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Abstract A muiti-component model accounting for hydrological transport, inorganic equilibrium chemistry and microbial
activity during kinetically controlled biodegradation of compeounds such as benzene, toluene, ethyibenzene and xylenes (BTEX)
is presented. The problem is solved numerically using an operator-splitting method to couple advective-dispersive transport of
organic and inorganic solutes with the geochemical equilibrium package PHREEQC and a biodegradation module. The transport
equations for inorganic solutes are solved for total aqueous component concentrations. Changes in such concentrations due
to precipitation/dissolution of minerals and chemical speciation are accounted for within PHREEQC. For chemical elements
occuiring in multiple valence sfates, separate components are defined and transported. The biodegradation module simulates the
sequential or parallel activity of multiple bacterial groups attached to soils and their biochemical effects. An application of the
modet is shown for 2 case where BTEX compounds are degraded by sequential reduction of aqueous electron acceptors.

L. INTRODUCTION

In the last decade groundwater pollution by petroleum hy-
drocarbons has been reported extensively in the USA, Euo-
rope and Australia. The substantial costs involved in the re-
mediation of such contaminated sites has led to increased
interest in how these compounds degrade naturally (ie,
without intervention}). As with active remediation schemes,
where clean-up is achieved either by hydraulic measures or
by stimulation of reactive processes, understanding of natu-
ral degradation processes requires a detailed understanding
of the interactions between contaminanis and the local bio-
geochemistry of a contaminated site. Modelling is aimed at
quantifying the processes and their interdependencies.

Multicomponent reactive transport models that use the local
eguilibrium assumption (LEA) have been applied success-
fully to field-scale problems invelving multiple reacting in-
organic chemicals such as acidic mine tailings { Walter et al.,
1994a bl. However, reactions involving organic pollutants
in most cases are not appropriately modelied by the LEA.
Microbially mediated reactions such as the degradation of
petroleum hydrocarbons typically are kinetically controlled
rather than being in thermodynamic equilibrium, leading
to a partial redox disequilibrivm [McNab and Narasimhan,
1994]. Such a problem may be solved numerically by a
fully kinetic formulation {Zysset et al., 1994] or. alterna-
tively, by a mixed kinetic-equilibrium approach [Sieefel and
MacQuarrie, 1996}, The latter approach has been used by,
e.¢., Brun et al. [1994] and McNab and Narasimhan {1994]
to incorporate slow reaction kinetics into an equilibrium-
bused model. The solution procedure generally used is the
operator-splitting method. This is seen as the only feasi-
bie method for solving realistic field-scale problems [Yeh
and Tripathi. 1989]. It involves decoupling the physical
transport and reactive processes.  We have adopted this
approach to simulate abiotic and biotic reactive processes
during transport and biodegradation of BTEX and other
petroleum hydrocarbon compounds.

2. MODEL DESCEIPTION
2.1 Advective-Dispersive Transport

In saturated porous media, the transport of a single reactive
chemical is governed by:
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where (' is the aqueous concentration, v; is the pore ve-
locity in direction x;, I);; is the hydrodynamic dispersion
coefficient tensor, and R, is a sourcefsink term. In a prob-
lem involving multiple reacting chemicals, R, is 2 highly
nonlinear function of the concentrations of other chemicals.
Depending on the model approach, C may represent differ-
ent entities such as agueous species concentrations or to-
tal aqueous component concentrations [Yeh and Tripathi,
1989]. The latter are defined as:
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where ¢; is the concentration of the component in dissolved
form and the second term on the right side represents the
concentration of component j in the complexed species 4,
N, 15 the number of complexed species in dissolved form,
Yy} is the stoichiometric coefficient of the §t* aqueous com-
ponent in the #*" complexed species and g; is the concentra-
tion of the i** complexed species. In our moedel formulation,
{ represents either a total agueous component concentra-
tion C; or a concentration of an organic complex. Physicai
transport 15 carried out for:
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different entitics, where 1, nre 18 the number of chemical
elements occuring in only one redox-state, n, .. 18 the num-
ber of elements occuring in multiple redox-states, n,, is the



appropriate number of redox-states and 7., is the number
of organic compounds. By carrying out physical transport
separately for elements occurring in different redox states,
we conserve the oxidation state during transport.

For organic compounds, the source/sink term B, in (1) is
obtained from;

R, = Rdag + Hais (4}

where fg,, stands for concentration changes due to the
biodegradation of this compound and H4; is the concen-
tration change due to non-equilibrium mass transfer from
a NAPL phase. For all inorganic elements, the source/sink
term in {1} is:

Rr: = Ii]'rn.in.ir (5)
where Hpyin e equals the concentration changes obtained in
the reaction step.

2.2 Egquilibrium Reaction Module
For reactive transport governed by the LEA. a time-
discretised form of the transport equation (1} for time-
centred weighting 1s [Walter et al., 1994a]:
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T, i
L{Cy) is the spatial differential operator, O7 and 74!
are total agueous component concentration at the oid and
new time level, respectively. Ffj;fff,. is the difference
in concentrations from before and after the reaction step.
We have chosen the USGS package PHREEQC [Parkhurst
et al, 19931 as the module to quantify R;f:::f” The
package handies the whole range of complexation, acid-
base, oxidation-reduction, precipitation-dissolution, gas-
phase. on-exchange and adsorption reactions.

We use PHREEQC to (1) carry out irreversible reactions to
account for the mineralisation of organic compounds and
the incorporation of inprganic species into biomass; (it si-
multaneously eguilibrate the aqueous solution with respect
to 1, minerals included in the simulation; and (iii} de-
termine aqueous species concentrations ($peciation). The
guantities added in (i) are determined by the biodegra-
dation module. They couple the non-equilibdum degra-
dation reaction of the organic compounds with the LEA-
based inorganic chemistry. Numerically, in the reaction
step PHREEQ(C solves a set of algebraic equations by the
Newton-Raphson method. The equations are derived from
Mo nre F E:lm,., Tle re Mole-balance squations, ny -+ 7,
mass-action equations, one charge-balance equation for the
aquecus phase, one for the ionic strength of the solution
and one for the activity of water. The charge-balance equa-
tion is used to calculate hydrogen conceatration (pH), thus
no transport simulation is carried out for pH . Furthermore
there is no need to transport p2 as we consider multivalent
elements separately.

2.3 Biodegradation Module

Puring microbially mediated degradation, electrons are
transferred from inorganic aqueous species such as (g,
Ny, S0O;7 (electron acceptors) or from minerals such

as Fe(OH); to organic compounds such as benzene or
toluene. The geochemical changes within the aqueous and
mineral phases caused by the complete mineralisation of an
organic compound can be modelled with PHREEQC as an
irreversible reaction, This is achieved by adding concentra-
tions of, e.g., Ceym, for benzene, Co, g, for toluene, etc.
to the agueous selution/mineral assemblage. In the same
way, if we assume a specific biomass composition {e.g.,
CsH7Oa N}, it i3 possible to consider the effects of the in-
corporation of inorganic species into a biofilm/biophase or,
vice versa, of decaying biomass. As we assume that the
LEA does not hold for the degradation reaction of an or-
ganic compouad, only A, 4., mineralises during a time
interval &% and the change of biomass concentration for this
fime interval is AX. The biodegradation module is used
to quantify AL, 4.y Tor all organic compounds and AX
fOr 1y, different microbial groups cataiysing the degrada-
tion reaction. Therefore, we consider a system of multiple
microbial populations attached to the aquifer matrix, We
distinguish each bacterial group by the electron acceptor
used. Gptionaliy, a facultative use of electron acceptors may
be defined, e.g., acrobes/denitrifiers may form one bacterial
group. For the degradation of muitiple organic compounds,
the mass balance for the £*® microbial population is:
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where X /8t is the uptake rate by degradation of the nth
organic compound and Vdecy, is the decay rate for the k8
population. The rate of change of the k** population during

degradation of the n** organic compound is assumed to be
meadelled by [Kindred and Celia, 1989}
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where ui'2* is the maximum uptake of the &% popula-

tiont during degradation of the n*® organic compound and A
{0 < A < 1} is a factor accounting for diffusional transport
of organic compounds, electron acceptors and nutrients into
the immobile biofilm. ), T, and O, are the concen-
wations of the n*" organic compound, the electron accep-
tor used by the k** population and any nutrient potentially
limiting growth, respectively. [, {0 < I, < 1) is anin-
hibition factor which depends on the presence of inhibiting
substances, K, K., and K, are haif saturation constants
for the n** organic compound, the electron acceptor used
by the k** poputation and nutrients, repectively. Te account
for a potential diffusional limitation of microbial growth,
the concept of an effectiveness factor
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is included in (8), where 40 mee 1S 2 maximum capacity
and Xy, the total bacterial concentration of all 1,0, popu-
lations is given by:
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For small biomass concentrations corresponding to a thin
biofilm with little or no diffusional limitation of microbial
activity, A has no limiting effect, however, for a biomass
concentration approaching the maximum capacity, A ap-
proaches 0, as does microbial growth. Criginally the con-
cept was proposed for a single microbial population by
Atkinson and Davies [1974] and applied more recently by
Zysset et al. 11994].

The degradation of the organic compounds and micro-
hial growth are linked via their stoichiometry, thus the
sourcef/sink Ry, for the n'® organic compound can be de-
rived from:
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2.4 Dissolution of Residual Organic Compounds

Inatypical scenario of a contamination by petrolewm hydro-
carbons, e.g., via a leaking underground storage tank, free
product 5uch as gasoline migrates downwards through the
unsaturated zone untii it reaches the capillary zone. There,
the mohility of the hydrocarbons decreases as water satura-
tion increases and accumuiation takes place above the wa-
tertable. Watertable fluctuations cause a vertical smearing
of the free product, thus increasing the contact zone be-
tween free product and groundwater. In this zone dissolu-
tion of NAPL compounds acts as a continuous contamina-
tion source for the groundwater. For simplicity, the NAPL
pool in our model is assumed to be immobiie and mass
losses other than by dissolution {e.g., by vaporisation), are
negiected.

For the g, organic compounds, non-equilibrium mass
sransfer R, from a NAPL pool may be expressed as:
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where w; is a rate-transfer coefficient approaching infinity
for equilibrium dissolution, C; is the agueous species con-
centration of the 4% organic cempound and Clay e 1S the
multi-component solubility of the itf organic compound.
The muiti-component solubility is caleulated according to
Rooult's law:
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where C%_, is the single-species solubility, 7 is the activity
coefficient of the 11* organic compound and m; is the mole
fraction of the i" organic compound. The mole fraction is
defined as:

Tig

(14)
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where 71; is the molar concentration of compound i in the
NAPL phase and 74, is the total molar concentration of all
organic compounds ia the NAPL phase.

2.5 Solution algorithm

A one-dimensiona! finite-difference transport simulator
with central weighting in space and time was used io solve
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physical transport as defined in (1}. For coupling of the
transport model with the other modules, two different solu-
tion schemes, a sequential and an iterative operator-splitting
method, were implemented. Both algorithms are based on
the ones proposed by Walter et al. [1994a] for pure equilib-
rium problems. Subsequently, we describe only the iterative
mode, which is the more accurate solution. However, for
probiems in two and three spatial dimensions, the sequen-
tial solufion becomes more attractive due to is significantly
higher computational efficiency.

In the iterative mode, at a time level " an initial guess
for R, is made and the transport equation including the
sourcefsink term R, is solved, leading to estimates of aque-
ous concentrations for the next time level #**+%. The iter-
ation scheme improves these estimates, In the subsequent
step, flgey and Ry, are determined, using concentrations
centrally weighted in time. In the case of aqueous compo-
nent concentrations €™ and £+ are concentrations from
before and after the transport step, respectively, For other
concentrations at t"*1, such as concentrations of residual
NAPL or mineral concentration, estimated values are used
in the first iteration, i.e., using:

-1 __
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Finaily, Ri‘f;‘f” is determined, also using time-centred con-
centrations. The concentrations {aquecus, mineral, micro-
bial, NAPL) for "1 derived in the previous steps provide
row improved estimates of C™*} for the next iteration cy-
cle. The iteration is carried out until for all aqueous compo-
nents the soarcefsink terms . being used in the transport
step are close to the sourcefsink term derived from the sub-
sequent reaction steps.

3. MODEL EVALUATION

In general, verification of reactive transport models by com-
parison with analytical solutions is limited to a few simple
cases. For more complex problems, the comparison of indi-
vidual modules with independently developed models offers
an important method of model testing. For our model, key
issues are the correct coupling between transport and reac-
tion and the appropriate simulation of the redox-state. We
have tested our model for a one-dimensional redox problem
presented by Walter et al. [ 1994a], involving the geochemi-
cal processes occuring when acidic mine tailings leach into
an anaerobic carbonate aguifer. The LEA is made for all re-
actions. In the test problem, an acidic inflow solution leads
to the formation of multipie dissolution/precipitation fronts
with calcite being the first pH -buffering mineral to be re-
moved completely, followed by siderite and finally gibb-
site. The pE of the solution is completely controlled by
the redox-couple Fe(I1}/ Fe{lII} with the Fe(lI) solo-
bility being controlled by the pH. The simulation includes
14 agueous components {12 of which are transported), 54
aquepus species and six minerais. The initial concentra-
tions for the aquecus components and minerals as well as
the inflow concentrations are shown im Table 1. Figure
I shows a comparison between our model and the finite-
element modet MINTRAN [Walter et al., 1994a] for con-
centrations of selected components and minerals after 6,
12 and 24 days, derived from simulations in sequential



Table 1: Aqueous and mineral concentrations used in the
mine tailing and the biodegradation simulations.

Agueous Chackar. Cinflow Crackgs.
component? Cinsiow
Eval. case | Evel. case | BTEX case
[moles/l] | [moles/l] [moles/l]
pH 6.96 3.99 7.68
pk 1.67 7.69 12.85
o - - 2.47E-04
N(b) - “ 5.008-04
N(3) - - {.52E-16
N - - 1.25E-15
N{-3} - - 0.0
C{4) 3.94E-03 4.92E-04 1.B3E-G3
Si8) 7.48E-03 5.008-02 1.40E-03
S(-2} - - 0.0
Fe(d) 5.39E-03 3.06E-02 2.57E-24
Fe(3) 2.32E-08 L 99E-07 338E-14
Mn{2) 4. 73E-08 9.83E-06 -
Ca 6.92E-03 1.OBE-02 1.73E-03
My 1.96E03 9.695-04 F.O3E-03
Na 1.30E-03 {.39E-03 7.25E-03
K £.65E-05 7.93E-04 1.26E-04
Cl 1.03E.03 1L19E-04 7.81E-03
Al 1.27E-07 4.30B-03 -
S 1. 94E-03 2.08E-03 -
Mineral
Calcite 1.956-02 - 5.00E-03
Goethite - - LITE-02
Siderite 4.322E-03 - 0.0
Pyrite - - 0.0
Gibhsite 251803 - -
Fe{OH}3(a) 1.86E-03 - -
Gypsumn 0.0 - -
Si02{a) 4.07E-01 - .
NAPL
Benzene - - 1.90E-01
Toluene - - 5.21E-01
Ethylbenz, - - 229E-01
Nylenes - - 4.54E-01
Propylh. - - 7.80E-02
T'rim.pent. - - 1.34E401

YWalues in parentheses indicate valence

operator-splitting mode. The models compare very weil,
The remaining differences are most likely due to smal] dif-
ferences in the databases of the geochemical equilibrium
models used.

4, SIMULATION EXAMPLE

A one-dimensional simulation was carried out to illustrate
uil the processes simulated in the model. The scenario cho-
senn demonstrates how the degradation of organic contam-
inants changes successively the inorganic geochemistry of
an originally uncontaminated aquifer system. We assume
an idealised aquifer of length { = 80 m, being contaminated
with residual NAPL between z = b m and r = 9 m from
the influent end. Benzene, toluene, ethylbenzene, xylenes,
propytbenzene and trimethylpentane are assumed to be the
constituents of the NAPL mixture, defining the contami-
nation source. The initial groundwater is assumed to be
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aerobic and sulphate-rich and to be in equilibrium with re-
spect to calcite and goethite. The infiuent concentration at
z = 0 is the same as the initial groundwater composition.
The aqueous component, minerais and N APL's included
in the simulation and their concentrations are shown in Ta-
ble 1, the transport parameters are shown in Table 2. Fig-
ure 2 shows concentration profiles of selected organic and
inorganic compounds at three different times (¢ = 18,80
and 240 days) after the start of the simulation. Initially
(¢ = 0}, no dissolved organic compounds are present in the
aquifer. As groundwater passes the contaminated zone, the
constituents of the NAPL phase are dissolved. For the mass
transfer coefficient and pore velocity chosen in this sims-
lation, the dissclution becomes rate-limited as indicated in
Figure 2 by sieadily increasing concentrations within the
fringes of the contamination source. The concentrations of
disselved benzene and toluene become significantdy higher
than concentrations of other organic compounds.

Table 2: Transpori parameters used in the mine tailing and
the biodegradation simulations.

{ Transp. parameter | Fval. case | BTEX case
Grid spacing [m) 0.03 1.0
Model length fm] .40 80.0

Pore velocity [m/d] 0.02 .25
Porosity 0.35 0.30
Disp. coef. [m*/d] 0.0001 0.20
Grid Péclet number 1.0 1.25
Courant number 0.5 0.125

The presence of organic substrates and oxyzen as the
most energetically favourable eleciron acceptor allows rapid
growth of facultative aerobic/denitrifying bacteria near the
contamination source (see Figure 2, ¢ = 18 days). In the
zone of aerobic degradation, calcite dissolves and buffers
the pH which is thus hardly changed. After 8 days, oxy-
gen is depleted near the contamination source, resultingina
switch to the reduction of NV {5}, As we assume that faculta-
tive degraders can use a secondary electron acceptor without
any lag-period, N{5} is depleted soon after oxygen near the
source. In this zone, the concentration of sulphate-reducing
bacteria increases, as their growth is no tonger inhibited by
the presence of (J(2) and N{5). The depletion of N (5) is
accompanied by a massive drop in the pE of the solution,
The plots in Figure 2 for ¢ = |8 days show the beginning
of this transition stage from denitrifying to predominantly
sulphate-reducing activity at the contamination source. The
sulphate reduction is accompanied by sulphide production.
However, the presence of goethite in the mineral assem-
blage leads to a nonenzymatic formation of pyrite, being
a sink for the sulphides in the agueous solution.

The plots in Figure 2 for i = 80 days show that the suiphate-
reducing zone is confined between the contamination source
and the moving front of the contamination plume, where
aerobic and N{5)-reducing degradation still prevails. The
pH in the sulphate-reducing zone is again buffered by the
carbonate system. However, here the aqueous solution gets
oversaturated with respect to calcite which precipitates after
equilibration, as can be seen in Figure 2.

Ataround ¢ = 240 days, the non-degraded fraction of or-
ganic compounds reaches the model boundary. The profiles
of agueous components and of the microbial concentrations
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Figure 1: Selected aqueous component and mineral concentrations for our model (solid lines) and MINTRAN (...} at t= 6,12
and 24 days.

evolve towards a quasi steady state and change only stowly
which, in our simulation, shows a considerable mineratisa-
tion of wluene, a complete mineralisation of ethylbenzene
and xyienes, and a slow degradation of benzene within the
anaerobic zone of the model aquifer.

5. CONCLUSIONSE

A framework for the simulation of the physical and bio-
chemical processes occuring in an aquifer contaminated
with petroleum hydrocarbons is presented. An application
to an iHlustrative one-dimensional contamination scenario
demonstrates the model’s ability to handle these complex
interactions. A complete mole-balance for all chemicai el-
ements is achieved as all elements are distributed within ei-
ther agueous, gas, mineral or biophase.

The nuamerical solution of the model is based on an
operator-splitting tachnique allowing a flexible, modular
structure. Thus, it is possible 1o integrate easily an exist-
ing computationa! too! to solve the geochemical equilibrium
part and provide an opportunity to cope with realistic three-
dimensional field-problems by only replacing the transport
mode] used in this study.
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