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INTRODUCTION

In this review, papers considering fate and transport processes
in groundwater systems are discussed first. The fate and trans-
port process papers are divided among saturated systems, va-
dose zone systems, and systems containing nonaqueous-phase
liquids (NAPLs). Within these categories, subdivisions are
made between physical, chemical, or biological processes such
as hydrodynamics, sorption—desorption, chemical reactions,
and biodegradation. Next, papers concerning groundwater qual-
ity monitoring and groundwater remediation are divided among
various techniques or specific phases. Papers that are concerned
with general field studies of fate and transport are ordered by
compound or source classifications. Finally, papers describing
risk assessment and groundwater protection are discussed.

SINGLE-PHASE SYSTEMS

Hydrodynamics. Dispersion Theory. The permeability
and dispersivities of solute and heat for a periodic medium were
described by numerical solution of boundary value problems
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for unit cells (Lee, C.K., et al., 1996). The cell problems were
derived from the asymptotic theory of homogenization, which
systematically accounts for the effects of pore-scale mechanics
on the macroscale processes. Dilution of solute in two-dimen-
sionally (2-D) periodic heterogeneous media was assessed by
numerical simulation of advection-dispersion (AD) concentra-
tion fluctuations induced by advective heterogeneity (Kapoor
and Kitanidis, 1996). The plumes became increasingly irregular
with time, and at large times, the relative concentration fluctua-
tions weakened.

Experimental models with two-, three-, and four-layer peri-
odic heterogeneities were constructed to investigate the effect
of heterogeneity size on the scale dependence of dispersion
(Irwin et al, 1996). Because the experimentally determined
dispersion coefficients appeared to be scale dependent up to a
distance of approximatley 20 to 30 times the size of the repeated
heterogeneity group (hydraulic unit), it was concluded that a
medium with periodic heterogeneity likely may be characterized
by the scale of its hydraulic unit. A method based on piecewise
bilinear functions was presented for upscaling of permeability
in heterogeneous porous media (Nilsen and Espedal, 1996).
Numerical results showed that this method conserves more of
the heterogeneous fingering than classical block-based upsca-
ling methods. It was shown that spatial upscaling may result
in nonsymmetric large-scale permeability tensors, for which
principal axes do not exist (Zijl, 1996). A symmetry approxima-
tion was introduced for the nonsymmetric permeability tensors
that resulted in a difference between flux and transport direction.

Various non-Fickian transient dispersion relationships were
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discussed and rigorously derived from the equation of motion
of a solute in a porous medium (Hassanizadeh, 1996). Under
various simplifying assumptions, the generalized theory pre-
sented was found to agree with conventional Fickian theory as
well as other non-Fickian relationships, and for nonconservative
solutes, it was shown that the traditional dispersion tensor was
affected by the rate of mass exchange of solute. Analytical
solutions were obtained by the Fourier transform technique for
the one-dimensional (1-D), 2-D, and three-dimensional (3-D)
transport of a conservative solute injected instantaneously in a
uniform groundwater flow (Zou et al., 1996). These solutions
account for dispersive nonlinearity caused by the heterogeneity
of the hydraulic properties of aquifer systems and can be used
as building blocks to construct solutions by convolution (princi-
ple of superposition) for source conditions other than slug injec-
tion.

The pore tree model of pore structure, originally developed
to allow coupled reactions and diffusions into and out of nonper-
meable porous media in the absence of convection, was ex-
tended to describe the permeable pore structure that character-
izes the subsurface transport of gas and water in soil, the disper-
sion of contaminants, and in situ remediation (Simons, 1996).
The extended pore tree model successfully explained measure-
ment errors in permeability resulting from scale size and suc-
cessfully predicted the bulk gaseous diffusivity in partially satu-
rated soil. The dependence of the anisotropy factor for different
diffusive and convective transport mechanisms on the direction-
dependent connectivities and pore size distribution was investi-
gated using a uniaxial, anisotropic simple cubic lattice (Fried-
man and Seaton, 1996). It was found that while connectivity-
induced anisotropy significantly affects transport coefficients in
both directions, anisotropy induced by pore size distribution
mainly affects the perpendicular transport coefficients.

The lattice Boltzmann equation (LBE) was developed to
solve large-scale fluid flow and reactive transport in porous
media (Zhao and Sykes, 1996). Flow and dispersion relaxation
parameters in the LBE were correlated to fluid viscosity, pore
structure parameters, and dispersion coefficients on a represen-
tative elementary volume. An error was pointed out in a previ-
ous paper where an incorrect data point was used in the
weighted least-squares fit for regression formulas relating dis-
persivity and field scale (Al-Suwaiyan, 1996). The authors’ re-
ply indicated that, because this data point was characterized by
the lowest reliability, the error has little influence on the regres-
sion equations, and their stated conclusions remain unchanged
(Xu and Eckstein, 1996).

An experimental investigation was performed to determine
if the phenomena predicted by new theories of dispersion in 1-
D heterogeneous porous media were observable (Sternberg et
al., 1996). Results showed a newly observed phenomenon that
was interpreted as a nonlocal effect and verified the new pre-
dictive theories. A review of experimental diffusion measure-
ments was carried out to provide estimates of apparent diffusion
coefficients for a range of elements of importance in the French
high-level radioactive waste management program (Stenhouse
et al., 1996). The type of information that would enhance an
understanding and interpretation of diffusion measurements on
site-specific media also was outlined.

Capillary tube experiments were performed on the miscible
displacement of a viscous fluid by a less viscous one (Petitjeans
and Maxworthy, 1996). A diagnostic measure of the amount of
viscous fluid left on the wall of the tube was found as a function
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of the Peclet (Pe) and Atwood numbers, as well as a parameter
that was a measure of the relative importance of viscous and
gravitational effects. In conjunction with this experimental
work, numerical simulations were presented that identified two
distinct Pe regimens, separated by a transitional region (Chen
and Meiburg, 1996). For large values of Pe, a quasisteady finger
forms before it starts to decay, and in the small-Pe regime,
the flow decays from the start, approaching Taylor dispersion
asymptotically. The effect of exchangeable cation—Na* and
Ca’* —on the diffusive transport of I", Sr**, and *H (as HTO)
in compacted bentonite was examined using a through-diffusion
method (Choi and Oscarson, 1996). The uncertainty in deter-
ministic groundwater models resulting from the assumption of
macrodispersive mixing was quantified for the Cape Cod and
Borden natural-gradient tracer tests (Fitts, 1996).

Density Effects. A 3- and a 1-D model were developed to
simulate unstable flow and mixing of variable-density fluids in
a vertical, nominally 1-D homogeneous system (Liu and Dane,
1996a). In the 3-D model, the fluid flow and solute transport
equations were solved numerically with a fine spatial discretiza-
tion, whereas the 1-D numerical model was derived from a
theoretical model to simulate the flow and mixing of fluids with
variable density and viscosity at the field scale. Results showed
that the 1-D model provides a good prediction of breakthrough
curves (BTCs) and that the 3-D model was able to qualitatively
simulate BTCs for highly unstable flow and mixing. A 3-D
hydrogeochemical transport model coupled with a density-
dependent groundwater-flow model was developed by using an
iterative sequential approach (Konig, 1996). The hydrogeo-
chemical transport model yields densities at each node, making
it possible to update the flow model using the changed densities.

Closed-form solutions were derived for steady-state density-
dependent fluid flow and solute transport problems in a 1-D
vertical soil column (Park, 1996). Characteristics of density-
dependent solutions, including effects of variations in density
and the thickness of transition zones, were investigated, and
nonuniform concentration profiles with vanishing density ef-
fects also were identified. A new criterion was proposed to
predict gravitational instabilities in the transverse mixing zones
at the bottoms of dense plumes in porous media (Liu and Dane,
1996b). This criterion was based on the existing 7, number and
a modified Pe, and results show that the criterion was useful
for prediction purposes.

Laboratory studies were conducted to investigate the gravity-
induced convection of fertilizer salts from surface-applied fertil-
izer bands when the water table approaches within 30 to 45 cm
of the soil surface (Bonczek and McNeal, 1996). Implications
were discussed concerning early-season fertilizer management
in vegetable production regions of the southeastern Coastal
Plain.

Transport in Fractured Rock. A numerical study was used
to investigate contaminant transport in aquifers comprising frac-
tured permeable formations (Rubin et al., 1996a). Consideration
was given to the evaluation of dispersion from both mixing
between the fracture flow and the permeable block flow as
well as longitudinal dispersion in the discrete fractures. Particle-
tracking numerical simulations were used to examine the influ-
ence of matrix diffusion on solute transport in fractures (Ra-
jaram, 1996). The transverse motion of a solute particle was
simulated based on approximate probability- distributions ob-
tained by solving the coupled boundary value problem for diffu-
sive exchange between the fracture and the surrounding matrix.
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‘The conceptual and mathematical basis of a model for trans-
port of nuclides in the geosphere was presented. It considered
the effects of 1-D matrix diffusion, advection, linear sorption
in the fractures and rock matrix, and radioactive decay (Barten,
1996). A linear response concept was developed for solution of
the balance equations on the scale of a channel network, in
the individual channels, and in the rock matrix adjacent to the
channels. A new finite element (FE) code, TRIPOLY, was intro-
duced that combines a fracture network simulator with a method
to account for the diffusive interaction between the fractures
and the adjacent matrix blocks (Birkholzer and Karasaki, 1996).
The fracture network simulator uses a mixed Lagrangian-Eu-
lerian adaptive gridding technique for the transport in fractures,
whereas the fracture-matrix interaction was calculated with a
method that was used successfully in the past for dual-porosity
models.

A semidiscrete upwind FE method was used for the numerical
solution of the transport equation in a fractured subsurface (Bar-
lag and Zielke, 1996). The porous rock matrix was discretized
by 3-D volumes, the discrete fractures by 2-D planes, the main
pathways inside of the fractures by 1-D bars, and an hr-adaptive
method was used to refine the mesh in the area of the moving
sharp concentration fronts. A numerical model was formulated
and used to investigate chloride migration in a chalk aquifer
(Little et al., 1996). A Galerkin FE method was used to solve
the equations of flow and transport in the fissure system, where
lateral advection and hydrodynamic dispersion were dominant,
and a truncated series approximation to the analytical solution
for 1-D diffusion was used to couple the fissure model to the
surrounding porous matrix, where molecular diffusion was
dominant.

Methyl tertiary butyl ether (MTBE) transport in a fractured
dolomite aquifer of low matrix permeability was studied by
creating a deterministic-stochastic fracture network model using
the FRACMAN code (Hardisty and Schroder, 1996). Results
show that wells hydraulically connected to a given fracture set
may exert a significant influence on contaminant behavior, even
at significant distances, whereas wells completed very close by,
but not connected to the same fractures may exert little or no
influence. A stochastic model of a fractured medium condi-
tioned on a specific set of field data was developed, in which
the more conductive fractures and the less permeable matrix
were generated within the framework of a single-continuum
stochastic model based on nonparametric indicator geostatistics
(Tsang et al., 1996). Simulations were carried out for 3-D trans-
port from point tracer sources at hundreds of locations in the
medium.

In an attempt to integrate field experiments, laboratory inves-
tigations, and modeling at possible sites for nuclear waste repos-
itories, tracer migration experiments were performed during
several years at Nagra’s Grimsel Test Site in the Swiss Alps
(Hadermann and Heer, 1996). Evaluation of the experimental
results for nonsorbing and sorbing tracers showed that a consis-
tent picture of tracer transport, and specifically tracer sorption,
was obtained when exploiting all available experimental infor-
mation and using models that were not overly simplistic. U
transport at the Nopal I deposit in Chihuahua, Mexico, was
studied to investigate mechanisms by which high-level waste
(HLW) components could be transported through silicic tuff
over long periods of time (Pearcy et al., 1995). The results of
this analysis suggest a ranking for U retention: microfracture
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network retention > mesofracture retention and individual mi-
crofracture retention > matrix retention.

A petrophysical and geochemical study of the El Berrocal
experimental site in Spain was conducted to quantify the extent
of radioelement migration/retention in the granite (Montoto et
al., 1996). Data on preferential fissure zones and uranium micro-
distribution were obtained and could be used for evaluating the
retardation capacity of the crystalline rock matrix around a high-
level radioactive waste repository. A natural analog study was
presented that demonstrated the concepts of matrix diffusion
and redox front entrapment to potential sedimentary host forma-
tions for an HLW repository in Switzerland (Mazurek et al.,
1996).

The usefulness of chemical extractions in the study of ura-
nium migration through fractured rock was considered in light
of the results of a natural analog study at Palmottu in southern
Finland (Suksi et al., 1996). The study provides more specific
information on the fixation of U on silicate material and its
sorption in rock pores. Rock column experiments were per-
formed to examine the effects of matrix diffusion and hydrody-
namic dispersion on the migration of radionuclides at the labora-
tory scale (Holtd et al., 1996). The numerical compartment
model for advection and dispersion, with and without matrix
diffusion, was used to interpret the tracer transport, and matrix
diffusion behavior was distinguished from dominating hydrody-
namic dispersion at the slowest water flow rates.

A radionuclide migration experiment was performed over a
distance of 1 m in a natural fracture in a quarried block of
granite (Vandergraaf et al., 1996). It was observed that a-emit-
ting radionuclides and rare-earth elements showed limited mo-
bility, while the mobilities of '*’Cs and ®*Sr were higher than
those of the rare-earth elements, and when samples of fracture-
coating material were separated into fractions with different
specific gravity, there was a clear indication of radionuclide
association with mineral groups. Concentrations of **Rn in
groundwater may vary considerably within megascopically ho-
mogeneous rocks over relatively short distances (Folger et al.,
1996).

Calculations were made in fractured Pikes Peak granite, indi-
cating that different hydraulic apertures of water-bearing frac-
tures may account for variations in dissolved **Rn measured
in domestic water wells, assuming all other factors influencing
dissolved **Rn are constant. Basic transport processes were
formulated for the migration of a tracer slug in a fractured
permeable formation (Rubin et al., 1996b). Dimensionless pa-
rameters governing transport phenomena were identified, and a
simplified conceptual model was employed for the quantitative
evaluation of the physical phenomena associated with tracer
migration in the domain.

Alternate formulations of the analytical modeling for contam-
inant transport in nonisothermal fractured porous media were
presented in which transient and steady heat flows were coupled
with solute transport, either implicitly as natural convection or
explicitly as a Soret effect (Bai et al,, 1996). Two different
dual-porosity conceptualizations of fractured porous media
were proposed based on alternative assumptions of matrix flow.
Further development of the fracture-matrix transport (FMT)
code was presented that couples saturated porous medium ad-
vection and diffusion with mechanistic chemical models for
speciation and interphase reactions (Novak, 1996). The latest
version of FMT now allows for aqueous density to vary with
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phase composition and void volume to change as minerals dis-
solve and precipitate.

A 3-D variable-aperture fracture network model for flow and
transport in fractured crystalline rocks was used to study the
effects of large variability in fracture transmissivity on nonsorb-
ing and sorbing tracer transport and scale effects in transport
distance (Nordgvist et al., 1996). The variable-aperture charac-
ter of the fractures was introduced into the model through a
library of single-fracture permeabilities and associated particle
transport residence time spectra. A new FE formulation was
presented for the numerical simulation of solute transport in
fractured porous media that was characterized by high advection
in fractures and slow diffusion in the matrix (Wendland and
Schmid, 1996). This method consists of a two-step approach
that results in a symmetric coefficient matrix and introduces
artificial diffusion which acts only in the direction of flow.

Other Physical Processes. A multiple pore-region model was
developed to assess the effects of interaggregate advection and
diffusion on mass transport in structured soils (Gwo et al.,
1996). Sensitivity analyses indicated that time-dependent inter-
aggregate advection and diffusion were important processes
controlling physical nonequilibrium. A mathematical model was
developed for solute transport in saturated porous media after
an abrupt pressure impact (Sorek, 1996). The model focuses on
two time intervals after the impact, showing that the pressure
was distributed uniformly within the affected domain during the
first time period, and during the second interval, the momentum
balance equation for the fluid conforms to a wave form.

A model was proposed for coupling the 1-D transport of
solute with surface precipitation kinetics, which induces the
clogging of an initially homogeneous porous medium (Magnico,
1996). By focusing on the nonlinear feedback effect between
the transport and the chemical reaction through the permeability
of the medium, results showed that the competition between
microscopic and macroscopic scales controls the clogging
mechanism, which differs depending on whether short or long
times were considered. A recently developed stochastic model
that incorporates transiency of the piezometric head gradient
was applied to the Borden site (Bellin et al., 1996). It was found
that the impact of transients on spreading was significant in the
transverse direction, and the definition of a Fickian transverse
dispersion coefficient may not be a simple task for transport
occurring under natural flow conditions.

A 3-D integral finite difference (FD) simulator was presented
for single- and multiphase flow of non-Newtonian fluids in
porous/fractured media (Wu and Pruess, 1996). The methodol-
ogy, architecture, and numerical scheme of the model were
based on a general multiphase, multicomponent fluid and heat
flow simulator, the TOUGH2 code. Preliminary numerical re-
sults were presented concerning the coupled effects of free ther-
mal convection and mineral dissolution and precipitation on
permeability heterogeneities (Bernard and Gouze, 1996). This
study was conducted on a tilted porous layer embedded in an
impervious surrounding of finite thermal conductivity and
showed the importance of free thermal convection in creating,
sharpening, or smoothing permeability heterogeneities.

Improvements in the classical boundary layer approximation
method were presented and termed the top specified boundary
layer (TSBL) approach (Rubin and Buddemeier, 1996a). The
TSBL modification involves the specification of the contami-
nant concentration at the top of the contaminated region of
interest and significantly improves the ability of the boundary
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layer method to predict the development of concentration pro-
files through both space and time. Contaminant transport in a
system of leaky aquifers in Taiyuan, Sanxi Province, was mod-
eled, with results agreeing well with observed data (Xue et al.,
1996).

A study was conducted for a hypothetical repository site in
Bedfordshire, U.K., to illustrate the contribution that geostatisti-
cal techniques can make to risk assessment for buried waste
repositories (Mackay and Cooper, 1996). Multiple realizations
of the hydraulic properties of the principal aquifers were con-
structed, and for each realization, a numerical model was used
to predict a possible pattern of migration. It was shown how
stream and pseudopotential surfaces provide natural platforms
for process visualization of groundwater flow and transport pro-
cesses (Matanga, 1996). This was demonstrated on the 3-D
groundwater flow beneath the Borden landfill. Perceived errors
in a previous paper on the AD equation under recharge and
variable velocity and its analytical solution were discussed (Su,
1996a). A response to this discussion was presented (Serrano,
1996).

Tracers and Isotopes. A mathematical model was developed
to estimate the effect of backward spreading of an initial plume
after introduction into an injection borehole (Chen, J.S., et al,,
1996a). It was concluded that the presence of backward move-
ment of the initial plume in a radially convergent flow field
yields a decrease of peak concentration and spreading of BTCs,
which were significant for small Pe and can be neglected for
large Pe. An improved boundary condition formulation was
presented for use with convergent radial tracer tests (Zlotnik
and Logan, 1996). The formulation of the boundary conditions
was based on a more detailed analysis of the kinematic flow
structure and tracer mass balance in the neighborhood of the
injection well and its finite mixing volume.

Advective transport in a heterogeneous 2-D aquifer was simu-
lated and quantified by the statistical moments of tracer travel
time and transverse displacement, which depend on the statistics
of the Lagrangian velocity given as a function of space rather
than time (Cvetkovic et al., 1996). Two empirical relationships
were identified that, in combination with first-order results for
the flow, capture the main features of nonlinear transport and
appear to be robust for log transmissivity variance at least up
to 1. A correction was made regarding the injection well mixing
factor defined in a previous paper (Moench, 1996). A nonintru-
sive fluorescence imaging technique was introduced and used
to measure quantitatively the pore geometry, fluid velocity, and
solute concentration within a saturated, 3-D porous medium
(Rashidi et al., 1996). The approach illustrated how microscopic
information can be measured, averaged, and used to characterize
medium-scale processes.

The potential ecotoxicity of fluorescent dyes used in tracing,
and their possible effects on human health, were evaluated using
available toxicological information, test data on analogous sub-
stances, and mathematical expressions for biological activity
(Field et al., 1995). Simplified injection, sampling, and analyti-
cal procedures using dissolved gases as groundwater tracers
were presented for use in saturated conditions at both the labora-
tory and field scales (Sanford et al., 1996). Examples of the use
of these methods at both scales were presented.

In situ neutron activation of **Cl was used as a hydrogeologic
tracer in geologic deposits that have elevated concentrations of
uranium (Cornett et al., 1996). Two small-scale forced gradient
tracer tests were conducted at the Horkheimer Insel field site
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to investigate the effects of reactive transport processes within
a heterogeneous porous aquifer (Ptak and Schmid, 1996). The
tracer test results will serve in future work for the validation of
numerical stochastic transport simulations taking into account
the spatial variability of hydraulic conductivity and sorption-
related aquifer properties.

A methodology was presented for the conjunctive use of
environmental and injected tracers to estimate direct precipita-
tion recharge to a confined aquifer undergoing large withdrawal
stress (Sukhija et al., 1996a). Tracer experiments were con-
ducted to assess in situ reaction and transport of NO;—N within
an imposed constant-flowing shallow groundwater system
(Starr, J.L., et al., 1996). A constant-head, single-injection well
technique was adapted for the study using multilevel soil-water
samplers placed at 14 locations around the center injection well.

The distribution of characteristics with depth in a heteroge-
neous aquifer was obtained using improved geophysical log-
ging, a constant-rate discharge test, and point-dilution tracer
test techniques (Newcomer et al., 1996). Data results from these
techniques were used to develop a conceptual model of a hetero-
geneous aquifer. Chemical and isotopic tracing was used to
estimate spatial and temporal variability of recharge fluxes to
an alluvial aquifer in the Var valley in southern France (Gug-
lielmi and Mudry, 1996). The application of dissolved SF as
an injected conservative, nonreactive tracer in saturated media
was examined (Wilson and Mackay, 1996b). For sand pos-
sessing significant intragranular porosity, SFs did not show per-
sistent tailing as a result of physical nonequilibrium transport
to the same degree as bromide, and no evidence of retardation
was seen in sand with high organic carbon (OC) content.

Tritium, nitrate, and chloride tracers were used to study
groundwater flow and recharge in the shallow groundwater
across two loess hill slopes (O’Brien et al., 1996). A new
method was presented for the determination of the isotope com-
position and chemistry of groundwater in aquitards, where the
effective porosities for each component can be determined con-
currently (van der Kamp et al., 1996). The method was based on
diffusive exchange of water and solutes between groundwater in
a cylindrical core of aquitard material and water in a reservoir
placed along the axis of the cylinder. From this method, a model
was developed for interpreting diffusional transport in porous
geological materials (Novakowski and van der Kamp, 1996).
The model accounts for radial diffusion, mass balance in the
reservoir, linear adsorption, decay or transformations, and peri-
odic abstraction of samples. Stable isotope and '“C measure-
ments of surface and groundwater samples were used to identify
recharge areas and evaluate residence times and flow paths in
the cold springs of the Hat Creek Basin in northeastern Califor-
nia (Rose et al., 1996).

Groundwater isotope data across the Sacramento Valley, Cal-
ifornia, establish two types of groundwater mining (Criss and
Davisson, 1996). Vertical profiles of §'®0 were used to constrain
hydraulic conductivity in a thick, unfractured aquifer (Remenda
et al., 1996). Results indicated that conventional permeability
tests in a very tight media tend to overestimate conductivity
where -advective transport is negligible and transport can be
simulated with diffusion only. 6'®0 and salinity data were inte-
grated for studying recharge conditions of phreatic aquifers and
tracing the flow paths of groundwater mixing in the Delhi area
(Datta et al.; 1996a). This type of investigation will be useful
to protect the groundwater resources from depletion and salini-
zation. Stable isotope (‘*0) and fluoride signatures in groundwa-
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ter were examined to characterize the sources and controlling
processes of fluoride contamination in groundwater in the Delhi
area (Datta et al., 1996b). The study indicated that approxi-
mately 50% of the area was affected by fluoride contamination
beyond the maximum permissible limit.

The use of “He for dating groundwater as young as 10 years
old was postulated (Solomon et al., 1996). Both observations
and modeling suggested that “He may be useful as a groundwa-
ter dating tool during a range of tens to hundreds of years,
which was important because no other groundwater dating tech-
niques were accurate for waters ranging from 40 to approximat-
ley 500 years old. Groundwater age dating with chlorofluoro-
carbons and *H/® and groundwater flow path analysis were used
to investigate groundwater travel times, flow patterns, and re-
charge rates of a homogeneous, shallow, unconfined aquifer
system in the southern New Jersey coastal plain (Szabo et al.,
1996). The demonstrated validity of the combined tracer-dating
techniques to determine the age of water in the aquifer system
indicates that groundwater flow models can be refined when
apparent ages based on *H/°He- and chlorofluorocarbon (CFC)-
dating are used as calibration targets.

A new method was proposed to simulate groundwater age
directly by the use of an AD transport equation with a distrib-
uted zero-order source of unit strength, corresponding to the
rate of aging, where the dependent variable in the governing
equation was a mass-weighted average age (Goode, 1996). Ex-
ample simulations of age in two idealized regional aquifer sys-
tems demonstrate the agreement between the proposed method
and traditional particle-tracking approaches. CFCs were used
as tracers for age-dating groundwater where the initial concen-
trations were assumed to be known and the tracer was assumed
to be stable (Oster et al., 1996). It was shown that local CFC
soil-air measurements can provide a valuable local correction
factor for CFC dating and extend the applicability of CFC stud-
ies in specific environments.

The Pasco Basin in Washington state serves as a basis for
evaluating the chloride mass-balance technique for estimating
recharge (Murphy ef al., 1996). An extension of the conven-
tional chloride mass-balance model was used to evaluate chlo-
ride profiles under transient annual precipitation conditions, and
the model was inverted to determine the paleorecharge history
for a given soil chloride profile. Concentrations of C1™ and **C1~
along the flow path in the Aquia aquifer in southern Maryland
were studied, and the implications for flow velocities were dis-
cussed (Purdy et al., 1996).

Advances in accelerator mass spectrometry permit **Cl mea-
surement at the required sensitivity, and data show that in gen-
eral the streams in the region have **CI:Cl ratios similar to those
expected in present-day atmospheric fallout, but terminal lakes
into which the streams flow have much lower ratios. Large-
scale dispersion in a sandy unconfined aquifer in Denmark was
studied by simulating the transport of environmental tritium in
a moderately deep unsaturated zone and in a relatively long
cross section of the aquifer (Engesgaard et al., 1996). Chloro-
fluorocarbon 12, *H, and *He were used to infer groundwater
flow and solute transport in saprolite and fractured rock near
Oak Ridge, Tennessee (Cook et al., 1996). Conceptual models
of shallow groundwater flow and solute transport in this system
were difficult to evaluate using physical characterization or
short-term tracer methods because of extreme spatial variability
in hydraulic properties.

87Sr:%Sr ratios served as tracers in groundwater and surface
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waters in Mono Basin, California (Neumann and Dreiss, 1995).
A follow-up study was presented to remeasure and reevaluate
the **Cl content at several previously studied sites in the Great
Basin (Phillips et al., 1995). Soil-water chemistry and isotopic
data were presented from three deep vadose zone boreholes at
the Nevada Test Site to quantify soil-water flux and its relation-
ship to climate (Tyler et al., 1996). Tracing techniques and core
data were used to study the temporal and spatial variations of
the soil-water flux and recharge during the last 120 000 years.
Natural variations of stable isotopes were used to study infiltra-
tion in clay soils and groundwater recharge in the small drainage
basin of Barogo in West Africa (Mathieu and Bariac, 1996).
The isotope analyses led to the characterization of two separate
infiltration processes as well as two recharge processes.

Stochastic Modeling and Analysis. The spatial-temporal aver-
aging method was used for modeling transport in porous media
with a nonhomogeneous distribution of elementary domains
in the spatial-temporal space (He and Sykes, 1996). Several
averaging theorems and corollaries about the averages of spatial
and temporal derivatives were presented and rigorously proved.
The real-space expressions for second-order mean velocity and
velocity covariance in 3-D, statistically anisotropic media were
derived, and the effect of higher-order flow correction terms on
advective transport was examined (Zhang and Zhang, 1996).

First- and second-order reliability methods were applied as
alternatives to Monte Carlo simulation in the probabilistic anal-
ysis of groundwater contaminant transport and remediation
(Hamed et al., 1996). A 2-D FE model was interfaced with a
reliability analysis program that provided the probability that a
contaminant exceeds a target level at a well. Covariances of
velocity, head, and log (hydraulic conductivity) under quasi-
steady flow were developed, and their effect on advective trans-
port was examined (Zhang and Neuman, 1996a). Results
showed that temporal fluctuations in the direction of the mean
velocity cause longitudinal dispersion to decrease and transverse
dispersion to increase.

Probability distributions of travel times were developed for 1-
D (vertical) convective solute transport in field-scale soils under
unsteady and nonuniform flows (Kavvas et al., 1996). Approxi-
mate ensemble probability distribution functions of conservative
solute travel time were derived directly from the convective trans-
port stochastic partial differential equation. A higher-order theory
was presented for steady-state, mean uniform saturated flow and
nonreactive solute transport in randomly heterogeneous porous
media (Hsu et al., 1996). Results show significant improvements
compared with lower-order theories.

Dagan’s solution for transport in heterogeneous porous forma-
tions was extended to the case of finite Pe (Fiori, 1996). It was
suggested that pore-scale dispersion matters only with reference
to transverse spreading, and that Dagan’s solution, valid for Pe =
o, was an adequate approximation in a wide range of finite Pe.
General equations for the first two moments of the particle trajec-
tory were derived for the problem of transport of inert solutes in
random nonstationary velocity fields (Indelman and Rubin, 1996).
It was shown that the equations can be solved analytically for the
case of quasi-unidirectional mean flows, and the theory was ap-
plied to the case of transport in media displaying a linear trend in
the mean log (conductivity).

The general expressions for the time-dependent ensemble
averages of the second spatial moments (A) and the effective
dispersivities y were evaluated to study the effect of initial
plume size on (A) and y in 3-D heterogeneous isotropic aquifers
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(Zhang, Y.K., et al, 1996). Results confirm that (A) and vy
approach their respective ergodic limits as the size of the source
increases and that transverse lengths of a source were more
important than longitudinal length for the ergodic condition to
be met. The exact and approximate deterministic partial differ-
ential equations of the time-space evolution of mean, two-point
moment, and #-point moment solute concentration for conserva-
tive solute transport by steady and unsteady groundwater flow
in a heterogeneous aquifer were developed in the real space-
time domain (Kavvas and Karakas, 1996). The derivations were
performed by means of the cumulant expansion method, com-
bined with the calculus for the time-ordered exponential and
with the calculus for the Lie operator.

A fully nonlinear analysis of the integro-differential equation
for the spatial second moments X of the ensemble mean concen-
tration in a heterogeneous aquifer was carried out by solving
the nonlinear integro-differential equation for X numerically and
iteratively (Zhang and Chi, 1995). The effects of log (hydraulic
conductivity) variance, Pe, and anisotropy then were investi-
gated. A stochastic modeling approach and Monte Carlo simula-
tion were used to characterize the uncertainty in migration path-
ways in geological media surrounding a hypothetical buried
water repository in Bedfordshire, UK. (Mackay, R., et al,
1996).

The coupled effects of porous media heterogeneity and flow
unsteadiness on transport were investigated using a stochastic-
Lagrangian approach, where log(conductivity) was modeled as
a space random function and flow unsteadiness was considered
deterministic, affecting the magnitude and direction of mean
head gradient (Dagan et al., 1996a). By applying the model to
the case of a periodic variation in the flow direction, it was
shown that unsteadiness has an insignificant effect on the longi-
tudinal spread, whereas it strongly affects the transverse spread.
An experimental velocimetry technique based on particle image
analysis was used to perform a Lagrangian description of nonre-
active pollutant particle motion in a 3-D saturated porous me-
dium (Cenedese and Viotti, 1996). Statistical analysis of the
experimental data allowed for estimation of velocity and dis-
placement probability density functions, velocity component
correlation functions, Langrangian integral scales, and mechani-
cal dispersion coefficient tensor components.

A recently developed exact Eulerian-Lagrangian theory of
advective transport in space-time random velocity fields was
extended to account for anisotropic local dispersion (Zhang
and Neuman, 1996b). Results showed that the effect of local
dispersion on first- and second-concentration moments varies
monotonically with the magnitude of the local dispersion coef-
ficient, and when this coefficient is small relative to macrodis-
persion, its effect on the prediction of nonreactive transport
under uncertainty can be disregarded.

Analytical Modeling. The determination of solution criteria
for RADT, a FORTRAN program based on a semianalytical
approximation for solute transport during divergent radical
tracer tests, was presented (Piggott and Novakowski, 1996). The
principal of superposition was used to develop a semianalytical
solution for 1-D AD solute transport under an arbitrary concen-
tration boundary condition (Ge and Lu, 1996). A generalized
3-D analytical solute transport model for multiple rectangular
first-type sources was presented (Batu, 1996). The solutions
could be used for predicting solute concentrations from partially
penetrating solute sources located at any place along a vertical
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plane perpendicular to the flow direction of groundwater, rivers,
and canals.

A discussion was presented regarding a paper on inappropri-
ate use of analytical fate and transport models to estimate the
age and risk of petroleum product releases (Nolan, 1996). A
reply to the preceding discussion also was presented (Alvarez,
1996). Comments were made on a previous paper on exact
solutions of convection-diffusion and diffusion equations
(Wang and Yeh, 1996). A reply to the preceding comments was
also presented (Philip, 1996).

Numerical Modeling. A consistent FE approach for modeling
solute transport through anisotropic, heterogeneous media was
developed that does not require imaginary mathematical formu-
lations and overcomes the limitations of both the conventional
FD and FE methods (Rabbani, 1996). This method allows fluid
flow and solute transport in radial directions, and the resulting
matrices were field representative, diagonally dominant, and
easily convergent. Various FE schemes of the Bubnov-Galerkin
and Taylor-Galerkin types were analyzed to obtain expressions
for the truncation errors for both the steady-state and transient
forms of the AD equation (Comini et al., 1995). Stability limits
were determined for the transient equation, and the operational
equivalence between Taylor-Galerkin and Petrov-Galerkin
methods was illustrated.

A new algorithm was presented for the resolution of both
interior and boundary layers present in the AD equation in
laminar regimes, based on the formulation of a family of poly-
nomial-exponential elements (Olmos et al, 1996). The algo-
rithm was an adaptation of the standard variational methods
that supplies nonoscillatory and accurate solutions. Multidimen-
sional residual distribution schemes for the AD equation were
described (Paillere et al., 1996). Compact cell vertex schemes
were used for the convective term, whereas the FE Galerkin
formulation and various residual-based approaches were com-
pared for use on the diffusive term. An extension to the inte-
grated FD method was developed that permits a more accurate
approximation of the governing equations for 2-D groundwater
flow and mass transport in heterogeneous anisotropic media
(Ferraresi and Marinelli, 1996). A comparison was made be-
tween results obtained by applying this method and the FE
method to various test problems.

An FE model was developed for longitudinal dispersion of
a pollutant in porous media (Rao, 1996). Results obtained from
the model were found to be in close agreement with analytical
solutions. A Petrov-Galerkin formulation based on two different
perturbations to the weighting functions was presented for the
numerical solution of the transient AD equation in the vicinity
of sharp gradients (Idelsohn et al., 1996a). To accurately solve
the 1-D convection-diffusion equation, a multilevel Petrov-Gal-
erkin FE method was developed in which the weight functions
were calculated from simple algebraic recursion relations
(Ganesan and Salamon, 1996). This multilevel method was ex-
tended to cases of the nonhomogeneous problem with polyno-
mial forcing functions.

A Fourier analysis of the linear and quadratic Petrov-Galerkin
FE methods applied to the 1-D transient AD equation was per-
formed, showing that although a priori optimization of the lin-
ear method was not possible, a priori optimization of the qua-
dratic method can be accomplished without the addition of arti-
ficial dispersion (Carrano and Yeh, 1995). The spectrally
weighted average phase error method was introduced for the
optimization of the quadratic Petrov-Galerkin method, and
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optimal values predicted by the method were shown to be in
excellent agreement with those suggested by numerical experi-
mentation. A Lagrangian-Eulerian method consisting of advec-
tion-diffusion decoupling, backward particle tracking, forward
particle tracking, adaptively local zooming, peak/valley captur-
ing, and slave point utilization was presented to solve 2-D ad-
vection-diffusion transport problems (Cheng, J.R., et al., 1996).
This approach was developed to circumvent the difficulties as-
sociated with the EPCOF scheme when it was extended from
a 1-D space to a multidimensional space.

A multidimensional particle tracking technique was presented
for applying the Lagrangian-Eulerian FE method to solve trans-
port equations in transient-state simulations (Cheng, H.P., et
al., 1996). An in-element particle-tracking technique was used
for computing advection in the Lagrangian step, where fictitious
particles in the real-world flow field were traced on an element-
by-element basis. A generalized Eulerian-Lagrangian localized
adjoint method (ELLAM) of cells was presented for solving
advection-dominated contaminant migration problems (Garfids
et al., 1996). In this method, piecewise constant test functions
were advected with the transport velocity, with simultaneous
use of optimal weighting and interpolating functions.

A formal statistical analysis of the random walk method and
its relation to the classic AD equation was given (Hathhorn,
1996). It was shown that uniform or symmetric-triangular steps,
as opposed to Gaussian distributed steps, can be employed with-
out loss of generality in accuracy of the solution and may yield
significant computational savings. The constant displacement
(CD) scheme, which has been shown to be computationally
efficient and accurate for dispersion-free particle tracking in
highly heterogeneous fields, was extended and applied in the
random walk method (Wen and Kung, 1996). Results show that
the CD scheme may be 15 times faster than the traditional
constant-time scheme for the calculations of contaminant trans-
port in highly heterogeneous media.

The use of interpolation schemes that preserve discontinuities
in velocity at material contacts could result in a solute transport
random-walk model that does not locally conserve mass unless
a correction has been applied at the contacts (LaBolle et al.,
1996). Techniques for resolving the problem, including interpo-
lation schemes and a reflection principle, were reviewed and
tested, and results from simulations show which methods satisfy
continuity. An interpolation-corrected modified method of char-
acteristics (ICMMOC) was proposed for solving AD equations
(Liu and Dane, 1996¢). The ICMMOC, an improved version
of the modified method of characteristics, uses a high-order
interpolation scheme to reduce numerical dispersion, an interpo-
lation-corrected procedure to eliminate numerical oscillation,
and a simple peak-capturing scheme to overcome the peak clip-
ping problem.

A discussion was presented regarding a proposed numerical
technique based on the method of characteristics for the solution
of the advection and AD equations (Zoppou and Roberts, 1996).
It was pointed out that there were alternative schemes in the
literature that were conservative and provided better time-step-
ping than the proposed scheme. A closure to the preceding
discussion was presented as well (Li and Yu, 1996). Derivation,
stability, and error analysis for cell-centered finite volume ap-
proximations of convection-diffusion problems were presented
(Lazarov et al., 1996). Various upwind strategies were investi-
gated, and theoretical results were illustrated by numerical ex-
amples. An overlapping control volume (OCV) approach was
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introduced to solve 2-D steady-state AD problems on structured
nonorthogonal grids (Verma and Eswaran, 1996). Results of
diffusion and convection modeling using OCV on rectangular
and nonorthogonal grids were compared with results obtained
using the QUICK method.

Two different moving-grid methods were applied to solve
numerically AD equations in 1-D and 2-D (Zegeling, 1996).
Both methods were based on the method of lines, with the first
using moving FEs and the second using moving FDs. Large-
time solutions were derived for the partial differential equations
governing contaminant transport in porous media for initial data
with bounded support (Dawson et al., 1996). Results of a formal
asymptotic analysis of the governing equations as t = © were
compared with numerical solutions of the complete initial value
problem, providing convincing confirmation of the derived ana-
lytic solutions.

Inversion/Sensitivity Analysis. To address the problem of pa-
rameter insensitivity and correlation in groundwater flow pa-
rameter estimation, advective-transport observations were
added to the groundwater flow parameter-estimation model
MODFLOWP using particle-tracking methods (Anderman et
al., 1996). The resulting model was used to investigate the
importance of advective-transport observations relative to head-
dependent flow observations and was found to improve the
calibration of the model and the estimation of groundwater
flow parameters. Physical and nonreactive flow and transport
parameters for a contaminated aquifer were identified through
an optimization approach that combines a flow and transport
model with nonlinear least-squares multiple regression (Son-
nenborg et al., 1996). The sensitivity of the optimization ap-
proach to steady-state versus transient flow conditions and to the
amount of hydraulic and solute data used also was investigated.

A methodology for solving the coupled linear flow and trans-
port inverse problems was presented that allows the estimation
of aquifer parameters using their prior estimates as well as head
and concentration measurements as basic information (Medina
and Carrera, 1996). The applicability of the method was shown
by means of two real examples, which illustrated that the pro-
posed approach can successfully address model selection, pa-
rameter uncertainty, and nontrivial identifiability problems. Di-
rect and adjoint sensitivity methods were developed that could
be used with time-continuous approaches to groundwater con-
taminant transport simulation, such as the Laplace transform
Galerkin technique (Skaggs and Barry, 1996). The relative effi-
ciency of the two methods depends on the number of model
parameters, number of performance measures, and number of
spatial discretization nodes, but in the model problems analyzed,
the direct and adjoint methods were 9 to 156 times faster than
the perturbation method.

It was shown that given prior information in terms of a lower
and upper bound, a prior bias, and constraints in terms of mea-
sured data, minimum relative entropy (MRE) yields exact ex-
pressions for the posterior probability function and the expected
value of the linear inverse problem (Woodbury and Ulrych,
1996). The MRE approach was used to recover the release and
evolution histories of a plume in a 1-D, constant known velocity
and dispersivity system in which, for noise-free data, the recon-
structed plume evolution history was indistinguishable from the
true history. The effects of concentration measurements of an
existing plume on identification of log (conductivity) and flow
transport variables were assessed (Dagan et al., 1996b). A La-
grangian approach was used for conservative solute transport
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in a heterogeneous media, which improves the solution of the
inverse problem and the prediction of transport of existing
plumes.

A theoretical framework was presented that allows for condi-
tioning of the moments of the concentration on measurements
of conductivity and hydraulic head (Ezzedine and Rubin, 1996).
Conditioning the concentration reduces the uncertainty associ-
ated with its estimation and alleviates difficulties with estima-
tion of the extent of contamination. A field application and
sensitivity analysis was demonstrated for the split inversion
method, which combines seismic, hydraulic, and tracer data to
estimate lithologic and transport properties in 3-D (Hyndman
and Gorelick, 1996). The method was applied to the Kesterson
aquifer in the San Joaquin Valley, California.

An automatic calibration technique, developed for the 2-D
numerical solution of the groundwater flow and transport equa-
tions, used a mixed Picard/Newton-Raphson solution scheme
for the nonlinear unconfined flow problem and a fluctuation
splitting FE method for the transport equation (Siegel er al.,
1996). The calibration algorithm was based on the adjoint state
method for the calculation of the gradients associated with a
quasi-Newton minimization procedure, and a downscaling pro-
cedure was developed for the hydraulic conductivities and the
storage coefficients. Two neural networks systems, called
SCANN and PIANNO, were used to solve 2- and 3-D ground-
water inverse problems (Rizzo and Dougherty, 1996a). SCANN
was used as an alternative to conventional geostatistical meth-
ods to produce initial estimates of the desired discrete log-
hydraulic conductivity field, and PIANNO interacts with the
groundwater flow and transport simulator to solve the ground-
water inverse problem.

Sorption-Desorption. Organic Compounds. Adsorption/de-
sorption and mobility of a pesticide carbofuran in soil from
Kenya were investigated (Lalah and Wandiga, 1996). Soil sorp-
tion coefficient of 12 heterocyclic nitrogen compounds based
on the octanol-water partitioning coefficient (K,.) and water
solubility were determined (Liao er al., 1996). Shake flask ex-
periments were conducted to determine the K., and the water
solubilities of phenylthio-carboxylates (Feng et al., 1996b).

Adsorption studies of linear alkyl benzene sulfonate (LAS)
on soil were carried out (Ou et al., 1996). At low LAS concen-
trations, adsorption isotherms were linear but were observed to
increase exponentially with an increase in LAS concentrations.
The adsorption of the herbicide metamitron on various soils
with a wide range of organic matter (OM) and clay content was
examined (Cox, L., et al, 1996a). Leaching indices of some
major triazine metabolites were determined (Bottoni et al.,
1996). The sorption of the pesticides hexazinone, sulfometuron
methyl, and tebuthiuron on six acidic, saturated sands was deter-
mined as a function of depth (Koskinen ez al., 1996). Changes
in adsorption patterns of four pesticides on a sandy soil, induced
by application of anionic, cationic, and nonionic surfactants,
were determined using the batch equilibrium method (Iglesias-
Jimenez et al., 1996). The degree of hydrophobicity, type, and
concentration of surfactants proved to be critical.

Quantitative structure property relationship technique was
used to predict the soil partition coefficient of polychlorinated
biphenyls (PCBs), chiorinated phenols, and benzenes (Sacan
and Balcioglu, 1996). The effects of soil organic content and
dissolved OM on the sorption of atrazine and isoproturon were
investigated (Beck and Jones, 1996). Screening methods to esti-
mate soil adsorption coefficients were compared (Muller and
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Kordel, 1996). Spatial and temporal variation of isoproturon
residues and their sorption/desorption coefficients in a clay soil
were monitored in field scale, after pre- and postemergent iso-
proturon applications (Beck et al., 1996a).

Adsorption of eight phenylthioacetates from water by natural
soil was examined at varying concentrations (Feng et al.,
1996a). Sorption of ionizable dicamba at different concentra-
tions and pH levels on organo-clays was studied (Zhao et al.,
1996). A nonlinear model for estimating K., applicable to polar
and nonpolar organics based on artificial neural networks using
K, and water solubility, was developed (Gao et al., 1996).
Batch isotherms were determined for various organic com-
pounds in aqueous suspensions of a sandy loam soil and a
peat soil with a wide range of sorptive capacities (Xing and
Pignatello, 1996).

Adsorption characteristics of the nonionic surfactant Tergitol
15-S-7 on clays were investigated (Ray e? al., 1995). The mobil-
ity of emamecetin benzoate in soil was investigated by a batch
equilibrium technique and thin layer chromatography (Mushtaq
et al., 1996). The adsorption/desorption of atrazine and its three
metabolites on Levy wetland soil was determined using the
batch equilibrium technique (Mersie and Seybold, 1996). The
sorption of acifluorfen on eight soil humic acids was determined
at various pH values and concentrations (Celi et al., 1996).
Results indicated that the nature of humic acid influences the
sorption in addition to pH.

The interactions between a smectite saturated with aluminum
and rimsulfuron were examined (Pantani et al., 1996). A mecha-
nistic model of ion adsorption combined with an AD solute
transport model was developed to predict multicomponent ad-
sorption and transport of fluoride at variable pH in a Goethite-
silica sand system (Meeussen et al., 1996). Effect of temperature
on sorption of naphthalene, phenanthrene, and pyrene onto low
OC sediments was investigated (Piatt er al., 1996). Adsorption
of CO, and N, was used to examine the effect of surface area
of soil OM and porosity on sorption of organic contaminants
(de Jonge and Mittelmeijer-Hazeleger, 1996).

Effect of soil size fractionation and temperature on sorption
of atrazine onto a mineral soil was studied (Li, J.H., et al,
1996a). Soil size fraction had little effect and temperature had
a significant effect on sorption of atrazine. A microfiltration-
HPLC technique was used to study the labile and nonlabile
processes of sorption of atrazine onto mineral soil (Li, J.H., et
al., 1996b). Sorption and mobility of two herbicides and two
pesticides in an allophanic and nonallophonic soil were studied
(Baskaran et al., 1996). An empirical approach for description
of multicomponent reactive transport in a porous media was
presented (Borkovec et al., 1996). The effects of pH, methanol,
surfactants, and soil properties on desorptive behavior of chloro-
phenols in contaminated soils were investigated (You and Liu,
1996).

Sorption and mobility of bentazon in coastal plain soils were
studied using soil solution and soil thin-layer chromatography,
respectively (Grey et al., 1996). Adsorption and degradation of
primisulfuron and rimsulfuron, in soil and aqueous solution,
respectively, were investigated (Vicari et al,, 1996). Sorption
of bentazon and its degradation products in two Mississippi
soils were studied (Gaston et al., 1996a). Thermodynamics of
the interaction of lindane with Indian silty loam soils were
studied at different temperatures, and sorption studies were car-
ried at various concentrations and contact times (Khan, Z.A.,
et al., 1996).
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The impact of two-phase desorption kinetics on human health
risk assessment and hazardous waste clean-up was investigated
(Gong et al., 1996). Adsorption of nitroaromatic compounds
onto clay minerals was studied (Haderlein et al., 1996). Phenan-
threne sorption rates onto four different soils were determined
by studying the time dependence of solute-phase distribution
relationships in completely mixed batch reactors (Weber and
Huang, 1996a). Competitive sorption of simple organic acids
and sulfate onto goethite was investigated (Ali and Dzombak,
1996). Reversible sorption and irreversible binding of naphtha-
lene and a-naphthol onto sandy soils were evaluated (Burgos
et al., 1996).

The adsorption kinetics of toluene on Yolo loam and mont-
morillonite were obtained with a gravimetric method (Arocha
et al., 1996). Sorption was observed to occur in two stages:
adsorption in macropores and in micropores. Binding of 4-mo-
nochlorophenols to OM in soils during humification processes
in soil was studied (Bhandari et al., 1996). A surface complex-
ation model to describe the adsorption of metal—ethylenedi-
amine tetraacetic acid (EDTA) complexes onto various oxides
was described (Nowack et al., 1996). Competitive sorption be-
tween atrazine and other cosolutes in water suspensions of natu-
ral and model sorbents was examined (Xing et al., 1996).

Sorption of phenanthrene from water onto alumina coated
with dianionic surfactants was examined as a function of the
surfactant’s loading rate and alkyl chain length (Sun and Jaffe,
1996). The influence of near-surface characteristics in mineral
domains on sorption of phenanthrene onto various particulate
mineral solids was studied (Huang et al., 1996). Comments
regarding an earlier article by Weber and Huang were presented
(Pedit and Miller, 1996). Responses to these comments were
presented to support conclusions drawn in the earlier article
(Weber and Huang, 1996b).

A solid-state nuclear magnetic resonance method was pre-
sented for spectroscopic adsorption studies of organic pollutants
on surfaces of powders (Ukrainczyk and Smith, 1996). Labora-
tory soil-column flushing experiments were carried out to study
the removal of benzene, toluene, ethylbenzene, and xylene from
the soil cores of unsaturated zone of a waste site (Mackay,
A.A., etal, 1996). An analytical model of effects of application
frequency on pesticide concentration in a coupled saturated—
unsaturated system was described (Beltman et al., 1996). In-
stantaneous equilibrium and equilibrium-kinetic sorption mod-
els, which can be used to describe pesticide leaching and runoff,
were compared (Ma et al., 1996). Batch and continuous column
sorption experiments were carried out to examine the effects of
the ratio of different compounds or isomers and experimental
conditions on sorption parameters (Soerens and Sabatini, 1996).

Batch studies at various concentrations of perchloroethylene
were conducted to study the nonlinear sorption onto aquitards |
(Allen-King et al., 1996c). The effect of tillage practices on
sorption pattern and degradation of bentazon in conventional
and no-till Dundee soil was investigated (Gaston et al., 1996b).
Incorporation of nonextractable atrazine residues into soil size
fractions as a function of time was discussed (Barriuso and
Koskinen, 1996). The use of supercritical fluid extraction with
carbon dioxide as a method of extraction of pesticides from
soils was described (Rochette and Koskinen, 1996).

Sorption of primisulfuron and sulfonylurea at various concen-
trations on six oxides, two clays, and 23 different soils was
studied (Ukrainczyk and Ajwa, 1996). The interactions between
the divalent cationic herbicides diquat and paraquat and mont-
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morillonite were studied by different techniques (Rytwo et al.,
1996). Generalized models to predict sorption of pentachloro-
phenol onto natural soils were developed (Christodoulatos and
Mohiuddin, 1996).

Inorganic Compounds. Radionuclide and heavy metal sorp-
tion around low- and high-pH waste disposal sites at Oak Ridge,
Tennessee, was modeled using MINTEQAZ2 (Saunders and To-
ran, 1995). A comparative study was presented on the quantita-
tive characterization procedures of soils and sediments in terms
of specific radiocesium sorption potentials obtained during elab-
orate procedures (Wauters et al., 1996b). A new procedure was
developed for assessing the speciation of radiocesium and fresh-
water sediments (Wauters et al., 1996¢). An equation based on
the value of the radiocesium interception potential was pre-
sented for predicting solid/liquid distribution coefficients of ra-
diocesium on soils and sediments (Wauters et al., 1996a). Flush-
ing of a Pb(II) synthetically contaminated sandy loam using 0.1
N HC], 0.01 M (EDTA), and 1 M CaCl, was investigated in
the continuous-flow column mode (Reed et al., 1996a).

Cesium sorption in six Welsh soils was modeled using Lang-
muir and Freundlich adsorption isotherms (Campbell and Da-
vies, 1995). The capability of soil components to immobilize
Cd and the effects of environmental factor changes on its reten-
tion in vitro and under soil conditions were studied (Kurek et
al., 1996). The influence of pH and chloride on the retention
of cadmium, lead, mercury, and zinc by soil was studied (Lums-
don et al., 1995). A natural zeolite additive was used to study
the stabilization of Cd, Ni, and Pb in soil (Shanableh and Kharab-
sheh, 1996). Ion exchange between aqueous protons and surface
Hg and Cu sites on cinnabar and chalcocite were examined by
potentiometric titrations (Balsley et al., 1996).

Soil-water partition coefficients for cadmium were deter-
mined on 15 New Jersey soils by characterizing soils in terms
of surface properties and chemical composition (Lee, S.Z., et
al., 1996). The effect of fulvic acid on the sorption of actinides
and fission products on granite and selected minerals was stud-
ied (Ticknor et al., 1996). Mercury mobilization off of aquifer
sediments by acid rain, road runoff, and fertilizer solutions was
investigated using column and batch equilibria experiments
(Macleod et al., 1996). Distribution coefficients of platinum-
group metals were measured by a batch technique for agricul-
tural soils collected in Japan using a multitracer solution con-
taining their radioisotopes (Yasuda et al., 1996).

The migration of trace radiocalcium and radiostrontium in a
clayey and calcareous sandy soil was studied (Lefevre et al.,
1996). A series of core flood experiments was performed to
investigate the migration behavior of uranium under rigidly
controlled conditions (Sims et al., 1996). Based on potentiomet-
ric titration data, a uniform approach was used to develop a set
of consistent parameters for three surface complexation models
and nine simple hydroxides (Turner and Sassman, 1996). The
geochemical properties of an aquifer sediment that control
metal-ion adsorption were investigated to determine their poten-
tial use as indicators of the spatial variability of metal adsorption
(Fuller et al., 1996).

Experiments on the migration of *’Cs through columns con-
taining quartz sand were performed (Saiers and Hornberger,
1996a). Distribution coefficients were measured for cadmium
and nickel in laboratory batch experiments for 18 sandy aquifer
materials (Christensen et al., 1996). Extractability of zinc, cad-
mium, and nickel in soils amended with EDTA was investigated
(Li and Shuman, 1996a). The sorption and desorption of herbi-
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cides using dialysis membrane technique was studied (Govi et
al., 1996). Single and multiple metal ion reaction processes
were studied on humic acids (Jin et al., 1996).

Heavy metal movement in soil profiles was studied using
three metal-contaminated soils from cropland (Li and Shuman,
1996b). The sorption characteristics of clayey calcareous sedi-
ments were studied using combined sequential extraction-sorp-
tion isotherm analysis (Salim et al., 1996). The effects of pH
and competitive anions on the adsorption of arsenate were in-
vestigated (Manning and Goldberg, 1996). The effect of subsoil
liming and ionic strength on the movement of anion in highly
weathered acid soil columns was studied (Bellini et al., 1996).
Four methods to determine the cation exchange of soils and
clays were evaluated (Wang et al., 1996). The competitive de-
sorption/dissolution of kaolin-adsorbed heavy metal mixtures
and mixtures of adsorbed Cd with Mg and/or Ca by four chela-
tors was investigated (Hong and Pintauro, 1996).

The behavior of Pb in the A and B horizons of two soils was
studied to determine the effects of shock loading (Howard and
Sledzinski, 1996). Cadmium transport in an unsaturated stony
subsoil monolith was investigated (Buchter er al, 1996). An
experimental analysis was presented on the influence of specific
surface area on the transport of the sorbing solutes in fractures
(Wels et al., 1996). Sorption of cupric, dichromate, and arsenate
ions by the surface and subsurface horizons of two free-draining
New Zealand soils was examined (Carey, G.R., et al., 1996).
A surface complexation model coupled with a 1-D AD model
was used to simulate phosphate transport and was compared
with column experiment data (Stollenwerk, 1996). A slow rate
of approach to complete breakthrough was attributed to non-
equilibrium effects that were not included in the model.

Interactions with Other Processes. The effect of temperature
on sorption equilibrium and sorption kinetics for organic pollut-
ants was studied and presented (ten Hulscher and Cornelissen,
1996). The study indicated that some pollutants were affected
and others were not affected by temperature. The extraction of
RDX from soil using various anionic surfactants and cyclodex-
trin was investigated (Hawari et al, 1996). The sorption and
desorption kinetics of polycyclic aromatic hydrocarbons by soils
in mixed-solvent systems were studied (Errett et al., 1996).

The effect of soil additives on the adsorption characteristics
and hydraulic conductivity of two soils, a glacial till and a
marine clay, was investigated (Katz et al., 1996). The additives
enhanced the adsorption capacity but had little effect on hydrau-
lic conductivity. The relative importance of molecular diffusion
and advection and the effect of pollutant retardation on the
advective and diffusive transport were discussed using a con-
ceptual mathematical model (Lo, 1996). The effect of several
water-miscible organic solvents, with a wide range of solvent
properties, on sorption of benzoic acid by surface soils was
examined (Lee and Rao, 1996). The sorptive characteristics of
organoclays were studied and compared with those of natural
soil OM in terms of magnitude and mechanism (Sheng et al.,
1996). The effects of high pH on arsenic mobility in a shallow
sandy aquifer and on aquifer permeability along the adjacent
shoreline were investigated (Mariner et al., 1996). The results of
a modeling study to determine the transport and the partitioning
behavior of a certain cationic surfactant in porous media were
presented (Hayworth and Burris, 1996). Batch and column stud-
ies were conducted to investigate the use of cationic surfactants
to enhance the sorption of dissolved organic contaminants in
an aquifer with low OC content (Brown and Burris, 1996).
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Three sandy subsurface materials and a sandy surface soil
were used to assess the influence of mineralogy and surface
chemistry on the determination of physical transport parameters
(Seaman et al., 1996). Column tests were conducted to study
the influence of boundary conditions and soil attributes on the
transport of two commercial anionic surfactants (Allred and
Brown, 1996a). The sorption of 2-methylnaphthalene by Ross-
burg soil in the absence and presence of a nonionic surfactant
was studied and presented (Chin ef al, 1996). The effect of
soil properties, OM, and pH and surfactants on sorption and
desorption by soil was investigated (Werkheiser and Anderson,
1996). A simple approach to estimate the leachate concentra-
tion, residual contaminant levels in soil, and amounts of contam-
inants released into groundwater after certain years of infiltra-
tion was presented (Prakash, 1996). Chromium sorption and
reduction on soil with implications to bioremediation were in-
vestigated (Cifuentes et al., 1996).

Modeling. Solute transport and sorption or surface reactions
in a single fracture were analyzed with a series of approximate
analytical models (Berkowitz and Zhou, 1996). The conditions
were determined where a local equilibrium assumption was
appropriate and a retardation factor could be used to model the
effects of surface reactions. An organic solute diffusion model
was proposed based on solute pore diffusion, partitioning into
OM, diffusion in OM, adsorption on mineral fractions, and
surface diffusion along mineral surfaces (Yiacoumi and Rao,
1996). Model simulations were conducted to identify conditions
where each of the processes was important. A model was devel-
oped to describe solute transport with sorption onto immobile
aquifer materials and mobile, dissolved OC (Knabner et al.,
1996). Model simulations were compared with experimental
results for a variety of solutes to explain the processes leading
relative mobility of each solute. The model was analyzed further
mathematically, and guidelines were developed for assessing
the overall mobility of solutes in the presence of mobile and
immobile sorbents (Totsche et al., 1996).

Numerical solution approaches for solving two-domain, non-
equilibrium solute transport models were compared (Gallo et
al., 1996). An algebraic substitution method appeared to be the
most efficient approach for scalar computing platforms, whereas
a FE Laplace transform method was most efficient for multi-
processor platforms. A stream tube model with equilibrium and
nonequilibrium adsorption was used to analyze breakthrough
characteristics as a function of correlations between random
fields of transport parameters (Toride and Leij, 1996a). The
model was used further to assess the effects of using boundary
conditions or initial conditions to simulate solute introduction
(Toride and Leij, 1996b). The model also was compared to
1-D and more detailed 2-D numerical modeling results.

Solutions for macroscopic sorption kinetics were developed
to allow for comparisons of the relative importance of intra-
granular diffusion and field-scale physical and chemical hetero-
geneities (Miralles-Wilhelm and Gelhar, 1996). Macroscopic
sorption kinetics calculated for the Borden aquifer indicated
that larger-scale heterogeneities were more important than intra-
granular diffusion on controlling the transient behavior of a
sorbing plume. Analytical solutions were developed for describ-
ing the transport of a nonlinearly sorbing in a heterogeneous
aquifer (Berglund and Cvetkovic, 1996). Aquifer cleanup times
were found to vary significantly depending on the isotherm
equation. Analytical expressions for the limiting behavior of
nonlinearly adsorbing solutes were derived for heterogeneous
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aquifers (Bosma et al., 1996). The degree of nonlinearity was
shown to have an effect on plume behavior that was more
important than the effect of heterogeneity.

The asymptotic behavior of solute plumes undergoing nonlin-
ear adsorption was found to decay asymptotically as a power-
law function of the Freundlich exponent (Jaekel et al., 1996).
The analysis was useful for estimating Freundlich exponents
from BTC data. A method was developed for solving the AD
equation with a kinetically adsorbing solute (Van Kooten,
1996). The method relies on decoupling and solving separately
the AD and kinetic adsorption portion of the equations. A math-
ematical model was presented for simulating nonlinear, rate-
limited sorption in heterogeneous, structured porous media (Sri-
vastava and Brusseau, 1996). The model was used to assess the
impact of nonlinearity, rate-limitations, and heterogeneity on
plume characteristics.

A model that incorporates rate-limited sorption and rate-lim-
ited mass transfer was used to demonstrate the importance of
these processes on solute transport in aggregated media (Hu
and Brusseau, 1996). Solute characteristics controlled the im-
portance of the processes to transport behavior. An upstream-
weighted, multiple cell balance method was developed to de-
scribe 2-D flow and transport with mobile and immobile zones
and nonequilibrium sorption (Kong and Harmon, 1996). The
model was based on solving mass balance equations in finite
triangular elements and subdomains centered around each node.
An analytic solution was derived for the 1-D equations govern-
ing the transport of a tracer in a heterogeneous porous medium
subject to rate-limited adsorption with a linear equilibrium iso-
therm and also subject to decay (Logan, 1996). The 1-D model
gives information about how adsorption and decay effects can
interact with heterogeneities in the medium.

An analytical solution was derived for describing solute trans-
port with Langmuir and kinetically controlled sorption (Man-
oranjan and Stauffer, 1996). The solution method was based on
transforming the concentration profile into the form of a travel-
ing wave front. A lumped-parameter, nonlinear model was ap-
plied to investigate the kinetics of metal ion sorption to humic
substances (Yu et al., 1996). The overall order of the sorption
rate depended on time and the reactivity of the metal species.
Linear and nonlinear least-squares analyses were applied to
estimate Langmuir sorption constants from isotherm data
(Schulthess and Dey, 1996). The regression methods were sensi-
tive to the type of data error and isotherm nonideality.

Chemical Reactions. Oxidation/Reduction. Measurements of
oxidation-reduction potential and concentrations of dissolved
hydrogen were made in a shallow groundwater system contami-
nated with solvents and jet fuel to delineate the zonation of
redox processes (Chapelle ez al., 1996b). To determine whether
reduction by zero-valent iron was surface-mediated, the reduc-
tion of a probe molecule was studied, both in the solution phase
and bound to a solid support in the presence of zero-valent iron
(Weber, 1996).

The OC oxidation induced by a large-scale shallow water
intrusion into a vertical fracture zone at the Aspo Hard Rock
Laboratory and its implications on the construction of spent
nuclear fuel repositories were studied (Banwart et al., 1996).
Selenium(VI) migration through drill-core columns of granite
was investigated as a function of water velocities under oxic
and anoxic conditions (de Llano et al., 1996). A study described
the dynamics of redox transformations of naturally occurring
Se in a soil matrix as a continuous function of time during a
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sequence of oxic—anoxic—oxic transition (Jayaweera and Big-
gar, 1996).

Precipitation/Dissolution. The effect of simulated acid depo-
sition on soil acidification and metal mobilization was investi-
gated (Mannings et al., 1996). The characterization of goethite
and lepidocrocite precipitates that form from groundwater con-
taminated by acid mine leachate was provided (Herbert, 1996).
The solubilization of Ni, Cd, and Pb from three model compo-
nents of soils and sediments was investigated as a function of
pH (Kedziorek and Bourg, 1996). The solubility of these metals
depended not only on pH but also on interactions between soil
components. The effects of pyromorphite on the bioavailability
of lead were examined in urban and roadside soils (Cotter-
Howells, 1996).

The natural occurrence of two iron-chromate precipitates in
Cr(VI)-contaminated soil was studied (Baron et al., 1996). The
interactions of selected Pb minerals and a Pb-contaminated soil
with apatite were examined (Laperche et al., 1996). The results
indicated that apatite amendments to Pb-contaminated soil ma-
terials can induce the formation of pyromorphites. A thin-film
continuous flow-through reactor was used to investigate reac-
tions between aqueous Cr(VI) and two iron oxides: goethite
and magnetite (Deng et al., 1996). The dissolution of biotite
and chlorite in laboratory systems with flow-through and batch
reactors was studied (Malmstrom et al., 1996). A two- or three-
phase free boundary problem for a diffusion-convection and
reaction process in a bounded domain was analyzed (Pawell
and Krannich, 1996). The effects of octavite on dissolved Cd
were analyzed (Holm et al., 1996).

Geochemistry. Sources and geochemical processes responsi-
ble for the chemical evolution of shallow groundwater along the
northeast shore of Mono Lake, an alkaline saline lake located in
a hydrologically closed basin in west central California, were
determined (Connell and Dreiss, 1995). Concentrations of the
rare earth element Nd and major ions were measured in ground-
water samples obtained from four wells on the Nevada Test
Site and one well located 4.8 km (3 miles) east of the proposed
high-level nuclear waste repository at Yucca Mountain, adjacent
to the Nevada Test Site (Johannesson et al., 1995).

Statistical investigations and thermodynamic calculations
with WATEQA4F of the flooded Niederschlema/Alberoda U
mine (Germany) revealed that the mine water’s constituents
reached a local maximum (Wolkersdorfer, 1996). Twenty-seven
samples from a confined Lower-Middle Jurassic aquifer and
an unconfined Oxfordian aquifer of the North Aquitain Basin
(France) were analyzed for their major elements (La Salle et
al., 1996). The effects of gamma-ray irradiation on water-rock
reactions were investigated by comparing leaching experiments
with and without irradiation (Yonezawa et al., 1996). Uranium
series disequilibrium and high thorium and radium enrichments
in a karst formation were studied (Von Gunten et al., 1996).

Hydrolysis. The degradation of the herbicide fenoxaprop-
ethyl on homoionic Fe, Al, Ca, and Na montmorillonite in
aqueous medium was studied (Pusino et al., 1996). The abiotic
hydrolysis of the organophosphorus insecticide chlorpyrifos
was examined in 37 different soils, which were chosen to repre-
sent a wide variety of physicochemical characteristics (Racke
et al., 1996). Abiotic hydrolysis of simazine, atrazine, diazinon,
methylparathion, and chlorpyrifos was studied in three different
natural waters and buffered Milli-Q water (Noblet et al., 1996).

Interactions with Organic Matter. The role of humic sub-
stances as potential vectors of radiocontaminants through natu-
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ral aquifers and geological formations relevant for nuclear waste
repositories was studied by using interaction constants of tri-,
penta-, and hexavalent actinides (Am, Cm, Np, and U) with
humic acids (Moulin and Moulin, 1995). Batch sorption and
titration experiments were conducted to investigate the role of
dissolved Ca on the sorption and complexation of dissolved OC
and the effect on dissolved Cu concentrations (Romkens et
al., 1996). Naturally occurring organics in groundwater of the
Whiteshell Research Area of southern Manitoba were investi-
gated to assess their potential role in radionuclide transport
within granite fractures of the Canadian Shield (Vilks and Bach-
inski, 1996a).

A study of the downward movement of '*’Cs in an undis-
turbed forest soil was presented (Tegen and Dorr, 1996). Ab-
sorption of Cd in the sandy soils of the Ellen catchment in
Western Africa was studied by batch adsorption and by leaching
small columns of soil (Gerritse, 1996). Modeling of natural OM-
facilitated, polynuclear aromatic hydrocarbon (PAH) transport
through low-OC sediment was developed and corrected (John-
son, W.P., et al., 1996). In this study, the acid-base and Cd
complexation properties of a humic acid fraction extracted from
a soil were investigated using potentiometric titrations (Bolton
et al., 1996).

Interactions with Other Processes. The effect of upward
transport in translocating napropamide to the photic zone of
soils was examined (Donaldson and Miller, 1996). Soil-column
experiments were performed to differentiate between abiotic
and biological mechanisms for removal of residual organics
from chlorinated municipal effluent (Quanrud ez al, 1996b).
These studies were extended to consider the effects of different
porous media on the removal of wastewater organics (Quanrud
et al., 1996a).

Modeling. Geochemical mass balance and mixing models
were used to determine groundwater sources along the flow
paths in the vicinity of the Idaho National Engineering Labora-
tory (Schramke et al., 1996). The transport and mixing of sol-
utes undergoing first-order decay in variable-velocity porous
media flow were examined (Oldenburg and Pruess, 1996). A
numerical formulation with a wide range of chemical reactions
that could be solved either by direct substitution or sequential
iteration procedures was presented (Saaltink er al., 1996).

The use of the interior-point method to solve the thermody-
namic equilibria was discussed (Saaf et al., 1996). The develop-
ment and verification of a computational algorithm to approxi-
mate the highly nonlinear transport equations of multiphase
flow and reactive chemical transport was presented (Yeh et al.,
1996b). The development and verification of a process-level,
coupled geochemical reactions and hydrological transport
model was presented (Yeh et al., 1996a). A new method, called
(SU + C) PG, was used to solve advection-reaction-diffusion
scalar equations by the FE method (Idelsohn et al., 1996b).

Different mathematical models were discussed and com-
pared, and Eulerian-Langrangian localized adjoint methods
combined with specific linearization techniques to solve nonlin-
ear transport systems were presented (Vag et al., 1996). Alterna-
tive split-operator approaches for solving chemical reaction and
groundwater transport models were discussed (Barry et al.,
1996a). Reactive chemical transport within engineered barriers
was reported (Grindrod and Takase, 1996). A range of linear,
single-species models has been analyzed; this has led to general-
izations of earlier findings and development of new results
(Barry et al., 1996b). A numerical correction scheme for FD
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solution of the AD equation with reaction was developed from
a Taylor analysis (Ataie-Ashtiani et al., 1996).

Application of a reactive analytical groundwater transport
model for interpreting nonconservative tracer experiments was
presented (Leitao et al., 1996). Laboratory experiments were
performed to extrapolate reactive pollutant transport behavior
in heterogeneous porous media (Schafer and Kinzelbach, 1996).
A dynamic transport model that describes the downward trans-
port of acidity in forest soils was presented (Eriksson and Karl-
tun, 1995). A 2-D geochemical transport code was developed
for simulating contaminant transport at a waste residue deposit
in Denmark (Engesgaard and Traberg, 1996).

Effects of physical and chemical heterogeneity on contami-
nant transport in a sandy porous medium were presented (Tomp-
son et al., 1996). A small pertubation semianalytical solution
was derived for solute transport in porous media with multiple
spatially variable reaction processes (Xu and Brusseau, 1996).
A Fickian formulation was used to model longitudinal macro-
dispersion, and a formula for groundwater velocity error intro-
duced when dispersion is ignored was presented (Johnson and
DePaolo, 1996). The Fokker-Planck equation and its solutions
for modeling transport of conservative and reactive solutes in
physically heterogeneous media were developed (Su, 1995). A
correction to this work was presented (Su, 1996b).

FE techniques for solving reaction-diffusion problems with
advection were examined (Liu, B., et al., 1996). Theoretical
analysis for Eulerian-Langrangian localized adjoint methods
was conducted (Ewing and Wang, 1996). A diffusion- and reac-
tion-corrected calculation scheme, which allowed for rapid and
accurate solution of simultaneous 1-D diffusion and first-order
reaction in gaseous or liquid phases, was presented (Moldrup
et al., 1996b).

Evolution of a solute plume developing from a pointlike,
instantaneous solute injection, described by its effective velocity
and dispersion, was calculated using the pertubation theory
(Metzger, D., et al., 1996). Implementation and performance
evaluation of time integration methods for the solution of 3-D
advection-diffusion-reaction equations were presented (Som-
meijer and Kok, 1995). Two numerical solution methods, an
explicit method and a partly implicit method, were discussed,
and performance results were presented for a large-scale test
problem implemented on a vector/parallel, shared-memory
computer.

Biodegradation. Aerobic Processes. The biodegradation of
benzene, toluene, and xylene (BTX) was observed under oxic
conditions, and steady-state reactions were measured in flow-
through conditions where bacterial growth was negligible (Kelly
et al., 1996a). When measuring rate constants in batch experi-
ments using Monod equation accounting for bacterial growth,
neither mass-transport limitations in the column experiments
nor solid-to-solution ratios were significant in determining ki-
netic parameters. Two different methods using data from moni-
toring wells and hydrologic properties of the aquifer were used
to estimate biodegradation rate constants of benzene, toluene,
ethylbenzene, and xylenes (BTEX) (Wiedemeier et al., 1996).
The attenuation rates furnished by the two methods were in
close agreement when applied to a data set from a JP-4 jet fuel
spill at Hill Air Force Base, Utah.

Factors affecting the biodegradation of toluene were exam-
ined in soil microcosms (Davis and Madsen, 1996). Biodegrada-
tion of toluene was proportional to soil substrate concentration
up to a concentration of 200 ug/g, fairly insensitive to soil

Literature Review 1997

moisture content, and strongly dependent on the initial concen-
tration of degrading microorganisms and inorganic nutrients
availability. The effect of nutrient limitation on styrene metabo-
lism in Pseudomonas putida CA-3 was investigated (O’Connor
et al., 1996). Glutamate and succinate had catabolite-repressing
effects on the styrene degradation pathway, and lower levels of
enzyme activities were found in microbial cells grown under
ammonia and sulfate limitation. The in situ microcosm tech-
nique for measuring degradation of organic chemicals in aqui-
fers was described (Nielsen et al., 1996). Some details concern-
ing the installation and operation were provided together with
some experiences for data interpretation and monitoring of re-
dox conditions.

The use of ethane and ethylene as primary substrates for aerobic
cometabolism of vinyl chloride (VC) was studied (Freedman and
Herz, 1996) Both ethane- and ethyleéne-grown enrichment cultures
consumed VC in different ways and times. Results were presented
on the aerobic degradation of dichloromethane (DCM) and 1,2-
dichloroethane (DCA) in a fluidized-bed reactor in which oxygen
was supplied by diffusion through a synthetic membrane (Herbst
and Wiesmann, 1996). The effect of three chlorinated aliphatic
hydrocarbons (CAHs) on growth rates of methanotrophic mixed
cultures was studied (Anderson and McCarty, 1996). The presence
of CAHs decreased the net growth rate of methanotrophic mixed
culture because of both competitive inhibition and the toxicity of
transformation products.

Biodegradation of trichloroethylene (TCE) was studied using
a mixed culture of aerobic, phenol-induced organisms (Shurtliff
et al., 1996). A relationship was found between the influent
phenol:TCE ratio and TCE biodegradation. The effect of
bioaugmentation on the aerobic degradation of TCE in ground-
water was investigated using a small-column aquifer microcosm
(Munakata-Marr et al., 1996). In both sterile and nonsterile
microcosms, bioaugmentation with genetically altered Burk-
holderia (Pseudomonas) cepacia G4 enhanced TCE degrada-
tion, although at different levels. Abiotic and biotic transforma-
tions of 1,1,2,2-tetrachloroethane (TeCA) under methanogenic
conditions were studied (Chen, C., et al., 1996). The compounds
1,1,2-trichloroethane, trans-1,2-dichloroethene, and cis-1,2-
dichloroethene were products of the biotic transformation.

The ability to degrade chloroform (CF) by seven different
toluene-oxidizing bacterial strains was tested (McClay et al.,
1996). CF oxidation was inhibited in the presence of TCE, and
the different abilities of the CF-oxidizing bacteria to degrade
other halogenated compounds were also identified. The degra-
dation of TCE by a soluble ethane monooxygenase-constitutive
mutant strain of Methylosinus trichosporium OB3b, strain
PP358, was investigated, and the kinetics of degradation were
determined (Fitch et al., 1996). Degradation of toluene and
TCE by B. cepacia G4 in growth-limited batch-fed culture was
studied (Mars et al., 1996). During a 3-week period, approxi-
mately 65% of TCE was converted stably to unidentified prod-
ucts from which the three chlorine atoms were liberated.

The enhancement of TCE degradation by denitrifying strain
PKO1 in the presence of lactate was studied (Leahy et al.,
1996). Methane, phenol, or toluene, under aerobic conditions,
was used positively as primary substrate for inducing oxygenase
enzyme (McCarty et al., 1996). The results suggested using
the injection of toluene, oxygen, and hydrogen peroxide in the
successful full-scale aerobic co-metabolic biodegradation of
TCE carried out at Edwards Air Force Base. The microbial
degradation of chlorinated and nonchlorinated methanes, eth-
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anes, and ethenes by a mixed methane-oxidizing culture grown
under chemostat and batch conditions was evaluated (Chang and
Alvarez-Cohen, 1996). The transformation capacity for each
chlorinated aliphatic hydrocarbon was generally in inverse pro-
portion to its chlorine content within each aliphatic group,
whereas similar trends were not observed for degradation rate
constants.

A rapid-growing facultatively aerobic bacterium that trans-
forms tetrachloroethene (PCE) to cis-1,2-dichloroethene at high
rates in a defined medium was isolated (Sharma and McCarty,
1996). PCE transformation occurred with the addition of organic
substrates such as glucose, pyruvate, formate, lactate, and ace-
tate or mixtures of amino acids. The microbial mineralization
2,4,5-trichlorophenol (2,4,5-TCP) in soil was investigated (Ma-
tus et al., 1996). The absence of mineralization in sterile soil,
the presence of chloroguaiacol, and the preincubation with
2,4,5-TCP supported the involvement of microorganisms in the
degradative process.

The biodehalogenation of acetonitrile (ACN), chloroacetoni-
trile (CCN), chloroacetic acid, and chloroacetamide (ACM) by
M. trichosporium OB-3b was investigated (Castro et al., 1996).
The oxidative and hydrolytic pathways in the transformations
of ACN, CCN, chloroacetic acid and ACM were presented and
discussed. Denitrification and nitrogen transport were quantified
in a sandy glacial aquifer receiving wastewater from a septage-
treatment facility in Cape Cod, Massachusetts (Desimone and
Howes, 1996). Measurements and analysis evidenced that deni-
trification was limited by OC and not by NO;™ concentration,
but also that the denitrification influence on the total nitrogen
load to receiving ecosystems was likely to be small.

A method for indicating in situ biodegradation of naphthalene
was presented (Wilson and Madsen, 1996). The detection of
the unique intermediary metabolite 1,2-dihydroxy-1,2-dihydro-
naphthalene was to support the hypothesis of naturally occurring
microbial metabolization. The regio- and stereospecific oxida-
tion of fluorene, dibenzofuran, and dibenzothiophene was exam-
ined with mutant and recombinant strains expressing naphtha-
lene dioxygenase from Pseudomonas sp. strain NCIB 9816-4
(Resnick and Gibson, 1996). The catabolic repression of the
toluene pathway by succinate in chemostat cultures at low dilu-
tion rate under different conditions of inorganic-nutrient limita-
tion was described (Duetz et al., 1996).

Oxidation of naphthenoaromatic and methyl-substituted com-
pounds was examined with recombinant strain P. aeruginosa
PAOI1(pRE695) (Selifonov et al., 1996). It was found that ben-
zylic monooxygenation of methyl groups was strongly predomi-
nant over aromatic ring deoxygenation. The degradation of a
mixture of high-molecular-weight PAHs by Mycobacterium
strain PYR-1 was tested (Kelley and Cerniglia, 1995). The posi-
tive results strengthened the argument for the potential applica-
tion of Mycobacterium strain PYR-1 for bioremediation of
PAH-contaminated wastes. An alternative 2,3-dihydroxybiphe-
nyl 1,2-dioxygenase, designated EtbC, was identified in RDC1
cells grown on ethylbenzene (Hauschild et al., 1996).

The ability of microorganisms to degrade trace levels of hy-
drochlorofluorocarbons was investigated (Oremland et al.,
1996). It was found that CHCL,F was biodegradable in both
aerobic and anaerobic soils, whereas CHCI,CF; was biodegrad-
able only under anaerobic conditions. The biological reductions
of 2,4,6-trinitrotoluene (TNT) and 2,4- and 2,6-dinitrotoluene
by Pseudomonas sp. clone A were presented (Haidour and
Ramos, 1996). The processes for removing the nitro groups,
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their possible use by bacteria, and the side products were dis-
cussed. Microbial transformation of 2,4,6-TNT in aerobic soil
columns was investigated (Bruns-Nagel et al., 1996). Percola-
tion with a potassium phosphate buffer supplemented with glu-
cose and/or glucose ammonium sulfate caused a 90% decline
in the amount of extractable nitroaromatics in soils for a wide
range of TNT concentrations.

The ability of completely degrading 2-sec-butyl-4,6-dinitro-
phenol by Clostridium bifermentans KMR-1 was found (Ham-
mill and Crawford, 1996). Substrate-stimulated soil OM miner-
alization in a soil-based biodegradation test was investigated
(Shen and Bartha, 1996a). Actinomycete strains from 2,4,6-
TNT-contaminated and -uncontaminated environments were
compared for TNT tolerance and abilities to transform TNT
(Pasti-Grigsby et al., 1996). The effects of rhizodeposition and
selected carbon substrates on biodegradation of 3-chlorobenzo-
ate (3-CB) were studied in a series of experiments (Haby and
Crowley, 1996) Results indicated that 3-CB degradation was
faster in rhizosphere soil than in nonrhizosphere soil, where
glucose, mannitol, or benzoate should be supplied for simulating
rhizosphere effects.

The kinetics of transformation and the residual concentration
of degradation of low concentrations of 3-chlorobenzoate by
Pseudomonas sp. strain B13 were studied and measured (Tros
et al., 1996). The ability of the dibenzofuran- and dibenzo-p-
dioxin-mineralizing bacterium Sphingomonas sp. strain RW1 to
oxidize chlorinated derivatives of dibenzofuran and dibenzo-p-
dioxins was analyzed (Wilkes et al., 1996). Bacterial desulfona-
tion of the ethanesulfonate metabolite of the chloroacetanilide
herbicide Metazachlor was investigated (Laue et al., 1996). A
pure culture, strain HL1, was isolated, and this bacterium quan-
titatively desulfonated R-CH,-SO; ™, as was proved by the pres-
ence of sulfur in the cell protein.

The presence of a new sulfonic acid metabolite of metolachlor
(metolachlor ESA) in soil was investigated (Aga et al., 1996).
A dissipation study revealed that metolachlor ESA was formed
in soil under field conditions corresponding to a decrease in the
concentration of the parent herbicide, metolachlor. The biodeg-
radation of sulfolame in soil and groundwater samples from a
sour gas plant site was studied (Fedorak and Coy, 1996). Under
aerobic conditions, microbial populations were capable of de-
grading sulfolame, particularly when N and P were supplied.
The effects of soil depth and temperature were studied for the
degradation of 2,4-D pesticide (Veeh et al., 1996). Degradation
rates decreased significantly with increasing soil depth and cor-
related positively with bacterial plate counts, and an Arrhenius
equation adequately described the effect of temperature on deg-
radation rate.

A method based on a multilayer sampler equipped with dial-
ysis cell for the in situ study of bacterial activity in aquifers at
microscale environments was presented (Shati et al,, 1996).
This method enabled the demonstration of atrazine degradation
by a pure bacterial culture of Pseudomonas sp. strain ADP
in a contaminated aquifer. The biodegradation of atrazine was
studied in soil poultry litter (Gupta and Baummer, 1996). The
rate of atrazine biodegradation with poultry litter was found to
be almost twice as fast as without litter. The inhibition of the
rapid transformation found under soil treatment with the antibi-
otic chloramphenicol but not with cycleheximide indicated
involvement of soil bacteria in degradation of herbicide isopro-
turon (Cox, L., et al.,, 1996b). Similar inhibition effects of soil
treatment with antibiotic chloramphenicol but not with cycle-
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heximide were found in field and laboratory experiments of
enhanced degradation of the dicarboximide fungicides vinclo-
zolin and iprodione (Mitchell and Cain, 1996). The enhanced
degradation of vinclozolin by P. putida was further investigated
under various culture conditions (Cain and Mitchell, 1996).

Microbial consortia were found in coumaphos-contaminated
soils from eight waste sites, and their capability to mineralize
insecticide coumaphos was assessed (Mulbry et al., 1996). The
fate of fenpropimorph and its metabolite, fenpropimorphic acid,
was investigated in a silty sand soil and in clayey silt soil
(Stockmaier et al., 1996). The fate of bentazon [3-isopropyl-
1H-2,1,3-benzothiadiazin-4(3H)-one 2,2-dioxide] was deter-
mined in laboratory studies (Wagner et al, 1996). Results
showed that fate of bentazone was affected by tillage and history
of application.

The rates and products of environmental dissipation of cloran-
sulam-methyl aerobic soil metabolism were determined (Wolt
et al., 1996). The fate and the lifetime for biodegradation of
[**C]triethanolamine in aerobic surface soil, freshwater river
systems, and activated-sludge waste treatment were studied
(West and Gonsior, 1996). The kinetics of both primary biodeg-
radation and mineralization were shown to be first order in
triethanolamine and biomass concentrations and second order
overall for the matrices and in the triethanolamine concentration
range tested. The distribution of pyrimidine-2-["*C]-labeled her-
bicide rimsulfuron applied to a sandy calcareous alluvial soil
was studied under laboratory conditions for determining its
availability for degradation and its possible metabolites (Met-
zger, L.O.Y., et al., 1996).

Mineralization, degradation, and metabolites of '*C-ring-la-
beled isoproturon were investigated for 120 days under con-
trolled laboratory conditions in a pelosol, a brown calcareous
soil, and a brown acid soil (Pieuchot et al., 1996). The metabolic
characteristics and the identification of some metabolites in the
degradation of carbazole by Pseudomonas sp. LD2 were investi-
gated (Gieg et al., 1996). In a creosote-contaminated soil, carba-
zole was found to be used by Pseudomonas sp. LD2 as a sole
source of carbon, nitrogen, and energy. The ready biodegrad-
ability of three fluorinated surfactants was determined under
aerobic and anaerobic conditions (Remde and Debus, 1996).
The metabolic efficiency and turnover of soil microbial commu-
nities in biodegradation tests were examined (Shen and Bartha,
1996b). The anomalous results in degradation kinetics and prod-
ucts obtained when using *C-radiolabeled glucose together with
increasing dilution of unmarked glucose were discussed.

Anaerobic Processes. The biotransformation of §-hexachlor-
ocyclohexane (HCH) under methanogenic conditions was stud-
ied (Middeldorp et al., 1996). Intermediate and end products
were identified, and factors inhibiting anaerobic biotransforma-
tion of B-HCH were discussed in detail. The anaerobic biode-
gradability of alkylbenzenes (BTEX) and TCE in aquifer sedi-
ments downgradient on an unlined landfill was investigated
(Johnston et al., 1996). TCE was degraded to ethylene in micro-
cosms with aquifer material but exhibited an inhibitory effect
on toluene degradation, whereas other BTEX compounds were
recalcitrant in both ambient and amendment experiments.

A study was conducted successfully for demonstrating tolu-
ene and TCE degradation activity by some bacterial strains
obtained by electroporating plasmids from toluene dioxygenase
or toluene monooxygenase promoters into bacteria isolated from
sediments found at depths of 91 to 295 m (Romine and Brock-
man, 1996). The presence of alternative mechanisms to reduc-
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tive dehalogenation in degradation of monochlorinated and non-
chlorinated aromatic compounds under iron-reducing conditions
was discussed (Dolfing, 1996). Some laboratory results, how-
ever, suggested that reductive dehalogenation could be the
mechanism in sulfate- and iron-reducing consortia (Kazumi et
al., 1996).

Substrate and microorganism concentrations were correlated
positively to the degradation rate of 1,1,1-trichloroethane on
in situ bioremediation experiments under anaerobic conditions
(Doong and Chen, 1996). The anaerobic biotransformation of
several hydrocarbons found in gasoline including BTEX was
studied in batch laboratory microcosms using aquifer sediment
and groundwater obtained from Seal Beach, California (Ball
and Reinhard, 1996). Experiments indicated the ability of indig-
enous microorganisms to degrade BTEX compounds and the
importance of sulfate- and nitrate-reducing activities in influ-
encing intrinsic bioremediation. A laboratory experiment was
conducted to investigate temperature effects on pentachlorophe-
nol (PCP) reductive dechlorination in an interceptor trench
(Cole et al., 1996). An interceptor trench inoculated with a
temperature- and PCP-acclimated methanogenic consortia had
the potential to anaerobically biotransform PCP as low as 10°C.

Studies were conducted to determine how the concentration
of a chlorinated aliphatic compound affected acetate use and
its own transformation in methanogenic systems (Hughes and
Parkin, 1996a). Individual dichloromethane, chloroform, and
1,1,1-trichloroethane biotransformation rates of chlorinated ali-
phatic mixtures were investigated in batch cultures and in con-
tinuously fed attached-growth systems under anaerobic condi-
tions (Hughes and Parkin, 1996b). The effects of supplying
nitrogen as nitrate, ammonia, and molecular nitrogen on the
growth, TCE degradation capacity, and energy storage capacity
of a mixture of methane-oxidizing cultures were investigated
(Chu and Alvarez-Cohen, 1996). TCE product toxicity was not
found to be more pronounced for the nitrate- or ammonia-sup-
plied than for the nitrogen-fixing microbial cells, whose meta-
bolic activity was enhanced beyond that which could be ex-
plained by increased energy storage alone.

The biotransformabilities of TCA and CCl, were investigated
under low concentrations of acetic acid as the auxiliary substrate
for evaluating the effect of the auxiliary substrate on the trans-
formation of the chlorinated hydrocarbons (Doong and Wu,
1996). Experiments were conducted to examine the effects of
several culture parameters on pentachloronitrobenzene (PCNB)
and for increasing rates of biodegradation (Li¢vremont et al.,
1996). The best PCNB degradation results were found under
low concentration of carbon and nitrogen, whose presence was
shown to have a strong influence on PCBN degradation.

The estimation of the changing rate of anaerobic reductive
dechlorination of chlorinated aliphatic hydrocarbons in the pres-
ence of petroleum hydrocarbons was discussed (Moutoux et al.,
1996). The possibility of biodegradation of BTEX under iron-
reducing conditions was studied successfully in batch micro-
cosms, and the relative disappearance rates of biodegradation
of different BTEX compounds were determined (Kelly et al.,
1996b). The fate of a mixture of six polychlorinated bornanes
isolated from technical toxaphene was investigated in a loamy
silt under anaerobic conditions in a laboratory study (Fingerling
et al., 1996). The reductive dechlorination was the leading reac-
tion to a sequential removal of chlorine from each dichloro
group.

Nitrate loading effects on controlling toluene anaerobic bio-
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degradation were studied in connection with requirements of
maintaining nitrate and toluene concentrations below drinking
water standards under continuous-flow conditions (Mester and
Kossom, 1996). Anoxic treatment of trifluoralin-contaminated
soils was studied, and a zero-order transformation rate was esti-
mated from fitting of experimental data (McFarland et al.,
1996). Evidence for acetyl coenzyme A and cinnamoyl coen-
zyme A in the anaerobic toluene mineralization pathway in
Azoarcus tolulyticus Tol-4 was presented, and a degradation
pathway of toluene was proposed (Chee-Sanford et al., 1996).
Furthermore, benzylfumaric, benzylmaleic, and Z- and E-Phe-
nylitaconic acids were synthesized, characterized, and corre-
lated with a metabolite generated by A. rolulyticus Tol-4 during
anaerobic toluene degradation (Migaud et al., 1996).

A novel sulfate-reducing compound isolated from fuel-con-
taminated subsurface soil, strain PRTOL1, was found to miner-
alize toluene as the sole electron donor and carbon source under
strictly anaerobic conditions (Beller et al., 1996). The mineral-
ization of 80% of toluene to CO, was demonstrated in experi-
ments, and 15% of toluene carbon was converted to biomass and
nonvolatile metabolic byproducts. The influence of an electron
donor on minimum sulfate concentration required for sulfate
reduction in a petroleum hydrocarbon-contaminated aquifer was
investigated (Vroblesky et al., 1996a). A competition between
sulfate-reducing bacteria and methanogenic bacteria was sug-
gested by data under limited electron donor availability.

The use of methods based on tracking concentration changes
of substrates or final microbial metabolism over time was pre-
sented (Chapelle et al., 1996a). A combination of these methods
was proposed for dealing with laboratory and field method un-
certainties for measuring rates of biodegradation in petroleum
hydrocarbon-contaminated aquifers. The biodegradability of
phenol and all isomers of six different functional groups of
monosubstituted phenols were examined under denitrifying and
methanogenic conditions (O’Connor and Young, 1996). The
type of anaerobic condition and the nature of the substituent
group could influence both metabolism and toxicity of phenolic
compounds.

The potential of microbially mediated Cr(VI) reduction dur-
ing anaerobic degradation of benzoate was studied in a series
of microcosms and enrichments (Shen et al., 1996). Cr(VI)
strongly influenced degradation of benzoate, whose degradation
process was reversely promoting Cr(VI) reduction to Cr(III).
Evidences of anaerobic oxidation of vinyl chloride under
Fe(III)-reducing conditions in aquifer sediments were provided
(Bradley and Chapelle, 1996). A batch test system was de-
scribed for assessing the mineralization of '“C-radiolabeled
compounds to CO, and CH, under environmentally realistic
anaerobic conditions (Nuck and Federle, 1996).

Aerobic/Anaerobic Processes. Toluene and xylene degrada-
tion rates by a denitrifying strain of Xanthomonas maltophilia
were quite insensitive under oxygen-limited or anoxic condi-
tions (Su and Kafkewitz, 1996). X. maltophilia had the ability
to degrade vinyl chloride using ethene as a sole substrate (Verce
and Freedman, 1996). The rate-controlling effect of O, avail-
ability on the decomposition rate of hydrocarbons in soils was
examined, and a kinetic second-order model was calibrated with
experimental results (Freijer, 1996). Aerobic and anoxic bio-
transformation of 2,4-dinitrotoluene (DNT) was examined by
using a P. aeruginosa strain isolated from a plant treating pro-
pellant-manufacturing wastewater (Noguera and Freedman,
1996). Both DNT nitro groups were reduced by P. aeruginosa,
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which demonstrated the ability to degrade also the 4-amino-2-
nitrotoluene and 2-amino-4-nitrotoluene formed by DNT reduc-
tion.

Particle size effects on aquifer microorganism activities were
investigated by means of flow-through microcosms using
gravel, silt, and intermediate sand (Dodds et al., 1996). Di-n-
butyl phthalate (DBP) was transformed by microorganisms un-
der aerobic, nitrate-reducing, Fe(Ill)-reducing, and sulfate re-
ducing conditions and was significantly sensitive to redox po-
tential reduction, nutrient depletion, and toxic intermediate pres-
ence (Chauret et al., 1996). The respective role of mixed culture
of sulfate-reducing and methanogenic bacteria in TCE dechlori-
nation was investigated (Cabirol et al., 1996). Batch-type exper-
iments were conducted with different concentrations of acetate
as auxiliary substrate under various redox conditions for evalu-
ating the effects of redox potential and substrate concentration
on biotransformation of CCl, and PCE (Doong et al., 1996).
The redox potential of the environment was the leading factor
in chlorinated hydrocarbons.

Interactions with Other Processes. The potential of phyto-
remediation in the cleanup of contaminated sites and in the
prevention of nonpoint source pollution was examined with the
pesticide atrazine in two experimental systems (Burken and
Schnoor, 1996a). This study indicated that vegetative uptake
and degradation of rhizosphere could influence positively the
remediation of hazardous waste sites. The effects of rhizosphere
on atrazine degradation were examined in soil inoculated with
an atrazine-mineralizing bacterial consortium (Alvey and Crow-
ley, 1996). Corn plants had no effect on atrazine mineralization,
except that the formation of hydroxyatrazine was enhanced sig-
nificantly in planted soil. '“C-labeled atrazine was degraded
rapidly by hybrid poplar trees (Burken and Schnoor, 1996b).

Mineralization of atrazine was enhanced significantly in soil
treated with a mixture of atrazine and metolachlor in rhizos-
pheric soil from a herbicide-resistant plant compared to nonveg-
etated and control soils (Perkovich et al.,, 1996). Enhancement
of anaerobic 1,1,1-trichloro-2,2-bis(p-chlorophenyl) ethane
(DDT) biotransformation by mixed cultures was studied with
application of surfactants and redox potential reducing agents
(You et al.,, 1996). Addition of both surfactants and reducing
agents extended the DDT transformation by reducing the accu-
mulation of 1,1-trichloro-2,2-bis(p-chlorophenyl) ethane (DDD)
and increasing the accumulation of less chlorinated compounds.

A radiotracer experiment was performed to clarify the influ-
ence of microbial activity on plant-available Tc under water-
logged conditions (Tagami and Uchida, 1996). Tc adsorption
onto the soil was influenced by the activity of microorganisms;
that is, the redox potential of the soil was lowered by their
activity. A model accounting for kinetic sorption and aerobic
biodegradation described the fate of aromatic hydrocarbons
(Bjerg et al., 1996). Parameters for a first-order degradation
process model were obtained, and it was shown that independent
estimation of sorption parameters was required to obtain accu-
rate degradation parameters.

Alachlor biotransformation and sorption mechanisms and ki-
netics were evaluated in soil from two soybean tillage systems
(Locke et al., 1996). It was found that tillage did not influence
the initial disappearance of alachlor but did affect the metabolite
transformations. Sorption and aerobic biodegradation of strych-
nine alkaloid in various soil systems were examined, ranging
from a loamy sand to a sandy clay loam (Starr, R.L, et al,
1996). A direct relationship was observed between strychnine
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sorption and cation exchange capacity but not between sorption
and OM content.

A study was conducted to determine abiotic and biotic agents
for dithiopyr loss from golf course greens (Hong and Smith,
1996). Temperature, oxygen availability, and sorption to OC
were the most important physicochemical and environmental
factors affecting transformation rates of the herbicide metami-
tron in soil (Vink and van der Zee, 1996). The potential effect
of soil carbon content on groundwater nitrate contamination
was investigated (Adelman and Tabidian, 1996) The risk of
nitrate leaching with excessive fertilizer and irrigation rates
could be reduced by increasing organic soil carbon level, and
the root-zone denitrification impact could not be definitely de-
termined.

Heterogeneity in subsurface sediment grain size and contami-
nant distribution was examined in sediments collected in adja-
cent boreholes at discrete depth intervals in the saturated zone
(Aelion, 1996). Sediments were analyzed for JP-4 and BTEX,
and some correlations were found for individual JP-4 and BTEX
and sediment grain sizes. The effects of growing ryegrass on
the biodegradation of hydrocarbons were studied in laboratory-
scale columns (Gunther et al., 1996). Results obtained by de-
termining hydrocarbon degradation, bacterial numbers, soil res-
piration rates, and soil dehydrogenase activities indicated that
biodegradation of hydrocarbons in rhizosphere was stimulated
by plant roots.

The migration and the direction of groundwater flux and
microbial activity were examined in a drinking water source
near Barrow, Alaska (Braddock and McCarthy, 1996). Results
showed that the water flow was small because of shallow perma-
frost and constrained transport and that dispersion and microbial
activity likely was restricted to the short annual thaw season.
Stable carbon isotopes in dissolved inorganic carbon were used
to indicate zonation of *C-depleted hydrocarbon biodegradation
processes under the influence of hydrologically controlled elec-
tron-acceptor availability (Landmeyer et al., 1996). In a jet-
fuel—contaminated aquifer, biodegradation under aerobic and
sulfate-reducing conditions was found in the shallow part of the
aquifer, whereas methanogenic conditions were found in the
deeper part of the aquifer.

The reduction of PCE and TCE catalyzed by vitamin B, was
examined in homogeneous and heterogeneous batch systems
using titanium(IIl) citrate as bulk reductant (Burris et al,
1996a). Field experiments were implemented using randomized
block designs for studying in situ dynamics of aromatic hydro-
carbons and bacteria capable of metabolizing aromatic carbons
in a coal tar waste-contaminated field site (Madsen et al., 1996).
Microbial anaerobic dechlorination of hexachlorobenzene
(HCB) was examined in sediment slurries amended using differ-
ent concentrations of surfactants such as polyoxyethylene (POE)
sorbitan fatty acid esters and POE alcohols for enhancing solu-
bility and bioavailability of organic pollutants to degrading mi-
croorganisms (Van Hoof and Jafvert, 1996).

The reduced biodegradability of desorption-resistant fractions
of polycyclic aromatic hydrocarbons (PAHs) in soil and aquifer
solids was investigated (White and Alexander, 1996). Freshly
added PAHs were more easily biodegradable than desorption-
resistant fractions, but PAH mineralization could be increased
by addition of a surfactant and methanol in-slurry loam. The
mechanisms of microbial phenanthrene mineralization in sedi-
ment samples by sorbent-sorbate contact time, inocula, and
gamma-irradiation—induced sterilization artifacts were investi-
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gated, and several hypotheses were tested for explaining varia-
tions in phenanthrene metabolism (Sandoli ez al., 1996). A two-
step oxidation process was investigated for biodegradation en-
hancement of phenanthrene-contaminated soil resulting from a
soil-washing process (Van Kemenade et al., 1995).

Biodegradation and desorption of sorbed fluorene, a three-
ringed polynuclear PAH, was investigated in estuarine sedi-
ment-water slurries (Chandra et al, 1996). Fluorene was de-
graded rapidly in biologically active systems, after a lag period,
to levels less than limits of detection, and the kinetic rate was
controlled by microbial degradation rates and not limited by
desorption. The possibility of enhancing PAH degradation with
an advanced oxidative process (Fenton’s reagent: H,O, +
FeSO,) in soil that had been exposed previously to crude oil
was examined (Martens and Frankenberger, 1995). Results con-
firmed this possibility and indicated Fenton’s reagent as a valid
alternative in bioremediation practice for degrading most recal-
citrant chemical PAHs.

The capacity of PAH-using bacteria to produce biosurfactants
was investigated (Deziél et al., 1996). Biosurfactant production
was detected by surface tension lowering and emulsifying activ-
ities accompanied by an increase in aqueous concentration of
napththalene in an iron-limited salt medium supplemented with
dextrose and mannitol as well as with PAHs. Biodegradation
and dissolution models were combined to quantify the influence
of the surfactant Tergitol NP-10 on biodegradation of solid-
phase phenanthrene by P. stutzeri P16 (Grimberg et al., 1996b).
A series of nonionic surfactants was identified for enhancing
phenanthrene solubility and then bioavailability, and a mathe-
matical model was formulated to describe the interaction of the
biomass, contaminant, water, and surfactant system (Guha and
Jaffe, 1996a). The model reproduced experimental data quite
well, confirming the correctness, or at least the reliability, of
the assumptions on which it was based. The removal of 2,4,6-
TNT in the subsurface was simulated theoretically using a
steady-state monodimensional form of the AD-reaction equa-
tion, also accounting for TNT dissolution (Voudrias and Assaf,
1996). In situ rates of denitrification in a nitrate-contaminated
aquifer using small-scale, natural-gradient tracer tests were
measured, and the results were compared with rates obtained
from laboratory incubation rates (Smith, R.L., et al., 1996).

Experiments were conducted in a model system at different
pH to clarify the effect of adsorption of nitroacetate (NTA) on
its degradation by Chelatobacter heintzii (Bolton and Girvin,
1996). Both experimental and simulation results demonstrated
that sorbed NTA was unavailable to biodegradation and that
the desorption rate limited the rate of biodegradation. Experi-
ments were conducted on some anionic, cationic, and nonionic
surfactants (Knaebel et al., 1996). Results showed that interac-
tions with kaolinite, illite, and sand had little effect on the
microbial metabolism of organic compounds, whereas montmo-
rillonite, humic acids, and especially fulvic acids significantly
decreased the bioavailability of the chemicals to the microbial
community.

Experiments were conducted to investigate the fate of ethyl-
benzoate and soil microorganisms in shallow aquifers (Yang,
G.X,, et al., 1996). Biodegradation and volatilization were iden-
tified as the major mechanisms in attenuating ethylbenzoate in
contaminated soils. A review study indicated that increased soil-
chemical contact time increased the resistance of chemicals to
desorption, volatilization, biodegradation, and extraction and
that results obtained on chemicals freshly added to soils could
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not be used to predict the behavior of chemicals that had been
in contact with soils for extended periods of time (Loehr and
Webster, 1996a). A study was conducted on biodegradation of
1:1 nickel:citric acid by P. fluorescens and on modulation of
nickel toxicity by iron (Francis et al., 1996). The incomplete
degradation of the complex was attributed to the toxicity of the
Ni released and not to the change in its structure.

Modeling. A FD model for simulating the substrate-limited
biotransformation of halogenated solvents such as TCE and
PCE present in anoxic groundwater by sequential reductive de-
halogenation under methanogenic conditions was developed
(Hossain and Corapcioglu, 1996). In all cases, compounds were
removed effectively, but results indicated substantial levels of
intermediate product accumulations. Another 3-D FD model
was proposed for simulating flow, transport, and biodegradation
of NAPLs (de Blanc et al., 1996). Various numerical approaches
were explored for solving the system of ordinary differential
equations describing biodegradation, and Gear’s method was
found to furnish reliable solutions under all conditions.

A mixed FE-finite volume numerical approach was developed
for solving a saturated flow, transport, and diffusion-limited
aerobic—anaerobic biodegradation model (Gallo and Manzini,
1996). An upwind TVD shock-capturing technique also was
implemented for capturing steep concentration fronts. A simula-
tion model was presented for modeling biologically mediated
redox processes, which were incorporated in a kinetic submodel
(Lensing, 1996). A completed redox sequence of five functional
bacteria groups also was enclosed in the model, the application,
capabilities, and limitations of which were discussed.

Two 2-D models based on U.S. Geological Survey (USGS)
MOC were used to simulate the transport of reactive solutes
(Muiioz et al., 1996). The model, whose parameters were found
by experimental resulits fitting, was applied for simulating both
bioremediation of a hydrocarbon-contaminated aquifer and in
situ acid leaching of copper in mining tailings. A physically
based model was developed to study the transport of a solute
used by microorganisms forming a biofilm coating grains in a
porous medium (Dykaar and Kitanidis, 1996). A numerical
study was performed on the Pe and Damkohler number for
determining possible mass transport limitations and mecha-
nisms controlling macroreaction rates.

A 2-D, multispecies reactive solute transport model with aer-
obic and anoxic degradation processes was developed (Essaid
et al., 1995). The model was applied successfully to study the
field-scale solute transport and degradation processes at the Be-
midji, Minnesota, crude-oil spill. A numerical flow and transport
model was developed to simulate bacterial dissolved oxygen
(DO) consumption in the aquifer and to evaluate remedial alter-
natives (Lieberman, 1996).

Saline Groundwater. A sharp-interface model was devel-
oped using a multiphase flow approach to simulate the saltwater
intrusion problem (Huyakorn er al., 1996). Pseudosaturations,
capillary pressures, and constitutive relations were defined by
converting traditional sharp interface equations to an equivalent
set of two-phase fluid flow equations. A mixed hybrid FE
method and discontinuous FE method were applied to simulate
flow and transport in saltwater intrusion problems (Oltean and
Bués, 1996). The model was verified by comparison with the
Henry and free convection problems.

A model was developed to understand the mechanisms in-
volved in the mineralization of the Great Bend Prairie aquifer
of Kansas by saltwater originating from Permian bedrock for-
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mations (Rubin and Buddemeier, 1996b). Simulations using the
model characterized the dispersion of the sharp interface be-
tween the saline and fresh water because of mixing in fracture
intersections and between the fracture flow and permeable block
flow. The effect of recharge intensity and duration on the motion
of the saline/freshwater interface was investigated with a numer-
ical model (Mahesha and Nagaraja, 1996). A discussion was
presented with regard to a previous article on numerical model-
ing of the salt dome problem (Johns and Rivera, 1996, and
Oldenburg et al., 1996).

A model was developed for simulating transport of reactive
species during saltwater intrusion (Gomis et al, 1996). The
model was based on chemical element mass balances rather
than species; this simplified the solution process. Transport of
Ca’", Na*, and Mg?* during saltwater intrusion was simulated
by including cation-exchange processes (Wu, J., et al., 1996).
Saltwater intrusion into a Turkish groundwater basin was simu-
lated with a coupled flow and transport model (Emekli ef al.,
1996). The modeling results focused on establishing the width
of the dispersion zone and present-day rate of interface move-
ment.

Field data and various model simulation exercises were com-
bined with a simplified distribution of hydraulic conductivities
to simulate saline groundwater distributions and the saline/
freshwater interface position in the Mono Basin, California
(Rogers and Dreiss, 1995a). Simulations indicate that redistribu-
tion of Mono Basin solutes between Mono Lake and underlying
groundwater may be responsible for the present-day salinity of
Mono Lake (Rogers and Dreiss, 1995b). Isotopic and geochemi-
cal analyses were used to assess the hydrogeologic factors con-
tributing to the evolution of saline groundwater in the Edwards
aquifer (Oetting et al., 1996). Faulting, variations in deposi-
tional, diagenetic, and mineralogic characteristics, and external
contributions of saline water were significant factors.

Isotopic and geochemical analyses were used to examine
the evolution of saline waters in Indian coastal groundwaters
(Sukhija et al., 1996b). The results were used to distinguish
between contributions from paleomarine and modern seawaters.
Ion exchange processes occurring during the transport of oil
field brines were investigated with column studies (Cates et
al., 1996). It was shown that displaying the resulting chemical
analyses with Piper diagrams can lead to rapid assessment of
brine contamination.

The sources of fresh and saline waters in a Jamaican basin
affected by saline intrusion were identified by geochemical and
isotopic analyses (Howard and Mullings, 1996). Conductivity
and temperature measurements were taken in two Spanish
coastal aquifers affected by saltwater intrusion (Rozycki, 1996).
The results were used to assess the effects of temperature distri-
butions on saline intrusion and the temporal nature of the intru-
sion. A sharp interface model was used to assess the ability of
freshwater injection wells to control saline intrusion (Mahesha,
1996a,b). Reductions of saline intrusion of 60 to 90% were
simulated where the degree of reduction was determined by
injection well location, spacing, and rate. A similar model was
used to assess injection-extraction schemes (Mahesha, 1996¢).
Characteristic curves describing saline/groundwater interface
positions were produced based on extraction and injection well
spacing and rates. A simplified model was developed to explain
salinity changes during varying pumping conditions in a two-
layer aquifer (Sawicki, 1996).
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Colloidal and Organic Matter Transport. A forced gradi-
ent tracer test of natural OM was conducted in a sandy, coastal
plain aquifer (McCarthy et al., 1996). The results indicated that
the functional behavior of natural OM with respect to contami-
nants will vary with time because of differences in transport
behavior of natural OM components. A review of colloid-en-
hanced contaminants was published (Ouyang et al., 1996b). The
review focused on the occurrence of colloids and association
of colloids with contaminants and on models of colloid transport
and colloid-enhanced contaminant transport.

Theoretical calculations of dissolved tracer and colloid flow
geometries were used to determine dispersion rates of tracers
and colloids (Grindrod et al., 1996). Experimental data also
were used to show that ratios of colloid and tracer elution and
dispersion rates were functions of the colloids and porous me-
dium. A laboratory column study was conducted to investigate
colloid enhanced transport of lead as a function of aqueous
cation concentrations (Grolimund et al., 1996). Changes in the
cation composition of the infiltrating solutions released colloidal
particles and produced substantial transport of lead on the parti-
cles. Colloid-facilitated transport of metolachor was demon-
strated to be a function of the physicochemical and mineralogi-
cal characteristics of the colloids (Seta and Karathanasis, 1996).

Early breakthrough of cesium in the presence of kaolinite
particles was observed in column experiments (Saiers and Horn-
berger, 1996b). The experimental results agreed with a model
incorporating first-order, irreversible, kinetic kaolinite sorption,
linear adsorption of cesium onto kaolinite, and Langmuir sorp-
tion of cesium onto the solid. Clay particle transport and atten-
dant radionuclide transport were investigated in the presence of
a salinity gradient (Fauré et al., 1996). The amount of clay
migration depended on the NaCl concentration of the infiltrating
solution.

A model accounting for deep-bed filtration of colloids was
developed to describe colloid-facilitated transport in discretely
fractured porous media (Ibaraki and Sudicky, 1995a). Sensitiv-
ity analyses revealed that colloid-enhanced migration was sig-
nificant if contaminant sorption onto the colloids was a slow
kinetic process. Further simulations indicated that colloid-en-
hanced solute transport was likely to increase prediction uncer-
tainty because of uncertainty in colloid filtration coefficients
and fracture network characteristics (Ibaraki and Sudicky,
1995b). The transport of colloids and suspended particles in a
granite fracture was investigated (Vilks and Bachinski, 1996b).
Aqueous flow path, direction, and rate and particle size affected
colloid and suspended particle mobility.

The association of Pb with colloids significantly affected Pb
transport in a soil profile (Wang and Benoit, 1996). Both dis-
solved and colloid-associated Pb were immobilized in the soil
profile by adsorption processes. Goethite colloid transport was
controlled by pH and initial goethite colloid concentration in
column experiments (Satmark et al., 1996). BTCs of goethite
and radionuclides did not display any similarities, except for
iodate at low pH. The Cu and Cd content of a range of colloidal
materials was analyzed with a graphite furnace atom absorption
spectrometry method (Freedman et al., 1996). The method pro-
duced high analyte recoveries.

Experiments conducted in a 3-D, heterogeneous porous me-
dium demonstrated the importance of the third dimension on
particle transport (Silliman, 1996). Particle transport depended
on the connectivity of high-permeability pathways in the third
dimension. Modeling and column experiments investigated the
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effects of geochemical heterogeneity on colloid transport (John-
son, P.R., et al., 1996). Surface charge heterogeneity signifi-
cantly affected the deposition of colloids on the porous media.

Particle deposition and accompanying permeability reductions
were investigated with a pore network simulator (Skouras et al,
1996) Hydrodynamic and physicochemical interactions between the
particles and pore walls and changes in the pore structure were
considered in 3-D particle trajectory and deposition calculations.
The motion of colloidal and larger particles influenced by electric
fields was studied in capillary tubes (Kuo and Papadopoulos, 1996).
The direction of motion relative to the cathode-anode configuration
and the dominant flow mechanisms were determined as functions
of pH and electric field strength. The factors responsible for perme-
ability reduction in aquifer materials under the influence of bior-
emediation efforts were assessed with column experiments (Wiesner
et al., 1996). Colloid deposition and gas binding were more likely
explanations for the observed permeability reduction than iron pre-
cipitation.

Microorganism Transport. Deposition of two bacterial spe-
cies was analyzed in terms of clean bead collision frequency
and surface area blocked by attached cells (Rijnaarts et al.,
1996a). A collision-blocking model adequately described mi-
crobial transport. The effects of cell surface, solid media hydro-
phobicity, and electrolyte concentration on bacterial deposition
were investigated (Rijnaarts er al,, 1996b). The influence of
these factors on clean bead collision frequency and surface area
blocked by attached cells were quantified. Macroscopic models
were developed for determining changes in porosity-specific
surface area and permeability caused by biomass- accumulation
(Clement et al., 1996). The models were in good agreement
with models based on biofilm growth.

A method for selecting characteristic collector diameters for
bacterial filtration models was established by measuring bacte-
rial retention in columns packed with various porous media
(Martin et al., 1996). Characteristic diameters based on smaller
particles most accurately described bacterial transport. The pres-
ence of dissolved OM and solid-phase OM affected bacterial
transport (Johnson and Logan, 1996). The degree of bacterial
retention was a function of the type of OM and solid surface.
Models with kinetic and equilibrium bacterial adsorption terms
were compared with solute and bacterial transport (Reddy and
Ford, 1996). The models yielded similar results with regard
to solute concentrations but significant differences in bacterial
distributions and BTCs.

A model was presented for describing bacteria-enhanced
transport of contaminants where bacterial and contaminant
mass-transfer processes were represented with kinetic models
(Kim and Corapcioglu, 1996). Simulation results indicated that
equilibrium assumptions may be used when Damkohler num-
bers are greater than 10. A model of bacteria-enhanced transport
of DDT was developed by matching experimental data (Saiers
and Hornberger, 1996¢). The model incorporated a Freundlich
isotherm equation for DDT-bacteria adsorption and kinetic ex-
pressions for bacterial deposition and DDT adsorption to the
porous medium. A model of virus transport with time-dependent
inactivation rates was developed (Sim and Chrysikopoulos,
1996a). A pseudo first-order inactivation rate coefficient com-
pared better with experimental data than constant-rate coeffi-
cients and produced extended virus survival. A correction to a
previously published article on virus transport modeling was
presented (Sim and Chrysikopoulos, 1996b).
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FATE AND TRANSPORT IN VADOSE ZONE
SYSTEMS

Hydrodynamics. Physical Processes. A model was pre-
sented for simulating salt migration under nonisothermal condi-
tions in a porous media partially saturated with saline water
(Bear and Gilman, 1995). The model was applied to demonstrate
that a heat source can attract salts and produce salt precipitation
in the heated area. Porosity changes caused by brine transport
in unsaturated porous media were investigated with a theoretical
and numerical model (Olivella et al., 1996). Water vapor trans-
port and water condensation were important factors determining
porosity variations. Salt diffusivity was measured as a function
of water content and capillary pressure—water content curves
for three soils (Olesen et al., 1996) Two new models for salt
diffusivity as a function of soil texture parameters were pro-
posed and were compared with experimental results and existing
models.

A methodology for analyzing unsaturated zone, chemical pro-
files by two extraction methods was presented for determining
the direction of water flow and differentiating between upward
water and vapor transport (Ronen, D., et al., 1996). The method-
ology assessed saline transport mechanisms in the vadose zone
of the Dead Sea area. Infiltration and tracer experiments were
conducted in a sand and gravel vadose zone (Rudolph et al.,
1996). Lysimeter and time domain reflectometry networks pro-
vided tracer concentration and water content data, which were
used to characterize flow and transport properties. A laboratory
study was conducted in two different soils to investigate the
effects of temporal variations in flow velocities on pesticide
transport (Ma and Selim, 1996). The effects of temporal veloci-
ties depended on the soil type, and averaged velocities could
not be used to represent the pesticide transport.

Three forms of the AD equation were fitted to BTCs obtained
from undisturbed soil monoliths (Jensen et al., 1996). The more
complex models provided better fits to the data, but more uncer-
tainty was associated with the resulting parameter values. A
field tracer study indicated that significantly better mass recov-
ery was obtained with destructive sampling than with solution
sampling (Ellsworth et al., 1996). Results also indicated that the
dispersivity was scale dependent and that a log-normal transfer
function model provided the best fit to the measured concentra-
tions. Solute concentrations and water contents measured in a
field tracer study showed that heterogeneity had a more pro-
nounced effect on the concentrations (Zhang et al., 1996b). A
model that ignored pore-scale dispersivity was able to simulate
the mean measured concentrations but produced poor simula-
tions of concentration variance.

A two-layer transfer function model was used to determine
field-scale transport parameters from tile drain BTCs (Radcliffe
et al., 1996). The model successfully provided transport parame-
ter estimates as long as lateral flow in the saturated zone was
accounted for in the second layer. The relationship between the
field- and local-scale parameters was investigated by conducting
column experiments (Gupte et al., 1996). Macropore or prefer-
ential flow were found to be significant at the local scale. Undis-
turbed column tracer studies were conducted under ponding
and sprinkler conditions to estimate solute velocities relative to
piston flow velocities and the magnitude of preferential flow
(Ren et al., 1996). The contribution of macropores to flow and
solute transport was greatest when the soil was initially dry and
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decreased as the soil became wetter (Shipitalo and Edwards,
1996).

A literature review of field experimental and observational
studies of pesticide transport was presented (Flury, 1996). Al-
though the literature is inconsistent about the factors controlling
pesticide leaching rates, initial water content, surface prepara-
tion, and pesticide application time showed promise for control-
ling leaching mechanisms. Column experimental results with
two pesticides and chloride tracer were better predicted with a
two-site, two-region model than with the standard AD model
(Singh ez al., 1996). A field study was conducted to investigate
the transport of ions by infiltrating stormwater (Igbal and
Krothe, 1996). Preferential flow, anion exclusion, and cation
attenuation were important processes controlling ion transporta-
tion, along with dilution caused by mixing of stormwater with
the resident soil water.

The effects of rainfall and evapotranspiration on the transport
of various organic species were assessed in a modeling study
(Grifoll and Cohen, 1996). The dynamics of rainfall and period
of initial concentration affected the volatilization flux and
amount of chemical remaining in the vadose zone. Mobile—
immobile model transport parameters were determined from
tracer BTCs obtained with a series of soil columns taken along
a transect (Mallants et al., 1996a). The estimated pore velocities,
dispersions, and mobile water content ratios were described
best with log-normal distributions, whereas the mass-transfer
coefficients could be described with a normal distribution. Sim-
ulations of chlorsulfuron leaching with the MACRO model were
used to estimate parameters and compare results from a lysime-
ter leaching experiment (Bergstrom, 1996). The experimental
results were better predicted when two flow domains were in-
cluded. The dependence of soil-water chemistry on flow path-
ways in forested tills was reviewed (Lundin, 1995).

Modeling. An Eulerian-Lagrangian localized adjoint method
(ELLAM) solution was developed for the 2-D, two-phase, con-
taminant transport equations (Binning and Celia, 1996a). A
combined conservative—nonconservative ELLAM scheme was
developed to handle boundary condition problems, and the
scheme was shown to be superior to a Galerkin FE solution. A
Petrov-Galerkin FE solution was applied to 1-D water flow and
solute transport in the vadose zone (Nguyen, 1996). A modified
weighting function, based on the least-squares FE concept, was
shown to be unconditionally stable for all Courant and Pe.
A new approximation to the analytical solution for spherical
diffusion of solute in a dry soil was presented (Knight, 1996).

A macroscopic, dual-porosity model for water and solute
transport was proposed based on a geometry-dependent coeffi-
cient in the mass-transfer term (Gerke and van Genuchten,
1996). The coefficient was used to represent the size and shape
of soil aggregates or rock matrix blocks, and expressions for
the coefficient were derived for various structural geometries.
A model based on the subsystems and moving packets (SAMP)
concept was developed for describing unsaturated flow and
transport under equilibrium and nonequilibrium conditions
(Ewen, 1996a). The model relied on tracking discrete packets
of water as affected by matric potential, unsaturated hydraulic
conductivities, and an internal scale parameter. A 1-D form of
the SAMP model was described and used to simulate column
BTCs (Ewen, 1996b).

Unimodal and bimodal models of pore size distributions were
incorporated into an unsaturated flow and transport model (Zur-
miihl and Durner, 1996). The bimodal models yielded a prefer-
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ential flow characteristic that significantly affected the transport
behavior. Various conceptual models of mobile water content
also were presented and incorporated into the flow and transport
model. Simulations of flow and transport in 2-D, Miller-similar
media were used to assess the impact of the critical point con-
cept (Roth and Hammel, 1996). Effective transport parameters
and their transitions around the critical point were found to
depend strongly on the overall water flux.

Similar media scaling and conditional simulations were used
to model water flow and solute transport for an experiment at
the Las Cruces Trench Site (Rockhold ez al., 1996). Relatively
good agreement between modeled and observed flow and trans-
port behavior was found, without any model calibration. A 2-
D, Galerkin FE model was developed to simulate flow and heat
and solute transport in furrow-irrigated soil (Noborio er al.,
1996a). Model simulations of water content, temperature, and
solute concentration agreed well with results from a field test
(Noborio et al., 1996b). A transfer function model was proposed
where the travel time variance increases proportionally with
depth to a specified power (Liu and Dane, 1996d). The effect
of the power value on solute transport behavior and resulting
special cases were discussed.

A high-resolution, Monte Carlo technique was developed for
analyzing statistical moments in variably saturated, heteroge-
neous porous media (Harter and Yeh, 1996a). The factors con-
tributing to and trends in concentration prediction uncertainty
were analyzed. A model for conditional simulation of steady-
state flow and transient transport was used to investigate using
conditional simulation for assessing sampling network designs
(Harter and Yeh, 1996b). Reductions in uncertainty were deter-
mined as a function of sampling schemes for saturated hydraulic
conductivity and capillary pressure—water content relationships.
A reliability algorithm was combined with an unsaturated flow
and transport model to provide estimates of probabilities that a
concentration will be exceeded and the relative importance of
uncertain parameters (Piggot and Cawlfield, 1996). The proba-
bilities of exceedance were very sensitive to changes in satu-
rated water content.

A 3-D model of variably saturated flow and solute transport
in discretely fractured media was developed (Therrien and Sud-
icky, 1996). The model is based on a control volume and FE
and Galerkin FE techniques for solving the flow and transport
equations, respectively. The use of the Green-Ampt model for
describing advective solute transport was investigated by com-
parisons with a Richards equation-based model (Govindaraju
et al., 1996). Comparisons of predicted solute concentration
distributions revealed that the Green-Ampt model is adequate
for advective solute transport predictions. A surface irrigation
model was combined with two functional solute transport mod-
els, RAO and TETrans, to simulate solute transport with inter-
mittent irrigation (Izadi et al., 1996). The ability of the two
models to simulate solute concentration profiles was evaluated.

The current state of the art for coupling vadose zone flow
and transport models with geographic information systems
(GIS) was reviewed (Tim, 1996). Examples were provided for
coupling models of contaminant transport from nonpoint
sources with GIS. GIS modeling was used to partition hydro-
logic systems into subsystems, and the resulting descriptions
were used stochastically as inputs to a nitrate leaching model
(Wu, Q.J., et al., 1996). The model predictions were analyzed
and compared with field observations. Soil survey data were
used as stochastic inputs for nitrate leaching modeling (Bouma
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et al., 1996). Monte Carlo and geostatistical techniques were
applied to illustrate the effects of soil property variability and
to interpolate the soil property point data.

Four vadose zone leaching models were used to calculate
soil cleanup criteria for volatile organic compounds (VOCs),
based on not exceeding a critical groundwater concentration
(Sanders, 1995). The predicted cleanup criteria were affected
by the processes included in each of the models. A procedure
for validating pesticide leaching models was proposed and ap-
plied for the CRACK-P model and a data set from a field
experiment (Armstrong et al., 1996).

Sorption-Desorption. Unsaturated column experiments were
conducted to investigate the mechanisms of VOC uptake as a
function of VOC, moisture content, and influent VOC concen-
tration (Corley et al., 1996). A pore-filling model was used to
analyze the column data, and it was suggested that a capillary-
phase separation process occurred in the pores. Sorption of
pesticides and their subsequent degradation on macropore lin-
ings were studied in various soils (Mallawatantri et al., 1996).
The reactions of various polynuclear aromatic hydrocarbons
with different soils were analyzed (Karimi-Lotfabad et al.,
1996). Moisture content, organic content, and time were varied.

A study was carried out to investigate the effect of soil:solu-
tion ratio on sorption kinetics and movement of P during un-
steady unsaturated water flow conditions (Chen, J.S., et al,
1996b). A technique for determining rate coefficients under
water saturated—unsaturated conditions that provides a way to
validate P transport models during transient, unsaturated water
flow was developed. A disc permeameter methodology was
developed to measure solute adsorption isotherms in situ (Cloth-
ier et al., 1996). The sorption characteristics of two anionic
surfactants in an unsaturated soil were determined (Allred and
Brown, 1996b). The surfactant sorption was relatively fast and
reversible and reduced the soil-water diffusivity values signifi-
cantly.

An analytical solution for macrodispersivity for adsorbing
solutes in physically and chemically heterogeneous, unsaturated
soils was derived (Yang, J.Z., et al., 1996a). The solution in-
cludes a dependence of macrodispersivity on variability in water
content and unsaturated hydraulic conductivity, mean water
content, and a retardation factor. Stochastic numerical simula-
tions were used to investigate transport in physically and chemi-
cally heterogeneous, unsaturated soils (Yang, J.Z., et al,
1996b). Macrodispersion values were relatively large and dif-
fered significantly from second-order moments calculated for
the plumes. Solute transport in media with retardation coeffi-
cients that were correlated negatively with log hydraulic con-
ductivity was analyzed within a Lagrangian framework (Russo,
1996). The relative impact of chemical heterogeneity on the
simulated BTCs increased with increasing stratification and de-
creased with coarsening soil texture.

Chemistry. Enhanced metal mobilization occurred by solu-
ble organic chelators and preferential flow paths (Camobreco
et al., 1996). Results indicated that preferential flow, alone or
in combination with organic-facilitated transport, can accelerate
metal leaching through soils.

Biodegradation. The use of chloroform as a tracer in experi-
ments for determining toluene biodegradation in unsaturated
column studies was investigated (Allen-King er al., 1996a).
Chloroform did not degrade significantly and did not affect the
soil microorganism population. Toluene biodegradation under
nitrogen-limited conditions was assessed in column infiltration
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experiments (Allen-King er al, 1996b). Water flux and initial
toluene concentrations had a secondary effect on biodegradation
rates relative to nitrogen and oxygen limitations. Techniques for
measuring biodegradation rates of p-nitrophenol (PNP) during
preferential flow were developed (Pivetz et al., 1996). PNP
degraded rapidly in both homogeneous and heterogeneous
packed columns despite the short residence times in the prefer-
ential flow paths.

Gas and Vapor Transport. Physical Processes. A two-
chamber diffusion cell was used to investigate the dependence
of gas diffusion coefficients on soil properties (Jin and Jury,
1996). Analysis of experimental data obtained from nonreactive
(Freon-12) and reactive (hexafluorobenzene) tracer studies indi-
cated that existing gas tortuosity models, such as the Penman,
Millington-Quirk, and Troeh models, did not adequately relate
gas diffusion coefficients to soil properties. Elberling (1996)
examined the effect of cementation on gas diffusivity in col-
umns packed with sandy sediments. Experimental results indi-
cated that standard gas diffusion equations should be modified
to account for air-space geometry and connectivity in cemented
materials.

Batterman et al. (1996) used a soil column maintained with
a constant concentration gradient to measure the effective gas-
phase diffusion coefficient of VOCs in soils. A nonlinear rela-
tionship was observed between air-filled porosity and the effec-
tive diffusion coefficient, and it was shown that measured gas-
phase diffusion coefficients at intermediate and high moisture
contents were significantly greater than values estimated from
literature correlations. Diffusion of TCE and benzene vapor
mixtures through an air-dry sand was studied by Amali et al.
(1996). Simulations matched to the experimental results indi-
cated that a model accounting for multiple gas species and
nonlinear adsorption isotherms more accurately predicted VOC
concentrations compared with a single-species, linear adsorp-
tion isotherm model.

Laboratory studies were conducted by Petersen et al. (1996)
to investigate the transient diffusion of TCE vapors through soil
columns in which the soil-water content of the surface layer was
varied. Both increases and decreases in the soil-water content of
the surface layer resulted in large peaks of TCE emanating from
the soil columns, which was simulated using a numerical model
that included diffusion coefficients and retardation factors as
functions of soil-water content. Gimmi and Fluhler (1996) eval-
uated the influence of the injection mode (flux versus resident)
on the interpretation of gas-phase transport experiments. The
effect of inlet type was tested in two series of column experi-
ments at different mean flow velocities.

The volatilization of methyl bromide (MeBr), a soil fumigant,
from natural soils was studied to develop application and man-
agement techniques that minimize losses of MeBr to the atmo-
sphere (Gan, J.Y., et al., 1996). Based on the experimental
results, it was recommended that MeBr be applied to moist soils
that have been surface-compacted and covered by a plastic tarp.
Lindhardt et al. (1996) measured non-steady-state fluxes of aro-
matic hydrocarbons from surface soils contaminated with coal
tar. Relatively good agreement was found between measured
fluxes and fluxes predicted using an analytical solution to Fick’s
diffusion equation that assumed independent diffusion and local
equilibrium. A second study was conducted to examine the
effect of a 5-cm-thick cover layer on hydrocarbon volatilization
from the contaminated soil (Lindhardt and Christensen, 1996).
‘When microbial activity was inhibited, hydrocarbon fluxes sta-
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bilized after 10 to 20 days but were overestimated by the diffu-
sion model.

Auer et al. (1996) investigated the effect of variations in
ambient atmospheric pressure on the migration of air in porous
and fractured materials, commonly referred to as barometric
pumping. Results of this analysis suggest that barometric pump-
ing can reduce significantly the retention time of VOCs in the
unsaturated zone and may play an important role in environmen-
tal remediation of VOC-contaminated soils. Uncertainty and
sensitivity analysis techniques were employed in conjunction
with the BRAGFLO model to examine two-phase (gas and
brine) flow at the Waste Isolation Pilot Plant operated by the
U.S. Department of Energy (U.S. DOE) as a disposal facility
for transuranic waste (Helton er al, 1996). Gas production
caused by steel corrosion and microbial activity as well as gas
migration through a sealed' shaft were studied.

The upward migration of TCE vapors through the unsaturated
zone above contaminated groundwater at the Picatinny Arsenal
in New Jersey was studied by J.A. Smith et al. (1996). The
total gas flux (diffusion and advection), measured using a verti-
cal flux chamber, was significantly greater than upward diffu-
sive flux alone. Two field experiments were conducted at the
Canadian Forces Base Borden to obtain detailed measurements
of TCE vapor transport in the unsaturated zone (Conant et al.,
1996). In both experiments, TCE vapor plumes spread several
meters from the source and downward to the capillary fringe
within a few days of release. Vapor transport was found to be
diffusion-dominated, but density-induced advection was sig-
nificant during the summer.

Lineham et al. (1996) performed a field-scale helium gas
injection experiment to examine gas migration in water-satu-
rated fractured rock. Experimental data were modeled using
several techniques, including analytical scoping calculations
and numerical simulations of two-phase flow in porous media.
Relative permeability relations for materials that contain water
and moist air were investigated by Couture et al. (1996). An
estimation technique, based on numerical simulations and ex-
perimental measurements, was presented to describe convective
drying.

Sorption/Desorption. The effect of soil moisture content on
vapor-phase sorption of VOCs was studied using a batch-equi-
librium headspace method (Unger, D.R., er al.,, 1996). Based
on experimental results, an equilibrium partitioning model was
developed to predict organic vapor sorption over a range of
moisture contents using soil-pore—size distribution and Bru-
neaur, Emmett, Teller (BET) parameters measured under oven-
dried and water-saturated conditions. The influence of tempera-
ture and relative humidity (RH) on sorption of organic vapors
by three minerals was investigated by Goss and Eisenreich
(1996). An exponential reduction in equilibrium adsorption co-
efficients was observed as the RH was increased from 30 to
90%, and the extrapolated adsorption coefficients for 100% RH
were similar to those reported for bulk water.

Van der Zanden and Schoenmakers (1996) investigated the
influence of water vapor sorption on the drying of porous mate-
rials. A mathematical model was developed to simulate evapora-
tion with a porous medium and incorporated a mass-transfer
coefficient for a specific evaporating surface. The partitioning
of VOCs between soil water and the gas phase in the unsaturated
zone was examined by Washington (1996). The effect of tem-
perature on the distribution and energetics of VOCs between
the gas and liquid phases was estimated using Henry’s law and
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van’t Hoff plots. The effect of sorption processes on the diffu-
sion of VOCs in moist soils was examined by Cabbar and
McCoy (1996). Sorption was assumed to occur at the air—water
interface, air—solid interface, and water—solid interface. Using
temporal and volume averaging methods, mathematical expres-
sions were developed and evaluated for soils consisting of po-
rous and nonporous particles.

Lin et al. (1996) studied the equilibrium partitioning and
sorption kinetics of benzene by a low-OC—content soil. As the
RH was increased from O to 33%, sorption isotherms gradually
changed from nonlinear to linear and the sorption capacity de-
creased. The relative rates of adsorption and desorption were
related to the shape of the equilibrium isotherm and could be
inferred using an intragrain diffusion model and the resuits of
a single kinetic experiment.

Modeling. A 1-D numerical gas flow model was developed
by El-Fadel et al. (1995) to predict time development of pres-
sure and gas profiles, and time-dependent gas emissions from
landfills. The model accounted for temperature effects on gas
transport properties and biochemical processes and was used to
simulate gas emissions from the Mountain View Controlled
Landfill Project in California. Thibaud-Erkey et al. (1996) pre-
sented a mathematical model to predict the adsorption and de-
sorption profiles of organic vapors from oven-dried soil in a
packed-bed column. Initial vapor breakthrough was predicted
without the use of any data-adjusted parameters; however, de-
sorption hysteresis had to be accounted for to predict the entire
effluent profile.

A simple, dynamic diffusion-reaction model was used by
Kruse et al. (1996) to simulate the methane concentration pro-
files in intact soil cores taken from a mixed hardwood forest.
Comparisons of model simulations to measured methane pro-
files indicated that methane diffusion in soil air was the primary
factor controlling methane consumption in the unsaturated soil
cores. Moldrup et al. (1996a) evaluated the use of empirical
equations based on the Campbell soil-water retention function
to predict gas diffusivity as a function of soil-air content. The
new diffusivity equations based on the Campbell b parameter
provided better overall predictions of gas diffusion coefficients
compared with the traditional Millington-Quirk model.

Using VLEACH, a 1-D FD vadose zone model, for estimating
benzene vapor transport was evaluated by P.R. Johnson et al.
(1996). A parameter-sensitivity analysis indicated that the transport
of benzene vapors to the soil surface may be influenced by several
factors, including contamination depth, recharge, soil-water con-
tent, and porosity. A series of diffusion models with attenuation
was developed to calculate the diffusive flux of organic vapors in
homogeneous porous media between a hydrocarbon source and a
building foundation (Jeng et al, 1996). Simulation results sug-
gested that vapor transport was strongly dependent on soil type
and properties and that model predictions were sensitive to degra-
dation and source depletion rates.

Moore et al. (1996) critically evaluated the ability of various
diffusion and transport models to estimate groundwater, soil,
soil-gas, and indoor air concentrations of VOCs at petroleum
spill sites. Results of this analysis indicated that in some cases,
existing models may provide acceptable predictions of soil-gas
and indoor air concentrations, but in other cases, the models
greatly over- or underestimated the severity of the problem.
The effect of subsurface heterogeneity on risk-based corrective
action (RBCA) applied at petroleum release sites was evaluated
by Marks et al. (1996). The analysis indicated that site-specific
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target levels (SSTLs) estimated for a multilayer soil profile can
vary by as much as two orders of magnitude depending on the
soil layer selected to represent the subsurface and the values
selected for key soil properties. An interactive computer pro-
gram, GASSOLVE, was developed for analyzing soil-gas pump
tests under both transient and steady-state conditions (Falta,
1996). In this model approach, field gas-pressure data from
multiple observation wells were inverted using a multidimen-
sional nonlinear optimization procedure to provide fits of data
to the appropriate analytical solution.

FATE AND TRANSPORT IN NON-AQUEOUS-
PHASE LIQUID SYSTEMS

Hydrodynamics. Physical Processes. A mathematical model
was introduced for heterogeneity-induced phase dispersion in
multiphase flow as a Fickian diffusion process with the relative
permeability gradient as the driving force (Pruess, 1996). The
addition of a phase-dispersive term to the governing equations
for multiphase flow was equivalent to an effective capillary
pressure, and it was found that a small amount of phase disper-
sion can completely alter the behavior of an infiltrating NAPL
plume. Existing methods available to predict capillary pressure
(P.)—saturation (S) relations for fractional wettability porous
media are generally inadequate (Bradford and Leij, 1996). In
this study, methods are presented to estimate two- and three-
fluid phase (air, oil, and water) P.—S relationships for porous
media with a range of wettabilities.

Powers et al. (1996) investigated potential changes in the
wettability of sands exposed to various NAPLs. It was found
that NAPLs composed of high-molecular—weight constituents,
such as creosote, or containing surfactant, such as gasoline,
had a greater impact on wettability than low-molecular—weight
NAPLs. The imbibition and drainage of three wetting-phase
liquids were measured in two size fractions of silica particles
(Moseley and Dhir, 1996). Based on the experiment results, a
functional relationship between capillary pressure and wetting-
phase saturation was developed that accounted for the depen-
dence of capillary pressure on the contact angle of the fluid—
solid interface. A network model was developed to evaluate
the relationship between capillary pressure, saturation, and in-
terfacial area (Reeves and Celia, 1996). Volume averaging was
used to derive macroscopic measures of saturation and fluid—
fluid interfacial area per volume of porous media.

Guigard er al. (1996a) investigated the retention of n-hexane
and PCE in three soils of varying soil-water content. Retention
capacities on a volume basis were independent of chemical type
and decreased with decreasing porosity and increasing soil-
water content. The infiltration and liquid front movement of
hexane and PCE in soil columns also was studied by Guigard
et al. (1996b). Liquid front movement in air-dry soil followed
a log—log relationship with time, consistent with the Green-
Ampt model. The geometry of non-wetting-phase liquids in
moist unsaturated porous media was studied by Hartz and Over-
camp (1996). A 3-D spreading coefficient was developed to
predict the formation of pendular rings or insular lenses of
nonwetting fluids as a function of water tension and nonwetting
fluid concentration.

Kueper and Gerhard (1996) examined the influence of source
release location, size, and strength on the infiltration rate and
lateral spreading of a dense NAPL (DNAPL) introduced to a
heterogeneous water-saturated porous medium. Numerical sim-
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ulations were conducted to relate the point infiltration rate of
source releases of NAPL to the underlying hydraulic conductiv-
ity distribution. The effect of subsurface heterogeneity on the
design of free product recovery systems for light NAPLs was
studied using a vertically integrated, three-phase flow model
(Kaluarachchi, 1996). The results of hypothetical field-scale
simulations indicated that subsurface heterogeneity has a sub-
stantial effect on predictions of free-product recovery.

Governing equations for the migration of an oil mound above
an unconfined aquifer were obtained by averaging the oil-phase
mass balance equation (Corapcioglu et al., 1996). Analytical
and numerical solutions were used to-estimate the temporal and
spatial distribution of the oil mound thickness. Shapiro and
Stenby (1996) studied the problem of segregating a two-phase
multicomponent mixture under thermal gradient, gravity, and
capillary forces. For the case of binary mixtures, analytical
solutions for saturation, component distribution, and flow in the
two-phase zone were obtained.

Hilfer and Oren (1996) introduced a macroscopic capillary
number, defined as the ratio between the macroscopic viscous
pressure drop and the macroscopic capillary pressure acting
upon the entrapped NAPL. This form of the capillary number
depends on the length scale and provides a possible explanation
for the difference in residual oil saturations measured at the
field and laboratory scales. The influence of interfacial tension
on the mobilization of entrapped NAPL ganglia was examined
in laboratory soil columns by Ryan and Dhir (1996). After the
addition of isopropyl alcohol to reduce the interfacial tension,
phase saturations were measured using a dual-beam y-densi-
tometer. Reddi and Wu (1996) investigated mechanisms gov-
erning the vibrational destabilization of NAPLSs in sands. Based
on experimental studies, it was postulated that under compac-
tion, viscous pressures destabilized NAPL ganglia, whereas
buoyancy pressures increased the maximum sustainable ganglia
length.

A macroscopic percolation model was employed by Ioannidis
et al. (1996) to evaluate the effects of buoyancy and spatial
structure on immiscible displacement of NAPLs. In large-scale
immiscible displacements involving a nonzero fluid density dif-
ference, local saturation distributions were found to be markedly
different from distributions obtained under conditions of negli-
gible buoyancy effects. The effects of organic liquids on the
permeability of Selma chalk were measured in the laboratory
by Sadler and Donald (1996). Permeability measurements for
six organic liquids were greater than those of water, but statisti-
cally significant differences in mean values were observed only
for ethylene glycol and aniline.

J. Li et al. (1996) compared the intrinsic permeability of liner
materials containing sand, bentonite, and two organobentonites
for water, nitrobenzene, and heptane. X-ray diffraction and con-
tact angle measurements were used to explain experimental
results in terms of interlayer expansion and dispersion of the
bentonites after exposure to different liquids. A study of the
motion of two immiscible liquids in closed tubes was conducted
to assess the influence of wetting and nonwetting fluids on
flow behavior (Rimmer et al., 1996). The effect of wetting—
nonwetting fluid characteristics on the amount of liquid dis-
placed, the shape of the liquid—liquid interface, and the radius
of the closed tube was discussed.

Caruana and Dawe (1996) investigated fluid flow and dis-
placement within porous media possessing wettability heteroge-
neities. Immiscible displacement experiments conducted in
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glass bead packs showed the influence of wettability differences
on the entrapment of residual oil. Sandpack experiments were
conducted by Dullien and Dong (1996) to determine transport
coefficients for coupled equations of two-phase flow in porous
media. Values of the cross coefficients ranged from 10 to 35%
of the effective permeability to water and 5 to 15% of the
effective permeability to oil. Lasseux ef al. (1996) conducted a
theoretical evaluation of permeability tensors for two-phase
flow in homogeneous porous media. The four permeability ten-
sors that appear in the volume-averaged Stokes’ equations were
essentially geometrical boundary value problems.

The onset of instabilities during immiscible displacement in

. fractures and porous media was examined by Neuman and Chen

(1996). The analysis demonstrated that, in most cases, the fluid
interface was not perpendicular to the mean direction of dis-
placement; thus, incipient fingers did not extend in parallel. A
series of groundwater flow and tracer experiments was per-
formed on an undisturbed column of fractured clay-rich till
using a solute, viruses, and an immiscible DNAPL (creosote)
(Hinsby et al., 1996). Results indicate that, for this till, fractures
and root holes were important conduits for the transport of
DNAPLs.

Modeling. A literature review of the behavior of chlorinated
hydrocarbons (CHCs) in the vadose zore was presented (Yu,
1995). It was concluded that mathematical modeling efforts of
CHC fate and transport in the vadose zone have been only
partially successful because of the presence of heterogeneity
and site-specific factors. Z. Chen (1996) presented several for-
mulations of the governing equations used to describe three-
phase flow in porous media. The mathematical development
began with the phase formulations and progressed to the pseu-
doglobal and global pressure-saturation formulations.

The simulation of three-phase flow in groundwater hydrology
and petroleum engineering applications was considered by Ew-
ing (1996). Computational comparisons among various multi-
phase formulations illustrate the efficiency of proposed formula-
tions. Pereira et al. (1996) developed a three-phase, 2-D network
model based on pore-scale fluid distributions and displacement
mechanisms. This approach, which accounts for flow through
both wetting and intermediate fluid films, correctly predicted
three-phase flow in glass micromodels. Three-phase displace-
ment experiments using water, benzyl alcohol, and decane were
simulated by Hicks and Grader (1996). The model predicted
breakthrough of fluid phases and the formation of multiple
shocks.

Y.S. Wu et al. (1996) presented a consistent and unified
approach to describe multiphase subsurface flow for a range of
boundary conditions. Boundary conditions considered include
seepage face conditions for three-phase problems and multinode
constant-rate pumping wells. A new model for multiphase,
multicomponent transport in capillary porous media was devel-
oped by Wang and Cheng (1996). In the model formulation,
multiple phases were treated as constituents of a multiphase
mixture. In part II of this paper, the numerical model was used
to predict the infiltration and transport of NAPLs in unsaturated
porous media (Cheng and Wang, 1996). Numerical simulations
indicated that a light NAPL spill results in two distinct zones:
a lens of NAPL floating on the water table and a region of
lower saturation previously swept by the infiltrating NAPL.

Chang et al. (1995) conducted a stochastic analysis of steady-
state multiphase (water, oil, and air) flow in heterogeneous po-
rous media. Perturbation theory and spectral representation
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techniques were used to develop closed-form expressions that
described stochastic variability of key processes. In the compan-
ion article, the results of numerical simulations and closed-
form expressions obtained using the perturbation approach were
compared (Abin et al., 1996). AJ.A. Unger et al. (1996) exam-
ined the use of variable spatial and temporal weighting of the
advective contaminant mole fraction term as a means of reduc-
ing numerical dispersion of the dissolved plume. Simulation
results were described for both homogeneous and heterogeneous
permeability fields.

A multiphase flow and transport code, STCMP, was evalu-
ated quantitatively using experimental data from a three-fluid
phase container experiment (Oostrom et al., 1996). Simulations
of NAPL infiltration and redistribution based on two nonhyster-
etic and one hysteretic constitutive theory were compared and
discussed. Demond et al. (1996) compared predictions of or-
ganic liquid flow in porous media using estimated and measured
transport properties. For the systems examined, deviations re-
sulted primarily from estimated values of relative permeability
to the organic liquid. The development and use of effective
parameters to describe multiphase flow in heterogeneous porous
media was described by Butts and Jensen (1996).

Van Dijke and van der Zee (1996) developed a multiphase
flow model that included capillary forces and oil entrapment by
water to simulate the redistribution of a light NAPL lens in a
2-D domain. An analytical solution was derived and compared
with a numerical simulation based on the nonreduced flow
model. Simulation of lateral and vertical migration of oil spills
in the unsaturated zone and capillary fringe of an unconfined
aquifer was considered by Hadad et al. (1996). A three-phase
flow model, with capillary heads of water and oil as variables,
was used to examine the dynamics of water and oil phases.

The application of the fractional flow approach to multiphase
flow simulation was explored by Binning and Celia (1996b).
Although numerical advantages may be realized with this ap-
proach, implementation required careful attention to the form
of the governing equations and the choice of numerical method.
Paunov et al. (1996) presented a lattice-Boltzman simulator for
two-phase flow in porous media. The model is based on the
use of the van der Waals nonideal pressure tensor to describe
equilibrium distributions of the liquid and vapor phases. The
simulation of two-phase flow in large, complex, heterogeneous
domains was examined by Ahmadi and Quintard (1996). To
address this issue, a 3-D numerical solution was employed with
a random permeability distribution.

A multidimensional FE code was developed by J.H: Kim et
al. (1996) to solve a system of nonlinear equations describing
subsurface flow and transport with complex migration and trans-
formation processes and variable spatial dimensions. Several
hypothetical problems, including 3-D composite multiphase
flow, were simulated and discussed. The saturation distribution
of a NAPL discharged from an underground source was mod-
eled using a 2-D, nonlinear diffusion-convection equation (Pis-
tiner and Shapiro, 1996). The solution may be used to check
numerical models and to relate field data to the location of
leaking underground storage tanks.

A three-step splitting method was presented for solving in-
compressible multicomponent two-phase flow in a homoge-
neous and isotropic porous medium, and numerical results were
given for a 2-D problem (Bruneau et al., 1996). In the first step,
flow without diffusion or mass transfer was considered; in the
second step, the diffusion terms were taken into account using
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a method that was semi-implicit in saturation and concentra-
tions; the third step takes into account the mass transfer induced
by the diffusion of the organic phase in the aqueous phase by
solving a system of nonlinear ordinary differential equations.

Biodegradation. A study was conducted by Robertson and
Alexander (1996) to examine the ability of bacteria to degrade
phenanthrene dissolved in various NAPLs. Bacteria found to be
sensitive to 1,2-dichlorobenzene and toluene were able to degrade
phenanthrene when a nontoxic NAPL also was present in the
system, thereby lowering the solubility of the toxic NAPL in the
aqueous phase. Ghoshal and Luthy (1996) investigated the relation-
ship between coal tar composition and aqueous naphthalene con-
centration and between the rate of naphthalene mass transfer into
the aqueous phase and microbial mineralization of naphthalene.
Analysis of the experimental results indicated that the rate of
naphthalene biomineralization in systems containing single coal
tar globules was influenced by the mass-transfer rate. Results re-
ported for a similar study showed that mass transfer was relatively
rapid and did not limit biodegradation in slurry systems where the
coal tar was distributed among a large number of microporous
silica particles (Ghoshal et al., 1996).

A diesel-fuel—contaminated aquifer in Switzerland was the tar-
get of bioremediation efforts involving the addition of O,, NO;™,
PO,*”, and NH,~ through an infiltration well (Bregnard et al.,
1996). The aerobic and anaerobic degradation of weathered fuel
was examined in batch microcosms using aquifer material from
the field site. Apitz and Meyers-Schulte (1996) studied the effects
of substrate mineralogy on the biodegradation of fuel components.
In these experiments, illite inhibited the bioavailability of some
petroleum hydrocarbon components, and systems containing a
quartz sand did not exhibit inhibitory effects.

Experiments were conducted to investigate the biodegrada-
tion of phenanthrene dissolved in NAPLSs of differing viscosities
(Birman and Alexander, 1996). The rate and extent of phenan-
threne biodegradation were found to decrease as the viscosity
of the nontoxic NAPLSs increased. Methane production and con-
sumption were measured at a crude oil spill site in Bemidji,
Minnesota, using stable isotope ratios (Revesz et al,, 1995).
Calculations of carbon fluxes in the saturated and unsaturated
zone suggested that the minimum life expectancy of the oil
source zone was 110 years.

Dissolution. A mathematical model incorporating mass-trans-
fer limitations was developed to predict the long-term dissolu-
tion of organic constituents in BTEX entrapped in a sand (Rixey,
1996). In this model, the NAPL phase is divided into a region
that undergoes equilibrium dissolution and a region that experi-
ences rate-limited dissolution. Rixey and Garg (1996) presented
an evaluation of finite leaching characteristics of contaminated
soils and oily wastes. An approach was developed to determine
waste and site-specific correction factors to account for time-
dependent leaching of contaminants. A model was developed
by Gonullu (1996) to predict dissolution of NAPL mixtures in
porous media. Model simulations were compared with experi-
mental results obtained from sand columns treated with a mix-
ture of PCE and TCE.

Holman and Javandel (1996a) presented a transient 2-D math-
ematical model to describe the dissolution and transport of
slightly water-soluble compounds from a pool of light NAPL.
Simulations were performed for a light NAPL pool located in
the capillary fringe, with constituents dissolving into steady
horizontal groundwater flow. Holman and Javandel later -cor-
rected several equations (1996b). The chemical characteristics
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of coal tar—water interfacial films after 1 year of aging were
studied by Nelson ef al. (1996) using a number of spectroscopic
techniques. Results of these studies suggested that a semigelati-
nous film formed at the interface that is similar in properties to
a thin emulsion layer.

Van der Kwaak and Sudicky (1996) developed a transient,
2-D groundwater flow and transport model to examine DNAPL
dissolution in discretely fractured porous media. In all scenarios
considered, DNAPL dissolution is promoted by maintaining
high concentration gradients adjacent to the DNAPL source. A
2-D multiphase flow and transport model was developed and
applied to the case of NAPL dissolution and entrapment in
homogeneous and heterogeneous porous media (Mayer and
Miller, 1996). In heterogeneous media, reduced dissolution rates
were attributed to relatively immobile regions of NAPLs and
NAPL pools.

A mathematical model was developed by Imhoff and Miller
(1996) to account for observations of dissolution fingering dur-
ing water flushing of porous media containing NAPLs. Pre-
dicted finger properties were a function of both the residual
NAPL saturation and the aqueous-phase flow rate. Imhoff et al.
(1996) reported experimental observations of dissolution fin-
gering in 2- and 3-D cells. The effects of Darcy flux, initial
NAPL saturation, particle size, gravity, and NAPL composition
on dissolution fingering were discussed. Zaidel et al. (1996)
presented analytical and semianalytical solutions to four steady-
state flow and transport problems related to the movement of
VOC liquids in homogeneous, unsaturated porous media. Vola-
tilization of the organic liquid can reduce significantly the lateral
spread above an impermeable layer and may lead to a reduction
in the capillary rise of the organic liquid.

Volatilization. A mathematical model was developed by
Kang and Oulman (1996) to predict the volatilization of petro-
leum hydrocarbons, existing as liquids, from contaminated soils.
Model predictions were compared with gravimetric measure-
ments of n-heptane, unleaded gasoline, and diesel fuel volatil-
ization from a sand under laboratory conditions. Arthurs et al.
(1995) monitored the volatilization of gasoline from three air-
dried soils during a 16-day period. The volatilization rate of
gasoline constituents was dependent on soil type, chemical
properties, and depth. Experimental methods for assessing the
translocation and evaporation of Hg in soils was presented by
Schliiter et al. (1995a). The volatilization and distribution of
Hg in soil lysimeters treated with *Hg-labeled HgCl, and
CH,HgCl was measured for y-activity using an Na(TDI detec-
tor. In the second phase of this work (Schliiter et al., 1995b),
the effects of rain acidity, rain duration, and rain intensity on
Hg volatilization were investigated. The applied Hg compounds
were transformed to highly volatile Hg? and (CH,),Hg; how-
ever, Hg evaporation decreased with increasing rain acidity,
which could lead to accumulation of Hg in soil.

MONITORING

Soil and Groundwater. Installation and Sampling Methods.
To evaluate the effect of well-purging practices on contaminant
levels, Williams et al. (1996) conducted a study of monitoring
wells at underground storage tank (UST) sites in Southern Cali-
fornia. Statistical analyses of well data indicated that unpurged
sample concentrations were higher than purged sample concen-
trations. Byrnes et al. (1996) measured BTEX and MTBE con-
centrations in monitoring wells at 13 field sites before and after
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traditional well-purging procedures. No significant differences
in sample concentrations were observed, and it was recom-
mended that bridged monitoring wells not be purged before
collecting groundwater samples. A similar study was conducted
at 101 sites to compare the concentrations of gasoline compo-
nents in no-purge and postpurge groundwater samples (Horton
and Thnen, 1996).

Serlin and Kaplan (1996) evaluated the use of micropurge
groundwater sampling, which involves the use of low flow rates,
typically on the order of 0.2 to 0.3 L/min. Although measured
hydrocarbon concentrations obtained using micropurge and tra-
ditional purge methods were equivalent, the micropurge tech-
nique decreased the amount of water produced by 95%. Christy
(1996) employed a permeable membrane device to detect VOCs
as the probe was driven into the soil. Because the sensor is
based on diffusion of VOCs across a permeable membrane, it
can be operated in both the unsaturated and saturated zones.
The use of a cone penetrometer in conjunction with a laser-
induced fluorescence detector was evaluated at a 113-ha (280-
ac) oil field assessment project in California (Taer et al., 1996).
Screening procedures were used successfully to delineate the
lateral and vertical extent of soil contamination both above and
below the water table.

Vroblesky et al. (1996b) used passive vapor collectors buried
in the bottom sediment of a creek to locate fractures that were
discharging contaminated groundwater to surface water. A new
method for sampling groundwater colloids using a multilayer
sampler was described by Weisbord et al. (1996). Dialysis cells
with large—pore-size membranes were used to sample ground-
water colloids during long time periods under very turbid condi-
tions. A multiport sampling well that is relatively easy to con-
struct and install was developed by Delin and Landon (1996).
The sampling device consisted of multiple stainless-steel tubes
within a polyvinyl chloride (PVC) protective casing and was
used successfully to collect groundwater samples at an agricul-
tural research site.

Schirmer et al. (1995) developed and tested multiport sock
samplers for use in open boreholes. The technique involved
displacing the water column and then sealing the borehole with
a low-pressure packer. The samplers were evaluated for their
ability to collect representative groundwater samples from two
gravel-packed boreholes in different hydrogeologic settings
(Nilsson et al., 1995b). The multiport samplers achieved mixed
results compared with active sampling, indicating the need to
consider system conditions when selecting samplers. Two sock
samplers and two active devices were tested in a 90-m uncased
borehole (Jones and Lerner, 1995). Groundwater samples were
not consistent with those collected from a nearby piezometer;
possible explanations for this behavior were discussed.

Lerner and Teutsch (1995) assessed seven alternative meth-
ods for collecting level-determined groundwater samples. Two
different types of active sampling techniques, the separation
pumping technique and the packer baffle system, were tested
by Nilsson e al. (1995a). Results of this study demonstrated
that active groundwater sampling techniques can be used for
pumping optimization and for obtaining hydraulic data. Kaleris
et al. (1995) used numerical models to evaluate the reliability
of three sampling techniques, including separation pumping,
packer-baffle systems, and multiport sock sampler. The analysis
highlighted conditions under which each technique was reliable.

The structural integrity of monitoring wells, sampling, and reme-
diation materials could be compromised by the presence of NAPLs
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or their dissolved constituents (McCaulou e? al., 1996). A chemical
compatibility table was developed for 73 chemicals and 28 com-
monly used well materials. The effect of different materials used
in the construction of multilevel samplers on contaminant concen-
trations was evaluated by Papiernik et al. (1996). Results of this
study indicated that groundwater concentrations of relatively polar
or ionized compounds were not dependent on the material used
for the samplers. Oakley and Korte (1996) conducted an investiga-
tion of elevated nickel and chromium concentrations in groundwa-
ter samples collected at Williams Air Force Base. The corrosion
of type 304 stainless-steel well materials was identified as the
source of contamination. .

Laboratory studies were performed by Thompson (1996) to
measure the amount and rate of radionuclide sorption on well
components. Campbell (1996) commented on a paper that attrib-
uted differences in measured solute concentrations between ad-
jacent sampling points to dilution effects. A specialized mud
rotary/circulatory drilling procedure was developed by Adilman
et al. (1996) to minimize the potential for vertical migration or
smearing of DNAPLs during well installation. Simon and Coo-
per (1996) presented a cryogenic drilling technique for use in
unstable sediments, characterization, and remediation wells.
The technique involves the use of cold nitrogen rather than
ambient air as the circulating fluid to freeze and stabilize the
borehole wall.

A study was conducted to determine whether removal of
the volume of water inadvertently injected during coring of a
monitoring well necessarily ensures collection of representative
groundwater samples (Schilling and Hoyle, 1996). Results from
monitoring dilution of the groundwater caused by lost circula-
tion indicate that the determination of the quantity of water to
be purged before sampling must be based on aquifer lithology
and hydraulic characteristics. Methods to rehabilitate monitor-
ing wells clogged with calcite and drilling mud were evaluated
by Kroening et al. (1996). Well treatments included acidifica-
tion, swabbing, surfactant flushing, and surging. Lizanec and
Fahey (1996) conducted a field test to evaluate the use of clear
PVC casing; this allowed for visual inspection of the borehole
wall with downhole cameras.

Vadose Water Sampling. Knutson and Selker (1996) evalu-
ated the effectiveness of fiberglass wick samplers to measure
solute transport in the vadose zone by performing tracer tests
to determine dispersivities of the wicks and using a finite differ-
ence model to model the transport. Simulation results deter-
mined that for a 55-cm wick, which samples 100 cm? of sand
or silt soil, additional travel time and dispersion resulting from
the wick were negligible. Brandi-Dohrn et al. (1996) investi-
gated suction cup sampler bias in characterization of leaching
loss in the vadose zone. Leachate collected in suction cup sam-
plers during a 2-year period was compared with leachate col-
lected in passive capillary samplers. For resident concentrations
of tracers, the mass leached was prone to bias for short-term
monitoring.

Soil and Groundwater Analytical Methods. Research pre-
sented by van Warmerdam et al. (1995) showed that by combin-
ing stable chlorine and carbon isotope measurements, chlori-
nated solvents could be identified specifically by compound and
manufacturer. Results were deemed to be useful to engineers
and scientists attempting to delineate contamination of ground-
water by these compounds. C.S. Chen et al. (1996) evaluated
extraction and detection methods for PAHs in coal-tar—contam-
inated soils by considering batch, soxhlet, and sonication extrac-
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tion techniques and ion trap and flame jonization detection
(FID). Batch extraction was determined to be the least labor-
intensive and most cost-effective extraction technique, whereas
gas chromatography (GC)/FID was found to be an appropriate
means of analysis.

The use of pyrohydrolytic decomposition for fast and efficient
extraction of iodine from geochemical samples was investigated
by Rae and Malik (1996). After extraction, automated colorime-
try was used to quantify iodine with a detection limit of 0.05
pg/g. Hottenstein ef al. (1996) investigated the use of a sensitive
magnetic-particle—based enzyme immunoassay for determina-
tion of trace atrazine levels in water samples. The immunoassay
technique provided accurate detection to a lower limit of 15
ppt. Enzyme-linked immunosorbent assays (ELISAs) were de-
veloped to quantify fluroxypyr and triclopyr in soil and water
(Johnson and Hall, 1996). The detection range of fluroxypyr
was from 0.1 to 10 ng/mL and for triclopyr 0.1 to 5 ng/mL.

Simplified methods, including portable meters and simple
GC techniques, for monitoring petroleum hydrocarbon contami-
nated soil vapor and groundwater were the subject of an investi-
gation conducted by Aelion e al. (1996). Meters simplified
total hydrocarbon estimates and provided a means to estimate
the biological contribution of contaminant removal during the
remediation process. Sawyer (1996) used flame ionization GC
to evaluate the gasoline, diesel, and mineral oil ranges of organ-
ics in soil and water. The author attempted to develop a cost-
effective method to enable analysts to quantify all three hydro-
carbon components in a single GC run. Synchronous scanning
ultraviolet fluorescence was evaluated as a screening method
for hydrocarbons and byproducts in groundwater and soil (Ed-
mondson et al., 1996).

The use of an on-site laser probe for the detection of petro-
leum products in soil and groundwater was investigated by
Schade and Bublitz (1996). The time-resolved, laser-induced
fluorescence spectroscopy and fiber optics showed good separa-
tion of different classes of aromatic components in petroleum-
contaminated samples. Gerlach (1996) used a field-portable
scanning spectrofluorometer to conduct PAH analysis in the
field. The instrument met specifications for on-site analysis of
PAHSs, creosotes, and PCBs.

Characterization of groundwater samples from Superfund
sites by GC/mass spectrometry (MS) and liquid chromatography
(LC/MS) was investigated by Betowski et al. (1996). The study
specifically targeted the identification of highly polar, nonvola-
tile, and ionic compounds by particle-beam LC/MS, thermo-
spray LC/MS, and GC/MS equipped with a capillary column
designed for polar organic compounds. Potter (1996) investi-
gated the use of GC/FID with direct aqueous injection for analy-
sis of petroleum-contaminated water. The separation of C,—-C,
alcohols, Cs—Cy monoaromatics, MTBE, phenol, aniline, and
BTEX compounds was reported. A method to assess analytical
uncertainties over large contamination ranges for VOCs was
presented by Devlin (1996). The method relies on multiple cali-
bration line analysis to calculate meaningful analytical uncer-
tainty over wide concentration ranges.

Welch et al. (1995) presented a discussion of gross beta
activity in groundwater sources. Primary natural sources of beta
activity in natural waters were summarized, and ingrowth of
radionuclides during sample holding times contributing to over-
estimated gross beta activity was discussed. To quantify ni-
trophenols in soil, Voznakova et al. (1996) proposed a proce-
dure to extract the compounds. The process called for 5% ex-
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traction with NaOH, removal of humic -acids from extract,
sorption of nitrophenols on Separon SGX C18, desorption with
MTBE, and analysis by capillary GC. To directly determine
lead speciation in three soils contaminated by industrial activity,
Manceau et al. (1996) investigated the use of EXAFS spectros-
copy.

Barona and Romero (1996) compared the distribution of lead
in three soils with varying levels of contamination and then
evaluated the influence of extraction with EDTA using multiple
regression analysis. Lead predominately accumulated in the re-
sidual fraction and with Fe/Mn oxides; the amount of lead ex-
tracted was related directly to fractions associated with oxides
and OM. To characterize the elemental content of contaminated
soils, the use of energy-dispersive x-ray fluorescence (EDXRF)
was investigated (Goldstein et al., 1996). Laboratory, trans-
portable, and portable instruments were evaluated, and it was
concluded that the EDXRF technique yielded fast quantitative
analyses for contaminated soils.

Morris et al. (1996) used x-ray absorption, optical lumines-
cence, Raman vibrational spectroscopies, energy dispersive
scanning electron microscopy, and powder x-ray diffraction to
evaluate the speciation of uranium in contaminated soils from
the Fernald Superfund site. Most of the uranium (75 to 95%)
was in the hexavalent oxidation state, whereas other forms in-
cluded autunitelike and schoepitelike compounds. A soil radio-
activity and soil survey study, which consisted of evaluating
dead time, bulk density, and rubification, was designed to de-
velop a field protocol for determining radioactivity of soils,
determine whether radioactivity levels in soils could be differen-
tiated at the series level, and ascertain whether radioactivity
could be correlated to specific soil properties that may be deter-
mined routinely in the course of soil survey field operations
(Morton and Evans, 1996). Results showed that rubification and
dead time were positively correlated, but bulk density was not
correlated with dead time.

Various portable electrodes and an on-line colorimetric test
kit were used in the field to examine groundwater quality as an
indicator of natural bioremediation across two sites in Connecti-
cut having subsurface gasoline contamination (Norkus et al.,
1996). The new on-line colorimetric test kit for determination
of oxygen was more accurate than a commonly used dissolved
oxygen electrode.

Data Analysis. The use of a weighted average of contaminant
concentrations from monitoring wells under static conditions to
design remediation systems was assessed (Hill and Walker,
1996). The authors examined the effectiveness of this approach
and compared calculated concentrations with treatment system
influent concentrations from 10 remediation sites. An alternative
to expensive and time-consuming traditional site characteriza-
tion was presented by Rautman and Istok (1996). The approach,
which consisted of a probability assessment based on accep-
tance of uncertainty and a finite probability of making classifi-
cation errors, used geostatistical techniques to identify and
model spatial continuity of contamination at a site and to de-
velop simulations of contamination fields.

Results of a case study, which were used to evaluate the
spatial extent and severity of nitrate and herbicide contamina-
tion at a site near Ontario, Oregon, demonstrated that interpreta-
tion of characterization data to evaluate extent and magnitude
of site contamination will vary depending on the level of uncer-
tainty tolerated (Istok and Rautman, 1996). Christakos and Hris-
topulos (1996) formulated and calculated stochastic indicators
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for use in waste-site characterization. The indicators provided
an assessment of site'exposure levels, contaminant distribution,
and cost-effective cleanup information. A nonlinear kriging
geostatistical interpolation methodology was presented by Ki-
tanidis and Shen (1996) for estimation of contaminant concen-
trations at hazardous waste sites. Data from groundwater and
soil analysis were compiled to form solute concentration con-
tour maps and volume averages.

Rhode (1996) addressed the issue of quality assurance in
data interpretation as applied to Resource Conservation and
Recovery Act (RCRA) and Superfund programs. The author
stressed that high-quality assurance measures would increase
confidence in the investigation, benefit the decision-making pro-
cess in selection of the most appropriate remediation technolo-
gies, and result in cost savings. To evaluate trends in groundwa-
ter quality, Loftis (1996) presented a review of regional and
localized studies of groundwater quality around the world. A
statistical model was formulated with a trend component that
provided a description of water-quality conditions and consid-
ered changes with time and statistical analysis of long-term
trends. Case studies presented include agricultural, urban, point
source, and hazardous waste site scenarios. Dakins et al. (1996)
used uncensored, trace-level measurements to define trends in
groundwater quality. A nonparametric trend analysis was ap-
plied to uncensored trace-level groundwater monitoring data for
arsenic and chromium.

D. Chen et al. (1996) investigated the use of GIS to improve
groundwater flow and solute transport analysis. A GIS system
was used at a Florida Superfund site for development of data-
base structures, model configuration, and parameterization.
Modeling of nonpoint source pollutants in the vadose zone using
GIS was reviewed by Corwin and Wagenet (1996). Identifica-
tion and mitigation of nitrate leaching using GIS technology
was the subject of research presented by Shaffer ez al. (1995).
A nitrate model called NLEAP was combined with GIS to aid
in determining the long-term potential mass of nonpoint NO;
sources leached from the crop root zone. Lipson and McGuire
(1996) used Spider diagrams to show the relative concentrations
of parent VOC compounds and breakdown products over time
and distance from the source. The new graphical approach illus-
trated dechlorination sequences in groundwater caused by natu-
rally attenuating VOCs.

A visualization method using radical diagrams aligned in the
same sequence as electron acceptors to depict spatial variation
in redox potential was applied as part of an innovative demon-
stration at a landfill Superfund site (Carey, G.R., et al., 1996).
The visualization process allowed for effective demonstration
of remediation using contour maps or tabulated data. Jorgensen
(1996) demonstrated the use of the ratio method to estimate
water resistivity and total dissolved solids. The method is based
on the ratio of resistivity of a saturated formation to the resisti-
vity of the flushed zone adjacent to the annulus in a mud-filled
borehole.

The use of chemical and biogeochemical markers for moni-
toring hydrocarbons during in situ bioremediation was investi-
gated by Barcelona et al. (1996). Markers included horizontal
and vertical profiles of aromatic hydrocarbons, aromatic acid
products, and phospholipid ester-linked fatty acids. Piontek et
al. (1996) presented and compared methods for sampling and
analyzing indicators of intrinsic bioremediation. The informa-
tion presented was designed to aid in the selection of methods
most appropriate for specific projects, implementation of proce-
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dures to improve representativeness of data collected, and inter-
pretation of data with regard to biases introduced from sampling
and analysis.

Geochemical indicators such as dissolved oxygen, oxidation-
reduction potential, nitrate, sulfate, iron, and manganese con-
centrations were collected as part of a corrective action plan to
evaluate natural and enhanced attenuation of hydrocarbons in
soil and groundwater (Boone et al., 1996). The remedial objec-
tive was to accelerate degradation of hydrocarbons by soil vapor
extraction. Schmidt (1996) reported on the technique of hydro-
carbon fingerprinting using capillary column GC. A discussion
on principles of use and interpretation of weathered and altered
chromatogram samples was presented. The evaluation of stable
lead isotope ratios was used in a fingerprinting analysis by Hurst
et al. (1996) to determine the time of petroleum hydrocarbon
release.

Network and Sampling Design. A method for designing sam-
pling networks to delineate groundwater contaminant plumes
was presented by McGrath and Pinder (1996). The sampling
scheme, which produced the greatest reduction in plume bound-
ary location uncertainty, was considered optimum. Andricevic
(1996) developed a method to evaluate sampling performance
that can be used in the design of monitoring activity and for
measurement conditioning of stochastic theories. The scales at
which model parameters are measured was examined by Beckie
(1996). Two operational scales were considered: the measure-
ment scale associated with a single field test and the network
scale corresponding to the separation between samples on a
network.

Jardine et al. (1996) used hydrogeological decision analysis
to design a performance monitoring network at a waste manage-
ment facility overlying fractured rock. Parameters considered
in the design included the number of monitoring wells to be
installed, well locations, position of discrete monitoring zones,
and sampling frequency. Site characterization of a large indus-
trial facility under RCRA corrective action was described by
Curtin (1996). Hydrology at the site was complicated by the
presence of fill material, dewatering activities in basements,
settling ponds, and large waste piles. Harquail (1996) discussed
the components of a complex groundwater monitoring program
used to detect dissolved VOCs near a municipal well field.

Statistical methods were developed to determine the optimal
sampling frequency for measuring bulk temporal changes in
groundwater quality (Moline et al., 1996). The method incorpo-
rated historical data and allowed users to test the statistical
significance of a linear trend or compare annual changes in
water quality to baseline data. Datta and Dhiman (1996) pre-
sented a mathematical model for designing monitoring networks
using a groundwater transport code and an optimization model.
The chance-constrained optimization model solution specified
the optimal location of wells subject to a maximum number of
wells.

Non-Aqueous-Phase Liquid Thickness and Composition.
Marinelli and Durnford (1996) investigated the thickness of
LNAPL in monitoring wells by evaluating the behavior of fluid
saturations in an air—-LNAPL-water system in porous media.
Specifically, a semianalytical model was developed that consid-
ered the effects of saturation hysteresis and air/LNAPL entrap-
ment to predict LNAPL thickness. Batch, Soxhlet, and column
extraction techniques were compared for removal of LNAPL
constituents from three soils by Atalay and Hwang (1996).
High-molecular-weight compounds were recovered at 80% and

Literature Review 1997

BTEX compounds at 50%, and the average recovery of light
hydrocarbon was 78%. Batch and column experiments yielded
similar results, but column extraction achieved faster equilib-
rium concentrations.

The influence of avian guano in analyses of fuel-contami-
nated soils was investigated by D.E. James et al. (1996a). Re-
sults indicated that the presence of seabird guano interfered with
hydrocarbon quantification methods, including portable vapor
meter detection (catalytic detection), immunoassay testing, and
U.S. EPA 8015 Modified Method, by overestimating the amount
of hydrocarbons present because the techniques also detect
guano volatiles. NAPL field-screening techniques were com-
pared with respect to effectiveness and limitations for three
hazardous waste sites (Soukup and Scheuing, 1996). No single
screening technique was determined to be optimal; instead, rec-
ommendations hinged on combining techniques such as head-
space analysis to evaluate NAPL presence and ultraviolet fluo-
rescence to screen for BTEX compounds.

A field study of a partitioning tracer method used to detect
DNAPLs at a field site was described by Nelson and Brusseau
(1996). The tracer technique is based on the relative retardation
of reactive tracers that partition into the NAPL phase. Watkins
et al. (1996) described the calibration of NAPL field-screening
methods such as field headspace measurement, hydrophobic
dye shake testing, and ultraviolet fluorescence. The screening
method development led to a comprehensive field monitoring
program at a New Jersey Superfund site where field-screening
methods were the primary means of delineating NAPL-affected
areas.

The environmental stability of petroleum hydrocarbon com-
ponents was used to identify contaminant sources and weather-
ing of a hydrocarbon spill (Douglas et al., 1996). The ratios of
alkylated dibenzothiophenes and phenanthrenes were used to
identify contaminant sources, and the ratios of alkylated naph-
thalenes, phenanthrenes, and chrysenes were used to assess ex-
tent of weathering for assessment of data from various oil spills.
LR. Kaplan et al. (1996) discussed major patterns of chemical
change that occur during environmental alterations of fuel hy-
drocarbons. A set of chemical tests were detailed that were
designed to monitor compositional changes by recognition of
chemical patterns and degradation levels of fuels released to
the environment.

Vapor-Phase Sampling and Analysis. Continuous monitor-
ing of soil gases, such as oxygen, carbon dioxide, and contami-
nant vapors, can provide information useful for interpreting the
progress of air sparging and soil venting (Li and Lundegard,
1996). Laboratory and field tests demonstrated that a commer-
cially available oxygen sensor was capable of providing rapid
and accurate measurements of oxygen concentrations in the
unsaturated zone. An investigation showed that environmental
isotope analysis of the major constituents of landfill gas (CO,
and CH,) and leachate (water and dissolved inorganic carbon)
could be used as a technique for identifying landfill contamina-
tion (Hackley et al., 1996). The unique isotopic characteristics
observed in landfill leachates and gases provide a useful tech-
nique for confirming whether contamination is from a landfill
or some other local source.

Geophysics and Remote Sensing. Applications of remote-
sensing technologies to groundwater systems were reviewed by
Meijerink (1996). Remote-sensing developments pertained to
groundwater management, groundwater-discharge monitoring,
and the use of thermal and multispectral imagery. McCall
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(1996) investigated the use of electrical conductivity logging to
determine how changes in lithology can affect hydrocarbon flow
paths in alluvial deposits. The logs were used to define high-
conductivity zones (coarse-grained, permeable zones), which
were potential migration pathways for hydrocarbons, and eleva-
tion contacts between the permeable zones and clay boundaries,
which were plotted on a contour map to define domelike struc-
tures where hydrocarbons could be trapped. Placement of moni-
toring and extraction wells was optimized by installing wells
in migration pathways and areas where hydrocarbons could be
trapped.

Thermal neutron logging was evaluated as a means to detect
and monitor chlorinated solvent contamination (Endres and
Greenhouse, 1996). The device, which measures the elastic scat-
tering caused by hydrogen in the subsurface and is sensitive to
capture of thermal neutrons by all elements, was used to respond
to the presence of chlorinated hydrocarbons. Laboratory tests
confirmed the sensitivity of thermal neutron logging to chlorine-
containing compounds, indicating potential application of the
technology as a means to detect and monitor chlorinated hydro-
carbon contamination.

Neutron moisture probe measurements of fluid displacement
during air sparging were investigated by McKay and Acomb
(1996). The measurements indicated that air distributions were
defined by an initial rapid-expansion phase followed by a con-
solidation phase; air distribution was stable within 12 hours of
system start-up with an air saturation of more than 50%; and
the radius of expansion varied with time and depth, and fluid
was displaced beyond 3.7 m (12 ft) from the sparge well. Based
on these observations, frequent pulsing was introduced to opti-
mize air distribution to enhance bioremediation.

Vogeler er al. (1996) investigated the use of time domain
reflectometry (TDR) and disk permeametry to characterize KCI
dispersivity and retardation under unsaturated, transient-flow
conditions in column studies. Results illustrated that only CI™
ion concentration could be monitored because K* exchanged
with Ca®* present in the soil and retardation of the solute re-
sulted from the anion-exchange capacity of the soil. Three meth-
ods to calibrate TDR instrumentation for monitoring solute
movement in columns were presented and compared by Mal-
lants et al. (1996b). The three methods included application of
a long solute pulse such that the solute concentration in the soil
system equaled the input concentration, numerical integration
of an observed tracer pulse input function from which imped-
ance could be obtained, and independent determination of im-
pedance and solute concentration. The first method was only
useful for shallow depths, and the third method underpredicted
impedance in approximately 50% of the studies; therefore, the
second method was deemed most appropriate for calibrating
TDR instruments.

Electrical resistance tomography was evaluated as a means
to examine solute transport in an undisturbed soil column (Bin-
ley et al., 1996). Images produced from the data displayed
spatial variation of transport characteristics in the column. M.R.
Chen et al. (1996) used X-ray computerized tomography im-
aging to evaluate air distribution patterns during air sparging in
water-saturated cylindrical cells packed with Ottowa sand. The
images provided detailed porosity and air saturation distribu-
tions. Resistivity tomography was used by Schima et al. (1996)
to monitor air sparging. Results indicated that at early sparge
times, air moved outward and upward from the sparge well
until the air flow reached a stable cone-shaped pattern, and when
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sparging was discontinued for 2 days, entrained air remained in
the saturated zone with 20 to 40% saturation values.

FIELD STUDIES

Pesticides. A study was conducted to compare leaching of
recently applied and aged residues of herbicides atrazine and
isoproturon through a large, heavily cracked clay soil core (Beck
et al., 1996b). Newly applied herbicide losses occurred mainly
from gravity drainage samplers at 0.55 m, whereas 21 months
later losses were mainly from samplers at 0.175 m. Relative
mobilities of atrazine, five atrazine degradates, metolachlor, and
simazine were determined in both surface and subsurface soils
from five locations in Iowa by soil thin-layer chromatography
methods (Kruger et al., 1996a). Didealkylatrazine, with similar
a mobility to atrazine, could reach groundwater and therefore
should be looked for in routine monitoring.

Atrazine and atrazine-residue concentrations were examined
in groundwater of the midcontinental U.S. (Liu, S.P., et al.,
1996a). The mean of atrazine-residue concentrations was 53%
greater than that of atrazine alone for those observations above
the detection limit. Effects of crop presence on persistence of
atrazine, metribuzin, and clomazone in surface soil were investi-
gated (Gallaher and Mueller, 1996). Lower soil moisture slowed
soil microbial activities, thus suppressing atrazine and metri-
buzin degradation. Degradation of atrazine in a Webster clay
loam soil and Esterville sandy loam was determined over a
concentration range of 5 to 5 000 mg/kg in field and laboratory
experiments to test the effects of concentration on degradation
(Gan, J., et al., 1996).

Atrazine degradation in various soils was studied (Qiao et
al., 1996). Atrazine was depleted mostly through microbial deg-
radation in alkaline soil and was degraded in acidic soil mainly
through chemical transformation or both chemical and microbial
transformation. The PRZM model was used to investigate herbi-
cide atrazine in corn production under no-till (NT) and conven-
tional-till (CT) management practices, and results were com-
pared with the actual values measured in soil samples taken
from the root zones during three growing seasons (Sadeghi et
al., 1995). Studies demonstrated greater pesticide leaching to
groundwater under well-established NT than under CT (Isensee
and Sadeghi, 1996). Evaluation of the effect of reversing the
tillage of 7-year-old NT and CT field plots on the leaching
patterns and dissipation of atrazine in soil was established in a
field study (Sadeghi and Isensee, 1996).

Tobit models were documented as the correct methods to
determine factors that affect atrazine concentrations in near-
surface aquifers while accommodating the high degree of data
censoring (Liu, S.P., et al, 1996b). The comparison of the
transport of Br~ and pentafluorobenzoic acid (PFBA) under
cropped and fallow conditions for a range of soil-water contents
and evapotranspiration demands was conducted (Pearson et al.,
1996a). The predictive capability of a computer simulation
model (LEACHM) was evaluated in this study using indepen-
dent estimates of model parameters (Pearson et al., 1996b).

A U.S. Geological Survey (USGS) investigation identified
alachlor and its metabolite in 76 reservoirs in the midwestern
U.S. (Thurman et al., 1996). The importance of sulfonation
in the transport of chloroacetanilide herbicides was evaluated.
Another USGS study investigated the occurrence of herbicide
acetochlor in the midwestern U.S. during its first season of
extensive use in the area (Kolpin er al., 1996). Acetochlor was
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detected in 29% of the rain samples from four sites in Iowa,
17% of the stream samples from 51 sites across nine states, and
0% of the groundwater samples from 38 wells across eight
states.

Multiple residues of organochlorine insecticides were moni-
tored in the agricultural fields in northern India for 1 year, and
almost all soil samples were contaminated with residues of
hexachlorocyclohexane (HCH) and DDT (Agnihotri et al.,
1996). The effect of soil-water content on the fate of 1,1,1-
trichloro-2,2-bis (p-chlorophenyl) ethane (p,p’-DDT), and 1,1-
dichloro-2,2-bis (p-chlorophenyl) ethylene (p,p'-DDE) was ex-
amined in laboratory microcosm experiments (Boul, 1996). In-
creased binding of p,p’-DDT and p,p'-DDE was observed under
flooded unautoclaved conditions. Soil column studies were un-
dertaken to investigate the influence of soil-water content and
irrigation on leaching, distribution, and persistence of methyl
isothiocyanate in a sandy soil chemigated with the soil fumigant
metam-sodium (Saeed et al., 1996). It was found that leaching
increases with soil moisture.

The volatilization and degradation behavior of MeB were
studied with undisturbed soil column tests (Rice et al., 1996).
MeBr volatilized rapidly and did not leach into subsurface soil,
and the residual MeBr was degraded in the soil column. Degra-
dation of terbutol in soils from turfgrass and drainage basins
on golf courses was investigated (Suzuki et al., 1996). Move-
ment of isazofos, chlorpyrifos, metalaxyl, and pendimethalin
was investigated using soil column tests (Starrett et al., 1996).
Metalawyl most likely is to be leached because of its low soil
sorption, followed by isazofos, pendimithalin, and chlorpyrifos.
Persistence and leaching of metribuzin and metabolites in two
subarctic soils under irrigated potato and dryland barley condi-
tions was discussed by Conn et al. (1996).

The effects of fluazifop-butyl on soil fungal populations and
activities were studied by incubating soil samples with a range
of fluazifop-butyl concentrations over 8 weeks (Abdel-Mallek
et al., 1996). Fluazifop-butyl had no significant effect on total
fungal populations at 0.6 mg/kg but caused temporary reduction
in fungal populations observed after 1- and 2-week incubation
at 3 and 6 mg/kg concentrations. Greenhouse experiments deter-
mined differences in imazaquin bioavailability over time under
various soil moisture regimes (Baughman and Shaw, 1996). A
3-year study was conducted on a 1-ha field with a history of
previous herbicide applications at Lethbridge, Alberta, Canada,
to determine herbicide levels in shallow groundwater and the
effect of seasonal events such as herbicide application and rain-
fall/irrigation (Hill ez al., 1996).

A field study was conducted to determine the karst groundwa-
ter effect of herbicide application to feed crops in support of
livestock production in southeast West Virginia (Pasquarell and
Boyer, 1996). The persistence and degradation of carbofuran in
water suspensions of five soils of southern Spain were studied
(Mora et al., 1996). The kinetic profile of carbofuran disappear-
ance in the presence of soil suspensions is consistent with three
consecutive steps assumed as sorption and fast and slow degra-
dation.

The effects of the management of straw, nitrogen fertilization,
and application rates on the dissipation of metsulfuron-methyl,
methabenzthiazuron, and trifluralin were investigated in a 3-
year field crop rotation study (Berger et al., 1996). Field studies
were conducted to investigate pesticide reactivity toward hy-
droxyl and its relationship to field persistence (Mabury and
Crosby, 1996). It was observed that Pesticide dissipation rates
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were observed to follow the order of reactivity with hydroxyl
radical. Leaching, downward mobility, and the persistence of
tebufenozide were investigated under laboratory conditions in
columns packed with forest litter and soil (Sundaram, 1996).

Pesticides were detected in groundwater samples collected
from 20 springs and nine wells in the Ozark Plateaus Province
(Adamski and Pugh, 1996). Detectable concentrations of pesti-
cides were found in soil samples collected from 49 agrichemical
facilities located throughout Illinois (Krapac et al., 1995). Anal-
ysis of 822 soil samples resulted in the detection of 53 pesticides
and nitrate; 20 pesticides were found in fewer than 1% of the
samples. A study compared agricultural chemical contamina-
tions in rural private wells over a large area in the U.S. (Ray
and Schock, 1996). Undisturbed soil columns were used to
assess the fate of ['“C] deethylatrazine and its degradates (Kru-
ger et al., 1996b). A field experiment in which isoproturon
concentrations were monitored after application revealed that
most of the pesticide was removed in the field drain system
(Johnson, A.C., et al., 1996).

Nitrates. Water and nitrate—nitrogen present in the soil and
flowing into a subsurface drainage system were studied (Weed
and Kanwar, 1996). Leaching can be best minimized by
applying fertilizer in amounts to meet crop N demand and at
times closest to peak uptake. A 2-year field study was conducted
on a Verndale sandy loam soil at Staple, Minnesota, to assess
the influence of irrigation scheduling and N source and rate on
corn yield and nitrate leaching (Sexton ez al., 1996).

A study was conducted to investigate the effects of a 44-
year-old septic system on a sand aquifer in Ontario, Canada
(Harman et al.,, 1996). High nitrate concentrations (20 to 120
mg/L as N) were detected in the aquifer. A 3-year field study
was conducted to test the effects of different regimes on the
carryover, leaching, and uptake of depleted '*N (Porter, 1995).
Nitrogen transformation and '°N balance under urine-affected
areas of irrigated and nonirrigated pastures were studied (Pakrou
and Dillon, 1996). Field experiments showed that within a day
of urine application, up to 40% of the applied urinary-N was
leached below a depth of 150 mm as a result of macropore flow
in irrigated paddock and up to 24% in the nonirrigated one.
Another field study was conducted during 1992 to 1993 in the
Central Platte Valley of Nebraska to assess the nitrate leaching
potential under recommended center-pivot irrigation and fertil-
izer best management practices for continuous corn (Kessavalou
et al., 1996). In this study, bromide and '°N were used as tracers
to determine the mass balance of nitrate.

The temporal changes in the groundwater dissolved organic
nitrate and C concentrations were measured (Clay et al., 1996).
Findings indicated that seasonally driven physical processes,
such as freezing and thawing, influence organic substrate trans-
port form surface to subsurface environments, and that this
process should be taken into account when assessing agrichemi-
cal detoxification rates in shallow aquifers. Twenty-one pore
water chemistry profiles were obtained for a range of inorganic
solutes from a chalk unsaturated zone under a beech forest in
southern England (Kinniburgh and Trafford, 1996). It was found
that the NO;—N concentrations in clearings within the wood
were slightly higher, indicating different nitrate leaching pro-
cesses. Column tests were conducted to study the nitrification
in porous media at conditions corresponding to a rapid infiltra-
tion (RI) treatment system (Yamaguchi et al., 1996). Complete
nitrification was obtained after 3 to 5 days at 30°C and after
approximately 50 days at 10°C.
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A model called MORELN, which coupled surface and sub-
surface flows and nitrate migration in an aquifer system, was
developed to calculate the nitrate flux percolating from soils
into an aquifer (Geng et al., 1996). This model gave a quantita-
tive global description of nitrate transfer, taking into account
both leaching in soils and nitration in aquifers. The NLEAP
model was used to evaluate effects of climate and N fertility
on nitrate leaching from a 3-year field experiment of continuous
corn growing (Follett, 1995). The model provided valuable in-
sights concerning effects of climate and N and irrigation man-
agement on N leaching. The WHNSIM model was employed
to simulate deterministically and stochastically water, heat, and
nitrogen dynamics in the soil compartments of agricultural eco-
systems (Huwe and Totsche, 1995).

Nitrate leaching from drained plots of structured clay soil
under winter wheat was simulated for one growing season using
the SOILN model (Ragab et al., 1996). Simulation results
showed that the model captured the main features of the cumula-
tive loss of nitrate during the year. A nonmoral and hetero-
scedastic Tobit model was used to determine the primary factor
that affects nitrate concentrations in near-surface aquifers (Yen
et al., 1996). Well screen interval; depth to top of aquifers;
percentages of urban residential land, forest land, and pasture
within 3.2 km; dissolved oxygen concentration level; and pres-
ence of a chemical facility and feedlot had significant effects
on nitrate concentration in groundwater.

Nitrate was commonly found to exceed drinking water stan-
dards in a shallow glaciofluvial aquifer system in southwestern
Michigan (Kehew et al., 1996). It is suggested that high capacity
pumping from a deeper flow system likely will draw contami-
nants downward from the shallow flow system. Analysis of
water from wide-diameter open wells was carried out in two
districts of Conakry, Republic of Guinea, to evaluate its bacteri-
ological and physicochemical quality and to compare well water
with the piped city water (Gelinas et al., 1996). Widespread
well-water contamination by nitrate and fecal bacteria was
found throughout both districts.

The relationship between nitrogen management and ground-
water protection in Hungary was investigated (Nemeth, 1995).
Comparison of the results of several long-term field trials, which
differed in environmental characteristics, was shown to provide
a good basis for a more generalized quantification of the overall
turnover of nitrogen and for calculating improved N balances.
A study of nitrate pollution of groundwater in developing coun-
tries showed that because of low N application rates during the
last three or four decades, negative N balances in the soil are
a characteristic feature of the crop production systems in these
countries (Bijay-Singh et al., 1995). In the future, however,
with increasing fertilizer-N application rates, the possibility of
nitrate pollution of groundwater in developing countries will be
strongly linked with fertilizer-N use efficiency.

The process affecting nitrate concentrations in groundwater
beneath riparian zones in an agricultural watershed in southern
Minnesota was evaluated (Komor and Magner, 1996). To evalu-
ate nitrogen- and water-management strategies for reducing ni-
trate leaching under irrigated maize, two maize fields under
improved water and N-management practices at the Nebraska
Management Systems Evaluation Area project were compared
with an adjacent field under conventional furrow irrigation
(Schepers et al., 1995). Field experiments conducted in New
Zealand showed that the most reliable way to minimize N leach-
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ing losses is to delay the ploughing of pasture for as long as
possible in autumn or winter (Francis, 1995).

Nearly 35 000 wells have been tested in Ohio, Indiana, Illi-
nois, West Virginia, and Kentucky to investigate agricultural
contamination in well water (Richards et al., 1996a). Median
nitrate concentration was 0.07 mg/L; 3.4% of wells exceeded
the drinking water standard of 10 mg/L; 23% exceeded 1 mg/L.
A correction to this article was published (Richards er al.,
1996b). The effects of tillage and cropping on preferential flow
and agricultural chemicals transport has been evaluated (Kamau
et al., 1996). Variables that describe well construction, hydroge-
ology, and land use were evaluated for use as possible indicators
of the susceptibility of groundwater in bedrock aquifer to con-
tamination by nitrate from the land surface in the Newark Basin,
New Jersey (Clawges and Vowinkel, 1996).

Metals. Chemical and mineralogical forms of Cu and Ni in
contaminated soils from the Sudbury mining and smelting re-
gion in Canada were studied (Adamo et al.,, 1996). Most Cu
was associated with nonresidual soil forms, whereas Ni mainly
was associated with inorganic residual forms of a sulphide and
oxide nature. The mobility of selected heavy metals in contami-
nated soil at a previous industrial site in Brisbane, Australia,
was assessed using a sequential extraction technique (Phillips
and Chapple, 1995). Cu and Pb were adsorbed largely by the
organic and oxide fractions, whereas a significant amount of
Zn was extracted from the carbonate fraction. Zn was the most
mobile metal in these soil.

The metals Cd, Pb, and Zn occurring in sandy and loamy
textures in an area that has been subjected to severe metal
contamination in the vicinity of Tarnowskie Vory in southwest
Poland were studied according to a procedure based on sequen-
tial extraction analysis (Chlopecka et al., 1996). Soil type, tex-
ture, OM, and cation exchange capacity (CEC) did not influence
the relative proportions of heavy metal forms in any consistent
manner. Soil samples of pH less than 5.6 contained more of all
metals in the exchangeable form than samples of pH greater
than 5.6.

Arsenic and selenium concentrations along with the major
solutes were measured in groundwater sampled from south-
central Nevada and Death Valley, California (Johannesson et
al., 1996). Correspondence analysis indicated that a strong rela-
tionship exists between Cl and Se in the groundwater and that
As was not associated with chloride. Groundwater samples were
collected from shallow aquifers underneath an industrial com-
plex in the Eastern Province of Saudi Arabia to analyze arsenic
(Sadiq and Alam, 1996). Results showed that sampling locations
had significantly affected As concentrations in the groundwater
samples. Analytical and thermodynamic calculations showed
that H,AsO,~ was the most predominant form of As in acidic
groundwater samples, and HAsO,>~ was the most abundant spe-
cies in alkaline groundwater samples.

The distribution of mercury and arsenic in samples from 14
sampling sites around the mining town of Obuasi, Ghana, was
determined (Amonoo-Neizer et al., 1996). The results substanti-
ated a mercury and arsenic concentration gradient in the area,
indicating that the local environment is contaminated by mining
activities. Long-term vertical migration of metals in soils and
rocks was assessed at three historical Pb smelters ranging in
age from ca. 600 to ca. 1800 (Maskall et al., 1996). The rate
of vertical migration of Pb varies with rock type, with sandstone
being greater than limestone, which is greater than a clay/sand-
stone matrix.
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Radionuclides. Groundwater investigations at a former U.S.
Department -of Energy nuclear weapons complex in southwest-
ern Ohio were conducted (Sidle and Lee, 1996). Uranium con-
tamination occurs in a buried valley and has migrated more
than 1.5 km south-southeast of the facility boundary. Ground-
water flow and uranium migration from natural reactor zones
in Oklo (Gabon) were investigated (Toulhoat er al., 1996).

A near-field release model was developed to simulate the
release and transport of various aqueous species including some
radionuclides in the Cigar Lake uranium ore deposit, Saskatche-
wan, Canada (Liu, J.S., et al, 1996). Fate and transport of
actinides (***Pu, **°Pu, and **'Am) through contaminated soils
in Rocky Flats, Colorado, were studied using an advanced, fully
automated, remotely controlled monitoring system (Litaor et
al., 1996). The movement of actinides was restricted to the top
20 cm in the soil under the controlled rain experimental condi-
tions applied in the tests. A sequential extraction experiment
was conducted to assess-the geochemical association of Pu with
selected mineralogical and chemical phases of the soil in the
same area in Colorado (Litaor and Ibrahim, 1996). Retention
of inorganic "*C through isotopic exchange with soil carbonates
was addressed (Sheppard and Evenden, 1996). Correlations be-
tween gamma-emitting radiative constituents and type of soil
from Biscay, Spain, were studied (Elejalde et al., 1996).

Landfill Leachates. Leachate contaminant distribution from
a sanitary landfill in Sofia (Suhodol) was traced in different
liner depths (Radenkova-Yaneva et al., 1995). It was shown
that soil monoliths of proper thickness might serve as suffi-
ciently safe barriers against leachate filtration in adjacent aqui-
fers. Field data from 44 waste sites contaminated with creosote
were used to study groundwater contamination from creosote
sites (Kiilerich and Arvin, 1996). The leachate composition of
an uncontrolled waste dump in the suburbs of Buenos Sires,
Argentina, has been studied (de Rosa er al., 1996).

Hydrologic evaluation of landfill performance (HELP) codes,
and the multimedia exposure assessment model (MULTIMED)
were employed to simulate the effect of small landfill scenarios
in western Kansas on underlying aquifers (Sophocleous et al.,
1996). It was demonstrated that requiring landfill cover, leachate
collection system (LCS), and compacted soil liner will reduce
leachate production by 56%, whereas requiring only a cover
without LCS and liner will reduce leachate by half as much.
The most vulnerable small landfills were shown to be the ones
that have no vegetative cover underlain by both a relatively thin
vadose zone and aquifer and that overlie an aquifer character-
ized by cool temperatures and low hydraulic gradients.

Human and Animal Wastes. Long-term monitoring of the
chemical composition of recharge-treated wastewater effluent
and associated contaminated groundwater from the Dan Region
Sewage Reclamation Project showed that, after 16 years of
recharge operation, a distinct saline plume extending 1 600 m
downgradient in the Coastal Plain aquifer of Israel was formed
(Vengosh and Keren, 1996). Aqueous geochemical data from
unconfined sand aquifers beneath two operating domestic septic
systems were used to illustrate and evaluate a conceptual model
of septic system geochemistry (Wilhelm et al., 1996). The con-
ceptual model offers an organized approach to interpreting the
major geochemical trends observed in the two systems, which
are determined mostly by the well-aerated unsaturated zones
below the drain fields and the amount of buffering material
present in the sediments. A pilot-scale study was conducted to
quantify VOC losses from biosolids-amended soil (Wilson,
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S.C., et al., 1996). Measured emissions accounted for only ap-
proximately 9% of total VOC loss from soil column after 150
hours with biodegradation possibly accounting for much of the
remaining 68%. Groundwater quality was monitored in a waste-
water-irrigated area in Egypt during 1991 and 1994 (Rashed et
al., 1995).

Other Sources. Using hierarchical cluster analysis and princi-
pal component analysis, sediment and soil samples from the
state of Mississippi were compared with the effluent of a pulp
mill, a potential point source (Fiedler er al., 1996). The mill
could not be identified as the contamination source of the
PCDD/PCDF in the sediments and soils in the flood plain.
Structural, chemical, and isotopic parameters were used to iden-
tify the origins of groundwater humic substances in three Danish
aquifers (Gron et al., 1996). Analyses suggested that native
rocks were sources for two aquifers, and multiple fossil and
recent OC sources were suggested as sources of the humic
substance for the third aquifer.

PAH pools in soils affected by depositions were characterized
(Wilcke et al., 1996). Microscale heterogeneity was found to
affect PAH bioavailability and has to be considered when as-
sessing environmental risks. Volatilization and sorption of di-
methylsilanediol was studied (Lehmann and Miller, 1996). Pro-
cesses affecting the fate of monoaromatic hydrocarbons in an
aquifer contaminated by crude oil in north-central Minnesota
were evaluated (Eganhouse et al., 1996). Degradation reactions
of 13 chlorinated organic compounds were investigated in a
water system and a water-soil system (Miyamoto and Urano,
1996). The degradation data showed that the 1,1,1-trichloroeth-
ane did not react on the soil surface and only reacted in the
water phase.

Reversal of groundwater flow caused by overpumping from
a volcanic crater in Managua, Nicaragua, allowed contaminants
in a lake to be transported to the volcanic lake (Bethune et al.,
1996). A regional groundwater-monitoring program focused on
pH, alkalinity, sulphate, and total aluminum was carried out
in southwestern Sweden to evaluate the threat of acidification
(Swedberg, 1995). Chemical time trends for precipitation,
throughfall, soil-water, and groundwater at Birkenes, southern
Norway, were compared with gain insights into possible causes
for the recent increase in groundwater acidification there (de
Caritat and Aamlid, 1995).

A field study showed that sludge-applied silicone polymer
degradation occurs under field conditions (Lehmann et al.,
1996). The spatial variability of soil contamination around an
isolated sulphurous-acid—producing factory in Russia was in-
vestigated (Meshalkina ef al., 1996). The interactions between
OM, bacterial biomass, enzyme activities, and environmental
factors were studied during band filtration of humus-rich lake
water (Miettinen et al., 1996). A study concluded that the de-
graded groundwater quality associated with the 30 to 40 saline
lake basins on the southern half of the southern High Plains of
Texas and New Mexico and many other arid and semiarid areas
was a result of eolian transport (Wood and Sanford, 1995).

The fate of MTBE was compared with that of BTEX in
shallow aquifers (Barker and Schirmer, 1996). Approximately
2 800 L of groundwater spiked with chloride, gasoline-derived
organics, and MTBE was injected below the water table into
the shallow sand aquifer at Canada Forces Base Borden, and
the migration of contaminants and chloride was monitored in
detail. Results showed that the mass of BTEX compounds in the
plume diminished significantly with time because of intrinsic
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aerobic biodegradation. MTBE, conversely, was not measurably
attenuated. Based on an analysis conducted by USGS, MTBE
was the second most frequently detected chemical in shallow
ambient groundwater samples from drinking water wells,
springs, and monitoring wells (Squillace et al., 1996). Possible
sources of MTBE in groundwater include point sources, such
as leaking storage tanks, and nonpoint sources, such as recharge
of precipitation and stormwater runoff.

REMEDIATION

Management, Policy, and Regulations. A program that
streamlined and reduced the costs of remediation was designed
by the Massachusetts Department of Environmental Protection
(Race and Phillips, 1996). The program created Licensed Site
Professionals, individuals certified to implement the program
and render closure options. The program included risk-based
cleanup standards and defined a variety of regulatory endpoints.
To facilitate remedial decision making, the Superfund Innova-
tive Technology Evaluation Program has conducted more than
80 field demonstrations, which have aided in identifying new
cost-effective treatment technologies (Kovalick and Kingscott,
1996).

Privatization of Superfund site remediation also can provide
opportunities for large cost savings that are not possible when
projects are funded federally, as illustrated in the case study of
the C&R Battery Company Superfund Site (Moore and Clay-
pool, 1995). Privatization of remedial actions allowed for re-
evaluation of basic design concepts that did not need administra-
tive approval, did not disrupt the remedial schedule mandated
by U.S. EPA, and provided tremendous cost savings. A National
Research Council committee found that the predominant
groundwater remediation strategy, pump and treat (PAT), can
contain contaminated groundwater but does not effectively re-
mediate contaminated sites (Kavanaugh, 1995).

Oak Ridge National Laboratory’s Center for Risk Manage-
ment (CRM) developed a database of groundwater-contami-
nated sites to evaluate trends in analyses performed at many
sites (Arquiett et al., 1996). Several sites were evaluated for
residual and remedial risk, as well as for general impact trends
and associated costs, to aid in evaluation of groundwater
cleanup objectives. The U.S. Air Force used a groundwater-
quality modeling advisory system to investigate remedial alter-
natives for cleanup of subsurface contamination (Medina et al.,
1996). The system accounted for uncertainty in the prediction
of solute transport and optimization of remedial schemes by
guiding users in the selection of appropriate transport models.

In an effort to increase the effectiveness of remedial design
decision making at groundwater-contaminated sites, a risk-cost
decision framework was presented by B.R. James et al. (1996).
The framework combined elements from Latin-hypercube simu-
lation of contaminant transport, economic risk-cost analysis,
and regional sensitivity analysis. A screening comparison of
remedial alternatives to mitigate risks from the groundwater
pathway was studied as part of the Fernald Environmental Man-
agement Project (Bumb et al., 1996). Preliminary remediation
levels and waste acceptance criteria were developed through
integration of an infiltration model, a surface water model, a
vadose zone model, and a 3-D contaminant migration model.

An RBCA plan was developed and implemented at Carswell
Air Force Base for fuel-contaminated soil and groundwater
(Vanderglas et al., 1996). The plan included data compilation,
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scientific documentation, discussions of natural chemical atten-
uation, contaminant mass, persistence, toxicity, and mobility
calculations, and potential exposure risks. Gonzalez and Ririe
(1996) evaluated the use of scientific criteria to evaluate reserve
pits in Alaska and to determine the environmental risk associ-
ated with a variety of metals.

Parameter estimation guidelines for RBCA modeling pro-
vided an effective means for estimating exposure concentrations
and developing risk-based soil and groundwater remediation
standards (Connor et al., 1996). An analytical fate and transport
model was compiled for use with the ASTM RBCA standard
and provided practical guidelines for the measurement or esti-
mation of input parameters for each model. Contaminant trans-
port pathways evaluated included soil-to-air volatilization, soil-
to-groundwater leaching, lateral air transport, and lateral
groundwater transport. Risk-based guidelines for remediation
of BTEX and PAHs in three hydrogeologically distinct ground-
water systems in Kentucky were presented by Birge and Sendl-
ein (1996). Groundwater and soil transport models were inte-
grated with the Comprehensive Environmental Response, Com-
pensation, and Liability Act (CERCLA) risk-assessment
procedures to calculate combined risk for groundwater and soil
exposure.

Bowers et al. (1996) presented a statistical approach for cal-
culating a confidence response goal (CRG) that placed limits
on contaminants requiring remediation while ensuring target
average concentrations were satisfied. The site-specific CRG
approach was able to address typical data uncertainties quantita-
tively using the upper confidence limit as a measure of mean
concentration. A methodology also was presented by Labieniec
et al. (1996a) to evaluate variability in risk caused by differ-
ences in site characteristics that affect transport and fate of
contaminants.

Soil-cleanup criteria calculated using a mathematical model
that employed soil-water partition coefficients obtained from
the literature were compared with criteria based on site-specific
partition coefficients for VOCs (Greacen et al., 1996a). Model
predictions based on experimentally determined coefficients in-
dicated that VOCs were less likely to leach from soil to ground-
water than was predicted based on literature values. Current
and emerging technologies for remediating MTBE from the
subsurface environment were discussed by Davidson and Par-
sons (1996). Remedial coordinators for the Tibbets Road Su-
perfund Site proposed an innovative alternative, vacuum-en-
hanced recovery and natural bioattenuation, to remediate con-
taminants from the subsurface environment (Jalajas et al.,
1996). This alternative approach was estimated to save $15 to
25 million and 17 to 27 years in remediation time.

Hydraulic Methods. Design. A case history of a leaking
underground storage tank (UST), which threatened a Michigan
community drinking water supply, was described by Bulcher et
al. (1996). A barrier well system was used to intercept contami-
nated water, while granular activated carbon was employed to
treat the contaminated effluent. D. Mills et al. (1996a) con-
structed a 122-m (400-ft) cutoff wall in a shallow aquifer to
capture VOC-contaminated groundwater before it could re-
charge into a deeper aquifer. Trench design and construction
details, operational data, and capture effectiveness were pre-
sented. A groundwater remediation technique, in which water
was drawn into a well bottom, treated in the casing, and returned
to the aquifer at the top of the well, was presented by Stallard
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et al. (1996). The hydraulics of the recirculating groundwater
wells were examined with models and a pilot-scale experiment.

Horizontal drilling technologies were adapted from the oil
recovery and utility installation industries for use in the remedi-
ation of contaminated groundwater sites. Parmentier and Klem-
ovich (1996) discussed the appropriateness of horizontal wells
compared with vertical wells for various contamination scenar-
ios. Horizontal wells were used for groundwater remediation in
an effort to treat water contaminated by past management prac-
tices and product spills (Meyer and Bardsley, 1996). A compre-
hensive database prepared for the project permitted the develop-
ment of a 3-D model, which detailed stratigraphy, lithology,
and concentrations of pollutant compounds.

Maccagno et al. (1996) used a horizontal well to contain a
dissolved contaminant plume in a deep, thin-layer, heteroge-
neous aquifer. Estimated cost savings for the horizontal well
during a 10-year time period were substantial compared with
multiple vertical wells. Horizontal well efficiency was shown
to depend on area stratigraphy, distribution of screen, filter pack
locations, degree of well development, and formation damage
(Losonsky et al., 1996). A method to calculate the efficiency
of a horizontal well to avoid increased cost of prolonged well
development was detailed.

Horizontal well flows were influenced by well and aquifer
geometry, aquifer hydraulic characteristics, and boundary con-
ditions, yet many horizontal well projects are designed with no
modeling efforts to predict efficiency or duration of remediation
(Speake et al., 1996). Seven hypothetical horizontal well simu-
lations were presented using the USGS’s MODFLOW model.
Schafer (1996) evaluated steady-state capture zones around
horizontal drains and vertical wells using a second-order Runge-
Kutta particle-tracking algorithm to trace streamlines.

Recovery wells were installed in a low-yield aquifer at the
Silnesim Superfund site in Lowell, Massachusetts, to retrieve
chemical waste from a former waste reclamation facility (Ehret
et al., 1996). The wells were designed to capture contaminated
groundwater and dewater soils for subsequent in situ vacuum/
vapor extraction. Enhanced vacuum recovery was used to in-
crease the yield from a shallow aquifer in a study by Schaal and
Cox (1996). Advantages of enhanced vacuum recovery include
increased well recovery, decreased number of wells necessary
to achieve production, and reduced remediation time.

A field study was conducted by Frieseke and Christensen
(1996) to evaluate the use of a granular groundwater collection
system designed to increase groundwater well yield and radial
influence during remediation field studies at a gasoline-contami-
nated site in Kenosha, Wisconsin. The remediation effort con-
sisted of removing the UST and surrounding soil, and backfill-
ing with a granular material into which a well was installed to
extract contaminated groundwater.

Modeling and Optimization. A nonlinear programming for-
mulation was used to find the minimum cost design for a pump-
and-treat remediation system (McKinney and Lin, 1996). The
formulation was used to examine tradeoffs between total costs
and cleanup standards, remediation period, and design parame-
ters for the treatment system. The impact of constraint values
and locations on optimal well locations was investigated with
a hydraulic control optimization model (Ahlfeld and Verdon
Lewis, 1996). Numbers of wells and their locations were sensi-
tive to-the number and location of head difference constraints.
The impact of the degree of remediation required and the time

Literature Review 1997

by which compliance must be achieved on remedial design was
studied for a hypothetical PAT system (Ahlfeld and Hill, 1996).

Enhanced annealing was applied to the groundwater remedia-
tion optimization problem, with a view toward reducing the
number of objective function evaluations (Skaggs et al., 1996).
Enhanced annealing required significantly fewer evaluations
than conventional simulate annealing (SA). A differential ge-
netic algorithm was used to solve a nonlinear groundwater reme-
diation optimization problem (Aral and Guan, 1996). An optimi-
zation-simulation model based on SA was developed that al-
lowed multiple remediation technologies, that is, pumping
wells, drains, trenches, slurry walls, and caps (Marryott, 1996).
The selected remediation technologies were sensitive to the cost
functions used for the technologies.

The outer approximation method was applied to solve reme-
diation design optimization problems where a combination of
wells and drains are allowed (Karatzas and Pinder, 1996a). The
inclusion of drains significantly affected total remediation costs.
A cutting plane optimization technique was developed to solve
problems with nonconvex feasible regions (Karatzas and Pinder,
1996b). The technique is applied to example problems and is
shown to avoid the elimination of any part of the feasible region.
SA was combined with an importance function to produce a
time-varying remediation optimization model (Rizzo and Dou-
gherty, 1996b). The model was applied to a large-scale, complex
remediation problem, where different cleanup goals could be
imposed on different regions of the site.

The effect of parameter uncertainty on optimal dynamic
pumping policies was investigated by generating spatially corre-
lated, 3-D random fields and determining optimal designs for
each field (Huang and Mayer, 1996). Remediation costs were
underestimated by 2-D, vertically averaged representations of
the 3-D fields, and the cost uncertainty was significantly higher
than the parameter uncertainty. The effects of parameterization
and measurement errors on optimal hydraulic gradient control
design were assessed in a series of numerical experiments (Zhen
and Uber, 1996). Head measurements could not improve reme-
diation design reliability in the presence of parameterization
error.

Procedures were developed for determining capture zone lo-
cations as a function of time by using the location of stagnation
points (Bakker and Strack, 1996). The procedures are imple-
mented in an analytic element model. Unconditional and condi-
tional Monte Carlo simulations were used to produce probability
distributions of capture zone locations as a function of transmis-
sivity and recharge rate uncertainty (Kinzelbach et al., 1996).
Increasing the amount of conditioning data was shown to narrow
the probability distribution of the capture zones.

Physical Containment. Devlin and Parker (1996) used
steady-state contaminant flux equations to evaluate an optimal
range of hydraulic conductivities for the design of cutoff walls.
The research design focused on eliminating the potential for
contaminant flux to be controlled by outward diffusion through
the selection of low-conductivity cutoff wall materials. The use
of industrial coproduct solutions (grout) as an iron source for
precipitation of iron hydroxides and oxyhydroxides in barrier
walls was investigated by Hapka and Whang (1996). Column
studies were performed to quantify precipitation of iron hydrox-
ides and to determine the effects of precipitation on soil perme-
ability.

Chemical Methods. A rapidly evolving remediation technol-
ogy involves the use of funnel-and-gate systems, in which sheet
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pilings are used to route contaminated groundwater through a
permeable zone (gate) of reactive porous media (Hatfield et al.,
1996). An analytical model that incorporated convective and
dispersive transport, dissolved constituent decay, surface-medi-
ated degradation, and time-dependent mass transfer between
phases was developed to aid in prediction of funnel-and-gate
performance. Burris et al. (1996b) conducted batch and column
experiments to evaluate the use of granular metallic iron for in
situ treatment zones. Result of these studies demonstrated that
the nitrobenzene transformation was more rapid in batch than
in column systems, indicating the potential importance of mass-
transfer limitations in flow-through applications.

A pilot-scale funnel-and-gate system was tested by Clark et
al. (1996) as part of a SITE demonstration at a former industrial
facility in New York. Initial results indicated that the iron-sand
permeable reactor zone reduced the concentration of TCE in
the contaminated plume by 98%. D.I. Kaplan et al. (1996),
evaluated the retention of zero-valent iron colloids in soil col-
umns. The effect of influent iron colloid concentration and injec-
tion rate on colloid retention was discussed.

The use of a sand and powdered activated carbon mixture for
removal of benzene from a groundwater system was discussed
(Basheer and Najjar, 1996, and Kapoor and Viraraghavan, 1996)
with regard to cost effectiveness and feasibility. Chromium-
contaminated soils, their complex chemistry, regulatory chal-
lenges, and treatment technologies were discussed by James
(1996). Surfactants were used to enhance extraction of chro-
mium from contaminated soils obtained from the U.S. Coast
Guard Support Center (Nivas et al., 1996). The surfactant Dow-
fax 8390 and a complexing agent, diphenyl carbazide, yielded
optimal results.

A critique of a zinc(II) column washing study was presented
by Niven and Khalili (1996), who criticized using zinc sulfate
to simulate zinc contamination in soil systems and recom-
mended the use of a less water-soluble zinc compound, which
would be more representative of true site-contaminated soils.
In a rebuttal, the use of zinc sulfate was justified as a source
of metal contamination for column experiments that were de-
signed to evaluate the effects of pH variation, EDTA and DTPA
concentrations, ionic strength, dissolved chlorine, flow rate, and
temperature on removal efficiency of zinc (Davis, 1996). To
limit the uptake of zinc by agricultural crops, in situ stabilization
of the soil was attempted with lime, natural zeolite, hydroxyapa-
tite, and an iron oxide waste byproduct (Chlopecka and Adriano,
1996).

A treatment technology was used at a Newport, Delaware,
Superfund site to immobilize barium, zinc, lead, and cadmium
with soluble sulfate and sulfide salts (Scrivner et al., 1996). The
in situ treatment saved an estimated $22 million over the U.S.
EPA-preferred treatment technology of deep soil mixing. Mod-
eling simulations produced from HELP3, VLEACH, and Sum-
mers models were used to assess whether soils and waste pile
materials with high lead concentration could be contained effec-
tively in place (Fullerton er al., 1996).

Column results of soil-flushing experiments for a lead-con-
taminated sandy loam were presented by Reed et al. (1995).
Pb(II), PbSO,(s), PbCO;(3), and Pb-naphthalene served as the
contaminants, whereas HCI, EDTA, and CaCl, served as the
flushing solutions. Rebhun ez al. (1996) investigated the use of
dissolved humic substances (DHSs) for remediation of sites
contaminated by organic pollutants. DHSs bind hydrophobically
to organic contaminants and may reduce sorbability of the con-
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taminant, thus enhancing desorption-remediation of contami-
nated sites. Mathematical models predicted 50- to 100-fold re-
ductions in sorbability and retardation of highly hydrophobic
organic solutes in the presence of a DHS.

Electrokinetics. An in situ electrokinetic technique was eval-
uated for removal of hexavalent chromium from a sand matrix
in column-scale experiments (Haran ez al.,, 1996). Application
of a constant potential gradient across the soil matrix resulted
in the migration of chromate toward the anode, and hexavalent
chromium ions then were reduced by reaction with the anodic
dissolution product, Fe**. In situ remediation of lead-contami-
nated soil was investigated by Reed et al. (1996b). A correlation
between the amount of electro-osmosis flow and the desorption
and transport of soil-bound lead in electrokinetic soil-flushing
experiments was reported. C.D. Cox et al. (1996) used an en-
hanced electrokinetic technique to remediate HgS-contaminated
soils with iodine/iodide lixiviant using bench-scale electroki-
netic cells. A mercury removal efficiency of 99% was achieved
in laboratory contaminated soils.

Remediation efficiency of the electrokinetic method may be
limited when metals precipitate in regions of soil with elevated
pH (Li, ZM,, et al., 1996). A new approach to electrokinetics
was presented in which a conductive solution was inserted be-
tween the cathode and treated soil, quenching the generation of
hydroxide ions that result from electrolysis of water during
treatment. Patterson and Runnels (1996) proposed an electromi-
gration method for remediating groundwater contaminated with
highly soluble compounds such as Na*, C17, NO;™, and SO,
A field test then was conducted to test the efficacy of electromi-
gration for preconcentrating SO,>” in groundwater associated
with a fossil-fuel power plant.

Thermal Methods. A thermal blanket was used to treat sur-
ficial PCB-contaminated soil in a pilot-scale test (Iben et al.,
1996). PCB concentrations were reduced from approximately
2 000 ppm to less than 2 ppm within 24 hours of heating the
soil with the thermal blanket, which operated at temperatures
from 815 to 925°C.

Biological Methods. Active Bioremediation. Laboratory and
field experiments were carried out for bioremediation of soils
contaminated by fuel oil and motor oil (Gruiz and Kriston,
1995). Biodegradation and microbial activity were measured,
and results showed an almost complete degradation of the or-
ganic pollutant. The ability of soil microorganisms to degrade
fuel in soils under extreme climatic conditions was investigated
by isolating bacteria from the fuel-contaminated soil at Mc-
Murdo Station, Antarctica (Wardell, 1995). Field experiments
showed significant BTEX mass reductions through the zone
affected by passive treatment wells containing a solid oxygen
releasing product (Chapman et al., 1996). Pulse injections of
electron donor and acceptor were suggested to evenly distribute
biomass for more effective in situ bioremediation, and labora-
tory experiments supported this by accounting for tryptic soy
agar plate counts and total protein (Peyton, 1996).

A laboratory study was conducted to investigate the effect
of nitrogen and phosphorus levels and temperature on petroleum
bioremediation in cold areas (Walworth and Reynolds, 1995).
It was found that the rate of diesel loss was lower at 10°C than
at 20°C, and only at the latter did temperature addition of P
increase degradation. Different results were obtained on addi-
tion of phosphorus for enhancing oil degradation (Chang et al.,
1996). It was found that the phosphorus addition was beneficial
for oil concentrations greater than 3%, and that the positive
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effect of higher concentrations was only transitory. A pilot study
showed that oxygen released by solid oxygen releasing com-
pounds into the subsurface, as indicated by increases in dis-
solved oxygen concentration in groundwater, was promoting
bioremediation in various points of the system, and that BTEX
concentration was decreasing (Johnson and Methvin, 1996).

Laboratory experiments were conducted on flow-through col-
umns filled with homogeneously contaminated aquifer material
from diesel fuel for evaluating in situ bioremediation (Hess et
al., 1996). Results showed that O, was depleted rapidly and
that both O, and NO;~ could serve as oxidants for the mineral-
ization of hydrocarbons. The cleanup of residual solvents in the
saturated zone using an in situ biochemical treatment was stud-
ied in a laboratory column by using PCE as a model compound
and in the presence of vitamin B,, (Lesage et al., 1996). Vitamin
B, increased degradation rates and was compatible with anaero-
bic bacteria survival, and degradation was not dependent on the
concentration range of PCE.

Bench-scale laboratory methods were used to evaluate the
feasibility of bioaugmentation with Pseudomonas sp. strain KC
to remediate aquifer materials from an aquifer of documented
CCl, contamination at Schoolcraft, Michigan (Mayotte et al.,
1996). Results indicated that niche adjustment enabled rapid
growth and colonization of the aquifer solids by strain KC and
that conditions favorable for CCl, removal could be realized.
A field test was conducted successfully for demonstrating the
effectiveness of in situ biofilter using resting-state cells for re-
mediating groundwater, with approximately 425 ppb of TCE
as the sole contaminant species (Duba et al., 1996). TCE con-
centration extracted through the biofilter gradually returned to
background values 40 days after termination of the experiment.

Oxygen and nutrients injection into an aquifer to stimulate
biodegradation of target PAH and pentachlorophenol was exam-
ined (Korom et al., 1996). Preliminary field evaluations indi-
cated that oxygen demand could be exerted by uncontaminated
oxygen sediments and suggested that this fact could signifi-
cantly increase remediation costs by additional oxygen delivery
for sediments oxidation. Laboratory-scale, porous media biofilm
reactors were used to evaluate the effect of biofilm thickness on
media porosity and permeability in phenol-contaminated aquifer
(Essa et al., 1996). Results showed that reductions in hydraulic
conductivity were found because of biomass growth. The effects
of phenol concentration on hydraulic conductivity also were
investigated (Farooq et al., 1996).

Three long-term studies were conducted for demonstrating
the effectiveness of bioremediation at reducing chemical condi-
tions, mobility, and toxicity in soils and wasterwater solids
over a long time period (Loehr and Webster, 1996b). Results
confirmed that chemical bioremediation residues were present
in treated soils and that both chemical concentration and toxicity
continued to decline after active remediation stopped. A pas-
sive-release wells technique for in situ remediation of contami-
nant plumes was described (Wilson and Mackay, 1996). Charac-
teristics and limitations of the technique were discussed, and
some suggestions for a correct application also were given.

Different alternative methods and algorithms for dynamic
nonlinear optimization for cost-effective designs of groundwa-
ter in situ bioremediation were presented (Yoon and Shoemaker,
1996). Optimizations included local injection wells, time-vary-
ing pumping rates, and oxygen concentration in injected water,
and the scheme was coupled with a highly nonlinear model
of groundwater transport and biodegradation. Another optimal
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control model was developed for improving the design and
optimizing pumping strategies of in siru bioremediation of
groundwater (Minsker and Shoemaker, 1996).

A case study of application of in situ bioremediation using
direct current to emplace nutrients and microorganisms in tight
soils was presented (Cullen et al., 1996). Results proved the
successful application of this technology, the features of which
were described in detail, and it was compared with other remedi-
ation techniques that remained ineffective. Two-dimensional
transport of dissolved oxygen was investigated in experiments
conducted in a large-scale physical aquifer model where a gas
phase was trapped in the pore spaces on an otherwise saturated
porous medium (Fry et al., 1996). Results showed that the pres-
ence of even a small amount of a trapped gas phase in an aquifer
would significantly affect the distribution and transport of dis-
solved oxygen. A brief discussion on limits of applications to
in situ bioremediation was presented (Hart, 1996).

The potential for bioremediation of groundwater with various
alkylpyridines was investigated (Ronen, Z., et al., 1996). Labo-
ratory experiments demonstrated that biodegradation occurred
only under aerobic conditions, suggesting that oxygen limitation
could strongly affect biodegradation of pollutants. A test-plot
infiltration test and a conservative tracer test at Eglin Air Force
Base, Florida, confirmed the potential for transporting solutes
to the subsurface via recharging water (Sweed et al., 1996).
Experimental results indicated dilution as the dominant attenua-
tion mechanism associated with high surface application rates.

A field investigation of nutrient pulse mixing in an in situ
biostimulation experiment in a portion of the Borden aquifer
was presented (Devlin and Barker, 1996). Results indicated that
large-period pulsed injections of a substrate could be useful for
promoting injected and ambient water mixing in bioremediation
programs. The use and cost effectiveness of plants for remediat-
ing soils contaminated by toxic metals and isotopes was dis-
cussed (Comis, 1996). The same remediation method was pro-
posed for removing from soil radionuclides '*Cs and *°Sr,
whose remediations using energy-intensive engineering solu-
tions were considered infeasible and not economical, especially
for huge volumes of soil (Entry et al., 1996). A diesel-fuel—-
contaminated aquifer in Switzerland was the target of bioremed-
iation efforts involving the addition of O,, NO;y, PO;", and
NH; through an infiltration well (Bregnard et al., 1996). The
aerobic and anaerobic degradation of weathered fuel was exam-
ined in batch microcosms using aquifer material from the field
site.

Intrinsic Bioremediation. Implications of the presence of eth-
anol on intrinsic bioremediation of BTX plumes in Brazil were
discussed (Corseuil et al., 1996). Preliminary laboratory studies
showed that ethanol could enhance BTX solubilization in water
and might exert diauxic effects during BTX biodegradation. A
survey was conducted on 119 dissolved hydrocarbon plumes in
California to evaluate evidence of natural attenuation (Buscheck
et al., 1996). Petroleum hydrocarbon plumes were stabilizing
at relatively short distances, rarely exceeding 79 m (260 ft) in
length. Sulfate-reduction biodegradation of petroleum hydrocar-
bons appeared to play a major role in many of the sites investi-
gated.

An investigation was conducted for evaluating vertical geo-
chemical changes induced by an accumulation of diesel fuel #2
in contact with groundwater (Stout and Lundegard, 1996). Re-
sults suggested that significant changes in biodegradation and in
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composition might be attributed to the availability of dissolved
oxygen and reduced product concentration. A field study of
oxygen injection was carried out in a sandy iron-rich groundwa-
ter system contaminated with gasoline hydrocarbons for evalu-
ating enhancement of intrinsic bioremediation (Gibson e al.,
1996). Results indicated enhancement of both bacterial popula-
tion and rate of aerobic degradation, especially of benzene and
ethylbenzene, which were recalcitrant to intrinsic remediation
under low-oxygen conditions. Degradation of gasoline contami-
nants by indigenous microorganisms was found in glacial and
postglacial sediments (Rogers et al., 1996). Favorable aquifer
geochemistry, presence of indigenous microorganisms, and con-
taminant concentrations within a certain range were identified
as ideal factors for rapid and significant gasoline degradation.

An evaluation of intrinsic bioremediation in support of RBCA
was presented (Douthit ez al., 1996). A comparison of regulatory
outcomes with and without intrinsic bioremediation considera-
tions was presented, and the relevance of intrinsic bioremedia-
tion to RBCA was discussed on a set of data from a site located
in New York state. Screening model approaches were presented
for evaluating BTEX natural attenuation in groundwater
(McAllister, 1996). The estimation of the maximum extent of
the soluble contaminant plume, the determination of soluble
plume attenuation rates, and estimations of the time required
for the plume to stabilize were the aims of the two methods
proposed. A review was presented on regulatory progress to-
ward risk-based remediation together with a description of the
successful application of RBCA at two fuel-contaminated sites
on Air Force installations (Downey ez al., 1996). A user-friendly
screening tool, BIOSCREEN, for simulating natural attenuation
of dissolved hydrocarbons at petroleum fuel release sites was
described (Newell et al, 1996). The program was aimed at
estimating the plume extension without human intervention and
evaluating the plume residence time before natural attenuation
occurred.

An approach for evaluating the use of intrinsic remediation
in conjunction with other technologies for implementing an
optimal site-dependent remedial strategy was developed (Norris
et al., 1996). The method relied on multiple application of mod-
els with successively increasing levels of engineering and cost
requirements to tailor the final intervention to the site under
study. A spreadsheet model was developed to project adsorbed
and dissolved phase concentrations at any distance from a 2-D
line source considering both natural and biological degradation
(Henry and Herman, 1996). Similar spreadsheet models were
developed, based on the Domenico analytical model, and pro-
vided results in close agreement with the numerical model BI-
OPLUME 1I (Ollila, 1996).

A screening study of CAH intrinsic bioremediation at a south-
ern New Hampshire site was conducted (Schaffner et al., 1996).
Results showed the occurrence of reductive dehalogenation and
co-metabolism of CAHs, and the latter process was dissolved-
oxygen and CH, limited. Incorporation of intrinsic bioremedia-
tion potential of CAHs as a part of a site’s remediation strategy
was discussed (Swindoll and Troy, 1996). A careful evaluation
of the factors affecting biodegradation of aquifers, as well as
an assessment of potential human and environmental risk, was
strongly recommended for avoiding excessively optimistic pre-
dictions.

Two case histories on natural attenuation in New Jersey were
documented (Valdes, 1996). Measurements of indicator parame-
ters indicated that BTEXs were rapidly degrading, both aerobi-
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cally and anaerobically, with no assistance. Resident bacteria
showed marked preferences for some of the available specific
electron acceptors in the attenuation process, namely oxygen,
nitrate, manganese, ferric iron, sulfate, and carbon dioxide. An
informal survey of 125 regulators from environmental agencies
was conducted to determine each agency’s position regarding
natural attenuation (Ritz and Weston, 1996). The results of
the inquiry indicated that natural attenuation could be more
expensive and risky than proactive remediation methods, but
that no general evaluation could be made since remediation was
found to be strongly site specific.

A review of parameters for evaluation and a discussion of
the strategy to be used for applying natural attenuation were
presented (Testa, 1996). The site-specific nature of natural atten-
uation was supported by results obtained from two case studies.
A discussion was presented regarding the real advantages and
disadvantages of active soil cleanup interventions, and an evalu-
ation of the indirect financial and environmental related costs
was discussed (Hicks and Rizvi, 1996).

Non-Aqueous-Phase Liquid Recovery. Hydraulics. Vac-
uum-enhanced NAPL recovery, commonly referred to as dual-
phase extraction or bioslurping, has the potential to increase
NAPL recovery rates, accomplish dewatering, and facilitate va-
por-based unsaturated zone cleanup (Baker and Bierschenk,
1995). A conceptual model was presented to evaluate the effects
of vacuum-enhanced recovery on soil water and NAPL, which
was tested during a pilot-scale study at a diesel-fuel-contami-
nated site. A modeling study focused on numerical simulation
of a two-phase vacuum extraction process (Kuehne, 1996). A
2-D radial flow model that incorporated information regarding
extraction wells, soil properties, and hydrogeology was devel-
oped to evaluate the appropriateness of the modeling effort to
aid in the design and analysis of two-phase extraction systems.

Remediation of JP-4 aircraft fuel by bioslurping was investi-
gated at a refueling facility at Honshu, Japan (Shih and Griffin,
1996). The system was designed to remove fuel floating on,
and dissolved in, groundwater and to remove organic vapors in
the vadose zone. Jet fuel was remediated from soil and ground-
water by high-vacuum dual-phase extraction at the Kennedy
International Airport (Kirshner et al., 1996). Case study results
indicated that 62% of contaminant removal resulted from bio-
degradation, 27% from liquid removal, and 11% from VOC
extraction. In an effort to assess the recoverability of free-
LNAPL, LNAPL transmissivities were determined and com-
pared with the Bouwer and Rice method and a numerical solu-
tion (Lundy and Zimmerman, 1996). Results of LNAPL trans-
missivities determined by the Bower and Rice method and the
numerical solution were in good agreement with measured val-
ues and calculations of transmissivity based on known soil and
fluid properties.

Hydraulic fracturing, an enhanced oil-recovery technology,
was modified for application in environmental site remediation
(Hedgcoxe et al., 1996). Hydraulic fracturing was used to em-
place sand-filled lenses within low permeability clays to link
trapped residual NAPL and provide a pathway for NAPL extrac-
tion. Sale and Applegate (1996) proposed a method to limit the
potential for DNAPL migration and recovered the mobile phase
of DNAPL pooled on subsurface confining layers. The technol-
ogy, which relied on recirculating drain lines, achieved 95%
recovery of mobile DNAPL. Gomez-Lahoz er al. (1996) ex-
plored the effects of matrix diffusion and the presence of NAPLs
on the remediation of fractured rock aquifers. One model was

Water Environment Research, Volume 69, Number 4



Fate & Effects of Poliutants

used to predict the flushing of organic compounds initially dis-
tributed as NAPL droplets in a fracture, and the second model
was used to evaluate the removal of organic compounds initially
present as NAPL in an aquifer containing low-permeability po-
rous clay lenses. Spacing of fractures and thickness of clay
lenses were determined to be more important than NAPL droplet
size in the models.

Surfactants and Cosolvents. Surfactant-enhanced solubiliza-
tion and biodegradation were investigated in batch experiments
to determine the effectiveness of four different surfactants to
increase the solubility of octadecane in solution and evaluate
biodegradation rates (Thai ez al., 1996). All surfactants, Brij 35,
Corexit 0600, Triton X-114, and Tween 40, enhanced solubility,
whereas only Corexit 0600 and Tween 40 enhanced biodegrada-
tion rates. Dissolution and biodegradation kinetic studies of
phenanthrene in the presence of nonionic surfactants were con-
ducted in an attempt to enhance the bioavailability of the PAH
dissolved in NAPLs (Grimberg, 1996). The experimental study
was designed to evaluate the effect of mass-transfer limitations
in a completely mixed reactor on the rate of phenanthrene bio-
degradation in the presence of different nonionic surfactants
and perform model simulations to compare with experimental
observations. A related study investigated surfactant-enhanced
dissolution of phenanthrene for laminar flow conditions (Grim-
berg et al., 1996a). The model developed for the previous com-
pletely mixed reactor study was applied to a flow-through sys-
tem with well-defined hydrodynamics, and modeling results
were compared with experimental work.

A model describing the bioavailability of hydrophobic PAHs
partitioned into the micellar phase of nonionic surfactants was
presented by Guha and Jaffe (1996b). Biodegradation kinetics
were explained in terms of a series of mass-transfer processes
resulting in an equation similar to Monod kinetics. Kinetic as-
pects of nonionic polyoxyethylene surfactants on the solubiliza-
tion rate of soil-bound PAHs were investigated (Yeom et al.,
1996a). A modified radial diffusion model to evaluate surfactant
enhancement mechanisms was presented.

Physicochemical processes, which occur during surfactant
flushing, are not well understood. A study was performed to
observe and quantify various physicochemical transport pro-
cesses operating during removal of PCE by a nonionic surfac-
tant (Okuda et al., 1996). The phase behavior of the water/PCE/
surfactant system in batch tests was examined, and column
experiments were performed to evaluate residual PCE removal
mechanisms, nonreactive tracer transport, and surfactant trans-
port. A controlled DNAPL surfactant-flushing field test was
performed at Canadian Forces Base Borden (Fountain er al.,
1996). The remediation effort removed the majority of the
DNAPL with little vertical migration of the contaminant.

To evaluate the potential of precipitation and sorption of
anionic ethoxylated alkyl-sulfate surfactant in the subsurface,
batch experiments were conducted (Rouse et al., 1996). Results
demonstrated that there was no significant precipitation where
the degree of ethoxylation was two or greater, anionic ethoxy-
lated surfactants were less susceptible to sorption by soils than
nonethoxylated anionics or nonionics, and the surfactants served
readily as substrates for microbes.

An economic study of surfactant-enhanced PAT remediation
for removal of PCE from different-sized spills was presented
(Krebs-Yuill et al., 1996). Five different surfactants were com-
pared by evaluating solubilization and mobilization. Conclu-
sions of the study included the following: the estimated cost
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for solubilization of PCE from a 0.8-ha (2-ac) site was approxi-
mately $7-15 million, the estimated cost for mobilization of
PCE from a 0.8 ha (2-ac) site was approximately $5—7 million,
and 35 to 40% of remediation costs was for surfactant. Delshad
et al. (1996) used a 3-D, multicomponent, multiphase composi-
tional FD simulator to predict contaminant transport during sur-
factant-enhanced NAPL remediation. Phase behavior of NAPL,
water, and surfactant; adsorption; interfacial tension; capillary
pressure; capillary number; and microemulsion viscosity were
dependent on accurate phase behavior modeling.

A complete description of a physical-property model for eval-
uating pseudophase representations of micellar/polymer-phase
behavior using numerical methods was presented by S.A. Khan
et al. (1996). The model allowed for a variety of physical/
chemical phenomena such as formation of one to three phases,
the effect of salinity and cosolvents on phase behavior, adsorp-
tion of several chemical species, capillary desaturation, polymer
shear thinning, and permeability reduction to be considered. A
1-D numerical model that simulates surfactant-enhanced solubi-
lization of pooled DNAPL was presented by Mason and Kueper
(1996). The nonequilibrium mass-transfer coefficient was based
on the wetting-phase Darcy flux and accounted for mass transfer
between DNAPL and surfactant solution over time.

Surfactant/cosolvent-microemulsion—mediated removal of
residual gasoline was investigated in column experiments
(Mansell et al., 1996). Extremely low interfacial tension gener-
ated between the microemulsion and NAPL mobilized the resid-
ual NAPL in the porous matrix, and eventually the NAPL was
solubilized by the microemulsion and underwent miscible dis-
placement as a new microemulsion of water/surfactant/cosol-
vent/NAPL. A related study detailed the results of column stud-
ies of a loam soil contaminated with leaded gasoline (Ouyang
et al., 1996a). Approximately 95% of the gasoline was removed
as a microemulsion, and 90% of the lead originally associated
with the gasoline was removed. Baran et al. (1996) presented
an investigation to remove chlorocarbons (including PCE, TCA,
TCE, DCB, chloroform, and methylene chloride) in a micro-
emulsion using alkyl glucamide surfactants.

A 1-D, ternary, two-phase simulator was used to evaluate
physical properties such as interfacial tension, residual satura-
tion, relative permeability, phase viscosity, wettability, capillary
pressure, adsorption, and dispersion on chemical flood transport
(Bidner and Porcelli, 1996a,b). The influence of viscous and
buoyancy forces on the mobilization of residual PCE was the
subject of research conducted in column-displacement studies
(Pennell et al., 1996). Desaturation curves were expressed in
terms of a total trapping number, which related both viscous
and buoyancy forces to capillary forces. This approach can be
used to predict the onset and extent of NAPL displacement
during surfactant flushing.

Hayden and Van der Hoeven (1996) investigated the use of
alcohol flushing for enhanced removal of coal tar from contami-
nated soil columns. Isopropyl alcohol was flushed through col-
umns to increase removal of coal tar by three to five orders of
magnitude. Additions and corrections published in 1995 to an
article that addressed the topic of micellar solubilization of
PAHSs in coal-tar—contaminated soils were detailed (Yeom et
al., 1996b). Three equations in the original article were pub-
lished incorrectly. The effects of moisture were evaluated on
the remediation of PAH-contaminated soil with supercritical
carbon dioxide (Schileussinger et al., 1996). Addition of water
to the soil system tended to increase the removal efficiency of
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PAH, indicating that extraction was limited by adsorption, not
diffusion. . .

Vapor-Phase Methods. Soil Vapor Extraction. Soil vapor
extraction (SVE) studies published can be divided into the sub-
jects of mathematical modeling, applications, and economic
considerations. A fugacity model, which accounted for natural
processes such as volatilization, degradation, leaching, and gas-
phase advection to predict the effectiveness of SVE, was pre-
sented by She et al.. (1995). For one case study modeled, a 13-
kg TCE spill was reduced to 0.001 pg/L in 2 years with SVE
remediation. Another modeling simulation was performed as
part of a field-scale study at a CERCLA site at Lawrence Liv-
ermore National Laboratory (Vogele and Nitao, 1996). The nu-
merical, multiphase, multicomponent computer code, NUFT,
was used to evaluate the feasibility of SVE remediation and
guide system design. The model was used to simulate noniso-
thermal flow and transport of multiple phases and contaminants
in 3-D using FD grids. '

Quantitative SVE performance standards were developed for
the Hassayampa Landfill Superfund Site using a 1-D vadose
zone transport model, SESOIL (Lindquist et al., 1996). The
iterative modeling procedure helped to establish the size of
remedial target zones in addition to producing performance
standard curves for VOCs posing a risk to the environment. To
evaluate the effects of SVE on contaminant flux to the atmo-
sphere and groundwater, a 2-D numerical simulation of contam-
inant loading was performed (Poulsen er al., 1996). Results
showed that well vacoum, NAPL —air mass-transfer rate, and
inhomogeneities in soil-air conductivity significantly influence
contaminant flux and remediation time.

The efficiency of air flow to inlet wells under conditions of
leaky surface boundary, anisotropic soils, and partially screened
extraction was the subject of another modeling study (Ge and
Liao, 1996). An SVE modeling study presented by Ng and Mei
(1996) evaluated aggregate diffusion in unidirectional and radial
flows. The model used Pe, the ratio of advection time to aggre-
gate diffusion time, and the ratio of mass within aggregate to
mass in gas to account for diffusion within saturated aggregates
and convective diffusion in air-filled macropores.

A series of bench-scale experiments to evaluate the effective-
ness of air stripping of VOC-contaminated soils was conducted
by Shah et al. (1995). The experiments examined the effect of
soil grain size, air injection flow rate, and air inlet temperature
on benzene recovery. Increases in grain size from 0.31 to 1.2
mm enhanced benzene recovery from 49 to 65%, increasing the
air-flow rate enhanced recovery from 56% at 5 L/min to 70%
at 10 L/min, and preheating the air to 45°C resulted in an in-
crease in recovery from 70 to 90%. To implement extraction
of VOCs from a contaminated site in a remediation project at
a U.S. Air Force facility, two horizontal wells were installed
(Overby and Pedlar, 1996). The details of a multimedia risk-
based SVE project to remediate gasoline-contaminated soils at
a utility service center were presented in another study (Mills,
W.B.,, et al., 1996).

Sun et al. (1995) discussed three SVE system design optimi-
zation methodologies: implicit enumeration, systematic reduc-
tion, and local search. The methodologies are discussed to por-
tray the combinatorial nature of SVE design and to evaluate
well interferences in a multiwell system. Another method for
conceptual design of economically based SVE systems was
described with the objective of providing cost estimation and
cleanup scheduling (DePaoli et al., 1996). Results for a case
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study for a 95-m’ (25 000-gal) JP-4 jet fuel spill indicated that
emissions control would increase costs and that carbon adsorp-
tion would be more costly than catalytic conversion in the reme-
diation process.

An SVE system cost analysis was performed at a site to
evaluate the use of an internal combustion engine to abate ex-
tracted vapors versus operating a granular activated carbon
(GAC) absorption system (Kelly, 1996). It was determined that
the GAC system would be more cost effective for the period
of remediation. The secondary effects of soil venting and poten-
tial low-cost enhancements were the subjects of a similar report
by Walton and Anker (1996). The ability of humidified, slightly
heated air to enhance SVE removal efficiency was noted.

Bioventing. A numerical model of soil vapor extraction and
bioventing was developed to study physical, chemical, and bio-
logical transformations and to evaluate performance of soil va-
por extraction/bioventing systems (Rathfelder ef al., 1996). The
model included air and water phases, multicomponent transport,
and kinetic expressions describing substrate, electron-acceptors,
and biomass growth/decay. At a VOC-contaminated site in New
Jersey, a PAT system was designed to control contaminants.
The high cost of operating the system, however, forced the
remediation team to reconsider the bioventing alternative
(Haight et al., 1996). The bioventing system was successful,
increasing removal efficiency by nearly one order of magnitude
and saving an estimated $3.3 million over the PAT system.

Results of a 2-year bioventing demonstration, which en-
hanced biodegradation and volatilization, were presented by
Downey et al. (1995). The demonstration, recently completed
at a large diesel spill site, resulted in the cleanup of an estimated
11 500 m* of soil. Moyer et al. (1996) presented results of
petroleum hydrocarbon bioventing kinetic studies performed
in soil core, microcosm, and tubing cluster experiments. Total
hydrocarbon concentrations were reduced by 75% in lab studies,
and first-order rate constants were consistent with kinetic pa-
rameters determined from microcosm and tubing cluster studies.

Respiration tests were performed by researchers who evalu-
ated the effect of subsurface aeration on biodegradation rates
of petroleum hydrocarbons in the vadose zone (Gray et al.,
1996). Case study results indicated that flow rates of less than
4.7 L/s (10 cu ft/min) of atmospheric air were sufficient to
aerate soils, but low enough to prevent excessive volatilization
and spreading of hydrocarbon vapors. Hickey and Paek (1996)
investigated mineralization versus volatilization of naphthalene
in a gasoline-contaminated subsurface soil during the bioventing
process. Continuous ventilation resulted in 38.8% volatilization
and 10.4% mineralization, but intermittent ventilation decreased
volatilization 10-fold and resulted in negligible mineralization.

Methods for measuring contaminant mass-transfer rates were
presented by Anderson et al. (1996). In the vadose zone, the
area of influence of the bioventing well was determined by the
distribution of oxygen, carbon dioxide, and air pressure using
in situ sensors at various distances and directions from the air
injection point. A 3-D finite difference model developed by
McClure and Sleep (1996) was used to simulate bioventing.
The model incorporated gas, water, and organic flow with equi-
librium interphase mass-transfer and dispersive transport of or-
ganic compounds, oxygen, and carbon dioxide. The model was
able to predict microorganism growth, substrate and oxygen
consumption, and carbon dioxide production caused by micro-
bial activity.
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Air Sparging. Air sparging is an increasingly popular remedi-
ation technology that is based on injecting air into groundwater
to remove VOCs through air stripping or enhanced biodegrada-
tion (Abbasi, 1996). A full description of the air-sparging pro-
cess and modifications for cost-effective groundwater treatment
was provided. A PAT system was replaced by an air-sparging
cutoff wall designed to enhance biodegradation of BTEX com-
pounds (Gallagher ez al., 1996). The air-sparging results indi-
cated enhanced biodegradation of BTEX, increased dissolved
oxygen in groundwater, and increased oxygen soil-gas concen-
trations. In another publication, a pilot study was described that
was conducted to evaluate air sparging in a gravel-filled trench
that was reducing a hydrocarbon plume (Brubaker ez al., 1996).
It was determined that the main degradation pathway was bio-
degradation, not volatilization, and an intermittent sparging
schedule to maximize the biodegradation rate was developed.

Greacen et al. (1996b) performed a pilot test to evaluate
aboveground vapor collection for an air-sparging system. The
system was installed where the water table was very shallow,
typically a low-efficiency scenario for air-sparging remediation.
Pure gaseous oxygen was injected into a confined aquifer in an
innovative pilot test at a Gulf Coast Chemical Manufacturing
Company (Leethem et al., 1996). The technique, designed to
enhance bioremediation, also controlled.the production of fugi-
tive offgases, avoiding the need for an SVE system. In a separate
study, oxygenation rates were measured to evaluate the effects
of process control changes during. air sparging (Rutherford and
Johnson, 1996). Results suggested that there was an optimum
air injection rate, advective groundwater flow can be a signifi-
cant factor, and pulsing the air injection had little effect on
oxygenation rate compared with continuous injection.

To effectively design an air-sparging system, the zone of
influence of sparge wells must be defined (Joss, 1996). An
approach was presented to use pressure measurements above
the water table as inputs to an unsaturated zone airflow model
to quantify fluxes across the water table during air sparging.
McCray and Falta (1996) defined the air-sparging radius of
influence by developing a relationship between observed sub-
surface pressure caused by sparging and gas saturation at the
location. A multiphase numerical simulation, which illustrated
the transient and steady-state behavior of air-sparging systems,
was presented to confirm the relationship.

The utility of horizontal wells for air-sparging systems was
reported in several pilot-scale studies. A horizontal well was
installed in one study to evaluate the appropriateness of the
technique for air sparging (Lundegard et al., 1996). Nonuniform
airflow and preferential exit of air at the blower end of the well
were evaluated. Results indicated that the pressure drop within
the well was negligible, and soil-gas pressure and groundwater
monitoring responses were similar at both ends of the well,
suggesting uniform delivery of air throughout the well. Hori-
zontal wells were incorporated into an integrated multimedia
remediation system described by Downs (1996). The system
coupled horizontal well air sparging with SVE, soil washing,
and enhanced natural biodegradation through bioventing. The
system, which was 20% less expensive than a vertical-well—
based system, achieved the intended remedial objective in 6
months.

A performance comparison between horizontal and vertical
air-sparging well systems was the subject of a 1-year pilot study
by Wade et al. (1996). The sparging capacity of the horizontal
well was 10 times that of the vertical well and was significantly
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more effective at reducing TCE concentrations in groundwater
under all operating conditions. Computer modeling and support-
ing pilot-scale results were presented to demonstrate the effec-
tiveness of a trench biosparge system for treatment of organic
compounds in groundwater (Christodoulatos et al., 1996). Re-
sults indicated that velocity equalization was necessary to attain
uniform residence time distribution of organic contaminants and
that the geometry of the plume diversion system was important
to design.

An AD air-sparging model was presented to simulate migra-
tion through a saturated soil system contaminated with VOCs
(Drucker and Dijulio, 1996). A screening model was used by
Russell and Rabideau (1996) to evaluate expected performance
for an air-sparging and SVE remediation design. Numerical
simulations with a multiphase modeling program, TETRAD,
were used to evaluate the performance of air-sparging systems
(Lundegard and Andersen, 1996). Three stages of flow behavior
were predicted after air injection: an expansion stage, a collapse
stage, and a steady-state stage.

MANAGEMENT

A risk assessment was performed using a multimedia envi-
ronmental transport model to estimate public risk from a con-
taminated groundwater plume (Datskou and North, 1996). Base-
line health risks to the public, health risk reduction to the public
as a result of the remedial activities, health risk to the workers
directly involved in cleaning up the site, and costs associated
with each remedial activity were evaluated. A simulation frame-
work that can be used to include human health exposure as a
criterion in regional-scale aquifer management problems was
developed (Pelmulder et al., 1996).

A general framework that can be used to relate physical and
chemical processes to the evaluation of risk from contaminants
migrating by groundwater was constructed (Andricevic and
Cvetkovic, 1996). Simulation results indicated that the geologi-
cal heterogeneity and uncertainty in the sorption estimate were
the two most important factors for the risk evaluation from the
physical and chemical processes, whereas the mean risk factor
was a crucial parameter in the risk formulation. Research was
carried out to identify chemical, physical, bacteriological, and
viral contaminants and their sources, and to classify such con-
taminants relative to their health concerns (Knox and Canter,
1996). The effect of spatial variability in the net applied water
distribution on leaching risk assessment and identification of
leaching risk categories in the field scale was evaluated (Malla-
watantri and Mulla, 1996).

The validity of efforts to protect groundwater quality for a
variety of beneficial uses by using a widely accepted nitrate-
accounting procedure as the mechanism to obtain reductions,
farmer-applied nitrogen fertilizers was investigated (Kim, C.S.,
et al., 1996). An optimal tax rate on nitrogen fertilizer use was
derived that would lead to reduced levels of nitrogen fertilizer
use intended by the nitrate accounting procedure. A comparison
of the representative profile and the randomly sampled profile
approaches of characterizing soil map unit (SMU) behavior in
solute transport was performed (Finke et al., 1996).

Wisconsin’s atrazine regulatory framework, which was
adopted from the nation’s most restrictive atrazine management
policy, was evaluated (Wolf and Nowak, 1996). A series of
papers that focused on characterization of uncertainty in pesti-
cide mobility estimates, using the attenuation and retardation
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indices for agricultural regions in Hawaii, was reviewed
(Loague et al., 1996). A study was conducted to compare sev-
eral modeling approaches, including CMLS and LEACHM, that
might be applicable for classifying SMU according to their
leaching potential (Inskeep et al, 1996). It was found that
CMLS and LEACHM performed adequately with high-resolu-
tion model inputs, and that CMLS predictions were less sensi-
tive to data input resolution in part because CMLS provides an
oversimplified description of transport processes.

The effect of spatial variability of selected intrinsic soil prop-
erties and extrinsic management practices on the groundwater
quality in the 330-ha recharge area of a high-yield well site in
Rhode Island was evaluated using a GIS database and stratified
sampling for both soil characterization and assessment of spatial
variability of NO; leaching (Gorres and Gold, 1996). The results
suggest that GIS databases generated at scales available to re-
source managers may be well suited to manage the water quality
of large-production-scale wells. Issues such as scale dependency
of solute transport modeling and GIS applications in modeling
processes were discussed (Wagenet and Hutson, 1996). The
scale effects of soil and climate data input on GIS-based solute
transport modeling were evaluated (Wilson, J.P., et al., 1996b).

Soil survey information and water balance simulation model-
ing were used in GIS framework to identify areas at risk of
salinization after tree cleaning in North Queensland (Bui et al.,
1996). Results suggested that tree clearing may increase deep
drainage by up to 10 times. GIS modeling and a significant
logistic regression model, which was developed based on the
soil particle-size class composition of sections containing wells,
were used to predict groundwater vulnerability to pesticides
(Teso et al., 1996).

A site-specific farm-scale GIS approach was used to evaluate
the feasibility of reducing groundwater contamination by preci-
sion farming (Mulla et al, 1996). GIS was used to apply a
modified DRASTIC method to the assessment of groundwater
contamination sensitivity in Wyoming, and the GIS sensitivity
map was compared with groundwater-sensitivity indexes devel-
oped based on a numerical modeling resuits to verify the relia-
bility of the map (Zhang ef al., 1996a). An interactive modeling
system that combined three widely used screening models with
the ARC/INFO GIS software and a graphical user interface was
developed within a GIS environment to facilitate rapid appraisal
of the susceptibility of groundwater to contamination by pesti-
cides (Tim et al., 1996). In this system, instead of ad hoc linkage
between GIS software and a simulation model, a fully integrated
and interactive system in which the model equations were pro-
grammed within the GIS was developed.

SoilRisk, a new integrated risk assessment model for low
levels of organic pollutants in soil, was developed (Labieniec
et al., 1996b). A framework for evaluation of nitrate control
strategies that use spatially variable nitrogen input in the pres-
ence of imprecise information was presented (Woldt et al.,
1996). A hydrological simulation program was used to simulate
surface runoff, groundwater recharge, and transport of sedi-
ments, nutrients, and pesticides in an area in south Florida (Tsih-
rintzis et al., 1996). Model results showed that under the current
practices, sediments, nutrients, and pesticides were present in
surface runoff, and nutrients entered the groundwater, and that
both urbanization and preventive actions resulted in pollutant
reductions.

Uncertainty in recharge estimates was investigated relative
to its impact on assessments of groundwater contamination vul-
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nerability using a relatively simple pesticide mobility index and
attenuation factor (Giambelluca et al., 1996). The scientific ba-
sis for use of fuel constituents other than TPH in establishing
soil cleanup standards at a JP-4—contaminated site was deter-
mined (McKenna et al., 1995). A series of criteria, including
chemical fate and transport, toxicity, and regulatory standards,
was applied to assess the viability of the use of specific JP-4
constituents as TPH alternatives and to select the most appro-
priate alternative. A general strategy has been developed to
estimate the regional vulnerability of groundwater to agricul-
tural chemicals in midwestern U.S. and most of Hungary (Burk-
art and Feher, 1996). A study showed that agriculture was sig-
nificantly affecting nitrate concentrations in karst aquifers
within the Appalachian Region, and best management practices
may protect the groundwater resources (Boyer and Pasquarell,
1996).

OTHER RELEVANT LITERATURE

Various professional and institutional conferences included
presentations concerning groundwater quality. The conferences
that produced published papers or abstracts include meetings
of the American Geophysical Union (Am. Geophys. Union,
1996); the summer meeting of the American Institute of Chemi-
cal Engineers (Am. Inst. Chem. Eng., 1996); the American
Chemical Society Division of Environmental Chemistry meet-
ings (ACS, 1996b,c); the Emerging Technologies in Hazardous
Waste Management VII conference (ACS, 1996a); and the
American Society of Agronomy annual meeting (Am. Soc.
Agron., 1996).

Additional reference sources exist within various organiza-
tions such as U.S. EPA in Ada, Oklahoma, and the USGS in
Reston, Virginia, for in-house and extramural research. Confer-
ence proceedings and general database information may be ob-
tained from the National Ground Water Association in Dublin,
Ohio. The International Ground Water Modeling Center in
Golden, Colorado, is an international clearinghouse for com-
puter models, documentation, and software.
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Michigan Technological University, Houghton, MI 49931-1295.
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Nonpoint sources

Daniel E. Line, Deanna L. Osmond,

Steven W. Coffey, Richard A. McLaughlin,
Gregory D. Jennings, Judith A. Gale,

Jean Spooner

Nonpoint source (NPS) pollution originates from diffuse land
areas that intermittently contribute pollutants to surface and
groundwater. This article is a review of 1996 literature on sev-
eral aspects of NPS pollution, including policy, economics, and
management issues; effects and extent of pollutants in surface
water and groundwater; pollution controls; and modeling and
monitoring.

Several publications addressed the broad topic of NPS pollu-
tion. The Watershed *96 Technical Conference Proceedings fo-
cused on a wide variety of water-quality topics presented at the
conference, including various methods of controlling agricul-
tural and urban NPS pollution (Tetra Tech, Inc., 1996). Proceed-
ings of a conference on physical, chemical, and biological as-
pects of watershed-restoration management included papers on
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hydrological processes, restoration planning and management,
and restoration in forested, agricultural, and urban settings
(McDonnell et al. [Eds.], 1996). A geographic information sys-
tems (GIS) and water resources conference proceedings in-
cluded papers addressing database issues, water quality, ground-
water, stormwater, and watershed studies (Hallam et al. [Eds.],
1996). Nutrient management topics were covered in papers pub-
lished in the proceedings of the Fourth Annual Fertilizer Re-
search and Education Program Conference (Cady et al. [Eds.],
1996). The proceedings of the Water Environment Federation’s
annual conference included several papers on stormwater, its
control, and its effects on receiving water (Water Environment
Federation, 1996). Hornsby et al. (1996) published a book pre-
senting data on pesticide properties in the environment.
Gannon et al. (1996) presented issues related to reauthoriza-
tion of the Clean Water Act and recommended a coordinated
national approach to controlling agricultural NPS pollution that
mandates basin-scale, water-quality-based state programs that
target critical areas and employ systems of best management
practices (BMPs). Schell (1996) discussed the regulatory impli-
cations of a U.S. Court of Appeals decision concerning one of
New York’s largest dairy farms and the environmental risks
posed by large industrialized agricultural operations. Brady
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