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Elevated Suburban Sulfate
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Abstract Sulfate is a potential pollutant and important nutrient linked with the nitrogen, carbon, and
phosphorus cycles. The importance of different anthropogenic sulfate sources in suburban streams (septic
systems, fertilizer, road salt, and infrastructure) is uncertain, and the temporal dynamics of stream export
sparsely documented. We study sources and export dynamics of sulfate in suburban and forested headwater
catchments. Stream baseflow discharge and sulfate concentrations were strongly positively correlated in

both watersheds with the highest values in spring. Suburban concentrations and fluxes (2.48-7.5 mg/L or
25.8-78.1 pM, 16.6 kg/ha/yr) were consistently higher than forested (0.56-2.78 mg/L or 5.8-28.9 pM, 5 kg/
ha/yr). Following precipitation, sulfate concentrations in both forested and suburban streams increased to
concentrations above pre-storm values and remained high after peak discharge. These dynamics suggest

that both catchments have a large pool of sulfate that can be mobilized under wet conditions. Ridge-top

forest soil samples contained 210 kg/ha stored, extractable sulfate. Current atmospheric sulfate deposition
rates (57 kg/ha/yr) are approximately in balance with sulfate export in the forested stream. In the suburban
watershed, we estimated septic fields contribute up to 11 kg/ha/yr (about half from surfactants) and lawn care
up to 4.3 kg/ha/yr and are the most likely sources of elevated stream sulfate. Sulfate sulfur (4.9-5.8%o forested;
6.1-7.0%0 suburban) and oxygen isotope values (0.7-2.0%o forested; —0.1-4.1%o suburban) are consistent
with this interpretation, but do not provide strong corroboration due to large variation and overlap in estimated
source values.

Plain Language Summary Sulfate can be a nutrient or pollutant that alters stream biogeochemistry
depending on dissolved concentrations. For decades, atmospheric sulfur deposition was elevated due to regional
anthropogenic emissions. Regulation in the 1990s resulted in decreasing deposition and increasing importance
of other sulfur sources, for example, associated with land use. We studied suburban sulfate sources, including
infrastructure and activities not widely recognized as sources of stream sulfate. We measured dissolved sulfate
concentrations and sulfate tracer isotopes in neighboring forested and suburban watersheds. Sulfate inputs and
exports are compared with budgets of possible sulfate contributions to the stream from septic systems, lawn
care, road salt, building materials, and historic agriculture. The suburban stream exports about 3x more sulfate
a year from the watershed than the forested stream. Extra suburban stream sulfate appears to be largely caused
by human waste and cleaning products flowing to septic fields and lawn care. More sulfate is transported to

the stream during the wetter spring and after rain. This elevated transport may be because the groundwater
table moves upwards during wetter times and transports sulfate that was stored in soil to the stream. Identifying
suburban sources of sulfate pollution is important to protecting stream health.

1. Introduction

Sulfate is an essential nutrient that undergoes complex biogeochemical cycling and is linked to the carbon, nitro-
gen, and phosphorus cycles (Caraco, 1993; Hao et al., 2014; Reverey et al., 2016; Zhu et al., 2018). It also can acts
as a pollutant with potentially important ecological consequences (Burke et al., 2018; Cook et al., 2000; Evans
etal., 1997; Lamers et al., 1998; Pester et al., 2012). Sulfate has been extensively studied in the context of its role
in acid rain, with atmospheric sulfate produced by fossil fuel combustion impacting ecosystems and degrading
infrastructure (Charola et al., 2007; Likens & Bormann, 1974). Acidity generated by the release of sulfate or
oxidation of metal sulfide can also impact rates of chemical weathering in the landscape (Johnson et al., 1981),
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and contributes to transient atmospheric carbon dioxide rise on geological timescales (Calmels et al., 2007,
Torres et al., 2016). In addition to impacts of acidification, sulfate can promote the mobilization of phosphate
into surface waters because sulfide produced from the microbially mediated reduction of sulfate competes for
adsorption sites to iron minerals in sediments (Caraco et al., 1993; Roden & Edmonds, 1997). In some systems,
sulfate reduction and subsequent oxidation of the produced sulfide promotes nitrogen loss through denitrification
and anaerobic oxidation of ammonia (Canfield et al., 2010; Cardoso et al., 2006). Understanding sulfur sources
and transport are essential for understanding biogeochemical cycles and mitigating nutrient ecological impacts.

Elevated sulfate concentrations (relative to streams in forested catchments) have been observed in streams with
suburban or urban land cover (Cravotta, 1995; Kaushal & Belt, 2012; Kaushal et al., 2017; Lewis et al., 2007,
Moore et al., 2017) and in some cases agricultural land use (Caraco, 1993; Hinckley et al., 2020; Taboada-Castro
et al., 2015). However, research on sulfate in surface waters has mostly focused on atmospheric deposition and
has been predominantly based on data from forested catchments (Christophersen & Wright, 1981; Johnson
et al., 1981; Likens & Bormann, 1974; Lindberg et al., 1986). Those research efforts contributed to justification
for the highly successful Clean Air Amendment in 1990, which has resulted in large declines in atmospheric
deposition nationally and stream sulfate concentrations in some regions (Eng & Scanlon, 2021; Gislason &
Torssander, 2006; Lawrence, 2002; Rice et al., 2014; Riscassi et al., 2019). Despite large scale reductions in
atmospheric emissions, concern is growing that other anthropogenic sulfur sources are increasing and may reduce
gains made by the Clean Air Act (Hinckley et al., 2020). These additional, potentially substantial, land use related
sources include fertilizer, pesticides, soil amendment products, building materials such as concrete and brick,
road salt, and sewage.

Additional sources that may be important in (sub)urban settings include road salt, infrastructure materials, ferti-
lizer, soil conditioners, and sewage. Road salt and weathering of concrete infrastructure have both been proposed
as anthropogenic stream sulfate sources in urban contexts (Bird et al., 2018; Blaszczak et al., 2019; Kaushal
et al., 2017; Moore et al., 2017). Strong correlation of sulfate and chloride concentrations in synoptic baseflow
data from an urban watershed in the Baltimore region suggests that these two constituents are entering ground-
water at similar locations; sulfate and chloride concentrations showed strong positive spatial correlation with
groundwater flow paths originating from areas with high impervious surface cover (located 250-2,500 m from
the stream) and weaker but positive correlation with sewer pipes close to the stream and urban fill farther from the
stream (Welty et al., 2023). Sulfate sources remained somewhat unclear with urban fill that includes construction
materials proposed as a substantial contributor; by contrast, chloride was predominantly from deicing salt (Welty
et al., 2023). Suburban lawn fertilizer use may be widespread (Fraser et al., 2013) and sulfur may be applied to
alkaline lawn and garden soils as a conditioner to manage pH (Shober et al., 2011). Septic fields, leaky sewer
pipes, and treated wastewater effluent also have been linked to elevated sulfate in streams (Blaszczak et al., 2019;
Lewis et al., 2007; Wilhelm, Schiff, & Robertson, 1994). Identifying suburban sulfate sources and characterizing
the fluxes of sulfate from different sources to surface waters is essential to assessing the biogeochemical effects
of sulfate in (sub)urban systems.

We investigate which suburban sources contribute substantial sulfate to surface waters and how suburban land
use impacts sulfate storage in the landscape and mobilization. This study focuses on neighboring forested and
suburban headwater catchments in the Maryland Piedmont, both of which are in the highly nutrient-impacted
Chesapeake Bay watershed (S. B. Bricker et al., 2008). The catchments are nested within a 381 ha mixed land use
catchment and have similar geology and legacies of atmospheric inputs. Thus, these two catchments serve as
useful locations to consider the impacts of suburban development on stream sulfate fluxes. Below we (a) inves-
tigate stream sulfate concentrations and fluxes across seasonal and storm event timescales to understand sulfate
mobilization and transport, (b) develop sulfate flux budgets for the catchments to determine the magnitude and
relevance of different potential anthropogenic sulfate sources, and (c) compare sulfate sulfur and oxygen isotope
compositions in stream water and sources across land uses to make inferences about water source mixing and
mobilization during storm events.

2. Methods
2.1. Study Location

The study area is in the eastern United States and is comprised of small, headwater catchments nested in
the larger Baisman Run catchment in Cockeysville, MD, 12 km north of Baltimore, MD (Figure 1, Table 1).
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Figure 1. (a) Location map of the study catchments and regional reference catchment within the Mid-Atlantic U.S. and
Baltimore metropolitan area, Maryland. (b) Detail map of the larger, mixed land use Baisman Run catchment (yellow cross)
and the smaller, nested suburban Baisman Run Upper Gage catchment (orange triangle) and forested Wolman Run and Pond
Branch catchments (green circles). Spring sampling locations are denoted with blue squares. (c) Detail map of West Branch
of Herring Run, the regional urban reference catchment (red hexagon). Detail maps show land use and stream networks based
on the 2017/2018 Chesapeake Conservancy Land Cover Dataset (Chesapeake Bay Program Office, 2022) and 2017 (U.S.
Geological Survey, 2017) NHD Plus, respectively.

Baisman Run is located in the deeply weathered Piedmont Province, and is entirely underlain by the Loch
Raven Schist (Crowley et al., 1975). The Baisman Run catchment has mixed land cover containing forested
(Pond Branch [PB] and Wolman Run) and low-density suburban (Baisman Run Upper Gage [BRUG] headwater
sub catchments (Figure 1, Table 1). Residents in the suburban BRUG catchment have septic systems and are not
connected to a centralized sanitary sewer system. The nearby forested and suburban headwater catchments offer
a useful case study for comparing sulfate fluxes across land use, with both sites having similar size, geology,
and atmospheric inputs. Two natural springs at the toes of hillslopes in the forested PB catchment were dug
out during previous research to facilitate sample collection (Figure 1, Putnam, 2018). Pond Branch has been
a field site for several geochemical, geophysical, and hydrological research projects (Band et al., 2001; Bird
et al., 2018; O. P. Bricker et al., 1968; Castiblanco et al., 2023; Clair et al., 2015; Cleaves et al., 1970; Duncan
et al., 2017; Groffman et al., 2004; McMahon et al., 2021; Moore et al., 2017; Wolman, 1987). A weather

Table 1
Summary of the Study Catchments Including Land Use, Stream Gage Identifiers, and Drainage Area for the Catchments

Catchment Land use Gage Area (ha) Location

Baisman Run Mixed suburban and forest ~USGS 01583580 381 39°28'46"N, 76°40'41"W

Baisman Run Upper Gage  Suburban JHU (Putnam, 2018) 35 39°29'08"N, 76°42"10"W
Pond Branch Forest USGS 01583570 37 39°28'49"N, 76°41'15"W
Wolman Run Forest None 18 39°28'53"N, 76°41'33"W
West Branch Herring Run ~ Urban USGS 01585219 260 39°22'25"N, 76°35'04"W

Note. Baisman Run Upper Gage (BRUG), Pond Branch, and Wolman Run are nested in the larger Baisman Run catchment.
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station is located approximately half a mile north of the catchment and includes a tipping bucket to measure
precipitation rates and a mounted funnel and bottle precipitation collector (Figure 1). BRUG also has been
previously studied, with prior work at this field site establishing a temporary 45°, 8 inch deep v-notch weir for
continuously gaged discharge of BRUG in the flume previously used to study sediment loads (Putnam, 2018;
Wolman, 1987). The West Branch of Herring Run, located about 18 km away, provides a regional urban catch-
ment reference (Table 1) and is underlain by Baltimore Gneiss, which has similar chemistry to the Loch Raven
Schist.

2.2. Discharge Measurement and Modeling

Discharge data were a combination of USGS data (PB and Baisman Run; U. S. Geological Survey, 2016) and
data collected for this study (BRUG). The USGS discharge data (15-min interval) extend across the whole period
while the data for BRUG were collected from September 2017 to December 2018. The BRUG weir and flume
water level data were monitored using Solinst levelogger pressure transducers compensated for atmospheric
pressure using a Solinst barologger. The water level was converted to discharge using the v-notch weir equation
(Dingman, 2015). The rectangular flume equation was used to correct rare instances where the v-notch was over-
topped (Dingman, 2015). We used the relationship between the BRUG discharge and the USGS PB and Baisman
Run gages to extend the BRUG discharge (Q) over the entire period of record. BRUG, PB, and Baisman Run
discharge were separated into baseflow and quick flow using a recursive digital filter (BFI = 0.99, a = 0.9999)
using the method of Eckhardt (2005) and then smoothed to a 6 hr interval. The recursive digital filter is a
two-parameter filter that models the volume of discharge that is baseflow by smoothing rapid changes in the total
discharge during periods where stream discharge is impacted by storm events (Eckhardt, 2005). The baseflow
separation was performed for periods of stream discharge from 3 hr before the start of a precipitation event to
12 hr after the end of detection of precipitation at the weather station. Stream discharge during all other time peri-
ods was classified as entirely baseflow. Separated discharge data were normalized using a maximum-likelihood
Box-Cox transformation. BRUG baseflow and peak flow were then modeled separately through linear regression
(baseflow r? = 0.91, quick flow r? = 0.74).

2.3. Sample Collection

Water samples were collected at multiple locations and timescales for sulfate concentration analysis. Weekly
grab samples at the gages for PB, BRUG, Wolman Run, both forest springs, and weekly aggregated precipitation
samples from the weather station were collected from April 2015 to April 2017. Higher resolution storm sampling
(15 min-2 hr) was performed in May 2018 for BRUG and PB using Teledyne ISCO™ portable samplers. A bulk
precipitation sample was also collected over the course of the May 2018 storm at the weather station. Samples
were filtered through 0.45-micron polypropylene filters upon collection and refrigerated until analysis. Storm
sampling included samples for stable water isotope analysis which were stored in parafilmed, glass polyseal vials
to prevent isotope fractionation associated with evaporation. Stable water isotope samples also were collected
from the ISCO autosampler within 24 hr. The weekly sampling period is used for estimating annual catchment
sulfate budgets, which change gradually on the decadal scale in the southern Piedmont (Eng & Scanlon, 2021).
Since storm data do not overlap with the weekly sample collection period, the storm data are considered sepa-
rately and offer additional information about concentration dynamics across changes in streamflow at a shorter
timescale.

Stream and source candidate samples were collected to investigate sulfate sulfur and oxygen isotope compositions
as sulfate source tracers. From March 2019 to February 2020 approximately monthly, larger volume samples of
4, 6, and 14 liters were collected for Herring Run, BRUG, and PB, respectively, to obtain sufficient sulfate for
isotope analysis. Storm targeted large volume samples were also collected in May 2018 and April and November
2019. Twenty-five mL of 3% zinc acetate was added per liter of sample for the sulfate isotope samples upon
collection to stop biological activity and fix any sulfides as zinc sulfide. Grab samples of possible anthropogenic
sulfate sources were collected from the suburban and urban areas including asphalt, concrete, road salt, and soil
acidifier garden product. Soil samples were augured from the PB ridge down to 160 cm and small amounts of
iron sulfides were sampled with a dental drill from a bedrock core at 19, 24, and 32 m below the ridge. Additional
sulfate source isotope values published in literature for atmospheric deposition, fertilizer, and septic effluent,
were also considered.
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2.4. Sample Analysis

All water samples were analyzed for sulfate concentrations and stable water isotope ratios. Sulfate concentrations
were determined on a Dionex ICS-5000 ion chromatograph (IC). The lowest standard used for calibration on
the IC is 0.37 ppm and lower concentrations are measurable, however a conservative detection limit for accurate
measurement of concentration is 0.5 ppm. Check standards were run every 15-20 samples, and samples were
rerun if standards were >10% different from the expected value. The precipitation and 15 min storm samples
were analyzed for oxygen and hydrogen isotope compositions using a Los Gatos Research Liquid Water Isotope
Analyzer Off-Axis Integrated Cavity Output Spectroscopy system. Data post processing was performed using the
LGR LWIA post analysis software version 2.1 with USGS standards 46, 47, and 48. The isotope compositions

. . . . . . . . Reampte ~Rstands
are reported in permil (%o) units using delta notation (8'80y,0, 6*°H) with the relationship: §, = (M)
N standard

where R is the '30/'°0 or 2H/'H ratio and the standard is the Vienna Standard Mean Ocean Water (V-SMOW).

Large volume stream and possible anthropogenic sulfate source samples were prepared for sulfate sulfur and
oxygen isotope analysis. Water samples treated with 3% zinc acetate were filtered through 0.45-micron cellulose
nitrate filter paper to remove suspended material. Following filtration, samples were evapo-concentrated down
to a one-L volume by heating on a hot plate at below 90°C in a fume hood. Samples were then filtered an addi-
tional time through a 0.45-micron filter, rinsed with dilute (~1 N) hydrochloric acid and any precipitate from the
concentration was reserved. The filtrate was combined with excess barium chloride (200 g/L) to precipitate all
sulfate as barium sulfate (BaSO,). After 24 hr, samples were again filtered through 0.45-micron filter paper,
reserving the solid phase on the filter paper. Samples of BaSO,, including the filter paper to avoid sample loss,
were then dissolved and purified with a chelating procedure (Diethylenetriaminepentaacetic acid dissolution and
reprecipitation or DDARP; Bao, 2006). The reserved evapo-concentration precipitates were also subjected to the
DDARRP purification procedure to check for lost sulfate during the concentration process. After reprecipitation
samples were subjected to a final filtering stage to collect the purified BaSO, and reserved for future isotopic
analysis. In order to test for potential contamination from the filter paper, filter paper blanks were also subjected
to the DDARP procedure. Samples contain at most a single filter paper, but it required three filter papers to
yield adequate precipitate for isotope analysis, which yield an average concentration of 49 uM oxygen per filter
paper from extractions of three, four, and five filter papers. Salt and soil acidifier were dissolved in DI water and
prepared for sulfate sulfur and oxygen isotope analysis following the procedure used for stream samples.

Soil, concrete, asphalt, and bedrock iron sulfide deposits were extracted and prepared for sulfate sulfur isotope
analysis of operationally defined sulfur pools. Sulfur content (predominantly sulfate) was extracted from asphalt,
concrete, and soil. Asphalt and concrete were ground to a fine powder in a shatter box. Soil was dried in a 105°C
oven, powered using a hammer, and passed through a 2 mm sieve. Samples of all materials (50-180 g) were
extracted using a 0.01M CaCl, solution with 1:5 mass ratio of sample to solution (Ketterings et al., 2011). Asphalt
and concrete solids remaining after the CaCl, extraction were subjected to an additional extraction with 1 N HCI
to extract acid soluble S. Solutions were mixed with a stir bar for 30 min and then allowed to settled overnight
before filtration, precipitation, and purification of BaSO, following the stream water method. Aliquots of the
extraction solutions were set aside for IC analysis of sulfate concentration as described above to determine mass
of sulfate extracted from the asphalt, concrete, and soil. Iron sulfides were powdered from drill core using a dental
drill. Tron or metal sulfide minerals were extracted with the chromium reduction method that recovers reduced S
compounds (Canfield et al., 1986). Briefly, samples were placed in a vessel, which was flushed of oxygen with
N, gas. Sulfide was released from the inorganic sulfides by reaction in boiling, 1M chromium chloride and 3N
hydrochloric acid solution and driven by an N, carrier gas to a zinc acetate trap, where it formed zinc sulfide.
The zinc sulfide was transformed to silver sulfide (Ag,S) via reaction with silver nitrate, purified by mixing with
ammonium hydroxide, and rinsed with deionized water.

For sulfur isotope measurements (S), 0.35-0.45 mg samples of BaSO, and Ag,S were weighed into tin boats
with 2-4 mg of vanadium pentoxide. For sulfate oxygen isotope measurements (Osoi_), 0.2-0.25 mg samples
of barite were weighed into ashed silver boats in triplicate. Samples were analyzed using an EA Isolink CN
elemental analyzer coupled to a Thermo Scientific Delta V Plus continuous-flow isotope ratio mass spectrom-
eter (for sulfur) and a Thermal Conversion Elemental Analyzer coupled to a Thermo Scientific Delta V Plus
continuous-flow isotope ratio mass spectrometer (for oxygen) in the Isotope Ratio Mass Spectrometer Lab in
the Department of Earth and Planetary Sciences at Johns Hopkins University. The international standards IAEA
SO-5, IAEA SO-6, NBS 127, and an in-house barium sulfate standard were used for the BaSO, samples and
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IAEA-S-1, IAEA-S-2, IAES-S-3, and an in-house silver sulfide standard were used for the Ag,S samples. As
with the water isotopes, sulfate sulfur and oxygen compositions were reported in delta notion (5**S and 6‘80303_,
respectively) as per mil deviations of sample 3*S/3%S and '30/'°O ratios from the Vienna Canyon Diablo Troilite
and V-SMOW isotope standards, respectively. Standard deviations for the check standards were <0.05%o (n > 3).

A correction for filter paper was necessary for the oxygen isotope analyses, but not for the sulfur isotope analyses
because we did not detect substantial sulfur in the filter paper extracts. We were only able to detect sufficient
oxygen for isotope analysis in extractions of three or more filter papers. The filter paper extracts contained about
40% oxygen by mass with an average 5'%0 value of 26.9%c. A contaminant peak was generated in samples
containing filter paper, but not in blank or standard analyses. Filter paper extracts were run across several mass
values from 0.074 to 0.526 mg to generate a linear relationship between the contaminant peak (A ) and the signal
peak (A,) area of the oxygen in the filter paper (A, = 26*A_ —5.7, R* = 0.93). This relationship was used to correct
the unknown samples for the filter paper using the contaminant peak area as a proxy for filter paper mass in the
unknown sample (average correction of 2.6%o). Similar corrections were not necessary for the sulfur isotope
values because the filter paper contains less than 2% sulfur with an average 83S value of 3.7%o. Test corrections
of sulfur isotope values following the oxygen isotope correction method changed the 5**S value by less than 0.1%o

Quality control standards were determined based upon the assumption that pure samples of BaSO, should yield suffi-
cient oxygen and sulfur for isotope analyses in concentrations that are similar to concentrations of these elements in
BaSO,. For the oxygen isotope analysis samples with inadequate sample peak area (<40 Vs) were removed. Samples
where the calculated contribution of filter paper to the mass of the samples was over 20% were also removed.
Oxygen isotope analyses where at least two of the three triplicate sample runs met quality standards were used and
the triplicate (or duplicate) results were averaged together to obtain the final value (after Johnston et al. (2014)). For
the sulfur isotopes, samples that were less than 11.5 weight % sulfur were removed because this was out of the range
of BaSO, standards measured sulfur concentrations. Nonconsecutive duplicate sulfur isotope analyses were done
every 10 samples, and duplicates were averaged together for the final result. While the precipitate collected during
evapo-concentration for every sample was analyzed, only three of the evapo-concentration precipitates yielded sulfur
or oxygen isotope values. Those precipitate isotope values were similar to the fraction that remained dissolved during
concentration with differences of between 0.42 and 1.35%o for both §*S and 6‘30503_ values. A mass balance was

used to calculate sulfate sulfur and oxygen isotope values of samples with evapo-concentration precipitates that

yielded sulfur or oxygen isotope values. This yielded sulfur and oxygen isotope results for a consistent set of samples.

2.5. Data Analysis

We calculated the annual sulfate flux exported from the forested and suburban catchments. The annual sulfate stream
exports were estimated by multiplying the flow-normalized mean sulfate concentration by the total annual discharge:

pifete)

i

Flow Normalized Mean Concentration = — €8

To

where C; is each weekly concentration measurement and Q, is the corresponding discharge value when the stream
sample for sulfate analysis was collected. Total annual stream flux was also estimated for the 10th and 90th
percentile stream sulfate concentrations to constrain possible uncertainty due to determining the flow-normalized
mean concentration value from weekly data.

In order to examine the mobilization of sulfate, we compared actual stream sulfate concentrations during a storm
event to those that would be expected under conservative mixing of new water from rainfall and older water stored
in the watershed:

Qlolul = Qpracip + Qpre—evenl (2)

where Q,, is the total volume of stream discharge, Q,,.;, is the volume of stream discharge that is precipitation
water, and Q. ., is the volume of stream discharge water that was in the catchment before the storm event
began, including both antecedent baseflow stream water and groundwater mobilized by the event. And:

Qlolalclolal = (Qprecipcprecip) + (Qpre—evenlcpre—evem) (3)
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Figure 2. Sulfate concentration (green circles) in weekly grab samples across study sites from April 2014 to April 2017.
The 0-8 mg/L range of sulfate concentrations shown on the left y-axes is equivalent to a range of 0-83.28 uM. Rolling
weekly summed discharge data for gaged catchments (blue lines). Shaded regions denote the winter and spring periods (21
December-20 June). Across sites sulfate concentrations tend to begin to increase in the fall, peak in the winter, and decline
during the spring and early summer. While discharge is variable at the storm event scale, the seasonal baseflow discharge
signal resembles the pattern in sulfate concentrations.

where C_,,, is the concentration of the conservative solute in the stream, C__; is the concentration of the solute

total reci
in the precipitation, and C,, .., is the concentration of the solute in thepstrgam water before the storm event
began, which is assumed to be representative of the concentration in groundwater providing stream baseflow
(Buttle, 1994). By combining these equations, the streamflow during the storm event was separated into pre-event
water and event water using 8’H values of the precipitation, pre-event stream water, and samples over the course

of the event hydrograph (Pinder & Jones, 1969):

(Clolal - Cprecip ) Qlolal
(Cpre—evem - Cprecip)

@

Qprc—evcnl =
The stream sulfate concentrations for conservative mixing of pre-event stream concentrations and precipitation
concentrations were modeled according to the discharge separation using:

(Qprecipcprecip + Qpre—evenlcpre—event)
Qlotal

&)

Chnodeled 50, =

The modeled sulfate concentrations are compared to measurements over the course of the storm event to deter-
mine the timing and magnitude of sulfate mobilization to the stream.

3. Results and Discussion
3.1. Stream Sulfate Trends in Space and Time
3.1.1. Seasonal Stream Sulfate Trends

Stream baseflow sulfate concentrations follow a similar seasonal pattern across the forested (PB and Wolman
Run), suburban (BRUG), and larger mixed (Baisman Run) catchments (Figure 2), however the amplitude of
the seasonal pattern differs with consistently higher suburban stream sulfate concentrations (2.48-7.5 mg/L or
25.8-78.1 uM) than forested stream sulfate concentrations (0.56-2.78 mg/L or 5.83-28.9 pM for PB, Figure 2).
Across land use types, weekly stream sulfate concentrations decline over the summer and increase from the
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Figure 3. (a) Baseflow concentration discharge relationships for Pond Branch (PB) (forested), Baisman Run (larger mixed land used), and Baisman Run Upper Gage
(BRUG) (suburban) catchments. The 0-7 mg/L range of sulfate concentrations shown on the left y-axes is equivalent to a range of 0-72.9 pM. Discharge has been area
normalized to mm per hour for comparison purposes. All three sites have a positive relationship between stream discharge and sulfate concentrations. Power law fit
curves and the corresponding b-values have been plotted for each site. Linear regression C-Q relationships for Baisman Run (r? = 0.60, slope = 26, p-value < 0.05)
and BRUG (r? = 0.61, slope = 31, p-value < 0.05) have steeper slopes than PB (r? = 0.46, slope = 13, p-value < 0.05). (b, c, and d) Sulfate flux measurements plotted
by month and location to show seasonal trend. For all land use types, fluxes are larger during the winter and spring. The seasonal flux increase is larger for watersheds
including suburban land use (a, b), compared to the fully forested watershed (c).

winter to early spring. Groundwater discharging from two springs also follows this seasonal sulfate concentration
pattern (Figure 2). Wolman Run has higher sulfate concentrations than the other forested sites, which may be
related to disruption in this catchment from some selective tree cutting.

The seasonal sulfate trend also strongly corresponds with area-normalized, rolling weekly total stream discharge
(Figure 2). Stream sulfate concentrations begin to increase after leaf fall as evapotranspiration decreases and the
catchment groundwater storage increases during the cold season. When evapotranspiration increases in the spring
and baseflow discharge commensurately decreases, stream sulfate concentrations also decrease. The baseflow
concentration-discharge (C-Q) relationships also highlights this trend of higher sulfate concentrations during
periods of higher stream discharge (Figure 3a). The positive baseflow C-Q relationship and seasonality of stream
discharge results in substantially higher sulfate fluxes in January—May across land uses (Figures 3b—3d).

3.1.2. Stream Sulfate Trends Across a Storm Event

The concentration dynamics across a storm event differed somewhat from seasonal C-Q patterns (Figure 4). The
event precipitation had a stable water 6?H value of —18.7%o and a sulfate concentration of 0.99 mg/L (10.3 pM).
Total precipitation across the discharge record shown was 25.7 mm, with the majority of the precipitation
(22.7 mm) occurring from 18:30 to 19:30. The antecedent conditions were typical moist, spring conditions with
a smaller precipitation event (<15 mm) two days before the sampled precipitation event. Stream stable water
82H values increase in response to the precipitation event and remain fairly elevated as the hydrograph recedes
(Figures 4a and 4b). In the suburban hydrograph rising limb and peak of the storm, there is dilution of the sulfate
concentration rather than an enrichment that would be expected based upon baseflow seasonal C-Q patterns
(Figure 4c). This observed initial dilution in stream sulfate matches the prediction of the pre-event and event
water mixing model (Figure 4c). The forested stream does not show dilution in the rising limb of the storm hydro-
graph (in fact a small spike in concentration appears just before the streamflow rises), however forested stream
sulfate concentrations are only slightly higher than precipitation concentrations, leading to little change in stream
concentration regardless of precipitation water contributions to discharge (Figure 4d).

As the event progresses, sulfate concentrations in both the forested and suburban streams steadily rise. The degree
of sulfate enrichment at the end of the period of observation compared to pre-event concentrations is similar
between the two catchments and is not explained by conservative mixing of precipitation water and pre-event
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Figure 4. Stream data from a storm event during May 2018. The top row of plots show discharge separated into storm event
baseflow and quick flow (left y-axis) based upon stable water §?H isotopes (right y-axis) for the (a) suburban and (b) forested
sites. Relevant concentration and isotope values can be found in the text. (¢, d) The bottom row of plots shows discharge (left
y-axis) and measured sulfate concentration dynamics across the event for both sites, along with modeled sulfate concentration
(Chodeled so,) dynamics (right—y-axis) based upon a mixing model of the antecedent stream concentrations, precipitation
concentrations, and the stable water isotope-based flow separation. Sulfate concentrations are displayed as a ratio with the
pre-event stream sulfate concentration to facilitate comparison between the sites. The vertical gray dashed line indicates the
detection of enrichment in sulfate concentrations. The §H value of precipitation and the ratio of the precipitation sulfate
concentration to the pre-event stream sulfate concentration are displayed as solid horizontal lines for reference.

water concentrations (Figure 4). The suburban stream sulfate enrichment is initiated during the falling limb of the
storm hydrograph (Figure 4). In contrast, the forested stream sulfate enrichment appears to be initiated during the
late rising limb or peak of the storm hydrograph (Figure 4). This difference in timing of sulfate enrichment initi-
ation with respect to the hydrograph between the forested and suburban streams may be the result of runoff from
impervious areas causing the suburban streams hydrograph to peak and recede more quickly than the forested
stream event hydrograph (Figure 4). The dilution observed in the suburban stream around peak discharge would
be consistent with this runoff having a sulfate concentration identical to rainfall, implying that it did not mobi-
lize any sulfate stored in the landscape. Stream sulfate concentrations in both the forested and suburban streams
appear to have a similar lag (~1 hr) following the initiation of the storm event and similar magnitude of relative
enrichment compared to antecedent concentrations (Figure 4d).

3.1.3. Sulfate Storage and Mobilization to the Stream: Soil Sulfate

The similar timing of storm event stream sulfate enrichment in both forested and suburban watersheds as well as
the seasonal trends of increasing sulfate with discharge at all sites suggest that the timing of sulfate enrichment
is not related to source application to the landscape, but rather the nature of sulfate storage and release in the
catchment. Mobilization of sulfate during seasonal and event-scale wetter periods may result from a surface or
shallow subsurface source. The lag in enrichment during storm events suggests that this sulfate source is not
directly adjacent to the stream, and not associated with runoff from impervious areas.

Soil samples from the ridge in the forested watershed contain an average of 15.9 mg sulfate per kg soil and a
maximum of 32.7 mg sulfate per kg soil in samples collected down to 160 cm (Table 2). Soil sulfate concen-
trations appear to be largest in the top 50 cm and decrease somewhat with depth (Table 2), however soil sulfate
storage at greater depths was not sampled. Estimating the magnitude of the total extractable sulfate in the top
meter of soil based upon that average value yields 210 kg of soil-stored sulfate per hectare in the top meter of
soil in the forested watershed (Appendix Table E in Supporting Information S1). Considering the thick regolith
and literature findings that legacy sulfate stores have been large and slow to elute from non-glaciated piedmont
landscapes (Rice et al., 2014), this soil-stored sulfate for the top meter is likely much smaller than the total store
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Table 2 of sulfate in the thick soil and saprolite. Mobilization of sulfate in forest soils

Extracted Sulfate Masses From Pond Branch Soil and Local Concrete and
Asphalt Samples

Mass sulfate

Sample (depth below surface) Extraction (mg SO,/kg sample)
PB soil (0-10.2 cm) CaCl, 27.9
PB soil (40.6-45.7 cm) CaCl, 32.7
PB soil (58.4-67.3 cm) CaCl, 18.3
PB soil (86.4-91.4 cm) CaCl, 10.2
PB soil (106.7-113 cm) CaCl, 0
PB soil (127-132 cm) CaCl, 9.9
PB soil (157.5-163.8 cm) CaCl, 12.4
Concrete CaCl, 122.6
Concrete HCI 177.3
Asphalt CaCl, 210.5
Asphalt HCl 18.4

Note. The soil, concrete, and asphalt were extracted using a CaCl, solution. A
second extraction was performed on the concrete and asphalt samples using
a HCl solution. Soil sulfate concentrations tend to decrease with increasing
depth below the surface. Concrete and asphalt samples contain substantial
sulfate, though it is worth noting that samples were crushed before extraction,
exposing fresh surfaces.

has long been considered a major source to the stream (Cosby et al., 1986)
and appears to be rate limited by contact time of water with soil controlling
dissolved sulfate concentrations (Cai et al., 2011; Selim et al., 2004). The
similarity between temporal dynamics of sulfate flux in the forested and
suburban catchments suggests that the suburban catchment has similar mobi-
lization of soil sulfate stores even though the total mass of subsurface sulfate
is likely much larger in the suburban catchment (see below).

3.2. Sulfate Budget
3.2.1. Sulfate Budget, Forest

Stream sulfate flux and source contribution budgets were estimated for the
catchments to gain insights into the cause of the larger suburban sulfate fluxes,
despite the similar mobilization dynamics. Annual stream sulfate fluxes for
the 2-year period from April 2015 to March 2017 in the forested catch-
ment were estimated to be ~5 kg of sulfate annually per hectare compared
to ~16.6 kg/ha annually for the suburban catchment (Table 3). The annual
suburban stream flux is larger even when comparing the estimate based
upon the 10th percentile concentration for the suburban stream (9.7 kg/ha)
to that for the 90th percentile concentration for the forested stream (6.5 kg/
ha). These annual stream fluxes are small in comparison to the estimated
magnitude of the soil sulfate pool of over 200 kg/ha.

Geologic sources, historic land use, and (particularly historical) atmospheric
deposition were considered as possible sulfate contributors in the forested

catchment. There is very little geogenic sulfur present in minerology studies of the site and rock core observa-

tions, likely making it a minor source (Cleaves et al., 1970). The iron sulfides in the rock core were primarily

found within highly resistant quartz veins. In terms of land use, the PB watershed has been continuously natural
forest with some selective logging pre-1958 (Cleaves et al., 1970). Nothing in the history of the forested catch-
ment suggests that additional legacy sources beyond atmospheric deposition are likely to contribute sulfate.

Atmospheric deposition in the region has been declining since 1990 and was quantified to be approximately
5-7 kg per hectare sulfate during the period of study (Eng & Scanlon, 2021). Thus, atmospheric deposition
can explain current sulfate fluxes in the forested catchment though it should be noted that on the decadal scale,

Table 3
Sulfate Flux Estimates for the Gaged Forested Catchment (Pond Branch)
and Suburban Catchment (Baisman Run Upper Gage)

Pond branch (forest) BRUG (suburban)
Sulfate flux (kg/halyr) (kg/halyr)
Stream exports -5 (-2.8, -6.5) -16.6 (9.7, —=19.4)
Atmospheric deposition 5-7 5=7
Road salt N/A 0-0.06
Human effluent (septic) N/A 3.3-6.6
Surfactants (detergents, etc.) N/A 2.2-44
Lawn/garden care N/A 0.3-4.3
Infrastructure N/A 0-0.03
Legacy agricultural use N/A Unknown

Note. Catchment export in stream flow is given as a negative flux and inputs
from sulfate sources to the catchments are listed as positive. The stream
exports are estimated based upon flow weighted mean concentration values.
The stream flux value range calculated using 10th and 90th percentile
concentrations are provided parenthetically.

sulfate concentrations in PB are decreasing more slowly than the decrease in
precipitation (0.6 and 1.8 mg/L decreases, respectively, from 1999 to 2014,
Bird et al., 2018).

Cleaves et al. (1970) published a geochemical mass balance for PB that
also concluded that the sulfate inputs can be attributed to atmospheric
deposition, though the sulfate deposition rate was much higher than the
sulfate flux at the time. Atmospheric sulfate inputs were 17.84 kg/ha/yr in
the mid-1960s (Cleaves et al., 1970), whereas atmospheric deposition of
sulfate has declined by 70%-90% since the 1990 Clean Air Act Amendment
(Eng & Scanlon, 2021). Despite large atmospheric contributions, Cleaves
et al. (1970) measured very similar mean PB baseflow concentrations of
1.3 mg/L or 13.5 pM (1.26 mg/L or 13.1 uM is Figure 2 mean) and esti-
mated an annual stream flux of 3.93 kg/ha/yr. It is worth noting that the
Cleaves et al. (1970) study occurred during a historic drought period and
that they reported peak stream sulfate concentrations during storms as aver-
aging 6.3 mg/L (65.6 pM), substantially higher than the maximum sulfate
concentration recorded during this study. Thus, the forested sulfate stream
flux during the Cleaves et al. (1970) study may have been lower than our
annual stream flux (5 kg/ha) even with the much higher atmospheric inputs
because the time period of the study was drier and had lower annual stream
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discharge (160 mm/yr in the Cleaves et al. study compared to 350 mm/yr during this study). The sulfate budget
in Cleaves et al., concluded that >12 kg/ha/yr were accumulating in the forested catchment (1970). The contrast
between stream sulfate fluxes in the 1960s and more recently suggest that regardless of the rate of atmospheric
loading, the rate of mobilization is related to wetness conditions, particularly the magnitude of annual streamflow.

3.2.2. Sulfate Budget, Suburban

Atmospheric deposition rates of sulfate are likely similar between the forested and suburban catchment due to
their proximity. Major forms of atmospheric deposition include wet deposition, “acid rain,” and dry deposition of
atmospheric particulates onto surfaces (Lindberg et al., 1986). Catchments in the same region are exposed to the
same general atmospheric sulfate concentrations and precipitation, leading to approximately identical rates of wet
deposition (Likens & Bormann, 1974). Dry deposition is also likely to be similar across neighboring catchments,
however it may partially depend upon the surface area available for particles to collect (Davidson et al., 1985).
Due to the leaf canopy, forested catchments have larger surface areas compared to suburban catchments with the
same footprint and thus are expected to have higher rates of dry deposition (Lindberg et al., 1986). Therefore
the 5-7 kg/ha/yr estimated range of annual atmospheric sulfate deposition is a maximum range estimate for the
suburban catchment.

The suburban catchment exported an estimated 16.6 kg of sulfate annually per hectare resulting in a suburban
excess of 11.6 kg annually per hectare compared to the atmospheric deposition rate and the forested catch-
ment. Maximum and minimum sulfate fluxes and contributions by possible suburban sources were estimated to
constrain the bounds of possible sources of suburban sulfate. Estimates are approximate due to scarcity of data
but are still useful for investigating which sources contribute loads that approach the order of magnitude of stream
exports. Sources considered include road salt, septic effluent, lawn and garden care products, infrastructure, and
legacy sources from historic land use.

Road salt was explored as possible sources of suburban sulfate as sulfate is a trace constituent of halite evaporite
deposits (Dean et al., 1987). Local road salt has been measured to be approximately 60 ppm sulfate (Price &
Szymanski, 2014) and the state policy suggests applying 2,903 kg of road salt per lane mile per storm (Strachan
etal., 2009). BRUG contains approximately one lane mile of state road and 55 homes based upon geospatial anal-
ysis in Google Earth. Salt sulfate contribution estimates are negligible (0.06 kg/ha) despite using a large maxi-
mum estimate of 10 salting events and assuming homeowners each apply large amounts of road salt at 100 kg
annually (Table 3, Appendix Table A in Supporting Information S1 for further detail).

Homes in the suburban catchment use septic fields which receive human waste and cleaning supplies used in the
household that contain multiple sulfur species (McAvoy et al., 2009; Wilhelm, Schiff, & Cherry, 1994). Docu-
mented instances of connection between Piedmont septic fields and streams combined with evidence that septic
field redox processes may favor sulfate production suggest that septic waste may be an important source of stream
sulfate. Properly functioning septic fields include unsaturated and saturated zones that support complex bioge-
ochemical cycling intended to treat wastewater (Gayle et al., 1981; Wilhelm, Schiff, & Cherry, 1994; Wilhelm,
Schiff, & Robertson, 1994). Studies in the Northern Carolina Piedmont have demonstrated that the nutrients
nitrate and phosphate may be incompletely removed by septic fields and can increase solute concentrations in
nearby stream water (Humphrey et al., 2016; Iverson et al., 2018). Although data on sulfate dynamics in septic
fields are scarce, one study found sulfate concentrations were elevated in the aerobic zone of a septic field
where sulfur in organic waste material was oxidized to sulfate (Wilhelm, Schiff, & Cherry, 1994). Additionally,
a study of denitrification in a septic plume in a pyrite-containing sandy aquifer in Canada found that reduced
sulfur can act as an electron donor in denitrification of septic waste, becoming oxidized to sulfate (Aravena &
Robertson, 1998).

Maximum and minimum septic field sulfate excreted by humans in the catchment was estimated. The BRUG
catchment contains 55 homes and we assumed between 2 and 4 residents per home. Limited data is available on
sulfur excreted by humans, but measurements from adult men suggest mean values of 2.9 g/day in urine sulfur
losses and <0.05 g/day in fecal loses (Magee et al., 2000). This may be an overestimate for the general population,
as sulfur loss is correlated with intake in diet (Magee et al., 2000), but should offer an estimate of the upper bound
of possible fluxes. We assumed no sulfur was retained by the septic tank since the majority of sulfate in human
effluent is dissolved. This suggests human effluent may contribute between 3.3 and 6.6 kg/ha/yr sulfate (Table 3,
Appendix Table B in Supporting Information S1 for further detail).
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Sulfur is present in many personal care and cleaning products and detergents, largely as a surfactant. The two most
common sulfur-bearing surfactants in household products are linear alkylbenzene sulfonate and alcohol ether
sulfate which includes sodium lauryl sulfates (Nielsen et al., 2009). Measurements of septic tank effluent from a
4-person household have found mean concentrations of 14.6 mol/L linear alkylbenzene sulfonate and 4.8 mol/L
alcohol ether sulfate (Nielsen et al., 2009). We estimated 1,000 L of daily wastewater discharge for a 4-person
household based upon the high end of EPA personal wastewater volume estimates (USEPA, 2002). These values
produce an annual surfactant sulfur contribution as sulfate of up to 4.4 kg/ha (Table 3). The minimum value for
a 2-person household was estimated as half of the flux from the 4-person household calculation. Septic fields
have been demonstrated to successfully break down surfactants, so it is possible most sulfur would exit the drain
field as sulfate (Nielsen et al., 2009; Shimp et al., 1994). Combined with the human excrement sulfate sources,
total maximum septic sources can almost account for the total suburban excess with 11 kg/ha (Table 3), assuming
that the estimates are not too generous and most sulfur from wastewater ultimately reaches the stream as sulfate.

Sulfur is found in several lawn and garden care products including soil acidifier, fertilizer, and fungicide. We esti-
mated sulfate flux based upon fertilizer contributions as other products are much less widely applied to the subur-
ban landscape. A regional study found median fertilizer application rates of 28.5 kg/ha/yr (Fraser et al., 2013).
Popular commercial household fertilizers' packaging claim between 1% and 10% sulfur so the minimum and
maximum fluxes were estimated based upon these values. Between 30% and 50% of the land use in the BRUG
catchment is occupied by lawns (Figure 1). We estimated a range of 0.3—4.4 kg/ha as sulfate equivalents of the
sulfur applied annually (Table 3, Appendix Table C in Supporting Information S1 for further detail).

Many building and suburban infrastructure materials contain sulfur. Rubble from building materials, particularly
gypsum wallboard and plaster, has been demonstrated to release substantial sulfate (Abel et al., 2015). However,
it is not clear whether intact buildings produce a significant sulfur flux. BRUG is a very low density subur-
ban development dating to the 1970s (Hill, 1969), so substantial amounts of buried infrastructure or rubble
are unlikely. Exterior materials known to contain sulfur include brick, concrete, and asphalt. Brick contains up
to 2 g of sulfur per kg, however brick materials in soils tend to act as sulfate sinks rather than sources (Nehls
et al., 2013). Asphalt in roads and roofing materials and concrete appear to have the largest exposed surface
area of infrastructure materials in the catchment. We estimated a combined road, driveway, and roof surface
area in BRUG of 840 m%ha (Appendix Table D in Supporting Information S1 for further detail). The annual
mass of infrastructure materials dissolved is unknown, but a range of 0-100 g of dissolved material per square
meter of infrastructure surface area annually was used to estimate the possible order of magnitude. Degradation
and leaching of asphalt and concrete have been demonstrated to produce sulfate (Huang et al., 1995; Jacques
et al., 2010). Leaching experiments produced 300 mg total of sulfate/kg of concrete and 230 mg total of sulfate/
kg of asphalt (Table 2). Using the max leaching value of 300 mg sulfate per kg infrastructure based on concrete,
we estimate a maximum contribution of 0.03 kg sulfate/hectare (Table 3). While some sulfate may be contributed
by building materials, it is unlikely that this contributes substantially to the excess suburban stream sulfate.

Finally historic land use may result in legacy sulfate sources. The BRUG catchment had a similar selective
logging land use in the mid-1800s but transitioned to agricultural land use in part of the catchment around 1870
(Baltimore Sun, 1969). In the late 1960s, BRUG began to be converted into suburban home parcels (Hill, 1969).
Agricultural land use was described as primitive with few livestock and “old-time” growing methods that likely
did not involve heavy application of fertilizer (Baltimore Sun, 1969), but historic records are scarce. During
approximately a century of agricultural land use, fertilizer, and livestock may have contributed some sulfate to
the landscape. Legacy agricultural sulfate may still be present in the soil and contribute sulfate to the stream in
the suburban catchment but is difficult to quantify. Legacy land use that exceeds 50 years cannot be disregarded
because long-term lag in exporting legacy atmospheric deposition has been observed in the southern Piedmont
(Eng & Scanlon, 2021; Patel et al., 2020; Rice et al., 2014).

Despite the uncertainties in the sulfate budget necessitating large ranges of source flux estimates, none of the
maximum estimates for suburban sulfur sources can independently account for the sulfate flux in the subur-
ban catchment that is excess of the forested catchment flux (Table 3). The suburban catchment exporting over
three times the sulfate flux from the forested watershed is the combined effect of additional sulfur inputs from
multiple sources (Table 3). Road salt contributes only minor sulfate, though it is a substantial source of pollu-
tion for chloride and other ions with concerning ecological impacts (Table 3, Hintz & Relyea, 2019). However,
human effluent, surfactants in household and personal care products, and lawn care products could contribute
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Figure 5. (a) Scatter plot comparing sulfate 8*S and sulfate 6‘8050;_ values precipitated from forested (Pond Branch [PB]),

suburban (Baisman Run Upper Gage), and urban (Herring Run) catchments, along with sampled sources. The forested,
suburban, and urban stream value regions have been highlighted in green, yellow, and red, respectively. Herring Run sulfate
concentrations ranged from 15.6 to 27.9 mg/L (162-290 uM) during the period where samples were collected for stream
sulfate isotope analysis. Uncertainties not shown because of small error bar size relative to symbol size. (b) The ranges of
534S values for sulfur sources from literature and values measured for pyrite in the PB catchment are displayed. Fertilizer
534S values are from 'Cravotta, (1995) and regional precipitation 83*S values range are from 2Cooney, 2005). Plot (c) shows a
literature range for atmospheric deposition sulfate 5030}* (*Krouse & Mayer, 2000).

substantial sulfur and have maximum fluxes of a similar order of magnitude (Table 3). Other potential sources
including legacy low-intensity agricultural land use and the impact of building and infrastructure materials in
this low-density suburban development likely contribute smaller amounts of sulfur (Table 3). Narrowing down
the relative importance of suburban sulfate sources to the stream requires further information beyond the budget
results.

3.3. Stream and Source Sulfate Isotope Tracers

Given the uncertainty in the relative magnitude of different suburban sulfate sources to the stream, sulfate sulfur
(834S) and oxygen (6'80502_) isotope values may be able offer additional insights as source tracers. To aid in
the analysis of how stream water sulfate §34S and 6‘80503_ values reveal information about sulfate sources and
mobilization, we compare the forested and suburban stream to an urban stream in the region (West Branch of
Herring Run). The forested stream had slightly lower sulfate §**S values ranging from 4.9 to 5.8%0 (n = 5)
compared to the suburban stream range of 6.1-7.0%¢ (n = 6) and the urban stream range of 6.2-7.2%0 (n = 7),
with a significant difference between the forested mean values and the mean values for the other catchments
(t-test p < 0.0005, Figure 5). Stream 6‘80503_ values were more variable than the 83*S values, ranging from 0.7 to
2.0%o in the forested stream, from —0.1—4.1%o in the suburban stream, and from 2.1 to 5.0%o in the urban stream
(Figure 5). Forested and suburban stream mean 8'3050§_ values were not significantly different, but both forested

and suburban mean 8'8Og- values were significantly lower than the urban stream §'30gy.- mean (p < 0.05).
4 4

Forest stream & ”‘Osoi_ values had a narrower range (1.3%o) than the suburban (4.2%o¢) and urban (2.9%o) streams.

The differences in sulfate isotope value signatures across land use may help identify sulfate sources that contrib-
ute to each stream.
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Stream sulfate sulfur and oxygen isotope values may be impacted by (a) the isotopic composition of the source
sulfate, (b) mixing and, and (c) fractionation effects from biogeochemical cycling (Kester et al., 2003; Mayer
et al., 1995; Shanley et al., 2005). In some cases, sulfate oxygen and sulfur isotope ratios have been demonstrated
to behave conservatively in riverine systems (Burt et al., 2021). However, sulfate delivered to streams may have
undergone several processes: soil adsorption and desorption (Rajan, 1978), microbially mediated reduction of
sulfate coupled oxidation of organic matter under anoxic conditions (i.e., microbial sulfate reduction or MSR;
Tuttle et al., 1969), reoxidation of the MSR product sulfide, biological uptake, and release during remineraliza-
tion of organic matter (David & Mitchell, 1987). Soil adsorption and desorption are likely to be prevalent at our
study site given the size of the soil sulfate pool and sulfate mobilization by wet conditions noted above (Figure 2).
Adsorption and desorption do not cause significant sulfate sulfur or oxygen isotope fractionations and should not
impact isotopic signatures (Van Stempvoort et al., 1990).

However, several of the other biogeochemical processes can fractionate sulfate sulfur and oxygen isotopes. MSR
can have a large impact on sulfate isotope and signatures, with a sulfur isotope fractionation of up to 70%o (Sim
et al., 2011) and an oxygen isotope fractionation up to 30%o (Farquhar et al., 2008). Sulfide oxidation can result
in a smaller sulfur isotope fractionation of ~—5 to 5%o at neutral pH (Pellerin et al., 2019), and the reoxida-
tion of sulfide is often complete in well-oxygenated settings, resulting in no net sulfur isotope fractionation.
However, the reoxidation of sulfide can reset the oxygen isotope of sulfate to a value that is '0-enriched by
up to 20-30%o relative to 80,0 values of water (Aharon & Fu, 2000; Antler et al., 2013; Fritz et al., 1989;
Mizutani & Rafter, 1969). The sulfur §3S fractionation associated with biological uptake and remineralization is
minor (0.5 + 2.4%o, Kaplan & Rittenberg, 1964; Nehlich, 2015), while the sulfate 6‘80503_ isotope fractionation
is substantial with depletion of 4.5-6.3%o due to sourcing oxygen during remineralization from the '®0-depleted
water (Kester et al., 2003; Mayer et al., 1995; Shanley et al., 2005). Therefore, excluding substantial net MSR,
sulfur isotope signatures should reflect source values, but oxygen isotope values may be affected by biological
processes.

Several potential sulfate sources have 8S ranges that overlap with stream sulfate §**S values (Figure 5). Precip-
itation and forested soil sulfate concentrations were too low to extract adequate sulfate for isotopic analysis.
However, the mean regional precipitation literature sulfate §3*S value (5.8%o, Cooney, 2005) resembles the mean
forested stream value (5.4%o). The CaCl, and HCI extractions of concrete yielded similar §3*S values of 11.9
and 11.8%o, respectively, while the same successive extractions of asphalt yielded 83*S values of 8.0 and 6.4%o,
respectively. Road salt and soil acidifier also have higher §3*S values compared to the stream water sulfate.
In contrast, the metal sulfide samples from the rock core have lower §%*S values (1.2-2.7%o). Septic effluent
influenced streams and fertilizer values from literature have sulfate 84S ranges that overlap with mean values of
stream sulfate in the suburban and urban catchments (Cravotta, 1995). With the possibility of mixing of multiple
sources of sulfate and overlapping source isotopic values, sulfur isotopes alone cannot clearly distinguish subur-
ban and urban sulfur sources.

While suburban sources could not be clearly distinguished by sulfate isotope tracers, each of the stream sites does
have a relatively narrow range of sulfate 5**S values (Figure 5). The similarity between forested stream sulfate
and atmospheric deposition sulfate §3*S values provides evidence that atmospheric deposition is the main source
of sulfate and thus that little fractionation of sulfur isotopes occurs in this system (Figure 5). Sulfur isotope
fractionation associated with MSR is likely limited because of oxic soil conditions and preferential remineral-
ization of organic matter through other thermodynamically favored oxidants (e.g., nitrate or iron oxides). The
slight 3*S-depletion in the mean §3*S value of forested stream sulfate relative to precipitation could be due to a
small contribution from metal sulfides, but many of the measured values are indistinguishable from precipitation
534S value and metal sulfides are not abundant in the bedrock (Cleaves et al., 1970). Given that the forested stream
834S values indicate that the main source of sulfate is precipitation, higher 83*S values in sulfate in the suburban
and urban stream reflect the addition of anthropogenic sulfate sources with higher 83S values (i.e., fertilizer,
septic effluent road salt, acid-soluble S in concrete, or soil acidifier).

Sulfate oxygen isotope values have a narrow range at the forested site and across most urban samples but vary
more widely at the suburban site. Both forested and suburban stream water 6‘801.120 values are around —7%o.
Equilibrium oxygen isotope exchange between sulfate and water occurs over long time-scales (~107-10° years at
neutral pH and room temperature, Lloyd, 1968; Zak et al., 1980). However, equilibrium oxygen isotope exchange
between the sulfur intermediate sulfite and water can occur rapidly during microbial sulfate reduction and/or

COSANS ET AL.

14 of 19

0d ‘1 *¥T0T 1968691

:sdny woiy papeoy

di

A5UOIT Suowwo)) aanea1)) ajqeatidde ayy £q PaUIdA0S 1w SA[ONIE YO (SN JO SI[NI 10§ AIRIGIT AUIUQ KI[IA UO (SUONIPUOI-PUB-SULID}/WOD" Ka[1m AIRIqI[aUI[U0//:sdNY) SUONIPUO)) PUB SWIDL Y 39S *[+70T/L0/81] U0 A1eiqr] auruQ A1 88SL00D1ET0T/6T01 01/10p/w0d KM’ K1eaqrpaury



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/2023JG007588

sulfide oxidation reactions, resulting in the production of sulfate that is 34S-enriched relative to water by up to
30%o (Aharon & Fu, 2000; Antler et al., 2013; Fritz et al., 1989; Mizutani & Rafter, 1969). Thus, sulfate recy-
cled from metabolic intermediates from microbial sulfate reduction (Farquhar et al., 2008) or sulfide oxidation
could have a 6‘SOSO§_ value as high as 23%o, which is lower than the stream 6'80503_ values (Figure 5). Local

atmospheric deposition sulfate 8'80gq>- values have not been measured, but atmospheric §'30g2- values can
4 4

range from 7 to 18%o (Krouse & Mayer, 2000). The measured stream 6‘80503_ values are below the atmospheric
6'80503_ value range, as well as the majority of anthropogenic sulfate sources excluding HCI-soluble sulfate from
asphalt (Figure 5). The intermediate stream values between likely atmospheric deposition and anthropogenic
sulfate values and stream water values suggest that some of the sulfate comes from the remineralization of organic
sulfur. Remineralization of assimilated sulfur results in the production of sulfate with low oxygen isotopes values
because the oxygen comes from ambient water with minimal isotopic fractionation (Kester et al., 2003; Mayer
et al., 1995; Shanley et al., 2005). This process could also occur in septic systems and may be more likely due to
the oxic soil conditions and relative lack of sulfide sulfur sources (see budget sections).

Differences in the range of 6'805037 values across land uses may indicate differences in the degree of biological
sulfate cycling and/or the input of anthropogenic sulfate with high 6‘30505_ values (Figure 5). The lower values
at the forested site suggest that a greater portion of the sulfate in the forested site passes through organic matter
compared to the urban site (Figure 5). This difference could also result from higher 6‘80503_ values of concrete
(10.4%o) if it is a major urban source (Figure 5). The suburban site stream 8'80503_ values overlap with both the
forested and urban sites. The lower suburban stream 6'80502_ values may be associated with warmer months, with
samples from June and July having values of 0.21 and —0.07%. respectively, while the higher values (2.1-4.1%0)
are from March through early May. It is possible that there is greater biological cycling in the suburban catchment
in the warm season, leading to greater '*0-depletion, however the data is limited. The '*0-depletion of sulfate
due to microbial sulfate assimilation and remineralization likely occurs in the shallow soil (Mayer et al., 1995),
which corroborates the conclusion that the sulfate mobilized to the stream by wet conditions in the forested and
suburban catchments is first stored in the soil. Thus, while anthropogenic sulfate sources increase sulfate concen-
trations in suburban streams, the processes of remobilization are similar across land-use types.

4. Conclusions

The environmental gains of the last few decades that have resulted from decreased atmospheric sulfate inputs to
freshwater systems may be offset by inputs from anthropogenic sulfate sources in (sub)urban systems. Here we
present sulfate concentration and isotope data and interpret them with respect to changes in discharge and catch-
ment sulfate budgets to investigate sources and styles of mobilization of sulfate in unglaciated forested versus
suburban catchments. Seasonal and storm event mobilization and transport of sulfate to the streams vary in time
in similar ways between the forested and suburban catchments (Figures 2 and 4) but differ in magnitude. The
positive correlation between stream discharge and sulfate concentrations in the seasonal data set, along with the
lag in enrichment until after the peak in stormflow suggests that sulfate is mobilized from shallow storage by wet
conditions, rather than being mobilized by runoff from impervious surfaces. The relatively large size of the soil
sulfate pool compared to annual stream sulfate fluxes and 6'80503_ signature of shallow biological soil process
in the stream sulfate also supports the role of shallow sulfate storage in both forested and suburban catchments.
Soil sulfate mobilization may occur through desorption while in contact with infiltrating precipitation water and
rising water tables.

Though the sulfate storage and transport mechanisms appear to be similar between the forested and suburban
watersheds, anthropogenic inputs from several sources result in elevated sulfate in the suburban catchment,
resulting in higher stream sulfate concentrations and fluxes. Mass balance estimates suggest that the larger flux
of sulfate in the suburban landscape is the result of multiple source contributions. Many of the sulfate sulfur
and oxygen isotope values of sulfate sources overlap, which hampers our ability to model the relative frac-
tion of suburban stream sulfate from each source. Nevertheless, our estimates of annual fluxes from potential
anthropogenic sources indicates that septic systems and fertilization are the most likely contributors, which is
consistent with the sulfate sulfur and oxygen isotope data, and that road salt sulfate contributions are minor.
The diffuse, non-point source nature of these sulfate sources suggests that reducing suburban sulfate fluxes
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would be challenging. Efforts have been made to reduce fertilizer application rates (Fertilizer Use Act, 2011) and
sulfate-free personal care products are gaining some popularity. However, our characterization of sulfate fluxes
and transport dynamics suggests suburban land use sulfate contributions are substantial and may require further
efforts to mitigate.
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