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In situ, high-resolution evidence
for the release of heavy metals
from lake sediments during ice-
covered and free periods
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Xiangqian Dong1, Yuxiang Yuan3, Nannan Wang3,
Zhi Qu1 and Chunqing Wang4

1Key Laboratory of Songliao Aquatic Environment, Ministry of Education, Jilin Jianzhu University,
Changchun, Jilin, China, 2School of Geology and Mining Engineering, Xinjiang University,
Urumchi, China, 3Key Laboratory of Wetland Ecology and Environment, Northeast Institute of
Geography and Agroecology, Chinese Academy of Sciences, Changchun, Jilin, China, 4Key
Laboratory for Comprehensive Energy Saving of Cold Regions Architecture of Ministry of Education,
Jilin Jianzhu University, Changchun, China
Heavy metal dynamics at the sediment-water interface (SWI) has attracted plenty

of attention due to their meticulous depiction for metal sorption-release

processes. However, little is known about their concentration, migration and

release characteristics underneath the ice, especially at the millimeter scale.

Here we investigated dynamics of labile As, Cd, Cu, Mn, Pb and Zn by the

diffusive gradients in thin-films (DGT) technique during ice-covered and ice-free

periods in the Lake Xingkai basin. The concentrations of metals were relatively high

at the SWI and ranged for As: 0.001~13.42 mg L−1, Cd: 0.01~0.45 mg L−1, Cu:

0.001~2.75 mg L−1, Mn: 5.31~2958.29 mg L−1, Pb: 0.06~1.43 mg L−1, and Zn:

2.92~112.96 mg L−1. Particularly, concentration of Mn was extremely higher than

other studies, possibly due to diagenetic process. Labile concentrations of heavy

metals in January were significantly lower than those in May, suggesting that

elevated temperatures lead to the release of heavymetals from the sediment to the

overlying water. Based on the Fick’s first law, the diffusive fluxes as a source of Mn

(413.82-1163.25 mg·m-2·d-1) and As (3.53 -8.12 mg·m-2·d-1) indicated that heavy

metals were released from sediments to the overlying water. While the diffusive

fluxes as a sink of Zn (-1.80-(-2.36) mg·m-2·d-1) and Pb (-0.02-(-0.46) mg·m-2·d-1)

to sediments. Redundancy Analysis (RDA) revealed that the main factors

influencing the heavy metal migration were dissolved oxygen (45.6% of total

explanation, P=0.01) in January, and water temperature (52.9%, P=0.006) in

May. This study extends theoretical scope for understanding metal migration

and release process, and provides valuable suggestions for lake management

during the freezing period.
KEYWORDS

heavy metals, sediment-water interface, ice-covered lakes, diffusive fluxes, diffusive
gradients in thin films
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1 Introduction

In the northern hemisphere, lakes are notably characterized by

their ice coverage in winter. Owing to climate change-induced

alterations, the extent and persistence of ice cover have notably

decreased, necessitating a comprehensive investigation of the

ecological dynamics occurring beneath these ice cover (Beyene

and Jain, 2020; Bartosiewicz et al., 2021). Subsequent to the

formation of ice cover, there occur drastic shifts in both physical

(e.g., a marked decrease in solar radiation, oxygen concentration,

and water temperature) and chemical processes (including

decreased flow and interaction of matter and energy), that

critically modify a multitude of lake processes (Ptak and Sojka,

2021; Yang et al., 2021).

The impact of ice cover on lake ecosystems is significant,

particularly in colder regions where latent heat from freezing and

thawing plays a major role. This ice cover alters the climatic,

ecological, and hydrological characteristics of the surrounding

environment. The formation of ice stops the flux of momentum

from the atmosphere into the lake, resulting in a laminar flow

regime and reduced vertical diffusion. With the onset of ice cover,

solar radiation decreases sharply, shifting the ecosystem to a winter

mode. This also reduces the oxygen concentration in the water due

to diminished atmospheric contact and the consumption of oxygen

by the decomposition of organic materials. The ice cover isolates the

water body from the external environment, significantly altering

many processes such as hydrodynamics and light supply (Ptak and

Sojka, 2021). Studies have shown that during ice formation, a

majority of total dissolved solids are excluded from the ice,

remaining in the water beneath (Leppäranta et al., 2003; Zhang

et al., 2012). This leads to higher concentrations of nutrients in the

underlying water layer during freeze-thaw cycles, as identified in

glacial lakes. Additionally, during the ice-on period, both lake

temperature and solar radiation are low, slowing down the matter

and energy flow in the lake ecosystem. The formation of ice cover

results in the consolidation of pure water into ice, while nutrients

and impurities are concentrated in the water below (Zhang et al.,

2012; Song et al., 2019). The changes in concentration under the ice

profoundly affect the lake ecosystem during the winter period.

The pollution of aquatic ecosystems by heavy metals remains

challenging due to their toxic effects, long-term presence, and

bioaccumulative properties (Klavins ̌ et al., 2000; Fu et al., 2014).

It has been discovered that under the “concentration effect,” the

sub-ice water stratum retains approximately 80% of all dissolved

substances, resulting in the total manganese (TMn) concentration

in the water layer becoming 0.27 times higher post-freezing

(Leppäranta et al., 2003; Zhang et al., 2021). However, despite the

known challenges posed by heavy metal pollution and the

intriguing ‘concentration effect ’ under ice, our current

understanding of in-situ concentrations, migrations, and release

characteristics during the ice cover phase is notably restricted due to

limited research on sub-ice heavy metal concentrations.

The sediment-water interface (SWI) zone in lake ecosystems is a

dynamic frontier characterized by significant vertical variations in

physical and chemical parameters (Yuan et al., 2022). At this

interface, mass transport and energy exchange constantly take
Frontiers in Ecology and Evolution 02
place within confined spaces (Liu et al., 2022). Redox-sensitive

metals, serving as electron acceptors, are released from the surface

sediment strata into the overlying water at the SWI (Canfield, 1993).

However, these metals in the overlying water can readily bind to

suspended particulate matter, leading to their subsequent

resettlement onto the surface sediments (Zhang et al., 2018).

Consequently, processes of deposition, mixing, and removal of

various elements at the SWI play a pivotal role in the translocation of

pollutants. Previous research using the Diffusive Gradients in Thin

films (DGT) technique at the SWI has indicated that high labile Mn

concentrations in the overlying water, reaching up to 22.3 mg L−1

(Yuan et al., 2018), with sediments identified as sources of heavy

metals such as Pb, Zn, and Cd, particularly in the weakly mixed zone

(Wang and Wang, 2017; Zhang H. et al., 2022; Liu et al., 2023).

Historically, research has primarily focused on the quantification

of total metal content in solid forms rather than labile metal

concentrations (Fan et al., 2019). Indeed, the bioavailability and

mobility of heavy metals in sediments are the primary factors

determining their potential toxicity (Zhang et al., 2001; Zhang M.

et al., 2020). Prior studies on the migration and biological effects of

heavy metals, using traditional methodologies like the European

Community Bureau of Reference method, have been unable to fully

capture the chemical and biological modifications in sediments

throughout the collection, transportation, storage, and handling

processes (Pan et al., 2019).

The diffusive gradients in thin films (DGT) methodology, an in-

situ passive sampling technique, can effectively measure the

bioavailable states of heavy metals, including free metal ions and

unstable inorganic and organic complexes, with minimal

environmental disruption and at low cost (Davison and Zhang,

1994; Eismann et al., 2020; Guan et al., 2021).

DGT has been widely employed as an in-situ passive sampling

technique to assess the environmental metal chemistry at the SWI.

The methodology has been extensively applied in various regions

China, such as the Three Gorges Reservoir (Gao et al., 2018), in

Lake Taihu (Yuan et al., 2018),in Lake Dianchi and WuliangSuhai

(Wu et al., 2019; Li et al., 2022; Zhang H. et al., 2022; Zheng et al.,

2022) in China. Nevertheless, limited research has been conducted

on lakes in Northeast China, highlighting the need for increased

focus on this geographical area.

The Lake Xingkai (LXK)/Khanka basin, the largest freshwater lake

in Northeast Asia, situates on the Chinese–Russian border. It consists

of LXK and Lake Xiao Xingkai (LXX) (Yuan et al., 2018). Given their

contrasting sizes, eutrophication levels, and the number of inflowing

rivers, these lakes present an ideal natural experiment for investigating

variations in biogeochemical processes of nutrients and metals.

Considering the globally observed decrease in ice cover frequency

and duration in northern hemisphere lakes due to climate change, the

concentrations of bioavailable metals at the SWI remain uncertain.

Currently, there is limited research on heavymetals in the Xingkai Lake

basin. Previous research indicates that Lake Xingkai and Lake

Xiaoxingkai generally maintain uncontaminated levels with moderate

ecological risks; however, compared to Xingkai Lake, Xiaoxingkai Lake

exhibits higher contamination levels and potential ecological risks,

primarily attributed to human activities and hydrological connectivity

(Jiang et al., 2022).
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A primary question that arises is whether the sediment acts as a

source or sink for heavy metals during these periods. Additionally,

the understanding of variations in the migration patterns and the

driving factors influencing heavy metal concentrations between ice-

covered and subsequent ice-free periods is lacking. This study

proposes the hypothesis of a significant potential release of metals

below ice due to the concentration effect. Our study aims to further

illuminate the ecological implications of heavy metal distribution at

the SWI, thereby providing crucial insights for the management of

lakes during ice-covered periods.
2 Materials and methods

2.1 Study area

The LXK basin, is located in northeast China (44° 30′–45° 30′
N, 132° 00′–132° 50′ E; Figure 1), is part of the Sanjiang Plain and

includes LXX, LXK and the inflowing rivers (e.g., River Chengzi and

River Xidi) (Wu et al., 2013; Yuan et al., 2018). LXK covers a total

surface area of 4380 km2, of which 1080 km2 is situated in China. It

spans 90 km in length and 50 km in width, with the deepest point

reaching 10 m and maintaining an average depth of 4.5 m.

Meanwhile, LXX is 35 km long, 4.5 km wide, and has an average

depth of 1.8 m. These two bodies of water are connected via two

sluice gates (Sluice 1 and Sluice 2) (Yu et al., 2021).

This basin receives an annual precipitation volume averaging at

540 mm, with the majority (~70%) concentrated between June and
Frontiers in Ecology and Evolution 03
September. Temperatures exhibit distinct seasonal fluctuations,

with averages of 27°C in the summer and -19°C in the winter.

Typically, ice formation occurs over both LXK and LXX from late

October and extends through to next April (Sun et al., 2018).
2.2 Field sampling and analysis

2.2.1 Gathering of sediment cores
Eleven sediment cores were obtained across LXK (S1–S4), LXX

(S5, S7, S8, and S11), and the inflowing rivers (S6, S9, and S10)

during January and May 2021. This was accomplished using gravity

corers equipped with plexiglass tubes (8 cm diameter, 60 cm long)

(Figure 1). Ice drilling in January was facilitated by a gas-powered

auger, and the collected sediment cores ranged from 30–40 cm in

length, surmounted by approximately 20 cm of overlying water.

These cores were securely sealed using rubber plugs before

transportation to the laboratory for subsequent analysis. An

EXO2 portable multiparametric water quality analyzer (YSI,

Yellow Springs, OH, USA) was utilized to examine the water

temperature, dissolved oxygen, conductivity, pH, chlorophyll-a,

and redox potential (Eh). The concentration of dissolved organic

carbon was determined by the total organic carbon analyzer

(Shimadzu, Kyoto, Japan).

2.2.2 Preparation of DGT probes
All probes deployed in this study were supplied by EasySensor

(Nanjing, China). The ZrO–Chelex–AgI binding gel was prepared
FIGURE 1

Location of sampling sites. S1 (Baipaozi), S2 (Xinkailiu beach in Lake Xingkai), S3 (Baiyutan) and S4 (the first gate in Lake Xingkai) are located in Lake
Xingkai. S5 (Xinkailiu Wharf in Xiaoxingkai), S7 (center of Lake Xiao Xingkai), S8 (Sluice 1 in Lake Xiao Xingkai) and S11 (Sluice 2 in Lake Xiao Xingkai)
are located in Lake Xiao Xingkai. S6 (River Chengzi), S9 (River Xidi) and S10 (Sanshiyilian) are located in the inflowing rivers.
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following the protocol described by Xu et al. (2012). The DGT

probe assembly included a ZrO–Chelex–AgI mixed binding gel (0.4

mm), an agarose diffusive gel (0.8 mm), and a Durapore membrane

(0.1 mm) (Ding et al., 2016). Before deployment, the DGT probes

were stored in an oxygen-free NaCl solution (0.01 mol L−1) and

deoxygenated with nitrogen for over 16 hours (Gillmore, 2021).

2.2.3 DGT probe deployment and retrieval
After stabilizing for 24 hours, the sediment cores were subjected

to a 72-hour vertical insertion of the DGT probe. At each sampling

site, water temperature was measured in triplicate throughout the

duration of the deployment period. Concurrently, the position of

the SWI was documented and all probes were retrieved and cleaned

with deionized water.

2.2.4 Sample analysis
The binding layers of the DGT probes were carefully separated,

and then sliced at 2 mm intervals using a ceramic cutter. The gel

samples were eluted using 1.8 mL HNO3 (1 mol L−1) for 24 hours in

order to extract the cations accumulated on the membrane (Zhang

et al., 2014). The linear concentration gradients of As, Cd, Cu, Mn, Pb

and Zn through the diffusion layer were established (Li et al., 2019).

During deployment, the labile metals, such as free ions and unstable

complexes capable of dissolving to liberate mobile sediment

components, migrate through the agarose diffusion layer and

become securely anchored onto the binding gels. Consequently,

based on Fick’s first law, CDGT can be determined through

Equation 1, which is intrinsically linked to the establishment of a

steady-state concentration gradient (mg L−1) (Zhang M. et al., 2020):

 CDGT =
MDɡ

A� D� t
                                                              (1)

where M is the mass of the metal absorbed in the binding layer

(mg), Dg represents the thickness of both the filter membrane and

the diffusive layer (cm), A is the area of exposed gel in the DGT

probes (cm2), D is the metal’s diffusive layer’s (cm2 s-1) diffusion

coefficient, and t (s) is the deployment time.

The mass of metals (M) that has accumulated within the resin

gel can be determined by Equation 2, which necessitates measuring

the concentrations in the elution solution (Ce):

M =
Ce(Vgel + Vacid)

fe
                                                              (2)

where Vgel is the volume of the binding gel (mL), Vacid is the

volume of acid used for elution (mL) and fe is the elution factor (0.8)

determined via an elution recovery test (Zhang et al., 2020a).

To estimate the direction and size of the metals’ diffusion, we

evaluated the apparent flux between the sediment and the overlying

water. The diffusive flux near the SWI was determined according to the

method of (Ding et al., 2015). The total diffusive flux (F, mg cm−2 s−1)

was determined by adding the diffusion fluxes originating from the

overlying water to the SWI and those from the sediment to the SWI.

F = Fw + Fs = −Dw
∂CDGT

∂ xw

� �
(x=0)

−jDs
∂CDGT

∂ xs

� �
(x=0)

        (3)
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In this Equation 3, F (mg cm−2 s−1) represents the sum of the

overlying water and surface sediment fluxes, while Fw (mg cm−2 s−1)

and Fs (mg cm−2 s−1) correspond to the fluxes of labile heavy metals

from the overlying water and the sediment to the SWI, respectively.

( ∂CDGT= ∂ xw)(x=0) a n d ( ∂CDGT= ∂ xs)(x=0) r e p r e s e n t t h e

concentration gradients in the overlying water and the sediment,

respectively. We calculated the gradients based on a distance of 3

cm from the SWI (x = 0 cm). Dw (cm
2 s−1) is the diffusion coefficient

of metals in the overlying water. j is the porosity in the surface

sediment. Ds (cm
2 s−1) is the diffusion coefficient of the metals in

the sediment.
2.3 Statistical analysis

To explore the association of the heavy metals in January and

May and assess if there was a significant effect among the various

heavy metals, Pearson’s correlation analysis and one-way analysis of

variance (ANOVA) were performed with SPSS 25. Using the vegan

package in R (Version 4.1.1), redundancy analysis (RDA) was

carried out to investigate the association between environmental

conditions and labile metal concentrations. LXK (S1–S4), LXX (S5,

S7, S8, and S11), and the inflowing rivers (S6, S9, and S10) during

January and May 2021. For data processing, we calculated the

average values for each group based on the data from the respective

sampling points within that group. This approach ensures a

comprehensive analysis of each region while maintaining clarity

in data presentation.
3 Results

3.1 Profile distribution of heavy metals at
the SWI in the ice-covered and ice-
free periods

The physicochemical parameters of LXK, LXX and the

inflowing rivers were shown in Table 1. The conductivity ranged

from 61.31 to 289.7 S cm−1 (216.98 ± 58.92 S cm−1 in January;

108.58 ± 30.35 S cm−1 in May), dissolved oxygen (DO) from 8.83 to

14.69 mg L−1 (9.70 ± 0.58 mg L−1 in January; 13.33 ± 0.70 mg L−1 in

May), pH from 7.1 to 9.01 (7.29 ± 0.07 in January; 8.63 ± 0.3 in

May), turbidity from 8.27 to 79.9 FNU (28.72 ± 25.39 FNU in

January; 45.06 ± 21.67 FNU in May) and oxidation-reduction

potential from −13.6 to 84.3 mV (−5.49 ± 8.47 mV in January;

70.16 ± 9.27 mV in May).

The concentrations of DGT-labile Mn (5.31–2432 mg L−1) and As
(0.00–6.98 mg L−1) kept relatively stable in the overlying water when

there was ice cover in January, but increased with depth in the

sediment (Figure 2). Although the concentrations of DGT-labile Cd

(0.01–0.11 mg L−1), Pb (0.00–6.98 mg L−1) and Zn (2.92–82.78 mg L−1)
were relatively stable throughout the entire profile, their orders of

magnitude differed. Apart from Cd, the levels of DGT-labile Cu, Mn,

Pb and As were significantly highest in LXK. In terms of labile metal

concentrations, no significant distinction was noted between LXX
frontiersin.or
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and the inflowing rivers, with the exception of Zn (P < 0.05) and Pb

(P < 0.01). During the ice-free period in May, the levels of Mn (9.89–

2958 mg L−1) and As (0.22–13.42 mg L−1) demonstrated similar

variations to those observed in January. However, a significant

difference was noted in the quantities of DGT-labile As (P < 0.05),

with measurements in May showing a twofold increase (mean 2.9 ±

2.97 mg L−1) compared to those in January.

The concentrations of DGT-labile Cu (0.18–2.75 mg L−1), Zn

(10.62–112.96 mg L−1), Cd (0.15–20.45 mg L−1) and Pb (0.06–0.39

mg L−1) in the overlying water increased with depth and remained

stable from the SWI to the deep sediments, with higher values in

May than in January (P < 0.05). Except As, the levels of DGT-labile

Cd, Cu, Mn, Pb and Zn in LXK were significantly different from

those in LXX and/or the inflowing rivers. Significant differences

were evident in the levels of DGT-labile Mn, Cu, and Pb between

LXK and the inflowing rivers (P < 0.01).

The relationship and driving factors between the physicochemical

parameters of heavy metals in water and those in sediment were
Frontiers in Ecology and Evolution 05
determined by RDA analysis. Dissolved oxygen exerted a predominant

control on the migration of heavy metals, accounting for 45.6% (P =

0.01) of the effect (Figure 3). The first and second axes explained

55.18% and 0.39% of the variation of heavy metals in January. In May,

the first and the second axes explained 33.17% and 0.90% of the

variation in heavy metals. The water temperature explained 52.9% (P =

0.006) of variation in heavy metals and was the most important

driving factor.
3.2 Diffusion flux of heavy metals
across SWI

The upward flow to the overlying water and the downward flux

to the sediment are shown by the positive and negative numbers,

respectively. In January (with ice cover), the positive apparent

diffusion fluxes of Mn (413.82 ± 518.70 mg·m−2·day−1), As (3.53

± 4.92 mg·m−2·day−1) and Cu (0.03 ± 0.12 mg·m−2·day−1) indicated
frontiersin.or
TABLE 1 Physicochemical parameters in Lake Xingkai (LXK), Lake Xiao Xingkai (LXX) and the inflowing rivers (IR) in winter and spring (Water
and Sediment).

Site Group Season

Water Sediment

Conductivity
(S cm−1)

DO
(mg
L−1)

pH
WT
(°C)

Chlorophyll-a
(mg L−1)

Turbidity
(FNU)

ORP
(mV)

Bulk
density
(g cm−3)

DOC
(g

kg−1)

S1 LXK
January 148.60 8.92 7.3 1.44 10.47 33.17 6.6 19.29 10.59

May 127.02 13.24 8.16 15.87 4.71 39.25 84.3 5.03 1.04

S2 LXK
January 133.30 8.83 7.3 2.44 74.43 73.62 −8.7 20.82 9.99

May 128.92 13.30 8.45 15.07 4.27 31.43 69.8 4.60 0.92

S3 LXK
January 183.10 9.18 7.3 4.17 27.28 69.12 −9.2 19.55 53.86

May 124.20 13.94 8.26 15.65 4.91 36.27 83.4 5.06 0.84

S4 LXK
January 125.90 9.02 7.3 0.94 42.19 54.19 −9.5 21.77 8.78

May 130.09 14.69 8.53 16.53 3.66 8.67 77.4 5.27 0.45

S5 LXX
January 233.50 10.32 7.3 1.81 105.70 26.08 −13.6 32.15 11.92

May 92.47 13.85 8.97 9.08 380.40 21.25 69.2 5.14 0.73

S6 IR
January 256.90 10.02 7.4 5.26 13.58 8.27 −13.1 26.87 15.42

May 153.44 12.61 9.01 10.86 188.08 71.48 69.6 5.05 0.84

S7 LXX
January 230.20 10.07 7.3 1.68 141.40 10.24 9.3 29.91 11.20

May 61.31 13.46 8.9 11.82 42.79 50.35 66.3 6.07 0.57

S8 LXX
January 252.20 10.25 7.3 1.23 16.64 11.39 −6.9 30.61 42.98

May 122.14 12.80 8.96 10.81 102.28 44.33 70.7 4.65 0.65

S9 IR
January 289.70 9.99 7.1 2.41 229.60 9.63 −9.9 34.71 8.22

May 69.36 12.98 8.65 10.05 94.67 43.92 53.6 5.05 1.07

S10 IR
January 260.30 10.02 7.3 1.71 377.00 8.77 6.0 32.15 22.75

May 70.11 13.57 8.45 10.35 99.55 79.90 58.3 6.20 10.59

S11 LXX
January 273.10 10.07 7.3 4.97 61.23 11.39 −11.4 26.06 1.04

May 115.29 12.15 8.62 9.91 79.11 68.85 69.2 5.22 9.99
g
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that the sediment served as a source of these metals (Figure 4).

Conversely, the fluxes of Zn (−2.36 ± 117.59 mg·m−2·day−1), Cd

(−0.04 ± 0.09 mg·m−2·day−1) and Pb (−0.02 ± 0.11 mg·m−2·day−1)

indicated that the sediment served as a reservoir for these

metals (Figure 4).

The source–sink characteristics of Mn (1163.25 ± 991.27

mg·m−2·day−1) and As (8.12 ± 7.59 mg·m−2·day−1) in May were

consistent with those in January, but with much higher fluxes (P <

0.05). The values of the diffusive fluxes of Zn (−1.80 ± 72.84

mg·m−2·day−1), Pb (−0.46 ± 1.39 mg·m−2·day−1), Cu (−0.17 ± 0.86

mg·m−2·day−1) and Cd (−0.01 ± 0.19 mg·m−2·day−1) in May tended

to 0 mg·m−2·day−1, indicating a weak sink of these metals in

the sediment.
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4 Discussion

4.1 Heavy metal distribution at SWI in ice-
covered and ice-free periods

The distribution of heavy metals revealed a strong spatial

heterogeneity in the profiles in the LXK basin (Figure 2).

Throughout the ice-covered season, DGT-labile Mn and As

profiles exhibited a strong similarity with concentrations peaking

in the sediment and displaying decreased levels in the overlying

water (Figure 2). This can be attributed to the reductive dissolution

of Mn/Fe oxides under lower redox potential conditions in the deep

sediments, which subsequently increases the concentrations of Mn
FIGURE 2

Distribution of labile Mn, Cu, Zn, Cd, Pb and As at the SWI in Lake Xingkai (LXK), Lake Xiao Xingkai (LXX) and inflowing rivers (IR) in January and May.
FIGURE 3

Redundancy analysis (RDA) diagram for heavy metals and sediment properties during ice-covered (January) and ice-free (May) periods showing AX1
and AX2 of the RDA, constrained by the selection of environmental variables obtained through forward selection. The environmental variables are
depicted as blue lines with directional arrows, and the heavy metals are represented by red lines with arrows.
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and As below the sediment-water interface (SWI) (Wu et al., 2015;

Jiang et al., 2022).

During the freezing period, average labile concentrations of Cd,

Pb, and Zn in the overlying water were observed to be higher

relative to ice-free conditions (Figure 2). At the same depth,

concentrations of Cd and Cu in all three groups (LXK, LXX, IR)

were significantly higher in May compared to January. Figure 2

revealed distinctive concentration peaks at specific depths for both

Zn-IR-J and Zn-IR-M. Notably, Zn-IR-J exhibited a significant

concentration peak of 9.81 mg L−1 at a depth of 20 mm, while

Zn-IR-M displayed a pronounced peak of 45.97 mg L−1 at a depth of

30 mm. This may suggest a concentration gradient-driven diffusion

of these heavy metals towards the ice-water interface. Based on

principles from crystallography and the theory of liquid-solid phase

equilibrium, the formation of ice may subsequently force these

heavy metals into the water beneath the ice (Zhang et al., 2012; Tang

et al., 2020; Jansen et al., 2021). Moreover, under lower redox

potential conditions beneath the ice cover, the reduction of Fe/Mn

oxides in the sediment would occur, leading to the release of

adsorbed Cd, Pb, and Zn back into the overlying water (Huo

et al., 2015; Zhang et al., 2020b). Furthermore, the notable rise in

arsenic, lead, and manganese concentrations in surface waters from

January to May could be linked to increased agricultural runoff, as

the region’s intensified farming practices involve fertilizers and

pesticides known to contain specific heavy metals like arsenic and

lead (Tang et al., 2010; Deng et al., 2016; Zhang R. et al., 2020;

Zhang J. et al., 2022).

The variations in Mn and Cd levels show a consistent

fluctuation with changes in sediment depth. This substantiates the

assertion that the mobilization of Cd is governed by the Mn redox

cycle. Correlative analysis of redox potential and Cd content

validates this inference, demonstrating that Cd is discharged

during the reductive dissolution of manganese oxide concomitant

with a reduction in redox potential. Furthermore, in contrast to

January, the month of May exhibits an augmented overall

concentration of Cd and Cu, attributed to exogenous inputs from

agricultural practices and microbial perturbations during this

period (Chen et al., 2021). The concentrations of Mn, As, and Cu

at the sediment-water interface exhibit a significant positive

correlation with temperature. This is attributed to the elevated

temperature promoting both the reduction reactions of oxides and

the spontaneous sediment adsorption-desorption process (Sun Q.
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et al., 2015; Wang et al., 2024). In May, a substantial negative

correlation is observed between Mn and Cu concentrations and pH,

aligning with prior investigations. This phenomenon is attributed to

the diminishing pH, which entails a concurrent escalation in H+

competition and a reduction in surface electronegativity, thereby

repelling cations. Consequently, this results in their leaching and

partial release into the solution (Guthrie et al., 2005). The elevated

pH in May resulted in a reduction in cations leaching; however, this

did not lead to a decrease in heavy metal concentrations. Therefore,

it can be concluded that pH is not the primary determinant of heavy

metal concentrations. The dominant factors contributing to the rise

in heavy metal concentrations are still the increase in temperature

and external inputs from agricultural activities.

In January, the driving force of labile concentrations of heavy

metals was the dissolved oxygen (45.6%, P=0.01), with a negative

correlation (Figure 3). The ice-cover acts as a barrier isolating water

from the atmosphere, thus inhibiting vertical mixing and

photosynthesis. This isolation, coupled with continuous oxygen

consumption by subaquatic organisms, may result in a dissolved

oxygen deficit (Golosov et al., 2016). Hence, the reduction process

of Fe/Mn oxides and sulfides at low redox potential conditions

consequently lead to the co-release of metals into the pore and

overlying waters (Wu et al., 2015; Zhang et al., 2020b).

In contrast, the distinct hydrodynamics in May caused sediment

resuspension, transforming the speciation of metals from stable to

labile fractions, and leading to elevated labile concentrations of Cu,

Zn, Cd and As (Figure 2). Water temperature was found to account

for 52.9% of the variation in labile metals throughout the profile in

May. The spontaneous sediment adsorption process is governed by

adsorption-desorption theory (Sun W. et al., 2015; Xie et al., 2019;

Zhang et al., 2019). As both DG0 and DH0 are negative, the

adsorption of heavy metals based on DG0 = DH0 – T × DS0 is

exothermic, whereas the desorption process is endothermic (Jin

et al., 1992; Adebowale et al., 2008). According to this principle,

temperature elevations facilitate the migration of heavy metals from

sediments into lake water, reducing their sedimentary

concentrations (Zhao et al., 2014). Consequently, heavier metal

loads at the SWI during summer relative to winter were observed.

Interactions with organic matter could potentially limit DGT gel

absorption of these metals (Davison et al., 2015). Bioturbation and

physical disturbances could enhance pore spaces in sediments,

promoting sediment particle resuspension, and hence liberating
FIGURE 4

During ice-covered and ice-free periods, the heavy metals (As, Cd, Cu, Mn, Pb, and Zn) diffusion flux at the SWI. The diamond indicates the
concentrations of heavy metals (As, Cd, Cu, Mn, Pb, and Zn); the square indicates the mean value; and the curve line is fitted by Kernel Smoother.
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heavy metals from sediments into the overlying water (Atkinson

et al., 2007).

In the LXK basin, the Mn concentration was observed to be

notably high, 23 times greater than values recorded from a prior

study of heavy metals at the SWI during ice-covered periods in the

Chagan Lake (Yuan et al., 2022). This substantial Mn concentration

suggests a predominance of natural lithogeochemical processes over

anthropogenic sources and points to ongoing diagenetic processes

in the LXK basin (Förstner et al., 1981; Yuan et al., 2014). Previous

studies documented diagenetic processes whereby MnOx is rapidly

converted to Mn(Ca)CO3 and deposited near the SWI, a process

catalyzed by the reductive dissolution of abundant MnOx by

sulfides and microbial activity at the SWI (Liu et al., 2009; Lee

et al., 2011; Henkel et al., 2019). Whereas the concentrations of

most other heavy metals (As, Cd, Cu, Pb, and Zn) in the LXK basin

were lower than those in Chagan Lake and other aquatic systems

(Table 2). Owing to its geographical remoteness, the LXK basin

experiences comparatively lower heavy metal contaminant levels,

particularly during harsh winter periods.
4.2 Apparent fluxes across the SWI during
the ice-covered and ice-free periods

By measuring the metal fluxes from pore waters to the DGT

resin, it is possible to determine the levels of the labile fractions

present in pore waters or estimate the flux of remobilized metals

(Wu et al., 2011). The labile levels of Mn, As and Zn by DGT

indicated that the LXK basin represented a potential risk of heavy

metal release (Figure 4).

The elevated concentration of labile Mn can likely be attributed

to the larger reservoir of Mn present in the LXK basin compared to

other regions, as previous studies have reported an average soil

concentration of 764 mg kg−1 in this area (Zhang et al., 2021). The

Fe/Mn (hydro)oxides possess expansive specific surface areas and

exhibit a pronounced attraction towards metals such as As and Zn.

This propensity facilitates the establishment of robust surface

complexes between Zn/As and Fe/Mn oxides (Chen et al., 2021).

Under ice-covered conditions, the reduction of Fe/Mn (hydro)
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oxides plays a role in the potential release of Zn and As fluxes

into the water above (Liu et al., 2022). As spring temperatures rise,

the melting of the lake’s ice cover initiates, leading to the transition

of the sediment environment from reducing to oxidizing

conditions. In the presence of oxidizing conditions, Mn and As in

the sulfidic phases can be transferred from the poorly soluble

organic matter and sulfide-bound fractions to the more soluble

exchangeable and carbonate-bound fractions (Ho et al., 2012). The

activity of aerobic microorganisms experienced an increase,

alongside an elevated rate of oxidative degradation of organic

matter. As a result, the release of Mn and As fluxes in spring

surpasses those observed in winter, driven by the degradation of

organic matter and the oxidation of sulfides to sulfates (Thamdrup

et al., 1994; Duan et al., 2019).
4.3 Management implications from
freezing periods

Our work suggests that the existence of ice cover could cause the

enrichment of labile heavy metals (e.g., Mn, Zn and As) at the SWI,

but at low levels of contamination and potential ecological risk,

consistent with our prior investigation on the overall metal content

(Jiang et al., 2022). The mean concentration of labile Mn (294 mg L−1)
exceeded the threshold of the Environmental Quality Standards for

Surface Water (GB 3838-2002, 100 mg L−1), which might pose a

potential risk to the benthic and aquatic biota. During ice-covered

and ice-free periods, the redox-sensitive Mn/Fe phases also affected

the availability of associated nutrients, such as Fe and P, in lake

ecosystems. Variations in redox conditions significantly impact the

release and migration dynamics of heavy metals(Huo et al., 2015; Wu

et al., 2015). For instance, our results indicates that the reduction of

Fe/Mn oxides within sediment actively promotes the liberation of

adsorbed Cd, Pb, and Zn back into the overlying water. Different

hydrodynamic conditions can either facilitate or impede the diffusion

and transportation of heavy metals (Geng et al., 2022). Turbulent

flows enhance metal dispersion and interaction with sediment

particles (Hayter and Gu, 2000). Resuspending sediments,

especially in turbulence, alters sediment properties, affecting heavy
TABLE 2 Comparation of metal concentrations (mg L−1) with other lakes (Sigg et al., 2006; Dragun et al., 2008; Huo et al., 2015; Wu et al., 2016; Wang
et al., 2019; Yao et al., 2019; Yuan et al., 2022).

Site Mn Cu Zn Cd Pb As Reference

Lake Xingkai 294.65 0.02 9.25 0.04 0.26 1.20 This study

Lake Chagan 12.5 0.18 8.06 0.09 0.55 2.4 Yuan et al. (2022)

Lake Dianchi 173.9 1.051 102.2 0.0989 –e –e Wu et al. (2016)

Sava, Croatia 8.24 0.166 1.86 0.0016 0.020 –e Dragun et al. (2008)

Wyre, UK 12.97 0.16 0.72 0.008 0.010 –e Sigg et al. (2006)

Lake Taihu 799 9.3 6.7 0.7 0.8 13.4 Huo et al. (2015)

Lake Taihu –e 9.3 6.7 0.7 0.8 13.4 Wang et al. (2019)

Lake Hongze 3.53 0.78 76.92 4.38 0.685 2.19 Yao et al. (2019)
emissing values.
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metal distribution and promoting their release into the water.

Conversely, steady currents reduce sediment interaction, thereby

slowing down metal transport (Sheng and Lick, 1979).The

management of lakes for hydrology and eutrophication in winter

should therefore consider redox and hydrodynamic processes, in

addition to reducing the use of products containing heavy metals.
5 Conclusion

The present study employed an in situ, high-resolution DGT

technique to investigate the dynamics of bioavailable heavy metals

(e.g., Mn, Zn, As, Cd, Cu, and Pb) at the SWI during ice-covered

and ice-free periods in the Lake Xingkai basin. Our findings

demonstrate the accumulation of labile heavy metals at the SWI

during ice-covered conditions, albeit at lower concentrations

compared to other areas. Notably, labile Mn exhibited

significantly higher concentrations in the LXK basin than in other

lakes, displaying distinctive source characteristics in both winter

and spring. Additionally, based on Fick’s first law, the sediments

exhibited a role as a source of Mn and As, while weakly sequestering

Zn, Cd, and Pb during both ice-covered and ice-free periods.

Furthermore, we observed lower concentrations of labile metals in

winter compared to spring, except for As. The composition and

distribution of metals at the SWI were governed by different driving

mechanisms, with dissolved oxygen being a prominent factor

during ice-covered periods and water temperature influencing the

system during ice-free periods. This comprehensive study provides

significant insights and a solid theoretical foundation for mitigating

heavy metal pollution in the LXK basin.
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