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DISCLAIMER

DISCLAIMER

This document has been reviewed and approved for publication by the U.S.
Environmental Protection Agency. It does not constitute Agency policy. Mention of trade
names or commercial products is not intended to constitute endorsement or recommendation for
use.
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PREFACE

PREFACE

This document, the TRIM.FaTE Technical Support Document, is part of a series of
documentation for the overall Total Risk Integrated Methodology (TRIM) modeling system.
The detailed documentation of TRIM’s logic, assumptions, algorithms, equations, and input
parameters is provided in comprehensive Technical Support Documents (TSDs) and/or user’s
guidance for each of the TRIM modules. This report, which supersedes earlier versions (U.S.
EPA 1998a, U.S. EPA 1999a,b), documents the Environmental Fate, Transport, and Ecological
Exposure module of TRIM (TRIM.FaTE) and is divided into two volumes. The first volume
provides a description of terminology, model framework, and functionality of TRIM.FaTE, and
the second volume presents a detailed description of the algorithms used in the module.

Comments and suggestions are welcomed. The OAQPS leads on the various modules are
provided below with their individual roles and addresses.

TRIM coordination  Deirdre L. Murphy

and TRIM.FaTE REAG/ESD/OAQPS
C404-01
RTP, NC 27711
[murphy.deirdre@epa.gov]

TRIM.Expo Ted Palma Harvey M. Richmond
[Inhalation] REAG/ESD/OAQPS HEEG/AQSSD/OAQPS
C404-01 C404-01
RTP, NC 27711 RTP, NC 27711
[palma.ted@epa.gov] [richmond.harvey@epa.gov]
TRIM.Expo Amy B. Vasu
[Ingestion] REAG/ESD/OAQPS
C404-01

RTP, NC 27711
[vasu.amy@epa.gov]

TRIM.Risk Terri Hollingsworth
REAG/ESD/OAQPS
C404-01
RTP, NC 27711
[hollingsworth.terri@epa.gov]

SEPTEMBER 2002 vii TRIM.FaTE TSD VOLUME II



[This page intentionally left blank.]



ACRONYMS, ABBREVIATIONS, AND SYMBOLS

ACRONYMS, ABBREVIATIONS, AND SYMBOLS

ACRONYMS

BAF Bioaccumulation Factor

B(a)P Benzo(a)pyrene

BASS Bioaccumulation and Aquatic System Simulator
BCF Bioconcentration Factor

BMR Basal Metabolic Rate

BW Body Weight

D Dust

DOC Dissolved Organic Carbon

EPA United States Environmental Protection Agency
FIR Free-living Inhalation Rate

GI Gastrointestinal

GIS Geographic Information Systems

GW Ground Water

HAP Hazardous Air Pollutant

IEM Indirect Exposure Methodology

Kaw Air/Water Parition Coefficient

Koa Octanol/Air Partition Coefficient

Kow Octanol/Water Partition Coefficient

LSODE Livermore Solver for Ordinary Differential Equations
NERL National Exposure Research Laboratory
OAQPS EPA Office of Air Quality Planning and Standards
OPPT Office of Pollution Prevention and Toxics

ORD Office of Research and Development

oW Office of Water

PAH Polycyclic Aromatic Hydrocarbon

R-MCM Regional Mercury Cycling Model

SAB Science Advisory Board

SCF Stem Concentration Factor

SW Surface Water

TF Transfer Factor

TOC Total Organic Carbon

TRIM Total Risk Integrated Methodology

TRIM.Expo TRIM Exposure-Event module

TRIM.FaTE = TRIM Environmental Fate, Transport, and Ecological Exposure module
TRIM.Risk TRIM Risk Characterization module

TSCF Transpiration Stream Concentration Factor
TSD Technical Support Document

WASP Water Quality Analysis Simulation Program
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS

UNIT ABBREVIATIONS
Mg microgram
°C degrees Centigrade ng nanogram
°K degrees Kelvin mm millimeter
g gram mol mole
hr hour nmol nanomole
kg kilogram nM nanomolar
L liters Pascals Pa
m meter yr year
SYMBOLS USED FOR VARIABLES
Greek
o (alpha) proportion of equilibrium value
K (kappa) von Karmen’s constant
K; the equilibrium ratio between the concentration in phase j and the phase to
which one is normalizing
€ (epsilon) volume fraction gas/vapor/pure air
0 (theta) volume fraction liquid
¢ (phi) porosity (volume fraction not solid)
Yr(psi) volume fraction of compartment
p (rho) density
¢ (alternate phi) fraction sorbed to solids
y(gamma) gradient of soil concentration change
0 (delta) boundary layer thickness
© (Theta) temperature correction factor
A (lamda) dimensionless viscous sublayer thickness
A removal rate constant for soil compartment /
M (mu) viscosity
v (nu) velocity
v (upsilon) volumetric flow rate
w (omega) volume fraction occupied by a fluid (where fluid = air or water)
Roman
A area
AE assimilation efficiency
BW body weight
C concentration
d depth
D diffusion coefficient
DSP dispersion coefficient (between surface water compartments)
E elimination (wildlife)
f fraction
FIR free-living inhalation rate (not normalized to body weight)
g conductance
H Henry’s law constant
1 interception fraction
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS

=

s

S EERISARTER

ingestion, inhalation, or intake (normalized to body weight)

inhalation rate (not normalized to body weight)

rate constant

transfer coefficient (Chapter 3)

partition coefficient

characteristic mixing length

mass of an organism

mass of chemical

molecular weight

number

number of stomata in leaf multiplied by the area of a single stomata divided by
the area of the leaf

chemical inventory (mass)

proportion
permeance
pressure (P
flux
universal gas constant

resistance [subscript]

relative humidity

fraction mass disolved/volume fraction liquid

fraction mass solid particle-phase/volume fraction solid particles
fraction mass vapor-phase/volume fraction gas

rate of sediment deposition (or resuspension)

transfer factor or

temperature

mass transfer coefficient

volume

velocity

effective velocity

water ingestion (not normalized to body weight)

fugacity capacity

vapor)
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS

ABBREVIATIONS USED IN VARIABLE SUBSCRIPTS

acc accumulation ow octanol water
adv advection P Particle
Al Algae Ph Phloem
Arth Arthropod r ratio
ASF Allometric Scaling Factor v ratio for Vapor
avail available R Root
B Boundary layer Rev Receiving
BI Benthic Invertebrates res resuspension/resuspend
C Conductance S Soil (e.g., Ag = soil area);
d drag or
D Diet S Stomatal (e.g., gs= total
dep depuration (fish) stomatal conductance)
dep deposition (abiotic media) Sed Sediment
dif diffusion SSed Suspended sediments
e effective Send Sending
ef excretion via urine/feces Snk Sink
eg excretion from gills Sr root-zone Soil
ET total elimination Ss surface Soil
f unspecified fish Sv vadose-zone Soil
ff fur, feathers (or hair) St Stem
Fbo Fish, benthic omnivore SWD dissolved in surface water
Fh Fish, herbivore t time
Fwch Fish, water column T Temperature
herbivore Tprey Terrestrial prey
Fwco Fish, water column Twl Terrestrial wildlife
omnivore uf urine/feces
G Growth (fish algorithms) U Uptake
G Gas (air algorithms) fuSs eliminated to surface soil
L load (e.g., D, = Dust load) fuSW eliminated to surface water
L liquid (e.g., R; = liquid AW Water
phase resistance) WD dissolved in water
lact lactation \% volatilization
m melting; or VAF vegetation attenuation
m mesophyl factor
met metabolism Worm Earthworm
Mp Macrophyte WV Wet Vapor
N normalized Xy Xylem
oc organic carbon
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CHAPTER 1
INTRODUCTION

1. INTRODUCTION

This volume of the TRIM.FaTE Technical Support Document (TSD) presents the
equations available in the current TRIM.FaTE library that can be used to describe the transport
and transformation of chemicals in TRIM.FaTE simulations. These equations are used to
simulate the physical, chemical, and biological processes that drive chemical transport and
transformation in the environment. As explained in Volume I of this report, the TRIM.FaTE
modeling framework can incorporate first-order and higher order equations. At the present time,
however, only first-order equations have been included in the TRIM.FaTE library and applied
using the model.

First-order transfer between compartments in TRIM.FaTE is described mathematically
by transfer factors, referred to as T-factors or TFs. This volume documents all of the TF
algorithms currently included in the TRIM.FaTE library. A T-factor is the instantaneous flux of
the chemical into the receiving compartment normalized by the amount of chemical in the
sending compartment (see Section 4.2 in TRIM.FaTE TSD Volume I (U.S. EPA 2002a) for more
discussion about T-factors and related issues). That is, 7 x N(?) is the instantaneous flux at time
¢ in units of chemical amount/time, where N(?) is the chemical amount in the sending
compartment at time z. Thus, the unit for a T-factor is inverse time (in TRIM.FaTE, per day).

Because it is a normalized flux, a large T-factor in itself does not imply that the flux is
large; the actual flux also depends on the amount of chemical in the sending compartment. The
T-factor is not the same as the fraction of mass transported from the sending to receiving
compartment (or transformed or degraded from one chemical form to another) in a given time
interval, although the two quantities are related. When the fraction of mass lost is small, these
two quantities are approximately the same, but they differ significantly when the fraction of mass
lost is larger. In particular, 7= -In(1-p), where p is the proportion (fraction) of mass lost in one
simulation time step, and the units of time are the same as those for 7.

The remainder of this volume is organized in seven chapters. Chapter 2 describes the
general methods and assumptions used to model fate and transport in TRIM.FaTE, focusing on
advection algorithms and the equations to estimate the fraction of the total chemical in a
compartment that occurs in each phase (i.e., solid, liquid, vapor) within the compartment.
Chapters 3 through 5 present the abiotic transfer factor algorithms for air (Chapter 3), surface
water and sediment (Chapter 4), and soil and ground water (Chapter 5). For simplicity, the T-
factor algorithms used to describe intermedia transport are presented in only one of the relevant
chapters and referenced in the other. Chapters 6 and 7 present the algorithms for transfers
between biotic compartment types and between biotic and abiotic compartment types. Chapter 6
describes the algorithms associated with aquatic biota, while Chapter 7 describes those
associated with terrestrial biota. Chapters 3 through 7 begin with (or begin each major
subsection with) a brief summary of the T-factor algorithms described in the chapter and then
explain each algorithm in greater detail. Each chapter also describes supporting equations that
are located in the compartment sections of the TRIM.FaTE code library instead of in the T-factor
algorithm sections. Chapter 8 provides the references cited in this volume.
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This volume includes four appendices. Appendix A presents chemical-specific
algorithms for mercury, and Appendix B presents chemical-specific algorithms for polycyclic
aromatic hydrocarbons (PAHs). Appendix C describes key aspects of running TRIM.FaTE
using the steady-state solution feature. Appendix D lists and describes the input parameters in
the current library.

The derivation of T-factors begins in different ways in some chapters, reflecting
differences in typical presentations of transfer or partitioning models in the literature among the
related disciplines. An effort has been made, however, to use a standard set of variable names
throughout this volume (see Acronyms, Abbreviations, and Symbols on pages ix to xii.)
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2. ALGORITHM OVERVIEW

As described in TRIM.FaTE TSD Volume I, Chapter 4, TRIM.FaTE includes algorithms
to model several types of transport and fate processes, including bulk advection, diffusion,
dispersion, biotic processes, and chemical reactions and transformations. Because some of these
algorithms are dependent on what phase (e.g., liquid, solid) a chemical is in, TRIM.FaTE also
contains equations to estimate phase distribution in abiotic compartments.! This chapter
provides an overview of the general types of algorithms used by TRIM.FaTE, including those
used to model phase distribution.

The main focus of this chapter is the methods and assumptions used to develop the
advection algorithms, i.e., the T-factors used to describe advective transport of a chemical
between adjacent compartments. Mathematically, all that is required to calculate an advective
transfer is the velocity of the moving phase and the amount of the chemical that is in the moving
phase. Thus, the fraction of the total chemical in a compartment that is in the moving phase
(e.g., water) must be estimated. To estimate the fraction in the moving phase, the fraction of the
total chemical that will be found in each phase (i.e., the partitioning of the chemical among all
phases within a compartment) must be estimated. Both fugacity and non-fugacity related
approaches are used in TRIM.FaTE to model the partitioning of a chemical among phases within
a compartment.

The remainder of this chapter is organized into six main sections. Section 2.1 focuses on
multiphase calculations and how TRIM.FaTE estimates the fraction of the total chemical in a
compartment that occurs in each phase within the compartment. Section 2.2 describes the
general phase-distribution equations of Section 2.1 as they apply to soil, surface water, and
sediment compartment types and different moving phases as modeled in TRIM.FaTE. Section
2.3 describes the general phase-distribution equations for the air compartment type. Section 2.4
then indicates, in general terms, how the various T-factors are estimated in TRIM.FaTE for the
different fate and transport processes. Section 2.5 describes how some algorithms related to
equilibrium processes (e.g., diffusion between biotic and abiotic media) were modified from a
steady-state equilibrium form to a time-dependent form that is suitable for use in TRIM.FaTE.
Section, 2.6 demonstrates the equivalence of certain fugacity-based expressions to non-fugacity-
based expressions. The last Section, 2.7, provides descriptions of the code in the TRIM.FATE
library used to estimate the distribution of chemical among phases for each type of abiotic
compartment. Table 2-1 at the end of this chapter summarizes the advective algorithms included
in TRIM.FaTE.

2.1 PHASE-DISTRIBUTION CALCULATIONS

This section describes how the distribution of a chemical among multiple phases within a
compartment is currently modeled in TRIM.FaTE. The most common phases considered for the

1Although termed “abiotic” compartments, chemical transformations that may be biologically mediated
(e.g., by bacteria) can be simulated in these compartments. Additionally, in the current TRIM.FaTE library, algae is
represented as an explicit phase of surface water rather than as a separate compartment.
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abiotic compartments are liquid, gas, and solid. In the current TRIM.FaTE library, the liquid
phase of the abiotic compartments is aqueous (i.e., water and chemicals dissolved in water).
Other phases included in some TRIM.FaTE compartments may include biotic phases (e.g., algae
in surface water). Section 2.1.1 describes the equations that result from assuming chemical
equilibrium among the phases within a compartment. Section 2.1.2 illustrates how
concentrations of a chemical in other phases are normalized to its concentration in the liquid
phase to allow calculation of its concentration in each phase. Section 2.1.3 describes two general
forms of equilibrium partitioning calculations: general and fugacity-based forms.

2.1.1 ASSUMED CHEMICAL EQUILIBRIUM

A fundamental assumption of the TRIM.FaTE algorithms is that within a single
compartment, all phases are at chemical equilibrium with each other at all times. Because
chemical equilibrium is assumed, the ratios of the concentrations among the individual phases
are constant over time, and mass balance need only be tracked for the total amount of the
chemical in a compartment. The amount of chemical in the compartment in a particular phase
can be determined from the total amount in the compartment (described in the following text),
characteristics of the chemical, and the relative volume fraction of the compartment that consists
of that phase. It is possible that, in future versions of TRIM.FaTE, chemical equilibrium among
phases in the same compartment will not be assumed, in which case the amount of chemical in
different phases will need to be tracked as separate compartments.

As pointed out in Section 4.2 of TSD Volume I, TRIM.FaTE tracks the amount of
chemical in each compartment using moles (actually conserved units, which are related to
moles). The resultant molar quantities in each compartment are then used to estimate the
modeling results in terms of mass or concentration by using a chemical’s molecular weight. For
the sake of simplicity, however, most of the equations in this chapter refer to the amount of
chemical in compartments in units of mass, not moles. Exceptions include discussion of the gas
laws, in which moles are used.

In any given compartment, the total amount of chemical is the sum of the amounts in the
different phases:

N .. = Amount_in_gas phase+

Amount _in_aqueous liquid phase+ Amount in_solid _phase

= Cgas X Vgas + Cliquid X I/liquid + Csolid X Vsolid (Eq 2-1)
where:

Nipar = total mass of chemical in the compartment (g[chemical]);

Cops = concentration of chemical vapor in gas phase of the compartment
(g[chemical vapor]/m’[gas]);

Vs = volume of gas in the compartment (m’[gas]);

Ciguia = concentration of chemical in aqueous liquid phase of the compartment
(g[chemical]/m’[water]);

Viquia volume of aqueous liquid phase in the compartment (m’[water]);
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Coia = concentration of chemical in solid phase of the compartment
(g[chemical]/m’[solids]); and
Viia = volume of solid in the compartment (m’[solids]).

As noted earlier, because chemical equilibrium among phases within the same
compartment is assumed, the ratios of the concentrations between phases are constant over time.’
However, care must be used in specifying the units of the concentration. This is because, in
general practice, it is more common to present concentration ratios on a mass-by-mass basis
rather than on a mass-by-volume basis, as in TRIM.FaTE.

2.1.2 NORMALIZATION TO LIQUID PHASE

This section describes the relevant formulas when the concentrations of a chemical in
other phases are normalized to the concentration in the liquid phase. Normalization to the liquid
phase means that the concentrations in other phases are to be expressed in terms of concentration
in the liquid phase. This normalization is used for all soil, surface water, and sediment
compartments (including the cases where additional phases are considered). Using the
equilibrium assumptions, the following equations describe the concentration of the chemical in
the solid and gas phases, respectively:

Cootia = Py X Kg X CF) X Cpipoiy (Eq. 2-2)
H
Cgas = RxT X Cliqm’d (Eq 2_3)
where:

Peotid = density of a solid phase in the compartment (kg[solid phase]/m’[solid
phase]);

K, = equilibrium partition coefficient; ratio of concentration in solid phase
(g[chemical] /kg[solid phase]) to that in liquid phase
(g[chemical]/liters(L)[liquid phase]);

CF = 107 (m’/L), unit conversion factor
from m’ to L[liquid phase]; UNIT CONVERSIONS

H = Henry’s law constant ‘for'ch§mical 1 Pascal (Pa) = 9.869E-06
(Pascal (Pa)-m*/mol) in liquid atmospheres or 7.5E-03 mm Hg
phase; 1 atmosphere = 760 mm Hg

_ . 3 1 m® = 1000 liters (L)

R ideal gai constant (8.314 m 0 K = -273.15 °C
Pa/mol-°K); and

T = temperature (°K).

2Assuming a constant temperature.
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Equation 2-2 expresses the equilibrium partitioning for a solid in contact with water. The
density of the solid is included in the equation, because the concentrations C,,;,,and C,,,;, are

expressed on a mass-by-volume basis rather than on a mass-by-mass basis (see Equation 2-1).

Equation 2-3 is derived from the ideal gas law and Henry’s law. The ideal gas law states:

Py XV =nxRxT (Eq. 2-4)
where:

P, = gas pressure (Pa);

vV = volume (m?); and

n = number of moles.
Henry’s law states:

Rzir = HX Cliquid (Eq 2_5)

where:

P, = partial pressure in air (Pa); and

Ciguia = concentration of the chemical in a liquid phase (moles[chemical]/

m’[liquid]).

Combining Equations 2-1, 2-4, and 2-5, with P, = P, yields Equation 2-6, from which
Equation 2-3 can be derived because C,,, = n/V :

nx RxT

vV = Hx Cliquid (Eq 2-6)
Applying Equations 2-2 and 2-3 to Equation 2-1 yields:
H
NTotal = Cliquid X R X T X Vgas + Vliquid + pmlid X Kd X CF X leia’ (Eq 2_7)

The volumes of the various phases in the compartment can be expressed as fractions of
the total volume of the compartment, in which case the previous equation yields:

H x Vgas Vliquid Vsolid
NTutal = Cliquid X VTotal X Rx T x Vroml + Vroml + I()solid X Kd x CF x ol (Eq 2_8)
where:
VTotal = Vgas t Vliquid t Vsolid (Eq 2'9)

SEPTEMBER 2002 2-4 TRIM.FATE TSD VOLUME II



CHAPTER 2
ALGORITHM OVERVIEW

The term Cy,,.; = Nypi/ Vo 18 the total concentration of the chemical in the compartment.
Using the assumed equilibrium relationships, the concentrations in the individual phases can be

recovered from the total amount of mass in the compartment, as follows:

N Total
C VTotal ( )
liquid — Eq. 2-10
! [ H Vgas V/iquid + K CF Vsalid ]
X 10 soli X X X
R X T VTotal VTotal ot ¢ Total
H N Total
X
H R X T VTotal
C as = X Cli uid = (Eq 2-1 1)
¢ RxT ! [ H x Vgas Vliquid + x K CF x Vsolid ]
IO soli X
R X T VTotal VTotal i ¢ Total
(psolid X Kd X CF) X o
Total
C . = XK XCFxC, . = Eq. 2-12
o 'OSOW ‘ rd Hx Vgas + Vliquid + K CF leid ( i )
X X X
RxTx VTotal VTutal ’OS"hd ! Total

For cases in which the concentration in the water phase is negligible (e.g., when the
compartment is air, or the chemical has a very low solubility), the concentrations must be
normalized to another phase.

2.1.3 CONCENTRATIONS OF CHEMICAL IN EACH PHASE

TRIM.FaTE includes two types of equations for estimating concentrations in multiple
phases: the general form of the equilibrium approach (Section 2.1.3.1) and the fugacity form
(Section 2.1.3.2). As discussed earlier, all of the equations assume that the phases are in
equilibrium with each other.

2.1.3.1 General Form

If a chemical is in equilibrium among several phases within a compartment, it is
straightforward to calculate the concentration of the chemical that is in each phase. If there are n
phases in equilibrium, the concentration of the chemical in each phase can be calculated using
the following equations:
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C]Zl = KjZl Cnorm
(Eq. 2-13)
C1=n = Kj=n Cnorm
where:
& the concentration of the chemical in phase j (g[chemical]/m’[phase j]);
Com = the concentration in the phase to which one is normalizing; and
K = the equilibrium ratio between the concentration in phase j and the phase to

which one is normalizing, with units of (g[chemical]/m’[phase
Jj1)/(g[chemical]/m’[phase to which one is normalizing]).

The x ratios are generally expressed in terms of other environmental and/or chemical
parameters. The total mass of chemical in the compartment, denoted by N, is:

Total>

Total Z V X C

n

=) V,xk, xC (Eq. 2-14)

norm
J=1

l’lOIm z V X K

Where V is the volume of phase j in the compartment and the sum of the Vj values for all n
compartments equals V7. The fraction of mass of chemical in phase j is then given by:

Mass of chemical in phase j in compartment

:V} ij/NTozal

VA/XK«/XC

norm

Total mass of chemical in compartment

Cnorm X Z I/j' X Kj' (Eq 2-15)

J'=l
V XK,

Zn:V XK,

When applied to the previous section (and using the notation introduced there), we have
=C and the xterms are given by:

water?

that C

nmm

Koater =1 (Eq. 2-16)
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H
= Eq. 2-1
Kgas R X T ( q 7)
Ksolid = Iosolid X Iod X CF (Eq 2'18)

2.1.3.2 Fugacity-based Notation

The concept of fugacity often is used to simplify the algorithms needed to describe the
partitioning of a chemical among phases within a compartment. Fugacity is defined as a
substitute for pressure in the real gas system so that the ideal gas equation (i.e., PxV = nx RXT)
can be applied to the real gas system (Mackay 1991).

The fugacity of a chemical in a phase other than the gas phase is defined as the fugacity
of the chemical in the gas phase that is in equilibrium with the phase of interest. Fugacity
represents the escaping tendency of a chemical from a phase or compartment. When chemical
equilibrium is reached within a compartment, the fugacities of the chemical in each phase are
equal.

The concentration of a chemical in a phase can be linearly related to fugacity using the
following equation:

G, =/x2Z (Eq. 2-19)
where:
G concentration of a chemical in phase j (mol/m?);
fi = fugacity of the chemical in phase j (Pa); and
Z = fugacity capacity of the chemical in phase j (mol/m*-Pa).
At equilibrium within a compartment, f, = f; = ... f. Thus, when two phases achieve

chemical equilibrium, the chemical fugacities are equal and partitioning can be described in
terms of their Z values, which are essentially “half” partition coefficients as shown below.

Q:ﬁ:é:]{ (E 2_20)
CZ f2 X Z2 ZZ . q
where:
c,C, = concentration of a chemical in phases 1 and 2, respectively (mol/m’);
Z,7Z, = the fugacity capacity of the chemical in phases 1 and 2 (mol/m’-Pa);
o = the fugacity of the chemical in phases 1 and 2, where f, = £, (Pa); and
K, = partition coefficient (ratio of concentrations in phase 1 to phase 2)

(g[chemical]/m’[phase 1] per g[chemical]/m’[phase 2] or m’[phase
2]/m’[phase 1]).
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When concentrations are relatively low, as for most environmental contaminants, the
fugacity of a chemical in air (f,;,) is equal to the partial pressure of the chemical in air (P,,,).
Thus, at equilibrium:

S ar =Py (Eq. 2-21)
which equals the fugacity in the other phases (e.g., phase j), so that /', = f,. = P, . Thus:
Z=C,/P, (Eq. 2-22)
According to Henry’s law, C ., /P, = I/H. Thus, letting phase j = water:

Z o= 1/ H (Eq. 2-23)

water

Substituting Henry’s law C, ., = P,;,/ H into equations (2-2) and (2-3), respectively, and

solving for C; /P, leads to the definition of fugacity capacities for the chemical in water, air,
and solid phases:
Zuer = VH (Eq. 2-24)
Zal.r - 1/(_R X T) (Eq 2—25)
Zsolid = Iosolid X Kd X CF X Zwater (Eq 2_26)
where:
Zuter fugacity capacity of chemical in the liquid phase, i.e., water (mol/m’-Pa);
Zyy = fugacity capacity of chemical in the gas phase, i.e., air (mol/m*-Pa);
Z i = fugacity capacity of chemical in the solid phase (mol/m’-Pa);
Prolid = density of solid phase in compartment (kg[solid phase]/m’[solid phase]);
K, = equilibrium partition coefficient; ratio of concentration in solid phase

(g [chemical]/kg[solid phase]) to that in liquid phase (g[chemical]/L[liquid
phase]); and
CF = 107 (m’/L), conversion factor to convert m’ to L[liquid phase].

Substituting Henry’s law, C ., = P ,,/ H, into equation (2-9), solving for C,,,/P ,,, and
inserting Z,,,, Z Z i a0d Z 1, yields:

air > “water >

_ Vair Vwater Vsolid
ZTotal - Zair X V + Zwater X V + Zsolid X V (Eq 2-27)
Total Total Total

Since the fugacity of a chemical in phase 1 and phase 2 within a compartment at
equilibrium is equal:
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Cphasel - thasel (Eq 2'28)
phase, phase,
Applying these relationships shows that:
— Zwater NTotal — Zwater
Cwater - Z X V - Z X CToml (Eq 2-29)

Total Total

Zair NTotal Zair
C _ X = X CTotal (Eq 2_30)

air
ZTotal VT otal ZT otal

Cootia = Lot X N = Ll XCro (Eq. 2-31)
o ZTotal V ZTotal fore

Total

where:

Crom = total concentration of the chemical in the compartment (g[chemical]/
m’[total compartment]).

From these relationships, in general, the amount of mass in the different phases is given by:

N V x C V x Zwater X NTOtal V x ZWHIGI’ C 2 32
= = _— = —_— X -
water water water water ZToml VToml water ZToml Total (Eq )
N. =V, xC T L B P (Eq. 2-33)
air = air X air = air X— X = air X X ota q -

ZTotal VTotal Z Total fou
_ _ Zmlid N Total _ Zsolid
Nsolid - Vsolid X Csolid - Vsolid X ZToml X VToml = 7 solid X ZToml XCTotal (Eq 2-34)
where:

Noer = chemical mass in the liquid phase (i.e., water, excluding suspended
particles) (g[chemical]);

N, = chemical mass in the gas phase (i.e., air, excluding suspended particles)
(g[chemical]); and

N, = chemical mass in the solid phase (g[chemical]).

If there are other phases in equilibrium with the chemical dissolved in the water phase,
then the fugacity capacities of that phase can be defined in a manner consistent with that above.
For example, if C,,,. = K., XC, ..., Where C, . has units of g[chemical]/m’[other phase], then

the fugacity capacity of the other phase is defined by:

Z

other = Kother X Zwater (Eq 2_35)
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and the total fugacity capacity of the chemical in the compartment is given by:

7 =7 X Vair +7 X Vwater +7 X Vvolid +7 X I/other (Eq 2 36)
Total ~ air water solid other c &7

t VTota/ ! VTotal VTatal t VTotal

where V, . is the volume of the other phase, in units of m’ [other phase].

In the following sections, the general equations presented in this section for multiple
phase calculations are applied to specific compartment types. The use of these equations in the
following sections generally adheres to notations commonly used in the literature for the
different media.

2.2  APPLICATION TO SOIL, SURFACE WATER, AND SEDIMENT
COMPARTMENT TYPES

For soil, surface water, and sediment compartment types, the concentrations are
normalized to the concentration in the liquid phase, and the same notation is used to represent
the relevant parameters. In a soil compartment, the solid phase consists of the soil particles. In a
surface water compartment, the solid phase consists of the sediment suspended in the water
column. In a sediment compartment, the solid phase consists of clay, silt, or sand particles as
opposed to the water phase that fills the interstitial space between the sediment solid particles.
Table 2-1 shows all of the phases modeled in TRIM.FaTE. Both the general form (Section
2.2.1) and the fugacity-based form (Section 2.2.2) are described below.

2.2.1 GENERAL FORM

Following common practice, the volume fractions of each phase are denoted as follows:

Vliquid
=6 (Eq. 2-37)
VTotal
V
gas
= ¢ (Eq. 2-38)
VTotal
Vm i
V"d:1—9—5:1—¢) (Eq. 2-39)

0 (theta) volume fraction liquid (i.e., water) (unitless);
€ (epsilon) volume fraction gas ( i.e., air) (unitless);
1-0-¢ = volume fraction solid (i.e., 1- ¢) (unitless); and

) = (phi) total porosity of the compartment (i.e., € + €).
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Table 2-1
Phases Explicitly Modeled in TRIM.FaTE by Abiotic Compartment Type
Type of Abiotic | Phases Modeled Description
Compartment in TRIM.FaTE
Air Solid Airborne particles, where particles can be solids,
aerosols, or water droplets
Gas Vapors/gases in air
Soil (surface, Solid Soil particles
root-zone, and . .
vadose zone Liquid Soil pore water
soils) Gas Vapors/gases in soil air spaces
Ground water Solid Soil particles
Liquid Soil pore water
Surface water Solid-algae Suspended algal cells/particles
Solid-other Suspended sediments (particles other than algae)
Liquid Water (excluding suspended sediments and algae)
Sediment Solid Sediment particles
Liquid Sediment pore water

Using Equation 2-8, the equation for the total mass of chemical in the compartment and in the

different phases is then given by:

H
X| ——x &+ 8 +

N = Cliquid X VTotal (R x T

Total

Poiia X Ky * CF %(1 - @) (Eq. 2-40)

If there are other phases in equilibrium with the chemical in the liquid (aqueous) phase, then the
previous equation is augmented as follows:

NTolal = C

liquid X VTotal X

H m m (Eq. 2-41)
[(RxTxg) +6+[psolid de XC/ x(l-cﬂ-z lpjj] +2Kj X lﬂ]]

j=1 /

Jj=1

where:

K; = equilibrium ratio of concentration of chemical in phase j and concentration
dissolved in the aqueous phase (g[chemical]/m’[phase j])/
(g[chemical]/m’[water]); and
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Y, = volume fraction of compartment composed of phase j (m’[phase j]/
m’[total]).

2.2.2 FUGACITY-BASED NOTATION

If fugacity-based notation is to be used, then the total fugacity of the chemical in the total
compartment is given by:

ZTaml = Zair Xxe+ Zw X 9 t Zsolid X (1 - ¢) (Eq 2'42)

ater

In the general case when there are additional equilibrium phases (up to m phases) considered:
ZTotal = Zair Xxe+ Zwater X 9+Zsolid X(l - ¢_Z w) +z Z] X W (Eq 2'43)
=1 =1

where:
Z = fugacity capacity of the chemical in phase / (mol/m*-Pa).

NOTE: For the ground water, surface water, and sediment compartment types, the volume
fractions in the gas phase (€) are assumed to be zero.

The soil/water partition coefficients (K,) in each compartment (the various soil, ground
water, surface water, and sediment compartments) may be either input or calculated. At present,
they are input for mercury species and calculated for nonionic organic chemicals (Karickhoff
1981) by:

Kd = Koc X foc (Eq 2_44)
where:
K, = soil/water partition coefficient (g[chemical]/kg[soil wet wt] per
g[chemical]/L[water] or L[water]/kg[soil wet wt]);
K, = organic carbon/water partition coefficient (g[chemical]/kg[organic carbon]
per g[chemical]/L[water]); and
foe = fraction of organic carbon in the total compartment (kg[organic

carbon]/kg[soil wet wt].

2.3 APPROACH FOR AIR

Because the volume of water in an air compartment is so small relative to the volumes of
the solid and gas phases, there has not been a historical development of K,’s (i.e., ratio of
concentration in the solid phase to that in the dissolved phase) for the atmosphere, although the
concept still applies. Instead, often the solid and gas phases only are addressed for the air
compartment. In TRIM.FaTE, solid particles and water (or chemical) droplets in clouds or mists
are all modeled as solid particles in the air (i.e., dust).
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Section 2.3.1 describes the equations for multiphase partitioning in the air compartment
type, and Section 2.3.2 describes two different approaches to calculating the fraction of chemical
that is bound to air particles.

2.3.1 MULTIPHASE PARTITIONING IN THE AIR COMPARTMENT TYPE

If chemical equilibrium is assumed between the solid and gas phases in air (liquid phase
is considered absent), then a normalization other than to the liquid concentration is required.
Section 2.3.1.1 describes the general approach, while Section 2.3.1.2 describes the fugacity-
based approach.

2.3.1.1 General Approach

At present, the volume fractions in each phase in an air compartment are given by:

Vliquid 0
= Eq. 2-45
VTotal ( a )
Vsolid DL (E 2 46)
= — q. -
VTotal IOP
V gas D
SR It (Eq. 2-47)
VTotal IOP
where:
D, = atmospheric dust particle load in the air compartment (kg[dust particles]/
m’[air]), where dust could include any type of aerosol; and
Pp = density of dust particles (kg[particles]/m’[particles]).

The dust load and density are specified properties of each air compartment. To normalize
to either the gas or solid phase, the equilibrium ratio of the concentrations in the two phases must
be estimated. The fraction of the chemical bound to particles is denoted by ¢ here and by
Fraction Mass Sorbed in the air compartment of TRIM.FaTE. It is estimated using a method
developed by Junge (1977) for organic chemicals, and a more recent method developed by
Harner and Bidleman (1998) that is applied for mercury, both of which are discussed in Section
2.3.2. Use of this term in the current notation yields:

VS()I[d X Csalid - ¢ (E 2_48)
V,.xC, 1-¢ 4

where:
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17 = fraction of chemical in the air compartment that is sorbed to particles in
air (unitless).

From this, the equilibrium ratio of the concentration in the solid phase to that in the gas phase in
an air compartment is given by:

Csalid ¢ / Vsolid

= (Eq. 2-49a)
Cgax (1 - ¢) / Vgas
___ 9/(D./Pp) (Eq. 2-49b)
(1-¢)/(1-D,/py)
_ #x0-D,jpy) (Eq. 2-49)
(1= @) x(D,/py)
The total mass of chemical in the air compartment is then:
solid
NTotal = Cgas X VTotal X [(1 - DL /IOP) + Cgas X (DL /IOP)j (Eq 2'503)

¢x(1-D,/p,)
(1-¢)x(1-D,/p,)
& x (I—DL/p»j
(1- @)

= Cous * Vo ((1 =D, /pp) + x (D, /,o,,)j (Eq. 2-50b)

= Cgas x VTotal X ((1 - DL /IOP) + (Eq 2'50C)

= Cpy XV * (1= D,/ p) X(l ¥ (lfb ¢)) (Eq. 2-50d)

2.3.1.2 Fugacity-based Notation

For the air compartment, the fugacity capacity in the solid phase can be determined by
use of the relationship as follows:

Csalid
Zsol[d = Za[r X C (Eq 2-513)
gas
x(1-D
L, ¢x(1-D,/pp) (Eq. 2-51b)

T (1= gy x (D, /py)

where:
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Zair = ]/(RT)’
R = ideal gas constant (8.314 m*-Pa/mol-K); and
T = temperature (°K).
The total fugacity in the air compartment is then given by:
_ Vgas I/solid
ZTotal - Za[r X + Zsol[d X V. (Eq 2-523)
Total Total
= Zair x(l_DL/IOP)+Zsolid >((DL/IOP) (Eq 2-52b)

2.3.2 CALCULATION OF THE FRACTION OF CHEMICAL BOUND TO AIR
PARTICLES

The fraction of chemical bound to particulate in the air compartment, denoted by ¢, can
be calculated using one of two methods. The first method is the K ,-based method discussed in
Harner and Bidleman (1998) (Section 2.3.2.1), while the second is from Junge (1977) (Section
2.3.2.2). The current TRIM.FaTE library includes the method of Harner and Bidleman (1998).
Note that in each of these methods, a chemical with extremely low or essentially zero vapor
pressure (e.g., cadmium, lead) is assumed to be 100 percent bound to particulate matter in the
air.

2.3.2.1 K,,-based Method

In Harner and Bidleman (1998), a “K,,, adsorption model” is shown to fit to PCB data
better than a Junge-Pankow model similar to the Junge (1977) model. Further, the parameters
needed are considered to be more easily measurable than the parameters for the Junge-Pankow
model. This K, model is in the current TRIM.FaTE library. Using the notation of Harner and
Bidleman (1998), the K, model first estimates the particle/gas partition coefficient (K,) in terms
of the octanol/air partition coefficient and the fraction of organic matter attached to particles. It
then calculates the fraction of chemical in the particle phase via the relationship:

¢ = Rp X TP Eq. 2-53
T 1+ K, x TSP (Eg. 2-53)
where:
¢, = Fraction Mass Sorbed, i.e., fraction of chemical bound to dust particles in the
air compartment (unitless);
K, = particle/gas partition coefficient for chemical (ng[chemical]/pg[particles])/

(ng[chemical]/m’[air]); and
TSP = total suspended particle concentration (pg[particles]/m’[air]).
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Using the notation of this section, the following relationship exists:

TSP =10’ x D, (Eq. 2-54)
where:

D, = the dust load for the air compartment (kg[particles]/m’[air]).

The particle/gas partition coefficient, K, is calculated via the regression-based equation:

log(K,) = log(K,, ) + log(f,,) - 11.91 (Eq. 2-55)

where:

K, = particle/gas partition coefficient (g[chemical]/kg[particles] per
g[chemical]/m’[air] or m’[air]/kg[particles]);

K,y = octanol/air partition coefficient (g[chemical]/m’[octanol] per
g[chemical]/m’[air] or m’[air]/m’[octanol]); and

fom = fraction of dust comprised of organic material (on a weight basis;
unitless).

In the current TRIM.FaTE library representation of the formula for K, log(f;,) is replaced by
log(f,,, = 1E-10) to prevent a log(zero) computer error if the user inputs zero as the value for the
fraction of organic matter in the particles.

If the octanol/air partition coefficient is not available, it can be calculated from the
octanol/water partition coefficient K, (g[chemical]/kg[octanol] per g[chemical]/L[water] or
L[water]/kg[octanol]) via the relationship:

RxT

Ko = Koy x = (Eq. 2-56)

where the of R, T, and H are such that the quantity R x7/H is unitless.
2.3.2.2 Junge’s Method

This method has been used in multimedia models, including prototype versions of
TRIM.FaTE. It is not included in the TRIM.FaTE library for the reasons listed at the beginning
of Section 2.3.2.1. The following discussion is based on that presented in CalTOX (McKone
1993a,b,c). With this method, the fraction of chemical bound to dust particles (or aerosol) is
calculated via the formula:

& = cx SA
" P, t(cx84) (Eq. 2-57)
where:
Prapor - vapor pressure or subcooled vapor pressure of the chemical (Pa);
c = empirical constant set to 0.173 (m-Pa) as in Junge (1977); and
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SA = total surface of aerosols per volume of dust or aerosol particles
(m’[surface]/m’[particles]) (denoted by 6 in CalTOX).

There is a range of values for SA. Whitby (1978) reported a range of 4.2x10” m*/m’ for a
“clean” continental site to 1.1x10” m?/m’ for urban sites.

Following CalTOX (McKone 1993a,b,c), the subcooled vapor pressure (i.e., vapor
pressure of subcooled liquid) is used if the temperature is below the melting point (7,,) of the
chemical. In particular:

wor = exp[679(T, /T-1)] if T<T, (Eq. 2-58)
where:
P ipor = vapor pressure or subcooled vapor pressure of the chemical (Pa);
T = temperature (°K); and
T, = melting point (°K).

24 GENERAL FATE AND TRANSPORT PROCESSES

This section provides a brief overview of the forms of the algorithms used to calculate the
T-factors in TRIM.FaTE for advective processes (Section 2.4.1), diffusive and dispersive
processes (Section 2.4.2), reaction and transformation processes (Section 2.4.3), and biotic
processes (Section 2.4.4).

2.4.1 ADVECTIVE PROCESSES

In general, the advective flux for a given phase (e.g., attached to particles, or dissolved in
water) from compartment i to compartment j is given by:

Advective flux from compartment i to compartment j =

(Volume of phase that moves from compartment i to compartment j per unit time) (Eq. 2-59)
(Amount of chemical in phase per volume of phase in compartment i) )

or:

N, () x f,(phase) (Eq. 2-60a)

Advective Flux Compartmenti - Compartment j = Q(phase) X

V,(phase)
= T (phase) x N, (1) (Eq. 2-60D)
where:
O(phase) = volumetric flow of phase from compartment i to compartment j
(m’[phase]/day);
Niy1) = amount of chemical in compartment 7 at time (g[chemical]);

SEPTEMBER 2002 2-17 TRIM.FATE TSD VOLUME II



CHAPTER 2

ALGORITHM OVERVIEW
fi(phase) = fraction of chemical in compartment i that is in the moving phase
(g [chemical in phase]/g[chemical in compartment 7]);
Vi(phase) = volume of phase that is in compartment i (m’[phase]); and
Zid; (phase) = phase transfer factor for advective flux from compartment i to

receiving compartment j (/day), given by:

7 (phase) = 22 h“;e()ph;if hase) (Eq. 2-61)

This formula for the transfer factor is valid for all advective processes from one
compartment to another, and it does not rely on the fugacity concept.

Application of the concept of fugacity (as presented in Section 2.1.3.2) shows that:

Z,(phase) y V. (phase)

(ph = C2-
Ji(phase) Z (Total)  V,(Total) (Eq. 2-62)
where:
Z(phase) = fugacity capacity for moving phase (mol/m’[phase]-Pa);
Z(Total) = total fugacity capacity for compartment i (mol/m’[sending compartment

i]-Pa); and
total volume of compartment i (sum of volumes of each phase in
compartment) (m*[compartment i]).

V(Total)

Applying this shows that the fugacity-based form for the transfer factor for advective flux
1s:

O(phase) x Z,(phase)
V.(Total) x Z,(Total)

T (phase) =

(Eq. 2-63)
Nz (phase) x A, x Z,(phase)
V.(Total) x Z,(Total)

v, = volumetric flow rate per unit area or flow velocity (m’[phase]/m*[relevant
area]-day or m/day); and
A = area of interface between compartments i and j (m?).

In most advective transfers between compartments, the volumetric flow rate Q(phase) of
the phase is calculated as the product of a relevant area (4,)) and the volumetric flow rate per unit
area, or a flow velocity (v;). Usually the relevant area is the interfacial area between the sending
and receiving compartments, but this is not always the case; e.g., erosion from surface soil to
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surface water is usually reported in units of mass[soil]/area[soil layer]-time, in which case the
relevant area is the surface area of the surface soil layer. Table 2-2 at the end of this chapter
summarizes the advective volumetric flows included for compartment types in TRIM.FaTE.
These flows are discussed in more detail in the chapters describing the specific compartment

types.

2.4.2 DIFFUSIVE AND DISPERSIVE PROCESSES

In TRIM.FaTE, dispersion is explicitly addressed as a first-order process in transfers
between surface water compartments and applies to the chemical in both liquid and solid phases.
Modeling of dispersion has not been implemented for transfers between air compartments or for
movement of a chemical through soils, either vertically or horizontally.

Diffusive processes are modeled in TRIM.FaTE for transfers between many different
compartment types (see TSD Volume I). T-factors developed for diffusive processes between
compartments often apply to the chemical found in only one of the phases in a compartment
(e.g., diffusion from air to surface water applies only to the vapor phase of the chemical in air).
T-factors developed for diffusion between abiotic and biotic compartments also depend on
characteristics, including the conductance, of the boundary layers between the two
compartments.

2.4.3 REACTION AND TRANSFORMATION PROCESSES

At present, all reaction and transformation processes are modeled using a first-order rate
constant k (units of 1/day). The reaction/transformation flux within a compartment is then given
by k N(t), where N(t) is the mass of chemical in the compartment. There are a variety of ways in
which the rate constant is determined, with the details depending on the compartment types and
chemicals involved. The simplest is the case where the rate constant is an input (e.g., for the
current mercury species transformation algorithms).

In other cases, the rate constant for an organic chemical reaction can be calculated from
other environmental and/or chemical parameters (e.g., from a half-life input by the user). In the
current TRIM.FaTE library, a “degradation” rate constant, k..., (/day), for organic chemicals
is calculated as:

kdegradation = ln(z)/hay_l#e (Eq 2-64)

Whenever a chemical is transformed into reaction products that are no longer tracked in
TRIM.FaTE, the mass of the chemical is transferred to a “reaction/degradation sink™ for the
compartment in which the transformation occurs. This is accomplished by setting a one-way
transfer factor from the compartment to the compartment degradation sink as equal to the
degradation rate constant, &,

egradation*

T

Comp - Comp _Sink

= kdegradation (TF 2- 1)
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where:

T,

Comp +Comp_Sink  — transfer factor from compartment to compartment degradation sink

(/day).
2.4.4 BIOTIC PROCESSES

The biotic processes in TRIM.FaTE are well characterized by the descriptions of abiotic
processes and conversions. Diffusive processes and advective processes are both included. The
primary instance of advection is dietary uptake. Another prominent example is litter fall.
Fugacity is used as a descriptor in algorithms where it is convenient (e.g., in the uptake of
contaminants by foliage from air). Because mechanisms of uptake of contaminants by some
organisms are not well understood or are difficult to parameterize, some partitioning processes
are assumed to be equilibrium relationships according to the form described in Section 2.5 (next
section). These processes may be combinations of diffusion, active transport, and/or advection
(e.g., transport of contaminants into the plant root), and it is not necessary for the user to specify
the mechanistic process, only the empirical relationship (e.g., partition coefficient and time to
equilibrium).

As with abiotic reactions and transformations (Section 2.4.3), biotic transformation rates
are also described as first-order processes with respect to the average chemical concentration in
the particular compartment of concern.

2.5 CONVERTING EQUATIONS WITH EQUILIBRIUM
RELATIONSHIPS TO DYNAMIC FORM

In the course of converting equations to a form suitable for use within the intended
TRIM.FaTE framework, it is possible to convert some algorithms that represent steady-state
equilibrium relationships into time-dependent ones. This can be accomplished if an estimate of
the time required for the concentration to reach some fraction of the equilibrium value is
available. In particular, if the concentration in one compartment C, is related to the
concentration in another compartment C, by an equilibrium relationship of the form C, = K xC,,
where K is known and it is known that it takes time 7, in order to reach 100« percent of the
equilibrium value when C, is approximately constant, then:

% =(k, xc,) - (k, x ) (Eq. 2-65)
where:
k- - ln(tl - Q) (Eq. 2-66)
k, = Kxk, (Eq. 2-67)
and where:
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a = proportion of the equilibrium concentration reached in time ¢, (unitless);
t, = time required to reach 100« percent of equilibrium value (days); and
K = ratio of the concentration of the chemical in compartment 1 to its

concentration in compartment 2 (g[chemical]/m’[compartment 1] per
g[chemical]/m’[compartment 2]).

The value for o used as a default in TRIM.FaTE is 0.95, meaning that ¢, is the time to
reach 95 percent of the equilibrium concentration value. The precision and accuracy of
empirical data available to estimate 7, decreases with increasing values for .

The solution of the previous differential equation with initial condition C,(0) = 0 is given
by:

k
C ()= k—2C2(1 - e A (Eq. 2-68)
1

The steady-state equilibrium solution is C,(?) = (k,/k,) C,, and so K = k,/k,. The
assumption that 100 x & percent (e.g., 95 percent) of the equilibrium value is reached at time ¢,
means that:

l-e = (Eq. 2-69)
Solving for k, yields:
k,=-In(1-a)/t, (Eq. 2-70)
When £k, is determined, given K, k,can be determined (i.e., Equation 2-67, k, = k; x K).
2.6 RELATING FUGACITY AND EQUILIBRIUM NOTATIONS

In developing code for TRIM.FaTE, there were some equations that were most easily
developed using fugacity notation and others that were most easily developed using ratios of
fractions related to phases in a compartment. This section demonstrates the equivalence of
certain fugacity expressions to certain phase-related ratios that are commonly used in the
TRIM.FaTE code. Specifically, this section demonstrates that:

Mass Fraction_Sorbed/Volume Fraction Solid = Zopid Z 1ol (Eq. 2-71)
Mass_Fraction_Dissolved/Volume_Fraction Liquid = Z,,../7 tou (Eq. 2-72)
Mass_Fraction_Vapor/Volume_ Fraction Vapor = Z.i/ZL 1ol (Eq. 2-73)

where:
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Mass_Fraction_Sorbed = fraction of the chemical mass in the total compartment
that is sorbed to the solid phase material in the
compartment (unitless);
Volume Fraction _Solid = volume fraction of the total compartment that is solid or
particulate (unitless);
Mass_Fraction Dissolved = fraction of the chemical mass in the total compartment
that is dissolved in the liquid-phase material (i.e.,
water) in the compartment (unitless);
Volume Fraction Liquid = volume fraction of the compartment that is liquid (i.e.,
water) (unitless);
Mass Fraction_Vapor = fraction of the chemical mass in the total compartment
that is in vapor phase (unitless); and
Volume Fraction Vapor = volume fraction of the compartment that is vapor/gas
phase (i.e., air) (unitless).
Starting with:
¢ X (1 — DL)
Zowa =2, x—'OP (Same as Eq. 2-51)
Soli air DL
(1-9) )t
Pr
an equation for Z,, can be derived:
D
(1- ) .
air = Zsolid X s (Eq 2-74)
DL
Pr
where:
Z, = fugacity capacity of chemical in gas-phase air (mol/m’-Pa);
Zoia = fugacity capacity of chemical in solid-phase (mol/m*-Pa);
D, = atmospheric dust load in the air compartment (kg[dust]/m’[air
compartment]), where dust could include any type of aerosol;
0, = density of dust particles (kg[dust]/m’[dust]); and
) = fraction of chemical in the air compartment that is sorbed to particles in
air (unitless).
It is also true that:
Z [z x[1 DL]]+(Z xDLj (Eq. 2-75)
ota. = air T soli T q -
Total pp lid pp

Using Equation 2-74 to replace Z, in Equation 2-75 yields:

SEPTEMBER 2002 2-22 TRIM.FATE TSD VOLUME II



CHAPTER 2
ALGORITHM OVERVIEW

(1-¢)x >
Pr D, D,
ZTotal = Zsulid X —D X 1 -— |t Zsalid X— (Eq 2'76)
¢ X [1 _ L] pP pP
Pr

The term (1-D,/p;) divided by (1-D,/p;) equals one; therefore, Equation 2-76 can be rewritten
as:

ZTatal = Zsolid X [M X & + &]

Eq. 2-77a
o 0, P (Eq. 2-772)

_z P, [(1-¢ ) N 1] -7 D, (#} (Egs. 2-77b, 2-77¢)

Pr Pp
sz x P L (Eq. 2-77d)
B
Therefore:
Z i ¢
T - (D, / 0,) (Eq. 2-78)
where:
@ = Mass Fraction_Sorbed; and
(D,/pr) = Volume Fraction_Solid.
Thus:
Zid Zrow = Mass_Fraction_Sorbed / Volume Fraction Solid. (same as Eq. 2-71)

Similar derivations demonstrate that:

Z uier Lo = Mass_Fraction_Dissolved / Volume Fraction_Liquid.  (same as Eq. 2-72)

and:

2./ = Mass Fraction Vapor/Volume Fraction Vapor (same as Eq. 2-73)
where:

Zair = vapor*
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To simplify equations in Chapters 3 through 7, the variables f,, f,,,, and f,,, are defined
as follows:

fus = Mass_Fraction_Sorbed / Volume Fraction_Solid (Eq. 2-79)
for = Mass_Fraction_Dissolved / Volume Fraction_ Liquid (Eq. 2-80)
fur = Mass _Fraction_Vapor/Volume Fraction Vapor (Eq. 2-81)

To ensure clarity in the presentation of equations throughout the remainder of this TSD,
the following naming conventions have been used:

= 7, for fugacity capacity of the chemical vapor in gas-phase air
excluding atmospheric dust particles;
Zrowal Air = total fugacity capacity of chemical in bulk air, including
) atmospheric dust particles;
Zpure water = Z..... for fugacity capacity of the chemical dissolved in liquid-
phase water excluding suspended sediment particles;

‘pure_air

Z ol s = total fugacity capacity of chemical in bulk surface water, including
suspended sediment particles;

Zopire solid = Z..;iq for fugacity capacity of the chemical in or sorbed to solid
particles; and

Z rotal s = total fugacity of chemical in a bulk soil compartment, including the

gas/vapor (air) and liquid (water) phases in the interstitial spaces,
where the subscript Sx equals Ss for surface soil, Sr for root-zone
soil, and Sv for vadose-zone soil.

2.7 TRIM.FaTE CODE FOR DISTRIBUTION OF CHEMICAL AMONG
PHASES

Tables 2-3a and 2-3b at the end of this chapter provide the equations in the current
TRIM.FaTE library for calculating the distribution of chemical mass among phases in each
abiotic compartment type, i.e.:

Fraction Mass Dissolved, the fraction in the aqueous liquid phase;
Fraction_Mass Sorbed, the fraction in the solid phase;
Fraction_Mass Vapor, the fraction in the vapor phase; and
Fraction Mass Algae, the fraction in algae.

All abiotic compartment types include a solid phase and hence the property
Fraction_Mass_Sorbed. The property Fraction Mass_Algae is included only in the surface
water compartment. The air compartment does not include a liquid phase or the property
Fraction Mass Dissolved. The surface water, sediment, and ground water compartments do not
include a vapor/gas phase or the property Fraction Mass Vapor.
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as:

where:

Each of the equations in Tables 2-3a and 2-3b are simply compartment-specific versions
of the general equations developed earlier in this chapter. The definitions of the parameters in
both tables are listed below:

1000
V.
V.
V.
7

o2}

w

e}

ed

%)

¢
€
Kp

Kd
RatioConc 4,

p Sed
Ps

Dy
AC

fV Algae

Z

‘pure_air

zZ

‘pure_water

units conversion factor (L/m?);

= volume of the surface water compartment (m°);

= volume of the sediment compartment (m”*);

= volume of the soil (or ground water) compartment (m?);

= volume fraction liquid (i.e., water) (unitless);
total porosity (i.e. @+ €) (unitless);

= volume fraction gas (i.e., air) (unitless);

= particle/gas partition coefficient (m’[air]/kg[particles]);

= soil/water partition coefficient (L[water]|/kg[soil wet wt]);

= ratio of the concentration of chemical in algae to the concentration
of chemical in surface water (excluding suspended sediments)
(unitless);

= density of sediment particles (kg[particles]/m’[particles]);

= density of soil particles (kg[particles]/m’[particles]);

= atmospheric dust load in the air compartment (kg[dust particles]/
m’[air]);

= algal concentration (density) in the water column
(g[algae]/m’[water]);

= volume fraction of the surface water compartment comprised of
algae (unitless), i.e., Volume Fraction_Algae;

= fugacity capacity of chemical in air (excluding atmospheric dust
particles) (mol/m*-Pa); and

= fugacity capacity of chemical in water (excluding suspended
sediment particles) (mol/m*-Pa).

The volume fraction of the surface water compartment that consists of algae is estimated

Vj:‘!lgae =

CA

p Algae

1000

fVAlgae - (CA X 1000)/pAlgae (Eq 2-82)

volume fraction of surface water compartment that is algae
(m’[algae]/m’[surface water], unitless);

algae concentration (density) in water column (g[algae]/L[water]);
density of algae (g[algae]/m’[algae]); and

conversion factor (L/m’).
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CHAPTER 3
AIR ALGORITHMS

3. AIR ALGORITHMS

In this chapter, the algorithms for the horizontal transport of chemical species between air
compartments and those for diffusion/volatilization between air compartments and surface water
are presented. A description of deposition from air compartments to surface water can be found
in Chapter 4, and a description of the transport processes between air compartments and soil can
be found in Chapter 5. The text box on the next page provides a summary of the T-factor
algorithms developed in this chapter and definitions of the parameters used in those algorithms.

3.1 AIR-TO-AIR ALGORITHMS

For a given wind speed and direction, there are two types of transfer processes that
account for the majority of chemical mass that moves from one air compartment to another:

. Advective transfer (bulk) due to the component of the wind vector normal to the
boundary between the compartments; and

. Dispersive transfer (bulk) calculated from the component of the wind vector
parallel to the boundary between the compartments.

The total transfer factor from one air compartment to an adjacent air compartment is the sum of
these two transfers.

The current TRIM.FaTE library incorporates only the advective transfer due to the wind
vector normal to the boundary between compartments. This is because of the complexity and
technical challenges related to the representation of dispersive transfers in a compartment-based
modeling system such as TRIM.FaTE. Note that diffusion between air compartments is
considered negligible and thus is not included in TRIM.FaTE.

Let Air Rcv and Air_Send denote the adjacent receiving and sending air compartments.
If the boundary between the two air compartments is composed of n distinct line segments, then
the transfer factor from the sending to the receiving air compartment is calculated as:

1 n
T:igrlv Send — Air _Rcv = X z A[ X (ui(D) +ui(L)) (Eq 3-1)
B - VSend t=1
where:

Viena = volume of the sending air compartment (m’);
A, = interfacial area across i boundary (m?);
u = direct (D) advective wind velocity across the i boundary (m/day); and
u® = lateral (L)/dispersive wind velocity across the i boundary (m/day).

The direct wind flow across an air compartment boundary (notation «,”” is used above) is
calculated by finding the projection of the wind vector onto the normal vector to the boundary
between the air compartments.
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Summary of Transfer Factors for Air in TRIM.FaTE

AIR ADVECTION

Air compartment to air compartment: (TF 3-1)

1 n
adv - (D)
TAiriSenda Air_Rev X Z Ai X (u[ )

VAiriSend i=1

AIR DIFFUSION/VOLATILIZATION

Diffusion from air compartment to surface water compartment: (TF 3-2)
y A k
Tzil:a Sw = — X - X fMV
Vi H/I(RXT)
Volatilization from surface water compartment to air compartment: (TF 3-3)
A
TVO[ = — X kv X fML

SW - Air V
Sw

LIST OF SYMBOLS USED IN AIR TRANSFER FACTOR ALGORITHMS

Vair send = volume of the sending air compartment (m®).

A = interfacial area across ith boundary (m?).

u® = direct advective wind velocity across the ith boundary (m/day).

Aspa = interfacial area between the surface water and air compartments (m?).

Vi = volume of air compartment (m?).

k, = volatilization transfer rate (m/day).

H = Henry's law coefficient for the air-water partitioning of the chemical (atm-m*mole).

R = universal gas constant (8.206x10° atm-m*/mole °K).

T = water temperature (°K).

fuy = fraction of chemical mass in the air compartment that is in the vapor phase divided by
the volume fraction of the compartment that is air (i.e., excluding particles) (unitless).

Vsw = volume of the surface water compartment (m?).

fuL = fraction of chemical mass in the surface water compartment that is dissolved in water

divided by volume fraction of the surface water compartment that is water (i.e.,
excluding suspended sediments and algae) (unitless).

Let P, = (x,, y,) and P,= (x,, y,) be the points defining the line that is the projection of the
boundary onto the xy-plane (i.e., the view from above the vertical plane defining the boundary).
It is assumed that the points P, and P, are ordered so that the receiving compartment is on the
right side of the directed line segment starting at P, and ending at P,. The unit
vector v perpendicular to this line segment that is in the direction of the receiving compartment
is given by:
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_ 1
V=
\/(yz - y1)2 +(x, - x1)2

x(y, = 71, = (x, - x,)) = (sing, cosp) (Eq. 3-2)

where:
) = the angle measured clockwise from due north.

If the wind is blowing with speed u toward the direction ' (measured clockwise from due north),
then the wind vector, denoted by w, can be written:

e <u>< cos(772 - &), u x sin(772 - ‘5)>

.3-3
= u<sin 3, cosﬂ> (Eq )

The projection of the wind vector w onto v is just the dot product (w ¥ ) of the two
vectors, which is given by:

W = = :
\/(J’2_y1) +(x; —x))
= u[sin&sin¢ + cosd? cos¢]

= ucos(Z-¢)

X [(.Vz - y)sind - (x, - xl)COSﬂ]
(Eq. 3-4)

Since v is a unit vector, the dot product in this case is the component of the vector w in
the direction of v . The wind flow rate from the sending compartment to the receiving
compartment is defined to be the dot product if it is positive; otherwise, it is zero. In other
words:

Wind speed perpendicular to compartment boundary = u; = max{ 0,ucos(Z - ¢)} (Eq. 3-5)

If the wind is blowing perpendicular to the boundary (i.e., ¢ = ), then the wind flow rate
across the boundary is just the wind speed; otherwise, it is flowing across the boundary with a
velocity less than the wind speed, the magnitude of which depends on the angular difference
between the wind vector and the unit vector normal to the boundary.

Although Equation 3-1 includes lateral/dispersive wind velocity, the equation
implemented in TRIM.FaTE for the horizontal air-to-air compartment transfer factor includes
only the direct advective wind velocity:

T/;Zliv_Sendﬂ Air _Rev = ; X Zn Ai X (ui(D)) (TF 3-1)

VAir_Send i=1

where:
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T jfﬁi send - 4ir v — advective transfer factor for wind in air from sending (Send) to
receiving (Rev) air compartments (/day);
Vsona = volume of sending air compartment (m’);
A, interfacial area across the i" boundary (m?); and
u,™ = direct (D) advective wind velocity across the i™ boundary (m/day).

The advective transport can occur both horizontally, based on the horizontal component
of the wind speed, and vertically, based on the vertical component of the wind speed and the
stability class assigned to the air layers. The advective transport Equations 3-1 through 3-5 are
hard coded in the main TRIM.FaTE program. The transfer factor in the TRIM.FaTE library
passes the information on wind speed and direction to the main TRIM.FaTE program to solve
the equations. In initial applications of TRIM.FaTE involving only one layer of air
compartments, any chemical transported vertically out of the compartments goes to an air sink.'
If there is to be no vertical loss of chemical due to vertical advection to the air sink, the user can
set the vertical wind speed to zero.

Advective transport in air also can carry the chemical horizontally beyond the boundary
of the modeling domain to an air sink for the chemical mass. The transfer factor would be the
same as TF 3-1, except that the receiving compartment would be the air sink.

3.2 AIR-TO-SOIL ALGORITHMS

The algorithms describing the transfer of chemical mass between air and soil are
presented in Section 5.3.3.

3.3 AIR-TO-SURFACE-WATER ALGORITHMS

Several processes can move chemical mass between the air and surface water
compartments, including deposition (Section 3.3.1) and diffusion and volatilization (Section
3.3.2).

3.3.1 DEPOSITION

The algorithms describing the deposition of chemical mass from air to surface water are
presented in Section 4.2.1.

3.3.2 DIFFUSION AND VOLATILIZATION

Transfer of chemical between an air compartment and a surface water compartment can
occur by advection (i.e., wet and dry deposition of particle-bound chemical and wet deposition
of vapor-phase chemical). The advective transfers between air and surface water are described
in the surface water chapter (Chapter 4). The diffusion (and volatilization) transfer factors are

'"The single air layer can vary in height (i.e., mixing height) depending on environmental conditions.
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described in Section 3.3.2.1. Section 3.3.2.2 includes several methods available to calculate the
gas-phase transfer coefficient and the liquid-phase transfer coefficient.

3.3.2.1 Diffusion and Volatilization Transfer Between Air and Surface Water

The following describes the method used for estimating volatilization transfer between
air and surface water for any chemical that has a non-zero Henry’s law constant. The method is
a two-layer resistance model first presented by Whitman (1923) and incorporated into the EPA
Water Quality Analysis Simulation Program (WASP) (Ambrose et al. 1995). The following
discussion is based primarily on the WASP model documentation.

Volatilization is the movement of a chemical across the air/water interface as the
concentration of the dissolved chemical tends toward equilibrium with its vapor-phase
concentration. Equilibrium occurs when the partial pressure exerted by the chemical in solution
equals the partial pressure of the chemical in the overlying atmosphere. The rate of exchange is
proportional to the gradient between the dissolved concentration and the concentration in air.

With the approach described in Whitman (1923), the dissolved concentration in the
surface water is assumed to attempt to equilibrate with the gas-phase concentration in the
atmosphere via the general equation:

( dcd[ssolved j - k v CAir

i dW X [Cd;smlved B m (Eq. 3-6)

where:

Coned = concentration of dissolved chemical (g[chemical]/m’[water]);
volatilization transfer rate (m/day);

water depth (m), assumed to be generally the same throughout the water
body;

vapor-phase concentration of chemical in air (g[chemical]/m’[air]);
Henry's law constant for the air-water partitioning of the chemical (Pa-
m*/mole);

universal gas constant (8.314 m*-Pa/mol-°K); and

water temperature (°K).

Q&
s
(1|

N =

The volatilization transfer rate can range from near 0 to 25 m/day, depending on
conditions (Ambrose et al. 1995). Multiplying the above equation by the volume of the surface
water compartment, denoted here by Vg, yields:

Net Flux air to water (g[chemical]/ day) =

v Xk—VX c e 1 (Eq. 3-7)
Sw dW dissolved Air (H/ (R X T))
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The term V,/d,, will be equal to the surface area of the water compartment, if the depth of the
water compartment is approximately constant. This area is also the interfacial area between the
air and water compartments, so that:

Net Flux air to water =

Fraction_ Mass_ Dissolved < N,
Volume Fraction Liquid Vy, (Eq. 3-8)

ASWA X k X

v

Fraction Mass Vapor y N . < 1
Volume Fraction Vapor V, — (H/(RxT))

or, using the notation of transfer factors and Equations 2-81 and 2-80:

ASWA X k

Ty ow = - x f TF 3-2
Air - SW VA” (H/ (R x T)) MV ( )
Vo, ASWA
T =5 Xk X S (TF 3-3)
Sw
where:
T Adg s = transfer of chemical from air to surface water via diffusion (/day);
Agwa = interfacial area between the surface water and air compartments (m?);
Viir = volume of air compartment (m?);
k, = volatilization transfer rate (m/day) [see below for details];
H = Henry's law coefficient for the air/water partitioning of the chemical
(Pa-m’/mole).
R = universal gas constant (8.314 m*-Pa/mole-°K);
T = water temperature (°K);

Jur = fraction of chemical mass in the air compartment that is in the vapor
phase divided by the volume fraction of the compartment that is gas
(i.e., excluding particles);

TSVV?,Z g T transfer of chemical from surface water to air via volatilization (/day);
Vw = volume of surface water compartment (m*); and
fur = fraction of the chemical mass in the water compartment that is

dissolved in water divided by the volume fraction of the compartment
that is water (i.e., excluding suspended sediments or algae) (unitless).

The two-layer resistance method assumes that two "stagnant films" are bounded on either
side by well mixed compartments. Concentration differences serve as the driving force for
volatilization from the water. Pressure differences drive the diffusion from the air layer. From
mass balance considerations, it is obvious that the same mass must pass through both films; thus,
the two resistances combine in series, so that the conductivity is the reciprocal of the total
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resistance. Thus, the volatilization transfer rate is estimated in the current TRIM.FaTE library
as:

_ H !
where:
R, liquid-phase resistance (day/m);
k, = liquid-phase transfer coefficient (m/day);
R; = gas-phase resistance (day/m); and
kg = gas-phase transfer coefficient (m/day).

There is actually yet another resistance involved, the transport resistance between the two
interfaces, but it is assumed to be negligible (although this may not be true in very turbulent
conditions or in the presence of surface-active contaminants).

The value of k,, the volatilization transfer rate, or conductivity, depends on the intensity
of turbulence in a water body and in the overlying atmosphere. Mackay and Leinonen (1975)
have discussed conditions under which the value of &, is primarily determined by the intensity of
turbulence in the water. As Henry's law coefficient increases, the conductivity tends to be
increasingly influenced by the intensity of turbulence in water. As Henry's law coefficient
decreases, the value of the conductivity tends to be increasingly influenced by the intensity of
atmospheric turbulence.

Henry's law coefficient generally increases with increasing vapor pressure of a chemical
and generally decreases with increasing solubility of a chemical. Thus, highly volatile low-
solubility chemicals are more likely to exhibit mass-transfer limitations in water, and relatively
nonvolatile high-solubility chemicals are more likely to exhibit-mass transfer limitations in the
air. Volatilization is usually of relatively lower magnitude in lakes and reservoirs than in rivers
and streams.

In cases where it is likely that the volatilization rate is regulated by the turbulence level
in the water phase, estimates of volatilization can be obtained from results of laboratory
experiments. As discussed by Mill et al. (1982), small flasks containing a solution of a pesticide
dissolved in water that have been stripped of oxygen can be shaken for specified periods of time.
The amount of pollutant lost and oxygen gained through volatilization can be measured and the
ratio of conductivities (K,,;) for pollutants and oxygen can be calculated. As shown by
Tsivoglou and Wallace (1972), this ratio should be constant irrespective of the turbulence in a
water body. Thus, if the reaeration coefficient for a receiving water body is known or can be
estimated and the ratio of the conductivity for the pollutant to reaeration coefficient has been
measured, the pollutant conductivity can be estimated.
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The volatilization rate constant is for a temperature of 20°C. It is adjusted for segment
temperature using the equation:

kyy = koo x0 (Eq. 3-10)
where:
k0 = calculated volatilization transfer rate (m/day) at 20°C;
QI = temperature correction factor for volatilization (unitless); and
T = water temperature (°C).

3.3.2.2 Calculation of Volatilization Transfer Rates for the Whitman Two-layer
Resistance Model

There are a variety of methods for estimating the transfer rates k; and k, for stagnant and
flowing water bodies, many of which are available in the current TRIM.FaTE library. These
methods are summarized in Tables 3-1 and 3-2 at the end of this chapter.

3.4 AIR-TO-PLANT ALGORITHMS

The algorithms describing the transfer of chemical mass between air and plants are
presented in Sections 7.2.1 (advection processes) and 7.2.2 (diffusion processes).

3.5 TRANSFORMATIONS AND DEGRADATION

Transformations of chemicals into compounds that will no longer be tracked in
TRIM.FaTE (e.g., non-toxic degradation products) are called general degradation processes. In
TRIM.FaTE, the degradation of a chemical in air due to all mechanisms that might apply (e.g.,
oxidation, photolysis) is reflected by the user input for the half-life of the chemical in air. The
algorithm relating the degradation rate constant to the chemical half-life in the air compartment
is presented in Chapter 2 (Equation 2-64), and the corresponding transfer factor is TF 2-1. The
degradation transfer factor moves the chemical mass to a degradation sink.

TRIM.FaTE has the capability to track the newly formed compounds, when they are of
particular interest to the user. Transformations of a chemical into another form(s) that is tracked
in TRIM.FaTE are named for the processes (e.g., oxidation, methylation, reduction of mercury
species). In the TRIM.FaTE air compartments, all transformations are modeled as first-order
processes; that is, linear with inventory (i.e., the quantity of chemical contained in a
compartment). The rate of mass removal in a first-order transformation is calculated as the
product of the total inventory of chemical in the compartment and the transformation rate
constant specified in the corresponding transfer factor.

3.6 AIR BOUNDARY CONTRIBUTIONS

The TRIM.FaTE library includes algorithms to allow transport of chemical into the
modeling region from the ambient air located outside the modeling area. For many of the
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chemicals that will be modeled using TRIM.FaTE, so-called “background” concentrations in the
absence of the modeled source(s) are not zero. Trace or higher concentrations of a chemical of
interest might be found in ambient air due to natural causes or due to releases from other
facilities outside the modeling region.

To model chemical inputs to the modeling region via advection of ambient levels of
chemical in air from beyond the boundary of the modeling region in TRIM.FaTE, the user can
set a boundary concentration for any outside interface of an air compartment located just inside
the boundary of the modeled region. In the TRIM.FaTE definition of properties for each of the
outside air volume elements, there is a property called the BoundaryConcentration g per m3 for
which the user may specify an ambient air concentration of the chemical in the absence of the
source(s) being modeled.

Chemical mass enters the air compartments located just inside the boundary of the
modeling region via an air advection algorithm that incorporates wind speed, wind direction, and
the boundary concentration of the chemical (see above). The use of wind speed and wind
direction in this algorithm is identical to the approach that is used for the air-to-air advection
algorithm.

Note that TRIM.FaTE does not model changes in chemical concentrations in the air
external to the modeling region that might occur as a consequence of emissions from the
modeled source. Losses of chemical via air advection from the modeling region to areas external
to that region are modeled as transfers of the chemical to an air sink.
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CHAPTER 4
SURFACE WATER AND SEDIMENT ALGORITHMS

4. SURFACE WATER AND SEDIMENT ALGORITHMS

The surface water compartment is assumed to be well-mixed and composed of three
phases: water, suspended sediment particles, and algae." Thus, chemicals can be dissolved in the
water phase, sorbed to the sediment particles, or contained in algae. The sediment compartment
is modeled as well-mixed and consisting of a benthic-solids phase and benthic pore or interstitial
water. Chemicals can either be dissolved in the interstitial pore water or sorbed to the benthic
sediment particles. The gas phase of the surface water and sediment compartments is considered
to be negligible in terms of its impact on the movement of chemicals and is not modeled. The
text box beginning on the next page provides a list of the transfer-factor algorithms developed in
this chapter and defines all parameters used in those algorithms.

4.1 CONCEPTUALIZATION OF THE SURFACE WATER AND
SEDIMENT COMPARTMENTS

The behavior of chemicals in surface waters is determined by three factors: the rate of
input, the rate of physical transport in the water system, and chemical reactivity. Physical
transport processes are dependent to a large extent on the type of water body under consideration
i.e., oceans, seas, estuaries, lakes, rivers, or wetlands. Schnoor (1981) and Schnoor and McAvoy
(1981) have summarized important issues relating to surface-water transport. Fugacity models
have been developed for lakes and rivers by Mackay et al. (1983a,b).

At low concentrations, contaminants in natural waters exist in both a dissolved and a
sorbed phase. In slow-moving surface waters (e.g., lakes), both advection and dispersion are
important. In rapidly moving water systems (e.g., rivers), advection controls mass transport, and
dissolved substances move at essentially the same velocity as the bulk water in the system. A
water balance is the first step in assessing surface-water transport. A water balance is
established by equating gains and losses in a water system with storage. Water can be stored
within estuaries, lakes, rivers, and wetlands by a change in elevation. Water gains include
inflows (both runoff and stream input) and direct precipitation. Water losses include outflows
and evaporation.

The accuracy of modeling fresh-water systems depends on the ability to simulate the
movement of water and sediment to and from the system (Schnoor 1981). There are two primary
categories for fresh water: rivers and lakes. This model is based on that described in Mackay et
al. (1983a,b). Table 4-1 summarizes the chemical gains and losses for the surface water
compartment that are addressed in the current TRIM.FaTE library. Losses or changes due to
transformation or degradation reactions also are modeled in TRIM.FaTE. Losses from the
sediment due to colloidal diffusion and bioturbation are not addressed in the current TRIM.FaTE
library.

'Because of data limitations, in the current TRIM.FaTE library, algae are modeled as a third phase of the
surface water compartment, instead of as a stand-alone biotic compartment.
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Summary of Surface Water and Sediment Transfer Factors in TRIM.FaTE
ADVECTIVE TRANSFERS

Dry deposition of particles to surface water (solid phase): TF 4-1b

X
dry _dep — ASWA Ud”y X f
Air > SW 174 MS
Air

Wet deposition of particles to surface water (solid phase): TF 4-2b

wet _dep — ASWA X Uwet X f
Air - SW ~ 174 MS
Air

Wet deposition of vapor-phase from air to surface water during rain (fugacity approach): TF 4-3a

T WVdep AS WA pure_water

Lir o s (rain) =

X rain X

Air Total _air

Wet deposition of vapor-phase from air to surface water during rain (partitioning approach): TF 4-3b

T WVdep AS WA

Lir oo (rain) =

Xrain X w,, X fi,
Air

Deposition of suspended sediment to sediment bed (solid phase): TF 4-4

A
dep — SedSW dep
TSW% Sed ~ X USed X fMS

sw
Resuspension of sediment to surface water (solid phase): TF 4-5
res ASEdSW res
TSed—'SW = V X USed XfMS
Sed
Algal deposition rates (algal phase): TF 4-6
A
de, - SedSW Al
TAlfSed - v X Usea X fMA/
sw
Outflow from flowing river to surface water advection sink (total phase): TF 4-7a

river -
];‘W—SWfsink = outflow/ Vg,

Outflow from lake or pond to surface water advection sink (total phase): TF 4-7b
lake - (ﬂuSheS / yl")
T:S‘Wa SW_sink ~ 365
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Summary of Surface Water and Sediment Transfer Factors in TRIM.FaTE (cont.)

ADVECTIVE TRANSFERS (cont.)
Sediment burial (solid phase):
TF 4-8
Total ASed .
T:S'ed—»Sedisink = x burial _rate X f
Sed
Advection from one river compartment to another river or lake compartment: TF 4-9
adv -
"% (total) = flow/V,
DIFFUSIVE/DISPERSIVE TRANSFERS
Diffusion from sediment to surface water compartments: TF 4-10a
-1
T - Aseasw x 1 1
SW - Sed — V Z U
SW U v Total _Sed SWSed
SedSW Z
Total SW
Diffusion from surface water to sediment compartments: TF 4-11a
-1
dif _ Aseasw x 1 + 1
Sed ~ SW =
‘ VSed X 4 Total _SW USedSW
SWSed ©
Total _Sed
Dispersive exchange flux between two surface water compartments: TF 4-12
Tdi.sp - EU X A’/
SWi- j - Llj X I/l
Diffusive exchange between sediment compartment i and sediment compartment j below: TF 4-13
. Ag ... DSP, X @
Tvigp Sedj = — X = — X f MLi
VSedi LSedij
Diffusive exchange between sediment compartment j and sediment compartment i above: TF 4-14
]}dz' o - ASed[j X DSPSed X ¢avg X f
oo ML
e VSedj LSed@j ’
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Summary of Surface Water and Sediment Transfer Factors in TRIM.FaTE (cont.)

LIST OF SYMBOLS USED IN TRANSFER FACTOR ALGORITHMS
w,, = vapor washout ratio (m®[air)/m?[rain]).
fuv = fraction chemical mass in air compartment that is vapor-phase divided by
volume fraction of the air compartment that is gas-phase (unitless).
Aga = area of surface water/air interface (m?[interface]).
ir = volume of the air compartment (m>[air]).
fus = fraction mass of chemical sorbed to sediment particles divided by the volume
fraction of the compartment (surface water or sediment) that is solid particles
(unitless).
rain = rainfall rate (m/day).
Zoure water = fugacity capacity of chemical in the aqueous phase (mol/m®-Pa).
Total Al = total fugacity capacity of chemical in the air compartment (mol/m*-Pa).
Asousw = area of surface water/sediment interface (m?[interface]).
Vew = volume of surface water compartment (m>[water]).
v = volumetric deposition rate of suspended sediment to sediment bed
(m*[suspended sediment particles]/m? (area)-day).
Vised = volume of sediment compartment (m®).
Ug = volumetric resuspension rate of benthic sediment to water column (m*[benthic
sediment particles)/m? [benthic sediment]-day).
U;fd = volumetric algal deposition rate to benthic sediments (m®[algae]/m?[sediment/
water interface]-day).
fuar = fraction mass of chemical in algae divided by the volume fraction of the
surface water compartment that consists of algal cells (unitless).
outflow = vol3umetric outflow of water from surface water compartment to advection sink
(m®/day).
flushes/yr = outflow measured as number of complete changes (flushes) of water per year.
burial_rate = sediment burial rate (m*[sediment particles)/m?[sediment]-day).
flow = volumetric flow of water from one river compartment to another river or lake
compartment (m®/day).
Aged = area of the sending sediment compartment (m?).
Uswsed = mass transfer coefficient between surface water and sediment (m/day).
Useasw = mass transfer coefficient between sediment and surface water (m/day).
E; = dispersion coefficient for exchange between water compartments i and j
(m?/day).
A; = interfacial area between water compartments i and j (m?).
L; = characteristic mixing length between water compartments i and j (m).
V, = volume of water compartment i (m®).
Asedi = interfacial area between sediment compartments i and j (m?);
Vsedi = volume of the sending sediment compartment i (m®);
Vsed = volume of the sending sediment compartment j (m?®);
DSPg,, = diffusive exchange coefficient between sediment compartments (m?%day);
Bavg = average porosity at the interface between sediment compartments i and j
(unitless);
Lsoqy = characteristic mixing length between sediment compartments j and j (m);
i = fraction of the chemical mass in sediment compartment i that is dissolved in
water divided by volume fraction sending sediment compartment i that is liquid
(unitless).
T = fraction of the chemical mass in sediment compartment j that is dissolved in
water divided by volume fraction sending sediment compartment j that is liquid
(unitless).
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Table 4-1
Summary of the Chemical Gains and Losses for Surface Water Compartments
Addressed in TRIM.FaTE

Type of Process Relevant Type of Relevant
Gains Phase Losses Process Phase
From Surface Soil
Erosion Advection (TF 5-11) Solid
Runoff Advection (TF 5-10) Aqueous
From Air To Air
Diffusion from air Diffusion (TF 3-2) Vapor Diffusion to air Diffusion Aqueous
(TF 3-3)
Dry deposition of Advection (TF 4-1) Solid
particles/
aerosols from air
Wet deposition of Advection (TF 4-2) Solid
particles/
aerosols from air
Wet deposition of Advection (TF 4-3) Vapor
vapor from air
From Sediment To Sediment
Diffusion from Diffusion (TF 4-10a,b) | Aqueous || Diffusion to sediment Diffusion Aqueous
sediment (TF 4-11a,b)
Resuspension of Advection (TF 4-5) Solid Deposition to Advection Solid
sediment sediment (TF 4-4)
From Rivers To Lake
Compartment to Advection (TF 4-9) Total River to lake Advection Total
compartment flow advective flow (TF 4-9)
From Aquatic Biota To Aquatic Biota
Elimination from fish Advection (TF 6-8) Total Uptake by fish via Advection Total
gills (TF 6-5)
Elimination from Diffusion (TF 6-1) Aqueous Uptake by Diffusive Agqueous
macrophytes macrophytes (TF 6-2)
Ingestion of algae by Advection Algae
fish (TF 6-6)
From Terrestrial Birds and Mammals To Terrestrial Birds and Mammals
Elimination from semi- Advection (TF 7-32) Total Ingestion by wildlife Advection Total
aquatic wildlife (TF 7-21)
From Surface Water Transformations To Sink(s)
Decay to reaction Degradation Total
sinks (TF 2-1)
Outflow to advection Advection Total
sink (TF 4-7)
SEPTEMBER 2002 4-5 TRIM.FATE TSD VOLUME 11
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The general manner in which the algorithms are presented below is intended to provide
model flexibility and to facilitate implementing different algorithms to describe specific
processes.

4.2 ADVECTIVE PROCESSES

This section describes the advective processes between different compartment types as
follows:

. Between air and surface water (Section 4.2.1);

. Between sediment and surface water (Section 4.2.2);

. From sediment/surface water to advection sinks (Section 4.2.3); and
. From surface soil to surface water (Section 4.2.4).

4.2.1 ADVECTIVE PROCESSES BETWEEN AIR AND SURFACE WATER

The advective processes considered between air and surface water are wet and dry
deposition of solid-phase particles and wet deposition of vapor that is dissolved into the water
phase.? For all of these processes, the air compartment is the sending compartment and the
surface water compartment is the receiving compartment.

The following subsections describe the transfer algorithms for advective processes
between air and surface soil and surface water:

. dry deposition of particles to surface water (Section 4.2.1.1);
. wet deposition of particles to surface water (Section 4.2.1.2); and
. wet deposition of vapor-phase to surface water (Section 4.2.1.3).

4.2.1.1 Dry Deposition of Particles to Surface Water

A unidirectional flux equation that expresses dry deposition of particles from air to
surface water, from van de Water (1995), follows. Note that the boundaries of the surface water
and air parcels may not be congruent; that is, the area of the surface water and the area
associated with a contiguous air compartment may be different. The change in the chemical
mass in the surface water from dry deposition of chemical sorbed to atmospheric dust particles
can be estimated as:

dNSW NA' DL Zpure solid
—2 = Ay x——=x—=" x4 Eq. 4-1
dt VAir a IOP ZTotal_Air S ( q )
where:
Ny mass of chemical in the surface water compartment (g[chemical]);
N, = mass of chemical in the air compartment (g[chemical]);

See Appendix A for a description of a net dry vapor deposition algorithm for divalent mercury.
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VAir

Vdry
Dy

Prp
Z

‘pure_solid
z Total_Air

ASWA

volume of air compartment (m?*);

dry deposition velocity of particles (m/day);

atmospheric dust load in air compartment (kg[particles]/m’[air]);

density of dust particles (kg[particles]/m’[particles]);

fugacity capacity of the chemical in or sorbed to solid particles (mol/m’-
Pa);

total fugacity capacity of chemical in bulk air, including atmospheric dust
particles (mol/m?-Pa); and

area of the interface between surface water and air (m?).

Thus, the transfer factor for dry deposition of chemical associated with air particles can
be estimated using the fugacity approach:

where:

dry_dep _
TAir» sw

zZ

Z Total_Air

It is also true that:

where:

Udry

and:

where:

Sus =

‘pure_solid =

dry dep ASWA DL X Zpureisolid
S X Y, X (TF 4-1a)
Air - SW V dry X Z
Air IOP Total _Air

advective transfer (dry deposition) of chemical sorbed to particles from air

to surface water (/day);
fugacity capacity of chemical in the solid phase (mol/m*-Pa); and
total fugacity capacity of chemical in the air compartment (mol/m*-Pa).

(Eq. 4-2)

volumetric dry deposition rate (m’[dust]/m’[surface water/air interface]-
day);

pure solia  Mass_Fraction_Sorbed

Z - Volume _Fraction _Solid = Sus (Eq. 4-3)

Total _Air

mass fraction of the chemical sorbed to atmospheric dust particles divided
by the volume fraction of the air compartment that consists of particles
(see Equations 2-71 and 2-79) (unitless).

Therefore, the transfer factor for dry deposition of particles in air to surface water can
also be expressed as the following equation, which is coded in the current TRIM.FaTE library:

SEPTEMBER 2002
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A
TSy = 5 ¥ Vay X fus (TF 4-1b)

Air
4.2.1.2 Wet Deposition of Particles to Surface Water

Nonionic organic chemicals in the atmosphere can be either in the vapor phase, attached
to particles or aerosols, or as fine aerosols. TF 4-3a (see Section 4.2.1.3) is used for wet
deposition of vapor. TF 4-2a is used for the wet deposition of aerosols, regardless of whether the
chemical is attached to the aerosol or particle or is present as a fine aerosol of the chemical itself.

The change in the chemical mass in the surface water from wet deposition of chemical
sorbed to atmospheric dust particles during a rain event can be estimated as:

dN N . D Z ure _soli
TS o Ay, X pgip X x TP g (Eq. 4-4)
dt VAir IOP ZTotaliAir
where:
Ny mass of chemical in the surface water compartment (g[chemical]);
N, = mass of chemical in the air compartment (g[chemical]);
Vi = volume of air compartment (m’);
w, = scavenging or washout ratio for particles in air (ranges from 50,000 to
200,000) (m’[air]/m’[rain]);
rain = rate of rainfall (m/day);
D, = dust load, i.e., density of dust particles in air (kg[particles]/m’[air]);
o = density of dust particles (kg[particles]/m’[particles]);
Zoure soia = Tugacity capacity of the chemical in or sorbed to solid particles (mol/m’-
Pa);
Lrowl 4 = total fugacity capacity of chemical in bulk air, including atmospheric dust
particles (mol/m’-Pa); and
A = area of surface water/air interface (m?).

Thus, the transfer factor for wet deposition of chemical associated with air particles can be
estimated as follows:

A D, xZ .
SWA . L pure_solid
Ty = —77 X w, X rain X (TF 4-2a)
K V ' X Z
Air pP Total _Air
where:
Tye-% = advective transfer (wet deposition) of chemical sorbed to particles from air

to surface water (/day).
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Using the same relationships described in Section 4.2.1.1, algorithm TF 4-2a can be
rearranged to TF 4-2b, which reflects the code in the TRIM.FaTE library:

wet _dep — ASWA

dirsw = 5 X O X fs (TF 4-2b)
Air
where:
Dy
U,, =W Xrain x —— (Eq. 4-5)
Pr
and:
Jus = Zopure solid Lol 4ir 88 described for Equation 4-3 above (unitless); and
Uy = volumetric wet deposition rate (m’[dust particles]/m*[surface water/air

interface]-day).
4.2.1.3 Wet Deposition of Vapor-phase Chemical to Surface Water

There also is advective flux of vapor-phase chemical from rainfall. As the rain falls, it
gathers chemical from the air, coming into equilibrium with the fugacity of the air compartment.

dzzi = — 4 X rain Z e var Ag,, = (Eq. 4-6)
t VA ir A Total _Air
Ve LN ASWA ., “ pure_water
e (rain) = X rain x (TF 4-3a)
Air Total _Air
where:
Ny = total mass of chemical in the surface water compartment
(g[chemical]);
N, = total mass of chemical in the air compartment (g[chemical]);
V. = volume of air compartment (m?);
rain = rainfall rate (m/day);
Zopure water = fugacity capacity of the chemical in aqueous phase of surface
water (i.e., excluding suspended sediments) (mol/m’-Pa);
Z sl Air = total fugacity capacity of the chemical in the air compartment
) (mol/m3-Pa);
Agy.y = area of surface water/air interface (m”); and
T (rain) = advective transfer factor for wet deposition of vapor from air to

surface water (/day).

SEPTEMBER 2002 4-9 TRIM.FATE TSD VOLUME II



CHAPTER 4
SURFACE WATER AND SEDIMENT ALGORITHMS

The fugacity approach and TF 4-3a are well suited for nonionic organic chemicals. For
inorganic chemicals for which vapor washout ratios have been determined empirically, the
transfer factor is calculated in the current TRIM.FaTE library as:

SWA

TWVdep

Lir s (rain) = XrainXw,, X f,, (TF 4-3b)

Air

where:
w, = vapor washout ratio (g[chemical dissolved]/m’[rain] per g[chemical vapor-
phase]/m’[air]); and
fuwr = the fraction of the chemical mass in the air compartment that is in the

vapor phase divided by the volume fraction of the air compartment that is
gas/vapor (i.e., the fraction that is not particulate (see Equation 2-73 in
Chapter 2).

Note that w,, = 1/K ,,,, where:

K, = air/water partition coefficient (g[chemical]/m’[air] per g[chemical]/
m’[water]).

4.2.2 ADVECTIVE PROCESSES BETWEEN SEDIMENT AND SURFACE WATER

The two advective processes between sediment and surface water involve the transport of
the chemical from the surface water to the sediment and from the sediment to the surface water
via movement of sediment particles. “Sediment deposition” refers to the transport of the
chemical sorbed to sediment particles from the surface water to the benthic sediment bed, and
“sediment resuspension” refers to the reverse process. Both processes involve only the solid-
phase chemical; thus, it is necessary to estimate the partitioning of a chemical among the phases
in the surface water compartment and in the sediment compartment. Section 2.7 provides the
equations in the current TRIM.FaTE library that implement the general equilibrium approach to
calculating the chemical distribution among phases. The fugacity-based equations in the
TRIM.FaTE library are described below.

As indicated above, there are three surface-water phases in the current TRIM.FaTE
library: liquid-phase water, suspended particle solids, and algae. Thus, to calculate the total
fugacity of a chemical in the surface water compartment, it is necessary to add the fugacity
capacity of those three components:

ZTotal_SW = Zpure_water + Zpure_solid + ZAlgae (Eq 4-7)
where:
Z ot sw = total fugacity capacity of chemical in surface water compartment
(mol/m*-Pa);
Zpure water = fugacity capacity of chemical in liquid phase, i.e., water (mol/m’-
Pa);
Zoyure solid = fugacity capacity of chemical in the solid phase (mol/m*-Pa); and
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Z igae = fugacity capacity of chemical in algae (mol/m*-Pa).

Thus, the total fugacity of the chemical in the surface water compartment is estimated in the
current TRIM.FaTE library as:

Z ot sw = (Z pure_ warer X VOIUme_ Fraction_ Liquid) +

(Z oure_sotia X Volume _Fraction_Solid ) + (Eq. 4-8)

(Z sigae X Volume _ Fraction_ Algae)

The fugacity capacity in algae, Z,,,,, is calculated as:

Z _ CAlgae X ﬂ X Z (E 4 9)
Algae CSW 1000 pure_water q
where:
Ciigee = chemical concentration in algae (g[chemical]/m’[algae]);
Copr = concentration of chemical dissolved in the liquid phase of surface water
(g[chemical]/m’[water]);
CA = concentration (density) of algae in surface water (g[algae wet wt]/
m’[water]); and
1000 = units conversion factor (g/kg).
Note that C,;,,/Csy 1s equivalent to a bioconcentration factor (BCF) of the chemical in algae and

is represented in the TRIM.FaTE library as RatioOfConcInAlgaeToConcDissolvedInWater.

The sediment compartment in the current TRIM.FaTE library consists of two phases:
liquid-phase water and solid sediment particles. Thus, to calculate the total fugacity of a
chemical in the sediment compartment, it is only necessary to add the fugacity capacity of those
two components:
where:

Z ot Sed = (Z ure waier X VOlume_ Fraction_ Liquid) + (q. 4-10)
q.a-
(Z sure_soia X Volume_ Fraction_Solid )

Z rotal Sed = total fugacity capacity of chemical in the sediment compartment
(mol/m*-Pa).
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The following subsections describe the sediment deposition and resuspension transfer
factors (Section 4.2.2.1), the equations used to calculate the phase flow velocities (Section
4.2.2.2), and algal deposition rates (Section 4.2.2.3), since living and dead algal cells can settle
out of the water column onto the sediment bed.

4.2.2.1 Sediment Deposition and Resuspension

The algorithms for sediment deposition and resuspension are similar and are described
below.

Deposition of suspended sediment to sediment bed (solid phase):

dep % Z pure_solid

Tdep ) = SedSW X (TF 4-43)
S Sed VSW IOSed ZT()talﬁSW
where:
a7 o, = advective transfer factor for deposition of suspended sediment in surface
water to sediment bed (/day);
Agousw = area of surface water/sediment interface (m?);
Vew = volume of surface water compartment (m*);
Siep = deposition rate of suspended sediment to sediment bed (kg[suspended
sediment]/m*[surface water/sediment interface]-day)
Psed = density of solid sediment particles (kg[sediment particles]/m’[sediment
particles]);
Z e i = Tugacity capacity of the solid phase (mol/m*-Pa); and
Zroa sw = total fugacity capacity of the surface water compartment (mol/m*-Pa).
In the TRIM.FaTE library:
vl = volumetric sediment deposition rate (m*[sediment]/m’[surface
water/sediment interface]-day) (see Section 4.2.2.2 below);
and:
Jus = mass fraction of chemical sorbed to suspended sediment particles divided

by the volumetric fraction of the surface water compartment that is
suspended sediments (unitless) (i.e., Mass_Fraction_Sorbed /
Volume Fraction Solid), which:

= Zopure solid Lol 4ir (S€€ Equations 2-71 and 2-79).

Thus, the transfer factor for deposition of suspended sediments to the sediment bed is
represented in the TRIM.FaTE library as:
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A
T3 sea = ;edSW X Ugey * fus (TF 4-4b)

Sw

Resuspension of sediment to surface water (solid phase):

A VA 4
Tres — SedSW X Sres X pure_solid (TF 4-53)

Sed - SW
VSed p Sed ZT otal _Sed

As for Equations TF 4-4a and 4-4b above, TF 4-5a is coded in the TRIM.FaTE library as
the equivalent expression shown in TF 4-5b:

A
T = =X Ui X s (TF 4-5b)
where:
T oy = advective transfer factor for resuspension of sediment to surface water
(/day);
Agousw = area of sediment/surface water interface (m?);
Vou = volume of sediment compartment (m*);
S . = resuspension rate of benthic sediment to water column (kg[benthic
sediment particles]/m’[sediment/surface water interface]-day);
Psed = density of solid sediment particles (kg[particles]/m’[particles]);
Zoure solia = fugacity capacity of the chemical in solid phase (mol/m*-Pa);
Zroa sea = total fugacity capacity of the chemical in the sediment compartment
) (mol/m’-Pa);
Uy = volumetric sediment resuspension rate (m’[sediment]/m’[sediment/surface
water interface]-day) (see Section 4.2.2.2 below); and
fus = mass fraction of chemical sorbed to sediment bed particles divided by the

volume fraction of the sediment bed that is solid particles (unitless).
4.2.2.2 Sediment Deposition and Resuspension Rates

The volumetric sediment deposition and resuspension rates are estimated using similar
equations in TRIM.FaTE. The equation for volumetric sediment deposition is:

i _ S (Eq. 4-9)
USed -
IOSed
where:
vy = volumetric sediment deposition rate (m’[sediment particles]/m*[surface

water/sediment interface]-day);
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Sip = deposition rate of suspended sediment to sediment bed (kg[suspended
sediment particles]/m’[surface water/sediment interface]-day); and
Psed = density of suspended sediment particles (kg[particles]/m’[particles]).

The sediment deposition rate, S, is calculated as:

Siep = Vagy * TSS (Eq. 4-10)
where:
Vi = sediment deposition velocity (m/day); and
8§ = total suspended sediment concentration (kg[suspended sediment
particles]/m’[surface water compartment]);
The equation for volumetric sediment resuspension is similar to Equation 4-7:
res SV@S (E 4 11)
U % = q -
Sed p Sed
where:
Ugy = volumetric sediment resuspension rate (m’[sediment particles]/m*[surface
water/sediment interface]-day);
S. = resuspension rate of benthic sediment to surface water (kg[benthic
sediment]/m*[sediment/surface water interface]-day); and
Psed = density of solid sediment particles (kg[sediment particles]/m’[sediment

particles]).

In this case, the sediment resuspension rate, S,,,, is calculated as:

> res?

Sres = Vres x BSC (Eq 4_12)
where:
Vs = sediment resuspension velocity (m/day); and
BSC = benthic solids concentration (kg[sediment particles]/m’[sediment
compartment]).
In the TRIM.FaTE library:
BSC= p,, *x(1- 9 (Eq. 4-13)
where:
) = porosity, which for the sediment compartment is equal to the volume

fraction liquid , i.e., water (m’[pore water]/m’[sediment compartment]).
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4.2.2.3 Algal Deposition Rates

Algal cells, both living and dead, can settle out of the water column onto the sediment
bed. The transfer factor for that deposition process in TRIM.FaTE is similar in form to TF 4-4b:

A
TAdlZ;eqSed = — S X Ufl?gae X fMAl (TF 4-6)
VS w
where:
Tj’,fg’;h Sed = deposition transfer factor for algae settling to the sediments (/day);
Agousw = interfacial area between the surface water and sediment
compartments (m?);
Vw = volume of the surface water compartment (m”);
Uj‘jﬁae = algal deposition rate (m’[algae]/m*[sediment/surface water
interface]-day); and
Jua = mass fraction of chemical in algal cells divided by the volume
fraction of the surface water compartment comprised of algal cells
(unitless).
The volumetric algal deposition rate can be estimated as:
v = —AS”’GP (Eq. 4-14)
Alsee 4 x 1000 '
where:
ASy, = algal deposition rate (g[algae]/m*[sediment/surface water interface]-day);
CA = algae concentration (density) in water column (g[algae]/L[water]); and
1000 = units conversion factor (L/m’).
The mass-based algal deposition (sedimentation) rate can be estimated from:
CS dep
AS,, = (Eq. 4-15)
AZTOC X (1 - fWAlgae)
where:
CSup - carbon sedimentation rate (g[carbon]/m2[sediment/surface water
interface]-day);
Alroe = dry weight total carbon content of algae (g[carbon]/g[algae dry wt]); and
IW tigae = mass fraction of the algae that consists of water (unitless).
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Based on Baines and Pace (1994), the carbon sedimentation rate is estimated from the
following formula:

]'82+0.62X1n(CC) 1
CS,, =10 In(10) - x ™ (Eq. 4-16)
where:
cc = chlorophyll concentration in water (mg[chlorophyll]/m’[surface water]);
and

1000 units conversion factor (mg/g).

Values for CC, Al , and fW,,,,, can be obtained from the literature.

4.2.3 ADVECTIVE PROCESSES BETWEEN SEDIMENT/SURFACE WATER AND
ADVECTIVE SINKS

The surface water advection sink represents outflow of the chemical from the study area.
For sediment, the advection sink represents the burial of the chemical beneath the sediment
layer. Following is a summary of the following advective processes between sediment/surface
water and advective sinks:

. outflow from flowing river to surface water advection sink(s) (Section 4.2.3.1);

. outflow from a lake or pond to a surface water advection sink (Section 4.2.3.2);
and

. transfer of bulk sediment from the sediment bed to a sediment burial sink (Section
4.2.3.3).

4.2.3.1 Outflow from Flowing Water to Surface Water Advection Sink (Total Phase)

For flowing waters (e.g., rivers and streams), chemical sorbed to suspended sediments
and dissolved in the water can be carried downstream with the bulk water flow beyond the
boundary of the modeling area, modeled as a transfer to a surface water advection sink. The
transfer factor is based on the volumetric flow of the water body:

T;lf;ejSWisink = outflow/V, (TF 4-7a)

where:

T o on = advective transfer factor from surface water compartment to

surface water advection sink (downstream direction only) (/day);
outflow = volumetric outflow of bulk water (water and suspended sediments)
from surface water compartment to advection sink (m*[bulk
water]/day); and
Vw = volume of surface water compartment (m’[water]).
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Note that inflow of chemical from outside the boundary of the study area is possible if
there are background concentrations of the chemical in the water upstream of the study area.
That transfer is estimated using an inflow rate that is equal to the outflow rate for the surface
water compartment just inside the modeling boundary and a user-specified concentration of the
chemical upstream of the study site.

4.2.3.2 Outflow from Lake or Pond to Surface Water Advection Sink (Total Phase)

For non-flowing waters (e.g., lakes and ponds), chemical in water can be lost from the
surface-water body to one or more outflows that are not modeled in TRIM.FaTE:

lake - (ﬂ”SheS/yr)
T:S'V!/a SW_sink ~ 365 (TF 4'7b)
where:
Tor sw s = advective transfer factor from surface water compartment to

surface water advection sink (/day);

Sflushes/yr = outflow of water measured as number of complete flushes per year
from surface water compartment to advection sink (m’[bulk
water]/day); and

365 = unit conversion factor (days/year).

4.2.3.3 Movement of Sediment from Sediment Bed to Sediment Burial Sink (Solid
Phase)

The burial of chemical mass below the sediment compartment (i.e., in the sediment burial
sink) is a function of the sediment deposition rates and sediment resuspension rates.
Conceptually, as sediment particles suspended in the surface water settle, with their associated
chemical mass, to the top sediment layer, there is a simultaneous burial of sediment particles and
associated chemical from the bottom sediment layer into a sediment burial sink. The chemical
mass in TRIM.FaTE sinks does not move back into the modeled system. Transfer of chemical
mass from sediment to a sediment sink is then modeled as follows:

TTotal - ASed X b . l X
Sed - Sed_sink ~ 7 urial _rate X f (TF 4-8)
Sed
where:
Tor” s s =  transfer factor for chemical mass in lower-most modeled sediment
layer to the sediment burial sink (/day);
Agey = area of the sending sediment compartment (m?);
Vsea = volume of the sending sediment compartment (m’);
burial rate =  sediment burial rate (m’[sediment particles] /m*[sediment]-day, or

m/day); and
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Jus = fraction of chemical mass sorbed to sediment particles divided by
volume fraction of the sediment compartment that is solid (unitless).

In the current library, burial rate is derived as a non-negative value as follows:

burial _rate = max(0, 0% - U™ (Eq. 4-17)
where:
vl =  sediment deposition rate (m’[sediment]/m*-day) (see Eq. 4-9); and
v = sediment resuspension rate (m’[sediment]/m*-day) (see Eq. 4-11).

While the model could accommodate scouring (i.e., net resuspension of sediment from
the sediment layer up into the water column), the burial algorithm currently does not provide for
the transfer of chemical mass back into a sediment compartment from a sediment burial sink. To
accommodate a scouring situation in which chemical previously buried would become available
for resuspension, the user might consider using a more complex scenario involving multiple
sediment compartments positioned as layers above the burial sink, where the depth of the layers
(i.e., the upper most ones) could change depending on deposition and resuspension rates.

4.2.4 ADVECTIVE PROCESSES FROM SURFACE SOIL TO SURFACE WATER

The advective algorithms for runoff and erosion from surface soil compartments to a
surface water compartment are described in Chapter 5 (TF 5-10b and TF 5-11b, respectively).

4.3 DERIVATION OF RIVER COMPARTMENT TRANSFER FACTORS

The transfer factor from one river compartment to another, or to a lake compartment, was
derived based on advective flow rates of a total pollutant mass between two compartments, as
developed in Section 2.4.1. By substituting river flow for the total volumetric flow, the
following transfer factor is derived.

flow

T" (total) = N (TF 4-9)
where:
7,7‘1"; (total) = advective transfer factor for bulk river flow between river
compartments i and j (/day);
flo = bulk volumetric water flow rate (m’[bulk water]/day); and
14 = volume of compartment i (m’[surface water]).

Because advection is being simulated for the total phase (i.e., both the water and the
suspended sediments), no phase partitioning is applied in this equation. This transfer factor is
specified for a particular link between surface water compartments.
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4.4 DIFFUSIVE PROCESSES

TRIM.FaTE models the diffusive exchanges of chemicals between surface water and air
(Section 4.4.1) and between surface water and sediments (Section 4.4.2). Diffusive exchanges
between surface water and algae are noted in Section 4.4.3.

4.4.1 DIFFUSIVE EXCHANGE BETWEEN SURFACE WATER AND AIR

The algorithms describing the diffusive exchange of chemical mass between surface
water and air are presented in Section 3.3.2.1 (see TF 3-2 and TF 3-3).

4.4.2 DIFFUSIVE EXCHANGE BETWEEN SURFACE WATER AND SEDIMENTS

The diffusive exchange of chemical between surface water and sediments is modeled
based on mass transfer coefficients between the two compartments. Transfer factors based on
the fugacity approach are developed in Section 4.4.2.1. The transfer factors for diffusion based
on the method described in the Water Quality Analysis Simulation Program (WASP) (Ambrose
et al. 1995) model are developed in Section 4.4.2.2.

4.4.2.1 Transfer Factors Based on Fugacity Approach
Diffusive transfers of dissolved chemical between sediment pore water and the overlying

surface water are estimated from chemical mass transfer coefficients as described in the
following set of equations. First:

_ Deg, (Eq. 4-18a)
USWSed - 5SW
_ Dey,, (Eq. 4-18b)

USedS w T 5
Sed

where:
Usisea = mass transfer coefficient from surface water to sediment (m/day);
Ususw = mass transfer coefficient from sediment to surface water (m/day);
Deg,, = effective diffusivity of chemical in surface water (m?*/day);
Deg,, = effective diffusivity of chemical in sediment (m?*/day);
Ogy = boundary layer thickness below water (m); and
Ogd = boundary layer thickness above sediment (m).

The values of Deg,, and Dey,, are calculated using equations (Millington and Quirk 1961):

DeSW = Dpure_water (Eq 4_19)

De,, = ¢** x D (Eq. 4-20)

pure_water
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where:

Do waer = diffusivity of chemical in liquid phase, i.e., water (m?/day); and

= porosity, or the volume fraction of the sediment compartment that is water
(i.e., 8, which = Volume Fraction_Liquid given that €, or
Volume Fraction Vapor, in the sediment compartment = 0; unitless).

The value for Jg,, can be input by the user. The value for Jgy, is estimated using the method from
CalTox (McKone 1993b, Equation 58, p. 44) as:

Jgy = 318 % Deg,,"*% (Eq. 4-21)

The mass transfer coefficients are then used to estimate the diffusive transfer from
sediment to surface water:

-1

- A 1 1
T = SedSW + (TF 4-10a)
Sed =S VSed % 4 Total _SW USedSW
SWSed
Z Total _Sed
where:
Ty o, = diffusive transfer factor from sediment to surface water (/day);
Agpusw = interfacial area between the sediment and surface water compartments
(m?);
Zrwa sw = total fugacity capacity of chemical in the surface water compartment
(mol/m*-Pa); and
Zroa s = total fugacity capacity of chemical in the sediment compartment (mol/m’-
Pa).

The diffusive transfer from surface water to sediment is estimated by the same equations,
but with the identity of the sending and receiving compartments reversed:

-1

» A 1 1
dif — “1Sedsw i
TSy sa == X 7 t o (TF 4-11a)
SW % Total _Sed SWSed
SedSW Z
Total SW
where:
T = diffusive transfer factor from surface water to sediment

compartments (/day);
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ASedS w
USedS w
US WSed
z Total SW

A Total Sed

interfacial area between the sediment and surface water
compartments (m?);

mass transfer coefficient from sediment to surface water
compartments (m/day);

mass transfer coefficient from surface water to sediment
compartments (m/day);

total fugacity capacity of the chemical in the surface water
compartment (mol/m*-Pa); and

total fugacity capacity of the chemical in the sediment
compartment (mol/m’-Pa).

4.4.2.2 Transfer Factors Based on the WASP model

An alternative to the fugacity approach described in Section 4.4.2.1 1s the diffusive
method described in WASP (Ambrose et al. 1995). Diffusive transport between surface water
and sediment compartments can be approximated as a first-order process using the method
described for WASP. Based on the WASP model, the net diffusive exchange flux between a
surface water compartment and a sediment compartment is modeled by:

dN Sed  _ DSP, swsed ASWSed X Dowsed x [f Dsea X CSed _ / Dsw X CSW] (Eq. 4-22a)
dt Lyusea | Busa @ @ ¥
- DSPgyscs * Aswsea X Powsea X (f g, * N e _ f Dy N SW] (Eq. 4-22b)
LSWSed / QS‘WSed VSed X @ed VSW X @W
where:

Ng,, chemical mass in the underlying sediment compartment
(g[chemical]/day);

DSPgys.q diffusive exchange coefficient between surface water and sediment
compartments (m”[surface water/sediment interface]/day);

Agysea interfacial area between surface water and sediment compartments
(m?);

Ly characteristic mixing length between surface water and sediment
compartments (m);

Cop, Co bulk concentration of chemical in surface water compartment and
sediment compartment, respectively
(g[chemical]/m’[compartment])

Ngy, N,y mass of chemical in surface water compartment and sediment
compartment, respectively (g[chemical]);

Vw, Vsea volume of surface water and sediment compartments, respectively
(m’[compartment]);

Josws Josed dissolved fraction of chemical in surface water and sediment
compartments, respectively (calculated);
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Dsiw» Dsea = porosity of surface water and sediment compartments, respectively
(= volume fraction water, &, for these compartments, see Chapter
2); and

Dsisea = average porosity at interface ((¢, + ¢)/2).

The resulting transfer factors (units of /day) between the surface water and sediment
compartments are given by:

DSP, SWSed X ASWSed X Dowsea X ( f Dseq ]

T = (TF 4-10b)
Sed=sW LS WSed / ¢SWSed VSed X @ed
. DSP,,. % Ay, X Sy,
TSC%H W = SW;fd /SWSed DPosea X (V an j (TF 4-1 lb)
swsea | Gowsea sw X Ry

Following the method used in WASP (Ambrose et al. 1995, p. 25), the sediment
compartment height is used as the characteristic mixing length Lg,,. The porosity of the
sediment compartment (¢s,,) is calculated from the volume fraction of the sediment
compartment that consists of water (i.e., €,,). The porosity of the surface water compartment is
set to the volume of water compartment that is water (i.e., 1 - (volume fraction suspended
sediment + volume fraction algae)). Values for dispersion coefficients are as discussed in
Section 4.5.1 for exchanges between horizontally adjacent surface water compartments i and ;.

These transfer factors (TF 4-10b and TF 4-11b) are not available in the current
TRIM.FaTE library, but are included here for users who might prefer to use the method used in
WASP.

4.4.3 DIFFUSIVE EXCHANGE BETWEEN ALGAE AND SURFACE WATER

The diffusive exchange between algae and surface water traditionally has been called
bioconcentration, with the bioconcentration factor (BCF) being equal to the chemical
concentration in algae divided by the concentration of chemical dissolved in the surface water.
From Equation 4-9, the BCF also is equal to the ratio of the Z factors for algae and water
(excluding suspended sediments):

C Z

Algae Algae

= BCF =

pure_water pure_water

(Eq. 4-24)
An equation to estimate C;,,/C,,. aer fOr mercury in particular is presented in Appendix

A, Section A.1.2.

4.5 DISPERSIVE PROCESSES

Dispersive transport between horizontally adjacent surface water compartments can be
approximated as a first-order process using the method described in WASP (Ambrose et al.
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1995). Dispersive water column exchanges significantly influence the transport of dissolved and
particulate pollutants in such water bodies as lakes, reservoirs, and estuaries.

Based on the WASP model, the net dispersive exchange flux between two surface water
compartments i and j at a given time is modeled by:

dN ; DSP;/ X Aij (C’ C)
= - X .= C. Eq. 4-2
dt LU J i ( q 5 a)
DSF, x A4, N, N,
= X| - — Eq. 4-25b
where:
N, = chemical mass in surface water j (g[chemical] /day);
DSP; = dispersion coefficient for exchange between surface water compartments i
and j (m*/day);
Ay = interfacial area between surface water compartments i and j (m?);
L, = characteristic mixing length between surface water compartments i and j
(m);
G, G = concentration of chemical in surface water compartments 7 and j,
respectively (g/m?);
N, N; = mass of chemical in surface water compartments i and j, respectively
(g[chemical]/m’[water]); and
V., V, = volume of surface water compartments i and j, respectively (m?).

In TRIM.FaTE, the dispersive transfer factor between surface water compartments is:

disp DSP’/ X Aif
Towi-; = TLxV (TF 4-12)
where:
TP ; = dispersive transfer factor from the i to the j” surface water compartment

(/day).

The distance between the midpoints of the two water compartments is used for the
characteristic mixing length, ;. Values for dispersion coefficients can range from 10" m*/sec
(8.64 x10° m?/day) for molecular diffusion to 5x10* m*/sec (4.32x10” m*/day) for longitudinal
mixing in estuaries (Ambrose et al. 1995, p. 35).
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4.6 TRANSPORT BETWEEN SEDIMENT COMPARTMENTS

A chemical can be transported between vertically adjacent sediment compartments via
the sediment pore water and bioturbation. Although applications of TRIM.FaTE to date have
involved only one sediment bed layer (above the sediment sink), a user might specify more than
one sediment layer with differing characteristics (e.g., porosity) above the sediment sink. In this
case, transport of a chemical between the layers can occur. In the current TRIM.FaTE library,
the only process modeled for this transfer is diffusion of the liquid-phase chemical across
compartments via the interstitial water. Bioturbation is not included in the TRIM.FaTE library at
this time.

The transfer factor for pore-water diffusion of chemical from one sediment compartment
to another located below it is:

A DSPSed X %vg

S(fdfi-.Sezy = Vsedl.j X I X fowi (TF 4-13)
Sedi Sedif
where:
sy = transfer factor for diffusion between sediment compartment i and
sediment compartment j below it (/day);
Ageay = interfacial area between sediment compartments i and j (m?);
V soai = volume of the sending sediment compartment i (m*);
DSPg,, = diffusive exchange coefficient (m*/day);
ive = average porosity at the interface between sediment compartments i and j
(unitless), which equals (P + Psoy) / 25
Ly = characteristic mixing length (m), which equals the distance between the
vertical midpoints of sediment compartments i and j; and
foi = fraction of the chemical mass in sediment compartment i that is

dissolved in water divided by the volume fraction of sending sediment
compartment i that is water (see Equations 2-72 and 2-80) (unitless).

The algorithm for pore-water diffusion of chemical from sediment compartment j to the
one above it, sediment compartment i, is:

_ ASedij % DSPS@d X ¢avg

dif
TSeZL Sedi ~ 1% L X fMLj (TF 4'14)
Sedj Sedij
where:
T e = transfer factor for diffusion between sediment compartment j and
sediment compartment i above it (/day);
Ve = volume of the sending sediment compartment j (m’); and
S = fraction of the chemical mass in sediment compartment j that is

dissolved in water divided by volume fraction sending sediment
compartment ; that is liquid (unitless).
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The current TRIM.FaTE does not include algorithms for horizontal diffusion between
sediment compartments in the same sediment layer.

4.7 TRANSFORMATIONS AND DEGRADATION

The transformation of chemicals in surface water and sediments can affect their
persistence and environmental partitioning. Transformations of chemicals into compounds that
will no longer be tracked in TRIM.FaTE (e.g., non-toxic degradation products) are called general
degradation processes. In TRIM.FaTE, the degradation of a chemical in surface water due to all
mechanisms that might apply (e.g., hydrolysis, photolysis, and aerobic degradation by
microfauna) is reflected by the user input for the half-life of the chemical in a surface water
compartment. Similarly, the degradation of a chemical in sediments due to all mechanisms that
might apply (e.g., aerobic and anaerobic bacterial degradation) is reflected by the user input for
the chemical half-life in the sediment compartment. The algorithm relating the degradation rate
constant to the chemical half-life in the soil compartment is presented in Chapter 2 (Equation 2-
64), and the corresponding transfer factor is TF 2-1.

Transformations of a chemical into another form of the chemical that is tracked in
TRIM.FaTE are named for the processes (e.g., oxidation, methylation, reduction of mercury
species). In the TRIM.FaTE surface water and sediment compartments, all transformations are
modeled as first-order processes, that is, linear with inventory (i.e., the quantity of chemical
contained in a compartment). The rate of mass removal in a first-order transformation is
calculated as the product of the total inventory of chemical in the compartment and the
transformation rate constant specified in the corresponding transfer factor. The transformation
rate constant is the inverse of the residence time with respect to that reaction.
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5.  SOIL ALGORITHMS

In this chapter, the T-factors for the transport and transformation of chemical species
within and among soil compartments, including the ground-water stratum, are described. In
addition, algorithms for the transport of a chemical between soil compartments and the lower
atmosphere and between soil compartments and surface water are presented. The text box on the
next page and continued on the following pages provides a summary of the T-factor algorithms
developed in this chapter and defines all parameters used in those algorithms.

The remainder of this chapter is divided into five subsections. The first outlines the four
soil compartment types and the general transport processes that apply to each (Section 5.1). The
next (Section 5.2) describes the transformation and degradation processes that apply to the soil
compartments. The third subsection develops the T-factor algorithms for vertical-transport
between compartments (Section 5.3), while the fourth subsection describes the horizontal-
transport algorithms that apply to the surface soil compartments (Section 5.4). Finally, the
algorithms related to the ground-water compartment are described (Section 5.5).

5.1 SOIL COMPARTMENTS AND TRANSPORT PROCESSES

In TRIM.FaTE, soil is modeled as four distinct compartment types: surface soil, plant
root-zone soil, vadose-zone soil above the saturated zone, and the saturated zone or ground
water. In TRIM.FaTE, the root-zone and vadose-zone soils can be sub-divided into one or more
vertically stacked compartments for the purpose of assessing mass transfer. Tables 5-1 and 5-2
summarize the gains and losses for surface and subsurface soil compartments, respectively, that
are addressed in the current TRIM.FaTE library.

As indicated in Table 5-1, the uppermost surface soil compartment exchanges mass with
the lowest compartment of the atmosphere by a combination of diffusion and advection
processes. There are two advective processes addressed in TRIM.FaTE that can potentially
transport a chemical from a surface soil compartment to down-gradient surface soil
compartments or to surface water: erosion of surface soil particles and runoff of water from
surface soil. Erosion applies to the solid phase, while runoff and recharge apply to the dissolved
phase.

As indicated in Table 5-2, two of the primary transport processes in subsurface soils are
exchanges by diffusion and advection. Transport can occur both in the gas and liquid phases.
The predominant transport mechanism in the aqueous phase is advection, and that in the gas
phase is diffusion. The advective transport of contaminants in the liquid or gas phase depends
on the velocity of that phase. There currently is only one advective process included in the
TRIM.FaTE library that can potentially transport a chemical from the vadose-zone soil
compartment to ground water, that is percolation. Recharge of ground water to surface water also
is included. Important physicochemical properties include solubility, molecular weight, vapor
pressure, and diffusion coefficients in air and water. The important landscape properties include
temperatures of air, rainfall rates, soil properties (i.e., bulk density, porosity), and the depth of
each soil compartment.
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Summary of Transfer Factors for Soil in TRIM.FaTE

VERTICAL EXCHANGES BETWEEN SURFACE SOIL AND ATMOSPHERE

Diffusion of vapor-phase from air to surface soil: (TF 5-1)
-1
i X A 1 1
Tcil{ Air = L = X[ + j
ZTotal_Ss X VSS Zpure_air X UAir ZTotal_Ss X USS
Diffusion of vapor-phase from surface soil to air: (TF 5-2)

-1
Té = Sa X Ag « 1 ‘ 1
Air=Ss 7 XV y4 x U Z xUg,

Total _Air Air pure_air Air Total _Ss

Dry deposition of particle-phase from air to surface soil: (TF 5-3b) ®

Udry X (1 B Idry) X ASS
AirP- Ss — MS
VAir

dry_dep _—
TW,P

Wet deposition of particle-phase from air to surface soil during rain:

(TF 5-4)
Al L PILE
Air

Wet deposition of vapor-phase from air to surface soil during rain (fugacity approach): (TF 5-5a)
Taos® = As xrainx (1-1,,,) X ZPLW

Air Total _ Air
Wet deposition of vapor-phase from air to surface soil during rain (partitioning approach): (TF 5-5b)
TAVi‘:itliZI} = % X w,, Xrain X (1 _]wet) X o

Air
Dry resuspension of particle-phase to air from surface soil compartment: (TF 5-6)

ASS res Zpureisolid
Tres - X X
Ss— AirP ~

VSS IOP ZTotaliSs

@ TF 5-5a represents the same basic equation, but uses the fugacity notation. TF 5-5b is the
expression of the equation in the current TRIM.FaTE library.
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Summary of Transfer Factors for Soil in TRIM.FaTE (cont.)
VERTICAL EXCHANGES BETWEEN SOIL COMPARTMENTS
Diffusion downward from soil compartment i to the soil compartment j directly below it: (TF 5-7)
lef - Xg’]
Si— §j
! dSi X ZTota[_Si
Diffusion upward from soil compartment j to the soil compartment i immediately above it: (TF 5-8)
dif  _— YSU
Sj-Si T
! de X ZTOtalfS/'
Percolation downward from soil compartment i to soil compartment j: (TF 5-9)
Tperc - veSi X y Si
Si~ 8§ (e+V31 Xdg _ 1)
HORIZONTAL EXCHANGES ACROSS SURFACE SOIL COMPARTMENTS
Runoff during rain from surface soil compartment i to surface soil compartment (TF 5-10a)
runoff  — . . ASS[
7—.'5'51'—.;5'5]' - runOff X fruanf (S’Sl - SS]) X V X fML
Ssi
Erosion during rain from surface soil compartment i to surface soil compartment j: (TF 5-11a)
. A
T8 = erosion s [, (S5 Sy x 3 x
VSsi IOP

Runoff during rain from surface soil compartment i to surface soil sink, same as TF 5-10a  (TF 5-10c)
but with Ss_sink replacing Ssj:

Erosion during rain from surface soil compartment i to surface soil sink, same as TF 5-11a  (TF 5-11c¢)
but with Ss_sink replacing Ssj:

HORIZONTAL TRANSFER FROM SURFACE SOIL TO SURFACE WATER

Runoff during rain from surface soil compartment i to surface water compartment: (TF 5-10b)

, A,
TSZZ;T{?W = I"Zxﬂ’lef X frunoff (SSZ - SW) X favailimnqﬁ’ X X fML

VSSi
Erosion during rain from surface soil compartment i to surface water compartment: (TF 5-11b)
A, f
erosion — . . Ssi MS
TSsiaSW = erosion X erosion (S‘Sl - SW) X favuilierosion X V X
Ssi IOP

SEPTEMBER 2002 5-3 TRIM.FATE TSD VOLUME II



CHAPTER 5
SOIL ALGORITHMS

Summary of Transfer Factors for Soil in TRIM.FaTE (cont.)

VERTICAL EXCHANGES WITH GROUND WATER

Percolation from vadose-zone soil to ground water: (TF 5-12)

T _ veSv X ySv
Sv— GW (e+ys‘,><dsl, _ 1)

N >y
2

Total_Ss

o~

S

N

ure_air

=

ir

VAir

z Total_Air

Usry
Ly
MS

wet

Iwe't
rain
V4

pure_water
WrV

fMV

res

Pp
V4

pure_solid
Vsi
dSi
Ysi

Recharge from ground water to surface water: (TF 5-13)
A Z ure _walter
Ty gy = 00 x —2= “" X recharge
VGW ZTotaliGW

LIST OF SYMBOLS USED IN TRANSFER FACTOR ALGORITHMS

fraction of area available for vertical diffusion (from 0 to 1.0);

horizontal area of the surface soil compartment (m?). (This is the area assumed to be
shared between the top soil compartment and the atmosphere.)

total fugacity capacity of surface soil compartment (mol/m3-Pa).

volume of surface soil compartment (m?).

fugacity capacity of chemical in pure air, = 1/RT (mol/m3-Pa).

mass transfer coefficient on the air side of the air/soil boundary (m/day). (It is typical
to represent the mass transfer coefficient in air as the ratio of the diffusion coefficient
in air, D,,, divided by the turbulent boundary compartment thickness, J,,. For many
compounds, D, is on the order of 0.4 m/day and J,, is on the order of 0.0005 m, so
that U,, is on the order of 800 m/day.)

volume of the air compartment (m®).

total fugacity capacity of chemical in the air compartment (includes gas and particle
phase of the atmosphere) (mol/m3-Pa).

volumetric dry particle deposition rate (m®[dust particles]/m?[surface water]-day).
fraction of dry particle deposition that is intercepted by plants (unitless).

fraction of total chemical mass in compartment that is sorbed to solid particles
divided by volume fraction of the compartment that consists of particles (unitless).
volumetric wet particle deposition rate (m*[dust particles]/m?[surface water]-day).
fraction of wet particle deposition that is intercepted by plants (unitless).

rate of rainfall (m®[rain]/m?[surface soil]-day).

fugacity capacity of chemical in the moving phase, water (mol/m?3-Pa).

vapor washout ratio (g[chemical dissolved]/m*[rain] per g[chemical vapor-
phase])/m3air)).

fraction chemical mass in air compartment that is in vapor-phase divided by the
volume fraction of air compartment that is gas (unitless).

rate of resuspension of dust particles from soil to air (kg[dust particles]/m?[surface
soil]-day).

density of dust or soil particles in air (kg[particles)/m’[particles]).

fugacity capacity of chemical in the moving phase, dust particles (mol/m3-Pa).
gradient of soil concentration change in soil compartment i (/m).

thickness of surface soil compartment j (m).

fugacity-capacity adjusted mass transfer coefficient between soil compartments j and
Jj (mol/m?-Pa-day), and is given by:
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Summary of Transfer Factors for Soil in TRIM.FaTE (cont.)

LIST OF SYMBOLS USED IN TRANSFER FACTOR ALGORITHMS (cont.)

_ (ZTotaliS[ X DeSi X ySi) t (ZTotaliSj X DeSj X J/S])

Sy (e+Vs,- Xdg _ 1) (1_ e Vs xdsr)
2 X -
Vs *dy Vs % de
dg, ds; = thickness of soil compartments j and j, respectively (m).
Ziotr si = total fugacity capacity of chemical in soil compartment j (mol/m3-Pa).
Total S = total fugacity capacity of chemical in soil compartment j (mol/m3-Pa).
Ysir ¥sj = gradient of soil concentration change in soil compartments / and j, respectively (/m).
Dey,, = effective diffusion coefficient in soil compartment i (m?[soil]/day].
ve, = effective advection velocity of a chemical in the soil compartment / (m/day), and equal
to the rate of soil-solution movement, v; (see below), multiplied by the fugacity capacity
of the moving phase (water) divided by the total fugacity capacity of the soil
Compartment I’ ve, = (Vi x Zpure_water)/ZTotal_Si'
v = average velocity of the moving phase (assumed to be water) in soil compartment i
(/m).
runoff = flux of water transported away from surface soil compartment i
(m®*[water]/m?[soil]-day).
frono(SSI—Ss)j) = fraction of water that runs off of surface soil compartment i that is transported
to surface soil compartment j (unitless).
Fovail runoft fraction of surface soil available for runoff (between 0 and 1.0).

fu fraction of chemical in compartment that is dissolved in water divided by the
volume fraction of the compartment that is liquid (water).

erosion = flux of soil particles transported away from surface soil compartment i
(kg[soil particles]/m?[soil]-day).

forosion(SSI—SS)) = fraction of soil that erodes from surface soil compartment i that is transported
to surface soil compartment j (unitless).

fovail erosion = fraction of surface soil available for erosion (between 0 and 1.0).

ves, =  effective advection velocity of a chemical in the vadose-zone soil compartment

(m/day).

Ysy =  gradient of soil concentration change in vadose-zone soil compartment (/m).

Aswew = interfacial area between ground-water and surface-water compartments (m?).

Vew = volume of ground-water compartment (m?).

Zrw ow =  total fugacity of chemical in the ground-water compartment (mol/m3-Pa).

recharge =  average daily recharge from ground water into surface water (m/day).

A future version of the TRIM.FaTE library could include algorithms for diffusive transfers
between the vadose-zone soil compartment and the ground-water compartment.

5.2 TRANSFORMATIONS AND DEGRADATION

The transformation of chemicals in soil layers can have a profound effect on their
potential for persistence. Chemical transformations, which may occur as a result of biotic or
abiotic processes, can significantly reduce the concentration of a substance in soil.
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Table 5-1
Summary of the Chemical Gains and Losses for Surface Soil

Compartments Addressed in TRIM.FaTE

Gains Type of Relevant Losses Type of Relevant
Process Phase Process Phase
From Air To Air
Diffusion from air Diffusion Vapor Diffusion to air Diffusion Vapor
(TF 5-1) (TF5-2)
Dry deposition of particles/ Advection Solid Dry resuspension of Advection Solid
aerosols from air (TF 5-3) particle phase (TF 5-6)
Wet deposition of particles/ Advection Solid
aerosols from air (TF 5-4)
Wet deposition of vapor from Advection Vapor
air (TF 5-5)
From Surface Soils To Surface Soils
Erosion from upgradient soils Advection Solid Erosion to downgradient Advection Solid
(TF 5-10a) soils (TF 5-10a)
Runoff from upgradient soils Advection Aqueous Runoff to downgradient Advection Aqueous
(TF 5-11a) soils (TF 5-11a)
From Plants To Plants
Deposition of leaves during Advection Solid
litter fall (TF 7-15)
Deposition of particles on Advection Solid
leaves during litter fall (TF 7-16)
From Surface Water To Surface Water
Erosion Advection Solid
(TF 5-11b)
Runoff Advection Aqueous
(TF 5-10b)
From Terrestrial Birds and Mammals To Terrestrial Birds and Mammals
Elimination from terrestrial Advection Total Ingestion by wildlife Advection Total
and semi-aquatic wildlife (TF 7-31) (TF 7-22)
From Root-Zone Soil To Root-Zone Soil
Upward diffusion Diffusion Aqueous Percolation Advection Aqueous
(TF 5-8) & Vapor (TF 5-9)
Diffusion Diffusion Aqueous
(TF 5-7) & Vapor
From Surface Soil Transformations To Sink(s)
Runoff off-site to sink Advection Aqueous
(TF 5-10c)
Erosion off-site to sink Advection Solid
(TF 5-11¢)
Decay to reaction sinks Degradation Total
(TF 2-1)
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Table 5-2
Summary of the Chemical Gains and Losses for Sub-surface Soil
Compartment j Addressed in TRIM.FaTE*

Gains Type of Relevant Losses Type of Relevant
Process Phase Process Phase
From Vertically Adjacent Soil Compartment To Vertically Adjacent SoilCompartment
Downward diffusion from soil Diffusion | Aqueous Downward diffusion from Diffusion Aqueous
compartment i (TF 5-7) soil compartment j (TF 5-7)
Upward diffusion from soil Diffusion | Aqueous Upward diffusion from Diffusion Aqueous
compartment / (TF 5-8) soil compartment j (TF 5-8)
Percolation downward from Advection | Aqueous Percolation downward Advection Aqueous
soil compartment i (TF 5-9) from soil compartment j (TF 5-9)
To Plants
Release from plant roots Diffusion Uptake from root-zone Diffusion Aqueous
(TF 7-11) soil by plant roots (TF7-10)
Uptake by plant stems Advection Aqueous
from root-zone soil via (TF 7-12a)
flow of transpired water
From Ground Water To Ground Water
Percolation from vadose- Advection Aqueous
zone soil (TF 5-12)
From Surface Water To Surface Water
Recharge from ground Advection Aqueous
water (TF 5-13)
From Soil Transformations To Sink(s)
Decay to reaction sinks Degradation Total
(TF 2-1)

*Sub-surface soil compartment 7 is higher than j is higher than /.

Transformations of chemicals into compounds that will no longer be tracked in
TRIM.FaTE (e.g., non-toxic degradation products) are called general degradation processes in
the model. In TRIM.FaTE, the degradation of chemicals in soil due to all mechanisms that
might apply (e.g., degradation by soil microfauna, photolysis at the soil surface, hydrolysis in
the saturated zone) is reflected by the user input for the half-life of the chemical in the particular
soil compartment. The algorithm relating the degradation rate constant to the chemical half-life
in a soil compartment is presented in Chapter 2 (Equation 2-64).

Transformations of a chemical into another form of the chemical that is tracked in
TRIM.FaTE are reflected in algorithms that are named for the process (e.g., oxidation,
methylation, reduction of mercury species). In the TRIM.FaTE soil layers, all transformation
processes are modeled as first-order processes, that is, linear with inventory (i.e., the quantity of
chemical contained in a compartment). The rate of mass removal in a first-order transformation
is calculated as the product of the total inventory and the transformation rate constant. The
transformation rate constant is the inverse of the residence time with respect to that reaction.
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5.3 VERTICAL TRANSPORT ALGORITHMS

The transfer factors in the subsurface are a function of the advective flux (gas phase plus
liquid phase) and the diffusive flux (gas phase plus liquid phase). In the subsections below,
upward and downward transfer factors are developed for the top three soil compartments (i.e.,
excluding ground water). No provisions are made for preferential flow regions in the vadose
zone that could lead to higher concentrations in the ground water, because in most cases, the
proportion of exposure from ground water is minimal for air pollutants.

5.3.1 THEORETICAL BASIS FOR THE TRANSPORT ALGORITHMS

The algorithms below are developed by assuming that chemical concentration in each
compartment decreases exponentially with depth in that compartment. This type of
concentration gradient has been demonstrated as the correct analytical solution of the one-
dimensional, convective-dispersive, solute-transport equation in a vertical layer with a steady-
state concentration maintained at its upper surface (ARS 1982). With the assumption of
exponentially decreasing vertical concentration for each soil compartment, i, the variation in
concentration with depth in that compartment is given by:

G (x) = G (0) x exp(-y,x) (Eq. 5-1)
where:
X = distance into the soil compartment measured from the top of the soil
column (m);

Ci(0)

peak chemical concentration in soil compartment i (g[chemical]/m’[soil]),
which is related to the total inventory N, (g[chemical]) in this soil
compartment (this relationship is provided below); and

17 = the gradient of soil concentration change in soil compartment i (/m),
which is obtained from the inverse of the normalized or characteristic
depth X* which is y, = I/X*

X* can be input by the user. If the user does not provide a value, a value for X* is calculated as
follows. Let:

A

1

removal rate constant for a chemical in soil compartment i, based on
chemical transformation (/day); then

If 4,> 0 then X* = Minimum (DX,, DX,),
Otherwise (i.e., 4;,= 0), then X* = DX, (Eq. 5-2)

DX, is the Damkoehler distance (the distance at which the soil concentration falls by 1/e
based on the aggregate results of diffusion, advection, and reaction) in units of meters and is
given by:
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ve;, + \/ve, + 4De
DX, = ) > (Eq. 5-3a)

1

Equation 5-3a can be rearranged as follows to arrive at Equation 5-3d, which is the form of the
equation in the TRIM.FaTE library:

ve, (ve)’ + (4Deg x A)
= +

DX, = Eq. 5-3b
24 24, (Ea )
ve, (ve,)? [4Des. X /1.)
DX = ——+ o+ ” Eq. 5-3c¢
Y \/ YR IYE (Bq. 3-3¢)
(D
ve, ve, e
DX = — ¢+ Y Si Eq. 5-3d
) \/(2/1,) [ P j (Eq.5-39)
If ve, = 0, then:
Deg
DX, = e (Eq. 5-3e)
In Equations 5-3a through 5-3e, the following parameter definitions apply:
Dey, = effective diffusion coefficient in soil compartment i (m*[soil]/day), which
is derived below in Equation 5-7; and
ve; = the effective advection velocity of a chemical in the soil compartment, i

(m/day), and equal to the rate of soil-solution movement, v, multiplied by
the fugacity capacity of the moving phase and divided by the fugacity
capacity of soil compartment i:

ve, = (Vi X Zpureﬁwater) /ZTomliSi (Eq 5-4)
where:

v, = average velocity of the moving liquid phase (assumed to be water)
in the soil column i (m/day);

Zpure water = fugacity capacity of chemical in the moving phase, water
(mol/m’-Pa); and

Z rotal i = total fugacity capacity of chemical in soil compartment i (mol/m’*-
Pa).

DX, is the depth that establishes the concentration gradient in soil in the absence of any
reaction or transformation processes, in units of meters. It is obtained as follows:
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If ve, > 0, then DX, = Minimum [(4 x De/ve,), (2d, x V T)]
Otherwise (i.e., ve,= 0), DX, = (2d, x V') (Eq. 5-5)
where:
d = the thickness of soil compartment i (m).

As an average, the property v, (m/day), the average velocity of the moving liquid phase
(assumed to be water) in the soil column i, is intended to be representative of the range of
velocities occurring, and not be limited only to the velocity during rainfall events. The user
should check that the value used for v, in the TRIM.FaTE library is consistent with the
precipitation data in the scenario (adjusted for infiltration) (see the TRIM.FaTE user guidance).

Compartments such as soils and sediments are neither homogeneous nor single phase.
When air and water occupy the tortuous pathways between stationary particles in a porous
medium such as a soil or sediment, Millington and Quirk (1961) have shown that the effective
diffusivity is given by:

De = (w10/3 / ﬁ) X Dpure (Eq‘ 5_6)
where:

De = effective diffusivity of a chemical in either the air or water phase of the
mixture (m*[fluid]/day);

W = volume fraction occupied by that fluid (either air or water) (unitless);

@ = porosity or total void fraction in the medium (the volume occupied by all
fluids) (unitless); and

D,, = diffusion coefficient of the chemical in the pure fluid (m*[fluid]/day).

Jury et al. (1983) have shown that the effective tortuous diffusivity in the water and air of a soil
compartment 7, such as the root-zone soil(s), is given by:

Z . Z .
Deg, = == x (6 / ) x D, +— === x (4" | $) xD

ZTotaliSi Total _Si

(Eq. 5-7)

water

where:

Deg; = the effective tortuous, mixed-phase diffusion coefficient in the soil
compartment i (m*[soil]/day);

€ volume fraction of soil compartment i that is air (unitless);

7} = volume fraction of soil compartment i that is water (unitless);
Zpre ar =  fugacity capacity of chemical in the gas-phase of air (mol/m*-Pa);
Zpure waer = Tugacity capacity of chemical in the soil water (mol/m*-Pa);

Z j—

w si =  total fugacity capacity of chemical in soil compartment i (mol/m’-Pa);
= the diffusion coefficient of the chemical in air (excluding atmospheric dust
particulates) (m*[air]/day); and

>

air
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D,... =  thediffusion coefficient of the chemical in water (excluding suspended
sediments (m*[water]/day).

5.3.2 RELATIONSHIP BETWEEN INVENTORY, Ny, AND PEAK
CONCENTRATION, C,,(0)

The assumptions of a peak chemical concentration and an exponential gradient of
chemical concentration within a soil compartment make it possible to define Cg,(0) in terms of
the inventory, Ng;:

d

f

Ng = g x [ C(0) x exp(-ygx)dx (Eq. 5-8)
0
Ns,' = As,' X [Cs,' (0) / ys,'] X [1 - eXp(_ySi dei )] (Eq 5'9)
where:
Ny, = inventory of chemical in soil compartment 7 (g[chemical]);
Ag = horizontal area of the soil compartment i (m?);
C = chemical concentration in soil compartment i (g[chemical]/m’[soil]);
Ysi = the gradient of soil concentration change in soil compartment i (/m) (see
Equation 5-1); and

d; = thickness of soil compartment i (m).

Solving Equation 5-9 for C,(0) yields:

Ng X Vg
Ag X [1-exp(- Y *dg)]

Cy(0) = (Eq. 5-10)

5.3.3 VERTICAL MASS EXCHANGE BETWEEN AIR AND THE SURFACE SOIL
COMPARTMENT

Both diffusive and advective processes can transfer a chemical between the air and the
surface soil compartment. The diffusive process can result in a two-way exchange of vapor-
phase chemical between the surface soil and air above it (Section 5.3.3.1). The advective
processes are one-way, from air to surface soil. These include the wet and dry deposition of
particle-bound chemical (i.e., solid phase) (Section 5.3.3.2) and the wet deposition of vapor-
phase chemical scavenged from the air during rain.

5.3.3.1 Diffusive Processes

The algorithm for representing diffusion exchange at the air/soil interface is based on
defining the flux from air to soil in terms of the concentration gradient at the point of contact
between air and soil (Eq. 5-11) and the flux from soil to air in terms of the bulk chemical
concentration in the surface soil layer (Eq. 5-12):
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Zpure air
Flux (air side)= U ,, x| C,. - C(0)x Z—_ (Eq. 5-11)
Total _Ss
Flux (soil side) = Uy, x[Cy,(0) - Cy ] (Eq. 5-12)
where:

Flux transfer rate per unit area (g[chemical]/m*[air/soil interface]-day);

U, mass-transfer coefficient on the air side of the air/soil interface (m/day) (It
is typical to represent the mass transfer coefficient in air as the ratio of the
diffusion coefficient in air, D,,, divided by the turbulent boundary
compartment thickness, J,,.. For many compounds, D, is on the order of
0.4 m/day, and J,, is on the order of 0.0005 m, so that U, is on the order
of 800 m/day.);

Cuir concentration of the chemical in the gas phase of the lowest compartment
of the atmosphere (g[chemical]/m’[gas-phase air]), derived in Equation 5-
16 below;

C,(0) chemical concentration at the top of the uppermost (i.e., surface) soil
compartment in a vertical set of soil compartments (g[chemical]/m’[soil]),
as given for C(0) in Equation 5-10;

Zpure air fugacity capacity of chemical in air, = 1/RT (mol/m*-Pa);

Z rotal s total fugacity capacity of chemical in surface soil compartment (mol/m’-
Pa);

Us, mass-transfer coefficient on the soil side of the air/soil interface (m/day);
and

Cs, (bulk) total chemical concentration in bulk surface soil (g[chemical]/ m’[soil]).

Rearranging Equations 5-11 and 5-12 yields Equations 5-13 and 5-14, respectively:

Flux Cr Cs(0)
= - (Eq. 5-13)

Zpureiair X UAir Zpureiair ZTotaliSs

Fi C,. (0 C,, (bulk
ux - Ss( ) _ Ss( ) (Eq 5_14)

ZTotuliSs X USS ZTatalﬁSs ZTotuliSs

Adding Equations 5-13 and 5-14 together yields:
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C,  Cy(bulk)]
Flux x ! ¥ 1 2| Car G (ull) (Eq. 5-15)
Zpureiair X UAir ZTotu/sz X USS Zpureiair ZTatuliSs |
C,  Cs(bulk 1 ]
Flux = Ar - s (bulk) X + (Eq. 5-16)
pure_air ZTotaliSs Zpureiair X UAir ZTotaliSs X USS i

The bulk concentration of the chemical in the lowest compartment of the atmosphere is given by:

where:

C NAir X Zpure air (

ir = B Eq. 5-17)
4 VAir X ZTotaliAir

N, = inventory of chemical in the air compartment above the soil (g[chemical]);
Zpre ar =  fugacity capacity of chemical in gas-phase air (mol/m*-Pa);

Viir = volume of the air compartment (m’[air]); and

Zroa 4w =  total fugacity capacity of chemical in air compartment (including gas and

particle phases of the air) (mol/m*-Pa).

The bulk concentration of the chemical in the surface soil layer is given by:

C, = N Eq. 5-18
Ss ~ VSS ( q. >- )
Ng, = inventory of chemical in the surface soil compartment (g[chemical]); and
Vs = volume of the surface soil compartment (m’[soil]).

Finally, the chemical flow between the air and surface soil compartments is determined from the
flux and the area of the air/soil interface (as well as the fraction of that area that is not covered by

an imp

where:

ervious material):
Flow = Flux X f, X Ag, (Eq. 5-19)
Flow = diffusive flow (g[chemical]/day);
1 = fraction of area available for vertical diffusion (unitless, ranges from 0 to
1); and
Ag, = area of surface soil compartment (m?).

Making the appropriate substitutions, the net flow of chemical mass between the air and surface
soil compartments by diffusion is calculated as:
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Net Diffusion Flow (Air<>Ss) (g[chemical]/day) = (T, ., X Ny;,) ~(Tss-4ir X Ng) =

N

-1

. N

fA x ASS % Air _ Ss j X [ 1 + 1 (Eq 5-20)
y4 XV VA VSS X UAir ZTotaliSS X USs

Total _air Air Total _Ss X

pure_air

_ . . . . . 3 .
Zure o = Tugacity capacity of chemical in pure air (mol/m’-Pa);

V,. = volume of the air compartment (m’);

Zu ss = total fugacity capacity of chemical in surface soil compartment (mol/m’-Pa);
Vi = volume of the surface soil compartment (m?);

U,, = mass transfer coefficient on the air side of the air/soil boundary (m/day); and
Us, = mass transfer coefficient on the soil side of the air/soil boundary (m/day).

This implies the following:

dif _ fA X ASS X 1 1

Ss-dir = <V 7 < U + 7 XU (TF 5-1)
Total _Ss Ss pure_air Air Total _Ss Ss

where:

T¢ . = transfer factor for diffusion of chemical from surface soil compartment to air
(/day).

It also implies:

_ X A 1 1
T = /4 5 x + (TF 5-2)
A Z X VAir Z X UAir ZTotal_Ss X USS

pure_air

Total _air

where:

Ty = transfer factor for diffusion of chemical from air to surface soil compartment
(/day).

The mass transfer coefficient for the soil side of the air/soil boundary, U, can be
estimated as follows:

Deg,
Us=—7" (Eq. 5-21)
dSs
where :
Dey, = effective diffusion coefficient in surface soil compartment (m*/d) (derived

in Equation 5-7); and
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ds, the thickness of the surface soil compartment (m).

It is important to ensure that the area used to calculate the flux, 4, is the area of the
surface soil compartment that is shared with the lowest atmosphere compartment. This is not
necessarily the surface area of the lowest atmosphere compartment.

Note: In the current TRIM.FaTE library, these transfer factor algorithms apply to all
chemicals except divalent mercury, which is reactive in air. Therefore, a separate algorithm
representing net diffusion from air to surface soil is used for divalent mercury (see vapor dry
deposition algorithms for Hg(2) described in Appendix A, Section A.1.1).

5.3.3.2 Wet and Dry Deposition of Particles

For wet and dry deposition of particles from air to surface soil, the rate of mass flow is
given by:

Z ,
%:%xv X(l—[)x&XMXNM (Eq. 5-22)
Air P Total _Air
where:

Ng, inventory of chemical in surface soil compartment (g[chemical]);

Ay, area of contact between the surface soil compartment and the lowest air
compartment (m*[soil]);

V. = volume of the air compartment (m*[air]);

v = air-to-soil deposition velocity, where the velocity is different for wet and
dry deposition of particles (m/day);

1 = fraction of deposition that is intercepted by plants, where the interception
fraction is different for wet and dry deposition of particles (unitless);

D, = dust load (i.e., particulate matter concentration) in air (kg[dust
particles]/m’[air]);

Pp = density of dust particles (kg[dust particles]/m’[dust particles]);

Z e i = Tugacity capacity of chemical in dust particles (mol/m’-Pa);

Zrow 4ir = total fugacity capacity of chemical in air compartment (including dust

: particles) (mol/m*-Pa); and

N, = total inventory of chemical in air compartment, vapor- and solid-phase

(g[chemical]).

Dry deposition of particle-phase chemical:

Thus, the transfer factor for dry deposition of chemical sorbed to air particles to the
surface soil is as follows:

A D Z,. .

dry dep _ Ss _ L pure_solid
Tir s = 7V ¥ (I-1,)x—Xx-— (TF 5-3a)

Air P Total _Air
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where:
Viry air-to-soil dry deposition velocity (m/day); and
1, = fraction of dry deposition that is intercepted by plants (unitless) (see

Equation 7-2).

It is also true that:

Uy = Vg, X —= (Same as Eq. 4-1)
Pr
where:
Up, = volumetric dry deposition rate (m’[dust]/m*[air]-day);
and:
Z e soia _ Mass_ Fraction_Sorbed y Ea. 5.23
Z ol air ~ Volume_ Fraction_Solid ~— ' ** (Eq. 5-23)
where:
Jus = mass fraction of the chemical sorbed to solid particles in air divided by the

volume fraction of the air compartment that consists of solid particles
(unitless) (see Equations 2-71 and 2-79).

Therefore, the transfer factor can be calculated as:

Udry X (1 - Idry) X ASS

i = X fus (TF 5-3b)
‘ VAir
where:

T transfer factor for dry deposition of particulate-bound chemical to surface
soil compartment (/day);

Uy = volumetric dry deposition rate (m’[dust]/m*[surface soil]-day);

1, = fraction of dry deposition that is intercepted by plants (unitless);

Ag, = area of contact between the surface soil compartment and the lowest air
compartment (m?); and

Vi = volume of the air compartment (m*[air]).

Wet deposition of particle-phase chemical:

The transfer factor for wet deposition of particle-phase chemical to the surface soil can be
calculated as:

Twetidep - Uwet X (1 B Iwet) X ASS

AirP- Ss ~ 1%
Air

X fus (TF 5-4)
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where:

wet _dep
TA[rP - Ss

U =

wet

[ =

wet
ASS =

VAir =
Sus =

transfer factor for wet deposition of particulate-bound chemical to surface
soil compartment (/day);

volumetric wet deposition rate (m’[dust]/m*[surface soil]-day);

fraction of wet deposition that is intercepted by plants (unitless) (see
Equation 7-4);

area of contact between the surface soil compartment and the lowest air
compartment (m?);

volume of the air compartment (m*[air]); and

mass fraction of the chemical sorbed to air particles divided by the volume
fraction of the air compartment that consists of particles (unitless).

The wet deposition rate is calculated as:

where:
WI"
rain =

D, =

Pr =

. DL
= w, Xrain X —— (Same as Eq. 4-5)
P

U

wet

washout ratio for particles in air (m*[air]/m’[rain]);

rate of rainfall (m/day);

dust load (i.e., particulate matter concentration) in air (kg[dust
particles]/m’[air]); and

density of dust particles (kg[dust particles]/m’[dust particles]).

5.3.3.3 Wet Deposition of Vapor-phase Chemical

Chemical vapors can be scavenged (absorbed) by the rain water and deposited to the
surface soil with the rain. During rain, the advection flow of chemical from air to the upper
surface soil compartment is given by:

where:

Ng,
Ag,

rain
VAir
Z

Z Total _Air

‘pure_ water -

dN Ss ASS

pure_water

= =% xrainx (1-1,,) % XN, (Eq. 5-24)

dt Air Total _ Air

inventory of chemical in the surface soil compartment (g[chemical]);

area of the surface soil compartment (m*[soil]);

rate of rainfall (m/day);

volume of the air compartment (m’[air]);

fugacity capacity chemical in water (excluding suspended sediments)
(mol/m’-Pa);

total fugacity capacity of chemical in the air compartment (including dust
particles) (mol/m*-Pa);
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L, = fraction of wet deposition that is intercepted by plants (unitless) (see
Equation 7-4); and
N, = total chemical inventory in the air compartment, both vapor- and solid-
phase (g[chemical]).

Therefore, the transfer factor for wet deposition of vapor-phase chemical to surface soil can be
calculated as:

pure_water

A
Vwet _dep — Ss . _
TAiraSs[ - X rain X (1 Iwet) X
Air Total _Air

(TF 5-5a)

where:

T Vwet _dep _

e transfer factor for wet vapor deposition from air to surface soil

compartment i during a rainfall event (/day).

In the current TRIM.FaTE library, TF 5-5a is used for organic chemicals. For the
mercury species, a slightly different algorithm is used:

A
TAVz'Yitﬁz‘ = VSS X w,, Xrain X (1 - Iwet) X f oy (TF 5-5b)
Air
where:
W,y = vapor washout ratio (g[chemical dissolved]/m’[rain] per g[chemical vapor-

phase]/m’[air]) = 1/K,,, where:
K,y = air/water partition coefficient (g[chemical/m’[air] per
g[chemical]/m’[water]); and
T = the fraction of the chemical mass in the air compartment that is in the
vapor phase divided by the volume fraction of the air compartment that is
gas/vapor (i.e., fraction that is not particulate) (see Equation 2-81 in
Chapter 2).

The derivation of these algorithms is explained in more detail in Chapter 7, Section 7.2.1.6.
5.3.3.4 Dry Resuspension of Dust from Soil to Air

For resuspension of dust from the first surface soil compartment to the lower
compartment of the atmosphere, the chemical transfer from soil to air is given by:

res _ ASS X res x Zpureisal[d

Ss— AirP ~
VSS p P Z

(TF 5-6)

Total _Ss

where:
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res = rate at which dust particles are resuspended from the soil surface
(kg[particles]/m*[soil surface]-day);
Pp = density of the dust particles (kg[particles]/m’[particles]);
Z ire solid = fugacity capacity of chemical in dust particles (mol/m’-Pa); and
Lol s = total fugacity capacity of chemical in surface soil compartment

(including dust particles) (mol/m’-Pa).
If a value cannot be determined for res, then it can be estimated using the equation:
res = Uy, % Op (Eq. 5-25)
where:

Uy = volumetric dry deposition rate (m’[particles]/m*[surface soil]-day).
5.3.4 VERTICAL MASS EXCHANGE BETWEEN TWO VERTICALLY ADJACENT
SOIL COMPARTMENTS

The vertical exchange of a chemical substance between two vertically adjacent soil
compartments occurs through advection and diffusion. Only the net advection in the downward
direction is considered due to long-term infiltration of rain water. This percolation occurs only
in the downward direction, and not laterally. Diffusion in the current TRIM.FaTE library is
represented in both an upward and downward direction, but not horizontally. The focus is on
vertical diffusion because it is assumed that the vertical transport of chemicals in soils exceeds
the horizontal transport when the major source of contamination is from the air.

5.3.4.1 Vertical Diffusive Transfers
According to Equation 5-1, the concentration in each soil compartment i is given by:
Cy (x) = Cg(0)exp(- y 5 X) (same as Eq. 5-1)
where:

X = distance into the soil compartment measured from the top of the soil column

(m);

peak chemical concentration in soil compartment i (g[chemical]/m’[soil]),

which is related to the total inventory N, (g[chemical]) in this soil

compartment (this relationship is provided below in Equation 5-30); and

Ysi = the gradient of soil concentration change in soil compartment i (/m), which is
obtained from the inverse of the normalized or characteristic depth X*, which
is y5 = 1/X*

Cs(0)

Thus, the diffusive flow at the lower boundary of soil compartment i to compartment j is given
by:
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dC
Diffusion Flow = - Ag; X Deg % dx = Ag; X Deg; xCg(0) Xy xe Vst (Eq. 5-26)

dsi

where:
Diffusion Flow = movement of chemical mass from soil compartment 7 to j
(g[chemical]/day);
Ay = area of interface between soil compartments i and j (m”[interface]);
Dey,; = effective diffusion coefficient in soil compartment i (m?*/day);
Ysi = the gradient of soil concentration change in soil compartment i (/m); and
dg = the thickness of soil compartment i (m).

Conservation of mass requires that the flow specified by Equation 5-26 out of soil
compartment i must equal the flow into soil compartment j at the upper boundary of
compartment j, that is:

P dC
Diffusion Flow = = Ag; X Desjg0 = Ay, X Deg xCg;(0) Xy (Eq. 5-27)
where:
Deg = effective diffusion coefficient in soil compartment ji (m*/day);
Ys = the gradient of soil concentration change in soil compartment j (/m); and
dg; = the thickness of soil compartment j (m).

Combining Equations 5-26 and 5-27 gives:

DeSi X CSi(O) X yz X e_ySiXdSi + DeSf X CS;'(O) X yS_/'

Diffusion Flow = Ag; % 5 (Eq. 5-28)
C,(0) is found from the condition:
Cy(0)
Ng = Ag; x JCSi(O) xe"tdx = Ag, x —S 2 x(l -e de") (Eq. 5-29)
0 Si
where:
Ny, = total chemical inventory in soil compartment i (g[chemical]).

Rearranging gives:
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NSixySi

X (1 - e_ySidei)

Cy;(0) = (Eq. 5-30)

A

Sij

In order to conserve concentration equilibrium at the boundary between two soil
compartments, the following condition must hold:

Si dex
Total _Sj

Z Zota . N. X X e v
Cy(0)= —x C, (0) x ¢V = roal s N * Ve X €

— o VsiXds;
ZTotaliSi ZTotaliSi ASij X (1 € )

(Eq. 5-31)

where:

Zroa 55 = total fugacity capacity of the chemical in soil compartment ; (mol/m*-Pa); and
total fugacity capacity of the chemical in soil compartment i (mol/m*-Pa).

Z Total _Si

Substituting Equations 5-30 and 5-31 into Equation 5-28 gives:

Diffusion Flow =

N xy. Deixyixzom i+De'xy'xZ()ta j
Yo [ S e (B, 5-32)
ZTota/_Si X (6 T 1) 2

Then in order to express mass transfer between two compartments, the diffusion flow is
represented in the following form:

. . N, Si N, R
Diffusion Flow = Ag; * Y, X - (Eq. 5-33)
‘ ZTotal_Si XV ZTotal_S/’ X VSj
where:
Ny the total chemical inventory in soil compartment j (g[chemical]);
Vs = volume of soil compartment i (m®);

B
I

volume of soil compartment j (m?); and
fugacity-capacity adjusted mass transfer coefficient between soil
compartments i and j, mol/(m*-Pa-day).

oS
|

=

The total chemical inventory, Ng, in soil compartment j, is given by:

de:

y C,.(0
Ny = dg % [ Cy(0) x """ dx = A x 5(0)
0 ij

x(1-¢757) (Eq. 5-34)
Substituting Equation 5-31 in Equation 5-34 gives:

_ Vg xdy
ZTotalﬁSj X Ng X Vg % (1 e

tyaxdg _ )
ZTotalfSi X ij X (e 1

Ny = (Eq. 5-35)
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An expression for Y, is obtained by substituting Equation 5-35 for Ny; in Equation 5-33 and then
setting Equation 5-33 equal to Equation 5-32:

Ng X Vg (De&‘ X Vi X ZTotu/fSi t DeSj XV xZTotalSjj _
Zoral si X (eWSiXdSi - 1) ' 2 i
o1 ) 530
Sij Zrar s \ s dg X Vg % (e+ySiXdSi - 1)

Rearranging gives:

_ (ZTotal_Si x Deg X y;) + (ZTotal_Si x Deg; x J/S])

Y. =
Sy o x (e’fys,- xdg _ 1) ) (1- e Vs del-) (Eq. 5-37)
Vsi X dsl' yS/ X dS/

The definition of Yy, in Equation 5-37 completes the definition of all terms in Equation 5-33.

For the diffusive transfer of chemical from the higher soil compartment i (e.g., root-zone
soil) to the soil compartment j below (e.g., vadose-zone soil), the transfer factor can be
calculated as follows:

§ Y,
T = —— (TF 5-7)

Si-S§ ~
dSi X ZTotaliSi

For the diffusive transfer of chemical from the lower soil compartment j (e.g., vadose-
zone soil) to the soil compartment i above (e.g., root-zone soil), the transfer factor can be
calculated as follows:

Y,
dif Sij -
Iy dy %7 (TF 5-8)

Total _Sj

Note that both TF 5-7 and TF 5-8 assume that the normalized depth of the higher soil
compartment i is thinner than the lower soil compartment j (i.e., dg, % ¥5; < dg % ¥g). The
variable y;, the soil penetration gradient (/m), is used to normalize depth in each soil
compartment as shown above.

5.3.4.2 Downward Advective Transfer (Percolation)

The advection flow (i.e., percolation) from soil compartment i to j at the lower end, d,, of
compartment i is given by:
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Advection Flow(Si ~ §j)= Ag, x ve, x Cy,(0) exp( - g, xdyy) (Eq. 5-38)

where:

Advection Flow = movement of chemical mass from soil compartment i to j
(g[chemical]/day);
ve, = the effective advection velocity of a chemical in the soil compartment i
(m/day), which is equal to the rate of soil-solution movement, v,,
multiplied by the fugacity capacity of the moving phase and divided by
the total fugacity capacity of soil compartment i:

V. X Z

ye, = ——_pue e (Eq. 5-39)

ZTotaliSi

where:

V; = the average downward velocity of the moving phase (assumed to be water)
in the soil compartment i (m/day).

Substituting Equation 5-30 for C(0) in Equation 5-38 gives:

dNSj _ Ng Xy, *ve,

= Eq. 5-40
dt (e+ySidei - 1) ( 9 )
where:
Ny = chemical inventory in soil compartment j (g[chemical]); and
Ng; = chemical inventory in soil compartment i (g[chemical]).

From this equation, we can derive terms for the advective transfer of chemical downward
from soil compartment i to soil compartment j below as:

ve X Vg

IG5 = e 1) (TF 5-9)

5.4 STORM-WATER RUNOFF ALGORITHMS

Horizontal transport processes included in TRIM.FaTE include runoff (Section 5.4.1) and
erosion (Section 5.4.2) due to rainfall.

54.1 AQUEOUS-PHASE TRANSPORT PROCESSES
During a rainfall event, some of the water travels laterally across the soil as runoff. As

the water travels over the soil, the concentration of the water approaches that of the soil pore
water beneath it. Although the water flowing over the soil does not necessarily reach
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equilibrium instantaneously, some researchers use an approximation that runoff is in equilibrium
with the soil pore water (Wallach et al. 1989). Currently in TRIM.FaTE, an equilibrium
relationship between the runoff water and the soil pore water is used. Runoff water is considered
a phase of the surface soil compartment at each spatial location. A mass-balance approach is
used to determine the concentration in runoff water that moves from one surface soil
compartment to a horizontally adjacent compartment.

Runoff transport is assumed to carry chemical from the surface soil compartment of one
land unit to the next. During a rain event the surface soil compartment is assumed to be
saturated with rain water and this water is assumed to be in equilibrium with the soil solids on
the surface. It should be recognized that at times (e.g., short rain events, during very dry periods
of the year) the soil will not necessarily be fully saturated with rain water. However, the
assumption of saturation by rain is not expected to have a large impact on results for events
when the soil is not saturated. Moreover, a lack of information on the extent to which soil is
saturated during rain makes this a convenient starting point. The assumption of chemical
equilibrium between the surface soil water and surface soil solids has more uncertainty and
needs further research.

During periods of no rain, the total fugacity capacity of the i surface soil compartment,
ZTotal_Ssi’ iS giVel'l by

ZTotal_Ssi = &X Zpure_air t 6 X Zpure_water + (1 - ¢) X Zpure_sulid (Eq 5'41)

During periods of rain, when the soil becomes saturated with water, we account for the different
composition of the soil by writing the fugacity capacity of the chemical in the surface soil
compartment as follows:

Z ot ssi = [(Rh+ ¢xdg,) X VA (1-¢xdg,) XZ pre sotia ] Xdg, (Eq. 5-42)
where:
Zrwsi = total fugacity capacity of the chemical in the i* surface soil compartment
) (mol/m*-Pa);

Zore ar = fugacity capacity of chemical in air (excluding suspended particles)
(mol/m’-Pa);

Zpure waer = Tugacity capacity of chemical in water (excluding suspended sediments)
(mol/m’-Pa);

Zoure solia = Tugacity capacity of the chemical in solid phase in the surface soil
compartment (mol/m’-Pa);

€ volume fraction of the surface soil compartment that is gas (unitless);

[ = volume fraction of the surface soil compartment that is water (unitless);

1) = total void fraction (or porosity) in surface soil, ¢ = € + & (unitless);

Rh hydraulic radius of the water flowing over the surface soil during a rain
event (m); and

dg; = depth of the surface soil compartment (m).
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The hydraulic radius, RA, for flow of water on top of the soil surface is site specific and
depends on the hydraulic gradient (slope of the flow), the rainfall rate, and the recharge rate. It
is considered an uncertain variable. A hydraulic balance is needed to determine the flow of the
water and the depth of the runoff stream. From the Geographic Information System (GIS) data,
the runoff is estimated.

Although runoff occurs only during rain events, in the current TRIM.FaTE library, it is
modeled as a continuous process based on an annual average runoff value divided by 365 days.
The horizontal advective flow of chemical in water from surface soil compartment i to adjacent
compartment j is given by:

Runoff Flow (Ssi - Ssj) =

PUnQW X Jrunay (S = S X Jovat_rinoy * Zowre war (Eq. 5-43)
ZTotal_Ssi X dSsi >
where:
Runoff Flow (Ssi—»Ssj) =  average daily horizontal transfer of chemical carried in
surface soil pore water down-gradient from surface soil
compartment i to surface soil compartment j
(g[chemical]/day);
runoff = aereal flux of water that is transported away from surface soil
compartment i (m*[water]/m?[surface soil]-day);
Jrinop(SST8sj) = fraction of water that runs off of surface soil compartment i that is
transported to compartment j (unitless);
Savait runogy = fraction of surface soil compartment i that is available for runoff
(unitless);
Lol Ssi = total fugacity capacity of the chemical in the i surface soil
) compartment (mol/m*-Pa) as determined in Equation 5-42;
Zpure water = fugacity capacity of chemical in water (excluding suspended
sediments) (mol/m?-Pa); and
N, = total chemical inventory in the surface soil compartment i
(g[chemical]).
Using substitutions for 1/dg; and Z,,,., ../ Z 10 s @S Indicated below, Equation 5-43 is
equivalent to:
Sy _ . . Ag,i
7 runoff X f, runoff (Ssi - Ssj) x f, avail_runoff % X for X Ngg (Eq. 5-44)

Ssi

where:

1/d,

ST

Ay /V, (m), i.e., the area of surface soil compartment i (m”) divided by the
volume of the surface soil compartment i (m?);
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and:

Z e waer  Mass__Fraction_ Dissolved

- = Eq. 5-4
Z Volume Fraction  Liquid S (Eq. 5-45)

Total _Ssi

as described in Chapter 2, Equation 2-80 (i.e., f,, equals the fraction of the mass of total
chemical in surface soil compartment i that is dissolved in water divided by the volume fraction
of the surface soil compartment that is liquid (water)) (unitless).

From Equation 5-44, the expression for 7}

i sy(runoff) that is in the TRIM.FaTE library
can be obtained:

f A ST
Ygziogsj = VunOff X frunoff (SSZ - SSJ) X favail_runoff X Vj X fML (TF 5-103)

runoff  — . ASS,‘
T:S’si—» sw o runOff X frunoff (SSZ - SW) X favailirunojf X V X fML (TF 5-101’))

Ssi

Runoff from a surface soil compartment might flow into an adjacent to a surface water
(SW) body. The equation for that transfer is the same as for runoff to an adjacent surface soil
compartment, except that the receiving compartment is the surface water compartment instead:

Finally, for a surface soil compartment adjacent to the boundary of the modeling region,
runoff from the compartment can move out of the modeling region, which is modeled as a
transfer to the surface soil sink (Ss_sink). The equation for runoff to a surface soil sink is similar
to the previous equation:

) Ag,
]-.;’Zl;’:qgc_sink = runoff X fruanf (SSl - SS_ Slnk) X favail_runoff X VS‘S X fML (TF 5-100)
Ssi

It is possible for all three of these different runoff algorithms to apply to a given surface
soil compartment i. The sum of the f,,,,values across all of the runoff algorithms applied to the
same surface soil compartment cannot exceed 1.0.

5.4.2 SOLID-PHASE TRANSPORT PROCESSES

The algorithm for erosion runoff is based on knowledge of the erosion factor for the
region being modeled. Similar to solution runoff, erosion is also applied only to the surface soil
layer. Although erosion is most likely to occur during rain events, erosion can be modeled as a
continuous event. The flow of chemical (mol/d) from one surface soil compartment to another
by erosion is represented by the following expression:

Erosion Flow (Ssi - Ssj) =

erosion X f ... (SSi = SSJ) X [ i erosion

ZTotal_Ssi X IOP X dSsi

X Zpure_solid X NSsi (Eq 5-46)
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where:
Erosion Flow (Ssi = Ssj) = average daily horizontal transfer of chemical carried in
surface soil particles down-gradient from surface soil
compartment i to surface soil compartment j
(g[chemical]/day);
erosion = erosion factor (kg[soil solids]/m?[surface soil]-day);
Jorosion(SSi—Ssj) = fraction of soil eroded from surface soil compartment i that is
transported to surface soil compartment j (unitless);
Jovail erosion = fraction of surface soil compartment i that is available for erosion
} (e.g., not paved or otherwise covered by non-soil surfaces);
Zpure solid = fugacity capacity of chemical in the solid phase in the i surface
soil compartment (mol/m’-Pa);
Zroral s5i= total fugacity capacity of chemical in the i surface soil compartment
) (mol/m*-Pa);
Pp = density of the soil particles (kg[particles]/m’[particles]);
dg; = depth of the surface soil compartment (m); and
N = the total chemical inventory in soil compartment i (g[chemical]).

Substituting for 1/dg; and Z,,,,, .1/ Z 1. s @S indicated below, Equation 5-46 is equivalent

to:
dN g, A
75‘] = erOSiOn X erosion (SSZ - SS]) X fava[lieroxion X WS: X fp—AiS X NSS[ (Eq5-47)
where:
1/ dSs[ = ASsi/ VSS[ (m)’
Ay, = area of surface soil compartment i (m?);
Vi = volume of the surface soil compartment i (m®);
and:

Z e sia Mass_Fraction Sorbed

s = (same as Eq. 5-23)

Z ol air " Volume _Fraction Solid

as described in Chapter 2, Equation 2-79 (i.e., fraction of the mass of total chemical in surface
soil compartment i that is sorbed to solid particles divided by the volume fraction of the surface
soil compartment that is solid particles) (unitless).

From Equation 5-47, the expression for 7 . (erosion) can be obtained:

si —Ssj
A f
erosion . . . Ssi MS
T;S"si—» N erosion X femsion (SSZ - SS]) X favailiems[on X V X ,0 (TF 5-1 la)
Ssi P
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Erosion from a surface soil compartment might flow into an adjacent to a surface water
body. The equation for that transfer is the same as for erosion to an adjacent surface soil
compartment, except that the receiving compartment is the surface water body instead:

ASsi X f MS
VSSi p P

TS0 = €rosion X £, (Ssi = SWYX fo woion ¥ (TF 5-11b)

rosion

Finally, for a surface soil compartment adjacent to the boundary of the modeling region,
erosion from the compartment can move out of the modeling region, which is modeled as a
transfer to the surface soil sink (Ss_sink). The equation for erosion to a surface soil sink is
similar to the previous equation:

ASS[ % fMS

erosion _ . .
TSsi—.SW = erosion X femsion (SSZ - SW) X favailiemsion X V
Ssi IOP

(TF 5-11c)

It is possible for all three of these different erosion algorithms to apply to a given surface
soil compartment i. The sum of the £, , values across all of the erosion algorithms applied to

erosion

the same surface soil compartment cannot exceed 1.0.
5.5 GROUND-WATER ALGORITHMS

The horizontal flow of pollutants in the saturated zone (ground water) is not expected to
be a significant pathway when considering air pollutants. Downward advective transport from
the vadose zone to ground water has been simulated because it is a more significant process than
diffusion/dispersion. However, the relative importance of diffusive/dispersive transfer compared
with advective transport between the vadose zone and the ground-water zone needs to be
investigated further.

In the current version of TRIM.FaTE, ground water is modeled as a receiving
compartment for percolation from the vadose zone. The same equation used to estimate the
transfer of chemical via percolation from one soil compartment to another soil compartment
immediately below it (i.e., TF 5-9) is used to estimate the transfer factor for percolation from the
vadose-zone soil (Sv) compartment to ground water (GW):

- VeSv X ySv
T ow = 1) (TF 5-12)
where:
T ow = transfer factor from vadose-zone soil to ground water (/day);
veg, = the effective advection velocity of a chemical in the vadose-zone soil

compartment (m/day), which is equal to the rate of soil-solution
movement, v, multiplied by the fugacity capacity of the moving phase
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yS v =
dSv =

(water) and divided by the total fugacity capacity of the vadose-zone soil
compartment;

the gradient of soil concentration change in the vadose-zone soil
compartment (/m); and

thickness of vadose-zone soil compartment (m).

The transfer factor from ground water to surface water is based on aqueous-phase advec-
tion only. It can be calculated as:

where:

TGWﬁ‘SW
ASWGW

Vaw
Z

‘pure_water

Z Total GW

recharge

fML

transfer factor from ground-water to surface-water compartments (/day);
interfacial area between the surface-water and ground-water compartments
(m?*);

volume of the ground-water compartment (m?);

fugacity capacity of the chemical in pure water (mol/m*-Pa);

total fugacity capacity of the chemical in the ground-water compartment
(mol/m’-Pa);

annual average daily recharge from ground water into surface water
(m/day); and

_ ASWGW x Zpurefwater

Tow sw = X recharge (TF 5-13a)
VGW ZTota/fGW
_ ASWGW X
= ———X f,, Xrecharge (TF 5-13b)
VGW
Zpure wate! Lrowaow Which equals Mass_Fraction_Dissolved /

Volume Fraction Liquid (i.e., fraction of the mass of total chemical in the
ground-water compartment that is dissolved in water divided by the
volume fraction of the ground-water compartment that is liquid water, see
Equations 2-72 and 2-80) (unitless).
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6. AQUATIC BIOTA ALGORITHMS

In this chapter, algorithms for transfers among aquatic biotic compartment types and
other biotic or abiotic compartment types are presented. The aquatic biotic components include
algae, macrophytes, benthic invertebrates, and several trophic groups of fish. The transfer factor
algorithms are based on diffusive or advective transfer.

Most of the algorithms in this chapter apply to all air pollutants, although some are
applicable only to mercury species and others that involve octanol-water partition coefficients
are only applicable to nonionic organic chemicals. Some of the equations represent dynamic
processes, while others are simple models for which a time-to-equilibrium is calculated. The
text box on the next page and continued on the following pages provides a summary of the
transfer-factor algorithms developed in this chapter and defines all parameters used in those
algorithms. The derivation of chemical-specific algorithms and input parameters is presented in
Appendix A for mercury and in Appendix B for polyaromatic hydrocarbons (PAHs).

The remainder of this chapter is organized in four sections. Section 6.1 briefly discusses
the process of selecting aquatic compartments for use in a TRIM.FaTE scenario. Section 6.2
addresses algorithms associated with aquatic plants. Section 6.3 covers the algorithms for
benthic infauna (animals living in sediment), which are represented in the current TRIM.FaTE
library by a single compartment type. Section 6.4 develops and describes the transfer factor
algorithms associated with the fish compartments.

6.1 AQUATIC BIOTA COMPARTMENT TYPES

The aquatic compartments in the current TRIM.FaTE AQUATIC BIOTA

library are listed in the text box to the right. Trcl)phic level 1, COMPARTMENT TYPES
the primary producers, are represented by algae' and

macrophytes. The 2™ trophic level is represented by Algae (actually represented as a
herbivorous fish and benthic infauna, while the 3™ and 4" phase of the surface water)
levels are represented by two fish trophic levels (omnivores, Macrophyte

that might feed on a combination of plant and animal material, | Water column herbivore (fish)
and carnivores). Water column omnivore (fish)

Water column carnivore (fish)

Use of aquatic biotic compartment types in a Benthic herbivore (invertebrate)

TRIM.FaTE scenario is described in Section 3.2.2 of Benthic omnivore (fish)
TRIM.FaTE TSD Volume I. Additional guidance on how to Benthic carnivore (fish)
select aquatic biota for compartments is provided in more
detail in the TRIM.FaTE user guidance.

1Algae are represented as a phase of the surface water compartment than as a separate compartment.
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Summary of Transfer Factors for Aquatic Biota in TRIM.FaTE

AQUATIC PLANT AND BENTHIC INVERTEBRATE TRANSFERS

Surface water to macrophytes (nonionic organic chemicals):
xV

k
_ Mp,acc-W Mp
TSWH Mp ~ % X fML where kMp,acc—W = Eq. 6-3
N4

Macrophytes to surface water (nonionic organic chemicals):

T

Mp -~ SW = kMp,dep—W Where kMp,dep—W = Eq 6-4

Surface water to macrophytes (other chemicals):

_ - ln(l - a) KMp—W X VMp X pMp X 1
T:?Wﬂ Mp - Mpw X V
a Sw

X fon

Macrophytes to surface water (other chemicals):

- In(1- @)
TMp—»SW - Z‘MpW

Sediment water (interstitial or overlying) to benthic invertebrates:

Mg X Mg X K1, ace-seaw <
Tseaw .51 = % S
Sed

Benthic invertebrates to sediment water (interstitial or overlying):

T,

BI - SedW ~ kB[,dep—SedW

Bulk sediment to benthic invertebrates:

R X Mg X kBl,acc—Sed

VSed X IOSed

Benthic invertebrates to bulk sediment:

Ij?eda BI =

T,

BI - Sed ~ kB], dep—Sed

FISH TRANSFERS

Gill uptake by fish, bioenergetic-based kinetic model:

X X
el _nf m; k

SW— fish ~ %
Sw

=x f,, * 1000

F 6-1a

TF 6-2a

TF 6-1b

TF 6-2b

TF 6-3a

TF 6-4a

TF 6-3b

TF 6-4b

TF 6-5
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Summary of Transfer Factors for Aquatic Biota in TRIM.FaTE (cont.)

FISH TRANSFERS (cont.)

Ingestion with food by fish, bioenergetic-based kinetic model: TF 6-6
T Y N X AE
e — X
diet - fish D D
ndiet X mdiet

Ingestion with algae by water column herbivorous fish, bioenergetic-based kinetic model: TF 6-7

n y X m we
T _ Fwch Fwch

Algae ~ Fwch —

X IN |, x P aigae * AE,
(.fMA /mAlgae)

Fish excretion to surface water via gills, feces, and urine, bioenergetic-based kinetic model: TF 6-8

excretion _
T =k,

Sfish - SW
Ingestion with food by fish, time-to-equilibrium-based kinetic model : TF 6-9
T _ Iy xmy x[—ln(l—a)]
diet - fish — fd Sfish—diet
ndlet mdiet ta

Ingestion with algae by herbivorous water column fish, time-to-equilibrium-based kinetic model: TF 6-10

T _ anch X mech X B ln(l B a) X
Algae -~ Fwch (fMA / mA]gae) tchhAI Fwch— Algae

a
Transfer from fish compartment to diet compartment, time-to-equilibrium-based kinetic model: TF 6-11

- In(1-a)
Tﬁsha diet = fd
la

LIST OF SYMBOLS USED IN AQUATIC BIOTA TRANSFER FACTORS

Vi = volume of the macrophyte compartment (L).
Mp, ace-W = bioaccumulation rate constant for macrophyte in water (/day).
sw = volume of the surface water compartment (L).
fur = fraction chemical mass dissolved divided by volume fraction of compartment that is
liquid i.e., water (unitless).
K, dep-w = depuration rate constant for macrophyte in water (/day).
Ng, = number of organisms comprising the benthic invertebrate compartment (unitless).
myg, = average mass per individual benthic invertebrate (kg[invertebrate wet
wt)/individual).
Koi aco-seaw = benthic invertebrate uptake rate constant from interstitial water in sediment

compartment (/day).
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Summary of Transfer Factors for Aquatic Biota in TRIM.FaTE (cont.)

LIST OF SYMBOLS USED IN AQUATIC BIOTA TRANSFER FACTORS (cont.)

Kg) dep-seaw = benthic invertebrate depuration rate constant to interstitial water in the sediment
compartment (/day).

Kol ace-sed = benthic invertebrate uptake rate constant from bulk sediment (/day).

Psed = bulk density of sediment (kg[sediment wet wt)/m*[sediment]).

Kgi dep-sed = benthic invertebrate depuration rate constant to bulk sediment (/day).

n, = number of fish in fish compartment (unitless).

m; = mass per individual fish (kg[fish wet wt)/individual).

k, = fish gill uptake rate constant for chemical dissolved in water (/day).

Ngiot = number of individuals in diet compartment (unitless).

Myt = mass per individual in diet compartment (kg[organism]/individual).

INp = food (diet) ingestion rate for fish (kg[food wet wt]/kg[fish wet wt]-day).

AE, = assimilation efficiency of chemical from the diet (unitless).

fua = fraction of chemical mass in surface water compartment that is in the algal phase
(unitless).

Newen = number of water column herbivorous fish in that fish compartment (unitless).

Meyen = mass per individual water column herbivorous (kg[fish wet wt]/individual).

Mpgae = total mass of algae in the surface water compartment (kg[algae wet wt]).

Paigae = proportion of total fish diet that consists of algae on a wet-weight basis (unitless).

ke = total chemical excretion rate constant (/day).

a = proportion of equilibrium value reached (default = 0.95).

t, = time to reach 100xa percent of equilibrium value (days).

sish-diet = fish/diet partition coefficient (kg[diet wet wt]/kg[fish wet wt]).

Kewch-aigae = fish(water column herbivore)/algae partition coefficient (kg[algae wet wt]/kg][fish

(water column herbivore) wet wt]).

6.2 AQUATIC PLANTS

Aquatic vegetation is included as two separate components, algae (modeled as a phase of
surface water in the current TRIM.FaTE library) and macrophytes (modeled as a separate
compartment). Water is assumed to be the primary source of chemical to both vegetation types,
and thus, uptake from water is the only pathway for which algorithms are currently included in
the TRIM.FaTE library.

6.2.1 ALGAE

As mentioned previously, algae are modeled as a phase of the surface water
compartment.” For modeling transfer of dissolved chemical from surface water to algae for
nonionic organic chemicals or chemicals for which empirically based partition coefficients are
available, Equation 4-24 can be used. A more detailed approach has been developed for mercury
(see section A.1.2 of Appendix A), and is available in the current TRIM.FaTE library.

*The surface water compartment consists of three phases: liquid (dissolved), solid (particles), and algae.
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6.2.2 MACROPHYTES

Although rooted macrophytes can derive some nutrients and chemicals from sediments,
direct uptake from water is the primary pathway (Ribeyre and Boudou 1994). Transfers of
chemical between macrophytes and surface water are described in Section 6.2.2.1. Limited
chemical transformation by macrophytes is described in Section 6.2.2.2.

6.2.2.1 Transfers Between Macrophytes and Surface Water
Net uptake of chemicals dissolved in surface water by aquatic macrophytes (only the

dissolved portion of the chemical is available for bioaccumulation by macrophytes) is given by
the following concentration-based equation for the chemical flux rate:

FIOWMp = (kMp,acc—W X VMp X Py X Cop X fML) _(kMp,dep—W XVMp X Pup xCMp) (Eq. 6-1)

where:

Flow,,, = net flow of chemical into the macrophyte (g[chemical]/day);

Knip, acew = macrophyte bioaccumulation rate constant from water (/day);

Vi = volume of the macrophyte compartment (L[macrophyte]);

Loty = density of macrophyte (kg[macrophyte wet wt]/L[macrophyte]);

Cor = total chemical concentration in surface water (g[chemical]/L[bulk
water]);

fu = mass fraction of chemical dissolved in surface water (unitless)

divided by the volume fraction of the surface water compartment
that is liquid, i.e., water, (unitless, value close to 1.0), i.e.,
Fraction Mass Dissolved / Volume Fraction Liquid (see
Equations 2-72 and 2-80);

Kngy, dep-w macrophyte depuration rate constant to water (/day); and
Cyp = chemical concentration in macrophyte (g[chemical]/L[macrophyte
wet wt]).
Note that:
Volume Fraction Liquid = 1- (stsm + VfAlgae) (Eq. 6-2)

where:

Vissedw = volume fraction of the surface water compartment that is suspended solid

sediment particles (unitless); and
Viigae = volume fraction of the surface water compartment that is algae (unitless).

The rate constants k, ,...sy and ky, 4, sw» for nonionic organic chemicals are estimated
using the following equations (Gobas et al. 1991):
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;‘00020+@ (Eq. 6-3)
kMp, acc—W . Kow q
1/ kst dep-w =158 + 0.000015 K, (Eq. 6-4)
where:
K, = the octanol-water partitioning coefficient for the chemical

(g[chemical]/kg[octanol] per g[chemical]/L[water] = L[water]/kg[octanol]
or kg[water]/kg[octanol]).

The rate constants k,,, ... and ky, 4, for chemicals other than nonionic organic pollutants
were derived from bioconcentration factors using the time-to-equilibrium conversion (see
Section 2.5) as follows:

|- In(1- a)
kMp, ace-Ww " £ MpW X KMp—W (Eq. 6-5)
- In(1- a)
kMp,dep—W = W (Eq 6_6)
where:
Mpw . .
L = time (days) required to reach 100xo percent of the macrophyte/water

interaction equilibrium when the concentration in water is approximately
constant with time;
a fraction of equilibrium value attained (default = 0.95) (unitless); and
Kypw = macrophyte/water partition coefficient (g[chemical]/kg[macrophyte] per
g[chemical]/L[water] = L[water]/kg[macrophyte] or
L[water]/L[macrophyte] assuming that the density of macrophytes equals
that of water).

The transfer of chemical mass from water to the macrophyte is given by:

dN Mp _ N N4
- kMp,acc—W X fML X VMp X IOMp X - kMp,dep—W X NMp (Eq 6_7)
dt Ve
where:

Ny, = mass of chemical in the macrophyte (g[chemical]);
Vit = volume of the macrophyte (L);
Ngy = mass of chemical in the surface water compartment (g[chemical]); and
Vew = volume of the surface water compartment (L[water]).
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In the current TRIM.FaTE library, the chemical transfer factors for nonionic organic
chemicals from water to macrophytes and for macrophytes to water are given by:

T _ kMp,acc—W X VMp X pMp

SW- Mp ~ V
Sw

XleML

(TF 6-1a)

and:
Ty sw= kMp,dep—W (TF 6-2a)
where:

Ty = transfer factor from surface water to macrophyte (/day);

Py = wet density of macrophyte (kg[macrophyte wet wt]/L[macrophyte]
equals same density as water, i.e., 1 kg/L);

1 = unit conversion factor (L[water]/kg[water]); and

transfer factor from macrophyte to surface water (/day).

T, Mp >SW

The macrophyte/surface water transfer factors for other chemicals, including mercury,
use Equations 6-5 and 6-6 to replace the rate constants &, .. pand k,, 4, in TFs 6-1a and 6-2a.
Thus, the transfer factors for other chemicals, including mercury, are:

B _ K XV X x1
:{ In(1 a)]x wow Vo X P X1 (TF 6-1b)

VS w

- In(1- @)
Typosw = i (TF 6-2b)

a

6.2.2.2 Transformation and Degradation

Although the TRIM.FaTE library supports macrophyte transformation of mercury species
(see below), it does not currently accommodate biodegradation of any chemicals (i.e.,
transformation into chemicals that are not tracked in TRIM.FaTE) in macrophytes.

Biotransformation of elemental to divalent mercury in macrophytes is included in the
TRIM.FaTE library and is described as a rapid (almost instantaneous) first-order rate constant
(i.e., 10° to 10°). This is assumed because elemental mercury can be taken up by macrophytes
but is not accumulated in macrophytes in the elemental form (i.e., data showing Hg(0) in
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macrophytes were not found). Because data demonstrating methylation of divalent mercury or
demethylation of methylmercury in macrophytes were not found, those transformations are not
included for macrophytes in the current TRIM.FaTE library.

6.3 BENTHIC INFAUNA

The benthic community is typically comprised of many different classes and species of
organisms, including those from the phyla Mollusca (e.g., clams and snails), Annelida (e.g.,
oligochaete worms), and Arthropoda (e.g., crustaceans and larval insects). Several trophic levels
are represented within this community. That is true even within some families of insects, such as
the mayflies and chironomids. In the current TRIM.FaTE library, benthic infauna are considered
to represent the lowest heterotrophic level of the benthic food chain, which includes those
species that feed on algae and/or detritus, which is assumed to be derived largely from plant
material.

An explicit dietary uptake component is not practical, given the highly variable diet
among benthic infauna. Rather, uptake is modeled based on the extraction of chemical from
water (interstitial or overlying) or bulk sediment. It should be noted that at this time only one
chemical source (water or bulk sediment) is considered for a given chemical. Selection of the
primary source of contamination is chemical dependent. Neutral organic chemicals (e.g., PAHs)
are typically evaluated based on uptake from water. If interstitial water is used, the results often
are considered representative of total sediment exposures. Uptake of metals (e.g., mercury) is
based on uptake data from bulk sediments. Sediment chemical concentrations are not
apportioned to separate inorganic and organic (living and detrital matter) compartments in
TRIM.FaTE. Thus, uptake from sediment implicitly includes transfers from algal and detrital
matter to the benthic invertebrate herbivores.

Algorithms describing the general case for uptake of chemicals by benthic invertebrates
from sediment interstitial (i.e., pore) water are presented in Section 6.3.1. The chemicals to
which these algorithms apply are those for which the measured partition coefficient between
sediments and benthic invertebrates is based on the chemical concentration in sediment water
only, not bulk sediment. An algorithm specific to PAHs that is available in the TRIM.FaTE
library is described in Appendix B. Algorithms for chemicals for which the measured partition
coefficient is based on bulk sediment rather than sediment pore water (e.g., mercury) are
presented in Section 6.3.2.

6.3.1 TRANSFERS BETWEEN SEDIMENT INTERSTITAL WATER AND BENTHIC
INVERTEBRATES

Uptake of chemical by benthic invertebrates from sediment pore water is given by the
following equation:

dj—tglz (kB[,acc—W X CWD) - (kBI,dep—W X CB]) (Eq. 6-8)
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where:
Cy = chemical concentration in benthic invertebrates
(g[chemical]/kg[invertebrates wet wt]);
Cwp = chemical concentration in liquid phase of sediment (i.e., sediment pore
water) (g[chemical dissolved]/L[water]);
kg we.w = uptake rate constant for chemical from water (/day); and
ky; apw = depuration rate constant for chemical to water (/day).

The rate constants kg, ... and kg 4, 5 are derived from the bioconcentration factors using
the time-to-equilibrium conversion described in Section 2.5:

- In(1- a)
kB[,acc—W = B X Ky (Eq. 6-9)
- In(1- a)
Kot o = o (Eq. 6-10)
where:
t f]W = time (days) required to reach 100x o percent of the benthic invertebrate/water

interaction equilibrium when the concentration in water is approximately
constant with time;

a = fraction of equilibrium attained (default = 0.95) (unitless); and

Ky » = benthic invertebrate/sediment pore water partition coefficient (L[water]/
kg[invertebrates wet wt]).

Converting to mass units (N) yields the following equation:

dNBI - NWD
dt Mg XMy X kBI,acc—W X V—) - (kBI,dep—W X NBI) (Eq. 6-11)
w
where:

Ny, = mass of chemical in organisms comprising the benthic invertebrate
compartment (g[chemical]);

Mg, = number of organisms comprising the benthic invertebrate compartment
(unitless);

my =  average mass per individual benthic invertebrate (kg[invertebrates wet
wt]/individual);

Ny, =  mass ofdissolved chemical in sediment compartment (g[chemical
dissolved]);

Vy = volume of water in the sediment compartment (L) = V,, % 6, where:
Vsea = volume of sediment compartment (L); and

= Volume Fraction Liquid (water) (unitless); i.e.:
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= @, the total porosity of the sediment compartment (unitless)
(see Eq. 2-39; volume fraction gas assumed to be zero for

sediments).
It is also true that:
Ny = N, X Fraction_ Mass_ Dissolved (Eq. 6-12)
where:
Ney = total mass of chemical in sediment compartment (g[chemical]); and
Fraction Mass Dissolved = fraction of chemical mass in sediment compartment

that is dissolved in the water phase (unitless).

Thus, the transfer factors for water (interstitial or immediately overlying) to benthic
invertebrates and for benthic invertebrates to water are given by:

Mg X My X Ky eeseaw y Fraction Mass Dissolved

Toaw .51 =
VSed 9
Mg XM X K 51, ace-seaw
= % X fou (TF 6-3a)
Sed
Tyt - seaw = K1 dep-w (TF 6-4a)
where:
Tsoarw 51 = transfer factor for chemical dissolved in sediment pore water to benthic
invertebrate (/day);
Tyt sseaw = transfer factor for chemical from benthic invertebrate to the water phase of
the sediment compartment (/day); and
fue = mass fraction of chemical dissolved in sediment pore water (unitless)

divided by the volume fraction of the surface water compartment that is
liquid, i.e., water (unitless); which

= Fraction Mass Dissolved/0, which

= Fraction Mass Dissolved/Volume Fraction Liquid (see Equation 2-80).

The designation of these two transfer factors as “a” indicates that they are to be used
together for chemicals for which the partitioning coefficient applies to the water phase only of
the sediment compartment (e.g., nonionic organic chemicals). The alternative pair of transfer
factor algorithms designated as TF 6-3b and TF 6-4b are for use with partitioning coefficients
derived from bulk sediments (e.g., for metals), as described in Section 6.3.2.

Note that for organic chemicals categorized as PAHs, specific algorithms for transfers
between benthic invertebrates and sediments have been developed as described in Appendix B.
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6.3.2 TRANSFERS BETWEEN BULK SEDIMENT AND BENTHIC INVERTEBRATES

Uptake of chemicals by benthic invertebrates from bulk sediment (e.g., mercury) is given
by the following equation:

dCy,
dt - (kBI,acc—Sed X CSe ) - (kBl,dep—Sed X CBI) (Eq 6_13)
where:

Cy = chemical concentration in benthic invertebrates (g[chemical]/
kg[invertebrates wet wt]);

Cs.u = chemical concentration in bulk sediments (g[chemical]/kg[sediment wet
wt]);

Ky ace-sea benthic invertebrate uptake rate constant from sediment (/day); and

Ky apsea = benthic invertebrate depuration rate constant to sediment (/day).

The rate constants kg, ,...s.q and kg 4, 5.4 are derived from bioconcentration factors using
the time-to-equilibrium conversion (see Section 2.5):

|- In(1- a)
kB[, acc—Sed ~ tB]Sed X KBI—Sed (Eq 6- 1 4)
a
- In(1- a)
kBI,dep—Sed T BiSd (Eq. 6-15)
a
where:
Kiigd = benthic invertebrate/bulk sediment partition coefficient (kg[sediment wet
wt]/kg[invertebrates wet wt]);
¢ Pl = time (days) required to reach 100xa percent of the benthic
invertebrate/bulk sediment interaction equilibrium value when the
concentration in water is approximately constant with time; and
a = fraction of equilibrium attained (default = 0.95) (unitless).
Converting to mass units (N) yields the following equation:
Wy = (nBl X Mg XKy geesea X N j - (kB[ dep-Sed NB[) (Eq. 6-16)
dt , VSed X IO Sed e
where:
Ny = mass of chemical in organisms comprising the benthic invertebrate

compartment (g[chemical]);
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Mg = number of organisms comprising the benthic invertebrate compartment
(unitless);

my = average mass per individual benthic invertebrate (kg[invertebrate wet
wt]/individual);

Ney = total mass of chemical in sediment compartment (g[chemical]);

Visw = volume of sediment compartment (L[sediment]); and

Psed = bulk density of sediment (kg[sediment wet wt]/L[sediment]).

Thus, the transfer factors for bulk sediment to benthic invertebrates and for benthic
invertebrates to bulk sediment are given by:

g X Mg X kBI,acc—Sed

T, = TF 6-3b
Sed = o1 VSed X IoSed ( )
Ty sea = kBI,dep—Sed (TF 6-4b)
where:
Toiomr = transfer factor for chemical in bulk sediment to benthic invertebrates
(/day); and
Ty 5o = transfer factor for chemical in benthic invertebrates to the bulk sediment
(/day).

For a given chemical, the user would specify either algorithms TF 6-3a and TF 6-4a (or,
for PAHs, algorithms TF B-1 and TF B-2 from Appendix B) or algorithms TF 6-3b and TF 6-4b,
but not both. The most appropriate algorithm depends on whether the available data on the
partition coefficients were measured with respect to water only (e.g., sediment pore water) or
with respect to bulk sediments.

6.3.3 TRANSFORMATIONS AND DEGRADATION

Metabolic transformations of chemicals into different compounds that are tracked in
TRIM.FaTE (e.g., mercury species) can be included for biotic compartments. However,
biotransformation from one chemical to another that is tracked in TRIM.FaTE is not included for
benthic invertebrates in the current TRIM.FaTE library. Appropriate transformation rate data
were not identified during initial applications of the model.

Transformations of chemicals into compounds that will no longer be tracked in
TRIM.FaTE (e.g., non-toxic degradation products) are called general degradation processes. In
TRIM.FaTE, the metabolic degradation of chemicals is determined from the user-input value for
the half-life of the chemical in the benthic invertebrate compartment. The algorithm relating the
general degradation rate constant to the chemical half-life in a compartment is presented in
Chapter 2 (Equation 2-64), and the transfer factor is TF 2-1. The metabolic half-life reflects
metabolic degradation only, and not excretion or elimination of the parent chemical to the
sediment compartment.
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6.4 FISH

The current TRIM.FaTE library includes two alternate approaches to estimate chemical
uptake by fish: a bioenergetic-based kinetic model or a time-to-equilibrium-based kinetic model.
Each model has strengths and weaknesses, which may weigh differently for different chemicals.
The bioenergetic-based model is ideal for explicitly incorporating multiple exposure pathways,
but finding data to assign values to some of the fish parameters may be difficult (e.g., gill and
fecal elimination rates). Data to set parameter values for the time-to-equilibrium-based kinetic
model are generally available, but multiple pathways cannot be incorporated explicitly at the
same time and the time required to reach equilibrium may be uncertain for strongly
bioaccumulated chemicals. In applications to date, the bioenergetic model has been
parameterized for PAHs and mercury, whereas the time-to-equilibrium model is parameterized
for mercury only.

In comparison to the time-to-equilibrium model, the bioenergetic model provides the user
greater flexibility in the specification of the fish compartments and associated diets for a given
scenario. For example, the user may employ the five fish compartments currently available in
the TRIM.FaTE library, assigning their diets as deemed appropriate to the modeling scenario, or
the user may develop a different “set” of trophic compartments and diets to represent the fish
community in a particular water body. For each fish compartment, the user can assign more than
one diet item (e.g., 20 percent of the diet consists of benthic invertebrates, 70 percent is benthic
omnivorous fish, and 10 percent consists of omnivorous fish in the water column), creating a
web-like set of trophic relationships, with some fish feeding from more than one trophic level or
microenvironment. This approach is essentially the same as that used to model exposure via
food ingestion for terrestrial wildlife (see Section 7.4). This approach is described in Subsection
6.4.1 below.

Another approach which has been used in initial TRIM.FaTE applications with both of
the two bioaccumulation models, but which is particularly suited to the time-to-equilibrium
model (which was developed to use input derived from measured chemical concentrations in fish
at different trophic levels in the same water body) involves the adherence to a strict stepwise
trophic structure with separate benthic and water column derived food chains. In this design,
the existing five fish compartment types are presented as two separate food chains, one for
water-column organisms and one for benthic organisms (see the conceptual model in Figure 4-1
of TSD Volume I), with each fish compartment feeding on only the compartment below it in the
food chain. That is, water-column carnivores would consume only water-column omnivores,
water-column omnivores consume only water-column herbivores (planktivores), water-column
herbivores consume only algae (phytoplankton), benthic carnivores consume only benthic
omnivores, and benthic omnivores consume only benthic invertebrates. In this type of design,
both the benthic invertebrate (i.e., feeding on algae and detritus, which is derived largely from
plant material) and the herbivore compartments might be considered equivalent to trophic-level-
2 organisms of other models (e.g., Gobas 1993, Ambrose et. al. 1995). The
“omnivore”’compartments might be considered equivalent to the trophic-level-3 fish, and the
carnivore compartments equivalent to the trophic-level-4 fish of the other models.

In initial TRIM.FaTE applications, a littoral food web (i.e., including linkages between
water-column and benthic food chains) was created from the linear benthic and pelagic food
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chain design described above by representing individual species as a combination of multiple
compartments. For example, a given carnivore (e.g., largemouth bass) may consume omnivores
from both the water column and the benthos (e.g., consume 50 percent water-column omnivores
and 50 percent benthic omnivores). This diet can be accounted for in the simulation by
assigning 50 percent of the bass biomass to each food chain (i.e., 50 percent to the water-column
carnivore and 50 percent to benthic carnivore compartments). The mass of fish to be assigned to
each trophic level within each food chain may thus be derived from studies of the biomass of
individual species in various aquatic ecosystems and studies of feeding strategies of those
species. This method is described in detail in Subsection 6.4.2 below. When this approach is
employed, interpretation of the model results with regard to individual species requires revisiting
these data and calculations.

Regardless of the bioaccumulation model or food chain design employed, the entire fish
biomass in the surface water body being modeled should be distributed among the modeled
compartments. This will facilitate “realistic” partitioning of the modeled chemical within the
biotic and abiotic compartments of the aquatic ecosystem. In addition, the relative distribution
of biomass among the different fish compartment types should be as realistic as possible.

6.4.1 BIOENERGETIC-BASED KINETIC MODEL

This section describes the bioenergetic-based kinetic model for fish developed for use in
TRIM.FaTE. First, the development of the full model is described (Section 6.4.1.1). Next,
specific adaptations of the general model for nonionic organic chemicals (Section 6.4.1.2) and
mercury (Section 6.4.1.3) are described. Then the equations for the transfer factor algorithms in
the TRIM.FaTE library are presented (Section 6.4.1.4). Section 6.4.1.5 describes the
TRIM.FaTE algorithms for chemical transformation and degradation by fish.

6.4.1.1 General Model
The following model for estimating chemical concentrations in fish is based on the model

developed by Thomann (1989) and used in the derivation of the transfer factors associated with
the fish compartment type in the bioenergetic model:

dC,
d_tf = (ngu X CSWD) t (AED X z p:x CD,i) _(Emet +Eeg +Eef +EG) XCf (Eq. 6-17)
where:
G = chemical concentration in fish (g[chemical]/kg[fish wet wt]);
Uy = uptake from water via the gills (L[water]/kg[fish wet wt]-day);
Comm = dissolved chemical concentration in surface water (g[chemical
dissolved]/L[water]);

AE, = chemical assimilation (absorption) efficiency from diet (unitless);
P = proportion of the diet consisting of diet item i (unitless);
Cp, = chemical concentration in diet item i (g[chemical]/kg[food i]);
E,. = metabolic degradation or transformation of the chemical (/day);
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E, = excretion of chemical in the fish (i.e., absorbed chemical) via the gills
(/day);

E, = excretion of chemical in the fish via feces and urine (/day); and

E. = dilution of chemical concentration from growth (/day).

Assuming first-order rate constants to express both uptake and elimination, the following
relationships hold:

Ugin k, = rate constant for uptake from water via the gills (L[water]/kg[fish wet
wt]-day);

E. = k, = rateconstant for metabolic transformation of chemical (/day);

E, =k, = rate constant for excretion of chemical via the gills (/day);

E, = k, = rate constant for excretion of chemical via feces and urine (/day); and

E; = k; = rate constant for dilution of chemical concentration from growth

(/day).

This comprehensive model can be simplified consistent with the approach used in
Thomann (1989) to:

%: (ko % Conn) + (4B, T p, %) ~(r +k5) xC, (Eq. 6-18)

where:

5
3
I

rate constant for total elimination via all excretory systems and via
metabolic degradation to chemicals no longer tracked (/day);
k., + ko, + k., (in Thomann 1989).

met

This simplification is appropriate in TRIM.FaTE for chemicals that are not lost via
metabolic degradation, only transformed among different species or compounds with a
conserved element (e.g., mercury) that is tracked individually in TRIM.FaTE. For those
chemicals, &, = 0; all metabolic reactions are tracked via transformations between species (e.g.,

> met

between elemental and divalent mercury and methylmercury).

For organic chemicals, that are metabolized to chemicals that are currently not tracked in
TRIM.FaTE, such as PAHs, loss of chemical from the modeling system via metabolic
degradation should be tracked separately from elimination of the parent chemical from fish back
into the surface water compartment. Loss of chemical from the modeling system is simulated in
TRIM.FaTE by transfers to a compartment sink, in this case, the fish degradation sink, that
accumulates the mass of chemical lost from the system via this pathway. Thus, for use in
TRIM.FaTE with organic chemicals that can be degraded, the “elimination” rate constant k,; in
Equation 6-18 would need to be separated into k,, for the excretory pathways for transfer of the
chemical back to surface water (i.e., k,, + k), and k,,,,, for loss (transfer) of chemical to the fish
degradation sink.

It is important to note that the equations in their present form exclude dermal uptake as a
significant exposure route. Also, growth dilution (k) is not included in TRIM.FaTE, because a
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constant biomass for the entire fish population is assumed and growth of individual fish is not
included in the current TRIM.FaTE library.

The bioenergetic-based kinetic model generally is used to estimate concentrations in
individual fish of a species. Following is the derivation of the fish model for the entire fish
population. Initially the model is derived for a population of two fish and then generalized for
the case of n fish, where 7 is the fish population size. Thus, for two fish with concentrations C,,,
and C,, Equation 6-18 can be rewritten as:

dC

d‘tf.l - (kUl X CSWD) * (AED X Z p; * CDi) _(kETl fol) (Eq. 6-19)
dcC,
7” = (kUZ X CSWD) + (AED X Z p; * CDi) _(kETZ X sz) (Eq. 6-20)

To convert the concentrations to masses, it is assumed that:

Copp = 22 (Eq. 6-21)
SWD V., x 0 q.
C, = N Eq. 6-22
1 m, (Eq. 6-22)
c, = Ny Eq. 6-23
f2 = m, (Eq. 6-23)
where:
Comp = concentration of dissolved chemical in surface water (g[chemical
dissolved]/L[water]);
Nyp = mass of chemical dissolved in water (g[chemical dissolved]);
Vew = volume of surface water compartment (L);
0 = volume fraction of surface water compartment that is water (unitless, =
1.0);
m, = mass of fish 1 (kg[fish wet wt]);
m, = mass of fish 2 (kg[fish wet wt]);
N, = mass of chemical in fish 1 (g[chemical]); and
N, = mass of chemical in fish 2 (g[chemical]).
Note that:
9: 1 - (VfSSed + VfAlgae) (Same as Eq 6_2)
where:
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Visea =  volume fraction of the surface water compartment that is suspended
sediment particles (unitless); and
Vfvwe =  volume fraction of the surface water compartment that is algae (unitless).
Substituting yields:
d(NI /ml) NWD N]
=k X (AE, X 2 p X Cp) =gy Xt (Eq. 6-24)
dt Ul VSW X 9 D D ET1 ml
d(N,/m,) Ny N,
— =k, Xt |4AE, x ) p, X Cp, | ~kyp, X— (Eq. 6-25)
dt U2 Ve, x 0 ( D Z D ) ET2 m, q

Adding Equations 6-24 and 6-25 yields the mass transfer equations for the total fish
compartment type, as follows:

d(N + N N

(N, /m, 2/m2):(kU1+kU2)xi+2x(AEDXZPiXCD,-)
dt VSWXH

(Eq. 6-26)

N, N,
B kETl xm_+kET2 xm_

1 2

Making the simplifying assumptions that individual fish mass is represented by a
population average m,(m,; = m, = my), and that k,, = k;;, = ky, and kry = kpp, = kgp, yields:

m, [ Nyp j N, + N, (Eq. 6-27)
—_— =X | k. x—2—+ [A4AE X XC ) -k, X| ——
dt U VSW X 6 ( D Z pz Dz) ET mf

This equation can be generalized from 2 to n,fish, with N,(= N,+N,) being the total
chemical mass in the fish compartment type, to yield the following generalized chemical mass-
transfer equation for a fish compartment type:

dN Ny N s
= xm, xky xR f X IN X AE, x4 - (ke % N, ) (Eq. 6:28)
Sw diet
where:
Ny, = Ny, X Fraction_ Mass _Dissolved (Eq. 6-29)
_ Fraction_ Mass_ Dissolved
S = (Eq. 6-30)

Volume Fraction Liquid
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and:
ny = total number of fish in surface water compartment;
IN, = food (diet) ingestion rate constant (kg[food wet wt]/kg[fish wet wt]-day);
AE, = assimilation (absorption) efficiency of chemical from the diet (unitless);

=
S
Il

total chemical inventory in the surface water compartment (both dissolved
and sorbed to suspended sediment particles) (g[chemical]);
fur = fraction of chemical mass in surface water compartment that is dissolved
in water divided by the volume fraction of the surface water compartment
that is liquid, i.e., water (unitless); and
0 = Volume Fraction Liquid (unitless).

Note that an A, of less than 1.0 implies that the fraction of chemical not absorbed was
effectively left in the diet compartment(s). A future enhancement of TRIM.FaTE might be to
transfer the unassimilated chemical to the suspended sediment phase of the surface water
compartment or directly to the sediment bed to simulate the fecal elimination of unabsorbed
chemical implied by the AE),.

The food ingestion rate (/N)) of an individual fish is given by the following bioenergetic
model presented in Gobas (1993):

IN,, = 0.022 x m)® x %7 (Eq. 6-31)
where:
m, = mass of the fish (kg); and
T = temperature (°C).

To illustrate how the dietary transfer calculation would differ between the different fish
trophic groups, an equation for a benthic omnivore (Fbo = fish, benthic omnivore) is illustrated
below.

dNFbo NW
dt = | Mo X My X K gy XW X
N N N Eq. 6-32
* (ano XMy, X INp, X AE, X| py, X = + P X A py, X BI]] (b :
my, Fh Mg,
- (kET x N Fbo)
where:
My, = number of benthic fish omnivores in the surface water
compartment (unitless);
Mpp, = mass per individual benthic omnivore fish (kg[fish wet
wt]/individual);
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Ng, = chemical inventory in the benthic omnivore fish compartment
(g[chemical]);
DPup Pew Per - = proportion of the benthic omnivore fish’s diet that is comprised of

macrophytes, herbivorous fish, and benthic invertebrates,
respectively (unitless);

Ny Ny Nyp - = chemical inventory in the macrophyte, herbivorous fish, and
benthic invertebrate compartments, respectively (g[chemical]); and
My, My, My = total biomass of the macrophyte, herbivorous fish, and benthic

invertebrate compartments, respectively (kg[biomass wet wt]).

Implicit in the previous equation is the assumption that the mass of an individual fish is
constant over the time of the simulation. The dilution-due-to-growth factor (k) is not included
in the equation because £ is based on concentrations, while the mass transfer equations are in
mass units.

6.4.1.2 Nonionic Organic Chemicals
For nonionic organic chemicals (e.g., PAHs), the chemical uptake rate constant 4, for

fish gills is estimated using the following formula in TRIM.FaTE if measured values are not
available:

~Vasr
k, = 10° [f— x AE, (Eq. 6-33)
.f}[pid
where:
ky = chemical uptake rate constant (L[water]/kg[fish wet wt]-day);
my = fish body mass (kg[fish wet wt]);
Yisr = allometric scaling factor (e.g., 0.2 (Thomann 1989)) (unitless);
Jiipia = fraction lipid (kg[lipid]/kg[fish wet wt]); and
AE, = chemical assimilation (absorption) efficiency of the gills (unitless).

There is an apparent increase in assimilation efficiency for smaller organisms; therefore,
organisms have been divided into two weight groups: 10 to 100 g (wet) and more than 100 g
(wet) weight (Thomann 1989). The chemical assimilation efficiency of the gills (4E, ) can be
approximated for these two size classes of organisms as follows. For smaller organisms, the
following equations should be used to estimate AE, , where K, is the octanol/water partition
coefficient (g[chemical]/kg[octanol] per g[chemical]/L[water] = L[water]/kg[octanol]):

For chemicals with log(X,,) = 2.00-4.99,  log(4E,) =-2.6 + 0.5 log(K,,,);
For chemicals with log(X,,) = 5.00-5.99,  AE, =0.8; and
For chemicals with log(K,,) = 6.00-10, log(4E,) = 2.9 - 0.5 log(K,,).

w.
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For larger organisms, the following equations should be used to estimate AE,:

For chemicals with log(X,,) = 2.00-2.99,  log(4E,) =-1.5 + 0.4 log(K,,);
For chemicals with log(X,,) = 3.00-5.99,  AE, =0.5; and
For chemicals with log(K,,) = 6.00-10, log(4E,) = 1.2 - 0.25 log(K,,).

There is a similar relationship between chemical assimilation efficiency from dietary
items (4E,) and K, (Thomann 1989). However, there does not appear to be an increase in the
dietary assimilation efficiency for smaller organisms; therefore, the AE ), can be approximated for
all size classes of organisms as follows:

For chemicals with log(K,,) =2.00-4.99,  log(4E,)=-2.6 + 0.5 log(K,,);
For chemicals with log(K,,) = 5.00-5.99, A4FE, =0.8; and
For chemicals with log(K,,) = 6.00-10, log(AE,) =2.9 - 0.5 log(K,,,).

w.

Note that this is the same set of equations used to estimate AE, for smaller organisms.

Thomann (1989) gives the total excretion rate constant (k;) for nonionic organic
chemicals using the following equation:

ker = % (Eq. 6-34)

ow

Note that in a subsequent publication, Thomann et. al. (1992a,b) state that k., accounts
for elimination via the gills and “other losses...for example, fecal loss and metabolism”.
However, those publications (1) indicate that the simplified equation that includes a term for
elimination via the gills only is approximately representative of observed excretion data for fish
and (2) provide no data or formulas for estimating the values of the other types of losses (which
we interpret as meaning fecal loss of biliary secretions and excretion in urine). We interpret the
rate constant k,; in Equation 6-34 as not including losses due to metabolism, because k; is set
directly proportional to the gill uptake rate divided by K. Therefore, the simplified Equation 6-
35 from Thomann (1989) is used here to represent the total excretion rate constant for the
absorbed chemical, k;, excluding losses due to metabolism.

6.4.1.3 Mercury

For mercury (all forms), uptake from water is excluded from the transfer equations
because accumulation in fish is primarily as methylmercury, for which uptake from water is
negligible (Trudel and Rasmussen 1997).

The mercury excretion rate constant (k;) (i.e., transfer of absorbed mercury back to
surface water) is given by a bioenergetic model from Trudel and Rasmussen (1997), as described
in Appendix A, Section A.1.3. Trudel and Rasmussen (1997) based the excretion rate on the
clearance of methylmercury only, because greater than 95 percent of mercury in fish is
methylmercury, and the elimination of methylmercury is much slower than that of inorganic
mercury (i.e., the overall rate is dominated by the elimination of methylmercury).
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6.4.1.4 Bioenergetic Model Transfer Factors

Using the bioenergetic model, the transfer factor for uptake of dissolved nonionic organic
chemicals from a surface water compartment via gill uptake for a fish compartment (/day) can be
expressed as:

n,xm, Xk,

TS op = =% [, X 1000 (TF 6-5)
‘ Vew
where:

n, = total number of fish in surface water compartment;

m = mass per individual fish (kg[fish wet wt]);

ky = fish gill uptake rate constant for chemical dissolved in water (/day);

Vew = volume of the surface water compartment (L[water]);

fue = fraction of chemical mass in surface water compartment that is dissolved
in water divided by the volume fraction of the surface water compartment
that is liquid, i.e., water (unitless); and

1000 = unit conversion factor (L/m?) to match the units for all TRIM.FaTE

compartment volumes.

For mercury, the transfer from surface water to the fish via the gills is set to zero (0) (see
Appendix A, Section A.1.3).

The generalized transfer factors for chemical uptake from dietary items to a specific fish
compartment are given by:

T N IN X AE (TF 6-6a)
, - ——————X X -6a
et ok ndlet X md[et ° 5
biomass ,,
=————x I[N, x AE, (TF 6-6b)
biomass,,,
where:
M ios = number of individuals in the diet compartment (unitless);
M oy = mass per individual in the diet compartment
(kg[organism]/individual);
IN, = total diet (food) ingestion rate (kg[diet wet wt]/kg[fish wet wt]);
AE, = assimilation efficiency of chemical from diet (unitless);
biomass, = total biomass of the fish compartment (= n, x m,); and
biomass,, = total biomass of the diet compartment (= n,,, X m,;,,).

Because algae is modeled as a phase of the surface water compartment in the current
TRIM.FaTE library, consumption of algae by herbivorous fish is represented by a slightly
different transfer factor algorithm:
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T = Mrwen X My X IN, % p x AE
Algae - Fweh D Algae D (TF 6-7)
Soa! M 104e

T y1gaeFuch = transfer factor from algae to water column herbivore (/day);

e = number of water column herbivores in surface water compartment
(unitless);

Mpen = mass per individual water column herbivore (g[fish wet wt]);

foa = fraction of chemical mass that is in the algal-phase of the surface
water (kg[chemical]/kg[bulk surface water, including suspended
sediments and algae]);

M 410 = total mass of algae in surface water compartment (kg[algae wet
wt]); and

Digae = proportion of the total diet that consists of algae on a wet-weight

basis (unitless).

Using the same bioenergetic model, the transfer of chemicals from the fish population
compartment to the surface water compartment can be expressed as:

excretion _
I;‘Zsh—»SW - keg + kef

TF 6-8
iy (TF 6-8)

where:

kg = rate constant for elimination of chemical from the fish to surface
water via the gills and in urine and feces (/day).

Note that &, applies only to the absorbed chemical in the fish compartment. Fecal loss of
unabsorbed chemical was accounted for by the AE,, parameter. As described in Section 6.4.1.4,
k; does not include losses due to metabolic transformation or degradation.

6.4.1.5 Transformations and Degradation

Transformations of organic chemicals into biodegradation by-products that are no longer
tracked in TRIM.FaTE are modeled as transfers to the fish degradation sinks. See the
TRIM.FaTE user guidance for recommendations on how to identify rate constants for
biodegradation separately from rate constants associated with chemical excretion from fish to
surface water. Equation 2-64 (Chapter 2) is used to estimate the metabolic degradation (in
TRIM.FaTE, called “general degradation”) rate constant for an organic chemical from its
metabolic half-life.

Metabolic transformations of inorganic chemicals into different compounds containing
the same core chemical (e.g., mercury) can be included in the TRIM.FaTE fish models. For
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example, biotransformation of Hg(0) to Hg(2) in fish is included as a rapid (almost
instantaneous) first-order rate constant in the fish compartments. Thus, it is assumed that
elemental mercury can be taken up by fish but is not accumulated in the fish (i.e., data showing
Hg(0) in fish were not found). It is also assumed that inorganic mercury is not methylated by
fish. Demethylation in fish may occur as part of the excretory process, but it is not explicitly
modeled here. Rather, it is assumed to be insignificantly small compared to the relative masses
of the mercury species in the fish (i.e., receiving compartments).

6.4.2 TIME-TO-EQUILIBRIUM-BASED KINETIC MODEL
The time-to-equilibrium model is based on the assumption that one pathway accounts for

the vast majority of the chemical uptake. Thus, only one chemical “source” (e.g., food) is
explicitly considered for a given “receptor”, (e.g., fish). The general form of the model is:

dCpr | =~ In(1- @) Y K Y C | -In(1l-a) Y C (Eq. 6-35)
dt - t;s I‘GCE/?[()I‘_SOLH‘CE source t;S receptor q.
where:
K, ccopior-source = TECEPtOT/source partition coefficient (e.g., fish/diet partition coefficient)
(g[chemical]/kg[receptor wet wt] per g[chemical]/kg[source wet wt]);

Crecepror = concentration in receptor (e.g., fish) (g[chemical]/kg[receptor wet wt]);
Cipuree = concentration in source (e.g., diet) (g[chemical]/kg[source wet wt]);
ty = time (days) required to reach 100xq percent of the receptor/source

equilibrium value when the concentration in the source is approximately
constant with time; and
a = fraction of the equilibrium value attained (default = 0.95; unitless).
If the sole chemical source is surface water, then K., souce 18 @ bloconcentration factor
(BCF). Bioaccumulation factors (BAFs) implicitly include uptake from food and water, though
water is the identified source. This presumes that the concentration in the food item is
essentially constant relative to the concentration in the water. An alternative approach is the use
of diet as the primary source. Thus, empirically derived accumulation data are used to derive
factors for each trophic transfer, and uptake from water is implicitly, rather than explicitly,
included. This latter alternative is used here.

Following this approach requires that the dietary sources for a given fish compartment be
restricted to one other trophic group. Thus, intratrophic group transfers and multitrophic group
transfers are not explicitly included. These transfers are implicitly included to the extent that the
empirical data used to derive the transfer factors are from systems possessing those transfers.
Thus, the “fit” of the model results for any given case study will depend partly on how well the
food chains at the sites used to derive the transfer factors match the food chains at the case study
site (e.g., length of the food chains, number of interconnections, degree of intratrophic group
transfer, etc.).
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Restriction of the dietary pathway can be achieved within TRIM.FaTE by defining the
generic trophic compartment types to represent a straight food chain (e.g., of three or four
segments). As noted in Section 6.3, the benthic herbivore compartment type in initial
TRIM.FaTE applications has been represented by all benthic invertebrates and in the use of this
time-to-equilibrium approach, the bulk sediment (or interstitial water) is the chemical source.
The benthic omnivore fish compartment type is the next trophic level up from the benthic
invertebrates.

Like the benthic food chain, the chemical transfers in the water column food chain can be
set to be unidirectional from lower to higher trophic levels. In initial applications following this
design, it is important to note that zooplankton have been implicitly included in the transfers
from algae to water column herbivores. That is, the biomass and chemical mass associated with
zooplankton have not been explicitly tracked in TRIM.FaTE, but the dietary transfers were based
on concentration ratios for planktivorous fish and algae. Some studies provide the intermediate
transfer factors for algae to zooplankton, which might be used to include the zooplankton
compartment type within future TRIM.FaTE simulations.

For each trophic level transfer, the general concentration-based equation is converted to
the following mass-transfer equation:

aN, _ |-m(-a)| Ny __ |zIl-a)| N, (Bq.636)
dr ne»m; p gd fish-diet n, xm,, p éfd f q.
where:

n, = number of fish in the compartment (unitless);

my = mass of individual fish (kg[fish wet wt]/individual);

t time (days) required to reach 100xa percent of the fish/diet interaction
equilibrium value when the concentration in the source is approximately
constant with time;

Kig.ae =  fish/diet partition coefficient (kg[diet wet wt]/kg[receptor wet wt]);

N = mass of chemical in items comprising the potential diet (g[chemical]);

i = number of contaminated items comprising the potential diet (unitless);

M oy = mass of individual items comprising the potential diet (kg[diet wet
wt]/individual); and

N, = mass of chemical in the fish (receptor) compartment (g[chemical]).

As an example, the mass transfer equation for water-column omnivores eating water-
column herbivores is given as:

dNFM/CO X X - ln(l B a) NFWCh
=N, Xm, Y co—Fwe
dt Fwco Fwco ta{d Fwco-Fwch R peh X Mgen
[ | (1 ) (Eq. 6-37)
- In -a
- | ———|x N
tgd ] Fwco

where:
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Neveo = mass of chemical in the fish water-column omnivore compartment
(g[chemical]);

Ao = number of fish comprising the water-column omnivore
compartment (unitless);

Mpeo = mass per individual fish in the water-column omnivore
compartment (kg[fish wet wt]/individual);

Koo Fwen = fish (water-column omnivore)/fish (water-column herbivore)
partition coefficient (kg[ Fwch wet wt]/kg[Fwco wet wt));

Neyen = mass of chemical in fish water-column herbivore compartment
(g[chemical]);

Rpen = number of fish comprising the water-column herbivore
compartment (unitless); and

M pen = mass per individual fish in the water-column herbivore

compartment (kg[fish wet wt]/individual).

For each trophic level transfer, the generalized transfer factors for dietary items to a
specific fish compartment type (i.e., benthic omnivore, benthic carnivore, water-column
herbivore, water-column omnivore, or water column carnivore) is given by:

n, X mg « [— 11’1(1_ 0’):|
fd fish—diet
ta

T,

diet - fish —

(TF 6-9)

ndiet X mdiet

Because algae is treated as a phase of the surface water compartment, the time-to-
equilibrium transfer factor from algae to the water-column herbivore fish compartment is slightly
different:

TA - anch X mech X I:_ ln(l - a)

Igae - Fweh — (fMA /mA[gae) Z:WChAlg :| X Kchh—Algae (TF 6_10)

where:

T yygue—rwen = transfer factor from algae to fish (water-column herbivore) (/day);

S = fraction of chemical mass that is in the algal phase of the surface water
compartment (unitless);

M 4100 = total mass of algae in surface water compartment (kg[algae wet wt]);

¢ e time (days) required to reach 100x ¢ percent of the fish/diet interaction
equilibrium value when the concentration in the source is approximately
constant with time; and

Kryenaigee = Tish (water-column herbivore)/algae partition coefficient (kg[algae wet

wt]/kg[fish wet wt]).

The generalized transfer factor in the other direction (to allow equilibirum) from a
specific fish compartment to its diet compartment is given by:
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(TF 6-11)

- In(1- a')}

T die = [ 7]
ta

Transformations and degradation are modeled using the same approach as described for the
bioenergetic model (see Section 6.4.1.5).

6.4.3 OTHER EPA MODELS FOR BIOACCUMULATION BY FISH

Aquatox is a general ecological risk model that estimates the fate and effects of chemical
and physical stressors in aquatic ecosystems (U.S. EPA 1998b). The model has been developed
by the Office of Pollution Prevention and Toxics (OPPT) and the Office of Water (OW). The
Bioaccumulation and Aquatic System Simulator (BASS), developed by the National Exposure
Research Laboratory (NERL) of the Office of Research and Development (ORD), also simulates
exposure and effects on fish (U.S. EPA 1999c).

Aquatox and BASS are designed to predict effects of chemical contaminants and
environmental factors on fish populations, whereas TRIM.FaTE is designed to estimate the fate
and transport of chemicals throughout aquatic and terrestrial environments, with an emphasis on
a collection of identical, individual fish. This difference in purpose results in several differences
in structure: (1) Aquatox and BASS include chemical toxicity data; TRIM.FaTE does not
(although TRIM.Risk is designed to include such a database); (2) the toxicological data in
Aquatox and BASS are used to predict mortality, which is used to modify the structures of the
models (e.g., age-class structure and predator-prey interactions); the biomass in the TRIM.FaTE
fish compartments remains constant; (3) in Aquatox, decomposition of dead fish and
contaminants are linked to the dissolved oxygen levels in water, which affect populations; in
TRIM.FaTE dissolved oxygen levels in surface water are not modeled; and (4) growth
estimation of fish is fundamental to the population dynamics component of BASS, whereas
growth is not included in the current version of TRIM.FaTE.

BASS (U.S. EPA 1999c) and Aquatox (U.S. EPA 1998b) are bioenergetic models of a
multiple-trophic-level aquatic ecosystem. Aquatox, like TRIM.FaTE, provides an explicit time-
to-equilibrium model option, whereas BASS does not. Like TRIM.FaTE, Aquatox has a Monte
Carlo component to permit probabilistic estimates of exposure or risk. The developers of BASS
plan to include metabolism of organic compounds in future versions of the model, but, unlike
TRIM.FaTE, these transformations are not a feature of the current version (U.S. EPA 1999c).
Components of Aquatox or BASS could be integrated with TRIM.FaTE. The challenge would
be to preserve mass balance and to provide adequate links to all TRIM.FaTE compartment types
that are connected to surface water and/or fish.
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7. TERRESTRIAL BIOTA ALGORITHMS

In this chapter, algorithms for transfers between terrestrial biotic compartment types and
other biotic or abiotic compartment types are presented. The terrestrial biotic compartments
include terrestrial plants, soil detritivores, and wildlife (i.e., birds and mammals).

The algorithms in this chapter are based on diffusive or advective transfer, and the most
common instances of the latter are transfers via wildlife ingestion of chemicals in their diet.
Most algorithms apply to all air pollutants, although some apply only to mercury species, and
others (e.g., those that involve octanol/water partition coefficients) apply only to nonionic
organic chemicals. Some of the equations represent dynamic processes, while others are simple
models for which a time-to-equilibrium is calculated and used to estimate relevant transfer
factors.

After a brief introduction to the selection of terrestrial biotic compartments for a
TRIM.FaTE scenario (Section 7.1), the algorithms used to calculate the transfer factors for
chemical transfers in and out of terrestrial biota are developed and presented. General
algorithms for terrestrial plants, soil detritivores, and birds and mammals are presented in
Sections 7.2, 7.3, and 7.4, respectively. The derivations of chemical-specific algorithms for
mercury and polycyclic aromatic hydrocarbons (PAHs) are presented in Appendices A and B,
respectively.

7.1 TERRESTRIAL BIOTA COMPONENTS

The general approach for selecting biotic compartment types to include in a TRIM.FaTE
scenario is noted in Section 3.3 of TSD Volume I and described in more detail in the user
guidance document. All major trophic levels in terrestrial systems are represented in the current
TRIM.FaTE library. The user can select default, representative species, based on their
prevalence at the test location and/or the availability of data to estimate parameter values for
them. The user can also create compartments for additional species based on policy
considerations, such as the Endangered Species Act. There are some aspects of selecting biotic
compartments for the terrestrial environment that we emphasize here. For additional information
on these issues and more detailed guidance, see the TRIM.FaTE user guidance.

For terrestrial surface volume elements or parcels, the user can select one of a number of
land-use characteristics that influence the type of land cover and/or vegetation. There are four
types of plant communities that have already been incorporated into the TRIM.FaTE libraries:
deciduous forest, coniferous forest, grasses/herbs, and agricultural (e.g., crop) lands. Each plant
community type is represented in TRIM.FaTE by a plant composite compartment, which
includes particles on the leaf surface, leaf, stem, and root compartments and associated
parameter values for that type of plant community.

For biotic compartments in soil, the current TRIM.FaTE library includes two types of
soil organisms: earthworms and soil arthropods. Both types are detritivores (i.e., they feed on
the decaying organic materials found in soils). Chemical transformation and degradation

SEPTEMBER 2002 7-1 TRIM.FATE TSD VOLUME II



CHAPTER 7
TERRESTRIAL BIOTA ALGORITHMS

processes that might be mediated by soil bacteria are accounted for in the soil compartment
transformation and degradation rates for a chemical.

Finally, the user can populate the vegetated surface volume elements with wildlife
species, depending on the goals and objectives of the project as well as considerations of
chemical mass distribution across wildlife biomass and trophic levels. Major herbivores at a site
should be included to facilitate appropriate partitioning of a chemical within the terrestrial
ecosystems. Higher trophic level birds and mammals would affect environmental partitioning to
a lesser extent. The current TRIM.FaTE library includes parameterized compartments for
several species of birds and mammals as described in Section 7.4.4.

For detailed guidance on how to select and parameterize terrestrial biotic compartments
and how to distribute them among surface soil and surface water parcels, see the TRIM.FaTE
user guidance.

7.2 ALGORITHMS FOR TERRESTRIAL PLANTS

The text box on the next page and continued on the following pages provides a summary
of the plant transfer-factor algorithms developed in this section and defines the parameters used
in those algorithms.

In TRIM.FaTE, terrestrial plants consist of four compartment types which, taken
together, represent an entire plant: leaf, stem, root, and particles on the leaf surface. All four
compartments, parameterized for a specific type of plant community (e.g., deciduous forest) are
linked together in a single plant composite compartment named for that community. Although
the particles on the leaf surface are not in the plant, it is useful to track this compartment type
separately from the leaf because: (1) it can provide a reservoir for chemical moving to leaves, (2)
herbivorous animals can ingest particulate matter on leaves, (3) particles can wash off leaves
during rain, (4) particles can be blown off leaves by wind, and (5) humans can wash most of
these particles off of leaves, prior to any consumption (e.g., agricultural plants).

Several attributes of the plant compartments vary with time of day and with season. A
logical parameter named IsDay in TRIM.FaTE controls whether the plant stomata are open (1 for
“yes, it is day”) or closed (0 for “no, it is night”) for a specific simulation run. Diffusion of a
vapor-phase chemical between the air and plant leaves through the stomata occurs only during
the day when they are open. A logical parameter named A/lowExchange is used to control
whether the plant is actively growing and has leaves (yes) or is dormant and without leaves for
the non-growing season (no). Chemical exchanges between the grasses and herbaceous and
deciduous plants occur only during the growing season (4l/lowExchange = 1). AllowExchange
always equals one (yes) for the coniferous plants.

There are, however, several problems that arise in modeling uptake and emissions of
chemicals by plants:

. Little information is available on the transformations of chemicals in plants.
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Summary of Transfer Factors for Plants in TRIM.FaTE

ABOVE-GROUND EXCHANGES

Dry deposition of particulate phase of air to particles-on-leaf compartment: TF 7-1
dry _dep - Ud"y X ]dry X AS X
Air — LeafP — V fMS
Air
Dry particles on leaf blown off to air: TF 7-2
olon o~ Uy X 1 i % A
LeafP - Air —
eq, Vmep
Wet deposition of particles in air to the particles-on-leaf compartment: TF 7-3
wet_dep  _ Uwet X Iwet X AS X
Air » LeafP ~— V fMS

Air

Wash off of particles on leaf to surface soil:

TF 7-4a
Twasltojf - Uwet X [ wet X ASs
LeafP -~ Ss — V
LeafP
Particles on leaf to leaf: TF 7-5
TLea_fP—» Leaf = kLequ—Leqf
Leaf to particles on leaf: TF 7-6
TLeafa LeafP = 001 X kLeafP— Leaf
Wet deposition of vapor-phase chemical from air to the leaf (partitioning approach): TF 7-7a
Vwet dep — S .
TAiriiecj} - V X WrV X rain X Iwet foV
Air
Wet deposition of vapor-phase chemical from air to the leaf (fugacity approach): TF 7-7b
A Iy v
e = X rain x I, x
VAir ZTotal_Air
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Summary of Transfer Factors for Plants in TRIM.FaTE (cont.)

ABOVE-GROUND EXCHANGES (cont.)

Leaf to air (diffusion): TF 7-8a

TL(gZAAir = (2LAI x Ag x g + LAI x Ag X gg) % X 7 P

Leaf Total _Leaf
Air to leaf (diffusion): TF 7-9a
e 1
Tfﬁ?—»Leaf = (2LAI x Ag x g + LAI x A x gg) %
Air
BELOW-GROUND EXCHANGES
Bulk root-zone soil to root: TF 7-10a
- B ln(l B a) VRoot -
T:Srﬂ Root — tRSr X V X KRoot—Sr Whe}"e KRoot—Sr - ll’lput Value
a Sr
Root to bulk root-zone soil: TF 7-11a
_-In(1-a)
TRoot S T RSr
tl]
Root-zone-soil pore water to root: TF 7-10b
- ln(l - a) VR ure _water

T. = - x — } L= where

SrW - Root [ t;?SI w VS,, Root-Srw ZTmaLSr
KR(mt—SrW = (f%oot + .ﬂ’Root X K:W) X pRoot X 0001
Root to root-zone-soil pore water: TF 7-11b

_-In(1-a)
TRoota ST tRSrW
a
PLANT STEM EXCHANGES
Bulk root-zone soil to stem: TF 7-12a
QXy
Sr - Stem = V XfML XTSCF
Sr
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Summary of Transfer Factors for Plants in TRIM.FaTE (cont.)

PLANT STEM EXCHANGES (cont.)

Root-zone soil pore water to stem (simplification for nonionic organic compounds): TF 7-12b1
. [—1n(1—a)]xpa . SCF
SrW - Stem = StSrwv reaS em
[a ! IOSrW X dSr
Stem to root-zone soil (simplification for nonionic organic compounds): TF 7-12b2
_—In(1-a)
Stem — Srw StSrw
ta
Leaf to stem: TF 7-13
T, =0, X !
Leaf — Stem ~— = Ph
t VLeaf X KLeafPh
Stem to leaf: TF 7-14
T, =0, X 1
Stem - Leaf ~ Xy
t ’ VStem X KSteme
LITTER FALL
Leaf to surface soil: TF 7-15
TLeafa Ss = kL
Particles on leaf to surface soil: TF 7-16
TLequq Ss = kL

LIST OF SYMBOLS USED IN PLANT TRANSFER FACTOR ALGORITHMS

Usry = volumetric dry deposition for particle-phase chemical (m*[particles]/m?[soil]-day).

Lary =  fraction of dry-depositing chemical that is intercepted by plant canopy (unitless).

Ag =  area of associated soil (m?).

Ve = volume of air compartment (m?®).

fus = mass fraction of chemical in the air compartment that is sorbed to solid particles divided

by the volume fraction of the air compartment that consists of particles (unitless).

Viearr = volume of particles-on-leaf compartment (m?®).

Upet = volumetric wet deposition rate of particle-phase chemical (m®[particle]/m?[soil]-day =
m/day),

Lot = plant interception fraction for wet deposition (unitless).

Ass = area of surface soil compartment (m?).

K apicar = 1°-order rate constant for transfer of chemical from particles on leaf to leaf (/day).

w,, = vapor washout ratio (g[chemical]/m*[rain] per g[chemical]/m?[air]).

rain = rain rate (m/day).

fuv = mass fraction of chemical compartment that is in vapor phase divided by the volume

fraction of compartment that is gas/vapor phase (unitless).
Zoure water fugacity capacity of chemical in aqueous phase (mol/Pa-m?).
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Summary of Transfer Factors for Plants in TRIM.FaTE (cont.)

LIST OF SYMBOLS USED IN PLANT TRANSFER FACTOR ALGORITHMS (cont.)

Zrotar air = total fugacity capacity of chemical in air compartment (mol/Pa-m?).

LAl = one-sided leaf-area index (m?[total leaf area)/m?[soil]).

o = total conductance of the cuticular path, including the air boundary layer (m/day).

Js = total conductance of stomatal pathway, including mesophyll and air boundary layer
(m/day).

Vi ear = volume of leaf compartment (m®).

Zowe air = fugacity capacity of chemical in gas phase of air (mol/Pa-m®).

Ziotal Lear = total fugacity capacity of chemical in leaf compartment (mol/Pa-m®).

a = proportion of equilibrium value achieved (default = 0.95) (unitless).

t, = time required to reach 100xa percent of equilbrium value (days) (value depends on the
compartments and phases for which time-to-equilibrium is modeled).

Voot = volume of root compartment (m?).

Vs, = volume of root-zone soil compartment (m°[soil]).

Keootsr = root/bulk-soil partition coefficient (m®[soil]/m®[root]).

Keoorsw = root/soil-pore-water partition coefficient (m®[water])/m*[root]).

Ziotr sr = total fugacity capacity of root-zone soil compartment (mol/Pa-m?3).

oot = fraction water content of root compartment (kg[water]/kg[root wet wt]).
fL Root = fraction lipid content of root compartment (kg[lipid]/kg[root wet wt]).
ow = octanol-water partition coefficient (g[chemical]/kg[octanol] per g[chemical]/L[water]).
b = correction exponent for the differences between octanol and lipids (unitless).
Proot = density of fresh root (kg[root wet wt}/m>[root]).
y = flow of transpired water (m*[xylem]/day).

fur = mass fraction dissolved + volume fraction of soil compartment that is liquid (water)
(unitless).

TSCF = transpiration stream concentration factor (g[chemical]/m3[xylem] per g[chemical)/m*[soil
pore water]).

pareag,,,, = areal density of stem on associated soil (kg[stem wet wt]/m?[soil]).

SCF = stem concentration factor (g[chemical]/kg[stem wet wt] per g[chemical]/kg[soil pore
water]).

Psry = density of soil pore water (kg[water]/m*[water] = 1 kg/m®).

ds, = depth of root-zone soil compartment (m?).

Qpy = phloem flux into leaves (m*[phloem]/day) due to advection.

K, caren partition coefficient between leaves and phloem water (g[chemicall/m®[leaf] per
g[chemicall/m®[phloem])).

Vistem = volume of stem compartment (m°[stem]).
Kstemxy = partition coefficient between stem and xylem water (m®[xylem)/m*[stem]).
k, = litter-fall rate constant (/day).
. The volatilization of chemicals from soils and uptake by plant foliage occurs at a scale
that is not easy to model in TRIM.FaTE.
. Little is known about the rate at which chemicals enter plant leaves from particulate
matter or rain water on the leaf surface.
. The transport of many chemical species within plants is not well understood.
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. The accumulation of chemicals by wood is not well understood; therefore, trees in
TRIM.FaTE currently consist of leaves only and not stems or roots, except to the extent
that stems are conduits of chemicals away from leaves.

Despite these limitations in understanding and available data, the potentially important
transfer processes have been modeled in TRIM.FaTE to the extent possible given the state of the
science and modeling efforts to date. The user can assess the importance of the limitations
identified above using the sensitivity and uncertainty analysis tools for any given scenario.

7.2.1 TRANSFERS BETWEEN THE AIR, PARTICLES, AND PLANT LEAVES

The particles on the leaf surface are represented by the particles-on-leaf compartment
type in the current TRIM.FaTE library. This compartment is comprised of particulate matter
deposited to the leaf by either wet or dry deposition. Deposition is defined here as the mass
transfer of suspended particulates from air to the plant surface. Elsewhere (e.g., Lindberg et al.
1992), the deposition of chemicals to plants is defined to include the gaseous fraction of the
pollutants that come into contact with plants. The uptake of gaseous pollutants in TRIM.FaTE is
described in Section 7.2.2.

Dry or wet deposition of particles to the particles-on-leaf compartment is calculated by
multiplying the particle-deposition velocity by the leaf-interception fraction. The leaf-
interception fraction (/) is the fraction of the depositing chemical mass that is intercepted and
initially retained on the leaf. Thus, the quantity (1-/) is the fraction of depositing chemical mass
that is transferred to the surface soil. The chemical mass that is transferred to the leaf surface via
particle deposition is assumed to join the particle-phase chemical in the particles-on-leaf
compartment. From there, transfers of chemical between the leaf itself and the particles on the
surface of the leaf occur via diffusion (see Section 7.2.1.5).

It is common for a concentration of a deposited particulate chemical to be estimated with
respect to the leaf or above-ground plant mass. However, when that concentration is estimated,
it is often forgotten that most of the chemical mass is still on the plant rather than in it. This
situation is treated explicitly in the current TRIM.FaTE library through the inclusion of a
separate compartment for particles on leaf.

In the TRIM.FaTE code, the transfer factors for exchanges between plant leaves and the
air or air particles include the variable A/lowExchange, which must equal one (yes) for the
transfer to occur.

7.2.1.1 Dry Deposition of Particles to Surface of Plant Leaves

Dry deposition is estimated by multiplying the predicted air concentration of airborne
particles at ground level by the dry-particle-deposition velocity (U.S. EPA 1997a). A
unidirectional flux equation that expresses dry deposition to the leaf, from van de Water (1995),
follows. Note that, as the boundaries of the surface soil and air parcels may not be congruent,
that is the area of soil and the area associated with a contiguous air compartment may be
different. This algorithm describes the accumulation of chemical mass in the particles on leaves
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due to deposition from any air compartment to the area of the associated surface soil
compartment that it spatially overlaps.

dNLea/P NA* Z ure_solid
= " xy, x] P x A Eq. 7-1
dt VAir ” ” ZTotaliAir > ( a )
where:
Ny = mass of chemical in particles-on-leaf compartment (g[chemical]);
N, = mass of chemical in the air compartment (g[chemical]);
Viir = volume of air compartment (m?);
Uy = volumetric dry deposition of particles (m’[particles]/m*[soil]-day);
1, = fraction of dry-depositing chemical that is intercepted and initially
retained by the plant canopy (unitless, below);
Zoure soia = Tugacity capacity of the chemical in or sorbed to solid particles (mol/m*-
Pa);
Zroa 4w = total fugacity capacity in bulk air, including atmospheric dust particles
(mol/m*-Pa); and
A = area of associated soil (m?).
The volumetric dry deposition of particles is calculated as:
DL
Upy = Viep * (Same as Eq. 4-2)
Pr
where:
Viep = dry deposition velocity of air particles (m/day);
D, = dust load in air compartment (kg[particles]/m’[air]); and
Pp = density of dust particles (kg[particles]/m’[particles]).

The interception fraction for dry deposition (/,

) of particles is calculated using the
following equation (Baes et al. 1984):

- (1= /W eap )(=Qy4p *parea)
1, =1-e 0 var X0 (Eq. 7-2)
where:
Wiy = water content of leaf (kg[water]/kg[leaf wet wt]);
Ay = vegetation attenuation factor (m”[leaf]/kg[plant dry wt]); and
parea = wet above-ground non-woody vegetation biomass inventory per unit area

of the surface soil (kg[plant wet wt]/m*[soil]).

Chamberlain (1970) describes the relationship between /,,, and above-ground (dry)
biomass, and Prohl and Hoffman (1996) provide an excellent review of interception and loss
processes along with values (and ranges) for the constants used to estimate /..
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The water content adjusts parea to represent dry biomass. The equation was originally
derived for pasture grasses and hay and expanded to other crops. For this reason, the biomass
estimate should not include wood biomass in its calculation. The vegetation attenuation factor
(sometimes called the foliar interception constant) is sometimes equivalent to the surface area of
leaves divided by plant biomass (van de Water 1995) or the leaf biomass if the plant is woody.

Thus, TRIM.FaTE estimates the dry deposition of chemical mass associated with
airborne particles to the particles-on-leaf compartment as:

Uy, xjd,y X Ag

L tew = — X s (TF 7-1)
Air
where:
Td.ryidep

Air~LeafP = transfer factor for dry deposition of particulate-phase chemical in air to
the particles on the surface of plant leaves when it is not raining (/day);
and

Sus = Zpure solidLrowl 4ir» 8180 the fraction of chemical mass in air compartment

that is sorbed to solid dust particles divided by the volume fraction of air
that consists of dust particles (see Equations 2-71 and 2-79) (unitless).

The implicit assumption in this algorithm is that depositing particles reach
thermodynamic (chemical) equilibrium with the surrounding air before contacting the leaf
surface. Accepting this assumption, the transfer to vegetation by dry deposition is related to the
total chemical mass in the air compartment (combined gas- and particle-phase) using the
particle/gas partition coefficient (normalized on a volume basis), K 7, which is the dimensionless
particle/gas partition coefficient (g[chemical]/m’[particles] per g[chemical]/m’[air
compartment]). The factor f,,, is equivalent to K ..

7.2.1.2 Blow Off of Particles on Leaf to Air

The intent in the conceptual design of the leaf-particle transfer algorithms is to maintain a
constant (although unknown) mass of particles on the leaf. The algorithm below is based on
three assumptions: (1) particles are blown off the plant by wind at a rate that equals the
deposition rate to leaves; (2) the concentration in the particles blown off the leaf is equal to the
concentration in particles remaining on the leaf; and (3) all particles are dispersed in air.

v, X1, x4
blow_off  — dry dry S
TLea_/P: Air — V (TF 7-2)
LeafP
where:
T, L”ZZ}VP{”@;# = transfer factor for particle-phase chemical on surface of leaf blown off to
air (dry resuspension of particles) when it is not raining (/day)]; and
Vieap = volume of the particles-on-leaf compartment (m?).
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The factor f,,, is not needed in the algorithm TF 7-2 because all of the chemical mass
inventory in the particles-on-leaf compartment is sorbed to particles, and the compartment
consists only of the solid phase. The particles blown off leaves into the air are then available for
redeposition to leaves and the surface soil. Note that the algorithm for blow off of particles
from leaves includes a meteorological toggle that turns the process off during rain (the analogous
process during rain is wash off; see Section 7.2.1.4).

7.2.1.3 Wet Deposition of Particles to Surface of Plant Leaves

Rain scavenges some of the particulate-phase chemical from the air, depositing it on the
surface of leaves. The concentration in the rain drop is related to the fraction of the chemical in
the air that is associated with the particle and the scavenging ratio for particles in rain drops.
Thus, wet deposition resulting from this process can be modeled using equations similar to dry
deposition of particles. The rate of mass transfer of particle-phase chemicals from air to rain
water and to the particles-on-leaf compartment can be described as:

dN eq, N ir D Z ure _soli
LeafP _ dir o W X rain X Loy ]wet X pure_solid_ X As (Eq. 7-3)
dt Air IOP ZTntal_Air
where:
Nyeap = mass of chemical in particles-on-leaf compartment (g[chemical]);
N, = mass of chemical in the air compartment (g[chemical]);
Vi = volume of air compartment (m?);
w, = scavenging or washout ratio for particles in air (ranges from 50,000 to
200,000) (m?[air]/m’[rain]);
rain = rate of rainfall (m/day);
D, = dust load, i.e., density of dust particles in air (kg[particles]/m’[air]);
Pp = density of dust particles (kg[particles]/m’[particles]);
L, = wet interception fraction (unitless);
Zorure solid fugacity capacity of the chemical in or sorbed to solid particles (mol/m’-
Pa);
Zroa air = total fugacity capacity in bulk air, including atmospheric dust particles
(mol/m*-Pa); and
Ay = area of associated soil (m?).

The washout ratio for particle-bound chemicals typically is restricted to empirical data on
particle scavenging ratios (Wania et al. 1998). The expression w, X J, .. X (D,/p,..,) €quals the
volumetric particle wet deposition velocity, u,,,:

U,

wet

volumetric wet deposition rate of air particles (m’[particle]/m*[soil]-day =
m/day),
= w,Xrain x (D/p,).
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Thus, the transfer factor that describes chemical deposition to the particles-on-leaf
compartment from wet deposition of air particles is calculated as:

wet_dep  _ Uwet x 1 wet X AS
TAir:Lequ - X fMS (TF 7-3)
Air
where:
Tye-5r, = transfer factor for wet deposition of particulate-phase chemical in air to
the particles on plant leaves when it is raining (/day); and
Sus = the mass fraction of chemical in the particle-phase divided by the volume

fraction of the air compartment that is particulate (unitless).

The wet particle interception fraction in the preceding equations can be calculated using
the following equation from Muller and Prohl (1993). The value of the fraction depends on how
much water the leaf can hold, the total amount of rainfall during a rainfall event, and the ability
of the element or compound to stick to the leaf.

LAI X S (_;r;(;)xmin)
ot = —x|l-e (Eq. 7-4)
rain
where:
LAl = one-sided leaf-area index (m’[total leaf area]/m*[underlying soil area]);
S = vegetation-dependent leaf-wetting factor (retention coefficient) (m); and

rain amount of rainfall during a rainfall event (m).

With the current TRIM.FaTE library, however, the user must specify a value for the wet
deposition interception fraction or accept the default value of 0.2, which is based on five years of
meteorological data for a site in Maine. Because it is a fraction, the upper bound for 7, is 1.

7.2.1.4 Wash-off of Chemical from Plant Surface

During rain, the chemical sorbed to particles on the surface of the leaf can be washed off
and deposited to the surface soil. In TRIM.FaTE, this transfer is estimated by an equation that is
basically the same as TF 7-3, i.e.:

2 ¥ Uwe X Iwe X A s
e (TF 7-4a)
‘ VLeafP
where:
T = transfer factor for wash off of particle-phase chemical from particles-on-
leaf compartment to surface soil (/day);
Uypor = volumetric wet deposition rate of air particles (m’[particles]/m*[soil]-day);
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L., = fraction of wet-depositing particle-phase chemical that is intercepted by
plant canopy (unitless);

Ag = area of the associated soil (m*[soil]); and

Vieap = volume of particles-on-leaf compartment (m?).

This equation has been implemented to ensure that the particle mass on the leaves does
not change (i.e., as much is wet-deposited as is washed off). The factor f, s is not needed in
algorithm TF 7-4a because all of the chemical mass inventory in the particles-on-leaf
compartment is sorbed to particles, and the compartment consists only of the solid phase. Note
that the algorithm for wash off of particles from leaves includes a meteorological toggle that
turns the process on during rain (the analogous process when it is not raining is blow off; see
Section 7.2.1.2).

There are some data available on wash off of particles from the surface of conifer leaves
during rain that indicate first-order kinetics with a rate constant of approximately 0.04 per min
(McCune and Lauver 1986). The rate of 0.04 per min is equivalent to 2.4 per hour or 57.6 per
day. It may be assumed that the particles deposited in rain water and the chemical dissolved in
rain water is washed off at the same rate. Thus, an alternative equation to estimate wash-off
from conifer leaves could be:

WNoar g7 6 n

" Leap (Eq. 7-5)

and the associated transfer factor for the chemical wash off to the surface soil compartment is:

Tl = 57.6 (TF 7-4b)

This algorithm is not included in the current TRIM.FaTE library, but is included here for users
who may prefer this value for coniferous forests.

7.2.1.5 Transfer of Chemical to Leaf from Particles on Leaf

The fraction of chemical sorbed to particles on the leaves that enters the leaf cuticle per
day is very uncertain. It depends on the relative concentrations in the plant and particles at
equilibrium (which is unknown), as well as the time to equilibrium. It is sometimes assumed
that chemicals attached to particles reach instantaneous solution equilibrium with plant tissues
when they land on the plant. If that assumption is made for some chemicals (e.g., mercury),
TRIM.FaTE is likely to overestimate the contribution of the particles to uptake of the chemical
by the plant (Lindberg 1999a). For a chemical that is tightly and chemically bound to particles
in air (e.g., mercury), an initial assumption of 0.2 per day may be appropriate (i.e., assume a half-
life of one week). Because particles cover only a small fraction of the surface of the plant, it is
assumed that the rate of transfer from leaves to particles is 1 percent of the rate constant for
transfer in the other direction (i.e., 0.002 per day). The rate may be higher for the transfer of
mercury from the plant to a dissolved state in rain water, but no information is available on this.
Note that these default values will change if units of time change. Thus, the transfer factors for
exchange between the leaf and particles-on-leaf compartments are:
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TLeafPa Leaf = kLeajP—Leaf (TF 7'5)
T s reap = 001X ki our (TF 7-6)
where:

T oufpiear = transfer factor for transfer of chemical from particles-on-leaf
compartment to leaf compartment (/day);

Kpeotp-Lear = first-order rate constant for transfer of chemical from particles on
leaf to leaf (/day); and

Teuporeap = transfer factor for transfer of chemical from leaf to particles-on-
leaf compartment (/day).

In the current TRIM.FaTE library, these transfer factors are numeric constants set by the
user. Thus, to implement the relationship described here, the value of 7,,,¢.,,,» should be set to
0.01 times that of T7,,p - e -

7.2.1.6 Transfer of Vapor-phase Chemical to Leaf from Air During Rain

The rate of mass transfer of the vapor-phase chemical from air to rain water and to the
plant leaf is described by the following equation (modified from van de Water 1995):

ANy N, .
a v, Xw, Xrain X Ag X1, X f,, (Eq. 7-6)
where:
Niwr = mass of chemical in the leaf (g[chemical]);
N, = mass of chemical in air (g[chemical]);
Vi = volume of air compartment (m*[air]);
w, = vapor washout ratio (g[chemical dissolved]/m’[rain] per g[chemical vapor-
phase]/m’[air]);
rain = rain rate (m/day);
A = area of associated soil (m?);
L, = interception fraction for wet deposition (unitless); and
S = the fraction of the chemical mass in the air compartment that is in the

vapor phase divided by the volume fraction of the air compartment that is
gas/vapor (i.e., fraction that is not particulate).

It is difficult to know whether vapor-phase chemicals dissolved in rain and deposited to
leaves will partition into the particles on the surface of the leaf or into the leaf cuticle. The water
droplets on a leaf are small and persist for only a short period of time. The surface area of the
leaf that is actually in contact with the water also can be much larger or smaller than the
macroscopic surface of the leaf (Riederer 1995). Given the relative surface area of the leaf
versus the surface particles, we assume that all wet deposition of vapor that is intercepted and
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initially retained by the leaf will interact directly with the leaf compartment. Deposited chemical
can subsequently partition between the leaf and particles on the leaf (see Section 7.2.1.5).

The vapor wet interception fraction can be calculated using the same equation from
Muller and Prohl (1993) that was used to estimate the particle wet interception fraction
(Equation 7-4 above). As before, the value of the fraction depends on how much water the leaf
can hold, the total amount of rainfall during a rainfall event, and the ability of the element or
compound to stick to the leaf.

LAIx S
=—X

wet

rain

_In( )xrllln
1- e( s j] (Same as Eq. 7-4)

The vapor washout ratio, w,,, is the equilibrium partition coefficient for a chemical
between rain water and the vapor phase in air; in other words, the chemical concentration in rain
divided by the chemical concentration in the gaseous phase. It can also be expressed as a ratio of
Z factors (see Chapter 2):

w _ rain_water _ pure_water _ 1 (E 7 7)
" Cair Zpureivapor KA w q
where:

Criin water concentration of chemical in rain water (g[chemical]/m’[rain]);

Cr concentration of vapor-phase chemical in gas-phase air
(g[chemical]/m’[air]);

Zpure water fugacity capacity of chemical in aqueous phase (mol/m*-Pa);

Zire air fugacity capacity of vapor-phase chemical in air (excluding dust

particles) (mol/m*-Pa); and
K, = air/water partition coefficient (g[chemical]/m’[air] per
g[chemical]/m’[water], unitless).

For some chemicals (e.g., the mercury species), the user can specify the washout ratio,
w,,, using an empirically derived equilibrium partition coefficient between the water and vapor
phases of the chemical, K. Thus, the transfer of vapor-phase chemical from air to plant leaves
during a rainfall event is calculated as:

Vwet _dep _ S .
TirTens = v Xw, Xrainx1, , X f,., (TF 7-7a)

Air

where:
T Ayifi’zijj; = transfer factor for wet deposition of vapor-phase chemical in air to the
leaf when it is raining (/day); and
W,y = 1/K,; as described in Equation 7-7 above.
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For other chemicals (e.g., nonionic organic chemicals), the expression w,, X f,,, can be
estimated from the expression Z,,,, .u.e/Z 1o 4i @ Tollows. From Equation 7-7 and the definition
of f,,- above:

Z e waer  Mass_Fraction_Vapor
_ater _ _

o _ Eq. 7-8
W X [ 7 Volume _Fraction Vapor (B )

pure_vapor

From Equation 2-73:

Z. =7 < Volume F rac‘tion_ Vapor (Eq. 7-9)
oA pure_vapor Mass _Fraction_Vapor

Therefore:

pure_water

Eq. 7-1
~ (Eq. 7-10)

Wy X fom =
Total _Air

Thus, an alternative algorithm for wet deposition of vapor-phase chemical to plant leaves
is calculated as:

pure_water

AS .
Air - Leaf ~— X rain X [wet X

TVwet_dep - (TF 7-7b)
Air ZTotaliAir
where:
A’/;’itlij;’. = transfer factor for wet deposition of vapor-phase chemical in air to
the leaf (/day); and
Z rotal tir = total fugacity capacity of chemical in air compartment (mol/m’-
Pa).

7.2.2 UPTAKE OF GASEOUS CHEMICAL INTO FOLIAGE

The diffusion pathway between air and leaves is relevant for all gaseous forms of
chemicals, including organic compounds and mercury species. The diffusion from air to plants
is based on two resistances in parallel: (a) the series resistance of air boundary (Section 7.2.2.1),
stomata (Section 7.2.2.2), and mesophyll (Section 7.2.2.3), and (b) the series resistance of air
boundary (7.2.2.1) and cuticle (Section 7.2.2.5). It is assumed that the chemical fraction that is
in the plant cuticle or mesophyll is inside of the plant, but that the chemical inside of the stomata
but outside of the mesophyll is outside of the plant. It should be noted that the resistance is the
inverse of the conductance. Damage to the plant (e.g., from insect herbivory) can also modify
the transport of nutrients from plant leaves (Hargrove 1999). However, the contribution of insect
or other sources of damage to the diffusion of mercury and other chemicals into and out of the
plant is unknown and not currently addressed in TRIM.FaTE.
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7.2.2.1 Air Boundary-layer Conductance

The air boundary-layer conductance is defined by the following equation:

pure_air

= Eq. 7-11
&= "5 (Eq. 7-11)
where:
2 = conductance of the air boundary layer (m/day);
D,,. .. = diffusion coefficient of chemical through still, pure air (m?[air]/day); and
O,p = thickness of air boundary layer (i.e., still air) over leaf surfaces (m).

The boundary layer thickness (0,, in m) may be approximated by Equation 7-12 below
(Nobel 1999), or the value may be assumed (e.g., 0.001 m in Riederer 1995, 0.005 m in McKone
1993a,b,c). The constant of 0.00389 in the following equation is the square root of the viscosity
of air at 20° Celsius, 1.51 x 10 m*/sec (Wilmer and Fricker 1996).

0, = 000389/ /v (Eq. 7-12)
where:
[ = length of flat leaf (m); and
v = wind velocity (m/sec).

7.2.2.2 Stomatal Conductance

The stomatal conductance of gaseous chemicals into the leaf is calculated in the
TRIM.FaTE library using the following equation (Riederer 1995):

D . Xnag X IsDay x a
g = pure_air s 'y s (Eq. 7-13)
Xg Vs
where:

Zwomaa =  conductance of the chemical through the stomata (m/day);

D,.r =  diffusion coefficient of the chemical in pure, still air (m*[air]/day);

nag = number of stomata in leaf (n) times area of 1 stomata divided by area of
leaf (ay) (unitless);

o = mean degree of opening of stomatal pores, between 0 and 1 (default=1)
(unitless);

IsDay =  atime-varying parameter that equals 1 during the day and O at night, to
open and close the stomatal pores (unitless);

Xg = depth of elliptical pore (m); and

Vs = mean pore radius (m).
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In the field, the degree of opening of stomatal pores tends toward one during the day and
zero at night, unless the temperature is high and the humidity low, in which case the value of g
will be less than one during the day. The default value in the TRIM.FaTE library for oy during
the day is one. The stomatal conductance is “turned off” when IsDay equals zero.

Analysis of data reported by Wilmer and Fricker (1996, p. 18) indicates that the value for
the expression (nag)/(xg + yg) is relatively similar among plant species (i.e., coefficient of
variation ~0.5). Thus, that expression in Equation 7-13 is replaced in the TRIM.FaTE library by
a single parameter:

Sy = s Eq. 7-14
N = X+ Vs (Eq. 7-14)
where:
Sy = stomatal area, normalized for effective diffusion path length (/m).
Thus, in the TRIM.FaTE library:
gstomata = Dpureiair X SN X aS (Eq 7'15)

If this algorithm for g,,,,.... 1S used, it should be noted that a model limitation is that
conductance varies with temperature. In the 20° to 40°C temperature range, the vapor flux from
leaves has been observed to double with a 10° rise in temperature (Leonard et al. 1998), so
variability in temperature could contribute significantly to the uncertainty in this type of transfer.

If data on the effective diffusivity of the subject chemical in air, D, ,;» are lacking, the
following alternate equation can be used to estimate diffusivity (conductance) of the chemical
through stomata based on diffusivity of water through stomata (Trapp 1995). In other words, the
stomatal conductance of gaseous chemicals into the leaf may be approximated from the stomatal
conductance of water vapor. The only chemical-specific parameter that is required is the
molecular weight of the chemical:

gstomata = V 18/ MW X gwater (Eq 7_16)

where:
18 = molecular weight of water (g[water]/mol[water]);
M, = molecular weight of chemical (g[chemical]/mol[chemical]); and
Soater = conductance of water through the stomata (m/day).

Conductance of water through the stomata may be calculated using the following
algorithm from Bennett et al. (1998):

_ 461x T 4 5
Evater ~ 757273 % (1 kgxd™ xm ) (Eq. 7-17)
(1-rh)x611x 10 @37+(T-273)
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where:

rh = relative humidity (unitless); and
T = temperature (°K).

Note that Equation 7-16 for stomatal conductance, with Equation 7-17 substituted for g,,..,»
includes the resistance of the air-side boundary in series with the stomatal resistance. If those
equations were to be implemented in TRIM.FaTE instead of Equation 7-15, it would be
necessary to remove the air boundary-layer resistance from Equations 7-18 and 7-19 for total
conductance of the stomatal pathway (see Section 7.2.2.4 below).

7.2.2.3 Conductance of Mesophyll

It is suggested that for most organic chemical species and most plant species, the
stomatal or cuticular conductance is the rate-limiting pathway (Riederer 1995). Therefore, for
most chemicals, there is no need to consider the conductance of mesophyll (inner tissue).
However, some work with elemental mercury cited in Lindberg et al. (1992) suggests that
“resistance on or within mesophyll surfaces dominates the atmosphere-leaf diffusive path of
Hg" (see Section A.1.5 of Appendix A). Thus, conductance of the mesophyll is included when
estimating the total conductance of the stomatal pathway for Hg(0), as described in the next
subsection.

7.2.2.4 Total Conductance of the Stomatal Pathway

The total conductance of the stomatal pathway is:

-1
8s = [ 1 "'i"'i) (Eq. 7-18)
gstomata gm gB
where:
g = total conductance of stomatal pathway, including mesophyll (m/day);
Loomata = conductance of stomata (m/day);
2, = conductance of mesophyll (m/day); and
25 = conductance of the air boundary layer (m/day) (see Section 7.2.2.1).

However, of the chemicals evaluated for TRIM.FaTE to date, only elemental mercury encounters
significant resistance from the mesophyll (see Section 7.2.2.3). Thus, Equation 7-18 would be
used in full for elemental mercury, but the middle term for the resistance of the mesophyll would
be dropped from the equation for the two other mercury species (i.e., divalent and methyl). The
total conductance of the stomatal pathway for chemicals other than elemental mercury thus far
included in the TRIM.FaTE library is:

-1
gs = [ L. i) (Eq. 7-19)
gStomata gB
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7.2.2.5 Cuticular Conductance

The cuticular conductance (mass transfer coefficient for chemical transfer across the
cuticle side of the air/plant interface) is defined by the following equation (Riederer 1995):

g » — })cuticle (Eq 7_20)
cuticte KAW
where:
Soicle = conductance of the cuticle (m/sec);
P = permeance of the cuticle (m/sec); and
K, = air/water partition coefficient, i.e., equilibrium ratio between the chemical

in water and in the vapor phase (g[chemical]/m’[air] per
g[chemical]/m’[water]).

Cuticular permeance is an experimentally derived value that describes the mass transfer
velocity from water into the leaf. The dimensionless air/water partition coefficient is used to
transform the chemical in the sending compartment from water-phase to the vapor-phase in air.
Cuticular permeance has been measured in Citrus aurantium leaves, and the following
relationship in Equation 7-21 (below) was derived from those data (Riederer 1995). The
variability of this relationship among plant species is unknown.

10g (P ) = 0.704 x log (K, ) =112 (+ = 091) (Eq. 7-21)

cuticle

We extend Equation 7-21 to estimate the conductance from bulk air, using Z7,,,; ;. /
Z Thus:

‘pure_water*

{ 100704102 K,,,~11.2 J
ovicle = x 86,400 (Eq. 7-22)
! ZTotalﬁAir /Zpureiwater
where:
Zpure water fugacity capacity of chemical in aqueous phase (mol/Pa-m’);
Zroa 4ir = total fugacity capacity of chemical in bulk air (mol/Pa-m®); and

86,400 = units conversion factor (sec/day).

The cuticular conductance must be put in series with resistance through the air boundary
on the leaf surface to yield the total cuticular conductance (air-to-plant), adjusted for the fugacity
capacity of the air and leaf. Thus:

-1
g, - [LJ, ! ] (Eq. 7-23)
gB gcutlcle
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where:

8c =

&3 =

g cuticle

total conductance of the cuticular path, including the air boundary layer
(m/day);

conductance of the boundary layer (m/day); and

conductance of the cuticle (m/day).

7.2.2.6 Transfer Factors for Diffusion

Riederer (1995) has derived a flux equation for diffusion in and out of plant leaves:

dNLeaf_ A x( + )xNAir -4 x( + )XNLm/' x KAW (E 724)
dt Leas * \8c T s v, read * \8c T &5 VLeqf KLequ q.
where:
Nieor mass of chemical in leaves (g[chemical]);
Al eas effective interfacial area between leaf and air (m?);
N, mass of chemical in air (g[chemical]);
Vi volume of air (m?);
V seaf volume of leaves (m?);
K,y air/water partition coefficient (g[chemical]/m’[air] per
g[chemical]/m’[water]); and
Koo leaf/water partition coefficient (g[chemical]/m’[leaf] per

g[chemical]/m’[water]).

If the Riederer (1995) equation (which is calculated with respect to one-sided leaf area;
i.e., Eq. 7-4) is used in TRIM.FaTE to estimate stomatal conductance, the following equation is
used to estimate diffusion of vapor-phase chemical from the plant leaf into the air:

TLder;'—oAir = (QLAI X Ag x g + LAI x Ag x gg) X Vl X 7 = (TF 7-8a)
Leaf Total _Leaf
where:
T, Ld;£§~ Air transfer factor for diffusion of vapor-phase chemical from leaf to the air
(/day);
LAl one-sided leaf-area index (for the area of one side of a leaf) (unitless);
A area of associated soil (m?);
gc total conductance of the cuticular pathway, including the air boundary
layer (m/day);
g total conductance of the stomatal pathway, including the air boundary
layer (m/day);
Vi volume of leaf compartment (m’);
Zpure air fugacity capacity of chemical in gas-phase air (mol/m*-Pa); and
Z rotal Leat total fugacity capacity of chemical in the leaf compartment (mol/m’-Pa).
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The Riederer (1995) equation is the default implemented in the current TRIM.FaTE library.

If the alternative equation for stomatal conductance from Bennett et al. (1998) is used to
calculate stomatal conductance (i.e., Equations 7-16 and 7-17), the transfer factor for diffusion
from leaf to air would be calculated as:

diff _ 1 pure_air
T = (QLAI x Ay x g + Ag X gg) X X (TF 7-8b)

Leaf - Air
VLeaf Z Total Leaf

Note that the contact area associated with the cuticular pathway is double the LAI, because
cuticles cover the top and bottom of a leaf.

The total fugacity capacity of the chemical in the leaf compartment, Z;,,,, ;.. can be
calculated using Equation 7-25 (below), which represents plants as a mixture of air, water, and
nonpolar organic matter analogous to octanol (Paterson and Mackay 1995). It is assumed that
the fugacity capacity of the chemical in a plant leaf is equivalent to that in a generic plant that is
18 percent air, 80 percent water, and 2 percent nonpolar organic matter.

+ 0.80 x Z

‘pure_water

ZTotal_Leaf: 0.18 x Z

‘pure_air

+0.02 x K,y X Z

‘pure_water (Eq 7-25)

Since the Riederer (1995) equation (which is calculated with respect to one-sided leaf
area, i.e., Equation 7-11) is used for the stomatal conductance in the current TRIM.FaTE library,
the transfer factor for diffusion of the chemical from the air into the leaf is calculated in the
library as:

1
T3l vy = QLAI X Ag X ge 4 LAL X g X gg) X7 — (TF 7-9a)

Air
If the Bennett et al. (1998) equation is used for the stomatal conductance (i.e., Equations
7-16 and 7-17), the transfer factor for diffusion from air to leaf would be calculated as:

. 1
TZZCLM/ =LA X Ag x go + Ag X gg) X (TF 7-9b)

Air
7.2.3 UPTAKE FROM SOIL BY ROOT

The uptake of chemicals by plant roots is treated as an equilibrium process in the current
library. Two alternative algorithms may be used to calculate the accumulation of a chemical by
plants from soil: uptake from bulk soil (Section 7.2.3.1) or uptake from soil pore water (Section
7.2.3.2). Both algorithms are derived from an equilibrium relationship, an estimated time to
equilibrium, and the assumption of a first-order rate of uptake. The selection of algorithms for
bulk soil or for soil pore water depends on the measured partition coefficient (i.e., whether it was
measured relative to bulk soil or estimated relative to soil pore water). Due to uncertainties
associated with modeling these root types, initial TRIM.FaTE applications have not applied
these algorithms to woody tree roots or tuber crops. Further consideration of compartment
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design, parameter values, etc. may lead to some use of these or other algorithms for those root
types.

7.2.3.1 Uptake from Bulk Soil

The uptake of chemicals from bulk soil by roots is described in TRIM.FaTE by an
equation in the form of time to equilibrium between the roots and soil. Because of the linear
relationships in TRIM.FaTE, uptake is described as proportional to the concentration of the
chemical in soil even though some studies suggest that a log-log regression between soil and root
concentrations is a more precise model of uptake (Efroymson et al. 2001).

The change in concentration of the chemical in the root over time can be estimated using
a time-to-equilibrium model (see Section 2.5):

dc,. [-In(-a) - In(1- @)
dt = tRSr X KRoat—Sr X CSr - lRSr X CRoot (Eq 7-26)

a a

where:

A

concentration of chemical in the root compartment (g[chemical]/m’[roots]);

proportion of equilibrium value achieved (default = 0.95);

time (days) required for the root/bulk-soil interaction to reach 100xo percent

(default o = 0.95) of equilibrium when Cj, is approximately constant with

time;

Kioosy = user-specified value for the partition coefficient of the chemical between the
root and bulk wet soil (or uptake factor, g[chemical]/m*[root] per
g[chemical]/m’[soil wet wt]); and

C = concentration of the chemical in the root-zone soil (g[chemical]/m’[soil]).

e

Root

13
|

RSr

~

If the areal density of roots is approximately constant with time, then:

XV

Root

AN 1 [— In(1 - a')] ‘K

dt tRSr

a

N, [-In(1-a)
Root-Sr V - RSr X NRoot (Eq 7_27)
Sr !

a

Nio,y = mass of chemical in roots (g[chemical]);

Ve =  volume of roots (m*[root]);

N, = total mass of chemical in all phases of bulk root-zone soil (g[chemical]);
and

V = total volume of root-zone soil, which contains roots (m’[soil]).

Thus:
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X VRoot K

Root-Sr
VSr

- In(1- @)
Sr - Root = [ (TF 7-103)

RSr
tﬂ

where:
T, roos = transfer factor for transfer of chemical from root-zone soil to root (/day).

The transfer in the other direction, from the root to the bulk root-zone soil is represented as:

-In(1-a)
TRootaSr = tRSr (TF 7_1 la)

a

where:
Troorsy = transfer factor for transfer of chemical from root to root-zone soil (/day).
7.2.3.2 Uptake from Soil Pore Water

An alternative method by which to estimate the root concentration of a chemical is as an
equilibrium between root-tissue and soil-pore-water concentrations. Selection of the appropriate
method (i.e., for bulk soil or for soil pore water) depends on the experimental method used to
derive the partition coefficient, i.e., whether the data are reported based on pore water, bulk soil,
or dry soil and wet or dry roots. The equilibrium relationship is a generalization of the Briggs et
al. (1982) equation developed in Trapp (1995):

CRoat = KRoot—SrW X CSrW (Eq 7'28)
where:
Croot = concentration in roots (g[chemical]/m’[root wet wt]);
Kp,osw = rOOt/ToOt-zone-soil-water partition coefficient (g[chemical]/m’[root] per
g[chemical]/m’[water] or m’[water]/m’[root]); and
Cor = concentration in root-zone soil pore water (g[chemical]/m’[water]).

The root/root-zone-soil-water partition coefficient is determined as:

KRoot—SrW = (fWRoot + ﬂ’Root X K(l;w) X pR(mt X 0001 (Eq 7_29)
where:

IW roor = fraction water content of root (kg[water]/kg[root wet wt]);

SLroor = fraction lipid content of root (kg[lipid]/kg[root wet wt]);

K,, = octanol/water partition coefficient (g[chemical]/kg[octanol] per
g[chemical]/L[water] or L[water]/kg[octanol]);

b = correction exponent for the differences between octanol and lipids
(unitless);
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Proot = volumetric density of fresh root (kg[root wet wt]/m’[root]); and
0.001 = unit conversion factor (m’/L).
Thus:
dC,, -In(1-a) - In(1-a)
d]; t = [ tRSrW ] X KRoot—SrW X CSrW _[ tRSrW X CRoot (Eq 7-30)
where:
= time (days) required for the root/soil-pore-water interaction to reach

100xa percent (default o = 0.95) of equilibrium when C,, is
approximately constant with time.

The value of ¢, for the root/soil-pore-water interaction can be determined from empirical
studies using roots exposed to the chemical in water. In the absence of any data, this 7, can be
estimated from the following equation:

log(Kow)-1.8
(R = 2x (1'62 +2Z ) (Eq. 7-31)

That equation is based on the equation for the plant-root/soil-water interaction from Hsu
et al. (1990), and 24 is the unit conversion factor (hr/day). However, it is a rough estimate, and
the proportion of equilibrium that it might represent is not specified.

If the areal density of roots is approximately constant with time, then:

dN,., - In(1- a) N, -In(1-a)
dI; : = I: tRSrW X VRoot X KRoot—SrW X VS - - |: tRSrW X NRoot (Eq 7-32)
a Srw a
where:

Neoor = mass of chemical in roots (kg);

Vieoot = total volume of roots (m*[root]);

Ngw = total mass of chemical in root-zone-soil water (kg), which

= N, x Fraction _Mass_Dissolved (i.e., the total chemical mass in the soil

compartment multiplied by the fraction of it that is dissolved in water);
and

Ve = volume of root-zone soil water (m*[water]), which

= Vs xVolume Fraction Liquid (i.e., volume of the soil compartment
multiplied by &, the fraction of the root-zone soil compartment that is
liquid (see Equation 2-37)).
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Making the substitutions for N, and V,, and using Equation 2-72 (Chapter 2) to
substitute Z factors for the ratio of fractions, the transfer factors are:

- In(1- a)_ V oot Fraction Mass _Dissolved
TV = r X X KRoo -Srw X - -_ . .
R N S ' Volume _Fraction_ Liquid
| - ln(l - 0’)— VR " Zpure water
= X —xK, o X——— (TF 7-10b)
RSrw Root-Srw
L tﬂ i VSV t ZTataliSr
_—In(1-a)
TRoota Srw T tRSrW (TF 7-1 1b)
a
where:
Tow root = transfer factor for transfer of chemical from root-zone soil water to root
(/day);
Troot »ow = transfer factor for transfer of chemical from root to root-zone soil water
(/day);
Zpure waer = Tugacity capacity of the chemical in aqueous phase (mol/Pa-m®); and
Z rotal s = total fugacity capacity of the chemical in the root-zone soil compartment
(mol/Pa-m’); and
Vs, = volume of the root-zone soil compartment (m*[soil]).

Note that the user specifies either equations TF 7-10a and TF 7-11a (for transfers related
to bulk soil) or TF 7-10b and TF 7-11b (for transfers related to soil pore water only) for a given

chemical.

7.2.4 TRANSFERS INVOLVING THE STEM

The algorithms for the uptake of chemicals by the stem are taken from Trapp (1995), who
derived them for organic chemicals.

7.2.4.1 Contribution from Soil Pore Water via Transpiration Stream (Xylem)

Trapp (1995) derived an equation for the unidirectional flux of chemical from the soil
pore water into the stem driven by the plant transpiration stream through its xylem:

where:
dNSt NS‘W
___olem - X TSCF X o 7=
dt QXy VSrW (Eq 7 33)
N mass of chemical in stems (g[chemical]);
Oy = total flow of transpired water (m’[xylem]/day, derived below);
TSCF = transpiration stream concentration factor (g[chemical]/m’[xylem] per
g[chemical]/m’[soil pore water] or m*[water]/m’[xylem]);
Ny = mass of chemical in root-zone-soil pore water (g[chemical]); and
SEPTEMBER 2002 7-25 TRIM.FATE TSD VOLUME II



CHAPTER 7
TERRESTRIAL BIOTA ALGORITHMS

Ve = volume of water in root-zone soil (m’[water]).
Using the equation of Hsu et al. (1990):

(—((1og(1<ow)—3.o7)2 )/2.78)

TSCF =|0.7xe (Eq. 7-34)
According to Crank et al. (1981):
0, = 4.8x107 x LAI x A (Eq. 7-35)
where:
4.8 x10° = empirical factor (m’[water]/m*[leaf]-day);
LAI = leaf-area index (m’[leaf]/m*[soil]); and
Ag = area of associated soil (m?[soil]).

The quantity (N,,,/Vs5 ) in Equation 7-33 equals the concentration of the chemical in the
root-zone soil pore water in g[chemical]/m’[water]. That quantity can also be expressed as the
fraction of the mass of the chemical in the root-zone soil compartment that is dissolved in water
divided by the volume of the root-zone soil compartment that is liquid, which equals

Zpureiwate;/ZTotalfSr (see SeCtion 26)
NSI‘W NSr MaSS_ FVaCtZOI/l_ DlSSOlved NSr Zpureiwaler
= X - ——— = X (Eq. 7-36)
Vow Vs Volume_Fraction_Liquid — V,,  Z;,., s
Thus:
Q X Z ure water
TSr—~ Stem = = _— X T SCF
VSV X ZTotal_Sr
QXy
= X f.. X TSCF (TF 7-12a)
VSr
where:
T .. = transfer factor for transfer of chemical from root-zone soil to stem (/day);
Zpure waer = Tugacity capacity of chemical in pure water (mol/Pa-m’);
Vs, = volume of the root-zone soil compartment (m);
Zrotal sr = total fugacity capacity of chemical in bulk root-zone soil (mol/Pa-m*); and
fur = fraction of chemical mass that is dissolved in water divided by fraction of
the volume of the root-zone soil compartment that is water (unitless),
which

= Zpure wae! Lo s (S€€ Equations 2-72 and 2-80).
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7.2.4.2 Alternative Algorithm for Soil/Stem Transfers

An alternative algorithm for uptake of nonionic organic chemicals by the stem from root-
zone soil is an equilibrium relationship between the soil pore water and stem taken from Briggs
et al. (1983):

CStem = SCF X CSrW X psmm (Eq 7-3 7)
Srw
where:
Coom = concentration of chemical in stem (g[chemical]/m’[stem]);
Cop = concentration in root-zone-soil pore water (g[chemical]/m’[water]);
SCF = stem concentration factor (g[chemical]/kg[stem wet wt] per
g[chemical]/kg[water] or kg[water]/kg[stem wet wt]) (see below);
Psem = density of stem (kg[stem wet wt]/m’[stem]); and
Pow = density of root-zone-soil pore water (kg[water]/m’[water]).

The SCF may be calculated using the following equation from Briggs et al. (1983):
SCF = (100.95X10g(1{0w)—2.05 +082) x 0.784 x e—(log(Kw)—lis)z/2.44 (Eq. 7-38)

Thus, the change in chemical concentration in the stem is estimated as:

dc,. [ -1n(1- @) Do - In(1- @)
dS; = [ StSrw ] X SCF X e X CSrW - W X CStem (Eq 7_39)
a Srw a
where:
5 = time (days) required for the stem/root-zone-soil-pore-water interaction to

reach 100xa percent of the equilibrium value when Cs,,, is approximately
constant with time.

If the areal density of stems is approximately constant with time, then:

dNg,, _[-In(1-a) Psen . Ny [-In(1-a)
di = [ tStSrW ] X VStem X SCF X > X VS - tStSrW X NStem (Eq 7-40)
a Srw Srw a
where:

Neyow = mass of chemical in fresh stems (g[chemical]);

Viem = total volume of stem compartment (m’[stem]);

Ny = total mass of chemical in root-zone soil water (g[chemical]); and

Vow = volume of root-zone soil water (m*[water]).
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The total volume of the stem compartment can be calculated as follows:

_ wreaStem X ASr

Ve = Eq. 7-41
st O (Eq )
where:
pareag,, = areal density of stem on associated soil (kg[stem wet wt]/m*[soil]);
A, = area of associated root-zone-soil compartment (m*[soil]); and
Pstem = wet density of stem (kg[stem wet wt]/m’[stem]).

Thus, the transfer factors describing the transfer from root-zone-soil pore water to the
stem and from the stem to the root-zone-soil pore water are:

T “hnd-a)], y ot (TF 7-12b1)
T A rea R -
Srw — Stem tj'tSrW IaZ Stem per X dS,
and:
-In(1-a)
T:S‘temﬂSrW = tStSrW (TF 7-12b2)
where:
Tow sem = transfer factor for transfer of chemical from root-zone soil water to stem
(/day);
Tgem .w = transfer factor for transfer of chemical from stem to root-zone soil water
(/day); and
ds, = depth of root-zone soil compartment (m), which

= Vs (m3) / 4, (mz)

Note that this alternative algorithm for nonionic organic chemicals includes transfers in two
directions (TF 7-12bl and TF 7-12b2), whereas the default algorithm in the TRIM.FaTE library
(TF 7-12a) is a one-way transfer from root-zone-soil pore water to the stem. Note that TFs 7-
12b1 and 7-12b2 are not in the current TRIM.FaTE library. They are provided here for those
users who may have data available for the SCF parameter but not one or more of the parameters
needed for TF 7-12a (e.g., TSCF, Q).

7.2.4.3 Contribution from Leaves via Phloem

During the growing season, the stem can gain dissolved chemical from the leaves via
phloem. Assuming that the chemical concentration in phloem sap is in equilibrium with that in
leaves:

dN

Stem — Qph X

dt

NLeaf
' Eq. 7-42
XK (Eq. 7-42)

Leaf LeafPh
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where:
N, = mass of chemical in stems (g[chemical]);
Op, = phloem flux into leaves (m’[phloem]/day), due to advection (assume 5 percent
of Oy, [defined in Section 7.2.4.4], Paterson et al. 1991);
N, = massofchemical in leaves (g[chemical]);
Vieg = volume of leaves (m’[leaf]); and
K,..en = partition coefficient between leaves and phloem water (g[chemical]/m’[leaf]

per g[chemical]/m’[phloem] or m’[phloem]/m’[leaf])).

The following equation, adapted from an equation for sorption of contaminants to plant
roots (Trapp 1995), can be used to calculate K,

pLeaf
KLeaﬁDh = (J Leaf t ﬂLeaf X Kobw) X p (Eq 7‘43)
Ph

where:

Wi = fraction of leaves consisting of water (kg[water]/kg[leaf wet wt]);
fLi., = fraction of leaves consisting of lipid (kg[lipid]/kg[leaf wet wt]);
K = octanol/water partition coefficient (g[chemical]/kg[octanol] per
g[chemical]/L[water]);

ow

b = correction exponent for differences between foliage lipids and octanol
(unitless);

Prs = density of leaf (kg[leaf wet wt]/m’[leaf]); and

Lrn = density of phloem (kg[phloem]/m’[phloem]).

If the chemical in question is ionic, it may be assumed that K, is close to zero and that

ow

the concentration of the ionic species in the phloem is the same as that in leaf water. Thus:

1

TLeafaStem = QPh X (TF 7'13)

VLeqf X KLeafPh
where:
T eaf sstem = transfer factor for leaf to stem (/day).
7.2.4.4 Loss from Stem to Leaf via Xylem

During the growing season, the stem can lose dissolved chemical to the leaves via the
xylem:
dN ,,.; N

—dt = QXy X —V XSII? (Eq 7—44)

Stem StemXy

where:
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N, = massofchemical in leaf compartment (g[chemical]);

Oy, = flow of transpired water (m’[xylem]/day);

N, = mass of chemical in stem compartment (g[chemical]);

Veew = volume of stem (m’[stem]); and

Kgemy, = partition coefficient between stem and xylem water (m’[xylem]/m’[stem])).

The following equation, adapted from an equation for sorption of contaminants to plant
roots (Trapp 1995), may be used to calculate K,

eme:
— b pStem
KSteme - (W?tem t fLStem X Kow) X (Eq 7‘45)
pr
where:
W.. = fraction water content of stem (kg[water]/kg[stem wet wt]);
fL., = fraction lipid content of stem (kg[lipid]/kg[stem wet wt]);
K,, = octanol/water partition coefficient (g[chemical]/kg[octanol] per
g[chemical]/L[water] or L[water]/kg[octanol]);
b = correction exponent for differences between foliage lipids and octanol
(unitless);
Osen = density of stem (kg[stem wet wt]/m’[stem]); and
Py, = density of xylem fluid (kg[xylem]/m’[xylem]).

If the chemical in question is ionic, it may be assumed that K, is zero and that the
concentration of the ionic species in the xylem is the same as that in leaf water. Thus:

1
Toeon . 1ear = O ¥ (TF-7-14)
! / g VStem X KSteme
where:
Tgem1er = transfer factor for stem to leaf.

7.2.4.5 Loss from Phloem to Fruit

Depending on the application, it may not be necessary to implement a fruit compartment
or this loss term in a TRIM.FaTE simulation. Things to consider may be the concentrations
expected in fruit and the portion of the diet (wildlife or human) expected to be comprised of
fruit. This algorithm has not yet been implemented in any applications of TRIM.FaTE. The
concentration of any chemical in the phloem running through the stem is at the same
concentration as xylem sap leaving the stem; both are in equilibrium with the stem. Thus:

dNFruit - NStem
27 O X T xk (Eq. 7-46)

Stem StemXy

where:
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N, = mass of chemical in fruit (g[chemical]);
Opr = phloem flux into fruit (m’[phloem]/day), due to advection (assume 5 percent
of Qy,, Paterson et al. 1991);

N, mass of chemical in stem (g[chemical]);

Stem
View = volume of stem (m’[stem]); and
Kemy, = partition coefficient between stem and xylem water (m’[xylem]/m’[stem])).

7.2.5 UPTAKE BY WOOD AND TREE BARK

Wood is of interest in a mass-balanced chemical transport and fate model because of its
potential for serving as a large reservoir of chemical mass. The few studies that exist suggest
that there is some accumulation of air pollutants in bark and wood. Turner (1998) has collected
limited data on the accumulation of mercury in wood, but the mechanism of accumulation is not
understood. Simonich and Hites (1995) provide data on the accumulation of organochlorine
compounds in tree bark; PAHs would be expected to have similar properties. Algorithms for the
transfer of chemicals to wood and tree bark are not currently available in the TRIM.FaTE library
because of a general lack of information for persistent air pollutants.

7.2.6 TRANSFORMATIONS AND DEGRADATION

All transformations are assumed to be first-order processes in TRIM.FaTE. The
derivations of these values for mercury and PAHs are described in Appendices A and B of this
volume, respectively. Transformations of chemicals associated with particles on the surface of
plant leaves are assumed to occur with the same rate constants as transformations of chemicals
associated with particles in air.

Transformations of chemicals into other chemicals that are no longer be tracked in
TRIM.FaTE are called general degradation processes. In TRIM.FaTE, the degradation of a
chemical in particles on leaves and vegetation due to all mechanisms that might apply (e.g.,
photolysis, and metabolic activity) is reflected by the user input for the half-life of the chemical
in the plant leaf, stem, and root, and for the chemical associated with particles on the surface of
the leaf.

Transformations of a chemical into another form of the chemical that is tracked in
TRIM.FaTE are named for the processes associated with the transformation (e.g., oxidation,
methylation, reduction of mercury species). The transformation rate constant is the inverse of
the residence time with respect to that reaction.

7.2.7 LITTER FALL

The flux of chemical from leaves, including particles on leaves, to surface soil during
litter fall at the end of the growing season may be expressed by the equation:

dN
RS\ NLeaf + kL x N

Eq. 7-47
” (Eq )

LeafP

where:
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Ng, = mass of chemical in surface soil in compartment (g[chemical]);

k; = litter-fall rate constant (/day);

N, = mass ofchemical in foliage in leaf compartment (g[chemical); and
Ny = mass of chemical in particles-on-leaf compartment (g[chemical]).

If it is assumed that 99 percent of the leaves of deciduous trees are dropped to surface
soil between the day of first frost and a date that is 30 days later, k, would be calculated
according to the equations:

C_n (Eq. 7-48a)
CO
In(0.01) = -30k, (Eq. 7-48b)
where:
C/C, = nratio of concentration in the leaf compartment after 30 days of litter fall, C, to

the concentration in the leaf compartment at the beginning of litter fall, C,,
which equals 0.01 if 99 percent of the mass is lost in 30 days
(g[chemical]/m’[leaf] per g[chemical]/m’[leaf]).

Thus, k£, would equal -In(0.01)/30 days which is 0.15 /day.

Litter fall for conifers, on the other hand, usually occurs more gradually, with a complete
turnover of leaves taking 2 to 10 or 11 years (Post 1999). Thus, if it is assumed for the purpose
of a TRIM.FaTE scenario that the leaf turnover is 6 years, k&, would equal -In(0.01)/ 2190 days,
which is 0.0021/day. Moreover, that litter-fall rate could be set to a constant value for the year.

If it is assumed that herbaceous plants and grasses become “litter” on the surface of the
soil during the 30-day period beginning the day of first frost, again, k, would equal 0.15 /day.

If all of the plant material were harvested, the litter-fall rate constant would be set to
0/day and the chemical in the harvested plant compartments would need to be transferred to a
chemical sink or to another compartment (e.g., silage) for purposes of balancing mass in
TRIM.FaTE. If only a portion of the plant crop (half of the leaves for example) were harvested
and the remainder of the plant were allowed to remain in the “field”, the user would need to
determine the fraction of the biomass that would be harvested. That fraction of the chemical in
the harvested plant biomass could be sent to a harvest sink while the remainder could be sent to
the surface soil compartment.

Thus:
Leaf - Ss — k, (TF 7-15)

where:

T} .yss = transfer factor for leaf to surface soil (/day).
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Also:
Tperss = K4 (TF 7-16)
where:
Tpeyp-ss =  transfer factor for the particles-on-leaf to surface-soil compartments

(/day).

Note that the transfer of chemical from litter to surface water is not implemented in
TRIM.FaTE at this time.

7.2.8 SENESCENCE

Senesence is not considered in the current version of the TRIM.FaTE library.
Senescence is the aging of plants, a process which affects the uptake of chemicals, growth, and
plant parameters such as water content. If a user of TRIM.FaTE wants to include the process of
senescence, candidate algorithms for changes in plant biomass may be found in Whicker and
Kirchner (1987). Senescence of plants is assumed to be negligible prior to the date of first frost.

7.2.9 OTHER SEASONAL ISSUES

Plants only take up chemicals during the growing season, i.e., the dates in the spring,
summer, and fall between last frost and first frost. Although there may be uptake by conifers
outside of the growing season, it is probably negligible for much of the non-growing season in
cold environments (e.g., in the Maine case study) (Lindberg 1999b) and is not considered for
TRIM.FaTE modeling purposes. To limit plant uptake only to the growing season, the user must
specify the time period considered outside of the growing season.

During the 30-day period of litter fall for deciduous trees at the end of the growing
season, chemical mass is steadily decreased in the leaf compartment. Because the loss is
modeled using a rate constant, at the end of 30 days, a small amount of chemical remains in the
leaf compartment, and that amount remains throughout the winter. Note that in the current
TRIM.FaTE library, the volume of the leaf compartment goes to zero on the date at which
AllowExchange goes to zero, which is at the beginning of the 30-day litter-fall period. On that
date, the leaf compartment is no longer available as a food source for terrestrial herbivores and
omnivores.

An additional seasonal issue is deposition to the particles-on-leaf compartment type.
Tree foliage and grasses only intercept deposition when they are present. Like the leaf
compartment, the volume of the particles-on-leaf compartment is a function of AllowExchange,
and so the volume of particles-on-leaf drops abruptly to zero for the winter, starting on the first
day of litter fall. TRIM.FaTE assumes that no plant foliage is present in the non-growing
season, except for that associated with conifers or other user-created evergreen vegetation types.
All deposition in deciduous forests, old fields, and agricultural systems in the non-growing
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season goes directly to soil. Deposition to conifer foliage may continue in the winter, though
accumulation of chemicals from particles or wet deposition is assumed to be negligible.

Chemical transformation within the plant is also assumed to cease in the non-growing
season. There is no evidence to support or refute this assumption for most chemicals.

During the non-growing season, for herbivorous or omnivorous animals that do not
hibernate or engage in winter sleep, the user may want to consider the significance of
accumulation from alternative, non-plant dietary sources.

7.3 SOIL DETRITIVORES

In this section, the transfer factor algorithms associated with soil detritivores (i.e.,
earthworms, Section 7.3.1, and soil arthropods, Section 7.3.2) are developed. A list of these
algorithms is provided in the table on the next and following page.

7.3.1 EARTHWORMS

The uptake of chemicals by earthworms in TRIM.FaTE is described by an equation in the
form of time to equilibrium between the earthworms and soil (see Section 2.5). There are two
forms of the uptake equation in TRIM.FaTE: one for uptake of chemicals from an interaction
with bulk soil (Section 7.3.1.1) and one for uptake of chemicals dissolved in soil pore water
(Section 7.3.1.2). The choice of algorithm depends on the data available to derive the partition
coefficients. Empirical data on the uptake of chemicals from bulk soil by earthworms are
commonly available for inorganic chemicals and some organic compounds. Such empirical
ratios are not usually available for earthworm uptake from soil pore water; however, an
established relationship exists between octanol-water partition coefficients and earthworm/soil-
pore-water partition coefficients.

7.3.1.1 Uptake of Chemicals from Bulk Soil

For simplicity, uptake from bulk soil is described as being proportional to the
concentration of the chemical in soil, even though some studies suggest that a log-log regression
between soil and earthworm concentrations is a more precise model of uptake (Sample et al.
1999). The concentration of the chemical in the earthworm (dry-weight basis) is equal to the dry
worm/soil partition coefficient multiplied by the concentration of the chemical in the soil (dry-
weight basis):

CWorm—dry = KWorm—Sr—dry X CSr-dry (Eq 7-49)
where:
Crrormdry dry-weight concentration of chemical in earthworm
(g[chemical]/kg[worm dry wt]);
Kyormsrany =  €arthworm/dry-soil partition coefficient (kg[soil dry wt]/kg[worm dry
wt]); and
Csary = dry-weight concentration of chemical in root-zone soil

(g[chemical]/kg[soil dry wt]).
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Summary of Transfer Factors for Soil Detritivores in TRIM.FaTE

DIFFUSIVE TRANSFERS
Bulk root-zone soil to earthworm:
TF 7-17a
_ - ln(l B a) X MW()rm X
Sr— Worm — tCI;VSr MS,. Worm-Sr
Earthworm to bulk root-zone soil:
TF 7-18a
_-In(1-a)
TWormﬂ Sr = tWSr
a
Root-zone-soil pore water to earthworm: TF 7-17b
T _ B ln(l B a) X MWorm X K
SrW - Worm — t;VSrW VS,, X ex 1000 Worm—-SrWw
Earthworm to root-zone-soil pore water: TF 7-18b
_—In(1-a)
TWormﬂ Srw tWSrW
a
Bulk soil to soil arthropod: TF 7-19
-In(1-a M
S - Arth = (AS ) X p— X KArth—S
ta MS
Soil arthropod to bulk soil: TF 7-20
_-In(1-a)
TArth-.S - tAS
a
LIST OF SYMBOLS USED IN SOIL DETRITIVORE TRANSFER FACTOR ALGORITHMS
o = fraction of equilibrium value achieved by time t, (default = 0.95 or 95%).
t, = time required to reach the fraction o of equilibrium (days) (value depends on
the compartments and phases for which time-to-equilibrium is modeled).
Myvorm = total biomass of worms in root-zone soil compartment (kg[worm wet wt]).
Mg, = total mass of root-zone soil compartment (kg[soil wet wt)).
Kivorm-sr = earthworm/bulk-soil partition coefficient (kg[soil wet wt]/kg[worm wet wt]).
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Summary of Transfer Factors for Soil Detritivores in TRIM.FaTE (cont.)

LIST OF SYMBOLS USED IN SOIL DETRITIVORE TRANSFER FACTOR ALGORITHMS (cont.)
Vs, = volume of root-zone soil compartment (m?).
g = fraction root-zone soil compartment volume that is liquid (unitless).
Kvorm-srw = earthworm/soil-pore-water partition coefficient ( L[water]/kg[worm wet wt]).
M, = total biomass of arthropods in soil compartment (kg[arthropod wet wit]).
M, = total mass of soil compartment (kg[soil wet wt]).
Karn.s = arthropod/bulk-soil partition coefficient (kg[soil wet wt]/kg[arthropod wet wt)).
If masses are converted to wet mass, then:
CWorm = (]_fWWorm) x CWorm_dry (Eq 7-50)
where:
Civorm concentration of chemical in earthworm (g[chemical]/kg[worm wet wt]);
and
Wy = water content of earthworm (kg[water]/kg[worm wet wt]).
It is also true that:
CSr = (I_fWSr) x CSr-d)'y (Eq 7-5 1)
where:
Cs, = concentration of the chemical in the bulk root-zone soil
(g[chemical]/kg[soil]);
W, = fraction water content of root-zone soil (kg[water]/kg[root-zone soil wet
wt]).
Thus:

C

Worm K CSr (Eq. 7‘523)
((l _ fWWm‘m) Worm_Sr _dry (1 _ fWgr)

- X —— S

Rearranging gives:

CWorm (1 - Wgrm)
—Wom_ g x ~——  Worm/ _
¢y T (1 ) (Fa. 7-320)
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Thus:

Gl T (Eq. 7-53)

KWorm—Sr (1 _ fW ) Worm_Sr_dry
Sr

where:

Kyorms = earthworm/bulk-soil partition coefficient (g[chemical]/kg[worm wet wt] per
g[chemical]/kg[soil wet wt] or kg[soil wet wt]/kg[worm wet wt]).

Using the approach described in Section 2.5, the change in chemical concentration in the
earthworm compartment over time can be described as:

dC,,., | —In(1-a) -In(1-a)
C::; = [ tWSr ] X KWorm—Sr X CS/‘ _|: tWSr CWorm (Eq 7_54)
where:
1 = time (days) required for the earthworm/bulk-soil interaction to reach 100x ¢

percent (default « = 0.95) of equilibrium when Ci, is approximately constant
with time. The value of 7/, must be determined from empirical studies
reported in the literature.

If the areal density of earthworms is approximately constant with time, then:

AN o [— In(1- @)

N, [-In(1-a)
WSr X IoareaWOVm X ASr X KWorm—Sr X M -

Wsr ] (Eq. 7-55)

dt tﬂ Sr ta
where:

Nyorm mass of chemical in earthworm compartment (g[chemical]);

pareay,,,. = areal wet-weight density of earthworms in root-zone soil (kg[worm wet
wt]/m*[soil]);

Ag, = area of root-zone soil compartment (m*[soil]);

N, = total mass of chemical in all phases of bulk root-zone soil (g[chemical]);
and

M, = bulk mass of root-zone soil compartment, including arthropods (kg[soil
wet wt]).

Note that the quantity (pareay,,,, * As,) 1s equal to the total biomass of worms (wet wt), My, In
the soil compartment.

Thus, the transfer factors between the bulk root-zone soil and earthworm compartments
are estimated as:
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_ B ln(l B a) MWorm
Sr— Worm ~ X

x K (TF 7-17a)
WSr Worm-Sr
ta M Sr
- In(1-a)
TWorma s ws (TF 7-1 83.)
tﬂ
where:
T .woom = transfer factor for transfer of chemical from root-zone soil compartment to
earthworm compartment (/day);
Tyorm »s» = transfer factor for transfer of chemical from earthworm to root-zone soil
compartments (/day); and
My, = total biomass of worms (kg[worm wet wt]) in the root-zone soil

compartment (= pareay,,, % A,,).
7.3.1.2 Uptake of Chemicals from Soil Pore Water

For simplicity, uptake of chemicals from soil pore water is described as being
proportional to the concentration of the chemical in soil pore water. This algorithm is used as an
alternative to uptake from bulk soil. All calculations can be done in original wet weights,
simplifying the derivation of the transfer factors. These equations are appropriate for any
chemicals for which partition coefficients have been reported on a pore-water basis:

CWorm = KWorm—SrW X CSVW (Eq 7'56)
where:
Cirorm = wet-weight concentration of chemical in earthworm (g[chemical]/
kg[worm wet wt]);
Csp = concentration of chemical in root-zone-soil pore water (g[chemical]/
L[water]); and
Kyormsw = earthworm/root-zone-soil-pore-water (or earthworm/water) partition

coefficient (L[water]/kg[worm wet wt]).

The partition coefficient for the lipophilic organic chemical between the earthworm and
the pore water of the root-zone soil can be calculated as:

KWorm-SrW = ]{OW/398 (Eq 7_57)
where:

Kow = the chemical’s octanol-water partition coefficient (g[chemical]/kg[octanol]
per g[chemical]/L[water] or L[water]/kg[octanol]).
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Equation 7-57 was derived from studies of 32 lipophilic chemicals with log(K,,;) values
from 1.0 to 6.5 (Connell and Markwell 1990, Suter et al. 2000). As for uptake calculated with
respect to bulk soil, the equilibrium model for uptake from soil pore water can be changed to the
following equation to estimate the change in concentration of the chemical in the earthworm
over time:

x C,

Worm

(Eq. 7-58)

WSrw
ta

dc,, ~[-In(1-a)
CZ = [ tWSrW :| X KWorm—SrW X CSrW - I:

a

- ln(l—a’)]

where:

wSrw —

p time (days) required for the worm/root-zone soil-pore-water interaction to

reach 100xa percent (default « = 0.95) of equilibrium when C,, is
approximately constant with time.

The value of this 7, can be determined from empirical studies reported in the literature,
but these are rare. In the absence of any data, “z,” can be estimated from the following equation
if the octanol/ water partition coefficient (K,) is available:

log(K o )-1.
wew _ 2% 1.62+ olloe(Kon)-18)

- (Eq. 7-59)
a 24

This equation is based on the equation for the interaction of plant roots and soil water in
Hsu et al. (1990), which is a rough estimate of the time to equilibrium. An empirical relationship
derived from plant roots is used for earthworms because a model derived from earthworms is not
yet available and the diffusive processes are likely similar. The corresponding proportion of the
equilibrium concentration actually reached, however, is uncertain. Thus, the appropriate value to
use for « (e.g., 0.95, 0.99) is uncertain.

If the areal density of worms is approximately constant with time, then:

dNWorm _ [ B 1n(1 B a) NSFW

dl tWSrW } X MWorm X KWorm—SrW X M

a

o (Eq. 7-60)
_ {— In(l- )|
tZVSrW Worm

where:

N, mass of chemical in earthworms (g[chemical]);

M, = total biomass of worms (kg[worm wet wt]);

Ng, = mass of chemical in root-zone-soil pore water (g[chemical]); and
M, = mass of root-zone-soil pore water (kg[water]).
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It is also true that:

N,y = N, x Fraction_Mass _Dissolved (i.e., the total chemical mass in the total
soil compartment multiplied by the fraction of the total chemical mass that
is dissolved in water); and

M., = Vg, (volume of root-zone soil water in m’) x 1 kg[water]/L[water] x 1000
L[water]/m’[water]; where:

Vow = Vs (m®) x Volume Fraction Liquid (i.e., total volume of the root-
zone soil compartment multiplied by the volume fraction of the
root-zone soil compartment that is liquid).

Making the substitutions for Ng,,,, Mj,,, and then V,,, and using Equation 2-72 (Chapter 2) to
substitute Z factors for the ratio of fractions, the transfer factors are:

- In(1- a')_ M, x Fraction Mass Dissolved
TS W - Wori = WSrw X KW -Srw X - — »
AU I | ot Vo, x 1000 x Volume  Fraction  Liquid
- ln(l - O’)_ MW Zpure water
= = | X Ky X T — X = (TF 7-17b)
L tZ'VS " _ " i VSr X 1000 ZTOtal
and:
_—In(1-a)
TWorm ~Sw T ¢ WSrw (TF 7- 1 8b)
a
where:
Tow wom = transfer factor for transfer of chemical from root-zone-soil pore water to
worm (/day);
Tyorm -sow = transfer factor for transfer of chemical from worm to root-zone-soil pore
water (/day);
Kyomsw = Wworm/soil-pore water partition coefficient (L[water]/kg[worm wet wt]);
Zpure water fugacity capacity of chemical in pure water (mol/m*-Pa); and
Z ol sr = total fugacity capacity of chemical in root-zone soil compartment

(mol/m*-Pa).
7.3.2 SOIL ARTHROPODS

An equation for the uptake of chemicals by soil arthropods may be derived similarly to
that for earthworms. Much of the available data relates the concentration of a chemical in the
fresh (wet weight) arthropod to that in its food. The food may be plant matter rather than soil,
but for the purposes of TRIM.FaTE, the uptake factor is assumed to apply to bulk soil. Bulk soil
includes all phases (i.e., solid, liquid, gas) of the soil compartment.

The user may include the soil arthropods in the root-zone or surface soil compartments or
both. In initial applications of TRIM.FaTE, soil arthropods were included in the surface soils.
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The concentration of the chemical in the arthropods equals the concentration in the bulk soil
multiplied by the arthropod/bulk-soil partition coefficient:

Con = Kps X Cs (Eq. 7-61)
where:
Cin = concentration in arthropods (g[chemical]/kg[arthropod wet wt]);
K os = arthropod/bulk-soil partition coefficient (kg[soil wet wt]/kg[arthropod wet
wt]); and
Cs, = concentration of the chemical in bulk soil (g[chemical]/kg[soil wet wt]).
Thus,
dc,, -In(1- @) -In(1-a)
d;l = [ 45 ] XK s X Cs = {T X C oy (Eq. 7-62)
where:

t = time (days) required for the arthropod/bulk-soil interaction to reach the
fraction o (default = 0.95) of the equilibrium value when Cg is
approximately constant with time.

If the areal density of arthropods is approximately constant with time, then:

dNArth _ [_ 1n(1 B a)

Ny -In(1-a)
4s x parea ;.. * Ag X K, 5 % -

4S } XN, (Eq.7-63)

AS
ta

dt t] M, t;
where:
No = mass of chemical in arthropods (g[chemical]);
parea,, = areal density of arthropod community in soil (kg[arthropod wet
wt]/m?[soil]);
A = area of soil compartment (m?);
Ny = total mass of chemical in all phases of the soil compartment (g[chemical]);
and
M = Dbulk mass of soil, including arthropods (kg[soil wet wt]).
Thus:
-In(1-a M
TSﬂArth = { ( )] X p— X KArth—S (TF 7_19)

M

The corresponding algorithm for the release of chemical from the arthropods back to the soil is
estimated as:
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- In(1- a)
Tynse = a5 (TF 7-20)
where:
Ts s = transfer factor for transfer of chemical from soil to arthropods (/day);
Tn-s = transfer factor for transfer of chemical from arthropods to soil (/day); and
M, = total biomass of arthropods (kg[arthropods wet wt]) in the soil

compartment; which
= parea,,, (kg[arthropods wet wt]/m?)x A4 (m*[soil]).

The transfer factors TF 7-19 and TF 7-20 apply to both organic and inorganic chemicals
in TRIM.FaTE at this time. The user must supply empirical data on the time to reach 95 percent
(or other selected proportion) of the equilibrium value between the bulk soil and arthropods.

7.3.3 FLYING INSECTS

Flying insects are the food of insectivores, particularly aerial feeding insectivores such as
tree swallows. In initial applications of TRIM.FaTE, these insects have been assumed to have
emerged from benthic aquatic larvae living in the surface water bodies. As a consequence, the
concentration of a chemical in flying insects was assumed to be equal to the concentration of that
chemical in the benthic invertebrate compartment in the surface water body to which the aerial
insectivore is linked in a given scenario (see Section 6.3).

7.3.4 TRANSFORMATIONS AND DEGRADATION

Transformations of organic chemicals into metabolic by-products that are no longer
tracked in TRIM.FaTE are not included in the current TRIM.FaTE library for soil detritivores.
Nor are metabolic transformations among chemicals containing the same core chemical (e.g.,
transformation among mercury species) included in the current TRIM.FaTE library for soil
detritivores. These processes are not included because no information could be found
concerning chemical transformations and degradation in soil detritivores.

74 TERRESTRIAL WILDLIFE

Terrestrial wildlife, including mammals and birds, can be exposed to chemicals through
food, soil, and water ingestion, and through inhalation of chemicals in air. In addition, chemicals
can be taken up dermally via contact with contaminants in surface water, soil, or air. The rate of
contact with water and soil, however, generally is unknown. In addition, sorption to the skin
surface is unknown, the rate of uptake into the organism is unknown, and the proportion
absorbed through the dermis is relatively low compared with the proportion absorbed through
the gastrointestinal tract or lungs. Thus, dermal uptake is not included in the current
TRIM.FaTE library. Elimination of chemicals from body tissues may occur through metabolic
transformation of the chemical or excretion of the parent compound through urine, feces, milk

(female mammals only), eggs (female birds and reptiles only), and excretion to fur, hair, or
feathers.
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In this section, terrestrial wildlife refers only to mammals and birds; no reptiles or
amphibians are included in the TRIM.FaTE library at this time. The phrase “terrestrial wildlife”
also includes the semi-aquatic species noted in the introduction to this chapter (e.g., mink, loon).
The text box on the next page and continued on the following pages provides a summary of the
transfer-factor algorithms developed in this section and defines the parameters used in those
algorithms.

7.4.1 GENERALIZED MODEL FOR TERRESTRIAL MAMMALS AND BIRDS

A generalized model for terrestrial wildlife (7wl), including all of the possible routes of
exposure and of elimination, is presented below. In addition, the equation below applies to semi-
aquatic populations, such as loons and raccoons. If particular rate constants are determined to be
insignificant relative to others for a particular implementation of TRIM.FaTE (e.g., excretion via
eggs compared to excretion in urine or feces), those may be set to zero. Similarly, if rate
constants for excretion and chemical transformation are determined with respect to the mass of a
contaminant that is taken up in the diet rather than the mass that is assimilated, the dietary
assimilation efficiencies may be ignored.

dcC
d;Wl = [(]NW X CSW X AEW) u (INSv X CSx X AES) +pPlant (]ND XCLEG_/" xAEPlant) t

pPlant (IND X CLeafP X AES) t pWorm ([ND X CWorm X AEWorm)
t pArth (IND X CArth X AEArth) + pTwl—prey (IND X CTwl—prey X AETWI) (Eq 7-64)
t pﬁsh ([ND X Cﬁsh X AEﬁsh) t Ppr (IND X CBI X AEBI) t (INAir X CAir X AEA[r )]

- [Crwz X (Emet + Euf + Elact + Ee‘gg t Eﬁ‘ )]
where:
Cry = total, whole-body, internal concentration in the terrestrial wildlife
population (g[chemical]/kg[body wet wt]);
IN, = water ingestion rate (m’[water]/kg[body wet wt]-day);
Cor = concentration of chemical in surface water ingested by wildlife
(g[chemical]/m’[water]);
AE, = assimilation efficiency of chemical from water (unitless);
INg, = surface soil ingestion rate (kg[soil dry wtl]/kg[body wet wt]-day);
Cs, = concentration of chemical in surface soil (g[chemical]/kg[soil wet wt]);
AE, = assimilation efficiency of chemical from soil (unitless);
Priamt = proportion of plant matter in diet (unitless);
IN, = diet ingestion rate normalized to body weight (kg[diet wet wt]/kg[body
wet wt]-day);
Cror = concentration of chemical in leaf component of diet (g[chemical]/kg[leaf
wet wt]);
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Summary of Transfer Factors for Wildlife in TRIM.FaTE

ADVECTIVE TRANSFERS
Surface water to semi-aquatic terrestrial wildlife (i.e., bird or mammal): TF 7-21
) IN,, x AE,,
T.'S’Wa Twl = BlomaSSTwl X
VSW
Surface soil to terrestrial wildlife: TF 7-22
IN, x AE

Ts_.1a = Biomassy,,

X
VSS X ,0 Ss_wet

Plant leaf to terrestrial wildlife: TF 7-23
mrea Twl
T, =X XIN, x AE
Leaf — Twl mrea Leaf p Plant D Plant
Surface particles on plant leaf to terrestrial wildlife: TF 7-24

pLea_fP X ]ND X AES

T, =
afP — Twl
: VLequ X pLequ
Earthworm to terrestrial vertebrate: TF 7-25
parea,,
T S =X X IN, x AE
Worm - Twl m rea Yorm p Worm D Worm
Soil arthropod to terrestrial vertebrate: TF 7-26
mrea Twl
T = ———x X IN, X AE
Arth - Twl mrea o pArth D Arth
Terrestrial vertebrate to terrestrial vertebrate: TF 7-27
__parea,
TTwl—prey—iﬂ Twl ~ Tprey—i X IND X AETwl

mrea Tprey—i
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Summary of Transfer Factors for Wildlife in TRIM.FaTE (cont.)

ADVECTIVE TRANSFERS (cont.)

Fish to terrestrial wildlife (i.e., bird or mammal): TF 7-28
T Biomass,,, IN- % AE
L = X . X X .
Sfish=i - Twl ASW X m}ﬂeaﬁm_i p(/‘zsh—z D fish
Benthic invertebrate or flying insect to terrestrial wildlife: TF 7-29
7 Biomass,, IN. % AE
= X X X
BI - Twl A, x parea,, Py D BI
Air to terrestrial wildlife: TF 7-30
. INAir X AEAir
TAirﬂ Twl = BlomassTwl X
VAir
Terrestrial wildlife to surface soil: TF 7-31
TTWI*)SV = fqus X kET
Terrestrial wildlife to water: TF 7-32

TTwlﬁSW = fquW X kET

LIST OF SYMBOLS USED IN WILDLIFE TRANSFER FACTOR ALGORITHMS:

Biomassy,, = biomass of terrestrial wildlife species in a compartment (kg[wildlife wet wt]),

which
= parear,, (kg[wildlife wet wt]/m?]) x Ag(m?*[soil]).

IN,, = water ingestion rate normalized to body weight (m®[water]/kg[body wet wt]-
day).

Vsw = volume of surface water compartment (m®).

AE,, = assimilation efficiency of chemical from water (unitless).

INg, = surface soil ingestion rate (kg[soil dry wt)/kg[body wet wt]-day).

Vs = volume of surface soil compartment (m°).

Pss = density of soil particles (kg[soil dry wt}/m?[soil]).

AE, = assimilation efficiency of chemical from soil (unitless).

parea,, = terrestrial wildlife biomass density per unit area (kg[wildlife wet wt)/m?[surface
parcel]), which

= N.,,.. (number[individuals)/m?[soil]) x BW (kg[body wet wt]).

Ppiant = proportion of plant matter in diet (unitless).

INp = diet ingestion rate (kg[diet wet wt]/kg[body wet wt]-day).

AE,,. = assimilation efficiency of chemical from plant in diet (unitless).

parea, ,.; = areal biomass density of foliage (kg[leaves wet wt)/m?[surface soil]).

parea, .. = areal biomass density of particles on leaf surface (kg[leaf particles)/m?[surface
parcel]).

Pworm = proportion of earthworm in diet (unitless).

AE . om = assimilation efficiency of chemical from earthworm in diet (unitless).
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Summary of Transfer Factors for Wildlife in TRIM.FaTE (cont.)

par eaWorm
Parth

AE pn
p Twl-prey-i

Twl-prey
par eaTwl—prey—i

Prisn-i
AEﬁsh
pareag, ;

Asw
Ps;

AE,
pareag,
ASed
INAir

Air
AEA/'r

ET

fquW
fqus

LIST OF SYMBOLS USED IN WILDLIFE TRANSFER FACTOR ALGORITHMS (cont.)

areal biomass density of earthworms (kg[worms wet wt}/m?[soil]).

proportion of soil arthropods in diet (unitless).

assimilation efficiency of chemical from soil arthropods in diet (unitless).
proportion of terrestrial wildlife prey species i in diet (unitless).

assimilation efficiency of chemical from wildlife prey in diet (unitless).

areal biomass density of terrestrial wildlife prey species i in diet (kg[prey wet
wt)/m?[surface parcel]).

proportion of fish species i in diet (unitless).

assimilation efficiency of chemical from fish in diet (unitless).

areal biomass density of fish species i (kg[fish wet wt]/m?[surface water], use
correct size range for diet).

area of surface water compartment (m?).

proportion of benthic invertebrates (or emergent flying insects) in diet
(unitless).

assimilation efficiency of chemical from benthic invertebrates (or flying insects)
in diet (unitless).

areal biomass density of benthic invertebrates (kg[invertebrates wet
wt)/m?[sediment]).

area of sediment compartment (m?).

inhalation rate normalized to body weight (m®[air]/kg[body wet wt]-day).
volume of air compartment (m>[air]).

assimilation efficiency of chemical from air (unitless).

chemical elimination rate constant (through feathers or fur and urine and
feces) (/day).

fraction of elimination directed to surface water (unitless).

fraction of elimination directed to surface soil (unitless).

AE,
CLeafP

p Worm
CWorm
AE

p Arth
CA rth

AE Arth

lant

Worm —

p Twl-prey =

C

AE

Prisn

Twl-prey =

T wl-prey:

assimilation (absorption) efficiency of chemical from plant in diet
(unitless);

concentration of chemical in particles on leaves (g[chemical]/kg[particles
on leaf dry wt));

proportion of earthworm in diet (unitless);

concentration of chemical in earthworms (g[chemical]/kg[worm wet wt]);
assimilation (absorption) efficiency of chemical from earthworm in diet
(unitless);

proportion of insect in diet (unitless);

concentration of chemical in soil arthropod component of the diet
(g[chemical]/kg[arthropod wet wt]);

assimilation (absorption) efficiency of chemical from soil arthropods in
diet (unitless);

proportion of other wildlife in diet (unitless);

concentration of chemical in the prey of the terrestrial wildlife
(g[chemical]/ kg[prey wet wt]);

assimilation (absoprtion) efficiency of chemical from other wildlife in diet
(unitless);

proportion of fish in diet (by fish compartment type) (unitless);
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Cogn = concentration of chemical in fish (by fish type) (g[chemical]/kg[fish wet
wt]; use correct size range);

AEg, = assimilation (absorption) efficiency of chemical from fish in diet
(unitless);

DPa = proportion of benthic invertebrates (or emergent flying insects) in diet
(unitless);

Cy = concentration of chemical in benthic invertebrates (or flying insects)
(g[chemical]/kg[invertebrates wet wt]);

AE; = assimilation (absorption) efficiency of chemical from benthic invertebrates
or emergent flying insects in diet (unitless);

IN,, = normalized inhalation rate (m*[air]/kg[body wet wt]-day);

C, = concentration of chemical in the air, including vapor phase and particles
(g[chemcial]/m’[air]);

AE,, = assimilation (absorption) efficiency of chemical from air (unitless);

E. = rate of metabolic transformation to another chemical(s) that is tracked in a

given scenario or “degradation” to another chemical(s) that is not tracked
in a given scenario (/day);

E, = rate of chemical elimination through excretory processes (urine and feces)
(/day);

E.,. = rate of chemical elimination through lactation (milk production, mammals
only) (/day);

E, = rate of chemical elimination through egg production, birds only (/day);
and

E, = rate of chemical elimination to fur (hair) or feathers (/day).

Because the source of drinking water is not usually known and may include puddles, the
uptake of the chemical from water has been ignored in initial TRIM.FaTE applications for all
species except the semi-aquatic, which are associated with a single water body.

Thus, for a population:

X X X X XIN, XN, .%XAE
dNTwl - mreaTWl X AS, X [INW NSW AEW + INSX NSS AES + pPIant D Leaf Plant
dt ) Vew Vi % Py Ay, x par €a [ eqr
P plant X IND X NLEQIP X AES + Pworm X ]ND X NWorm X AEWorm + Py X IND X NArth X AEArth
VLeafP X pP AS X mreaWorm AS X IalreaArth (Eq_ 7-65)
N Prvt-pres * INp X Ny ey X AE ; P X INp X N 4 % AEﬁsh + P X IN, X Ny X AE
Ag x pareay,_ ., Agy * parea g, Agy * parea,
INAir X NAir X AEAir
+ VA- ]_ [NTWZ X (Emet t EL(}" t Elact t Eegg +E/f)]
where:
Ny = mass of chemical in terrestrial wildlife species (g[chemical]);
paredr,, = wildlife biomass density per unit area (kg[biomass wet wt]/m’[surface

volume element]);
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Ag = area of associated soil (m?®);

Ngy = mass of chemical in surface water source (g[chemical]);

Vew = volume of surface water (m’);

Ng, = mass of chemical in surface soil (g[chemical]);

Ve = volume of surface soil (m’);

Pss wor = bulk density of soil (kg[soil wet wt]/m’[soil]);

Nyeos = mass of chemical in plant leaf (g[chemical]);

parea;,,, =  arcal biomass density of foliage (kg[leaf wet wt]/m*[surface soil]);

Ny = mass of chemical in particles on leaf (g[chemical));

Vieap = volume of particles on leaf (m*[particles]);

Pp = density of particles on surface of leaf (kg[particles]/m’[particles]);

Nyorm = mass of chemical in earthworm (g[chemical]);

pareay,,, =  areal biomass density of earthworms (kg[worm wet wt]/m*[soil]);

N = mass of chemical in soil arthropods (g[chemical]);

parea,, =  areal biomass density of soil arthropods (kg[arthropod wet
wt]/m*[soil]);

Niiprey mass of chemical in the wildlife prey species (g[chemical]);

parear,, ., =  areal biomass density of the wildlife prey species (kg[body wet
wt]/m?);

N = mass of chemical in the fish species (g[chemical]);

Agy = area of surface water (m?);

pareag, = areal biomass density of the fish species (kg[fish wet wt]/m*[surface
water]);

Ny, = mass of chemical in benthic invertebrates (emergent flying insects)
(g[chemical]);

Ag.y = area of sediment (m,);

pareayg, = areal biomass density of benthic invertebrates (kg[invertebrates wet
wt]/m*[sediment]);

N, = total mass of chemical in air (g[chemical]); and

Vi = volume of air (m’).

7.4.2 TRANSFER-FACTOR ALGORITHMS

In TRIM.FaTE, each route of exposure and elimination indicated in the previous section
is handled as a separate transfer factor, as described in subsections 7.4.2.1 through 7.4.2.12. In
the following subsections, the subscript 7w/ refers to terrestrial wildlife, including the semi-
aquatic wildlife species, because they breathe air.

7.4.2.1 Surface Water to Terrestrial Vertebrate Wildlife

The general transfer factor for ingesting a chemical while drinking surface water for a
specific semi-aquatic wildlife species, either a bird or a mammal, is given by:

INW X AEW
Tow_ 1y = Biomassy, X ————— (TF 7-21)
Vew
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where:

T SW—-Twl

Biomass,,

AE,,
VSW

and:

or:

where:

pareaTwl

PN, Twl

B WTW/

= transfer factor for transfer of chemical from surface water to bird

or mammal (/day);

= total biomass of wildlife compartment (kg);

water ingestion rate normalized to body weight (m’[air]/kg[body
wet wt]-day);

= assimilation efficiency of chemical from water (unitless);
= volume of surface water compartment from which the animal is

drinking (m’[water]);

Biomass,,, = parea,,, * A (Eq. 7-66)

Biomass;,; = PN, X BW,, (Eq. 7-67)

= terrestrial wildlife wet biomass density per unit area (kg[biomass
wet wt]/m’[surface parcel]);

= area of associated surface water compartment (e.g., for loons and
ducks) or area of associated soil compartment that borders surface
water compartment (m?);

= population size, or number of individuals in compartment
(unitless); and

= body weight of the bird or mammal (kg).

(Note: In the current TRIM.FaTE library, the property PopulationSize in the wildlife
compartments is actually calculated as NumberofindividualsPerSquareMeter x A.)

The water ingestion rates for birds and mammals can be estimated from allometric
equations that relate water ingestion rates to body weight, as described in Section 3.2 of EPA’s
(1993) Wildlife Exposure Factors Handbook. The allometric equations for water ingestion by
mammals and birds are from Calder and Braun (1983):

where:

BW =

wi = 0.099 x B (Eq. 7-68)

mammals

Wi, . = 0059 x BW°Y (Eq. 7-69)

water ingestion rate (L/day); and
body weight (kg[body wet wt]).

SEPTEMBER 2002

7-49 TRIM.FATE TSD VOLUME II



CHAPTER 7
TERRESTRIAL BIOTA ALGORITHMS

Therefore, the water ingestion rate normalized to body weight in m’[water]/kg[body wet wt]-day
is estimated by:'

L
3 WI( da j 3 Eq. 7-70
INW( = j: Y x0.ooo1(£] (Eq. 7-70)
kg - day BW(kg)

7.4.2.2 Surface Soil to Terrestrial Vertebrate Wildlife

The general transfer factor for incidental ingestion of chemical with surface soil by a
specific bird or mammal is given by:

T, Bi x Ny X ABs TF 7-22
1 = Biomass X ———— -
o ! VSs X pSs_wet ( )
where:

T o = transfer factor for transfer of chemical from surface soil to bird or

mammal (/day);

IN, = surface soil ingestion rate (kg[soil dry wt]/kg[body wet wt]-day);

AE = assimilation efficiency of chemical from soil (unitless);

Vs = volume of surface soil compartment (m*); and

5 et = bulk density of surface soil (kg[soil wet wt]/m’[soil]).

To estimate the soil ingestion rate from data on the estimated percent soil in the
consumed diet on a dry-weight basis (e.g., the data in Beyer et al. 1994), the following equations
can be used, where:

IN, = diet (no soil) ingestion rate (kg[diet wet wt]/kg[body wet wt]-day);

INg, = ingestion rate of surface soil (kg[soil dry wt]/kg[body wet wt]-day);

INy, 4, = dry diet (no soil) ingestion rate (kg[diet dry wt]/kg[body wet wt]-day); and

IN7, 4, = total intake of dry food plus dry soil (kg[food + soil, dry wt]/kg[body wet
wt]-day]).

Assuming the natural diet is 75 percent water:

INp, 4, = INp > 0.25 (Eq. 7-71)
INTotalfdry = INSS + [NDidry (Eq 7‘72)

The data available in Beyer et al. (1994) and similar studies are in the form of:

"The algorithm described in Equation 7-70 is associated with mammal and bird compartment types in the
current TRIM.FaTE library.
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Sintake soi = fraction of total dry-weight intake that is soil (unitless).
Therefore:
]NTatalfdry: INDfdry / (]-fztntakeisail) (Eq 7-73)
Substituting Equation 7-73 for INy,,, 4, in Equation 7-72, using IN,, x 0.25 for IN,, ,,, and
rearranging the equation yields:
IN , x 025
IN = - IN, x 025 (Eq. 7-74)

(1 - f‘intakeisoil)

The transfer factor for surface soil to terrestrial vertebrates should only be used for birds
and mammals that forage on the ground (Beyer et al. 1994). For example, black-capped
chickadees are arboreal feeders and are rarely observed on the ground (Smith 1993), meaning
that soil ingestion for this species would be negligible. Representative species that ingest soil as
a consequence of their feeding habits include the mallard, mule deer, black-tailed deer, white-
tailed deer, long-tailed vole, raccoon, white-footed mouse, woodcock, and bobwhite quail.
Representative species that do not feed on the ground — and consequently ingest only negligible
amounts of soil or none at all — include the tree swallow, red-tailed hawk, long-tailed weasel,
mink, and black-capped chickadee.

7.4.2.3 Plant Leaf to Terrestrial Vertebrate Wildlife

The general transfer factor for bird or mammal ingestion of a chemical in plant leaves is
given by:

_ parea,

71Leaf—~ Twl ~ X pPlant X IND X AEPlant (TF 7_23)
parea,, .
where:
T peupstint = transfer factor for transfer of chemical from plant leaf to bird or
mammal(/day);
D plant = proportion of plant matter in diet (unitless);
IN, = diet ingestion rate (kg[diet wet wt]/kg[body wet wt]-day);
AEp,.. = assimilation efficiency of chemical from plant in diet (unitless);
and
parea, ., = areal biomass density of foliage (kg[leaves wet wt]/m*[surface
soil]).
Note that:
parea,, = PN, % BW (Eq. 7-74)
and:
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Biomass,,, = PN, XA X BW (Eq. 7-75)
where:
A = area of containing surface volume element (m?); and
PN,,.. = population size or number of individuals per unit area (/m*[soil]).

The transfer factor for plant leaf to terrestrial vertebrates is most relevant for herbivores,
which feed entirely on plant matter. It also is relevant for omnivores, for which plant matter
makes up a portion of their diet. This transfer factor is not relevant for carnivores or
predators/scavengers. The proportion of plant matter in the diet (p,,,) varies by species, by
season, and by location of the population of interest. In initial applications of TRIM.FaTE, p;,,,
has varied by species.

7.4.2.4 Particles on Leaf Surface to Terrestrial Vertebrate Wildlife

Ingestion of plant materials generally results in the ingestion of the particles that have
settled on the plant surfaces. In some areas under some conditions, the coating of plants with
particulate matter (e.g., dust or soil particles) can be substantial. The general transfer factor for
particles on leaf surfaces to a specific bird or mammal is given by:

p ant X IN, x AE
TLe‘afP—» Twl = = > > (TF 7-24)
VLeafP X '0 LeafP

where:
T poupp 1 = transfer factor for transfer of chemical from particles-on-leaf
compartment to bird or mammal compartment via ingestion (/day);
AE; = assimilation efficiency of chemical from soil (unitless);
Viear = volume of the particles-on-leaf compartment (m’); and
PLeatp = density of dust particles (kg[particles]/m’[particles]).

7.4.2.5 Earthworm to Terrestrial Vertebrate Wildlife

The general transfer factor for earthworms to a specific bird or mammal is given by:

_ Parear,
Worm - Twl ~— mreaworm X pWorm X [ND X AEWorm (TF 7-25)
where:
Y S —— = transfer factor for transfer of chemical from earthworm to bird or
mammal (/day);
pareay,,.. = areal biomass density of earthworms (kg[worm wet wt]/m? [soil]);
Pworm = proportion of earthworm in diet (unitless); and
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Worm

assimilation efficiency of chemical from earthworm in diet
(unitless).

This transfer factor is relevant in cases where the specific bird or mammal of interest is
known to consume earthworms. Examples of species that ingest earthworms include the
raccoon, short-tailed shrew, woodcock, and American robin.

7.4.2.6 Soil Arthropod to Terrestrial Vertebrate Wildlife

The general transfer factor for soil arthropods to a specific bird or mammal is given by:

where:

T Arth—Twl

parea,,,

p Arth
AE Arth

T

_ pareay,,

ArthTwl — ourea X Py *INp X AE ,,,, (TF 7-26)
Arth

transfer factor for transfer of chemical from soil arthropods to bird or
mammal (/day);

areal biomass density of soil arthropods (kg[arthropod wet wt]/m?[soil]);
proportion of soil arthropods in diet (unitless); and

assimilation efficiency of chemical from arthropods in diet (unitless).

This transfer factor is relevant in cases where the specific bird or mammal of interest is
known to consume soil arthropods. Soil arthropods are invertebrates with segmented bodies and
jointed limbs as adults, such as ants, beetles, spiders, grasshoppers, and centipedes and include
their larval forms that dwell in the soil as well (e.g., beetle grubs). Examples of wildlife species
that consume soil arthropods include the shrew, woodcock, and white-footed mouse.

7.4.2.7 Terrestrial Vertebrate to Terrestrial Vertebrate Wildlife

The general transfer factor for bird or mammal ingestion of chemical in avian or
mammalian prey is given by:

where:
T

prey-i >Twl

parear,,
pareanrey—i

p Tprey-i

AETwl

prey—i—Twl —

_ pareay,

X X IN . x AF -
:Oal’ea Tprey—i prrEy_’ P ! (TF 7 27)

transfer factor for the transfer of chemical from the i” terrestrial
vertebrate prey species to the bird or mammal predator species (/day);
areal biomass density of the consumer wildlife (i.e., bird or mammal)
species (kg[predator wet wt]/m*[soil]);

areal biomass density of the prey wildlife (i.e., bird or mammal) species
(kg[prey wet wt]/m?[soil]);

proportion of i terrestrial vertebrate prey species in diet (unitless); and
assimilation efficiency of chemical from birds or mammals in diet
(unitless).
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The transfer factor for terrestrial vertebrate to terrestrial vertebrate is only applicable to
birds and mammals that are classified as terrestrial omnivores, carnivores, and
predators/scavengers. Examples of species to which this transfer factor would apply include the
red-tailed hawk, long-tailed weasel, and mink. Note that the assimilation efficiencies for a
chemical in either avian or mammalian prey consumed by avian or mammalian predators are
likely to be similar; hence, a single AE,,, is specified.

7.4.2.8 Fish to Terrestrial Vertebrate Wildlife

The transfer factor for ingestion of a chemical in fish by a terrestrial vertebrate is relevant
in cases where the bird or mammal of interest is known to consume fish species (i.e., the bird or
mammal is classified as a piscivore or an omnivore). Several types or species of fish can be
represented in TRIM.FaTE, including benthic herbivores, omnivores, and carnivores, and water
column herbivores, omnivores, and carnivores (see Chapter 6). Different species of piscivorous
wildlife are more likely to catch certain types and sizes of fish than others (e.g., the belted
kingfisher is more likely to eat small water column herbivores and omnivores such as minnows
and bluegill than larger carnivorous species of fish). The general transfer factor for fish to a
specific bird or mammal is given by:

r _ Biomass,,, 3 X IN- X AE
Sfish=i~Twl ~ ASW X mreaﬁm_‘ pﬁshﬂ D Sfish (TF 7-28)
where:

Thgiony = transfer factor for transfer of chemical from i type of fish to bird or
mammal (/day);

Dish = proportion of i type of fish in diet (unitless);

AEg, = assimilation efficiency of chemical from fish in diet (unitless);

Agy = area of surface of surface water body compartment (m?); and

parea,,, = areal biomass density of the i type of fish (kg[fish wet wt]/m*[surface
water]).

7.4.2.9 Benthic Invertebrate to Terrestrial Vertebrate Wildlife

Benthic invertebrates include mayflies, dragonfly nymphs, crayfish, clams, and aquatic
snails, which dwell primarily at the bottom of water bodies. Examples of wildlife species that
consume benthic invertebrates are the mallard, raccoon, and belted kingfisher. The general
transfer factor for ingestion of a chemical in benthic invertebrates by a specific bird or mammal
is given by:

Biomass
= Py X IN, x AE (TF 7-29)

T
BI - Twl
Ag,y X pareay,

where:
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T 7 = transfer factor for transfer of chemical from benthic invertebrates to bird
or mammal (/day);

DPar = proportion of benthic invertebrates in diet (unitless);

AEy, = assimilation efficiency of chemical from benthic invertebrates in diet
(unitless);

Agu = area of the sediment compartment (m?); and

pareay, = areal biomass density of benthic invertebrates (kg[invertebrates wet

wt]/m? [sediment]).

The same transfer factor is used to represent flying insects consumed by birds (or bats)
for species of insects with aquatic larval stages. For purposes of the model, the flying insects are
assumed to have the same chemical concentrations in their tissues as they had when living
underwater before metamorphosis into flying adults. Representative species that consume flying
insects include the black-capped chickadee and tree swallow.

7.4.2.10 Air to Terrestrial Vertebrate Wildlife

The general transfer factor for inhalation of a chemical in air (vapor- and particulate-
phase) to a specific bird or mammal is given by:

]NAir X AEA[I‘
T, 1 = Biomassg * e (TF 7-30)
Air
where:

T, .rn; = transfer factor for transfer of chemical from air to bird or mammal (/day);
IN,;, = inhalation rate normalized to body weight (m’[air]/kg[body wet wt]-day);
AE,, = assimilation efficiency of chemical from air (unitless); and

Vi = volume of air compartment (m?).

The inhalation rates for birds and mammals are estimated from allometric equations that
relate inhalation rates of captive animals to body weight, as described in Section 3.3 of EPA’s
(1993) Wildlife Exposure Factors Handbook. The allometric equation for inhalation rate (/R)
by mammals is from Stahl (1967). For mammals:

IR = 05458 x BW "% (Eq. 7-76)
where:

IR = inhalation rate (m’[air]/day); and
BW body weight (kg[body wet wt]).

The allometric equations for inhalation rate by birds are from Lasiewski and Calder
(1971). For nonpasserine birds (i.e., birds other than the perching songbirds):

IR = 04089 x BW "’ (Eq. 7-77)
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However, adjustments are required to estimate the inhalation rates of free-living animals
from these estimates, which are based on conditions used to measure standard metabolic rate of
captive animals. For example, it may be appropriate to multiply the predicted /R from these
allometric equations by a factor of 2 to 3 (USEPA 1993). The value used in initial TRIM.FaTE
applications is 2.5.

Also, the inhalation rate for birds is for nonpasserine species only. Passerines tend to
have a higher metabolic rate than nonpasserines for a given body weight. For example, the
equations for basal metabolic rate (BMR) developed by Lasiewski and Dawson (1967) from
almost 100 species of birds revealed the following differences:

For passerine birds: BMR = 128 x BW 7% (Eq. 7-78)

For nonpasserine birds:  pasp = 77.6 x BW°7 (Eq. 7-79)
where:

BMR = basal metabolic rate (kcal/day);

BwW = body weight (kg[body wet wt]/day).

In other words, the BMR of passerine birds is about 1.65 times higher than that of non-
passerine birds. Similarly, the equations for free-living metabolic rate (FMR) developed by
Nagy (1987) for passerines (N = 26) and nonpasserines (N = 24) indicated that the FMR of
passerine birds is about 1.85 times higher than that of nonpasserine birds.

Thus, the equations for estimating the free-living inhalation rate (FIR) in m’/day for birds
and mammals may be derived as:

For all mammals: FIR = 05458 x BW°% x25 (Eq. 7-80)
For nonpasserine birds: FIR = 04089 x BW°"7 x25 (Eq. 7-81)
For passerine birds: FIR = 0.4089 x BW®"" x25x 175 (Eq. 7-82)

Thus, IN . (in m*/kg[body wet wt]-day) in equation TF 7-30 is estimated by:

FIR
IN , = —— Eq. 7-83
Air BW ( q )
where:
FIR = free-living inhalation rate (m*/day).

SEPTEMBER 2002 7-56 TRIM.FATE TSD VOLUME II



CHAPTER 7
TERRESTRIAL BIOTA ALGORITHMS

7.4.2.11 Terrestrial Vertebrate Wildlife to Surface Soil

The general transfer factor for elimination of a chemical from a bird or mammal to
surface soil is given by:

Trise = fpse X ker (TF 7-31)
where:

T s = transfer factor for transfer of chemical from bird or mammal to surface

soil (/day);
Juss = fraction eliminated to surface soil (instead of surface water) (unitless); and
kir = first-order rate constant for total elimination of chemical in urine and feces

(E,,) plus feathers or fur (£,) (/day), i.e.,

= kgt ky

This single first-order elimination rate refers to the parent chemical (i.e., undegraded,
untransformed chemical). In addition to excretion in urine and feces, chemicals also can be
excreted by birds into feathers and eggs and by mammals into hair, or fur, and milk. For the
chemicals modeled in TRIM.FaTE to date, with the exception of methylmercury, this single
elimination rate constant will be dominated by elimination in urine and feces. For the excretion
of methylmercury from birds, feathers and eggs is similar in importance to urine and feces (see
Table A-17 in Appendix A). Thus, in the case of birds and methylmercury, the rate constant for
chemical elimination that reaches the soil, k., is set equal to the rate constant for elimination in
urine and feces plus the rate constant for elimination in feathers. Note that in the current
TRIM.FaTE compartment design, excretion to eggs does not constitute movement of the
chemical out of the bird population compartment, nor does milk represent movement out of
mammal population compartment. A discussion of estimating elimination rate constants from
metabolic studies is presented in the TRIM.FaTE user guidance.

7.4.2.12 Semi-aquatic Vertebrate Wildlife to Surface Water

The general transfer factor for elimination of a chemical from semi-aquatic wildlife to
surface water is given by:

Truisw = Fpusw * kgr (TF 7-32)
where:
Ty, .sw = transfer factor for transfer of chemical from bird or mammal to surface
water (/day);
Shusw = fraction eliminated to surface water (unitless); which

= 1 _,/;ASV'
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7.4.3 TRANSFORMATIONS AND DEGRADATION

Transformations of organic chemicals into metabolic by-products that are no longer
tracked in TRIM.FaTE are modeled as transfers to the wildlife degradation/reaction sinks. See
the TRIM.FaTE user guidance for discussion of identifying rate constants for metabolism
separately from rate constants associated with chemical excretion and elimination back to the
environment. Equation 2-64 (Chapter 2) is used to estimate the first-order metabolic degradation
(in TRIM.FaTE, called “general degradation”) rate constant, Kq,,4ui0n» fOT an organic chemical.
The transfer-factor algorithm for transfer of metabolic by-products to the wildlife
degradation/reaction sink is simply equal to k.. usion-

It has been observed that first-order degradation rate constants generally scale as a
function of body weight (BW) to a negative one quarter power (U.S. EPA 1992). Thus,
K gegradaiion TOT @ species of interest may be derived from &y, 4010, fOT @ reference species using the
following equation:

B W(TWI)—O.ZS

Eq. 7-84
BW(reﬁ_o‘25 (Eq )

kdegradation (TWZ) = kde‘gradatian (I" eﬁ X

where:

K gegradation( TW1) metabolic degradation rate constant for the terrestrial wildlife

species in TRIM.FaTE (/day);

Kgegradation(T€f) = metabolic degradation rate constant for the reference laboratory
animal (/day);
BW(Twl) = body weight for the terrestrial wildlife species in TRIM.FaTE

(kg[body wet wt]); and
body weight for the reference laboratory animal (kg[body wet wt]).

BW(ref)

Metabolic transformations of chemicals among different compounds containing the same
core chemical (e.g., transformation among mercury species) are included in the TRIM.FaTE
wildlife models. See Appendix A, Section A.3, for a discussion of mercury transformations in
birds and mammals.

7.4.4 SEASONALITY

Seasonality of diet is partially reflected in the current TRIM.FaTE library algorithms.
Herbivorous or omnivorous wildlife consume leaves of deciduous trees, grasses/herbs, and
possibly agricultural crops only during the growing season, when such leaves are available.
During the non-growing season, those types of vegetation are no longer available to wildlife for
consumption. Applications to date have not included alternative dietary items (containing the
modeled chemical) for herbivorous wildlife in winter. Wildlife species could migrate out of the
area for the winter (e.g., American robin) or switch to other foods during the winter (e.g., deer
begin stripping bark and move from deciduous areas to coniferous forest).
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To reflect winter sleep, hibernation, or migration, the user may turn off wildlife

algorithms during relevant seasons. Additionally, it may be appropriate to seasonally vary the
diet of particular wildlife species.

7.4.5 USE OF TERRESTRIAL WILDLIFE COMPARTMENTS

The TRIM.FaTE model has been parameterized for many functional trophic groups of

wildlife species. These are listed in Table 7-1. The parameters for which input is needed in a
TRIM.FaTE simulation for these compartment types are presented in Appendix D.

Discussion on the selection of wildlife species for a TRIM.FaTE scenario and the

association of different species with appropriate volume elements is provided in the TRIM.FaTE
users guidance. The addition of wildlife populations to a TRIM.FaTE scenario will depend on
the goals and objectives of the project as well as the ecosystem being modeled. In addition, the

Table 7-1
Terrestrial and Semi-aquatic Vertebrate Compartment Types in
Current TRIM.FaTE Library

Functional Trophic Group

Compartment Type

Semi-aquatic piscivore®/predator

Belted kingfisher
Common loon (water-based)”
Mink

Semi-aquatic predator/scavenger

Bald eagle

Semi-aquatic aerial insectivore (i.e., feeding
on adults of emergent insects such as mayflies)

Tree swallow

Semi-aquatic omnivore

Mallard (water-based)”
Raccoon

Terrestrial omnivore

American robin
White-footed mouse

Terrestrial insectivore

Black-capped chickadee

Terrestrial predator/scavenger

Long-tailed weasel
Red-tailed hawk

Terrestrial herbivore

Black-tailed deer
Bobwhite quail
Long-tailed vole
Meadow vole
Mule deer
White-tailed deer

Terrestrial ground-invertebrate feeder

Short-tailed shrew
Trowbridge shrew
Woodcock

? Consumes fish.

® The containing volume element is associated with surface water, and the species’ population density represents the
number of individuals per unit surface water area.
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distribution of chemical mass (and transfers) across wildlife biomass and trophic levels in the
ecosystem needs consideration.

Exclusively terrestrial wildlife species may be associated with terrestrial surface volume
elements depending on the plant community represented by the volume element (e.g., deciduous
forest, coniferous forest, herbs/grasses). The containing volume element for semi-aquatic
wildlife species can either be a surface water volume element (i.e., water-based species, such as
loons, that spend most of their time on the water and feed entirely on aquatic organisms) or a
surface soil volume element (i.e., land-based species, such as mink that spend most of their time
on land and consume both aquatic and terrestrial foods) (see Table 7-1).

Several semi-aquatic wildlife species have been included in the current TRIM.FaTE
library. Each of these species must be linked to a specific surface water body from which they
can obtain their aquatic prey or food (e.g., fish, benthic invertebrates, macrophytes). This
generally is accomplished by including the wildlife species’ compartment in a land parcel that is
adjacent to the surface water body and estimating the density and numbers of individuals present
based on the area of the land parcel. Alternatively, it might be appropriate to create two different
compartment types for these semi-aquatic wildlife (e.g., raccoons consuming aquatic prey and
raccoons consuming terrestrial prey), particularly for applications where aquatic species play a
substantive role (e.g., as focus in assessment, or significant source of pollutant to predators).

The densities of the land-based semi-aquatic wildlife in the containing surface soil volume
element should reflect only those individuals with foraging ranges that might realistically include
the water body. For species that defend feeding territories, the number of individuals per unit
length of shoreline would be the relevant density measure for those consuming aquatic prey.
The density of that species per unit area of the containing surface soil volume element would
equal the number of individuals that might forage along the interface between the surface water
compartment and containing surface soil volume element divided by the area of the surface soil
volume element. Otherwise, the simulation might reflect an unrealistic consumption of aquatic
organisms by their land-based predators. For species that forage in flocks or herds far from
nesting or breeding sites, such as tree swallows, the number of individuals per unit area of the
terrestrial environment generally would be the relevant density measure.

Predators/scavengers with large home ranges (e.g., bald eagle) can be modeled as
consuming prey from a number of different surface parcels or volume elements. A TRIM.FaTE
variable called TheLink.Fraction-SpecificCompartmentDiet in the transfer factor algorithm used
for the ingestion link from the prey (and its associated surface parcel) to the predator would be
used to partition the diet among different surface parcels.

7.4.6 ASSIMILATION EFFICIENCY AND ELIMINATION

The TRIM.FaTE user guidance discusses the types of data from published studies that
may be appropriate to use for chemical assimilation (absorption) efficiencies from the diet (4E)),
from drinking water (4E},), from air via inhalation (4E,;), and for elimination rate constants
(kzr). Nonetheless, some explanation is warranted here to assist the user in understanding
differences in the fish and wildlife values for AE and k;; properties in the current TRIM.FaTE
library. A simplified explanation of AE,, AE}, and k;; for mammals and birds is presented in
Section 7.4.6.1. A simplified explanation of AE ,,, is provided in Section 7.4.6.2.
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7.4.6.1 Efficiency of Chemical Assimilation from the Diet

An AE, for dietary intake of a chemical (or an AE, for intake of a chemical with drinking
water) of 1.0 implies complete absorption from the diet/drinking water, while an AE,, of 0.2, for
example, indicates that 80 percent of the chemical passed through the wildlife unabsorbed and
hence, must have been eliminated in the feces. For the chemical that was absorbed (e.g., 20
percent in the current example), there are several possible elimination routes listed below, the
first three of which may be considered "excretory processes":

. excretion in urine (via the kidney);

. excretion in bile, which is eliminated in the feces;

. transfer to fur or feathers, to eggs, or to milk;

. exhalation via the lungs (considered a diffusive process of negligible magnitude for
compounds of interest and not included in the current TRIM.FaTE library); and

. metabolic degradation to other chemicals.

Depending on the organism, available data by which to estimate one or more of these
processes might be predominantly of one type or another. Many toxicokinetic studies using
birds or mammals, where both feces and urine are fairly easy to collect and analyze, estimate
"elimination" rates or rate constants based on those data. Those data account for (a) fecal
elimination of the unabsorbed chemical, and excretion of the absorbed chemical (b) in urine and
(c) in the bile. Many such studies also measure dose as the concentration of the chemical in the
diet multiplied by the quantity of food eaten. With these types of measurements, one would not
need to estimate an AE,, (or AE},) for the chemical. Instead, all of the chemical ingested with
food (and water) would represent the chemical gain rate for the wildlife compartment and
chemical elimination in urine and feces would represent the loss rate. In this case, the AE, (or
AE,) would be set equal to 1.0. Given that the mercury loss (elimination) rates for wildlife
modeled in an initial mercury application were based on measurements of the quantity of
chemical in urine and feces compared with the quantity in the diet and water, we set AE,, and
AE,, to 1.0 for that test case.

Toxicokinetic studies of organic compounds often use radioactive labels to track the
elimination of metabolites of organic compounds in urine and feces as well as elimination of the
parent compound. In TRIM.FaTE, if the metabolites are not tracked further by the model, the
mass of parent chemical that was degraded into metabolites should be transferred to a wildlife
sink. Only the parent chemical that is excreted in urine and feces should be transferred back to
the environment (either surface soil or surface water) via the “elimination” transfer factors.
Thus, only those studies in which the investigator quantifies the radioactive metabolites
separately from the radioactive parent chemical can be used to set a rate constant for transfer to
the degradation sink separately from the rate constant for elimination to the environment.

Another type of data often reported in the literature are elimination rate constants based
on measurements of body burdens of a chemical over time following a single administration.
Suppose that a group of animals were administered an organic chemical one time by intravenous
injection. Suppose further that the body burdens of the chemical in different subsets of those
animals were measured at weekly intervals after that. From those data (i.e., body burden at time
0, 7 days, 14 days, etc.), the estimated elimination rate constant would account for (a) excretion
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in urine, (b) excretion in bile (in feces), and (c) metabolic degradation to other chemicals. That
is, these data (from an intravenous injection study) do not provide information on assimilation or
absorption from the diet that is needed to estimate AE,, For additional discussion of these topics,
see the TRIM.FaTE user guidance.

7.4.6.2 Efficiency of Chemical Assimilation from Air

In a very simple inhalation model, the efficiency of assimilation of a chemical from air can be
calculated from the estimated inhalation dose (i.e., the chemical concentration in air multiplied
by the animal’s inhalation rate, measured in volume of air per unit time) compared with the body
burden of the chemical in the animal after a specified exposure duration. The estimated AE,
representing a net absorption, would account for transfers from the air in the lungs to the
bloodstream and from the bloodstream to the air in the lungs.

ir
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APPENDIX A

DERIVATION OF MERCURY-SPECIFIC ALGORITHMS

This appendix contains derivations of mercury-specific transfer algorithms (Section A.1)
and transformation algorithms (Section A.2).

A.1 MERCURY-SPECIFIC TRANSFER ALGORITHMS

The algorithms/equations included in the current TRIM.FaTE library that are specific to
mercury are described below. These include:

e dry deposition of divalent mercury vapors to surface water, plants, and soil (Section

A.11);

e exchange of mercury between algae and surface water (Section A.1.2);
e mercury excretion by fish (Section A.1.3);
e time-to-equilibrium-based mercury accumulation by fish (Section A.1.4); and

e resistance of the plant leaf mesophyll to diffusion of elemental mercury (Section

A.15).

A.1.1 DRY VAPOR DEPOSITION OF DIVALENT MERCURY

Some of the algorithms used to transfer mercury from air to surface water, surface soils,
and plants (and the algorithms used for transfers in the opposite direction) depend on the
mercury species. The algorithms for diffusion between air and surface water, surface soils, and
plant leaves apply only to Hg(0) and CH,Hg, but not Hg(2). The net diffusion of Hg(2) vapors
from air to surface water, surface soils, and plant leaves is described in a single algorithm called
dry vapor deposition to distinguish it from the other diffusion algorithms noted above. The dry-
vapor algorithm uses an empirical value for net Hg(2) vapor deposition velocity to account for
diffusive processes, as described below. Thus, the net dry transfer factors for diffusion of Hg(2)
vapors in air to the compartments listed above and are expressed as:

dry dep
TDVdep _ vapor X AASW X
Air -~ SW ~ v f MV
Air
dry _dep
TDVdéZp _ vapor X Ia'ry X AASS X

Air - Ss V fMV

Air

dry _dep _
DVdep _ Vvapor X (1 Idry ) X AASS

Air - Leaf ~ vV X f MV
Air

(TF A-1)

(TF A-2)

(TF A-3)
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where:
o = transfer factor for dry deposition of Hg(2) vapor from air to surface
water (/day);
ovden = transfer factor for dry deposition of Hg(2) vapor from air to surface
soil (/day);
TA?ereieaf = transfer factor for dry deposition of Hg(2) vapor from air to plant leaf
* (/day);
Vvdg(;,.de” = dry vapor deposition velocity for Hg(2) based on empirical studies of
net diffusion/dry vapor deposition rates (m/day);
A,y = area of air/surface water interface (m?);
A, = area of air/surface soil interface (m?);
Vi volume of air compartment (m’[air]);
1, = fraction of dry-depositing chemical that is intercepted and initially retained by
the plant canopy (unitless, see Section 7.2.1.1); and
fur = mass fraction of the chemical that is in the vapor phase divided by the volume
fraction of the air compartment that is vapor/gas phase (close to 1.0 of the
volume) (unitless).
A.1.2 ALGAE

The uptake of pollutants by algae is generally assumed to occur by passive diffusion.
The algorithm for chemical uptake by algae in TRIM.FaTE has only been derived for mercury at
this time. Because algae is treated as a phase of the surface water, instead of as a separate
compartment, we do not derive a T-factor per se for the exchange between algae and surface
water.

Passive uptake of uncharged, lipophilic chloride complexes is the principal accumulation
route of both methylmercury and inorganic mercury in phytoplankton and is determined by water
chemistry, primarily pH and chloride concentration (Mason et al. 1996). Mason and others
(Mason et al. 1995, 1996) developed an accumulation model for a marine diatom (Thalassiosira
weissflogii) and modified it for use with “typical” freshwater algae for the purposes of predicting
mercury accumulations in fish. The model assumes that uptake via passive diffusion is
determined by the overall octanol/water partition coefficient, K, (i.e., the D,,) for the neutral
mercury complexes present in solution. The D, is given as the sum of the individual K s for
each mercury species by the following equation (Mason et al. 1996):

D, =Y fx(k,) (Eq. A-1)

Where f; = mole fraction of total mercury present as species i. The fractional amount of total
mercury present as each neutral mercury species was estimated as a function of pH and chloride
concentration. The predicted inorganic mercury (divalent) and methylmercury D, s for each of
five pH levels (pH 4, pH 5, pH 6, pH 7, and pH 8) and for chloride concentrations ranging
approximately from 0.01 mg/L to 10,000 mg/L were presented graphically in the report by
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Mason et al. (1996). The D, s for divalent mercury and methylmercury in TRIM.FaTE were
estimated based on those curves.

Uptake of inorganic mercury (divalent) and methylmercury by algae is given by the
following equation (Mason et al. 1996):

i Dawaxmzsz
8aigae = 8 water Eq. A-2
() o (b A2
where:
Hg,.. =  total mercury concentration in algae (nmol[Hg]/g[algae wet wt]);
Hg, .. =  total dissolved mercury concentration in water (nM[Hg]);
D,, = overall K, for neutral mercury complexes at specified pH and chloride
concentrations (unitless);
U = algal surface area-specific uptake rate constant (nmol[Hg]/um?[algal
surface]-day-nM[Hg]);
R = average radius of algae (um);
P = average algal cell density (g[algae wet wt]/um’[algae]); and
7 = algal growth rate constant (/day).

Within TRIM.FaTE, the uptake of mercury by algae is characterized using the ratio of
Hg 40 t0 Hg,, . To transform the previous equation to this ratio, the units of Hg,,,. should be
converted from nM to nmol/g by dividing the right side of the equation by 1000 g/L. If both
sides are then divided by Hg, .., the equation can be simplified to:

Hgalgae _ Dow X U X 3
Hg.. R Xpxux1000

(Eq. A-3)

Note that this equation uses moles. Gram weights are derived by multiplying the moles
per gram or liter by the chemical-specific molecular weight. Table A-1 shows the molecular
weights of mercury and methylmercury in the units appropriate for converting the above algae
(nmol/g) and water (nM) concentrations.

Table A-1
Molecular Weights of Mercury and Methylmercury

Molecular Weight
Chemical
g/mol pg/nmol mg/nmol
Hg 200.59 2.0059 x 10 2.0059 x 10*
CH;Hg 215.62 2.1562 x 10" 2.1562 x 10*
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The uptake process appears to be relatively fast, i.e., hours rather than days (Mason et al.
1996). Also, uptake of elemental mercury by algae is assumed to be insignificant in
TRIM.FaTE, based on the findings of (Mason et al. 1996) that the accumulation rates were less
than 1 amol/cell-hr-nM, where amol equals 1 x 10" moles.

A.1.3 MERCURY EXCRETION BY FISH

The mercury excretion rate constant (k;) (i.e., transfer of absorbed mercury back to
surface water) is given by the following bioenergetic model (Trudel and Rasmussen 1997):

In(k,) = 0.066x 7T - 0.20 x In(m ) +0.73 x ED -6.56 (Eq. A-4)
where:
ky = total mercury excretion rate constant (/day);
T = temperature (°C);
m, = body mass fish (g[fish wet wt], note units are not kg); and
ED = exposure duration; 0 = acute (<90 days), 1 = chronic (>90 days).

For the chronic exposures for which TRIM.FaTE may be most frequently applied, the
mercury excretion rate constant is reduced to:

In(k,) = 0066 x T - 020 In(m, ) - 583 (Eq. A-5)

The transfer factor for mercury from fish to the surface water is simply:

H. —_
Tigr . sw = kg (TF A-4)

Trudel and Rasmussen (1997) based the excretion rate on the clearance of methylmercury
only, because greater than 95 percent of mercury in fish is methylmercury and the elimination of
methylmercury is much slower than that of inorganic mercury (i.e., the overall rate is dominated
by the elimination of methylmercury). Trudel and Rasmussen (1997) found the clearance of
inorganic mercury by fish to be about three times faster than the clearance of methylmercury.
Thus, to estimate &, for elemental and divalent mercury, the equation to estimate k, for
methylmercury is multiplied by a factor called HowMuchFasterHgElimination IsThanForMHg,
which is set equal to three in the current TRIM.FaTE library.

A.1.4 ACCUMULATION OF MERCURY BY FISH

Mercury concentrations in fish are ultimately determined by methylmercury
accumulation at the base of the food chain (Mason et al. 1995, 1996). Therefore, one algorithm
for the uptake of mercury in fish based on the general equation for the time-to-equilibrium food-
chain model is presented in Section 6.4.2. Intertrophic level concentration ratios (K, o)
were obtained from studies of natural populations of fish, zooplankton, and phytoplankton.
Based on studies using methylmercury/nitrogen ratios in whole fish, the concentration ratio
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between two adjacent trophic levels was found generally to be around 3 to 4 (studies cited in
Lindqvist et al. (1991)). As noted in Section 6.4.2, mercury transfers from algae to water-
column herbivores in TRIM.FaTE implicitly include the intermediate transfer from algae to
zooplankton. Concentration ratios between planktivorous fish and phytoplankton were between
9 and 16 (Lindqvist et al. 1991, Watras and Bloom 1992). That is, zooplankton were an
intermediate trophic level and the transfers between each trophic level were approximately

equal. Taking the geometric mean results in approximate concentration ratios for methylmercury
of 3.5 for one trophic-level transfer and 12 for two trophic-level transfers (Mason et al. 1996).

Inorganic mercury (divalent) transfer factors between phytoplankton and zooplankton
and between zooplankton and planktivorous fish are given by Watras and Bloom (1992). In the
absence of similar factors for fish-to-fish transfers of inorganic mercury, the zooplankton-to-
planktivorous-fish transfer factor was used to estimate the concentrations in the water-column
omnivore, water-column carnivore, benthic omnivore, and benthic carnivore compartment types.
In other words, in the current TRIM.FaTE library, the mercury partition coefficient between
adjacent trophic levels in the time-to-equilibrium model for bioaccumulation by fish is set as
follows:

Kﬂsh—diet = 3.5.
A.1.5 PLANT MESOPHYLL RESISTANCE

A general plant algorithm for mesophyll resistance was added to TRIM.FaTE to
accommodate the behavior of mercury in plants. For most organic chemicals and most plant
species, the stomatal or cuticular conductance is the rate-limiting pathway (Riederer 1995).
Therefore, for many chemicals, there is no need to consider mesophyll (inner tissue)
conductance. However, some work with mercury cited in Lindberg et al. (1992) suggests that
“resistance on or within mesophyll surfaces dominates the atmosphere-leaf diffusive path of
Hg(0).”

For herbaceous species, Lindberg et al. (1992) indicate that this mesophyll resistance for
elemental mercury is a factor of 2.5 x stomatal resistance and that mesophyll conductance is a
factor of 1/2.5 or 0.4 x stomatal conductance. TRIM.FaTE therefore uses the following equation
for elemental mercury (only):

8 = 8stomata x 0.4 (Eq A_6)
where:
g, = conductance of chemical through mesophyll (m/day); and
Z.omaa =  conductance of chemical through stomata (m/day).

Note that the high mesophyll resistance of elemental Hg might be due to its assimilation
in mesophyll tissue (Lindberg et al. 1992). It has previously been assumed that the mesophyll
resistance for divalent mercury is 0.0 (U.S. EPA 1997a); i.e., that g, is infinite.
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A.2 MERCURY TRANSFORMATION ALGORITHMS

Since there are three species of mercury, there are six possible transformation routes from
one species to another. All but one of these routes will be considered:

e Reduction Hg(2)~> Hg(0);

e Oxidation Hg(0) > Hg(2);

»  Methylation Hg(2)—~ CH;Hg;

« Demethylation CH;Hg — Hg(2); and

e Mer cleavage demethylation CH,;Hg — Hg(0).
The route not considered is methylation of Hg(0), for which little information has been reported.
In the case of mercury, the transformation from one chemical species to another is

modeled using a first-order rate constant. In particular, the following general equations may be
used to model transformation:

Reduction, Hg** - Hg": M, =k, x M,(1)
’ a7 (Eq. A-7)

Oxidation, Hg’ -~ Hg”*: sz-kXM(z)
xiaaltion, r1g - g . d[ - Ky 1 (Eq A'8)

. 2+ dM3 -
Methylation, Hg"" - CH,Hg: 7 ky x M,(t) (Eq. A-9)
. 2+ dMZ
Demethylation, CH,Hg - Hg"": % =k, X M,(t) (Eq. A-10)
dM -

Mer cleavage demethylation, CH,Hg - Hg’: —L= ke X M,(2) (Eq. A-11)

dt

where:
M, = mass of elemental mercury in a compartment type (g[Hg(0)]);
M, = mass of divalent mercury in a compartment type (g[Hg(2)]);
M; = mass of methylmercury in a compartment type (g[CH;Hg]);
kg = reduction rate in compartment type (/day);
ko, =  oxidation rate in compartment type (/day);
k, =  methylation rate in compartment type (/day);
ky, =  demethylation rate in compartment type (/day); and
ky,c =  mer cleavage demethylation rate in compartment type (/day).

The transformation rates may be input directly or calculated based on other parameters.
If both algorithms and input values are available, then the user will be able to choose which
method to use. The corresponding transfer factors for Equations A-7 through A-10, respectively,
are listed below:
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reduction -
ey~ g0y = K (TF A-5)
oxidation -
T g0~ g2y = ko (TF A-6)
Tmethylation - k
Hg(2)- CH;Hg M
TF A-
demethylation — _ k ( 7)
CHyHg - Hg(2) ~ "Dm

A.2.1 ABIOTIC MERCURY TRANSFORMATION RATE CONSTANTS

The information in Tables A-2 through A-13 is taken primarily from the 1997 Mercury
Report to Congress (U.S. EPA 1997a) and model documentation for EPRI’s R-MCM Mercury
Cycling Model (Hudson et al. 1994).

Table A-2
Issues Related to Reduction of Hg(2) to Hg(0) in Soil, Surface Water, and Sediment

Soil

Surface Water

Sediment

Decreases in decreasing
sunlight

Decreases with decreasing sunlight and
temperatures

Sparse literature on
subject

Abiotic reduction (transfer
of electrons from humic
acid to Hg(2)) is
dependent on pH

Has been observed to increase with decreasing
dissolved organic carbon (DOC) conditions
(Amyot et al. 1997), and vice versa, due to
reduced light penetration and increased
complexation of Hg(2)

Strong stability complex
between Hg(2) and humic
acid
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Table A-3
Reduction (k;) in Surface Water: Inputs
Input Values (1/day) Comment Reference(s)
Experimental value using simulated .
5E-1to 3.5 sunlight, after normalizing to sunlight in H'QSQSE)PA (1997a), Xiao et al.
Stockholm, Sweden
Based on mass balances in Wisconsin U.S. EPA (1997a), Mason et al.
5E-3 to 1E-1
seepage lakes (1994)
2E-2 to 4E-2 Epilimnion Mason et al. (1995)
1E-2 9 m depth Mason et al. (1995)
<5E-3 17 m depth Mason et al. (1995)
1 4E-1 hlgh Arctic lake during 24 hour sunlight Amyot et al. (1997)
period
2E-1 to 4E-1 high Arctic lake, low DOC conditions Amyot et al. (1997)
2E-2 to 1.4E-1 high Arctic lake, high DOC conditions Amyot et al. (1997)
1E-1 July-August, upper 3 m Vandal et al. (1995)
5E-2 July August, upper 6 m Vandal et al. (1995)
7.5E-3 Value in current TRIM.FaTE library U.S. EPA (1997a)
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Table A-4

Reduction (k) in Sediment: Inputs

Input Values (1/day)

Comment

Reference(s)

Inferred value calculated based on

U.S. EPA (1997a), Vandal et al.

1E-6 presence of Hg(0) in sediment porewater (1995)
Derived from humic acid from farm pool
0216 sediment. p_H did not appear to affect the Alberts et al. (1974)
rate of reaction, but does seem to influence
the amount of mercury reduced
1E-6 Value in current TRIM.FaTE library U.S. EPA (1997a), Vandal et al.

(1995)

Table A-5
Reduction (k) in Soil: Inputs

Equations to Calculate Input Values

Comment

Reference(s)

where

K,

norm

k;{n‘l - k

norm

X QXdSS xdg

reduction rate constant normalized by
soil water content in the surficial 5 mm
of soil (L[soil]/L[water]-day); values
range from 1E-4 for forest site to 1.3E-3
for field site;

soil water content ( L[water]/L[soil]);
depth of soil surface layer to which
reduction rate is normalized, 5E-3 (m);
and

soil layer depth (m).

Formula is derived
from evasion flux
measurements

U.S. EPA (1997a), Carpi
and Lindberg (1997)
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Table A-6

Issues Related to Methylation in Soil, Surface Water, and Sediment

Soil

Surface Water

Sediment

Anaerobic conditions favor
higher methylation rates®

Anaerobic conditions favor
higher methylation rates®

Anaerobic conditions favor
higher methylation rates®

Biotic methylation may occur
due to bacteria; abiotic
methylation may occur by
transmethylation from other
organometals or by humic
substances®

Photodegradation at surface
can lower the gross methylation
rate®

Highest rates may occur at the
sediment surface (sulfate-
reducing bacteria may be
important mediators of the
reaction), Gilmour and Henry
(1991)

Increases with increasing
organic carbon content and
BHT

Positively correlated with DOC*®
(dissolved organic carbon)

Positively correlated with TOC
(total organic carbon)®

Generally occurs for Hg(2)
dissolved in soil pore water

Generally occurs for Hg(2)
dissolved in water column®

Generally occurs for Hg(2)
dissolved in sediment pore
water®

Abiotic methylation is
proportional to temperature and
Hg(2) concentration. Also, it is
inversely proportional to pH (at
pH > 5)°

Positively correlated with
temperature®

Positively correlated with
temperature®

Potentially positively correlated
with sulfate concentration in
water column®

Potentially positively correlated
with sulfate concentration in
sediment pore water®

a This is generally due to increased bacterial reactions in anaerobic conditions.
b: U.S. EPA (1997a), Gilmour and Henry (1991).
c: Initial reference is Bob Ambrose’s discussion of methylation in water column in U.S. EPA (1997a).

d: Hudson et al. (1994).
e: Watras et al. (1995).

f: Nagase et al. (1984); BHT = 2,6, di-tert-butyl-methyl phenol.

g: Bodek et al. (1988).
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APPENDIX A

DERIVATION OF MERCURY-SPECIFIC ALGORITHMS

Table A-9
Methylation (k,,) in Soil: Inputs
Input Values (1/day) Comment Reference(s)
2E-4 minimum value for average maximum potential Porvari and Verta
methylation rate constant under aerobic conditions | (1995)
for 120-day experiment
1E-3 maximum value for average maximum potential Porvari and Verta
methylation rate constant under anaerobic (1995)
conditions for 120-day experiment
7E-5t0 9.7E-4 Range for median aerobic reaction rate (from peat, | Verta et al (1994)
humus layer, and soil samples, respectively)
9.2 E-3 Anaerobic median rate of four inundated soil Verta et al. (1994)
samples (range = 4.2E-3 to 1.2E-2/day)
1E-3 Value in current TRIM.FaTE library Z%rgg)” and Verta

Table A-10

Issues Related to Demethylation in Soil, Surface Water, and Sediment

Soil

Surface Water

Sediment

May increase with increasing
anaerobic conditions

Negatively correlated with light

May depend on bacteria
processes

Has been reported as
maximal at the
sediment/water interface
(Gilmour et al. 1992)

Table A-11

Demethylation (k),) in Surface Water: Inputs

Input Values (1/day)

Comment

Reference(s)

Maximum potential

Gilmour and Henry

1E-3 to 2.5E-2 :
Value in current TRIM.FaTE library = 0.013 demethylation rate (1991)
constants
Equations Used to Calculate Input Values Comment Reference(s)
swo_ ~ Loy *dgy Hudson et al.
kDm - (kds /Lext) X (1 -e )/dSW (1994)
where:
Ky = demethylation rate constant at the lake
surface (/day)
Loy = light extinction coefficient for use in
demethylation calculations (/m)
dgy = mean depth of water column (m)
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Table A-12
Demethylation (k,,) in Sediment: Inputs
Input Values (1/day) Comment Reference(s)
2E-4 to 1E-1 Reported maximum Gilmour and Henry
Value in current TRIM.FaTE library = 0.0501 potential (1991)
demethylation rate
constants
Equations to Calculate Input Values Comment Reference(s)
Hudson et al.
Sed _ MH;
kDm - kDmS X CTOC X dissoized X ((81 + Hb) X 05) (1994)
where
koms = demethylation rate in the sediment, based
on TOC (m?g[TOC]-day)
Croc TOC concentration in sediment (g[organic
carbon]/m?)
M9 esoneq=  fraction of the methylmercury in the
sediment that is dissolved (unitless)
6 = porosity of the sediment at the
sediment/water interface (unitless)
6, = porosity of the bottom of the sediment
(unitless)
Table A-13
Demethylation (k,,,) in Soil: Inputs
Input Values (1/day) Comment Reference(s)

constants in anaerobic conditions

3E-2 Average of maximum potential demethylation rate Porvari and Verta
constants in aerobic conditions (1995)
6E-2 Average of maximum potential demethylation rate Porvari and Verta

(1995)

3.6E-2, 7.6E-2, 1.1E-1

Median aerobic rates for 15 inundated soil samples,
15 humus layer samples, and five peat samples,
respectively.

Verta et al. (1994)

8.9E-2 Median anaerobic rate for 15 inundated soil samples. | Verta et al. (1994)
6E-2 Value in current TRIM.FaTE library Porvari and Verta
(1995)
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A.2.2 BIOTIC MERCURY TRANSFORMATION RATE CONSTANTS
A.2.2.1 Plants

Fortmann et al. (1978) observed that some plants can change the mercury species
accumulated from the environment. However, few studies are available from which to determine
transformation rates.

Hg(0) - Hg(2)

The oxidation of elemental mercury to divalent mercury (transformation listed above)
occurs in leaves; elemental mercury is probably not taken up by the root. This oxidation rate is
apparently very rapid and may be assumed to be instantaneous (U.S. EPA 1997a). No instances
have been found where elemental mercury was measured in plants (e.g., Cappon 1987). Thus,
elemental mercury in air or on the surface of the leaf can be directly transferred to divalent
mercury in the leaf.

Hg(2) - CH;Hg

It is assumed that the methlyation of Hg(2) to methylmercury (CH;Hg) does not occur in
plants. Although the in vivo transformation of inorganic mercury to methylmercury was
observed in Pisum sativum (peas) in one study (Gay 1975), the chemical was ephemeral and
quickly (several hours) decayed to low parts per billion levels. Methylmercury residues were not
detected in mature crops following the addition of mercuric chloride to soil (Bache et al. 1973).
Indeed, most mercury in plants is usually in inorganic form (Lindberg 1998).

CH,Hg > Hg(2)

It is assumed that demethylation of methylmercury to Hg(2) (above) occurs in leaves and
stems, but not in roots (because transformations interfere with the equilibrium assumption in
roots). We assume that methylmercury is transformed to Hg(2) according to first-order kinetics,
where the first-order rate constant is 0.03 /day, based on the following information.

Only one study is available in which methylmercury was added to soil and the forms of
mercury (methyl and total) were measured after a defined period of exposure (Bache et al. 1973).
In the few other studies of speciation of mercury within plants, either it is not known which
species were present in soil (e.g., Heller and Weber 1998), or multiple Hg species were present
in soil and it is not known which were initially taken up by the plant (Cappon 1987).

Using data from Bache et al. (1973) (see Table A-14 below), we assume that the
methylmercury is readily taken up through the roots or foliage, that equilibrium between soil and
plant is achieved quickly, that methylmercury is not appreciably transformed in soil during a
crop season, that all methylmercury is only transformed to ionic mercury, and that crops were
harvested after 40 days. Under these assumptions, 1%¥-order rate constants for the transformation
of methylmercury to Hg(2) vary by almost two orders of magnitude in a single study. No
mechanistic explanation is available for
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Table A-14

Concentrations of Methylmercury in Foliage and Stems of Crops from Bache et al. (1973)
and Associated First-order Rate Constants, Using Assumptions in Text

Application Total Mercury Methylmercury st
Plant Species Soil to Soil in Foliage and in Foliage and éog;f:r:-tTcaiE(;
(mg/kg) Stem Stem
Bush bean ravell
(Phaseolus 9 o y 1 52 46 0.003
vulgaris)
Bush bean ravell
(Phaseolus 9 o y 10 90 28 0.03
vulgaris)
Carrot (Daucus gravelly 10 214 1 0.1
carota) loam
Z‘gjﬁgs(jr"’jf’”um silt loam 1 86 27 0.03
Z%t::gs(jsff’”um silt loam 10 58 17 0.03
Tomato ravell
(Lycopersicon S 10 341 3 0.1
esculantum)

this high degree of variability. The default value of 0.03 /day in the TRIM.FaTE library for
demethylation of methylmercury to Hg(2) in plants is one of the mid values in the range.

A.2.2.2 Soil Detritivores

No information is available for transformations of mercury in soil detritivores. In
addition, transformation algorithms cannot be implemented if the mercury in these organisms is
in equilibrium with mercury in root-zone soil.

A.2.2.3 Terrestrial and Semi-aquatic Wildlife

Little quantitative information is available on the transformation of mercury in mammals
and birds. Where information is available, calculations of rate constants assume first-order
transformations and are calculated on the basis of the total mercury ingested by the organism but
not necessarily absorbed. (The exception is the inhalation pathway, where rate constants are
derived based on the absorbed fraction.)

Hg(0) = Hg(2)

No information is available from which to derive transformation rate constants for the
oxidation of elemental mercury to the mercuric ion. Based on the following information, we
assume that the rate is rapid, and 1.0 /day is a rough estimate of the first-order rate constant.
Elemental mercury is readily oxidized to the inorganic divalent species in most tissues via the
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hydrogen peroxidase-catalase pathway. This oxidation primarily occurs in the red blood cells,
and hydrogen peroxide is probably the rate-limiting reactant (ATSDR 1997, U.S. EPA 1997b).

Hg(2)—> Hg(0)

Mercuric salts primarily remain in their divalent form. However, a small fraction of the
inorganic divalent cation can be reduced to elemental mercury and exhaled as a vapor (ATSDR
1997). Given the lack of information on the rate of this transformation, the transformation is
assumed not to occur.

Organic mercury - Hg(2)

Forms of organic mercury are the most studied species of mercury. The short-chain alkyl
mercury compounds (e.g. methylmercury) are relatively stable and are more slowly metabolized
to the inorganic form than the longer-chain compounds (U.S. EPA 1997b) The longer-chain
compounds may be more readily metabolized to the mercuric ion (U.S. EPA 1997b). Takeda
and Ukita (1970) dosed Donryu rats with 20 pg Hg/kg body weight as ethyl-mercuric chloride
via intravenous injection. After 8 days, 58.1 percent of the mercury excreted in the urine was
inorganic mercury and 35 percent of the mercury excreted in feces was inorganic (Table A-15).
If it is assumed that (1) the excreted chemicals reflect the transformation rate in the animal
(transformation occurred immediately prior to excretion) and (2) the first-order transformation
rate reflects a weighted average of the amount of dose excreted in urine (10.52 percent) and that
excreted in feces (6.01 percent), then the transformation rate may be estimated to be 0.09 /day.

Table A-15
Transformation Rate (/day) of Organic Mercury to the Inorganic Divalent Form
in Mammals (Takeda and Ukita 1970)

% Organic % Inorganic Transform
Elimination Type Dose Route °rg o ‘norg Rate
after 8 days after 8 days
Constant
urine injection 41.9 58.1 0.1084
feces injection 65.0 35.0 0.0539
assumed transformation 0.09
for whole animal

Hg(2)— organic mercury

No information is available on this transformation. Therefore it is assumed to be zero.

A.2.2.4 Aquatic Species

Transformations of mercury in algae, macrophytes, and benthic organisms are assumed
not to occur with one exception. It is assumed that elemental is transformed to divalent mercury
in macrophytes, and the transformation is described as a rapid (almost instantaneous) first-order
rate constant (i.e., 10° to 10°). Thus, it is assumed that elemental mercury can be taken up by
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macrophytes but is not accumulated in macrophytes (i.e., data showing Hg(0)) in macrophytes
were not found). Data demonstrating methylation of divalent mercury or demethylation of
methylmercury in macrophytes also were not found.

Hg(2)~ CH,Hg

Very little is known about the rate at which transformation of mercury species occurs in
aquatic organisms. A large body of field data suggests that most (> 90 percent) of mercury in
fish is in the form of methylmercury and other organic species (represented here simply as
CH;Hg); however, methylation of inorganic mercury has not been demonstrated in fish. For this
reason, it is assumed that methylation of divalent mercury does not to occur in fish.

Hg(0) ~ Hg(2)

Oxidation of elemental mercury is assumed to occur instantaneously in fish.

Hg(0) »CH;Hg

Methylation of inorganic mercury is assumed not to occur directly in fish.

Hg(2)>Hg(0)

Reduction of divalent mercury is assumed not to occur in fish.

CH;Hg— Hg(2)

Demethylation is assumed not to occur in fish.

CH;Hg— Hg(0)

Mer cleavage demethylation is assumed not to occur in fish.
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APPENDIX B
DERIVATION OF PAH-SPECIFIC ALGORITHMS

This appendix contains includes derivations of algorithms and parts of algorithms
specific to polyaromatic hydrocarbons (PAHs). Section B.1 covers exchanges of PAHs between
benthic invertebrates and sediments. Section B.2 includes provides a note about
bioaccumulation in fish which can metabolize PAHs. Section B.3 provides a note about dry
deposition of PAHs sorbed to airborne particles to plant leaves. The references are provided in

Section B.4.

B.1 EXCHANGES BETWEEN SEDIMENT AND BENTHIC
INVERTEBRATES

Uptake of contaminants from water by benthic invertebrates (e.g., mayfly nymphs,
amphipods) is primarily based on respiratory processes. Stehly et al. (1990) found that the
clearance rate of benzo-a-pyrene (B(a)P) and phenanthrene from water by the mayfly (i.e.,
mayfly net uptake of the chemical from water) is analogous to the clearance rate (i.e., net uptake
rate) of oxygen during mayfly respiration. The uptake of these two PAHs can, therefore, be
estimated similarly to the ratio of oxygen clearance to the volume of water passing over
respiratory surfaces. With a known or assumed volume of water passing over respiratory
membranes with known concentrations of B(a)P and phenanthrene, the extraction efficiency of
these PAHs can be calculated. The following concentration algorithms and mass derivatives
were adopted from the model of Stehly et al. (1990) for estimating PAH uptake and loss for
benthic invertebrates. The equations are based on the clearance rate driven by the volume of
water cleared and the bioconcentration factor (BCF). Uptake rates, as measured by a clearance
constant (CLu), as well as the BCF for 30-, 60-, and 120-day-old mayflies for B(a)P and
phenanthrene were provided by Stehly et al. (1990).

o _ oy C, - CL, x — (Eq. B-1)
dr ‘ " pe
where:

Cuany =  concentration of chemical compound in the organism expressed on a wet
weight basis (ng[chemical]/g[mayfly wet wt] = mg[chemical]/kg[mayfly
wet wt]);

CL, =  clearance constant (equivalent to k,) (mL[water cleared]/g[mayfly wet wt]-
hour = L[water cleared]/kg[mayfly wet wt]-(day/24);

Cy = concentration of the chemical in the interstitial water
(ng[chemical]/mL[water] = mg[chemical]/L[water]); and

Pc =  proportionality constant that relates the concentration of chemical in the

organism to the concentration in the exposure water (equivalent to the
bioconcentration factor (BCF)) (mg[chemical]/kg[mayfly wet wt] per
mg[chemical]/L[water] = L[water]/kg[mayfly wet wt]).
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We substitute generic benthic invertebrates (BI) for the mayflies in Stehly et al. (1990). Thus, an
estimation of the PAH concentrations in benthic invertebrate populations (i.e., compartments) is
as follows:

Ny _ Xm,, x CL x&xij—(a x&xmj (Eq. B-2)
ar e T T 1000 " pe &
where:
Ny, = mass of chemical in benthic invertebrates (g[chemical]);
Mg, = number of benthic invertebrates (unitless);
Mg, = mass of individual benthic invertebrate organisms (g[Bl wet
wt]/individual);
Ny = mass of chemical dissolved in interstitial pore water (g[chemical]);
Vy = volume of the interstitial pore water (L[water]);
1/1000 =  units conversion factor (kg/g); and
24 = units converstion factor (hr/day).
Note that:
Vseaw = Vsea™ 0 (Eq. B-3)
where:
Veaw =  volume of the pore water in the sediment compartment (m?);
Veod = volume of the sediment compartment (m?);
0 = volume fraction of the sediment compartment that is liquid (i.e., water)
(unitless).
Also note that:
Fraction Mass_Dissolved = Ny X Ny, (Eq. B-4)
where:

Fraction_Mass_Dissolved = the fraction of the chemical mass in the sediment
compartment that is dissolved in the interstitial water

(unitless);
Ny = chemical inventory dissolved in the interstitial water (g[chemical]); and
Nr,.. =  total chemical inventory in the sediment compartment, both dissolved and

associated with sediment particles (g[chemical]).
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As described in Chapter 2, Equation 2-81:

_ Fraction_ Mass_ Dissolved

fuu® 5 (Eq. B-5)
Note that for sediments:
6= 1-Volume Fraction Solid (Eq. B-6)
where:
Volume Fraction Solid = fraction of sediment compartment that consists of solid

sediment particles (unitless),

because the fraction of the sediment compartment that is vapor/gas-phase is assumed to be zero.
From those equations, transfer factors can be derived as:

CL, 1
TSedWH B = Mgy X My X VSedW X 1000 x24 x fML (TF B'l)
CL,
Tyt - seaw = x 24 (TF B-2)
Pc
where:
Ts..w 5=  transfer factor for PAHs from sediment pore water to benthic invertebrates
(/day); and
Ty, =  transfer factor for PAHs from benthic invertebrates to sediment pore water
(/day).

B.2 BIOACCUMULATION BY FISH

It is possible to use the time-to-equilibrium-based model (Section 6.4.2) for estimating
bioaccumulation of nonionic organic chemicals in fish. As described in Section 2.5, some
algorithms that represent steady-state equilibrium relationships can be turned into time-
dependent ones for use in TRIM.FaTE if an estimate of the time required for the concentration to
reach some fraction of the equilibrium value is known. In this case, the concentration of a
nonionic organic chemical in a fish compartment at one trophic level (e.g., water-column
carnivore, £, ) can be related to the concentration of the chemical in the next lower trophic level
(e.g., water-column omnivore F, ) by the equilibrium relationship of the form Cy,,..= K x Cy,.,.
The value of K, also known in this context as the bioacumulation factor (BAF), and the time 7,
required to reach 100« percent of the equilibrium must be known or estimated (default o = 0.95).

SEPTEMBER 2002 B-3 TRIM.FATE TSD VOLUME II



APPENDIX B
DERIVATION OF PAH-SPECIFIC ALGORITHMS

For PAHs, which are readily metabolized by fish, it is appropriate to use a measured wet-
weight BAF for the PAH chemicals and a measured time to reach 100x & percent of the
equilibrium ratio of concentrations in the transfer factor equations TF 6-9 and 6-10. BAF values
for PAHs can be estimated from K, values only if the empirical model used (i.e., regression
equation) for relating BAF to K, values was derived for fish from a series of PAHs.

B.3 REFERENCE

Stehly, G. R., Landrum, P. F., Henry, M. G. & Klemm, C. (1990). Toxicokinetics of PAHs in
Hexagenia. Environmental Toxicology and Chemistry, 9, 167-174.
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STEADY-STATE MODE

TRIM.FaTE can be run in two modes: dynamic or steady-state. This appendix describes
implementation of the TRIM.FaTE steady-state mode (Section C.1) and potential user
applications of that feature (Section C.2). The advantage of the steady-state mode is that the run
time is very short compared with typical dynamic runs that use hourly-to-daily simulation time
steps over the course of many years (e.g., 30-year). The short run-time allows the user to
quickly test new approaches and to conduct sensitivity or Monte Carlo analyses that would be
require much greater run times if the dynamic mode were used.

C.1 STEADY-STATE SOLUTION FEATURE

The description of TRIM.FaTE in Chapters 1 through 8 apply to both dynamic and
steady-state modes except where noted below. The remainder of this section describes important
differences between the steady-state and dynamic modes.

Section C.1.1 describes how to develop constant values for time-varying model inputs.
Section C.1.2 describes changing the air transfer factors in the dynamic mode to implement the
steady-state mode. Section C.1.3 notes changes that are needed with respect to the ground-water
transfer factors. Finally, Section C.1.4 describes other differences in the TRIM.FaTE code setup
for the steady-state versus dynamic modes.

C.1.1 CHANGING TIME-VARYING INPUT DATA TO CONSTANTS
Generating steady-state results with the model requires representative steady-state values

for the time-varying inputs in the current version of the TRIM.FaTE library. The primary time-
varying inputs include:

. wind speed;

. wind direction;

. mixing height;

. rain;

. IsDay (0 at night; = 1 during the day);

. AllowExchange (0 during non-growing season; = 1 during growing season);
. litter fall (e.g., deciduous forest and grasses/herbs); and

. river flow.

Many of these time-varying inputs combine and interact to influence specific transfer
factors within TRIM.FaTE, and the different time-varying inputs interact/combine in different
ways when used in different algorithms. For example, wind speed and direction influence the
relative magnitude of the advective air transfers along the interfaces between air compartments.
Other transfer factors are influenced in a discontinuous fashion, as for example the transfer
factors that include the variable 7,,, the proportion of the wet deposition of chemical sorbed to

dust particles (or in vapor phase) that is intercepted and retained on the plants. The variable 7,
is a function of the leaf area index (LA/), mixing height, rain, and AllowExchange. When
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AllowExchange is zero, the wet interception fraction is zero. Thus, it is not appropriate to simply
assign an average value for each of the time varying inputs and assume that would result in
appropriate values for the calculated transfer factors. In addition to providing representative
values for the time-varying inputs, a number of calculated transfer factors need to be assigned
steady-state values.

The calculated steady-state variables (or distributions) that need to be considered include:

. Advective transfers across each air-to-air interface including external boundaries of the
system (calculated as function of wind speed, wind direction, mixing height, and parcel
coordinates) (Section C.1.1.1);

. Dry interception fraction for vegetation (calculated as function of AllowExchange,
mixing height, and the wet biomass of the vegetation per unit area) (Section C.1.1.2);

. Wet interception fraction (calculated as function of A/lowExchange, rain, mixing height,
and LAI) (Section C.1.1.3);

. Diffusive transfer across air/stomata interface (calculated as function of LAI, IsDay, and

mixing height) and diffusive transfer across air/cuticle interface (calculated as function of
LAI and mixing height) (Section C.1.1.4);

. Litter fall (e.g., deciduous forest and grasses/herbs) and river flow (Section C.1.1.5); and

. Plant intake rates for wildlife, which are modified by the AllowExchange variable
(Section C.1.1.6).

Steady-state models have typically used long-term arithmetic mean (4M) values for the
inputs, but we are not aware of any research that has evaluated whether those AM inputs are
more appropriate than other indications of central tendency (e.g., median, geometric mean, etc.)
for estimating steady-state output in a spatially segmented dynamic model. Fortunately, this
problem should not affect a steady-state uncertainty or sensitivity analysis because the user is
generally most interested in the relative propagation of uncertainty/variability through the model
for a given set of inputs. To maintain consistency with the other TRIM.FaTE inputs, we
recommend using the AM input values (and distributions) for the calculated time-varying inputs
and for the transfer factors in the steady-state scenario. For hourly meteorological data, the AM
value for each year of meteorological data can be calculated. The annual average values can
then be used to estimate a long-term average, and an appropriate statistical model can be used to
describe the set of annual average values.
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C.1.1.1 Advective Air-to-air Transfers

A challenge that arises in calculating steady-state inputs for use in the advective air
transfers is that the time-varying inputs from the meteorological data files per unit time are not
normally distributed. As a result, the long-term average transfer factor estimated at the
simulation time steps from the transfer factors may differ from that estimated from the long-term
average inputs for a given mass-transfer process. We use an example to illustrate this challenge
below.

In its simplest form, the advective transfer factor (/day) across an interface between two
neighboring air parcels is given by:
Jlux,_,

T == (TF C-1)

N

where fIux, ,, is the flux of air across the interface (m*/d) from sending compartment s, to
receiving compartment », and V| is the volume of the sending compartment. Assuming that the
long-term arithmetic mean (4M) transfer factor is a good surrogate for steady state, we can
calculate the AM[T, ,,] in two ways. The first way calculates a value of 7, ., for each hour of
meteorological data and then estimates the long-term average transfer factor from this set of
hourly values:

1 n
AM[TAAvaAr] = ; X Z:l TAS—»AI‘ (Eq C_l)
J=

where j represents the hour and 7 is the total number of hours (i.e., n = 8760 for one year of
meteorological data). The second way calculates the average values of flux, ,.and V, from the set
of hourly values for these variables, then estimates the steady state 7, ,,, as the quotient of the
two average values such that:

am(7..,]

T, )= il ]

(Eq. C-2)

However, if the hourly values for flow and/or volume are not normally distributed (which
they are not) then the two approaches give different answers:

am(f, ]

] (Eq. C-3)

1 n
—X Z TASaAr #
n j:l

In other words, the arithmetic mean (4M) of the set of hourly transfer factors does not equal the
quotient of the AM [flux, ,] and the AM [V].

To illustrate the difference, we use the first year’s hourly meteorological data prepared
for the mercury test case to calculate advective transfer across one of the segments of the parcel
that included the source facility. The AM[T, ,,] calculated from the 8760 hourly transfer factors
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(excluding the zeros) was 19.9 /hr. The transfer factor calculated from the quotient of average
flow and volume was 12.7 /hr, a difference of about 40 percent.

The steady-state input for transfer across an air-to-air interface is dependent on wind
speed, wind direction, mixing height, and the coordinates of the interface (length and angle). In
addition, the actual transfer also depends on the volume of the sending compartment, which in
turn depends on the atmospheric mixing height. In the mercury test case, we actually calculated
the transfer factor for each interface using both of the methods described earlier (i.e., Equations
C-1 and C-2).

For Eq. C-2, the value of T, ,,. for the j hour of the meteorological data is given by:

s Ar

TjAhAr = \/( )2u+ ( )2 X [(y2 - yl)sinﬁ - (x2 —xl)COSz9] X% (TF C-2)
Y2~ N Xy T X Y

where u is the wind speed (m/day) towards the direction O across the compartment boundary
during the j” hour, 4, is the area of the interface given by the time-varying mixing height h; (m),
and length of compartment interface, L; (m). The volume of the sending compartment, V., is also
a function of the time-varying mixing height. The L, is constant over time and is defined by two
Cartesian coordinates (P, = (x,, y,), P, = (X,, ¥,)) where the coordinates of each segment of a

polygon are evaluated in clockwise order and the length is:

L = \/(yz - y1)2 + (xz _x1)2 (Eq. C-4)

TF C-2 can be simplified for each hourly time step to give the following transfer-factor
algorithm:

Tj 4 4 = %[(y2 - yl)sinﬁ -(x, - xl)cosﬁ] (TF-C-3)

Evaluating the coordinates in clockwise order around a given polygon results in a
negative value for transfer out of the polygon and a positive value for transfer into the polygon
(wind direction is also reported as degrees clockwise from North). In estimating steady-state
transfer factors, the user is only interested in transfers out of a given polygon across a given
interface. Thus, the positive values can be ignored and the absolute values of transfers out of the
polygon (i.e., from the sending compartment) are used. In the example for the mercury test case,
we calculated values of AM[T,;, ,,] for each of the five years of meteorological data, which
resulted in a distribution of AM[T,, ,,,] values for each line segment and direction.

We also calculated the transfer factor for each year by summing the annual volumetric
flux across the interface and using the long-term average mixing height and constant area of the
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Comparison of Calculation Method for Steady State
Advection T-Factors
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Figure C-1. Comparison of long-term average advective transfer factors calculated using the
daily average volumetric flux normalized to sending compartment (cell) volume (x-axis) and
the average of the hourly transfer factors (y-axis).

sending compartment to estimate the transfer factor using Eq. C-2. The difference between the
two methods is illustrated in Figure C-1. The overall difference in the results of the two methods
was not great. (In the mercury test case, we combined the two sets of results to provide a single
estimate of the transfer factor for each interface).

It is important to remember that the steady-state value (or distribution) for a given
transfer factor represents a long-term average transfer, not day-to-day or hour-to-hour variation
in the transfer.

C.1.1.2 Dry Interception Fraction

For deciduous plants and grasses/herbs, the dry interception fraction is a function of
AllowExchange, mixing height, and biomass (wet wt) of the vegetation per unit area. For
coniferous plants that do not loose their leaves seasonally, the dry interception fraction is
assumed to be a constant value throughout the year.
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The dry interception fraction, /,,, is calculated for deciduous plants and grasses/herbs as
receiving compartments per Eq. 7-2 of TSD Volume II, as modified to accommodate a steady-
state AllowExchange variable:

(Eq. C-5)

1 (1 - fWLeaf)(- a,,, * AllowExchange X,Oarea)

=1-exp

dry

where, for both grasses/herbs and deciduous plants, /W, is the water content of the plant (0.8,
unitless), &, is the vegetation attenuation factor (-2.9 m2[leaf]/kg[plant dry wt]), and parea is
the areal density of above-ground non-woody vegetation (0.6 kg[plant wet wt]/m*[surface soil]).
AllowExchange is used as a seasonal on/off switch for the interception fraction. When
AllowExchange is one, I, is calculated by Eq. C-5, but when AllowExchange is zero, 1, is zero.

The volume of the sending air compartment, ¥, is also used to calculate the transfer
factor for dry deposition (see TF 7-1 in TSD Volume II). Due to hourly changes in the mixing
height, the long-term average V, can differ during times when Al/lowExchange 1s on and when it
is off, as illustrated in Figure C-2. Therefore, the steady-state value of 1, needs to be
normalized to a sending compartment volume that is relevant to the time when leaves are
intercepting particles (i.e., when AllowExchange = 1). The factor used to normalize the steady-
state interception fraction is the long-term (annual) average mixing height divided by the average
mixing height when AllowExchange is equal to 1. In summary, the steady-state /,,, value for

each of the five years is given by:

h(4E=10) 1
SS.Id,y’j = mx;led’y‘j

J

n

(Eq. C-6)

where h (AE=1,0) represents the average over the full year and 4 (AE=1) represents average
mixing height when AllowExchange is set to 1.

C.1.1.3 Wet Interception Fraction

The wet interception fraction, /,,,, is a function of total rain for each rain event, the
seasonal LAI (calculated from the average leaf area interface and the A/lowExchange variable)
and, as with the dry interception fraction, a normalization factor to the appropriate average air
mixing height. Wet interception is calculated by Equation 7-4 of the TSD Volume II as modified
to accommodate the AllowExchange variable and the cumulative rain for a given rainfall event.
We define a rainfall event as the cumulative time over which rain occurs, which is bracketed
(before and after) by at least one hour with no rain. Given this definition of rain, the wet

interception fraction for rain event & is:

wet ,k - 3 X S (Eq' C_7)

rain

AllowExchange x LAI x S { ( - In(2) . ”
= x| 1-exp X rain
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Distribution of Mixing Height
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Figure C-2: Distributions of hourly mixing height reported for different conditions where
AllowExchange controls seasonality and IsDay is used in the model to modify stomata
diffusion.

where k indicates the k" rain event, S is the leaf wetting factor (0.0003 m) and LAI is the leaf
area index (grasses/herbs = 5, deciduous forest = 3.4 and coniferous forest = 5). The [, for the
k™ event is multiplied by the cumulative amount of rain for that event to give the volume of
intercepted rain. The event-specific volume of intercepted rain is summed over the year to give
the total volume of “intercepted” rain. The long-term interception fraction is then estimated as
the intercepted volume for the given year divided by the cumulative rain for that year.

As with [, the final steady-state value for wet interception (for each year) is normalized
to account for differences between the overall average mixing height of the sending compartment
and the average mixing height when it is both raining and the Al/lowExchange variable is 1 such
that:

SS.T. = M4E=10) 1 ¢, Eq. C-8
et T W(AE = 1& rain > 0) n <&/ (Eq. C-8)

J

where AE=1&rain>0 indicates that both the AllowExchange variable = 1 and it is raining.
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C.1.1.4 Diffusive Transfer Across Air/Stomata Interface and Across Air/Cuticle
Interface

This diffusive transfer combines two process where the stomata transfer is controlled by
the LAI (AllowExchange), IsDay, and the relative mixing height during exchange (i.e., when LAl
and IsDay are both 1) and where the cuticle transfer is influenced only by LAl (AllowExchange)
and relative mixing height. The two parts of the equation need to be treated separately so that
each mass transfer process can be independently modified by either the AllowExchange variable
(cuticle) or the combined AllowExchange.lsDay variable (stomata).

The first AllowExchange variable, the one that modifies cuticle exchange, is the same
height-normalized value that is used for /,,,. In this case, we derive a single steady-state value
for AllowExchange that modifies both 7, and the cuticle side of the air-to-plant diffusion
equation.

The steady-state modification factor for the stomata diffusion is calculated as the long-
term average of the product of IsDay, input as a fraction representing the average number of
daylight hours per 24-hr period, and AllowExchange, adjusted for height of the sending
compartment, using the following normalization factor:

h(AE =1,0)
h(AE = 1&ID = 1)

NormalizationFactor = (Eq. C-9)

where AE=1&ID=1 indicates that both AllowExchange and IsDay are equal to one.

These two steady-state modification factors are incorporated into the equation for total
diffusive transfer across the air/plant interface so that both the stomata pathway and the cuticle
pathway are transformed to steady state.

C.1.1.5 Litter Fall and River Flow

In the current TRIM.FaTE library, the litter-fall rate constant, k,, for deciduous forests
and for grasses/herbs is set such that 99 percent of the mass is transferred to soil in
approximately one month.! To run TRIM.FaTE in the steady-state mode, this litter-fall rate is
transformed such that 99 percent of the mass is transferred to soil on an annual basis (365 days):

0.01= exp(-k, x 365) (Eq. C-10)

Solving Equation C-10 for &, gives a steady-state litter-fall rate constant of 0.013 /day. The litter-
fall rate for coniferous plants does not change from the rate used for TRIM.FaTE in the dynamic
mode. The user can set a date for harvest of agricultural plants or allow them to become litter.

'In the current TRIM.FaTE library, the litter-fall rate constant for coniferous forest is set to a value that is
constant throughout the year. For the agricultural plants, the user can set the date of harvest, and the chemical mass
in the harvested biomass can be transferred to a sink.
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The steady-state flow of a river is simply the time-weighted average flow (or velocity).
C.1.1.6 Wildlife Plant Ingestion Rates

The wildlife plant ingestion rates (i.e., total ingestion rate x fraction of diet that consists
of plants on a wet weight basis) are multiplied by A/lowExchange to ensure that wildlife only
consume plant leaves during the growing season. For a steady-state run, AllowExchange is set to
a fractional value equal to the number of days it is equal to 1 divided by 365 days per year to get
an annual average.

C.1.2 SWITCHING ADVECTIVE AIR TRANSPORT ALGORITHMS

Switching from the dynamic to the steady-state advective air transport algorithms
involves three steps:

(1) Enabling the steady-state algorithms;
(2) Disabling the dynamic algorithms; and
3) Setting up the steady-state advective transfer factors.

The steady-state air advective transfer factors are used to calculate air advection (see
Section C.1.1.1). Two transfer factors (two directions) are calculated for each interface between
one air volume element and an adjacent air volume element. In addition, the user should
calculate transfer factors across each interface from air volume elements bounding the exterior of
the modeling domain to the air sinks (i.e., moving chemical mass from the boundary air volume
elements into the air sinks). These transfer factors can be calculated by hand (in a spreadsheet)
using the meteorological data set and information about the spatial relationships of the air
volume elements. The number of years of meteorological data to average for each interface
depends on the number of years associated with any apparent cycle or pattern of meteorologic
conditions that is repeated at intervals (e.g., five years in the mercury test case). The steady-state
air advective transfer factors are simply set equal to the calculated value for a particular link.

The use of the steady-state air advection transfer factors for each air/air compartment
interface results in a more accurate representation of the average advective flows between air
compartments than simply using average values for all of the meteorological properties and
allowing the model to use those values in the existing dynamic air advection transfer algorithms.
The use of steady-state air advection transfer factors (see Section C.1.1) retains information on
correlations among the meteorological properties (e.g., a certain wind direction may be
associated with higher wind speeds) that would be lost in an overall averaging process.

At the moment, the steady-state air advection transfer factors for each air/air
compartment interface must be calculated outside of TRIM.FaTE (e.g., using spreadsheets). We
expect that future versions of TRIM.FaTE will include the ability to calculate these transfer
factors internally, thus reducing the time required of the user to set up a steady-state simulation.
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C.1.3 DISABLING LINKS WITH GROUND WATER

A limitation of applying the steady-state mode is the inability to accommodate ground
water. Thus, the final step in setting up a steady-state simulation is disabling all of the links
from groundwater to other compartments (i.e., vadose-zone soil and surface water). This step is
required because the groundwater compartments lose mass so slowly that the steady-state solver
cannot find a solution. After disabling the dynamic-mode links to and from groundwater, the
ground-water compartment basically acts as a sink for chemical mass. Then, the steady-state
solver is able to calculate a solution.

C.2 APPLICATIONS OF THE STEADY-STATE MODE

The speed of the steady-state solution makes it attractive for several types of applications
(e.g., diagnostic and uncertainty analyses).

As a diagnostic tool, the steady-state mode, with its short run time, can be used in
evaluating the impact of changes to the set-up of a simulation, as well as parameter values and
algorithms. The ability to perform a large number of realizations in reasonable run time (as
provided in the steady-state mode) gives the user the opportunity to investigate model behavior.
If the results from TRIM.FaTE appear inconsistent with expectations or with existing data, the
user can quickly test different hypotheses about how those results were produced. During this
exercise, the user can modify certain input parameters or assess different formulas for transfer
factor algorithms (or for various compartment properties) and quickly assess the response of the
model results to those changes.

In uncertainty and sensitivity analyses, the steady-state mode is also a valuable tool. For
large and/or complex parcel layouts, sensitivity analyses of the many property values in a
simulation when run in dynamic mode (e.g., involving simulations of many years) can involve
substantial run times. Similarly, dynamic simulations involving Monte Carlo assignment of key
property values can also be time consuming. The steady-state mode can be used to provide a
Monte Carlo sampling-based sensitivity analysis of many properties in a reasonable run time.
This enables examination of the sensitivity of the model results to a much larger number of
variables than would be possible using the sensitivity analysis feature in the dynamic mode in
the same amount of run time.

Information from sensitivity/Monte Carlo analyses conducted using the steady-state
mode can then be used to select a small number of input parameters for which the user can run a
dynamic-mode uncertainty analysis. The final uncertainty analysis could then be a set of fully
dynamic runs that produce a family of time-series curves (or an uncertainty band around an
outcome curve). Results from the steady-state uncertainty/sensitivity analysis might also be
evaluated as to their use to predict the outcome variance in the dynamic runs.
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Appendix D
TABLES OF TRIM.FaTE INPUT PARAMETERS

This appendix contains the following sets of tables listing and describing the input
parameters used in TRIM.FaTE:

* non-chemical-dependent parameters for abiotic compartment types;

* non-chemical-dependent parameters for biotic compartment types;

* chemical-dependent (i.e., value varies by chemical) parameters independent of
compartment type;

* chemical-dependent parameters for abiotic compartment types;

* chemical-dependent parameters for biotic compartment types; and

* source, meteorological, and other input parameters.

For each parameter listed, the parameter name and symbol, exact TRIM.FaTE code name, input
units, and a brief description are given; for chemical-specific parameters, the applicable
chemicals (e.g. , all, organics, mercury) also are given. Values for parameters are not listed
here, but the values used should be documented for individual model applications.

Within the framework of the TRIM.FaTE computer model, several different kinds
of “properties” are defined and used. The input parameters described in this appendix fall into
the following categories of TRIM.FaTE properties:

* compartment properties (includes by far the largest number of input parameters);
* volume element (VE) properties;

* link properties;

* chemical properties;

* source properties; and

* scenario properties.

In the following tables, the property type is identified for all input parameters that are not
compartment properties.

This appendix is intended to document only input parameters that are TRIM.FaTE
computer model properties, i.e., those parameters for which a user needs to supply a value (or

confirm that an existing TRIM.FaTE library value is appropriate) in order to apply TRIM.FaTE.
There are many other parameters, described throughout this Technical Support Document
(TSD), that are calculated from these inputs and used in various chains of equations in the
model. These intermediate parameters are not listed in the following tables, but they are
described in the other parts of this document.
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In addition to the input parameters listed here, the transfer factor algorithms and other
equations described in the body of this document also include some parameters for which the
user may want to set different values (e.g., gill assimilation efficiency in fish, or "overall K"
(D) in surface water). Although these parameters are considered part of the TRIM.FaTE
algorithms/equations, rather than TRIM.FaTE properties, they and the algorithms/equations
themselves are available to the user to modify as appropriate and scientifically defensible for the
application at hand. These parameters are described along with the transfer factor algorithms
and other equations in the other parts of this document, and are not listed in this appendix.

Finally, for a TRIM.FaTE application, “off-line” calculations generally are needed to
develop some of the input parameters listed in these tables (e.g., meteorological data
preprocessing, calculation of surface water flows, calculation of runoff fractions for overland
flow). Inputs for such “off-line” calculations, which may vary considerably across model
applications, are not listed in this appendix.

Note that the units listed in these tables are the units in which model input values
need to be expressed. In a few cases, these computer model input units do not match the units
used for the same parameter in equations and derivations in the other parts of this TSD. In such
cases, there are internal units conversions in the computer model that account for the
differences.

For most of the input parameters listed in the following tables, the symbol used in
the other parts of this TSD is included. For a few input parameters (e.g., initial concentration of
a chemical, boundary concentration of a chemical), no symbol is included because no symbol is
used in the other parts of this TSD.
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Non-Chemical-Dependent -- Abiotic

Air Compartment Type
Parameter Name
(TSD Symbol) TRIM FaTE Code Name Input Units Description
kg[dust particles]/m3[air Concentration of atmospheric dust particles in the
Atmospheric dust particle load (D) DustlLoad compartment] air compartment
Density of air (p,) AirDensity_g_cm3 g/cm3 Mass of air per unit volume of air

Density of dust particles (p,)

DustDensity

kg[dust particles]/ms[dust particles]

Mass of atmospheric particulate per unit volume of
atmospheric particulate

Fraction organic matter on particulates

(fom)

FractionOrganicMatteronParticulat
es

unitless (wet wt)

Mass fraction of air particulates that is organic
material

Height [VE Property]®

top, bottom?®

Height (i.e., vertical dimension) of the air volume
element

Particulate washout ratio (w,)

WashoutRatio

m®[air}/m>[rain]

Precipitation scavenging ratio for particles in air
(ratio of concentration of particles in rain to
concentration of particles in air); used in estimating
wet deposition of particles

@ Height of air volume elements is set in TRIM.FaTE using two properties named "top" and "bottom."
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Soil Compartment Types

Non-Chemical-Dependent -- Abiotic

Parameter Name
(TSD Symbol)

TRIM FaTE Code Name

Input Units

Description

Surface Soil Compartment Type

Air content (€g,)?

VolumeFraction_vapor

volumeJair]/volume[compartment]

Volumetric pore space occupied by air in
surface soil compartment (fraction of total
volume that is air)

Average vertical velocity of water

Average speed of water movement in

(percolation) (Vi)b AverageVerticalVelocity m/day downward vertical direction through soil column
Boundary layer thickness above surface
soil (dg) AirSoilBoundaryThickness m Boundary layer thickness above surface soil

Density of soil solids (dry weight) (p)?

rho

kg[soill/m*[soil]

Dry soil density (or dry weight of surface soil
particles per unit volume of surface soil
particles)

Depth (i.e., vertical dimension) of the surface

Depth [VE Property] (dss)° top, bottom® m soil volume element

Fraction of total eroded soil mass moving from
Erosion fraction (ferosion(Ssi — Ssj)) [Link a given sending compartment to a given
property] FractionofTotalErosion unitless receiving compartment or sink

Fraction of area available for erosion

(favail erosion )

Fractionofareaavailableforerosion

mz[area available]/mz[total]

Fraction of the total surface area for which
erosion can occur

Fraction of area available for runoff
(favail runoff)

FractionofAreaAvailableforRunoff

m?[area available]/m?[total]

Fraction of the total surface area for which
runoff can occur

Fraction of area available for vertical
diffusion (fA)

Fractionofareaavailableforverticaldif
fusion

m?[area available]/m?[total]

Fraction of the total surface area for which
vertical diffusion can occur

Organic carbon fraction (f )

OrganicCarbonContent

kg [organic carbon]/kg[soil wet wt]

Organic carbon mass fraction for surface soil

Runoff fraction (f,no(Ssi — Ssj)) [Link
property]

FractionofTotalRunoff

unitless

Fraction of total runoff volume moving from a
given sending compartment to a given
receiving compartment or sink

Total erosion rate (erosion) b

TotalErosionRate_kg_m2_day

kg[soil solids]/mz[surface soil]-day

Mass of eroded surface soil particles per unit
surface area per day

Total runoff rate (runoff) b

TotalRunoffRate_m3_m2_day

m®[water]/m*[surface soil]-day

Volume of liquid runoff from surface soil per
unit surface area per day
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Appendix D
Tables of TRIM.FaTE Input Parameters

Soil Compartment Types

Non-Chemical-Dependent -- Abiotic

Parameter Name
(TSD Symbol)

TRIM FaTE Code Name

Input Units

Description

Water content (8g)?

VolumeFraction_Liquid

volume[water]/volume[compartment]

Volumetric pore space occupied by water in
surface soil compartment (fraction of total
volume that is water)

Root Zone Soil Compartment Type

Air content (€,)?

VolumeFraction_vapor

volumelair]/volume[compartment]

Volumetric pore space occupied by air in root
zone soil compartment (fraction of total volume
that is air)

Average vertical velocity of water
(percolation) (V;)°

AverageVerticalVelocity

m/day

Average speed of water movement in vertical
direction through soil column (downward)

Density of soil solids (dry weight) (p)®

rho

kg[soill/m?[soil]

Dry soil density (or dry weight of root zone soil
particles per unit volume of root zone soil
particles)

Depth [VE Property] (ds,)°

top, bottom®

m

Depth (i.e., vertical dimension) of the root zone
soil volume element

Organic carbon fraction (f )

OrganicCarbonContent

kg [organic carbon]/kg [soil wet wt]

Organic carbon mass fraction for root zone soil

Water content (8¢,)?

VolumeFraction_Liquid

volume[water]/volume[compartment]

Volumetric pore space occupied by water in
root zone soil compartment (fraction of total
volume that is water)

Vadose Zone Soil Compartment Ty

pe

Air content (€g,)?

VolumeFraction_vapor

volumeJair]/volume[compartment]

Volumetric pore space occupied by air in
vadose zone soil compartment (fraction of total
volume that is air)

Average vertical velocity of water
(percolation) (Vi)b

AverageVerticalVelocity

m/day

Average speed of water movement in vertical
direction through soil column (downward)

Density of soil solids (dry weight) (p)®

rho

kg[soill/m?[soil]

Dry soil density (or dry weight of vadose zone
soil particles per unit volume of vadose zone
soil particles)

Depth [VE Property] (ds,)°

top, bottom®

m

Depth (i.e., vertical dimension) of the vadose
zone soil volume element

Organic carbon fraction (f o)

OrganicCarbonContent

kg [organic carbon]/kg [soil wet wt]

Organic carbon mass fraction for vadose zone
soll
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Appendix D
Tables of TRIM.FaTE Input Parameters

Soil Compartment Types

Non-Chemical-Dependent -- Abiotic

Parameter Name
(TSD Symbol)

TRIM FaTE Code Name

Input Units

Description

Water content (8g,)°

VolumeFraction_Liquid

volume[water]/volume[compartment]

Volumetric pore space occupied by water in
vadose zone soil compartment (fraction of total
volume that is water)

Ground Water Compartment Type

Depth [VE Property]®

top, bottom®

m

Depth (i.e., vertical dimension) of the ground
water volume element

Organic carbon fraction (f )

OrganicCarbonContent

kg [organic carbon]/kg [soil wet wt]

Organic carbon mass fraction for ground water

volumeftotal pore

Ratio of pore space volume to total ground

Porosity (®) Porosity space]/volume[compartment] water compartment volume

Recharge rate to surface water Volume of ground water moving into surface

(recharge) [Link property] RechargeRate m3[water]/m2[area]-day water per unit interfacial area per day
Dry particle density (or dry weight of solid
material in ground water compartment per unit
volume of solid material in ground water

Solid material density in aquifer (p) rho kg[soil]/m3[soil] compartment)

Interdependent parameters - user is responsible for making sure input values are consistent (also interdependent with soil bulk density, which is not an input
parameter in TRIM.FaTE but for which data are often available).

bInterdependent parameters with precipitation - user is responsible for making sure input values are consistent.
“Set using the volume element properties named "top" and "bottom."
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Appendix D
Tables of TRIM.FaTE Input Parameters

Surface Water Compartment Type

Non-Chemical-Dependent -- Abiotic

Parameter Name
(TSD Symbol)

TRIM FaTE Code Name

Input Units

Description

Algae carbon content (fraction) (Altoc)

AlgaeCarbonContentDryWt

g[carbon]/g[algae dry wi]

Mass fraction of algae that is carbon (dry wt
basis)

Algae density in water column (AC)

AlgaeDensityinWaterColumn_g_L

glalgae wet wt)/L[water]

Mass of algae per unit volume of surface water

First-order rate constant for increase of algae

Algae growth rate constant (u) AlgaeGrowthRate 1/day mass
Algae radius (R) AlgaeRadius um Average size of algae cell
Algae water content (fraction) (fW aq.e) |AlgaeWaterContent unitless Mass fraction of algae that is water

Average algae cell density (per vol cell,
not water) (Paigae)

AlgaeDensity g m3

glalgae]/m>[algae]

Weight of algae per unit volume of algae cells

Boundary layer thickness above

BoundaryLayerThicknessAboveSedi

Thickness of surface water above sediment
within which molecular diffusion between media
can be significant (defines boundary between
the well mixed portion, where turbulent mixing is
rapid and continuous, and the stable portion at

sediment (8geq) ment m the very edge of the interface)
Volume of water movement per unit time across
alink (i.e., at a compartment-compartment
Bulk water flow (flow) [Link property]>>® |BulkWaterFlowRate_Volumetric m®[water]/day interface)
Concentration of chloride ion in surface water
Chloride concentration ChlorideConcentration_mg_L mg/L compartment

Chlorophyll concentration (CC)

ChlorophyliConcentration_mg_L

mg|[chlorophyll])/L[water]

Concentration of chlorophyll in surface water
compartment

Average speed of moving water in flowing

Current velocity (|.|)C’d CurrentVelocity m/s surface water compartments

Depth (i.e., vertical dimension) of the surface
Depth (dy) [VE property]® top, bottom® m water volume element
Dispersion coefficient for exchange Coefficient used to calculate dispersive transport
between surface water compartments between two horizontally adjacent surface water
(DSPij) [Link property]® DiffusiveExchangeCoefficient mzlday compartments

September 2002

D-7

TRIM.FaTE TSD Volume II



Appendix D
Tables of TRIM.FaTE Input Parameters

Surface Water Compartment Type

Non-Chemical-Dependent -- Abiotic

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description

Parameter used in calculating gas and liquid

phase transfer coefficients, which are used in
Dimensionless viscous sublayer DimensionlessViscousSublayerThick calculating volatilization transfers between
thickness (A,) ness unitless surface water and air

Linear distance between the midpoints of two

connected surface water compartments; used as
Distance between midpoints (L;) [Link characteristic mixing length for dispersion
property]? DistanceBetweenMidpoints m calculations

Coefficient used to calculate the shear velocity

of wind, which is used in calculating volatilization
Drag coefficient for water body (C) DragCoefficient unitless transfers between surface water and air

Number of times surface water compartment

volume is completely turned over (flushed) in a
Flush rate (ﬂushes/yr)f Flushes_per_year 1/year year

Coefficient used to calculate diffusive exchange
Generic diffusive exchange coefficient |GenericDiffusiveExchangeCoefficient between adjacent surface water and sediment
with sediment (DSPg.) WithSediment m?/day compartments
Organic carbon fraction in suspended Organic carbon mass fraction for suspended
sediments (f ) OrganicCarbonContent unitless sediment

Negative logarithm (base 10) of concentration of
pH pH unitless hydrogen ion in surface water compartment

Dry suspended sediment density (or dry weight

kg[sediment particles]/m®[sediment [of suspended sediment particles per unit volume

Suspended sediment density (pseq) rho particles] of suspended sediment particles)
Suspended sediment deposition velocity Speed that suspended sediment moves
(Vaep) SedimentDepositionVelocity m/day downward through water column

Total suspended sediment concentration

kg[suspended sediment
particles]/ms[surface water

Concentration of suspended sediment in water

(TSS) SuspendedSedimentconcentration compartment] column
Average water temperature of the surface water
Water temperature (T) [VE property] WaterTemperature_K degrees K compartment

#Applies to all surface water compartments connected to other surface water compartments.
bInterdependent parameters with precipitation - user is responsible for making sure input values are consistent.
‘Interdependent parameters - user is responsible for making sure input values are consistent.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Surface Water Compartment Type

Non-Chemical-Dependent -- Abiotic

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
dApplies to flowing water bodies only (i.e., rivers, streams).
°Set using the volume element properties named "top" and "bottom."
fApplies to all surface water compartments connected to a flush rate sink (i.e., all or part of discharge modeled to a sink).
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Appendix D
Tables of TRIM.FaTE Input Parameters

Sediment Compartment Type

Non-Chemical-Dependent -- Abiotic

Parameter Name
(TSD Symbol)

TRIM FaTE Code Name

Input Units

Description

Depth (dgeq) [VE Property]®

top, bottom?®

m

Depth (i.e., vertical dimension) of the sediment
volume element

Organic carbon fraction (f )

OrganicCarbonContent

kg[organic carbon]/kg[soil wet wt]

Organic carbon mass fraction for bottom
sediment

b

m?[pore water]/m*[sediment

Ratio of pore space volume to total sediment

Porosity of the sediment zone (@) Porosity compartment] compartment volume
kg[sediment particles]/ma[sediment Dry sediment density (or dry weight of bottom
Solid material density in sediment (psq)°[rho particles] sediment per unit volume of bottom sediment)

aSet using the volume element properties named "top" and "bottom."

bInterdependent parameters with benthic solids concentration (kg[sediment]/m 3[sediment compartment]; not a TRIM.FaTE input parameter) - user is responsible for

making sure input values are consistent.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Terrestrial Plant Compartment Ty

Non-Chemical-Dependent -- Biotic

pes

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
Leaf Compartment Type
1 if exchange can occur with another compartment,
0 if not (can be made seasonal by setting allow
Allow exchangeb AllowExchange 1=yes, 0=no exchange start and stop dates)
AverageleafArealndex_No_Time_D mz[total leaf area]/mz[underlying soil |Average area of leaf per unit surface area (no time
Average leaf area index (LAI)® ependence area) dependence)
CalculateWetDeplnterceptionFracti Switch used to allow use of input value or model
Calculate wet dep interception fraction [on_1_Means_Yes Else_No 1=yes, 0=no calculations
Correction exponent for the differences between
Correction exponent, octanol to lipid (b)|{CorrectionExponent unitless octanol and lipids
Mean degree of opening of stomatal pores,
Degree stomatal opening (as) DegreeStomatalOpening unitless between 0 and 1

Density of wet leaf (p_car)° WetDensity kglleaf wet wt/m°[leaf] Density of wet plant leaf
Vegetation-dependent leaf-wetting factor (retention
Leaf wetting factor (S) LeafWettingFactor m coefficient)
Length of leaf (I) LengthoflLeaf m Length of flat leaf
Lipid content (fL | ear) LipidContent kgllipidl/kg[leaf wet wt] Mass fraction of leaf that is lipid (wet wt basis)

First-order rate constant for fall of plant leaves to
soil (can be made seasonal by setting litter fall start

Litter fall rate (K, )° LitterFallRate 1/day and stop dates)
Portion of total leaf surface area comprised of
stomatal pores divided by the effective path length
Stomatal area, normalized for effective [StomatalAreaNormalizedEffectiveDi for a diffusing molecule through a pore; value is
diffusion path length (Sy) ffusionPathLength 1/m relatively similar across plant species
Effective attenuation by plant leaves of dry
depositing particles per unit dry weight of the plant
Vegetation attenuation factor (ayag) AttenuationFactor m?/kg species; used to calculate interception fraction
Water content (fW | eaf) WaterContent unitless (kg[water]/kg[leaf wet wt]) |Mass fraction of leaf that is water (wet wt basis)
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Appendix D
Tables of TRIM.FaTE Input Parameters

Terrestrial Plant Compartment Ty

Non-Chemical-Dependent -- Biotic

pes

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
WetDeplnterceptionFraction_Input_ Fraction of wet deposition intercepted by leaves
Wet dep interception fraction (1) Used_Only_If_OptionSet unitless (input used only if option set)

Wet mass of leaf per unit area
(pareayeqr)”

WetMassperArea

kg[fresh leafl/m?[area]

Freshweight mass of leaf per unit surface area

Particle-on-Leaf Compartment Type

Allow exchange”

AllowExchange

1=yes, 0=no

1 if exchange can occur with another compartment,
0 if not (can be made seasonal by setting allow
exchange start and stop dates)

Volume particle per area leaf

VolumeParticlePerArealeaf

m3 [leaf particles]/m2 [leaf]

Volume of leaf particles per unit area of leaf; used
to calculate compartment volume

Root Compartment Type - Nonwoody Plants Onlyd

1 if exchange can occur with another compartment,
0 if not (can be made seasonal by setting allow

Allow exchangeb AllowExchange 1=yes, 0=no exchange start and stop dates)
Correction exponent for the differences between
Correction exponent, octanol to lipid (b)|CorrectionExponent unitless octanol and lipids

Lipid content of root (fLgoot) LipidContent kg[lipid])/kg [root wet wt] Mass fraction of root that is lipid (wet wt basis)
Water content of root (fW goot) WaterContent kg[water]/kg[root wet wt]) Mass fraction of root that is water (wet wt basis)
Wet density of root (preot) WetDensity kglleaf wet wt)/m>[root] Density of wet plant root

Wet mass per area (pareagqot) WetMassperArea kg[root wet wt)/m?[soil] Freshweight mass of root per unit surface area
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Appendix D
Tables of TRIM.FaTE Input Parameters

Terrestrial Plant Compartment Ty

Non-Chemical-Dependent -- Biotic

pes

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
Stem Compartment Type - Nonwoody Plants Only'l|
1 if exchange can occur with another compartment,
0 if not (can be made seasonal by setting allow
Allow exchangeb AllowExchange 1=yes, 0=no exchange start and stop dates)
Correction exponent for the differences between
Correction exponent, octanol to lipid (b)|{CorrectionExponent unitless octanol and lipids
Density of phloem fluid (ppr) PhloemDensity kg[phloem]/ma[phloem] Density of phloem fluid

Density of xylem fluid (px,)

XylemDensity

kglxylem]/m®[xylem]

Density of xylem fluid

Flow rate of transpired water per leaf
area

FlowRateofTranspiredWaterperAre
aofLeafSurface

m3[water]/m2 [leaf]-day

Empirical factor used to estimate total flow of
transpired water based on leaf surface area

Fraction of transpiration flow rate that is
phloem rate

FractionPhloemRatewithTranspirati
onFlowRate

unitless

Fraction of total transpiration flow rate that is the
phloem rate

Lipid content of stem (fL siem) LipidContent kg[lipid])/kg [stem wet wt] Mass fraction of stem that is lipid (wet wt basis)
Water content of stem (fW gm) WaterContent kg[water]/kg[stem wet wt] Mass fraction of stem that is water (wet wt basis)
Wet density of stem (p giem) WetDensity kg[stem wet wt]/ms[root] Density of wet plant stem

Wet mass per area (parea sem) WetMassperArea kg[stem wet wt]/mz[soil] Freshweight mass of stem per unit surface area

*TRIM.FaTE currently includes four kinds of terrestrial plants: deciduous forest, coniferous forest, grasses/herbs, and agricultural.

°If modeled as seasonal processes, on/off dates are interdependent - user is responsible for making sure input values are consistent.
“Interdependent parameters - user is responsible for making sure input values are consistent.

9Roots and stems are not modeled for deciduous and coniferous forest in the current version of TRIM.FaTE.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Aquatic Plants Compartment Type

Non-Chemical-Dependent -- Biotic

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
Macrophyte Compartment Type
Mass of macrophytes per unit surface water
Biomass per water area BiomassPerArea_kg_m2 kg/m2 area (wet wt basis)
Mass of macrophytes per unit volume of
Density of macrophytes (py) Density kg/L macrophytes (wet wt basis)
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Appendix D
Tables of TRIM.FaTE Input Parameters

Non-Chemical-Dependent -- Biotic

Terrestrial Animal Compartment Types

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
Soil Detritivore Compartment Type - Earthworm
Density of worm (wet wt basis); used to calculate
Density Density_Freshweight kg[worm]/L[worm] compartment volume

Density per soil area (pareaom)

ArealDensity_Freshweight

kg[worm wet wt]/mz[soil]

Mass of worm per unit surface area of soil

Water content of worm (fW orm)

Water_content

unitless

Mass fraction of worm that is water

Soil Detritivore Compartment Type -

Soil Arthropod

Biomass per soil area (parea aqn)

BiomassPerArea_kg_m2

kg[arthropod wet wt]/mz[soil]

Mass of soil arthropods per unit surface area of soil

Body weight (BW) BW kg Mass of individual animal
All Other Terrestrial Animal Compartment Types®
Body weight (BW) BW kg Mass of individual

Food ingestion rate (INp)

FoodIngestionRate

kg[diet wet wt]/kg BW-day

Total amount of food eaten per day, scaled to body weight

Fraction diet - american robin (P/™"*"

robiny FractionDietAmericanRobin unitless Fraction of food diet comprised of american robin

Fraction diet - black-capped chickadee

(pChickadee) FractionDietChickadee unitless Fraction of food diet comprised of black-capped chickadee
Fraction diet - bobwhite quail (PE°°""

quail) FractionDietBobwhiteQuail unitless Fraction of food diet comprised of bobwhtie quail

Fraction diet - mallard (P""@") FractionDietMallard unitless Fraction of food diet comprised of mallard

Fraction diet - mouse (PM°®) FractionDietMouse unitless Fraction of food diet comprised of mouse

Fraction diet - plants (PP'ams) FractionDietPlant unitless Fraction of food diet comprised of plant

Fraction diet - short-tailed shrew (PSh‘m'

tailed shrew) FractionDietshorttailedshrew unitless Fraction of food diet comprised of short-tailed shrew
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Appendix D
Tables of TRIM.FaTE Input Parameters

Non-Chemical-Dependent -- Biotic

Terrestrial Animal Compartment Types

Parameter Name
(TSD Symbol) TRIM FaTE Code Name Input Units Description
Fraction of total dry weight intake comprised of soil (used
Fraction diet - soil (fintake soil) FractionDietSoil® unitless, dry wt basis to calculate soil ingestion rate, when necessary)
Fraction diet - soil arthropod (PA“h) FractionDietSoilArthropod unitless Fraction of food diet comprised of soil arthropod
Fraction diet - vole (PV°*) FractionDietvole unitless Fraction of food diet comprised of vole
Fraction diet - worm (P"°™) FractionDietWorm unitless Fraction of food diet comprised of worm
Fraction excretion to soil (f,ss) FractionExcretiontoSoil unitless Fraction of total excretion that goes to surface soil
Fraction excretion to water (f,sw) FractionExcretiontoWater unitless Fraction of total excretion that goes to surface water
Fraction specific compartment diet Fraction of food diet originating from a specific
[Link property] FractionSpecificCompartmentDiet unitless compartment; must sum to 1.0 across all links
Population per soil area (PN ea) NumberofindividualsPerSquareMeter #/m? Number of individuals per unit surface area
Allometric scaling constant used to calculate inhalation
Scaling constant A - inhalation rate InhalationProps_A unitless rate based on body weight
Allometric scaling constant used to calculate inhalation
Scaling constant B - inhalation rate InhalationProps_B unitless rate based on body weight
Scaling constant A - water ingestion Allometric scaling constant used to calculate water
rate WateringProps_A unitless ingestion rate based on body weight
Scaling constant B - water ingestion Allometric scaling constant used to calculate water
rate WateringProps_B unitless ingestion rate based on body weight
Total amount of soil eaten per day, scaled to body weight
(used if data available - otherwise calculated from fraction
Soil ingestion rate (INg) SoillngestionRate kg[soill/kg BW-day diet-soil and food ingestion rate)

*TRIM.FaTE currently includes the following terrestrial animal compartment types: Terrestrial Ground-invertebrate Feeder - American Woodcock, Terrestrial Ground-
invertebrate Feeder - Black-capped Chickadee, Terrestrial Ground-invertebrate Feeder - Short-tailed Shrew, Terrestrial Ground-invertebrate Feeder - Trowbridge Shrew,
Terrestrial Herbivore - Bobwhite Quail, Terrestrial Herbivore - Cow, Terrestrial Herbivore - Long-tailed Vole, Terrestrial Herbivore - Meadow Vole, Terrestrial Herbivore -
Mule Deer/Black-tailed Deer, Terrestrial Herbivore - White-tailed Deer, Terrestrial Insectivore - Tree Swallow, Terrestrial Omnivore - American Robin, Terrestrial Omnivore
- Mouse, Terrestrial Predator/Scavenger - Long-tailed Weasel, and Terrestrial Predator/Scavenger - Red-tailed hawk.

®Parameter and equations using it are in process of being added to TRIM.FaTE as of publication date.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Non-Chemical-Dependent -- Biotic

Semi-aquatic Animal Compartment Types

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
All Compartment Types®
Body weight (BW) BW kg Mass of individual animal

(kg[diet wet wt]/kg[body wet wit]- | Total amount of food eaten per day, scaled to body

Food ingestion rate (INp) FoodIngestionRate day) weight
Fraction diet - algae (P"%%) FractionDietAlgae unitless Fraction of food diet comprised of algae
Fraction diet - american robin
(pAmerican robiny FractionDietAmericanRobin unitless Fraction of food diet comprised of american robin
Fraction diet - benthic carnivores
(PFbC) FractionDietFishbenthiccarnivore unitless Fraction of food diet comprised of benthic carnivore
Fraction diet - benthic invertebrates
(P® FractionDietBenthiclnvertebrate unitless Fraction of food diet comprised of benthic invertebrate
Fraction diet - benthic omnivores
(P™°) FractionDietFishbenthicomnivore unitless Fraction of food diet comprised of benthic omnivore
Fraction diet - black-capped Fraction of food diet comprised of black-capped
chickadee (PC"ekadee) FractionDietChickadee unitless chickadee
Fraction diet - bobwhite quail
(pBePwhite quaily FractionDietBobwhiteQuail unitless Fraction of food diet comprised of bobwhite quail
Fraction diet - macrophyte (PMp) FractionDietMacrophyte unitless Fraction of food diet comprised of macrophyte
Fraction diet - mallard (P2"@") FractionDietMallard unitless Fraction of food diet comprised of mallard
Fraction diet - mouse (PM°?) FractionDietMouse unitless Fraction of food diet comprised of mouse
Fraction diet - plants (PP'amS) FractionDietPlant unitless Fraction of food diet comprised of plant
Fraction diet - short-tailed shrew
(pShorttailed shrew FractionDietshorttailedshrew unitless Fraction of food diet comprised of short-tailed shrew

Fraction diet - sOil (fintake soil)

FractionDietSoil®

unitless, dry wt basis

Fraction of total dry weight intake comprised of soil (used
to calculate soil ingestion rate, when necessary)

Fraction diet - soil arthropod (PA“h)

FractionDietSoilArthropod

unitless

Fraction of food diet comprised of soil arthropod
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Appendix D
Tables of TRIM.FaTE Input Parameters

Non-Chemical-Dependent -- Biotic
Semi-aquatic Animal Compartment Types

FEEIEEr LETIG TRIM FaTE Code Name Input Units Description
(TSD Symbol)
Fraction diet - vole (P FractionDietvole unitless Fraction of food diet comprised of vole
Fraction diet - water-column
carnivores (PFW°°) FractionDietFishcarnivore unitless Fraction of food diet comprised of water-column carnivore
Fraction diet - water-column Fraction of food diet comprised of water-column
herbivores (PF‘”Ch) FractionDietFishherbivore unitless herbivore
Fraction diet - water-column
omnivores (PFW°°) FractionDietFishomnivore unitless Fraction of food diet comprised of water-column omnivore
Fraction diet - worm (P"°™) FractionDietWorm unitless Fraction of food diet comprised of worm
Fraction excretion to soil (f,gw) FractionExcretiontoSoil unitless Fraction of total excretion that goes to soil
Fraction excretion to water (f,gs) FractionExcretionto\Water unitless Fraction of total excretion that goes to surface water
Fraction specific compartment diet Fraction of food diet originating from a specific
[Link property] FractionSpecificCompartmentDiet unitless compartment; must sum to 1.0 across all links
Population per soil area (PN ,ea) NumberofindividualsPerSquareMeter #/m? Number of individuals per unit area
Allometric scaling constant used to calculate inhalation
Scaling constant A - inhalation rate  |InhalationProps_A unitless rate based on body weight
Allometric scaling constant used to calculate inhalation
Scaling constant B - inhalation rate  |InhalationProps_B unitless rate based on body weight
Scaling constant A - water ingestion Allometric scaling constant used to calculate water
rate WaterlngProps_A unitless ingestion rate based on body weight
Scaling constant B - water ingestion Allometric scaling constant used to calculate water
rate WaterlngProps_B unitless ingestion rate based on body weight
Total amount of soil eaten per day, scaled to body weight
(used if data available - otherwise calculated from fraction
Soil ingestion rate (INgs) SoillngestionRate kg[soill/kg BW-day diet-soil and food ingestion rate)

®TRIM.FaTE currently includes the following semi-aquatic animal compartment types: Semi-aquatic Omnivore - Mallard, Semi-aquatic Omnivore - Mink, Semi-aquatic
Omnivore - Raccoon, Semi-aquatic Piscivore - Common Loon, Semi-aquatic Piscivore - Kingfisher, and Semi-aquatic Predator/Scavenger - Bald Eagle.

®Parameter and equations using it are in process of being added to TRIM.FaTE as of publication date.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Non-Chemical-Dependent -- Biotic

Aquatic Animal Compartment Types

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
Benthic Invertebrate Compartment Type
Mass of benthic invertebrates per unit surface
Biomass per water area BiomassPerArea_kg_m2 kg/m2 water area

Mass of individual organisms comprising the

Body weight (BW) or (mg,) BW kg[inv wet wt] benthic invertebrate compartment
All Fish Compartment Types®
Body weight (BW) OR (my) BW kg[fish wet wt] Mass of individual fish
Fraction diet - algae (P"'%°) FractionDietAlgae unitless Fraction of food diet comprised of algae
Fraction of food diet comprised of benthic
Fraction diet - benthic carnivores (PFbC) FractionDietFishbenthiccarnivore unitless carnivore
Fraction of food diet comprised of benthic
Fraction diet - benthic invertebrates (PB') FractionDietBenthiclnvertebrate unitless invertebrate
Fraction of food diet comprised of benthic
Fraction diet - benthic omnivores (PFb°) FractionDietFishbenthicomnivore unitless omnivore
Fraction diet - macrophyte (PM") FractionDietMacrophyte unitless Fraction of food diet comprised of macrophyte
Fraction diet - water-column carnivores Fraction of food diet comprised of water-
(PF"e) FractionDietFishcarnivore unitless column carnivore
Fraction diet - water-column herbivores Fraction of food diet comprised of water-
(P FractionDietFishherbivore unitless column herbivore
Fraction diet - water-column omnivores Fraction of food diet comprised of water-
(PP FractionDietFishomnivore unitless column omnivore

Fraction lipid weight ( fi;iq)

FishLipidFraction

kgllipid]/kg[fish wet wi]

Mass fraction of fish that is lipid (wet wt basis)

Population per water area

NumberofFishperSquareMeter

#/m?

Number of fish per unit surface water area

*TRIM.FaTE currently includes the following fish compartment types: Benthic Carnivore, Benthic Omnivore, Water-column Carnivore, Water-column Herbivore, and

Water-column Omnivore.
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Appendix D

Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Independent of Compartment Type

Parameter Name® Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Coefficient that (when combined with chemical
concentration) predicts how quickly a chemical spreads
Diffusion coefficient in pure air (D) |P_pureair m?[air]/day out in gas phase due to diffusion all
Coefficient that (when combined with chemical
Diffusion coefficient in pure water concentration) predicts how quickly a chemical spreads
(Dwater) D_purewater mz[water]/day out in aqueous phase due to diffusion all
Ratio of the aqueous-phase concentration of a chemical
Henry's Law constant (H) HenryLawConstant Pa-m® /mol to its equilibrium partial pressure in the gas phase all
Temperature at which a solid becomes a liquid at
Melting point (T,,) MeltingPoint °K standard atmospheric pressure all
Molecular weight (M,,) molecularWeight g/mol Weight of 1 mole of the chemical all
Octanol-water partition coefficient Equilibrium ratio of concentration dissolved in octanol to
(Kow) K_ow L[water]/kg[octanol] |concentration dissolved in water all
Reference bird body weight Mass of individual reference bird used for allometric
(BW(Ref)) ReferenceBird_BodyWeight kg scaling of degradation rate organics
First-order rate constant for chemical degradation in
Reference bird chemical degradation |ReferenceBird_GeneralDegradation reference bird used for allometric scaling of degradation
rate(Kqegradation) Rate 1/day rate organics
First-order rate constant for elimination of chemical from
Reference bird elimination rate TerrestrialBird_EliminationRate 1/day the body (terrestrial birds) organics
Reference mammal body weight Mass of individual reference mammal used for allometric
(BW(Ref)) ReferenceMammal_BodyWeight kg scaling of degradation rate organics
First-order rate constant for chemical degradation in
Reference mammal chemical ReferenceMammal_GeneralDegrada reference mammal used for allometric scaling of
degradation rate (Kqegradation) tionRate 1/day degradation rate organics
First-order rate constant for elimination of chemical from
Reference mammal elimination rate |[TerrestrialMammal_EliminationRate 1/day the body (terrestrial mammals) organics
Pressure exerted by a vapor in equilibrium with its solid
Vapor pressure (Papor) VaporPressure Pa or liquid phase organics
Precipitation scavenging ratio for vapors (ratio of
concentration in rain to concentration in vapor form in
Vapor washout ratio (w,y) VaporWashoutRatio m3[air]/m3[rain] air); used in estimating wet deposition of vapors Hg species
@All parameters in this table are TRIM.FaTE chemical properties.
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Appendix D

Tables of TRIM.FaTE Input Parameters

Air Compartment Type

Chemical-Dependent -- Abiotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Bulk air concentration at beginning of modeling
Initial concentration initialConcentration_g_per_m3 g/m3 period all
Air concentration at the outer boundary of the
modeling region (i.e., concentration in air flowing
Boundary concentration [VE property]? boundaryConcentration_g_per_m3 g/m3 into the modeling region) all
Speed at which chemical in particle form in air
moves downward; used in estimating dry
Particle dry deposition velocity (V) vdep m/day deposition of particles all
First-order rate constant for demethylation (MHg-
Demethylation rate (Kppm) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg0
Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics

@Only used in model runs specified as including non-zero air boundary contributions. Only applicable for air volume elements with at least one boundary on the outer edge of

the modeling region (zero boundary contribution for all internal air compartments).
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Appendix D

Tables of TRIM.FaTE Input Parameters

Soil Compartment Types

Chemical-Dependent -- Abiotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Surface Soil Compartment Type
Bulk surface soil concentration at beginning of
Initial concentration initialConcentration_g_per_m3 g/m® modeling period all
Distance from top of the soil compartment at
which soil concentration has dropped to 36.79%
(1/e * 100%) of the concentration at top of
Input characteristic depth (X*) InputCharacteristicDepth_m m compartment all
L[water]/kg[soil wet |Equilibrium ratio of concentration sorbed to
Soil/water partition coefficient (Ky) Kd wi] solids and concentration dissolved all
UselnputCharacteristicDepth_0_Mea If = 0, use model-calculated characteristic depth,
Use input characteristic depth nsNo_ElseYes 0 =no, Else = yes |else use user-provided characteristic depth all
Speed at which chemical in vapor form in air
moves downward; used in estimating dry
Vapor dry deposition velocity (Vyapor) VaporDryDepositionVelocity_m_day m/day deposition of vapors to soil Hg2
First-order rate constant for demethylation (MHg-
Demethylation rate (kpgy) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (k) MethylationRate 1/day >MHg) Hg2
First-order rate constant for oxidation (HgO-
Oxidation rate (ko) OxidationRate 1/day >Hg2) HgO
First-order rate constant for reduction (Hg2-
Reduction rate (kg) ReductionRate 1/day >HgO0) Hg2
Length of time for chemical amount to be
Half-life (half-life) Halflife day reduced by one-half by degradation reactions organics
Root Zone Soil Compartment Type
Bulk root zone soil concentration at beginning of
Initial concentration initialConcentration_g_per_m3 g/m3 modeling period all
Distance from top of the soil compartment at
which soil concentration has dropped to 36.79%
(1/e * 100%) of the concentration at top of
Input characteristic depth (X*) InputCharacteristicDepth_m m compartment all
L[water]/kg[soil wet |Equilibrium ratio of concentration sorbed to
Soil-water partition coefficient (Ky) Kd wi] solids and concentration dissolved all
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Appendix D

Tables of TRIM.FaTE Input Parameters

Soil Compartment Types

Chemical-Dependent -- Abiotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
UselnputCharacteristicDepth_0_Mea If = 0, use model-calculated characteristic depth,
Use input characteristic depth nsNo_ElseYes 0 =no, Else = yes |else use user-provided characteristic depth all
First-order rate constant for demethylation (MHg-
Demethylation rate (Kpp) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
First-order rate constant for oxidation (HgO-
Oxidation rate (ko) OxidationRate 1/day >Hg2) Hgo
First-order rate constant for reduction (Hg2-
Reduction rate (kg) ReductionRate 1/day >Hg0) Hg2
Length of time for chemical amount to be
Half-life (half-life) Halflife day reduced by one-half by degradation reactions organics
Vadose Zone Soil Compartment Type
Bulk vadose zone soil concentration at beginning
Initial concentration initialConcentration_g_per_m3 g/m3 of modeling period all
Distance from top of the soil compartment at
which soil concentration has dropped to 36.79%
(1/e * 100%) of the concentration at top of
Input characteristic depth (X*) InputCharacteristicDepth_m m compartment all
L[water]/kg[soil wet |Equilibrium ratio of concentration sorbed to
Soil-water partition coefficient (Kg) Kd wi] solids and concentration dissolved all
UselnputCharacteristicDepth_0_Mea If = 0, use model-calculated characteristic depth,
Use input characteristic depth nsNo_ElseYes 0 =no, Else = yes |else use user-provided characteristic depth all
First-order rate constant for demethylation (MHg-
Demethylation rate (kpp) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
First-order rate constant for oxidation (HgO-
Oxidation rate (ko) OxidationRate 1/day >Hg2) HgO
First-order rate constant for reduction (Hg2-
Reduction rate (kg) ReductionRate 1/day >HgO0) Hg2
Length of time for chemical amount to be
Half-life (half-life) Halflife day reduced by one-half by degradation reactions organics
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Appendix D

Tables of TRIM.FaTE Input Parameters

Soil Compartment Types

Chemical-Dependent -- Abiotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Ground Water Compartment Type
Ground water concentration at beginning of
Initial concentration initialConcentration_g_per_L g/L modeling period all
L[water]/kg[soil wet |Equilibrium ratio of concentration sorbed to
Soil-water partition coefficient (K) Kd wi] solids and concentration dissolved all
First-order rate constant for demethylation (MHg-
Demethylation rate (kp,) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (k) MethylationRate 1/day >MHg) Hg2
First-order rate constant for oxidation (HgO-
Oxidation rate (ko) OxidationRate 1/day >Hg2) HgO0
First-order rate constant for reduction (Hg2-
Reduction rate (kg) ReductionRate 1/day >Hg0) Hg2
Length of time for chemical amount to be
Half-life (half-life) Halflife day reduced by one-half by degradation reactions organics
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Appendix D

Tables of TRIM.FaTE Input Parameters

Surface Water Compartment Type

Chemical-Dependent -- Abiotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Surface water concentration at beginning of
Initial concentration initialConcentration_g_per_L g/L modeling period all
Algal surface area-specific uptake rate Surface area-specific rate constant for uptake into
constant (U) AlgaeUptakeRate nmol/[um?-day-nmol] |algae of a chemical in water Hg species
Ratio of concentration in algae to concentration
RatioOfConcinAlgaeToConcDissolv |L[water]/kg[algae wet|dissolved in surface water (bioconcentration
BCF-algae edinWater wi] factor) organics
Weighted (by mass fraction) sum of individual Kow
Dow ("overall Kow") (Dgy) D_ow unitless values for all chemical species present Hg species®
L[water]/kg[soil wet |Equilibrium ratio of concentration sorbed to solids
Soil-water partition coefficient (K) Kd wi] and concentration dissolved all
Speed at which chemical in vapor form in air
VaporDryDepositionVelocity_m_da moves downward; used in estimating dry
Vapor dry deposition velocity (Vyapor) y m/day deposition of vapors to surface water Hg2
First-order rate constant for demethylation (MHg-
Demethylation rate (Kpm) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg0
Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics

For Hg2 and MHg, Dow is included in TRIM.FaTE as a Formula Property (calculated within TRIM.FaTE) rather than a Constant Property (supplied as an input) because
the value is dependent on surface water pH and chloride concentration. However, the relationships between Dow and pH and chloride are a user input.
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Appendix D

Tables of TRIM.FaTE Input Parameters

Sediment Compartment Type

Chemical-Dependent -- Abiotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Bulk sediment concentration at beginning of
Initial concentration initialConcentration_g_per_m3 g/m3 modeling period all
L[water]/kg[soil wet |Equilibrium ratio of concentration sorbed to
Soil-water partition coefficient (K) Kd wi] solids and concentration dissolved all
First-order rate constant for demethylation (MHg-
Demethylation rate (kpy,) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
First-order rate constant for oxidation (HgO-
Oxidation rate (ko) OxidationRate 1/day >Hg2) Hgo
First-order rate constant for reduction (Hg2-
Reduction rate (kg) ReductionRate 1/day >Hg0) Hg2
Length of time for chemical amount to be
Half-life (half-life) Halflife days reduced by one-half by degradation reactions organics
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Appendix D

Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Biotic

Terrestrial Plant Compartment Types®

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals

Leaf Compartment Type
Leaf concentration at beginning of modeling

Initial concentration initialConcentration_g_per_kg g/kg period (wet wt basis) all
First-order rate constant for transfer from leaf to

Transfer factor to leaf particle (T earieap) | 1ransferFactortoLeafParticle 1/day leaf particle all
First-order rate constant for demethylation (MHg-

Demethylation rate (kppy) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-

Methylation rate (ky) MethylationRate 1/day >MHg) Hg2

Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg0

Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2
Length of time for chemical amount to be reduced

Half-life (half-life) Halflife day by one-half by degradation reactions organics

Particle-on-Leaf Compartment Type
Particle on leaf concentration at beginning of

Initial concentration initialConcentration_g_per_kg g/kg modeling period (dry wt basis) all
First-order rate constant for transfer from leaf

Transfer factor to leaf (T eap_Lear) TransferFactortolLeaf 1/day particle to leaf all
First-order rate constant for demethylation (MHg-

Demethylation rate (kpp) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-

Methylation rate (ky) MethylationRate 1/day >MHg) Hg2

Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg0

Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->HgO0) Hg2
Length of time for chemical amount to be reduced

Half-life (half-life) Halflife day by one-half by degradation reactions organics
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Appendix D

Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Biotic

Terrestrial Plant Compartment Types®

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Root Compartment Type - Nonwoody Plants Only”
Root concentration at beginning of modeling
Initial concentration initialConcentration_g_per_kg g/kg period (wet wt basis) all
Root_RootZonePartitioningBulkSoil
Alpha for root-root zone bulk soil (a) _AlphaofSteadyState unitless Proportion of equilibrium value reached Hg species
Alpha for root-soil water interaction (a) RootSoilWaterInteraction_Alpha unitless Proportion of equilibrium value reached organics
Root/root-zone-soil-water partition Root_RootZonePartitioningBulkSoil Equilibrium ratio of concentration in root to
coefficient (Kgootsrw) _PartitionCoefficient m°[water]/m°[root] [concentration in root zone Hg species
Root_RootZonePartitioningBulkSoil
talpha for root-root zone bulk soil (t) _TimetoReachAlphaofSteadyState day Time to reach 100a percent of equilibrium Hg species
First-order rate constant for demethylation (MHg-
Demethylation rate (kpgy) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg0
Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics
Stem Compartment Type - Nonwoody Plants Only”
Stem concentration at beginning of modeling
Initial concentration initialConcentration_g_per_kg g/kg period (wet wt basis) all
glchemicall/m®[xylem]
per
Transpiration stream concentration factor g[chemical]/m3[soil Ratio of concentration dissolved in xylem fluid to
(TSCF) TSCF pore water]) concentration dissolved in soil pore water Hg species
First-order rate constant for demethylation (MHg-
Demethylation rate (kpy) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg0
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Appendix D

Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Biotic

Terrestrial Plant Compartment Types®

Parameter Name

Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics

*TRIM.FaTE currently includes four kinds of terrestrial plants: deciduous forest, coniferous forest, grasses/herbs, and agricultural.
®Roots and stems are not modeled for deciduous and coniferous forest in the current version of TRIM.FaTE.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Biotic
Aquatic Plant Compartment Type
Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Macrophyte Compartment Type

Macrophyte concentration at beginning of

Initial concentration initialConcentration_g_per_kg a/kg modeling period (wet wt basis) all
WaterColumnDissolvedPartitioning

Alpha for macrophyte (a) _AlphaofEquilibrium unitless Proportion of equilibrium value reached Hg species

Macrophyte/water partition coefficient WaterColumnDissolvedPartitioning | L[water]/kg[macroph |Equilibrium ratio of concentration in macrophyte to

(Kyip-w) _PartitionCoefficient yte] concentration dissolved in water Hg species

Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg species
WaterColumnDissolvedPartitioning

talpha (t,) _TimeToReachAlphaofEquilibrium day Time to reach 100a percent of equilibrium Hg species

Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics
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Appendix D

Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Biotic

Terrestrial Animal Compartment Types

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Soil Detritivore - Earthworm
Earthworm concentration at beginning of modeling
Initial concentration initialConcentration_g_per_kg a/kg period (wet wt basis) all
Alpha for earthworm-soil pore water (a) |WormSoilWaterInteraction_alpha unitless Proportion of equilibrium value reached organics
Alpha for worm-bulk soil (a) WormSaoillnteraction_alpha unitless Proportion of equilibrium value reached Hg species
Earthworm/dry-soil partition coefficient WormSoilPartitionCoefficient_drywe kg [soil dry Equilibrium ratio of concentration in earthworm to
(Keaworm-Sr-dry) ight wt]/kg[worm dry wt] [concentration in soil (dry wt basis) Hg species
talpha for earthworm-soil pore water (t,) |WormSoilWaterInteraction_t_alpha day Time to reach 100a percent of equilibrium organics
talpha for worm-bulk soil (t,) WormSaoillnteraction_t_alpha day Time to reach 100a percent of equilibrium Hg species
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics
Soil Detritivore - Soil Arthropod
Soil arthropod concentration at beginning of
Initial concentration initialConcentration_g_per_kg a/kg modeling period (wet wt basis) all
ArthropodSoilPartitioning_AlphaofE
Alpha for arthropod-soil (a) quilibrium unitless Proportion of equilibrium value reached all
kg[soil wet
Arthropod/bulk-soil partition coefficient wt]/kg[arthropod wet |Equilibrium ratio of concentration in arthropod to
(Karth-sr) Arthropod_SoilPartitionCoefficient wt]) concentration in soil all
ArthropodSoilPartitioning_TimetoRe
talpha for arthropod-soil (t,) achAlphaofEquilibrium day Time to reach 100a percent of equilibrium all
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics
All Other Terrestrial Animal Compartment Types®
Terrestrial animal concentration at beginning of
Initial concentration initialConcentration_g_per_kg a/kg modeling period (wet wt basis) all
Assimilation efficiency for inhalation Fraction of amount of chemical breathed that is
(AEL;) InhalationAssimilationEfficiency unitless actually absorbed by the animal all
Assimilation efficiency from arthropods AssimilationEfficiencyFromArthropo Fraction of amount of chemical in arthropods
(AEamn) ds unitless eaten that is actually absorbed by the animal all
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Appendix D

Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Biotic

Terrestrial Animal Compartment Types

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Fraction of amount of chemical in food eaten that
Assimilation efficiency from food (AE,,) [AssimilationEfficiencyFromFood unitless is actually absorbed by the animal all
Assimilation efficiency from plants Fraction of amount of chemical in plants eaten
(AEpiant) AssimilationEfficiencyFromPlants unitless that is actually absorbed by the animal all
Fraction of amount of chemical in soils eaten that
Assimilation efficiency from soils (AE g) AssimilationEfficiencyFromSoils unitless is actually absorbed by the animal all
Fraction of amount of chemical in drinking water
Assimilation efficiency from water (AE,,) [AssimilationEfficiencyFromWater unitless that is actually absorbed by the animal all
Assimilation efficiency from worms Fraction of amount of chemical in worms eaten
(AEworm) AssimilationEfficiencyFromWorms unitless that is actually absorbed by the animal all
First-order rate constant for elimination of
chemical from the body (in urine, feces, feathers,
Total elimination rate (kgr) TotalExcretionRate 1/day fur) Hg species
First-order rate constant for demethylation (MHg-
Demethylation rate (kp,) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) HgO0
Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2

®TRIM.FaTE currently includes the following terrestrial animal compartment types: Terrestrial Ground-invertebrate Feeder - American Woodcock, Terrestrial Ground-
invertebrate Feeder - Black-capped Chickadee, Terrestrial Ground-invertebrate Feeder - Short-tailed Shrew, Terrestrial Ground-invertebrate Feeder - Trowbridge Shrew,
Terrestrial Herbivore - Bobwhite Quail, Terrestrial Herbivore - Cow, Terrestrial Herbivore - Long-tailed Vole, Terrestrial Herbivore - Meadow Vole, Terrestrial Herbivore -
Mule Deer/Black-tailed Deer, Terrestrial Herbivore - White-tailed Deer, Terrestrial Insectivore - Tree Swallow, Terrestrial Omnivore - American Robin, Terrestrial Omnivore
- Mouse, Terrestrial Predator/Scavenger - Long-tailed Weasel, and Terrestrial Predator/Scavenger - Red-tailed Hawk.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Chemical-Dependent -- Biotic
Semi-aquatic Animal Compartment Types®

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Semiaquatic animal concentration at beginning of
Initial concentration initialConcentration_g_per_kg g/kg modeling period (wet wt basis) all
Assimilation efficiency for inhalation Fraction of amount of chemical breathed that is
(AEn;) InhalationAssimilationEfficiency unitless actually absorbed by the animal all
Assimilation efficiency from arthropods Fraction of amount of chemical in arthropods eaten
(AE o))" AssimilationEfficiencyFromArthropods unitless  [that is actually absorbed by the animal all
Assimilation efficiency from food Fraction of amount of chemical in food eaten that is
(AE1y)(AEgish)° AssimilationEfficiencyFromFood unitless actually absorbed by the animal all
Assimilation efficiency from plants Fraction of amount of chemical in plants eaten that
(AEpiant)’ AssimilationEfficiencyFromPlants unitless is actually absorbed by the animal all
Fraction of amount of chemical in soils eaten that is
Assimilation efficiency from soils (AE g) AssimilationEfficiencyFromSoils unitless actually absorbed by the animal all
Fraction of amount of chemical in drinking water that
Assimilation efficiency from water (AE,,) [AssimilationEfficiencyFromWater unitless is actually absorbed by the animal all
Assimilation efficiency from worms Fraction of amount of chemical in worms eaten that
(AEworm)° AssimilationEfficiencyFromWorms unitless is actually absorbed by the animal all
First-order rate constant for elimination of chemical
Total elimination rate (kgt) TotalExcretionRate 1/day from the body (in urine, feces, feathers, fur) Hg species
First-order rate constant for demethylation (MHg-
Demethylation rate (Kpy) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) HgO0
Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2

®TRIM.FaTE currently includes the following semi-aquatic animal compartment types: Semi-aquatic Omnivore - Mallard, Semi-aquatic Omnivore - Mink, Semi-aquatic
Omnivore - Raccoon, Semi-aquatic Piscivore - Common Loon, Semi-aquatic Piscivore - Kingfisher, and Semi-aquatic Predator/Scavenger - Bald Eagle.

®Parameter applies only to Semi-aquatic Omnivore - Mallard.

°TSD uses two symbols, one for terrestrial wildlife and one for fish.

YParameter applies only to Semi-aquatic Omnivore - Raccoon.
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Appendix D

Tables of TRIM.FaTE Input Parameters

Aquatic Animal Compartment Types

Chemical-Dependent -- Biotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Benthic Invertebrate Compartment Type
Benthic invertebrate concentration at beginning of
Initial concentration initialConcentration_g_per_kg a’kg modeling period (wet wt basis) all
SedimentPartitioning_AlphaofEquilibri
Alpha (a) um unitless Proportion of equilibrium value reached Hg species
kg[sediment wet
Benthic invertebrate-bulk sediment SedimentPartitioning_PartitionCoeffic| wt]/kg[invertebrates |[Equilibrium ratio of concentration in benthic
partition coefficient (Kg.seq) ient wet wi] invertebrate to concentration in sediment Hg species
L[water
cleared]/kg[Bl wet wt]{Rate of water passing over respiratory surface
Clearance constant (CL,) ClearanceConstant hr scaled to benthic invertebrate mass organics
SedimentPartitioning_TimeToReachA
talpha (t,) IphaofEquilibrium day Time to reach 100a percent of equilibrium Hg species
L[water]/kg[Bl wet [Ratio of concentration in benthic invertebrates to
Proportionality constant (p.) V_d wi] concentration in water organics
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics
All Fish Compartment Types®
Fish concentration at beginning of modeling period
Initial concentration initialConcentration_g_per_kg a’kg (wet wt basis) all
Allometric scaling factor used in estimating gill
Gamma_fish (yasr) Gamma_fish unitless uptake organics
First-order rate constant for demethylation (MHg-
Demethylation rate (kpm) DemethylationRate 1/day >Hg2) MHg
First-order rate constant for methylation (Hg2-
Methylation rate (ky) MethylationRate 1/day >MHg) Hg2
Oxidation rate (ko) OxidationRate 1/day First-order rate constant for oxidation (Hg0->Hg2) Hg0
Reduction rate (kg) ReductionRate 1/day First-order rate constant for reduction (Hg2->Hg0) Hg2
Length of time for chemical amount to be reduced
Half-life (half-life) Halflife day by one-half by degradation reactions organics
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Appendix D

Tables of TRIM.FaTE Input Parameters

Aquatic Animal Compartment Types

Chemical-Dependent -- Biotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
Water-column Carnivore Compartment Type
OmnivorePartitioning_AlphaofEquilibr
Alpha for water-column carnivore (a) ium unitless Proportion of equilibrium value reached Hg species
Fraction of amount of chemical in food eaten that
Assimilation efficiency from food (AEp) AssimilationEfficiencyFromFood unitless is actually absorbed by the fish all
HowMuchFasterHgEliminationlsThan Factor used to adjust experimental data on
Elimination adjustment factor ForMHg unitless elimination rate for MHg to Hg0 and Hg2 Hg species
Fish(water-column carnivore)-fish(water- Equilibrium ratio of concentration in water-column
column omnivore) partition coefficient OmnivorePartitioning_PartitionCoeffic kg[Fwco wet carnivore to concentration in water-column
(Krwos-Fweo) ient witl/kg[Fwcc wet wt] |omnivore Hg species
OmnivorePartitioning_TimeToReach
talpha for water-column carnivore (t,) AlphaofEquilibrium day Time to reach 100a percent of equilibrium Hg species
Water-column Herbivore Compartment Type
Alpha for algae (a) AlgaePartitioning_AlphaofEquilibrium unitless Proportion of equilibrium value reached Hg species
Fraction of amount of chemical in food eaten that
Assimilation efficiency from food (AEp) AssimilationEfficiencyFromFood unitless is actually absorbed by the fish all
HowMuchFasterHgEliminationlsThan Factor used to adjust experimental data on
Elimination adjustment factor ForMHg unitless elimination rate for MHg to Hg0 and Hg2 Hg species
Fish (water-column herbivore)-algae kg[algae wet Equilibrium ratio of concentration in water-column
partition coefficient (Keych.aigae) AlgaePartitioning_PartitionCoefficient | wt]/kg[Fwch wet wt] [herbivore to concentration in algae Hg species
AlgaePartitioning_TimeToReachAlph
talpha for algae (t) aofEquilibrium day Time to reach 100a percent of equilibrium Hg species
Water-column Omnivore Compartment Type
HerbivorePartitioning_AlphaofEquilibr
Alpha for water-column herbivore (a) ium unitless Proportion of equilibrium value reached Hg species
Fraction of amount of chemical in food eaten that
Assimilation efficiency from food (AEp) AssimilationEfficiencyFromFood unitless is actually absorbed by the fish all
HowMuchFasterHgEliminationlsThan Factor used to adjust experimental data on
Elimination adjustment factor ForMHg unitless elimination rate for MHg to HgO and Hg2 Hg species
Fish (water-column omnivore)-fish (water- Equilibrium ratio of concentration in water-column
column herbivore) partition coefficient HerbivorePartitioning_PartitionCoeffic kg[Fwch wet omnivore to concentration in water-column
(Krweo-Fweh) ient wit]/kg[Fwco wet wt] [herbivore Hg species
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Appendix D

Tables of TRIM.FaTE Input Parameters

Aquatic Animal Compartment Types

Chemical-Dependent -- Biotic

Parameter Name Applicable
(TSD Symbol) TRIM FaTE Code Name Input Units Description Chemicals
HerbivorePartitioning_TimeToReach
talpha for water-column herbivore (t,) AlphaofEquilibrium day Time to reach 100a percent of equilibrium Hg species
Benthic Carnivore Compartment Type
BenthicOmnivorePartitioning_Alphaof
Alpha for benthic omnivore (a) Equilibrium unitless Proportion of equilibrium value reached Hg species
Fraction of amount of chemical in food eaten that
Assimilation efficiency from food (AEp) AssimilationEfficiencyFromFood unitless is actually absorbed by the fish all
HowMuchFasterHgEliminationlsThan Factor used to adjust experimental data on
Elimination adjustment factor ForMHg unitless elimination rate for MHg to Hg0 and Hg2 Hg species
Fish(benthic carnivore)-fish(benthic BenthicOmnivorePartitioning_Partitio kg[Fbo wet Equilibrium ratio of concentration in benthic
omnivore) partition coefficient (Kepe.roo) nCoefficient wt]/kg[Fbc wet wt] |carnivore to concentration in benthic omnivore Hg species
BenthicOmnivorePartitioning_TimeTo
talpha for benthic omnivore (t,) ReachAlphaofEquilibrium day Time to reach 100a percent of equilibrium Hg species
Benthic Omnivore Compartment Type
BenthiclnvertebratePartitioning_Alph
Alpha for benthic omnivore (a) aofEquilibrium unitless Proportion of equilibrium value reached Hg species
Fraction of amount of chemical in food eaten that
Assimilation efficiency from food (AEp) AssimilationEfficiencyFromFood unitless is actually absorbed by the fish all
HowMuchFasterHgEliminationlsThan Factor used to adjust experimental data on
Elimination adjustment factor ForMHg unitless elimination rate for MHg to HgO and Hg2 Hg species
Fish(benthic omnivore)-benthic BenthiclnvertebratePartitioning_Partit | kg[Bl wet wt]/kg[Fbo [Equilibrium ratio of concentration in benthic
invertebrate partition coefficient (Kepo.g1) ionCoefficient wt wi] omnivore to concentration in benthic invertebrate Hg species
BenthiclnvertebratePartitioning_Time
talpha for benthic omnivore (t,) ToReachAlphaofEquilibrium day Time to reach 100a percent of equilibrium Hg species

*TRIM.FaTE currently includes the following fish compartment types: Benthic Carnivore, Benthic Omnivore, Water-column Carnivore, Water-column Herbivore, and Water-

column Omnivore.
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Appendix D
Tables of TRIM.FaTE Input Parameters

Source, Meteorological, and Other Input Data and Settings

Parameter Name

(TSD Symbol) TRIM FaTE Code Name Input Units Description
Source Inputs (all TRIM.FaTE source properties)®
Emission rate (needed for each Quantity of chemical emitted from the source per
chemical emitted) emissionRate g/day unit time

X-and Y-coordinates of the source (can be

Source location X, Y x and y spatial coordinates designated as UTM or latitude/longitude)

Source height elevation m Height of the emission point(s) above ground level

Meteorological Inputs (all TRIM.FaTE scenario properties)”

Air temperature (T) AirTemperature_K degrees K Temperature of the air

Horizontal wind speed (v or u)° horizontalWindSpeed m/sec Wind speed horizontally between volume elements
degrees clockwise from N (blowing |Direction from which the wind is blowing (degrees

Wind direction (9) windDirection from) clockwise from due north)

Amount of precipitation per unit surface area and

Rainfall rate (rain) Rain m3[rain]/m2[surface area]-day unit time

Day/night (IsDay) isDay 1=day, 0=night Day/night switch; used for certain plant algorithms

Other Settings (all TRIM.FaTE scenario properties)

Start of simulation simulationBeginDateTime date/time The starting date and time for the modeling period
The inclusive ending date and time for the modeling

End of simulation simulationEndDateTime date/time period
The duration (hours) of each time increment at
which the model calculates and stores a new

Simulation time step simulationTimeStep hr moles/mass distribution; must be an integer value
The time increment at which the model reports a
new moles/mass distribution (based on distributions
calculated at simulation time steps); must be an
integer value and evenly divisible by the selected

Output time stepd N/A hr simulation time step

#Separate source inputs are needed for each source modeled.

September 2002

D-37

TRIM.FaTE TSD Volume II



Appendix D
Tables of TRIM.FaTE Input Parameters

Source, Meteorological, and Other Input Data and Settings

Parameter Name
(TSD Symbol) TRIM FaTE Code Name Input Units Description

®The meteorological parameter “mixing height” is not required for any algorithms, but can be used to set the vertical boundary (top) of a layer of air volume elements. The
meteorological parameter “stability class” is not currently used in any algorithms, but may be in the future and is a required model input (named stabilityClass, input as an
integer value of 1 through 6, representing stability classes A through F, respectively). (Because it is not currently used in any algorithms, dummy values may be used as
inputs, if desired).

‘When multiple layers of air compartments are modeled, vertical wind speed (m/sec, positive for up and negative for down) is also an input parameter. To date, the
modeling of multiple air layers in TRIM.FaTE has not been fully implemented and tested.

Not a direct model input, but set using the scenario property, simulationStepsPerOutput (simulationStepsPerOutput is determined by dividing the desired output time step
by the selected simulation time step).

September 2002 D-38 TRIM.FaTE TSD Volume II



TECHNICAL REPORT DATA

(Please read Instructions on reverse before completing)

1. REPORT NO. 2. 3. RECIPIENTS ACCESSION NO.
EPA-453/D-99-002B
4. TITLE AND SUBTITLE 5. REPORT DATE
Total Risk Integrated Methodology. TRIM.FaTE November, 1999

Technical Support Document. Volume II: Description of

. . . 6. PERFORMING ORGANIZATION CODE
Chemical Transport and Transformation Algorithms.

7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT NO.

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT NO.

U.S. Environmental Protection Agency

Office of Air Quality Planning and Standards 11. CONTRACT/GRANT NO.
Research Triangle Park, NC 27711
12. SPONSORING AGENCY NAME AND ADDRESS 13. TYPE OFREPORT AND PERIOD COVERED

External Review Draft

14. SPONSORING AGENCY CODE

15. SUPPIEMENTARY NOTES

Supplements document EPA-453/D-99-002A

16. ABSTRACT

This report is part of a series of documentation for the Total Risk Integrated Methodology (TRIM). TRIM
is a time series modeling system, with multimedia capabilities, designed for assessing human health and
ecological risks from hazardous and criteria air pollutants. The detailed documentation of TRIM’s logic,
assumptions, equations, and input parameters is provided in comprehensive technical support documents for
each of the three TRIM modules, as they are developed. This report documents the Environmental Fate,
Transport, and Ecological Exposure module of TRIM (TRIM.FaTE) and is divided into two volumes. The
first volume provides a description of terminology, model framework, and functionality of TRIM.FaTE and
the second volume presents a detailed description of the algorithms used in the module.

17. KEY WORDS AND DOCUMENT ANALYSIS

a. DESCRIPTORS b. IDENTIFERS/OPEN ENDED TERMS c. COSATI Field/Group

Risk assessment Air Pollution
Multimedia modeling
Exposure assessment

Air Pollutants
18. DISTRIBUTION STATEMENT 19. SECURITY CLASS (Report) 21. NO. OFPAGES
Unclassified 161
Release Unhmlted 20. SECURITY CLASS (Page) 22. PRICE
Unclassified

EPA Form 2220-1 (Rev. 4-77) PREVIOUSEDITION IS OBSOLETE



United States Office of Air Quality Planning and Standards Publication No. EPA 453/R-02-011b
Environmental Protection Emissions Standards & Air Quality Strategies and Standards Divisions September 2002
Agency Research Triangle Park, NC




