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Mobilization of Microspheres 
from a Fractured Soil during 
Intermittent Infiltration Events
Sanjay K. Mohanty,* Mark C. D. Bulicek, David W. Metge, 
Ronald W. Harvey, Joseph N. Ryan, 
and Alexandria B. Boehm
The vadose zone filters pathogenic microbes from infiltrating water and con-
sequently protects the groundwater from possible contamination. In some 
cases, however, the deposited microbes may be mobilized during rainfall 
and migrate into the groundwater. We examined the mobilization of micro-
spheres, surrogates for microbes, in an intact core of a fractured soil by 
intermittent simulated rainfall. Fluorescent polystyrene microspheres of two 
sizes (0.5 and 1.8 mm) and Br− were first applied to the core to deposit the 
microspheres, and then the core was subjected to three intermittent infil-
tration events to mobilize the deposited microspheres. Collecting effluent 
samples through a 19-port sampler at the base of the core, we found that 
water flowed through only five ports, and the flow rates varied among the 
ports by a factor of 12. These results suggest that flow paths leading to the 
ports had different permeabilities, partly due to macropores. Although 40 
to 69% of injected microspheres were retained in the core during their appli-
cation, 12 to 30% of the retained microspheres were mobilized during three 
intermittent infiltration events. The extent of microsphere mobilization was 
greater in flow paths with greater permeability, which indicates that mac-
ropores could enhance colloid mobilization during intermittent infiltration 
events. In all ports, the 1.8-mm microspheres were mobilized to a greater 
extent than the 0.5-mm microspheres, suggesting that larger colloids are 
more likely to mobilize. These results are useful in assessing the potential of 
pathogen mobilization and colloid-facilitated transport of contaminants in 
the subsurface under natural infiltration events.

The vadose zone plays a critical role in filtering chemicals and colloids such as 
viruses, bacteria, and protozoa from infiltrating water. However, if trapped colloids are 
mobilized from the vadose zone, they may contaminate the groundwater (Macler and 
Merkle, 2000). Natural soil colloids mobilized from the subsurface may also carry patho-
gens and chemical contaminants to the groundwater (McCarthy and Zachara, 1989). 
Contaminated groundwater potentially causes disease outbreaks (Craun et al., 2010), as 
more than a quarter of the world’s population depends on the groundwater for drinking 
water (Clarke and King, 2004). Therefore, understanding the subsurface processes that 
either enhance or inhibit the mobility of colloids in the vadose zone can help assess and 
mitigate the risk of groundwater contamination.

Although there are numerous colloid transport studies (listed by Bradford and Torkzaban, 
2008), very few have considered colloid mobilization in soil during intermittent recharge 
events—a series of rainfalls punctuated by a rainless period when the soil dries (DeNovio 
et al., 2004). During rainfall, which can be intermittent in nature, colloids are mobilized 
from the soil by several processes: an increase in shear forces (El-Farhan et al., 2000) or 
hydrodynamic drag during increases in flow velocity (Li et al., 2005), scouring of colloids 
by moving air–water interfaces (Aramrak et al., 2011; Saiers et al., 2003), and a reduc-
tion in surface tension or capillary forces during rewetting (Wan and Tokunaga, 1997). 
After rainfall, the moisture content of the soil decreases due to gravitational drainage and 
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evaporation of pore water. Soil drying could enhance the mobiliza-
tion of colloids by collapsing dry macropore walls under capillary 
pressure (Majdalani et al., 2008). Because colloid mobilization 
during a dry–wet cycle occur at air–water or soil–water interfaces, 
the configuration of these interfaces affects colloid mobilization 
during intermittent flow (Bradford and Torkzaban, 2008). Among 
several factors that affect water and air distribution in the soil, soil 
physical heterogeneity and the characteristics of intermittent infil-
tration events are the most critical factors (Hillel, 2004).

In general, most soils are physically heterogeneous because of the 
presence of macropores, including bedding planes, fractures, and 
root channels, which could affect the transport and mobilization 
of colloids. Macropores are known to facilitate the transport of sus-
pended colloids (Jacobsen et al., 1997), but the role of macropores 
in the mobilization of deposited colloids is poorly understood. For 
instance, soil macroporosity—the amount of macropores or their 
distribution in soil—could affect the water permeability of the soil; 
the permeability affects the air–water distribution in the soil after a 
rainfall or during soil drying (Lehmann et al., 2008), which in turn 
could affect colloid mobilization (Majdalani et al., 2008; Schelde et 
al., 2002). Weisbrod et al. (2002) found that natural colloids from 
the subsurface could accumulate in the soil fractures and mobilize 
into the groundwater during intermittent flow. However, only a 
few studies have examined the mobilization of colloids in a het-
erogeneous soil core (Jacobsen et al., 1997; Kjaergaard et al., 2004; 
Majdalani et al., 2008; Schelde et al., 2002). Furthermore, these 
studies collected a composite water sample from the entire soil core; 
thus, they did not examine the effects of intra-core variations in soil 
permeability on the transport and mobilization of colloids.

We examined the mobilization of microspheres through an intact 
core of a fractured soil during intermittent infiltration of artificial 
rainwater. Microspheres were used as readily traceable surrogates 
for microbes. The soil contains macropores such as bedding planes, 
fractures, and microfractures, which have been shown to increase 
water permeability (Wilson and Luxmoore, 1988) and facilitate 
the transport of dissolved contaminants (Jardine et al., 1993). We 
hypothesized that intermittent flow would mobilize deposited 
colloids, and the mobilization would depend on the colloid size 
and soil permeability. To test these hypotheses, we applied micro-
spheres of two sizes to an intact soil core and subjected the core 
to three intermittent infiltration events. The water samples were 
collected at the base of the core through a 19-port zero-tension 
sampling grid to evaluate the effect of the intra-core variability in 
soil permeability on microsphere mobilization.

 6Methods
Intact Soil Core Sampling
We collected the soil core on 9 June 2009 from the bottom of 
a hillslope in the Melton Branch watershed in the Oak Ridge 

Reservation, Tennessee (35°55.43¢ N, 84°17.81¢ W). The proper-
ties of the soil were described by Jardine et al. (1993). Briefly, the 
soil consists of shale saprolite with macropores including bedding 
planes and fractures (Supplementary Fig. S1). These macropores 
vary in size and conduct nearly all of water during a typical rainfall 
(Watson and Luxmoore, 1986). The clay fraction is composed of 
illite, and the clay minerals, particularly on fracture surfaces, are 
coated with a large quantity of amorphous Fe and Mn oxides. The 
pH of the soil ranges from 4.5 to 6, and its cation exchange capacity 
varies between 7 and 16 cmolc kg−1 (Jardine et al., 1993).

Intact soil cores were collected following a hand-sculpting method 
(Jardine et al., 1993). The vegetation and O-layer soil were removed, 
and a soil block within the A horizon was isolated by excavating 
a trench around it and trimming it to fit inside polyvinylchloride 
(PVC) pipes of 30.5-cm height and 25.4-cm diameter. The gap 
between the PVC pipe and the soil (approximately 1.2 cm) was 
filled with polyurethane expandable foam (US Composites). In 
preliminary rainfall experiments with full-height (30.5-cm) soil 
cores, we observed that bedding plane fractures, which dipped at 
an angle of 30°, carried 40 to 65% of the infiltrating water to the 
foam wall on one side of the column because the bedding planes 
terminated at the foam walls. To minimize this problem, the soil 
cores were cut to a height of 15 cm so most of the bedding planes 
did not extend to the foam wall. We also injected dye to visually 
identify the macropore heterogeneity at different depths of the soil 
core (see the Supplemental Material).

Experimental Setup
The experimental setup consisted of a simulated rainfall reservoir, 
the soil core, a sampling grid, and sample collection tubes (Fig. 1). 
The rainfall reservoir contained 85 needles (25 gauge) to simulate 
uniform rainfall on top of the soil core. The soil core was placed 
under the rainfall reservoir and on a 19-port sampling grid where 
each port with a 11.4-cm2 cross-sectional area captured water that 
was transmitted through a section of soil core and delivered the 
water samples to discrete sample collection tubes (glass, 2.5-cm 
diameter by 25-cm length). The total base area covered by the 19 
ports was 216.6 cm2. Any water that flowed around the column or 
perimeter of the soil core was collected in a channel (1.3-cm width) 
surrounding the sample ports and was discarded. Water flowed to 
each port from the bottom surface of the soil under zero tension. 
A soil moisture probe (Theta Probe MLX2, Delta-T Devices) was 
inserted 6 cm into the soil through the side of the core at 7.5 cm 
below the soil surface and connected to a datalogger (DI 710, 
DATAQ Instruments) to record and store core saturation at the 
7.5-cm depth at 1-min intervals. During steady state, saturation 
measurements were averaged over time. During multiple rainfall 
events, saturation measurements at the end of rainfall or an inter-
mediate drying period were averaged. The core saturation at the 
7.5-cm depth may not represent the entire core saturation (volume 
of water/volume of pores) because of the physical heterogeneity of 
the soil core. However, a change in moisture content at the core 
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center indicates a change in the soil-moisture pattern 
within the core at different stages of intermittent infil-
tration events. Steady moisture content at the core center 
before injection of the microspheres was also used as an 
indicator for equilibrium in flow and moisture content.

Microspheres
We used fluorescent carboxylate-modified polystyrene 
microspheres of two diameters: 0.5 ± 0.01 mm (Type 

“multif luorescent”) and 1.8 ± 0.04 mm (Type BB, 
Brilliant blue) (Polysciences Inc.). The zeta potential 
of the microspheres and fine soil particles (<75 mm) 
was measured by laser Doppler microelectrophoresis at 
four pH values between 2 and 9 in 1 mmol L−1 NaCl 
at a concentration of about 5 ´ 107 microspheres mL−1 
(Supplemental Material).

Solutions
Two solutions were used: (i) the deposition solution con-
taining microspheres and Br− to deposit microspheres in 
the soil core; and (ii) the mobilization solution to exam-
ine the mobilization of microspheres during intermittent 
infiltration events. To prepare the deposition solution, we 
dissolved 1 mmol L−1 of NaBr in deionized water and 
suspended stock microspheres to achieve a microsphere 
concentration of 8.5 (± 1.5) ´ 107 mL−1. A high ionic 
strength was used to promote the attachment of the 
microspheres to the soil (McCarthy et al., 2002) so that 
the core contained deposited microspheres. The mobiliza-
tion solution was prepared by adding 0.1 mmol L−1 NaCl 
to deionized water. To simulate infiltrating rainwater 
(Chandra Mouli et al., 2005), the ionic strength (I = 0.1 mmol L−1) 
of the mobilization solution was lower than that of the deposition 
solution (I = 1 mmol L−1). The pH of both solutions was 5.8 ± 0.1 
and was not adjusted during the experiments.

Experimental Procedure
Experiments were conducted in three phases (Table 1): condi-
tioning, deposition, and mobilization. During the conditioning 
phase, a steady-state flow was achieved by injecting a 0.01 mmol 
L−1 NaCl solution for 24 h. During the deposition phase, a micro-
sphere and 1 mmol L−1 NaBr suspension was applied for 
3.1 h and a 0.1 mmol L−1 NaCl solution was applied 
for 3.1 h. Injection of the 0.1 mmol L−1 NaCl solution 
with an ionic strength lower than that of the deposition 
solution (1 mmol L−1) may have caused a detachment of 
loosely bound microspheres. Nevertheless, this step was 
necessary to distinguish the microspheres mobilized by a 
chemical process (a decrease in ionic strength) from that 
mobilized by a physical processes during subsequent 
intermittent infiltration events. During the mobiliza-
tion phase, a 0.1 mmol L−1 NaCl solution was applied as 
three 4-h wetting cycles separated by 20-h drying cycles.

The objective of the mobilization phase was to estimate the 
fraction of deposited microspheres mobilized by intermittent 
f low. During the mobilization phase, the soil core was subjected 
to three intermittent infiltration events. In each of the infiltra-
tion events, the wet soil core was first drained by gravity and 
left at room temperature (22 ± 2°C) to dry for 20 h, and then 
the mobilization solution was applied at 1.8 cm h−1 for 4 h 
to simulate a wetting cycle. Water samples were collected only 
during wetting cycles because no water f lowed during the 20-h 
drying period.

Fig. 1. Column setup to examine the mobilization of colloids from an intact core of 
a fractured soil. The 19 ports (3.81 cm diameter) were arranged in two concentric 
hexagons around a center port. The 85 needles of the rainfall reservoir were arranged 
in a hexagonal pattern, with the closest distance between two needles of 2.2 cm.

Table 1. Experimental phases subjected to the soil core.

Phase Feed solution and duration Purpose

Conditioning phase 0.01 mmol L−1 NaCl, 24 h to equilibrate moisture content and 
flow rate

Deposition phase 1 mmol L−1 NaBr and 
microspheres, 3.1 h

to deposit microspheres

0.1 mmol L−1 NaCl, 3.1 h to remove microspheres from pore 
water

Mobilization phase 0.1 mmol L−1 NaCl, 20-h pause 
(drying cycle) followed by 4-h 
wetting cycle; repeated three 
times over 3 d

to mobilize previously deposited 
microspheres from the soil core
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Analyses of Water Samples
Effluent water samples were analyzed for turbidity (Hach 2100N 
turbidity meter), Br− (Accumet 13-620-524 ion-selective elec-
trode), pH (Orion 8102BNU combination electrode), and 
microspheres (Nikon Eclipse 2000i epifluorescent microscope, 
1000´ magnification). The pH was monitored randomly during 
injection and mobilization of the microspheres. The measured 
turbidities were converted to an equivalent concentration of soil 
colloids (mg L−1) following a method outlined by Mohanty et al. 
(2014). In this study, effluent turbidity accounted for both soil 
colloids and microspheres, but the contribution of the micro-
spheres to the effluent turbidity during the mobilization phase 
was negligible. Briefly, 20 mL of turbid sample was dried in an 
oven at 104°C to estimate the mass of the suspended colloids, 
which was converted to concentration using the initial sample 
volume. Microsphere concentration was determined as follows. 
One milliliter of sample was filtered through black polycarbon-
ate membranes (0.2-mm pore diameter, Osmonics). A drop of 
immersion oil (Type FF, Cargille Laboratories) was applied to the 
membrane, and the microspheres were counted under the micro-
scope. The 0.5-mm-diameter microspheres were enumerated at an 
excitation wavelength of 535 nm and an emission wavelength of 
590 nm. The 1.8-mm microspheres were enumerated at an excita-
tion wavelength of 355 nm and an emission wavelength of 420 nm. 
Under an epif luorescence microscope, smaller microspheres 
appeared orange and large microspheres appeared blue. Because 
the two microspheres fluorescence at different wavelengths, their 
concentrations could be quantified in the same sample without 
interference. Microspheres in all samples were counted in at least 
10 random fields or a total of 400 microspheres, with estimated 
values reported as the mean and standard deviation (Harvey et al., 
1993). The average microsphere counts per field were converted to 
concentration using the effective filter area, microscope ocular field 
area, and sample volume (Searcy et al., 2005).

Data Analysis
The average water flux through a port was estimated as the flow 
rate through a port divided by the area of the port using the flow 
rate measurements during the deposition and mobilization phases. 
During a wetting cycle, flux was measured only after water started 
to drip at the bottom of the core; flux was not measured during 
drying period. During the 3.1-h application of the deposition 
solution (3300 mL), flow paths corresponding to a port received a 
fraction of microspheres or Br− injected with the deposition solu-
tion (Eq. [1]). This fraction was calculated as
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where C0 is the concentration of microspheres or Br− in the applied 
volume (Vtotal) of deposition solution, Vi,p is volume of the ith 
sample collected at port p, and n is the number of samples collected 
during application of the deposition solution (the first 3.1 h of the 

6.2-h deposition phase). Because microspheres were injected after 
24-h flow equilibrium, we assumed that outflow volume accounted 
for the total volume of water injected in the core. In other words, 
Vtotal is the sum of the volume of water (about 3230 mL) collected 
at all ports. The fraction injected (estimated in Eq. [1]) accounts 
for the minimum amount of water (or microspheres) that entered 
the flow paths leading to each port because it is likely that some 
water may enter into the dry soil matrix and be trapped within the 
core. Based on a water mass balance, the volume trapped within the 
matrix (about 70 mL) during the injection of microspheres was only 
2% of the total water passed through the core. Only the first 3.1 h 
was considered because the solution injected in the second 3.1 h 
of the deposition phase did not contain any microspheres or Br−.

Of the microspheres infiltrated into the flow paths associated with 
different active ports, some fraction was transported through the 
flow paths and collected at the port and the remaining fraction 
was deposited within the flow paths. The fraction of the injected 
microspheres transported through the flow paths associated with 
each active port during the deposition phase was calculated as the 
ratio of the number of microspheres transported through the port 
during the deposition phase (6.2 h) to total the number injected 
into those flow paths:
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where Ci,p is the microsphere concentration in the ith effluent 
sample from port p, and N is number of sample fractions collected 
during the entire deposition phase, including the application of 
the mobilization solution before the mobilization phase (6.2 h). 
The fraction deposited within the flow paths feeding active port p 
was calculated by subtracting the transported fraction from 1. The 
percentage of deposited microspheres mobilized through each port 
and its associated flow paths during intermittent flow was estimated 
by multiplying the ratio of the number of microspheres mobilized 
during intermittent flow to the number deposited during the deposi-
tion phase by 100. This calculation assumes that flow paths during 
the deposition phase and mobilization phase remained consistent. 
Because pore water did not drain through any of the previously 
inactive ports during intermittent infiltration events, we assumed 
that flow paths during the deposition and mobilization phases were 
constrained within the same soil section above each port.

Unlike microspheres, which are expected to deposit and mobilize 
within macropores (Cumbie and McKay, 1999), Br− is transported 
in the soil by a combination of advection along the macropores and 
diffusion between macropores and the matrix (Reedy et al., 1996). 
Bromide recovery (the ratio of Br− transported to Br− injected in 
the flow paths feeding each active port) during the entire experi-
ment was calculated using Eq. [2], but N in the summation was 
the total number of samples collected during deposition and all 
mobilization phases.
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 6Results
Distribution of Infiltrated Water 
during Rainfall
Water samples drained through only five of the 19 ports or only 
26% of the base area covered by the ports (Fig. 2), and no flow was 
observed near the core wall during the experiment. During the 
deposition and mobilization phases, the average flux in each active 
port varied between 1.9 and 22.5 cm h−1. The effluent water flux 
at each active port exceeded the influent flux by a factor between 
1.1 to 12.5. During simulated rainfall events, the core saturation 
at the 7.5-cm depth was 82 ± 2% (average ± standard deviation), 
which was reduced to 73 ± 2% after gravitational drainage and to 
66 ± 3% after the 20-h pause, possibly because of evaporation of 
water from the top and bottom surfaces of the soil core.

Recovery of Bromide
During the deposition and mobilization phases, 39% of the 
injected Br− was recovered from the entire core (Table 2). Between 
active ports, Br− recovery (Table 2) and the peak height and tail of 
the Br− breakthrough concentration (Fig. 3) also varied: ports with 
high flux exhibited higher peaks and shorter tails than ports with 
low flux. The Br− recovery was positively correlated with the water 
outflow rate at a port (Fig. 4). The pH of the effluent varied among 
the ports and ranged between 4.9 and 6.5 (Table 2).

Transport and Mobilization of Microspheres 
and Soil Colloids
During the deposition phase, the 1.8-mm microspheres were trans-
ported through the soil core to a greater extent than the 0.5-mm 
microspheres (Fig. 3). However, the transport varied among ports: 

Fig. 2. (a) Flux at five active ports out of a total of 19 ports during the 
experiment, with arrows indicating 20-h pauses in rainfall application, 
and (b) the distribution of average flux in the 19 sampling ports at the 
core base during injection of microspheres (first 6.2 h of the experi-
ment). The five active ports are designated by solid circles and the 14 
ports where no flow was detected are marked by open circles. The flux 
values at ports were interpolated to create the contour plot using Orig-
inPro (Version 9.1, OriginLab Corporation). The details of the port 
design are presented in Fig. 1.

Table 2. Bromide recovery and the quantity of microspheres deposited during breakthrough and percentage of deposited microspheres mobilized at five 
ports during three intermittent infiltration events.

Port† Flux‡
Fraction 
injected§

Bromide 
recovery¶

Fraction of injected microspheres 
deposited#

Percentage of deposited 
microspheres mobilized††

pH1.8 mm 0.5 mm 1.8 mm 0.5 mm

cm h−1

R30 1.9 ± 0.6‡‡ 0.06 0.19 0.74 0.93 14.9 6.7 4.9 ± 0.2

R300 3.5 ± 0.9 0.09 0.21 0.59 0.92 22.0 8.4 5.3 ± 0.1

r180 7.5 ± 1.9 0.17 0.31 0.38 0.74 36.2 17.5 5.8 ± 0.2

R270 8 ± 2.7 0.15 0.33 0.53 0.88 32.1 16.1 6.1 ± 0.1

R120 22.5 ± 5.1 0.53 0.49 0.30 0.56 33.2 5.4 6.5 ± 0.1

Core§§ 1.7 ± 0.4 1.00 0.39 0.40 0.69 30.1 12.0 –

† The locations of the ports at the base of the soil core are illustrated in Fig. 1.
‡ The flux estimated at each port during deposition and mobilization phases.
§ Fraction of total applied microspheres or Br− injected into the flow paths feeding each active port.
¶ The ratio of total Br− mass transported during deposition and mobilization phases through flow paths feeding each active port to total Br− injected in the flow paths.
# The ratio of total amount deposited in flow paths that transmitted water to ports to the total amount injected in the flow paths during deposition phase.
††  100 times the ratio of the total amount mobilized during intermittent infiltration events to the total amount deposited in the flow paths during the deposition 

phase.
‡‡ Average ± one standard deviation.
§§ The values estimated using results from all ports.
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the peaks of the microsphere breakthrough concentra-
tion were higher in the ports with greater flux.

During the mobilization phase, 5 to 36% of the depos-
ited microspheres were subsequently recovered in the 
effluents during intermittent infiltration events (Table 
2). The extent of microsphere mobilization varied 
among ports, and greater mobilization occurred 
from ports with higher flux (Fig. 4). Nevertheless, 
the mobilization patterns for all ports were similar; 
microsphere concentration peaked at the start of rain-
fall and decreased as rainfall continued, and the height 
of the peak in microsphere concentration decreased 
during successive intermittent infiltration events 
(Fig. 3). In all active ports, the percentage of depos-
ited microspheres that were subsequently remobilized 
was greater for the 1.8-mm microspheres than for the 
0.5-mm microspheres (Table 2). The effluent turbidity, 
contributed predominantly by soil colloids, followed 
a similar trend as that of microsphere mobilization.

 6Discussion
Effect of Preferred Flow-Path 
Structure on Transport of Water 
and Bromide
Previous research on the Melton Branch soil revealed 
the importance of bedding planes and fractures in 
water flow and solute transport (Jardine et al., 1993; 
Watson and Luxmoore, 1986; Wilson and Luxmoore, 1988). The 
flow and solute transport in our soil core were similar to those 
described in the previous studies. That is, water predominately 
infiltrated through bedding plane fractures and the infiltration 
rate varied with the soil physical heterogeneity. The simulated 
rainwater percolated through only 26% of the column base area 
(five of 19 ports), which indicates that some of the infiltrating 
water followed preferential flow paths or macropores such as bed-
ding planes, fractures, and microfractures, whereas the remaining 
water infiltrated into the soil matrix. Effluent flux at each port, 
which ranged between 1.9 and 22.5 cm h−1, exceeded the rainfall 
application rate (1.8 cm h−1). This result suggests that most of the 
applied water converged into macropores. Water applied at the 
top of the soil core flowed through a small area at the core base, 
thereby causing the effective flux at the active ports to exceed the 
rainfall application rate. By applying dye to a different soil core 
in the preliminary experiment, we confirmed the convergence 
of flow through macropores (Supplementary Fig. S2). Using 
tension-infiltration measurements at the field site where the soil 
core in our study was sampled, Watson and Luxmoore (1986) 
estimated that 96% of the water flux was transmitted through 
only 0.32% of the soil volume, and the contribution of macro-
pores to the total water flux was greater when the flux was larger. 

Because macropores increase water permeability in soil (Beven 
and Germann, 1982), we surmise that the ports with higher flux 
received water from soil sections with greater water permeability 
caused by macropores.

Water in macropores can infiltrate into the soil matrix, which can 
affect the transport of solute and colloids in heterogeneous soil 
(Nielsen et al., 2011). Interaction between macropores and the sur-
rounding matrix was confirmed by a low Br− recovery in our study. 
Only 39% of the applied Br− was recovered from the soil core during 
the entire experiment. Because the matrix porosity was much greater 
than the macroporosity in this soil (McKay et al., 2000; Wilson 
and Luxmoore, 1988), a large fraction of the applied Br− entered 
into the soil matrix. For complete Br− recovery, the Br− inside the 
soil matrix must diffuse to the nearest active flow paths or macro-
pores (Luxmoore et al., 1990; McCarthy et al., 2002). Assuming a 
Br− diffusion coefficient of 10−5 cm2 s−1 and an average matrix path 
a few centimeters long, complete Br− recovery would take several 
weeks (Jardine et al., 1999). Thus, the duration of our experiment 
was insufficient to drain all the Br− from the matrix. The recovery of 
Br− from different sections of the soil core also varied, which further 
confirms that the soil fraction that contributed water to each port 
differed in macro- and matrix porosity. Greater Br− recovery at a 

Fig. 3. Transport and mobilization of (a) colloids, and (b–f ) microspheres of two sizes 
and Br− through the five active ports. Microspheres and Br− with concentration C0 
were applied for 3.1 h followed by application of 0.1 mmol L−1 NaCl for another 3.1 h. 
Vertical dashed lines indicate pauses in rainfall application and the start of the drainage 
of pore water for 20 h. The error bars indicate one standard deviation of multiple micro-
sphere counts of a representative sample.
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port indicates that Br− in that port was transported through a soil 
section containing more macropores or less matrix.

Mobilization of Natural Colloids
During a wetting cycle following soil drying, the eff luent tur-
bidity increased because of mobilization of natural colloids and 
microspheres, but the contribution of the microspheres, based on 
microspheres mass, to the effluent turbidity was negligible. An 
increase in colloid mobilization at the start of a wetting cycle in our 
study agrees with the result from the previous studies (Aramrak et 
al., 2014; El-Farhan et al., 2000; Majdalani et al., 2008; Schelde 
et al., 2002). Some of the soil colloids mobilized in our study may 
carry microspheres, thereby facilitating mobilization of micro-
spheres during intermittent infiltration events (Mohanty et al., 
2014). However, the microscopic method used in this study to 
quantify microspheres did not distinguish colloid-associated 
microspheres from “free” microspheres.

Transport of Microspheres
Higher flux resulted in lower retention of microspheres, possibly 
because of reduced interactions with fracture walls or less diffusion 
into fine pores (Zhang et al., 2012). This result is consistent with 
the findings of a previous study on a similar soil core, where water 
samples from the entire core were collected at one outlet (McKay et 
al., 2002). Collecting water samples from a 19-port grid, we found 
that microsphere transport was greater through the soil section 
with greater permeability caused by macropores. This supports 

the finding of a field experiment, where microsphere 
transport was found to be limited to macropores and 
did not occur in the soil matrix (Cey et al., 2009).

Compared with the 1.8-mm microspheres, the reten-
tion of 0.5-mm microspheres during the deposition 
phase was expected to be greater, probably due to 
their diffusion into the soil matrix or more frequent 
collisions with fracture walls (Oswald and Ibaraki, 
2001; Zvikelsky and Weisbrod, 2006). This matched 
our observations, where 0.5-mm microspheres were 
retained more efficiently than the 1.8-mm micro-
spheres. Furthermore, 1.8-mm microspheres can be 
excluded from small pores and travel faster through 
macropores (Sirivithayapakorn and Keller, 2003). 
However, using saturated cores with similar soil physi-
cal properties, previous studies showed a different 
result: 0.5-mm microspheres were preferentially trans-
ported compared with larger microspheres (Cumbie 
and McKay, 1999; McCarthy et al., 2002). In another 
study (Zvikelsky and Weisbrod, 2006), the recovery 
of 0.2-mm microspheres was greater than the recovery 
of microspheres of smaller or larger size. This differ-
ence in optimum size for transport has been attributed 
to a difference in the size of fracture apertures in the 
tested soils (Vilks and Bachinski, 1996; Zhuang et al., 

2005), the average saturation of the soil (Chen et al., 2009), or 
both of these factors (Mishurov et al., 2008). In our study, the 
degree of size exclusion within the matrix porosity was unknown 
because the pore size distribution or fracture size distribution was 
unknown.

Mobilization of Microspheres
Microspheres deposited in the first phase of the experiment were 
mobilized during subsequent intermittent infiltration events. An 
increase in colloid mobilization during intermittent flow has been 
observed in other laboratory studies with packed sand (Mohanty et 
al., 2013; Zhuang et al., 2007) and an intact soil core (Majdalani 
et al., 2008). In addition to corroborating the findings from pre-
vious studies, we showed that the mobilization by intermittent 
flow increased with colloid size and water permeability of the soil. 
Among the active ports, mobilization was greater through ports 
that received water from flow paths with greater water permeabil-
ity. Because a high permeability could be caused by macropores in 
this soil (Watson and Luxmoore, 1986), we surmise that macro-
pores could increase the mobilization of colloids. An increase in 
colloid mobilization with an increase in permeability is attributed 
to several processes that may occur during intermittent infiltra-
tion events. In unsaturated soils, colloids are mobilized by shear 
caused by increased flow, expansion of water films during wetting, 
and air–water interface scouring during drainage and wetting 
(DeNovio et al., 2004). Additionally, microspheres are less likely to 
be redeposited in large macropores than in narrower pores because 

Fig. 4. Average flux at ports—an indicator of water permeability in soil—affects (a) the 
recovery of Br−, the fraction of microspheres (b) transported and (c) deposited during 
the deposition phase, and (d) the fraction of deposited microspheres mobilized during 
intermittent flow. The error bars indicate one standard deviation of flux at the ports 
during the deposition and mobilization phases. Bromide and microsphere fractions are 
single values estimated for each port during the entire experiment, thus these fractions 
do not include error bars.
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collision efficiency and straining increase with decreasing pore 
width (Bradford et al., 2002). All these processes are more likely 
to occur in highly permeable soils with macropores than in the 
fine-grained soil matrix, which may not drain completely; thus, the 
soil matrix could remain relatively saturated during intermittent 
flow (Lehmann et al., 2008). Also, a flow velocity increase within 
the macropores in highly permeable soil is expected to be greater 
than the flow velocity increase in the soil matrix, where water is 
relatively immobile (Luxmoore et al., 1990).

The variation in microsphere mobilization among the ports could 
also be attributed to geochemical heterogeneity of the soil core 
(Bradford et al., 2012). In our study, a pH variation among the 
ports indicated that the flow path to each port may differ geochem-
ically. Geochemical heterogeneity of the soil is expected because of 
preferential weathering of the soil near macropore channels and 
relocation of Fe and Mn oxides within bedding planes and frac-
tures (Jardine et al., 1993). Pore water pH could directly affect the 
surface charge and electrostatic repulsion between microspheres 
and soil surfaces. However, a small variation in zeta potentials 
(Supplementary Fig. S3) within the measured pH range suggests 
that the pH variation among ports may not explain the large dif-
ferences in microsphere mobilization among ports.

We showed a size-dependent mobilization of colloids during inter-
mittent flow. The mobilization of 1.8-mm microspheres was greater 
than the mobilization of 0.5-mm microspheres in all ports, which 
suggests that a larger colloid is more likely to remobilize. Several 
processes could explain the size-dependent mobilization of micro-
spheres during intermittent flow. First, larger microspheres can 
experience greater shear forces than smaller microspheres (Johnson 
et al., 2010). Second, smaller microspheres are more likely to dif-
fuse into the soil matrix (Cumbie and McKay, 1999) and become 
unavailable for mobilization during intermittent flow. Third, the 
extent of mobilization also depends on the strength of microsphere 
attachment on the soil grain, in particular on whether or not the 
microsphere is attached within the primary or secondary minima 
(Sang et al., 2013). Smaller microspheres are more likely to attach 
at primary minima at grain surfaces characterized by higher sur-
face roughness, where mobilization would be less likely (Saiers and 
Ryan, 2005; Torkzaban et al., 2010), and larger microspheres are 
more likely to attach at secondary minima, where they can detach 
more easily in response to increases in flow velocity (Shen et al., 
2007; Tong and Johnson, 2006). It is not clear whether micro-
sphere mobilization would increase for colloids sizes beyond 1.8 
mm. Further increases in colloid size could cause the larger colloids 
to settle on pore walls by gravity, which could limit their trans-
port (Cumbie and McKay, 1999). Therefore, further study should 
examine the mobilization of particles with a wide range in size in 
heterogeneous soils.

The peak in initial microsphere concentration decreased in suc-
cessive wetting cycles, possibly because of a diminished supply of 

attached microspheres in the macropores or because of aging of the 
bonds between microspheres and soil surfaces. Each wetting cycle 
removed a fraction of the microspheres from the pool of micro-
spheres within the core. Some microspheres could also diffuse from 
the macropores into the soil matrix (Schelde et al., 2002), where 
they would become unavailable for mobilization. Both of these 
processes could deplete the available pool of microspheres. Bond 
aging has been attributed to movement of attached microspheres 
to positions of greater attachment affinity (Weiss et al., 1998).

Environmental Implications
We showed that intermittent rainfall can mobilize microspheres, 
and the mobilization could be particularly high in soil with greater 
permeability because of the presence of macropores. However, the 
transport and mobilization of actual pathogens can vary from that 
of microspheres (Harvey et al., 1989), possibly due to differences in 
contact points (Harvey et al., 2011), shape (Aramrak et al., 2013), 
density (Zvikelsky et al., 2008), and surface properties (Weisbrod 
et al., 2013). Furthermore, pathogens could lose their virulence 
and, perhaps, their viability during desiccation; both factors 
could either decrease or increase the mobilization of viable, infec-
tious pathogens. Future study should explore the mobilization of 
actual pathogens in soil by intermittent flow. Most of the previous 
studies on pathogen mobilization did not account for the effect 
of intermittent infiltration events on enhanced mobilization of 
pathogens. Thus, the risk of groundwater contamination could be 
higher under natural conditions when a contaminated subsurface 
is subjected to many intermittent infiltration events instead of a 
steady wetting condition. The effect of intermittent infiltration 
events should be incorporated into colloid mobilization models 
(Michel et al., 2014). Because the advance of the air–water inter-
face during intermittent infiltration events enhances colloid 
mobilization, engineering design such as a saturated layer at the 
bottom of a stormwater infiltration system—a potential contami-
nation source for groundwater— could decrease the mobilization 
of pathogenic microbes and minimize groundwater contamina-
tion (Mohanty et al., 2013). The transport behavior of colloids and 
pathogens could vary with scale, possibly because of changes in 
hydrodynamic and chemical conditions (Santamaria et al., 2011). 
Additionally, colloid mobilization in other soils could vary due to 
a difference in soil physical heterogeneity. Thus, further studies are 
needed to repeat these experiments in different types of soil and 
at varying length scales. Additionally, the degree of dryness in the 
natural environment could be greater because of an increase in the 
duration of drying. Drying duration could affect the total amount 
microspheres or colloids mobilized from the soil (Majdalani et al., 
2008). Thus, the extent of mobilization estimated in our study 
could differ when the drying duration is different.

 6Conclusions
This study evaluated the mobilization of microspheres from a physi-
cally heterogeneous soil containing bedding planes and fractures. 
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Collecting water samples through a 19-port grid at the base of a soil 
core, we characterized the soil fraction that contributed water flow 
at each port and correlated the soil characteristics to microsphere 
mobilization during intermittent infiltration events. Variations 
in flux and Br− recovery at five active ports indicated that the soil 
section that transmitted water to each port differed in permeabil-
ity. Permeability varied within different sections of the soil core, 
possibly because of a heterogeneous distribution of macropores. 
Comparing the transport and mobilization of colloids among 
ports, we conclude the following:

• Intermittent flow can effectively mobilize colloids from soil 
characterized by a fine matrix and macropore structure.

• The extent of mobilization increases with soil permeability.

• Larger (micrometer size) colloids are more likely to mobilize 
during intermittent flow.
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