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ABSTRACT: Overlying hydrodynamics play critical roles in controlling
surface-porewater exchanges in permeable sediments, but these effects have
rarely been characterized in low-permeability sediments. We conducted a series
of laboratory experiments to evaluate the effects of varied hydrodynamic
conditions on the efflux of metals from low-permeability estuarine sediments.
Two Cu-contaminated sediments obtained from the Piscataqua River were
subject to controlled levels of hydrodynamic shear in Gust mesocosms,
including episodic sediment resuspension. Overlying water and porewater
samples were collected over the course of experiments and analyzed for metal
concentrations. The two sediments had similar permeability (∼10−15 m2), but
different particle size distributions. Hydrodynamic forcing enhanced the
mobilization and efflux of Cu from the coarser-grained sediments, but not the
finer-grained sediments. Sediment resuspension caused additional transitory
perturbations in Cu concentrations in the water column. Particulate metal
concentrations increased significantly during resuspension, but then rapidly decreased to preresuspension levels following
cessation of sediment transport. Overall, these results show that the mobility and efflux of metals are likely to be influenced by
overlying hydrodynamics even in low-permeability sediments, and these effects are mediated by sediment heterogeneity and
resuspension.

■ INTRODUCTION

Estuaries represent transitions between riverine and marine
environments.1 Estuaries receive inputs of fresh water,
weathered materials, nutrients and contaminants from
terrestrial environments. Estuaries are also strongly influenced
by tidal currents from the ocean. At flood tide, saline water is
forced into many estuaries, while outflows to the ocean increase
at ebb tide.2 Mixing of fresh and marine water retains and
recycles particulate matter and nutrients within estuarine
environments. Because of their dynamic and retentive
characteristics, estuaries rank among the most productive
ecosystems on earth and provide habitats for a variety of
aquatic life.3,4

Metal contaminants entering into estuaries are transferred
from water into sediments by many processes, most notably
precipitation, adsorption, and sedimentation. The resulting
metal-contaminated sediments then act as potential sources to
the water column, posing ongoing threats to the aquatic
environment. Some metals such as Cu are essential elements
for a variety of metabolic processes, but also show toxicity when
overabundant.5,6 Sublethal effects for bacterial cells, algae,
aquatic invertebrates, and fishes begin to appear when the Cu
concentration exceeds 5 μg/L.5

The mobility of metals in sediments is controlled by a wide
range of factors, including redox distribution, pH, and

salinity.7,8 These factors are known to vary with transport
and mixing processes such as hyporheic exchange, bioturbation,
and bioirrigation.9−14 Hyporheic exchange−exchange of pore-
water with the overlying water column−directly influences mass
transfer of both solutes and particulate matter across the
sediment-water interface (SWI).15 Advective porewater flows
influence a wide range of sedimentary biogeochemical
processes, including metals speciation and contaminant
biodegradation.16−22 However, the effects of hyporheic
exchange and porewater flow on contaminant dynamics are
frequently neglected in low-permeability sediments, as
molecular diffusion is generally considered to be the dominant
porewater transport process in these sediments.19,22−26 Field
investigations have shown that both waves and currents
enhance transport of solutes such as nutrients, silica, and
oxygen across the SWI in estuaries and coastal oceans.27−29

Tidal cycles also alter redox conditions and affect the mobility
of metals in sediments.29,30 Metals are enriched in fine
sediment particles and total metal concentrations in sediments
are normally orders of magnitude higher than those in
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porewater and overlying water.31 Small changes in sediment
geochemical conditions may thus exert significant effects on
exchange of metals between sediments and waters. In a
previous study, we found that sediment resuspension
transiently changed the speciation of Zn in surficial sediments
and significantly promoted the liberation of Zn to the
porewater and overlying water column.32

Accordingly, we hypothesize that hydrodynamic forcing
enhances the mobility of metals even in low-permeability
sediments and the overall liberation of metals to the water
column. To test this hypothesis and improve understanding of
hydrodynamic controls on metals efflux from low-permeability
contaminated sediments, we conducted Gust chamber experi-
ments with Cu-contaminated estuarine sediments. We
evaluated Cu releases to porewater and overlying water under
a range of hydrodynamic conditions, including steady flows
without sediment resuspension and time-varying flows with
episodic sediment resuspension. We then evaluated the
mechanisms by which overlying and porewater flows mobilized
metals.

■ MATERIAL AND METHODS
Sample Collection. Metals-contaminated sediments were

obtained from Portsmouth Naval Shipyard (PNS), a U.S. Navy
shipyard located at the mouth of Portsmouth Harbor (Figure
S1, Supporting Information). Portsmouth harbor is predom-
inantly saline and exhibits current velocities from 1.5 to 2 m/s.
Sediments used in the laboratory experiments presented here
were collected from PNS monitoring stations MS3 and MS4 in
September of 2012. ∼ 15 cm of surficial sediments were
collected manually by divers and then shipped overnight in
coolers to the laboratory, and refrigerated at 4 °C until used in
the experiments.
Sediment Characterization. Bulk sediment properties,

including porosity, porewater conductivity and salinity, particle
size distribution, permeability, total organic carbon, acid volatile
sulfide (AVS), simultaneously extracted metals (SEM), and
total metal concentrations were measured on homogenized
sediment samples. Bulk porosity was measured by drying 10
cm3 of sediments at 70 °C for 48 h, and then converting the
weight loss of water to volume fraction. Porewater was
extracted by centrifuging the sediments at 3414g for 20 min
(Legend RT plus, Thermo Scientific). Conductivity of the
filtered supernatant (0.2 μm nylon filter, VWR International)
was measured with a conductivity probe (Oakton Con 11,
Cole-Parmer). Ten mL of the supernatant was dried at 70 °C
for 48 h and the salinity was determined by measuring the
weight of the remaining solids. Sediment grain size distribution
was measured by wet-sieving with 45, 106, 150, 250, and 1000
μm sieves and measuring the dry weight. Permeability was
measured in a constant-head permeameter with a test section of
2.5 cm in diameter and 5 cm in length (column and fittings
from Omnifit Ltd.) Bulk AVS and SEM were determined by the
1 M cold HCl extraction and 0.5 M NaOH trap technique
(Supporting Information).33 Total organic carbon was
measured by acidifying 80 mg of dry sediments with 1.5 mL
of 4 M HCl followed by analysis with an elemental analyzer
(ECS 4010, Costech Analytical Technologies, Inc.) Total bulk
metal concentrations were measured using ICP-AES (Vista-
MPX, Varian) after microwave-assisted acid digestion following
U.S. Environmental Protection Agency method 3051A.34

Experimental Setup. Gust-type mesocosms35 were used to
subject the PNS sediments to controlled overlying flow

conditions. The Gust chamber (Green Eyes LLC) (Figure
S2, Supporting Information) uses a combination of a spinning
disk and a central suction port to generate uniform shear
stresses over the SWI. A DC power supply and a linear motor
controller (LSC 30/2, Maxon Motor) precisely control the
rotation rate of the spinning disk, providing calibrated shear
stresses between 0.01 and 0.90 Pa. All parts of the Gust
chamber were made of polycarbonate to minimize metal
contamination. A covered 5 L plastic beaker was used as a
reservoir for recirculating water. The inlet and outlet ports of
the Gust chamber were connected to the water reservoir by
Tygon tubing (VWR International) and a peristaltic pump
(Masterflex, Cole Parmer). Water in the reservoir was
constantly mixed to ensure homogeneous distribution of
dissolved and particulate material in recirculating water
throughout the experiments. Rhizon in situ samplers36−38

(RISS) with 0.15 μm pores (Sunvalley Solutions Inc.) were
installed into the Gust chamber to enable time-series sampling
of porewater over the course of the experiments. Experiments
were performed with artificial seawater (ASW) made by
dissolving 32 g sea salt (Tropic Marin) into 1 L Milli-Q
water (Millipore).

Hydrodynamic Conditions. Six Gust chamber experi-
ments were performed on PNS sediments. Hydrodynamic
conditions for experiments (Table 1) were chosen relative to

the critical shear (CS), which is the shear required to cause
significant sediment resuspension. The critical shear of the
sediments was first characterized by varying the shear stresses in
a stepwise fashion until the turbidity of the overlying water
significantly increased. The critical shear of both PNS
sediments (MS3 and MS4) was 0.37 Pa (Figure S3, Supporting
Information). Experiments were performed by imposing
constant (“baseline”) shears for 14 days. Separate experiments
were run with baseline conditions at 3%, 50%, and 70% of the
critical shear. Experiments run at 70% of the critical shear were
also subject to two periods of episodic resuspension of 4 h
duration each on days 1 and 8. Resuspension was achieved by
subjecting the sediments to a constant shear of 0.90 Pa for 4 h.

Experimental Procedure. Before each experiment, all
parts of the Gust chamber systems were cleaned by soaking in
10% HNO3 (v/v) for 24 h and then rinsing with Milli-Q water.
800 mL of homogenized sediments were then carefully
emplaced into the Gust chamber to form a 10 cm deep
sediment bed with a flat surface. Three RISS were inserted into
the sediment at depths of 1, 2, and 4 cm below the SWI while
the sediment was introduced. The 10 cm of headspace was then
slowly filled with ASW to avoid disturbance of the sediments.
The erosion head was then placed onto the chamber. The
system was allowed to stabilize overnight, and then 4.785 L

Table 1. Conditions for Gust Chamber Experiments; All
Experiments Had Durations of 14 Days

series no.
sediment
location

baseline shear
(Pa)

% of critical
shear

time of 4 h
sediment

resuspension

F F1 MS4 0.01 3
F2 MS4 0.19 50
F3 MS4 0.26 70 day 1 day 8

C C1 MS3 0.01 3
C2 MS3 0.19 50
C3 MS3 0.26 70 day 1 day 8
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ASW was continuously recirculated for 14 days under the
hydrodynamic conditions listed in Table 1. The recirculating
water was kept oxygenated during the experiments by
continuously bubbling water-saturated air into the reservoir.
Sampling and Analysis. Dissolved oxygen (DO), pH,

turbidity, and conductivity, dissolved and total metal
concentrations in the recirculating water were measured daily.
DO was measured directly in the water reservoir with a DO
probe (HQ10, Hach). Twenty-four mL of overlying water was
sampled from the recirculating flow daily and split into three
aliquots. One aliquot of the overlying water was used to
measure pH (420Aplus, Thermo Orion), conductivity, and
turbidity (2100Q, Hach) and was returned to the water
reservoir following analysis. The other two aliquots were
analyzed for dissolved and total metal concentrations and an
equal volume (16 mL) of clean ASW was added to the water
reservoir to maintain a constant reservoir volume throughout
the experiments. Samples analyzed for dissolved metals were
filtered through a 0.2 μm filter (nylon, VWR International) and
acidified with concentrated, trace-metal grade HNO3 (Sigma-
Aldrich) to pH < 2. Samples analyzed for total metals were
acidified to pH < 2 without filtration. Samples were stored at 4
°C until analyzed. Samples for total metals were filtered just
before analysis to remove any residual particulate matter.
Porewater samples were extracted via RISS on days 0, 1, 3, 5,

8, 10, 12, and 14. The first mL of porewater withdrawn from
each RISS was discarded and then another 2 mL of porewater
was collected, acidified to pH < 2, and stored for metal analysis.
Cu concentrations in overlying water and porewater samples

were analyzed by Zeeman Graphite Furnace Atomic
Absorption Spectrometry (Z-GFAAS, SpectrAA-800, Varian)
(Supporting Information). Fe concentrations in overlying water
samples were analyzed using the ferrozine colorimetric
method.39,40

At the end of each experiment, the erosion head was
removed and dissolved oxygen concentration profiles in
porewater were measured with an oxygen microelectrode
(OX-50, Unisense). In order to determine the variation of DO
consumption rates with depth, we used the computer code
PROFILE,41 which fits the distribution of O2 to a 1D steady-
state transport-reaction equation. The overlying water was then
drained, and a set of sediment subcores was obtained for AVS
and SEM analysis using modified 60 mL syringes (Supporting
Information).42

Dissolved Cu Efflux Model. The mass conservation
equation that relates the release of [Cu]d from the porewater
to the overlying water is

α= · −
t

t
t t

d[Cu] ( )

d
[[Cu] ( ) [Cu] ( )]d,OW

eff d,SPW d,OW (1)

where the subscript OW indicates overlying water, SPW
indicates surficial porewater, and t is the elapsed time. The
effective mass transfer coefficient αeff is defined by

α =
Δ

D
A
V z

1
eff eff (2)

where Deff is the effective diffusion coefficient, A the surface
area of the SWI, Δz the depth of the source of [Cu]d in
porewater, and V the volume of recirculating overlying water.
As a simplified case, assuming that the porewater

[Cu]d,SPW(t) has a constant concentration S0 throughout the
experiment, and the analytical solution to eq 1 is

= − · α− ·t S B e[Cu] ( ) t
d,OW 0 0

eff (3)

where B0 = S0 − [Cu]d,OW(t = 0).
For all experiments, nonlinear least-squares fitting was

performed with eq 3 to obtain parameters S0, B0, and αef f.
For experiments F1−F3, and C1−C2, a single fitting was
applied to the entire time-series of observed overlying water
concentrations. For experiment C3, distinct trends in overlying
concentrations were observed before and after the second
resuspension (cf. Figure 2), so piecewise curve fitting was
performed accordingly, as detailed in the SI.

■ RESULTS
Sediment Characteristics. Bulk sediment properties are

shown in Table 2 and Figure 1. Both sediments had a

significant fraction of very fine particles (<45 μm) (Figure 1).
Sediments are identified by their relative size: C series
sediments are coarser and more heterogeneous (d50 ≈ 150
μm), while F series are finer and more homogeneous (d50 ≈ 60
μm). However, both sediments had very low permeability, on
the order of 10−15 m2 (Table 2), which indicates that the fine
fractions dominate the permeability of both sediments. Bulk
metals concentrations were higher in C series sediments than in
F series sediments (Table 2).

Metal Efflux to the Overlying Water. Overlying flow
conditions influenced the efflux of metals to the overlying water
in complicated ways. In experiments with the finer-grained
sediments (F series), [Cu]d showed similar temporal patterns
under all hydrodynamic conditions tested (Figure 2a). [Cu]d
started at less than 15 nM and gradually approached ∼50 nM in
experiments F1, F2, and F3. Conversely, in experiments with
coarser-grained sediments (C series), [Cu]d differed signifi-

Table 2. Bulk Characteristics of PNS Sediments

experimental runs F1−F3 C1−C3

porosity (%) 46.9 ± 0.3 37.0 ± 1.2
porewater salinity (‰) 29.5 29.3
permeability (m2) 1.3 ± 1.2 × 10−15 1.3 ± 0.3 × 10−15

organic C (%) 1.94 1.77
AVS (μmol/g dry weight) 9.5 ± 1.9 22.2 ± 1.4
Cu (mg/kg dry weight) 256 ± 34 646 ± 76
Zn (mg/kg dry weight) 270 ± 67 618 ± 7
Fe (g/kg dry weight) 23.8 ± 0.9 30.3 ± 5.8
[Cu]/[Fe] ( × 10−3 mol/mol) 9.48 18.8

Figure 1. Sediment particle size distributions.
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cantly with overlying flow conditions (Figure 2b). In
experiment C1 (3% of CS), [Cu]d gradually increased from 3
to 78 nM over the 14 day period of the experiments. In
experiment C2 (50% of CS), [Cu]d rapidly increased from 18
to 123 nM within the first 8 days and then increased further to
140 nM over the remaining 6 days of the experiment. In
experiment C3 (baseline 70% of CS, plus resuspensions), [Cu]d
increased rapidly from 40 to 120 nM before the resuspension
event on day 8 and then declined to 88 nM at day 14.
The proposed model, with the assumption of a constant

[Cu]d in surficial porewater, reproduced the trends of overlying
water [Cu]d measured in experiments with both finer- and
coarser-grained sediments (Figure S9, SI). [Cu]d in the
overlying water exponentially approached an upper limit S0,
suggesting the steady state was achieved. Overlying hydro-
dynamics exerted different impacts on S0 between experiments
with finer and coarser sediments. Experiments with finer
sediments had similar values of S0, but experiments with coarser
sediments exhibited increasing S0 with shear stresses, indicating
that increasing hydrodynamic shear enhanced the liberation of
Cu to the surficial porewater in the case of coarser sediments
(Table S1, Supporting Information).
Total Cu concentrations ([Cu]t) in the overlying water

showed identical trends with [Cu]d during all periods of steady
flow, but differed greatly during periods of resuspension (Figure
2c, d). Resuspension scoured surficial sediments to a depth of
1−2 mm (visual observation) and mobilized particle-associated
Cu to the water column (Figure S4, Supporting Information).

Particulate Cu concentrations in the water column ([Cu]p =
[Cu]t - [Cu]d) thus increased significantly during periods of
resuspension. [Cu]p increased from 1.2 nM to 323 nM during
the first resuspension period (day 1) and from 1.8 nM to 68
nM during the second resuspension period (day 8) in
experiment F3, while [Cu]p increased from 9.4 nM to 235
nM during the first resuspension and from 11 nM to 73 nM
during the second resuspension in experiment C3. However,
these elevated Cu concentrations were highly transitory. [Cu]t
and [Cu]p decreased rapidly following the cessation of
sediment transport, and returned to preresuspension concen-
trations within 24 h.
4-day running average fluxes of dissolved Cu across the SWI

were calculated from the rate of change of [Cu]d in the
overlying water, obtained by linear least-squares fitting of 4 days
of [Cu]d data normalized with the recirculating water volume
and SWI area. Temporal variations of 4-day running average
fluxes of dissolved Cu in all six experiments are shown in Figure
3. Effluxes of Cu remained similar over the course of all
experiments with finer grained sediments (F1−F3), with an
overall average efflux of ∼1.9 μmol/m2/d for the three
experiments (Figure 3a). In contrast, 4-day running average
fluxes in experiments with coarser grained sediments (C1−C3)
showed significantly different trends (Figure 3b). Effluxes
varied with overlying shear, with experiments C2 and C3
showing higher fluxes than C1 early in the experiments.
Further, the effluxes in experiments C1−C3 decreased over
time, indicating dissolved Cu in overlying water approached

Figure 2. Release of Cu to the overlying water under varied hydrodynamic conditions. (a) Dissolved Cu concentrations ([Cu]d) in experiments with
finer-grained sediments. (b) Dissolved Cu concentrations ([Cu]d) in experiments with coarser-grained sediments. (c) Total Cu concentrations
([Cu]t) in experiments with finer-grained sediments. (d) Total Cu concentrations ([Cu]t) in experiments with coarser-grained sediments. Episodic
sediment resuspension events in experiments F3 (a, b) and C3 (c, d) are indicated by vertical dashed lines. Each sediment resuspension lasted 4 h
(0.17 day).
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equilibrium late in the experiments. The efflux in experiment
C3 became negative after the resuspension event, indicating net

Cu sequestration in the sediments during this period
corresponding to the observed decrease of Cu concentrations
in the overlying water (Figure 2b,d).
Fe concentrations were also analyzed in overlying water

samples from C-series experiments. All Fe in the overlying
water was particulate, as dissolved Fe concentrations were
below detection limit. Particulate Fe concentrations ([Fe]p) in
the overlying water for experiment C1−C3 are shown in Figure
S5 (Supporting Information). In experiment C1 and C2, [Fe]p
remained at low concentrations, corresponding to low levels of
turbidity in the overlying water (Supporting Information Figure
S4b). In experiment C3, sediment resuspension greatly
increased [Fe]p in the overlying water. As with Cu, [Fe]p
rapidly decreased to preresuspension levels following reduction
of the shear to baseline shear stress. Further, [Fe]p was strongly
correlated with [Cu]p but the [Cu]p /[Fe]p ratios varied over
time (Figure S6, Supporting Information). Water column
[Cu]p/[Fe]p was slightly higher during the first resuspension
(6.3 ± 0.2 × 10−3) than during the second resuspension (4.3 ±
0.2 × 10−3).

Figure 3. Four-day running average fluxes of [Cu]d in experiments
with (a) finer-grained sediments and (b) coarser-grained sediments.

Figure 4. Temporal variations in porewater Cu concentrations in experiments with finer-grained sediments (a, b, c) and coarser grained sediments
(d, e, f). Episodic sediment resuspension events in experiments F3 (c) and C3 (f) are indicated by vertical dashed lines. Each sediment resuspension
lasted 4 h (0.17 day).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b04576
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b04576/suppl_file/es5b04576_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b04576/suppl_file/es5b04576_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b04576/suppl_file/es5b04576_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b04576/suppl_file/es5b04576_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b04576


Temporal Variations of Cu in Porewater. Porewater Cu
concentrations in both sets of experiments showed similar
response to hydrodynamic forcing. In experiments F1−F3 with
finer-grained sediments (Figure 4a,b,c), Cu concentrations in
porewater were uniform at all depths and were not significantly
different between each treatment, suggesting that Cu
mobilization and transport within the sediments were
unaffected by overlying flow.
In experiments C1−C3 with coarser grained sediments

(Figure 4d,e,f), porewater Cu concentrations showed higher
temporal and spatial variability. Cu concentrations in porewater
at 2 and 4 cm depth remained uniform throughout all
experiments. However, Cu concentrations in near-surface
porewater (1 cm depth) varied significantly with overlying
flow conditions. In experiment C1 with 3% of CS, Cu
concentrations in 1 cm porewater were constant with time.
In experiment C2 with 50% of CS, Cu concentrations in 1 cm
porewater increased rapidly from 20 to 200 nM. In experiment
C3 with 70% CS and plus resuspension, Cu concentrations
increased from 10 to 80 nM for the first 8 days and then
decreased to 25 nM after the second resuspension event.
Dissolved Oxygen Profiles. Oxygen concentrations were

relatively constant in the overlying water column but decreased
near the SWI (Figure S10, Supporting Information). Oxygen
rapidly decreased below the SWI and only penetrated less than
5 mm into the sediments in all experiments. In experiments
with finer grained sediments (F1−F3), the DO profiles were
similar under different hydrodynamic conditions, with an
average penetration depth of 0.18 cm. Results from PROFILE
showed that the oxygen consumption rates increased with
depth in all three experiments. The diffusive O2 fluxes at the
SWI were similar for three experiments, with an average flux of
0.30 ± 0.06 μmol/cm2/day (Table S2, Supporting Informa-
tion). In experiments with coarser sediments (C1−C3), DO
profiles varied under different hydrodynamic conditions. O2
penetration depths were similar in experiment C1 (3% of CS)
and C2 (50% of CS), but increased by a factor of 2 in
experiment C3 (70% of CS plus resuspension), indicating that
increasing hydrodynamic shear or/and sediment resuspension
enhanced oxygen delivery into deeper sediments. Modeling
results showed that O2 was primarily consumed at the base of
the O2 penetration region.
Fe2+ Fluxes in Porewater. Dissolved Fe concentrations in

porewater in experiments C1−C3 also showed varied patterns.
In experiments C1−C3, porewater Fe concentrations were
uniform over depth at the initiation of experiments because the
sediments had been homogenized prior to emplacement in the
Gust chambers (Figure S11, Supporting Information).
Dissolved Fe in the top 2 cm rapidly decreased (within 2
days) after the initiation of experiments, whereas dissolved Fe
at 4 cm depth remained approximately constant throughout the
course of experiments. The strong Fe2+ concentration gradients
in the porewater indicated Fe2+ fluxes toward the SWI.
Diffusion of Fe2+ occurred slowly in porewater, with an
effective diffusion coefficient of 8.9 × 10−7 cm2/s.43,44

Assuming Fe2+ was oxidized and precipitated as iron oxy-
hydroxide at the base of the oxic region (0.2−0.4 cm below the
SWI), the approximate time for Fe2+ diffusion in experiments
C1−C3 was 2.3−4.2, 17−21, and 84−94 days from depths 1, 2,
and 4 cm into the oxic region, respectively (Table S3,
Supporting Information). The average Fe2+ fluxes into oxic
regions were 7.5 ± 3.1 × 10−3, 6.6 ± 3.4 × 10−3, and 11 ± 6 ×
10−3 μmol cm−2 day−1 respectively (Table S4, Supporting

Information). All Fe fluxes were significantly smaller than the
diffusive oxygen fluxes (Table S2, Supporting Information),
indicating nearly complete oxidation of Fe2+ in the oxic region.
Further, the existence of Fe2+ gradients in the porewater
throughout the experiments indicated continuous supply of
iron from the deeper sediments into the oxic region.

■ DISCUSSION
Overlying flow influences surface-porewater exchange, bio-
geochemical zonation, and the fate of contaminants in
sediments.17,45,46 Most studies of surface-porewater exchange
have focused on fluvial systems, where the sediments are
typically highly permeable. However, porewater transport in
fine sediments with low permeability is generally considered to
be dominated by diffusion, and thus the effects of overlying
hydrodynamics are often neglected in assessments of metals
transport.17 Here, we observed that increasing hydrodynamic
shear on the SWI enhanced the penetration of oxygen into
sediments, increased Cu concentrations in surficial porewater,
and facilitated the release of dissolved Cu to the overlying water
in experiments with low-permeability, but relatively heteroge-
neous sediments (C1−C3). These observations suggest that
hydrodynamic shear is likely to play a critical role in controlling
the mobilization and overall efflux of metals even in sediments
with permeability as low as 10−15 m2.
We observed lower and more constant fluxes of dissolved Cu

in the overlying water between different hydrodynamic
treatments in sediments that had similarly low permeability,
but were more homogeneous (F1−F3) (Table S5, Supporting
Information). The observed Cu fluxes (−0.03−3.95 μmol/m2/
day) were similar to the range of benthic diffusive fluxes
observed in other studies (−0.07−3.60 μmol/m2/day) (Table
S5, Supporting Information), suggesting that Cu fluxes were
predominantly diffusive under all hydrodynamic conditions
tested. These findings indicate that sediment heterogeneity
(e.g., size distribution) influences the efflux of dissolved Cu
from low-permeability sediments.
Sediment resuspension also exerted diverse effects on metal

mobilization. During resuspension, overlying water turbidity
and total Cu concentrations increased dramatically as a result of
mobilization of metals-rich sediment particles to the overlying
water column (Figure 2 and Figure S4, Supporting
Information). Similarly high particulate Cu effluxes were
observed during resuspension of both sediments (Table S6,
Supporting Information). However, the residual effects on
overlying water and porewater chemistry differed between
sediment types. In experiments with coarser sediments (C3),
Cu concentrations in both overlying water and porewater
decreased gradually after the end of the second resuspension
(Figure 3b, d and Figure 4f). Complementary analysis of
dissolved and particulate metals suggested that the liberated Cu
was scavenged by oxidized Fe particles. Reductive dissolution of
Fe species in deeper sediments continuously supplied dissolved
Fe2+ toward the surficial sediments (Supporting Information
Figure S11), where it was readily oxidized by oxygen from the
overlying water. Diffusion of Fe(II) occurred very slowly in the
porewater (Supporting Information Table S3), leading to a few
days lag of production and transport of Fe(III) oxy-hydroxide
precipitates into the surficial region. Freshly formed Fe rich
particles are known to provide reactive surfaces for Cu
adsorption and immobilization.31 Therefore, it appears that
the Fe rich particles liberated during the second resuspension
event were responsible for the scavenging of dissolved Cu in
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the overlying water and porewater. This hypothesis was further
supported by the high correlations between particulate Fe and
particulate Cu during the two resuspension events (Figure S6,
Supporting Information). A higher [Cu]/[Fe] ratio (6.3 ± 0.2
× 10−3) was observed for the first resuspension while a lower
[Cu]/[Fe] ratio (4.3 ± 0.2 × 10−3) was observed for the
second resuspension. The attenuation of the [Cu]/[Fe] ratio
could potentially be explained by mixing of Fe-rich particles
with much lower [Cu]/[Fe] ratio ([Cu]PW/[Fe]PW ratio at a
depth of 1 cm = 5.9 ± 6.5 × 10−4) liberated during the second
resuspension event.
Studying the coupled effects of biogeochemical and

hyporheic processes on metal mobilization near the SWI are
challenging because of the strong hydrodynamic and
biogeochemical gradients.47,48 Biogeochemical reactions con-
trolling the partitioning of metals between sediment particles
and porewater occur at sediment grain surfaces while hyporheic
processes transport solutes over a wide range of spatial scale.49

Sampling methods commonly applied to capture the effects of
flow dynamics usually do not sufficiently resolve concentration
gradients for quantifying biogeochemical reaction rates. In the
current study, we used a simple mass balance model to
represent the release of dissolved Cu to the water column.
Assumption of constant [Cu]d,SPW was sufficient to reproduce
the observed temporal patterns of [Cu]d in the overlying water,
indicating that the reservoir of Cu in surficial sediment was not
significantly depleted during the 14-day period of observation.
In low-permeability sediments, Cu concentrations in surficial
porewater are controlled by the competition between liberation
of Cu from the solid phase to the porewater and transport of
dissolved Cu from the porewater to the overlying water
column. Resupply of [Cu]d from sediment to porewater is a
much faster process (a few hours)50 than the time scale of
transport across the SWI (a few days), and thus the steady state
of [Cu]d,SPW achieves shortly after the experiment initiated.
Hence the assumption of constant [Cu]d,SPW holds in eq 3 and
this model can be used to quantify contaminants efflux in other
highly contaminated, low-permeability sediments where on-
going fluxes do not significantly deplete the source of
contamination over time scales of interest.
The mass balance model represents efflux of Cu to the water

column in terms of two parameters−the interfacial exchange
rate (αef f) and surficial porewater Cu conentrations (S0).
Increasing αeff corresponds to increasing release rates of Cu to
the overlying water and decreasing time for [Cu]d,OW to
approach to equilibrium. Increasing S0 not only yields greater
equilibrium Cu concentration in the water column, but also a
greater rate of Cu efflux from the sediments early in the
experiments. S0 depends on the dynamic balance between
resupply of Cu from the sediment phase and transport of Cu in
the porous sediments. While resupply of dissolved Cu from the
sediments is controlled by dissolution of metal-containing
mineral phases, the transport of Cu is regulated by properties of
both the porewater flow and the solid matrix. The effective
exchange rate of solutes between porewater and overlying
water, αeff, is also regulated by both sediment properties and
overlying hydrodynamics. In permeable sediments, increasing
hydrodynamic shear on the sediment surface favors advective
porewater flow and enhances the exchange rate.22,45 In low-
permeability sediments, molecular diffusion dominates pore-
water motion and associated solute transport within the
sediments.15 Overlying hydrodynamics also influences solute
exchange in such sediments by changing the diffusive boundary

layer (DBL) above the sediments.51 Increasing hydrodynamic
shear decreases the thickness of DBL, sharpens solute
concentration gradients within the DBL, and increases solute
exchange rates across the DBL.52 In addition, turbulence in the
bulk flow imposes vortices that sweep and eject water into and
out of the DBL, which also increases flux across the DBL.53,54

Overall, the current study demonstrated the coupled effects
of overlying hydrodynamics and sediment geochemistry on
mobility of metals (Figure S13, Supporting Information).
Previous studies showed that diffusion of oxygen from the
overlying water column oxidizes surficial sediments, changes
metal solubility, and releases metals to porewater and overlying
water.32,55 Here, we observed that oxygen penetrated into
sediments, resulting in significantly decreased AVS (Figure S12,
Supporting Information) and increased Cu mobility in these
surficial sediments, and liberation of Cu to the porewater and
overlying water. Increased hydrodynamic forcing enhanced
mass transfer across the SWI and promoted liberation of Cu
from the surficial porewater. The mobility of Cu was also
strongly coupled with Fe chemistry. Particulate Cu was highly
correlated with particulate Fe and was mobilized/immobilized
when sediment resuspension events initiated/ceased.

Implications for Assessment of Contaminated Sites.
In low-permeability sediments, such as the estuarine sediments
used here, solute transport in porewater is generally considered
to occur predominately by diffusion.17,22,25 However, our
results clearly show that hydrodynamic shear can enhance the
transport of oxygen, the mobilization of Cu to porewater, and
the overall efflux of dissolved Cu to the overlying water column
even in low-permeability sediments.56 We also found that flows
that are sufficiently high to induce sediment resuspension
dramatically increase particulate metals concentrations on a
transient basis, and can also accelerate the liberation of
dissolved metals from porewater. Many estuarine sediments
are subject to highly variable hydrodynamic conditions,
including regular tidal fluctuations and episodic floods and
storms.57 Temporal variability in overlying hydrodynamic
processes, including the potential for sediment resuspension,
should therefore be expected to strongly influence the long-
term mobility and efflux of metals in estuarine sediments.
While the current study used homogenized sediment beds,

natural estuarine sediments tend to have more structural
heterogeneities. Water flows preferentially remove and trans-
port finer sediments, leading to formation of coarser surficial or
buried sediment layers.58 In addition, transport and deposition
of suspended sediments result in development of bed forms
that vary geometrically in size and shape.59 These structural
heterogeneities are known to produce spatially variable
hyporheic exchange patterns and induce higher interfacial
exchange fluxes.45,58,60 The effects that hydrodynamic forcing
mobilizes metals are thus likely to be even more prominent in
such sediments.
Investigation of contaminated sediment sites typically

involves a sequence of approaches: development of a
conceptual site model (CSM), screening assessment, character-
ization of exposure and effects, and identification of remedial
actions.61 Identifying the critical process that influence the
mobility of metals is an essential step in developing a CSM.
This is complicated in dynamic sites exhibiting spatially and
temporally variable patterns of metal fluxes, as site assessments
typically use a low density and frequency of sampling.31 Effects
of time-variable flow forcing on the release and effects of
contaminants from sediments are thus likely to be omitted from
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CSMs. This study emphasizes the need to establish shear-efflux
relationships for site sediments and provides a framework for
determining the shear-efflux relations by measuring metal efflux
under different shear stresses. With the ability to impose a wide
range of precisely controlled hydrodynamic shears on sedi-
ments, the Gust mesocosm system could be used in situ or ex
situ to determine the empirical correlations between shear
stresses and metal effluxes. Flow-induced metal effluxes then
need to be estimated based on historic hydrodynamic
conditions at site and risks of omitting such hydrodynamic
processes can be identified and corresponding risk factors can
be incorporated in site assessments.
In addition, current approaches for assessing bioavailability

and toxicity of metals in sediments employ bulk sediment
characterizations, often relying on batch organism exposure in a
laboratory setting in combination with equilibrium partitioning
models that attribute toxicity to the presence of dissolved
metals in porewater.62 These approaches will miss ecological
uptake and risk factors that result from interactions between
flow, metals chemistry, and biological processes. Based on the
results presented here, assessments of contaminated sediment
bioavailability and toxicity should also include measurements of
the effects of flow forcing in concert with bioturbation and
bioirrigation in characterizations of exposure and effects.
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Rhizon sampling of pore waters near the sediment/water interface of
aquatic systems. Limnol. Oceanogr.: Methods 2005, 3, 361−371.
(37) Dickens, G. R.; Koelling, M.; Smith, D. C.; Schnieders, L.
Rhizon Sampling of Pore Waters on Scientific Drilling Expeditions: An
Example from the IODP Expedition 302, Arctic Coring Expedition
(ACEX). Sci. Drill. 2007, 4, 22−25.
(38) Shotbolt, L. Pore water sampling from lake and estuary
sediments using Rhizon samplers. Journal of Paleolimnology 2010, 44
(2), 695−700.
(39) Stookey, L. L. Ferrozine—a new spectrophotometric reagent for
iron. Anal. Chem. 1970, 42 (7), 779−781.
(40) Viollier, E.; Inglett, P. W.; Hunter, K.; Roychoudhury, A. N.;
Van Cappellen, P. The ferrozine method revisited: Fe (II)/Fe (III)
determination in natural waters. Appl. Geochem. 2000, 15 (6), 785−
790.
(41) Berg, P.; Risgaard-Petersen, N.; Rysgaard, S. Interpretation of
measured concentration profiles in sediment pore water. Limnol.
Oceanogr. 1998, 43 (7), 1500−1510.
(42) Webb, S. M.; Leppard, G. G.; Gaillard, J.-F. Zinc speciation in a
contaminated aquatic environment: characterization of environmental
particles by analytical electron microscopy. Environ. Sci. Technol. 2000,
34 (10), 1926−1933.
(43) Yuan-Hui, L.; Gregory, S. Diffusion of ions in sea water and in
deep-sea sediments. Geochim. Cosmochim. Acta 1974, 38 (5), 703−714.
(44) Boudreau, B. P. The diffusive tortuosity of fine-grained
unlithified sediments. Geochim. Cosmochim. Acta 1996, 60 (16),
3139−3142.
(45) Packman, A. I.; Salehin, M.; Zaramella, M. Hyporheic exchange
with gravel beds: basic hydrodynamic interactions and bedform-
induced advective flows. Journal of Hydraulic Engineering 2004, 130
(7), 647−656.
(46) Bencala, K. E. Simulation of solute transport in a mountain
pool-and-riffle stream with a kinetic mass transfer model for sorption.
Water Resour. Res. 1983, 19 (3), 732−738.
(47) Meysman, F.; Galaktionov, O.; Cook, P.; Janssen, F.; Huettel,
M.; Middelburg, J. Quantifying biologically and physically induced
flow and tracer dynamics in permeable sediments. Biogeosciences
Discussions 2006, 3 (6), 1809−1858.
(48) Zarnetske, J. P.; Haggerty, R.; Wondzell, S. M.; Bokil, V. A.;
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