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and facilitates sediment resuspen-
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ABSTRACT

Understanding the interplay effects between processes such as hydrodynamic forcing, sediment resus-
pension, and bioturbation is key to assessment of contaminated sediments. In the current study, effects of
hydrodynamic forcing, sediment resuspension, and bioturbation by the marine polychaete Nereis virens
were evaluated both independently and together in a six-month flume experiment. The results show that
hydrodynamic forcing without resuspension or worm action slightly enhanced efflux of dissolved Cu to
the water column, sediment resuspension released considerable amounts of dissolved Cu, and interac-
tions between hydrodynamics and worm burrowing further enhanced Cu efflux. In non-bioturbated
sediments, fine particles were only resuspended to the overlying water under the highest imposed
shear stress, 0.58 Pa. However, bioturbated sediments were resuspended under all shear stresses tested
(0.11-0.58 Pa), indicating that bioturbation destabilized the sediment bed. Further, increases in fluid
shear following bioturbation caused rapid releases of dissolved Cu to the overlying water within a few
hours. Cu efflux under fluid shears of 0.47 Pa and 0.58 Pa were 360x and 15x greater after the intro-
duction of worms compared with the same flow conditions without their presence. Overall, our results
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indicate that the release of metals from low-permeability sediments is greatly enhanced by interactions
between flow and bioturbation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metal contaminants in water bodies can accumulate and reside
in sediments for a very long time. These metals are not permanently
sequestered, but instead are dynamically partitioned between sed-
iment particles, porewaters, and the overlying water column [1].
The fate of metals in sedimentary environments is regulated by a
wide range of physical, chemical and biological processes [2]. Since
the early 1980s, when environmental problems caused by contami-
nated sediments were widely recognized, considerable efforts have
been made to remediate contaminated sites [3]. A comprehensive
assessment of site contamination status and associated environ-
mental risks is generally needed before remedial decisions are
made. Development of a site-specific conceptual site model (CSM)
isthe first step to understand the fate and transport of contaminants
while identifying the governing processes that control the mobility
and bioavailability of contaminants is critical in constructing a CSM
[3-5].

It is now recognized that sediments represent a highly complex
system and that the fate of contaminants is highly dependent on an
interrelated suite of sedimentary processes. Biogeochemical pro-
cesses involving a series of electron acceptors (05, NO3~, MnOx,
Fe-O(OH)x, SO42-, etc.) redistribute metals between sediment
particles and porewaters [6,7]. In low-permeability sediments
(k<1012 m?2), porewater transport is dominated by slow dif-
fusive processes, leading to stratified biogeochemical zonation
within the sediments [8,9]. The diffusion of metals across the
sediment water interface (SWI) has been considered as the pre-
dominant pathway for release of metal ions to the water column
in such low permeability sediments [10]. Interfacial advective
fluxes of solutes are also known to be important in permeable
sediments [11,12]. However, the effects of hydrodynamic forc-
ing on efflux of metals from low-permeability sediments are
frequently neglected in site assessments [2,13]. In estuarine envi-
ronments, natural processes such as tidal cycles and wind induced
waves generate variable hydrodynamic forcing over sediment bed
across the whole estuary, with reported bottom shear stresses
ranged from 0.05 to 1Pa [14,15]. In our previous work, we also
observed that increasing flow shear and sediment resuspension
both enhanced the efflux of Cu from low-permeability sediments
[13]. Bioturbation, including particle reworking and burrow venti-
lation, further complicates the system by introducing significant
physical, chemical and biological heterogeneities [16-20]. Sedi-
ment reworking activities, such as construction and maintenance
of burrows, greatly increase the area of the SWI [21]. But this bur-
row surface area should not be considered simply as an extension
of the sediment surface as it contains strong chemical gradi-
ents and shows high temporal variabilities [21,22]. Ventilation of
oxygenated water into burrows modifies redox and pH distribu-
tions in porewater surrounding the burrows, and enhances metal
fluxes in sediments [23-25]. Because burrow formation induces
such a wide change in sediment properties, we define bioturba-
tion here as all activities of macrofauna that alter sediment pore
structure and enhance motion and fluid motion through the sedi-
ments.

While the effects of hydrodynamic forcing and bioturbation on
the fate and mobilization of metals have been individually stud-
ied, the interactions between these two processes have not been

evaluated in detail. Therefore, to improve understanding of how
the interplay of hydrodynamic forcing and bioturbation controls
the mobility and efflux of Cu in low-permeability sediments, we
conducted a long-term flume study to evaluate the release of Cu
to porewater and overlying water under a range of hydrodynamic
conditions with and without bioturbating organisms.

2. Material and methods
2.1. Experimental materials

Metal-contaminated sediments were obtained from
Portsmouth Naval Shipyard (PNS). PNS is located on an island
at the mouth of the Piscataqua River, Portsmouth Harbor, which
is a tidal estuary located at the boundary of Maine and New
Hampshire [26]. The water in vicinity of PNS has a salinity of
30 ~32%.. The site has a water depth of ~6m and is subject to
strong tidal influences, with a tidal range of 3 m [26]. The coastal
sediments also provide habitat for a variety of organisms, includ-
ing benthic fauna communities such as crustaceans, polychaete
worms (Fig. 1b), clams, etc. [26]. It has been reported that Nereis
virens [27], a typical marine polychaete, is an important local
benthic species in Portsmouth Harbor, with a density of 117
individuals/m?2 [28]. Offshore sediments at this site have received
substantial contamination from onshore construction and subma-
rine repair activities. The sediments composed primarily of silt-
and sand-sized particles and had a very low permeability. Cu and
Zn were identified as the primary metal contaminants (Table S2).
Approximately 100L of contaminated sediments were collected
in August 2013, transported in sealed buckets, and stored at 4°C
until experiments were performed.

To evaluate the interplay effects between flow and bioturbation
on metals efflux, N. virens was introduced to the sediments as a
model bioturbating organism. N. virens is classified in the functional
group of gallery diffusers based on its feeding type, life habit and
mobility, and reworks sediments primarily by excavating burrows
[9,29]. N. virens was collected by Aquatic Research Organisms Inc.
(ARO, NH) from Damariscotta River, Boothbay Harbor, which is a
tidal estuary located close to the Portsmouth Harbor (~100 miles).

2.2. Flume setup and experimental procedures

Laboratory flumes have been widely used to study sediment
transport and hyporheic exchange processes because they provide
precise control of flow conditions [30,31]. The flume has a test sec-
tion of 2.5m long (x) x 0.2 m wide (y) x 1 m deep (z) (Fig. 1a). The
sidewall of the flume is made of transparent acrylic, which allows
direct visualization of the interior of the flume. An impermeable
acrylic ramp was placed at the upstream end of the flume channel
(x=0m) to ensure steady and uniform water flow over the sed-
iment bed. A porous polyethylene sheet with 90-130 wm pores
(Small Parts International) was emplaced vertically at the down-
stream end of the test section (x=2.5m) to retain the sediment bed
without restricting porewater flow.

Before the experiments, the flume was cleaned with weakly
acidified reverse osmosis (RO) purified water (pH =2), run for 24 h,
and then rinsed with purified RO water twice. 50 L of homogenized
sediments were emplaced into the flume to form a 10-cm deep sed-



306 M. Xie et al. / Journal of Hazardous Materials 341 (2018) 304-312

Fig. 1. Images of flume experiments. (a) Flume experimental setup. (b) Worms found in the PNS sediments. (c) Nereis virens used for the experiments. (d) (e) Side view of
branched burrow networks. (f) Burrow openings at sediment surface. Scale bar=1 cm. (g) Egested sediments deposited outside of burrows on the sediment surface.

iment bed. Two sets of rhizon in situ samplers (RISS) [32-34] with
0.15 pm pores (Sunvalley Solutions Inc., Florida) were installed
through the flume sidewall during introduction of sediments to
enable time-series porewater sampling. The two sets of RISS were
installed in the test section at downstream distances x=0.9 and
1.2 m. Each set included three RISS samplers inserted into the sed-
iments at depths d=1, 2, and 4 cm below the sediment bed surface.
180L of artificial seawater (ASW) at a concentration of 32 g of sea
salt (Tropic Marin, USA) per L of RO water, was carefully filled
into the flume to yield a 15 cm overlying water column. The whole
system was allowed to consolidate overnight, and then the recir-
culating water was drained and replaced with clean ASW on the
second day to remove fines in water column before initiation of the
experiments. The stream velocity profiles were recorded using a
Micro Acoustic Doppler Velocimeter (MicroADV Lab, SonTek, CA)
and the boundary shear stresses were calculated by fitting the
measured velocities to the conventional logarithmic turbulent free-
surface velocity profile (Fig. S1, Supporting information). To model
bioturbation, 40 mixed-age adult N. virens were introduced into
the sediment at week 19, yielding an average density of about 80
individuals/m? of sediment bed surface area, similar to the reported
density of N. virens in the field [28]. To minimize evaporation during
the experiment, the recirculating water was maintained at a con-
stant temperature (20 °C) with a cooler and the flume was covered.
To ensure that the experiment was conducted at a nearly constant
volume over the entire period, the initial water level was labeled,
and RO water was added every two days to compensate for the
evaporation loss.

2.3. Experimental conditions

Experimental conditions were selected to span the important
range of behavior found in the field, including varied levels of
hydrodynamic shears, sediment resuspension, and bioturbation.
Contaminated sediments were thus subject to varied overlying
flow conditions with and without bioturbation. In previous stud-
ies with low-permeability sediments, we observed that increasing

hydrodynamic forcing enhanced the release of dissolved Cu into
the overlying water, and sediment resuspension caused large tran-
sitory perturbations in both dissolved and particulate Cu [13,35].
However, prior studies were limited to core-scale (10 cm diameter).
Here, Cu efflux was observed under a range of flow conditions with
and without bioturbation, including flow conditions that yielded
resuspension of bed sediments. Four flow shear stresses (0.11, 0.22,
0.47, 0.58 Pa) were imposed over the sediment bed spanning the
reported shear stress range in natural estuarine system [14,15]. The
0.11 Pa shear stress was used as the baseline shear. The overlying
flow was fully turbulent at this condition, and kept the water col-
umn fully oxygenated throughout the experiments. Shear stresses
of 0.22 and 0.47 Pa were still below the critical shear (CS) of the
intact sediment bed and thus did not yield sediment resuspension.
Sediment resuspension was achieved by increasing the flow shear
to 0.58 Pa, which exceeded the CS of the sediment bed and scoured
the surficial sediments. Due to the cohesive nature of the sediment
bed, only a very limited amount of surficial sediments were scoured
during sediment resuspensions (~1-2 mm, based on visual obser-
vation). For the first 4 weeks, the system was allowed to stabilize
under baseline shear (0.11 Pa). Flow shear stresses were then var-
ied in a stepwise fashion by altering the flow conditions between
higher shear stresses and baseline shear stresses for periods of 1
week each (Fig. 2, Table S1, Supporting information). Finally, the
highest shear (0.58 Pa) was imposed for 4h to simulate a short-
term resuspension event [13]. Cu concentrations were monitored
throughout the entire period of these experiments to determine Cu
efflux from the sediments.

Following the experiments on flow-induced Cu release without
bioturbation, N. virens was introduced, and Cu efflux was deter-
mined again under all four shear stresses following bioturbation.
The flume was returned to the baseline condition for 11 weeks to
allow re-equilibration of sediments before introduction of N. virens.
Forty N. virens were then introduced in week 19 (day 134), and
the overlying water flow was kept at the 0.11 Pa baseline shear for
2 weeks to characterize the effects of bioturbation on Cu release
under this flow condition. The flow was then varied in the same
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Fig. 2. Experimental conditions. Sediments were subject to four levels of flow shear
(0.11, 0.22. 0.47, and 0.58 Pa) with and without bioturbation.

sequence described previously to study the interactions between
bioturbation and flow hydrodynamics. The overall experimental
timeline is shown in Fig. 2.

2.4. Sampling and analysis

Dissolved oxygen (DO) was measured directly within the down-
stream end-well with a DO probe (HQ10, Hach). Overlying water
samples were acquired daily for measurement of pH, turbidity,
conductivity and dissolved and total metal concentrations. 24 mL
of overlying water was collected daily and split into three 8 mL
aliquots for analysis. One aliquot was used for measurement of pH
(420Aplus, Thermo Orion), conductivity (Oakton Instruments) and
turbidity (2100Q, Hach), and then returned to the flume following
analysis. The other two aliquots were stored for measurements of
dissolved and total metal concentrations. Following sample acqui-
sition, 16 mL of clean ASW was added to the flume to maintain
a constant volume of recirculating water. Samples for dissolved
metals were filtered through a 0.2 um filter and acidified with
HNO3 (trace metal grade, Sigma Aldrich) to pH < 2. Samples for total
metals were acidified to pH <2 without filtration. All water sam-
ples were stored at 4°C before analysis. Cu concentrations in the
water samples were analyzed by Zeeman Graphite Furnace Atomic
Absorption Spectrometry (SpectrAA-800, Varian) [13]. Fe concen-
trations in the water samples were analyzed using the ferrozine
colorimetric method (Supporting information) [36,37].

Porewater was sampled periodically — at least once per week for
experiments performed without bioturbation and every 3-5 daysin
presence of N. virens- by RISS to characterize spatial and temporal
patterns in dissolved Cu concentrations. The first 0.5 mL of pore-
water obtained from each RISS was discarded and another 2 mL
of water was collected, acidified to pH<2, and stored for metal
analysis using the methods described previously.

3. Results

3.1. Particle dynamics and total Fe concentrations in the
overlying water with and without N. virens

Fine particle transport was characterized by turbidity and total
Fe concentrations in the overlying water (Fig. 3). Over the first 4
weeks (0.11 Pa baseline shear), total Fe concentrations in the over-
lying water remained unchanged for the first 10days and then
gradually increased at a rate of 0.645 pM/day (r=0.96, p<0.001).
When the flow was increased to a shear stress of 0.22 Pa on day 29,
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Fig. 3. Total Fe concentrations and turbidity in the overlying water under varying
flow shear with and without bioturbation. Unshaded areas of the graphs indicate
periods with baseline shear conditions (0.11 Pa). Cross-hatching and shading indi-
cate periods with shear stresses of 0.22 Pa and 0.47 Pa, respectively. Black vertical
dashed lines in day 57 (a) and day 176 (b) represent 4-h resuspension events. Red
vertical dashed line on day 134 (b) represents introduction of 40 N. virens. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

total Fe abruptly increased from 13.1 to 19.6 wM and then gradually
decreased at a rate of 1.90 wM/day (r=0.97, p<0.001). Overlying
water turbidity showed similar trends - slightly increasing dur-
ing the first 4 weeks under baseline shear condition (0.11 Pa), but
decreasing under a constant shear of 0.22 Pa (Fig. 3a). Dissolved Fe
concentrations in the overlying water remained below the detec-
tion limit at all times, and thus all Fe detected in the overlying
water was particulate. The decrease of both overlying water Fe
concentrations and turbidity under the constant imposed shear
of 0.22Pa reflected net removal of particles from the overlying
water following the initial increase in shear stress. Turbidity and
Fe concentrations decreased to very low levels at the end of the
period with 0.22 Pa. These concentrations remained very low even
when the shear was increased to 0.47 Pa on day 43 (Fig. 3a), indi-
cating that the redeposited particles were immobilized such that
they were not re-entrained under higher hydrodynamic forcing.
Increasing the bed shear to 0.58 Pa (above the critical shear) on day
57 yielded resuspension and caused a transient increase in parti-
cle concentrations in the overlying water. Particle concentrations
rapidly decreased to the pre-resuspension level following reduc-
tion of the shear to 0.11 Pa.

To investigate the impact of the presence of worms, 40 N. virens
were introduced into the sediment on day 134. The worms bur-
rowed into the sediment within 1h after they were introduced,
and formed more than 100 burrows within 24 h of introduction.
New burrows continued to be formed for ~10 days, yielding ~160
burrow openings at steady state (Fig. S3, Supporting information)
and intermittent presence of N. virens in the burrows close to the
flume side wall was observed throughout the experiment. Note
that the number of burrow openings was 3-4 times greater than
the number of worms, reflecting that N. virens produces highly
branched burrows. Worm burrow openings ultimately comprised
0.5%40.2% of the surface area (Fig. S3, Supporting information).
This represented a substantial biological perforation of the sedi-
ment, as it yielded substantial macroporosity both at the SWI and
within the bed (Fig. 1d-f). The worms also created mound struc-
tures around burrow openings by egesting sediment particles at
the sediment surface (Fig. 1f, g). These sediment-reworking activi-
ties caused a temporary remobilization of particles to the overlying
water, yielding small increases in total Fe and turbidity after intro-
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Fig. 4. Dissolved and total Cu concentrations in overlying water (a) without bioturbation, and (b) with bioturbation.

duction of worms, which then decreased back to the original levels
(before worm introduction) within two days (Fig. 3b). When flow
shear was increased to 0.22 Pa on day 148, total Fe concentrations
and turbidity increased slightly. Fe concentrations then decreased
within two days while the turbidity fluctuated for the entire week.
When flow shear decreased to 0.11Pa on day 155, the turbidity
returned to baseline levels. Increasing the flow shear to 0.47 Pa
on day 162 greatly increased total Fe and turbidity, both of which
then slowly decreased over the following week of constant flow.
The four-hour sediment resuspension (0.58 Pa) on day 176 caused
an abrupt and highly transitory increase in both total Fe and tur-
bidity, which decreased back to the pre-resuspension level when
resuspension ceased.

3.2. Cu concentrations in the overlying water

Release of both dissolved Cu ([Cu]y) and total Cu ([Cu];) to the
overlying water was strongly controlled by hydrodynamics and
bioturbation, and particularly by the interactions between the two
processes (Fig. 4). For the first 5days under the 0.11 Pa baseline
shear, both [Cu]s and [Cu]; were gradually released to the overlying
water at rates of 11.0 nM/day (r=0.99, p<0.001) and 8.28 nM/day
(r=0.94, p=0.002), respectively (Fig. 4a). From day 5 to day 28,
[Culy then decreased slightly at a rate of 0.739 nM/day (r=0.76,
p <0.001) while [Cu]; remained approximately constant (p=0.59).
When flow shear was increased to 0.22 Pa on day 29, [Cu]q first
decreased and then increased (Fig. 4a) while [Cu]; continuously
decreased. Following the decrease in flow shear from 0.22 t0 0.11 Pa
on day 36, [Cu]; decreased to about the same level as [Cu]y, indi-
cating complete removal of particulate Cu ([Cu]p=[Cu]¢ —[Cu]y)
(Fig. 4a). When flow shear was increased to 0.47 Pa on day 43,
both [Cu]q and [Cu]; increased (Fig. 4a). The increase in [Cu]q when
flow shear was increased from 0.11 to 0.22 Pa and again from 0.11
to 0.47 Pa suggests that increasing hydrodynamic forces on the
bed surface promoted the efflux of dissolved Cu to the overlying
water. On day 57, increasing shear to 0.58 Pa for 4 h caused sedi-
ment resuspension with an abrupt but highly transitory increase in
[Cult. Following the cessation of sediment transport, [Cu]; rapidly
decreased (within one day) to pre-resuspension levels. However,

sediment resuspension induced different effects on dissolved Cu.
When sediment resuspension was initiated, [Cu]4 first decreased by
30nM within 1 h and then increased for the following 28 h, result-
ing in a net elevation of [Cu]y in the overlying water by ~30 nM
(Fig. 4a).

After introduction of N. virens on day 134, both [Cu]q and [Cu];
gradually increased at rates of 2.98 nM/day (r=0.88, p<0.001) and
6.06 nM/day (r=0.92, p<0.001) (Fig. 4-5b). When flow shear was
increased to 0.22 Pa on day 148, [Cu]; immediately increased from
210nM to 245 nM and then gradually decreased to 221 nM over the
following week. [Cu]y gradually increased under this flow condi-
tion (0.22 Pa) at a rate of 2.48 nM/day (r=0.99, p <0.001). Following
the reduction of flow shear to 0.11Pa on day 155, both [Cu]yq and
[Cul]; continued to increase but at lower rates, 1.71 nM/day (r=0.97,
p<0.001) for [Cu]y and 1.58 nM/day (r=0.64, p=0.05) for [Cul].
Increasing the flow shear to 0.47 Pa on day 162 led to rapid release
of Cu to the overlying water: [Cu]y rapidly increased from 183 to
247nM, and [Cu]; from 226 to 457 nM within 4 h. Both [Cu]y and
[Cul]; then gradually decreased to 230 nM and 315 nM, respectively,
over the following week. The 4-h resuspension (0.58 Pa) on day 176
also led to arapid release of Cu: following initiation of the sediment
resuspension on day 176, [Cu]q and [Cu]; rapidly increased from
247 to 336 nM, and 300 to 505 nM, respectively, within 0.5 h. After
resuspension ceased, both [Cu]y and [Cu]; then decreased to 306
and 290 nM. The resuspension event resulted in a net increase in
[Culgq by ~60 nM.

3.3. Temporal evolution of Cu concentrations in porewater

Dissolved Cu concentrations in porewater ([Cu]pw) collected
from RISS located at x=0.9 and 1.2 m showed consistent spatial
trends without bioturbation, but exhibited greater spatial and tem-
poral variability after N. virens was introduced. Cu concentrations
in porewater collected at x=1.2m are shown in Fig. 5. Cu con-
centrations in porewater collected at x=0.9m are shown in Fig.
S4, Supporting information. Before introduction of the worms on
day 134, Cu concentrations in porewater at d=1cm were signifi-
cantly greater than the Cu concentrations both in overlying water
(p<0.005) and at d>1cm (p<0.001) (Fig. 5a, Table S3, Supporting
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Fig. 5. Temporal variations of Cu concentrations in porewater observed by RISS
emplaced at different depths (a) Without bioturbation, (b) With bioturbation. Pore-
water samples were collected from RISS located at x=1.2 m.

information), suggesting that surficial porewater was a source of Cu
to the overlying water. After introduction of worms to the sediment
onday 134, Cu concentrations in porewater at d = 2 cm substantially
increased and became significantly higher than Cu concentrations
in porewaters at other depths (d=1 and 4cm) (p<0.001) and in
overlying water (p <0.005) (Fig. 5b, Table S4, Supporting informa-
tion).

Vertical profiles of porewater Cu concentrations were similar
between the two measurement locations (x=0.9 and 1.2 m) under
all flow conditions before introduction of N. virens (p>0.05, Table
S7, Supporting information). However, after the introduction of N.
virens, the porewater Cu concentrations at all depths collected at
the two locations became significantly different (p<0.001) (Table
S8). Cu concentrations in porewater at d=4cm, x=0.9m signifi-
cantly increased at a rate of 3.93 nM/day (r=0.84, p<0.001) (Fig.
S4b) and gradually exceeded Cu concentrations in porewaters at
other depths (p<0.001) (Table S6, Supporting information).

3.4. Efflux of Cu to the water column

Net Cu efflux from the bed was calculated in terms of the overall
mass balance of dissolved Cu in the overlying water. The net flux
of dissolved Cu across the SWI was obtained by normalizing the
rate of change in the overlying water dissolved Cu concentration
with the volume of overlying water and SWI area, as detailed in the
Supporting information. To investigate how the interplay between
flow and bioturbation affects Cu efflux from low-permeability sed-
iments, we compared results between the first half of experiment
without N. virens and the second half of the experiment with N.
virens. Though dissolved Cu concentrations in the overlying water
became substantially elevated, the total mass of Cu in the overlying
water was minimal compared to the Cu accumulated in the sedi-
ments. Before the introduction of N. virens, increasing flow shear
from 0.11 to 0.47 Pa slightly increased the net Cu efflux from —0.28
to 0.39 wmolm~2 day~! (Fig. 6). Resuspension under the highest
shear, 0.58 Pa, significantly increased the net Cu efflux (p <0.001,
Table S9). After N. virens was introduced on day 134, the net Cu
efflux under each flow condition was all substantially higher than
the corresponding Cu efflux without bioturbation, indicating that
interactions between bioturbation and flow further enhanced Cu
efflux from the sediments relative to the effects of flow alone.
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Fig. 6. Efflux of dissolved Cu from sediments under different hydrodynamic shear
stresses with and without bioturbation.

4. Discussion
4.1. Effects of bioturbation on dissolved Cu in porewater

Our previous studies showed that oxidation of surficial sed-
iments liberates aqueous metals into surficial porewater, which
facilitates the efflux of metals to the overlying water column
[13,35]. Here, we observed that Cu concentrations at 1 cm porewa-
ter were consistently higher than those measured in the overlying
water and in porewater at depth >1 cm without bioturbation (Figs.
5 and S4), indicating that surficial sediments were a source of Cu to
the overlying water.

Following introduction of N. virens, dissolved Cu concentrations
in porewater showed both temporal and spatial variations. Dis-
solved Cu in porewater at d=2cm, x=1.2 m increased right after
the introduction of N. virens and varied for the remainder course
of the experiment, while dissolved Cu in porewater at d=4cm,
x=0.9m gradually increased (Fig. 5b, Fig. S4b, Supporting informa-
tion). However, these effects were not observed at other locations,
indicating spatial heterogeneity in porewater chemistry induced
by N. virens burrowing. N. virens constructed multi-branched bur-
row networks in sediments when introduced into the sediments,
yielding substantial macroporosity both at the SWI and in the bed
[21,27,38]. This is consistent with the general behavior of N. virens
observed in the field: N. virens creates semi-permanent U-shaped
and branched burrows [21], with two major phases of burrow
construction-digging and consolidation of galleries for five to seven
days, followed by a maintenance phase with intermittent burrow-
ing primarily within existing burrows [39,40]. While excavating for
burrows, N. virens also ventilates the burrows by intermittently irri-
gating oxygenated overlying water at a rate of ~0.14L day~! per
organism [9,23,27]. Subsequently, oxidation of anoxic sediments
adjacent to the burrows may occur, resulting in localized mobi-
lization of metals in sediments close to burrows [41]. Therefore, it
is likely that the RISS located at d=2cm, x=1.2m, and at d=4cm,
x=0.9m collected porewater directly from or indirectly influenced
by oxic worm burrows, while RISSs at other sampling locations
remained in undisturbed sediments and thus were not affected by
bioturbation.
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4.2. Interplay effects between flow and bioturbation on
mobilization and efflux of dissolved Cu

Previous study showed that hydrodynamic forcing plays a
critical role in mobilizing metals from surficial sediments with
permeability as low as 101> m2. Here before the introduction
of N. virens, we also observed that release of dissolved Cu from
the sediment increased with hydrodynamic shear on the bed sur-
face (Fig. 6). When N.virens was present, the interactions between
flow and bioturbation further enhanced the efflux of dissolved Cu.
Following bioturbation dissolved Cu concentrations in the overly-
ing water increased at rates of 2-3 nM/day under shears of 0.11
and 0.22 Pa. However, dissolved Cu efflux was much more rapid
when shear was increased to 0.47 Pa and further to 0.58 Pa (386
and 761 nM/day, respectively) (Fig. 4b). Similarly, the overall Cu
efflux from the bed was two orders of magnitude greater under the
higher-shear conditions of 0.47 and 0.58 Pa than under the lower-
shear conditions of 0.11 and 0.22 Pa (Cu efflux=1.1, 0.93, 143 and
267 wmol m~2 day~! under shears of 0.11, 0.22, 0.47, and 0.58 Pa,
respectively) (Fig. 6).

Overall, these results clearly show that bioturbation enhanced
flow-induced efflux of Cu from the sediments relative to the effects
of flow alone. In non-bioturbated fine sediments, low permeability
limits exchange across the sediment-water interface [8], restrict-
ing fluxes to slow, near-diffusive levels [42]. Hydrodynamic forcing
can enhance solute exchange by sharpening solute concentrations
gradients, by periodic turbulent disruptions in the diffusive bound-
ary layer, and/or by flushing of the uppermost sediments [43]. The
enhanced solute exchange at the SWI led to deeper penetration of
DO under higher flow shear stresses (Fig. S5a), which in turn may
facilitate the oxidation of anoxic surface sediments. In bioturbated
sediments, burrow structures provide macroporosity and increase
the connectivity between overlying water and porewater. Biotur-
bation also leads to localized mobilization of metals adjacent to
the burrow where oxidation of anoxic sediments occur, creating
microniches in sediment porewaters with elevated levels of dis-
solved metals [41]. When flow is imposed over the bioturbated
sediments, preferential flow through the subsurface macropores
may occur, resulting in passive ventilation of the burrows [44,45].
Though comprised only a small proportion of the bulk volume
of sediment, subsurface macropores can significantly enhance the
preferential advective exchange at the SWI [46], and the rapid
turnover of water in these macropores is likely to introduce vari-
abilities in porewater solute concentrations under varied flow
conditions (Fig. 5b). Flow-burrow interactions have been shown
to enhance surface-porewater exchange by a factor of at least 100
[47]. Further, this type of passive, flow-induced flushing of burrows
increases with overlying flow rate and shear on the bed surface
[30]. Therefore, we attribute the observed two-order-of-magnitude
increase in Cu efflux under high flow in bioturbated sediments to
enhanced hydrodynamic exchange through N. virens burrows.

4.3. Effects of flow and bioturbation on sediment transport

In cohesive sediments, such as the PNS sediments we used
here, the stability of the sediment bed is regulated by competition
between hydrodynamic forces that mobilize particles and attrac-
tive forces between particle grains [48]. Remobilization of sediment
particles occurs when flow shear exceeds the critical shear stress
[49,50]. Here, we found that in non-bioturbated sediments, remo-
bilization of sediment particles occurred at the highest flow shear
(0.58 Pa, above the critical shear of the consolidated bed) but not
at lower shear stresses (0.11, 0.22, and 0.47 Pa) (Fig. 3a). Due to
the cohesive nature of the sediment bed, only very limited amount
of surficial sediments were scoured. These suspended particles
were not removed from the system, but instead redeposit back to

the sediment bed when resuspension ceased. Therefore, the per-
turbation of surface sediment structure was considered marginal.
In contrast, following the introduction of N. virens, the bed sed-
iments were mobilized under all flow conditions (0.11-0.58 Pa)
(Fig. 3b). This enhanced sediment mobility indicates that bioturba-
tion substantially lowered the critical shear for resuspension and
thus destabilized the sediment bed. Prior studies have found that
benthic organisms can both stabilize and destabilize sediment beds
[51-53]. Most burrowing macrofauna have been found to destabi-
lize sediments through burrowing and feeding activities, increasing
bed roughness, and deposition of more-erodible fecal pellets at the
sediment surface [51,54-56]. Here, N. virens was observed to exca-
vate burrows, eject sediment particles onto the bed surface, and
increase bed roughness. All of these outcomes contribute to desta-
bilizing bed sediments and enhancing sediment resuspension.

4.4. Implications for assessment of contaminated sites

Results from the type of laboratory flume macrocosm used here
are known to be readily transferrable to the field. Effective diffusion
coefficient scaling relationships have been used in a variety of large-
scale laboratory studies and field applications to compare benthic
solute fluxes under a range of transport conditions (molecular dif-
fusion, bioturbation, advection, shear, bed mobility and turbulence)
[30,57]. Dynamics of fine particles observed in the present study —
rapid entrainment of particles when flow shear exceeds sediment
critical shear stress and removal of resuspended particles under
base flow conditions - are also frequently reported in field exper-
iments [58,59]. The results therefore provide information that can
be used to improve understanding of contaminant dynamics at field
sites.

The present study clearly showed that hydrodynamics and the
presence of N. virens substantially enhance the efflux of Cu to the
overlying water, but the exact mechanisms controlling interactions
between flow, bioturbation, biogeochemistry and the associated
mobilization of metals from the sediments remain undetermined,
particularly with regard to the physiology of different bioturba-
tors. N. virens has long been known as burrow-building bioturbator
in coastal sediments, and creates galleries composed of structured
burrows consolidated by a fine layer of organic mucus [39,40].
The bioirrigation of oxygenated water into burrows also modifies
the redox condition in the burrow wall sediments. It still remains
unresolved how these behaviors of N. virens changes the fine-scale
redistribution of metals in sediments and how hydrodynamics
influence these processes. Here we observed that flow interac-
tions with burrow formation enhanced the bulk efflux of metals
from the sediments. We also observed intermittent motion of N.
virens within burrows, but we were not able to resolve the in situ
response of metals at the spatial and temporal scales of N. virens
motion. Microbial decomposition and associated remineralization
of metals accumulated in dead organisms may also influence the
mobility of metals [60]. Future studies should consider these pro-
cesses and determine their contribution to the overall metal efflux
to the water column in order to inform better understanding of
the basic processes that control the fate of metals in sedimentary
systems.

5. Conclusions

Determining fluxes of metals across the SWI is a central step in
assessing contaminant mobility and the associated environmental
risks. Identifying the governing processes that affect contaminant
efflux and effects are critical to reduce the uncertainty in risk-based
remedial decisions. While the effects of many important physical,
chemical, and biological processes have been recently identified,
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it is not well understood how these processes work together to
control the fate and transport of contaminated sediments. Effects
of hydrodynamic forcing on contaminant mobility in fine, cohe-
sive sediments are frequently neglected. The results presented here
not only show that hydrodynamic forcing facilitates the efflux of
Cu from low permeability sediments, but also clearly indicate that
interactions between flow and bioturbation substantially enhance
the net efflux of dissolved Cu. These results indicate that inter-
actions between time-variable flow, sediment resuspension, and
bioturbation should be considered as potential governing processes
in conceptual site models.
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Table S1. Conditions for flume experiment.

Time Duration Shear stress (Pa) Bioturbation

Day 0-28 4 weeks 0.11 No
Day 29-36 1 week 0.22 No
Day 36-42 1 week 0.11 No
Day 43-50 1 week 0.47 No
Day 51-57 1 week 0.11 No

4 hours on day 57 4 hours 0.58 No
Day 57-133 11 weeks 0.11 No
Day 134-148 2 weeks 0.11 Yes
Day 148-155 1 week 0.22 Yes
Day 155-162 1 week 0.11 Yes
Day 162-169 1 week 0.47 Yes
Day 169-176 1 week 0.11 Yes

4 hours on day 176 4 hours 0.58 Yes

Day 176-184 1 week 0.11 Yes




Table S2. Physicochemical properties of PNS sediments. Results are reported as mean values + standard
deviations from three replicate measurements. The sediments were characterized as described in our
previous work [1].

Porosity (%) 412+13
Permeability (m?) 1.7+£0.5x 107"
<45 pm (%) 23
. 45~106 pm (%) 17
(S}irzaem 106~150 pm (%) 12
Distributi 150~250 um (%) 6
istribution
250~1000 um (%) 16
>1000 pm (%) 26
Total Cu (mg/kg dry sediment) 551 +£49
Total Zn (mg/kg dry sediment) 510+ 16
Total Fe (g/kg dry sediment) 21.6+3.2




Cu and Fe analysis

Cu in water samples were measured using Zeeman Graphite Furnace Atomic Absorption
Spectrometer (Z-GFAAS).[2] UV atomic absorbance of Cu was measured at 248.3 nm. NH4NO;
(5% v/v) (catalog no. 256064, Sigma Aldrich) was used as a chemical modifier to remove halide
salts during the analysis. Standards were prepared by diluting Cu stock solution (1000 ppm, Sigma
Aldrich) with NASS-4 open ocean reference seawater (National Research Council of Canada) to
match the sample matrix. 20 pL sample with 20 pL modifier solution was co-injected into graphite

cuvette for each analysis.

Fe (III) in water samples were determined with ferrozine colorimetric method [3]. Fe (III)
in 1 mL of sample was first reduced to Fe (II) with 150 uL. hydroxylamine hydrochloride solution
(concentration, Sigma Aldrich) for 10 min. 200 pl. ammonium acetate buffer solution
(concentration, pH=9.5) (catalog number, Sigma Aldrich) and 100 puL ferrozine (concentration,
Sigma Aldrich) were added and absorbance of the sample was measured at 562 nm with a UV-

visible spectrophotometer (Spectronic 20, Spectronic Instrument).



Bed shear stress calculation
Stream velocity profiles obtained by Acoustic Doppler Velocimetry (ADV) were fit using
the conventional logarithmic velocity profile for turbulent free-surface flow to determine the

boundary shear stress.’

u(z) = %ln (;) = %ln(z) +b (S1D)

0

where u(z) is the longitudinal velocity at depth z above the SWI, z, is the roughness length, u,
is the shear velocity, k is the Von Karman constant (0.4), b is a constant. Nonlinear least squares
fitting was use to fit equation (S1) to the longitudinal velocity data to obtain the shear velocity.
Shear velocity was then converted to the shear stress using equation

T=pu? (S2)

where 7 is the shear stress, and p is the density of the water in the flume experiments.
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Figure S1. Free-stream velocity profiles measured in the water column by ADV and fit using

Equation S1. The SWI is located at z = 0.



Evaluation of burrow openings and macroporosity

After introduction of 40 Nereis virens, 20 images of the entire bed surface were taken each
day for two weeks. Burrows on each image were visually identified and independently counted
with help of the multipoint tool in ImageJ. The total number of burrow openings in the entire bed
surface was then calculated as the sum of openings in the 20 images. Temporal evolution of the
total burrow openings is plotted in Figure S3.

An example image with a large number of burrows is shown in Figure S2a. The distribution
statistics of burrow openings (mean area and standard deviation) were quantified in this example
image and applied to all burrows detected in other images. In Figure S2a, each burrow opening
was outlined by hand in Photoshop (Figure S2b), then binarized and converted into an areal
distribution in ImageJ (Figure S2c¢,d). Observed burrow areas (mean + standard deviation) were
multiplied by the total number of surface openings determined above and normalized to the surface
area of sediment bed to calculate the average macroporosity associated with burrows. Time-

evolution of macroporosity is also plotted in Figure S3.



(c) - . (d)

Figure S2. Determination of distribution statistics of burrow opening areas. (a) An example bed
surface image with a large number of burrows. (b) The burrow openings were visually identified
and outlined in Photoshop. (c) The image was then binarized in imageJ. (d) Area distribution of
burrow openings were determined in Imagel.
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Figure S4. Temporal variations of Cu concentrations in porewater observed by RISS emplaced at different
depths (a) Without bioturbation, (b) With bioturbation. Porewater samples were collected from RISS
located at x = 0.9 m. Unshaded areas of the graphs indicate periods with baseline shear conditions (0.11
Pa). Cross-hatching and shading indicate periods with shear stresses of 0.22 Pa and 0.47 Pa, respectively.
Black vertical dashed lines in day 57 (a) and day 176 (b) represent 4-hour resuspension events. Red vertical
dashed line on day 134 (b) represents introduction of 40 N. virens.
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Dissolved oxygen profiles.

At the end of each period of constant flow (0.11, 0.22, 0.47 and 0.58 Pa), DO
concentrations in porewater were measured in situ using an oxygen microelectrode (OX-100,
Unisense, Denmark). Oxygen measurements were performed in locations with intact sediments,
i.e., avoiding burrow openings. The microelectrode was mounted on a microprofiler with
computerized depth control and driven vertically into the sediment bed with a step size of 125 pm.
Two replicate DO profiles were measured for each flow condition, with the exception of sediment
resuspension conditions, for which only one DO profile was measured owing to the short duration
of the resuspension event.

Penetration of oxygen into the sediment is controlled by the dynamic balance between
transport of oxygen from overlying water and consumption within the sediment bed [4]. DO
concentrations were maintained at a constant level in the overlying water owing to rapid transfer
from the atmosphere, but decreased rapidly within the sediment bed (Figure S5). The O,
penetration depth (OPD) was defined as the depth at which the porewater oxygen concentration
dropped to 1% of the overlying water oxygen concentration. Before introduction of N. virens,
OPDs were 1.500, 1.850, 3.200, and 4.125 mm at shear stresses of 0.11, 0.22, 0.47, and 0.58 Pa,
respectively (Figure S5a). The strong correlation between OPD and flow shear (r=0.99, p<0.01)
indicates that hydrodynamic forcing enhanced O, penetration into the sediments. Following
reduction of flow shear from 0.58 to 0.11 Pa on day 57, OPD decreased to 2.500 mm on day 64
(Figure S5b). After N. virens was introduced into the sediments, OPDs increased to 4.125, 5.000,
4.750, and 5.875 mm at shear stresses of 0.11, 0.22, 0.47, and 0.58 Pa, respectively (Figure S5b).

All of these OPDs are much greater than the OPD under baseline shear (0.11 Pa) before

12



introduction of N. virens (2.500 mm), indicating that interactions between flow and bioturbation

enhanced the penetration of oxygen into sediments (Figure S5b).

13



Dissolved Oxygen (mg/L) Dissolved Oxygen (mg/L)
0 1 2 3 4 5 6 7 8 9 10
(a) 0 1 2 3 4 5 6 7 8 9 10 (b) 8

T T T T T T
v JoAtPabefore™ ~ T T T T T T -7

1000 1000 4 M. virens intl’O‘d-Ll?t_ign ..........

2000 ) 2000
g 3000 4 .~ 3000 -
£ 4000 w/o bioturbation 4000 w/ bioturbation
o :
0O 5000 o Baseline 0.1 Pa 5000 o Baseline 0.11 Pa

o Shear 0.22 Pa o Shear 0.54 Pa
6000 A Shear 0.47 Pa 6000 A Shear 0.61 Pa
; B Resuspension 0.58 Pa
7000 v Resuspension 0.58 Pa 7000 4 v p
8000 8000

Figure SS. Dissolved oxygen profiles under varied hydrodynamic conditions without (a) and with
(b) bioturbation. Oxygen profiles for shear stresses of 0.11, 0.22 and 0.47 Pa represent an average
of two replicate measurements, and error bars represent the standard deviation. Only 1 profile was
obtained under the resuspension condition, 0.58 Pa (yellow triangles). Red dashed curve in (b)
represent DO profile measured under baseline shear (0.11 Pa) without bioturbation in day 64, one
week after the first sediment resuspension in day 57. Black horizontal dashed lines represent the
sediment water interface.
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Statistical analysis for Cu concentrations in porewaters and corresponding overlying water
samples

Statistical analyses are based on student’s t test. The Cu concentrations in porewater at
different depths and Cu concentrations in the overlying water collected at the same time were cross
compared (Table S3~S8). The null hypothesis states no difference between the compared two
groups and a p value < 0.05 suggests the two groups are statistically different from each other.
Statistical analyses were performed independently to the datasets before and after introduction of
N. virens on day 134.

Results for Cu concentrations in porewater collected at x = 1.2 m before and introduction
of N. virens are shown in Table S3 and S4, and indicated that Cu concentrations at different depths
as well as in the overlying water were significantly different from each other with and without
bioturbation.

Results for Cu concentrations in porewater collected at x = 0.9 m before and introduction
of N. virens are shown in Table S5 and S6, and also indicated that Cu concentrations at different
depths as well as in the overlying water were significantly different from each other with and
without bioturbation.

Cu concentrations in porewater at different depths collected at x = 1.2 m were also
compared with Cu concentrations in porewater at corresponding depths collected at x = 0.9 m
before and after the introduction of N. virens (Table S7, S8). Results showed that before
introduction of N. virens, the Cu concentrations in porewater at corresponding depths collected at
different locations were similar (Table S7), indicating good reproducibility of porewater Cu
concentrations along the flume. However, after the introduction of N. virens on day 134, the Cu

concentrations in porewater at corresponding depths collected at different locations became

15



significantly different (Table S8), suggesting bioturbation caused heterogeneity in porewater metal

chemistry.
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Table S3. Statistical results of Cu concentrations in porewater at x = 1.2 m and corresponding Cu
concentrations in overlying water before introduction of Nereis virens on day 134. Statistic results indicated
that before introduction of Nereis virens, dissolved Cu concentrations measured at 1 cm porewater were
significantly higher than those measured in overlying water and in porewater at depth > 1 cm.

PW lcm PW 2cm PW 4cm OW

PW _1cm

PW 2cm p<0.001

PW 4cm  p<0.001 p<0.001

ow p <0.005  p<0.005 p <0.005

[Culg(M) 163+57 67.6+£269 528+13.1 91.5+25.0

Table S4. Statistical results of Cu concentrations in porewater at x = 1.2 m and corresponding Cu
concentrations in overlying water after introduction of Nereis virens on day 134. Statistic results indicated
that after introduction of Nereis virens, dissolved Cu concentrations measured at 2 cm porewater were
significantly higher than those measured in overlying water and in porewater at other depths.

PW lcm PW 2cm PW 4cm  OW

PW_1cm

PW 2cm p<0.001

PW 4cm p<0.001 p<0.001

ow p <0.05 p<0.005 p<0.001

[Culg(nM) 188 +32 463+189 553+20.2 213+54
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Table S5. Statistical results of Cu concentrations in porewater at x = 0.9 m and corresponding Cu
concentrations in overlying water before introduction of Nereis virens on day 134. Statistic results indicated
that before introduction of Nereis virens, dissolved Cu concentrations measured at 1 cm porewater were
significantly higher than those measured in overlying water and in porewater at depth > 1 cm.

PW lcm PW 2cm PW 4cm OW

PW _1cm

PW 2cm p<0.001

PW 4cm  p<0.001 p<0.001

ow p <0.005  p<0.005 p <0.005

[Culg(M) 135+42 64.7+58.6 49.6+13.8 91.5+250

Table S6. Statistical results of Cu concentrations in porewater at x = 0.9 m and corresponding Cu
concentrations in overlying water after introduction of Nereis virens on day 134. Statistic results indicated
that after introduction of Nereis virens, dissolved Cu concentrations measured at 4 cm porewater were
significantly higher than those measured in overlying water and in porewater at other depths.

PW lcm PW 2cm PW 4cm OW

PW_1cm

PW 2cecm  p<0.001

PW 4cm p<0.001 p<0.001

ow p<0.05 p<0.005 p <0.001

[Cul¢(M) 103+19 87.8+13.7 173+£69 213 +54
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Table S7. Statistical results of Cu concentrations in porewater collected at x = 0.9 and 1.2 m before
introduction of Nereis virens on day 134. Statistical results indicated that before introduction of Nereis
virens, Cu concentrations in porewater at different depths measured at x = 0.9 m were similar to those
measured atx = 1.2 m.

RISSatx =0.9 m
PW Ilecm PW 2cm PW 4cm
PW lcm p=0.15
RISSatx=12m PW 2cm p=0.88
PW 4 cm p=0.47

Table S8. Statistical results of Cu concentrations in porewater collected at x = 0.9 and 1.2 m after
introduction of Nereis virens on day 134. Statistical results indicated that after introduction of Nereis virens,
Cu concentrations in porewater at different depths measured at x = 0.9 m were significantly different from
those measured at x = 1.2 m.

RISS atx =0.9 m
PW Ilecm PW 2cm PW 4cm
PW_lcm p<0.001
RISSatx=12m PW_2cm p <0.001
PW 4 cm p <0.001
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Determination of net flux and statistical analyses

The rate of change in dissolved Cu concentrations in the overlying water was first
determined by linear least-squares fitting of the dissolved Cu concentrations (Figure S6). Net flux
in each hydrodynamic conditions was then obtained by normalizing the changing rates to the
volume of recirculating overlying water and the surface area of sediment bed. As Cu release at
shear 0.47 and 0.58 Pa with bioturbation (Figure S6 g,h) were rapid, which were distinct from
those in other conditions, only two data points before and after the change of hydrodynamic
conditions were used to calculate the instantaneous fluxes.

Since the net fluxes were calculated from the changing rate of dissolved Cu concentrations,
which were the slope coefficients of the regressed lines, statistical analyses (ANCOVA) were
performed by comparing the slopes of regression lines using software Minitab 17 and results are
summarized in Table S9. The underlying mechanism of conducting a student’s t test is reported in
Andrade et al.[5] As only two points were used in conditions of 0.47 and 0.58 Pa shear with

bioturbation, statistical analyses were not performed on these two conditions.
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Figure S6. Regressions of dissolved Cu concentrations in the overlying water under varying
conditions.

21



Table S9. Summary of statistical results from linear regressions of Cu concentrations in overlying
water under different conditions.

0.11 Paw/o 0.22Paw/o 0.47Paw/o 0.58Paw/o 0.11 Paw/

0.22 Paw/

0.11 Pa w/o
0.22 Pa w/o
0.47 Pa w/o
0.58 Pa w/o
0.11 Paw/
0.22 Pa w/

p=0.126
p<0.005  p=0.652
p<0.001  p<0.001
p<0.001  N.A.

N.A. p<0.001

p<0.001
N.A.
N.A.

N.A.
N.A.

P=0.642

w/o represents “without bioturbation’

b

w/ represents “with bioturbation”
N.A. represents “Not Analyzed”
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