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ABSTRACT: Deicing road salts have been increasingly used in the
United States over the past 80 years. Previous studies have shown that
these salts can have deteriorating effects on freshwater organisms.
Here, we hypothesize that the introduction of road salts to streamwater
can also boost aggregation of mud particles suspended in the water
column. Such aggregation, also known as flocculation, enhances
deposition rates and may lead to increased accumulation of fine
sediment on streambeds, thereby contributing to the degradation of
benthic ecosystems. In this laboratory study, we specifically investigate
how road salts impact (1) the size distribution of mud aggregates in a
turbulent water column and (2) the overall settling rate of the mud. The results showed that adding road salts to water samples
collected from a stream in southwest Virginia, USA changed the distribution of suspended particle sizes. The addition of salt led to
more of the mud existing in large flocs and an overall increase in average size by about 40%. As a result, the settling rate of the mud
increased relative to the suspensions without salt. Our results suggest that potential negative effects of road salts on mud deposition
should be investigated further.
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■ INTRODUCTION

Adding salts to roadways is a highly effective way of reducing
the extent of ice buildup on roads in winter conditions, thereby
increasing roadway safety. As a result, the use of deicing road
salts in the United States (US) has increased drastically over
time, from 164 000 tons in 1940 to more than 22 million tons
in 2019.1,2 In fact, the use of salt in brines and deicing agents is
so significant that highway deicing alone accounted for
approximately 43% of all the salt (sodium chloride) used in
the US in 2020.3 Roadway deicing salts generally contain
sodium chloride, calcium chloride, and magnesium chloride
(see Table S1 for a listing of the salt types used by different
state departments of transportation in the eastern and
midwestern US.) There are also numerous types of ice melt
products that are commercially available and used by the
general public for deicing of residential spaces. The ions in the
deicing materials such as sodium, calcium, magnesium, and
chloride can eventually enter streams,4 leading to concen-
trations that can, at times, be of the order of magnitude of the
ion concentration in seawater.5 Once mobilized in streams and
rivers, the ions can ultimately enter groundwater6 and lakes.7

These ions are generally toxic to freshwater species with their
degree of toxicity depending on ion type and concentration.
The potential negative effects of increased ionic concentration
have been well-documented on zooplankton,8 microinverte-
brates,9 macroinvertebrates,10 and fish.11,12 These effects can

range from disrupted metabolism and reduced reproduction
rate to increased mortality.13

While the direct effects of road salts on freshwater organisms
have received extensive attention,13 we suggest that road salts
could have an additional adverse impact on stream ecosystems
through an indirect path that has been overlooked. The
indirect pathway is through increased deposition rates, and
potentially accumulation rates, of muddy sediment (fine
cohesive sediments in the clay and silt size ranges with
diameters <63 μm) suspended in streams and rivers due to
ion-enhanced aggregation or flocculation of the suspended
particles. Flocculation is the process of aggregation and
breakup of small mineral and organic suspended material
that can result in the average size of the suspended mud being
a function of local hydrodynamic, chemical, and biological
conditions. Specifically, we hypothesize that the poststorm
concentrations of road salts can be high enough to mean-
ingfully enhance flocculation of mud particles and create larger
and more abundant mud flocs, which can increase the settling
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velocity (and therefore deposition rate) of the mud fraction
from its state in streamwater without salinity from road salts.
Flocculated mud is conventionally associated with estuarine

and marine settings. Yet, many studies have observed that
suspended aggregates of mud, or flocs, also exist in freshwater
streams and rivers. For example, Droppo and Ongley in 199414

concluded that 90% of the fine sediment transported by six
rivers in Canada was flocculated. Fox et al. in 201415 found two
distinct size classes of suspended aggregates (i.e., 11−20 and
20−53 μm) in samples collected using a sediment trap in the
Elkhorn Creek, Kentucky, USA. Furthermore, McLachlan et al.
in 201716 found that particles >40 μm in the Mekong River
had effective densities that were half that of discrete quartz
particles and therefore attributed it to presence of mud flocs.
Using sediment concentration profiles, Lamb et al. in 202017

also recently inferred that mud is likely to be flocculated in
many freshwater systems and to have a significant effect on the
overall settling velocity of the mud fraction. Droppo and
Ongley14 and others typically attribute the ability of mud to
flocculate in freshwater settings to the presence of organic
binders.
While flocs do likely exist in most freshwater rivers, ion-

mediated flocculation of muddy sediment has also been
observed and studied within the context of estuarine and
oceanic sediment transport dynamics and water and waste-
water treatment both with and without the presence of organic
material and coatings. In general, the addition of ions from
salts has been linked to increased flocculation rates18 and larger
flocs.19 This phenomenon is thought to result from shrinkage
of the electrical double layer (EDL) surrounding the particles
due to increased ionic concentration.20 Shrinkage of the layer
leads to aggregation because the thinner the layer becomes, the
easier it is for particles to get close enough to overcome the
interparticle repulsion force and form aggregates. The resulting
flocculation increases the size of mud flocs,21,22 leading to
higher settling velocities.23

We are proposing that the addition of deicing road salts to
freshwater streams, whether they are naturally flocculated in
their freshwater state or not, may alter the size distribution of
suspended mud through ion-mediated enhanced flocculation
with the net result being that deicing road salts produce an
increase in the settling velocity of the mud. Increased settling
velocity may in turn lead to a greater accumulation of fine
sediment on the streambed that ultimately degrades the health
of benthic organisms. According to the United States
Environmental Protection Agency (US EPA), more than
22% of streams (by length) in the US were impaired due to
excess streambed sediments,24 which can degrade the benthic
ecosystem health. One reason for this is that increased
accumulation rate of fine sediment can lead to increased
mortality rate of less mobile species due to burial.25

Accumulation of fine sediment can also make the substrate
unstable (i.e., easily erodible) and unsuitable for some benthic
organisms.26 Microbial activity, as well as reduced water
percolation, within the accumulated mud layer can cause
oxygen depletion.27 Fine sediment accumulation can also
negatively affect habitat28 and food29 availability for benthic
organisms.
To test our hypothesis, we conducted a series of laboratory

experiments to study how the size and settling rate of mud
flocs respond to the presence of road salts in the suspension at
concentrations typical of wintertime storm events in Stroubles
Creek, which is a stream located in southwest Virginia, USA.

For this purpose, we used a mixing tank as a controlled
environment in which the mud aggregates that result from the
flocculation process could be explored. We used Stroubles
Creek because the specific conductance (SC) of the stream-
water is continuously monitored and the levels of wintertime
SC were shown to be inversely related to the duration of time
between brining the roads and storms.30 This outcome points
to the direct influence of road salts on the chemical properties
of the streamwater during winter and therefore, potentially, the
deposition of mud within the stream.

■ MATERIALS AND METHODS

Overview. This research aims to investigate (i) the
dependence of the size of suspended mud flocs on the
presence and type of road salt in streamwater and (ii) the effect
of flocculation on mud deposition rates. These aims were met
using a laboratory mixing tank apparatus. The mixing tank
provides an ideal environment to examine the size evolution of
suspended mud floc populations through the use of a
specialized camera system and a set of image processing
routines. The laboratory experiments also help isolate the
effects of road salt use from other phenomenon that also
occurs in winter, e.g., the increase in sediment concentration
driven by the freeze−thaw processes31 due to soil erosion and
bank instability.32,33 Combining the tank, imaging system,
image processing routines, and a turbidity sensor allows for
high-resolution measurements of floc size and concentration
within the tank under a range of road salt types and turbulence
levels. Below, we first introduce Stroubles Creek, the creek
used to set the salt level context for the study and to provide
muddy sediment for the experiments. Following this, we
outline the experimental apparatus and experimental con-
ditions, procedures, and calculations. The key experimental
parameters measured were floc sizes and water turbidity as a
function of time under different turbulent mixing conditions
(quantified by the shear rate, G, in s−1) and water
biogeochemistry (deionized water, unimpaired streamwater,
streamwater with added calcium chloride, magnesium chloride,
and a commercial deicing mixture).

Stroubles Creek. Stroubles Creek is an example of a
stream with multiyear high-frequency SC data that has been
shown to be impacted by road salts and experience general
sedimentation impairment.34 It is approximately 19 km long
and both starts and flows through the town of Blacksburg and
campus of Virginia Tech (VT) in southwest Virginia, USA,
before ultimately draining into the New River (a tributary of
the Kanawha River and, ultimately, the Mississippi River). Due
to the presence of the town of Blacksburg and VT campus, the
watershed at the upper part of Stroubles Creek is highly
developed. During winter, roadways in the Stroubles Creek
watershed are brined by VT facility services and the town of
Blacksburg, leading to poststorm SC values as high as 3921 μS
cm−1.30 Stroubles Creek was used to provide sediment for the
experiments and to define target SC values.

Mixing Tank Apparatus. Experiments were conducted in
a 13 L mixing tank equipped with an overhead paddle stirrer
with adjustable rotation speed. The stirrer allowed for
subjecting the suspended particles to variable turbulent shear
rates, G /ν= ϵ , where ϵ is the dissipation rate of turbulent
kinetic energy and ν is the kinematic viscosity of water.
Turbulent shear rate is a major driver of floc size and is
commonly used in modeling of the cohesive sediment
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flocculation process35 as it affects the frequency of collision of
particles (leading to aggregation) as well as stress exerted on
them (leading to break up). Floc size within the tank was
measured using a specially designed imaging system. The
imaging system consists of a digital camera fitted with a 2×
microscope lens placed outside of the tank and focused on a
plane just inside the tank and a waterproofed LED light source.
The LED was placed inside the tank to (1) create a flow-
through imaging plane between the tank wall and face of the
LED housing, and (2) provide backlighting of the imaging
plane within the tank. Further details on the camera setup can
be found in Tran and Strom from 2017.36 Collected images
were processed in ImageJ to identify particles and measure
their area. A Python script, based on the method of Keyvani
and Strom from 2013,37 was used to obtain particle size
distributions on the basis of the measured area of the identified
particles. Turbidity within the mixing tank was continuously
measured and recorded using an optical backscatter sensor
(OBS).
Experimental Conditions and Procedures. Five main

experiments were conducted. In each experiment, either the
specific conductance of water or the type of road salt used to
arrive at the target SC was varied. Experiment 1 was conducted
in deionized (DI) water to examine the potential of the mud to
flocculate in extremely low SC water (0−1 μS cm−1).
Experiment 2 used unaltered streamwater, which is stream-
water collected from a local unimpaired stream without the
addition of salts. Experiments 3−5 used the same streamwater
from the unimpaired stream as the second experiment (Table
1), but with salt added to reach the median wintertime SC in
Stroubles Creek (i.e., 947 μS cm−1).30

Water from Toms Creek was used as the baseline unaltered
or unimpaired streamwater for Experiments 2−5. Toms Creek
sits in the same county as Stroubles Creek (Montgomery
County, VA) and is comparable in stream order (second),
habitat, and stream power to Stroubles Creek, yet it meets
water quality standards that Stroubles does not (sedimenta-
tion, E. coli., and nitrates concentrations38). For this reason,
Toms Creek has been used as a biological reference reach for
Stroubles in restoration efforts.39 The initial background SC of
the collected water ranged from 116 to 147 μS cm−1 across
experiments. The background SC levels in the Toms Creek
samples were all significantly lower than the SC levels in
Stroubles Creek, which has been impacted by the long-term
effects of deicing salt use in its watershed.40

In the US, deicing salts generally consist of one to three
components: sodium chloride, calcium chloride, and magne-
sium chloride. Therefore, three different road salts were used
in Experiments 3−5. The first one was a commercial road salt

that is a mixture of sodium chloride, calcium chloride, and
magnesium chloride (Road Runner ice melt, Scotwood
Industries, Overland Park, KS). The second and third road
salts were calcium chloride and magnesium chloride,
respectively.
The fine sediment used in the experiments was collected

from the bed of Stroubles Creek. The same sediment sample
was used for all the experiments to minimize the potential
effects of temporal variability in sediment characteristics on the
flocculation experiments. The sediment was kept in a
laboratory refrigerator maintained at 4 °C for the duration of
the study. The sediment was wet-sieved through a number 200
sieve to remove any sand from the sample. The disaggregated
median size of the sediment by volume was 7.6 μm, and the
fraction of organics estimated from loss on ignition from a
subset of the sample was 10.2%. The sediment leftover after
the loss on ignition measurement was not used in any of the
flocculation experiments. For those experiments, subsamples
were extracted from the large unaltered and a well-mixed
sample that had been wet sieved.
Each of the five flocculation experiments commenced with a

suspended sediment concentration of 100 mg L−1. This initial
concentration was produced by sonicating 1300 mg of
sediment in a small vessel for 15 min to break up any
aggregates or flocs present and to ensure a consistent initial
state for each experiment, and then adding the sonicated
mixture to the mixing tank filled with the specified water
mixing at a rate of G = 35 s−1. Imaging of the suspension
commenced once sediment was added to the tank, and flocs
were allowed to grow at the mixing condition of G = 35 s−1 for
60 min. Following this period of floc growth from a sonicated
state, the suspension was subjected to a high shear rate of 550
s−1 for 15 min to break the flocs down to a more natural,
turbulence-generated initial condition.36 The suspension was
then subjected to five consecutive 150 min mixing conditions
at shear rates of 95, 70, 50, 35, and 20 s−1. Throughout this
time, the suspension was imaged with the camera. Time series
data from the experiments showed that the overall floc size
population statistics were approximately constant over the last
35 min of each step in G. Therefore, the last 35 min of each
shear rate step was used to determine the population of floc
sizes at equilibrium, and at least 1051 in-focus particles were
included in each equilibrium measurement.

Settling Velocity and Advective Length Scale
Calculations. The relationship in Strom and Keyvani from
201141 was used to estimate floc settling velocity on the basis
of the size of the flocs as,

w
gR d

b d b gR d d

n

n n ns
s f
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1 p
3

2 s f p
3
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f f fν
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+

−

− −
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where g is gravitational acceleration, Rs is the submerged
specific gravity of the sediment, df is the floc diameter, dp is the
primary particle size (the size of smallest particles making up
the flocs), nf is the fractal dimension of the flocs, and b1 and b2
are shape coefficients. A typical fractal dimension of nf = 2.2
was considered.35 We used b1 and b2 of 18 and 0.548,
respectively.41

The advective length scale, Ladv,

L
hU
wadv

s
=

(2)

Table 1. Equilibrium Floc Size (d50eq) at Different
Turbulent Shear Rates (G) for Different Experiments

d50eq [μm]

turbulent shear rate [s−1]

experiment water/salt type 20 35 50 70 95

1 DI water 11 12 13 15 15
2 unaltered water 21 71 59 35 33
3 mixed road salt 134 99 79 67 41
4 calcium chloride 150 111 84 69 59
5 magnesium chloride 146 105 81 69 58
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was also calculated as a simple scale of a single hop length that
a suspension of particles of a particular settling velocity might
travel downstream under the action of vertical settling and
horizontal advective transport. In eq 2, h is the water column
depth in the stream, U is average stream velocity, and ws was
calculated from eq 1.

■ RESULTS
Floc Size. The first component of our hypothesis is that the

addition of road salts will increase the size of suspended mud
aggregates. Measures of floc size with time were obtained in
the experiments using the images captured by the camera. At
the beginning of each turbulent shear level (G), flocs grew
until they reached an equilibrium size where the overall
population statistics did not change with time until the mixing
rate was again altered.
The vertical distribution of turbulent shear rate in a river

with production and dissipation of turbulence in balance can
be calculated as G(ζ) = [u∗

3((1 − ζ)/ζ)/(κνh)]1/2, where u∗ is
friction velocity, ζ is the vertical coordinate nondimensional-
ized with depth, and κ is the von Karman constant.
Considering an average channel slope of 0.0023 m m−1 in
Stroubles Creek,42 we expect the suspended flocs to experience
shear rates of 15 < G < 150 s−1 during a flood event. To
explore most of this space, we ran each of the flocculation
experiments at five different turbulent shear rates as described
in the methods. For the presentation and discussion of results,
we selected G = 35 s−1 as a representative moderate flow
regime that can keep most of the flocs in suspension.
Therefore, the results presented below are focused on G =
35 s−1, but we found similar trends across all mixing
conditions.
Increase in the SC of water due to the dissolution of deicing

salts increased the flocculation of suspended mud, leading to
larger aggregates, compared to that of deionized (DI) water
and unaltered, or unimpaired, streamwater (Figure 1). When
suspended in DI water, the mud particles formed few
aggregates and instead tended to remain as discrete particles
of diameter <30 μm (Figure 1a). Mud particles in the

unaltered, or unimpaired, streamwater created a few relatively
large flocs (some larger than 100 μm in diameter). However,
these larger flocs were significantly outnumbered by smaller
particles (Figure 1b). In the experiments with a higher SC due
to the presence of road salts, a much larger fraction of the
particles aggregated to form large flocs (as evident by
comparing Figure 1b,c). These effects were found to be
stronger in the experiments with calcium chloride (Figure 1d)
and magnesium chloride (no image shown in the figure)
compared to the mixed road salt (Figure 1c) so that, in the
experiment with calcium chloride, discrete particles were rarely
captured by the camera, and the majority of particles were
larger than 100 μm.
The change in particle size distribution is evident from the

normalized frequency of flocs by size class (Figure 2). In the
DI water experiment, the majority of the particles were smaller
than 50 μm. The particle size distribution shifted slightly
toward the larger sizes in unaltered streamwater with some
flocs with size of >150 μm forming in the mixing tank.
However, a significant number of particles were still in the
unaggregated form. With an increase in SC as a result of the

Figure 1. Sample images showing flocculated and unflocculated particles in (a) DI water, (b) unaltered streamwater, and water with (c) mixed road
salt and (d) calcium chloride at the turbulent shear rate of 35 s−1.

Figure 2. Volume-weighted normalized particle size distribution
across different experiments at equilibrium at the turbulent shear rate
of 35 s−1.
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addition of road salt, the fraction of discrete and unaggregated
particles decreased substantially, shifting the particle size
distribution toward the larger particles. This points to the
enhanced and evident aggregation potential of the mud
particles in the presence of road salt. The effects of magnesium
chloride and calcium chloride were comparable and stronger
than mixed road salt.
We also examined the particle and floc size distributions at

shear rates of 20, 50, 70, and 95 s−1 to examine how changes in
streamflow rate and turbulence might impact the floc sizes with
different salt types. All findings were consistent with what can
be seen in sample images (Figure 1) and particle size
distributions (Figure 2) from the G = 35 s−1 case. The
addition of road salts decreased the number of small
unaggregated particles and increased the overall size of the
mud particles or flocs in suspension. Within this overall effect
of salt, floc sizes generally decreased with increasing shear rate.
For example, the equilibrium floc or particle size for which
50% of the material in suspension was finer than by volume,
d50eq, for the experiment with magnesium chloride was 146,
105, 81, 69, and 58 μm for shear rates of G = 20, 35, 50, 70,
and 95 s−1, respectively. A summary of d50eq values for all shear
rates and water types is given in Table 1.
Settling Rate. The addition of road salts clearly increases

the number and size of large muddy flocs. The second
component of our hypothesis is that this increase in floc size
will lead to higher settling rates of mud. To test this idea, we
examined the clearing rate of suspended sediment in the water
column in the tank for each experiment at two different mixing
rates or flow velocities. The first was when the suspension was
experiencing a shear rate of 20 s−1, i.e., during the last step of
the floc growth experiments. The second was when the stirrer
was turned off, leading to a turbulence level within the tank
that decayed with time. The first roughly corresponds to flows
within the core of the flow, perhaps on the waning limb of a
flood hydrograph. The second would mimic a stream reach
where the width expands and velocities drop and/or the
channel margins or pockets of reduced velocity where
deposition of mud can be significant. For example, fine-grained
channel margins deposits have been shown to account for
17%−43% of the suspended sediment load in the South River,
Virginia, USA.43

When flocs were experiencing a shear rate of 20 s−1, a
fraction of them grew sufficiently large that they were not able
to remain in suspension. The strongest settling over a period of
3 h occurred in the experiments with road salt. For these cases,
22%, 33%, and 42% of the suspended sediment deposited
during this time of lower shear for the experiments with the
mixed road salt, calcium chloride, and magnesium chloride
experiments, respectively (Figure 3a). Comparatively, the
experiments with DI water and unaltered streamwater lost
only 8% and 12% of their initial turbidity during the same
duration of time. This points to the enhanced sinking rate of
mud particles and their accumulation on the bottom of the
mixing tank in the presence of road salts even when they are
experiencing a turbulent mixing condition comparable to when
they are being advected by the streamflow (for example the
lowermost Mississippi River.44)
In the settling test with decaying turbulence (mixer turned

off), the DI water lost about 1% of its initial turbidity over a 15
min period (Figure 3b), indicating the dispersed and small
nature of the particles in the water column that makes them
harder to settle out. The decrease in turbidity in the unaltered

streamwater experiment was approximately 15% over the same
period of time. The rate of clearance was considerably higher
in the road salt experiments, indicating that the majority of the
mud was bound in larger flocs that were sufficient in size to
settle out of the suspension quickly. The water containing
mixed road salt lost 48% of its turbidity, slightly less than that
of the magnesium chloride and calcium chloride experiments
where turbidity decreased by 66% and 72%, respectively, over
the same time period.

Advective Length Scale. As flocs grow larger, their
settling velocity increases. Concentration-weighted settling
velocities for the suspension were calculated from each
experiment using the measured particle/floc sizes and eq 1.
These suspension average values of ws for G = 35 s−1 are
presented in Table 2. The highest settling velocities belonged
to the experiment with magnesium chloride where the
calculated settling velocity was just above 1 mm s−1. The
settling velocity for the experiment with unaltered streamwater
was about 56% of that with calcium chloride and 60% of that
with magnesium chloride.
Settling velocity affects the duration of time that mud stays

in the water column before coming in contact, on average, with
the bed while being advected downstream by the streamflow.
The advective length scale, Ladv = h U/ws, is a scale or measure
of this time or length. Specifically, Ladv represents the distance
downstream traveled by a particle with a settling velocity of ws
starting from the free surface traveling over a depth of h while
being advected downstream at an average velocity of U.
Another way to conceptualize Ladv is the distance downstream
from a sediment source needed to clear the water column of
sediment assuming that there is no further source of sediment
input from the resuspension of deposited sediment or input
from tributaries or the land surface. Here, Ladv is calculated for

Figure 3. Time series of normalized turbidity at (a) turbulent shear
rate of 20 s−1 and (b) stagnant water.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.1c00300
ACS EST Water XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsestwater.1c00300?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00300?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00300?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00300?fig=fig3&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.1c00300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a range of flow depths and velocities using the calculated
settling velocities from the flocculation tests to further
contextualize the significance of road-salt-mediated floccula-
tion and potential deposition of mud to the streambed.
Representative poststorm stream depths of 1 and 5 m and
average stream velocities of 0.5 and 1.5 m s−1 were considered
for the estimates. At U = 1.5 m s1 and h = 5 m, adding salt
reduced the advective length scale from 12.7 km for the
unaltered streamwater to 7.1 km for magnesium chloride and
7.6 km for calcium chloride (Table 2). For the same flow
conditions, the advective length scale was 52.5 km for DI
water. Similar reductions were found at other combinations of
depth and velocity. These estimates are all within the range 3−
400 km that was calculated using a formulation similar to eq 2
for sediment travel distance in rivers in Intermountain West at
near bankfull discharge.45

■ DISCUSSION AND CONCLUSION
The presence of road salt in the streamwater we used in our
tests affected the flocculation potential of the suspended mud.
In the presence of road salts, the vast majority of the fine
sediment aggregated into floc structures (Figure 1). Flocs did
exist in the natural or unaltered streamwater without the
addition of salt. However, the distribution of particle sizes in
the unaltered streamwater was bimodal with much of the mud
existing as very small aggregates or unflocculated mud. The
addition of the road way salt resulted in the formation of large
flocs with a more unimodal distribution and an overall increase
in average size. Consequently, the suspension with road salts
experienced a larger amount of settling within the tank. The
reason for this enhanced flocculation is that, as ions
concentration increases (particularly cations and more

importantly divalent and multivalent cations), the thickness
of the double layer decreases and allows for the attraction force
to overcome the repulsion force, leading to the formation of
aggregates.
The contrast between flocs formed in the road salt

experiments and those in the unaltered streamwater is evident
across all lower shear rates. For instance, at a shear rate of 35
s−1, the median floc size in the experiment with mixed road salt
was almost 40% higher than that in the unaltered streamwater
experiment. This was true even though a few larger flocs with
df > 150 μm did form in the unaltered streamwater experiment
(Figure 2). Size increases of this amount led to increases in
settling velocity of 56% according to eq 1 and a decrease in the
advective transport length scale of the same amount. A
stronger flocculation response (a larger increase in settling
velocity and clearance rate of sediment from the mixing tank)
than that due to the mixed salts was observed in the
experiments with magnesium chloride and calcium chloride.
The more pronounced effect is likely due to the divalent nature
of magnesium and calcium cations compared to the
monovalent sodium cations that are in the mixed road salt.
The presence of more than one positive charge can also
facilitate divalent cation bridging (DCB) and enhance
flocculation.46

In all cases with salt, the calculated advective length scale
based on typical conditions in Stroubles Creek was smaller
than the advective distance of mud, 10 km, estimated by
Pizzuto in 201447 for the South River, Virginia, USA using
concentration of sediment-bound mercury in sediment cores.
While our estimates of this length scale are based on assumed
hydraulic conditions and do not consider re-entrainment of
freshly deposited mud, the calculated values and measured
change in floc sizes suggest that the addition of road salts at
levels comparable to those that have been observed in
southwest Virginia, USA could potentially have an impact on
the transport dynamics of mud in streams and rivers.
A broader implication of our study finding is that negative

impacts of road salt on stream ecosystems may extend past that
of toxic salinity levels for freshwater organisms. Sedimentation
of fine sediment to streambeds is a leading cause of stream
impairment.48 In this study, we have demonstrated that road
salts have the potential to significantly increase floc size and
thereby increase the settling velocity and deposition rates
relative to suspensions unaffected by road salts. We propose
that this increase in deposition rate could lead to an increase in
the accumulation rate of fine sediment on river beds. While
this proposition of increased net accumulation due to the
increase in floc size was born out in our laboratory mixing tank
experiments (with visual observations of deposition on the
bottom of the tank being greater and OBS readings being
lower for the cases with salts), our experiments cannot confirm
whether or not the increase in deposition rate would ultimately
lead to an increase in accumulation rate in natural streams.
Resuspension rates within the tank and natural rivers are likely
to differ, and it is possible that the potential of the stream to
entrain deposited sediment could be significant enough to re-
entrain any extra mud that makes it to the bed as a result of
enhanced floc size.
While we find that our data suggest that the use of road salts

has the potential to alter mud transport dynamics and
accumulation rates in streambeds, we must also stress that
additional work is needed to confirm or deny our proposition.
As mentioned above, accumulation rate is the net outworking

Table 2. Advective Length Scale (Ladv) and Settling Velocity
(ws) at Different Flow Depths (h) and Average Stream
Velocities (U) at a Representative Turbulent Shear Rate of
35 s−1

experiment
water/salt

type ws [mm s−1] U [m s−1] h [m] Ladv [km]

1 DI water 0.12 0.5 1 4.2
0.5 5 20.8
1.5 1 12.5
1.5 5 52.5

2 unaltered
water

0.59 0.5 1 0.8

0.5 5 4.2
1.5 1 2.5
1.5 5 12.7

3 mixed road
salt

0.92 0.5 1 0.5

0.5 5 2.7
1.5 1 1.6
1.5 5 8.1

4 calcium
chloride

0.99 0.5 1 0.5

0.5 5 2.5
1.5 1 1.5
1.5 5 7.6

5 magnesium
chloride

1.05 0.5 1 0.5

0.5 5 2.4
1.5 1 1.4
1.5 5 7.1
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of both deposition rate and entrainment rate of sediment. Our
study focused only on how the addition of road salt altered floc
size and therefore the settling velocity and deposition rate of
the mud in a laboratory tank. We did not measure
accumulation or entrainment rates in the field. Furthermore,
our experiments were conducted using mud and water samples
only from one particular stream. It remains unknown as to how
widespread the flocculation behavior of suspended stream mud
in the presence of road salts that we observed is. Therefore,
while our study points to a potential link between road salt use
and the health of streams through the pathway of alterations to
mud transport dynamics, it also is a call for additional work,
particularly field studies, on this topic.
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