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ABSTRACT: Exchange of water and solutes between contaminated soil matrix and
bulk solution in preferential flow paths has been shown to contribute to the long-term
release of dissolved contaminants in the subsurface, but whether and how this exchange
can affect the release of colloids in a soil are unclear. To examine this, we applied
rainfall solutions of different ionic strength on an intact soil core and compared the
resulting changes in effluent colloid concentration through multiple sampling ports.
The exchange of water between soil matrix and the preferential flow paths leading to
each port was characterized on the basis of the bromide (conservative tracer)
breakthrough time at the port. At individual ports, two rainfalls of a certain ionic
strength mobilized different amounts of colloids when the soil was pre-exposed to a
solution of lower or higher ionic strength. This result indicates that colloid
mobilization depended on rainfall solution history, which is referred as colloid
mobilization hysteresis. The extent of hysteresis was increased with increases in
exchange of pore water and solutes between preferential flow paths and matrix. The
results indicate that the soil matrix exchanged the old water from the previous infiltration with new infiltrating water during
successive infiltration and changed the pore water chemistry in the preferential flow paths, which in turn affected the release of
soil colloids. Therefore, rainfall solution history and soil heterogeneity must be considered to assess colloid mobilization in the
subsurface. These findings have implications for the release of colloids, colloid-associated contaminants, and pathogens from
soils.

■ INTRODUCTION

Soil typically removes contaminants from infiltrating water and
prevents possible groundwater contamination. However, the
contaminated soil may become a long-term source of
contaminants due to potential release of biocolloids and
colloid-associated chemicals.1−3 Therefore, understanding the
processes that contribute to the long-term release of colloids
and colloid-associated contaminants in soils can help assess and
mitigate the risk of groundwater contamination.
During rainfall, colloids can be released from a soil by several

processes: scouring by air−water interfaces, shear from flow
rate increases, expansion of water films, increase in pH or
dissolved organic carbon concentration, and decrease in ionic
strength of infiltrating water.4 Among these factors, pH, ionic
strength, and dissolved organic carbon affect the interaction
energy between colloids and collector surfaces (e.g., soil
grains).2 For instance, as ionic strength decreases, the
interaction energy between colloids and collector surface
decreases below the kinetic energy of colloids, and this results
in a spontaneous release of colloids.5

Colloid mobilization also depends on soil heterogeneity.6 In
general, soils are physically heterogeneous and contain
preferential flow paths including bedding planes, cracks, and
plant roots.7 During dry−wet cycles, these flow paths play a
critical role in generation,8 distribution,9 and transport10 of
colloids in the subsurface. Due to a large difference between

water infiltration rates in preferential flow paths and the soil
matrix, water in preferential flow paths can be considered
“new”, and water in the soil matrix can be considered “old”. Old
water may also reside in water packets trapped in dead-end
pores and intra-aggregate waters. The locations where old water
resides have been referred to as the immobile region.11 The old
water in immobile regions can interact with the new water in
preferential flow paths by exchanging water and solute due to a
difference in their solution chemistry and water potentials (the
sum of potential energy contributed by gravity, surface tension,
and osmosis).12 Furthermore, water may exchange between
preferential flow paths and the soil matrix during wetting,
gravity drainage, and drying.13 During gravitation drainage, a
high flow rate in macropores causes the development of slight
negative pressure, which in turns causes the emptying of
macropores.13 However, during drying, capillary-induced water
flow could drive water flow from macro- and mesopores to
hydraulically connected micropores.14 The water exchange has
been shown to contribute to the long-term release of dissolved
contaminants from a contaminated soil matrix,15,16 but whether
and how the exchange can affect the long-term release of
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colloids or particulate contaminants in soil are poorly
understood.17−19 Experimental design in most of the studies
on colloid mobilization is inadequate to help probe the
interaction between preferential flow paths and the soil matrix.
For instance, most studies that examined colloid retention or
release used packed homogeneous soils,20 but this method
destroys the preferential flow paths in a soil and thus results in
an underestimation of colloid and contaminant transport in the
soil.21 Only a few studies have examined the mobilization of
colloids in intact soil cores,6,8,22,23 and they all collected a
composite water sample from the entire soil core. Thus, they
did not evaluate how colloid mobilization is affected by water
exchange between preferential flow paths and the soil matrix.19

We examined the effect of water exchange between
preferential flow paths and the soil matrix on the mobilization
of colloids in a heterogeneous soil. We hypothesized that pore
water and solute exchange between preferential flow paths and
the soil matrix would affect solution chemistry in the
preferential flow paths and would consequently affect colloid
mobilization. To test the hypothesis, we intermittently applied
rainfall solution at multiple ionic strengths on an intact core of
a fractured soil. We then compared the resulting changes in
colloid concentration and specific conductivity of effluent from
different preferential flow paths. On the basis of bromide
transport through ports during intermittent wetting cycles, the
exchange of pore water between preferential flow paths and the
soil matrix was characterized and then linked to colloid
mobilization at the ports during applications of solutions at
different ionic strength.

■ MATERIALS AND METHODS
Intact-Soil-Core Sampling. Intact soil cores were collected

from the bottom of a hill slope in the Melton Branch watershed
in Oak Ridge Reservation in Tennessee. This site had been
used in many studies to examine the effect of macropores on
solute transport in the subsurface.9,10,24−29 The soil consists of
fractured shale saprolite with distinct bedding planes and
fractures where pore sizes are classified as micropores (<10
μm), mesopores (10 to 1000 μm), and macropores (>1000
μm).30 Macropores and mesopores occupied nearly 0.17% of
total soil volume,28 but they conduct over 96% of infiltrating
rainwater during a typical rainfall.24,31,32 Micropores conduct
water during drying periods after gravitation drainage.30 The
saturated hydraulic conductivity of the soil at the field site was
estimated in a previous study,33 and it ranges between 4 × 10−6

to 1 × 10−4 m s−1. This site receives an average annual rainfall
of 130 cm y−1, which accelerates the weathering clay minerals
and iron and manganese oxides. The infiltrating rainwater
carries the minerals to fracture and microfracture surfaces.24

These locations are found to be major sources for colloids in
this soil.9 Illite is the primary clay mineral in the soil. Cation-
exchange capacity of the soil varies between 7 to 16 cmolc
kg−1.24 Due to extensive weathering, the soil core is expected to
have limited nutrients (N, P, and C).24

Using the intact soil cores collected from the field site, we
have previously examined how subsurface colloid mobilization
is affected by colloid size,10 dry−wet cycles,9 and freeze−thaw
cycles.29 These studies provided a detailed description of intact
core sampling at the field site. Briefly, the core sampling
involved the removal of vegetation and the O-layer of the soil
followed by isolation of a soil cylinder within the A horizon.
The cylinder was trimmed to fit inside polyvinyl chloride
(PVC) pipes of 30.5 cm height and 25.4 cm diameter with gaps

of about 1.2 cm between the pipe wall and the soil core. The
gap was filled with polyurethane expandable foam (U.S.
Composites, Inc.) to secure the core to the pipe, and then
the core was carefully dislodged from the underlying soil and
stored at 4 °C prior to its use in the experiment.

Experimental Setup. A detailed description of the
experimental setup is provided elsewhere.10 The experimental
setup consisted of a rainfall simulator, a soil core, and a 19 port
sampling grid. A rainfall simulator equipped with 85 needles
(25 gauges) was used to distribute solutions uniformly on top
of the intact core. The sampling grid with 19 ports at the core
base channeled pore-water effluent from different sections of
the soil core into sample collection tubes. Each port captured
water that drained through the 11.4 cm2 base area under zero
tension; the total collected area at the core base was 340 cm2

(Figure 1). To separate water that flowed near the wall from

the water that flowed through the soil core, we routed and
discarded water drained near the perimeter of the core to a
channel (1.3 cm width) around the sample ports. In preliminary
experiments with the full-height (30.0 cm) soil core, we
observed that the slanted bedding plane fractures carried most
of the infiltrating water to the core walls. To minimize this
problem, we cut the soil core to decrease the height to 15.0 cm
so that most of the bedding planes did not extend to the foam
wall. The final soil-core dimensions were 15.0 cm height and
25.4 cm diameter.
To monitor soil-moisture content at the center of the soil

core, we inserted a soil-moisture probe (Delta-T Devices, Theta
Probe MLX2) laterally 6 cm into the core and 7.5 cm below the
top surface of the core. The moisture data from the probe were
collected at 1 min intervals using a data logger (DATAQ
Instruments, DI 710). A variation in soil moisture content at
7.5 cm depth indicates any temporal change in soil moisture at
the core center at different stages of rainfall. The moisture
content of other parts of the soil core could differ from the
value measured at the center.

Mobilization of Soil Colloids. We applied rainfall at a rate
of 2.5 cm h−1, which represents a typical heavy rainfall rate at
the Oak Ridge Reservation.34 To examine the effect of water
and solute exchange on colloid mobilization in preferential flow
paths, we conducted the experiments in three phases:
conditioning, colloid mobilization, and bromide application

Figure 1. Design of the 19 port grid for water sampling at the bottom
of the soil core. The 19 ports (3.81 cm diameter each) were arranged
in two concentric hexagons around a center port. The soil core was
placed above the sampling port and below the rainfall reservoir where
85 needles were also arranged hexagonally to distribute rainwater
uniformly on the top of the core.
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(Table 1). In the conditioning phase, a solution of 0.01 mM
NaCl was applied for 48 h to remove any suspended colloids
and equilibrate moisture content in the pores. Following this
rainfall application, the core was subjected to gravitational
drainage for 18.7 h. The colloid mobilization experiment was
initiated by application of a rainfall solution of 10 mM NaCl for
5.3 h followed by 18.7 h of draining by gravity. During rainfall
application, water samples were collected at multiple ports in
glass test tubes at 20 min intervals and immediately analyzed.
During drainage by gravity, effluent flow was insufficient for
analysis. The mobilization experiment was repeated by applying
a total of ten rainfall solutions of different concentrations of
NaCl to the same core in the following order: 10, 5, 1, 0.1, 0.01,
0.01, 0.1, 1, 5, and 10 mM. Between each rainfall application for
5.7 h, the flow was interrupted for 18.7 h for drainage by
gravity. We used solutions of ionic strength between 0.01 and
10 mM to simulate infiltrating rainwater. A typical ionic
strength of infiltrating rainwater is 0.1 mM,35 although the ionic

strength of infiltrating water can increase or decrease based on
the runoff solution chemistry.36

We applied bromide (a conservative tracer) to the soil core
after the completion of colloid mobilization experiments to
measure the residence time of water that drained at different
ports. We employed a flow-interruption technique to compare
the extent of water exchange between preferential flow paths
and the soil matrix that contributed to flow at all ports.37 The
application of a 1 mM NaBr solution for 10 h was preceded by
the application of a 0.01 mM NaCl solution for 24 h to flush
pore water from the core and followed by the application of
0.01 mM of NaCl for another 10 h to flush bromide from soil
pores. Water samples were collected at multiple ports in glass
test tubes at 20 min intervals and immediately analyzed for
bromide. To confirm whether the exchange of water between
fractures and the soil matrix occurred during gravity drainage in
the colloid mobilization experiments, we interrupted the flow
for the same duration (18.7 h, as used in the colloid

Table 1. Experimental Phases and the Underlying Purpose for Each Phase

phase treatment condition purpose

conditioning infiltration of 0.1 mM NaCl solution for 48 h to remove any suspended colloids and equilibrate moisture
content in the pores

gravitational drainage for 18.7 h to simulate drying cycle before wetting events for colloid
mobilization

colloid
mobilizationa

day 1: application of 10 mM NaCl solution for 5.3 h followed by 18.7 h of
gravitational drainage

to compare mobilization of colloids from different preferential
flow paths as a results of transient in solution ionic strength

days 2−5: experiments repeated at lower ionic strengths; solutions of 5, 1, 0.1,
0.01 mM NaCl applied on days 2, 3, 4, and 5, respectively

day 6−10: experiments repeated with increasing ionic strengths; solutions of 0.01,
0.1, 1, 5, and 10 mM NaCl applied on days 6, 7, 8, 9, and 10, respectively

bromide
application

application of 0.01 MM NaCl for 24 h to flush pore water (10 mM NaCl) from the previous rainfall

application of 1 mM NaBr for 10 h followed by application of 0.01 mM NaCl for
10 h

to obtain bromide breakthrough at different ports

aAfter each rainfall application (5.3 h), the flow was interrupted for 18.7 h for drainage by gravity.

Figure 2. Effluent colloid concentration (mg L−1), specific conductivity (μS cm−1), pH, and flux (cm h−1) at six active ports during 10 rainfall events
at different ionic strengths. The six active ports are listed in the legend in the upper right corner. Flow in port R240 commenced during the fifth
rainfall application. Between rainfall events, the core was drained by gravity for 18.7 h.
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mobilization experiment) once during the plateau of the
bromide breakthrough curve and twice during the breakthrough
tail and let the pore water drain by gravity. Because bromide
does not adsorb on or release from the soil, any change in
concentration of bromide during flow interruption at the port
would be indicative of water and solute exchange between pore
waters in fractures and soil matrix.37 To measure a change in
bromide concentration during flow interruption, we compared
the bromide concentration of effluent before the flow
interruption with the bromide concentration of effluent after
flow was reinitiated. The residence time for the flow paths
reaching each of the 19 ports through which pore water flowed
was estimated by measuring the time required for the effluent
bromide concentration to reach 50% of the influent
concentration.
Analysis of Water Samples. We calculated the volume of

water drained at each port by subtracting the weight of the
empty tube from the tube with water sample. Flow rate at ports
was calculated by dividing the sample volume with the time
interval for the sample collection and converted to water flux by
dividing the flow rate with the area of a port. During rainfall
application, flux was measured after water started to drip from
the bottom of the core. Samples collected from active ports
were analyzed for pH (Orion 8102BNU combination electrode
and Orion 720A meter), specific conductivity (Orion 011050
probe and Orion 105 meter), turbidity (Hach 2100N), and
bromide concentration (bromide-selective probe, Accumet 13-
620-524, and Orion 720A meter). Specific conductivity was
used as a proxy for the ionic strength of pore water. Turbidity
was used as a proxy for colloid concentration. Turbidity was
converted to colloid concentration (mg L−1) using a calibration
curve of total suspended sediment concentration versus
turbidity as described elsewhere.29

■ RESULTS
Water Flow through Fractures. Water drained through 6

of the 19 ports below the core (Figure 2). Outflow flux through
the active ports varied spatially by a factor of 1.9 and exceeded
the rainfall application rate. During a rainfall event, water flux
through active ports was steady (flux varied by no more than
10% from one sampling interval to another). During the fifth
rainfall, however, the flux through port R270 decreased, and
water began to flow from an adjacent port R240, which was
previously inactive. The change in flow rate at two adjacent
ports indicates that some of the preferential flow paths leading
to port R270 become connected to flow paths leading to port
R240. During all rainfall events, moisture content at the core
center was 65 ± 1% (average ± standard deviation), which was
reduced to 59 ± 1% after 18.7 h of gravity drainage.
With increases in the ionic strength of the feed solutions, the

specific conductivity of the effluent increased, and with
decreases in the ionic strength of the feed solutions, effluent
conductivity decreased (Figure 2). At the beginning of a rainfall
event (within the first hour), effluent specific conductivity
depended on the ionic strength of the previous rainfall event,
but as rainfall progressed, the specific conductivity of effluent
became similar to influent conductivity. During the first hour of
a rainfall, effluent conductivity was greater than the rainfall
solution conductivity if a solution of high ionic strength was
injected in the previous rainfall. However, effluent conductivity
was lower than the rainfall solution conductivity if a solution of
low ionic strength was injected in the previous rainfall. Effluent
pH varied spatially during a rainfall event and temporally

between rainfall events (Figure 2). In particular, effluent pH at
all ports increased with a decrease in ionic strength of rainfall
solution.
Bromide breakthrough time and plateau concentration varied

between ports (Figure 3). Flow interruption during the plateau

of bromide breakthrough curve caused a decrease in the
bromide concentration, whereas flow interruptions during the
tail of a bromide breakthrough curve resulted in an increase in
bromide concentration. The change in concentration of
bromide due to flow interruption was greatest at the port
with longest breakthrough time, and the change in concen-
tration of bromide was least for the port with the shortest
breakthrough time. Bromide breakthrough time was uncorre-
lated (R2 = 0.011) to the flux at the ports (insert in Figure 3).

Mobilization of Colloids. During rainfall applications,
colloid concentration exhibited a rapid initial peak and a
gradual decrease (Figure 2). Typically, colloid mobilization was
high when the ionic strength of the rainfall was low and low
when the ionic strength of the rainfall was high. Colloid
mobilization varied spatially between ports.
The peak in colloid concentration or the total amount of

colloids mobilized during two rainfalls at the same ionic
strength was not matched (Figure 2). Comparing colloid
mobilization peaks in rainfall at the same ionic strength (e.g., 2
versus 9, 3 versus 8, and 4 versus 7), we found that pre-
exposure to water of lower ionic strength increased colloid
mobilization from soil, whereas pre-exposure to water of higher
ionic strength lowered the colloid mobilization. The depend-
ence of the colloid mobilization on the history of rainfall
solution is referred to as colloid mobilization hysteresis and
plotted in Figure 4. Colloid mobilization during infiltration of
10 mM NaCl solution (rainfall 1 and 10) was negligible due to
increase in attractive interaction between soil colloids and
stationary soil grains.38 Thus, pre-exposure to different ionic
strength water had negligible effect on the amount of colloids
mobilized during rainfall 1 and 10. The extent of colloid
mobilization hysteresis varied between ports and maximum
degree of hysteresis was observed at port R30.

Figure 3. Concentration of bromide normalized to the influent
concentration (C/C0) at the six active ports. The six active ports are
listed in the legend in the upper right corner. Vertical dashed lines
indicate 18.7 h flow interruptions. The x-axis represents cumulative
rainfall duration without including flow-interruption periods. The
insert presents the correlation between bromide breakthrough time or
residence time of water and flux at ports.
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■ DISCUSSION
Water Flow through a Heterogeneous Soil Core. The

spatial variation of water flow observed in this study is
consistent with results observed in previous field studies on the
Oak Ridge soil in laboratory9,10 and at the field site.28,32 In our
study, only six ports drained water during the rainfall events,
and the outflow flux at these ports exceeded rainfall application
rate (or corresponding inflow flux on the core top). Water
applied at the top of the soil core flowed through a smaller area
at the core base, thereby causing the outflow flux at the active
ports to exceed the rainfall application rate. These results
indicate that most of the applied water infiltrated through
preferential flow paths such as bedding planes, fractures, and
microfractures in the soil core. Using dye injection in another
soil core from the Oak Ridge site, we previously showed that
fractures in the soil varied by length and pore size and were
distributed heterogeneously along with soil matrix.10 On the
basis of our previous study,9 we determined that drying during
18.7 h of gravitation drainage is negligible. During gravity
drainage, pore water is expected to drain from macropores due
to the development of negative water pressure during high flow
through macropore.13 However, during drying periods after
gravitation drainage, water flows in mesopores and micropores
and from mesopores to micropores due to evaporation-induced
capillary flow.14 This process is relevant for exchange of water,
solute, and colloids between preferential flow paths and soil
matrix.
Lack of correlation between flow rate and bromide

breakthrough time at ports indicates that each port received
water from soil flow paths of different macroporosity. For
instance, at constant rainfall application rate, the flux at two
ports that received water from either one large fracture or
several small fractures could be similar, although water in lower
fractures infiltrates at smaller velocity than water in large

fractures. Consequently, hydraulic residence time (the average
time taken to infiltrate a pore volume of water through
fractures) would be shorter for the large fracture due to limited
interaction of infiltrating water with the surrounding soil
matrix.39 Therefore, we use hydraulic residence time, not water
flux, to characterize the interaction of pore water between
fractures and the soil matrix. Stopping the flow during the
bromide breakthrough plateau decreased the concentration of
bromide in the water, and stopping the flow during the
breakthrough tail increased the concentration of bromide in the
pore water. Stopping the rainfall application interrupted the
advective transport of infiltrating water through fractures;
therefore, any change in the concentration of bromide in the
pore water can be attributed to an exchange of pore water or
solute between the fractures (new water) and the soil matrix
(old water).37 The port where bromide concentration changed
the most during flow interruption also exhibited the longest
bromide breakthrough time and the shortest plateau concen-
tration. This result indicates that this port had received a
greater amount of old water from immobile regions. Therefore,
we surmised that preferential flow paths that exhibited longer
residence time (or bromide breakthrough time) had a greater
fraction of the pore water exchanged with water in the
surrounding soil matrix.

Mobilization of Colloids. Colloid mobilization varied
spatially between ports, which is expected due to a difference in
soil physical heterogeneity.10 As explained earlier, each port
received water from flow paths with different permeability,
which could affect colloid transport and mobilization during a
rainfall.10 Similar to the results of the previous studies,9,10

colloid mobilization (peaks and total amount of colloids)
generally increased with increases in flux at ports, possibly due
to increase in shear on attached colloids.40 In the previous
studies,9,10 we characterized the colloids mobilized from the soil
cores for their size distribution, surface charge, elemental
composition, and mineral properties. We found that colloids
mobilized due to dry−wet cycles had 73.7% clay minerals, 3.5%
quartz, and 4.6% iron-bearing minerals, and more than 90% of
the mobilized colloids had size less than 10 μm.9 The colloids
exhibit net negative surface charge in the pH ranges of pore
water.10 We assumed that similar types of colloids were
mobilized in this study.
We observed that colloid mobilization increased with a

decrease in the ionic strength of rainfall solution. This is in
accordance with Derjaguin−Landau−Verwey−Overbeek
(DLVO) theory,41 which predicts that a decrease in ionic
strength increases the repulsion between the surfaces of colloid
and grains of the same charge. The increase in repulsion results
in colloid mobilization in soil.42 A decrease in ionic strength
also increased pore water pH, which could also contribute to
colloid mobilization. However, different amounts of colloids
were mobilized during two rainfalls of the same solution ionic
strength following an exposure to a lower- or higher-ionic-
strength water. This result indicates that colloid mobilization
during a rainfall depended on the rainfall solution history. We
attributed this colloid mobilization discrepancy to a difference
in pore-water ionic strength as a result of mixing of the
infiltrating pore water (new water) with pore water in the
matrix (old water). A difference in the initial conductivity of
effluents during the first hour of two rainfalls with the same
infiltrating solution confirmed that the ionic strength of pore
water was different at the beginning of both rainfalls. This initial
period was critical for the mobilization of colloids by the

Figure 4. Colloid mobilization hysteresis at four ports in response to
transient in ionic strength of solutions. Colloid peak concentration in
two rainfalls at same ionic strength varied based on the ionic strength
of the previous rainfalls; colloid concentration was high when the
previous rainfall had solution of lower ionic strength solution and low
when the previous rainfall had solution of higher ionic strength.
Results from Port R240 and 270 are not included because of inactive
or unsteady flow at both ports during some of the 10 rainfall events.
Filled symbols indicate the first mobilization experiment (10 mM),
and arrows indicate the succession in which the experiments were
carried out.
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advancing wetting cycle.43 Furthermore, colloids could be
released from or near the soil matrix and accumulate in pore
water during gravity drainage9 or flow pause.23 Consequently,
the exchange of water between the matrix and preferential flow
paths could also carry some of these colloids and thus affect the
amount of colloids transported through preferential flow paths
during the ensuing rainfall. For instance, the colloid
mobilization peak was high in port R30, which also had the
longest bromide residence time. A long residence time indicates
that water exchange between matrix and preferential flow paths
at this port was greater than the exchange at the other ports.
Thus, colloid mobilization due to an exchange of water is
expected to be high at port R30.
Mechanism of Colloid Mobilization Hysteresis. We

quantified the discrepancy in colloid mobilization between
rainfalls at a certain ionic strength (I) with a hysteresis index
(HII, eq 1). We defined the hysteresis index as the ratio of a
difference in colloid concentration of the colloid mobilization
peaks in the first (C1) and second rainfall (C2) at a given ionic
strength (I) to the concentration of the colloid peak (C1)
during the first rainfall.

= Δ =
−C

C
C C

C
HII

1

2 1

1 (1)

The hysteresis index is a measure of colloid mobilization
discrepancy between two rainfalls when the same ionic strength
solution was used in two rainfalls. When HII = 0, there would
be no discrepancy; when HII > 0, colloid mobilization would
increase from first to second rainfall; when HII < 0, colloid
mobilization would decrease from first to second rainfall. We
used colloid mobilization peaks, instead of total amount of
colloids mobilized during the entire rainfall, because the peak
accounts for the colloids accumulated from soil matrix or
mobilized due to an exchange of water during flow
interruption.9,23,44 As rainfall continues, the contribution of
the exchanged water to outflow is expected to decrease or
become negligible due to a large difference in flow rate between
matrix and preferential flow path.13

The hysteresis index varied between ports and was correlated
to bromide breakthrough time at the port (Figure 5). Because
bromide breakthrough time or hydraulic residence time is an
indicator of water exchange between fractures and the soil
matrix,45 we attributed hysteresis in colloid mobilization to
exchange of infiltrating pore water between fractures and the
soil matrix (or new and old water, respectively). The colloid
mobilization in preferential flow paths would be independent of
old water or the previous rainfall solution chemistry if less water
is exchanged between preferential flow paths and the
surrounding soil matrix. However, the colloid mobilization
would be dependent on the old water if more water is
exchanged. This theory is confirmed by the high degree of
hysteresis at the ports (e.g., port R30) that exhibited a slow
change in the specific conductivity of the pore water during the
application of rainfall of a different ionic strength. This slow
change in the specific conductivity indicates a high degree of
exchange of pore water between fractures and the soil matrix.
To investigate the cause of colloid release hysteresis,

Torkzaban et al.46 subjected saturated homogeneous media
(sand and glass bead) with varying surface roughness to
intermittent infiltration of solutions at different ionic strengths
and observed that colloid retention and release hysteresis was
increased with increases in collector surface roughness and

colloid size. Thus, they attributed colloid retention and release
hysteresis to nanoscale heterogeneity on the collector surface.
In our study, we observed that colloid mobilization hysteresis
varied between ports even though nanoscale heterogeneity is
expected to be similar in different regions of the soil core.
Furthermore, the mechanism of colloid retention or mobi-
lization hysteresis is expected to be different in unsaturated soils
during dry−wet cycles due to the presence of pore-scale
heterogeneity, immobile water, and unsaturated conditions.
Therefore, we surmise that an exchange of pore waters between
the matrix and fractures contributed to colloid mobilization
hysteresis in our study.

Environmental Implications. Comparing extents of
colloid mobilization through the preferential flow paths, we
resolved the effect of pore water interaction between
preferential flow paths and soil matrix on colloid transport.
We showed that the soil matrix could serve as a memory of
previous solution chemistry in a soil by trapping and releasing
solutions from previous rainfall events (old water). An
exchange of the old water with infiltrating water (new water)
changes the solution chemistry of bulk pore water, which in
turn influences colloid mobilization in the soil. This advances
the understanding of how macropore−matrix interaction affects
colloid mobilization in heterogeneous soils.19 The mobilized
colloids could reintroduce colloid-associated chemical contam-
inants to infiltrating water.29 Our result has a direct implication
on colloid-facilitated mobilization of low-level radioactive
wastes,47 which reside in shallow storage trenches and pits in
soil horizons overlying the fractured bedrock at Oak Ridge
National Laboratory (ORNL), the location from where the soil
core was collected. Furthermore, the interaction between new
and old water has an implication for the long-term release or
retention of microbial contaminants in subsurface soil.48

Because the old water can be a significant component of
vadose zone outflow into streams or aquifers,49 the exchange of
old water with new or infiltrating water and resulting changes in

Figure 5. Degree of hysteresis or hysteresis index as a function of the
bromide breakthrough time at the six active ports. Hysteresis index is
defined as the ratio of difference in concentration of colloid peak
(ΔC= C2−C1) during first and second rainfalls at a certain ionic
strength (I) to the concentration of the peak (C1) during the first
rainfall. The y-axis scales are different. A larger slope indicates a greater
discrepancy in colloid mobilization between two rainfalls at the same
ionic strength. Results from ports R240 and 270 are not included
because of inactive or unsteady flow at both ports during some of the
10 rainfall events.
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colloid mobilization in the subsurface could have implications
on water quality of streams and aquifers. A change in pore
water solution chemistry can also affect the sorption and
desorption of contaminants and dissolution of minerals.50,51

Thus, studies that aim to examine the effect of ionic strength on
colloid mobilization and contaminant sorption and desorption
in heterogeneous soils must account for the solution chemistry
of the previous rainfall.
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