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A CHLORIDE IMPACT STUDY FOR SOUTHEASTERN WISCONSIN

Chapter 4

IMPACTS OF CHLORIDE IN THE ENVIRONMENT

This Chapter utilizes information and data from a series of Technical Reports developed by the Southeastern
Wisconsin Regional Planning Commission (Commission or SEWRPC) for the Chloride Impact Study (Study).
These reports include SEWRPC Technical Report No. 62, Impacts of Chloride on the Natural and Built
Environment, April 2024 (TR-62); SEWRPC Technical Report No. 63, Chloride Conditions and Trends in
Southeastern Wisconsin, Month 2026 (TR-63); and SEWRPC Technical Report No. 65, Mass Balance Analysis

for Chloride in Southeastern Wisconsin, December 2025 (TR-65). Refer to these reports for additional details.
4.1 INTRODUCTION

This chapter summarizes information in the scientific and technical literature on the general properties of
chloride and impacts of chloride on the natural and built environment. Discussion in this chapter addresses
the impacts of both chloride and chloride salts. This is important because some impacts resulting from the
introduction of chloride are caused by the element(s) associated with chloride and not by chloride itself.
Other impacts may be caused by salinity.’ More detailed information on the impacts of chloride on the

natural and built environment is presented in TR-62.

! Salinity measures all the dissolved salts in water. While it while it includes many substances, chloride salts often make

up a major portion of it.
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4.2 CHLORIDE PROPERTIES AND PATHWAYS IN THE ENVIRONMENT

The introduction of chloride salts can have impacts on the natural and built environment. Some impacts
result from increased concentrations of chloride salts altering physical or chemical properties of sail,
sediment, surface water, or groundwater. Other impacts are the result of the effects of chloride salts on
biological systems such as organisms and communities or on infrastructure. For humans, the introduction

of chloride salts in the environment can have both positive and negative consequences.

General Properties of Chloride

Because chlorine is a highly reactive element, it is mostly found as chloride ions in the natural environment.
These ions have a negative charge (aka anions) and can form ionic compounds with positively charged ions
(aka cations) such as ions of sodium, potassium, magnesium, and calcium. Commonly occurring chloride

salts are highly soluble in water and are present in some concentration in all surface waters.

Chloride and chloride salts can affect the physical and chemical properties of water. Additions of chloride
salts contribute to the salinity of water. The freezing point of water is lowered by about 0.36 degrees
Fahrenheit (°F) for each milligram per liter (mg/l) increase in salinity.? Salinity also increases the density of
water. The cations associated with chloride can engage in chemical reactions in water, soil, and sediment.

This can cause increases in the acidity of water.?

Chloride is not decomposed, chemically altered, or removed from water as a result of natural processes. In
inland freshwater bodies, chloride concentrations from natural sources are typically less than 20 mg/I.4
Natural chloride concentrations in these surface waters reflect the composition of the underlying bedrock

and soils as well as contributions from rainfall.

2 R.G. Wetzel, Limnology (3rd Edition), Elsevier, 2001.

3 See, for example, S. Léfgren, "The Chemical Effects of Deicing Salt on Soil and Stream Water of Five Catchments in
Southeast Sweden,” Water, Air, and Soil Pollution, 730:863-868, 2001, D.K. Jones, B.M. Mattes, W.D. Hintz, A.B. Stoler, L.A.
Lind, R.O Cooper, and R.A. Relyea, “Investigation of Road Salts and Biotic Stressors on Freshwater Wetland Communities,”

Environmental Pollution, 227:159-167, 2017.

4 See references in Table 1 of W.D. Hintz and R.A. Relyea, "A Review of the Species, Community, and Ecosystem Impacts of

Road Salt Salinization in Freshwater,” Freshwater Biology, 64:1,081-1,097, 2019.
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There are several ways to measure the concentration of chloride in the environment. Chloride concentration
in water can be measured directly through chemical analysis of water samples. Chloride concentration can
also be estimated indirectly through the use of surrogate measures. One surrogate is specific conductance.
This measures the ability of water to conduct an electrical current. Because this ability is affected by water
temperature, the values are corrected to a standard temperature of 25 degrees Celsius (°C) or 77°F. As ion
concentrations dissolved in water increase, specific conductance also increases. Because chloride is a major
ion found in water, under some circumstances specific conductance can be used as a measure of the
concentration of chloride in the water. Finally, since chloride is a major component of salinity, salinity is

often used as an indirect measure of chloride concentration.

Chloride Pathways in the Environment

The various natural and human introduced (anthropogenic) sources of chloride to our surface water and
groundwater resources were discussed in Chapter 3. As chloride is highly soluble in water, its movement
through the environment is intimately connected to the natural (hydrologic) water cycle shown in Figure 4.1.
This cycle consists of the continuous movement of water between the atmosphere, the surface of the earth,
groundwater, and surface waters. Because of the high solubility of chloride in water, chloride that enters the
environment is likely to be transported in liquid water. Thus, some of the paths that chloride travels through

the environment will include those portions of the hydrologic cycle that involve water in its liquid state.

As discussed in TR-62 there are multiple pathways for chlorides to move through the environment,
ultimately ending up either in surface water or groundwater resources. Figure 4.2 is a simplified diagram of
the major human-derived sources of chloride to the environment and their main pathways to surface water
and groundwater resources. The main movement pathways are either via surface runoff (storm sewers,
ditches, streams) or via water movement through the soil. Major sources of chloride, as discussed in

Chapter 3, include winter deicing salts, agricultural uses, and water softening salts.

There are intermediate pathways through which chlorides may move, which include via the atmosphere,
impervious surfaces, vegetation, and drinking water. As the majority of the chloride pathways are related to
land use, in Figure 4.2 the major sources of chloride are also categorized by if they predominantly occur in
urban or rural land uses. As indicated in the figure, deicing salts and water softening occur in both urban
and rural land uses, but have a larger impact in urban areas due to more compact impervious areas and
higher populations. Agricultural uses on rural lands also contribute chlorides to the environment via
fertilizers applied to crops and animal farming operations. It should be noted that groundwater and surface

waters do interact, with chlorides potentially moving back and forth through the soil between them.
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Numerous factors can affect the movement of chloride through the environment. Examples include
characteristics of the soil, the amount and duration of precipitation, the amount of impervious surface, the

discharge rate of streams receiving salty runoff, and the direction and velocity of groundwater flow.

4.3 PHYSICAL AND CHEMICAL IMPACTS OF CHLORIDE ON THE NATURAL ENVIRONMENT

Increased concentrations of chloride salts can alter physical and chemical properties of the environment.
These alterations can result in impacts to the environment such as degradation of soil, mobilization of
metals and other materials from soil and sediment, and increases in the density of water. Chloride can also
accumulate in surface waters and groundwater, reducing their viability as a freshwater resource. This section
discusses the main impacts of chloride to the physical environment. More detailed discussions on how

chloride changes the physical and chemical properties in the environment can be found in TR-62.

Chloride Impacts on Soils
Two major impacts from the introduction of chloride salts to soils and sediments are degradation of the soil

structure and release of metals.

Degradation of the Soil Structure

One negative impact of chloride salts to surface soils is a degradation of the soil structure. Soil structure
consists of the arrangement of soil particles and the pore spaces between them. Soil structure is determined
by how soil particles clump together. Healthy soils which promote plant growth consist of diverse materials

and adequate pore spaces for water and air to move.

Sand and silt particles in the soil structure are typically surrounded by a film of clay particles. The surfaces
of clay particles and humus, which is the organic portion of soil, carry negative electrical charges. These
surfaces will electrostatically bind positively charged ions in soil pore water. Cations with more than one
positive charge, such as calcium (Ca®*), magnesium (Mg?*) and aluminum (AI**), can bond to more than one
negatively charged clay and humus particle. As shown in the top diagram in Figure 4.3, this process forms
bridges between clay particles, linking them together and creating a network in which silt and sand particles

are clustered into soil aggregates of various sizes and shapes.
The positively charged ions that are bound to the surfaces of clay and humus particles can be exchanged

with other positively charged ions in the surrounding soil water, especially when a cation is present at a

relatively high concentration. Deicing salt is dominated by sodium chloride, and sodium ions (Na*) are
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effective at competing for negatively charged sites on clay and humus particles.> Application of sodium
chloride to soil can lead to replacement of divalent and multivalent cations such as Ca?*, Mg?*, and AI** by

Na*.

Application of sodium chloride has physical effects that degrade the structure of soil. This happens because
sodium ions carry only one positive charge. While many sodium ions can bind to a particular clay or humus
particle, each sodium ion can bond to only one exchange site on a single particle. Because of this, they are

unable to form bridges linking clay particles together. This is shown in the lower diagram in Figure 4.3.

High concentrations of sodium chloride in soil will result in cation exchange that releases clay and silt
particles from the network that forms soil aggregates. These particles will then clog the soil pores. This
release also reduces the size of soil aggregates which decreases the number and size of soil pores. Loss of
soil pores can result in soil compaction that can reduce the permeability of the soil to air and water.®
Compaction and reduction in soil aggregates leads to diminished infiltration, impaired water retention, less
water and nutrient availability to plants, reduced root penetration, formation of crusts on the soil surface,

and inhibited emergence of seedlings. These impacts can lessen a soil's suitability for plant growth.

Excess potassium (K*) in agricultural potash fertilizers can also damage soil structure via the same processes
listed above for sodium (Na*). In addition, excess potassium can make it harder for plants to absorb certain
nutrients such as boron and manganese.” In some soils with already high levels of sodium, adding potassium

can improve soil structure by swapping places with the sodium and improving water movement.? Overall,

> S.EG. Findlay and V.R. Kelly, “"Emerging Indirect and Long-Term Road Salt Effects on Ecosystems,” Annals of the New
York Academy of Sciences, 1,223:58-68, 2011.

6 A.C. Norrstrom and E.G. Bergstedt, “The impact of Road De-Icing Salts (NaCl) on Colloidal Dispersion and Base Cation
Pools in Roadside Soils,” Water, Air, and Soil Pollution, 127:291-299, 2001.

7 N. Kinsey, “Considering the Effects of Potassium on Manganese and Soil Fertility,” Kinsey Agricultural Services

kinseyag.com, accessed May 5, 2026.

8 S. Marchuk and A. Marchuk, “Effect of applied potassium concentration on clay dispersion, hydraulic conductivity, pore

structure and mineralogy of two contrasting Australian soils, Soil and Tillage Research, 7182: 35-44, October 2018.
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both sodium and potassium ions disrupt soil structure and how water moves through the soil, but it appears

that sodium does more damage to soil structure than potassium.®1°

Mobilization of Metals in Soil/Sediment

The second negative impact of the application of chloride salts on soil and sediment is the release of heavy
metals. While some heavy metals are essential nutrients to some organisms in small amounts, all heavy
metals can be toxic at higher concentrations or in certain chemical forms. Examples of these metals include

cadmium, cobalt, copper, iron, mercury, lead, and zinc.

Heavy metals often accumulate in roadside soils, especially soils with high organic content. This is due, in
part, to the fact that heavy metal ions readily bond to organic materials. Automobile and truck traffic is the
major source of these metals to roadside soils. These metals are released by rusting vehicles; wear and tear
of engine parts, brakes, and tires; leaking fluids; and the legacy effects of leaded gasoline. Other heavy metal
sources to soils may include shingles and sidings of buildings, industrial activities, and burning of fossil

fuels.

Road salts can release heavy metals from soils through several related mechanisms including disrupting soil
structure, changing soil chemistry, and altering the ion exchange in the soil.”> Most of the mobilization of
heavy metals by chloride salts is due to ion exchange rather than changes to soil structure or pH." The
importance of ion exchange in mobilizing heavy metals depends on several factors. Some heavy metals are
more susceptible to mobilization from soils than others. The type of salt also influences heavy metal
mobilization. Application of magnesium chloride and calcium chloride is more likely to mobilize heavy

metals from soil than sodium chloride. The composition and structure of the soil also affect heavy metal

9 Ibid.

10°M. Arienso, EW. Christen, N.S. Jayawardane, and W.C Quayle, The relative effects of sodium and potassium on soil

hydraulic conductivity and implications for winery wastewater management, Geoderma, 173-174: 303-310, March 2012.

"' N.S. Bolan and V.P. Duraisamy, “Role of Inorganic and Organic Soil Amendments on Immobilization and Phytoavailibilty

of Heavy Metals: A Review Involving Specific Case Studies,” Soil Research, 41:533-555, 2003.
12 Norrstrom and Bergsted 2001, op. cit.

13 M. Bdckstrém, S. Karlsson, L. Bdckman, L. Folkeson, and B. Lind, "Mobilization of Heavy Metals by Deicing Salts in a
Roadside Environment,” Water Research, 38: 720-732, 2004.
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mobilization. For example, wetland soils often become anoxic or devoid of oxygen, especially when
inundated. Anaerobic respiration by microorganisms in these soils can increase the rate of conversion of

heavy metals bound in soil to more available forms.>

Release of heavy metals from soils can have several impacts on other ecological systems. It can lead to
contamination of surface and groundwater. In streams, heavy metals can inhibit microbial activity
responsible for breakdown of leaf litter, reducing the rate at which food becomes available to
macroinvertebrates.’® Mobilization of heavy metals from soil by chloride salts can lead to increased
concentrations of these metals in organisms, with concentrations being magnified as these metals pass

through the food web. Heavy metals are toxic to organisms, especially those dwelling in freshwater.

Do chlorides accumulate in surface soils or lake and stream sediments?
As chloride ions move with water, they do not accumulate in surface soils or waterbody sediments. That
said, chloride ions may be found in soils or sediments to some level, but they will prefer to move on with

water when available.

Chloride Impacts on Groundwater

Contamination of groundwater occurs when chlorides enter an aquifer, which is a water-bearing layer of
soil. Rainfall and runoff can carry chlorides from the land surface into the soil and then into groundwater
aquifers (see Figure 4.1 and Figure 4.2). Similarly, the connections between surface waterbodies and
groundwater means that the movement of chlorides will mimic water flow, either from surface water into
groundwater or from groundwater into surface waters. Figure 4.4 depicts groundwater flow systems under
idealized (no well pumping) conditions. Also indicated on the figure is the time scale range for groundwater
flow from days to millennia. For the study area, the Regional discharge area on the right-hand side would

be Lake Michigan.

14 M.S. Schuler and R.A. Relyea, “A Review of the Combined Threats of Road Salts and Heavy Metals to Freshwater Systems,”
BioScience, 68:327-335, 2018.

15 8.Y. Kim and C. Koretsky, “Effects of Road Salt Deicers on Sediment Biogeochemistry,” Biogeochemistry, 172:343-358,
2013.

6 D.M. Carlisle and W.H. Clements, “Leaf Litter Breakdown, Microbial Respiration and Shredder Production in Metal-
Polluted Streams,” Freshwater Biology, 50:380-390, 2005, V. Ferreira, J. Koricheva, S. Duarte, D.K. Niyogi, and F. Guérold,
“Effects of Anthropogenic Heavy Metal Contamination on Litter Decomposition in Streams: A Meta-Analysis,”

Environmental Pollution, 270:261-270, 2016.
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Chloride, as with all contaminants in groundwater, forms plumes moving away from the source of
contamination. This groundwater plume development over time is shown in Figure 4.5. The general
direction of chloride movement follows the main flow of groundwater. Diffusion acts to disperse chloride
ions away from the main line of groundwater movement. When dispersion of a chloride plume occurs, it
tends to decrease the chloride concentration along the direction of groundwater flow, but contamination
affects an increasingly larger volume of the aquifer with increasing distance from the chloride source.”” As
chloride can be introduced to soils from multiple locations on the landscape, the single source shown in
Figure 4.5 would be multiplied, with the impact of rising chloride levels in the groundwater as more sources

are added to the plume.

Chloride ions will tend to move through groundwater at a rate near that of the groundwater movement.
This is due to several properties of chloride ions including their high solubility in water, their lack of
significant participation in chemical reactions, the fact that they are not readily adsorbed onto mineral
surfaces, and the few biochemical roles that chloride ions play. Chloride ions tend to remain in solution
through most chemical and biological processes that would remove other ions.’™ While chloride ions are
highly mobile in water, their movement in some compacted, fine-grained materials can be somewhat

restricted by their relatively large size.

The impact of chloride groundwater contamination over time is also illustrated in Figure 4.5. Travel times
or groundwater are very slow and depend on the soil and rock characteristics of the aquifer (see also
Figure 4.4). Two wells are shown in Figure 4.5 to illustrate the relative travel time and depth impacts of
groundwater chloride contamination. To note it is assumed that similar soil characteristics exist in the
aquifer shown. The shallow private well, though farther from the chloride source, pumps chloride
contaminated water years to decades after the initial source input. The deep private well, although physically
closer to the source of the contamination, does not pump chloride contaminated water until a decade to

multiple decades after the initial chloride introduction.

17| .R. Watson, E.R. Bayless, P.M. Buszka, and J.T. Wilson, Effects of Highway Deicer Application on Ground-Water Quality
of the Calumet Aquifer, Northwest Indiana, U.S. Geological Survey Water-Resources Investigations Report No. 01-4260,
2001.

18 J.D. Hem, Study and Interpretation of the Chemical Characteristics of Natural Water (Third Edition), U.S. Geological
Survey Water Supply Paper No. 2254, 1989.
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Does chloride accumulate in groundwater aquifers?

Chloride can be removed from groundwater aquifers by naturally flowing to rivers or lakes as baseflow, or
by pumping from wells. If the amount of chloride being applied to the land surface is greater than the
amount leaving the groundwater aquifer through flow, chloride will accumulate in the groundwater and its
concentration in the aquifer will increase. These increases will continue until the amount of chloride entering
the groundwater due to applications equals the amount leaving through baseflow or pumping. At this time,
based on municipal well data and lake chloride levels analyzed in TR-63, chloride accumulation is occurring

in the shallower aquifers of the Region.

The accumulation of chloride in groundwater and the long residence time of water in many aquifers suggests
that if salt applications in a watershed are reduced, contributions of chloride in baseflow from aquifers to
surface waterbodies will continue for a considerable period of time, resulting in delays in ecological
improvements. Therefore, any evaluation of practices meant to reduce chloride contributions to groundwater
must be conducted with the expectation that there could be a considerable time lag between the

implementation of practices and improvements in groundwater chemistry.

Other Sources of Groundwater Contamination

Human activities unrelated to direct chloride applications may also lead to contamination of groundwater
by chlorides. Improperly abandoned wells provide a direct pathway from the land surface to the source
aquifer for the well. If runoff carries salts to such wells, it can lead to rapid contamination of the aquifer.
Pumping from wells located near surface waterbodies may induce flow from chloride impacted surface
water into groundwater. Some low-impact-development practices may also act as sources of chloride to
groundwater. Stormwater management practices such as wet retention ponds, dry detention ponds,
bioswales, and rain gardens are designed to capture and infiltrate runoff from surrounding impervious
surfaces. These practices serve to recharge groundwater and limit direct runoff to surface waters. The
widespread use of these best management practices could potentially accelerate chloride contamination of

groundwater.

Do stormwater BMPs that encourage infiltration treat for chlorides?

Most stormwater best management practices (BMPs) do not appreciably remove chloride ions from
stormwater. Chloride is a micronutrient for plants, so a very small amount may be taken up by vegetation.
But, as previously discussed, the majority of chloride ions will move with the water and infiltrate into the
soils. Stormwater BMPs that encourage infiltration may also experience degradation of soil structure as

previously discussed.
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Chloride Impacts on Streams
Physical Impacts to Streams
Dissolved salts, including chloride salts, increase the density of water. In streams, this can result in the
presence of a dense saline layer of water just above the sediment-water interface. Such a layer may expose
benthic (bottom) organisms to higher chloride concentrations than would be expected based upon
sampling from the water column.’ Density differences due to chloride and salt inputs may also lead to

stratification in deeper river impoundments with longer water residence times.

Chemical Impacts to Streams
The addition of chloride salts to water can lower its pH, making it more acidic. Increased acidity can lead to

chemical changes in water such as making metals more soluble.

Increases in chloride and salt concentrations in streams can lead to increases in concentrations of several
substances in stream water. This includes other cations such as potassium (K*), calcium (Ca?*), and
magnesium (Mg?*) that can be mobilized from sediments in streambeds, streambanks, and suspended
particles.?® Increases in chloride salt concentrations can also mobilize heavy metals from stream sediments.
The mechanisms through which chloride salts mobilize heavy metals and the impacts of such mobilization

were previously discussed in the section on the impacts of chloride on soil and sediment.

Increasing chloride salt concentrations can affect nutrient (e.g., nitrogen and phosphorus) concentrations
in streams in complex ways. Higher salt concentrations can lead to increases of dissolved forms of some
nutrients in the water column due to their release from sediments and suspended particles. As a result, this
can increase concentrations of soluble reactive phosphorus (SRP), the form of phosphorus most bioavailable
to bacteria, algae, and plants; ammonium, an inorganic form of nitrogen that is readily consumed by
bacteria, algae, plants; and Kjeldahl nitrogen, which consists of ammonium and organic nitrogen

compounds.?’

9 N. Eyles and M. Meriano, “Road-Impacted Sediment and Water in a Lake Ontario Watershed and Lagoon, City of

Pickering, Ontario, Canada,” Sedimentary Geology, i224:15-28, 2010.
20 Hintz and Relyea 2019, op. cit.

21 D. Baldwin, G. Rees, A. Mitchell, G. Watson, and J. Williams, “The Short-Term Effects of Salinization on Anaerobic Nutrient
Cycling and Microbial Community Structure in Sediment from a Freshwater Wetland,” Wetlands, 26:455-464, 2006; S.
Duan and S.S. Kaushal, "Salinization Alters Fluxes of Bioreactive Elements from Stream Ecosystems Across Land Use,”

(Footnote Continued)
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Higher concentrations of chloride salts typically increase releases of dissolved organic carbon compounds
(DOC) from stream bed sediments into the water column.?? Increased salinity also alters the chemical
composition of the DOC mobilized to the water column.?® The effects of higher concentrations of salts on
the release of DOC to the water column tended to increase with the degree of urbanization in the
watershed.?* Increases in DOC affect other processes in streams. Higher amounts of DOC tend to reduce
the transparency of water. This reduces light penetration and can reduce the amount of photosynthesis

occurring within the stream.

Chloride Impacts on Lakes

Chloride Accumulation in Lakes

Lake residence time is an important factor influencing the concentration of chloride in a lake, especially
lakes that have one or more inlets and an outlet. Residence time is the average amount of time that water
or a dissolved substance spends in a lake before being flushed out. It is determined by the volume of the
lake and the rate at which water flows through the lake. Reported residence times for inland lakes in
southeastern Wisconsin range from days to several years. Longer residence times allow chloride to build up
in lakes, increasing concentrations. Because of rapid flushing, chloride may not build up in lakes with shorter
residence times; however, these lakes may be more sensitive to rapid changes in chloride inputs due to their

smaller volumes. They may also be more sensitive to the influence of chloride in groundwater.

Ice formation can increase the concentration of chloride in the water column through the process of ion
exclusion. When water freezes, dissolved ions such as chloride are not incorporated into the ice crystal
structure. Instead, they are rejected into the surrounding water.?> Shallow lakes and wetlands are likely to

be more sensitive to seasonal increases in chloride due to ion exclusion during ice formation.

Biogeosciences, 12:7,331-7,347, 2015, and S. Hag, S.S. Kaushal, and S. Duan, “Episodic Salinization and Freshwater
Salinization Syndrome Mobilize Base Cations, Carbon, and Nutrients to Streams across Urban Regions,” Biogeochemistry,

141:463-486, 2018.

22 Duan and Kaushal 2015, op. cit.
23 |bid.

24 |bid.

25 D. Notz and M.G. Worster, "Desalination Processes of Sea Ice Revisited,” Journal of Geophysical Research, 774: C05006,
doi: 10.1029/2008)C004885, 2009.
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Inhibition of Lake Mixing

Stratification in a lake occurs when there are density differences between layers of water that cause water
near the lake surface (epilimnion) to float on deeper water (hypolimnion). This is commonly caused by
temperature differences (and subsequent density differences) between surface water and deeper waters.
The maximum density of water occurs at about 39°F and the density decreases as the water temperature

deviates from 39°F.

Stratification impedes vertical water circulation. This limits the transfer of oxygen, other dissolved gases,
and chemicals between near-surface water and deep-water areas. In a stratified lake, deeper hypolimnetic
water cannot exchange gases with the atmosphere. If oxygen demands in deep water are high, such as in a
nutrient enriched lake, oxygen concentrations in deep areas of the lake can become extremely low (hypoxic)

or fall to zero (anoxic). This reduces the volume of the lake that is available as habitat to aquatic organisms.

Anoxic conditions can also change the chemistry of deeper lake waters. These changes occur through both
chemical processes and bacterial activity. These changes can lead to the release of substances such as
metals and phosphate from sediment. They can also lead to the production and release of other materials

such as methane and hydrogen sulfide gas.

Stratification breaks down when wind is able to mix the lake. Most Wisconsin lakes mix twice per year,
typically in the spring and fall. While stratification is generally associated with temperature, chemical
conditions in a lake can alter its density structure and affect stratification and mixing. Since water containing
chloride salts is denser than uncontaminated water, salt-contaminated runoff that enters a lake will sink to
the bottom and create a density gradient between the bottom and the surface waters. This gradient can
inhibit seasonal mixing and turnover. This inhibition can include delaying turnover, reducing the depth to
which the lake mixes during turnover, preventing turnover during either spring or fall of some years, or

permanently preventing turnover from occurring (see Figure 4.6).
Several factors can influence the propensity of a lake to mix and the strength of mixing that occurs. Examples

of these include lake shape, size, depth, and surrounding topography. These factors can influence the

sensitivity of a lake to mixing impacts due to chloride.
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Chloride Impacts on Wetlands

Freshwater wetlands are hotspots for biogeochemical transformations.?® These transformations are
important in the cycling of plant nutrients such as phosphorus, nitrogen, sulfur, and iron. They are also
important in cycling of carbon and influence sequestration of carbon and release of greenhouse gases.
Contamination of wetlands by chloride and other salts can affect these transformation processes, impacting

the ecosystem services that the wetlands provide.

Inputs of chloride salts into wetlands can lead to the release of heavy metals that are held in wetland soils
and sediments. Release of heavy metals can be a particular problem in wetlands. Heavy metals can
accumulate due to the high organic content of wetland soils and sediments and the tendency for these

metals to bind to organic matter.

Elevated concentrations of ions like chloride reduce the solubility of gases in water.?” Lower solubility can
reduce the amount of time that the gases spend in wetland soil, reducing the time available for internal
processing of gases such as oxidation of methane or reduction of nitrous oxide (N,O), potentially

accelerating emissions of such gases.?®

Reduced gas solubility can also reduce the depth to which oxygen penetrates wetland soils. This can affect
nitrogen cycling in wetlands. Anoxic (no oxygen) conditions in wetland soils and the presence of salty water
can reduce the conversion of ammonium to nitrate and nitrite (nitrification).2? This reduces the amount of

nitrate available for conversion to nitrogen gas (denitrification) and can lead to a buildup of nitrogen

26 E.R. Herbert, P. Boon, AJ. Burgin, S.C. Neubauer, R.B. Franklin, M. Ardén, K.N. Hopfensperger, L.P.M. Lamers, and P. Gell,
“A Global Perspective on Wetland Salinization: Ecological Consequences of a Growing Threat to Freshwater Wetlands,”

Ecosphere, 16: Article 206, 2015.

27 W. Stumm and J. Morgan, Aquatic Chemistry: Chemical Equilibria and Rates in Natural Waters (third edition), Wiley,
New York, 1996.

28 Herbert et al. 2015, op. cit.

29 S. Rysgaard, P. Thastum, T. Dalsgaard, P.B. Christensen, and N.P. Sloth, “Effects of Salinity on NH4*, Adsorption Capacity,
Nitrification, and Denitrification in Danish Estuary Sediments,” Estuaries, 22:27-30, 1999; G. Noe, K. Drauss, B.G. Lockaby,
W. Conner, and C. Hupp, “The Effect of Increasing Salinity and Forest Mortality on Soil Nitrogen and Phosphorus
Mineralization in Tidal Freshwater Forested Wetlands,” Biogeochemistry, 114:225-244, 2013.
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compounds in wetlands and increased potential for the generation of nitrous oxide, a powerful greenhouse

gas.®0

Wetlands are major sinks for carbon. It has been estimated that wetland soils contain 45 to 70 percent of
all terrestrial carbon.3! The accumulation of carbon in wetland soils can play an important role in reducing
the concentrations of greenhouse gases in the atmosphere and mitigating climate change.3? By making
metals more available, salinization of wetlands can increase bacterial activity that could potentially stimulate

the production and release of carbon dioxide through increased microbial breakdown of organic matter.33

4.4 IMPACTS OF CHLORIDE ON THE BIOLOGICAL ENVIRONMENT

Increased concentrations of chloride salts can have adverse effects on biological systems. These impacts
can occur at several biological levels ranging from affecting individual organisms, to impacting an entire
species, community, or ecosystem. This section summarizes the results of several field and experimental

studies and discusses the impacts of chloride salts, salinity, and specific conductance on biological systems.

Chloride Toxicity

Toxicity is the degree to which a substance or combination of substances causes harm to an organism. The
types of side effects can differ depending on the substance, the organism exposed, and the level of
exposure. Two types of toxicity have been defined based on the number and duration of exposures. Acute
toxicity occurs when adverse effects result from a single or small number of exposures over a short period
of time. Chronic toxicity occurs when adverse effects result from repeated or constant exposure over a

longer period. Both types of toxicity can lead to either death of the organism or to sublethal effects.

There are many different biological impacts caused by chloride toxicity or the toxic conditions created by

either the cations associated with chloride or increased levels of salinity. The toxicity of chloride salts can

30 Herbert et al. 2015, op. cit.

31'S. Mitra, R. Wassmann, and P.L. Vlek, “An Appraisal of Global Wetland Area and Its Organic Carbon Stock,” Current
Science, 88:25-35, 2005.

32 E. Mcleod, G.L. Chmura, S. Bouillon, R. Salm, M. Bjérk, CM. Duarte, C.E. Lovelock, W.H. Schlesinger, and B.R. Silliman, "A
Blueprint for Blue Carbon: Toward an Improved Understanding of the Role of Vegetated Coastal Habitats in Sequestering

COy," Frontiers in Ecology and the Environment, 9:552-560, 2011.

33 Herbert et al. 2015, op. cit.
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be influenced by factors such as the level, frequency, duration, and manner of exposure, environmental
factors including temperature and water hardness, or the biology and developmental stage of the affected
organism. While chronic exposures to chloride can be lethal to some organisms, these exposures have also
been shown to produce a variety of sublethal effects. These sublethal impacts fall into several categories

including changes in growth and development, reproduction, and behavior.

Water Quality Criteria for Chloride

The State of Wisconsin has promulgated both acute and chronic toxicity criteria for chloride. These criteria
are meant to ensure adequate protection of aquatic organisms from toxic effects. Under the acute toxicity
criterion, the maximum daily concentration of chloride is not to exceed 757 mg/l more than once every
three years. Under the chronic toxicity criterion, the four-day average of the maximum daily concentration
of chloride is not to exceed 395 mg/l more than once every three years. Surface waterbodies that exceed
either of these criteria are considered impaired under Section 303(d) of the Federal Clean Water Act. The
U.S. Environmental Protection Agency (USEPA) has also issued two additional criteria for aquatic life. These
USEPA criteria and all current surface water standards for chloride are discussed in more detail in Chapter 5

of this Report.

Factors that Affect Chloride Toxicity

Several factors influence the type and severity of effects caused by exposure to toxic substances. One of the
most important is the dose received by an organism. Higher doses generally produce more severe effects,
and some substances that are harmless at low levels can become toxic at higher concentrations. The route
of exposure can also affect toxicity. For instance, a substance may produce different effects if ingested
versus absorbed through the skin. In addition, the amount of food available in an organism’s environment
also plays a significant role in sensitivity to chloride toxicity, with organisms experiencing nutritional stress

being more vulnerable to adverse impacts.

Environmental conditions further complicate chloride toxicity. For example, toxicity to aquatic organisms
generally increases with higher water temperatures. Chloride concentrations have been rising in many
waterbodies throughout the Region34, and climate projections for southeastern Wisconsin indicate that

average air temperatures could increase by five to 10 degrees Fahrenheit by the end of the century, likely

34 SEWRPC Technical Report No. 63, Chloride Conditions and Trends in Southeastern Wisconsin, in preparation.
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raising water temperatures as well.3> These paired changes may increase both the frequency and severity

of chloride toxicity.

Water chemistry also affects chloride toxicity. Chloride is typically more toxic in soft water than in hard water
and the presence of other chemicals in water can further influence toxicity. For example, high sulfate
concentrations can increase chloride toxicity for some aquatic organisms. Similarly, the cation associated
with chloride may also influence toxicity. Laboratory studies show that magnesium chloride and calcium

chloride are often more toxic to aquatic organisms than sodium chloride.?

Anticaking agents that are commonly added to deicing salts to prevent clumping typically consist of
ferrocyanide compounds. While ferrocyanides are relatively nontoxic,3” the presence of water and exposure
to light can cause them to release free cyanide in the forms of hydrogen cyanide (HCN) and cyanide ions
(CN").38 Ultimately, all the cyanide contained in the iron-cyanide compounds can be released as free cyanide
which is highly toxic. 3° Similarly, corrosion inhibitors are added to some chemical deicers. These inhibitors
can contribute to high biochemical oxygen demand, lowering concentrations of dissolved oxygen in water.
They may also contain amines that can lead to the release of ammonia, another substance that is toxic to
aquatic life. Some deicing salts also contain concentrations of impurities such as heavy metals that are in

high enough concentrations to have adverse effects on aquatic biota.*°

35 Wisconsin Initiative on Climate Change Impacts, Wisconsin's Changing Climate: Impacts and Solutions for a Warmer

Climate, 2021.

36 D.A. Benoit, and C.E. Stephan, Ambient Water Quality Criteria for Chloride, U.S. Environmental Protection Agency EPA
440/5-88-001, February 1988; M. Evans and C. Frick, The Effects of Road Salt on Aquatic Ecosystems, National Water

Research Institute Contribution Series No. 02-038, Saskatoon, Saskatchewan, Canada, 2001.

37 Agency for Toxic Substances and Disease Registry, Toxicological Profile for Cyanide, U.S. Department of Health and

Human Services, July 2006.

38 J L. Meeussen, M.G. Keizer and F.A.M. de Haan, “Chemical Stability and Decomposition Rate of Iron Cyanide Complexes

in Soil Solutions,” Environmental Science and Technology, 26:5717-516, 1992.

39D. Kuhn and T.C. Young, “Direct Photolysis of Hexacyanoferrate (Il) Under Conditions Representative of Surface Waters,”

Chemosphere, 60:1,222-1,230, 2005.

40 M. Fischel, Evaluation of Selected Deicers Based on a Review of the Literature, Report No. CDOT-DTD-R-2001-15 to

the Colorado Department of Transportation, October 30, 2001.
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Finally, biological factors can affect the toxicity of chloride to organisms. Within a species, some
developmental or life history stages may be more sensitive to the effects of chloride salts than others.
Younger organisms are often more sensitive to chloride than older individuals. In addition, genetic variation
among organisms within a species may also make some individuals either more sensitive to or more tolerant
of chloride salts. Differences observed between and within various groups of organisms are discussed later

in this section.

How Organisms are Exposed to Chloride
Organisms can be exposed to chloride in several ways, including living in contaminated water, living in or
being rooted in chloride-affected soil, having salt or salt-contaminated water deposited on them, or

ingesting salts directly.

Organisms that live in water are exposed to any dissolved chloride that is present. Exposure may be acute,
such as when runoff containing deicing salt enters a stream, or chronic when the average level of chloride
in a waterbody increases gradually over time. Organisms that spend their entire life cycles in water may
experience constant exposure to chloride while others that only spend part of their life in water, such as

during their egg or larval stages, experience less overall exposure.

The part of a waterbody in which an organism lives can further influence their exposure to chloride salts.
For instance, many macroinvertebrates live on or within the bottom substrates of streams, lakes, or wetlands.
Introduction of chloride salts into a waterbody can result in the formation of a dense layer of water
containing a relatively high concentration of chloride immediately above the bottom of the waterbody. This
can expose organisms living on and in the substrate to higher chloride concentrations.*! Certain aquatic
habitats may pose additional risks of exposure to chloride salts. For example, ephemeral ponds that are
created by snowmelt and spring rains lack inlets and outlets and may or may not be hydraulically connected
to groundwater. Contaminants can enter these temporary waterbodies through overland flow. The
concentrations of these substances may increase as water evaporates from the ponds, increasing organism

exposure. Similarly, constructed stormwater retention ponds may also have high concentrations of chloride

41 C. Ellis, R. Champlin, and H.G. Stefan, “Density Current Intrusions in and Ice-covered Urban Lake,” Journal of the

American Water Resources Association, 33:7,363-1,374, 1997.
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due to runoff from roads and other impervious surfaces.*? As mentioned previously in this Chapter, chemical
stratification can occur in ponds and lakes, with salt concentrations near the bottom being two to five times

higher than that at the surface.*®

Organisms can also be exposed to chloride that is present in soil. Terrestrial plants may be exposed to
chloride salts through root uptake of ions from the soil and soil water. Some terrestrial animals are also
affected. For example, although most turtle species are aquatic or semi-aquatic, they lay their eggs in soil
on land. This can expose the eggs to chloride salts that are present in terrestrial settings. Salts can also be
physically deposited on terrestrial organisms through splashing and spraying of salt from impervious
surfaces, contact with runoff containing salt, or placement of salt mixed in with snow directly on them.
Perennial terrestrial plants, especially trees, can be particularly vulnerable to this type of exposure. Most
damage to terrestrial plants from physical deposition of salts occurs within 60 feet of roads, parking lots, or

stormwater infrastructure where road salts are frequently applied.*

Finally, some animals are exposed to chloride by ingesting chloride salts. Sodium is an essential nutrient for
vertebrates, but plant material often contains insufficient amounts to meet the needs of herbivores.
Therefore, some animals may seek supplemental sodium sources, which can increase their ingestion of

chloride salts.

Impacts of Chloride Salts on Organisms

At high enough concentration and long enough exposure chloride salts can cause death in some organisms.
The thresholds at which this and other toxic effects occur vary among groups of organisms, as well as within
groups. Organisms can also suffer sublethal effects from chloride salts. Many of these impacts result from
chronic exposure. Some reported impacts on biological communities and the thresholds at which they
occurred are summarized in Table 4.1. Many of these impacts occur at chloride concentrations that are

significantly lower than Wisconsin's acute and chronic criterion for fish and aquatic life.

42 N.E. Karraker, “Impacts of Road Deicing Salts on Amphibians and Their Habitats,” Chapter 14, pages, 183-196, In: J.C.
Mitchell and R.E. Jung Brown (editors), Urban Herpetology, Society for the Study of Amphibians and Reptiles, Salt Lake
City, Utah, 2008.

43 P.M. Marsalek, W.E. Watts, J. Marsalek, and B.C. Anderson, “Winter Flow Dynamics of an On-Stream Stormwater

Management Pond,” Water Quality Research Journal of Canada, 35:505-523, 2000.

44 L.G. Jull, Winter Salt and Salt-tolerant Landscape Plants, University of Wisconsin-Extension, 2026.

PRELIMINARY DRAFT 18



Sublethal impacts are broken down into three main categories in this section: physical damage, reduced
growth and abundance, and behavioral changes. While this Chapter summarizes information in scientific
and technical literature on the effects of chloride and chloride salts on organisms, many of these studies
were limited to mesocosm (natural ecosystems under controlled conditions) and laboratory experiments. In
situ field experiments, and more specifically field studies conducted in the Southeastern Wisconsin region,
were limited. Specific examples of impacts on individual species and groups of organisms (bacteria, algae,
zooplankton, aquatic macroinvertebrates, fish, amphibians, reptiles, terrestrial vertebrates and plants) can

be found in TR-62 (pages 67-119).°

Physical and Cellular Damage

Exposure to high enough concentrations of chloride salts can cause physical injuries to some organisms.
For example, terrestrial plants exposed to chloride salts can show injuries such as damaged leaves, wilting
in hot, dry weather, and tissue death. Examples of some of these injuries are shown in Figure 4.7. Such
injuries can lead to premature loss of leaves. Physical deposition of salts on plants can cause additional
injury such as the dieback of buds and twigs, failure to flower, and reduced fruit yields. Freshwater aquatic
plants can also show signs of injury such as leaf burn, wilting, yellowing of foliage, and discoloration when
exposed to chloride salts.*® Like plants, animals can also experience physical harm from exposure to chloride

salts. Such injuries include loss of body mass, dehydration, and irritation to skin.

In addition to physical injury, developmental deformities in several freshwater invertebrates, fish, and
amphibians have been associated with increased salinity. For example, salinity can induce production of
deformed embryos in developing fish (see Figure 4.8) and amphibian eggs. Examples of deformities
observed in fish species include scoliosis, conjoined twins, coiled tails, and deformed yolk sacs. Deformities
seen in amphibians include bent tails, scoliosis, missing forelimbs, elongated rear limbs, and missing

portions of their lower jaws.

Reduced Growth and Abundance
Exposure to chloride salts can lead to reduced growth and abundance of organisms and their populations.

Increased levels of chloride salts can lead to diminished somatic growth*” and overall growth rates of

45 SEWRPC Technical Report No. 62, Impacts of Chloride on the Natural and Build Environment, April 2024.

46K. James and B. Hart, “Effect of Salinity of Four Freshwater Macrophytes,” Marine and Freshwater Research, 44:769-777,
7993.

47 Somatic growth consists of growth of the body.
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individual organisms. Such exposure can also cause developmental delays and adverse impacts on
reproduction. These impacts can lead to reduced rates of population growth, which can ultimately result in
decreased organism abundance. Reductions in growth with increasing chloride concentrations have been
observed in several different groups of organisms including algae, aquatic and terrestrial plants,

amphibians, and fish.

Exposure to chloride salts can cause developmental delays in several groups of organisms. These effects
range from decreased molting and prolonged larval development in insects to delayed metamorphosis in
amphibians. Recent studies suggest that such growth reductions related to chloride salts may be occurring
in local streams in the Region. In one local study in which fathead minnow larvae were reared in water from
several Milwaukee-area streams, researchers found that the mean weight of the larvae decreased with
increasing chloride concentration.®® These effects began above chloride concentrations of 2,940 mg/l. A
bioassay using water collected on different dates from Wilson Park Creek in the City of Milwaukee showed

similar results, with larval growth reductions appearing above a chloride concentration of 2,920 mg/1.#°

Chloride salt exposure can have several impacts on reproduction in a variety of species, including increasing
the age of first reproduction, diminishing egg production, and reducing egg survival in animals. In addition,
in some aquatic plant species, high concentrations can lead to reduced flower production and seed
germination success and promote vegetative reproduction over sexual reproduction. In general, adverse
effects of chloride and chloride salts on reproduction can potentially affect population size and viability of

affected organisms.

Exposure to chloride salts can also reduce egg production in some species. Many zooplankton species, for
instance, produce offspring in clutches or broods of a few to several eggs. Decreases in the average number
of eggs produced per brood with increasing concentration of sodium chloride have been reported in several
zooplankton species. In addition, smaller clutch sizes with increasing chloride concentrations have also been
reported in amphibians and reductions in egg production have been observed in invertebrates. If eggs are
produced, exposure to chloride salts can further affect their survival. Adverse effects of chloride salts on egg

survival have been reported in fish, amphibians and turtles.

48 S.R. Corsi, D.J. Grazcyk, S.W. Geis, N.L. Booth, and K.D. Richards, “A Fresh Look at Road Salt: Aquatic Toxicity and Water

Quality Impacts on Local, Regional, and National Scales,” Environmental Science & Technology, 44:7,376-7,382, 2010.

4 |bid.
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The impacts of chloride salts on the growth of organisms, their developmental rates, and reproduction
discussed above can combine to reduce the overall growth rate of populations. These reductions in
population growth rates can in turn lead to lower abundance of the affected organisms. Such declines have
been observed in several groups of organisms including algae, zooplankton, aquatic macroinvertebrates,

fish and amphibians.

Behavioral Changes

Higher concentrations of chloride salts and salinity can lead to changes in animal behavior. Examples of
these behavioral shifts include changes in activity levels, movement, anti-parasite and anti-predator
behaviors, and choice of breeding locations. In addition, some studies have reported that ingestion of

chloride salts can lead to animals displaying less fear than they normally would.

Exposure to chloride salts can lead to reduced levels of activity in animals. Reductions in the amount and
speed of movement have been reported in amphibians, zooplankton, macroinvertebrates, and fish. *° In
addition, reduced feeding behavior in environments with higher concentrations of chloride salts have been
observed in other organisms such as freshwater mussels, clams, and zooplankton. In zooplankton, chloride
salts can also disrupt responses to light, altering their typical vertical migration response to sunlight and

leading to greater exposure of zooplankton communities to predators.®’

Concentrations of chloride salts and salinity can also affect the choice of breeding locations for organisms
such as amphibians. The distribution of amphibians depends on their ability to locate suitable sites for egg
laying and the ability of their embryos and larvae to survive, develop, and undergo metamorphosis at these

sites.>> Some amphibian species choose breeding and egg laying sites based partly on salinity, opting for

%0 M. Denoél, M. Bichot, G.F. Ficetola, J. Delcourt, M. Ylieff. P. Kestermont, and P. Poncin, “Cumulative Effects of Road De-
Icing Salt on Amphibian Behavior,” Aquatic Toxicology, 99:275-280, 2010; M Baillieul, B. DeWachter, and R. Blust, "Effect
of Salinity on the Swimming Velocity of the Water Flea Daphnia magna,” Physiological Zoology, 71:703-707, 1998; M.J.
Baek, T.J. Yoon, D.G. Kim, C.Y. Lee, K. Cho, and Y.J. Bae, “Effects of Road Deicer Runoff on Benthic Macroinvertebrate
Communities in Korean Freshwaters with Toxicity Tests of Calcium Chloride (CaCly),” Water, Air, and Soil Pollution,
2251961, 2014; RK Luz, R.M. Martinez-Alvarez, N. DePedro, and M.J. Delgado, " Growth, Food Intake Reqgulation, and
Metabolic Adaptations in Goldfish (Carassius auratus) Exposed to Different Salinities,” Aquaculture, 276:171-178, 2008.

°T M.A. Kolkmeier and B.W. Brooks, “Sublethal Silver and NaCl Toxicity in Daphnia magna: A Comparative Study of
Standardized Chronic Endpoints and Progeny Phototaxis,” Ecotoxicology, 22:693-706, 2013.

%2 |.G. Alexander, S.P. Lailvaux, J.H.K. Pechmann, and P.J. DeVries, “Effects of Salinity on Early Life Stages of the Gulf Coast
Toad Incilius nebulifer (Anura: Bufonidae),” Copeia, 2012:106-114, 2012.
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lower salinity environments.>® However, the limited dispersal ranges on many amphibians may not allow

them to travel an adequate distance to escape impacts from chloride salts.

In terrestrial organisms, the presence of salt on and adjacent to roads may alter their behavior. All
vertebrates require sodium as an essential nutrient. Depending on their diet, obtaining sufficient sodium to
meet nutritional requirements may be difficult for some species. Small mammals such as woodchucks,
porcupines, and snowshoe hares have frequently been observed feeding on roadside salt.>* Birds may also
ingest salt for use as grit. Birds use grit to improve the mechanical grinding of food in their gizzards and for
some species road salt particles may be their preferred grit size. Finally, studies have shown that ungulates,
such as moose, are especially attracted to roadside pools contaminated with road salt.>> Because of the
attractiveness of road salt to some mammals, the presence of salt on and adjacent to roads may be a factor
in collisions involving animals and vehicles. Furthermore, it has been observed that deer and moose that
drink salty water tend to lose their fear of humans and vehicles.*® This makes them prone to bolt, sometimes
into the path of a vehicle instead of moving away as they normally would. Similar observations of increased

fearlessness with ingestion of road salt have been reported in birds.*’

Impacts of Chloride Salts on Ecological Communities

Increases in salinity and the concentration of chloride salts can induce changes in ecological communities.
Many of these changes are the result of differences among species in their ability to tolerate chloride salts.
In addition, increased concentrations of chloride salts may change the intensity of ecological processes such

as competition, predation, and parasitism among species within a community. In some instances, tolerance

53 T. Haramura, "Salinity Tolerance of Eggs of Buergeria japonica (Amphibia, Anura) Inhabiting Coastal Areas,” Zoological

Science, 24:820-823, 2007.

% A.H. Hubbs and R. Boostra, Study Design to Assess the Effects of Highway Median Barriers on Wildlife, Ontario Ministry
of Transportation, MAT-94-03, 1995.

%5 B.K. Miller and J.A. Litvaitis, "Use of Roadside Salt Licks by Moose, Alces alces, in Northern New Hampshire,” Canadian
Field Naturalist, 706:172-117, 1992; D.L. Kelting and C.L. Laxson, Review of Effects and Costs of Road De-Icing with
Recommendations for Winter Road Management in the Adirondack Park, Adirondack Watershed Institute Report No.

AWI 2010-01, 2010.

6 P.H. Jones, B.A. Jeffrey, P.K. Watler, and H. Hutchon, Environmental Impact of Road Salting—State of the Art, Ontario

Ministry of Transport and Communication, MTC No. RR237, 1986.

57 Kelting and Laxson 2010, op. cit.
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differences and changes in ecological processes could allow more tolerant species to invade a community

and establish within it.

Community Composition

Some species are more tolerant of chloride and chloride salts than others. As the concentration of chloride
salts and salinity increase, these differences in sensitivity can lead to changes in community composition
and structure. At high enough chloride concentrations and/or as concentrations increase within the
environment over time, sensitive species are likely to be lost from the community. Figure 4.9 illustrates the
sensitivity distribution of aquatic organisms to chloride. It specifically maps chloride concentrations that
cause at least 50 percent mortality across various species and life stages as well as effective concentration
endpoints where the observed effect is mortality. By plotting these impacts against chloride concentration,
this figure highlights which specific taxa and life stages are most vulnerable to chloride toxicity. Even below
the Wisconsin chronic toxicity criterion of 395 mg/I, several sublethal impacts of aquatic organisms have
been observed that can result in changes in community composition. Figure 4.10 identifies some of these

impacts and the concentrations at which they occurred.

Differences in the tolerance of species to chloride salts can lead to a reduction of diversity within a
community. Several studies have reported reductions in diversity that accompanied increases in either
chloride concentration or specific conductance. These studies identified a range of different organisms

including algae, zooplankton, plants, macroinvertebrates, fish, and amphibians. *8

%8 M.L Tuchman, E.F. Stoermer, and H.J. Carney, "Effects of Increased Salinity on the Diatom Assemblage of Fonda Lake,
Michigan,” Hydrobiologia, 7109:7179-188, 1984.; B.A. Zeeb and J.P. Smol, "Paleolimnological Investigation or the Effects of
Road Salt Seepage on Scaled Chrysophyte Flagellates in Fonda Lake, Michigan,” Journal of Paleolimnology, 5:263-266,
1991, J.S. Sinclair and S.E. Arnott, “Local Context and Connectivity Determine the Response of Zooplankton Communities
to Salt Contamination,” Freshwater Biology, 63:1,273-1,286, 2018; J.A. Richburg, W.A. Patterson, and F. Lowenstein,
“Effects of Road Salt and Phragmites australis Invasion on the Vegetation of a Western Massachusetts Calcareous Lake
Basin Fen,” Wetlands, 21:247-255, 2001; C.L. Demers and R.W. Sage, Jr., "Effects of Road Deicing Salt on Chloride Levels
in Four Adirondack Streams,” Water, Air, and Soil Pollution, 49:369-373 1990; R.P. Morgan, K.M.L. Kline, M.J. Kline, S.F.
Cushman, M.T. Sell, R.E. Weitzell, Jr., and J.B. Churchill, “Stream Conductivity: Relationships to Land Use, Chloride, and
Fishes in Maryland Streams,” North American Journal of Fisheries Management, 32:947-952, 2012; S.J. Collins and R.W.
Russell, “Toxicity of Road Salt to Nova Scotia Amphibians,” Environmental Pollution, 157:320-324, 2009.
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Ecological Interactions

Tolerance to chloride can affect the outcomes of ecological interactions between species such as
competition. For example, increases in concentrations of chloride salts and salinity may change competitive
relationships between species through favoring those that are more physiologically tolerant.>® In some
instances, the impacts of the increased concentration of chloride salts can enable other more tolerant
species to invade and establish within a community. This can result in a marked reduction in endemic native
species. For example, common reed (Phragmites) is an aggressive, highly salt-tolerant invasive plant species
that can exploit elevated salinity levels in soils, establishing in ditch networks along roads and in stormwater

ponds before expanding into rivers, lakes and wetlands where it readily outcompetes native vegetation.

Increases in chloride salts and salinity can alter food web structure by affecting some species more than
others. Direct impacts on certain species can produce indirect effects on other species in their environment
by changing the strength of ecological interactions. For example, a decline in predator abundance due to
chloride exposure can lead to an overabundance of their prey, while reductions in grazing organisms such
as some species of zooplankton and macroinvertebrates can facilitate increases in plant or algal growth. As
organisms such as zooplankton and aquatic insect larvae are more sensitive to chloride, loss of these species
may result in a trophic cascading effect in which predators of these organisms also experience decline.
Figure 4.11 provides an example of a freshwater food web and illustrates these interactions between various

trophic levels.

Impacts of Chloride Salts on Ecosystems

Chloride salts and salinity can impact ecosystem processes. Examples of ecosystem processes include
cycling of nutrients through food webs, primary production through photosynthesis or chemosynthesis,
community respiration, and decomposition of organic matter. Increasing concentrations of chloride salts

and salinity may have impacts on these processes in both terrestrial and freshwater ecosystems.

Freshwater aquatic food webs are dependent on inputs of organic material from surrounding terrestrial

landscapes for energy and nutrients.®® While some of this material enters aquatic systems as dissolved

%9 Busse et al. 1999, op. cit, S.5.S. Sarma, B. Elguea-Sdnchez, and S. Nandini, “Effect of Salinity on Competition Between
the Rotifers Brachionus rotundiformis Tschugunoff and Hexarthra jenkinae (De Beauchamp) (Rotifera),” Hydrobiolgia,

474:183-188, 2002.

0 A B. Stoler, W.D. Hintz, D.K. Jones, L. Lind, B.M. Mattes, M.S. Schuler, and R.A. Relyea, “Ledf Litter Mediates the Negative
Effect of Road Salt on Forested Wetland Communities,” Freshwater Science, 36:415-426, 2017.
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organic matter, most enters as leaves, wood, dead organisms, and other forms of particulate organic
material. Leaf litter in particular is a major organic carbon source in some streams. Microbial organisms such
as bacteria and fungi colonize this litter, decomposing it. Microbial conditioned litter is a major energy
source for many aquatic organisms. Macroinvertebrates feed on leaf material, consuming the bacteria, fungi,
and periphyton (algae, microbes, detritus, etc.) growing on the litter. This allows the energy in the litter to
enter the aquatic food web and be passed to higher trophic levels. By processing microbially conditioned
litter, macroinvertebrates provide a link between terrestrial flora and aquatic food webs.®" In general,
organic matter decomposition in streams decreases with increasing salinity.%? The biomass of fungi on and

in the leaves also decreased with rising salinity.

The impact of increased concentrations of chloride salts and salinity on primary production is uncertain.
Results from some studies suggest that increasing salinity may reduce primary production in freshwater
aquatic systems, while results from other studies suggest that this may not be the case. Several studies
found that vascular plant communities show reduced primary production in response to increasing
salinity.®® A different study found that primary production in diatoms assemblages increased with increasing
salinity.® Still other studies suggest that at low salinities primary production may rise with increasing salinity,

while at higher salinity primary production may decrease.®

Increased concentrations of chloride salts and salinity could potentially affect the ability of some systems
to provide ecosystem services. Ecosystems provide numerous services to humans such as the provision of

fresh water, development and maintenance of soils, decomposition of wastes, regulation of the climate, and

6T M.A. Palmer, A.P. Covich, S. Lake, P. Biro, JJ. Brooks, J. Cole, C. Dahm, J. Gibert, W. Goedkoop, K. Martens, J. Verhoeven,
and W.J. van de Bund, “Linkages Between Aquatic Sediment Biota and Life Above Sediments as Potential Drivers of

Biodiversity and Ecological Processes,” BioScience, 50:1,062-1,075, 2000.

62 E. Berger, O. Fror, and R.B. Schdfer, “Salinity Impacts on River Ecosystem Processes: A Mini-Review,” Philosophical

Transactions of the Royal Society Series B, 374:20180010, 2018.

63 W.E. Odum, “Comparative Ecology of Tidal Freshwater and Salt Marshes,” Annual Review of Ecology and Systematics,
19:147-176, 1988 D.L. Nielsen, M.A. Brock, N. Rees, and D.S. Baldwin, "Effects of Increasing Salinity on Freshwater

Ecosystems in Australia,” Australian Journal of Botany, 57:655-665, 2003.

%4 M.G. Ros, J.P. Marin-Murcia, and M. Aboal, “Biodiversity of Diatom Assemblages in a Mediterranean Semiarid Stream:

Implications for Conservation,” Marine and Freshwater Research, 60:74-24, 2009.

65 Silva and Davies 1999, op. cit, E.LL. Silva, A. Shimizu, and H. Matsunami, "Salt Pollution in a Japanese Stream and lts

Effects on Water Chemistry and Epilithic Algal Chlorophyll-a,” Hydrobiologia, 437:139-148, 2000.
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generation of food. Ecosystem processes such as organic matter breakdown and primary production
provide the basis for many potential ecosystem services.®® A reduction in the decomposition of organic
matter due to higher concentrations of chloride salts could lead to less biomass in a stream or lake system,
which ultimately may reduce the ability of the fishery to provide food or recreational opportunities to
humans.®” Other services may similarly be impacted by the effects of increased concentrations of chloride

salts and salinity on these processes.

4.5 IMPACTS OF CHLORIDE ON INFRASTRUCTURE

Chloride salts can induce and accelerate damage to various types of infrastructure and reduce their useful
life. This section discusses the impacts of chloride salts on parts of the built environment including corrosion
in metals such as metallic bridges, reinforcing steel in concrete, roadside infrastructure, water supply
infrastructure, vehicle metal components, and mechanisms and impacts of deterioration in concrete such

as roads, bridges, and buildings. The benefits of winter deicing efforts are also discussed.

Metal Corrosion

Corrosion is a natural electrochemical process in which refined metal is oxidized and converted into more
chemically stable metallic oxide compounds. All metals are subject to similar corrosion mechanisms.
Corrosion develops when electrochemical reactions occur between metal, water, and oxygen. The addition
of chloride anions, such as from road salt, greatly increases the rate of metallic corrosion. Dissolved salts
increase the conductivity of water and chloride is a strong electrolyte. Chloride salts also decrease the
freezing point of water which may increase the contact time between the liquid water and the metal surface.

This allows the corrosion process to occur over a longer period and a wider range of temperatures.

Metals have different susceptibility to corrosion. In general, iron, steel, and magnesium alloys are highly
susceptible to corrosion, while aluminum and copper alloys are less susceptible. When aluminum and

copper corrode in air, a protective oxide layer is formed on the surface of the metal. The oxide layer prevents

66 Berger et al 2018, op. cit.

87 K.M. Fritz, S. Fulton, B.R. Johnson, C.D. Barton, J.D. Jack, D.A. Word, and R.A. Burke, "Structural and Functional
Characteristics of Natural and Constructed Channels Draining a Reclaimed Mountaintop Removal and Valley Fill Coal

Mine,” Journal of the North American Benthological Society, 29:673-689, 2010.
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oxygen from contacting the metal atoms underneath and protects the aluminum and copper from further

corrosion. %8

Corrosion Inhibitors

Corrosion inhibitors are often added to deicers to reduce or prevent the deterioration of metals in corrosive
environments. The formulations of most commercially available corrosion inhibitors are proprietary and
generally derived from agricultural byproducts. While commercial inhibitors in deicers reduce corrosion of
metal infrastructure, they can have other impacts on the environment. For example, the beet juice used in
many commercial inhibitors can increase biochemical oxygen demand and deplete oxygen levels in
waterways. Similarly, the phosphorous compounds used in many commercial inhibitors may contribute to

eutrophication (high nutrient conditions) of surface waterbodies.

Concrete Deterioration

During winter conditions, the freeze-thaw cycles of pore water in concrete cement produce expansive forces
that cause scaling on the concrete surface. This scaling removes the cement paste on the surface layer and
successively removes lower cement paste layers. As cement is removed, concrete aggregates and sand are
exposed to the environment, encouraging further damage to the concrete. Figure 4.12 shows concrete
scaling damage. The rate at which scaling occurs and the magnitude of scaling damage are significantly

increased in the presence of deicers as discussed below.

Chloride-based deicing products can chemically react with Portland cement paste and damage concrete.
During freeze-thaw cycles, chloride reacting with the cement paste can remove calcium from the cement.
When calcium bearing minerals in concrete dissolve during freezing, the available calcium hydroxide in the
pore solution reacts with chloride ions to form crystals. This leads to calcium leaching from the concrete,
which weakens it.® Magnesium chloride causes the most severe deterioration of concrete by damaging the
strength of the cement matrix while sodium chloride has been shown to cause the least damage to the

cement matrix in concrete structures.”®

%8 [ evelton Consultants, Limited, “Guidelines for the Selection of Snow and Ice Control Materials to Mitigate Environmental

Impacts,” National Cooperative Highway Research Program Report No. 577, 2007.

89 G. Xu and X. Shi, “Impact of Chemical Deicers on Roadway Infrastructure: Risks and Best Management Practices,”

Chapter 11 in: X. Shi and L. Fu (editors), Sustainable Winter Road Operations, Wiley Blackwell, 2018.

70 Levelton Consultants, Limited, 2007, op. cit.

PRELIMINARY DRAFT 27



Chloride compounds can also increase the occurrence of two alkali-aggregate reactions within concrete,
between the cement paste (akaline) and minerals in the cement (aggregates). The two reactions are the
alkali-silica reaction (ASR) and the alkali-carbonate reaction (ACR). These reactions can lead to the formation
of gels and crystals within the concrete that absorb water which can lead to cracking and fracturing.
Exposure to sodium chloride can create more favorable conditions for ASR reactions, while exposure to
calcium chloride and magnesium chloride can increase the amount of crystal formation due to ACR

reactions.””

Corrosion of steel reinforcing bars can cause additional damage to concrete. Under normal circumstances,
the concrete cover provides physical and chemical protection for the reinforcing steel. The embedded steel
is protected by an oxide/hydroxide film on its surface that acts as a chemical barrier to corrosion.” Salt
scaling, cement paste reactions, and alkali-aggregate reactions as discussed above can compromise the
concrete cover, allowing chloride, oxygen, and water to move through the concrete cover and reach the
embedded steel. Once the concrete has become compromised, chloride-induced steel corrosion can
degrade the steel rebars. The volume of the rust produced by corrosion is greater than that of the parent
steel. Because of this, corrosion increases the internal pressure applied to the concrete by the rebar,

eventually resulting in cracking of the concrete. Figure 4.13 illustrates this process.

Asphalt Deterioration

Asphalt can be also affected by deicers; however, the mechanisms are different from those that affect
concrete. The effects of salt on asphalt are complex and not fully understood. In general, studies show that
at low temperatures deicers compromise asphalt fatigue resistance properties and reduce rutting resistance
by decreasing its stiffness.” In particular, chloride-based deicers can weaken the bond between bitumen

(binding agent) and aggregate, shortening the service life of the asphalt pavement.”

71 X. Shi, M. Akin, T. Pan, L. Fay, Y. Liu, and Z. Yang, "Deicer Impacts on Pavement Materials: Introduction and Recent

Developments,” The Open Civil Engineering Journal, 3:76-27, 2008.
72 Levelton Consultants, Limited, 2007, op. cit.

73 X. Yu, Y. Wang, Y. Luo, and L. Yin, “The Effects of Salt on Rheological Properties of Asphalt after Long-term Aging,” The
Scientific World Journal, doi: 70.1155/2013/921090, 2013; L. Wang, Y. Cui, Z. Liu, and W. Huang, “Influence of Salt
Freezing on Asphalt Mortar's Stiffness Modulus,” paper presented at the International Conference on Transportation

Engineering, American Society of Civil Engineers, Chengdu, Ching, 2013.

7 D. Feng, J. Yi, D. Wang, and L. Chen, “Impact of Salt and Freeze-Thaw Cycles on Performance of Asphalt Mixtures in
Coastal Frozen Regions of China,” Cold Regions Science and Technology, 62:34-41, 2010.
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Chlorides Impacts on Transportation and Water Supply Infrastructure

Since the 1960s, numerous United States studies have sought to quantify the economic impacts of
corrosion, both from all sources and from road salt. These studies concluded that corrosion affecting all
industries carries a significant cost to the U.S. economy, which is equivalent to several percentage points of

U.S. gross domestic product.

Costs due to corrosion in the automotive industry have noticeably decreased over time. These cost
reductions can be attributed to improvements in corrosion management techniques and implementation
of anticorrosion technology in the automotive industry. New studies are needed to assess the current state

of motor vehicle corrosion due to road salt with greater accuracy.

Since most highway bridges are made either of steel reinforced concrete or metal, applications of deicing
salts can damage bridges. Two competing factors impact bridge damage trends: implementation of
anticorrosion measures and the aging bridge infrastructure in the U.S. The implementation of corrosion
protection techniques and technologies is extending the useful life of bridges. Advances in concrete
construction, use of anticorrosion materials, and implementation of washing programs all potentially reduce
bridge damage due to road salt. By contrast, the current average ages of highway bridges in the U.S. and
southeastern Wisconsin are 44 years and 40 years, respectively. As bridge infrastructure deterioration
increases with age, bridges will become more susceptible to damage from road salt. New studies are needed

to assess the current state of bridge infrastructure damage from chloride deicing applications.

Elevated levels of chloride in drinking water can corrode water distribution systems, reducing the life of
drinking water infrastructure, causing leaks, and degrading drinking water quality. Corrosion of water
distribution pipes may release lead and copper into drinking water. Several studies have found links
between high chloride concentrations in finished drinking water and corrosion of water mains and service

lines.” During the 2014 Flint, Michigan water utility crisis, high lead levels, elevated chloride concentrations,

>American Water Works Association, Internal Corrosion of Water Distribution Systems, Second edition, AWWA Research
Foundation/DVGW-TZW, Denver, Colorado, 1996; M. Edwards and S. Triantafyllidou, “Chloride-to Sulfate Mass Ration and
Lead Leaching to Water,” Journal of the American Water Works Association, 99:86-109, 2007; C.K. Nguyen, B.N. Clark,
K.R. Stone, and M.A. Edwards, “Role of Chloride, Sulfate, and Alkalinity on Galvanic Lead Corrosion,” Corrosion, 67, doi:
10.5006/1.3600449, 2011.
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and high chloride-sulfate mass ratios (CSMR) were found in the distribution system.”® Chloride impacts on
water supply infrastructure is an emerging area of study. The extent of the impact is still not fully

understood.

Costs and Benefits of Winter Deicing

Road salting for snow and ice maintenance provides significant benefits to roadway safety and prevents
economic losses from road closures. It also has direct costs such as the salt and labor allocated to winter
maintenance activities and indirect costs such as damage to infrastructure. TR-62 compared the benefits
and costs of road salting. One study it reviewed estimated that each $1 spent on direct winter maintenance
operations can provide $7 in direct economic benefits for two-lane highways and $4 for freeways.”” These
benefits include cost savings from reduction in accidents, travel time, maintenance of commerce, and

vehicle fuel consumption.

TR-62 also reviewed several studies that estimated costs related to the use of road salt. These include costs
of salt use, and salt-related damage to motor vehicles, infrastructure, and the environment. It concluded
that each $1 spent on direct winter maintenance operation can cause between $7 and $15 worth of damage
to motor vehicles and infrastructure. These estimates should be interpreted with caution. For example, the
benefits of road salting can vary significantly depending on the type and severity of winter storms, driver
behavior, pavement conditions, visibility, vehicle types, and the timing of deployment of snowplows and
salt spreaders.” In addition, the estimated benefits do not include the value of human life and safety. When
those are accounted for, the benefits most likely outweigh the costs of road salting. Nevertheless, value can
be gained from reducing the usage of road salt. The quantity and strategy of road salt applications can be

optimized to provide roadway safety benefits while reducing damage to the natural and built environment.

76 K.J. Pieper, M. Tang, and M.A. Edwards, "Flint Water Crisis Caused by Interrupted Corrosion Control: Investigating
“Ground Zero” Home,” Environmental Science and Technology, 57:2,007-2,014, 2017.

77 D.A. Kuemmel and R.M. Hanbali, "Accident Analysis of Ice Control Operations,” Transportation Research Center,

Marquette University, 1992.

78 X. Qin, D.A. Noyce, C. Lee, and J.R. Kinar, "Snowstorm Event-Based Crash Analysis,” Transportation Research Record,

1948:134-141, 2006.

PRELIMINARY DRAFT 30



4.6 IMPACTS OF CHLORIDE ON HUMANS

The use of chloride salts provides several benefits to humans and human activities. For example, the
application of deicing salt to roads prior to, during, and following winter weather events reduces the risk of
traffic accidents associated with poor road conditions. Despite these benefits, elevated concentrations of
chloride salts in the environment can have adverse effects on human health and activities. Use of salts can
lead to impacts that reduce the suitability of water for human consumption, contribute to particulate
pollution in the atmosphere, and reduce the suitability of soils for agricultural use. This section describes

the beneficial and adverse impacts of chloride use on humans and human activities.

Benefits of Chloride Salt Use to Humans

Traffic Safety

Road and weather conditions during winter present challenges to motorists. Weather events, such as heavy
snow, can reduce traffic volumes, average speeds and road capacity, and increase travel time delays. The
costs and benefits of winter deicing were previously discussed in Section 4.5. Snow-, slush-, and ice-covered
roads can produce hazardous driving conditions, which can lead to collisions that cause deaths, injuries,
and property damage. Applying chemical deicers to roads has been shown to reduce the rates of collisions,
decrease the number of collisions resulting in injury and property damage, and lower the average overall
cost of a collision.” However, it should be noted that other factors beyond deicing influence these
reductions, such as visibility, traffic volume, traffic speed, and wind speed. In addition, studies evaluating
the effects of deicing do not separate the effects of applying road salt from other methods of winter road

maintenance such as plowing that may be conducted concurrently.

Slip and Fall Prevention
Accumulation of snow and ice on surfaces like sidewalks, parking lots, steps, and ramps can make walking
difficult. This can lead to greater risk of injuries from slip and fall accidents. The use of chloride-based deicers

can help to prevent slip and fall accidents by melting ice, improving traction, and preventing ice formation.

77 D.A. Kuemmel and R.M. Hanbali, "Accident Analysis of Ice Control Operations,” Transportation Research Center,

Marquette University, 1992.
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Water Softening

Groundwater in most of the Region is either hard or very hard.8’ The Region’s hard water is caused by high
levels of calcium and magnesium. This hard water can lead to problems, as much of the Region uses
groundwater as a source of water supply. Hard water can lead to formation of lime scales that clog pipes,
reducing water flow and damaging plumbing and appliances.8' Furthermore, scale can significantly reduce
the efficiency of boilers and water heaters.8? The calcium and magnesium ions also reduce the effectiveness
of soaps, detergents, and other cleaning agents. Water softeners in homes and businesses capture the
calcium and magnesium ions on a resin and release softer sodium ions into the water. The resin is
periodically recharged by passing a sodium chloride brine through the softener, replenishing sodium to the

resin, and discharging a waste stream containing magnesium, calcium, and chloride ions.

Crop Growth

Potash (most frequently in the form of potassium chloride) is commonly applied to agricultural lands
because potassium is an essential macronutrient for plants. A lack of potassium in soils can markedly reduce
crop yields.® Such shortages can also diminish crop quality. The symptoms of potassium deficiency vary
among species of plants but can result in significant leaf damage and loss.?* Plant requirements for
potassium vary among species.®> Corn, soybeans, and small grains have relatively low potassium
requirements. Alfalfa, beans, clovers, wheat, and some other field crops have intermediate needs. Tomatoes,
peppers, and leafy greens have relatively high potassium needs, while potatoes have very high needs.
Chloride is a micronutrient for most plant species, thus providing sufficient potassium via potassium

chloride fertilizer introduces excess chloride which seeps into soils, runoff, and groundwater.

80 SEWRPC Technical Report No. 37, Groundwater Resources of Southeastern Wisconsin, June 2002.
81 A J. Heidekamp and A.T. Lemley, Water Bulletin: Hard Water, Cornell University Cooperative Extension, April 2005.

82 US. Department of Energy, “Reasons Every Home Should Have a Water Softener,”
www.energy.gov/energysaver/articles/reasons-every-home-should-have-water-softener. September 13, 2023, accessed

February 6, 2024.

83 KA. Kelling, L.G. Bundy, S.M. Combs, and J.B. Peters, Optimum Soil Test Levels, University of Wisconsin-Extension R-11-
99-2M-100, 1999.

84 EE. Schulte and KA. Kelling, Understanding Plant Nutrients: Soil and Applied Potassium, University of Wisconsin

Extension Fact Sheet A2521, no date.

85 CAM. Laboski and J.B. Peters, Nutrient Allocation Guidelines for Field, Vegetable, and Fruit Crops in Wisconsin,

University of Wisconsin-Extension, 2012.
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Impacts of Chloride Salts on Human Health

Elevated concentrations of chloride salts can affect human health. Some health effects are related to the
consumption of high sodium levels in drinking water. While drinking water is not the only source of sodium,
it can contribute to the total sodium intake for consumers. Other health effects are related to direct contact

with chloride salts or the presence of particles or aerosols containing chloride salts in the atmosphere.

Blood Pressure and Hypertension

The role of dietary consumption of salt as a cause of hypertension has been recognized for over a century.8¢
The effect of salt ingestion on blood pressure has been linked to the intake of sodium. Sodium is a required
nutrient for humans and plays a role in numerous biological processes. The U.S. Institute of Medicine of the
National Academies of Sciences, Medicine, and Engineering has issued a guideline for the adequate sodium
intake for adults. This guideline for sodium of 1,200 to 1,500 mg per day represents the lowest level at which
nutritional deficiencies were not observed.®” This institute has also established a tolerable upper limit for
sodium intake for adults of 2,300 mg per day.®® By way of comparison, the average sodium intake of

American adults is about 3,400 mg per day.

Hypertension is a precursor to other medical conditions including several heart and vascular diseases. High
blood pressure from ingesting excess sodium can increase the risk of strokes, heart failure, kidney disease,
and other ailments. Although intake through food is the main source of sodium to humans, higher levels of
sodium in drinking water can contribute to health problems. The USEPA has issued a health advisory that
recommends that concentrations of sodium in drinking water not exceed 20 mg/1.8% Water utilities are

required to report exceedances of this 20 mg/I level limit to protect public health.

Other Health Conditions
Intake of dietary sodium and salt have been linked to at least two other health conditions. Sodium intake

may affect the severity of osteoporosis, a bone-weakening disease, as well as the progression of chronic

86 For example: L. Ambard and E. Beaujard, “Causes de I'Hypertension Arterielle,” Archives of General Medicine, 7:520,

1904, cited in: E.M. Freis, "Salt, Volume and the Prevention of Hypertension, Circulation, 53:589-595, 1976.

87 U.S. Institute of Medicine, Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate, National

Academies Press, Washington, D.C., 2005.
88 |bid.

89 U.S. Environmental Protection Agency, Drinking Water Advisory: Consumer Acceptability and Health Effects Analysis
on Sodium, EPA 822-R-03-006, 2003.
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kidney disease.?® In addition, contamination of groundwater by sodium chloride can lead to mobilization of
radium in groundwater, resulting in an influx of radon gas and accumulation of radon in buildings.®’ Radon

exposure has been shown to cause lung cancer.®?

Air Quality

Air pollution presents a major health risk that contributes to several acute and chronic medical conditions
including respiratory infections and diseases, heart disease, and cancer.®®> While several constituents
contribute to the health impacts of polluted air, respirable particulate matter, especially particulate matter
with an aerodynamic diameter of 2.5 micrometers or smaller (PM:s), has a greater impact on human health
outcomes than other ambient air pollutants.®* Prolonged exposure to PM; s has been associated with several

health conditions including asthma, respiratory inflammation, and lung cancer.®

Studies examining the sources and chemical composition of PM,s have found that deicing salts constitute
a measurable portion of ambient air concentrations of these fine particulates. Deicing salt contribution

varies by location, but it is generally present in both urban and rural areas, with some evidence suggesting

%0 A. Devine, RA. Criddle, .M. Dick, D.A. Kerr et al,” A Longitudinal Study of the Effect of Sodium and Calcium Intakes on
Regional Bone Density in Postmenopausal Women,” American Journal of Clinical Nutrition, 62:740-745, 1995, A. Smyth,
M.J. O'Donnell, S. Yusuf, C.M. Clase, et al, “Sodium Intake and Renal Outcomes: A Systematic Review,” American Journal

of Hypertension, 10: 1,277-1,284, 2014.

9T LA. McNaboe, G.A. Robbins, and M.E. Dietz, "Mobilization of Radium and Radon by Deicing Salt Contamination of
Groundwater.” Water, Air, and Soil Pollution, 228:94, 2017.

92 R.W. Field et al, "Residential Radon Gas Exposure and Lung Cancer: The lowa Lung Cancer Study,” American Journal of

Epidemiology, 757:1,097-1,102, 2000.

93 W.S. Beckett, “Current Concepts: Occupational Respiratory Diseases,” New England Journal of Medicine, 342:406-413,
2000; S. Karnae and K. John, "Source Apportionment of Fine Particulate Matter Measured in an Industrialized Coastal

Urban Area of South Texas,” Atmospheric Environment, 45:3,769-3,776, 2011.

% D.W. Dockery et al, “An Association Between Air Pollution and Mortality in Six United States Cities,” New England
Journal of Medicine, 329:1,753-1,759, 1993.

9 See Y.-F. Xing, Y.-H. Xu, M.-H Shi, and Y.-X. Lian, “The Impact of PM2.5 on the Human Respiratory System,” Journal of
Thoracic Diseases, 8:£69-E74, 2016 and the references therein.
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higher and more variable levels in rural environments. ° Overall, road salt is a consistent, though relatively

small, component of ambient PM;s.

Release of Heavy Metals from Water Sources and Drinking Water Infrastructure

Elevated concentrations of chloride salts can lead to the mobilization of heavy metals and metalloids from
rock, sediment, and drinking water infrastructure into surface, groundwater, and potable water supplies.
This mobilization was also discussed in Section 4.3. When these metals and metalloids are released into
water used for human consumption, they pose risks to human health through toxicity and other effects.
There are health concerns regarding approximately 23 different heavy metals. The most common of these
substances include arsenic, cadmium, chromium, lead, and mercury. While each of these metals can produce
different health effects, general effects include reduced energy levels and damage to the functioning of the
brain, nervous system, liver, lungs, blood, and other organs.?” Long-term exposure to some of these metals
can lead to progressive degenerative processes that mimic conditions such as Parkinson’s disease,

Alzheimer disease, and muscular dystrophy. Some heavy metals are also carcinogenic.

Exposure to relatively low levels of lead can affect neurobehavioral development in children. This can result
in cognitive deficits that may also be associated with distractibility, inability to inhibit inappropriate
responses, and preservation of behaviors that are no longer age appropriate. Higher levels of lead exposure

can also lead to more serious medical problems.

Impacts of Chloride Salts on Drinking Water

High concentrations of chloride salts can reduce the suitability of water for human consumption. In addition
to producing the health effects discussed previously, additions of salts can reduce the aesthetic quality of
drinking water. Water has a salty taste when the concentration of chloride exceeds about 250 mg/| or the
concentration of sodium exceeds about 200 mg/I.?® These taste thresholds can vary among individual

people. The USEPA and the State of Wisconsin have issued guidelines regarding the appropriate levels of

% N. Gao et al, "Sources of Fine Particulate Species in Ambient Air Over Lake Champlain Basin, VT,” Journal of the Air
and Waste Management Association, 56:1,607-1,620, 2006; S. Kundu and E.A. Stone, “Composition and Sources of Fine
Particulate Matter Across Urban and Rural Sites in the Midwestern United States,” Environmental Science: Processes and

Impacts, 16:1,360-1,374, 2014.

97 M. Jaishankar et al,, “Toxicity, Mechanism and Health Effects of Some Heavy Metals,” Interdisciplinary Toxicology,” 7:60-
72, 2014.

98 Health Canada, Guidelines for Canadian Drinking Water Quality (6t Edition), 7996.
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chloride and sodium in drinking water.? Both the Agency and the State have set a secondary drinking water
standard for chloride of 250 mg/I. In addition, an advisory from the USEPA recommends that sodium
concentrations in drinking water not exceed 30 to 60 mg/|, based on taste. Additional information about

chloride standards can be found in Chapter 5 of this Report.

Some municipal wells in the Southeastern Wisconsin Region may be impacted by contamination with
chloride salts. Commission staff reviewed recent Consumer Confidence Reports for 69 municipal water
utilities in the Region. These reports contain information on the quality and safety of the water provided by
the utilities and are required to be provided annually to their customers. One utility in the Region reported
that the chloride concentration in the water it provides was greater than 250 mg/I. Six more utilities reported
chloride concentrations between 200 mg/I and 250 mg/Il. These numbers may be underestimated as only
46 utilities reported the concentration of chloride in their water. In addition, 34 utilities reported providing
water with sodium concentrations in excess of 20 mg/|, including one that reported sodium concentration

greater than 200 mg/I.

Impacts of Chloride Salts on Agriculture

Introduction of chloride salts into the environment can increase the salinity of soil and water. This increase
in salinity can impact agriculture, reducing the yields of many crops. At high enough salinity, chloride salts
can make soils unsuitable for agricultural activities. The impacts of chloride on soils are also discussed in

Section 4.3.

Stress from salinity in soil can reduce crop growth and yields. Electrical conductivity is an indicator of soil
salinity and can be measured as the specific conductance of water samples extracted from saturated soil
during the maximum period of plant growth. The specific conductance at which a particular level of yield
reduction occurs varies among crops. Vegetable crops (high-value crops often grown on small plots, e.g.,
tomatoes or pepper) are generally more sensitive to soil salinity than field and forage crops (crops grown
in large fields, and harvested mechanically, e.g., corn, wheat, soybeans). Salinity in irrigation water can also
reduce crop yields. Yield impacts occur at relatively low levels of salinity and tend to rise at a near linear

rate with water salinity.®

% Ibid.

190 D, Russ et al,, Salt of the Earth: Quantifying the Impact of Water Salinity on Global Agricultural Productivity, The World
Bank, Washington, D.C. 2019.
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Aesthetic, Recreational and Other Impacts of Chloride Salts

Elevated levels of chloride in the environment can potentially affect other human activities. These effects
include impacts on aesthetic attributes and recreational potential of both natural and built environments.
Applications of chloride salts can cause aesthetic damage to terrestrial environments. For example,
noticeable damage to roadside vegetation, waterways, and forests can reduce the overall value that people
place on the environment. Figure 4.14 illustrates an example of road salt deposition damage to urban and
residential trees. In addition, aesthetic impacts on the built environment (roads, bridges, buildings, water
supply system) were discussed in Section 4.5. Deicing salt can also be tracked into the inside of buildings,

which results in increased costs associated with maintenance and cleaning.

In addition to aesthetic impacts, common human activities may be affected by chloride. Deicing salts can
pose hazards to pets that are exposed to them. Cats and dogs walking on roads, sidewalks, and driveways
that have been treated with deicers can collect these salts on their paws and fur and cause irritation.
Depending on the deicer used and the amount of exposure, this irritation may consist of dryness, cracking,

or chemical burns.

Finally, as previously mentioned in Section 4.4, elevated concentrations of chloride salts can reduce habitat
quality and biodiversity in streams, rivers, and lakes. Such changes can also have detrimental effects on the
quality of fisheries. As fishing is an important outdoor recreation activity in Wisconsin, elevated levels of

chloride may reduce the recreational experience of residents and tourists using these waterbodies.
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#00272579.D0CX — PR-57 (Chloride Study) Table 4.1 Chloride Concentration Thresholds

200-1100
JEB/EEP/ko

3/28/24, 5/28/26

Table 4.1

Some Chloride Concentration Thresholds for Changes in Biological Communities

Chloride
Concentration
(mg/I) Reported Impact References
5-40 Decreased reproduction and increased mortality in six | Arnott et al.,, 2020, Environmental Science and
Daphnia Species Technology, 54:9,398-9,407.
16 Reduced bacteria density in biofilms Cochero et al,, 2017, Science of the Total Environment,
579:1,496-1,503.
33-108 Reductions in fish diversity Morgan et al., 2012, North American Journal of Fisheries
Management, 32:941-952.
35 Substantial changes in composition of periphytic Porter-Goff et al., 2013, Ecological Indicators, 32:97-106.
diatom assemblages
54 Reductions in wetland plant species richness Richburg et al., 2001, Wetlands, 21:247-255.
100 Decrease in photosynthetic production in common Zimmerman-Timm, 2007, In: Lozar, et al., Water Uses
waterweed and Human Impacts on the Water Budget.
185 Substantial shift in phytoplankton community Astorg et al.,, 2023, Limnology and Oceanography
composition and reduction in ciliates Letters, 8:38-47.
250 Reductions in zooplankton abundance and diversity Sinclair and Arnott, 2018, Freshwater Biology
63:1,273-1,286.
250-260 Wood frogs and spring peepers stop using ponds for  Sadowski, 2002, Prairie Perspectives, 5:144-162;
breeding Gallagher et al., 2014, Wetlands Ecology and
Management, 22:551-564.
2,000 Inhibition of denitrification in forested wetlands Lancaster et al., 2016, Environmental Pollution.

Source: SEWRPC
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Figure 4.1
The Natural Hydrologic Cycle
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Figure 4.2
Major Human-Derived Sources of Chloride
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Figure 4.3
Basic Units of Soil Structure Unaffected
and Affected by Sodium Chloride

Soil structure unaffected by sodium chloride

Source: SEWRPC
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Figure 4.4
Idealized Groundwater Flow Systems Under Steady State Conditions
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Figure 4.5
Chloride Plume in Groundwater Over Time
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Figure 4.6
Typical Seasonal Thermal Stratification in Deeper Lakes and Mixing Inhibited by Chloride
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Note: Temperatures are in degrees Fahrenheit.

Source: Modified from B. Shaw, C. Mechenich, and L. Klessig, Understanding Lake Data, University of Wisconsin-Extension, p. 3, 2004 and SEWRPC
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Figure 4.7
Examples of Plant Damage from Chloride Salts in Soil

Chlorosis on Raspberry Leaf EIm Leaves Showing Necrosis

Credit: Wikimedia Commons User JerzyOpiola

Source: Wikimedia Commons
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Figure 4.8
Coho Salmon Fry Displaying Fatal Deformities
Following Chloride Exposure as Embryos

VTR,

Source: C.E. Winter, C.L. Kilgour, C.J. Brauner, C.M. Wood, and P.M. Schulte, Road
salt creates a slippery slope for Pacific salmon: Environmentally realistic
salt pulses have lethal and sublethal effects on developing coho salmon
(Oncorhynchus kisutch), Aquatic Toxicology, 292:107737, 2026.
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Figure 4.9
Aquatic Organism Sensitivity Distribution for Acute Toxicity of Chloride
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Note: Data shown in this figure correlate with the acute toxicity concentrations summarized in SEWRPC Technical Report No. 62, Appendix B.
The figure shows concentrations that resulted in at least 50 percent mortality of study organisms or at which 50 percent of the study

organisms showed a toxicity effect that resulted in mortality.

The group ‘Invertebrate (Other)’ refers to non-insect and non-mollusk invertebrates including worms and crustaceans.

Source: SEWRPC
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Figure 4.10
Sublethal Impacts from Chronic Exposure to Chloride
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Note: Data shown in this figure correlate with the sublethal, chronic toxicity concentrations summarized in SEWRPC Technical Report No. 62.
The figure shows the chloride concentrations at which sublethal impacts to organisms occur along the species sensitivity distribution

curve from Figure 4.9.

Source: SEWRPC
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Figure: 4.11
A Simplified Aquatic Food Web
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Source: Missouri Department of Conservation
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Figure 4.12
Concrete Scaling Damage

Source: SEWRPC
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Figure 4.13
Steel Reinforcement Corrosion
Causing Concrete Damage

Source: SEWRPC

PRELIMINARY DRAFT

57



Figure: 4.14
Arbor Vitae Trees Damaged by Salt in Snow Piles

Source: Laura Herrick, SEWRPC
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