Modelling the Fate of Contaminants Introduced into

Agricultural Soils from Biosolids

BASL4 Model: Users' Manual

CEMC Report No. 200702

Prepared by:

Eva Webster and Don Mackay

Canadian Environmental Modelling Centre
Trent University
Peterborough, Ontario K9J 7B8

CE'MC CANADA




Modelling the Fate of Contaminants Introduced into
Agricultural Soils from Biosolids

Report to Environment Canada

BASL4 Model: Users’ Manual

April 27, 2007

Prepared by:
Eva Webster and Don Mackay

Carrousel Computing
Peterborough, Ontario
K9J6Y1

EC Departmental Representatives:

Scientific Authority:
Ken Taylor, Senior Evaluator
Assessment Section, Existing Substances Division

Contract Authority:
Robert Chenier, Chief
Assessment Section, Existing Substances Division

Environment Canada
Place Vincent Massey, 20th Floor
351 St. Joseph Blvd.
Gatineau, Quebec
K1A OH3



TABLE OF CONTENTS

TABLE OF CONTENTS .ttt sttt e ee ettt bbbt e s e et bbbt b e e bt e b e st e b et et e et e bt e b e e bt e neene e e et
EXECUTIVE SUMMARY ..c.tiiiitiitietteteesiete sttt sse st sbe et tesbesbesb e b bt e b e e s e ss e b et et e e bt s besbeeneese e st e nenas
1. INTRODUCTION. 1.ttt sttt st eseesee e be bbbt be b e s e sb e e et e b e st bt e bt e bt e st e st et et e b e et e s bt e beabeene e e e e 1
IO T U000 {1 T SRS 1
1.2 ODJECTIVES ...ttt bbbttt bbbt bbb et b bbbt n e 2

2. THE FUGACITY CONCEPT ...ci ittt ititetee sttt sttt sbeesite e te e sieeabeeabeeebe e sbseabeesbbeebeesbeeebeesbbeenbeesrneennes 2
2.1 Concentration and FUGACITY ........c.civeiiiiieiic ettt re e ra e re e snee e 2
2.2 Z VAIUBS ...ttt n et R n e R e et n e nne e teenteereenre e 3
2.3 Transfer and Loss Processes in Soil: D values and FIUXES...........cccevvevieieeieiie e, 6
2.4 DyNamicC SOil CalCUIALIONS ........ocviiiiiiiiiieieee e 9
AN U o] v- 1 o)V =] (o) - PSSR 11
2.5 1 EQUITTDITUM L. bbb 12
2.5.2 Non-Equilibrium Uptake and LOSS PrOCESSES.........ccuviieireeiieaiesiesieesreseesseesneenee e 12

LAY =] o] - U= SRS 12
1= T T = | SO SSTPRRPSRRR 15

2.5.3 STEAUY-STALE .......eeiieietieiee ettt 18
2.5.4 DYNAIMIC ....iiuiiitieiie ettt sttt s te et e s e et e et e e sa e s aeesbeeseesteenteeneesaeenteereeereereenes 18
CAITOL ROOL ...ttt b et e et st e e bt e bbeebeesreaenes 18
Invertebrate and Mammal...........cccovoiiiiiici e 20

3. GETTING STARTED ..uttttittteitttessieeessteaessteassstesssstesssssaessssesabsesssbeeeasbeeessbeeessbeeaasbeeenbbeesnsneeanseeennes 21
3.1 SYStEM REGUITEMENTS. ...ttt sttt ne e 21
3.2 How to Obtain Program COPIES. .......ccueiureieiieiteeieseeste e st e ste e e ssae e eae e e sreeaesraessaenesnes 20

I J0C BN 103 7= F= U1 o] o PSPPSR 21
3.4 Program NaVIGALION .........cccuiiiieiiiieiie e ete st e steete e e ste e staeste e ssaesteesaesseesaaesnessaesseeneenseans 21
4. IMIODEL DESCRIPTION ....tttttistieteestete it ste st sttt et e ettt b st bt bt se e st e et e st abenbesbesbeene e st e nee e 22
4.1 MOUEI OVEIVIBW ...ttt sttt sttt b e bttt e e be st e sbeenbeeneesreenbeenes 22
O 101 (=] 0T [=To - PSSR 22
v Y/ oo (=] 1= o o DR PPRTRP 23
Voo =] 1 o LU £ PSSR 24
4.4.1 CRemMICAl PrOPEITIES .....ccuei ettt ettt sb e sre e 24
AddINg @ ChEMICAL..........oiiiece et ra e e neenneas 26

A.4.2 SOU PrOPEITIES ...cueiitieitieee ettt bbbt b e sreebeeneesbeenbe e 26

y Vo [0 T a o = o | PSSR 26
Bioavailability FACIOF.........ccvi i 28

R = YT ] r- W 1] 1= TSP 29

4.5 SIMUIAION CONAITIONS ......viiiiiiie e et ee s 32
4.5.1 SIMUIBLION TIMIES ..uviiiieiiieiti ettt s esbe e e sreesreenteaneesreeeeenee e 32

4.5.2 APPHICALION EVENES....c.eiiiiiiieiieeie ettt st nae e 33



4.5.3 PlOUGNING EVENES ..ottt 34

4.6 MOAEI CAlCUIBLIONS ...ttt e e e et e ettt e e e e e e e e e e eeeeenaans 34
4.7 MOEl RESUILS = PArAMELEIS ....coeeeeeeeeeeeeeeee et ee e e e e eeneeees 34
4.8 Model ReSUIES = CheMICAI FAE.........eeeeeee oot e et eeeee e 39
A8 1 FALE 1N SO oottt e e e e e e e et e e eeneenennneenees 39
8.2 A 1N BOTA. .. eeieee e et e e e et ettt e e e e e e e et e e e e e e e e e reees 43

5. UNDERSTANDING THE RESULTS 1.utetetttee et s e eeeeeeeeeeeeaaae et eaeeesaaeeeneeeeaeeeeeaeaeneeeeeaeseeaaninnneeees 47
5.1 SAMPIE ANAIYSIS. ... ittt b et b e bbb n e nre e 47
5.2 Sensitivity and UNCEIAINTY ........cccveieiieieeie et sre e enes 49
REFERENCES AND SOURGCES ...ttt ettt eeeeeeeeeeaeae e e e e e e eeaasseeeeeeeeeseaaaseeeeeeeee s asssseeserennnnaasseeeerennnnnnn 50

Appendix A: The Software LiCENSe AQIreeMENT..........cooiiiiieieierierie et 53



EXECUTIVE SUMMARY

The BASL4 model has been designed to make operation as intuitive as possible to operate. This
manual is intended to provide additional information that may be less obvious. It is intended to
assist the novice model-user in understanding when, why, and how to use the BASL4 model of
chemical fate in a two-layer agricultural soil. Instructions are given on software installation. The
science behind the model is briefly described. The model layout is described and instructions are

given on running the model. Assistance is given with understanding the model results.

The model uses physical chemical property data and concentrations in biosolids to calculate the
concentrations in soil and uptake into vegetation, soil invertebrates and soil-dwelling mammals.
The soil component of the model allows different two-layer soils to be defined and stored by the
user. Soil properties include soil depths, organic carbon and water content, leaching and
bioturbation rates, and the degradation rate of organic matter in the soil. Each layer is treated as a
single well-mixed, or homogeneous, medium. The user can define up to three applications of
biosolids and ploughing events. For each biosolid application, the volume fraction of organic
carbon are required from the user. While the model is designed to treat a single growing season,
estimates of long-term chemical fate can be obtained but must be interpeted with some caution
due primarily to the effect of variations in temperature that are not treated by this model. The
vegetation, invertebrates and soil-dwelling mammals are modelled using three levels of
simplifying assumptions, namely equilibrium, steady-state, and non-steady-state (i.e., dynamic).
With an understanding of a chemical’s fate in the soil, vegetation, and soil-dwelling organisms,
higher-order systems such as a terrestrial food web including biomagnification through to top

predators may be considered.

The BASL4 model is stand-alone software with calculations viewable, but not modifiable, by the
user. This ensures that all users achieve identical results for the same inputs.
The model is available, conditional upon the licence agreement but free of charge, from the

following website: www.trentu.ca/cemc



1 INTRODUCTION

Much of the material in this document is available elsewhere (Hughes et al 2005, 2007a, 2007b,
Webster et al 2005, CEMC 2007, Hughes and Webster 2007). Here information and key
concepts necessary for successfully using the BASL4 model are compiled into a single document

for the user’s convenience.

1.1  Background

Under the Canadian Environmental Protection Act, 1999 (CEPA 1999) Environment Canada is
mandated to conduct ecological assessments of the substances on the Domestic Substance List
(DSL) to determine whether they are “toxic” or capable of becoming “toxic” as defined in the
Act. Assessments can include consideration of exposure in all environmental media, including
air, water, sediment, soil and groundwater. Currently, few simple tools are available to support

assessment of risk to soil-dwelling organisms.

The use of biosolids from waste water treatment facilities provides valuable nutrients to the
receiving soils and provides an inexpensive, beneficial, and potentially more environmentally
sound alternative to disposal in landfills or by incineration. One drawback with the use of
biosolids is that contaminants in the biosolids may be released into soil, enter the food chain and
biomagnify to toxic levels, especially in top predators. There is therefore a need to better
understand the fate of chemical substances introduced into agricultural soils from biosolids.
Multimedia environmental fate models such as BASL4 have been used to gain an understanding
of the fate of substances in the soil environment. Environment Canada uses multimedia mass
balance models for the risk assessment of new and existing substances under CEPA. These
models are considered key tools in the assessment process and have been used to estimate
environmental concentrations of substances and to describe their environmental fate in various

environmental compartments.



1.2 Objectives

This User’s Manual is intended to assist the novice model-user in understanding when, why, and
how to use the BASL4 model of chemical fate in a two-layer soil. The BASL4 model has been
designed to make operation as intuitive as possible to operate. This manual provides additional
information that may be less obvious. Instructions are given on software installation. The science
behind the model is briefly described. The model layout is described and instructions are given

on running the model. Assistance is given with understanding the model results.

2 THE FUGACITY CONCEPT AND MODEL STRUCTURE
This concept is described in detail in Mackay (2001) and in Webster et al (2005). Here the
concept is applied to the case of a two-layer soil with vegetation, invertebrates, and small

mammals.

2.1  Concentration and Fugacity
Fugacity was introduced by G.N. Lewis (1901) as a criterion of equilibrium. It is similar to
chemical potential, but unlike chemical potential, it is proportional to concentration, at least for

most environmental conditions.

Fugacity, which means escaping or fleeing tendency, has units of pressure and can be viewed as
the partial pressure which a chemical exerts as it attempts to escape from one phase and migrate
to another. In many respects, fugacity plays the same role as temperature in describing the heat

equilibrium status of phases and in revealing the direction of heat transfer.

The application of the fugacity concept to environmental models is fully described in the text by
Mackay (2001).

When equilibrium is achieved a chemical reaches a common fugacity in all phases. For example,
when the fugacity of benzene in water is equal to its fugacity in air, we may conclude that
equilibrium exists between phases. However, these common fugacities generally correspond to



quite different concentrations. If the fugacity in water exceeds that in the air, benzene will

evaporate until a new equilibrium is established.

The use of fugacity instead of concentration thus immediately reveals the equilibrium status of a
chemical between phases and the likely direction of diffusive transfer. Further, the magnitude of

the fugacity difference controls the rate of transfer, by for example evaporation.

The relationship between fugacity, f (Pa), and concentration, C (mol/m®), is given

mathematically in equation (1)

C=1zf (1)

where Z is a “fugacity capacity” or Z value with units of mol/m*-Pa.

When performing fugacity calculations, the SI units of mol/m® are used for all concentrations. It
is therefore necessary to convert from mg/L for concentrations in water, or mg/kg or pg/g for
concentrations in solid phases. A knowledge of the density (kg/m®) of the solid phases is also

required.

2.2 Zvalues

A Z value expresses the capacity of a phase, or environmental medium, for a given chemical. Z
values are large when the chemical is readily soluble in a phase, i.e., the phase can absorb a large
quantity of the chemical. A low Z value indicates that the phase can accept only a small quantity
of chemical, i.e., the chemical is “less-soluble” in the phase.

To establish Z values for each chemical in each phase, calculations begin with the air phase. In

the air, the Ideal Gas Law is applied.

PV = nRT )



where P is pressure, or fugacity in this case, V is the volume of the air, n is the number of moles
of the chemical, R is the gas constant (8.314 Pa-:m*/mol-K), and T is absolute temperature (K).
Since

C=n/V,and C = Zf equation 2 can be re-written in fugacity terms as
ZA =1/RT = CA /fA (3)

the subscript A referring to the air phase. Z is thus about 0.0004 mol/m?Pa for all chemicals in

air.
A partition coefficient is the ratio of the concentrations in two environmental media at
equilibrium, thus it is the ratio of the Z values of the two media. For example, the air-water

partition coefficient, Kaw, is

KAW = CA/ CW (4)
= ZAfA / waw

and since Kaw is measured when fa equals fy, i.e., at equilibrium,

KAW = ZA / ZW (5)

In general,
Ki,j =Zl Zj (6)

Thus, for water Zyw = Za / Kaw but since Kaw = 1/H where H is Henry’s constant (Pa m* mol™),

and



H=PxMW/S 0
ZW:ZA xPxMW/S

where P is the vapour pressure (Pa), MW is the molar mass (g/mol), and S (g/m°) is the solubility

in water.
Zowm for organic matter is calculated from Koc, and Zywm for mineral matter from Ky as follows:

Zowm = Fociom Koc Zw (8)
Zum = Kmw Zw 9)

where Focjowm is the mass fraction of OC in the soil OM and is usually about 0.56.

The Z values for the biota are determined from the octanol-water partition coefficient, Kow, as,

for example,

ZMammal = [(VL—MammaI + o-035VNLOM—MammaI) KOW + VW—MammaI]ZW (10)

where Vi-Mammal, VNLOM-Mammal, @nd Vw-mammal @re volume fractions of lipid, NLOM (non-lipid
organic matter), and water respectively. This equation implies that the sorptive capacity of
NLOM is 0.035 that of lipid matter (lipid being equivalent to octanol) as suggested by Armitage
(2004). The volume fraction of NLOM is calculated as 1 minus the volume fractions of water

and lipid.

Pure solutes are rarely present in the environment except as a result of chemical spills. The Z
value for a pure solute is thus of more academic than practical interest. The fugacity of a pure
solute is its vapour pressure, P° (Pa). The concentration (mol/m®) is the reciprocal of the molar
volume, v (m%mol). It follows that Z is 1/(P° v). In the case that the model reports a fugacity

greater than the chemical’s vapour pressure, it is likely that pure chemical is present and the user



should consider the possibility that the chemical is present as the pure substance or in

supersaturated conditions.

2.3  Transfer and Loss Processes in Soil: D values and Fluxes
In the BASL4 model the composition of the soil potentially changes with time, thus chemical

fate must be calculated as also time-dependent.

Figure 1 shows the various transport and transformation processes affecting the chemical in the
soil. Each process rate is expressed as a D value (mol Pa™* h™) which is essentially a flux rate
constant, the rate being Df (mol/h). D values apply to both transport and degradation or reaction
processes.

F 3
| wolatilization

| Ol lnss

T
l ‘ ll&ﬂﬂhmg l ‘ Ol loss

Layer 2 diffusion hiotuthation PSPV |

Layer 1
reacton

‘ reacton

lleaching

Figure 1: Chemical transport and transformation processes in the soil in BASLA4.

The first layer loses chemical by five processes: volatilization to the air above the soil
compartment, leaching to the second layer, sorbed phase transport (bioturbation) to the second

layer, diffusion in pore air and pore water to the second layer, and degrading reactions. The



second layer loses chemical by sorbed phase transport and diffusion to the first layer, by
leaching, and by degrading reactions. Chemical is lost from the entire soil system by
degradation in each layer, by volatilization from the top layer, and by leaching from the lower
layer.

Soil fate models such as RZWQM (USDA, 1999), PERFUM (EPA, 2006) and the Soil models of
Jury et al (1983) and Mackay (2001), consider only a single layer of soil. However, chemical
may be either applied to the surface or injected into the soil. Injection is the required method for
biosolid application in some jursidictions. With the well-mixed box assumption used in BASL4,
to simulate this difference between surface and injected applications of chemical it was
necessary to define the soil as two layers. Chemical applied to the surface is assumed to be
instantaneously well-mixed within the surface layer. Chemical injected into the soil is assumed
to enter the deeper layer where it is intantaneously evenly distributed. When the soil is ploughed,
the two layers are considered to be throughly mixed resulting in identical properties and

concentrations of chemical.

The volatilization process is described in Mackay (2001) and based on an approach suggested by
Jury et al (1983). Effective air and water diffusivities, Bea and Bgw, are calculated from the
molecular diffusivities, Ba and Bw, and the volume fractions of air and water, va and vy

respectively, in the soil using the Millington-Quirk equation:

Bea = Ba VA:LO/3 / (VA + Vw)2 (11)

Bew = Bw VWIO/3 / (VA + Vw)2 (12)
The diffusion D values are then

DA, i= BEA A ZA / Yi (13)
DW' i—= BEW A ZW / Yi (14)



where A is the area of the field (m?), Y is the diffusion path length and the subscript i
corresponds to the surface layer (1) or the deeper layer (2). A mass transfer coefficient, ky
(m/h), can be calculated as Ba (my/h) / Yg (m). The D value that characterizes mass transfer
across the boundary layer is

DE =A kV ZA (15)

This D value occurs in series with the sum of the air-in-soil and water-in-soil diffusion D values

to give an overall volatilization D value,
Dv=1/(1/Dg + 1/(Da + Dw)) (16)
The leaching D value is calculated as
DL = GL Zw (17)

where G is the volumetric leaching rate (m*/h) which is the product of the field area in m? and

the leaching rate in m/h. The leaching rate is assumed to be the same for both soil layers.

McLachlan (2002) suggests a bioturbation velocity of the soil of 0.3 cm/yr estimated assuming a
bulk soil density of 1300 kg/m® and an average bioturbation transfer rate of 40,000 kg/ha per
year. This velocity is converted to a volumetric transfer rate Gg (m*/h), and the corresponding D

value is then given as
Dg,i = Gg Zsulk, i (18)
This implies that mineral matter, organic matter, and sorbed chemical move between layers in

both directions. The rate is slow but can be significant in the long term, i.e., over several years.
Over a period of a decade it can be very significant..



The reaction D value is calculated from the degradation half-life, t% (h), or degradation rate
constant, kg = In(2)/t% = 0.693 /t% (h™), as follows:

Dr,i= Vi Zikr (19)

In reality, it is likely that different rates apply to chemical degradation in different phases, but
these data are rarely available, thus an overall rate constant is applied.

A total D value for all loss processes is calculated for each layer:

Dr1=Da1+Dwi+Dyv+Dp1+Dgs+ Dr1 (20)
Dr2=Da2+Dwg2+ D2+ Dg2+ Drp (21)

where the subscripts A, W, V, L, B, R denote the processes of layer-to-layer air diffusion, layer-
to-layer water diffusion, volatilization, leaching, bioturbation, and degradation reaction
respectively. Note than there is no direct volatilization from the deeper layer. The total D values

characterize the sum of the chemical loss processes for each layer.

The fluxes are the product of the fugacity and the process D value.

2.4 Dynamic Soil Calculations

Solution of the differential equations is accomplished by numerical integration using a time step,
At (h), selected by examination of the characteristic times of chemical loss in each layer, namely
Vi Z1ilDrj, as well as the characteristic times of OM degradation and biotic processes when
appropriate. Amendment or chemical addition and ploughing occur at the beginning of each
time step specified by the user. When chemical or biosolid amendment is added, the masses of
chemical (M; and M, mol) and OM are increased directly. Soil properties and chemical

distribution between phases are then adjusted accordingly.



The masses of fast-degrading, m;g, and slow-degrading, m;s, OM removed by degradation are

calculated for the time increment as, for example,

Ami’F = k|: mj r At (22)
in which the rate constants ks and kg (h™') are determined from the half-lives defined by the user.
There is no change in the mass of non-degrading OM. Quantities of OM exchanged between
layers by bioturbation processes are calculated using the Gg (m®h) values described above. The

volume fractions of fast-, slow- and non-degrading OM transported from each layer during a

time step due to these processes are calculated using three equations of the form

AVi,j’B = Gg Vjj At (23)

where vi; is the volume fraction in layer i of the jth-degrading component of OM. In terms of

masses of OM, the change is

Ami,,-,B = pom Gs Vij At (24)

where pom is the density of organic matter. The new soil composition is again adjusted

accordingly, as are the new VZ values.

The finite difference equations for the chemical mass balance are calculated using Euler's

method.

AM]_ = ( ( DB’Z + DA,Z + DW,Z) f2 - DT’1 fj_ )At (25)
AMZ = ( ( DB,1 + DA,l + DW,1 + D|_,1 ) f1 - DT,2 fz )At (26)

and the new chemical amounts in each layer are calculated using these. The new soil layer

10



fugacities, fsj, are calculated from the new values of V1 Z1; and M; using

fSi = M; / (VT,i ZT,i) (27)

Similarly, Zgyki and the changing D values are recalculated at each time step. This deviates from
previous dynamic modelling efforts where compartment volumes, D values, and Z values remain
constant with time and the change in the amount of chemical is calculated from a change in

fugacity.

The cumulative quantities of degraded and added OM, as well as the losses and additions of
chemical are calculated to provide a mass balance check, i.e. the initial quantity plus any
additions are compared to the sum of the present inventory and the cumulative losses.

2.5  Uptake by Biota

The first and simplest assumption for calculating the potential for uptake by biota is equilibrium,
i.e., the biota achieve the fugacity of their immediate environment, i.e., they are at equifugacity.
This provides a rapid estimate and for the low-trophic level, short-lived organisms, this may be a

sufficiently accurate representation of uptake for screening purposes.

However, Gobas et al (1993) and Drouillard et al (2001) have suggested that active uptake of the
chemical or biomagnification is likely the case for chemicals with a log Kow greater than about
5 based on studies with fish and birds. For vegetation, where uptake is from the root,
equifugacity is unlikely to be sufficient for chemicals with a log Kow less than about 2.5 and a
log Kaw oOf less than -1 (Cousins and Mackay, 2001). Thus the equifugacity assumption is
sufficient only as a screening level estimate and steady-state and dynamic calculations are
necessary for more realistic estimates. However, if the input data are not well known, the steady-
state and dynamic calculations may result in erroneous conclusions. The dynamic calculations

are always performed for the carrot root.

11



2.5.1 Equilibrium

For the equilibrium calculations, the vegetation is divided into 3 guilds, each with a sub-surface
compartment, or “root” and an above surface compartment or “leaf”. The root is assumed to be
present only in the surface layer of the soil and therefore achieve equifugacity with the surface
soil. (Since roots will be present in the deeper layer of most soils, this approximation will be
revisited when the model is refined and revised.) The leaf is assumed to achieve the fugacity of
the air immediately above the soil. This “canopy air” is assumed to have the same fugacity as the
pore air in the surface layer of soil. Chemicals of logKow = 1.0 to 2.5 are the most likely to be
taken up into the xylem and phloem and transported to different parts of the plant (Duarte-
Davidson and Jones, 1996). Thus these chemicals are most suited to the equilibrium partitioning

calculations.

The invertebrate, based on an earthworm, is assumed to spend time in both layers of the soil.
Thus the fugacity of the invertebrate is calculated as the product of the soil depth-weighted
average of the fugacities of the two soil layers. The concentration in the invertebrate is the
product of this fugacity, the Z value of the invertebrate, and the bioavailability factor.

The small soil-dwelling mammal, based on a shrew, is assumed to be at equilibrium with the
surface layer of soil. Since the mammal should be considered to be consuming a diet including
the invertebrates, we expect that the concentrations in the mammal will be under-estimated by

the equilibrium assumption, unless it can metabolise the chemical.

It is assumed that equilibrium is acheived instantaneously in all cases. For a more realistic

representation of chemical uptake, non-equilibrium calculations are required.

2.5.2 Non-Equilibrium Uptake and Loss Processes

Invertebrate

In the case of the non-equilibrium calculations, the worm is modelled as taking up chemical from
the soil by passive diffusion from the pore air and water, and by ingestion of soil solids. The

12



processes responsible for chemical loss from the worm compartment are diffusion to pore air and
water, fecal egestion, metabolism, and reproductive losses as shown in Figure 2. The worm
concentration is also affected by growth dilution. Worm growth is not explicitly included as a
change in body size but is rather approximated by a growth dilution factor as is done in other
biota models such as the Fish Model (Mackay, 2001).

A1y respiration

o Ile tabolism
(diffiaive)
» | WORM TISSUE
-t Reprodue trre losses
Water respiration (ipid + HL OB + wryter]) >
{diffusive) > Crowth Dilution
-
F Y
‘ Diffusion (instanf)
Soil solid ingestion WOERENM GUT Fecal egestion
-

(z0il zolids)

Figure 2: The uptake and losses processes experienced by the invertebrate (modelled as a worm).

Chemical uptake by the invertebrate is characterized by a set of D values calculated as the
product of a rate, G (m*/h), a Z value, and an efficiency E. Respiration is by passive diffusion of
soil pore air through the skin of the worm.

Dua-o = Gao Za Eao (28)
where Ga.o is the respiration rate (m*/h) of the worm and Ea.o the efficiency of chemical uptake
from the air. Ea.o is assumed to be 0.7 in this model (Armitage, 2004). The invertebrate,

represented by a worm, is desginated by the subscript “O” for “oligochaete” to avoid confusion

with the subscript “W” for “water”. The D value for water diffusion is calculated similarly:

13



Duw-0 = Gw.o Zw Ew-o0 (29)

where Gw.o is the water uptake rate (m*/h) and Ew.o the efficiency of chemical uptake from
water. Ew.o Is calculated from the empirical formula suggested by Armitage (2004) as

Ew.o = 1/(1.85 + 155/Kow) (30)

The worm’s diet is assumed to consist entirely of soil solids. The worm ingests both OM and
MM in the same proportions as they occur in the soil. Chemical passes through the gut wall of

the worm into its tissue according to

Dup-0,i = Gp-o Vom,i Zom Ep-o (31)

where Gp.o is the soil solids ingestion rate (m*/h), vowm, is the volume fraction of OM in the soil
solids in layer i and Ep.o is the worm’s chemical uptake efficiency from ingested OM. Ep is
assumed to be 0.1 in this model (Armitage, 2004).

The D values of elimination to air, Dga.o, and water, Dew-o, are equal to the uptake D values,
Dua-o and Dyw.o respectively. Here BASL4 differs from Armitage (2004) in that a separate
hypotonic urination rate is not required as it is assumed that water excretion rates are equal to

water intake rates. Fecal elimination is characterized as
Der-0,i =Dup-0,i (1-Aom-o0) (32)
where Aom-o IS the fraction of OM in the gut that is assimilated by the worm.
BASL4 requires rate constants to account for concentration decreases in the worm due to
metabolism (km-0), growth (kgs.0), and reproductive losses (kr-o). The corresponding D values

are calculated as the product of the rate constant, volume and Z, for example, Dg.o = Ke-0VoZo

14



where Vo is the volume of the worm (m®) and the rate constants units are converted to h™. These
may be set to zero for a conservative estimate. Total uptake and elimination D values are the sum

of the individual processes:

Durt-0,i = Dua-o +Duw-o +Dup-oi (33)

Det-0,i = Dea-o +Dew-o + Der-0,i + Dm-o + Dg-o + Dr-o (34)

Mammal

In the non-equilibrium calculations for the mammal chemical uptake occurs through respiration
and via the gut. The shrew eliminates chemical through the processes shown in Figure 3, that is,
respiration, urination and fecal egestion. The mammal concentration is affected by metabolism of
the chemical, growth dilution and reproductive losses (for females). This model does not
consider the effects of lactation. The simplifying assumption is made that the entire diet of the
mammal consists of worms and that all soil taken up incidentally is surface layer soil solids

present in the gut of the ingested worm.

Iletabolista
Lir respiration
- SHEEW TIARSTTE
{diffustve ) > Reproductive losses
-4 (lipid + HLODL + water] -
Growth Dilution
F 3
‘ i Driffus iom (instard)
Soil solid ingestion
B Fecal egestion
Worn tissue ingestion - sHEEW GUT =
il 5 oli Urination
Water intake > (soil solids) -

Figure 3: The uptake and losses processes experienced by the mammal (modelled as a shrew).
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Chemical uptake and release process D values for the mammal model are deduced as they are for

the worm model. For respiration,

Dua-m = Gam Za Eam (35)
Dea-m = Duam (36)

where Ga.y is the respiration rate (m*/h), Ea.m the mammal’s chemical uptake efficiency from
air, and the subscripts U and E indicate respectively uptake and elimination processes. Ea-m is

assumed to be 0.7 (Armitage, 2004). Similarly for water uptake and elimination,

Duw-m = Gw-m Zw Ew.m (37)
Dea-m = Dua-m (38)

where Ew.u is arbitrarily set to 0.7 (comparable to the respiratory and dietary efficiencies). As is
the case for the dynamic invertebrate calculation, a separate urination rate is not required by
BASLA4.

Dietary uptake consists of both worm tissue and soil from the worm gut. A single value, Ep.y, is
used to characterize the mammal’s uptake efficiency of chemical from worm tissue (including
lipid, NLOM, and water fractions of the worm). Ep.u is estimated using an empirically derived
relationship with Kow (Armitage, 2004). The uptake efficiency from soil OM, Epsw, is
estimated as 80% of Ep.w (Armitage, 2004).

Dubp-m = Gp-m Zo Ep-m (39)

Dus-m = Vom,1 Gs-m Zom Eps-m (40)

where Gp.v and Gs.y are the ingestion rates (m*/h) of worm tissue and soil respectively.
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Fecal egestion is also treated in two parts. As in Equation (32) for the worm, the egestion of soil

is calculated using

Des-m = Dus-m (1 - Aom-m) (41)

where the subscript ES-M is the egestion of soil solids by the mammal. The fugacity capacity of

the non-soil fecal matter is

Zev = (Ve +0.035 vnom-r ) Kow + Vwr)Zw (42)

where Vg, VnLom-F and vw.r are the volume fractions of lipid, NLOM and water in the non-soil
part of the mammal’s feces. These are calculated from Gp.v and the absorption efficiencies A_-w,

AnLom-m, Aw-m USINg

VLF = Gp-m Vo (1 - ALm)/Grm (43)
VnLom-F = Gp-m VnLom-o (1 - Ancom-m) / Grm (44)
Vw-r = Gp-m Vw-0 (1 - Aw-m) / Gem (45)

where Ge.y is the feces (not including soil solids) excretion rate (m®/h) and is given by
Gr-m = Gp.m (1 - V.o AL-m - VNLom-0 ANLOM-M - V-0 Aw-m) (46)
The second egestion D value is therefore
Der-m = Grm Zrm (47)
As for the invertebrate there are also D values for metabolism, growth, and reproductive losses,

Dwm-m, De-m, and Dg-y respectively.
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Total uptake and elimination D values are the sum of the individual processes.

Dut-m = Dua-m +Duw-m +Dup-m + Dus-m (48)

Det-m = Dea-m +Dew-m + Des:m + Deem + Dvem + Dev + Dremv (49)

2.5.3 Steady-state Conditions

In the case where the chemical inputs to a system are constant and have been ongoing for a
sufficient length of time, a system achieves steady-state, i.e., concentrations cease to change with
time and chemical inputs are balanced by chemical losses from the system. Obviously, this
condition is not expected in the scenarios modelled by BASL4 with its periodic applications.
However, it is possible to calculate what the concentrations would be in the invertebrate and the
mammal, if the soil concentration (at any given time) was a steady-state concentration. The

fugacity of the invertebrate is calculated as

fo-ss = B ((fs1 di Dut-0,1 / Det.01) + (fs2 d2 Dut-02/ DeT-022) ) / (d1 + d2) (50)

where d; and d; are the soil layer depths. The fugacity of the mammal is calculated as

fm-ss = B fs1 Dut-m / DeT-Mm (51)

2.5.4 Dynamic Conditions

Carrot Root Model

Several studies of organic chemical uptake in plants suggest that high Kow compounds present in
soil remain bound to the soil organic matter (OM) and are usually not found in significant
quantities in plants other than in the root peel of some relatively high-lipid-content tubers, such
as carrots (Wild and Jones, 1992; O’Connor, 1991; Duarte-Davidson and Jones, 1996).

Chemicals with lower Kow (i.e., logKow < 1) are generally too lipophobic to accumulate
appreciably in the root system from soil pore water and those with higher Kow (logKow > 2.5)
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are sparingly soluble in plant xylem and phloem fluids. The latter, therefore, are most likely to be
found sorbed to the lipid-like material of the plant, e.g. the waxy cuticle of a leaf or the lipid
content of a root surface. For this reason, a simple dynamic carrot root model was included in
BASL4 in which carrot uptake of chemical is limited by the transpiration rate of the carrot.
Since carrot roots have relatively high lipid contents, they will give worst-case scenario

concentrations of the more hydrophobic substances in plants in general.

The concentration of hydrophobic chemicals in plants may be overestimated because of the
relatively slow transport of these substances from the soil pore water into the plant root. The
dynamic carrot root model accounts for this by considering that the rate of water uptake in the
carrot is likely the most important limiting factor on the carrot’s rate of chemical uptake. In
fugacity terms this can be expressed by a D value that is the product of the water uptake rate, Gsgr
(m*/h) and the Z value of the substance in water. This water uptake rate is controlled by the
plant’s transpiration rate. If the root has constant volume Vg (m®) and Z value, Zg, then the rate
of fugacity increase in the root will be given by
d(Vr Zg fr) / dt = Dgg fs1 (52)

where fg is the fugacity of the root, fs is the soil and pore water fugacity, and Dsr is the soil-to-
root transfer D value. This assumes no loss from the root. Integrating from an initially zero

fugacity and with constant fs gives

fr = f51(l - exp(-DSR t/ Vg ZR)) (53)

or

fR = oc(t)f51 (54)

where o is the fraction of the soil’s fugacity achieved by the carrot root at time t. The quantity

VrZgr/Dsr is the characteristic time, tenar, Of uptake. It can be shown that
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Dsr/ VrZr = GsprZw /(VRrZR)
= GerZw (Vi (VL + 0.035Vniom)ZL + VwZuw ))
= Gsr/(VRr ((vL+ 0.035vNLom )Kow + V)
= Ut (55)

where Ggr is the transpiration rate. Trapp (2001) suggests a rate of approximately 1 L/d, or 4.2 x
10 m*h for carrots. The carrot root volume is assumed to be 10* m* or 100 cm®. Equation (54)
is used to calculate the carrot root fugacity at the end of each time step. This assumes fs; does

not change appreciably for the length of the simulation or for at least a time comparable to tchar.

Invertebrate and Mammal Models

For the dynamic calculations of uptake by the invertebrate and the mammal, the change in
fugacity is calculated at each time step since the Z and D values of the organisms are not
changing with time (unlike the Z and D values for the soil). The fugacity of the invertebrate is
calculated in each layer of the soil and a depth-weighted average is used to determine the

concentration in the organism.

Afo1 = (Dut-01 fs1 B - Det.01 fo1 ) * At/ (VoZo) (56)
Afo2 = (Dut-02 fs2 B - Det.0,2 fo2 ) * At/ (VoZo) (57)
fo= (f01 d1 + for dz) / (d1 + dz) (58)

The case for the mammal is simpler. If only the equilibrium calculations were performed for the

invertebrate then

AfM = (DUT-M f51 B- DET-M fM) * At/ (VMZM) (59)

However, if the dynamic calculations were performed for the invertebrate, then

Afy = ((Dua-m +Duw-m +Dup-m) fs1 B + Dus-m fo - Derm fm) * At/ (VmZwm) (60)
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3 GETTING STARTED
3.1 System Requirements
Minimum system requirements are an IBM-compatible PC running Windows 98 or XP. This

model will not run under Windows NT or 2000.

3.2  How to Obtain Program Copies
You may obtain copies of the BASL4 program from the Canadian Environmental Modelling

Centre's website at:  http://www.trentu.ca/cemc

3.3 Installation

This version of the BASL4 program is provided as a self-extracting compressed file. This

version of the BASL4 program was designed to run under Windows 98 and Windows XP.

o Before installing the program, close all applications which are currently running on your
computer. Using "Find" from the "Start" button, or Windows Explorer, locate the file
which you previously downloaded. Double click on this self-extracting file
BASL4100install.exe to extract the setup files.

o Run the Setup.exe file to install the BASL4 program. You may wish to install the
software in a unique folder different from the default provided.

o Follow any instructions which appear during the installation process.

3.4 Program Navigation

To begin a simulation, input information must be entered from top to bottom, beginning with
Simulation ID. When an Input form has been completed, a check mark appears beside the
corresponding button on the Main Program Screen. When all four Input buttons have check
marks, the --> button becomes available and clicking on this button will perform the calculations
required to proceed to the Conditions screens. Similarly, the Compute button which performs
the simulation calculations will be enabled upon completion of all of the Conditions forms. The
Model Output may then be viewed.
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You may return to any of the Input screens at any time to make changes to the current
simulation, as all existing entries will be retained. After re-selecting any Input form, it is
necessary to click on the Compute button again to re-run the model with the revised values. Any
unchanged Input forms will retain the values used in the previous simulation, unless the New

Simulation button is clicked.

Navigation of the individual forms can be performed either with the mouse, or by use of the Tab
key. The tab key is set to move the cursor from the top left field of a form, through to the bottom
right. The Cancel button backtracks by removing the current form from the screen and resetting
each field of the form to the last set of accepted values. On each program form, the Enter key is
equivalent to the OK button, and the Escape key to the Cancel button.

4 MODEL DESCRIPTION

4.1 Model Overview

As described in Section 3, the BASL4 model calculates the fate of chemicals introduced to soil
in association with contaminated biosolids amendment. Processes of chemical degradation,
volatilization, leaching, diffusion, sorbed phase transport due to bioturbation, and the
degradation of the organic matter (OM) present in the soil and amendment are quantified.
Chemical is introduced to the soil either directly or as a component of biosolid amendments. It
can be applied to the surface of the soil, injected into a deeper layer of soil, or ploughed into
surface and deeper layers. Applications of biosolids or neat chemical can occur at user-specified
times during the simulation, as can ploughing events. Evaluative calculations of concentrations

in vegetation, invertebrates, and small soil-dwelling mammals are performed.

4.2 Intended Uses
This model is useful for assessing the short- and long-term (year-to-year) fate and possible build-
up of chemicals in sludge-amended soils as well as for estimating risk of biotic uptake and

bioaccumulation in soil-dwelling organisms.
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The description of the soil is more detailed than in other models such as the CEMC Soil Model
(version 3.00) (Mackay 2001; http://www.trentu.ca/cemc). Specifically, the soil is described in
two layers and includes degrading organic matter. The changing organic matter (OM) content of

the soil is potentially very important for chemicals with a high affinity to OM, i.e., a high Kow.

4.3  Model Design

The model is designed to be visually consistent with existing CEMC models as much as is
possible given its unique characteristics. Figure 4 shows the main program screen. As
information is supplied to the model, more buttons are activated allowing the user to progress
through a simulation. All the physical model inputs are requested using a series of forms
accessed from the buttons on the far left of the main screen. Some preliminary calculations are
performed by the model before the time-dependent information is requested from the user. Once
the time-dependent information has been entered, the remaining calculations are performed by
the model and the model results become available. The buttons on the far right of the main
screen allow the user to view a listing of the calculations performed by the model, start a new

simulation, save the simulation results, and provide general information about the model.

The diagrams show a schematic of the processes considered but, unlike existing, non-dynamic
CEMC models, no values are given. The charts provide a quick overview of the dynamic
behaviour of some model output values. These should not be used outside of the model. For
publishable quality graphs the simulation results should be save to a file using the “Save to File”

feature in the model, and spreadsheet or graphing software should be used.
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Figure 4: The BASL4 main program screen. As information is supplied to the model, more
buttons are activated allowing the user to progress through a simulation. Here all information has
been supplied and thus all the buttons have been activated.

4.4 Model Inputs

4.4.1 Chemical Properties

The BASL4 model treats only Type 1 chemicals. These are chemicals that partition into all
environmental media and thus have Z values that are measurable in all phases. Examples of Type
1 chemicals include most organic chemicals such as chlorobenzenes, PCBs, DDT, atrazine. Type
2 chemicals are involatile; that is, they do not partition appreciably into air. Type 3 partition into
air, biota, and solid phases such as soil and sediment, but they are essentially insoluble in water.
Neither are currently treated by this model but may be added in a future version. It is acceptable
to simulate a non-volatile substance as having a very low volatility such as 10° Pa, values of less
than this will not have a significant effect on the concentrations present. Similarly, an insoluble
chemical may be simulated as having a very low solubility. It should also be noted that the
model does not treat ionizing chemicals. The chemical properties required by the model are
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shown in Figure 5. The user may choose to have the model calculate the organic carbon-water
partition coefficient, Koc, L/kg as 0.41 Kow (Mackay, 2001). The “data temperature” is the
temperature at which the chemical properties were measured and is used to calculate chemical
partitioning to air as given in Equation (3). The half-life in soil is the primary degradation half-
life; daughter products must be modelled separately. The mineral matter — water partition
coefficient is often not well known, however, for organics a value of 1.0 L/kg may be used. For
very dry desert soils this can be expected to produce erroneous results but this assumption should

be acceptable for most Canadian soils.

Chemical Properties
Chemical Mame |F'BDE 47 j Wew Chemical |

Chemical Type 1

Data for Type 1 Chemicals

Molarbass {afmel) el ‘water Solubility [a/1r) o
Data Temperature (°C] 25 “apour Pressure (Pal 0000266
Degradation HalfLife in Sail [d] [y50 Rz B.11

b2 ater Partition Coeff (K, LAkg) |4

[+ Estimate Koo as 0.41 5 Kow
OC-Ax ater Partition Coeff (Koc, LAg) [s2e000

Meqgligble Deg. Rate [

Database Operations

Save | Delete

(1] 4 Cancel | Help |

Figure 5: The model data request form for chemical properties.

The model contains a small database of pre-defined chemicals. The entries in the database can be
modified therefore it is the responsibility of the user to ensure that the values are correct by
consulting a reference such as that of Mackay et al. (2006). The chemical half-life in soil may be
taken from property estimation software such as EPI Suite, however, monitoring data is to be

preferred. Arnot et al (2005) provides guidance on this issue.
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Adding a Chemical

A new chemical can be defined by the user and saved to the database for future reference. The
properties of chemicals already in the database may be modified and the new properties saved to
the database. New chemicals may also be defined by modifying the properties currently in the

database and saving the chemical under a new name.

4.4.2 Soil Properties

The model contains a small database of pre-defined soils. All properties may be modified by the
user; it is the responsibility of the user to consult with a soil scientist on the selection of suitable
values. Figure 6 shows the input properties required by the model. (Note that the soil shown in
Figure 6, “2-layer soil - UM”, is not representative of any soil but was defined for this document
and to demonstrate some of the capabilities of the model.) Some properties, such as the air
boundary layer thickness and diffusivity, are not generally available but have commonly used
values. The bioavailability factor is the fraction of chemical in the soil considered to be readily
available for biotic uptake as is discussed below. For any value a simple sensitivity analysis may
be undertaken by adjusting the value up or down by a factor of 10 and observing the result to

determine whether an approximation is sufficient or a more precise value is needed.

Adding a Soil

A new soil can be defined by the user and saved to the database for future reference. The
properties of soils already in the database may be modified and the new properties saved to the
database. New soils may also be defined by modifying the properties currently in the database

and saving the soil under a new name.
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Figure 6a: The model data request form for soil properties: properties in common to both layers.
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Figure 6b: The model data request form for soil properties: properties unique to each layer and
OC degradation half-lives.
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Bioavailability Factor

Bioavailability has been the subject of considerable research with respect to soils and sediments.
As a contaminated soil ages, the contaminant becomes less available to soil-dwelling organisms
due to chemical sequestration in organic and mineral matrices. Li et al (2007) in an experiment
with freshly-amended and aged soils found that aging significantly reduced the rate and extend
of pyrene desorption. A physical explanation is that the chemical slowly diffuses into or out of
the humic materials that constitute the organic matter of the soil. Li et al (2007) identified a
correlation between desorption rate and the fraction of organic matter present. It is thought that
some chemicals may diffuse so deeply into the organic phase that it requires a prolonged period
of time for the chemical to be released either from the soil solid matrices to the pore air and
water. It may also require a measurable time for ingested soil solids to release chemial to the gut

contents of an organism from which it becomes available for transfer into the organism’s tissue.

It has been suggested (Belfroid et al, 1994) that the fraction of chemical freely dissolved in soil
pore water is rapidly depleted by soil-dwelling organisms. This results in a rapid decrease in the
fugacity of the soil, followed by a period of slow desorption and dissolution of the substance
from the solid phase into the pore water. The net effect of this is that only a fraction of the total

chemical in the soil is available for uptake during that period of equilibration.

Chung and Alexander (1999) measured the bioavailability of phenanthrene and pyrene. Morrison
et al (2000) measured the bioavailability of DDT, its metabolites, and dieldrin after a few months
and after many years. Using six different soils, Alexander and Alexander (2000) found a 28 to
99% decrease in the bioavailability of five substances intended for use in soils. They suggest that
bioavailability may be controlled by soil properties such as OC content. However, clearly, the

time that the chemical has had to become sequestered is also important.

Expressing the dependence of bioavailability on the desorption kinetics and history of the
chemical in the soil mathematically requires detailed information on the structure of the organic
matter and the diffusion and desorption rate parameters. A simpler approach, and the one used
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here, is to arbitrarily view the sorbed chemical as existing in two forms: a fully and immediately
bioavailable form and an entirely non-bioavailable form. The fraction of the total that is available
can then be defined based on experimental data. When the total concentration of chemical in the
soil, C (mol/m®), and Z value are known, the fugacity in layer i is C/Zgyx. If the fraction that is
bioavailable is B (e.g., 0.1 or 10%) then it is only this fraction that can exert a fugacity over a
period of days and it can become rapidly depleted. Essentially, f; is reduced to fiB. This can be
included in the model by increasing Zgyki t0 Zguki/B, thus the product fiZg,ki remains C thus

accounting for the total mass of chemical remaining.

For a newly amended soil, and as a protectively conservative estimate, a value of 1.0 may be
used to B. For an aged soil, i.e., after some months the bioavailability may approach a value of
0.2. It should be noted, however, that the model considers B as a constant over the course of the

simulation.

4.4.3 Biota Properties
Figure 7 shows the data screen for the biota properties required by the model. These properties
can not be changed. The properties used depend on the model calculations selected. The user is

asked to select the model calculations for the invertebrate and the small soil-dwelling mammal.

The simplest calculations assume that the biota are at equilibrium with the environment; the plant
roots are at equilibrium with the soil, plant leaves are at equilibrium with the air immediately
above the soil, the invertebrate is at equilibrium with the soil (weighted assuming they spend
time in both layers of soil), and the mammal is at equilibrium with the surface soil. These are
Level I or EQP (equilibrium partitioning) calculations and involve only chemical partitioning

properties.

Three guilds of vegetation are considered in the equilibrium calculations: a leafy tuber such as a
carrot or potato, a grass or sedge, and a conifer. Each vegetation guild is defined by the lipid and

water content in the plant root and foliage.
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Biota Properties
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Figure 7a: The model data form for vegetation properties.

Biota Properties
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Figure 7b: The model data form for invertebrate properties.
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Biota Properties
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Figure 7c: The model data form for mammal properties.

A more realistic estimate of the concentrations of the chemical in the biota can be obtained with
steady-state and dynamic (i.e., non-steady-state) models. This increased realism comes at the
cost of increased data requirements and increased computational time. For each additional

parameter there is an increase in uncertainty.
For the vegetation the single case of a carrot root is included for the dynamic calculations based
on an experiment that monitored PAH uptake from a sludge-amended soil (Wild et al, 1992).

There is limited data available to verify this calculation more generally.

The properties of the invertebrate and the mammal are representative of the worms and shrews

measured by Hendriks et al, (1995) and as modelled by Armitage (2004).
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45  Simulation Conditions

45.1 Simulation Times

Solution of the differential equations is accomplished by numerical integration using a time step,
At (h). To determine the largest possible time step, characteristic times for each chemical and
OM loss process are calculated and the fastest process determines the maximum time step. When
dynamic calculations are to be performed for the invetebrate or mammal, this maximum time
step can be quite small, i.e., minutes or even seconds. A larger time step will cause mis-
calculations. Time steps less than the recommended maximum may be used if desired, however,
this will increase the computation time. For example, if the chemical is persistent and strongly
bound to the soil, and only equilibrium calculations are to be considered for the biota, the
maximum recommended time step may be greater than 24 hours. Since application and
ploughing events must occur on this time scale, it may be necessary to select a time step less than
the recommended maximum to allow events to be set for the desired times. For convenience, it is

often preferable to choose time steps that are some fraction of a day.

The total time of the simulation will usually be on the order of days to months and must be
entered in hours. This time must be greater than or equal to the time step, and an integer multiple

of the time step.

To model a multi-year scenario the user must consider that the BASL4 model assumes constant
environmental conditions representative of summer. For a multi-year simulation, the user should

expect decreased chemical and organic matter degradation during the colder months.
Changes to the chemical, soil, or biota properties are expected to cause changes in the

recommended time step. Consequently, the time step and total simulation time must be re-

entered after any such change is made.
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4.5.2 Application Events

The user is allowed to specify up to three chemical or biosolid application events in the
simulation period. Drop-down boxes allow the user to select the time of each application event.
Below each drop-down box, the day of the event is shown. The chemical or biosolid can be
modelled as being either applied to the soil surface or injected into the deeper soil layer. The
properties of each application must be defined by the user. For biosolid applications, the fraction
of fast- and slow-degrading OC should be measured by an experimentalist, however, it is likely
that much of the biosolid will be fast-degrading OC, possibly 0.8 with only 0.2 slow-degrading.
Where these values are not known for the biosolid applied, a simple sensitivity analysis can be

undertaken by adjusting the values up or down by a factor of 10 and observing the results.

Chemical Application Events
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First [surface] Layer 0.0l applications
Second [deeper] Laver [0 01 2 :I'
Applications during the 30 dayz of the Simulation
1 2
Tirme of Addition |3EI ﬂ |3EIEI j | J hiowrs
Day | |
tdethod of Application f* Surface ™~ Surface -
™ Injection % |njection "
Type of Addition i Pure i+ Pue "
Binsolid Composition {+ Biozolid " Biozolid "
Fraction of fast-deg. OC 05 | | g#g OC
Fraction of slow-deg. OC 05 | | g#g OC
Conc. of chem in biosolid 0.0 | | ring kg dw
Amount of Application |2|:|E||:||j |1 0o kgtha
(1] 4 | Cancel | Help

Figure 8: The model data form for initial concentration in the soil and chemical and bioslid
applications.
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4.5.3 Ploughing Events
The user is allowed to specify up to three ploughing events in the simulation period. Drop-down
boxes allow the user to select the time of each event. Below each drop-down box, the day of the

event is shown.
Floughing Events
Mumber of ploughing events: 1 :"

Ploughing during the 30 days of the Simulation

60 [~ 2l [] s

1].4 Cancel | Help

Figure 9: The model data form for ploughing events.

46  Model Calculations

All the calculations performed within the model are viewable, but not modifiable, by the user.
This transparency means that it is possible for the user to follow the effect of any one input
through the calculations, or to trace back through the calculations from any one output value.
This is useful to understand any unexpected output value. To avoid transcription errors this
listing of the calculations is computer code exactly as it is in the model.

4.7 Model Results - Parameters

The first set of model results describe the physical system of the chemical, the soil, and the biota
as defined by the input properties. The second calculation button, labelled “Compute -->" should
be seen as a barrier. Returning to buttons on the left of this barrier indicates the desire to make
changes to the inputs. In addition to displaying all of the properties that were input to the model,
some calculated physical parameters are included. The chemical and biota parameters are not
time-dependent, however, one of the unique features of the BASL4 model is the degradation of
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organic matter.

The model can be run with no chemical present in the system. To do this any chemical may be
selected and defined with a zero initial concentration in the soil and no application events. This
allows the user to examine the model’s treatment of the organic matter degradation in the soil. It
is also possible to add chemical-free biosolid to the soil, thus allowing an examination of the
model’s treatment of the biosolid’s organic matter. These scenarios are useful for understanding
the behaviour of the model system.

With chemical present, as OM degrades, the fugacity tends to increase because of decreasing VZ
values, corresponding to the loss of sorption capacity in the soil. This loss is also reflected by a
gradual decrease in Zgyki. The rate of decrease of Zgyuki depends on the value of Zowm; for the
chemical; the more highly sorptive the chemical, the more rapidly the bulk Z value decreases

with decreasing OM volume. The soil gradually becomes less effective as a “solvent” for the

chemical.
Soil Parameters
Layer -
f» Surface " Deeper 2-layer soil - UM
Di Layer T Phasze Yolumes T FPhaze Mazzes T QC Degradation T Irwentary T Tranzport
imensions
Field Area 1.00 ha 10000 r

Time Depth Yolume Dengity b aze taszs 0OC Maszs OM Mazz =
h m I1a kg kg v kg dw kg/kag dry goil kaskg diy zoil

0 0.0200 200 514 1.03E+05 42748 0,500 0.893
7.00 0.0200 200 514 1.03E+05 42659 0,500 0.893
14.0 0.0159 199 514 1.02E+05 42570 0,500 0892
21.0 0.0159 199 514 1.02E+05 42481 0,500 0892
28.0 0.0198 198 514 1.02E+05 42392 0,435 0892
30.0 0.0258 298 510 1.52E+05 B2367 0515 0927
360 0.0258 298 510 1.52E+05 E2258 0515 0,926
43.0 0.0257 297 510 1.51E+05 E2130 0515 0,926
50.0 0.0236 296 510 1.51E+05 E2003 0515 0,926
57.0 0.0236 296 510 1.51E+05 E1876 0515 0,926
£0.0 0.0549 549 755 41BE+05 250E+05 0.0374 0.0EE7

R4 N Nnne49 R49 FRR 4 1RF+NR 2 ROF+0R NnN3z3 NNRR7 j

Help |

Figure 10a: Soil parameters displayed by the model: layer dimensions. Note that kg ww is the
wet weight of the bulk soil and kg dw is the dry weight of the soil solids.
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Soil Parameters

Layer
2-layer soil - UM

(* Surface " Deeper

Layer Dimetsions Phaze Mazzes T 0OC Degradation T Inventary T Tranzpart

Wolume Fractions Wolumes, m*

Eg:g ﬁ\!f[at?a.rmﬂ%ﬂﬂ tineral Matter 93.2

Time Organic Mineral « Time Paore Pare  Organic &

h b atter b atter h Air WA ater b atter

1] 0191 91BE-03 1] 100.0 B0.0 3.2

7.00 0191 9.18E-03 7.00 99.8 599 381

14.0 0191 9.20E-03 14.0 996 597 380

1.0 0191 9.22E-03 1.0 99.3 596 79

280 0191 9.24E-03 280 931 595 ra

30.0 0194 E15E-03 30.0 149 894 57.8

36.0 0194 E1BE-03 36.0 149 89.3 577

430 0194 EB17E-D3 430 148 891 575

50.0 0194 E18E-03 50.0 148 889 57.4

57.0 0194 E.20E-03 57.0 148 887 57.3

B0.0 00303 D.‘I?Dj B0.0 275 165 ‘IE.Eﬂ

ok | Hew |

Figure 10b: Soil parameters displayed by the model: phase volumes.

Soil Parameters

Layer -

f» Surface " Deeper 2-layer soil - UM
La_l,lerDimensionsT Phasze Yolumes Thaseuasse&T QC Degradation T Irwentary T Tranzport
Phase Maszes, kg

tineral katter 2 33E+05
Phase Densities kg/nr Time Pare Pore  Organic  Organic =
i 118 h Air Water M atter Carbon
wiater 1000 0 119 g0000 35168 21374
Drganic Matter 1000 7.00 118 59866 38079 21324
Mineral Matter 2500 14.0 118 58732 37990 21274
21.0 118 55599 aram 21224
28.0 117 53466 arez 21175
30.0 177 89429 R7TaT 32361
360 176 89264 RYETT 32299
43.0 176 89073 A7Ra0 32228
50.0 176 88882 R7423 32157
57.0 175 88692 A7296 32086
£0.0 325 1.BBE+05 16646 9322ﬂ
ok | Heb |

Figure 10c: Soil parameters displayed by the model: phase masses.
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Soil Parameters

Layer -
(* Surface " Deeper 2-layer soil - UM
LayerDimensionsT PhaseVqumesT Phase Maszes TD eg Inventary T Tranzpart
Organic Mass of OC, kg
f¢ Carbon " Matter Time Mor- Slow Fast Total =
h Degrading Dearading Dedrading ac
Mazs Fraction OC in OM 0580 0 E412 4275 10687 21374
.00 B403 4270 10645 21324
+ Mazs, kg 140 B406 4265 10603 21274
¢ Mass Fraction, kaskg OC 210 B403 4260 10561 21224
28.0 B400 4255 10519 21175
300 B339 9854 16108 32361
OC Degradation 3E.0 B398 9846 16056 32299
Slow Fast 430 B396 9837 15996 32228
Half-Life 8640 1440 hours 50.0 B394 9827 154936 32157
260 BO.0 days 57.0 B332 9818 15876 32086
Rate Constant  BOZE-05  4.81E-04 /h <UL A
1 93E-03 00116 #d 64.0 4277 1866 w2 9315
72 4277 1865 6D 9302j
ok | Hew |

Figure 10d: Soil parameters displayed by the model: OC degradation.

{* Organic Carbon ¢ Organic Matter 2-layer soil - UM

Layer DimensionsT Phasze Volumes T Fhaze Mazzes T 0C Degradation T Tranzport

Inventory of OC, kg
Fazt Fazt Fazt Slow Slaww Slaww -

Time Deagrading Degrading Degrading Deqrading Degrading Dearading Tatal Tatal Tatal
h Gain Loz Met Gain Lozs et Gain Lozs et
0 0 0 0 0 1] 1] 1] 1] 1]
.00 0 hE.9 -58.94 0 432 -4.32 a0 £3.3 -53.26
14.0 0 RE.7 58,74 0 432 -4.32 a £3.1 -53.06
21.0 0 RE.5 -58.54 0 4.3 -4.31 a E2.9 -52.86
28.0 0 RE.3 -58.35 0 4.3 -4.31 a B2.7 -B2. 66
300 500 16.6 BEE3 500 1.23 RR33 11200 174 11182
3E.0 0 EE.0 -B65.96 0 £.39 -6.33 a 723 72,34
430 0 TE.7 -7B.71 0 745 -7.45 a 84.2 -B4.16
50.0 0 TE.5 -76.45 0 744 -7.44 a 824 -83.89
57.0 0 TE.2 -7E.19 0 744 -7.44 a 836 -B3.63
B0.0 0 326 32,58 0 319 313 a 5.8 -35.76
R4 N n 434 A3 5R n 425 -4 2R n 47 R -47 A1 j

ok | Heb |

Figure 10e: Soil parameters displayed by the model: inventory.
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Soil Parameters

2-layer soil - UM

Layer DimensionsT Phaze Volumes T Phase Maszes T 0OC Degradation T Inventary T T
Air Boundary Laver Thickness  4.75E-03 m
tolecular Diffuzivity - Air 00180 médh
tolecular Diffusivity - Water 1.80E-06 réh
Sail-&ir Boundary Layer MTC 379 miéh
Binavailability Factor 1.00
Bioturbation R ate 0300 cryr JA2E-07 mih
Leaching R ate 500 mmiday  208E-04 m/h
Layer Surface Deeper
Diffuzion Diztance 0.ooo 0.0900 m
Air Parozity 0155 0.0130
wiater Porosity 0.02a2 0131
Effective Diffusivity in Air 279E-03  234E-04 mElh
Effective Diffusivity in\water  5.08E-08  236E-07 mélh

ok | Hew |

Figure 10f: Soil parameters displayed by the model: transport.

Simulation Time and Events

Simulation Times Initial Concentrations of PBDE 47 in Sail
hours dayz ol e a/nf mgdkg v madkg dw
Total Time 20 300 Surface 4 40E-06  2714E-03  416E-03 00100
Time Step 1.00 Deeper 1.95E-05 S495E-03 7.03E-03 00100
Ewents

Fraction of  Fraction of  Fraction of  Conc. of

Mon- Slowa Fast Chemical
On Time Degad. OC Degrad. OC Degrad. OC  inBiogolid — Amount
Dy hours Event gfg OC g/g 0C g/g OC  mogkg dw kasha
2 an.0 Surface Applied Biosolids I 0,500 0500 1.00E-03 20000
3 EO.O Ploughing Event - - - - -
13 300 Injected Pure Chemical - - - - 100

Help |

Figure 11: Simulation parameters: a summary of inital concentrations and defined events.
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4.8 Model Results - Chemical Fate

The chemical fate in the soil and in the biota are described separately in the model.

4.8.1 Fate in Soil

The fate of the chemical in the soil is described by the model through Z values, fugacities,
concentrations, amount, an inventory, fluxes, and the set of D values. Not all values are time-
dependent. In Figure 12 the constant Z values for the four phases of soil are given with a table of
time-dependent Z, VZ and fugacity for each soil layer. It is because of the degradation of OM
(and thus also the changing soil volumes) that the bulk Z values are time-dependent. The
concentrations and amounts of chemical present are given separately for each phase of each
layer. By examining the amounts present in each, the partitioning can be easily identified. The
greater the chemical’s Kow or Koa, i.€., the greater the chemical’s affinity for the OM phase, the
greater the effect of OM degradation of chemical fate in the soil. The inventory provides an
accounting of the chemical present, lost, and added. This is a useful check on the model’s
behaviour. Each chemical loss process from each layer is described by the flux given in mol/h,
for example. Note that there is no volatilization from the deeper layer. The relative importance of
each process can be seen from these fluxes and may be orders of magnitude different. The D
values for volatilization, leaching, and diffusion are constant with time but chemical degradation

and bioturbation are time-dependent because they depend on Z value of the bulk soil layer.
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Soil Results

PBDE 47 2-layer soil - UM

2.2 | T Concentrations T Amounts T Imventary T Fluses T [ W alues
Phase Z Walues  maol/nfPa  Bulk Soil
Air 4.03E-04 Suface  Deeper  Suface  Deeper  Suface  Deeper <
i ater 0.384 | Time Bulk 2 Bulk 2 Wz WZ  Fugacity Fugacity
Drganic Matter 1138405 | mol/n?Pa  mol/mfPa mol/Pa mal/Pa Pa Pa
Mineral Matter 0360 |o 21653 3848 4.33E+06 B93E+06 203E-10 5.08E-09
700 21657 3846 4.32E+06 B92E+06 203E-10 5.0FE-09
140 21654 3845 4.31E+06 B92E+06 204E-10 5.0FE-09
21.0 21652 3844 4. 30E+06 B92E+06 204E-10 5.0BE-09
280 21650 3842 4.29E+06 B92E+06 204E-10 5.0BE-09
300 22001 3842 EB.5GE+06 G91E+06 1.40E-10 5.0BE-09
360 22000 3841 EB55E+06 G91E+06 1.40E-10 5.05E-09
430 21938 3839 EB.53E+06 G91E+06 1.40E-10 5.05E-09
50.0 21957 3838 GB.5ZE+06 G91E+06 1.40E-10 5.04E-09
57.0 21935 3837 GB.A0E+06 B90E+08 1.41E-10 5.04E-09
B0.0 344 G882 1.89E+06 1.15E+07 2BBE-09 2GGE-09 j

Help |

Figure 12a: Chemical fate in soil: Z, VZ, f.

Soil Results

PBDE 47 2-layer soil - UM
Layer
(* Surface " Deeper
ZWE 3"T Amounts T Irventan T Fluses T [ W alues

Units

Time Pare Pore  Organic tineral -
o maolim3 | |h Air i ater Matter M atter Bulk. j
® ot 0 819e-14 7BOE-11 231E-05 1.95E-10 4.40E-0B

.00 821E-14 78IE-11T 231E05 1.95E-10 4.41E-0B
™ ather 140 822E-14  V7B2E-11 231E05  1.95E-10 4.41E-0B

210 823E-14 VB3E-11 232E05 1.96E-10 4.42E-0B

28.0 82414 7B4E-11 232E05 1.96E-10  4.42E-0B

300 A E4E-14 B37E-11 1.59E-05 1.34E-10 3.08E-0B

3E.0 FEBE-14 B3BE-11 1.59E-05 1.34E-10 3.08E-0B

430 FEBE-14 B3BE-11 1.59E-05 1.35E-10 3.09E-0B

50.0 B EFE-14 B39E-11 1.59E-05 1.35E-10 3.09E-0B

57.0 R EFE-14 B40E-11 1.60E-05 1.35E-10 3.09E-0B

G0.0 1.07E-12 1.02E-09 3.02E-04 2B5E-09 91BE-0B

64.0 1.07E-12 1.02E-09 3.02E-04 2B5E-09 915E-0B

72N 107F-12 1N2F-N9  ANAF-N4 - 2RRF-NS S 14F0R j

(1] | Help

Figure 12b: Chemical fate in soil: concentrations.
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Soil Results

PBDE 47 2-layer soil - UM
Layer
(* Surface " Deeper
ZNE | T Concentrations T Amnun T Imventary T Fluses T [ W alues
Units
Time Pare Pore  Organic tineral -
" ol h Air i ater b atter b atter Bulk. :‘
15 0 819E-12 468E-03 B8BOE-04 357E-10 B.8OE-04
.00 81912 467E-03 B8B.79E-D4  3IBBE-10 B.Y9E-04
X 14.0 818E-12 467E-03 B87BE-D04 3BBE-10 B.YSE-04
210 817E-12 4G7E-09 BFFE-D4  3IB9E-10 BYYE-04
28.0 817E-12 4BEE-03 BFFE-D4  3IB9E-10 BYYE-04
300 841E-12 48B0E-03 91BE-04 24BE-10 918E-04
3E.0 841E-12 4B0E-03 917E-D4  24BE-10 917E-04
430 840E-12 479E-09 S91BE-D4  247E-10 91BE-04
50.0 839E-12 479E-09 915E-04  24FE-10 915E-04
57.0 838E-12 479E-09 9714E-04  24FE-10 914E-04
G0.0 298E-10 1.6BE-07 5.03E-03 238E-07 50O3E-03
64.0 298E-10 1.6BE-07 5.03E-03 238E-07 50O3E-03 .
790N DOREAN 1 ROF.NT7  ROPE.NT 2 90F.N7 R O9E.07

ok | Hew |

Figure 12c: Chemical fate in soil: amounts.

Soil Results

PBDE 47 2-layer soil - UM
NI T Concentrations T Amounts T f T Fluses T [ Walues
|ritz
Time Change Prezent -
f* mol h Gain Lozz Met  Surface Dieeper  Buoth Layers
15 0 0 a 0 8.80E-04 00352 0.0360
7.on 0 486E-05 000 8.7SE-04 00351 0.0360
14.0 0 485E-05 000 8.7EE-04 00351 0.0360
21.0 0 484E-05 000 877E-04 0.0:350 0.0359
28.0 0 484E-05 000 877E-04 0.0:350 0.0359
300 412E-05 1.38E-05 27V4E-05 A9.18E-04 0.0:350 0.0359
3E.0 0 414E-05 000 917E-04 00349 0.0358
430 0 48305 000 9.16E-04 00349 0.0358
50.0 0 482E-05 000 9.15€E-04 00348 0.0357
57.0 0 482E-05 000 9.14E-04 00348 0.0357
B0.0 0 Z0BE-05 000 503E-03 0.0:306 0.0357
B4.0 0 27Y5E-05 000 503E-03 0.0:306 0.0356
72N N R49F 1R nnn  &NO2F-N3 N NA0R N N35R ﬂ
ok | Heb |

Figure 12d: Chemical fate in soil: inventory.
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Soil Results

PBDE 47 2-layer soil - UM
Layer
(* Surface " Deeper
ZNE | T Concentrations T Amounts T Imventary T [ W alues
Units
Tirne: -
f+ molth h Wolatiization ~ Leaching Degradation Diffusion  EBioturbation Tatal :‘
gt 0 216E-10 1.62E-10 1.69E-07 417E-12 1.51E-08 1.85E-07
7.00 217E-10 1.63E-10 1.69E-07 418E-12 1.51E-08 1.85E-07
X 14.0 217E-10 1.63E-10 1.69E-07 418E-12 1.51E-08 1.85E-07
21.0 217E-10 1.63E-10 1.69E-07 419E-12 1.51E-08 1.84E-07
280 218E-10 1.63E-10 1.69E-07 4 20E12 1.51E-08 1.84E-07
30.0 1.49E-10 1.12E-10 1.77E-07 287E12 1.05E-08 1.87E-07
360 1.49E-10 1.12E-10 1.76E-07 288E12 1.0BE-08 1.87E-07
430 1.49E-10 1.12E-10 1.76E-07 288E12 1.0BE-08 1.87E-07
50.0 1.50E-10 1.12E-10 1.76E-07 288E12 1.0BE-08 1.87E-07
57.0 1.50E-10 1.12E-10 1.76E-07 289E12 1.0BE-08 1.87E-07
60.0 2.84E-09 213E-09 9.6BE-07 5.47E-11 314E-08 1.00E-08
64.0 2.84E-09 213E-09 9.6BE-07 5.47E-11 314E-08 1.00E-08
72N 2 R4F-n9 213F-N9 qRRF-N7 RA7F-11 A13F-NR 1 NNF-NR j
ok | Hew |

Figure 12e: Chemical fate in soil: fluxes.

Soil Results

PBDE 47 2-layer soil - UM

ZNE | T Concentrations T Amounts T Irventan T Fluses T
Surface Deeper
Volatiization 107 . malFah
Leaching 0.800 0.800
Diffusion 00205 0.0205
Time Surface Surface  Surface Deeper Deeper  Deeper &
h Degradation Bioturbation Tatal Deqgradation Bioturbation Tatal
0 834 7.2 910 1333 132 1347
.00 832 7.2 908 1333 132 1347
14.0 830 7.2 906 1332 132 1346
210 828 7.2 q04 1332 132 1346
28.0 826 a1 902 1331 132 1345
300 1262 753 1340 1331 132 1345
3E.0 1260 753 1337 1331 132 1345
430 1257 753 1335 1330 131 1344
ROn 1285 7RAa 1332 133N 131 1344 j
ok | Hew |

Figure 12f: Chemical fate in soil: D values.
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4.8.2 Fate in Biota

The fate of the chemical in the biota is described by the model through Z values, fugacities, and
concentrations, and if the non-equilibrium calculations have been performed, the fluxes, and D
values. Only those D values that are dependent on the soil Z values are time-dependent. Recall

that where equilibrium is assumed, it is assumed to be achieved instantaneously.

Biota Results

PBDE 47 2-layer soil - UM

Z values T Fugacity T Concentration T Flxes T [ Ireeertebrate T [ b ammal
mol/m*Pa

Fioaot Leaf
Leafy Tuber 13333 9954
Grazs/Sedge £349 £a49
Conifer 5810 3yens
Inwertebrate 9188
M ammal 38554

Mammal Feces BEY4

Help

Figure 13a: Chemical fate in biota: Z values.
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Biota Results

PBDE 47 2-layer soil - UM
Z walues T Concentration T Fluzes T D Invertebrate T D Mammal
Pa

Time E quilibriurn Steady-state Dynarnic -
h ‘Wegetation Inwvertebrate  Mammal Invertebrate td arnrnal Carrat  Invertebrate b arnrnal

0 203E-10 459E-09 Z203E-10 4F7E-09  1.70E-09 1] 0 0
.00 203E-10 459E-09 Z203E-10 477E-09  1.70E-09 1B5E-14 1.50E-10  1.61E-12
14.0 204E-10 4 58E-09 Z204E-10 477E-09  1.70E-09  3.30E-14 293E-10  B.27E-12
210 204E-10 4 58E-09 Z204E-10 4FEE-09 1.70E-09 495E-14 431E-10 1.31E-N
28.0 204E-10 4 58E-09 Z204E-10 47EE-09 1.7IE-09 EFRIE-14 B E4E-10  215E-11
300 1.40E-10 4 3BE-09 1.40E-10 453E-09 117E-09 485E-14 BBOE-10  242E-1
3E.0 1.40E-10 4 3BE-09 1.40E-10 453E-09 117E-09 583E-14 BE82E-10  3.21E-1
430 1.40E-10 4.35E-09 1.40E-10 453E-09 117E-09 E97E-14 798E-10  41Z2E-M
50.0 1.40E-10 4.35E-09 1.40E-10 452E-09 117E-09 B12E-14 910E-10  B.00E-11
57.0 1.41E-10 4.35E-09 1.41E-10 452E-09 117E-09 S9.26E-14 1.02E-09 BAEFE-1
G0.0 2 BEE-09 2 EBE-09 Z2EBEE-09 28BE-09 Z223E-08  1.85E-12 952E-10  B.23E-11
64.0 2 BEE-09 2 EBE-09 Z2EBEE-09 28BE-09 223E-08  197E-12 1.01E-09 B.BZE-11
72 2 BEE-09 2 EBE-09 Z2EBEE-09 28BE-09 223E-08  Z222E-12 1.12E-09 B.V4E-11
79N 2 RRF.N9 P RRF.N9 7 RRF.N9 JARF.N9 279N PAFAAD 171F.n9 1 w':-ilﬂ
Ll »

ok | Hew |

Figure 13b: Chemical fate in biota: fugacity.

Biota Results

PBDE 47 2-layer soil - UM
Z values T Fugacity T i Fluxes T D Invertebrate T [ b ammal
Azzumplion Units

. . * uglg dw

& © Mon
E quilibrium Mon-E quilibrium  uglg
Leafy Tuber Grazs/Sedge Conifer -

Time Foaot Leaf Foaot Leaf Root Leaf Invertebrate  Mammal
h pasgdw  pofgdw  pgfgdw pgfgdw  pofgdw  podgdw podg dw Py dw
0 00724 328E-03 B.E3E-03 BE3E-03 95EE-03 8.88E-03 010z 2.E1E-05
7.on 007124 328E-03 5.E4E-03 SE4E-03 95FE-03 8.90E-03 010z 2.62E-05
14.0 007124 329E-03 5.ESE-03 SERE-03 953E-03 8.51E-03 010z 2.62E-05
21.0 00125 329E-03 5.EEE-03 BEEE-03 9E0E-03 8.92E-03 010z 2.62E-05
28.0 00125 330E-03 5.EEE-03 SEEE-03 9E1E-03 8.93E-03 010z 2.E3E-05

30.0 S.55E-03 226E-03 32.88E-03 388E-03 EBHB3E-03 E12E-03 0097z 1.80E-05
36.0 S.56E-03 226E-03 32.88E-03 388E-03 EBHIE-03 E13E-03 00972 1.80E-05
43.0 857E-03 226E-03 3.85E-03 389E-03 EROE-03 E13E-03 00971 1.80E-05
50.0 8.58E-03 227E03 3.85E-03 389E-03 ERIE-03 E14E-03 00971 1.81E-05
57.0 8.59E-03 227E03 390E-03 390E-03 EEIE-03 E15E-O3 00970 1.81E-05

E0.0 0183 0.0430 0.0738 0.0738 0125 0116 0.0594 3.42E-04
[=F Ny} nie2 AN nn7as nTas ni2R niic N NRaA DATENA x
ok | Heb |

Figure 13c: Chemical fate in biota: equilibrium concentrations.
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Biota Results

PBDE 47 2-layer soil - UM
Z walues T Fugacity T EnncenllatinnT Fluzes T D Invertebrate T O Mammal
Azzumption
" Equilibrium
Steady-state Steady-state Dynamic Dynarnic Dynamic -
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Figure 13d: Chemical fate in biota: non-equilibrium concentrations.
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Figure 13e: Chemical fate in biota: fluxes.
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Figure 13f: Chemical fate in biota: D invertebrate.
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Figure 13g: Chemical fate in biota: D mammal.
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4.9 Model Results - Diagrams and Charts

The diagrams in the BASL4 model show the processes considered in the dynamic soil model and
steady-state and dynamic calculations for the invertebrate (represented by a worm) and the small
soil-dwelling mammal (represented by a shrew). No values are given. These diagrams are

intended to facilitate visualization of the processes included in the model.

The charts are intended to give a quick visual representation of some time-dependent values.
Included are the fugacity, concentration, and amount of chemical in each soil layer, the OM mass
fractions, and the concentration in the biota. Better graphical representations can be generated by
saving the model results to a file and working with the results in spreadsheet or graphing
software. However, while running the model some understanding of the results can be obtained
with these simple plots available within the BASL4 model. For example, the fugacity in a soil
layer is strongly dependent on the OM present and may, therefore, be explained by either
additions of OM with the biosolid or a reduction in OM through fast degradation. Viewing the
relevant plots within the BASL4 model may provide an indication of results to be examined

more carefully.

5} UNDERSTANDING AND INTERPRETING THE RESULTS

51  Sample Analysis

By considering the case used for Figures 4-13 above, an analysis of the model results can be
undertaken. Note that this simulation is not intended to be realistic, merely illustrative.

Three events were defined as summarized in Figure 11: at 30 hours contaminated biosolids were
added to the surface soil, at 60 hours the filed was ploughed, and 300 hours pure chemical was
injected into the deeper layer. The Figures in this document are screen captures from the model
and show only the first few days of the time-dependent results. When operating the model, the
user can scroll down in each time-dependent display. The results for the entire simulation time

are stored when the user chooses the “Save to File” option on the main screen.
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During the first few hours of the simulation the bulk Z value for both layers of soil (Figure 12a)
is declining as the OM degrades (Figure 10c), this is matched by a slight increase in fugacity in
each layer since the OC is degrading about a few orders of magnitude faster than the chemical in
this simulation. At 30 hours, the contaminated biosolid is added. The fugacity of the surface soil
decreases with this addition due to the OC in the biosolid increasing the Z of the soil layer to
which it was added. At 60 hours a ploughing event occurs. This mixes the surface and deeper

layers giving them a common composition and fugacity.

By examining the chemical fluxes (Figure 12e) it can be seen that for this chemical, from the
surface soil, degradation is the primary removal mechanism. At 30 hours the degradation rate
increases but the other rates decrease. To verify that the increased degradation rate is due to the
increased amount of chemical present, the simulation could be repeated but specifying the
chemical addition as not in a biosolid. It is expected that such a simultion would show all of the
fluxes as being increased at the time of the chemical addition. In Figure 12e, at 60 hours,
ploughing causes an increase in all loss fluxes in the surface layer. Ploughing mixes the lower
OM deeper layer into the surface thus reducing the Z of the surface thus increasing the fugacity.
This explains the increased fluxes. Again, this could be verified by additional simulations; here

with two soil layers with identical OM.

With this understanding of the chemical’s fate in the modelled surface soil, the fate in biota can
be examined. The Z values in Figure 13a are largely a reflection of the lipid fraction in each of
the biota. The equilibrium fugacities in Figure 13b, by definition, follow the trends seen in the
soil fugacities and, by definition, do not depend on uptake and loss rates. The non-equilibrium
fugacities show the effect of the uptake and loss fluxes (Figure 13e). The concentrations in
Figure 13d show that, under the steady-state assumptions, both the invertebrate and the mammal
have declining concentrations, but under the dynamic assumptions all biota have increasing
concentrations. It is not possible with this model to examine the effect of a constant soil
concentration, however, a simulation with only non-degrading OM and an initial concentration in

the soil would help to elucidate the mechanisms here.
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For additional examples of interpreting model results the reader is referred to Hughes et al (2005,
2007a, 2007b).

5.2  Sensitivity and Uncertainty

The results of changes in chemical and soil properties may be explored by modifying the input
data. (Biota properties are not modifiable.). However, in the case of a dynamic model, such as
BASL4, uncertainty and sensitivity analyses are complicated by the changing nature of the
system. A process that is initially very important, over time, may assume less importance. It is
difficult and potentially misleading to generalize about sensitivities. It is more useful to examine

general trends.

When chemical is first introduced to a soil layer there is a period of uptake by the other layer,
during which the removal rates are insufficient to balance the inter-layer transport ofchemical.
During this time, the model outcome is most sensitive to the properties and processes of
intermedia transport from the receiving layer to the non-receiving layer. The period of uptake by
the non-receiving layer will be followed by a period of clearance during which the advection and

degradation rates will be more important than the inter-layer transport rates.
The key consideration is the equilibrium status between the receiving and the non-receiving
layers, i.e., their relative fugacities. There is thus a potential for a profound change in sensitivity

as the system approaches or digresses from equilibrium.

This “inspection” method is preferable for dynamic models since it conveys an inherent
understanding of the model assumptions and the nature of the simulations.
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Appendix A: The Software License Agreement
BASL4 SOFTWARE LICENSE

The BASL4 software program is provided to interested parties at no cost. We do request that you
provide us with registration information at the time of download from our website for our own
information and statistical purposes.

The use of the BASL4 software program is governed by the following legal agreement. The
purpose of the agreement is to ensure that all users are treated equitably, and we are not
disadvantaged in any way by providing the software. All use of this software is conditional upon
your compliance with the license terms which follow. If you do not agree to the terms of this
license agreement, or do not comply with the terms and conditions of this agreement, you are not
permitted to use this software and are required to remove the BASL4 software program from
your computer system, and destroy all copies of the software. The use of the BASL4 software
program constitutes your agreement to abide by the terms and conditions set out in this
document.

THE BASL4 SOFTWARE PROGRAM, HEREIN CALLED THE "SOFTWARE", IS OWNED
BY TRENT UNIVERSITY AND IS PROTECTED BY CANADIAN COPYRIGHT LAWS.
UPON YOUR AGREEMENT TO AND COMPLIANCE WITH THE TERMS OF THIS
LICENSE AGREEMENT, TRENT UNIVERSITY GRANTS YOU, HEREIN CALLED THE
"LICENSEE", THE FOLLOWING NON-TRANSFERRABLE, NON-EXCLUSIVE RIGHTS
OF USE. TRENT UNIVERSITY HAS THE RIGHT TO TERMINATE THIS AGREEMENT IF
THE "LICENSEE" FAILS TO COMPLY WITH ANY TERM OR CONDITION OF THIS
AGREEMENT. NO TITLE TO THE INTELLECTUAL PROPERTY IN THE "SOFTWARE"
IS TRANSFERRED TO YOU.

THE "LICENSEE" DOES NOT ACQUIRE ANY RIGHTS TO THE "SOFTWARE" EXCEPT
AS EXPRESSLY SET FORTH IN THIS LICENSE.

GRANT OF LICENSE REGARDING THE BASL4 PROGRAM

TRENT UNIVERSITY GRANTS THE "LICENSEE" THE FOLLOWING RIGHTS
REGARDING THE USE OF THE "SOFTWARE":

1) USE OF THE "SOFTWARE" FOR THE "LICENSEE'S" PERSONAL OR BUSINESS
PURPOSES.

2) COPYING THE "SOFTWARE"

i) THE "LICENSEE" MAY NOT MAKE COPIES OF THE "SOFTWARE" OTHER
THAN THOSE GRANTED BY LAW FOR ARCHIVAL OR BACKUP PURPOSES.

i) THE "SOFTWARE" MAY BE TRANSFERRED TO THE HARD DISK OF ANY
COMPUTER, OR NETWORK OF COMPUTERS, BELONGING TO THE "LICENSEE".
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RESTRICTIONS REGARDING THE BASL4 PROGRAM

1) THE "LICENSEE" MAY NOT REVERSE ENGINEER, DECOMPILE,
DISASSEMBLE, MODIFY, TRANSLATE, OR ALTER THE SOFTWARE AND/OR THE
ASSOCIATED FILES, OR IN ANY MANNER SUPPORT OR CAUSE SUCH TO OCCUR.

2) THE "LICENSEE" MAY NOT DISTRIBUTE, SUBLICENSE, LEASE, SELL, RENT
OR OTHERWISE TRANSFER THE "SOFTWARE", OR ANY MODIFICATION OR
DERIVATIVE THEREOF, TO ANY OTHER INDIVIDUAL OR GROUP FOR ANY
REASON. (See the section on "HOW TO OBTAIN PROGRAM COPIES" for information on
obtaining copies of this program.)

LIMITATIONS OF LIABILITY AND DISCLAIMER OF WARRANTY

THERE ARE NO WARRANTY RIGHTS GRANTED TO YOU, THE "LICENSEE",
REGARDING THE "SOFTWARE". THE "SOFTWARE" AND ACCOMPANYING
WRITTEN MATERIALS ARE SUPPLIED TO THE "LICENSEE" "AS IS" WITHOUT
WARRANTY OF ANY KIND. TRENT UNIVERSITY DOES NOT GUARANTEE,
WARRANT, OR MAKE ANY REPRESENTATIONS, EITHER EXPRESSED OR IMPLIED,
REGARDING THE USE, OR THE RESULTS OF THE USE OF THE "SOFTWARE" OR THE
BASL4 WRITTEN MATERIALS WITH REGARDS TO RELIABILITY, CURRENTNESS,
ACCURACY, CORRECTNESS, OR OTHERWISE. THE "LICENSEE" ASSUMES THE
ENTIRE RISK AS TO THE RESULTS AND PERFORMANCE OF THE "SOFTWARE".

TRENT UNIVERSITY SHALL NOT BE LIABLE UNDER ANY CIRCUMSTANCES, FOR
ANY DAMAGES WHATSOEVER, ARISING OUT OF THE USE, OR THE INABILITY TO
USE, THE "SOFTWARE", EVEN IF TRENT UNIVERSITY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
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