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Abstract Sediment core samples were collected from the

Weihe River in February and August 2013. Cores were

sectioned and analyzed for total Hg (THg) and methyl

mercury (MeHg). THg in sediment cores ranged from 156

to 282 ng g-1 in February, and from 172 to 300 ng g-1 in

August. MeHg concentrations ranged from 0.80 to

3.11 ng g-1 in both seasons. Results showed that the dif-

fusive fluxes were up to two orders of magnitude lower

than the in situ benthic fluxes. Fluxes of MeHg measured in

in situ experiments in August were positively correlated

with SO2�
4 (r = 0.930). THg and MeHg release were not

strongly correlated with TOC in February. Patterns of

MeHg flux differed greatly depending on oxidation–re-

duction potential (Eh) (r[ 0.70) conditions in the two

seasons.

Keywords THg � MeHg � Benthic chamber experiments �
Fluxes

For many years, mercury (Hg) has received much attention

globally because of its high toxicity, bioaccumulation po-

tential, and persistence in different environments. Organic

Hg, primarily methyl mercury (MeHg), is the form that

bioaccumulates through the foodweb, and so poses the

greatest threat to human health (Fitzgerald et al. 2007). To

improve our understanding of the relationships between

sources of mercury and bioaccumulation of MeHg in the

foodweb, it is necessary to integrate our current under-

standing of the processes governing the transport and fate

of mercury in the environment (Ethier et al. 2012).

The relationships between watershed characteristics and

the concentration, speciation, and mobility of mercury in

rivers needs further study so that we can provide improved

descriptions of mercury cycling dynamics within water-

sheds, or freshwater ecosystems (Brigham et al. 2009;

Barringer et al. 2010). Sediment profiles can help us de-

termine inventories and accumulation rates of mercury in

water bodies. However, because of the formation and

degradation of MeHg in sediments, it is difficult to study

mercury dynamics using solid phase profiles alone. Addi-

tional data about MeHg and THg (total mercury) fluxes

between sediment and water are needed to determine the

transport and fate of MeHg. Multiple approaches have been

used to examine the exchange of Hg and MeHg at the

sediment/water interface. These include diffusion estimates

based on pore–fluid concentration gradients (Hammer-

schmidt and Fitzgerald 2006), a diffusive gel time-series

study of mercury mobilization in estuarine environments

(Merritt and Amirbahman 2007), and the quantitative wa-

ter–air–sediment interaction (QWASI) model to quantify

the fluxes of mercury at the water/air and sediment/water

interfaces of an urban river (Tong et al. 2014). Of these,

in situ benthic flux chambers arguably provide the most

environmentally realistic measurement of exchange at the

sediment/water interface.

The Weihe River drains an area of 12,921 km2 in Henan

Province, China, and is the largest tributary of the Haihe

River, North China. Land use in the Weihe Basin is mainly

agricultural. The annual average precipitation in the Weihe

River Basin is about 500 mm, and rainfall is concentrated

into a very short period during the summer. Direct
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atmospheric deposition, surface and groundwater flow, and

localized anthropogenic sources such as power generation,

mining, incineration, paper mills, and water treatment fa-

cilities are thought to be the main inputs of new mercury

into the Weihe River. The main aim of this study was to

investigate the mobility of Hg species (THg and MeHg) at

the sediment/water interface in the Weihe River, based on

both the estimation of diffusive fluxes and in situ mea-

surements of benthic fluxes using benthic chambers.

Materials and Methods

Sediment core samples were collected in triplicate using a

piston corer at a depth of 2 m from one sampling location

(35�1802600N, 113�5303600E) in the Weihe River on Febru-

ary 20 and August 10, 2013. The corer was equipped with a

5-cm-diameter polycarbonate core barrel, and was operated

from the surface by lightweight magnesium extension drill

rods. The cores were extruded and sectioned within a few

hours of collection; the first 10 cm was sectioned at 1-cm

intervals, while the next 20 cm was sectioned at 2-cm in-

tervals. Although the core was processed in the open at-

mosphere, care was taken to minimize the exposure time so

that MeHg concentrations in sediment and pore water

would not be affected by oxidation. Each core section was

placed in a 100-mL polypropylene jar. Samples were

transported on ice to the laboratory, frozen, and then

freeze-dried for analysis.

Benthic fluxes chambers (BFCs) were developed and

used to measure the in situ efflux of Hg from sediments in

Weihe River, which consists of three main parts: (1) the

‘‘flux chamber,’’ a coring tube that contains undisturbed

sediment and overlying water, (2) the ‘‘stirring head,’’ a

polyethylene tube cap with Teflon-coated magnetic stir bar,

and (3) a direct current motor with button magnet. The

coring tube (6.0 cm i.d., 7.0 cm o.d., 30 cm length) is

made of polyethylene with a bevel on one end for easier

sediment penetration. The stirring head (10 cm diameter,

3.5 cm height) is positioned atop the flux chamber when in

use. It is machined from solid polyethylene and has a lower

and upper well. The lower well (7 cm diameter, 1 cm deep)

fits snugly over the outside of the chamber tube, and it has

a Teflon coated, floating magnetic stir bar (5.4 cm di-

ameter) that is attached to the upper center of the lower

well. The upper well houses a button magnet that is at-

tached to a direct current motor, which rotates the stir bar

inductively (Tengberg et al. 1995; Hammerschmidt and

Fitzgerald 2006; Koron and Faganeli 2012). Benthic fluxes

of mercury were assessed on the same dates that the cores

were collected (February 20 and August 10, 2013). An

in situ BFCs was deployed on the river floor, thereby

isolating an area of sediment surface and overlying water.

A plastic skirt, fitted to the outside of the chamber, con-

trolled its penetration into the sediment to a depth of about

10.0 cm. Sample collection from the chamber was via two

stopcocks on the lid, and the volume of water removed

during sampling was compensated by river water. Samples

were collected through a flexible polyethylene tube, at 2 h

time intervals over a whole day. Water samples collected

from the chamber were analysed for dissolved oxygen

(DO), SO2�
4 , Eh, THg and MeHg.

Results and Discussion

Profiles of THg and MeHg in the sediment cores are shown

in Fig. 1a. Results show that the THg concentrations in

sediment were significantly different between the two

seasons. For example, concentrations of THg in sediment

cores ranged from 156 to 282 ng g-1 in February and from

172 to 300 ng g-1 in August. The distribution profiles

show that the THg concentrations decreased from the top to

the bottom of the sediment cores, and that the THg con-

centrations were highest in the top 10 cm for both seasons.

These higher THg concentrations in the upper part of the

sediment profiles may indicate increased Hg discharges

from anthropogenic sources surrounding the Weihe River

in recent decades due to local industrial and agricultural

development. Compared with sediment quality guidelines

(Long et al.1995), Sediments from Weihe-river were most

toxic due to exceeding Lowest effect leve (ERL = 150

ng g-1) values for THg. THg concentrations in this study

were far lower than those found in some Hg-polluted rivers

in Canada (284–5100 ng g-1) (Canário et al. 2008) but was

higher than those in background lakes, such as lake sedi-

ment core from Ny Alesund in Svalbard (21–48 ng g-1)

(Jiang et al. 2011). MeHg concentrations in the sediment

ranged from 0.80 to 3.11 ng g-1 in both seasons. MeHg

concentrations decreased from the top to the bottom of the

sediment cores collected in February; while in the cores

collected in August, the peak MeHg concentration occurred

at 8–10 cm deep (Fig. 1a). The maximum MeHg concen-

trations in the sediment cores were higher in August than in

February. The ratio of MeHg/THg varied from 0.39 to

0.77 % with an average of 0.64 % in February and from

0.48 to 1.12 % with an average of 0.87 % in August. This

is may be caused by the higher temperatures in August

because higher temperatures can stimulate the metabolism

of biofilm and enhance the methylation process of inor-

ganic Hg in sediment.

THg and MeHg profiles in porewater were shown in

Fig. 1b. It should be noted that THg profiles in porewaters

was not proportional to the sediment profiles in August.
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This result suggests that Hg concentration in porewaters

is not controlled by an exchange equilibrium between the

two phases. The concentration profile of THg and MeHg in

porewaters collected in August exhibits the greatest vari-

ability and the most peculiar trend. The increase of MeHg

content was clearly localized at a depth between 5 and

15 cm in porewater profile from August, where the highest

concentration was detected (8.8 ng L-1). The MeHg con-

centration profile in February showed a similar increasing

trend with depth as that mentioned for THg in sediment.

This would indicate that the recent sediment (0–10 cm)

could be a source of MeHg for the water column of the

study areas.

Diffusional effluxes, estimated from the vertical con-

centration gradients of MeHg, are presented in Table 1,

and are compared with fluxes determined with the BFCs.

Benthic MeHg fluxes measured with the BFCs are com-

parable to the diffusional estimates for August. The

relatively good agreement between measured and esti-

mated diffusional fluxes suggests that molecular diffusion

may be the primary process influencing the exchange of

MeHg at the sediment/water interface in August. In
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Fig. 1 Sediment and porewater profiles of total mercury (THg) and methyl mercury (MeHg) in February and August 2013; a Hg in Sediment

(ng g-1), b Hg in porewater (ng L-1)
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contrast, benthic fluxes of MeHg measured with BFCs

were 2.3 fold larger than the diffusional estimates in Fe-

bruary, implying that diffusion was not the only transport

process that influenced sediment/water exchange of MeHg

in winter (Wang et al. 2012). It is also interesting to note

that, even though the Hg content in the sediment from

August was lower than in February, MeHg fluxes were

higher than those observed in February. This suggests that

Hg and MeHg mobilization is more active in August than

in February, and temporal differences in the fluxes may be

due to (1) the biofilm cover on the sediment that resulted in

increased MeHg production in summer, and/or (2) the in-

fluence of temperature on rates of molecular diffusion

(Rothenberg et al. 2008).

Table 2 showed Pearson correlation coefficients of THg,

MeHg, chemical and physical parameters during in situ

daily flux chamber experiment. Results suggest that the

THg content does not seem to be a good predictor of the Hg

methylation potential, so other factors, such as the Hg

speciation of the solid phase, the quality of TOC, and the

sulfide contents, should be considered. Although organic

carbon was correlated with Hg and MeHg fluxes, it appears

that their release was not so strongly linked to TOC in the

February chamber experiment (r = -0.211; r = - 0.058,

n = 12). TOC- and THg were significantly and positively

correlated (r = 0.999) in the August chamber experiment,

which suggests that TOC played an important role in the

THg flux in August. Conversely, there was a significant

negative correlation between MeHg and TOC (r =

- 0.585), which indicates that all species of mercury

promoted the formation of TOC-Hg in August, thereby

decreasing the production of methyl mercury (MeHg).

Patterns of MeHg flux differed greatly depending on Eh

(r[ 0.70) conditions in the two seasons; concentrations

were lower under low Eh than high Eh conditions, and

were higher under aerobic conditions. SO2�
4 and MeHg

fluxes were positively correlated in in situ experiments in

August (r = 0.930; see Table 2b). Meanwhile, MeHg

concentrations and SO2�
4 were significantly and positively

correlated in the sediment core from August (r = 0.90;

p\ 0.05).The sediment was covered in biofilm in August,

which may have stimulated the metabolism of SO2�
4 re-

ducing bacteria (SRB), and enhanced the inorganic Hg

methylation process in sediment (Chios and Bartha 1994).

Microbial activity is the main factor that controls MeHg

concentrations in sediments, because of the relative con-

current rates of methylation and demethylation processes.

In conclusion, this paper provides important information

on sediment–water fluxes of total Hg and MeHg at the

sediment/water interface. The highest profile concentra-

tions of THg in both seasons were observed in the top

10 cm. MeHg concentrations decreased from the top to the

bottom of the sediment profiles from February, while the

peak MeHg concentrations occurred at depths of 8–10 cm

in the August sediment profiles. Sediment/water fluxes of

MeHg were greater in summer than in winter. Mean

measured fluxes were about three times greater in August

than in February. In situ investigations showed that total

Hg and MeHg flux patterns differed greatly depending on

the Eh in the two seasons; concentrations were lower when

Eh was low, and were higher in aerobic conditions.
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