
Occurrence of per- and polyfluoroalkyl 

substances in stormwater management 

pond sediment and relationship to land 

use.
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[from PA DEP, https://www.dep.pa.gov/Citizens/My-

Water/drinking_water/PFAS/Pages/default.aspx]

Perfluorinated
• Perfluoroalkyl acids (PFAAs) include two major groups, with 

PFOS and PFOA most commonly tested; up to 14 carbon 
chain

▪ Anionic form most common

▪ “Terminal degradation products” of polyfluoroalkyl 
substances

• Perfluoroalkane sulfonamides (FASAs) 

▪ Can degrade to form PFAAs such as PFOS

Polyfluorinated
• Not fully fluorinated; a non-fluorine atom (typically H or O) 

attached to at least one carbon; creates ‘weakness’

• Precursors that can degrade to PFAAs

Some PFAS are known to be PBT: 
Persistent in the environment
Bioaccumulative in organisms
Toxic at relatively low levels (ppt)

~1.2 Million Compounds
Per- and polyfluoroalkyl 

substances PFAS



Where do you expect to find PFAS across the 

landscape?

What are the sources?
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Wet Ponds

• Wet ponds are part of stormwater 

infrastructure best management 

practices (BMPs) to reduce inputs to 

receiving waterbodies

• Typically designed to reduce one or more 

impairments to water quality such as: 

sediment, nutrients, volume of 

stormwater, etc.

• Drainage areas for these ponds are 

relatively small (1-100 acres) with distinct 

land use within the drainage area.
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• Functions like a sediment trap for studying mobilized contaminants in stormwater 

within the defined drainage

• Interest in potential co-benefits for contaminant capture

• Study selected wet ponds from three land use types: 22 residential sites, 17 

commercial sites, and 24 industrial sites



Study Area

• Baltimore-Washington 
metropolitan area 
within the Chesapeake 
Bay Watershed

• The Patapsco River 
and Anacostia River 
are 2 sub watersheds 
with Federal Urban 
Water designation

• 63 sampling locations 
located in residential, 
commercial, and 
industrial land-uses
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Washington, DC

Baltimore, MD
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Statistics for Select PFAS

Name Group Structure
C Chain 

Length
Average Stdev Median Max Min

Number of 

Detects

Perfluoro-n-dodecanoic acid PFDoA PFCAs LC 12 1.13 1.06 0.89 5.82 0.05 63

Perfluoro-n-tetradecanoic

acid
PFTeDA PFCAs LC 14 0.51 0.63 0.25 2.99 0 56

Perfluoro-n-undecanoic acid PFUdA PFCAs LC 11 0.58 0.78 0.25 4.03 0 49

Perfluoro-n-decanoic acid PFDA PFCAs LC 10 0.44 0.75 0.05 3.88 0 48

N-ethyl 

perfluorooctanesulfonamidoa

cetic acid

N-

EtFOSA

A

FASAAS LC 8 0.66 1.35 0 7.03 0 31

Perfluoro-1-octanesulfonate PFOS PFSAs LC 8 1.2 3.86 0 28.03 0 29

Perfluoro-n-tridecanoic acid PFTrDA PFCAs LC 13 0.42 0.75 0 3.66 0 29

N-methyl 

perfluorooctanesulfonamidoa

cetic acid

N-

MeFOSA

A

FASAAs LC 8 0.25 0.72 0 4.46 0 23

Frequency of detection was > 33% for wet ponds Preliminary Data-Not for Citation



Spearman correlation with hierarchical clustering
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Commercial Land Use Industrial Land Use Residential Land Use

• Excluded non-statistical correlation (p>0.05)

• Applied hierarchical clustering to find patterns using different sub-groupings

Preliminary Data-Not for Citation



PFAS correlations with land use

• All Ponds had correlations between Total PFAS, % OC, PFTrDA, 
PFDoA, PFUdA, and PFDA.

• Commercial and Residential Ponds had additional correlations for 
PFOS, PFOA, PFDS, PFTeDA, and N-EtFOSAA.

• Commercial ponds had additional correlations for N-MeFOSAA and 
PFPeS.

• Suggests different source materials in commercial and residential land 
use.

• Organic carbon (%OC) was a significant factor in all ponds

• Long chain, more hydrophobic PFAS compounds more common and 
correlated better with % OC

• Dominant PFAS differ by land use
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What are the sources?
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https://www.tias.com/vintage-teflon-acrylic-advertising-with-egg-timer-390281.htmler (tias.com), 

Accessed on 9/14/2022

https://en.wikipedia.org/wiki/Firefighting_foam

https://www.scotchgard.com/3M/en_US/scotchgard/

https://www.fishersci.com/shop/products/economy-certified-glass-voa-vials-0-125in-septa/12100107

https://ecofriendlylink.com/blog/toxic-fast-food-packaging/

https://www.northcountrypublicradio.org/news/story/32092/20160623/new-york-searches-statewide-for-

industrial-chemical-in-water

https://www.tias.com/vintage-teflon-acrylic-advertising-with-egg-timer-390281.html
https://en.wikipedia.org/wiki/Firefighting_foam
https://www.fishersci.com/shop/products/economy-certified-glass-voa-vials-0-125in-septa/12100107
https://ecofriendlylink.com/blog/toxic-fast-food-packaging/


Current and Future Tools
• Replicate this approach to better develop predictions for PFAS occurrence 

and stormwater sediment load

• As part of this study we found ponds built before 1980 were 2.25 times (p 
<0.001) more likely to contain sediment concentrations above the TMDL goal 
for PCBs
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Research and Management Priorities

• Need to expand the matrixes we are sampling to better understand how 

PFAS is moving in stormwater

– Most work is focused on water

– Additional transport occurring with sediment and possibly foam

• Standardization of methods and a consolidated repository of results

– Adopting a model like the Delaware River Basin Commission for PBCs



Project Collaborators and Laboratories

• Maryland Department of the Environment (MDE)

– Selected wet ponds, did land use analysis

– Collected initial sediment composite and provided access

– PCB analysis, % Organic Carbon, % Fines

• University of Maryland Baltimore County

– Dr. Lee Blaney and Dr. Ke He, PFAS analysis and investigators 

• USGS 

– Dr. Denise Akob, Microbial Analysis (Reston Microbiology Lab) and 
investigator

– Inorganic analysis (Denver, CO)
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Discussion and Questions

tneedham@usgs.gov
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Anacostia Watershed 

Plastic Pollution 

Monitoring 

Chesapeake Stormwater Network 

Retreat
April 13, 2023



The Anacostia Watershed

• 176 Square Miles

• Prince George’s County (48%)

• Montgomery County (35%)

• District of Columbia (17%)

• Highly urbanized 

• 2010 Trash TMDL

• Count and Pick Monitoring 

Surveys



COG TRASH ITEMS/CATEGORIES

1. Plastic Bags: Typical “carryout” items include plastic grocery bags and shopping bags. Typical “other” items include garbage bags, newspaper sleeves, sheet 

stretch wrap, mulch bags and the shreds or parts of torn bags. 

2. Plastic Bottles: Typical items include plastic containers of any size, used to store liquids. Exceptions include auto products containers such as oil quart, 

antifreeze, car wax containers, etc. They are recorded in a separate category. 

3. Food Wrappers: Typical food items that comes packaged such as potato chip bags, candy wrappers, juice pouches, etc. Recent 

biodegradable “take-out” containers are included.
4. Aluminum Cans: Typical items include aluminum containers of any size, typically used to store liquids. 

5. Polystyrene foam: (Extruded and expanded polystyrene cups, packaging, etc.): Extruded polystyrene foam (other) are typically thermal insulation sheets and 

expanded polystyrene foam are typically coffee cups, coolers, or cushioning material in packaging made expanded polystyrene beads. 

6. Paper: Typical items include newspaper, napkins, receipts, coated paper cups and plates, etc. 

7. Cardboard: Typical items include corrugated thick sheets of paper.

8. Textile/Clothing/Carpeting: Typical items include shirts, pants, socks, hats, shoes, purses, backpacks, wallets, umbrellas and carpet and pads. Recent 

“wet-wipe” towelettes are included in this category.

9. Glass Bottles: Typical items include glass containers of any size, typically used to store liquids. 

10. Auto: Products Containers- Typical items include bottles, cans, tubes, and other containers that held products used in the care and maintenance of 

an automobile. Items include oil and antifreeze containers, engine fluid bottles, washer fluid bottles, car wax or polish containers, etc. Vehicle body parts - Anything that was 

once part of an automobile separated out to large (items greater than 1 square foot) and small (items less than 1 square foot).

11. Automotive/Car batteries: Items include small 6 volt to more typical 12 to 24 volt batteries.

12. Automotive/Car: Items include various sized vehicle tires.

13. Construction Debris: Typical items that were used in the construction or deconstruction of something and include bricks, lumber, concrete, drywall, vinyl tile, siding, or 

roofing material, and tools. 

14. Appliances: Typical items include bicycles, strollers, scooters, lawnmowers, furniture, and appliances such as washing machines, refrigerators, radiators, etc. 

15. Wooden Pallets: Typical item include whole or part of wooden pallets. 

16. Metal (drums, cans, pipes and foil): Typical items include small and large non-aluminum food or drink containers. It also includes aluminum foil and metal drums, posts and 

pipes.

17. Shopping Carts: Typical item include various metal and plastic shopping carts.

18. Toiletries/Drug Containers: Typical items include personal care products and their packaging and prescription and over-the-counter drug container 

and packaging and hypodermic syringes. 

19. Sport Equipment/Toys: Typical items include all types and sizes of recreational balls and any toy or discernible part of a toy larger than 1 inch. 

20. Miscellaneous: Items that do not fit in any other category or are not identifiable. 



Top Trash Items by Count



Top Trash Items by Weight

Plastic Bags-
Other
17%

Plastic Bags-
Carryout

14%

Textiles
14%

Plastic Bottles
12%

Miscellaneous
7%

Other
36%



Plastics



Expanded Polystyrene Foam



• Primary Microplastics –
manufactured products used 
in: 

• -Facial cleansers and 
cosmetics (microbeads)

• -As air-blasting media for 
removing rust (often 
contaminated with heavy 
metals, e.g., cadmium, 
chromium, lead)

• -Virgin plastic production 
pellets –Pellets are 
convenient to ship and are 
eventually melted down and 
molded into manufactured 
products

• Secondary Microplastics –
pieces that have broken off 
larger plastic objects pieces 
that have broken off larger 
plastic objects through 
physical, biological, or 
chemical processes

• Small plastic fragments, 

film, fibers, pellets, 

granules, beads, etc.

• Size - upper limit ~ 5 

millimeter (mm) down to 

1 micrometer (µm)

What is Microplastic?

Photo of sample collected by Yonkos et al. (2014) 



Microplastics in the Chesapeake

Bay

Bikker, Lawson, Wilson and Rochman, 2020 



Relative abundance of different types of microplastic particles found by USGS from 2017 - 2018 at five nontidal 

sites in the Chesapeake Bay watershed (USGS 2019) 



Anacostia 2019 SAV Areas

Microplastic abundance Anacostia River SAV areas (Tetra Tech, 

2019)



Microplastic In Potomac and Anacostia River Fish (Tetra Tech, 2022)

Microplastic Across Trophic Levels: Fish



Plastic Pollution Action Team (PPAT) Tasks

01
Develop an ecological risk 
assessment (ERA) conceptual 
model looking at the effects of 
microplastics on various 
ecological endpoints in the 
Potomac River.

02
Compile the best available 
science to develop a preliminary 
ERA using the EPA
framework. A gap analysis will
be conducted to identify needs
for future study.

03
Develop uniform size 
classification and concentration 
unit terminology that can be 
adopted for future microplastic 
research in the Potomac River, 
and possibly elsewhere in the 
Mid-Atlantic Region.



2023 Bay-wide Stormwater Partners Retreat

Apr 13, 2023

Joel Moore 

Towson University

moore@towson.edu; https://wp.towson.edu/moore/

Beyond Nutrients: Chloride & deicing salts



Funding 

Maryland Water Resources 
Research Center

MD-DE-DC Water Science Center

via

https://waterdata.usgs.gov/usa/nwis/uv?01589290

Seawater = 50,000 µS/cm

Urban Critical Zone Cluster
# 2012313



Definitions

• Why deice? Public safety

• Question is how to adjust practices & approaches to mitigate 
negatives for drinking water, infrastructure, & ecology

• Deicing salts: NaCl (most common), CaCl2, MgCl2

o Tradeoffs of cost and terrestrial versus aquatic

o Once applied, virtually no way to remove from watersheds except via 
streamflow

Cl = chloride

Na = sodium
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Definitions

• Why deice? Public safety

• Question is how to adjust practices & approaches to mitigate 
negatives for drinking water, infrastructure, & ecology

• Deicing salts: NaCl (most common), CaCl2, MgCl2

o Tradeoffs of cost and terrestrial versus aquatic

o Once applied, virtually no way to remove from watersheds except via 
streamflow

• Conductivity & specific conductance [SpC] (µS/cm)

o Highly correlated with chloride (Cl in mg/L or ppm) in many settings, 
especially once Cl is elevated

• Relevant guidelines / regulations

o US EPA (1988):   chronic (4 days) 230 mg/L acute (1 hour) 860 mg/L

o Canada (2011): chronic: 120 mL acute: 640 mg/L

Cl = chloride

Na = sodium



The problem: Deicing salt use continues to increase

Jackson R. B., Jobbágy E. G. (2005) PNAS; Bolen (2018) USGS Minerals Commodity Summaries 2018

Began 1938 in NH

2013 – 2017 

avg 22.6 x 106

(USGS)

20 – 25 x 106

thru 2022



The problem: Deicing salt use continues to increase (more practices than roads)

Jackson R. B., Jobbágy E. G. (2005) PNAS; Bolen (2018) USGS Minerals Commodity Summaries 2018

Began 1938 in NH

2013 – 2017 

avg 22.6 x 106

(USGS)

20 – 25 x 106

thru 2022

Salt use increased 40% faster than 
growth in impervious surfaces from 
1987 to 2010

Corsi et al. (2015) Science of the Total Environment



Direct: Cl toxicity

Indirect: elevated SpC (likely 
osmotic stress)

Effects are greater in 
watersheds with naturally 
low SpC (common in MD & 
across Chesapeake)

- MD has identified Cl as 
contributing to impairment 
of 27 watersheds

Some species like mayflies 
particularly vulnerable

Deicing salt use negatively affects water quality: Aquatic life

Bray et al. (2018) Philosophical Transactions of the Royal Society B https://doi.org/10.1098/rstb.2018.0020



Deicing salt use negatively affects water quality: Drinking water

Pipes & other infrastructure: 
Increased corrosivity with 
higher Cl (e.g., Flint, 
Michigan

Pieper et al., 2018 Environmental Science & Technology



Pipes & other infrastructure: 
Increased corrosivity with 
higher Cl (e.g., Flint, 
Michigan

Human health: 

Elevated Na

Increased formation of 
disinfection by-products

Deicing salt use negatively affects water quality: Drinking water

Pieper et al., 2018 Environmental Science & Technology



Deicing salt use negatively affects water quality: Nutrients & metals

Evidence that nitrogen & organic 
matter are mobilized from 
sediments and stormwater 
basins, e.g., Kaushal group



Deicing salt use negatively affects water quality: Nutrients & metals

McQuiggan et al. (2022) Journal of Environmental Quality

Evidence that nitrogen & organic 
matter are mobilized from 
sediments and stormwater 
basins, e.g., Kaushal group

Metals, including radionuclides 
are mobilized

Stormwater basin in DE



Chloride increases from south to north

https://tigerweb.towson.edu/moore/chloride_map_12062019.html

Southeast

Mid-Atlantic

New England

Moore et al (2020) Environmental Science & Technology

https://tigerweb.towson.edu/moore/chloride_map_12062019.html


Chloride increases from south to north & with impervious within region

https://tigerweb.towson.edu/moore/chloride_map_12062019.html

Southeast

Mid-Atlantic

New England

Moore et al (2020) Environmental Science & Technology

https://tigerweb.towson.edu/moore/chloride_map_12062019.html


Chloride increases from south to north & with impervious within region

https://tigerweb.towson.edu/moore/chloride_map_12062019.html

Southeast

Mid-Atlantic

New England

Moore et al (2020) Environmental Science & Technology

https://tigerweb.towson.edu/moore/chloride_map_12062019.html


Chloride increases from south to north & with impervious within region

https://tigerweb.towson.edu/moore/chloride_map_12062019.html

Southeast

Mid-Atlantic

New England

Moore et al (2020) Environmental Science & Technology

https://tigerweb.towson.edu/moore/chloride_map_12062019.html


Long-term increases in chloride: Example from Baltimore region

1) Cl (& Na) concentrations have 
doubled to tripled since 1980s 
even with most tributary 
watersheds having less than 2–3 
% impervious surface cover

2) Concentrations have increased 
even faster in more urban 
tributaries

Beaver Dam Run, Cockeysville

Gunpowder Falls, Hoffmanville (upstream of Prettyboy)



Long-term Cl increases: Example from Baltimore water supply

Data from Baltimore City DPW
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Long-term Cl increases: Example from Baltimore water supply

Data from Baltimore City DPW
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Long-term Cl increases: Example from Baltimore water supply

Data from Baltimore City DPW
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Short-term: Correlation of Cl & SpC allows for cheap in-stream sensors

High correlation means that high-
frequency SpC can be used to 
calculate Cl

Regional relationships can work 
well

Weaker correlation when Cl is low 
and/or other ions dominate
Carbonate: limestone, marble

Plumtree Run – Bel Air, MD

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789



Short-term: High-frequency essential, especially urban or highway

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789

Virginia (near coast)
Impervious = 1.23%

Maryland
Impervious = 13.4%

Grab High-frequency (15 min)
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Short-term: High-frequency essential, especially urban or highway

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789

Virginia (near coast)
Impervious = 1.23%

Maryland
Impervious = 13.4%

Grab High-frequency (15 min)

Think about timing of sample 
collection. Baseflow is good 
for Cl

Winter [Cl] = 141 mg/L

Non-winter = 80 mg/L

In winter, increases in SpC & chloride

In non-winter, typically dilution



Stormwater basin buildout in suburban Baltimore, MD

Baltimore



Stormwater basin study site map

0.38 km2

SMBs <48h RT

Figure by Brandon Sandosky



Persistent chloride plumes downgradient of stormwater basins

Snodgrass, Moore, et al. (2017) Environmental Science & Technology 51: 4165



Persistent chloride plumes downgradient of stormwater basins

Snodgrass, Moore, et al. (2017) Environmental Science & Technology 51: 4165



Persistent chloride plumes downgradient of stormwater basins

Snodgrass, Moore, et al. (2017) Environmental Science & Technology 51: 4165

Well



Groundwater chloride concentrations

Shallow 3 ft
below surface

230

3550

21,300

Cl (mg/L)

2014



Groundwater chloride concentrations

230

3550

21,300

Cl (mg/L)

Shallow 3 ft
below surface

Deep 8 ft 
below surface

High Cl groundwater means 
elevated Cl year-round at baseflow 

2014



Beginning to address issue

https://www.pca.state.mn.us/sites/default/files/p-tr1-10.pdf; Haake & Knouft (2019) Environmental Science & Technology; 
http://archive.boston.com/business/gallery/brinesolution/

https://www.northcountrypublicradio.org/news/story/40493/20200201/the-flavors-of-road-safety-pickles-beets-and-cheese; 

1 teaspoon can contaminate a 5 gallon bucket

50 lb bag can contaminate >10,000 gallons of water



Beginning to address issue

https://www.pca.state.mn.us/sites/default/files/p-tr1-10.pdf; Haake & Knouft (2019) Environmental Science & Technology; 
http://archive.boston.com/business/gallery/brinesolution/

https://www.northcountrypublicradio.org/news/story/40493/20200201/the-flavors-of-road-safety-pickles-beets-and-cheese; 

1 teaspoon can contaminate a 5 gallon bucket

50 lb bag can contaminate >10,000 gallons of water

Only solution is to put down less salt

Lots of ways to achieve that while maintaining the 

same or similar levels of service, 

MD SHA has reduced its salt use by 30–50% over 

last several years

Prewetting / pretreating: Can use ~1/3 less salt

Liquid/Brining: Can use 45–50% less salt 

& often save on overtime (Haake & Knouft, 2019)
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1 teaspoon can contaminate a 5 gallon bucket

50 lb bag can contaminate >10,000 gallons of water

Only solution is to put down less salt

Lots of ways to achieve that while maintaining the 

same or similar levels of service, 

MD SHA has reduced its salt use by 30–50% over 

last several years

Prewetting / pretreating: Can use ~1/3 less salt

Liquid/Brining: Can use 45–50% less salt 

& often save on overtime (Haake & Knouft, 2019)

Maryland: permit-driven via MS4 permits

Virginia: regulatory (TMDL) & voluntary
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Thank you!   

What questions do you have??

Urban stream into drinking water reservoir

Beaver Dam Run, Cockeysville

Headwater stream into drinking water reservoir system

Gunpowder Falls, Hoffmanville (upstream of Prettyboy)



Knowledge & research gaps

1) How much are private entities applying? And how 
encourage & implement best practices?
- Often apply at higher rates

2) How long does Cl take to flush from watersheds & 
what role can stormwater management play? 

3) How do freshwater communities respond and 
change to stress from chloride (and chloride from 
different sources, e.g., NaCl versus MgCl2).

chloride

~425 mg/L



Knowledge & research gaps

1) How much are private entities applying? And how 
encourage & implement best practices?
- Often apply at higher rates

2) How long does Cl take to flush from watersheds & 
what role can stormwater management play? 

3) How do freshwater communities respond and 
change to stress from chloride (and chloride from 
different sources, e.g., NaCl versus MgCl2).

4) How can existing data be used and extrapolated to 
non-monitored (or less frequently monitored) 
streams? 

5) What are long-term effects on nutrient fluxes?

6) Effects on drinking water & disinfection by-products

chloride

~425 mg/L



Resources: Smarter use

Virginia (northern) Salt Management Strategy (SaMS) Development
https://www.novaregion.org/1399/Northern-Virginia-Salt-Management-Strate

Montgomery County: https://montgomerycountymd.gov/water/education/winter-salt-management.html

https://montgomerycountymd.gov/water/education/winter-salt-other-agencies.html

WSSC (formerly Washington Suburban Sanitary Commission): https://www.wsscwater.com/saltwise

Minnesota Winter Parking Lot and Sidewalk Maintenance Manual
https://www.pca.state.mn.us/sites/default/files/p-tr1-10.pdf

Minnesota Pollution Control Agency
https://www.pca.state.mn.us/water/salt-applicators

Minnesota Smart Salting for Property Management Manual: https://www.pca.state.mn.us/sites/default/files/p-tr1-11.pdf

Wisconsin Salt Wise: https://www.wisaltwise.com

New Hampshire training, including limited liability for applicators if trained
https://www.des.nh.gov/land/roads/road-salt-reduction/green-snowpro-certification

https://www.des.nh.gov/land/roads/road-salt-reduction

Cary Institute: https://www.caryinstitute.org/news-insights/guide/road-salt-tips-municipalities-highway-departments-and-winter-maintenance-staff

https://www.novaregion.org/1399/Northern-Virginia-Salt-Management-Strate
https://montgomerycountymd.gov/water/education/winter-salt-management.html
https://montgomerycountymd.gov/water/education/winter-salt-other-agencies.html
https://www.wsscwater.com/saltwise
https://www.pca.state.mn.us/sites/default/files/p-tr1-10.pdf
https://www.pca.state.mn.us/water/salt-applicators
https://www.pca.state.mn.us/sites/default/files/p-tr1-11.pdf
https://www.wisaltwise.com/
https://www.des.nh.gov/land/roads/road-salt-reduction/green-snowpro-certification
https://www.des.nh.gov/land/roads/road-salt-reduction
https://www.caryinstitute.org/news-insights/guide/road-salt-tips-municipalities-highway-departments-and-winter-maintenance-staff
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Summary

1) Increasing (& elevated) chloride concentrations have negative effects on freshwater ecosystems 
and drinking water quality

2) Long-term: Chloride concentrations are increasing in streams, groundwater, and lakes across 
with US, particularly in areas using deicing salts

3) Short-term: Chloride concentrations are often substantially higher in winter due to deicing salt 
use with variations ideally characterized by high-frequency data (minutes to hours)

4) Stormwater: Best practices for managing stormwater can increase chloride concentrations in 
groundwater and subsequently streams (though likely with shifted timing)

5) Research gaps include 
a) determining chloride patterns and effects at (eco)regional scale
b) figuring out residence time and how long before reduced application rates would have effect

6) Problem is increasingly on people’s radar and things are beginning to move in right direction



Resources: My publications on chloride (& other ions)

Snodgrass J. W. et al. (2017) Influence of modern stormwater management practices on transport of road salt 
to surface waters. Environmental Science & Technology. 51: 4165–4172.

http://dx.doi.org/10.1021/acs.est.6b03107

Moore J. et al. (2017) Nonpoint source contributions drive elevated major ion and dissolved inorganic carbon 
concentrations in urban watersheds. Environmental Science & Technology Letters. 4: 198–204.

http://dx.doi.org/10.1021/acs.estlett.7b00096

Bird D. L. et al. (2018) Steady-state land cover but non-steady-state major ion chemistry in urban streams. 
Environmental Science & Technology. 52: 13015–13026.

http://dx.doi.org/10.1021/acs.est.8b03587

Moore J. et al. (2020) High-frequency data reveal deicing salts drive elevated specific conductance and 
chloride along with pervasive and frequent exceedances of the U.S. Environmental Protection Agency 
aquatic life criteria for chloride in urban streams. Environmental Science & Technology. 54: 778–789.

https://doi.org/10.1021/acs.est.9b04316 (open access / free)

Welty et al. (2023) Spatial heterogeneity and temporal stability of baseflow stream chemistry in an urban 
watershed. Water Resources Research. 59: e2021WR031804.

https://doi.org/10.1029/2021WR031804

http://dx.doi.org/10.1021/acs.est.6b03107
http://dx.doi.org/10.1021/acs.estlett.7b00096
http://dx.doi.org/10.1021/acs.est.8b03587
https://doi.org/10.1021/acs.est.9b04316
https://doi.org/10.1029/2021WR031804


Rapid growth of urban population & land use

https://www.bloomberg.com/graphics/2018-us-land-use/



In some regions or watersheds: more than just deicers (but think rate)

Overbo et al. (2021) Science of the Total Environment

Other sources in non-urban watersheds 
and/or regions with hard water

Fertilizer (KCl)

Water softener from wastewater 
treatment plants (WWTP) or septic 
systems

Annual chloride use in Minnesota



Aquatic life: Mayfly abundance vs specific conductance

Clements & Kotalik (2016) Freshwater Science 35: 126–138
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Aquatic life

Direct: chloride toxicity

Indirect: elevated specific 
conductance (likely osmotic 
stress)

Deicing salt use negatively affects water quality (1)

Bray et al. (2018) Philosophical Transactions of the Royal Society B https://doi.org/10.1098/rstb.2018.0020
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Conductivity across Midwest & US (commonly correlated with chloride)

Olson & Cormier (2019) ES&T
Modified from Olson (2018) Philosophical Transactions of the Royal Society B https://doi.org/10.1098/rstb.2018.0005

Biggest Factors
• Bedrock & soil 

(limestone/hard 
water)

• Climate

Predicted: background



Olson & Cormier (2019) ES&T
Modified from Olson (2018) Philosophical Transactions of the Royal Society B https://doi.org/10.1098/rstb.2018.0005

Predicted: background Reasons for change
• Deicing salts
• Agriculture/land 

use
• Groundwater 

use (Midwest)

Biggest Factors
• Bedrock & soil 

(limestone/hard 
water)

• Climate

Conductivity across Midwest & US (commonly correlated with chloride)



Of course chloride in groundwater is increasing too

http://water.usgs.gov/nawqa/studies/gwtrends/map.php?map=CL

1990s -> 2000s   >20 mg/L increase
1990s -> 2010s   < 12.5 mg/L increase per decade



Of course chloride in groundwater is increasing too

1990s -> 2000s   >20 mg/L increase
1990s -> 2010s   < 12.5 mg/L increase per decade

http://water.usgs.gov/nawqa/studies/gwtrends/map.php?map=CL; Pieper et al., 2018 Environmental Science & Technology

Northern NY

Elevated/increasing chloride causes 
substantial corrosivity increases 
especially in soft water



Seasonal differences between north & south

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789

Maryland
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Sensor versus discrete: Beaver Dam Run, Cockeysville
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Study #1: Chloride & conductivity along East Coast (2008 – 18)

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789

93 sites with 3–11 years of 
high-frequency data
- 2-min to 15-min

56 sites with ≥20 discrete 
chloride (Cl) & specific 
conductivity (SC) data

Nearly 30 million 
observations



Study #1: Key takeaway points for this group

Web map (also QR code) with links to paper & data release:
https://tigerweb.towson.edu/moore/chloride_map_12062019.html

1) Elevated Cl & SC correlate with impervious surface 
cover within each region a
- Southeast 
- Mid-Atlantic
- New England
and increase from south to north

2) High Cl periods, e.g., exceedance of US EPA Cl 
chronic criteria for aquatic life*, correlate with 
impervious surface cover and median Cl 
concentrations

* Chronic: 4-day period with average Cl concentration higher 
than 230 mg/L, not to be exceeded more than 1x in 3 years

https://tigerweb.towson.edu/moore/chloride_map_12062019.html
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Study #1: Point 1, Cl correlation with impervious surface cover

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789

A
n
n
u
a
l 
m

e
d
ia

n
 C

l 
(m

g
/L

 h
ig

h
-f

re
q
u
e
n
c
y
)



Study #1: Point 1, Cl correlation with impervious surface cover

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789
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Study #1: Point 2, Cl exceedances with impervious surfaces

R2 = 0.66
p <0.001

R2 = 0.73
p <0.001

For Mid-Atlantic & New England

All watersheds with >9% ISC 
exceed frequently each year

Watersheds with >30–80 mg Cl/L exceed 
frequently each year

Helps explain ecological findings

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789 



Study #1: Point 2, Cl exceedances with impervious surfaces & [Cl]

R2 = 0.66
p <0.001

R2 = 0.73
p <0.001

For Mid-Atlantic & New England

All watersheds with >9% ISC 
exceed frequently each year

Watersheds with >30–80 mg Cl/L exceed 
frequently each year

Helps explain ecological findings

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789 

R2 = 0.88
p <0.001
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Median winter versus non-winter [Cl] differences suggest differing dynamics
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Southeast: same within 2–3 mg/L

Mid-Atlantic: winter [Cl] is >50–60 mg/L 
higher than non-winter at all sites over 
10% ISC

- Difference generally increases with ISC

New England: Winter & non-winter 
similar within 30–60 mg/L except for 2 
sites
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Median winter versus non-winter [Cl] differences suggest differing dynamics

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789

Southeast: same within 2–3 mg/L

Mid-Atlantic: winter [Cl] is >50–60 mg/L 
higher than non-winter at all sites over 
10% ISC

- Difference generally increases with ISC

New England: Winter & non-winter similar 
within 30–60 mg/L except for 2 sites

Chloride export dynamics will be different 
between Mid-Atlantic & New England
- Mid-Atlantic: Primarily winter export
- New England: Maybe more non-winter?



Mid-Atlantic examples: ISC 5–25%

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789

Mid-Atlantic: all ≥5 yrs data

R2 = 0.66

It’s getting worse: [Cl] increasing fastest where highest



Suggested strategies for discrete Cl sampling: non-storms
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Discharge and chloride concentrations [Cl] are not highly correlated 

Disclaimer: This information is preliminary and is subject to revision. It is being provided to meet the need for timely best science. The information is provided on the condition that neither the U.S. Geological Survey nor the U.S. Government shall be held liable for any damages resulting from the 

authorized or unauthorized use of the information

Dilution event

Mobilization event

Paint Branch (Maryland)  WY 2018: Relationship between discharge and [Cl] varies seasonally
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Study #2: Status & trends in Baltimore Reservoir System

Modified from Koterba et al. (2011) USGS SIR 2011-5101 

Study in progress

Chloride and sodium
1) Data from Baltimore City DPW monthly 

monitoring from 1982 – 2019

All ions and high-frequency
2) Liberty Reservoir tributaries: recent data 

from Maryland Department of Environment 

3) Prettyboy and Loch Raven: data being 
collected by my laboratory



Study #2: increasing Na concentrations (Loch Raven example)

Koterba et al. (2011) USGS SIR 2011-5101 ; https://publicworks.baltimorecity.gov/water-quality-reports

21.3 mg/L

2015–19 mean conc.
at Montebello

EPA threshold for individuals 
on low Na diet
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Bromination of Salicylic Acid

Broadwater et al. Environ. Sci.: Water Res. Technol. 2018, 4, 369-384. 

pH = 7.05

[Br–]o= 20 μM
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Proportional ions

0% ISC: Plagioclase weathering as predominant control (Cleaves et al. 1970)

Moore et al. (2017) Environmental Science & Technology Letters 4: 198–204
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0% ISC: Plagioclase weathering as predominant control (Cleaves et al. 1970)

1% ISC: Road salt (+ minor septic) 

3% ISC: Road salt + concrete / carbonate (liming)
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Proportional ions

0% ISC: Plagioclase weathering as predominant control (Cleaves et al. 1970)

1% ISC: Road salt (+ minor septic) 

3% ISC: Road salt + concrete / carbonate (liming)

17% ISC: Road salt + significant concrete (along with cation exchange)

25% ISC: Road salt + significant concrete (along with cation exchange)
Moore et al. (2017) Environmental Science & Technology Letters 4: 198–204



Proportional ions: “odd” chemistry

0% ISC: Plagioclase weathering as predominant control (Cleaves et al. 1970)

1% ISC: Road salt (+ minor septic) 

3% ISC: Road salt + concrete / carbonate (liming)

17% ISC: Road salt + significant concrete & exchange

25% ISC: Road salt + significant concrete & exchange

Global Avg
Global Avg

Similar cation charge to carbonate rivers (~5000 μeq/L) but very different chemistry (higher Na + Cl)

Global avgs
Gaillardet et al. 1999 Chem Geo
Meybeck 2003 TOG

Moore et al. (2017) Environmental Science & Technology Letters 4: 198–204
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64x increase 10x increase

2.5 mM 1.6 mM

- Driven by concrete + cation exchange (Ca2+)
- 0% ISC far from equilibrium with calcite,  25% ISC stream is at/near equilibrium



Stormwater basin buildout in suburban Baltimore, MD
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Persistent chloride plumes downgradient of stormwater basins

Snodgrass, Moore, et al. (2017) Environmental Science & Technology 51: 4165

Well

For floodplain aquifers, see Ledford et al. (2016) Environmental Science & Technology



Persistent chloride plumes downgradient of stormwater basins

Snodgrass, Moore, et al. (2017) Environmental Science & Technology 51: 4165

Well

Stream

For floodplain aquifers, see Ledford et al. (2016) Environmental Science & Technology



Stream chloride concentrations above EPA chronic criterion freq.

Upstream
Cl (mg/L)
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Stream chloride concentrations above EPA chronic criterion freq.

DownstreamUpstream
Cl (mg/L)

230

1420

3550
~2x higher

Export 3x higher



Elevated baseflow Cl in stream & storm drains throughout year

Welty et al. (2023) Water Resources Research

Manuscript submitted to Water Resources Research 
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Figure 4. Results from synoptic sampling conducted every 50 m over 6 km from Dead Run 374 

Manuscript submitted to Water Resources Research 
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Figure 4. Results from synoptic sampling conducted every 50 m over 6 km from Dead Run 374 

Storm drains
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Knowledge & research gaps 1

1) How much are private entities applying? And 
how encourage & implement best practices?
- Often apply at higher rates
- 14 – 40% of total application with higher 

end for dense urban 
(Perera et al., 2013)

2) What is the residence time of chloride in 
watersheds? 
Related, if application rates are reduced, how 
long will it take to see reductions in stream 
concentrations?

3) How do freshwater communities respond and 
change to stress from chloride (and chloride 
from different sources, e.g., NaCl versus MgCl2).

- Of course will vary across (eco)regions, etc.
- What are key thresholds? Maybe focus on 

low impervious watersheds?

chloride

~425 mg/L



Knowledge & research gaps 2

4) How can existing data be used and extrapolated 
to non-monitored (or less frequently monitored) 
streams? 

5) What are long-term effects on nutrient fluxes?

chloride

~425 mg/L



Knowledge & research gaps 2

4) How can existing data be used and extrapolated 
to non-monitored (or less frequently monitored) 
streams?

chloride

~425 mg/LFor Mid-Atlantic & New England

All watersheds with >9% ISC 
frequently exceed EPA chronic 
criterion each year

Median chloride concentrations correlate 
even better with exceedances

Can probably get reasonable picture with non-
winter baseflow sampling

Dugan et al. (2020) ES&T is great for lakes

Moore, Fanelli, & Sekellick (2020) Env. Science & Tech. 54: 778-789 
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Fairfax County and the Northern Virginia Salt Management Strategy

Stormwater Management

Impacts to Drinking Water

134

Trends in sodium levels at the drinking water intake on the Occoquan Reservoir.
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Accotink Creek TMDLs
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Accotink Creek TMDL WLAs:
• Bacteria
• PCBs
• Sediment
• Chloride
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DEQ and SaMS
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Facility and Equipment Updates
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Stormwater Management

Updating Contract Language

140

• Stress Importance of Safety

• Referencing SaMS Best 
Practices

• Remove language incentivizing 
material application

• Requiring material usage 
reporting
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Snow Book – Site Characterization

141

• Highlight storm drains and 
special areas

• Quantifies areas treated

• Provide estimates / 
expectations for material 
use 
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2018

2019

2020
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Monitoring and Assessment
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Addition of major 
ions to sampling 
programs:

• Calcium 

• Sodium

• Potassium

• Magnesium 

• Chloride
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Public Safety and Essential Services
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Tracking & Reporting – Winter Events
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Tracking & Reporting – Material Usage
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2018
• Seasonal Purchasing Records

2019
• Estimates based on vehicle capacity

2020
• Bucket Loader Scales

2021
• Accounting for unused materials

2022
• Refining Usage (Site & Event-specific)
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Tracking Implementation
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Additional Information

For additional information, please contact

www.fairfaxcounty.gov/dpwes

Stormwater Management 151

Martin Hurd, MS4 Program Coordinator 
Fairfax County DPWES
Stormwater Planning Division
Martin.hurd@fairfaxcounty.gov
571-635-6189

Fairfax County and the Northern Virginia Salt Management Strategy

mailto:Martin.hurd@fairfaxcounty.gov
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