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Human-dominated land uses can increase transport of major ions in streams due to the combination of
human-accelerated weathering and anthropogenic salts. Calcium, magnesium, sodium, alkalinity, and
hardness significantly increased in the drinking water supply for Baltimore, Maryland over almost 50
years (p < 0.05) coinciding with regional urbanization. Across a nearby land use gradient at the Baltimore
Long-Term Ecological Research (LTER) site, there were significant increases in concentrations of dissolved
inorganic carbon (DIC), Ca®*, Mg?*, Na*, SO, Si, and pH with increasing impervious surfaces in 9
streams monitored bi-weekly over a 3—4 year period (p < 0.05). Base cations in urban streams were up to
60 times greater than forest and agricultural streams, and elemental ratios suggested road salt and
carbonate weathering from impervious surfaces as potential sources. Laboratory weathering experi-
ments with concrete also indicated that impervious surfaces increased pH and DIC with potential to
alkalinize urban waters. Ratios of Na* and Cl~ suggested that there was enhanced ion exchange in the
watersheds from road salts, which could mobilize other base cations from soils to streams. There were
significant relationships between Ca®*, Mg?*, Na*, and K* concentrations and Cl~, SO5, NO3 and DIC
across land use (p < 0.05), which suggested tight coupling of geochemical cycles. Finally, concentrations
of Ca®*, Mg?*, DIC, and pH significantly increased with distance downstream (p < 0.05) along a stream
network draining 170 km? of the Baltimore LTER site contributing to river alkalinization. Our results
suggest that urbanization can dramatically increase major ions, ionic strength, and pH over decades from
headwaters to coastal zones, which can impact integrity of aquatic life, infrastructure, drinking water,
and coastal ocean alkalinization.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Human-dominated land use is increasing rapidly on a global
level (Foley et al., 2005; Grimm et al., 2008) with major impacts on
water quality in streams and rivers across time and space (e.g.
Walsh et al., 2005; Lyons and Harmon, 2012; Kaushal et al., 2014;
Chambers et al., 2016). A growing number of studies suggest that
dissolved inorganic carbon (DIC) and base cations can be
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significantly elevated in streams and rivers draining human-
dominated watersheds compared with forested watersheds (e.g.,
Daniel et al., 2002; Baker et al., 2008; Peters, 2009; Barnes and
Raymond, 2009; Aquilina et al.,, 2012; Kaushal et al.,, 2013). In
addition, DIC and calcium concentrations in streams throughout
the Eastern U.S. have shown increasing trends over time (Raymond
et al,, 2008; Kaushal et al., 2013). These geographic regions include
urbanized watersheds, which sometimes drain minimal or no
natural carbonate lithology (Kaushal et al., 2013, 2015). However,
relatively little work has evaluated: (1) long-term changes in con-
centrations of different base cations in urban watersheds over
decadal scales, (2) the effects of land use on multiple weathering
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products and coupling with acid/base chemistry, and (3) the im-
pacts of urbanization on salinization and alkalinization over spatial
scales ranging from small headwater streams to coastal waters.
Furthermore, potential sources of DIC and base cations in urban
streams are still poorly understood relative to sodium chloride
pollution from road salts and nutrient pollution (Kaushal et al.,
2005; Corsi et al., 2010; Daley et al., 2009). A more holistic under-
standing of coupled changes in transport of DIC, base cations, silica,
and pH from watersheds across land use has environmental im-
plications relevant to drinking water quality, biodiversity,
ecosystem primary production, and the coastal carbon cycle (e.g.,
Kaushal, 2016; Canedo-Arguelles et al., 2016; Clements and Kotalik,
2016).

Human activities have increased the flux of carbon from land to
ocean primarily via rivers by 1 Pg/yr since preindustrial times
(Regnier et al., 2013), and carbon fluxes are usually dominated by
dissolved inorganic carbon from weathering and anthropogenic
inputs (Cole et al., 2007; Stets and Striegl, 2012; Kaushal et al.,
2013). Human activities such as urbanization can not only in-
crease transport of DIC but also increase other base cations, and
silica in streams (Williams et al., 2005; Peters, 2009; Bhatt et al.,
2014. Carey and Fulweiler, 2012). However, many questions still
remain. For example, urbanization increases DIC concentrations,
but the sources of DIC are still poorly understood (e.g., Daniel et al.,
2002; Baker et al., 2008; Barnes and Raymond, 2009; Prasad et al.,
2013; Smith and Kaushal, 2015). Similarly, base cations and silica
concentrations are elevated in urbanized streams compared to
forested streams, but abiotic vs. biotic mechanisms are still poorly
understood (Williams et al., 2005; Peters, 2009; Bhatt et al., 2014).
Finally, there are questions regarding whether geochemical cycles
can be coupled in urban watersheds due to similarities in sources
and transport. Sometimes, land use has the potential to be more
important than natural lithology in controlling transport of major
ions in urban watersheds, but temporal and spatial trends, sources,
and coupling of different geochemical cycles warrant further
investigation (Carey and Fulweiler, 2012; Bhatt et al., 2014).

There are several abiotic and biotic processes, which can
contribute to increased major ions in urban streams compared with
forested streams. These potential mechanisms include chemical
weathering, road salts, sewage inputs, and decreased biological
uptake by vegetation (Baker et al., 2008; Barnes and Raymond,
2009; Peters, 2009; Carey and Fulweiler, 2012; Connor et al., 2014
Kaushal et al., 2015). Disturbance of soils during construction can
bring bedrock materials to the surface, where they are available for
chemical weathering reactions and alkalinization of water chem-
istry releasing base cations (Siver et al., 1996). Chemical weathering
of carbonate rich urban infrastructure can also be a potential source
of DIC, Ca®*, Mg?*, and other major ions to streams and contributes
to a distinct urban lithology known as the “urban karst” (sensu
Kaushal et al., 2014, Kaushal et al. 2015). The dissolution of the
urban karst as a result of urban construction (e.g., bridges, engi-
neered river banks, buildings, drainage infrastructure, and pave-
ment on road and parking lots) can influence salinity, major ions,
and alkalinity (Conway, 2007; Davies et al., 2010; Kaushal et al.,
2014). Carbonates present within urban impervious surfaces such
as concrete may be directly dissolved by sulfuric and nitric acids
from acidic precipitation and also may be coupled to NO3 and SOF
sources and transport in streams, but these phenomena have been
less well explored. Road salts can also be direct sources of base
cations and other anions including SO7" in streams. In addition, ion
exchange reactions in response to salinization from road salts can
also be an important component of chemical weathering in soils
and contribute to coupling of release of base cations and anions
from exchange sites (Shanley, 1994). Alternatively, oxidation of
organic matter from wastewater and remineralization of organic

matter from algal and terrestrial sources can also provide signifi-
cant inputs of DIC, Si, K™, and other major ions to streams (Williams
et al., 2005; Prasad et al., 2013; Smith and Kaushal, 2015; Bhatt
et al, 2014). Thus, there is a need to better identify potential
sources of major ions in addition to their spatial and temporal
patterns in urban watersheds.

Increased concentrations of dissolved inorganic carbon, base
cations, and silica in streams have implications for water quality
from regional to local scales (Kaushal et al., 2013; Kaushal, 2016).
For example, DIC transported from minimally disturbed water-
sheds is mainly derived from chemical weathering of rocks and
organic matter oxidation (Berner et al., 1983; Hope et al., 1994).
Although some DIC is released to the atmosphere, a considerable
fraction of sequestrated CO, can be stored globally in the form of
DIC in fresh and marine waters (Cole et al., 2007). From the
perspective of water quality, increased DIC and silica concentra-
tions can enhance eutrophication in aquatic ecosystems (Tobias
and Boehlke, 2011; Boyd et al., 2016) because they can be rapidly
assimilated by algae, particularly in nutrient-rich aquatic ecosys-
tems. Calcium and magnesium further influence water hardness,
toxicity of metals, and can impact pH and aquatic life (Boyd et al.,
2016). Dissolved salts can corrode piped infrastructure, compli-
cate drinking water treatment, and can decrease drinking water
safety (Kaushal, 2016). Increased DIC and base cations contribute to
increased buffering capacity, and may counteract acidification in
freshwater and coastal waters (Johnson et al., 1994; Kaushal et al.,
2013; Pfister et al., 2014). An improved understanding of changes
in concentrations and sources of different major ions in watersheds
across land use is currently needed to better inform watershed
management across time and space.

Here, we explore how watershed land use can enhance trans-
port of DIC, other major ions (calcium, magnesium, sodium, po-
tassium), and silica due to the synergistic effects of: (1) an
abundance of materials that can be easily weathered in the built
environment (e.g. cement infrastructure); (2) widespread exposure
of carbonates in the built environment to acidification in response
to precipitation; and (3) road salt inputs and ion exchange, and
sewage inputs. In the current paper, we explored the following two
hypotheses: (1) urbanization significantly increases concentrations
of DIC and major ions (Ca?*, Mg?*, K*, Na™, Si) in streams and rivers
over time and space and (2) accelerated weathering of impervious
surfaces has the potential to increase DIC and pH of urban waters.
Firstly, we documented long-term increasing trends in weathering
products including alkalinity, hardness, magnesium, and sodium in
the drinking water supply of Baltimore, Maryland, USA. Secondly,
we analyzed concentrations of weathering products across a land-
use gradient to explore drivers of these long-term trends. Thirdly,
we analyzed longitudinal concentrations of weathering products
and pH from headwaters to coastal waters to better understand
downstream impacts. Finally, we investigated the potential for
weathering of impervious surfaces to influence water quality in
these watersheds using both laboratory experiments and elemental
ratios in stream water over 3—4 years of sampling. An improved
understanding of the role of land use and weathering of the built
environment on stream chemistry is critical for understanding the
evolution of urban geochemical and biogeochemical cycles over
time scales ranging from days to decades (Kaushal et al., 2014,
2015). Ultimately, human-accelerated weathering and road salts
should be considered in reducing nonpoint sources of pollution,
which can alter major ions, pH, hardness, and alkalinity in receiving
waters.
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2. Methods
2.1. Study sites

2.1.1. Drinking water supply on the Patapsco River

Long-term chemistry of Baltimore's drinking water was ob-
tained and analyzed from the Ashburton Treatment Plant in Balti-
more, MD, which receives water from Liberty Reservoir on the
North Branch of the Patapsco River. Liberty Reservoir drains
approximately 42,476 ha (Koterba et al., 2011). The watershed is
located in the Piedmont Plateau Physiographic Province and drains
gentle to steep slopes, low hills, and ridges. The underlying lithol-
ogy is crystalline igneous and metamorphic rocks of volcanic origin
consisting of schist and gneiss (Maryland Department of Natural
Resources, 2002). Major land uses are agriculture (43 percent),
forest (32 percent), and developed land (22 percent) (Maryland
Department of Planning, 2000). Long-term data on drinking wa-
ter chemistry at the Ashburton Treatment Plant spanned from
January 1964 to December 2008, and samples were analyzed at a
monthly frequency for sodium, calcium, magnesium, alkalinity, and
hardness. Detailed methods and QA/QC information regarding
Baltimore's drinking water quality testing program can be found
elsewhere (Koterba et al., 2011). Alkalinity and hardness were
analyzed using standard methods and base cations were analyzed
using atomic absorption spectrophotometry and duplicates and
spikes were conducted to ensure precision and accuracy for
drinking water (Koterba et al., 2011).

2.1.2. Baltimore Long-Term Ecological Research site

The Gwynns Falls is the main focal watershed of the Baltimore
Long-Term Ecological Research (LTER) site. The Gwynns Falls
watershed (76°30’, 39°15’) is a tributary of the North Branch of the
Patapsco River, and it is located predominantly within the Pied-
mont physiographic province in Baltimore County and Baltimore
City, Maryland. Much previous work has focused on characterizing
the hydrology and biogeochemistry of the Gwynns Falls (e.g.,
Groffman et al., 2004; Kaushal et al., 2005, 2008; Shields et al.,
2008; Duan et al,, 2012). The watershed drains a total area of
17,150 ha and flows to the Northwest Branch of the Patapsco River,
which then flows into the Chesapeake Bay. The spatial land use
distributions of the study area show a clear rural-urban land use
gradient, from forest/low-density-residential in the nearby refer-
ence sites, suburban/agricultural in upper Gwynns Falls, to urban in
lower Gwynns Falls (Fig. 1; Table 1; Supporting Information).
Impervious surface cover follows the rural-urban gradient and in-
creases from ~0—0.3% in the reference watershed, ~10—22% in
upper subwatersheds to ~26—56% in the lower subwatersheds
(Table 1; Supporting Information). There are no point-source dis-
charges (e.g. domestic or industrial waste water) in the study rea-
ches of the Gwynns Falls watershed, but nonpoint source N
pollution from aging sanitary infrastructure has been shown to be
important (Kaushal et al., 2011).

The geology of the Baltimore LTER site is characterized by gentle
to steep rolling topography, low hills and ridges characteristic of the
Piedmont Plateau Physiographic Province. Crystalline rocks of
igneous or metamorphic origin characterize the surface geology.
Precambrian schist and gneiss are in the upper watershed in Bal-
timore County, and Paleozoic basic/granitic igneous rocks are in the
lower watershed in Baltimore City (Fig. 1). These changes in surfi-
cial geology also follow an increase in impervious surface cover in
the upper watershed in Baltimore County to the lower watershed in
Baltimore City (Supporting Information). Little to no carbonate rock
is found in the study area. These crystalline formations decrease in
elevation from northwest to southeast and eventually extend
beneath the younger sediments of the Coastal Plain. The Gwynns

Falls watershed lies predominantly in the Baile and Lehigh soil
series.

2.1.3. Routine stream sampling of major ions and weathering
products

The Baltimore Ecosystem Study (BES) LTER project has collected
data on weekly water chemistry in the Gwynns Falls and a nearby
reference watershed since 1998 (e.g. Groffman et al., 2004; Kaushal
et al., 2005, 2008, 2011; Duan et al., 2012). Samples are collected
from 4 longitudinal sites along the main channel of the Gwynns
Falls, 2 medium-sized mixed land-use watersheds, and 3 small
watersheds with relatively homogeneous land use, including an
agricultural reference watershed, MCDN (Table 1). All sites were
located in the Gwynns Falls watershed, except Pond Branch, the
completely forested reference watershed, and Baisman Run (a
mostly forested low-density residential watershed), which were
both in the adjacent Gunpowder River watershed. The BES LTER site
includes long-term streamflow information for all of the following
U.S. Geological Survey (USGS) stream gauges, where data is avail-
able online: POBR (USGS 01583570), BARN (USGS 01583580),
MCDN (USGS 01589238), DRKR (USGS 01589330), GFGL (USGS
01589180), GFGB (USGS 01589197), GFVN (USGS 01589300), and
GFCP (USGS 01589352). Further descriptions of land use and maps
with watershed boundaries for the Baltimore LTER site can be
found at: http://www.beslter.org/frame4-page_3f_05.html.

2.14. Longitudinal synoptic stream sampling of major ions and
weathering products

Synoptic surveys of stream chemistry along the urban water-
shed continuum of the Gwynns Falls have been described previ-
ously (Sivirichi et al., 2011; Kaushal and Belt, 2012; Kaushal et al.,
2014; Newcomer Johnson et al., 2014). Sites were typically
sampled during baseflow conditions. Longitudinal synoptic sam-
pling for base cations occurred during 3 seasons (March 2008, July
2008, and October 2008) to investigate longitudinal variations in
concentrations of Ca>* and Mg?*. Longitudinal synoptic sampling
for DIC and pH occurred during October 2013. The synoptic sam-
pling typically occurred over 1-2 days at baseflow (there were a
few storm events) (Kaushal et al., 2014). We sampled synoptic lo-
cations along the entire length of the Gwynns Falls watershed from
headwaters to outflow. Specific sampling locations of the synoptic
sites for the Gwynns Falls watershed were chosen based on tribu-
tary junctions and positioning of BES LTER and USGS gauging sta-
tions (Kaushal et al., 2014).

Study reaches of the Gwynns Falls watershed were -located near
4 mainstem USGS gauges (GFGL, GFGB, GFVN, GFCP) that are sup-
ported as part of the BES LTER project. Water samples were also
collected at least 100 m downstream from any tributary confluence
along the mainstem of the Gwynns Falls watershed (to increase the
likelihood that the stream was well-mixed). Coordinates for all
seasonal synoptic sites were recorded using handheld GPS systems.
Our synoptic sampling scheme included grab sample collection to
measure concentrations of major ions including base cations, pH,
and DIC. Real-time discharge data were available at 4 gauging
stations along the Gwynns Falls watershed and tributaries. The
recession of storm hydrographs from the Gwynns Falls watershed
occurs from minutes to days depending upon storm size and
watershed position (Shields et al., 2008) and sampling was con-
ducted typically at least 3 days after any rain events.

2.1.5. Weathering of impervious surfaces: laboratory experiments

In order to further investigate the potential for weathering of
impervious surfaces to influence stream chemistry, we performed
weathering experiments in the laboratory. Representative concrete
samples were collected in urban and suburban areas of Baltimore
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brown to dark gray lignitic silty clay;
contains estuarine to marine fauna in
some areas (includes in part Pamlico,
Talbot, Wicomico and Sunderland
Formations of carlier reports),
thickness 0 to 150 feet.
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grained biotite-oligoclase-muscovite-
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increase upward; apparent thickness
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calcite marble are predominant; calc-
gneiss and calc-silicate marble
widespread but minor; thickness
about 750 feet.

Setters Formation

Upper member: Feldspathic mica
schist and mica gneiss; middle
member: Impure quartzite
interstratified with thin beds of mica
schist; lower member: Medium-
grained, feldspathic mica schist,
locally granitized; total thickness 200
to 500 feet.

Granitic Series

Port Deposit Gneiss
Also mapped as Franklinville
Gneiss. Moderately to strongly
deformed intrusive complex
composed of gneissic biotite quartz
diorite, hornblende-biotite quartz
diorite, and biotite granodiorite; all
rocks foliated and some strongly
sheared; age 550 +/- 50 m.y.* by
radiogenic dating.

Gabbroic Series

Relay Felsite

Intensely foliated, fine-grained,
light-colored; ranges from quartz
diorite to albite granite; age 550 +/-

50 m.y.* by radiogenic dating.

Ultramafic Rocks

Chiefly serpentinite with partly to
completely altered dunite, peridotite,
pyroxenite, and massive to schistose

soapstone; tale-carbonate rock and
altered gabbro are common in some
bodies.

Baltimore Mafic Complex
Hypersthene gabbro with
subordinate amounts of olivine

gabbro, norite, anorthositic gabbro,

and pyroxenite; igneous minerals and
textures well preserved in some
rocks, other rocks exhibit varying
degrees of alteration and
recrystallization, and still others are
completely recrystallized with a new
metamorphic mineral assemblage.
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Baltimore Gneiss
Biotite-quartz-feldspar gneiss and
biotite-homblende gneiss;
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Table 1

Land use and watershed characteristics for the Baltimore LTER site (based on Groffman et al., 2004; Shields et al., 2008; Kaushal et al., 2008; Newcomer Johnson et al., 2014).

Station Code Context Drainage Impervious Population density Land use (%)
area (ha) surface (%) (per ha) Forested High density Low and medium density Commercial Agricultural
residential residential
Pond Branch POBR Forested 38 0 0 100 0 0 0 0
McDonogh MCDN Forested/ 7.8 0 0 26 0 0 0 70
Agriculture
Baisman Run BARN Forested/ 382 0.25 1 71 0 0.2 0 2
Suburban
Gwynnbrook GFGB Suburban 1065 15 16.4 17 5 31 15 8
Villanova GFVN Urban 8349 17 12.2 22 2 30 17 8
Glyndon GFGL Suburban 81 19 9.4 19 4 31 15 5
Carroll Park GFCP Urban 16378 24 19.7 17 5 41 10 6
Dead Run DRKR Urban 1414 31 12.6 5 6 57 3 2
Gwynns Run GRGF Urban 557 61 - 15 63 0 18.5 0

County, MD and also provided by the Maryland State Highway
Administration. We tested potential effects of acidification on DIC
and pH at three different pH levels in laboratory experiments. In
each individual experiment, water was introduced as a fixed vol-
ume (100 mL) to a small piece of concrete material with a roughly
cubic shape (mean surface area of 65.8 cm? from all samples;
n = 30). All impervious surfaces were completely submerged,
indicative of sitting or slowly moving water that has the potential to
infiltrate cracks and pore spaces in concrete. Impervious surfaces
allow for some infiltration due to cracking from regular wear,
freeze-thaw cycles, root growth of vegetation, etc. Rainfall was not
mimicked and the water was in the same container for the duration
of each experiment. These experiments ranged from 30 s to three
minutes, after which time the sample material was immediately
removed from the water. Selection of shorter time scales in the
experimental design was a result of preliminary experiments that
confirmed rapid chemical changes during the first 1-5 min.

Glass mason jars were acid washed in a 10% HCI solution, rinsed
five times with MilliQ water, air dried, and then used for the con-
crete dissolution experiments. Each jar was then sample rinsed
with a small aliquot of stream water prior to dissolution experi-
ments. The stream water used for the experiments was collected in
the field 24—48 h before the lab experiments. The source of the
water used in experiments was Pond Branch, our forested reference
stream with zero impervious surface coverage (Table 1). Stream
water was collected in multiple acid washed 1 L HDPE bottles and
kept on ice in the field. Upon return to the lab, the water was stored
at 4 °C until used in experiments. Aliquots of the stream water were
filtered and analyzed for DIC concentration prior to initiation of the
experiments.

Stream water from the minimally disturbed reference water-
shed (Pond Branch), which was used in all experiments, had a pH of
6.8 or ~7). In addition to ambient conditions (pH = ~7), stream
water was also acidified in the lab with nitric acid to pH = 3 and
pH = 5, which was based on the study of acid “attack” on concrete
by rainfall (Chen et al., 2013) and the long-term mean pH of pre-
cipitation in the Baltimore-Washington metropolitan area. The
mean pH of precipitation in this region has ranged from 4.4 to 5.0
over the last decade, with a weekly mean average of 4.5 (National
Atmospheric Deposition Program; http://nadp.sws.uiuc.edu). pH
and DIC were measured throughout the time course of the labo-
ratory experiments to evaluate whether exposure to ambient pH
and acidified water had potential to reduce acidity and increase DIC
via chemical weathering and neutralization of acids by concrete
surfaces. Because a fixed volume of water was used in these small,
enclosed experiments over short durations, water was not pipetted
out/removed during the leaching process. This procedure would
have changed the ratio of water to sample and could have

contributed to an inaccurate concentration of DIC. Therefore,
separate duplicate experiments were run at each level of acidity
and each time step. pH was measured in each experiment at
15—30 s intervals throughout the leaching processes. Overall, these
data allowed us to plot a DIC and pH “path” using each of the in-
dividual leaching experiments over time.

2.1.6. Water chemistry analyses

Base cation samples (collected in HDPE Nalgene bottles) were
left unfiltered, acidified with concentrated HNO3 to a pH of 2.0, and
stored at room temperature until analysis. Analysis of base cations
was performed using inductively coupled plasma mass spectrom-
etry at USEPA, Ground Water and Ecosystem Restoration Division
and using ICP-OES at the University of Maryland following methods
in Sivirichi et al. (2011). CI~ and SO~ were measured by ion chro-
matography (Groffman, 2016). DIC was analyzed on a Shimadzu
5000 TOC-L (total organic carbon) analyzer. SiO, was measured
colorimetrically using the molybdate blue method on a Lachat
autoanalyzer. Precision and accuracy of measurements of base
cations, DIC, and SiO, were evaluated in the laboratory by dupli-
cates and spikes with commercial standards. Percent difference
between duplicates was typically <5% and spike recovery was
within 10% of expected concentrations. pH measurements were
made with a multipurpose, all-weather meter made by Hanna In-
struments. Calibration of the pH meter was performed using a
traditional three-point method with buffering solutions of pH 4.0,
7.0, and 10.0. Instrument sensors were thoroughly rinsed with
deionized water and dried between measurements.

3. Results

3.1. Increased concentrations of major ions and DIC with watershed
urbanization

There were significant increasing long-term trends in major ions
and alkalinity in the drinking water supply of Baltimore, Maryland
over almost 50 years (p < 0.05) (Fig. 2). These increasing drinking
water chemistry trends coincide with long-term urbanization in
the Baltimore metropolitan area (Kaushal et al., 2005, 2014, 2015).
There were also distinct temporal patterns in stream chemistry
over annual cycles in smaller watersheds of the Baltimore LTER site
across a well-defined land use gradient (Fig. 3). For example, con-
centrations of sodium showed sharp peaks during winter months
coinciding with road salt inputs and sodium remained elevated
throughout all seasons in urbanized watersheds (Fig. 3). Although
there was temporal variability, concentrations of sodium, calcium,
magnesium, potassium, silica, and DIC typically increased with
watershed impervious surface cover across land use (Fig. 4, Tables 2
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Fig. 2. Long-term trends in drinking water chemistry from Baltimore, Maryland, USA
(data courtesy of Bill Stack and Baltimore Department of Public Works.

and 3). At the most urban sites, mean concentrations of DIC, sulfate,
sodium, calcium, and magnesium were respectively 16, 23, 22, 243,
and 67 times greater than the forest site (Table 2). Silica and po-
tassium in urban and agricultural streams showed modestly
increased concentrations up to 2—4 times than the forested refer-
ence site (Table 2). There were significant positive linear relation-
ships between impervious surface cover and median
concentrations of DIC, sulfate, pH, silica, sodium, calcium, and
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N\ -

Na* concentration (mg/L)
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potassium (p < 0.05) (Fig. 5, Table 3).

There were consistent increases in DIC concentrations from
forest, agricultural to suburban/urban sites. Natural lithology
doesn't explain the sources of the DIC increases; because we
observed increases in DIC with urbanization independent of natural
lithologic gradients at the Baltimore LTER site (e.g. from watersheds
draining metamorphic rocks to watersheds draining igneous rocks
— there is no natural carbonate lithology draining the Baltimore
LTER sites (Fig. 1). Instead, there was additional DIC transport in
these urban watersheds from anthropogenic sources. Si and K also
increased with urbanization and impervious surface cover in wa-
tersheds from forested to forest, agricultural to suburban/urban
sites (Fig. 3). However, the pattern of increase in Si and K™ was not
as strong as DIC which may have been due to biological uptake in
soils or streams. The highest concentrations of Si were in the
smallest suburban and agricultural streams where stream size may
have played a role (Table 2).

3.2. Relationships between base cations and anions

There were significant relationships between concentrations of
base cations and anions in streams across land use. Elemental ratios
in stream water suggested that road salts and carbonate weath-
ering from impervious surfaces were potential sources. Chloride
showed significant relationships with sodium, potassium, magne-
sium, and calcium in streams across land use (p < 0.05) (Fig. 6). As
urbanization increased, there was a shift towards a 1:1 ratio of
Na:Cl in streams with less variability in Na:Cl ratios (Fig. 7). How-
ever, Na:Cl was typically less than 1 at the most urban sites, sug-
gesting greater mobility of chloride ions relative to sodium ions
(Fig. 7). Sulfate was strongly related to sodium, potassium, mag-
nesium, and calcium in streams across land use (p < 0.05) (Fig. 6).
DIC was related to sodium, potassium, magnesium, and calcium in
streams across land use (p < 0.05) (Fig. 6). Ca%* + Mg?* vs. DIC
showed significant relationships in streams across land use and
shifted in values with increasing urbanization suggesting the
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Fig. 3. Concentrations of sodium in streams draining a land use gradient at the Baltimore LTER site over time.
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Table 2

Mean concentrations of major ions in streams across land use for the Baltimore LTER site.
Code DIC H* Ner Si Na* Ca?* K* Mg+

Mean + SE n Mean + SE n Mean + SE n Mean + SE n Mean + SE n Mean+SE n Mean+SE n Mean+SE n

POBR 239+0.06 87 4.11E-07 +3.51E-08 106 147 +0.06 111 1.67+0.16 88 6.95+0.84 65 0.27+0.07 65 325+042 65 0.76+0.10 65
MCDN 7.72 +0.16 78 2.18E-07 + 1.40E-08 97 14.09 +0.18 100 6.57 =043 75 12.07 = 1.08 61 14.06 +0.25 61 4.32+055 61 7.06+0.14 61
BARN 3,58 +0.08 89 1.22E-07 +7.85E-09 107 3.29+0.22 111 2.76 +0.19 87 19.05 + 1.22 63 853+0.16 63 3.55+020 63 6.26+0.13 63
GFGB 13.17 +0.24 101 6.44E-08 + 3.19E-09 109 7.26 +0.28 112 3.63 +0.17 100 66.19 + 1487 66 33.51 +1.01 66 5.80+0.60 66 17.38 + 0.64 66
GFVN 1752 +0.32 94 2.79E-08 + 1.77E-09 109 11.33 +047 113 3.62+0.16 94 71.79+13.14 66 41.51+1.29 66 556 +0.41 66 22.71 + 0.86 66
GFGL 3348 +1.08 98 3.31E-08 + 2.71E-09 109 23.83 +0.70 113 7.37 +040 95 75.12+29.02 63 69.43 +2.67 63 4.82+045 63 39.90 + 2.09 63
GFCP  20.99 + 041 96 2.23E-08 + 1.43E-09 109 17.96 + 049 113 356 +0.18 96 80.18 +15.08 65 48.12 + 147 65 585+ 046 65 23.81 + 0.94 65
DRKR 30.16 +0.79 95 2.26E-08 + 1.61E-09 110 26.45 +1.00 112 578 +0.32 96 158.07 +40.30 65 73.40+2.80 65 6.20+0.71 65 50.45 + 2.32 65
GRGF 31.70 £ 0.86 77 2.89E-08 + 2.11E-09 104 33.75 +0.85 107 454 +0.19 90 64.47 +4.50 54 62.56 +1.77 54 7.92 +0.39 54 1835+ 0.69 54

Table 3

Linear regressions between median concentrations and impervious surface cover for
streams at the Baltimore LTER site.

R? Slope P-Value

DIC 0.59 0.5 <0.05
pH 0.52 0.02 <0.05
Si 0.05 0.02 <0.05
Na’ 0.86 091 <0.05
Ca%* 0.58 1.16 <0.05
K* 0.89 0.07 <0.05
Mg>* 0.22 0.4 0.2

potential importance of carbonate weathering in watersheds with
no natural sources of carbonates (Fig. 7). Some sites showed a de-
viation in Ca?* + Mg?* vs. DIC away from the linear relationship,
which potentially suggested sewage inputs or road salts, in addition
to carbonate weathering. Interestingly, Na™ + K™ vs. Si also showed
no clear relationship with highly elevated Na* + Kt concentrations
relative to Si at urban sites, which suggested road salt and sewage
could be more important inputs than silicate weathering (Sup-
porting Information). Nitrate concentrations were related to base
cation concentrations at some urban sites (p < 0.05) potentially due
to similar sources, similar modes of watershed transport, and/or
coupled geochemical cycles (Fig. 8).

3.3. Potential impacts of weathering of impervious surfaces:
laboratory experiments

In all laboratory experiments, a strong and consistent increase
was measured in pH and DIC among all concrete samples subjected
to experimental weathering, regardless of manipulation of initial
pH (Fig. 9). pH and DIC increased incrementally over time for each
level of acidification. Incremental elevation in DIC concentrations in
lab experiments was tempered slightly at the higher levels of
acidification, likely due to some outgassing of CO, in response to
acidification (Fig. 9). Increases in DIC in laboratory experiments
across all pH levels were likely due to carbonate weathering in the
concrete and aggregate material. As expected, pH also consistently
increased along with DIC during experiments, which suggested
weathering of carbonates and neutralization of acid over shorter
time scales (Fig. 9).

3.4. Longitudinal patterns in major ions along the urban watershed
continuum

Longitudinally, concentrations of Ca®>tand Mg?" significantly
increased from the suburban headwaters to the urban outflow of
the Gwynns Falls across the entire stream network (p < 0.05)
(Fig. 10). Longitudinally, DIC concentrations generally increased
with distance downstream but were more variable at a few
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Fig. 5. Examples of relationships between median concentrations of major ions and impervious surface cover in streams draining a land use gradient at the Baltimore LTER site over
time. R? values for statistically significant relationships are: impervious surface cover vs. median concentrations of Na* (0.86), Ca>* (0.58), K* (0.89), DIC (0.59), and pH (0.52).
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headwater sites, and there was no significant trend over the
entire stream network. However, there was a significant rela-
tionship between DIC and distance downstream when the first 2
headwater sites were removed as outliers. There was a significant
linear relationship between pH and distance downstream for the
entire stream network (P < 0.05) (Fig. 10).

4. Discussion

Our results suggest that road salts and human-accelerated
weathering have contributed to salinization and alkalinization
of fresh water in urban regions over almost half a century
extending from headwaters to coastal zones in our study. In
natural geologic settings, concentrations of base cations, silica,
DIC, and pH can be temporally and spatially heterogeneous in
streams due to changes in the weathering rates of local bedrock
and overlying regolith (Meybeck, 1987; Thornton and Dise, 1998;

Calmels et al., 2011). However, our results show that the built
environment contributes to a distinct urban lithology, an urban
karst (Kaushal and Belt, 2012; Kaushal et al., 2014; Kaushal et al.,
2015), which is dominated by carbonate weathering from
impervious surfaces and road salts across time and space.
Furthermore, our results show that there can be an accumulation
of weathering products and elevated pH along stream networks
contributing to downstream river alkalinization. Our observa-
tions of tight relationships between base cations and anions
(including nitrate and silicate) suggest that human-accelerated
weathering, ion exchange, and anthropogenic sources may have
potential to contribute to coastal eutrophication. Below, we
discuss our results regarding temporal and spatial trends in
salinization, major ions, and alkalinization of urban waters and
implications.
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4.1. Elevated concentrations of major ions in streams across land
use

We observed increasing concentrations of DIC and major ions
among 9 streams with increasing urbanization across a land use
gradient. We also observed long-term increases in alkalinity,
hardness, Ca’*, Mg?*, and Na® in the Patapsco River with
increasing watershed urbanization over nearly a 50-year time
period. Urbanization can increase concentrations of DIC, alkalinity,
and other major ions (Whitmore et al., 2006; Zampella et al., 2007;
Barnes and Raymond, 2009; Kaushal et al., 2015). Alkalinity and
major ion concentrations in fresh water can increase over time with
urbanization and population growth (Stoddard, 1991; Whitmore
et al., 2006). DIC concentrations are typically greater in highly ur-
banized catchments, particularly those covered with carbonate
bedrock (Baker et al., 2008). Similarly, Si concentrations increase in
urbanized streams due to erosion, weathering, and other biological
sources (Carey and Fulweiler, 2012). Increased Si concentrations in
urban streams have been specifically attributed to accelerated
weathering of silicate minerals in response to elevated tempera-
tures, sewage inputs, and/or increased biological remineralization

of Si in organic matter (Carey and Fulweiler, 2012). Furthermore,
construction of roads and homes results in the removal of organic
rich forest soils (Siver et al., 1996) and increased exposure to
cement and concrete surfaces. Interactions between acidic precip-
itation and concrete surfaces can accelerate weathering of major
ions and further contribute to alkalinization of fresh water
(Conway, 2007;Davies et al., 2010; Connor et al., 2014; Kaushal
et al., 2014, 2015). Road salt inputs can contribute directly to in-
creases in Na®, Ca®*, and Mg?t concentrations in freshwater
(Kaushal et al.,, 2005; Kaushal, 2016). Road salt effects may be
chronic, occurring even when salts are no longer applied to road
surfaces because ground water can serve as a reservoir for saline
water, feeding surface waters throughout the year (Cooper et al.,
2014). Road salt also influences mobilization of Ca?* and Mg?*
from soils to streams by increasing cation exchange (Shanley, 1994;
Daley et al., 2009; Cooper et al., 2014). In addition to road salt,
liming of lawns, home gardens, etc. can also increase base cation
concentrations and alkalinization of fresh water (Whitmore et al.,
2006). Furthermore, sewage leaks impact many of our urban
study sites (Kaushal et al., 2011, 2014) and can be an additional
source of base cations and silica in urban streams (Williams et al.,
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2005; Bhatt et al., 2014). Finally, mineralization of labile organic
matter from terrestrial and algal sources may also influence DIC, Si,
and K* and other bioreactive ions (Barnes and Raymond, 2009;
Prasad et al.,, 2013; Kaushal et al., 2014; Smith and Kaushal, 2015).
Overall, there are multiple synergistic geochemical and biogeo-
chemical processes contributing to the salinization and alkaliniza-
tion of urban waters, but potential sources can be further explored
by a combination of elemental ratios and laboratory experiments.

4.2. Relationships between anions and base cations

We found strong relationships between base cations and anions
in streams across land use, which suggests similar sources and/or
transport. Other work has also found tight correlations among base
cations and chloride in urban watersheds, which has largely been
attributed to sewage inputs (Bhatt and McDowell, 2007). Anthro-
pogenically enhanced inputs of base cations from sewage to rivers
can lead to large overestimates of actual weathering rates inferred
solely by measuring fluxes of apparent weathering products in
streams (Bhatt et al., 2014). In our present study, combined lines of
evidence (elemental ratios in stream water and laboratory experi-
ments) suggested that weathering was an important source of
major ions at our study sites. For example, there were strong re-
lationships between base cations and DIC in streams across land
use. We observed a strong relationship between Ca* + Mg?* vs.
HCOs3 for most sites, which suggested the importance of carbonate
weathering (consistent with our concrete weathering experi-
ments). However, there were considerable deviations in this rela-
tionship for some urban sites, which also suggested probable inputs
of sewage and road salts.

Road salts were likely another source of major ions and showed
strong winter peaks in sodium concentrations across land use. In
particular, sodium and chloride showed a strong linear relationship
in urban watersheds, which suggested road salts (halite) as a
source. In contrast, higher concentrations of Na™ relative to Cl~ at
our forested site indicated that weathering of silicate minerals was
a dominant source in the absence of urbanization. As urbanization
increased, there was a shift in Na:Cl ratio towards 1:1 due to inputs
from road salts (primarily halite). There were no clear relationships

between Na' + K* vs. Si and elevated Na™ at urban sites, which also
suggested the importance of road salts over silicate weathering in
highly urban watersheds. Interestingly, the Na:Cl ratios at the urban
sites were <1, which was likely due to retardation of sodium in soils
and cation exchange. Given that Ca%*, Mg+, K*, and Na* were all
strongly related to Cl7, ion exchange due to road salts may be
important in the transport of base cations to urban streams. There
were also strong relationships between base cations and SO in
streams across land use, further suggesting the importance of road
salts and/or weathering of construction materials. Dissolution of
gypsum and dolomite in impervious surfaces and building mate-
rials along with other chemical constituents in road salts could
potentially explain the relationship between base cations and SO3".

4.3. A distinct urban lithology now includes impervious surfaces

Our results from both elemental ratios in streams and laboratory
concrete weathering experiments indicated that impervious sur-
faces are a significant factor influencing the salinization and alka-
linization of urban waters. For example, concrete materials used in
roadways and drainage systems can provide an artificial source of
calcium and bicarbonate (Davies et al., 2010; Connor et al., 2014;
Kaushal et al., 2014, 2015), which could lead to increased concen-
trations as those we observed in urban streams in this study.
Typically, concrete is composed of cement filler, water, and an
aggregate material of crushed rock and sand (Domone, 2007;
Lothenbach et al., 2008). Similar to our laboratory weathering ex-
periments, concrete can experience weathering of minerals
dependent upon on acidity and other environmental factors such as
temperature, salinity, and external loading from traffic and rates of
infiltration of surface water (Domone, 2007; Cui et al., 2014).
Minerals in impervious surfaces derived from geologic sources
(quartz, feldspar, mica and carbonates) are prone to the same
weathering processes experienced by natural lithology (Domone,
2007; Lothenbach et al., 2008; Cui et al.,, 2014), which could
explain our observation of elevated concentrations of base cations
in urban streams in this study.

Our experimental results clearly showed that interactions be-
tween acidic water and impervious surfaces consistently
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Fig. 9. Changes in pH and dissolved inorganic carbon (DIC) in acidification experiments with concrete samples. DIC values at time zero are concentrations in ambient stream water
at Pond Branch (a forest reference stream with no impervious surface cover) prior to any introduction of the concrete samples or experimental acidification. Solutions were then
manipulated in the lab to produce different acidity levels: pH ~3 (upper panel), pH ~4.5 (middle panel) and pH ~7 (lower panel).

increased pH (neutralization and reduction of hydrogen ions) and
DIC concentrations. In urban environments, acidic precipitation
from fossil fuel combustion may accelerate: (1) weathering of
carbonate minerals by acidic rain or other strong acids; (2)
weathering of silicate and carbonate minerals by carbonic acid
produced from the dissolution of anthropogenically enhanced CO,
(and/or natural biogenic soil CO;) by infiltrating water. Acidifica-
tion accelerates weathering of anthropogenic impervious surfaces
through the production of DIC via neutralization of acidity by
carbonate weathering. Results from our laboratory weathering
experiments confirmed that elevated concentrations of DIC and
pH in urban streams can be produced by acidification reactions
with carbonates in impervious surfaces. The types and

distributions of impervious surfaces within urban watersheds
may have significant impacts on “hot spots” of urban weathering.
Furthermore, atmospheric deposition of anions can be concen-
trated near roadways and contribute to accelerated weathering
(Bettez et al., 2013; Rao et al., 2014). We observed relationships
between anions and base cations suggesting that nitric and sul-
furic acids from urban air pollution can contribute to accelerated
weathering. Further work is necessary to track the sources of
increased bicarbonate and major ions in urban streams and
quantify the proportion of major ions derived from weathering of
impervious surfaces vs. road salts and to assess the contribution of
nitric, sulfuric, and carbonic acids to urban weathering rates.
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Fig. 10. Longitudinal patterns in concentrations of Ca>* and Mg?* from individual grab
samples significantly increased from the headwaters to the outflow of the Gwynns
Falls at the Baltimore Long-Term Ecological Research (LTER) site (p < 0.05). R? values
for statistically significant relationships were: distance downstream vs. Ca®* (0.56) and
Mg?* (0.16). DIC concentrations generally increased with distance downstream but
were variable at a few headwater sites, and there were no significant relationships.
However, there was a statistically significant relationship between DIC and distance
downstream with the first 2 headwater sites removed (p < 0.05), and the R? was 0.67.
There was a significant linear increase in pH with distance downstream over the entire
stream network (p < 0.05) and the R? for distance downstream vs. pH was 0.56.

4.4. Longitudinal patterns in weathering products from headwaters
to coastal waters

We observed significant longitudinal patterns in salinization,
major ions, and alkalinization along the stream network, which
reflect changes in sources, weathering, and transformations. For
example, calcium, magnesium, DIC and pH increased from head-
waters to larger order streams. Previous work has also shown
progressive increases in base cations and other major ions in urban
watersheds in Asia where distance downstream was a strong pre-
dictor of major ion concentrations (Bhatt and McDowell, 2007).
Similar to results from our study, coupled patterns in major ions
along urban stream networks could have been due to increases in
similar anthropogenic sources of salts downstream in response to
urbanization due to impervious surfaces, sewage inputs, and/or
weathering of infrastructure (Bhatt and McDowell, 2007). Similar-
ities in modes of transport of major ions could also be an expla-
nation for longitudinal trends in this study. Hydrologic pathways
along urban drainage networks are dramatically altered by exten-
sive storm drains and leaky pipes, which can rival the extent of
natural streams and rivers (Kaushal and Belt, 2012; Kaushal et al.,
2014). These engineered hydrologic pathways and exchanges of
water and chemicals extend into subsurface ground water and
leaky piped infrastructure (Garcia-Fresca and Sharp, 2005; Hibbs
and Sharp, 2012; Cooper et al., 2014). Some of the drainage struc-
tures of the urban watershed continuum are made of easily
weathered materials including concrete and terra cotta piping that
further contribute to alkaline and saline runoff (Conway, 2007;
Davies et al, 2010). In addition, these drainage structures

enhance efficient transport of road salt and weathering products
from impervious surfaces, soils, agricultural fields, lawns, drainage
pipes, etc. directly to streams (Elmore and Kaushal, 2008; Kaushal
et al.,, 2014).

4.5. Freshwater alkalinization: coupling weathering and
biogeochemical processes

Although carbonate weathering of impervious surfaces and road
salts play a dominant role in influencing major ion concentrations
in urban watersheds, there are still other biogeochemical mecha-
nism to consider. Some of our urban streams did not show a sig-
nificant relationship between DIC and Ca®>* and Mg®*, and had
elevated DIC concentrations relative to other urban sites. Elevated
DIC relative to Ca®*t and Mg?* may suggest additional biogeo-
chemical processes that increase alkalinity and DIC in response to
urbanization (Tobias and Boehlke, 2011; Prasad et al., 2013; Smith
and Kaushal, 2015). For example, mineralization of organic carbon
associated with sewage inputs in urban streams and rivers can
increase DIC concentrations potentially explaining some of our
observations (Daniel et al., 2002; Baker et al., 2008; Barnes and
Raymond, 2009; Prasad et al.,, 2013). Previous work at our study
sites demonstrated the influence of sewage leaks on carbon and
nitrogen transport in streams (Kaushal et al., 2011, 2014). In the
present study, we also observed strong relationships with nitrate
and base cations, which suggests similar sewage and/or ground-
water sources (Bhatt and McDowell, 2007). There can also be
anaerobic microbial processes in sediments, which can further in-
crease DIC concentrations (i.e., sulfate and iron reduction, denitri-
fication) (Chen and Wang, 1999). Overall, the complicated interplay
between anthropogenic inputs, weathering, and biogeochemical
generation of DIC in human-dominated watersheds warrants
further research (Dubois et al., 2010; Tobias and Boehlke, 2011;
Smith and Kaushal, 2015).

There may also be additional biogeochemical controls on nitrate,
potassium, and silica cycles in urban streams. The strong relation-
ships between nitrate and base cations at some of our urban sites
further suggests the coupling of weathering and urban biogeo-
chemical cycles. Weathering due to acidification from microbial
nitrification in streams may have contributed to elevated base
cations given strong relationships between nitrate and base cat-
ions. Previous work has shown relationships between nitrogen and
base cations in human-dominated watersheds due to accelerated
weathering from nitric acid (Aquilina et al., 2012). Other work has
shown that road salts can mobilize nitrogen from soils via ion ex-
change and stimulate nitrification (Green et al., 2008; Duan and
Kaushal, 2015), which may have also contributed to our observa-
tions of relationships between nitrate and base cations in this
study. Finally, we found that potassium and silica concentrations
showed considerably smaller increases in response to urbanization
compared to other major ions such as sodium, calcium, and mag-
nesium. Potassium and silica are strongly influenced by biological
uptake in watersheds and can be regenerated from organic matter
decomposition in addition to mineral weathering (Tripler et al.,
2006). Such biogeochemical coupling warrants further study.

5. Conclusions

Our results suggested that urbanization can increase transport
of major ions in streams due to the combination of human-
accelerated weathering and anthropogenic salts over almost 5 de-
cades of time extending from headwater to coastal zones. We
observed considerable increases in concentrations of many major
jons such as DIC, Ca®*, Mg?*, Na™, SOF", and Si and increased pH
with increasing impervious surfaces in streams across land use.
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Interestingly, some of the increasing trends in DIC and major ions
across space and time could not simply be accounted for by natural,
lithological carbonate sources. Elemental ratios in stream water
suggested that road salts and carbonate weathering from imper-
vious surfaces were major sources of ions in urbanized streams.
Laboratory weathering experiments with concrete confirmed that
impervious surfaces could increase pH and DIC, which com-
plemented our interpretations from elemental ratios in streams.
Ratios of Na* and CI~ < 1 in urban watersheds indicated that there
could be enhanced ion exchange due to road salts, which could
potentially explain why base cation concentrations showed similar
dynamics and relationships to anions in urban watersheds. There
were significant relationships between Ca®*, Mg?*, Na*, and K*
concentrations and Cl~, SOF, NO3 and DIC across land use, which
suggested tight coupling of geochemical cycles hypothetically due
to: (1) reactions between weathering agents (anions) and weath-
ering substrates (base cations), (2) synergistic effects of ion ex-
change on mobilization of base cations and anions from soils to
streams due to road salts, and (3) nonpoint sources such as sewage
inputs from leaky sanitary infrastructure near streams. Finally,
concentrations of Ca**, Mg>*, DIC, and pH simultaneously
increased with distance downstream contributing to river alkalin-
ization. Our results suggest that urbanization may increase major
ions, ionic strength, and pH over decades from headwaters to
coastal zones, which can impact integrity of aquatic life, infra-
structure, drinking water, and coastal ocean alkalinization. Given
increasing urbanization globally, the downstream impacts on water
quality from human-accelerated weathering, road salt use, and
sewage inputs warrant further consideration, quantification, and
management.
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