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ENVIRONMENTAL STUDIES

Microplastic accumulation inriverbed sediment via
hyporheic exchange from headwaters to mainstems

Jennifer D. Drummond'*, Uwe Schneidewind’, Angang Li?, Timothy J. Hoellein?,

Stefan Krause'*, Aaron . Packman?

In rivers, small and lightweight microplastics are transported downstream, but they are also found frequently in
riverbed sediment, demonstrating long-term retention. To better understand microplastic dynamics in global
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rivers from headwaters to mainstems, we developed a model that includes hyporheic exchange processes, i.e.,
transport between surface water and riverbed sediment, where microplastic retention is facilitated. Our simula-
tions indicate that the longest microplastic residence times occur in headwaters, the most abundant stream clas-
sification. In headwaters, residence times averaged 5 hours/km but increased to 7 years/km during low-flow
conditions. Long-term accumulation for all stream classifications averaged ~5% of microplastic inputs per river
kilometer. Our estimates isolated the impact of hyporheic exchange processes, which are known to influence
dynamics of naturally occurring particles in streams, but rarely applied to microplastics. The identified mechanisms
and time scales for small and lightweight microplastic accumulation in riverbed sediment reveal that these often-
unaccounted components are likely a pollution legacy that is crucial to include in global assessments.

INTRODUCTION
Plastic production and the amount of plastic waste are growing at
an exponential rate. Plastics are pervasive to all ecosystems globally
and will persist over long time scales (I, 2). Rivers are considered a
major source of plastic to oceans (3) with a considerable proportion
being classified as microplastics (MPs), defined recently as particles
<1 mm (4) but more widely as all particles <5 mm. However, studies
on accumulation, export, and residence times of plastic particles
within riverine systems have only recently emerged (5, 6). MPs enter
freshwater systems as both primary plastic objects (i.e., designed to
be small) and secondary particles (i.e., fragments derived from
breakdown of larger plastic objects) (I, 3). Although small MPs
(<100 pm) are often not measured, recent estimates suggest that
they can be ~6 x 10° times more abundant than larger size classes in
freshwater sediment (7) and account for 11.6 to 21.1 million tons of
plastic waste suspended in the top 200 m of the Atlantic Ocean (8).
MPs are polluting freshwater ecosystems from both point and
nonpoint sources. Point sources include wastewater discharges, com-
bined sewer overflows, runoff from sealed surfaces, and accidental
spills (9, 10). MPs enter the domestic wastewater stream via synthetic
textile fragments and fibers in washing machine effluent, beads in
soaps or scrubbers, fragments, and other particles in runoff, leading
to a wide variety of MP types (i.e., size, shape, and density) within
freshwater ecosystems (11). The smaller the plastic, the higher
the probability of passing through any removal system designed to
stop their transport into the environment. For instance, municipal
wastewater treatment plants (WW'TPs) filter between 96 and 99.9%
of MP in influent water but still release 1 to 100 MP/liter in treated
effluent, with a higher likelihood that smaller MPs will pass through
the filtration system (9, 12). Nonpoint sources of MPs include atmo-
spheric deposition, road runoff, littering, and sludges of WWTPs
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distributed to agricultural soils that can be eventually transported to
freshwaters (13). In addition, up to 80% of wastewater globally is
untreated, yielding much higher nonpoint source MP loadings to
freshwater systems (14).

In previous studies, small MPs < 100 um were assumed to trans-
port downstream with minimal interaction with riverbed sediment
because of their low gravitational settling velocity (15, 16). However,
the transport of MPs < 100 pm, similar to that of other small natu-
rally occurring particles, is strongly influenced by turbulent flow and
groundwater—surface water interactions driven by streambed topo-
graphic effects that lead to considerable hyporheic exchange, the
bidirectional flow between surface water and sediment in rivers
(7, 17). Particle retention by hyporheic exchange, which has been
validated from decades of research and empirical evidence [e.g., see
review paper (18)], traps a wide range of particles in the river benthos,
including lightweight plastics that might otherwise be expected to
float. Prior studies have demonstrated that accumulation of small
MPs in riverbeds is ongoing, but hyporheic exchange processes have
not yet been incorporated into hydrologic models, which quantify
pathways for small particle retention. New models that estimate the
time scales of hyporheic MP dynamics (i.e., deposition, retention,
and resuspension) are critical, yet missing components needed to
quantify MP abundance in riverine systems and the associated en-
vironmental and public health risks (19). Here, we quantify MPs
residence times and accumulation for streams classified as headwaters
to mainstems deduced from global river data, isolating the impact
of the often unaccounted for hyporheic exchange processes. We focus
on the less well-studied yet more abundant small MPs (<100 um),
which have a higher surface-to-volume ratio and therefore higher
likelihood to serve as a vector of harmful pathogens and are more
readily available for uptake by organisms, potentially degrading
ecosystem health (13, 20).

How are small MPs transported inrivers?

MP deposition into underlying sediment has long been assumed to
be driven solely by heteroaggregation with other particles and gravi-
tational settling (15, 16), but hydrodynamics exerts more complex
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forces on particle transport and retention in flowing waters. Although
settling occurs within rivers and should be especially considered for
larger and denser particles, fine particles < 100 um are mainly
transported into riverbeds by hyporheic exchange flow (17, 18, 21).
Hyporheic exchange is driven by pressure variations at the riverbed
surface and turbulent momentum transfer into porewater (Fig. 1).
Rates of fine particle deposition by hyporheic exchange flow can be
up to 180 times greater than those for gravitational settling (22). For
MPs, the ratio of hyporheic exchange rate to gravitational settling
rate can increase to over 100,000 (17), indicating that hyporheic ex-
change is a critical mechanism for MP transport from rivers into bed
sediment, especially for smaller size fractions. Previous empirical
measurements showed that MP retention follows similar patterns to
naturally occurring allochthonous particles, including low-density
organic particles, which accumulate in riverbed sediment (23).
Exchanged particles deposit or become immobilized within riverbed
sediment by a variety of mechanisms including granular filtration,
settling in porewater, and retention in benthic and hyporheic bio-
films (18, 21). While well studied for naturally occurring particles,
the implications of these processes for MP retention in riverbed sedi-
ment have not been considered to date. Once deposited in the riverbed,
MPs may be remobilized to the water column, chemically degraded,
fragmented into smaller pieces, ingested by benthic and hyporheic
fauna, or buried and stored for long periods of time (13, 24). High
stream flows commonly remobilize deposited particles when the
critical shear stress of the bed is exceeded and bed sediment is remo-
bilized (25), but high flows can also move MP particles deeper into
bed sediment and thus enhance long-term plastic burial in riverbeds
(26). The primary mechanism for plastic degradation in the water
column is ultraviolet (UV) light, but this is greatly restricted in sedi-
ment. Biological degradation of plastic polymers also occurs in both
the surface water and sediment, but biodegradation rates have been
estimated to be slow (13). In addition, fragmentation reduces the
particle size, increasing the abundance of smaller MPs over time.
Overall, MP concentrations in riverbed sediment are expected to be
greater than in surface waters due to substantial accumulation of MPs
in sediment via hyporheic exchange and the expected limitations of
plastic degradation in the hyporheic environment. Over long time
scales, some fraction of the MPs that accumulate in riverbed sediment
during low-flow periods are remobilized during floods (25). Accu-
mulated MP may eventually propagate to the ocean, or to inland
depositional areas, through a series of flood events that occur over
geologic time scales (27). However, neither the average storage time
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Fig. 1. Processes that control MP accumulation in rivers. Both gravitational
settling and hyporheic exchange transport MPs into riverbed sediment, followed
by either long-term burial, biodegradation and fragmentation, or remobilization to
the water column.
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scale of MPs nor the fraction of particles that are remobilized versus
buried long-term is currently known.

Models that only consider gravitational settling, even with biofilm
colonization, predict that smaller MPs (<100 um) and larger buoyant
MPs will not accumulate within riverbed sediment (16) unless hetero-
aggregation is considered (28). Yet, these assumptions do not coincide
with observations of large amounts of small and low-density plastics
in riverbed sediment worldwide (5, 6). This discrepancy between ob-
served and predicted accumulation of lightweight MP particles in
streambed environments suggests that additional processes are re-
sponsible for MP deposition and retention in sediment, beyond those
included in existing models. We aim to quantify the accumulation
and residence times of MPs from hyporheic exchange processes,
which will especially affect the fate of small MPs < 100 pm as shown
by previous fine particle and MPs experimental evidence (18, 26).

RESULTS

Model development and validation

We here use a mobile-immobile model framework (see Materials and
Methods) to quantify MP accumulation in riverbed sediment and
residence times of exported particles for a wide range of hydrologic
conditions from headwaters to mainstems in global river networks
(i.e., headwaters, small creeks, large creeks, small rivers, medium
rivers, and mainstems). For this purpose, we adapted a model that
has been widely used to simulate transport and accumulation of
particulate organic matter, fine inorganic particles, and microbial
cells in streams and rivers (21, 26). The model considers exchange
from the water column to riverbeds (i.e., due to hyporheic exchange),
immobilization, and remobilization, as well as downstream transport
of MPs (Fig. 1). Deposition and immobilization processes generally
dominate the behavior of fine particles within riverbed sediment
(18, 21), leading to long-term accumulation.

We first use our model to interpret a field dataset (7) and assess
whether observed stream hydrologic conditions and ranges of accu-
mulation time scales (i.e., 1 to 6 months) could account for the high
number of small MPs (10,000 to 50,000 #/kg dry weight, 20 to 50 um)
measured in streambed sediment downstream of a WWTP effluent
(see Materials and Methods). This dataset is unique as it measures MPs
as small as 20 pm, and buoyant polymers (polypropylene and polyeth-
ylene) were the largest fraction of the plastics found in the size range of
20 to 50 pm. Therefore, a model that incorporates hyporheic exchange,
and not only gravitational settling, was needed to explain observa-
tions of such small and buoyant particles in riverbed sediment only
~150 m downstream of their point source. We found multiple input
parameter sets, representing a realistic range of hydrologic condi-
tions and MP properties that can account for the numbers of small
MPs measured in the streambed sediment (Table 1 and Materials and
Methods). We assumed that MPs were only sourced from the
WWTP although we acknowledge other sources are expected in an
urban setting. Therefore, this study represents a conservative input
scenario and demonstrates that the model can represent how small,
lightweight MPs accumulate in streambed sediment when hyporheic
exchange processes are considered.

Predictions of MP accumulation and residence times

in global rivers

We quantified residence times of small lightweight MP particles in
global rivers, focusing on all polymers in the size range of <100 um

20f8

2202 ‘Yz Arenuer uo B10°80US 105" MMM,/:SANY WOJ | Ppe0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. Case study parameter inputs and outputs for model
validation. Descriptions of input parameters were based on published
values, scaling relationships using known parameters, or assumptions
between solute and fine particle transport with equations and references
identified. For other unknown parameters, variability was incorporated
with Monte Carlo simulations (N = 10,000 parameter runs) with upper and
lower limits listed in the table (see Materials and Methods). Bolded
variables are model inputs parameters.

P Parameter range or
EEL Sy Unit estimate, equation
description s ed !
or reference
Discharge of WWTP liter/s 30-460 (42, 43)
effluent
MP in WWTP effluent #/liter 54 (12)
MP input, MPs input to /s 1000 to 25,000
stream
Q, average stream flow m/s 2.1 (42,43)
) 4.4, calculated from Q
B, stream width m (44-46)
h, average stream m 0.44, calculated from
depth Q (44-46)
v, velocity m/s 1.1, Q/(Bh)
S, slope - 0.004
D, dispersion m?/s 3.7 (47)
Bs, power law slope for
solute immobile
X A - 0.2-1
zone residence time
distribution
Ap, Exchanglge from the " 6.3 x 10—4’ Eq.3
yvater column to (39, 40)
immobile zone
Ap, particle exchange
rate within the 1/s Set to Ap (37)
immobile zone
Bip, power law slope
for the particle
residence time = Set to Bs/2 (37)

distribution within
the immobile zone

or any size if buoyant, along with the long-term accumulation rate of
MPs per kilometer (Table 2, Fig. 2, and see Material and Methods).
We assessed MP transport and deposition for hydrologic condi-
tions for streams classified as headwaters to mainstems (29, 30) with
mobile-immobile model simulations (see Materials and Methods).
The stream classification system relates to the Strahler orders 1 to 6
for headwaters to mainstems, respectively, but with the classes based
on discharge and geomorphic transitions instead of only on position
in the stream network (Table 2) (29, 30). River discharge is variable
over time, and “average streamflow” represents an annual composite
of low-flow (baseflow) and high-flow (stormflow) conditions. We
first evaluate each stream classification considering the range in
average stream annual flow conditions and then assess baseflow
conditions. To assess the effects of variation in hydrologic condi-
tions for each stream classification, we ran Monte Carlo simulations
(N = 10,000) varying the range in values for hydrologic input
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parameters (Table 2). For average annual streamflow conditions, we
found that mean and maximum MP residence times were greatest
in headwater streams (Fig. 2, A and B). While the maximum resi-
dence time consistently decreased from headwaters to mainstem
streams, the mean residence time was shortest for large creeks, with
hydrologic conditions defined in Table 2. The variation in mean
residence times from headwaters to mainstems reflects the persistent
increase in stream velocity and width (Table 2). This occurs because
of the impact of stream velocity on hyporheic exchange. These pat-
terns resulted in a wide range of long-term accumulation rates and
time scales, with highest retention in headwaters, the most abundant
stream classification (Fig. 2C and Table 2).

We assessed watershed-scale retention and downstream efflux of
MPs by combining information on residence times, long-term ac-
cumulation rates, and flow paths for each stream classification under
average annual streamflow (i.e., 100% baseflow condition). Our pro-
jections indicate that MPs that enter headwater streams accumulate
in the sediment at a rate of 8% per kilometer on average. For main-
stem rivers, MPs that enter the river are retained at a rate of 3% per
kilometer (Fig. 2). The other remaining ~92 to 97% per kilometer of
MPs are exported another kilometer further downstream in the river
network, with a mean residence time of 5 and 0.1 hours/km, and a
much longer maximum residence time of 0.6 and 0.2 years/km in
headwaters and mainstems, respectively (Fig. 2). However, the prob-
ability for MPs to reach the oceans before accumulation decreases
with distance from the source input location to the ocean, with each
incremental kilometer leading to increased accumulation and resi-
dence times along the way. For example, we can consider a 10 km
reach between a MP source and the freshwater-marine interface.
In this case, a 5% per kilometer MP long-term accumulation rate
causes a large fraction of the MPs (~50%) to be retained in riverbed
sediment before reaching the ocean. Furthermore, with a mean resi-
dence time of ~3 hours/km and a maximum residence time of
0.3 years/km, the exported MPs will be retained within the river for
30 hours on average and 3 years maximum. This retention time pro-
vides the opportunity for abiotic and biological processes (i.e., bio-
film colonization and consumption by animals) to alter the particle
properties and fate before reaching the marine environment.

Since the most frequent river discharge is only a fraction of the
average annual streamflow (31), we repeated the simulations under
baseflow conditions assuming 1, 5, 10, 20, and 50% of the average
annual streamflow. We ran these simulations for headwater streams,
which are the most globally abundant stream classification and the
greatest fraction of overall river length (29, 30) (Table 2) and have
the greatest MP accumulation rates and residence times under
annual average flow conditions (Fig. 2). Residence time of exported
MPs increased as stream flow decreased. For example, at 1% average
annual streamflow, the average MPs residence time was 46 hours/km,
9 times greater than for average annual conditions, (Fig. 3A), and
the maximum was 1.7 years/km, 2.8 times greater than average
annual conditions (Fig. 3B). Under these conditions, MP accumu-
lation also increased to 2.4 times the average annual conditions to
19% per kilometer on average (Fig. 3).

DISCUSSION

This study presents the first assessment of MP accumulation and resi-
dence times within freshwater systems from headwaters to mainstems
from hyporheic exchange processes, focusing on the hard-to-measure
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Table 2. Hydrological conditions for global rivers classified as headwaters to mainstems used to calculate input parameters and model outputs of
residence times of exported particles and accumulation of MPs in riverbed sediment. Description of input parameters were based on published values,
scaling relationships using known parameters, or assumptions between solute and fine particle transport with equations and references identified. For other
unknown parameters, variability was incorporated with Monte Carlo simulations (N = 10,000 parameter runs) with upper and lower limits listed in the table

(see Materials and Methods). Bolded variables are model inputs parameters. HW, headwater; SC, small creek; LC, large creek; SR, small river; MR, medium river;
MS, mainstem.

Q(m¥/s) B (m) H (m) 3 vim/s) D(m%s)  Ap(1/s) Bs A (1/5) Bip Count L?Er%h
(30) (29) (44-46) (47) (39, 40) (37) (37) (30) (30)
HW 0-0.057 0.8-3 1481646 2947149
s 0.025873— oy Eq. 4 542257 1139800
LC 01'218333" 44-138 Calc. Ap Bs/2 261629 502085
e - fromrel. Q/(Bh) Eq. 6 0.2-1
SR 15'163633‘ 13.8-72.5 toQ 35 % 169653 289972
e e, 10—5_9‘9
— — —4
MR 52'36635 17%58 0.04-0.1 %10 84392 132600
MS 2720'6759‘ 157302'89_ 0.1-1 41830 61607
A
- Mainstem 70.79 md/s
[ IMedium river
[ 1small river
[ lLarge creek
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Fig. 2. Retention times and accumulation of MPs in riverbed sediment per kilometer in headwaters to mainstems for the range in average annual streamflow
conditions. Schematic of stream classification by discharge (A). MP (B) mean residence times (T), (C) maximum residence time (RTyax) for the particles that transport
downstream and are not retained, and (D) percentage of long-term accumulation (i.e., >317 years) in riverbed sediment (%acc) per kilometer by stream classification of
headwaters to mainstems (Table 2). The black diamond is the mean value for each stream classification. HW, headwater; SC, small creek; LC, large creek; SR, small river; MR,

medium river; MS, mainstem.

yet abundant size fraction < 100 um. We focused on the influence
of hyporheic exchange processes on MP fate in streams, which is
rarely studied. Thus, our results represent minimum estimates as
other processes such as biofilm colonization, heteroaggregation, and

Drummond et al., Sci. Adv. 8, eabi9305 (2022) 12 January 2022

settling by gravity are only expected to increase deposition and
retention (23, 32). Our analyses indicated the importance of riverbed
sediment as a long-term sink for MPs (~3 to 8% per kilometer), while
the remaining 92 to 97% of the inputs are stored in the riverbed
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Fig. 3. MP retention and accumulation estimates for varying baseflow conditions in headwater streams. Baseflow was assessed as 1, 5, 10, 20, 50, and 100% of the
annual stream flow with model outputs for (A) mean residence times (T), (B) maximum residence time (RTuax) for the particles that transport downstream and are not
retained, and (C) percentage of long-term accumulation in riverbed sediment (%acc) per kilometer. The green diamond is the mean value for each stream classification.

sediment for as long as ~0.2 to 0.6 years/km before downstream
export. Further, our results show that MPs are preferentially retained
in headwater systems under low-flow conditions, yielding accumu-
lation rates up to 19% per kilometer and residence times up to
1.7 years/km. MP accumulation dependence on flow conditions is
particularly relevant given projections of future increases in frequency,
magnitude and duration of meteorological extremes, and associated
high- and low-flow events.

Our findings contribute a first estimate for budgets of MPs <
100 pm within rivers and their storage and redistribution between
the continents and the oceans. Future studies that characterize the
spatiotemporal distribution of MP accumulation in streams, com-
bined with models that incorporate varying flow conditions and
overbank flow, will improve predictions of MP accumulation and
export. Our results demonstrate the potential importance of head-
waters retaining MPs. The high accumulation of small MPs in head-
waters is likely due to the combined effects of high hyporheic
exchange rates due to shallow turbulent waters and the longer resi-
dence times within the sediment as compared to large rivers. These
findings are relevant to in situ dynamics as small streams can receive
WWTP effluent (33) and associated MPs, along with MPs from a
suite of other sources such as agricultural and septic drainage,
stormwater inputs, and aerial deposition (24). These advances will
enable identification of hotspots of MP accumulation, such as head-
waters, which will facilitate ecological impact assessment and miti-
gation measures including cleanup of the most polluted locations
by knowing where increased controls on MP inputs can make the
largest differences to global distributions.

The synthesis of our model results highlights that lightweight
and small MPs accumulate substantially in riverbed sediments. This
emphasizes the importance of global budgets to consider freshwaters
as an important reservoir of long-term storage of MPs. A crucial
difference between rivers and other aquatic systems such as lakes,
reservoirs, or wetlands is that the advective water flow and turbulent
exchange that characterizes hyporheic exchange processes delivers
large numbers of MPs, especially the smaller size fractions, into
riverbed sediment (7, 17). We provide the first estimates of MP
accumulation in riverbed sediment for global rivers through hyporheic
exchange processes under the influence of dynamic hydrologic con-
ditions from headwaters to mainstems. Our results are based on

Drummond et al., Sci. Adv. 8, eabi9305 (2022) 12 January 2022

readily available information on river hydrologic and geomorphic
conditions and represent a rather conservative estimate of MP
deposition. However, the influence of groundwater inputs was not
considered, which can both suppress or increase hyporheic exchange
and associated deposition of fine particles (18, 34, 35). Even higher
accumulation rates and residence times can be expected for most
rivers since our model estimates do not incorporate the effects of
biofilm colonization, including benthic algal mats and hyporheic
bacterial biofilms, which increases attachment and retention of
MPs in riverbeds.

Long-term MP accumulation and persistence are expected to vary
with polymer type and environmental factors that influence particle
properties. Although MPs are highly persistent in riverbed sediment,
UV radiation and physical, chemical, and biological activities can
degrade deposited particles. These processes not only increase the
particle numbers via fragmentation but also transform some frac-
tion of plastic to inorganic gases (36). Many MPs will become in-
corporated into complex organic-inorganic aggregates in rivers and
estuaries, but this process has not been quantified to date because
natural heteroaggregation is still difficult to measure. Transport, re-
tention, and plastic breakdown all vary with polymer type (17, 23).
Fine particle immobilization in bed sediment also depends on their
size, density, and surface chemistry. The current model provides a
general basis to assess the effects of hyporheic exchange and depo-
sition on MP accumulation in sediment with a focus especially on
the size fraction < 100 um. Density and size effects, including frag-
mentation and aggregation, can be included in the mobile-immobile
model framework as more detailed data become available. We
therefore recommend that future studies incorporate polymer-
specific transport, retention, and breakdown characteristics to im-
prove predictions of MP fate.

Beyond the hydrologic processes considered here, floods deliver
high loads of MPs into the river from terrestrial sources while si-
multaneously exporting remobilized MPs from the bed sediment
further downstream or overbank, where they deposit onto floodplains.
High-flow events not only have the capacity to remobilize a portion
of MPs from riverbed sediment (25) but also potentially drive the
remaining particles into deeper and less-mobile regions (26), lead-
ing to long-term burial. An improved understanding of the net effect
of accumulation and remobilization during floods is needed to
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improve predictions for MPs storage in river systems and the rate
and time scale of MP export to the oceans. We recommend future
field measurements and modeling approaches to consider the effect of
discrete events on the redistribution of plastic particles throughout
the river continuum.

MATERIALS AND METHODS

Experimental design

We estimate in-stream residence times and long-term accumulation
of MPs in global rivers, classified from headwaters to mainstems.
We start by validating a mobile immobile model framework to field
data that measures the smaller size fraction < 100 um (7) and then
expand the analysis to assess streams classified from headwaters
to mainstems.

Mobile-immobile model

Model overview and equations

The mobile-immobile model simulates the transport and retention
of MPs in streams and has been previously applied to studies of fine
particle transport (21, 26, 37). The mobile-immobile model is
governed by advection and dispersion processes convolved with a
memory function to represent storage in the system (21, 37)

9% C(x, t)
9x?

dC(x, 1) N

oCxY) _ f(t)M(t—t’) -V

ot b

a (1)

where C [M L] is in-stream MP concentration, ¢ [T] is the elapsed
time, ' [T] is a dummy time variable, x is downstream distance [L],
M(®) [T is the memory function, and v [L T and D[L* T '] are
the velocity and dispersion coefficient in the mobile zone (i.e., water
column). The memory function (Eq. 2) is dependent on the overall
residence time distribution of MPs in the stream, yp(t) [T!]. The
Laplace transform of the memory function M(t) is

- p(u)

M(u)z utm (2)

where u [T"] is the Laplace variable and 7 is the average travel time
in the reach, defined as the stream reach length divided by the mean
water velocity (v). yp (£) [TY is defined by the residence time distri-
bution in the mobile zone (i.e., water column), yo(t) [T}, the rate
of exchange from the water column to the immobile zone, Ap (f)
[T™"], and the residence time distribution of MPs in the immobile
zone, @p(t) [T7']
Wp(u)=Yolu + Ap — ApPp(u)] 3)
The immobile zone is defined as encompassing all stream storage
areas, and in our study, we focus on the riverbed sediment. We assume
that small MPs (<100 um) are transported in the stream water col-
umn identically to solutes owing to their small settling velocities (38),
shown to have an exponential residence time distribution in the water
column set to yo(f) = e”* (18, 21). For the same reason, we assume
that delivery of MPs to the immobile zone is controlled purely by
hyporheic exchange processes and that gravitational settling is neg-
ligible. Therefore, the model provides a lower-case scenario for MP
transport from the water column to riverbed sediment that considers
only hyporheic exchange processes, as this rate could be enhanced
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by gravitational settling. For a specific river reach, the hyporheic
exchange rate defined as the rate of exchange from the water col-
umn to the immobile zone, can be calculated experimentally via a
solute tracer injection study (21). This has been the assumption
incorporated into this model for many studies, including field MP
injection studies, and has been an accurate estimate of exchange of
small and lightweight MPs into the sediment (17, 26, 37). In need of
amore generic approach that encompasses a variety of river hydraulic
and channel characteristics, we estimated the hyporheic exchange
rate, i.e., the exchange from the water column to the immobile zone
from a scaling relationship developed by dimensional analysis with
stream tracer data from 35 streams (39, 40) as

1 1 y \-14625 ( B 06639
-— = 20595 ——%= | | i -
A < 0~097f°“‘2> < “> ( ")
(Q)“stg.sm(ﬁ)
D i u,

where h is stream depth, B is stream width, f is the Darcy-Weisbach
friction factor calculated as f = 8ghS/v%, u, is the shear velocity cal-
culated as u, = (ghS)* with S as the slope and g as the gravitational
acceleration,S; is reach sinuosity ratio, and L is reach length. A rep-
resentative S; for global rivers was estimated as 1.2 (41).

Once in the immobile zone, MPs can either transport with sol-
utes directly back to the water column via porewater hyporheic flow
paths or immobilize (Fig. 1). Therefore, the residence time distribu-
tion of MPs, @p, describes both the delay in downstream transport
that results from particles entering the immobile zone and following
solute transport paths and further immobilization-remobilization
within the immobile zone (e.g., from reversible deposition, filtration,
and attachment)

4

Pr(u)=Ps [u + Arp — ArpPrp(us)] €
where g is the solute residence time distribution in the immo-
bile zone, Ajp is the rate of MP particle immobilization within the
immobile zone, and @p is the particle residence time distribution in
the immobile region. Both solute and particle residence time distri-
butions in the immobile zone have been identified previously as
power law with @s (1) ~t P9 and @p(t) ~ £ * PP, where Bs and
Bip are power law slopes between 0 and 1 (18, 21). A smaller value of
Bs or Brp indicates more time spent in the immobile zone, which
reflects slower hyporheic transport and hence riverbed sediment
properties that extend the residence time distribution of solutes and
fine particles.

Model validation

To validate the mobile-immobile model, we compared model out-
puts to measured streambed sediment MPs in the smaller size range
of 20 to 50 um, ~150 m downstream of a WWTP measured in low-
summer flow conditions (May and August 2017) in the Roter Main
River (7). Briefly, sampling involved extracting a freeze core down
to approximately 60 cm from a natural riffle structure by hammer-
ing a stainless-steel pipe into the sediments, filling with a mixture of
dry ice and ethanol, and removing the pipe as soon as the surrounding
sediments froze (~20 min). The core was investigated for MP parti-
cles in the size range of 20 to 500 pm using focal plane array-based
micro-Fourier transform infrared spectroscopy (7). MP measurements
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reported in # liter' were converted to # m ™ by using the reported

10-cm depth (h) and sediment composition (70% coarse to medium
sand and 30% medium to fine gravel) to estimate a sediment density
of 1600 kg m™. A conservative estimate of the number of MPs
sourced from a WWTP effluent is based on data in a Danish WWTP
with 99.3% removal efficiency, as 54 #/liter (12). Combined with the
range in discharge of the WWTP from 360 to 460 liter/s (42, 43),
MP inputs (#/s) to the stream can vary between 1000 and 25,000 #/s.
As the quantity of MPs within riverbed sediment represent months
to years of accumulation, a comparison was made between the original
observations by (7) (i.e., >1 x 10° #/m?) and our model estimates
after 1, 2, 3, and 6 months of MP continuous inputs.

Model inputs

The model assumes steady state conditions and MPs can be added
as a pulse or continuous input. Input parameters are shown in
Table 1. Stream depth h (m) and width B (m) were determined by
the bank full relationships between Q, B, and h of 230 rivers world-
wide (44-46). Velocity v was calculated from the median discharge
Q, (m’/s) reported from April to July (42, 43) as Q/(Bh). The disper-
sion coefficient D (m?/s) was calculated as (47)

2.0(%)1'5hu”0 < % < 100

0.62
(7.428 +1.775 (%) (J*)O'm) ( fﬂ)h‘“ 100 < % < 200

(6)

D =

There is no available relationship to predict the other three un-
known model parameters Ajp, Bs, and Brp. When particle data are
not available, a reasonable estimate of particle immobilization can
be drawn from solute parameters as was shown in previous field
studies of both MPs and other fine particles (37). Specifically, particle
interactions in the immobile zone can be estimated as Ajp = Ap,
assuming that increased exchange from the water column to the
immobile zone will lead to a linear increase in particle immobilization
within the immobile zone. Last, Bip = Bs/2 provides a reasonable
estimate (37), indicating that the increased particle interactions com-
pared to solutes will lead to increased immobilization and delay the
remobilization back to the water column with a heavier (less steep)
slope, therefore only leaving Bs as unknown.

We performed several computational experiments (N = 10,000)
with simulations and parameter sets [only varying Bs and MP input
(#/s)] by sampling the parameter space using a Latin Hypercube
approach (37). Bs ranged from 0.2 to 1 (lower limit set by the limit
within the model) and MP input ranged from 1000 to 25,000 #/s,
assuming that the main source of MPs to the stream was from
the WWTP.

Model outputs

Model outputs include MP particle counts at two known distances
downstream (site 1 = 50 m and site 2 = 200 m) in the surface water
for each model time step. These counts were integrated using the
trapezoidal method to determine a total number of MPs that passed
by site 1 and site 2 divided by the stream reach area using the aver-
age width to calculate an average number of MPs retained within
the reach (#/m?) for each time duration (i.e., 1, 2, 3, and 6 months).
We then compared the model outputs to measured plastics (>1 x
10° #/m?) (7). As the time scale for accumulation increased, there
was an increased number of input parameter sets that could have
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led to the measured MPs (7.4, 12.8, 69.7, and 71.4% of N = 10,000
input parameter sets for 1, 2, 3, and 6 months of accumulation,
respectively).
Model predictions
Stream classification from headwaters to mainstems provides a wide
range in hydrologic properties for global rivers (29, 30). We varied
average annual discharge (Q), stream width and slope using the
ranges for each classification (Table 2). Following this, the remain-
ing input parameters (Table 2) were estimated as in the model vali-
dation and run for N = 10,000 parameter sets for each classification
type (headwaters, small creeks, large creeks, small river, medium river,
and mainstem). We then assessed variations in baseflow conditions
assuming 1, 5, 10, 20, and 50% of the annual stream discharge rep-
resented baseflow conditions, assessed for headwater streams only.
For each model run, we estimated three key parameters: mean
residence time (T') and maximum residence time (RTyax) of ex-
ported particles and the percentage of long-term accumulation of
MPs (%acc). All variables are provided per kilometer stream reach
by comparing site 1 = 100 m to site 2 = 500 m for a model duration
of 1sto 1x 10" s (317 years). For an estimate of the mean residence
time of exported particles, a pulse injection (60 s) of a 1-year input
of MPs of 3.15 x 10® particles was simulated to represent a low-
input scenario (~10 MP/s). As an estimate of the short-term retention
of MPs, we calculated the mean residence time of exported parti-
clesT = Ltt and RTyax as the latest time one MP particle was
detected at'site 2. This value represents the timeframe for the short-
term downstream transport of MPs, while the remaining MPs are
assumed to stay immobilized for much longer than the model sim-
ulation (i.e., >317 years). This percentage of long-term MP accumu-
lation (%acc) was calculated as the ratio of the difference in
integrated mass measured between site 2 and site 1 normalized by
the site 1 integrated mass.
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