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Abstract: In order to study the occurrence form, vertical migration and transformation and the
potential ecological risk of Hg in the disjointed hyporheic zone in the gold mining area is inves-
tigated. Through field investigation, in-situ test, and test analysis, the results show that: (1) the
form of mercury in the original stratum where the river water-groundwater hydraulic connection
is disconnected is mainly in the residual state, accounting for 77.78% of the total mercury; (2) after
the water content increases or the water level changes, the various forms of occurrence in the soil
surface layer decrease, and the residual state is still the main form; the main forms of mercury in the
sand and pebble layer are diversified, including the residual state, strong organic state and humic
acid state; (3) the mercury content in the subsurface zone in winter is higher than that in summer;
(4) although the mercury content in groundwater has not been detected, the potential ecological risk
of mercury in the disjointed Hyporheic zone near the river in the study area is much higher than the
extreme ecological hazard threshold, which has a value of 320. The risk of groundwater pollution
caused by mercury during the long-term runoff of the river is higher than that during the flood
period. Therefore, relevant departments need to rectify the river as soon as possible, from the source
to reduce the ecological risk of heavy metals to groundwater. The results will provide a scientific
basis for groundwater control.

Keywords: disjointed type; hyporheic zone; mercury; migration and transformation; gold mining
area; ecological risks

1. Introduction

The hyporheic zone is an important transitional area for the dynamic interaction of
surface water and groundwater. Its physical properties and biogeochemical environment
jointly carry the changing process of water flow, material, and energy exchange.

The hyporheic zone (HZ) is an essential member of a river ecosystem which can
be saturated with interstitial sediment beneath the streambed and close to the riverbed
(Figure 1a,b [1-3]). It is the zone of fraternization, exchange, and interaction between
groundwater and surface water. The surface water and groundwater interacted and
combine to create a new interstitial or transitional zone of water with different properties.
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The HZ can be divided into two zones, the “surface hyporheic” zone, and the “interactive
hyporheic” zone. The new characteristics of the hyporheic zone are dynamic zone with
hydraulic pressure at numerous scales (catchment scale and smaller scale) [4-8]. It has a
higher concentrations of chemicals with low oxygen content, special hydrological processes,
and ecological systems. Many hydrogeologists consider the hyporheic zone as part of
the groundwater system, since it contains subsurface water in the saturated zone. The
physiochemical characteristics of water flow in the subsurface are the main key to material
and energy exchange between surface water and groundwater [9]. Due to the differences
in physiochemical characteristics such as redox, pH, and temperature between river water
and groundwater, drives variation in biological, chemical, and even temperature gradients
between surface and groundwater.

Heavy metals are the extremely distributed deposits in the soil sediment and water
nearby gold mining [10-12]. Heavy metals are classified into essential and nonessential
metals. Heavy metals sources are categorized as natural sources such as ore deposits,
bedrock weathering, geological weathering, atmospheric precipitation, storms, and wind
bioturbation, whereas anthropogenic sources such as agrochemicals activities, mining
processing, shipping, industrial products, manufacturing development and process (e.g.,
batteries and pharmaceutical products), smelting, fuel generation, electroplating, sludge
discharge, energy transmission, dense urban areas, wastewater irrigation and [13-15].
Globally, the water discharges from the mining of ores, heaps leaching, milling and ore
processes to liberate the metal and remove the waste are predominantly sources of metals
in soil, surface, and groundwater pollution around these mine areas. Mine waters are
typically rich in metals and elements such as iron, copper, manganese, arsenic, mercury,
lead, and zinc [16-19]. By water-rock interaction, the heavy metals move to water in order
to sediment and can accumulate in water or soil by bioaccumulation processes, which may
enter the food chain and create a health risk. Consequently, detecting the processes of
surface and groundwater interface is highly significant to evaluate and assume the behavior
and consequences of mine pollution. The main four attributes which controlled the element
behavior in certain heavy metals are the valence state, compound state, binding state, and
structural state [20]. In addition to the stability of the element in the soil organized the
occurrence form of this element.

Mercury is one of the most critical pollutions and ranked the third most toxic elements
by the US Government Agency for Toxic Substances and Disease Registry [21-23]. As well
as this, it is one of the main pollutant structures in the gold mining areas [24,25]. It can reach
the human body through food and water which can act naturally by ore rock interaction or
by human activities (by using dental amalgam, batteries, thermometers, barometers, and
medical waste) in modern life. Mercury (inorganic or as organic) can bioaccumulate in soil
and water and cause bad effects on human health [26-28].

When mercury enters the soil, various forms will be redistributed among the soil
solid phases. MA et al. [29] revealed that there are significant differences in the mass
concentrations of dissolved mercury (DHg) and total methyl mercury (TMeHg) in the
stratum water samples in the water storage period (September to October), submerged
period (November to December), water withdrawal period (February to March) and drying
period (May to June). Changes in the surface water level will cause the content of heavy
metals and the occurrence of environmental changes [30,31]. Wang [32] studied the change
in mercury under laboratory conditions, he concluded that the content in different forms
under dry and wet environments after flooding, shows the mercury Migration ability is:
acid-soluble mercury > inert mercury > Alkali-soluble mercury > water-soluble mercury;
and under the condition of drying, inert mercury > alkali-soluble mercury > acid-soluble
mercury > water-soluble mercury. On the other hand, Tang [33] studied the speciation
distribution of mercury in wetland sediments with different water level gradients, and
he noticed that the change in groundwater level is directly affected by the river water
level during high and low water seasons, and the fluctuation of surface water level causes
different changes in the content of water and polluting elements in the soil layer [34]. The



Water 2022, 14, 2950

30f16

river water and groundwater level in the hyporheic zone in the wet season and dry season
directly affect the risk of groundwater pollution [35,36], and the disconnected hyporheic
zone is the bottom line for an early warning of regional pollution risks, so the development
of disconnected river reaches. It is very important to study the vertical migration of the
mercury information profile and its ecological risk.

Analysis of water, sediments, and members of indigenous biota can be used to de-
termine the relative pollution of aquatic habitats by mercury and other heavy and trace
metals. This analysis includes different monitoring techniques, and scientific problem
usually include soil and water quality, hydrological processes composition of vegetation,
and animal population. Previous studies mainly focus on reports on the potential ecological
hazard assessment of heavy metal pollution in static water and soil environments [37,38].
The migration and transformation rules and ecological risks of mercury occurrence forms
in the subsurface under the conditions of river water level changes in wet and dry periods
are not well studied. The research topic provides a scientific basis for the prevention and
control of groundwater pollution along the river.

Xiaoqinling gold-mining area is considered the third largest gold-producing region in
China, and gold production in the area began about 900 years ago. In Mayu alone, there
are 72 abandoned ancient mines, and production from 1980 to 2003 reached 562,500 t [39].
Furthermore, the large-scale exploitation of gold and mining activities began in 1975 [40].
Currently, more than 29 large gold mining companies have many gold mills, which are
mainly in the Shuanggqiao river. Based on the geochemical characteristics landscape of
the region, five areas are included (Figure la,b): the prockbase mountain area, pied-
mont alluvial-pluvial inclined tableland, loess ravine tableland, Yellow river, Weihe and
Shuanggqiao river alluvial terrace [40]. Both agricultural activities and gold-mining activities
were commonly affected in the study area. The more complicated structures include faults
and folds in the north and south, the main regional faults are the Taiyao, Guanyintang,
Xiaohe, and Huanchiyu. The structure system influences the heavy mineral distribution
in the study area. Several gold mills are scattered along numerous streams which are
tributaries of the Yellow river. Since mining pactivities during the 1980s to 1990s, artisanal
gold in which elemental Hg has been used widely for gold processing [39]. Up to the
present time, wastewater is still discharged directly into rivers and streams due to more
than eight million tons of tailings having been produced with high-risk pollution of heavy
metals for the soil and water. The main sources of heavy and trace elements especially Hg
in the polluted soil were identified through the correlation analysis and comparing the
maps of these heavy metal concentrations distribution and land-use types [41]

The Shuanggiao River in the Xiaoqginling gold mining area is a typical area of mercury
pollution [42,43]. Xu et al. [44] studied mercury pollution in the sediment. The soil content
is significantly higher than that of the three geochemical landscapes: the piedmont alluvial-
proluvial slope, the loess gully residual plateau, and the Huangwei River alluvial plain; the
accumulation or pollution of heavy metals caused by mining activities becomes the soil Hg,
Pb, Cd, Cu, and Zn in the study area. Owing to the chemical factor affecting the enrichment
of heavy metals in soil [45], the gold mining activities are closely related to Hg in the
Hyporheic zone of the study area, the authors studied the disjointed continuous type in
dry season. The migration law and influencing factors of Hg morphological characteristics
in the subsurface zone in the vertical soil layer [42].
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Figure 1. (a) view of a river shows the position of the hyporheic zone. (b) the directional flow of
water through the hyporheic zone. (after [2,3]), (c) location map of the study area. (d) The map of the
sample and its landscape distribution after [9]. (e) Distribution of water seepage test.

2. Background of the Study Area

The Shuanggqiao River originates from the northern foot of the Xiaoginling Mountains
and is formed by the confluence of Mayu, Taiyu, Shancheyu, Dongtongyu, and Xiyu. region
(Figure 1c,d [46]). Its flow direction is from south to north, with a length of 14.8 km. It
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belongs to the warm temperate continental monsoon semi-humid-humid climate zone,
with dry winters and little rain, and humid and rainy summers. The annual precipitation is
587.4 mm and the evaporation is 1193.6 mm. At present, it is mainly used for industrial
water. Shuanggqiao river channel has not been fully regulated by 2020. The groundwater
types in this area are mainly Archean bedrock fissure water and quaternary pore water.
There are complex hydraulic relationships among different geological and geomorpho-
logical types (alluvial fan, loess plateau, and river alluvial terrace) in the study area. The
field investigation found that there was a phenomenon of water-saturated zone-aeration
zone-upper stagnant zone-relative impermeable zone-aeration zone-saturated zone in a
river in the Little Qin Mountains region. According to the shallow water level in the
middle and lower reaches of the river in the mining area, the groundwater is not polluted
in the area with good hydraulic alternation between the river and groundwater in the
alluvial-alluvial slope.

3. Survey Analysis and Evaluation Methods
3.1. In-Situ Test and Sample Analysis

The principal three sampling techniques with a variety of methods that can be carried
out for the HZ are in situ, coring, and tracing. The methods will be chosen according to the
purpose of research.

In this paper, in-situ seepage tests were carried out. After the seepage tests, we
collected soil samples and tested and analyzed the contents of soil (according to Figure 1e),
groundwater, and surface water in HZ. Mercury is volatile and therefore has been tested
in winter and summer. Based on the collecting data of moisture content, temperature
and content, the law of migration and transformation was analyzed. Among them, the
monitoring data of soil profiles were analyzed, and 7 forms were analyzed. The stability of
each form in natural soil was different, and the residue state was the most stable, the effect
of leaching on morphology has not been studied. The ecological risk was analyzed based
on the soil monitoring data.

During the wet season (June) and the dry season (December) in 2021, the survey
and sampling were conducted by the Shuanggiao River in the alluvial-proluvial landform
area. The sampling point is Sidi Village, where the groundwater and surface water are
disconnected hydraulically. In winter and summer, 24 soil samples, 1 groundwater sample
and 1 surface water sample were collected, respectively. The test lasted 30 min. Regarding
different river water level settings, when the flood occurs, the flood level is 30 cm (the
difference between the floodplain and the river bed), and the low water level is the average
depth of the current river water level of 10 cm. The test includes occurrence form, total
amount, water content, pH, and hydrogeological conditions of mercury and sees the
sampling, analysis and testing methods for details [42].

The samples of water collected during the wet season (June) and the dry season
(December) in 2021 were tested and analyzed using an atomic fluorescence spectrometer
(AFS) in the test center of the Xi’an Institute of Geology and Mineral Resources. Instead,
the mercury distinguishes into 48 sets of soil samples which were determined using AFS,
as well as the ion-selective electrode analysis in the Hefei Mineral Resources Supervision
and Testing Center, Ministry of Land and Resources. All of the tests were analyzed
according to the standards DZ/T0279-2016, DD2005-03, and DZ/T0130.2-2006, specifying
the detection limit and determination range of the method, which are 0.005 mg/kg and
0.02-6 mg/kg, respectively. The standard DD2005-03 divides the elements in soil into seven
forms, namely the water-soluble form extracted by the extractant of deionized water, the
ion-exchange form extracted by the extractant of magnesium chloride, the carbonate bound
form extracted by the extractant of acetic acid-sodium acetate, the weak organic (humic
acid) bound form extracted by the extractant of sodium pyrophosphate, the Fe-Mn bound
form extracted by the extractant of hydroxylamine hydrochloride, the strong organic bound
form extracted by the extractant of hydrogen peroxide, and the residual form extracted by
hydrofluoric acid.
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3.2. Potential Ecological Risks

According to the single-factor ecological hazard coefficient calculation formula, com-
bined with the toxicity response coefficient of heavy metal elements to calculate the Ei
value, the single-factor potential ecological hazard coefficient formula is as follows:

g = (Trg x C) /Co (1)

where Epyg is the potential ecological risk factor of Hg, Ty is the toxic response factor of
Hg, C is the concentration of Hg, Cy is the concentration of Hg in the background. In this
study, the T of Hg was 40 [47]. Hakanson proposed that the highest value of heavy metals
in sediments before industrialization was used as a reference value [48]. In the process of
practical application, the potential ecological risk assessment of sedimentary river bottoms
is used as a reference value, but when the risk assessment object is extended to the soil,
The selection of the reference value is not uniform. Considering the characteristics of the
study area and the collected soil samples, this work selects the background value of heavy
metals in uncontaminated soil in the area [49,50] as the reference value for evaluation. See
Tables 1 and 2.

Table 1. Toxicity coefficients of Hg and its reference values.

Depth T Cp (mg/kg)
0-20 40 0.070
20-30 40 0.036
30-50 40 0.032
50-70 40 0.018

Table 2. Potential ecological risk coefficient and classification of ecological risk degree.

Potential Ecological Hazard Potential Ecological Risk
Coefficient (Egg) Degree Grading
<40 Mild ecological hazard
40-80 Moderate ecological hazard
80-160 Intensity Ecological Hazard
160-320 Very high ecological hazard
>320 Extremely ecologically hazardous
4. Results

4.1. The Influence of the Occurrence Form and Content of Soil Vertical Hg in the Hyporheic Zone of
the Alluvial-Proluvial Area in the High and Low Water Season

It can be seen from Figure 2 that the stable environment of mercury in the undercurrent
zone with pH between 8.39-8.87. The mercury forms in the wet and dry periods are mainly
in the residual state, indicating that the source of Hg in the undercurrent zone of the
gold mining area mainly is the mineral lattice [51], which may be implicated in mining
wastewater into the undercurrent zone. The total mercury content (25.22 mg/kg) in the
main enriched soil layers in the subsurface in winter was higher than that in summer
(11.61 mg/kg). Mercury content displays a negative correlation with pH values. The
diagrammatic cross-section in Figure le shows that the total amount of mercury in the
undisturbed soil and the characteristics of the residue state in the vertical direction of
the silt-sand-cobble-tailings-silt-sand-cobble alluvial layer, whether it was the wet season
(summer) or the dry season (winter). Furthermore, the high value appears in both 0-10 cm
silt containing tailings slag and 3040 cm silt, however, the highest value is in 3040 cm silt.
In summer, the total and residual contents of mercury in 0-10 cm silt containing tailings
were 1.48 mg/kg and 1.45 mg/kg, respectively; the total and residual mercury contents in
30-40 cm silt were 11.64 mg/kg and 10.00 mg/kg, respectively. Kg. Nevertheless, in winter,
the total and residual mercury contents in 0-10 cm silt containing tailings are 1.447 mg/kg
and 1.445 mg/kg, respectively; the total mercury and residual mercury contents in 3040 cm
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sand and pebbles are 19.49 mg/kg and 20.63 mg/kg, to the 40-80 cm sand and pebble layer,
this means the total mercury content decreased.

Total and gpccimion content Total and specialion content
of mercury/ (mg/kg) , pH of mercury/ (mg/kg) , pH
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Figure 2. Occurrence forms of mercury in the soil layer of the vadose zone before the water seepage
test was performed in the dry and wet periods.

4.2. The Influence of the Occurrence Form and Content of Vertical Hg in the Hyporheic Zone under
Different Hydrodynamic Excitation Conditions during High and Low Water Seasons

The morphological characteristics of mercury occurrence of the vertical Hg in the
subsurface under high and low water level seepage conditions in wet and dry periods
(As shown in Figure 3): the mercury content is still mainly in the residual state, and the
highest value is in 30-40 cm silt. Furthermore, the mercury content in the stratum in winter
is still higher than that in summer, as well as the total and residual mercury content under
high-water seepage conditions is higher than the corresponding mercury content. Whereas
the total and residual mercury content in wet 3040 cm silt sand under high water level
seepage conditions is 10.21 mg/kg and 9.91 mg/kg, respectively, while the total amount
of mercury in 30—40 cm silt sand under low water level seepage conditions in the wet
season and residual state were 1.65 mg/kg and 1.14 mg/kg, respectively. On the other
hand, the total amount and residual state of mercury in 30—40 cm silt were 13.02 mg/kg
and 12.00 mg/kg, respectively, however, the total amount and residual state of mercury
under the condition of high and low water level seepage in the dry season in the 30—40 cm
silt under the conditions were 3.01 mg/kg and 2.01 mg/kg (as shown in Figure 4).
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Figure 3. Characteristics of mercury transport in the subsurface under different hydrodynamic
excitation conditions in wet and dry periods.
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Figure 4. Characteristics of pH transport in the subsurface under different hydrodynamic excitation
conditions in wet and dry periods.

5. Discussion
5.1. Factors Affecting Mercury Migration and Transformation

(1) The form of mercury in wet and dry seasons is mainly in the residual state, and
the mercury content in the main enriched soil layer in the Hyporheic zone in winter
(20.64 mg/kg) and higher than in summer (11.61 mg/kg). The temperature in the wet
season is 29-36.9 °C, and the temperature in the dry season is 2-11.5 °C. Moreover, affected
by temperature, soil mercury release flux shows that it is restricted by the atmospheric
temperature with a positive correlation. The higher the atmospheric temperature, the
greater the soil mercury release flux. Even air temperature affects mercury volatilization,
but other factors also control soil volatilization, such as humidity, topographical conditions,
and meteorology [52].

(2) Under the condition of water seepage, the mercury form changes regardless of the
dry or the wet season, the various occurrence forms of 0-30 cm mercury in the vertical
direction are decreasing, and still the main one. Nonetheless, in the sand and pebble layer,
the main forms of mercury are diversified, including residue state, strong organic state, and
humic acid state (see Tables 3 and 4). Currently, the pH of the layer with the largest change
in morphological content also tends to be acidified (as shown in Figure 5). Acidic conditions
may increase the content of available mercury in the soil, which leads to an increase in its
bioavailability and enhanced migration ability. Adsorption-desorption has a great influence
on the migration and transformation process. Occasionally, the influence mechanism of
soil pH on the complexation-chelation, oxidation-reduction and methylation reactions
in the process of mercury migration and transformation is reflected in ion competitive
adsorption, valence state change, and methylation reaction, respectively. and promote the
synthesis of factors [53]. The change in humic acid will promote the continuous decrease in
water-soluble mercury, exchangeable mercury, and acid-soluble mercury in soil with the
increase in alkali-soluble mercury, organically bound mercury and residual mercury [54].
But to the sand pebble layer, this is because in the disturbed system, almost all forms of
mercury have mercury release [42].
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Table 3. List of mercury speciation content and its percentage in subsurface flow zone in the dry season.
The Hg Speciation Content The Percentage of Hg Speciation Content in the Total Amount
Diff ¢ Carbonate Iron- Carbonate Iron Man-
eren Moisture Water Ion Ex- State Humic o Strong . Water Ion Ex- State Humic on Vean Strong .
Hydrody- Sample H . . Manganese 5 Residue . . ganese 5 Residue
. P Content Total Soluble change Humic Acid Lo Organic Soluble change Humic Acid o Organic
namic No. . Oxidation State . Oxidation State
S State State Acid State State State State Acid State State
Excitation State State
State State

% mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg % % % % % % %
Low water dd-1 8.56 8.67 1.038 0.001 0.002 0.005 0.010 0.008 0.003 1.009 0.09 0.19 0.50 0.92 0.78 0.29 97.24
level dd-2 8.82 16.52 0.423 0.001 0.001 0.002 0.005 0.004 0.003 0.407 0.20 0.25 0.56 124 0.98 0.60 96.17
infiltration dd-3 8.49 11.39 4.106 0.008 0.005 0.008 0.245 0.086 0.562 3.194 0.19 0.11 0.18 5.96 2.08 13.69 77.78
test dd-4 8.89 3.24 0.355 0.010 0.001 0.001 0.054 0.045 0.226 0.018 2.81 0.32 0.37 15.09 12.63 63.82 4.95
High water gd-1 8.68 8.3 0.923 0.001 0.001 0.006 0.003 0.003 0.004 0.904 0.13 0.14 0.67 0.34 0.28 0.44 97.99
level gd-2 8.82 12.14 0.152 0.001 0.001 0.002 0.002 0.002 0.003 0.141 0.39 0.67 1.18 1.23 1.28 222 93.02
infiltration gd-3 8.35 17.26 25.220 0.014 0.020 0.018 0.024 0.143 0.376 24.626 0.05 0.08 0.07 0.10 0.57 1.49 97.64
test gd-4 8.82 4.82 0.853 0.028 0.002 0.002 0.184 0.010 0.547 0.081 331 0.18 0.18 21.59 1.21 64.08 9.44
Bef yd-1 8.75 9.1 1.473 0.002 0.002 0.002 0.004 0.004 0.011 1.449 0.11 0.16 0.11 0.26 0.27 0.74 98.34
) fff urer yd-2 8.8 15.48 0.367 0.000 0.001 0.002 0.083 0.006 0.114 0.162 0.11 0.28 0.44 2245 1.63 30.91 4418
Infiltration yd-3 8.39 12.55 20.004 0.011 0.026 0.012 0.037 0.139 0.285 19.494 0.05 0.13 0.06 0.18 0.70 143 97.45
test yd-4 8.78 5.57 0.970 0.056 0.002 0.002 0.217 0.015 0.521 0.158 5.71 0.21 0.16 22.39 1.54 53.70 16.29
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Table 4. List of mercury speciation content and its percentage in subsurface flow zone in the wet season.
The Per- The Per- The Per-
centage centage centage
. of H Different of H Different of H .
I]_Jllfferent Moisture The Hg Speciga- Hydro- . The I:Ig Speciga- Hydro- Moisture The He Speciga- Different
ydrody- Sample H Con- Speciati t d . Sample H Moisture Specia- t d . Sample H Con- Specia- 4 Hydrody-
namic No. p on peciation 1on ynamic No. p Content tion 1on ynamic No. p on tion on namic
Excitation tent Content C.ontent Ex.cﬂ:a- Content C.ontent Ex.cﬂ:a- tent Content Cpntent Excitation
in the tion in the tion in the
Total Total Total
Amount Amount Amount
Carbonate Iron- Carbonate
Sample Moisture Ion Ex- State Humic Manganese Water Ion Ex- State Humic Residue
Different N P pH Con- Total change Humic Acid Oxi dg G Total Soluble change Humi Acid Total Stat
Hydrody- o tent State Acid State xgt:telon State State Aci:in;ltl:te State ate
namic State
Excitation % mg/kg mg/kg mg/kg % mg/kg mg/kg % % mg/kg mg/kg %
Low water dd-1 8.38 9.98 0.625 0.001 0.001 0.001 0.054 0.007 0.005 0.555 0.21 0.19 0.21 8.70 117 0.75 88.77
level dd-2 8.59  10.04 1.042 0.001 0.001 0.001 0.041 0.006 0.003 0.987 0.14 0.11 0.13 3.97 0.59 0.31 94.75
infiltration dd-3 8,52 1291 1.325 0.002 0.001 0.001 0.160 0.004 0.012 1.145 0.14 0.08 0.09 12.10 0.32 0.87 86.39
test dd-4 8.65  10.60 0.868 0.002 0.001 0.001 0.099 0.012 0.044 0.708 0.28 0.14 0.13 11.38 143 5.05 81.59
High water gd-1 8.18 1258 1.029 0.001 0.001 0.001 0.033 0.005 0.004 0.984 0.14 0.12 0.12 3.20 0.45 0.40 95.58
level gd-2 8.57 13.16 0.577 0.002 0.001 0.001 0.033 0.003 0.009 0.528 0.30 0.21 0.21 5.70 0.57 1.52 91.48
infiltration gd-3 856 12.77 9.986 0.002 0.001 0.001 0.057 0.007 0.003 9.914 0.02 0.01 0.01 0.57 0.07 0.03 99.27
test gd-4 871 12.58 1.682 0.002 0.001 0.001 0.060 0.007 0.048 1.563 0.13 0.07 0.08 3.57 0.42 2.84 92.90
yd-1 8.75 9.10 1.474 0.002 0.002 0.002 0.004 0.004 0.011 1.449 0.11 0.16 0.11 0.26 0.27 0.74 98.87
. Bgfurgr yd-2 8.80 10.48 0.368 0.000 0.001 0.002 0.083 0.006 0.114 0.162 0.11 0.28 0.44 22.45 1.63 30.91 44.18
infiltration yd-3 859 1215 11.109 0.042 0.015 0.007 0.336 0.110 0.596 10.003 0.38 0.14 0.06 3.03 0.99 5.37 90.04
test yd-4 8.82 4.24 1.650 0.023 0.004 0.004 0.052 0.037 0.064 1.466 1.39 0.25 0.22 3.12 2.23 391 88.88
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Figure 5. Line chart of potential ecological risks of mercury in the subsurface under changing river
water levels. (a)—The line chart of the ecological risk of mercury in the subsurface under the condition
of changing river water level in winter; (b)—The line chart of the ecological risk of mercury in the
subsurface under the condition of changing the river water level in winter.

(3) The convective exchange law of mercury content caused by the pressure gradient
in the same layer is reflected in the fact that 040 cm does not change significantly after
leaching due to the low original content, while the leaching amount of mercury (the
amount of mercury leaching under the condition of high-water level seepage at 40 cm)
is not obvious. The original value (the mercury content after the water seepage test) is
lower than the leaching amount of mercury under low water seepage conditions. The
authors believe that the reason is the structure and hydrogeological characteristics of the
flow sediments strongly influence the surface and groundwater exchange. Nevertheless,
the silt and tailings sand are deposited on the riverbed; in addition, the silts bed has very
low permeability and porosity, therefore it also reduces the exchange of undercurrent, and
the low permeability rate promotes leaching and water-rocking, and a huge amount of
mercury ions and their complexed forms are dissolved out. The inhomogeneous structure
of the riverbed also creates effective anisotropy, and it causes restriction of the penetration
of solutes, especially in the vertical direction [55]. Salehin et al. [56] conducted a series
of experiments on the river-groundwater exchange, and constructed a two-dimensional
inhomogeneous riverbed structure by artificial methods. Consequently, he discovered that

the water flow prefers to pass through the high permeability area, and the interface flow
increases in this area.

5.2. Potential Ecological Risks

During the history of gold mining areas, there was disorderly and random mining.
Consequently, mercury rollers which is a beneficiation process liable to cause mercury
pollution are used for illegal gold extraction in the mining valleys in the mountains from
the 1990s to around 2010, thus the wastewater was directly discharged into the Shuangqiao
River and other rivers with the mine water. Indisputably, it leads to serious ecological
problems in rivers. Xu et. al., [57], comparatively investigated four types of soil and water
pollution in the study area: atmospheric deposition, river irrigation, mining sewage irriga-
tion, and tailings slag leaching. They summarized that the largest risk is river irrigation
type, followed by tailings leaching type [58], and heavy metal elements in river sediments
are homologous to those in tailings. As of Table 5 and Figure 5, it can be realized that the
potential ecological risk of mercury in the disjointed Hyporheic zone is much higher than
the extreme ecological hazard with a threshold (320), regardless of whether the hydraulic
connection is in winter or summer, and the maximum risk of mercury in the original
soil layer in winter and summer reaches 25,005.5 and 13,886.48, respectively, 78.14 and
43.40 times of the extreme ecological hazard threshold. Likewise, the pollution risk of
30-50 cm sand and pebble are the greatest, while the ecological risk of 0-30 cm silt layer
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and waste residue layer is relatively small. After leaching, the potential ecological risk of
mercury in most soil layers in the Hyporheic zone has been reduced, especially after leach-
ing at a constant water level. On the other hand, the risk value of the sand and pebble layer
in winter has dropped from the original 25,005.5 to 5133, and the risk value of the sand and
pebble layer in winter has been reduced from the original. Moreover, 13,886.48 dropped to
1656.07, which means that mercury entered the groundwater body. When a flood occurs
(within 30 min), the mercury content in the surface layer decreases rapidly, attributable
to many influencing factors described above, which produce an increase in the sand and
pebble layer below (changed to 31,525); in addition, the potential ecological risk of mercury
in the soil layer under normal water level leaching decreased, increasing the ecological risk
of groundwater.

Table 5. The potential ecological risk value of mercury in the subsurface zone under the condition of
changing river water level.

The Potential Ecological The Potential Ecological
Risk Value of Mercury Risk Value of Mercury
Season Depth (cm) after Seepage Test before Water Seepage Test
Low Water Level High Water Level Original Stratigraphic Section
0-20 59291 527.2 841.94
. 20-30 470.22 168.56 408.11
Winter 30-50 5133 31525 25005.5
50-70 788.67 1896.44 2156.22
0-20 357.26 588.13 842.19
20-30 1157.3 641.64 408.59
Summer 30-50 1656.07 12,482.71 13,886.48
50-70 1927.79 3737.81 3666.46

6. Conclusions

The form of mercury in the undercurrent zone where the river water-groundwater
hydraulic connection is disconnected from the gold mining area is mainly in the residual
state. Nonetheless, after the water content increases or the water level changes, creates
variation in the occurrence forms of mercury are all decreasing, and the residual form
is still the main form, whereas the main forms of mercury in the sand and pebble layer
are diversified, but also including residual form, strong organic form, and humic acid
form. This facilitates the entry of mercury into water bodies. The mercury content in the
subsurface in winter is higher than that in summer. Relevant departments should monitor
heavy metal pollution in groundwater and Hyporheic zones in different seasons.

Although the mercury content in groundwater has not been detected, the potential
ecological risk of mercury in the disjointed Hyporheic zone near the river in the study
area has reached an extreme ecological hazard. In a short 30-min constant water level
leaching test, the potential risk of mercury to groundwater is higher. Furthermore, during
the flood period, the long-term runoff of rivers at a constant water level is bound to pose a
greater risk of groundwater pollution. Consequently, the following measures can be taken:
(1) control the sources of heavy metals at source, (2) reduce the ecological risks of heavy
metals to groundwater by physical chemistry, bioremediation and pesticide control in soil
as soon as possible on the basis of river regulation.
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