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Results from past pollution control practices show that environmental quality can be ensured by controlling the actual amount of
pollutants formed in the environment. Therefore, the marine environmental capacity for heavy metals was introduced. Marine
environmental capacity for heavy metals is defined as the maximum amount of heavy metals permitted in the marine environment
system to preserve the benign cycle of materials in the oceansphere, and to limit the adverse effects of heavy metals on the bio-
sphere, hydrosphere, atmosphere, and lithosphere. Based on the box or three-dimensional model in the target coastal region, in-
cluding the self-purification and output of heavy metals, the marine environmental capacity for heavy metals can be calculated
within a given criterion and time. In this study, a method was proposed to calculate the marine environmental capacity for heavy
metals which includes four steps: (1) gathering the basis information of target coastal ecosystem, (2) selection of water control
points and water quality criteria for these points, (3) development of numerical models for the biogeochemical cycling of heavy
metals in target coastal region, and (4) calculation of environmental capacity using the developed model. According to the pro-
posed method, the marine environmental capacity for lead is approximately 60 tons per year if Grade I seawater quality is set as
the control criterion in Jiaozhou Bay. An effective seawater quality management plan can also be framed based on the environ-

mental capacity for metals.
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Most coastal areas in the world have been reportedly dam-
aged by heavy metal pollution, significantly affecting com-
mercial coastal and marine fisheries [1]. Heavy metal pollu-
tion is an important problem due to its toxic effect and ac-
cumulation throughout the food chain, which leads to seri-
ous ecological and health hazards resulting from the heavy
metals’ solubility and mobility [2]. Therefore, the control of
aquatic heavy metal pollution is urgently needed for the
sustained management and conservation of existing fisheries
and aquatic resources. Varying amounts of different heavy
metals, discharged as waste into the coastal marine envi-
ronment, are by-products of many industrial processes [3-5].
Thus, effective coastal management requires the control of
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total land-based input loads, which are determined by their
environmental capacity. Estimating the pollutant marine
environmental capacity is crucial for efficient coastal water
management, policy, and sustainable coastal area use [6].
Extensive and systematical studies on marine environ-
mental capacity for pollutants, such as nutrients, metals and
petroleum hydrocarbons, were done in Jiaozhou Bay, China
[7-12]. These studies involved calculation methods for ma-
rine environmental capacity and applications in pollution
control. While, these methods most are based on box model
[7-10], which can not be used on three-dimensional (3D)
model, and some are based on 3D model [11,12], whose
results do not represent the marine environmental capacity
but the allocation capacity for sources. Based on these earlier
studies, the calculation method for marine environmental
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capacity in the current work must be clarified and normal-
ized to be used on 3D model. Therefore, the present paper
mainly discussed the methodology research on marine en-
vironmental capacity for pollution in the coastal marine
environment. A method was proposed to calculate the ma-
rine environmental capacity for heavy metals, and lead is
chosen as a case of heavy metal pollution in Jiaozhou Bay,
China.

1 Methodology
1.1 Concept of environmental capacity

Environmental capacity, first used by Nishimura [13] in a
marine environment, is defined by the Joint Group of Ex-
perts on the Scientific Aspects of Marine Environmental
Protection (GESAMP) as the ability of an environment to
accommodate a particular activity or rate of activity without
any unacceptable impact [14]. When the concept is applied
to semi-enclosed coastal areas, it can be defined as the max-
imum amount of heavy metals permitted in the marine en-
vironment system to preserve the benign cycle of materials
in the oceansphere, and to limit the adverse effects of heavy
metals on the biosphere, hydrosphere, atmosphere, and lith-
osphere. The factors contributing to marine environmental
capacity include hydrodynamic transport self-purification,
sedimentation transport self-purification, biological self-puri-
fication (such as bioconcentration, biomagnification, and
biodegradation), and chemical self-purification [10,15].
Based on the concept of marine environmental capacity,
a method was proposed to calculate the marine environ-
mental capacity for heavy metals. This proposed method
includes four steps: (1) gathering the basis information of
target coastal region, (2) selection of water control points
and water quality criteria for these points, (3) development
of numerical models for the biogeochemical cycling of
heavy metals in target coastal region, and (4) calculation of
environmental capacity using the developed model.

1.2 Gathering basic information and setting up water
control points

Basic information is necessary to determine environmental
capacity. Such information include the natural environment
conditions, the characteristics of the target coastal region
involving the pollution sources and study area, the effects of
heavy metal on marine organisms, and other environmental
factors in the region involving dynamic formulations and
parameters. These pollution sources should consist of all
actual and potential sources in future based on the land-sea
boundary.

The water quality control points and the criteria for
heavy metals in the marine environment are key factors in
determining its environmental capacity. The former refers to
the locations of possible peak concentration points of heavy
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metals around the sources while the latter refers to the
highest concentration of heavy metals in the water quality
control points. These criteria are the levels at which marine
organisms can grow normally or the contents of heavy metals
no higher than the limits set by National Seawater Quality
Standards. Notably, these criteria should be based on envi-
ronmental state, types of water usage, and management
policy.

1.3 Setting up the numerical model

Numerical model is essential to improve the understanding
of hydrodynamic, biological, and chemical processes of
heavy metals in the marine environment. It may be applied
further to evaluate plans for water quality management
[16—-18]. Water quality can be predicted by models based on
the environmental variation in coastal areas [19]. Then, pol-
lutant environmental capacity can be calculated based on a
criterion of heavy metals.

When heavy metals enter the marine environment through
atmospheric and land-based effluent sources [4,20], the
“dissolved” phase containing free metal ions as well as
complexed and colloidally bound metal species is subjected
to a variety of physical, biological, and chemical processes
for the self-purification of water (Figure 1). These processes
may include physical self-purification such as transport to
the out sea by hydrodynamic processes; biological self-
purification such as bio-concentration by phytoplankton and
other aquatic organisms as well as transfer from lower to
higher trophic levels in food webs; and chemical self-puri-
fication such as adsorption by suspended particulate matter
and sediments, and the sedimentation and physical entrap-
ment of enriched particulate matter [21-24]. Allan pointed
out that particulate matter is an extremely important sub-
strate for the transportation of metals in marine systems [25].

Numerical models for the marine environmental capacity
of metals are based on dynamic formulations involving a
few variables and parameters for the transportation and
transformation processes of metals in the target coastal re-
gion. These numerical models may be a box or a 3D model
coupled biogeochemical-hydrodynamic processes according
to the natural environment conditions and characteristics of
the target coastal region [10]. Based on the models, three
modules are involved. These modules include metal input,
uptake of metals by sediments and suspended particulates
involving biotic (phytoplankton and bacteria) and abiotic
(inorganic and organic) particulates, and transport to the out
sea by hydrodynamic processes.

(1) Box model. A box model can be used if the target
coastal region is instantaneously mixed and weak stratified
either vertically or horizontally [26]. The basic equation
describing the time and space evolution of a metal is as fol-
lows [10]:

dC/dt =S+ Dy +0, (1)
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Figure 1 Transportation and transformation of metals (such as lead) in the coastal marine environment. SPM represents the suspended particulate matter.

Dy =(vs/H )kg-C-Cs, 2

0=k, (C-C,). 3)
where C is the concentration of the metal variable, S is the
source term, Dgg is the uptake of metal by sediments and
suspended particulates, O is the output term by hydrody-
namic process, H is the total water depth (mean sea level
plus free surface elevation), vg refers to the sinking speed of
suspended particulates, ks refers to the thermodynamic par-
tition coefficient between dissolved metals and suspended
particulates [24], kpnyq refers to the hydrodynamic exchang-
ing coefficient with the out sea, and Cs and C,, are the
concentrations of suspended particulates and metal in the
out sea, respectively.

(2) Three-dimensional coupled biogeochemical-hydro-
dynamic model. The 3D model will probably be employed
if the target coastal region is not spatially uniform and the
peak concentration at a point is required [26]. The coupled
biogeochemical-hydrodynamic model uses the hydrody-
namic model by driving it with the output of physical circu-
lation and dispersion models. Irradiance and temperature are
supplied as external forcing. The general evolution equation
for the concentration variation of standing stock C at a giv-

en time is
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where C is the concentration of the metal variable; ¢ is time;
u, v, and w are the mean velocity components; A, and A,
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refer to the horizontal and vertical eddy diffusion coeffi-
cients, respectively; S is the source term; and Dgg is the up-
take of metal by sediments and suspended particulates. The
standing stock of the variable is predicted with temporal and
spatial changes by entering the velocity components calcu-
lated by hydrodynamic modeling into the model.

1.4 Marine environmental capacity calculation approach

Based on the proposed models, marine environmental ca-
pacity refers to the maximum amount of heavy metals in the
target coastal region within a given criterion and time,
which includes the self-purification and output of heavy
metals in that marine system. It can be expressed as eq. (5)
based on the box model and as eq. (6) based on the 3D
model:

EC = max V-J.Kd—C]—DSS —0}
dr

0

EC = max I [ [(%_fj—z)ss @gm}

where EC refers to the environmental capacity of the target
coastal region for the metal, C and V are the current con-
centration and volume in the region, respectively, C; is the
concentration of the ith water quality control point, C° is the
criteria of the metal, Dgg is the uptake of metal by sediments

dry, (5)

c<c®

avdr!, (6)
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are output
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and suspended particulates, and O and (G_Cj

metals by the hydrodynamic process. Then, environmental
capacity can be calculated by integrating the grads of
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pollution concentration field in time and/or space using the
developed model.

2 Case study in Jiaozhou Bay
2.1 Study region and basic information

Jiaozhou Bay (35°58-36°18'N, 120°04'-120°23'E) is a
semi-enclosed bay connected to the Yellow Sea by a 2.5 km
channel. Bordered by the city of Qingdao on three sides, it
is located in the southern coastal area of Shandong Peninsu-
la, China (Figure 2). The bay, with a mean depth of 7 m, ex-
tends 33 km from north to south and 28 km from west to
east [27]. More than 10 small seasonal rivers empty into the
bay with varying water and metals loads, including Dagu
River, Moshui River, Loushan River, Licun River, and
Habo River. Most of these rivers have become discharge
trenches for industrial and domestic waste. Most are outlets
of sewage treatment plants in Qingdao City, such as the
Haibohe, Licunhe, Loushanhe, and Chengyang plants. Lead
pollution of approximately 50 tons loading per annum has
become one of the most serious environmental concerns in
Jiaozhou Bay [10,28]. Water mass movement in this bay is
dominated by tidal events, with strong residual currents at
the bay mouth and weak at the inner bay [29]. Liu et al. [30]
measured the average residence time to be approximately 52
d, whereas Zhao et al. [31] measured it at 80 d. Stratifica-
tion is weak, with limited freshwater flux and a strong mix
of tidal turbulence [30,32,33].

2.2 Modeling

A 3D biogeochemical-hydrodynamic model for lead is de-
veloped to calculate Jiaozhou Bay’s environmental capacity
based on the flow fields caused by the tidal and density
currents combined with the biogeochemical cycles of lead.
The model has two components, a hydrodynamic model [34]
for water flow simulation and a biogeochemical model [9]
for lead transportation and transformation. Tidal and residu-
al currents are simulated by the hydrodynamic model com-
ponent [34,35] based on the Estuarine, Coastal, and Ocean
Modeling System with Sediments [36]. A spatially curvi-
linear orthogonal system with 128x92 grids is adopted to
model the study area (Figure 3). Vertical resolution is ac-
complished using 11 o-levels in the water column, and the
tidal amplitude and phase of M2 are considered on the open
boundary [34]. Biogeochemical parameters mainly include
the sinking speed of suspended particulates (vs) and the
thermodynamic partition coefficient (ks), which are ap-
proximately 2x107° m/s [15] and 0.2x10° to 8x10° L/kg for
lead [37], respectively. Based on the evaluation and predic-
tion of the biogeochemical-hydrodynamic model, the envi-
ronmental capacity of lead is calculated with a time incre-
ment of 186.3 s and the finite difference methods for evalu-
ating the basic equations numerically.
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Figure 2 Map of Jiaozhou Bay showing the Dagu, Moshui, Loushan,
Licun, and Haibo rivers, the sewage treatment plants of Haibohe, Licunhe, and
Loushanhe (A), and the bay mouth (Tuandao-Xuejiadao cross-section) (7).
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Figure 3 Model grid for 3D circulation model of Jiaozhou Bay. The
curvilinear orthogonal grid allows the mesh resolution to vary spatially,
with 600 m minimum grid spacing, 284 m minimum spacing, and 686 m
maximum spacing. There are currently 10 vertical c-levels evenly spaced
throughout the water column in the model.

2.3 Result and discussion

(1) Water quality simulation. The simulated summer sur-
face distribution of lead concentration in Jiaozhou Bay in
2001 based on the proposed model is shown in Figure 4.
The higher values, ranging from 0.25 to 2.8 ug/L, are near
sources of estuaries for allochthonous lead from input
sources such as rivers and treated wastewater from Qingdao.
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Figure 4 Simulation results of surface lead concentration in Jiaozhou
Bay in the summer in 2001 (unit: pg/L).

In the outer part of the bay, lead concentration is decreased
by dilution and diffusion caused by rapid seawater exchange
current through the narrow channel. The pattern and values
of water quality exceeding Grade I water standard (1 pg/L)
in the east of the bay and the peak in the estuary of Haibo
River matches the observed values by Wang et al. [10] rea-
sonably well. The built model can then be used to calculate
Jiaozhou Bay’s environmental capacity for lead.

(2) Calculation of marine environmental capacity. The
calculation area is the whole region of Jiaozhou Bay, the
outer boundary of which is the bay mouth (Tuandao-Xue-
jiadao cross-section) (Figure 2). All neighboring grids of the
land-based and fictitious sources, always at the peak con-
centration points, are set as the water quality control points.
Grade I seawater quality of lead (1 pg/L) is set as the con-
trol criterion in Jiaozhou Bay. To reach and maintain the
chosen criterion, the marine environmental capacity for lead
was calculated using the numerical model. The maximum
self-purification and output amount, which is the environ-
mental capacity for lead in Jiaozhou Bay, is approximately
60 tons for one year. This amount is a little higher than the
environmental capacity by the box model, which is 40 tons
lead per year [10]. These results reflect Jiaozhou Bay’s
loading capacity for lead.

Controlling pollutant loads in accordance with the envi-
ronmental capacity is important and must be made top pri-
ority in the management of total amount control. The more
important process in the management of total amount con-
trol in a bay is the control of pollutant loads from land-
based sources, which is allocated according to the environ-
mental capacity [8]. An effective seawater quality manage-
ment plan must also be framed based on the environmental
capacity for metals, which involves structural optimization
and technological measurement in the industry, and constant
monitoring and systematic management of pollution sources.
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