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Abstract

This study analyzes the horizontal and vertical migration processes of Cd
contents based on the investigations conducted during May and August 1990.
It reveals the dynamic balance process of Cd substance in a marine bay and
shows that in the waters close to the source input, the content of Cd in the
surface waters is the highest, and also the vertical dilution amount is the
highest. This is the beginning of the dynamic vertical balance process. Along
with distance from the source input, the sedimentation is an ongoing process,
which results in a decrease in the content of Cd in the surface waters, and a
reduction in the vertical dilution amount. This process continues to the bal-
ance point. In waters far away from the source input, the content of Cd is
homogeneous in the waters, and the vertical dilution amount decreases to the
lowest value, i.e., the balance point. Furthermore, a block diagram has been
provided to demonstrate the dynamic vertical balance process.
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1. Introduction

With the rapid development of industries, many different discharges from the
industries lead to massive pollution to the environment, especially the discharges
of Cd, Pb, Cr into the soil and waters (Chen et al., 2014; Jin et al., 2013). The
heavy metals Cd and Cr, and its compounds are commonly applied in the in-
dustries for electroplating, dyeing, leather making and coatings (Xu et al., 2002),

and thus after the production process, a large amount of wastewaters containing
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Cd and Cr is generated. Since the pollutants in the wastewaters could not be de-
composed by themselves, they concentrate in the living bodies in the waters and
soils, destroy the structure of the living things and threaten the human health by
the food chain (Cheng, 2012). For example, Cd as a heavy metal enters plants
and accumulates enough to cause poisoning (Shaan et al., 2009). The pollution
of Cd results in breaking the structures of the cells, inhibiting the photosynthe-
sis, weakening the uptake of water and nutrients in the vegetables such as pep-
per, cucumber, cauliflower, tomato, cabbage, rape, etc. (Li et al., 2005; Peng et
al., 2006; Tang et al., 2008; Meral & Gomez, 1994). Also, Cd and Cr have dan-
gerous health effects such as teratogenic, mutagenic, and carcinogenic diseases
(Zhong et al., 2012; Wang et al., 2013).

Artificial wetland simulates the natural wetland systems using the interaction
among different animals, plants, microorganisms, and inorganic environment to
load some pollutants, by the functions of physical uptake, filtration, and settle-
ment, and chemical oxidation, decomposition, and biodegradation resulting in
the purification of wastewater (Liu et al., 2012). Compared with the natural wet-
land system, the artificial wetland has the positive function of purifying the
wastewater (Zhu et al., 2010), such that under the threat of Cr different plants
show different characteristics of physiology and biochemistry and the growth
response (Zhu et al., 2014a, 2014b, 2014c; Zhao et al., 2017), and Cd concen-
trates in the plants (Zhang & Chen, 2013). Therefore, these methods provide the
scientific grounds for the renovation of plants for Cr and Cd pollution.

Along with rapid economic growth and industrial development, a large
amount of generated wastes are discharged to the environment (Yang et al,,
2010a, 2010b, 2010c, 2013, 2014a, 2014b). The ocean is a sink as various pollu-
tants are discharged to the ocean via many different paths such as river dis-
charges, atmospheric deposition, marine traffic, etc. (Yang et al., 2014c, 2015a,
2015b, 2015c). These pollutants move through the water body and finally reach
to the bottom of the sea through the effect of water (Yang et al., 2015d, 2016a,
2016b, 2016¢, 2016d). Understanding the migration process of substances in the
marine bay is essential to environmental protection and remediation. Jiaozhou
Bay is a semi-closed bay located in Shandong Province, China. This bay is sur-
rounded by the cities of Qingdao, Jiaozhou and Jiaonan. The industrial devel-
opments and hence the economy is rapidly growing since the 1980s which inten-
sified the environmental pollution problems, but yet efficient waste treatment
processes are lacking (Yang et al., 2016e, 2016f, 2016g, 2016h, 2016i, 2016j,
2017a, 2017b, 2017¢, 2017d, 2017e). Cd is widely used in various industries, yet
Cd is highly toxic, and its existence in excess in the environment could result in
health risks (Yang et al., 2017f, 2017g, 2017h, 2017i, 2017j, 2018). On this con-
text, investigations were attempted on Cd in May and August 1990, to analyze
the horizontal and vertical migration processes of Cd, to reveal the dynamic
balance process. Overall, this study provides a scientific basis on the migration

process of pollutants in a marine bay.
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2. Materials and Methods

Study area: Jiaozhou Bay (120°04' - 120°23'E, 35°55' - 36°18'N) is located in
the south of Shandong Province, eastern China (Figure 1). It is a semi-closed
bay with the total area, average water depth and bay mouth width of 446 km?, 7
m, and 3 km, respectively. There are more than ten inflow rivers such as Haibo
River, Licun River and Loushan River (Yang et al., 2005, 2014).

Data source: The data were provided by the North China Sea Environmental
Monitoring Center. The investigations were conducted in May and August 1990.
Surface and bottom water samples from 2 sampling sites (i.e., 55 and 60) were
collected and measured by following the standards of National Specification for
Marine Monitoring (Figure 1) (China’s State Oceanic Administration, 1991).

Modeling for horizontal loss: The contents of the substances in the marine
bay waters change continuously owing to an exchange between open and inter-
nal waters in the bay (Yang et al., 2016d, 2016e, 2016f, 2016g). Site 55 is located
in the bay center, while Site 66 is located in the bay mouth. It is considered that
the contents of the substances in the surface and bottom waters in the bay center
and the bay mouth are, 4 and a, and Band b, respectively.

In the surface waters, and from the bay center to the bay mouth, the migration
process is calculated using the following Equation (1).

D= (A - B, E= (100 x|4 - B/max(4, B)% (1)

where D is the horizontal absolute loss amount in surface waters, and E is the
horizontal relative loss amount.
In the bottom waters, and from the bay center to the bay mouth, the migra-

tion process is calculated using the following Equation (2).

d=(a- b), e= (100 x|a - b|/max(a, b))% (2)

where dis the horizontal absolute loss amount in the surface waters, and eis the
horizontal relative loss amount.

Modeling for vertical loss: It is assumed that the contents of the substances
in the surface and bottom waters in a specific sampling site (e.g., Site 55 in the
bay center) are A and a, respectively. From the surface waters to bottom waters,
the migration process is calculated using the following Equation (3).

V.= (A-a), V, = (100 X|A - a|/max(A4, a))% 3)

where V,, is the horizontal absolute dilution amount from the surface waters to
bottom waters, V,, is the horizontal relative dilution amount. While from the
bottom waters to surface waters, V,, refers to the horizontal absolute accumula-

tion amount, and V,, refers to the horizontal relative accumulation amount.

3. Results

Horizontal change: The horizontal migration process of Cd in the surface
waters in Jiaozhou Bay was calculated based on Cd contents in Site 55 in the bay
center and Site 66 in the bay mouth. The horizontal migration process of Cd in
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Figure 1. Geographical location and the monitoring sites in Jiaozhou Bay.

the bottom waters in Jiaozhou Bay was calculated according to Cd contents in
Site 55 in the bay center and Site 66 in the inner side of the bay mouth. The ho-
rizontal losses of Cd in the surface and bottom waters have been calculated as
shown in Table 1.

Vertical change: The vertical migration process of Cd in the waters in Jiaoz-
hou Bay was calculated according to Cd contents in Site 55 in the bay center and
Site 66 in the bay mouth. The horizontal losses of Cd have been calculated as
shown in Table 2.

4. Discussion

Vertical and horizontal losses: The vertical and horizontal losses during the
migration process of substances in the marine bay were determined by the
source input and vertical and horizontal effect of water (Yang et al.,, 2017d,
2017e, 2017f) The primary source of Cd in May 1990 was marine traffic (i.e., the
wharf in the north of bay mouth) whose source strength was relatively weak
(1.02 pug-L™"). In May 1990, from the bay mouth to the bay center the horizontal
loss in the surface waters was 65.68%, while from the bay center to the bay
mouth the horizontal loss in the bottom waters was 68.57% (Figure 2). Once Cd
moved across the bay waters, irrespective of whether it is from the bay mouth to
the bay center or from the bay center to the bay mouth, the amount of horizon-
tal loss in May 1990 was relatively high (65.68% to 68.57%). In May 1990, for
vertical changes, both the vertical dilution and accumulation amounts in the bay

center were 0%, while in the bay mouth there was a vertical dilution process and
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Table 1. Horizontal losses of Cd from Site 55 to Site 66 in Jiaozhou Bay.

Surface waters Bottom waters
Month
Dipg L™ E/% dipg'L™! el%
May —-0.67 65.68 0.24 68.57
August 1.04 82.53 0.30 62.50

Table 2. Vertical losses of Cd from Site 55 to Site 66 in Jiaozhou Bay.

Month Site V,/lugL™! V%
55 0.00 0.00
May
66 0.91 89.21
55 0.78 61.90
August
66 0.04 18.18

0.67 pg L™ (65.68%)

Bay
Bay Bay mouth
center waters
0 pg L (0%) 091 pg L
(89.21%)

>
0.24 ug L™ (68.57%)

Figure 2. Block diagram demonstrating the horizontal-vertical changes of Cd in Jiaozhou
Bay (in May 1990).

its vertical dilution amount was 89.21% (Figure 2). This demonstrates that there
was rapid sedimentation in the north of the bay mouth where marine traffic was
the significant source input (i.e., the wharf), while in the bay center which was
far away from the source input there was little sedimentation.

The primary source of Cd in August 1990 was atmospheric deposition whose
source strength was relatively strong (1.26 ug-L™). In August 1990, from the bay
mouth to the bay center the horizontal loss in the surface waters was 82.53%,
compared to 62.50% in the bottom waters (Figure 3). Once Cd moved across the
bay waters from the bay center to the bay mouth, the amounts of horizontal loss
in August 1990 were relatively high (62.50% to 82.53%). In May 1990, for vertic-
al changes, both the vertical dilution and accumulation amounts in the bay cen-
ter were 0%, while in the bay mouth there was a vertical dilution process whose
vertical dilution amount was 89.21% (Figure 2). This indicates that there was
rapid sedimentation in the north of the bay mouth where marine traffic was the
significant source input (i.e., the wharf), while in the bay center which was far

away from the source input there was little sedimentation.
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1.04 ng L' (82.53%)
——
Bay
Hay Bay mouth
center waters

0.78 ug L™ 0.04 pg L
(61.90%) (18.18%)

—

0.30 ug L™ (62.50%)

Figure 3. Block diagram signifying the horizontal-vertical changes of Cd in Jiaozhou Bay
(in August 1990).

Dynamic vertical balance: The vertical and horizontal losses during the mi-
gration process of substances in the marine bay were determined by source input
and vertical and horizontal effect of water (Yang et al., 2017d, 2017e, 2017f). It
could be concluded that once substances move across the bay waters, irrespec-
tive of whether they are from the bay mouth to the bay center or from the bay
center to the bay mouth, the amounts of horizontal loss in different seasons were
relatively high. For vertical changes, there was rapid sedimentation in the waters
that were close to the major source input, while in the bay mouth that was far
away from the source input there was little sedimentation.

The above phenomenon exhibits the dynamic vertical balance of substances in
the marine bay. In waters that were close to the source input, the content of sub-
stances in the surface waters is the highest, and the vertical dilution amount is
also the highest. This shows the beginning of the dynamic vertical balance
process. Along with distance from the source input, the sedimentation is ongo-
ing which results in a decrease in the content of substances in the surface waters,
and a decrease in the vertical dilution amount. This process continues to the
balance point. In waters far away from the source input, the content of sub-
stances is homogeneous in the waters, and the vertical dilution amount decreases
to the lowest value, i.e., to the balance point. This dynamic vertical balance

process has been demonstrated as shown in the block diagram (Figure 4).

5. Conclusion

The horizontal and vertical migration processes of Cd contents were analyzed,
and the dynamic balance process was revealed. At the starting point, in the wa-
ters close to the source input, the content of substances in the surface waters was
the highest, and the vertical dilution amount is also the highest. In the case of
balancing process, along with the distance from the source input, the sedimenta-
tion is an ongoing process which results into a decrease in the content of sub-
stances in the surface waters, and a decrease in the vertical dilution amount.
Whereas at the end point, in the waters far away from the source input, the con-

tent of substances is homogeneous in the waters, and the vertical dilution
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Decreasing content of
substance
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Source input

Vertical
dilution
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Starting point of
End point of vertical balance process

vertical balance process

Figure 4. Block diagram illustrating the dynamic vertical balance process of substances in
a marine bay.

amount decreased to the lowest value, i.e., to the balance point. Finally, this dy-

namic vertical balance process has been demonstrated using a block diagram.
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