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Chloride Concentration (mg/L)

Drinking Water Supply to Baltimore, Maryland
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Rivers with flow exceeding 20 m /s
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ATMOSPHERIC INPUTS
Weathering Agents (H,50,, HNO, , H,CO,)
Cation Deposition
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Taking environmental
and health impacts with
grain of salt
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2. Emerging Risks of Freshwater Salinization
Syndrome are from Chemical Cocktails

Haqg et al. (2018) Biogeochemistry
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Salinization Mobilizes Nitrogen in Streams
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GFGL (Suburban, 19% ISC, Baltimore USA)



Mn	0	0.5	1	2.5	5	10	0	0	1.1999999999999997E-3	2.8000000000000004E-3	1.3999999999999985E-3	4.9999999999999992E-3	7.2699999999999987E-3	1.4000000000000002E-3	2.2699999999999998E-2	7.9000000000000008E-3	2.47E-2	2.7300000000000001E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	-1.4000000000000019E-3	-4.5999999999999999E-3	6.9999999999999923E-4	1.67E-2	2.0999999999999977E-3	8.0000000000000002E-3	6.0999999999999978E-3	1.7500000000000002E-2	3.0300000000000001E-2	3.8100000000000002E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	9.000000000000008E-3	1.7000000000000015E-2	5.0000000000000044E-3	3.0999999999999972E-2	4.0999999999999981E-2	4.0999999999999981E-2	7.2000000000000008E-2	8.2999999999999963E-2	0.16399999999999998	0.15099999999999997	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	3.1399999999999997E-2	2.3599999999999996E-2	4.82E-2	4.02E-2	9.06E-2	8.2699999999999996E-2	0.19330000000000003	0.1754	0.39130000000000004	0.3614	0	0.5	1	2.5	5	10	





GRGF (Urban, 61% ISC, Baltimore USA)



Mn	0	0.5	1	2.5	5	10	0	0	5.0421008777789891E-3	-6.2611370800808412E-3	-4.5566803462272765E-4	5.1265716048327914E-4	-4.8968431391749334E-4	-1.2078070087946369E-3	3.7419805945292775E-2	3.8343353758575768E-2	2.2249774048728806E-2	8.1401102473990933E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	1.3159300721621935E-2	-5.3129526172189384E-3	1.1906899512512739E-2	-1.7559526629234934E-2	1.0839251436447081E-2	5.5863788816113424E-3	2.1548862954648744E-2	3.114356827141098E-2	7.1372710475222742E-2	0.11422749574492852	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	5.9916291253430676E-3	7.5138545616960373E-3	1.1857330035775548E-2	-1.1939344254060763E-2	4.2601419257365686E-2	2.1083398519821189E-2	0.13130421472068071	0.100156708554131	0.12748057120613959	0.11707026323475278	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	1.8764733144793586E-2	1.058289865068001E-2	1.8603775678867451E-2	2.0156400959849177E-2	6.5572985108075119E-2	5.3988470959185755E-2	0.14732549715771182	0.1067760125087702	0.26767550939462159	0.21511596811150521	0	0.5	1	2.5	5	10	





SLIGO (Urban, 41% ISC, Washington DC USA)



Mn	0	0.5	1	2.5	5	10	0	0	1.4700000000000001E-2	1.7000000000000001E-3	3.0000000000000003E-4	7.000000000000001E-4	3.3E-3	2.7000000000000001E-3	1.43E-2	2.9300000000000003E-2	4.7300000000000002E-2	9.1700000000000004E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	-1.5299999999999999E-2	3.0500000000000003E-2	1.3599999999999999E-2	2.0500000000000001E-2	2.0500000000000004E-2	2.3800000000000002E-2	4.8600000000000004E-2	4.6199999999999998E-2	9.3300000000000008E-2	8.1000000000000003E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	3.2999999999999974E-2	3.3999999999999975E-2	5.5999999999999994E-2	5.1999999999999991E-2	8.500000000000002E-2	8.5999999999999965E-2	0.129	0.13099999999999989	0.19079999999999997	0.14959999999999996	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	9.0499999999999997E-2	9.2100000000000001E-2	0.14749999999999999	0.16210000000000002	0.39350000000000002	0.3851	0.60950000000000004	0.79509999999999992	1.8274999999999999	1.4491000000000001	0	0.5	1	2.5	5	10	





PB (Urban, 32% ISC, Washington DC USA)



Mn	0	0.5	1	2.5	5	10	0	0	-1.9999999999999879E-4	3.0000000000000165E-4	1.1999999999999997E-3	-4.9999999999999351E-4	-2.5000000000000022E-3	-1.2999999999999956E-3	3.4700000000000002E-2	6.6599999999999993E-2	0.1089	0.10580000000000001	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	-1.9400000000000001E-2	-1.7400000000000013E-2	9.5999999999999974E-3	2.4499999999999994E-2	-9.7000000000000003E-3	-2.3100000000000009E-2	5.6900000000000006E-2	1.9299999999999998E-2	0.11890000000000001	1.21E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	2.2999999999999993E-2	1.100000000000001E-2	2.2999999999999993E-2	2.0999999999999991E-2	5.099999999999999E-2	5.099999999999999E-2	9.2999999999999999E-2	8.7999999999999995E-2	0.18419999999999997	0.1744	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	5.7799999999999997E-2	3.8599999999999995E-2	8.8700000000000001E-2	5.7099999999999998E-2	0.1537	0.11659999999999998	0.32069999999999999	0.2676	0.62670000000000003	0.55159999999999998	0	0.5	1	2.5	5	10	





DRKR (Urban, 31% ISC, Baltimore USA)



Mn	0	0.5	1	2.5	5	10	0	0	3.8000000000000048E-3	5.2999999999999992E-3	-1.4800000000000001E-2	-5.4999999999999979E-3	1.5000000000000013E-3	-1.6300000000000002E-2	4.8700000000000007E-2	4.1600000000000005E-2	0.10289999999999999	0.1008	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	-2.529835426975427E-2	-6.429716884223613E-3	-1.4666825074023115E-3	1.0504052129322997E-2	-1.9632139277791477E-2	4.0377321824675017E-3	4.3634267176362318E-2	4.4074384454159996E-2	8.2834395610100794E-2	6.6456671355450789E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	3.337442305241739E-2	1.5571096469861045E-3	1.0977794209998004E-2	1.7545734634088372E-2	4.7839338842315504E-2	4.4330106003246578E-2	0.11167121974039271	8.0961213580340446E-2	0.2066153804819634	0.19621978712423754	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	5.4287674878831862E-2	4.6819753754294494E-2	8.7015318847159309E-2	4.699923100438369E-2	0.1600639380071458	0.10628337182035812	0.34109505705215126	0.25044690019856664	0.41608753028184797	0.44343215855807999	0	0.5	1	2.5	5	10	





GFVN (Suburban, 17% ISC, Baltimore USA)



Mn	0	0.5	1	2.5	5	10	0	0	-2.9999999999999472E-4	-3.9999999999999758E-4	1.0000000000000286E-4	-8.000000000000021E-4	4.0000000000000452E-4	3.0000000000000165E-4	3.6600000000000001E-2	3.5499999999999997E-2	0.10819999999999999	0.1069	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	1.9299999999999998E-2	-1.1799999999999998E-2	1.4899999999999997E-2	-1.6899999999999998E-2	1.67E-2	4.0000000000000036E-3	3.1E-2	2.4800000000000003E-2	7.9200000000000007E-2	0.1176	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	4.0000000000000036E-3	9.000000000000008E-3	7.0000000000000062E-3	1.0000000000000009E-3	5.1999999999999991E-2	2.7999999999999997E-2	0.13399999999999998	7.9999999999999988E-2	0.14519999999999997	0.14759999999999998	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	1.2999999999999998E-2	1.26E-2	2.1100000000000001E-2	1.9599999999999999E-2	5.8300000000000005E-2	5.4200000000000005E-2	0.14810000000000001	0.1094	0.29449999999999998	0.26300000000000001	0	0.5	1	2.5	5	10	





GFGB (Suburban, 15% ISC, Baltimore USA)



Mn	0	0.5	1	2.5	5	10	0	0	-2.9999999999999472E-4	-3.9999999999999758E-4	1.0000000000000286E-4	-8.000000000000021E-4	4.0000000000000452E-4	3.0000000000000165E-4	3.6600000000000001E-2	3.5499999999999997E-2	0.10819999999999999	0.1069	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	1.9299999999999998E-2	-1.1799999999999998E-2	1.4899999999999997E-2	-1.6899999999999998E-2	1.67E-2	4.0000000000000036E-3	3.1E-2	2.4800000000000003E-2	7.9200000000000007E-2	0.1176	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	4.0000000000000036E-3	9.000000000000008E-3	7.0000000000000062E-3	1.0000000000000009E-3	5.1999999999999991E-2	2.7999999999999997E-2	0.13399999999999998	7.9999999999999988E-2	0.14519999999999997	0.14759999999999998	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	1.2999999999999998E-2	1.26E-2	2.1100000000000001E-2	1.9599999999999999E-2	5.8300000000000005E-2	5.4200000000000005E-2	0.14810000000000001	0.1094	0.29449999999999998	0.26300000000000001	0	0.5	1	2.5	5	10	





MCDN (Agricultural, 0% ISC, Baltimore USA)
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NERP (Urban, 29% ISC, Washington DC USA)
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CC (Urban, 27% ISC, Washington DC USA)



Mn	0	0.5	1	2.5	5	10	0	0	-1.5E-3	-1.0999999999999998E-3	-6.9999999999999988E-4	-7.9999999999999971E-4	7.9000000000000008E-3	-6.9999999999999988E-4	7.7000000000000002E-3	5.8000000000000013E-3	3.2500000000000001E-2	2.3200000000000002E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Zn	0	0.5	1	2.5	5	10	0	0	-2.7999999999999987E-3	5.4999999999999997E-3	-3.3999999999999985E-3	2.76E-2	5.400000000000002E-3	5.3999999999999999E-2	1.9800000000000002E-2	2.5000000000000001E-2	3.2000000000000001E-2	3.8200000000000005E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Sr	0	0.5	1	2.5	5	10	0	0	-5.0000000000000044E-3	7.0000000000000062E-3	0	1.3000000000000012E-2	1.999999999999999E-2	1.8000000000000016E-2	3.1799999999999995E-2	3.8599999999999995E-2	5.2999999999999992E-2	7.0800000000000002E-2	0	0.5	1	2.5	5	10	0	0.5	1	2.5	5	10	Cu	0	0.5	1	2.5	5	10	0	0	-2.7699999999999999E-2	2.6299999999999997E-2	1.4700000000000005E-2	5.0599999999999999E-2	5.3300000000000007E-2	8.2900000000000001E-2	0.14850000000000002	0.18489999999999998	0.3493	0.40289999999999998	0	0.5	1	2.5	5	10	





image2.png

B Mn
mZn
mSr
wCu







image1.png








FSS Has Diverse Human Health Implications

Table 2 A broad synthesis of examples of sources and impacts from

common freshwater salinization syndrome ions

From: Freshwater salinization syndrome: from emerging global problem to managing risks

FSS
lons

Examples of Geologic
and Atmospheric
Sources

Examples of
Anthropogenically
Enhanced Sources

Examples of Diverse Environmental
Implications

Examples of Diverse Health and Ecotoxicology Implications

Na~

Ca’*

M92+

K+

cl-

Weathering of Na-
bearing silicate minerals
(e.g. albite) 1'% ™
atmospheric deposition
from sea salts('% 17,
evaporation and
evaporites!'?]

Weathering of
sedimentar;y carbonate
rocks, rain!™!

Weathering of rocks
(e.g. pyroxenes,
dolomites) [0 111

Weathering of silicate
minerals (e.g. K-
feldspar, mica,
magnetite) B 1%, cyclic
salt, decomposition of
organic matter

Weathering of rocks

Sewage, fertilizer, road
salt'%, drinking water
treatment additives (e.g. Na
hypochlorite) [

Concrete drainage pipes,
weathering of impervious
surfaces!?l atmospheric
inputs!1%

Weathering of impervious
surfaces, urban structuresl?!

Concrete drainag{e pipes?,
biomass burning®,
agricultural land use,
fertilizers, industrial,
municipal sewage, and
treated water dischargel?"!

Air pollution!™

Increase algal production, decrease soil
permeability, aeration, increase overland
flow!"? displaces metals, cations, organic
and inorganic particles in soils!®!

Heavy metals ion exchange, damage to
vegetation ')

Heavy metals ion exchange, damage to
vegetation!'!

Decrease aquatic organism growth and
reproduction??!

More CI™ tolerant aquatic species, lake

Systolic and diastolic blood pressurel’], Impacts sodium
restricted diets (Le. treatment of Miniere's disease), development
of heart disorder of high risk groups, hypertension!'®

Excess Ca is secreted by the kidney (if no renal impairment),
potential issues if have milk alkali syndrome and
hypercalcemial®”!

Diarrhea, laxative effect with high sulfate, hypermagnesemia (if
abnormal kidney function)”!

Unlikely to occur in healthy individuals, large doses cause
vomiting, hyperkaliemia in high risk groups®*

Organoleptic issues (Seigel, 2007); assist in developing

Thanks to Carly Maas!! in Kaushal et al. (2021)
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1. Freshwater Salinization Syndrome

2. Risks of Freshwater Salinization Syndrome
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Hold the Salt: How Much Can Be Retained in
Stormwater I\/Ianagement Best Management Practices?

Retention and Release of
Salts, Nutrients, and Metals in
Different Stormwater
Management Features

Photo courtesy of
Kelsey Wood (2019)




K*, Mg?* {mg/L)

35 4

30 4

25 4

20 4

15 4

10 <

18 4

16 4

14 -

12 4

10 4

40 4

35 A

30 4

25 A

20 4

15 4

10 A

Mobilization of

Campus Creek: unrestored

B

30-40%
Retention of
Na*

-- s K+

Mg 2+
Cu+, 2+
Sr 2+
Na +

<—— Na*
retention

6000 -
A,
1ons Le-a b 0.20 5000
& 4o . 4000
-t _ b 015
& - ry L= e
H - . - .
- t -
I RS o 3000 A
T 010
e R 2000 4
P B b 0.05
ud g B E .
s g 1000 -|
1 °
8.8 3 -
0.00 0
Paint Branch
- 0.50 6000 -
C P
s L 0.45
. Pt P L 0.40 5000
} - :
£ - L 0.35
& & _-{?k = 4000 -
& - L = =
W : 00 3
o _ - s = E
3--""n o b 025 & = 3000
- U = * G w
o Teveernet [.] —* e =
= g . e L 020 &
. —— 3 4
HE G R L o5 S 2000
T -
- T + 0.10
9 e 1000 |
)
e b I 0.05
) o
9 0.00 0+
Campus Creek: RSC
r 0.60 6000 -
E
F 0.50 5000 -
b 0.40 4000 -
b oo.30 3000 A
. b 020 2000 A
%: -¥ k010 1000
T T T T T T 0.00 0
0 1000 2000 3000 4000 5000 6000 0

NaCl treatment {mg/L Na)

T T T T T
1000 2000 3000 4000 5000

l
6000

Stormwater Best
Manhagement
Practices (BMPs) can
retain substantial
amounts of salt ions

Kaushal et al. (In Press)
Freshwater Science



Results: ANOVA Salt type, concentration, and BMP type are significant

e Site type had a significant
effect on the concentration of:

e B, Ba, K, Mn, and Sr

 Salt type was significantly
correlated with all major and
trace elements save for:

e Band Fe

e Salt concentration was
statistically correlated with
mobilization of ALL major and

Site Type Salt Type Salt Concentration

Variable N F-ratio p- N F-ratio p- N F-ratio p-

value value value
B 248 10.675 | 0.000 | 248 1.989 | 0.139 | 248 2.722 0.021
Ba 248 22.458 | 0.000 | 248 10.523 | 0.000 | 248 26.294 | 0.000
Ca 248 0.416 |0.868 | 248 69.988 | 0.000 | 248 28.744 | 0.000
Cu 241 0.318 |0.927 | 241 72.073 | 0.000 | 241 25.260 | 0.000
Fe 182 1.784 | 0.105 | 182 2917 | 0.057 | 182 2.771 0.020
K 248 41.476 | 0.000 | 248 21.122 | 0.000 | 248 176.314 | 0.000
Mg 248 0.420 |0.866 | 248 73.466 | 0.000 | 248 23.883 | 0.000
Mn 245 53.566 | 0.000 | 245 3.889 | 0.022 | 245 5.324 0.000
Na 248 0.106 |0.996 | 248 77.882 | 0.000 | 248 24.069 | 0.000
Sr 248 6.264 | 0.000 | 248 79.050 | 0.000 | 248 66.406 | 0.000
DIC X X X 36 21.301 | 0.000 | 36 4.220 0.006
DOC X X X 36 22.903 | 0.000 | 36 12.346 | 0.000
TDN X X X 36 14.548 | 0.000 | 36 21.124 | 0.000

trace elements

Galella et al. (In Prep)



Mobilizing Chemical Cocktails:

Comparison by Year and Season
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Stages of Freshwater Salinization Syndrome

HIGHEST WATER QUALITY -~ /’
A - Stage 0. Highest water quality;
O— minimally disturbed.
Driven by
State Factors: Stage |. Abnormally elevated
o— concentrations of at least one or more

_ CI i mate IONS across one season.
- Geo Iﬂgy fﬂ_ﬁtﬂgﬂ Il. Chronically elevated N
- Human achU't'ES concentrations of ions across multiple

5ea50ns5.
- Flowpaths - /
= Tl me / '/-Etage Il Formation of harmful chemical

cocktails exceeding water quality

e

O
thresholds.
A
Stage IV. Systems-level failures in
infrastructure and ecosystem functions
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/

Kaushal et al. 2022, Limnology & Oceanography Letters

Managing Salinization by the Amounts
and Types of Salt lons along Flowpaths
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Management Implications

* Freshwater Salinization Syndrome is increasing from local to global scales
* Freshwater Salinization Syndrome poses risks to drinking water and health
e Stormwater management retains salt ions but mobilizes contaminants

* Reducing NaCl inputs leads to rapid and year long recovery in water quality
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New Monitoring Approaches: Specific Conductance as a Proxy for lons and Metals
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Retention and release of chemical cocktails along stream and stormwater flowpaths

Examples:

| Chemical cocktails:

' -Atmospheric deposition \| 7 egetation J Retained:
-Surface runoff Wi — Ca, Sr,Cu, Zn
-Urban karst ~— Ponding . |
-Buried streams ! / . '.Bi.i)_r.efeh.tion_ - —> Released:

: ¥ Coseil T K, As
' .;_"(.jra\.félt.:ed_.'.' _

_Hyporheic and floodplain exchange
(e.g., stream/floodplain restoration #34)

/ \ \L Retained:

[P~~~ — Cobbles
e VA
—. ) Fw ' Nf P

1 —> Released:
C, Fe

\ —— Boulders

essingne ™ B

~ Detention and retention (e.g., stormwater ponds *¢)

/ \ J, Retained:

QOutlet
T Cd, Cu, Pb, Zn

l—) Retained & Released:
) Na, Cl

|
Floodplain | Downstream |

exchange transport |

Groundwater

../ Kaushal et al. (In Press)
Freshwater Science




Legend

L] .
° Bioswale_1
[:] Bioswale_2
[
- Bioretention_1
- Bioretention_2
- Wetland_1
- Wetland_2

Pond_1

[ Pond2

e 4 different stormwater management
features (with replicates)

e Sites range from 5 to 33 years in age and
were almost always constructed
concurrently with a building or large area
of impervious surface coverage

e Stream restoration sites and regenerative

Bioswale #‘1 Bioretention #1 Wetland #1 Pond #1
stormwater conveyance (RSC) systems _ P —— -

Galella et al. (In Prep) et ue—————" L Pt =
Bioswale #2 Bioretention #2 Wetland #2 Pond #2



New Monitoring Approaches: Specific Conductance as a Proxy for lons and Metals

Campus Creek
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