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ABSTRACT

There is limited information on the environmental fate of di-alkyl phthalate esters
(DPEs). To better understand the fate of DPEs and their primary metabolites, mono-alkyl
phthalates (MPEs), a steady-state multimedia environmental fate and food-web model
was developed and tested. The model suggests that the lower log K, DPEs mainly flow
out of the system and by a smaller extent in the ionized form of MPEs, or further
biodegrade into phthalic acid. The higher log K,, DPEs are mainly bound to sediment
that is buried and flow out of the system. The model also predicted that in fish, lower log
Kow DPEs are mainly eliminated through gills whereas the higher log K,, DPEs undergo
fecal route. Biotransformation of DEHP and mixture of C8 isomers are also predicted.
This model can be used in preliminary ecological risk assessment to predict exposure

concentrations, internal body burdens, and remediation targets in aquatic ecosystems.

Keywords: Di-alkyl phthalate ester; mono-alkyl phthalate ester;
biotransformation; environmental model; food web.
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1: INTRODUCTION

1.1 Background

Di-alkyl phthalate esters (DPEs) are branched or unbranched alkyl esters which
are produced on an industrial scale by the esterification of phthalic acid. They are used
as plasticizers in flexible polyvinyl chloride (PVC) and have many other applications, e.g.
in paints, adhesives and cosmetics (SCCNFP, 2003). Figure 1.1-1 shows the general

chemical structure of DPEs.

OR

OR'

Figure 1.1-1  General structure of di-alkyl phthalate esters.

For most DPEs, the two alkyl side chains (-R and —R’) are the same, and range
in length from one carbon (dimethyl phthalate, DMP) to ten carbons (di-iso-decyl
phthalate, C10). Phthalate esters also include other phthalates such as benzyl butyl
phthalate (BBP) which is an asymmetrical DPE with a benzyl ring on one side and a
butyl group on the other side. The length and extent of branching of the side chains

determine the physicochemical properties of individual DPEs. DMP is the most water-



soluble DPE and has a log K, of 1.61, whereas C10 is the least water soluble and has

an approximate log K., of 9.46 (Cousins and Mackay, 2000).

DPEs are metabolized by microbes in water and sediment and by enzymes in
various other biota via a hydrolysis reaction that results in the formation of the
corresponding mono-alkyl phthalate ester (MPE) (Otton, et al., 2008). MPEs can also be
hydrolyzed to phthalic acid, which can be further degraded. Figure 1.1-2 illustrates the

biodegradation pathway of DPEs to MPEs.

O/R O/R
a +H,0 — = + R’-OH
O~ OH
o)
R
o— OH
b +H,O ——> + R-OH
OH OH
o) o)
R
o— S o-
¢ *HO T — +H,0*
OH OH
o} o)

Figure 1.1-2  Biodegradation DPEs and MEPs. Figure 1.1-2 A describes the hydrolysis of
DPE into MPE and alchohol. Figure 1.1-2 B described the ionizationof MPEs
and Figure 1.1-2 C describes the hydrolysis of MPEs into phthalic ester and
alchohol.

Like DPEs, MPEs range widely in their molecular weights and log K,,, values, but
the neutral (non-ionized) form of an MPE is less hydrophobic than the parent compound.
MPEs are weak acids with pKa values estimated to be 4.2 (Peterson and Parkerton,
1999), and so exist predominantly in their ionized form at neutral pH values. For

ionizable chemicals, log D is a better measure of partitioning that K,,, because it includes



the ionized species and accounts for pH levels. Log D is the ratio of concentrations of
the neutral plus ionized forms in octanol in comparison to water at a specified pH value

(Kickham et al., 2012). The following equation describes the above relationship:
log D =log K,,, — log(l + 10(pH‘PKa))

Table 1.1-1 gives the physicochemical properties of several DPEs and their
corresponding MPE metabolites. The DPE log Kow values given in Table 1.1-1 are
corrected for salinity (Mackintosh, 2002). The log D values of the MPEs were calculated
using ChemSilico software (ChemSilico, 2009, www.chemslilico.com) at pH 8, which is

the measured pH of False Creek water.

Table 1.1-1 Physiochemical properties of selected phthalate di-esters and their mono-
ester metabolites.

Di-ester | Molecular  %Log | Monoester | Molecular  3Log “Log D
Weight Kow metabolite Weight Kow (pH=8)
(g/mol) (g/mol)
DMP 194.2 1.80 MMP 180.2 1.71 -1.97
DEP 222.2 2.77 MEP 194.2 1.71 -1.63
DnBP 278.4 4.58 MnBP 222.2 3.39 -0.29
BBP 312.4 5.03 MBzP 256.3 3.39 -0.76
DEHP 390.6 8.20 MEHP 278.3 4.51 0.83
C8 390.6 8.20 MoC8 278.3 3.39 0.83
C9 418.6 9.1 MoC9 2924 4.90 1.22
C10 446.7 10.6 MoC10 306.4 5.29 1.61

! di-ester abbreviations are explained in the Glossary.

2 salinity-corrected values taken from Mackintosh, 2002.

3 calculated by Peterson & Parkerton (1999) using EPIWIN.
* calculated using ChemSilico (http://www.chemsilico.com)

Because of the overall very high global production volumes, which are estimated
to be greater than 5 million tons per year (ref, 2008), there have been concerns over the

potential impacts of both DPEs and MPEs in the environment and on human health



(Parkerton & Konkel, 2000, Staples, et al., 2011). There have been many studies linking
chronic and acute DPE exposure to a variety of toxic effects such as endocrine
disruptive effects, developmental toxicity, and carcinogenesis (Staples, et al., 1997,
Hoppin, et al., 2002; Howdeshell, et al., 2008; Saillenfait, et al., 2009) of phthalate
esters. Specifically, the main metabolites of DPEs, i.e. MPEs, are suspected to be
endocrine disrupting chemicals (Jobling, et al., 1995; Soto, et al., 1995; Harris, et al.,

1997; Sohoni and Sumber, 1998; Paganetto, et al., 2000).

Under the Canadian Environmental Protection Act, DPEs are currently being
evaluated for Persistence (P), Bioaccumulation (B), and Toxicity (T) (UNEP, 2001). If
they are found to have any one of these characteristics, a screening level risk
assessment is conducted. DPEs are also undergoing regulatory evaluations elsewhere

in the world.

Due to the ubiquitous presence globally and the possible endocrine toxicity of
these chemicals, there have been a few regulatory actions in North America, Europe,
and Japan (Staples, et al., 2011). For example, Health Canada has limited the allowable
concentrations of DEHP, DBP, and BBP into soft children’s toys as well as DINP, DIDP,
and DNORP if it is an article that the children could potentially put in their mouth (Health

Canada, 2011).

As noted, phthalate esters are produced in large quantities globally and are
present in all environmental media. In False Creek sediment, 68% of total PE sediment
concentrations were compromised of C8, specifically DEHP (Lin, et al, 2003). C9 and
C10 were 14 and 10% of the total PE sediment concentrations while the lower log Kow
PE compromised less than 5% of the total PE (Lin, et al, 2003). Estrogenic activity of
DEP, BBP, DnBP, and DINP has been reported to be much lower than 17p-estrodiol

(Harris, et al, 1997). When compared to the activity of the naturally occurring 17p3-



estrodiol, DEHP and monoesters were inactive (Harris, et al., 1997). Exposure to some
PEs exhibit effects similar to substances with anti-androgenic-like effects (David and
Gans, 2003) although no direct interference with androgenic receptors have been

observed (Staple, et al., 2011; Sultan, et al. 2001, Paganetto, et al, 2000).

A variety of other toxicological effects are associated with PEs that has been
gathered in a previous review study (Staples, et al, 2001). Among others, induction of
vitellogenin and changes in metabolic enzymes (Brase, et al, 2007), changes in
developmental rate of embryo, and cleavage in embryo were effected after exposure to
DMP and DEP (Kuhn, et al 1989; Rhodes, et al, 1995). For DnBP decreases of survival
and growth of fish (Rhodes, et al, 1995), altered feeding behavior (Rhodes, et al, 1995;
Wibe, et al, 2004), embryo viability (David, 1988) have been reported. Some studies
have shown no induction of vitellogenin after exposure to DnBP (Ortiz-Zarragoitia, et al,
2006). Chronic BBP exposure showed no effects on hatchability, fry survival, or physical
characteristic of the fish at any of the tested concentrations (McAllister, 1986; Gledhill, et
al, 1980; Harris, et al, 2000). Effects on developmental rate on Daphnia maga however

was detected with exposure to BBP (Liu, et al., 2009).

Chronic exposure of medaka to DEHP with a variety of nominal concentrations
as high as 5000 pg/L resulted in no effects on the fish (DeFoe, et al, 1990; Metcalfe, et
al, 2001). Chronomus riparius exposure to DEHP exhibited expression of stress related
proteins at concentrations that exceeded the solubility of DEHP on dose response

manner (Park and Kwak, 2008a,b).

Through exposure of fish to DINP and DIDP via food, no consistent treatment-
related effects were reported for the exposed eggs, hatching success, port-hatch
survival, delay in gonad differentiation, development, or fecundity in any of the

generations (Patyna, et al, 2006). No effects were observed after exposure to DINP and



DIDP to D. magna and blue mussels after exposure to DINP and DIDP (Brown and

Thompson, 1982; Rhodes, et al, 1995).

Based on the extensive review of literature by Staples and colleagues, there are
some toxic effects associated with the exposure to lower log K., PEs such as DMP,
DEP, Dinp, and BBP to fish and invertebrates (Staples, et al, 2011). However, higher log
Kow PEs such as DEHP, C8, C9, and C10 seem not to have toxic effects on fish and
aquatic invertebrate even when exposure was conducted via dietary route. Many authors
have hypothesized that the lack of such effects could be due to the presence of
biotransformation mechanism (Staples, et al, 1997b; Parkerton and Konekel, 2000;

Mackintosh, et al, 2004).

Some toxicity tests for MPEs performed with D. magna reported LCs values
much higher than DPEs due to the much higher solubility of these compounds (Staples,
et al., 2011). In general, lower log K,, MPEs were less toxic than the parent DPEs, while
the higher log K., MPEs were more potent than the parent DPE metabolites (Staples, et
al, 2011). This again was due to the low bioavailability of the higher Low K,, DPEs and
high solubility and hence higher bioavailability of the corresponding MPE metabolites

(Adams, et al, 1995; Staples, et al, 2011).

Previously, the biodegradation, bioaccumulative properties, and food web
distribution of DPEs and MPEs have been investigated by researchers in the laboratory
of Frank Gobas at Simon Fraser University (Mackintosh, et al., 2004; McConnell, 2007;
Mackintosh, et al., 2006; Sura, 2007; Otton, et al., 2008; Kickham, 2010). A study
investigating the bioaccumulative nature of DPEs in a food web that included many
organisms from different trophic levels (Mackintosh, et al., 2004) concluded that none of
the DPEs examined had a potential for biomagnification. In fact, lipid-normalized DPE

concentrations in biota decreased with increasing trophic level, suggesting trophic



dilution of DPE in the food-web due to biotransformation. However, there is very little
information available regarding the biotransformation of DPEs by biota, and the overall
fate of DPEs and MPEs in the environment and biota. As a result, there is no way to
determine whether current inputs of DPEs into the environment are causing exposures

to wildlife that may be harmful to the health of wildlife species.

The work done in this thesis is an effort to generate a model of the environmental
fate of MPEs and DPEs on an ecosystem level. It is the final phase of an on-going
research program and aims to develop a more integrated understanding of the fate of

DPEs in the marine environment.

This study focused on DPEs in False Creek Harbour, a marine inlet of English
Bay located in downtown Vancouver and surrounded by residential/industrial land use
areas (Map 1-1). False Creek has a mean depth of about 6 meters and is approximately
2.4 kilometers long. By using a multimedia mass balance environmental fate model in
conjunction with a food web model (see Chapter 2), a better understanding of the
distribution and biotransformation of DPEs in False Creek can be acquired. These

models have the potential to be applied in other aquatic locations as well.

There are many factors that can affect the behaviour of DPEs in the environment.
As noted above, physicochemical properties of DPEs are largely determined by the
length of the alkyl side chains (the -R and —R’ groups in Figure 1.1-1). In general, as the
alkyl side chain lengthens, the molecular weight and the hydrophobicity of the chemical

increase (Table 1.1-1).
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Map 1-1 False Creek in Vancouver (Latitude 49°16’ 29”; Longitude -123°8’ 13"), BC,

is a part of the Pacific Ocean Strait of Georgia and separates downtown Vancouver from
the rest of the city.

The smallest and least hydrophobic DPE studied here is di-methyl phthalate
ester (DMP) while C10 has the longest alkyl group, the highest molecular weight, and is
highly hydrophobic. Despite the highly hydrophobic nature of several DPEs, the
bioaccumulation factors measured in the biota were much lower than expected (Staples,
et al., 1997; Mackintosh, et al., 2004). The ability of biota to biotransform the ingested

DPEs and/or the limited bioavailability of these compounds for uptake have been two



possible explanations offered to explain this phenomenon (Mackintosh, et al., 2004,

Webster, 2003).

In addition to the physicochemical characteristics of DPEs, other physical
parameters can affect the behaviour of these chemicals in the environment.
Temperature affects the vapour pressure and therefore the volatility of these chemicals
(Guckel, et al, 1982; Staples, et al. 1997). Salinity also could affect the biodegradation
and sorptive behaviour of the phthalate esters. For example, the sorption of BBP to
sediments increased with a decrease in temperature and an increase in salinity (Xu, et

al., 2009).

Organic carbon (OC) content of sediment is also expected to have a significant
effect on the bioavailability of hydrophobic chemicals (Park and Erstfeld, 1998). Since
hydrophobic organic chemicals have a high tendency to bind to organic matter
(McCarthy, 1983), the presence of high concentrations of sediment OC is expected to
result in low free fractions of the chemical. Therefore, for highly sorbed chemicals, there
is only a small portion of the chemical that is available for biodegradation reactions or
uptake into organisms. In the case of DPEs, this was recently demonstrated by Kickham
and colleagues (2012) who showed that highly hydrophobic DPEs were not biodegraded
by microbes in natural sediments obtained from False Creek likely because they were
predominantly bound to sediment OC. Less hydrophobic DPEs (e.g. DMP) were not
bound to sediment OC and were biodegraded at approximately the same rate as the

more hydrophilic MPEs (Kickham, et al., 2012).

Biodegradation rates of DPE also can be affected by the temperature, nutrient
addition, and their concentration (Staples, et al., 1997). Environmental conditions such

as temperature, pH, the fraction of OC dissolved or suspended in the water column



could also affect the overall fate of DPEs (Staples, et al., 1997, Mackintosh, et al., 2006,

Liang, et al., 2008).

As noted above, DPE biodegradation results in the formation of MPEs. Mono-
esters exist primarily as ionized forms, in water at neutral pH. lonization of MPEs adds
another level of complexity to understanding the overall fate of phthalate esters in the
environment and biota. Last but not least, MPEs can further biodegrade into phthalic

acid which can be ultimately be broken down to carbon dioxide (Otton, et al., 2008).

1.2 Obijective

The objective of this project is to develop and evaluate a multi-media mass
balance model of the fate of DPEs and MPEs in a marine ecosystem located in
Vancouver, BC, Canada. The aim of this project is to use the model as a tool to assess

the degree of DPE exposure to fish and wildlife in False Creek.

The environmental fate of five DPEs, dimethyl (DMP), diethyl (DEP), di-n-butyl
(DnBP), butyl benzyl (BBP), di 2-ethylhexyl (DEHP), and three isomeric mixtures, di-iso-
octyl (C8), di-iso-nonyl (C9), and di-iso-decyl (C10), as well as the fate of their primary
metabolites were investigated in this study. The model is tested against previously

measured concentrations from False Creek.
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2: MODELING THEORY

Two separate sub-models were built: an environmental fate sub-model and a
food web bioaccumulation sub-model. Once the sub-models were built, the
environmental fate sub-model outputs were used as input parameters for the food web

bioaccumulation sub-model, thus connecting the two sub-models together.

2.1 Steady-State Environmental Fate Sub-Model

This section of the model is described by an open system under the steady-state
condition, which allows for input of DPEs and MPEs into the system as well as
parameters describing the degradation of DPEs, and the formation of MPEs. The model
is built so that it is possible to track concentrations of DEPs and both ionized and non-
ionized forms of MPEs. Presently, there are other models that used similar principles for
determining environmental concentrations of chemicals (Fugacity level Ill, Mackay,
1991; EcoFate Model, Gobas, et al., 1998; QWASI model, Mackay, 2002; Lake Ontario
model, Gobas, 1993). However, these models do not incorporate the relationship

between a parent and metabolite compounds, and only track neutral molecules.

The conceptual model describing the fate of the DPEs and MPEs is provided in
Figure 2.1-1. The conceptual model consists of three compartments: air, water, and
sediment. Loading into the water compartment consists of water-soluble chemicals as

well as those sorbed to suspended particulate matter.

DPEs bound to heavier particles quickly settle and these are represented as
loading to the sediments. Equilibrium is assumed between sorbed and dissolved DPEs

in the water column and sediment compartments; the dissolved portion of the DPEs can

11



break down into MPEs. Again, equilibrium is assumed between the dissolved and
sorbed MPEs in the water column and in sediment. The sorbed portion of DPEs and
MPEs in the water column enter the sediment compartment via the settling process, and
the dissolved portion of DPEs and MPEs in the water column can move into the

sediment compartment by the water-to-sediment diffusion process.
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Figure 2.1-1  Conceptual model of the distribution of DPEs and MPEs in an aquatic
ecosystem as described by the environmental fate sub-model.

Conversely, the sorbed and dissolved chemicals in the sediment compartment
can enter the water column by re-suspension or sediment-to-water diffusion,

respectively.
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This conceptual model also includes the ionization of monoesters which is not
depicted in Figure 2.1-1. Sections 2.2 to 2.4 describe the equations defining the
processes described in the above conceptual model for each type of chemical (DPEs,

and ionized and non-ionized MPEs) in the water and sediment compartments.

2.2 DPE Steady-State Environmental Fate Sub-Model Theory
Processes contributing to the total DPE input into the water compartment of the
model include direct DPE release into the water, diffusion of DPEs from sediment into
water, as well as re-suspension of sediment which results in releasing of DPE into water.
Evaporation to atmosphere, outflow from the system, degradation of DPE into
monoesters, diffusion from water-to-sediment, and settling of sediment are the
processes contributing to DPE output from water compartment. The total mass of DPE in
the water compartment (mol) is given by
[( Lw,p ) +< Ksw,p°Ls,D )]
M _ Neww,p/ \kww,p*Kss,p (1]
w.D [1_kSW,D'kWS,D]
kyww,p*Kss,p

where:

Mw p = total mass of DPE in water (mol)

Lw p = total external loading of DPE in water (mol/day)

kww,p = total DPE water loss rate constant (day™)

kss,p = total DPE sediment loss rate constant (day™)

ksw,p = overall DPE sediment to water transport rate constant (day™)
kws,p = overall DPE water to sediment transport rate constant (day™)

For the calculations of the constant rates, please refer to Appendix 3-A.
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The input of chemicals into the sediment compartment of the environmental fate
model is satisfied through direct DPE inputs into sediment, sediment settling, as well as
diffusion of DPEs from water into sediment. Processes responsible for the output of
DPEs from the sediment compartment include sediment burial, settling of suspended
solids, DPE diffusion from sediment into water column, and degradation of DPEs in

sediment. The total mass of DPE in the sediment compartment (mol) is given by

Msp = (Lsp + Kwsp * My p)/Kssp [2]

where:

Msp = Total mass of DPE in sediment (mol)

Ls,p = Total external loading in sediment (mol/day)

Kws,p = Overall DPE water to sediment transport rate constant (day‘1)
Mw p = Total mass of DPE in water (mol)

Kssp = Total sediment loss rate constant (day™)

2.3 Non-ionized MPE Steady-State Environmental Fate Sub-
Model Theory

MPE loading is the result of MPE formation from its parent DPE. No external
MPE loadings are considered. It is worth noting that the formation rates of MPEs are
likely over-estimated as the biodegradation rates used are in fact depletion rates of
DPEs; therefore, in reality the biodegradation process encompasses the combined

breakdown to all the possible metabolites of DPEs and not just the MPEs.

The following equation describes the calculation of the loading of non-ionized

MPEs based on the degradation rates of DPEs.

14



Lw mpeni = Kwrppre ® My ppe ® PupEni [3]

where

Lw wvpe i = total loading off non-ionized MPE into water (mol/day)
kwrppe = degradation rate constant of parent DPE in water (day‘1)
Mw ppe = total mass of parent DPE in water (mol)

PwmpEni = fraction of non-ionized MPE

Equation [4] describes the calculation of the fraction of non-ionized MPE:

1
Pureni = 1 — (gpra—pn) [4]

where
¢MPE,ni = percent non-ionized MPE

pKa = negative logarithm of the acid dissociation constant (unitless)

Once the loading of non-ionized MPE into water is determined, the total mass of

the non-ionized MPE in water (mol) is calculated according to equation [5]:

MW,MPE,ni =

( Lw,MPE i ) n ksw,MPEni*Ls,MPEni 1— ksw,MPEni*kws MPEni 5]
kww MPEni kww MPEni*Kss,MPE ni kww MPEni*kssMPEni

where:

Mw mpe ni = total mass of non-ionized MPE in water (mol)
LW wvpe i = total loading of non-ionized MPE in water (mol/day)
kww,mpeni = Non-ionized MPE total water loss rate constant (day‘1)
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ksw mpe ni = Non-ionized MPE overall sediment to water transport rate constant (day‘1)

Ls mpeni = total external loading of MPE in sediment (mol/day)

kss,mpe ni = Non-ionized MPE total sediment loss rate constant (day‘1)

kws mpe ni = non-ionized MPE overall water to sediment transport rate constant (day‘1)
Loading of non-ionized MPE as a result of the breakdown of the parent DPE into

the non-ionized monoester is described by equation [6]

Ls mpeni = Ksrppe ® Msppe ® PumpE ni [6]

where

Lsnim = total loading of non-ionized MPE in sediment (mol/day)
ksrppe = degradation rate constant of parent DPE in sediment (day‘1)
Ms ppe = total mass of parent DPE in sediment (mol)

dmpEni= percent non-ionized MPE (%)

The calculated loading of non-ionized MPE in the sediment is used to estimate

the total mass of non-ionized MPE in the sediment:

Kyws MPEni*Mw MPEni

MsmpEni = (LS,MPE,ni) + K . 7]
SS,MPEni

where:

Ms vee ni = total mass of non-ionized MPE in sediment (mol)

Ls vpeni = total external loading of non-ionized MPE (mol/day)

kws,mpeni = Non-ionized MPE overall water to sediment transport rate constant (day‘1)

Mw mpe ni = total mass of non-ionized MPE in water (mol)

16



kss.mpeni = NON-ionized MPE total sediment loss rate constant (day™)

2.4 lonized MPE Steady-State Environmental Fate Sub-Model
Theory:

Methodology used to calculate the total mass of ionized MPE in water is similar to

that used for calculating the total mass of non-ionized MPE:

Lwmpei = Kwrpre ®* Mw ppe ® Pupe, [8]
where

Lw, mpe,i = total loading of ionized MPE into water (mol/day)

kwrppe = degradation rate constant of parent DPE in water (day‘1)

Mw ppe = total mass of parent DPE in water (mol)

bwmpg; = fraction of ionized MPE

To calculate the fraction of ionized MPE, which is necessary for the estimation of

the total loadings of ionized MPE, equation [9] was used:

1
$upE; = 1+10PKa—pH 1

where

@ upE,; = percent ionized MPE

pKa = negative logarithm of the acid dissociation constant (unitless),

[( Lw MPE,i ) , kSW,MPE,i‘LS,MPE,i]

kww.mpPEi) kww,IM*kssiMm
kws MmPE,i )]

MPE,i*kSS MPE,i

[10]

My iy = [

1—<k5W,MPE,i K

where:
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Mw,im = total mass of ionized MPE in water (mol)
Lw vpe,; = total loading of ionized MPE in water (mol/day)
kww,mpe i = ionized MPE total water loss rate constant (day‘1)
ksw,mpei = ionized MPE overall sediment to water transport rate constant (day‘1)
Ls,vpe,; = total external loading of ionized MPE in sediment (mol/day)
kss,vre,; = ionized MPE total sediment loss rate constant (day‘1)
kws,mpe, = ionized MPE overall water to sediment transport rate constant (day™)
To calculate the mass of ionized MPE in sediment, again, a similar approach to
the mass of non-ionized MPE in sediment was utilized:

Lsmpe,i = Ksrppe ®* Msppr ® ¢MPE,1- [11]

where
Ls vpe,; = total loading of ionized MPE in sediment (mol/day)
ksrppe = degradation rate constant of parent DPE in sediment (day‘1)

Ms ppe = total mass of parent DPE in sediment (mol)

@ mpE i= percent non-ionized MPE (%)

Using the estimated total loadings of ionized MPE in the sediment, the total mass

of ionized monoesters was calculated according to equation [12]:

Ls MmPE,itkwsMPE,i*Mw MPE,i
M —_— y ) y ) y y [1 2]
SIM — X )
SSMPE,i

where:

Ms vee,; = total mass of ionized MPE in sediment (mol)
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Ls mpe; = total external loading of ionized MPE (mol/day)

kws,vpe, = ionized MPE overall water to sediment transport rate constant (day‘1)
Mw,wee i = total mass of ionized MPE in water (mol)

kss,wpe, = ionized MPE total sediment loss rate constant (day™)

Chemical concentrations in water and sediment were obtained by dividing the
estimated mass of the chemical by the volume of the water or sediment compartments.
Equations describing the rate constants in the conceptual model as well as the other

parameter formulas used in the fate sub-model are provided in Appendix A-3.

2.5 Steady-State Food Web Sub-Model Theory

The food web used for this study consisted of 18 different marine species
residing in False Creek (Mackintosh, et al., 2006). Most of the data on ecology, feeding
regimes and diet composition of the species were obtained from Mackintosh and
colleagues (2004). For the remaining gaps in the data, www.fishbase.org (Froese and
Pauly, 2011) and www.sealifebase.org (Palomares and Pauly, 2010) were used. The
steady-state food web sub-model is based on the Arnot and Gobas food web

bioaccumulation model (2004a).

The food web sub-model is based on the assumption that the exchange of
hydrophobic organic chemicals between the organism and its aquatic environment can
be described by a single mass balance equation (Arnot and Gobas, 2004b). Figure 2.5-1
describes the major routes of intake and elimination of chemicals in an aquatic, gill-
breathing organism. Absorption can be via ingestion and respiration through the gills,
while elimination takes place through fecal elimination, growth, metabolism, and gill

elimination.
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Figure 2.5-1  Conceptual diagram representing the major routes of chemical
uptake and elimination for an aquatic organism.

In order to estimate the concentration of a DPE in biota, the following equation

was used:
dMg/dt = Wg e (kyemg e @ Cyppr+mMp e Cypppgp ) +kpe X(Pe
Cppe,j)) — (ky + kg + kg + ky) o My, [13]

where

dMg/dt = net flux of DPE being absorbed at any point in time t (day)

Wg = weight of the organism at time t (kg)

ks = gill uptake rate constant (L/kg.day)

mo = fraction of the respiratory ventilation that involves the overlaying water

¢ = bioavailable DPE fraction (unitless)

Cw pre = total DPE concentration in the water column above the sediment (mol/L)

mp = fraction of the respiratory ventilation that involves sediment associated pore-water
Cwbo.prep = freely dissolved DPE concentration in the sediment associated pore water

(mol/L)
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kp = dietary uptake rate constant (kg/kg.day)

P; = fraction of diet consisting of prey item i,

Core, = concentration of DPE (mol/kg) in prey item i,
k, = gill elimination rate constant (day™)

ke = fecal egestion rate constant (day™)

ks = growth dilution rate constant (day™)

kw = metabolic transformation rate constant (day™)

Equation [13] can be simplified by dividing both sides of the equation by the

weight of the organism (W;g) as well as setting the dMg/dt equal the value of zero.

C __ ki*(mos@eCy, ppr+mpsCyp ppep)t+kp*(Pi*CppE,i)
DPE.B ko+kg+kc+ky

[14]
where

Cpres = concentration of DPE in the body of the biota (mol/kg ww)

ks = gill uptake rate constant (L/kg.day)

mo = fraction of the respiratory ventilation that involves the overlaying water

¢ = bioavailable DPE fraction (unitless)

Cw pre = total DPE concentration in the water column above the sediment (mol/L)

m, = fraction of the respiratory ventilation that involves sediment associated pore-water
Cwo.prep = freely dissolved DPE concentration in the sediment associated pore water
(mol/L)

kp = dietary uptake rate constant (kg/kg.day)

Pi = fraction of diet consisting of prey item i,

Cope, = concentration of DPE (mol/kg) in prey item i,

k, = gill elimination rate constant (day™)
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ke = fecal egestion rate constant (day™)
ks = growth dilution rate constant (day™)
kw = metabolic transformation rate constant (day™)
In the case of phytoplankton, due to different means of uptake and elimination in
comparison to zooplankton and larger biota such as fish, the following equation was

used:

k
Cppep = (kz +1kc) e(mo eqe Cppew +mp e CWD,DPE,P)

[15]
where
Core,p = concentration of DPE in phytoplankton (mol/kg ww)
K, = gill uptake rate constant (L/kg.day)
K. = gill elimination rate constant (day™)
Ke = growth dilution rate constant (day™)
mo = fraction of the respiratory ventilation that involves the overlaying water
¢ = bioavailable DPE fraction (unitless)
Core,w = total DPE concentration in the water column above the sediment (mol/L)
mp = fraction of the respiratory ventilation that involves sediment associated pore-water
Cwo.prep = freely dissolved DPE concentration in the sediment associated pore water

(mol/L)

The appropriate mass balance equations describing the chemical partitioning in
the organism were applied for each of the biota. Concentrations of DPEs and MPEs
were calculated in each of the organisms in the food web used in previous studies from
this lab (Mackintosh, et al., 2004). The food web structure for the feeding interactions

and the fraction of the predator’s diet consisting of various prey items can be found in
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Appendix B-1 (Mackintosh, et al., 2004). In addition, organism-specific parameters and

rate constant formulas can be found in Appendix B-2 and Appendix B-3.

2.6 Steady-State Environmental Fate & Food Web Model Theory
The two sub-models are linked together so that the predicted concentrations in
the sediment and water compartments are set as inputs for the food web portion of the

model, and result in predicted DPE and MPE concentrations in the biota.

2.7 Environmental Fate Sub-Model Assumptions

In order to predict DPE and MPE concentrations in different environmental
compartments, a steady-state approach was employed. Such an approach is based on
the rationale that the chemicals have been in the system long enough to allow for
reaching a dynamic equilibrium whereby the chemical concentrations in each of the
compartments remain constant over time. In other words, the ratio between chemical
concentrations present in any two compartments of the model and the ratio of loading-to-
emission of the different congeners of DPEs and MPEs are assumed to remain constant.
The model also assumed a homogeneous distribution of DPEs and MPEs in each of the

compartments.

The steady-state approach allows for some simplifications in the model in
comparison to a time-dependent approach. DPEs and MPEs have been in the system
for a very long time after they were first introduced as plasticizers in the 1920s (Nexant,
2007). As a result of the above reasons, steady-state assumptions are assumed to be

reasonable for the model. Abiotic degradation of PEs has been assumed negligible.
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2.8 Food Web Sub-Model Assumptions

The steady-state assumptions mentioned in the environmental fate sub-model
also apply in the food web sub-model. In addition, each organism is assumed to be a
single compartment and the dietary composition for individuals within the species is the

same. Biomagnification is assumed not to occur for phytoplankton and algae.
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3: METHODS

To develop the multi-media mass balance model, the environment was
compartmentalized in water, bottom sediments, suspended sediments, algae, sediment
dwelling organisms, as well as fish living in the water columns. Some of the data tables

and calculations used in the model are provided in an accompanying CD.

First, DPE and MPE concentrations within each compartment of the system were
estimated from the inputs of DPE into False Creek, using a mass balance approach
(Figure 2.1-1). Once these concentrations were obtained, they were fed into the food-
web model in order to estimate the concentrations in aquatic and sediment dwelling
organisms. In this manner, estimates of concentrations of phthalate esters in numerous
environmental compartments are obtained. These predicted concentrations can be
compared to DPE and MPE concentrations that have been measured previously in False
Creek and its biota in order to evaluate the performance of the model. In the water
compartment of the model, the total mass of chemical in False Creek depends on the
total input of the chemical subtracted by the total output of the chemical from False

Creek.

The total input of DPE in the water is the sum of the point source discharges into
the water, and sediment-to-water partitioning of the chemical through the diffusion
process. The total output includes volatilization to the air, outflow from False Creek,
degradation of the chemical in the water, and chemical diffusion from the water to
sediment. In the sediment compartment of the model, a similar mass balance framework

was employed.
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3.1 Modelling Format

The steady-state food web bioaccumulation model was developed using
Microsoft Excel spread sheets. A master sheet was set that contained the system
specific parameters. For each DPE and MPE, a separate Excel file was created that was
fed from the original master sheet. For further information on these models please refer

to Appendix C and the accompanying CD.

The model parameters and the mass balance equations for each sub-model
were calculated within the spread sheet. Once results were obtained, the final outputs
were then fed to a new spread sheet to create the necessary graphs and data for

analysis.

The Excel spread sheets were used for both testing the model performance and

studying different scenarios.

3.2 Parameterization

Parameters for the multimedia environmental fate sub-model were divided into
three major groups: chemical specific parameters, system specific characteristics
parameters, and simulation parameters. Sections 3.2.1 to 3.2.3 describe how each
parameter in each category was obtained and used in the model. The input parameters
were obtained from a variety of sources and in cases where the value was not available;

the best scientific judgment was used.

3.2.1 Chemical Specific Properties
The following section provides the sources and rationale for choosing the
chemical specific properties. Table 3.2-1 provides an example of the parameters chosen

for DEHP and its metabolite mono-2-ethylhexyl phthalate (MEHP). Appendix A-1 and
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Appendix A-2 contains the chemical specific properties of the other DPEs and MPEs,

respectively.
Molecular weight or MolW

The molecular weight for each DPE was obtained from Cousins and Mackay

(2000) and for MPEs from Peterson and Parkerton (1999).
Henry’s Law Constant or H (Pa.m */mol)

The Henry’'s Law Constant for each DPE was obtained from Cousins and
Mackay (2000). Henry’s Law Constants for ionized MPEs were assumed to be negligible
and were given a small value of 10”° Pa.m®mol. For the non-ionized forms of the MPEs,
Henry’'s Law Constants were taken from Peterson and Parkerton (1999) who corrected

the Henry’s Law Constants of the neutral MPEs for the extent of ionization at pH 7.
Log octanol to water partition coefficient or Log K ow

Salinity corrected log K, values for DPEs were obtained from the thesis of C.
Mackintosh (2002). For the ionized form of MPEs, log D values were calculated using the

MarvinSketch program. This program can be accessed at:
www.chemaxon.com/products/marvin/marvinsketch/

At low pH values, MPEs exist predominantly in the non-ionized form; log D
values calculated at pH=1 by the MarvinSketch program were used as octanol to water
partition coefficient for the neutral forms of MPEs. Similarly for ionized forms of the

MPEs, log D values calculated at pH=14 by the MarvinSketch program were utilized.

Inherent biodegradation rate constant or hiw (day ™) and Inherent half

lifetime in sediment or his (day)
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The inherent biodegradation rate for DPEs in sediment was estimated to be 0.29
day™ (Kickham et al., 2012). As a result, the inherent half life time in sediment will be

t = Ln (2)

7 029

= 2.4 days

Biodegradation

There have been a number of studies on the degradation in sediment of DPEs
and MPEs (Staples, et al., 1997, Peterson and Staples, 2002, Cousins, et al., 2002;
Chang, et al., 2005, Xu, et al., 2009). Among factors affecting the persistence and
bioavailability of these chemicals, biodegradation and sorption to sediment particles play
key roles (Kickham, et al., 2012). While low biodegradation characteristics for a chemical
can result in further persistence in the environment, the chemical’s capability to sorb to
particles and therefore reduce the bioavailability should also be considered (Kickham, et

al., 2012).
Biodegradation in sediment

The DPE degradation rate constant in sediment was calculated using equation
[16] with the following conditions: if the calculated sediment degradation rate constant is
below the inherent rate of degradation (0.29 day™), then the calculated rate constant is
used. Otherwise, the inherent degradation rate constant is used. It was assumed that the

DPE degradation rate in water was zero.

. . hls
Sediment degradation rate constant = . [16]
1+ asoc*dSS*OCSS*d—SS*KOW
SS

Biodegradation in Water

Use of the following formula [17] for the water degradation rate constant with the

following condition: If the calculated water degradation rate constant is below the
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inherent rate of degradation (0.29 day™), the calculated rate constant was used.
Otherwise, the inherent degradation rate constant was employed. It was assumed that

the DPE degradation rate in sediment was zero.

hls

Water degradation rate constant = [17]

Cow
dpw

1+ asoc*dpw*OCpw* *Kow

Log transformed organic carbon-to-water partition coefficient (log K oc)

In case of DPEs, K,. was calculated using the following equation (Seth and

Mackay, 1999):
K,. = 0.35 % 10L09 Kow [18]

In order to calculate log K,. for the non-ionized fraction of the MPEs, K,. was

obtained using equation [19]:
K,. = 0.35 * 10'°8Kow [19]

In order to calculate K,. for the ionized fraction of the MPEs the following

equation was used:

Koc = (@soc * 1018X™) + ((1 + Ocss) * B)/Ocss) [20]
where

Osoc = Sediment OC to octanol proportionality constant (0.35),

Ocss = OC content of bottom sediment (0.028)

B = sorption coefficient of ionized MPE to inorganic fraction of particles

The value of ag,c Was set to 0.35, O, was 0.028 and 3 was 2.9. The value of 8
was obtained from a model examining the relation of log K, of unionized MPEs and log

Kew (EVA-water partition coefficient) where 2.9 is estimated to be the baseline for the
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sorption coefficient Ky, of MPEs in sediment regardless of the pH of the media (Gobas,

et al., 2010, SETAC 2010 Portland, RP153).
Acid dissociation constant (pKa) of the MPEs (unitless)

The pKa was obtained using the MarvinSketch program. The program was run
for each of the monoesters studied. The pKa was estimated to be between 3.06 to 3.08
at the pH of 8 (False Creek pH), lower than the estimated pKa of 4.2 at the pH of 7 by

Peterson and Parkerton study (Peterson and Parkerton, 1999).
Percentage MPE ionized

In order to estimate the fraction of MPE in the ionized form, the following

rearrangement of the Henderson-Hassel Balch equation was used:

1
$umpEi = (W) [21]

At the pH of False Creek (pH = 8), more than 99.99% of an MPE is in the ionized

form.
Percentage MPE non-ionized

Since 99.99% of an MPE is in the ionized form at the pH of water in False Creek,

the remainder, about 0.001%, is in the non-ionized form.
OmpEni =1 — Pbupe, [22]
Total K o for MPEs

Since MPEs can exist in two forms (ionized and non-ionized), the total K, for
each MPE is calculated by taking the weighted average of the Koc of the ionized and

non-ionized forms, according to equation [23]:
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Total MPE KOC — (Koc of non—ionizi:i)())‘raction*d’MPE_n[) + (Koc of ionizedljz)r(;lction*d)MpE,[) [23]

Sorption coefficient of ionized MPE to inorganic fraction of particle B

B was set to a value of 2.9 since previous studies suggest B to be the baseline
for the sorption coefficient kg, of MPEs in sediment regardless of the pH of the media
(Gobas, et al., SETAC 2010 Portland, RP153). For further information please refer to
“‘Log transformed organic carbon water partition coefficient (log K,) and K,s”

parameterization section in this document.
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Table 3.2-1 Chemical specific characteristics of DEHP and its metabolite, MEHP.

Chemical Specific DEHP Source MEHP Source MEHP Source
Characteristics Value (non-ionized) (ionized)
Molecular weight . Peterson &
Cousins & Peterson &
390.6 Mackay, 2000 278.3 Parkerton, 278.3 Parkerton, 1999
1999
Henry’s Law Constant Cousins & Peterson &
(pa.m*/mol) 3.95 3.26E-06 Parkerton, 1.00E-09 Estimated
Mackay, 2000
1999
Log Kow of the chemical 8.20 Mackintosh, 4,51 Calculated 0.83 Calculated
2002
Inherent
. . . 100.76 Kickham, 2010 100.76 Kickham, 2010 100.76 Kickham, 2010
biodegradation half-life
(day)
Chemical half life in 0.29 Kickham, 2010 0.29 Kickham, 2010 0.29 Kickham, 2010
sediment (day)
5.55E+7 Calculated 1.13E+4 Calculated 1.03E+2 Calculated
Log Ko
K 7.74 Calculated 4.05 Calculated 2.01 Calculated
0C
--- - 3.08 Calculated
pKa
Fraction ionized - 99.998798 Calculated
monoester
Fraction non-ionized - 0.001202 Calculated
monoester
--- - 103.1726 Calculated
Total K, for monoesters
Sorption coefficient for B 29 Calculated

ionized MPE to inorganic
fraction of particle

3.2.2 System Specific Characteristics

The following section provides the sources and rationale used for obtaining the

system specific characteristics necessary for the model. Table 3.2-2 provides a

summary of these values.

Water body surface area or S aw (m?)

The water body surface area was estimated to be 6.37E+05 m? by obtaining the

False Creeks map from Google Earth and breaking down the surface of the water body

in smaller geometric shapes and adding the surface area of each of the shapes together.
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Sediment surface area or S 55 (M?)

Surface area of the sediment was assumed to be the same as the water surface

area.
Average water depth or D , (m)

The average depth of False Creek water was obtained from previous studies and

was set to 20 ft or 6.1 m (Mackintosh, 2002 thesis).
Depth of active sediment layer orD ¢ (m)

This value was set to be the top 1.5 m of the sediment.
Water inflow and outflow or F (L/day)

This value was estimated from the tide tables for False Creek in 2010
(http://www.waterlevels.gc.ca). The maximum fluctuation in each month was calculated
by using the highest and lowest tidal flux for each month. Then the average for each
season was calculated. The flux was divided by two for each season in order to
distinguish between the water entering and leaving False Creek. Finally, these values
were averaged for the year and a flux of 1.40E+09 L/day was obtained as an annual

average of water entering and leaving False Creek.
Concentration of particles in water or C  pw (Kg/L)

This value was 1.47E-06 kg/L and was taken from the thesis of C. Mackintosh

(2002).
Concentration of DOC in water or C  4oc

This value was 6.60E-07 kg/L and was taken from the thesis of C. Mackintosh

(2002).
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Concentration of solids in sediment C  ss

Value of 0.2 kg/L was chosen for this parameter.
Density of suspended solids ord  pw

This value was 2.4 kg/L and was taken from the thesis of C. Mackintosh (2002).
Density of sediment solids ord s

This value was 1.9 kg/L and was taken from the thesis of C. Mackintosh (2002).
Organic carbon content of suspended solids or OC ow (Unitless)

This value was 0.4 and was taken from the thesis of C. Mackintosh (2002).
Organic carbon content of bottom sediment or OC ¢ (unitless)

This value was 2.80E-02 and was taken from the thesis of C. Mackintosh (2002).
Density of organic carbon or D ¢ (kg/L)

A value of 1 kg/L was used which was obtained from EFED, 2007.
Water side evaporation mass transfer coefficient or v ew (M/day)

This value was 2.40E-01 m/day which was obtained from EFED, 2007.
Air side evaporation mass transfer coefficient or v ea (M/day)

This value was 2.40E+01 which was obtained from EFED, 2007.
Water to sediment diffusion mass transfer coefficient v 4 (m/day)

This value 9.60 based on EFED, 2007.

Solid settling rate or v s (mol/m ?/day)
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A solid settling rate of 9.97 g/m?/day was obtained from a study in Port Moody
Arm of Burrard Inlet, Vancouver (Johannessen, et al., 2005). Like False Creek, Port
Moody Arm is a narrow inlet, secluded from the rest of the waters of the Strait of
Georgia. These similar topographical characteristics and its nearby location to False

Creek support using this settling rate value for False Creek.
Sediment burial mass transfer coefficientorv 1, (mol/m %/day)

A value of 2.01 g/m%day was chosen based on a previous study (Johannessen,
et al., 2005) conducted in Port Moody Arm. According to previous studies, sediment
accumulation rates are highest in the deeper waters of the southern Strait than the
northern end. The shallower coastal waters and inlets sedimentation rates are between
the extreme sedimentation rates. Both due to the sediments released from the drainage
of the Fraser River as well as the tidal action at False creek, the highest value measured

by Johannessen and colleagues (2005) was selected for use in the False Creek model.
Sediment re-suspension rate or v s (mol/m ?/day)

The sediment re-suspension rate was calculated by subtracting the sediment

burial mass transfer coefficient from the solid settling rate.
Dissolved oxygen saturation or S (%)

The average measured oxygen saturation of False Creek water during summer

conditions was measured to be 80% (Kickham, 2010).
Disequilibrium factor for particulate organic carbon or D poc (Unitless)

DPEs and MPEs in particulate organic carbon and water were assumed to be at

equilibrium, resulting in Dy, Of 1.

Disequilibrium factor for dissolved organic carbon or D doc (Unitless)
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DPEs and MPEs in dissolved organic carbon and water were assumed to be at

equilibrium, resulting in Dy Of 1.
POC octanol proportionality constant or Opoc (Unitless)

In an analysis of compiled sediment water partition coefficient data, Seth and
colleagues determined that the sediment and suspended solids relationship is

comparable with that of between water and octanol when multiplied by proportionally

constant of 0.35 (Seth, et al., 1999). In other words, K,. = 0.35K,,, + 2.5 (Seth, et al.,

1999).
DOC- octanol proportionality constant or adoc (unitless)

The dissolved organic carbon partition coefficient for non-ionic organic chemicals

was set as 0.08 based on a study by Burkhard, 2000.
pH of water (pH units)

A pH value of 8 was used based on previous measurements (P. Kickham thesis,

2010).
Water temperature or Tw ( °C)

Temperature of 11" C was used based on previous measurements (Kickham,

2010).
Sediment OC-to-octanol proportionality constant or Osoc (L7kg)

Value of 3.50E-01 was chosen as as,. (Seth and Mackay, 1999).
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Table 3.2-2 System Specific Characteristics of False Creek

System-Specific Characteristics Symbol Value Source
Calculated from
water body surface area (m ?) Saw 6.37E+5 geographical
maps
Calculated from
sediment surface area (m 2) Sas 6.37E+5 geographical
maps
Mackintosh,
average water depth (m) Dy 6.10E+0 2002
Dalziel, et al.
depth of active sediment layer (m) Ds 1.50E-1 a Zé%bg al
water in- and out-flow (L/day) F 1.40E+9 Calculated
. . . Mackintosh,
Concentration of particles in water (kg/L) Cow 1.47E-6 2002
. . Mackintosh,
Concentration of DOC in water (kg/L) Cdoc 6.60E-7 2002
concentration of solids in sediment (kg/L) Css 2.00E-1 Estimated
Mackintosh,
density of suspended solids (kg/L) dow 2.40E+0 !
p 2002
. . . Mackintosh,
density of sediment solids (kg/L) dss 1.90E+0 2002
organic carbon content of suspended solids ) Mackintosh,
(unitless) OCpw | 4.00E-1 2002
organic carbon content of bottom sediment Mackintosh,
(unitless) OCss | 2.80E-2 2002
density of organic carbon (kg/L) doc 1.00E+0 EFED,1997
water-side evaporation mass transfer coefficient EFED,1997
(m/day) Vew 2.40E-1
air-side evaporation mass transfer coefficient EFED,1997
(m/day) Vea 2.40E+1
water-to-sediment diffusion mass transfer EFED,1997
coefficient (m/day) Vd 9.60E-3
; ; 2 Johanessen, et
solids settling rate (mol/m  “/day) Vss 9.97E+0 al.. 2005
sediment burial mass transfer coefficient v 6.16E+0 Johanessen, et
(mol/m ?/day) b . al., 2005
sediment resuspension rate (mol/m  ?/day) Vrs 3.81E+0 Calculated
dissolved oxygen saturation (%) S 9.00E-1 | Kickham, 2010
Disequilibrium fractor POC (unitless) Dpoc 1.00E+0 Assumed
Disequilibrium factor DOC (unitless) Dgoc | 1.00E+0 Assumed
. . . Seth, et al.,
POC-octanol proportionality constant (unitless) Opoc 3.50E-1 1999
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DOC-octanol proportionality constant (unitless) Odoc 8.00E-2 | Burkhard, 2000
pH of water pH 8.00E+0 | Kickham, 2010
water temperature (T) Tw 1.10E+1 Kickham, 2010
Sediment OC octanol proportionality constant Seth et al.,
(unitless) Osoc 3.50E-1 1999

3.2.3 Simulation Parameters

The following parameters can be used for simulation purposes. Please refer to
Appendix A-3 in the accompanying CD for formulas through which the rate constants
were calculated for each of the phthalate esters and their metabolites, based on the

system specific input parameters provided in Table 3.2-2.
Total loading or L  (mol/day)

To date, there have been no measured or estimated loading values for DPEs in
False Creek. For simulation purposes, each DPE was given an arbitrary L; value of 1

mol/day.
Loading into water or L , (mol/day)

It was assumed that 80% of the total loading of DPEs (i.e., 0.8 mol/day) was into
the water column. Some of the DPE sources include waster from boats, combined sewer

outflows during heavy rainfall events, storm water outfalls, or leaky septic tanks.
Loading into sediment or L ¢ (mol/day)

Some of the DPE loadings can be directly into the sediment compartment. DPE-
containing waste on the surface of the sediment or buried in the sediment could act as a
possible source of DPEs being released into the sediment over time. Another possible
source of loading of phthalate esters into sediment could be heavier material entering

False Creek from boats, combined sewer outfalls, or storm water outfalls. It was
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assumed that 20% of the total loading of DPEs enters the sediment compartment (i.e.,

0.2 mol/day).

3.2.4 Food Web Parameterization

In this section of the model, the concentrations of DPE, and ionized and
unionized MPE in a series of aquatic organisms were estimated using the outputs of the
environmental fate portion of the model. Figure 3.2-1 shows the food web of eighteen
marine organisms residing in False Creek and their trophic positions (Mackintosh, et al.,
2004). Please refer to Appendix B-1 in the accompanying CD for food web structure and
the trophic positions used in this study. The trophic position of each organism in the food
web was determined using on equation [24] (Adams, et al., 1983 and Vander Zanden, et

al., 1996). Appendix B-2 provides the organism specific parameters used in this model.
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Figure 3.2-1 False Creek marine food web and the trophic level of the eighteen marine
organisms comprising the food web (reproduced from Mackintosh, et al., 2004).

N
TPpredator = Z Tpprey,n ° Pprey,n +1 [24]

n=1
where
TP predator = trophic position of the organism of question
TP prey n= trophic position of the prey item n
P oreyn = fraction of food, consumed by the predator consisting in prey

N = total number of prey items consumed by the predator
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Primary producers were given a trophic level 1 and zooplankton and zoo-
benthos were assumed to represent trophic level of 2 (Adams, et al., 1983 and Vander

Zanden, et al., 1996).

The feeding preferences (Pyry,n) for each species were obtained from Mackintosh
(2002) and are provided in Appendix B-1. The trophic levels used in this study were
confirmed through stable nitrogen and carbon isotope ratio analyses by Mackintosh and
colleagues (2004). Calculated organism specific parameters for DPEs and MPEs are

provided in Appendix B-4 and Appendix B-5, respectively.

3.3 Testing the Environmental Fate Sub-Model

3.3.1 Comparison of Measured and Predicted log K, Values

Once the model was parameterized, it was important to check the model’s
performance. To examine the model performance and its ability to predict partitioning of
the chemicals between sediment and water, the predicted organic carbon normalized
sediment-water partition coefficient (K,.) for each DPE were compared to empirical Ko

values measured in False Creek by Mackintosh (2006).

3.3.2 Calibration of the Food Web Sub-Model

Although it is possible that 100% of the loading of PE could be into the water
column alone, it is expected that a portion of the DPEs entering False Creek settle
directly into the sediment and hence, provide a source of DPEs into the sediment

directly.

To estimate the loading allocations if DPEs into False Creek, four scenarios were
considered to estimate what the proper ratio of DPE loading into water and sediment

compartments is:
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1. 100% of the loading allocated to the water column.
2. 80% of the loading allocated to water and 20% to sediment.
3. 50% of the loading allocated to water and 50% to sediment.

4. 20% of the loading allocated to water and 80% to sediment.

In initial model runs, the biotransformation rate constant was given a value of
zero. However, this led to large discrepancies between the measured and empirical BAF
values for DPEs. Because DPE and MPE biotransformation rate constants in biota are
not known, the model was calibrated to obtain estimates of the biotransformation rate
constants. Model predicted trophic magnification factor (TMF) in conjunction with the
solver function in Excel was used to estimate a universal biotransformation rate constant

for each of the DPEs.

Once the biotransformation rate constants (k,) were obtained for each of the
DPEs, the new universal k,, values were used to re-parameterized the model. Finally,
after the inclusion of the model predicted universal biotransformation rate constants in
the model, the model predicted BAFs were once again compared with the empirical data

to test the model performance.

To evaluate the proper performance of the food web sub-model, independent on
the performance of the environmental fate sub-model, the empirical concentrations of
DPEs and MPEs in sediment, pore-water, total water, and dissolved water
concentrations were used as input parameters of the food web sub-model. Then, log

BAF of each biota were calculated and compared to the empirical log BAF values.

To quantitatively determine the model performance for the food web sub-model,
the chemical and species specific model bias was determined for the food web sub-

model according to equation [27].
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N -
log mean MB,, = Yn=1(log BAF;;\_In log BAFg ) [27]

where

log mean MB,= logarithmic mean model bias specific for biota species (n)
log BAF,,, = predicted species specific logarithmic bioaccumulation factor
log BAF,, = observed species specific logarithmic bioaccumulation factor

N = number of phthalate esters used

In addition, the all combined mean model bias for each species was calculated

as it is shown in equation [28].

M
logmean MB,, = w [28]

where
log mean MB,,= logarithmic mean model bias specific for individual phthalate esters (m)
log MB,, = logarithmic model bias for individual phthalate esters

M = number of biota species used

In order to calculate the logarithmic model bias for individual phthalate esters,

equation [29] is used:
logMB,, = logBAE, , — logBAF, , [29]
where

log MB,,, = logarithmic model bias calculated for individual phthalate esters
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log BAF,, = predicted phthalate ester specific logarithmic bioaccumulation factor

log BAF, , = observed phthalate ester specific logarithmic bioaccumulation factor

3.3.3 Environmental Fate Sub-model Bias

Model bias (MB) was calculated for each of the DPE as shown in equation [25].
MB was also calculated for all combined DPEs [26]. Log MB of O indicates perfect
agreement between the observed and predicted Log K,.. Values below 0 indicate under-

prediction of the model while values above 0 indicate over-prediction of the model.

log MBingividiai pE = 109 Kocp — 10g Koo [29]
where

log MB ingiidqual pe = logarithmic model bias for individual phthalate esters

log Kocp = predicted logarithmic organic carbon to water partition coefficient

log Kqc,0 = Observed logarithmic organic carbon to water partition coefficient

log mean MB py = Y log MBirIt]dividual,PE [26]

Where
Log mean MBge = logarithmic mean model bias for encompassing all phthalate esters
Log MB ingivigual pe = logarithmic model bias for individual phthalate esters

N = total number of phthalate esters used
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Similarly, model-predicted log K, values for the total MPEs were obtained and
compared to independent empirical values from False Creek. Two independent studies
have measured field concentrations of MPEs in False Creek water and sediment and
calculated log K, values based on these measurements. One study measured the MPE
log Ko values in 2004 and 2006 (Sura, 2007) and the other study was conducted in
2005 (McConnell, 2007). Log K. values for the MPEs from these two studies were
compared with the model-predicted log K, values. Individual MPE model bias and the

overall MPE model bias were also calculated as described in equations [23] and [24].
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4: RESULTS & DISCUSSION

4.1 Environmental Fate Sub-model

The result of the environmental fate sub-model is presented and

discussed in the following section.

4.1.1 Model Calibration

4.1.1.1 Loading Simulation log Koc Results and Model Bias

The empirical DPE log K, values in False Creek have been measured in

previous studies and are given in Table 4.1-1.

Table 4.1-1 Empirical concentrations of DPE in bottom sediment (mol/kg) and in the freely
dissolved water fraction (mol/L), were used to obtain empirical log K oc Values
(Mackintosh et al., 2006). The model prediced log K . values are based on the
80% loading into water and 20% loading into sediment.

DPE Chemical Empirical log K o Model Predicted log K 4
DMP 5.59 2.60
DEP 3.77 3.57
DnBP 4.80 5.40
BBP 6.21 5.90
DEHP 9.20 9.97
C8 8.91 9.97
C9 9.09 10.9
C10 11.2 124
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Figure 4.1-1 A shows the model-predicted log K, results, where all DPE loading
takes place from the water phase and sediment loading is negligible, compared to the
empirical values (Table 4.1-1). Three other scenarios, where 20% of the loading was
allocated to water and 80% to sediment (Figure 4.1-1 B), the loading was allocated
equally to the sediment and water compartments (Figure 4.1-1 C), and 80% of the
loading was allocated to the water and 20% to sediment (Figure 4.1-1 D) were simulated

to see which one fit the empirical values best.

A 1 Measured Log Koc B 1 Measured Log Koc
Il Predicted Log Koc Il Predicted Log Koc
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Figure 4.1-1  Comparison of the model predicted log K . to the empirical log K . values
(Mackintosh, et al. 2006). A, B, C, and D show results of simulations run with an

assumption of 100% loading into the water column, 80% loading into water and 20%

loading into sediment, 50% loading into the sediment and water, and 20% loading into

water and 80% loading into sediment, respectively. The whiskers on the measured mean

bars are one standard deviation of the mean.
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To evaluate the accuracy of the environmental fate sub-model under each of the
loading scenarios, empirical log K, values were used to calculate Model Bias (MB). Log
MB = 0 represents perfect agreement between the model’s predictions and the empirical
data. Model bias values below zero indicates that the model under-predicts while MB

values above zero indicates model over-prediction.

Table 4.1-2 contains the predicted and measured log K, values and the
calculated mean model bias with one standard deviation of the mean, where 100% of
the loadings of DPEs enter the water column (Figure 4.1-1 A); Overall, the model under-
predicts K, by a factor of 10(-0-55£221) Model under-prediction is greater for low Ko,

DPEs. For all other DPEs, the model over-predicted log K, values.

Table 4.1-2 Measured and predicted log Koc values of DPEs (unitless) and the calculated
Mean Model Bias + 1 standard deviation, using the 100% loading into water
and 0% into sediment.

DMP DEP DnBP BBP DEHP C8 (01°] C10
Measured Log K . 5.59 3.77 4.8 6.21 9.2 8.91 9.09 11.2
Predicted Log K ¢ 0.61 1.61 4.19 5.04 9.88 9.88 10.80 12.30
Mean MB K . 1070554221

Table 4.1-3 shows the log mean model bias of the model when 80% of the DPE
loadings are assumed to enter the water and 20% remaining enter the sediment

compartment (Figure 4.1-1B). Under this scenario, the overall mean MB shows that the

model over-predicts the Koc values by a factor of 10(0-24£1:48)
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Table 4.1-3 Measured and predicted log Koc values of DPEs (unitless) and the calculated
Mean Model Bias + 1 standard deviation, using the 80% loading into water and
20% into sediment.

DMP DEP DnBP BBP DEHP C8 C9 C10

Measured Log 5.59 3.77 4.8 6.21 9.2 8.91 9.09 11.2
KOC
Predicted Log 2.60 3.57 5.41 5.90 9.98 9.98 10.90 12.39
KOC
Mean MB KOC 100.24i1.4—8

Table 4.1-4 portrays the log mean model bias when the 50% of the DPEs
loadings enter the sediment and the remaining 50% enters the water compartments of
the model (Figure 4.1-1C). In this case, the model over predicts the K, by a higher

factor (10(0-58£1:34)) in comparison to the previous scenario.

Table 4.1-4 Measured and predicted log Koc values of DPEs (unitless) and the calculated
Mean Model Bias + 1 standard deviation, using the 50% loading into water and
50% into sediment.

DMP DEP DnBP BBP DEHP C8 C9 C10

Measured Log 559 3.77 4.8 6.21 9.2 8.91 9.09 11.2
KOC
Predicted Log 3.15 412 5.94 6.41 10.12 10.12 11.05 12.54
KOC
Mean MB K 100-58 £ 1.34

Table 4.1-5 portrays the log mean model bias when the 80% of the DPEs
loadings enter the sediment and the remaining 20% enters the water compartments of
the model (Figure 4.1-1D). In this case, the model over-predicts the log Koc by a higher

factor (10(115£1.20) in comparison to all of the previous scenarios.

Table 4.1-5 Measured and predicted log Koc values of DPEs (unitless) and the calculated
Mean Model Bias + 1 standard deviation, using the 0% loading into water and
100% into sediment.

DMP DEP DnBP BBP DEHP C8 C9 C10

Measured Log 5.59 3.77 4.8 6.21 9.2 8.91 9.09 11.2
I<0C
Predicted Log 396 4.93 6.74 7.19 10.46 10.46 11.37 12.86
I<0C
Mean MB K . 10115 £1.20
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Figure 4.1-1 B and C seem to have the best agreement among the results of the
four scenarios, with B having a slightly better fit. In addition, the assumption of 80%
loading into water and 20% into sediment is a more reasonable assumption in
comparison with the equal loading into sediment and water compartments considering

the physicochemical properties of phthalates.

After careful examination of the comparison between the mean model bias of the
log Ko values from the four scenarios, the 80% loading into water and 20% sediment

loading scenario was selected for use in subsequent model simulations.

4.1.2 Calculated Rate Constants
Table 4.1-6 provides the calculated rate constants based on the model input
parameters provided in Table 3.2-2. Please refer to Appendix A-4 for the calculated rate

constant for the remaining phthalate esters and their metabolites.
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Table 4.1-6 Calculated rate constants (day

non-ionized and ionized forms.

1) of DEHP and its metabolite, MEHP, in its

MEHP MEHP
Rate Constants (day™) Symbol | DEHP . 4 ionized
outflow Ko 3.60E-1 3.60E-1 3.60E-01
volatilization Ky 5.76E-5 1.99E-9 6.17E-13
overall water-to-sediment transport Kws 9.11E-1 8.91E-3 1.58E-03
overall sediment-to-water transport Ksw 1.36E-5 1.01E-3 6.32E-02
solids settling Kws1 9.11E-1 7.35E-3 3.24E-06
water-to-sediment diffusion Kws2 3.95E-5 1.56E-3 1.57E-03
solids re-suspension Kswi 1.34E-5 1.32E-5 1.75E-07
sediment-to-water diffusion Ksw2 2.06E-7 9.93E-4 6.32E-02
burial ks 2.16E-5 2.13E-5 2.83E-07
degradation in water Kwr 8.63E-3 2.88E-1 2.90E-01
degradation in sediment Ksr 9.34E-7 4.50E-3 2.86E-01
Total water loss RC Kww 1.28E+0 6.57E-1 6.52E-01
Total Sediment loss Kss 3.61E-5 5.53E-3 3.49E-01
Pre-curser of kwr pre.Kwr 8.63E-3 2.88E-1 2.90E-01
Pre-curser of ksr pre.k g 9.34E-7 4.50E-3 2.86E-01
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4.1.3 MPE log K ¢ Results

4.1.3.1 Predicted log K . values vs. log K . values measured in the laboratory
Model-predicted MPE log K, values are compared with values measured in the
laboratory in Figure 4.1-2. The empirical log K. values were obtained previously in this laboratory
by S. Sura (2007); MMP was not examined in that study. With the exception of MEP, where the
model under-predicts the log K., the modelled values are in good agreement with the measured
laboratory log K. values with model bias of 10%25£079  suggesting a reasonable representation
of the chemical and environmental processes resulting in the degradation of DPEs and formation
of MPEs. At this point, in order to predict the laboratory log K,;, no MPE biodegradation was

assumed since laboratory tests were conducted with inactive sediments for MPEs (Sura, 2007).

[ ] Measured Laboratory Log K,
[l Predicted Laboratory Log K,

il

R & 2R P> O
F ¥ &S E ®o°”

Mono-esters

Log K o¢

Figure 4.1-2  Comparison of the laboratory measured and predicted log K oc Values of
MPEs. Error bars represent 1 standard deviation of the mean. Measured
values are adaoptd from Sura, 2007.
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4.1.3.2 Predicted log K ovalues vs. log K .. values measured in the field
The results of the comparison of the field predicted log K, values for MPEs to the
empirical field values are shown in Figure 4.1-3.Error! Reference source not found.
[] Field Measured Log K. (Sura, 2007)

[ Field Measured Log K . (McConnell, 2007)
Il Field Predicted log K¢

.
‘N
g ]

o

Véz & & @Qﬁ @(,;2? @O(J*’ @Oo@ @OO»O

Monoesters

Figure 4.1-3  Field measured and model predicted log K . values for MPEs. Log K
(Sura, 2007) are the mean log K . obtained from a study conducted by S. Sura
(2007) and log K o (McConnell, 2007) are the mean log K . values obtained
from a separate study conducted by M. McConnell (2007). The error bars
represent standard deviation of the mean.

As it is demonstrated in Figure 4.1-3, there are two field measured Log K.
values for each of the MPEs that were obtained from the two separate studies, with very

similar results.

Table 4.1-7 illustrates that the model over-predicts the log K, values for MPEs
by a logarithmic factor of 0.45 and a standard deviation of 0.85. Overall, the model’s
predictions are in reasonable agreement with the empirical data, but it slightly under-
predicts log K, for the lower K., MPEs and slightly over-predicts log K, for the higher

Kow MPEs.
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Table 4.1-7 Measured (McConnell, 2007) and predicted log Koc values of MPEs (unitless)
and calculated Mean Model Bias +1 standard deviation of the mean.

MMP MEP MnBP MBzP MEHP MoC8 MoC9 MoC10
Measured
kel ]384 390 340 454 293 336 322 -
P[(e)g"f(ted 369 377 379 3.84 460 460 462 4.64
Mean MB K . 100450.85
+ STDEV

The log K, values for MPEs measured in the field and in the laboratory are not in
agreement with one another, as demonstrated previously (Sura, 2007; McConnell,
2007). This could be due to the absence of microbial activities after autoclaving the
collected sediment in the laboratory. In addition, processes such as hydrolysis and
photo-degradation often play a minor role in the natural environment (Staples, et al.,
1997). Overall, at the natural environment, MPE degradation is expected and the lack of

biodegradation of MPEs in the lab can be explained.

4.1.4 Environmental Fate Profiles for Each of the DPEs and Their MPE
Metabolites

To understand the environmental fate of each of DPEs, the overall fluxes of each
DPE were examined separately. Processes such as the biodegradation of DPEs into
their specific MPE metabolite, MPE ionization, and further degradation of MPE to
phthalic acid could play key roles in the overall fate of these chemicals and need to be

considered in understanding the overall fate of these chemicals.

To obtain a more complete understanding of the fate of phthalates and to simplify
the discussion of the fate of phthalates in the environment, DPEs were divided into two
groups: low log K, phthalates and high log K., phthalates. The low log K,,, phthalates
are DMP, DEP, DnBP, BBP and their respective metabolites. These substances share

similarities in their environmental behaviour. The higher log K., phthalates are DEHP,
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C8, C9, C10, and their metabolites which also show similar environment behaviours

among each other.

Figure 4.1-4 to Figure 4.1-19 illustrate the fate of each of the DPEs. These
figures show model-predicted fluxes into different compartments of the conceptual model
(Figure 2.1-1). The arrows indicate the relative magnitude of the flux in comparison to
the rest of the fate processes of the specific chemical. The curved arrows indicate
biodegradation pathways. The chemical enters the system through both the water and
sediment compartments. In the water compartment, DPE biodegrade, volatilize, enter
the sediment compartment, or flow out of the system. Similarly, once the DPE enters the
sediment compartment, it can enter the water compartment, be buried, or be broken

down via biodegradation pathways.

As described previously, DPEs can be broken down to form MPEs, thereby
introducing MPEs into the system. The environmental fate profiles of the MPEs outlined
below represent MPE formed from the parent DPE; there is assumed to be no significant
external source of MPEs. At the pH of 8 in False Creek water, all MPEs overwhelmingly

(99.99%) exist in their ionized form.

4.1.4.1 LowerlogK ., DPE and MPE environmental fate profiles

DMP has the lowest molecular weight and K,,,. Due to unknown loadings of
DPEs into False Creek, an arbitrary loading of 1 mol/day was used. As is shown in
Figure 4.1-4, the model predicts that 0.8 mol/day and 0.2 mol/day DMP enter the water
and sediment compartments, respectively. From the 0.8 mol/day entering the water
compartment, a little less than half (0.37 mol/day) is biodegraded, but the majority leaves
the system unchanged. There is little volatilization that takes place (7.74E-06 mol/day).

In addition, a small amount of 2.04E-03 mol/day enters the sediment compartment via
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diffusion or settling processes. DMP has a much higher tendency to enter the water
compartment in comparison to the sediment compartment. In fact, the overall sediment
to water transport is 20 times higher than the water to sediment flux (5.70E-02 mol/day

vs. 2.04E-03 mol/day).

In the sediment compartment, of the 0.2 mol/day DMP that has entered
sediment, 1.66E-01 mol/day is biodegraded and a very small amount is buried (1.53E-06
mol/day). As shown here, volatilization and burial play insignificant roles in the overall
fate of the DMP whereas biodegradation and outflow fluxes are the major contributors to

the overall fate of the DMP.

A very similar pattern is observed for DEP in Figure 4.1-5, DnBP in Figure 4.1-6,
and BBP in Figure 4.1-7. In addition, the water-to-sediment and sediment-to-water fluxes

are very similar for DnBP and BBP.

Air { l 7.74E-06

8.00E-01
3.72E-01 4.62E-01
' >

N7/
Water —
biodegradation
5.70E-02 2.04E-03
Active Layer of
Sediment 2.00E-01
Bottom biodegradation
Sediment

Figure 4.1-4  DMP Environmental fate profile showing the fluxes of DMP (mol/day)
between different compartments of the model.
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Water —
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Active Layer of
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2.00E-01

Bottom biodegradation
Sediment

Figure 4.1-5  DEP Environmental fate profile showing the fluxes of DEP (mol/day)
between different compartments of the model.

Air 1.01E-03
8.00E-01
3.66E-01 |
Water —
biodegradation
3.88E-02 1.30E-02
A
Active Layer of v
Sediment 2.00E-01 1.73E-01
Bottom biodegradation
Sediment

Figure 4.1-6  DnBP environmental fate profile showing the fluxes of DnBP (mol/day)
between different compartments of the model.
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Figure 4.1-7  BBP environmental fate profile showing the fluxes of BBP (mol/day)
between different compartments of the model.

A multimedia mass balance model for DBP has similar results to what has been
found in this study (Cousins and Mackay, 2003). The authors used physical-chemical
properties and a regional population based model to describe the concentrations of
DnBP. However, the model does not include the fate of the metabolites and processes

such as ionization.

The MPEs in the system are assumed to be formed resulting from the breakdown
of the parent DPEs. The curved arrows in the fate and transport profiles indicate the
input of monoesters into water and sediment and represent the breakdown of the DPE
into its MPE metabolite. For example, in the case of DMP (Figure 4.1-4), 0.372 mol/day
and 0.166 mol/day DMP undergo the biodegradation in the water and sediment
compartments, respectively. As it is shown in Figure 4.1-8, 0.372 mol/day of MMP thus
enters the water column and 0.166 mol/day MMP enters the sediment. The flux of non-

ionized MPEs entering the system at the pH of False Creek is negligible.
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Due to the high fraction that is ionized at pH 8, their high water solubility and a
log D of -1.97, MMP has a much greater tendency (25 times) to reside in the water
column rather than in the sediment compartment. As a result, some of the ionized MMEs
(2.53E-02 mol/day) leave the sediment compartment and enter the water column
through both diffusion as well as the re-suspension of sediments. Overall, about half of
the ionized MMP that has entered the water column is further biodegraded, while the

remaining 50% leaves the system through outflow processes.

Biodegradation in the sediment also plays a significant role in the overall fate of
MMP as the majority of MMP that has entered the sediment compartment will be
biodegraded. Volatilization and burial play insignificant roles in the overall fate of the

MMP.

lonized

Non-ionized
. 3.76E-13
Air 1.03E-16
|

1.77€-01
3.72E-01 2.15E-06 2.20E-01
5.38E-11 ~_J 2.67E-06

Water — _‘-> biodegradation

2.53E-02 9.77E-04
3.62E-07 1.18E-08
Active Layer of ,!\
Sediment 1.66E-01 2.64E-02 1.15E-01
2.39E-11 1.48E-11 1.64E-06
Bottom
Sediment biodegradation

Figure 4.1-8  MMP Environmental fate profile showing the fluxes of MMP (mol/day)
between the compartments. The ionized (the top bold values) and non—ionized MMP fluxes
(the lower values) are shown in each box.
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A similar pattern is observed for other low log K., MPEs: MEP (Figure 4.1-9),
MnBP (Figure 4.1-10), and MBzP (Figure 4.1-11). Overall, as MPEs are overwhelmingly
ionized in the aquatic environment, they have relatively high water solubility and thus
have a greater tendency to remain in the aquatic environment compared to the sediment
compartment. In addition, the model shows that all of the low log K., MPEs readily

undergo biodegradation processes.
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Bottom
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Figure 4.1-9  MEP Environmental fate profile showing the fluxes of MEP (mol/day)
between the compartments. The ionized (the top bold values) and non—ionized MEP fluxes
(the lower values) are shown in each box.
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Figure 4.1-10 MnBP Environmental fate profile showing the fluxes of MnBP (mol/day)
between the compartments. The ionized (the top bold values) and non—ionized MnBP
fluxes (the lower values) are shown in each box.

61




lonized

Non-ionized
. 3.70E-13
Air 4.30E-17
= A
1.74E-01
3.57E-01 2.04E-06 2.16E-01
4.93E-11 \ , 2.54E-06

Water — —_> biodegradation
3.38E-02 9.48E-04
3.98E-07 1.51E-08
Active Layer of T
Sediment 1.86E-01 3.89E-09 1.53E-01
2.57E-11 6.47E-10 1.80E-06
Bottom
Sediment biodegradation

Figure 4.1-11 MBzP Environmental fate profile showing the fluxes of MBzP (mol/day)
between different compartments. The ionized (the top bold values) and non—ionized MBzP
fluxes (the lower values) are shown in each box.

4.1.4.2 Higherlog K ,, DPE and MPE environmental fate profiles
High log K, phthalate esters have a different fate than the lower log K, ones.

The following section analyses the behaviour of the higher molecular phthalates.

From examination of Figure 4.1-12, Figure 4.1-13, Figure 4.1-14, and Figure
4.1-15, it is evident that biodegradation of the higher log K., DPEs plays an insignificant
role in their environmental fate, both in sediment and water. Sediment burial is the most
important process. These chemicals have extremely high log K, values (log K., ranges
from 8.2 to 10.6) and therefore have a much higher tendency to occur in the sediment
compartment in comparison to water. Therefore, the overall water to sediment transport

is higher than the overall sediment to water transport fluxes.
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Figure 4.1-12 DEHP environmental fate profile showing the fluxes of DEHP (mol/day)
between different compartments of the model.
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Figure 4.1-13 C8 environmental fate profile showing the fluxes of C8 (mol/day) between
different compartment of the model.

63



Air

Water

Active Layer of
Sediment

Bottom
Sediment

—_

8.00E-01

1.02E-03

biodegradation

2.91E-05

A

4.08E-01 8.71E-01

3.37E-01

2.00E-01

biodegradation

Figure 4.1-14 C9 environmental fate profile showing the fluxes of C9 (mol/day) between
different compartment of the model.
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Figure 4.1-15 C10 environmental fate profile showing the fluxes of C10 (mol/day) between
different compartments of the model.
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Due to very low biodegradation rates of high log K,,, DPEs both in the sediment

and water compartments, very little formation of MPE occurs. Of the very low amounts of

MEHP and MoC8 that enter the system, the majority is biodegraded. The outflow flux of

ionized MoC8 is less than 1% of the overall fate (Figure 4.1-20). This flux is even more

insignificant in the case of MoC9 (less than 0.1%) and almost non-existent in the case of

MoC10. The chemical specific fate for each of these high log K,y MPEs is given in

Figure 4.1-16 through Figure 4.1-19.

A model constructed by Cousins and Mackay (2003) also modelled the fate of

DEHP in an aquatic environment. The behaviour of the DEHP and the portioning

behaviour predicted in this model are very similar to their predicted fate. Their model did

not include the fate of the corresponding MEHP and its ionization.
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Figure 4.1-16 MEHP Environmental fate profile showing the fluxes of MEHP (mol/day)
between different compartments. The ionized (the top bold values) and non—ionized MEHP
fluxes (the lower values) are shown in each box.
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Figure 4.1-17 MoC8 Environmental fate profile showing the fluxes of MoC8 (mol/day)
between different compartments. The ionized (the top bold values) and non—
ionized MoC8 fluxes (the lower values) are shown in each box.
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Figure 4.1-18 MoC9 environmental fate profile showing the fluxes of MoC9 (mol/day)
between different compartments. The ionized (the top bold values) and non—
ionized MoC9 fluxes (the lower values) are shown in each box.
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Figure 4.1-19 MoC10 environmental fate profile showing the fluxes of MoC10 (mol/day)
between different compartments. The ionized (the top bold values) and non—
ionized MoC10 fluxes (the lower values) are shown in each box.

4.1.5 Overall environmental fate of phthalates

The fate of each of the phthalates varies with the physicochemical properties of
each chemical. Figure 4.1-20 demonstrates the overall fate of each chemical. As is
shown in Figure 4.1-20, the low log K,,, DPEs behave similar to each other but very

differently from what is predicted for the high log K., DPEs.

Approximately 50% of low log K, PEs flow out in the form of DPEs, about 30%
of it is broken down to MPEs and ultimately to phthalic acid and other metabolites, and
the remaining 20% flows out the system in the form of ionized MPE. In the case of the
high log K, DPEs, 65% are buried, and the majority of the remaining 35% flows out of
the system in the form of the unmetabolized DPE. In general, very little biodegradation

takes place among the high log K, phthalates. Previous studies have also
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demonstrated that in conditions similar to the natural environment, high log K, PEs
degrade more slowly than the lower log K., PEs (Kickham, 2010, Zhang, et al., 1998,

Painter, et al., 1990).
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Figure 4.1-20 Environmental fate pathways of phthalate esters

4.2 Food Web Sub-model

4.2.1 Model calibration

Predicted BAF values as a result of model simulations in the absence of
biotransformation processes are described in this Section. Figure 4.2-1 provides the log
BAF values for the biota used in the model for the lower log K., DPE chemicals (DMP,
DEP, DnBP, and BBP). Figure 4.2-2 provides the same results for the high log K., DPEs

(DEHP, C8, C9, and C10).
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Figure 4.2-1  Model predicted and empirical log BAF values for low log K ow DPES prior to
model calibration, when k , =0.

As is demonstrated in Figure 4.2-1, the model grossly under-predicts the log BAF
for DMP and DEP in all of the biota used in the model. Model predictions of the log BAF
for DnBP and BBP are reasonable for most of the biota, except in a few cases. For
DnBP, the log BAF value is over-predicted for starfish, pile perch, pacific herring, white-
spotted greenling, and spiny dogdfish. In the case of BBP, the model under-predicts log
BAF values for primary producers and zooplankton, and it over-predicts the value for

starfish, pacific herring, white-spotted greenling, as well as spiny dogdfish.
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Figure 4.2-2  Model predicted and empirical log BAF values for high log K ow DPES prior
to model calibration, when k ,, =0.

For DEHP, the model under-predicts the log BAF values for primary producers
and zooplanktons while it over-predicts the value for blue mussels, starfish, Dungeness
crab, pacific herring, and English sole (Figure 4.2-2). For C8, the model over-predicts the
log BAF for pacific oysters, starfish, Dungeness crab, pile perch, and white-spotted
greenling. For C9, the model under-predicts the log BAF for primary producers and
zooplankton. Finally, for C10, the model under-predicts the log BAF for all the biota used

in the model when compared with the available empirical log BAFs.

The over-prediction of the model could be due to biotransformation rates which

can be addressed by model calibration. However, the under-prediction of the model is
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not easily addressed by calibration. For DEHP and DOP for which BAF in biota were
over-predicted by the model, the model was calibrated by estimating a biotransformation
rate constant that is applied to all the species in the food-web. Figure 4.2-3 provides an
overview of the relationship between the predicted and measured log lipid normalized
concentrations for the low log K, DPEs in various biota and the trophic position of each
biota. The result of the regression analysis, comparing the predicted and observed TMF

slopes, is presented in Appendix B-6.

As is shown in Figure 4.2-3, the slopes in the linear regressions of the measured
and predicted log lipid normalized concentrations versus the trophic level of the low log
Kow DPEs are very similar. In fact, based on the result of the linear regression analysis
conducted in S-Plus, the two slopes are not significantly different from one another for
any of phthalate esters used in this study (please refer to Appendix B-7 for the relevant

p-values).

Figure 4.2-3 and Figure 4.2-4 show the result of the regression for the predicted
and observed slopes of lipid normalized biota concentrations compared with the trophic
position of the biota for lower log K, and higher log K,,, phthalate esters, respectively. It
is important to note that the log lipid normalized biota concentrations are dependent on
the loadings of DPEs into False Creek. In other words, the observed and predicted
concentrations can be tuned by adjusting the DPE loadings. The slope of the line
however, is independent of the loading concentrations and therefore the comparison of
the measured and predicted slopes gives valuable information about the model

performance.

The flat regression lines observed in Figure 4.2-3 indicate the absence of
biodilution of these chemicals which is consistent with previous studies (McConnell,

2007). The absence of biodilution in the lower log K,,, phthalate esters could be explain
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by the lower biotransformation rate constant (k,) in comparison to the remaining

elimination rate constants (ky+ketky).
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Figure 4.2-3  Log lipid normalized concentration versus trophic level for the lower log

Kow DPEs, DMP, DEP, DnBP, and BBP. The blue diamonds represent measured
concentrations (Mackintosh, et al. , 2004) and the red circles represent the model predicted
concentrations.

For the higher log K, DPEs (Figure 4.2-4), the negative slope of the regression
analysis between the measured biota concentrations and tropic level of the biota for
DEHP, C9, and C10 was significant (McConnell, 2007). Similarly, the predicted slopes
of these phthalate esters were also significantly different from zero and were consistent
with the observed slopes. The significant negative slope is indicative of biodilution in
these higher log K, phthalate esters (Mackintosh, 2002; McConnell, 2007). For further
information on the p-values and other relevant statistical measures, please refer to

Appendix B-6.
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Solver was not able to provide a value for a universal (across species)

biotransformation rate constant that minimized the difference between the two slopes

(measured and predicted) for DMP, DEP, DnBP, BBP, C9 and C10 phthalate esters

since the predicted concentrations were less than the measured values.

As mentioned earlier, because no measured DPE biotransformation rate

constants are available for the biota used in the model, a universal biotransformation

rate for each DPE was estimated by estimating the difference between measured and

model predicted TMF values (Figure 4.2-3 and Figure 4.2-4).
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Table 4.2-1 contains the measured and predicted TMFs and the 95% confidence
levels, as well as the Excel Solver solution for minimizing the difference between these
values. TMF values for most of the PEs (DMP, DEP, DnBP, BBP, C9, and C10) were
under-predicted by the model. In such instances, no universal biotransformation rate
could be derived. This is mainly because it is difficult to account for other input routes of
DPEs into the biota in addition to the gill respiration and dietary uptake routes used in

this study.

In case of DEP and C8, where the measured concentrations were smaller than
the predicted ones, solver provides a solution to minimize the difference between the
two slopes and the model was calibrated by the estimated biotransformation rates
(Table 4.2-1). It is possible that in cases where the model could not estimate the
biotransformation, the biotransformation rates are too small when compared with other

routes of elimination.
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Table 4.2-1

Measured and predicted Trophic Magnification Factors (TMF) for DPEs, the
Solver Solution for Minimizing the Difference between the Two Slopes and the Estimated
Universal Biotransformation Rate Constant. Values in the parenthesis are the 95%
Confidence Limit range.

Universal
Measured TMF Solver
Chemical Model Predicted TMF (TMF §) Biotransformation
(TMFw) Solution
Rate Constant (k m)
DMP 0.68 (0.21 — 2.13) 0.68 (0.42 —1.11) n/a -
DEP 0.72 (0.16 — 3.19) 0.89 (0.54 — 1.46) n/a -
DnBP 0.82 (0.22 — 3.04) 1.08 (0.67 — 1.73) n/a -
BBP 0.48(0.07 — 3.36) 0.93 (0.53 - 1.59) n/a -
DEHP 0.15 (0.03 — 0.89) 0.26 (0.07 — 0.92) 4.64E-07 1.42E-02
C8 0.21 (0.03 — 1.50) 0.78 (0.25 — 2.45) 9.28E-07 2.09E-03
C9 0.09 (0.01 — 0.80) 0.14 (0.05—-0.39) n/a -
C10 0.12 (0.01 - 0.95) 0.06 (0.01 — 0.29) n/a -

As mentioned earlier, because no measured DPE biotransformation rate

constants are available for the biota used in the model, a universal biotransformation
rate for each DPE was estimated by estimating the difference between measured and
model predicted TMF values (Figure 4.2-3 and Figure 4.2-4). Table 4.2-1 contains the
measured and predicted TMFs and the 95% confidence levels, as well as the Excel

Solver solution for minimizing the difference between these values.

Once the k., was estimated and included in the model, the empirical log BAFs

were once again compared with model-predicted values that include estimates of the
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biotransformation process (if available). Figure 4.2-5 and Figure 4.2-6 show the result of
this comparison. The graphs for DMP, DEP, DnBP, BBP, C9, and C10 are identical to
those previously discussed (Figure 4.2-1 and Figure 4.2-2) due to the absence

biotransformation rates. However, the predicted log BAF values for DEHP and C8 are in

good agreement with the empirical log BAF values (Figure 4.2-5 and Table 4.2-2)
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Figure 4.2-5  Model predicted and empirical Log BAF values for low log K ow DPEs after
the estimation and inclusion of a universal biotransformation rate constant.
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Figure 4.2-6 Model predicted and empirical log BAF values for higher log K ow DPEs after
the estimation and inclusion of a universal biotransformation rate constant.

4.2.2 Food Web Sub-model Model Performance

Overall, the model under-predicts the BAF values. Mean model bias based on

individual DPEs across the food web for is shown in Table 4.2-2 and Figure 4.2-7.
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Table 4.2-2 Chemical based log Mean Model Bias and the associated standard deviation

of the mean.

Chemical Mean MB + STDVE
DMP 10(—3.44276i0.50)
DEP 10(—1.87809i0.51)
DnBP 10(0.5384-99i0.59)
BBP 10(0:322206+0.88)
DEHP 10(0.399914i0.70)
cs 10(0:939105+0.71)
c9 10(~0-38438+0.73)
C10 10(—2.6538i0.99)

The model under-predicts BAF for the low log K., DPEs such as DMP and DEP,
as well as for the PEs with higher log K., i.e., C8 and C10. For the remaining DPEs, the
model predictions are within one standard deviation of log MB = 0, and provide an

acceptable MB for these chemicals.

15

Log Model Bias
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Figure 4.2-7  Overall log model bias of the individual DPEs. Values above the dashed red
line (log MB=0) are over predicted by the model and values below the dashed red line are
under predicted. The error bars represent one standard deviation from the mean.

Figure 4.2-8 provides a more detailed examination of MB for each DPE in each

biota. Log BAF of DMP, DEP, and C10 are under-predicted in all the biota in this study.
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This is probably due to incorrect measured concentrations of DPEs because of the very
low concentrations of DPEs. The model under-predicts log BAF for almost all of the
DPEs in primary producers and zooplankton. Log BAF of DnBP is over-predicted for
most of the biota except in lams. Model bias based on log BAF for DnBP in white-
spotted greenling, English sole, and spiny dogfish is very close to the value of 1.

Log BAFs of BBP are also over-predicted in most of the biota species, except in
clams and surf scoter. However, model bias of log BAF for BBP in pile perch, staghorn
sculpin, and English sole is close to the value of 1. DEHP log BAF model bias exceeds a
value of 1 in all of the biota, but is closest to a value of 1 in organisms that are primarily
benthic dwelling (pacific oyster, starfish, Dungeness crab, and white-spotted greenling).
The model bias for C8 exceeded the value of 1 for all of the species in this study, except
in spiny dogfish and surf scoter which are on top of the food chain. Model bias for C9

was close to the value of 1 for most species.
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Figure 4.2-8  Model bias calculated from the ratios of model predicted and empirical

BAFs for individual DPEs in various biota.
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Under-prediction of BAF by the model in most of the species could be due to
several reasons. High mobility of some organisms in the food web (e.g. fish) may cause
the modelled BAF values to be unrepresentative. It is unclear whether the biota
concentrations are truly the result of the exposure in False Creek and representative of

the concentrations in this area.

Since the environmental fate model is based on the relationship between DPE
concentrations in water and organic carbon normalized sediment, the model is highly
sensitive to changes in this relationship. If water concentrations are over-estimated due
to sampling artefacts or if the concentrations have not reached equilibrium in water, the
model is likely to over-predict BAFs. Since the model is able to predict the log K, values
for both monoester and di-esters with reasonable precision, the low model bias for most
of the species is likely to be due to sampling artefacts. However, any deviations of the
predicted log K, from the true environmental partitioning of phthalates are expressed
through uncertainties associated with the food web sub-model, which could result in the

under-predictions and over-predictions observed in the model.

4.2.3 Fate of DPEs in biota
Figure 4.2-9 to Figure 4.2-16 show the calculated fluxes of DPEs in four of the
biota used in the model: blue mussels, Dungeness crabs, Pacific staghorn sculpin, and

spiny dodfish.

Blue mussels and Dungeness crabs are at trophic levels of 2.53 and 3.55,
respectively, and represent benthic organisms. Pacific staghorn sculpin and spiny
dodfish are at tropic levels of 3.18 and 3.54, respectively, and represent pelagic species.

Blue mussels and Dungeness crabs are less mobile and more representative of the
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resident species exposed to DPEs in False Creek. Pacific staghorn sculpin and spiny

dogfish spend a considerable time in the False Creek area but are mainly residents of

the Georgia Basin area (Mackintosh, 2002).

For each figure, D4 represents the gill uptake flux (mol/day), D, represents gill

elimination flux (mol/day), D4 represents dietary uptake flux (mol/day), D, represents

fecal egestion flux (mol/day), Dq represents the growth dilution flux (mol/day), and D,

represents the biotransformation flux (mol/day) within each organism.
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Figure 4.2-10 DEP fluxes (mol/day) in and out of blue mussel, Dungeness crab, staghorn

sculpin, and spiny dogfish.
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Figure 4.2-14 C8 fluxes (mol/day) in and out of blue mussel, Dugeness crab, staghorn
sculpin, and spiny dogfish.
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Figure 4.2-15 C9 fluxes (mol/day) in and out of blue mussel, Dugeness crab, staghorn
sculpin, and spiny dogfish.
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Figure 4.2-16 C10 fluxes (mol/day) in and out of blue mussel, Dugeness crab, staghorn
sculpin, and spiny dogfish.

4.2.4 Overall fate of DPEs in biota
Overall, gill elimination fluxes were the highest in the lower log K., DPEs (up to
99% of all fluxes leaving the body of the biota) and decreased dramatically with
increasing log K, and molecular weight of the DPE (minimum of 6.22 E-4 %) (Figure
4.2-17). Growth dilution fluxes followed an opposite pattern; growth dilution fluxes

decreased with increasing log K, and molecular weight of the PEs.
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Figure 4.2-17 Overall percentage of elimination fluxes of DPEs (%) in four organisms,

blue mussels, Dungeness crabs, staghorn sculpin, and spiny dogfish; D 2 is gill elimination
flux (molday), D . is fecal egestion rate constant (mol/day), D 4 is growth dilution rate
constant (mol/day), and D , is metabolic transformation rate constant (mol /day).

Biotransformation fluxes above zero value were only present in DEHP and C8
PEs (Figure 4.2-17). The model predicts no biotransformation rates in the lower log K.,
phthalate esters and biotransformation fluxes are at zero for C9 and C10.
Biotransformation fluxes are higher for DEHP (65.63 to 86.63%) than for C8 (21.96 to

48.85%).

The unique behaviour of biotransformation fluxes could be due to a few
principles. The nonexistence of biotransformation flux in the lower log K, phthalate
esters could be due to the relatively high gill elimination rates of these DPEs. Due to

their relatively low log K. and molecular weight, these DPEs readily undergo gill
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elimination. In order for biotransformation to play a significant role in the depuration
process, relatively high biotransformation fluxes are necessary. As a result, even if
biotransformation occurs, biotransformation can be insignificant compared to gill

elimination fluxes.

On the other hand, when gill elimination fluxes are low due to high log K,,, and
molecular weight of the DPE, the relative contribution of biotransformation fluxes is
expected to be greater. This is observed in the case of DEHP and C8. In these cases, it
is possible that although these DPEs have high log K., and molecular weight, a
significant portion of these chemicals is present in a freely dissolved form that could
undergo biotransformation reactions in the biota. As the log K, and molecular weight of
the DPEs increase further, such as C9 and C10 chemicals, the freely dissolved fraction
decreases and therefore C9 and C10 availability for reactions in the body may
decrease. In other words, these chemicals may become unavailable to
biotransformation processes, probably due to the very low free fractions (Peterson and

Staples, 2002; Kickham, 2012).

As a result, high K,,, DPEs (C9 and C10) have very low gill elimination and fecal
elimination fluxes and they are suspected to have an insignificant rate of
biotransformation. For these DPEs, the growth dilution rates appear to control the

depuration rates of DEPs in aquatic biota.

4.2.5 Model applications

Under the Canadian Environmental Protection Act, PEs are being evaluated for
persistence, bioaccumulation, and toxicity (UNEP, 2001). If they are found to have these
characteristics, a screening level risk assessment will be conducted and based on risk

manager’s decisions, these chemicals are being dealt with legally. However, if the
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environmental concentrations of PEs are below the toxic reference values (TRVs), no
further action is required under the Act. Therefore, further production and release of the
chemical of concern will not be further scrutinized unless the chemical goes under
another assessments and the second assessment indicates that concentrations have

reached above the TRV values.

Increases and continuous input of PE into False Creek will result in an increase
in the environmental concentrations, and possibly increases in the resultant body burden
in biota. One of the applications of the current model would be to estimate the loading
values of PEs that could result in TRVs associated with health effects on biota after a
preliminary risk assessment is conducted even if no further action is required by the Act.
Having this valuable information would provide an important tool for a proactive
approach that can predict allowable safe loadings of PEs into the system before

concentrations in the system reach critical levels.

Higher log K, MPEs are more toxic than the lower log k., MPEs (Staples, et al.,
2011). Also, the lower log K, DPEs are more toxic than the higher log K,, DPEs due to
their higher bioavailability. Since changes in environmental conditions result in the
changes in the biodegradation capability of DPEs into MPEs as well as changes in the
percent ionization of the MPEs, the overall fate of DPEs can greatly vary. The model is
able to provide an insight into DPE and MPE variations based on these environmental

changes.

As it was noted, PEs have a very wide range of solubility, partitioning properties,
as well as bioavailability that can have a significant effect on their environmental fate and
transport. Model predictions imply that neutral pH values result in very low non-ionized
levels of the mono-esters present in False Creek. However, considering trends in

increases in the greenhouse gases in our atmosphere and the resultant acidification of
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our oceans, it is important to determine the effect of such fluctuations on the overall fate
of PEs. In addition, since the model can be applied to other systems and phthalate
esters are present in different media globally, it is important to run model simulations for

systems with lower pH levels or future expected pH levels.

Some acidified lakes, for example, can reach pH levels below pH of 3 (Gordon
and Gorham, 1963). Therefore, in these systems, the overall fate of PEs and their
metabolites is expected to be very different from water bodies with neutral or slightly
basic pH levels. Non-ionized portions of mono-esters in systems with lower pH levels are
expected to play a major role in the overall fate of PEs. Running simulations with
changes in other parameters expected to vary such as increases in the temperature as
result of global climate changes could also provide important insight into the future PE
fate. It also can provide a useful tool for the decision makers, and information for
choosing appropriate strategies necessary to regulate these chemicals under these

foreseeable environmental changes.
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5: CONCLUSIONS AND RECOMMENDATIONS

In an effort to improve the understanding of the behaviour of DPEs and their
monoester metabolites in the environment and improve the decision making capacity of
the environmental managers, an environmental fate and bioaccumulation model for eight

DPEs was developed, parameterized, and tested.

The model was comprised of two sub-models and therefore, performance
analysis was conducted separately for each sub-model. The environmental fate sub-
model performance analysis indicated that the model-predicted log K, values for DPEs
and MPEs were in reasonable agreement with empirical values from False Creek. This
suggests that the model has some capacity to represent the fate of DPEs and MPEs in

False Creek ecosystem.

Due to their low sorptive capacity and low log K., a large fraction of lower log
Kow DPEs that enter False Creek are biodegraded to MPEs which are further
biodegraded as well. A large proportion of the lower log K., DPEs also flow out of the

system in their unmetabolized form.

In the case of the higher log K., DPEs, burial of the parent compounds played a
significant role in their overall fate while biodegradation to monoesters was insignificant.
The model also suggests that a significant portion of this group of DPEs flow out of the
system in their original chemical form. High amounts of the higher log K, PEs in the
environment are most likely to be buried in the sediment due to the very low fraction
present as a freely dissolved form, and therefore have low bioavailability to microbial

metabolizers.
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Some toxicological studies indicate that higher log K., DPEs such as DEHP have
low toxicity effects to biota since they have low bioavailability. However, their metabolites
are toxic since they are highly soluble. Often very high production DPEs with high log
Kow Values are of concern to risk assessors and risk managers because of their potential
to bioaccumulate. The results of this study suggest that the fraction of DEHP (log Koy =
8.2) biodegraded to MEHP in the environment is very low. The small amounts of MEHP
are also quickly further broken down (t,,, = 1 — 2 days ). Therefore, exposure to MEHP
can be expected to be low. In situ toxicological tests could help understand the possible

effects of DPEs and their monoester metabolites present in False Creek.

Model generated concentrations in water and sediment were used as inputs to
the food web sub-model and phthalate ester concentrations were estimated in the biota.
Due to a lack of biotransformation studies, no biotransformation rate constants were
available to be used in the model. To test the performance of the food web sub-model,

observed and measured log BAF were compared.

The model was calibrated by estimating a universal (for all biota) k., for each of
the DPEs for which the predicted log BAF was greater than the measured value. The
model predicts universal k;, values for DEHP and C8 PEs only. This could be due to the
very high bioavailability and therefore availability for hydrolysis reaction in the case of
the lower log K, phthalate esters. The high affinity to organic carbon and therefore
lower degree of bioavailability of the higher log K., DPEs such as C9 and C10, results in
negligible biotransformation fluxes for these chemicals. In the case of DEHP and C8,
bioavailability of these chemicals is relatively higher than C9 and C10 since they have a

slightly lower affinity to organic carbon. However, in comparison to the lower DPEs,
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these chemicals are not readily available for biodegradation. Therefore, since no
bioaccumulation or biomagnification has been observed for these chemicals, the

biotransformation rates become significant in the overall fate of DEHP and C8.

Although the model provides some insight into biotransformation rate constants,
in reality it is more likely that each species will have its own biotransformation rate
constant for each of the PEs. Therefore, further investigations to measure
biotransformation rates are needed to fully understand the overall fate of these

chemicals in the environment.

The overall model bias indicates that the lower log K,,, DPEs such as DMP and
DEP as well as the higher log K., DPEs such as C10 are often slightly under-estimated
by the model. On the other hand, the model is able to predict log BAF values DnBP,

BBP, DEHP, C8, and C9 that are comparable to empirical values.

Considering the observed toxicity of the higher log K., MPEs as well as the lower
log Kow DPEs, the fate of DPEs, the degree of biodegradation of DEPs and ionization of
MPEs provide important information on the toxicity and possible exposure scenarios for

these chemicals. The model is able to provide this valuable information.

The model can be used to evaluate the behaviour of DPEs and MPEs at other
locations and be used as a tool for screening level risk assessment of DPEs. It can also
be used to predict the outcome of different production volume scenarios; however,
establishing the true loadings of DPEs into False Creek would be helpful in further
testing and refining the model. In addition, toxicological testing of DPEs and their main
metabolite MPEs would be vital in comparing the environmental concentrations and

assessing toxicological risk of these chemicals to the biota as well as human population.
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The model can be used as a proactive tool, in determining and regulating the
loadings of PEs into the system and prevent reaching unsafe water concentrations and
the resultant unsafe body burdens. Since the fate of PEs are dependent on many
environmental factors, such as pH and temperature, model simulations using the
forecasted information for these parameters could provide important insight into the
behaviour of these chemicals in the future and again provide important information to the

regulatory agencies and decision makers.

Despite the fact that phthalate esters and their metabolites do not biomagnify,
they are readily measured in biota, water and sediment. Therefore, it is important to
establish toxicity reference value for human health as well as for the species of concern.
Once toxic benchmarks are established, sediment and water quality guidelines can be

back-calculated in order to derive meaningful protective guidelines.
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Appendix A-1 Chemical specific parameters for DPEs

Please refer to Excel file: G. Zandpour — Appendix Tables on Attached CD
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Appendix A-2 Chemical specific parameters for MPEs

Please refer to Excel file: G. Zandpour — Appendix Tables on Attached CD
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Appendix A-3 Environmental fate sub-model parameters and
rate constants

The following equations are adapted from How-Feng Lai thesis (2010) with some
modifications. The following equations describe how each rate constants is calculated:

Outflow rate constant or ko (day-1)

oo F
9 71000.V,

Where
ko = outflow rate constant (day™)
F = water in- and out-flow (L/day)

V,, = volume of water (m°)

Volatilization rate constant or kv (day-1)

_Saw. fpw. Ve
v VYw

Where

k, = volatilization rate (day™)

Saw = lake surface area (m?)

fow = fraction of freely dissolved chemical in water (unitless)
Ve = volatilization mass transfer coefficient (m/day)

V,, = volume of water (m°)

Overall water to sediment transport rate constant (Kws)

kws = kws1 + kws:

Where

105



kws = overall water to sediment transport (day™)
kws1 = solids settling rate (day™)

kws2 = water-to-sediment diffusion rate (day™)

Overall sediment to water transport rate constant (ksw)

ksw = ksw1+ ksw>

Where
ksw = overall sediment to water transport (day™)
kswi = solids re-suspension rate (day™)

kswz = sediment-to-water diffusion rate (day™)

Solid settling rate constant (kws1)

1 - fDW
kwsi = Saw-Vs. v
w

Where

kws1 = solids settling (day™)

Saw = lake surface area (m?)

Vs = solids settling rate (m/day)

fow = fraction of freely dissolved chemical in water (unitless)

V,, = volume of water (m°)
Water to sediment diffusion rate constant (kws2)

fDW

k =Sas.vy.—
Ws2 as .vp Vi

Where

kwsz = water to sediment diffusion (day™)

Sas = sediment surface area (m?)

vp = water to sediment diffusion mass transfer coefficient (m/day)

fow = fraction of freely dissolved chemical in water (unitless)
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Vw = volume of water (m®)

Solids re-suspension rate constant (Ksw1l)

ResFlux) 1 — fps

)
swi 1000. Vs

CS S

Where

ksw1 =solids re-suspension (day™)

ResFlux = sediment solids mass balance and re-suspension flux (kg/d)
Css = concentration of solids in sediment (kg/L)

fos = fraction of freely dissolved chemical in sediment (unitless)

Vs = volume of sediment (m?)
Sediment to water diffusion rate constant (ksw2)

fDS

kSWZ = SaS. UD.VS

Where

ksw2 = sediment to water diffusion (day‘1)

Sas = sediment surface area (m?)

vp = water to sediment diffusion mass transfer coefficient (m/day)
fos = fraction of freely dissolved chemical in sediment (unitless)

Vs = volume of sediment (m?)

Sediment burial rate constant (kB)

1—fps 107°
dss Vs

kg = vg.Sas.

Where
ks = sediment burial rate constant (day™)
vg = sediment burial mass transfer coefficient (m/day)

Sas = sediment surface area (m?)
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fos = fraction of freely dissolved chemical in sediment (unitless)
dss = density of sediment solids (kg/L)

Vs = volume of sediment (m°)
Precursor for Chemical degradation rate constant in water (Prekwr)

hls

C
1+ o Ay OCpy- (d’;ﬁ) Ky

PreK,,, =

Where

PreKwr = precursor for chemical degradation rate constant in water (day™)
hls = inherent chemical half-life in sediment (day™)

Osoc =sediment OC octanol proportionality constant (unitless)

dow = Density of suspended solids (Kg/L)

OC,. = Organic carbon constant of suspended solids (unitless)

C,w = Concentration of particles in water (Kg/L)

d,w = density of suspended solids (Kg/L)

Kow = octaol water partition coefficient (unitless)

Chemical degradation rate in water (Kwr)

K., = IF(PreK,, < hls, PreK,,,, hls)

Where

Kur = chemical degradation rate constant in water (day™)

IF = conditional statement

PreK,, = precursor for chemical degradation rate constant in water (day™)
hls = inherent chemical half-life in sediment (day™)

Precursor for Chemical degradation rate constant in sediment (Prekwr)
Prekws = hls/(asoc- dss- Ocss. (Css/dss)- (Kow))

Where
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PreK.,s = precursor for chemical degradation rate constant in sediment (day™)
hls = inherent chemical half-life in sediment (day™)

Osoc =sediment OC octanol proportionality constant (unitless)

dss = density of sediment solids (kg/L)

OCs = Organic carbon content of bottom sediment (unitless)

Css = concentration of solids in sediment (Kg/L)

dss = density of sediment solids (Kg/L)

Kow = octaol water partition coefficient (unitless)

Chemical degradation rate in sediment (Kws)

ks = IF(Prek,s < hls, Prek,,, hls)

Where

kws = chemical degradation rate constant in sediment (day™)
IF = conditional statement

Prekws = precursor for chemical degradation rate constant in sediment (day™)
hls = inherent chemical half-life in sediment (day™)

Total water loss rate constant (KWW)

kWW=kO+kW +kv+kwr

Where

kww = total water loss constant rate (day™)

ko = outflow rate constant (day™)

kws = Overall water to sediment transport rate constant (day™)

k, = volatilization rate constant (day™)

kw = degradation in water rate constant (day™)

Total sediment loss rate constant (k  ss)

kss = ksw + kg + kg
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Where

kss = total sediment loss rate constant (day™)

ksw = Overall sediment to water transport rate constant (day™)
ks = burial rate constant (day™)

ker = degradation in sediment rate constant (day™)
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Appendix A-4 Calculated rate constant for DPEs and their
corresponding MPE metabolites

Please refer to Excel file: G. Zandpour — Appendix Tables on Attached CD
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Appendix B-1 Food-web dietary matrix (Mackintosh, et al., 2004)
Please find attached a CD containing an electronic copy of the environmental
fate and food web bioaccumulation model for Phthalate esters in this document.

Microsoft Excel software is required to run the model.

The CD-ROM attached forms a part of this work. Data file can be opened with

Microsoft Excel or other spread sheet program.
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Appendix B-2 Organism specific parameters
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Appendix B-3 Food web sub-model parameters and rate
constants

Volume of lipid in organism (VI) excluding primary producers
VI = Wb.vlb

Where

V, = volume of lipid in organism (Kg)

W, = weight of biota (kg)

VIb = lipid fraction in biota (including phytoplankton)

Volume of NLOM in organism (Vnlom) excluding primary producers
Vatom = Wp-Vnp

Where

Viiom = volume of NLOM (kg)

W, = weight of biota (Kg)

Vb = non lipid organic matter fraction in biota

Volume of water in organism (Vw) excluding primary producers
Vw = Vwb-Wb

Where

V. = volume of water in organism (kg)

Vb = water fraction in biota (kg/kg)

W, = weight of biota (kg)

Dietary uptake rate constant (KD) excluding primary producers

KD = Ed' Gd/Wb
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Where

Kp = dietary uptake rate constant (kg/kg.day)

E, = Efficiency of chemical transfer via intestinal tract (%)
G, = feeding rate (kg/day)

W, = weight of biota (kg)

Gill uptake rate constant (k )

K, =E,,.G,/W,

Where

ki = gill uptake rate constant (L/kg.day) excluding primary producers
E. = efficiency of chemical transfer via gill (%)

G, = gill ventilation rate (L/day)
W, = weight of biota (kg)

Gill uptake rate constant (K1)

Where

k; = Gill uptake rate constant (L/Kg.day) used only for primary producers
A = resistance to chemical uptake through the aqueous phase (unitless)
B = resistance to chemical uptake through the organic phase (unitless)

Kow = octanol-water partition coefficient (unitless)

Gill elimination rate constant (k2) excluding primary producers

kq

k2 - kbw
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Where
k, = Gill elimination rate constant (day™)
k; = Gill uptake rate constant (L/kg.day)

kyw = biota water partition coefficient (unitless)

Gill elimination rate constant (K2) used only for primary producers

ky
k, = —
Where

k, = Gill elimination rate constant (day™)
ki = Gill uptake rate constant (L/kg.day)
kow = phytoplankton—water partition coefficient (unitless)

Fecal egestation rate constant (ke) excluding primary producers

K
kE = Gf EdWi:

Where

Ke = Faecal egestation rate constant (day™)

Gy = faecal egestation rate (kg/day)

Eq = Efficiency of chemical transfer via intestinal tract (%)
Kgb = gut biota partition coefficient (unitless)

W, = weight of biota (Kg)

Growth dilution rate constant (kg) excluding primary producers

For primary producers it is assumed to be 0.1 day-1.
kG = lgT.Wb_z

Where
kq = Growth dilution rate constant (day™)

Igr = invertebrate growth rate coefficient (unitless)
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Wb = weight of biota (Kg)
Total elimination rate constant (K o)

kiotat = ka2 + kg + kg + ky

Where

k, = gill elimination rate constant (day™)
ke = fecal egestation rate constant (day™)
ks = Growth dilution rate constant (day™)

km = metabolic transformation rate constant (day™)
Biota-water partition coefficient (K )
kyw = vlb.K,,, + vnb.beta.K,,, + vwb

Where

kpw = biota-water partition coefficient (unitless)

vlb = lipid fraction in biota/phytoplankton (kg/kg)

Kow = octanol water partition coefficient (unitless)

vnb = nonlipid organic matter fraction in biota/phytoplankton (kg/kg)
Beta = nonlipid organic matter octanol proportionality constant (unitless)

vwb = water fraction in biota (kg/kg)
Phytoplankton-water partition coefficient (K )
Kpw = vlb.K,,, + vnb. apc. Koy + vWh

Where

kow = phytoplankton-water partition coefficient (unitless)

vlb = lipid fraction in biota/phytoplankton (kg/kg)

Kow = octanol water partition coefficient (unitless)

vnb = nonlipid organic matter fraction in biota/phytoplankton (kg/kg)
Opoc = POC-octanol proportionality constant (unitless)

vwb = water fraction in biota (kg/kg)
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Gut-biota partition coefficient (k  4,) excluding phytoplankton

_ vlg.K,y +vng.beta.K,y, + vwg
9% = ylb.K,,, + vnb.beta.K,, + vwb

Where

vlg = lipid fraction in gut (kg/kg)

Kow = octanol-water partition coefficient (unitless)

vng = nonlipid organic matter fraction in gut (kg/kg)

vwg = water fraction in gut (kg/kg)

vlb = lipid fraction in biota / phytoplankton (kg/kg)

vnb = nonlipid organic matter fraction in biota/phytoplankton (kg/kg)
Beta = nonlipid organic matter-octanol proportionality constant (unitless)

vwb = water fraction in biota (kg/kg)

Gill ventilation rate (G ) excluding phytoplankton
G, = 1400. (Wh°®%)/C,,

Where

G, = Gill ventilation rate (L/day)

W, = weight of biota (kg)

Cox = dissolved oxygen concentration (mg OJ/L)
Feeding rate (mold) excluding phytoplankton
Gg = 0.022 x (W,*8%) » 100-06.Tw

Where

Gq = Feeding rate (kg/day)

W, = weight of biota (kg)

T, = waste temperature (T)
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Faecal egestation rate (G ) excluding phytoplankton
Gr = ((1 —el).vld + (1 — en).vnd + (1 — eww).vwd). G4

Where

G = faecal egestation rate (kg/day)

el = dietary absorption efficient of lipid (%)

vld = lipid fraction in diet (kg/kg)

en = dietary absorption efficiency of nonlipid organic matter
vnd = nonlipid organic matter fraction in diet

eww = dietary absorption efficiency of water (%)

vwd = water fraction in diet (kg/kg)

G, = feeding rate (kg/day)

Efficacy of chemical transfer via gill including phytoplankton

-1
Bew
ey = | Aew + (Kow>

Where

e, = efficiency of chemical transfer via gill (%)

Aew = Constant A, (unitless)
Bew = Constant B, (unitless)

Kow = octanol-water partition coefficient (unitless)

Efficiency of chemical transfer via intestinal tract (Ed)

Ed = (Aed.K,,,.Bed )™

Where

Ed = Efficiency of chemical transfer via intestinal tract excluding phytoplankton
Aeq = constant Aed (unitless)

Bes = Constant Bed (unitless)
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Kow = octanol-water partition coefficient (unitless)
Lipid fraction in diet (vld) excluding phytoplankton

vig = Y(fraction in diet (%).v;p)

where

vig = lipid fraction in diet (kg/kg)

vy = lipid fraction in biota / phytoplankton (kg/kg)

lipid fraction in gut (vlg) excluding phytoplankton

Via

lg =(1-el).
vlg = (1 —el) (1 —-el).vld+ (1-e,).vpq + (1-eyw)-Viwa

where

vly = lipid fraction in gut (kg/kg)

el = dietary absportion efficiency of lipid (%)

vig = lipid fraction in diet (kg/kg)

e, = dietary absorption efficiency of nonlipid organic matter (%)
Vng = Nonlipid organic matter fraction in diet (kg/kg)

ew = dietary absorption efficiency of water (%)

Vg = water fraction in diet (kg/kg)

nonlipid organic matter fraction in diet (vnd) excluding phytoplankton

Vna = L(fraction in diet (%).vyp)
where
Vhg = nonlipid organic matter fraction in diet

Vi = Nonlipid organic matter fraction in biota/phytoplankton

nonlipid organic matter fraction in gut (vng) excluding phytoplankton

Vid
(1 —-eD.vyg + (-e,).vpg + (I-epw) - Vywa

Vpg = (1-en).

where

Vng = nonlipid organic matter fraction in gut ( kg/kg)
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e, = dietary absorption efficiency of nonlipid organic matter (%)
viq = lipid fraction in diet

el = dietary absportion efficiency of lipid (%)

Vng = Nonlipid organic matter fraction in diet (kg/kg)

ew = dietary absorption efficiency of water (%)

Vg = water fraction in gut (kg/kg)

water fraction in diet (vwd) excluding phytoplankton

Vywa = N(fraction in diet (%).vyp)

Vwg = water fraction in diet (kg/kg)

vyp = water fraction in biota (kg/kg)

water fraction in gut (vwg) excluding phytoplankton

Vwa
(1-eD).vg+ (1-e,).vpq + (1 — epn)- Yy

Vwg = (1-ew).

where

Vug = Water fraction in gut (kg/kg)

ew = dietary absorption efficiency of water (%)

Ve = water fraction in gut (kg/kg)

el = dietary absportion efficiency of lipid (%)

viq = lipid fraction in diet (kg/kg)

e, = dietary absorption efficiency of nonlipid organic matter (%)

Vhg = nonlipid organic matter fraction in diet

Dissolved oxygen concentration (C o) including phytoplankton
Cox = ((—0.24.T,,)) + 14.04).S

Where

Cox = Dissolved oxygen concentration (mg O,/L)

Tw = water temperature (T)
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S = dissolved oxygen saturation (%)
Oxygen consumption (V) excluding phytoplankton

Vox = 980.Wh0o65>
Where

Vox = 0Xygen consumption (mg O./day)
W, = weight of biota (kg)
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Appendix B-4 Calculated organism specific parameters for DPEs
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Appendix B-5 Calculated organism specific parameters for MPEs
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Appendix B-6 Predicted and measured TMF regression analysis
results
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Appendix B-7 S-plus statistics for Predicted and Observed TMFs
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Appendix C: CD-ROM Data Appendix

Please refer to Excel file: G. Zandpour — Appendix Tables on Attached CD

The CD-ROM, attached, forms a part of this work.

Data file can be opened with MSExcel or other spread sheet program.

The PDF file was created with Adobe Acrobat, but may be opened in any PDF program.

Data Files:

» Mastersheet of Entering Parameters 340--KB
» DMP Model (1DMP NE) 196-- KB
 DEP Model (2 DEP NE) 196-- KB
» DnBP Model (3 DnBP NE) 198-- KB
» BBP Model (4 BBP NE) 197--KB
* DEHP Model (5 DEHP NE) 196--KB
» (C8 Model (6 DOP NE) 195--KB
* C9Model (7DINP NE) 222--KB
* C10 Model (DiDP Model) 224--KB
* Analysis 1,525-KB
*  Metabolism 950-KB
* Appendices 390-KB
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