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9.1 FUGACITY MODELS: DEVELOPMENT AND APPLICATIONS

9.1.1 Introduction of Fugacity Models
Multimedia models were mathematical models for description of chemical behavior that

was being rapidly developed since the 1980s (Cohen, 1984). These models were built based
on the principles that the fate, transport, and transformation of the chemicals were deter-
mined by both environmental factors and physicalechemical properties. The most important
processes for transport and transformation within and between compartments are incorpo-
rated. As a result, multimedia models for chemicals were applied abundantly in both ecolog-
ical and environmental researches, such as biogeochemical studies of pollutants, ecological
risk assessment, and environmental management. Multiple types of multimedia models
were proposed. Representatives of these models are TOXIC model (Schnoor and Mcavoy,
1981), EXAMS model (Burns et al., 1982; Yoshida et al., 1987), and PRZM model (Carsel
et al., 1984). Among all these multimedia models, fugacity models are one of the most suc-
cessful types due to its simplicity in structure and accessible in parameterization (Mackay,
2001).

9.1.2 Development and Applications of Fugacity Models
Fugacity evaluates the equilibrium distribution and tendency of chemicals to escape

between phases (Mackay and Paterson, 1981). Fugacity was firstly introduced into chemical
modeling in the beginning of the 1980s (Mackay, 1979; Mackay and Paterson, 1981, 1982b).
There are four levels in fugacity model in total (Levels IeIV) with increasing complexity
(Mackay and Paterson, 1982b). Level I model is for equilibrium, stable, and nonflowing sys-
tem; Level II is equilibrium, stable, and flowing system; Level III is nonequilibrium, stable,
and flowing system; and Level IV is nonequilibrium, nonstable, and flowing system.

Much works have been done during the development of fugacity models, particularly by
the group of Donald Mackay. A Level III model for aquatic ecosystem, including lakes and
rivers, was developed and applied to predict the fate and residual levels of organic pollutants
in air, water, and sediment (Mackay et al., 1983a,b). The model was subsequently utilized for
both organic and inorganic compounds in lakes (Mackay and Diamond, 1989). Moreover, an
explicitly model description of airewater interactions was developed (Mackay et al., 1986).
As the processes in fugacity model became more precise, the model was validated by
more case studies. For example, fate of six chemicals in four environmental compartments
(air, water, soil, and sediment) was modeled simultaneously by a Level III fugacity model
(Mackay and Paterson, 1991), and the model was subsequently applied in a much larger
regional scale (Mackay et al., 1992).

In addition, fugacity models were widely used and continuously modified by researchers
around the world, which also played an important role in the model development. Earlier
works focused on incorporating major components into fugacity models, most of which
were Level III steady state models. These components include biota in food chain and
food web in aquatic ecosystem (Connolly and Pedersen, 1988). The bioconcentration,
bioaccumulation, and biomagnification effects of organic pollutants were nicely modeled.
Moreover, efforts were taken in extending the scales of fugacity models, such as application
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to a large group of chemicals (45 priority contaminants from USEPA) with different physi-
calechemical properties (Edwards et al., 1999), which led to a clearer linkage between
chemical properties and their environmental behavior. Deep insights were obtained by
considering the effects of spatial heterogeneity in Level III fugacity model ranged from
regional (Tao et al., 2003) to global (Ballschmiter, 1992; Wania and Mackay, 1995) scales. It
was suggested that the incorporation of spatial variations would decrease the model uncer-
tainty (Tao et al., 2003). In general, applications of Level III models were abundant, focusing
on either terrestrial (Parajulee and Wania, 2014; Wang et al., 2002; Wania et al., 2006) or
aquatic (Baek and Park, 2000; Wang et al., 2012; Xu et al., 2013) study sites.

Following studies attempted to use Level IV model, the algorithm of which was primarily
investigated as the basis for further research (Paraiba et al., 2002, 1999). Level IV fugacity
models were applied in both short-term simulation with seasonal variations and long-term
simulation with changes in emission intensity. For the short-term, seasonal variations of con-
taminants were successfully predicted by Level IV fugacity models with a relative lowmodel
uncertainty, particularly for polycyclic aromatic hydrocarbon (PAHs) in terrestrial systems
(Lang et al., 2007; Wang et al., 2011) and hexachlorocyclohexanes (HCHs) in aquatic systems
(Kong et al., 2014, 2012). For the long-term, impact of the changes in organochlorine pesti-
cides (OCPs) application intensity on their environmental residual levels since the 1960s in
China have been revealed by fugacity models in regional scales (Ao et al., 2009; Cao et al.,
2007; Dong et al., 2009; Kong et al., 2014; Liu et al., 2007; Tao et al., 2006). These applications
of fugacity models, which showed a significant model response to the changes in emission
rate and a relative good fit of model predictions to measured data, fall within the objectives
of Level IV fugacity model (Mackay and Paterson, 1982a). Serving as critical implications,
fugacity models are able to predict the residual levels of certain chemicals in the coming dec-
ades, such that the concentrations of g-HCH was predicted to decrease by 1.7e1.9 orders of
magnitude in 2020 in Tianjin, China (Tao et al., 2006). Furthermore, it is interesting that spatial
and temporal variations are addressed simultaneously in one fugacity model study (Wang
et al., 2011). Factors influencing distributions of POPs in a global scale was also illustrated
by fugacity models (Wania and Mackay, 1995). This study showed that the temperature
was a significant factor, whereas parameters strongly affected by temperature were still
poorly modeled. It is also interesting to note that fugacity models were integrated with
atmospheric transportation model to account for global distribution and health risk from
inhalation exposure of PAHs (Zhang et al., 2009).

Recent studies for fugacity models took great efforts on incorporating submodels for biota
phases from different trophic levels, which would lead to a more simple structure of food
web accumulation model. These studies were of great importance, because higher chemical
concentrations in higher trophic levels may lead to catastrophic consequences (Sharpe and
Mackay, 2000), such as the extinction of bird species due to polychlorinated biphenyls
(PCBs) biomagnification (Gilbertson, 1996) and increasing health risks of human beings
due to dioxin exposure from fish consumption (Thomas et al., 1998). The development of
fugacity-based food web accumulation model was, on one hand, based on the quantitative
evaluation of bioaccumulation model from earlier researches, which had demonstrated the
potential bioaccumulation and biomagnification effects of certain chemicals. For example,
relationship between bioaccumulation factor (KB) and octanol/water partition coefficients
(Kow) was built (KB ¼ 0.048Kow), which served as an essential basis for further model
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development (Mackay, 1982). On the other hand, it was unraveled that the fugacity ratio
between biota and water could be higher than 1, indicating that the fugacity gradient along
the trophic level is the key factor for potential bioaccumulation and biomagnification effects
(Connolly and Pedersen, 1988). These findings are the theoretical foundation for food web
fugacity model.

Fugacity model for food web started from fish (Mackay and Hughes, 1984), and a more
detailed model for digestive system in fish was developed, by which digestion and food
adsorption in gastrointestinal were both identified as the major mechanisms for biomagni-
fication in food chain (Gobas et al., 1999; Gobas et al., 1993). Uncertainty was also addressed
for fish fugacity model to increase accuracy of model prediction (Hauck et al., 2011). As a
further step, fugacity models were extended to the whole food chain and food web, result-
ing in a more systematic description on transport and transformation of chemicals in food
webs. The ultimate goal of the model is to predict chemical concentrations in biota from
data in abiotic phases and to facilitate the ecological risk assessment of these chemicals.
These approaches focused particularly on aquatic ecosystems, e.g., a food chain with six
trophic levels, including zoobenthos, plankton, and fish (Diamond et al., 1996). A general
framework for fugacity-based food web accumulation model was also developed, which
could incorporate N groups in the model with a matrix of N dimensions (Campfens and
Mackay, 1997). A case study on PCBs in the Great Lakes showed a good fit of model predic-
tions to field data (deviations within three folds). The fugacity-based food web accumula-
tion model was under continuous modifications and applications, with updated
mechanisms embedded (Arnot and Gobas, 2004; Binelli and Provini, 2003; Gobas and
Arnot, 2010). In addition, excretion of birds was found to play an important role in driving
the fate of chemicals in aquatic ecosystems. Therefore, birds were included in the fugacity
models and the framework of evaluation for chemicals in aquatic environment (Sharpe and
Mackay, 2000). An interesting study in two high-latitude lakes in Norway showed that
rather than food web structure and lake morphology, intensive bird’s dropping in one
lake was the major reason for the 10-fold higher PCBs concentrations in fish than those
in the other lake. Overall, as a synthesis, a three-layer model framework was proposed
for a rapid risk assessment of commercial chemicals, which considered the most important
components and processes from earlier works via an analytic hierarchy process (Mackay
and Fraser, 2000).

Terrestrial and aquatic vegetation were both involved into fugacity models much later than
the other components, yet their important roles in driving the fate of chemicals were grad-
ually realized. Vegetation is difficult to model because it has different parts with different
functions. For terrestrial vegetation, fugacity-based models were development, as the vege-
tation was either considered as a whole (Calamari et al., 1987) or divided into leaf, stem, and
root (Paterson et al., 1994). Among these modeling approaches, the one for agricultural her-
baceous plant was crucial for health risk assessment as they are directly consumed by human
beings (Hung and Mackay, 1997). An integrated study reviewed the model and experimental
methods for estimating bioconcentration factors (BCFs) for vegetation and showed that
uncertainties from the model were relatively larger (McKone and Maddalena, 2007). How-
ever, to date, studies focusing on aquatic vegetation are scarce, which remains as a challenge
for both experiment and modeling researches (Diepens et al., 2014).
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9.1.3 Future Perspectives
The previous section provides a brief review of the development and application of fugac-

ity models. In summary, since the first report of the fugacity models, much effort has been
made into the follow three aspects: (1) extending the temporary scale of the model from Lev-
els I to III steady state model to Level IV dynamics model, including both short-term seasonal
variations and long-term annual changes; (2) extending the spatial scale of the model from
0-dimension model to those with regional and global variations; (3) incorporating important
compartments into the model. In addition to abiotic components such as air, soil, water, and
sediment, biota in the system in different trophic levels (from primary producers such as veg-
etation to top predators such as birds) are incorporated into fugacity models. It has been a
great success to combine the knowledge of food chain and food web theory with fugacity
models to account for the effects of bioaccumulation and biomagnification of chemicals in
the environmental system (Koelmans et al., 2001).

Nonetheless, to date, limitations still exist in the studies for fugacity models. Particularly,
these studies were usually regional and were made for the chemical industry to assess
whether new chemicals would cause environmental issues or not (Cowan, 1995), whereas
models developed for a well-defined ecosystem, e.g., a lake, were rarely reported. However,
these types of research are of great importance in that a model evaluation of chemicals behav-
ior in a small scale would provide implications for local managers in environmental risk
assessment. In addition, fugacity models were criticized for its poor prediction accuracy
and large model uncertainty. Fate of chemicals is determined by many factors so that even
one-order magnitude of deviations between model predictions and field data are still accept-
able, while uncertainty is still difficult to determine (Cao et al., 2004).

Overall, future studies on fugacity models are suggested in the following three directions:
(1) to developmodels for a smaller scale. This would require concrete case studies for specific
ecosystems (such as lakes), so that the model would be validated by field data and provide
a detailed description of the chemical behavior in such systems; (2) to improve model pre-
diction accuracy; ecological and human health risk assessment would benefit more from
fugacity models with higher prediction accuracy; (3) to reduce model uncertainty. This
would require efforts from two ways. One is incorporating more components into the fugac-
ity models, such as vegetation (Diepens et al., 2014) and dissolved organic matter (Li et al.,
2015), so that uncertainty from model structure would be reduced; the other is utilizing
advanced statistical methods such as Bayesian-based Markov Chain Monte Carlo (Kong
et al., 2014; Saloranta et al., 2008), so that the uncertainty from model parameters would
not be overestimated.

9.2 FUGACITY MODEL FOR PAHs IN LAKE SMALL BAIYANGDIAN,
NORTHERN CHINA: A CASE STUDY

In the following section, we provide a case study of Level III fugacity model for descrip-
tion of environmental behavior of 15 priority PAHs in a vegetation-dominant lake in China.
Aquatic plants were included in the model. The reliability of the model estimates was eval-
uated by various means, including concentration validation, sensitivity, and uncertainty
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analysis. Therefore, this case study provides a nice example of fugacity model for a well-
defined ecosystem within a significantly small scale, with many efforts in increasing model
performance.

9.2.1 Polycyclic Aromatic Hydrocarbons
PAHs are globally concerned pollutants due to their widespread occurrence, strong persis-

tence, long-range transportation potential, and carcinogenic toxicity (Xu et al., 2011). As one
of the fastest growing countries in the world, China is suffering from severe contamination of
PAHs from various sources (Zhang et al., 2007). The threat of PAH pollution to ecosystems
and human health have become serious in China. It was reported that the atmospheric emis-
sions of 16 priority PAHs in China in 2004 (114 Gg) accounted for about 22% of the total
global emissions (520 Gg) of 16 priority PAHs set by USEPA (Zhang et al., 2009). It was esti-
mated that 5.8% of China’s land area, where 30% of the population lives, exceeded the
national ambient benzo[a]pyrene (BaP) standard of 10 ng/m3 and that the overall population
attributable fraction for lung cancer caused by inhalation exposure to PAHs was 1.6% (Zhang
et al., 2009). Therefore, it is meaningful to understand and predict the fate and transport of
PAHs in various environmental media in China.

To date, two fugacity model studies included all 16 principal PAHs (Lang et al., 2007;
Wang et al., 2011), while specific PAH components such as BaP and phenanthrene (Phe)
were considered in other studies (Tao et al., 2003; Wang et al., 2002). However, the fate of
PAH components in water and sediments were not well modeled in such studies at regional
scales. To solve this limitation, a quantitative watereair sediment interaction (QWASI)
fugacity model is strongly required (Mackay et al., 1983a,b). The QWASI fugacity model
has been successively applied to predict the fate of heavy metals and organic chemicals
such as PCBs and BaP in lake or river ecosystems (Diamond et al., 1996; Mackay et al.,
1983a,b). However, priority PAH components other than BaP have not been included in
the QWASI fugacity models. To understand properly and to compare the behaviors of indi-
vidual PAH components in aquatic ecosystems, it is critical to include other priority PAH
components excluding BaP, because the behaviors and physicalechemical features are varied
for different PAH components (Zhang et al., 2005). Even for BaP, more case studies on using
QWASI fugacity model are still needed to understand and predict its fate behaviors in lake
ecosystems, especially in such a lake as Small Baiyangdian that has abundant aquatic plants.
In the previous studies on the development and application of QWASI fugacity model,
aquatic plants were not included.

9.2.2 Study Area and Measurements
Lake Baiyangdian, the largest freshwater lake in Northern China, is located at the central

place of three big cities, Beijing, Tianjing, and Shijiazhuang (Fig. 9.1), one of the most seri-
ously polluted areas in China for PAHs (Zhang et al., 2007). Lake Baiyangdian is one of
the important locations of fish production in China. However, during the last decades,
with the rapid economic development and population growth in the watershed and neighbor
regions, the lake receives an increased loading of PAHs (Xu et al., 2011). The lake with total
area of 366 km2 is composed of 134 interconnected small lakes with different size areas. Lake
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Small Baiyangdian, with the area of 13.3 km2, is the biggest one among 134 interconnected
small lakes.

Sampling for water, suspended solids, sediment, and macrophytes at six sites (Fig. 9.1),
and for fish at one site in Lake Small Baiyangdian was performed once on October 7, 2007.
Air sampling including gaseous, particulate, and dust samples at two sites was carried out
four times seasonally during autumn 2007 to summer 2008. Gaseous and particulate samples
were collected using passive air sampler (Tao et al., 2009). Dust samples were collected by
dust tank. Macrophytes samples included two species of floating plants, three species of sub-
merged plants, and three species of emergent plant. Four species of commonly consumed
freshwater fish including 15 individuals of crucian carp, and 10 individuals each of snake-
head fish, grass carp, and silver fish were collected. Fifteen priority PAHs included acenaph-
thylene (Acy), acenaphthene (Ace), fluorene (Flo), Phe, anthracene (Ant), fluoranthene (Fla),
pyrene (Pyr), chrysene (Chr), benzo[a]anthracene (BaA), benzo[b]fluoranthene (BbF), benzo
[k]fluoranthene (BkF), BaP, indeno[1,2,3-cd]pyrene (IcdP), benzo[ghi]perylene (BghiP), and

FIGURE 9.1 Location of Lake Small Baiyangdian and sampling sites.
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dibenz[a,h]anthracene (DahA) and were measured by GCeMS. Organic carbon contents in
water, suspended solids, and sediments, and lipid contents in fish and macrophytes were
also analyzed. The mean contents of PAHs, lipid, and organic carbon in the studied multime-
dia were calculated for the parameters and calibrated for the model.

9.2.3 Model Development
9.2.3.1 Conceptual Framework

A QWASI fugacity model was developed to characterize the multimedia fate of PAHs in
Lake Small Baiyangdian. The conceptual diagram of the model is presented in Fig. 9.2. Air,
water, and sediment were defined as three bulk compartments. Eight subcompartments
included in the three bulk compartments are as follows: air and particles in air; water, sus-
pended solids, plants, and fish in water; and water and solids in sediment. The processes
taken into consideration are defined in Fig. 9.2 and additional details are given in Table 9.1.

9.2.3.2 Model Equations

The mass balance equations with fugacities as variables for air, water, and sediment bulk
compartments are tabulated in Table 9.2. The equations for the transfer rate coefficients of the
modeled processes and for the fugacity capacity of each bulk phase and subphase are listed
in Tables 9.3 and 9.4.

FIGURE 9.2 Conceptual diagram of the QWASI fugacity model for modeling multimedia fates of PAHs in Lake
Small Baiyangdian.
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9.2.3.3 Model Parameters

The model parameters including environmental, physical, chemical, and process kinetic
ones were determined in three different ways, i.e. literature review, laboratory experiments,
and model calibration. The symbols, descriptions, values, and sources of all model parame-
ters are presented in Tables 9.5 and 9.6. The mean values of collected data are used for the
parameters after abnormal values are excluded. The Henry’s law constant, saturation vapor
pressure and fugacity ratio is the value under the temperature of 25�C. However, the average
annual temperature in Lake Small Baiyangdian is 12.1�C. The necessary corrections for these
parameters are performed by the Paasivirta’s equation (Paasivirta et al., 1999).

TABLE 9.1 Transfer and Transformation Processes Defined in the QWASI Fugacity Model

Symbol Transfer Process

T01t, T10t Advective air flows into/out of the lake air bulk

T02t, T20t Advective water flows into/out of the lake water bulk

T02h Local wastewater discharge to the lake water bulk

T10m, T20m, T40m Degradation in air, water, and sediment

T20p, T20f Bioaccumulation in aquatic plants and fishes

T12d, T12p, T12w Diffusion, dry deposition, and wet precipitation from air to water

T21d Diffusion from water to air

T24d, T42d Diffusion between water column and bottom sediment

T24s Sedimentation from column and bottom sediment

TABLE 9.2 Mass Balance Equations in the QWASI Fugacity Model

Phase Mass Balance Equationa Mass Balance Equation in Detaila

Air T01t þ T21d ¼ T10t þ T10m þ T12d þ T12p þ T12w Q01tC01t þ D21df2 ¼ (D10t þ D10m þ D12d

þ D12p þ D12w)f1

Water T02t þ T02h þ T12d þ T12p þ T12w þ T42d ¼ T20t

þ T20m þ T20f þ T20r þ T21d þ T24d þ T24s

Q02tC02t þ Q02hC02h þ (D12d þ D12p þ D12w)f1
þ D42df4 ¼ (D20t þ D20m þ D20f þ D20r

þ D21d þ D24d þ D24s)f2

Sediment T24d þ T24s ¼ T42d þ T40m (D24d þ D24s)f2 ¼ (D42d þ D40m)f4

aTijk are transfer processes, defined in Table 9.1. Dijk are transfer rate coefficients for major transfer processes from the ith bulk phase to the jth bulk

phase (see Table 9.3 for details). For system input, T01t ¼ Q01t � C01t, T02t ¼ Q02t � C02t, T02h ¼ Q02h � C02h. For system output,

T10t ¼ D10t � f1, T20t ¼ D20t � f2, T10m ¼ D10m � f1, T20m ¼ D20m � f2, T40m ¼ D40m � f4, T20p ¼ D20r � f2, T20f ¼ D2f � f2. For airewater

transfer, T12d ¼ D12d � f1, T21d ¼ D21d � f2, T12p ¼ D12p � f1, T12w ¼ D12w � f1. For wateresediment transfer, T24d ¼ D24d � f2,

T42d ¼ D42d � f4, T24s ¼ D24s � f2.
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TABLE 9.3 Equations for Calculating Transfer Rate Coefficients (D)

Process Equationsa Remarks

Air(1)e water(2) Diffusion D12d ¼ A2/[1/(K12 � Z11) þ 1/
(K21 � Z22)]

D21d ¼ D12d

Dry deposition D12p ¼ A2 � Kp � X13 � Z13

Wet precipitation D12w ¼ A2 � Kw � Sc � X13 � Z13

Water(2) esediment(4) Diffusion D24d ¼ A2/[1/(K24 � Z22) þ
L4/(B4 � Z22)];

D42d ¼ D24d

Deposition D24s ¼ A2 � Ks � Z23

Reaction Degradation in air D10m ¼ Km1 � A1 � h1 � Z1 e

Degradation in water D20m ¼ Km2 � A2 � h2 � (Z22 þ Z23)

Degradation in sediment D40m ¼ Km4 � A4 � h4 � Z4

Advection Advective air flows D01t ¼ Q01t � Z1 e

Advective water flows D02t ¼ Q02t � Z2

Biota Fish harvest D20f ¼ Yf � Z2f/r2f e

Plants harvest D20p ¼ Yp � Z2p/r2p

aDijk are transfer rate coefficients for major transfer processes from the ith bulk phase to the jth bulk phase (1, 2, and 4 for air, water, and sediment,

respectively, 0 for outside of the area). The subscript k indicates process category (t, d, p, w, f, r, s, and m for advective flow, diffusion, dry deposition,

wet precipitation, fish bioaccumulation, pant bioaccumulation, sedimentation, and degradation, respectively). Z is fugacity capacity (see Table 9.4

for details). See Table 9.5 for the meanings of other parameters.

TABLE 9.4 Equations for Calculating Fugacity Capacities (Z)

Bulk Phase Subphase Equations for Calculating Z (mol/m3$Pa)a

Air Air Z11 ¼ 1/RT Z1 ¼ X11Z11 þ X13Z13

Particle Z13 ¼ 6E6/(PSRT)/BPS

Water Water Z22 ¼ 1/H Z2 ¼ X22Z22 þ X23Z23

þ X2fZ2f þ X2pZ2p
Suspended solids Z23 ¼ O23r23Koc/H

Fish Z2f ¼ BCFf/H

Plant Z2p ¼ BCFp/H

Sediment Pore water Z42 ¼ 1/H Z4 ¼ X42Z42 þ X43Z43

Solids Z43 ¼ O43r43Koc/H

aZ1, Z2, and Z4 are fugacity capacity for air, water, and sediment bulk compartments, respectively. Z11, Z13, Z22, Z23, Z2f, Z2p, Z42, and Z43 are

fugacity capacity for air and particle subphases in air, water, suspended solids, fish, plant subphases in water, pore water, and solids subphases in

sediment, respectively. See Table 9.5 for the meanings of other parameters.
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TABLE 9.5 Parameters for the QWASI Fugacity Model

Symbol Unit Parameters Value References

A1, A2, A4 m2 Interface areas of airewater and
wateresediment

1.366 � 107 Zhao et al. (2007)

h1 m Thickness of air 7.00 � 102 HPEPB (2001) and Ma et al. (2007)

h2 m Thickness of water 1.87 HPEPB (2001) and Ma et al. (2007)

h4 m Thickness of sediment 1.00 � 10�1 HPEPB (2001) and Ma et al. (2007)

X13 v/v Volume fractions of solids in air 9.84 � 10�11 Mackay and Paterson (1991), note A

X23 v/v Volume fractions of solids in
water

4.29 � 10�6 Mackay and Paterson (1991), note A

X43 v/v Volume fractions of solids in
sediment

3.00 � 10�1 Mackay and Paterson (1991), note A

L4 m Diffusion path lengths in
sediment

5.00 � 10�3 Mackay and Paterson (1991)

X2f v/v Volume fractions of fish in water 4.08 � 10�5 Zhao et al. (2005) and Zhao (1995)

X2p v/v Volume fractions of plants in
water

8.20 � 10�4 Zhao et al. (2005) and Zhao (1995)

X42 v/v Volume fractions of water in
sediment

7.00 � 10�1 Mackay and Paterson (1991)

O23 % Contents of organic carbon in
solids in water

4.41 � 10�1 Note A

O43 % Contents of organic carbon in
solids in sediment

2.89 � 10�2 Note A

r23 t/m3 Densities of solids in water 1.89 Note A

r43 t/m3 Densities of solids in sediment 2.49 Note A

r2f t/m3 Densities of fish in water 1.05 Davenport (1999), note A

r2p t/m3 Densities of plants in water 8.83 � 10�1 Davenport (1999), note A

Q01t m3/h Air advection flow into the lake
area

1.13 � 1010 HPEPB (2001), calculated

Q10t m3/h Air advection flow out of the lake
area

1.13 � 1010 HPEPB (2001), calculated

Q02t m3/h Water advection flow into the
lake

3.00 � 104 Yin (2008)

Q20t m3/h Water advection flow out of the
lake

2.50 � 104 Yin (2008)

Q02h m3/h Rate of local wastewater
discharge

500 HPEPB (2001), calculated

(Continued)
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TABLE 9.5 Parameters for the QWASI Fugacity Modeldcont’d

Symbol Unit Parameters Value References

C02t mol/m3 PAHs concentration in water
advection flow

Note B Bai (2008), note A

C02h mol/m3 PAHs concentration in
wastewater

Note B Note A

Yf T/h Harvest rate of fish 3.00 Zhao et al. (2005) and Zhao (1995)

Yp T/h Harvest rate of plants 6.00 � 101 Zhao et al. (2005) and Zhao (1995)

T K Local average temperature 3.00 � 102 Zhao et al. (2007)

Ps25 Pa Local vapor pressure Note B Van Agreren et al. (1998), Mackay
et al. (1997), Wang (1991), Wang
(1993), and Jin (1990)

R Pa$m3/mol$K The gas constant 8.314 Van Agreren et al. (1998), Mackay
et al. (1997), and Karickhoff (1981)

F25 e Fugacity ratio at 25�C Note B Mackay et al. (1997)

H25 Pa,m3/mol Henry’s constant Note B Mackay et al. (1997), Wang (1991),
Wang (1993), Jin (1990), and Ten
Hulscher et al. (1992)

BF e Fugacity ratio temperature
correction factor

Note B Paasivirta et al. (1999)

BH e Henry’s law constant
temperature correction factor

Note B Paasivirta et al. (1999)

BPS e Saturation vapor pressure
temperature correction factor

Note B Paasivirta et al. (1999)

Koc m3/t, 1/h Adsorption coefficient Note B Mackay et al. (1997), Jin (1990), STF
(1991), and US-EPA (1996)

Km1 1/h Degradation rate of PAHs in air Note B Mackay (2001) and Lang et al. (2008)

Km2 1/h Degradation rate of PAHs in
water

Note B Mackay (2001) and Lang et al. (2008)

Km4 1/h Degradation rate of PAHs in
sediment

Note B Mackay (2001), Lang et al. (2008)

BCFf m3/t Bioconcentration factor of fish Note B Lang et al. (2008), Duan (2005), and
Tang et al. (2006), note A (calculated)

BCFp m3/t Bioconcentration factor of plants Note B Lang et al. (2008), Duan (2005), and
Tang et al. (2006), note A (calculated)

B1 m2/h Molecular diffusivities in air Note B Perry and Chilton (1973), US-EPA
(1996), Shor et al. (2003), and Xu
(1991)

(Continued)
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9.2.3.4 Multimedia Modeling

The concentrations of PAHs in the compartments and the transfer fluxes between adjacent
compartments were modeled under a steady-state assumption. Measured concentrations in
this study were used for model validation. Modeling was performed using Matlab v.6.5
(MathWorks, 2002). SPSS v.10.0 and MS Excel were employed for statistical analysis and
data manipulation.

9.2.3.5 Sensitivity Analysis

An overview of the most sensitive components of the model can be determined through
sensitivity analysis. This analysis provides a measure of the sensitivity of parameters, forcing
functions or submodels to the state variables of greatest interest in the model. In practical
modeling, the sensitivity analysis is carried out by changing the parameters, forcing func-
tions and submodels, and the corresponding response of the selected state variables is
observed (Jørgensen and Nielsen, 1994). In this study, the sensitivity analysis was performed

TABLE 9.5 Parameters for the QWASI Fugacity Modeldcont’d

Symbol Unit Parameters Value References

B2 m2/h Molecular diffusivities in water Note B Perry and Chilton (1973); US-EPA
(1996), Shor et al. (2003), and Xu
(1991)

B4 m2/h Molecular diffusivities in
sediment

Note B Perry and Chilton (1973), US-EPA
(1996), Shor et al. (2003), and Xu
(1991)

K12 m/h Air-side molecular transfer
coefficient over water

3.00 Thibodeaux (1996) and Banks and
Herrera (1997)

K21 m/h Water-side molecular transfer
coefficient over air

3.00 � 10�2 Thibodeaux (1996), Banks and
Herrera (1997)

K24 m/h Water-side molecular transfer
coefficient over sediment

1.00 � 10�2 Thibodeaux (1996) and Banks and
Herrera (1997)

KP m/h Dry deposition velocity 5.69 � 10�1 HPEPB (2001), Mackay and Paterson
(1991), Beijing Statistics Bureau
(2005), and Tainjin Environment
Protection Bureau (1991, 1996, 2001)

Kw m/h Wet deposition velocity 6.51 � 10�5 HPEPB (2001), Mackay and Paterson
(1991), Beijing Statistics Bureau
(2005), and Tainjin Environment
Protection Bureau (1991, 1996, 2001)

KS m/h Water sedimentation rates 4.60 � 10�6 Chen et al. (2006) and Hu et al. (1998)

SC m/h Rain scavenging rate 2.00 � 105 Mackay et al. (1986)

Note A: Data determined in our lab.

Note B: Presented in Table 9.6.
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TABLE 9.6 Parameter Values for Different PAH Components in the QWASI Fugacity Model

Symbols ACE ACY FlO PHE ANT FLA PYR BaA CHR BbF BkF BaP DahA IcdP BghiP

C01t 5.27E-11 1.90E-11 3.31E-10 5.80E-10 2.61E-11 1.27E-10 6.48E-11 9.96E-12 1.18E-10 8.81E-11 5.83E-12 2.25E-11 1.93E-11 1.05E-11 3.64E-11

C02t 1.71E-08 1.30E-08 4.21E-08 4.49E-08 6.17E-08 2.37E-08 1.14E-08 1.31E-09 4.38E-09 1.19E-09 7.930E-10 3.96E-10 1.09E-09 1.08E-09 0.00Eþ00

C02h 8.35E-07 7.33E-07 1.88E-06 1.63E-06 3.69E-06 1.40E-06 5.93E-07 7.64E-08 2.51E-07 6.53E-08 4.71E-08 1.64E-08 6.38E-08 2.77E-08 0.00Eþ00

H25 1.78Eþ01 1.16Eþ01 8.50Eþ00 4.00Eþ00 6.00Eþ00 1.49Eþ00 1.53Eþ00 8.61E-01 1.83E-01 5.40E-02 8.53E-02 9.00E-03 7.00E-03 7.00E-03 1.00E-03

Ps25 1.31Eþ00 2.12Eþ00 4.83E-01 5.98E-02 1.41E-02 2.34E-03 1.91E-03 5.74E-05 2.21E-05 4.45E-06 3.79E-06 3.22E-06 3.22E-06 3.22E-06 3.22E-06

Koc 4.36Eþ03 6.76Eþ03 1.08Eþ04 1.81Eþ04 6.05Eþ04 2.41Eþ05 3.92Eþ04 4.04Eþ05 1.68Eþ06 1.68Eþ06 2.15Eþ06 5.25Eþ05 2.60Eþ06 4.89Eþ06 4.89Eþ06

BCFf 4.81Eþ02 4.74Eþ02 9.65Eþ02 1.86Eþ03 1.93Eþ03 4.75Eþ03 3.43Eþ03 3.43Eþ03 2.02Eþ04 6.17Eþ04 7.78Eþ04 3.86Eþ04 3.86Eþ04 3.86Eþ04 3.86Eþ04

BCFv 5.94Eþ01 8.91Eþ01 1.04Eþ02 3.32Eþ02 9.75Eþ02 1.00Eþ03 1.17Eþ03 7.12Eþ03 2.99Eþ03 4.26Eþ03 6.69Eþ03 7.33Eþ03 2.10Eþ04 3.72Eþ04 2.10Eþ04

Km1 5.04E-03 5.04E-03 5.04E-03 5.04E-03 5.04E-03 4.08E-03 4.08E-03 4.08E-03 4.08E-03 4.08E-03 4.08E-03 4.08E-03 4.08E-03 4.08E-03 4.08E-03

Km2 5.04E-04 5.04E-04 5.04E-04 5.04E-04 5.04E-04 4.08E-04 4.08E-04 4.08E-04 4.08E-04 4.08E-04 4.08E-04 4.08E-04 4.08E-04 4.08E-04 4.08E-04

Km4 1.63E-05 1.63E-05 1.63E-05 1.63E-05 1.63E-05 1.26E-05 1.26E-05 1.26E-05 1.26E-05 1.26E-05 1.26E-05 1.26E-05 1.26E-05 1.26E-05 1.26E-05

B1 1.66E-02 1.80E-02 1.55E-02 1.66E-02 1.47E-02 1.38E-02 1.34E-02 1.55E-02 1.25E-02 1.18E-02 1.18E-02 1.41E-02 1.11E-02 1.10E-02 1.33E-02

B2 2.17E-06 1.88E-06 2.14E-06 1.85E-06 2.09E-06 1.85E-06 1.96E-06 2.10E-06 1.77E-06 1.64E-06 1.64E-06 2.05E-06 1.55E-06 1.60E-06 1.39E-06

B4 4.54E-13 4.57E-13 4.37E-13 4.63E-12 7.55E-11 2.21E-11 2.88E-11 7.99E-12 6.87E-12 1.51E-12 1.89E-12 1.58E-12 3.15E-13 2.38E-13 6.26E-13

F25 1.97E-01 3.38E-01 1.39E-01 2.08E-01 1.01E-02 7.62E-02 1.57E-01 5.07E-02 6.68E-03 6.68E-03 1.26E-02 3.11E-03 3.11E-03 3.11E-03 3.11E-03

BF 1.13Eþ03 5.73Eþ02 1.02Eþ03 8.60Eþ02 1.51Eþ03 8.93Eþ02 9.87Eþ02 1.12Eþ03 1.37Eþ03 9.06Eþ02 1.45Eþ03 1.30Eþ03 9.09Eþ02 1.29Eþ03 1.12Eþ03

BH 1.24Eþ03 2.18Eþ03 1.59Eþ03 2.12Eþ03 1.36Eþ03 2.48Eþ03 2.34Eþ03 2.64Eþ03 2.77Eþ03 3.56Eþ03 2.98Eþ03 3.28Eþ03 4.01Eþ03 3.21Eþ03 3.37Eþ03

BPs 3.49Eþ03 3.32Eþ03 3.64Eþ03 3.84Eþ03 4.38Eþ03 4.26Eþ03 4.31Eþ03 4.88Eþ03 5.51Eþ03 5.37Eþ03 5.87Eþ03 5.82Eþ03 5.82Eþ03 5.82Eþ03 5.82Eþ03

Note: The meanings of the symbols are the same with them in Table 9.5.



only for the parameters. A change for the parameter at �10% was chosen, and the sensitivity
coefficient (S) was calculated by the following formula (Cao et al., 2004):

S ¼ ðY1:1 � Y0:9Þ=ð0:2$YÞ (12.1)

Y represents the model outputs of chemical concentrations. The terms, Y1.1 and Y0.9, rep-
resent the estimated concentrations when the tested parameter was changed at þ10%
and�10%, respectively. The greater the absolute value of sensitivity coefficient, the more sen-
sitive the parameter.

9.2.3.6 Uncertainty Analysis

Both concentrations and fluxes estimated by the multimedia model are inherently vari-
able (McKone, 1996). In addition to the inherent variability, there are also uncertainties in
the parameters and estimates (Tao et al., 2003). For assessing the overall uncertainty and
variability in predictions, Monte Carlo simulation was used to illustrate collective variance
of the inputs through the model. Each input parameter was represented as a probability
density function that defined both the range of values and the likelihood of the parameter
having that value. All of the parameters were assumed to follow the log-normal distribu-
tion. The simulation was undertaken repeatedly 3000 times, with new values randomly
selected for all parameters within the range of mean � standard deviation. A built-in
function of “randn” in Matlab was used to select the values randomly for each parameter
(MathWorks, 2002). The model uncertainty was ascertained by statistical analysis on the
output result. To quantify the differences, coefficients of variation (CVs) were calculated
based on log-transformed data.

9.2.4 Results and Discussion
9.2.4.1 Modeled Concentration Distributions

The levels and distributions of calculated PAHs concentrations in the three bulk and seven
subphases are presented in Table 9.7. The highest PAHs concentrations were found in the
sediment phase, followed by the water and air phases (Fig. 9.3). The percentage ratios of indi-
vidual PAH congeners ranged from 58.9% to 88.5%, 11.5 to 26.8%, and 0 to 14.3% for the sedi-
ment, water, and air phases, respectively (Fig. 9.3). This implies that the sediment would
serve as the sink of PAHs. Among different PAHs congeners, low-molecular-weight PAHs
(LMW-PAHs) predominated the distribution in three bulk phases. From LMW-PAHs to mid-
dle- and high-molecular-weight PAHs (MMW-PAHs and HMW-PAHs), the average percent-
age were increased from 64.8% to 66.1% and 87.0% in the sediment, and decreased from
26.3% to 22.9% and 13.0% in the water, and 11.0 to 8.9% and 0 in the air. This means that
LMW-PAHs were in higher proportion in the water and air, while HMW-PAHs were in
higher proportion in the sediment.

Fig. 9.4 illustrates that the different distribution patterns of LMW-PAHs, MMW-PAHs, and
HMW-PAHs in seven subphases. In the air, LMW-PAHs predominated in the gaseous sub-
phase, while HMW-PAHs were dominant in solid-particle subphase (Fig. 9.4A). In the water,
the PAHs contents in subphases were in the declining order of suspended solids (C23) > fish
(C2f) > aquatic plants (C2p) > dissolved subphase (C22); and PAHs contents in the dissolved
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phase were much lower than these in the suspended solid, fish, and aquatic plant subphases.
From LMW-PAHs to MMW-PAHs and HMW-PAHs, the contents were decreased in the dis-
solved subphase, and similar in the suspended solids, fish, and plant subphases (Fig. 9.4B). In
the sediment, PAHs contents in the solid subphase (C43) were significantly higher than these
in pore water subphase (C42) (Fig. 9.4C).

The different fate behaviors of LMW-PAHs, MMW-PAHs, and HMW-PAHs in the water,
air, and sediment may be attributed to the difference in their physical and chemical proper-
ties. LMW-PAHswith higher vapor pressure andHenry’s law constant are more volatile than
HMW-PAHs with lower vapor pressure and Henry’s law constant. On the other hand,
LMW-PAHs are less lipophilic due to their lower Koc values, so that their ability in binding
to organic matter in suspended solids and sediments is obviously weaker than that of
HMW-PAHs. The dissolved PAHs concentrations in the water and pore water were
decreased with the increase of their molecular weight, probably due to the decreasing
solubility.

9.2.4.2 Model Validation

The model was validated by the comparisons between calculated and measured PAHs
concentrations in the subphases. As can be seen in Fig. 9.5, very similar distribution patterns

TABLE 9.7 Calculated PAHs Concentration in the Bulk and Subphases

C1 C2 C4 C13 C22 C23 C2f C2p C42 C43

ACE 5 � 10�11 5 � 10�9 5 � 10�5 1 � 10�14 5 � 10�9 2 � 10�5 2 � 10�6 3 � 10�7 5 � 10�7 2 � 10�4

ACY 2 � 10�11 1 � 10�19 1 � 10�5 5 � 10�15 1 � 10�9 5 � 10�6 6 � 10�7 1 � 10�7 1 � 10�7 5 � 10�5

FlO 3 � 10�10 2 � 10�8 4 � 10�4 1 � 10�13 2 � 10�8 2 � 10�4 2 � 10�5 2 � 10�6 2 � 10�6 1 � 10�3

PHE 6 � 10�10 3 � 10�8 9 � 10�4 3 � 10�12 2 � 10�8 3 � 10�4 4 � 10�5 7 � 10�6 2 � 10�6 3 � 10�3

ANT 2 � 10�11 6 � 10�10 4 � 10�5 3 � 10�14 3 � 10�10 1 � 10�5 5 � 10�7 3 � 10�7 3 � 10�8 1 � 10�4

FLA 1 � 10�10 1 � 10�9 3 � 10�4 7 � 10�12 5 � 10�10 9 � 10�5 2 � 10�6 5 � 10�7 6 � 10�8 1 � 10�3

PYR 6 � 10�11 4 � 10�9 2 � 10�4 8 � 10�12 2 � 10�9 6 � 10�5 6 � 10�6 2 � 10�6 3 � 10�7 7 � 10�4

BaA 7 � 10�12 4 � 10�10 6 � 10�5 5 � 10�12 5 � 10�11 2 � 10�5 2 � 10�7 3 � 10�7 7 � 10�9 2 � 10�4

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

BbF 1 � 10�11 3 � 10�10 1 � 10�4 1 � 10�11 2 � 10�11 3 � 10�5 2 � 10�6 1 � 10�7 3 � 10�9 4 � 10�4

BkF 5 � 10�12 1 � 10�10 5 � 10�5 5 � 10�12 8 � 10�12 1 � 10�5 6 � 10�7 5 � 10�8 1 � 10�9 2 � 10�4

BaP 8 � 10�13 5 � 10�11 7 � 10�6 6 � 10�13 4 � 10�12 2 � 10�6 2 � 10�7 3 � 10�8 6 � 10�10 2 � 10�5

DahA 1 � 10�12 3 � 10�11 9 � 10�6 8 � 10�13 1 � 10�12 2 � 10�6 4 � 10�8 2 � 10�8 2 � 10�10 3 � 10�5

IcdP 8 � 10�13 2 � 10�11 7 � 10�6 6 � 10�13 5 � 10�13 2 � 10�6 2 � 10�8 2 � 10�8 7 � 10�11 2 � 10�5

BghiP 2 � 10�12 3 � 10�11 1 � 10�5 1 � 10�12 9 � 10�13 4 � 10�6 4 � 10�8 2 � 10�8 1 � 10�10 5 � 10�5

Note: C1, air phase; C2, water phase; C4, sediment phase; C13, solid particles in air phase; C22, dissolved in water phase; C23, solid

particles in water phase; C2f, fish in water phase; C2p, aquatic plants in water phase; C42, pore water in sediments; C43, solid particles

in sediment phase.
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in the subphases of the water and sediment would be found in both calculated andmeasured
PAHs concentrations. The simulated values for the most of PAHs congeners were lower than
their measured values, which may be attributed to the neglect of some input process such as
soil erosion. The difference between the calculated and measured PAHs concentrations were
different for both the subphases and PAH congeners. Among seven subphases, the best
agreements with the difference less than one order of magnitude could be found for the
PAHs concentrations in the solid subphase in the sediment (C43), while the worst agreements
with the difference around two orders of magnitude were for the PAHs concentrations in the
dissolved and solid subphase in water (C22 and C23). Among 15 PAH congeners,
LMW-PAHs maintain better agreements in all subphases than HMW-PAHs. The best agree-
ments with the difference less than one order of magnitude could be found for the
LMW-PAHs except for Acy and ANT in the suspended solid subphases (C23) and ANT in

FIGURE 9.3 Distributions of calculated PAHs concentration and their percentage in three bulks.
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the fish subphases (C2f). The worst agreements with the difference around two orders of
magnitude were for the HMW-PAHs in the suspended solid and fish subphases (C23 and
C2f). The IcdP and DahA in the suspended solid and fish subphases as well as the BghiP
in the suspended solid subphase were undetectable; however, their modeled values were rel-
atively high.

The differences between the calculated and measured PAHs concentrations for seven
subphases are attributable to the complexity of PAHs sources and the degree of influence
by environmental changes; however, those for PAH congeners are attributed to their

FIGURE 9.4 Calculated PAHs concentrations in the subphases in Lake Small Baiyangdian.
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FIGURE 9.5 Comparisons between the calculated and measured concentration of PAHs in seven subphases.
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different physical and chemical properties. The PAHs in the solid subphase in sediment
were mainly from the sedimentation of suspended solids in water and were less influ-
enced by ambient environmental changes. However, the PAHs in the dissolved and solid
subphase in water were likely from the input of inflow rivers, surface runoff, dry and wet
depositions, and they were easily influenced by ambient environmental changes.
Compared with the concentrations of LMW-PAHs, the HMW-PAHs are much lower in
concentration and are often undetectable or with large uncertainty (see Section 9.2.3.6
for details).

9.2.4.3 Transfer Fluxes of PAHs

The calculated transfer fluxes of PAHs are shown in Table 9.8. The fluxes into and out of
the lake area as well as each compartment were well balanced. For instance, for the total flux
into and out of the lake area, the average and maximum relative errors were 0.022% and
0.19% (Ant), respectively. The fluxes through advective air flows into and out of the lake
(T01t, T10t) were predominant in the input and output fluxes of PAHs. The average bioaccu-
mulation flux of 15 PAHs by plants (T2p) was four times higher than that by fish (T2f). The
highest percentage of the average flux of 15 PAHs by degradation in the sediment (T40m)
was 61.81%, followed by the air (T10m) (37.82%) and by the water (T20m) (0.37%). From
LMW-PAHs to MMW-PAHs and HMW-PAHs, the percentages of the average flux by deg-
radation in the sediment (T40m) were increased from 42.70% to 74.32% and 79.15%;
however, those by degradation in the air (T10m) were decreased from 56.60% to 25.56%
and 20.78%. This meant that the degradation of LMW-PAHs mainly occurred in the air
and that the degradation of MMW-PAHs and HMW-PAHs mainly happened in the
sediment.

The calculated transfer fluxes of PAHs across the airewater and wateresediment interfa-
ces are shown in Fig. 9.6. The transfer fluxes from air to water across the airewater interface
and from water to sediment across the wateresediment interface were much higher than
these from water to air and from sediment to water, respectively. This indicated that, in
the airewateresediment system, the transfer directions of PAHs were from air to water
and to sediment. Air was the source of PAHs, while sediment could severe as the sink of
PAHs. Among 15 PAH congeners, the highest transfer fluxes from air to water (T12) and
from water to sediment (T24) could be found for LMW-PAHs (including 2- and 3-ring
PAHs), followed by MMW-PAHs and HMW-PAHs.

Fig. 9.7 illustrates that contributions of the transfer fluxes of PAHs from air to water and
from water to sediment though different processes were changed. From air to water
(Fig. 9.7A), the transfer of LMW-PAHs by the diffuse process (T12d) contributed the highest
fluxes, followed bywet and dry precipitation processes (T12p and T12w). For MMW-PAHs and
HMW-PAHs, the wet precipitation played the highest contribution of transfer fluxes (T12w),
followed by the diffuse and dry precipitation (T12d and T12p). From LMW-PAHs (including 2-
and 3-ring PAHs) to MMW-PAHs and HMW-PAHs, the transfer fluxes through diffuse proc-
ess (T12d) were decreased. The transfer fluxes through dry and wet precipitations (T12p and
T12w) were increased from 2-ring PAHs to 3- and 4-ring PAHs. From water to sediment
(Fig. 9.7B), the transfer fluxes of PAHs were mainly depended on the sedimentation process
(T24s). The diffuse process (T24d) could only have some contributions for 2-, 3-, and 4-ring
PAHs.
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TABLE 9.8 Calculated Transfer Fluxes In and Out of the Lake Area As Well As Each Compartment

T01t T02t T02h T10t T20t T12d T12p T12w T21d T24d T24s T42d T10m T20m T40m T2p T2f

ACE 3.74Eþ00 5.12E-04 4.17E-04 3.65Eþ00 9.51E-05 3.80E-02 2.16E-06 4.95E-05 1.36E-02 1.26E-10 2.32E-02 1.36E-08 6.64E-02 1.33E-03 2.32E-02 1.44E-05 5.77E-06

ACY 1.35Eþ00 3.89E-04 3.67E-04 1.31Eþ00 2.24E-05 1.66E-02 9.46E-07 2.17E-05 2.84E-03 4.68E-11 1.33E-02 5.07E-09 2.39E-02 4.94E-04 1.33E-02 7.97E-06 2.10E-06

FlO 2.35Eþ01 1.26E-03 9.38E-04 2.28Eþ01 3.25E-04 2.93E-01 2.83E-05 6.48E-04 3.15E-02 5.40E-10 2.56E-01 5.86E-08 4.15E-01 6.04E-03 2.56E-01 1.12E-04 5.16E-05

PHE 4.12Eþ01 1.35E-04 8.16E-04 3.99Eþ01 5.31E-04 5.65E-01 6.73E-04 1.54E-02 1.78E-02 7.41E-09 5.55E-01 8.05E-07 7.22E-01 8.02E-03 5.55E-01 4.64E-04 1.29E-04

ANT 1.86Eþ00 1.85E-03 1.84E-03 1.80Eþ00 6.79E-06 2.36E-02 5.98E-06 1.37E-04 4.10E-04 1.52E-09 2.34E-02 1.66E-07 3.22E-02 1.16E-04 2.34E-02 1.72E-05 1.69E-06

FLA 9.05Eþ00 7.12E-04 6.99E-04 8.77Eþ00 1.31E-05 1.20E-01 1.46E-03 3.33E-02 1.28E-04 7.38E-10 1.54E-01 1.04E-07 1.24E-01 2.37E-04 1.54E-01 2.92E-05 6.87E-06

PYR 4.60Eþ00 3.41E-04 2.96E-04 4.43Eþ00 4.48E-05 5.77E-02 1.74E-03 3.99E-02 5.39E-04 3.76E-09 9.81E-02 5.29E-07 6.52E-02 5.68E-04 9.81E-02 1.33E-04 1.94E-05

BaA 5.65E-01 3.94E-05 3.82E-05 5.30E-01 1.20E-06 2.73E-03 1.02E-03 2.33E-02 7.40E-06 2.79E-11 2.70E-02 3.93E-09 7.76E-03 3.26E-05 2.70E-02 2.17E-05 5.19E-07

CHR 8.36Eþ00 1.31E-04 1.26E-04 8.31Eþ00 5.86E-06 8.16E-03 1.18E-03 2.70E-02 4.91E-07 7.75E-12 3.63E-02 1.09E-09 1.37E-02 3.01E-05 3.63E-02 2.95E-06 9.87E-07

BbF 6.26Eþ00 3.57E-05 3.26E-05 6.18Eþ00 3.04E-06 2.84E-03 2.28E-03 5.23E-02 1.74E-07 2.69E-12 5.73E-02 3.79E-10 1.42E-02 4.76E-05 5.73E-02 6.63E-06 4.76E-06

BkF 4.14E-01 2.38E-05 2.36E-05 3.84E-01 2.06E-07 5.75E-04 1.01E-03 2.31E-02 1.13E-07 1.13E-12 2.46E-02 1.59E-10 5.61E-03 1.98E-05 2.46E-02 3.49E-06 2.01E-06

BaP 1.60Eþ00 1.19E-05 8.19E-06 1.59Eþ00 3.70E-06 2.36E-04 1.24E-04 2.85E-03 5.71E-09 5.03E-13 3.20E-03 7.09E-11 8.49E-04 3.49E-06 3.20E-03 2.04E-06 5.32E-07

DahA 1.37Eþ00 3.26E-05 3.19E-05 1.36Eþ00 6.47E-07 2.71E-04 1.64E-04 3.75E-03 9.06E-10 2.65E-14 4.19E-03 3.73E-12 1.08E-03 3.30E-06 4.19E-03 1.54E-06 1.41E-07

IcdP 7.45E-01 3.23E-05 1.38E-05 7.41E-01 1.85E-05 2.36E-04 1.25E-04 2.86E-03 4.91E-10 8.17E-15 3.22E-03 1.15E-12 8.52E-04 2.42E-06 3.22E-03 1.12E-06 5.74E-08

BghiP 2.58Eþ00 0 5.89E-07 2.57Eþ00 5.89E-07 4.35E-04 2.44E-04 5.59E-03 1.29E-10 4.18E-14 6.26E-03 5.89E-12 1.64E-03 4.71E-06 6.26E-03 1.23E-06 1.12E-07



FIGURE 9.6 Transfer fluxes of PAHs across the airewater and wateresediment interfaces in Lake Small
Baiyangdian.

FIGURE 9.7 Transfer fluxes of PAHs through different processes from air to water (A) and from water to sedi-
ment (B) in Lake Small Baiyangdian.
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9.2.4.4 Sensitivities of Modeled Concentrations to Input Parameters

The parameters with sensitivity coefficients higher than 0.5 are considered as more influ-
ential parameters in the model. Four compounds, Ace, Phe, Chr, and BaP, were chosen to rep-
resent 2-, 3-, 4-, and high-ring PAHs. The model outputs included the concentrations of four
representative PAH compounds in the four subphases in the water including dissolved phase
(C22), suspended solids (C23), fish (C2f), and aquatic plants (C2p), and in solids subphase in
the sediment (C43). The results were summarized in Table 9.9. Among 54 parameters, there
were only 17 parameters with sensitivity coefficients higher than 0.5. Temperature (T) was
the most influential parameter in the model, and was more sensitive to the model concentra-
tions for Chr and BaP than those for Ace and Phe in all the studied subphases (C22, C23, C2f,
C2p, and C43). The number of sensitive parameters for BaP in the studied subphases was
9e13, however, that for Ace and Phe was only three to seven. There were only three param-
eters, T, Ks, and K12, sensitive to Ace and Phe in C23. For the modeled concentration in a spe-
cific studied subphase, the parameters for BaP and Chr were more sensitive than those for
Ace and Phe.

9.2.4.5 Uncertainty of the Modeled Concentrations

3000 Monte Carlo simulations were performed to simulate the concentrations of four rep-
resentative PAHs (Ace, Phe, Chr, and BaP) in the seven subphases. Coefficients of variation
(CVs) for Ace, Phe, Chr, and BaP in the seven subphases are shown in Fig. 9.8 and the heights
of the bars indicate the perturbations of the calculated concentrations.

Fig. 9.8 illustrates that, among four representative PAH components, BaP had the highest
CV values of 29% in the particulate subphase in air (C13) to 50% in the sediments (C43), fol-
lowed by Chr with the CV ranging from about 4% in the particulate subphase in the air (C13)
to 22% in the plant subphase in the water (C2p); however, all the CV values for Ace and Phe in
seven subphases were less than 5%. This indicated that there were the highest uncertainty for
the modeled BaP concentration, and very low uncertainty for the modeled Ace and Phe con-
centrations. In seven subphases studied, the variabilities for the modeled Ace and Phe concen-
trations were relatively similar to each other, and those for the modeled Chr and BaP
concentrations were in a descending order of C2p > C22 z C2f > C43z C11 > C23z C13,
and of C43 > C2f > C23z C22 > C11 > C2pz C13, respectively. The largest uncertainties
of the calculated BaP concentrations are related to the most influential parameters identified
in the sensitivity analysis (Table 9.9).

9.2.5 The Ecological Implications of the Proposed Model
Ecotoxicological models are increasingly applied to assess the fate and effect of chemical

emissions to the environment, and they can be divided into three types, fate models, effect
models, and fate-transport-effect models (FTE models; Jørgensen and Fath, 2011). Fate mod-
els provide the concentration of a chemical in one or more environmental compartments;
effect models translate a concentration or body burden in a biological compartment to an
effect either on an organism, a population, a community, an ecosystem, a landscape, or the
entire ecosphere; and fate-transport-effect models are the merging of fate models with effect
models (Jørgensen and Fath, 2011). So far, many fate models, fewer effect models, and only a
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TABLE 9.9 Sensitivity Coefficients of the More Sensitive Parameters in the QWASI Fugacity Model (SCi > 0.5)

X13 X43 r23 K12 h4 O23 T Ks Ps25 Koc Kw Sc Km4 F25 BPS BCFp BCFf

ACE C22 e e �0.68 0.54 e �0.68 �3.95 �0.67 e �0.68 e e e e e e e

C23 e e e 0.54 e e �3.95 �0.67 e e e e e e e e e

C2f e e �0.68 0.54 e �0.68 �3.95 �0.67 e �0.68 e e e e e e 1

C2p e e �0.68 0.54 e �0.68 �3.95 �0.67 e �0.68 e e e e e 1 e

C43 e �1 e 0.54 �1.01 e �3.95 e e e e e �1.01 e e e e

PHE C22 e e �0.96 0.87 e �0.96 �3.75 �0.96 e �0.96 e e e e e e e

C23 e e 0.87 e e �3.75 �0.96 e e e e e e e e e

C2f e e �0.96 0.87 e �0.96 �3.75 �0.96 e �0.96 e e e e e e 1

C2p e e �0.96 0.87 e �0.96 �3.75 �0.96 e �0.96 e e e e e 1 e

C43 e �1 0.87 �1.01 �3.75 e e e e e �1.01 e e e e

CHR C22 0.78 e �1 e e �1 �159.577 �1 �0.78 �1 0.74 0.74 e 0.78 1.51 e e

C23 0.78 e e e e e �159.57 �1 �0.78 e 0.74 0.74 e 0.78 1.51 e e

C2f 0.78 e �1 e e �1 �159.57 �1 �0.78 �1 0.74 0.74 e 0.78 1.51 e 1

C2p 0.78 e �1 e e �1 �159.57 �1 �0.78 �1 0.74 0.74 e 0.78 1.51 1 e

C43 0.78 �1.01 e �1.01 e �159.57 e �0.78 e 0.74 0.74 �1.01 0.78 1.51 e e

BaP C22 0.93 e �1.01 0.73 e �1.01 �267.82 �1.01 �0.94 �1.01 0.89 0.89 e 0.93 1.91 e e

C23 0.93 e e 0.73 e e �267.82 �1.01 �0.94 e 0.89 0.89 e 0.93 1.91 e e

C2f 0.93 e �1.01 0.73 e �1.01 �267.82 �1.01 �0.94 �1.01 0.89 0.89 e 0.93 1.91 e 1

C2p 0.93 e �1.01 0.73 e �1.01 �267.82 �1.01 �0.94 �1.01 0.89 0.89 e 0.93 1.91 1 e

C43 0.93 �1.01 e 0.73 �1.01 e �267.82 e �0.94 e 0.89 0.89 �1.01 0.93 1.91 e e

“e” means SCi < 0.5.
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few FTE models have been applied to solve ecotoxicological problems and perform ecolog-
ical risk assessments; however, the development is toward a wider application of effect and
FTE models (Jørgensen and Fath, 2011).

Through the QWASI fugacity model developed in the present study, the PAHs concentra-
tions in main environmental compartments including the air (air, particulates), water (water,
suspended solids, plants, and fishes), and sediment (water and solids) were derived. These
results could be used for the ecological risk assessments of PAHs in the Lake Small Baiyang-
dian. The proposed multimedia fate model could serve as a fundamental for developing an
effect model and FTE model to solve ecotoxicological problems and perform ecological risk
assessments of PAHs in the Lake Small Baiyangdian. Further, the applications of the effect
model and FTEmodel in the lake would promote the development of ecotoxicological model.

The modeling results in the present study point out that macrophytes play a very impor-
tant role in maintaining a healthy lake ecosystem by taking up toxic substances and by creat-
ing a favorable environment for a variety of complex chemical, biological, and physical
processes that contribute to the removal and degradation of toxic pollutants (Xu et al.,
1999). Macrophytes growing in a lake are also crucial to regulate lake biological structure,
because they limit algal growth by shading and competing for nutrients with algae and
because they increase herbivorous fish biomass by providing food and a refuge (Xu et al.,
1999).

9.3 CONCLUSIONS

AQWASI fugacity model was developed to characterize the fate and transfer of 15 priority
PAHs in Lake Small Baiyangdian. The reliability of the model estimates was evaluated by
various means including concentration validation, sensitivity, and uncertainty analysis.
There was generally good agreement between the modeled and measured concentrations
with the differences within an order of magnitude for the majority of PAH components.
The fluxes into and out of the lake as well as each compartment were well balanced. The

FIGURE 9.8 Comparisons of CV values for the four representative PAHs in the seven subphases.
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average bioaccumulation flux of PAHs by plants was four times higher than that by fishes.
The transfer directions of PAHs were from air to water and to sediment. Temperature was
the most influential parameter and was more sensitive to the modeled concentrations of mid-
dle- and high-molecular-weight PAHs that were considered as the source of the model uncer-
tainty. Overall, the model developed in this study could well characterize the fate and
transfer of PAHs in a well-defined ecosystem, i.e., a typical vegetation-dominant lake, which
is rarely reported before. This approach provide an illustrative case for fugacity model study
within a small scale and open for a wider application of this model approach for future
studies.
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