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PROJECT BACKGROUND

A multi-media fate model wasegleloped by Syracuse Research Corporation
(SRC)for the Great Lakes Commissig@LC) under the Great Lakes Atmospheric
Deposition ProgramThe model is incorporated as a World Wide Web based application
run on aSRC serveand allows remote users to esdte the level of che mical
contaminants in each of the five Great Lakes basiie model development was
initiated inApril 2006 and concluded in Septe mber 2007incorporates proprietary
SRC software that allows the user to estimate the physicahemilical parameters of a
chemical which are needed to run the modeladdition, SRC databases are also
included and are searched each time the user attempts to estimate input parameters.

The application can be run using single value input parametarslé&d mode) or
using probabilistic input parameters (Monte Carlo modéje run time is less than
1 second for the standard modicreasing the number of trials in the Monte Carlo mode
results in greater confidence in the shapes and tails of thet aligpibutions; however,
the run time of the application becomes increasingly sloworder to keep the run time
reasonably short (less than 10 seconds), 1000 total trials were indetpoia the
Monte Carlo runs.
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l. THEORY

The modelis based on aur compartmental level Ill fugacity principtiscussed
by Mackay et al. (1992)A conceptual diagram of this model and its mass transport
pathways are illustrated Figure 1.
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Figure 1. Conceptual design of the MonteCarlo basedGreat Lakes model.

Emissions ar@ermittedto the atmosphere, water, and soil compartments
Degradation and advection (pathways not shown) are also considered in each of the
compartmentsvith the exception of soil, in which case there isadeection assumed

The important compartmendtime nsional parameteese defined foeach laken
Table 1.

Table 1. Compartment Dimensions and Properties of the MultiMedia Fate Model

Comprtment | Air | Water | Soil | Sediment
Lake Ontario

Volume () 8.3x16° 1.64x10° 6.4x10 1.89x10

Depth (m) 1000 87 0.1 0.01

Area (1) 8.3x10° 1.89x10° 6.4x10° 1.89x10°

Volumetric flow | 1.8x106° 2.5x10 1512

rate (/)
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Table 1. Compartment Dimensions and Properties of the MultiMedia Fate Model
Compmrtment Air Water Soll Sediment
Advection tme 46 65700 125000
(hours)
Lake Superior

Volume () 2.1x16* 1.25x16° 1.28x10° 8.20x10
Depth (m) 1000 152 0.1 0.01

Area (nf) 2.1x161 8.2x10° 1.28x16" 8.20x106°
Volumetric flow | 3.3x10° 8.1x10 558

rate (r/hr)

Advection tme 63 1540000 1470M0
(hours)

Lake Michigan

Volume (m) 1.76x16° 4.93x10° 1.18x10’ 5.8x10
Depth (m) 1000 85 0.1 0.01

Area (nT) 1.76x10" 5.8x10° 1.18x10" 5.8x10°
Volumetric flow | 3.9x10° 5.6x10 3944

rate (n/hr)

Advection tme 45 883000 14700@
(hours)

Lake Huron

Volume () 1.93x10" 3.48x10¢ 1.34x10° 5.9x10
Depth (m) 1000 59 0.1 0.01

Area (nf) 1.93x16" 5.9x10° 1.34x16" 5.9x10°
Volumetric flow | 5.2x10° 2.05x10 4012

rate (n/hr)

Advection tme 37 170000 14700@
(hours)

Lake Erie

Volume () 1.04x16" 4.92x10" 7.81x10 2.59x10
Depth (m) 1000 19 0.1 0.01

Area (nf) 1.04x10" 2.59x10" 7.81x10° 2.59x10°
Volumetric flow | 2.3x10° 2.38x10 1760

rate (n/hr)

Advection tme 56 20600 14700@

(hours)

The air and water compartments have sub commednts for aerosols, suspended

particulates, and biota (fish).

A. Transport Processes of the Model

In this section we describe the algorithms necessary to compute the transport
pathways betweendhfour main compartments of the mad@hese equations illustrate

the important assumptions of the model that govern chemical transport.
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Air to Water Transpor{D15,)

The model assumes four processes govern air to water transport, diffusion,
dissolutionin rain (vaporphase chemical), and wet and dry deposition for particulate
phase compoundd-or diffusion a twefilm approach is adopted and is given by
Equationl:

A
D,, = .
" T (L/U,* Z,) +(1/U,* Z,)

Eq. (1)

whereA,, is the area of the watbody,U, is the mass transfer coefficient (MTC) at the
air-water side antl, is the MTC from the wateair side Z; andZ; are fugacity

capacities in air (excluding aerosols) and water (excluding suspended solids and biota),
respectively These and othdugacity apacities are defined Table 2 The sub
compartmental fugacity capacities are used to develop the bulk fugacity capacity for each
of the four main compartments.

Table 2. Definition of Fugacity Capacities
Z1 =1/RT

Z,=1/H

Z3 = Z* 3* §K,4/1000

Zy =2y " iK,o4/1000

5= Z2,* Q* QT‘KOC/100O

Zs = Zo* ¢*L*K (/1000

Z7 = Zl*6X106 /PS|

Zair = Z1 + 2x10'*Z,

Zwater= Zo + 5X10°*Zs+ 1x10°*Z¢

Zsoi = 0.2*Z; + 0.3* 4 + 0.5*Z;

Zsedin‘entz 08*22 + 02*24

R=gasphaseconstan T = t emper a
| aw c ojprs tdeemts,i t)y;=0bakctiompoh a
organic carbon in phase i ¢& soil adsorption
coefficient, L = lipid content for fishK,,, = octanoi
watematrtition coefficient Py = liquid cooled vapor
pressure

Rain dissolution of vapephase chemicals is calculated from the rainfall ratg (
which has units of meters/year and the transport process is given by

Drw = UsAvZ, Eq.(2)

Wet and dry depositions are dependent upon the aerosol deposition veloGty MT
(Uy) and are given by:

Dow = UsAnZs Eq.(3)
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The overall transport from air to water is the sunkgdfiations 13.
D12=Dyw+ Drw+ Dow Eq. (4)

For water to air transport, volatilization is the only process considered and is
equivalent to the reveesof absorption diffusion.

D21 = D\/W (5)
Air to Soil Transpor{D13)
The transport processes that govern the flow of chemical to and from the soill

compartment to the air compartment are similar to the air to water transport processes
The diffusive tansport to and from soil is given by:

1
Ds = U7AsZy Eq.(7)
Dy = UgAZ> Eq. (8)
Da = UsAZs Eq. (9)

whereAs is the horizontal area of the soil layéks, UsandU; are MTC for soHair
diffusion, soitwater, and soiir, respectively

The transport of a chemical via rain dissolution of vapluase compounds is
described by:

Drs= U3AsZ7 Eqg. (10)

Wet and dry deposition of particulapdiase compounds to the soil compartment
is given by:

Dos= UsAsZ7 Eqg.(11)
The overall transport is the sum of these individual processes:
D13=Dvs+ Drs* Dgs Eq.(12)

For soil to air transport, volatilization is the only process considered and is
equivalent to the reverse of absorption diffusion.

D31= Dys Eq.(13)
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Water to Sediment (@)

Water to sediment transfer is modeled by two processes, diffusion and deposition
Diffusion of a chemical from the water column to the sediment is characterized by a
MTC (Ug) equivalent to molecular diffusivity dided by a path lengthThe volumetric
deposition flow rate in the generic fugacity model developed by Mackay et al. (1992) is
assumed to occur at 5000/ which is used to calculate the MTGgj. The overall
transfer is given by:

D24 = UgAwZz + UsAnZs Eq. (14)
Sediment to Water ()

Move ment from sediment to water takes into account the sediment resuspension
rate with the appropriate MT@()

D42 = UgAnwZz + U10AnZs Eq. (15)
Soil to Water (I3,)
The runoff and erosion of a chemical from solil tateraregiven by:
D32 = U11AsZo + U 10AsZ3 Eq. (16)
whereU;; andU;;, are the MTCs for seilvater and soisolids runoff, respectively.
The values of each MTC used in the maaie provided in Table.3As a starting

point, the values of the MTC werdtained from Mackagt al.(1992), and adjusted
using specific hydrological and meteorological datathe lakesvhen available.

Table 3. MTC Values forlntermedia Transport Processes in théviodel.
Ontario Superior Michigan Huron

MTC | Description | (m/h) (m/h) (m/h) (m/h) Erie (m/h)

uU,® Air side, air | Equation 17| Equation 17| Equation 17| Equation 17| Equation 17
water

U,® Water side, | Equation 18| Equation 18| Equation 18| Equation 18| Equation 18
air-water

Us® Rainfall rate | 2x10* 1.8x10" 1.7x10" 1.9x10" 2x10*

U, Aerosol 6x10™ 6x10™ 6x10™ 6x10™ 6x10™
deposition

Us Soitair phasg 0.02 0.02 0.02 0.02 0.02
diffusion

Us Soilwater 1x10° 1x10° 1x10° 1x10° 1x10°
phase
transport

U, Soitair Equation 17| Equation 17| Equation 17| Equation 17 | Equation 17
boundary
layer
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Table 3. MTC Values forlntermedia Transport Processes in théviodel.

Ontario Superior Michigan Huron
MTC | Description | (m/h) (m/h) (m/h) (m/h) Erie (m/h)
Us Sediment 0.0001 0.0001 0.0001 0.0001 0.0001
water
Uy Sediment 2x10’ 2x107 2x10’ 2x10’ 2x107
deposition
Uio Sediment 1.4x10° 1.4x10° 1.4x10" 1.4x10’ 1.4x10’

resuspension

Ui° Soiwater 5.8x10° 3.6x10° 3.%10° 1.2x10° 2.4x10°
runoff

U Soilsolids 3x10° 3x10° 3x10° 3x10° 3x10°
runoff

¢ A wind speed of 5.3 Vs and water velocity of 0.3 mVs was. used
® Data obtained from the National Oceanic and Atmospheric (NOAA) Great Lakes Envionmental R
Laboratory(GLERL).

Mass transfer coefficients from air to water were estimated fromeerprical
relationships involving windelocity, molecular diffusivitiesand current velocity
Water currenaind wind speed play a critical role in determining the air azigmside
mass transfer coefficients;ldnd W, respectively Meteorological parameters vary at
different locations otachlake, but the current is roughly3 2.0 knots(0.15 1.0 m/s).
The mass transfer coefficients can be estimated as fo{lbmemas1990Y).

U, =11.375Vwind +Vcurren)v18/ MW Eq. (17)
.969
u, = 0.2351% J32/ M (exps2mind 19)y Eq. (18)
epin”

Using a wind speed of 5.3 midepth of 87 nfior Lake Ontarigand current
velocity of 0.3 m/slU; andU, are 19 and 0.008Vh, respectivelyfor a chemical of
molecular weight @0 Daltons Graphs of the mass transfer coefficients as a function of
molecular weight calculated using the preceding equations are shownibé&gures 2
and 3 Lake Erie, which has the shallowest average depth of 19 tdhasdU, values
of approxinately19 and 0.02n/h, respective lyfor a 200 Dalton compoundt is noted
that these equations were developed using laboratory data for moderately volatile PAHSs;
therefore, the transferability to broader classes of compounds is uncertain
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Figure 2. Air-Water mass transfer coefficient for fixed environmental parameters

as a function of molecular weight.
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In previousmodes$ (Mackay et al. 1992) U, is fixed at 5m/h, U, is 0.05m/h. In
the QASI model that was parameterized for water, sedjrmadtair of the Great Lakes,
Mackay reduced); andU, to 1 and @M1 m/h, respectively (Mackay 1989Recent work
on depostition rates of aigochlorine pesticides, PCBs, and PAHSs into the Great Lakes
have estimated much higher valuesWar(Hoff et al 1996) In general, the values for
U; ranged from 14.8 to 21.m/handU, ranged from 0.02 to 0.@4%or all chemicals in
each lakgHoff et al 1996. Thevaluesfor U; obtained from thebove analysis agree
well with datareported for the air side MTEstimated from fluxemeasured for PCBs in
the Chicago area (Tasdemir et al. 200Mprnbuckle et al. (1995) reported values far U
and U for PCBs over Lake Michigan as a function of congemand speedand
temperature At 0 °C the values of Uranged from approximately 9.7 to 1imdh while
U, ranged from 0.008 to 0.008/h. At 15 °C the values of Uranged from
approximately 11.9 to 1d/hwhile U, ranged from 0.007 to 0.0G8/h.

For Lake Ontario, #inear sediment de position rate of 0.18 cm/year (2.0x10
m/hour) was reported near the extreme end of the Niagara(Rasikleyand Lewis
2003) This corresponds to a volumetric sedimeiotatate of 3780n°/hr. Assuming
40% is buried {512m?/hr), 40% is resuspendednd 20% is mineralized to organic
matter,Ug is 2.0x10" m/hour, Ugis 1.4x10° m/hour, and the advection time in the
sediment compartment is 125,000 hor89x1¢ m* + 1512m*/hr). Sedimentation
rates for the other lakes were obtained from Luo and Yang (2007).

Data collected from the NOAA Great Lakes Environmental Research Laboratory
(GLERL) reported runoff data intte lakedor the years 19G2003 The average value
in m¥s is reported Dividing by the area of the soil compartment, an average runoff
velocity (U;;) was obtained for each basin

Shore erosion into Lake Ontario (basin total) was estimated as 4°2dr&0year
(Coakleyand Lewis 2003) Taking into accaont the area of land in the basin and the
density of solids (2400 kg/ an erosion rate (i) of 3x10° m/hwas calculated

B. Degradation and Advective Processes in the Model

Degradation is typically accounted for in each compartment by considering a
single degradation rate for the appropriate reaction, @aglegradation, hydrolysis, ejc
Mathematically these losses are represented by the following equations:

DR = Vlzair kair Eq. (19

Dl% =szvmterkvmter Eq. (20
DR3 :VSZsoiIksoiI

Eqg. (22)

DR4 = V4Zsedimentksediment Eq (22)



Monte Carlo Based Multi-Media Fate Model for the Great Lakes Web Application. “Commission

des Crands Lacs

Great Lakes Air Deposition Program 1 Algorithms and Final Documentation for the 7* Great Lakes

where eack is a firstorder rate constant V-, Vs, andV, represent the volumes
of the air, water, sgiind sediment compartment, respectivefygvection losses are only
considered in air, water, and sedimemhey are calculated by multiplying an appropriate
volumetric flow rate for a particulamedium, by the corresponding fugacity capacity of
that medium

C. Mass Balance Equations

It is assumed that there are no direct emissions to the sediment compartment and
the soil compartment does notveaadvection losseDeveloping the set of differential
equations for the change in concentration with respect to time in each of the four
environme ntal compartments results in the following system of mass balance equations:

dc, df,
=V,Zz,—+=E, + f,D, + f,D,, - f,D,- f,D,- f,.DR - f,D
dT ldT 21 31 112 113 1 Rl 1 Ai Eq(23)
dc,
= —vz,zzﬁ— E,+ f,D,+ f,D,, + f,D,,- f,D, - f,D,,- f,DR,- f,DA,
Eq. (29
dC,
F_VZB'E_ E + f D f3D31- f3D32- ]‘CS)DR3
dc df =29
—2-vz —2=fD,- f,D,,- f,DR,- f,D
dT 454 qT 224 442 4 R4 4 A4 Eq.(26)

wherekE; is an emission rate to the ith compartment ( i=1,2 84, water, soil, and
sediment, respectivelyl,is the fugacity in théth compartment, and tHeA; represent
advective losses in théh compartment Assuming steadgtate conditions in which the
change in concentration of the chemical in each enmental media withespect to time
approaches zefghe left side ofEquations23i 26 approach zero) it is possilitesolve

for the fugacity in each compartmenthese solutions are:

f, =03, +1,3,)1 I,

Eq. (27)
f, = [E, +J,J,/ J; +E3Ds,/ D]
? (DT, - ;3,135 - DD,/ DT, Eq. (28)
_(E;+f.Dyy)
s =
DT, Eq. (29
D,
, =
DT, Eq. (30

In this set of equations tHeT; values are given by:
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DI, =DR +DA +D,,+D,,

Eqg. (31
DT, =DR +DA +D,,+D,;+D,, Eq. (32
DI, = DR +D;, +D,, Eq. (33

DT, =DR +DA +D,, Eq. (34

and theJ; values are represented by:

J — El + E3D31
-
DTI DTSD-E Eq. (39
J _ D21
-
DT, Eq. (36
J _1_ D31D13
=p. e
D1, DT, Eq. (37)
D.,.D
J4 — D12+ 3213
DT, Eq. (39

Using the relationship that concentration in a particular compartment is equivalent
to the fuigacity multiplied by the appropriate fugacity capac®y £ fZ), the steadsstate
concentration in each environmental medium (air, water, soil, sedimergcalculated

II.  MODEL SENSITIVITY

A model was developefdr Lake Ontariausing the above egtions and
parameters in EXCEL and tested using the commercially available software CrystalBall
Several chemicals were used in performing the sensitivity anal/ae results for
9-hexachlorocyclohexane (lindane) and hexachlorobe nzene (HCB) aradadyv

A coefficient of variationCV) of 1 was used for all parameters except the
melting point, émperaturehalf-life in air, and K,,. For this anafsis U;, U,, and U,
were given mean fixed values of 1&02 and 15m/h, respectively The inputs for
lindane are provided imable 4for Lake Ontario The sensitivity of the input parameters
to the outputs persistence time and percentage in each environmental medium are
illustrated graphically for various emission scenarios.

10
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A. Results foro-HCH (Lindane)

Table 4. Sensitivity Analysis foro-HCH.

Parameter Mean Standard deviation
He n r aw@mstaht 1.9x10" atmrm>/mole 1.9x10’

Kow 13803 1380

Vapor pressure 5.5x10° atm 5.5x10°

Melting point 385 K 38.5

Half-life air (hours) 364 58

Half-life water(hours) 4320 4320

Half-life soil (hours) 8640 8640

Half-life sedment(hours) 389000 389000

Emissions to Air, Water, and Soil

Sensitivity Chart
Target Forecast: percentair
HLSoil (hrs) -57
Henrys Law constant (10degC) .46
U3 -36
HLWater (hrs) -33
Ul -32
u7 .23
HLS ediment(hrs) -21
HLAIr (hrs) .20
MP (Kelvin) .17
Uil .15
-1 -0.5 l; 0.5 1
Meas ured by Rank Cormelation

Target Forecast: percentwater

11



