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Abstract

This paper addresses impacts of aquifer heterogeneity and reaction mechanism uncertainty on
Ž .permeable reactive barrier PRB performance and describes modeling tools and preliminary

guidelines for risk-based design of reactive barriers at heterogeneous sites. A braided stream
aquifer was generated stochastically, using a fixed correlation structure and four levels of
variability in the hydraulic conductivity field. A vertical, homogeneous barrier was placed in the
aquifer. Based on a deterministic design, the size of the PRB for uniform conditions was

Ž .considered conservative factor of safetys3.3 . Monte Carlo simulation was used to model cis
1,2-DCE reduction by iron metal with uncertainty in the reaction mechanism rate constants. These
results were combined with flow and particle tracking results to predict the spatial distribution and
flow-averaged concentrations of cis 1,2-DCE and vinyl chloride at the exit face of the PRB.
Evaluated on a risk basis, the deterministic design method was found to be unconservative for
more heterogeneous aquifers. Uncertainty in the reaction mechanism accentuated the negative
effects of aquifer heterogeneity. Several compensating factors that may reduce the vulnerability of
reactive barriers to aquifer heterogeneity are discussed. q 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Reactive barriers serve as a containment technology. As contaminated groundwater
flows off site, contaminants may be reduced by barrier media to concentrations below

Ž . w xtarget values, which often are set at the maximum contaminant level MCL 1–4 .
Groundwater velocity, barrier reactivity, and contaminant concentration among other
factors affect the required size of a barrier. The groundwater velocity may be determined
from hydrogeologic data and groundwater modeling, and the reactivity of the barrier

w xmedia may be determined from laboratory and pilot column tests 5 .
This paper presents an uncertainty-based technique for flow and reaction modeling of

reactive barriers. The level of sophistication of existing models is adequate for prelimi-
nary design and assessment. However, often there is significant uncertainty in the
parameters for the reaction mechanism and flow models. Also, the level of aquifer
characterization and requirements of the design vary from site to site, and both spatial
and temporal uncertainty exist in contaminant concentrations and barrier reactivity. The
design problem amidst these uncertainties is difficult to solve, especially with existing
models. However, the main question for many sites is the same: what level of quality
assurance is obtained given the level of uncertainty and expected variability in hydroge-
ology and the reaction mechanism?

The goal of this paper is to discuss how spatial variability in aquifer hydraulic
conductivity and uncertainty in the reaction mechanism rate constants can affect the
performance of reactive barriers. This goal is met through flow and reaction rate
modeling. Reactive barrier design also involves many other issues, such as optimal
placement of the barrier, emplacement techniques, monitoring strategies, cost considera-

w xtions, and aging issues 5 . Heterogeneity caused by these factors may lead to preferen-
tial flow and variable reactivity within the barrier. Although these factors are believed to
affect barrier design, they are not included in this paper. The combined impact of
heterogeneity in the aquifer and barrier is currently being studied by the authors and will
likely be a topic for further research.

2. Background

2.1. Steady-state solutions, first-order transformations

w xvan Genuchten 6 presented the steady-state solution for the ratio of effluent and
influent concentrations, C and C , respectively, with first-order degradation andss in

one-dimensional flow as:

C Õyu WŽ .ss
sexp , 1Ž .ž /C 2 Din

Ž .where Õ is the interstitial groundwater velocity i.e., seepage velocity , W is the barrier
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Ž .width in the direction of flow , and D is the effective dispersion coefficient. The
variable u is defined as:

1q4kD
usÕ , 2Ž .( 2Õ

where k is the first-order rate constant. If dispersion is ignored, the plug-flow approxi-
mation is obtained:

C ykWss
fexp . 3Ž .ž /C Õin

For transport dominated by advection, the conversion predicted by the plug-flow
w xapproximation will coincide with that predicted when dispersion is considered 3 .

Ž .The design task is to determine a barrier width W that achieves a targeted amount
of conversion for the expected groundwater velocity and reaction rate constant. If

Ž .plug-flow is assumed, the predicted barrier width W is:PFR

Õ Css
W sy ln . 4Ž .PFR ž /k Cin

Ž .For 1000-fold conversion, a reaction rate constant of 8.3rday 2.0 h half-life , and
groundwater velocity of 0.50 mrday, W is 0.42 m, the design barrier width, W , is:PFR d

W sW CF FS , 5Ž .d PFR D W

where FS is the factor of safety for barrier width and CF is a dispersion correctionW D
w xfactor 2 :

l
CF s . 6Ž .D '1y2ly1

The parameter l is a nondimensional number equal to 2 DkrÕ2. The dispersion
Ž . Žcorrection factor CF generally ranges from 1.0 low dispersion to 2.0 high dispersionD

.and high reaction rate constant .
Ž . Ž .Selecting the barrier width using Eqs. 1 – 6 assumes that flow and reaction rates

are uniform temporally and spatially. This is uncommon in most aquifers. The factor of
safety for barrier width accounts for uncertainty in the rate constant, groundwater
velocity, and other design parameters. Contours of FS , obtained via Monte CarloW

w xsimulation by Eykholt 7 , are shown in Fig. 1. These factors of safety correspond to a
5% probability that effluent concentrations will exceed target concentrations. If WPFR

and CF are based on mean values for k, Õ, D, and C , FS range from 2.0 to 5.5 orD in W
w x w xhigher 7 . However, it is unclear whether the FS reported by Eykholt 7 areW

appropriate for three-dimensional flow systems.
Required barrier widths for a wide range of chlorinated aliphatic compounds and

w xFS s1 were presented by Tratnyek et al. 2 . Preliminary design curves for barrierW
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Ž .Fig. 1. Factors of safety for barrier width FS obtained from Monte Carlo simulation. Model assumesW

1000-fold reduction in reactive barrier, 5% probability of failure that effluent concentration exceeds the target
concentration, normal variation in rate constant, log-normal variation in the velocity, and log-normal variation

w xin the input concentration with relative standard deviation of 10% 7 .

width were based on best estimates of first-order rate constants normalized to iron
Ž .surface area k . A convenient scaling relationship was also discussed:SA

m2

1.0 log C rCŽ .in ssmlW s W , 7Ž .PFR refž /r 3.0a� 0
where W is the reference width calculated using a specific surface area r of 1.0ref a

2 Ž .m rml and 1000-fold conversion. The design widths can be estimated using Eq. 5 .
Ž . Ž .An important limitation of Eqs. 1 – 7 is that intermediate species are either ignored

or assumed to be inconsequential. For instance, the production and depletion of vinyl
Ž .chloride is not considered when evaluating the degradation of trichloroethylene TCE ,

Ž . Ž .tetrachloroethylene PCE , or dichloroethylene DCE isomers. In addition, the rate
constants are not corrected for temperature, flow rate, aging, or other conditions that

w xmay vary between the laboratory and field 5,8 .

2.2. First-order reaction networks

w xRoberts et al. 9 discussed a 10-member reaction network for the reductive dechlori-
nation of chlorinated ethylenes by zero-valent metals. The proposed reaction mechanism
is shown in Fig. 2. Although an irreversible first-order reaction network is assumed, a

Žquantitative description of the complete network e.g., rate constants, sorption parame-
. w xters has not yet been reported in the literature. Johnson et al. 10 have presented a

summary of lumped rate constants for a variety of compounds, but little information has
been presented on branching ratios that might describe preferential reaction pathways.
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Fig. 2. Mechanism for reductive dechlorination and elimination of chlorinated ethene system proposed by
w xRoberts et al. 9 .

Higher-order and mixed-order kinetic models may be needed to characterize the reaction
w xand sorption mechanism properly 11 .

w xEykholt 12 describes an analytical solution for networks of irreversible, first-order
reactions. Assuming that initial concentrations are known and rate constants are fixed,
the general solution follows the form of the characteristic solution:

C s D eyk i t for all values of j , 8Ž . Ž .Ýj i j
i

Ž .where C is the concentration of ‘daughter’ product or intermediate species j affectedj

by a combination of ‘parent’ or ‘ancestor’ species i, D is a coefficient matrix, k is ai j i
w xlumped, first-order rate constant, and t is time. Eykholt 12 provides examples and

extensions of the method, including zero-order sources and instantaneous, reversible
sorption. The general analytical solution for irreversible, first-order networks can be
used for reactive barrier design if plug flow is assumed.

w xTratnyek et al. 2 discuss simulation of a simplified reaction pathway for PCE to
Ž .ethene involving TCE, cis 1,2-DCE, VC, and acetylene . This analysis showed that

conservative designs are obtained when the total molar concentration of chlorinated
ethenes is assumed to be cis 1,2-DCE. No other combinations of species with the same
total molar concentration yielded higher estimates for barrier width. Incidentally, the
minimum barrier width was found when the total initial molar concentration was
assumed to be vinyl chloride.

2.3. Aquifer heterogeneity

Natural aquifers are rarely homogeneous, yet this assumption is often made to
simplify design and because data needed to characterize heterogeneity are unavailable
w x5 . One approach to characterize aquifer heterogeneity is to describe the spatial
distribution of hydraulic conductivity by a probability density function for hydraulic

Ž . w xconductivity at a point usually log-normal and an autocorrelation function 13 . The
autocorrelation function is used to describe the spatial correlation structure of the
aquifer. Stochastic simulation is used to generate random fields of hydraulic conductiv-
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ity which can be input into a groundwater flow model. Another method used is multiple
indicator geostatistics, where locations of facies are simulated first, and hydraulic

w xconductivities are assigned to each facies 14,15 . In either method, realizations define a
w xheterogeneous aquifer which can be modeled using conventional tools 5 .

3. Methods

Ž .A five-step modeling approach was used in this study Fig. 3 . In Step 1, aquifers
with heterogeneous hydraulic conductivity were generated. A homogeneous reactive
barrier was placed in the center of each aquifer and the steady-state head solution was
determined. In Step 2, fluxes entering and exiting the reactive barrier were calculated.
Transit times for particles traveling through the reactive barrier were determined in Step
3. In Step 4, Monte Carlo simulation was used to estimate concentration distributions of
cis 1,2-DCE and vinyl chloride as a function of residence time in the barrier. In Step 5,
the results of Steps 2, 3 and 4 were combined to estimate concentrations of cis 1,2-DCE
and vinyl chloride exiting the reactive barrier.

3.1. Groundwater flow modeling and particle tracking

The conceptual model for the flow modeling is a fully penetrating, reactive barrier
4.0 m long by 1.0 m wide, placed in the center of an 8.0 m wide by 8.0 m long by

Ž . w x2.8-m-thick section of an unconfined aquifer Fig. 4 . MODFLOW 16 was used to
obtain the steady-state head solution. Transit times through the reactive barrier were

w w xestimated using PATH3D , a particle tracking code 17 . The model has 14 layers, each
with 1600 cubic cells 0.2 m wide. Constant head boundaries of 10.00 and 10.08 m were
applied at the two ends, resulting in an average hydraulic gradient of 0.01-oriented
perpendicular to the reactive barrier. Zero flux boundaries were applied along the other

Ž .sides and bottom of the model Fig. 4 .

3.1.1. Aquifer simulation
The hydraulic conductivity distribution in each layer of the aquifer is a single

realization generated using the Monte Carlo method. Hydraulic conductivity was
Ž .assumed to follow a correlated, three-parameter log-normal 3PLN random field.

Realizations were generated by direct inversion of a correlated, multivariate normal
matrix. Standard normal variates were generated by the Box–Mueller method, and
Cholesky decomposition was used for the inversion.

The 3PLN distribution was selected because it provides a good fit to hydraulic
w xconductivity data for a braided stream deposit described by Webb and Anderson 18

w x Ž .and Aiken 19 . Probability density functions PDFs describing the hydraulic conductiv-
ity fields in this study are shown in Fig. 5.

Ž .The log-mean hydraulic conductivity m was y10.3, which corresponds toln K

8.4=10y5 mrs. This equals the geometric mean hydraulic conductivity for the braided
w x w x w xstream deposit reported by Webb 20 , Aiken 19 and Riemersma 21 . The log-standard

Ž . Ždeviation of hydraulic conductivity s was assigned values of 0.5 nearly homoge-ln K
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Fig. 4. Conceptual model for flow modeling and particle tracking.

. Ž . w xneous aquifer , 1.0, 1.5, and 2 moderately heterogeneous aquifer . Riemersma 21
w xreports that braided stream deposits have s between 1.2 and 3.3. Jussell et al. 22,23ln K

measured a geometric mean hydraulic conductivity of 1=10y4 mrs for heterogeneous
sandy gravel aquifers and s of 1.8.ln K

Analysis of data obtained from dense sampling and excavation mapping of coarse-
grained, alluvial deposits indicate that correlation lengths in the longitudinal and lateral

Ž . w x w xdirections l and l vary from 5 m 22,23 to 40 m 20 . In this study, correlation inx y

the horizontal plane was simulated using an exponential correlation function with lx
Ž .and l of 6 and 3 m, respectively Fig. 6 . Correlation length in the vertical directiony

Ž . w xl is typically less than 0.5 m 22,23,20 . Since the correlation length in the verticalz

Fig. 5. Correlation structure used for generating hydraulic conductivity fields.
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Fig. 6. Probability density functions for the hydraulic conductivity fields.

direction is close to the grid spacing used for the model, hydraulic conductivities
between the layers were uncorrelated.

A homogeneous reactive barrier was incorporated into the random field by replacing
the hydraulic conductivities in the central region of the aquifer with a constant hydraulic

Ž .conductivity of 0.0025 mrs Fig. 4 . This is the geometric mean hydraulic conductivity
obtained from 40 laboratory measurements on mixtures of well-graded sand and coarse

Ž .iron filings Peerless Metal Powders, q8–50 mesh . Results of these tests showed that
the hydraulic conductivity of sandriron mixtures is approximately normally distributed
with a measured coefficient of variation of 0.31. Thus, the assumption of a constant
hydraulic conductivity for the reactive barrier is reasonable.

The same sequence of uniform random numbers and correlation structure was used
for all realizations, yielding similar spatial patterns of hydraulic conductivity. This
technique was selected to distinguish differences in flow and travel time from variations

Ž .arising from dependent realizations i.e., changing s . Thus, the simulated aquifersln K

can be viewed as having different levels of variability, but structural similarity.

3.1.2. Particle tracking and residence times
The particle tracking code PATH3Dw was used to calculate travel times for 280

particles that passed through the reactive barrier. Particles were placed on a 0.2 m grid
along the up-gradient face of the barrier and tracked until they reached the downstream
Ž .10.00 m constant head boundary. The time and position of the particles exiting the
barrier were reported and used for calculating the extent of chemical reduction occurring
in the barrier. For all simulations, the product of porosity and retardation factor was
assumed equal to 0.5. This is representative of an aquifer with a porosity of 0.35 and
retardation of 1.4. In addition, the flow rate entering and exiting the barrier was
calculated for each grid element using the heads in adjacent cells. Flow rates were used
to assign a mass to each particle entering the barrier.
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3.2. Reaction mechanism modeling

There is considerable uncertainty in reaction rate constants and preferential pathways
for the reduction of chlorinated ethenes by iron metal. However, as discussed previously,
a conservative analysis can be obtained if the total molar concentration for chlorinated

w xethenes is cis 1,2-DCE 2 . A simplified reaction network for the reduction of cis
1,2-DCE and the intermediate product of vinyl chloride is shown in Fig. 7. The rate
constants are consistent with lumped, first-order decay rate constants for cis 1,2-DCE
Ž y5 2 . Ž y5 2k s4.1"1.7=10 lrm h and vinyl chloride k s5.0"1.5=10 lrm1,SA 1,SA
. w x Ž . 2h as reported by Johnson et al. 10 , a specific surface area r of 3.5 m rml, and aa

branching ratio of 0.70 for the formation of vinyl chloride. While levels of vinyl
chloride predicted from this simulated reaction network are generally 50% higher than

w xlevels observed in laboratory experiments 24,25 , other factors, such as incomplete
carbon balances and reaction orders other than one, warrant conservative predictions for
vinyl chloride formation. Assumptions regarding vinyl chloride formation are a critical

Žpart of the analysis, since vinyl chloride has a low target concentration MCLs2.0
. Ž .mgrl compared to cis 1,2-DCE 70 mgrl .

Normal distributions were assumed for first-order rate constants in the network. A
Ž .constant input concentration of 10 mM 970 mgrl of cis 1,2-DCE was assumed, and

the initial vinyl chloride concentration was assumed to be zero. Monte Carlo simulation
w xof the reaction network was based on the prior work of Eykholt 7 . For fifty times

ranging from 0 to 5.0 days, 1000 uncorrelated realizations were generated for each
network rate constant for a target mean and standard deviation. A non-negativity
constraint was placed on first-order rate constants. Molar concentrations of each network

Ž Ž . .species were determined using the analytical solution Eq. 8 Eqs. 9–11 .
Concentrations corresponding to the 0.05, 0.25, 0.50, 0.75, and 0.95 percentiles were

reported and the mean, standard deviation, skew, and kurtosis were determined. The
Ž .concentration distributions had high negative skew concentrations fell below the mean .

Simulated concentrations of cis 1,2-DCE and vinyl chloride corresponding to the
probability levels of 0.05, 0.50, and 0.95 were plotted vs. time.

Results of the Monte Carlo simulations of the reaction mechanism were combined
with particle residence times, t , from the flow model to determine the concentration ofi

each particle at the exit face. Concentrations corresponding to the 0.05, 0.50, and 0.95
percentiles of the reaction mechanism were reported.

Fig. 7. Simplified reaction network for the reduction of cis 1,2-DCE and vinyl chloride.
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3.3. Concentrations at the exit face of the reactiÕe barrier

Although particles were introduced at the up-gradient face of the reactive barrier with
uniform spacing, the particle trajectories were irregular, and two or more particles were
found to exit the barrier through the same cell in the finite difference grid. As each
particle was tracked, information was gathered regarding the input location, transit time

Žt , input flow rate in the longitudinal direction Q , and exit face output coordinates Y ,i i j
.Z . The flow-averaged concentration on the exit face C was estimated as:j j

Q C UÝ i i i j
iC s , 12Ž .j Q UÝ i i j

i

where j is the position index on the exit face and i is the position index at the input
face. Elements of the matrix U are equal to one for the particle that enter the barrier ati j

position index i and exit from position j, but are equal to zero otherwise. Although the
Ž .particle may exit at the irregularly spaced face coordinates Y , Z , the particle reportsj j

Ž .to a particular exit face node region Yn "0.1 m, Zn "0.1 m . The effluentj j
Ž .concentration of each particle C is determined from Eq. 12 . Contours were generatedi

Ž .with 16 times interpolation using IgorPro 3.1 WaveMetrics .
With the assumption of complete mixing of particles downstream of the barrier,

flow-averaged concentrations for cis 1,2-DCE and vinyl chloride were calculated:

ÝQ Ci i
Cs . 13Ž .

ÝQi

Flow-averaged concentrations for cis 1,2-DCE and vinyl chloride were calculated and
Ž .plotted for three reaction mechanism probability levels 0.05, 0.50, and 0.95 and for the

four cases of s .ln K

4. Results and discussion

4.1. Deterministic design

A deterministic design width for the scenario under consideration in this study was
Ž Ž ..made using average parameters for the aquifer and reaction mechanisms Eq. 4 and a

factor of safety. Comparisons with this estimate will be made throughout the paper.
Given an average gradient of 0.01, hydraulic conductivity of 8.4=10y5 mrs, and
barrier porosity of 0.50, the average seepage velocity is 0.15 mrday. Using the

Ž Ž . .analytical solution Eq. 8 Eqs. 9–11 and an initial concentration of 10 mM of cis
1,2-DCE, a residence time of 2 days is required for reduction of vinyl chloride to below

Ž .the MCL 2 mgrl . For these conditions, a barrier design width of 1.0 m provides a
Ž .residence time of 6.6 days and a factor of safety FS of 3.3.W
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4.2. Groundwater flow modeling

4.2.1. Aquifer heterogeneity
ŽThe hydraulic conductivity fields for two simulated aquifers in layer 7 Zs1.2 to 1.4

.m are shown in Fig. 8. As mentioned above, the aquifers were generated using the same
random number sequence and correlation structure, so the two cases differ primarily in

Ž .s 1.0 vs. 2.0 . The contrast between the hydraulic conductivity of the reactiveln K

barrier and surrounding soils is evident in Fig. 8. The reactive barrier has a uniform
hydraulic conductivity of 2.5=10y3 mrs which is higher than the hydraulic conductiv-
ity in most of the aquifer. Also, the transition between the hydraulic conductivity of the
aquifer and reactive barrier is more abrupt than the transitions between regions of high
and low hydraulic conductivity within the aquifer.

4.2.2. Flow exiting the reactiÕe barrier
Flow rates from the reactive barrier into the aquifer are shown in Fig. 9. When

Ž .s s0.5 Fig. 9a , flow rate exiting the reactive barrier is uniform, with small regionsln K

of higher flow along the edges. These regions form because there is less resistance along
the longer flow paths that transect the barrier. Particle tracking showed that water
entering these regions has a higher velocity than in the surrounding aquifer. Therefore,
even under nearly homogeneous conditions, preferential flow through the edges of the
reactive barrier occurs.

For larger s , higher flow rates continue to occur along the edges of the reactiveln K

barrier, and additional regions of higher flow rate develop throughout the barrier. These
regions tend to be short and wide, similar to the spatial structure incorporated into the

Ž .hydraulic conductivity field for the aquifer. In aquifers where s s2 Fig. 9d , flowln K

rate exiting the barrier may be 10 times greater than when s s0.5. Also, whenln K

s s2.0, flow rate throughout the barrier may vary by an order of magnitude.ln K

High discharge rates from the reactive barrier correspond to regions of high hydraulic
conductivity in the aquifer down-gradient of the reactive barrier. Thus, flow rate and
residence time of particles in the barrier are strongly affected by the hydraulic
conductivity of the aquifer down gradient of the barrier. Reactive barriers do not
necessarily diffuse flow, and flow rate exiting reactive barriers is not uniform. Reactive
barriers, however, may serve as a distributor of flow, connecting high conductivity
regions that would otherwise not be connected. Thus, pea-gravel zones installed
up-gradient of reactive barriers may not be as effective as believed, and more study is
needed to assess their effectiveness.

When s increases, regions of higher flow rate develop, but regions of lower flowln K

rate do not. This is a consequence of the skewed distribution of the hydraulic
Ž .conductivity of the aquifer Fig. 5 . For higher s , the upper tail of the PDF becomesln K

heavier, increasing the probability of higher hydraulic conductivity. Also, the probability
mass associated with lower hydraulic conductivities becomes smaller as s increases,ln K

so few regions of lower flow rate develop.

4.2.3. Particle tracking
The trajectories of particles as they pass from the up-gradient face of the reactive

Ž .barrier to the down-gradient boundary of the problem domain Xs3.6 to 8 m, Fig. 4
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Fig. 8. Spatial distribution of hydraulic conductivity for two realizations of an aquifer at different s using identical random number sequences.ln K
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Ž 3 .Fig. 9. Flow contours at the effluent face of a reactive barrier. Qsm rday .
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Fig. 10. Particle trajectory through reactive barriers.

are shown in Fig. 10 for simulations where s s1 and 2. The symbols used in Fig. 10ln K

decrease in size for particles located deeper in the wall, while colors from red to violet
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Fig. 11. Effects of uncertainty in rate constants on the reduction of cis 1,2 DCE and vinyl chloride by iron
metal. Cumulative probability levels of 0.05, 0.50, and 0.95 as determined by 1000 Monte Carlo trials for each
time are shown.

indicate time. Particle path lines through the reactive barrier and aquifer do not directly
reflect the quantity of flow.

( )4.2.3.1. Aquifer with low heterogeneity s s1 . When aquifer heterogeneity is low,ln K

particles travel through the reactive barrier in nearly straight path lines that are aligned
parallel to the regional gradient of the aquifer. The median residence time for particles in

Žthe barrier is 4.6 days compared to 6.6 days for the homogeneous case deterministic
.design . There is a slight curvature of path lines near the edges of the reactive barrier

Ž .Ys2 and 6 m , indicating a slightly higher gradient in these regions than in the rest of
the reactive barrier. Consequently, travel times are slightly shorter in these areas. Once

Ž .Fig. 12. Contours of vinyl chloride concentration mgrl on exit face of reactive barrier in simulated aquifer:
Ž .effect of s . Concentrations represent median case 0.50 for Monte Carlo simulations on reactionln K
Ž .mechanism and input cis 1,2 DCE concentration of 10 mM 970 mgrl .
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particles exit the barrier and enter the aquifer, they disperse into a plume that is wider
than the reactive barrier. There is little funneling of flow or mixing observed within the
barrier except in the profile view.

In the profile view, flow is horizontal and travel times are uniformly distributed. The
only observable preferential flows for the s s1 case occur at depths of 0.25, 0.75,ln K

and 1.75 m. These may be caused by regions of higher hydraulic conductivity down-
gradient of the barrier. Travel times of particles after they exit the barrier are affected
more than travel times within the barrier.

( )4.2.3.2. Aquifer with high heterogeneity s s2 . In general, travel times are shorterln K

for particles passing through a reactive barrier when s s2. For example, the medianln K

residence time for particles in the barrier is 2.9 days when s s2, compared to 6.6ln K

days for the homogeneous case and 4.6 days when s s1. As a result, overallln K

contaminant degradation is less per unit width of reactive barrier as the heterogeneity of
the aquifer increases, even when the geometric mean hydraulic conductivity of the
aquifer is unchanged. The path lines when s s2 are more curved, and there appearsln K

to be more mixing within the barrier. In contrast to s s1, path lines through aln K

reactive barrier in an aquifer with s s2 are oriented away from the center of theln K
Ž .reactive barrier plan view . This results in less curvature of path lines near the edge of

the barrier because there is a greater component of lateral flow. The additional lateral
flow also causes particles to exit the edge of the barrier, which did not occur in the
simulation when s s1. Particles exiting the edge of the barrier may represent aln K

source for intermediate products of the reduction process since these particles have a
shorter residence time in the barrier.

The impact of aquifer heterogeneity on particle travel times is most noticeable in the
profile views in Fig. 10. As particles pass through a reactive barrier when s s2, theyln K

change elevation significantly, creating zones where no particles pass and zones of high
particle density. This results in longer travel distances, but shorter travel times and

Ž .higher particle velocities. Thus, longer travel distances i.e., wider barriers do not
necessarily correspond to longer residence time in the barrier. Additionally, focused
flow within the barrier may lead to more complex processes that are difficult to assess
from batch or column laboratory experiments.

Two preferential flow paths at depths of 0.5 and 1.75 m are shown in the profile view
Ž .when s s2 Fig. 10 . Travel times for the particles exiting the barrier at theseln K

locations are one-fifth of travel times for particles in other parts of the barrier. These
zones correspond to zones of higher hydraulic conductivity down-gradient of the barrier,
since particles continue to travel quickly at these elevations after reentering the aquifer.
The location of high hydraulic conductivity facies down-gradient of the barrier clearly
influences flow through the barrier.

Particle trajectories within the reactive barrier are more tortuous in the vertical
direction than in the lateral direction. Path lines in a homogeneous region form along the
shortest path connecting zones of high hydraulic conductivity at the boundaries. Since
the vertical correlation length in the aquifer is less than the lateral correlation length,
regions of high hydraulic conductivity tend to be oriented in thin, elongated layers. Path
lines within the homogeneous barrier tend to change elevation to connect these regions,
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and more variability of flow with depth is expected. This effect is accentuated at
s s2.0, but is evident at s s1.0 as well.ln K ln K

4.3. Reaction mechanism modeling

The effect of uncertainty in the reaction mechanism of cis 1,2-DCE and vinyl
chloride reduction by iron metal, estimated from Monte Carlo simulation, is shown in

Ž .Fig. 11 in terms of the 0.05, 0.50, and 0.95 concentration percentiles P . The median
Ž .case Ps0.50 corresponds closely with the case determined from mean reaction rate

Ž .deterministic case . For times greater than 0.5 day, the median molar concentration of
vinyl chloride is higher than the concentration of cis 1,2-DCE, but the two concentra-
tions are within an order of magnitude of each other. Since the MCL of vinyl chloride is
significantly lower than the MCL for cis 1,2-DCE, the reactive barrier design would
most likely be dominated by the estimates for vinyl chloride concentration. Retention
times required for vinyl chloride are 2.0 and 3.2 days for the 0.50 and 0.95 percentiles,
respectively. Retention times required for cis 1,2-DCE are less than 2.0 days. If the
design is based on mean rate constants and no uncertainty in the reaction mechanism, a

Ž .factor of safety on barrier width FS less than 1.5 would compensate for theW

uncertainty in the reaction mechanism with a 95% probability of success.

4.4. Combined effects of aquifer heterogeneity and reaction mechanism uncertainty

Ž .The effect of aquifer heterogeneity i.e., s on reactive barrier performance isln K

shown in Fig. 12. Vinyl chloride concentrations were determined using the median
behavior of the reaction mechanism shown in Fig. 11 and the residence times obtained
from the particle tracking code. For s F1.0, the vinyl chloride concentrations areln K

Ž .generally more than an order of magnitude below the MCL 2 mgrl . As s increasesln K

to 1.5, approximately 10% of the exit face area has concentrations above the MCL and
the peak concentration is above 5 mgrl. As s increases to 2.0, approximately 20%ln K

of the exit face area has concentrations above the MCL and the peak vinyl chloride
concentration is above 25 mgrl.

Ž .Fig. 13. Contours of vinyl chloride concentration mgrl on exit face of reactive barrier in simulated aquifer.
Concentrations represent 0.95 cumulative probability level obtained from Monte Carlo simulations on reaction
mechanism.
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Regions of high exit face concentration do not necessarily correspond to regions of
Ž .high flow Figs. 10 and 12 , especially for higher s due to irregular particleln K

trajectories within the barrier. A particle associated with a high effluent flow rate may
take a tortuous path through the barrier and have a longer residence time. This may
cause effluent concentrations to be lower than would be predicted had the trajectory
been straight.

The combined effect of uncertainty in the reaction mechanism and spatial variability
is shown in Fig. 13. Contours for the 0.95 percentile of vinyl chloride concentration are
presented for two cases of s . The same general effects are shown; as s increases,ln K ln K

the concentration of vinyl chloride at the exit face increases significantly. However, the
added effect of uncertainty in the reaction mechanism accentuates the problem. Vinyl
chloride concentrations are above the MCL for a greater percentage of the exit face area,
and peak concentrations are much higher. For instance, when s s1.0, exit faceln K

concentrations exceed the MCL for vinyl chloride in a number of regions, whereas
concentrations were at least an order of magnitude below the MCL when reaction rate
uncertainty was not considered. In addition, when s s2.0 more than 50% of the exitln K

face area exhibits vinyl chloride concentrations above the MCL and the peak concentra-
tion is approximately 40 times the MCL.

There are several compensating factors that may dampen extremes in exit face
concentration. The most important compensating factor is the use of hydrogeologic

Ž .measurements i.e., heads, pumping tests, tracer tests within the site to determine the
best placement of the barrier and better estimates of the design groundwater velocity.
The deterministic design modeled in this paper was based on fixed heads at the site
boundaries and the geometric mean hydraulic conductivity; more extensive hydrogeo-
logic characterization would likely result in a more reliable design.

A negative correlation between flow rate and input concentration will dampen the
negative effect of relatively fast particles. Facies with high hydraulic conductivity may
be correlated with lower input concentrations. Higher flow rates within the reactive

Fig. 14. Flow-averaged concentrations for exit face of barrier and for 0.05, 0.50, and 0.95 cumulative
probability levels determined from Monte Carlo simulation on reaction mechanism.
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w xbarrier may also be correlated with higher reaction rate constants. Eykholt 7 demon-
strated the compensating effect of parameter correlation on reactive barrier width.
Multiple Monte Carlo simulations for uniform flow and first-order conversion in

Ž .reactive barriers were performed. Positive correlation rs0.7 between the log-normal
velocity and normally distributed rate constant resulted in a decrease in FS of 25%W

from the uncorrelated case at the 0.95 percentile and for a 30% coefficient of variation
of the rate constant. The effects would be more significant for more uncertainty in the
reaction mechanism and more heterogeneous flow through the barrier.

Another compensating effect is mixing downstream of the reactive barrier. Fig. 14
shows the 0.05, 0.50, and 0.95 percentiles of flow averaged concentration of cis 1,2

Ž .DCE and vinyl chloride at the exit face of barrier computed with Eq. 13 . Several key
points are evident. First, flow-averaged concentrations increase in a log-linear fashion
with s . Second, the MCL for vinyl chloride is exceeded for s )1.0 at the 0.95ln K ln K

percentile for the reaction mechanism, and for s s2.0 at the 0.50 percentile for theln K

reaction mechanism. For s F1.0, the deterministic barrier design with FS s3.3ln K W

may be considered safe, but not conservative. From this analysis, the deterministic
design with FS s3.3 is only adequate for aquifers with s F1.0. For cases in whichW ln K

the uncertainty in the reaction mechanism is greater, or s )1.0, FS s3.3 may notln K W

be adequate.
As s increases, the relative significance of uncertainty in the reaction mechanismln K

is less important. However, for the cases considered here, neither uncertainty in the
reaction mechanism nor heterogeneity in flow should be ignored. Both of these sources
of uncertainty can be incorporated into design and analysis using existing tools as
illustrated in this paper.

The criterion for a safe barrier width is unclear and arbitrary at this stage. In this
analysis, a barrier design was considered acceptable if the flow-average concentration at
the 0.95 percentile was below the MCL. Given this criteria, deterministic designs with
FS s3.3 were unacceptable for more variable aquifers. However, the MCL has beenW

established with conservative assumptions regarding exposure and potency. A more
elaborate, risk assessment method would incorporate exposure probabilities from the
uncertainty-based design rather than enforcing a maximum exit concentration.

Other factors not considered by this analysis may further complicate barrier design.
For instance, physical heterogeneity within the barrier resulting from construction or
from placing the monitoring network can lead to a decrease in barrier reliability. Other
factors that may change the degree of heterogeneity and reactivity near the barrier over
long periods include colloidal transport, barrier clogging, microbiological activity,
reactive barrier dissolution, and gas evolution. Several of these are currently being
studied.

5. Conclusion

Reactive barrier performance is a function of spatial variability of the hydrogeologic
properties of the aquifer and uncertainty in the reaction mechanism. Although other
factors are important for barrier design, one of the most important issues is sizing the
barrier to establish ample residence time of contaminants, such that contaminants and
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any toxic intermediates are reduced to safe levels. Several sizing relationships for
uniform flow conditions have been reviewed in this paper. However, the combined
impact of spatial variability in flow and reaction mechanism uncertainty can be
significant. This paper shows that a deterministic design based on uniform flow and

Ž .average reactions rates can be unconservative for more variable aquifers s )1.0 ,ln K

despite a factor of safety of 3.3 on barrier width.
Uncertainty in the reaction mechanism has been shown to significantly affect effluent

concentrations. For instance, the spatially-averaged vinyl chloride effluent concentra-
tions at the 0.95 and 0.50 mechanism percentiles vary approximately 10,000% for low
s and approximately 1000% for moderate variability in hydraulic conductivityln K
Ž .s s1.5 . Furthermore, peak vinyl chloride concentrations at the exit face of theln K

barrier for s s2.0 are more than 10 times the MCL for the 0.95 reaction mechanismln K

percentile and 40 times the MCL for the 0.50 reaction mechanism percentile. Other
factors influencing the reaction mechanism, especially the order of the reactions and role
of sorption, should be considered too.

Although there may be several compensating effects that dampen the extremes in exit
face concentration and the design considerations at each site vary, some preliminary
guidelines for sizing reactive barriers are evident.

Ž .i Site hydrogeology should be characterized with sufficient detail to describe the
spatial distribution of hydraulic conductivity. Ideally, higher hydraulic conductivity
facies should be mapped, as these facies will control flow rate and exit concentrations.

Ž .ii Quantitative information about branching to critical intermediate species, such as
vinyl chloride should be defined when characterizing the reaction mechanisms. Not only
should lumped rate constants be determined, but also specific mechanism rate constants
and uncertainty information regarding mechanism parameter estimates should be gath-
ered. Although rates and mechanisms may vary with iron selection and site groundwater
conditions, more general information regarding mechanism characterization can reduce
the effort required for each site.

Ž .iii The tools of Monte Carlo simulation of first-order reaction networks, flow
modeling, and particle tracking are available. Once characterization data have been
gathered, these tools can used to simulate ranges in expected performance of reactive
barrier designs for particular sites. In addition, flow and concentration data gathered
from recent installations can be analyzed to validate and calibrate the modeling used.

The main conclusions of this study address the impacts of aquifer heterogeneity and
reaction mechanism uncertainty on reliability of a deterministic barrier design. The use
of the same general tools to develop a more comprehensive, risk-based design method
warrants further study.
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