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ABSTRACT. These notes provide a broad overview of current developments in
innovative technologies for soil cleanup. In this context, SOd cleanup technologies
include site remediation methods that deal primarily with the vadose zone and with
relatively shallow, near-surface contamination of soil or rock materials. This discussion
attempts to emphasize approaches that may be able to achieve significant improvements
in soil cleanup cost or effectiw_ness. However, since data for quantitative performance
and cost comparisons of new cleanup methods are scarce, preliminary comparisons must
be based on the scientific approach used by each method and on the site-specific technical
challenges presented by each soil contamination situation. A large number of technical
alternatives that are now in research, development, and testing can be categorized by the
scientific phenomena that they employ and by.the site contamination situataons that they
treat. After cataloging a representative selection of these technologies, one of the new
technologies, Dynamic Underground Stripping, is discussed in more detail to highlight a
promising soil cleanup technology that is now being field tested.
1. Introduction
Chemical or radioactive site contamination can destroy the value of soil and groundwater
resources in the area of a contaminated site, and may be hazardous to the environment
and the public. Scientists and engineers are working to devise, test, and apply soil and
groundwater cleanup technologies that are more effective or are more efficient than
current practice. This effort is motivated by the costs and inefficiencies of the current
state of the practice, by the value of the resources at stake, and by the need to protect the
environment and human health and safety.
This contribution emphasizes approaches that may be able to achieve significant
improvements in soil cleanup cost or effectiveness.
In this context, soil cleanup
technologies include site remediation methods that deal with relatively shallow, nearsurface contamination of soil or rock materials. This kind of site problem is often caused
by shallow spills of contaminant materials (Figure 1), but can also result from dispersal of
airborne contaminants (Figure 2). Groundwater cleanup technologies are covered by a
separate contribution (Yow, 1992a), and include site remediation methods that deal with
contaminants in ground water or that may move from the vadose zone into ground water.

I

`4

/
:::::::::::::::::::::::::::::::::::::::::
:: ::::::::::::::::::::::::::::::::::::::::::::::::::
..:::':
::::::::::::::::::::::::
:

Figure 1. Typical site contamination problem caused by contents of drum or tank leaking
into subsurface. This kind of spill is often relatively deep, localized, or concentrated.
Soil cleanup effectiveness and economics can be improved if contaminant compounds
can be isolated or destroyed in piace or, alternatively, manipulated and extracted for
recovery or destruction ex situ. Many investigators are working to develop methods to
supplement or replace conventional pump-and-treat or extract-and-dispose
practices.
These new processes are usually based on applying biological, chemical, thermal, or
electrical techniques individually or in combination. The new methods are expected to
reduce operational costs or capital costs without sacrificing cleanup effectiveness.
Mechanisms by which cost savings can be accrued could include the following:
• Reduce operational costs by cutting the need for energy, materials, or labor per
unit time (or per unit measure of contaminant extracted or destroyed), or by
cutting the total time needed for site cleanup.
• Reduce capital investment costs by cutting the unit price or required numbers of
excavations, containment barriers, or surface facilities.
• Reduce characterization or monitoring costs with robust cleanup methods that do
not need detailed definition of contaminant concentrations or source terms.
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2. Typical site contamination problem caused by stack emissions or dust or vapor
emissions. This kind of spill is often relatively shallow (unless transported downward
into the soil), dispersed, or dilute.
Figure

Unfortunately, comparisons of standard and new technologies are often hampered by
incomplete cost and performance data for recently developed methods. This causes
difficulties in winning regulatory approval for new techniques, and in conducting
engineering comparisons for purposes of technology selection. Since conventional kinds
of comparisons are difficult for the newer technologies, more qualitative judgments must
be prepared based on the performance improvements that might be achieved with the
proposed scientific approach.
2. Technical Approaches and Challenges
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Remedial methods can be usefully sorted into three broad classes: in situ destruction of
contaminants, enhanced extraction for subsequent recovery or ex situ destruction, and
containment or immobilization in place. In many cases these methods borrow technology
from mining and bulk materials handling. These classes of technical approaches vary
significantly in their applicability to soil cleanup problems because of the influence of the
technical challenges discussed below and because of site- and problem-specific
conditions. Table 1 summarizes these approach categories, lists the main technical
emphases associated with each approach, and identifies a limited number of examples.
TABIJE 1. Maior areas of innovation in remedial technologies
Major Area
Technical Emphasis Examples
Soil
In Situ Destruction
biological
bioremediation
composting
chemical
heap leaching
electrochemical
electrochemical redox
. thermal
in situ vitrification
Enhanced Extraction thermal
electrical heating
radio frequency heating
steam sweeping
hydro/chemical
vapor extraction
swecpmg
chemical flushing
water sweeping
steam sweeping
electrochemical
electroosmosis
Immobilization /
biological
bioclogging
Containment
biological fixing
chemical
chemical precipitation
redox manipulation
hydrologic
grouting
slurry walls
surface barriers/covers
thermal
in situ vitrification

Cleanup
yes
yes
yes

yes

yes
yes
-

Technical challenges that confront successful soil cleanup include contaminant sorption
effects, co-contaminants (if present), geochemical side effects and by-products, and
accidental contaminant dispersal during treatment. Additional technical matters that can
become important issues include low levels of residual contaminant that are often
expected to result from a successful cleanup, perceived definitions of success (how clean
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is clean enough?), and regulatory mandates and definitions. Technology development,
evaluation, and selection must address these challenges for optimal success.
Contaminant sorption and desorption occur as chemical constituents of hazardous
materials come in contact with earth materials, particularly in the case of fine grained
soils that have a large bulk surface area. These processes make it difficult to separate
contaminants from the soil particles, and impede contaminant transport and recovery in
the subsurface. The same types of difficulties are encountered in ex situ treatment of
contaminated soils, requiring that treatment schemes be designed to effectively mobilize
contaminant molecules for separation from the host soils (e.g., by heating the soil to
volatilize spilled hydrocarbons).
Co-contaminants are sometimes encountered when site histories and contaminant
source terms are not fully understood, or when contaminant degradation or past treatment
has generated intermediate reaction products.
These chemistries can interact in
unexpected ways during treatment, leading to increased health risks, corrosion or
deterioration of treatment equipment, exothermic reactions, creation of waste by
products, or simply failed site treatment.
Geochemical side effects and by-products can be inadvertently generated during
chemical treatment or grouting of soils. This could be a problem when chemical
treatments encounter unexpected contaminant chemistries, when contaminant destruction
is incomplete and forms intermediate reaction products, or when grout components are
not fully mixed. The resulting chemistries may be less readily treatable, or could cause
unanticipated further deterioration of soil conditions.
Contaminant dispersal can occur when upset or changed conditions occur during soil
processing. This can involve uncontrolled spreading of hazardous materials, often with
increased risk to cleanup workers and, eventually, the public.
Acceptability can become an issue in cases where site cleanup is perceived to result in
some kind of damage to the soil or groundwater resources at a site, or in technologies that
generate some kind of waste form or secondary waste stream for treatment. In many
cases these concerns can be addressed with an appropriate form of process monitoring or
control, such as listed in Table 2.
TABLE 2. Field methods for remedial process monitoring/control
General Technique
Geometry
Measured or Inferred
Underground Imaging
2D or 3D interp,
moisture content changes
(crosshole electromag.)
soil strata & water table
electrochemical changes
Underground Imaging
2D interpolation
large moisture content changes
(crosshole seismic)
soil strata & water table
Borehole Logging
lD line scan
soil density and stratigraphy
moisture content
radioactivity
Chemical Sensors
point measurement contaminant concentrations
detection of chemical species
Hydrologic Sensors
point measurement moisture content
piezometric head
Tilt Sensors
surface meas.
soil skeleton deformation
Thermal Sensors
point measurement temperature
Radiation Sensors
point measurement presence of radionuclides

Soil Use
yes

yes
yes

),es
yes

3. Categories of Available Technologies
A large number of innovative soil cleanup technologies can be identified on the basis of
the technical approaches that were categorized in Table 1. Table 3, below, lists a
representative selection of these technologies for consideration.
This list is not
exhaustive because it does not include ali technologies that are now under development,
nor does it include ali technologies now being marketed as "new." Nevertheless, Table 3
provides a starting point for locating new soil cleanup approaches, and it also gives an
indication of areas of current work and anticipated future developments.
TABLE 3. Innovative technologies for soil cleanup
Technical Approach
Representative Innovative Technologies
Bioremediation
heap treatment or pile composting
auger mixing of soils and nutrients
slurry reactors
inoculation and surface distribution of nutrients
tank/lagoon digesters
wetlands treatment
biotic extraction/concentration
Chemical/Electrochemical
heap leaching with recycled reagents
chemical binding/precipitation followed by physical
separation
electrochemical manipulation of oxidation state
Soil Washing
bioreactors with gravity/cyclone separation
solvent or surfactant washing and recycle
Thermal
fluidized bed desorption with vapor recovery
petroleum sludge recycling
.
radio frequency heating
thermal stripping with auger soil mixers
steam heating and vapor recovery
rotary dryer with inert gas
flame reactor/flash smelting
cryogenic separation
dynamic underground stripping
Solidification/Stabilization
mechanical mixing with chemical agents or proprietary
admixtures
chemical binding with chemical agents or proprietary
admixtures
vitrification to glass waste forms

4. A Representative New Technology: Dynamic Underground Stripping
Concentrated underground organic contaminant plumes--such
as from a leaking
underground storage tank--are one of the most prevalent groundwater contamination
sources. If the stored liquid escapes from the tank slowly, it can take years for the
operator to become aware of the problem. By that time the solvent or fuel can percolate
deep into the earth, often into water-bearing regions. Collecting as a separate, liquid
organic phase called non-aqueous-phase liquids (NAPLs), these contaminants provide a
source term that continuously compromises surrounding groundwater. This type of spill

one is of the most difficult environmental problems to remediate. Attempts to remove
such material by pumping the groundwater have been likened to cleaning a soapy sponge
by repeated rinsing; a huge amount of water must be washed through the system to clean
it, requiring tens of years. Pumping at some sites for many years has resulted in clean
effluent water, but when the pumps were shut off and restarted several years later, the
groundwater was again contaminated.
4.1 DYNAMIC UNDERGROUND

STRIPPING TECHNICAL APPROACH

Dynamic Underground Stripping was conceived as a technique to use large amounts of
added energy to speed the contaminant removal process. Because it is a highly energetic
process, real-time monitoring is necessary both for process control and to ensure that
contaminants are not inadvertently mobilized or moved to unanticipated areas. Real-time
monitoring also provides images of the in situ processes to make it possible to identify
which underground regions have been affected by theprocess and which have not.
Many methods have been proposed for underground heating. Dynamic Stripping uses
complementary methods to heat large blocks of earth, on the order of 50 m on a side,
while providing controlled removal of the contaminant (and associated water from below
the water table). The principal technology for accomplishing this is steam injection
coupled with electrical heating and vacuum extraction. This approach provides an
efficient way to heat the ground, as well as a controllable sweeping mechanism to move
and extract contaminants; laboratory experiments have demonstrated efficient removal of
a number of solvents and fuels (Udell and Stewart, 1989, 1990). Small-scale field testing
showed, however, that steam did not penetrate clay layers well and that an additional
mechanism was required to dry and clean impermeable layers that are common in
heterogeneous, interbedded softs.
After considering a number of options for heating clay layers, it was determined that
the most efficient and controllable method over the fairly large scales of interest was
direct electrical resistance heating, using the clay layers themselves as the heating
element when large currents are driven through them. This technique targets the clay-rich
layers that are not well penetrated by steam injection, and should be self-limiting: as the
clays heat up and dry, current will stop.flowing.
Application of Dynamic Stripping is shown schematically in Figure 3. In a typical
application, the concentrated plume would be surrounded by injectaon wells, with one or
more extraction wells located in the center. The injection wells would be screened in the
more permeable areas, and in less permeable areas the well would be completed for
electrical current (conductive packing material and a stainless steel electrode).
Remediation would begin with pumping of the extraction wells to depress the water table
(if necessary.) in the center of the pattern, followed by steam injection. Injection pressure
is controlled by depth, and would be lower in shallow applications.
As steam is forced into the formation, the earth is heated to the boiling point of water.
The advancing pressure front displaces groundwater toward the extraction weil. Near the
steam-condensate front, organics are distilled into the vapor phase, transported to the
front, and condensed there. The advancing steam zone displaces the condensed liquids
toward the recovery well where they are pumped to the surface. The amount of heat
required to bring the ground to 100°C is the principal control on bow much steam must
be injected; pressure and steam delivery rate affect the rate at which the whole field can
be heated as well as the shape of the advancing steam front.
When the steam reaches the extraction weil, vacuum extraction becomes the most
important removal mechanism. As steam input stops, a drop in steam zone pressure
slightly reduces the boiling point of any residual water or contaminants (such as that held

by capillary forces), forcing them to boil and convert to removable vapor. Field work has
shown that it is possible to raise the initial ground temperature to >115°C.
At this point in the process not ali of the contaminated sediments may have been
contacted by steam. Electrode assemblies placed in the impermeable layers are turned
on, passing 480V current at several hundred amperes per electrode. This heats the clay
and f'me-grained sediments and causes water and contaminants trapped within to vaporize
and be forced into the steam zones, where the vacuum extraction can remove them. This
heating may precede or be followed by one or more steam injection phases, depending on
site-specific conditions, for contaminant removal and to keep permeable zones hot as
groundwater returns. Details of the phasing of steam and electrical heating processes will
be established at the Lawrence Livermore National I,aboratory (LLNL) Gasoline Spill
Site test.
The goal of the combined processes is to achieve a hot, dry, contaminant-free cylinder
of earth. This creates a large contrast for geophysical imaging techniques to use in
observing the areas that have and have not been heated. Among the methods that have
been tested are electrical resistance tomography (ERT), seismic tomography, induction
tomography, passive seismic monitoring, and temperature and conventional geophysical
well logging in dedicated monitoring boreholes.
4.2 LLNL GASOLINE SPILL SITE CLEANUP
The first demonstration phase required a site with a relatively well-characterized and
accessible underground organic contamination, such as the LLNL Gasoline Spill site.
This site presents multiple challenges since the non-aqueous-phase liquid (gasoline) is
both above the water table and dispersed in water-saturated soil (a three-phase system) at
depth. The lithology is heterogeneous, with alluvial deposits consisting of interbedded
sands, silts, and gravels. Up to approximately 64,000 1of gasoline may have been spilled
over a number of yea,rs, of which 19,000 1is now trapped beneath the water table because
of a 10 m rise in the water table. The remainder is in the vadose zone; a significant
amount of the vadose zone contamination has been removed by vacuum venting
operations and ongoing natural bioremediation, which appears to be enhanced by the
oxygen enrichment of the venting operation. Bioremediation does not appear to be
significant in areas of high gasoline concentration or free-phase gasoline.
Bacterial characterization of the demonstration site is being conducted both to evaluate
the ongoing natural remediation processes and as a baseline to determine the effects of
dynamic stripping on the existing populations. Bacterial remediation is one method that
may supplement dynamic stripping for the cleanup of distal, low-concentration regions
not cleaned by the thermal process or not cleaned to regulatory limits. At a test on a
representative uncontaminated site (the Clean Site Test) bacterial populations ranged
from 106 colony-forming units at the surface to 102 units at 40 m; at the Gasoline Spill
Site the interior of the plume contained much higher counts at depth. The population was
diverse at shallow depth and consisted of single species in deeper zones with high
gasoline concentration. Laboratory studies show that these bacteria are rapidly degrading
gasoline components in situ.
Current plans call for installing injection wells around the periphery of the spill zone.
Steam will be injected into the permeable zones at and below the water table, while the
intervening layers will be electrically heated. Up to three extraction wells will be used to
maintain the high fluid removal rates required. The uppermost part of the vadose zone
will be avoided for the present in order to study and make use of the existing gasolinedegrading bacterial cultures in that region.
.

4.3 CLEANSITEENGINEERING
TEST
The Dynamic Stripping process has been tested at full engineering scale at an
uncontaminated site with geology similar to that at the Gasoline Spill Site: an open field
at Sandia National Laboratories-Livermore, approximately 400 m southeast of the Spill
Site. The overall lithologic units are similar there, although the water table is slightly
deeper.
Because of the alluvial nature of the sediments in this area, only gross
correlations of units can be made, but both sites contain pe,-xneable gravel layers
interspersed with low-permeability silt and clay layers.
Twenty-three 50-m-deep wells were installed at the Clean Site. These included eleven
temperature and ERT imaging wells, three large-diameter
monitoring wells for
geophysical logging and cross-hole measurements, two extraction wells, three injection
wells, and four combined electric heating/piezometer wells for water-level measurements.
Ten additional 6.5-m-deep wells were drilled at the southern edge of the site for a smallscale electrical heating test area.
Each well functioned both as a characterization well and as an operational 9r
monitoring weil, because we designed the monitoring instrumentation (ERT electrodes,
thermocouples, piezometer casing, etc.) for ready installation as soon as characterization
was completed. A number of the wells performed multiple monitoring functions. This
facilitated collection of a very high density of information in the monitoring phase with a
minor expenditure for construction.
4.3.1 Steam Injection. The first major test at the Clean Site was of steam injection; a 10miUion-BTU portable, propane-gas-f'tred boiler was used to inject an average of 32 lpm
(as water) of 345 kPa (50-psi) saturated steam. While steam was injected, groundwater
was extracted at about the same rate from an extraction well 20 m away. Extraction was
terminated 10 days later, while injection was continued for another 14 days to examine
the effect of pumping on the directionality of steam movement. A total of 1.1xl06 1 of
water were injected as steam; 560,000 1 were extracted.
Steam movement was monitored both by geophysical tomography and by temperature
measurements in the monitoring wells. The latter are considered to be the "ground truth"
in the system, and measurements were made at 0.3 m intervals in areas with warm water
or steam. These measurements showed that the steam stayed below the 40 m fine-grained
layer uniformly as it expanded to the southeast from the injection weil. At the distal
wells steam was seen in the lower gravel section (50 m deep) as well as in the 45-m to
48-m gravel zone. The steam stayed below the water table (-40 m), which occurs in a
relatively dense, fine-grained clay and silt layer. The steam front was preceded by a
slight rise in the water table surface, such that water levels rose almost as much as 2 m in
the center of the pattern I-2 days before steam was noted in the weil. Water levels rose
to a lesser degree in more distal wells (e.g., 0.15 m at 200 m distant) when extraction was
occurring at the same rate as injection; this rise was controllable by adjusting the
pumping rate. Steam never contacted the two temperature-monitoring wells northwest of
the injection weil. Initial steam movement was highly oriented toward the extraction
weil, with the steamed sector slowly opening with time to about a 270 ° arc. This may
have been due to extraction shaping the steam plume, but it appears more likely that it is
a function of the shape of the high-permeability zone.
Steam reached the extraction well approximately 150 hr after injection began.
Noticeable temperature rises had begun about 24 hr before. Since the well was being
held under a vacuum of about 100 kPa, groundwater boiled at about 85°C. This was the

observed temperature of the extracted water for the duration of the vacuum extraction
phase, except during two pulses of higher pumping rate (113 lpm) when the temperature
dropped, apparently due to influx of cooler groundwater. The groundwater pump was an
air-displacement type (necessary to avoid emulsifying gasoline at the Gasoline Spill Site)
and after 250 hr of operation, several failures occurred in the reinforced rubber air lines.
The failures were attributable to the lines rubbing against sharp objects in the well string
as the pulsed air lines filled and deflated. The pump was removed, which allowed
another phenomenon to occur: because the steam zone was below the water table, the
open extraction well geysered every 2-1/2 min. This effect could be stopped for several
hours by putting several hundred gallons of cold water into tile weil.
Injection was stopped on schedule when steam reached ali the distal monitoring wells;
however, on the day of planned stoppage the injection rated fell dramatically to several
gallons per hour. This may have been due to saturation of the aquifer or some other
process. No operational problems were encountered with the injection system or boiler.
The boiler was operated using ali portable utilities: propane from a tanker was air-mixed
to natural gas density, and electric power was from a portable generator. Propane was
used to minimize air emissions.
Ali parts of the injection system were sampled for water chemistry. Samples from
condensing pots on the injection well showed a significant sodium signature of the
softened boiler feed water, instead of being pure distilled water. This must have been due
to entrained water droplets. Pumped effluent did not show this signature, however.
The volume of soil raised to steam temperature (>100°C) was at least 10,000 m 3.
During the test 160,000 1 of propane gas were required at a cost of about $0.12/1, for a
total energy cost of $2/m 3 treated. The total area raised to steam temperature is uncertain
because steam expanded beyond several sides of the monitoring network; our estimate
excludes heated ground that did not reach the boiling point.
Conclusions from the steam test include:
1. An impermeable "cap" layer can keep steam flowing horizontally over long
distances (in excess of 50 m).
2. Water levels "behind" the injection well rose when extracting at the same rate as
injection, but could be lowered by increased pumping.
3. Steam can be handled safely for this operation.
4. Steam injection is a very efficient way to heat the ground.
5. A steam zone can be established and propagated below the water table without
excessive energy loss.
4.3.2 Steam Monitoring. The primary objectives of the monitoring effort were: (1) to
image and provide real-time feedback, control, and monitoring of the steam front; and (2)
to determine the nature and extent of the active processes associated with the heating and
how they affect the formation. At the Clean Site the abilities of a number of techniques
to meet these objectives were tested. Underground steam presents a significant target for
geophysical imaging because of its thermal signature, changes in fluid-filled porosity, and
effect on soil chemistry. Geophysical techniques fielded for testing included ERT,
seismic tomography (cross-borehole), induction tomography, passive seismic monitoring,
temperature measurement techniques, and conventional geophysical well logging.
The geophysical monitoring activities proved to be very successful in providing
detailed information on steam movement. As expected, the steam produced strong
changes in some of the physical properties of the sediments. Temperature measurements
from the dedicated temperature-monitoring
wells provided the "ground truth" for
describing the steam progress through the field. Temperature measurements and

induction logs obtained in the temperature-monitoring wells were essential for correlating
changes seen in the tomographic images. Commercial geophysical logs were obtained
before well completion (caliper and resistivity), and before and during steam injection
(induction, neutron porosity, and gamma-gamma density).
Electrical resistivity profiles proved to be a sensitive predictor of effective permeability
and provided the best estimate of where steam would flow. During steam injection,
electrical resistivity decreases in the steam zone, which is largely attributable to l_ermal
effects. In some wells electrical resistivity increased in unheated zones ranging up to a
few feet from the heated zone; this appears to be associated with fluid movement, Other
effects such as fluid movement or changes in water chemistry may be occurring; one
possibility is that the sodium content of the injected fluid changes the conducti,vity of
clays by substituting for less-mobile calcium.
The presence of a standing water table is not apparent in resistivity profiles and neutron
logs, apparently because of its occurrence in relatively fight, fine-grained sediiments.
Although there is a decrease of up to 4% in observed neutron porosity in the steam zone,
there are other significant changes higher in the formation where temperature changes did
not occur. Results from the other logging methods appear to have been affected by
downhole temperatures: additional processing to correct for the thermal disturb_mce of
the tools will be needed before these data can be adequately interpreted.
ERT proved the most successful technique for providing near-real-time imaging of the
active processes between wells. Figure 4 shows a set of three images with accompanying
temperature and lithologic information. ER'r clearly shows the progress of the steam
front as a zone of lowered resistivity. Shallow electrical resistance anomalies probably
are water infiltration plumes from the surface use of fresh water during final well
completion activities; we are investigating these anomalies which appear in several
imaging methods.
Cross-hole seismic tomography data were collected three times during steam injection,
following baseline tests of two receiver types. Hydrophones were found to be better than
accelerometers for detecting the airgun signal. Although the seismic results are less
detailed than the ERT, seismic cross-hole may be useful when dedicated ERT electrodes
cannot be emplaced, and existing wells must be used for imaging.
Passive seismic monitoring did not detect any unambiguous steam-related events,
although other cultural noise was located. There may not have been any _coustic
emissions during steam injection because of the high permeability of the steam zone,
Cross-hole electromagnetic
induction tomography also uses a source/receiver
combir, ation in adjacent holes and would be applicable in existing holes. Application at
the Clean Site yielded good agreement with the induction logs and ERT images, and a
layered-model inversion shows the steam zone thickening (downward) with time, as was
observed.
An important objective of the monitoring activities was to evaluate the potential of each
of these technologies for monitoring the active processes on different scales. One of the
reasons for fielding several similar techniques was to evaluate the relative strengths and
weakness of each and determine the tradeoffs between their application in terms of cost
and utility. Although we have not yet completed this comparison, we have identified
various factors affecting each technique's overall performance.
Examples of these
limiting factors include cultural interference and the presence of conductive materials in
the field (such as steel well casings) for the electrical methods and tradeoffs between
frequency and power in seismic sources. Unfortunately the Clean Site provided only a
single large layer as a target for imaging of steam, but the results for that layer at the
distal wells where smaller multiple steam zones existed were of sufficient accuracy to
make us confident that multiple steamed areas could be imaged, such as we expect at the
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Gasoline Spill Site.
Key results from the monitoring work included:
1. ERT provides detailed images of steam movement; its use is indicated where
dedicated monitoring wells can be installed.
2. Seismic cross-hole logging is sensitive to steam movement but provides lower
resolution than ERT. For this type of lithology, its use is indicated where existing
wells must be used.
3. Induction logging can provide good predictions of steam movement, and reveals
changes in electrical properties over a broader zone than the thermal disturbance.
4. Several different techniques are available that can accurately identify steamed and
unsteamed layers under a variety of conditions.

.

4.3.3 Electrical Heating. During FY91 electrical heating experiments focused on a
small-scale test; full-scale testing will continue in subsequent phases of the work. Fullscale testing will use four stainless steel electrodes in each weil, spaced evenly from 30 to
45 m deep. Set in a triangular pattern, the wells are designed to heat the center of the
steamed area. The small-scale testing was done in wells 6.5 m deep with one electrode
per hole in an area just south of the main area.
Electrical heating has been used in commercial petroleum production to enhance the
flow of viscous oil (e.g., Hiebert et al., 1986). Although the aim is to reach higher
temperatures in Dynamic Stripping, the methods used are similar. At the small-scale test,
a hexagonal well pattern allowed each pair of adjacent wells to be wired to one phase of
standard 3-phase 480-V power from a portable generator. This makes the electrodes'
effective area larger than the exposed metal surface, reduces localized heating at the
electrodes while enhancing current flow in the center of the pattern, and favors direct heat
generation in the center rather than heat diffusion from the edges.
The predicted and actual results from this test are shown in Figure 5. Only half of the
six-spot pattern is shown. White dots are heating and monitoring wells; the contours are
drawn from the predicted results. The prediction assumed a homogeneous material and is
strictly two-dimensional. The wells connected by black "dumbbells" are connected to
different power phases; hence there is a large current flow, and heating, between them.
The white area is between two wells at the same phase. In remedial operation these wells
would be cycled to even the heating pattern. Although there is significant heating near
the electrodes in this design, the large, uniform central area heats at 2°C or greater per
day. This would be sufficient on reasonable time scales to remove contaminating
solvents from a clay layer not penetrated by steam. Improvements in the electrode design
can further smooth the heating pattern and increase the heating rate.
After 240 hr of operation 24 hr/day, the pattern was operated during daylight hours for
five more days to test whether continuous operation was cost-effective. Temperatures
continued to rise at more than 1° per day, confirming that nighttime cooling was
insignificant and there was no loss of overall efficiency in day-only operation. After
shutting off the pattern at a 44°C center temperature and essentially 100°C well bore
temperature, the temperatures equilibrated over the next week to a center temperature of
55°C with well bores no more than 10° hotter.
The total heated volume in the small-scale test was about 400 m3 (there is some
uncertainty in the volume outside the electrodes since we did not monitor that area). This
required 15,000 kW.h to heat to 55°C, for an average of 1 kW.h/°Cm 3. At a commercial
cost of $0.055/kW.h this extrapolates to an energy cost of $5/m 3 to electrically heat soil
of this type to the boiling point of water. Initial testing of the full-scale system showed
that, as predicted, the clay layer at 30-40 m draws a large proportion of the electrical

current even when groundwater fully saturates the gravels from 40 to 50 m.
Conclusions from the electrical heating work include:
1. Six-electrode, three-phase heating is sufficiently uniform for field applications.
2. Electrode design must be robust for field use.
3. Fine-grained clay and silt layers in gravel matrix draw the expected large
proportion of the current.
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Figure 5. Predicted and observed heating rates in the small-scale electrical test at 5-m
depth after 10 days of heating. Predicted values given by contours; observed values are
indicated at specific points (monitor wells).
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