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CHAPTER 8

MODELING
BIODEGRADATION AND
NATURAL ATTENUATION

8.1 KINETICS AND RATES OF BIODEGRADATION

Chapter 7 focused on contaminant fate processes inclu‘ding .sorpt.ion. volat}hzanon. s?blot::‘
and biotic transformations. A detailed discussion of mxcrobnologlcally mef'hatedf t;um]] l;)rg:o-
tions was presented along with the most common pathways for biodegradation o c:l Zﬁ’ o
carbons and chlorinated solvents and other contaminants. These fate processes grea y “
contaminant transport and remediation; however, they are somewhat fhfﬁcult to quantlsi;); a
the field scale, especially biodegradation processes. A better understanding of fate proces
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238 MODELING BIODEGRADATION AND NATURAL ATTENUATION

the field scale can be achieved using fate and transport models that simulate these processes
and their impacts on contaminant concentrations in the subsurface. This chapter, in particu-
lar, focuses on integrating the biodegradation mechanisms into the transport equations dis-
cussed in Chapter 6. Since biodegradation has been demonstrated to be a key mechanism for
reducing contaminant concentrations and contaminant mass in aquifers, it is beneficial to
develop models that allow an assessment of the efficacy of these processes at the field scale.

Modeling biodegradation involves selecting an applicable kinetic model as well as de-
termining the appropriate biodegradation rates for use in the selected model. This chapter will
focus on the various kinetic expressions that have been used to date for fuel hydrocarbons and
chlorinated solvents and will present biodegradation rate data for these compounds. The chap-
ter will also focus on current biodegradation models and will present a set of new tools that
have recently emerged for simulating natural attenuation processes (described in more detail
in Chapter 12).

8.1.1 Blodegradation Kinetics
The main expressions that have been utilized for modeling biodegradation include:

1. Monod kinetics
2. First-order decay kinetics
3. Instantaneous reaction kinetics

Monod kinetics have been described in Chapter 7. It is important to note that the main
difficulty with using Monod kinetics is the lack of data for the various chemicals under dif-
ferent electron acceptor conditions. Suarez and Rifai (1999) reported Monod kinetic data from
18 studies for BTEX (mostly aerobic). Their research presented a range between 0.01 — 20.3
mg/L for the half-saturation constant for BTEX and a range between 4 x 10 and 19.0 day’
for jt,..,. They found virtually no Monod kinetic data for chlorinated solvents.

The first-order decay model, one of the most commonly used expressions for represent-
ing the biodegradation of an organic compound, involves the use of an exponential decay
relationship:

C=C, e* 8.1)
where.C is the biodegraded concentration of the chemical, C, is the starting concentration,
and k is the rate of decrease of the chemical in units of time™'. First-order rate constants are

often expressed in terms of a half-life for the chemicat:

0.693

8.2)

hip =
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The first-order decay model shown in Eq. (8.1) assumes that the solute degradation rate
is proportional to the solute concentration. The higher the concentration, the higher the deg-
radation rate. This method is usually used to simulate biodegradation in dissolved hydrocar-
bon plumes. Modelers using the first-order decay model typically use the first-order decay
coefficient as a calibration parameter, and adjust the decay coefficient until the model results
match field data. With this approach, uncertainties in a number of parameters (e.g., disper-
sion, sorption, biodegradation) are lumped together in a single calibration parameter.

The electron-acceptor limited model, commonly referred to as the instantaneous reac-
tion model, was first proposed by Borden and Bedient (1986) for simulating the aerobic bio-
degradation of fuel hydrocarbons. Borden and Bedient (1998) observed that microbial biodeg-
radation kinetics are fast in comparison with the transport of oxygen, and that the growth of
microorganisms and utilization of oxygen and organics in the subsurface can be simulated as
an instantaneous reaction between the organic contaminant and oxygen.

From a practical standpoint, the instantaneous reaction model assumes that the rate of
utilization of the contaminant and oxygen by the microorganisms is very high, and that the
time required to biodegrade the contaminant is very small, or almost instantaneous. Using
oxygen as an electron acceptor, for example, biodegradation is calculated using the expres-
sion:

ACp=-— (83)

where ACg is the change in contaminant concentration due to biodegradation, O is the con-
centration of oxygen, and F is the utilization factor, or the ratio of oxygen to contaminant
consumed. The variable, F, is obtained from the redox reaction involving the organic and the
electron acceptor (see Chapter 12). The instantaneous reaction model has the advantage of not
requiring kinetic data. The model, however, is limited to situations where the microbial bio-
degradation kinetics are fast relative to the rate of ground water flow.

Example 8.1 BIODEGRADATION EXPRESSIONS

The purpose of this example is to illustrate the differences between the three expres-
sions that can be used to simulate biodegradation: first-order decay, Monod kinetics and
an instantaneous reaction. Assume that the dissolved benzene concentration at a down-
gradient location in a given aquifer is 12.0 mg/L. Also assume that aerobic biodegrada-
tion is occurring in the aquifer and that 8.0 mg/L of oxygen are available for utiliza-
tion by the microorganisms over a period of 10 days. A simpie calculation can be
made using each of the three biodegradation expressions to estimate the anticipated re-
duction in benzene concentrations due to the presence of the 8.0 mg/L. of oxygen:

Instantaneous reaction expression. Assuming that 3.0 mg/L of oxygen are re-
quired to biddegrade 1.0 mg/L of contaminant:
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Benzene reduction

i

8.0/3.0 = 2.67 mg/L
12.0 - 2.67 = 9.33 mg/L

Monod kinetic expression. Assuming an OXygen half saturation constant of 0.1

Resulting benzene concentration

I

mg/L. (Borden et al., 1986), a benzene half-saturation constant of 22.16 mg/L, a

maximum utilization rate of 9.3 days” (Tabak et al i i
population of 0,05 e . 1990) and a microorganisms

12

Benzene reduction = 9.3 x 8 =
TTPCRT: x Fr01 x 10 x 0.05 = 1.59 mg/L,

Resulting benzene concentration = 12 — 1.59 mg/. = 10.4 mg/L

First-order decay expression. Assuming a half-life of benzene of 5 days (Howard

et al., 1991):
First-order decay rate (from 8.2) = 0693 0.1386 day™!
I

Resulting benzene concentration = 12 x ¢~1386x10 _ 3.0 mg/L

The abf)ve calculations show that the Monod kinetic model is the most conservative
model in predicting the amount of biodegradation that occurs. Only 1.59 mg/L of ben-
zene concentxatif)n reduction is attributed to biodegradation. The BIOPLUME Il model
assumes total utilization of the Oxygen available during the 10-day period thus result
Ing in a predicted reduction in benzene concentration of 2.67 mg/L. Finally, the ﬁrst:

mg/L after 10 d?ys. The Zf.O mg/L concentration is unrealistic because there is not
;r;ougfh oxygen in the aquifer to reduce the benzene concentration to the predicted level
eretore, 1t is important to recognize that the first-order expression does not incorpo-

rate the e]ec n Pto: hml tion and th -
us care s be take
tron acce; tor tatio; hould k n wheﬂ llsmg [hls ex

8.1.1 Rates of Blodegradation

i\’lml;zl; ;’es;lirlzh l:ao;e been m.ldcrtaken to determine biodegradation rates for organics in the sub-
decune. ] € gradation rates ge.nerally .refer to the rate of mass loss or concentration
§ Of contaminants as a function of time, Laboratory biodegradation rates similarl

refer to the rate of r‘emoval of contaminants during the controlled experiment. Overall l:t:o)-,
?ﬁgﬁ:;esso?‘mm?::i); sdetertlun(i?ed; :g;vlever, their usefulness may be limited because of the

: m studies. itionally, laboratory degradation rates are ve -
ent on ﬂ3e soil and ground water used in the ex rimen| o dfp‘md
another in the same site. A methodology has xfcft yet l?e:zd esnt]aag;.l:l:c}l’ g:in:::ldk:cl?:;nﬂ::
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transfer of laboratory determined biodegradation rates to field situations with any degree of
confidence.

The main difficulty in determining field rates of biodegradation is due to the complicat-
ing transport processes such as advection, dispersion, and sorption. Additionally, biodegrada-
tion under many field situations is limited by the transport of the required nutrients into the
plume. Outside of conducting controlled field experiments where the total initial mass of
contaminants is known and extensive monitoring allows calculating contaminant mass at
any time during the experiment, it is somewhat difficult to accurately determine the field
rates of biodegradation. Often, as will be seen in the next section, researchers and practitio-
ners indirectly verify the occurrence of biodegradation at the field scale and calculate an “ap-
parent” rate of biodegradation based on the changes in total mass or concentration in the
plume as a function of time. Such a rate may incorporate the effects of the other physical and
chemical processes occurring at the site.

In recent years, there has been more interest in estimating biodegradation rates from
field data using a first-order degradation rate. A number of researchers have developed methods
for estimating decay rates using simplified approaches. Wiedemeier et al. (1996), for exam-
ple, described the use of a normalized field data set to compute a decay rate. To determine
approximate biodegradation rate constants with this method, measured concentrations of dis-
solved BTEX are corrected for the effects of dispersion, dilution from recharge, volatilization,
and sorption using a tracer.

One tracer that has proved useful in some, but not all, ground water environments is
trimethylbenzene (TMB). The three isomers of this compound (1,2,3-TMB, 1,2,4-TMB, and
1.3,5-TMB) have Henry’s Law constants and soil sorption coefficients similar to (although
somewhat higher than) those of the BTEX compounds. Also, the TMB isomers are generally
present in sufficient quantities in fuel mixtures to be readily detectable in ground water in
contact with a fuel spill. Finally, they often are recalcitrant to biodegradation in the anaero-
bic portion of a plume. Other compounds of potential use as comservative tracers are the
tetramethylbenzene isomers, provided they are detectable throughout most of the plume.

Buscheck and Alcantar (1995) derive a relationship that allows calculation of approxi-
mate biodegradation rate constants assuming a steady-state plume. This method involves
coupling the regression of contaminant concentration (plotted on a logarithmic scale) versus
distance downgradient (plotted on a linear scale) to an analytical solution for one-
dimensional, steady-state, contaminant transport that includes advection, dispersion, sorp-
tion, and biodegradation. The effects of volatilization are assumed to be negligible. For a
steady-state plume, the first-order decay rate is approximated by (Buscheck and Alcantar,

1995):

et ()] - @

where
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A = first-order biological decay rate
= retarded contaminant velocity in the x-direction
dispersivity
kfv, = slope of line formed by making a log-linear plot of contaminant concentra-
tion versus distance downgradient along flow path

x«g -
([

When used with accurate estimates of dispersivity and ground-water flow and solute
transport velocity, this method gives reasonable first-order biodegradation rates. Examples of
how to apply this method are given in Buscheck and Alcantar (1995) and Wiedemesier et al.
(1996). This method can also be used to estimate biodegradation rates for chlorinated sol-
vents dissolved in ground water.

For sites where sufficient historical data have been collected (a minimum of three sam-
pling events), a biodegradation rate constant can be calculated by estimating the change in
dissolved mass within the plume as a function of time. One of the methods for calculating
the dissolved mass (DM) at time ¢ includes the use of an average plume concentration C

avgrr:

DM, =Cm,g',xbxnxLxW (85)
where
b = aquifer thickness
n =  porosity
L = plume length
W = plume width

This method was used by Rifai et al. (1988) and Chiang et al. (1989) at two sites in
Michigan. Their studies estimated a rate constant of approximately 0.01 day” for BTEX at
these sites.

Another method (graphically based) was presented by the RTDF (1997). The method is
based on having good isoconcentration maps for the site in question. The RTDF (1997)
method draws several lineg perpendicular to the flow and at various distances away from the
source on the site isoconcentration map, and use the thickness of the aquifer and the ground
water velocity to estimate the mass of ground water per year that passes through each line.

8.1.2 First-Order Biodegradation Rates for Fuel Hydrocarbons

Suarez and Rifai (1999) have compiled a database for first-order degradation rates for fuel hy-
drocarbons. Their data indicate a range from 0 to 6 day™ for aerobic and anaerobic biodegrada-

maximum, mean, and median rates for BTEX sorted by electron acceptor. Suarez and Rifaj
(1999) developed a number of conclusions from this databage:
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TABLE 8.1 Summary of BTEX first-order decay rates (day”) sorted by elec-
tron acceptor

Stud Redox I;ocass
All Studies N
ASIODC — Narate Tron Heducton ¢ o "m
Reduction
I— Basgiation Beduction
BENZENE s
16 15
f rates 149 26 M 20 )
NMrimwnm“bero = 0.0000 0.0000 0.0000 0.0000 . 0.0000 040(1)83 g(;;gg
Mean 0.0654 0.3350 0.0083 0.0085 0.0077 0.0 o o
Median 0.003 0.198 0 0.00485 0.0026 0 .057
Maximum 2.5 2.5 0.089 0.034 0.049 0.077 0.
TOLUENE W
13 14 24
Number of rates 135 16 49 .
Mﬁmwnu 0.0000 0.0180 0.0000 0.0000 0.0001 3.03000071 g 3000001 o
Mean 0.2498 0.2618 0.4589 0.0116 0.0621 . .
Median 0 04 0.1665 0.09 0.0099 0.035 0.02065 0.004
Maximum 4.8 1.63 4.32 0.045 0.21 0.186 4.8
ETHYLBENZENE]| - , . 2 17
82
;Iumrimwnber S 0.0000 0.0000 0.0000 0.0000 0.0000 O‘m
Mean 0.1258 0.2699 0.0034 0.0021 0.0103 0.
Median 0. i)OZS7 0.0158 0.0015 . 0.00055 0.00105 0.002
Maximum .6.048 6.048 0.017 0.0072 0.054 0.078
m-XYLENl’atesE 4 41 8 7 12 16
90
l\r‘:lurinr‘::rnm 0.0000 0.0080 0.0000 0.0012 0.0040 0.0000 ggggg
Mean 0.0582 0.1630 0.0887 0.0100 0.0808 0.0194 ) 0 e
Median 0.0045 0.107 0.017 0.002452055 0.056 0.001 P
Maximum 0.49 0.43 0.49 0.037 0.32 0.104 .
o-XYLENE 15
8 6 12
Number of rates 92 10 38 .
Minimum 0.0000 0.0080 0.0000 0.0000 0.0000 0.00000262 g 00300007
Mean 0.0212 0.0860 & 0.0117 0.0031 0.0288 0. o i
Median 0.004 0.035 0.0045 0.001803425 0.0105 0.00105 X 2
Maximum 0.38 0.38 0.068 0.016 0.084 0.214 0.05
p-XYLENE . 0 s
65 3 21 8
m‘" == 0.0000 0.0080 0.0000 0.0008 0.0023 gg?gg g%gao
I 108 X .
Mean 0.0378 0.2070 0.0678 0.0098 0.0
Median 0.00353 0.008 0.001835616 0.009 0.0025 Dﬂgf
Maximum 0.44 0.43 0.44 0.037 0.022 0.081 0031

Source: Suarez and Rifai (1999)

¢ Maximum first-order biodegradation rates reported in literature ‘for BT.E:X com-
pounds were 4.8 day" and 6.05 day" under aerobic and anaerobic conditions, re-
spectively. .

* Anaerobic rates for BTEX were approximately one order of tflagmtude.smaller
than aerobic rates (average median value for aerobic BTEX b‘lodegladat%(m was
0.08 day™ while average median value for anaerobic BTEX biodegradation was
0.009 day™).
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* Among BTEX compounds, the most readily biodegradable substrate under aero-
bic conditions was benzene, whereas for anaerobic biodegradation, it was toluene.

* The median reported degradation rates for benzene, ethylbenzene and xylene were
very similar with an average median value of 0.0035 or 0.35% per day for the
three compounds. Toluene, the only exception, significantly exceeded this value
(0.9% per day).

8.1.3 First-Order Biodegradation Rates for Chlorinated
Solvents

Suarez and Rifai (1999) also compiled a similar database for chlorinated organics. Their study
indicates a biodegradation rate ranging from O to 8 day' for these compounds (Table 8.2).
Their conclusions from the database indicate that:

* Maximum first-order biodegradation rates reported in literature for chlorinated
solvents were 1.96 day” and 3.13 day™ under aerobic and anaerobic conditions,
respectively.

* The higher-chlorinated solvents biodegrade anacrobically with an average median
rate of 0.033 day ' while the less-chlorinated solvents biodegrade aerobically with
an average median rate of 0.16 day™.

2 MODELING BIODEGRADATION

The problem of quantifying biodegradation in the subsurface can be addressed by using mod-
els that combine physical, chemical and biological processes. Developing such models is not
simple, however, due to the complex nature of microbial kinetics, the limitations of com-
puter resources, the lack of field data on biodegradation, and the need for robust numerical
schemes that can simulate the physical, chemical, and biological processes accurately.

The reduction of contaminant concentrations using Monod kinetics, for example, can
be expressed as

AC = M,um( — C)At (8.6)
(4

where C is contaminant concentration, M, is the total microbial concentration, p,, is
maximum contaminant utilization rate per unit mass microorganisms, K. is contaminant
half saturation constant, and At is the time interval being considered.

Incorporating Eq. (8.6) into the 1-D transport equation, for example, results in:
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TABLE 8.2 Summary of chlorinated solvent first-order decay rates sorted by
redox conditions. Source: Suarez and Rifai, 1999

— Feduciive dechionnation | Ahaerobie|
o
All Aerobic {C
lism Nitrate Iron Sulfate |Msthano- Iron
Studies |Oxidation hetanc- | ixed ;
CARBON TETRACHLORIDE
Number of rates 13 1 1 8 2 2
Minimum 0.0037 0.0207
Mean 0.1077 00776 | 0.1 0.32
Median 0.048 0.0645 ;
Maximum 0.49 0.18
DCA (all isomers)
Number of rates 25 2 5 13 3
Minimum [ 0.014 0.00008
Mean 0.0172 0.000 0.0668 0.0026 [ 0.0061
Median 0.0007 0.047 0.0004
Maximum 0.131 0.131 0.028
DCE (sl jsomers)
Number of rates 61 13 8 3 :] 2
Minimum 0 [ 0.000082 0.0023
Msan 0.1408 0.5808 0.0020 { 0.0453 | 0.0470 | 0.0007
Median 0.004 0.434 0.0015 0.016
Maximum 1.96 1.98 0.0052 0.2
PCE
Number of rates 50 10 3 3 2 1 22 1
Minimum o] 0 [o]
Mean 0.0508 0.001 0.0247 0.000 | 0.0040 0.1003
Median 0.0087 0.000 0.0795
0.41 0.004 0.41
TCA
Number of rates 47 11 5 4 1 2 17 1
Mintmum Q 1] 0 0 0.0026
Mean 0.2610 | 0.0021 0.2467 0.0000 0.0099 | 0.4976
Median 0.0102 0 0.013 0.000 0.125
Maximum 2.33 0.022 1.18 0.000 233
TCE
Number of rates 85 1" 17 1 1 7 10 2
Minimum 0 o 0.024 aQ 0.0017 [}
Mean 0.1748 | 0.0055 0.5882 0.0034 | 0.01%1 | 0.0145 | 0.0014
Median 0.0046 o 0.26 0.0016 | 0.0078 | 0.0038
Maximum 3.13 0.0278 1.65 0.011 0.023 0.109
VINYL CHLORIDE
Number of rates 7 4 5 2 3 7
Minimum 0.000034] 0.043 0.055 0.0013
Mean 0.5180 | 0.0873 24222 0.2804 0.2300 0.0421
Median 0.051 0.001 15 0.012
A 8.02 0.125 8.02 0.12

aC 92C  aC
T '”?M'*‘w(

%rc) o7

where v is the seepage velocity, and D, is the dispersion coefficient.

For aerobic biodegradation, and assuming that oxygen and the contaminant are the only
substrates required for growth, the change in contaminant and oxygen concentrations due to
biodegradation is given by:
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c 0
AC=Mpu_ [—E— At
'““’“(Kc + C)(Ka T o) ®.8)
c o)
AO=Mu_ F At
AT (Kc - c)(x,, " 0) 8.9)

where O is oxygen concentration, K, is oxygen half saturation constant, and F is ratio of
oxygen to contaminant consumed.

e Incorp.oraﬁng Egs. (8.8) and (8.9) into the transport equation results in a system of par-
tial differential equations as follows (Borden and Bedient, 1986):

ac 1
== — V- (DVC-vC) - M, Fman [_C ) O

a R R. \K.+C)\K,+0 (8.10)
90

—=V-(DVO—vO)-—M,umF( ¢ 0

at K.+C)\K,+0 (8.11)
M, 1 c o) k.Y (O
— = V-(DVM-vM)+M:l Y £ C)—

a R, #7 T Sl (KC+C)(K.,+0)+ R, % (8.12)

where C is the contaminant concentration, O is the Oxygen concentration, D is a dispersion
tensor, v is the ground water velocity, R. is the retardation coefficient for the contaminant,
M’ and M, are the concentration of microbes in solution and the total microbial concentra-
[1011.. respectively (M, = R,-M, where R, is the microbial retardation factor), . is the
maximum contaminant utilization rate per unit mass of microorganisms, ¥ is the microbial
)fleld coefficient, K, is the half saturation constant for the contaminant, K, is the half satura-
tion constant for oxygen, OC is the natural organic carbon concentration, F is the ratio of
oxygen to hydrocarbon consumed, and 5 is the microbial decay rate.

} BIODEGRADATION MODELS

8.3.1 Developed Blodegradation Models

Many biodegradation models have been developed in recent years, most of which utilize
some form of the three expressions presented earlier. Table 8.3 lists many of the biodegrada-
tion models. This section will focus on some of the more popular models and on their appli-
cation to field biodegradation and bioremediation analyses.

2
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TABLE 8.3 Biodegradation models.

Name Dimension Description Author

X 1 aerobic, microcolony, Monod Moz, et al. (1986)
BIOPLUME 1 aerobic, Monod Borden, et al. (1986)

X 1 anaiytical first-order Domenico (1987)

BIOID 1 aerobic and anaerobic, Monod Srinivasan and Mercer (1988)

X 1 cometabolic, Monod Semprini and McCasty (1891)

X 1 R it imations, - ywiddowson, et a. (1988)

X 1 gummuﬁ‘:m Celia, et al, (1989)
BIOSCREEN 1 analytical first-order, instantaneous Newell, et al. (1996)
BIOCHLOR 1 analytical Aziz, et al. (1999)

BIOPLUME # 2 aerobic, instantanecus Rifai, et al. (1988)

X 2 Monod MacQuarrie, et al. (1990)

X 2 denitrification Kinzeibach, et al. (1991}

X 2 Monod, biofilm Odencrantz, et al. (1990)
BIOPLUME Il 2 aerobic and anaercbic Rifai, et al. (1997)

RT3D 3 aerchic and anaerobic Clement (1998)

8.3.2 The Biofilm Model

McCarty et al. (1984) believe that the nature of the ground water environment (low substrate
concentration and high specific surface area) dictates that the predominant type of bacterial
activity will be bacteria attached to solid surfaces in the form of biofilm. The attached bacte-
ria remain generally fixed in one place and obtain energy and nutrients from the ground water
that flow.

Figure 8.1 is an illustration of an idealized biofilm having a uniform cell density of X,
[ML*] and a locally uniform thickness of L. An idealized biofilm is a homogeneous matrix
of bacteria and their extracellular polymers that bind them together and to the inert surface
(McCarty et al., 1981). Ground water flows past the biofilm in the x direction, while sub-
strates are transported from the water to the biofilm in the z direction. The distance L repre-
sents the thickness of a mass-transport diffusion layer through which substrate must pass in
order to go from the bulk liquid into the biofilm, where utilization occurs.

Within the biofilm, two processes occur simultaneously: namely, utilization of the
substrate by the bacteria, assumed to follow a Monod-type relation, and diffusion of the sub-
strate through the biofilm according to Fick’s Law. Figure 8.2 shows the interaction of these
processes—substrate utilization, molecular diffusion within the biofilm and mass transport
across the diffusion layer. For a thick biofilm (Case A), the substrate concentration ap-
proaches zero and the biofilm is cailed deep. If the biofilm is very thin (Case C), almost no
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Figure 8.1 Idealized biofilm illustrating uniform celi density (Xf), thickness (Lf),
water flow, and substrate flux into biofiim. Source: McCarty et al., 1984,

substrate utilization occurs and the biofilm is essentially fully penetrated at the surface con-
centration S,. The remaining cases are termed shallow (Case B).

8.3.3 Microcolony Models

Molz et al. (1986) and Widdowson et al. (1987) developed 1-D and 2-D models for aerobic
biodegradation of organic contaminants in ground water coupled with advective and dispersive
transport. A microcolony approach was utilized in the modeling, microcolonies of bacteria
Wwere represented as disks of uniform radius and thickness attached to aquifer sediments. A
boundary layer of a given thickness was associated with each colony across which substrate
and oxygen are transported by diffusion to the colonies.

Their results indicate that biodegradation would be expected to have a major effect on
contaminant transport when proper conditions for growth exist. Simulations of 2-D transport
suggested that under aerobic conditions microbial degradation reduces the substrate concentra-
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Figure 8.2 Interactions of substrate utilization, molecular diffusion 1gg;ﬂn
biofilm and mass transport across diffusion layer. Source: McCarty et al., .

Widdowson et al. (1988) extended their 1986 .and 1987 Stl‘ldles to su(x)l:lllzlltt_: c;zz'j;gsn;
and/or nitrate based respiration. Basic assumptions 1{1corpomted into th.e r;] uT(agl:e ded @
simulated particle-bound microbial population li:ou;pr{stzd of het::r:;gp‘::éoii ative Bacie-

ia in which metabolism is controlled by lack of ei er an organi ¢

:l:urce (substrate), electron acceptor (O, and/or NO3),. or mineral num:[rin (l\liI:,a:,s :;,:g tt:rlo:
simultaneously. Transport of substrate and oxygen in the porous me l\1/1hm bt dowmdtion
govemned by advection-dispersion equations with surface adsorption. Micro




250 MODELING BIODEGRADATION AND NATURAL ATTENUATION

enters the‘two basic transport equations as sink terms. Based on the assumptions, five cou-
pled, nonlinear equations govern microbial growth dynamics in porous media, '

8.3.4 BIO1D Model

li:;iinit;'asan an Mc?rcer (1988) pl:esented a 1-D, finite difference model for simulating biodeg-
i ation (::a 'sorpnon [processes 1n saturated porous media. The model formulation allbowed f;r
a ;om::j ; (timg‘a variety of boundary conditions and process theories. Aerobic biodegradation
modeled using a modified Monod function; anaerobic biode i
A d 2 MO - H gradation was modeled usi
gdlchz}ehs-Mentet.l kinetics. In addition, first-order degradation is allowed for both substalrlli:l::lsg
orppon can be incorporated using linear, Freundlich, or Langmuir equilibrium i thy ;
for either substance. ! ronems
The Srinivasan and Mercer (1588) model i i
h S an extension of that prese Borden
and Bedient (1986). The governing equations are: oo ety

9’8 S
-p¥sS_, 95 _ _ éS _
f=Dog-V—-B(50)-11 + AS)]--=0 @13
3’0 90
g=039_y90 . _ 90 _
Py ™ F-B(S, 0)-[1 + A(O)]E-—O 8.19)
For Aerobic Conditions:
B(S,0) = Mk S 0 S S
k+S k,+0 S ®.15)
for
S2 Spin
and
0=20,,
otherwise
BS,0)=0
For Anaerobic Conditions: B (S, O) reduces to B (S) and only one equation is solved for §
S
B(S)=M} —"_
(S) = Mk, 1S (8.16)

Sn

v.vhert‘: S is the subsn:ate concentration in the pore fluid [ML?], O is the OXygen concentra

l[}_(l)zl;‘_lll]l thf: glorzi fluid [ML"], D is the longitudinal hydrodynamic dispersi:)u coefﬁcien;
» X 1S the distance, V is the interstitial fluid velocity [LT), B i i

. . ’ S' 0 -

tron term expressed as a function of the dependent variables S amg [0} (M'zlls']azgjegaﬁe
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adsorption term expressed as a function of S (the term [1 + A(S)] is the retardation factor), ¢
is the time, M is the microbial mass, £ is the maximum substrate utilization rate per unit
mass of microorganisms, &, is the substrate half-saturation constant, &, is the oxygen half-
saturation constant, S, is the minimum substrate concentration that permits growth and
decay, O, is the minimum oxygen concentration that permits growth and decay, and F is
the ratio of oxygen to substrate consumed. Note that M, k,, and k,, are counterparts of M, k,
and k, under anaerobic conditions.

8.3.5 The BIOPLUME Il Model

The BIOPLUME II model was developed by modifying an existing 2-D transport model de-
veloped by the USGS and known as the Method of Characteristics (MOC) model (Konikow
and Bredehoeft, 1978; see Chapter 10). Two governing equations are solved in MOC: the
ground water flow equation and the transport equation. The numerical approximation to the
flow equation is a finite difference expression that is solved using an alternating-direction
implicit procedure. The method of characteristics is utilized to solve the transport equation
(Rifai et al., 1988).

The basic concept applied to modify the USGS MOC model and to develop the
BIOPLUME I model includes the use of a dual-particle mover procedure to simulate the
transport of oxygen and contaminants in the subsurface. The transport equation is solved
twice at every time step to calculate the oxygen and contaminant distributions:

ack)y 1{af ac\ a4, .\ CW
a R, La.r, kb v aij ax; (bCVi)J n @17
208) (i/bo,, 20} —i(bOV,-)\ _ow (8.18)
at Lax,. k ax; } ax; J n

where C and O are concentrations of contaminant and oxygen respectively, C’ and O’ are
concentrations of contaminant and oxygen in a source or sink fluid, n is effective porosity, &
is saturated thickness, ¢ is time, .x; and v; are cartesian coordinates, W is volume flux per unit
area, V, is seepage velocity in the direction of x,, and D, is coefficient of hydrodynamic dis-

persion.
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Figure 8.3 Principle of superposition for organics and oxygen in BIOPLUME il
model. Source: Rifai et al., 1988.

The two plumes are combined using the principle of superposition to simulate the in-
stantaneous reaction between oxygen and the contaminants, and the decrease in contaminant
and oxygen concentrations is calculated from:

ACpe= OIF; 0 = 0 where C> O/F .19)

ACpo=C-F;C= 0 whereO> C-F
(8.20)

where ACp, AC,, are the calculated changes in concentrations of contaminant and oxygen,
respectively, due to biodegradation. :

Figure 8.3 is a conceptual schematic of the BIOPLUME 1I model. On the left of the
figure, a plan view of the contaminant and oxygen plumes with and without biodegradation
are shown. After the two plumes are superimposed, the contaminant plume is reduced in size
a.nd concentrations. The dissolved oxygen is depleted in zones of high contaminant concentra-
tions and reduced in zones of relatively moderate contaminant concentrations. The right
schematics in Figure 8.3 present transects down the plume centerline and help to illustrate
the distributions of contaminant and Oxygen concentration with and without biodegradation.
Itis nofed that field data have verified the correlation between oxygen and contaminant con-
centrations at sites.

There are two methods that can be used to simulate biodegradation in the BIOPLUME
o quel: first-order decay and instantaneous reaction. For the first-order decay model, the
reaction rate, k, is required as input. The model input parameters required for the instantane-
ous reaction include the amount of dissolved oxygen in the aquifer prior to contamination,
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and the oxygen demand of the contaminant determined from a stoichiometric relationship.
Modeling the biodegradation of several components such as benzene, toluene, and xylenes
(BTX) at a site requires that an average stoichiometric coefficient for the three components be
calculated.

Two additional sources of oxygen can be specified in BIOPLUME II. Injection of oxy-
gen in a bioremediation project can be simulated by using injection wells or infiltration gal-
leries. Reaeration from the unsaturated zone can be simulated in an indirect way by specify-
ing a first-order decay rate for the contaminants at the site. Holder et al. (1999) address
reaeration using advanced methods and models.

The output from the MOC/BIOPLUME II model consists generally of a head map and
a chemical concentration map for each node in the grid. Immediately following the head and
concentration maps is a listing of the hydraulic and transport errors. If observation wells had
been specified, a concentration history for those wells would be included in the output.

The sensitivity of aerobic biodegradation to some of the model parameters has been
analyzed in detail by Rifai et al. (1988). Their analyses indicate that biodegradation is mostly
sensitive to the hydraulic conductivity (Figure 8.4). This result verifies some field observa-
tions about the applicability of bioremediation for systems with relatively large hydraulic
conductivities. Biodegradation was not sensitive to the retardation factor or disper-
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Figure 8.4 Variation of contaminant and oxygen concentrations with hydraulic
condugctivity. Source: Rifai et al., 1988.
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sion. BIOPLUME II is one of the most widely used models for the simulation of aerohic
biodegradation at field sites. A new version of the model, BIOPLUME III, is described in
Section 8.5.

Example 8.2. MODELING BIOREMEDIATION USING BIOPLUME II

A modeling analysis using BIOPLUME 1I is presented to demonstrate how the model
might be used for designing bioremediation systems. Bioremediation involves the in-
Jection of oxygen and other limiting nutrients to enhance biodegradation and accelerate
the remediation of contaminated sites (see Chapter 13).

TABLE 8.4 Model parameters used in example 8.2,

Grid Size 20x20

Cell Size 50 ft x 50 ft
Transmissivity 0.002 sq. ft/s
Aquifer thickness 10 ft
Hydraulic Gradient 0.001 ft/ft
Longitudinal Dispersivity 10 ft
Transverse Dispersivity 3 it

Effective Porosity 30%

A hypothetical aquifer with the parameters shown in Table 8.4 is being bioremediated
for two years using three injection wells and three pumping wells. Each of the wells is
pumping/injecting at rate of 1 gpm. The initial plume and well locations are shown in
Figure 8.5. Three different scenarios were modeled: first, no oxygen was injected and
biodegradation was due only to a background oxygen concentration of 3 mg/L. Then,
20 mg/L of oxygen were injected throughout the pumping period. Finally, in a differ-
ent simulation, 40 mg/L. were injected into the wells. The latter two concentrations

were selected because they are values that can be obtained by the injection of liquid
oxygen.

Concentration
1.00e+3  x Injection Well

8.8%e+2
778042 o Production Well

6.67e +2
2226+ 2
1.11e+2
0.00e+0

Values represent upper limits
for corresponding pattern.

OoEsEEN

Figure 8.5 Initial contaminant plume for Example 8.2.
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Figure 8.6 Plume concentrations with no oxygen amendment for Example 8.2.

Figure 8.6 shows the extent of the contaminant plume when pumping has occurred
without enhanced biodegradation. The highest contaminant concentration after two
years of pumping is 20 mg/L, down from the original maximum of 1000 mg/L. Fig-
ure 8.7 is the output for the plume after 20 mg/L of oxygen were injected. The maxi-
mum concentration in this case is 15 mg/L. Fewer cells have concentrations greater
than 5 mg/L, and the resulting plume is smaller in size.

When 40 mg/L of oxygen are injected, the resulting plume shown in Figure 8.8 is not
much different than that in Figure 8.7. The maximum concentration, however, is now
9 mg/L instead of 15 mg/L. This indicates marginal benefits from doubling the oxy-
gen concentration. The main reason for this observation is the fact that oxygen is not
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Figure 8.9 Contaminant concentration along piume centerline for Example
8.2

line (from top to bottom) of the resultant plumes. It is obvious that biodegradation can be of
immense benefit when conditions for its use prevail. Several homework problems for Chap-

ter 8 lead the student through the above example in more detail.

8.3.6 Other Models

Other models have been presented by Kissel et al. (1984), Baek et al. (1989), McQuarrie et
al. (1990) and MacQuarrie and Sudicky (1990). Kissel et al. (1984) developed differential
equations describing mass balances on solutes and mass fractions in a mixed culture biologi-
cal film within a completely mixed reactor. The models incorporated external mass transport
effects, Monod kinetics with internal determination of limiting electron donor or acceptor,
competitive and sequential reactions, and multiple active and inert biological fractions which
vary spatially.

The model presented by Baek et al. (1989) simulates the mitigation of contaminants
by microbial activity in unsaturated soil systems. Their model, BIOSOIL, incorporated the
influence of microorganisms on soil water flow and chemical removal rates. From the mod-
eling study, the authors concluded that the depth of the unsaturated zone seems to be less
crucial in bioremediation scenarios than it would be in land disposal scenarios.

MacQuarrie et al. (1990) and MacQuarrie and Sudicky (1990) used a similar approach
to those of Borden et al. (1986) and Rifai et al. (1988) to develop their model. The advection-
dispersion equation was coupled with a dual-Monod relationship. The system of equations
was solved using an iterative principal direction finite element technique. The authors applied
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their model to laboratory columns as well as plume behavior in uniform and random flow
fields.

More recently and since the carly 1990s, researchers have focused their efforts on de-
veloping models in support of natural attenuation of fuel hydrocarbons and chlorinated sol-

8.4 ANALYTICAL NATURAL ATTENUATION MODELS

8.4.1 The BIOSCREEN Decision Support System

The BIOSCREEN Natural Attenuation Decision Support System is a public domain, spread-
sheet-based, screening tool for simulating the natural attenuation of dissolved hydrocarbons
at petroleum fuel release sites (Newell et al., 1996; Newell et al.,, 1997). The model is based
on the Domenico ( 1987) analytical solute transport model (Figure 8.10) that simu-

ter 12) are consumed.

BIOSCREEN has the limitation that as an analytical model, it assumes simple ground
water flow conditions and should not be applied where pumping systems create a complicated
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Figure 8.10 The Domenico Analytical Model Used in BIOSCREEN.
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BIOSCREEN output includes: (1) plume centerline graphs, (2) 3-D color plots of
plume concentrations, and (3) mass balance data showing the contaminant mass removal by
cach electron acceptor (instantaneous reaction option). Other features of the original model
(v. 1.3) included a concentration versus time animation module and a water balance showing
the volume of water in the plume and the flux of water moving through the plume. In a later
release (BIOSCREEN v. 1.4), a mass flux calculator was added, which shows the mass flux
of contaminants at any point in the plume. With the mass flux calculator, dilution calcula-
tions can be performed for plumes that are discharging to streams.

The original Domenico (1987) model assumes the source is infinite (i.e., the source
concentrations are constant). In BIOSCREEN, however, an approximation for a declining
source concentration was added, and is based on the following assumptions:

* There is a finite mass of organics in the source zone present as a free-phase or re-
sidual NAPL. The NAPL in the source zone dissolves slowly as fresh ground
water passes through,

° The change in source zone concentration can be approximated as a first-order de-
cay process.

* The mass flux of contaminant leaving the source can be approximated by multi-
plying the source times a representative source concentration for the first order
decay model (thereby assuming no biodegradation in the source zone) or by mul-
tiplying the source times the sum of the source concentration and bjodegradation
capacity (thereby assuming there is biodegradation in the source zone).

Example 8.3 BIOSCREEN MODELING OF THE HILL AFB UST SITE
870

The Hill Air Force Base (AFB) is located in north central Utah. Site 870 at the base is
on a plateau-like bench formed by sediment deposits of the ancient Weber River. Sur-
face topography slopes to the southwest. The site has a base fuel tank farm including
the former location of a 1,000-gallon tank and a plume of contaminated ground water
extending to the southwest of the tank site (Figure 8.11). The shallow aquifer at the
site, composed of medium to coarse grained sands, ranges from 3ft to 22 ft in thick-
ness at a depth varying from 4 to 15 ft Slug tests performed in five monitoring wells
at the site indicate an average hydraulic conductivity of 8.05 x 10~ cm/sec., Ground wa-
ter flow is to the southwest with an approximate gradient of 0.048 fu/ft with almost no
seasonal variation (Montgomery Watson, 1994). More details about this site are pro-
vided in example 8.5.

The BIOSCREEN model was used to reproduce plume movement at Site 870. The site
characteristics are listed in Table 8.5. An infinite source in the high concentration zone
of the plume area (near MW-1, Figure 8.11) was assumed for the site because no esti-
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Source Zone Assumplion L_— wer
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~ 0373 ,-. 9758
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2 25 28
1 50 0.07
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Affected Solf Zone FIGURE S

UST Sile 870, Hilt AFB, Utah

Figure 8.11 BIOSCREEN Source Zone assumptions, UST Site 870, Hill AFB,
Utah. Souwrce: Newell et al., 1996

mates for source mass were available from soil sampling data. Instantaneous reaction
kinetics were assumed. Model results indicate a reasonable match between the modeled
plume and the measured concentrations, as can be seen in Figure 8.12. Using the
BIOSCREEN model without biodegradation, in comparison, generated a plume over
8,000 ft long in contrast with the 1,450 ft plume that was delineated at the site. Plun?e
mass calculations using the “no biodegradation” scenario and the calibration scenario
indicated a greater than 99% reduction in dissolved mass during the five-year simula-
tion run,
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TABLE 8.5 Example 8.3, Hill Air Force Base, UST Site 870, Utah
DATA TYPE, |IPARAMETER _jvawue ; ISOURCE
oy oy Hydraulic C sty 8.05 x 10-* (cm/sec) Slug-tests results
Hydraulic Gradient: 0.048 (1) Static water level measursments
Porasity: 0.25 Estimated
Dispersion Criginal Based on estimated plume length
Longitudinal Dispersivity: {285 ft lof 1450 ft.
Transverse Dispersivity: 2.85 ft Note: No calibration was necessary
Vertical Dispersivity: 0 ft to match observed plume length
F Factor: 1.3 ‘Calculated
Soll Bulk Density pb: 1.7 (kg) Estimated
toc: 0.08% Lab Analysis
Koc: B:38 T:135 Literature — use Koc =38
E: 95 X: 240
Blodegradation  |Electron Acceptor: 0. NO, S0, Based on July 1984 ground water
Background Conc. (mgA) [} 17 100 sampling program conducted by
Minimum Conc. (mglL) -0.22 0 0 Parsons Engineering Science, Inc.
Change in Conc. (mgA.) 5.78 17 100
Electron Acceptor: Fe CH.
Max. Conc. (mgd) 505 2,04
Avg. Conc. (mgh) 11.3 0.414
Modeled Area Length 1450 (ft) Based on area of affected ground
[Modesled Area Width 320 (ft) water plume
Simulation Time 5 (yrs) Steady-state flow
Source Data Source Thickness 10 (ft) Based on geologic logs and lumped
Source Concentration see Figure B.11 BTEX monitoring data
Actual Data Distance from Source (ft) 340 1080 1350 1420 *Based on observed concentration
IBTEX Concentration (mglL) 8.0 1.0 002  0.005 |contour at site (see Figure 8.11)
OUTPUT Centerline Concentration see Figure 8,12

Source: BIOSCREEN Manual
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Figure 8.12 Centeriine output. Hill AFB, Utah. Source Newell et al. 1996
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8.4.2 The BIOCHLOR Decision Support System

The BIOCHLOR Natural Attenuation Model (Aziz et al., 1999) simulates chlorinated sol-
vent natural attenuation using an interface similar to BIOSCREEN. BIOCHLOR simulates
chloﬁna?ed solvent biodegradation, where the reaction kinetics may be much slower. This
process involves sequential reactions, where the parent compound biodegrades into a daughter
product an that daughter product biodegrades into another daughter product, and so on. For
the chlorinated ethenes, the reaction sequence is shown below for the degradation of PCE
through ethene (ETH):

PCE -> TCE -> DCE -> VC -> ETH
k, k, ky K,

The equations describing the sequential first order biodegradation reaction rates are
shown below for each of the components:

(8.21)

Trce = —kCpcg 8.22)
ree = kiCpep~kyCrep (8.23)
Toce = k:Creg —ksCpce (8.24)
e = ksCpoe—kCye (8.25)
rer = kCyc (8.26)

where &, k,, ks, k, are the first order rate constants and Cpcg, Creg, Cpeg, Cy and Cepy are
the aqueous. concentrations of PCE, TCE, DCE, vinyl chloride, and ethene, respectively.
These equations assume no degradation of ethene.

) To dc?scribc? the transport and reaction of these compounds in the subsurface, 1-D advec-
uoul,:l 3-D dispersion, linear adsorption, and sequential first order biodegradation are assumed
as shown in the equations below. All equations, but the first, are coupled to anoth i
through the reaction term, i Honier equation

dc dc d’C 2 :
Rpcp <2, 4Crce 1y dCpcp , |\ d’Cpep | d*Cpy
™ I T TP MG @27)
dCrep dc. d’C d*C. 2c,
Rpcp —TE w _y2MCE , pp —IE 4 p, —ZE .+ p, d T+ kyCocg — kyCreg (8.28)

dt dx dx dy dz
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2 2 2
dCpcr __VdCDCE +D d°Cpeg +D d°Cpeg +D, d“Cpeg +kyCreg ~ksCocs  (8.29)

DCE gy dx Yody? Yoyt dz?

dCvc _ _,9Ckc +D d*Cyc +D d’Cyc + D, d’Cyc

dt dx T de? Y ody? s odZt +HsCoce ~KiCuc - (830)

Rve

d*Cery
z 2

dCery dCepy d*Cery d*Cry
R =—y +D +D + D,
ETH ™ 4t dx Y ody? Yody? dz

+kCern (8.31)

where Rpcg, Rrces Rpeg, Ry, and Rery are the retardation factors, v is the seepage velocity,
and D,, D,, and D, are the dispersivities in the x, y, and z directions.

BIOCHLOR uses a novel analytical solution to solve these coupled transport and reac-
tion equations in an Excel spreadsheet. To uncouple these equations, BIOCHLOR employs
transformation equations developed by Clement et al., (1998). The uncoupled equations were
solved using the Domenico model, and inverse transformations were used to generate concen-
tration profiles. Details of the transformation are presented in Clement et al., 1998. Example
concentration profiles for biodegradation of PCE through ethene are shown in Figure 8.13.
Typically, source zone concentrations of cis-1,2-dichloroethythene (DCE) are high because
biodegradation of PCE and TCE has been occurring since the solvent release.

BIOCHLOR also simulates different first-order decay rates in two different zones at a
chlorinated solvent site. For example, BIOCHLOR is able to simulate a site with high
dechlorination rates in a high-carbon area near the source that becomes a zone with low
dechlorination rates downgradient when fermentation substrates have been depleted.

Example 8.4 BIOCHLOR MODELING AT CAPE CANAVERAL

The BIOCHLOR model was used to reproduce the movement of the Cape Canaveral
plume from 1965 to 1998. The Cape Canaveral site (Figure 8.14) in Florida exhibits a
TCE plume approximately 1,200 ft Jong and 450 ft wide. TCE concentrations as high
as 15.8 mg/L. have been measured recently at the site. The site characteristics used in
the BIOCHLOR model are listed in Table 8.6. The hydraulic conductivity assumed in
the model was 1.8 x 10Z cm/sec, and the hydraulic gradient was 0.0012. A porosity of
0.2 was assumed as well as the Xu and Eckstein model for longitudinal dispersivity.
The lateral dispersivity was assumed to be 10% of the longitudinal dispersivity, and
vertical dispersion was neglected.
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Figure 8.13 Concentration profiles simulated in BIOCHLOR. Source:
Wiedemeier et al. 1999.

i
A median value for the retardation factor was used (R = 5.3) since BIOCHLOR accepts |
only one value for this parameter. The site was modeled using one anaerobic zone with Il
one set of rate coefficients, shown in Table 8.6. This is justified because the dissolved |
oxygen readings at the site were less than 0.7 mg/L at all monitoring points. The rate
coefficients were calculated by calibrating the model to the 1997 field data. The source
zone was simulated as a spatially variable source and the source concentrations ranged
from 0.001 to 98.5 mg/L for the various compounds, shown in Table 8.6. The source f
thickness was estimated by using the deepest point in the aquifer where chlorinated

solvents were detected. -
Source Actual Sout
Zona Width () in 1997%0)" How Derivad
‘ . ‘ 1 105 15.8 Maximum concentration
Centerline concentrations for all five species (PCE, TCE, ¢-DCE, VC, and ETH) pre- 2 175 0316 Geometric mean between sdge of zone 1 and 2
3 298 o.01 Geomaetric mean between edge of zone 2 and 3

dicted by the model are shown in Figures 8.15 and 8.16. Figure 8.15 shows the center-
line predictions for each chlorinated solvent and a no-degradation curve for all of the

chlorinated solvents as well as field data. Figure 8.16 shows the centerline concentra- NOTE: Tk mathod of defryan withs s ciflret fom

SCALE (#.)
tions for TCE, with and without biodegradation. The data in Figure 8.16 indicate that . s
TCE concentrations discharging into the ocean will be less than 0.001 mg/L. LEGEND 0
e Monitong point BIOCHLOR SOURCE ZONE
+ Monitoring well location ASSUMPTIONS
\ 4 0.003  TCE dstscted in grouncwater sample, mg/L (TCE AS EXAMPLE)
.5 NUMERICAL NATURAL ATTENUATION MODELS : 10— TCE conantaton i, ot CCFTA-2, Capa Canaveral Air Station, Fiorida
FIGURE A4

Numerical models provide approximate (relative to analytical methods) and, in some cases, :
non unique solutions to the governing advection-dispersion equation. As with analytical 2 Figure 8.14 BIOCHLOR source zone assumptions (TCE as example)
CCFTA-2, Cape Canaveral Air Station, Florida. Source: Aziz et al. 1999.
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TABLE 8.6 BIOCHLOR Example, Cape Canaveral Alr Station, Florida

DATA TYPE [PARAMETER VALUE [SOURCE’
Hydrogeoiogy Hydraulic Conductivity: 1.8 x 10+ {cmi/sac) rasults
jHydraulic Gradlent: 0.0012 (tut) tatic water lavel measurements
Porosity: 0.2 ied
Dispersion Original hmd on estimaled plume length
| ongituctina) Dispersivity: varies with x jof 1450 1.
Transversa Dispersivity: varles with x Nois: No calibrafion was nacessary
Vertical Dispersivity: oft o match observed piuma length
Faclors: |PCE 8.7 TCE. 28 Calculated
c-DCE: 2.8 VC:5.8
ETH:§.3
ICommon Retardation Facior: 5.3 Piectian Value
ro« Bulk Density pb: 1.6 (kgl) ted
oc: 0.184% Lab Analysis
Koc: {Lkg) PCE: 388 TCE: 126 | llsrature corretation using
c-DCE: 126 VC: 316 jsolubilities at 20 *C
ETH: 302
Bl Rate C. [Based on calibration to field data
1#year) using a simulation time of 32 yoars.
[Started with kierature valuss and
J°PCE —>TCE 20 jthen adjusted model fo fit field data.
[TCE —c-DCE [+X:]
b-DCE—> VG 0.8
[VC —> ETH 0.4
Area Length 1085 (i) [Based on area of atiected ground
Modaled Area Width 700 (1) pwater plums from 1965 (first
Time 33 (yrs) release) o 1998 (present)
Source Dala Thickness 58 (i) jBased on gectogic logs and
Widths (1) Zona 1 Zone 2 Zone 3 data (sae Figure B.14)
105 175 298
Concentrations {mgd)
Zone 1 Zone 2 Zone 3 [Source concantrations are
0.056 0.007 0.001 queous concentrations
15.8 0.318 0.01
98.5 1.0 0.01
3.080 0.089 0.008
0.030 0.013 0.002
Actual Data Distanca from Source (t) 560 850 930 1085 J&mﬂmnbumdmwmﬂam
PCE Concentration (mgA} «<01.001 ND <0.001 <0.001 jt site near centeriine of plume
[TCE (mgd} 0.22 0.0185 0.0243 0018
£ (mol) 3.48 0.776 1.200 0.556
(mgA} 3.080 0.797 2.520 5.024
(mgh) 0.188 ND 0.107 0.150
OUTPUT Centertine Concentration see Figures 8.15, 8.18
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Figure 8.15 Centerline output. Cape Canaveral Air Force Base, Florida.
Source: Aziz et al. 1999.

models, the use of numerical models requires the user to make some simplifying assump-
i tions about the solute transport system. However, numerical models can simulate more
complex systems. Numerical models can be used to simulate contaminant transport affected
! by muitiple reactions for which rates or properties may vary spatially. More details on nu-
. merical modeling are provided in Chapter 10.

8.5.1 The BIOPLUME Ill Model

I The BIOPLUME I model (Rifai et al., 1997) is a recent and major upgrade to the
E BIOPLUME II model presented by Rifai et al. in 1988. The main enhancement to the model
l_ was the incorporation of anaerobic biodegradation processes explicitly rather than lumping
| them together using a first-order decay model as was the case in BIOPLUME II. The model
I simulates biodegradation using a number of aerobic and anaerobic electron acceptors: oxygen,

nitrate, iron (III), sulfate, and carbon dioxide. BIOPLUME IN is still based on the U. S. Geo-
logic Survey (USGS) Method of Characteristics model dated July 1989 (Konikow and Brede-
i: hoeft, 1978). The model can be downloaded from EPA’s website (http://www.epa.gov/
1i ada/csmos).
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OISSOLVED CHLORINATED SOLVENT CONCENTRATIONS ALONG PLUME CENTERLINE
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TCE | o 109 27 26 334 543 551 760 568 977 | 1085
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Figure 8.16 Individual centerline output for TCE, Cape Canaveral Air
Station, Florida. Source: Aziz et al. 1999.

The BIOPLUME IIl code was developed primarily to model the natural attenuation of
organic contaminants in ground water. The model solves the transport equation six times to
determine the fate and transport of the hydrocarbons and the electron acceptors/reaction by-
products. For the case where iron (II) is used as an electron acceptor, the model simulates
the production and transport of iron (I) or ferrous iron. Three different kinetic expressions
can be used to simulate the aerobic and anaerobic biodegradation reactions. These include:
first-order decay, instantaneous reaction, and Monod kinetics. The principle of superposition
is used to combine the hydrocarbon plume with the electron acceptor plume(s).

Major differences between BIOPLUME 1I and BIOPLUME I include:

* BIOPLUME Il runs in a Windows95 environment, whereas BIOPLUME II was
mainly developed in a DOS environment,

* BIOPLUME I model was integrated with a sophisticated ground water modeling
platform known as Environmental Impact System from ZEi/MicroEngineering,
Inc., of Annandale, Virginia.
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The conceptual model used in BIOPLUME II to simulate these biodegradation proc-
esses tracks six plumes simultaneously: hydrocarbon, oxygen, nitrate, iron (II), sulfate, and
carbon dioxide. Iron (II) is input as a concentration matrix of ferric iron in the formation.
Once ferric iron is used for biodegradation, BIOPLUME I simulates the production and
transport of ferrous iron.

Biodegradation occurs sequentially in the following order:

Oxygen — Nitrate — Iron (IIT) — Sulfate — Carbon Dioxide

The biodegradation of hydrocarbon in a given location using nitrate, for example, can
occur only if oxygen has been depleted to its threshold concentration at that location,

BIOPLUME III is generally used to answer a number of questions regarding natural at-
tenuation:

1. How long will the plume extend if no engineered/source controls are imple-
mented?

2. How long will the plume persist until natural attenuation processes com-
pletely dissipate the contaminants?

3. How long will the plume extend or persist if some engineered controls or
source reduction measures are undertaken (for example, free phase removal or
residual soil contamination removal)?

The model can also be used to simulate bioremediation of hydrocarbons in ground wa-
ter by injecting electron acceptors (except for iron(Il)) and can also be used to simulate air
sparging for low injection air flow rates. Finally, the model can be used to simulate advec-
tion, dispersion, and sorption without including biodegradation.

As with any model, there are limitations to the use of BIOPLUME III The assump-
tions used in the USGS MOC code include:

L. Darcy’s law is valid and hydraulic-head gradients are the only driving mecha-
nism for flow.

2. The porosity and hydraulic conductivity of the aquifer are constant with time,
and porosity is uniform in space.

3. Gradients of fluid density, viscosity, and temperature do not affect the velocity
distribution.

4. No chemical reactions occur which affect the fluid properties or the aquifer
properties.

5. lonic and molecular diffusion are negligible contributors to the total disper-
sive flux.

6. Vertical variations in head and concentration are negligible.
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7. The aquifer is homogeneous and isotropic with respect to the coefficients of
longitudinal and transverse dispersivity.

The limitations imposed by the biodegradation expressions incorporated in
BIOPLUME II include:

1. The model does not account for selective or competitive biodegradation of the
hydrocarbons. This means that hydrocarbons are generally simulated as a
lumped organic, which represents the sum of benzene, toluene, ethyl benzene
or xylene. If a single component is to be simulated, the user would have to
determine how much electron acceptor would be available for the component
in question.

2. The conceptual model for biodegradation used in BIOPLUME III is a simpli-
fication of the complex biologically mediated redox reactions that occur in the
subsurface.

Much like the approach used in developing BIOPLUME II, the 1989 version of the
MOC model was modified to become a six-component particle mover model to simulate the
transport of hydrocarbon, oxygen, nitrate, iron(Il), sulfate, and carbon dioxide. Since the bio-
degradation of hydrocarbon uses iron (IIT) as an electron acceptor, iron (III) concentrations are
simulated as an initial concentration of ferric iron that is available in each cell. Once the iron
(II) is consumed, hydrocarbon concentrations are reduced and ferrous iron is produced. The
resulting ferrous iron is then transported in the aquifer. The BIOPLUME III equations are
very similar to those presented earlier for BIOPLUME II. Three additional equations similar
to Egs. 8.17 and 8.18 are written for nitrate, sulfate, and carbon dioxide.

The biodegradation of hydrocarbon using the aerobic and anaerobic electron acceptors is
simulated using the principle of superposition and the following equations:

H(t+1) = H() ~ Ryo— Ryy~ Rur. — Rys — Ruc (8.32)
O@+l) = O@) -Ropy (8.33)
N@+1) = Nt = Ryy (8.34)
Fe(t+l) = Fe(t)=Rpy (8.35)
F(t+1) = Rpy (8.36)
S(+1) = S(t)— Ry 837
Ct+1) = C(t)~Rey (8.38)
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where Ryo, Run» Rures Rus, Ry are the hydrocarbon concentration losses due to biodegrada-
tion using oxygen, nitrate, ferric iron, sulfate and carbon dioxide as electron acceptors, re-
spectively. The terms Roy, Ry, Reers Rsn Renare the corresponding concentration losses in
the electron acceptors. These reaction terms are computed using one of the three biodegrada-
tion expressions: first-order, instantaneous, or Monod, which were discussed previously in
the chapter. The reader is referred to Rifai et al. (1997) for additional information on equation
formulation, and solution methods. A detailed example is described in Example 8.5.

8.5.2 The RT3D Model — Chlorinated Organics

Very few models exist (analytical or numerical) that are specifically designed for simulating
the natural attenuation of chlorinated solvents in ground water. Ideally, a model for simulat-
ing natural attenuation of chlorinated solvents would be able to track the degradation of a
parent compound through its daughter products and allow the user to specify differing decay
rates for each step of the process. This may be referred to as a reactive transport model, in
which transport of a solute may be tracked while it reacts, its properties change due to those
reactions, and the rates of the reactions change as the solute properties change. Moreover, the
model would also be able to track the reaction of those other compounds that react with or
are consumed by the processes affecting the solute of interest (e.g., electron donors and ac-
ceptors).

Researchers at Batteile Pacific Northwest Laboratories have developed a numerical
model referred to as RT3D. RT3D (Reactive Transport in 3 Dimensions, Sun et al., 1996) is
a FORTRAN 90-based model for simulating multi-species, reactive transport in ground wa-
ter. This model is based on the 1997 version of MT3D (DOD Version 1.5), but has several
extended reaction capabilities. The model requires the USGS ground water flow code
MODFLOW for computing ground water head distributions.

RT3D can accommodate multiple sorbed and aqueous phase species with any reaction
framework that the user needs to define. RT3D can simulate different scenarios, since seven
preprogrammed reaction packages are already provided and users have the ability to specify
their own reaction kinetic expressions. This allows, for example, natural attenuation proc-
esses or an active remediation to be evaluated. Simuiations can be applied to modeling con-
taminants such as heavy metals, explosives, petroleum hydrocarbons, and/or chlorinated sol-
vents.

RT3D’s pre-programmed reaction packages include:

1. Instantaneous Aerobic Decay of BTEX

2. Instantaneous Degradation of BTEX using Multiple Electron Acceptors (Oa,
NO,, Fe*', S0,”, CH,)

3. Kinetically limited hydrocarbon biodegradation using multiple electron
acceptors (O, NOy, Fe,", SO,”, CH,)

4. Rate-Limited Sorption Reactions

5. Double Monod Model
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6. Sequential Decay Reactions
7. Aerobic/Anaerobic Model for PCE/TCE Degradation

A more detailed example of RT3D is shown in Section 10.8.

FIELD SITE APPLICATIONS

8.6.1 Gas Plant Facility in Michigan

Soluble hydrocarbon and dissolved oxygen (DO) were characterized in a shallow aquifer be-
neath a gas plant facility in Michigan by Chiang et al. (1989). The distributions of benzene,
toluene, and xylene (BTX) in the aquifer had been monitored in 42 wells for a period of three
years. A general site plan including the locations of the wells is shown in Figure 8.17.

Results from the three-year sampling period showed a significant reduction in total
benzene mass with time in ground water (Figure 8.18). The plume sampled in 1984 con-
tained an approximate total mass of 9.83 kg, while the plume sampled in 1985 and 1986
contained 5.66 kg and 2.27 kg, respectively.

Chiang et al. (1989) determined the attenuation rates of the soluble benzene, and de-
termined the effects of DO on the biodegradation of BTX through a combination of material

balance, statistical analyses, soluble transport modeling, and laboratory microcosm experi-
ments.

e Chservation Well I ° J
0 Purge Well ! ldks
4 Soil Sample Location

Figure 8.17 General plan of gas plant facility. Source: Chiang et al., 1989.
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Figure 8.18 Caiculated total soluble benzene mass in aquifer vs. time, No-
vember 1984 to February 1987. Source: Chiang et al., 1989

The site geology is characterized as a medium to coarse sand with interbeds of small
gravel and cobbles. The general direction of ground water flow is northwesterly. The depth to
water table ranges from 10 ft to 25 ft below land surface, and the slope of the water table was
estimated as 0.006. Based on ground water and soil sampling data, Chiang et al. (1989) con-
cluded that the flare pit was the major source of the hydrocarbons found in the aquifer; while
the slope oil tank was a secondary source.

Dissolved oxygen concentrations in the ground water were measured by the Winkler ti-
tration method and with a field DO probe on two occasions (February and July 1987). Figure
8.19 shows the total BTX and DO concentration distributions of the February and July
analyses, respectively. It can be seen from Figure 8.19 that the DO concentrations are high
at low BTX concentrations and vice versa. The DO concentrations increase from their low
values of < 1.0 ppm inside the 1,000 ppb BTX contour to higher concentrations of > 1.0
ppm outside the 100 ppb BTX contour line.

Chiang et al. (1989) also studied the decay rates of BTX in soil microcosms at an ini-
tial DO concentration of 0 to 6 ppm and conciuded that a minimum DO (threshold) level
may exist in ground water, which could sustain the natural biodegradation of BTX by micro-
organisms. Chiang et al. (1989) also conducted a detailed modeling analysis of their field data
using the BIOPLUME II model as will be seen in Section 8.6.

Chiang et al. (1989) evaluated a first-order decay biodegradation approach and the
BIOPLUME II model for simulating biodegradation at the gas plant facility. Using the model
and assuming first-order decay, they performed several simulations to match the observed
benzene concentration distribution of 1/22/85 by setting the observed concentration distribu-
tion of 11/1/84 as the initial condition. The variables involved included the distribution of
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Figure 8.20 Predicted (bottom number) and observed (top number) BTX by
BIOPLUME Ii (ppb). Source: Chiang et al., 1989.

the leakage/spill rates between the flare pit and the slop oil tanks and macrodispersivities of
the aquifer.

The BIOPLUME II model was used to simulate the July 1987 data by setting the ob-
served concentration distribution of February 1987 as an initial condition. Figure 8.20 shows
correlations between the measured and the simulated soluble BTX concentrations of July
1987. As can be seen from Figure 8.20, the correlations for BTX were reasonable. The corre-
lations, however, for oxygen were not as similar. The authors attributed the differences to the
fact that the BIOPLUME II model assumes a requirement of 3 ppm of oxygen for 1 ppm of
benzene, whereas the actual requirement is in the range of 1 - 3 ppm.

Example 8.5 MODELING THE HILL AFB UST 870 SITE WITH
BIOPLUME II1

The 870 site at Hill AFB was modeled previously with BIOSCREEN in order to simu-
late the movement of the dissolved BTEX plume and estimate the mass loss due to
biodegradation (see Example 8.3). This site was further analyzed with the BIOPLUME
I model in an effort to evaluate the effectiveness of natural attenuation as a remedy for
the contaminated ground water. The source and mass of contamination at UST Site
870 is uncertain as was seen in the BIOSCREEN example. The former UST may have
contributed to contamination, but it is also possible that former underground pipelines
contributed to the spill. Soil BTEX contamination is widespread; extending approxi-
mately 1,600 ft downgradient from the source area and exhibiting a width of 500 ft at
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its thickest extent (see Figure 8.21). The highest observed soil concentration is 554
mg/kg in the heart of the contamination at soil boring EPA-82-1.

Mobile LNAPL is present at several monitoring wells, as shown in Figure 8.22. The
LNAPL plume extends 750 ft downgradient from the source area with an areal extent
of approximately 225,000 sq. ft. Ground water sampling during 1991-1994 provided
BTEX concentrations in the shallow aquifer (Figure 8.23). BTEX was detected in 79 of
the 125 samples collected with the highest dissolved BTEX measured at 26.85 mg/L in
well MW-03 in August 1992. Comparison between the plume extent in 1993 and that
of 1994 suggests a significant reduction in contaminant concentrations and aerial ex-
tent. Ground water samples analyzed for geochemical characteristics yielded informa-

tion on the electron acceptor capacity in the shallow aquifer (Figures 8.24a through
8.24¢).

A 20 x 30 model grid (85 ft wide by 110 ft long) was used in BIOPLUME IO, (Figure
8.25). Tables 8.7 and 8.8 list the model parameters used for the site. Constant head
boundaries were established along the northeast and southwest (top and bottom) grid
perimeter to simulate the northeast to southwest ground water flow direction. A 12-yr
source release scenario was used to simulate the existing plume delineated in 1994, A

total of 20 injection wells were used to simulate release from the LNAPL plume into
the ground water.
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Figure 8.21 Solil Contamination contour map: Hill AFB. Source: Parsons Engi-
neering Science, 1994,
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Flgure 8.22 Total BTEX contour map for groundwater: Hilt AFB. Source: Par-
sons Engineering Science, 1994.

The extent of the calibrated plume is in good agreement with the m&sured BTEX
plume, as can be seen from Figure 8.23. The maximum modeled concentration of 13.6
mg/L is comparable to the observed 9.8 mg/L.

The calibrated model was used to analyze plume conditions 12 years into the future
without source control. Plume predictions indicate that the plume reaches a quasi-
steady state with the plume extent remaining approximately the same as the calibrated
plume. Concentrations within the plume, however, attenuate from 13.6 mg/L to 5..4
mg/L with the heart of the plume having migrated nearer the area of greatest mot?lle
LNAPL thickness, approximately 450 ft downgradient. The BIOPLUME III mod.elmg
results suggest that further reductions in plume size and concentrations can be achieved
through source reduction.
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Figure 8.23 Total BTEX contour map for groundwater: Hill AFB. Source: Par-
sons Engineering Science, 1994.
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Figure 8.24a Dissolved oxygen contour map, Hill AFB; Source: Parsons Engi-
neering Science, 1994.
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8.6 FIELD SITE APPLICATIONS

z—P

L] 300 800

281

. Monitoring Well or
Geoprope Location

~~100— Line of Equal
Concentration

(mgl)

Figure 8.24b Nitrate and nitrite contour map, Hill AFB; Source: Parsons Engi-
neering Science, 1994.
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Figure 8.24c Ferrous iron contour map, Hill AFB; Source: Parsons Engineer-
ing Science, 1994.
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Figure 8.24d Sulfate contour map, Hill AFB; Source: Parsons Engineering
Science, 1994.
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Figure 8.24e Methane contour map, Hill AFB. Source: Parsons Engineering
Science, 1994.
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8.6 FIELD SITE APPLICATIONS

TABLE 8.7 BIOPLUME Il Model Parameters for Hill AFB

TABLE 8.8

Description C"’“b’;"tﬂ:’“’d"'
Time step interval for printing data 1
Number of 7
Max. allowable number of iterations in ADIP 200
Initial number of particles per node 9
Particle movement interval (IMOV) 0
Option for printing computed velocities 2
Option to print coefficients 2
Option to print computed changes In 1
Option to punch velocity data 0
Option for and decay 1
Convergence criteria in ADIP 0.001
Storage costficient 0 (Steady-stata)}
Time increment multiplier for transient flow
Ratlo of to persivity 0.1
Max. cell distance per particle move 0.5
Ratio of Tyy to Txx 1 {Isotropic)
St ic ratlo of hy to oxygen 3.1
Electron Acceptor Input Data for Hill AFB
Description Value
Background concentration for oxygen (mgA.) 6.0
Biodegradation kinetics specifier for oxygen 2
Stoichiometric ratio of oxygen to contaminant 3.14
Threshotd concentration of oxygen (mgA.) 0
Background concentration for nitrate (mg/L) 5.0
Blodegradation kinetics specifier for nitrate 2
Stoichiometric ratio of nitrate to comtaminant 4.8
Threshold concentration of nitrate (mgiL.) 0
Background concentration for iron (mgiL) 5.0
Blodegradation kinetics specifier for iron 2
Stoichiometric ratio of iron to contaminant 21.5
Threshold concentration of iron (mgA.) 0
Background concentration for sulfate (mg/L) 54.0
Biodegradation kinetics specifier for sulfate 2
Stoichiometric ratio of sulfate to contaminant 4.6
Threshold concentration of sulfate (mgiL) 0
Background concentration for carbon dioxide (mg/L) 1.0
Blodegradation kinetics specifier for carbon dioxide 2
Stoichiometric ratio of carbon dioxide to contaminant 2.14
Threshold concentration of carbon dioxide (mg/L) 0
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Figure 8.25 BIOPLUME lll Model Grid, Hill AFB. Source: Parsons Engineering
Science, 1994.

SJUMMARY

Biodegradation processes attenuate contaminant concentrations in ground water. A variety of
laboratory and field procedures are necessary to verify and quantify the contribution of these
processes to contaminant transport in ground water aquifers. Biodegradation models can then
be used to predict contaminant behavior for different conditions and scenarios. Both analytical
and numerical models are available for the analysis of biodegradation processes. A number of
these are reviewed in this chapter (Table 8.3). In particular BIOPLUME Il and RT3D are
used in a number of applications.
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