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Chapter 1
Introduction

Abstract Newly built reservoirs favor mercury (Hg) methylation and then accu-
mulation of methylmercury (MeHg) in food chains and therefore were regarded as
“Hg sensitive ecosystems”. Construction of dams in rivers will have an effect on the
biogeochemistry and eco-environmental evolution of river system. Wujiang River
Basin is a typical impounded river system with cascade reservoirs in China. The
background of the Hg biogeochemical cycle research in Wujiang River Basin was
elaborated in this chapter.

Keywords Wujiang river - Reservoir « Mercury - Methylmercury

1.1 Reservoirs Are Typical “Mercury Sensitive
Ecosystems”

According to the International Association of Dams, there are at least 36,000 medium
or large-sized dams built throughout the world in 1990s, and these dams control over
20% of freshwater flows globally (Vorosmarty et al. 1997). In China, there are only
2693 lakes with surface areas greater than 1.0 km?, but as many as 86,353 reservoirs
have been built until 2007. The number of reservoirs in China is expected to increase
with the implementation of the “Go West” policy. In fact, almost all rivers in China
were impounded at different degrees that impounded rivers are the most significant
and universal feature of rivers in China. Due to the fact that rapid development of dams
in river systems around the world, the scientific community is paying closer attention
to the impacts of dams built on the biogeochemical cycling of mercury (Hg) in river
systems (Heyes et al. 2000; Kelly et al. 1997).

It is a key question for scientific communities and governments to evaluate the
health risks of exposure to Hg, the environmental behavior and the environmental
effect of Hg in sensitive ecosystems. Numerous studies showed that newly built
reservoirs are hotspot of Hg methylation, and MeHg accumulation in food chains
(Lucotte et al. 1999), and therefore are regarded as “Hg sensitive ecosystems”
(Wiener et al. 2003). In reservoir ecosystems, MeHg concentrations in fish at the

© Science Press and Springer Nature Singapore Pte Ltd. 2018 1
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2 1 Introduction

top of food chain can be high enough to pose health risk to human. Since the
impoundment of rivers could affect the biogeochemical cycling of Hg on both
global and local scales, an increasing number of scientists have started to investi-
gate the ecological risk of Hg in newly built reservoirs (Wiener et al. 2003).

In early 1970s, it was reported that MeHg concentrations in fish from newly built
reservoirs in the US were generally higher compared to those same fish species
from the nearby natural lakes (Abernathy and Cumbie 1977; Cox et al. 1979;
Meister et al. 1979; Smith et al. 1974), and similar phenomenon was observed in
other countries in North America, South America, and Europe (Anderson et al.
1995; Bodaly et al. 1984; Johnston et al. 1991; Louchouarn et al. 1993; Lucotte
et al. 1999). These studies demonstrated that newly built reservoirs could be Hg
sensitive ecosystems. Submersed soils are sites for Hg methylation, and the formed
MeHg is subsequently bioaccumulated and biomagnified in food chains (Hecky
et al. 1987, 1986; Jackson 1988). With the growth of the age of reservoir, organic
matters in submersed soils are decomposed, and MeHg production will therefore
decline in a few years after the built of the dam. During the past few decades, many
studies have been devoted to understand the mechanism of Hg methylation in
newly built reservoirs (Anderson et al. 1995; Bodaly et al. 1984; Johnston et al.
1991; Louchouarn et al. 1993; Porvari 1998).

In 1970s and early 1980s, scientists from China investigated the cycling of Hg in
Hg-contaminated rivers such as the Songhua River and the Jiyun River, and high
total Hg and MeHg concentrations were found in waters, sediments, and fish (Lin
et al. 1983; Wang et al. 1986; Zhang et al. 1985). These studies confirmed that
sediments were the main source of MeHg, and MeHg fluxes from sediments to
waters were also estimated, which provided important scientific and technological
foundations for Hg remediation in the future. In recent decades, Hg in fish from the
Three Gorges Dam in Yangtze River were investigated (Jin and Xu 1997; Xu et al.
1998), but the biogeochemical cycling and ecological risk of Hg in newly built
reservoirs in China were rarely studied.

1.2 Characteristics of Reservoir Systems

Reservoirs (or manmade impoundments) have the most significant and common
disruptive effects on rivers and their associate ecosystems. Reservoirs play an
important role in flood control, irrigation, water supply, electricity generation, and
fish farming. Dams can not only regulate the water flow of the river, but affect the
biogeochemistry of the river ecosystem (Naiman et al. 1987).

After a dam is built, the water depth, hydrodynamics, water residence time can
change significantly. Human adjustment of water flows changes both the flood
fluctuation of water and the environmental conditions generated by the periodical
flood event (Bayley 1991). When a dam is built in a river, a complex accumulation
effect will be associated. Impoundment construction could change the natural
features and processes of the river. For instance, sedimentation is accelerated, and
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assimilation by aquatic biota is therefore enhanced, and temporal and spatial fluxes,
and chemical composition of substances are also significantly changed (Hamilton
and Schladow 1997; Menshutkin et al. 1998).

The natural features of rivers can be strongly affected by enhanced human
activities in the river catchment (Degens et al. 1982; Nilsson and Dynesius 1994;
Vorosmarty et al. 1997), and therefore the biogeochemical cycling and eco-envir-
onmental issues related to impounded river systems are becoming a hot topic of
environmental studies globally.

1.3 Why Study Reservoirs in Wujiang River Basin?

1.3.1 Wujiang River Basin Is a Typical Impounded River
System with Cascade Reservoirs Built in China

Wujiang River originating from Wumeng Mountain in Western Guizhou Province
is the longest branch in the upstream of Yangtze River on the south bank, and it
flows through the central and northeastern part of Guizhou Province, then though
Chongqing and ends in Yangtze River at Fuling (Fig. 1.1). The total length of
Waujiang River is 1037 km with a total catchment area of 88,267 km? and the total
catchment area in Guizhou Province is 67,500 km?. It is one of the most important
hydropower generating rivers in China, and 13 reservoirs have been planned to be
built on the mainstream of Wujiang River. Since 1970s, a number of reservoirs have
been built including Wujiangdu Reservoir (WJD, built in 1979), Dongfeng
Reservoir (DF, 1994), Puding Reservoir (PD, 1994), Yinzidu Reservoir (YZD,
2003), Suofengying Reservoir (SFY, 2003), Hongjiadu Reservoir (HID, 2004), and
Goupitan Reservoir (GPT, 2004). Silin Reservoir (SL), Shatuo Reservoir (ST), and
Pengshui Reservoir (PS). In addition, a number of reservoirs were also built in the
branches of Wujiang River, such as Baihua Reservoir (BH, 1966), Hongfeng
Reservoir (HF, 1966), and Aha Reservoir (AH, 1960). It is obvious that Wujiang
River is a typical impounded river with so many reservoirs built both on the
mainstream and on the branches, and therefore it is an ideal site to investigate Hg
biogeochemcial cycling of Hg in reservoirs in China.

1.3.2 Wujiang River Basin Can Be a Model of Yangtze
River Catchment and Rivers of Southwestern China

After completion of the Three Gorges Dam, the impact of dam construction on the
eco-environment of the aquatic system is a big concern to the scientific community.
Meanwhile, other rivers in China are facing the same issue. For example, the
upstream of Yangtze River, Jinsha River, Yalong River, Minjiang River, Daduhe
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Fig. 1.1 Map of Wujiang River Basin

River, the middle and upstream of Pearl River, Lantsang River have been
impounded by cascade reservoirs. It is definitely an extremely difficult task to
investigate the biogeochemical cycling of Hg in Three Gorge Reservoir because
this reservoir system is so complex and enormously gigantic, and the boundary
conditions are so complicated as well. Cascade reservoirs were built in Wujiang
River, where the environmental and the background conditions such as the geo-
graphic conditions, the shapes of the reservoirs, the hydrological conditions, and the
climate are very much similar to those of Three Gorges Dam. Therefore, it will be
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much easier to understand the biogeochemical cycling of Hg in small reservoirs in
Wujiang River. Meanwhile, Wujiang River is one of the important branches of
Yangtze, and its large spatial scale can represent many important hydrological
processes of different reservoirs. The outcomes of studying the Hg biogeochemical
cycling in reservoirs of Wujiang River Basin can be definitely applied to other large
branch catchments of Yangtze Basin, such as the mainstream of up and middle
Yangtze River, Jinsha River, Yalong River, Miniiang River, Dadu River, the
middle and upstream of Pearl River, Lantsang River, Hongshui River, and Nujiang
River.

1.3.3 Reservoirs with Different Ages in Wujiang River
Provide the Possibility to Investigate Mercury
Biogeochemical Cycling Characteristics
with the Evolution of Reservoirs

A number of reservoirs at different ages were built in Wujiang River, and this
provided ideal study sites to investigate Hg biogeochemical cycling with the evo-
lution of reservoirs. The total load and accumulation rates of biogenic elements in
reservoirs might be controlled by the characteristics and evolution of reservoir
ecosystems (Vollenweider 1976). After impoundment of a reservoir, the biological,
physical, and chemical processes of the aquatic system will change subsequently.
The Three Gorges Dam started to impound in 2003, and it was difficult to predict
the environmental and ecological evolution after its impoundment. On a small
spatial scale of Wujiang River Basin, a number of reservoirs were built at different
time, which resulted in the fact that we can find reservoirs in different eutrophi-
cation stages and in different Hg pollution status in a small area. This provided
important opportunities to investigate the changes of Hg biogeochemical cycling
with the evolution of reservoirs.

1.3.4 The Scientific and Special Significance of Studying
the Biogeochemical Cycling of Mercury in Reservoirs
in Wujiang River Basin

Due to the geological background of Wujiang River Basin, it is of great scientific
importance to investigate Hg biogeochemical cycling in Wujiang River Basin.
Wujiang River Basin is located in the Circum-Pacific mercuriferous belt, and a
number of Hg ore deposits were discovered in the basin. Due to the special geo-
logical background, Hg concentrations in soil of the basin were elevated against
other regions in China. Meanwhile, Hg mining also resulted in serious Hg con-
tamination in the environment. For example, Hg mining and retorting activities in
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Wuchuan Hg mine resulted in serious Hg contamination on the Hongdu River, one
of the branches of Wujiang River (Qiu et al. 2006); artisanal Zn smelting in
Hezhang also gave rise to Hg contamination in the surface water of the upstream of
Woujiang River (Feng et al. 2004a). Wujiang River Basin is also one of important
coal producing regions in Guizhou Province, and due to special geological back-
ground, Hg concentrations in coal in this region were much elevated compared to
other areas in China (Feng and Hong 1999; Feng et al. 2002). Hg emission from
coal burning in Guiyang resulted in the annual average total gaseous Hg concen-
tration in ambient air reached 8.4 ng m™>, which was much higher than the values
(1.5-2.0 ng m ) observed at background sites in Northern hemisphere (Feng et al.
2004b, 2003; Tang et al. 2003). It was estimated that the annual Hg emission from
Guizhou Province reached about 20 t (Feng et al. 1997). Hg emission from coal
burning is another important Hg pollution source in Wujiang River Basin (Feng and
Hong 1999; Feng et al. 2002). Coal-fired power plants are one of the most
important industries in Guizhou Province, and the total coal consumption reached
60—70 million t in 2010. Therefore, both dry and wet deposition are important
sources of Hg pollution to Wujinag River Basin. Besides, many energy, chemical
engineering, mechanical, metallurgy, and textile and other light industries are
distributed in the catchments of HF, BH, and AH, these industries discharged Hg
directly into the aquatic systems, aggravating Hg pollution.
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Chapter 2
Analysis of Mercury Species
in the Environmental Samples

Abstract Accurate analysis of mercury (Hg) species is the basis of understanding
fate and behavior of Hg in aquatic environment. In this chapter, different Hg
speciation systems were introduced according to analytical theory or research aim.
In this chapter, we elucidate the detailed procedures, including the sample collec-
tion, preparation, and analytical methods in water, sediment, plankton, and sedi-
ment employed in this study.

Keywords Mercury - Species - Measurement - Water - Sediment - Plankton -
Fish

2.1 Mercury Speciation in Water

2.1.1 Definition of Mercury Species

Mercury (Hg) widely exists in nature, including the lithosphere, pedosphere,
hydrosphere, biosphere, and atmosphere. Hg has three chemical states (0, +1, +2)
and exists as elemental, inorganic, and organic Hg in the environment.
Concentrations of Hg usually represent much lower levels than other heavy metals
in the natural environment, like Cu, Cd, Pb. etc. It is a great challenge to accurately
analyze the trace level Hg species in samples, such as uncontaminated water
samples, which hampered the understanding of the Hg biogeochemical cycle and
the estimation of the potential Hg exposure in aquatic food chain. With the
improvement of sensitive, specific, and precise Hg species analysis method, it
appears that the data of Hg in natural waters before the 1980s are not reliable. High
concentration of Hg in water samples was caused by contamination during the
sample collection or pretreatment. Furthermore, trace level Hg species in natural
water sample could not be measured since the Lowest Detection Limit of Method
for Hg is not good enough (Bloom and Fitzgerald 1988; Yan et al. 2005a).
Biogeochemical cycling of Hg in aquatic ecosystems involves the distribution,
transportation, and transformation of Hg in sediment, water, sediment/water
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interface, water/air interface, phytoplankton, zooplankton, shellfish, fish, etc.
Elemental Hg (Hg"), divalent Hg (Hg?*), and methylmercury (MeHg) are the main
concerned Hg species in aquatic ecosystem. Hg” mainly exists in the atmosphere
due to its high volatility, and accounts for more than 95% of Hg in the atmosphere.
The Hg" exchange between water/air interface is a key transportation process
between the two large Hg pools, including both emission and deposition process.
The deposition of Hg from the atmosphere to the water includes wet deposition and
dry deposition. The deposition can directly input into water surface or input from
the watershed to the water body as runoff after it deposited on the land. Divalent Hg
(Hg?*) is the main fraction of Hg in water, which is regarded as high activity,
named as reactive Hg (RHg). MeHg is the most concerned species due to its high
toxicity, bioaccumulation, and biomagnification through the food chains. Generally,
MeHg is the predominant form of Hg in fish tissues. MeHg is formed from inor-
ganic Hg (such as Hg®, Hg*", etc.) via methylation usually involving with bacteria.
Sediment is the pool of Hg in aquatic system and its anaerobic environment favors
the methylation of Hg. The diffusion of Hg** and MeHg between sediment/water
interface is the key transportation process from sediment to water body.

In chemistry, speciation analysis refers to the analytical activities of identifying
and/or measuring the quantities of one or more individual chemical species in a
sample (IUPAC 1997). For Hg, the speciation analysis includes both chemical
defined species, like MeHg, ethylmercury (EtHg), etc., and operationally defined
species, like dissolved Hg (DHg), reactive Hg (RHg), etc. In general, the analytic
species are first extracted from the sample matrix, then following separation of Hg
species, and detected by an appropriate detector. With regard to different sample
media, acid or alkaline digestion technique will be processed before organic solvent
extraction. Chromatographic technique is often applied for the separation of dif-
ferent chemical forms, such as high-performance liquid chromatography (HPLC),
gas chromatography (GC), supercritical Fluid chromatography (SFE), or capillary
zone electrophoresis (CZE). A number of detection methods are available, but its
sensitivity, multielemental capability, and the possibility of isotopic information
make inductively coupled plasma mass spectrometry (ICP-MS) the detector of first
choice. Hg detectors usually include cold vapor atomic absorption spectroscopy
(CVAAS), ICP-MS, cold vapor atomic fluorescence spectrometry (CVAFS), and
atomic emission spectroscopy (AES), in which CVAFS is most popular due to its
high sensitivity and low cost.

In this chapter, the analysis of Hg species in water, sediment, and biota is
reviewed, including the cleaning procedure of sampling vessels or equipment,
sample collection, storage, pretreatment, analytical methods, etc.

There are various Hg species (Fig. 2.1) in natural water in river, lake, reservoir,
etc. In chemistry, Hg can be categorized into inorganic Hg and organic Hg.
Inorganic Hg includes elemental Hg, divalent Hg (Hg>*), monovalent Hg, which is
not stable and easily transforms into elemental Hg and divalent Hg through dis-
proportionation reaction. Organic Hg includes methylmercury (MeHg),
dimethylmercury (DMeHg), ethylmercury (EtHg), phenylmercury (PhHg), etc.



2.1 Mercury Speciation in Water 11

-"[ Elemental Hg (Hg")

—--'-'{ [ Inorganic Hg (IHg)

)
)
__[ Organic Hg (OHg) ]
]
)

~[ Particulate Hg (PHg)

— Occunence
{ Dissolved Hg (DHg)

Dissolved MeHg (DMeHg)

_[ Dissolved gaseous Hg (DGM) ]

[ Reactive Hg (RHg) ]

Dissolved Hg (DHg) ]

Dissolved MeHg(DMeHg)

-

Particulate Hg (PHg)
Particulate MeHg (PMeHg)

.

-
. Total Hg (THg)
Total MeHg (TMeHg)

Fig. 2.1 Hg speciation in natural water

In water, the dissolved Hg” is defined as the Hg trapped by N, bubbling, named
as dissolved gaseous mercury (DGM). Hg®* is operationally defined as SnCl,
reduced Hg, named reactive mercury (RHg) (Lindqvist et al. 1991). MeHg is the
most concerned species in water, which is easily bioaccumulated in food chain. The
concentration of DMeHg, EtHg, and PhHg in water is much lower than MeHg, and
they are not measured so popular and only reported in a few references in deep sea
and wetland systems (Cai et al. 1996; Cossa et al. 1994; Wallschlager et al. 1995).

According to the operation definition of filtration, Hg in water was operationally
defined as total mercury (THg), soluble Hg (dissolved Hg, DHg), and particulate
Hg (PHg). Accordingly, MeHg in water is categorized into total methylmercury
(TMeHg), dissolved methylmercury (DMeHg), and particulate methylmercury
(PMeHg).
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2.1.2 Sample Collection Program in River and Reservoirs

1. Cleaning procedure of vessels and equipment

Due to the extremely low mercury concentration (ppt and sub-ppt level) in natural
water, quality control of every step including blank of sampling vessels, sampling
equipment, sample collection, storage, and determination is vital to get accurate
measurement of Hg. It is quite essential to do ultra-clean treatment during the
preparation of sampling bottle and sampling equipment.

For Hg measurement, collection of water samples should be bottled with
fluoropolymer or borosilicate glass. For water sample filtering, borosilicate glass
filter device was employed. Great caution is needed during the cleaning of
fluoropolymer bottle or glass bottle to avoid any kind of contamination.

All of the borosilicate glass sampling bottle or filtration device are subjected to a
strict ultra-clean treatment before sampling. The processes are as follows:

(1) Cleaning: cleaning the bottle with tap water with detergent.

(2) Acid soaking: soaking the bottle in 10% HNO; (V/V) at least 24 h.

(3) Rinsing: first rinsing the bottle or device from the acid with tap water, and then
rinsing with double-distilled water (DDW).

(4) Baking: Putting the bottle or device into muffle furnace, keeping the temper-
ature at 500 °C at least 1 h.

(5) Storage: Sealing the bottle or device with double-layer polyethylene bags.

If fluoropolymer bottle is used, the cleaning procedure should follow EPA
Method 1631E.

(1) Keep the bottle in hot 4 N HCI for more than 48 h.

(2) After cooling and rinsed with DDW, the bottle was filled with 1% HCI in an
oven at 60-70 °C overnight.

(3) After cooling and rinsed with DDW, the bottle was filled with 0.4% (V/V) HCI.

After cleaning, the bottle is tightly capped (with a wrench), double bagged in
new polyethylene zip bags and stored in wooden or plastic boxes.

2. Sampling method for atmospheric deposition

A bulk precipitation sampler was designed based on the version of the collector
used by European countries (Commission OaP 1997). It is demonstrated that there
is no significant difference (at the 10% level) between co-located bulk and wet
deposition samples for THg (Landing et al. 1998).

To reduce the Hg volatilization in the precipitation samples, the precipitation
sample should avoid the exposure to air and sunlight as less as possible. The
sampling train consisted of three borosilicate glass components (Fig. 2.2), a funnel
(~15 cm diameter), a connecting tube (~2 cm diameter), and a sampling bottle
(~1L volume). The connecting tube plays a role of capillary to prevent the
volatilization of Hg in the precipitation sample. The connecting tube and
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Fig. 2.2 Sampling equipment for wet deposition

the sampling bottle were placed inside a PVC column which was filled with sponge
to be shielded from sunlight.

The cleaning of the sampling train components follows the cleaning procedure
for borosilicate glass bottles. The sample collector was mounted on the roof of
houses approximately 1.5 m above the ground to avoid contamination from soil
particles by splashing during heavy rainfall.

3. Water sample sampling method

Water samples of river reservoirs system were collected using an acid-washed,
Teflon-coated, 10 L Niskin sampler (Model 1010X series, General Oceanics Inc.
U.S.A.). The Niskin bottle was positioned in the upstream direction relative to the
operator. All samples were collected following ultra-clean sample handling proto-
cols. Water samples were transferred from the sampler into pre-cleaned bottles.
Each bottle was rinsed three times with reservoir/river water before sample
collection.

Unfiltered samples were packed into double layer of zip bags for the analysis of
THg, RHg, TMeHg, and total suspended solid (TSS) in lab. Water samples was
filtered on site using a 0.45 um filter (Millipore) to get dissolved water samples for
analysis of DHg and DMeHg. All the water samples were acidified on site to 0.4%
(v/v) with ultra-pure concentrated hydrochloric acid (HCI). The sample bottles were
then capped, sealed with Parafilm, and stored in a refrigerator at 3—4 °C in the dark.
The analysis of concentrations of Hg species in water samples was conducted
within 28 d after sampling.
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2.1.3 Analysis Total Mercury in Water Samples

Basically, the analysis of THg and inorganic mercury in water samples followed
US EPA Method 1631 (US EPA 2001b). For RHg analysis, take an aliquot of
unfiltered water samples into bubbler with 50 mL. DDW, 0.1 mL. HNO; and
0.1 mL of 20% SnCl,. Then purge with 300 mL-min~' N, for 20 min to collect
RHg by gold trap. Finally, connect the gold trap with analysis system, RHg will be
analyzed by due amalgamation combined with CVAFS.

Analysis of DHg and THg in water followed a same method. In 100 mL of water
samples, add 0.5 mL BrCl at room temperature for 24 h. Just prior to analysis,
0.2 mL 20% NH,OHHCI were added into the sample bottle to remove the excess
amount of BrCl. The sample was further reduced with 0.1 mL 20% SnCl,, purged
with N, the formed elemental Hg vapor (Hg") was trapped by gold amalgamation,
and finally thermally desorbed and analyzed by dual amalgamation combined with
CVAFS les was following the same method with THg. PHg was calculated as the
difference between the concentration of THg and DHg in the sample.

2.1.4 Analysis of Methylmercury in Water Samples

The analysis of MeHg in water followed the distillation-NaBEt, ethylation-Tenax
trap-GC-CVAFS as EPA Method 1630 (US EPA 2001a). MeHg analysis in water
samples based on distillation of CH3;HgCl, which is formed by adding 0.4% HCI
into water samples during the sample collection. For distillation, 45 mL of water
sample and 200 pL of 1% APDC was placed into a fluoropolymer distillation vial.
For the distillate receiving vial, 5.0 mL of reagent water and 200 pL of acetate
buffer was added. The distillation vial was in an Al-heating block at 125 with
purging with 60 mL-min~' N,. The receiving vial was kept at about 4 °C in a
water-ice bath.

Distilled water samples were added into bubblers for ethylation by adding 50 puL.
1% NaBEt,. MeHg were collected onto Tenax trap by purging the solution with
300 mL-min~' N,. Then Tenax trap was heated to release MeHg into the carrier gas
and MeHg finally was analyzed by GC-CVAFS. Analysis of TMeHg and DMeHg
in water samples was following the same method. PMeHg was calculated as the
difference between the concentrations of TMeHg and DMeHg in the sample.
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2.2 Analysis of Mercury Species in Sediment Samples

2.2.1 Sample Collection

Sediment samples were collected by a gravity corer with a 6.3 cm diameter 64 cm
long plexiglass tube. The overlying water in the core tube was collected into
acid-cleaned borosilicate glass bottle by siphoning down to about 10-20 cm above
the sediment surface. Sediment cores were sectioned every 1 or 2 cm under N,
atmosphere in a glove bag. Sediment samples were placed in centrifuge tubes,
capped and sealed with parafilm.

In the lab, sediment samples were centrifuged at 3500 rpm for 25 min at 4 °C.
After being filtered through 0.45 um membrane filter (Millipore), pore water
samples were preserved with 0.4% (V/V) HCl in acid clean borosilicate glass tubes
and stored in a refrigerator at 3—4 °C in the dark until DMeHg and DHg analysis.
Field blanks were also prepared by adding Milli-Q water in sampling tubes.
Subsequently, the freeze-dried sediment samples were ground and homogenized to
a size of 150 meshes per inch with a mortar for solid-phase THg, MeHg, and
organic matter (OM) concentration analysis.

2.2.2 Total Mercury Analysis in Sediment Samples

THg measurement in sediments was performed by reduction with SnCl, following
oxidation by acid digestion (Li et al. 2005). Sediment samples were freeze-dried
and ground before analysis. The digestion procedure required approximately a
0.20 g dry weight sample. The sample was placed inside a 25 mL glass tube
covered with a glass ball, and 5 mL DDW and 5 mL aqua regia were added in turn,
digested at 95 °C for 5 min. After that, I mL BrCl solution was added continuously
to digest at 95 °C for 30 min. After cooling, the sample reacted for an additional
24 h and 0.2 mL NH,OHHCI solution (25 g of reagent grade NH,OHHCI is dis-
solved in 100 mL DDW) was added in the sample. Then, THg was determined by
CVAFS. The lowest limit of detection was 0.01 ng g~ ' for THg analysis, which
was calculated based on 3 times the standard deviation of blank measurements.
Quality control for the THg determinations was addressed with method blanks,
blank spikes, matrix spikes, certified reference materials, and blind duplicates.

2.2.3 Methylmercury Analysis in Sediment Samples

MeHg in sediment samples were analyzed following the method of He et al. (2004).
Approximately 0.3 g of sediment was placed into a 50 mL centrifuge tube. 1.5 mL
of 1 M CuSQy, 7.5 mL of 3 M HNO;, and 10 mL of CH,Cl, were added. The tube
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was closed and shaken for 30 min. 5 mL of the CH,Cl, layer was pipetted into
another 50 mL centrifuge tube after the tube was centrifuged at 3000 rpm for
30 min. About 40 mL of double-deionized water was added to the tube. The tube
was heated at 45 °C in a water bath until no visible solvent was left in the tube and
the remaining liquid was then purged with nitrogen for 8 min in a water bath at
80 °C to remove solvent residue. The sample was brought to 50 mL with
double-deionized water before an appropriate volume (generally 15 mL) of the
sample was transferred to a borosilicate bubbler for MeHg analysis following the
procedure described previously. Quality control for the MeHg determinations was
addressed with method blanks, blank spikes, matrix spikes, certified reference
materials, and blind duplicates.

2.3 Analysis of Mercury Species in Plankton and Fish

Hg transport and accumulation in aquatic ecosystems is mainly through the food
chain. Due to the biomagnification effect of Hg in the food chain, Hg levels are low
at the bottom of the food chain and in aquatic organisms of relatively small age. As
the trophic level increases, aquatic organisms absorb Hg into the body through
ingestion, mainly MeHg, and progressively with trophic levels. In order to study the
enrichment characteristics of Hg in foodstuffs in the reservoirs of different evolution
stages, the dominant aquatic species of different trophic levels were collected from
upper to lower reaches of the Wujiang River for Hg and MeHg analysis.

2.3.1 Sample Collection

1. Plankton

Phytoplankton is an ecological concept that refers to the life of small plants floating
in the water, usually refers to the phytoplankton, mainly including Cyanophyta,
Bacillariophyta, Chrysophyta, Xanthophyta, Pyrrophyta, Cryptophyta, Euglenophyta,
and Chlorophyta. Phytoplankton is in the first trophic level in the aquatic food chain.

The phytoplankton was collected by plankton net with different pore size, and
finally classified according to their size. Phytoplankton was fixed with formalin
3-5% in the field and identified and enumerated (random fields) under the micro-
scope using the settling technique in the laboratory. In addition, the cells colonies
and filaments were enumerated to at least 300 specimens of the combined specie
(Li et al. 2014).

According to size difference, zooplankton can be divided into macrozooplank-
ton, mesozooplankton, and microzooplankton. Zooplankton has a wide range of
feeding behavior: filter feeding, predation, and symbiosis with autotrophic
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phytoplankton as seen in corals. Zooplankton feed on bacterioplankton, phyto-
plankton, other zooplankton, detritus and even nektonic organisms.

Zooplankton samples were collected using a conical net of 64 pm mesh. The
organisms were rinsed with filtered (0.45 pm porosity) reservoir water to remove
adhered particulate matter and filtered through Nitex sieves of 610, 216, 108, and
38 um mesh size to obtain four size fractions: 38-108, 108-216, 216-610,
and >610 um. Samples collected for zooplankton identification as well as for Hg
and MeHg determination were separated into four fractions as described above.
Samples for zooplankton identification were stored in vials and fixed in 4% for-
malin solution, while samples for THg and MeHg analyses were kept frozen until
lyophilization, then again stored frozen for analysis (Wang et al. 2011).

They were taken back to the laboratory for freeze-drying and used to determine
THg, MeHg, carbon (C) and nitrogen (N) isotopic composition. Samples of C and
N isotopes were freeze-dried and ground through a 60 mesh nylon sieve. The
samples were wrapped in aluminum foil and packed in a centrifuge tube and sealed
in a dry dish.

2. Fish

The fish was collected from the fisherman in each reservoir. The number of fish
species and the number of specimens sampled for each species were limited by
availability of fish during the sampling campaign. All fish were visually inspected
for fin and body deformations to avoid farmed fish in the samples. The collected
fish were stored alive in barrels with water and air purge, or dead on ice in freeze
boxes until sampling in the lab. The fish collected may not represent all species in
the reservoirs, but the most abundant ones should be included.

The weight and length of the fish were measured before a sample of the dorsal
muscle was removed and stored frozen for Hg analysis. The length and weight of
the fish were recorded before collecting the fish muscle. About 20 g of muscle in
the dorsal muscle of the fish was collected and wrapped in a tin foil and stored in a
zip bag at —18 °C. Fish scales are used to identify their age, fish without scales, or
partial scales, and their otoliths are age-matched.

2.3.2 Total Mercury Analysis in Plankton and Fish Samples

All samples were analyzed for THg following the method of acid digestion, SnCl,
reduction, gold trap collection, and CVAFS. About 0.5-1.0 g of fresh muscle tissue
was added into a 25 mL glass tube covered with a glass ball, and 10 mL of HNOj5:
H,SO, (8:2, V/V) were added in turn, digested at 95 °C for 3 h. After the samples
cooled down, add appropriate volume of DDW to 25 mL. Then 0.5 mL BrCl were
added for 24 h. Before analysis, 0.2 mL 25% NH,OH-HCI were added to remove
excess of BrCl. An aliquot of the digestate were taken for Hg analysis by SnCl,,
gold trap collection, and CVAFS following EPA Method 1631 (US EPA 2001b).
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Quality control consisted of duplicates, method blanks, and standard reference
material. Blank spikes and duplicates were taken regularly (>10% of samples)
throughout each sampling process. The analysis of THg in plankton is following the
similar method with fish THg analysis, but 0.10-0.20 g of dry samples was taken.

2.3.3 Methylmercury Analysis in Plankton and Fish
Samples

About 0.5-1.0 g of fresh fish samples and 5 mL of 20% KOH were added into
25 mL fluoropolymer vials. Then the fluoropolymer bottles were kept at 75 °C in a
water bath for 3 h. An aliquot of fish sample digestate were taken for MeHg
analysis by aqueous ethylation, Tenax trap, GC-CVAFS following US EPA
(2001a) and Yan et al. (2005b). Analysis of MeHg in plankton is similar with fish
samples, but only about 5-10 mg of dry sample was taken for digestion. Quality
control consisted of duplicates, method blanks, and standard reference material.
Blank spikes and duplicates were taken regularly (>10% of samples) throughout
each sampling process.
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Chapter 3

Wet Deposition Flux of Total Mercury
and Methylmercury in Wujiang River
Basin

Abstract Wet deposition is an important pathway for the removal of mercury
(Hg) from the atmosphere and the loading of Hg to the terrestrial and aquatic
ecosystem systems. In this chapter, we (1) measured total mercury (THg) and
methylmercury (MeHg) in bulk precipitation at five rural sites in Wujiang River
Basin; (2) studied the monthly and annual deposition fluxes of THg and MeHg at
the sampling sites in Wujiang River Basin and the underlying factors, and (3) es-
timated the input of THg and MeHg to the studied reservoirs in Wujiang River
Basin via wet deposition.

Keywords Total mercury - Methylmercury - Wet deposition flux

3.1 Sampling Location and Sample Collection

3.1.1 Sampling Location

Wujiang River is the largest tributary in the upstream of the Yangtze River basin,
mainly flowing in a Karst environment in Guizhou Province, southwestern China.
Wujiang River Basin belongs to a subtropical monsoon humid climate, and the
mean annual air temperature is 14.6 °C. In the studied area, rain is the dominant
pathway of wet deposition, and snow is rare throughout the calendar year. The
multi-year average annual rainfall is approximately 1100 mm. Precipitation sam-
ples were collected at five sites in the studied area: Puding Reservoir (PD, 26°22'N,
105°48'E), Yinzidu Reservoir (YZD, 26°34'N, 106°07'E), Hongjiadu Reservoir
(HID, 26°53'N, 105°51'E), Dongfeng Reservoir (DF, 26°51'N, 106°08'E), and
Wujiangdu Reservoir (WJD, 27°19'N, 106°46'E) (Fig. 3.1). In general, the sur-
rounding areas of the sampling sites were rural and there were no nearby sources at
the sampling sites. However, there were several settlements within 5 km of the DF
and WJID which might be related to anthropogenic Hg emissions because of coal
burning in house heating activities.

© Science Press and Springer Nature Singapore Pte Ltd. 2018 21
X. Feng et al., Biogeochemical Cycle of Mercury in Reservoir Systems in Wujiang
River Basin, Southwest China, https://doi.org/10.1007/978-981-10-6719-8_3
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Fig. 3.1 Sampling locations (WJD, DF, YZD, HID, and PD) of precipitation in Wujiang River
(redrawn from Guo et al. (2008), with permission from Elsevier Ltd.)

3.1.2 Collection, Processing, and Analysis of Mercury
in Precipitation

From January to December in 2006, precipitation samples were collected monthly
at the sampling sites using a bulk precipitation collector constructed following the
designation of the collector developed by European countries (Oslo 1998). This
sampling train consists of three parts: (1) a funnel-type beaker (inner diameter of
15 cm), (2) a connecting tube, acting as capillary tube, furthermore, it can prevent
the deposition of Hg into the precipitation sample as well as the evaporation of Hg
from sample, and (3) a sampling bottle (volume: 1 L) (more detail see Sect. 2.1).
These three components were made of borosilicate glass and pre-cleaned rigorously
before filed sampling in the laboratory to prevent possible contamination. The
connecting tube and the sampling bottle were placed inside a PVC column which
was filled with sponge to be shielded from sunlight. The sample collector was fixed
on an iron shelf and elevated by 1.5 m above the ground surface.

Cleaning procedures were utilized using trace metal clean protocols. All funnels,
tubes, and bottles were cleaned rigorously by soaking in 10% HNOj solution for
24 h, rinsing with ultrapure deionized water (18 MQ cm) and baking for one hour
in a muffle furnace at 500 °C. Then the sampling components were double-bagged,
stored in a plastic box before filed sampling. Just prior to sampling of precipitation,
5 mL of trace metal grade HCI (12 N) was added into the sampling bottle to
minimize the adsorption of Hg in precipitation to the wall of borosilicate glass and
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evaporation of Hg from precipitation. The precipitation collector was replaced
monthly using a new pre-cleaned collector to avoid possible cross contaminations.
At the end of each month during the sampling period, precipitation collected were
transferred carefully to two pre-cleaned borosilicate glass bottles (volume:
100 mL), individually sealed into three successive polyethylene bags and kept in a
refrigerator at 4 °C until Hg analysis.

THg and MeHg concentrations in precipitation were determined following the
U.S. EPA Method 1631 (USEPA 2002) and Method 1630 (USEPA 1998),
respectively. Briefly, Hg in precipitation was purged from solution in a Hg-free
nitrogen stream and concentrated onto a gold-coated sand trap after oxidation by
BrCl followed by addition NH,OH"HCI to discharge the excess BrCl and reduction
of divalent Hg by SnCl, to Hg". The trapped Hg is then thermally desorbed from
the gold trap into an inert gas stream and quantified using a dual amalgamation
technique followed by cold vapor atomic fluorescence spectrometry (CVAFS)
(USEPA 2002). MeHg concentration in precipitation was analyzed via distillation,
aqueous ethylation, purge and trap, and detected by CVAFS (USEPA 1998).
A 45-mL sample aliquot was added into a Teflon® distillation vessel, and then
placed in an aluminum heating pan and distilled at 125 °C for 34 h. The distillated
samples then underwent aqueous phase ethylation with the addition of 0.2 mL 2 M
sodium acetate and 0.1 mL 1% sodium tetraethylborate in sequence, and followed
by purging with N, onto an Tenax® trap. The MeHg was then desorbed with heat
onto an isothermal GC column for peak separation and analyzed by CVAFS
(Tekran model 2500).

A previous study suggested that there were no statistical differences in precip-
itation Hg concentrations between the wet-only and the bulk precipitation samples
(Landis and Keeler 1997). However, given the highly elevated atmospheric par-
ticulate bound mercury (PBM) concentrations in most areas of China (Fu et al.
2015), using bulk precipitation collectors in the present study would probably
overestimate the concentrations and deposition fluxes of Hg in the studied areas
because of the incorporation of dry deposition of atmospheric Hg (especially the
dry deposition of atmospheric PBM).

Quality control for the analysis of THg and MeHg concentrations was conducted
using method blank, blank spikes, matrix spikes, and duplicates. The method
detection limits (MDL), based on three times the standard deviation of duplicated
measurements of the blanks, were 0.02 ng L™ for THg and 0.01 ng L™ for MeHg.
The method blanks were found to be lower than the detection limits in all cases. The
average relative standard deviation on precision test for the duplicate analysis of
THg and MeHg was 4.5 and 5.4%, respectively. Spike recoveries for THg and
MeHg were 93—110% and 88—108%, respectively.
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3.1.3 Estimation of Wet Deposition Fluxes of Total Mercury
and Methylmercury

Volume-weighted mean (VWM) Hg concentration at each sampling site was cal-
culated using Eq. (3.1):

S " Hg; x PD;

VWM =
SUPD;

(3.1)

where VWM is the volume-weighted mean of precipitation Hg concentrations in
ng L™', Hg;, and PD; are the Hg concentration (ng L™") and precipitation depth
(mm) of a monthly precipitation i, respectively.

The precipitation depth calculated using collected sample volumes was not
significantly different from that observed at nearby meteorological stations.
Therefore, annual wet deposition fluxes of THg and MeHg were calculated using
the VWM THg and MeHg concentrations and the corresponding annual precipi-
tation depth.

3.2 Concentrations of Total Mercury and Methylmercury
in Precipitation

Concentrations of THg in precipitation collected at the five sampling sites in
Waujiang River ranged from 7.5 to 149.1 ng L™, with an overall VWM concen-
tration of 36.7 ng L™ (Fig. 3.2). During the whole year, the highest monthly mean
THg concentration of the five sampling sites, 117.0 ng L', was observed in
January, which was approximately 10 times higher than the lowest monthly mean
THg concentration in September (Fig. 3.2). To examine the seasonal variations in
THg, we compared the precipitation THg concentrations at the five sampling sites
in spring (March, April, May), summer (June, July, August), fall (September,
October, November), and winter (December, January, February). The seasonal
variation of THg in precipitation samples was significant (p < 0.05). Average THg
concentrations in spring and winter samples (62.8 and 85.5 ng L™, respectively)
were 2.3-4.0 times higher than those sampled in summer and fall (21.2 and
27.1 ng L', respectively). This finding was in contrast to the observations in North
America which showed increased THg concentration during summer months
(Landis et al. 2002). In Wujiang River Basin, most of the Hg in precipitation was
found to be associated with particulate matters, which accounted for 67.6-96.1% of
the total Hg in precipitation, indicating that particulate bound Hg was the dominant
form of Hg in precipitation. Increasing THg concentrations in precipitation during
winter could be attributed to increasing emissions of Hg to the atmosphere from
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with permission from Elsevier Ltd.)

coal combustion in domestic house heating activities (Feng et al. 2004; Fu et al.
2008, 2011), which could be incorporated into precipitation in cloud (i.e., rainout)
and below cloud (i.e., washout). Additionally, there is generally a lack of precip-
itation events during winter, which would probably result in an accumulation of
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atmospheric Hg in ambient air due to the lack of washout processes and drive an
increase of Hg in precipitation.

MeHg concentrations in precipitation samples at the five sites were in the range
of 0.08-0.82 ng L™ (VWM =0.19 ng L™") (Fig. 3.2), representing 0.2-2.3%
(mean = 0.7%) of the THg in precipitation. The ratio of MeHg to THg is compa-
rable to those reported by previous studies. For example, Lamborg et al. (1995) and
Mason et al. (2000) observed the MeHg/THg ratios in precipitation were 0.5-1.3%
in northern Wisconsin and Chesapeake Bay. Studies in Europe observed the frac-
tion of MeHg in THg in precipitation were in the range of 0.5-3.0% in Sweden
(Munthe et al. 1995), and 0.25-1.48% in the Lake Balaton, Hungary (Nguyen et al.
2005). Similar to THg concentrations, the highest mean MeHg concentrations at the
five sites were also observed in January (mean = 0.56 ng L"), which was signif-
icantly higher than the mean MeHg concentrations in the remaining months
(p <0.01).

There is a clear spatial distribution patterns in THg and MeHg in precipitation in
Waujiang River. The highest VWM THg concentration (57.1 ng L™") was observed
in WID, followed by HID (39.4 ng L"), DF (374 ng L™"), YZD (35.7 ng L")
and PD (20.6 ng L™"). The highest VWM MeHg was also observed in WID
(024 ng L"), followed by DF (020ngL™"), PD (0.18 ngL™"), HID
(0.18 ng LY, and YZD (0.18 ng LY. The WID site situated closely to several
settlements which might be related to anthropogenic Hg emissions, which could be
partly responsible for the elevated THg and MeHg concentrations at WID.

3.3 Wet Deposition Fluxes of Total Mercury
and Methylmercury

The monthly wet deposition fluxes of THg and MeHg as well as rain depth at the
five sites in Wujiang River were shown in Fig. 3.3. Monthly wet deposition fluxes
of THg and MeHg at each site varied with the rain depth. The THg and MeHg
deposition fluxes were relatively higher in rainy season (from May to October) than
in dry season (from November to April). The average monthly deposition fluxes
during wet season were 3.6 ug m 2 mon ! for THg and 23.3 ng m 2 mon ' for
MeHg, which were 1.64 and 3.1 times higher than that (THg flux: 2.2 pg m 2
mon™ ', MeHg flux: 7.5 ng m™2 mon ') during dry season, respectively. During wet
season (from May to October), the averaged total wet deposition fluxes for THg and
MeHg at the five sites were 21.5 ug m 2 and 0.14 ng m™ 2, respectively, which
accounted for 63% and 75% of the annual THg and MeHg wet depositions,
respectively. Higher wet deposition fluxes during wet season could be explained by
the intensive precipitation events. It is observed that the accumulative rain depth
during wet season was 780 mm, contributing approximately 80% of the annual total
rain depth in the study area. Correlation analysis was performed to evaluate the
importance of rain depth and Hg concentration to wet deposition flux. The analysis
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Fig. 3.3 Monthly variations of THg and MeHg fluxes as well as rain depth at the five sampling
sites in Wujiang River (reprinted from Guo et al. (2008), with permission from Elsevier Ltd.)

revealed that the monthly rain depth was strongly correlated with monthly wet
deposition fluxes of THg (+* = 0.39, p < 0.01, n = 60) and MeHg (+* = 0.83,
p < 0.01, n = 60), while no significant correlations were observed between THg
and MeHg concentrations and THg and MeHg wet deposition fluxes, respectively
(p > 0.05, n = 60). Thus, about 40 and 80% of the seasonal variance of THg and
MeHg wet depositions were caused by precipitation depth, respectively. The
remaining variance should be due to local and regional sources of PHg and RGM
and also meteorological conditions. We also note that MeHg deposition fluxes
correlated stronger with the rain depth than THg, suggesting that MeHg in wet
deposition tend to be less affected by local sources (an major source of atmospheric
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Hg in the planetary boundary layer that could be incorporated into wet deposition
via washout processes below cloud) than THg.

The annual wet deposition fluxes of THg and MeHg at the five sites were
summarized in Table 3.1. The wet deposition fluxes in Wujiang River ranged from
24.81t039.6 ng m 2 year ' (mean = 34.7 + 5.8 ng m 2 year ') for THg and from
0.16 to 0.22 pg m ™2 year ' (mean = 0.18 + 0.03 pg m > year ') for MeHg.

3.4 Comparison with Observations in China and in Other
Regions Worldwide

A comparison of precipitation THg and MeHg concentrations and wet deposition
fluxes between the Wujiang River and other areas worldwide is given in Table 3.2.
THg and MeHg concentrations in precipitation of this study were much higher than
those reported in the remaining rural areas of China, North America, and Europe,
and well in the range of precipitation THg and MeHg concentrations in urban areas
of China. The mean annual wet deposition flux of THg (34.7 pg m ™2 year ') in
Waujiang was higher than that (9.3 pg m 2 year ') at the MDN sites (Prestbo and
Gay 2009). This is mainly because the VWM THg concentration in precipitation
(36.7 ng L™") in Wujiang was much higher than that (9.5 ng L™") at the MDN sites
even though the mean annual rain depth (963 mm) in Wujiang was similar to that
(1014 mm) at the MDN sites (Prestbo and Gay 2009). The highly elevated pre-
cipitation THg concentrations in Wujiang River Basin resulted in a considerably
greater wet deposition flux that was almost four times higher than the value in
MDN sites. The elevated THg concentrations in precipitation in Wujiang River
were partly due to the incorporation of dry deposition during sampling.
Additionally, it should be noted the great local and regional anthropogenic Hg
emissions also played an important role. Here, we proposed three possible sources.
(1) Coal combustion in industrial activities: the average mercury content in coal
from Guizhou (0.53 ppm) is substantially higher than the average value in China
(0.19 ppm) and also in U.S. (0.17 ppm) (Feng et al. 2002). The highly elevated Hg

Table. ?‘1 Annual wet Site Wet deposition flux Rain depth
deposition of THg and MeHg (ng m™2 year ) (mm)
apd a.nnual rain depths :’«lt five THe MeHg
sites in Wujiang River in
2006 PD 24.8 0.22 1203
YZD 38.1 0.19 1068
HID 34.7 0.17 881
DF 36.3 0.19 970
WID 39.6 0.17 693
Mean + 1SD | 34.7 £ 58 [0.18 £ 0.03 963 £+ 193

Reprinted from Guo et al. (2008), with permission from Elsevier
Ltd
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concentrations in raw coal and a great demand of coal consumption in industrial
activities in Guizhou province resulted in significant Hg emissions to the atmo-
sphere. It is reported that the annual total Hg emissions from industrial coal
combustion was 4.54 tons (Zhang et al. 2015). The great emissions resulted in
highly elevated atmospheric PBM and GOM concentrations in urban areas (Fu et al.
2011), which are important sources of precipitation Hg and contributed inevitably
to the elevated wet deposition fluxes in Wujiang River. (2) Residential coal com-
bustion induced Hg emissions: coal is a major energy source in rural area in
Guizhou, and 16% of the total coal consumption in Guizhou province came from
domestic coal combustion for cooking and house heating activities (Feng et al.
2004). The residential use of coal for house cooking and heating, which is lacking
emission control devices, is expected to release a large amount of mercury to the
atmosphere and consequently result in an increase of mercury concentrations in
ambient air, especially in cold season (Feng et al. 2004; Fu et al. 2011). The Hg
emissions from residential coal combustion are widely distributed in rural areas of
China and could probably cause elevate wet depositions of Hg. (3) Hg emissions
from artisanal Hg and Zn production: Hg emission from artisanal Hg production is
an important sources of atmospheric Hg in Guizhou province. It releases approx-
imately 1.97 ton annually and accounts for 14.8% of the total anthropogenic Hg
emissions in Guizhou province.

3.5 Estimates of Wet Deposition of Mercury
in Wujiang River

Inputs of atmospheric Hg to the water body of Wujiang River via wet deposition
were calculated by multiplying the measured wet deposition flux at a single
reservoir by the corresponding area of the reservoir. In this study, measurements of
wet deposition were not conducted at the SFY reservoir, and the mean of wet
deposition fluxes at the WJD and DF reservoir, which were located closely to the
downstream and upstream of the SFY reservoir, was adopted to calculated the wet
deposition of Hg to the SFY reservoir.

Wet deposition of THg and MeHg to the reservoirs in Wujiang River was shown
in Table 3.3. The annual wet deposition to the five reservoirs ranged from 217 to
2790 g for THg and from 1.0 to 13.7 g for MeHg, which varied with both the wet
deposition fluxes and reservoir areas. The total wet deposition of THg and MeHg in
Woujiang River was 6.64 kg and 33.5 g per year, respectively. We caution that, due
to the incorporation of dry deposition in wet deposition, our estimates would
probably overestimate the wet deposition of Hg to the reservoirs. Unfortunately, we
are not able to accurately quantify the contributions of dry deposition to the esti-
mates of wet depositions.



3 Wet Deposition Flux of Total Mercury and Methylmercury ...

30

uonisodop A[uo-1om 01 paje[al aIe saIMeIdN 3yl [ym ‘uonisodsp ynq :Aemyred uonisoda(y,

(dINE) 89 ueqi) ‘Temy - sdomnyg ‘dHINA
(600 eoLRWY
Aen pue oqisaid) €6 $6 ueqI) ‘Temy S007-9661 YION ‘NAN
(9107 e @ EN) | 9TO0| ¥'ST| +T0| 601 €Ip1 eIy | €107 ATeniqa—g10g ATeniqed | euly) ‘UBrumIS I
(STOT e Bueny) | 110| 6°¢ 10| 0¥ SL6 ey T10T 129010—010T ABIN BUIYD) ‘UONEIS 1O
(T10T 'Te 30 Sueny)) | 10°0| 81 00| 8Y SLE ey 110T AInf—600¢ Amnf euIy) ‘0D WeN
¥10T
07 L'L 99z ey 1quIEdR—¢ 10T Joqueda( | euly) nnquikeq
07 69 062 L ¥10T 3sn3ny—C 107 KB | BuIyD ‘uensIep I
TL Le 1€61 ey ¥10T ABIN-T110T ABIN euly) ‘oe[ry IN
900| 19 00| OF 1391 [eamy 600C ABIN—-800C ABIN | ®BUIYD ‘SUOSIOT IA
09 Le 1291 ey ¥10T Isn8ny—¢10g IS8y | BUIy) ‘oW 1N
(910T ‘010T "Te 32 nJ) 96 YL LSL ey ¥10T Isn3ny—[10g ISn8ny | eury) ‘reqsuey) IN
P10z B NX) | 900| OFI| SO0 €Tl 8¢T1 ueqin £10T AeIN—C 10T 2ung BUIyD ‘UduerX
(t10T T8 10 NYZ) $'9¢ 6'CS 8901 ueqin T10T Areniqag—110g ung eury) ‘SurlueN
(T10T e Suep) | 620 L'8C| TI€0| LOE $¢6 ueqIn) 110T dunf—010g Anf | eury) ‘Sutb3uoy)
(€10T Te 10 Suenyy) T8 8T 853 ueqin 010 ruIy) ‘esey’]
(910T "Te 10 ) 9Tl 611 LSOT ueqin | €10 ISNSny—¢10g Jequiaidag eury) ‘Suedmo
Ritie]
Apms syl | 81°0| Lve| 610| L9¢ €96 ey 9002 JOATY Suerlp
QouaIRjOY SHON SHL SHON SHL
;1 3u)
uonisodop | uonNENUAIUOD ()
(,_teof _ w 3 M NMA junowe uoneNdioald | UOHEDIYISSE]D sy, g

saImelal| pue Apnjs siy) ur soxny uonisodap jom pue suonenuaduod SH uonendoard jo uosuedwo) g°¢ dqe],



References 31

Table 3.3 Estimates of wet deposition input of THg and MeHg to the reservoirs in Wujiang River

Site Wet deposition Reservoir areas (x 10° m?) Wet Hg deposition

flux (&

(ug m> year ")

THg MeHg THg MeHg
PD 24.8 0.22 19.2 476 4.2
YZD 38.1 0.19 15.0 572 29
HID 34.7 0.17 80.5 2790 13.7
DF 36.3 0.19 19.1 693 3.6
SFY 38.0 0.18 57 217 1.0
WID 39.6 0.17 47.8 1890 8.1
Total 6640 335
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Chapter 4
Water/Air Mercury Flux in Reservoirs

Abstract Dynamics of mercury (Hg) in aquatic ecosystem is of particular concern
because Hg delivered to watersheds can be converted to methylmercury (MeHg), a
highly toxic, persistent, and bioaccumulative species that poses a serious threat to
human health and wildlife by consuming fish. Emission of Hg from water is an
important source of global atmospheric Hg budget and would also reduce the Hg
burden in the water bodies which in turn decreases the MeHg production and
bioaccumulation in aquatic ecosystem. Therefore, exchange of Hg between water
and atmosphere plays a crucial role in cycling of Hg in aquatic ecosystem and the
atmosphere. In this chapter, we (1) measured water/air exchange flux at eight
reservoirs in Wujiang River Basin; (2) studied the diurnal and seasonal variations in
water/air Hg flux and related factors; and (3) developed water/air Hg fluxes
empirical models and estimated Hg emissions from Wujiang River.

Keywords Water/air Hg flux - Total gaseous mercury (TGM) - Factor - Emission

4.1 Sampling Sites and Sampling Techniques

4.1.1 Studied Reservoirs and Sampling Sites

The field experiments were carried out at eight reservoirs in the Wujiang River,
which is one of the largest branches of the upper Yangtze River (Fig. 4.1). Some
relevant information of the studied reservoirs are shown in Table 4.1. The eight
reservoirs are all situated on the Yunnan-Guizhou Plateau with the altitude of 700-
1300 m above sea level. The study area belongs to a subtropical moist and warm
climate region, with distinct rainy (April to October) and dry (November to March)
seasons. The annual average air temperatures for the eight reservoirs are in the
range of 12-16 °C (Table 4.1).

Most of the studied reservoirs were surrounding by natural preserved forests. For
the eight reservoirs, two reservoirs, named HF and BH, were frequently impacted
by discharges of Hg enriched wastewaters from surrounding urbanized and

© Science Press and Springer Nature Singapore Pte Ltd. 2018 33
X. Feng et al., Biogeochemical Cycle of Mercury in Reservoir Systems in Wujiang
River Basin, Southwest China, https://doi.org/10.1007/978-981-10-6719-8_4



34 4 Water/Air Mercury Flux in Reservoirs

) o

Wuyjiang River }

) HJD reservoir SFY reservoir

HID-2 SFY-1
Y-2

HJID-3 @ HID-1 DF-1, y

1 DF-3 ¢/ {
\ P i 2
N e Ly

L resepvoir )

I\I BH reservoir{ g1
5 H-2

G
JBH-3
P4 Y2 -~ @® Guiyang
--../"} YZD reservoir @ YZD-2 I
% _ASVID3 F-2 peeT
™
-
™ o HF reservoir
:‘/\-\- VPDy2 g~ e

.PD 1 '"Tf Reservoir

010 20 o
PD reservoir HHF—"km @ City

e Sampling site

Fig. 4.1 The study area and sampling sites of water/air mercury flux in Wujiang River

industrialized regions as well as wet and dry deposition of atmospheric Hg emitted
by industrial sources in Guiyang City, southwestern China. The six remaining
reservoirs are isolated from industrial sources and populated regions. As shown in
Table 4.1, the total Hg (THg) concentrations in water in HF and BH reservoirs were
in the range of 6.9-22.8 ng L', which are 3.0-10.8 times higher than that in the
six remaining reservoirs (mean THg: 2.1-2.3 ng L ™).

At each reservoir, two to three sampling sites were selected to study the spatial
patterns of water/air exchange flux of Hg, which were located close to the dam, at
the middle, and at the upper reach of the reservoirs, respectively (Fig. 4.1). At each
of the sampling site in reservoirs, measurements of water/air exchange flux of Hg
were conducted in both warm season (July to October) and cold season (November,
December, and January). All the sampling sites were shown in Fig. 4.1.

4.1.2 Measurements of Water/Air Exchange Flux
of Mercury

Exchange flux of Hg between water and atmosphere was measured by using a
dynamic flux chamber method (Fig. 4.2) (Carpi and Lindberg 1998; Poissant and
Casimir 1998; Xiao et al. 1991). A semicylinder, open-bottom quartz glass chamber
(@20 x 60 cm, V = 0.009 m*) was placed on a bottom-open floating boat at the
water/air interface. The quartz glass chamber is characterized by low blanks and
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Fig. 4.2 Setup of the dynamic flux chamber for measuring mercury flux over water surface

high transparency, and could be precleaned easily and used repeatedly. The
chamber is completely exposed to the ambient conditions and the inlet holes of the
chamber were exposed to ambient wind. In order to prevent the wind and water
movement factors causing rapid pressure fluctuations inside the chamber, three inlet
holes with 8§ mm diameter are applied to the chamber.

Water/air Hg flux was obtained via measuring the difference in atmospheric Hg
concentrations inside and outside the flux chamber and exchange flux of air mass in
the chamber. Water/air exchange flux of Hg was calculated using Eq. (4.1):

F=(C,— C) x Q/A, (4.1)

where F is Hg flux in ngm 2 h™'; C, and C; are total gaseous mercury
(TGM) concentrations of the outlet and inlet air stream (ng m "), respectively; A is
the enclosed water area (0.12 m?); and Q is the flushing flow rate through the
chamber (8-15 L min ).

TGM concentrations of the inlet and outlet air were measured using an auto-
mated Hg vapor analyzer (Tekran 2537A/B). This analyzer has been used exten-
sively for atmospheric TGM measurements worldwide (Ebinghaus et al. 1999; Fu
et al. 2012; Munthe et al. 2001). It combines the pre-concentration of TGM onto
gold traps, thermal desorption, and cold vapor atomic fluorescence spectrometry
detection of GEM. The analyzer has two gold cartridges working in parallel. While
one cartridge is collecting TGM, the other one is performing analysis of the col-
lected TGM. The function of the cartridges is then reversed, allowing continuous
sampling of ambient air. Air particulate matters were removed by using two 45-mm
diameter Teflon filters (pore size 0.2 um), which were installed at the inlets of the
sampling Teflon tube and analyzer, respectively. The analyzer was programmed to
measure atmospheric TGM at the time resolution of 5 min with a volumetric
sampling flow rate of ~1.0 L min~'. The data quality of the analyzer was con-
trolled by periodic (every 25 h) automatic permeation source injections. Alternate
measurements of air TGM concentrations from the inlet to the outlet of the chamber
every 10 min were achieved by using a magnetic three-way valve (Tekran 1110).
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It was suggested that flushing flow rate and associated chamber turnover time
(TOT) have a crucial influence on Hg flux from soil (Eckley et al. 2010). To the
best of our knowledge, studies on the role of flushing flow rate in Hg flux from
waters are very limited. The study on soil/air exchange flux of Hg by Eckley et al.
(2010) suggested that a TOT of 0.84 min could be adopted for substrates with low
Hg concentrations. The chamber TOTs in the present study were in the range of
0.7-1.2 min, which are consistent with that proposed for low Hg substrates by
Eckley et al. (2010). Blanks of the chamber were measured with an ultra-clean
quartz glass plate and in the range of —0.1 to 0.3 ng m > h™' (mean = 0.1 £ 0.2
ng m 2 h™Y). The detection limit (based on three times the standard deviation of
blanks) of the DFC system was estimated to be 0.5 ng m 2 h™'. The blanks were
small and we did not make blank correction for measured fluxes.

4.1.3 Meteorological and Water Quality Parameters

Meteorological parameters were continuously monitored at the sampling sites using
a portable weather station (Puhui, Wuhan, China). Air temperature (accu-
racy & 0.1 °C), air relative humidity (accuracy + 1%), solar radiation (accu-
racy &+ 5%), wind speed (accuracy + 0.3 ms '), and wind direction
(accuracy £+ 1%) were measured at 2 m height above the water surface on the
reservoir bank. Water temperature was measured near the sampling site using a
temperature probe (Puhui, Wuhan, China, accuracy + 0.1 °C). 100 mL unfiltered
water samples were collected from surface layer of reservoirs and preserved in
precleaned Teflon bottles with addition of trace metal grade HCI (to 5%o of total
sample volume). Teflon bottles with samples were individually sealed into three
successive polyethylene bags and rapidly brought to the laboratory and stored in a
refrigerator until analysis. THg concentrations in surface waters were determined in
the laboratory using the standard method of BrCl oxidation followed by SnCl,
reduction, purge and trap, and dual amalgamation combined with CVAFS detection
(USEPA 2002).

4.2 Atmospheric Total Gaseous Mercury Concentrations
Over Water of Reservoirs

Averaged atmospheric TGM concentrations over waters of reservoirs in Wujiang
River are shown in Table 4.2 and Fig. 4.3. The averaged atmospheric TGM con-
centrations in Wujiang River ranged from 2.71 to 15.1 ng m >, with an overall
mean of 5.81 &£ 3.25. This value is relatively lower than the annual mean TGM
concentration (8.40 + 4.87 ng m ) in Guiyang city, which is one the largest city
in southwestern China and impacted by strong local anthropogenic emission
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Fig. 4.3 Atmospheric TGM concentrations over waters in a warm season (April to October) and
b cold season (November to March) in Wujiang River

sources (Feng et al. 2004a; Fu et al. 2011). On the other hand, atmospheric TGM
concentrations in Wujiang River were significantly elevated compared to the values
(1.32-1.93 ng m>) observed in remote areas North America and Europe
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(Kellerhals et al. 2003; Lan et al. 2012; Munthe et al. 2003; Sprovieri et al. 2010).
Guizhou is one of the largest anthropogenic sources of atmospheric Hg in China.
Due to the great Hg emissions from coal combustion in coal-fired power plants,
industrial and residential activates as well as non-ferrous metal smelting, artisanal
mercury production, cement production, the total anthropogenic Hg emission in
Guizhou in 2003 reached 55.5 tons, which was the largest anthropogenic source
region over China (Wu et al. 2006). Additionally, natural emissions of Hg from soil
and water bodies were also found to be higher in Guizhou province, due to the fact
that the study area is located in the Circum-Pacific Global Mercuriferous Belt (Feng
et al. 2005; Wang et al. 2007a, b, 2005). Hence, elevated atmospheric TGM con-
centrations in Wujiang River would be probably a result of significant anthro-
pogenic and natural emission in Guizhou province.

A clear spatial variation in atmospheric TGM concentrations was observed in
Woujiang River (Fig. 4.3). Averaged TGM concentrations in cold and warm season
showed the highest (8.60 & 3.52 ng m™°) in SFY reservoir, followed by the WID
reservoir (8.00 & 2.74 ng m>), HF reservoir (7.83 + 1.58 ng m3), YZD reser-
voir (6.92 + 4.19 ng m>), BH reservoir (6.90 + 2.38 ng m >), HID reservoir
(5.65 £+ 2.09 ng m>), DF reservoir (4.49 + 1.49 ng m>), and PD reservoir
(3.81 + 0.65 ng m ). No significant correlation was observed between atmo-
spheric TGM concentrations and water/air Hg fluxes in Wujiang river (* = 0.01,
p value > 0.05), suggesting that emission of Hg from water in Wujiang River was
not responsible for the spatial variation in atmospheric TGM concentrations in
Wujiang River. The SFY, WID, HF, and YZD reservoirs were located close to
industrial and urbanized centers in Guizhou province, such as Guiyang, Qingzhen,
Xifeng, Xiuwen, and Pingba (Fig. 4.3), the anthropogenic Hg emissions in which
would probably contribute to the elevated TGM concentrations in these reservoirs.
On the other hand, the DF, PD, and HJD reservoirs were located relatively further
from these anthropogenic source regions.

Within each reservoir, TGM concentrations in the atmosphere, in most case,
showed the highest value near the dam, where some residential centers and
industrial point sources were generally located (Fig. 4.3). TGM concentrations in
the atmosphere also showed a clear season pattern with higher concentrations
during cold season and lower concentrations during warm season with the excep-
tion of BH reservoir (Fig. 4.4). This pattern is generally consistent with observa-
tions in rural and urban areas in mainland China (Feng et al. 2004a; Fu et al. 2010a,
2008), but in contrast with the seasonal variations in water/air Hg flux (see
Sect. 4.4). This could be partly due to the enhanced coal and biomass burning in
regional domestic heating activities during cold seasons (Feng et al. 2004a; Fu et al.
2008).



4.3 Overall Characteristics of Water/Air Mercury Flux 43

20

B \Warm season
i Cold season

—

15 A

10 A

-1

TGM (ng m™)
o w
BH-2 R

BH-3

HF-2 -——

DF-1
DF-2
DF-3

by
[=]
a

SFY-2
SFY-3
YZD-2

YZD-3
PD-2
HJD-1
HJD-2
HJD-3
BH-1

L
I

WJD-1
WwJD-2
wJD-3
SFY-1
YZD-1

Fig. 4.4 Comparison of average atmospheric TGM concentrations at sampling sites in warm
season (April to October) and cold season (November to March) in Wujiang River

4.3 Overall Characteristics of Water/Air Mercury Flux

A statistical summary of water/air exchange flux of Hg at the eight reservoirs in
Woujiang River is shown in Table 4.2. The average water/air Hg flux at the eight
reservoirs in Wujiang River ranged from 2.3 to 19.7 ng m~' h™! in warm season,
and ranged from 0.1 to 6.5 ng m~' h™" in cold season.

The water/air Hg fluxes in Wujiang River was significantly higher than that
measured from freshwater bodies in the North America, but comparable to that
measured from river in Sweden (Table 4.3). Due to the discharge of wastewaters
from surrounding urbanized and industrialized regions, water THg concentrations
in the BH and HF reservoirs during the study period ranged from 5.3 to
42.6 ng L', which were significantly higher than the values in the North America
and Sweden. Apart from the BH and HF reservoirs, water THg concentrations in
other six reservoirs in Wujiang River ranged from 0.6 to 3.2 ng L™", which were
comparable to the values obtained in the North America and Sweden (Tables 4.2
and 4.3).

A clear variation in water/air Hg flux was observed among the eight studied
reservoirs in Wujiang River. Figure 4.5 shows the mean water/air Hg flux at the
eight reservoirs during warm and cold seasons. In this study, the HF, BH, and WID
reservoirs are defined as polluted reservoirs, while the five remaining reservoirs are
defined as non-polluted reservoirs. The HF and BH reservoirs were impacted by
discharge of wastewaters from surrounding urbanized and industrialized regions
and had elevated water THg concentrations (5.3-42.6 ng L™"). Due the prevalent
cage aquaculture activities, the WJD reservoir was characterized by highly elevated
contents of TN, TP and chlorophyll II and regarded as a hyper-eutrophic reservoir
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Table 4.3 Comparison of water/air Hg flux between this study and previous studies worldwide

4 Water/Air Mercury Flux in Reservoirs

Sites Time Hg flux THg Reference
(ng m 2 hh concentration
(ng L™
Waujiang River Warm season 2.3-19.7 1.4-42.6 This study
Cold season 0.05-6.5 0.6-33.2

St. Lawrence July 1995 -0.02 0.52 Poissant and
River, Canada Casimir

(1998)
Kejimkujik July and August | 2.3 2.6 Boudala et al.
National Park, 1997 (2000)
Canada
Lake Ontario, July 1998 0.8 0.08 Schroeder
Canada et al. (2005)
Quebec, Canda August 1998 0.3 0.31
Nova Scotia, Summer 1997, 0.6-2.2 0.7-2.8
Canada 1999, and 2000
St. Francois, June 2003 0.67 1.2-2.0 Zhang et al.
Canada (2006)
Borrsjon Lake, August 1999 11.1 2.36 Gardfeldt
Sweden et al. (2001)
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Fig. 4.5 Water/air Hg fluxes in polluted reservoirs and non-polluted reservoirs in a warm season
and b cold season

in the study areas (Fu et al. 2010b). As shown in Fig. 4.5, water/air Hg fluxes at the
polluted reservoirs were significantly elevated compared to non-polluted reservoirs
in both warm and cold seasons. Higher water/air Hg fluxes in the HF and BH
reservoirs were possibly related to elevated water THg concentrations, which could
be transformed to dissolve gaseous mercury (DGM) via photochemical and
microbial reduction and then preferentially emitted to the atmosphere. The
hyper-eutrophic WJD reservoir had relatively higher DOC and Fe(III) contents and
stronger microbial activities (Fu et al. 2010b), which would contribute to the
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increased water/air Hg flux at the WID reservoir (Garcia et al. 2005; Peters et al.
2007; Poulain et al. 2007; Wollenberg and Peters 2009). Mean water/air Hg fluxes
were comparable at the SFY, DF, YZD, PD, and HJD reservoirs in warm season
(Fig. 4.5a), but the mean water/air Hg flux at HJD reservoir in cold season was
relatively higher than the DF, YZD, PD, and HJID reservoirs (Fig. 4.5b), which
could be due to the higher air temperature (mean = 11.9-13.4 °C) and solar radi-
ation (mean = 76—-124 w m72) (Table 4.2).

Spatial variations in water/air Hg flux within each reservoir were different. The
water/air Hg fluxes at WJD reservoir showed the highest values near the dam in
both warm and cold season, whereas no consistent spatial variations in water/air Hg
fluxes were observed in the remaining reservoirs (Table 4.2). This suggests
water/air Hg fluxes were affected by a combination of many water chemical and
meteorological parameters.

4.4 Diurnal and Seasonal Patterns of Water/Air
Mercury Flux

The time series of water/air Hg fluxes and solar radiation in the eight reservoirs in
both warm and cold seasons were shown in Figs. 4.6—4.21. The water/air Hg fluxes
at all the sampling sites in Wujiang River showed clear diurnal trend especially
during sunny days. In general, water/air Hg fluxes displayed the minimum values in
the early morning (from 4:00 to 6:00), then the values increased throughout the
morning and forenoon and reached the highest around noon (from 12:00 to 14:00),
after that the fluxes decreased consistently from afternoon to the early morning.
This pattern was strongly correlated with the variations of solar radiation and air
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Fig. 4.8 Water/air Hg flux and solar radiation at BH-1 and BH-2 in Baihua (BH) reservoir
(reprinted from Feng et al. (2004b), with permission from Elsevier Ltd.)

temperature at all the sampling sites, suggesting that solar radiation and air tem-
perature might play an important role in water/air Hg fluxes.

Water/air Hg fluxes also displayed clear seasonal distribution pattern in Wujiang
River (Fig. 4.22). The water/air Hg fluxes in warm season were found to be ele-
vated compared to that in cold season in all the reservoirs in Wujiang River. The
difference of water/air Hg fluxes between warm and cold season showed the largest
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Fig. 4.9 Water/air Hg flux and solar radiation at BH-2 in Baihua (BH) reservoir (reprinted from

Feng et al. (2004b), with permission from Elsevier Ltd.)
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Fig. 4.10 Water/air Hg flux and air temperature in Wujiangdu (WJD) reservoir in warm season
(reprinted from Fu et al. (2010b), with permission from Elsevier Ltd.)

in PD reservoir, with the mean water/air Hg flux in warm season 24 times higher
than that in cold season. The elevated factor of water/air Hg fluxes between warm
and cold season showed the lowest in HID reservoir, with the mean water/air Hg
fluxes in warm season 1.7 times higher than that in cold season. The seasonal
distribution pattern in water/air Hg fluxes was probably related to seasonal varia-
tions in meteorological parameters. As shown in Table 4.2, solar radiation and air
temperature at all the sampling sites in Wujiang River in warm season were
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Fig. 4.11 Water/air Hg flux and solar radiation in Wujiangdu (WJD) reservoir in cold season
(reprinted from Fu et al. (2010b), with permission from Elsevier Ltd.)
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Fig. 4.12 Water/air Hg flux and solar radiation in Suofengying (SFY) reservoir in warm season
(reprinted from Fu et al. (2010b), with permission from Elsevier Ltd.)

relatively higher than that in cold season. The observations in the present and
previous studies have shown that water/air Hg fluxes were generally positively
correlated with solar radiation and air temperature, which suggested that increasing
solar radiation and air temperature could facilitate the emissions of Hg from water
bodies (Boudala et al. 2000; Fu et al. 2013a; Poissant and Casimir 1998).
Additionally, water THg concentrations in the studied reservoirs were relatively
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Fig. 4.13 Water/air Hg flux and solar radiation in Suofengying (SFY) reservoir in cold season
(reprinted from Fu et al. (2010b), with permission from Elsevier Ltd.)
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Fig. 4.14 Water/air Hg flux and solar radiation in Dongfeng (DF) reservoir in warm season

higher in warm season than in cold season, and this could be due to the increased
loading of Hg via wet deposition and runoff in warm season (Guo et al. 2008).
Phytoplankton and microbial activities were generally stronger in warm season than
in cold season. The factors mentioned above were thought to accelerate the pro-
duction of dissolve gaseous mercury (DGM) in warm season, which consequently
increased Hg emission from water bodies (Amyot et al. 1997; Fu et al. 2013a;
Mason et al. 1995; Siciliano et al. 2002).
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Fig. 4.15 Water/air Hg flux and solar radiation in Dongfeng (DF) reservoir in cold season
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Fig. 4.16 Water/air Hg flux and solar radiation in Yinzidu (YZD) reservoir in warm season

4.5 Factors Influencing Water/Air Mercury Flux

Water/air Hg flux is a complicated process and influenced by many environmental
factors. It consists of a thermal dynamic equilibrium process and a chemical
kinetics process. The thermal dynamic equilibrium process is generally depicted as
the thin film gas exchange model which demonstrates that Hg flux from water is
mainly driven by the diffusion of DGM from water to the atmosphere. On the other
hand, the chemical kinetics process at the water/air interface could be also important
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Fig. 4.17 Water/air Hg flux and solar radiation in Yinzidu (YZD) reservoir in cold season
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Fig. 4.18 Water/air Hg flux and solar radiation in Puding (PD) reservoir in warm season
(reprinted from Fu et al. (2013b), with permission from John Wiley & Sons, Inc.)

for water/air Hg flux. The DGM produced at the water/air interface by abiotic and
biotic induced reductions of other Hg species could be released to the atmosphere
directly, which might be not controlled by the thin film gas exchange model. The
above two processes could be further controlled by a combination of many water
chemical and meteorological parameters including concentrations and forms of Hg,
DOC content, reducing substance, microbial activities in water, solar radiation,
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Fig. 4.19 Water/air Hg flux and solar radiation in Puding (PD) reservoir in cold season (reprinted
from Fu et al. (2013b), with permission from John Wiley & Sons, Inc.)
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Fig. 4.20 Water/air Hg flux and solar radiation in Hongjiadu (HJD) reservoir in warm season

water and air temperature, and wind speed (Amyot et al. 1997; Feng et al. 2004b;
Mason et al. 1995; Poissant and Casimir 1998; Schroeder et al. 2005).

In this study, it was observed that THg concentration in surface water played an
important role in water/air Hg fluxes. As shown in Table 4.2, concentrations of
THg in surface water of the HF and BH reservoirs (5.3-42.6 ng L™") were much
higher than other reservoirs, and this is corresponding to elevated water/air Hg
fluxes in these two polluted reservoirs. For the six remaining unpolluted reservoirs,
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Fig. 4.21 Water/air Hg flux and solar radiation in Hongjiadu (HID) reservoir in cold season
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Fig. 4.22 Comparisons of water/air Hg flux in the six reservoirs in Wujiang River between cold
and warm seasons

water/air Hg fluxes were also significantly correlated with THg concentrations in
surface water (Fig. 4.23). It is noteworthy that the influence of water THg con-
centrations on water/air Hg flux was different among reservoirs, suggesting that the
transformation of THg to DGM in water was different among reservoirs, and this
could be partly due to the variations of physicochemical and microbial processes in
different reservoirs. As shown in Fig. 4.23, the correlation slope between water/air
Hg fluxes and THg concentrations in surface water in WJD reservoir (slope = 10.9)
was approximately 5.6 time greater than that (slope = 1.95) in the remaining five
reservoirs. This could be due to the fact that the prevalent cage aquaculture
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Fig. 4.23 Correlations between water/air Hg fluxes and water THg concentrations in the six
reservoirs in Wujiang River

activities in WJD reservoir increased the phytoplankton and microbial activities.
The remaining five reservoirs were rarely impacted anthropogenic activities and had
similar water physicochemical parameters, which may explain the strong correla-
tion between water/air Hg fluxes and water THg concentrations in these five
TeServoirs.

Meteorological parameter also played important roles in water/air Hg fluxes. The
correlations between water/air Hg fluxes and meteorological parameters and
atmospheric TGM concentrations at all the sampling sites in Wujiang River are
shown in Table 4.4. In general, water/air Hg fluxes were positively correlated with
solar radiation, water and air temperature and inversely correlated with atmospheric
relative humidity at most of the sampling sites, whereas no consistent correlation
was observed between water/air Hg fluxes and wind speed and atmospheric TGM
concentrations. The correlation analysis reveals that water/air Hg fluxes were most
significantly correlated with solar radiation, indicating that the solar radiation might
play the most important role in the variation of Hg fluxes in Wujaing River among
all the meteorological parameters. Sunlight-induced production of DGM in surface
water is an important source of DGM in water and consequently drives Hg emis-
sions from water, and this process is generally triggered by dissolved organic
carbon (DOC) and oxidized iron (e.g., Fe(II)) in water (Amyot et al. 1997; Zhang
and Lindberg 2001).

There have been debates as to whether air and water temperature could signif-
icantly affect water/air Hg fluxes. A previous study by Gérdfeldt et al. (2001) on Hg
fluxes over river water observed a significant Arrhenius relationship between
water/air Hg fluxes and water temperature, suggesting that water and air
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temperature might play an important role in water/air Hg fluxes. On the other hand,
Feng et al. (2004b) observed both negative and positive correlations between
water/air Hg fluxes and water and air temperature in the BH reservoir. This implies
that air and water temperatures were not the driving forces of Hg exchange between
water and the air. In the present study, water/air Hg fluxes were mostly positively
correlated with water and air temperature at most of the sampling sites in Wujiang
River, whereas no significant correlation or negative correlation can be established
at the remaining several sites (Table 4.4). This is overall consistent with previous
studies (Boudala et al. 2000; Feng et al. 2004b; Gérdfeldt et al. 2001; Poissant and
Casimir 1998). It should be pointed out that some of the positive correlations
between water/air Hg fluxes and water and air temperature were obtained during
sunny days, during which the variations of water/air Hg fluxes were significantly
linked to solar radiation. This implies that, for a short sampling period, some of the
strong correlations between water/air Hg fluxes and water and air temperature might
be a reflection of sunlight-induced evasion of Hg from water bodies. However, this
does not necessarily rule out the possible effect of water and air temperature in
water/air Hg fluxes. The water and air temperature is an important variable affecting
production of microorganism and phytoplankton in water, which have been verified
to play an important role in water/air Hg fluxes (Poulain et al. 2004; Siciliano et al.
2002). Additionally, water and air temperature is also a crucial factor in the bio-
geochemical transformation of Hg in water (Lin and Pehkonen 1999). Therefore,
water and air temperature could probably influence water/air Hg fluxes over a
extended period (e.g., seasonal time scale). We used the forward stepwise multiple
regression to determine the relative importance of water THg concentration, solar
radiation, air temperature, relative humidity, atmospheric TGM concentrations, etc.,
to water/air Hg fluxes during warm and cold seasons. The result revealed that the
water THg concentrations and air temperature were the two most important factors
in water/air Hg fluxes.

To establish the empirical models predicting water/air Hg fluxes in the polluted
and non-polluted reservoirs, we used the forward stepwise multiple regression to
determine the relationships between water/air Hg fluxes and water THg concen-
trations and air temperature in the polluted and non-polluted reservoirs. The result
revealed that the empirical models in the polluted and non-polluted reservoirs were
different.

The empirical model for the polluted reservoirs of BH and HF reservoirs is:

F=0.11 * THg+0.23 * Ty +0.5372 =0.53, p< 0.01 (4.2)
The empirical model for the hyper-eutrophic WJD reservoir is:
F =6.09 * THg+0.80 * Ty, — 14.072 =097, p< 0.01 (4.3)

And the empirical model for the non-polluted reservoirs (SFY, DF, YZD, PD,
and HID) is:
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F = 1.08 * THg + 0.12 % Ty— 134 /2= 081, p< 0.01 (4.4)

where F is the water/air Hg flux (ug m~2 h™"), THg is the total Hg concentration in
surface water (ng L™, and Ty, is the air temperature.

The simulated Hg fluxes using above equations showed a good agreement with
measured values in the study area (Figs. 4.24, 4.25, and 4.26).

There are no consistent relationships between water/air Hg fluxes and wind
speed. Strong positive correlations between water/air Hg fluxes and wind speed
were only observed at the WID-1 and WJD-2 in warm season, PD-1 in cold season,
and HJD-3 in warm season, whereas the water/air Hg fluxes were weakly or neg-
atively correlated with wind speed (Table 4.4). This is quite different from the thin
film gas exchange model. According to the thin film gas exchange model, evasion
of Hg from water is controlled by the gradient of Hg between water and ambient air,
wind speed, water temperature, Hg diffusion coefficient in water, and kinematic
viscosity of water (Gardfeldt et al. 2003; Wangberg et al. 2001; Wanninkhof 1992),
as depicted in Eq. (4.5).

F =K, x (DGM — GEM/H'(T)), (4.5)

where F is the water/air Hg flux, DGM and GEM are the concentrations of Hg” in
water, H'(T) is the dimensionless partitioning coefficient for Hg" between fresh-
water and air as known as the Henry’s law constant and was calculated according to
Eq. (4.6) (Andersson et al. 2008), K,, is the gas transfer velocity of Hg0 in the
water/air surface (cm h™') and was calculated according to Eq. (4.7) (Wanninkhof
1992):
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Fig. 4.24 Comparison between the simulated and measured water/air Hg fluxes in the HF and BH
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H'(T) = exp(—2404.3/T +6.92)

Ky = 031 x U% x (Scyg/600) 7,

(4.6)

(4.7)

where Uy is the wind speed normalized to 10 m above water surface, and Scyg, the
Schmidt number for Hg, is defined as:
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SCHg = V/DHg, (48)

where v is the kinematic viscosity (cm2 sfl) of freshwater, and Dy, is the Hg
diffusion coefficient (cm2 sfl) in freshwater, which was calculated by the molecular
dynamics simulation, as described by Kuss et al. (2009).

The thin film gas exchange model demonstrates that wind speed is an important
factor in water/air Hg flux, however, we did not observe clear relationships between
water/air Hg fluxes and wind speed. This is probably attributed to (1) the imple-
mentation of dynamic chamber that minimizes the effect of wind speed on water/air
Hg flux; and (2) the low speed during the whole study period, which would sig-
nificantly decreased the gas transfer velocity of Hg" in the water/air surface
(O’Driscoll et al. 2003; Poissant et al. 2000).

There existed both strong negative and positive correlations between water/air
Hg fluxes and atmospheric TGM concentrations (Table 4.4). The positive corre-
lations between water/air Hg fluxes and atmospheric TGM concentrations sug-
gested that emission of Hg from water was an important source of atmospheric
TGM over reservoir water. On the other hand, the significant negative relationships
between water/air Hg fluxes and atmospheric TGM concentrations at SFY-1,
SFY-3, YZD-1, YZD-2, and HJD-3 in cold season and YZD-3 in warm season
suggested the increasing atmospheric TGM concentrations could inhibit evasions of
Hg from water. This phenomenon could be explained by the Eq. (4.5), that is
water/air Hg flux increases with DGM in water and decreases with atmospheric
TGM concentration above surface water.

4.6 Estimates of Hg Emission for Water in Wujiang River

As discussed in Sect. 4.5, water/air Hg fluxes in Wujiang River were found to be
significantly correlated with water THg concentration and air temperature. To
estimate the annual Hg emissions from the studied reservoirs, monthly THg con-
centrations in surface waters and monthly mean air temperature of the eight
reservoirs were employed as inputs in the empirical models (Eqs. 4.2, 4.3, and 4.4).
The estimated monthly evasion of Hg from water in Wujiang River is listed in
Table 4.5.

Estimated annual mean Hg fluxes at the eight reservoirs in Wujiang River range
from 23.7 to 129.8 pg m  yr_'. With the exception WID, BH, and HF reservoirs,
Hg emission fluxes were relatively lower than the wet deposition fluxes (24.8—
38.1 ug m 2 yr ') in Wujiang River (see Chap. 3). This indicates exchange of Hg
between water and the atmosphere in WJD, BH, and HF reservoirs were probably
the net sources of atmospheric Hg, whereas they were net sinks of atmospheric Hg
in SFY, DF, YZD, PD, and HJD reservoirs. As discussed earlier, the WID, BH, and
HF reservoirs were impacted by discharges of Hg enriched wastewaters from
surrounding urbanized and industrialized regions and hyper-eutrophic issues. The
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great loading of Hg to these reservoirs probably drove an increase of reemission of
Hg from water bodies.

Figure 4.27 shows the monthly variations in water/air Hg flux in the eight
reservoirs in Wujiang River. Water/air Hg fluxes showed a clear seasonal trend in
all the studies reservoirs with higher Hg fluxes in warm season and lower Hg fluxes
in cold season. Water THg concentrations in reservoirs in Wujiang River did not
vary significantly among different seasons, and therefore the seasonal trend in
water/air Hg fluxes could be function of variation in air temperature.

Output of Hg from each of the reservoir in Wujiang River via evaporation of Hg
from water bodies were estimated by multiplying the annual mean Hg flux by the
corresponding area of the reservoir. The estimated Hg emissions from the eight
reservoirs in Wujiang River are shown in Table 4.6. Emission of Hg from the
reservoirs ranged from 144 to 6204 g/year, with a total emission of 14,158 g/year.
Overall, the total emission of Hg (9699 g/year) from the WID, SFY, DF, YZD, PD,
and HJD reservoirs was relatively higher than the wet deposition (6640 g/year).

16- I PD B8 HJD I YZD NN DF B SFY [ WJD I 5H I HF

14

12 4

Monthly mean Hg flux (ug m? mon™)

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 4.27 Monthly variations in water/air Hg flux in the eight reservoirs in Wujiang River
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Table 4.6 Estimates of Hg emissions from the reservoirs in Wujiang River

2

Site Hg emission flux (ug m > yr 1) Reservoir areas (x 10® m?) Hg emission (g)

27.0 19.2 518
HID 24.6 80.5 1980
YZD 23.7 15.0 356
DF 26.0 19.1 497
SFY 25.2 5.7 144
WID 129.8 47.8 6204
BH 92.9 14.5 1347
HF 54.4 57.2 3112
Total 14,158
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Chapter 5
Mercury in Inflow/Outflow Rivers
of Reservoirs

Abstract Rivers are major pathways for a variety of materials to flow in and out of
reservoirs. Impounding rivers changes the characteristics of a water body from
“rivers” to “reservoirs”, affecting not only their hydrology but also their physical,
chemical, and biological characteristics. To understand the influence of damming
on the distribution and methylation of Hg within a river-reservoir ecosystem, this
chapter illustrates the spatial and temporal distributions of Hg species in the inflow—
outflow rivers of the six cascade reservoirs in Wujiang River Basin, Southwest
China. Furthermore, the influence of cascade reservoirs on the distributions of Hg
species in rivers of Wujiang River Basin is elucidated as well.

Keywords River - Inflow - Outflow - Mercury - Reservoir

5.1 Sampling Sites Description, Sample Collection, Sample
Analyses, Analytical Methods, and QA/QC

Eighteen sampling stations recognized as the inflow and outflow of the six reser-
voirs were chosen, as depicted in Fig. 5.1 and Table 5.1. The six selected cascade
reservoirs, including the Puding Reservoir (PD), Hongjiadu Reservoir (HID),
Yinzidu Reservoir (YZD), Suofengying Reservoir (SFY), Dongfeng Reservoir
(DF), and Wujiangdu Reservoir (WJD), are located in the Wujiang River Basin,
southwestern China (Fig. 5.1). Basic parameters of six selected reservoirs in
Woujiang River Basin are shown in Table 5.2.

On the basis of the trophic state of the specific reservoir, the six selected
reservoirs in Wujiang River Basin are classified as the oligotrophic—mesotrophic
stage (YZD, SFY, and HJID), the mesotrophic—eutrophic stage (PD and DF), and
the hyper-eutrophic stage (WJD) (Table 5.2). In detail, the primary productivity in
newly constructed reservoirs (YZD, SFY, and HJID) is currently represented as
oligotrophic—mesotrophic. The major source of organic matter in the newly con-
structed reservoirs is mainly derived from the watershed input with little auto-
chthonous contribution because of the low primary productivity (Meng et al. 2010,
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Fig. 5.1 Map of the study area and sampling sites of inflow—outflow rivers of reservoirs in
Wujiang River Basin, Guizhou Province, China (HJ/D Hongjiadu Reservoir; YZD Yinzidu
Reservoir; SFY Suofengying Reservoir; PD Puding Reservoir; DF Dongfeng Reservoir; WJD
Wujiangdu Reservoir; AH Aha Reservoir; HF Hongfeng Reservoir; BH Baihua Reservoir)
(redrawn from Zhao et al. 2017, with permission from Elsevier Ltd.)
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Table 5.1 Summary of inflow—outflow rivers to reservoirs in Wujiang River Basin, Guizhou
province, China (reprinted from Zhao et al. 2017, with permission from Elsevier Ltd.)

Reservoir | Inflow into reservoir Outflow of reservoir
PD SC (#1) and BY (#2) Discharge water (#3)
YZD Outflow of PD (#3) Discharge water (#4)
HJD LCH (#5), LJ (#6), MK (#7) Discharge water (#8)
DF mainstream (#10) and YZD outflow (#9) Discharge water (#11)
SFY Outflow of DF (#11), MT river (#12) Discharge water (#13)
WID Y] river (#14), Mainstream of WID (#15), PY river (#16), | Discharge water (#18)
XF river (#17)

PD Puding Reservoir; YZD Yinzidu Reservoir; HJ/D Hongjiadu Reservoir; DF Dongfeng
Reservoir; SFY Suofengying Reservoir; WJ/D Wujiangdu Reservoir

2016; Yao et al. 2011). With the continuous evolution of reservoirs, PD and DF are
mesotrophic—eutrophic, which indicates a much higher level of primary produc-
tivity compared to the newly constructed reservoirs in the Wujiang River Basin.
The organic matter content in the sediment of PD and DF was significantly elevated
as a result of the continuously increasing autochthonous material (Feng et al. 2009a;
Zhang 2009). Over a long-term evolution of the reservoir, the primary productivity
of WID was significantly elevated (hyper state of eutrophication) (Meng et al. 2010,
2016). The high-intensity cage aquaculture activity in WJD contributed to the
higher primary productivity compared to the newly constructed reservoirs (SFY,
HID, and YZD). Phytoplankton-derived organic matter and the fish feeds and feces
were potentially significant sources of organic matter input to the surface sediments
of WID (Meng et al. 2010, 2016).

Briefly, the Liuchong River (LC, #5) and Sancha River (SC, #1) as the main
sources of the Wujiang River, are the predominant inflows into HJID and PD,
respectively, while the contribution from the Luojiao River (LJ, #6), Mukong River
(MK, #7) and Boyu River (BY, #2) to these two reservoirs is less pronounced. The
inflow into YZD is limited to the outflow of PD (#3). The outflow both from HID
(#10) and YZD (#9) contribute to the inflow into DF. The inflows into SFY are
from the outflow of DF (#11) and the Maotiao River (MT, #12). There are four
inflows into WJD, and the largest inflow is from the outflow of SFY (#13). The Yeji
River (YJ, #14), Pianyan River (PY, #16), and Xifeng River (XF, #17) are the other
three rivers that enter into WJD. Since PD and YZD are adjacent, we set up one
sampling site (#3) to represent the outflow of PF and the inflow of YZD. Similarly,
the sampling sites of #11 represent the outflow of DF and the inflow of SFY.

In this study, all the outflow sites of the reservoirs were located within 1 km
downstream from the dams. There was no tributary or any other inflow river
between dam and outflow site throughout the six reservoirs. Therefore, the water
samples collected from outflow sites were mainly from discharged water from
hypolimnion of the reservoirs. However, the exact depth of the discharged water
from dam of the reservoir was unavailable in this study. It should be noted that XF
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Table 5.2 Basic parameters of six selected reservoirs in Wujiang River Basin, Guizhou province,
China (reprinted from Zhao et al. (2017), with permission from Elsevier Ltd.)

Parameters HID* YZD? SFY* |PD* DF* WID*
Construction time/year 2004 2003 2005 1993 1994 1979
Height of dam/m 180 136 122 75 162 165
Total water volume/10% m®  |49.47 | 4.55 201 |42 10.3 23.0
Surface area of the 80.5 15.0 5.7 19.3 19.1 47.8
reservoir/km>

Annual runoff volume/10® m* |47.0  |44.2 1246|338 109 158
Normal water level/m 1140 1086 837 1145 970 760
Distance from river 268 289.9 372 238.4 333 443
source/km

Average annual flow/m® s™! | 155 141 395 123 355 502
Water residence time/day” 380 44 7 45 33 53
Regulation mode Annual | Seasonal | Daily | Seasonal | Seasonal | Seasonal
Total nitrogen/mg L™'¢ 5.21 4.38 757 |6.25 8.81 8.46
Total phosphorus/mg L™'° 0.019 |0.003 <0.001 |0.019 0.035 0.468
Chla/pg L' 2.25 3.73 1.34 10.36 3.35 8.99
Trophic level index® 49 42 40 57 56 72
Trophic stage® I I I I I il

“Hongjiadu Reservoir, HID; Yinzidu Reservoir, YZD; Suofengying Reservoir, SFY; Puding
Reservoir, PD; Dongfeng Reservoir, DF; Wujiangdu Reservoir, WID

*Data obtained from Guo (2008)

“Data obtained from Yu (2008)

I oligotrophic—mesotrophic; /I mesotrophic—eutrophic; /I hyper-eutrophic

(#17) was an Hg-polluted tributary of WJD by Xifeng Phosphorus and Calcium
Factory; but other than that, no more point source of Hg within Wujiang River
Basin was found during the entire sampling period.

Surface water samples (20-cm depth) from each sampling site were collected
once a month during a one-year period from January to December in 2006 using an
acid-washed, Teflon coated, 10 L Niskin bottle water sampler (Model 1010X series,
General Oceanics Inc. USA.). The Niskin bottle was positioned in the upstream
direction relative to the operator. All samples were collected following ultra-clean
sample-handling protocols. Water samples were transferred from the sampler into
acid-cleaned borosilicate glass bottles. These bottles had been rigorously cleaned
prior to use by immersion in dilute acid (10% HNOs), followed by rinsing three
times with ultrapure deionized water (18.2 MQ Milli-Q) and heating for 1 h in a
muffle furnace at 500 °C; they were then double-bagged and stored in a wooden
box before sampling. Each bottle was rinsed three times with reservoir water before
sample collection. Filtered samples were conducted within 24 h using 0.45 um
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pore-size, 47 mm (diameter) polycarbonate membrane filter (Millipore), and sub-
sequently analyzed for dissolved Hg (DHg), dissolved MeHg (DMeHg), and dis-
solved organic carbon (DOC). Total Hg (THg), reactive Hg (RHg), total MeHg
(TMeHg), and total suspended solids (TSS) were analyzed in each of the unfiltered
samples.

All water samples used for Hg species analysis were acidified on-site to 0.5%
(wv) using concentrated hydrochloric acid (HCl); the sample bottles were then
sealed, double-bagged, and transported to the lab on ice within 24 h. They were
stored in a refrigerator at +4 °C in the dark and analyzed in three weeks. The TSS
content was determined gravimetrically by filtering an aliquot of water (typically
1500 mL) through a pre-weighed 0.45 um pore-size, 47 mm (diameter) polycar-
bonate membrane filter. Water quality parameters, such as pH, temperature (T), and
dissolved oxygen (DO), were measured in situ using a portable analyzer (Pioneer
65 Portable Multiparameter Instrument, France). The DOC was qualified in the
laboratory using a high-temperature combustion technique with a TOC analyzer
(Elementar High TOC II).

Quality control for the THg and MeHg determinations was conducted by field
blanks, method blank, matrix spikes, and duplicate samples. The method detection
limit, based on three times the standard deviation of replicate measurements of
blank solution (3 x &), was 0.02 ng L™ for THg and 0.01 ng L™" for MeHg. The
method blank in each case was obviously less than the detection limit. Field blanks
were all lower than 20% of the lowest concentrations of Hg species in samples.
Accordingly, the determined Hg concentrations in water samples were not corrected
for either method blank or field blank. The relative standard deviations for duplicate
sample analyses were 4.5 and 5.4% for THg and MeHg. Recoveries for matrix
spikes (within the range of samples concentrations) ranged from 88 to 108% for the
MeHg analysis, and from 93 to 110% for the THg analysis.

Statistical evaluation was performed using SPSS 11.5 software. Relationships
between covariant sets of data were analyzed by regression analysis. Correlation
coefficients (r) and significance probabilities (p) were computed for the linear
regression fits. T-test or AVOVA test was employed to compare the significant
difference between paired or unpaired samples. In addition, Kolmogorov—Smirnov
(K-S) and Kruskal-Wallis (K-W) tests were performed to compare significant
differences between two or more independent datasets. Significant differences were
all declared at P < 0.05. To reveal any seasonal variations of geochemical char-
acteristics and Hg species in the surface water in Wujiang River Basin, all the data
including water quality parameters and concentrations of Hg species were com-
pared among spring (March, April, and May), summer (June, July, and August), fall
(September, October, and November), and winter (December, January, and
February). It should be noted that the mean concentrations of Hg species in
inflow/outflow rivers were calculated through the arithmetic averaged concentra-
tions of multiple inflow/outflow rivers throughout all the sampling campaigns.
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5.2 General Water Quality Characteristics

The distribution of monthly pH, T, DO, DOC, TSS, and conductivity in inflow and
outflow rivers of six studied reservoirs in Wujiang River Basin are shown in
Tables 5.3 and 5.4.

The surface water temperature exhibited expected seasonal patterns, with the
maximum and minimum values occurring in the summer and winter, respectively.
However, the seasonal trend of surface water pH was not clear, though pH in the
surface water was slightly alkaline in all of the samples (annual average value of
8.15 £ 0.36). The annual average concentration of DOC in the surface water in the
Wujiang River was 0.91 + 0.42 mg L™', which was lower than that observed in
the Yangtze River, as well as in most rivers globally (Duan 2000). The high pH and
low DOC in surface water can be explained by the karstic geology in Wujiang
River Basin. Moreover, DOC showed obvious seasonal patterns, with the highest
average DOC values in the summer and lowest values in the winter, which may be
caused by the inner source of natural organic matter (NOM), produced in situ
(phytoplankton) to the DOC.

Slightly elevated values of TSS in the surface water of Wujiang River Basin
were observed in May, June, July, and October. Seasonal patterns of DO were
pronounced and well correlated with TSS and T. Elevated DO in surface water
during the period from late May to August compared to the remaining months of
the year were explained by algal blooms in some sections of reservoirs, such as the
downstream of WJD (Meng et al. 2010; Zhu 2005). Conductivity showed slightly
seasonal distributions that were opposite to that of DOC and TSS, with a decreased
average conductivity value in rainy seasons (during the period from August to
October). This was believed to be the result of dilution of the river water by rainfall
during the rainy season.

5.3 Spatial and Temporal Variations of Mercury Species
in River Water

Temporal distributions of THg, DHg, PHg, and RHg concentrations in surface
water in inflow and outflow rivers of the six studied reservoirs are shown in
Figs. 5.2, 5.3, 5.5 and 5.6, and summary data are shown in Tables 5.5 and 5.6.

5.3.1 Total Mercury

The annual mean concentration of THg in inflow—outflow rivers of reservoirs in
Wujiang River Basin was 3.41 & 1.98 ng L™ (ranging from 1.43 ng L™' to
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Fig. 5.2 Annual mean concentrations of total mercury (THg) in inflow and outflow rivers of six
reservoirs in Wujiang River Basin, Guizhou Province, China (PD-I, inflow of PD; PD-O, outflow
of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD; HID-I, inflow of HID; HID-O, outflow
of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I, inflow of SFY; SFY-O, outflow of
SFY; WJD-I, inflow of WJD; WID-O, outflow of WJD) (reprinted from Zhao et al. 2017, with
permission from Elsevier Ltd.)
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Fig. 5.3 Annual mean concentrations of particulate mercury (PHg) in inflow and outflow rivers of
six reservoirs in Wujiang River Basin, Guizhou Province, China (PD-I, inflow of PD; PD-O,
outflow of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD; HID-I, inflow of HID; HID-O,
outflow of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I, inflow of SFY; SFY-O, outflow
of SFY; WID-I, inflow of WJD; WID-O, outflow of WID) (reprinted from Zhao et al. 2017, with
permission from Elsevier Ltd.)

19.04 ng L™") throughout all the sampling sites. The annual average concentration
of THg in the inflow rivers of the reservoirs was 3.90 £ 2.21 ng L™", with the
highest value observed in XF (#17) and the lowest seen in the inflow river of SFY
(Outflow of DF, #11). The elevated levels of THg in XF (#17) could be attributed to
the point source of Hg from local factories (Xifeng Phosphorus and Calcium
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Table 5.5 Annual mean concentrations (mean + SD) of Hg species in inflow rivers of reservoirs
in Wujiang River Basin, Guizhou Province, China (ng LY (reprinted from Zhao et al. 2017, with

permission from Elsevier Ltd.)

Reservoirs | THg" DHg" PHg" RHg" MeHg" DMeHg"

PD* 521 £196 | 1.81 £0.48 340+ 1.75 |0.27 £0.09 |0.12 £ 0.02 |0.06 £ 0.01
HID?* 422+ 173 |1.30£0.29 (292 4+ 1.71 |0.28 £ 0.11 |0.13 & 0.04 |0.06 £ 0.02
YZD? 243 £040 [1.37 £0.23 | 1.07 £0.23 |0.24 + 0.06 |0.18 £ 0.05 |0.11 & 0.03
DF* 290 £ 0.63 |[1.28 £0.26 | 1.70 £ 0.55 |0.21 £ 0.11 |0.11 £ 0.02 |[0.05 &+ 0.01
SFY*? 2.56 £0.74 |1.21 £0.36 | 1.35 £0.41 |[0.20 &£ 0.07 |0.15 £ 0.04 |0.08 &+ 0.03
WID* 459 +£299 |1.54 £0.60 [3.05+ 2.64 |0.28 £0.15 |0.16 = 0.10 | 0.07 £ 0.03

“PD Puding Reservoir; H/D Hongjiadu Reservoir; YZD Yinzidu Reservoir; DF Dongfeng Reservoir;
SFY Suofengying Reservoir; WJD Wujiangdu Reservoir
"THyg total mercury; DHg dissolved mercury; PHg particulate mercury; RHg reactive mercury; TMeHg
total methylmercury; DMeHg dissolved methylmercury

Table 5.6 Annual mean concentrations (mean £ SD) of Hg species in outflow rivers of
reservoirs in Wujiang River Basin, Guizhou Province, China (ng Lfl) (reprinted from Zhao et al.
2017, with permission from Elsevier Ltd.)

Reservoirs THgb DHg" PHgb RHgb TMeHg" DMeHgb

PD* 243 £040 |[1.37 £0.23 | 1.07 £0.23 |0.24 & 0.06 |0.18 £ 0.05 |0.11 & 0.03
HID* 2.18 £0.53 |1.11 +0.26 | 1.06 £ 0.30 |0.23 & 0.08 |0.14 £ 0.03 |0.07 & 0.02
YZD* 2.09 £0.29 [1.02 £ 0.16 | 1.06 £ 0.17 |0.25 £ 0.09 | 0.14 £ 0.02 | 0.07 £ 0.01
DF* 233 £0.36 |[1.14 £0.21 | 1.19 £0.20 | 0.17 &£ 0.05 |0.16 £ 0.05 |0.09 & 0.03
SFY* 225 £040 [1.09 £ 021 |1.16 £0.22 |0.20 & 0.09 |0.14 £ 0.02 |0.07 & 0.01
WJID* 2.70 £ 0.50 | 1.36 & 0.37 | 1.35 £ 0.32 | 0.25 & 0.09 | 0.25 &£ 0.05 | 0.16 & 0.06

“PD Puding Reservoir; H/D Hongjiadu Reservoir; YZD Yinzidu Reservoir; DF Dongfeng Reservoir;
SFY Suofengying Reservoir; WJD Wujiangdu Reservoir

°THg total mercury; DHg dissolved mercury; PHg particulate mercury; RHg reactive mercury; TMeHg
total methylmercury; DMeHg dissolved methylmercury

Factory). The average concentration of THg in surface water in Wujiang River
Basin is comparable with the values that are recognized as uncontaminated rivers of
North American and Europe (<5 ng Lfl) (Ullrich et al. 2001). Moreover, the mean
THg concentration in surface water in Wujiang River Basin is significantly below
the Chinese surface water standard of 50 ng L™' (Ministry of Environmental
Protection 2002), and also below the 12 ng L™" standard for THg recommended by
the USEPA to protect against adverse chronic effects on aquatic life (USEPA 1992).

The seasonal distribution patterns and mean concentrations of THg in inflow and
outflow rivers of reservoirs in Wujiang River Basin were illustrated in Fig. 5.2. No
discernable difference in the THg concentration in inflow and outflow rivers of
reservoirs was observed among the spring, summer, fall, and winter (K-W test,
p > 0.05, n = 39), with the inflow river water in PD and HJD as exceptions. The
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mean concentrations of THg in inflow rivers in PD (5.21 £ 1.96 ng L") and HID
(4.22 + 1.73 ng L™") were significantly higher than those in the four other reser-
voirs (2-way ANOVA, p < 0.01). The statistical analysis further observed that
concentrations of THg in inflow river of PD and HJD in rainy seasons (summer and
fall) were significantly higher than those in the dry season (spring and winter)
(T-test, p < 0.01).

As shown in Fig. 5.1, PD and HID are located at the upper end of Wujiang River
Basin. With the increase of rainfall and rainfall intensity during the rainy season,
more Hg in surface runoff and sediment re-suspension entered the rivers (Guo
2008), which resulted in the elevated THg concentration compared with the dry
season. When the river water flows into the reservoir, the water flow rate decreases
significantly. Therefore, concentrations of TSS in outflow river of PD
(2.05 + 0.81 mg L™") and HID (1.28 + 0.84 mg L™") were also significantly
decreased when compared with that in inflow rivers of PD (3.37 & 1.12 mg L™")
and HID (3.14 &+ 1.47 mg L™") (T-test, p <0.01, both for PD and HID).
Consequently, a considerable amount of Hg bound to particulate matter was
intercepted by way of sedimentation (Guo 2008), which explains the lower THg
concentrations in outflow rivers of reservoirs compared with that in inflow rivers in
PD and HID. As shown in Fig. 5.2, THg concentrations in outflow rivers of
reservoirs were lower than that in the corresponding inflow river throughout the six
reservoirs (T-test, p < 0.05), which was primarily caused by the sedimentation of
PHg after the construction of reservoirs. Previous studies observed that the con-
struction of the reservoir reduced the concentration of Hg in river water (Bonzongo
et al. 1996; Lawson et al. 2001; Quemerais et al. 1999), which is consistent with our
results.

The statistical analysis showed that significant positive correlations were
observed between PHg and TSS in inflow rivers throughout the six reservoirs
during the sampling periods (Table 5.7), indicating that the Hg bound to partic-
ulate matter from runoff (riverbank and riverbed) was the primary source of PHg
in inflow rivers. Furthermore, concentrations of THg in inflow rivers were sig-
nificantly correlated with PHg and TSS, with correlation coefficients of 0.98 and
0.62, respectively, indicating that the level of THg in inflow rivers was controlled
by PHg and TSS. However, no correlation was observed between TSS and THg,
PHg in outflow rivers of reservoirs during the sampling periods (TSS vs. THg:
r=-0.04, p =0.71, n = 72; TSS vs. PHg: r = —0.07, p = 0.58, n = 72), which
could be explained by the dissolution of PHg in reservoir and contribution of
planktonic derived NOM to TSS. Our results were consistent with observations
from previous studies (Lawson et al. 2001; Guentzel et al. 2007; Paraquetti et al.
2004).
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Table 5.7 Pearson’s Correlation Matrix, giving the Linear Correlation Coefficients () among the
concentrations of Hg species and total suspended solid (TSS) in inflow rivers of reservoirs in
Waujiang River Basin, Guizhou Province, China (n = 168) (reprinted from Zhao et al. 2017, with
permission from Elsevier Ltd.)

THg PHg DHg RHg TMeHg PMeHg DMeHg TSS
THg 1
PHg 098> |1
DHg 0.61° [045°> |1
RHg 049°  |050° [023° |1
TMeHg |048° [0.50° |0.17*° 026" |1
PMeHg |0.58° |0.61° |0.16* |0.37° |0.93° 1
DMeHg | 0.15 0.14 0.14 0.02 0.76° 0.49° 1
TSS 0.62° |0.62° [031° |031> |047° 0.53° 0.21° 1

THg total mercury; PHg particulate mercury; DHg dissolved mercury; RHg reactive mercury;
TMeHg total methylmercury; PMeHg particulate methylmercury; DMeHg dissolved
methylmercury; 7SS total suspended solid

“Correlation is significant at the 0.05 level (2-tailed)

®Correlation is significant at the 0.01 level (2-tailed)

5.3.2 Particulate Mercury

The annual mean concentration of PHg in rivers (inflow and outflow rivers) of the
reservoirs in Wujiang River Basin was 2.05 £ 1.73 ng L™ (ranging from
0.62 ng L' to 17.1 ng L™") throughout all the sampling sites. The annual mean
concentrations of PHg in inflow river and outflow rivers were 2.46 + 1.95 ng L™"
and 1.15 + 0.26 ng L', respectively. As shown in Fig. 5.3, concentrations of PHg
in inflow rivers in the rainy seasons (summer and fall) were generally higher than
those in the dry seasons (winter and spring) (T-test, p < 0.05), especially at PD and
HJD, which was similar to the seasonal trend of THg. Furthermore, the PHg
concentration in outflow rivers was significantly lower than that in inflow rivers
throughout the six reservoirs during the sampling periods (T-test, p < 0.05).

Due to the relatively low primary productivity (Chlorophyll a) of the inflow
rivers of reservoirs in Wujiang River Basin (Zhu 2005), the adsorption of Hg by
phytoplankton was very limited. Our previous study showed that concentrations of
PHg in the bottom water from upstream to downstream of WJD were all signifi-
cantly higher than the corresponding overlying water, confirming the input of
particulate Hg from sediment re-suspension (Meng et al. 2010). When compared to
the reservoir, inflow river represents a relatively strong hydrodynamic condition.
Hence, it is reasonable to speculate that the PHg in inflow river water of Wujiang
River Basin was primarily from runoff together with sediment re-suspension
(Hurley et al. 1998; Meng et al. 2010).

PHg represented 56.1 £ 10.1% of THg in the river water. The statistical analysis
showed that the ratio of PHg to THg (PHg/THg) in inflow rivers (59%) was
significantly higher than that in outflow rivers (49%) throughout the six reservoirs
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Fig. 5.4 Annual ratios of particulate mercury (PHg) to total mercury (THg) (PHg/THg) in inflow
and outflow rivers of six reservoirs in Wujiang River Basin, Guizhou Province, China (PD-I,
inflow of PD; PD-O, outflow of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD; HID-I,
inflow of HID; HID-O, outflow of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I, inflow
of SFY; SFY-O, outflow of SFY; WID-I, inflow of WJD; WJD-O, outflow of WJD) (reprinted
from Zhao et al. 2017, with permission from Elsevier Ltd.)

during the sampling periods (T-test, p < 0.05), which can be explained by the
interception effect of reservoirs to particulate materials but not the dissolution of
PHg in reservoir. However, the ratios of PHg/THg in inflow rivers of Wujiang
River Basin were much lower than the observations in inflow rivers (Fox river) of
Lake Michigan in North American (93.6%) (Hurley et al. 1998). In this study, the
average ratio of PHg/THg in the inflow rivers of reservoirs during the rainy season
(61%) was slightly higher than that during the dry season (57%) (T-test, p > 0.05).
Although the temporal/seasonal trend of PHg/THg was not clear, the spatial dis-
tribution of PHg/THg in inflow rivers was clearly observed in this study (Fig. 5.4).
In detail, the average ratios of PHg/THg in inflow rivers of PD (63%) and HID
(66%), which are located in the upstream section of Wujiang River Basin, were
significantly higher than those in inflow rivers of downstream reservoirs (e.g., YZD,
44%; DF, 55%; SFY, 53%) (T-test, p < 0.05). The clear spatial distribution patterns
of PHg/THg in inflow rivers of Wujiang River Basin further confirmed that par-
ticulate matter from soil erosion was the potential sources of PHg in the inflow
rivers of the upstream reservoirs in Wujiang River Basin (Zhang et al. 2009; Meng
et al. 2010; Yao et al. 2011).

5.3.3 Dissolved Mercury

The annual mean concentration of DHg in river water (inflow and outflow rivers) in
Wujiang River Basin was 1.36 + 0.44 ng L™' (ranging from 0.57 ng L' to
3.1 ng L") throughout all the sampling sites. The annual mean concentration of
DHg in inflow rivers (1.44 4 0.48 ng L") was slightly higher than that in outflow
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Fig. 5.5 Annual mean concentrations of dissolved mercury (DHg) in inflow and outflow rivers of
six reservoirs in Wujiang River Basin, Guizhou Province, China (PD-I, inflow of PD; PD-O,
outflow of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD; HID-I, inflow of HID; HID-O,
outflow of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I, inflow of SFY; SFY-O, outflow
of SFY; WID-I, inflow of WJD; WID-O, outflow of WID) (reprinted from Zhao et al. 2017, with
permission from Elsevier Ltd.)

rivers (1.18 £ 0.28 ng L_l). However, no discernable spatial and seasonal trends
of DHg in the rivers were observed throughout the six reservoirs during the sam-
pling periods (Fig. 5.5), which was different from that for THg and PHg.

The Partition Coefficient (K;) between Hg in the particulate phase (solid) and the
dissolved phase (liquid) was calculated based on the measured concentrations of
PHg, DHg, and TSS, as described in the following equation (Hurley et al. 1998;
Covelli et al. 2006):

Ky =518/c,,. (5.1)

where K; is the Partition Coefficient between Hg in the particulate phase and the
dissolved phase (L kg™'); Sh, is the concentration of Hg species absorbed in par-
ticulate materials (ng kgfl); and Cpy, is the concentration of dissolved Hg species
in water sample (ng L.

Sug is calculated using the following equation:
She = CPHs/c (5.2)

where Cppg is the concentration of particulate Hg species in a water sample
(ng L™"); and Crgs is the content of TSS in the water sample (kg L.

Our calculated data showed that the average logK, in rivers of the Wujiang River
Basin was 5.8 &+ 0.20 (ranging from 5.1 to 6.6), with values in inflow rivers and
outflow rivers of 5.8 £ 0.2 (ranging from 5.1 to 6.3) and 5.9 + 0.3 (ranging from
5.2 to 6.6), respectively. The logK, observed in this study was slightly higher than
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that in other rivers globally, such as the inflow rivers of the Chesapeake Bay
(5.06-5.52) (Lawson et al. 2001) and the Fox River (5.4-6.0, Hurley et al. 1998).
However, our results showed similar levels of logKy when compared to the Isonzo
River (5.5-6.2, Covelli et al. 2006) and the Lot-Garonne River (5.2-6.2, Schaefer
et al. 2006).

5.3.4 Reactive Mercury

The annual mean concentration of RHg in river water (inflow and outflow rivers) in
Wujiang River Basin was 0.24 & 0.11 ng L™ (ranging from 0.09 ng L™' to
1.01 ng L™") throughout all the sampling sites. The annual mean concentrations of
RHg in inflow rivers and outflow rivers were 0.25 + 0.12ngL™' and
0.22 4 0.08 ng L™, respectively. There was no significant difference in RHg
concentrations between inflow rivers and outflow rivers because RHg in water
primary exists in a dissolved phase. (T-test, p > 0.05) (Fig. 5.6). However, the ratio
of RHg/THg in inflow rivers (7.4%) was significantly lower than that in outflow
rivers (9.7%) (T-test, p < 0.05). Compared with inflow rivers, concentrations of
THg in outflow rivers were significantly decreased due to the interception effect of
the reservoir. Therefore, the relatively higher RHg/THg in outflow rivers (compared
with inflow rivers) can be explained by the decreased THg in outflow rivers
(compared with inflow rivers) together with the stable RHg concentrations between
inflow rivers and outflow rivers.
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Fig. 5.6 Annual mean concentrations of reactive mercury (RHg) in inflow and outflow rivers of
six reservoirs in Wujiang River Basin, Guizhou Province, China (PD-I, inflow of PD; PD-O,
outflow of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD; HID-I, inflow of HID; HID-O,
outflow of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I, inflow of SFY; SFY-O, outflow
of SFY; WID-I, inflow of WJD; WID-O, outflow of WID) (reprinted from Zhao et al. 2017, with
permission from Elsevier Ltd.)
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5.3.5 Methyl Mercury

The annual mean concentration of TMeHg in river water (inflow and outflow rivers)
in Wujiang River Basin was 0.15 & 0.06 ng L' (ranging from 0.07 ng L™' to
0.70 ng L™") throughout all the sampling sites. The annual mean concentrations of
TMeHg in inflow rivers and outflow rivers were 0.14 + 0.06 ng L™ and
0.17 & 0.06 ng L™, respectively. Seasonal distribution patterns and concentrations
of TMeHg in inflow rivers and outflow rivers are illustrated in Fig. 5.7. The sta-
tistical analysis showed that TMeHg concentrations in inflow rivers in the summer
were significantly higher than those in the three other seasons (winter, spring, and
fall) (T-test, p < 0.05). The elevated TMeHg concentrations in inflow rivers during
the summer can be explained by the increased surface runoff due to the sufficient
precipitation (Zhang et al. 2009; Meng et al. 2010), which subsequently resulted in
the increase of MeHg entering into river water through surface runoff and sediment
re-suspension pathways. Furthermore, another reason could be the higher water
temperature together with the increasing amount of algal-derived NOM during
summer, which can stimulate bacterial activity and Hg methylation (Bravo et al.
2017).

A significantly positive correlation between TMeHg and TSS in inflow rivers
was observed in this study, with a correlation coefficient of 0.47 (p < 0.001,
n = 168) (Table 5.7). Moreover, TMeHg concentrations in inflow rivers were
positively correlated with PMeHg (r = 0.93, P < 0.001, n = 168). The significant
correlations between TMeHg and TSS as well as PMeHg in inflow rivers implied
that river erosion and surface runoff could be the main sources of MeHg in the
inflow rivers of the six reservoirs in Wujiang River Basin. The outflow river water
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Fig. 5.7 Annual mean concentrations of total methylmercury (TMeHg) in inflow and outflow
rivers of six reservoirs in Wujiang River Basin, Guizhou Province, China (PD-I, inflow of PD;
PD-O, outflow of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD; HID-I, inflow of HID;
HID-O, outflow of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I, inflow of SFY; SFY-O,
outflow of SFY; WID-I, inflow of WID; WJID-O, outflow of WID) (reprinted from Zhao et al.
2017, with permission from Elsevier Ltd.)
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was mainly from the discharged water of the reservoirs. In this study, concentra-
tions of TMeHg in outflow rivers in warm seasons (especially during the period
from July to September) were significantly higher than those in the dry seasons
(T-test, P < 0.01). Furthermore, TMeHg concentrations in outflow rivers were also
significantly higher than that in inflow rivers especially in rainy seasons (T-test,
P < 0.05). These observations implied the active Hg methylation in reservoirs
during warm seasons. Canavan et al. (2000) observed that concentrations of MeHg
in the discharged water of a reservoir in New Mexico were approximately six times
higher from late summer to early fall. This observation shown above was consistent
with the results in this study.

The average ratio of TMeHg to THg (TMeHg/THg) in inflow—outflow rivers
throughout the six reservoirs was 5.3 & 2.9%. The ratios of TMeHg/THg in inflow
rivers throughout the six reservoirs exhibited the following distribution patterns
(Fig. 5.8): summer (5%) > spring, fall (4%) > winter (3%), with the corresponding
trend of summer (11%) > fall (7%) > spring, winter (6%) in outflow rivers.
Furthermore, the ratio of TMeHg/THg in outflow rivers (7.4%) was significantly
higher than that in inflow rivers (4.3%) (T-test, p < 0.05), which further confirmed
the net Hg methylation in the reservoirs.

The annual mean concentration of DMeHg in river water (inflow and outflow
rivers) in Wujiang River Basin was 0.08 + 0.03 ng L™ (ranging from 0.03 ng L™
to 0.26 ng L") throughout all the sampling sites. The annual mean concentrations
of DMeHg in inflow rivers and outflow rivers were 0.07 & 0.03 ng L™ and
0.10 & 0.04 ng L', respectively. Concentrations of DMeHg in outflow rivers
were significantly higher than those in inflow rivers (T-test, p < 0.05). The higher
DMeHg concentrations in outflow rivers can be attributed to the discharge of water
from the hypolimnion with high levels of MeHg. Muresan et al. (2008) observed
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Fig. 5.8 Annual ratios of total methylmercury (TMeHg) to total mercury (THg) (TMeHg/THg) in
inflow and outflow rivers of six reservoirs in Wujiang River Basin, Guizhou Province, China
(PD-I, inflow of PD; PD-O, outflow of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD;
HID-I, inflow of HID; HID-O, outflow of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I,
inflow of SFY; SFY-O, outflow of SFY; WID-I, inflow of WJID; WID-O, outflow of WID)
(reprinted from Zhao et al. 2017, with permission from Elsevier Ltd.)
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that MeHg concentrations in the hypolimnion of reservoirs were approximately 3
times higher than those in the upper water column, which support our results.

The seasonal distribution patterns of DMeHg in the inflow—outflow rivers of six
reservoirs are illustrated in Fig. 5.9. There were no discernable differences in the
DMeHg of inflow rivers among spring, summer, fall, and winter (K-W test,
p > 0.05). However, DMeHg concentrations in outflow rivers were significantly
higher than that in inflow rivers especially in rainy seasons (T-test, P < 0.01).
Furthermore, DMeHg concentrations in outflow rivers of the six reservoirs in rainy
seasons (summer and fall) were significantly higher than those in dry seasons
(spring and winter) (T-test, p < 0.05), which was consistent with the seasonal trend
of TMeHg in outflow rivers. Recently, we observed that both the newly constructed
reservoir (e.g., YZD) and old reservoir (e.g., WID) in Wujiang River Basin were
completely stratified during rainy seasons, especially at the downstream section of
the reservoirs (Meng et al. 2010). Furthermore, MeHg concentrations and the ratios
of MeHg/THg in the hypolimnion of reservoirs were highly elevated compared with
overlying water, indicating the active net Hg methylation in the stratification zone
of water column (Meng et al. 2010). A previous study confirmed that the elevated
DMeHg in the hypolimnion of reservoirs during summer and fall can result in the
increase of DMeHg concentrations in outflow rivers (Watras et al. 1995). Choe and
Gill (2003) reported that the DMeHg bound to organic colloids can pass through the
0.45 pm size of the filter membrane and exist in the liquid phase. These observa-
tions shown above support our results.

The average ratio of DMeHg to TMeHg (DMeHg/TMeHg) in inflow—outflow
rivers throughout the six reservoirs was 50.7 & 7.7%. Specially, the ratio of
DMeHg/TMeHg in outflow rivers (55%) was slightly higher than that in inflow
rivers (48%), but was not significantly different (T-test, p > 0,05), which could be
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Fig. 5.9 Annual mean concentrations of dissolved methylmercury (DMeHg) in inflow and
outflow rivers of six reservoirs in Wujiang River Basin, Guizhou Province, China (PD-I, inflow of
PD; PD-O, outflow of PD; YZD-I, inflow of YZD; YZD-O, outflow of YZD; HJD-I, inflow of
HID; HID-O, outflow of HID; DF-I, inflow of DF; DF-O, outflow of DF; SFY-I, inflow of SFY;
SFY-O, outflow of SFY; WID-I, inflow of WID; WJD-O, outflow of WID) (reprinted from Zhao
et al. 2017, with permission from Elsevier Ltd.)
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attributed to the dissolution of PMeHg in water body along the reservoirs. We
further calculated the ratios of DMeHg to DHg (DMeHg/DHg) in the river water of
the six reservoirs. Our results showed that the average ratios of DMeHg/DHg in
inflow rivers (5.2 & 2.7%) were significantly lower than those in outflow rivers
(8.4 £ 4.3%) (T-test, p < 0.05), which could be explained by the net Hg methy-
lation in reservoirs. Coquery et al. (2003) further observed that the levels of
DMeHg/DHg in surface water of reservoirs were similar to inflow rivers; however,
the ratios of DMeHg/DHg in the hypolimnion of reservoirs were approximately 10
times higher than those in surface water, indicating active Hg methylation in the
hypolimnion.

5.4 Comparisons with Other Reservoirs

The magnitude of THg, DHg, RHg, TMeHg, and DMeHg concentrations in river
water samples from the six reservoirs was compared with data from the literature
globally (listed in Table 5.8).

Generally, concentrations of THg, DHg, and RHg in the river water of the six
reservoirs ~were significantly lower compared with Hg-contaminated
lakes/reservoirs worldwide, including Anacostia River, San Carlos Creek, Fox
River, and Carson River in the USA, Riou Mort River in France, and Pra River in
Ghana. However, concentrations of Hg species in the river water of the six reser-
voirs appear to be higher than those reported for other uncontaminated rivers/lakes,
including Blacklick Run River, Patuxent River, and Mobile Alabama River in the
USA, but slightly lower than the observations in Lot River and Garonne River in
France. Similarly, THg, DHg, RHg, TMeHg, and DMeHg concentrations in river
water samples from the six reservoirs appear to be lower than those reported for the
other lakes in China, including the Hongfeng Reservoir, Aha Reservoir, and Baihua
Reservoir, which are located in the same region.

5.5 Influence of Cascade Reservoirs on the Distributions
of Mercury Species in River Water

Rivers are major pathways for a variety of materials to flow in and out of reservoirs.
Impounding rivers changes the characteristics of a water body from “rivers” to
“reservoirs”, affecting not only their hydrology but also their physical, chemical,
and biological characteristics. In particular, the transportation and transformation of
Hg in the reservoir ecosystem will be significantly changed with the change in
hydrodynamic conditions, synchronously. After the river enters the reservoir, the
capacity of the river to carry particulate matters is weakened. Consequently, the
“river’s transportation function” under strong hydrodynamic conditions will be
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gradually replaced by the “reservoir’s deposition function” under relative weakened
hydrodynamic conditions, which will subsequently impact the transportation pro-
cesses of particulate matter and related materials within the river-reservoir
ecosystems. Therefore, it is logically accepted that Hg that is bound to particu-
late matters will be deposited into sediment along with the sedimentation of the
particulates.

As concluded above, PHg was the main Hg fraction present in the inflow rivers
of the Wujiang River Basin. Furthermore, surface runoff and sediment
re-suspension were the primary sources of PHg in the inflow rivers of reservoirs. It
is reasonable to believe that a considerable amount of Hg entered into the sediment
by way of sedimentation. With the change in hydrodynamic conditions, dam
construction will significantly impact the transportation feature of rivers on par-
ticulate matters, subsequently impacting the transportation and transformation of
Hg in river-reservoir ecosystems in the Wujiang River Basin.

Current study observed the clear sedimentation of Hg in reservoirs within
Woujiang River Basin (Fig. 5.10). Similar to the spatial distribution patterns of TSS
in inflow—outflow rivers of reservoirs, concentrations of THg also gradually
decreased from upstream to downstream of Wujiang River Basin (Fig. 5.10). For
example, the annual mean THg concentrations in the inflow rivers of PD (SC) and
HID (LC) were 4.65 4+ 1.28 ng L™ and 4.50 & 2.13 ng L™, respectively. Under
the sedimentation processes of Hg in PD and HJD, concentrations of THg (annual
mean concentration) in the outflow rivers (reservoir discharge) of PD and HID
significantly decreased (approximately 2 times), to 2.43 + 0.40 ng L' and
2.18 4 0.53 ng L', respectively. These results indicated that a great quantity of
Hg was intercepted by the reservoirs and stored probably in the sediment. On the
other hand, reservoir’s scavenging effect on Hg was clearly weakened in the four
other reservoirs, which were located in the downstream portions of Wujiang River
Basin. It is generally accepted that sediment and/or hypolimnion are very important
site for Hg methylation. Therefore, the dam intercepted Hg can be transformed into
MeHg in reservoir, posing a potential threat to river-reservoir ecosystems.

Previous studies showed that dam construction significantly changed the con-
centrations and spatial distribution patterns of MeHg in the river (Canavan et al.
2000) and subsequently resulted in the increase of MeHg levels in the downstream
river. Canavan et al. (2000) further observed that the concentrations of MeHg were
still very high in the outflow river of the reservoir, approximately 22 km away from
the dam. To better understand the influence of dam construction on the distribution
of MeHg in the Wujiang River, the six selected reservoirs in Wujiang River Basin
are classified as the oligotrophic—mesotrophic stage (YZD, SFY, and HJD), the
mesotrophic—eutrophic stage (PD and DF), and the hyper-eutrophic stage
(WIJD) based on the trophic state of the specific reservoirs (Table 5.2). We further
observed the distributions of TMeHg and DMeHg in inflow—outflow rivers of
different trophic stages of reservoirs (Figs. 5.11 and 5.12). As shown in Fig. 5.11,
the TMeHg concentrations in outflow rivers of PD, DF, and WJD significantly
increased by the factors of 46, 53, and 92% compared with the data in the inflow
rivers of these three reservoirs, respectively.
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Fig. 5.10 Spatial distributions of total Hg (THg), total suspended solid (TSS), total methylmer-
cury (TMeHg), and dissolved methylmercury (DMeHg) in different sections of Wujiang River,
Guizhou Province, China (SC, Sancha River; LC, Liuchong River; WIR, Mainstream of Wujiang
River; the source of Wujiang River is Xianglu mountain in Weining county, Guizhou Province,
China) (redrawed from Guo et al. 2009, with permission from Resources and Environment in The
Yangtze Basin; Reprinted from Zhao et al. 2017, with permission from Elsevier Ltd.)

Previous studies showed that apart from the age of the reservoir, many other
factors including flooded soil type (e.g., organic matter content and Hg concen-
tration), water volume, water residence time, water temperature, water chemistry,
water depth in reservoir, may also exert an influence on net MeHg methylation in
reservoirs (St. Louis et al. 2004; Ullrich et al. 2001). As listed in Table 5.2, the
average water residence time in YZD (44 days) was 6.3 times higher than that in
SFY (7 days), but was an order of magnitude lower than that in HID (380 days).
Furthermore, the total water volume in YZD was ~ 2 times higher than that in SFY,
but was ~ 11 times lower than that in HID. However, the distribution patterns of
MeHg within inflow—outflow rivers (elevated from inflow rivers to outflow rivers of
reservoirs) were less pronounced in the newly constructed reservoirs in Wujiang
River Basin (e.g., YZD, SFY, and HJD). In contrast, both the water residence time
and total water volume in YZD, PD, DF, and WJD was similar. However, the
statistical analysis showed that concentrations of TMeHg and DMeHg in the out-
flow rivers in the hyper-eutrophic stage reservoirs (WJD) were significantly higher
than those in oligotrophic—mesotrophic (YZD, SFY, and HJD) and mesotrophic—
eutrophic (PD and DF) stage reservoirs (K-S test, p < 0.01, n = 18), indicating that
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Fig. 5.11 Monthly mean concentrations of total methylmercury (TMeHg) in inflow—outflow
rivers in different trophic stages of reservoirs in Wujiang River Basin, Guizhou Province, China
(YZD, SFY, and HJD with oligotrophic—mesotrophic stage; PD and DF with mesotrophic—
eutrophic stage; WJID with hyper-eutrophic stage) (redrawn from Guo et al. 2009, with permission
from Resources and Environment in The Yangtze Basin; Reprinted from Zhao et al. 2017, with
permission from Elsevier Ltd.)
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Fig. 5.12 Monthly mean concentrations of dissolved methylmercury (DMeHg) in inflow—outflow
rivers in different trophic stages of reservoirs in Wujiang River Basin, Guizhou Province, China
(YZD, SFY, and HJD with oligotrophic—mesotrophic stage; PD and DF with mesotrophic—
eutrophic stage; WJD with hyper-eutrophic stage) (redrawed from Guo et al. 2009, with
permission from Resources and Environment in The Yangtze Basin; Reprinted from Zhao et al.
2017, with permission from Elsevier Ltd.)

the net Hg methylation and the output of MeHg from reservoirs increased with the
increase of trophic stage in reservoir ecosystem.

The six cascade reservoirs which are located in the karstic environment of
Wujiang River Basin are typical deep-valley and high-mountain gorges. Hence, it
was reasonable that the selected reservoirs represented similar geological back-
ground (e.g., water depth of reservoirs, organic matter content and Hg
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concentrations in submerged soil) (Meng et al. 2010, 2016; Yao et al. 2011; Feng
et al. 2009a, b). Therefore, a current study jointly with the previous observations
implied that the primary indicator for Hg methylation could not be the water
residence time, total water volume, and basis geological background in reservoirs.
In comparison, our observations illustrated that primary productivity (trophic state)
could be one of the most important factors controlling the net Hg methylation in
reservoirs in Wujiang River Basin. The increase in planktonic derived NOM could
be the possible reason to explain the enhanced MeHg production in the reservoirs in
Wujiang River Basin (Bravo et al. 2017). Furthermore, the construction of the
cascade reservoirs resulted in the elevation of MeHg in several sections of
the Wujiang River (Fig. 5.10). For example, the MeHg concentration exhibited the
highest level in the section that was approximately 445 km distant from the source
of the Wujiang River (Fig. 5.10). The elevated MeHg levels in specific sections of
Woujiang River can be attributed to the net Hg methylation in reservoirs and dis-
charge of MeHg into the downstream areas of the Wujiang River. MeHg-enriched
water in outflow rivers could be transported to downstream areas, posing a potential
threat to the aquatic food web and human health.
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Chapter 6

Biogeochemical Process of Mercury
in Reservoirs in the Main Stream
of the Wujiang River

Abstract To understand the biogeochemical process of mercury (Hg) in reservoir
in Wujiang River Basin, Southwest China, six cascade reservoirs including Yinzidu
Reservoir (YZD), Suofengying Reservoir (SFY), Hongjiadu Reservoir (HID),
Puding Reservoir (PD), Dongfeng Reservoir (DF), and Wujiangdu Reservoir
(WIJD) in the mainstream of Wujiang River were selected in this study. The primary
objectives of this chapter were: (1) to investigate spatial and seasonal variations of
Hg species in different sectors of reservoirs (e.g., water column, sediment, sediment
pore water); (2) to reveal the processes of Hg methylation and their possible con-
trolling factors in the reservoirs in the Wujiang River Basin, Southwest China.

Keywords Biogeochemical process - Mercury - Reservoir -+ Wujiang river

6.1 Biogeochemical Cycling of Mercury in the Hongjiadu,
Suofengying, and Yinzidu Reservoir

HID is the largest reservoir of the 11 cascade reservoirs created in the Wujiang
River, whereas SFY is the smallest. The Liuchong and Aoshui Rivers provide the
predominant inflows into the HID. The inflows to the SFY include a major one
from the DF and a relatively minor one from the Maotiao River. In addition to river
inputs, upland runoff contributes seasonally to the reservoirs. The YZD is located in
the lower portion of the Wujiang river basin. The average water residence time in
the YZD is 43.7 d. At present, there are no significant point source discharges in the
drainage basins of these reservoirs.

The reservoirs experience a typical subtropical humid monsoon climate. The
rainy season occurs in the spring and summer seasons and accounts for more than
70% of annual precipitation. The reservoirs were created for a variety of purposes,
including the production of hydroelectricity, irrigation, flood control, fishery pro-
duction, and recreation. These reservoirs are located in rural areas, remote from
industrial activities and densely populated urban centers. Seventy-two percent of

© Science Press and Springer Nature Singapore Pte Ltd. 2018 95
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the flooded area is composed of former agricultural lands with the underlying
bedrock of limestone and dolomite.

6.1.1 Sampling Location, Sample Collection, and QA/QC

Water samples were collected on a seasonal basis during 2007 at stations repre-
senting the upstream, midstream, and proximal to dam sections of the reservoirs, as
well as within the tributaries. In all three of the reservoirs, sampling sites were
oriented in a west-to-east direction, following the water flow (Fig. 6.1). Seasonal
vertical column profiles were established at each site, with sampling at 6-8 depths.
Filtered water column samples were analyzed for dissolved Hg (DHg) and dis-
solved methylmercury (DMeHg) levels. Total Hg (THg), reactive Hg (RHg), total
methylmercury (TMeHg), and total suspended solids (TSS) levels were analyzed in
each of the unfiltered samples.

Surface soil samples were collected from all three reservoirs along the water
edge to represent flooded soil. Figure 6.1 shows pairs of soil and water sampling
sites from the water column. All samples were stored in acid-cleaned high-density
polyethylene centrifuge tubes, transported to the laboratory and stored frozen. Soil
samples were freeze-dried and homogenized with a mortar and pestle and then
sieved through an 80-mm sieve to remove coarse particles and biologic debris
before THg analysis.

Quality control was exercised using duplicates, method blanks, blank spikes and
matrix spikes, and standard reference material. Blank spikes and duplicates were
taken regularly (>10% of samples) throughout each sampling campaign. The

Fig. 6.1 Location of the sampling sites near the Hongjiadu (HJD), Suofengying (SFY), and
Yinzidu Reservoir (YZD) reservoirs within the Wujiang River, Guizhou Province, China
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method detection limit (MDL), based on three times the standard deviation of
replicate measurements of a blank solution in the water sample, was as follows:
0.20 ng L™ for THg, 0.032 ng L™ for MeHg, respectively, and the method blank
was found to be less than the detection limits in all cases. The average relative
standard deviations for the duplicate analysis of THg and MeHg for water samples
were from 2.5 to 12.6% and from 4.4 to 7.5%, respectively. Spike recoveries for
THg and TMeHg in water samples were between 90 and 110%, and between 84.1
and 113.1%, respectively. The mean THg concentration of standard materials of
GBWO07305 and GBW07405 was 0.10 + 0.10 and 0.30 %+ 0.08 mg kg~ in soil,
which is comparable with the certified value of 0.10 & 0.02 and
0.29 & 0.04 mg kg™

The assumption of the parametric procedure was examined using one-sample K—
S test, and the result showed that the data sets followed a normal distribution; then,
we used one-way analysis of variance (ANOVA) and multiple comparisons to
analyze the significance of differences in concentrations (e.g., TMeHg levels)
among seasons and sites. Pearson’s values were used as a guide to determine
significance at the 5% level. Linear regression and ANOVA were performed with
R. All statistical analyses were performed in the software Origin 8.0 (OriginLab)
and SPSS 16.0 (SPSS).

6.1.2 General Water Quality Characteristics

The temporal and spatial characteristics for temperature (7) and dissolved oxygen
(DO) from the HID, SFY, and YZD are displayed in Figs. 6.2, 6.3, 6.4, 6.5, 6.6 and
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6.7. Figures 6.2, 6.3 and 6.4 show that the surface water T is higher in the summer
than in the spring and autumn in the three newly built reservoirs and lowest in the
winter.

In the vertical direction, T and DO are obviously different, except in the winter
when they show a gradually decreasing trend from the surface to the bottom. The
water column showed obvious stratification, which can affect water environment
conditions in these reservoirs (Wang 2005). T and DO had maximum values from 0
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to 10 m down the water column. They decreased gradually with increasing depth,
and at the bottom of the water column, they reached the minimum value. Water
stratification leads to a low temperature, anaerobic environment, but photosynthesis
of algae (algae absorb carbon dioxide and release oxygen) and an enriched oxygen
environment in the bottom can result in higher DO. However, algae reduction and
weakening of illumination intensity can weaken or even stop photosynthesis.
Moreover, the endogenous organic matter will decompose in reservoirs, producing
carbon dioxide. Water temperature stratification forces free carbon dioxide to stay
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in the bottom water, resulting in DO gradually decreasing with increasing water
depth and bottom water having a very low value. The reservoirs were well mixed in
winter, with no significant changes in the water column, but DO had low values at
the bottom of the dam.

SFY showed differences from HID. Generally, 7 and DO were invariant from
the surface to bottom (p > 0.05), although they did show slight changes in the 10 m
or 20 m sampling depths at the upstream site and dam in the spring.

YZD was slightly temperature stratified in the spring and summer, with strong
trends at the downstream and dam stations of the reservoirs. However, the vertical
profiles of DO showed no changes from the surface to the bottom water.

Clearly, HID has the strongest stratification in the spring, summer, and autumn;
YZD had a slight stratification, and SFY showed little variation within the water
column. These differences may be depending on water residence time and reservoir
volume (see Table 6.1). When the reservoirs were well mixed, T and DO showed
no obvious change from the surface to the bottom in the water column.

Table 6.1 shows the basic physical and chemical parameters in different seasons
at each sampling site at the HJD, SFY, and YZD in 2007. Sulfate concentrations
ranged from 49.1 to 81.6 mg L™ in HID, from 55.0 to 121.9 mg L™" in SFY, and
from 71.6 to 136.8 mg L™ in YZD. Sulfate concentrations were very high, which
is primarily related to atmospheric rainfall, due to the release of SO, from coal
combustion (Guo et al. 2008a, b), and dissolution of sulfate from the carbonate
bedrock (Jiang 2007; Jiang et al. 2006).

Due to the karstic geology of the Wujiang River basin, the water was slightly
alkaline in most samples (HJD: 6.8-8.7; SFY: 7.2-8.2; YZD: 6.6-8.4), and no
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significant seasonal pH variations were observed at these three reservoirs during
this study (p > 0.05).

Total suspended solids (TSS) concentrations ranged from 0.06 to 8.9 mg L™,
with a mean concentration of 1.7 mg L™". TSS in the HID showed a seasonal
pattern, with the highest average TSS values in wet seasons and the lowest values in
dry seasons. The TSS values in the YZD in the spring and summer were signifi-
cantly higher than those in the winter (p < 0.01), but the TSS values of the SFY
showed no seasonality. Because HID is located upstream of the Wujiang River in
these reservoirs, the river channel erosion and surface runoff were the main sources
of TSS to the HID during our sampling.

The mean concentration of DOC was 1.7 mg L™ in these reservoirs (range: 0.1—
7.0 mg L™"). DOC concentrations in the spring and summer were higher than those
in the autumn and winter, which may be due to the transportation of DOC from the
soil by precipitation-induced soil erosion.

Overall, these newly constructed reservoirs were located in a karst environment,
with the same geographical environment, so the water was neutral to partially
alkaline, with low DOC, low TSS, and high sulfate.

6.1.3 Distribution of Mercury Species in Water Column

1. The spatial distribution characteristics of total mercury, dissolved mercury, and
particulate mercury

We collected water samples from each season during 2007 at different sites in these
three newly constructed reservoirs (HID, SFY, and YZD) and analyzed the mercury
speciation. We compared the seasonal and spatial distribution of mercury species in
the water column in the HID, SFY, and YZD. The mean annual concentrations and
variation ranges of different mercury species in different seasons are shown in
Tables 6.2, 6.3 and 6.4. As shown in the table, THg, DHg, and PHg concentrations
decreased in the following order in the HID: summer > autumn > spring > winter
(p < 0.01); the concentrations clearly changed seasonally. The SFY and YZD
showed different results than the HJD. There were no obvious changes in the
spring, summer, and winter at the SFY and YZD (p > 0.05), except the DHg levels
in summer were lower than those in winter (0.01 < p < 0.05). However, the con-
centration of THg indicated no discernible trend during all seasons (p > 0.05) in the
water column of the YZD. The mean annual concentration of DHg in spring was
lower than those of other seasons (p > 0.05), possibly as a result of more extensive
settling of particles in the DF, which is located upstream of the SFY. The main
input for the YZD comes from the outlet of the upstream PD.

We found that the mean ratios of PHg/THg in summer and autumn were 69.5
and 57.9% in the HID and decreased to 36.0 and 40.4% in winter and spring,
respectively. The mean ratios of PHg/THg in summer and autumn were 57.1 and
57.9% in the SFY and decreased to 21.6 and 41.8% in winter and spring,
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respectively. The mean ratios of PHg/THg in the spring were 60.0% in the YZD
and decreased to 42.0, 45.0 and 41.9% in spring, autumn, and winter. Statistical
analyses yielded significant positive correlations between PHg and THg in the HID
(p <0.001, r=0.88%* n=117), SFY (p <0.0001, r = 0.94%*, n = 107) and
YZD (p < 0.0001, r = 0.88**, n = 100). Corresponding to an increase in rainfall
during spring and summer, abundant surface water carried more particulate matter
with higher THg concentrations to the HID, causing higher PHg in summer than in
winter. At the same time, THg concentrations in HID were significantly higher than
those in other reservoirs. This result further illustrates the impact of the HID as the
largest reservoir of the eleven cascading reservoirs creating the Wujiang River. Due
to reservoir construction, TSS levels downstream decreased, demonstrating that
reservoirs have potential to reduce THg in water of the reservoir-river system. TSS
concentrations and inorganic mercury species in HID Reservoir were significantly
higher than those in YZD and SFY.

Vertical profiles for THg, PHg, and DHg from these three reservoirs are dis-
played in Figs. 6.8, 6.9, 6.10, 6.11, 6.12, 6.13, 6.14, 6.15 and 6.16. THg concen-
trations (range: 5.8-6.6 ng L") and PHg (range: 3.5-4.5 ng L") significantly
increased in the summer from O to 10 m in the water column. However, in the SFY,
THg, and PHg concentrations clearly increased in the autumn at the dam and
tributaries potentially related to a seasonal input of PHg. The distribution trends of
THg and PHg in the YZD were highly consistent and showed higher concentrations
in the middle and bottom than other sites. This may be related to the higher
frequency of water exchange and the greater disturbance of sediments, especially
from the middle to the dam.

The spatial distributions of inorganic mercury species showed no obvious
changes between the three reservoirs. THg concentrations decreased gradually from
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Fig. 6.8 Water column profiles of the concentrations of total mercury (THg) in Hongjiadu
Reservoir (HID) (redrawed from Yao et al. 2011, with permission from Chinese Journal of
Ecology)
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Fig. 6.9 Water column profiles of the concentrations of dissolved mercury (DHg) in Hongjiadu
Reservoir (HID) (redrawed from Yao et al. 2011, with permission from Chinese Journal of
Ecology)

PHg (ng L")
0 2 4 6 0 2 4 6 0 2 4 6 2 4 6
0_; Yo ] 1 1 1 O-Ii ‘k 1 .i. 1 O-IE .I 1 1 I /.I 1 1
A s i . o {
1 J @

20-§ / 20
40 -\ 40
60 J

804

e><_

40

S

- iZ;f

K
{ 60-& ﬁ
.\. j 80-‘[

60

|
i _

100+ Tributary 1004 j Upstream 100+ l Midstream \ Dam
1204
120 - 120 -

0
A 0%
Fq X
A o~
X/ 20E

P ——

Depth (m)
>}/
.\c

80

*—

120 -

—%— Winter —4— Spring —®— Summer —e— Autumn

Fig. 6.10 Water column profiles of the concentrations of particulate mercury (PHg) in Hongjiadu
(HJD)

upstream to the dam in the HJD in the water column. As Fig. 6.8 shows, the mean
annual THg concentration was 3.7 £ 2.1 ng L™ in the upstream region and
2.1 4+ 04ngL™" in the dam. PHg concentrations decreased gradually from
23 + 1.5ng L™" in the upstream region to 1.5 + 0.2 ng L™" in the dam. We
found that the THg concentration decreased by 43.2% in the dam compared with
the upstream site, and the PHg concentrations decreased by 34.8% in the dam
compared to the upstream site. This similarity in trend suggests that mercury
transported by rivers is partially settling out in the reservoirs, especially particulate
matter. The hydrodynamic condition weakens when rivers enter reservoirs, and
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Fig. 6.12 Water column profiles of the concentrations of dissolved mercury (DHg) in
Suofengying Reservoir (SFY)

most particles from rivers settled into sediments in reservoirs. This leads to the
observation that particles decreased downstream, suggesting that the HJD scav-
enged the most THg. When there are reservoirs upstream, the scavenging ability
gradually decreases, such as in the SFY and YZD; THg concentrations at the dam
sites had reduced 21 and 32% compared with those at the upstream sites. The three
newly built reservoirs have low primary productivity, low human impact and lack
of local point sources, implying that no discernible vertical and spatial seasonal
trends in the different mercury species in the water column occurred during our

sampling.



6.1 Biogeochemical Cycling of Mercury ...

X\
?‘Y

204

e

o
S
1

Depth (m)
W
\

807 Tributary

100 -

Fig. 6.13 Water column profiles of the concentrations

PHg (ng L")

00 05 1.0 L5 20

60

Upstream

100 -

—*— Winter —A— Spring

Suofengying Reservoir (SFY)

THg (ng L)

109

)

®
*

iy

60+

100 -

—m— Summer

00 05 10 15 20 00 05 10 15 20 00 05 L
|

Midstream

0 1 1 1 0 1 1 1 1
- ) - *. L ]
bl
4 7'y [
20 >\ 20 %
S \
"
E 40 40
E
=
o
j5)
2 60 60 .
80 80 - 80 -
Upstream Midstream
100 100 1004

—x— Winter —A— Spring

—m— Summer

15 20 00 05 10 15 20
o ' ) !

20-

/

100 -

—e— Autumn

of particulate mercury (PHg) in

0 .5 .
| _Ifl_l_l
0 }t/A 0 . (]
L3
20 | 20

J .
80 4

Downstream / Dam

100 -

—eo— Autumn

Fig. 6.14 Water column profiles of the concentrations of total mercury (THg) in Yinzidu
Reservoir (YZD) (redrawed from Meng et al. 2010, with permission from The Alliance of Crop,
Soil, and Environmental Science Societies; redrawed from Meng et al. 2011, with permission from
Chinese Journal of Ecology)

2. Reactive mercury

Reactive mercury (RHg) is easily absorbed by organisms in the water column and is
easily reducible to unlabelled mercury. RHg can convert into elemental mercury
(Hgo), and into methylmercury (MeHg) (Mason and Fitzgerald 1990). Therefore,
RHg concentrations can reflect the activity and methylation ability of mercury in

the water column.
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We found that RHg concentrations were relatively low in these three reservoirs,
as shown in Tables 6.2, 6.3 and 6.4 (mean = 0.14 + 0.07 ng L' in HID,
mean = 0.11 & 0.03 ng L™ in SFY, mean = 0.19 & 0.15 ng L™ in YZD). RHg
concentrations in the present study were lower than other unpolluted reservoirs
(1 ng L™") (Meuleman et al. 1995; Lucotte et al. 1999; Kotnik et al. 2007). There
were no discernible differences in RHg concentrations between the HID and SFY
during the sampling seasons (p > 0.05), while there was a significant difference in
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the YZD (0.01 < p < 0.05). Furthermore, we found a seasonal variation in RHg
concentrations for both the HID and YZD. RHg concentrations were obviously
higher in summer than in autumn or winter in the HID and YZD (p < 0.01) (see
Figs. 6.17 and 6.19). These elevated levels of RHg are potentially due to surface
runoff and other exogenous inputs from rainfall in summer. However, RHg con-
centrations in the SFY had no obvious seasonal variations (see Fig. 6.18)
(p > 0.05), possibly related to storage time in the water column or the absence of a
sediment layer.

Correlation analysis showed that there was no obvious correlation between RHg
and THg in the three reservoirs (HJD: p > 0.05, SFY: p > 0.05, YZD: p > 0.05).
RHg was positively correlated with TMeHg in the water column (HJID: p < 0.01,
SFY: p < 0.05, YZD: 0.01 < p < 0.05), indicating that RHg and TMeHg have
similar origins in the three reservoirs. The high RHg concentrations would increase
mercury methylation, which would cause MeHg concentrations to increase.
Therefore, this result demonstrated that low MeHg concentrations in both reservoirs
were associated with low RHg in the water column.

3. Methylmercury

The spatial distribution patterns and concentrations of total methylmercury
(TMeHg), dissolved methylmercury (DMeHg), and particulate methylmercury
(PMeHg) in these reservoirs are illustrated from Figs. 6.20, 6.21, 6.22, 6.23, 6.24,
6.25, 6.26, 6.27, and 6.28, and supplementary from Tables 6.2 to 6.4. The con-
centration of TMeHg, DMeHg, and PMeHg in spring and summer were slightly
higher than those in winter and autumn (p < 0.001). It is clear that MeHg species
did not significantly increase with depth based on the vertical concentration-depth
profiles from the water column (p > 0.05). In addition, MeHg concentrations
slightly increased in summer and autumn at a depth of 40 m between the dam and
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Fig. 6.17 Water column profiles of the concentrations of reactive mercury (RHg) in Hongjiadu
Reservoir (HID)
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Fig. 6.19 Water column profiles of the concentrations of reactive mercury (RHg) in Yinzidu
Reservoir (YZD) (redrawed from Meng et al. 2010, with permission from The Alliance of Crop,
Soil, and Environmental Science Societies; redrawed from Meng et al. 2011, with permission from
Chinese Journal of Ecology)

midstream sites, and elevated MeHg primarily existed in particulate form
(PMeHg/THg ratios were 91% in the dam and 83% in the midstream). Because
MeHg concentration in summer atmospheric precipitation is relatively low (see
Chap. 3), the elevated MeHg concentration cannot be from atmospheric precipi-
tation. At the same time, it cannot be plausibly attributed to in situ methylation due
to high DO and pH in this layer, which is an unsuitable environment for active Hg
methylation. This result implies that the elevated MeHg in the 40-m-deep dam and
midstream bottom water in the spring and summer is not only due to the



113

6.1 Biogeochemical Cycling of Mercury ...
TMeHg (ng L)
0.0 02 0.4 06 00 02 0.4 06 00 02 0.4 0.6 0.0 0.2 0.4 0.6
04 1 1 1 04 Aﬁf 1 1 1 04 2% 1 1 1 04 E}I 1 1 1
A% u Nel !
20 20 U. 204 ﬂ 201 u-
| | X | } lﬁ
404 dx / 404 e l 40 404
|0 I |l
= i -
£ 60 60- dom 60 l IY\
=) 80 - °
80 80 80 l }
Tributary / ./ Upstream Midstream 1004 ® Dam
100 100 100
120 1 J
1204 120 120
—%— Winter —A— Spring —#®— Summer —e— Autumn

Fig. 6.20 Water column profiles of the concentrations of total methylmercury (TMeHg) in
Hongjiadu Reservoir (HID) (redrawed from Yao et al. 2011, with permission from John Wiley and
Sons, Inc.; redrawed from Yao et al. 2011, with permission from Chinese Journal of Ecology;
redrawed from Yao et al. 2009, with permission from Resources and Environment in The Yangtze
Basin)
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Fig. 6.21 Water column profiles of the concentrations of dissolved methylmercury (DMeHg) in
Hongjiadu Reservoir (HID) (redrawed from Yao et al. 2011, with permission from Chinese
Journal of Ecology)

accumulation of settling particulate matter from overlying water but also from river
erosion and surface runoff bringing PMeHg into the reservoir. The maximum
MeHg concentration was not found in the bottom water, suggesting that submerged
soil did not release MeHg into the water column in these three newly constructed
reservoirs, and these reservoirs are not a source of MeHg.
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Fig. 6.22 Water column profiles of the concentrations of particulate methylmercury (PMeHg) in
Hongjiadu Reservoir (HJD) (redrawed from Yao et al. 2011, with permission from Chinese

Journal of Ecology)
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Fig. 6.23 Water column profiles of the concentrations of total methylmercury (TMeHg) in
Suofengying Reservoir (SFY) (redrawed from Yao et al. 2011, with permission from John Wiley
and Sons, Inc.; redrawed from Yao et al. 2011, with permission from Chinese Journal of Ecology;
redrawed from Yao et al. 2009, with permission from Resources and Environment in The Yangtze

Basin)

The mean PMeHg/TMeHg ratios are different seasonally in the HID (63.0% in
spring, 62.4% in summer, 37.6% in winter and 28.0% in autumn) during the four
sampling periods in 2007. The same trend also appeared in the SFY (67.3% in the
spring, 64.3% in the summer, 24% in the winter and 35.7% in the autumn) and
YZD (37.2% in the spring, 60.9% in the summer, 33.2% in the winter and 29.2% in
the autumn). PMeHg was significantly correlated with TMeHg in the spring and
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Fig. 6.24 Water column profiles of the concentrations of dissolved methylmercury (DMeHg) in
Suofengying Reservoir (SFY) (redrawed from Yao et al. 2011, with permission from Chinese
Journal of Ecology)
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Fig. 6.25 Water column profiles of the concentrations of particulate methylmercury (PMeHg) in
Suofengying Reservoir (SFY) (redrawed from Yao et al. 2011, with permission from Chinese
Journal of Ecology)

summer (p < 0.001, r = 0.87 in HID, p < 0.0001, r = 0.83 in SFY, p < 0.0001,
r = 0.79 in YZD). DMeHg was significantly correlated with TMeHg in the autumn
and winter (p < 0.0001, » = 0.79 in HID, p < 0.0001, r = 0.72 in SFY, p < 0.0001,
r = 0.65 in YZD), indicating that PMeHg and DMeHg are the main factors con-
trolling elevated MeHg in both reservoirs during 2007.

In spatial distribution, no discernible change in TMeHg could be detected from

upstream to the dam moving along the sampling section of the reservoirs. All mean
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Fig. 6.26 Water column profiles of the concentrations of total methylmercury (TMeHg) in
Yinzidu Reservoir (YZD) (redrawed from Meng et al. 2010, with permission from The Alliance of
Crop, Soil, and Environmental Science Societies; redrawed from Meng et al. 2011, with
permission from Chinese Journal of Ecology)
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Fig. 6.27 Water column profiles of the concentrations of dissolved methylmercury (DMeHg) in
Yinzidu Reservoir (YZD) (redrawed from Meng et al. 2010, with permission from The Alliance of
Crop, Soil, and Environmental Science Societies; redrawed from Meng et al. 2011, with
permission from Chinese Journal of Ecology)

values were tested by significant differences, and there was no obvious difference
(p > 0.05) between their concentrations. The mean MeHg concentrations in the
HIJD were consistent with values observed in the SFY and YZD, and there was no
significant difference (p > 0.05). The percentage of THg that occurs as MeHg (%
MeHg) is a good indicator of MeHg production in ecosystems (St. Louis et al.
1994; Rudd 1995; Gilmour et al. 1998). Therefore, we calculated the percentage of
MeHg in the HID, SFY, and YZD. The TMeHg/THg percentages were
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Fig. 6.28 Water column profiles of the concentrations of particulate methylmercury (PMeHg) in
Yinzidu Reservoir (YZD) (redrawed from Meng et al. 2010, with permission from The Alliance of
Crop, Soil, and Environmental Science Societies; redrawed from Meng et al. 2011, with
permission from Chinese Journal of Ecology)

11.8% % 9.3%, 13.7% =+ 8.8% and 13.0% £ 10.0% in the HID, SFY, and YZD,
respectively. The percentage MeHg at sites close to the dam were somewhat lower
than those at the upstream sites in both reservoirs. Furthermore, the percentage
MeHg in all three reservoirs were much lower than the percentages in newly built
reservoirs reported in North America and Europe (50-80%) (Tremblay et al. 1996;
Kannan et al. 1998; St. Louis et al. 2004; Hall et al. 2005). Moreover, Guo (2008)
conducted a mass balance study of both THg and MeHg based on one year of
continuous measurements of monthly average THg and MeHg concentrations in
inflows and outflows in these three reservoirs. They found that both reservoirs were
net sinks for THg and TMeHg, as shown in Chap. 5, Sect. 5.4. Therefore, our data
confirm that these three new reservoirs were not active sites for net Hg methylation.

A comparison of Hg concentrations between these three newly built reservoirs
and reservoirs in other areas is shown in Table 6.5. THg concentrations in the
present study were somewhat lower than those in reservoirs in North America and
Europe. This indicated that the newly built reservoirs were not obviously polluted
by THg in the Wujiang River basin. However, the TMeHg concentrations in the
water column of both reservoirs were significantly lower than the concentrations in
newly built reservoirs in North America and Europe but were similar to the con-
centrations in old reservoirs in North America and Europe. Compared with other
Chinese lakes/reservoirs located in the same region, including Hongfeng Reservoir
(0.05-0.92 ng L"), Aha (0.03-2.05 ng L"), Baihua Reservoir (1.29 ng L"), and
Wujiang River (0.07-0.7 ng L™") (Bai 2006; He 2007; Yan 2005; Guo 2008), the
concentrations of MeHg were significantly lower. This comparison confirms that no
net MeHg production occurred in either of these reservoirs, contrary to the findings
in newly built reservoirs in North America and Europe.
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Table 6.5 Comparison of total mercury (THg) and total methylmercury (TMeHg) concentrations
in the water columns in Hongjiadu, Suofengying and Yinzidu, China, with reservoirs in North
America and Europe

Sampling location Periods (a) | THg (ng L™') | TMeHg (ng L™') | Data source
Flood-control 2-4 0.74-6.97 0.06-6.6 Brigham et al.
imploundments, USA (2002)
Experimental 0.04 0.98-6.95 0.05-3.2 Kelly et al. (1997)
reservoir, Canada

Experimental 3 1.1-6.0 0.1-2.1 Hall et al. (2005)
reservoir, Canada

Quebec reservoir, 3 <5 0.01-2 Lucotte et al.
Canada (1999)

Maryland reservoir, 12-133 0.4-6.8 0.048-0.38 Mason and

USA Sveinsdottir (2003)
Narraguinnep 16 0.47-1.06 0.010-0.043 Gray et al. (2005)
reservoir, USA

Caniapiscau reservoir, | 17 1.19-1.69 0.06-0.09 Schetagne et al.
Canada (2000)

SFY Resrvoir, 3 0.42-4.9 0.030-0.22 Present study
Waujiang River

HJD Resrvoir, 4 0.32-6.6 0.05-0.17 Present study
Waujiang River

YZD Resrvoir, 6 0.40-1.9 0.0028-0.44 Present study
Woujiang River

Reprinted from Yao et al. (2011), with permission from John Wiley and Sons, Inc

6.1.4 Distribution of Mercury Species in Flooded Soil

1. Organic matter

We did not collect samples of flooded soil; however, as proxies, we collected
numerous soil samples along the banks of the reservoirs to represent flooded soil.
We analyzed the concentration of organic matter (OM), and the results are shown in
Table 6.6. OM concentrations were relatively low in the submerged soil of the HID
and SFY, varying from 0.4 to 6.9%. These reservoirs remained in an
oligo-mesotrophic state in 2007 (see the Chap. 10, Sect. 10.2), suggesting that
these two reservoirs have low primary productivity, lack of phytoplankton, and low
organic carbon content. Therefore, OM in submerged soil was sourced primarily
from surface runoff and river input.

2. Total mercury and methylmercury

As described in Table 6.6, during the sampling period, the mean concentrations of
THg and TMeHg in submerged soil were 68.8 + 34.5 ng g ' and 1.2 £ 0.5 ng
g ' in the HID (n = 25) and 268.3 = 729 ng g ' and 1.3 + 0.4 ng g ' in SFY
(n =19).
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Table 6.6 Total

mercury (THg), total

119

methylmercury (TMeHg) and organic matter
(OM) concentrations in flooded soil in Hongjiadu (HJD) and Suofengying (SFY) reservoirs

HID SFY

Number n 25 19
OM (%) Range 0.4-3.9 2.6-6.9

Mean + SD 19+ 1.1 41+£13
THg (ng g ) Range 20.1-137.2 141.3-372.4

Mean + SD 68.8 £ 34.5 268.3 £ 72.9
TMeHg (ng g_l) Range 0.4-1.9 0.7-2.

Mean + SD 1.2 £05 1.3+£04

As a result, THg concentrations in the soil along the bank of the SFY were
significantly higher (p < 0.05) than those in the soil of the HID; however, the SFY
is located downstream of an Hg mining area, as shown in Fig. 6.1. Therefore, this is
not a typical background site but one directly influenced by nearby Hg mining
activity. Overall, the background THg concentrations of soil samples in these two
reservoirs (especially SFY) are much higher than the background Hg concentration
of soil in China, which is 38.0 ng g~ (China National Environmental Monitoring
Centre 1992; Feng et al. 2006). However, the soil TMeHg concentrations in these
two reservoirs were obviously lower than the TMeHg concentrations of soil in
North America, which is 2-12 ng g~ (Tremblay et al. 1996). TMeHg/THg ratio
differences were due to varying THg; the TMeHg/THg ratios were 2.11 + 1.0% in
HID soil, and the TMeHg/THg ratios were 0.55 + 0.23% in SFY soil. Moreover,
we found that THg concentrations in precipitation (HJID: 41.2 4 24.1 ng L™";
SFY: 51.6 + 38.4 ng L") were much higher than those reported in relatively
pristine areas in North America and Europe, which are generally lower than
10.0 ng L! (Lindqvist et al. 1991; St. Louis et al. 2004; Hall et al. 2005). The
enhancement is attributed to regional Hg pollution by coal combustion. In contrast,
the volume-weighted mean concentrations of MeHg (£SD) in precipitation col-
lected at the HID and SFY were merely 0.10 & 0.05 and 0.12 4 0.06 ng L',
respectively, which are low levels in the same reference framework. Therefore, the
contribution of MeHg from precipitation to the studied reservoirs would be con-
sidered trivial in comparison to the impact from other sources. Our data have shown
that the THg concentrations in precipitation and submerged soil at the HID and
SFY were significantly higher than the concentrations at newly built reservoirs in
North America and Europe.

However, the reservoirs of the present study were deduced to be net sinks for
THg and TMeHg because they lacked active sites for Hg methylation. This result is
in spite of the fact that THg concentration in precipitation and regional soil was
elevated from an international perspective. It is generally believed that flooded soil
is propitious for MeHg production. The submerged soil in the relevant investiga-
tions from North America and Europe was normally from boreal forest or wetland,
where OM concentrations can vary from 30 to 50% (Verdon et al. 1991; Tremblay
et al. 1996; Lucotte et al. 1999). As shown in Fig. 6.29, St. Louis experimentally
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(a) Preflood (1982)

(c) Five years posf

Fig. 6.29 St. Louis experimentally flooded a wetland complex (peatland surrounding an open
water pond) at the Experimental Lakes Area (ELA), northwestern Ontario, Canada (St. Louis et al.
2004)

flooded a wetland complex (peatland surrounding an open water pond) at the
Experimental Lakes Area (ELA), northwestern Ontario, Canada, to examine the
biogeochemical cycling of MeHg in reservoirs. Figure 6.29 shows aerial pho-
tographs of the wetland complex (peatland surrounding an open water pond) prior
to flooding (1992; A) and the reservoir after the first (1993; B), fifth (1997; C), and
ninth (2001; D) years of flooding. Most of the inundated surface peat floated in the
reservoir by 1996. By 2001, vegetation had regrown on most of the floating peat
surfaces. They studied the changes in MeHg production rate before and after
flooding. Prior to the flooding, the wetland was a net source of 1.7 mg ha ' year '
MeHg to downstream ecosystems, yielding 130% of the MeHg amount that entered
the wetland. In the first year of flooding, the net export of MeHg from the reservoir
increased 40-fold to approximately 70 mg ha™' year ' MeHg, yielding over 860%
of MeHg inputs (St. Louis et al. 2004). The MeHg concentration is elevated in
environments that favor Hg methylation processes such as the degradation of OM in
the soil. These environments also produce many nutrients through microbiological
activity that promote Hg II conversion into MeHg, which results in increased MeHg
concentrations in water columns and elevated MeHg concentrations in fish by
bioaccumulation and biomagnification through the food chain (Furutani and Rudd
1980; Bodaly et al. 1984; Ramlal et al. 1987; Ramsey 1990; Hecky et al. 1991;
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Lucotte et al. 1999). However, in the following years, with the degradation of OM
in flooded soil, it was exhausted of methylation sources, which significantly
reduced the MeHg production rate in submerged soil.

Guizhou is located in the southwestern area of China where agricultural land
accounts for 86.78% of the total land area. The thickness of soil layer is thin in most
of the region, soil fertility is poor, the slope is steep, and approximately 80% of
cultivated land is subject to soil erosion (Guizhou Statistical Yearbook 2008). In
our study, these three newly built reservoirs are located in rocky, plateau-like
mountains with few farmlands; 72% of the land area is dry land, and 4.5% of the
farmland is located on steep slopes. Loping arable land and Shi Kala coverage
account for 60% of cultivated land, resulting in very poor land quality in this region
(see Fig. 6.30).

Due to the limited land resources in the Southwest area, river valleys have
become farmland, and the farmers have overstressed the farmland, resulting in
reduced OM concentrations in flooded soil. In addition, prior to flooding, the people
exploited forests and scrubland around the reservoirs (forest cut away, leaving the
root flat ground) and cleared residential areas, and other obstacles have been cleared
(Hydropower Consulting Group Guiyang Survey Design and Research Institute
1987). Therefore, extensive agricultural activity in this region is the main cause of
low OM concentrations in soil (see Table 6.7). This is consistent with the results
from the China National Environmental Monitoring Center, and Liu (2009), who
reported that OM contents in soil ranged from 1.2 to 7.8% in southwestern China. It
has been demonstrated that low MeHg concentrations in these reservoirs were
associated with low OM in submerged soil. These results suggest that OM in soil is
a key factor governing Hg methylation rates in reservoirs. It is clear that further
study is needed to elucidate the mechanisms for soil OM governing MeHg distri-
bution in the water columns of these reservoirs.

Apart from OM levels in the soil, MeHg production may be dependent on other
physiochemical factors, such as pH, DO, DOC, trophic status, and watershed
characteristics. In the primary evolutionary phases, we found that DOC was

Fig. 6.30 Surrounding environment map in the Hongjiadu Reservoir (HID) and Suofengying
Reservoir (SFY) (the photo was taken on December, 2009)
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Table 6.7 Comparison of organic matter levels in soil in the catchment of Hongjiadu (HID) and
Suofengying reservoirs (SFY) in Southwestern China

Sampling location OM (%) Data source

HID, Guizhou 19+ 1.1 Present study

SFY, Guizhou 414+ 13 Present study

Guizhou 4.3 +£ 2.7 | China National Environmental Monitoring
Yunnan 3.9 £ 24 | Center (1990)

Sichuan (including 33+45

Chonggqing area)

Tibet 4.6 £4.7

Southwestern China 1.2-7.8% Liu et al. (2009)

Reprinted from Yao et al. (2011), with permission from John Wiley and Sons, Inc

positively correlated with TMeHg in the water column (HIJD, R*=0.14,
p <0.0001, n=116; SFY, R* =0.31, p <0.0001, n=106; YZD, R* = 0.22,
p < 0.0001, n = 101) (see Fig. 6.31), which indicated that RHg and TMeHg have
similar origins in the three reservoirs. DOC levels (ranged from 0.5 to 4.9 mg L™")
were not as high as those observed in peat bog lakes in North America, where DOC
concentrations reached up to 11 mg L™ (Lucotte et al. 1999; Porvari and Verta
2003; Hines et al. 2004; Liu et al. 2008). We have shown that the concentration of
MeHg increased with the concentration of DOC when DOC was greater than
5 mg L' (McMurtry et al. 1989; Barkay et al. 1997). Low pH is conducive to the
release of heavy metals from sediments and particulate matter, and water acidifi-
cation will affect the distribution of MeHg. Many studies have found that acidic
conditions are favorable to the formation of MeHg in the lake, and low pH in lakes
can improve the rate of Hg methylation (Bloom 1992; Miskimmin et al. 1992;
Hudson et al. 1994). In the HID, SFY, and YZD, we found that pH was positively
correlated with TMeHg in the water column (HJD, R?>=0.16, p =0.002, n = 116;
SFY, R* = 0.36, p < 0.0001, n = 106; YZD, R* = 0.36, p < 0.0001, n = 101). The
pH levels were slightly alkaline in both reservoirs and slightly higher than those
reported in North America and Europe, which were generally lower than 7.0
(Lucotte et al. 1999; Porvari and Verta 2003). Therefore, low TMeHg may be
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Fig. 6.31 Scatter diagram of LeTMeHg (ng L") and LgDOC (mg L") in the water column with
these three newly built reservoirs (HID, SFY and YZD)
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related to pH in the water column in these three reservoirs, although it is not a direct
controlling factor. Because the variation in pH does not directly affect the rate of Hg
methylation, pH may affect the solubility and mobility of MeHg and other mercury
species in the aquatic environment. The mercury concentration is elevated in the
water environment from the watershed, and it affects MeHg concentrations in the
water column (Lee and Hultberg 1990).

These three newly built reservoirs have different total water volumes and water
residence times. HID has the largest water volume (490 million m3) of the three
cascading reservoirs created in the Wujiang River, whereas SFY has the smallest
(20 million m?). In the present study, no obvious anoxic conditions were found in
any of the three reservoirs; pH levels were slightly alkaline, DOC concentrations
were very low, and primary productivity was low. It is well documented that the
high pH and low DOC do not favor Hg methylation processes in aquatic systems,
although these three reservoirs have different watershed areas, total water volumes,
and water residence times. Therefore, the environments of all reservoirs were not
conducive to Hg methylation.

6.2 Biogeochemical Cycling of Mercury in the Dongfeng
Reservoir and Puding Reservoir

6.2.1 Sampling Site Descriptions, Sample Collection,
Analytical Methods, and QA/QC

As outlined in Fig. 6.13, four sampling stations from PD reservoir and two sam-
pling stations from DF were chosen in this study. These sampling stations were
spatially distributed from upstream to downstream of PD and DF. In detail, DF-1
and PD-1 are located at the upper end of the reservoirs. PD-2 is located in the
middle part of the reservoir. PD-3 is situated in the downstream part of the reser-
voir. DF-2 and PD-4 are located adjacent to the dams (within approximately
500 m). Water samples (water column profiles with 5-8 different depths), sediment
cores (liquid phase), sediment pore water (solid phase), and water samples from the
water—sediment interface were collected at each sampling station during summer
(July, 2006) and winter (January, 2007) (Fig. 6.32).

Filtered water column samples were analyzed for DHg and DMeHg levels. THg,
RHg, TMeHg, and TSS levels were analyzed in each of the unfiltered samples.
Water samples from the water—sediment interface and sediment pore water samples
were divided for the DHg and DMeHg analyses. The freeze-dried sediment samples
were ground and homogenized for analyses of the solid-phase THg, MeHg, and
organic matter concentrations. The TSS content in water samples was determined
gravimetrically by filtering an aliquot of water (typically 1500 mL) through a
pre-weighed 0.45 pum pore-size, 47 mm (diameter) polycarbonate membrane filter.
Water quality parameters, such as pH, 7, and DO, were measured in situ using a
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Fig. 6.32 Map of the study area and location of sampling stations at DF and PD

portable analyzer (Pioneer 65 Portable Multi-parameter Instrument, France).
The DOC was qualified in the laboratory using a high-temperature combustion
technique with a TOC analyzer (Elementar High TOC II). Water anions such as
chloride (CI7), nitrate (NO3~) were detected by ion chromatography (Dionex).
Detailed information about sample collection, preparation, and analyses are avail-
able in Chap. 2.

Quality assurance and quality control of the analytical processes were performed
using field blanks, system blanks, spike recoveries, and sample duplicates. Field
blanks and duplicates were collected regularly (>10%) throughout each sampling
campaign. Detection limits were estimated as three times the standard deviation of
the blank measurement and were 0.10 and 0.029 ng/L for THg and MeHg in water
samples, respectively. The limits of determination were 0.01 ng g~' for THg and
0.002 ng g~ ' for MeHg in sediment samples. The reproducibility of the THg
measurements had an analytical precision (coefficient of variation) of 2-6% and
was <11% for MeHg in water samples. Recoveries for the matrix spikes ranged
from 88-111% to 89-111% for the THg and MeHg analysis in water samples,
respectively. Recoveries for the IAEA-405 geological standard ranged from 80 to
110% for the THg and MeHg analyses, with an analytical precision (coefficient of
variation) <10%.

Statistical evaluations were performed using SPSS 11.5 software. Relationships
between covariant sets of data were analyzed with a regression analysis. The cor-
relation coefficient (r) and test of significance (p) were computed for the correlation
analysis. Correlations were significant at 0.05 (1-tailed). Pearson’s correlation
matrix, which yielded the linear correlation coefficients (r) between Hg species and
ancillary water quality parameters, were calculated in this study to investigate the
possible factors controlling the distribution of Hg species in the water column. In
addition, Kolmogorov—Smirnov (K-S) and Kruskal-Wallis (K-W) tests were
performed to compare significant differences between two or more independent
datasets. Differences were significant at p < 0.05.
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6.2.2 Mercury Species in the Water Column

1. General water quality characteristics

Vertical profiles for 7, pH, and DO from the PD and DF are displayed in Figs. 6.33,
6.34, 6.35, 6.36 and 6.37, and summary data are shown in Table 6.8.

The water temperature profiles exhibited the expected seasonal pattern, with
temperatures in the PD and DF ranging from 7.9 to 29 °C and ranging from 11 to
27 °C, respectively. The water bodies of PD and DF were well mixed in winter, and
stratified in summer. Due to the karstic geology of the Wujiang River Basin, the
water samples from both PD and DF were slightly alkaline (DF, pH = 7.80 £ 0.35;
PD, pH = 7.72 £ 0.27) but were slightly acidic in the surface layer at PD-4 in
winter (pH = 6.53), possibly due to the input of sewage and/or living pollutants
through human activities near the reservoir dam. As shown in Fig. 6.33, the
maximum pH values in each of the sampling stations at PD was observed in
the surface layer in summer, which then decreased with water depth. In winter, the
minimum pH values at PD occurred in the surface water layer, with the exception of
the PD-2 sampling station. The distribution of pH values in the water columns at
DF was different from the distribution at PD (Fig. 6.37), as the peak values were
observed in the subsurface water layer (depth of 10 m) and decreased slightly with
water depth.

As shown in Figs. 6.35 and 6.36, no clear vertical distributions of DO were
observed in winter at PD and DF, with the exception of slight differences between
the surface water layer and subsurface water layer, which was similar to the thermal
stratification (well mixed during winter). However, the maximum DO values at PD
and DF occurred in the surface water layer during summer for each of the sampling
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Fig. 6.33 Water column profiles of the temperature (7) at four sampling stations (PD-1, PD-2,
PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b, with permission from Elsevier; redrawed
from Zhang et al. 2009a, b, with permission from Earth and Environment)
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Fig. 6.34 Water column profiles of the pH at four sampling stations (PD-1, PD-2, PD-3, PD-4) in
PD (redrawed from Zhang et al. 2009a, b, with permission from Elsevier; redrawed from Zhang
et al. 2009a, b, with permission from Earth and Environment)
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Fig. 6.35 Water column profiles of the dissolved oxygen (DO) at four sampling stations (PD-1,
PD-2, PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b, with permission from Elsevier;
redrawed from Zhang et al. 2009a, b, with permission from Earth and Environment)

stations, with the exception of sampling stations PD-4 and DF-2, and decreased
with water depth. During summer, the lowest DO values were observed in the
bottom water at PD and DF. Notably, the peaks of DO in DF-2 and PD-4 in summer
did not occur in the surface water layer, but were observed in the subsurface water
layer (depth of 5-10 m), consistent with the peak total suspended solid levels. The
peak algae density is generally observed at approximately a 10 m depth in the
reservoir water column (Lu et al. 1999). Therefore, the summer maximum DO
values in the subsurface water layers at PD-4 and DF-2 may be explained by algal
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Fig. 6.36  Water column profiles of the temperature (7) and dissolved oxygen (DO) at two
sampling stations (DF-1, DF-2) in DF
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blooms, as previously reported (He et al. 2008a). However, the peak DO value was
not observed in the subsurface water layer at PD-1, PD-2, PD-3, DF-1, and DF-2
during summer, possibly indicating the absence of an algal bloom at these locations.

Overall, the water bodies at PD and DF were well mixed during winter. The
general water parameters of the surface and subsurface water layers were primarily
impacted by external factors such as human activities, wind fluctuation, and sailing
activities. Therefore, the water T, pH, and DO were slightly different between the
surface and subsurface water layers. In contrast, a clear vertical distribution from
subsurface water layer to the bottom water was not observed at either PD or DF.
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However, PD and DF were completely stratified in summer, particularly at the
downstream stations. Clear vertical distributions of water 7, pH, and DO were
observed at PD and DF, and the peak 7, DO, and pH values occurred in the surface
water layer or subsurface water layer and decreased with depth. Therefore, the
stratification of the water body resulting from the temperature during different
seasons was the primary factor controlling the water column characteristics in the
stratified PD and DF reservoirs.

The mean concentrations of total suspended solids at PD in summer and winter
were 5.45 + 1.84 and 3.74 & 1.15 mg L', respectively. The corresponding con-
centrations at DF were 3.93 + 1.08 and 2.81 + 1.45 mg L™', respectively.
According to the statistical analysis, the TSS in summer was significantly higher
than the TSS in winter both for PD and DF (p < 0.01), possibly due to the input of
particulate material through surface runoff during the summer wet season.
Moreover, the abundant algae observed in summer are an important source of TSS
in the water bodies of the reservoirs. Moreover, the TSS in the water column of PD
was significantly higher than the TSS at DF during the sampling campaigns in 2007
(» <0.01). As described in Chap. 10, the reservoir eutrophication evaluation
showed that a state of hypereutrophication existed in the PD, whereas the DF was
oligotrophic—mesotrophic during our sampling periods. Therefore, compared with
DF, the relatively higher primary productivity at PD is one of the most important
factors contributing to the higher levels of TSS in the water column. PD is located
upstream of the Wujiang River, whereas DF is located downstream of PD
(Fig. 6.32).

The hydrodynamic conditions within the river are weakened after the reservoir
starts to impound. Thus, most of the particulate matter in river water will be
deposited upstream of the reservoir. In contrast, only a limited quantity of partic-
ulate matter is transported to sites downstream of the Wujiang River. Therefore, DF
presented a relatively higher TSS in water than PD during our sampling periods,
indicating a sedimentation effect of the reservoir dam on the particulate matter in
river water.

The nitrate (NO3 ™) concentrations in water samples collected from PD and DF
showed significant differences between the two sampling seasons (winter and
summer) (K-S test, p < 0.001). In addition, the water NO3~ concentrations in
summer at both PD and DF were significantly higher than the concentrations in
winter (K-S test, p < 0.001), similar to the seasonal distribution patterns of rainfall.
For example, the rainfall within the PD catchment during July, 2007 was
2.1 x 10° m?, which was approximately three times higher than the rainfall during
January, 2007 (0.71 x 10° m3). In the summer season, agricultural activities were
associated with increased usage of chemical fertilizers, including nitrate. Higher
runoff from precipitation transported nitrate (from fertilizer) into the reservoirs,
resulting in the elevated water NO3 ™~ concentrations in summer at both PD and DF.
In contrast, the NO3;~ concentrations were comparatively lower in the winter,
consistent with the decreased precipitation and agricultural activities.

The highest C1~ concentrations (6.25 mg L™') in water samples from PD were
observed in winter. According to the statistical analysis, the water Cl
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concentrations at PD in winter were significantly higher than the concentrations in
summer (K-S test, p < 0.01), probably due to the dilution of water through river
runoff during the wet season. However, dilution from river runoff was less pro-
nounced during the dry season, resulting in the comparatively higher CI™ con-
centrations in the water samples from PD. The seasonal distribution patterns of CI™
concentrations in the water samples from DF were completely different from PD,
with higher ClI  concentrations observed during summer than in winter. A possible
reason for the discrepancy is that human activities (particularly at sampling station
DF-2), but not the seasonal surface runoff variations, were the primary factor
controlling the Cl™ concentrations in water samples from DF.

2. Distribution of mercury species in the water column

The spatial and seasonal distributions of the reactive mercury (RHg), THg, DHg,
RHg, and PHg concentrations in water samples from PD and DF are shown in
Figs. 6.38, 6.39, 6.40, 6.41, 6.42, 6.43, 6.44 and 6.45, and summary data are shown
in Table 6.9.

(1) Reactive mercury

The seasonal distribution patterns of RHg in water samples from PD and DF are
presented in Figs. 6.38 and 6.39. The mean RHg concentrations in water samples
from PD were 048 +028ngL™' (0.25-148ngL™") in summer and
0.08 £ 0.06 ng L™" (0.04-0.25 ng L™") in winter. The corresponding data from
DF were 0284 0.18ngL™" (0.12-0.85ngL™") in summer and
0.25 £ 0.15 ng L' (0.12-0.63 ng L™") in winter. No discernable difference in the
concentrations of RHg was observed between PD and DF (K-S test, p > 0.05)
during the sampling periods.
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Fig. 6.38 Distributions of reactive mercury (RHg) in water column profiles of the four sampling
stations (PD-1, PD-2, PD-3, PD-4) in PD
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Fig. 6.39 Distributions of reactive mercury (RHg) in water column profiles of the two sampling
stations (Df-1 and DF-2) in DF
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Fig. 6.40 Distributions of total mercury (THg) in water column profiles of the four sampling
stations (PD-1, PD-2, PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b, with permission
from Elsevier)

RHg concentrations in water samples from uncontaminated rivers/reservoirs/

lakes are usually less than 1 ng L™

! (Meuleman et al. 1995). In this study, the mean

RHg concentrations in water samples collected from PD and DF were significantly
less than 1 ng L', indicating that DF and PF were not obviously impacted by
nearby Hg sources. Statistically significant differences were observed in the RHg
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Fig. 6.41 Distributions of dissolved mercury (DHg) in water column profiles of the four sampling
stations (PD-1, PD-2, PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b, with permission
from Elsevier)
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Fig. 6.42 Distributions of particulate mercury (PHg) in water column profiles of the four
sampling stations (PD-1, PD-2, PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b, with
permission from Elsevier)

concentrations at PD between summer and winter (K-S test, p < 0.001). In addi-
tion, the RHg concentrations at PD in summer were significantly higher than the
concentrations in winter (K-S test, p < 0.05). However, no discernable differences
were observed in the RHg concentrations at DF between winter and summer during
the sampling periods (K-S test, p > 0.05).

Although the RHg concentrations in river/reservoir/lake water are very low
(Meuleman et al. 1995), the transportation/transformation processes for RHg play
very important roles in the biogeochemical cycle of Hg in the aquatic ecosystem. In
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natural water, RHg is transformed into Hg® or MeHg. Methylation of RHg will
greatly increase the toxicity of Hg to ecosystems; in contrast, the transformation of
RHg into Hg” in response to light and biological conditions reduces the Hg burden
in the water column, and then reduces the potential threat to ecosystems. The
transformation of RHg into Hg" is affected by various factors, such as pH, bio-
logical activity, and light (Amyot et al. 1997; Lanzillotta et al. 2002; Tseng et al.
2004; Grace et al. 1991; Steven et al. 2002).
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The RHg concentrations at PD represented 12.5 4= 5.8% of THg in summer and
2.5 £ 5.8% of THg in winter. The regression analysis revealed a significantly
positive correlation between RHg and THg in PD (r = 0.68, p < 0.001, n = 56),
suggesting that RHg and THg have a similar source in the water column at PD.
During the sampling periods, the ratios of RHg/THg at DF were 10.5 £ 5.87.8%
and 25.8 £ 13.3% in summer and winter, respectively. No correlation was
observed between RHg and THg in the water samples from DF during the sampling
seasons (r = 0.12, p = 0.55, n = 26).

(2) Total mercury, dissolved mercury, and particulate mercury

According to the statistical analysis, the concentrations THg, DHg, and PHg at PD
and DF in summer were significantly higher than the concentrations in winter
(p < 0.001). During our sampling season, the THg concentrations in the water
samples ranged from 1.00 to 11.7 ng L™" at PD and from 0.68 to 3.92 ng L™" at
DF, respectively, which were comparable to the levels reported for reservoirs in
North America (e.g., Brigham et al. 2002).

Generally, the THg and PHg concentrations at PD and DF were relatively higher
in the summer than in the winter (Figs. 6.40, 6.42, 6.43 and 6.45) Furthermore, the
mean THg concentrations at PD in summer (4.48 + 2.62 ng L™") were approxi-
mately 2.8 times higher than the concentrations in winter (1.60 & 0.62 ng L™").
Similarly, the mean THg concentrations at DF in summer (2.94 #+ 0.65 ng L™")
were approximately 2.8 times higher than the concentrations in winter
(0.99 + 0.25 ng L™"). The highest average THg and PHg concentrations were
observed in summer at the PD-3 (6.01 ng L™") and PD-2 (3.06 ng L™") sampling
stations, respectively. Similarly, highly elevated TSS concentrations were also
observed at PD-3 (mean TSS = 6.26 mg L™") and PD-2 (5.78 mg L™") in winter.
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In addition, the peak values for both THg and PHg matched the highest TSS
concentrations.

This seasonal distribution of Hg may be due to agricultural runoff. In summer,
the high runoff volume from the abundant precipitation carried Hg-containing
particulate matter into the reservoir, whereas less precipitation occurred in the
winter. This observation was verified by the positive relationship between THg and
TSS (PD: r = 0.58, p < 0.001; DF: r = 0.55, p < 0.001) and PHg and SPM (PD:
r=0.51, p <0.001; DF: r =047, p < 0.01), suggesting that TSS may play an
important role in the distribution of THg and PHg in the water columns of the
reservoirs. The highest THg and TSS concentrations were observed in the middle
section of PD (instead of the upstream section) and may be explained by the
specific catchment topography. In the middle section of the reservoir, the catchment
topography is generally steeper than the upstream and downstream sections. In
addition, agricultural activities in the steep slopes accelerated soil erosion to the
middle section, where the THg and TSS concentrations were higher.

The DHg concentrations in the water samples ranged from 0.61 to 7.11 ng L™"
at PD and from 0.52 to 2.01 ng L™' at DF, respectively. Significantly positive
correlations between DHg and THg were observed at both PD (» = 0.81, p < 0.001,
n = 38) and DF (r = 0.75, p < 0.001, n = 26). DHg accounts for a major fraction of
THg during the sampling periods. The mean DHg/THg ratios at DF were
57 £ 17% in summer, whereas the ratios were elevated to 63 & 17% in winter.
Similarly, the DHg/THg ratios at DF were higher in winter (69 £ 12%) than in
summer (44 £+ 16%). These ratios are similar to previous studies of the Hongfeng
Reservoir (He et al. 2008a, b), one of the reservoirs in the Wujiang River Basin.

The proportion of DHg increased in winter, probably because of the reduced
precipitation, which resulted in reduced numbers of particles (or TSS). Furthermore,
the seasonal distributions of the DHg/THg ratios at PD and DF suggested that
(1) PHg was the primary Hg fraction present in the water column in summer and
(2) Hg was mainly present as DHg in the water column in winter. Several possible
reasons may explain these findings. (1) The particulate matter contained in the
water column during the summer (wet season) was higher than in winter (dry
season) due to sufficient water input through surface runoff. Therefore, the ratio of
PHg to THg in the water column in summer was relatively higher than the ratio in
winter. (2) The PHg concentration and TSS in the water column of PD were higher
than the values at DF, suggesting that the erosion caused by surface runoff within
the catchment of PD was much more active than in the catchment of DF. In
addition, TSS and PHg were higher at PD than at DF due to surface runoff input.
(3) As shown above, PHg was the primary Hg fraction present in the water columns
at PD and DF in winter. Furthermore, no discernable differences in the DHg/THg
ratios were observed between PD and DF in winter (K-S test, p > 0.05), implying
that the TSS and PHg obtained through surface runoff were not the primary factors
controlling the Hg levels/fractions in the water columns of the reservoirs. In con-
trast, the distributions and concentrations of the Hg fractions in the water columns
at PD and DF were mainly impacted by other factors, such as wet/dry deposition
and human activities.



6.2 Biogeochemical Cycling of Mercury in the Dongfeng Reservoir ... 137

(3) Methylmercury

The distribution patterns and concentrations of TMeHg, DMeHg, and PMeHg at
PD and DF are illustrated in Figs. 6.46, 6.47, 6.48, 6.49, 6.50 and 6.51, and the
summary data are shown in Table 6.9.

The annual mean concentrations of TMeHg, DMeHg, and MeHg in the water
column of PD were 0.23 + 0.12 ng L™" (0.09-0.51 ng L™"), 0.13 £+ 0.07 ng L™"
(0.03-0.30 ng L"), and 0.10 + 0.08 ng L' (0.01-0.33 ng L"), respectively.
The corresponding data in the water column of DF were 0.23 & 0.14 ng L™ (0.08—
0.50 ng L"), 0.14 = 0.11 ng L™ (0.03-0.40 ng L™"), and 0.09 =+ 0.08 ng L™"
(0.01-0.30 ng L™"), respectively. During our sampling periods, the annual mean
DMeHg/TMeHg (PMeHg/TMeHg) ratios were 57 + 18% (43% =+ 19%) and
65 £ 21% (35% =+ 21%) at PD and DF, respectively. Statistically significant dif-
ferences in the TMeHg, DMeHg, and PMeHg concentrations in the water columns
at the reservoirs (PD and DF) were observed between summer and winter
(p < 0.01). In addition, the concentrations of MeHg species were significantly
higher in summer than in winter (K-S test, p < 0.001 for both PD and DF). For
example, the mean concentrations of TMeHg in the water columns at PD
(032 £ 0.10 ng L™") and DF (0.33 & 0.11 ng L™") in summer were approxi-
mately three times higher than the concentrations observed in winter (PD,
0.12 £+ 0.03 ng L™"; DF, 0.11 & 0.03 ng L™").

At PD, the highest TMeHg concentration (0.51 ng L™") was observed in sum-
mer at sampling station PD-4, which was much higher than the highest value
observed in the winter (0.19 ng L™"). The spatial and temporal distributions of the
TMeHg concentrations (Fig. 6.46) showed that the TMeHg concentrations were
significantly increased in the hypolimnion in summer, particularly at sampling
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Fig. 6.46 Distributions of total methylmercury (TMeHg) in water column profiles of the four
sampling stations (PD-1, PD-2, PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b, with
permission from Elsevier; redrawed from Zhang et al. 2009a, b, with permission from Earth and
Environment)
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Fig. 6.47 Distributions of dissolved methylmercury (DMeHg) in water column profiles of the
four sampling stations (PD-1, PD-2, PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b,

with permission from Elsevier; redrawed from Zhang et al. 2009a, b, with permission from Earth
and Environment)
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Fig. 6.48 Distributions of particulate methylmercury (PMeHg) in water column profiles of the
four sampling stations (PD-1, PD-2, PD-3, PD-4) in PD (redrawed from Zhang et al. 2009a, b,
with permission from Elsevier; redrawed from Zhang et al. 2009a, b, with permission from Earth
and Environment)

station PD-4, where the TMeHg concentration increased from 0.19 ng L' in the
surface water layer to 0.51 ng L™ in the hypolimnion. Similarly, obvious peaks of
TMeHg concentrations occurred at DF-2 during the summer (Fig. 6.49).
According to previous studies, an increase in methylation in the water column
would be expected under anoxic conditions, because sulfur-reducing bacteria
(SBR) are active in an oxygen-depleted environment (e.g., Ullrich et al. 2001;
Eckley and Hintelmann 2006). However, in this study, no obvious anoxic
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Fig. 6.49 Distributions of
total methylmercury
(TMeHg) in water column
profiles of the two sampling
stations (DF-1 and DF-2) in
DF

Fig. 6.50 Distributions of
dissolved methylmercury
(DMeHg) in water column
profiles of the two sampling
stations (DF-1 and DF-2) in
DF
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conditions were observed in the hypolimnion of PD and DF during the summer
(Figs. 6.35 and 6.36). Furthermore, DMeHg, which may well reflect methylation,
did not show a visible increasing trend in the hypolimnion of the reservoirs
(Fig. 6.47), with the exception of slight DMeHg peaks at depths of 30 m and 80 m
at DF (Fig. 6.31). Although TMeHg showed an increasing trend in summer, we
could not conclusively state that hypolimnion methylation commonly occurred. In
summer, the linear correlation coefficient between TMeHg and PMeHg at PD was
higher (r = 0.89, p < 0.001) than TMeHg and DMeHg (r = 0.23, p < 0.001),
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suggesting that the levels of PMeHg in summer likely determined the distribution of
MeHg. Phytoplankton blooms in July absorbed MeHg from the water, which may
explain the higher PMeHg concentrations (Hurley et al. 1994).

The DMeHg concentrations in the water column of PD ranged from 0.12 to
0.30 ng L™', with an average concentration (£SD) of 0.19 & 0.05 ng L™" in the
summer, which was significantly higher than the concentrations in the winter
(Table 6.9). Similar seasonal distribution patterns of DMeHg in the water column
were also observed at DF during our sampling campaigns. Statistical analyses
yielded significant positive correlations between DMeHg and TMeHg at PD
(r=0.66, p < 0.0011) and DF (r = 0.84, p < 0.001). The mean DMeHg/TMeHg
ratio in the water column of PD was 64 £ 20% in summer, whereas the ratio
decreased to 50 £+ 17% in winter. In contrast, the mean DMeHg/TMeHg ratio at
DF in summer (58 £ 22%) was lower than the ratio in winter (73 £+ 14%). DMeHg
accounted for a major fraction of TMeHg at both PD and DF during each of the
sampling periods. As shown above, the majority of THg in the water column of PD
was present in the dissolved phase during the dry season (winter); however, a
higher proportion of THg was bound to particles during the rainy season (summer),
suggesting that the source of Hg was erosion within the watershed. The increase in
the MeHg concentrations in the dissolved phase during the summer suggested that
MeHg was produced within the reservoir in situ as opposed to being transported
into the reservoir from the watershed.

We calculated the MeHg/THg ratio (the percentage of MeHg to THg), which has
been used by several studies as a surrogate measurement for methylation activity
(e.g., Gilmour et al. 1998; Mitchell et al. 2008), to further investigate MeHg pro-
duction in PD. In the dry season (winter), the TMeHg/THg and DMeHg/THg ratios
in the water column of PD were 8.8 &= 4.3% and 4.9 £+ 2.6%, respectively, which
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increased to 9.0 &= 4.9%, 5.5 & 3.3% in the summer, indicating that MeHg was
produced within PD.

A previous study confirmed that the seasonal changes in the MeHg concentra-
tions in the water column of a reservoir have been most commonly attributed to
increased methylation in the water column and sediment (e.g., Gilmour and Henry
1991).

Since the water column was not anoxic, the seasonal increase in MeHg pro-
duction in the reservoir probably occurred in anoxic sediments. Both the resus-
pension of the sediment and diffusion of MeHg from sediment pore water can carry
MeHg into the water column (Feng et al. 2009a, b). In addition, increased tem-
peratures in summer possibly contributed to increased methylation in anoxic bottom
sediments, which produced higher MeHg/THg ratios in the water column. As
shown in Chap. 5, we measured the monthly inflows and outflows of MeHg in PD
in 2006 and showed that approximately two times more MeHg was exported in the
summer that was imported an approximately two times higher level than was
observed in the other seasons. In addition, according to our mass balance calcu-
lation, the net MeHg flux in PD in 2006 was 69.4 g year '. Based on the results
from the present study, MeHg was produced within PD, particularly in summer.

3. Physicochemical factors controlling the distribution of mercury species in the
water column

The distribution and occurrence of Hg species in aquatic environments are
regulated by many chemical and biological parameters (Ullrich et al. 2001; Gill and
Bruland 1990; Bloom and Effler 1990). MeHg contents in water are influenced by a
wide variety of environmental factors, such as the total and reactive Hg contents,
water temperature, redox potential, pH, the inorganic and organic solutes, and
microbial activity (Ullrich et al. 2001). For the purpose of investigating the possible
controlling factors, the correlations between Hg species and seven ancillary water
quality parameters (TSS, DOC, DO, T, pH, CI", and NO; ™) were examined for all
data sets obtained during the sampling campaigns. The correlation matrixes are
shown in Tables 6.10 and 6.11. In general, TSS, 7, and NO3;~ had a greater
correlation with the distribution of Hg species in the reservoirs, particularly in PD,
whereas DOC, DO, and pH were less important. C1  was also significantly nega-
tively correlated with a few Hg species. The correlations between the physico-
chemical factors and Hg species implied that the water quality parameters played
important roles in the distribution of the different Hg species in the water columns
of the reservoirs. A detailed discussion is provided below.

(1) Nitrate (NO37)

As shown in Table 6.10, nitrate concentrations were significantly positively cor-
related to all the Hg species at PD. In addition, significant positive correlations
between nitrate and particulate Hg species (PHg and PMeHg) were also observed at
DF (Table 6.11). The clear correlations shown above may be explained by agri-
cultural activities. In the summer season, agricultural activities were associated with
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increased usage of chemical fertilizers, including nitrate. Higher runoff from pre-
cipitation transported nitrate (from fertilizer) and Hg-containing particulate matter
(from erosion) to the reservoir. The NO3; ™~ and Hg concentrations were lower in the
winter, when both precipitation and agricultural activities decreased. Furthermore,
the concentrations of Hg species varied exponentially with the NO3;™~ concentra-
tions, which roughly reflected the frequency of agricultural activities (Zhang et al.
2009a, b). Thus, agricultural activity in the summer increased the Hg levels in the
reservoirs of the Wujiang River Basin.

(2) Total suspended solids

Total suspended solids (TSS) levels were significantly related to the Hg species in
PD (Table 6.10), with a significance level (p) of less than 0.001. Furthermore,
significant correlations between TSS and THg, and PHg and DHg in DF were also
observed during the sampling campaigns (Table 6.11). As summarized above, the
levels of TSS and the corresponding Hg species were significantly higher in
summer than in winter at both PD and DF (p < 0.01), possibly due to the input of
particulate material through surface runoff during the wet season in summer.
According to the statistical analysis, TSS from surface runoff appeared to play an
important role in the distributions of Hg species (particularly PHg and PMeHg) in
water columns of PD and DF.

(3) Temperature, Dissolved oxygen, and pH

Warmer temperatures (7) may increase microbial Hg methylation (Hecky et al.
1991). In our investigations, the water temperatures were significantly positively
correlated with different Hg species in PD and DF, as shown in Tables 6.10 and
6.11. Although the seasonal differences observed for MeHg are related to TSS, they
are also likely influenced by water temperature. With seasonal mean temperature
differences of up to 14.4 °C between summer and winter, the significantly lower
DMeHg and PMeHg levels in the winter campaigns (Figs. 6.28, 6.29, 6.30 and
6.31) may be attributed to reduced microbial methylation (Winfrey and Rudd 1990;
Bodaly et al. 1993; Ramlal et al. 1993).

Anaerobic and low pH conditions are favorable for net Hg methylation (Ullrich
et al. 2001). However, no correlations were observed between MeHg and DO or pH
at PD and DF during any of the sampling seasons, implying that DO and pH were
not the key factors controlling Hg methylation in PD and DF. DO concentrations
were poorly related to the dissolved fractions of Hg in PD and DF, indicating that
only a small fraction of DHg was complexed to dissolved organic ligands
(Bonzongo et al. 1996). Therefore, we hypothesized that a large fraction of DHg in
the studied area is available for conversion processes and uptake by aquatic
organisms.

(4) Chloride

Chloride (CI") concentrations are higher in the more urbanized portions of water
bodies due to domestic wastewater discharges. For example, in the study by Lyons
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et al. (2006), a peak CI~ concentration of 52 mg L' was observed downstream of
sewage treatment facilities. The catchment area of PD is dominated by agricultural
farming. For this study, the peak CI™ concentration in PD was observed in the
winter campaign, and, in general, the average CI™ concentrations were higher in the
winter and lower in the summer. This result may be due to dilution from precipi-
tation (since most runoff is from agricultural activities, not urban runoff). High
precipitation or runoff in summer diluted the ClI concentrations in PD, but the Hg
levels were not diluted due to high TSS levels in the reservoir. Hence, significantly
negative correlations between CI™ and some Hg species were observed, as shown in
Table 6.10. However, the correlations between the Cl concentrations and Hg
species in the water column of DF were less pronounced in this study (Table 6.11),
indicating that the influence of CI” on the distributions of Hg species in PD and DF
is different.

6.2.3 Mercury Species in Sediment Cores

1. General physical properties of sediment samples
(1) Water content

In general, the vertical distributions of water content in sediments do not display a
significant difference from upstream to downstream regions (Fig. 6.52) in PD and
DF. Thus, the sources of sediments are similar at upstream and downstream regions
in these reservoirs (PF and PD).

When the river runs into the catchment area of the reservoir, its hydrodynamic
conditions decline; therefore, particulate matter is easily deposited at the entrance of
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the reservoir, i.e., reservoir construction promotes a “blocking effect” for a par-
ticular matter. Meanwhile, only a small fraction of the suspended particles are
transported downstream. If the upstream river input is the main source of reservoir
sediments, then the water content in the sediments will be different in upstream and
downstream (dam) regions. However, no significant spatial differences in water
content were observed in PD and DF. In addition to the river, other sediment
sources existing in these reservoirs, e.g., surface runoff and atmospheric deposition,
probably explain this phenomenon. The vertical distribution of water content in
sediments varied significantly in PD and DF, where the peak value was obtained in
surface sediments (70%) and decreased with increasing depths, but was stable (40—
50%) at depths of 10 cm, showing the mechanical compression of the sediments.

(2) Organic matter

The vertical profiles of organic matter content (OM) in sediment cores from the PD
and DF are shown in Fig. 6.53. OM was highest in sediment samples collected
from the surface layer of PD-4 (8.1%), and then gradually decreased to 4% at depth
of 12 cm. The vertical distribution of OM in upstream (PD-1) sediments largely
changed in a jagged distribution, and the maximum value (9.02%) appeared at
25 cm. Strong hydrodynamic conditions exist upstream, where sediment distur-
bance is susceptible to water, resulting in the irregular vertical distribution of OM in
upstream sediments. OM of sediments shows a vertically homogenized profile in
PD-2 and PD-3, with a small range of changes (range: 6.3-7.7%).

Overall, the OM distribution varied largely in different sampling sites in PD.
The OM changed from 3.0 to 9.0%, with a mean value of 6.2% in the whole
reservoir; the OM gradually increased from upstream to downstream (dam): 6.3%
in PD-1, 6.9% in PD-2, 7.4% in PD-3 and 8.1% in PD-4, respectively. The OM in
the surface sediments in the PD reservoir was higher than the OM in surface soil
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from the Wujiang River Basin. Thus, runoff has less of a contribution to OM in PD
than internal sources.

No obvious variations in the sedimentary OM distribution in the DF Reservoir
were observed (ranging from 1.40 to 3.98%, with a mean value of 2.77%); no
significant trend was observed in the vertical distribution of OM in DF. The range
of OM in DF sediments was similar to OM in surface soil in Wujiang River Basin,
implying that river runoff and external input are the main sources of OM in DF, but
internal input has a small contribution.

The evolutionary histories of PD and DF are relatively similar. However, in the
former, the OM in surface sediments is significantly higher than in the latter,
suggesting that the OM input in PD is higher than in DF. In addition, the OM in
surface sediments gradually increased from upstream (PD-1) to downstream/dam
(PD-3/PD-4) in PD. If OM is principally obtained from exogenous input (river and
runoff) in PD, then the OM will decrease in response to sedimentation; thus, the
OM in surface sediments gradually decreases from upstream to downstream (dam).
However, the opposite situation was observed, indicating that OM in PD is not
principally controlled by the external input. During our sampling periods, PD
exhibited a eutrophic state, whereas DF exhibited an oligotrophic—mesotrophic
status, as shown in Chap. 10. Therefore, the abundant algae in water may be the
main source of OM in sediments from PD. Thus, OM is mainly obtained from
internal input in this reservoir. In general, the eutrophic level of water gradually
strengthens from upstream to downstream, as shown in the study of WJID, where
the water eutrophic level changes from mesotrophication to eutrophication from
upstream to downstream (dam). Consequently, the increase in the OM of surface
sediments from upstream to downstream (dam) is most likely related to the extent of
eutrophication, which gradually increases from upstream to downstream (dam).

The OM in sediments from DF and PD exhibits the following characteristics
compared with WJD: on the one hand, the OM in PD surface sediments is higher
than the OM in the upstream regions of WJID; on the other hand, the OM in surface
sediments of PD is significantly lower than the OM in downstream and dam areas
of WID. The main reason may be the abundant internal OM input (artificial bait and
fish feces) in WID. In addition, the OM in surface sediments of DF is similar to the
upstream WID, but much lower than the downstream and dam areas of WID.

2. Distribution of mercury species in sediment cores
(1) Total Mercury

The vertical distributions of THg in sediments collected from sampling stations in
PD and DF are illustrated in Figs. 6.54 and 6.55. The THg concentrations in
sediments collected from PD-1, PD-2, PD-3 and PD-4 are 184 4 22 ng g~ ' (range:
152-245ng g "), 191 & 12 ng g ' (range: 156-220 ng g~ '), 189 + 24 ng g”'
(range: 148-261 ng g~ '), and 259 + 18 ng g~ ' (range: 219-298 ng g "), respec-
tively. The THg concentrations in sediments collected from DF-1 and DF-2 in DFr
are 174 + 32 ng g71 (range: 130-245 ng gfl) and 234 4+ 33 ng g71 (range: 174—
330 ng g '), respectively.
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No significant seasonal trend in THg concentrations in sediments from PD and
DF was observed. However, the higher THg concentrations (p < 0.01) measured in
sediments collected from dam area (PD-4 and DF-2) than in other sampling stations
at each reservoir suggests potential influences of emission sources adjacent to the
dam, which may be subject to anthropogenic activities. The insignificant correlation
(r =-0.16, p = 0.12, n = 90) between the THg concentrations and OM in sedi-
ments collected from the PD and DF reservoirs suggests that the OM does not have
an influence on the THg distribution in sediments of PD and DF in this study.
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Compared to the large THg concentration range measured in surface soils dis-
tributed in the Wujiang watershed (THg concentration range: 20-372 ng g ),
relatively stable seasonal THg vertical distributions were observed in sediments
collected from PD and DF (THg range: 148-298 ng g ' in PD and 130-330 ng g
in DF), suggesting limited contamination from anthropogenic emissions and stable
Hg sources for Hg in sediments from the two reservoirs. A highly likely source of
Hg in the sediments of the two reservoirs is surface runoff, by which the soil
particles are deposited over the water bed.

Compared to reported data observed in sediments obtained from other uncon-
taminated reservoirs, e.g., reservoirs from Newfoundland, Canada (mean THg
concentration: 39 ng/g) reported by French et al. (1999), the elevated THg con-
centrations observed in sediments from this study may have been produced by
several factors. Subject to the impact of the global Hg mineralization belt passing
through the WJ watershed, elevated background Hg concentrations in surface soil
from this region increase the Hg concentration in surface runoff, leading to a high
concentration in sediments in the two reservoirs. In addition, regional coal com-
bustion leads to an elevated atmospheric Hg concentration, which may increase the
Hg concentrations in sediments. Other possible factors, e.g., contamination from
released industrial water, may contribute to the elevated Hg concentrations in
regional sediments.

(2) Methyl mercury

Seasonal variations in the MeHg concentrations in the sediment profiles of PD and
DF are illustrated in Figs. 6.56 and 6.57. The distribution patterns of MeHg in
sediment cores of PD are characterized below.

MeHg (ng ¢ MeHg (ng g™ MeHg (ng g") MeHg (ng g")
0 3 6 9 0 3 6 9 0 3 6 9 0 3 6 9
0 ‘ ‘ I ‘ ‘ ) ‘ ‘ 0 ‘ ‘ ‘
- 2 ;.* N
ot K i
—_ \.bA ./A"/ Ai\. :/ <
R
§ 10 \.\A 104 \.& 10, 10 \./A
s |2 J y g
g 15 2;( 154 }. 15 l\./\ 15 &\.
g
g 2 '\‘\ 2011\ 20 /‘/' 20 /'\A
@ oA oA Ao [} >A
25 I PD-1 254 V PD-2 25 l\. PD-3 25 \QA PD-4
l | AL !
30 301 30 30
—4A— Summer —e— Winter

Fig. 6.56 Distributions of methlmercury (MeHg) in sediment profiles of the four sampling
stations (PD-1, PD-2, PD-3, PD-4) in PD
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(1) A large range of MeHg concentrations (0.75-6.64 ng g~ '), with several peak
values within a depth of 1-12 cm, was observed in the vertical distribution of
MeHg in sediments collected at PD-4 in summer. Furthermore, the MeHg value
was fairly stable below a depth of 12 cm in the sediment profile of PD-4 in summer,
suggesting that primary methylation occurred in sediments at depths of 1-12 cm
compared to depths greater than 12 cm. (2) In contrast to sediments collected at
PD-4 in summer, sediment samples collected from other sampling stations at PD
showed a small range of MeHg concentrations (0.34-3.68 ng g~ ') in the vertical
profiles. Generally, MeHg present in sediments originated from both external
sources, e.g., input from surface runoff, and internal sources, e.g., Hg methylation
in sediments. Based on the small concentration range, the vertical distribution of
MeHg in sediments from PD-1, PD-2, and PD-3 suggested a stable input from
surface runoff in the Wujiang watershed and limited vertical variation in the net Hg
methylation in sediments. (3) Peak MeHg concentrations were observed in the
sediment cores from PD-4 in summer and winter (6.64 ng g ' in summer and
2.87 ng g~ in winter), suggesting that active net Hg methylation occurred in the
sediments at PD-4 compared with the other sampling sites. (4) Similar seasonal
trends in the MeHg concentrations were observed in sediments from PD, with the
exception of elevated MeHg concentrations in the surface sediment layer in summer
compared with winter. (5) The methylation level of inorganic Hg is evaluated by
calculating the ratio of MeHg to THg in sediments/soil. The ratios of MeHg to THg
in sediments from PD ranged from 0.17 to 2.31% (mean: 0.87%) in summer and
from 0.23 to 1.2% (mean: 0.71%) in winter, suggesting that higher net Hg
methylation occurred in the sediment cores in summer than in winter.

As illustrated in Fig. 6.57, the distribution patterns of MeHg in sediment cores
collected from DF are characterized below. (1) Peak MeHg concentrations in
sediments were observed at DF-2 in both summer and winter (2.81 ng g~ in
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summer and 2.64 ng g71 in winter). (2) No clear seasonal variations in the MeHg
concentrations in the sediment profiles at DF were observed for each of the sam-
pling stations, with the exception of a slight peak in the MeHg concentrations in the
surface sediment layer in summer. (3) Compared to the limited range of MeHg
concentrations (0.69-1.97 ng g ') in sediment cores collected at DF-1, a wide
range of MeHg concentrations (0.23-2.81 ng g~ ') was observed in sediment cores
from DF-2, with two clear peaks within sediment depths of 0-10 cm; then, the
MeHg concentrations decreased at sediment depth of greater than 10 cm and were
fairly stable at depths greater than 15 cm. The ratios of MeHg to THg in the
sediment profiles collected from DF ranged from 0.13 to 1.12% (mean: 0.73%) in
summer, and 0.29-1.41% (mean: 0.73%) in winter, respectively.

The seasonal and spatial distribution patterns of MeHg in sediment profiles from
both PD and DF showed higher values in the surface layer in summer than in
winter. The possible reason for this phenomenon may be the favorable net Hg
methylation conditions, including anaerobic environment, abundant OM, and
higher temperature in summer. In contrast to winter, the stratification was more
significant in both reservoirs in summer, leading to a relatively anaerobic envi-
ronment in the surface sediments. The deposition of OM from the overlying water
column into surface sediment later was more abundant in summer. In addition, the
bottom water temperature during the summer was higher than in winter. The factors
listed above could stimulate the activity of sulfate-reducing bacteria, resulting
active net Hg methylation in summer. Compared to the PD-1 sampling station,
clearer seasonal variations in MeHg levels were observed in the surface sediments
at PD-3.

The MeHg concentrations in surface sediments (0—10 cm) at PD-4 and DF-2
were significantly higher than the concentrations in deeper sediment layers
(p < 0.01), with the exception of PD-4 in winter. In contrast, no significant dif-
ferences in the MeHg values in the surface sediment layer and deeper layer were
observed at PD-1, PD-2, PD-3, and DF-1 for each of the sampling periods.
Generally, most of the particulate matter from external sources that was suspended
in the water body was rapidly deposited in upstream areas of the reservoir. In
contrast, only a small portion was transported downstream. Therefore, the primary
contributor to the MeHg levels in the sediments near the dam may be in situ Hg
methylation. In addition, the deep water and slow water movement at the dam site
resulted in significant water stratification and an anaerobic environment, particu-
larly in the bottom water, which stimulated the net Hg methylation in the surface
sediments.

The peak MeHg concentrations in sediments cores were observed within a depth
of 10 cm for each of the reservoirs. Furthermore, the peak MeHg values in sedi-
ments from PD and DF were observed at the dam site. The peak MeHg levels in the
sediment profiles suggested that the net Hg methylation predominantly occurred
within a depth of 10 cm. As shown in a previous study, sulfate-reducing bacteria
prefer to live in sediments within a depth of 7 cm, according to the distribution of 6
species of sulfate-reducing bacteria in sediments collected from Hongfeng reservoir
(Liang et al. 2003). Iron-reducing bacteria can also participate in Hg methylation
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(Fleming et al. 2006). In addition to the activity of iron/sulfate-reducing bacteria,
many environmental physical, chemical and biological factors (e.g., THg concen-
tration, RHg concentration, eH, pH, 7, OM, sulfide concentration, and the circu-
lation of Fe/Mn) impact Hg methylation in aquatic ecosystems (Ullrich et al. 2001).
Significant positive correlations were observed between OM and MeHg concen-
trations in sediment at PD-4 in summer (r = 0.61, p < 0.01), in contrast to the
insignificant correlation observed at DF. OM stimulates bacterial activity, which
accelerates methylation. However, high OM may bind Hg?* and decrease the
bioavailable Hg concentrations, particularly in neutral pH environments
(Miskimmin et al. 1992; Watras et al. 1995; Driscoll et al. 1995), preventing Hg
methylation. In addition, non-bacteria-mediated methylation by humic acid has
been reported (Weber 1993).

With the exception of the sediment profile at PD-4, the vertical distributions of
MeHg in sediments collected at other sampling stations showed similar trends and
small variations. The higher MeHg to THg ratios observed in sediments from PD in
summer than in winter was attributed to the increased net Hg methylation and
correspondingly higher MeHg concentrations at the dam site (PD-4). Furthermore,
no significant differences in the MeHg to THg ratio in sediment from DF were
observed between summer and winter during the sampling campaigns (p > 0.05).
The MeHg to THg ratios in sediments from the two reservoirs were much lower
than the ratio observed in sediments from reservoirs built above peatland/podzol,
e.g., ratios of 10% in surface peat and 30% in podzol covered by water were
observed over 10 years (Lucotte et al. 1999), which were related to the high OM
(30-50%) in submerged soil. MeHg concentrations in sediment and fish tissues
from newly constructed reservoirs were much higher than the concentrations in
these sources from adjacent natural lakes (Abernathy and Cumbie 1977; Cox et al.
1979), and the flooded soil/vegetation were suggested to be the important sources of
MeHg in fish tissues (Hecky et al. 1986; Jackson 1988). In this study, the MeHg
concentrations in sediments from both PD and DF were slightly higher than the
concentrations in sediments from Hongfeng lake (He 2007), and the MeHg to THg
ratios in sediments from PD and DF were comparable with reported data from WJID
(Jiang 2005).

2. Distribution of mercury species in sediment pore-water
(1) Filtered total mercury (DHg)

Hg adsorption and desorption between the solid and aqueous phases of sediment are
complex physical-chemical processes. OM, clay minerals, iron oxides, and man-
ganese oxides have very strong adsorption functions, and adsorb large amounts
of Hg in sediment. Several simulation experiments suggested the following prefer-
ence for Hg adsorption by other minerals, which is shown in a decreasing
order: mercapto > illite > montmorillonite > amino > kaolinite > carboxyl > Sand
(Reimers and Krenkel 1974). Hg adsorption/desorption processes in sediment are
impacted by numerous factors, such as Hg concentrations, temperature, pH, redox
conditions, and other varieties of complexations. The distribution of mercury
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between solid and aqueous phases in sediment is principally controlled by the cycling
of S*7, OM, and oxides (Fujiki and Tajima 1992). HgS precipitation is mainly
produced in the environmental conditions of low pH and low S~ concentrations.
However, HgS precipitation will be transformed to soluble Hg sulfide compounds
(e.g., HgS,*") in areducing environment in the presence of excess S*~ concentrations
and high pH. These soluble Hg sulfide compounds subsequently enter the liquid
phase from the solid phase. OM enhances the solubility of HgS and further transports
Hg from the solid phase to the aqueous phase (Ravichandran et al. 1998).

The vertical distributions of DHg in the sediment pore water and overlying water
columns of DF and PD are shown in Figs. 6.58 and 6.59. The mean DHg con-
centrations in sediment pore water at PD-1, PD-2, PD-3, and PD-4 in summer were
2491 + 18.08 ng L' (range: 8.79-71.56 ng L"), 20.61 + 8.30 ng L™" (range:
9.44-3890 ng L"), 19.81 +8.00 ng L' (range: 7.89-33.52ngL™") and
14.15 + 5.86 ng L™" (range: 6.04-31.26 ng L"), respectively. The corresponding
concentrations at DF-1 and DF-2 were 11.60 & 4.30 ng L™' (range: 6.54—
20.39 ng L™") and 7.32 + 5.42 ng L™ (range: 3.30-24.33 ng L"), respectively.
During our sampling periods, the seasonal (summer) mean DHg concentration in
sediment pore water at PD was 19.52 + 11.31 ng L™", which was approximately 2
times higher than the concentration at DF (9.30 & 5.19 ng L™").

In winter, the mean DHg concentrations in sediment pore water at the PD-1,
PD-2, PD-3, and PD-4 sampling sites were 3.87 £ 1.06 ng L™' (range: 2.12—
555 ng L"), 3.32 + 1.60 ng L' (range: 0.98-6.74 ng L"), 3.53 + 1.56 ng L™
(range: 1.17-7.49 ng L"), and 4.19 + 4.58 ng L™' (range: 2.00-20.38 ng L"),
respectively. The corresponding concentrations at the DF-1 and DF-2 sampling
sites were 10.95 4+ 6.19 ng L' (range: 3.39-2455ng L")  and
8.06 + 2.60 ng L' (range: 5.38-14.71 ng L"), respectively. Moreover, the
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Fig. 6.58 Distributions of dissolved mercury (DHg) in water column and sediment pore water of
four sampling stations (PD-1, PD-2, PD-3, PD-4) in PD
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Fig. 6.59 Distributions of dissolved mercury (DHg) and dissolved methylmercury (DMeHg) in
water column and sediment pore water of the two sampling stations (DF-1, DF-2) in DF

seasonal (winter) mean DHg concentration in sediment pore water at DF
(9.50 + 4.89 ng L") was approximately 2.6 times higher than the concentration at
PD (3.73 £ 2.57 ng LY.

The distribution patterns of pore water DHg at PD and DF exhibited greater
variations than the THg concentrations in the solid phase of sediment, consistent
with results from WJD and HF showing that DHg concentrations in the vertical
profiles of pore water varied randomly without discernible trends. However, the
DHg concentrations in pore water were generally higher than the concentrations in
interface water, implying that the sediment was an important source of DHg for the
water column. According to the statistical analysis, a significant correlation between
the THg concentrations in the solid and aqueous phases (pore water) of sediment
was not observed at either DF or PD for each of the seasons (summer and winter).
Thus, the DHg concentrations in sediment pore water at PD and DF were controlled
by factors other than the THg concentration in the solid phase. Furthermore, the
DHg concentrations in sediment pore water at DF were the same in summer and
winter: 9.45 and 9.50 ng L™, respectively. However, the DHg concentrations in
sediment pore water at PD in summer were significantly higher than the concen-
trations in winter (p < 0.01), indicating that the Hg in sediment tended to exist in
the liquid phase during summer.

The partitioning of Hg between the solid phase and aqueous phase is physically,
chemically, or biologically controlled, and hence affected by a number of envi-
ronmental parameters, such as pH, temperature, redox conditions, and bioturbation
(Ullrich et al. 2001). Thermal stratification was observed in the water column of PD
during the summer campaign; in contrast, thermal stratification did not occur during
winter. Correspondingly, DO, pH and other chemical parameters exhibited signif-
icant differences between summer and winter (p < 0.01) in PD. Therefore, the
seasonal changes in the physicochemical parameters of the water column were
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likely to be important factors controlling the seasonal distribution of DHg in sed-
iment pore water of PD. However, the specific mechanism requires further study.
The physicochemical parameters varied in summer and winter at DF as well.
However, the variations were less pronounced compared with PD. Therefore, the
DHg concentrations at DF were the same in summer and winter.

(2) Filtered methylmercury

The vertical distributions of DMeHg in sediment pore water and the overlying
water column collected from PD and DF are illustrated in Figs. 6.59 and 6.60. The
average (range) DMeHg concentrations in sediment pore water collected at PD-1,
PD-2, PD-3, and PD-4 during the summer campaign were 0.51 + 0.27 ng L™}
(range: 0.14-1.15ng L™Y), 0.37 £ 020ng L™" (range: 0.15-1.00 ng L"),
0.65 + 0.63 ng L' (range: 0.21-2.55 ng L™") and 0.26 + 0.15 ng L™" (range:
0.03-0.57 ng L™"), respectively. The corresponding data collected from DF-1 and
DF-2 in summer were 2.60 £ 1.15ng L™' (range: 0.80-5.02 ng L™") and
1.74 4 0.86 ng L' (range: 0.21-2.99 ng L"), respectively. During our sampling
periods, the seasonal (summer) mean concentration of DMeHg in sediment pore
water at DF was 2.21 ng L™', which was approximately 5 times higher than the
concentration at PD (0.47 ng L_l).

The peak DMeHg concentration (2.55 ng L™") was observed in sediment pore
water located in the surface sediment layer at PD-3 in summer, whereas for the
other sampling sites (PD-1, PD-2, and PD-4), the maximum values occurred within
depths ranging from 1 to 10 cm. The DMeHg concentrations in the surface sedi-
ment pore water (1-2 cm) from DF-1 and DF-2 were 2.29 and 3.46 ng L™,
respectively, which were much higher than the concentrations in the corresponding
overlying water. However, the peak DMeHg concentrations in sediment pore water
at DF-1 and DF-2 were not located in the surface layer (1-2 cm). Greater
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fluctuations were observed in the vertical distribution of DMeHg in DF compared
with PD.

Similarly, the mean (range) DMeHg concentrations in sediment pore water collected
at PD-1, PD-2, PD-3, and PD-4 during the summer campaign were 0.62 & 0.23 ng L™
(range: 0.14-1.15ng L™"), 0.60 £ 021 ng L' (range: 0.11-0.86 ng L™,
0.82 + 0.21 ng L™" (range: 0.50-1.20 ng L") and 0.60 + 0.23 ng L' (range: 0.36—
1.21 ng L"), respectively. The corresponding data collected at DF-1 and DF-2 in
summer  were  0.92 + 0.19 ng L™ (range: 0.64-124ngL™")  and
0.65 + 0.21 ng L™" (range: 0.45-1.18 ng L™"), respectively. The seasonal (winter)
mean DMeHg concentrations in sediment pore water at PD (0.63 ng L™") were slightly
less than the concentrations at DF (0.84 ng LY (p > 0.05).

During winter, the peak DMeHg concentration (1.20 ng L™') was observed in
the sediment pore water located in the surface sediment layer (1-2 cm) at PD-3,
whereas for the other sampling sites (PD-1, PD-2, and PD-4), the maximum values
randomly occurred within depths ranging from 2 to 10 cm. Similarly, in winter, the
maximum DMeHg concentration (1.19 ng L") was observed in sediment pore
water located in the surface layer at DF-1. For sampling station DF-2, the peak
DMeHg concentration was observed at the bottom of the sediment profile. The
fluctuations in the vertical distribution of DMeHg in both DF and PD were less
pronounced in winter than in summer.

According to the statistical analysis, the DMeHg concentrations in sediment pore
water from DF were significantly higher in summer than the concentrations in
winter (K-S test, p < 0.01). However, a significant difference in the DMeHg
concentrations at PD was not observed between winter and summer. Furthermore,
significant relationships between the MeHg concentrations in the liquid and solid
phases of the sediment cores were not observed for PD or DF during the whole
sampling campaign. The DHg to DMeHg ratios in sediment pore water from PD
ranged from 0.28 to 15.6% in summer, with a mean value of 2.94%, and from 3.68
to 77.2% in winter, with a mean value of 21.9%. The corresponding data from DF
were 4.28-63.9% (mean value: 28.7%) in summer and 2.34-35.0% (mean value:
10.5%) in winter. The distribution patterns of MeHg in sediment pore water were
more variable than the MeHg concentrations in the solid phase of sediment.

6.2.4 Diffusion Flux of Inorganic Mercury
and Methylmercury to Water

The interface between bottom sediment and overlying water is not only a physical
interface but also an important chemical interface in aquatic ecosystems (e.g., lakes,
reservoirs, and rivers). Due to the different physicochemical characteristics between
sediment and overlying water, active exchanges of energy and substances over the
sediment—water interface is reasonable. Generally, four different migration and
diffusion processes occur over the sediment—water interface, including diffusion,
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dispersion, bioturbation and hydrodynamic disturbance (Krom and Berner 1980).
A previous study further confirmed that molecular diffusion is the most important
method for the transport of dissolved components in sediment (Krom and Berner
1980). Driven by the concentration gradient, the dissolved components in sediment
are diffused from high concentrations to low concentrations, which in turn impact
the concentration and distribution of inorganic Hg and MeHg in the bottom water
column and surface sediment pore water. The transport and diffusion of dissolved
components from the surface sediment is one of the most important factors con-
trolling the chemical characteristics of the overlying water column in aquatic sys-
tems. Furthermore, pollutants stored in sediment are eluted into the overlying water
as secondary pollution. Therefore, the various physical and chemical behaviors of
the sediment—water interface have received considerable attention by numerous
researchers.

The diffusion fluxes of IHg and MeHg from sediment pore water to the water
column were estimated in this study. We assumed that physical advection and
bioirrigation are not important processes in the sediments and are insignificant
compared to diffusion processes. The diffusive fluxes across the sediment—water
interface are usually calculated based on the measured concentration gradient and
Fick’s first law, as described in the following equation (Feng et al. 2009a; Holmes
and Lean 2006; Goulet et al. 2007):

F=- <‘DDW) %S (6.1)

02

where F is the diffusive flux of IHg or MeHg across the sediment—water interface
(ng m2 day "), ¢ is the sediment porosity, 0 is the tortuosity (dimensionless), and
D,, is the diffusion coefficient of IHg or MeHg in water in the absence of the
sediment matrix (cm 2 s~'). Tortuosity was estimated from porosity by Boudreau
(1996) using the following equation:

0*> =1—In(¢?) (6.2)

The diffusion coefficient depends on its specific ligand complex within the pore
water. We assumed that Hg®* exists as an anionic tetrachloro complex (HegCl, )
and MeHg exists as a neutrally charged chloride species (MeHgCI°) (Gill et al.
1999). In the current study, the diffusion coefficients of IHg and MeHg were
estimated to be 9.5 x 10™® and 1.3 x 107> em > s~ at 25 °C, respectively (Gill
et al. 1999; Covelli et al. 1999). The diffusion coefficients at 25 °C were corrected
using the temperature of bottom water for each sampling period (Lerman 1979):

D7 = Drz(l + OO48A[) (63)

where At is the temperature difference in degrees centigrade?
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The porosity was calculated using the following equation:

o—1- [%] (6.4)

where G is the dry weight of the sediment (g), V is the volume of fresh sediment
(cm®), and d is the density of the dry sediment (g cm ).

The concentration gradient was calculated based on the IHg or MeHg concen-
trations in the interface water and the pore water in the first sediment interval
(1 cm). Although this calculation has a considerable uncertainty component, the
estimated flux is only an approximate value and provides a relative basis for
comparing Hg diffusion among the sampling sites.

1. Diffusion fluxes of inorganic mercury over the sediment—water interface

The spatial and seasonal distributions of dissolved inorganic Hg (IHg) in the water
at the sediment—water interface and surface sediment pore water in PD and DF are
listed in Table 6.12. The mean IHg concentrations in interface water in PD were
2.15 £ 0.71 and 1.54 & 0.36 ng L™ in summer and winter, respectively. The
corresponding values in DF were 1.76 + 124 n L™ and 1.03 £ 0.69 L™! in
summer and winter, respectively. Meanwhile, the average IHg concentrations in
surface sediment pore water in PD were 16.08 & 3.29 and 3.68 + 0.95 ng L™" in
summer and winter, respectively. The corresponding values in DF were
9.21 + 4.20 and 3.44 £ 1.75 ng L™" in summer and winter, respectively.

As shown in Table 6.12, the IHg concentrations in surface sediment pore water
in PD and DF were generally higher than the concentrations in the corresponding
interface water for each of the sampling stations and each of the seasons, with the
exceptions of the concentrations at DF-1 in winter. The differences in the ITHg
concentrations between surface sediment pore water and interface water indicated
that sediment was the potential source of IHg for the overlying water column. The
IHg concentrations in surface sediment pore water at each of the sampling stations
in PD and DF were significantly higher in summer than the concentrations in winter
(p < 0.01). Similarly, the differences in the IHg concentrations between surface
sediment pore water and interface water at each of the sampling stations in PD and
DF were significantly higher in summer than the concentrations in winter

Table 6.12 Seasonal and spatial distribution of dissolved inorganic mercury (IHg) in surface
sediment pore water and in interface water of PD and DF (ng L™")

Sampling Interface water Surface soil pore water

sites PD DF PD DF

Summer | Winter | Summer | Winter | Summer | Winter | Summer | Winter
PD-1/DF-1 3.02 1.15 2.64 3.34 18.27 4.98 12.18 2.20
PD-2 243 1.39 - - 19.47 3.76 - -
PD-3 1.65 2.02 - - 13.75 3.13 - -
PD-4/DF-2 1.50 1.61 0.88 1.52 12.81 2.85 6.24 4.67
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(p < 0.01), implying that the diffusion flux of IHg from surface sediment pore water
to the overlying water column in summer was more active than in winter.

The diffusion fluxes of IHg from the sediment to the water column throughout
the two sampling campaigns at PD and DF are shown in Fig. 6.61, and the cor-
responding data are summarized in Table 6.13.

Based on the calculated data, the diffusion fluxes of IHg over the sediment—water
interface were positive for each of the sampling seasons and each of the sampling
stations at PD and DF, with the exception of the data from DF-1 in winter, indi-
cating steady diffusion of dissolved IHg from the surface sediment to the overlying
water column. However, the IHg concentration in the interface water at DF-1 in
winter was higher than the concentration in the corresponding surface sediment
pore water, which in turn resulted in a negative diffusion flux of IHg over the
sediment—-water interface. This negative data indicated diffusion of IHg from
interface water to the sediment, probably due to the extra source of IHg in the water
column of DF-1 in winter (Rothenberg et al. 2008).

The spatial distribution of IHg fluxes over the sediment—water interface was less
pronounced for each of the reservoirs (PD and DF). However, a clear seasonal trend
in [Hg fluxes over the sediment—water interface was observed at PD and DF during
our sampling campaigns. As shown in Fig. 6.61, the diffusion fluxes of IHg over
the sediment—water interface were significantly higher in summer than the fluxes in
winter at each of the reservoirs (p < 0.01) (Table 6.13).

The seasonal trend in IHg fluxes over the sediment—water interface may be
explained by the increased solubility of IHg under anoxic conditions in the summer
(Benoit et al. 1998). Consequently, the IHg in sediment tended to exist in the liquid
phase during summer, which in turn promoted the diffusion of IHg from the
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Fig. 6.61 Estimated diffusion fluxes of inorganic mercury (IHg) over the surface sediment and
water column in PD and DF
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Table 6.13 Estimated diffusion fluxes of inorganic mercury (IHg) and methylmercury (MeHg)
across sediment to water column in PD and DF (ng m > day ")

Sampling IHg MeHg
sites PD DF PD DF

Summer | Winter | Summer | Winter | Summer | Winter | Summer | Winter
PD-1/DF-1 53.2 2.78 34.17 —2.07 0.72 0.34 11.9 2.79
PD-2 64.0 2.15 - - 0.87 0.88 - -
PD-3 40.2 1.06 - - 11.0 1.46 - -
PD-4/DF-2 41.3 1.27 14.5 5.95 0.55 0.56 10.3 1.57

sediment to the overlying water. However, the detailed mechanism underlying the
seasonal trends in IHg fluxes over the sediment—water interface is very complex
(physically, chemically, or biologically controlled) and requires further study.

2. Diffusion fluxes of methyl mercury over the sediment—water interface

The concentrations and distributions of MeHg in the water at the sediment—water
interface and surface sediment pore water in PD and DF are listed in Table 6.14.
The MeHg concentrations in the surface sediment pore water in PD and DF were
generally higher than the concentrations in the corresponding interface water for
each of the sampling stations and each of the seasons. The elevated MeHg con-
centrations in the surface sediment pore water indicated that MeHg in sediment was
eluted to the overlying water and sediment was a very important source of MeHg
for the water column.

The diffusion fluxes of MeHg from sediment to the overlying water at PD and
DF are illustrated in Fig. 6.62, and the summary data are shown in Table 6.13.
MeHg fluxes from the sediment to the interface water were all positive for each of
the sampling stations (PD and DF) throughout the two sampling campaigns, indi-
cating that the sediment was the net source of MeHg in the water column. Our
calculated MeHg diffusion fluxes supported the finding that PD and DF are net
sources of MeHg production (see the details in Chap. 8).

The estimated MeHg diffusion fluxes ranged from 0.34 to 11 ng m > day ' at
PD, with the maximum value observed at PD-4 in summer, and the minimum value
observed at PD-1 in winter. We failed to observe any seasonal and spatial trends in

Table 6.14 Seasonal and spatial distribution of dissolved methylmercury in surface sediment
pore water and in interface water of PD and DF (ng L

Sampling Interface water Surface soil pore water

sites PD DF PD DF

Summer | Winter | Summer | Winter | Summer | Winter | Summer | Winter
PD-1/DF-1 0.18 0.11 0.23 0.086 |0.33 0.45 1.19 3.46
PD-2 0.16 0.11 - - 0.33 0.82 - -
PD-3 0.13 0.08 - - 2.55 1.2 - -
PD-4/DF-2 0.16 0.06 0.19 0.11 0.27 0.46 0.74 2.29
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Fig. 6.62 Estimated diffusion fluxes of methylmercury (MeHg) over the surface sediment and
water column in PD and DF

the MeHg diffusion fluxes at PD (see Fig. 6.62). The MeHg diffusion fluxes at DF
ranged from 1.6 to 12 ng m > day ', with highest value observed at DF-1 in
summer and the lowest value observed at DF-2 in winter (see Fig. 6.62). According
to the statistical analyses, the MeHg fluxes were significantly higher in summer than
the fluxes in winter throughout the DF sampling sites (p < 0.01), consistent with
our previous study (Feng et al. 2009a) and the results of the Hg mass balance
model (see the details in Chap. 7). Furthermore, the MeHg diffusion fluxes in
summer and winter were higher at DF-1 than the values at DF-2.

The annual overall diffusion fluxes of [Hg and MeHg from the sediment to the
water column were quantified from our data using the following equation:

F, = Z[F(&P)D(S) (%)] x 1077 (6.5)

where F, is the annual overall IHg or MeHg diffusion fluxes (g year '), F is the
diffusive flux of IHg or MeHg (ng m > day '), S represents the sampling sites (PD:
PD-1, PD-2, PD-3, and PD-4; DF: DF-1 and DF-2), P is the sampling period
(summer: wet season; winter: dry season), A is the surface area of the reservoir (PD:
19.3 x 10° mz; DF: 19.1 x 10° mz), and D, is the number of days of each season
(wet season: 180 days; dry season: 180 days). We assumed that the surface area of
the reservoir is the same as the area of the surface sediment. For PD, each sampling
site represents one-quarter of the surface area reservoir; for DF, each sampling site
represents half of the surface area reservoir. Based on our calculated data, the
overall MeHg diffusion fluxes in PD and DF were 14.2 and 45.61 g year ',
respectively. Based on the mass balance calculation, the net MeHg fluxes reported
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in Chap. 7 (PD: 69.4 g year '; DF: 367.5 g year ') are generally consistent with
our hypothesis that PD and DF were net sources of MeHg.

6.3 Biogeochemical Cycling of Mercury in Wujiangdu
Reservoir

6.3.1 Sampling Sites Description, Sample Collection,
Analytical Methods, and QA/QC

Four sampling stations spatially distributed from the upstream to the downstream of
WID were chosen as shown in Fig. 6.63. WID-1 is located at the upper end of the
reservoirs. WJD-2 is located in the middle part of the reservoirs. WJD-3 is situated
in the downstream part of reservoirs. WID-4 is located adjacent to the dam (within
approximately 500 m). Water samples (water column profiles with 5-8 different
depths), sediment cores (solid phase), sediment porewater (liquid phase), water—
sediment interface water samples at each sampling station were collected each
season in 2007.

Filtered water column samples were analyzed for DHg and DMeHg. THg, RHg,
TMeHg, and TSS were analyzed in each of the unfiltered samples. Water—sediment
interface water samples and sediment pore water samples were divided for DHg and
DMeHg analysis. The freeze-dried sediment samples were grounded and homog-
enized for solid phase THg, MeHg, and organic matter concentrations analysis.

The sediment cores were immediately sliced using a plastic cutter in an
oxygen-free glove box under argon. The first 10 cm was sectioned at 1 cm intervals
and next 20 cm at 2 cm sections. The sediment samples were placed in
acid-cleaned 50 mL plastic centrifuge tubes, capped and sealed with Parafilm. All
samples were transported in an ice-cooled container to the lab within 24 h and
stored at 3—4 °C for further laboratory processes.

Sediment samples were then centrifuged for 30 min at 3000 r min~" at 5 °C to
extract the pore water immediately after being transported to the laboratory. The
pore water was then filtered through 0.45 pm disposable polycarbonate filter unit
(Millipore) under argon in a glove box and placed in borosilicate glass bottles. At
each sampling site, two sediment cores were collected, one for DHg analysis in pore
water, and one for DMeHg analysis. Subsequently, the freeze-dried sediment
samples were grounded and homogenized to a size of 150 meshes per inch with a
mortar for solid-phase THg, MeHg, and organic matter concentrations analysis.
Precautions were taken in order to avoid any cross-contamination during the sample
processing. The grinder was thoroughly cleaned after each sample processing. The
powdered samples were subsequently packed into plastic dishes, sealed in poly-
ethylene bags and stored in a refrigerator within desiccators for further laboratory
analysis.
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All the water samples were acidified on site to 0.5% (v/v) with ultra-pure con-
centrated hydrochloric acid (HC); the sample bottles were then capped, sealed with
Parafilm, stored in a refrigerator at 3—4 °C in the dark. The analysis of concen-
trations of Hg species in water samples was conducted within 28 d after sampling.
TSS was determined gravimetrically by filtering an aliquot of water (typically
1500 mL) through a pre-weighed 0.45 pm pore-size, 47 mm (diameter) polycar-
bonate membrane filter. Water quality parameters such as pH and temperature
(T) were measured in situ using a portable analyzer (PD-501, Shanghai San-Xin
Instrumentation Inc., China). Dissolved oxygen (DO) in water was monitored using
an in situ DO probe (HI 7042S, HANNA Instruments® Inc. Italy). The concen-
trations of organic matter in the surface sediment samples were analyzed using
KCr,0; (Potassium dichromate) oxidation coupled with volumetric analysis.

Quality control for THg and MeHg determination was conducted by field blanks,
matrix spikes, and duplicate samples. The method detection limit (3 X &) was
0.02 ng L™' for THg and 0.01 ng L™ for MeHg in water samples. Limits of
determination were 0.01 ng g~* for THg and 0.002 ng g~ ' for MeHg in sediment
samples. The method blank was in each case less than the detection limit. Field
blanks were 0.14 & 0.04 ng L™ for THg and 0.012 ng L™ for MeHg. The relative
standard deviations for duplicate sample analyses were <8.5% for THg and MeHg
in water samples and were 7.8% for THg and MeHg in sediment samples.
Recoveries for matrix spikes ranged from 87 to 113% and from 91 to 108% for THg
and MeHg analysis in water samples. The average THg concentration of the geo-
logical standard of GBW07305 was 95 & 7.0 ng g~ ' (n = 15), which is compa-
rable with the certified value of 100 & 20 ng g~ '. The average MeHg concentration
of 5.3 + 0.50 ng g~ (n = 15) was obtained from IAEA-405, with a certified value
of 5.5 £ 053 ng g .

Statistical evaluation was performed using SPSS 11.5 software. To reveal any
relationship between the general sediment quality characteristics and Hg species,
relationships between covariant sets of data were analyzed by regression analysis.
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Fig. 6.63 Map of the study area and location of sampling stations at WJD (redrawed from Meng
et al. 2016, with permission from John Wiley and Sons Inc.)
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The correlation coefficient () and test of significance (p) were computed for cor-
relation analysis. Correlation was significant at 0.05 (1-tailed). Linear regression fits
were also processed to model the relationship between organic matter content and
MeHg concentration in sediments. In addition, Kolmogorov—Smirnov (K-S) and
Kruskal-Wallis (K-W) tests were performed to compare significant differences
between 2 or more independent datasets. Differences were significant at p < 0.05.

6.3.2 Mercury Species in Water Column

1. General Water Quality Characteristics

Vertical profiles for T, pH, and DO from the WJD are displayed in Figs. 6.64, 6.65
and 6.66, and summary data is shown in Table 6.15.

Water temperature profiles exhibited expected seasonal and spatial patterns, with
temperatures in the WJD ranging from 12 to 25 °C. The reservoirs were well mixed
in fall and winter, and stratified in spring and summer, with stronger trends at the
downstream stations of the reservoirs. TSS showed a seasonal pattern that was
opposite of T, with the highest average TSS values in dry seasons (spring and
winter) and the lowest values in wet seasons (summer and fall).

Due to the karstic geology of the Wujiang River basin, the water was slightly
alkaline in most samples (pH = 7.7 & 0.47) but slightly acidic in the bottom
stratum at WJD-3 in summer (6.8) and at WJD-4 in winter (6.7) and summer (6.9),
which may result from the formation of organic acids in the sediment (He et al.
2008a). The pH reached distinct peaks of 9.5 and 9.7 in the surface water at WJD-3
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Fig. 6.64 Water column profiles of the temperature (7T) at four sampling stations (WJD-1, WID-2,
WID-3, WID-4) in WJD (redrawed from Meng et al. 2010, with permission from The Alliance of
Crop, Soil, and Environmental Science Societies; redrawed from Meng et al. 2011, with
permission from Chinese Journal of Ecology)
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Fig. 6.65 Water column profiles of the pH at four sampling stations (WJD-1, WID-2, WID-3,
WID-4) in WJD (redrawed from Meng et al. 2010, with permission from The Alliance of Crop,
Soil, and Environmental Science Societies; redrawed from Meng et al. 2011, with permission from

Chinese Journal of Ecology)
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Fig. 6.66 Water column profiles of the dissolved oxygen (DO) at four sampling stations (WJD-1,
WID-2, WID-3, WJD-4) in WJD (redrawed from Meng et al. 2010, with permission from The
Alliance of Crop, Soil, and Environmental Science Societies; redrawed from Meng et al. 2011,
with permission from Chinese Journal of Ecology)

and WID-4 during spring, coinciding with maxima in DO (12 mg dm ™ at both
sites) during algal blooms (He et al. 2008a). No significant variations of pH with
depth were observed at WID-1, WID-2 during this study.

Vertical profiles of DO were pronounced and well-correlated with thermal
stratification. Spatial and seasonal differences in DO levels were observed in the
WID. In the WID, explicit deficiencies of DO were persistent in the bottom waters
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of WID-3 and WJD-4 throughout the seasons without thermal stratification but
were absent at WJD-1 and WJD-2. In summer, low DO concentrations (WJD-1:
7.1 mg dm™>. WID-2: 6.5 mg dm . WID-3: 1.2 mg dm . WID-4: 1.6 mg dm ™)
in the hypolimnion of the WID were believed to be the result of intensive bacterial
decomposition of settled degradable organic matter (He et al. 2008a). The spring
maximum of DO at WJD-3 and WJD-4 at the surface was explained by algal
blooms, as previously mentioned (He et al. 2008a). However, elevated DO in
surface water was not observed at WJD-1 and WJD-2 during spring, possibly
indicating the absence of an algal bloom there.

The WID were completely stratified in summer especially at the downstream
sites, but abundant algae were only present at WID-3 and WJD-4 (Zhu et al. 2006;
Dang 2008). The more pronounced chemical stratification at WJD-3 and WID-4
compared to WJD-1 and WJD-2, is due to higher primary productivity levels at
WID-3 and WJD-4. Hence, primary productivity is the main factor controlling
water column characteristics in stratified reservoirs.

2. Distribution of mercury species in water column

Spatial and seasonal distributions of THg, DHg, RHg, and PHg concentrations in
the WID are shown in Figs. 6.67, 6.68, 6.69 and 6.70, and summary data is shown
in Table 6.16.

(1) Total Mercury

Annual mean concentrations of THg were 1.3 £ 0.56 ng L™" in the WJD (range:
0.60-3.5 ng L™"). THg concentrations in these reservoirs were significantly below
the Chinese surface water standard of 50 ng L™ (Environmental Quality Standards
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Fig. 6.67 Distributions of total mercury (THg) in water column profiles of the four sampling
stations (WJD-1, WID-2, WID-3, WJD-4) in WID (redrawed from Meng et al. 2010, with
permission from The Alliance of Crop, Soil, and Environmental Science Societies; redrawed from
Meng et al. 2011, with permission from Chinese Journal of Ecology)
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Fig. 6.68 Distributions of dissolved total mercury (DHg) in water column profiles of the four
sampling stations (WJD-1, WID-2, WJD-3, WJD-4) in WID (redrawed from Meng et al. 2010,
with permission from The Alliance of Crop, Soil, and Environmental Science Societies; redrawed
from Meng et al. 2011, with permission from Chinese Journal of Ecology)
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Fig. 6.69 Distributions of particulate mercury (PHg) in water column profiles of the four
sampling stations (WJD-1, WID-2, WJD-3, WJD-4) in WID (redrawed from Meng et al. 2010,
with permission from The Alliance of Crop, Soil, and Environmental Science Societies; redrawed
from Meng et al. 2011, with permission from Chinese Journal of Ecology)

for Surface Water; GB3838-2002), and also below the 12 ng L™" standard for THg
recommended by the US-EPA to protect against adverse chronic effects on aquatic
life (US-EPA 1992).

Peak levels of THg in the WID were observed during spring in surface water at
stations WID-3 (3.6 ng L") and WID-4 (3.2 ng L™"), coinciding temporally and
spatially with peaks of TSS (WJD-3: 5.4 mg L™'; WID-4: 3.0 mg L™") and PHg
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Fig. 6.70 Distributions of reactive mercury (RHg) in water column profiles of the four sampling
stations (WJD-1, WJD-2, WID-3, WJD-4) in WID (redrawed from Meng et al. 2010, with
permission from The Alliance of Crop, Soil, and Environmental Science Societies; redrawed from
Meng et al. 2011, with permission from Chinese Journal of Ecology)

(WID-3: 1.8 ng L™'; WID-4: 1.2 ng L™"). These elevated levels of THg in the
WID may be attributed to seasonal increases in anthropogenic activities and the
appearance of algal blooms (Zhu et al. 2006; Dang 2008). Algae have the capacity
to bind Hg (Hurley et al. 1991), and the higher THg in the WJD compared to the
newly constructed reservoir such as YZD, HID, and SFY, could be due to the
higher level of primary productivity in the WJD. Elevated levels of THg observed
during summer in the bottom water of stations WID-1 (2.0 ng L™"), WID-2
(2.6 ng L"), WID-3 (3.4 ng L") and WID-4 (2.6 ng L") coincided with ele-
vated levels of PHg at these sites, perhaps suggesting that sediment resuspension
was significant at that time.

No discernable difference in the annual mean concentration of THg was
observed among WID-1, WID-2, WID-3, WJD-4 (K-W test, p = 0.99). The
concentrations of THg during the cold and dry seasons (spring and winter) in the
WID were higher than those in hot and wet seasons (summer and fall) (K-S test,
p = 0.001).

(2) Dissolved Total Mercury

Spatial and temporal distributions of DHg in the water column in WJD is shown in
Fig. 6.68.

Concentrations of DHg ranged from 033 to 28ngL™!
(mean = 0.86 & 0.42 ng L™') in the WID. DHg represented 18-99% (mean = 67
+ 17%) of THg in the WID. Regression analysis revealed a significant positive
correlation between DHg and THg in the WID (r = 0.80, p < 0.0001, n = 110),
suggesting that DHg is the main Hg fraction present in the water column of the WJD.

Elevated concentrations of DHg were observed in bottom water in the WJD at
WID-3 (3.0 ng L™") and WID-4 (1.6 ng L™") during summer, probably due to the
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diffusion of Hg from sediment (Feng et al. 2009a). In addition, spring surface water
samples at WJD-3 and WJID-4 were enriched in DHg This could be explained by
atmospheric inputs combined with stratification of the water column. Except for
these cases, none of the other sites exhibited spatial or seasonal trends in DHg
(Fig. 6.68).

(3) Particulate Mercury

PHg concentrations ranged from 0.010 to 1.2 ng L™ (mean = 0.44 + 0.32 ng L") in
the WJD. Concentrations of both THg and PHg were elevated in surface water at WJD-3
and WJID-4 in spring (Fig. 6.69). The elevation of THg concentrations resulted from
increased levels of PHg. TSS concentrations were also enhanced (WJD-3: 5.4 mg L™,
WID-4: 3.0 mg L"), primarily due to algal bloom formation in the surface water.

The elevated PHg levels may be due to an increased fraction of organic particles
(Zhu et al. 2006; Dang 2008), which can adsorb more Hg than inorganic particles
(Hurley et al. 1991). PHg concentrations in the bottom water at stations WJD-1
(summer), WJD-2 (summer), WJD-3 (spring and fall), and WJD-4 (summer) were
all significantly higher than the corresponding overlying water, indicating the input
of particulate Hg from sediment resuspension. In contrast, no discernible spatial or
seasonal trends in PHg were observed in the newly constructed reservoirs (e.g.,
YZD, SFY, and HJD) because algal blooms and bottom sediments were absent
there.

(4) Reactive Mercury

RHg concentrations ranged from 0.036 to 0.62 mg L™
(mean = 0.15 £ 0.092 mg L") in the WJD. We failed to observe any spatial or
seasonal variation in RHg concentrations for the WJD (Fig. 6.70). The RHg con-
centration was at a maximum in the bottom water of the WJD (0.62 mg L™") during
the summer. These elevated levels of RHg are possibly explained by diffusion of
RHg from sediment, heightened by the lack of mixing. This explanation is sup-
ported in that no such maximum was observed in the newly constructed reservoirs
(e.g., YZD), where a sediment layer is absent.

(5) Methylmercury

The distribution patterns and concentrations of total methylmercury (TMeHg),
dissolved methylmercury (DMeHg), and particulate methylmercury (PMeHg) in the
WID are illustrated in Figs. 6.71, 6.72 and 6.73, and summary data is shown in
Table 6.16.

Annual mean concentrations of TMeHg, DMeHg, and PMeHg are
026 + 0.43 mg L' (range: 0.033-2.9 ng L™"), 0.12 £ 0.09 mg L™" (range:
0.03-1.4 ng L"), and 0.09 £ 0.16 mg L™ (range: 0.01-0.98 ng L"), respec-
tively. The corresponding mean ratios of DMeHg/TMeHg is 69 £ 22% in the
WID. Statistical analyses yielded significant positive correlations between DMeHg
and TMeHg in the WID (r = 0.80, p < 0.0001, n = 111). Furthermore, annual
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Fig. 6.71 Distributions of total methylmercury (TMeHg) in water column profiles of the four
sampling stations (WJD-1, WID-2, WJD-3, WJID-4) in WID (redrawed from Meng et al. 2010,
with permission from The Alliance of Crop, Soil, and Environmental Science Societies; redrawed
from Meng et al. 2011, with permission from Chinese Journal of Ecology)
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Fig. 6.72 Distributions of dissolved methylmercury (DMeHg) in water column profiles of the
four sampling stations (WJD-1, WID-2, WJD-3, WID-4) in WJD (redrawed from Meng et al.
2010, with permission from The Alliance of Crop, Soil, and Environmental Science Societies;
redrawed from Meng et al. 2011, with permission from Chinese Journal of Ecology)

average TMeHg concentrations showed statistically significant differences among
the four sampling stations (WJD-1, WID-2, WID-3, WJD-4) in the WID (K-W
test, p = 0.05). In addition, annual average TMeHg concentrations at WJD-3 and
WID-4 were significantly higher than those at WID-1 and WID-2 (K-S test,
p = 0.01). This observation suggests that considerably different levels of net Hg
methylation exist between the upper and lower parts of the WJD. TMeHg
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Fig. 6.73 Distributions of particulate methylmercury (PMeHg) in water column profiles of the
four sampling stations (WJD-1, WID-2, WJD-3, WID-4) in WJD (redrawed from Meng et al.
2010, with permission from The Alliance of Crop, Soil, and Environmental Science Societies;
redrawed from Meng et al. 2011, with permission from Chinese Journal of Ecology)

concentrations in WJD were significantly higher in summer compared to other
seasons (K-S test, p = 0.001).

There are two possible sources of MeHg in the reservoirs: (1) in situ production
being controlled by redox chemistry and/or settling particulate matter containing
MeHg (Meili 1997; Eckley et al. 2005; He et al. 2008a), and (2) diffusion or
resuspension, or both, of MeHg from underlying sediments (Mason and Sullivan
1999; Lawson et al. 2001). Gilmour and Henry (1991) showed that low pH and
negative redox potential, not only increase methylation rates but also decrease
demethylation rates, resulting in net production of MeHg.

In summer, TMeHg, DMeHg, and PMeHg were all low in the mixed layer but
increased sharply to maxima in the low-oxygen region at downstream sites in the
WID. Similar observations were made in a stratified estuary in New England
(Mason et al. 1993) and in a reservoir of southwestern China (He et al. 2008a). Our
results indicate that active Hg methylation occurred at WJID-3 and WJD-4 during
summer, in support of the conclusion by Ullrich et al. (2001) that high temperatures
favor the Hg methylation process. In contrast, summer maxima of MeHg in bottom
waters were not observed in the upper end of the WJD nor in any part of the newly
constructed reservoirs (e.g., YZD, HID, and SFY), plausibly ruling out sustained
Hg methylation at those sites.

Feng et al. (2009b) reported that net annual Hg methylation was significantly
higher in the WJID compared to DF because of the longer water residence time in
the WJD. The water residence time in the WJID and the YZD is similar. However,
the production of MeHg was much lower in the YZD. Hence, in this study, the key
indicator for Hg methylation must not be the water residence time but rather the
primary productivity. Another interesting outcome of this study is that Hg
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methylation was much more active in the lower end of the WJD compared to the
upstream sites because of the primary productivity gradient, which supports the
above conclusion.

The highest TMeHg concentrations during the summer stratification occurred at
90 m and 95 m at WJD-3 and WID-4, respectively, where DO was lowest (WJD-3:
1.6 mg dm>, WID-4: 1.2 mg dm ). Optimum conditions for Hg methylation
were apparently reached at this depth during summer. The speciation and bio-
chemical availability of Hg as well as environmental factors such as DO, pH,
temperature, redox potential here favored net Hg methylation (c.g. Ullrich et al.
2001).

Regression analyses yielded inverse correlations when plotting TMeHg and
DMeHg versus DO in the WID, with Pearson correlation coefficients of —0.55
(n =111, p < 0.001) and —0.40 (n = 111, p < 0.001), respectively. Similar rela-
tionships were also reported by He et al. (2008a). RHg and pH were significantly
correlated with TMeHg (RHg: »=0.40, n =111, p <0.001; pH: r =-0.31,
n =111, p < 0.001) as well as with DMeHg (RHg: r = 0.50, n = 111, p < 0.001;
pH: r = —0.24, n = 111, p = 0.01). This suggests that low DO and pH and high
RHg are prerequisites for elevated MeHg concentrations in the WID. Hence, ele-
vated MeHg in the bottom water may be plausibly attributed to in situ methylation
and/or transfer from sediment to overlying waters; this is supported by the previous
observation that sediment is the net source of MeHg to the water column (Feng
et al. 2009a).

Spatial and seasonal distributions of PMeHg in the WID showed little variation,
with the exception of marked maxima in the bottom water at WID-3 (2.4 ng L™")
and WID-4 (0.98 ng L") in summer. These maxima may result from the release of
MeHg from sediment resuspended into the water column. These results agree with
previous observations that sediment resuspension may act as an additional MeHg
source to water bodies (e.g., Mason and Sullivan 1999; Lawson et al. 2001).

Previous studies suggested that the ratio of MeHg to total Hg is recognized as a
measure of Hg methylation efficiency (Sunderland et al. 2006; St. Louis et al. 1994;
Rudd 1995; Gilmour et al. 1998). In our study, the TMeHg/THg ratio in water
column in WID (15 & 14%) was slightly higher than those in the newly con-
structed reservoirs in Wujiang River (e.g., YZD, TMeHg/THg ratio = 13 £ 10%),
but was approximately three to five times lower than those in the newly constructed
reservoir in North American and North Europe (50-80%) (Kannan et al. 1998; St.
Louis et al. 1994; Hall et al. 2005). These observations implied that the net Hg
methylation in the newly constructed reservoir in North American and North
Europe was much more active than that in WID in Wujiang River.

Annual average concentrations of TMeHg, DMeHg, and PMeHg in the WID
were much higher than those in the newly constructed reservoir of YZD. This
indicates that these two reservoirs, characterized by different levels of primary
productivity, exhibit widely different strengths of Hg methylation and
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demethylation. A similar difference also appears to exist within the WJD, where
only downstream stations (WJD-3 and WIJID-4) demonstrate high TMeHg
concentrations.

Previous studies have implied the presence of active MeHg production in newly
constructed reservoirs and concluded that an enhanced methylation of Hg may last
for more than 30 years after impoundment (St. Louis et al. 2004; Hall et al. 2005;
Lucotte et al. 1999). Studies in North America showed that Hg methylation rates
decrease with the age of the reservoir as a result of the decomposition of organic
carbon in flooded soils (St. Louis et al. 2004; Hall et al. 2005; Lucotte et al. 1999).
However, the observations obtained from the reservoirs in Wujiang River tell a
different story. The WJD (an old reservoir) is characterized by a much more active
net Hg methylation compared to the newly constructed reservoirs, such as YZD,
SFY, and HJD. Furutani and Rudd (1980) found that organic material stimulates Hg
methylation, hence diluting organic carbon concentrations in surface sediment by
supplementing with inorganic material lowers MeHg production and bioaccumu-
lation rates. Other studies have examined the differences in MeHg cycling in
experimentally flooded wetland and upland catchments with varying carbon con-
tents (Kelly et al. 1997; Bodaly et al. 2004).

Given the karstic environment of the Wujiang River basin, the organic carbon
content (range: 2-5%) in submersed soils was very low (Jiang 2005). A recent
study indicated that most of the organic matter in the newly constructed reservoirs
(e.g., YZD) is derived from the watershed, with little autochthonous material evi-
dent (Jiang 2005). Primary productivity in the newly constructed reservoirs is
currently much lower than that in the WJD, apparently due to the absence of cage
culture fishing in the newly constructed reservoirs. In addition, lower organic
carbon concentrations in the upland soils of the newly constructed reservoirs may
inhibit methylating microorganisms from colonizing the newly constructed reser-
voirs or at least decrease their rate of metabolism. Hence, the low methylation rates
in the newly constructed reservoirs are a result of the low organic carbon content in
submersed soils and/or low primary productivity. However, it seems clear that Hg
methylation will increase with increases in primary productivity.

(6) Comparisons with other Reservoirs

A comparison of THg and MeHg concentrations in water samples between the
WID and other areas are listed in Table 6.17. THg concentrations in water samples
from the WJD were comparable to most literature data, which indicates that the
WID are apparently less impacted by local pollution sources.

However, the concentrations MeHg in water samples from WID is slightly lower
than that from the newly constructed reservoirs (<5 years old) in North America,
but significantly higher than that from relatively old-aged reservoirs (>5 years old)
in North America as well as from the newly constructed reservoirs in the same
region (e.g., SFY, HID, and YZD). These comparisons suggested that net Hg
methylation in newly constructed reservoirs in North America was more active than
that in the old-aged reservoirs. On the opposite, active net Hg methylation was only
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Table 6.17 Comparison of levels of speciated mercury in the WJD with literature data

Sampling sites Reservoir THg (ng L") | TMeHg (ng L™") | Reference
age (year)

Flood-control 2-4 0.74-6.97 0.06-6.6 Brigham et al.

imploundments, USA (2002)

Experimental 0.04 0.98-6.95 0.05-3.2 Kelly et al. (1997)

reservoir, Canada

Experimental 3 1.1-6.0 0.1-2.1 Hall et al. (2005)

reservoir, Canada

Quebec reservoir, 3 <5 0.01-2 Lucotte et al.

Canada (1999)

Maryland reservoir, 12-133 0.4-6.8 0.048-0.38 Mason and

USA Sveinsdottir
(2003)

Narraguinnep 16 0.47-1.06 0.010-0.043 Gray et al. (2005)

reservoir, USA

Caniapiscau 17 1.19-1.69 0.06-0.09 Schetagne et al.

Reservoir, Canada (2000)

SFY, Wujiang River, |3 0.4-4.9 0.030-0.22 This study

China

HJD, Wujiang River, |4 0.3-6.6 0.05-0.17 This study

China

DF, Wujiang River, 14 0.68-3.92 <0.05-0.50 This study

China

PD, Wujiang River, 13 1.0-11.74 <0.05-0.51 This study

China

WID, Wujiang River, |28 0.60-3.5 0.033-2.9 This study

China

YZD, Wujiang River, |6 0.40-1.9 0.0028-0.44 This study

China

observed in the old-aged reservoirs in Wujiang River, but not in the newly con-
structed reservoirs in the same region (e.g., SFY, HID, and YZD), which implied
that the net Hg methylation was gradually increased with the continuous evolution
of the reservoirs. Therefore, in spite of the relatively low levels of MeHg in water in
the newly constructed reservoirs from Wujiang River, we cannot exclude the
possibility that the MeHg levels in water will increase with the evolution of the
IEServoir.

It is also interesting that concentrations of TMeHg in the water samples from
downstream of the WID appear higher than those reported for the other reservoirs
and lakes worldwide, including Hongfeng reservoir, Caohai Lake, and Aha reser-
voir, which are located in the same region. Nevertheless, there is no discernable
difference in MeHg levels between in the upstream and the middle of the WJD and
uncontaminated global baseline waters. This further confirms that Hg methylation
was amplified in the downstream of the WJID but not in the upstream and the middle
of the WID.
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6.3.3 Mercury Species in Sediment Cores

1. General physical properties of sediment samples

Visual inspection of the sediment cores showed no macro-fauna or signs of bio-
turbation. Samples mainly consisted of fine particles, while sands and stones were
virtually absent. As shown in Fig. 6.74, the water content in sediment cores from
WID showed the non-seasonal difference, but presented obviously spatial and
vertical distribution characteristics for each of the sampling sites. The water content
in sediment cores was the highest at the first 1 cm (WJD-1 80-85%; WJD-2 79—
87%; WID-3 89-93%; WID-4 91-93%) and then decreased gradually to 60-70% at
four sampling sites. Furthermore, the water content in surface sediment increased
gradually from upstream (WJD-1 and WJD-2) to downstream (dam) of the WID.
The vertical profiles of organic matter content in sediment cores from WJID are
displayed in Fig. 6.75. The annual average concentrations of organic matter in
sediment cores were 2.9 + 0.57%, 3.1 & 0.77%, 4.8 £ 2.3%, and 5.1 &+ 2.0% at
WID-1, WID-2, WID-3, and WJID-4, respectively. Organic matter content in the
sediments cores varied widely from 2.3 to 11% at WJD-3, and from 2.7 to 11% at
WID-4, respectively, but remained nearly monotonic at upstream sites (ranging
from 2.2 to 5.2% at WJD-1 and from 2.2 to 5.5% at WJD-2, respectively). The
maximum values of organic matter content in sediment at four sampling sites in
WID were observed at the surface sediment. Statistical analysis revealed that
organic matter contents at depth of 1-5 cm in sediment were significantly higher
than those in the corresponding sediment at depth of 6-30 cm across the four
sampling sites (K-S test, p < 0.01). Furthermore, the organic matter contents in the
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Fig. 6.74 Distributions of water content (WC) in sediment profiles of the four sampling stations
(WJD-1, WID-2, WJD-3, WID-4) in WID
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Fig. 6.75 Distributions of organic matter (OM) in sediment profiles of the four sampling stations
(WID-1, WJD-2, WID-3, WJD-4) in WJD (redrawed from Meng et al. 2016, with permission from
John Wiley and Sons Inc.)

first 1 cm of sediment at downstream sites (WJD-3 and WJD-4) (ranging from 8.8
to11%) were significantly higher than those at upstream sites (ranging from 3.7 to
5.5%) throughout the four sampling campaigns (K-S test, p < 0.01, Table 6.18).
Temporal differences in organic matter content in sediment are not detected for all
sampling sites.

Concentrations of TN, TP, chlorophyll, and phytoplankton cell density/biomass
in WJD increase from the upstream to the downstream during our sampling periods
(Dang 2008). It was showed that the water at the downstream of WJD is at a state of
hypereutrophic, while the upper and middle reach of WID is oligotrophic—me-
sotrophic during our sampling periods (Dang 2008; Kimmel and Groeger 1984).
Our field investigation showed that the cage aquaculture activities are absent at
WID-1, appeared to be sporadic at WID-2, and rather pervasive across the sampling
sites of WJD-3 and WJD-4. Owing to the high intensities of cage aquaculture
activities at the downstream of WJD, the fish feeds and fish feces were potentially
the main sources of organic matter inputs to sediments there, which also resulted in
higher primary productivity compared to the upstream of WID. The organic matter
content ranged from 0.4 to 6.9% in submersed soils in the catchment of WID (see
detail in Chap. 6, Sect. 6.1), which was comparable with the mean (range) values of
organic matter in sediment at sampling sites of WJD-1. Therefore, it is reasonable to
believe that the organic matters in sediment at the upstream of WJD were mainly
derived from the watershed, such as soil erosion and surface runoff inputs with little
contribution from the autochthonous sources.
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2. Distribution of mercury species in sediment cores

(1) Total mercury

The distribution patterns of THg concentrations in sediment profiles are illustrated
in Fig. 6.76. Overall, no discernable seasonal trends in the distribution of THg were
observed in the sediment profiles of WJD during our sampling periods. However,
an obvious spatial variation was observed between WJID-1 and other sampling sites.
The concentrations of THg in sediment cores at WID-2, WJD-3, and WID-4
exhibited a very narrow range (106494 ng g~ '), while the concentrations of THg
in sediment at WJD-1 ranged widely from 128 to 1376 ng g~'. Furthermore, the
vertical distributions of THg in sediment cores of WJD showed a small variation,
with the exception of sharp peaks in the depth of 10-15 cm at WJD-1 close to the
inflow of WID. The solid-phase THg record can be used to reconstruct the evo-
lution of the anthropogenic Hg deposition. WJD-1 is located at the downstream
from an Hg mining area. Therefore, the sharp peaks at depth of 10-15 cm in
sediment cores throughout the four sampling campaigns indicated the direct input
from the point source of the nearby Hg mining activities in the past.

The annual average THg concentrations in sediment cores were
389 + 259 ng g', 238 + 69 ng g !, 300 + 85 ng g ', and 268 + 74 ng g ' at
WID-1, WID-2, WJD-3, and WID-4, respectively. These values were comparable
with the background level of THg (260 ng g~') in the soil in Guizhou province
(Wang et al. 1992). Generally, uncontaminated sediments in reservoir or lake were
suggested to have mean THg concentrations ranging from 50 to 300 ng g~ in the
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study region (Yan et al. 2008). The average THg concentration in sediment col-
lected from WID-2, WJID-3 and WJD-4 suggested that sediment cores at the middle
and downstream of WJD have not been impacted severely with Hg contamination.
However, the mean THg concentration in sediment at WJD-1 was higher than
the background level of THg in soil in the study region (Wang et al. 1992), and the
elevation of the average THg concentration in sediment at WID-1 resulted from the
sharp peak at the depth of 10—15 cm in sediment profile. Overall, the observed THg
concentrations in sediment in WJD were much higher than those observed in North
American and North Europe. For example, French et al. (1999) reported the mean
THg concentration in sediment collected from 34 reservoirs in Newfoundland,
Canada was 39 ng g .

(2) Methyl mercury

In comparison with distribution patterns of THg in sediment profiles, different
vertical and spatial trends of MeHg in sediment cores were observed (Fig. 6.77).
The spatial distribution of MeHg concentrations in sediment reveals that the
MeHg concentrations were relatively higher at the middle and downstream of WID
(Sampling sites of WJD-2, WJD-3, and WJD-4) compared to that at the upstream
(WJD-1) of WID. Statistically significant differences of MeHg levels in sediment
were found among the WID-1, WID-2, WID-3, and WJD-4 throughout the four
sampling campaigns (K-W test, p = 0.001). Furthermore, MeHg concentrations in
sediment collected from WJD-3 and WJD-4 were significantly higher than those
from WJID-1 and WJID-2 (K-S test, p = 0.003). These observations suggested
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Fig. 6.77 Distributions of methlmercury (MeHg) in sediment profiles of the four sampling
stations (WJD-1, WID-2, WID-3, WID-4) in WID (redrawed from Meng et al. 2016, with
permission from John Wiley and Sons Inc.)
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considerably different net Hg methylation among WID-1, WJD-2, WID-3, and
WID-4.

Percent THg as MeHg (MeHg %) is recognized as an indicator of net Hg
methylation in substrates (Sunderland et al. 2006). Generally, MeHg concentrations
accounted for approximately 1.0 to 1.5% of THg in sediments and these ratios tend
to be lower (typically <0.5%) in estuarine environments (Ullrich et al. 2001).
However, the MeHg% in sediment in WJD can reach up to 2.8, 2.9, and 4.2% at
WID-2, WID-3, and WJD-4, respectively (Table 6.18), which were much higher
than those in the greater depth of sediment cores as well as the other reservoirs in
the same area (Yan et al. 2008). Moreover, the highest values of MeHg% were all
observed at the surface sediment at WID-2, WJD-3, and WJD-4 throughout the four
sampling campaigns, indicating the active net Hg methylation occurred in this
sediment layer. However, MeHg% fluctuated throughout the sediment cores at
WID-1 in each season with the highest value (1.5%) observed in the depth of 4 cm
in fall.

The major differences among the four sampling stations are that both water depth
and the organic matter content in the sediment increases from the upstream to the
downstream of WJD. The distribution patterns of MeHg and MeHg% in sediment
cores were mirrored with the organic matter content in sediment throughout the
sampling sites, suggesting that relatively high production of MeHg is related to high
organic matter content in sediment. Moreover, the regression analyses yielded
significantly positive correlations when plotting MeHg versus organic matter
contents in sediment for each of the sampling sites (Fig. 6.78), further implying that

Table 6.18 Seasonal and spatial distribution of organic matter content (OM), total mercury
(THg), methylmercury (MeHg), and MeHg (%) in surface sediment of WJD

Sampling Seasons |OM (%) |THg(ngg ') |MeHg (ngg ') |MeHg/THg (%)

sites

WIJID-1 Spring 53 240 3.0 1.3
Summer | 3.7 280 3.0 1.1
Fall 42 273 2.4 0.87
Winter 4.5 228 1.3 0.56

WJD-2 Spring 5.4 209 59 2.8
Summer | 4.8 170 4.5 2.7
Fall 43 229 3.8 1.6
Winter 5.5 241 43 1.8

WIJD-3 Spring 11 282 8.3 29
Summer 11 273 6.1 2.2
Fall 8.8 282 2.7 1.0
Winter 11 401 7.6 1.9

WID-4 Spring 9.9 307 5.1 1.7
Summer 11 350 53 1.5
Fall 8.8 179 7.5 42
Winter 11 428 3.7 0.87
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organic matter in sediment plays an important role in the methylation of IHg in
WID. Moreover, Pearson Correlation Coefficients in WJD-1 (r = 0.52) was much
lower when comparing with the data in WID-2 (r = 0.77), WJID-3 (r = 75), and
WID-4 (r = 70). It seems to be other factors, apart from organic matter content,
control the MeHg production in the sediment at WID-1. The relationship between
MeHg concentration and organic matter in sediment was also observed by other
studies (Feng et al. 2009a; Graham et al. 2012). However, there is no such a
significant correlation between the MeHg concentrations and THg concentrations in
sediment, which is in agreement with a previous study (Kelly et al. 1995). This
indicated that THg concentration is not a useful indicator for predicting MeHg
concentrations in WJD.

The absence of obvious peak for organic matter in surface sediment at WJD-1 in
all seasons, consistent with the low levels of MeHg, suggested that the production
of MeHg in this sediment layer is limited. As described, in general physical
properties of sediment samples, watershed soil erosion, and surface runoff is the
primary source of organic matter to sediment at WJD-1. Bishop and Lee (1997)
reported that the strong association of Hg with humic matter implies the watershed
transport of Hg. Therefore, we suggested that transport of terrestrial organic matter
with surface runoff could be an important source of MeHg to sediment at WJD-1.
The remarkably higher values of MeHg and MeHg% at depth of 4 cm at WJD-1,
also implied the existence of additional factors controlling MeHg production there.
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Studies in North American have implied the presence of active MeHg produc-
tion in newly constructed reservoirs and concluded that an enhanced Hg methy-
lation may last for >30 years after impoundment (St. Louis et al. 2004; Hall et al.
2005; Lucotte et al. 1999). Hg methylation rates decreased with the age of the
reservoir, as a result of the decomposition of organic matters in flooded soil (St.
Louis et al. 2004; Hall et al. 2005; Lucotte et al. 1999). Our current study showed
that the reservoirs located in Southwestern China may have different Hg biogeo-
chemical dynamics from reservoirs in Europe and North America. The organic
matter contents in submersed soil were much lower than the organic matter con-
centrations (varied from 30 to 50%) in submerged soil from the boreal forest or
wetland in North America and Europe (St. Louis et al. 2004; Hall et al. 2005;
Lucotte et al. 1999). The major source of organic matter in newly constructed
reservoir in Wujiang River is mainly derived from the watershed input, with little
autochthonous contribution due to the low primary productivity. Recent studies
concluded that the low organic matter contents in the submerged upland soil of the
Woujiang River Basin may inhibit methylating microorganisms or at least decrease
their rate of metabolism. Therefore, due to the low organic matter contents in
submersed soil, the newly constructed reservoirs such as SFY, HJD, and YZD
reservoirs in Wujiang River did not show net production of MeHg in reservoir
systems.

Phytoplankton-derived organic matters jointly with the fish feeds and fish feces
were potentially the significant sources of organic matter input to surface sediments
of the downstream of WJD. Therefore, it may imply that the organic matters in
surface sediment originated from cage aquaculture activities in WJD were easily
decomposed by microorganisms which mediated Hg methylation processes in the
sediments. It is well known that organic matters in sediment play an important role
in the methylation of IHg (Andersson et al. 1990). Numerous studies indicated that
elevated MeHg concentrations in sediments were observed with elevated organic
matter contents in sediments (Fjeld and Rognerud 1993), which are attributed to the
stimulation effect of organic nutrients on microbial methylation activity. Cossa and
Gobeil (2000) explained that increased oxygen consumption during organic waste
degradation causes progressively more anoxic conditions at the sediment/water
interface, which may lead to active methylation process.

The vertical profiles for pH and dissolved oxygen in the water column of WJID
were documented in Sect. 6.3.2. In brief, the water was slightly acidic in the bottom
stratum, as a result of the formation of organic acids in the sediment. Moreover,
explicit deficiencies of dissolved oxygen were persistent at the bottom water of
WIJID-3 and WID-4 sites throughout the sampling seasons, but were less pro-
nounced at WJD-3 site and were absent at WJD-1 site. It is generally accepted that
the aquatic environment with low dissolved oxygen and pH favored net Hg
methylation (Ullrich et al. 2001). The intensive cage aquaculture activities con-
tributed to the high primary productivity in downstream of WJD. It can be seen that
the contribution of organic matters to sediment from cage aquaculture activities is
the key factor to explain the different MeHg production among WJD-1, WID-2,
WID-3, and WJID-4 sites.
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Moreover, it is accepted that supply of oxygen to the surface sediment tends to
decrease with the increase of the water depth. The water depths became deeper and
deeper from the upstream to the downstream of WIJID. Therefore, the limit of
oxygen supply to the epilimnion of water column also may play an important role in
influencing the variation of MeHg production in sediment in WJD (Lambertsson
and Nilsson 2006). The lower levels of MeHg at WJD-1 site compared to the other
sampling sites suggested that the influence of organic matter originated from runoff
and soil erosion from the catchment on Hg methylation may be minor.

MeHg concentrations in sediment cores at WID-2, WID-3, and WJID-4 showed
definite maxima just blow the water—sediment interface and decreased with depth
throughout the four sampling campaigns, which is different from that at WJD-1 site.
This is in a good agreement with the previous observation that MeHg concentration
often reached the maximum value in the anaerobic surface sediments and then
sharply declines with increasing sediment depth (Bloom et al. 1999). MeHg con-
centrations fluctuated throughout the sediment cores at WJD-1 site in four seasons.
This fluctuation could be explained by the different intensity of river erosion and
surface runoff which act as potential sources of MeHg to sediment at WID-1.
Previous studies also observed the seasonal variation of maximum MeHg con-
centrations in sediment profile. For instance, Feng et al. (2009a) reported that MeHg
concentrations in sediment cores were the highest in July campaign and the lowest
in the December campaign. However, Bloom et al. (1999) found a sharp peak of
MeHg concentration in sediment in early spring, following a decrease during the
remaining seasons. Seasonal variations in MeHg production and demethylation
were controlled by numerous factors, such as temperature, seasonal change in
productivity/nutrient supply, pH, and redox conditions (Ullrich et al. 2001). As
discussed in section general physical properties of sediment samples, the amount of
seasonal input of fresh organic matter to the sediment surface is relatively minor in
comparison to the total amount of organic matter already existed in the sediment;
consequently, the temporal differences in organic matter contents in sediment are
therefore not seen in the current study. Therefore, organic matter content in sedi-
ment alone could not explain the seasonal variations of MeHg in surface sediment.
We speculated that the seasonal variation of redox conditions in the surface sedi-
ment of WJD may play an important role in controlling the temporal tread of MeHg
(Feng et al. 2009a). Certainly, other reasons may also affect methylation process;
thus, further work is urgent.

3. Distribution of mercury species in sediment pore-water
(1) Filtered total mercury
(I Interface water

The spatial and seasonal patterns of DHg in the interface water of the WID are
shown in Figs. 6.79. The annual mean concentrations of DHg in the interface water
at WID-1, WID-2, WID-3, and WJD-4 were 1.1 & 0.35, 1.3 &+ 0.40, 2.2 + 1.7
and 3.3 + 1.9 ng L™, respectively.
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Fig. 6.79 Distributions of the dissolved mercury (DHg) in water column and interface water at
four sampling stations (WJD-1, WJD-2, WID-3, WJD-4) in WJD (redrawed from Meng et al.
2010, with permission from The Alliance of Crop, Soil, and Environmental Science Societies;
redrawed from Meng et al. 2011, with permission from Chinese Journal of Ecology)

Interface water DHg concentration downstream of the WID (WIJD-3 and
WID-4) was elevated compared to the upper stream of the WID (WJD-1 and
WID-2). As shown in Fig. 6.79, concentrations of DHg in interface water at WID
were significantly higher than those in the corresponding overlying water at each of
the sampling stations and each of the sampling campaigns. The interface water DHg
is plausibly perpetrated by diffusion of DHg from sediment—water due to a con-
tinuous concentration gradient (Jiang 2005; He et al. 2008b).

(II) Sediment pore water

The seasonal and spatial distributions of DHg in pore water in WJD were shown in
Fig. 6.80. The annual mean concentrations of DHg in the sediment pore water at
WID-1, WID-2, WJID-3, and WID-4 were 7.1 3.9 ng L™' (22-23 ng L"),
63+44ngL™" (2028ngL™"), 58+43ngL”' (12-23ngL™") and
5.6 +£ 4.7 ng L7 (1.2-29 ng L™"), respectively.

The distribution patterns of pore water DHg were completely different from
those of pore water DMeHg in WJD, and were more variable than the THg con-
centrations in the solid phase of sediment. This is in a good agreement with our
previous study (Feng et al. 2009a) that concentrations of DHg in vertical profiles of
pore water varied randomly without discernible trends throughout the four sampling
stations in each season. However, DHg concentrations in pore water were generally
higher than those in interface water, implying that the sediment was an important
source of DHg to water column. Moreover, DHg concentrations in pore water in
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Fig. 6.80 Distributions of dissolved mercury (DHg) in water column and sediment pore water of
the four sampling stations (WJD-1, WID-2, WJD-3, WJD-4) in WJD (redrawed from Meng et al.
2016, with permission from John Wiley and Sons Inc.)

summer were significantly higher than those in the other seasons for all sampling
sites (K-S test, p < 0.01), indicating that the Hg in sediment tends to exist in the
liquid phase during summer. The seasonal trend of DHg in sediment pore water
may be explained by the increased solubility of Hg under anoxic condition during
summer (Benoit et al. 1998). However, the partition of Hg between the solid phase
and aqueous phase is physically, chemically, or biologically controlled, and hence
affected by a number of environmental parameters such as pH, temperature, redox
conditions, and bioturbation (Ullrich et al. 2001).

(2) Filtered methylmercury
(I) Interface water

The spatial and seasonal patterns of DMeHg in the interface water of the WJD are
shown in Figs. 6.81. The annual mean concentrations of DMeHg in the interface
water at WID-1, WID-2, WID-3, and WID-4 were 0.17 £+ 0.074, 0.14 £+ 0.085,
0.98 + 1.5and 2.5 4 1.7 ng L™, respectively. The corresponding ratio of DHg as
DMeHg (DMeHg/DHg) at WID-1, WID-2, WJD-3, and WJD-4 were 16 + 8.2%,
10 &+ 3.6%, 28 £ 28%, and 72 £ 23%, respectively. Generally, the interface water
DMeHg concentrations and DMeHg/DHg were gradually increased from upstream
(WID-1 and WJD-2) to downstream of the WID (WJD-3 and WID-4).

There was no discernible difference in DMeHg levels between the interface
water and the overlying water at WID-1 and WJD-2 sites. The levels of DMeHg in
the interface water represent maxima concentrations in seasonal vertical profiles at
WID-3 and WJD-4 sites, with the summer data of WID-4 as an exception. Again,
the baseline MeHg levels in interface water are probably due to the diffusion of
MeHg from the surface layer of sediment (Furutani and Rudd 1980; Mason et al.
1993). However, the enhancement in DMeHg at WID-3 during the entire period of
sampling and at WJD-4 during winter, fall and spring demand for an additional
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Fig. 6.81 Distributions of the dissolved methylmercury (DMeHg) in water column and interface
water at four sampling stations (WJD-1, WID-2, WID-3, WID-4) in WJD (redrawed from Meng
et al. 2010, with permission from The Alliance of Crop, Soil, and Environmental Science
Societies; redrawed from Meng et al. 2011, with permission from Chinese Journal of Ecology)

source, such as the in situ net Hg methylation and the diffusion of MeHg from the
surface layer of sediment.

The maximum DMeHg were not positioned at interface water but at the bottom
of water column (95 m) at WJD-4 station during summer. The implication is that
MeHg in this region is not only due to diffusion of MeHg from surface sediment
and/or the accumulation of settling particulate matter, but also from in situ
methylation in anoxic water (Meili 1997; Eckley et al. 2005; He et al. 2008a).
Diffusion of MeHg from the anoxic region (95 m) into the deep water is implied in
this case.

MeHg data indicated that Hg methylation was present during all sampling
seasons in WJD-4, which is in agreement with earlier observation (Guo 2008; Guo
et al. 2008a, b; Feng et al. 2009b). The ratios of DMeHg/DHg in interface water
(spring: 79%; summer: 39%; fall: 94%; winter: 86%) in WJD-4 were elevated
compared to overlying water (18 & 18%) with the exception of a summer maxi-
mum of 94% presenting at 95 m. The elevated proportions of DMeHg/DHg in
interface water are probably a result of active Hg methylation and/or the dissolution
of oxides and anaerobic decomposition of particulate organic matter (Eckley et al.
2005; He et al. 2008a).

(II) Sediment pore water

The spatial and seasonal patterns of DMeHg in the sediment pore water of the WID
are shown in Figs. 6.82.
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Fig. 6.82 Distributions of dissolved methylmercury (DMeHg) in water column and sediment pore
water of the four sampling stations (WJD-1, WID-2, WID-3, WID-4) in WJD (redrawed from
Meng et al. 2016, with permission from John Wiley and Sons Inc.)

Similar to the distribution patterns of MeHg in the solid phase, DMeHg con-
centrations in pore water varied widely from 0.15 to 3.1 ng L™', from 0.15 to
53 ng L', from 0.21 to 7.3 ng L™', and from 0.15 to 2.3 ng L™ at WID-2,
WID-3, WJD-4, and WID-1 sites, respectively. The levels of DMeHg in pore water
generally represented the highest concentration of surface sediment at WJD-2,
WID-3, and WID-4 sites throughout the four sampling campaigns, typically
coinciding with the peak concentrations of MeHg in the solid phase, and then
declined gradually with the depth. This again suggested that the active net Hg
methylation occurred in surface sediment. Moreover, considerable different levels
of net Hg methylation process among WID-1, WID-2, WID-3, and WJD-4 were
further confirmed by the significant difference of pore water DMeHg at the surface
layer. Seasonal distribution of DMeHg in pore water showed that the DMeHg
concentrations in spring and summer were significantly higher than those in fall and
winter (K-S test, p < 0.001) at WID-2, WID-3, and WJD-4. In comparison,
DMeHg fluctuated throughout the sediment cores at WID-1 site, without any clear
distribution trends. Previous studies showed that oxic and alkaline conditions
generally favor sediment uptake of MeHg, whereas anoxic and acidic conditions
favor MeHg release (Ullrich et al. 2001). The solubility of MeHg in sediment under
anoxic environment can be increased as a result of the formation of soluble sulfide
complexes (Benoit et al. 1998). Therefore, it is reasonable to assume that the water
characteristics in the stratified reservoir could be one of the important factors
controlling the distribution of DMeHg in sediment between solid and liquid phase.
Hence, we believed that seasonal distributions of DMeHg in pore waters at WJD-2,
WID-3, and WJID-4 may be linked with redox condition changes due to the sea-
sonal stratification of WJD (Gill et al. 1999).

It is clear that DMeHg concentrations in interface water at all sampling sites
were much lower than those in the pore water in surface sediment throughout the
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four sampling campaigns, with the data at WID-4 in fall and winter as an exception.
The slope of the DMeHg in vertical profile between surface sediment pore water
and interface water indicated the positive diffusion of MeHg from sediment to water
column. MeHg concentration in sediment pore water is usually much higher than
that in the overlying water column (Ullrich et al. 2001). However, the values of
DMeHg in interface water during fall and winter at WJD-4 were approximately
2.5-3 times higher than those in pore water at surface sediment. Moreover, it is
interesting to note that the concentration of DMeHg in bottom water (95 m) at
WID-4 during summer was clearly higher than that in the interface water (sedi-
ment-water interface) as well as the overlying water, which agreed with the pre-
vious observation that MeHg levels in hypolimnetic waters of seasonally stratified
reservoirs generally increase during summer stratification (Yan et al. 2013). These
results implied that Hg methylation processes were much active above the sedi-
ment-water interface at WJD-4 sites during fall and winter.

There are two possible sources of MeHg contributed to the peak levels of
DMeHg in the water column: in situ production controlled by redox chemistry
and/or setting particulate matter containing MeHg (Meili 1997), and diffusion or
resuspention, or both, of MeHg from underlying sediments (Lawson et al. 2001).
The increased decomposition of organic matters in summer results in more anoxic
conditions at surface sediments and hypolimnetic waters or/and interface water,
which favored the net Hg methylation (Ullrich et al. 2001). Decreased dissolved
oxygen concentrations and low pH in hypolimnetic water were detected during
summer at WJD-4. Therefore, we speculated that the elevated MeHg concentrations
in interface water during fall and winter as well as in bottom water during summer
at WID-4 was not only due to the redox-controlled release of MeHg from bottom
sediments or/and the accumulation of settling particulate matters, but also related to
in situ Hg methylation process in anoxic water (Bravo et al. 2014). Obvious peaks
of MeHg concentrations in these layers suggested that the net MeHg production
occurred both in the surface sediment and anoxic water layers (the bottom water
and interface water). Maximum methylation rates usually occurred at the boundary
between oxidized and anoxic conditions, which may vary seasonally and frequently
coincide with the sediment—water interface at WJD-4 in WID.

6.3.4 Diffusion Flux of Inorganic Mercury
and Methylmercury to Water

The spatial and seasonal distributions of dissolved inorganic Hg (IHg) and dis-
solved methylmercury (DMeHg) in the water at the sediment—water interface and
surface sediment pore water in WJD are listed in Tables 6.19 and 6.20.

The diffusion fluxes of both IHg and MeHg from sediment to water column
throughout the four sapling campaigns were calculated and presented in Figs. 6.83
and 6.84, and the summary data are shown in Table 6.21. Estimated diffusion fluxes
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Table 6.19 Seasonal and spatial distribution of dissolved inorganic mercury (IHg) in surface
sediment pore water and in interface water of WID (ng L™

Sampling sites | Interface water Surface sediment porewater

Spring | Summer |Fall |Winter |Spring |Summer |Fall | Winter
WID-1 0.60 1.14 0.77 |1.37 1.22 9.71 2.63 | 1.96
WID-2 1.48 0.76 1.00 |1.40 4.46 1.43 5.78 |9.96
WID-3 1.42 1.40 098 |1.24 4.16 18.45 397 |1.86
WID-4 0.35 1.17 0.23 |1.30 0.94 19.77 1.78 |3.56

Table 6.20 Seasonal and spatial distribution of dissolved methylmercury (DMeHg) in surface
sediment pore water and in interface water of WID (ng L™

Sampling sites | Interface water Surface sediment porewater

Spring | Summer |Fall | Winter |Spring |Summer |Fall | Winter
WIJD-1 0.19 0.06 0.19 |0.23 2.4 1.18 0.58 |1.00
WIJD-2 0.26 0.07 0.12 | 0.098 1.58 3.13 095 |0.52
WID-3 0.33 3.30 0.13 |0.16 5.32 4.52 0.89 |0.88
WIJD-4 1.32 0.74 3.7 4.78 7.31 3.96 1.42 | 1.50
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Fig. 6.83 Estimated diffusion fluxes of inorganic mercury (IHg) over the surface sediment and
water column in WJD

of IHg and MeHg ranged from 1.5 to 73 ng m > day ' and from —19 to 29 ng
m~? day” ', respectively. The IHg flux from sediment to water column in WID was
comparable with the reported values from DF (ranging from 41 to 63 ng m*
day™") and WID (ranging from 44 to 65 ng m 2 day ') reservoirs estimated in
2004 (Feng et al. 2009a) as well as at Mugu Lagoon (ranging from —0.49 to
75 ng m~ day'; Rothenberg et al. 2008), while these values were lower than IHg
fluxes in Lavaca bay (ranging from 0.1 to 140 ng m > day'; Gill et al. 1999).
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Table 6.21 Estimated diffusion fluxes of inorganic mercury (IHg) and methylmercury (MeHg)
across sediment to water column in WID (ng m~2 day ")

Sampling sites | [Hg MeHg

Spring | Summer |Fall | Winter |Spring | Summer |Fall Winter
WIJID-1 1.84 42.8 6.00 |1.51 8.97 7.68 1.73 2.7
WJD-2 8.98 3.21 15.8 |21.8 5.45 20.1 3.76 1.47
WID-3 8.99 71.0 11.4 |2.01 22.4 6.95 3.96 32
WID-4 2.06 74.3 6.46 |9.75 28.6 17.6 -15.5 |—18.6

IHg fluxes from sediment to interface water at WJD-1, WID-2, WJD-3, and
WID-4 were all positive throughout the four sampling campaigns, indicating that
the sediment was the net source of IHg to water column. The highest value of IHg
flux was observed in summer, with the exception of WJD-3 site. This may be
resulted from the increased solubility of IHg during summer. However, the spatial
distribution trends of IHg flux at WJD were not consistent.

MeHg fluxes reported at WID were higher than the values observed at Mugu
Lagoon (ranging from 0.14 to 5.3 ng m > day '; Rothenberg et al. 2008) and in
four wetlands along the St. Lawrence River, Canada (ranging from —1.6 to
10 ng m ? day™'; Holmes and Lean 2006), but much lower than those reported for
other system, for example, at the Gulf of Trieste (mean values of 380 ng m*
day™'; Covelli et al. 1999) and at the Lavaca Bay, Texas (ranging from 0.1 to
1700 ng m > day”'; Gill et al. 1999). Negative values were observed at WID-4
during fall and winter campaigns, indicating the concentration of MeHg in interface
water were higher than those in surface sediment pore water (Table 6.20). This
phenomenon can be explained by the occurrence of active Hg methylation above
the sediment—water interface. Due to the fact that the concentrations of MeHg in
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interface water at WJD-4 in fall and winter were higher than those in overlying
water, MeHg can be diffused from interface water to overlying water as a result of
concentration gradients. If MeHg fluxes were estimated based on the concentration
gradients between MeHg concentrations in the interface water and the overlying
water (bottom of water column), the values of MeHg flux across the interface water
to water column at WJD-4 can reach up to 24 and 25 ng m > day ' during fall and
winter, respectively. Hence, we can see that the surface sediments at WID-1,
WID-2, and WID-3 were a net source of MeHg to the overlying water throughout
the four sampling campaigns.

For the sampling site of WJD-4, we can see that MeHg can not only be produced
in sediment but also in the hypolimnetic water (especially the interface water). The
maximum MeHg fluxes at each of the sampling sites were all observed in spring or
summer. Statistical analyses showed that the MeHg fluxes in spring and summer
were significantly higher than those in fall and winter throughout the four sampling
sites (K-S test, p < 0.001), which is in an agreement with our earlier studies (Feng
et al. 2009a; Guo 2008). Moreover, the average diffusion fluxes of MeHg in spring
and summer were higher in WJD-3 and WJD-4 than those in WID-1 and WID-2,
indicating that more active net Hg methylation occurred at downstream of WJID
than at the upstream sections. MeHg diffusion from the sediment is an important
source of MeHg to the water column which supported the finding that WJD is a net
MeHg production source (Guo 2008). Moreover, the diffusion flux data indicated
that Hg methylation was present during all the sampling seasons at WID-4, which is
also supported by our previous observations (Guo 2008; Feng et al. 2009a, b).

The annual overall diffusion fluxes of IHg and MeHg from sediment to the water
column in WID were qualified. The surface area of WJID is 47.8 x 10° m%. We
assumed that each sampling site represents a quarter of the surface area of the
reservoir, and the surface area of the reservoir is the same as the area of the surface
sediment. The annual overall IHg and MeHg diffusion fluxes in WID are 314 and
109 g year ', respectively, which were somewhat different from the mass balance
calculation (THg 156 g year™'; MeHg 872 g year ') concluded in Chap. 7, but the
differences were within one order of magnitude.

The net MeHg yields based on the mass balance calculation is about eight times
higher than the annual overall MeHg diffusion fluxes data. On one hand, the WID is
located in the karstic environment of the Wujiang River Basin, which is a typical
bioirrigation gorge. Hence, the total area of surface sediment may be much larger
than the surface area of the reservoir. On the other hand, the active Hg methylation
occurred predominantly in surface sediments and extended to the bottom of the
water column. It is, therefore, should be emphasized that water column methylation
is potentially very important. Moreover, the overall diffusive flux of MeHg could be
enhanced if bioirrigation and bioturbation of pore water are considered. Elevated
THg concentrations at bottom water in WJD were observed throughout the four
sampling sites, which may be attributed to the positive value of IHg flux. However,
probably due to the large water volume (2.3 x 10% m®) and short water residence
time (81 days, see detail in Chap. 7) of WID, the influence of IHg flux on the
distributions of THg in water is not significant. In all, our study confirmed the
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active Hg methylation occurred in WIJD, especially in downstream of reservoir,
which may pose a potential threat to the reservoir system and downstream aquatic
ecosystems.
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Chapter 7

Biogeochemical Cycling of Mercury
in the Hongfeng, Baihua, and Aha
Reservoirs

Abstract To understand the biogeochemical process of mercury (Hg) in reservoir
in Wujiang River Basin, Southwest China, three reservoirs including Hongfeng
Reservoir (HF), Baihua Reservoir (BH), Aha Reservoir (AH), and Wujiang River
were selected in this study. The primary objectives of this chapter were seasonal
variations of Hg species in different sectors of reservoirs (e.g., water column, river
water, sediment, and pore water), processes of Hg methylation and their possible
controlling factors in the reservoirs in the Wujiang River Basin, in the branch of,
(1) to investigate spatial and (2) to reveal the Southwest China.

Keywords Reservoir - Mercury distributions - Drinking water area - Inflows/
outflow

7.1 Introduction

The Hongfeng Reservoir (HF) and Baihua Reservoir (BH) were built on the
Maotiao River, a major area of the south bank of the Wujiang River. The Aha
Reservoir (AH) was built on the Nanming River in the secondary upper reaches of
the south bank. These water bodies serve as important water sources for the city of
Guiyang and are referred to as “two lakes and one reservoir,” supplying 60% of all
drinking water to 1.2 million people (Fig. 7.1). Human activities (e.g., industry,
agriculture, and municipal sewage discharge) have led to declining water quality
levels and to gradual eutrophication. Currently, water quality levels only reach
Grade III in the AH. In some sections of the HF and BH, algae grow frequently and
the water quality levels have declined considerably, spurring widespread concern
among residents and government officials.

The Hongfeng Reservoir, which has a surface area of 57.2 km? and volume of
6.01 x 10® m?, was dammed in 1960 and is located 28 km into the suburbs of the
city of Guiyang, Guizhou Province, southwestern China (Fig. 7.1). The reservoir
was constructed for hydroelectric power generation, flood control, tourism, drinking
water, and fishing. There are nearly two-dozen factories in the drainage area of the

© Science Press and Springer Nature Singapore Pte Ltd. 2018 201
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Fig. 7.1 Locations of Hongfeng Reservoir (HF), Baihua Reservoir (BH), Aha Reservoir (AH) in
Guizhou Province Southwest China

HF. The reservoir thus also holds a large volume of agricultural, domestic, and
industrial wastewater, transforming the reservoir into a hyper-eutrophic reservoir
(Zhang 1999). Considerable drainage has resulted in a series of series environ-
mental problems in the HF. Numerous studies have been conducted on the bio-
geochemical cycling of nutrients as well as on eutrophication processes in this
reservoir (Xiao and Liu 2004; Liang et al. 2004). The Yangchang, Maxian, Houliu,
and Maibao Rivers flow into this reservoir.

The Baihua Reservoir, which has an area of 14.5 km? and volume of
1.91 x 10® m?, was dammed in 1966 and is situated 18 km northwest of Guiyang,
the capital of Guizhou Province, southwestern China. The reservoir was constructed
for hydroelectric power generation, flood control, tourism, drinking water, and
fishing. The Maotiao, Dongmengiao, Changchong, and Maixi Rivers as well as the
Banpotang Stream flow into this reservoir. The Guizhou Organic Chemical Plant
(GOCP), the only plant in China to use metallic Hg as a catalyst for producing
acetic acid, is located in the upper reaches of the BH (Fig. 7.1). Wastewater from
the GOCP serves as an important mercury source for the reservoir. In addition,
seven small coal mines, one iron mine, and one Guizhou aluminum plant are
located along the upper reaches of the reservoir. These pollution sites constitute Hg
emission sources.

The Aha Reservoir is located roughly 8 km southwest of Guiyang, the capital of
Guizhou Province. The reservoir was impounded in 1960, and its impounded area



7.1 Introduction 203

was enlarged in 1982. The reservoir covers approximately 4.5 km? and has a total
water volume of 5.42 x 10’ m>. The reservoir was constructed for drinking water
supplies and flood control. Five rivers (the Youyu, Caichong, Lanni, Sha, and
Baiyan Rivers) flow into the reservoir, as is shown in Fig. 7.1. The AH is polluted
with industrial and domestic wastewater in the catchment. Most coal mines in the
area are closed in 2011.

7.1.1 Biogeochemical Cycling of Mercury in the Hongfeng
Reservoir

7.1.1.1 Sampling Sites Description and Sample Collection

Four sampling sites in the reservoir, six sampling sites in the inflows, and one
sampling site in the outflow (Maotiao River—MTH) are shown in Fig. 7.2. From
2003 to 2004, water, pore water, and sediment profile samples were collected from
the DB and HW of HF, and surface water samples were collected from the inlets of
six rivers: the Yangchang River (YHH), Houliu River (HLH), Maxian River
(MXH), Taoyuan River (TYH), Maibao River (MBH), and sewage ditch of the
Guizhou Organic Chemical Plant (GOCP) in the Maotiao River (MTH). To further
examine mercury geochemical cycling in the HF aquatic system, water column,
pore water, sediment profile, and BH surface water samples were collected in June,
July, and September 2006. In addition, to enhance the representativeness of the
sampling sites, another two sampling sites at Yaodong and Jiangjundong were
added. These sampling sites are shown in Fig. 7.2.

Unfiltered and filtered water samples from HF were collected using trace metal
clean protocols. Four sampling campaigns were conducted in November 2003, and
February, May, and September 2004, representing autumn, winter, spring, and
summer seasons, respectively, according to the local climate conditions. A part of
samples was collected as a supplementary in 2006. Water samples in the reservoir
were taken from different depths throughout the entire water columns (0, 4, 8, 12,
16, 20, 24, 28, and 30 m), while only surface water was sampled in the inflows and
outflow of the reservoir.

Total Hg (THg), reactive Hg (RHg), dissolved Hg (DHg), dissolved gaseous
mercury (DGM), total methylmercury (TMeHg), and dissolved methylmercury
(DMeHg) were analyzed for each sample. The analytical methods used for Hg
speciation in water have been described in detail in Chap. 3.

Dissolved organic carbon (DOC), total suspended particles (TSP), and water
quality parameters such as pH, temperature (T), dissolved oxygen (DO), and total
dissolved solid (TDS) were also measured. DOC was measured by the
high-temperature combustion method. Water quality parameters such as T, DO, pH,
and TDS were measured by a portable analyzer (Radiometer Analytical) on site.
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Fig. 7.2 Map of the sampling sites and Hongfeng Reservoir (revised from Zhang 1999)

For water samples, quality assurance and quality control of the analytical process
were carried out using duplicates, method blanks, field blanks, and matrix spikes.
Field blanks and duplicates were taken regularly (>10% of samples) throughout
each sampling campaign. Detection limits were estimated as three times the stan-
dard deviation of the blank measurement and are, respectively, 0.004 ng L™" for
DGM, 0.02 ng L™ for RHg, 0.10 ng L™" for DHg, and 0.009 ng L™ for DMeHg.
The relative standard deviations (RSD) on precision tests for the duplicate samples
varied from 1.1 to 12.5% for MeHg analysis, and were <8% for inorganic mercury
species analysis. Recoveries for matrix spikes were in the range of 88.2—110% for
MeHg analysis, and 86.1-110.3% for inorganic mercury analysis. The estimated
detection limit is 0.10 mg L™" for SO?[, 0.002 mg L™" for iron, and 0.001 mg L™
for Mn. The relative average deviations on precision tests for the duplicate samples
vary from 1.3 to 4.0% for SO%’, from 3.5 to 9.2% for sulfide, from 1.4 to 7.1% for
iron, and from 0.4 to 6.4% for Mn in filtered water. For sediment samples, quality
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assurance and quality control of the analytical process were carried out using
duplicates, method, and certified reference materials (CC 580, marine sediment).
The mean MeHg concentration of 74.7 & 5.0 ng g~ ' (n = 10) was obtained from
CC 580 with a certified value of 75.5 + 4.0 ng g~ .

7.1.1.2 Mercury Species in the Water Columns

1. General water quality characteristics

Figure 7.3 shows the distributions of the main water quality parameters for the
Houwu and Daba. We found no discernible differences in water temperature, pH, or
DO distributions in the water column, demonstrating that the water in the reservoir
is thoroughly mixed due to thermal stratification that occurred in November of 2003
and February 2004 (Fig. 7.3).
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However, in May 2003, an anaerobic layer developed in the deepwater area. The
pH and DO distributions showed significant differences in their vertical profiles.
Both the pH and DO values reached maximum levels at the surface as a result of
algae formation but began to decrease in deepwater areas due to stratification in the
water column. In particular, the dissolved oxygen levels reached up to 9.6 mg L!
in Houwu as a result of oxygen production from algae growth.

During the September study period, as decomposing algae depleted dissolved
oxygen, the DO concentrations decreased in the entire water column, especially in
the hypolimnion. A sharp decrease in DO was found from 8 m to 12 m in depth,
showing that the reservoir was well stratified. Seasonal distributions of TSP and
DOC at the two sampling sites are presented in Fig. 7.4. The TSP concentrations
were generally low, ranging from 0.8 to 5.8 mg L', with an average concentration
of 2.1 mg L™" in all of the samples, except in the sample from May 2004 in the
Houwu. However, as a result of algal growth, highly elevated average concentra-
tions of TSP (up to 15.67 mg L™") were observed in the Houwu in May 2004.
The DOC concentrations ranged from 1.74 to 3.23 mg L™', which are not as high
as those found in certain bog lakes in North America (Hines et al. 2004).

The distributions of the physical and chemical characteristics of the water col-
umns at Houwu and Daba showed spatial variations, as there are many different
internal and external contamination sources in the HF. During warm seasons, the
average concentrations of TSP, TDP, chlorophyll, and DOC in the Houwu were
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Fig. 7.4 Seasonal distributions of DOC and TSP in the Hongfeng Reservoir from 2003 to 2004
(redrawed from He et al. 2008c, with permission from Elsevier)
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higher than those at Daba, while the DO and pH levels in the hypolimnion of the
Houwu were lower than those at Daba. These variations show that eutrophication in
the Houwu is more developed than it is at Daba.

Compared to the water pH levels found in 2004, the average decreasing pH
value with water depth was found to be 7.9 across the three sampling periods, with
no significant difference for 2006 (Fig. 7.5). The DO levels in water were similar in
2004 and 2006 and were saturated in surface water, but were anoxic in deeper water
areas. Despite the significantly different distributions of DO levels found in 2004,
the dissolved oxygen levels were very low, reaching a maximum of only
5.6 mg L' in surface water. These levels saturated in the summer of 2006, as the
water quality levels improved after the prohibition of fish farming in the HF.

2. Distribution of mercury species in water columns
(1) THg, DHg, and PHg in water columns

Spatial and temporal distributions of THg and DHg at Houwu and Daba are pre-
sented in Fig. 7.6. The THg concentrations ranged from 2.49 to 13.9 ng L™, with
an average concentration of 6.89 ng L™'. The DHg concentrations ranged from
1.19 to 7.96 ng L', with an average of 3.98 ng L™". The mercury concentrations
in the HF water were distinctly higher than those in other natural waters reported for
Europe and North America (e.g., Bloom et al. 2004; Sullivan and Mason 1998).
THg and DHg showed no discernible vertical distribution trends throughout all of
the water columns across the sampling areas. However, we found spatial and
seasonal variations in the THg and DHg concentrations in the water column of the
reservoir. These spatial variations suggest that the two basins of the reservoir have
been affected by different mercury contamination sources. The highest average
concentrations of THg and PHg were observed at Houwu in May 2004 (up to 11.43
and 5.95 ng L™, respectively), while lower average concentrations of THg and
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Fig. 7.5 DO distribution of water columns from 2004 to 2006 (redrawed from He et al. 2008c,
with permission from Elsevier)
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PHg (6.06 and 3.84 ng L', respectively) were found at Daba at the same time.
Similarly, elevated average concentrations of TSP were found at Houwu in May;
the TSP levels averaged at 15.67 mg L™ compared to a value of 2.1 mg L™ found
for the Daba at the same time. This difference is attributed to the appearance of
large algae populations at Houwu in May due to aquaculture activity and the
addition of wastewater enriched with N and P. The distribution of mercury found
also shows that macroalgae may be able to bind mercury and may represent a
substantial pool of mercury in the aquatic system. The levels of total and dissolved
mercury recorded in September were fairly low relative to those recorded in
November and February. This seasonal distribution of mercury could be a result of
wastewater contamination. In May and September, high runoff volumes were due to
abundant precipitation-diluted mercury concentrations in the water, whereas there
was very little precipitation in February and November, thus causing mercury
concentrations in the water to increase.

The PHg/THg ratios were high during May and September at 57 and 49%,
respectively, while the PHg/THg ratio was only 26% in February (Fig. 7.6).
However, increased TSP levels were not observed in May and September, with the
exception of a high TSP value in the Houwu in May due to algal growth. Therefore,
the PHg proportions likely increased due to the increased fraction of organic par-
ticles, which can absorb more mercury than inorganic particles, in May and
September. In September, however, the DHg levels in the hypolimnion increased
once again, especially in the Houwu, with the highest proportion reaching 82%.
This is likely attributable to the anaerobic decomposition of particulate organic
matter in the hypolimnion, which resulted in an increase in dissolved organic matter
in anoxic water, which can absorb more mercury than chloride and hydroxide
complexes (Coquery et al. 1997). Moreover, the dissolution of iron and manganese
oxide in anoxic water likely also contributed to the increase in the dissolved
mercury levels (Regnell et al. 2001).

The mercury level range and average values for 2006 are shown in Table 7.1. The
results show that the THg levels were significantly higher in June than in July,
exceeding 4 ng L' at the Houwu site. The THg levels at Daba were also higher than
those in July, reaching nearly 2 ng L™". This abnormal increase in mercury concen-
trations is attributed to runoff flows resulting from continuous rain prior to sampling.

Table 7.1 Range of the THg and DHg values in the Hongfeng Reservoir in 2006

Date Site Range Average
THg DHg THg DHg
2006.06 DB 3.7-5.4 2943 4.7 3.7
HW 4.5-6.5 2.5-4.1 6.2 3.4
2006.07 DB 2.0-3.4 1.0-1.5 2.7 1.4
HW 2.0-3.0 0.5-1.9 2.5 1.4
W 2.5-4.2 1.0-2.0 33 1.6
YD 1.5-5.4 0.7-1.9 33 1.3
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Fig. 7.7 The THg and DHg levels in the water columns of the Hongfeng Reservoir in 2006

We found no significant differences in the THg levels in the water columns at the
sampling sites in 2006 (Fig. 7.7). The THg levels in the water were lower in June
2006 than in May 2004, but were higher than those recorded in September 2004. In
July 2006, the THg levels were lower than those recorded in the summer and spring
of 2004.

Generally speaking, mercury concentrations in a nonpolluted water body are
often higher in rainy spring and summer seasons than in winter due to runoff-related
inputs. In the HF, the mercury concentrations in the water columns of the four sites
were found to be lower in spring and summer than in autumn and winter due to rain
dilution effects. However, different results were found at the Houwu site due to high
levels of eutrophication in the water body resulting from anthropogenic activities.
In spring, most mercury was absorbed by algae in the Houwu, forming a potential
mercury pool and changing the transportation and migration of mercury into the
reservoir. In conclusion, anthropogenic sources affected spatial and seasonal vari-
ations of mercury in the HF more than natural sources.

The average ratio of THg as PHg found in water columns was 29% in June 2006,
which is lower than that recorded in the spring and summer of 2004. In July of
2006, the average %PHg value was 50%, which is similar to that of the corre-
sponding period for 2004. Vertical distribution variations of DHg for all of the
sampling sites show slight discrepancies for June and July 2006 (Fig. 7.7). These
results suggest that it may be possible to limit algal growth by improving the
environmental quality. The annual variations of the %PHg found may be attributed
to improvements in the HF water quality levels. For instance, the organic particulate
matter levels declined with a significant decrease in algae populations with the
prohibition of fish farming in the HF in 2005. However, the above phenomenon did
not exclude the high proportion of DHg found in June, which was attributed to DHg
inputs from other sources.

Overall, the mercury concentrations in water were lower and the water quality
levels were higher in 2006 than in 2004 due to the prohibition of fish farming in
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2005. In addition, according to the mercury distributions in the input rivers, the
THg and DHg levels in the sewage ditch of the Guizhou Organic Chemical
Industrial Plant (GOCP) declined significantly in June and July 2006 relative to the
2004 levels. These results show that the mercury concentrations were influenced by
human activities. However, this occurred only occasionally due to short water
retention periods (0.325 years) and fast water flow rates. For example, the water
THg levels were abnormal at Houwu in the spring of 2004 as well as June 2006 and
reverted back to normal concentrations in the following sampling period. The above
results and discussion show that the partitioning of mercury between water and
particulates in the HF is mainly dependent on the effects of endogenous organic
matter and redox conditions. The binding capacity of mercury with high organic
fraction particles was found to be much higher than that with inorganic particles and
particulate-bound mercury dissolved in water.

(2) RHg in water columns

Seasonal distribution patterns of RHg in the reservoir are presented in Fig. 7.8. The
RHg levels ranged from 0.14 to 2.17 ng L™', with an average concentration of
0.64 ng L™'. The RHg concentrations along the water surface were lower than
those underwater in all of the vertical profiles, with the exception of those for the
Daba in September. This is likely attributable to intense particulate scavenging
and/or to a biological reduction of Hg?* near the water surface and to a subsequent
release of Hg” into the atmosphere (Gill 1986; Kim and Fitzgerald 1986; Dalziel
1995). The unusually high RHg value recorded from the Daba in September may be
attributed to contamination from a nearby chemical fertilizer plant. This theory is
supported by the presence of very high RHg concentrations (up to 81.49 ng L")
observed in the fertilizer plant drain, which was contaminated by the chemical
fertilizer plant.
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Fig. 7.8 Seasonal distribution of RHg in the Hongfeng Reservoir (redrawed from He et al. 2008c,
with permission from Elsevier; redrawed from He et al. 2008a, with permission from Journal of
Research of Environmental Sciences; redrawed from He et al. 2008d, with permission from
Chinese Journal of Geochemistry)
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The RHg levels decreased from the subsurface to deep water areas in most of the
vertical profiles, potentially due to the methylation of Hg>* or presence of $* in
deep anoxic water. As RHg is the main species that can be reduced to Hg" or
methylated through a bacterially mediated process (Ullrich et al. 2001), reduction,
and methylation processes likely controlled the RHg concentrations. However, the
above-listed distribution patterns of RHg in the water column were not observed in
the Houwu in May or at Daba in February and were likely due to contamination
from the chemical fertilizer plant at the Daba as well as excessive algae formation in
the Houwu, as discussed above.

(3) DGM in water columns

For our comparisons between vertical profiles of DGM, samples of each vertical
profile were collected midday as water DGM concentrations. Surface water, in
particular, was found to be significantly affected by sunlight. The DGM concen-
trations ranged from 0.02 to 0.11 ng L' during the four sampling periods
(Fig. 7.9). The DGM concentrations were found to be highest along the water
surface and decreased with water depth. The average concentrations of DGM in
September (0.08 ng L™' at Daba; 0.07 ng L™ in the Houwu) were higher than
those recorded in February (0.04 ng L™' at Daba; 0.05 ng L™ in the Houwu).
This DGM distribution pattern is consistent with the hypotheses that the photore-
duction of Hg (IT) complexes constitutes the main source of Hg" formation in water
and that temperature plays an important role in the photoreduction process. We
found a sharp decrease in DGM concentrations at 8—12 m in depth in September
2004. This suggests that seasonal stratification may also affect the vertical DGM
distributions. The lowest average DGM concentration (0.04 ng L™") was observed
in the Houwu in May rather than in February, whereas the DGM concentrations at
Daba were as high in May (0.08 ng L™") as they were in September. This suggests
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Fig. 7.9 DGM in the Hongfeng Reservoir from 2003 to 2004 (redrawed from He et al. 2008c,
with permission from Elsevier; redrawed from He et al. 2008a, with permission from Journal of
Research of Environmental Sciences; redrawed from He et al. 2010, with permission from Journal
of Lake Science; redrawed from He et al. 2008d, with permission from Chinese Journal of
Geochemistry)
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that other processes may also control DGM production. The lowest average DGM
concentration observed in the Houwu in May could be attributed to the presence of
algae, which can block sunlight. Early studies suggest that bacteria and some
eukaryotic microorganisms, such as algae, reduce Hg(Il) levels. Ben-Bassat and
Mayer (1987) found that Hg0 formation decreases as a function of the inhibition of
photosynthesis in cultures of green algae chlorella.

The lowest average water DGM value was found in the Houwu in spring. The
average DGM value recorded from the Daba in summer was similar to that recorded
in spring. This result implies that primarily solar radiation, temperature, and other
effects control DGM production (e.g., plankton and biotas in water bodies). The
highest Hg(0) production rate was observed during periods of algal growth, as plant
photosynthesis can generate Hg(II) reductant (Vandal et al. 1991). Mason et al.
(1995) found that phytoplankton, especially that is smaller than 3 pm, is the main
cause of Hg(Il) biotic reduction. The above results show that plants facilitate ele-
mental Hg formation. However, the DGM concentrations remained low throughout
the year despite the presence of green algae in the Houwu. The large algae popu-
lation may have prevented light from penetrating water, thereby reducing the rate of
Hg(IT) photoreduction during alga, growth. Another study found that the formation
of elemental mercury in water is significantly related to DOC levels (Jiang 2005).
However, no significant correlation was found between DGM and DOC in the HF
(R =0.0049, p = 0.98, Fig. 7.10).

Temperature levels may also affect Hg(0) formation. Sullivan and Mason (1998)
found that the lowest elemental mercury production rate occurred at the lowest
temperatures through board incubation experiments, and Jiang (2005) found a
significant correlation between temperature and DGM in the Wujiangdu Reservoir
(WJD) and Dongfeng Reservoir (DF).

While the ways in which temperature affects microbial activity and controls Hg(0)
formation remains contested (Krabbenhoft et al. 1998), some studies have shown that
microbial activity has a major effect on atomic mercury formation. Higher sample
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temperatures denote radiation strength grades rather than water temperatures. We
found a slight correlation between the temperatures and DGM levels for the HF
(r =049, p = 0.0021, in Fig. 7.10), implying that temperature should not signifi-
cantly affect DGM production.

(4) MeHg in water columns

Seasonal distributions of TMeHg in the water columns are shown in Fig. 7.11. An
analysis of variance revealed no statistically significant differences (F = 3.01,
p = 0.059) between the TMeHg distributions in the water columns at both sampling
sites for the May, November, and February study periods. The TMeHg concen-
trations in these campaigns varied from 0.05 to 0.33 ng L™" and increased slightly
with water column depth during the February and November study periods.

In fall and winter, the TMeHg levels at the two sampling sites increased slightly
from the surface to the bottom layer, implying that a methylmercury source from
sediment mercury emissions or factors improved methylation (e.g., low DO and pH).
However, an initially decreasing then increasing trend was found at two sites in
spring, and the highest TMeHg value found in surface water areas can be attributed
to particular matter that bounded mercury input during a rainstorm (Fig. 7.11).

The MeHg concentrations in summer (September) were statistically elevated
relative to those found in the other three sampling campaigns (F = 9.48,
p < 0.001). The highest value of 0.92 ng L™ occurred in the Houwu and was 2.5
times higher than the highest value recorded during the other seasons. We found a
distinct vertical distribution pattern of MeHg in the water column. The TMeHg
levels increased from 0.15 ng L™" at the surface to 0.92 ng L™ in the hypolimnion
of the Houwu, while the TMeHg levels increased from 0.08 at the surface to
0.81 ng L™ at the base of the Daba. We found a sharp increase in TMeHg con-
centrations at depths of 8—12 m that corresponded to a sharp decrease in the
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Fig. 7.11 Seasonal distribution of TMeHg in the Hongfeng Reservoir water from 2003 to 2004
(redrawed from He et al. 2008c, with permission from Elsevier redrawed from He et al. 2010, with
permission from Journal of Lake Science; redrawed from He et al. 2008d, with permission from
Chinese Journal of Geochemistry)
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dissolved oxygen concentrations at the same depth. The spatial and temporal dis-
tributions of MeHg show that the MeHg levels increased significantly in the
hypolimnion in September, especially in the Houwu.

The MeHg content in water is influenced by a wide variety of environmental
factors, such as the total and reactive mercury content, temperatures, redox potential
levels, pH levels, and inorganic and organic solutes in water (Ullrich et al. 2001).
However, these factors cannot be measured independently of one another, as they
often interact, forming a complex system of synergistic and antagonistic effects. It is
generally believed that Hg methylation is predominantly a microbial-mediated
process, and some studies have shown that methylation is carried out by
sulfate-reducing bacteria in the water column (Gilmour and Henry 1991; Berman
and Bartha 1986). The methylation rates appear to be enhanced under anaerobic
conditions due to increased anaerobic sulfate-reducing bacterial activity. According
to our investigation, TMeHg has a strong negative relationship with DO, with a
Pearson correlation coefficient of —0.74(n = 78, p < 0.0001, Fig. 7.12). As the pH,
DOC, and salinity levels in all of the samples varied within a narrow range, no
significant correlations between methylmercury and these parameters were
observed (r = 0.33, p < 0.01).
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Gilmour and Henry (1991) suggests that both low pH and negative redox
potential levels, which are common to anoxic hypolimnia, not only increase
methylation rates but also decrease demethylation rates, thus resulting in a net
increase in MeHg. Eckley et al (2005) showed that the methylation rates in
hypolimnetic water account for the observed accumulation of MeHg in hypolim-
netic water in summer in two pristine Wisconsin lakes. Some studies have also
shown that the accumulation of settling particulate matter from the epilimnion, such
as hydrous ferric and manganese oxides, can bind MeHg and that their dissolution
in the hypolimnion contributes to the high concentrations of MeHg found in deep
water areas (Meili 1997). Other studies have indicated that increased MeHg levels
mostly result from the release of MeHg from sediments, especially in highly
contaminated sites (e.g., Regnell and Ewald 1997; Verta and Matilainen 1995).
Moreover, many studies have shown that MeHg increasingly releases flux from
sediments among decreased levels of pH and DO (e.g., Ullrich et al. 2001).

The highest values of DHg and DMeHg in the Houwu in September were not
found at the sediment—water interface but at depths of 12 and 20 m. This suggests
that MeHg in the water column was not produced from the release of MeHg in
sediment but from in situ methylation in anoxic water or from the deposition of
particular methylmercury in the surface water (Fig. 7.11). In the Houwu in summer,
the decomposition of dead algae consuming considerable amounts of oxygen in
water led to the formation of the lowest levels of dissolved oxygen in bottom water
areas across all four seasons, facilitating methylation.

At Daba in September, however, the MeHg levels exhibited a strong increasing
gradient toward the sediment, indicating that MeHg released from sediment had a
strong effect on the MeHg depth profile of the Daba. Despite an increase in MeHg
in deep water areas in the Daba in September, the Wilcoxon rank sum test results
showed that the MeHg concentrations in the Houwu were much higher than those in
the Daba at the same depths in September (p < 0.05), especially for the hypo-
limnion layer (Fig. 7.11). This finding suggests that MeHg is formed in the
hypolimnion layer of the Houwu in September. The decomposition of a large
volume of algae induced by high nutrient concentrations in the Houwu led to low
DO and pH levels, which may have accelerated Hg methylation. On the other hand,
seasonal variations of methylmercury in surface sediments in the pore water of the
Houwu also show that the release of methylmercury does not constitute the main
source of water in summer. A comparison between the MeHg concentrations at
Daba and Houwu shows that the average TMeHg levels in the Houwu are higher
than those in the Daba during all seasons except for winter. However, the TMeHg
levels in the Daba are higher than those in the Houwu in winter, as there are many
different sources of pollution in the HF. In the Houwu, warm power plant discharge
water constitutes the main source of aquaculture water and endogenous pollution in
the HF. These pollutants exacerbate water body eutrophication and large algae
breeding, causing further water quality deterioration. According to the water
parameters, the dissolved oxygen levels in the bottom water layers are lower and the
DOC levels are slightly higher in the Houwu than in the Daba. These changes create
favorable conditions for the methylation of mercury.
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In the Daba, all pollution sources, including mercury, mainly derive from the
Guizhou Chemical Fertilizer Plant (GCFP). However, water discharge and runoff
occurring during the rainy season diluted these pollutants in the Daba. There is thus
no obvious difference in the mercury concentrations between the Houwu and
Dabas. However, in winter, fewer fish farming activities, weak runoff dilution, and
hydrodynamic conditions enhance the effects of GCFP on the mercury concentra-
tions in Houwu water. Xiao’s research (2002) confirms that chemical plants mainly
affect mercury distribution profiles in winter. As the main species of mercury
methylation, the RHg levels are 2 times higher in the Daba than those in the Houwu
in winter due to the serious pollution levels in the Daba. The RHg data also show
that the pollution levels are higher in the Daba than in the Houwu in winter and that
the RHg concentrations in the Daba are twice as high as those in the Houwu.
Overall, we believe that RHg is converted into MeHg.

Seasonal variations in DMeHg in the reservoir show that (Fig. 7.13) the DMeHg
levels range from 0.01 to 0.11 ng L™', with an average of 0.05 ng L™" in the Daba,
and from 0.03 to 0.13 ng L', with an average of 0.08 ng L™" in the Houwu in
autumn. The DMeHg levels range from 0.08 to 0.13 ng L™' in winter, with an
average value of 0.11 ng L™" in the Daba, and from 0.03 to 0.11 ng L', with an
average of 0.05 ng L™ in the Houwu. The DMeHg levels range from 0.03 to
0.08 ng L™, with an average value of 0.05 ng L™" in the Daba, and from 0.04 to
0.20 ng L™", with an average of 0.10 ng L™" in the Houwu in spring. The DMeHg
levels range from 0.03 to 0.53 ng L', with an average of 0.10 ng L' in the Daba,
and from 0.08 to 0.91 ng L', with an average of 0.37 ng L™ in the Houwu in
summer. No significant difference in the water DMeHg to TMeHg proportions was
observed during the November, February, and May study periods; the average
value was roughly 43%. In September, however, the DMeHg proportions increased
significantly to an average of 65% and to a maximum of 98% at a depth of 20 m in
the Houwu. The DMeHg proportions were also elevated (73%) in the outflow area
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Fig. 7.13 DMeHg in water columns of the Houwu and Dabas in the Hongfeng Reservoir during
2003-2004 (redrawed from He et al. 2008c, with permission from Elsevier; redrawed from He
et al. 2008d, with permission from Chinese Journal of Geochemistry)
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of the reservoir, which is composed of hypolimnion water. Eckley et al. (2005) and
Baeyens and Meuleman (1998) also observed elevated proportions of DMeHg in
the hypolimnion of seasonally stratified lakes. Hydrous ferric and manganese
oxides and organic particles have strong MeHg and Hg(Il) binding capacities. On
one hand, under anoxic conditions, the mercury methylation rates increased sig-
nificantly, resulting in an increase in the MeHg concentrations. On the other hand,
the dissolution of oxides and anaerobic decomposition of particulate organic matter
may have spurred an increase in the DMeHg proportions in the hypolimnion
(Regnell et al. 2001).

The TMeHg concentrations in Houwu water were statistically higher than those
in the Daba for all of the study periods, with the exception of the February period
(Wilcoxon rank sum test, p < 0.05) (Fig. 7.14). The average TMeHg concentra-
tions in the Houwu in May, September, and November reached 0.22, 0.50, and
0.15 ng L™", respectively, while corresponding values for the Daba were recorded
as 0.16, 0.34, and 0.12 ng LY respectively. In February, however, the MeHg
levels in the Daba (0.23 ng L™") were higher than those recorded from the Houwu
(0.13 ng L™"). The different contamination sources could be responsible for these
seasonal and spatial variations. For the Houwu, aquaculture activities constituted
the main contamination source. In the Daba, the main sources of contamination
were the nearby chemical fertilizer plant and domestic wastewater inputs. Fish
farms in the Houwu contributed large volumes of N and P to the water, resulting in
the formation of larger algae populations than those in the Daba. The decomposi-
tion of algae caused the DO and pH levels to decrease, favoring the methylation of
mercury. In winter, contamination in the Houwu decreased significantly with
tempered fish farm activity, but the contamination levels in the Daba remained high
as pollutants were derived from the chemical fertilizer plant and from domestic
wastewater. The reactive Hg levels in the Daba (0.72 ng L™") were also higher than
those in the Houwu (0.36 ng L™"), while the DO levels in the Daba (4.9 mg L™")
were lower than those recorded in the Houwu (6.7 mg L™") in February. All of
these factors resulted in higher mercury methylation rates in the Daba in winter.

Vertical distributions of TMeHg and DMeHg in the water column of the HF for
2006 are shown in Fig. 7.14. The highest DMeHg and TMeHg values found in each
sampling site are located at the water—sediment interface and gradually decrease
from the surface to the base. This suggests that elevated methylmercury levels in
deeper water areas in these sites are mainly attributed to the release of
methylmercury from sediments or to the resuspension of sediments rather than from
methylmercury generation in the water. The maximum and average values of
TMeHg and DMeHg in the water increased in July, but decreased in September
(shown in Table 7.2). In particular, the methylmercury levels in the pore water are
clearly higher in July, suggesting that upward pore water mercury diffusion and
sediment resuspension reached their maximum levels.
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Fig. 7.14 TMeHg and DMeHg profiles for the Daba and Houwu of the Hongfeng Reservoir

Table 7.2 MeHg in the Hongfeng Reservoir in 2006

Date Sampling Site Range (ng L") Average (ng L")
TMeHg DMeHg TMeHg DMeHg
2006.06 DB 0.18-0.78 0.13-0.31 0.34 0.20
HW 0.25-1.1 0.10-0.61 0.53 0.32
2006.07 DB 0.23-2.0 0.12-1.04 0.72 0.41
HW 0.14-1.3 0.10-0.76 0.58 0.32
W 0.17-2.2 0.10-1.5 0.87 0.48
YD 0.15-0.70 0.08-0.27 0.39 0.15
2006.09 DB 0.09-0.82 0.07-0.62 0.28 0.21
HW 0.22-1.1 0.06-0.63 0.53 0.32
W 0.28-1.6 0.09-1.0 0.51 0.31
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Table 7.3 Main characteristic parameters of each river (Zhang 1999)

Parameters Taoyuan Yangchang Maxian Houliu Maibao

River River River River River
Length (km) 51.8 72.0 354 23.3 6.4
Watershed area (kmz) 205 817 252 88 -
Natural fall of river (m) | 220 175 20 50 -
Annual average flow 4.14 12.67 5.31 1.86 -
(m*s™)

3. Mercury in inflows and outflows
(1) Standard physical and chemical parameters

The HF inflows include the Yangchang, Taohuayuan, Maxian, Liuguang, and
Maibao Rivers (see Fig. 7.2). HF water comes from rainwater, and thus, the
reservoir’s volume is dependent on rainfall patterns and increases and decreases
rapidly. As industrial and mining enterprises and villages are positioned near the
bank of the reservoir, these rivers are subjected to differing degrees of pollution.
The dissolved oxygen and pH distributions for these rivers are shown in
Table 7.4. It is evident that the DO and pH levels in the Maotiao River are sig-
nificantly lower than those of these rivers in terms of inflows. This suggests that the
water quality levels change significantly as it moves through the reservoir. In
particular, the dissolved oxygen levels decrease to 1.8 mg L™" in summer. Overall,
dissolved oxygen in the rivers is abundant and the dissolved oxygen levels in
summer are lower than those recorded in autumn and spring, which may be due to
high summer temperatures and to low pressure levels along the river’s surface.

Table 7.4 DO, DOC, and pH levels in the Hongfeng Reservoir inflows and outflows (redrawed
from He et al. 2008c, with permission from Elsevier)

Inflow and outflow Nov-03 May-04 Sep-09
DO pH | DO pH | DO pH | DOC
(mg L) (mg L) (mg L™ (mg L™
Maxian River 8.0 8.1 |84 79 |54 8.0 |2.39
(inflow)
Yangchang River 8.5 8.0 (89 7.6 |6.7 7.9 |2.12
(inflow)
Taoyuan River 8.3 84 |- - |72 8.2 10.66
(inflow)
Houliu River (inflow) | 7.4 7.8 |8.3 76 |53 7.6 |2.47
Maibao River 7.7 7.7 |85 7.7 | 8.0 7.7 10.54
(inflow)
Chemical plant 7.6 7.6 |55 8.0 |53 75 |-
(inflow)
Maotiao River 4.7 69 |32 74 | 1.8 74 |1.87
(outflow)
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(2) Mercury in inflows and outflows

Distributions and seasonal variations in THg concentrations for rivers flowing into
the HF are shown in Fig. 7.15. The THg concentrations in these rivers range from
2.2 to 350 ng L™, with an average of 51 ng L™". The average annual distribution
of the THg concentrations in the different sites is as follows: sewage ditch
(GOCP) > Maobao  River > Yangchang  River > Houliu  River > Maxian
River > Taohuayuan River. Although flows through the sewage ditch (GOCP) and
Maibao River are limited, local industrial and domestic wastewater flows constitute
the main water source. Therefore, the mercury concentrations here are an order of
magnitude higher than those of other rivers. For the HF, the mercury concentrations
found in the Yangchang River are highest among those of several water supply
rivers. The Yangchang River is one of the largest rivers among several other water
supply rivers in the HF. As the main water source of the HF, the Yangchang River
receives domestic sewage from Pingba County and industrial and domestic
wastewater from the Anshun Chemical Fertilizer Plant, Pingba Distillery, Liyang
Company, Huanyu Machinery Factory, and Pingba Fertilizer Plant. The Houliu
River is mainly affected by rural farmland drainage pollution, but the THg con-
centrations remain high due to its limited flows and self-purification capacities.
The THg, DHg, and RHg concentrations measured from the inflows and out-
flows during the four study periods are presented in Table 7.3. Relatively high
concentrations of mercury were observed in the Yangchang and Maibao Rivers as
well as in the Fertilizer Plant drainage area, which likely result from industrial and
domestic wastewater sources of mercury in the drainage area of the HF. PHg, with
proportions relative to THg reaching 58, 64, and 84% in the Yangchang and
Maibao Rivers as well as Fertilizer Plant Drain, respectively, contributes the most
THg to these rivers. The THg and DHg concentrations in the outflows were much
lower than those found in contaminated inflows. While the water flows were not
measured in this study, we estimated rough annual inputs and outputs of mercury
species based on the average concentrations of mercury species across the four
study periods and based on long-term average annual flows for the rivers reported
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by Zhang (1999) (Table 7.3). These estimates suggest that more than 50% of THg
from the inflows was removed by the reservoir and that most of this THg was
assumed to be buried in sediments.

In different seasons, we found that the mercury concentrations in the Yangchang
River resulting from industrial activities are higher in autumn and winter than those
recorded in spring and summer. This indicates that mercury in the water is diluted
by rain. In the Majian and Houliu Rivers, which mainly receive farmland
wastewater discharge, the highest concentrations of THg and DHg were found in
spring. Prior to sampling in spring, a large volume of surface runoff from the
surrounding mountains and farmland flowed into the river as a result of heavy
rainfall in the HF watershed. This may have increased the mercury content in the
river.

The seasonal distribution of DHg in the inflows and outflows is presented in
Fig. 7.16. The average annual concentrations of DHg in the river were consistent
with those of THg, and the DHg levels correlated with the THg levels in each
season. The complex correlation coefficients and complex determinants were
recorded as 0.85 and 0.73, respectively (p < 0.001). We found a significant cor-
relation between the THg and PHg levels in the rivers (complex and coefficient
coefficients of 0.99 and 0.99, respectively (Fig. 7.17a), suggesting that the distri-
bution of PHg in the river accounts for 99% of the THg levels. At the same time, we
found a significant correlation between the total suspended and total particulate
mercury in the river (r = 0.66, p < 0.001, Fig. 7.17b).

The THg and DHg levels in the Maotiao River in the summer and autumn were
much lower than those recorded in the contaminated inflows, but were slightly
higher than those recorded in the Maxian and Taoyuan Rivers. In spring, the THg
and DHg levels in the Maotiao River were lower than those recorded in the inflows.
Thus, the mercury in the inflows declined, with only a small amount of mercury
continuing to flow out. The concentrations of THg and total suspended solids
(TSP) in the HF in June and July of 2006 were not significantly different from those
recorded in slightly contaminated rivers in 2004. As one heavily polluted river, the
THg concentrations in the GCOP’s ditch significantly decreased in 2006, but an
exceptionally high THg concentration of 150 ng L™' was observed in the
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Fig. 7.17 Correlations between THg and PHg a, TMeHg, and PMeHg levels b in the rivers

Table 7.5 Distribution of mercury and TSP in Hongfeng Reservoir in June and July

Date Parameters MXH YCH TYH HLH MBH GOCP MTH

2006.06 TSP 74 24 17 26 12 81 -
THg 3.9 150 24 2.8 15 - 4.3
DHg 1.2 10 1.2 1.8 1.1 7.1 1.3
TMeHg 0.48 0.86 0.13 0.22 0.49 - 0.55
DMeHg 0.18 0.15 0.13 - 0.27 - 0.38

2006.07 TSP 2.9 4.5 4.1 12 11 21 1.3
THg 24 14 1.2 1.5 16 68 3.1
DHg 1.1 1.7 0.50 1.1 2.6 21 1.8

Yangchang River in June of 2006 as a result of human activities. The THg levels
recorded in June of 2006 were slightly higher than those recorded in July, possibly
due to heavy rainfall and surface runoff patterns occurring prior to the June sam-
pling period (Table 7.5).

(3) MeHg levels in inflows and outflows

Figures 7.18 and 7.19 show the seasonal distribution of the MeHg levels in rivers
discharging into the HF. We found no significant differences in the annual average
TMeHg and DMeHg levels in all of the inflows of the HF except in the Taohuayuan
River. We found that the MeHg concentrations were not high in rivers with high
THg levels. Therefore, we infer that inorganic mercury is not a main influencing
factor of mercury methylation. TMeHg, the DMeHg, and DOC levels in the
Taohuayuan River are low throughout the year, potentially due to infertile soil
around the river. Due to seasonal variations in TMeHg and DMeHg, the levels were
higher in spring than in other seasons, though this was not the case for rivers
polluted with industrial and domestic wastewater. This shows that MeHg in surface
soil is transported into rivers via runoff during spring rainstorms. We also found
significant correlations between TMeHg and PMeHg, with complex correlation
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coefficients and complex determinants of 0.90 and 0.82, respectively (p < 0.001).
However, we found no correlation between PMeHg and TSP (r = 0.006), indicating
that PMeHg is not controlled by TSP but is rather related to particulate matter
properties, such as the particulate matter compositions. Hurley et al. (1994) found
that inorganic mercury is more likely to bind to mineral particles and rock frag-
ments, whereas methylmercury is more readily bound to organic particle matter.
We found no significant differences in the DMeHg levels in the HF
inflows/outflows in spring or autumn. However, the TMeHg and DMeHg levels in
the Maotiao River in summer increased significantly to 1.0 and 0.74 ng L',
respectively. These results show that the MeHg levels increase considerably after
the river flows through the reservoir in summer, suggesting that the reservoir may
serve as an important source of MeHg for the downstream river area in summer.



7.1 Introduction 225

7.1.1.3 Mercury Species in the Sediment Cores

1. General physical properties of the sediment samples

Concentrations and distributions of OM% and water content in the HF sediment
cores area are shown in Fig. 7.20a, b. The OM levels range from 2.2 to 8.8% (with
an average value of 5.1%) in the Daba and from 2.7 to 7.6% (with an average value
of 5.1%) at Houwu. This indicates that there are no significant differences between
the OM levels in the two sites. At Houwu, the OM levels reach a maximum value at
a depth of 5 cm, decrease within the upper 4 cm sediment layer, and then decline
with depth. The OM levels at Daba first increase in the upper 4 cm sediment layer
and then exhibit a pattern similar to that found at Houwu. The fact that the OM
levels in the HF are higher than those of the DF (in the same river basin) indicates
that the HF has accumulated large quantities of endogenous OM with the
eutrophication and afflux of large amounts of anthropogenic OM from local
sources.

However, the organic matter levels are much lower in HF sediment than those
found in peat and ash soil podzolic soil sediment, ranging from 30 to 50% (Lucotte
et al. 1999). Regarding the distribution of the water content in the sediment, no
significant differences were found between the Houwu and Daba in the HF, with
both sites showing a gradual decreasing trend from more than 90% at the surface to
roughly 60% at the base.
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Fig. 7.20 Organic matter (OM%) and water content (WC%) in Daba and Houwu sediments in the
Hongfeng Reservoir
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2. Distribution of mercury species in the sediment cores
(1) Concentration distributions and seasonal variations of THg in the sediment
cores

Vertical distributions and seasonal variations of THg in sediment cores of the
Houwu and Daba are illustrated in Fig. 7.21. In winter, the THg levels range from
0.36 to 0.57 pg g~ ' (with an average value of 0.43 pug g ') in the Daba and from
0.21 to 0.44 pg g~ (with an average value of 0.35 pug g~ ') in the Houwu. In
summer, THg values range from 0.33 to 0.60 pg g ' (with an average value of
0.42 pg g ') in the Daba and from 0.28 to 0.52 pug g~ ' (with an average value of
0.37 pg g ') in the Houwu. In the HF, the THg levels are significantly higher than
those in other uncontaminated sediments. French et al. (1999) reported that the THg
levels in sediments sampled from 34 reservoirs across Newfoundland in Canada
averaged 0.039 ug g~'. However, the average concentrations of THg in the WID
and DF, which are located in the same basin of the HF, were recorded at 0.25 and
0.17 pg g, respectively. These findings indicate that sediments in the HF are
contaminated by mercury due to the release of wastewater.

Relationships between mercury and organic matter content in HF sediments are
shown in Fig. 7.22. Lindberg and Harriss (1974) found that organic matter min-
eralization may cause Hg concentration decline with sediment depth. During the
degradation of organic matter, Hg associated with organic matter is released into
pore water and is brought to the sediment surface where it is incorporated
into newly deposited organic matter. The sediment depths in the HF are converted
into sedimentary chronological sequences based on the mass depth and average
sedimentation rate (0.17 £ 0.1 g cm 2 a ') (Wan et al. 2000). The history of
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Fig. 7.21 THg profiles at Houwu and Daba of Hongfeng Reservoir a February 2004;
b September 2004) (redrawed from He et al. 2008b, with permission from Environmental
science; redrawed from He et al. 2008d, with permission from Chinese Journal of Geochemistry)
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Fig. 7.22 Relationships between mercury and organic matter content in Hongfeng Reservoir
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Fig. 7.23 Historical deposition rate of THg in DB and HW sediment in the Hongfeng Reservoir

mercury deposition in a time series is calculated based on the mercury concentra-
tions and average deposition rate (Fig. 7.23). The depositional profiles of the Daba
and Houwu show similar tendencies, which are higher at the surface and remain
constant with depth. Regarding the deposition time, the years 1990 and 1994,
respectively, mark divisions in the mercury deposition rates at Houwu and Daba.
These changes in the THg depositional profiles with time may reflect two factors.
First, early diagenetic alterations of sediments (i.e., the re-migration of mercury in
sediments) may influence the history of mercury deposition, with organic matter
degradation constantly enriching mercury in surficial sediments. On the other hand,
this historical distribution of mercury may be related to increasingly severe mercury
contamination levels. According to water monitoring reports, while water in the HF
prior to 1990 was of good quality, rapid economic development has spurred a series
of pollution incidents in the local area since the 1990s.
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(2) Concentration distribution and seasonal variation of MeHg in sediment

MeHg at the two sites is shown in Table 7.6. As can be seen, average concentra-
tions of MeHg in samples collected at both sites appears the highest in spring,
especially at Daba, where MeHg in sediment remains significantly higher in spring
than in any other seasons, whereas the MeHg concentration in sediment in summer
in favor of mercury methylation (Kotnik et al. 2002) remains at a similar level to
that in autumn and winter. These findings differ significantly from that reported by
Jiang (2005) on WID and DF.

From the profile distribution of sediment MeHg (Figs. 7.24 and 7.25), we can
see that higher MeHg concentrations occur at 0 to 10-cm-depth sediment, whereas
the peak value of MeHg in sediment profiles occur at different depths for each
sediment core. The maximum MeHg concentrations at both of two sites in autumn
and winter do not occur at the surface, but at 2 cm depth. In spring, maximum
values at the two sites are both observed in surficial sediment and are much higher

Table 7.6 Concentration distribution and seasonal variation of sediment MeHg in Daba and
Houwu of Hongfeng Reservoir

Sampling site Date of sampling Min (ng g ") Max (ng g ) Average (ng g 1)
Daba 2003.11 0.54 5.3 2.7
2004.02 0.84 6.2 2.5
2004.05 1.0 8.4 4.6
2004.09 0.24 6.1 2.6
Houwu 2003.11 0.36 5.7 2.4
2004.02 0.61 6.2 22
2004.05 0.19 7.6 2.6
2004.09 0.57 4.6 22
MeHg (ng ") MeHg (ng g") MeHg (ng g") MeHg (ng g)
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Fig. 7.24 Concentration distribution and seasonal variation of sediment MeHg at Houwu in
Hongfeng Reservoir (redrawed from He et al. 2008b, with permission from Environmental
science; redrawed from He et al. 2008d, with permission from Chinese Journal of Geochemistry)
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Fig. 7.25 Distribution and seasonal variation of MeHg in sediment at Daba in Hongfeng
Reservoir (redrawed from He et al. 2008b, with permission from Environmental science; redrawed
from He et al. 2008d, with permission from Chinese Journal of Geochemistry)

than in autumn and winter. Maximum values also observed in surficial sediments in
summer are lower than in spring and remain as low as in autumn and winter.

Mercury methylation is mainly related to the microbial activity process, during
which methylcobalamin is the main supplier of environmental methyl. As methy-
lation mostly occurs under anaerobic conditions, hence, an aerobic environment is
more conducive to demethylation. Numerous studies show that sulfate-reducing
bacteria (SRB) are the major mercury-methylating bacteria (Gilmour and Henry
1991). Korthals and Winfrey (1987) observed that highest methylation rates occur
in redox interface which is also the main activity zone of SRB. In seasonally
stratified water body, the redox interface migrates with seasonal changes. In a study
on redox boundary migration in Lugu Lake, Ma et al. (2000) found that redox
boundary in winter coincides with sediments—water interface and migrate up into
the overlying water in summer, with no obvious release of Mn, Fe, and other heavy
metals.

In autumn and winter, when the entire overlying water in HF is in good oxy-
genation state, dissolved oxygen in pore water reaches up to 5 mg L™". The yellow
oxide layer on the sediment surface and the clear pore water indicate that surfacial
sediments are in aerobic state; meantime, the redox boundary below surfacial
sediments coincides well with the concentration distribution of sediment MeHg.
The highest MeHg concentration occurs at the depth of 2 cm below the sediment
surface rather than at the surface, remaining consistent with the redox boundary
(Figs. 7.24 and 7.25). While in spring, when the lake stratifies, dissolved oxygen of
the pore water decreases to 3 mg L™, the yellow layer in the sediment surface
disappears, and the pore water becomes turbid, showing that surfacial sediments
start to enter into a hypoxic state, overlapping the redox boundary. Meanwhile,
methylation rate in the surficial sediments reaches its maximum, and thus in spring,
the highest MeHg concentration occurs at the water—sediment interface and remains
significantly higher than in other seasons, especially at Daba where it reaches a
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maximum of 8.4 ng g~' (Figs. 7.24 and 7.25). According to Wang (2003), in
winter, obvious reduction of sulfate is only observed below the sediment surface.
While in late spring, it takes place in the first 10 cm water column above the
sediment surface. As the lake further stratifies in summer, when severe hypoxia
occurs at the bottom, especially at Houwu, the redox boundary migrates to the
bottom of the lake where the highest rate of methylation also appears. MeHg
concentration and distribution in water aforesaid support that methylation takes
place at the bottom of the water column at Houwu. Maximum concentration of
MeHg in sediments is observed at the surface; however, it is significantly lower
than in spring. Especially at Houwu, the maximum MeHg reaches only 4.6 ng g~
in summer, suggesting that the maximum methylation rate in summer does not
occur in sediments but in the water column as the redox boundary migrates.

From the distribution of sediment MeHg maximum values in HF, it can be
concluded that methylation occurs within a zone of about 0-8 cm. Liang et al.
(2003) analyzed the distribution of SRB of six species in sediments in HF using
PCR method; the results show that SRB is mainly distributed at the depth of 7 cm
in surfacial sediments. According to latest researches, apart from SRB,
iron-reducing bacteria (FeRB) can also improve methylation of mercury. Fleming
et al. (2000) observed that when SRB in sediments were all inhibited by molybdate,
methylation still occurs with a considerable rate. Studies of Wang (2003) showed
that the activity of FeRB in sediments in HF reaches its maximum below the depth
of 10 cm, with the peak appearing at depths varying between 15 and 20 cm. Hence,
the contribution of FeRB to the methylation of the sediment mercury is minor.

In addition, the methylation rate in environment is not only affected by bacterial
activity, but also by multiple physical, chemical, and biological factors, including
THg concentrations, mercury activity, redox conditions, pH, temperature, organic
content, sulfide content, and ferromanganese circulation. There is certain correlation
between the organic matter and the distribution of MeHg in sediment cores in HF
(r=0.70, p <0.001, Fig. 7.22). Though what role organic matter plays in
methylation is not known yet, organic nutrients in general can stimulate the
microbial activity and thus increase the methylation rate. However, other studies
also show that as organic matter can bound with divalent mercury. This leads to its
decrease of the bioavailable mercury concentration, and thus the methylation is
limited by the high concentration of DOC, especially in neutral pH environment
(Miskimmin et al. 1992; Watras et al. 1995; Driscoll et al. 1995). Besides, abiotic
methylation directly through humic acid has also been reported (Weber 1993).

The proportion of sediment MeHg as THg (% MeHg) ranges from 0.2 to 1.2% at
Daba in winter, with an average value of 0.6% and between 0.1 and 1.6% in
summer, with an average value of 0.6%, while it ranges from 0.20 to 1.6% at
Houwu in winter, with a mean value of 0.5% and from 0.20 to 1.0% in summer,
with an average value of 0.5%. Data show that %MeHg in sediments is tantamount
to the methylation rate measured using mercury isotope approach (Benoit et al.
2003; Sunderland et al. 2004). The results above show that there is no significant
difference in methylation rates in winter and summer. The %MeHg in HF is far
lower than in sediments in reservoirs built on peatlands and in podzolic soil.



7.1 Introduction 231

Lucotte et al (1999) reported that the proportion of MeHg reaches up to 10% at 0—
10 cm depth in peatlands inundated over 10 years, while that at the humus layer in
podzolic soil reaches as high as 30%. This may be related to the reservoir effects
and its rich organic content (30-50%). Several studies show that MeHg in sedi-
ments and fish in new reservoirs are higher than in adjacent natural lakes
(Abernathy and Cumbie 1977; Cox et al. 1979). According to Jackson, inundated
soil and vegetation are important sources that increase the MeHg content in fish
(Jackson 1988). These exceptionally high MeHg levels will slowly return to the
level in natural lakes over time. (Porvari 1998; Schetagne et al. 1995) MeHg in
sediments of HF is slightly lower than that reported by Jiang (2005) in the WID
(in the same river basin as HF). The 18-year younger WJD not only has as abundant
endogenous organic matter as HF (4.4% at the surface), but also stratifies
seasonally.

As HF is a seasonal hypoxia reservoir, by analyzing profile distribution features
and seasonal variation of sediment MeHg in it, we can see that sediment MeHg
distribution is mainly controlled by seasonal migration of redox zones. The con-
centration distribution of MeHg is also affected by organic matter to some degree.
Seasonal changes in sediment MeHg concentrations and the maxima of profile
distribution are mainly controlled by seasonal migration of the redox zone.
Sediment MeHg concentration features obvious seasonal variations, and MeHg
content remains the highest in spring and keeps at similar levels in summer,
autumn, and winter; generally, its profile distribution decreases with depth. Its
maxima appear at the subsurface in autumn and winter and at the surface in spring
and summer. MeHg concentration peaks occur mainly within the active zone of the
SRB. Organic matter content to a certain extent also affects the concentration and
distribution of MeHg, while other factors such as the temperature and temperature
changes have relatively minor impact on the MeHg concentration and distribution
in HF.

3. Distribution of mercury species in pore water
(1) Distribution and seasonal variation of DHg in pore water

The organic matter, clay minerals, and Fe and Mn oxides in sediment have a strong
adsorption capacity for mercury in sediment. Adsorption and desorption are very
complex physical and chemical processes. According to some simulation experi-
ments, mercury affinity shows an order as follows:
mercapto > illite > montmorillonite > amino > kaolinite > carboxyl > Sand

(Reimers and Krenkel 1974). Mercury adsorption and desorption in sediments are
affected by a number of factors such as mercury concentration, temperature, pH,
redox conditions, and various complex coordination reactions. Studies have shown
that the physicochemical cycle of mercury in sediments between the solid and
liquid phases is mainly controlled by S*~, OM% and oxide contents (Fujiki and
Tajima 1992). HgS precipitation takes place mainly in environments where high pH
value and low S®~ are. In a reducing environment where pH is high and $*~ in
excess, HgS precipitation will turn into a soluble mercury sulfide compound such as
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HgS,2~. Organic matter can increase the solubility of mercury sulfide and transfer
mercury from the solid into the liquid phase (Ravichandran et al. 1998).

In autumn, DHg in pore water in HF ranges from 10 to 21 ng L™' (with an
average value of 14 ng L™') at Daba, and from 7.4 to 25 ng L™" (with an average
value of 13 ng L™") at Houwu (see Fig. 7.26). At Daba, there are no significant
change in trend from the surface to the bottom, except two peaks occurring at the
depths of 4 and 17 cm. While at Houwu, within the first 5 cm depth, DHg con-
centration in pore water is significantly higher than at the bottom and shows a rising
tendency at the depth of 18 cm before it starts to decline at the depth of 23 cm
(Fig. 7.26).

In winter, DHg in pore water ranges from 10 to 25 ng L' (with an average
value of 15 ng L™") at Daba, while it ranges between 9.8 and 18 ng L™" (with an
average value of 13 ng L") at Houwu. As can be seen, there is no obvious seasonal
variations observed between autumn and winter. At Daba, DHg is relatively higher
within the first 5 cm and reaches a maximum at the depth of 5 cm (Fig. 7.27). DHg
is lower below the depth of 5 cm, and it reaches yet another peak of 18 ng L™" at
the depth of 13 cm. At Houwu, the concentration of DHg is lower within the first
12 cm.

In spring, DHg in pore water at Daba shows a rising tendency, ranging from 11
to 27 ng L™ (with a mean value of 16 ng L™"). With the exception of a peak at the
depth of 2 cm, concentrations do not vary significantly with depth (Fig. 7.28).
While at Houwu DHg concentration varies between 16 and 28 ng L' (with an
average value of 21 ng L™"), we can see that concentrations are much higher than at
Daba and show a declining tendency from the surface to the bottom. In summer,
DHg concentration ranges from 11 to 48 ng L™' (with an average value of

DHg (ng L") DHg (ng L)
4 8 12 16 20 24 28 5 10 15 20 25

20 20 |

Depth (cm)

25 25 |

30 |- 30

35 L Houwu 35 L Daba

Fig. 7.26 Concentration and distribution of DHg in pore water at Daba and Houwu in Hongfeng
Resevoir in autumn (redrawed from He et al. 2008d, with permission from Chinese Journal of
Geochemistry)
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Fig. 7.27 Concentration and distribution of DHg in pore water and water columns at Houwu and
Daba in Hongfeng Reservoir in winter (redrawed from He et al. 2008b, with permission from
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Fig. 7.28 Concentration and distribution of DHg in pore water at Daba and Houwu in Hongfeng
Reservoir in spring (redrawed from He et al. 2008b, with permission from Environmental science)

24 ng L™") at Daba and from 13 to 33 ng L™" (with an average value of 23 ng L™")
at Houwu. It is clear that DHg concentration increases in pore water of HF in
summer until reaching its annual maximum. Especially at Daba, it reaches an
exceptional peak of 48 ng L™! in 6-9-cm-depth pore water (Fig. 7.29).

As the equilibrium of mercury adsorption and desorption between solid/liquid
phase is controlled by many factors, therefore, DHg in pore water fluctuates with
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Fig. 7.29 Concentration and distribution of DHg in pore water at Daba and Houwu in Hongfeng
Reservoir in summer (redrawed from He et al. 2008b, with permission from Environmental
science)

depth within a relatively wide range and shows no regular pattern of variation.
Peaks mostly appear within the 0-10 cm sediment depth. However, some smaller
peaks may also be observed at the bottom, which may be related to the S*~ con-
centration in sediments. The mercury precipitation is enhanced by a small amount
of S>~ appearing at the surface. Meantime, dissolution of Fe-Mn oxides under
reducing condition release mercury associated with these oxides. As the depth
increases and reducing condition prevails, a large amount of S*~ is produced,
leading to more mercury precipitation as unsoluble HgS. However, the large
amount of accumulated S*~, HgS precipitation may be redissolved as HgS%’ in
bottom water.

In summer, DHg concentrations in pore water are much higher than in autumn
and winter, suggesting that seasonal changes in temperature and redox condition are
also important factors controlling DHg concentration and distribution. In autumn
and winter, however, sediment in solid phase and DHg concentration in pore water
shows only a poor correlation (r = 0.29; p = 0.035), indicating that the mercury
concentration in solid phase has little effect on that in the pore water. Average
partition coefficients of the THg between solid/liquid phases at the two sampling
sites (Daba and Houwu) are 3.2 x 10* and 3.0 x 10* L kg™', respectively in
winter, while in summer, the coefficients, respectively, decrease to 1.7 x 10* and
1.8 x 10* L kg™'. This further proves that temperature plays a very important role
in equilibrium between mercury adsorption and desorption. Partition coefficients in
HF are significantly higher than those observed by Jiang (2005) in WJD and DF,
this discrepancy may be related to the relatively high organic matter content in HF.
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(2) Concentrations and seasonal variation of MeHg in pore water

Seasonal characteristics of DMeHg concentration and distribution in pore water
along the sediment column at Houwu and Daba are illustrated in Figs. 7.30 and
7.31. In autumn, DMeHg concentration varies between 0.23 and 0.82 ng L™" at
Daba (with an average value of 0.43 ng L™") and between 0.16 and 0.60 ng L™" at
Houwu (with an average of 0.32 ng L™"). DMeHg concentration at Daba shows no
gradient variation from the surface to the bottom with the exception of a peak at the
depth of 2 cm below the surface. The DMeHg concentrations at Houwu are
comparatively lower than at Daba and show an obvious declining trend from the
surface to the bottom.

In spring, DMeHg concentration in pore water ranges from 0.78 to 4.2 ng L™" at
Daba and from 0.22 to 3.0 ng L™ at Houwu (with average values of 2.1 and
1.3 ng L™', respectively). Compared with other seasons, DMeHg concentration is
significantly higher in spring, reaching its annual maximum. At Daba, the DMeHg
concentrations begin to decline after a constant increase from 1 to 4 cm depth,
where it reaches its maximum value. It yet again reaches a smaller peak at the depth
of 7 cm before showing a gradual decrease with the increase of depth. At Houwu,
the DMeHg shows a relatively significant variation within 0—10 cm sediment depth.
As can be seen from the figure, DMeHg concentration is significantly higher at the
surface than at the bottom (Fig 7.32).

In summer, MeHg concentration in pore water varies between 0.90 and
1.7 ng L™" at Daba and between 0.61 and 1.3 ng L™" at Houwu (with mean values
of 1.2 and 0.90 ng L', respectively). As observed in winter, the highest values
occur at the surface at neither of the two sampling sites. At Daba, there is no
significant concentration gradient between the surface and the bottom, expect a
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Fig. 7.30 Concentrations and seasonal variation of DMeHg in sediment pore water at Daba and
Houw in Hongfeng Reservoir in autumn (redrawed from He et al. 2008b, with permission from
Environmental science)
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Fig. 7.32 Concentrations and seasonal variation of DMeHg in sediment pore water at Daba and
Houw in Hongfeng Reservoir during spring (redrawed from He et al. 2008b, with permission from

Environmental science)

peak at the depth of 8 cm. While at Houwu, DMeHg concentration shows a slight
decrease within the first 10 cm, but it starts to rise again at the depth of 10 cm and
reaches its maximum at the depth of 16 cm (Fig 7.33).

Similar to the DMeHg distribution in sediments in the solid phase, both the
maximum and maximum average values of DMeHg occur in spring. In addition,
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Fig. 7.33 Concentrations and seasonal variation of DMeHg in sediment pore water at Daba and
Houwu in Hongfeng Reservoir during summer (redrawed from He et al. 2008b, with permission
from Environmental science)

vertical distribution of DMeHg follows a similar pattern. However, contrary to that
observed for DHg, there is a significant correlation (r = 0.70, p < 0.001) between
pore water DMeHg and sediment MeHg. This indicates that MeHg concentration
distribution in the solid phase and in pore water are closely related, both may be
subject to the same mechanisms, such as the methylation process. Distribution of
pore water DMeHg has its own features, it is quite low in summer, but slightly
higher than in autumn and winter. Like the MeHg profile distribution in the solid
phase, higher values of pore water DMeHg are also distributed within the first § cm
at the surface, though not exactly at the same place. This proves that the pore water
concentration is not only influenced by many factors in the solid/liquid distribution
mechanism, but may also be related to the methylation. Especially in summer, peak
values in pore water occur at the depth of 8 and 16 cm, which suggests that DMeHg
may be being produced at the bottom. The distribution of sediment MeHg indicates
that no intense methylation happens at the bottom of sediments, but the Hg? activity
available is present in the liquid phase; therefore, mercury methylation and
demethylation in the liquid phase are supposed to be more sensitive. Wang (2001)
pointed out that pore water chemistry is an indicator of early sediment diagenesis.
Many changes in sediments which are difficult to observe can lead to significant
differences in chemical behavior of solutes in pore water. In HF, due to the small
proportion of DMeHg in sediments and its intense demethylation, methylation that
can be reflected in pore water may not necessarily be able to be reflected timely in
the solid phase. According to Wang (2003), there is an intense reduction of iron at
the bottom of sediments in HF, which may have created conditions for sediment
methylation at the bottom. Hines et al. (2004) found that the peak value of DMeHg
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concentration in pore water in Spring Lake in September 2001 occurred from the
depth of 20 to 31 cm at the bottom rather than at the surface. They assumed that
higher sediments methylation rates at the bottom were caused by the extension of
bacteria sulfate reduction activity to a deeper area under the higher temperature in
summer.

The average partition coefficients of the solid/liquid MeHg at Daba in all seasons
are 6.1 x 10° L kg ' in autumn, 4.8 x 10° L kg~ ' in winter, 1.9 x 10° L kg”' in
spring, and 3.0 x 10° L kg™" in summer. While at Houwu, the average partition
coefficients are 6.9 x 10°, 3.2 x 103, 2.5 x 10%, and 2.7 x 10° L kg_l, respec-
tively. Both the two sampling sites present the following order: autumn > win-
ter > summer > spring. In summer, the average concentration of solid MeHg
remains at a similar level as in autumn and winter, but the solid/liquid partition
coefficient is significantly lower than in autumn and winter. This indicates that
summer is in favor of the release MeHg from the solid phase into the liquid phase,
showing a consistency with the distribution of solid/liquid THg. MeHg partition
coefficient between solid phase and pore water in HF ranges between 6.5 x 10% and
1.1 x 10° L kg™', which is similar to the marine sediment partition coefficient
reported by Lyon et al. (1997) and which is higher than that (3.1 x 10°—
3.3 x 10° L kg™") reported by Jiang (2005) at WID and DF. This is probably due
to the relatively higher OM% and stronger solid adsorption of MeHg. A significant
correlation between the solid/liquid partition coefficient of MeHg and organic
matter is also observed in HF during summer (r = 0.6, p < 0.01), suggesting that
organic matter is also an important factor affecting the solid/liquid partition in
sediment profiles.

The above analysis shows that the concentration of MeHg in solid phase and
pore water are closely related, apart from being influenced by the solid/liquid
partition coefficients, both are controlled by the production process of MeHg. In
addition, factors such as temperature and organic matter also play important roles in
the solid/liquid partition of sediment MeHg.

(3) Diffusion flux of inorganic mercury and MeHg to overlying water

Sediment—water interface is not only an important physical interface in a water
body, but also an important chemical interface. Sediments and the overlying water
usually have very different physical and chemical characteristics, so intense
exchanges of matter and energy occur at the sediment—water interface. The upward
migration and diffusion of dissolved substances in pore water is an important factor
affecting chemical characteristics of the overlying water. It is also one of the major
ways how contaminants buried in sediments re-release the overlying water and
cause secondary pollution. Therefore, physical and chemical behaviors of sub-
stances in the sediment/interface have received the attention from researchers.
The diffusion and migration of substances in sediments occur mainly through
four different ways: molecular diffusion, dispersion, bioturbation, and hydrody-
namic disturbance, among which molecules diffusion is the most important way
how solutes in sediment are transported through pore water (Krom and Berner
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1980). Generally, the diffusion flux of dissolved components can be estimated by
two approaches; one is to estimate the diffusion static flux using concentration
gradient and diffusion mathematical model, and the other one is to measure directly
the diffusion flux of solutes using a flux chamber. Gill et al. (1999) observed that
the flux measured is higher than the one estimated mathematically and suggested
that this discrepancy is due to interference caused by the activity of living organ-
isms close to the sediment—water interface. As a seasonal hypoxia reservoir, HF has
little activity of benthic fauna (Zhang 1999), so we estimated the diffusion flux of
the DHg and DMeHg at the sediment/water interface by measuring concentration
gradient and using Fick's First Law. When calculating the diffusion flux of dis-
solved substances in pore water, we excluded effects of physical advection, etc. (see
Chap. 3 for the detailed formulas).

First, we calculated concentration differences using mercury concentration in
pore water at both the surface and the bottom. Then we took the average con-
centration of DHg and DMeHg at the depths of 1 and 2 cm below the surface as
parameters. Based on the above parameters and concentration differences, we
worked out the diffusion flux of DHg and DMeHg at the sediment/water interface
(Table 7.7). The diffusion flux of mercury in pore water in HF shows significant
seasonal variations (summer > spring > winter). The seasonal diffusion flux of the
DMeHg is largely consistent with the seasonal mercury concentration in pore water,
and its highest value occurs in spring and shows no obvious differences in other
seasons. As for DMeHg, concentration in pore water is slightly higher in summer
than in winter and autumn; yet, its diffusion flux decreases as concentration rises in
the overlying water. The diffusion flux of DMeHg at the sediment—water interface

Table 7.7 Diffusion flux of mercury in pore water and its contribution rate the overlying water at
Houwu and Daba in Hongfeng Reservoir

Date of sampling 2003.11 2004.2 2004.5 2004.9
Sampling site Houwu | Daba | Houwu | Daba | Houwu | Daba Houwu | Daba
THg Concentration | — - 6.8 9.8 |11 18 19 22
gradient
(pg/em*)
Flux of - - 45 65 72 120 120 140
diffusion
(ng m™* day ™)
Contribution - - 0.05 0.05 | 0.09 0.37 0.30 0.56
rate
MeHg | Concentration 0.54 0.71 0.67 0.53 | 23 3.0 0.70 0.58
gradient
(pg/em®)
Flux of 4.9 6.0 6.0 47 |20 27 6.4 5.2
diffusion
(ng m” day ™)
Contribution 0.43 0.50 0.65 0.18 1.4 3.7 0.10 0.30
rate
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In HF is in the same range (5-35 ng m” day ') to that of sediment mercury in
Haibin reported by Hammerschmidt et al. (2004). According to Gill et al. (1999),
MeHg diffusion flux in Lavaca Bay varies within a wider range (0.2-1500
ng m 2 day '), reaching its maximum in the early spring. However, Covelli et al.
(1999) observed that the maximum flux in the Gulf of Trieste occurred in autumn
and winter.

The diffusion flux of mercury calculated using Fick’s First Law is just a static
one, while the actual diffusion flux of sediment is influenced by many factors such
as the “dual effect”, adsorption, and ion exchange reaction. All these factors can
reduce sediment diffusion flux. On the other hand, factors such as sediment bio-
turbation and vertical exchange of pore water can increase mercury release. In
addition, environmental parameters of the sediment/water interface, like redox
conditions, pH, etc., will affect the diffusion flux of mercury. Therefore, the cal-
culated diffusion flux reflects a migration trend driven by the concentration gradi-
ent. Some studies suggest that the aerobic layer of surficial sediments is a barrier
preventing the upward diffusion of sediment mercury (Gagnon et al. 1996), whereas
some studies show that the mercury diffusion flux increases with the decrease of
pH, DO (e.g., Ullrich et al. 2001). In HF, however, the maximum emission flux of
sediment MeHg does not occur in summer; this is related to the fact that HF is a
hypoxia reservoir, where methylation is mainly affected by the seasonal migration
of the redox zone. By assuming that molecular diffusion is the only way for the
upward migration of sediment mercury and the lake water is well mixed, we can
work out to what level the overlying water is affected by the upward diffusion of
dissolved mercury in sediments. See Sect. 3 of Chap. 3 for detailed calculation
methods and formulas.

Calculation results show that, in HF, the overlying water is most affected by the
upward diffusion of DHg in summer and slight in winter (sum-
mer > spring > winter). While DMeHg in sediments has the greatest impact on the
overlying water in spring and the least in summer, it affects the overlying water to
the similar extent in autumn and winter. We can also see that DMeHg has greater
impact at Daba than at Houwu, with the exception of winter.

7.1.2 Biogeochemical Processes of Mercury in the Baihua
Reservoir

7.1.2.1 Sampling Sites Descriptions and Sample Collection

The sampling was conducted at the upstream (Sites: HQ, XMC, YJZ), midstream
(Site: MT), and downstream (Sites: DB, BF) of the BH, and numerous inflow and
outflow rivers (Fig. 7.34). The sampling periods include November 2002
(Autumn), March 2003 (Spring), August 2003 (Summer), March 2004 (Spring),
and August 2004 (Summer). Different samples such as water columns, sediments,



7.1 Introduction

241

Changchong Aluminium Plag
L]

®|Changchong Iron Plan

Chashan Coal Mine
i Dayuanba Coal Mine ®
Y °
Changchong (oal Mine ( f
L] ‘-1 :.I .

j Shangba Coal Mine
) :
(*

A

B Sampling site
@ Pollution source

mﬂ_.\River or lake

5 10

T &=

km

Fig. 7.34 Sampling sites of the Baihua Reservoir

pore waters, and inflow and outflow surface water were collected. Water samples in
the reservoir were taken from different depths throughout the entire water columns,
while only surface water was sampled in the inflows and outflow of the reservoir.
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The sediment cores at sampling sites DB, BF, and YJZ were collected in
November 2002, and the sediment cores at XMC and MT were collected in March
2003 for the THg analysis. Sample preparation and analysis methods are shown in
Sect. 7.1.1.

Quality control for the THg determinations was addressed with method blanks,
blank spikes, matrix spikes, certified reference materials (GBW07305, TAEA405),
and blind duplicates. The average THg concentration of the geological standard of
GBWO07305 was 0.10 £ 0.01 mg kg~' (N = 6), which is comparable with the
certified value of 0.10 £ 0.02 mg kg™ '. The percentage of recoveries on spiked
samples ranged from 91 to 112% for THg in sediment samples. The relative per-
centage difference was <0.6% for THg analysis in sediment samples. The average
MeHg concentration of 5.45 + 0.50 ng g~' (n = 6) was obtained from IAEA405
with the certified value of 5.49 + 0.53 ng g '. Limit of detection was 0.003 ng g~
for MeHg in sediment sample. The average percentage of recovery of spiked
samples was 97.9% for MeHg in sediment. The relative percentage difference was
<4.5% for total Hg in water and pore water samples.

7.1.2.2 Mercury Species in the Water Columns

1. General water quality characteristics

The Baihua Reservoir is located in the subtropical area of southwestern China.
Water columns were sampled in spring (March, dry season) and summer (August,
wet season), and the sampling sites were dependent on the local conditions. In the
dry season, due to less rainfall and huge agricultural water consumption, the water
level was low; the rainfall increased significantly in the wet season; however, due to
more the industrial and agricultural water consumption at the same time, the water
level only increased slightly. The main water supply for the BH came from the
outflow of the HF (which located at the upstream of the BH), tributaries of the BH,
and direct precipitation. The outflow of the BH was the Maotiao River, downstream
of the dam. River runoff, the amount of pollutants discharged from pollution
sources, temperature, water parameters (pH, DO, COD, salinity, water tempera-
ture), and other factors vary seasonally and spatially. These factors may affect the
concentration, distribution, and transformation of mercury.

Monthly variations of air temperature and rainfall in the BH basin are shown in
Fig. 7.35. In March of each year, the average temperature was approximately 10 °C
and the rainfall was less than 50 mm. The BH received very little river runoff
during this period, and the average water depth was less than 10 m according to the
actual measurement. The water might not have thermal stratification during this
time due to shallow depth and lower air temperature. The highest annual temper-
ature of BH occurs from July to August, and the rise of the water temperature
resulted in obvious thermal stratification, which would promote the transformation
and migration of mercury. From April to July, abundant rainfall causes increased
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Fig. 7.35 Variation of rainfall and air temperature of the BH during 2003-2004 (data provided by
Guizhou Meteorological Bureau)

water supply to the reservoir, but also increased contribution of PHg through river
runoff.

Main factors influencing seasonal variations of water mercury include the sea-
sonal thermal stratification of water body, and the changes of Hg input through
changing runoff. Seasonal thermal stratification of the water body directly led to the
change of seasonal hypoxia in the bottom water, and to the distribution of other
substances (e.g., biological material and microorganisms) in the water column.
Variations of water parameters for the BH are shown in Figs. 7.36 and 7.37. No
significant stratification of pH, dissolved oxygen (DO), and conductivity was
observed in the spring and autumn of 2003 and 2004. When the air temperature rose
in a certain period of time, it may have resulted in a short-term thermal stratifica-
tion. For instance, the surface temperature was significantly higher than that of the
bottom water at the DB site in March 2003. The temperature difference was up to
6 °C, but this situation disappeared as the temperature dropped.

In summer, due to the continuous high air temperature, water in the BH has a
relatively stable thermal stratification. The surface water temperature was signifi-
cantly higher than that of the bottom water. The pH, DO, and electrical conductivity
were also significantly stratified, especially dissolved oxygen showed anaerobic
conditions in the lake bottom (Fig. 7.38). As a freshwater lake, the water salinity of
the BH changed in a narrow range, i.e., 0.1-0.5%o with an average value of 0.2%o.
Affected by atmospheric acid deposition, the sulfate content was significantly
elevated, and the average value was approximately 100 mg L™" in 2002.

2. Species and seasonal variation of mercury in water

The seasonal variation of air temperature, rainfall, and other climatic parameters
largely control the stratification and mixing of water in the BH, the temperature,
dissolved oxygen, and other physicochemical characteristics of the water column.
These changes also have a great influence on the concentration, distribution,
migration, and transformation of mercury in the BH.
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Fig. 7.37 Variation of water parameters at different sampling points of the Baihua Reservoir in
autumn 2003-2004 (Note Daba—DB, Yanjiaozhai—YJZ, Bengfang—BF, Huaqiao—HQ)

(1) THg, DHg, and PHg in the water column

The main water supply of the BH is the HF and several tributaries around the
Reservoir (Fig. 7.34). The main mercury contributor to the BH is the Beimen River,
which is the main sewage drain of the Guizhou Organic Chemical Plant (GOCP)
discharging mercury-containing sewage. This river also accepts the municipal
wastewater and sewage from the Qingzhen City. Mercury in the Beimen River
directly affects the mercury content of the BH. In the dry season, the rainfall and
runoff from the surrounding tributaries (such as the Xiaohekou River, the Dayuanba
River, and the Xiangpi River) was small. In March 2004, there were no water flows
in rivers near the HQ. This completely cut the mercury release off the GOCP, and
therefore THg in the BH waters was decreased by approximately 70%. In the wet
season, abundant rainfall caused the increase of runoff from the tributaries, and
therefore increased input of mercury (especially the PHg). Meanwhile, the
exchange cycle of lake water was shortened in the wet season, resulting in a greater
diffusion dilution of mercury and a stronger ability for self-purification. These two
aspects together result in the similarity of water THg contents between wet and dry
seasons, but the proportion of PHg was significantly higher than in the wet season
(Table 7.8). From upstream to downstream of the BH, the proportion of PHg in the
THg gradually decreased, because of the settling of PHg.

In the dry season, when the air temperature was low, convection between the
surface and bottom water easily occurred, and therefore the water was mixed well,
and the temperature difference between the surface and bottom waters was only
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Fig. 7.38 Variation of water parameters at different sampling sites of Baihua Reservoir in summer
2003-2004

approximately 1-2 °C. In the wet season, however, the water temperature between
the surface and bottom layers was apparently different and the mercury content also
exhibited large vertical differences (Table 7.9).
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Table 7.8 Comparison of main mercury species at different sampling points of Baihua Reservoir
in wet and dry seasons

Year |Season | Upstream Midstream Downstream
THg PHg/THg | THg PHg/THg | THg PHg/THg
mgL™) (%) mgL™'L) | (%) mgL™) (%)

2003 | Wet 50 91 26 60 23 61

season

2003 | Dry 42 72 35 42 28 46

season

2004 | Wet 12 60 17 44 8.6 39

season

2004 | Dry 11 42 12 25 9.5 25

season

Table 7.9 Seasonal variation of mercury species at different sampling sites of the Baihua
Reservoir in the wet and dry seasons (ng L™")

Year Season Upstream Midstream Downstream
THg |DHg |PHg THg |DHg |PHg | THg |DHg | PHg
2003.3 | Dry Mean | 42 15 30 348 | 175 |14.7 |285 153 |13.2

season | Max 63 21 42 75.1 |34.0 |47.8 |38.4 |27.2 |264
Min 31 12 17 228 |11.5 | 4.8 (202 [10.7 | 7.6

2003.8 | Wet Mean | 51 18 46 25.6 (102 |153 |22.7 | 9.0 |13.8
season | Max | 150 20 133 53.6 |18.6 |35.0 |[44.6 [17.5 [27.1

Min 32 14 17 70 | 1.5 | 55 (151 | 54 | 72

2004.3 | Dry Mean | 11 6.3 4.6 |[36.8 |15.1 [21.7 | 95 | 7.1 2.4

season | Max 15 8.2 86 |751 |340 |47.8 |[11.8 | 9.5 | 2.8
Min 84 | 2.7 090 | 70 | 15 | 48 | 7.8 | 5.6 1.8
2004.8 | Wet Mean | 12 5.0 75 [167 | 94 | 73 | 86 | 46 | 3.4
season | Max | 110 6.9 |105.7 |56.2 |17.6 |454 |863 | 85 |77.8
Min 69 | 3.6 1.7 [10.0 | 29 | 3.0 | 6.7 | 3.2 1.7

In the dry season (March), PHg in the lake water increased slightly with
increased depth, with the highest mercury at the sediment—water interface. In the
wet season, PHg was lower (Fig. 7.39), which might be caused by the algae that
bloom and enrich the surface water in mercury in the spring. In the wet season
(August) when the temperature was the highest, the water in the reservoir has
formed a stable vertical stratification, and the biomass in different temperature
layers is different. These organisms accumulated mercury in their bodies, resulting
in obvious peaks at depths of 6-10 meters and at the sediment—water interface in
the vertical profile. The stratification prevents vertical water flow, impeding the
diffusion of mercury released from the pore water to the overlying water. Mercury
concentration in the water increased with depth, and the highest value was also
located at the sediment—water interface.
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Fig. 7.39 Vertical variation of mercury species in the water column at different sampling points of
the Baihua Reservoir in different years and seasons. a, d—Upstream; b, e—midstream; ¢, f—

downstream

The main Hg source for the BH was sewage from the GOCP located upstream as
mentioned before, and the mercury concentration decreased from upstream to
downstream, whereas the proportion of PHg to THg decreased gradually
(Fig. 7.40). Mercury is higher in the middle and bottom layers, which mainly
consists of PHg. In the dry season, PHg and dissolved mercury contents were
roughly equal, whereas in the wet season, mercury specifications were influenced
by the water flow of the upstream.



7.1 Introduction 249

60
BTHg
mDHg
EPHg

50

Mercury concentration ( ng L")

N H
: =
..
f N L bl L S AN L L £
Dry season t season Dry season Wet season
g, Y, o, 55, ’1'//%/ %, s, %‘7\?( %, s, ’%&/ %,
S, Vog, S, Sy 75, %, S5y, V05, S0, Sy, 705, St
n TS, Ty e, n T, TS,
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Mercury in the water was variable at different locations. For the upstream sites
(e.g., HQ, XMC, and YJZ) that mainly receive water from the HF, Changchong
River, Dayuanba River, and industrial wastewater and domestic sewage from the
GOCP and other enterprises in Qingzhen City, the mercury concentration in waters
was high. The highest value was 127 ng L™', especially at HQ, and the average
mercury concentration was 70 ng L™'. At midstream sites, such as MT, the mercury
gradually settled down and was purified through the narrow watercourse. However,
this site was open to visitors, so the disturbance intensity is larger than other
sampling points. At midstream of the Maixi River and the Shangmaixi River, the
rivers received wastewaters from fertilizer plants and coal mines that contain high
mercury content, so the mercury level was still high at midstream but lower than the
upstream. DB at the downstream was located in front of the BH dam, and mercury
content was the lowest. Although it received sewage from the Nanmen River
through the pump house, it would not have significant impact on the mercury
concentration because the Nanmen River was small and was frequently dried up in
the dry season.

(2) RHg and DGM

Dissolved Hg® usually contributes approximately 97% of dissolved gaseous mer-
cury (DGM) in water (Vandal et al. 1991). Hg" is produced during various pro-
cesses that reduce Hg”* compounds in waters (Nelson et al. 1973; Steven et al.
2002) or humus (Alberts et al. 1974; Miller 1975; Allard and Arsenie 1991; Mason
and Fitzgerald 1993; Nriagu 1994; Sullivan and Mason 1999; Tseng et al. 2004).
The average reactive mercury (RHg) in water (including the sediment interface
water) of the BH was 3.8 ng L™' (range: 0.30-12 ng L™"). The average DGM was
0.11 ng L™ (range: 0.01-0.30 ng L™"). In the nonpolluted lakes, RHg and DGM
were generally low. For instance, the RGM is lower than 1 ng L' (Meuleman
et al. 1995), and DGM ranges from 0.01 to 0.30 ng Lt (Kotnik et al. 1991;
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Sullivan and Mason 1998). Compared to previous results, the RHg in the BH is
slightly higher, whereas DGM was in the background level.

Although the contents of RHg and DGM in the water are very low in the lake
system, these two Hg species play a very important role in the Hg geochemical
cycle through the mutual transformation process. RHg can be transformed to Hg” or
MeHg in water. RHg methylated into MeHg increases the degree of mercury
toxicity on the ecosystem, but when RHg is transformed into Hg” under the
facilitation of light and biological processes, its potential harm to the ecosystem is
reduced. The transformation of RHg and Hg? is affected by many factors, such as
the pH value, light (Amyot et al. 1997; Lanzillotta et al. 2002; Tseng et al. 2004),
and microorganisms (e.g., Vandal et al. 1991; Steven et al. 2002), thereby causing a
seasonal variation of the concentration of these two mercury species.

RHg in the BH in the dry season was generally lower than in wet season
(Fig. 7.41). The average RHg content in the dry season (excluding the interface
water) was 2.2 ng L' for the upstream, 1.7 ng L™' for the midstream, and
1.6 ng L™! for the downstream. The average RHg content in the wet season was
4.7 ng L™ for the upstream, 3.0 ng L™ for the midstream, and 1.9 ng L™ for the
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Fig. 7.41 Seasonal variation of DGM and RHg in the water of the Baihua Reservoir with distance
to the pollution source
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downstream. The annual average of RHg in the water was 2.5 ng L™'. The average
DGM in the BH in the dry season (excluding the interface water) was 0.15 ng L™!
for the upstream, 0.09 ng L™ for the midstream, and 0.09 ng L™" for the down-
stream. DGM in the wet season was 0.15 ng L™" for the upstream, 0.12 ng L™" for
the midstream, and 0.10 ng L™" for the downstream. The annual average of RHg
content in the water was 0.12 ng L™'. The seasonal variation of RHg and DGM
reflected the changes of temperature and microbial activity that trigger the trans-
formation of different mercury species in water. The DGM in the dry season was
generally lower than in the wet season, and the DGM in the upstream was higher
than in the midstream and downstream. This showed that the production of DGM in
the wet season is higher with higher sunlight and that the DGM was higher when
close to the mercury pollution source. This phenomenon was consistent with the
distribution of RHg.

RHg in the upstream was significantly higher than the midstream and down-
stream, and it increased with the increase of water depth. The upstream was close to
the pollution source, and hence all mercury species were higher and the potential for
other mercury species to convert to RHg was great. In the bottom layer, the RHg
was higher, both due to the conversion of other forms of the mercury that was
discharged from the pollution sources to RHg and due to the emission from sedi-
ment pore water to the overlying water. The DGM in the vertical profile from the
surface to the bottom decreased gradually in BH, but there also appeared higher
peaks at some individual points of the bottom water, indicating that the formation
and release of elemental mercury was the result of both biological and abiotic
processes. In general, the DGM was in a supersaturation state. The flux of Hg? into
the atmosphere can be affected by light intensity, temperature, pH, the speciation
and number of microorganisms in water, and water quality. In the BH, the sun’s
radiation was obviously variable in different sampling periods, whereas other
parameters might not vary too much. The average DGM content of three sampling
points gradually decreased from the upstream to downstream.

In the water column of the BH, RHg increased with water depth and RHg in the
sediment—water interface was generally higher in summer. This might be related to
the release of RHg from the sediment pore water. RHg in the sediment surface pore
water could reach up to tens to hundreds ng L™'. DGM generally decreased with
the increase of water depth, but occasionally some individual sampling points
appeared as peaks at the middle and bottom layers (Fig. 7.42). The DGM in surface
water was in the supersaturation state under the effect of photoreduction, and it was
released to the atmosphere at the water/gas interface (Feng et al. 2002).

(3) MeHg in the water column

The results for TMeHg and DMeHg in water samples of the BH in March 2004
(representing the cold and dry season) and August 2004 (representing the warm and
wet season) are shown in Fig. 7.43. There were significant differences in the
TMeHg, PMeHg, and DMeHg in the water among different seasons. The average
TMeHg (excluding the sediment—water interface) was 0.14 ng L™ in the dry
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season and 2.3 ng L™ in the wet season. The annual average was 1.3 ng L™" in the
whole reservoir. In general, the background value of MeHg in the water was
approximately 0.08-0.42 ng L™' (Vandal et al. 1998; Lyons et al. 1999). It can be
seen that in the cold season, MeHg in the BH was in the range of background, but in
the warm season higher than the background value.

The rainfall and river runoff increase in summer, resulting in the washing of
mercury-polluted sediment into the sewage ditches and into the BH thereafter. An
important source of inorganic mercury and MeHg in the reservoir was the sewage
from the GOCP. The GOCP had used an activated carbon tower (FT) as a mercury
removal device. The wastewater discharged from the production workshop was
compared before and after the FT treatment. It showed that the MeHg content
decreased by approximately 10 times when the FT was used. However, due to poor
management, the raw wastewater leaked into the sewage ditch from the storage tank
with wall cracks, therefore, exacerbating the mercury pollution in the sewage ditch
sediment. Therefore, not only inorganic mercury but also a small amount of MeHg
in the sewage ditch will finally end up in the aquatic ecosystem of the BH, resulting
in a higher MeHg level in the wet season. Another reason for the higher MeHg in
the wet season was that the microbial methylation in water and sediment was
stronger than in the cold season. Therefore, seasonal variation of MeHg in the water
was observed. In the warm season, the temperature stratification in the water
generally occurred at a depth of 8 m in the BH, and dissolved oxygen decreased
rapidly at this layer. The drop of dissolved oxygen led to the distribution of water
organisms and microorganisms in this layer, and this is conducive to the formation
and enrichment of MeHg (Vandal et al. 1998). In summer, the increase of MeHg at
the sediment—water interface was ascribed to the reason that the seasonal temper-
ature stratification caused the oxygen deficit at the water/sediment interface,
favoring the methylation of inorganic mercury by anaerobic bacteria, and therefore
increased MeHg levels. This was consistent with the vertical distribution of MeHg
in other lakes (Vandal et al. 1998).

Many studies showed that the ratio of TMeHg to THg in freshwater systems was
higher than in the estuarine water environment, and the percentage of TMeHg to
THg was generally less than 5% (Coquery et al. 1997; Mason and Sullivan 1999).
However, some data indicated that this ratio can be as high as 30% in freshwater
lakes and rivers, and can even reach 37% in the anaerobic bottom water of natural
lakes with seasonal stratification (Kudo et al. 1982; Meili 1997; Leermakers et al.
1996). The mean percentage of TMeHg to THg in water of the BH was 1% in the
cold season and 12% in the warm season. Obviously, as an artificial freshwater, the
BH has been built for 36 years, and the characteristic of the BH was between the
natural and a new reservoir. THg in the water and sediment of the BH with a
long-term mercury pollution history was far higher than the uncontaminated lakes.
Compared to other lakes, the methylation ratio of mercury in the water of the BH
was relatively low. The formation of MeHg was mainly related to water tempera-
ture, and the higher temperature in summer was more favorable for biological
methylation of mercury.
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The distribution of MeHg in the lake system showed obvious spatial variations.
Due to the physical and chemical characteristics of water at each sampling site, and
the distance to the pollution sources, the distribution of MeHg had evident spatial
differences (Fig. 7.44). Mercury-containing wastewater from the GOCP that was
located in the upper reaches of the BH met with the BH through the Beimen River,
becoming an important source of MeHg to the BH. During the sampling period in
March 2004 (cold and dry season), there was no wastewater flow into due to the
river being dry, so MeHg in the water of the BH was low. In addition, the MeHg
level in the BH (except the sediment—water interface) was comparable to the HF,
which is not affected by mercury pollution and is located upstream of the BH.
MeHg in the water column of the BH in March 2004 was uniformly distributed,
with the only significant increase at the interface water. The reasons may include
the following: (1) the water was mixed well in spring, meaning that the material
distribution in the water column was homogeneous, and mercury concentration
changed little with the water depth (except the sediment—water interface water); and
(2) the increase of MeHg in the interface water was mainly ascribed to the diffusion
of MeHg from the sediment pore water to overlying water.

The horizontal distribution of MeHg in the BH in the cold season was relatively
even. With the drying up of the tributary in winter, the input of mercury through the
sewage was cut off. At the same time, the frequency of water exchange in the
reservoir dramatically decreased, and the disturbance from the input of the tributary
was greatly reduced. Eventually, the BH was relatively static, and the disturbance
from sediment was very small. Therefore, the MeHg difference between each
sampling point was small, especially for MT and DB, representing the midstream
and the downstream, respectively. For YJZ, where THg was the highest, the cor-
responding MeHg was also slightly higher than that in MT and DB. However, in
the warm and wet season, the input of mercury increased. Meanwhile, the exchange
frequency of reservoir water was also enhanced by the accelerated river runoff.
There was no decreasing trend from the upstream to the downstream, even at YJZ,
where the water surface is narrow. MeHg there was slightly lower than in the
middle and the downstream reaches the BH. However, at MT and DB, where the
water surface is open and fish culture activity is thriving, the hydraulic retention
time was slightly longer and more abundant organic matter accumulated in the
surface sediment. Under suitable water temperature, the rate of methylation
increased so MeHg was higher. At these three sampling points, MeHg peaked at an
8-m-deep layer and at the sediment—water interface, reflecting the microbial genesis
of MeHg (Vandal et al. 1998).

The diffusion flux of mercury from the sediment pore water to the overlying
water was determined by the concentration gradient, but the seasonal variation of
THg in sediment was small, so the diffusion flux was mainly determined by the
mercury concentration in the interface water. According to the experimental data,
the diffusion flux of mercury from the sediment pore water to the overlying water in
the wet season was higher than in the dry season, with 1.13 and 0.59 g a™',
respectively. Obviously, the contribution of MeHg from the sediment pore water to
overlying water was higher in the warm season than in the cold season.
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Fig. 7.44 Vertical
distribution of MeHg in the
water column at each
sampling point of the Baihua

Reservoir in different seasons.

a—Upstream; b—middle
stream; c—downstream

255

MeHg at YJZ (ngL™)

(@ 00 04 08 12 16 00 04 08 12 16
T T T | T T T |
04 04
—e— DMeHg —>— PMeHg
24 —>— PMeHg 24 —e— DMeHg
—&— TMeHg —&— TMeHg
E 4 4
ES]
8‘ 64 6
°
3
2 8 8
©
H
104 104
124 124
14 14
BH040315 BH040816
MeHg in MT (ng L™
(b) 00 02 04 06 08 0 2 4 6 8
T T T T T T 1 T T T T T T T 1
0 —e— DMeHg 07 il —e— DMeHg
—>— PMeHg —>—PMeHg
. —&— TMeHg 4 —&— TMeHg
E
£
S 8- 84 »
[}
°
&
T 12 12
=
16 16 -
20+ 20 >
BH040315 BH040816

MeHg at DB (ng L™

(¢) o0 02 04 06 08 o 1 2 3 4 5
T T T 1 T T T T 1
0 04
—e— DMeHg —e— DMeHg
2 —b— PMeHg 24 —>— PMeHg
—&—TMeHg —&— TMeHg
4 4
E
£ 64 6
Q.
5]
© 84 8 -
g
]
®©
4 10
= 10 0
12 124
144 144
16 - 164

BH040315

BH040816



256 7 Biogeochemical Cycling of Mercury ...

(4) Effect of water parameters on the distribution of mercury in water

The concentration, speciation, distribution, and transformation of mercury are
influenced by many factors, such as water temperature, DO, pH, DOC, etc. Bruce
(1997) determined THg and TMeHg in 12 low-alkalinity lakes in northeast
Minnesota in the spring, summer, and autumn of 1992-1994. He found that DOC
and MeHg were strongly positively correlated. The correlation of dissolved mer-
cury concentration and DOC in the water of the BH was negatively correlated
(r = —0.466, p < 0.01, n =47) in spring, but positively correlated (r = 0.443,
p <0.01, n = 41) in summer. This indicated that the DOC in spring was mainly
endogenous organic matter and these organisms could absorb part of the mercury,
thereby reducing the dissolved mercury in the water, whereas in summer, the DOC
was partly from the surface runoff and rivers. As a result, the increase in DOC also
increased the input of mercury. Therefore, the two parameters were positively
correlated (Fig. 7.45).

According to the correlation analysis, water temperature and DGM had a sig-
nificant positive correlation (Spring: r = 0.530, p < 0.01, n =41; Summer:
r=0.311, p < 0.05, n = 46). The reason was that the increase of water temperature
is mainly caused by the increase of sunlight, and Hg** was transformed into ele-
mental mercury by photoreduction, causing increased DGM in the water
(Fig. 7.46).

The correlation analysis between water parameters and DMeHg is shown in
Fig. 7.47. DMeHg had a significant negative correlation with DO (Spring:
r=-0.749, p < 0.01, n = 14; Summer: r = —0.643, p < 0.01, n = 18), a strong
negative correlation with pH (Spring: r = —0.606, p < 0.05, n = 14; Summer:
r=-0.549, p < 0.05, n = 18), and a significant positive correlation with temper-
ature (r = 0.440, p < 0.05, n = 32). The increase of temperature, decrease of pH,
and the anaerobic water environment may facilitate mercury methylation. The
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Fig. 7.45 Correlation analysis of dissolved mercury and DOC in the water of the Baihua
Reservoir in different seasons
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Fig. 7.46 Correlation analysis of water temperature and DGM in the water column of the Baihua
Reservoir in different seasons

negative correlation between DMeHg and pH may be explained by the fact that the
pH gradually decreased from the surface to bottom water of the BH. The bottom
water was mostly anoxic and conducive to the formation of MeHg.

Compared with other lakes, the BH had lower Cl , higher S0,2~, and DOC, but
these parameters had no significant correlation with the proportion of MeHg
(Table 7.10). The BH had a direct source of mercury, and its mercury pollution
mainly came from the GOCP, and the natural Hg sources accounted for only a very
small amount of mercury into the reservoir. THg and the physical and chemical
parameters in the water were affected by different sources, so there was no sig-
nificant correlation between them. However, the change of water chemistry still had
a certain effect on the transformation and migration of mercury, especially the
seasonal variation of mercury methylation. In addition, compared to the HF and
other lakes from North Europe and North America, the THg and TMeHg in the BH
were significantly elevated, indicating serious mercury pollution in the BH.

e Distribution of mercury species in the inflow and outflow rivers of the Baihua
Reservoir

Higher mercury was found in the inflow rivers or sampling sections of the
Beimengiao, the Sewage Ditch, and the HQ. The wastewater from the Beimengiao
and the Sewage Ditch mixed with the discharged water of the HF into the BH at
HQ. The sewage ditch of the GOCP had been cleaned, and THg in the water of the
sewage ditch was obviously low. However, the Beimengiao had not been cleaned
up, and it had accumulated a large amount of mercury from the GOCP, and sewage
and wastewater from ferroalloy plants, a coking plant, and other industrial enter-
prises. Waters from the Beimengiao River had THg of up to 200 ng L™'. Based on
the literature, field investigations, and experimental results, the main inputs of
mercury into the BH were the HQ estuary, the Nanmen River, and the Maixi River.
The only output was the Maotiao River. The flow rate of most rivers was small
(often drying up), and the mercury content was low, so they had a slight effect on
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Table 7.10 Comparison of mercury and physical and chemical water parameters in the Baihua
Reservoir with other nonpolluted lakes

National | Lake Water physical and chemical Hg in water
parameters
pH |CI” S0,*~ | TOC |DOC THg | MeHg |MeHg/THg
US.A Allequash® [7.6 0.2 39 - 4.1 0.8 [0.13 -
Rock” 72 |08 1.6 - 9.1 21 016 |-
Helen® 6.2 |09 2.0 - 19 3.1 040 |-
Minnesota | 6.6 |— 48 - 6.4 1.1 {0.10 11
12 lakes®
Piney 7.3 2024 |7 - 5.7-6.6 1096 |- -
Creek®
Deep 69 6.2 14 - 2.5-2.6 1056 |- -
Creek"
Lake 6.8 3.0 8.8-11 |- 3.4-35 1040 |- -
Habee®
Finland | Sargent” 7.7 |- - - 6.7 <2.7 |<0.3 -
Canada |60 lakes' 53 0.1 1.9 11 - 36 |- -
China HF 79 |58 61 - 81 0.18 -
BH* 79 6.2 98 27 22 1.3 1-20

Note *“Watras et al. 1998, "Gorski et al. 2003; “Bruce 1997, 'Vaidya et al. 2000, ©€ Castro et al.
2002, ‘He 2007; Xthis study; unit for water standard parameter is mg/L, unit for mercury
concentration is ng L™", for MeHg/THg is %

the mercury input/output balance of the BH. Therefore, in this work, we selected
the following four main tributaries, the HQ estuary, the Nanmen River, the Maixi
River, and the Maotiao River, as the research objects.

3. Mercury in inflows and outflow
(1) Water chemicals characters

Different rivers received sewage from different sources that contained different
pollutants. In addition, river runoff changed greatly with seasonal change, which
affected the extent of sewage dilution of wastewater that discharged into the river
(Table 7.11). The change of water temperature was mainly affected by the change
of the air temperature in different seasons. In spring and autumn, the sampling time
of different rivers might be in the morning, noon, and afternoon. The water tem-
perature at different sampling points may vary widely due to the diurnal variation of
air temperature, but this change in temperature had little effect on the mercury
concentration and transformation of each river. The main factors that influence the
concentration and migration of mercury in rivers are the runoff and flow rate.
The higher runoff not only dilutes the mercury concentration but also increases the
amount of particulate matter in the rivers, thus increasing the PHg content.
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Table 7.11 Annual variation of water parameters in the main tributaries of the BH

Sampling | Sampling [T (°C) |DO (mg L™" |EC TDS |pH | Sal DOC
site date (us cm™h) (%o) (mgL™h
HQ 2003.03 224 1.7 616 - |8.06 |- 3.25
Nanmen 24.3 6.5 293 - | 814 |- 1.62
River

Maixi 22.3 5.8 563 - 1797 |- 1.93
River

Maotiao 13.1 6.7 427 - | 857 |- 2.02
River

HQ 2003.08 22.8 - 440 218 |7.41 0.2 37
Nanmen 23.4 - 603 302 |7.67 |03 1.8
River

Maixi 224 - 1167 605 |7.41 |06 1.2
River

Maotiao 23 - 451 223 |7.35 |02 2.9
River

HQ 2004.03 - - - - |- - -
Nanmen 24.5 44 293 - 814 |02 -
River

Maixi 223 5.8 563 - 1797 |04 -
River

Maotiao 31.1 6.7 206 - | 861 (02 -
River

HQ 2004.08 23.1 391 449 227 |7.6 |02 2.8
Nanmen 22.5 8.79 418 212 |84 |02 0.3
River

Maixi 21.6 8.98 654 341 |7.8 |03 1.5
River

Maotiao 229 4.22 389 196 |7.8 |02 1.6
River

(2) Concentration and distribution of mercury in the main rivers

The distribution and seasonal variation of mercury species in different sampling
points are shown in Table 7.12. The HQ was the largest water inlet of the BH, and
its THg was higher in the dry season than in the wet season. The main reason is the
water discharged from the HF decreased in the dry season, and the dilution of
mercury-containing wastewater from the GOCP and other pollution sources
decreased, whereas for other rivers, the THg in the dry season was slightly lower
than in the wet season, since mercury in these rivers mainly depends on the content
of particulate matter, and the water flow increased during the wet season. The
reservoir accepted more mercury from surface runoff; therefore, the opposite effect
of the increase of dilution and increase of particulate matter resulted in a higher
THg in the wet season than in the dry season. THg in inflow water was higher than
that of outflow water, indicating that the majority of mercury that enters the
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Table 7.12 Distribution of different mercury species in the different seasons of 2003-2004 in the
inflows and outflows of the Baihua Reservoir (ng LY

Date Site THg |DHg |PHg |RHg |TMeHg |DMeHg |PMeHg

Dry season |HQ 67.59 |16.51 (4733 [|3.75 |045 0.26 0.19
Nanmen River |20.99 | 898 | 8.37 |3.88 |0.26 0.24 0.02
Maixi River 18.66 | 6.82 |11.11 [0.93 |0.25 0.20 0.05
Maotiao River |13.50 | 7.15 | 5.36 |145 |0.22 0.18 0.04

Wet season | HQ 5525 |18.29 |36.96 |8.71 |1.05 0.43 0.63
Nanmen River |24.81 |11.07 |13.74 |2.12 |0.97 0.14 0.83
Maixi River 19.56 | 9.87 | 9.69 |1.50 |1.43 0.19 1.24
Maotiao River |15.63 | 7.67 | 7.96 |1.35 |0.50 0.27 0.23

reservoir settles down, especially the PHg (Table 7.12). There was obvious sea-
sonal variation of MeHg in the rivers. MeHg in the dry season was low, and this
might be affected by the temperature, since the water temperature in March was low
and the low temperature was not conducive to the biological methylation of mer-
cury. However, in the field, we did not find a clear difference in water temperature
between the dry and wet seasons. This is because the temperature of the surface
water had risen in the short term with strong sunlight during the sampling time.
Moreover, PMeHg in rivers in the wet season was significantly higher than in the
dry season. Also, the percentage of PMeHg to TMeHg was higher in the wet
season. This might be related to the increasing number of particles in the water,
especially the biologic and microbial particles.

7.1.2.3 Biological Geochemistry of Mercury in Sediment Cores

Sediment in lake systems was not only a sink but also a potential source of the
overlying water (Covelli et al. 1999), and once contaminated, it might be a threat to
the aquatic life for many years (Kudo 1992). The resuspension of sediment and the
diffusion of mercury from pore water to overlying water were considered as
important reasons for mercury pollution in the overlying water (Bloesch 1995).
Mercury emission fluxes from sediment to the overlying water could be estimated
through the concentration difference between the sediment pore water and the
overlying water. Its contribution to the Hg budget of the entire reservoir was also
assessed (Kotnik 2000). In addition, there were a large number of benthic aquatic
organisms and fish living at the bottom of the reservoir, and their food was mainly
the organic debris in the surface sediment, so mercury content in surface sediment
would influence the degree of damage to the organisms. For those lakes historically
contaminated by mercury, we can reconstruct the pollution degree and pollution
history through the sediment profiles.

The seasonal variation of THg in the sediment and pore water was not obvious.
In this study, we collected five sediment cores from the upstream to the downstream
(Fig. 7.34) in autumn of November 2002 and spring of March 2003, and
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determined the THg in sediment and pore water. In Guizhou Province, the water
temperature in spring (March) and autumn (November) was not different and the
average water temperature was approximately 16 °C, with the difference between
the surface and bottom layer being only 0.2 °C. In March, there was less rainfall
and the reservoir was drained for irrigation, so the average water depth was only
approximately 10 m. However, in November, the rainfall was greater than in
March, and the reservoir was in the storage period; therefore, the water depth
increased significantly.

1. THg in sediment profiles

When the bottom water of the reservoir is disturbed, the loose surface sediment
enters the overlying water, becoming a potential source of mercury. Moreover, the
mercury concentration difference between the sediment pore water and the over-
lying water determines the mercury flux direction. It can be seen that mercury
concentrations in surface sediment and pore water were the key points for the
research of mercury mass balance in the reservoir ecosystems. To understand the
history and the present situation of mercury pollution in the sediment of the BH, we
focused not only on the surface sediment, but also on the sediment profiles (in-
cluding the pore water) throughout the reservoir, namely, in the upstream, the
midstream and the downstream.

Five sediment cores in the BH were sampled, including DB (BH0211-1), BF
(BHO0211-2), YJZ (BH0211-3), MT (BH0303-4), and XMC (BH0303-5). Although
the distributions of mercury in different sediment cores were not completely con-
sistent, the general trends were same, especially for cores of 1, 2, and 4. Although
the length of these cores varied, the Hg distribution trends were very similar. THg
in these cores increased gradually from the bottom to the surface and peaked in the
middle. Mercury decreased from the middle to the surface, suggesting that the BH
had a history of serious mercury pollution and that it was greatly reduced after the
removal of mercury at the GOCP. Overall, THg in the surface 1-3 cm of sediments
of the five cores remained at the roughly same level, suggesting that there was no
more mercury discharged from the GOCP in recent years, and the level of mercury
in river sediments did not increase (Fig. 7.48).

The sediment of the BH had been seriously contaminated with mercury. The
critical point for evaluating whether sediment was polluted by mercury or not was
choosing the background criteria. Background values of mercury in sediments were
determined based on the following different three aspects: (A) take the average
content in shale as the global standard; (B) take ancient sediment that formed before
the industrialization as the background value; and (C) take the values of pristine
rivers and lakes that are seldom affected by contamination as the regional back-
ground. In the Second Songhua River of China, a mercury content of 0.036 mg
kg~ ! in silty clay sediment was taken as the background, and we take 8 times this
value, 0.3 mg kg™', as the critical value for evaluation. In Poyang Lake, the mer-
cury content in the soils of nonpolluted cultivated land was taken as the background
value to evaluate the mercury pollution in sediment. The Geography Research
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Fig. 7.48 Distribution of THg in the sediment cores of the Baihua Reservoir (redrawed from Yan
et al. 2008, with permission from Elsevier)
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Institute of Jiangsu Province and Nanjing University gave the standard of
0.3 mg kg™ ! for evaluation of mercury pollution in the sediments of Poyang Lake,
based on the background investigation of different types of soil and Quaternary
sediments in southern Jiangsu Province and the basic situation of the lake. Guizhou
is composed of many yellow soils, and the average mercury content of yellow soil
was 0.262 mg kg~ according to the Guizhou Provincial Environmental Protection
Research Institute. Therefore, we take 0.26 mg kg™ ' as the evaluation standard for
the BH (Wang et al. 1992). The THg in the sediment of the BH was in the range of
0.26-38.9 mg kg~ with a mean value of 6.5 mg kg~'. The average THg in the
sediment of XMC (BH0303-5) in the upstream was 24.6 mg kg~', which was
considerably higher than the lakes without contamination (Anirudh et al. 2003).
Despite the GOCP stopping the discharge of Hg-containing sewage at present, the
large amount of sediment deposited in the rivers was still the main source of
mercury pollution in the BH.

As shown in Fig. 7.49, the average THg was gradually reduced along the flow
direction from the upstream to the downstream (BH0303-5, BH0211-3, BH0303-4,
BHO0211-2, BHO211-1, representing XMC, YJZ, MT, BF, and DB, respectively).
The THg in sediment decreased approximately 60—87%. This was because most
mercury in water is bound to particles. With the deposition of particulate matter,
mercury was also preferentially deposited in the upstream area, making the
upstream pollution more serious than the other sections.

2. DHg in the pore water

As shown in Fig. 7.50, THg in the pore water of the whole reservoir averaged
815.1 ng L™" (range: 6.1-5863.9 ng L™"). Mercury in the pore water of DB and
MT manifested a significant peak in the vertical direction, whereas THg in the pore
water of the other three cores had no obvious trend in the vertical direction, which
may be related to the content of organic matter in the sediments. Compared with the
overlying water, THg in the pore water was much higher, indicating Hg in
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Fig. 7.51 Horizontal
distribution of THg in pore 7000 5%
water of the Baihua Reservoir . - Max
(redrawed from Yan et al. . g mean
2008, with permission from - 50009 R '::
Elsevier) 2 X ’
g 3000
2
[
: |
g
8_ 1000 o
£ X > X ﬁ
0o
& 10001
-3000 -
T T T T T
XMC YZJ MT BF BD
Upstream Downstream

sediments that are likely to enter the pore water and further spread to the overlying
water, and hence causing secondary pollution in the reservoir. In sediments with
higher THg, if THg in pore water was also higher, it would then increase the
dissolved mercury in the reservoir water. On the contrary, if sediment has high
mercury while the pore water has low mercury, this indicates that most mercury in
the pore water was absorbed into the solid phase of the sediment. When the sed-
iment is disturbed, it increases the PHg in the overlying water. However, if the
sediment was not disturbed or disturbed to a less extent, mercury in the overlying
water would not increase too much.

The average THg in the pore water decreased from the upstream to the down-
stream, as shown in Fig. 7.51. The trend was the same as that of THg in the
sediment. Mercury in pore water of BF and DB was equivalent in the downstream,
with DB slightly higher than BF, probably due to the lower organic matter content
at DB resulting in slightly higher dissolved mercury in the pore water. XMC,
located approximately 1.5 km from HQ where different tributaries enter into the
BH, was the first place that mercury enters the reservoir from the GOCP. Although
the GOCP stopped discharging mercury-containing sewage, sediment contaminated
previously by mercury in the riverbed is washed out into BH. Therefore, mercury in
the sediment at XMC was the highest, and where the porosity of sediment was high,
so the mercury was readily desorbed from the solid phase into the liquid phase,
making mercury the highest in pore water.

7.1.2.4 Mercury Exchange Flux Over the Sediment—Water Interface

In general, for lake or reservoir systems, a large amount of particulate matter and
mercury carried by the Inflow Rivers will settle down in the broad lake areas and
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become the sediment (Wang 1993). When accumulated to a certain degree in the
sediment, mercury will transfer from the high concentration medium to the low
concentration medium by the driving force of the concentration gradient, commonly
diffused from the sediment pore water to the overlying water.

Generally, the THg concentration in lake sediments was approximately 0.01—
0.3 mg kg~ ' (Anirudh et al. 2003), but in the BH, the average THg in sediment was
6.5 mg kg~', with the highest value being 38.9 mg kg™ '; therefore, the average
THg in the BH was more than 20 times higher than that of lake sediments without
contamination and even 150 times higher during the stage with most serious pol-
Iution (Nguyen et al. 2005). It was seen that the BH had been severely polluted by
mercury. There was strong sediment resuspension in the BH, and the mercury in
water was mainly in particulate forms (Wang 1993). Moreover, mercury in surface
sediments could be transported into the overlying water by human or biological
disturbance, as well as the water current, wind, and other natural factors.
Ultimately, secondary pollution will be formed. High mercury in pore water was
also an important source of mercury in the overlying water. Therefore, the mercury
exchange flux between the sediment and the overlying water was mainly divided
into two parts: first, the deposition of mercury in water to the sediment and the
release of mercury in the pore water to the overlying water; second, the resus-
pension of sediment to the overlying water, especially to the interface water.
However, the exact contribution of resuspension to the overlying water needs to be
accurately estimated due to the natural and anthropogenic disturbance in the surface
sediments.

1. Estimation of the annual deposition of mercury from water to sediment

The BH was built in 1966, and the sediment sampling was performed in 2002. The
sediment accumulation process includes not only the deposition process but also
hydraulic abatement; therefore, the sediment thickness at different sites was dif-
ferent. The thickness of sediment in the BH was in the range of 15-33 cm with an
average of 23.8 cm. The accumulation rate was 0.92 cm a ' according to the
thickest sediment, which was similar to the HF (0.93 cm a_l) estimated by Wan
et al. (2000). Based on the following parameters, namely, the deposition rate of
surface sediment (0.06 g cm > a '), average mercury concentration in the first
1 cm layer of sediment (6330 ng g~') and total sediment area (1.45 x 10'' cm),
the annual deposition of THg into the sediment of the BH was calculated to be
55,071 g through the formula as follows:

MHgfsed = Aged X Vied X Csed (71)

Mpg_seca—Amount of THg that enters into sediment per year, g a!
Agsea—Total deposition area, cm?

Vsea—Annual sedimentation rate, g cm? a”
C.s—Mercury concentration in surface sediments, ng g~ .

1
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2. Estimation of the annual release of mercury from pore water to the overlying
water

Mercury diffusion from the pore water to the overlying water could be calculated by
Fick’s law. The mercury exchange flux between the pore water and the overlying
water depended on the mercury concentration gradient. When mercury in the pore
water was higher than in the overlying water, mercury would be released into the
overlying water, and vice versa. This process could be expressed by the following
formulas (Kotnik 2000):

Fsed—watDo X [(Csedcwat)/looo} (72)
Dy [D\;z{t + D\;:t/4:| (7.3)
MHgfsedfwatAsed X 365 x Fsedfwat X 1079 (74)

Fsea—wa—Mercury exchange flux between the overlying water and the pore water
(ng m2 day ")

Dy—The mass transfer coefficient of mercury in the ideal solution (m day ")
Cseq—Mercury concentration in sediment pore water (ng m73)

Cya—Mercury concentration in overlying water (ng m™°)

Dy—Mass transfer coefficient of mercury in water (m day_l)

Mg —sed—war—Annual release of mercury from pore water to overlying water (g a_])
Agq—Interface area between the sediment and overlying water (mz).

The values of Dy and Dy, depend on the molecular weight of mercury and its
compounds. Higher values of Dy and D, correspond to smaller molecular weight.
The molecular weights of Hg’, Hg** and MeHg compounds are between 200 and
1500. Based on this, the diffusion rates are in the range of 107°-10°cm? day_l, the
Dy, value should be 0.04-0.2 m day_l, and the Dy value should be 0.01-
0.08 m day '. Since the proportion of MeHg to THg in the pore water and the
overlying water of the BH was small, the molecular weight of inorganic mercury
was relatively small, so the diffusion rate was relatively large. Hence, we chose the
maximum value, 0.08 m day_l, for Dy. Through formulas 7.2, 7.3, and 7.4 and the
concentration gradient values listed in Table 7.13, we calculated the total amount of
mercury released from the sediment pore water to the overlying water annually,

Table 7.13 Mercury Mercury species THg RHg DMeHg
concentration between in the - —
pore water and overlying Hg in pore water (ng L ") 297.1 48.3 5.2
water of Baihua Reservoir Hg in overlying water (ng L™") 46.2 5.9 1.1

Hg Concentration gradient 250.9 24 4.1

(ng L™

Annual release (g a’h 106.2 17.9 1.7
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which was approximately 106 g a~', and accounted for only 0.4% of THg input of
the BH. Since the proportions of RHg and DMeHg were small, the high mercury
concentration in the interface water was not caused by the diffusion of mercury in
the pore water, but the resuspension of surface sediments.

3. Contribution of sediment resuspension to mercury in the water

Mercury in sediments was relatively stable, but mercury in the loose sediment
could be suspended in the water when the water flow or biological disturbance
was strong. This phenomenon is known as mercury resuspension. Mercury
resuspension is strongly influenced by the water flow, wind speed, and human
disturbance. The resuspension process occurred simultaneously with the depo-
sition of particles into the sediment, and these two processes were opposite.
Therefore, we calculated the flux of resuspension according to the sinks of
adsorbed mercury on the suspended particles, that is, the settlement rate of
sediment each year (Table 7.13).

7.1.3 Biogeochemical Cycling of Mercury
in the Aha Reservoir

7.1.3.1 Sampling Sites Description and Sample Collection

The sampling sites included the center area (site A), the upstream area (site B), and
all of the inflow and outflow rivers of the AH (Fig. 7.52). Samples were collected in
March 2005 (low flow season—LF) and August 2005 (high flow season—HL) and
included depth-divided water, pore water, and core sediments of the reservoir as
well as the surface water of the inflow and outflows using an acid-cleaned, Teflon
lined, 10-L Nisiki sampler from a wooden boat. Dissolved gaseous mercury
(DGM), reactive mercury (RHg), dissolved and particulate mercury (DHg, PHg),
total mercury (THg), dissolved and particulate methylation (DMeHg, PMeHg),
DHg and DMeHg in pore water; and THg, MeHg, and total organic carbon (OM%)
in core sediment were analyzed. Parameters, such as water temperature, pH, and
dissolved O, (DO), were measured using a portable multimeter (Henna, Italy)
immediately after sampling. Undisturbed sediment cores were collected using an
SWB-1, which is a custom-designed sediment core sampler. Quality control for Hg
and MeHg determinations was addressed with method blanks, blank spikes, matrix
spikes, certified reference materials of sediment (GBW07405; CRM580), and blind
duplicates. MeHg could be detected at concentrations above 0.01 ng L™" at a blank
level of 0.045 ng L™' in water samples. The detection limit for THg in water
samples was 0.2 ng L' at a blank level of 0.3 ng L™'. Limits of determination
were 0.01 ng g~ for total Hg and 0.003 ng g~' for MeHg in sediment samples,
respectively. The average total Hg concentration of the geological reference
material GBWO07405 was 0.30 & 0.01 ng g~' (n = 5), which is comparable with
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the certified value of 0.29 4 0.04 ng g~ '. An average MeHg concentration of
70.6 & 0.6 ng g~ ' (n = 7) was obtained from CRM580 with a certified value of
70.2 + 3 ng g~'. Recoveries on matrix spikes of MeHg in water samples were in

the range of 88.2-108.4%. The relative percentage difference was <8.5% for total
Hg in sediment and water samples.

7.1.3.2 Mercury Species in the Water Columns

1. Physical and chemical characteristics of the water in the Aha Reservoir

The temperature stratification of water affects the physical, chemical, and biological
processes in the aquatic environment of a reservoir. The occurrence and intensity of
water stratification in different seasons are mainly affected by the geography and
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size of the reservoir, climate, wind force, and river discharge. The average water
depth of the AH is 13.2 m, and the maximum is 24 m. The balance of heat in the
water column of the AH is different in different seasons because of changes in solar
radiation and the atmosphere’s temperature.

The water temperature of the AH varied little in the vertical direction in the dry
season, with variation between 8.9 and 10.7 °C from the surface to the bottom. In
the summer, the surface water temperature rises due to stronger solar radiation and
increased irradiation time. This results in larger temperature variance in the water
column. In the center of the AH, at a depth of approximately 16 m, we noted a
thermocline where the water temperature was 26.9 °C at the surface and 13.4 °C at
the bottom. Water stratification restricts an exchange between the upper and lower
layers of water and can result in significantly different physical and chemical water
properties and ecosystem structure from surface to bottom (Fig. 7.53)

The pH of the AH water ranged from 7.5 to 8.5, showing alkaline. The pH varied
slightly in the water column (Fig. 7.54).

The dissolved oxygen (DO) concentrations were relatively high in the AH water,
with a range of 8.2-10 mg L™" in the low flow season, but they decreased from the
surface (8.7 mg L") to bottom water (3.6 mg L") in the high flow season, and the
vertical pattern of dissolved oxygen was similar to the water temperature. For
example, the DO dropped rapidly from surface (8.7 mg L™") to sub-bottom water
over an approximate distance of 12 m (3.5 mg L™"), while it varied little at depths
greater than 12 m (Fig. 7.55).

In general, the phytoplankton photosynthesis is the primary process of oxygen
production in a reservoir and enriches the content of dissolved oxygen in water,
along with the air—water exchange and river input. Organic matter metabolism is the
primary process of oxygen consumption. Therefore, dissolved oxygen appears
supersaturated in the upper layer of water since phytoplankton, like algae, photo-
synthesizes in the euphotic zone in the summer. The dissolved oxygen content
measures at low levels because of respiration and the relatively fast degradation of
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Fig. 7.53 Vertical water temperature of the Aha Reservoir (redrawed from Feng et al. 2011, with
permission from Elsevier)
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with permission from Elsevier)
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Fig. 7.55 The vertical DO concentrations of the Aha Reservoir water (redrawed from Feng et al.
2011, with permission from Elsevier)

organic matter that consumes oxygen. Water stratification restricts an exchange
between the upper and lower layers of water, which results in the gradual stratifi-
cation of dissolved oxygen. Therefore, the redox boundary of the sediment and
water interface changes as seasons change (Luo 2001).

2. Seasonal variation and distributions of mercury species in water columns
(1) THg in water columns

THg concentrations in the AH water in the low flow season ranged from 2.1 to
20.0 ng L', with a mean value of 6.2 + 4.7 ng L™ (Fig. 7.56). These concen-
trations ranged from 2.1 to 20.0 ng L', with a mean value of 7.0 + 5.3 ng L™, in
the center of the reservoir (site B) and from 2.4 to 13.0 ng L', with a mean value
of 5.1 + 4.1 ng L™, in the upstream area (site A). In the center, THg concentra-
tions showed a trend of decline-rise—decline-rise as water depth increased. THg
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concentrations were high in the middle layer and low in the surface and sub-bottom
layers, with a minimum value recorded at 20 m. In contrast, the THg concentrations
varied little in the upstream area, except for a maximum value (13.0 ng L™")
recorded in the bottom layer.

In the high flow season, THg concentrations ranged from 9.7 to 17.6 ng L™,
with an average 12.5 # 2.5 ng L™', which is nearly 2 times higher than the range
recorded in the low flow season (Fig. 7.56). The THg concentrations in the high
flow season ranged from 9.7 to 16.6ng L™', with a mean value of
12.3 &£ 2.6 ng L', in the center of the reservoir (site B) and from 10.1 to
17.6 ng L™', with a mean value of 12.9 + 2.7 ng L™, in the upstream area (site
A). In the center area, THg concentrations showed distinct variance within the water
column: high in the middle layer and low in the surface and bottom layers, with a
maximum value at a depth of 16 m. In the upstream area, the THg concentrations
increased from the surface to the bottom, except in the sub-bottom layer, where we
recorded a relatively low value.

(2) DHg in water columns

The concentrations of dissolved mercury in the AH water ranged from 1.7 to
8.4 ng L', with an average of 3.1 + 1.7 ng L™, in the low flow season and from
3.8 t0 9.9 ng L™', with an average of 5.1 & 1.7 ng L™', in the high flow season
(Fig. 7.57). In the center of the reservoir, the concentrations of dissolved mercury
gradually decreased as depth increased. In the storage area of the reservoir, con-
centrations of dissolved mercury increased with depth and peaked at 8 m. There
were no obvious differences between upper and lower layers. The water dissolved
mercury concentration of the AH was significantly higher in the wet season,
ranging from 3.8 to 9.9 ng L™', with an average of 5.1 ng L™". The concentrations
of dissolved mercury in the center of the reservoir gradually increased as depth
increased. Due to the frequent exchange between surface runoff and water input in
the storage area, the upper and lower layers changed little, while the concentrations
at the bottom increased significantly. This occurred because decomposition organic
matter at the surface produced bubbles, causing the settlement suspension to refloat,
in turn causing the release of soluble ionic mercury from the overlying water (Xu
et al. 1999).
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The proportions of dissolved mercury to the THg in the AH water were
48.8 &+ 19.0 and 43.5 £+ 11.9% in the center area in low and high flow seasons,
respectively, and 76.2 + 13.8 and 38.1 £ 9.4% in the upstream area in low and
high flow seasons, respectively. There were significant positive correlations
between dissolved mercury and THg in both the center (r = 0.68, p < 0.01, n = 14)
and upstream area (r = 0.79, p < 0.01, n = 10) of the reservoir (Fig. 7.58).

Overall, precipitation increased significantly and the frequency of water
exchange increased during the wet season, making the concentrations of dissolved
mercury lower than those in the dry season. Studies on the WID, DF, and BH of the
Wujiang River Basin have confirmed this observation (Jiang 2005; Yan 2005).
However, in the AH, concentrations of dissolved mercury in the wet season are
higher than those in dry season. During the wet season, the bottom of the reservoir
experiences anaerobic conditions, which spur the migration of iron and manganese
to the overlying water and the redox boundary layer moves up into the water
column (Wang 2003). This causes the adsorbed mercury in the sediment and
interstitial water to release into the water, resulting in greater concentrations of THg
than those caused by the dilution of rainfall and surface runoff.
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Fig. 7.58 Correlation between dissolved mercury (DHg) and total mercury (THg) in Aha
Reservoir water
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(3) PHg in water columns

The concentrations of particulate mercury in the AH in the dry season ranged from
0.3 to 14.8 ng L', with an average of 3.1 + 3.8 ng L™" (Fig. 7.59). In the center
(site B), particulate mercury showed a trend of decline-rise—decline-rise as water
depth increased, like THg, which was high in the middle layer, low in the surface
and sub-bottom layers, and highest at the bottom. The high peak at 12 m may be
attributed to the adsorption of algae, since biological processes are active in this
layer. However, in the upstream area, particulate mercury varied little as water
depth increased. In both sites, the highest concentrations of particulate mercury may
be attributed to the resuspension of sediment by bioturbation that releases mercury
from sediment (Xu et al. 1999) and the accumulation of sinking algae cells that tend
to adsorb mercury (Jiang et al. 2004).

The concentrations of particulate mercury ranged from 3.8 to 11.9 ng L™', with
an average of 7.4 & 2.3 ng L™ in the wet season, which were significantly higher
than the concentrations recorded in the dry season. In the center (site B), particulate
mercury varied from O to 8 m yet dramatically increased from 8 to 16 m (5.8—
12 ng L™") where there were high concentrations of suspended particulate matter
but low concentrations of dissolved mercury. This may be attributed to the
adsorption of mercury onto the algae. However, there was no significant correlation
between particulate mercury and suspended particulate matter in the whole water
column (r = —0.04). This was mainly due to calcareous additions to the Youyu and
Baiyan Rivers by humans, which resulted in high concentrations of suspended
particulate matter in the reservoir’s surface water during the wet season.

Proportions of particulate mercury to THg in AH water were 51.2 + 19.0 and
56.5 £ 11.9% in the center area in the low and high flow seasons, respectively, and
2377 £ 13.8 and 61.9 £ 9.4% in the upstream area in the low and high flow
seasons, respectively. There were strong positive correlations between particulate
mercury and THg in both the center (r = 0.96, p < 0.01, n = 14) and upstream
areas (r = 0.92, p < 0.01, n = 10) of the reservoir (Fig. 7.60).
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(4) DGM in water columns

The concentrations of dissolved gaseous mercury in AH water ranged from 0.04 to
0.09 ng L™, with an average of 0.06 + 0.02 ng L™ in the low flow season, and
ranges of 0.04-0.09 ng L™ in the center and 0.04-0.06 ng L' in the upstream
area (Fig. 7.61).

In the summer, solar radiation increases, temperature rises, and algae blooms.
We observed that concentrations of DGM in the AH in the wet season were much
higher those observed in the dry season, with a range of 0.23-0.31 ng L™' and an
average of 0.27 ng L™" in the whole reservoir, 0.24-0.31 ng L™" in the center area,
and 0.23-0.32 ng L™ in the upstream area. Solar radiation plays an important role
in forming dissolved gaseous mercury (Feng et al. 2002, 2003). The photoreduction
of Hg** to Hg(0) by solar radiation was the main source of dissolved gaseous
mercury in AH water in the wet season. This photoreduction reaction was mainly
driven by UV-A. The reaction mechanism may involve Hg2+ reduction by an
enzyme on the cell surface of algae. Previous studies have shown that UV-A
(UV-B) can contribute up to 25% of the generation of dissolved gaseous mercury
(Zhang 1996).

Fig. 7.61 Seasonal variances DGM (ng L™
of dissolved gaseous mercury 00 0.1 02
(DGM) in Aha Reservoir T T
water (redrawed from Bai 0 L —O— Center, LF .
et al. 2006, with permission 4 --m-- Center, HF s
. . — L —O— Upstream, LF
from Acta Scientiae E gL --@-- Upstream, HF
Circumstantiae) s F
5 2r <
[a)] r Ry
16 - e
20 - LY
24 .




7.1 Introduction 277

(5) RHg in water columns

The concentrations of active mercury in AH water ranged from 0.1 to 1.1 ng L™,
with an average of 0.4 ng L™" in the dry season, and varied little from the surface to
the bottom, but with a maximum recorded at the bottom (Fig. 7.62). The density
current from river to reservoir (the salinity of river water was 4 to 6%o, while the
salinity of reservoir water was 2 to 4%o), caused by adding calcareous lime,
accelerated mixing and exchanging across the sediment—water interface, so the
reactive mercury concentration increased in water at the bottom.

The concentrations of reactive mercury in AH water ranged from 2.1 to
4.5 ng L', with an average of 3.1 ng L™ in the wet season, much higher than
those recorded in the dry season. Concentrations of reactive mercury decreased
from the surface to the bottom yet reached a maximum of 4.5 ng L™" at the bottom
in the center. In the upstream area, concentrations of reactive mercury varied little
from the surface to a depth of 8 m, decreased from 2.8 to 2.1 ng L™' as depth
increased, and suddenly rose to 3.9 ng L™" at the bottom.

The ratios of active mercury to THg were 13 and 45% in dry and wet seasons,
respectively. A higher concentration of active mercury in the bottom water in the
wet season was mainly attributed to the dissolution of iron and manganese oxides
along with river input associated with density current. The iron and manganese
oxides, which act as good adsorbents due to their large surface areas, were reduced
to soluble iron and manganese ions in the oxygen deficit conditions at the bottom of
the reservoir, thus releasing activated mercury from sediment into the water.
Therefore, the precipitation and dissolution of Fe—-Mn oxides played an important
role in the migration and transformation of mercury at the water—sediment interface.

In contrast, the concentrations of active mercury were lower in the wet season
than in the dry season in other reservoirs in southwest China, including the DF and
WID in the Wujiang drainage area and BH. This is mainly due to the dilution effect
(Yan 2005; Jiang 2005). Two reasons explain why concentrations of activity
mercury were higher in the wet season rather than the dry season. On one hand, the
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Fig. 7.62 Seasonal variances of RHg in Aha Reservoir water (redrawed from Bai et al. 2006, with
permission from Acta Scientiae Circumstantiae)
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AH is oxygen deficient in the wet season, which increases dissolved mercury and
methylmercury. On the other hand, particulate matter properties differed from wet
to dry seasons, which affected the distribution of dissolved mercury and
methylmercury between the particulate phase and the water phase.

(6) MeHg in water columns

MeHg concentrations of AH water ranged from 0.03 to 0.43 ng L™!, with an
average of 0.25 ng L™, in the whole reservoir, ranged from 0.06 to 0.40 ng L™" in
the center area, and ranged from 0.03 to 0.43 ng L™" in the upstream area in the dry
season. Little variation was observed across the surface to bottom water. In contrast,
MeHg concentrations were much higher in the wet season, ranging from 0.26 to
2.05 ng L™, with an average of 0.66 ng L™" in the whole reservoir. MeHg con-
centrations ranged from 0.26 to 2.05 ng L™ in the center area, and gradually
decreased from the surface to a depth of 8 m, and then increased as depth increased,
reaching 2.05 ng L™ (approximately 21% of the THg) at the bottom. The con-
centration of methylmercury was 0.30-1.02 ng L™" in the upstream area and had
similar vertical profile compared to that observed in the center area. It gradually
decreased from the surface to a depth of 8 m and then increased to 1.02 ng L™" at
the bottom (Fig. 7.63). In the summer, the concentrations of dissolved oxygen in
the center and upstream areas were 4.52 and 3.61 mg L', respectively, suggesting
that the bottom water (12 m or deeper) was oxygen deficit. In sum, methylmercury
in AH water mainly resulted from the release of MeHg in the sediment pore water.

The average ratios of MeHg to THg in the AH were 4 and 6% in the dry and wet
seasons in the center area, respectively, and 8 and 5% in the upstream area,
respectively. MeHg in the AH water did not have a significant correlation with THg
in the wet (r = —0.13, p > 0.05, n = 14) or dry season (r = 0.362, p > 0.05,
n = 14). This means that the generation and translocation of MeHg was not strongly
correlated with MeHg in the reservoir water (Jiang 2005). In contrast, the MeHg
had a significant positive correlation with RHg (r = 0.638, p < 0.01, n = 28) and
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Fig. 7.63 Seasonal variation of methylmercury (MeHg) in the Aha reservoir water (redrawed
from Bai et al. 2006, with permission from Acta Scientiae Circumstantiae)
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DHg (r = 0.581, p < 0.01, n = 28). Compeau and Bartha (1987) noted that MeHg
did not have the same proportion to MeHg in different samples and found lower
proportions of MeHg in higher MeHg concentrations of sediments.

(7) DMeHg in water columns

The concentration of DMeHg in AH water in the dry season ranged from 0.01 to
0.30 ng L™, with an average of 0.14 ng L™', and was slightly higher at the bottom
than at the surface (Fig. 7.64). The water was mixed well in the vertical direction in
the dry season, as determined by the vertical profiles of water temperature and
salinity. Therefore, little vertical variation of DMeHg was observed. The concen-
tration of dissolved methylmercury in the center area was 0.13 ng L™ on average,
slightly increased as depth increased, and reached a maximum of 0.23 ng L™" at the
bottom. It was 0.18 ng L™! on average in the upstream area with the highest con-
centration of 0.39 ng L™" at 12 m. The AH experienced hypoxia at the bottom in the
summer, and then the redox interface gradually extended to the upper water where
methylation occurred. In addition, iron and manganese oxides in the sediment were
reduced to soluble iron and manganese ions, which released the mercury absorbed
before. Therefore, DMeHg concentrations of AH water increased significantly in the
wet season, ranging from 0.22 to 1.25 ng L™', with an average of 0.49 ng L™".
DMeHg concentrations decreased slightly at first and then increased gradually as
water depth increased, finally peaking at 1.25 ng L™" at the bottom in the center
area. DMeHg concentrations showed similar vertical trends in the upstream area,
decreasing slightly from the surface to a depth of 8 m, and then increasing and
finally reaching 0.76 ng L™ at the bottom. It is worth noting that methylmercury
and DMeHg concentrations increased from a depth of 8 m to the bottom.

The proportions of DMeHg to the TMeHg were 63.7 and 74.2% in the dry and
wet seasons, respectively. There was a significant positive correlation between
DMeHg and TMeHg (r = 0.979, p < 0.01, n = 28). There was not a significant
correlation between DMeHg and DOC (r = 0.226, p > 0.05, n = 28).
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Fig. 7.64 Seasonal variation of dissolved methylmercury (DMeHg) in the Aha reservoir
(redrawed from Bai et al. 2006, with permission from Acta Scientiae Circumstantiae)
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(8) PMeHg in water columns

The concentrations of PMeHg in the AH water were 0.01-0.27 ng L™, with an
average of 0.12 ng L™'. These concentrations first increased as depth increased,
reaching the highest concentrations of 0.23 ng L' and 0.27 ng L' at 8 and 4 m in
the center area and upstream areas, respectively, and then decreased but increased at
the bottom. The adsorption of PMeHg by algae in the biologically active layer at
depths of 5-10 m resulted in high concentrations of particulate MeHg.
Concentrations of particulate mercury increasing again at the bottom of the reser-
voir may be attributed to the resuspension of sediment caused by hydrodynamic and
biological disturbance. Particulate mercury was composed of inorganic particulate
mercury, organic particulate mercury, and particulate mercury derived from
organisms such as bacteria, algae, and plankton. Particulate mercury was mainly
associated with mineral particles and debris, but PMeHg was closely related to
organisms. In a freshwater lake, the distribution of mercury and methylmercury is
mainly controlled by the adsorption or desorption of particulate matter and the
redox conditions at the water—sediment interface (Lawson et al. 2001).

The concentration of PMeHg of AH water ranged from 0.02 to 0.79 ng L™,
with an average of 0.17 ng L™ in the wet season, much higher than that recorded in
the dry season (Fig. 7.65). The concentration of PMeHg had little variation in the
water column, except for the bottom layer water that had the highest value
(0.79 ng L™") in the center area. In contrast, the concentration of PMeHg
(0.26 ng L") did not increase in the upstream area.

The average proportions of PMeHg to TMeHg in AH water were 54.2 and
25.7% in the dry and wet seasons, respectively. The Pearson correlation coefficients
of PMeHg and THg were 0.356 (n = 14) and —0.24 (n = 14) in the dry and wet
seasons, which suggests that there was no significant correlation between them.
Similarly, Pearson correlation coefficient between particle methylmercury and
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Fig. 7.65 Seasonal variation of PMeHg in Aha reservoir (redrawed from Bai et al. 2006, with
permission from Acta Scientiae Circumstantiae)
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suspended particulate matter was 0.205 (n = 28), suggesting no significant corre-
lation. In conclusion, the concentration of PMeHg in AH water was not controlled
by the main river input and the suspended particles in the reservoir.

7.1.3.3 Mercury Species in Inflows and Outflow

Five main rivers enter the AH: the Youyu River, Caichong River, Lanni River,
Shahe River, and Baiyan River. The total annual water flux was 102 million m’.
The outlet of the dam is the only path for the discharge of water from the AH, and
Xiaoche River is located downstream from the dam.

There are 216 small coal mines in the drainage areas of the Youyu, Cai Chong,
and Baiyan Rivers that enter the AH. 80% of coal mines are located in the small
mountain watershed of the Youyu River. Overall, privately owned coal mines were
small scale and mobile with untreated and irregular wastewater discharge.
Furthermore, abandoned gangue was leached and flushed by rainwater and surface
runoff. This was the diffuse source of pollution in the upper reaches of the AH. In
the summers of 1985 and 1990, concentrations of iron and manganese in the
reservoir water exceeded standards and caused the color of the water in the whole
reservoir to change to yellow, which seriously affected the water supply for resi-
dents of Guiyang. Therefore, a series of measures for controlling pollution in the
AH were taken beginning in 1995, including the Xiao Gezhai (12,000 mz) and
Yangmeichong (17,000 m?) collecting pools and the Liangshuijing, Changzha,
Xuechang, and Xiazhai Dams, built according to the wastewater status and the
surrounding environment of the Youyu River drainage area. Meanwhile, neutral-
ization and precipitation from adding lime and an aeration system helped the water
entering the AH finally meet the level III standard for surface water.

1. River water quality characters

The physical and chemical parameters of river water measured in the dry and wet
seasons are listed in Table 7.14. The pH of the river water was above 7.5, mainly
due to the alkaline environment caused the limestone bedrock of AH basin and the
lime added to the river.

The dissolved oxygen concentration of the Lannigou River was very low in wet
season, mainly due to mining and factories in the Lannigou River Basin. More than
10,000 people live in the Lannigou River catchment and the sewage of domestic,
industrial, and agricultural discharge directly flows untreated into the AH. It is
estimated that more than 10 million tons of wastewater discharge into the AH via
the Lannigou River every year.

Youyu River runs through the village of Anxiang, Mai Ping in the Huaxi
District, where an intensive coal mine is located. There were more than 300 mines
years ago, but this number has reduced to 29 mines, which belong to the Lindong
Mine Company. Now a series of water treatments, such as adding lime to the river,
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Table 7.14 Inflows /Outflow water quality parameters of Aha Reservoir (redrawed from Bai et al.
2007, with permission from Acta Mineralogica Sinica)

Date Site T(CC) |pH |DO (mgL™") |TDS |ES (us cm™") | Sal (%o)

Dry season | Xiaochehe river | 9.8 7.8 9.31 375 545 0.4
Lannigou 143 7.6 |5.97 332 543 0.3
Youyu river 15.9 79 |17.75 618 | 1026 0.6
Caichong river | 15.7 7.7 |5.26 427 715 0.4
Sha river 153 8.2 19.87 388 645 0.4
Baiyan river 13.9 8.1 |8.89 383 614 0.4

Wet season | Xiaochehe river | 16.7 7.5 |6.96 341 567 0.3
Lannigou 23 7.8 |0.68 309 610 0.3
Youyu river 24 8 6.66 573 | 1101 0.6
Caichong river |21.8 7.3 |3.68 443 844 0.4
Sha river 26.1 8.5 |3.72 300 623 0.3
Baiyan river 24.5 8.1 |2.46 383 614 0.4

have been initiated. The quality of Youyu River’s water has improved; the con-
centration of DO was 6.7 mg L7, the conductivity was 1101 s cm !, and the
salinity was 0.6% in the wet season.

2. Concentrations and distributions of mercury species

The concentration of THg in the river water entering the AH ranged from 7.1 to
47.9 ng L™, with an average of 19.6 ng L™", with 16.8 ng L™" observed in the dry
season, and 19.9 ng L™" observed in the wet season. The average concentration of
particulate mercury ranged from 0.7 to 40.3 ng L™, with an average of 15 ng L™,
with 12.4 ng L™! observed in the dry season (66% of the THg), and 15.4 ng L™
observed in the wet season (Table 7.15). Particulate mercury in the river was
positively correlated with the THg (r = 0.979, p < 0.01, n = 10) (Fig. 7.66).

The RHg concentrations of river water entering the AH ranged from 0.3 to
2.4 ng L', with an average of 1.3 ng L™', with 0.5 ng L™" observed in the dry
season (4.4% of THg), and 2 ng L™' observed in the wet season (16.8% of THg),
much higher than that in the dry season. A large amount of mercury that adsorbed
on suspended particles became RHg when the DHg decreased in summer, so the
concentration of RHg in the wet season was higher than that in the dry season
(Fig. 7.67).

The concentrations of methylmercury in rivers entering the AH ranged from 0.16
to 2.50 ng L™", with an average of 1.03 ng L', with 0.87 ng L™" observed in the
dry season, and 1.34 ng L™ observed in the wet season. High temperatures in the
wet season accelerated the methylation of mercury. Lannigou River had the highest
concentrations of mercury and methylmercury in the dry season, and Shahe River
had the highest concentration of methylmercury in the wet season. Because of the
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Table 7.15 Concentrations of different forms of mercury in Aha Reservoir input /output stream
(ng L") (redrawed from Bai et al. 2007, with permission from Acta Mineralogica Sinica)

Season Hg River
species | Xjaochehe | Lannigou | Youyu Caichong | Sha Baiyan
river river river river | river
Dry THg 4.7 39.9 7.1 17.1 229 9.0
season DHg 35 10.0 2.5 2.3 4.7 32
PHg 1.2 299 4.5 14.8 18.2 5.8
MeHg 0.21 2.11 0.41 0.47 0.80 [0.56
DMeHg |0.10 0.48 0.27 0.16 0.70 |0.04
PMeHg |[0.11 1.63 0.14 0.31 0.09 [0.52
RHg 0.12 0.25 1.02 0.30 0.57 [0.25
Wet THg 6.2 332 11.6 47.92 10.8 9.9
season | DHg 5.8 3.8 8.1 7.6 10.1 6.9
PHg 0.4 29.4 34 40.3 0.7 3.0
MeHg 1.04 2.36 1.44 0.25 2.50 |[0.16
DMeHg |0.35 1.22 0.17 0.16 0.40 |0.08
PMeHg |0.70 1.14 1.28 0.09 2.10 |0.08
RHg 1.92 1.23 2.19 2.25 2.43 1.96
Fig. 7.66 Correlation 50
between total mercury | y =0.94x-4.6
(THg) and particulate R®=0.96
mercury (PHg) in the Aha 40
reservoir
7: 304
g
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= 20+
10+
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THg (ng L")

sedimentation and interception effects of the reservoir, THg, particulate mercury,
active mercury, methyl mercury, and particulate mercury in the Xiaoche River—the
only outlet river for the AH—were significantly lower than those concentrations
observed in other rivers that enter the reservoir.
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7.1.3.4 Mercury Species in Sediment Cores

1. Organic matter in sediment cores

SWB-1 portable sample apparatus is used to collect sediment cores as it causes no
disturbance to sediments in lakes, thus ensuring that interface water is clear. In the
dry season, the sediment—water interface is covered with a layer of light brown Fe—
Mn nodule membrane with a thickness of about 3 cm. The surface water is clear
and the color of the sediment column turns from dark brown to yellow. The dark
brown part of the sediment column accounts for a length about 19 cm, and the
sediment porosity of the yellow part gets higher with a texture similar to yellow
soil. After entering the wet season, Fe—Mn nodule membrane at the sediment—water
interface disappears, and the interface water becomes slightly turbid. Other prop-
erties of the sediment column remain similar to the dry season.
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The organic matter concentrations and distribution in sediments are shown in
Fig. 7.68. Our data showed that the highest organic matter concentrations were
present in the surface sediment layer, and decreased rapidly within the first 7 cm
below the sediment surface.

2. Distribution of mercury species in sediment cores
(1) THg in sediment profiles

Sediments at the bottom of the lake are not only products of gravitational sedi-
mentation of suspended matter in the water, but also collectors of pollutants in the
water. Further, sediments are reliable records of the sedimentary history in that they
have a strong adsorption to dissolved substances in the water. Therefore, the sed-
iment is the best research object when studying the pollution history and contam-
ination status of lakes.

The mean concentration of total Hg in sediments in AH was 210 ng g~ (ranging
from 160 to 252 ng g~ '). In the dry season, the mean concentration of total Hg in
sediments in AH was 207 ng g~ (160-232 ng g '), and it gets gradually higher as
the depth increases and then remains stable below the depth of 18 cm. In the wet
season, the average THg concentration in sediments was 211 ng g~ ' (ranging from
166 to 252 ng g '), displaying a gradually increasing trend with depth.

THg concentration value fluctuated within the first 10 cm at the sediment surface
and remained almost stable below the depth of 20 cm in the central area of the
reservoir; however, sediment total Hg content remained stable below the depth of
18 cm in the inlet area. Results showed that THg concentration distribution in
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Fig. 7.69 Concentration of total mercury (THg) in sediments collected from Aha reservoir
(redrawed from Feng et al. 2011, with permission from Elsevier; redrawed from Bai et al. 2011,
with permission from Chinese Journal of Ecology)

sediment profiles in the dry season was similar to that in the wet season. Thus, it
implied that there was no seasonal variation in the distribution of THg in sediment
profiles (Fig. 7.69).

The vertical profile distribution of sediment THg could reflect the history of
mercury contamination in an area (Gobeil and Cossa 1993; Canario et al. 2003).
The concentrations and distribution patterns of THg in sediment collected from AH
are illustrated in Fig. 7.69. THg concentrations increased gradually with depth.

The construction of AH started in 1958 and was completed and used for water
storage in 1960. It began to serve as a drinking water source after its water storage
capacity was expanded in 1982. We calculated the age of the sediment depth based
on the sedimentation rate of AH (0.1449 g cm 2ah) (Wang 2003), the section
from 8 to 9 cm of the sediment column reflected the period of storage capacity
expansion in 1982, and the section with a depth of 20 cm basically reflected the
period when Aha Lake was transformed from a lake into a reservoir in 1958.
Therefore, the history of the sediment column in AH could be divided into three
sections (Fig. 7.69).
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In the first section, it covered the depth of 0 cm to 9 cm of the sediment column,
which reflected the period from the expansion of storage capacity till now. THg
concentration in this section ranged from 160 to 230 ng g~ ' (with an average value of
192 ng g~ "). The expansion of storage capacity of AH resulted in a significant rise in
its water level, submerging some coal mines located close to its inflow rivers such as
the Baiyan River and Youyu River. As a consequence, cinders soaked in water thus
caused an influx of leaching solution and wastewater into the reservoir. Since 1985,
excessively high levels of iron and manganese in the inflow and outflow water, from
the waterworks located in the southern suburbs of Guiyang, had been observed, and
the color of water appeared yellowish. Therefore, total Hg content at the depth of 8 cm
was much higher than that at the sediment surface. Aiming to improve the water
quality, relevant establishments built a number of lime delivery stations and barrages
on the upper, middle, and lower reaches of the Baiyan River and Youyu River. This
has greatly enhanced the pH value of water and sediments, and slowed down the
velocity of the water inflow, leading to the sedimentation of heavy metals (such as iron
and manganese) after their oxidation and hydroxylation, thus preventing them
entering into the reservoir. Consequently, THg concentration in the sediment column
at the depth of 0 to 5 cm did not increase and showed a narrow scale variation.

In the second section, it covered the depth from 9 to 20 cm of the sediment
column, which reflected the period of time from the reservoir construction to
storage capacity expansion. THg concentrations in this section ranged from 196 to
232 ng g~ (with an average of 217 ng g~'). At the time when AH was completed
and filled with water in 1960, the whole water area was small and was susceptible to
watershed erosion, and then the sediment porosity was lower than that below this
section. In addition, the pH value of the reservoir was greatly affected by the acidic
wastewater from the coal mines and the leaching solution from the coal cinders
during the construction of the reservoir. As shown in Fig. 7.70 (Wang 2003), the
pH value in the middle section of the sediment column was acidic, resulting in a
higher THg concentration in sediments.

In the third section, it covered the part below the depth of 20 cm of the sediment
column. THg concentration in this section ranged from 214 to 227 ng g~ (with an
average value of 219 ng g ). The color of sediment cores from this section was
observed clearly, and it found that the color is light yellow with a thick and compact
texture, which was completely different from the second section that is brownish
black. As shown in Fig. 7.70 (Wang 2003), the carbon-to-nitrogen ratio (C/N ratio)
in this sediment column was significantly higher than 24, which was also signifi-
cantly higher than that in the second section. In general, the C/N ratio of terrestrial
vascular plants is higher than 20 and the C/N ratio of lower aquatic plants ranges
between 4 and 10. Therefore, we speculate that these sediments in this section were
original deposits, in which organic matter mainly came from terrestrial ecosystems.
As the wastewater influx from mines continued to accumulate in sediments, THg
concentration in this section was the highest in the whole sediment column. Apart
from the acidity input of the coal mines, the associated mercury in mines located in
the river basin was attributed to the increase of Hg concentration in the environment.



288 7 Biogeochemical Cycling of Mercury ...

C/N pH Porosity (% )
0 8 16 24 32 40 5 6 7 8 0 0.5 1 1.5
0 0 0
5 5 5
10 10 10
=
L
15 15 15
5
a 20 20 20
25 25 25
30 30 30
35 35 35

Fig. 7.70 C/N, pH, and porosity (%) in the sediment profile collected from Aha reservoir
(compiled by Wang 2003)

(2) MeHg in sediment profiles

Mercury methylation may be caused by biological or nonbiological factors, or both.
For instance, microbial mercury methylation was accompanied by the process
which organic tin converted inorganic mercury into methylmercury (Domagalski
et al. 2004). More and more researchers were becoming aware that mercury
methylation is mainly caused by microbial bacteria (Lawson et al. 2001;
Leermakers et al. 2001; Lindqvist et al. 1991). Compeau and Bartha (1987) con-
firmed that methylmercury produced by biomethylation in sediments was approx-
imately one order of magnitude higher than methylmercury produced by abiotic
methylation in an anaerobic environment.

The methylmercury concentrations of sediments in AH ranged from 0.2 to
7.2 ng g ' (with an average of 1.8 ng g~'). In the dry season, methylmercury
concentration varied from 0.2 to 3.0 ng g~ ' (with an average of 1.1 ng g™ "), and
the concentrations of dissolved oxygen in the bottom waters at the both sampling
sites of AH were 8.5 mg L™' and 7.9 mg L™!, respectively. Demethylation rate
under aerobic conditions was much higher than that under hypoxic conditions
(Steffan and Korthals 1994). As shown in Fig. 7.71, we observed that the con-
centration of methylmercury in sediments was generally highest in the surface soil
(0-2 cm) at the both sampling sites of the AH, and decreased with depth.

In the wet season, the concentrations of methylmercury in sediments ranged
from 0.50 to 7.25 ng g ' (with an average of 2.45 ng g~ '). Furthermore, the
highest concentration of methylmercury in sediments was observed at the surface.
During the summer, the bottom of the reservoir was under an anaerobic condition
(3.78 mg L™" in the inlet area and 3.61 mg L™" in the central area), and so, the Hg
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Fig. 7.71 Concentration of methylmercury (MeHg) in sediments collected from Aha reservoir
(redrawed from Feng et al. 2011, with permission from Elsevier; redrawed from Bai et al. 2011,
with permission from Chinese Journal of Ecology)

methylation rate was much higher than the demethylation rate under anaerobic
conditions. Besides, a favorable environment for methylation production sediment
was created by the rising temperature at the bottom of the reservoir (16.4 °C in the
wet season, 8.9 °C in the dry season), the organic matter from dead algae and other
plankton that sunk down to the reservoir bottom, and the large amount of organic
matter brought by the inflow rivers. Hence, methylmercury concentration in the wet
season was higher than in the dry season.

The average ratios of methylmercury to total mercury (MeHg/THg) in sediments
of the AH were 0.85% (ranging from 0.12 to 4.22%) and 0.91% (ranging from 0.15
to 3.28%) at the central area and the inlet area. This is consistent with the obser-
vations that the average ratio of MeHg to THg was 1-1.5% or even less than 0.5%
in rivers and seas (Steffan and Korthals 1994; Xun et al. 1987; Gilmour and
Henry 1991).

Factors like the types of land using and the organic matter concentrations play
important roles in the migration and conversion of Hg and MeHg. Wetlands and
peatlands are considered as sensitive ecosystems of MeHg production and impor-
tant MeHg sources in the freshwater (Baldi and Parati 1995). The C/N ratio in the
entire sediments profile ranged between the values of organic matter of aquatic and
terrestrial sources, while the terrestrial sources were characterized with high C/N
ratio. The submerged soils before the construction of AH were mainly yellow soil
under open forest and vegetation and paddy soil. The degradation of organic matter
of AH was mainly occurred in the upper 4 cm of the sediments, while the
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degradation of organic nitrogen is mainly occurred in the upper 8 cm of the sedi-
ments, resulting in low C/N ratio in the surface layer. The C/N ratio in the sedi-
ments below the depth of 8 cm turns to the value of organic matter from terrestrial
source, since there was no degradation of organic nitrogen blow this depth. The
organic matter in AH reflected the features of terrestrial sources. The variation of
MeHg concentrations below the depth of 18-20 cm revealed the type of land using
of the submerged soils before flooding, which was confirmed to be paddy soil.

(3) Influence of SRB on mercury methylation

Microorganisms play a key role in the evolutionary process of the Hg biogeo-
chemical cycle in the aquatic ecosystems. For example, microorganisms play a vital
role in the conversion of Hg?* into MeHg and DeMeHg and the reduction of Hg**
to Hg" (Caldwell et al. 2000; Ikingura and Akagi 1999). Mercury compounds are
toxic to most microorganisms in the freshwater, but many studies have found that
many bacteria are adaptable to Hg (Tremblay et al. 1998). A significant positive
correlation was observed between microbes in sediments and the distribution of Hg
as well as Hg compounds (Akagi et al. 1995). Many studies have shown that SRB
are major Hg-methylating microorganisms in sediments in freshwater and estuaries
(Compeau and Bartha 1987). SRB includes many genera, among which desulfur-
ization intestinal bacteria, desulfurization leaf bacteria, desulfurization bacteria, and
desulfurization bacteria are common types. However, not all SRB are involved in
Hg methylation, instead, some SRB are involved in Hg demethylation (Gilmour
and Henry 1991). The sulfate concentration in sediments of AH is relatively high
and large amounts of SRB can significantly affect Hg methylation. Because the
abundance of SRB ranged with depth of the sediment profile, the sediment profiles
were divided into two sections at the depth of 10 cm to study Hg methylation.
The distribution of SRB in the sediment—water interface in spring was reported in
Table 7.16. The results showed that the abundance of SRB reached the peak at the
depth of 2 cm below the water interface. With the increase of depth, the abundance
of SRB and the sulfate reduction rate decreased. Owing to the distribution of SRB,
sulfate reduction at the sediment—water interface in AH mainly occurred at the

Table 7.16 Distributi(?n .of Depth (cm) SRB (10* cell g—l) SO,2" (mg )

sulfate-reducing bacteria in

sediment—water interface of 22 -

Aha reservoir (Wang 2003) 1 22 1200
2 103 -
4 5 1100
6 8 891
8 <1 470
10 <1 516
12 <1 402
14 4 451
16 <1 500
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surface (a few centimeters) of the sediment (Wang 2003). We found that MeHg
concentration in the sediments in the central area in the dry season was the highest
(3.98 ng g™ ") at the depth of 3 cm below the surface, where the highest concen-
tration of DMeHg (3.01 ng g~") in the pore water was also observed at this depth. As
the redox interface in AH during spring located at the surface (a few centimeters) of
the sediments, different types of SRB may methylate inorganic Hg (IHg) under
moderate anaerobic conditions (Benoit et al. 1999). Since the peak of MeHg con-
centrations in the sediment coincides with the peak of SRB, we can conclude that
SRB may be the major contributor to MeHg in sediments.

(4) Effects of FeRB on mercury methylation

From the distribution of MeHg concentrations in the sediments (Fig. 7.71), it can
be seen that the peak value of MeHg concentrations in the sediments occurs within
the first 10 cm below the sediment surface and MeHg concentration below the
depth of 10 cm did not decrease but remained stable. Besides SRB, are there any
other methylator of Hg?

According to Wang’s study (2003) on the distribution of iron and manganese in
the pore water of the sediment profile collected in front of the dam in the same
season, we could see that the concentration of iron ion within the first 8 cm below
the surface remained stable. However, the concentration of iron ions in the pore
water displayed a rapid increase at the depth of 18 to 30 cm in the sediment profile,
with a sustained concentration around 20 mg L™" (Fig. 7.72). The distribution of
abundance of FeRB shows a similar pattern. With the increase of depth, the
abundance of Fe-reducing bacteria in the pore water increased from 10° cell g~ " at
the depth of 12 cm to 2 x 10° cell g~ " at the depth of 15 cm in the sediments. The
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Fig. 7.72 Seasonal distribution of iron and manganese in the pore water collected from Aha
reservoir (compiled by Wang 2003)
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abundance of FeRB remained basically stable around 2 x 10° cell g~*, indicating
that FeRB mainly exists at the bottom of the sediments under the reduction con-
dition (Warner et al. 2004). We observed the peak of MeHg concentration at the
depth of 10 cm of the sediment profiles. Although MeHg concentration decreased
at the depth of 20 cm, it still remained a certain concentration. This may be
attributed to the contribution of FeRB on Hg methylation (Fleming et al. 2006).
Fleming et al. (2006) first observed that FeRB can convert IHg into MeHg in the
natural environment. In the sediments rich in iron, Hg methylation by FeRB is an
important source of MeHg in the sediments. Our data also supported the view that
FeRB could methylate Hg in the sediments.

3. Distribution of mercury species in pore water of sediment
(1) DHg in pore water

The release of Hg is a bidirectional process (from sediments to water and from
water to sediments) characterized by high intensity and large quantity. A change in
Hg concentration in the pore water is the most obvious manifestation of Hg
releasing from the sediments. In the dry season, THg concentration in the pore
water of the sediment collected from AH ranged from 2.7 to 19.2 ng L™" (with an
average of 6.3 ng L™"). In the central area of the reservoir, DHg concentration in
the pore water of the sediment ranged from 2.7 to 11.6 ng L™" (with an average of
6.7 ng LY. The peak value of 11.6 ng L™ was observed at the depth of 1 cm
below the sediment surface. As the depth increasing, DHg showed a gradually
decreasing trend. In the inlet area, DHg concentrations in the pore water ranged
from 3.1 to 19.1 ng L™' (with an average of 5.9 ng L™") and the maximum con-
centration of 19.1 ng L™' was observed at the depth of 4 cm below the sediment
surface (Fig. 7.73). In general, DHg in the pore water of the sediments was sig-
nificantly higher than those in the overlying water. When there was a concentration
gradient between the pore water of the sediments and the water bodies, DHg will be
diffused from the pore water of the sediments into the water bodies.

In the wet season, DHg in the pore water of the sediments of AH ranged from
7.5t092.1 ng L™" (with an average of 34.1 ng L™"), which was significantly higher
than those in the dry season. This was mainly attributed to the fact that temperature
of the water body in the wet season was much higher than those in the dry season;
in addition, the mineralization and degradation of organic matter in the sediments
were the driving force of these processes. In the aerobic sediments, sedimentary
organic matter was metabolized by different microbial communities, including
bacteria, actinomycetes, and fungi, which could completely mineralize organic
molecules and produce CO; directly. Under anaerobic conditions, different anaer-
obic bacteria communities can degrade organic matter by different steps. The
mineralization and degradation of organic matter led to the changes of pH and
redox potential in the sedimentary environment, which result in the reduction and
dissolution of heavy metals in the solid phase. Meantime, the Hg adsorbed on iron
and manganese particles could be desorbed, which could enter into the pore water
of the sediments and migrate to the overlying water driven by the concentration
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Fig. 7.73 Concentration of dissolved mercury (DHg) in pore water collected from Aha reservoir
(redrawed from Feng et al. 2011, with permission from Elsevier; redrawed from Bai et al. 20006,
with permission from Acta Scientiae Circumstantiae)

gradient. DHg concentrations in the pore water of the sediments in the central area
varied from 7.5 to 76.2 ng L™ (with an average of 30.8 ng L™"), and reached a
peak at the depth of 8 cm below the sediment surface. As the increase of depth,
DHg concentrations gradually decreased. DHg concentrations in the pore water of
the sediments in the inlet area ranged from 7.8 to 92.1 ng L™" (with an average of
32.7 ng L™"). The maximum value of DHg (19.1 ng L™') was observed at the
depth of 6 cm below the surface.

The partition coefficient between the sediment and pore water varied signifi-
cantly. IHg varied from 10* to 10° L kg™' (Lyon et al. 1997). The partition coef-
ficients of inorganic Hg between the sediment and the pore water in the dry season
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and wet season were 3.9 x 10* and 1.1 x 10* L kg™', respectively. As could be
seen, the partition coefficient was higher in the dry season than that in the wet
season. As temperature rises in summer, the bottom of the reservoir was in an
anaerobic environment where anaerobic microbes like SRB and FeRB were active
and abundant. It facilitated the conversion of inorganic Hg in the pore water to
MeHg (Ikingura and Akagi 1999).

(2) DMeHg in pore water

DMeHg concentration in the pore water of the sediments of AH in the dry season
varied between 0.06 and 1.57 ng L™ (with an average of 0.62 ng L™"). In the
central area of the reservoir, DMeHg concentration ranged from 0.07 to
1.27 ng L™" (with an average of 0.46 ng L™"). In the inlet area, DMeHg concen-
trations varied from 0.06 to 1.57 ng L™" (with an average of 0.72 ng L™"). DMeHg
concentrations in the pore water of the sediments were much higher than those in
the overlying water; in other words, there was a concentration gradient between the
sediment and the overlying water.

MeHg concentrations in the pore water of the sediments in the wet season varied
from 0.33 to 4.20 ng L™ (with a mean value of 1.11 ng L™"), which were sig-
nificant higher than those in the dry season. DHg concentrations in the pore water of
the sediments in the central area of the reservoir ranged from 0.43 to 4.20 ng L™
(with an average of 1.28 ng L™") and reached a peak at the depth of 3 cm below the
sediment surface. DHg concentrations decreased gradually with the increase of
depth of sediments. DHg concentrations in the pore water varied from 0.33 to
3.42 ng L™! (with a mean value of 0.94 ng L™"). The maximum value of MeHg
concentration was observed at the depth of 2 cm below the sediment surface,
reaching a value of 3.42 ng L™".

As shown in Fig. 7.74, MeHg concentrations in the pore water of the sediments
were much higher than those in the overlying water body both in the wet and dry
seasons. MeHg concentrations in the pore water were significantly correlated to
MeHg concentrations in the sediments (in the dry season, r = 0.575, p < 0.01,
n = 40; in the wet season, r = 0.409, p < 0.01, n = 40, Fig. 7.75). The results were
similar to those observed also in reservoirs of the Wujiang River Basin by Jiang
(2005). The MeHg concentrations in the pore water of the sediments were affected
by the solid—liquid equilibrium between the sediments and the pore water to a
certain extent.

Partition coefficient of MeHg between the sediments and the pore water varied
from 10° to 10° L kg~' (Gagnon et al. 1997; Fitzgerald et al. 1994). Partition
coefficients of MeHg between the solid and liquid sediment interfaces in AH were
as follows: 2.6 x 10° L kg™! in the dry season, 2.5 x 10° L kg™ in the wet
season, 2.2 x 10° L kg™ in the central reservoir, and 3.6 x 10° L kg™ in the inlet
area.

THg concentrations in the pore water of the sediments were generally higher
than those in the overlying water (Canavan et al. 2000). MeHg in the pore water of
the sediments also accounts for higher proportion of THg than those in the
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Fig. 7.74 Seasonal variation of dissolved methylmercury (DMeHg) in the pore water collected
from Aha reservoir (redrawed from Feng et al. 2011, with permission from Elsevier; redrawed
from Bai et al. 2006, with permission from Acta Scientiae Circumstantiae)

overlying water bodies. In this study, we found that DMeHg accounts for 1-29% of
the DHg in the pore water in the dry season, averaging 11%. The ratios of DMeHg
to DHg ranged from 1 to 14% with an average of 5%.

(3) Diffusion flux of inorganic mercury and methylmercury to water

The concentration of inorganic Hg (IHg) and MeHg in the pore water of the
sediments was higher than those in the overlying water, showing a concentration
gradient between sediments and the overlying water. For deepwater reservoirs,
molecular diffusion caused by concentration gradient is a major process that
facilitates the matter exchange between sediments and overlying water bodies.
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Fig. 7.75 Correlation between MeHg in sediments and MeHg in pore water collected from Aha
reservoir

Table 7.17 Annual release DHg MeHg

fluxes of inorganic DHg and —

MeHg in Aha reservoir Pore water (ng L™ ') 92.1 4.20
Overlying water (ng L™ 3.1 0.30
Concentration gradient (ng LY 89.0 4.17
Diffusion fluxes (g a ') 73.7 3.45

Through the Hg concentration in the profile of the pore of the sediments, we can
calculate the diffusion fluxes of DMeHg and inorganic Hg in the sediments/water
interface under steady-state conditions using the First Fick’s Law. It can estimate
the contribution of sediment inorganic Hg and MeHg to the overlying water body.
The method and formula of calculation are shown in Chap. 3 (Table 7.17).

It can be seen that the annual diffusion of DHg and MeHg from pore water of the
sediments to the overlying water body reached 73.7 and 3.45 g, respectively, which
accounted for 1 and 3% of the annual total amount input by river, respectively.
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Chapter 8
Mercury Mass Balance in Reservoirs
with Different Ages

Abstract Reservoirs play a complicated role in the transportation of mercury
(Hg) the river reservoir ecosystems. Under different environmental conditions,
reservoirs can be a sink for Hg to the outflow river, a source of Hg to the inflow
river, or a place for Hg to transform from inorganic Hg (IHg) to methylmercury
(MeHg). The different pathways for regulation and operation in the reservoir lead to
distinct water exchange frequencies and residence times as well as distinct
source-sink characteristics for the reservoir. In this chapter, we (1) estimated the
input/output fluxes of Hg species (THg and MeHg) in a reservoir and (2) assessed
the role of different reservoir stages on the source/sink of Hg in the transportation
and transformation of Hg in a river reservoir ecosystem.

Keywords Mercury - Mass balance - Reservoir -+ Wujiang river basin

8.1 Description of the Mass Balance Budget Calculations

Mass inputs to reservoirs originate from river inflow, direct atmospheric Hg
deposition, and direct runoff from upland water and groundwater. Mass outputs
from reservoirs are primarily from reservoir discharge, evaporation from the water
surface into the atmosphere and other pathways, e.g., industrial and agricultural
water consumption.

The Wujiang River is a typical precipitation-driven, deep-valley river.
Precipitation is the primary water recharge source. The water cycling in the
Wujiang River Basin is very complex, e.g., high-intensity rainfall during the rainy
season, numerous runoffs, and a complicated groundwater system due to the karst
geomorphology. A part of the runoff is transported into the reservoir via a river, and
the other part of the runoff infiltrates the underground to recharge the groundwater.
In addition, the groundwater can recharge the surface water through underground
streams, debouchure, wellsprings, and so on. Given the complicated water cycle
systems, we assumed that 50% of the surface runoff enters the reservoir, and we
ignored the influence of the groundwater supply and surface water leakage because
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Fig. 8.1 Input—output pathways of Hg in reservoirs in Wujiang River Basin

of the mass balance for the groundwater supply and surface water leakage during
one hydrologic year. Figure 8.1 shows the Hg mass balance in the reservoir, and all
data in this study were obtained in 2006. Summary of input/output pathways of
THg, MeHg, and total suspended solid (TSS) in reservoirs in Wujiang River Basin
is shown in Table 8.1.

Input—output calculations for the total mercury (THg), methylmercury (MeHg),
and particulate mercury (PHg) concentration were performed as described by St
Louis et al. (1994, 2004). The basic equation used in the input—output budget
calculations for each of the reservoirs was:

Net flux = Z output — Z input (8.1)

Table 8.1 Summary of input/output pathways of THg, MeHg, and total suspended solid in
reservoirs in Wujiang River Basin

Inputs and outputs pathways Comments

Inputs | Deposition Concentrations measured in bulk deposition; rainfall data
collected from the local meteorological station

Inflow river Concentrations measured; water volume data collected
from a hydrological station nearby

Surface runoff Concentrations measured; water data collected from a
hydrological station nearby

Outputs | Discharge of reservoir Concentrations measured; water data collected from a
hydrological station nearby

Evasion of Hg” through | Hg® evasion fluxes were calculated based on DGM
water—air surface measurement

Other ways Industrial and agricultural water consumption (irrigation
water use, evaporation, consume by water plant, etc.)
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If the net flux <0, it means that the reservoir acts as a sink; otherwise, the
reservoir is a source.

8.2 Water Balance in Reservoirs

8.2.1 Water Input from Wet Deposition

The weather in the Wujiang River Basin is controlled by the subtropical, moist
monsoon climate. Atmospheric precipitation is mostly rain with very little snow.
Hence, the amount of precipitation in this study refers to the rainfall amount. The
annual rainfalls for the Puding Reservoir (PD), Yinzidu Reservoir (YZD),
Hongjiadu Reservoir (HID), Dongfeng Reservoir (DF), and Wujiangdu Reservoir
(WIJD) in the mainstreams of the Wujiang River Basin were 1203, 1069, 881, 970,
and 693 mm, respectively, during 2006. The average annual rainfall was
963 £ 193 mm, which is close to the multi-year average (1100 mm). The monthly
rainfall for the five selected reservoirs in the Wujiang River Basin is shown in
Fig. 8.2.

The rainfall mainly occurred during the period from May to October in 2006,
and this period accounted for approximately 80% (~ 779 mm) of the annual rainfall
for each reservoir. The water input into the reservoir from rainfall (Tables 8.2, 8.3,
8.4, 8.5, 8.6 and 8.7) can be estimated using Eq. 8.2.

-3
Vrainfall = Rrainfall X Areservoir x 10 (82>
where Viinrann 18 the annual water volume added to the reservoir through rainfall

(m); Rpainfan 18 the annual rainfall of the study area (mm); and A egervoir 1S the water
area of the reservoir for the normal water level (m?).

EPD ®YZD ®HJD BEDF 0OWwWJD

400 4

300 A

200 A

Rainfall (mm)

100 A

Fig. 8.2 Monthly distributions of rainfall in reservoirs in Wujiang River Basin
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Table 8.2 Input—output water volume of Puding reservoir (PD) through different pathways

(x10* m?)
Month | Input Output
Deposition | Inflow river Surface Discharge of Other
Sancha Boyu runoff reservoir
river river
1 4.2 6106.8 100.2 69829.7 2223.1 172464.6
2 62.8 4040.1 66.3 4886.8
3 36.6 4205.1 69.0 5383.6
4 63.7 1840.3 30.2 5650.6
5 216.6 3508.7 57.6 3160.5
6 686.5 48807.4 800.9 39139.2
7 212.3 116189.0 | 1906.5 44220.4
8 269.3 26623.3 436.9 153204
9 205.4 11638.1 191.0 15940.8
10 513.6 51157.4 839.4 35756.6
11 20.0 16251.8 266.7 23976.0
12 25.4 7365.6 120.9 6642.4
Total |2316.4 297733.5 | 4885.5 69829.7 202300.4 172464.6
374765.0 374765.0

Table 8.3 Input—output of water to Yinzidu reservoir (YZD) through different pathways

(x10* m?)
Month | Input Output
Precipitation | Discharge of PD | Surface runoff | Discharge of reservoir | Other
1 9.6 2223.1 6553.594 48479 7185
2 62.6 4886.8 5636.7
3 43.4 5383.6 5303.2
4 90.6 5650.6 4225.0
5 215.1 3160.5 3053.4
6 263.0 39139.2 27656.6
7 199.4 44220.4 49791.5
8 185.0 15320.4 21105.8
9 90.1 15940.8 14955.8
10 391.5 35756.6 50112.9
11 22.6 23976.0 23328.0
12 25.6 6642.4 23489.6
Total 1598.5 202300.4 6553.594 203267.2 7185
210452.5 210452.5
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Table 8.4 Input—output of water to Hongjiadu reservoir (HJD) through different pathways

(x10* m?)
Month | Input Output
Precipitation | Inflow river Surface Discharge of Other
Liuchong | Luojiao | runoff reservoir
river river
1 92.6 8195.9 1790.3 117750.6 14838.3 139833.3
2 197.2 6870.5 1500.8 21022.8
3 201.3 6669.2 1456.8 19230.9
4 855.7 9175.7 2004.4 8864.6
5 1160.0 8303.0 1813.7 11490.3
6 1515.8 22109.8 4829.7 2358.7
7 443.6 35408.4 7734.8 23328.9
8 548.2 19900.5 4347.1 25203.7
9 822.7 18817.9 4110.7 30430.1
10 788.1 25846.6 5646.0 12293.9
11 3333 16433.3 3589.7 22550.4
12 131.2 15882.9 3469.5 29301.7
Total | 7089.6 193613.8 42293.7 117750.6 | 220914.4 139833.3
360747.7 360747.7

Table 8.5 Input—output of water to Dongfeng reservoir (DF) through different pathways

(x10* m?)
Month | Input Output
Precipitation | Inflow river Surface | Discharge | Other

Liuchong river | Sancha river runoff of )
(Yachaihe (Yachaihe reservoir
section) section)

1 154 14838.3 4847.9 21873.1 | 16927.5 |234384

2 74.1 21022.8 5636.7 20853.5

3 65.4 19230.9 7981.6 23355.6

4 137.0 8864.6 12001.0 25764.5

5 271.8 11490.3 3053.4 8115.6

6 297.5 2358.7 56168.6 42301.4

7 200.7 23328.9 49791.5 53246.6

8 127.1 25203.7 21105.8 64495.9

9 109.8 30430.1 14955.8 50284.8

10 483.6 12293.9 50112.9 71191.9

11 35.8 22550.4 23328.0 54406.1

12 31.3 29301.7 23489.6 62728.1

Total | 1849.6 220914 .4 272472.8 21873.1 |493671.5 |234384

517109.9 517109.9
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Table 8.6 Input—output of water to Suofengying reservoir (SFY) through different pathways
(x10* m?)

Month | Input Output
Precipitation | Inflow river Surface Discharge of Other
Discharge Maotiao runoff reservoir
of DF river
1 4.6 16927.5 1363.3 44019.7 19445.2 62857.9
2 222 20853.5 3057.9 33675.3
3 19.6 23355.6 3377.5 32783.6
4 41.0 25764.5 4738.2 41342.4
5 81.3 8115.6 7242.4 22605.7
6 89.0 423014 10189.2 72498.2
7 60.0 53246.6 13116.1 79816.3
8 38.0 64495.9 2796.2 55710.7
9 32.8 50284.8 1915.5 44582.4
10 144.6 71191.9 8045.9 80512.7
11 10.7 54406.1 6622.6 55287.4
12 9.3 62728.1 2630.2 52094.9
Total 553.1 493671.5 65094.9 44019.7 540481.2 62857.9
603339.2 603339.2

8.2.2 Water Input from the Inflow River

The tributary inflow river for each reservoir is listed in Table 5.1 (Chap. 5). The
water volume added to the reservoir from the inflow river can be estimated using
Eq. 8.3.

Vivw = F x T (8.3)

where V., is the water volume added to the reservoir from the inflow river (m3);
F is the flow rate of the inflow river (m3 s_l); and T is the time (s).

The largest annual water input was the inflow river of WJD through the dis-
charge from Suofengying Reservoir (SFY). This input reached a maximum value in
June and October (798,160,000 and 805,130,000 m3, respectively). The smallest
water input was from the Boyu River (BY), which is the inflow river for PD, and
the minimum value was 300,000 m® in April. Generally, the input from the inflow
river into the reservoir is controlled by seasonal variations, and the flow rates
increase during the rainy season and decrease during the dry season.
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8.2.3 Water Input from the Surface Runoff

Because we did not measure the runoff flow data, the water input into the reservoirs
from the surface runoff was estimated using Eq. 8.4

Viunoft = Drunoft X Arunoft (mZ) x 50% (84)

where Viyofr 1S the water volume added to the reservoir through the surface runoff
(m3); Drunote 18 the multi-year average depth of the runoff (m); and Ao 1S the
catchment area of the reservoir (mz). We assumed 50% of the surface runoff entered
the reservoir, and we ignored the influence of the groundwater supply and surface
water leakage.

8.2.4 Water Output from Reservoirs

Reservoir discharge is the main pathway for water output from reservoirs. The other
outputs mainly refer to industrial and agricultural water consumption, evaporation,
consumption by water plants, and so on. This study also includes the water pool for
the reservoir. The fluxes in the discharge water from the reservoirs were estimated
using Eq. 8.3. The other output (Tables 8.2, 8.3, 8.4, 8.5, 8.6 and 8.7) was esti-
mated using Eq. 8.5, which assumes a water balance for the input—output.
Generally, the fluxes in the discharge water are controlled via the operation of the
reservoir, and the maximum value was at WID and the minimum at PD.

Output e, = Z input — OutpUt i charge (8.3)

where Outputyy,, is the output water volume through other pathways (m®); > input
is the total water input volume into the reservoir (m%); and OUtPULgischarge 15 the
water output volume through the reservoir discharge (m>).

8.2.5 Input-Output Water Budgets in Reservoirs

As shown in Tables 8.2, 8.3, 8.4, 8.5, 8.6 and 8.7, the largest annual water input—
output flux was at WJID (7633,153,000 m3), which was followed by SFY (6033,
392,000 m*), DF (5171,099,000 m®), PD (3747,650,000 m*), HID (3607,
477,000 m3), and YZD (2104,525,000 m3). The water input came from the inflow
river for each of the reservoirs in the Wujiang River Basin. The water input during the
rainy season (60% of the total input, from May to October 2006) was higher than the
input during the dry season. The water output from the reservoir discharge during
the rainy season constituted > 60% of the total output for each of the reservoirs, with



8.2 Water Balance in Reservoirs 311

the exception of HID. The water output from the reservoir discharge was mainly
controlled via the generation dispatch schedule. The average annual water input to the
reservoirs from the inflow rivers was 4137,660,000 + 1960,080,000 m? during
2006, which accounted for 86.8 £ 11.8% (ranging from 65.4 to 96.1%) of the total
input. The water input through precipitation was 70,900,000 + 5530,000 m?, which
contributed 0.7 £ 0.7% (0.1-2%) of the total input. The water input from ground-
water and direct surface runoff was 550,890,000 4+ 399,070,000 m> , which con-
tributed 12.5 + 11.3% (ranging from 3.1 to 18.6%) of the total input. The water input
from groundwater, surface runoff, and precipitation are controlled by the areas of the
Woujiang River Basin and the surface area of the reservoir. The Sancha River (SC) and
Liuchong River (LC), which are located at the upper end of the Wujing River, are the
main inflow rivers for PD and HID, respectively. For the other four reservoirs (YZD,
DF, SFY, and WJD), the water input mainly comes from the discharge water from the
upstream reservoirs. Reservoir discharge was the predominant water output pathway
for each of the reservoirs in the Wujiang River Basin and accounted for 79.5 £+ 18.1%
of the total output.

8.3 Input—Output Budgets for the Total Mercury
and Methylmercury in Reservoirs

8.3.1 Total Mercury and Methylmercury Inputs
Jrom Precipitation

The input flux for THg (MeHg) from precipitation was estimated using the
following:

Fprecipitation = Z Vmonth X Cmomh X 1076 (86)

where Fyrecipitation 18 the THg (MeHg) flux from wet precipitation (g); Vimonw is the
monthly water input to the reservoir from wet precipitation (m*), and Cponm is the
monthly averaged THg (MeHg) concentration in the precipitation (ng L™).

The monthly inputs of THg and MeHg to the reservoirs from precipitation are
shown in Tables 8.8 and 8.9. The annual THg input was 477.1 g to PD, 570.9 g to
YZD, 2795.1 g to HID, 691.1 g to DF, 207.7 g to SFY, and 1891.8 g to WID. The
annual MeHg input was 4.25 g for PD, 2.80 g for YZD, 12.62 g for HID, 3.68 g
for DF, 1.10 g for SFY, and 7.91 g for WJD. With the exception of WJD, the THg
and MeHg inputs to the reservoirs from precipitation were significantly higher
during the rainy season than the dry season (p < 0.05). The inputs during the rainy
season accounted for 68.1 and 74.6% of the annual input from precipitation,
respectively. However, the annual THg input from precipitation during the wet
season accounted for only 44% of the annual input from precipitation, which was
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Table 8.8 Input of total Hg (THg) to reservoir through precipitation (g)

Month PD YZD HID DF SFY* WID

1 3.5 13.5 63.2 222 6.6 74.8
2 30.8 47.5 106.6 67.5 20.2 300.6
3 13.7 27.1 90.9 37.6 11.2 177.1
4 44.6 57.7 719.2 69.5 20.8 174.6
5 74.8 132.0 841.6 169.3 50.6 205.9
6 98.5 72.1 306.0 73.4 22.0 253.0
7 25.7 44.8 56.8 49.2 14.7 43.6
8 55.2 22.8 113.6 229 6.9 232
9 18.9 6.7 109.9 13.0 39 41.5
10 95.1 119.7 218.9 131.5 39.3 265.2
11 2.4 8.5 113.7 10.0 3.0 272.6
12 13.9 18.5 54.6 24.8 7.4 59.7
Total 477.1 570.9 2795.1 691.1 206.7 1891.8

“Data concerning THg concentration in deposition and corresponding rainfall in SFY were
obtained from nearby DF sampling station

Eab';/l 8-}91’ Input of methyl  Noney  [pD [YzD |[HID  [DF  [SFY* |[wiD
thfoflg}f pfgcti;ifzzzrg(zg) 1 003 004 | 076 |006 |0.02 021
2 020 (015 | 076 019 |006 | 1.06
3 011 [011 | 068 |0.14 |004 041
4 009 [016 | 112 |028 |008 047
5 052 (025 | 243 051 |015 | 124
6 118|041 | 209 [100 |030 |1.72
7 041 048 103 042 013 |03l
8 038 (034 | 063 |03 |004 |021
9 044 | 0.07 133 013 004 |0.56
10 0.83 |0.67 118 068 020 |0.61
11 003 (006 | 038 (007 |002 072
12 004 (006 | 024 (007 |002 039
Total  |425 |2.80 |12.62 |368 |1.10 |7.91

“Data concerning MeHg concentration in deposition and
corresponding rainfall in SFY were obtained from nearby DF
sampling station

probably because of the higher THg concentrations in the precipitation during the
dry season.

The increase in the THg concentration in the precipitation during the dry season
is attributed to Hg contamination in the regional ambient air due to anthropogenic
Hg emissions, such as residential coal combustion, Hg emissions from a calcium
factory in Xifeng county, and Hg emissions from an iron factory near WID.
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Table 8.10 Total Hg (THg), methyl Hg (MeHg), and total suspended solid (TSS) inputs to
Puding reservoir (PD) through inflow river

Month THg (g) MeHg (g) TSS (t)
sc? BY? sc BY N6 BY

1 191.8 43 6.31 0.10 76.0 2.8
2 198.4 3.5 473 0.07 87.1 14
3 131.8 3.0 4.52 0.07 86.9 1.9
4 67.5 1.5 2.28 0.04 61.4 1.0
5 167.3 3.4 5.32 0.08 1325 2.0
6 2216.8 33.8 79.14 1.18 2413.6 40.5
7 5412.1 87.4 164.47 2.99 4627.8 93.3
8 1049.2 18.9 29.01 0.54 661.3 14.5
9 401.6 5.9 12.91 0.25 306.9 6.4
10 3320.4 91.2 73.26 1.07 2338.6 50.1
11 1059.1 25.1 21.07 0.29 664.7 8.9
12 481.9 9.6 8.10 0.12 203.7 3.1
total 14697.9 287.8 411.11 6.80 11660.6 225.9

“SC, Sancha river; BY, Boyu river

The correlation analysis suggested that there was not a significant correlation
between Hg (THg and MeHg) inputs and Hg concentrations in the precipitation
(THg: r = 0.18, p = 0.13, n = 72; MeHg: r = —0.005, p = 0.97; n = 72). However,
Hg (THg and MeHg) inputs significantly correlated with the rainfall (THg:
r=0.26, p=0.03, n="72; MeHg: r=0.47, p <0.01, n =72) and the surface
areas of the reservoirs (THg: r = 0.55, p < 0.01, n = 72; MeHg: r = 0.65, p < 0.01,
n = 72). The statistical results suggested that the Hg (THg and MeHg) inputs to the
reservoirs in the Wujiang River Basin were primarily controlled by the rainfall and
the surface areas of the reservoirs.

8.3.2 Total Mercury, Methylmercury, and Total Suspended
Solid Inputs from the Inflow Rivers

The inputs of THg, MeHg, and TSS to reservoirs from the inflow rivers were
estimated using Eq. 7.7, and the calculated data are summarized in Tables 8.10,
8.11, 8.12, 8.13 and 8.14.

Friver = Z Vmonth X Cmonth X 1076 (87)

where F is the inputs of THg, MeHg, and TSS from the inflow rivers to the
reservoirs (£); Vionm 1S the monthly water input to reservoirs from the inflow rivers
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Table 8.11 Total Hg (THg), methyl Hg (MeHg), and total suspended solid (TSS) inputs to
Houjiangdu reservoir (HID) through inflow river

Month THg (2) MeHg (g) TSS ()
LC* L LC L) LC L)

1 258.4 65.4 6.77 1.82 169.6 50.4
2 207.6 424 6.94 1.28 83.7 17.5
3 168.3 32.8 7.67 1.49 95.8 22.2
4 325.4 66.6 10.40 2.67 253.9 59.0
5 408.6 71.1 15.37 3.04 234.1 59.8
6 1186.0 224.8 34.54 6.87 1468.9 249.4
7 1967.3 357.4 66.38 13.47 1357.0 271.8
8 1003.2 146.3 22.77 7.69 501.7 61.5
9 850.2 97.9 15.81 4.47 838.2 169.9
10 2661.2 258.4 31.52 11.31 1355.6 269.1
11 600.5 196.0 12.93 3.08 540.0 139.4
12 375.3 220.2 21.66 5.03 486.8 114.9
Total 10011.9 1779.4 252.76 62.23 7385.2 1485.0

“LC, Liuchong river; LJ, Luojiao river

Table 8.12 Total Hg (THg), methyl Hg (MeHg), and total suspended solid (TSS) inputs to
Dongfeng reservoir (DF) through inflow river (Yachi river section)

Month THg (g) MeHg (g) TSS (t)
LC? sc? LC N6l LC sc
1 377.2 1433 12.96 5.30 352.0 108.6
2 488.8 130.8 18.92 6.15 246.8 80.7
3 618.3 164.1 21.54 5.57 316.1 63.9
4 268.2 107.4 10.72 522 349.1 292.6
5 4477 110.3 15.13 4.03 580.1 167.5
6 71.8 872.3 3.40 34.38 72.2 1854.3
7 593.0 856.1 31.87 4234 614.0 1360.6
8 996.1 623.5 33.62 29.40 460.6 219.3
9 719.3 3335 24.68 12.48 952.5 259.4
10 582.3 1746.7 17.39 64.66 691.3 1204.0
11 565.8 739.4 18.62 19.85 483.2 287.8
12 777.7 192.9 26.75 5.94 630.0 590.8
Total 6506.0 6020.4 235.60 235.31 5747.9 6489.4

“LC, Liuchong river; SC, Sancha river

(m?), and Cypone is the monthly averaged THg, MeHg, and TSS concentrations in
the inflow rivers (ng LY.

As shown in Table 8.10, the THg, MeHg, and TSS inputs from SC to PD were
14697.9 g; 287.8 g; and 11660.6 mg in 2006, respectively, and the THg, MeHg,
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Table 8.13 Total Hg (THg), methyl Hg (MeHg), and total suspended solid (TSS) inputs to
Suofengying reservoir (SFY) through inflow river

Month | THg (g) MeHg (g) TSS (1)

Discharge of MT? Discharge of MT Discharge of MT

DF DF DF
1 367.8 36.0 21.04 1.54 363.1 29.4
2 594.3 93.6 27.31 3.36 244.2 89.1
3 493.5 111.7 29.64 4.42 4204 83.1
4 737.4 99.3 36.34 5.46 317.6 153.8
5 209.7 108.0 9.98 9.09 91.4 224.0
6 795.4 259.8 75.69 16.10 637.4 478.8
7 1164.1 337.8 124.22 19.71 806.3 454.6
8 1170.2 48.5 159.72 4.28 600.5 514
9 1119.6 349 114.68 3.48 603.4 50.7
10 1929.8 3134 117.28 12.07 582.5 340.4
11 1136.5 270.9 59.73 10.54 459.3 142.8
12 1547.5 112.8 61.93 2.80 488.8 68.3
Total 11265.8 1826.7 |837.54 92.84 |5614.9 2166.2

*MT, Maotiao river

and TSS inputs from the Boyu River (BY) to PD were 287.8 g, 6.80 g, and
225.9 mg in 2006, respectively. The THg, MeHg, and TSS inputs to YZD from the
discharge of PD were 4966.6 g; 407.63 g; and 4871.0 mg, respectively. The THg,
MeHg, and TSS inputs from LC to HID were 10011.9 g; 252.76 g; 7852.2 mg,
respectively, and the THg, MeHg, and TSS inputs from the Luojiao River (LJ) to
HID were 1779.4 g; 62.23 g; and 1485.0 mg, respectively (Table 8.11).

The LC (Yachi River (YC) section) transported 6506.0 g of Hg, 235.6 g of
MeHg, and 5747.9 mg of TSS to DF, and SC (YC section) transported 6026.4 g of
THg, 235.31 g of MeHg, and 6489.4 mg of TSS to DF. The THg, MeHg, and TSS
inputs to SFY from the discharge of DF were 11265.8 g, 837.54 g, and 5614.9 mg;
the corresponding data for the MiaoTiao River (MT, input to DF) were 1826.7 g,
92.84 g, and 2166.2 Mg for THg, MeHg, and TSS, respectively. The THg, MeHg,
and TSS inputs from the mainstream of the Wujiang River (WJ) to WID were
12812.2 g; 702.2 g; and 17615.4 mg; the corresponding data for the THg, MeHg,
and TSS inputs to WID were 1446.5 g, 67.1 g, and 1737.2 mg for the Yeji River
(YJ); 2654.9 g, 75.3 g, and 1485.9 mg for the Xifeng River (XF); and 1225.8 g,
35.1 g, and 778.3 mg for the Pianyan River (PY), respectively.

The correlation analysis suggested that: (1) the THg inputs to the reservoirs from
the inflow rivers did not correlate with the THg concentrations in the inflow rivers
(r =0.03, p = 0.76, n = 156), but the input did significantly correlate with the river
flow (r = 0.86, p < 0.01, n = 156); (2) the MeHg input to the reservoirs from the
inflow rivers did significantly correlate with the MeHg concentrations in the inflow
rivers (r=0.23, p <0.01, n=156) and the river flow (r=0.93, p <0.01,
n = 156); (3) the TSS input to the reservoirs from the inflow rivers did significantly
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correlate with the TSS concentration in the inflow rivers (r = 0.23, p < 0.01,
n = 156) and the river flow (r = 0.79, p < 0.01, n = 156). These results suggested
that the THg inputs into the reservoirs from the inflow rivers are predominantly
controlled by the river flow, and the MeHg and TSS inputs into the reservoirs from
the inflow rivers are controlled by both the river flow and the MeHg and TSS
concentrations in the inflow rivers.

Although the concentrations of THg, MeHg, and TSS in the tributaries (e.g., BY,
LJ, and XF) were elevated, the water flow in these tributaries was relatively lower
compared with the mainstream. Therefore, the THg, MeHg, and TSS inputs to the
reservoirs from the mainstream rivers were significantly higher than the inputs from
the tributaries, which implies that the tributary contributions to the THg, MeHg, and
TSS inputs were less pronounced. The water input from XF to WID accounted for
only 4% of the total water input, and the THg and MeHg inputs to WJD through XF
provided 11 and 7% of the total inputs, respectively. A similar phenomenon was
also observed in YJ and PY, which are the tributaries of WID.

Since particles tend to have an affinity for Hg, Hg transportation via river is
affected by seasonal hydrological conditions. Therefore, Hg inputs from inflow
rivers to the reservoirs change with the variations in hydrological conditions, which
are impacted by the seasonal variations in the river flow. The Hg inputs in the rainy
season were much higher and can be an order of magnitude greater than the inputs
in the dry season. The THg, MeHg, and TSS inputs from the inflow rivers to the
reservoirs in the rainy season constituted 70% (THg), 77% (MeHg), and 77%
(TSS) of the total inputs, which suggested that the Hg input contributions to the
reservoirs in the wet season were significantly elevated compared to the dry season.

The statistical analysis showed that: (1) the THg input to the reservoirs from the
inflow rivers significantly correlated with the TSS input (r = 0.89, p = 0.02, n = 6)
and the catchment area of the reservoirs (r = 0.81, p = 0.05, n = 6), but it did not
correlate with the water flow (r = 0.61, p = 0.20, n = 6); (2) the MeHg input
significantly correlated with the water flow (r = 0.88, p = 0.022, n = 6), but it did
not correlate with the TSS input (r = 0.47, p = 0.34, n = 6) or the catchment area of
the reservoirs (r = 0.12, p = 0.82, n = 6).

8.3.3 Total Mercury and Methylmercury Inputs
Jrom Surface Runoff

The Hg in soil and Hg from anthropogenic emissions are transported into reservoirs
via surface runoff. The THg, MeHg, and TSS inputs to the reservoirs through
surface runoff were estimated using Eq. 8.8.

Frunott = Viunoft X Crunoft X 10_6 (88)



318 8 Mercury Mass Balance in Reservoirs with Different Ages

where Fnof 1S the THg, MeHg, and TSS inputs from surface runoff into the
reservoirs (g); Vo 1S the yearly water inputs to the reservoir from the surface
runoff (m3); Crunofr 1 the THg, MeHg, and TSS concentrations in water samples
from the surface runoff (ng L7h.

The data concerning the concentrations of THg, MeHg, and TSS in water
samples from the surface runoff were unavailable for this study. Because the surface
runoff is predominantly formed during the wet season (especially during the periods
from May to October), the THg, MeHg, and TSS concentrations in the inflow rivers
were used to represent the concentrations in the surface runoff. Our calculated data
showed that the annual THg, MeHg, and TSS inputs to the reservoirs via surface
runoff were 2475.9 £ 2206.6 g, 88.6 & 63.4 g, and 2045.1 £ 1723.1 mg,
respectively, for the six reservoirs (Tables 8.18, 8.19, 8.20, 8.21, 8.22 and 8.23).
The potential Hg sources in the surface runoff were from soil detachment, trans-
portation via rainfall, and Hg bonding with plant residues and detritus. The Hg
inputs into the reservoirs from surface runoff were controlled by numerous factors,
i.e., land use patterns, human activities, vegetation coverage, and so on. Therefore,
uncertainties in the estimate of Hg input from surface runoff are inevitable in this
study. Compared to the Hg inputs from precipitation, the Hg species inputs from
surface runoff were slightly higher. The ratios of the specific THg, MeHg, TSS
inputs from surface runoff to the total inputs were comparable to the ratios of the
water input from surface runoff to the total water input for each reservoir
(Tables 8.24, 8.25, 8.26, 8.27, 8.28 and 8.29).

8.3.4 Total Mercury and Methylmercury Outputs
Jrom Reservoir Discharge

The THg, MeHg, and TSS outputs from reservoirs via discharge (outflow from the
reservoir) were estimated using Eq. 7.9, and the calculated data are shown in
Tables 8.15, 8.16 and 8.17.

Fdischarge = Z Vionth X Cinonth X 1076 (89)

where Fischarge 15 the THg, MeHg, and TSS outputs from the reservoir via dis-
charge (g2); Vimonn 1S the monthly water output from the reservoir via the discharge
(m3 ); and Cyyone is the monthly averaged THg, MeHg, and TSS concentrations in
the discharged water (ng L™").

The calculated data showed that the annual THg outputs from discharge were
16202.6 g for WID, 11698.5 g for SFY, 11265.8 g for DF, 4966.6 g for PD,
4801.0 g for HID, and 4401.7 g for YZD. The annual MeHg outputs from dis-
charge were 1617.93 g for WID, 837.31 g for DF, 771.1 g for SFY, 407.63 g for
PD, 306.35 g for HID, and 296.16 g for YZD. Similarly, the TSS outputs from
reservoirs through discharge were 7986.5 mg for SFY, 7330.3 mg for WID,
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Table 8.15 Output of total Hg (THg) from reservoirs through discharge (g)

Month PD* YZD* HID* DF* SFY* WJD*

1 64.6 107.4 412.0 367.8 452.3 1355.4
2 130.9 121.6 305.5 594.3 528.0 668.0
3 121.0 119.4 413.1 493.5 860.6 1214.0
4 123.5 85.5 213.2 737.4 1160.3 1090.0
5 58.9 62.3 198.5 209.7 539.1 1828.7
6 898.3 517.1 49.0 795.4 1102.4 1009.0
7 981.5 722.8 430.9 1164.1 1379.3 1935.4
8 319.7 425.7 411.5 1170.2 972.9 1317.3
9 333.6 321.1 970.3 1119.6 1146.9 1019.8
10 1136.8 1373.7 350.1 1929.8 1606.2 1450.5
11 606.5 420.5 441.4 1136.5 1130.1 1643.0
12 191.3 124.5 605.6 1547.5 820.3 1671.5
Total 4966.6 4401.7 4801.0 11265.8 11698.5 16202.6

“PD, Puding reservoir; YZD, Yinzidu reservoir; HID, Hongjiadu reservoir; DF, Dongfeng
reservoir; SFY, Suofengying reservoir; WID, Wujiangdu reservoir

Table 8.16 Output of methyl Hg (MeHg) from reservoirs through discharge

Month PD* YZD* HJD* DF* SFY* WJD*

1 2.76 4.99 16.05 21.04 24.99 83.99
2 6.18 7.89 20.94 27.31 27.29 62.89
3 6.60 7.49 21.17 29.64 43.27 76.71
4 8.46 6.41 11.37 36.34 54.89 83.72
5 5.17 4.82 15.68 9.98 33.53 124.72
6 82.11 42.63 3.54 75.69 80.01 105.62
7 114.69 62.66 47.81 123.99 130.41 313.27
8 40.22 31.69 43.43 159.72 91.43 213.99
9 37.50 26.28 41.29 114.68 75.54 150.28
10 63.03 68.03 17.54 117.28 91.82 115.33
11 31.50 25.28 24.59 59.73 61.33 138.93
12 9.42 7.98 42.93 61.93 56.60 148.49
Bit 407.63 296.16 306.35 837.31 771.10 1617.93

“PD, Puding reservoir; YZD, Yinzidu reservoir; HID, Hongjiadu reservoir; DF, Dongfeng
reservoir; SFY, Suofengying reservoir; WJD, Wujiangdu reservoir

5641.9 mg for DF, 4871.0 mg for PD, 3478.8 mg for YZD, and 2599.5 mg for
HJD.

The statistical analysis showed that: (1) the THg output from reservoirs through
discharge significantly correlated with the THg concentrations in the discharged
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Table 8.17 Output of total suspended solid (TSS) from reservoirs through discharge (t)

Month PD* YZD* HID* DF* SFY* WJD*
1 254 65.0 442.2 363.1 222.1 501.8
2 50.5 59.2 221.4 244.2 515.2 829.6
3 136.4 75.5 275.6 420.4 76.5 249.4
4 67.7 34.6 115.4 317.6 481.4 268.8
5 66.3 25.0 192.2 914 1659.3 399.2
6 873.9 681.9 21.8 637.4 1390.4 536.2
7 918.4 574.1 0.0 806.3 1207.6 1541.7
8 233.5 177.0 84.0 600.5 1168.1 514.5
9 446.3 658.1 202.9 603.4 891.6 665.2
10 1402.4 748.4 39.9 582.5 836.5 510.0
11 529.3 196.9 205.0 459.3 1112.9 589.0
12 120.8 183.0 799.1 488.8 338.3 724.9
Total 4871.0 3478.8 2599.5 5614.9 7986.5 7330.3

“PD, Puding reservoir; YZD, Yinzidu reservoir; HID, Hongjiadu reservoir; DF, Dongfeng
reservoir; SFY, Suofengying reservoir; WJD, Wujiangdu reservoir

water (r = 0.36, p = 0.002, n = 72) and the water flow (r = 0.94, p < 0.01, n = 72)
for all six reservoirs; (2) the MeHg output from the reservoirs via discharge sig-
nificantly correlated with the MeHg concentrations in the discharged water
(r=0.80, p<0.01, n=72) and the water flow (r=0.47, p <0.01, n =72);
(3) the TSS output from the reservoirs via discharge significantly correlated with the
concentrations in the discharged water (r = 0.74, p < 0.01, n = 72) and the water
flow (r = 0.88, p < 0.01, n = 72). The THg, MeHg, and TSS outputs from the
reservoirs via discharge in the wet season accounted for 53, 63, and 62% of the
annual total outputs via discharge, which were slightly higher than that observed in
the season.

8.3.5 Total Mercury and Methylmercury Outputs
Jrom Other Pathways

The THg, MeHg, and TSS outputs from other pathways (e.g., industrial and agri-
cultural water consumption, water irrigation use, evaporation, consumption by
water plants and so on) were estimated using Eq. 8.10.

Fother = Vother X Cother X 1076 (810)

where Foy,er is the output fluxes of THg, MeHg, and TSS from other pathways (g);
Vowmer 18 the water outputs from other pathways (m3); Coer 18 the average annual
concentrations of THg, MeHg, and TSS in water samples from reservoirs in 2006.
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The calculated data for the THg, MeHg, and TSS outputs via other pathways are
summarized in Tables 8.18, 8.19, 8.20, 8.21, 8.22 and 8.23. The annual THg
outputs from the reservoirs via other pathways were 3052.4 g a~' for PD, 93.0 g
a~! for YZD, 2181.4 g a~' for HID, 335.6 g a~ ' for DF, 867.4 g a~" for SFY, and
2871.4 g a~' for WID. The annual MeHg outputs from other pathways were
179.5 g a”' for PPD, 7.4 g a~' for YZD, 125.8 g a~' for HID, 32.0 g a~* for DF,
56.6 g a~' for SFY, and 265.8 g a ' for WID. The annual TSS outputs from
reservoirs via other pathways were 3552.8 g a_ ' for PD, 214.8 g a~' for YZD,
1664.0 g a~' for HID, 361.0 g a~' for DF, 577.0 g a_' for SFY, and 2738.5 g a”'
for WID.

8.3.6 Elemental Mercury Emission Over the Water-Air
Surface

The Hg?* in the surface water can be reduced to Hg” via photo reduction, which
leads to Hg” emission into the atmosphere from the surface water. This pathway is
an important process to reduce the Hg burden in the reservoir. Based on the
observed data, the current study found that the atmospheric wet deposition fluxes of
Hg were higher than the Hg” emission over the water—atmosphere surface in PD,
YZD, HID, DF, and SFY. Furthermore, the Hg“ emission quantity over the water—
atmosphere surface was 0.5-0.8 times the wet deposition fluxes of Hg (see detail in
Chap. 4).

The Hg" emission over the water—atmosphere surface in WJD was approxi-
mately 3.3 times higher than the wet deposition fluxes of Hg, and this was attributed
to the elevated dissolved organic matter (DOC) concentrations in WJD (see detail in
Chap. 4). Previous studies reported that DOC, even at a low concentration level,
can significantly improve the photoreduction of Hg?* in water (Xiao et al. 1995;
Costa and Lisss 1999; Ravichandran et al. 2000). Jiang (2005) further observed a
significant ~ correlation between DOC and dissolved gaseous Hg
(DGM) concentrations in WJD. Such results are consistent with the observations in
the Petit-Sanut Reservoir and Baihua Reservoir (Muresan et al. 2007; Feng et al.
2004). Furthermore, the air—water Hg0 emission in the Petit-Sanut Reservoir can
reach 4.2 g a~', which was approximately 1.5 times higher than the Hg input from
precipitation (Muresan et al. 2007); the air—water Hg® emission in the Baihua
Reservoir was 725 g a_', which was 1.2 times higher than the corresponding Hg
input from precipitation (Feng et al. 2004). The annual re-emission of Hg® over the
water—air surface in Michigan Lake was 7.8 pg m > (449 kg), which accounted for
approximately 74% of the annual Hg input from wet deposition (Landis and Keeler
2002). The Hg mass balance study in Ontario Lake from 1998 to 1999 reported that
the annual Hg” emission was 8.8 pug m~ > (167 kg), which accounted for 63% of the
annual Hg input from wet deposition (Vijiayaraghavan et al. 2005).
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8.4 The Relative Contribution of Different Vectors
to the Mercury Input—Output Budgets

8.4.1 The Relative Contribution of Different Vectors
to the Mercury Input in Reservoirs

The ratios of the different pathways for water volume, Hg species, and TSS to the
total input—output fluxes in the reservoirs in the Wujiang River Basin are shown in
Tables 8.24, 8.25, 8.26, 8.27, 8.28 and 8.29.

(1) Atmospheric deposition and river input

Although the Hg concentration in the precipitation in the Wujiang River Basin
was highly elevated compared to the Hg concentrations in the inflow rivers, the
water input via precipitation (accounting for 0.7% of the total water input) is

Table 8.24 The ratios of different pathways of water volume, Hg species, and total suspended
solid (TSS) to total input—output fluxes in Puding reservoirs (PD) (%)

Parameters | Input ratio Output ratio Net

Deposition | SC* |BY" | Surface | Reservoir Other | Water—air | ratio
runoff discharge ways | surface

Water 0.6 794 |13 |18.6 54.0 46.0 - -

volume

THg 25 773 | 1.5 |18.6 58.2 35.7 6.1 —55.1

MeHg 0.8 794 |13 |18.5 69.4 30.6 - 134

TSS - 793 | 1.5 |19.1 57.8 422 - —42.7

4SC, Sancha river; BY, Boyu river

Table 8.25 The ratios of different pathways of water volume, Hg species, and total suspended
solid (TSS) to total input—output fluxes in Yinzidu reservoirs (YZD) (%)

Parameters | Input ratio Output ratio Net

Deposition | Discharge | Surface | Reservoir Other | Water—air | fatio
of PD* runoff discharge ways | surface

Water 0.8 96.1 3.1 96.6 3.4 - -

volume

THg 10.0 87.3 2.6 90.8 1.9 7.3 —14.7

MeHg 0.7 96.0 3.4 97.6 2.4 - -28.5

TSS - 96.8 32 94.2 5.8 - —26.6

“DF, Dongfeng reservoir
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Table 8.26 The ratios of different pathways of water volume, Hg species, and total suspended
solid (TSS) to total input—output fluxes in Hongjiadu reservoirs (HID) (%)

Parameters | Input ratio Output ratio Net

Deposition |LC* |LJ* | Surface |Reservoir Other | Water—air | ratio
runoff discharge ways | surface

Water 2.0 53.7 |11.7 | 32.6 61.2 38.8 - -

volume

THg 13.7 49.1 | 87 [285 53.6 24.3 22.1 —56.1

MeHg 25 499 |12.3 353 70.9 29.1 - —14.6

TSS - 545 | 11.0 | 34.6 61.0 39.0 - —68.6

“LC, Liuchong river; LJ, Luojiao river

Table 8.27 The ratios of different pathways of water volume, Hg species, and total suspended
solid (TSS) to total input—output fluxes in Dongfeng reservoirs (DF) (%)

Parameters | Input ratio Output ratio Net
Deposition | LC* sc? Surface | Reservoir | Other | Water—air | ratio
et (YC? runoff discharge | ways | surface
section) | section)

Water 0.4 42.7 52.7 42 95.5 4.5 - -
volume

THg 5.0 46.7 433 5.0 93.1 2.8 4.1 —13.1
MeHg 0.7 46.9 46.9 54 96.3 3.7 - 73.2
TSS - 44.5 50.2 54 94.0 6.0 - —53.8

“LC, Liuchong river; YC, Yachi river; SC, Sancha river

Table 8.28 The ratios of different pathways of water volume, Hg species, and total suspended
solid (TSS) to total input—output fluxes in Suofengying reservoirs (SFY) (%)

Parameters | Input ratio Output ratio Net

Deposition | Discharge | MT? |Surface |Reservoir |Other | Water—air | ratio
of DF* runoff discharge |ways | surface

Water 0.1 81.8 10.8 | 7.3 89.6 104 - -

volume

THg 1.4 78.7 128 | 7.0 92.0 6.8 1.1 -11.2

MeHg 0.1 83.1 92 | 76 93.2 6.8 - -17.9

TSS - 64.0 247 | 113 933 6.7 - 24

“DF, Dongfeng reservoir; MT, Maotiao river

significantly less than the water input from the inflow rivers, which leads to limited
Hg contributions from precipitation. For example, the water, THg, and MeHg
inputs from precipitation only constituted 0.7 = 0.7% (water input), 6.8 £ 4.7%
(THg input), and 0.9 £ 0.8% (MeHg input) of the total inputs. However, the water,
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THg, MeHg, and TSS inputs from the inflow rivers, were 86.8 + 11.9% (water
input), 80.4 + 12.6% (THg input), 85.1 &+ 12.6% (MeHg input), and
85.8 £ 11.4% (TSS input). A previous study reported that the water, THg, and
MeHg inputs from precipitation accounted for 7 & 2.4% (water input), 18 + 7%
(THg input), and 7 + 4.2% (MeHg input) of the total input at the Experimental
Lakes Area (ELA), Canada (St Louis et al. 2004), and these values were higher than
the values in this study.

The THg input contribution to the reservoirs in the Wujiang River Basin from
precipitation was comparable to the results in the Lot-Garonne River system in
France (<10%; Schafer et al. 2006). In the Superior Lake mass balance, the THg
input from atmospheric deposition dominated the total THg inputs (annual THg
input of 740 kg a~ '), which was approximately 2.6 times higher than that from the
inflow river (annual THg input of 280 kg a~'), and the MeHg inputs from atmo-
spheric deposition (annual MeHg input of 4.7 kg a~') were comparable to the input
from the inflow river (annual MeHg input of 3.5 kg a~ ') (Rolfhus et al. 2003).

In addition, the contribution of different vectors to the Hg input budgets are also
related to the characteristics of the lake or reservoir (area of the watershed, total
water volume, and so on). While the Superior Lake is the largest freshwater lake on
earth, the watershed area is only 1.5 times larger than the surface area of the lake,
which leads to a relatively higher Hg input contribution from atmospheric depo-
sition to the total Hg input. In contrast, the Long Island Sound Lake has a watershed
area 13 times larger than the surface area of the lake, and 99% of the total THg
input comes from the inflow river and 1% from atmospheric deposition; meanwhile,
75% of the total MeHg input was from the inflow river and 13% from atmospheric
deposition (Balcom et al. 2004). The study from Michigan Lake suggested that the
atmospheric deposition (wet and dry deposition) was the primary pathway for THg
input and accounted for 84% of the total input (Landis and Keeler 2002).

The ratio of the watershed area to the surface area of the lake/reservoir (W/S) is
the key factor controlling the contribution of different vectors to the Hg input
budgets, specifically the THg input. For example, a larger ratio means a smaller
contribution to the THg input from deposition with a higher THg input contribution
from the inflow river. The ratio of W/S in the Wujiang River Basin exhibited the
following patterns: SFY (649) > PD (305) > WID (124) > HID (123) > DF
(96) > YZD (37). Consequently, the lowest THg input contribution from precipi-
tation to the total THg inputs was observed at SFY (1.4%), followed by PD (2.5%),
DF (5%), WID (8%), YZD (10%), and HID (13.7%), which was consistent with the
distribution patterns for the ratios of W/S in the Wujiang River Basin. In this study,
the ratios of W/S throughout the six selected reservoirs in the Wujiang River Basin
were much higher than the ratios in Superior Lake (1.5 times higher) and Long
Island Sound (13 times higher). Therefore, a smaller THg input contribution from
precipitation was observed in this study. The THg input from the inflow rivers to
the reservoirs was the predominant pathway.
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(2) Surface runoff

The Hg input contributions to the reservoir from the surface runoff are closely
related to the watershed area of the reservoir. Our calculated data showed that the
water, THg, MeHg, and TSS inputs from the surface runoff only constituted
12.5 & 11.3% (water input), 12.9 + 9.8% (THg input), 13.9 + 11.8% (MeHg
input), and 14.2 £ 11.4% (TSS input) of the total inputs.

For the ELA Lake, the water, THg, and MeHg inputs from the surface runoff
constituted 3.0 &= 0.6% (water input), 13 £ 3% (THg input), and 2 + 0.5% (MeHg
input) of the total inputs (St Louis et al. 2004), which were comparable to the results
of this study. The Hg inputs from the inflow rivers represented a higher proportion
of the total inputs in this study, e.g., 86.8 & 11.9% for water input, 80.4 £ 12.6%
for THg input, 85.1 £+ 12.6% for MeHg inputs, and 85.8 & 11.4% for TSS input.

A previous study further reported that the water, THg, and MeHg inputs from the
surface runoff accounted for 90% (water input), 68% (THg input), and 91% (MeHg
input) of the total inputs in the ELA, Canada (St Louis et al. 2004). Compared to the
results in the ELA, Canada (St Louis et al. 2004), the contributions of the water and
MeHg inputs from the river to the total inputs at the Wujiang River Basin were
lower. Additionally, higher THg input contributions to total inputs from the surface
runoff were observed in this study. Based on the Hg mass balance study in the
Chesapeake Bay, the Hg input from the inflow river was comparable to the cor-
responding value from atmospheric deposition. The two pathways accounted for
approximately 50% of the total Hg input (Cossa et al. 1996; Mason et al. 1997).

8.4.2 The Relative Contribution of Different Vectors
to the Mercury Output from Reservoirs

Our calculated data showed that the water, THg, MeHg, and TSS outputs from the
reservoirs via discharge constituted 79.5 £ 18.1% (water input), 75.3 + 18.6%
(THg input), 85.5 = 12.6% (MeHg input), and 78.8 £ 17.1% (TSS input) of the
total outputs.

The water, THg, MeHg, and TSS outputs from the reservoirs through other
pathways (e.g., industrial and agricultural water consumption, water irrigation,
evaporation, and consumption by water plants) accounted for 20.5 + 18.1% (water
output), 13.8 &+ 13.5% (THg output), 14.5 £ 12.6% (MeHg output), and
21.2 + 17.2% (TSS output) of the total outputs. The THg output from Hg" emis-
sion over the water—air surface supplied 10.9 £ 9.9% of the total outputs.
Discharge was the predominant pathway for the Hg outputs from the reservoirs in
the Wujiang River Basin.
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8.5 Net Fluxes and Stocking Rates of Mercury Species
in Reservoirs

8.5.1 Net Fluxes of Mercury Species in Reservoirs

Because the six selected reservoirs in the Wujiang River Basin are located in the
regional background area, the Hg in the ambient air is relatively low (see detail in
Chap. 4). Therefore, we assumed that the Hg input to the reservoirs from dry
deposition was not an important pathway and was insignificant compared to the
other pathways (e.g., surface runoff and inflow rivers). The predominant pathways
for THg, MeHg, and TSS input to the reservoirs are from surface runoff and inflow
rivers, and the main pathway for THg, MeHg, and TSS output from the reservoirs is
from discharge (outflow river).

Our study observed that the different reservoirs in the Wujiang River Basin had
different roles in the total Hg, MeHg, and particle transportation within the river
reservoir ecosystem. The six selected reservoirs were net sinks for TSS annually.
Moreover, the inflow rivers were the primary pathway for TSS input to the reser-
voirs. As shown in Table 8.30, the TSS net fluxes in the reservoirs in the Wujiang
River Basin exhibited the following distribution patterns: WID (—14467.3 mg
a')>HID (-92797.6 mg a ') >DF (69544 mg a ')>PD (-6277.1 mg
a')>YZD (13374 mg a')>SFY (-210.6 mg a '). Generally, erosion,
transportation, and deposition processes occur when rivers flow. The flow rate of
the river and the geologic conditions determine the function and the strength of the
function. When the slope of the riverbed slows or the increasing transport mass
leads to a slow flow rate, the carrying capacity of the river is weakened, and the
carried materials will be deposited into the sediment. This function is more pro-
nounced after rivers flow into the reservoir.

The reservoirs in the Wujiang River Basin, where the net sinks for THg annually
with the exception of WJD. The THg net fluxes in the reservoirs in the Wujiang

Table 8.30 Net fluxes of total Hg (THg), methyl Hg (MeHg), and total suspended solid (TSS) in
reservoirs in Wujiang River Basin

Reservoir | Construction | MeHg THg TSS
time (year) Net flux Storage | Net flux Storage | Net flux Storage
(g year V) |rate (%) |(gyear ') |rate (%) |(gyear ') |rate (%)
SFY 2005 —180.6 -17.9 -1597.4 | -11.2 -210.6 2.4
HID 2004 -73.9 -14.6 —11434.4 | -56.1 -9297.6 | —68.6
YZD 2003 —-121.2 —28.5 —838.1 | —14.7 —13374 | —-26.6
PD 1995 69.4 134 —10468.5 | —55.1 -6277.1 | —42.7
DF 1995 367.5 73.2 -1820.1 |-13.1 —-6954.4 | —53.8
WIJD 1979 857.2 83.5 1604.2 6.8 —14467.3 | —59.0

“PD, Puding reservoir; YZD, Yinzidu reservoir; HID, Hongjiadu reservoir; DF, Dongfeng reservoir;
SFY, Suofengying reservoir; WJID, Wujiangdu reservoir
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River Basin had the following distribution patterns: HID (11434.4 g a ') > PD
(-10468.5 ga ') > DF (—1820.1 ga™') > SFY (-1597.4 ga ') > YZD (-838.1 g
a~'). WID was the net source of THg with net fluxes of +1604.2 g a~'. In the
uncontaminated river systems, the Hg in the river water tends to bind with par-
ticulate materials. The particulate-bound Hg can be deposited in sediment through
sedimentation, which leads to the THg net sink for the reservoir. As shown in
Chap. 4, the fluxes in the Hg” emission from the surface water to the atmosphere in
WID were significantly elevated, which indicated the THg source was WJID. Our
results were consistent with the previous observations conducted in Petit-Saut
(Muresan et al. 2008).

Our results showed that YZD, HID, and SFY were the net sinks for MeHg
annually, and the corresponding net MeHg fluxes were —121.2 g a~' (YZD),
-739¢ a! (HJD), and —180.6 g a! (SFY). PD, DF, and WID acted as the net
sources for MeHg, with net MeHg fluxes of +69.4 g a ' (PD), +367.5 ga ' (DF),
and +857.2 g a~' (YZD).

8.5.2 Storage Rates for Mercury Species in Reservoirs

The inflow rivers are the primary pathways for water and Hg species input into
reservoirs, and discharge dominates the output pathways. Our results showed that
the average ratios of the water, THg, and TSS outputs from the reservoirs through
discharge to the total outputs were 79.5 £ 18.1% (water input ratio), 59.7 £ 27.4%
(THg input ratio), and 47.6 £ 27.2% (TSS input ratio) throughout the six selected
reservoirs in the Wujiang River Basin. This indicated that some proportion of THg
and TSS were still stored in the reservoirs.

In this study, we defined the Hg storage rate as the ratio of the net Hg flux to the
total Hg input. Furthermore, the positive net MeHg flux was generally attributed to
the newly formed MeHg (net Hg methylation) in the reservoirs. Subsequently, the
MeHg storage rate in the reservoirs is usually recognized as the transformation rate.
Our calculated data showed that the THg storage rates in the reservoirs were
—55.1% in PD, —14.7% in YZD, —56.1% in HID, —13.1% in DF, —11.2% in SFY,
and 6.8% in WID (Table 8.30). Similarly, the corresponding MeHg
storage/transformation rates were 13.4% in PD, —28.5% in YZD, —14.6% in HID,
—73.2% in DF, —17.9% in SFY, and 83.5% in WJD. The TSS storage rates in the
reservoirs were —42.7% in PD, —26.6% in YZD, —68.6% in HID, —53.8% in DF,
—2.4% in SFY, and —59% in WID (Table 8.30).

The THg storage rates in PD and HJD (located in the upper end of the Wujiang
River Basin) were highly elevated compared to the values in the other four reser-
voirs (SFY, DF, WID, and YZD), which indicated that the reservoirs located
upstream captured more Hg than the downstream reservoirs. The MeHg in the
reservoirs is from the in situ IHg methylation and MeHg input from the inflow
rivers. The positive net MeHg fluxes in PD, DF, and WJD suggested the net Hg
methylation, which can be transferred to downstream ecosystems through reservoir
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discharge. Furthermore, the transformation rates of MeHg in PD, DF, and WID
reached 13.4, 73.2, and 83.5%, respectively (Table 8.30), which further suggested
that a large proportion of the MeHg formed in the reservoirs via Hg methylation.

8.5.3 Possible Factors Controlling the Net Fluxes
and Storage Rates of Mercury Species in Reservoirs

Spatial and seasonal differences in the physical-chemical characteristics are
observed between the reservoirs and river ecosystems. Given the strong hydrody-
namic conditions and frequent water exchange, thermal stratification of the water
body is absent in a river system. However, thermal stratification is usually observed
in a water body such as a reservoir. Generally, clear thermal stratification of the
water column occurs in reservoirs with a large total water volume and water depth,
especially during the summer. The dissolved oxygen in the surface water layer
barely diffuses into the water column below the thermocline. Therefore, the vertical
profiles of the dissolved oxygen are pronounced and correlate with the thermal
stratification. Combined with the intensive bacterial decomposition of the settled
degradable organic matter, a low dissolved oxygen concentration (anaerobic
environment) in the hypolimnion of reservoirs is observed. Consequently, the
seasonal and vertical stratifications in the water column significantly impact the
transportation and transformation of Hg in reservoir systems, specifically the for-
mation of MeHg. Earlier studies suggested that the concentrations and distributions
of MeHg in the water columns of reservoirs were controlled by different factors in
different seasons, i.e., SRB-induced Hg methylation during the wet season and
diffusion of MeHg from the sediments to the water during the dry season (Muresan
et al. 2008).

In addition, the basic characteristics of reservoirs and the
geology/geomorphology of the watershed (especially the water residence time in
the reservoir and organic matter content in the reservoir) are very important factors
controlling the biogeochemical cycling of Hg, which impacts the function of the Hg
source/sink in the reservoir. The reservoirs in the Wujiang River Basin are typically
deep-valley, high-mountain gorge. The organic matter content in the flooded
farmland is very poor. The organic matter in the reservoirs was primarily from
internal sources. With the evolution of the reservoirs, the organic matter in the
reservoirs from internal sources continually increased.

The thermal stratification of the reservoir and water residence time were esti-
mated using Egs. 8.11 and 8.12.

°= input/ Vieservoir (8 ! 1)

R = Vnormal/Fdischarge (8 12)
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where Fippy is the annual water input volume of the reservoir (m3); Vieservoir 18 the
reservoir storage capacity (m>); R is the water residence time of the reservoir (day);
Vhormal 18 the reservoir capacity at its normal storage level; Fischarge 18 the
multi-year averaged flow rate of the reservoir discharge. When o < 10, the reservoir
is stably stratified, and for o > 20, the reservoir is mixed water.

Based on the data concerning the annual water input volume, reservoir storage
capacity, and reservoir capacity for the normal storage level in 2006, the water
residence time and o for the six selected reservoirs in the Wujiang River Basin were
calculated and are shown in Table 8.31. Our calculated data suggested that the o
were all below 10 for the reservoirs in the Wujiang River Basin (HID, YZD, WID,
DF, and PD) with the exception of SFY (o > 10), which indicated that these
reservoirs are thermally stratified. SFY has a relatively small storage capacity, short
water residence time (5 days), and frequent water exchange, which make it a typical
daily regulation and mixed water reservoir. However, HID, which has the longest
water residence time (555 days) and largest storage capacity, is a typical annual
regulation reservoir.

As shown in Chap. 5, the six selected reservoirs in the Wujiang River Basin
were classified as a primary evolutionary stage (YZD, SFY, and HID), intermediate
evolutionary stage (PD and DF), and advanced evolutionary stage (WJD) based on
the age of the reservoirs. As shown in Table 8.31, PD, YZD, and DF, which had
similar water residence times (PD, 45 days; DF, 36 days; YZD, 58 days), were
classified as the different evolutionary stage. PD and DF intermediate evolutionary
stage reservoirs were the net source of MeHg, and YZD (primary evolutionary
stage) was the net sink for MeHg. Although HID and SFY (primary evolutionary
stage) had significantly different water residence times (HJD, 555 days; SFY,
5 days), they acted as the net sinks for MeHg. WJD, an advanced evolutionary
stage reservoir, was a source of MeHg annually. Furthermore, the net MeHg flux in
an advanced evolutionary stage reservoir (e.g., WID) was significantly elevated
compared to that in an intermediate evolutionary stage reservoir (e.g., DF and PD)
(Table 8.30). These results suggested that the evolutionary stage and not the water
residence time is the primary factor controlling Hg methylation in reservoirs in the
Wujiang River Basin. Although PD and DF are classified as an intermediate evo-
lutionary stage, the net MeHg flux in DF was approximately 5.3 times higher than
that in PD, which indicated that there are some other factors controlling Hg

Table 8.31 Stratification and water residence time of reservoirs in Wujiang River Basin

Parameters PD?* YZD?* HID* DF?* SFY* WID?*

o 8.9 4.6 0.7 5 30 33
Stratification Stratified Stratified Stratified Stratified Mixed Stratified
water residence 45 58 555 36 5 81

time (day)

“PD, Puding reservoir; YZD, Yinzidu reservoir; HID, Hongjiadu reservoir; DF, Dongfeng
reservoir; SFY, Suofengying reservoir; WID, Wujiangdu reservoir
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methylation in the reservoirs in addition to the evolutionary stage; this could be
verified in a further study.

An elevated net MeHg flux and MeHg storage rates in reservoirs indicate an
increased environmental risk to aquatic food chains and human health. Given the
complicated biogeochemical processes for Hg in river reservoir ecosystems, a study
on the Hg mass balance is useful to better understand the environmental effects of
reservoirs on Hg cycling in aquatic ecosystems. Although uncertainties still remain,
this study suggests a clear net Hg methylation in PD, DF, and WJD. The net MeHg
fluxes in the reservoirs (e.g., PD, DF, and WJD) in the Wujiang River Basin, which
poses a potential threat to downstream ecosystems, should be watched more clo-
sely. More importantly, we cannot deny that the reservoirs with a primary evolu-
tionary stage could change from net MeHg sinks to net MeHg sources in the future.
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Chapter 9

Bioaccumulation of Mercury in Aquatic
Food Chains

Abstract Current paradigms regarding the bioaccumulation of mercury are rooted
in observations that methylmercury (MeHg) biomagnifies along pelagic food
chains. However, mechanisms regulating the bioaccumulation of MeHg in food
chain, its initial incorporation at the base of pelagic food chains, and its subsequent
trophic transfer remain controversial. Here we measured mercury (total mercury
(THg) and MeHg) and stable carbon/nitrogen isotopes (8"3C and 8'°N) and use
these field data from seven reservoirs to understand the transport and accumulation
and influence effectors of mercury in the aquatic food chain (plankton and fish) in
Wujiang River Basin, and assessed the health risk.

Keywords Mercury - Bioaccumulation - Eutrophication level - Health risk
assessment

9.1 Agquatic Food Chains in Reservoirs

In ecosystems, chemical energy stored in organisms can be transmitted
layer-by-layer; the sequence of various organisms linked to each other according to
their trophic relationships in ecology is called a “food chain”. Food chains can be
divided into three types: grazing, detrital, and parasitic; the type is determined by
the relationship between the organisms within the chain (Mackenzie et al. 1998;
Sun et al. 2002). Studies on the transport and accumulation of mercury in the food
chain have mainly focused on the main grazing food chain, namely, phytoplank-
ton — zooplankton — herbivorous fish — omnivorous fish — predatory fish.
This chapter mainly discusses the transfer, accumulation, and biomagnification of
mercury by food chains in reservoirs located in the Wujiang River Basin, Guizhou
province, including WJID, DF, PD, and BH.
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9.1.1 Phytoplankton

Phytoplankton refers to microphytes that float on the water, including Cyanophyta,
Bacillariophyta, = Chrysophyta, = Xanthophyta, = Pyrrophyta,  Cryptophyta,
Euglenophyta, and Chlorophyta, rather than bacteria and other plants.
Phytoplankton are trophic level 1 of the aquatic food chain and are the most critical
level. Transport and accumulation of Hg in the aquatic food chain begin with its
adsorption and absorption by phytoplankton, followed by zooplankton and the next
trophic levels after feeding.

1. Taxonomic composition of phytoplankton

In the flood season (July) and dry season (October) of 2007, the phytoplankton
collected from WIJD, DF, PD, and BH were mainly Chlorophyta, diatoms and
cyanobacteria (Table 9.1), comprising approximately 30—40 species. Microcystis
aeruginosa Kutz, Aphanizomenon flos-aquae(L.)Ralfs, Melosira granulata(Ehr.)
Ralfs,), M.varians Ag, Cyclotella bodanica Eul., C.comensis Grun., Attheya
zachariasi Brun, Fragilaria capucina Desm., Asterionella formosa Hust., Synedra
acus Kutz.; Cryptomonas erosa Ehr., Cr.ovata Ehr.; Ceratium hirundinella(Mull.)
Schr.;Pandorina morum (Mull.) Bory, Eudorina elegans Ehr., Pediastrum simplex
var.echinulatum Wittr., P.dulex var.clathratum A.Brunn, P.simplex var.duo-
denarium (Bail.) Rabenh. Coelastrum reticulatum(Dang.) Senn, Mougeotia parvula
Haas. Staurastrum gracile Ralfs ex Ralfs, and S.manfeldtii Delp. were the most
common species found in the four reservoirs.

Figure 9.1 shows that the phytoplankton abundance was between
2.70-49.68 x 10° cells L™'; PD and BH had the lowest and highest abundances
in October, respectively. In WID, the phytoplankton abundance was 2.88 x 10°
cells L™" in July, which was significantly higher than its abundance in October of
6.39 x 10° cells L™". In DF, the phytoplankton abundances were 6.89 x 10° cells
L™ in July and 5.81 x 10° cells L™' in October. In PD, the phytoplankton
abundances were 7.94 x 10° cells L™" in July and only 2.70 x 10° cells L™"
in October, which was significantly lower than in the other reservoirs. In BH, the
phytoplankton abundances were 28.08 x 10° cells L™' in July and reached
49.68 x 10° cells L™" in October, which was significantly higher than in the other
reservoirs Fig. 9.1.

The distribution of phytoplankton abundance showed that it was mainly com-
posed of chlorophyta and its percentage was up to 61.50% in WJD in July; the
second most abundant phytoplankton was cyanobacteria, which reached 26.36%
(Fig. 9.2). In October, cyanobacteria reached a percent abundance of 86.02%,
ranking first. In DF in July, the abundance of phytoplankton was mainly composed
of diatoms with a percentage that reached 80%. In October, diatoms were still the
most abundant, reaching a percentage of 32.58%, followed by cyanobacteria and
Cryptophyta with percent abundances of 24.24 and 29.00%, respectively. In PD, the
abundances of Chlorophyta in July and October were 46.52 and 51.66%, respec-
tively; the second most abundant phytoplankton were diatoms, with abundances of



341

Aquatic Food Chains in Reservoirs

9.1

93 1 I C €1 €1 S HA

184 I 1 0 Sl 81 9 ad

9¢ 1 1 C 01 91 9 4d

8¢ I C T 0C 4 arm 1990300

1€ I C € 61 9 HA

184 I 1 0 Sl 81 9 ad

9¢ I I € €l 4! 9 4d

ve 1 1 € € 1T S arm Ang
e0L e1Ayd-oypuey aea0Ayd-osA1y) ereydonikg e1kydoydLrp woeIq Je3e usaIn JeSe onjg IS areq

Arunwwod pue sad£) uopjuedolAyg 1°6¢ dqeL



342 9 Bioaccumulation of Mercury in Aquatic Food Chains

D
(=}

wn
(=}

ey
(=}

July October

[So3
(=}

(=}

(=}

m B l_- -
WJD DF PD BH WJD DF PD BH

Phytoplankton abundence (*100cells L)
(%)
(==}

Fig. 9.1 Abundance of phytoplankton in four reservoirs

]
S

Pyrrophyta [T Cryptophyta == Bacillariophyta gZ& Chlorophyta zZZ Cyanophyta ‘

=

BH WJD DF BH

Jul. Oct.

WJD

o
<
<
c
2
=4
@ 100
g
[RA
= 2
£ 80 e
S Pisssss
R
5 R
S Pissosd
= R
60 peses
& B35
R Iz
= Pissssd b
& easess g
g g
e 4 Pissess g
S g B
3 35 g
g
2 RS g
K g
© v %
5 20 g
s
4] s
o) g
ot s
I
=
g
&

Fig. 9.2 Percentage of phytoplankton abundance

45.28 and 33.36% in July and October, respectively. In BH, the abundance of
cyanobacteria reached 86.10 and 92.11% in July and October, respectively.

The distribution of phytoplankton abundance showed that it was mainly com-
posed of green algae, and the percentage of the phytoplankton community was
61.50% in WID in July.

2. Phytoplankton Biomass

Figure 9.3 shows that the phytoplankton biomass of the four reservoirs varied
widely, and its variation was significant and largest. In WJD, the phytoplankton
biomasses were 48.47 and 1.99 mg L™" in July and October, respectively. In DF,
the phytoplankton biomasses were 8.08 and 5.82 mg L™' in July and October,
respectively. In PD, the phytoplankton biomasses were 11.17 and 4.66 mg L™" in
July and October, respectively. In BH, the phytoplankton biomasses were 11.06 and
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In WID in July, the dominant phytoplankton was chlorophyte, with a percentage

15.13 mg L™" in July and October, respectively. BH was the only reservoir in
that reached 71.26%; dinoflagellates were the second most abundant and reached

which the biomass was higher in October than July.
between July and October; chlorophyte and diatoms had the highest proportions of
66.18 and 59.90% in July and 32.20 and 38.68% in October, respectively. In BH,

24.97% (Fig. 9.4). In October, there were mainly diatoms and chlorophyte, with
percentages of 40.87 and 41.92%, respectively. In DF, the main phytoplankton type
October, the percentage of cyanobacteria and diatoms increased to 49.92 and

was diatoms, with percentages of 68.22 and 65.01% in July and October, respec-
tively. In PD, the composition of the phytoplankton’s biomass changed little

the phytoplankton biomass was composed of dinoflagellates, chlorophyte, and
cyanobacteria with percentages of 39.79, 33.02, and 22.98%, respectively; in

Fig. 9.3 Biomass of phytoplankton in four reservoirs
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21.67%, respectively, whereas the percentage of dinoflagellates was significantly
reduced by 1.44% (Wang et al. 2008, 2009).

9.1.2 Zooplankton

Zooplankton is an aquatic animal that is suspended in water and can usually only be
seen through a microscope. In freshwater ecosystems, zooplankton mainly com-
prises protozoa, rotifers, cladocerans, and copepods, which play important roles in
aquaculture, ecosystem structure and function, and studies on biological
productivity.

As the primary consumer, zooplankton is the second trophic level in the classic
aquatic food chain but is also key to the micro-food web in addition to the classic
food web.

Zooplankton is a key level in the transfer and accumulation of mercury in the
aquatic food chain, and mercury is transferred to the higher trophic level through its
bioaccumulation in zooplankton.

1. Zooplankton in WID, PD, DF and BH

Four reservoirs in Guizhou Province were surveyed in the winter of 2008. The
largest group of zooplankton, 35 species, was recorded in WJD and only 14 species
were found in DF. The dominant type of zooplankton was rotifers, which accounted

_ ) — 4000
40 [ Species 7‘
[777] Abund
354 — uncanee L 3500
o~ —
u n
-g 30 3000 :3]
o =}
= — g
S 254 L2500 S
% %
S <
2. 20 — - 2000 &
o o
N Q
S 151 - 1500 5
S %
B 10 - 1000 &
& )
5 4 % - 500
0 % % 0
WID PD DF BH

Fig. 9.5 Abundance and species of zooplankton (Sept. 2008)
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for 70-89% of the zooplankton. Up to 31 species of rotifers were found in WJD,
but only 11 species were found in DF (Fig. 9.5).

Of the four reservoirs, the abundance of zooplankton was highest in BH and
lowest in PD at only 276 ind L™" (Fig. 9.5). The dominant species of rotifers were
similar in the four reservoirs, but their relative dominance was different. Keratella
rotifers were the most dominant species in the four reservoirs (23.7-72.2%); the
highest and lowest (7.8%) percentages of these rotifers were found in PD and DF,
respectively (Fig. 9.6).

2. Plankton in Baihua Reservoir
(1) Plankton size

Four body sizes of plankton were investigated in BH: microplankton, microzoo-
plankton and medium and large zooplankton. Large zooplankton (particle sizes >
610 pm) were mainly copepods (more than 70%); N. schmackeri were found most
often, followed by M. thermocyclopoides and T. taihokuensis. Cladocera, including
D. brachyurum, D. cucullata, C. cornuta, B.longirostris, and B. deitersi, accounted
for more than 20% of the large zooplankton; the rest were nauplii, rotifers, and
larger sized microalgae (less than 5%). Mesozooplankton (216—-610 pm) mainly
comprised the Cyclops, followed by copepodid larvae of Calanoida (approximately
54%); Cladocera was the second largest community (approximately 32%);
approximately 10% of the community were nauplii and rotifers, and microalgae and
other impurities accounted for less than 5%.

Small zooplankton (108-216 pum) mainly consisted of small- and medium-sized
crustaceans, such as copepod larvae, Daphnia trunks, textured Daphnia, rotifers,
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and nauplii, which accounted for 73% of the community; phytoplankton accounted
for approximately 27% of the community.

Approximately 90% of the microzooplankton (38—108 um) were phytoplankton,
and approximately 10% were nauplii and rotifers.

(2) Dynamics of rotifer community structure in Baihua Reservoir

The highest abundance of rotifers was found in BH in September; up to 3945 ind L™
were found at the entrance of reservoir, more than the 2160 and 990 ind L! found
at the wharf and dam, respectively. The abundance decreased in October to only
40 ind L™! (Fig. 9.7). There was no significant difference in rotifer abundance among
the three sites. The abundance of nauplii was highest in September, with abundances
up to 550 and 600 ind L™" at the Matou and the dam, respectively, which were higher
than the inflow abundance (17 ind L_l). The lowest abundance of 10 ind L™ was
found in October. There was no significant difference in nauplii abundance between
the three sites (Fig. 9.8).

Keratella rotifers were the dominant species at the inflow of BH (means of
32.8% in 2008 and 28.8% in 2009), whereas Polyarthra vulgaris was the second
most dominant species at both sites (means of 14.4 and 28.4%). Polyarthra vulgaris
was the dominant species (mean of 38.9%) in the dam, and Keratella rotifers were
the second most dominant species (mean of 29.7%). Keratella rotifers were the
dominant species at the entrance upstream of the BH, and their numbers were
generally more stable (Fig. 9.8); in the dock and dam, their numbers increased
gradually (Figs. 9.9 and 9.10).
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9.1.3 Fish

There were 133 types of fish in the Wujiang River Basin in Guizhou province.
Twenty-six species belonged to endangered fish of the Upper Yangtze. Three types,
Leptobotia elongata, Zong and rock carp, are included in the “China Red Data Book
of Endangered Animals” (Zhang 2008).

In two field surveys conducted in 2007, 6 orders, 16 families, 62 genera, and 83
species were investigated in the Wujiang River in Guizhou. The recorded fish
accounted for 63.3% of the species found. Fish of Order Cypriniformes (55 species)
accounted for 66.3% of the total survey of fish species; Siluriformes were the
second most abundant (17 species) and accounted for 20.5% of the species; and
Perciformes (6 species) accounted for 7.2% of the species. Thirteen types of the
collected fish belong to endangered species of the Upper Yangtze River, which
account for 50% of all endemic fish ever recorded; two types are included in the
“China Red Data Book of Endangered Animals”, accounting for 66.7% of the
historical record. Zones of the Wujiang River affected by the cascade hydropower
stations may contain 131 species of fish, of which 29 species are endemic upstream
of the Yangtze River.
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No. Name Latin Name HF BH
1 Common carp Cyprinus carpio a '3
2 Crucian carp Carassius auratus a .
3 Hooksnout carp Opsariichthys bidens a "
4 Barble chub Spualiobarbus Curriculus a

5 Black carp Mylopharyngodon piceus a a
6 Grass carp Ctenopharyngodon idellus a .
7 Redfinculter Culter alburnus a

8 Topmouth culter Erythroculter ilishaeformis a .
9 white bream Parabramis pekinensis a

10 Richardson bream Magalobrame Tarminalis(Richardson) a

11 Wuchang bream Bluntnose black bream a

12 Silver carp Hypophthalmichthys molitrix a A
13 Bighead carp Aristichthys nobilis . s
14 Yellowcheek carp Hemibarbus maculates Bleeker a

15 Slender topmouth gudgeon Pseudorasbora parva A .
16 Arctic grayling Abbottina rivularis A s
17 China-bitterling Acheilognathus barbatus Nichols a a
18 Chinese bitterling Rhodeus sinensis a '
19 Pond loach Oriental weatherfish A a
20 Sinusoid Parasilutus asotus a

21 Yellow catfish Pelteobagrus fulvidraco a

22 Tilapia Oreochomis.sp a

23 Red pacu Colossoma brachy pomum A

24 Largefin longbarbel catfish Mystus macropterus A

25 eel Monopterus albus A

26 Small Galangal Pseudolaubuca sinensis a

27 Sinilabeo discognathoides Sinilabeo rendahli a

28 White semiknife carp Hemicculter Leuciclus (Basilewaky) v v
29 Craspedacusta Craspedacusta sowerbyi a

30 whitebait Hemisalanx prognathus Regan a

Fifty-seven species of fish were collected in field surveys conducted in 2007,
nine types are endemic to the Upper Yangtze River; and the other 14 types were fish
of economic importance, including S. sinensis, white snapper, petal knot fish, carp,
catfish, large-mouth catfish, Yunnan light-lipped catfish, gray Schizothorax,
S.kneri, flower hom fish, spring-water fish, doctor fish, grass carp, and silver
carp. There are 15 types of fish in BH, including black carp, grass carp, bighead
carp, crucian carp, and bream, and 29 types of fish in HF. Most of the species in BH

were also found in HF Table 9.2.
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9.2 Bioaccumulation and Transportation of Mercury
in Food Chains

In aquatic ecosystems, mercury is transported and accumulated mainly through
food chains. Generally, mercury levels are low in small and young aquatic
organisms at the bottom of food chains. Mercury (mostly methylmercury) is
absorbed by aquatic organisms via ingestion of food and is enriched as trophic
levels increase. To understand the mechanisms of mercury and methylmercury
enrichment in the food chain of the cascade reservoirs at different evolutionary
stages, we collected the dominant aquatic species of different trophic levels in the
reservoirs from upstream and downstream in the Wujiang River Basin.

During 2007 and 2012, a total of 454 plankton, fish and shellfish samples were
collected from reservoirs of the Wujiang River Basin (Fig. 9.11). Because fishery
resources and cage culture in each reservoir are different, samples collected from
these reservoirs are not identical (see Table 9.3 for detailed sample information). In
the laboratory, we determined fish length and body weight, and then the skinless
dorsal muscle tissues were removed with clean scalpels and weighed (wet weight).
After being weighed, muscle tissues stored in sealed plastic bags were freeze-dried.
The dry weight of each muscle tissue was determined to calculate the wet/dry
weight (W/D) ratio of each sample. They were then homogenized and kept dry until
analyzed. We identified the age of fish by studying their scales. For those fishes
without scales and some scaly fishes, we attempted to determine their ages by
studying their otoliths (limited by equipment availability, this work is yet to be
completed). Plankton was collected using plankton nets with different mesh sizes
and were classified according to their particle sizes. Plankton samples were taken
back to the laboratory and freeze-dried for determination of total mercury,
methylmercury and stable carbon and nitrogen isotope compositions. We ground
and sieved the freeze-dried plankton samples used for the determination of stable
carbon and nitrogen isotopes with a 60 mesh nylon screen. We then kept the
screened samples in sealed centrifuge tubes after wrapping them with aluminum foil
and placed them in drying vessels prior to isotope determination.

Stable carbon and nitrogen (3'°C and 8'°N) isotopes composition was deter-
mined using a MAT-252 mass spectrometer and expressed as %o using 5'°C and
3'°N notations relative to the International Standard PVDB and the atmospheric
nitrogen isotopic ratio. Total mercury was determined using the acid
digestion-CVAFS analysis, and methylmercury was determined using the alkaline
digestion-GC-CVAFS approach (Yan 2005). The total mercury concentrations in
fishes of the Wujiang River Basin reservoirs was far lower than the MeHg con-
centration (0.5 mg kg™', wet weight) (Yan et al. 2010) specified as the pollutant
safety limit of aquatic products in China, and the methylmercury concentration in
the total mercury was below 50% on average (Yan et al. 2008a, b). Taking these
factors into account, we only selected samples with higher total mercury for
methylmercury analysis.
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Fig. 9.11 Locations of fish sampling sites

9.2.1 Mercury Species in Plankton

Mercury transfer occurs mainly through feeding relationships in the aquatic food
chain. The first trophic level includes phytoplankton and zooplankton, but the
trophic level of some zooplankton is slightly higher than the trophic level of
phytoplankton because they are omnivorous aquatic organisms; however, phyto-
plankton mainly obtains mercury from water by adsorption.

Different fish species have different feeding habits. For example, silver carp
mainly feed on small-sized phytoplankton, but bighead carp mainly feed on large
zooplankton; therefore, it is necessary to understand the characteristics of mercury
distribution in different plankton. Plankton is too small to accurately pick out a
single species and measure its total mercury and methylmercury for so many
species of plankton. Therefore, based on microscopic observations, we have dif-
ferent mesh screening sizes to obtain different particle sizes of plankton and classify
them. For particle sizes >610 pm, copepods composed more than 70% of the
plankton; for particle sizes of 216-610 um, 54% of the plankton was copepods’
biological larvae; for particle sizes of 108-216 pm, the plankton was mainly small
crustaceans, which accounted for the majority of the plankton at 73%; and 90% of
the plankton of particle sizes 38—108 um were phytoplankton.

The composition of phytoplankton species exhibits obvious seasonal change,
and phytoplankton species composition is related to the nutrient status (Rojo 1998;
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Table 9.4 Descriptive statistics of THg and MeHg distribution in plankton from different
reservoirs
Name Size MeHg (ng g 1) THg (ng g ")
Range Mean Range Mean
WID >38 10.41-16.32 12.82 + 3.10 184.81-311.23 242.06 + 64.05
>150 | 29.28-91.18 |58.62 + 31.07 120.32—192.68 157.23 + 36.20
PD >38 19.40-37.09 |27.01 £ 9.10 118.93—232.94 188.89 £ 61.26
>150 | 23.93-25.18 |24.67 &+ 0.65 42.95-77.50 60.90 &+ 17.32
DF >38 13.70—44.92 33.00 £+ 16.87 50.69—219.96 147.38 &+ 87.18
>150 15.21-35.69 |28.01 £ 11.16 26.82—76.83 55.36 £ 25.75
BH >38 11.79—-63.45 28.98 £+ 16.30 51.06—1391.57 315.62 £ 451.31
>150 10.16—46.54 | 27.63 £ 13.46 50.12-334.11 114.06 £ 98.93

Reynolds et al. 2000). In this study involving the BH, WJD, DF and PD, there were
more than 70 different types of phytoplankton. We ordered them in the following
manner according to their abundances: cyanobacteria, chlorophyta, bacillario-
phyta, pyrrophyta, euglenophyta and chrysophyta species. Cyanophyta, chloro-
phyta and bacillariophyta accounted for more than 70% of the total.

Rotifers were the most common zooplankton species found in the WJID, DF, PD,
and BH, accounting for 70-89% of the total number of planktonic animal species.
WID contained the most rotifer species (31), whereas DF contained the fewest
rotifer species (11).

1. THg and MeHg in plankton from WID, PD, DF and BH

The THg in seston (>38 um) (254 4 320 ng g ' dry weight) was significantly
higher than in zooplankton (>150 um) (103 + 79 ng g~ ' dry weight) (r = 2.4,
p < 0.05), and THg in the plankton was highest at the entrance to the reservoir
(Fig. 9.12). The THg in the two types of plankton are significantly positively
correlated (R? = 0.81, p < 0.0001) (Fig. 9.13).

MeHg in seston (>38 pum) was slightly lower than in plankton (>150 pm)
(26.6 + 14.6 ng g~ ") in all the reservoirs except WJD. MeHg in small crustacean
zooplankton (>150 pm) was highest in WJD and significantly higher than in the
plankton dominated by seston (>38 um) (r = —2.54, p < 0.05) (Fig. 9.14). MeHg
in small-sized plankton (>38 pum) was not related to THg, and MeHg in crustacean
zooplankton (>150 pum) had a linear correlation with THg (p < 0.05) (Fig. 9.15),
which is similar to the phenomenon observed in fish.

Correlations of physical and chemical factors with the distribution of THg and
MeHg in plankton are shown in Table 9.5 the results indicated that THg in plankton
of different sizes was significantly correlated and that the accumulation of all levels
of inorganic mercury in plankton were similar no matter which lakes were sampled
or what the conditions were. Separate analyses of pH values and THg for different
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Fig. 9.12 THg in plankton from the four reservoirs
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Fig. 9.13 Regression analysis of total mercury in plankton
particle sizes of plankton found that in lakes or reservoirs under natural pH con-

ditions (pH 7.0-9.2), planktonic THg and pH are significantly negatively correlated
(p < 0.01) and that THg decreases with increasing pH (Fig. 9.16).
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Fig. 9.15 Regression analysis of THg and MeHg in plankton

2. Seasonal variation of THg and MeHg in plankton from BH

THg and MeHg in plankton were investigated according to the four particle sizes of
plankton in three sampling sites in BH (RK, DB, and MT). Their seasonal varia-
tions are shown in Figs. 9.17 and 9.18. Variance analysis showed that THg in
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Table 9.5 THg and MeHg in plankton and their correlation with physicochemical factors

T°C pH SD Chla |MeHg(1) |MeHg(2) | THg(l) |THg()
T°C 1.00
pH 0.65%* | 1.00
SD 030 | -0.11 1.00
Chla |-035 |-004 |-055% | 1.00
MeHgl |-0.01 0.17 |-0.05 |-0.05 | 1.00
MeHg2 | 040 |-049 |-0.03 |-023 |-0.05 1.00
THgl |-022 |-0.68% | 0.09 | 0.09 | 0.09 0.27 1.00
THg2 |-0.11 |-0.69%* | 006 | 032 |-0.25 0.36 0.72%% | 1.00

Note MeHg(1) and MeHg(2) represent, respectively, >38 um and >150 pum MeHg in plankton;
THg(1) and THg(2) represent, respectively, >38 pm and >150 pm THg in plankton;
*Significant correlation (p < 0.05)

**Extremely significant correlation (p < 0.01)

——pHand ( = ) Total Hg in plankton (>38 um); Y=34281-8100X+479X’, R*=0.79 , p<0.0001
———————— pHand( # ) Total Hg in plankton (>150 pm); Y=6672-1551X+91X’, R*=0.70, p = 0.00079
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Fig. 9.16 Regression analysis of THg in plankton with pH. Note pH and (Black square box) THg
in plankton (>38 mm); Y = 34281-8100X + 479X R? = 0.79, p < 0.0001 pH and (Star) THg in
plankton (>150 mm); Y = 6672—1551X + 91X%, R? = 0.70, p = 0.00079

plankton of 38—108 um was significantly higher than in the other three sizes of
plankton (p < 0.01), and MeHg was significantly different at the three sites
(p < 0.05), possibly because different hydrodynamic conditions led to significant
differences in planktonic mercury levels between the three sites.
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Fig. 9.17 Seasonal variation of THg in plankton from BH (redrawn from Wang et al. 2011, with
permission from the alliance of crop, soil, and environmental science societies). Note RK—inflow;
MT-middle stream; DB—downstream at dam
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Fig. 9.18 Seasonal variation of MeHg in plankton from BH (redrawn from Wang et al. 2011,
with permission from the alliance of crop, soil, and environmental science societies). Note RK—
inflow; MT—middle stream; DB—downstream at dam

The ratios of MeHg to THg (%MeHg) for the different particle sizes of plankton
differed significantly between the three sites. Generally, %MeHg was higher in
large zooplankton than in the microscopic plankton and was highest at DB.

THg in plankton of 38-108 um (1287 & 1776 ng g~ ') was significantly cor-
related with THg in plankton of 108—216 um (482 + 574 ng g ') (p < 0.01). The
former was significantly higher than the latter (t = 2.26, p < 0.05), which indicated
that phytoplankton (the major component of plankton communities) had the max-
imum adsorption capacity for THg and that crustacean plankton mainly uptake
inorganic mercury through food. Therefore, the accumulation of mercury was lower
in crustacean plankton. MeHg in plankton of 108-216 pm (16.69 + 10.66 ng g~ ")
was significantly correlated with plankton of 38—108 pm (10.51 & 5.86 ng g '),
and the former was lower than the latter (r = —3.5, p < 0.01). THg and MeHg in
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plankton of adjacent particle sizes were significantly correlated (Figs. 9.19 and
9.20).

THg in plankton at the RK and MT sites in BH increased with decreasing
particle size, but there was no obvious trend at DB (Fig. 9.21). MeHg at the RK site
was not significantly different from the MeHg of the whole reservoir area but
increased at DB with increasing particle size (Fig. 9.22); %MeHg increased with
increasing particle size at three sites (Fig. 9.23). THg in plankton at RK and the
middle of the reservoir was negatively correlated with particle size, which did not
occur at DB. MeHg in plankton at DB had a positive linear correlation with particle
size (Fig. 9.24). The ratio of MeHg to THg was positively correlated with particle
size at three sites (Fig. 9.25).

Statistical analysis showed that the concentration of chlorophyll a was signifi-
cantly negatively correlated with the total mercury content of plankton of 38—
108 pm (R = 0.55, P < 0.05), indicating that eutrophication may have biologically
diluted the mercury. The plankton of 38—108 pm was mainly composed of fila-
mentous algae, alga, and microcystis species; therefore, the chlorophyll could
reflect their density.

Chen and Folt (2005) found that the density of phytoplankton was negatively
correlated with mercury bioaccumulation in a biota. Therefore, the higher the
density, the lower the concentration of Hg, which is called the “growth dilution
effect” (Sunda and Huntsman 1998). This effect also applies to zooplankton (Chen
and Folt 2005). Thus, eutrophication in BH may lead to low levels of mercury in
fish.
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0 = 0- 207
-500 -50 0
RK MT DB

Fig. 9.21 Variation of THg in different size plankton from BH (redrawn from Wang et al. 2011,
with permission from the alliance of crop, soil, and environmental science societies)
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Fig. 9.22 Variation of MeHg in different size plankton from BH (redrawn from Wang et al. 2011,
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Fig. 9.23 Variation of % MeHg/THg in different size plankton from BH (redrawn from Wang
et al. 2011, with permission from the alliance of crop, soil, and environmental science societies)

3. Characteristics of mercury bioaccumulation in plankton

DHg and DMeHg in the water of WID were 6.8 4= 3.2 ng L™ and 0.44 4 0.19
ng L7, respectively (Jiang 2005). THg was 242.06 & 64.05 ng g ' for plank-
ton >38 um and 157.23 4+ 36.20 ng g~ ' for plankton >150 pm. MeHg was
12.82 £ 3.10 ng g71 for plankton >38 pm and 58.62 £ 31.07 ng g71 for plank-
ton >150 um. We found that THg and MeHg accumulated 3.5 x 10* and
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291 x 10* times, respectively, in small plankton(>38 pum) from the water. THg
accumulation was not different for small (>38 pm) and larger (>150 pm) plankton,
but the accumulation of MeHg was 4.57 times greater in larger plankton than in
small plankton.

DHg and DMeHg in the water of DF were 5.5 + 2.3 and 0.46 + 0.20 ng L™!
respectively (Jiang 2005). THg was 147.38 + 87.18 ng g~ for plankton >38 pum
and 5536 + 25.75ng g~ ' for plankton >150 um. MeHg was 33.00 + 16.87
ng g~ ' for plankton >38 pm and 28.01 & 11.16 ng g~ for plankton >150 pm. We
found that THg and MeHg accumulated 2.68 x 10* and 7.17 x 10* times from
water, respectively, in small plankton (>38 pum). The accumulations of THg and
MeHg did not differ between small plankton (>38 pm) and larger plankton
(>150 pm).

DHg and DMeHg in the water of BH was 10.1 ng L™' (2.0-35.1 ng L™") and
071 ng L' (0.04279ng L"), respectively (Yan 2005). THg was
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315.62 + 451.31 ng/g for plankton >38 pm and 114.06 & 98.93 ng g ' for
plankton >150 pm. MeHg was 28.98 4 16.30 ng g~ ' for plankton >38 pm and
27.63 &+ 13.46 ng g ' for plankton >150 um. We found that THg and MeHg
accumulated 3.12 x 10* and 4.08 x 10* times from water, respectively, in small
plankton (>38 um). THg and MeHg did not accumulate to different extents between
small plankton (>38 pum) and larger plankton (>150 pm).

For the BH sampling sites RK, MT, and DB, the DHg and DMeHg were 23.12
and 0.34, 10.12 and 0.71, and 7.5 and 0.22 ng L™, respectively (Yan 2005). THg
and MeHg accumulated 1.49 x 10* and 2.27 x 10* times, respectively, in
plankton of 38-108 um from water at RK. THg and MeHg accumulated
1.41 x 10* and 2.94 x 10* times, respectively, in plankton (38—108 pm) from
water at MT. THg and MeHg accumulated 6.29 x 10* and 1.61 x 10* times,
respectively, in plankton (38—108 pm) from water at DB. However, MeHg did not
accumulate from phytoplankton to zooplankton, and THg decreased in plankton
with increasing plankton size at RK and MT. MeHg accumulated 1.75 times more
in the plankton of 108-216 pm than in plankton of 38—108 pum, 1.94 times more in
the plankton of 216—-610 pum than in plankton of 108-216 pum, 1.43 times more in
the plankton of >610 pm than in plankton of 216-610 pum plankton, respectively.
The biomagnification factor (BMF) in the food chain of BH is shown in Fig. 9.26.
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Fig. 9.26 Biomagnification factors at the different trophic levels of plankton (redrawn from Wang
et al. 2011, with permission from the alliance of crop, soil, and environmental science societies).
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(Aristichthys nobilis, data from Yan et al. 2008a, b)
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9.2.2 Mercury Species in Fish

1. THg and MeHg concentrations

THg levels in the 454 fish and shellfish samples collected from the seven reservoirs
in the Wujiang River Basin were all below 400 ng g~', and most samples had a
mercury level less than 50 ng g~' (Fig. 9.27). BH was seriously contaminated with
Hg from the GOCP, resulting in higher mercury concentrations in its water and
sediments than in other reservoirs, but THg in fish and shellfish was not signifi-
cantly higher than that in the other reservoirs. The highest THg levels (>100 ng
g_l) were found in fish from SFY, which was built in 2005 for water storage,
followed by fish from HID, HF, BH, WID, PD, and YZD. This does not seem to be
fully consistent with the age and evolution of the reservoirs because new reservoirs
do not show higher mercury levels than the old ones. The main reason is because
the sizes, ages, species, and quantities of fish collected from each reservoir were
quite different.

Feeding habit is a major factor affecting mercury bioaccumulation in fish and
shellfish. When ordered by feeding habit, we found that the median THg in fish was
highest in carnivorous fish, followed by zooplankton-feeding fish, omnivorous fish,
phytoplankton-feeding fish, benthic fish, and herbivorous fish (Fig. 9.28).
However, because fish and shellfish with different feeding habits also differ in age
and size, the THg in some samples do not follow this order. For example, in
Wuchang bream, the largest herbivorous fish, THg is much higher than in most
omnivorous, and even carnivorous, fish. In BH, zooplankton-feeding, bighead carps
had the highest THg, followed by the carnivorous fish, the omnivorous fish, the
benthic fish, the phytoplankton-feeding fish, and the herbivorous fish. Obviously,
THg was lowest in herbivorous fish in all of the reservoirs studied, except that a
relatively high level was observed in a bream from WID (Fig. 9.30).

MeHg is the main mercury species in fish, normally accounting for 90% of THg.
In this study, the ratio of MeHg to THg in fish of the Wujiang River Basin is less
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Fig. 9.28 Characteristics of THg distribution in fish and other biota. Note (A) Herbivores;
(B) Omnivorous; (C) phytoplankton feeder; (D) zooplankton feeder; (E) carnivorous; (F) Bethic.
Note Hongjiadu reservoir—HID; Yinzidu reservoir—YZD; Suofengying reservoir—SFY; Puding
reservoir—PD; Hongfenghu reservoir—HF; Baihuahu reservoir—BH; Wujiangdu reservoir—
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Fig. 9.30 THg concentration and distribution in fish and shellfish (redrawn from Yan et al. 2008a,
b, with permission from Chinese Journal of Ecology; redrawn from Yan et al. 2010, with
permission from Chinese Journal of Ecology). (A) Herbivores; (B) omnivorous;
(C) phytoplankton-feeding; (D) zooplankton-feeding; (E) carnivores-feeding; (F) Benthic

than 50% in most samples. In a small proportion of carnivorous fish, %MeHg
reached 60-70%. In some herbivorous fish, %MeHg is even less than 30% (Yan
et al. 2008a, b; Jiang 2005; Yao 2010). The correlation between MeHg and THg in
fish is always positive (Fig. 9.29) for the following reasons: first, most studies were
conducted on carnivorous wild fish at high trophic positions, mostly in lakes of
Northern European and North American countries, so %MeHg in fish was high; and
second, the metabolism and accumulation of MeHg are slow processes in fish, but
overfishing results in a shorter food chain; therefore, mercury accumulation is low
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in the Wujiang River Basin. There was a significant positive correlation between
MeHg and THg in fish in our study (Fig. 9.29). MeHg was also higher in fish with
high levels of THg, even if the ratio of MeHg to THg was low.

2. Factors influencing the bioaccumulation of mercury in fish

In the aquatic environment, mercury can be absorbed by organisms through both
diffusion and active uptake mechanisms (e.g., by Na* and Ca?*), and the degree of
absorption and biomagnification depends on the mercury species.

Many types of organic matter and inorganic ligands can form compounds with
mercury in natural aquatic systems. Some ligands can sequester, or prevent the
passage of, mercury through biofilms, whereas others can promote the bioavail-
ability of mercury and its absorption by organisms. In marine environments, Cl™ is
an important inorganic mercury ligand. Neutral ligands of HgCl, diffuse faster than
Hg?" in biofilms (Gutknecht 1981), and the former is more easily absorbed in cells
and tissues due to the high CI” concentration (Klinck et al. 2005).

Recent studies also suggest that mercury bound to small particles of thiol
compounds (e.g., cysteine) can be more readily absorbed and methylated by
sulfate-reducing bacteria (SRB) (Schaefer and Morel 2009). CH3HgCl, a compound
formed by methylmercury ions (CH3Hg") and the two major inorganic ligands of
mercury (OH and Cl), can be more readily absorbed by organisms than
CH;HgOH. The former prevails in environments where pH is low and Cl is high.
In terrestrial freshwater systems, dissolved organic matter (DOM) is both a vital and
complex factor that affects the bioavailability of mercury.

We use %C and dissolved organic carbon (DOC) as units of organic matter
concentration in sediments and water, respectively. In systems containing relatively
more mercapto- and sulfur-containing organic matter, inorganic mercury will
preferentially bind to mercapto- or other sulfur-containing functional groups,
leading to encapsulation and limiting mercury’s bioavailability (Ravichandran
2004). However, under acidic conditions, H* may compete with Hg?* at the binding
site of DOM, thereby favoring the release of Hg**. The enables inorganic Hg to be
activated, absorbed and methylated by organisms. Likewise, chemical factors,
which affect the formation and availability of mercury in the aquatic environment,
can have a significant impact on the speciation and concentration of mercury in
organisms of the low trophic level and their consumers. According to studies
conducted in China, new reservoirs have inundated large areas of forests and slo-
wed the velocity of water flow, leading to a rapid increase in organic matter and the
formation of anaerobic environments in the reservoirs. Rapid increases in
methylmercury have also been observed in fish from the new reservoirs at the early
stage. As the reservoirs evolve, mercury in fish will gradually return to initial levels
between 10 and 30 years (Bodaly et al. 2007).

In contrast, the Wujiang River Basin is located in a karstic environment char-
acterized by low organic matter content (C%) and high pH values. Therefore, the
flooded soil during the early stages of reservoir construction is thin. The concen-
tration of organic matter in sediments is only 1.9—4.3% and DOC is approximately
1.1-1.4 mg L™". At the beginning of their construction, no fish farming was carried
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out and reservoirs suffered less from industrial and agricultural pollutants. After the
rivers were impounded, the velocity of water flow slowed down. Especially in those
areas where the water was deep, the flow velocity was low, the water area was
relatively wide and human activities were intense, the water bodies and the sedi-
ment began to evolve with time. Thick layers of sediment gradually formed at the
bottom. The growth and degradation of algae led to the formation of an anaerobic
environment in the water at the bottom of the reservoir, thus causing significant
changes in the physical and chemical parameters and microbial communities of the
entire water body. Changes in these parameters resulted in changes in mercury
speciation, concentration, and distribution throughout the entire aquatic environ-
ment, thereby altering its bioaccumulation.

In particular, algal blooms caused by eutrophication provided rich food for wild
fish. However, algae degradation led to elevated levels of endogenous organic
matter in the water, increased the anaerobicity of the bottom water, and changed the
number of biological communities; to a certain extent, it also promoted the
methylation of mercury.

(1) Trophic-level status

Reservoirs are built for the purpose of power generation. In addition, aquaculture is
an important function. Eleven-step cascade hydropower stations have been con-
structed for power generation in reservoirs of different ages in the Wujiang River
Basin. The content and distribution of MeHg are obviously different in these
reservoirs. We found that in older reservoirs where sediments are thick and seasonal
hypoxia occurs at the bottom of the water body, MeHg levels in the sediments are
higher than in the newer reservoirs (Feng et al. 2009). Therefore, in this section, we
studied the relationship between reservoir evolution and MeHg levels in fish. We
found that there was no significant correlation between mercury levels and reservoir
age, with no obvious differences in mercury levels between reservoirs older than
30 years and the newly built reservoirs. The main reason is because the fish samples
collected from each reservoir had different feeding habits and were of different sizes
and quantities (Table 9.6); hence, it resulted in poor comparability. The main
reason for the high mercury content in SFY is because the standing crop was
limited, and the samples collected were mainly large fish. As seen in Fig. 9.15,
omnivorous, carnivorous and benthic fish were available in each reservoir and were
suitable for simple comparisons. Omnivorous fish mainly feed on zooplankton,
algae, shrimp, and insects in water; carnivorous fish mainly feed on fish, shrimp,
and insects; and benthic fish feed on sediment debris and small mollusks. THg in
omnivorous fish from HID and SFY was higher than in omnivorous fish from the
other four reservoirs.

This indicates that eutrophication of reservoirs provides abundant food for fish
and shortens the food chain, thereby accelerating the growth of fish. Taking this into
consideration, one could conclude that the increased phytoplankton in eutrophic
reservoirs led to lower MeHg concentrations in the fish. The median THg



371

9.2 Bioaccumulation and Transportation of Mercury in Food Chains

ArA—110AI0sY npSueiinpy ‘Hg—I10AI0S9Y enyreq ‘JH—I0AIISY
SuojSuoy ‘Qd—moA1osey Suipnd ‘X JS—I10A10s9Yy SuikSusjong ‘QZA—IOAISY NpIZulk ‘(fH—II0AIOSYY npelSuoy ‘g0z Ul ([} PAIR[NO[Ed
(1e0K) o3e ‘Iojem UT IOYeW JIUESIO PAA[OSSIP-M-DOQ ‘8 [IAYdoro[yd—(,_T S1) e[y ‘(%) JudwIpes ur ojewr dIuesIo -s-9,) (;_§ Su) Judwipes ul SHON
s-SHON ‘(mp ,Tm 81l) juownpas ur SHI-S-SHI ‘(1 Su) 191em ur SHON -M-SHON ‘(T Su)rorem ur SHI-Mm-SHL ‘(mm ,Tw 3u) ysy ur SHI-J-SHL 270N

€ 14 S €1 6C (4% 3% a8y
08-1'L I'8-T°L €8TL €8TL 8'8TL T8SL $'80'L m-Hd
T'1 Tl 90 I'1-6°0 Tl 06T TEeLT M-D0d
€1 Tt eu 1'8-8°C €S1-6'6 9TrSTE TEETTI Lt}
eu ey vu 9 11-2¢C TS §8-7TT $-9%0
ru ’u ru ru mwlm~0 N.w m.N muwmoz
vu vu Tu 0T0 TWo-TIo 6'8€-97°0 6£0 S3uer S-SHL
00 F 11°0 €0°0 F 2I'0 91'0-€0°0 $'0-50°0> 67T-€0°0 6C1 1S°0-21°0 10 UBdN M-SHOW
0 F 60 CTFLT ST L1101 €90 ¥Te 69 M-SHL
6'S8¢-T'1¥ €6E1-1T 6'6LT-0F T T'LE T0SE-8'1 0S¥ 8'0€T1'S S3uer
€L6 F TSEI LSy F L'19 SLy FSLY 8T F I'6¢ ¥'LS F 86€ 6'St F 8°8F £69 F 8¢9 ds F ueow
I el 19 4 99 4| 0S =N FSHL
AdS darH azi ad arm HY JdH
SITOAIISIY

ysy ur SH pue SIOAISSAI Jo siojowered [eoruayd pue [eo1sAUyd 9°¢ d[qeL



9 Bioaccumulation of Mercury in Aquatic Food Chains

372

(panunuod)
Y0 +90TT| €0+ H0T 0 FL9| TIIFOoe 9'IL F 9°50¢C uLoM pay
Y0 +90T€| €0+dI'L| 81T F SO ¥'6 F 91 €Sh F 8'8h ysig
€O+HdYS| SO+dCT €0F S0 ¥0F LT 8'L0S F ¥'798 wil $9 > uopjueld
€0+d08| SO+d0T 90 F 90 LTF OV YOIy F v'¥cL| wr g1 > uopjueld
(wo o1
LTF T T1F80 S'L9 F 9L6l —1) Ioremarod
€0 F 00 TSF 19| 0001 F 00LET RUWIPIS
$'6 F €01 90 F S0 ST F 69 oM | HHA
Y0 + 99| +0+HdS'T €8¢ €Tl 1'ce ystg
YO +d9%| +0+HdbE 8Tl I'6 TIL uopue[d
60 STF e 0L F T6€ RUIPIg
$6 0 1'c Toem dH
SO+H0T| 0 +d9¥ 0t S'Ic 8'6€ E|
SO+dES| SO+ds8T €LE| TTIEF 986 T9¢ F TLST wnl OG< uopjueld
SO+HATT| S0+4d8T €¢ I'e ¥8C1 I'v9 F 1°The wrl ge< uopjue[d
L1 Sy vLT yuRuIpag
6Tl 110 980 M | drm SI0AISY PIO
SHOW Jod SHL 104 SHON% SHO SH
mum\m<m Suonenuaduod \Qﬂo.uoz mo—QEmm QUEeN

SUTEYD POOJ JIOAIISAI WO BjoIq ul SHOA pue

SHLL JO UONE[NUWINOOROI] PUE ISJSUBL], £'6 dqeL



373

9.2 Bioaccumulation and Transportation of Mercury in Food Chains

BIEp Ou-BU {(GO(O7) Sueir woig sI JJ IoJ ereq

SO+dee| vO+dI'8 L'LS 1€ F ¢€C 889 F +'0F ystg
eu eu e'u uopjue|d
'u ’u ’u juauirpas
0¥l | +0°0 F L00 SI'0F S0 REM | dZA
S0 +d6€ eu eu T8¢l ystg
eu eu 'u uopjue|d
’u ’u ’u juauirpas
¥IT| €00 F +0°0 10 F $€0 oM XAS
SO+d6T| vO+dIL| STIFS6E| TITF 64T 'St F ¥'6S ystg
eu eu 'u uopjue|d
'u ’u ’U juauirpas
I'L| 100 F 900 IS0 F #8°0 TorEM ard SITOAJOSAI MAN
vU| 0+ HE'T eu eu 1'6¢ ystg
YO +HET| +0+d8'¢€ %9y 6'C 0879 uopjueld
BE'T 0SC S61 JuLWIPaS
BS'L €ro LT oM ad
YO+H9'L| +0+d8€ €8¢ 01 09¢ ysig
SO+dIT| ¥0+4d8S LOS| TITF18C ST F v'ss| wmr og1< uopue[g
SO+dST| SO+dST ¥'Te| 691 F0€e TL8 F HLYI wrl gg< uopueld
L0 8S'T 8¢T JuSwWIpag UONN[OAd
6'¢Cl €10 960 Jole M\ Ad jo ommum SITOAISSAT d)eIpauLIdIu]
SHOW Jod SHL 104 SHON% SHO SH
mum\m<m Suonenuaduod %HSOHUE mO—QEmm QUEeN

(ponunuod) £'6 AL



374 9 Bioaccumulation of Mercury in Aquatic Food Chains

concentrations in carnivorous fish from HF and HJD were the highest, whereas
those in BH and YZD were relatively lower, although the maximum values were
not significantly different. An exception was found in BH; the major reason is that
most of the carnivorous fish in BH were Abbottina rivularis (Basilewaky) and a
small number of catfish that were small in size. Another possible reason is that
mercury accumulation in fish is mainly through their food intake; therefore,
although the mercury concentrations in the sediment and water of BH are higher
than in the other reservoirs, the mercury concentrations in fish did not seem to
increase significantly.

(2) pH value

Aquatic systems with lower pHs are more conducive to mercury methylation and its
bioaccumulation, whereas mercury in neutral and slightly alkaline environments
tends to be more adsorbed on particulate matter, from which it is difficult to form
methylmercury. Variation of water pH values can affect the mobility of inorganic
mercury and microbial activity; thus it can affect the methylation of inorganic
mercury and its bioaccumulation rate in the entire body of water (Kelly et al. 2003).
Weakly acidic environments are especially conducive to the formation of
methylmercury from inorganic mercury and its bioaccumulation. The pH values of
the seven reservoirs involved in the study ranged from neutral (6.9) to slightly
alkaline (9.7). Under these conditions, inorganic mercury tends to be absorbed by
particles and eventually settles to the bottom. In addition, the pH of each reservoir
differed little, and the accumulation of mercury in the fish was little affected by pH.

(3) Mercury concentration

Mercury speciation and concentrations in aquatic environments are important fac-
tors influencing mercury levels, especially methylmercury levels in fish. Table 9.4
shows that the MeHg concentrations in four eutrophic reservoirs were higher
compared with three reservoirs with lower levels of eutrophication. This indicates
that the evolution of reservoirs does increase the potential for mercury methylation.
Interestingly, in the canyon-shaped deepwater reservoirs, most fish live in the upper
water body where there is enough light, and oxygen is abundant. Phytoplankton is
abundant within the top 10 meters of the water body, especially in eutrophic
cage-culture reservoirs. Phytoplankton is an abundant food source for fish that can
accelerate the growth of the fish and dilute inorganic mercury and methylmercury
that they have ingested, thereby reducing their mercury accumulation. However,
mercury remains high in large predatory fish, reaching values up to 350 ng g~ in
both types of reservoirs.

(4) Physical conditions—age, weight, and length

Mercury in fish mainly accumulates through food uptake. Mercury (especially
MeHg) in food will progressively accumulate along the aquatic food chain. Because
the metabolic cycle of MeHg is longer than the metabolic cycle of inorganic
mercury, MeHg is more likely to accumulate and enter into organisms at higher
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trophic levels in the food chain. Hence, larger predatory fishes of the same species
that are at the top of the aquatic food chain tend to have higher levels of mercury.

Affected by artificial bait and eutrophication, natural food chains have been
disturbed in some aquatic systems, leading to a disproportion between mercury
concentration and fish size. In this study, we did not find a positive correlation
between mercury and body size. Fish of the same species and length collected from
cage-culture reservoirs can be either wild or fish that escaped from the net cage, and
the length and complexity of their food chains vary greatly. Therefore, THg con-
centration in fish was not always correlated with their weight and length. However,
correlation between THg and length was still observed in some samples from the
same batch of the same reservoir (Fig. 9.31). For example, there was a notable
correlation between THg and carp weight in WJD (r = 0.639, p < 0.01, n = 16)
and YZD (r = 0.593, p < 0.01, n = 24). Especially in HF, THg in samples with
weights within these ranges (100-300 g, 600-900 g, and approximately 1200 g)
was also significantly correlated with fish weight (r = 0.727, p < 0.01, n = 24).
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Fig. 9.31 (continued)

However, in the 135 carp samples collected from HJD in different seasons, THg
was not correlated with weight.

In three reservoirs, THg concentrations in topmouth culters, hook snout carps
and catfish were positively correlated with weight. In grass carps, mercury con-
centrations were negatively and positively correlated with fish weight in YZD and
HF, respectively. A possible reason is that fish weights in YZD were not signifi-
cantly different (200-600 g), whereas carp from HF displayed comparatively larger
weight differences (300-1500 g) and ages; hence, there was a notable difference in
mercury accumulation.

We found no correlation between mercury level and weight except in the above
samples. This is due to a number of factors: when and where we caught the fish,
whether the fish were all wild and how many fish samples we collected. Because
most cascade reservoirs in the Wujiang River Basin are long and narrow, different
parts are impacted by human activities to different degrees, and food chains in
different parts of the reservoirs are different; thus, mercury contents can be different
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even in fish of the same species and length. Especially when the number of fish
sampled is small and when wild fish may be a mixture of fish that live far away
from and near net cages, where they can grow faster, the mercury accumulated in
their bodies is diluted to relatively low levels. Therefore, the trophic levels, which
can be determined by measuring the nitrogen isotopes of the samples, are crucial to
interpreting mercury levels in fish.

3. Values of the stable isotopes 3'°N and 3'>C in biota

Generally, aquatic food chains can be divided into four levels: primary producers,
consumers, predators, and decomposers. However, because organisms may be
omnivorous, when based on simple deduction from general feeding habits, the
classification of the consumer level, in particular, can hardly be consistent with the
facts in natural environments. Thus, it is unreliable to study the trophic level of
organisms by simply taking biological feeding habits as a reference. We can find
out what food organisms have ingested by analyzing their stomach contents.
However, because part of the food may have already been digested, and there may
have been incidental food intake, there is increased uncertainty in this information.
In this case, using stable carbon and nitrogen isotopes to identify the food-web
structure becomes a good approach. Stable isotope analysis can be a highly efficient
way for us to comprehensively understand the spatial and temporal changes in
biological feeding. Stable carbon and nitrogen isotopes can be used to determine the
feeding habits and trophic levels of organisms based on their specific behaviors.
Heavy isotopes (e.g., °C, >N) are more apt to stay in the body of organisms than
light isotopes (e.g., '*C, *N); therefore, they are increased at higher levels of food
chains.

The stable carbon and nitrogen isotopic compositions (3'°C and &'°N) of
organisms can be used to accurately quantify their carbon sources and the trophic
level in the food web (Post 2002). Stable carbon isotopic composition (3'>C) is an
important tool for analyzing nutritional connections in food webs (Fry et al. 1978;
Peterson and Fry 1987) and can reflect the evolution of food webs and food sources
over a long period (Kling et al. 1992). Organisms with similar 8'°C values have
similar food compositions or living habits. The enrichment factor of 8'*C %o with
the trophic level of the food web is approximately 1%o (Deniro and Epstein 1981).
The larger the differences in isotopic composition between organisms, the greater
their differences in feeding habits. The 8'°C value is generally negative; it usually
increases with increasing trophic levels of organisms.

The enrichment factors of the stable nitrogen isotope ratio are high (3—5%o), so it
is mainly used to determine the trophic level of organisms in the food web. The
higher the value, the higher the trophic level (Miyake and Wada 1967). The greater
the difference in 3'°N values between organisms at high and low trophic levels, the
greater the degree of biomagnification. Generally, 5'°N increases by 3-4%o as
eutrophication increases (Post 2002).

The 3'3C or 3'°N of fish samples are calculated to compare isotope ratios in
organism samples using the following formula:
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8Cor8"°N = [(Ryumple/Rstandara) — 1] x 1000 (9.1)

where Rgample 18 the B3C/12C ratio or N/™N ratio measured in the samples. The
variation in 813C, which is smaller than the variation in 8'°N in the food chain, can
still be used to determine the food sources of organisms. For example, benthic
organisms have higher 8'°C values than plankton. Whether there is biomagnifica-
tion of mercury in organisms is assessed by the correlation between the mercury
concentration and the 8'°N value. The correlation between mercury concentration
and the 3'°N value is usually expressed as Log;o [THg] = ad"°N + b. [THg] rep-
resents the THg concentration and 8'°N represents the nitrogen isotopic composi-
tion of the organism. The value of “a” represents the degree of mercury
biomagnification in organisms.

In addition, the stable isotopes of nitrogen (8'5N) and carbon (3'°C) provide
powerful tools for estimating the trophic positions of and carbon flow to consumers
in food webs and determine the lengths of food chains. Using data from the liter-
ature, the mean trophic fractionations of 35N and 8'C are 3.4 and 0.4%.,
respectively (1 SD = 1.3%0) (Post 2002). Therefore, we used the 3'°N value to
calculate the food chain length and TLs in all of the reservoirs. The following
model is the simplest one for estimating the trophic position of a consumer:

TLeonsumer = (8" Neonsumer — 8" Niase ) /3.4%, + A (9.2)

where TL.onsumer 1S the trophic level of the consumer, 8" Neonsumer 18 the 8'°N value
of the consumer, 8Ny, is the 8'°N value of the baseline,and / is the trophic
position of the organism used to estimate 8'°Np.e (e.g., A =1 for a primary
producer).

The trophic levels and the 3'°N and 3'*C values in food chains of the reservoirs
for five different stages of evolution in the Wujiang River Basin are shown in
Table 9.8. In terms of 8'3C %o, the carbon isotope ratios measured in samples from
YZD and HF were quite similar at approximately —22.6%o0, showing restricted
variations of approximately 2.0%o. This indicated that the main food sources in the
two reservoirs were similar. The ratio of carbon isotopes in WID and BH were
similar at approximately —24.6%o, but the variation was greater in BH than in WJD.
The reason is that aquatic samples from BH include not only fish but also phyto-
plankton. Because their feeding habits are different, they have different carbon
sources. Of the five reservoirs, 8'°C %o was lowest and showed the greatest vari-
ation in HID (—25.2%0). It was closer to the degree of enrichment of carbon
isotopes (3.0%o) in organisms in natural aquatic ecosystems. This indicates that the
reservoir experienced little anthropogenic carbon pollution during the initial stage
of its construction. However, we found that the '°N value was higher than in most
unpolluted aquatic systems, and the trophic level in the food chains in these
reservoirs was significantly high. It suggests that complicated nitrogen input
increased the 8'°N values and led to abnormal trophic levels, even as many as 6.
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Table 9.8 Stable isotope characteristics and trophic levels of food chains in reservoirs

YZD WID BH HF HID

513C SN | 83C 55N | 813C 55N | 813C SN | §13C SN
Mean |—-22.7 |93 —-245 |109 |-247 |158 |—-223 |186 |—-252 |139
SD 2.1 1.6 2.7 2.7 33 3.9 2.0 3.0 3.8
TL 3.76 5.03 4.13 3.96 6.29

Figure 9.32 the 8'°N and §'°C values were positively correlated in BH and HF,
whereas in the other three reservoirs, the lower the 313C value was, the higher the &
>N value was. Meanwhile, according to the sample species and the absolute values
of their carbon and nitrogen isotope ratios, we can conclude that BH and HF have
been affected by carbon and nitrogen input due to human activity Fig. 9.32.
Therefore, Log;o [TH,] and & 5N showed a positive correlation, but no significant
relevance with & '°C Fig. (9.33).

This can be manifested by higher than normal nitrogen isotope ratios in
organisms at low trophic levels that are similar to nitrogen isotope ratios at the
fourth trophic level in other food chains. We analyzed the slopes of the linear
regressions between the carbon and nitrogen isotope ratios of samples collected in
the different reservoirs and found that the slope was steepest for HID. Of the species
collected from HJD, grass carp and carnivorous fish belonged to the lowest and
highest trophic levels, respectively. Carbon and nitrogen isotope ratios measured in
samples from BH were similar to those from HJD. Samples collected from BH
included phytoplankton, zooplankton, herbivorous fish, omnivorous fish, carnivo-
rous fish and benthic shrimp and snails. This shows that in HID, the food sources
for organisms at different trophic levels in the food chain vary greatly and exhibit a
higher degree of bioconcentration.

4. Influence of the reservoir evolution process on the bioaccumulation of mercury
in food chains

In aquatic environments, mercury is mainly absorbed by organisms (such as plants,
algae, and other primary producers) from the water body and then passed on along
the food chain until it ultimately accumulates and magnifies in organisms at the top
of the food chain. This accumulation and magnification are influenced by the types
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Fig. 9.33 Correlation between mercury and §'3N/8'3C

of mercury species and their bioavailability. With the existence of DOC, sulfide,
Cl” and OH™ and part of mercury ligand compounds, Hg>* and CH;Hg" are more
likely to penetrate membrane tissue and be absorbed. That implies that Hg** and
CH;Hg" have greater bioavailability. When the concentrations of Hg>* and
CH3Hg™ are higher in organisms than in water, it is called bioconcentration. After
reaching a steady state, the ratio of mercury in plankton to water is called the
“bioconcentration factor” (BCF), which is usually determined in the laboratory
under controlled conditions. The average BCFs of Hg?* and CH;Hg" in aquatic
organisms are approximately 5000-9000, respectively (McGeer et al. 2003).

Tertiary consumers in the food chain are exposed to inorganic mercury and
methylmercury mainly through food and water, and mercury exposure via the food
chain increases at higher trophic levels. Analogous with BCF, levels of mercury
exposure in tertiary consumers are expressed as bioaccumulation factors (BAFs),
which are the ratios of mercury in organisms to mercury in the water body. The
difference between BCFs and BAFs is that mercury sources of tertiary consumers
are mainly from primary producers or organisms at high trophic levels in the water
and food chain. Generally, BAFs are determined by calculations on samples col-
lected from the field. The results show that BAFs are relatively low (10°-10°) in
primary consumers of shorter life spans and smaller sizes (>107%) but high in
organisms of longer lifespans and larger sizes (e.g., fish) and are closely related to
DOC in the water (Watras et al. 1998).

Mercury in the form of methylmercury is one of the rare metals that can be
enriched and magnified along the food chain. Biomagnification in the aquatic food
chain, usually expressed as BMFs (Biomagnification Factors), denotes higher Hg
concentrations in prey and consumers at higher trophic levels, i.e., the ratio of
predator Hg to predator—prey Hg is approximately 2—10.

BH, HF, and WID are all at later stages of evolution and are all seriously
eutrophicated. The sediment depth in these reservoirs is approximately 30 cm, and
the surface is rich in organic matter. Especially in the WID aquaculture area, cage
culture has led to high levels of organic matter, with more than 30% in the surficial
sediments (Feng 2012). The 11-year-old PD and DF reservoirs are both at inter-
mediate evolutionary stages. Sediments are the thickest with an OM% as high as
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10% close to the dam where there is less the cage culture due to drawing off.
The HID, SFY and YZD reservoirs were built more recently, within the past
3-5 years; therefore, there are thin and mainly coarse sediment grains that have
been inundated, and nutrient levels in the water bodies are rather low, which posed
difficulties for plankton collection. Therefore, reservoirs were divided into three
categories in Table 9.7 for analysis.

5. Variations in mercury bioaccumulation in the food chains of different reservoirs

Differences between reservoirs are mainly dependent on their age and evolutionary
process and pollution sources. Reservoirs of different evolutionary stages have their
own characteristics of MeHg and THg distribution and different eutrophication
levels. Plankton species and abundance vary greatly, which in turn results in food
chain discrepancies. Here, pollution sources refer mainly to anthropogenic mercury
pollutant emissions.

According to the first few chapters, we can see that eutrophication levels are low
in reservoirs at their initial stages of evolution. In three reservoirs (WJD, HF, and
BH) at later evolutionary stages, plankton (especially algae) was particularly
abundant, and the reservoirs were eutrophic almost year round. Therefore, plankton
samples were mainly collected in these reservoirs. Generally, plankton is small in
size, which makes it difficult to clearly distinguish phytoplankton (also known as
microalgae) from zooplankton. Therefore, we adopted a standard approach to
sample collection. The size of phytoplankton is generally assumed to be smaller
than 38 or 64 um, whereas the size of zooplankton ranges from 64 to 150 pm or
from 64 to 112 pm.

Table 9.7 shows that there was no obvious correlation between THg in plankton
and the evolutionary stage of the reservoirs. MeHg showed no notable pattern of
variation among these reservoirs. However, the THg concentration was higher in
phytoplankton than in zooplankton, whereas the MeHg concentration was higher in
zooplankton. Mercury concentrations were highest in the phytoplankton of BH,
where the natural background of mercury is particularly high. THg concentrations
were approximately 724 ng g~ ' in plankton smaller than 112 pm and approxi-
mately 862.4 ng g”' in phytoplankton smaller than 64 um. However, the MeHg
concentration was only 2.7-4.0 ng g~ ', accounting for only 0.5-0.6% of the THg
(Table 9.9). This showed that the extracellular polymer of microalgae had a strong
adsorption and scavenging effect on inorganic mercury, primarily on divalent
mercury ions (Zhang et al. 2010). The ratio of MeHg to THg (%MeHg) in benthic

Table 9.9 The Probable Daily Intake (PDI) and Hazard Quotients (HQ) of MeHg exposure via
fish consumption for Guizhou adults

Fish Body PDIs, PDIy, RfD HQso | HQso
consumption weight (ng kg™ (ng kg™ (ng kg™
(g day ) (kg) day ) day ") day ")
Urban |9.15 60 3.16 11 100 0.03 |0.11
Rural |0.93 60 0.32 1.12 100 0.003 | 0.01
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chironomids was 6.7%, which was lower than the 26% observed in
chlor-alkali-contaminated areas (Becker and Bigham 1995). Because chironomid
larvae mainly live in shallow water, we did not collect chironomid larvae and
benthic organism samples in the other reservoirs.

Overall, the THg enrichment factor in plankton (relative to water) was 10*-10° s
whereas the enrichment factor of MeHg was 10°-10° (Table 9.7). This shows that
plankton had a slightly stronger adsorption affinity for inorganic mercury than for
MeHg. Studies by Zhang et al. (2010) also showed that the extracellular secretions
of planktonic microalgae had strong adsorption affinities for inorganic mercury in
the water.

The enrichment factors (BAFs) of the total mercury and methylmercury in fishes
were quite similar, with respective values of 10°-10* and 10*-10°. MeHg in fish
accounted for less than 50% of THg. In general, the enrichment factor of inorganic
mercury in fish is much lower than that of MeHg. However, %MeHg in fish usually
accounts for nearly 90% or more of the accumulated mercury. Apparently, what we
found in this study is not consistent with the results of previous studies, mainly due
to the small proportion of large carnivorous fish samples. MeHg is transported and
accumulated mainly through the food chain, so a complete food chain is critical for
MeHg accumulation. The simple food chain structure of the reservoirs in the
Woujiang River Basin cannot boost the high enrichment of MeHg in organisms. In
fact, this has been confirmed in previous studies. In 2003, the average THg con-
centration in fish collected from net cages in BH was 28 ng g~', whereas THg
concentrations increased to 55.3 ng g~ in samples collected in 2009 after cage
culture was prohibited.

9.3 Health Risk Assessment for Mercury Exposure

Methylmercury is a potent toxicant (NRC 2000). It can be efficiently absorbed from
the gastrointestinal tract. Approximately 95% of MeHg in fish ingested by volun-
teers was absorbed from the gastrointestinal tract. MeHg can pass through the
blood-brain barrier and damage the central nervous system in the human body
(Clarkson and Magos 2006). The absorption of IHg from the gastrointestinal tract
has been estimated at approximately 7% in human body and it can cause renal
toxicity (WHO 1990). MeHg constitutes the major portion of THg in fish tissue,
generally, fish and shellfish, especially for marine fish, more than 90% of THg is in
the form of MeHg. Human exposure to MeHg occurs mainly through consuming
fish (Mergler et al. 2007). MeHg contamination in fish is a worldwide environ-
mental concern, because fish contain high-quality protein and other essential
nutrients with known benefits to human health (Mergler et al. 2007). Fish is an
excellent source of omega-3 fatty acids such as DHA (docosahexaenoic acid) and
EPA (eicosapentaenoic acid) (Meyer et al. 2003), and balancing the risks and
benefits have become an increasingly important goal of fish consumption advisories
(Ginsberg and Toal 2009).
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The original epidemiologic report of MeHg poisoning occurred in Minamata,
Japan, in 1950s. The disease is caused by a large number of local fishermen
consumed fish with high MeHg level contaminated by wastewater discharged from
a chemical plant (Irukayama and Irukayama 1966). The main symptom of
Minamata disease is the nervous disorder. From 1956 the first case of Minamata
disease reported, so far there were 2200 people diagnosed with Minamata disease.
The emission of wastewater containing MeHg from the chemical plant continued to
1968. The event of Minamata disease caused serious Hg pollution in this region.
Hair THg concentrations in fisherman living in this region were very high, with the
average of 3384 mgkg ', and the range was from 96.8 to 705 mg kg .
Generally, hair THg concentrations were less than 1 mg kg™ for the general
population. In Minamata area, many of the fetus suffered from similar cerebral
palsy disease through maternal placental, but the mothers themselves had no or only
mild poisoning symptoms (Harada 1978). In the 1970s, MeHg poisoning occurred
in Iraq as “seeds event”, because the farmers consumed the seeds adding with
MeHg to prevent insect. In the 1980s, high fish Hg concentrations (>0.5 mg kg™")
were found in remote lakes in Europe and North America, but there was no obvious
anthropogenic pollution nearby. About 90-98% of THg were in the form of MeHg
in fish tissues, which posed high health risks to the seafood consumers. After 1985—
1990, international organizations and different governments, especially Europe and
the United States, developed a series of relevant policies to reduce health risks of
MeHg exposure from fish consumption. The United States set fish Hg consumption
advices in many waters in order to prevent and reduce MeHg exposure risks in the
general population (Anderson et al. 2004; Watras et al. 1998; Katner et al. 2011).

9.3.1 Toxicity and Metabolism of Mercury Species

Mercury (Hg) and its compounds are recognized as potentially hazardous materials
and are rated in the top category of environmental pollutants. Mercury can sig-
nificantly adverse effects on human health. The toxicity of Hg depends on its
chemical form.

The inorganic forms of Hg include liquid metallic Hg and its vapor, compounds
of mercurous and mercuric Hg. The ingestion of liquid metallic Hg or “quicksilver”
does not appear to be toxic in itself. Health hazards from quicksilver are due to its
potential to release Hg vapor. Inhaled Hg vapor can cause damage to the central
nervous system due to its ability to cross the blood—brain barrier. IHg may cause a
variety of adverse effects. Neurological effects, renal effects, cancer, respiratory
effects, cardiovascular effects, gastrointestinal and hepatic effects, effects on the
thyroid gland, effects on the immune system, effects on the skin, reproductive and
developmental effects, and genotoxicity have been observed following exposure to
IHg (WHO 1991; USEPA 1997; ATSDR 1999; UNEP 2002). The specific
symptoms are found in the central nervous system and the kidney. Urine and feces
are the principal routes of Hg elimination and the urinary route dominates when
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exposure is high (WHO 1991). The half-time for Hg in urine is about 2 months.
Urine Hg (UHg) measurements are widely used for assessment of IHg (mainly
mercury vapor) exposure in humans because UHg is thought to be indicating most
closely the Hg levels present in the kidneys (Clarkson et al. 1988; Clarkson and
Magos 2006; Barregard 1993).

Compared with IHg, the toxicity of MeHg is much higher. It is present world-
wide in fish and marine mammals consumed by humans. MeHg is formed naturally
(from anthropogenic and naturally released Hg) by biological activity in aquatic
environments, and it is bio-magnified in the food chain, resulting in much higher
concentrations in higher predatory fish and mammals than in water and lower
organisms. Most of the THg concentrations in fish are in the form of MeHg (close
to 100% for older fish). Consumption of contaminated fish and marine mammals is
the most important source of human exposure to MeHg (WHO 1990; US EPA
1997). MeHg is highly toxic, and the nervous system is its principal target tissue. In
adults, the earliest effects are non-specific symptoms such as paresthesia, malaise,
and blurred vision; with increasing exposure, signs appear such as concentric
constriction of the visual field, deafness, dysarthria, ataxia, and ultimately coma and
death (Harada 1995). The developing central nervous system is more sensitive to
MeHg than the adult. In infants exposed to high levels of MeHg during pregnancy,
the clinical picture may be indistinguishable from cerebral palsy caused by other
factors, the main pattern being microcephaly, hyperreflexia, and gross motor and
mental impairment, sometimes associated with blindness or deafness (Harada 1995;
Takeuchi 1982). Hair and blood Hg concentrations are both accepted as valid
biomarkers of MeHg exposure, although each provides a somewhat different
reflection of exposure (NRC 2000). Blood gives an estimate of exposure over the
most recent one to two half-lives, with the half-life of MeHg in blood being
50-70 days, whereas hair reflects the average exposure over the growth period of
the segment (NRC 2000).

9.3.2 Criteria of Risk Assessment of Mercury Exposure
via Fish Consumption

The maximum level of MeHg in fish recommended by the Joint FAO/WHO Food
Standards Programme CODEX Committee on Contaminants in Foods is 1.0 pg g~
for predatory fish and 0.5 ug g~' for other fishery products (JESPCC 2011). This
guideline has been adopted by most countries.

On the basis of the studies conducted in the Faroes Islands (cord blood Hg
concentration of 58 pg L"), USEPA set the limit of 0.1 pug kg' day ' as the
reference dose (RfD) for MeHg (USEPA 1997). According to the calculations made
in the Faroe Islands study and in another from the Seychelles (12 pg g ' Hg
concentration in maternal hair), the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) established a provisional tolerable weekly intake (PTWI) for
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MeHg at 1.6 pg kg~' week ' (JECFA 2003). The quantification of these intake
values is important because the effect of low-level MeHg exposure on neurological
development has been quantified. A loss of 0.18 intelligence quotient (IQ) points is
thought to be associated for each part per million increase of maternal hair Hg
(Axelrad et al. 2007; Bellinger 2011).

9.3.3 Study State of Risk Assessment of Mercury Exposure

Fish and shellfish have significant health risks because of its bioaccumulation of
environmental pollutants, but fish also can provide trace elements, minerals, pro-
teins, which have known health benefits to human body. Especially for EPA and
DHA, they can reduce the risks of cardiovascular disease. Therefore, in addition to
simple ingestion limits and risk index studies, more attentions are paid to the
integrated analysis of health risks resulted from aquatic products consumption in
the current research. The main aspects include the following: (1) comprehensive
evaluation between the adverse effects of intake of contaminants (such as POPs,
MeHg, Cd, PCB, etc.) and beneficial effects of nutrient ingestion (Hursky and
Pietrock 2012; Vieira et al. 2011); (2) consumption advices of aquatic products on
the behalf of the distribution of Hg and MeHg in aquatic food chain (Bonsignore
et al. 2013; Burger 2009); (3) the suggestion of health risks of fish and shellfish
consumption at different areas based on the study of Hg and Se concentrations in
aquatic products and its molar ratios (Burger and Gochfeld 2011, 2013).

The results showed that: (1) consumption of small amount (about 80-100
g day™") of marine fish, which can not only ingest enough unsaturated fatty acids,
but also prevent exposure to toxic heavy metals; (2) avoid eating huge quantities of
fish, especially wild fish, predatory fish, and large fish (such as fish with body
length more than 50 cm, tuna, and sharks), these fish can bioaccumulate more
MeHg because of their high trophic level; the Se: Hg molar ratios in fish tissues
decreased with increasing of fish body length (Burger and Gochfeld 2013) and the
detoxification mechanism may also decrease; (3) prevent eating the aquatic prod-
ucts from the Hg polluted water body, especially for these bentonic organisms
living close to the pollution source (Bonsignore et al. 2013).

9.3.4 Health Risk Assessment of Methylmercury Exposure
via Fish Consumption

To estimate MeHg intake from seafood consumption, the probable daily intake
(PDI) for different age groups was calculated according to the following formula:
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C xIR
BW

PDI =

(9.3)

where PDI is given in nanogram per kilogram of body weight per day (ng kg™
day™"); BW is body weight; C is MeHg concentration in the seafood (ng g~'); and
IR is the daily intake rate of the seafood (g day™'). The median of MeHg con-
centration was 20.8 ng g~ ' for 153 fish and shellfish samples collected from
Wujiangdu, Hongfeng Reservoir, Hongjiadu, Yinzidu, and Baihua reservoir, and
the 90th percentile value of MeHg concentration was 72.0 ng g~ '. The average
daily intake of seafood for urban residents was 9.15 g d~" in Guizhou in 2011, and
that for rural population was 0.93 g d~" according to Guizhou Statistical Yearbook
(GBS 2012). The average body weight of 60 kg for adult population was according
to the second National Physique Monitoring Bulletin. The PDIs, and PDIy, values
were calculated using the 50th and 90th percentile values of fish MeHg concen-
tration. The hazard quotient (HQ) is simply the ratio of the estimated exposure to an
effective concentration. If the value of the HQ was less than 1, it was considered to
indicate acceptable risk. In the present study, HQ was calculated by dividing the
PDIs by the guideline levels of RfD (0.1 pg kg~' day™") set by USEPA.

For adults in Guizhou Province, the PDI and HQ values were listed in
(Table 9.9). The HQ in all age groups were less than 1, which indicates that MeHg
exposure through fish consumption may not lead to adverse health effects. The PDIs
of MeHg via fish consumption were relatively low, because of the low daily fish
consumption for both urban and rural residents (9.15-0.93 g day ', respectively).
In conclusion, the general populations in Guizhou Province had a low risk of MeHg
exposure through fish consumption.
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Chapter 10
Primary Factors Controlling Hg
Methylation in Reservoirs

Abstract In this book, we conducted an intensive study on the mercury
(Hg) biogeochemical processes in a river-reservoir ecosystem in the Wujiang River
Basin, Southwest China. The concentrations and distributions of Hg species in the
reservoirs (water column, sediment, and sediment pore water), the inflow/outflow
rivers of the reservoirs, wet deposition, and food chains within the Wujiang River
Basin were systematically investigated (Chaps. 3, 5, 6, 7, and 9). Measurements of
the water/air exchange flux of gaseous elemental mercury (GEM) were also con-
ducted in the reservoirs (Chap. 4). A detailed mass balance of the total mercury
(THg) and methylmercury (MeHg) in the selected six reservoirs was developed
(Chap. 8). This chapter reveals the primary factors that controlling Hg methylation
in reservoirs in Wujiang River Basin, Southwest China. To better understand the
biogeochemical processes of Hg in Wujiang River Basin, a conceptual model of the
Hg in the river-reservoir system was further developed in this chapter.

Keywords Mercury - Methylation - Factor - Wujiang river

10.1 Age of the Reservoir

10.1.1 Introduction to the Evolutionary Stage of Reservoirs

The properties and evolution of a reservoir ecosystem are controlled by the input
load and accumulation of biogenic elements. After the impounding and operation,
the biological, physical, and chemical processes in the reservoirs changed con-
stantly. These physical and chemical changes and the caused various complex
processes will significantly change the reservoir ecosystem. Several reservoirs were
built in a small area of the Wujiang River Basin, and these reservoirs have different
ages, nutrition levels, degrees of environmental pollution, and pollution sources.
Through the study of the reservoirs with different evolutionary stages in the
Woujiang River Basin, it can provide a scientific basis for environmental manage-
ment and environmental risk assessment of high-dam and deep-canyon-type
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reservoirs in southwestern China, and provides scientific foundations for under-
standing and exploring the impact of construction of large water conservancy
facilities on the reservoir ecosystem.

Table 10.1 summarizes the conditions of the nine reservoirs along the main-
stream and its tributaries of Wujiang River. The nine reservoirs are divided into four
types based on their impoundment time and pollution status: The Hongjiadu
Reservoir (HJD), Suofengying Reservoir (SFY), and Yingzidu Reservoir
(YZD) reservoirs are level I reservoirs (initial impoundment period, no pollution);
the Puding Reservoir (PD) and Dongfeng Reservoir (DF) are level II reservoirs
(intermediate stage of evolution, low pollution); the Wujiangdu Reservoir (WJD) is a
level III reservoir (relatively mature stage of evolution, substantial pollution), and
the Hongfeng Reservoir (HF), Baihua Reservoir (BH) and Aha Reservoir (AH) are
level IV reservoirs (mature stage of evolution, industrial level of pollution). Through
the study of the temporal and spatial distributions, migration and transformation of
the various Hg species in the environmental media of the reservoirs at these four
evolutionary stages, it can better understand the biogeochemical processes and
environmental impacts of mercury (Hg) in the reservoirs at various evolutionary
stages in the Wujiang River Basin. Based on this information, we also can explore
the mobilization characteristics of Hg in the reservoirs with various evolutionary
stages, and compare with the studies conducted in the reservoirs in North America
and Europe and possible reasons and mechanism.

10.1.2 Impact of Evolutionary Stage of Reservoir
on the Distribution of Mercury

Table 10.2 summarizes relevant data presented in previous chapters. The total
mercury (THg) and methylmercury (MeHg) concentrations in the water and sedi-
ments in the reservoir at different evolutionary stages increase with the age.
Through the calculation of the input and output fluxes of the reservoirs, it indicates
that: the YZD, HJD and SFY at the initial evolutionary stage are sinks for MeHg;
the PD and DF at the intermediate evolution stage, the WJD, at the relatively mature
stage, and the HF, BH and AH at the mature stage, are sources of MeHg. These
results indicate that the methylation capability of Hg is much stronger in mature
reservoirs than those in the initial stage of evolution. With the evolution, the
reservoir may convert from the sink of MeHg to the source of MeHg. In addition,
the net flux and conversion rate of MeHg in the WJD (relatively mature stage) were
significantly higher than those in the PD and DF (intermediate stage), which
indicated that the methylation of Hg increased with the reservoir age.

The comparison of the THg and MeHg concentrations in the nine reservoirs in
the Wujiang River Basin with those in North America and Europe reservoirs
(Table 10.3) indicates that the MeHg concentrations in the reservoirs in the initial
evolution stage are much lower than those in the newly built reservoirs in North
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Table 10.1 The storage period and pollution status of the nine reservoirs in the mainstream and
tributaries in the Wujiang River Basin

Reservoir | Geographical location and Storage Pollution status
type in the Wujiang River period
(year)
SFY Midstream in the main 2005 No pollution
stream,a typical deep-valley,
high-mountain gorge
HID Upstream in the main 2004 No pollution
stream,a typical deep-valley,
high-mountain gorge
YZD Midstream in the main 2003 No pollution
stream,a typical deep-valley,
high-mountain gorge
DF Midstream in the main 1994 Less pollution,it is being affected by
stream,a typical deep-valley, agricultural activity, resulting in the
high-mountain gorge input of many nitrogen and
phosphorus, so the water is in a
mesotrophic state
PD Upstream in the main 1993 Less pollution,it is being affected by
stream,a typical deep-valley, agricultural activity, resulting in the
high-mountain gorge input of many nitrogen and
phosphorus, so the water is in a
mesotrophic state
WID Downstream in the main 1979 Pollution,it is being affected by
stream,a typical deep-valley, cage aquaculture act so the water is
high-mountain gorge in a eutrophic state. ivity, and there
have many chemical industries in
the upstream of Xifeng river, so the
water is in a eutrophic state
BH Tributary 1966 Pollution,it is adjacent to towns and
thus is being affected by Chemical
Industry, Coal mining factory and
domestic wastewater, so the water is
in a eutrophic state
HF Tributary 1960 Pollution,it is adjacent to towns and
thus is being affected by domestic
wastewater and cage aquaculture
activity, so the water is in a
hyper-eutrophic state
AH Tributary 1960 Pollution,it is being affected coal

mine and domestic wastewater, and
an important sources of drinking
water in Guiyang

America and Europe but are comparable with those in the old reservoirs there.
However, the MeHg concentrations in the reservoirs in the intermediate stage are
slightly lower than or close to those in the newly built reservoirs in North America
and Europe but significantly higher than those in the old reservoirs there. These
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findings imply that the methylation capability of the new reservoirs in North
America and Europe is stronger than that of the old reservoirs. In contrast, in the
Wujiang River Basin, the methylation capability of the reservoirs in the mature
stage is stronger than that of the reservoirs in the initial stage, which indicated that
the methylation capability of inorganic Hg increases with the reservoir age.
However, these findings contradict the pattern among the reservoirs in North
America and Europe, which revealed that the intensity of methylation of Hg
decreased with increasing of the reservoir age. This marked difference could be
attributed to the differences in the concentrations and sources of organic matter
(OM) in the submerged soils and sediments. In North America and Europe, newly
constructed reservoirs typically submerge large areas of boreal forest or wetland,
where OM concentrations are as high as 30-50% (Verdon et al. 1991; Tremblay
et al. 1996; Lucotte et al. 1999). Lucotte et al. (1999) found that inorganic Hg in the
submerged soil can converse into MeHg and the conversion process is very active,
and releasing of MeHg from the submerged soil to the overlaying water mainly
derived from Hg methylation. The OM play an important role: oxygen is consumed
and CO, is released during the process of degradation of OM, which resulted in the
anaerobic and low-pH environment (favorable conditions for Hg methylation) in
the bottom water (Fearnside 2001). It can speed the dissolution of inorganic Hg
from the soil and vegetation and thus provides enough inorganic Hg for methylation
(Gagnon and Fisher 1997; Cossa and Gobeil 2000); In addition, large amount of
nutrients released from the degradation of OM can provide rich nutrient sources for
microorganisms (mainly methylating bacteria, including sulfate- and iron-reducing
bacteria), which enhance the activity of microorganism and promote conversion of
inorganic Hg into MeHg (Winfrey and Rudd 1990; Rogers et al. 1995; Bodaly et al.

Table 10.3 THg and MeHg concentrations in reservoir water in North America and Europe
(ngL™h

Sampling site Periods THg MeHg Data source

(year)
Experimental reservoir, 0.04 0.98-6.95 |0.05-3.2 Kelly et al. (1997)
Canada
Quebec reservoir, Canada 3 <5 0.01-2 Lucotte et al. (1999)
Caniapiscau reservoir, 17 1.19-1.69 | 0.06-0.09 Schetagne et al. (2000)
Canada
Flood-control 2-4 0.74-6.97 |0.06-6.6 Brigham et al. (2002)

imploundments, USA
Maryland reservoir, USA 12-133 0.4-6.8 0.048-0.38 | Mason and Sveinsdottir

(2003)
Experimental reservoir, 3 1.1-6.0 0.1-2.1 Hall et al. (2005)
Canada
Narraguinnep reservoir, 16 0.47-1.06 |0.010-0.043 | Gray et al. (2005)

USA
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1997; Heyes et al. 1998). St. Louis et al. (2004) designed a flooding experiment in a
wetland and observed significant difference of MeHg production rate before and
after flooding: in the first year of flooding, the MeHg production rate reached
70 mg ha”', which was 40-fold of that of before flooding (1.6-1.9 mg ha™', St.
Louis et al. 2004).

Therefore, the Hg methylation in the reservoir ecosystems in Northern Europe
and America summarized as follows: the degradation of OM in flooded soil can
result in the environments in favor of Hg methylation; These environments can
produce large amounts of nutrients, which stimulate microbiological activity and
promote the conversion of Hgll into MeHg; which finally increased MeHg pro-
duction rate in water columns. However, as the age of reservoir increasing, the OM
in the submerged soil is gradually degraded and exhausted, which significantly
reduced the MeHg production rate in flooded soil, as a result, the methylation of Hg
is weakened.

The Wujiang River Basin is dominated by typical karst topography, which
characterized with thin soil layer, low soil fertility, and steep slopes, and dryland is
the main farming mode. Because of the limited land resources and intensive
farming, the organic matter content in the submerged soil the reservoir in the initial
evolutionary stage is generally low (Table 10.2). As a result, the nutrient levels in
the reservoirs are poor to intermediate (the primary productivity is low) (Sect. 4 of
Chap. 6). The endogenous organic matter is limited and the pH of the water body is
high, which is not favorable for the methylation of Hg in the reservoirs. However,
with the gradual evolution of the reservoirs in the Wujiang River Basin, the primary
productivity of the reservoirs gradually increased and the yield of the endogenous
organic matter in the reservoirs increased. In addition, aquaculture and industrial
pollution in the reservoirs have resulted in severe eutrophication in the reservoirs in
mature and mature stages (see Chap. 6). The lost feed and fish excrement from
aquaculture and plankton, such as algae, provide a significant source of OM
(Table 10.2), and degradation of OM by microorganisms can provide ideal envi-
ronments for the methylation of inorganic Hg (anaerobic and weakly acidic con-
dition in the bottom of the water bodies).

In conclusion, the Hg methylation rate of the reservoir ecosystems in the
Wujiang River Basin increases with increasing of the reservoir age. These findings
are completely different from the findings obtained in Northern Europe and North
America, which methylation rate decreases with increasing of the reservoir age. The
submerged soils in North America and Europe were originated from boreal forest or
wetland, therefore OM concentrations in newly created reservoirs were relatively
high and high levels of OM can produce more favorable conditions for Hg
methylation. However, the submerged soils in the newly built reservoirs in Wujiang
River Basin were originated from farmland or uncovered rock of valley and
revealed low levels of OM. Therefore, these newly built reservoirs were not active
sites for Hg methylation. However, during the long period of evolution, anthro-
pogenic pollution (such as cage aquaculture and discharges of industrial wastew-
ater) will cause MeHg pollution problems in these reservoirs. It’s important for
policy decision for local government. To prevent MeHg pollution after the building
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of reservoirs, the selection of sites for the construction of reservoirs were critical:
(1) choosing the landscape with low OM concentrations in soil; (2) removing plants
and rubbish of the area to avoid environmental pollution prior to flooding;
(3) controlling the input of extraneous organic materials or nutrients, e.g., cage
aquaculture and waste discharge from chemical plant. These methods may help to
mitigate Hg methylation and MeHg pollution in the newly built reservoirs in China.

10.2 Eutrophication

Eutrophication is a serious environmental problem of lakes and reservoirs all over
the world. Under natural conditions, eutrophication of lakes and reservoirs occurs
over thousands of years. Since the Industrial Revolution, human activities have
accelerated the process of eutrophication. With the rapid development of industry,
agriculture, and urbanization, discharges of industrial and domestic wastewater
increased significantly. Other harmful human activities such as land reclamation
from lakes, deforestation, and cage aquaculture have accelerated eutrophication of
reservoirs (lakes). Eutrophication has actually pervaded in most reservoirs (lakes) in
China, and many large reservoirs (lakes) have already reached eutrophic or
hypertrophic states.

The methylation of inorganic Hg and demethylation of MeHg are important
steps in the biogeochemical processes of Hg in the reservoirs. MeHg concentrations
in the environment depend on the net methylation rate, which revealed the equi-
librium between methylation and demethylation. The net methylation rate of Hg is
affected by many factors, which included the activity of microorganisms, the
amount of Hg that can be used by microorganisms, temperature, pH, redox
potential, sulfate and sulfur concentrations, organic matter concentrations, and
salinity (Ullrich et al. 2001). Therefore, eutrophication will unavoidably change the
physical conditions (such as temperature and light transmittance), chemical con-
ditions (such as redox potential and pH), and biological conditions (such as bacteria
and algae populations) in the water column and sediments. These changes will
inevitably affect the distribution, migration, and conversion of Hg in reservoirs
(lakes), which will finally impact the health of humans and other higher organisms.
However, there are very limited studies considering the impacts of eutrophication
on the Hg methylation in the reservoirs (lakes), and its mechanism is not clearly
understood. The reservoirs (lakes) in the Wujiang River Basin with different
nutrient levels have provided natural experimental sites for these studies. Through
the comparative studies of the biogeochemical processes of Hg in these reservoirs
(lakes) with different nutrient levels in this basin, it can provide the theoretical basis
for the prediction of environmental risks of Hg in the eutrophized reservoirs (lakes)
and the reasonable suggestions for remediation t of Hg-contaminated and entro-
pized reservoirs (lakes).
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10.2.1 Evaluation of Reservoir Eutrophication
in the Wujiang River Basin

1. The method of eutrophication evaluation

At present, there exist diverse methods for evaluating water eutrophication, but
none of them are universally accepted. Generally, researchers refer to the evaluation
method specifically used to assess the eutrophication of shallow lakes. Initially, it
adopted to Carlson’s Trophic State Index (TSI) method and then evolved into the
revised Carlson’s TSI method and Weighted Comprehensive TSI method (see,
Table 10.4) (Jin and Tu 1990; Lin et al. 2001).

The trophic state of waters depends mainly on the comprehensive effect of a
variety of correlated factors, such as nutritive salt content (including nitrogen
(N) and phosphorus (P)) and transparency (SD). The trophic state of various
reservoirs can be evaluated using the method of weighted comprehensive TSI based
on the data of chlorophyll-a (Chl.a), total nitrogen (TN), total phosphorus (TP), and
transparency. Based on the empirical formula for the reservoirs in China (InChl.
a=1.912 — 1.349In(SD), R?=0.7; InChla = 3.497 + 0.654In(TP), R” = 0.66;
InChl.a = 1.597 + 0.972In(TN), R = 0.60), the TSI can be calculated with the
formulas as follows:

In(Chl.a)
TSI(Chl.a) = 10( 2.46 + ) 10.1
SI(Chl.a) 0( 6+ ln2.5> (10.1)
1.912 — 1.349In(SD)
TSI(SD) = 10( 2.4 10.2
SI(SD) o( 6+ = ) (10.2)
497 +0.654In(TP
TSI(TP) = 10( 2.46 + 2227+ 0-654In(TP) (10.3)
In2.5
1.597 + 0.972In(TN
TSI(TN)10<2.46+ 2 +1n29 . o )) (10.4)

The weighted comprehensive TSI can be calculated with the formula as follows:

m
TSI() ) =Y W; e TSI()) (10.5)
J=1
Table 10.4 Classification Eutrophication index Trophic state
criteria of the correlation 30 Oligotrophi
weighted composite trophic < 1gotropiuc
state index 30-50 Mesotrophic
>50 Eutrophic
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Where TSI (D) refers to the comprehensive TSI and TSI (j) refers to the TSI of
the jth type of parameters. Here, W; refers to the weight of the TSI of the jth type of
parameter, as formulated below:

2
rlj

VVj = Zm 2
j=1"1j

(10.6)

Where rfj refers to the coefficient of correlation between the jth parameter and

Chl-a, and m refer to the number of selected main parameters, including chloro-
phyll, transparency, total phosphorus, and total nitrogen.

(1) Nitrogen and phosphorus criteria of trophic condition

According to the classification criteria of total nitrogen (TN) developed by
Vollenweider and Kerekes (1982), trophic condition of waters can be classified as
oligotrophic if the TN is below 0.2 mg L', mesotrophic if the TN is in the range of
0.2-0.5 mg L', eutrophic if the TN is in the range of 0.6-1.5 mg L™', and
hyper-eutrophic if the TN is higher than 1.5 mg L™ (see Table 10.5).

According to the classification criteria of total phosphorus (TP) developed by the
trophic condition of waters, it can be classified as oligotrophic if the TP is below
0.01 mg L™', mesotrophic if the TP is in the range of 0.01-0.03 mg L™, and
eutrophic if the TP is higher than 0.03 mg L™".

(2) Criteria of OECD

According to the classification criteria of the Organisation for Economic
Cooperation and Development (OECD) and Gu and Shu (1988), trophic condition
of waters can be classified as hyper-eutrophic if the Chl-a is higher than 78 pg L™,
eutrophic if the Chl-a is in the range of 11-78 pg L™', mesotrophic if the Chl-a is in
the range of 4-11 pug L™, and oligotrophic if the Chl-a is lower than 4 pg L™" (see
Table 10.6).

According to the classification criteria of the OECD based on phytoplankton
abundance, trophic condition of waters can be classified as hyper-eutrophic if
the Chl-a is higher than 107 cells L™, eutrophic if the Chl-a is in the range of
5 x 10°-107 cells L™", mesotrophic if the Chl-a is in the range of 5 x 10°-5 x
10° cells L™!, and oligotrophic if the Chl-a is lower than 5 x 10° cells L' (Jin and
Tu 1990).

Table 10.5 Nitrogen and N (g L) TP (mg L") Trophic state

phosphorus criteria of trophic . .

condition <0.2 <0.01 Oligotrophic
0.2-0.5 0.01-0.03 Mesotrophic
0.5-1.5 >0.03 Eutrophic

>1.5 Hyper-eutrophic
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Table 10.6 Classification criteria of OECD

Chla (ug L™ Phytoplankton abundance (cells L™") Trophic state
<4 <5 x 10° Oligotrophic
4-11 5 x 10°-5 x 10° Mesotrophic
11-78 5 x 10%-107 Eutrophic

>78 >107 Hyper-eutrophic

2. Eutrophication of reservoirs in the Wujiang River
(1) Wujiangdu Reservoir

As described in Table 10.7, in 2005, the TSI of WIJID reached the peak
(meso-eutrophic or eutrophic) in the wet season, and were relatively low (me-
sotrophic or meso-eutrophic) in the dry season. Across the whole year, the TSI were
highest in front of the dam in the wet season, and were lowest in the upstream of
Pianyan River in the normal water period (Yan, 2006). During the years from 2006
to 2007, phytoplankton abundance in WJD was 9.8 x 10° cells L™', indicating a
eutrophic state (see Table 10.8). In the dry season of 2007, the phytoplankton
abundance was 0.51 x 10° cells Lfl, and the TSI was 51, indicating a
meso-eutrophic state (see Table 10.9). In the wet season of 2007, the phytoplankton
abundance was 1.80 x 10° cells L_l, and the TSI was 50, indicating a
meso-eutrophic state. Overall, during the years 2005-2007, WJD remained in the
eutrophic state, and the water quality gradually deteriorated from upstream
(Xuantang) to downstream (in front of the dam), as indicated by the increasingly
high TSI values (see Table 10.7).

(2) Suofengying Reservoir

As described in Table 10.10, in 2007, the TSI of SFY indicated a mesotrophic state
in both wet and dry seasons. Based on the classification criteria of the OECD, the
phytoplankton abundance was below 5 x 10° cells L™" in both wet and dry sea-
sons, indicating an oligotrophic state. Overall, SFY remained in an
oligo-mesotrophic state in 2007.

Table 10.7 Evaluation results based on weighted composite trophic state index in WJD

Sampling | Sampling site Dry season Wet season Normal period
time TSI | Evaluate result | TSI | Evaluate result | TSI | Evaluate result
2005 Dam 40 | Meso-eutrophic | 50 | Eutrophic 35 | Mesotrophic

Pianyan River 40 | Meso-eutrophic | 47 | Meso-eutrophic |34 | Mesotrophic

Xifeng River 40 | Meso-eutrophic |49 | Meso-eutrophic |41 Meso-eutrophic

Xuantang River |38 | Mesotrophic 45 | Meso-eutrophic | 41 | Meso-eutrophic
Data in the table from Yan (2006)
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Table 10.8 Using OECD to evaluate the trophic state of WJD

Sampling time | Chla (ug L") | Evaluate result | Phytoplankton Evaluate
abundance (x 10° cells L™!) | result
2006-2007 44 Mesotrophic 9.8 Eutrophic

Data in the table from Wang et al. (2008, 2009)

Table 10.9 Using TSI and OECD to evaluate the trophic state of WID

Sampling time TSI | Evaluate result | Phytoplankton abundance | Evaluate result
(x 10%cells L™Y)

2007 | Wet season |51 Meso-eutrophic | 0.51 Meso-eutrophic

Dry season |50 Meso-eutrophic | 1.8 Meso-eutrophic

Data in the table from Wei et al. (2010)

(3) Dongfeng Reservoir

During the years 2006-2007, the phytoplankton abundance was 5.28 x 10’ cells
L™" (indicating a eutrophic state) and the chlorophyll-a concentration was 2.40 pg
L (indicating an oligotrophic state) in front of the dam of DF (see Table 10.11).
As shown in Table 10.12, in 2007, the TSI of the DF indicated a mesotrophic state
in both the wet and dry seasons. The phytoplankton abundance was lower than
5 x 10’ cells L™" in both the wet and dry seasons, indicating an oligotrophic state.
Overall, DF remained in a mesotrophic state during the years 2006-2007.

(4) Hongjiadu Reservoir

As described in Table 10.13 in 2007, the TSI of HID indicated an oligotrophic state
in both the wet and dry seasons. Based on the classification criteria of OECD, the
phytoplankton abundance was lower than 5 x 10° cells L™' (indicating an olig-
otrophic state) in the dry season, and was slightly higher than 5 x 10° cells L™
(indicating a mesotrophic state) in the wet season. In 2007, HID remained in an
oligotrophic state during most periods, and remained in a mesotrophic state (in
terms of phytoplankton abundance) only in summer. Overall, HID Reservoir
remained in an oligotrophic state in 2007.

Table 10.10 Using TSI and OECD to evaluate the trophic state of SFY

Sampling time TSI | Evaluate result | Phytoplankton abundance | Evaluate result
(x10°cells LY
2007 | Wet season | 46 Mesotrophic 4.0 Oligotrophic
Dry season |44 Mesotrophic 3.9 Oligotrophic

Data in the table from Wei (2010)
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Table 10.11 Using TSI to evaluate the trophic state of DF between 2006 and 2007

Sampling Sampling | Phytoplankton Evaluate Chll.a Evaluate
time site abundance result (ngL™" | result

(10° cells LY
20062007 | Dam 5.3 Eutrophic |2.4 Oligotrophic

Data from Wang et al. (2008, 2009)

Table 10.12 Using TSI and OECD to evaluate the trophic state of DF between 2006 and 2007

Sampling time TSI | Evaluate result | Phytoplankton Evaluate result
abundance
(x 10%cells L)
2007 Wet season | 35 Mesotrophic 3.7 Oligotrophic
Dry season |32 Mesotrophic 4.6 Oligotrophic

Data from Wei (2010)

(5) Yinzidu Reservoir

As described in Table 10.14, during the years 2006-2007, the phytoplankton
abundance of YZD Reservoir was 5.23 x 10° cells L™" (slightly higher than
5.0 x 10° cells L™"), indicating a eutrophic state; whereas, the chlorophyll-a con-
centration of YZD was as low as 2.6 ug L', indicating an oligotrophic state.

Overall, YZD Reservoir remained in a mesotrophic state during the years 2006—
2007.

(6) Puding Reservoir

As described in Table 10.15, during the years 2006-2007, the phytoplankton
abundance of PD was as high as 23.7 x 10° cells L™, indicating a hyper-eutrophic
state; the chlorophyll-a concentration of PD was 7.3 ug L™, indicating a meso-
trophic state. Overall, PD remained in a eutrophic state during the years 2006-2007.

Table 10.13 Using TSI and OECD to evaluate the trophic state of HID

Sampling time TSI | Evaluate Phytoplankton Evaluate
result abundance result
(x 10° cells L)
2007 Wet season 27 Oligotrophic | 2.3 Oligotrophic
Dry season 24 Oligotrophic 7.7 Mesotrophic

Data from Wei (2010)
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Table 10.14 Using OECD to evaluate the trophic state of YZD

Sampling time Chl.a (png L™ Evaluate result Phytoplankton Evaluate result
abundance
(x 10° cells L™

2006-2007 2.6 Oligotrophic 5.2 Eutrophic

Data from Wang et al. (2008, 2009)

Table 10.15 Using OECD to evaluate the trophic state of PD

Sampling time Chl.a (g L Evaluate result | Phytoplankton Evaluate result
abundance
(x 10° cells L™")

2006-2007 7.3 Mesotrophic 23.7 Hyper-eutrophic

Data in the table from references Wang et al. (2008, 2009)

(7) Hongfeng Reservoir

In 1996, a large-scale algal bloom broke out in HF. More specifically, the com-
prehensive TSI was higher than 50, indicating a eutrophic state. The degrees of
eutrophication in the southern parts were more severe than those in the northern
parts. In the southern parts of the reservoir, the trophic condition of waters near the
Xiaojia Dam (the water supply point for Liangjiao Water Plant) was eutrophic.
During the years 1997-1998, algal blooms broke out continuously at large scale. As
described in Table 10.16, the trophic condition of waters in different areas in HF is
still eutrophic, and the degree of eutrophication in the southern parts is still higher
than that in the northern parts. Table 10.17 describes the trophic state of HF during
the years 2008-2010. It can be seen that the degree of eutrophication was reduced
to a mesotrophic state. In recent years, local government has paid attention to the

Table 10.16 Using weighted composite TSI to evaluate the trophic state of HF

1996 1997-1998

Sampling site TSI | Evaluate result | Sampling site TSI | Evaluate result
Near the Dayang Dao 56 Eutrophic Zhangguan 51 Eutrophic

HF administrative office |55 Eutrophic Daba 52 Eutrophic
Huayu Dong 57 Eutrophic Aoli 56 Eutrophic

The water intake point 68 Eutrophic Xiaojia Dam 55 Eutrophic

for Xijiao Water Plant

Yujialongtan 54 Eutrophic Jiangjun Wan 55 Eutrophic

HF 56 Eutrophic Liangcha Dong | 56 Eutrophic

Data from Department of environmental protection of Guizhou Province (2003)
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Table 10.17 Using weighted composite TSI to evaluate the trophic state of HF (2008-2010)

Sampling 2008/11 2009/10 2010/01
site TSI | Evaluate TSI | Evaluate TSI | Evaluate
result result result

2008-2010 Yaodong |44 | Mesotrophic 48 | Mesotrophic 42 | Mesotrophic
Jiangjun |44 | Mesotrophic 46 | Mesotrophic 42 | Mesotrophic
Houwu |43 | Mesotrophic |46 | Mesotrophic |42 | Mesotrophic
Daba 43 | Mesotrophic 44 | Mesotrophic 46 | Mesotrophic
Data from Ren et al. (2010) and Feng et al. (2011)

Table 10.18 The e_valuation Sampling time Sampling site TSI Trophic state
results based on weighted

. . . 1997-1998 Meituwan 46 Meso-eutrophic
composite trophic state index
in BH Yuchang dam 52 Eutrophic

Data in the table from Reference Department of environmental
protection of Guizhou Province (2003)

water quality of HF and has implemented a few measures to improve the water
quality and mitigate the eutrophication in the waters.

(8) Baihua Reservoir

As described in Table 10.18, BH (downstream of HF) also remained highly
eutrophic during the period of the outbreak of algal blooms in HF. Table 10.19
describes the trophic state of BH during the years 2009-2010. Evidently, BH
remained in a mesotrophic state in winter, and in a mesotrophic or eutrophic state in
other seasons. There was no big difference of degree of eutrophication between the
period of 2009-2010 and the period of 1997-1998.

(9) Aha Reservoir

As described in Table 10.20, in 2005, the total nitrogen concentration of AH ranged
from 0.88 to 0.89 mg L', indicating a eutrophic state, and the total phosphorus
concentration of AH ranged from 0.063 to 0.065 mg L', indicating a eutrophic
state. Table 10.21 describes the monthly variation of the trophic state of AH in
2010. Throughout the year, AH remained in a meso-eutrophic state in October and
November, and remained in a eutrophic state in other months, especially from
March to May. From Tables 10.20 and 10.21, it can be concluded that AH
remained in a eutrophic state in recent years.
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Table 10.20 Using TN and TP to evaluate the trophic state of AH

Sampling time TN (mg L") Trophic State | TP (mg L") Trophic state

2005 Dry season 0.90 Eutrophic 0.065 Eutrophic
Normal period | 0.88 Eutrophic 0.064 Eutrophic
Wet season 0.88 Eutrophic 0.063 Eutrophic

Data in the table from Reference Yang et al. (2007)

Table 10.21 Using weighted composite TSI to evaluate the trophic state of AH

Month TSI Trophic state Month TSI Trophic state

1 56 Eutrophic 7 53 Eutrophic

2 56 Eutrophic 8 53 Eutrophic

3 57 Eutrophic 9 56 Eutrophic

4 58 Eutrophic 10 46 Meso-eutrophic
5 58 Eutrophic 11 47 Meso-eutrophic
6 56 Eutrophic 12 54 Eutrophic

Data in the table from Reference Xue et al. (2011)

10.2.2 Effects of Eutrophication on the Mercury
Distribution in Reservoirs

1. Main physical and chemical parameters of waters and sediments (flooded soils)

The objects of this study were six reservoirs (SFY, HID, YZD, PD, DF, and WID)
along the mainstream of the Wujiang River, and three reservoirs (BH, HF, and AH)
along its tributary streams. Table 10.22 gives a summary of their trophic states, the
main physical and chemical parameters of their waters and sediments, THg and
MeHg concentrations, and the net flux of THg and MeHg. It should be noted that in
Chap. 4, the effects of water eutrophication on the Hg flux between water and
atmosphere are described. In Chap. 9, the pattern of Hg enrichment (biomagnifi-
cation) in the food chain is described. Therefore, this section is mainly focused on
the effects of eutrophication on the distribution, transportation, and transformation
of Hg in the water column and sediment in reservoirs.

As described in Table 10.22, during the sampling period, SFY and HJD (along
the mainstream of the Wujiang River) had the lowest degree of water eutrophication
(indicating an oligo-mesotrophic state). YZD and DF had a little higher degree of
water eutrophication (indicating a mesotrophic state) than the two reservoirs above
(SFY and HJID). Influenced by cage fish culture there, PD and WJD (along the
mainstream of the Wujiang River) had an apparently higher degree of water
eutrophication (indicating a eutrophic state) than other reservoirs along the main-
stream of the Wujiang River. HF, BH, and AH (along the tributary streams of the
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Wujiang River) are adjacent to towns and thus are being affected by industrial,
agricultural and domestic wastewater, so their waters are all in a eutrophic state.

Under the influence of a special geological background (karstic environment),
the waters of the reservoirs in the Wujiang River Basin are slightly alkaline and the
pH of the waters varies within a very narrow range. Eutrophication has no apparent
connection with the pH of waters, indicating that eutrophication has little effect on
the pH of such waters. In the Wujiang River Basin, the distribution pattern of DO in
the waters is quite different from that of the pH. With the exception of HID, the DO
in the reservoirs in an oligo-mesotrophic state, overall, remained high and the
waters in such reservoirs remained in a well-oxygenated state in each season.
However, the DO in the eutrophic reservoirs (e.g. WID and HF) was obviously
lower than that in other reservoirs, especially for waters in the bottom layer in
summer. For WJID, BH and HF, the DO concentration in their waters reaches the
annual minimum (1.2, 0.03, and 1.4 mg L', respectively) representing an extre-
mely anaerobic condition.

As described in Table 10.22, the OM in sediments/flooded soil is universally
low in the oligo-mesotrophic reservoirs, for example, (2.6-6.9)% for SFY, (0.4—
3.9)% for HID, and (1.4-4.0)% in DF. In contrast, the OM in sediments is uni-
versally high in the eutrophic reservoirs, for example, 9.0, 11 and 17%, respec-
tively, in PD, WJID and BH. For the severely eutrophic WJID, the highest organic
content was found in the superficial sediments, and the organic content in super-
ficial sediments rose gradually with increase in the degree of water eutrophication
from the upstream to downstream (dam), as mentioned in Chap. 6. It is generally
believed that in a eutrophic lake or reservoir, the substantial increase in inorganic
nutrients (including nitrogen and phosphorus) in the waters may give rise to
abnormal reproduction of autotrophic phytoplankton or aquatic macrophytes, and
that the remains of dead aquatic organisms sink to the lake or reservoir bottom, thus
quickly increasing the sedimentation rate at the lake or reservoir bottom. Therefore,
the most direct effect of eutrophication on the sediments is that dead algae enter into
the sediments where they sharply raise the organic content (Jin and Tu 1990). On
one hand, the newly deposited organic matter is easily decomposed, thus becoming
a source of food for anaerobes. This means that the increased organic content in the
sediments arising from eutrophication, can improve the activity of anaerobes. On
the other hand, a large amount of oxygen is consumed during decomposition of the
organic matter by microbes, thus causing a severe depletion of oxygen, even an
extremely anaerobic state, near the water-sediment interface (bottom water and
superficial sediments). To conclude, the oxygen dissolution in the waters and
organic matter content (or distribution) in the sediments in the reservoirs of the
Wujiang River Basin are largely determined by the degree of eutrophication in
those bodies of water.
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2. Distribution, transportation, and transformation of mercury in water and sedi-
ments (flooded soils)

Under the influence of human activities (mainly including the discharge of indus-
trial and municipal wastewater described in Table 10.1, the THg concentrations in
the waters and/or sediments of the reservoirs (including BH, HF, and AH) along the
tributary streams of the Wujiang River is universally higher than that in the
reservoirs along the mainstream of the Wujiang River (as described in
Table 10.22). The exception occurs in the upstream of WJID (for details about the
reason, see Chap. 6). For the reservoirs in the Wujiang River Basin, however, the
mechanisms that determine the concentration and distribution of MeHg in both
waters and sediments (submerged soils) are quite different from those of THg,
specifically:

(1) When reservoirs (including SFY and HJD) remain in an oligo-mesotrophic state,
the MeHg concentration in both waters and submerged soils remains at a low level
and the MeHg distribution in the profile does not exhibit any obvious regular
change. This indicates that no obvious Hg methylation occurs in the waters and
submerged soils (for details, see Chap. 6).

(2) When the YZD and DF remain in a mesotrophic state, MeHg concentration in
both waters and sediments is a little higher than that in SFY and HJD, indicating a
certain rate of Hg methylation.

(3) For the eutrophic reservoirs (including WJD, HF, and BH) in the Wujiang River
Basin, the MeHg concentration in both waters and sediments is far higher than that
in other reservoirs; the highest MeHg concentration arose in the anaerobic water in
the bottom layer in summer. The highest MeHg concentration in the sediment was
found in the superficial layer, and the positions with the highest MeHg concen-
tration in both waters and sediments were consistent with the locations with the
highest organic matter content. This indicates that there exists an active methylation
process in the anaerobic waters and organic-enriched superficial sediments (such as
in WJD and HF; for details, see Chaps. 6 and 7). As described in Table 10.7, while
the degree of eutrophication gradually increases from upstream to downstream of
the WJD, the MeHg concentration in the corresponding waters (especially the
anaerobic bottom waters) and superficial sediments also gradually increased from
upstream to downstream. This phenomenon agrees well with the spatial distribution
pattern of the eutrophication. Therefore, it can be concluded that eutrophication can
indeed promote the transformation of inorganic mercury in waters and sediments
into MeHg (for details, see Chap. 6).

It is generally believed that the anaerobes controlling the
methylation/demethylation of mercury include sulfate-reducing bacteria and
iron-reducing bacteria. Research data shows that sulfate-reducing bacteria can raise
the methylation rate of Hg and that iron-reducing bacteria can increase the net yield
of MeHg indirectly by suppressing the demethylation rate (Avramescu et al. 2011).
In a highly eutrophic aquatic environment, the superficial sediments contain
abundant active organic matter. On one hand, the active organic matter provides a
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sufficient source of food for methylation bacteria. On the other hand, a large amount
of oxygen is consumed during the decomposition of organic matter and thus an
anaerobic environment is generated at the sediment—water interface. This facilitates
the metabolic activities of sulfate-reducing bacteria. During the process of
eutrophication, many algae actively absorb Hg from the water column and then
enter the superficial sediments after death via the sedimentation process (Coelho
et al. 2005). Then, in the process of algal decomposition, the Hg is released again
into the water column, thus providing a source of active inorganic Hg sufficient for
methylation. Evidently, for the highly eutrophic reservoirs in the Wujiang River
Basin, the anaerobic environments of the bottom layer, and the abundant, active
organic matter in the superficial sediments; provide the major driving force for the
methylation of inorganic Hg while eutrophication is the essential cause of this
phenomenon. With the exception of WID (this reservoir provides a source of THg;
for details about the reason, see Chap. 8), THg is sequestered in other reservoirs
along the mainstream of the Wujiang River (including YZD, HID, SFY R, DF, and
PD). MeHg is sequestered in the oligo-mesotrophic reservoirs (including SFY,
YZD, and HJD). However, such eutrophication of water bodies facilitates the
transformation of inorganic Hg contained in waters and sediments into MeHg; so
the meso-eutrophic reservoirs (such as, WID and PD) provide sources of MeHg.

10.3 Biogeochemical Model of Mercury in Reservoir

Based on the measured data, we developed a conceptual model of the Hg bio-
geochemical cycling in the river-reservoir system in the Wujiang River Basin. This
conceptual model can help better understand the Hg biogeochemical characteristics
in reservoirs, which could be used to predict the biogeochemical evolutionary tread
of Hg in river-reservoir ecosystems, such as the three gorge reservoirs of the
Yangtze River.

10.3.1 Primary Evolutionary Stage of Reservoirs

An important environmental consequence of constructing reservoirs is MeHg
contamination in the food web of the aquatic ecosystems (St. Louis et al. 2004; Hall
et al. 2005; Lucotte et al. 1999). Elevated levels of MeHg were observed in fish in
newly constructed reservoirs in North America and northern Europe in the late
1970s and early 1980s (Lodenius et al. 1983; Hecky 1991; Abernathy and Cumbie
1997; Bodaly 1997). Active MeHg production in newly built reservoirs following
impoundment may persist for up to 10 years (Hall et al. 2005; St. Louis et al. 2004;
Hall et al. 2005). Subsequently, the increased MeHg levels in fish from the reser-
voirs may last for up to 30 years after impoundment (Mailman et al. 2006; St. Louis
et al. 2004; Hall et al. 2005; Lucotte et al. 1999). The methylation of inorganic Hg
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(IHg) in water and sediments constitutes a key role in the cycling of Hg in aquatic
systems (Fitzgerald and Mason 1997).

The decomposition of flooded vegetation and organic matter in soils may
stimulate the microbial methylation of IHg to MeHg (Furutani and Rudd 1980;
Lucotte et al. 1999). Given the decomposition of organic matter in submerged soil,
the net Hg methylation rate decreases with an increase in the reservoir age (St.
Louis et al. 2004; Hall et al. 2005; Lucotte et al. 1999). Studies in North America
showed that the Hg methylation rates decreased as the age of the reservoir increased
because of the decomposition of organic carbon in the flooded soils (St. Louis et al.
2004; Hall et al. 2005; Lucotte et al. 1999). Our current study showed that the
MeHg production in reservoirs located in southwestern China cannot be predicted
using previous observations in North America and Europe because the Hg
methylation process in the Wujiang River Basin is driven by a completely different
biogeochemical dynamic (Larssen 2010). Consequently, the observations obtained
from the reservoirs in the Wujiang River tell a different story.

Given the karstic environment of the Wujiang River Basin, the organic matter
contents in the submerged soil (range: 0.4-6.9%, see details in Chap. 6) were much
lower than the organic matter concentrations (varied from 30 to 50%) in submerged
soil from the boreal forest or wetlands in North America and Europe (St. Louis et al.
2004; Hall et al. 2005; Lucotte et al. 1999). The primary productivity in newly
constructed reservoirs is currently represented as oligotrophic—mesotrophic due to
the absence of cage culture fishing in the newly constructed reservoirs (Fig. 10.1).
The current study also indicated that the major source of organic matter in the newly
constructed reservoirs (e.g., YZD, SFY, and HID) was mainly derived from the
watershed input with little autochthonous contribution because of the low primary
productivity (Jiang 2007). The low organic matter content in the submerged upland
soil of the Wujiang River Basin may inhibit methylating microorganisms from
colonizing the newly constructed reservoirs or decrease their rate of metabolism
(Fig. 10.1). Furthermore, river erosion and surface runoff were the main sources of
MeHg in the newly constructed reservoirs in the Wujiang River Basin. Therefore,
the concentrations of MeHg in the water column and fish samples from the newly
constructed reservoirs (e.g., YZD, SFY, and HID) were significantly lower than
those from DF, PD, and WID in the Wujiang River Basin and from newly con-
structed reservoirs in North America and northern Europe (see details in Chaps. 6
and 8). Consequently, the newly constructed reservoirs, such as SFY, HJD, and
YZD in the Wujiang River, did not show a net source of MeHg in the reservoir
systems and instead represented a net sink of MeHg (see detail in Chap. 7).
Therefore, the newly constructed Chinese reservoirs within the Wujiang River
(YZD, SFY, and HID) were not active sites of net Hg methylation because of the low
organic carbon content in the submerged soils and/or low primary productivity.
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Fig. 10.1 Conceptual model of the Hg cycling in primary evolutionary stage reservoirs in
Waujiang River Basin, Southwest China

10.3.2 Intermediate Evolutionary Stage of Reservoirs

With the continuous evolution of reservoirs, PD and DF, which are classified as
intermediate evolutionary stage, are mesotrophic-eutrophic, which indicates a much
higher level of primary productivity compared to the newly constructed reservoirs
in the Wujiang River Basin (e.g., YZD, SFY, and HJD are oligotrophic—me-
sotrophic) (Fig. 10.2). The organic matter content in the sediment was significantly
elevated as a result of the continuously increasing autochthonous material. The
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Fig. 10.2 Conceptual model of the Hg cycling in intermediate evolutionary stage reservoirs in
Waujiang River Basin, Southwest China
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active net methylation of inorganic Hg in the sediment occurred in PD and DF
(Fig. 10.2). Meanwhile, the concentrations of MeHg in the sediment and the cor-
responding water column in DF and PD were higher than those in the newly
constructed reservoirs (e.g., YZD, HID, and SFY) in the Wujiang River Basin.

When compared to the newly constructed reservoirs, the intermediate evolu-
tionary stage reservoirs within the Wujiang River Basin (such as DF and PD)
changed from MeHg sinks to MeHg sources. DF is characterized as mesotrophic,
which is similar to the newly constructed reservoirs (e.g., YZD and SFY). During
our sampling campaigns, DF acted as a net sink for THg but a net source for MeHg.
These observations suggested that in situ net Hg methylation existed in the inter-
mediate evolutionary stage of the reservoir. More importantly, the Hg methylation
processes will be continuously accelerated with increases in the primary produc-
tivity of the reservoirs in the Wujiang River Basin in southwestern China.

10.3.3 Advanced Evolutionary Stage of Reservoirs

Over a long-term evolution of the reservoir, the primary productivity of WD,
which is classified as an advanced evolutionary stage, was significantly elevated
(Fig. 10.3). WID was developed as a typical eutrophic reservoir during our sam-
pling periods.

The high-intensity cage aquaculture activity in WJD contributed to the higher
primary productivity compared to the newly constructed reservoirs (SFY, HID, and
YZD). Phytoplankton-derived organic matter and the fish feeds and feces were
potentially significant sources of organic matter input to the surface sediments of
WID (Fig. 10.3). Even the submerged soils from the WID contained very low
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Fig. 10.3 Conceptual model of the Hg cycling in advanced evolutionary stage reservoirs in
Waujiang River Basin, Southwest China
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concentrations of organic matter because of the karstic environment in the Wujiang
River Basin. However, the organic carbon content in the surface sediment collected
from WJD was relatively high in comparison to the sediments from PD and DF (see
detail in Chap. 6).

The organic matter in the surface sediment originating from cage aquaculture
activities in WJD was easily decomposed by microorganisms. The increased oxy-
gen consumption during fresh organic matter degradation causes progressively
more anoxic conditions at the sediment/water interface (see detail in Chap. 6),
which leads to the active methylation process. As shown in Chap. 6, WID (ad-
vanced evolutionary stage reservoir) is characterized by a much more active net Hg
methylation compared to the primary evolutionary stage reservoirs (such as YZD,
SFY, and HID) and the intermediate evolutionary stage reservoirs (such as PD and
DF). The MeHg concentrations in the water column and sediments of WJD were
significantly elevated compared to those from the other five reservoirs in the
Woujiang River Basin (such as SFY, YZD, HID, PD, and DF). The current study
further demonstrated that both the surface sediment and the hypolimnetic water
were the net MeHg sources for the water column in the WJID, which may pose a
potential threat to the reservoir system and downstream aquatic ecosystems. The
popularity of cage aquaculture appears to be the key factor in the high primary
productivity in the reservoirs in the Wujiang River Basin, and this could actually,
significantly change the conditions promoting the net MeHg production. Moreover,
the contribution of the organic matter to the sediment from cage aquaculture
affected the Hg methylation degrees, which would explain the different net MeHg
production rates among the different evolutionary stages of reservoirs in the
Wujiang River Basin. A hyper state of eutrophication that existed in WJD signif-
icantly changed the physical and chemical characteristics of the water column,
which resulted in the significantly elevated Hg” emission from the surface water to
the atmosphere. Therefore, WID, an advanced evolutionary stage reservoir, acted as
a source for both THg and MeHg annually.
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