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ABSTRACT: Assessing the risk of metal-contaminated sediments
under disturbed conditions is challenging due to the lack of methods
that capture instant changes in metal bioavailability. Existing approaches
provide inadequate understandings of the processes regulating metal
bioavailability under nonequilibrium conditions. Experiments were
conducted to improve our understanding of the metal bioavailability
dynamics induced by sediment resuspension and subsequent
redeposition (reequilibration). An isotopically modified bioassay, a
novel stable isotope tracing technique, was used to measure metal
bioavailability (assimilation rates) to clams within short time windows.
Changes in metal partitioning were characterized by porewater analysis
using in situ extraction and the diffusive gradients in thin-films
technique. Results showed that sediment resuspension released metals
into porewater, while reequilibration scavenged metals from the porewater. The assimilation rates of Ni, Cu, and Pb increased with
the resuspension time, aligning with increasing porewater concentrations. Unexpectedly, during reequilibration, the metal
assimilation rates did not decrease. The discrepancies between bioavailability to the clam and porewater extrapolations may be due
to differing sustained conditions of metals in sediments. Overall, this study unveils the metal bioavailability dynamics in
nonequilibrium sediments, which could not be accurately predicted relying solely on porewater analysis. Incorporating rapid
bioassays to determine bioavailability offers a valuable tool for robust ecological risk assessment.
KEYWORDS: metal pollution, oxidation, porewater partitioning, bioassay, nonequilibrium, toxicity risk assessment

1. INTRODUCTION
Sediment resuspension, driven by natural events or anthro-
pogenic activities, is an important pathway for transporting
contaminated sediments1,2 and exposing metal contaminants
to aquatic organisms.3 Studies have demonstrated that
resuspended metal-contaminated sediments exhibit enhanced
toxicity.4−6 However, this is not reflected in standard risk
assessment practices or current sediment quality guidelines,7,8

which typically assume that porewater under equilibrium
conditions represents the bioavailable metal exposure.9−11

Sediment resuspension and deposition represent common
nonequilibrium conditions,2 causing transitions between
reducing and oxidizing conditions that alter the behavior of
redox-sensitive contaminants.12 In organic-rich, fine-grained
sediments, metals primarily exist as metal sulfides,9,13 which
readily oxidize upon suspension in oxic conditions.14−16 While
the chemical transformation of metal species during
resuspension15−17 and redeposition18−20 is well understood,
gaps persist in understanding the processes regulating metal
bioavailability,21 challenging accurate environmental risk
assessments.

Probing transient changes in metal bioavailability in
disturbed sediments is challenging, especially under dynamic
conditions requiring rapid bioavailability measurement.21,22

Conventional biological approaches, such as long-term
bioaccumulation methods and toxicity tests, directly assess
metal bioavailability at the completion of tests23,24 but fail to
capture instant bioavailability changes.25 More rapid chemical
approaches, like acid-volatile sulfide extraction (AVS) and
simultaneously extracted metal (SEM) measurements, extrap-
olate bioavailability based on the understanding of metal-
sulfide biogeochemistry.9 However, these indirect methods are
better suited for predicting the absence of metal risks (e.g.,
when SEM < AVS), yet they are less effective in identifying the
presence of risks (e.g., when SEM > AVS).10
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In previous studies, we developed an isotopically modified
bioassay to measure metal bioavailability within short time
windows.26−28 This technique, adapted from a “reverse-
labeling” method,29,30 measures metal bioavailability by tracing
changes in isotopic composition in isotope-enriched organisms
following exposure to bioavailable metals. The method has
been successfully applied in sedimentary environments to
directly measure the net influx rates of multiple metals, or
“assimilation rates”, which can be incorporated into kinetic
models to predict bioaccumulation.28 As the bioassay provides
direct and rapid metal bioavailability measurements, it is well-
suited for revealing dynamic changes in metal bioavailability
influenced by sediment resuspension.

The primary objective of this study was to improve our
understanding of the dynamics of metal bioavailability induced
by sediment resuspension and the subsequent equilibration
process. Experiments were conducted to (1) characterize
chemical changes associated with metal partitioning during
sediment resuspension and reequilibration, (2) examine the
effect of sediment resuspension durations on dynamic changes
in metal bioavailability, and (3) analyze changes in metal
bioavailability during the reequilibration process.

2. MATERIALS AND METHODS
2.1. General Methods. All glassware and plasticware were

cleaned by soaking in 5% HNO3 for at least 12 h, rinsed with
deionized water (18.2 MΩ cm, Millipore, USA) three times,
and air-dried in a clean environment.
2.2. Sediment, Water, Organisms, and Metal Stable

Isotopes. Contaminated sediment was collected in November
2021 from a tributary river in the Pearl River Estuary
(22°45′2″ N, 113°46′10″ E), Shenzhen, Guangdong Province,
China. The sediment, fine-grained and contaminated with Ni,
Cu, Zn, Cd, and Pb,27,31 was collected from the surface (depth
<10 cm), transferred into a 20 L plastic bucket, sealed, and
transported to the laboratory. The sediment was stored at
room temperature (21 ± 1 °C) and used within six months.

Reconstituted freshwater was prepared by dissolving
chemical salts in reverse osmosis (RO) water, with the
composition per liter consisting of 62 mg MgSO4·7H2O, 63 mg
CaSO4·2H2O, 96 mg NaHCO3, 50 mg CaCl2, and 4 mg KCl.32

The freshwater was freshly prepared and aerated overnight
before being used for organism culture and experimentation.

Asian clams (Corbicula fluminea) with shell lengths of 1.2−
1.6 cm were collected from a clean river located in Guangdong
(23°28′40″ N, 113°49′46″ E) and transported to the
laboratory. Clams were acclimated for 1 week at laboratory
conditions (21 ± 1 °C and natural light−dark cycle). During
the acclimation period, clams were fed daily with green algae
Chlorella sp. (3.5 mg clam−1) for 1 h before water renewal.

Metal stable isotopes (62Ni, 65Cu, 68Zn, 114Cd, and 206Pb)
with purities >99% were purchased from ISOFLEX, USA.
2.3. Isotopically Modified Bioassay to Determine

Metal Bioavailability in Sediments. The isotopically
modified bioassay approach was employed to assess metal
bioavailability in sediments, consisting of two stages: isotopic
modification and sediment exposure.

2.3.1. Isotopic-Modification Stage. The goal of this stage is
to increase the abundance of labeling isotopes within clam
tissue. Clams were cultured in 10 L of reconstituted freshwater
spiked with stable isotopes (5 μg L−1 62Ni, 10 μg L−1 65Cu, 10
μg L−1 68Zn, 3 μg L−1 114Cd, and 5 μg L−1 206Pb) for 7 days. A
flow-through system maintained consistent isotope concen-

trations, renewing the spiked water concentration to 4.6 mL
min−1. Clams were fed daily as previously described in separate
containers and rinsed before returning to the culture system.

To monitor isotopic composition changes, ten clams were
sampled on the first, third, and seventh days. Clams were
immersed in a 1 mM ethylenediaminetetraacetic acid (EDTA)
solution for 1 min to terminate further isotope uptake and then
dissected with a stainless-steel scalpel. Soft tissues were rinsed
with EDTA and then with deionized water to remove surface
contaminants and then stored at −20 °C for metal analysis.

2.3.2. Sediment Exposure Stage. Following the isotopic-
modification stage, clams were exposed to sediments in the
box-container setup (Section 2.4), with seven clams per box.

The clams were exposed to sediments for 10 h, informed by
previous studies showing that 1 h was sufficient for assessing
Cd bioavailability in suspended sediments26 and 24 h suitable
for Ni and Pb in equilibrated sediments.27,28 Given the rapid
changes in metal speciation during resuspension, this 10 h
exposure can capture dynamic shifts in bioavailability while
maintaining measurement sensitivity within the 168 h
experiment.

After a 10 h sediment exposure, clams were removed from
sediments, rinsed with RO water to remove attached particles,
and transferred to clean reconstituted freshwater for a 12 h
depuration to eliminate undigested sediments. Water was
renewed when feces were observed. At the end of depuration,
all clams were taken and processed following the aforemen-
tioned procedures (Section 2.3.1).

A reference group of isotopically modified clams not
exposed to contaminated sediments served as a baseline for
comparison. By comparing the isotopic composition of the test
clams with the reference clams, we could quantify the
assimilation of bioavailable metals from the sediment (Section
2.7).
2.4. Resuspension and Equilibration Experiments.

The experiments were conducted in three runs (Run1, Run2,
and Run3) to investigate the influence of sediment
resuspension and the reequilibration on metal bioavailability.
Experiment Run1 focused on the chemical changes in metal
partitioning between the dissolved and particulate phases
during resuspension and reequilibration. Experiment Run2 and
Run3 examined dynamic changes in metal bioavailability in
sediments subjected to varying resuspension durations (Run2)
and reequilibration periods (Run3), utilizing an isotopically
modified bioassay to determine metal bioavailability.

2.4.1. Experiment Run1: Initial Chemical Characterization
of Sediment Resuspension and Reequilibration. Sediment
resuspension was performed in a 3 L glass conical flask by
mixing 0.7 L of wet sediment with 0.7 L of reconstituted fresh
water. The flask was placed on a reciprocating shaker at 210 ±
10 rpm and covered with aluminum foil (with pinholes) to
prevent splashing and allow air exchange. The resuspension
test was performed in triplicate and lasted for 7 days (168 h).

At designated intervals (5 min, 2 h, 12 h, 24 h, 72 h, and 168
h), sediment slurry samples were characterized by measuring
dissolved oxygen concentration, pH, dissolved alkalinity,
dissolved metal concentrations, AVS content, and SEM
concentrations, as described in Note S2, Supporting
Information.

Sediment reequilibration was conducted by placing 7 d
resuspended sediments into small plastic boxes (7.5 cm length
× 7.5 cm width × 5 cm depth) and equilibrating them in larger
plastic containers (26 cm length × 16 cm width × 16 cm
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depth) under water for 2 to 336 h (2 weeks). Triplicate boxes
were used for each equilibration interval. Each box contained
sediment settled to a depth of 4 cm, with 4 L of overlying
water added to the larger containers to submerge the
sediments to a depth of 12 cm. Throughout the equilibration
period, the water column was aerated through four aquarium
stones to ensure the mixing.

At designated equilibration times (2, 12, 24, 72, 168, and
336 h), porewater chemistry was analyzed using passive
samplers, specifically diffusive gradients in thin-films (DGT)
devices (Section 2.5). For each time interval, the water in the
larger plastic container was renewed, and a piston-type DGT
sampler was deployed into the sediments for 10 h to measure
labile metal concentrations.

Right before retrieving DGT samplers, porewater samples
were also collected in situ using a microporous porewater
sampler.27 This sampler consists of a hollow fiber (5 cm long, 2
mm in diameter, and pore size of 0.15 μm) connected to a
plastic syringe needle adapter and was preinstalled by inserting
it horizontally 2 cm from the bottom of the small boxes.

2.4.2. Experiment Run2: Effect of Resuspension Duration
on Metal Bioavailability. To investigate changes in metal
bioavailability in redeposited sediments following different
resuspension durations (2, 12, 24, 72, and 168 h), resuspension
pretreatments were scheduled to align measurement times,
minimizing potential variability in physiological conditions
among organisms.

Prepared within the reequilibration box and container setup
described in Section 2.4.1, triplicates of sediment from each
resuspension interval were stabilized for 2 h to allow sediment
settling. Subsequently, seven isotopically modified clams were
added to each plastic box and exposed for 10 h to determine
metal bioavailability (detailed in Section 2.3). Concurrently, a
piston DGT sampler was deployed for 10 h to characterize the
metal lability. Porewater was sampled at the end of organism
sediment exposure.

2.4.3. Experiment Run3: Effect of Reequilibration
Duration on Metal Bioavailability. To investigate the effect
of sediment reequilibration on metal bioavailability, isotopi-
cally modified bioassays were conducted on sediments
resuspended for 7 days and equilibrated for different durations
(2, 12, 24, 72, and 168 h). Similar to the method used in
Experiment Run2, the resuspension and equilibration pretreat-
ments were prescheduled to ensure simultaneous exposure of
organisms to the sediments.

Sediments were also prepared as previously described in the
reequilibration box and container setup. Water in the larger
containers was renewed before seven isotopically modified
clams were introduced. In contrast to Experiment Run1 and
Run2 that used piston DGT samplers, self-assembled planar
DGT samplers (described in Section 2.5) were deployed to
investigate labile metal depth profiles. Porewater was also
sampled using the microporous sampler at the end of organism
exposure.
2.5. DGT Application: Deployment of Piston and

Planar DGT Samplers. DGT technique was used to measure
labile metal concentrations in sediments. When deployed, the
DGT devices accumulate metals from porewater, which diffuse
through the membrane filter and gel layer before binding to the
resin. The depletion of metals in porewater is then replenished
by weakly bound metals from the sediments.33 Therefore, the
DGT devices capture labile metals from both porewater and
sediment sources. For detailed operational procedures, refer to

Note S1 in the Supporting Information. Below is a concise
overview of the main procedures.

Two types of DGT samplers were used: planar DGT and
piston DGT devices.33,34 Prior to deployment, both types of
DGT were deoxygenated by bubbling nitrogen gas in 0.05 M
NaCl solution for at least 4 h. The piston DGTs, sourced from
DGT Research Ltd., were inserted vertically to measure metal
concentrations at depths of 0.5 to 2.5 cm (exposure area of
3.14 cm2). The planar DGT, assembled in the laboratory,
consisted of a membrane filter and two gel layers (also from
DGT Research Ltd.) housed within a rectangular plastic holder
with a measurement window of 2.5 cm width × 6 cm length.
This sampler was inserted 3 cm into the sediment to measure
the metal profiles across the sediment water interface. After a
10 h deployment, the samplers were retrieved, cleaned, and
stored for analysis.

Within a month of retrieval, the metal-binding layer from
piston DGT samplers was directly digested in 1 M HNO3
solution. For planar DGT samplers, the metal-binding layer gel
was sectioned into 5 mm slices within 2.5 cm of the sediment−
water interface and then digested. The eluent was analyzed
using ICP−MS for Mn, Fe, Ni, Pb, Cu, Zn, and Cd. The time-
integrated average concentration of labile metals was then
calculated.35

Blank DGT samplers, which underwent the same procedures
without sediment deployment, accounted for background
contamination. The measured concentrations in the deployed
samplers were substantially higher than the background metal
concentrations and were corrected by subtracting the mean
blank concentrations.
2.6. Sampling and Analysis. Sediment resuspension was

characterized by monitoring temporal changes in multiple
physicochemical parameters. A brief overview is provided here,
while comprehensive details are available in Note S2,
Supporting Information.

Dissolved oxygen was measured directly in the sediment
slurry using a probe (HQ30d, Hach). For additional analyses,
approximately 55 mL of sediment slurry was centrifuged, and
the supernatant was filtered for pH measurement using a pH
meter (FE28 standard, electrode model LE438, Mettler
Toledo), as well as for dissolved metal analysis (acidified)
and alkalinity measurement (unacidified).36 The sediment at
the bottom of the centrifuge tube was analyzed for AVS and
SEM concentrations using the purge-and-trap method.37

In situ porewater sampling was conducted by using
microporous samplers. The initial 0.5 mL was discarded, and
the subsequent 2 mL was acidified and stored for metal
analysis. Porewater extracted during reequilibration (in Experi-
ment Run1 and Run3) was also examined for dissolved sulfide
presence using a colorimetric reagent,37 but no detectable
color change was observed.

Clam tissue samples from the bioassay were freeze-dried and
subjected to hot acid digestion in 0.5−1.0 mL of 65% HNO3 at
80 °C for 8 h. The acid digest was diluted and analyzed by
ICP−MS for the metal isotope concentration.

Metal concentrations of Mn, Fe, Ni, Cu, Zn, Cd, and Pb in
water, porewater, DGT gel digest solutions, and sediment
digest solutions were determined by ICP−MS. For organism
tissue digest solutions, metal isotope concentrations (60Ni,
62Ni, 63Cu, 65Cu, 64Zn, 68Zn, 111Cd, 114Cd, 206Pb, and 207Pb)
were analyzed. QA/QC procedures included monitoring
internal reference standards for instrumental signal drift,
measuring quality control standards every 15−20 samples,
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and analyzing certified reference materials (SRM 1566, oyster
tissue) for overall quality control, ensuring recovery within
10% of reported values (detailed in Note S2, Supporting
Information).
2.7. Isotopic Data Analysis. Metal bioavailability, as

indicated by the assimilation rate, was quantified by tracking
changes in metal isotopic concentration in clam tissue before
and after sediment exposure. Core equations are presented
here, with detailed derivations provided in Note S3 of the
Supporting Information.

2.7.1. Newly Accumulated Concentration of Labeled
Metal Isotopes in the Clams. During the isotopic-modification
stage, clams were cultured in water spiked with labeled metal
isotopes (i.e., 62Ni, 65Cu, 68Zn, 114Cd, and 206Pb). The increase
in labeled isotope concentration in the clam tissue (LMe|new, μg
g−1 dry weight) was calculated as (Note S3.1 for detailed
explanation)27

fMe ( Me Me )L
new

L
meas

NL
meas

L| = | | × (1)

where LMe|meas and NLMe|meas (μg g−1) are the instrument-
reported concentrations of labeled and nonlabeled isotopes,
respectively, and f L is the natural isotope abundance of labeled
metal isotope (i.e., 3.63% for 62Ni, 30.8% for 65Cu, 18.8% for
68Zn, 28.7% for 114Cd, and 24.1% for 206Pb).

2.7.2. Normalized Isotopic Ratio in the Clam. The
accumulation of labeled isotopes in clam tissue resulted in
the enrichment of these isotopes, indicated by elevated isotope
ratios. The ratio MeL/NL (i.e., Ni62/60, Cu65/63, Zn68/64,
Cd114/111, and Pb206/207) was calculated as26,27

f
f

Me
Me
Me

L/NL
L

meas
L

NL
meas

NL= | ×
| × (2)

where f NL is the natural isotope abundance of the nonlabeled
isotope.

When exposed to metals in sediments, the clams absorb
metal isotopes at their natural abundances, resulting in the
dilution of the labeled isotope and a decrease in the MeL/NL

ratio. The mass of absorbed metal can be quantified by the
decrease in the MeL/NL ratio of the sediment exposure group
relative to the reference group that was not exposed to
contaminated sediments.27 However, we observed that the
decrease in MeL/NL of some organism samples was influenced
by variations in the enriching efficiency of the labeled isotope
during the isotopic-modification stage (e.g., lower decrease of
the MeL/NL caused by higher enriching efficiency of labeled
isotope).

To address variations in enrichment efficiency, we
normalized the MeL/NL ratio (Rnorm

Me ) by dividing MeL/NL with
the newly accumulated concentration of the labeled isotope
(LMe|new) of the same organism

R
f

f
f

Me
Me

Me
( Me Me )

norm
Me

L/NL L/NL

L
new
L/NL L/NL

L
meas

NL
meas

L

=
|

=
| | × (3)

where f L/NL is the natural isotope abundance ratio between the
labeled and nonlabeled metal isotope. Rnorm

Me has a unit of g
μg−1. Although it can be converted to a dimensionless variable
by multiplying it by 106, we retain this form for simplicity in
calculating metal assimilation rates, as demonstrated below.

2.7.3. Metal Assimilation Rate Determined Following
Sediment Exposure. In the sediment exposure group, the
normalized Rnorm

Me ratio (Rnorm
Me |exp) is the reciprocal of the sum of

the background nonlabeled metal isotope fraction (NLMe|bkg,
μg g−1) and the sedimentary source nonlabeled metal isotope
fraction (NLMe|sed, μg g−1) (Note S3.3 for derivation)

R
1

Me Menorm
Me

exp
bkg

NL
sed

NL| =
| + | (4)

In the reference group, where clams do not absorb metals
from the sediment, the ratio (Rnorm

Me |base) is inversely related to
that of NLMe|bkg

R
1

Menorm
Me

base
bkg

NL| =
| (5)

Hence, the sedimentary source fraction (NLMe|sed) can be
calculated as

Me
1

R
1

Rsed
NL

norm
Me

exp norm
Me

base
| =

| | (6)

Consequently, the total metal assimilation rate (ARMe)
during sediment exposure is then determined by

f t
AR

Me
Me

sed
NL

NL
exp

=
|

× (7)

where texp (h) represents the duration of sediment exposure.
ARMe has a unit of μg g−1 h−1 and was converted to ng g−1 h−1.

3. RESULTS AND DISCUSSION
3.1. Experiment Run1: Sediment Resuspension Oxi-

dized Reducing Sediments and Enhanced Metal
Release. Sediment resuspension rapidly oxidized the sediment
slurry in Experiment Run1, evidenced by a substantial decrease
in dissolved Fe and AVS within 2 h. Dissolved Fe decreased
from 800 to 300 μg L−1, while AVS decreased from 38 to 4.4
μmol g−1 (Figures S1 and S2, Supporting Information). This
decline continued over the next 10 to 22 h, reaching 90 μg L−1

for Fe and 0.5 μmol g−1 for AVS, and remained low thereafter.
The rapid oxidation of these reducing substances corresponded
to an initially very low DO concentration (<0.2 mg L−1) in the
sediment slurry (Figure S3, Supporting Information), indicat-
ing rapid oxygen consumption by the oxidation process. DO
gradually recovered to 3.6 mg L−1 from 24 h until the
experiment’s completion on day 7, suggesting a gradual shift to
oxidized condition during the later stage of sediment
resuspension.

During resuspension, the continuous oxidation of mineral
sulfides releases protons, contributing to acidity.38 However,
substantial acidification of the sediment slurry did not occur;
the pH slightly decreased from 7.8 to 6.5 (Figure S3). This was
attributed to the buffering capacity of both sediment and water,
as evidenced by a gradual decrease in dissolved alkalinity from
4.5 to 0.9 mmol L−1 throughout the resuspension duration.

Sediment oxidation released Ni, Cu, Zn, and Cd into the
aqueous phase but not Pb. Initial concentrations of dissolved
Ni, Cu, Zn, and Cd were low but gradually increased to 380,
20, 220, and 1.6 μg L−1, respectively, by the end of
resuspension (Figure S1). Release of Pb was not observed,
likely due to the low solubility of Pb-bearing phases.

While SEM concentrations can provide insight into the
change of particulate metal speciation during sediment

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c08327
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08327/suppl_file/es4c08327_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c08327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


oxidation (Figure S2), the interpretability of these results is
affected by subsampling artifacts. During subsampling, finer
materials enriched with Fe and Mn were preferentially
collected, leading to misleading trends in the observed SEM
concentrations. Unexpectedly, SEM-Fe and SEM-Mn de-
creased with resuspension time, contradicting expectations of
stable SEM concentrations given the high solubility of
particulate Fe and Mn phases in diluted HCl (1 M). We
attribute these decreasing trends to the subsampling effect,
where the selective capture of finer particles resulted in the loss
of coarser materials that settled at the flask bottom.

Given the subsampling effect, the SEM results during
sediment resuspension are presented but are not fully
interpreted. However, notable differences emerged in the
temporal trends of SEM-Cu and SEM-Ni compared to SEM-
Fe and SEM-Mn (Figure S2), qualitatively shedding light on
the speciation change of Cu and Ni during resuspension.
Specifically, SEM-Cu increased for the first 24 h and remained
constant thereafter, while SEM-Ni remained approximately
constant throughout the resuspension experiment. Cu and Ni
solid phases typically exist as sulfide phases when there is a
molar excess of AVS, as exhibited in these contaminated
sediments.39 Both Cu and Ni sulfide exhibit low solubility in 1
M HCl, resulting in incomplete extraction during SEM and
AVS analysis.15,40 Yet, when oxidized, they become more
soluble. Therefore, the diverging trends of SEM-Cu and SEM-
Ni from SEM-Fe and SEM-Mn (easily extractable phases)
indicate an increasing abundance of 1 M HCl-extractable Cu
and Ni within the sediments, suggesting ongoing oxidation of
Cu and Ni-bearing species during sediment resuspension.
3.2. Experiment Run2: Metal Partitioning between

Porewater and Redeposited Sediment Instantly (2 h)
Following Resuspension. Porewater metal concentrations
(determined by in situ extraction) and DGT-labile metal
concentrations revealed shifts in the partitioning dynamics of
metals in redeposited sediments shortly after resuspension.

Short-term resuspension pretreatment induced a limited
release of metals into porewater (Figure 1). Cu, Cd, and Pb
concentrations remained low within the first 24 h, while Mn,
Ni, and Zn remained low for the first 12 h. Extended
resuspension mobilized more metals, with porewater concen-
trations increasing to 2900, 410, 48, 250, 1.8, and 2.9 μg L−1

for Mn, Ni, Cu, Zn, Cd, and Pb, respectively, after 168 h of
resuspension.

Comparable concentration ranges and trends were observed
between porewater metals in Experiment Run2 (2 h of
sediment settling +10 h of bioassay deployment) and dissolved
metals in Experiment Run1 (after different resuspension
intervals) (Figure 1). The consistency suggests that a short
reequilibration process did not substantially alter metal
partitioning, and temporal changes in porewater metal
concentrations were primarily influenced by resuspension
duration.

DGT-labile concentrations showed trends similar to those of
porewater metal concentrations (Figure 1). As the resuspen-
sion time increased from 2 to 168 h, DGT-labile metal
concentrations increased from 95 to 740 μg L−1 for Mn, from
5.4 to 170 μg L−1 for Ni, from 2.7 to 23 μg L−1 for Cu, from
3.2 to 150 μg L−1 for Zn, and from 0.01 to 1.0 μg L−1 for Cd.
DGT-labile concentrations of Fe and Pb remained constantly
low (approximately 30 μg L−1 for Fe and 0.2 μg L−1 for Pb)
regardless of the resuspension time.

DGT-labile metal concentrations encompass metals in the
porewater and those resupplied from weakly bound sediment
pools. With a fast resupply (the sustained case), DGT-labile
metal concentrations are comparable to the porewater metal
concentrations.34 Otherwise, in less sustained conditions,
DGT-labile concentrations are lower. Here, although similar
trends were observed between DGT-labile concentrations and
porewater Mn, Ni, Cu, Zn, and Cd, DGT-labile concentrations
were lower at longer resuspension durations (Figure 1). This
suggests that extended resuspension released more mobile
metals into the porewater, while particulate metals did not

Figure 1. Sediment resuspension releases metals into porewater, as indicated by increasing concentrations of porewater metals and DGT-labile
metals over time in Experiment Run2. Results are presented as mean (points connected by dotted lines) and standard deviation (error bars) of
triplicate test results for each time interval. The blue dashed lines represent the mean dissolved metal concentrations in Experiment Run1 (refer to
Figure S1 for details, Supporting Information).
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sustain well porewater concentrations when depleted by the
DGT samplers.
3.3. Experiment Run2: Impact of Sediment Resuspen-

sion on Metal Bioavailability in Redeposited Sedi-
ments. Increased concentrations of labeled isotopes and
elevated isotope ratios during the isotopic modification stage
indicate effective enrichment in labeled isotopes (Figures S4
and S5, Supporting Information).

Following sediment exposure, the normalized isotopic ratios
of Ni62/60 and Pb206/207 were significantly lower than the
baseline ratios of the reference group, indicating significant
detection of bioavailable Ni and Pb in the sediment (p < 0.05,
one-way ANOVA, Figure S6, Supporting Information). These
ratios decreased with longer resuspension times. Similarly, the
normalized isotopic ratio of Cu65/63 was also lower than the
baseline, though less significantly (p > 0.05, one-way ANOVA,
Figure S6), suggesting bioavailable Cu was present but nearing
the detection limit of the bioassay.

In contrast, the normalized isotopic ratios of Cd114/111 and
Zn68/64 did not show systematic differences from the reference
group (p > 0.05, one-way ANOVA, Figure S6). The Cd114/111

ratio varied within one standard deviation of the mean baseline
ratio, implying low Cd bioavailability. For Zn, the Zn68/64 ratios
were 1 to 3 orders of magnitude lower than those observed for
other metals due to high background Zn concentrations in
clam tissue, leading to inefficient isotope enrichment (Figure
S5).26 Consequently, this approach showed low sensitivity for
the detection of Zn bioavailability.

The variations in isotopic ratios reflect dynamic changes in
metal bioavailability, as shown by the metal assimilation rates
in clams after different sediment resuspension durations
(Figure 2a). For short-duration resuspension, the assimilation
rates of Ni, Cu, and Pb remained low, approximately 7.3 ng g−1

h−1 for Ni within the first 12 h, 140 ng g−1 h−1 for Cu within
the first 24 h, and 3.0 ng g−1 h−1 for Pb within the first 12 h.
This indicates minimal enhancement in metal bioavailability
during short-term resuspension.

Extended resuspension increased the metal bioavailability.
After 168 h resuspension, mean assimilation rates for Ni and
Pb were 3 and 2.6 times higher than those after 2 h
resuspension. Similarly, mean Cu assimilation rates increased
2.7 times following 72 h of resuspension but slightly decreased
to 1.6 times following 168 h of resuspension.
3.4. Experiment Run1 and Run3: Gradual Recovery of

Porewater Metal Chemistry during Sediment Reequili-
bration. Porewater metal concentrations revealed consistent
temporal changes during the reequilibration phase following a
7 d resuspension. This was observed with both continuous
equilibration from the same batch of resuspended sediments
(Experiment Run1, Figure S7, Supporting Information) and
prescheduled equilibration from different resuspension batches
(Experiment Run3, Figure 3).

Throughout the reequilibration phase, porewater Fe
concentrations remained consistently low for 14 days in
Experiment Run1 and 7 days in Experiment Run3 (Figures S7
and 3). These levels were much lower than preresuspension,
indicating the predominant solid-phase Fe(III) in the sediment
with minimal reduction to dissolved Fe(II). The absence of
dissolved sulfide in the porewater (Section 2.6) further
corroborated the absence of the reducing conditions.

During reequilibration, porewater concentrations of Ni, Cu,
Zn, and Cd decreased over time (Figures 3 and S7), likely due
to adsorption by the Fe(III) oxide solid phase. In Experiment

Run3 (Figure 3), Cu, Zn, and Cd concentrations decreased to
preresuspension levels after 72 h of equilibration and remained
stable. However, porewater Ni approached a constant
concentration (71 μg L−1), significantly higher than its
preresuspension level (7 μg L−1). Porewater Pb remained
stable and below its preresuspension level throughout the
reequilibration phase.

DGT-labile metal concentrations from piston DGTs in
Experiment Run1 mirrored the trends of porewater metal
concentrations, with decreases observed for Ni, Cu, Zn, and
Cd, and consistently low levels for Fe and Pb (Figure S7).

Planar DGT probes in Experiment Run3 provided depth
profiles of labile metal concentrations across the sediment−
water interface (SWI) (Figure S8, Supporting Information).
DGT-labile Fe(II) remained consistently low across all depths,
confirming the absence of Fe(III) reduction. Mn, Ni, Cu, Zn,
and Cd displayed typical depth profiles,39,41 with higher

Figure 2. Dynamics in metal bioavailability, indicated by metal
assimilation rates, in nonequilibrium sediments. (a) Change in metal
assimilation rates over different resuspension durations. (b) Metal
assimilation rates either remain unchanged or slightly increase over
reequilibration time. Each hollow diamond point represents the mean
assimilation rate for seven clams in each replicate test. The solid
diamond points and error bars represent the mean and the standard
deviation of the three replicates. The shaded areas indicate the
detection limit for bioavailability, derived from the mean ratio and the
standard deviation of the reference group.
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concentrations in surficial porewater than in overlying water,
creating a concentration gradient across the SWI (Figure S8).
Over time, their concentrations in the overlying water
remained low, while their concentrations in porewater
decreased.

Depth-averaged (depths below the SWI) concentrations of
DGT-labile metals from planar DGT probes (in Experiment
Run3, Figure S8) showed temporal patterns (ranges and
trends) similar to those from piston DGT samplers in
Experiment Run1 (Figure S7). This similarity (Figure S9,
Supporting Information) highlights reproducible geochemical
conditions controlling metal partitioning during reequilibra-
tion, irrespective of the equilibration approaches employed.

During reequilibration, the depth-averaged concentrations of
DGT-labile metals (in Experiment Run3) were comparable to
(for Ni, Cd, and Pb) or slightly higher (for Cu and Zn) than
porewater metal concentrations (Figure 3). This suggests a
rapid resupply from sediments to porewater when porewater
metals were depleted (well-sustained condition). These results
contrast with the low and/or slow resupply observed
immediately after the resuspension period (Figure 1),
indicating that metals immobilized onto the particulate phase
during sediment reequilibration may remain in a more mobile
pool.
3.5. Experiment Run3: Unanticipated Trends in the

Metal Bioavailability Dynamics during Sediment Re-
equilibration. During sediment reequilibration, the mean
normalized isotopic ratios of Ni62/60, Cu65/63, Zn68/64, Cd114/111,
and Pb206/207 were consistently lower than their respective
reference ratios (Figure S10, Supporting Information). The
differences were more significant for the ratios of Ni62/60,
Cu65/63, and Pb206/207, while they were less significant for
Zn68/64 and Cd114/111 (Figure S10). The persistent pattern
indicates the bioavailability of these metals to the clams within
the sedimentary system. Given that metal concentrations in the
overlying water remained low during the bioassay exposure, as

evidenced by the low DGT-labile concentrations above the
SWI (Figure S8), it is clear that the source of these bioavailable
metals is sediments, encompassing both porewater and
sediment particles.

At the shortest sediment equilibration interval (2 h of
sediment settling +10 h of bioassay deployment) (Figure 2b,
initial points), assimilation rates were lower than those
measured at the longest interval of sediment resuspension in
Experiment Run2 (Figure 2a, final points). Despite both sets of
sediments undergoing identical durations of resuspension (7
d) and reequilibration (12 h), subtle differences between
independent experimental conditions likely contribute to this
discrepancy in assimilation rates. This difference is also
reflected in the discrepancies observed in porewater metal
concentrations (Figure 1 and Figure 3). Therefore, it is
essential to focus on the trends of assimilation rates within
each independent experiment to understand the dynamics of
the metal bioavailability.

Throughout the reequilibration phase, assimilation rates
either remained relatively constant or exhibited a slight
increase (Figure 2b). Specifically, the assimilation rates varied
between 10 and 18 ng g−1 h−1for Ni, between 1.2 and 12 ng
g−1 h−1 for Cd, and between 3.1 and 6.2 ng g−1 h−1 for Pb. The
assimilation rates of Cu slightly increased with equilibration
time, while the assimilation rates of Zn initially increased from
250 ± 600 to 790 ± 180 ng g−1 h−1 within 12 h and then
remained stable thereafter. These trends in metal assimilation
rates during reequilibration defy the anticipated declining
trends of metal bioavailability predicted solely based on
porewater metal concentrations.
3.6. Linking Metal Biogeochemical Processes with

Bioavailability Dynamics. The conventional understanding
of variations in metal bioavailability under dynamic environ-
mental conditions often relies on simplistic deductions drawn
from the chemical characterization of metal biogeochemistry.
We observed that sediment resuspension mobilized metals to

Figure 3. Sediment reequilibration scavenges metals from porewater, as indicated by decreasing concentrations of DGT-labile metals and
porewater metals over time in Experiment Run3. Results are presented as mean values with standard deviations from triplicate test results for each
time interval. The horizontal dashed lines represent the preresuspension levels of porewater metal and DGT-labile metals, determined separately in
sediments not subjected to resuspension.
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the porewater through the ongoing oxidation of metal-
contaminated sediments and subsequent reequilibration
immobilized metals via scavenging metals from porewater.

Based on these porewater measurements, we expected
increased metal bioavailability during sediment resuspension
and decreased bioavailability during reequilibration. The
isotopically modified bioassay measurements revealed bioavail-
ability dynamics that aligned with porewater metal chemistry
for Ni (r = 0.9, p < 0.05 for DGT-labile Ni and for porewater
Ni) and Pb (r = 0.9, p < 0.05 for DGT-labile Pb) during the
resuspension phase (Figures S11 and S12, Supporting
Information). However, this hypothesis was partially rejected
as the correlation for Cu was less significant (r = 0.69, p = 0.20,
Figure S11). Additionally, during sediment reequilibration, the
observed decrease in porewater metals, indicative of metal
immobilization, did not correspond to reduced metal

bioavailability, as shown by the lack of correlations (p >
0.05, Figures S13 and S14, Supporting Information). This
indicates that while our hypothesis held during resuspension
for certain metals, it did not apply during reequilibration.

The inconsistency may be qualitatively explained by
considering the sustained release of metals from the particulate
phase to porewater during the reequilibration phase (Figure 4).
While ongoing immobilization occurred during sediment
reequilibration, the immobilized fraction of metals might
remain “active” to the organism, as inferred from the higher
sustaining capability (Figure 3). Therefore, when clams are
exposed to such sediments, the more recently immobilized
metals in this “active” pool may still be bioavailable (Figure
4b),42 either by supplying to porewater when dissolved metals
at the organism interface are depleted or by direct absorption
when sediments are ingested.

Figure 4. Schematic of processes that control metal bioavailability in sediment under different disturbed scenarios.

Figure 5. Toxicokinetic model predictions of metal bioaccumulation in clams under varying bioavailability conditions influenced by different
resuspension (a) and reequilibration (b) durations. In (a), solid lines represent model-predicted bioaccumulation curves for different resuspension
durations, with vertical dashed lines indicating the minimum and maximum times required for a 3-fold increase in tissue concentrations. In (b), the
shaded areas indicate the higher-bound and the lower-bound of predicted bioaccumulation curves, solid lines represent mean bioaccumulation
curves, horizontal dashed lines mark a 3-fold increase in baseline tissue concentrations, and vertical dashed lines correspond to the time required for
a 3-fold increase.
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In contrast, during the sediment resuspension phase,
particularly under longer resuspension durations, metals in
the porewater were less sustained (Figure 1) because metals on
sediment particles were more tightly bound. In such
conditions, the clams may primarily take up metals through
aqueous exposure (Figure 4a), and the DGT-labile metals may
define the upper limit of metals assimilable in the sedimentary
system.
3.7. Environmental Relevance and Implications on

Risk Assessment of Metal-Contaminated Sediments.
Anthropogenic activities, such as dredging, significantly disrupt
the sediment structure, releasing suspended sediments into the
water column. Even after settling, repetitive suspension of
surficial sediments,43 driven by wind and wave action, may lead
to extended oxidation of reducing sediments. This resuspen-
sion and subsequent reequilibration can notably alter the
bioavailability of contaminants.

Our findings highlight discrepancies between traditional
assessments based on porewater analysis and the assimilation
rates measured using the isotopically modified bioassay. These
discrepancies suggest that metal bioavailability may differ from
previous understandings under nonequilibrium conditions,
challenging existing paradigms regarding sediment-associated
metal contamination risks.7 By introducing the isotopically
modified bioassay, we provide a significant advancement for
quantitatively determining metal bioavailability within short-
time windows. This approach effectively captures transient
fluctuations in metal bioavailability, allowing for the integration
of dynamic changes into kinetic models and enhancing the
assessment of metal risks under nonequilibrium conditions.

The measured assimilation rates represent the combined
metal accumulation from different pathways in the sedimentary
environment, simplifying the construction of toxicokinetic
models by eliminating the need to separately account for metal
uptake from each pathway.28 This streamlined approach is
particularly useful for assessing risks associated with con-
taminated sediments, where distinction of uptake pathways
may not be critical.28 Incorporating assimilation rates into
toxicokinetic models thus enables bioaccumulation risk
assessment under simulated resuspension and reequilibration
events (Notes S4.1, Supporting Information).

Assessing bioaccumulation risk has formed a part of
sediment quality assessment practices, typically based on
comparing tissue concentration with threshold concentra-
tions.25,44 However, current threshold derivation (e.g., 3-fold
increase relative to control exposure44) remains arbitrary or
mechanistically unfounded. This can be improved by
considering baseline concentrations and adverse effect
information (e.g., maximum residue limit).45 For simplicity,
we used a 3-fold increase in baseline tissue concentration to
indicate risk,45 while other mechanistically derived thresholds
can also be used to assess bioaccumulation risks.

To assess the effect of resuspension on metal bioaccumu-
lation risks in sediments, we simulated the bioaccumulation to
the clam with bioavailability levels influenced by different
resuspension and reequilibration durations (Note S4.2). We
predicted the time required for a 3-fold increase (TRI-time) in
tissue concentrations under each condition (Note S4.3). The
toxicokinetic model predicted that resuspension substantially
decreases TRI-time for Ni, Cu, and Pb, by approximately 3-
fold (Figure 5a). Notably, the TRI-time for Ni and Pb are as
short as 21 and 26 h, respectively, underscoring the potential
for rapid and concerning accumulation.

During the 7 d reequilibration following 7 d resuspension,
the predicted tissue metal concentrations increased steadily
over the 168 h reequilibration phase (Figure 5b and Figure
S15, Supporting Information). For the contaminated sediment
modeled, tissue metal concentrations readily exceed the 3-fold
increase threshold for Ni (within 22−68 h), Cu (88−164 h or
longer), and Pb (14−136 h) (Figure 5b) and approach this
threshold for Zn and Cd (Figure S15). Notably, the mean
tissue concentrations of Ni and Pb reached this threshold
within just 48 h. This indicates that even after sediments have
settled and reequilibrated following a heavy suspension, the
risk of metal bioaccumulation persists for an extended
duration, posing ongoing threats to benthic organisms. This
finding aligns with our previous study, where disturbed
sediments subjected to a week of oxidation exhibited elevated
toxicity to benthic amphipod species, even after an additional 4
weeks of equilibration.46

Overall, our study highlights the complexity of the metal
bioavailability in sediments disturbed by resuspension. In such
nonequilibrium scenarios, establishing a quantitative relation-
ship between metal bioavailability and simple chemical
measurements is challenging. Relying solely on chemical
analysis of porewater may overlook the “ghosting” pool of
bioavailable metals on sediment grains, potentially biasing and
underestimating risk prediction outcomes. The isotopically
modified bioassay provides direct information on metal
bioavailability through measured assimilation rates. These
rates can be integrated into toxicokinetic models to predict
metal bioaccumulation under various nonequilibrium con-
ditions. Therefore, incorporating dynamic bioavailability
measurements in risk assessment models could potentially
improve prediction accuracy in nonequilibrium sediments and
inform sediment management strategies more effectively.
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