 3.345 a 28.686 2.265 c
TDN
Bioswale 4.608 0.350 a
Bioretention 13.272 0.807 b
Pond
Wetland 3.788 1.889 a
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Results from the threay ANOVA indicated that stormwater BMP type was a
significant factor in major and trace element mobilization, with B} Bze, K, and
Mg?* Mn, Na&', SP*, DIC, DOC, and TDN concentrations all significantly related to
the type of stormwater BMP samplélthbles 8 and10). Significantly less DIC, DOC,
TDN, and B&*, and more B and Kwere mobilized in bioswale incubations than in
the other stormwater BMP types (Ta®. Significantly more Mn was mobilized at
the pond sites (Tablk0). Significantly more DIC, @C, and TDN was mobilized at
Bioretention #1 and #2 sites than other features stuBiezh wthin astormwater
BMP type, there was sometimes large variation in mobilization resppossbly
due to differences ipH, organic matter, clay content, soipty, or anthropogenic
pollution sourcegKaushal, Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak,
Doody, Pennino, By, Galella, Weingrad, Collison, Wood, Haq, Johnsairal,
2022) For examplesignificantly more Mn was mobilized in Pond #1 than in Pond #2
across all salts tested (NaCl, Caahd MgCh).

Salt typehad significantreatment effectacross all elements except Mn and
Fe causingsignificanty increased mobilization after incubation with NaCl, GacCl
and MgCp (Table8 and 5). Preferential mobilization of elements with salt type was
observed, the most notable of whighs NaCl mobilizing more than 10 times the

quantity of Cu thamgCl. or CaC} (Table9 and Figurel0).
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Figure 10. Average Cu Mobilization by Salt Type

Comparison of Cu mobilized by different salt treatments. NaCl treatmmtigized

Cu at a rate more than an order of magnitude higher than @a@gCh. The EPAOG s
Cu limit for drinking water is shown by the yellow line at 1.3 m@gAS EPA, 2015c;

d).
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NaCl also mobilized significantly less Ba and significantly more B, DOC, and TDN
than other Salts. Caghlso mobilized significantly more (2.4 times moré*$nan
MgCl; and 4.1 times more 3j) than NaCl (Tabl®). CaC} also mobilized
significantly less DOC than other salts tested. Increasing salt concentration
significantly increased mobilization of eyeanalyte other than Fe, regardless of salt

type tested (Tabl8 and 5).

3.4.3PCA Results Show Formation of Chemical Cocktails

Principal Component Analysis (PCA) results skedwistinct patterns of
elemental mobilization across salt type and concentration (FiduAeC). When
plotted by salt type, the-#&xis explained ~ 4060% of variance and the-axis
explained ~20% of the variance for all three plots. N@@ICh, and MgC#
incubations all exhibited correlation betweeri Naz*, Mg?*, K*, Cu, and St as
they were clustered within 9QFigure11 A-C). Amongthe NaCl, CaCl and MgC}
incubations, Mn was the only element not considered correlated, possibly due to
mobilization through redox reactions. Ca@obilized S most readily (Figures 3
and 4) with C& and Sf* being tightly clustered regardless of the salt used for the
incubation. The clustering betweerf*sand C&* is noted in Figurd1 A-C with a
blue circle. Cu and Na also showed a similar clustering, denoted with a red circle
(Figure 4 A). Increased salbecentrations show heightened mobilization of chemical

cocktails in Figuree2. NaCl, MgCh and CaCl incubations at Bioswale, Bioretention,
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and Pond sites (respectively) all showed greater clustering and correlation between
Na', C&*, Mg?", K", Cu,and Sfat #fhi gho concentration incul

salt) than at Al owo cQuoieglnsaltf ati on i ncubat.
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Figure 11. PCA Analysisi Salt Type

PCA plotsshowing chemical cocktails mobilized by different salts. All results
indicate chemical cocktail dispersion with 6 of the 7 elements analyzed being
correlated with the Na, €5 or Mg?* added during incubations. Figure 4Aows
NaCl incubation resultsvhich illustrateSr-Ca and CeNa comobility. Figure 4B
shows CaGlincubation results illustrating $2a and CeNa comobility. Figure 4C
shows MgCi incubation results illustrating $$a cemobility.
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Figure 12. PCA Analysis- Concentration

PCA plots showing chemical cocktail mobilization at low (Mflito 1 g/L) and high
(2.5- 10 g/L) concentrations for NaCl, CaGind MgC}. Bioswale 1, Bioretention 2,
and Pond 1 are used as examples to show this phenomenois@atet! to one
stormwater BMP. The formation of chemical cocktails is highlighted by red circles in
the high concentration PCAs.
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3.5 Discussion

All stormwateBMP types showed elemental mobilization by simulated road
salting. This demonstrates that chemical cocktails could be fornsgdrmwater
BMPs under elevated salinity, potentially effecting areas downstream. Increased salt
concentration led to increasedhilization of all elements tested except for(fFable
8 and Tabler7). Fe is often more readily mobilized through redox reactions instead of
base cation exchange, explaining its lack of significance. Mn can also be mobilized
by redox reactions similarlyptFe, but Mn has been shown to also be mobilized by
cation exchange, especially if initial soil pH is I¢Wen,2012b) Furthermore, B,
B&?*, C&*, Cu, K, Mg?*, Mn, Na*, SF*, DIC, DOC,andTDN all showed increased
mobilization with increased concentration over all salt types (T&ablable9 and
Figure8). Site type influenced mobilization of key elementdwagnificantly less
DIC, DOC, TDN, and B%, and more B and Kmobilized in bioswale incubations
than in the other stormwater BMP types (Talde Increased retention of nitrogen
andorganic matter may be due to site composition or potentially age as the bioswales
are the youngest site in the study by over a decade. Significantly more DIC, DOC,
and TDN was mobilized at Bioretention #1 and #2 than other features studied. As
these sitedrain the largest area into smallest stormwater BMP footprint, they may
have diminished CEC (as evidenced by their significantly diminished retention
compared to bioswale sites). Previous site history also may play a role in chemical
cocktail mobilizationassignificantly more Mn was mobilized in Pond #1 than in

Pond #2, reaching concentrations of up to 36 mg/L.
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Incubation results are consistent with field results from Gadeléd (2021),
which explored chemical cocktail mobilization of &K, Na', Mg?*, Cu, Mn and
SrP*in urban streams using routine sampling and fiighuency sensors. This
suggests that urban streams atmmwateBMPs (bioswales, bioretention sites,
wetlands and ponds) behave more similarly to one another with respect to lmse cat
source and sink dynamics than has been suggested in previous litgBatbreret
al., 2018; Burgiset al, 2020; Gillet al, 2017; Knoxet al, 2021; Maa%t al, 2021;
SemadenDavies, 2006)Stormwater ponds had previously been found to retain
metals(Gill et al, 2017; Knoxet al, 2021)but at a decreasedficiency (~50%
summer performance) in the winter after roadsalt ifatmadenDavies, 2006)
Stormwater ponds were also found to mobilize base cations after road salting events
(Barbieret al, 2018)ThoughstormwateBMPs do offer excellent conditions for
decreasingeak discharge and organic matter and nutrient pollwtonnwater
BMPs may be sources rather than sinks of metals and cations during road salting
events (Kaushal et al. 2022 a, b), potentially leading to increased salt and chemical
cocktail contaminatin of surface and groundwat@urgiset al, 2020; Kaushal,

Likens,etal., 2019; Maa®t al, 2021)

3.5.1Variations in lon Retention and Release among Stormwater BMPs

Our results suggest that stormwater BMPs have a high capacity for retaining
salt ions. Nawas retained significantly more than®Car Mg?* across all stormwater
BMP types Supplemental Tablg.1). The elevatetNa’ retentionmeasured may be

caused byts smaller ionic radius, Nalispersion, anflocculation(Greenet al,
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2008b; Kaushal, Likenst al, 2019) Diminishingretention with increasing salt
concentration indicates that cation exchange sites were being exhausted and less salt
was retainedFigure9). BMP Type also affected retention significantly with biowsale
sites retaining the most salt, followed by bioret@mtipond and wetland sites.
Bioswale sites retained significantly more cations (on average 141% more) than
bioretention sites. This may be due to differences in construction or site age as the
bioswale sites sampled are the youngest studied by more temade.

While they are an effective sink bfa’, Mg?* and C&", through cation
exchange, stormwater BMPs are also a simultaneous source of other base cations and
metals (Figure) (Kaushal, Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak,
Doody, Pennino, Bailey, Galella, Weingrad, Collison, Wood, Haq, Johatah,
2022) Other studies indicate that there is significant retention of various base cations
and metals in stormwer pondgBarbieret al, 2018; SemaehiDavies, 2006)
wetlandg(Gill et al, 2017; Knoxet al, 2021) accidental wetlandd/aaset al,
2021) bioswales and bioretention featu(Bsirgiset al, 2020) but less work has
directly analyzed the impacts of salt ions on ion exchange and release of
contaminants (Kaushal et al. 2022). The potential for retention or release of
contaminants can be influenced byesipecific characteristics, such as a hypersaline
layer developing only in deeper sections of stormwater p(8elmadenDavies,
2006) or wetlands delaying peak discharge and therefore lessening peak salinity
(Maaset al, 2021) Below, we dscuss potential impacts of these characteristics on

retention and release of salts observed in this study.
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Whil e we couldndét measure all factors ¢
the field, groundwater storage could be an important mechanisralfoetention
(Cooper et al. 2014), and we observed elevated salt concentrations in the stormwater

BMP that persisted over time in the field (Figd®.
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Figure 13

Winter storm event sampling conducted at Wetland #2 from 1/28/@8@gh 1/29/22.
Sampling was conducted during a snowstorm where road salting occurred on the
University of Maryland College Park campus. Base cation exchange is thought to

drive the elemental mobilization seen after the peakcdacentration (2140 mg/L)

was reached.

Field data during and after actual road salt events can be less common in the literature
due to the difficulty of winter sampling. Increased groundwater infiltration is a design

strategy implemented at all stormwater BMPs studied, whichestigd that similar

groundwater plumes may also be preseéfiien wetland soils wemxperimentally
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flushed with 2.55 g CI/L NaCl, soils retained 3i@t1% of the added CI, and there
were also significant positive relationships betwseihorganic matte(SOM) and
ClI" (McGuire and Judd, 2020yhe proposed mechanism for thegemtion is the
formation of organic€Cl compound¢McGuire and Judd, 202®hich can occur
biotically or abiotically, but microbially derived orgart” compoundsvere the
most likely sourcéMcGuire and Judd, 2020¥lost Na', Mg?*, and C&" retention
results were broadly similar in this study across stormwater BMP types and salt
concentrations (Figur@). Stormwater ponds in Maryland yielded higher ClI
concentrations in both the wintancasummer months, indicating thetch pondsre
the source oNaCl richhgroundwater plumesvith groundwater Cloncentrations
reaching up to 421 mg/tlue to increased groundwater connectiy@poperet al,
2014; Snodgrasst al, 2017)

Though not studied directly by this resear@tention time and the intensity
and duration of road salt application each winter alagplay acritical role in
determining how long beforgtormwateBMPs exchange sites become completely
saturatedBarbieret al, 2018; Burgiset al, 2020) Exchange site saturation was
observed at Wetland #2 and nearly all sites exhibited diminishing percent cation
retention at 10 g CI/L incwdtions. Desorption of cations during the spring may take
months to reach pmoadsalt exposure leveleRntion ponds in France shesthat
91% of the saladsorbediuring the winter wasemoved by March®, despite C&
levels reaching 503.65 mg(Barbieret al, 2018) Bioswales anthioretention sites
also showed similar trends, temporarily reducing effluent surface loads during a snow

storm by 82% and 76%, but retaining little'Neng-term (up to 200 mgg in the
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summer)Burgiset al, 2020) As road salt applications are seasonal in temperate
climates, freshwater (with low salinity) from spring and summer precipitation
typically desorbs accumulated salt ions from stormwater BMPs. Cation ogtenti
followed by chemical cocktail mobilization may explain the complicated sink (Figure

9) / source (Figur&) dynamics found in our study.

3.5.2FSS Impacts Function of Stormwater BMPs

Our results showed that different types of salt ions have the pbterdifect
patterns and processesstormwateiBMPs relevant to soil structure and hydrological
and biogeochemical functions. Currently, watershed restoration strategies employ
stormwateBMPs to slow and store urban runoff, enhance infiltration andolygic
residence times, and boost biogeochemical functions related to contaminant retention
and remova(Davis, 2008; Koclet al, 2014; Maa%t al, 2021) However, increased
salinization can reduce infiltration capacity and the ability for urban runoff to
percolate througbtormwateiBMPs (Behbahanet al, 2021) In addition, ion
exchange sites in soils can become saturated witlahdhother ions and shift
stormwateBMPs from contaminant sinks to seas(McGuire and Judd, 2020;
Snodgrasest al, 2017) Finally, increased salinization can alter microbial and plant
processes and influence rates of biogeochemical processes related to contaminant
retentionin stormwateBMPs (Kim and Koretsky, 2013 Below, we explore how
salts can influence infiltration rates, ion exchange and saturation of exchange sites,

and microbial and plant processes.

80



Stormwater BMPs appear to provide a complex combination of positive and
negative effects for their assated watershed® (g, we found retention of cations
but release of other elements). Peak discharge and nutrients are generally reduced, but
cations, metals, and organic matter can be mobilized during road salting events (as
observed in this study}Figures 8, 9, and12, Tables8, 9, and10) (Davis, 2008; Koch
et al, 2014) At high salt concentrations, metals can reach levels that are harmful to
both freshwater biota and humgk®ndakiset al,, 1989; Mahroslet al, 2014)
Accidental and designed wetlands may decrease peak salinity downstream but may
also funnel surficial water contamination directly into groundwater aqyiféaaset
al., 2021; Paltat al, 2017) Stormwater BMPs offer more emanmental benefits
than cement culverts and buried streams, but further study must be conducted
regarding risks associated with freshwater salinization (Kaushal et al. 2021, 2022a,
b). If salt use continues or increases, the quantity of metals releagdu:gia to
decrease as colloids become depleted of metals with constant base cation exchange
and flushing downstreafifrernandeet al,, 2003) Evidence of exchangeable metal
depletion may be present in the Wetland #2 site, one of the oldest sites in the study at
>30 years old, whicmobilized less Cu than any other site, especially during NacCl
incubation (Figured). Further work should investigate tfactors influencingcation
exchange capacity stormwateiBMPs and elucidate the role of organic carken
clays

Our results suggesitat FSS can alter organic mattestormwateBMPs
similar to other studies (Kaushal et al. 2022 a, b); this mayihgle&ations for

changes in sokggregatestructure, erosion potential, and infiltration rates. Our study
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found that concentrations BIOC increased in response to initial stages of
salinization significantlyfrom salinization with N§ consistent with changes in
solubility and destruction of soil aggregates due todigpersion and loss of cation
bridging from C&*and Md*in sodic ®ils (Figure8, Table9) (Greenet al, 2008c;

b; Abolfazli and Strom, 2022; Nistrom and Bergstedtn sodic or salinesodic soils
with exchangeable sodium percentages > 15 and an exchangg oéplacing C&

or Mg?* soil aggregates break up, hydraulic conductivity decreases and colloid
mobility increases. Changes in pH adso influence this process though it was not
recorded in this studyur results also showesmerapid declines in DOC
concentrations at higher levels of salinizatemBioretention #1 and Wetland #1
before reaching a threshold (between 2.5 and 5/g)@ind once again increasing.
This may indicatélocculation of soil particleat higher salinities (Figur@)

(Abolfazli and Strom, 2022t high concetrationsO947¢ S/ ftooaulation is
thought to occur due to a decrease in the thickness of the double layer. As the double
layer shrinks, this allows for the repulsion force to be overcome by the attraction
force and aggregates forfAbolfazli and Strom, 2022} oss of soil aggregates can
lead to increased erosionstormwateBMPs and mobilization of contaminants
bound to sediments, similar to increaseas®n in other salinized soi{ehbahanet
al., 2021) Increased flocculation at higher levels of salinity can lead to clogging of
soils and sediments stormwateBMPs and reductions in infiltration capacity
similar to other salinized soi(®\bolfazli and Strom, 2022Much previous work in

other salinized soils has shown that the amounts and types of salt ions can impact soill
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aggregate structure, hydraulic conductivagd infiltration rate¢Greenet al, 2008c;
b; Snodgrasst al, 2017; Abolfazliand Strom, 2022)

The effectiveness of differestormwateiBMPs to retain contaminants is also
related to abiotic factors such@gC of soils and sedimen{&reenet al, 2008b;
Peinemanret al, 2005) Different stormwateBMPs have been shown to have CEC
ranging from2.9 meqg/100g soil to 25.91 meq/100g ¢Bé&hbahanet al, 2021;
Daviset al, 2001) We observedsignificantdifferences in retention of NaC&*, and
Mg?* and trace metals the differentstormwateBMPs in this study, possiblyueto
differences iCECacrossstormwateBMPs, landscape position, age and pollution
history (Rieuwertset al, 1998) In olderstormwateBMPs receiving high levels of
pollutionlike Pond #] cation exchange sites may become occupied with nmsatals
as Mn(Figure9 and FigureB), becoming more susceptible to mobilization of
contaminantgMcGuire and Judd, 2020; Snodgrassl, 2017) StormwateBMPs
may also show potential for retaining Nand other cations even into the sumaer
was seen in previous work by this research gf@adellaet al, 2021) and others
(McGuire and Judd, 2020; Snodgrassl, 2017) StormwateiBMPs saturated with
Na" may have significantlgecreasedapacity to serve aontaminantisks in urban
watersheds and landscap@& observed that a) maximum salt ion retention usually
occurred at the lowest concentrations (1¢L{b) decreasing as Gloncentration
increased, indicating that exchange sites were becoming exhausted as greate
quantities of cations were added."Nad significantly higher retention than®ar
Mg?*, likely due to cations in soil aggrega(&gure9). Differencesin retention

thresholds among sites may have also been due to charayganic matter content
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and qualityof the sedimentgr differences inCEC of the soils These variables
should be included in future research on this topic.

FSS can influence the function stbrmwateBMPs by altering
biogeochemical processes, like encouraging the growitingal and microbial mat
which may in turn mobilize Fe and Mn into the environm@mbugh only Mn
mobilization was observed in this studiim and Koretsky, 2013Previous work
suggests that microbial activity can be influenced by faatditeenced by FSS. For
example microbial biomass and activity were positively correlated wigfanic
carbon,total nitrogen, pH, moisture content, total petroleum hydrocarbart, a
watershed area ratio (a ratio of the area draining into the feature to the area of the
stormwateBMP itself) (Deebet al, 2018) We observed atatistically significant
increasan TDN with increased salt concentratidos all salts testedNaCl, CaC,
and MgC}). The iors that produced thiargestincreases in TDN are Mg+ andNa'.
Na" mobilized concentrations up to 17 mdikely becausét is monovalentand can
more easily mobilize Ni. Duckworth & Cresser (1991) noted that high"Neputs
flush ammonium ions from their exchange sites, also reducing retention from
atmospheric sourcé®uckworth and Cresser, 199Blevated ammonium
concentrations in waterways affected by FSS have also been attributed to a
combination of dissimlatorgitrate reduction to ammonium (DNRA) and
ammonification withassociatediminishednitrification (Inamdaret al, 2022)
Changes in pH due to displacement 6t Na" and alkalinization over time have
also been observd@reenet al, 2008c; a; h)Nitrification and denitrification can be

enhanced at slightly elevated pHdN cycles may be alterebased on availability of
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C&* and calcareous soi(§reenet al, 2008c; a; h) Increased salinization has the
potential influence the N cycle eformwate BMPs and further research needs to
look at this in more depth at the watershed s@@tdlins et al, 2010; Passepoet al,

2013)

3.5.3Thresholds for Aquatic Life and Formation of Chemical Cocktails in

Stormwater BMPs

In this study, we measuregexific conductance in stormwater management
features > 8000 uS/cm, walbove EPA thresholdsf 230 uS/cnfor aquatic life in
the Mid-Appalachian regioEPA, 2011) Targeted sampling conducted during a
winter storm at Wetland #2 revealed extreyrtagh concentrations of Naup to
2140 mg/L (Figurel3) triggering mobilization of major and trace elements similar to
our laboratory incubation experimentss wasexpectedn stormwater BMPghe
salinity levels in Wetland #2 were higher than were eseorded irurban streams in
the areaThe levels of salinization used in our study were withiiagically relevant
ranges reported for other systemd. Salt
have caused shifts in species compaosition, particutdalykton and benthic
organisms, towards more salt tolerant species, which may in turn lead to
eutrophication due to a combination of reduced grazing pressure from zooplankton
and a release of nutrients, particularly phosphorus from lake sedighi@mizs and
Relyea, 2019)

Our results also showedcreasing trendsf major andrace elementwith

increasingsalt concentrationsontributing to the formation of chemical cocktails
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Chemical cocktails of salt ions, metals, and nutrients also increased in concentration
with increasing salinization. Mobilization of major and traasmednts was not
uniform across the different salts used in incubations. PCA and ANOVA results
showed significant conobilization of Cu and NaCl (Figures 4 and A) .every
concentration tested, NaCl incubations mobilized Cu at concentrations more than an
order of magnitude greater thyCl, and CaCl (Figurel0). For example, averaged
results for samples incubated with 10g/L Cl mobili@etd mg/L of Cu for CaCl
incubations, 0.17 mg/L Cu for Mg&hcubations and 4.21 mg/L Cu for NaCl
incubations. Elevate@u concentrations are likely due to™Nhspersion of organic
matter rich colloids. Cu is dispersed from sediment particle layers into suspension
when Nd concentrations are elevatedK i n s ma n et 81,02620)eSF* hlso
showed significant conobilization with CaCl, mobilizing more than double the
concentration compared to the other salts studied. This is likelfodbe shared
charges of Ca and Sf*.

Although stormwater BMPs may not contain as many species as natural
ecosystems, they can be important urban halffatsdgraset al, 2008; Van Meter
et al, 2011) Increased major ion concentrations can directly cause detrimental effects
on freshwater biotéClements and Kotalik, 2016; Hintz and Relyea, 20irithects,
when exposed to concentrations of aquédadCQ, MgSQi, and NaClranging
from 60 to 30 S /,dad lower metabolic rates and abundance than control
populationgClements and Kotalik, 2016\Vith local specific conductance levels
surpassing 1,009 S / meanly every winter in urban streams surrounding the study

site, it is likely that salinity alone is negatively affectiaquatic food webs. Certain
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species of zooplankto®g@phnia pulex can develop croselerance to different
deicergHintz et al, 2019) For examplethosespeciedolerantof height

concentrations of NaCl were also toleranetgvatedMgCl, and CaCl (Hintz et al.,

2019) However, saltolerant species reproduced more slowly than less tolerant
speciegHintz et al, 2019) Rainbow trout fry showed no negative impacts when
exposed to MgGlup to 3000 mg/L, but did show reduced growth when exposed to
NaCl at 3000 mg OL and CaQ; at 860 mg CIL (Hintz and Relyea, 2017a)

Atlantic salmon embryos exhibited larval deformities when exposed to NaCl
concentration©5000 mg/L combined with Cat (10e dCu/L) (Mahroshet al,

2014) These deformities were not present when embryos exgrased to solely

NaCl concentration®5000 mg/L although there was increased egg mortality
(Mahroshet al, 2014) The synergistic detrimental effects of NaCl and Cu when
combined illustrate the importance of studying chemical cocktails as a whole instead
of focusing on individual elements one at a time. Incubations for this study contained
up b 16,500 mg/L of added NaCl and 15,700 mg/L of added Lalibsen to be

within a realistic range of salinities expected at the stormwater BMPs sel€atad (

6), far exceeding the thresholds established for aquatic ecosysteniHiatmand

Relyea, 2017a) More work needs to investigate the effects of salinization on

contaminant mobilization and toxicity to aquatic life.

3.5.4Impacts of Alternative Road Saltis Compared with NaCl

A key component of the present study was to compare the impacts of different

common road salt ions on retention and release of multiple elements. We found
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significant differences in retention and release of chemical cocktails, but it is
important to placéhese results within context when considering management
implications. he effectiveness of different typessait ions asleicers is dependent

on temperaturd-or example, NaCl is capable of melting snow and ice to as lew as
9.4°C, butMgCl, and CaC] melt snow and ice te20.6°C and-31.7°C, respectively
(Diamond Crystal, 2017; Kissner, 2012a; 6aCh was foundo bethe most effective
deicer to use on snow and ice, followed by MJ{CKo Jodzi ej czyk and L[wi
2009) Our results show that site type usually had less of an effect than salt
concentration and salt type on the mobilization of metals, nutreamdscarbon

(Tables8, 9, and10). Regardless aftormwateBMP, the amount and type of road

salt applied is the most significant factor controlling major and trace element
mobilization Table8 andFigure8). Na', being monovalent, often mobilizesjor

and trace elements differently from divalent?Cand Md* (Table9). If CaCkis

used as a deicer instead of Na€inay be possible to apply less total road salt and
still achieve road safety duetoCaf’ls | ower mel ting temperatur
efficacy( Kogodzi ej czyk .&a&dndMgialsdkcanibute to2vate 9 )
hardness, often reducing the toxiaitfycertain metal§Ebrahimpouet al, 2010)

c&* and Mg may also have less detrimental effects on soil aggregate stability than
Na' (Greenet al, 2008c; b) Depending omhe contaminant of concern (e.g. Cu) and
environmental issues (soil erosion), the use of alternative deicers other than NaCl
could reduce the overall quantity of salt used while still maintaining safe roadway

travel. Currently cost is a major obstacle neshg the use of alternative salts, as

88



NacCl is the least expensive deicer option in the United Sfaitwari and Rachlin,

2018)

3.5.5Scientific Limitations of Study and Path for Future Research

Though every effort was made to perform a robust assessment of the effects of
FSS on chemical cotkil mobilization, some limitations still exist. Though replicate
stormwater BMPs were sampled they were all within a geographically limited area
which could be expanded in future studies. Mobilization of nitrogen and possible
redox reactions are often asgted with changes in the pH of water and sediment.
pH data would have been a useful additional data source which should be considered
for future similar studies. The organic matter content of sediment samples collected
should also be explored in futwstudies as it may help better define the differences in
retention and release observed at different stormwater BMPs. A mdeptin
analysis of sediment particle size makeup would also help better describe retention
and release mechanisms. Analysis ofdgaal communities in stormwater BMPs
before and after road salting events would also be helpful to determinge what the

impacts of FSS are on both flora and fauna.

3.6 Conclusion

Saltconcentration, salt type, and, to a lesser extent, site type determines the
composition and concentrations of chemical cocktails released from stormwater
BMPs. Increasing the concentration of NaCl, Ga@l MgCb in stormwater BMP

water and sediment saneglmobilizes chemical cocktails or major and trace elements
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in a linear fashion for certain elements (Cu, K, arfd)$Figure8). Different salts

show increased mobilization, with NaCl mobilizing Cu at concentrations more than
an order of magnitude morean CaCl, or MgChb, and CaGl preferentially mobilized
Sr*. Concentrations of mobilized elements exceeded water quality standards for
certain metals such as Cu and fi§ EPA, 2015b; d)Results showed that the
amounts of salt ions had significant effects on mobilization of a wide variety of
contaminants including nutrients, other salt ions, rmethls. The amounts of road
salts applied to impervious surfaces during winter months and the amounts of salt
loadings from other potential sources is not closely tracked. More work on calibrating
and tracking road salt application rates is necessaryltceaisk from excess Na

Mn, and Cu.

Our research also suggests that there are important interactions between salt
ions and mobilization of carbon, nitrogen, and metals from stormwater BMPs.
Though the dataset is incomplete due to an instrument matfanpbsitive
relationships were observed between NaCl, ga@dCl, and DOC and TN at
bioswale sites (Supplemental Figi&d). Inorganic carbon has mixed results with
both increasing and decreasing trends observed across bioswale, bioretention, and
wetland sites (Supplemental Figud). Strategic efforts to minimize
biogeochemical interactions that mobilize contaminants of concern (below
concentration thresholds determined from this study) can be used to better inform
goals for meeting total maximumitjaloads (TMDLSs). Our results also showed that
the types of salt ions impacted contaminant mobilization potentials. This information

may be used to guide selection of alternative deicers based on biogeochemical
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interactions and potential water quality iags. Our results also showed that different
stormwater BMPs can retain significant amounts of salts and that salt type and site
type influence their retention potential (Fig@e The extremely saline environments
present in stormwater BMPs that we obserafter road salting (up to 2140 mg/L

Na’) elevate the risk of formation of@undwater chemical cocktail plumes

especially because many stormwater BMPs both increase groundwater connectivity
and generate unique chemical cocktails. For example, ele@htedm chemical

cocktail plumes may still be detectable 15 km away from the stormwater BMP that
generated therBnodgrasst al, 2017) Further research will be needed to determine

if other mobilized elements may be transported and over what distances. Overall, our
results suggest that reducing the level of salt ions significantly reduces the
mobilization of contaminants from sedimerdsstreams. Our results also clearly

show that selecting different types of salt ions can have significantly different effects
on mobilizing contaminants. The amounts and types of salt ions need to be considered
explicitly in watershed management and restion strategies to more effectively

reduce risk to human health and the environment.

Our results highlight the complexity of stormwater BMPs and their roles in
contaminant retention and release under varying environmental conditions.
Incubation resultand field measurements suggest that the stormwater BMPs studied
behaved as contaminant sources rather than sinks during road salting events, similar
to the urban streams studied in Galella et al. (20219.ehvironmental benefits of
nutrient storage anpgeak storm discharge reduction offeredsbyrmwate BMPs

contrasts with the unintended consequences of chemical cocktail mobilization after
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road saltingDavis, 2008; Koclet al, 2014) This is further complicated by the

potential of stormwater BMPs to generate groundwater chemical cocktail plumes
(Snodgrasst al, 2017. Though NaCl is often the most cagtective deicer

available, the use of brines, Mg@Ind CaCl should be considereas an alternative,
especially in environmentally fragile areas or where fisheries are affected by Cu
pollution. Further research on alternative deicers is needed, as their full effect on the

food web, particularly on zooplankton is still not fully knogkintz et al, 2022)
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ChaptFeresdh:wat er Salinizati on

Transport in Urban Water sheds

4.1 Abstract

Anthropogenic salt inputs have increasingly impacted many urban streams in the U.S.
for more than a century. Urban stream salinity is often chronically elevated and
punctuated by episodic salinization events, which can last hours to days after
snowstorms rad the application of road salt. Here we investigated the impacts of
freshwater salinization on total dissolved nitrogen (TDN) ld@d / NOx

concentrations and fluxes across time in six urban watersheds in the Baltimore
Washington D.C. metropolitan region of the Chesapeake Bay region. Concentrations
of TDN, NOs"/ NO> and specific conductance (SC) were monitored in five urban
streams, and thewas targeted storm event sampling and-fighuency sensor data

at select sites. Results suggested that episodic salinization from road salt applications
quickly extracted and mobilized watershed stores of (TDN) through ion exchange,
and other geochenatand biological processes. Urban streams had elevated
concentrations of TDN andOz / NO> and specific conductano®ncentrations that
peaked during and after winter road salt events, and then declined. There were
significant linear relationships betem® TDN concentrations and SC at multiple sites
over time. Hourly mass fluxes of TDN in streams were also found to be elevated
during winter months with peaks coinciding with road salting events. Targeted winter

snow event sampling and hiflequency sensatata suggested plateaus\N@s /
93
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NO> and TDN concentrations at the highest peak levels of SC during road salt events

bet ween 1,000 and 2,000 €S/ cm, which possi
after extraction and mobilization of watershed nitroggservoirs by road salt ions.

Our results suggest that there can be thresholds in the transport and transformation of
nitrogen in watersheds, which impact patterns in concentrations and hourly fluxes in

urban streams across time. FSS may alter the tiofingrogen delivery to sensitive

receiving waters during winter months when biological uptake is lowest and enhance

the transport of N to sensitive receiving waters.

4.2 Introduction

Freshwater salinization syndrome (FSS) has been observed throughout North
America and Europe over the past cen{iitgushalet al, 2005; Kaushal, Goldst
al., 2018) FSS refers to the suite of biophysical impacts triggered by increased salt
ions in the environment. In temperateas, anthropogenic salt inputs are thought to
be the primary driver of FSS, with chronically elevated salinity punctuated by acute
episodic salinization events caused by road salt applic@halellaet al, 2021). For
example, U.S. sales of road salt have increaseddd from 149,000 metric tons in
1940 to nearly 22 million metric tons in the winter of 2207.8(Jackson and
Jobbagy, 2005; Pechet al, 2019) This trend is a result of larger and more severe
winter storms triggered by ongoing anthropogenic climate chépgehert al,
2019) Changing land use is also a factor, with impervious surface cover increasing
across the United States largely due to increased suburbanizé&igler and

Vukomanovic, 2021)FSS is relevant because it cansmalterations in contaminant
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mobility, biodiversity and the quality of drinking water in urban watersl€dssiet
al., 2010; Galelleet al, 2021; Hacet al, 2018; Hintzet al, 2022; Hintz and Relyea,
2019) Road salting in temperate regions has been shown to mobilize nutrients such
as nitrogen and phosphorus, organic matter, and othe(Md, C&*, Mg?*, K*, Cu,
Mn, SF*) (Galellaet al, 2021; Hacgt al, 2018; Kaushal, Goldt al, 2018; Kaushal,
Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak, Doody, Pennino, Bailey,
Galella, Weingrad, Collison, Wood, Haqg, Newcordehnsonet al, 2022)
Mobili zation of nitrogen during and after road salting events in urban watersheds is
not well understood. In this study, we use a combination of routine monitoring, winter
storm event data and higlequency sensor data collected before, during, and after
winterroad salt events to understand temporal trends in nitrogen mobilization in
urban watersheds.

Anthropogenically enhanced nitrogen loads often lead to eutrophication in
urban waterways and coastal receiving waidmvarth and Marino, 2006; Kaushal
et al, 2008; Testat al, 2018) Nitrogen is often a limiting nutrient and caigger
the growth of phytoplankton and harmful algal blogidewarth and Marino, 2006)
Decomposition of organimatterfrom eutrophication causes dissolved oxygen levels
to diminish, creating hypoxic (dissolved oxygen < 2Lilconditions incompatible
with life for many marine organisn{BPiaz and Rosenberg, 2008enthic and
demersal organisms which live at or near the bottom of a water body are particularly
susceptible to eutrophication as deeper waters are often rfexsedfby elevated

nitrogen levelgTestaet al, 2018) Both flora and fauna can also be affected by
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eutrophication, leading to habitat loss, changes in ecological structure, and alterations
to phytoplankton compositiofHowarthet al, 2000)

While nitrogen transport in urban watersheds has been well studied, the role
of FSS impacts on watershed N transport and transformation has received relatively
less attentiond.g, Hale andGroffman 2006, Duan and Kaushal 2015, Haq et al.,
2018), and there is little knowledge of FSS impacts on watershed N transport.
Nitrogen concentrations in urban streams can be elevated by sewage leaks,
atmospheric deposition, and fertilizékaushalet al, 2011) Our current
understanding suggests that the ability of urban streams to retain and transform
nitrogen may be diminished by: decreased hydrologic connectivity between streams
and Ahot spotsodo of N r (GrofemartetialQ2003) n ur ban
increased hydrologic flashiness and decreased hydrologic residencéRenasoet
al., 2016) headwater stream burial and channelization of str¢Athertset al,

2017; Elmore and Kaushal, 2008; Penrgtal, 2014) and decreased biological
uptake of N following storms and scouring of biofi (Kaushal, Goldet al,, 2018)
Overall, there may be an increased supply of N in urban streams that exceeds
biological deman@Wollheim et al, 2018) Although many biophysical faato have
been studied regarding N transport and transformation in urban watersheds, the
potential role of FSS in influencing the N cycle has been less stindiat may
represent a disturbance in some urbanized watergkadshalet al, 2005)

Freshwater salinization na@nhance N transport from soils to streamson
exchange, changes in solubility of organic nitrogen, and changes in biogeochemical

processes. lon exchange causesadsavell as other base cations includingCa
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Mg?*, and K to desorb positively chardeNHs" from sediments and negatively

charged colloid¢Ardonetal, 201 3; Ki netah2022; Rysgadrdt dl,l o
1999; Seitzingeet al, 1991) This process causes increased mobilization of reactive
N into urban watersheds during episodic salinization associated with road salting. Salt
ions are in fact so efficient at mobilizing nutriettiat in standard lab tests, salts like
NaCl and KCI are used to extract NHNOz", and aluminum from soil samples
(Kachurinaet al, 2000; Shuman and Duncan, 1990jher salt ioe mobilize

elementssia cation exchange (e.g. ammonium), anion exchange (e.g. nitrate),
solubility changesd.g, dissolved organic nitroge@hlaqget al, 2018; Herberet al,

2015) NaCl, a common deicer, can also act to mobilize ammonium through cation
exchange and sodium dispers{@ompton and Church, 2011; Duckworth and

Cresser, 1991; Great al, 2008a; Kim and Koretsky, 201I)he positive chargef
ammonium allows it to be sorbed onto negatively charged colloid particles in soils
and sediment&Niederet al, 2011) Influxes of base cations (NaC&*, and Md"),

can then displace ammonium through base cation exchange, mobilizing ammonium
into the water columDuckworth and Cresser, 1991; Kim and Koretsky, 20[i1l)
addition, salt ions can influence the solubility of organic nitrq@neenet al,

2008a) Some studies have indicated that increased salinity can mobilize dissolved
organic nitrogen (DON) from soil amdant matte(Steele and Aitkenhedéeterson,
2013) There can also be Asalting ind effects
solubility (Kaushal, Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak, Doody,
Pennino, Bailey, Galella, Weingra@pllison, Wood, Haq, Newcomd&ohnsonet al,

2022) During fAsalting ino, the solubility of
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strength elevatedKaushal, Reimer, Mayer, Shatkay, Maas, Nguyayger, Yaculak,
Doody, Pennino, Bailey, Galella, Weingrad, Collison, Wood, Hag, Newcomer
Johnsonet al, 2022) Salt extraction of nutrients may be unintentionally occurring in
urban watersheds affected by FSS, but less is known regarding theatial

temporal extent and patterns.

Winter road salt pulses, which quickly increase stream water salinity, can also

alter microbial processes that affect the nitrogen cycle. High osmotic stress-and ion
specific toxicity caused by elevated salinity cardleacell lysis and release of
formerly stored inorganic and organic N and labile organic m@€earshal, Reimer,

Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak, Doody, Pennino, Bailey, Galella,

Weingrad, Collison, Wood, Haq, Newcomihnsonetal, 202 2 ; Ki nsman Co

et al, 2022) Hydrologic sytems that have been chronically exposed to FSS may
evolve microbial communities distinct from those in more natural watersheds
(Lancasteet al, 2016) These microbial communities are often adapted to elevated
salinitest Hal e and Gr of f man, etd,2@B; lancéstert al,ma n
2016)

Despite potential mobilization mechanisms, N concentrations and fluxes are
often variable in their response to road salt applicgibaran and Kaushal, 2015; Haq
et al, 2018) In prior incubation studies, increased salinligwed a positive
relationship with TDN concentration in some study sites, while other sites did not
show a clear tren(fDuan and Kaushal, 2015; Hatjal, 2018) A possible
explanation for this variability may be that the sediment present in somesitiethe

may have had lower N content due to leaching from repeated previous exposure to
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elevated salinity level@Hale and Groffman, 2006; Hag al, 2018) Freshwater

salinization may mobilize available N from watersheds and soils until there is source
limitation or a plateau in concentrations at the highest levels of sdlButigllaet al,

2023; Hacgt al., 2018) Here we investigate the potential for temporal patterns in the
concentrations and mass fluxes of nitrogen to be exacerbated by FSS at the watershed
scale. Specificallywe analyze the effects of winter road salt events, seasonal cycles,

ard flow paths on watershed salt and nitrogen transport in urban streams.

4.3 Methods

4.3.1 Study Sites

Within the Chesapeake Bay watershed, five study sites were chosen. Sligo
Creek and Rock Creek within the D.C. metropolitan area and ScottsBreveh,

Herring Run and Jones Falls within the Baltimore metropolitan &igaré 14.
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Figure 14. Study Sites

Land use at Herring Run, Jones Falls, Scotts Level Branch, Rock Creek, Sligo Creek,
and Gwynns Falls watersheds in the Baltimore, MD and Washington D.C. metro
areas.
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Urban and suburban land use was the mostf@avat all sampling sites and

impervious surface cover varied between 18% and 33%. More detailed site

characteristics can be foundTiable 11 Riparian buffers are present at all sites but

are most pronoundeat Rock Creek and least pronounced at Jones Falls, where they

become absent within the city of Baltimore where the channel is buried. StreamStats,

a USGS based web application, was used to delineate watersheds and the National

Land Cover Database provii80 m resolution land use and impervious surface

coverdatd " St reamSt at s, 0 2Wdaelshed éhardRristegwee 202 2)

visualized with ArcMap 10.8.2.
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Table 11. Monitoring Site Characteristics

USGS monitoring site characteristics. The metro area, latitude, longitude, USGS site
number and monitoring duration are all listed. Rock Creek, Sligo Creek, Scotts Level
Brandh, Herring Run and Jones Falls were sampledd#kly by our lab group.

Accotink Creek data was obtained through the USGS gauge station present.

Study Metro Latitude Longitude [ USGS NLCD 2016 Monitoring
Site Area Site Impervious Duration

Number | Surface Cover

%

Rock D.C. 38°57'36.6" | 77°02'31.4" | 1648010 18.35 10/19/2017
Creek 6/23/2021
Sligo D.C. 38°59'10.4" | 77°00'17.5" | 1650800 | 27.19 10/4/2017-
Creek 6/23/2021
Scotts Baltimore | 39°21'41.7" | 76°45'42.3" | 1589290 | 22.24 10/4/2017-
Level 4/15/2021
Branch
Herring Baltimore | 39°19'04.7" | 76°33'18.5" | 1585219 | 32.76 10/26/2017F
Run 1/3/2019
Jones Baltimore | 39°17'02.8" | 76°36'13.1" | 1589485 | 21.28 11/1/2017-
Falls 11/6/2019
Accotink | Virginia 38°48'46" 77°13'43" | 1654000 | 23.4 2/5/2015-
Creek 1/1/2023

4.3.2Routine Monitoring & High Frequency Monitoring

Routine stream water grab samples were collectedvaedkly intervals beginning in
October 2017 and ending between 2019 and 202kl¢ 1). Samples were collected
directly into 125mL HDPE Nalgene acivashed sample bottl¢&alellaet al,

2021) For targeted winter storm event sampling, hourly samples were collected using
anautomated sampler (ISCO 3700) at Sligo Creek. The automated sampler was used
to collect samples before, during and slightly after snowstorm events. Every hour,

300 ml of water was collected and remained on ice (internal reservoir) until the storm
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subsidedand it was safe to retrieve the unit(G&glellaet al, 2021) Once collected,
samples were kept chilled on ice in the field or in a lab fridge kept at*CAugtil
analysigGalellaet al, 2021)

All sampling sites were located at USGS gauge stations equipped with high
frequency sensor measurements of discharge and specific conductdriicen(i)
(USGS NWIS, 2020)USGS monitoring stations utilize multiparameter datasondes
which take instantaneous measurements. Jones(ESIGS Gauge Station 1589485),
Herring Run (USGS Gauge Station 1585219), Rock Creek (USGS Gauge Station
1648010), Sligo Creek (USGS Gauge Station 1650800) and Scotts Level Branch
(USGS Gauge Station 1589290) were monitored continuously for discharged Q) a
specific conductance (SC), whereas Rock Creek was continuously monitored by
sensors for SC, Q, and NONO.' (USGS NWIS, 2020)Data from Accotink Creek
near Annandale, VA (USGS Gauge Station 1654000) wasuakxd in this study as
the NQ'/NO,' sensor at Rock Creek was discontinued in 2019. Accotink Creek was
continuously monitored by sensors for SC, Q, and MO, ' (USGS NWIS, 2020)
SC was reported in microsiemens per centimeter (uS/cm) at 25 °C. SC contact
sensors were temperature adjusted (to report at 25 °C) and accurate > 0.5 + 0.5% of
readings,0 N2 O®ibsetmal, 2012; Wagneet al, 2006) Temperature data
was collected using a thermistor with an accuracy of £0.1 °C. Q is measured to an
accuracy of the nearest 0.01 ft or 0.2% stage héightU SGS, 0 2 @tla8; Wagner
2006) Instantaneous measurements ofsNBIO, ', collectedvia a multiparameter

datasondéUSGS NWIS, 2020)
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4.3.4Water Quality Analyses

Once transported to the laboratory, water samples were immediately filtered
through an ashed Whatman @uicronglass fiber filter into labeled HDPE Nalgene
bottles(Galellaet al, 2021) Total dissolved nitrogen (TDN) was analyzed on a
Shimadzu total organic carbon analyzer (Shimadzu-M3TPH/CPN) total nitrogen
module, TNM1 using a chemiluminescenoethod(Galellaet al, 2021)

Calibration of the TO&/ was performed every run (max 80 samples) with a 5 point
calibration curve. Blanks were run and checked for accuracy (< 0.5) every fesam
(Galellaet al, 2021) Calibration (internal) standardss well as external check
standardswere used in instrument calibration to determine if results were within the

acceptable rangef + 20% of the true valu@salellaet al, 2021)

4.3.5Numerical Analysis and Plotting

MATLAB 2021b was used to generate hysteresis plots. SC in microsiemens
per centimeter at 268 was pbtted on the X axis. High frequency storm data collected
at Sligo Creek plotted TDN on the Y axis in milligrams per liter. Data collected at
Accotink Creek at the USGS monitoring site plottedsNIRO,' on the Y axis. Data
from Rock Creek was not used instlanalysis due to N§YNO,' sensor cessation in
2019. Four winter precipitation events from 202021 were used for hysteresis
analysis and a color scale was added to the data points in order to show the temporal
nature of the data. Blue data points evetken near the beginning of the precipitation
event and yellow data points were collected at the end. Hysteresis loops moving in a

clockwise direction indicated that N or N@ONO.' concentrations decreased with
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increasing SC over the course of the std@ounterclockwise hysteresis indicated
that N or NQ'/NO;' concentrations increased with increasing SC over the course of

the storm.

TDN and NQ'/NOZ' mass fluxes in kg/hwere calculated using the following

formula:

(TDN or NOs'/NOZ' concentration in mg/L) X (Q in CFS) X 28.3168 X 60 X 60 /

1,000,000

Where: 28.3168s liters per cubic foot
60is seconds per minute
60is minutes per hour

1,000,000s milligrams per kilogram
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4.4 Results

4.4.1Seasonal Trends in Routine Sampling Sites and USGS Data

Bi-weekly sampling data revealed the existence of distinct seasonal patterns in
streams draining afive watersheds in the Baltimore and Washington D.C. metro
areas. Sensor data from the USGS showed that winter road salting could regularly
increase SC by more than an order of magnitude over the course of several hours
(Table 12 Figure 15. Peaks in TDNconcentrations were also elevated during winter

months, coinciding with the peaks in S&gure 15.

Table 12. Snow Event Sampling Data

Snow event sampling conducted with an ISCO automated water sampler. Samples
were allcollected at Sligo Creek, proximal to USGS station 1650800 in the
Washington D.C. Metro Area.

Snow | Sampling Initiated | Sampling Cease/N (g i n S

Event Conductance
eS/ cm

1 3/1/2019 20:23 3/2/2019 19:23 |24 [902- 1730

2 12/16/2020 10:00 |12/18/2020 3:10| 33 {419-5130

3 1/25/2021 17:30 |1/26/2021 17:00| 48 | 682- 3850

4 1/31/2021 6:00 2/2/2021 5:00 |46 | 1330- 12500

All five routine sampling sites had positive relationships between specific
conductance and TDN concentrations over time. There were significant positive
linear relationships between specific conductance and TDN concentrations at Sligo

Creek and Scotts LeVvBranch. Jones Falls did not have statistically significant
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relationships between SC and TDN concentrations; this is probably because the site is
tidal, which results in highly variable SC readings throughout the year. There were
elevated TDN mass fluxeg Rock Creek during 2018, which are likely a result of

sewage leaks frequently reported in the éFemston, 2022)
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Figure 15. Peaks in TDN Associated with Peaks in Specific Conductance

Peaks in TDN associated with peaks in specific conductance. Rock Creek, Sligo
Creek, Herring Run, Scotts Level Bcdnand Jones Falls were monitored by bi
weekly sampling. Targeted storm sampling data is also included at Sligo Creek.
Concentration (mg/L) and flux kg/hr were calculated.

USGS data from Rock Creek and Accotfbieek also showed similar

positive relationships between SC andNRO,' (Figure 1§. Seasonal trends were
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most apparent when comparing mass fluxes of NN, with SC at Accotink Creek
(Figure 16. Peak SC was always associated with peak mass flufé@:0MNO,'
every winter from 2015 to 2021. Elevated hourly mass fluxes of TDN ant/NQy'
coincided with peaks in SC, which suggested that N concentrations were not

significantly diluted by increasing dischardggure 1516).
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Figure 16. NO3'/NO2' PeaksAssociated with Peaks in Specific Conductance

Peaks in N@&#/NO2? concentrations associated with peaks in specific conductance.
Concentrations of N§d/NO2¢ (mg/L) were measured by higrequency sensors at
Rock Crek and Accotink Creek and hourly fluxes (kg/hr) were calculated from
discharge and concentration data.
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4.4.2Targeted Storm Event Sampling of Winter Precipitation (Sligo Creek)

Analysis of high frequency sampling conducted during wiptecipitation
events illustrated two different trends in BIIO,' mobilization. When a winter
storm was dominated by solid precipitation (snow/sleet) and road salt applications
were consistent, concentrations of B0, decreased with increasing SC. For
example, during a snowstorm starting on 1/31/2024 KM®,' concentration dropped
from 2.35 mg/L at the start of the storm to 1.128 mg/L at theEgdre 17.
NO3'/NOZ' . However, hourly mass fluxes consistently increased with increased SC
throughout thesnowstorm event from 0.82 kg/hr when the storm started to 2.33 kg/hr
as the winter storm ceased. Peak SC reache
the snowstorm event. These observations are consistent across multiple different

snowstorms and at bo8ligo Creek and Accotink Creeki@jure 17.
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Sligo Creek Snow 2021
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Figure 17. Specific Conductance and Nutrient Trends During Storms

Specific conductance, TDN, NONO', and discharge trends during two
snowstorms at Sligo creek and Accotink Creek. Over the course of the storm,
concentration of TDN and NYNO;' was found to decrease while mass flux was
found to increase. TDN data was collected by targeted storm sarapting

NO3' /NO;' data was collected by high frequency sensor measurements.
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Interestingly, winter storms which began as snow and then shifted to ratofrain

snow events) have different trends. During a-@isnow event captured with

targeted storm sampljnat Sligo CreekHigure 18, SC quickly peaked at 5,000

eS/ cm then sharply decreased, as rain dilu
hours. As the rain transitioned back to sn
During this rainon-snow event, DN concentrations ros&ith increased SC from

0.49 mg/L to 1.29 mg/L, but hourly TDN fluxes decreased from 11.1 kg/hr to 2.1 as

SC rose.
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Sligo Creek Rain-on-snow 2020
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Figure 18. Trends During Rain-On-Snow Events

Specificconductance, TDN, N§YNO.', and discharge trends during two raim
snow storms at Sligo creek and Accotink Creek. Over the course of the storm,
concentration of TDN and NYNO;' was found to increase while mass flux was
found to decrease. TDN data wadlected by targeted storm sampling and

NO3' /NO;' data was collected by high frequency sensor measurements.
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4.4.3Hysteresis of Nitrogen Concentrations during Winter Snow Events

Hysteresis analyses of raom-snowvs.snow events revealed distinct gaitts
of TDN mobilization.Figure 19shows hysteresis loops from two snow events
(indicated with the snowflake symbol) and two raimsnow events (indicated with
the raindrop symbol). Counterclockwise hysteresis was observed for betimrain
snow events &ligo Creek (2019 and 2020), which indicated that TDN
concentrations decreased with increasing SC over time. Counterclockwise hysteresis
was observed for both snow events recorded at Sligo Creek (2021), which indicated
that TDN concentrations increasediwincreasing SC over time. As expected,
results were consistent with those at nearby Accotink Creek, where USGS sensors
also measured higliequency NG@ /NOZ' concentrations. Clockwise hysteresis was
observed during both raion-snow events and countesckwise hysteresis was
observed during both snowstorms. The 2020-oasnow event at Accotink Creek is

unique, as it had both a clockwise and counterclockwise loop present.
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Figure 19. Hysteresis Analysis

Hysteresis loops for snow and rain-snow events at Sligo Creek and Accotink Creek. Sligo
Creek data recorded TDN concentrations from targeted storm sampling measurements and
Accotink data recorded N€YNO,? concentrations from higfrequency sensor

measurements. Corresponding hfggquency sensor data for M@NO,® from Rock Creek
during the same time period was not available due tg M, sensor cessation at that
location in 2019. Clockwise loops occuttrduring snow events and counterclockwise loops
occurred during rain on snow events at both sites. Snowflake symbols denote a snow only
precipitation event, raindrop symbols denote a-casnow event.
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4.4.4Plateaus in N Concentrations over Tichging Road Salt Events

Data from routine and targeted snow event monitoring at Sligo Ciregkré 20

showed a positive relationship between SC and TDN. The increasing trend between

SC and TDN was present wuntil ~ 2,000 €S/ cm
similar pattern was also observed using USGS data from Rock Creek and Accotink

Creek, where a posit correlation between SC and BN@NO,' concentrations were
observed until a pl atFiguwek). 8dasonraltrendOafe0 € S/ cm
shown for Rock Creek and Accotink Creel box and whisker plots. Points above

the upper quartile marked in reow elevated SC present during the winter months

of December through March. Elevated MO’ is also present during the same

timeframe of December through March at both Rock Creek and Accotink Creek

(Figure 2.
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Sligo Creek Plateaus in Mobilizaton
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Figure 20. Specific Conductance Plateaus at Sligo Creek

Specific conductance at Sligo Creek. Regulawveekly sampling is plotted in blue
circles and targeted winter storm event sampling is plotted in green diamonds. A
plateau in mobilization is notable at ~2,q0®/cm where concentrations of TDN stop
increasing with increases in specific conductance.
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Rock Creek Plateaus in Mobilization
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Figure 21. Specific Conductance Plateaus at Rock Creek and Accotink Creek

Figure 21. Specific conductance is plotted agains®™\002* corcentration (mg/L)

for Rock Creek and Accotink Creek from higlequency sensor measurements. Data
from Rock Creek and Accotink Creek both show distinctive plateaus il/NO*
mobilization at ~1,000 uS/cm. Boxplots show monthly data for both sites wbtre b
NOs*/NO2* and specific conductance peak during the winter and reach a minimum in
the autumn.
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4.5 Discussion

Our results suggest that FSS can alter the concentrations and fluxes of N
transported from urban watersheds. Many studies have evaluated other causes of
elevated N transport from watersheds related to atmospheric deposition, land use,
management, and othkctors(Groffmanet al, 2004;Howarth and Marino, 2006;

Ki ns man eCa, 2022 Mdyeet al, 2010) Our work also suggests that
relationships between TDN / NO/NO,' concentrations and specific conductance
can reveal unique insights into N cycling and transport for uebaivonments. When
targeted winter storm event data and Higiguency sensor data are analyzed (along
with routine monitoring data throughout the year), a distinct pattern emerges; there
are plateaus in nitrogen concentrations at the highest levelsadficpenductance.

Up to a certain threshold, the effects of FSS in urban catchments act to elevate both
TDN and NQ'/NO7' concentration as well as hourly mass fluxes. This was observed
as seasonal pulsdsigure 153, 8) during and after winter storm ev®iFigure 17

3.5. Complex biogeochemical interactions can ocainichdrive mobilization,
transport, and retention of nitroge@verall there were clear patterns in winter

pulses of nitrogen concentrations and fluxes in this study, which suggest the
importance of reconsidering the importance of water quality monitoring and

management during winter months.
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451FSS and Mobilization of TDN and NO3T/ NO21

At routine sampling sites, TDN and NONO;' concentrations and hourly
mass fluxes increased throughout the winter, especially coinciding with winter
precipitation events and associated peaks inFgglife 153). Statistically significant
linear relationships between SC and TDN were most apparghgatcreek, where
targeted winter storm event sampling was conducted; this highlights the importance
of integrating storm event or highequency temporal sampling in monitoring
programs, although this data is often difficult to collect. Average houabsrfiuxes
observed at Sligo Creek during routine sampling were 0.8 kg/hr and peaked at 2.5
kg/hr. Targeted winter storm event sampling at Sligo Creek during the 2019 snow
event captured hourly TDN mass fluxes reaching a maximum of 17.6 kg/hr (within a
onehour of peak SC (2050 €S/ cm). Positive ¢
observed at Rock Creek, Scotts Level Branch and Herring Run. Data from USGS
continuous monitoring sensors showed seasonal patternssiiNGZ mobilization,
with peaks in N@/NO' concentrations and hourly mass fluxes, which coincided

with peaks in specific conductandédure 1516).

Many previous studies have characterized seasonal patterns in nitrogen
concentrations in streams. For example, studies from different regronghiout the
U.S. have shown that nitrate (MQand total dissolved nitrogen peak during winter
months, when biological activity is lowggtohnson and Stets, 2020; isaal and
Lewis, 2005) However, there are exceptions where stream N concentrations can peak

during summer months in some watersheds in warmer regions due to increasing
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organic matter decomposition, N mineralization, aitdfication (Brookshireet al,
2011; Swank and Vose, 199 the Chesapeake Bay wethed, Testa et al. 2018,
proposes that there are seasonal cycles to nitrogen loads throughout the year. In
spring and early summer there are highsN@H,", and particulate nitrogen inputs, a
bloom of phytoplankton during the spring and oxygen depletmhNH;*
accumulation in the summéFestaet al, 2018) In late summer and autumn
phytoplankton production is reduced and vertical mixing of water columns resumes,
replenishing dissolved oxygen and increasing nitrification. This process may explain
some of the seasonal cycling observed in this sthidyre 15 3, 8) but peaks
associated with road salting events and positive correlations between specific
conductance and NJINO;' mobilization show that FSS can play a role in nitrogen
cycling and transport.

Ourwatershed monitoringesults are condisnt with previous laboratory
studies that show that salinization can alter N concentrations in soils, streams, and
wetlandg(Duan and Kaushal, 2015; Greetal, 2008a; Hale and Groffman, 2006;
Haqget al, 2018) Lab based incubation analysis on samples collected from the DC
and Baltimore metro areas showed increasing mobilization of TDN with increasing
salinity at 75% of the sites sampl@daget al, 2018) Suburban and urban sites
located in the Gwynns Falls watershed showed positive linear relationships with
increasing salinization (Supplemenkadure4.1) (Haget al, 2018) In addition,
impervious surface cover and urban land use have also been linked to total Kjeldahl
nitrogen (TKN) mobilizationn laboratory salinization experimenKN increased

in concentrationn laboratory incubationgs salinity increased at all sites studied
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(forested, agricultural, suburban and urban), with the greatest degree of mobilization
recorded at urban sit¢Puan and Kaushal, 2015)he same trend occurred when
mobilizationin laboratory salinization incubatiomgasplottedover watershed
percent impervious surface cover (% ISC}aasl of using land use classifications.
Significant positive relationships were discovered between % ISC and TKN
concentratior{fDuan and Kaushal, 2015Finally, there were variable responses in N
mobilization in salinization experiments in stormwater Best Management Practices
(BMPs), but there was limited data compared to previous studies. Overall, laboratory
results fromsalinization experiments are consistent with observations of increased
concentrations and fluxes of N in watersheds of this study, but results may be
complicated based on hydrology, soil characteristics, and land use.

Mobilization of N and N@/NO7' is thought to be driven chemically by a
combination of ion exchang&achurinaet al, 2000; Shuman and Duncan, 1990)
and sodium dispersidiCompton and Church, 2011; Duckworth and Cresser, 1991;
Greenet al, 2008aKim and Koretsky, 2011)Cation exchange has also been shown
to mobilize NH" from soils and sediments into solutiifinsma n Coedl,e |l | o
2022) Biological factors like cell lysis due to rapidly changing osmotic stress and
ion-specific toxicity may also contribute additional N loading during acute road
salting events(Kaushal, Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak,
Doody, Pennino, Bailey, Galella, \WMgrad, Collison, Wood, Haq, Newcormer
Johnsonet al, 2022, Ki ne$ah2022) The sateseof nhicoobial
processes which control nitrogen transformation may also be affected by elevated

salinities associated with FSS, increasing leaching@f ftom impacted waterways
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(Greenet al, 2008a) Some microbial communities in wateesls may become
adapted to elevated salinities however, lessening the cell lysis associated with high
osmotic stresfHale and Groffman, 2006However, more work is hecessary to

investigate the effects of irgased salinization on microbial N cycling.

4.5.2High Temporal Freqguency Sampling and Storm Hysteresis

Different types of winter precipitation can affect TDN andsNRO,'
mobility in urban catchments. High frequency sampling at Sligo Creek and Accotink
Creek showed that during solid precipitation events, TDN ang/NO,'
concentrations decreased (clockwise hysteresis) while mass flux increased over time
(Figure 164). The opposite trends were found during-@wsnow events, where N
and NQ'/NOZ' concentrations increased (counterclockwise hysteresis) while mass
flux decreased over time.

During rairon-snow events, at the point of transition from snow to rain,
hourly mass fluxes of TDN and NGNO;' were significantly higher than at any
other pont during the storm. These peaks were captured by botHeighency
monitoring by sensors and targeted storm sampling. Initial N mobilization by elevated
SC, followed by elevated discharge caused mass fluxes to briefly reach 47 kg/hr
NO3'/NOZ' at Accotirk Creek Figure 1§. Similar conditions have been recorded in
rural forested catchments in Ontario, Canada. During individuabrasnow events,
as much as 40% of the annual N®xport from the catchment could be mobilized
(Eimerset al, 2007) These significant N§ pulses were often flawed by

depressed pH and alkalinifgimerset al,, 2007)
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After the transition from snow to rain, decreasing specific conductance
associated with rainfall may limit the mobilization of TDN into the water coluian
hydrologic dilution,diminished base cation exchange, or decreased osstrass on
microbial cell membranggiagetal, 2018 ; Ki netah2022; Canghdne | | o
et al, 2017) We speculate that increased N nfasswith increased SC during
snow events may be a result of freshwater and saltwater mixing in the hyporheic zone
and mobilization of N from transient storage zones. When a high density gradient is
present (saline water mixing with freshwater), the mixgffgciency and reaction area
increase, which can elevate Bi@roduction from lysis of microbial cells,
ammonification and nitrification, and subsequent transpdienget al, 2021)

However, further research is necessary to determine why N fluxes and concentrations

increase due to hydrological and physical and biological mechanisms.

4.5.3Plateaus ifN Concentrations over Time during Road Salt Events

When plotted against SC, TDN and BIOO,' concentrations have a positive
relationship until they reach a plateau. T
for NO3'/NO;' concentrationsRigure2) and c¢cl oser to 2,000 &S/ c
concentrationsHigure 20. Thresholds in N species mobilizatibyp FSS are thought

to be caused by the cation exchange capacity (CEC) of the sediments present at these
catchments (Sligo Creek, Rock Creek and Accotink Creek). Similar CEC limits were

found when examining major and trace element mobilization at urbamveaber

BMPs(Galellaet al, 2023) Plateaus in N mobilization were algbservedn

salinization incubation experiments in Hag et 2018. Once a cation like Nhas
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mobilized positively charged species like NHrom all exchange sites available on

sediment colloids, the concentration can no longer inci@szkworth and Cresser,

1991; Kim and Koretsky, 2011Thresholds in N and NdYNO,' mobilization can

also be influenced by biological mechanisms. Recent studies have suggested that over
decades of exposure to F®8crobial communities may become adapted to the high

osmotic stress of episodic FSS due to road salting, leading to reduced cell lysis and N
dispersion at high salinitidsHal e and Gr of f man,etd,006; Kinsm
2022) These biological factors may also play a role in determining the limits of the

plateaus observed.

4.6 Winter Water Quality Implications and Conclusions

Many urban water qualitynonitoring programs mainly study baseflow and
targeted rainstorms during fall, summer, and sprihismears thatmany important
N transport events can be missed during winter snowstorms and episodic road salting
in some urban watersheddost literature regarding N mobilization focuses on
mobilization during rain events but research during the winter months ie i<atly
et al, 2019; Mihirangaet al, 2021) More work needs to be done in order apttire
more detailed snow event data and thus better understand winter N fluxes and cycling
in urban watershed®rookset al, 1997, 1998)Increased fluxes of nitrogen to
sensitive, and potentially eutrophic, receiving waters during times of colder
temperatures and loweiological uptake could influence downstream transport
distancegTestaet al, 2018) Increased salinization could also negatively impact the

function of any stream restorations present in the affected catchments, as nutrient
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retention is usually a stated goal of their construdi@operet al, 2014; Kaushal,
Reimer, Mayer, Shatkay, Maas, Nguyen, Boger, Yaculak, Doody, Pennino, Bailey,
Galella, Weingrad, Collison, Wood, Haqg, Newcordehnsonet al, 2022)
Increasedvinter monitoringmay benecessary to help manage TDN
mobilization from FSSn some urban watershedss there is limited literature on the
subject, more data on seasonal trends as well as spatial dynamics of mobilization is
needed. High resolution spatial and temporal datapgcially important, as certain
trends in mobilization are only exposed by
resolution) Figure 20. Debris dams and other sources of organic matter may act as a
sink for NO31T, but micr ombnayadke timetmadaphto t i es r
the highly saline environments and the associated osmotic stress present in urban
streamgHale and Groffman, 2006)n the long term, searching for alternatives to
NacCl road saltould help alleviate the situation, but it is unclear if Ga€iMgChk
are less harmful at this tinfelale and Groffman, 2006LaC} is more efficient at
melting snow and ice than other deicers, so lesbearsed; however, more research

is needed to determine if it would be a suitable alterné®adellaet al, 2023)
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Chapt@andl:usi ons and Future Work

5.1 Key Conclusions

FSS and associated chemical cocktails are pervasive in urban watersheds
throughout the year. Chronic salinization of groundwater combined with nonpoint

pollution from leaky wastewater pipes, atering of concrete, and the application of

3

fertilizers leads to |l oosely cofendated HAsu
base cations (NaK*, and Md@"). During winter road saltingvents however, when
specific conductance can increase by twemf magnitude in a matter of hours,
processes including base cation exchange, the mobile anion effect; chloro
compl exation, and high osmotic stress rele
metals (Mn, Cu, $t), base cations (NaC&*, Mg?*, K*), nutrients (TDN), and
organiccarbon(DOC).
Some chemical constituents of these chemical cocktails like Mn, and Cu have
nearly linear response curves with increasing specific conductance, allowing for
robust proxies to be developed. The USGS alone momt@nrsl,000 streams in the
United States for specific conductance -dt%minute intervals, allowing for these
proxies to be used for reaine monitoring of estimated metal loads across the
country. With Mn being a known neurotoxin in humans and Cu beiogi@ant to
aguatic fauna, monitoring their concentrations is of paramount importance to the
health and safety of urban streams.
Stormwater BMPs which are often designed to improve urban watershed

health by reducing peak discharge, retaining contaminants, and encouraging
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groundwater recharge. Acute FSS can turn stormwater BMPs from contaminant sinks
to contaminant sources alsemicé cocktails of metals (Mn, Cu, 3), base cations
(Na", Ca&*, Mg?*, K", nutrients (TDN), and organ@arbon(DOC) become
mobilized. Increasing salt concentrations of NaCl, Gagt MgC} mobilized
statistically significantly (pralue <0.05) higher conngations of B, B4, C&*, Cu,
K*, Mg?*, Mn, Na, St*, DIC, and DOCSalt type showed preferential mobilization of
certain elements. NaCl mobilized Cu, at rates over an order of magnitude greater than
both CaCjand MgCh and CaCI mobilized Sf* at rates over double that of NaCl or
MgCl. incubationsStormwater BMP type also had a significant effect on elemental
mobilization, with ponds mobilizing significantly more Mn than other sites.
Stormwater BMP age may also play a factohvaignificantly more salt being
retained in bioswale sites which were more than a decade younger than the other sites
sampled.

More indepth study of nutrient mobilization during road salting events
showed thatirban streams had elevated concentratiéHN andNOs / NOy
which peaked during and afteinter road salt events, and then declined. | found
significant linear relationships between TDN concentrations anith §@ltiple urban
watershedsHourly mass fluxes of TDN in streams were also fourfaetelevated
during winter months with peaks coinciding with road salting events. Targeted winter
snow event sampling and higlequency sensor data suggested plateabi©n/
NO2 and TDN concentrations at the highest peak levels of SC during roadesais
bet ween 1,000 and 2,000 €S/ cm, which possi

after extraction and mobilization of watershed nitrogen reservoirs by road salt ions.
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As the effects of climate change continue to progress average temperatures
may ircrease but so will the incidence of extreme weather events. Increased
evaporation from warmer temperatures coupled with the increased occurrence of
strong tropospheric polar vortex events could lead to more severe winter storms and
associated road salt userolonged periods of drought could also concentrate and
intensify the summer chemical cocktails described above as there will be diminished
rainfall to dilute them.

The use of alternative deicers should be explored to help diminish the effects
of acue FSS. NaCl is the most prevalent deicer used as it is the mosffeative
option. When environmental costs are considered however, options like brines
become more appealing. Similar deicing effects can be achieved when using brines
(pickle, beet, etg.while only introducing a fraction of the salt into urban watersheds.
Alternate deicers like Cagand MgCh also offer improved ice melting capacity with
reduced mobilization of Cu when compared to NaCl. Cu is a potent aquatic toxicant
to many freshwatespecies and its reduction would help to improve the overall health
of urban streams affected by FSS. The use of sand or grit should also be investigated
but their overuse can have other detrimental effects to urban stream sediment.

Regulating deicer usaill likely be a difficult task as it is a zersum game.

You are trading health and safety of roadways for health and safety of urban
watersheds and potentially drinking water supplies. The proliferation of
telecommuting may be a potential avenue foul&ipn to probe as it has been a
useful stopgap during COVID lockdowns both for education and business. As

groundwater salinity increases year after year in the DC and Baltimore metro area it
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looks as if deicer use will have to inevitably be regulatetti®itiming of

implementation is still unknown.

5.2 Future Work

Though every effort was made to conduct complete and comprehensive
studies, there are areas which should be investigated in future research. Chemical
cocktail mobilization from brine usaghould be investigated and compared to
mobilization triggered by NaCl, Cagnd MgCh. Many brines like beet brine for
example contain organic matter and potential nutrients which may affect urban stream
chemistry and contaminant retention / mobilizatibhey may also enter stream
ecosystems more quickly as they are already liquid and dissolution time is not a
factor.

Morphological features of sediments should be further investigated, including
Fe-Mn concretions and nodules. As there was a temporaf @efn mobilization
after peak salinization (noted in chapter 1), the behavior these nodules may provide
further insight into the effects of changing redox conditions and possible influence of
groundwater on the formation of chemical cocktails. More pesevaluation of
sediment particle size and organic matter content could help describe what is driving
the significant differences observed between stormwater BMP sites in chapter 2.

Data regarding salt application from the Maryland Department Of
Transpotation (MDOT) and District Department of Transportation (DDOT) would
be extremely beneficial to future studies.
account for nofpoint source pollution from individuals salting their driveways or

paths it would represéa good starting point for tracking salt inputs and monitoring
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movement throughout the environment. Efforts were made to obtain this information

for more than a year but the data was never provided.

53Thi ngs | 6ve | earned dursiuderfatbhyyhD t enur e as

Never underestimate the power of nature or people to interfere with field
work. Always assume there will be a flood which will wash away instruments
downstream and always securely tie them to a nearby tree. Always attach labels
inferring that a research site is under video surveillance even if this is not the case.
| 6ve | ost an equal number of samMpyloes to
engage with the public when they seem interested in your work (particularly when in
the field) You would be surprised how many people are interested in your research
especially when it has potential implications for their health and safety. Neveret nay

sayerkeep you downas longyou keep getting back wpey never will
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Appendi ces

Chapter 2 Supplementary Materials

Supplemental Table 2.1Statistics for linear regressions found in Figure 4. Percent
impervious surface cover is abbreviated as %ISC. This was completed to provide
further details and only significant relatidmgs were discussed in the manuscript.

Sligo Creek Synoptic Survey

Analyte | Slope of P value (Analyte| R Analyte / SC) | Slope
relationship |/ % ISC)

ca* Positive 0.0008 0.62 1.916

Na' Positive 0.01 0.44 2.387

Mg?* Positive 0.01 0.41 0.440

K* Positive 0.01 0.45 0.191

DIC Positive 0.46 0.05 0.198
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Discharge cfs

Supplemental Figure 2.1Stream discharge from study sites over the same sample
collection period as in Figurei US GS NHigheSdistharge is usually

observed in these streams during summer storms in this region with typically smaller
precipitation events occurring over the winters.

Rock Creek Herrina Run
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