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Abstract 

Background: Road deicing salts are impacting freshwater ecosystems in snowy regions worldwide. Rock salt (typi-
cally sodium chloride) is transported to and stored in regional facilities that operate year-round and are continuous 
potential sources of chloride discharge to adjacent water bodies, resulting in different impacts to aquatic ecosystems 
than chloride pollution from spatially diffuse road networks. The regulatory tools and associated monitoring regimes 
used by state and federal agencies related to permitting of these facilities is inconsistent. Selection of the regulatory 
standards and monitoring location in the receiving water body (and how the definition of ‘receiving water body’ is 
applied) can have a significant influence on the measured or modeled impact of a facility on aquatic ecosystems. 
Additionally, selection of the monitored media (surface water, soil pore water, shallow ground water, or vegetation) 
can further influence findings, resulting in inconsistent conclusions of environmental impact and potentially allow 
exceedances of regulatory thresholds of chloride. This study evaluates chloride pollution from salt loading over two 
years from a state-permitted salt storage and transport facility in Shelburne, Vermont, USA to an adjacent wetland 
and river that drains to Lake Champlain. Water quality results and modeled assumptions made by the permittee were 
compared to monitoring data at two discharge points from the site including a drainage channel downstream of the 
site’s stormwater pond and at a shallow ground water seep below the rail car unloading area.

Results: Results indicate elevated chloride concentrations (average of 243 and 643 mg L−1) at the discharge points 
to the receiving water body, in conflict with findings from annual permittee assessments. Soil cores taken in the wet-
land in the vicinity of the control and two discharge points also indicate elevated  Cl− (p ≤ 0.035) and  Na+ (p ≤ 0.0006). 
Samples of Tsuga canadensis at the discharge points and at the control site indicate elevated chloride in plant tissues.

Conclusions: Determination of exceedances of chronic and acute standards vary based on the sampling location 
and medium, indicating a need for consistency and outcome-based monitoring point selection criteria and a move 
away from reliance on self-reporting by permittees.

Keywords: Wetland pollution, Deicing salt runoff, Salt storage facility, Chloride pollution, Salinization, Urban 
stormwater, Regulating chloride
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Background
Freshwater resources across the world are increasingly 
being threatened by salinization linked to anthropo-
genic activities (Hintz and Relyea 2019; Herbert et  al. 
2015; Cañedo-Argüelles et  al. 2013; Dugan et  al. 2017). 
Significant contributors include mining, sea level rise 
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(attributable to climate change), agriculture, and appli-
cation of deicing salts associated with roadways and 
parking lots (Herbert et al. 2015; Dugan et al. 2017; Cas-
tillo et  al. 2018; Albecker and McCoy 2017; Müller and 
Gächter 2012). This last activity has been recognized 
as the leading source of chloride loading  to freshwater 
resources in urbanized areas in regions that experience 
freezing winters (Panno et  al. 2006; Howard and Maier 
2007; Williams et  al. 2000). In the Midwest and north-
eastern United States, many streams are at risk of becom-
ing toxic to aquatic life within the next 100  years as a 
result of deicing salt inputs (Kaushal et al. 2005).

Over 70% of the roadways in the United States are con-
sidered to be in “snowy” regions that receive more than 
twelve centimeters each year (Labashosky 2015). The use 
of deicing salts on road networks has reduced average 
accident rates by 87 and 78% on 2-lane and multi-lane 
roads respectively, making it an important safety precau-
tion for road maintenance (Hanbali and Kuemmel 1993). 
Due to its success in reducing slippery road conditions, 
salting roads for deicing has expanded considerably in 
the United States since the 1940s when sales of salts for 
highway applications was 0.15 metric tons, increasing 
to over 18 million metric tons annually in 2005 (Jackson 
and Jobbágy 2005). Recent figures (2015) from the United 
States Geological Survey (USGS) estimate national vol-
umes of road salt application for transportation at 22.7 
metric tons per year (Bolen 2015).

The most commonly used road salt is sodium chloride 
(NaCl) as it is the least expensive deicer and is effective 
at temperatures above −10 °C. The temperature at which 
NaCl is no longer effective at restricting the freezing of 
water (its eutectic point) is −21  °C. Other salts includ-
ing calcium chloride (CaCl) and magnesium chloride 
(MgCl) have lower eutectic points and therefore are use-
ful for deicing when temperatures are very low. However, 
MgCl and CaCl are more costly and can be more toxic to 
aquatic communities, generally rendering them less com-
monly used (Kotalik et al. 2017; Kelly et al. 2010).

Deicing salts readily disassociate into their constitu-
ent ions once dissolved in water. The chloride  (Cl−) ion is 
chemically stable and does not readily transform through 
biological or chemical processes once in the environ-
ment, making it a persistent contaminant of concern in 
freshwater ecosystems (Kelly et  al. 2010; Ledford et  al. 
2016; Mason et  al. 1999; Reddy and DeLaune 2008). 
Numerous studies demonstrate a variety of water qual-
ity impacts associated with road salt use. Salinization of 
fresh waters can lead to metal mobilization, acidifica-
tion, inhibition of denitrification, alteration of phospho-
rus cycling between sediments and their overlying water 
column, and physical changes to soil structure. These 
physical and chemical impacts have direct influence on 

ecological communities including alteration of plant and 
wildlife species diversity and composition, and reduced 
survival, growth, richness and abundance, and reproduc-
tion of aquatic species (Kaushal et  al. 2005; Corsi et  al. 
2010; Meter and Swan 2014; Brown and Yan 2015; Hintz 
and Relyea 2019).

Sub-lethal impacts have been described for a num-
ber of species, including at the low end of the food web 
with zooplankton where chloride influences breeding, 
grazing, and drift behavior and is often impactful at 
much lower concentrations than for some higher level 
animals (Crowther and Hynes 1977; Meter et  al. 2011, 
2012). For example, zooplankton represent an impor-
tant food source for fish and are highly influential to food 
web linkages between the aquatic and terrestrial envi-
ronment (Hintz and Relyea 2019; Liao et al. 2002). One 
study found a population decrease by more than 50% 
in concentrations of 469  mg  L−1 chloride over 2  weeks 
(Petranka and Francis 2013). Because many species of 
zooplankton breed and feed at the sediment/water inter-
face where chloride levels tend to be higher due to the 
greater density of salt-saturated water, their exposure in 
that zone of higher salinity water may have population 
impacts that exceed what is indicated by monitoring data 
taken in the pelagic zone (Novotny and Stefan 2012; Ellis 
et al. 1997; Eyles and Meriano 2010; Gillis 2011).

Based on biological impact research, the US EPA devel-
oped guidelines for acute and chronic levels of chloride 
pollution in fresh water ecosystems of 860  mg  L−1 (as 
a 1-h average) and 230 mg L−1 (as a 4-day average) not 
to be exceeded in a 3-year period (US EPA 1988). These 
guidelines have been adopted by US states in some cases. 
However, use of these guidelines to develop water quality 
regulations varies widely.

While the impact of deicing salts after they have been 
applied to impervious surfaces has gained attention from 
the scientific community and some regulatory bodies 
(Dugan et  al. 2017; Kelly et  al. 2010; Ramakrishna and 
Viraraghavan 2005; OWRC/SCCGW Salt Storage Work-
group 2013), centralized salt storage facilities served by 
intermodal transport (shipping containers transported 
by boat, rail, or truck) are less studied, loosely regulated, 
and poorly spatially characterized, even as they repre-
sent a continuous point source of potential salt discharge. 
Storage facilities, unlike spatially diffuse roadways where 
deicing salt is applied seasonally, represent year-round, 
concentrated, and localized pollutant inputs that could be 
tracked and monitored to better understand salt move-
ment in soils, vegetation, and waterways, as well as long 
term impacts to the immediate receiving water bodies 
(Highway Deicing and Calcium Committee 1991). While 
some regulatory authorities have adopted ordinance lan-
guage to control deicing salt storage facilities proximity 
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to surface waters, discharge methods, storage, handling, 
and good housekeeping procedures, application of those 
standards remains variable. Even where controls are in 
place, methods for determining allowable discharges are 
inconsistent (OWRC/SCCGW Salt Storage Workgroup 
2013).

Jurisdictions regulate storage facilities through a vari-
ety of tools, including stormwater programs (either state- 
or National Pollutant Discharge Elimination System 
(NPDES)-based), or through a combination of stormwa-
ter and drinking water, groundwater, or aquifer protection 
regulations (OWRC/SCCGW Salt Storage Workgroup 
2013). Determining allowable pollutant export concen-
tration and loading, as well as siting and housekeeping 
standards, depends significantly on the chosen program. 
Despite differences in regulatory approach, chloride sur-
face water standards are similar across jurisdictions and 
are commonly aligned with the US EPA’s recommenda-
tion (US EPA 2020). There is uncertainty about the abil-
ity for existing regulatory frameworks without dedicated 
chloride discharge standards from storage facilities to 
adequately protect water quality to the minimum stand-
ard developed by the US EPA (Strobl et al. 2006; Herricks 
et al. 1985; Prosser et al. 2017).

A 2016 study reviewed water quality monitoring pro-
grams and concluded that the complexity of selecting 
appropriate monitoring locations leaves resource manag-
ers at a disadvantage in reviewing proposals and critically 
evaluating a program’s capacity to answer appropriate 
safety questions. Researchers proposed a “Critical Sam-
pling Points” methodology to alleviate the subjective 
nature of review (Behmel et al. 2016). Despite that work, 
monitoring programs remain widely variable across the 
country and have not adopted a unified approach, leav-
ing water quality monitoring programs in widely ranging 
states of performance. Adding to the oversight challenges 
is the reality that self-reported pollution data are the pri-
mary source for compliance monitoring information, 
raising questions about the likelihood for impartiality 
when a permittee’s reporting is the only source of water 
quality information available for regulators to assess 
(Shimshack 2014).

This study evaluates the impact of a state stormwater 
program-permitted deicing salt storage and transporta-
tion facility in Vermont, USA. The facility submits annual 
inspection reports following NPDES standards. The per-
mit specifically indicates control of the discharge of chlo-
ride from rock salt, as well as hydrocarbon compounds 
used on site. The basis used to regulate chloride concen-
tration export associated with stormwater runoff at the 
site relies on modeling the concentration of chloride at 
a downstream sentinel water quality monitoring point 
in the 5th order stream to which it discharges, 800 + m 

from the two permitted discharge points (a stormwater 
pond outlet and treatment swale overflow level spreader). 
Selecting sites using standard methods for the identifica-
tion of monitoring locations (VT DEC 2020), this study 
analyzes water, soil, and vegetation samples from four 
locations (including a reference site, two points of dis-
charge, and within an adjacent river) surrounding a deic-
ing salt storage and transportation facility. This study 
seeks to determine if the regulatory methods and annual 
inspection requirements used to control pollutant export 
from the site are effective at protecting water quality in 
the receiving water bodies.

The data presented here summarize findings from 
two years of continuous water quality monitoring at 
two points of discharge from the site including within 
a wetland along the flow path from the site’s stormwa-
ter pond discharge outlet and at a shallow groundwa-
ter seep directly below the rail spur unloading area at a 
topographic slope break. A control point was also moni-
tored from a location in close proximity to the facility but 
outside the drainage area of the site and a fourth point 
of measurement included levels within the LaPlatte River 
itself at a location at the upstream point of the site. Soils 
and vegetation sampling accompanied the water quality 
monitoring to understand movement and uptake in more 
stable systems associated with the surface waters.

Materials and methods
Site description
A regional deicing salt storage distribution and distribu-
tion facility served by rail transportation was constructed 
in the town of Shelburne, Vermont in 2016 adjacent to a 
wetland on the banks of the LaPlatte River. The LaPlatte 
River is a tributary of Lake Champlain, which is phos-
phorus impaired and subject to total maximum daily load 
(TMDL) requirements for the nutrient.

Shelburne, Vermont, USA sits in the northwestern 
portion of the state adjacent to Lake Champlain. The 
LaPlatte River runs southeast to northwest with a water-
shed encompassing portions of 5 towns over 137 square 
kilometers Fig. 1.

The LaPlatte River’s watershed land use is dominated 
by agriculture and forested lands (40 and 39% respec-
tively) (Milone & Macbroom Inc 2010), particularly in 
the upper reaches. Closer to the mouth a 60-hectare river 
shore marsh complex dominates. In 2016, the LaPlatte 
River marsh wetland complex was designated as “Class 
I” by the Vermont Secretary of the Agency of Natural 
Resources, indicating that it is “exceptional or irreplace-
able in its contribution to Vermont’s natural heritage” 
(Department of Environmental Conservation V 2016). 
One of less than 10 wetlands in the State to hold such a 
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classification, the designation as a Class I wetland indi-
cates the quality and importance of the complex.

The Vermont Railway, Inc.’s Shelburne Transload Facil-
ity (STF) consists of two 4,750 m2 road salt storage sheds 
(9,500  m2 total) and an associated rail spur for trans-
portation and unloading of the product on a 14-hectare 
parcel. Road salt is brought in by rail car, unloaded to 
storage sheds, and subsequently transferred to trucks 
and transported to smaller distribution and point-of-use 
areas. The site was formerly a sandy river terrace com-
prised primarily of Adams and Windsor loamy sands. It 
is now approximately 70,000  m2 of impervious surfaces 
(paved and unpaved). Some of this newly developed sur-
face encroaches on the Class I designated wetland and its 
30 m buffer. Runoff from the site is managed by 2 storm-
water features. The primary feature is a wet detention 
pond with a flow control orifice outlet. Approximately 
5.55  hectares (3.74  hectares of impervious surfaces) 

drains to this feature via swales (pervious paved and 
impervious rock-lined swales). A small portion of the 
site (0.22  hectares total with 0.17  hectares impervious 
surfaces) drains to a treatment swale and level spreader 
on the site’s southeastern edge. The wet pond feature dis-
charges to the Class I wetland buffer while the treatment 
swale discharges to a forested upland area adjacent to 
the buffer. Note that all measured areas given here were 
created using aerial imagery from 2018 (Google Satellite 
data imported to QGIS v3.8) and may differ slightly from 
measurements listed in permitting documents.

Water quality monitoring
Three wetland sites were equipped with continuous mon-
itoring devices in 2018. AquaTroll sondes (In Situ, Fort 
Collins, Colorado, USA) were installed vertically in per-
forated polyvinyl chloride (PVC) monitoring devices that 
were embedded 30  cm into the soil and set atop a bed 
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of washed stone (19 mm diameter). PVC tube monitor-
ing devices were wrapped in porous landscape fabric to 
inhibit excessive sediment influence.

The “Control” site was located in a drainage of similar 
quality and elevation to the others but that receives no 
runoff from the STF Fig.  2. In June 2018, the “Control” 
was equipped with an AquaTroll 200 to measure conduc-
tivity and temperature in 15-min increments. In Febru-
ary 2018, the “Pond Outlet” monitoring site was located 
in the wetland in the effluent pathway from the STF’s 
stormwater pond, approximately 20  m from the storm-
water pond outlet. That site was equipped with an Aqua-
Troll 600 (In Situ, Fort Collins, Colorado, USA) and an 
associated telemetry tube unit to measure and wirelessly 
transmit conductivity, temperature, and chloride meas-
urements in 15-min increments. Concurrent with “Pond 
Outlet” installation, the “Seep” monitoring site was 
located directly between the LaPlatte River and the rail 
spur salt unloading area. The steep gradient from the salt 

unloading area to the River is characterized by a sandy 
upper layer of soil (Adams and Windsor loamy sands) 
over a constricting clay layer, resulting in discharge of 
localized infiltrated surface water to the toe of the slope 
before overland discharge into the LaPlatte. Water is 
able to infiltrate to native soils via the pervious rail bed 
underlying the rail spur. The monitoring device set up 
at the “Seep” was identical to that of the “Pond Outlet” 
site. A fourth monitoring point (‘LaPlatte at Seep’) was 
established in July 2018 in the LaPlatte River adjacent 
to the location of the seep. An AquaTroll 200 measur-
ing conductivity and temperature in 15-min increments 
was installed in a perforated PVC monitoring device in 
the water at the edge of the river and anchored to 2 steel 
stakes driven into the bed of the River. All equipment 
was calibrated monthly following factory calibration 
standards and data was downloaded for processing at the 
same time. During periods of hard freezing conditions, 
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probes were removed from the field to avoid damage to 
equipment.

Measuring the electrical conductivity of water deter-
mines how well an electrical current passes through it the 
solution. There is a linear relationship between water’s 
electrical conductivity and the concentration of dissolved 
ions. This relationship can be used to calculate chloride 
concentrations when conductivity is measured. A regres-
sion equation can be developed for a monitoring point 
by measuring conductivity with a probe and taking grab 
samples for lab analysis of chloride concentration. This 
approach requires sampling over a wide range of con-
centrations to ensure accuracy. The State of Vermont’s 
Department of Environmental Conservation developed a 
regression equation for use in determining chloride pol-
lution in waters of the State (Eq. 1) that has been shown 
to be accurate in most surface waters in Vermont. This 
study makes use of the State equation to convert continu-
ous conductivity measurements to chloride concentra-
tions (VT DEC 2019).

The regulatory thresholds are calculated based on 
moving averages (chronic standard concentration of 
230 mg L−1 is based on a 4-day moving average and the 
acute concentration of 860 mg L−1 is a 1-h moving aver-
age) and require measurement in 15-min increments. 
Therefore, in order to determine threshold exceedance, 
continuous data of the type collected during this study 
must be used.

Grab samples from each site were taken during 
monthly field visits. The “Control” site was intermittently 
dry and was therefore not sampled during some peri-
ods. Samples were collected in duplicate in 50 mL plastic 
vials, triple rinsed, labeled, and stored on ice for imme-
diate transport (AWWA, APHA, WEF 1992). Laboratory 
analysis was performed by Endyne Laboratories in Wil-
liston, Vermont using EPA Method 300.0, Determination 
of inorganic anions by Ion Chromatography (Pfaff 1993).

Soil testing
Soil cores were collected by soil auger at 3 locations 
within 10  m of the monitoring devices at the “Control”, 
“Pond Outlet”, and “Seep” sites. Cores were taken to 
a depth of 30  cm, visually characterized, and subsam-
pled into labeled plastic bags and transported on ice to 
the Agricultural and Environmental Testing Laboratory 
(AETL) at the University of Vermont. Available soil  Cl− 
was extracted with  CaNO3 and analyzed with Mercury 
(II) Thiocyanate colorimetric method (Goodrich et  al. 

(1)
chloride(mgL−1) = 0.292 ∗ specificconductivity(µScm−1)

2009). Total  Mg2+,  Na+, and  K+ were measured using 
nitric acid/ hydrogen peroxide digestion and ICP-AES.

Vegetation testing
Hemlock (Tsuga canadensis) needle and twig samples 
were collected from 5 trees of varying size and age within 
a 60-m radius of the monitoring devices at the “Control”, 
“Pond Outlet”, and “Seep” sites. Tree diameter at breast 
height (DBH), linear distance from water sampling loca-
tion, and visual qualitative assessment of health were 
recorded for each. Needle and twig samples were col-
lected from the crown, middle, and lower branches. 
Branch samples were stored in clean, labeled plastic bags 
for transport on ice to the AETL at the University of Ver-
mont. Vegetation was oven dried at 85  °C for 72  h and 
sieved using a 2.0 mm sieve. Available  Cl− was extracted 
using  CaNO3 and analyzed by ICP-AES.

Temperature and rainfall
Weather data (air temperature and hourly rainfall totals) 
were obtained through the Northeast Regional Climate 
Center (NRCC). Data is derived from the Automated 
Surface Observing Systems (ASOS) program which is a 
joint effort of the National Weather Service (NWS), the 
Federal Aviation Administration (FAA), and the Depart-
ment of Defense (DOD). The ASOS systems serves as 
the nation’s primary surface weather observing network. 
ASOS is designed to support weather forecast activities 
and aviation operations and, at the same time, support 
the needs of the meteorological, hydrological, and clima-
tological research communities. The nearest ASOS sta-
tion is located at the Burlington International Airport in 
Burlington, VT, approximately 14.5 km to the northeast 
of the study site.

Results
Chloride concentrations—grab sampling
Chloride concentrations varied between sampling sites. 
The “Control” site was consistently low and below US 
EPA regulatory thresholds for acute (860  mg  L−1) and 
chronic (230  mg  L−1) impacts. The mean concentration 
of chloride (from laboratory analysis of grab samples) 
at the “Control” site was 11  mg  L−1 while concentra-
tions in the “LaPlatte” River site averaged 33  mg  L−1. 
The two monitoring locations collecting runoff from 
the STF measured significantly higher, with the “Pond 
Outlet” averaging 243  mg  L−1 and the “Seep” averaging 
643  mg  L−1 (both above US EPA standards for chronic 
toxicity) Table  1. Acute toxicity levels were exceeded 
for 9 discrete sampling events at the Seep (31% of the 
total grab samples). Chloride concentration values from 
“Seep” and “Pond Outlet” exceeded “Control” (p < 0.0001 
and p = 0.0001 respectively) Fig. 3.
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Chloride concentration—continuous conductivity 
measurement
The continuous conductivity measurements corroborate 
findings from the grab sampling while illuminating fluc-
tuations in the data between grab samples that cannot 
be seen with intermittent sampling alone. Most notably, 
the continuous conductivity measurements illustrate the 
sinuous pattern of chloride concentrations at the “Seep” 
which peaks in mid-summer and decreases during freez-
ing winter periods and spring melt.

In general, the “Seep” was found to have the highest 
concentrations of chloride seen at any site during the 
2  years. Over the monitoring period, water at this site 

exceed the US EPA chronic standard for chloride impair-
ment a total of 227 days and the acute standard a total of 
695 h (approximately 29 days) (see Additional File 2 for 
graphs of continuous conductivity and calculated chlo-
ride at the Seep).

Chloride concentrations at the “Pond Outlet’ were 
generally higher than the US EPA chronic standard with 
a total number of days of exceedance at 198. The acute 
standard was not exceeded at this site. During spring 
flood periods, the concentration of chloride at this site 
was at its lowest point due to dilution from backflooding 
by river and lake water (See Additional file 3).

Chloride concentrations at the “Control” site were gen-
erally low when flow was present. The “Control” site was 
dry during much of the summer monitoring periods, 
reducing the amount of data for that site. This discrep-
ancy is likely a result of the forested nature of the “Con-
trol” site and the sandy loam soils that characterize its 
drainage area which readily absorb precipitation. Over-
all, the “Control” was characterized by very low chloride 
concentrations (31  mg  L−1) and no regulatory standard 
exceedances (See Additional File 1).

Table 1 Water grab sample summary for study locations

Site n Mean (mg L−1) Min/max (mg L−1)

Control 12 11 6.1/13.5

Pond outlet 34 243 18/380

Seep 29 643 140/1450

LaPlatte 19 33 19/45

Fig. 3 Chloride concentrations for water grab samples at the “Control,” “Seep,” and “Pond Outlet” sites. Difference in letters denotes statistical 
significance at α ≤ 0.05. The “LaPlatte” monitoring point data is not included in this graph due to the nature of the sample type (taken in a river) 
differing significantly from the other sampling locations
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The “LaPlatte” monitoring point is within the LaPlatte 
River at the uppermost discharge point (“Seep) from the 
STF. The average chloride concentration at “LaPlatte” is 
22 mg L−1. No samples from “LaPlatte” exceeded regula-
tory standards (see Additional File 4).

Chloride concentration—soil sampling
The concentration of chloride in the soils and the asso-
ciated pore water at the “Control” was lower than both 
test sites (p = 0.032 and p = 0.035 for the “Seep” and 
“Pond Outlet” respectively) which is similar to patterns 
observed in chloride concentrations in water samples 
at these sites. Analysis of commonly associated cations 
in road salt indicate higher sodium  (Na+) concentra-
tions in the soils at the “Pond Outlet” than the “Control” 
(p = 0.0002) or the “Seep” (p = 0.0006) while magnesium 
 (Mg2+) did not differ significantly between the “Con-
trol” and “Seep” (p = 0.640) or the “Control” and “Pond 
Outlet” (p = 0.070). Potassium  (K+) concentrations also 
do not differ significantly between “Control” and “Seep” 
(p = 0.248) or “Control” and “Pond Outlet” (p = 0.478) 
Fig. 4.

The similarity in chloride concentration patterns 
between soil and water samples at each monitoring point 

confirms chloride’s behavior as a stable tracer ion most 
significantly influenced by hydraulic gradients.

Chloride concentration—vegetation
Vegetation (Hemlock, Tsuga canadensis) samples at the 
“Control” indicate significantly lower chloride concentra-
tions in twig and needle samples than samples obtained 
in the vicinity of the “Seep” (p = 0.006) or the “Pond Out-
let” (p = 0.027) Fig. 5.

Visible signs of vegetation ‘salt burn’ where leaves and 
needles turn brownish-orange are evident at the “Seep” 
and “Pond Outlet” but additional assessment of the 
extent of vegetation impacts is needed to determine if 
there is a correlation between twig and needle chloride 
concentration and visually observed ‘salt burn’ or prema-
ture death.

Discussion
Water quality monitoring
The significant difference in analyzed grab sample 
chloride concentrations between the “Control” and 
“Seep” (p < 0.0001) and the “Control” and “Pond Out-
let” (p = 0.0001) sites across the two-year study period 
indicates an apparent impact from the adjacent STF. 

Fig. 4 Soil nutrient concentrations of chloride, sodium, magnesium, and potassium at the “Control,” “Seep,” and “Pond Outlet,” sites
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On average, grab samples from the “Control” and the 
“Seep” are above US EPA standards for chronic toxicity, 
with several samples above acutely toxic levels at the 
“Seep,” a trait never observed at the “Control” site.

Continuously measured conductivity results are con-
sistent with findings from the grab sampling efforts. 
Chloride concentrations at the “Seep” site exceeded the 
US EPA acute standard of 860 mg L−1 in the early part 
of year 1, in addition to exceeding the chronic standard. 
Concentrations then decreased overall from year 1 to 
year 2, potentially due to the installation of a roof over 
the ‘salt offloading’ area located along the STF’s rail 
spur (in late 2018 or early 2019). Prior to roof instal-
lation, salt spilled during unloading could accumulate 
on the pervious rail bed and infiltrate into native soil 
during precipitation events. Given the high ratio of salt 
to water (precipitation), the lack of treatment by any 
stormwater management features (the area under the 
rail bed is not hydrologically connected to the STF’s 
stormwater management features), and the proxim-
ity of the “Seep” at 4 vertical and 37 horizontal meters 
away, high concentrations of chloride appear to day-
light at the “Seep” and are readily transported into the 
LaPlatte River.

The high chloride concentrations at the “Seep” seen in 
year 2 during spring 2018 that do not track with conduc-
tivity measurements may be related to sampling method. 
Prior to monitoring device installation, samples were 
collected from surface water at the “Seep” itself where 
groundwater emerges at the toe of a slope. After the con-
tinuous conductivity monitoring device was installed, 
grab samples were collected from within the vertical 
chamber (similar to a shallow groundwater well). Grab 
samples taken prior to the installation of the monitoring 
device may have been more turbid due to their collection 
from the surface at the seep itself and without filtration 
through the monitoring device fabric and stone layer. 
This may have resulted in the higher  Cl− concentration 
values taken before the monitoring device was installed 
and may explain the comparatively higher values on the 
early dates of the study. Therefore, concentrations meas-
ured in the sampling device for the majority of the study 
may be more conservative (lower) than direct surface 
measurements from the “Seep.”

Where concentrations at the “Seep” varied season-
ally and decreased from year 1 to year 2,  “Pond Outlet” 
concentrations remained relatively constant through-
out the 2 years and are nearly always above the US EPA 

Fig. 5 Chloride concentrations in Tsuga canadensis needle and twig samples. Different letters denote statistically significant difference
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chronic standard. The low concentrations observed at the 
“Pond Outlet” in spring periods are likely due to flood-
ing from Lake Champlain and the LaPlatte River. Flood-
waters inundate the “Pond Outlet” monitoring site and 
dilute the water within. When flooding subsides, chloride 
concentrations return to above-chronic levels. No sig-
nificant fluctuation is evident throughout the rest of the 
study period and chloride concentrations are not notably 
influenced by precipitation or temperature alone, which 
differs from patterns observed in other chloride investi-
gations in urban areas draining streets and parking lots 
where deicing salts are applied following periods of win-
ter precipitation and higher chloride concentrations are 
subsequently observed during melt periods (temper-
ature-driven) or during and following rain (precipita-
tion-driven) (Torizzo et  al. 2016; Mayer et  al. 1999). By 
contrast, the STF receives and stores deicing salts year-
round. Salt spillage on impervious surfaces is possible in 
all seasons and transport to the pond may be occurring 
consistently, rather than only during winter and early 
spring periods.

Additionally the conveyance mechanisms for runoff 
may influence chloride concentrations at the stormwater 
pond as some of the swales routing runoff are pervious, 
allowing infiltration of some of the volume and its asso-
ciated chloride concentration to groundwater. This may 
indicate that chloride concentrations measured at the 
“Pond Outlet” are conservative with respect to the total 
amount of chloride being transported from the STF via 
surface and sub-surface flows.

Soils
Soils data provide a point of comparison to water quality 
concentration information. Concentration of ions asso-
ciated with deicing salts in soils are less ephemeral than 
concentrations in water. The accumulation and retention 
of ions in soils can illustrate loading to the environment 
in a way that measuring concentration in water alone 
cannot (Ostendorf et al. 2009).

Concentrations in water are greatly influenced by con-
tributing drainage area. In the case of the sentinel moni-
toring point chosen by the State agency for permitting, 
a large watershed with relatively uncontaminated runoff 
seems to easily mask the chloride signal from the STF. 
The soils data from sites immediately below the “Pond 
Outlet” and “Seep” show a different story. This indicates 
that the choice of monitoring location for chloride must 
take dilution into account as localized impacts to soil 
chemistry, vegetation, and associated aquatic and ripar-
ian species, will not be accounted for.

The elevated levels of  Na+ at both test sites (“Pond Out-
let” and “Seep”) confirm that the dominant form of deic-
ing salts transported and stored in the adjacent facility 

are sodium chloride compounds (commonly known as 
‘rock salt’).  Na+ concentrations are higher at the “Pond 
Outlet” than the “Seep” or the “Control” likely due to the 
collection and concentration of runoff from the STF site 
through the stormwater pond, resulting in higher loading 
to the wetland where the stormwater pond discharges. 
While water concentrations of  Cl− are not as elevated 
at the “Pond Outlet” as they are at the “Seep,” much 
higher volumes of water flow through the “Pond Outlet” 
point, resulting in lower  Cl− concentrations in water but 
because  Na+ will bind to soil particles, higher concentra-
tions of that ion were measured in the wetland soils, indi-
cating that  Na+ may be disproportionately loading and 
displacing native soil cations. This loading impact can’t 
be observed from measurements of water samples alone 
as water and its associated chloride concentrations are 
transient.

No statistically significant difference in  Mg2+ in soils 
among any of the sites was observed which may indicate 
that MgCl is not the most common salt stored at the site. 
This is supported by national deicing salt usage which 
defaults to NaCl due to its lower cost. There is a trend 
in the  Mg2+ data towards significant difference between 
the “Pond Outlet” and the “Control” (p = 0.07), indicating 
that over time the  Mg2+ ratio in native soils may be simi-
larly changed as a result of deicing salts, but this may take 
longer than  Na+ to appear due to an overall lower volume 
held on site.

K+ serves as a comparison cation to show likely native 
conditions of soils on and surrounding the STF. There is 
no difference for this cation among all monitoring sites, 
indicating that in natural conditions the soils at the three 
sites would likely have had very similar soil cation ratios 
(i.e. for  Na+,  Mg2+, and  K+). Because the soils at each 
site are mapped as the same type by published USGS 
Soil Survey maps (Adams and Windsor loamy sands) the 
relative abundance of each cation would be consistent 
without influence by the STF.  K+ may be in danger of dis-
placement by  Na+ and  Mg2+ within the native soils over 
time which could be damaging to soil microbial commu-
nities and vegetation.

The lack of soil sampling and analysis in the site’s per-
mit compliance documents (as required by the State 
stormwater program) eliminates use of a more suitable 
media for tracking pollutant movement from the site on a 
time scale that could allow remediation.

Vegetation
Other studies have linked increased chloride concentra-
tions in vegetation to thinning, reduced diversity, and 
physiological changes resulting in poor performance/ 
survival (Labashosky 2015; Meter et  al. 2011, 2012). 
Tsuga canadensis are a salt sensitive species and therefore 
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may offer an early indication of impact to the wetland 
at large (USDA). Additional study focused on vegeta-
tion, species diversity, and chloride impacts is needed to 
conclusively determine the extent of influence from salt 
loading.

Monitoring program
Despite these clear impacts, the operators of the STF 
have not indicated to the regulatory authority (VT DEC) 
that there are any issues resulting from the salt storage 
facility, attributable to the monitoring point locations 
and methods. This is in part due to a misapplication of 
stated water quality management strategy on the part of 
VT DEC to designate an adequate monitoring point or 
protocol. As previously noted, the designated sentinel 
monitoring point is downstream of the STF and subject 
to considerable dilution from the drainage area. This 
point forms part of VT DEC’s Integrated Water Infor-
mation System (IWIS) which is part of the State’s Water 
Quality Monitoring Program Strategy (VT DEC 2019). 
The Strategy document discusses the four types of points 
which are typically designated as monitoring points 
including ‘targeted’ sites chosen for a specific reason such 
as stream sections or water body discharge with known 
problems, ‘probability’ sites which are chosen based on 
their likelihood to have a water quality issue, ‘river geo-
morphic assessment’ sites which are targeted for geo-
morphologic changes, and ‘special or Total Maximum 
Daily Load (TMDL) studies’ sites which are chosen based 
on specific changes in pollutant load potential or need 
to demonstrate compliance with a TMDL mandate. This 
last site type could apply specifically to the STF site and 
its concentration of deicing salt storage. However, VT 
DEC chose not to exercise its stated strategy in designat-
ing the sentinel monitoring point but rather chose to use 
a legacy ‘targeted’ point located near the mouth of the 
LaPlatte River.

As an EPA designated permit authority, VT DEC also 
had the option to designate the stormwater BMP ‘out-
fall’ as a monitoring point in addition to a downstream 
monitoring point, in accordance with EPA guidelines. 
However, this was not done, nor was a designation of 
the Class I wetland as the ‘closest waterway’ exercised as 
an option as advised under EPA guidelines. Rather, the 
operator of the STF was allowed to designate monitoring 
points. This is a known and documented issue with water 
quality permit compliance monitoring programs as noted 
by the federal Government Accounting Office (GAO) in 
1981 in their finding that better monitoring techniques 
were needed to assess the quality of rivers and streams. 
Though improvements have been made, this site illus-
trates that best practices are not consistently followed 

and inconsistent oversight leads, as in this case, to pollut-
ant loading.

There are established ‘use cases’ for planning or opti-
mizing an effective Water Quality Monitoring Program 
(WQMP). While no WQMP will work in all cases, there 
are common practices that managers can follow. Research 
indicates that “it is essential that water quality data be rel-
evant, precise and reliable in space and time” and that 
“watershed managers [have to] adapt their WQMPs to 
evolving issues of water quality.” Further, “water bodies 
should not be separated when planning or optimizing 
and WQMP as rivers feeds lakes and vice versa.” It is logi-
cal to extend this connection to other hydrologically con-
nected water bodies such as wetlands and groundwater. 
A nascent tenet in environmental regulation posits that 
“the objective is no longer mainly to measure the con-
centration of chemicals: more and more the objective is 
shifting towards the evaluation of ecological integrity and 
the effects of the chemical mixtures” (Behmel et al. 2016).

One such WQMP strategy that could have been 
employed in this case is outlined in detail by Strobl et al. 
in a 2006 research paper documenting the use of a ‘Criti-
cal Sampling Point (CSP) methodology which takes into 
account surface and sub-surface conditions and applies 
‘fuzzy’ logic to account for real-world lack of distinct 
boundaries between topographic and land use features 
which can influence pollutant runoff (Strobl et al. 2006). 
The model also addresses logistical and economic (cost of 
monitoring) concerns. The CSP methodology represents 
just one WQMP strategy that could be employed to des-
ignate a more appropriate monitoring point under the 
VT DEC’s ‘probability’ site strategy protocol.

Stormwater BMPs and chloride reduction performance
Stormwater Best Management Practices (BMPs) aim to 
reduce the volume of pollutants discharged from a site. 
The two practices selected for use on this site, a storm-
water wet detention pond and a swale with level spreader, 
were inappropriately employed. The literature has  con-
clusively found these control structures ill suited to 
reducing salt  concentrations due to chloride’s  chemical 
properties.

Barbier et al., in a study of stormwater retention ponds 
treating deicing salts from roadways found that “almost 
all of the deicing salt entering the basin was evacuated 
at the end of March (91%)” and sodium was not retained 
in pond sediments (Barbier et al. 2018). A similar study 
from 2006 in Sweden found that “continuous conductiv-
ity measurements show that chloride is flushed between 
[precipitation] events” (Semadeni-Davies 2006). North 
Carolina’s Department of Transportation specifically 
reviewed BMPs for salt storage sites in 2006, finding that 
“runoff from a salt storage area had elevated levels of 
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chloride indicating the need for improved containment 
of salt” (Line 2006). The same study noted that none of 
the BMPs used to treat (not contain) salt had any signifi-
cant effect on conductivity.

Snowmelt storage sites are similar to deicing salt 
storage facilities in that a relatively small area receives 
and stores a large amount of deicing salt (in the case of 
snowmelt storage sites, deicing salts contained within 
plowed snow and ice transported to the site via truck). 
A Canadian study from 2019 investigated the effect of a 
treatment train approach to reducing chloride pollution 
(Senior et al. 2019). The train, consisting of an impervi-
ous melting pad, forebay and grit separator, and extended 
detention wet pond, served only to dilute, not reduce, 
chloride concentration through detention of high Cl con-
centration meltwater and mixing with cleaner precipita-
tion-based runoff from the pad.

Other entities have recognized the inutility of typi-
cal stormwater BMPs at salt storage sites. The Virginia 
Department of Transportation (VDOT) evaluated their 
treatment approaches which typically consist of wet 
ponds used to temporarily store high Cl concentration 
runoff for later treatment either at a public treatment 
works system or for application on gravel roads for dust 
suppression (Müller and Gächter 2012). This paper also 
concluded that their current system is cost-prohibitive 
and advocated for the development of on-site reverse-
osmosis treatment to remove dissolved salts from runoff.

Conclusions
The STF salt sheds are loading chloride and other ions 
to surface and shallow ground water, as well as soils and 
vegetation adjacent to the facility. The discharge water 
at the “Pond Outlet,” which is one of the two designated 
stormwater discharge points for the site, exceeded US 
EPA water quality standards for chronic chloride impair-
ment for a total of 198  days. Similarly, water measured 
at the “Seep” was above the US EPA chronic standard a 
total of 227 days and exceeded the acute standard a total 
of 695 h. The “Control” site was well below any state or 
federal Cl concentrations standards throughout the study 
period.

The ions associated with the deicing salts stored on site 
are altering native soil chemistry, as evidenced by soil 
analysis indicating high chloride and sodium concentra-
tions in the wetland in proximity to the discharge points. 
The corresponding visual assessment and leaf and twig 
chemical analysis indicate that trees in proximity with the 
site have higher chloride concentrations and also anecdo-
tally show signs of leaf burn.

The results from this study are similar to other stud-
ies that have focused on salt storage facilities as point 
sources of chloride in water and soil media (Ostendorf 

et  al. 2009; Ohno 1990). The potential impact of salt 
storage sites on water quality and native soil chemistry 
is known, but regulatory enforcement is not adequately 
protecting natural resources due to inadequate oversight 
and misapplication of existing tools to track pollutants.

Appropriate management of this and similar sites 
includes selection of suitable monitoring locations and 
mediums to accompany site operation. STF’s annual 
reporting document reports that water quality measure-
ments in the LaPlatte River at the sentinel monitoring 
location did not exceed the US EPA’s chronic or acute 
threshold during the first year of operation, presented 
as evidence that the site was not negatively impacting 
water quality. The results of the study detailed here are 
in direct opposition to STF’s monitoring. Because this 
site is operating in compliance with permit requirements, 
despite clear evidence of impacts to water quality, soils, 
and vegetation, it is continuing to discharge excessive lev-
els of chloride without sufficiently protective regulatory 
control.

The most significant difference between the monitor-
ing approach taken by the STF and what was employed 
in this study is in the selection of the point at which water 
quality is measured and regulatory exceedance deter-
mined. The STF, as approved by the VT DEC, selected an 
instream point nearly 1 km downstream from the points 
of discharge. The drainage area of the LaPlatte River at 
the point at which that monitoring occurred is three 
orders of magnitude larger than the STF campus itself 
(approximately 87,850  km2). The downstream nature of 
the selected point of water quality assessment makes it 
unlikely that any signal from excess chloride discharge 
from the STF site will be evident until the problem is 
significant and irreversible. The monitoring locations in 
this study are in close proximity to the discharge points 
from the site but within the receiving water bodies, mak-
ing them more localized measures of ecological impact 
and allowing more immediate detection of water qual-
ity standard exceedances, which could result in correc-
tive actions on an appropriate timescale. The variance in 
conclusions between this study and the STF results high-
light the potential negative impact of variable regulatory 
methods being used to control chloride discharges from 
storage and transport facilities in different locales.

Continuous water monitoring can be challenging, 
costly, and subject to cold-temperature limitations of 
equipment. Further, where a receiving water body subject 
to water quality standards is far away from a site or is dif-
ficult to access, monitoring surface waters may provide 
information with a time lag that does not allow for oper-
ational adjustments that could protect environmental 
systems. Soils analyses at regular (yearly) intervals could 
serve as a more stable measure of chloride (and sodium 
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and magnesium) export and movement from a discharge 
point. Soils offer information about loading that is more 
elusive with water sampling alone when it lacks concur-
rent flow and discharge records. In this study, where the 
highest chloride concentrations in water samples were 
measured at the “Seep,” the “Pond Outlet” site soils analy-
sis results indicate higher loading due to the discharge of 
a greater volume of polluted water. Assessing loading to 
receiving areas can be as or more important than assess-
ing concentration alone as the legacy effects of deicing 
salt pollution may be present long after transient water 
pollution has been abated (Mayer et al. 1999). Emerging 
evidence suggests that even with salt application reduc-
tion, elevated surface water concentrations of Na + and 
Cl− can persist for decades due to soil and groundwater 
storage and release (Kelly et al. 2019).

The changes to native soil chemistry may have impacts 
to vegetation directly or indirectly (Volkmar et al. 1998). 
While this study found increased concentrations of chlo-
ride in the leaves and twigs of one vegetation type, the 
connection between salt loading and species diversity, 
reproduction, and survival should be explored to under-
stand what is most at risk and the mechanisms responsi-
ble. The high ecological quality of the wetland studied in 
this investigation deserves particular focus on impacts to 
rare and protected species of plants, fish, and amphibians 
that may be particularly sensitive to increased salinity.

This study clearly illustrates that selection of moni-
toring point locations can make a significant impact 
on the determination of exceedances of surface water 
quality standards. Where the monitoring point location 
is removed from a regulated discharge point or points 
and is influenced by a much greater drainage area, 
surface and ground water input can mask underlying 
concentrations and loading issues via dilution. In the 
snowy and cold northern regions of the United States, 
there are hundreds of deicing salt storage facilities. 
Without consistent and scientifically defensible stand-
ards for regulating these facilities, their water quality 
impacts will continue without oversight or appropriate 
control. The storage facility studied here includes fully 
covered salt piles—a feature that is not always present 
at similar facilities. Despite precipitation exclusion 
from the salt piles, export of ions associated with rock 
salt from this site is significant and in excess of water 
quality standards, causing irreparable damage to a sen-
sitive and important freshwater resource. An inventory 
of deicing salt storage and transportation facilities is 
needed that details operational standards and proxim-
ity to surface waters, coupled with more appropriate 
water quality monitoring points in order to understand 
the extent of impact and develop effective approaches 
to limiting continued salinization effects. A unified 

approach to regulating and inspecting these facilities 
could eliminate the divergent findings from a single site 
such as was found in this study.
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