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The ecological implications of deep-sea mining, particularly the considerable

discharge of suspended sediments during operational processes, have

attracted substantial concerns. In order to reveal the metal regeneration

dynamics in the polymetallic nodule area of the western Pacific Ocean, ex-

situ sediment disturbance experiments were conducted on a research vessel.

After two levels of regulated stirring disturbance were exerted for half an hour,

the concentrations of 12 dissolved metals and physicochemical parameters,

including Eh and pH, were monitored continuously in the overlying water for

three days. Porewater samples were also collected at the starting and ending

time of each experiment to detect the change of dissolved metal profiles

within the sediments. The findings revealed that the sediment disturbance led

to fluctuations in the concentrations of metals in the overlying water, with

manganese exhibiting the most pronounced change at a coefficient of 208%.

The temporal patterns of dissolved metal concentrations demonstrated a

coherent behavior among certain metals, such as Li, V, Co, Ni, Rb, Mo, and Cs,

which displayed an overall increase, ultimately surpassing the initial

concentrations in the overlying water. In line with this, the metal

concentration profiles in the porewater were also elevated. Spearman

correlation analysis confirmed the synchronized behavior of these metals.

The results suggested that the metals mobility might be governed by

physicochemical factors in the overlying water. Moreover, the sedimentary

features, such as grain size composition, and the morphological state of

metals in sediments played pivotal roles in the differential responses of metal

groups to sediment disturbance across stations. Conversely, the disturbance

intensity was found to have a relatively minor impact on the dissolved metal
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behavior. The findings from the ex-situ experiments provided critical insights

for predicting metal regeneration related to deep-sea mining, which are

expected to be validated through rigorous monitoring protocols during

future in-situ mining trials.
KEYWORDS

deep-sea mining, metal regeneration, sediment disturbance, polymetallic nodules,
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1 Introduction

Oceanic ferromanganese nodules are typical components of

authigenic polymetallic deposits formed by the accretion of

hydrated Mn and Fe hydroxide in deep ocean (Ren et al., 2024).

They are scattered across the seafloor under diverse and often

indistinct geological conditions, which have been identified as a

promising alternative for strategic resources, particularly enriched

in copper, nickel, and cobalt (Mero, 1965; Glasby, 1977; Amann,

1982; Petersen et al., 2016). Regional mapping showed that

hydrogenetic nodules are distributed in the western and southern

Pacific at low biological productivity sites, while diagenetic nodules

are distributed in the eastern Pacific (Ren et al., 2024). Nonetheless,

deep-sea mining operation on these ore deposits has profound

impacts on the marine ecosystem (Amos and Roels, 1977; Ozturgut

et al., 1978; Nath et al., 2001). The primary disruptions associated

with deep-sea mining include (1) the wholesale excavation of

surface sediments and the destruction of benthic communities,

(2) localized elevations in suspended particulate matter, (3)

crushing damage from tailings and overburden, and (4) enhanced

toxicity resulting frommetal release under high-pressure conditions

(Li et al., 2006). When mining activities induce disturbances,

elements in both solute and particulate forms may be introduced

into the water column through the emergent plume, subsequent

dispersal by ocean currents, and ultimate resettlement (Saulnier and

Mucci, 2000). Under certain physicochemical conditions, dissolved

metal elements may also be scavenged in the particulate or colloidal

adsorption processes. These disturbances on bottom sediments can

also trigger changes in geochemical attributes and biochemical

conditions (Raghukumar et al., 2001), associated with the

relocation of metals, which poses latent risks to benthic

communit ies due to their toxici ty and resistance to

biodegradation (Caroppo et al., 2006; Duman et al., 2007; Varol

and Sen, 2012; Drazen et al., 2020). Given the high mobility and

bioavailability of these metals, their residence in the water column is

critically concerning (Ankley et al., 1996).

Identifying the metal release linked to deep-sea sediment

plumes is essential for fostering ecofriendly mining practices.

Although the vertical distribution of porewater metals and their

diffusion fluxes at the water–sediment interface in the polymetallic

nodule area of western Pacific were investigated in our previous
02
study (Yang et al., 2023), their response to sediment disturbance

remained elusive. Since the 1970s, numerous experiments

simulating deep-sea floor mining or sediment disturbance have

been conducted (Burns et al., 1980; Thiel and Tiefsee-

Umweltschutz, 2001; Volz et al., 2020), with the majority of

research focusing on the impacts of substrate removal or

deposition processes. According to the longest recolonization

experiment to date, DISCOL, the potential short-term impacts of

deep-sea mining activities on the geochemical system included the

introduction of oxygen diffusion into previously hypoxic deposits,

changes in redox conditions, and the acceleration of metal release

and regeneration. The long-term impacts based on the observation

over 26 years indicated that the recovery of highly active surface

deposits could be protracted for millennia (Volz et al., 2020).

However, the current findings are insufficient to provide validated

data to evaluate the potential dispersion of toxic chemicals or

nutrients associated with sediment disturbance during the mining

operation. Recent numerical dispersion models to simulate the

dispersion process of plumes during in-situ experiments as well as

the concentration distribution of sediments over short durations

(from several hours to months) suggested that plume dispersion

may be limited by factors such as flocculation, background

turbidity, and internal tides (Morato et al., 2022; Spearman et al.,

2020). Nevertheless, the release and restoration of toxic chemicals in

solution due to plume dispersion remain poorly understood.

In general, the increase in metal concentrations in the overlying

water following sediment disturbance can be attributed to three

primary factors: the release of pre-existing dissolved substances

from the sediments, desorption from the sediment matrix, and the

dissolution of suspended particles within the water column

(Kalnejais et al., 2010). Previous ex-situ resuspension experiments

conducted on contaminated coastal sediments have suggested that

the released metals can be classified into distinct groups according

to their properties, such as the dissolved or weakly adsorbed species,

those bound within the crystalline lattice of minerals, or those

incorporated in various amorphous solid compounds (Calmano

et al., 1993). For example, metals with a high affinity for iron oxide

[FeOOH(s)] are prone to be desorbed during the reduction of iron

oxide. The environmental conditions encountered by suspended

particles can also influence the processes of desorption or

dissolution, such as scavenging processes during resuspension
frontiersin.org
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(Morin and Morse, 1999; Saulnier and Mucci, 2000; Kalnejais et al.,

2010). The properties of overlying water, including salinity, pH, and

redox conditions, in conjunction with sedimentation rates,

ultimately govern the residence time of these metals in the water

column (Martino et al., 2002; Kiratli and Ergin, 1996;

Roberts, 2012).

In order to quantify the behavior of dissolved metals

throughout the processes of suspension and resettlement,

sediment disturbance experiments were conducted on board by

using deep-sea sediments and bottom water derived from the

polymetallic nodule area in the western Pacific. The study aims to

elucidate (1) the short-term response of various metals in the

overlying water and sediment porewater after the sediment

disturbance and (2) the impacts of physicochemical condition

change after the sediment disturbance on the behavior of these

metals. The findings are anticipated to provide more definitive

evidence to assess the potential ecological risk associated with deep-

sea mining.
2 Materials and methods

2.1 Source of sediment samples

Sediments were derived from the undisturbed surface sediments

from two box corer sampling stations (BC04 and BC06) during the

investigation on the 56th COMRA cruise in September 2019. The

stations were located in the intermountain basin of the Marcus-

Wake Seamounts Cluster, Northwest Pacific, with information

presented in Table 1. Ferromanganese nodules are well developed

in the study area (Machida et al., 2016; Ren et al., 2022).
2.2 Procedure of the ex-situ sediment
disturbance experiments

After over 2 L of overlying water was sampled from the box

corer, the rest of the overlying water was removed. Polymetallic

nodules were collected before four plastic tubes with sealed holes on

the walls were used to collect sediment cores.

The four parallel sediment cores were separated into two

groups. One group was used for the sediment disturbance

experiments and measurement on the change of overlying water

and porewater properties after the disturbance, while the other
Frontiers in Marine Science 03
group was used for the measurement on the porewater and

sedimentary properties before the experiment.

As shown in Figure 1, the two parallel sediment cores were fixed

and associated with the stirring devices, which were set at different

levels of sediment disturbance. In order to minimize the

interference of the experimental device, part of the equipment

below the surface water level was made of nonmetallic material.

The propellers were located 3 cm above the sediment surface to

generate turbulence within the sediment tubes. A total of 1 L of the

collected overlying water was filtered through 0.45-mm mesh filters

and slowly injected into each sediment tube, respectively. Before the

stirring began, the two sediment tubes with overlying water were
TABLE 1 Description of the sampling stations.

Station Location Depth (m)
Sedimentary
description

BC04
161.5724° E,
15.6687° N

5,526
No biological disturbance; brown
clay sediment with surficial
nodules covered by 40%

BC06
149.7603° E,
13.4624° N

5,914

No biological disturbance; light
brown clay sediment with
surficial nodules and fragments
covered by 15%
FIGURE 1

Onboard disturbance device.
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allowed to stand for 30 min for equilibration. Each set of

experiment lasted for 3 days with no more interruption from

stormy weather or other induced rocking disturbance in

the interim.

Two levels of stirring speed of the propeller working for half an

hour at each station were set to simulate the process of sediment

disturbance. The experiment was based on the assumption that the

shear stress at the sediment–water interface was proportional to the

stirring speed, which was 100 ± 5 and 600 ± 5 rpm, respectively,

both beyond the erosion threshold of shear stress.

After the regulated disturbance ended and standing for a while,

the overlying water was sampled temporally by using a syringe

connected with an acid-cleaned hose dipping in the overlying water

but 5 cm above the turbid water layer. In the meantime, Eh and pH

were doubly measured by using Eh and pH meters (InnoORP 100,

InnopH, TWINNO), and the thickness of the turbid water layer was

recorded after the propeller stopped. The sampling intervals were

before the disturbance and after the disturbance for 15, 30, 60, 2, 6,

12, 24, and 72 h. The volume of each overlying water sample was 10

mL, with a total water volume accounting for approximately 10% of

the overlying water volume. The overlying water samples were

filtered through a 0.45-mm syringe filter membrane before storing

them in acid-cleaned polyethylene centrifuge tubes below -20°C.

After the completion of sampling and monitoring in the

overlying water, porewater samples were collected immediately by

using Rhizon soil solution collectors (model CSS 5 cm,

Rhizosphere), which were inserted into the sampling tube

through the sidewall drainage holes for syringe vacuum

collection. The sampling depth was approximately 20 cm below

the sediment surface, with intervals of 1 cm in the upper layers and

2 to 3 cm in the lower layers. The porewater was pumped in vacuum

syringes within 2 to 3 hours. Afterward, they were capped with no

air residue and stored at -20°C in a refrigerator. For comparison in

the physicochemical properties between stations before the

experiments, the porewater was also sampled with one replicated

sediment core with no experimental disturbance.
2.3 Sediment and porewater measurement

In the other parallel sediment core with no experimental

disturbance, the sediment core was segmented and divided into

three parts to measure the morphological partitioning of metals,

total organic carbon content (TOC), and grain size composition.

Beforehand, the profile of Eh and pH were doubly measured by

inserting the probes into the sediments through the sealed holes on

the side wall of the plastic tube.

The different extractable fractionations of metals were obtained

by using the European Commission-proposed BCR sequential

extraction procedure (Rauret et al., 2000). 1 g of sediment sample

was placed into 50-mL PE tubes, following the four sequential steps

of BCR protocol (Ates et al., 2020). A blank sample with no

sediment was carried through the complete procedure with each

batch of extraction. Finally, the four extracted states underwent

individual measurements by the ICP-MS method. The standard

lake sediment, BCR 701 (European Commission, Joint Research
Frontiers in Marine Science 04
Centre), was used to check the accuracy of the fraction analysis. The

concentration values of the first three fractions of BCR 701

demonstrated a good consistency with the reference values. In

addition, the total recovery with the sequential extraction

procedure was calculated, ranging from 93% to 108%. Notably,

the weak-acid-soluble state was electrostatically adsorbed onto the

surfaces of soil and sediment particles or sequestered within

carbonate matrices, facilitating its straightforward release through

ion exchange processes. The reducible state, on the other hand,

primarily consisted of elements adsorbed by iron oxide, manganese

oxide, and similar compounds, with their release contingent upon

alterations in redox conditions. Elements in the oxidizable state

were predominantly integrated with the active moieties of organic

matter or sulfides, capable of being regenerated during oxidative

transformations. Lastly, the residual state, unyielded by extraction,

housed elements that remained steadfast, predominantly embodied

within the silicate lattice (Tessier et al., 1979; Singh et al., 2005; Fan

et al., 2002).

The dissolved elements (Li, V, Co, Ni, Rb, Mo, Cs, Cd, Mn, Cu,

Zn, and Pb) in porewater samples and those extractable

fractionations of metals in sediment samples were determined by

using inductively coupled plasma-mass spectrometry (ICP-MS,

NexlON300D), following the standard procedure of MNR

(Ministry of Natural Resources, 2021). The standard reference

solutions were IV-ICPMS-71 A, IV-ICPMS-71 B, and MSLI-

10PPM (Inorganic Ventures, Inc.). Four concentration levels (5,

10, 50, and 100 mg/L) of the standard solutions with 2% HNO3 were

used to fit the calibration curves. Repeated measurements on the

standard of 10 mg/L were performed to control the relative error

within ±5%. The reference materials, including freshwater SLRS-6

and seawater NASS-7, were used for quality control, with recoveries

from 85% to 108%.

The total organic carbon content in sediment cores was

determined by using the TOC Analyzer (vario TOC cube,

Elememtar) according to the standard procedure. After the

samples were weighed in silver cups, they were acidified with 1

mol/L HCl to remove carbonate and dried at 45°C before the

measurement. The standard material GBW07430 (GSS-16) was

used for accuracy control within ±<0.01%.

Grain size analysis for sediment cores was measured by using the

Mastersizer 2000 instrument. Before the measurement, 30% (V/V)

H2O2 was added to remove the organic matter from the sediment

sample, and 1 mol/L HCl was added to remove the carbonate (shell

fragments). The distribution in a graphic parameter of mean size (Mz)

is described based on j values in Equation (1) (McManus, 1988).

f = � logD2 (1)

where D is the particle diameter (unit: mm). The higher the

value of j, the finer the grains in size.

The concentrations of SO4
2- and Cl- in porewater and overlying

water were determined by ion chromatography (En-047). The

measurement procedure followed the standard protocol (Ministry

of Environmental Protection, 2016). Before the measurement, 1-mL

water samples were diluted 10–100-fold with ultrapure water

according to the concentration. The ultrapure water for blank

samples and the standards were also measured repeatedly to
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ensure the accuracy of measurement. NH4
+ concentration in

porewater samples was determined by using a spectrophotometer

(HACH DR2800). Based on duplicate measurement, the relative

error of analysis was within ±5%.
3 Results

3.1 Comparison of the physicochemical
environment properties of the stations

As shown in Table 2, the features of overlying water from the

two different stations were similar before sediment disturbance. The

Eh of BC04 was slightly lower than that of BC06; however, the pH

was slightly higher. The experiments were carried out under room

temperature and aerobic conditions.

As shown in Figure 2, the vertical tendencies of Eh and pH at the

two stations were similar as well. The pH ranged between 7.26 and

8.24, with the maximum in the overlying water, and remained low in

the deep. In contrast, the Eh ranged between 240 and 340 mV, with

the minimum in the overlying water and surface sediment.

The vertical trends of Cl- and SO4
2- and NH4

+ concentrations in

overlying water and porewater fluctuated similarly between stations

(see Figure 2). The range was between 0.44 and 0.75 mol/L for Cl-,

between 0.022 and 0.042 mol/L for SO4
2-, and between 6.7 and 10.0

mmol/L for NH4
+. The maximum concentration of both Cl- and

SO4
2- occurred at 5 cm below the sediment surface.

Figure 2 also shows similar profiles of the TOC in sediments,

ranging between 0.28% and 0.47% and decreasing with depth at

both stations. The mean grain size (Mz) at station BC04 was coarse

in the surface sediment and remained fine below the depth of 2 cm,

while the variation in mean grain size (Mz) at station BC06 was

more vivid, coarser above the depth of 5 cm as well as below the

depth of 17 cm. A more fluctuant hydrodynamic condition was

suggested in station BC06 in comparison with station BC04.

The morphological partitioning of metals often reflected the

mobility and bioavailability of metals in sediments. Figure 3 shows

that the compositions in different states were relatively stable with

depths and similar for specific metals at both stations. The

predominant state was the residual for Li, V, Rb, Mo, and Cs,

with an extremely high proportion (>85%), suggesting very limited

mobility and bioavailability of these metals during the resuspension

process. Moreover, Li had a relatively higher proportion in the

oxidable state, which was potentially bound to organic matter.

Meanwhile, the proportion in the reducible state in sediments was

relatively high for Co, Ni, Mn, Cd, Cu, and Pb, with a reducible/
Frontiers in Marine Science 05
oxidable ratio of more than 9:1. The high content of the reducible state,

especially for Co, Ni, and Mn, also indicated the potential increase of

their mobility and bioavailability with the decrease of redox.

The proportion of the weakly acid soluble in all metals was

extremely low. Meanwhile, the slight increase with depth in the

residual state proportion for many metals also indicated the

decrease of metal immobilization at both stations.
3.2 Temporal variation of physicochemical
properties in the overlying water after the
sediment disturbance

Similar fluctuating trends of Eh and pH were found under

different levels of disturbance at both stations (see Figure 4). After

the sediment disturbance terminated, Eh increased in the first 30

min and remained stable before decreasing 12 h later at station

BC04. In contrast, the Eh value increased rapidly in the first 15 min

and remained stable before decreasing 6 h later at station BC06. At

both stations, the Eh values were high, ranging between 230 and 330

mV. Moreover, the Eh after the stirring disturbance under 600 rpm

was generally higher than that under 100 rpm.

The trend of the pH values after sediment disturbance was also

distinct under different stirring levels but similar at both stations.

The variation of pH ranged between 7.8 and 8.2, showing a stronger

decrease under the higher level of disturbance but gradually

returning to the original level in the end of the experiments. In

contrast, the pH at a low level of disturbance remained stable but

decreased slightly with time after the disturbance terminated. The

final pH values under both levels of disturbance were similar but

lower than the initial pH at both stations.
3.3 Concentration variation of dissolved
metals in the overlying water after the
sediment disturbance

As shown in Figure 5, the concentrations of dissolved metals in the

overlying water generally changed with time. According to their

response to the disturbance, most metal concentrations increased

gradually or fluctuated vividly, with final concentrations in the

overlying water higher than the original concentrations. The elevated

concentrations were higher under 600 rpm than under 100 rpm, such

as Li, V, Co, Ni, Rb, Mo, Cs, and Cd. Other metals, such asMn and Zn,

were characterized as the metal concentrations below the initial

concentration after the disturbance, fluctuating and finally returning
TABLE 2 Eh, pH, and temperature of the overlying water before sediment disturbance.

Experiment time Station Disturbance level Eh (mV) pH Temperature (°C)

2019-09-22~2019-09-25 BC04
Low (100 rpm, 30min) 264 8.16 23.2

High (600 rpm, 30min) 260 8.19 23.2

2019-10-05 2019-10-08 BC06
Low (100 rpm, 30min) 280 8.03 22.4

High (600 rpm, 30min) 277 8.03 22.3
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to the initial concentrations. Although Cu and Pb demonstrated to be

relatively stable after the disturbance, their concentrations could be

also agitated at an early stage with a higher concentration under 600

rpm at station BC04. Moreover, the high scavenging capacity of

suspended particles was also confirmed for metals such as Mn, Zn,

Cu, and Pb, whose concentrations could decline below pre-disturbance

levels or return to the equilibrium rapidly. When considering the

resilience to the sediment disturbance, these metals performed better

in comparison with the first group of metals.

Spearman correlation analysis on the temporal concentrations of

dissolved metals in the overlying water demonstrated that highly

positive correlations occurred between metals such as Li, V, Co, Ni,

Rb, Mo, Cs, and Cu, especially under 100-rpm disturbance at BC04

and 600-rpm disturbance at BC06 (See Figures 6 and 7). In contrast,

metals such as Mn, Zn, and Pb showed an insignificant correlation

with the metals above. The exception was Cd, which was positively

correlated with the first group of metals under 100-rpm disturbance

at BC04 but negatively correlated with them under 100-rpm

disturbance at BC06. Moreover, the temporal pH values were

significantly negatively correlated with the concentrations of metals

such as Li, Rb, Mo, Cs, and Cu under 100-rpm disturbance at BC06

but positively correlated with Cd under 600 rpm at BC04. It is worth

noting that the temporal Eh showed an obviously negative correlation

with Mn under 100/600-rpm disturbance at BC06, reflecting a high

redox sensitivity of Mn.

As shown in Table 3, most variation coefficients were less than

50%, while very few of them could be over 100%, such as Mn and

Zn. Those metals, including Li, V, Ni, Rb, Mo, Mn, Cu, Zn, and Pb,

demonstrated a higher variation at the BC04 station in comparison

with that under the same stirring disturbance level at BC06. The

result coincided with the grain size composition of the two stations

(see Figure 2). The coarser the mean grain size of the sediments, the

less desorption of metals after the disturbance. Moreover, many

metals, such as Li, V, Co, Ni, and Mn, demonstrated a higher

variation under 100-rpm than that under 600-rpm stirring

disturbance at station BC04 but demonstrated a reverse trend at

station BC06. Very few metals, such as Rb and Zn, demonstrated a

higher variation under lower disturbance levels at both stations,

while Mo and Pb demonstrated a reverse trend at both stations. In

brief, the impact of the disturbance level on the desorption and

dissolution process for different metals is not consistent at

different stations.
Frontiers in Marine Science 06
3.4 Vertical redistribution of dissolved
metals in porewater along the depth

As shown in Figure 8, the vertical distributions of most metal

concentrations in porewater before the disturbance were similar, with

the maximum concentration in the subsurface layer. After the

disturbance, almost all metal concentrations in porewater under both

disturbance levels increased, and the subsurface peaks disappeared.

Due to the continuum between the porewater and overlying water, the

redistribution of dissolved metals in porewater, such as Li, V, Co, Ni,

Rb, Mo, Cs, and Cd, indicated that metal regeneration could be

triggered in sediments. The peak concentrations of many dissolved

metals at the depth of 15–20 cm below the sediment surface, especially

after the higher level of disturbance, might reflect the activation of

metal regeneration in the deep layer.
4 Discussion

4.1 The influence of physicochemical
background and disturbance intensity on
the geochemical response of metals to the
sediment disturbance

Marine sediments serve as both sinks and sources for the exchange

of elements with the overlying water column, which can pose significant

environmental hazards and elevated ecological risks (Zhong et al.,

2006). Despite the release of dissolved metals into the porewater and

overlying water being obvious during the experiments, the temporal

change of most metal concentrations in the overlying water was

concerted and fluctuating for balance in the end of the experiments.

Previous research indicated that many external and internal factors

have impacts on the element exchange between different phases. For

example, sediments are generally categorized into oxic, suboxic, and

anoxic based on the diagenetic sequence of terminal electron acceptors.

The vertical profiles of Eh exceeding 300 mV, coupled with the

predominance of the residual state for many metals in sediments,

suggested the oxic sedimentary condition at both stations (see Figure 2).

Moreover, the alteration in physicochemical properties, such as pH and

Eh after the disturbance, also confirmed the oxic condition in overlying

water during the resuspension and resettling processes, which partially

accounted for the synchronized metal behaviors.
FIGURE 2

Vertical profiles of physicochemical parameters in porewater or sediments at stations BC04 and BC06.
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Recent focus on the impacts of deep-sea mining was posed on

the release of precipitates like Mn–Fe oxyhydroxides and mobile

sediment constituents (Koschinsky et al., 2001; Volz et al., 2018;

Stratmann et al., 2018). The mimetic experiments have confirmed

that Mn and Fe oxides and oxyhydroxides are pivotal phases in

scavenging many dissolved heavy metals (Koschinsky et al., 2003;

Grybos et al., 2007). The preferential scavenging order for metals
Frontiers in Marine Science 07
from seawater is typically Mn oxides > Fe oxides > silicate minerals

(Takematsu, 1979). Additionally, many laboratory experiments

have suggested that the resuspension of oxic to suboxic surface

sediments into the bottom water is rapidly followed by the

scavenging of dissolved heavy metals through various

mechanisms—for example, hydrated cations such as Mn2+, Co2+,

and Ni2+ are preferentially adsorbed or ion-exchanged onto the
FIGURE 3

Partitioning of metals (Li, V, Co, Ni, Rb, Mo, Cd, Cs, Mn, Cu, Zn, and Pb) in sediments, including weakly acid-soluble, reducible, oxidable, and
residual states.
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negatively charged surfaces of Mn oxides, whereas oxyanions and

neutrally or negatively charged complexes, such as HVO4
— and

MoO4
—, tend to associate with neutral to slightly positively charged

amphoteric Fe oxyhydroxide particles. Other hydrated cations or

labile cationic chloro-complexes, such as Cu2+, Zn2+, and PbCl+,

can be scavenged in both phases (Koschinsky et al., 2003).

The collective response of metals to the anthropogenic

disturbances during the experiments also offered potential

insights on their shared characteristics. In terms of their chemical

properties, redox-sensitive elements such as V, Mo, and Cd exhibit

pronounced responses to variations in oxygen concentrations

(Morford and Emerson, 1999). The behavior of Mo, V, Ni, Co,

and Cu was also found to be linked to Mn cycling (Paul et al., 2018;

Morford et al., 2005), whereas the behavior of Cd was closely

associated with Zn (Reddy and DeLaune, 2008; Calmano et al.,

1993). Similarly, the concerted behavior among the dissolved metals

such as Li, V, Co, Ni, Rb, Mo, and Cs (see Figures 6, 7) also

indicated their involvement in similar scavenging processes with

Mn and Fe oxides (Koschinsky et al., 2001). In contrast, metals like

Cu, Pb, and Zn, with a high proportion of extractable states in

sediments, were prone to be released into the overlying water during

the resuspension process and rapidly scavenged following the

disturbance. It coincided with the breakdown of SEM, which was

rapid under oxidizing conditions, coupled with a decrease in pH.

However, the rapid recovery of pH also effectively regulated the

regeneration of heavy metals (Hong, 2009; Novikau and Lujaniene,

2022; Calmano et al., 1993). Although air exposure likely influenced

the behavior of metals in our experimental setup, elements with a

high proportion in residual state in sediments, such as V, Mo, Rb,

and Cs, demonstrated similar behaviors when subjected to

disturbance experiments conducted within a nitrogen-filled glove
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box (Shi et al., 2023), owing to the prevailing high redox

sedimentary condition in both experimental configurations.

In addition, microorganisms can also accelerate the degradation

of organic matter and enhance specific metal release during the

resuspension process (Lors et al., 2004). The influence of

microorganisms was not considered in the experiments owing to

the low concentration of TOC in sediments and the short experiment

period. However, as regards to a large scale for deep-sea mining, the

structure and functional compositions of microbial communities

associated with their change in sediments and overlying water must

be evaluated in the future for their influence on metal behaviors

during the resuspension and resettling processes.

In the context of environmental impacts of commercial deep-

sea mining, the particle concentration effect was suggested to be an

external factor influencing metal behavior predictions (Jones et al.,

2017). The resuspended particles in the overlying water, including

their concentration and size distribution, are critical in regulating

metal regeneration processes (Trefry et al., 2014; Cantwell et al.,

2008; Ma et al., 2019). Most metals have a propensity to resettle

within fine particles, which was supported by various experiments

and investigations (Ma et al., 2019; Cantwell et al., 2008; Trefry

et al., 2014). However, the influence of disturbance intensity on

particle concentration effects was not a decisive factor in the metal

release process in our study—for instance, larger fluctuations in

dissolved metals, such as Mn and Zn, were observed in the overlying

water under low disturbance intensity (Table 3). However, a more

pronounced fluctuation in metal concentrations within the

overlying water was observed at both disturbance levels at station

BC04, signifying the influence of sediment composition on metal

release across various stations. Furthermore, the distinct temporal

patterns in physicochemical characteristics observed under different
FIGURE 4

Temporal changes in pH and Eh in the overlying water at different disturbance levels and stations. Time intervals include 0 min (before the
disturbance started) and 15, 30, 60, 120, 360, 720, 1,440, 2,880, and 4,320 min after the disturbance.
TABLE 3 Variation coefficient (%) of metal concentrations in the overlying water under different stirring disturbances at stations BC04 and BC06.

Station Speed (rpm) Li V Co Ni Rb Mo Cd Cs Mn Cu Zn Pb

BC04
100 19.6 21.0 27.1 28.8 20.2 29.5 48.2 25.9 208.2 33.9 155.9 35.3

600 15.0 11.4 15.5 10.9 14.2 29.9 50.8 27.1 165.9 45.9 83.5 98.7

BC06
100 7.3 4.7 10.5 4.0 10.8 16.8 64.2 30.1 18.0 8.3 105.1 20.7

600 9.4 8.1 16.4 9.6 6.4 22.4 24.3 8.6 104.1 5.8 55.6 38.6
front
The variation coefficient (V) was calculated by using the equation V (%) = (CMax - CMin)/Cmean * 100, where C denotes the temporal metal concentration in the overlying water.
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disturbance levels (see Figure 4) provided an explanation for the

significantly negative correlation between pH and the

concentrations of metals such as Li, Rb, Mo, and Cs at the 100-

rpm disturbance level and the significantly positive correlation

between pH and metal concentrations including those of Cd, Zn,

and Mn at 600 rpm at station BC06. Accordingly, the indirect effects

of disturbance intensity on the scavenging capacity of suspended

particles were enforced via the media of pH.
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4.2 Potential toxic impacts of the dissolved
metals after sediment disturbance

Identifying the potential impact of toxic metals released during

deep-sea disturbance is a formidable challenge in assessing the

ecological risks posed by deep-sea mining activities (Hauton et al.,

2017). Benthic organisms take up metals through multiple

pathways, including absorption through skin and gills and
FIGURE 5

Temporal change in concentrations of 12 different metals in the overlying water.
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ingestion of metal-contaminated sediments or food, yielding both

acute and chronic toxic effects (Warren, 1981). The bioavailable

metal fraction and the mobility of metals in the environment could

be determined by the BCR sequential extraction procedure (Rauret

et al., 2000). Thereby, SEM appears to be a good estimate of heavy

metal bioavailability, which was applied for a large number of

potentially toxic elements over a wide range (Bacon and Davidson,

2008), not only for the prediction of metal behavior under sediment

disturbance but also for the potential contamination risk from the

human and natural standpoint (Stohs and Bagchi, 1995; Ayala et al.,

2014). In our study, Li, V, Rb, Mo, and Cs mainly existed in the

residual state, indicating a lower probability of mobility and lower

bioavailability and ecological risk. In contrast, those elements, such

as Co, Ni, Mn, Cu, and Cd, with a higher fraction in the extractable

state in sediments indicated a higher risk of biotoxicity. Moreover,

Hauton et al. (2017) reported that redox-active metals, such as Co

and Ni, can catalyze the formation of reactive oxygen and nitrogen
Frontiers in Marine Science 10
species that can bind with lipids and cause lipid peroxidation and

damage to cell membranes (Stohs and Bagchi, 1995; Ayala et al.,

2014). As a large amount of Ni and Co exists in deep seafloor

polymetallic nodules on the Northwest Pacific seafloor, the

potential environmental risks of metal release during deep-sea

mining activities (Hein et al., 1987) should be assessed based on

the dissolution of Ni and Co into the water column.

In addition, attention has been given to the potential impacts of

metal toxicity changes under deep-sea conditions with high pressure

and low temperature during deep-sea mining activities. Scientists

used toxicogenomics and the biodynamic model to evaluate metal

mixture toxicity and identify associated mechanisms (Rainbow, 2007;

Wu et al., 2016). To date, the combined effects of temperature and

pressure have rarely been taken into account in modifying the metal

tolerance of organisms (Carvalho et al., 1998; Fetters et al., 2016;

Hauton et al., 2017), which should be explored based on the potential

release of heavy metals, such as Cd, Cu, etc.
(a) (b) 

FIGURE 6

Spearman correlations between metal elements of different disturbance intensities at station BC04. (A) 100-rpm disturbance, (B) 600-rpm
disturbance. The number of “*” denotes different significance levels.
(a) (b) 

FIGURE 7

Spearman correlations between metal elements of different disturbance intensities at station BC06. (A) 100-rpm disturbance, (B) 600-rpm
disturbance. The number of “*” denotes different significance levels.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1480906
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Yang et al. 10.3389/fmars.2024.1480906
5 Conclusion

Sediment disturbance experiments were carried out to simulate

the dissolved metal behavior with plumes aroused by deep-sea

mining operations. The concentration of 12 dissolved metals in the

overlying water was monitored during the resuspension and

resettlement processes. According to their behavior, the 12 metals

could be divided into different groups. Most metals, such as Li, V, Co,

Ni, Rb, Mo, Cs, and Cd, showed a gradual increase, with the final
Frontiers in Marine Science 11
concentrations being higher than the original concentrations. Others,

such as Mn, Cu, Zn, and Pb, fluctuated vividly in the beginning but

tended to return to equilibrium in the end of the experiment. Many

internal and external factors have impacts on the concerted behavior

of metals. The variation coefficients of metal concentration in the

overlying water were more influenced by the sediment texture of the

stations than by the level of disturbance intensities. Moreover, the

concentrations of most metals in the porewater increased following

both levels of disturbance, suggesting that the enrichment of those
FIGURE 8

Vertical redistribution of dissolved metals in porewater before and after the experiments.
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dissolved metals in the overlying water was partially due to the

regeneration of metals within the sediment matrix. The results

provide valuable evidence for predicting the concerted behavior of

metals under the disturbance of deep-sea mining activities in the

polymetallic nodule area of western Pacific. Nevertheless, our current

understanding of the environmental impacts of the deep seafloor is

far from sufficient. In-situ experiments are urgently needed to

simulate the resuspension and resettling processes under a larger

disturbance scale on the deep seafloor with high pressure, low

temperature, and bottom current environments.
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