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Abstract

We present a model to predict the long-term distribution and concentrations of perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic acid (PFOS) in estuaries comprising multiple
intercommunicated sub-embayments. To that end, a mass balance model including rate constants
and time-varying water inputs was designed to calculate levels of these compounds in water and
sediment for every sub-embayment. Subsequently, outflows and tidal water exchanges were used
to interconnect the different regions of the estuary. To calculate plausible risks to population,
outputs of the model were used as inputs in a previously designed model to simulate
concentrations of PFOA and PFOS in a sport fish species (Cymatogaster aggregata). The
performance of the model was evaluated by applying it to the specific case of San Francisco Bay,
(California, USA), using 2009 sediment and water sampled concentrations of PFOA and PFOS

in North, Central and South regions. Concentrations of these compounds in the Bay displayed
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exponential decreasing trends, but with different shapes depending on region, compound, and
compartment assessed. Nearly stable PFOA concentrations were reached after 50 years, while
PFOS needed close to 500 years to stabilize in sediment and fish. Afterwards, concentrations
stabilize between 4-23 pg/g in sediment, between 0.02-44 pg/L in water, and between 7-104 pg/g
wet weight in fish, depending on compound and region. South Bay had the greatest final
concentrations of pollutants, regardless of compartment. Fish consumption is safe for most
scenarios, but due to model uncertainty, limitations in monthly intake could be established for

North and South Bay catches.
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1. Introduction

Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are the most extensively
used per- and polyfluoroalkyl substances (PFAS). These synthetic chemicals are characterized by
presenting a hydrophobic, fluorine-rich carbon chain attached to a hydrophilic functional group
(Clara et al., 2008). Due to this amphiphilic behavior, these compounds have been widely used as
surfactants and water and stain repellents in industrial, commercial and residential products,
including nonstick coatings, textile treatments, and fire suppressing aqueous film-forming foams
(AFFF) (US EPA, 2006). However, due to these same properties, PFOA and PFOS can interact
with living cells and cause several impacts in human health such as liver damage, endocrine
disruption, fertility decrease, and cancer (ATSDR, 2018; Kleszczynski and Sktadanowski, 2009).
Because of this, these compounds are no longer manufactured in Europe and the United States
from the early 2000s (Land et al., 2018). However, due to the stability of their C-F bonds, they
are highly persistent in the environment, being still present in the environment of these regions

(Blum et al., 2015; Braunig et al., 2017).

Since PFOA and PFOS are highly stable, the development of predictive models that can forecast

the fate and levels of these pollutants among different compartments (e.g. sediments, water,



atmosphere) of an environment is a need in order to evaluate possible risks to humans and biota.
In this regard, rate constant models represent a simple and robust tool to achieve this goal (Mackay
et al., 1994). In their approach, the environment is treated as a single box, where each
compartment is considered as homogeneously mixed. Then, a set of differential mass balance
equations (one per compartment) is set to estimate the variation of a mass of pollutant during a
stablished time period (kg/d). These variation rates are calculated by multiplying the mass of
pollutant in a given moment (kg) by a series of rate constants (i.e. not time depending) depicting
the main processes of gains and losses of a pollutant in a given compartment for a designated time
period (d*). Due to their simplicity and good performance, rate constant models have been applied
to predict the long term concentrations and compartment distribution of different pollutants for
entire aquatic ecosystems (Booty et al., 2005; Gobas et al., 2018; Xiao et al., 2008). However,
this approach fails to provide spatial distribution of pollutants within the ecosystem, and more

complex calculation efforts must be performed to obtain this information (Kaur et al., 2012).

As in other urban estuaries around the globe, a great arrange of pollutants has been recorded in
San Francisco Bay (SFB)(SFEI, 2016). To forecast the distribution and concentrations of some
of these pollutants in different compartments, several rate constant simulations have been applied
for this estuary as a whole. Thus, it is possible to find studies focused on polychlorinated
biphenyls (PCBs), polybrominated diphenyl ethers (PBDESs), methylmercury (MeHg), or
polycyclic aromatic hydrocarbons (PAHSs) in SFB (Davis, 2004; Greenfield and Davis, 2005;
Oram et al., 2008; Yee et al., 2011). Concerning PFOA and PFOS, their presence has been
reported in water, sediment, biota, wastewater, stormwater, and drinking water of SFB (Houtz et
al., 2016; Houtz and Sedlak, 2012; Hurley et al., 2016; Sedlak et al., 2017; Sedlak and Greig,
2012). These pollutants follow a very distinct spatial distribution, experiencing significantly
higher values in the south branch of the Bay than in the other regions (Sedlak et al., 2018).
Therefore, the long-term modelling of PFOA and PFOS in SFB requires a sufficient spatial
differentiation to appreciate geographical differences within the Bay and apply management

measures accordingly.



The main objective of the present effort was to create a model able to predict the long-term fate
and concentration of PFOA and PFOS in water, sediment, and fish of multi-embayment estuaries
in order to apply future management actions and study possible consequences for human health.
To accomplish that, a multi-box rate constant model incorporating time-varying external inputs
was designed. The model was then applied to the case study of SFB to predict the concentrations
of PFOA and PFOS in sediments and water of three different regions (i.e., North, Central, and
South Bay). This model simulates the main processes involving the addition and removal of PFAS
in these two compartments, and connects the three regions of SFB through water outflows and
tidal exchanges. Finally, sediment and water predicted concentrations of PFOA and PFOS were
used as inputs into a food chain model (Larson et al., 2018) to calculate levels of these compounds

in a sport fish species consumed by local residents.

2. Material and methods

2.1. Model description

The model used in the present study was developed by Mackay et al. (1994) and adapted to the
study of PFAS. In brief, our model treats the different spatial sections of an embayment (regions)
as independent boxes comprising two homogeneously mixed compartments (water and
sediments). These compartments experience time-dependent gains and losses of PFOA and
PFOS. The sediments are assumed as part of the active sediment layer, which are able to exchange
PFOA and PFOS with the water column and buried sediments. The water exchanges PFAS with
sediments, adjacent bay regions/ocean and the atmosphere, and receives PFOA and PFOS from
rivers, wastewater treatment plants, and rainwater. All these processes are synthetized in the

following equations:

. AMy; i
Equation 1; —2k

v = Wlhije + Msijr(kswiij + kswaij) — Mwiji(kyij + koi + Kwgj +

kws1ij + kws2ij)
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Equation 2: TLJ = My jr(kws1ij + kws2ij) — Msijx(kswiij + kswaij + kpij + ksgj)

where Mwijx and Msijk are respectively the masses (kg) of PFAS in water and sediments
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expressed as function of region “i”, compound “j”, and moment “k”. These variables are
multiplied by different time-independent rate constants (k) expressed in days™ (d*). These rates
depict the exchange and transformation processes occurring within the bay, and are region and/or

compound dependent.

Sediment resuspension rate is represented by Kswaij. This parameter depicts the outflow of
particle-bounded PFAS from sediments to water. This rate constant takes into consideration the
two main processes of sediment outflow: transportation of small particles embedded in water and
transportation of coarser particles by bed load transport forces (Wang and Andutta, 2013). The
sedimentation rate (kwsuij) represents the transfer of particle-bounded PFAS from water to
sediments. This parameter correlates the fraction of PFAS in waterborne particles with their
settling velocity provided in previous studies (MacLeod et al., 2005). Sediment-to-water diffusion
rate is depicted as ksweij. This process portrays the losses of dissolved PFAS from sediment to
water via diffusion. Opposite to this term is kwszij, the water-to-sediment diffusion rate. It
represents the diffusion of water-dissolved PFAS from water to sediment. Volatilization rate is
denoted by Kkvij, which represents the transfers of dissolved PFAS from water to air via
vaporization. kwr;j and ksg; represent respectively the degradation of both dissolved and particle-
bounded PFAS in water and sediment respectively. These parameters are derived from their
correspondent half-lives in water and sediment, and display the same value regardless of region
treated. kgi; is the burial rate, representing the loses of PFAS from active sediment layer to buried
sediment. It correlates the particle-bounded PFAS in sediments with their burial mass transfer
coefficient. This coefficient was estimated from resuspension and sedimentation fluxes, since not
specific values for this parameter are found in the literature (details in Supplementary
Information). Finally, outflow rate is included as koi. This parameter describes the losses of

dissolved and particle-bounded PFAS in water via direct outflow and tidal exchange with adjacent



bay regions and the ocean. This variable is compound-independent, and it inverse number can be

used as an estimation of water residence time.

Apart from the rate constants, we included in our approach a time dependent term. WI;;« represent
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the water inputs received in a region “i”, for compound “j”, in a given “k” moment, and it is
expressed in the same units as Mwijx and Msijx (Kg). This term includes the loads delivered by
the rivers, sewage treatment plants effluents, stormwater run-off, direct precipitation (i.e. wet
deposition), water outflows from up-water regions, and tidal exchanges with adjacent bay regions
and the ocean. Since all the aforementioned processes were considered as time variable, Wl;j«

was calculated as a dynamic parameter. Mathematical developments to calculate the different

addends of Equation 1 and Equation 2 are displayed in Supplementary Information.

To run the model, Equation 1 and Equation 2 were solved by means of an Excel spreadsheet in

an time-stepping way using a one-day time step (i.e. At=1 d), as follows:

AMwijk

Equation 3: My;jk+1 = — =~ + Mwijx
i AMg;;
Equation 4: M; j k41 = As;"'k + Mk,

where Mwijk+1and Msijk+1 are respectively the masses of compound “j” in region “i” for a “k+1”

day.

2.2. Sport fish exposure

Predicted concentrations in sediments and water obtained from the rate constant model described
in Section 2.1 were used to calculate levels of PFOA and PFOS in fish tissue by using the model
described in Larson et al. (2018). This model calculates the concentrations of PFAS in fish tissue
based on its dietary pattern and water intake. Shiner surfperch (Cymatogaster aggregata) was
selected as the model fish since it has a limited home range and has been used extensively as an
indicator of localized organic contaminants (Gassel et al., 2011). Fish diet was modeled as

follows: 60% of benthic invertebrates, 20% of plankton, 15% of pelagic invertebrates, and 5% of



sediment (Melwani et al., 2012). Concentrations of PFAS in benthic and pelagic invertebrates
were calculated from sediment and water levels respectively, as described by Larson et al. (2018).
Concentration in plankton were obtained from water concentrations as showed in Casal et al.,
(2017). All these inputs, along with sediment concentrations, were multiplied by a dietary
biomagnification factor to obtain the dietary load of PFAS. Finally, this dietary contribution was
added to the water intake to obtain the concentration of PFAS in fish tissue. A more detailed

description of these calculations can be found in Supplementary Information.
2.3. Sensitivity and uncertainty analysis

To explore the effects of the different parameters in the model, a stepwise sensitivity analysis was
performed. To this end, all the inputs used in the model were multiplied by 3 and 1/3, and response

ratios were calculated according to Yee et al. (2011) :

AOutput
/OutPUtbase x 100

Equation 5: % Response ratio = Bmput,
Inputpgse

Variables having an additive response ratio (i.e., sum of absolute response ratio values in every
region and compartment) equal to or greater than 100% were considered as highly influential.
These variables were subjected to Monte Carlo simulations to evaluate the uncertainty of the
model. To achieve this, a set of iterative combinations of random numbers among the range of
values of the highly influential parameters obtained from the sensitivity analysis were performed.
Minimum and maximum values used to obtain ranges are showed in Tables S2-S4. If no range
has been found in the literature for a given variable, a range of £ 25% of base case value is
considered. Afterwards, 95% prediction bands were provided as graphical representation to depict

uncertainty.

3. Case of study

3.1. Area of study

The model described in Section 2.1 was applied to the case of San Francisco Bay (SFB). SFB is

the largest estuary on the west coast of the Americas, and it is surrounded by a population of seven



million people (Figure 1). Most of the freshwater that flows into SFB comes via the Sacramento-
San Joaquin River Delta entering the northern portion of the Bay, while water exchange with the
ocean occurs largely in the central part of the Bay through the Golden Gate Strait. The southern
part of the Bay has a reduced freshwater supply, much of which is treated wastewater effluent,
and acts as a quasi-isolated lagoon (Walters et al., 1985). Accordingly, to study the dynamics of
PFAS in SFB, three separate regions were taken into consideration: North Bay (from Sacramento-
San Joaquin River Delta to the segment joining Point San Pablo and Point San Pedro), Central
Bay (delimited in the north by the North Bay, and in the south by the line from Hunters Point to
Bay Farm Island), and South Bay (all water to the south of the Central Bay). Each region of the
Bay was treated as an independent box, and a Equation 1 and Equation 2 were applied to each

one of them.
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Figure 1: San Francisco Bay. Dashed lines represent the boundaries between the different regions of the Bay and the
ocean. Source: Stamen Design.



3.2. Base case simulation

For the base case scenario, best estimated 2009 values for every parameter were used, as depicted
in Tables S2 and S3. Region specific initial concentrations of PFAS in water and sediment were
obtained as the average value of concentrations measured in different sampling points in 2009
(Cwijo and Csijo; Table S2) (Sedlak et al., 2018). In cases where measured Cwijo and Cs;jo were
below limits of detection, half the limit of detection was used. To obtain a more representative
Cwijo, only mid-Bay (i.e., near-shore margins sites discarded) concentrations were used.
Furthermore, to fulfill the same goal, initial concentrations in South Bay (Cwsoutn,j,o @nd Cssouth,j,0),
were calculated using weighting coefficients applied of 0.91 and 0.09 were applied respectively
to Upper South Bay (i.e. north of Dumbarton Bridge) and Lower South Bay (i.e. south of
Dumbarton Bridge) sampled concentrations. These coefficients were calculated as the relative
volume of every sub-embayment to total South Bay volume (Smith and Hollibaugh, 2006). Since
2009 Csijoin North and Central Bay were not reported, these values were calculated by linear

interpolation from 2004 and 2010 values (Sedlak et al. ,2018).

4. Results and discussion

4.1. Model validation

As initial approach, the model was run using the 2009 values described in Tables S2-S5 as inputs
(base case scenario). Simulated values for 2014 were compared with actual values measured in
sediments and fish in 2014 (Sedlak et al., 2018) (Table 1). Unfortunately, we could not compare

the results for water, since no actual measurements have been carried out after 2009.

PFOA simulated values for 2014 in sediments were higher than average measured values, but
within their range. However, 2014 simulated PFOS concentrations in North and Central Bay were
out of the range of 2014 sampled values. To improve the accuracy of the predictions, we started
adjusting those variables that presented a higher influence in the predictions for sediments and a
greater base-case value uncertainty. Thus, as will be explained in Section 4.4, half-life in sediment

(tasj) is the most sensitive parameter in the prediction of PFAS in sediments. Since no specific



values for this compound were found in the literature, we initially used a tis; value identical to
PFAS half-life in water (ti2w;). Furthermore, the predicted sediment concentrations are highly
sensitive to initial sediment concentrations (Csi;o) especially in the case of PFOS (see Section 4.4
for more details). These initial concentrations in sediments presented a high degree of uncertainty
in North and Central Bay, since they were not measured in 2009, and linearly interpolated values
from the period 2004-2010 were used instead (Sedlak et al., 2018). To improve the ti»sj, we
multiplied tiow; by the tisif/tiow; ratio obtained from the degradation rates used by Kong et al.
(2018). Thus, ti2sproa Was equal to tiweroa multiplied by 0.125, and tizspros Was calculated as
tuoweros times 3.09. Afterwards, initial PFOA and PFOS concentrations in sediments in North and
Central Bay were adjusted to equalize simulated and actual values. Therefore, Csnortheroao and
Cscentrairroao Were respectively multiplied by 1.12 and 1.25 (obtaining respective values of 0.14
and 0.16 ng/g), and Csnortn,pros,0 and Cseentral,pros,0 Were multiplied respectively by 0.42 and 1.44

(obtaining respective values of 0.25 and 0.30 ng/g).

Regarding fish concentrations, PFAS comparison was highly uncertain. On the one hand,
comparison could only be done in Central and South Bay, since no 2014 PFAS concentrations are
reported for North Bay. On the other hand, only two and one catches were analyzed in Central
and South Bay respectively, which reduces the variability of samples. PFOA showed a good
agreement between simulated and measured values (Table 1). All shiner surfperch measures
reported by Sedlak et al. (2018) were below limits of detection, coinciding with the simulated
concentrations. Even after performing the sediment corrections explained in the above paragraph,
PFOS showed predicted concentrations for 2014 higher than those measured in 2014. Within the
fish exposure model, the dietary biomagnification factor for PFOS (BMFrisheros) is the most
sensitive parameter (see Section 4.4 and Table S8 and S9 for more details). Although no specific
values for shiner surfperch were found in the literature, results were improved after using a better

estimated value of 0.081, as described by Brandsma et al., (2011).



Table 1: Comparison of simulated and measured values in sediments and fish (ng/g) in 2014

Simulated Measured* Deviation
Initial Corrected Mean Min Max (%0)**
Sediment 0.11 0.09 0.09 <0.09 0.10 +6.36%
North
Fish 0.20 0.18 - - - -
Sediment 0.12 0.11 0.11 <0.09 0.16 +1.43%
PFOA Central
Fish 0.21 0.20 <0.50 <0.50 <0.50 <60.0%
Sediment 0.21 0.16 0.15 0.05 0.23 +6.25%
South
Fish 0.38 0.29 <0.50 - - -
Sediment 0.55 0.25 0.25 <0.18 0.47 +0.80%
North
Fish 104 1.71 - - - -
Sediment 0.14 0.30 0.30 <0.20 0.61 -0.63%
PFOS Central
Fish 3.28 1.48 1.42 <0.99 1.85 +4.05%
Sediment 0.83 0.88 1.06 0.49 3.40 -17.0%
South
Fish 16.2 4.85 3.72 - - -

*From Sedlak et al. (2018);** Calculated from corrected simulated values and mean measured values. Results

expressed as % of mean measured values

4.2. Base case rate constants

Using the values shown in Tables S2-S5, and the corrections carried out in section 4.1, we

obtained the rate constants shown in Table 2. Regardless of compound and Bay region, the

outflow rate (koi) was the rate constant displaying the highest effect on PFAS concentrations.

Therefore, PFAS was primarily removed from the Bay through water outflows (Fi) and tidal

exchanges among Bay regions and the Ocean (Wei.centrat and T€central-sea). HOWeVer, the latter

phenomena had a greater impact on ko calculations. Tidal exchanges accounted for 82, 89, and

95% of the ko values for North, Central, and South Bay respectively, acting as the most influential

processes in the movement of pollutants within and outside SFB (Connolly et al., 2005; Smith

and Hollibaugh, 2006). This parameter displayed values one order of magnitude lower in South

Bay, meaning respective retention times are one order of magnitude higher in this region (i.e. 39

days) than in North and Central Bay (around 8 days in both cases).



Diffusion and degradation processes were the second most influential parameters in the model,
displaying similar values among different regions of the Bay in the rage of 10%4-10° d.
Degradation in sediment (ksr) was the principal sink of PFAS in this compartment. Although
sediment degradation rates are likely very site-specific, the information to appropriately assign
differing tis values is not currently available, so uniform values were applied to all sub-
embayments within each simulation. Consequently, PFOA ksr values were one order of
magnitude greater than in the case of PFOS. Other processes showed greater variations for
different parts of the Bay. Sedimentation and resuspension rates (Kwsaij and Kswaiij respectively)
were one order of magnitude lower in the Central Bay. This is due to a deeper water column and
a lower concentration of particles in water (Cpw) in this region as a result of its direct connection
with the Ocean (Sedlak et al., 2018). The burial parameter had the least effect on the model. This
process is only present in South Bay, since the North and Central regions are net erosional

(BCDC, 2016).

Comparing the compounds, the sedimentation process was more significant for PFOS, while
diffusion from sediment to water was more important for PFOA. As pointed out in previous
simulation studies, this is due to the greater affinity of PFOS for sediment and the greater
attraction of PFOA for water, which is explained by the one order of magnitude higher value of
PFOS Kow (Lindim et al., 2016). However, it is important to highlight here that due to their
amphiphilic characteristics, it is difficult to measure Kow for PFAS (Mueller and Yingling, 2017).
Therefore, modelled predictive values were used (Arp et al., 2006). To have more realistic
simulations, organic carbon normalized partition coefficients (Koc) for different parts of SFB
could be calculated in future studies (Ahrens et al., 2011). PFOS volatilization is slightly higher
than PFOA volatilization. As seen in other studies comparing several compounds, this result is a
direct consequence of the higher Henry’s law constant of PFOA (Greenfield and Davis, 2005).
Finally, degradation rate in sediments is one order of magnitude higher for PFOA than for PFOS,
as a consequence of the adjustment made in sediment half-life values (t1sj) described in section

4.1,



Table 2: Base case rate constant values (d)

PFOA PFOS
Symbol
North Central South North Central South
Sedimentation kws1 4.81E-07 4.48E-08 5.89E-07 3.32E-06 3.78E-07 4,08E-06

Water-to-sediment diffusion  kws2  5.24E-05 2.63E-05 6.47E-05 4.06E-05 2.49E-05 5.02E-05

Volatilization kv 8.20E-08 3.32E-08 7.00E-08 1.59E-07 7.88E-08 1.36E-07
Outflow ko 1.23E-01 1.23E-01 2.56E-02 1.23E-01 1.23E-01 2.56E-02
Degradation water kwr  2.06E-05 2.06E-05 2.06E-05 4.63E-05 4.63E-05 4.63E-05
Resuspension kswi  5.06E-08 9.54E-09 4.52E-08 5.18E-08 9.60E-09 4.62E-08

Sediment-to-water diffusion  kswe  4.45E-05 4.45E-05 4.27E-05 5.10E-06 5.10E-06 5.29E-06
Burial ks 0.00E+00 0.00E+00 5.11E-09 0.00E+00  0.00E+00 5.22E-09

Degradation sediment ksr 1.65E-04 1.65E-04 1.65E-04 1.50E-05 1.50E-05 1.50E-05

4.3. Base case simulations

Despite showing different trends, a decline in the concentrations of PFOA and PFOS was
observed in the different regions of Bay regardless of region and compartment when using 2009
values in sediment and water as inputs (Figure 2). The decreasing curves for a given compound

and compartment tend, in the long term, to reach equal values for the different regions assessed.

Regardless of region and compound, initial concentrations in water decreased till reaching nearly
stable-state values (i.e., AMwi/At = -107°) after approximately 50 years of simulations. By then,
initial concentrations have been reduced by more than 96% for PFOA and 99% for PFOS.
Afterwards, water concentrations continued to decrease slightly until reaching nearly stable
values among the different compartments (Figure 3). However, decreasing trends among the
different Bay regions were very different. Concentrations of PFOA and PFOS in South Bay
decreased drastically in the first year, rapidly reaching concentrations around 1.50 ng/L for both
compounds. Afterwards, the concentrations of these two pollutants decreased following a
moderately exponential trend. This spin-up period has been described in previous papers, and it

is due to the non-constrained initial conditions (Yee et al., 2011). In our case, these could be



indicative of an overestimation of initial concentrations of PFAS in South Bay (Cwsoutnj0) Since,
after discarding margin samples, only two samples were used to obtain initial concentrations
(Sedlak et al., 2018). Furthermore, these two samples were taken in summer, when values of
Cwsouthj,o could be higher than mean annual concentrations, but within the same order of magnitude
(Munoz et al., 2019; Sakurai et al., 2010). A similar phenomenon occurs in Central Bay during
the first year. In the case of PFOS a drastic decrease is observed, while PFOA shows an initial
increase to a maximum (0.60 ng/L) before decreasing gradually until stabilization. As in South
Bay, this is indicative of a misestimation of initial concentrations due to the fact that only one
sample was taken in summer, and its value was below the detection limit for both compounds.
For North Bay, a slight adjustment is also observed during the first 40 days of simulation for both
compounds, showing an exponential decrease trend afterwards. This exponential decay presented
a steeper slope in South Bay since the PFAS output/input ratio was 1% higher than in the rest of

regions.

For sediments, the time to obtain nearly stable values (i.e., AMgj/At = -10°) varied highly
depending on the compound. PFOA reached this scenario after approximately 50 years, while
PFOS needed close to 500 years to reach nearly steady-state levels. This result is a consequence
of the higher sediment half-life and sediment affinity (expressed as Kow) of PFOS versus PFOA
(Arp et al., 2006). Regardless of compound, a bigger decrease is observed in South Bay, since it
is the only region with loss of PFAS due to sediment burial. Despite this, nearly stable
concentrations in the South Bay region (7.40 and 22.7 pg/g for PFOA and PFOS respectively)
were higher than those simulated for North and Central Bay (4-5 pg/g for PFOA and 6-8 pg/g for
PFOS) (Figure 3). This outcome is directly related to the higher initial sediment concentrations
of both PFAS in South Bay, which plays an important role in the performance of the model, as

discussed in section 4.4,
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Figure 2: Base case simulations for PFOA and PFOS in water, sediment, and fish for different regions of the Bay.

Simulated values in fish reached their maximum values in South Bay in 2009. These values were
around 0.4 and 8 ng/g of fish wet weight (ng/g ww) for PFOA and PFOS, respectively. These
levels decreased subsequently till reaching nearly stable-state values between 7 - 14 pg/g ww in
the case of PFOA and 29-104 pg/g ww for PFOS (Figure 3). However, decreasing trends depict
different curves depending on the compound analyzed. PFOS simulations in fish show an initial
trend parallel to water tendency, with sediment and water contributing equally to PFOS content
in fish (i.e. 50.7 and 49.3% of PFOS fish concentrations are attributable to sediment and water
respectively). These contributions are reduced to 98.2 and 1.7% for sediments and water
respectively when reaching nearly stable-state values. In the case of PFOA, contributions to fish

tissue are mostly attributed to sediments (more than 96% regardless of year). These differences



between PFOS and PFOA are a consequence of different values of fish exposure parameters, and
more specifically, bioaccumulation from water-fish (BCFiisn), which is three orders of magnitude
higher for PFOS than PFOA (Martin et al., 2003). Obtained results highlight the higher sensitivity
of fish tissue for PFOS, which could be rapidly affected by peak concentrations in water.
Therefore, special attention should be paid to PFOS when fish consumption is assessed after
uncontrolled releases from products comprising this compound, such as older formulations of
AFFF (Awad et al., 2011; Oakes et al., 2010). Regardless of year, simulated PFOS concentrations
were lower than human dietary recommendations established by the State of Michigan (not more
than 9 ng/g ww of PFOS in fish tissue consumed for sixteen meals per month) and the State of
Minnesota Department of Public Health (no intake restriction for fish containing less than 10 ng/g
ww of PFOS) (MDHHS, 2016; Minnesota Department of Health, 2019). However, in a
preliminary report, the State of New Jersey presented more restrictive dietary recommendations
for PFOS (i.e., 0.56, 3.9, and 17 ng/g ww for unlimited, weekly, and trimestral fish consumption
respectively)(Goodrow et al., 2019). Despite these values should not be perceived as regulatory

limits, they could act as indicators of potential harmful outcomes.
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4.4. Sensitivity and uncertainty

Considering that nearly stable-state (i.e., daily variation of concentration in every compartment

below 107°) are reached after 50 and 500 years for PFOA and PFOS, respectively, these time



lapses were chosen to study sensitivity of the model. Parameters showing a response ratio > 1%
for any compartment are reported in Tables S6-S9. Results differed depending on chemical
compound, region, compartment, and variation applied to inputs (i.e., times three or one third). In
case of multiplying inputs by three, the overall most influential parameter for PFOA and PFOS
was sediment half-life (t1s;j). Response ratios around 1700 % in sediment and fish were displayed
when increasing tizseroa by three. However, this parameter had a minor influence in water (values
lower than 15% regardless of region). Sediment half-life of PFOA (tizseroa) is inversely related
to degradation in sediment rate constant (Ksreroa), Which, in the case of PFOA, is the second most
influential rate constant (showing values in the range of 10, see Table 2). Increasing tizsproa by
three triggers a close to thirty-fold decrease in ksreroa Values, which in turn increases the levels
of PFOA in sediments. For PFOS, increasing tisspros by three increased base case values in
sediment, fish, and water around 318% regardless of region. Sediment half-life of PFOS (ti/2spros)
is more than ten times smaller than ti2sproa, and its correspondent Ksreros Values are in the range
of 10°°. These values are smaller than other rate constant, which limit their influence in sediment
and fish. However, this parameter had a great influence in water, since it increases the sediment-
to-water exchanges, which are the biggest source of PFOS in water (Figure 3). This phenomenon
does not have the same importance for PFOA, since the biggest source of this compound in the

Bay as a whole are the external loads.

Apart from tisij, external loads (Lirroa), OCtanol-water constant (Koweroa), initial concentration
in sediments (Csiproao), and biota-sediment accumulation factor (BSAFg;) influence highly the
outcomes of the model in terms of PFOA. These parameters are characterized by having a great
influence in one or two compartments, while causing no or small variances in others. Thus,
BSAFg proa Only affected concentration in fish, Liproa had a greater impact in water (response
ratios higher than 90% in every region) than in sediments and fish (23% maximum response ratio),
and Msoieroa Showed the opposite trend. Regarding PFOS, the most influential parameters were
related to sediments, such as initial concentration in sediments (Csipros,0), sediment depth (Sgeptn),

concentration of solids in sediments (Cssi) and density of sedimented solids (Dss) as the most



influential parameters. However, as explained in the case of ti2seros, these parameters displayed
homogeneous response ratios in every compartment. Regardless of region and compound, organic
carbon of sediment solids (OCssi) showed a unique behavior. When this parameter was multiplied
by three, sediments showed increases in their associated response ratios, while the opposite trend
is depicted for waters and fish. This result could be contradictory, since as seen in section 4.3,
long term fish concentrations are strongly linked to sediment concentrations. However, as
depicted in supplementary equation S32, concentration of PFOA and PFOS in benthic
invertebrates (Cgiy) is directly correlated to the organic carbon normalized concentration of PFOS
in sediment (Cs;j/OCssi). Despite the fact that increasing OCss; will trigger an increase in Csij, this
increase will be smaller than the corresponding threefold increase of OCssi. Consequently, the
organic fraction of sediments, from which benthic invertebrates feed, will present a lower PFAS

concentration (Higgins et al., 2007).

When reducing the inputs to one third of the initial values, the list of parameters showing additive
response ratios greater than 100% increased. For PFOA, density of sediment solids (dss) was the
parameter displaying the biggest response ratios for sediments (190-226%) and fish (187-224%).
A 1/3 reduction of this parameter decreases diffusion from sediments to water to close to one
third, resulting in the increase of sediment and fish concentration of PFOA. In the case of water,
water outflow for the different regions of the bay (Fiproa) was the parameter influencing the most.
When reducing this parameter to 1/3 of its value, response ratios among the different parts of SFB
were inversely related to their respective F/Vw ratios. Consequently, different values were
obtained for North (205%), Central (286%), and South Bay (111%) waters. Sediment half-life
(tizsproa), Water to sediment mass transfer diffusion coefficient (Vg), and octanol-water partition
coefficient (Koweroa) Were, in decreasing order, the remaining top five most sensitive parameters
for PFOA. Regarding PFOS, tispros Was the parameter showing the greatest additive influence,
followed in decreasing order by sediment depth (Sqeptn), Concentrations of solids in sediment

(Cssi), octanol-water partition coefficient (Kowrroa), and dss. As in the case of multiplying



parameters by three, PFOA displayed variable response ratios among compartments, while PFOS

showed more homogeneous inter-compartment response ratios.

Regarding the uncertainty, a Monte Carlo analysis comprising more than 3000 simulations was
performed. This number of simulations was established after applying the formulas displayed in
Byrne (2013). The 95% uncertainty bands for water, sediments, and fish after performing the
simulations are shown in Figure 4 and

North Central S
1.5 0.6 3
oo
W
C 1 0.4 2
c
g 0.5 0.2 1 .
_8 0 — 0 -0
W 2009 2109 2209 2309 2409 2509 2009 2109 2209 2309 2409 2509 2009 2109 2209
2.4 1.5 4
iy
—_ 1.8 3
ol 1
C
—_— 1.2 2
| -
8 0.5
g 0.6 1
0 0 0
2009 2029 2049 2069 2089 2109 2009 2029 2049 2069 2089 2109 2009 2029 2049
30 5 40
2 4 30
3 20 )
LeT1] 20
“"“"\. 2
‘Cm 10
< ¥
i.% 0 = 0 0
2009 2109 2209 2309 2409 2509 2009 2109 2209 2309 2409 2509 2009 2109 2209
Year

Figure 5. Uncertainty bands depicted nearly parallel curves to their correspondent base case
curves till converging with them at nearly-stable state. For water, this scenario was reached at the
same time as the base case scenario (i.e., after 50 years of simulation), while sediments and fish
needed a time increase of 60% to get to this point (80 years for PFOA and 800 years for PFOS).
Therefore, as base case simulations, uncertainty bands depict decreasing trends. The only
parameter that could change this outcome would be time-dependent incremental or stable external

loads. However, future temporal trends of external loads are likely to decline in line with the



phasing out of PFOA and PFOS (Wang et al., 2014). In fact, decaying trends during the last years
have been reported in SFB effluents, as well as in other areas where PFAS regulations have been
set up (Houtz et al., 2016; Land et al., 2018; Remucal, 2019; Sakurai et al., 2016). According to
the characteristics of each compound, average width of uncertainty bands in water is higher for
PFOA, while average width in sediments and fish is higher for PFOS. This fact has an important
effect regarding fish consumption in North and South Bay. Unlike the base case predictions
depicted in section 4.3, the upper uncertainty bands in these regions predicted restrictions in the
fish intake. Thus, upper uncertainty band presented values within the range of 4 meals per month
recommended by the State of Michigan (19-38 ng PFOS/g ww) for 49 years in North Bay and
123 years in South Bay (MDHHS, 2016). After 244 and 355 years for North and South Bay
respectively, the upper uncertainty values descended till reaching the less restrictive dietary
threshold (9 ng PFOS/g ww). Consequently, levels of PFOS in fish should be monitored in this

period to ensure safe fish consumption recommendations.

Despite showing decaying trends, it is important to remark that the width of uncertainty bands
and their associated time scale to reach nearly-stable concentrations in sediment and fish could
change given the fact that the most sensitive model parameter (tis;) in this exercise was estimated
(see section 4.1). As some authors have recognized, this parameter is highly influenced by
sediment composition (Ferrey et al., 2012; Venkatesan and Halden, 2014). Therefore, SFB

specific values of ti2s; should be obtained to reduce the uncertainty of the predictions.
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Figure 4: PFOA base case (bold) and uncertainty band (shaded) simulations for the different regions and compartments.
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5. Conclusions and recommendations

In this paper, a multi-box rate constant model to forecast the fate and concentration of PFAS in
estuaries comprising differential sub-embayments was developed. In order to study its
performance, the model was tested in San Francisco Bay (SFB), which was divided into three
regions (North, Central, and South). To better understand the potential risks to humans from the
consumption of fish, our model was linked to a model that calculated PFAS concentrations in fish
tissue (Larson et al., 2018). Our base case simulations (i.e., using 2009 monitoring data as inputs)
showed an overall reduction in the content of PFOA and PFOS, in line with the decreasing trend
in external sources of these compounds expected as a consequence of their phased out. Decreasing
trends of PFAS were compound, compartment, and region dependent, influenced by the chemical
properties of PFOA and PFOS, and the physical properties of the different compartments of the
Bay. Thus, while PFOA declined to nearly stable concentrations after 50 years of simulation,
PFOS levels in sediments and fish needed close to 500 years due to its higher sediment half-life
(tsi2j). This parameter played a major role in the sensitivity of the model, which explains the
higher levels and associated uncertainty in sediments and fish of PFOS. Fish consumption of a
common sport fish species is predicted to be generally safe according to available tissue
consumption guidance, but to comply with the inherent uncertainty of the model, limitations in

monthly intake could be addressed if the catch is produced in North or South Bay.

The model here presented has proven useful to study the spatiotemporal distribution of PFAS in
SFB, but has a number of limitations that should be addressed in the future. The base-case
simulations obtained in this study present an inherent uncertainty resulting from a lack of input
data for water, wastewater, stormwater, sediment, and precipitation. To overcome this limitation,
we recommend that additional sampling be conducted. Furthermore, we were only able to
compare simulated results in sediments, since no recent concentrations of PFAS in water were
available. Regarding the chemical properties of PFAS, it is noteworthy that no SFB-specific

values of tsi; are available. The values used were based on modeled calculations and are subject



to variability depending on the source consulted. Concerning PFAS fish exposure and human
risks, some efforts should be developed in SFB to calculate fish ingestion rate for specific species,
water bodies, and take into account PFAS content in fish tissue, as done by some environmental
and health agencies (McKellar and Johnson, 2018; NJDEP and NJDOH, 2018). Finally, it is also
important to consider the contributions of related compounds that degrade to PFOA and PFOS in
the environment, known as precursors. Despite a lack of knowledge regarding some of their
properties and toxicity, precursors are already found in the Bay and their impact should be

evaluated (Sedlak et al., 2018).
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