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Freshwater Salinization Syndrome (FSS) refers to the interactive effects of salt ions 

on the degradation of the natural, built, and social systems. FSS can mobilize 

chemical mixtures, termed ‘chemical cocktails’, in watersheds. The formation of 

chemical cocktails across space and time depends on the amounts and types of salt 

pollution, the surrounding land use including conservation and restoration areas, and 

the location along the flowpath in the watershed. We investigated (1) the formation of 



 

 

chemical cocktails temporally and spatially and (2) the natural capacity of watersheds 

and streams to attenuate salt ions along flowpaths with conservation and restoration 

efforts. We monitored high-frequency temporal and longitudinal spatial chemical 

changes in stream water in response to different pollution events (i.e., road salt, 

stormwater runoff, wastewater effluent, and baseflow conditions) and several types of 

watershed management efforts (i.e., national parks, regional parks, and floodplain 

reconnection) in six urban watersheds in the Chesapeake Bay region. There were 

significant relationships between watershed impervious surface cover and mean 

concentrations of salt ions (Ca2+, K+, Mg2+), metals (Fe, Mn, Sr2+), and nutrients (total 

dissolved nitrogen) (p < 0.05). Principal component analysis (PCA) indicates that 

chemical cocktails that formed along flowpaths in response to winter road salt 

applications were enriched in salts and metals (e.g., Na+, Mn, and Cu). During most 

baseflow and stormflow conditions, chemical cocktails that were less enriched in salt 

ions and trace metals were attenuated downstream. There was also downstream 

attenuation of FSS ions during baseflow conditions through management efforts 

including a regional park, national park, and floodplain restoration. Conversely, 

chemical cocktails that formed in response to multiple road salt applications or 

prolonged road salt exposure did not show patterns of attenuation downstream. The 

spatial patterns were quite variable, with increasing, plateauing, or decreasing 

patterns based on the magnitude, timing, duration of road salt loading, and extent of 

management efforts. Our results suggest that FSS can mobilize multiple contaminants 

along watershed flowpaths, however, the capacity of current watershed management 

strategies such as restoration and conservation areas to attenuate FSS is limited. 
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1. Introduction  

Freshwater salinization increasingly poses risks to aquatic life, drinking water 

sources, infrastructure, agriculture, and critical ecosystem services (Kaushal et al., 

2005; Iglesias, 2020; Kaushal et al., 2021; Hintz et al., 2022; Kaushal et al., 2022a). 

The negative impacts of salt ions on natural and built environments are termed 

Freshwater Salinization Syndrome (FSS) (Kaushal et al., 2018b, 2021, 2022a). Salt 

ions are the base cations, Na+, K+, Ca2+, and Mg2+, and trace metals, such as Cu, Fe, 

Mn, and Sr2+. Streams affected by FSS are characterized by elevated concentrations 

of major ions and trace elements from cation exchange, a decrease in biotic richness, 

increases in eutrophication, and increases in erosion due to sodium dispersion in soils 

(Canedo-Arguelles et al., 2016; Bird et al., 2018; Kefford, 2018; Behbahani et al., 

2021; Kaushal et al., 2021; Szklarek et al., 2022). Global and regional shifts in 

watershed land use from rural to urban have caused acute and chronic levels of 

elevated salinity and thereby increased FSS and the potential for the water-quality 

degradation events (Iglesias, 2020; Kaushal et al., 2022a).  

Urbanization and the impervious surface cover (ISC) within a watershed are 

linked to the effects of FSS (sensu Kaushal et al., 2008, 2010, 2014; Moore et al., 

2017; Schulz and Cañedo-Argüelles, 2019; Utz et al., 2022). In urban systems, point 

and nonpoint sources of FSS salt pollution (e.g., discharge, weathering of urban karst 

(Kaushal and Belt, 2012), road salt, fertilizer, and stormwater runoff) can be 

transported through the watershed more efficiently along engineered flowpaths 

https://www.zotero.org/google-docs/?BR5uEn
https://www.zotero.org/google-docs/?BR5uEn
https://www.zotero.org/google-docs/?LLMMPl
https://www.zotero.org/google-docs/?mxWqXG
https://www.zotero.org/google-docs/?mxWqXG
https://www.zotero.org/google-docs/?A1R84f
https://www.zotero.org/google-docs/?X7ismL
https://www.zotero.org/google-docs/?X7ismL
https://www.zotero.org/google-docs/?RtWas5
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(Kaushal et al., 2005, 2017, 2021; Chen et al., 2018). These point and nonpoint 

sources of salt pollution have the potential to release chemical cocktails, which are 

distinct chemical mixtures from a common source that are transported and 

transformed simultaneously along watershed flowpaths (Kaushal et al., 2018a, 2019, 

2020). Chemical cocktails can develop from a variety of anthropogenic sources, 

including sewage discharge, vehicles, weathering of impervious surfaces, synthetic 

chemicals, and mineral resources (Bernhardt et al., 2017; Kaushal et al., 2018a, 

2018b, 2020; Blaszczak et al., 2019). For example, elevated concentrations of Na+, 

Cl-, SO4
2-, and K+ can suggest a chemical cocktail of point source sewage and 

wastewater effluent discharge (Rose, 2007). Nonpoint sources can create distinct 

chemical cocktails as well, such as road salt runoff and urban stormwater runoff. 

Road salt pulses can mobilize chemical cocktails of cations (e.g., Ca2+, Na+, and 

Mg2+), heavy metals (e.g., Cu, Sr2+, and Mn), and NH4
+ from soil particles via soil 

cation exchange (Green and Cresser, 2008; Findlay and Kelly, 2011; Kaushal et al., 

2019, 2021; Galella et al., 2021). Stormwater runoff is another issue that degrades the 

water quality in urban streams, which creates a chemical cocktail of Na+, Cl-, HCO3
-, 

Ca2+, Mg2+, and Sr2+ from the weathering of impervious surfaces (Masoner et al., 

2019). In studying multiple elements and nutrients simultaneously along a watershed 

flowpath using the chemical cocktail approach, we can better infer the transport, 

transformation, and attenuation capacity of FSS (Kaushal et al., 2018a).  

In attempts to improve water quality from nonpoint and point sources of 

pollution, conservation areas, such as urban parks, and stream-floodplain 

https://www.zotero.org/google-docs/?rXiaOj
https://www.zotero.org/google-docs/?X3Zvh0
https://www.zotero.org/google-docs/?X3Zvh0
https://www.zotero.org/google-docs/?K2cpp2
https://www.zotero.org/google-docs/?K2cpp2
https://www.zotero.org/google-docs/?mJ3Wwy
https://www.zotero.org/google-docs/?41kknE
https://www.zotero.org/google-docs/?41kknE
https://www.zotero.org/google-docs/?EvCUr7
https://www.zotero.org/google-docs/?EvCUr7
https://www.zotero.org/google-docs/?KxouQ9
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reconnection restorations have been implemented in watersheds. These conservation 

and restoration practices attenuate pollutants by slowing water movement, trapping 

sediment, increasing nutrient uptake and storage, promoting denitrification, and 

increasing transpiration (Mayer et al., 2007, 2010; Kaushal et al., 2008b; Tomer et al., 

2009). Previous work has found riparian buffers are effective at reducing the 

concentration of nitrogen in the streams by promoting denitrification in the hyporheic 

zone and in the floodplain (Lowrance et al., 1997; Sweeney et al., 2004; Mulholland 

et al., 2008; Vidon et al., 2010; Azizian et al., 2017; Grant et al., 2018). These areas 

are ‘hot spots’ of biogeochemical transformations, particularly of denitrification, and 

nutrient removal, and but can also trap ions to sediments, among other processes 

(Mayer et al., 2007; Vidon et al., 2010; Kaushal et al., 2020). However, the effects of 

restoration and stormwater management strategies on the attenuation of salt pollution 

sources require further investigation (Snodgrass et al., 2017; Kaushal et al., 2022a, 

2022b; Galella et al., Accepted). Restored floodplains and wetlands can possibly 

attenuate salt ions along flowpaths, but there can also be the potential for contaminant 

mobilization due to ion exchange, changes in pH and solubility, and stimulation of 

microbial processes (Kaushal et al., 2022a; Galella et al., Accepted). Whether 

conservation and restoration efforts can attenuate salt pollution sources, similarly to 

other chemical pollutants, remains an important question in water quality studies. 

Although an increase in the scope and magnitude of FSS has been documented 

over time (Bird et al., 2018; Kaushal et al., 2018b, 2021, 2022a; Bhide et al., 2021; 

Grant et al., 2022), the natural capacity of watershed flowpaths to retain or dilute FSS 

https://www.zotero.org/google-docs/?XJQogC
https://www.zotero.org/google-docs/?XJQogC
https://www.zotero.org/google-docs/?zt0kkq
https://www.zotero.org/google-docs/?zt0kkq
https://www.zotero.org/google-docs/?5yPkIV
https://www.zotero.org/google-docs/?FAK4sL
https://www.zotero.org/google-docs/?FAK4sL
https://www.zotero.org/google-docs/?klcYjK
https://www.zotero.org/google-docs/?1OdnZ2
https://www.zotero.org/google-docs/?1OdnZ2
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spatially are often less studied. It is also unknown whether the attenuation capacity of 

a flowpath can be exceeded or saturated under different environmental conditions, 

such as different pollution events (Maas et al., 2021; Grant et al., 2022; Kaushal et al., 

2022a; Galella et al., Accepted). Some salt ions from FSS, such as Na+, can be 

attenuated along watershed flowpaths (Kaushal et al., 2022a, 2022b; Galella et al., 

Accepted), however, there are uncertainties in the distance and extent of the water 

quality impacts from FSS transmitted downstream. These FSS ions are often 

transported to sensitive receiving waters, (e.g., major drinking water supplies), and 

cause damage to infrastructure (Novotny et al., 1998; Kaushal, 2016; Pieper et al., 

2018). Further, we do not know if FSS can be mitigated or reversed in any way using 

restoration and conservation.  

In this paper, we investigate how FSS chemical constituents are transmitted or 

attenuated along watershed flowpaths, across different pollution events, and in 

response to conservation and restoration efforts. Specifically, we hypothesize that 

there is a limited capacity for FSS and its water quality impacts to be reversed along 

hydrologic flowpaths depending upon the amount and timing of salt pollution and 

conservation and restoration. We propose that watersheds and stream ecosystems can 

become ‘saturated’ with salt ions above their natural or engineered attenuation 

capacity over relatively short time scales in response to certain amounts and types of 

salt pollution. Whereas most work has focused on understanding changes in 

salinization over time, our analysis elucidates pathways of ion and contaminant 

retention and release along watershed flowpaths, including through restoration and 

https://www.zotero.org/google-docs/?yCvBTI
https://www.zotero.org/google-docs/?yCvBTI
https://www.zotero.org/google-docs/?pXbbvV
https://www.zotero.org/google-docs/?pXbbvV
https://www.zotero.org/google-docs/?4GMQBq
https://www.zotero.org/google-docs/?4GMQBq
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conservation areas. We investigate the transmission and attenuation of FSS in 

response to three potential sources of FSS pollution: wastewater treatment plant 

effluent, stormwater runoff, and road salt application, all of which are common forms 

of pollution in the Mid-Atlantic. Our results can also help identify seasonal and 

environmental conditions under which chemical cocktails enhanced by salt pollution 

can be formed, transported, or attenuated in stream water. Results from our work can 

expand knowledge of riparian buffers and hydrologic systems and help develop 

principles and paradigms of the mechanisms behind the retention, release, and 

mobilization of salt ions and other elements, which can then be used to create better 

management strategies.  

2. Materials and Methods 

2.1. Study Design: monitoring FSS along watershed flowpaths across 

space and time   

Six watersheds located in Maryland (MD), Washington D.C., and Virginia 

(VA) were monitored spatially and temporally along watershed flowpaths (Figure 1). 

Four of the six stream sites have USGS gauges with high-frequency sensors (Table 1) 

and were sampled every two weeks (Sligo Creek, Paint Branch, Scotts Level Branch, 

and Anacostia River) to assess the formation of chemical cocktails under various 

seasonal and weather conditions. Three streams (Scotts Level Branch, Rock Creek, 

and Bull Run) were sampled longitudinally once a season to characterize spatial 

changes in water chemistry to evaluate the potential effects of downstream restoration 
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and conservation areas on attenuating FSS and the potential for salt to saturate 

attenuation sites along the flowpath. For the longitudinal synoptics’ studies, we chose 

sampling sites on a case-by-case basis to account for site access. The two sampling 

regimes employed in our study allowed us to explore whether there was a difference 

in the formation and attenuation of FSS chemical cocktails over a range of weather 

conditions, seasons, land uses, land management practices, and pollution events. 

 

 
Figure 1. Impervious surface cover of the temporal and spatial monitoring 

watersheds in the Mid-Atlantic Region of the United States. Green dots indicate the 

start of the spatial monitoring and red dots indicate the end of the spatial monitoring. 

Blue stars indicate the USGS monitoring sites, three within the Anacostia watershed 

and one within the Scotts Level Branch watershed.  
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2.2. Temporal monitoring of water quality in urban streams across land 

use 

Between September 08, 2021 and September 23, 2022, samples were 

collected twice a month at four USGS gaging stations to analyze stream chemistry 

over an annual cycle. These sites are the Anacostia River at Bladensburg Waterfront 

Park (USGS 01651007), Scotts Level Branch at Rockdale, MD (USGS 01589290), 

Sligo Creek near Takoma Park, MD (USGS 01650800), and Paint Branch near 

College Park, MD (USGS 01649190) (Table 1), and briefly described below.  In 

addition to stream samples, high frequency data for specific conductivity (SC, in 

micro-Siemens per centimeter at 25°C), discharge (Q, in cubic feet per second), pH, 

and temperature (T in °C) were collected from the USGS National Water Information 

System (U. S. Geological Survey, 2016); the exception was the USGS gauge at 

Anacostia River at Bladensburg Waterfront Park which did not have discharge 

recorded at the gauge. 

2.2.1. Anacostia Watershed  

The Anacostia River is one of the largest tributaries of the Potomac River and 

drains parts of MD and Washington, D.C. (Velinsky et al., 2011). In this study, three 

of the temporal monitoring locations lie within the Anacostia Watershed, including 

two tributaries of the Anacostia River, Paint Branch and Sligo Creek, and 

downstream on the mainstem of the Anacostia River at Bladensburg, located 

downstream of these tributaries. The sampling site on the Anacostia at Bladensburg is 
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tidal with a semidiurnal tide up to 1 m in height (Velinsky et al., 2011). Biological, 

nutrient, sediment, and bacterial impairment and degradation of the Anacostia caused 

by regional urbanization has occurred over the past 200 years (Velinsky et al., 2011; 

Miller et al., 2013). The Bladensburg Waterfront Park site has the largest drainage 

area of the sites sampled here, and the shortest USGS gauge record and does not have 

discharge recorded (Table 1). The watershed’s geology is sand-gravel facies 

composed of quartz sand, pebble sand, and silt-clay and silt-clay facies composed of 

clay with lenses of sand and gravel (Glaser, 2003). 

2.2.2. Sligo Creek Watershed  

Sligo Creek is a highly urbanized tributary to the Anacostia River near Takoma 

Park, MD. Our sampling site on Sligo Creek is downstream of numerous stream 

restorations, including stormwater retrofits, constructed wetlands, channel 

reconstruction, tree planting, and fish stocking projects implemented in 2001 (Stranko 

et al., 2012). The bedrock geology is gneiss with quartz, feldspar, mica, and 

hornblende interbedded with sandstone and mica schist (Froelich, 1975). 

2.2.3. Paint Branch 

Paint Branch, located near College Park, MD, is a tributary of the Northeast 

Branch of the Anacostia River. Due to military site restrictions, we sampled 1.5 km 

upstream of the USGS gauge, which is located between Montgomery and Prince 

George’s County (Miller et al., 2013). Paint Branch is within the alluvium from the 

https://www.zotero.org/google-docs/?MjEmrK
https://www.zotero.org/google-docs/?MjEmrK
https://www.zotero.org/google-docs/?V1rYbO


 

10 

 

Holocene; however, there are sections of the Laurel Formation upstream, which is a 

metasedimentary unit of mica gneiss and schist (Glaser, 2003). 

2.2.4. Scotts Level Branch 

Scotts Level Branch is in Randallstown, MD near Baltimore, MD, and has the 

smallest drainage area of the sites sampled. The drainage area is residentially 

developed, with two floodplain reconnection restoration sites along the flowpath 

(Scotts Level Branch Stream Restoration Project, 2019). Scotts Level Branch crosses 

two geologic units. Upstream, Scotts Level Branch flows through a medium-grained 

biotite plagioclase muscovite quartz schist interlayered with a biotite-plagioclase-

quartz gneiss. Along the flowpath, a thrust fault shifts the geology to a fine to 

medium grained amphibolite with pyroxene and chlorite-rich zones (Crowley and 

Reinhardt, 1980). 

2.3. Longitudinal monitoring of stream flowpaths across land use 

Three streams, with long-term flow and water quality monitoring network 

stations, were sampled along the flowpath seasonally. There are different watershed 

management features along the flowpath at each of the streams, including regional 

parks, national parks, and stream-floodplain reconnection. To understand the ability 

of the watershed management features to attenuate FSS chemical constituents, each 

stream was studied during a baseflow and two road salt events. The sampling 

conditions during each road salt synoptic is outlined in Supplemental Figure 1. Brief 
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descriptions of synoptic sampling sites along stream flowpaths are summarized 

below. 

2.3.1. Bull Run (Flowpath from upstream of a Wastewater Treatment Plant through a 

Regional Park) 

Bull Run flows through four regional parks: Manassas National Battlefield Park 

(20 km2), Johnny Moore Stream Valley Park (less than 0.005 km2), Bull Run 

Regional Park (6 km2) , and Hemlock Overlook Regional Park (1.6 km2) (Northern 

Virginia Regional Park Authority, 2022; Hemlock Overlook Regional Park, 2022; 

Johnny Moore Stream Valley Park; Manassas and Us). Synoptic sampling began at 

Bull Run Regional Park and Hemlock Overlook Regional Park. The confluence of 

Bull Run and a rapidly urbanizing tributary, Cub Run, occurs within Bull Run 

Regional Park. Cub Run has a higher mean annual storm drainage per surface area 

with respect to the surrounding area (Dougherty et al., 2007).  

The Upper Occoquan Service Authority (UOSA) operates a water reclamation 

facility which discharges 54 million gallons of treated wastewater effluent per day 

into Bull Run within Bull Run Regional Park (Onyango et al., 2014). The discharge 

flows to the Occoquan Reservoir and is part of an indirect potable reuse (IPR) system 

(Cubas et al., 2014).  The UOSA plant includes a conventional treatment, chemical 

and physical advanced treatment, disinfection, and digestion and sludge handling 

before discharging to Bull Run (Upper Occoquan Service Authority, 2022). The 

wastewater treatment plant can remove biological nitrogen, therefore discharging 

https://www.zotero.org/google-docs/?K2Yr1C
https://www.zotero.org/google-docs/?K2Yr1C
https://www.zotero.org/google-docs/?K2Yr1C
https://www.zotero.org/google-docs/?cEiv26
https://www.zotero.org/google-docs/?AuEH04
https://www.zotero.org/google-docs/?qKsCHi
https://www.zotero.org/google-docs/?Yid326
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reclaimed water with lower phosphorus and organic matter concentrations (Cubas et 

al., 2014). Nitrified effluent is discharged to Bull Run in the warmer months to 

combat the start of anoxic conditions in the reservoir; in the winter months when the 

reservoir is oxygenated, UOSA must remove nitrogen in the wastewater and follow 

regulations for point source nitrogen loads (Cubas et al., 2014).  

Four longitudinal synoptic surveys were conducted along the length of Bull Run. 

Each synoptic included portions of Bull Run above and below the point where treated 

wastewater is discharged from UOSA. The first two synoptic sampling events were 

conducted during baseflow conditions and extended from Bull Run Regional Park to 

the Occoquan Reservoir. The last two synoptics were sampled during snow events 

(Table 2, SI Figure 1); we were not able to sample the full length of the stream due to 

safety concerns.  
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Table 2. Description of each spatial sampling flowpath.  

Stream Date Longitudinal 

Distance 

(km) 

Number 

of 

Samples 

Collected 

Pollution Pulse Captured 

Bull 

Run 

January 13, 

2021 

16.4 41 Baseflow; denitrification in 

WWTP; no road salt 

September 17, 

2021 

15.8 68 Baseflow; rained while 

sampling; reduced 

denitrification in WWTP 

January 8, 2022 
2.4 20 Road salting event 1; reduced 

denitrification in WWTP 

January 17, 

2022 

2.4 20 Road salting event 2; reduced 

denitrification in WWTP 

Rock 

Creek 

February 6, 

2021 

21.2 25 Road salting event 1 

August 9, 2021 9.2 15 Summer baseflow 

August 13, 2021 20.9 20 Summer baseflow 

September 3, 

2021 

21.5 5 Urban stormwater; after 

tropical storm Ida 

January 19, 

2022 

16 25 Road salting event 2 

Scotts 

Level 

Branch 

March 27, 2021 8.6 12 Spring baseflow 

August 12, 2021 8.6 12 Summer stormwater 

September 2, 

2021 

8.6 12 Summer stormwater; after 

tropical storm Ida 

November 2, 

2021 

8.6 12 Fall baseflow 

January 5, 2022 8.6 12 Road salting event 1 

January 12, 

2022 

8.6 13 Road salting event 2 
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2.3.2. Rock Creek (Flowpath from Urban Land Use through Forested National Park) 

Rock Creek flows through Rock Creek Regional Park in MD and directly into 

Rock Creek National Park in Washington, DC. Rock Creek Regional Park, about 7.3 

km2, is managed by the Maryland-National Capital Park and Planning Commission 

(Montgomery Parks, 2022). The 7.1 km2 Rock Creek National Park in Washington 

DC was established in 1890 by the National Parks Service (National Parks Service, 

2022). While the river flows through two geographical regions, about 80% of Rock 

Creek’s drainage area is in MD and the remaining 20% in DC (Cintron, 2016). Rock 

Creek has been the focus of numerous water quality studies over the years, addressing 

the contribution of the 217 combined sewer outfalls and stormwater drain runoff of 

pathogens, metals, and organic matter pollution in the stream (Miller et al., 2013; 

Cintron, 2016).  

Five longitudinal synoptic surveys were conducted on Rock Creek, each with 

varying distances downstream. All synoptics began in Rock Creek Regional Park in 

Maryland and ended in Rock Creek National Park in Washington, D.C (Table 2). 

2.3.3. Scotts Level Branch (Flowpath through Suburban Land Use with Floodplain 

Reconnection) 

Scotts Level Branch is a suburban stream with a narrow riparian buffer (Wood et 

al., 2022). Two floodplain reconnection projects were completed on Scotts Level 

Branch (Scotts Level Branch Stream Restoration Project, 2019). The first restoration 

project at McDonogh Road was completed in the spring of 2014 and 2,000 linear feet 

https://www.zotero.org/google-docs/?QmmFz0
https://www.zotero.org/google-docs/?06psJF
https://www.zotero.org/google-docs/?06psJF
https://www.zotero.org/google-docs/?6uBKHQ
https://www.zotero.org/google-docs/?Mmxo4e
https://www.zotero.org/google-docs/?Mmxo4e
https://www.zotero.org/google-docs/?8OuMiy
https://www.zotero.org/google-docs/?8OuMiy
https://www.zotero.org/google-docs/?dSyCqS
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of the stream was restored, starting 2.6 km downstream of the headwaters (Scotts 

Level Branch Stream Restoration Project, 2019). The second project began in the 

summer of 2019 at the headwaters, which is a large storm drain, near Marriottsville 

Road and extended 1,500 feet to Tiverton Road (Scotts Level Branch Stream 

Restoration Project, 2019). Unlike at Rock Creek and Bull Run, sampling at Scotts 

Level Branch was conducted at the same location during each synoptic. Samples were 

collected from the headwaters of Scotts Level Branch at stormwater drain to the 

confluence of Scotts Level Branch and Gwynns Falls. 

2.4. Sample processing and elemental analyses of water samples  

All water samples were collected in 125 mL sample bottles that were rinsed in 

stream water three times prior to sample collection. A Yellow Springs Instrument 

(YSI) ProQuatro multiparameter meter was used to collect in-situ data for 

temperature, conductivity, pH, dissolved oxygen (DO), and oxidation-reduction 

potential (ORP). Samples were collected in the mainstem and in the tributaries of the 

streams when possible. Samples were collected 100 m downstream of the confluence 

of a tributary and a stream to ensure the sample was well mixed and representative of 

the stream (Kaushal et al., 2014).  

Laboratory methods for sample processing and elemental analyses follow those 

described previously (standard methods for example, see Haq et al., 2018; Galella et 

al., 2021; Wood et al., 2022). Each water sample was filtered through a 0.7-

micrometer glass fiber filter. Unacidified samples were analyzed on a Total Organic 

https://www.zotero.org/google-docs/?yWD8aW
https://www.zotero.org/google-docs/?yWD8aW
https://www.zotero.org/google-docs/?xga0ki
https://www.zotero.org/google-docs/?xga0ki
https://www.zotero.org/google-docs/?O7zv9B
https://www.zotero.org/google-docs/?O7zv9B
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Carbon Analyzer (TOC-L, Shimadzu, Columbia, MD, USA) for total dissolved 

nitrogen (TDN). The detection limit for total dissolved nitrogen is 5 µg/mL with a 

maximum reproducibility coefficient of variance of 1.5% (Shimadzu, 2011). An 

aliquot of the filtered sample was acidified to 0.5% using ultra-pure nitric acid to 

prevent flocculation and biological activity. Acidified samples were analyzed via 

inductively coupled plasma optical emissions spectrometry (ICP-OES) using a 

Shimadzu Elemental Spectrometer (ICPE-9800, Shimadzu, Columbia, Maryland, 

USA). The elements analyzed include B, Ba2+, Ca2+, Cu, Fe, K+, Mg2+, Mn, Na+, S2-, 

Sr2+. The uncertainties for the ICP-OES were 0.6, 10, 0.6, and 0.6 µg/mL for Na+, K+, 

Ca2+, and Mg2+, respectively (Sellers, 2014).  

2.5. Watershed land use characterization along stream flowpaths 

The watershed characteristics, including percent forest cover, the percent 

impervious surface cover, and drainage area was obtained from a 30 m resolution 

dataset from the 2016 National Land Cover Database using USGS StreamStats web 

application and ArcMap 10.4. Significant tributaries were identified using 

StreamStats and Google Maps. Along longer longitudinal profiles, such as Rock 

Creek and Bull Run, any stream that was named or could be visually identified using 

StreamStats was considered a major tributary. Any second order stream analyzed via 

StreamStats was considered a major tributary at Scotts Level Branch. The impervious 

surface cover and the forest cover in each watershed was obtained from the 2016 

National Land Cover Database (U. S. Geological Survey, 2016). 
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2.6. Statistical analyses 

Linear regression relationships were developed between dissolved elemental 

concentrations in streams, environmental water quality variables (e.g., temperature, 

dissolved oxygen, discharge, and conductivity) and watershed landscape 

characteristics. The coefficient of determination of the regression relationships, along 

with their significance (at p < 0.05) were estimated using Excel Regression Analysis.  

Principal component analysis (PCA) was used to investigate dominant temporal 

and spatial parameters across multiple analytes (sensu Helena et al., 2000; Ouyang, 

2005; Hu et al., 2013). In this study, we used PCA to investigate the dominant 

temporal and spatial formation of chemical cocktails using FSS salt ions. PCA was 

performed on log transformed data, standardized to have a mean of zero and a 

standard deviation of one. The analysis was conducted in R studio version 1.4 using 

FactoMineR and factoextra (Lê et al., 2008). A resampling-based stopping rule 

analogous to the Rand-Lamda rule defined by Peres-Neto et al (2005) was used to 

identify principal components that explained significantly more variance than 

expected due to chance at a p < 0.05 level (Rippy et al., 2017). Only these 

components were retained and interpreted in our analysis. 



 

18 

 

3. Results  

3.1. Stream water chemistry changes temporally along a land use 

gradient  

Over the annual cycle, there were seasonal changes in water quality in the salt 

ions and nutrients (Figure 2, Figure 3). Specific conductance (SC) and salt ion 

concentrations such as Na+ peaked sharply during winter months, likely due to road 

salt applications (Figure 2). Exponential equations were fit to the data from the first 

salt peak captured by spatial sampling to the return in baseflow conditions from 

January 5, 2022 to June 3, 2022 (SI Table 1). The Anacostia at Bladensburg, the site 

in the largest watershed, had a high R2 indicating an exponential decline occurred in 

the watershed. Scotts Level Branch, the smallest watershed, had a R2 of 0.71. Scotts 

Level Branch was characterized by flashier changes in discharge and specific 

conductance during road salting events, with specific conductivity peaking at 18000 

μS/cm and the Na+ concentration decreases quicker in a stream after road salt events 

than larger streams with more sources (SI Table 1). 
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Figure 2. Time series of the temporal monitoring sites and the base cations concentrations 

(mg/L) plotted with respect to specific conductance. Samples were collected during 

September 2021- September 2022. The synchronous peak in specific  

conductance and the ions was due to road salt application.  
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Figure 3. Time series of total dissolved nitrogen (mg/L) with respect to specific 

conductance.  

 

The total nitrogen concentration in the stream varied seasonally. The highest TDN 

concentrations were typically sampled following wintertime peaks in specific 

conductance. Land use significantly influenced the means and ranges of salt ions and 

nitrogen concentrations in streams across the four watershed sites over an annual 

cycle (significant correlations summarized in Table 3). There were increases in the 

concentration of total nitrogen, Ca2+, Fe, K+, Mg2+, Mn, and Sr2+ with increasing 

percent impervious surface cover (ISC) in the watershed (Figure 4), at rates varying 

between 1.2x10-2 mg Sr/L/ISC (%) to 2.4 mg Ca/L/ISC (%) (p < 0.05). Conversely, 

there were negative relationships between the salt ion concentrations and the percent 

forest cover of a watershed, including total nitrogen, Ca2+, Mg2+, and Sr2+, at rates of -

1.6x10-2, -1.6, -0.25, and -6.6x10-3 mg/L/forest cover (%), respectively (p < 0.0005). 
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Redox-sensitive elements, Fe and Mn, were an exception. These elements increased 

with increasing forest cover at rates of 6.5x10-3 mg Fe/L/forest cover (%) and 2.1x10-

3 mg Mn/L/forest cover (%). This finding suggests that increased forest cover in a 

watershed has the increased potential to reduce concentrations of multiple salt ions, 

metals, and nutrients.   

 

 
Figure 4. Box and whiskers plot of salt ions concentrations with respect to impervious 

surface cover percentage in the watershed. These relationships are statistically significant 

with a p-value of < 0.05. These elements are also statistically significant (p<0.05) with 

respect to the percentage of forest cover within the watershed. n = 111.  
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Specific conductance was significantly correlated with multiple elements. Most 

base cations and trace metals had a significant positive relationship with specific 

conductance, including Ca2+, K+, Mn, Na+, Sr2+, and total nitrogen. ORP had a 

negative relationship with specific conductance (p < 0.003). Discharge had a negative 

relationship with Ca2+, Mg2+, and Sr2+, and a positive relationship with redox 

sensitive elements including Fe (p < 0.04).  

3.2. Stream water chemical cocktails form seasonally and during 

different FSS pollution events? 

3.2.1. Chemical cocktails are formed seasonally over an annual cycle 

The correlation between specific conductance and multiple elements suggests that 

chemical cocktails are formed and transported in response to FSS (e.g., Kaushal et al., 

2018a, 2019; Morel et al., 2020; Galella et al., 2021). PCA was used to diagnose 

chemical cocktails of salt ions and total nitrogen that formed over an annual 

monitoring cycle (Figures 2-3). Dimension 1 of the PCA (Figure 5, SI Table 2) 

captures patterns in salt ions and trace metals (~40% variance explained), whereas 

dimension 2 of the PCA captures patterns in redox sensitive elements (~21% of the 

variance explained). Water samples collected during road salt pulses are characterized 

by elevated concentrations of Na+, K+, Cu, and Mn (see pink circles in the top right 

quadrant of Figure 5a; small symbols indicate the individual samples, large symbols 

indicate their central tendency). Most of these ions, except for Cu, have a positive 

significant relationship with increasing specific conductance (Table 3). Water 

https://www.zotero.org/google-docs/?kLYpNX
https://www.zotero.org/google-docs/?kLYpNX
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samples collected during summer baseflow and stormwater events had lower 

concentrations of Na+, K+, Cu, and Mn (see blue symbols loading opposite the road 

salt cluster, Figure 5a). 

A second chemical cocktail can be seen in the lower right quadrant of Figure 5a, 

characterized by elevated concentrations of Ca2+, Mg2+, Sr2+, and total nitrogen. 

These elements had a positive significant relationship with increasing impervious 

surface cover (Table 3). Stormflow and baseflow samples collected in the fall (brown 

symbols), spring (green symbols), and summer (blue symbols) had variable 

concentrations of constituents in these cocktails (note the variability in the locations 

of samples from these groups with respect to PC dimension 1). Only baseflow and 

stormflow samples collected in the winter exhibited chemical cocktails that were 

similar to those evident during road salt events. Notably, you can trace a cycle from 

one chemical cocktail towards the next by following the seasons, starting with road 

salt in the upper right quadrant, shifting down and left (away from chemical cocktail 

1 as winter transitions to spring and then to summer), relaxing towards chemical 

cocktail 2 (lower right quadrant) transitioning into fall. The stark differences between 

chemical cocktails by season illustrate the importance of factoring seasonal changes 

into our understanding of FSS. Moreover, the significant correlations between 

different chemical cocktails and variables like land cover (imperviousness) or 

management practices (road salt application) highlight the importance of these factors 

as drivers of seasonal change.  
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Figure 5. Principal component analysis by pulse type. There is clustering of ions based on the 

pollution event. The road salt events dominate the PCA on the right-hand side of the plot, as 

indicated by the circled ions of Na+, Ba, Mg2+, and Cu. The dashed line is a chemical cocktail 

which could be indicative of urban weathering, composed of K+, Ca2+, and Sr2+. 
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3.2.2. Chemical cocktails are formed across different FSS pollution events 

Distinct chemical cocktails formed spatially following different pollution pulse 

events. This is evident in Figure 5b, where water samples from particular types of 

pollutant pulses could be distinguished based on their ion compositions; samples that 

contained more Na+, Ba2+, Mg2+, Cu, Sr2+, Ca2+, and K+ tended to be associated with 

road salt (red and blue symbols) or wastewater treatment (purple symbols; positive 

PC dimension 1). Samples that contained less Na+, Ba2+, Mg2+, Cu, Sr2+, Ca2+, and K+ 

tended to be associated with stream baseflow conditions (pink and green symbols) or 

stormwater runoff (yellow symbols; negative PC dimension 1). Relative to road salt 

pulses, wastewater pulses were less enriched in Fe and more enriched with Ca2+, Sr2+, 

and K+(purple symbols shifted down towards negative PC dimension 2). Summer 

baseflow samples were enriched in Fe relative to winter baseflow samples, perhaps 

because Fe was mobilized in the summer during low oxygen conditions (note absence 

of pink symbols from positive PC dimension 2).  

3.3. Chemical cocktails form spatially along watershed flowpaths 

Because each stream studied had different longitudinal flowpath lengths, 

sampling conditions, and surrounding watershed land uses, different chemical 

cocktails were sometimes evident for different streams. We present a few examples of 

this below, drawing on the results from three of the streams we sampled, Bull Run, 

Rock Creek, and Scotts Level Branch. In all streams we evaluated, road salting events 

dramatically changed the chemical cocktails that were present. This is evident in the 
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strong loading of samples from road salt events on principal component one (the 

dominant pattern in ion composition) across all panels of Figure 6 (SI Table 3). This 

said, distinct chemical cocktails can form across road salt events within the same 

stream. Baseflow and stormflow chemical cocktails tended to have lower 

concentrations of salt ions and trace metals than other pulse types. Their composition 

varies by stream, however, and possibly is a function of impervious surface cover. 
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Figure 6. Principal component analysis of each stream sampled for spatial monitoring. The 

three streams which were monitored longitudinally are analyzed here. In all three synoptics, 

the road salt chemical cocktails occur on the right side of the biplot. Stormwater and baseflow 

synoptics are on the left side of the plot, less salt ion enriched. 



 

29 

 

3.3.1. Chemical cocktails form along flowpath from wastewater treatment plant 

through regional parks 

In Bull Run, different road salting events along the flowpath exhibit different 

distinct chemical cocktails. Both are elevated in salt ions, however, road salt event 1 

was more influenced by Mg2+ and Sr2+ (Mg2+ mobilizes Sr2+) and road salt two was 

influenced by Na+, Cu, and Ba2+ (Na+ mobilizes Cu) (Galella et al., 2021).  

Water samples collected near and upstream to the wastewater treatment plant 

have a chemical cocktail characterized by high Ca2+, K+, and Sr2+ and low Mn and Fe 

(blue symbols; positive dimension 2, Figure 6a). Although Na+ is a dominant ion in 

wastewater, individual road salt events increase Na+ concentrations in the stream 

more than wastewater does. This signature aligns with the longitudinal trends in 

Figure 7 - at the wastewater treatment plant, the in-stream concentrations of K+ 

increased in the stream by an average of 228% and the in-stream Ca2+ concentrations 

increased by an average of 44%. This makes Ca2+, K+, and Sr2+ the signature of ions 

from the wastewater treatment effluent in Bull Run (Jalali et al., 2008). The baseflow 

samples had low concentrations of all salt ions and trace metals measured. The 

summer baseflow samples had concentrations that were influenced by the wastewater 

treatment plant.  

https://www.zotero.org/google-docs/?XqMcGN
https://www.zotero.org/google-docs/?J9jz55
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Figure 7. Longitudinal plots of the base cation concentrations vs. distance downstream at the 

three spatial sampling sites. The green dashed lines indicate either restoration or the transition 

to conservation. The solid black line in 7a is the wastewater treatment plant effluent which 

discharges into Bull Run. 
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3.3.2. Chemical cocktails form along flowpaths from urban land use through 

forested national park 

A stronger divergence between the two road salt events is evident along the 

flowpath from Rock Creek Regional Park to Rock Creek National Park. The chemical 

cocktails from road salt event 1 had high concentrations of salt ions, particularly Na+, 

Ca2+, and Mg2+, whereas road salt event 2 had higher concentrations of Cu (Figure 

6b). These differences are likely due to the conditions during the road salting event. 

Road salt event 1 was sampled four days after a snow event (SI Figure 1). During that 

snow event, the stream’s conductivity at the USGS gauge in Rock Creek National 

Park peaked around 11,700 µS/cm with a discharge of 1.9 ft3/s (SI Figure 2). The 

second road salt event was collected 3 days after a smaller snowstorm (peak specific 

conductance of 6,230 µS/cm, discharge of 10.5 ft3/s), which may have transmitted 

salt ions (K+, Na+, Ca2+, Mg2+) out of the watershed more quickly. During baseflow, 

Rock Creek exhibited stormwater and baseflow samples with elevated ion 

concentrations, in particular Fe (Figure 6b).  

3.3.3. Chemical cocktails form along flowpaths suburban land use with floodplain 

reconnection  

The composition of the baseflow and stormwater flow chemical cocktails 

depended on the impervious surface cover in the watershed. Scotts Level Branch 

(Figure 6c) has the highest impervious surface cover as well as the smallest watershed 

area. The stormwater and baseflow events grouped on the biplot by the seasons, 
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though all were elevated in salt ions. In contrast to the other two streams, both road 

salt events at Scotts Level Branch were associated with similar chemical cocktails, 

containing high concentrations of a highly correlated chemical cocktail of Cu, Na+, 

K+, Ca2+, Mn, and Sr2+. The summer stormwater and summer baseflow events were 

correlated with chemical cocktails heavily elevated in Fe. During the stormwater 

events in the spring and the fall, the chemical cocktail was elevated in both salt ions 

and Fe.  

3.4. Attenuation of chemical cocktails along flowpaths across different 

hydrologic conditions  

Chemical cocktails are formed and can be attenuated along flowpaths, but these 

patterns depend on the dominant pollutant type, season, land use, and location within 

the watershed. In many cases, there was downstream attenuation of nutrients, major 

ions, and trace metals with distance downstream, particularly during baseflow and 

stormwater flow events. However, the patterns of attenuation depended strongly on 

hydrologic conditions and seasonality. Tributaries of the streams studied are indicated 

by black dashed vertical lines in Figure 6. We discuss a few examples of patterns of 

longitudinal attenuation of chemical cocktails below. 

3.4.1. Chemical cocktails are attenuated along longitudinal flowpaths in regional 

parks  

During winter baseflow and summer baseflow at Bull Run, there was an increase 

in concentration of Ca2+, K+, and Na+ due to the wastewater effluent which then 
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decreased in concentration downstream throughout the regional park (Figure 7a). 

Mg2+ showed an increasing pattern longitudinally throughout the regional parks. The 

rapid decline by the second regional park, indicated by the green dashed line and the 

highlighted green box, is from the confluence of Bull Run and a large tributary, Popes 

Head Creek.  

An increase in the concentration of Na+, K+, and Mg2+ was observed during the 

road salt events. The peak in concentrations of salt ions was from a highly urbanized 

tributary, Cub Run. For both road salt events, Na+ and Mg2+ peaked at the confluence 

of Cub Run and Bull Run. The concentration then declined to the wastewater 

treatment plant, afterwards increasing through the flowpath. A similar pattern 

occurred for Ca2+ and K+ during the second road salt event, although both ions 

increased in concentration at the wastewater treatment plant due to effluent. 

3.4.2. Chemical cocktails are attenuated from urban land use through forested 

national park  

Patterns of attenuation of the salt ions were observed during summer baseflow 

within the Rock Creek National Park (Figure 7b). The concentrations of the salt ions 

increased during the regional park and decreased in the national park. The road salt 

events showed different attenuation throughout the longitudinal flowpath amongst the 

streams or the two road salt events. There were changes in discharge and specific 

conductance over the road salt pulse (Supplementary Figure 2). During the road salt 

events, there were increasing concentrations for all salt ions. While Ca2+, K+, and Na+ 
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increased incrementally throughout the flowpath, Mg2+ was more variable. The 

concentration of Mg2+ increased until approximately 16 km downstream of the 

headwaters, rapidly declined, and then increased throughout the national park. Within 

Rock Creek National Park, the concentrations of salt ions all decreased along the 

flowpath. Along the Rock Creek flowpath, the base cations showed trends of 

decreasing concentrations at the site before the national park, perhaps due to dilution 

from a tributary above stream. Within the National Park, there are increasing trends in 

concentration which attenuate in the park at 25 km downstream. 

3.4.3. Chemical cocktails are attenuated along suburban land use with floodplain 

reconnection 

Similar patterns of attenuation were observed along the flowpath through the 

residential area with restoration at Scotts Level Branch (Figure 7c). There were 

patterns of downstream attenuation for the salt ions during the baseflow events. In 

Scotts Level Branch, baseflow ion concentrations were lower at the downstream end 

of the restoration areas compared to the upstream concentrations. However, during 

baseflow, the restoration areas were a source of K+. Two stormwater events were 

captured at Scotts Level Branch, one of which was after tropical storm Ida. The 

monovalent salt ions increased between the first and second restoration site. The 

divalent base cations concentration decreased along the length of the synoptic. Ca2+ 

did not show a pattern of decline after the second restoration.  
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At Scotts Level Branch, the two road salt events differed at the restoration sites. 

During the first road salt event, the restoration sites acted as a sink for salt ions. The 

concentrations, in general, decreased throughout the restoration sites and along the 

length of the flowpath. However, during the second road salt event, these restoration 

sites acted as a source of the salt ions. There was increasing concentrations or 

plateauing of the concentrations at the floodplain restoration sites. At Scotts Level 

Branch, salt ion concentrations decreased through the restoration areas during the first 

road salt event sampled (Figure 7) and the restoration area acted as a sink. 

Nevertheless, these restoration areas acted as a source for the base cations during the 

second road salt event, sampled just one week later. In these reaches, the ion 

concentration increased, plateaued, or only slightly declined. The restoration became 

overwhelmed by the excess road salt and was unable to provide water quality 

improvements.  

3.5. Effects of riparian buffer width on attenuation of different chemical 

cocktails  

The riparian buffer width and percent forest coverage was calculated at each 

spatial sampling location for each season (Figure 8). The trends in percent forest 

differs from the riparian buffer width. At Bull Run, both the riparian buffer width and 

the percent forest increase in the second regional park. This pattern did not hold true 

at Rock Creek and Scotts Level Branch. At Rock Creek, the riparian buffer width 

increases throughout the national park, even though the percent forest increases 
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because the land use surrounding Rock Creek Park becomes more urban along the 

flowpath. Above the national park, the land use is exurban suburban and 

predominantly urban sprawl from Washington, D.C. In Washington, D.C., the land 

use surrounding the national park is intensely urban. Although there is a larger 

riparian buffer width, the remaining areas within the watershed are not forested. 

Scotts Level Branch is surrounded by suburban land use, with residential homes on 

either side of the stream. There is an increase in the forest percentage between the 

restoration areas due to the replanting of native vegetation. However, sampling was 

conducted at the end of the restoration to assess the changes in chemistry between the 

upstream impaired waters and after the restoration, so this was not captured in the 

riparian buffer width.  
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Figure 8. Percent forest within the watershed, riparian buffer width, and concentration of 

total dissolved nitrogen with distance downstream for each spatial sampling site.  

 

Nitrogen concentrations increase at the wastewater treatment plant and decline 

downstream with increasing forest cover and riparian buffer width in the watershed at 

Bull Run (Figure 8a). In Rock Creek National Park, nitrogen concentrations remain 

elevated and fluctuate during road salt events (Fig. 8b). However, Scotts Level 

Branch, a restored site where the headwaters (Figure 8c) are a large stormwater 

culvert which drains to a floodplain restoration area, had high concentrations of N 

which declined through the first restoration and along the sampling event.  

P-values were assessed for the linear regressions between the riparian buffer 

width and 11 different ions (B, Ba2+, Ca2+, Cu, Fe, K+, Mg2+, Mn, Na+, S, Sr2+) at all 

spatial sampling sites. TDN was analyzed at Bull Run for the summer and winter 
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baseflow, but the relationships were not statistically significant, with p-values of 

0.077 during the summer baseflow and 0.67 in the winter baseflow. There were 

significant relationships for Bull Run during the winter and summer baseflow events 

and Rock Creek during the road salt events (p < 0.05) (Figure 9a and 9b, Table 4). 

During the Bull Run synoptic period during the winter months, two of the twelve ions 

have decreasing concentrations with increasing km of riparian buffer width: B and S 

with slopes of -6x10-3 and -8.9x10-3 (mg/L)/km respectively. However, during the 

summer synoptic at Bull Run, six of the twelve ions analyzed showed attenuation 

along the longitudinal flowpath. These ions include B, Ba2+, Ca2+, Mg2+, Na+, and 

Sr2+. These ions have slopes ranging from -4.8 (mg Ca2+/L)/km to -8.1x10 Only B 

had significant negative relationship between the winter and summer baseflow 

synoptic, although these slopes are not statistically significant from each other.  
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Figure 9. Significant relationships between the riparian buffer width and different ions at all 

the spatial sampling sites. The top plot is at Bull Run and the bottom plot is at Rock Creek. 

There were no significant relationships at Scotts Level Branch between ion concentrations 

and the riparian buffer width. 

 

At Rock Creek, statistically significant relationships between riparian buffer 

width and ions occurred during road salt events (p < 0.05). The first road salt event, 

characterized by higher specific conductance and discharges, had seven ions which 

were positively significantly related to riparian buffer width. These ions are Ba2+, 

Ca2+, K+, Mn Na+, S, and Sr2+, all with p-values less than 0.035. The base cations, 

such as Na+, Ca2+, K+ had high rates of change per kilometer, such as 47, 8.8, and 1.1 

(mg/L)/km. During the second road salt event with the lower specific conductance 

and discharge the statistically significant relationships were of Cu and Na+, with 
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slopes of 0.012 and 11 (mg/L)/km, respectively. The slopes of Na+ are statistically 

significant from one another (Table 4).  
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4. Discussion 

Overall, the formation and attenuation of FSS chemical cocktails across space and 

time in watersheds due to: (1) amounts and types of salt inputs, (2) differences in 

surrounding land use, conservation, and restoration, and (3) location within the 

watershed. FSS manifests itself in diverse forms and can mobilize different chemical 

cocktails based on pollution sources (e.g., sewage, urban runoff, and road salt). FSS 

chemical cocktails show different patterns of attenuation downstream based on 

pollution sources, and we found that can be the potential for conservation and 

restoration areas to reduce water quality impacts of FSS. In the following section we 

discuss patterns in propagation and attenuation of FSS chemical cocktails, the role of 

riparian conservation and restoration areas in attenuation of FSS, and the potential for 

salt saturation along flowpaths. 

4.1. Formation and attenuation of treated wastewater chemical cocktails 

across time and space  

Treated wastewater formed a unique, distinct chemical cocktail of Ca2+, K2+, and 

Sr2+ (Figure 6a) in this study. During baseflow events, the concentrations of Na+, 

Ca2+, and K+ increased at the wastewater treatment plant while Mg2+ declined (Figure 

7a).  The most common ions in wastewater in general include total nitrogen, K+, Na+, 

Cl-, and SO4
-2 with Mn, Ni2+, Zn2+, Cr, Cu, As, Pb, Cd2+  (Kaushal et al., 2020). A 

study along Bull Run found that 64% of the Na+ sources in the effluent from the 

https://www.zotero.org/google-docs/?qzkfa7
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wastewater treatment plant were unknown  (Bhide et al., 2021). While Na+ is 

typically a dominant ion in treated wastewater effluent, the excess of Na+ from the 

road salt events causes Ca2+ and K+ to be a unique overwhelming signature from the 

effluent. Although not measured in this study, wastewater also is a source of 

nutrients, organic matter, emergent pollutants, and pathogens to streams (Castelar et 

al., 2022), all of which can create chemical cocktails that can be transported and 

transformed along a flowpath. 

The summer baseflow chemical cocktails found at Bull Run were most similar to 

wastewater effluent during the low flow conditions, indicating that the wastewater 

treatment plant was a large contributor to the discharge. Across the contiguous US, 

wastewater is estimated to contribute to over 50% of the flow in 900 streams and 

during the summer the treated effluent can account for up to 100% of the downstream 

discharge (Ribot et al., 2012; Rice and Westerhoff, 2017). In water-stressed urban 

regions, streams become dependent on wastewater during baseflow, which alters the 

hydrologic nature of intermittent to perennial streams in arid climates (Luthy et al., 

2015; Castelar et al., 2022). 

Indirect potable reuse is a sustainable management practice which discharges 

highly treated wastewater to the surface water and the groundwater that can, in turn, 

be used as a drinking water source for a community downstream (Rodriguez et al., 

2009). The wastewater treatment plant discharges effluent into Bull Run as surface 

water recharge which flows to the Occoquan Reservoir, which is used as the receiving 

waters for the Fairfax Country Griffith drinking water plant (Onyango et al., 2014). 

https://www.zotero.org/google-docs/?L92o6p
https://www.zotero.org/google-docs/?pzPsA6
https://www.zotero.org/google-docs/?pzPsA6
https://www.zotero.org/google-docs/?VMkYLh
https://www.zotero.org/google-docs/?RrkOBk
https://www.zotero.org/google-docs/?RrkOBk
https://www.zotero.org/google-docs/?P85VwO
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Therefore, the watershed management system is established upon the ability for Bull 

Run to attenuate the additional nutrients and ions, particularly total nitrogen. A 

stream’s ability to longitudinally biogeochemically process and attenuate these 

nutrients and ions from the wastewater treatment plant is dependent on the flow 

conditions, residence times of the ions, and seasonality (Castelar et al., 2022).  

Depending on the pollutant and the discharge, the stream can act as a source, sink, 

or transporter downstream of the wastewater treatment plant. Overall, Na+, K+, and 

Ca2+ were attenuated throughout the entire study reach after the wastewater treatment 

plant during baseflow. Mg2+ showed different patterns – there were increasing 

patterns before the wastewater treatment plant which declined at the effluent and 

along the flowpath. Future work should continue to investigate the transport and 

biogeochemical transformation of various pollutants and contaminants before and 

after wastewater effluent enters streams.  

4.2. Formation and attenuation of road salt chemical cocktails along 

flowpaths  

Chemical cocktails formed from road salt pollution in urban waterways created 

salt ion-enriched chemical cocktails. In general, these chemical cocktails were 

dominated by high correlations between salt ions, such as Na+, and co-mobilized trace 

metals, including Cu (Figure 5a, Figure 5b). However, the elemental composition of 

the road salt chemical cocktails varied by location – Bull Run was dominated by Na+, 

Mg2+, Cu, and Ba, Rock Creek had two distinct chemical cocktails with Na+, Ca2+, 

https://www.zotero.org/google-docs/?Gnxmh8
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and Mg2+ dominating one road salt event and the other was driven by Cu, and Scotts 

Level Branch had a chemical cocktail of Na+, Ca2+, K+, Mn, Sr2+, and Cu.  

The influx of salt ions into the surface water from road salts increases the base 

cation exchange and the mobilization of trace metals in sediments and soils (Findlay 

and Kelly, 2011; Galella et al., 2021). The dominant cation in road salt, Na+, has a 

large radius and a high charge with respect to other monovalent cations (Findlay and 

Kelly, 2011). Therefore, Na+ is very effective at competing for negatively charged 

sites on clay soil particles and displaces other adsorbed ions including Ca2+, K+, 

Mg2+, Pb, Cu, Mn, and Sr2+ (Findlay and Kelly, 2011; Galella et al., 2021). However, 

if different types of road salts are applied (i.e., CaCl2 or MgCl2), there is the potential 

for distinct chemical cocktails (Kaushal et al., 2019; Galella et al., 2021). These 

divalent cations have the capacity for greater cation exchange rates on soil particles; 

Mg2+ displaces Cu while Ca2+ displaces Zn, Pb, and Cd2+, which are eventually 

transported into the surface water (Kaushal et al., 2019; Galella et al., 2021).  

The differences among the formation of salt ion-enriched chemical cocktails from 

road salt events could depend on the timing and intensity (i.e., the quantity of road 

salt application per impervious surface cover) of road salt application and the 

sampling event within the watershed. The composition of road salt chemical cocktails 

can vary temporally throughout an episodic salinization event caused by road salt 

application (Haq et al., 2018; Galella et al., 2021). As the specific conductivity rises 

and peaks from the influx of road salt, there is a strong relationship between the base 

cations and the trace metals (Galella et al., 2021). This relationship suggests 

https://www.zotero.org/google-docs/?uhYKiJ
https://www.zotero.org/google-docs/?uhYKiJ
https://www.zotero.org/google-docs/?QWDB6b
https://www.zotero.org/google-docs/?QWDB6b
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https://www.zotero.org/google-docs/?ksc6g4
https://www.zotero.org/google-docs/?iBc1qB
https://www.zotero.org/google-docs/?Fjslgi
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comobilization of trace metals due to cation exchange during road salt events 

(Kaushal et al., 2019, 2021; Galella et al., 2021). After the initial peak in road salt 

pulse, the declining specific conductance suggests a weaker relationship between the 

base cations and trace metals (Galella et al., 2021). In our results, we observed trace 

metal comobilization with base cations during road salt events both temporally and 

longitudinally (Figures 7). However, there were also different chemical cocktails that 

may have also formed based on the longitudinal stream characteristics, surrounding 

land use, and conservation and restoration throughout the stream network.  

During road salt events, there were not downstream patterns of attenuation along 

the flowpath, even within conservation and restoration. Through Bull Run Regional 

Park, Rock Creek Regional and National Park, and the restoration sites along Scotts 

Level Branch, there were variable patterns of retention and release with Na+, Ca2+, 

Mg2+, and K+ (Figure 7).  

4.3. Formation and attenuation of chemical cocktails from stormwater 

runoff across time and space 

Stormwater runoff and baseflow conditions formed chemical cocktails less 

enriched in salt ions and trace metals with respect to road salt chemical cocktails. The 

stormwater runoff events are generally shorter in length than winter stormwater 

events generally, and the influence of corrosion releasing heavy metals decreases 

(Hallberg et al., 2007). Many of the samples were collected on the receding limb of 

the hydrograph, a few days after a stormwater event and therefore not capturing the 

https://www.zotero.org/google-docs/?SOHhkv
https://www.zotero.org/google-docs/?RVb0Fa
https://www.zotero.org/google-docs/?81vKAr
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“first flush” of pollutants (Kayhanian et al., 2012). The most pollutants and heat from 

impervious surfaces enter the stream during the first portion of the stormwater runoff 

event than the remainder of the event (Kayhanian et al., 2012; Blaszczak et al., 

2019).  

There were still spatial and temporal patterns which emerged during baseflow and 

stormflow. During winter baseflow events (Figure 5a), the chemical cocktail is 

influenced by ions such as Mn, Na+, K+, and Cu, which are dominant in the road salt 

chemical cocktail. The remaining three months are grouped close together (Figure 5a, 

5b) as chemical cocktails which are both less enriched in salt ions and redox sensitive 

ions than the road salt chemical cocktail. At Rock Creek and Scotts Level Branch, the 

summer baseflow and stormwater runoff both had higher concentrations of Fe than 

during road salt conditions. Fe is sourced from the watershed and, in general, is 

associated with increases in dissolved organic matter and reducing conditions (Figure 

6b, 6c) (Ekström et al., 2016). Stormwater runoff chemical cocktails are more 

challenging to quantify and characterize due to the diffuse sources, including soil 

erosion, vehicles, human and animal waste, fertilizers, household chemicals, 

industrial processes, atmospheric fallout, and paints and preservatives (Aryal et al., 

2010). Common inorganic ions in urban stormwater runoff include heavy metals, 

such as Pb, Cr, Zn2+, Cu, Ni2+, and Cd2+ generally associated with finer sediment 

fraction runoff (Aryal et al., 2010). 

https://www.zotero.org/google-docs/?k62gcy
https://www.zotero.org/google-docs/?CnbvEz
https://www.zotero.org/google-docs/?CnbvEz
https://www.zotero.org/google-docs/?Dea1RN
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https://www.zotero.org/google-docs/?KToZXd
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4.4. Roles of conservation and restoration in the attenuation of chemical 

cocktails, salt saturation, and limitations in response to Freshwater 

Salinization Syndrome (FSS) 

Conservation and restoration areas are implemented in impaired watersheds to 

reduce the concentration of nutrients such as nitrogen through denitrification (Mayer 

et al., 2007). However, these areas have the potential to attenuate transport of salt 

pollution further downstream when the rates of watershed salt loading are lower such 

as during baseflow and stormflow events, however, the effects are variable during 

road salt events. There were patterns of increase, plateau, and decline along a 

flowpath, depending on the surrounding watershed characteristics. There were 

patterns of increase with all the salt ions in parks at Bull Run and Rock Creek (Figure 

7a, 7b). In the floodplain reconnection at Scotts Level Branch, the restoration acted as 

a sink during the first road salt event and a source of ions during the second road salt 

event (Figure 7c). These green spaces, such as urban forests and restorations, benefit 

urban streams by reducing pollutant concentrations in urban runoff (Livesley et al., 

2016). In comparison to impervious surfaces, trees and vegetated areas can intercept 

more rainfall, have higher infiltration rates into soils, and reduce runoff during 

stormwater events (Nowak, 2006).  

Previous research suggested nitrogen can be effectively removed by riparian 

buffers (Mayer et al., 2007). Wider riparian buffers provide more area for root uptake 

of nitrogen and favor denitrification (Mayer et al., 2007). At Bull Run along the 

flowpath from the wastewater treatment plant through the regional parks, there were 

https://www.zotero.org/google-docs/?qpAhr9
https://www.zotero.org/google-docs/?qpAhr9
https://www.zotero.org/google-docs/?1WAcD2
https://www.zotero.org/google-docs/?1WAcD2
https://www.zotero.org/google-docs/?hzSJBN
https://www.zotero.org/google-docs/?sDcrh0
https://www.zotero.org/google-docs/?nmBK79


 

48 

 

no significant patterns between riparian buffer width and total nitrogen concentrations 

during the summer or winter baseflow. This could be due to the vegetation type, root 

zone depth, or hydrological flowpath (Mayer et al., 2007). However, during baseflow 

events, there are some significant patterns of decreasing ion concentration with 

increased riparian buffer width. In the summer and early fall, there are warmer 

surface water temperatures, more direct sunlight, and higher autotrophic uptake in the 

stream causing higher primary productivity (Ledford et al., 2017). Therefore, there is 

the potential for attenuation of ions with increased riparian buffer width. However, 

during road salt events, there are positive relationships. At Rock Creek, the riparian 

buffer width increases at the end of the flowpath in Washington DC. Many of the ions 

increased with increasing riparian buffer width, indicating that the riparian buffer was 

overwhelmed and saturated from FSS ions.  

Recent work suggests there can be retention of the salt ions along floodplains in 

soils across the year (Ledford et al., 2016; Maas et al., 2021). Salt ions accumulate in 

the sediments and groundwater, resulting in elevated salt ion and trace metal 

concentrations several months after the specific conductance and Na+ concentration 

decline (Cooper et al., 2014; Cockerill et al., 2017; Kaushal et al., 2019; Galella et al., 

2021). Chloride is primarily stored within the saturated zone of riparian floodplains in 

soils, groundwater, or other subsurface storage (Kelly et al., 2008; Ledford et al., 

2016). Groundwater recharge during overbank flood events in the winter promotes 

the storage of chloride and other ions within the floodplain (Ledford et al., 2016). 

During low chloride overbank flood events, the salty groundwater is flushed out of 

https://www.zotero.org/google-docs/?Ik5P3t
https://www.zotero.org/google-docs/?YlA4wX
https://www.zotero.org/google-docs/?9VIkwh
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the floodplains and into the stream, acting as a source of salt ions (Ledford et al., 

2016; Cockerill et al., 2017). The residence time of these ions can be up to 55 days 

(Ledford et al., 2016). The retention of salt-laden groundwater in the riparian 

floodplain would form chemical cocktails with different compositions due to the 

seasonality, pollutant type, land use or restoration and conservation, and location 

downstream.  

Currently, many salt ions are unregulated and unmanaged; there are no total 

maximum daily loads (TMDLs) or national primary drinking water regulations 

(Bhide et al., 2021, 2021; Grant et al., 2022). Without formal regulations, the most 

common management practice to reduce the concentration of salt ions is to promote 

retention via restoration and best management practices (BMPs) along flowpaths 

(Kaushal et al., 2021, 2022a). This study provides a first step towards understanding 

how FSS is transmitted along watershed flowpaths to sensitive receiving waters, 

including major drinking water supplies, and identifying benefits and limitations in 

the role of restoration and conservation in attenuating FSS along flowpaths (Bhide et 

al., 2021; Grant et al., 2022; Kaushal et al., 2022a, 2022b).  

5. Knowledge Gaps and Future Research 

Restoration and conservation areas are often implemented for their ability to 

reduce denitrification and improve stream quality. However, these sites are usually 

studied on a small scale for a relatively short time period and analyzes only a few 

elements or nutrients at a time. Here, we studied salt ions, trace metals, and nutrients 

https://www.zotero.org/google-docs/?yPdXpV
https://www.zotero.org/google-docs/?yPdXpV
https://www.zotero.org/google-docs/?eXHtzg
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https://www.zotero.org/google-docs/?tE78Fi
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across time and space before, during, and after FSS pollution events. By temporally 

and spatially studying chemical cocktails along restoration and conservation 

flowpaths, rather than individual contaminants, there can be improvements to 

pollutant tracking, the co-management of pollutants, the determination of thresholds 

for contaminant mobilization in response to FSS pollution events, and the 

development of sensor proxies for harmful pollutants (Trowbridge et al., 2010; Moore 

et al., 2019; Kaushal et al., 2020; Galella et al., 2021). These methodologies can 

highlight areas with increased influence of FSS pollution and establish the locations 

to effectively implement restoration and conservation (Kaushal et al., 2022a).  

In recent years, there has been an emphasis on understanding the retention and 

release of salt ions from stormwater best management practices such as retention 

ponds, rain gardens, natural or accidental wetlands, and bioswales (Kaushal et al., 

2022a). However, less research has focused on stream restoration efforts such as 

floodplain reconnection to understand if there is retention of salt ions in the 

floodplain soils during various FSS pollution events. For example, if the 

concentrations of chemical cocktails decrease downstream of restored stream reaches 

and floodplains and riparian buffers, these features can be used to manage different 

types of chemical cocktails in the future.  

The chemical cocktail methodology provides a statistical way to assess the 

sources, transport, and transformation in elemental combinations over space and time 

(Kaushal et al., 2020). Other studies can use the chemical cocktail approach and can 

expand the network of data to include a variety of different geographical locations, 

https://www.zotero.org/google-docs/?BAs0jK
https://www.zotero.org/google-docs/?BAs0jK
https://www.zotero.org/google-docs/?aTbdDf
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pollution events, and locations. This work illustrates how chemical cocktails can be 

parsed from complex environmental data using PCA. PCA results characterize 

chemical cocktails in a way that is reproducible. For example, every PCA analysis is 

associated with a series of reproducible equations. Based on these equations, other 

studies can compare the chemical cocktails they measure in their own regions of the 

world to the chemical cocktails we have characterized using the equations. Thus, our 

approach offers a unique point of comparison for other studies looking to evaluate 

chemical cocktails in their own systems. 

6. Conclusion 

Three categories of chemical cocktails formed over space and time: 1) higher 

concentration of salt ion and trace metals chemical cocktails from road salt events, 2) 

chemical cocktails lower in salt ions and trace metals during baseflow and stormwater 

events, and 3) Ca2+ and K+ enriched chemical cocktails from wastewater effluent. In 

general, chemical cocktails during baseflow and stormwater events were attenuated 

downstream over short time scales as streams flowed through restoration and 

conservation areas. However, road salt events overwhelmed the capacity for 

restoration and conservation to attenuate chemical cocktails. Few studies have 

focused on the transport and transformation of salt ions, metals, and nutrients along 

watershed flowpaths, particularly flowpaths with conservation and restoration. Our 

results provide further insights on the formation and potential for longitudinal 

attenuation of chemical cocktails during different pollution events and within reaches 
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with restoration and conservation. Conservation and restoration can improve 

downstream water quality associated with different pollution events, but the 

attenuation capacity of streams, floodplains, and riparian zones can be overwhelmed 

by freshwater salinization.  
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Appendices 

SI Table 1. Equations were fit to the decline from the peak Na+ concentrations to the return to 

the baseflow Na+ concentration conditions. The best fit type was a second order polynomial. 

All relationships were significant.    

USGS Gauge Site Fit Type Equation R2 p-value 

Anacostia at Bladensburg Exponential y = 2x10308e-5.67x 0.86 0.0006 

Paint Branch Exponential y = 2x10308e-5.88x 

  

0.77 0.0036 

Sligo Creek Exponential y = 2x10308e-6.46x 

  

0.77 0.0044 

Scotts Level Branch Exponential y = 2x10308e-5.84x 

  

0.71 0.0064 

 

SI Table 2. PCA equations for Figure 5a and Figure 5b. Principal component 1 and principal 

component 2 will be calculated separately. To calculate the PCA, use the data in the table 

below and use this formula:  

PC1 = ((data-mean)/SD)*PC1 for each ion. Sum all of these together to calculate PC1. Do the 

same process for PC2.  

 

 Figure 5a Figure 5b 

Ion Mean SD PC1 PC2 Mean SD PC1 PC2 

Ba2+ 0.18 0.07 -0.02 0.12 0.12 0.069 0.31 0.15 

Ca2+ 31.0 13.76 0.44 -0.11 43.45 20.65 0.43 -0.26 

Cu 0.02 0.03 0.11 0.21 0.039 0.46 0.32 0.040 

Fe 0.14 0.10 -0.17 0.53 0.16 0.17 -0.062 0.64 

K+ 3.68 1.23 0.41 0.22 4.49 2.99 0.33 -0.31 

Mg2+ 7.51 3.59 -0.30 -0.21 9.09 6.12 0.32 0.098 

Mn 0.04 0.05 0.11 0.60 0.083 0.13 0.23 0.57 

Na+ 48.78 59.34 0.32 0.39 84.62 103.37 0.41 0.22 

Sr2+ 0.16 0.07 0.47 -0.10 0.18 0.092 0.43 -0.14 

Tdn 0.96 0.31 0.41 -0.14     
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SI Table 3. PCA equations for Figure 6a-6c. Use the equation: ((data – mean)/SD) *PC for 

all the ions. Calculate PC1 and PC2 separately.  

 

  Ion Ba2+ Ca2+ Cu Fe K+ Mg2+ Mn Na+ Sr2+ 

6a: 

Bull 

Run 

Mean 0.091 50.75 0.042 0.087 6.4 6.55 0.039 57.76 0.21 

SD 0.045 15.65 0.036 0.074 3.66 4.12 0.065 48.48 0.057 

PC1 0.49 0.11 0.49 0.23 0.17 0.34 0.11 0.5 0.21 

PC2 -0.084 0.59 -0.10 -0.38 0.45 0.054 -0.34 -0.058 0.41 

6b: 

Rock 

Creek 

Mean 0.11 33.42 0.033 0.33 3.5 8.29 0.14 121.58 0.16 

SD 0.036 13.22 0.042 0.13 1.43 3.16 0.098 118.8 0.044 

PC1 0.16 0.3 -0.01 -0.21 0.41 0.38 0.21 0.46 0.46 

PC2 0.22 -0.11 -0.8 0.1 0.28 -0.42 0.16 0.032 0.087 

6c: 

Scotts 

Level 

Branch 

Mean 0.15 43.17 0.044 0.13 3.63 11.96 0.058 88.32 0.17 

SD 0.089 15.86 0.055 0.088 1.93 7.58 0.053 102.98 0.091 

PC1 0.19 0.41 0.4 -0.06 0.39 0.19 0.3 0.41 0.42 

PC2 -0.47 0.002 0.2 0.59 0.19 -0.56 -0.01 0.2 -0.01 

 

 
SI Figure 1. Sampling conditions for each of the winter road salt events. Sampling occurred 

during the dashed vertical lines.  
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SI Figure 2. Hysteresis loops of discharge and specific conductance from the starting point to 

the end of the winter road salt events. The data plotted is from the long-term high frequency 

monitoring stations along t each river. The darker blue circles indicate the start of the road 

salt event and yellow indicates the end of the road salting events.  
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