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Abstract 

Recently Rice University and Pacific Northwest Laboratory (PNL) have 
begun a collaborative research effort that involves laboratory, field, and 
simulation work directed toward validating remediation strategies, including 
both natural and in situ bioremediation at U. S. Department of Energy 
(DOE) sites such as Hanford. Because of chemical, biological, geologic 
and physical complexities of modeling these DOE sites, one of the major 
simulation goals of the project is to formulate and implement accurate and 
efficient (parallel) algorithms for modeling multiphase/multicomponent flow 
and reactive transport. 

In this paper we first describe the physical problem that needs to be 
modeled. Because of the emergence of concurrent supercomputing, we pro
pose accurate numerical algorithms that are based on operator-splitting in 
time and domain decomposition iterative techniques. In particular, three 
characteristic finite element methods and two operator-splitting algorithms 
are described for advection-diffusion-reaction problems. Three-dimensional 
bioremediation modeling results in a heterogeneous saturated porous media 
are presented. 

1. Introduction 

The Hanford Site, see Figure 1 for location, occupies approximately 
560 square miles of semiarid terrain selected in 1943 for producing nuclear 
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materials (primarily plutonium) in support of the United States' World War 
II efforts. In subsequent years, the mission of the Hanford Site has expanded 
to encompass diverse research efforts including the creation of the multi
program national laboratory, Pacific Northwest Laboratory (PNL). Today, 
plutonium production has ceased, and the primary mission has shifted to 
environmental restoration of the Hanford Site and other Department of 
Energy (DOE) sites. 

Chemical processes employed to recover and purify plutonium produced 
a waste stream containing actinide compounds as well as typical aqueous 
and organic liquid industrial wastes. The primary organic contaminant, 
carbon tetrachloride (CCl4), totaled 637 to 1200 t discharged [1]. Current 
DOE policy prohibits the disposal of contaminated liquids directly to the 
environment, but past practices included routine disposal in subsurface dis
posal facilities. Both soils and groundwater have been contaminated; Figure 
2 shows CCl4 contamination in the 200 West Area groundwater [2]. Figure 
3 shows possible disposition of CCl4 in the subsurface. It has been detected 
in the vapor phase in the vadose zone, which is the target of an Expedited 
Response Action [3]. Significant amounts may also exist in the liquid phase 
either as isolated droplets in the soil or aquifer or as a continuous flow
ing phase. Liquid CCl4 is denser than water and CCl4-enriched vapor is 
denser than air, so CCl4 tends to sink deeper into the subsurface environ
ment. DOE laboratories, universities and industry are participating in the 
VOC-Arid Integrated Demonstration Program targeted at the acquisition, 
development, demonstration and deployment of technologies for evaluation 
and cleanup of volatile organic and associated contaminants in soils and 
ground waters. 

In situ bioremediation is one technology that is being developed at Han
ford to meet the need for cost effective methods to clean up groundwater 
contaminated with CCl4, nitrate, and other organic and inorganic com
pounds. The current understanding of microbial degradation of CCl4 is in
complete; however, encouraging results have been obtained by researchers. 
Several different bacterial strains have been shown to degrade CCl4, largely 
under anaerobic conditions. Bouwer and McCarthy observed cultures of 
sewage-treatment bacteria biodegrade CCl4 to CO2 and other metabolites 
under methanogenic [4] and denitrifying [5] conditions. Semprini et al. 
[6] speculated that sulfate reducing bacteria were responsible for the CCl4 
degradation that they observed during a field test of in situ bioremediation. 
Hansen [7] and Criddle et al. [8] describe isolates capable of degrading 
CCl4 with acetate as the electron donor and nitrate as the terminal elec
tron acceptor. At Hanford 200 West Area, biodegradation of CCl4 under 
denitrifying conditions is of particular interest because co-contamination of 
nitrates is present in the unconfined aquifer [9]. 

The biodegradation of carbon tetrachloride is complex, and it can in-
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volve intermediate metabolites and sensitivity to environmental conditions, 
et cetera. In this paper, we describe the three-dimensional simulation ca
pability that we have used to approach this problem. In this paper we 
use simpler Monod kinetics. Currently experiments are underway to fully 
develop the CCl4 model described in [9]. 

In this paper we will emphasize modeling of the fl.ow and transport in 
the saturated zone. Extensions to multicomponent multiphase models in 
the unsaturated region are presently being considered but because of page 
limitations will not be discussed in this paper. 

The outline of this paper is as follows. In §2 we describe the governing 
fl.ow and transport equations with biodegradation in a saturated porous 
medium. For simplicity, we assume linear sorption and aerobic conditions. 
More general conditions such as the Michaelis-Mention kinetics can also be 
treated with the numerical techniques in this paper. 

In §3, three different characteristic finite element methods are described 
for an advection-diffusion equation. The first is a Galerkin-characteristic 
procedure that has been employed with success for many years. It is fre
quently referred to as the Modified Method of Characteristics (MMOC) or 
Euler-Lagranian Finite Element Method. The remaining two procedures 
are based on mixed finite element methods, and were recently formulated 
by Todd Arbogast and one of the authors [10]. As in the MMOC method, 
a directional derivative is used to approximate the hyperbolic part of the 
equation. Instead of applying a Galerkin procedure, we employ a mixed 
finite element method . Numerical results for the mixed characteristic pro
cedure are discussed in [11] for contaminant transport and unstable miscible 
displacement. 

In §4, we discuss two time-splitting methods for handling advection
diffusion-reaction problems. In the first approach, the advection-diffusion 
equations are treated by the MMOC and subsequently, reactions are com
puted using many small time steps. Theoretical error estimates for this 
algorithm as well as application to modeling contaminant transport and 
biodegradation in two and three spatial dimensions can be found in [12], 
[13,] [14], [15], [16], [17]. 

We also describe a new time-splitting in which the reactions are com
puted along the characteristics. This procedure was recently formulated 
and analyzed by Dawson and one of the authors [18]. It is felt that this 
procedure will prove to be superior to the first in that "reactions move with 
the fl.ow." 

In §5, some three dimensional bioremediation modeling results are de
scribed. Conclusions and current directions on parallel implementation are 
presented in §6. 
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2. Contaminant Transport with Biodegradation 

The governing equations of flow and transport with biodegradation in a 
saturated porous medium are described by a coupled nonlinear advection
diffusion-reaction system consisting of m 11 electron donors (substrates), mn 
electron acceptors or nutrients and a system of mx ordinary differential 
equations involving microbial mass. The flow is given by Darcy's Law and 
the continuity equation. Transport of microbes can also be treated if one 
assumes a system of advection-diffusion-reaction equations rather than a 
system of ordinary differential equations. These equations can be written 
as: 

Electron Donor (Substrate) 

oS· 
</>Rs, at' - V · (DV Si - uSi) = <l>Xs;, i = 1, ... , m.,, (1) 

Electron Acceptor 

oN· 
</> a/ - V · (DV Ni)= <i>XN;, i = 1, ... , mn, (2) 

Microbial Mass 
dXi </>dt = ¢Xx;, i = 1, ... ,mx, (3) 

Darcy's Law and Continuity 

u = -KV h and V · u = 0 . (4) 

Here D = D( h) is a hydrodynamic diffusion/ dispersion tensor; <p is 
porosity, and R is a retardation factor for substrate i due to adsorption, 
the x are kinetic terms which account for biodegradation of contaminants, 
utilization of nutrients, and growth and decay of microorganisms. The 
number for specific metabolic pathways or chemical reactions is arbitrary. 
Appropriate source and sink terms (production and injection wells) can also 
be added to the system. 

To approximate the solution of (4), we use mixed finite element methods 
to calculate the flow field. By suitable choice of basis functions for these 
methods, the same order of accuracy can be obtained for both the head ( or 
pressure) and the Darcy flux. In addition, conservation of mass can be sat
isfied cell by cell, unlike Galerkin methods which are globally conservative. 
Efficient parallel algorithms based on combining domain decomposition and 
multigrid have been formulated and implemented on the INTEL RX by one 
of the authors and a graduate student, Lawrence Cowsar. Their numerical 
experiments exhibit superlinear scaleup using 128 processors. The reader is 
referred to [19], [20] for more details. 
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Time-splitting is employed to treat the nonlinear system (1)-(3). Two 
schemes are described in §4. In the first, the biodegradation terms are split 
from the transport and treated as a system of ordinary differential equations. 
In the second, the various substrate and electron acceptor equations are 
decoupled by time-stepping along the appropriate characteristic. 

3. Characteristic-Finite Element Methods 

Let J = (0, T] and an = r 1 Ur 2 be the boundary of n. We assume that 
u · v 2: 0 on r 1 ( outflow or no flow boundary) and u · v < 0 on r 2 (inflow 
boundary). Here v is the outward normal on an. 

We consider three different characteristic finite element methods for ap
proximating the advection-diffusion equation 

fJc 
¢> fJt + u . v c - v . nv c = q , ( x, t) E n x J , ( s) 

c( X, 0) = Co ( X) , X E n , ( 6) 

DVc· v = 0, (x,t) E f 1 x J, (7a) 

-DVc·v+uc·v=uc·v, (x,t)Ef2 xJ (76) 

where c(x, t) is given on f 1 x J. 

We write 
fJc 

¢> fJr + u · Ve 

as a directional derivative. Let T denote the unit vector in the direction 
(u, ¢>)inn x J and set l/; = Jiul2 + ¢2 . Then one obtains 

fJc . 
lpfJT-V•DVc=q m n. 

We shall employ the following notation. Let tlt = T / N for some positive 
integer N, tn = ntlt, n = 0,1,2, ... N and fn = J(tn). Let (¢,l/;) = 
In¢( x )l/;( x )dx and ( ¢, l/; )r = Ir¢( x )l/;( x )ds. 

We set 
. utlt 
x=x---

¢> 

and 

( 
utlt) c(x) = c x -T 

Then 
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We first define the Galerkin characteristic or MMOC procedure. Let 
Mh denote a finite dimensional subspace of H 1(0) consisting of piecewise 
polynomials of degree ~ k on a quasi-uniform mesh of diameter ~ h. 

The MMOC procedure is defined by a collection of maps C : { t0, t 1
, ... tN} --+ 

Mh satisfying 

(8) 

For analysis of the MMOC procedure and application to problems in 
porous media, the reader is referred to [21], [22], [23], [24], [25], [26]. These 
mentioned results show that if D is uniformly positive definite then 

m~ 11c· - c"IIL'(O) ~ C ( t.t (f 11c,,11~'(0)) l + h0
) (9) 

where /3 = k + 1. For D ~ 0, /3 = k. 

Though the above method allows the use of large time-steps and large 
Peclet numbers, the major drawback of the scheme is its nonconservative 
nature and the cost of tracing the characteristics from many points. 

Recently Arbogast and Wheeler (10], (27] defined and analyzed two con
servative characteristic-mixed methods. In addition, maximum principles 
can be established for these approximations if one incorporates slope lim
iting in the procedure. The latter does not change the mass in each cell. 
This is an important property for treating nonlinear sorption and reaction 
kinetics. 

For simplicity we shall assume O is a rectangular parallel piped in IR-3. 
Before defining these methods, we establish the following notation. Let W = 
L2(0) and H(O; div) denote the set of square integrable vector functions on 
n which have a divergence that is also square integrable. Let yo = { v E 
H(O, div) : v · v = 0 on r i}. Assume Dis uniformly positive definite. 

We set z = -D'v c and observe that ( 5 )-(7) satisfies 

( 4> :: + u · 'vc, w) + (V · z, w) = (q, w), w E W, 

( 
I Z•l/ 0 n- z, v) - (c, 'v 'v) = (c- -- , V' v)r2, VE y , 

u. 1/ 

(10) 

(11) 

For spatial discretization, we have used the lowest order Raviart-Thomas 
[27] spaces. Let 7ii denote a rectangular grid over 0. Here Wh C W is the 
set of discontinuous functions that are constant in each cell. Let Y h C Y 0 

equal the set of vectors v = ( v1, v2, v 3 ) such that Vi is continuous, piecewise 
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linear over the grid in the ith direction and discontinuous, piecewise constant 
over the grid in the other two directions. 

The first mixed-characteristic formulation is defined as follows: Let e x 
Z : { t0, t1, ... tN} -t Wh X V~ satisfy 

( 

en-cn-l ) ( zn+zn,CI' ) ((qn+qn,a ) 
<I> i:lt 'w + v' . 2 'w = 2 'w ' 

w E Wh, (12) 

zn,v 
(n-1zn,v)-(en, v' ·v) = (c- -- ,v. v)r2' VE v~' (13) 

U•V 

cn-1 = P(en-1,zn-1) (14) 

where a = 0, l and 
zn,O 

zn,1 

zn 

- x--- t Z ( 
ui:lt n-1) 

<I> ' 

The post-processing operator pis defined asp : w XV -t wh for (w, v) E 
w X V by P(w, v) = w E wh where over the grid cell R 

(<f>(w-w),w)R - 0, 

(Dv'w + v, v'w)n - 0, 

(15) 
(16) 

The notation ( ·, · )R means the integration is restricted to R. Note w = l 
gives material balance. 

Arbogast and one of the authors [10] have shown that under reasonable 
hypotheses and for h and i:lt sufficiently small that maxn II en - en 11 :::; 

e ( h ½ + i:lt) if o: = 0 and Wh consists of discontinuous piecewise linears. 
If wh is replaced by piecewise quadratics, then h ½ can be replaced by ht. 
Preliminary results indicate that for a = l one obtains second order both 
in time and space procedures. 

The second mixed procedure involves modifying the definition of zn. In 
this scheme, no inversion of the tensor D is required. We let zn ~ - v' en and 
reformulate (10) and (11) as ex Z: {t0,t1,···tN}-+ Wh x V~ satisfying 

( 
en_ cn-1 ) 

<I> i:lt 'w ( 
zn + zn,CI' ) ( qn + qn,CI' ) 

+ y'. z ,w = 2 ,w ' 

wE wh, 

(zn, v) - (Cn, y' 'v) = (c- zn • V, V" v)r2, VE Vh0 , 

(DZ\v)-(Zn,v) = 0, 
cn-1 = P( en-1, zn-1) . 

U•V 
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Results can be derived for the second mixed-characteristic procedure in 
a similar manner as described for the first. Arbogast, Dawson and one of 
the authors have also shown that one obtains an estimate of O(~t) + O(h) 
if D 2:: 0 [28]. 

The two mentioned mixed-characteristic methods have been implemented 
in three spatial dimensions for contaminant transport and unstable miscible 
displacement. These methods require fewer traceback points. 

4. Time-splitting Procedures 

We now consider the system 

8c 
<1> at + u . v c - v . nv c = n( c) , ( x, t) E n x J . 

In the first time-splitting procedure, the transport is solved by a character
istic finite element method. Reactions are treated as a system of ordinary 
differential equations and integrated in time using small explicit time steps. 
That is to say one solves 

Analysis of this procedure, where the transport is treated by a modified 
method of characteristics, can be found in [12], [18]. Computer simulations 
based on this formulation are discussed in §5. 

A second approach is to "advect and react" along the characteristic 
direction , . That is to say one solves 

and 

This second procedure was formulated and analyzed in [18]. It is felt that, 
for problems with small diffusion, this second approach should give a more 
accurate representation of the physics of the problem since the reactions 
move with the flow. The coupling of mixed-characteristics algorithms and 
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the second time splitting procedure into a practical method is currently 
under development [29]. 

5. Numerical Results for MMOC with the First 
Time-splitting Approach 

In this section, we present some three dimensional results for a three
component system. We first describe the physical problem considered. Let 
S denote the concentration of contaminant, 0 the concentration of dis
solved oxygen, and M the concentration of microorganisms. We will as
sume for now that, microorganisms are immobile and that biodegradation 
is described by the Monod kinetic equations. Thus, the system of equations 
to be solved is 

and 

where 

and 

8S 
</>R18t-v'·D(u)v'S+u-v'S = </>R1R1(S,0,M), (21) 

80 
<I> at - v' · D( u )v'0 + u · v'0 - </>R2 (S, 0, M) , (22) 

fJM 
m=R3(S,0,M), (23) 

R1(S,0,M) -M · k • (Ks~ s) · (Ko~ o) (24) 

R 2 (S, 0, M) - -M · k · f · (KsS+ s) · (Koo+ 0 ) (25) 

R3(S,O,M)=M·k·Y·( S )·( O )-b·M. (26) 
Ks+S Ko+0 

In these equations, k is the maximum substrate utilization rate per unit 
mass of microorganisms, Y is the microbial yield coefficient, Ks is the sub
strate half saturation constant, Ko is the oxygen half saturation constant, 
b is the microbial decay rate and f is the ratio of oxygen to substrate con
sumed. Details regarding kinetic systems such as (24)-(26) can be found in 
[13], [14], [15], [16], [17], [30], [31], [32], [33], [34]. 

The domain n was taken to be the unit cube. A unit flow rate was 
imposed along the primary flow direction and noflow boundary conditions 
were used on the lateral faces. An isotropic heterogeneous permeability field 
and Darcy's Law was used to obtain the velocities. The permeability K in 
( 4) was initially defined randomly and then filtered until a correlation length 
of two to three grid blocks was achieved on a 33 x 33 x 33 grid. The advection
dispersion-reaction equation for O was solved with zero dispersive fluxes on 
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the lateral and exit faces. A mixed boundary condition was imposed at the 
inlet. Zero diffusive flux boundary conditions were assumed for S. 

A velocity-dependent full dispersion tensor was used. The longitudinal 
Peclet number was 300 and the transverse Peclet number was 3000. The 
rate constant for the growth of microbes was such that the reactions were 
1326 times faster than transport. The decay of microbes was only six times 
faster. The dimensionless half-saturation constant for the hydrocarbon was 
0.0217. For oxygen, it was 0.0021. The microbial yield coefficient used was 
0.5. 

The pressure and velocity ( h, u) was approximated using a mixed fi
nite element method with the lowest order Raviart Thomas approximating 
space. A 33 x 33 x 33 grid was used. 

For modeling (21 )-(26), a MMOC with the first time-splitting procedure 
was employed. Continuous trilinear bases with a grid of 66 x 33 x 33 and a 
time step of .01 PVI were used. 

Figures 4 and 5 are examples of the substrate and microbe approximat
ing solutions at t = .5 PVI. These numerical examples clearly show the 
effects of heterogeneous I< and biodegradation on substrate concentration 
profiles. These results indicate that accurate three dimensional modeling is 
essential to the understanding of complex geochemistry and kinetics. 

6. Conclusions and Current Work 

Characteristic finite element methods coupled with time splitting have 
been described for modeling non-linear coupled advection-diffusion-reaction 
systems. These procedures have been analyzed and optimal rates of con
vergence established for sufficiently smooth problems. 

Conservative mixed finite element formulations have been introduced. 
In addition, maximum principles can be established for these methods if 
slope-limiting is incorporated into the scheme. 

Two time-splitting methods have been discussed. The second method 
involves time-stepping along the characteristics for treating reactions. 

Results for a three-dimensional biodegradation model have been pre
sented. The second procedure discussed in the paper is presently being 
implemented for testing in three dimensions. Experiments indicate the im
portance of employing accurate and three-dimensional models. 

Current work includes development of codes on parallel supercomput
ers such as INTEL 860 and Delta and Thinking Machines' CM-5. Domain 
decomposition algorithms are being implemented for solving the symmet
ric linear systems arising from the characteristic/time-splitting procedures. 
Additional work involves analyzing laboratory experiments and evaluating 
field characterization tests and history matching. The ultimate goal in this 
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research is the design and evaluation of field remediation demonstrations. 
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Fig. 2 CC/4 Contaminant Plume 
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Fig. -l I ontaminant Concentration Profile at 0.5 P\'I 

Fig. 5 :\Iicrobial Population at 0.5 PVI 
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