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a b s t r a c t

Freshwater shallow lake ecosystems provide valuable ecological services to human beings. However,
these systems are subject to severe contamination from anthropogenic sources. Per- and polyfluoroalkyl
substances (PFASs), including perfluorooctanoic acid (PFOA) and perfluorooctane sulphonate (PFOS), are
among the contaminants that have received substantial attention, primarily due to abundant applica-
tions, environment persistence, and potential threats to ecological and human health. Understanding the
environmental behavior of these contaminants in shallow freshwater lake environments using a
modeling approach is therefore critical. Here, we characterize the fate, transport and transformation of
both PFOA and PFOS in the fifth largest freshwater lake in China (Chaohu) during a two-year period (2013
e2015) using a fugacity-based multimedia fate model. A reasonable agreement between the measured
and modeled concentrations in various compartments confirms the model's reliability. The model suc-
cessfully quantifies the environmental processes and identifies the major sources and input pathways of
PFOA and PFOS to the Chaohu water body. Sensitivity analysis reveals the critical role of nonlinear
Freundlich sorption, which contributes to a variable fraction of the model true uncertainty in different
compartments (8.1%e93.6%). Through additional model scenario analyses, we further elucidate the
importance of nonlinear Freundlich sorption that is essential for the reliable model performance. We also
reveal the distinct composition of emission sources for the two contaminants, as the major sources are
indirect soil volatilization and direct release from human activities for PFOA and PFOS, respectively. The
present study is expected to provide implications for local management of PFASs pollution in Lake
Chaohu and to contribute to developing a general model framework for the evaluation of PFASs in
shallow lakes.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Poly - and perfluoroalkyl substances (PFASs) are a group of
chemicals that have been produced since the 1950s, and are highly
e by Maria Cristina Fossi.
Surface Processes, College of
, Beijing 100871, PR China.
used from the 1970s at a global scale (Lindstrom et al., 2011). After
the prohibition of application in 2002 (3M, 2003), the countries
around theworld have still reported the continuous production and
application of PFASs, and its production increases annually. Both
perfluorooctanoic acid (PFOA) and perfluorooctane sulphonate
(PFOS) are the dominant PFASs that have attracted public attention
(Loos et al., 2010). It is estimated that about 80% of per-
fluorocarboxylates (PFCAs) that have been released to the envi-
ronment comes from “direct sources” including manufacture and
use (Prevedouros et al., 2006). Due to their high water solubility
and extreme resistance to thermal or biological degradation, PFOA
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and PFOS are currently globally distributed in abiotic and biotic
media (Giesy and Kannan, 2001; Naile et al., 2010). In this context,
further investigation has revealed that these compounds are sub-
ject to long-range transport (Martin et al., 2004), exert toxic effects
on aquatic organisms (Latała et al., 2009), and ultimately pose high
health risks for human beings (Domingo, 2012; Fromme et al.,
2009). In 2009, PFASs were listed in Annex B of the Stockholm
Convention (SCPOPs, 2009).

Shallow lakes are ecosystems provide essential ecological ser-
vices for both nature and human society (Millennium Ecosystem
Assessment, 2005). These systems are, however, receiving severe
pressure from anthropogenic activities, including the deterioration
of water quality by increasing contamination from substances such
as PFASs (Bao et al., 2012; Kwadijk et al., 2010). It was suggested
that the majority of PFASs released into soil will be transported to
surface or groundwater bodies (Zareitalabad et al., 2013). Therefore,
understanding the fate, transport and transformation of PFASs in
shallow lake environments, particularly PFOA and PFOS, is a major
scientific task and a priority for further development for source
indicators, exposure evaluations and environment risk assessments
of these substances. To this end, fugacity-based multimedia fate
models have been successful in facilitating this investigation
(Mackay, 2001). To date, modeling approaches of PFASs, however,
have generally focused on a regional (Liu et al., 2015a) or on a global
scale (Armitage et al., 2009), whereas to the best of our knowledge
models for specific lake environments are lacking. Modeling one
lake can offer a more detailed description of the environmental
behavior of chemicals, including a more specific understanding of
the local environment with practical implications for managers.

Lake Chaohu (31�340N, 117�340E) is the fifth largest freshwater
lake in China and is located in the lower reaches of the Yangtze
River floodplain. The lake has a surface area of approximately
760 km2 and an average depth of 3m. The lake is “shallow” as the
water column does not have the thermocline and thus is well-
mixed without stratification during summer time (Lerman et al.,
1995). During the past several decades, this lake has suffered
from intensive human disturbance and has become one of the most
eutrophic lakes in China (Kong et al., 2017a). Meanwhile, Lake
Chaohu has been subject to severe pollution by persistent toxic
substances (PTSs) (He et al., 2014) including PFASs (Liu et al.,
2015b). A comprehensive evaluation of the distribution and
dominant processes of PFASs in this lake using a modeling
approach is highly valuable for lake managers. A specific version of
a multimedia model for aquatic systems, termed the Quantitative
Water Air Sediment Interaction (QWASI) model, has been devel-
oped and widely used (Mackay et al., 1983; Tong et al., 2014). In our
previous studies, models modified from the QWASI framework
have been developed and applied to multiple PTS groups, including
polycyclic aromatic hydrocarbon (PAHs) (Kong et al., 2017b; Xu
et al., 2013) and hexachlorocyclohexane (HCHs) (Kong et al.,
2014) in Lake Chaohu. The model is readily applicable to the
simulation of PFASs on the basis of parameterization and validation
against field data. In addition, based on the model analysis, it is
relevant to test several hypotheses on PFASs pollution, such as the
claimed importance of nonlinear sorption to organic matter
(Higgins and Luthy, 2006; Kwadijk et al., 2013) and the relative
contribution of direct local industry emissions and indirect soil
volatilization (Liu et al., 2017), which would provide important
scientific basis and implications for PFASs pollutionmanagement in
aquatic ecosystems.

The objectives of the present study are as follows: 1) to refine a
multimedia fate model for PFOA and PFOS that describes their fate,
transport and transformation in a lake environment, including air,
water, soil and sediment; 2) to investigate parameter sensitivity
and their contribution to the model uncertainty; and 3) to unravel
the importance of processes such as nonlinear sorption and direct
emissions to the model performance.

2. Materials and methods

2.1. Data collection

We collected field data for PFOA and PFOS concentrations in
various environmental compartments in Lake Chaohu (see Table S1
for a summary of data sources). A two-year monthly dataset was
available for atmospheric (gaseous and particulate, both active air
samples) and aquatic (dissolved and suspended solids (SS)) sam-
ples between September 2013 and August 2015 at one site at the
center of the lake. In addition, data for surface sediment and fish
were collected during August 2011. To investigate the PFOA and
PFOS inputs to the lake, data on the major rivers flowing into the
lake were obtained in both March and September 2013 (unpub-
lished data). The methods for sample collection and measurement
are available elsewhere (Liu et al., 2015b). We also collected data
from the literature as a supplement to this study. Overall, PFOA and
PFOS observations were available for all modeled compartments,
which provide adequate support to our model evaluation.

2.2. Model development

Ourmodel is a fugacity-based level IVmultimedia fate model for
lakes modified from the QWASI model framework (Mackay et al.,
1983). Following our previous study (Kong et al., 2017b), we
defined the four main compartments in our model, namely, air,
water, soil and sediment (Fig. S1). There are several sub-
compartments in each compartment, i.e., 1) gaseous form and
aerosol particulates in air; 2) dissolved and SS inwater; 3) air, water
and solids in soil; and 4) pore-water and solids in sediment.We also
defined the major transport and transformation processes of the
contaminants (Fig. S1), including emissions from human activities,
atmospheric outflow advection, water inflow/outflow advections,
air-water/air-soil interface processes including diffusion, wet/dry
deposition and rain scavenging, water-sediment interface pro-
cesses including diffusion, sedimentation and resuspension, fish
bioaccumulation and loss from fisheries, and finally, degradation in
each of the main compartments. We assumed that emissions from
direct sources and the nonlinear Freundlich sorption of carbona-
ceous materials both play critical roles in the environmental dis-
tribution of PFOA and PFOS. Therefore, these two processes were
included in the model. Emissions are an input process directly to
the air. Nonlinear Freundlich sorption, on the other hand, is applied
to the solids in soil, SS and sediment by an additional term
(fBCKFC

nF
W ) to the formula for the calculation of the fugacity capacity

Z (Table S2), which determines the sorption intensity (Koelmans
et al., 2009; Kwadijk et al., 2013; Moermond et al., 2007). Here,
fBC (�) is the fraction of carbonaceousmaterial, KF ((ng/gBC)/(ng/L)nF)
is the Freundlich coefficient for sorption to black carbon, CW (ng/L)
is the contaminant concentration inwater (converted from value in
unit of mol/m3 during simulation), and nF (�) is the Freundlich
exponent. In addition, given that the lake is shallow, we assumed
equilibrium within each main compartment, in accordance with
earlier modeling studies (Mackay and Paterson, 1991). Differential
equations of the model are provided in the supporting information,
together with the details of all the processes and the calculation
equations (Table S2).

2.3. Parameter determination

Definition, statistics and sources for all the parameters in the
model are listed in Tables S3-S7. In total, there are 59 parameters,
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including 42 environmental parameters and 17 chemical-specific
parameters (mass transfer and physicochemical parameters).
Among the 42 environmental parameters, 11 parameters vary
seasonally, while the other 31 parameters remain constant during
the model simulation. In addition, 3 out of the 17 chemical-specific
parameters are dynamic. The values for these parameters were
obtained from either the relevant literature or measured/calculated
based on the conditions in Lake Chaohu. In particular, the emission
intensity (T01h) was estimated for the region of Lake Chaohu based
on the emission inventory for both PFOA and PFOS in China (Liu
et al., 2017; Wang et al., 2015; Xie et al., 2013a, 2013b). In addi-
tion, temperature corrections were applied to both the subcooled
liquid vapor pressure (Ps25; Pa) and Henry's law constant (H25;
Pa$m3/mol) at 25 �C for both substances using the equation in
Paasivirta et al. (1999). Furthermore, more than 99% of the PFOA
will occur in its anionic form in water due to a low pKa value (2.8),
implying that most of the PFOA does not partition into the gas
phase (Goss, 2007). We therefore adjusted the vapor pressure (Ps25)
of PFOA dividing by the ratio of the anionic form to the neutral form
(~106), resulting in a much lower Ps25 for PFOA. For the nonlinear
sorption of PFOA and PFOS to carbonaceous materials such as black
carbon in soil, SS and sediment, we assigned fBC to 0.002, which has
been shown to be valid in our previous modeling study of PAHs in
Lake Chaohu (Kong et al., 2017b). For KF and nF, we collected values
from literature for sorption of PFOA and PFOS to different carbo-
naceous materials (Table S7). Results from Hansen et al. (2010) for
both PFOA and PFOS were applied because they determined sorp-
tion parameters within environmentally relevant concentration
ranges.

2.4. Model simulations

Our simulation duration was from September 2013 until August
2015, for a total of 24months. Initial values were determined by the
observations from September 2013 in different compartments. The
model simulation (‘Model-0’) aimed at evaluating the ability of the
model to predict the magnitude and seasonal variations of both the
PFOA and PFOS concentrations in Lake Chaohu. In addition, we
designed two additional scenarios termed as ‘Model-1’ and ‘Model-
2’. In ‘Model-1’, we removed the nonlinear Freundlich sorption of
PFOA and PFOS to carbonaceous materials in soil, SS and sediment
solids, while all the other elements remained unchanged. By
comparing the outcomes from ‘Model-0’ and ‘Model-1’, we deci-
phered the likely impact of the sorption of carbonaceous materials
on the modeling performance of both PFOA and PFOS. Additionally,
in ‘Model-2’, the direct emission process to the atmosphere was
eliminated. We aimed to evaluate the relative importance of direct
(human release) and indirect (soil volatilization) sources in the
local emissions of PFOA and PFOS so that we can provide implica-
tions for local environmental management. Note that these sce-
nario analyses would not lead to model unbalance and the model
would still comply with the law of conservation of mass. The model
was implemented in MATLAB (MathWorks, 2002). The differential
equations were solved using a fourth-order Runge-Kutta method
available in MATLAB (ode45) with a simulation time step of 1 h.

2.5. Model sensitivity and uncertainty analysis

For the sensitivity analysis, we focused on the static parameters
listed in both Tables S3 and S4. We used the “Morris method”,
which is also known as the “one-step-at-a-time” method (Morris,
1991). This means that we varied the parameters one by one by
multiplying them with a factor of either 1.1 or 0.9, while all the
other parameters remain constant. This method has shown its
feasibility and reliability and has been extensively applied in
contaminant fate modeling (Koelmans et al., 2000, 2017; Tao et al.,
2006). The model usually responded linearly to the small variation
applied to the parameters (10%), thus does not affect the model but
only reveals the importance of these parameters (Saltelli et al.,
2000). Similar to previous studies (Cao et al., 2004; Kong et al.,
2014), the sensitivity coefficient was calculated using the aver-
aged data over the model simulation (two years), because we were
investigating the global averaged rather than the temporally varied
parameter sensitivity. Only the parameters contributing up to the
90th percentile of the sensitivity across all the modeled compart-
ments were indicated.

In addition, we determined the uncertainty of the model using
Monte Carlo simulations. The uncertainty in model predictions
usually can be distinguished into inherent variability and true un-
certainty (McKone, 1996). We quantitatively evaluated the two
parts of model uncertainty by calculating the coefficient of varia-
tion (CV) of both measured and modeled contaminant concentra-
tions (after log-transformation) in different compartments. CVs of
the measured concentrations were considered as the inherent
variability, while CVs of the modeled data were the combination of
the two parts of uncertainty (Tao et al., 2006). We focused on the
most sensitive parameters identified by the sensitivity analysis
above, of which the contribution to the uncertainty of model pre-
dictions was assumed to be dominant. Distributions of these pa-
rameters were determined by the values collected from the
literature. The Monte Carlo simulations used 3000 parameter
combinations randomly sampled from the predefined statistical
distributions of these parameters. All of the simulated values for
each compartment in each model runwere collected and analyzed.

3. Results and discussion

3.1. Model validation

Our model validation on contaminant concentrations was based
on both overall-averaged and monthly-varied data. For the overall-
averaged validation, our model showed an acceptable performance
for both PFOA and PFOS in various compartments in Lake Chaohu
(Fig. 1). The log-transformed deviation between the measured and
modeled PFOA concentrations in the gas phase, aerosol solid phase,
dissolved state in water, SS, fish, soil and sediment solid phases
were 0.31, 0.27, 0.24, 1.11, 0.14, 0.39 and 0.19 log units, respectively.
For PFOS, these deviations were 1.23, 0.23, 0.21, 1.22, 0.54, 0.57 and
0.46 log units, respectively. Deviations between the measured and
modeled concentrations in 11 out of the 14 compartments (7 for
PFOA and 7 for PFOS) were lower than 0.7 log units, a criterion
based on which the contaminant fate model can be considered
acceptable (Cowan et al., 1995; Kong et al., 2017b). Exceptions were
PFOA in SS (1.11), and PFOS in the gas phase (1.23) and SS (1.22).

We infer that the underestimation of the PFOS concentration in
the gas phase (Fig. 1) may result from the underestimated direct
emission of PFOS to the atmosphere in the Lake Chaohu area. In
fact, the emission flux for PFOS in our model (0.35mol/h; Table S4)
was estimated at the provincial level in China (Xie et al., 2013b),
while Lake Chaohu is located in the most developed region in the
province. Higher regional emission of PFOS to the Lake Chao area
would be expected as the consequences of local or regional in-
dustrial production of PFASs (Liu et al., 2015b). We subsequently
applied the “inverse modeling” approach (Parajulee and Wania,
2014) to estimate the emission flux to air that would be required
to explain measured PFOS concentrations in the gas phase. The
model will meet the “0.7 log units” criteria for PFOS in the gas phase
if the emission flux would be set to 1.25mol/h, which was more
than three times higher than the reported flux. We, however,
retained the original emission flux (0.35mol/h) in our model



Fig. 1. Comparison of measured and modeled concentrations on a logarithmic scale averaged over the simulation period for PFOA (a) and PFOS (b). Error bars for the measured data
of air, air particulates, water and suspended solids relate to the standard deviation (s.d.) of monthly observations. Error bars for the measured data of fish, soil and sediment solids
relate to the s.d. of multiple samples. Error bars for the modeled data relate to s.d. of simulation outputs.
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because it was evidence-based estimation from literature. None-
theless, our model revealed a vast underestimation of the PFOS
emission inventory in Lake Chaohu area, which thus requires
further refinement to increase the spatial resolution.

It is intriguing that our model underestimated the contaminant
concentration in SS for both PFOA and PFOS by approximately an
order of magnitude (Fig. 1). Bias in model structure and parame-
terization can both lead to deficiency of model prediction capacity,
which may become a contradiction in modeling approach. We
suggest that the leading factor for the underestimation in SS would
be the bias in model structure rather than that in parametrization.
This is because the values for all the parameters in our model were
preassigned and not calibrated during the model simulation, while
the model also performed well for the other compartments in the
water column simultaneously (dissolved and fish). Oversimplified
model may have to compensate the bias in structure by unrealistic
parameterization. Increasing the model complexity in structure to
an intermediate level rather than calibrating parameters would be
more beneficial. As a result, we advocate changing the model
structure to improve model performance. The incorporation of
nonlinear sorption to carbonaceous materials has further reduced
the deviations of the model prediction in SS (see below) but this
was still insufficient to overcome the lack of fit. Since our SS sam-
ples were filtered from the water samples with a 0.45-mm glass
fiber filter (GFF), plankton was not excluded from the contaminant
data in SS (Kong et al., 2014). Hence, the bias may be attributed to
this missing component in the model framework for SS, namely
zooplankton and phytoplankton. Plankton has been identified as a
critical player in driving the fate and transport of POPs in fresh-
water and marine environments (Dachs et al., 2000). Serving as the
‘biological pump’, plankton, particularly abundant phytoplankton
such as cyanobacteria in eutrophic lakes, can vastly alter the residue
levels and seasonal variations of POPs in water and sediment by
dictating processes such as air-water exchange, sorption, accumu-
lation and the SS sinking flux (Nizzetto et al., 2012; Tao et al., 2017).
PFASs are no exception in this matter (Casal et al., 2017), particu-
larly for lakes such as Chaohu that has been subjected to intensive
eutrophication and severe phytoplankton blooms in recent years
(Jiang et al., 2014; Yang et al., 2016). In addition, PFOS is commonly
recognized as a substance that is subject to biomagnification
(Conder et al., 2008; de Vos et al., 2008; Loi et al., 2011). Modeling
the food web accumulation and magnification (Kong et al., 2017b)
would be a vital step towards a better understanding of the fate of
PFASs in lake environments. In our previous model analysis of PAH
behavior in Lake Chaohu, we observed a good fit of different PAHs
between model predictions and field data in SS (Kong et al., 2017b),
for which the inclusion of phytoplankton was crucial. However, in
this study, we did not incorporate the plankton or the foodweb due
to the lack of relevant parameters for PFASs sorption/accumulation
in plankton and the unavailable PFASs observations in aquatic or-
ganisms other than fish. We anticipate that the food web-inclusive
multimedia fate modeling for PFASs will lead to better under-
standing of the fate of PFASs in biota and further improved model
performance, which would be a prerequisite for risk assessment
and environmental management of PFASs contamination.

We use R2 as a criterion for the evaluation of the model per-
formance in seasonal variations (Fig. S2). For PFOA in gaseous form,
aerosol particulates, dissolved state and SS, the R2 values were 0.03,
0.01, 0.41 and 0.43, respectively. For PFOS, these values were 0.01,
0.02, 0.10 and 0.45, respectively. In addition, we observed that the
model-predicted concentrations in the gas phase were greater
during warm seasons for both PFOA and PFOS, while air particu-
lates were greater during cold seasons. For water and SS, the
modeled data were generally greater during the winter and spring
than those in the summer and autumn.

Our model performed better for the aquatic than the atmo-
spheric compartments in terms of the seasonality, whereas the
general performance in seasonality modeling remains unsatisfac-
tory with the R2 ranged from0.01 to 0.45. This is the case not only in
here but also in other previous studies (Kong et al., 2014; Lang et al.,
2007). With the low R2 (range of 0.01e0.45), the general perfor-
mance in seasonality modeling remains unsatisfactory in the pre-
sent study. We attribute this to the following two reasons: 1)
insufficient sampling size. Using monthly samples from one site
could be sufficient for model validation on an average scale, but
may lead to increasing uncertainty if these data are used as the
representation of the monthly average values due to spatial and
temporal heterogeneity. Monitoring data in riverine inflows was
also limited. Intensified sampling on both spatial and temporal
scales may further reduce the uncertainty. 2) the simplified nature
of the fugacity model compared to real conditions. Many influential
internal processes for PFASs cycling in lakes, such as organic carbon
cycling and phytoplankton growth, are currently not included.
Integrating the multimedia fate model to an aquatic ecosystem
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model (Janssen et al., 2015; Kong et al., 2017a) that accounts for the
in-lake abiotic and biotic processes could be a potential solution
(Koelmans et al., 2001; Kong et al., 2017b; Lohmann et al., 2007),
which, however, would be at the expense of increasing model
complexity and propagating uncertainty.
3.2. Mass transfer fluxes

The averaged mass transfer fluxes of PFOA and PFOS over the
simulation period provide a systematic view on the environmental
behavior of the contaminants (Fig. 2). The primary sources of PFOA
and PFOS were the emission flux to the air and erosion of soil to the
lake, while the major output pathway was water outflow. For PFOA,
degradation was much greater in soil and sediment than that in air
and water. On the other hand, degradation for PFOS in various
compartments were negligible. This is primarily due to the higher
persistence of PFOS than PFOA (Armitage et al., 2009), as the
degradation rates of PFOS are one order of magnitude lower in air
and water, and 3e4 orders of magnitude lower in soil and sediment
than those of PFOA (Table S4). For the interface processes, themajor
fluxes between air and water were dry/wet deposition and rain
scavenging, among which rain scavenging contributed over 90%
Fig. 2. Modeled transport and transformation fluxes (mol/h) avera
(PFOA) and 80% (PFOS) of the interface processes. In addition, PFOA
diffusion fromwater to air is approximately 4 orders of magnitude
greater than it is for PFOS. For the air and soil interface, PFOA and
PFOS showed distinct features that the PFOA exchange was much
more intensive than that for PFOS. The diffusion flux from soil to air
was high for PFOA, which suggested an indirect emission source in
addition to direct anthropogenic release. For the water-soil inter-
face, the major process was soil erosion for both PFOA and PFOS,
which served as the major input to the water. For the water-
sediment interface, sedimentation surpassed the other processes,
which was another output pathway of PFOA and PFOS from the
water in addition to outflow advection. For the water-sediment
subsystem in the lake, the model suggested that the annual
average net input and output of PFOA were approximately 0.454
and 0.377 tons, respectively, and were approximately 0.243 and
0.142 tons, respectively, for PFOS. The results imply that over the
period of 2013e2015 in Lake Chaohu, PFOA and PFOS were accu-
mulating at a rate of 0.077 and 0.101 tons/year, respectively.

Our model evaluation indicated that soil erosion was the
dominant source for both PFOA and PFOS in the water body of Lake
Chaohu, while water inflow and atmospheric deposition played
secondary roles. This pattern is consistent with observations in
ged over the simulation duration for (a) PFOA and (b) PFOS.
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other lakes, where the transport of PFOA and PFOS from soil to
water bodies was significant due to the enhanced sorption capacity
of the chemicals in situ (Kim and Kannan, 2007; Zareitalabad et al.,
2013). The model also revealed that water was not a permanent
sink for PFOA and PFOS, since most of the contaminants would be
transported to the sediment or removed from the system via
riverine outflow. A similar finding was also reported by McMurdo
et al. (2008).
3.3. Parameter sensitivity and model uncertainty

The parameters that contribute to the sensitivity of the 90th

percentile were identified (Fig. S3). We found that the most sen-
sitive parameters were nF (the parameter defining the nonlinearity
of the Freundlich sorption isotherm) and KF (Freundlich sorption
distribution coefficient) for both PFOA and PFOS, regardless of their
distinct values particularly for nF (Table S7). These two parameters
are both related to the nonlinear Freundlich sorption by carbona-
ceous materials. Hence, the results of the parameter sensitivity
analysis, at least in part, support our assumption that nonlinear
Freundlich sorption plays critical role in PFOA and PFOS environ-
mental distribution. We further noticed that nF and KF could in-
fluence the PFOA level in both the gas phase and aerosols, which
however was not the case for PFOS. The difference might primarily
be attributed to the much lower interactions on the interface of air/
water and air/soil of PFOS than those of PFOA (Fig. 2). Other sorp-
tion related parameters, such as fraction of carbonaceous materials
(fBC) and solid density (r23, r33 and r43), were also identified as
sensitive but with relatively lower influence. Our results further
reflect the need to identify the role of sediment components (e.g.,
black carbon) in the sorption of PFASs within aquatic systems (Selck
et al., 2012).

For the other sensitive parameters, many of them are soil-
related, indicating the importance of soil acting as the major sink
Fig. 3. (aeg) Comparison of the log-transformed distributions of the observed and the mod
generated based on geometric means and standard deviations of the measured concentrati
Comparison of the observed variability (reflected by the CVs of the observed concentrations)
of the concentrations from Monte Carlo simulation and the CVs of the observed concentra
and source of the contaminants. Note that parameters including
Km3, K13 and L3 were only sensitive for PFOA because the air-soil
interactions were much stronger for PFOA than for PFOS (Fig. 2).
In addition, the vapor pressure (Ps25), Henry's law constant (H25)
and their temperature adjustment parameters (BH and BPS) were
also found to be critical. Other significant parameters for the model
were those that dictated the major mass transfer fluxes, such as Ue,
K24S, KP and Sc, and volume parameters that determined the in-
tensity of the major fluxes (e.g., degradation in soil) such as A3, h3
and h4.

We further evaluated the contributions of the sensitive param-
eters related to the nonlinear sorption process (nF, KF, fBC, r23, r33 and
r43) to the model uncertainty. The statistic distributions for nF and
KFwere determined based on the literature data (Table S7). For fBC, a
median value of 0.002 with a CV of 2.5 was assigned based on
Hauck et al. (2007). Variations in r23, r33 and r43 were ascertained
based on the data from Cao et al. (2004). We found that the dis-
persions of the modeled concentrations were consistently larger
than those of the measured concentrations in all model compart-
ments for both PFOA (Fig. 3) and PFOS (Fig. 4). True uncertainty of
the model (due to uncertainty in model parameter) could be rep-
resented by the differences of CVs of the model outputs (the total
model uncertainty) and the CVs of the measured concentrations
(inherent variability due to spatial and/or temporal variations). Our
results suggested that the true uncertainty of the model accounted
for from 8.1% (PFOA in SS) to 93.6% (PFOA in water) of the total
model uncertainty. For water, fish and sediment solids, the true
model uncertainties were the predominant source of uncertainty in
model predictions for both PFOA and PFOS. Note that the true un-
certainty determined above was only from the variations of pa-
rameters related to nonlinear sorption process. The true
uncertainty would be even larger if more parameters would be
included in the Monte Carlo simulation. Nonetheless, we high-
lighted the importance of nonlinear sorption process to model
eled PFOA concentrations in the seven compartments. The observed distributions were
ons, while the modeled distributions were obtained from Monte Carlo simulation. (h)
and the true uncertainty of the model (represented by the differences between the CVs
tions) in the seven compartments.



Fig. 4. (aeg) Comparison of the log-transformed distributions of the observed and the modeled PFOS concentrations in the seven compartments. The observed distributions were
generated based on geometric means and standard deviations of the measured concentrations, while the modeled distributions were obtained from Monte Carlo simulation. (h)
Comparison of the observed variability (reflected by the CVs of the observed concentrations) and the true uncertainty of the model (represented by the differences between the CVs
of the concentrations from Monte Carlo simulation and the CVs of the observed concentrations) in the seven compartments.
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predictions of PFOA and PFOS in lakes by quantitatively showing
the high contribution of nonlinear sorption parameters to model
uncertainty, particularly for the water, fish and sediment solids
compartments. More accurate data for these parameters withmuch
lower variations than those shown in Table S7would be an effective
way to reduce the model uncertainty.
3.4. Model scenarios

Comparing the model scenario ‘Model-1’ to ‘Model-0’, we
observed a drastic loss in modeling performance in terms of both
magnitude and seasonal variations after the removal of nonlinear
Freundlich sorption (Fig. S4). For water and fish, the deviation be-
tween the measured andmodeled data increased by approximately
3 log units for both PFOA and PFOS (Fig. S4a and b). For air and air
particulates, PFOA was more sensitive to the missing nonlinear
Freundlich sorption than PFOS, since the deviations of PFOA also
increased to over 3 log units. Meanwhile, deviations between the
measured and modeled concentrations of PFOA and PFOS in other
compartments were generally similar in ‘Model-1’ and ‘Model-0’. In
addition, the model showed a reduced power in the prediction of
seasonal variations for water, as the R2 decreased from 0.41 to 0.04
for PFOA, and from 0.11 to 0.01 for PFOS (Fig. S4c-f).

There is little consensus regarding the sorption characteristics of
PFASs to organic matter at present. It remains uncertain, particu-
larly for PFOS with a Freundlich exponent close to unity (0.9)
(Higgins and Luthy, 2006; Kwadijk et al., 2013), whether the linear
partitioning process would be sufficient to describe the sorption of
PFASs to soil and sediment or not (Ahrens et al., 2011). Laboratory
experiments on PFOA and PFOS based on linear partitioning sug-
gested an average logKoc of approximately 2.06 for PFOA and 2.88
for PFOS (Higgins and Luthy, 2006), while in situ data suggested
higher logKoc values for both PFOA and PFOS, without which
overestimation of PFASs concentrations in water would occur
(Zareitalabad et al., 2013). In the ‘Model-1’ scenario, applying
logKoc values from in situ data assuming linear partitioning resulted
in vastly biased predictions compared to field data. The better
performance of the ‘Model-0’ compared to the ‘Model-1’ scenario
relies on two factors. First, we applied the parameter values for
sorption of PFOA from the experimental study within the envi-
ronmental relevant concentration ranges (Hansen et al., 2010). The
nonlinearity in the sorption process was strong for PFOA (nF¼ 0.6)
and therefore inclusion of nonlinear Freundlich sorption became
essential. Second, despite a Freundlich exponent close to unity (0.9)
for PFOS (Kwadijk et al., 2013), the nonlinear Freundlich sorption
process in our model may have compensated for the largely
underestimated logKoc values in experimental studies compared to
the in situ situation. Overall, in concert with the sensitivity analysis,
the ‘Model-1’ scenario suggested that nonlinear Freundlich sorp-
tion of carbonaceous materials was critical in modeling PFOA and
PFOS in lake ecosystems, even though the nonlinear process is
approaching linear for PFOS.

Partitioning of PFASs between water and particles can be very
complicated (Ahrens et al., 2010). In addition to carbonaceous
components, other factors, such as sediment density, Ca2þ, pH and
salinity, can also play significant roles (Ahrens et al., 2009, 2010;
Chen et al., 2009; Du et al., 2014; Higgins and Luthy, 2006;
Kwadijk et al., 2013), which are not explicitly considered in our
model. A more general sorption model describing the effect of
electrostatic interactions (Higgins and Luthy, 2007) may be an
alternative way to more accurately model PFOA and PFOS in future
studies, if more data on these environmental conditions are
available.

From ‘Model-2’, we observed a higher sensitivity of PFOS to
emissions from “direct” sources than PFOA (Fig. S4). Once the
“direct” emission flux was removed, the deviation between the
measured and modeled PFOS data in air and air particulates dras-
tically increased to an unreasonable level, while for PFOA, the
model performance remained similar between ‘Model-0’ and
‘Model-2’. The insensitivity of PFOA to the removal of the emission
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flux was attributed to the diffusion from soil to air as another “in-
direct” source in addition to the ‘direct’ emission flux from indus-
trial and domestic activities to air (Fig. 2). This is consistent with
previous observations that volatilization was one of the most
important processes for PFOA (Goss, 2007). On the other hand, the
“direct” source dominated the emission pathway for PFOS and the
diffusion flux from soil to air was much lower than that for PFOA
(Fig. 2), because PFOS is less prone to partitioning in air and water
than PFOA (Goss, 2007) but is subject to sorption on organic matter
due to a lower Henry's law constant and a higher KF (Tables S4 and
S7).

The ‘Model-2’ scenario reveals the distinct emission source to air
for PFOA and PFOS due to their different chemical properties.
Nevertheless, the residual levels of PFOA and PFOS in other com-
partments including water and sediment were hardly sensitive to
the changes in direct emission fluxes to the air (Fig. S4), because the
soil erosion was the major source of contamination (Fig. 2). For the
local environmental managers, these results may have important
implications for management strategies on these two contami-
nants. For air pollution, the control on the release pathway to soil
that subsequently became the “indirect” source should become the
priority in management for PFOA, while the “direct” emissions to
air from industrial production and manufacture deserve more
attention for PFOS. On the other hand, controlling water pollution
from PFOA and PFOS would be more effective if we focus more on
soil erosion in the catchment.
4. Conclusion

In the present study, wemanaged for the first time to establish a
fugacity-based multimedia fate model for PFOA and PFOS in a
shallow lake environment. The model provided a quantitative
evaluation of the fate, transport and transformation of the two
contaminants in shallow Lake Chaohu over a two-year period. A
comparison with field data confirms the reliability of the model
predictions. Our model revealed the critical role of nonlinear
Freundlich sorption, which contribute to a significant part to the
uncertainty in modeling predictions on PFOA and PFOS in aquatic
systems. Furthermore, model scenarios confirm the importance of
nonlinear Freundlich sorption that led to a reliable model perfor-
mance, and also identified the distinct emission sources of the two
contaminants. In future work, it would be valuable to test the
model in a second lake to see if the model also works for a similar
location, thereby increasing the validity and extending the appli-
cation domain of the model. We expect that our study will provide
implications for the environment assessment on the exposure
levels and risks of PFASs in Lake Chaohu, and contribute to devel-
oping a general model framework for the evaluation of PFASs in
other shallow lakes.
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