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a b s t r a c t

Nanoparticle and microplastic (colloid) transport behaviors impact strategies for groundwater protection
and remediation. Complex colloid transport behaviors of anionic nano- and micro-sized colloids have
been previously elucidated via independent experiments in chemically-cleaned and amended granular
media with grain sizes in the range of fine to coarse sand (e.g., 200e1000 mm). Such experiments show
that under conditions where a repulsive barrier was present in colloid-collector interactions (unfavorable
conditions), the distribution of retained colloids down-gradient from their source deviates from the
exponential decrease expected from compounded loss across a series of collectors (grains). Previous
experiments have not examined the impact of colloid size or granular media grain size on colloid dis-
tribution down-gradient from their source, particularly in streambed-equilibrated granular media. To
address this gap, a field transport experiment in constructed wetland stream beds to distances up to
20 m were conducted for colloids ranging in size from micro to nano (60 nme7 mm) in streambed-
equilibrated pea gravel and sand (4200 and 420 mm mean grain sizes, respectively). All colloid sizes
showed non-exponential (hyper-exponential) distributions from source, over meter scales in pea gravel
versus cm scales reported for fine sand. Colloids in the ca. 1 mm size range were most mobile, as expected
from mass transfer to surfaces and interaction with nanoscale heterogeneity. The distance over which
non-exponential colloid distribution occurred increased with media grain size, which carries implica-
tions for the potential mechanism driving non-exponential colloid distribution from source, and for
strategies to predict transport.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

An ability to predict transport behaviors of suspended nano-to
micro-scale particles (herein referred to as colloids) in environ-
mental granular media is needed to support groundwater resource
protection, including prediction of pathogen transport distances
(e.g., Borchardt et al., 2003; Worthington and Smart, 2017; Ray
et al., 2019) and contaminant remediation via delivery of novel
nano- and micro-particles (e.g., Zhang et al., 2003; Scheibe et al.,
2011; Laumann et al., 2014). Anionic (e.g., carboxylate-modified)
commercial nano- and micro-beads are used as surrogates for
pathogens and other microbes in transport studies; however, they
are more recently used as representatives of nanoparticle and
ohnson).
microplastic contaminants (e.g., Zhang et al., 2003; Panno et al.,
2019; Zhang et al., 2020) because of the near-neutral density of
microplastics, as well as the fact that commercial plastic microbe-
ads are an emerging concern in their own right due to their pres-
ence in personal care products that are a major component of
microplastic flux in terrestrial aquatic systems (e.g., Anderson et al.,
2016).

Current understanding of colloid transport behavior largely
comes from highly controlled laboratory experiments in cleaned
uniform granularmedia of fine to coarse sand grain size (e.g., Li et al.,
2004; Tufenkji and Elimelech, 2004; Tong et al., 2005; Tong and
Johnson, 2006; Wang et al., 2014). These experiments demonstrate
that when a repulsive barrier to attachment is absent (favorable
conditions for attachment) the distribution of retained colloids
down-gradient from their source is exponential, as expected from
their compounded loss for each grain passed in series (e.g., Li et al.,
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2004; Johnson and Hilpert, 2013). In contrast, the distribution from
source deviates from exponential when a repulsive barrier to
attachment is present (unfavorable conditions); that is, faster than
exponential (hyper-exponential), or alternatively with a maximum
retained concentration down-gradient from the source (non-
monotonic) (e.g., Albinger et al., 1994; Harvey et al., 1995; Bolster
et al., 1999; Schijven et al., 1999; Bradford et al., 2002; Li et al.,
2004; Tufenkji and Elimelech, 2004a; Tufenkji et al., 2004; Li and
Johnson, 2005; Tong and Johnson, 2007; Liang et al., 2013; Wang
et al., 2014).

However, the relevance of the above-described transport be-
haviors to groundwater and hyporheic granular media remains
unclear for several reasons. Colloids of environmental concern
typically have negative z�potentials in groundwater (anionic),
including biological colloids (e.g., viruses, bacteria and protozoa)
(e.g., Ryan et al., 1999; Foppen and Schijven, 2006; Liu et al., 2009).
Existing transport experiments elucidating the above-described
behaviors have primarily utilized chemically-cleaned and uniform
granular silicate mineral media (e.g. silica and quartz) to ensure
dominance of their intrinsic charge that is negative across the pH
range typical of groundwater (e.g., 7e9) (e.g., Li et al., 2004;
Tufenkji and Elimelech, 2004a; Tufenkji et al., 2004; ; Tufenkji and
Elimelech, 2005a,b; Tong and Johnson, 2007; Liang et al., 2013;
Wang et al., 2014). Less sorted and non-cleaned granular media
may include clay minerals with intrinsically contrasting negative
(faces) versus positive (edges) surfaces (e.g., Schwarzenbach et al.,
1993), and potential patches of oxyhydroxides of iron, aluminum,
and manganese that may carry positive or neutral surface charge at
groundwater pH (e.g., Schwarzenbach et al., 1993; Laumann et al.,
2013; Trauscht et al., 2015). Because intrinsic surface characteris-
tics are moderated by nanoscale surface roughness (Bhattacharjee,
1998; Bendersky and Davis, 2011; Jin et al., 2015; Rasmuson et al.,
2017; Rasmuson et al., 2019a), sorption of natural organic matter
(Tipping and Cooke, 1982; Davis, 1982; Jardine et al., 1989; Johnson
et al., 1996; Johnson and Logan, 1996; Foppen et al., 2008; Wang
et al., 2012; Han et al., 2014; Scholl and Harvey, 1992; Franchi &
O’Melia, 2003; Liu et al., 2007; Pelley and Tufenkji, 2008), and
major ion concentrations (Israelachvili, 2011; Huynh and Chen,
2011; Akaighe et al., 2012; Baalousha et al., 2013), the impact of
these on non-exponential colloid distribution needs also to be
determined. To address this need, some laboratory transport ex-
periments examined chemically-cleaned sediment subsequently
equilibrated with specific components of organic matter (e.g.,
Suwannee River humic acid) (Johnson and Logan,1996) and natural
field sediment (Bolster et al., 1999; Gupta et al., 2009; Rasmuson
et al., 2019b). Limited field studies indicate non-exponential
colloid distribution from source (Schijven et al., 1999; 2000;
Johnson et al., 2001; Zhang et al., 2001) based on greater apparent
colloid retention rate coefficients at near (e.g., few meters) versus
greater distances from source. However, this conclusion is weak-
ened by fluid velocity variations with distance from source that
result from the intersecting radial flow fields imposed by coupled
injection and extraction. Furthermore, injected microbes used in
many laboratory, and all reported field, studies are potentially
impacted by physiological (e.g., death or inactivation) (John and
Rose, 2005) and ecological processes (e.g., predation) acting on
injected bacteria or viruses (Levin et al., 1977; Lenski, 1988;
Schivjen et al., 2000; Zhang et al., 2001).

Despite the above limitations, existing studies suggest that non-
exponential colloid distribution from source occurs in natural
granular media, and therefore presents challenges for transport
prediction related to groundwater protection and remediation.
However, understanding themechanism underlying observed non-
exponential colloid distribution from source requires assessing the
impact of colloid size and granular media grain size on non-
exponential distribution, which was not performed in previous
experiments. The purpose of this study was therefore to examine
colloid distributions from source in streambed-equilibrated gran-
ular media ranging in mean grain size from fine sand to pea gravel
for colloid sizes ranging from nano-to micro-scale. Because many
reports already exist for non-exponential colloid distribution in
sand-sized granular media, the focus here was on coarser media,
although sand was included to demonstrate that transport dis-
tances were consistent with previous reports, and that the impact
of colloid size was consistent with coarser media.

2. Materials and methods

2.1. Site and granular media description

Colloid transport experiments were performed in October 2018
in constructed stream/wetland channels at the Notre Dame Linked
Experimental Ecosystem Facility (ND-LEEF) (Fig. 1) in St Joseph
County, Indiana. Channel shapes were trapezoidal in cross section,
with dimensions 12.7 cm depth � 12.7 cm basal width � 40.6 cm
surfacewidth, andwith channel lengths of 19.5 m and 4.9 m for pea
gravel and sand granular media (described below), respectively
(Fig.1). Channels were linedwith impermeable concrete at the base
and sides to ensure constant discharge and fluid velocity with
transport distance (Fig. 1). Channel elevation gradient was 0.0075
for both channels. The channels are hydrologically isolated from
surrounding flow via a rubber liner, and surface flow isminimal due
to porous site soils and vegetation that extends to the channel
margin (Supplementary Material, Figs. S1 and S2).

Pea gravel and sand were the granular media used in the two
channels (Supplementary Material, Fig. S2). Pea gravel was ob-
tained from a local pit excavator (St Joseph River floodplain, South
Bend, IN) and provider of alluvial materials (not crushed). Sand was
obtained from a local concrete factory (Hanson-Heidelberg Cement
Group, Thornton IL). Grain size distributions measured via sieving
200 g of material produced mode and mean diameters of approx-
imately 4.3 and 4.2 mm, respectively for pea gravel (both wet and
dry sieved), and approximately 0.05 and 0.42 mm, respectively for
sand (SupplementaryMaterial, Fig. S3). Gravimetrically determined
porosities were approximately 0.35 and 0.25 for the pea gravel and
sand, respectively, consistent with the relatively uniformity of grain
size for the pea gravel. Granular media were equilibrated under
ambient streambed conditions for six months (April through
September) prior to the transport experiment (Supplementary
Material, Fig. S1). At the end of the growing season (October 2018),
algae stringers were visible at the granular media surface (Sup-
plementary Material, Fig. S1), and visible organic matter was sus-
pended from the subsurface granular media during excavation and
extraction from both granular media at the end of the experiment.
Because sediment surface chemistries were purposefully altered by
natural organic matter during streambed equilibration, mineral-
ogical analyses were not performed. The alluvial origin of the
sediments suggests dominance of silicatemineralogy (quartz, silica,
feldspars), which display negative z-potentials at the pH of the
transport experiment (Trauscht et al., 2015).

Channel sourcewater had a pH of 8.1, conductance of 550 mS/cm,
ionic strength (IS) of 20 mM, dominated by Ca2þ, Mg2þ, S042-, and
carbonate species, and a dissolved organic carbon content of
~11.5 mg/L. Flow in the constructed channels was sourced via pump
from a nearby reservoir that was supplied by local groundwater.
During the six months preceding the colloid transport experiment,
flow to the channels was sufficient (approximately 48 L/min) to
maintain approximately 3.5 cm water column depth above the
sediment surface. Seven days prior to and during the colloid
transport experiment, flowwas reduced to 200ml/min (pea gravel)



Fig. 1. Aerial images of ND-LEEF site with pea-gravel (a) and sand (b) channels showing sampling locations (distances in meters) in magenta (pea gravel) and yellow (sand) circles.
Channel cross section (c) with dimensions shown in meters and sampling centrifuge tube schematic in magenta. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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and approximately 100 ml/min (sand) to saturate each granular
media to its surface. Low points on each granular media surface
were raised by addition of approximately 1 cm of on-site pea gravel
and sand to eliminate overlying water column and channel flow,
and thereby restrict flow and transport to underlying granular
media (SupplementaryMaterial, Fig. S1). Because the source pool of
the sand channel was located downstream from the beginning of
that channel, a pit was excavated in the channel immediately up-
stream to intercept flow upstream that would otherwise enter the
channel upstream of the source pool. An unknown fraction of the
applied channel source water flowed upstream toward the inter-
ception pit.
2.2. Colloid suspensions

Colloidswithprimarysizes (diameter) ranging from0.02 to5.5mm
in pure water were used in the transport experiments: carboxyl-
conjugated spherical gold nanoparticles (0.02 mm, 19.32 g/cm3)
(Nanopartz, Loveland CO), yellow-green fluorescent carboxylate-
modified polystyrene latex microspheres (CML) (0.2 and 1.0 mm,
1.055 g/cm3, lex ¼ 441 nm, lem ¼ 486 nm) (Bangs Laboratories, Inc.,
Fishers, IN), and non-fluorescent polymethyl methacrylate (PMMA)
(5.5 mm, 1.18 g/cm3) (Bangs Laboratories, Inc., Fishers, IN). Colloid
trajectory simulations of gold nanoparticles demonstrated that
because of their small size, their interception of surfaces was insen-
sitive to their assumed density in the range from one-half to equality
with their single particle density of 19.3 g/cm3 (Johnson, 2020).

Colloid hydrodynamic radii and electrophoreticmobilities (EPM)
were measured using a z-potential analyzer (Mobiuz, Wyatt Tech-
nology Corp., Santa Barbara, CA). EPM was converted to z-potential
via the Smoluchowski equation for colloid diameters exceeding
100 nm, and via the Hückel approximation for colloid diameters
<100nm, forwhich the colloid diameterwas smaller than theDebye
length (Ohshima,1995). Measured colloid hydrodynamic diameters
in channel source water were generally higher than those reported
bymanufacturers, with average diameters of 0.06± 0.01, 0.21± 0.02
and1.64±0.14, and7.75±1.12mmcorresponding to0.02, 0.2 and1.0,
and 5.5 mm colloids, respectively (Table S1). Whereas modest ag-
gregation was promoted in the elevated IS of site groundwater,
aggregate hydrodynamic radii determined via DLS (Supplementary
Material, Fig. S4) were stable within 1 h of equilibration with site
groundwater (performed at 1:10 dilution) and continuing for the
duration of the experiment (i.e., well beyond the 48 h period pre-
ceding the low IS pulse). All colloids had negative z potentials in site
groundwater: �11.76 ± 3.32, �18.1 ± 1.62, �23.44 ± 3.08,
and �4.64 ± 1.01 mV for the 0.06, 0.21, 1.6 and 7.7 mm colloids,
respectively (Table S2). Colloid z-potentials and in site groundwater
remained stable far beyond the duration of the experiment (i.e.,
beyond twelve days; Supplementary Material, Fig. S4).

2.3. Colloid, low IS pulse, and tracer introduction

Source pools (1.5 L, 15 cm width x 8 cm length x 13 cm depth)
were located at the zero point of each channel with outflow at the
bottom of the downstream face (Supplementary Material).
Colloidal suspensions (diluted 1:4 in site groundwater at least 1 h
prior to experiment) were introduced at durations (270 and
150 min for pea gravel and sand, respectively) sufficient to produce
steady state breakthrough plateaus at all sampled distances from
source (Supplementary Material). Measured pool concentrations
indicate an additional dilution of approximately 1:200 in site
groundwater upon addition of colloid solution to the pool.
Following breakthrough and extended elution, a low ionic strength
pulse (distilled water) was introduced (270 min) to examine po-
tential colloid reentrainment (Supplementary Material). Prior to
introduction of colloid suspension, breakthrough of rhodamineWT
dye (Cole-Parmer, Inc.) was examined at selected distances in the
pea-gravel to plan sampling frequency and duration.

2.4. Sample collection

Aqueous channel samples downstream from the pool were
collected from pre-inserted 15 ml conical centrifuge tubes perfo-
rated with approximately 20 2-mm holes. The sampling tubes were
inserted vertically into the entire depth of the granular media
(Supplementary Material, Fig. S5), and were located at six
geometrically spaced distances from the pool (i.e., 0.15, 0.3, 0.61,1.2,
2.4, and 4.9 m for sand and 0.6, 1.2, 2.4, 4.9, 9.8, and 19.5 m for pea-
gravel) (Fig. 1). Samples (10 ml) were collected (approximately 1
and 6 min draw times in pea gravel and sand, respectively) using a
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polyethylene tube (30 mm OD) inserted into the perforated conical
tubes and connected to a 50 ml syringe. Collected samples were
injected into 15 ml conical centrifuge tubes containing 100 mL so-
dium azide (0.2 M) for preservation, and were refrigerated until
analysis. The sampling frequency created sufficient personnel de-
mand between the two channels that sampling in the pea gravel
channel was prioritized, since transport experiments for a similar
colloid size range in environmental sand media were recently re-
ported (Rasmuson et al., 2019b). Sand sampling frequency was
designed to capture breakthrough at longer distances (later times)
in the event that field conditions allowed such transport.

After the second elution period following the low IS pulse
introduction (second 48-h), granular media samples (200 ml) were
excavated across the entire depth at the channel center at each
sampling location. Granular media samples were immediately
shaken vigorously with 200 ml of distilled water for 1 min to drive
detachment of retainedmicrospheres. Syringes were used to collect
10 ml of supernatant, which was stored in 15 ml conical centrifuge
tubes, preserved as described for aqueous samples.

2.5. Sample analysis

Colloid concentrations were determined using inductively
coupled plasma mass spectrometry (0.06 mm colloids) and flow
cytometry calibrated to direct microscopic enumeration. Quanti-
tation limits for relative concentration (C/C0) (C0 being the source
pool concentration) were 1.2 � 10�3, 6.8 � 10�5, 3.7 � 10�4, and
5.1 � 10�3 for the 0.06, 0.21, 1.6, and 7.7 mm colloids, respectively
(Supplementary Material). Details of colloid recovery (mass bal-
ance) calculation, determination of experimentally-observed
attachment rate coefficients, estimation of theoretically-predicted
attachment rate coefficients, and simulated distributions from
source are described in Supplementary Material. Due to expense of
analysis and the availability of nanoparticle transport information
in sand-sized granular media, gold nanoparticle concentrations
were not analyzed in the sand channel.

3. Results

3.1. Tracer and colloid breakthrough

Average pore-water velocity in the pea-gravel channel as deter-
mined from observed rhodamine breakthroughwas 79 ± 1.3m/day,
averaged among the 0.15 and 4.8 m observation distances (Supple-
mentary Material, Fig. S8), which is approximately an order of
magnitudehigher thannominal velocities reported for sand (several
m/day) as expected from the relatively high permeability of gravel.
Initial colloid breakthrough in the pea gravel channel was syn-
chronous among all colloid sizes, and also with rhodamine break-
through at the sampled locations (Fig. 2, Supplementary Material,
Fig. S9). Extrapolating rhodamine breakthrough at observed loca-
tions to non-sampled distances, according to the solution to the
advection-dispersion equation, captured well the timing of colloid
breakthrough in the pea gravel (Fig. 2, panel a, Supplementary Ma-
terial, Fig. S9, dotted black lines), demonstrating that pore water
velocity remained constant with distance in the pea gravel channel.

Average steady-state relative breakthrough (C/Co) of colloids
decreased with distance in both the pea gravel and the sand
channels, falling below the quantitation limit at distances of 19.5 m
in the pea gravel and beyond 0.15 m (and before 0.3 m) in the sand
(Fig. 2, panel b, Supplementary Material, Figs. S9 and S10). Initial
colloid breakthrough occurred prior to the first sampling time in
the sand channel, although elution was well delineated prior to
decrease of relative concentrations the below quantitation limit
(Supplementary Material, Fig. S9), verifying that transport
distances in the streambed-equilibrated sand were consistent with
those previously reported in chemically-cleaned sand (Li et al.,
2004; Li and Johnson, 2005; Tong et al., 2006) as well as natural
sand (Rasmuson et al., 2019b; Johnson, 2020). In both granular
media, breakthrough relative concentration was highest for 1.6 mm
colloids at all sampling distances where breakthrough was
observed (Supplementary Material, Figs. S9 and S10).

Colloid concentrations remained above the quantitation limit
(extended tailing) well beyond cessation of injection (extended
tailing) at all sampling locations where breakthrough occurred
(Fig. 2, Supplementary Material, Figs. S9 and S10). This extended
tailing represented colloid dispersion and/or reentrainment (as
opposed to slow reduction in source pool concentration), since
source pool concentrations dropped below the quantitation limit
within 1.5 h (pea gravel) and 12 min (sand) following cessation of
injection (Supplementary Material, Fig. S7).

3.2. Trends in attachment rate coefficients (kf)

Effective attachment rate coefficients (kf) calculated from
average steady-state breakthrough (C/Co) decreased with
increasing transport distance for all colloid sizes across the first 5 m
of transport (Fig. 3), with decreases of a factor of three to five
among the different colloid sizes. Values of kf appeared to converge
at the 9.8 m distance (Fig. 3), and error bars spanned the range of
data at this distance. Beyond this distance, C/C0 values approached
the quantitation limit, such that low confidence was associated
with kf values at the 19.5 m distance.

Decreased effective kf with distance was not due to overprinting
of colloid surfaces by organic matter in groundwater (and poten-
tially decreased attachment) during transport, as demonstrated by
relatively constant measured colloid z-potentials in site ground-
water, which were stable over time periods less than initial
breakthrough and longer than the overall potential increase (~33%)
(less negative) for 1.6 mm colloids. However, the timescale of this
slow increase to modestly less negative values is far greater than
the time required for breakthrough within 5 m of the source (<2 h)
(Supplementary Material, Fig. S20), and increased z-potential dur-
ing transport would be expected to increase rather than decrease kf.
In the sand channel, colloid breakthrough exceeded the quantita-
tion limit only at the 0.15 m distance (closest to source), verifying
that transport distances in the streambed-equilibrated sand (Sup-
plementary Material, Fig. S10) were consistent with those previ-
ously reported in chemically-cleaned sand.

Effective attachment rate coefficients were lowest for the 1.6 mm
colloid size (Fig. 3, Supplementary Material, Fig. S11). This trend
with colloid size occurred in both the pea gravel and sand channels
(Fig. 4, Supplementary Material, Fig. S11) at all distances where
breakthrough was greater than the quantitation limit, except at the
9.8 m distance in pea gravel where kf error bars (standard de-
viations) for all colloid sizes spanned the overall range among the
different colloid sizes (Supplementary Material, Fig. S12).

3.3. Colloid reentrainment in response to low ionic strength pulse

In response to the low IS pulse in the pea gravel, aqueous colloid
concentrations increased by approximately a factor of five at loca-
tions closest to the injection site (i.e.,�4.9m) (Fig. 5, Supplementary
Material, Fig. S13, panels aec). Lesser reentrainment response at
greater sampling distances presumably reflect reduced IS contrast
due to dispersion (Supplementary Material, Fig. S13, panels def). In
addition to mobilizing colloids, the low IS pulse visibly mobilized
organic matter (e.g., algal material, which was also detected in
spectroscopic analyses via increased background scatter in the ca.
7 mm size-range (Supplementary Material, Fig. S14).



Fig. 2. Panels a (linear) and c (log) show breakthrough-elution concentration histories of all colloid sizes in pea gravel channel at the 2.4 m sampling distance as a function of pore
volumes (PV) from source. PV is elapsed time normalized by the calculated average breakthrough time of water for that sampling distance. Panel c shows quantitation limits using
horizontal dashed lines in colors corresponding to the legend. Tracer breakthrough predicted by the Ogata-Banks solution (Ogata and Banks, 1961) is shown with the dotted black
line in panel c. Panels b (linear) and d (log) show breakthrough-elution concentration histories shown for 1.6 mm colloids as a function of time for multiple sampling distances with
average C/Co values shown as dotted lines in colors corresponding to legend in panel d. Breakthrough-elution concentration histories for all colloids at all transport distances are
provided in Supplementary Material, Figs. SI-9 and SI-20.

Fig. 3. Attachment rate coefficient (kf) as a function of distance in the pea gravel
channel. Dashed lines and transparent symbols corresponding to 19.5 m distance
indicate that breakthrough was below the quantitation limit. Error bars represent the
standard deviation of kf as calculated via error propagation (described in Supple-
mentary Material).
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3.4. Sediment profiles

The number concentration of colloids recovered from gravel
showed a non-monotonic trend; i.e. a maximum concentration at
some distance from the source (Supplementary Material, Fig. S15,
symbols). That the distribution of retained colloids was non-
monotonic contrasts with the monotonic decrease in kf with
increased transport distance (Fig. 4). This contrast likely reflects
mobilization of near-source colloids by the low IS pulse (Fig. 5 and
Supplementary Material, Fig. S13), which occurred proximal to the
source. The hypothetical distribution of colloids expected from
exponential distribution from source was determined using kf
values corresponding to the upstream-most (0.6 m) and
downstream-most (9.8 m) locations where kf was quantifiable
(Supplementary Material, Fig. S15, dashed and dotted lines).
Superimposing the exponential distributions of retained colloids
approximates an expected hyper-exponential distribution, which
contrasts against the observed non-monotonic distribution (Sup-
plementary Material, Fig. S15). This contrast is greatest at the
upstream-most sampling location, consistent with the observed
mobilization of colloids predominantly at locations proximal to
source (Fig. 5 and Supplementary Material, Fig. S13).



Fig. 4. Attachment rate coefficient (kf) as a function of colloid diameter (log scale) for
pea gravel channel with 0.6, 1.2, 2.4, and 4.9 m sampling locations shown with red
triangles, yellow circles, green squares, and blue diamonds, respectively. Note that
sizes are staggered slightly around true values to clarify error bars. For distances at
which kf error bars spanned the range of kf with colloid size (9.8 m distance) or C/C0
approached quantitation limit (19.5 m distance) (Supplementary Material, Figure SI-
12), evaluation of trend of kf with colloid size was not possible. Error bars represent
the standard deviation of kf as calculated via error propagation (described in Supple-
mentary Material). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 5. Colloid concentrations during the low IS pulse for the pea gravel channel at the
0.6 m sampling distance. PV is elapsed time normalized by the calculated average
breakthrough time of water for that sampling distance. Colloid concentrations during
the low IS pulse at the other sampling locations are provided in the Supplementary
Material (Figure SI-13).
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4. Discussion

4.1. Non-exponential colloid distribution from source

The observed trend in kf with transport distance (Fig. 3) for
nano-to micro-sized colloids in streambed-equilibrated granular
media highlights a major challenge for predicting colloid transport
distances in the environment for resource protection or remedia-
tion. The approximate factor-of-four kf reduction (from 240/day to
60/day) across 5m distance for 0.21 mm colloids (Fig. 3) reduced the
colloid removal achieved across that transport distance from 5.3-
log (at 0.5 m) to 1.3-log (at 5.0 m). Based on the kf determined
from observed breakthrough at the 0.3 m distance, the relative
breakthrough (C/C0) at 5 m distance would be predicted as
5.1 � 10�6, which is 4-log greater removal than the observed C/
C0 ¼ 0.05 at this distance, a major over-prediction over a modest
field transport distance.

Observed colloid transport distances in streambed-equilibrated
sand were on the order of centimeters (Supplementary
Material, Fig. S10), consistent with those observed under labora-
tory conditions (e.g., Li et al., 2004; Tufenkji and Elimelech, 2004;
Tong et al., 2006; Wang et al., 2014). In contrast, observed colloid
transport distances in streambed-equilibrated pea gravel were on
the order of meters (Fig. 3). Lesser removal with increasing grain
size is an expectation of colloid filtration theory (CFT) (Yao et al.,
1971; Rajagopalan and Tien, 1976), since the likelihood that col-
loids will intercept grains (as quantified by h and kf) decreases as
grain fluid shell thickness increases with increasing grain size.
However, the results also demonstrate that in addition to removal,
the distance over which non-exponential distribution (effective kf
decrease) occurred also increased with grain size. Hyper-
exponential colloid distributions from source extended over
similar distances regardless of colloid size ranging over two orders
of magnitude (0.06 mme7.7 mm) (Fig. 3). Given that non-
exponential colloid distributions are reported to occur over cm-
scale distances in sand-sized granular media (e.g., Li et al., 2004;
Tufenkji and Elimelech, 2004; Tong et al., 2006; Wang et al., 2014),
the meter-scale hyper-exponential colloid distributions observed
in pea gravel demonstrate that non-exponential distributions
extend over larger distances in coarsermedia; i.e., scaleswith grain
size.

The mechanism driving non-exponential colloid distributions
from source under unfavorable conditions is a subject of active
research (e.g., Hilpert and Johnson, 2018; Johnson et al., 2018;
Bedrikovetsky et al., 2019), but the ubiquity of this observation
suggests that the mechanism arises from fundamental transport
processes. The potential impact on colloid stability of equilibration
with aqueous components during transport deserves consideration
in field transport studies. Because dilution with site groundwater
by approximately 1:4 occurred during colloid suspension prepa-
ration, and another approximately 1:200 dilution occurred during
introduction to the pool, the potential additional dilution of stock
stabilizing surfactants during transport down-gradient from the
pool is presumably inconsequential. If colloid aggregation had
occurred during transport, one would expect kf to have increased
with increasing transport for the larger (1.6 mm and 7.7 mm) col-
loids, which is not what was observed. The scaling with grain size
demonstrated here is consistent with the hypothesis that the
effective kf decrease is driven by loss of a fast-attaching fraction that
is depleted as that fraction of the colloid population attaches to
grain surfaces (Johnson et al., 2018). This finding is explored in a
separate manuscript (Johnson, 2020) via simulations adopting the
above hypothesis for description of observations from the
streambed-equilibrated pea gravel described here, and from a
Wisconsin fine sand (Rasumuson et al., 2019b).

The observed limited colloid transport in the fine sand in this
environmental setting suggests that colloid transport behavior over
meter-scale and larger distances in fine sand in field settings
necessarily involves physical heterogeneity (i.e., preferential
transport pathways), for which the relative impacts of colloid-
surface interaction is uncharacterized. In contrast, the observed
non-exponential colloid distribution in the pea gravel suggests that
colloid-surface interaction a dominant control on the observed
colloid distributions from source in field settings comprised of
coarse granular media such as streambed alluvium.
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4.2. Minimum retention for n-m transition size range

Establishing relevance of laboratory-observed highest colloid
mobility in chemically-cleaned media for colloid sizes within the
nano-to micro-scale (n-m) transition size range (i.e., 0.02e2.0 mm)
(Ron et al., 2019a) to streambed-equilibrated media (Fig. 4, Sup-
plementary Material, Fig. S11) highlights the opportunity to
incorporate this characteristic as a design parameter in colloid-
based environmental remediation in granular aquifers. One strat-
egy proposes to aggregate novel nanoparticles to the n-m transition
size range in order to facilitate their transport through non-target
porous media, followed by disaggregation at the target location
to enhance penetration into granular media pore space and reac-
tivity via increased surface area (Ron et al., 2019b).

That colloids of size in the n-m transition and near-neutral
buoyancy have highest mobility in granular media has long been
known for favorable conditions (Yao et al., 1971; Rajagopalan and
Tien, 1976), whereas only recently was it demonstrated that this
enhanced mobility is further exaggerated under unfavorable
conditions (Ron et al., 2019a). That recognition of this attribute
only recently occurred likely reflects that existing field tests have
not previously examined, to the knowledge of the authors, a suite
of varying colloid sizes while holding surface characteristics
relatively constant. However, laboratory column transport of
various pathogens (i.e., viruses, bacteria, and protozoa) in Ohio
River sand over 3e9 m transport distances reported greatest
mobility for bacteria (n-m transition-sized) relative to the viruses
(nano-scale) and protozoa (micro-scale) despite uncontrolled
colloid surface properties (Gupta et al., 2009). Field monitoring for
pathogens demonstrates greater prevalence of viruses relative to
bacteria (Borchardt et al., 2003; Kyle et al., 2008; Eydal et al.,
2009; Allen et al., 2017), which nominally contradicts greater
mobility of colloids in the n-m transition size range. However, vi-
ruses display lower collision efficiencies (i.e., “stickiness”) than
bacteria presumably owing to their surface characteristics
(Gannon et al., 1991; Schivjen et al., 2000; Ron et al., 2019a);
furthermore, differences in replication/growth and inactivation/
death (John and Rose, 2005), ecological predation (Levin, 1977;
Lenski, 1988), and source concentrations each may influence
relative prevalence of viruses versus bacteria.

The lowest z potential was associated with the 1.6 mm colloids,
yielding the highest calculated repulsive barrier for that size among
the range of colloid sizes examined (Supplementary Material,
Fig. S18). However, this lowest z potential does not explain the
minimum kf corresponding to this colloid size, since measured
properties for all colloid sizes yielded insurmountable repulsive
barriers to attachment (>5000 kT) (Supplementary Material,
Fig. S18). The barrier was dominated by EDL repulsion for all colloid
sizes except 7.7 mm, for which repulsion was dominated by steric
interactions. While colloid attachment is qualitatively related to the
magnitude of the repulsive barrier (e.g., Torkzaban et al., 2007;
Shen et al., 2012), the predicted insurmountability of repulsive
barriers requires one of two assumptions regarding attachment;
specifically that immobilization occurs either: 1) via secondary
minimum interactions (e.g., Torkzaban et al., 2007, 2008), or: 2) via
interaction with nanoscale heterogeneity (e.g., Elimelech and
O’Melia, 1990; Duffadar et al., 2007; Pazmino et al., 2014;
Rasmuson et al., 2019a; Ron et al., 2019a). Experimental and
mechanistic reasons supporting the latter are well reported
(Johnson et al., 2010; Pazmino et al., 2014, 2015). A self-consistent
outcome of attributing attachment to nanoscale heterogeneity is
mechanistic prediction of highest mobility for n-m transition col-
loids due to their least likelihood of encountering heterodomains
(zones of opposite charge) due to their least combined diffusion,
settling, and hydrodynamic drag (Ron et al., 2019a).
4.3. Unfavorable colloid-surface interactions

That non-exponential colloid distributions from source emerge
in the laboratory specifically under unfavorable conditions (Li et al.,
2004; Tufenkji and Elimelech, 2004a; Tufenkji et al., 2004; Li and
Johnson, 2005; Tong and Johnson, 2007; Liang et al., 2013; Wang
et al., 2014) suggests that colloid-collector interactions in
streambed-equilibrated pea gravel were unfavorable. However, the
observed factor of three amplitude (range in kf across the colloid
size range) (Fig. 4) was far less than that observed under highly
unfavorable conditions in the laboratory using chemically-cleaned
media (Ron et al., 2019a; Rasmuson et al., 2019a), where kf varied
up to three orders of magnitude at the highest pH and lowest IS.
The lesser amplitude observed in the pea gravel suggests that
conditions in the pea gravel channel (as well as in the sand channel,
Supplementary Material, Fig. S11) were not highly unfavorable.
That conditions were modestly unfavorable in pea gravel is also
supported by the fact that the predicted single-collector kf from
colloid trajectory simulations under favorable conditions bracketed
the observed values (Supplementary Material, Fig. S19). The
favorable condition simulations were for Happel grain diameters of
446 mm and 6 mm, which are the respective number-based geo-
metric mean and weight-based arithmetic means of pea gravel
(Supplementary Material, Fig. S3).

That conditions were unfavorable (albeit modestly) in the pea
gravel channel is also supported by the observed colloid detach-
ment in response to solution IS reduction (Fig. 5), which also ap-
pears to have altered the observed final colloid distribution in
sediment to produce non-monotonic profiles of retained colloids,
as described above (Supplementary Material, Fig. S15). Experi-
ments examining colloid release in response to IS perturbation in
the laboratory (Ryan and Gschwend,1994; Roy and Dzombak,1996;
Franchi & O’Melia, 2003; Hahn et al., 2004; Shen et al., 2012; Yi and
Chen, 2013) demonstrate that colloid release is negligible when
attached colloids were originally loaded under favorable conditions
(e.g., Franchi & O’Melia, 2003; Hahn et al., 2004). The reentrain-
ment of colloids in response to a low IS pulse in pea gravel is
consistent with unfavorable colloid-surface interaction, suggesting
a role of colloid mobilization in reports of increased pathogen
prevalence (Curriero et al., 2001; Auld et al., 2004; Dorner et al.,
2006) and formation plugging following soil colloid mobilization
(McNeal and Coleman, 1966; Frenkel et al., 1978) in response to
infiltration of low IS water (i.e., heavy rainfall).

5. Conclusions

The distribution of colloids from source was non-exponential
(hyper-exponential) in streambed-equilibrated granular media,
demonstrating that equilibration of naturally rough grain surfaces
with natural organic matter in the presence of groundwater elec-
trolytes yielded the same complex transport behaviors that emerge
under unfavorable conditions in chemically-cleaned granular me-
dia under highly controlled conditions. Non-exponential distribu-
tions were demonstrated to be consistent for colloids ranging from
nano-to micro-sizes and bulk compositions ranging from gold
(nano) to polymeric CML and PMMA (micro). Among these colloids
with similar surface properties, colloid sizes in the n-m transition
size range (0.2e2.0 mm diameter) were most mobile as expected
from their least combined diffusion, sedimentation and fluid drag
at the grain surface. Non-exponential distributionwas described by
an effective colloid retention rate coefficient that decreased with
increasing distance of transport, which has been mechanistically
predicted in chemically-cleaned granular media only under the
assumption that a fast-attaching faction of the colloid population is
depleted by loss to grain surfaces. The scale over which non-
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exponential distribution occurred was consistently greater in
coarser media (pea gravel versus fine sand) regardless of colloid
size, implicating colloid loss to grain surfaces as a driver of non-
exponential distribution. The findings guide development of
robust methods to predict non-exponential colloid distribution
from source in granular media.
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