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ABSTRACT: The potential of freeze−thaw cycles to release
colloids and colloid-associated contaminants into water is unknown.
We examined the effect of freeze−thaw cycles on the mobilization of
cesium and strontium in association with colloids in intact cores of a
fractured soil, where preferential flow paths are prevalent. Two
intact cores were contaminated with cesium and strontium. To
mobilize colloids and metal cations sequestered in the soil cores,
each core was subjected to 10 intermittent wetting events separated
by 66 h pauses. During the first five pauses, the cores were dried at
room temperature, and during last five pauses, the cores were
subjected to 42 h of freezing followed by 24 h of thawing. In
comparison to drying, freeze−thaw cycles created additional
preferential flow paths through which colloids, cesium, and
strontium were mobilized. The wetting events following freeze−
thaw intervals mobilized about twice as many colloids as wetting events following drying at room temperature. Successive wetting
events following 66 h of drying mobilized similar amounts of colloids; in contrast, successive wetting events after 66 h of freeze−
thaw intervals mobilized greater amounts of colloids than the previous one. Drying and freeze−thaw treatments, respectively,
increased and decreased the dissolved cesium and strontium, but both treatments increased the colloidal cesium and strontium.
Overall, the freeze−thaw cycles increased the mobilization of metal contaminants primarily in association with colloids through
preferential flow paths. These findings suggest that the mobilization of colloid and colloid-associated contaminants could increase
when temperature variations occur around the freezing point of water. Thus, climate extremes have the potential to mobilize
contaminants that have been sequestered in the vadose zone for decades.

■ INTRODUCTION
Extreme weather patterns, including a warmer climate, increases
in the frequency of heavy rainfall, and increases in the
frequency of the freeze−thaw cycle, are altering hydrology
above and below ground.1,2 Freeze−thaw cycles have been
shown to change the physical,3,4 chemical,5,6 and biological7

properties of soils. Freezing and thawing break up soil
aggregates,8,9 and soil disaggregation is often linked to
generation of colloids in soils.10 Colloids can enhance the
transport of certain contaminants,11 including many of the
radioactive elements found at U.S. Department of Energy
(DOE) sites.12 The effect of freeze−thaw cycles on the fate and
transport of these contaminants is unknown.
Colloids and contaminants are mobilized by the water that

infiltrates during rainfall and snowmelt. Typically, rainfall and
snowmelt result in transient flow through soils. Transient flow
is marked by wetting and drying cycles that result in high and
low moisture contents. Variation of the moisture content
promotes colloid mobilization.13 Thus, transient infiltration
mobilizes more colloids14−16 and contaminants17 than steady
infiltration. The release of colloids during transient infiltration
has been related to the antecedent moisture content of the soil,
which depends upon the duration of the drying cycle.15

Prolonged drying decreases the soil moisture content and
lowers the capillary pressure (toward more negative values),
and this reduction in capillary pressure can contribute to the
generation of colloids by collapsing soil pore walls.15,18

Similar to drying, freezing can alter the structure of soils.
During freezing, water expands to form ice, and the expansion
creates pressure on pore walls that breaks up soil aggregates.9

Freeze−thaw cycles can increase the hydraulic conductivity of
soil19 and the transport of colloids, including bacteria, through
soils.20 Freeze−thaw cycles may generate soil colloids by (1)
soil disaggregation and (2) differential freezing. Differential
freezing is the freezing of water in macropores before water in
the soil matrix, which occurs because of the higher (less
negative) capillary pressure in the macropores compared to that
of the soil matrix.21 When the water in the macropores freezes,
water moves from the soil matrix to the macropores and the
capillary pressure in the soil matrix decreases or becomes more
negative. The decrease in capillary pressure in the soil matrix
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may generate colloids, as it does when soil drying results in
capillary pressure reduction.15 These colloids can carry
contaminants. Thus, freeze−thaw cycles could potentially
mobilize colloids and colloid-associated contaminants.
This study aimed to evaluate the effect of freeze−thaw cycles

on the mobilization of colloids and colloid-associated metal
cations from soil. We hypothesized that freezing would
generate more colloids and enhance the transport of colloids
and colloid-associated contaminants through soil because the
formation of ice during freezing can disrupt soil aggregates and
mobilize colloid-containing contaminants. To test the hypoth-
eses, we collected intact soil cores of a fractured soil and
contaminated the cores with cesium and strontium. The
contaminated cores were subjected to five dry−wet cycles at
room temperature and five dry−wet cycles with intervening
freeze−thaw cycles. The mobilization of colloids, dissolved
metal cations, and colloid-associated metal cations was
monitored during rainfall following each cycle. The results of
the two treatments were compared to assess the effect of
freezing and thawing on the fate and transport of colloids and
contaminants.

■ EXPERIMENTAL SECTION
Intact Soil Core Sampling. Intact soil cores were collected

from the bottom of a hill slope in the Melton Branch watershed
on the grounds of the Oak Ridge Reservation, TN.22 The soil
consists of fractured shale saprolite that has been weathered by
1300 mm year−1 of rainfall. Infiltrating water predominantly
passes through the bedding planes and fractures, which are
coated with iron(III) and manganese oxyhydroxides and
translocated clay minerals.23 Intact soil cores were collected
using a hand-sculpting method described elsewhere.23 Vegeta-
tion and the O layer of the soil were removed from the sample
sites. Cylinders of soil in the A horizon were excavated and
trimmed to fit inside polyvinylchloride (PVC) pipes of 30.5 cm
height and 25.4 cm width. The gap between the PVC pipe and
the soil cylinder (approximately 1.2 cm) was filled with
polyurethane-expandable foam (U.S. Composites, Inc., FL).
Experimental Setup. Colloid mobilization experiments

were conducted using a setup consisting of a rainfall distributor,
the soil core, and a sampling grid (see Figure S1 of the
Supporting Information). Rainfall was simulated by dripping
water from the rainfall distributor through 85 stainless-steel
needles (25 gauge). The intact core was placed under the
rainfall distributor and on top of a sampling grid with 19 ports
to monitor the heterogeneity of infiltrating flow during a
rainfall. The number of flowing ports was used as an indicator
of the existence of preferential flow paths. Each port captured
water flowing through an area of 11.4 cm2; the total collected
area was 340 cm2. The water flowed to each port from the
bottom surface of the soil core under zero tension and drained
into a funnel (high-density polyethylene) connected to a 300
mL bottle. Water flowing near the perimeter of the soil cores,
which may contact with foam or PVC pipe, was collected in a
channel of 1.3 cm width around the sample ports to be
discarded.
In preliminary rainfall experiments with soil cores of full

height (30.5 cm), we observed that the bedding plane fractures
carried most of the infiltrating water to the walls of the core
because the fractures intersected the core walls.24 To avoid this
problem, the soil cores were cut to a height of 15 cm.
A soil moisture probe (Delta-T Devices, Theta Probe

MLX2) was inserted through the side of the core at 7.5 cm

below the soil surface. The probe extended 6 cm into the soil.
The probe was interfaced with a computer through a data
logger (DATAQ Instruments, DI 710) to record and store
moisture content at 1 min intervals.

Experimental Procedure. To quantify the effect of
freeze−thaw cycles on the mobilization of cesium and
strontium with colloids, we subjected the soil cores to three
treatments: (1) application of cesium and strontium on the soil
core, (2) mobilization of cesium and strontium by five cycles of
rainfall following drying intervals at room temperature
(collectively referred as dry−wet cycles), and (3) mobilization
of cesium and strontium by five cycles of rainfall following
freezing and thawing intervals (collectively referred as freeze−
thaw cycles). The sequences of treatment steps are provided in
Figure S2 of the Supporting Information.
To contaminate the soil cores, a rainfall solution containing

1 mM CsBr (99.99%, Argo Chemical) and 1 mM SrBr2 (99.9%,
MP Biochemicals) in high-purity water (18.1 MΩ cm−1) was
applied at a rate of 2.5 cm h−1 for 51 h. The concentrations
used in this study represent typical concentrations of cesium
and strontium in a waste plume generated by leaking storage
tanks at the Handford Reservation.25 The contaminant solution
was followed by rainfall applications of 4 mM NaNO3 for 17 h
to flush the contaminants from pore water with solution of
similar ionic strength and 0.01 mM NaNO3 for 24 h to simulate
the application of rainwater. During the application of the 0.01
mM NaNO3 solution, the total concentrations of cesium and
strontium decreased below 0.1% of the injected concentrations,
which indicates that the contaminated pore water had been
mostly displaced by the uncontaminated rainwater. Following
contamination of the soil cores, the release of the metals
accumulated in the soil matrix was monitored in five dry−wet
cycles. During each cycle, the wet soil core was drained by
gravity (for approximately 30 min) and left to dry in the
laboratory at 22 ± 2 °C for 66 h prior to application of
rainwater (0.01 mM NaNO3) for 6−7 h at 2.5 cm h−1. To
compare the effect of freezing to drying on the release of metals
and colloids, the same soil core was subjected to five freeze−
thaw cycles after completion of dry−wet cycles at room
temperature. A freeze−thaw cycle differs from a dry−wet cycle
by additional freezing and thawing steps, which was carried out
between two wetting events. A freeze−thaw interval was
marked by freezing the soil core at −15 °C for 42 h after
gravitational drainage followed by thawing in the laboratory at
22 ± 2 °C for 24 h. During freezing, the soil core was placed on
a foam sheet and kept inside a freezer. Although we have not
measured the direction of freezing, thermal insulation of the
soil core by the PVC pipe and expandable foam along the sides
and by the foam sheet at the core base may cause the freezing
front to propagate from the surface of the soil core, similar to
how soil freezes in nature. After each freeze−thaw interval, the
release of metals and colloids was monitored by application of
rainwater similar to that of dry−wet cycles. Samples collected
during application of rainwater were analyzed, whereas no
samples were analyzed after gravitational drainage as flow
ceased. The experiments were repeated using a duplicate core.

Analysis of Water Samples. The water samples were
analyzed for pH, turbidity, cesium, and strontium. Effluent pH
was measured using a pH/ion-selective electrode meter (Orion
720A) and a combination electrode (Orion 8102BNU).
Turbidity was measured using a turbidity meter (Hach
2100N). The measured turbidities were converted to colloid
concentrations (mg L−1) using a calibration curve of the total
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Figure 1. Flux and number of active ports in the dry−wet and freeze−thaw experiments. The arrows mark the start of rainfall after drying at room
temperature or freeze−thaw intervals. The x axis represents cumulative duration of rainfall that does not account for the 66 h drying and 66 h
freeze−thaw treatments.

Figure 2. Concentration and cumulative mass of colloids mobilized as a function of the total volume of water infiltrated through two cores during
dry−wet and freeze−thaw experiments. The arrow marks indicate the start of rainfall after a freeze−thaw cycle or dry−wet cycle.
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suspended sediment concentration versus turbidity. The
suspended particle concentration was measured by drying
colloid suspensions (20 mL) of increasing turbidity in
preweighed aluminum cups in an oven at 104 °C and weighing
the mass of the dried colloids. The contribution of total
dissolved solids to the suspended sediments was estimated as
less than 1% based on a conversion of the maximum electrical
conductivity (25 μS cm−1) to total dissolved solids. Cesium and
strontium concentrations were measured using inductively
coupled plasma−mass spectrometry (ICP−MS; Perkin-Elmer
SCIEX Elan DRC-e) and reported as total (unfiltered samples)
and dissolved (filtrate from 0.2 μm nylon syringe filter)
concentrations. The concentration of cesium and strontium
associated with colloids was calculated as the difference
between the total and dissolved concentrations. Cesium and
strontium that passed through the 0.2 μm filters, the smallest
pore size that did not result in rapid clogging, were considered
to be dissolved, which may result in an overestimation of
dissolved cesium and strontium in the effluent. The mineralogy
of the soil and the colloids mobilized during dry−wet and
freeze−thaw cycles was characterized by X-ray diffraction
(XRD) analysis and acid digestion test (see the Supporting
Information).

■ RESULTS

Effect of Freezing on Preferential Flow of Water. The
number of active ports, an indicator of preferential flow, was
higher in freeze−thaw experiments than dry−wet experiments
(Figure 1). The number of active ports nearly doubled after five
freeze−thaw cycles, although the flux of water through the
entire core (sum of all ports) did not change during dry−wet
and freeze−thaw experiments. During the wetting periods, the
moisture content of cores was 82 ± 3% (average ± standard
deviation), which was reduced to 76 ± 2% after gravitational
drainage because of evaporation of water from top and bottom
surfaces of the soil cores. Following drainage, a 66 h drying at
room temperature reduced the moisture content of cores to 53
± 4%, whereas a 42 h freezing and 24 h thawing process
reduced the moisture content to 68 ± 3%.

Colloid Mobilization. Successive dry−wet cycles at room
temperature did not increase the amount of colloids mobilized,
but successive freeze−thaw cycles increased the total amount of
colloids mobilized in each rainfall event (Figure 2). Rainfalls
after five freeze−thaw cycles mobilized twice the amount of
colloids as rainfall after five dry−wet cycles. After five freeze−
thaw cycles, the infiltrating water mobilized colloids with a
cumulative mass of 4.3 g in the first core compared to 2.0 g of
colloids mobilized during five dry−wet cycles. The results in
the second core were consistent with the first core4.2 g of

Figure 3. Total, dissolved, and colloidal concentrations of cesium and strontium mobilized from a soil core as a function of the cumulative volume of
infiltrating water during the dry−wet and freeze−thaw experiments. The gray lines indicate the start of rainfall after a drying or freeze−thaw interval.
The method detection limits for strontium and cesium are 0.2 and 0.3 μg L−1, respectively. Results from the duplicate core are provided in Figure S3
of the Supporting Information.
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colloids were mobilized during the freeze−thaw cycles
compared to 2.1 g mobilized during the dry−wet cycles (see
Table S1 of the Supporting Information). The mineral
properties of colloids mobilized after drying or freeze−thaw
cycles are provided in Tables S2 and S3 of the Supporting
Information.
Colloid-Facilitated Transport of Cesium and Stronti-

um. Dissolved, colloidal, and total effluent concentrations of
cesium were generally greater than those of strontium for both
the dry−wet and freeze−thaw cycles (Figure 3 and Figure S3 of
the Supporting Information). For both metal contaminants,
colloid-facilitated transport was more apparent during freeze−
thaw cycles compared to dry−wet cycles; that is, the relative
fractions of cesium and strontium associated with colloids were
greater in the freeze−thaw experiments than those in the dry−
wet experiments (see Figure S4 of the Supporting Informa-
tion). Following drying or freeze−thaw cycles, the total and
colloidal concentrations of cesium and strontium peaked at the
start of wetting events and decreased as the wetting event
progressed. The dissolved concentrations show an opposite
trend in response to both treatmentsthe dissolved
concentrations dipped following drying at room temperature
but peaked following freeze−thaw cycles.

■ DISCUSSION

Role of Freeze−Thaw Cycles on Preferential Flow of
Water. The presence of few active ports during dry−wet and
freeze−thaw cycle suggests that water bypassed a major fraction
of the soil matrix and flowed through preferential channels.
Preferential flow occurred likely through the fractures located
parallel to the bedding planes in the soil because the hydraulic
conductivity in the fractures is several orders of magnitude

greater than the hydraulic conductivity in the clay-rich soil
matrix.26

Nearly twice the number of active ports in the freeze−thaw
experiments compared to dry−wet experiments indicates an
increase in the preferential flow paths because of freeze−thaw.
These results suggest that expansion and contraction of water
during freeze−thaw cycles could create new fractures or widens
the interconnected microfractures in the soil matrix, resulting in
the formation of new preferential channels. An increase in the
number of active ports with a successive freeze−thaw cycle
further supports this idea. These new or widened fractures may
provide a passage for rainwater from the existing fractures to
the previously unexposed soil matrix.
Taber27 provided a conceptual framework supported by

experimental evidence to explain the propagation of the
freezing front in soil during frost heave, which could also
explain the link between freeze−thaw and the creation of
preferential flow paths. The author showed that the growth of
ice crystals inside soil depends upon the moisture content of
soil and soil property. A higher moisture content favors greater
ice formation. Once the ice is formed in one location, water
flows from surrounding regions to support the growth of ice
crystals. Consequently, the propagation of a freezing front
depends upon how quickly water is supplied to the freezing
front. Because nearly 70% of the soil cores were filled with
water before the freeze−thaw cycles, the ice front could have
penetrated into soil matrixes through water-filled fractures and
microfractures. Additionally, a major fraction of soil core
consisted of clay, which conducts water too slowly to sustain
the growth of the freezing front.27 Thus, the fractures created
by the growth of ice crystals did not penetrate throughout the
soil core, as was indicated by the large number of inactive ports
in both cores.

Figure 4. Illustration showing the effect of dry−wet and freeze−thaw cycles on the mobilization of colloids and metal cations. During drying,
capillary pressure could break pore walls and generate colloids. The dissolved cesium and strontium increased because of their diffusion from the
matrix to preferred flow paths. During freezing, pressure from expanding ice crystals could create or widen fractures or preferential flow paths in soil
matrices and generate colloids. The dissolved cesium and strontium could decrease because of precipitation with secondary minerals and subsequent
dilution during ice melt.
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Role of Freeze−Thaw Cycles on the Mobilization of
Colloids. More colloids were released because of freeze−thaw
cycles compared to dry−wet cycles at room temperature.
DeNovio et al.11 summarized various processes that mobilize
colloids during intermittent flow. Because draining and wetting
occur in dry−wet and freeze−thaw cycles, the difference in
colloid mobilization is attributed to the generation of colloids
during both treatments. We provide a conceptual figure
illustrating the differences in the colloid mobilization
mechanism during dry−wet and freeze−thaw cycles (Figure
4). On the basis of a capillary model proposed by Michel et
al.,18 the difference in capillary pressure between a drained pore
and an adjacent undrained pore could be strong enough to
break the wall between the pores and mobilized colloids.
Because the mobilization of colloids depends upon the duration
of the interval between rainfalls,15 we expected a similar amount
of colloids to be mobilized during successive rainfalls of the
same interval. While successive dry−wet cycles did not change
the amount of colloid mobilized in each cycle, each successive
freeze−thaw cycle mobilized more colloids than the previous
cycle, indicating a different colloid mobilization process during
freezing. We suggest that propagation of the freezing front and
the resultant disintegration of the soil could generate colloids.
Freezing causes expansion of water in the soil pores, and the
expansion may break up soil aggregates,8,9,28 generating
colloids. Colloids may also be mobilized by frost heave.29

During frost heaving, water on the surface of soil freezes in
contact with air at subfreezing temperatures. The nucleated ice
is surrounded by a film of supercooled water that is gradually
frozen. The water from nearby pores flows toward the freezing
front and forms ice. The expansion of the freezing front may
cause scouring and colloid formation. Because each freeze−
thaw cycle created new fractures, indicated by the increase in
the number of active ports, these factures could expose a
greater soil area to expansion by freezing, thereby increasing the
colloid mobilization in successive freeze−thaw cycles.
XRD results show that the colloids contained larger fractions

of clay minerals and iron oxide than the soil from which
colloids were generated. This result indicates that clay and iron
oxides are disproportionally mobilized from soil during dry−
wet and freeze−thaw experiments. The iron(III) and
manganese oxyhydroxides and clay minerals are translocated
within the bedding planes and fractures in soil because of heavy
weathering of soil over years.30 Transient conditions during
freeze−thaw and dry−wet cycles mobilized the colloids
enriched with metal oxides and translocated clay minerals.
These results have several environmental implications because
metal oxides and clay minerals have larger surface areas than
quartz and other minerals for sorption and mobilization of
many contaminants.
Mineralogical and elemental analyses of the colloids further

support our hypothesis that freeze−thaw could affect the soil
matrix that is not accessed by infiltrating water during dry−wet
cycles. The colloids mobilized during freeze−thaw experiments
have more quartz and less clay minerals than the colloids
mobilized during dry−wet experiments. It appears that the
pressure generated because of successive expansion and
contraction of water and ice during freeze−thaw cycles could
break a fraction of the soil minerals dominated by quartz
fragments. On the other hand, capillary pressure, which is the
dominant force for the generation of colloids during dry−wet
cycles at room temperature, may not mobilize quartz colloids.

Mobilization of Cesium and Strontium by Freeze−
Thaw. Our results suggest that colloid-facilitated transport of
cesium and strontium is greater because of the mobilization of
greater amounts of colloids in the freeze−thaw experiments
than that in dry−wet experiments at room temperature. Drying
and freezing increased the mobilization of colloidal cesium and
strontium but had a contrasting effect on the transport of the
dissolved fractions. An increase in the contaminant concen-
tration in pore water during flow interruption of the dry−wet
cycles was expected because of diffusion of contaminants from
matrix pore water to the preferred flow path in the soil core.31

Interestingly, flow interruption during freeze−thaw cycles
reduced the dissolved cesium and strontium. This reduction
is attributed to three processes that occurred during freeze−
thaw cycles. First, dissolved cesium and strontium could co-
precipitate or sorb on secondary minerals that are precipitated
as a result of salt exclusion from ice crystals during freezing.32

Second, the dissolved cesium and strontium could adsorb on
the soil exposed during the formation of new fractures. Third,
melting of ice during thawing could further dilute the remaining
dissolved cations in the pore water. The colloidal concentration
increased because of dry−wet and freeze−thaw cycles, although
the total amounts of colloidal cesium and strontium were
greater during freeze−thaw than dry−wet cycles. A net increase
in the concentration and cumulative mass of cesium and
strontium associated with colloids during freeze−thaw cycles
indicates that more colloids were generated from previously
contaminated soil than from freshly exposed soil. Increases in
the colloidal concentration of both strontium and cesium
support the relevance of colloid-facilitated transport as a major
process for the migration of contaminants in the subsurface
under these extreme conditions.
Greater quantities of cesium were associated with colloids

compared to strontium because of a difference in binding
strengths to colloids. The strength of sorption of cations to
colloids depends upon whether sorption occurs through the
formation of either inner-sphere or outer-sphere surface
complexes or the simple accumulation of an ion swarm near
the colloid surface without complex formation. For example,
cesium forms stronger surface complexes with illite by ion
exchange and inner-sphere complexation to frayed-edge
(surface hydroxyl) sites, whereas strontium binds with illite
by ion exchange only. The transport of readily desorbing
strontium is not effectively facilitated by colloids compared to
slowly desorbing cesium.33 XRD confirmed the presence of
illite in the mobilized colloids, which could contribute to a
larger fraction of cesium in the soil compared to strontium.

Environmental Implications. Our study provides evi-
dence that freeze−thaw cycles enhance the mobilization of
colloids and associated metal cations. We show that frequent
freeze−thaw cycles could mobilize the contaminants seques-
tered in the soil matrix that is exposed by cracks formed during
freezing of water. The implication of this study is relevant to the
management of sites contaminated with heavy metals and
radioactive wastes. Previous studies34,35 that examined colloid-
facilitated transport of radionuclides did not use antecedent
conditions, in particular, freeze−thaw during winter, to estimate
the long-term release of contaminants. Our results show that
extreme weather patterns because of climate change could shift
the equilibrium of contaminants and could potentially increase
the mobilization of sequestered contaminants. Our experi-
ments, however, simulate the effect of freeze−thaw cycles on
the mobilization of colloids and contaminants under extreme
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conditions, which may differ from many natural settings. For
instance, deeper soil is not affected by freeze−thaw cycles
because freezing of the forest floor under natural conditions is
limited to a depth of 20 cm.
The results of this study are also relevant to remediation

schemes that require accessing contaminants sequestered in the
soil matrix.36 For example, solidification or stabilization is an
effective remediation strategy that uses chemical reagents to
enhance precipitation of heavy metals. The success of this
technique depends upon how well the contaminated soils are
accessed, which is usually hindered by soils of low permeability.
Application of chemical reagents after several freeze−thaw
cycles during winter may increase the effectiveness of the
remediation process.
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