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Abstract

In this paper, an ecological model is proposed to predict the effects of heavy metals on aquatic ecosystems. The
bioavailable concentration of metals and a concept of toxicity strength (TS) are combined. The integrated ecological
model relates the transport, distribution and speciation of heavy metals and their toxicity, and the effect of
environmental variability on metal toxicity. It also emphasizes the link between physical and chemical processes of
heavy metals in rivers and ecological effects. Based on the data obtained from research in the CERP project
(Co-operative Ecological Research Project), the ecological impact of heavy metals on the aquatic ecosystem of the Le
An River (polluted by heavy metals from a copper mine) was predicted. The results show that the estimated values of
toxicity strength for surface water are in agreement with the percentage inhibition for the test organism (P.
phosphoreum) and that the predicted ecological effect of polluted sediment is consistent with natural variability in
aquatic ecosystems. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction structing an ecological model are multi-disci-

plinary scientific problems and pose a major chal-

Heavy metal pollution in rivers and its impact lenge to the understanding of heavy metal pollu-
on aquatic ecosystems is a dynamic process. As- tion.

sessing the impacts on whole ecosystems and con- The transport and transformation of heavy

metals in rivers are well investigated in field ex-

periments and models. Still little is known about
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10-62200397. ecosystem. Hakanson (1984) established a con-
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recipient sensitivity of heavy metals and potential
effect. Usually principal component and multiple
regression analyses are used to identify the eco-
logical effects of pollutants on aquatic ecosystems
(Mulliss et al., 1996; Adami et al., 1997). Ulbrich
et al. (1997) developed a conceptual model linking
processes of sediment transport and biodegrada-
tion in order to predict the ecological impact of
contaminated river sediments on wetlands. Re-
cent studies have shown that porewater concen-
trations are useful for predicting the bioavailabil-
ity of contaminants to benthic organisms (Ankley
et al., 1996). However, owing to the complexity of
ecosystems and environmental variability, it is
very difficult to establish a quantitative relation-
ship between heavy metals and ecological effects
in aquatic ecosystems.

China is rich in non-ferrous metal sulfide re-
sources. The Dexing Copper Mine is the largest
open-cast copper mine in Jiangxi Province, China.
Discharges from the mine flow into the Le An
River and finally into the Poyang Lake, the largest
fresh-water lake in China. During 1987 and 1995,
the Cooperative Ecological Research Project
(CERP) was launched within the international
Man and Biosphere (MAB) program, supported
by the Federal Ministry for Research and Tech-
nology (BMBF), Germany. The ‘Ecological Ef-
fects of Heavy-metal Pollution in the Dexing
Copper Mine Region’ program, one of eight
CERP sub-projects, was carried out to assess the
impact of the mining operation (Tang et al., 1994;
Muller and Tang, 1996). A previous study was
concerned mainly with the distribution, transport
and speciation of heavy metals, pollution assess-
ment as well as an ecological investigation. A
weathering model for pyritic minerals in the mine
tailings (Dai and Wang, 1992), a speciation model
for heavy metals (Lin and Li, 1994), and a model
of transport and transformation of heavy metals
(Lin et al., 1992) were established. No attention
was paid to the prediction of the ecological effect
of heavy metals on the ecosystem.

The major objective of this paper was to de-
velop a quantitative ecological model for predict-
ing the effect of heavy metals from the Dexing
Copper Mine on aquatic ecosystems in the Le An
River, China.

2. Description of the study area

The research area is shown in Fig. 1. The
Dexing Copper Mine, located near the Gukou
site in the Le An River (279 km long), is the
largest open-cast copper mine in Jiangxi Province,
China. The Dawu River, running through the
Dexing Copper Mine, receives waste discharges
from the mine and flows into the Le An River at
Gukou (site A04). A small tributary, the Jishui
River (J.R., 39 km long) is also a metal-polluted
river situated beside several small sulfide mines
and smelters; it runs into the Le An River at
Daicun (site A07) and finally flows into Poyang
Lake. Consequently, a large amount of various
pollutants, mainly heavy metals, have been dis-
charged into the Le An River causing significant
ecological impacts.

3. Framework of the integrated ecological model

In our previous studies, the weathering model
of pyritic minerals in mine tailings, the models of
speciation, transport and transformation of heavy
metals in Le An River were established. In this
study, we try to establish an integrated ecological
model to link the processes of transport and
transformation to ecological effects. The frame-
work of the integrated model (Fig. 2) includes a
few sub-models as follows.

3.1. Modeling for sulfide weathering in pyritic mine
tailings

A model for sulfide weathering in pyritic mine
tailings was developed based on the sulfide
weathering rate in pyritic mine tailings as well as
the relationship between the accumulated amount
of sulfide weathered during weathering and some
factors affecting it. The relationship is mainly
based on the results of simulating experiment of
pyritic wastestone weathering and analysis of field
samples of the acid water. The model may be
used to predict the rate of sulfide weathering in
pyritic mine tailings at the Dexing Copper Mine
and the quality of the acid mine drainage gener-
ated by the weathering (Dai and Wang, 1992).
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The output of the model can be used to estimate
the pollution loads of heavy metals to the river.

Additionally, a linear regression model was es-
tablished to predict the concentrations of copper
and iron in acid mine drainage based on monthly
average temperature, yield of acid mine drainage,
rainfall and quantity of mine tailings; and the
amount of acid mine drainage was estimated (Wu
and Xiong, 1997).

3.2. Modeling metal transport

In this project, the RIVER Model was used to
predict the distribution of dissolved and particu-
late metals, and the concentration of metals in
surface waters and sediment (Lin and Li, 1992).
The output of the model provides the data for
modeling the metal speciation in water and for
predicting the concentration of heavy metals in
interstitial water.

3.3. Modeling metal speciation

The chemical speciation of heavy metals in
surface water was predicted using the chemical
equilibrium model, MINTEQA2 program (Lin et
al., 1992). The output of the model provides the
data for the predictive model of ecological effects.

3.4. Predictive model of ecological effect

In this paper, we try to link the aforementioned
sub-models, and to develop a predictive model of
ecological effect of heavy metals on aquatic
ecosystems.

4. Modeling ecological effect
4.1. Model hypothesis

Previous studies showed that different heavy
metals and environmental variability cause dif-
ferent ecological effects. The effects of heavy
metals on aquatic organisms are related to the
metal species, speciation and environmental con-
ditions. Thus, to predict the ecological effect of
heavy metals on ecosystems, the aforementioned

factors must be taken into account simultane-
ously.

To show the ecological effects of heavy metals
on aquatic ecosystems, a concept of toxicity
strength (TS) was developed. The calculation of
TS is as follows: (i) bioavailability and toxicity of
metals to aquatic organisms are dependent on the
speciation of the metals. When calculating the
TS, only the toxic speciation is considered; (ii)
various metals have different toxicological effects.
When calculating the TS of multiple metals, the
toxicity level of different metals (ECs,) must be
considered; (iii) various environmental factors in-
fluence the ecological effect of the metals. When
calculating the TS of metals, these environmental
factors (e.g. pH, hardness) are used to correct the
TS; and (iv) since some metals have higher TS
values than other metals, the toxicity strengths of
the various metals are assumed to be additive.

4.2. Metal toxic species

The total concentrations of soluble metals in
aquatic systems are the sum of the free metal ion
and the metal contained in the complexes. For
some trace metals, (e.g. copper) there are many
different species in solution, whereas others, such
as cadmium, have fewer species in natural water
systems. Studies of copper toxicity to organisms
have demonstrated that toxicity is not related to
the total copper concentration, but rather to the
concentration of free copper ions. Organically
bound copper appears to be non-toxic; the most
toxic inorganic forms are Cu®*, CuOH"' and
[Cu,(OH),]**.

In sediment systems, toxicity of heavy metals
also does not correlate with sediment total metal
concentration, so it is essential to identify the
fraction of total metal in the sediment that is
bioavailable. There is convincing evidence that
sediment porewater concentrations of metals cor-
respond well with their bioavailability (Swartz et
al., 1985; Di Toro et al., 1990, 1991; Hansen et al.,
1996).

Therefore, when predicting the TS of heavy
metals in surface water, only the toxic metal
species are included; and when predicting the TS
of heavy metals in sediment, the concentrations
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of heavy metals in interstitial water are used to
calculate the toxicity strength.

4.3. Metal activity

A substantial number of experiments using only
water suggests that biological effects are often
correlated to the divalent metal activity {M>*}.
Metal activity is the molar divalent metal concen-
tration [M?"] corrected for the shielding effect of
anions that are electrostatically attracted to the
atoms in high ionic strength (e.g. concentrated)
solutions (Ankley et al., 1996). In general, the
free metal species, M*>*, and the hydroxide com-
plexes, M(OH)* and M(OH),, tend to be the
most toxic, whereas complexes with carbonate,
M(CO3)(aq), exhibit minimal toxicity. The com-
plexing speciation of natural ligands is not toxic
or only slightly toxic (Allen and Hansen, 1996).
Additionally, trace metal toxicity tends to de-
crease when the water contains higher concentra-
tions of the ‘hardness metals’, namely, calcium
and magnesium.

Liu (1996) studied toxicity differences using
Cu’*, CuOH" and Cu(OH),,,), and established
the relationship between metal activity and toxic-
ity for copper as follows: [Cu*]=[Cu®"]+
0.75[CuOH "] + 0.70[Cu(OH),, ) I; where [Cu*]
was the copper activity.

4.4. Calculation of toxicity strengths
4.4.1. Procedure for calculating TS for surface water

1. Calculation for the concentration of chemical
forms and metal activity: According to the
modeling result of heavy metal distribution,
the simulation of species distribution of the
heavy metals in river water was carried out
using MINTEQA, software. Then, the metal
activity concentration [Me* ] was calculated.

2. Calculation of toxicity strength for heavy metals:
The toxicity strength (TS) for a given metal in
surface water is calculated as:

_ [Me*] _ [Me*]
i~ WQC =~ FCV

TS

where the TS, for a given metal, is the activity

metal concentration [Me*] divided by its cor-
responding water quality criteria (WQC) or
final chronic value (FCV). FCVs were cor-
rected for water hardness before the calcula-
tion of TS of surface water. Assuming an
additive toxicity model, TSs for metals in sur-
face water are summed.

4.4.2. Procedure for calculating TS for interstitial
water

Toxicity strength for interstitial water was cal-
culated by dividing measured dissolved metal con-
centrations by their respective FCVs from the
WQC. Final chronic values were corrected for
water hardness before the calculation of TS of
interstitial water. Interstitial water TS for a given
metal is calculated by:

_ [Md]

TS =Fev

where [Md] is the dissolved interstitial water con-
centration of the metal. Assuming an additive
toxicity model, TS values for metals in sediment
are summed.

5. Case study

All of the data for this paper were collated
from the CERP database and relevant publica-
tions (Muller and Tang, 1996; Tang et al., 1994).

5.1. Estimation of TS for surface water in the Le An
River

Based the predicted data for the distribution,
concentration and speciation of copper, lead and
zinc in the water of the Le An River (Lin and Lj,
1994), the TS for surface water in the Le An
River was calculated.

The estimated TS levels of the dissolved metals
in the surface water and relative toxicity by P.
phosphoreum bioassay are shown in Fig. 3. The
results show that the estimated TS and actual
toxicity are significantly correlated. The highest
TS of surface water and the highest inhibition for
P. phosphoreum are at Site A07 due to high
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contents of copper and zinc from the Dexing
Copper Mine and the Jishui River. The TS
strength of the surface water at other sites is low
and so the effect on the test organism is slight.

5.2. Estimation of TS for interstitial water in the Le
An River

According to previous studies, a high concen-
tration of copper in the sediment of the Le An
River is the main pollution problem (He et al.,
1997, 1998). Therefore, when calculating TS for
interstitial water, only the copper concentration is
considered. Based on the predicted data for the
concentration of copper in the sediment of the Le
An River (Lin and Li, 1994), the concentration of
copper in interstitial water can be predicted ac-
cording to the formula (Ge, 1997):

C;=C,x0.00003 + 0.00731

where C; is the predicted concentration of copper
in interstitial water (g/mb); C, is the concentra-
tion of total copper in the sediment minus the
copper in residues (ug/g) according to the se-
quential extraction procedure (Ge, 1997).
According to the established model, the TS for
interstitial water was calculated. We conducted a
linear regression analysis between the predicted
TS and the biological diversity index (Xu et al.,
1994; Zhu et al., 1994). The results (Fig. 4) show
that a significant correlation exists between the

predicted TS for interstitial water and practical
biological diversity index for algae, zooplankton
and benthic macroinvertebrates. The coefficient
of determinations for the relationships between
predicted TS and the diversity index were 0.732,
0.9719 and 0.9355 for benthos, algae and zoo-
plankton, respectively. From the results, it was
concluded that the TS model could be used to
predict the ecological effect of heavy metals in
sediment on aquatic ecosystems.
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6. Discussion and conclusion

In contrast to previous models, the predictive
model presented emphasizes the link between the
physical and chemical processes of heavy metals
in rivers and biological effects. The integrated
ecological model considers the transport, distribu-
tion and speciation of heavy metals as well as
metal toxicity to aquatic biota and the effect of
environmental variables on metal toxicity. Based
on the concept of TS, the suggested predictive
model of ecological effect, reflects the relation-
ship between the pollution of heavy metals and
their toxicity, and can be used to predict the
effect of heavy metals on aquatic ecosystem.

Based on the data obtained from research in
the CERP project, the ecological impact of heavy
metals on the aquatic ecosystem of the Le An
River, polluted by heavy metals from a copper
mine, was predicted. The results show that the
estimated values of TS for surface water were in
agreement with the percentage inhibition of flu-
orescence intensity for the test organism (P. phos-
phoreum), and that the predicted ecological effect
of the polluted sediment was in agreement with
the result of biological assessment.
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