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PROCESSES GOVERNING SUBSURFACE CONTAMINANT TRANSPORT
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ABSTRACT

Identification and understanding of the chemical, physical, and biological processes
controlling subsurface contaminant migration is essential for making accurate
predictions on the fate and transport of these constituents. Remediation
assessment requires these predictions where pollution from municipal and
industrial activities has occurred, and for the responsible siting of waste isolation
and storage facilities. Geochemical processes include ion-exchange, precipitation,
organic partitioning, chemisorption, aqueous complexation, and colloidal stability
and transport. Current approaches to quantify the effect of these processes on
transport in a ground water system primarily involve laboratory techniques. These
include the use of closed static systems (batch experiments) where small amounts
of aquifer solids or minerals are contacted with an aqueous phase containing the
components of interest for relatively short durations, and dynamic systems
(column experiments) where a larger segment of the aquifer is investigated by
analyzing the breakthrough profiles of reactive and nor; reactive species. The
latter approach may be more representative of in situ conditions than the former,
however, when compared to large-scale field experiments both are still constrained
by:

• differences in scale,
»• alteration of media during sample collection and use, and
*• spatial variability.

More field reactivity studies are needed to complement established laboratory
approaches for the determination of retardation factors, scaling factors for
laboratory versus field data, corroboration or confirmation of batch and column
results, and for validation of sampling techniques. These studies also serve to
accentuate areas of geochemical process research where data deficiencies currently
exist, such as the kinetics of adsorption-desorption processes, metal-organic-
mineral interactions, and colloidal mobility. The advantages and disadvantages of
the above approaches are discussed in the context of achieving a more completely
integrated approach to geochemical transport experiments, with supportive data
presented from selected studies.
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INTRODUCTION

The transport of contaminants in subsurface systems involves many complex
physical, chemical and biological processes. These include ion-exchange and
specific adsorption of inorganics, organic partitioning, volatilization, precipitation,
co-precipitation, dissolution, aqueous complexation, oxidation-reduction, and
colloidal stability and transport. In an attempt to understand and predict •
contaminant behavior, physical models are often employed. These models are
intended to be scaled down representations of the natural systems being studied.
Typical examples used to model soils and aquifer systems are laboratory batch
reactors, flow-through columns or sand tanks. These are used in research to gain
insight into fundamental processes controlling contaminant transport and for
derivation of input parameters for transport modelling. Similarly, the more
traditional batch and column tests are often used for site assessment purposes. It
is important that the model used adequately simulates the important processes
unrl^r study or those which govern transport at a particular site. This often seems
easier to accomplish in a laboratory research mode, where the investigator may be
focusing on a specific reaction mechanism. However, for site assessment purposes,
there is increasing awareness that in many cases actual in situ behavior may not
be duplicated with such models.

Mathematical modek are subsequently used to depict contaminant transport from
processes which are observed and quantified by the use of physical models or
from field tests. These models may then be used for predictive purposes or to test
hypotheses about these processes as components of complex natural systems.
Both the physical and mathematical models become increasingly complex as
additional processes are modelled and the interrelationships of important
components within systems are more fully considered. Attempts to apply
mathematical models to the 'field' using laboratory-derived data are often
unsuccessful due to the use of oversimplified mathematical models and/or
inappropriate physical models for simulation of the natural system. Common to
all mathematical models are assumptions concerning how well they represent the
systems and/or processes they attempt to simulate. Some of the simplifying
assumptions commonly employed are:

(1) only one primary transport or transformation process,
(2) first order kinetics,
(3) linear reversible sorption processes,
(4) isotropic homogeneous medium,
(5) advection dominated transport,
(6) constancy of physical and chemical conditions in the flow field,
(7) local equilibrium, and
(8) unimportance of a mobile colloidal phase.
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As more of these 'simplifying' assumptions prove to be significant, requiring
consideration within the models for accurate transport predictions, model
complexity increases. Therefore, model development is dynamic. It depends on
new discoveries concerning processes previously neglected in the theoretical
model, innovative mathematical techniques which better represent reality, and
improvements in physical models to better simulate the natural system.

The physical models employed must be capable of simulating a natural system, as
in the case of site-specific assessments, and also permit perturbations of those
parameters which most affect contaminant reactivity, transformation and transport.
Examples are pH, ionic strength, chemical composition, redox, reactive surfaces,
and reaction rate. Quantifying the effects of these perturbations is particularly
important for natural systems where these parameters are spatially and temporally
variable.

To improve our predictive capabilities, as well as enhance our understanding of
basic hydrogeochemical subsurface processes, refinements of traditional batch and
column tests in coordination with more field tests are needed. Complementary
use of batch reactor analyses and column tests for determination of distribution
coefficients have been recommended (Schweich and Sardin 1981) cs a check on
equilibrium and kinetic assumptions. Field tests are further recommended as not
only additional checks on equilibrium and kinetic assumptions, but also as checks
on other basic assumptions and for providing data on the effects of spatial and
temporal variability and scaling factors corresponding to batch and column results.

MODEL SYSTEMS

Batch Tests

Batch reactor-type tests involve mixing an aqueous solution of known composition,
containing varying concentrations of the contaminant of interest, with a given
mass of adsorbent for a specified time interval. The duration is usually estimated
from preliminary experiments and should approach steady-state with respect to
contaminant sorption (sometimes optimistically referred to as equilibrium). The
solution phase is separated from the adsorbent and chemically analyzed to
determine the contaminant distribution between the two phases. A modified form
of the Freundlich equation is used to describe this relationship:

Kd = S/C,

where the distribution factor, K̂ , is equal to the concentration of contaminant on
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the solid phase, S, divided by the concentration of contaminant in the solution
phase, C. This is the most commonly used technique because of its simplicity.
The advantages of batch methods are:

1) replication,
2) the ability to individually vary chemical parameters,
3) large numbers of samples can be processed in relatively short time, and
4) they can be used to prioritize subsequent column and field testing
efforts.

Disadvantages are:

1) disturbance of solids during collection, preservation, and processing,
2) lack of adequate kinetic control,
3) questions of model representativeness, and
4) potential for experimental artifacts.

The latter arise from problems controlling a number of factors which can affect
sorption. Some of these factors are: contact time, temperature, pH, mixing mode,
ionic strength and chemical composition, solid/solution ratio, and separation
method.

Increasing values of IQ for cadmium sorption on kaolinite were observed for
decreasing batch solid/solution ratios by Puls and Powell (1990a; Table 1).
These results were similar to those of O'Connor and Connolly (1983). Work by
Voice et al. (1983), Gschwend and Wu (1985), and Di Toro and Horzempa
(1982) with organic contaminants, and Higgo and Rees (1986) with inorganic
actinides, suggest such differences are due to incomplete separation of solids from
the liquid phase, with nonsettling colloidal-size particles remaining as part of the
liquid fraction. Colloid-associated contaminants would thus appear as part of the

Table 1. Solid/solution ratio effects on distribution [KJ) of lead and
cadmium between solid (kaolinite) and liquid (0.01 M NaClO4) phases.

Solid/solution ig (I/kg)
ratio (g/L) Pb Cd

10.0 1269 425
1.0 1379 740
0.1 3520 1300
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dissolved phase rather than the sorbed phase. Mackay and Powers (1987) have
attributed similar effects to the increasing solids concentration resulting in an
increased collision rate between particles, causing physical displacement of loosely
sorbed species. Roy et al. (1986) also observed that the solid/solution ratio can
affect the aqueous chenucal composition of the batch system which can directly or
indirectly affect sorption. Due to these considerations, preliminary experiments
should be expanded to include not only equilibration times, but also selection of
appropriate solid/solution ratios.

The mode of mixing during equilibration may also have a significant effect on
sorption. Barrow and Shaw (1979) found there to be greater adsorption of
phosphate using a reciprocating shaker as opposed to a roller or tumbler, and felt
this was attributable to vigorous agitation which caused particle breakdown and
the exposure of 'fresh' surface sites for sorption reactions.

Column Tests

Column flow-through tests generally utilize minimally altered soil or geologic
media and unidirectional flow across the solids, and hence may be more
representative than batch experiments of in situ conditions. A good reference
procedure for setting up and operating columns for leaching solid waste is ASTM
standard test method D 4874-89. This provides details on construction materials,
matrix particle size, column preparation, saturation, and leachate collection.
Solutions of known composition are pumped through the column using syringe or
peristaltic pumps, at flow rates that simulate natural conditions. Complete
breakthrough occurs when the effluent concentration equals the influent
concentration. Even incomplete breakthrough can provide useful information (e.g.
precipitation). The advantages of these methods are:

1) better simulation of natural conditions with respect to flow rate, und
lower solid/solution ratios,
2) elimination of solid/solution separation artifacts,
3) mechanical mixing is not required, and
4) the effects of chemical speciation, flow rate, desorption, and colloidal
transport can be more directly examined.

Disadvantages of columns include:

1) disturbance of solids during preparation and packing,
2) more time consuming and expensive,
3) difficulties in obtaining uniform column packing,
4) operational problems, and
5) the potential for artificially induced disequilibrium.
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Comparison of column tests with batch results can provide insights into
equilibrium assumptions, kinetics of sorption/desorption, speciation, competition,
and colloidal mobility. Complimentary use is also recommended for correlation or
confirmation of distribution factors. For column tests a roughly corresponding
distribution factor, K̂ , is determined by:

Rf = 1 + (

where fy is the retardation factor or ratio, v/vc, of the velocity of the ground
water to the velocity of the solute, pb is the bulk density, and n is the porosity.

Stollenwerk and Grove (1985) compared the results of equilibrium batch and
flow-through column tests for chromate adsorption on alluvial aquifer material and
found excellent correlation, enabling them to use isotherms generated by batch
experiments in their solute-transport modelling (Figure 1). Westall et al. (1990)
used batch K '̂s to predict retardation of chlorobenzenes on Lula sandy aquifer
material amended with organic cations. There was excellent agreement between
batch and column results, corroborating equilibrium assumptions and providing
confidence in the use of batch values in subsequent modelling efforts (Figure 2).
Stollenwerk and Kipp (1990), using both batch and column tests, had similar
success modelling the transport of molybdate in sand and gravel aquifer material
from the Otis Air Force base site on Cape Cod (Figure 3). However, the shape of
the column breakthrough curves suggested non-equilibrium controlled transport.
This was only adequately simulated using a rate-controlled transport model,
however a different rate constant was needed for each influent concentration.
Puls and Powell (1990b) have observed differences between batch and column
tests for arsenate sorption on alluvial aquifer material from Globe, Arizona. High
column flow rates were used to simulate calculated ground water flow velocities
ranging from 0.2-3 m/d (Table 2). Differences in retardation were also observed
when flow rates were varied. Even at the lowest estimated flow rate, assumption.

Table 2. Comparison of distribution values (IQ, L/kg) for arsenate using
Globe, AZ alluvial aquifer material in batch and column tests (p6 = 2.5
g/cm5, n = 0.3).

Column Batch
1.2 ml/min 0.6 ml/min Steady-state

1.7 3.8 6.6
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comparison with column data (StollenwerK and Grove. 1985)
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of local equilibrium for arsenate sorption are questionable in this system. These
examples demonstrate the importance of using multiple models or approaches in
order to better understand solure transport, particularly in natural systems.

Field Tests

Field methods to study contaminant transport include natural or induced gradient
tracer tests or collection of spatially and temporally distributed data (e.g.
solid/solution distribution concentrations). The first is an "active" »ype study
where the retardation of reactive solutes or analogs are directly measured relative
to a conservative tracer (e.g. bromide) under in situ hydrologic and geochemical
conditions. The second method is a "passive" type study involving the collection
and analysis of solids and solutions for determination of contaminant distribution
between phases. Advantages of these types of methods are:

1) assessment of physical and chemical heterogeneities,
2) representativeness with respect to scale and time, and
3) minimal disturbance of the solid sorbents.

Disadvantages are:

1) cost,
2) time,
3) sampling problems,
4) data interpretation, and
5) regulatory constraints.

Because of the latter, only a limited number of "active" tests can be reasonably
conducted, or a limited number of "passive" samples collected. The "active" tests
can be prioritized based on batch and column test results, and the "passive"
sampling can be optimized using on-site analyses, awareness of the system
hydrology and geology, and use of geostatistical software programs. Both types of
tests provide a means whereby laboratory results can be scaled to real distance
and time relationships that are difficult to control or extrapolate from laboratory
tests alone.

Stollenwerk and Grove (1987) conducted a natural gradient tracer test in the sand
and gravel aquifer at Cape Cod with bromide as a conservative tracer and
molybdate as the reactive solute. Molybdate was chosen as an analog for
contaminants such as chromate, arsenate and selenite. Results of that test are
shown in Figure 4. Retardation relative to bromide was 1.4. This compared very
favorably with column retardation values.
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Champ and Moltyaner (1989) collected numerous cores from a fluvial sand aquifer
in the Perch Lake Basin at die Chalk River Nuclear Laboratories, Ontario, Canada.
Pore waters were displaced using immiscible fluid displacement (Paterson et al.,
1978). Analysis of pore water and sediments provided Kj estimates of 5-0-6.6
L/kg. A downhole column technique was then applied for determination of
retardation by analysis of breakthrough curves. These values ranged from 6.2-7.4
L/kg, which compared favorably with the above values. Comparisons with
standard batch test values were poor (11.4-15.3 L/kg), and the differences were
attributable to shorter contact times of the contaminant with sediments which
resulted in nonconservative estimates. The downhole column technique, an
innovative modification of the traditional column application, has been proposed
as a substitute for field tracer tests for the determination of sorption properties.
Columns are constructed from 'undisturbed' cores of aquifer material and lowered
into a well screened at the same depth from which the cores were collected.
Influent solution is the actual ground water from the formation, which is spiked
with the tracer of interest from the surface. This is actually a cross between
laboratory column and field tracer tests, having the advantages of better
simulation of in situ hydrogeochemical conditions of the aquifer, monitoring of
effluent at the wellhead, and full recovery of the porous media (column matrix)
contacted t ^.^ tracer.

CURRENT AND FUTURE IJEEDS

More innovative applications and extensions of the basic models described above
are needed not only in research, but also for remedial site assessment purposes.
Research and modelling efforts have previously focused mainly on equilibrium
processes. At many sites this has been adequate, however, such assumptions are
often invalid and lead to underestimates of contaminant mobility. Data on the
kinetics of adsorption and precipitation reactions are needed to improve
contaminant transport predictions. While the coupling of hydrologic and
geochemical models is essential, attention to kinetic data limitations is also
important. Desorption/dissolution reactions are as important as
adsorption/precipitation. This has become apparent in the use of pump and treat
remedial technology at hazardous waste sites, where contaminant removal
becomes limited by difrusion/desorption/dissolution kinetics phenomena. The
assumption of reversibility of sorption reactions, while conservative in terms of
travel-time estimates, has created problems where removal of contaminants has
been the objective. Additional processes, such as multiphase fluid flow and
colloiual mobility, may also need tc be incorporated into models for specific sites.
A more complete understanding of basic interfacial reactions; will provide us with
the data necessary to improve not only our transport predictions but also our
remediation efficiency.
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Batch methods, while fraught with uncertainties and potential misuse, are still
useful as screening tools both in research and in site assessments. In addition to
sorption, desorption can be evaluated, particularly the leachability of contaminated
sediments. When designing an appropriate leach test, however, the objective must
be clearly understood and the test not extrapolated for unintended uses.
Appropriate leaching solutions should simulate a range of conditions which can be
reasonably expected at a particular site. The range of conditions addressed should
be those parameters which most affect sorption; such as, pH, redox, organic
content, ionic strength and solution composition. Artifacts from selection of
solid/solution ratio, contact time and phase separation methods must also be
addressed. Sequential desorptions and extractions are also useful in both research
and site assessments for identifying operationally defined geochemical fractions,
such as exchangeable, specifically adsorbed, organic matter associated, or specific
mineral phase associations.

Column methods, whether used in the laboratory or in the field, provide more
realistic models of in situ behavior. The significance of colloidal mobility as a
contaminant transport mechanism can only be assessed in a detailed fashion with
such tests. Column methods also provide for better interpretations of dynamic
solute behavior from the analysis of breakthrough curves.

Finally, although expensive and time consuming, field methods are essential to
correlating and validating other testing methods. Continued efforts, such as the
Borden site and Chalk River in Canada, the Otis Air Force Base site in
Massachusetts and the MADE site in Columbus, Mississippi are needed to create
environments for innovative study applications and to provide extensive data bases
for model testing and validation.

DISCLAIMER
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