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THE EFFICACY OF SOIL VAPOR EXTRACTION

IN REMEDIATION OF A GASOLINE SPILL

by George Edward Cook II

The study, performed at Lawrence Livermore National Laboratory in Livermore,
California, assessed the physical characteristics of geologic materials, the soil and vapor
contaminant distribution, and the efficacy of soil vapor extraction (SVE) in removing
gasoline compounds from the subsurface to depths of approximately 100 feet. The study
included installation of three, multi-level vadose-zone monitoring devices adjacent to the
SVE well and a series of SVE tests monitoring pressure and vapor contaminant response.

Results indicate that SVE effectively removes gasoline compounds in sediments
unaffected by the presence of free product. The air flow pattern in this study was
spherical in shape as opposed to the cylindrical flow typically asssumed by SVE models.
The distribution of vapor contaminants reflects the distribution of residual soil
contaminants during and immediately following extraction. After a period of no
extraction, diffusion of contaminants causes the vapor distribution to become more

uniform.
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INTRODUCTION

At Lawrence Livermore National Laboratory (Fig. 1), a leaking underground
storage tank released an estimated 17,000 gallons of gasoline to the subsurface. The
gasoline has migrated through more than 100 feet of sediment and has impacted
groundwater. A Soil Vapor Extraction (SVE) system was installed to remediate the
vadose zone.

SVE commonly is used to remediate vadose-zone soils at sites contaminated by
volatile organic compounds (VOCs; Johnson et al., 1990). The most common usage is at
gasoline stations with leaking underground storage tanks. Many laboratory and bench
scale tests have shown SVE to be both efficient and cost-effective. There have been very
few large scale field tests of SVE, particularly in heterogeneous areas (Johnson et al.,
1990). This investigation constitutes such a field test.

This study was conducted between October 1990 and October 1991. The vadose-
zone monitoring system was installed during the first five months of the study: This
portion of the study included soil sampling to assess the contaminant distribution
following the initial 179 days of SVE operation, installation of three vadose-zone
monitoring devices, and refining the test methodology. A series of SVE tests was
conducted during the following five months. The vadose zone was monitored to observe
recovery of the subsurface to equilibrium conditions during the final two months. The
vadose-zone monitoring system also allows future monitoring of the vadose zone

contamination in the vicinity of the gasoline spill.
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Purpose

The goal of this investigation was to assess the effectiveness of SVE in the
remediation of heterogeneous deposits contaminated by gasoline. To complete this
investigation, it was necessary to design a vadose-zone monitoring system that allowed
three-dimensional observation of vacuum response and vapor-contaminant response. The

effectiveness of the monitoring system will also be discussed.

Previous Studies
Two areas of investigation that are pertinent to this study are contaminant
migration through the subsurface and the processes that control the use of SVE. The

following subsections present the findings of previous studies of these two areas.

Gasoline Migration in the Vadose Zone

Gasoline is a light non-aqueous phase liquid (LNAPL), i.e., less dense than water.
LNAPLs released to the subsurface above the water table migrate vertically because of
gravitational and capillary forces. When groundwater is encountered, the LNAPL will
spread laterally until it reaches equilibrium (Fig. 2). The LNAPL may be retained in the
capillary fringe due to surface tension (Ostendorf et al., 1993).

Soil heterogeneity also has a significant impact on the migration of LNAPLs
(Butts, 1991). Coarse sediment facilitates vertical migration of gasoline in the vadose

zone. Gasoline will migrate laterally along a layer of lower-permeability material (e.g.
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clay) until the edge of the layer is reached. Vertical migration may then resume until
another fine-grained unit or the water table is encountered.

Further migration of gasoline continues through the processes of capillary action,
advection, dissolution, and volatilization. Capillary action draws gasoline into the lenses
of fine-grained sediment. Advection is the flow of the free product along the surface of
the fine-grained units or along the surface of the groundwater table. Components of
gasoline will slowly dissolve into and migrate with groundwater.

Volatilization occurs in the vadose zone from residually saturated sediment and at
the free product surface. As the free product evaporates, vapors migrate through the
subsurface, further spreading the contaminants. Vapor flow may be caused by advection
due to pressure, temperature, and density gradients or through diffusion along
concentration gradients. Vapor migrates from areas of high concentration to areas of low

concentration.

Soil Vapor Extraction

SVE is an increasingly utilized remedial method for soils contaminated by VOCs
because it is more cost-effective than flushing, excavation, or incineration (Johnson et al.,
1990). Recent studies have provided evidence that SVE also enhances bioremediation and
groundwater remediation (Blanchard and Dunlap, 1991).

The SVE system is constructed from the same basic components as a groundwater
extraction system: an extraction well, a blower to withdraw vapors (equivalent to a pump

in a groundwater extraction system), and a treatment system (Fig. 2). The difference is



that SVE works by pumping soil vapor from an extraction well completed within the
vadose zone. The soil vapor is then treated at the surface. Treatment systems include
granular-activated carbon units, thermal oxidation, and biologic media.

A pressure differential is created by inducing a vacuum within the extraction well.
Vapor flows along the pressure differential from an area of high pressure to an area of low
pressure. Vapor density, soil permeability, and vapor phase pressure affect the flow of
vapors in porous media (Johnson et al., 1990). Although vapor flow can occur under a
density gradient, vapor density effects can be considered to be negligible because of the
vacuum created by SVE (Beckett and Huntley, 1994).

The induced vapor flow results in the removal of contaminants from the
subsurface. The vapor flow causes the contaminants to volatilize from the dissolved
portion in pore water and desorb from the soil surfaces (Falta et a/., 1993). Additionally,
volatilization will occur from free product, if present.

The effectiveness of SVE is determined by the vapor flow rate, contaminant
composition, and the relation between the vapor flow path and the soil-contaminant
distribution (Johnson et al., 1990). VOCs are removed more rapidly with increased vapor
flow rate. The vapor flow rate is dependent upon several factors. The surface equipment,
including the vacuum pump and treatment system, have certain capabilities that cannot be
exceeded for an extended period of extraction. The vapor flow rate also is controlled by
the permeability of the sediment. Moisture affects the flow rate by decreasing the air

permeability.



The permeability, air-filled porosity and grain-size distribution also influence the
relation between the vapor-flow path and the soil-contaminant distribution. Vapor will
flow through high-permeability sediment more easily than through low-permeability
sediment. Typically, low-permeability deposits preclude the use of SVE. Thus, the high-
permeability sediment will be more efficiently remediated and act as primary air-flow
pathways. Gibson ef al. (1993) reported that organic solvents may cause the formation of
macropores and fractures in low-permeability deposits that may make the use of SVE
feasible. Organic chemicals are more tightly bound in fine sediment, which may be
bypassed by air-flow. Fine sediment will still be remediated by diffusion of contaminants
into nearby coarse sediment, but the clean-up time will be much longer. VOCs that are
strongly partitioned between the aqueous and solid phases may limit the removal due to
low mass transfer rates (Falta et al., 1993).

The composition of the contaminant also is important in determining the efficiency
of SVE. The greater the vapor pressure of a compound, the more suited it is to
remediation by SVE. In a mixture such as gasoline, which may contain over 100
individual compounds, compounds with the highest vapor pressures will be removed first,
leaving the less volatile compounds behind. The compounds in gasoline with the greatest
known toxicity are quite volatile.

The effectiveness of SVE decreases with time. The cause of the decrease is the
decreasing mass removal rate. As the soil is remediated, the vapor concentrations

decrease, and thus, the mass extraction rate decreases.



Site Location
LLNL is located approximately 40 miles east of San Francisco, California, in the
southeast corner of the Livermore Valley (Fig. 1). It is approximately 3 miles east of

Livermore, California, on East Avenue, and occupies approximately 700 acres.

Site History

LLNL is a research facility operated by the Department of Energy (DOE). The
site currently occupied by LLNL was a Naval Air Station during World War II. The
Gasoline Spill Area (GSA) was used as an Automotive Maintenance and Fuel Facility
during this period. This use was continued by LLNL upon its formation in 1951 (O. H.
Materials, 1985). Previous reports have referred to the GSA as the Building 403 Area.
Building 403, the Automotive Garage, was demolished in the summer of 1988. The fuel
dispensing facility was closed in 1980. The area continued to be used as a maintenance
facility until 1984 (Nichols ez al., 1988). No work other than that associated with
remedial activities was underway at the GSA in October 1991.

The leak in the GSA, first reported in March 1979, reportedly released
9,000 gallons of gasoline from the southernmost of four underground storage tanks
located beneath the concrete pad (Fig. 3). This tank had been in use since 1942. A
detailed review of inventory records revealed that up to 17,500 gallons of gasoline may
have been lost to the subsurface in the six months preceding the leak's discovery (O. H.

Materials, 1985).
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The type of gasoline present in the subsurface is not known. The presence of
ethylene dibromide indicates that at least some of the gasoline is leaded (Maureen Ridley,
LLNL, personal communication, 1991). A low-lead tag was discovered when the
southernmost tank was partially excavated in January 1991 (Gerald Duarte, LLNL,
personal communication, 1991). Lindekin et al. (1986) reported the 9,000 gallons to be
leaded. Bob Fornaciari (LLNL, personal communication, 1990), manager of the motor
pool in 1979, thought the southernmost tank contained unleaded gasoline. Elevated levels
of lead have not been detected in soil or groundwater samples taken in the area.

The source of the leak also is not known. The southernmost of the four
underground storage tanks was leak tested in April 1980. The tank was half filled with
water and allowed to sit for six days. No loss of water was observed. It was
hypothesized that material shifted on the bottom of the tank and blocked the leak (O. H.
Materials, 1985). A second possibility was a leak in the distribution lines. These lines
were uncovered and pressure tested in January 1991. The lines still held 12 gallons of
gasoline when they were exposed. The lines were pressurized with nitrogen for three
days. No loss of pressure was observed during this test (Gerald Duarte, LLNL, personal

communication, 1991).

Previous Site Investigations

The GSA site characterization occurred in four phases. The goals of these
investigations were as follows: 1) characterize the site geology and hydrogeology;

2) determine the soil-contaminant distribution in the vadose and saturated zones; and
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3) determine the contaminant distribution in the groundwater. The subsurface
characterization of the GSA is more complete than that found at many sites due to the
large number of soil borings and monitoring wells installed in the vicinity (Fig. 3).

The initial characterization of the vadose zone hydrocarbon distribution was
completed in 1984 by LLNL. Ten soil borings (403-1 through 403-10) and two
monitoring wells (GSW-403-6 and GSW-20) were installed during this phase of the
investigation (Dresen et al., 1986).

The second phase of the site investigation was conducted by O. H. Materials
(OHM). OHM conducted an aquifer test and a bench-scale study of in-situ
biodegradation and further defined the subsurface hydrocarbon distribution. Six soil
borings (GSB-1 through GSB-6) and five monitoring wells (GSW-1 through GSW-5)
were installed in the winter of 1985 (O. H. Materials, 1985).

The third phase of the site investigation was initiated following a meeting between
LLNL, the California Water Resources Control Board, and the California Department of
Health Services. An agreement was reached that additional monitoring wells were
necessary to assess the hydrocarbon distribution in the groundwater. The installation of
13 new monitoring wells (GSW-1A, GSW-6 through GSW-12, GSW-208, GSW-209,
GSW-215, GSW-216, and GSW-266) was begun in November 1985 by LLNL and Weiss
Associates. Additional soil samples were obtained from the vadose zone during the
installation of these wells (Dresen ef al., 1986).

The final site investigation was conducted between July 1986 and July 1988.

During this period, 10 new monitoring wells were installed (GSW-13, GSW-15, GSW-16,



GSW-326, GSW-367, and GSW-441 through GSW-445). Two additional soil borings,
GSB-14 and GSB-374, also were completed. GSW-15 and GSW-16 were completed
with multiple screens within the vadose and saturated zones. GSW-16 was designed to be
used as the extraction well for both soil vapor and groundwater extraction.

Subsequent discussions rely on combining data from each of the four investigative
periods with data collected specifically for this investigation. Several factors that may
cause variability of the data should be noted. The first factor is the time that has passed
over the course of the studies. It is assumed that natural processes causing the
contaminants to degrade and migrate are acting relatively slowly to change the
contaminant distribution, although these processes undoubtedly have had some effects.
Secondly, improvement of analytical methods over time allows smaller contaminant
concentrations to be detected. Thus, when comparing the results of this study with the
past studies, only gross changes will be considered significant. Thirdly, the different
investigations were also conducted by different individuals, resulting in different
compounds being analyzed and different interpretations of the sediment types being
encountered. The data sets were assumed to be comparable in order to develop a

synthesized picture of site conditions.

Regional Geology

The Livermore Valley is located in Alameda and Contra Costa counties
approximately 30 miles east of San Francisco. The valley is oriented in an east-west

direction, nearly perpendicular to the California Coast Range. It is bordered on the north



by the northern Diablo Range and the Altamont Hills and to the south by the central
Diablo Range. The valley is bordered to the east by the Greenville fault, and the Calaveras
fault forms the western boundary. The Livermore Valley is approximately 15 miles long
and 11 miles wide. The elevation of the eastern side of the valley is approximately 1,000
feet [above mean sea level (MSL)] and rises to about 2,230 feet in the surrounding hills.
The elevation of the valley is approximately 285 feet at its drainage exit (Wiggington and
Carey, 1982).

Fluvial and lacustrine deposits underlie the Livermore Valley (Fig. 4). The
thickness of these deposits may exceed 4,000 feet (Carpenter ef al., 1984). Near LLNL,
in the southeastern corner of the valley, a hydrocarbon exploration well was drilled
through 2,420 feet of alluvium before reaching Franciscan bedrock. The alluvium may be
differentiated into the Plio-Pleistocene Livermore Formation and late Pleistocene to

Holocene alluvial deposits. The underlying bedrock units will not be discussed in this

paper.

Livermore Formation

The Livermore Formation is divided into two members by most workers (Barlock,
1989). The lower member of the Livermore Formation consists of clasts composed of
Cenozoic sandstone, graywacke, and fine-grained quartz. Horizontally bedded gravel is
surrounded by thick, planar cross-bedded sandstone and laterally extensive siltstone and
mudstone. The interpretation of these deposits has been that of a mostly sandy-braided

stream. The gravels and cross-beds indicate a southwesterly paleocurrent direction,
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putting a source area to the northeast in the Altamont Hills. The exposed thickness of this
unit is approximately 1,700 feet (Barlock, 1989). In the LLNL area, the upper contact of
this unit is marked by a bluish-green clay layer interpreted to be lacustrine because of
fresh-water mollusks recovered in borings (Robert Devaney, Weiss Associates, personal
communication, 1990).

The upper member of the Livermore Formation consists of clasts composed of
Franciscan graywacke, lithic sandstone, metamorphic rocks, chert, volcanic rocks, and
traces of fine-grained quartz (Barlock, 1989). This member is characterized by thick,
horizontally bedded, clast-supported, well-imbricated gravels interfingering with planar
and trough cross-bedded sands. These deposits are interpreted to be those of a gravely
braided stream on an alluvial fan. The imbrication and cross-bedding indicate a
northeasterly paleocurrent direction, thus the source area was to the southwest in the

Diablo Range.

Late Pleistocene to Holocene Deposits

Overlying the Livermore Formation are younger alluvial deposits that closely
resemble the upper member of the Livermore Formation (Fig. 4). The thickness of these
units ranges up to 400 feet (Stone et al., 1982; California Department of Water Resources
[1974] reported a thickness of 660 feet). There is an increase in thickness to the west
(Stone et al., 1982). These deposits have been studied by Huey (1948), Helley ef al.

(1972), Herd (1977), and Carpenter et al. (1984). These studies have revealed a complex
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relation between deposits of varying ages. The work of Helley et al. (1972) will be used
for this discussion of the LLNL area.

Older alluvial deposits range in age from late Pleistocene to Holocene. The
deposits are highly-weathered, weakly-consolidated, poorly-sorted silty sand and gravel.
The deposits in the northeast comner of the Livermore Valley generally are more fine-
grained, possibly due to the composition of the rocks in the source area. Deposits of this
unit generally are less permeable than younger deposits. Fossils found include those of
continental vertebrates and invertebrates. Stream terraces are included in this unit (Helley
etal., 1972).

Interfluvial basin deposits were deposited in intermittent lakes that formed in the
Livermore Valley. This unit is characterized by plastic, poorly-sorted, and organic-rich
clay and silty-clay deposits. The interfluvial basin deposits are poorly drained due to their
fine-grained nature. This unit typically is less than 10 feet thick (Helley et a/., 1972).

The younger fluvial deposits consist of unconsolidated material of varying grain
sizes, primarily sand, silt, and silty clay. These are levee and overbank deposits.
Freshwater gastropod and pelecypod fossils have been found. The thickness of this unit is
typically less than 15 feet (Helley et al., 1972).

Younger alluvial fan deposits are unconsolidated, moderately-sorted, permeable
fine sand and silt with gravel. This unit is common in fan heads and within canyons. The
deposits form well-drained levees that grade upward into terraces. Colluvium in narrow

canyons is also included in this unit (Helley ez al., 1972).
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Site Geology

The 100 feet of sediment affected by the hydrocarbon plume in the GSA are within
the upper member of the Livermore Formation and the late Pleistocene and Holocene
alluvial deposits. The lower member of the Livermore Formation lies at a depth of
approximately 200 feet below ground surface (bgs) in the GSA.

Four cross-sections were drawn using data obtained during the investigations prior
to July 1986 (Dresen ef al., 1986). The locations of these cross-sections are presented in
Figure 5. Sediments were divided into high, moderate, and low relative permeabilities for
the purposes of constructing the cross-sections. Relative permeability estimates were
based on grain size, percent fines, and interpretation of geophysical logs. Generally,
sediments with more than 50 to 60 percent fines were considered to have relatively low
permeability and those with less than 10 to 20 percent fines were considered to have
relatively high permeability. Sediment not meeting these criteria was considered to have
moderate relative permeability.

Figures 6 and 7 present cross-sections A-A’ and B-B’, respectively. These cross-
sections trend northeast and east, respectively. High- and moderate-permeability
sediments are observed as discontinuous lenses in a matrix of generally low-permeability
sediments. The lenses generally are thin (5 to 10 feet thick) and parallel to the surface. A
continuous lens of high-permeability sediment is located at a depth of approximately 70 to
80 feet bgs.

Cross-section C-C’, trending southeast, is presented in Figure 8. This cross-

section is similar to cross-sections A-A’ and B-B’, bu: the high- and moderate-
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permeability sediments are interpreted to be more continuous. Dresen et al. (1986)
inferred that the greater continuity of the lenses is because the section is parallel to the
depositional direction. Many lenses have a dip of approximately 1 degree to the
northwest.

Figure 9 presents north trending cross-section D-D’. The sediment observed in
this cross-section is similar to that in cross-sections A-A’ and B-B’. High- and moderate-
permeability sediments are present in thin, discontinuous lenses that are roughly parallel to

the ground surface.

Site Hydrogeology

The hydrogeology of the GSA has been described in several reports. These
include reports by Carpenter et al. (1984), O. H. Materials (1985), Dresen et al. (1986),
Nichols et al. (1988), and numerous monthly reports prepared by the Environmental
Restoration Division of LLNL between June 1986 and the present.

The groundwater in the LLNL vicinity is found at depths ranging from 140 feet
bgs in the southeast corner of the site to 30 feet bgs just west of LLNL (Thorpe et al.,
1990). Figure 10 presents a contour map of the groundwater elevation in May 1988 for
the LLNL site. Depth to groundwater in the GSA area was 100 %5 feet (an elevation of
540 £5 feet above MSL) in the summer of 1991. The GSA is located on a north-trending
groundwater divide. Groundwater flow is split into east-southeast and west-southwest

components because of its location on the divide. The hydraulic gradient ranged from
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0.002 to 0.01. The low hydraulic gradient has helped slow contaminant migration in the

saturated zone.

Petroleum Hydrocarbon Distribution

The initial characterization of the site is based on the soil borings and monitoring
wells installed between 1984 and 1986. Figures 6 through 9 show the initial distribution
of the aromatic constituents, benzene, toluene, and total xylenes (BTX), in the vadose
zone. The locations of these cross-sections are shown on Figure 5. The hydrocarbon
plume is narrow in the vadose zone, with concentrations of 1 part per million (ppm)
restricted to a 35- to 50-foot radius from GSW-403-6 except in the northwest direction,
which had a radius of approximately 100 feet (Dresen et al., 1986). The greater lateral
migration to the northwest was thought to be the result of the northwest-dipping sediment
lenses.

Hydrocarbon contamination was found as shallow as 20 feet bgs near the
suspected leak point. This probably resulted from the location of the base of the
underground storage tanks at a depth of 18 feet bgs (O. H. Materials, 1985). GSW-403-6
had the highest concentration of BTX at 4,800 ppm at a depth of 31 feet bgs. Near the '
water table, concentrations of BTX at 1 ppm were found as far away as GSW-6,
approximately 75 feet to the southwest (Nichols et al., 1988). The highest concentrations
of BTX were observed in clay samples; this was caused by the greater sorption onto the

fine sediment (Dresen et al., 1986).
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The saturated zone also was affected by the downward migration of gasoline. The
water table was 15 to 20 feet below its present level (approximately 100 feet bgs) in 1984
(Carpenter et al., 1984). The high concentrations found in water-saturated soil samples
indicate that gasoline may have existed as a separate phase beneath the water table (Hunt
et al., 1988). This separate phase may have been trapped beneath fine-grained layers as
the water table rose. The dissolved portion of the gasoline plume remains within 250 feet

laterally of the suspected leak point.

Soil Vapor Extraction at the Gasoline Spill Area

Vadose zone remediation using SVE was initiated in August 1988. The soil vapor
was extracted using a single extraction well, GSW-16, near the center of the plume
(Fig. 3). GSW-16 is screened in seven individual zones, five within the vadose zone and
two in the saturated zone (Fig. 11). SVE can be performed on individual zones or any
combination of adjacent zones using pneumatic packers. Screen placement was based on
contaminant distribution within the soil column. Thus, the screens are located primarily in
fine-grained zones. Thermal oxidation, using propane as a secondary fuel, was utilized to
treat the vapor effluent.

The screens in GSW-16 are designated Zones 1 through 7, with Zone 1 being the
shallowest. The two deepest screens within the vadose zone, Zones 4 and 5, have become
partially blocked. One hypothesis is that grout was pushed into the screens during well
installation. In August 1989, the screens were scraped using a wire brush to mechanically

remove the blockage. A small chunk of a hard, dirty, white substance was recovered.
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Analysis by x-ray diffraction indicated the composition to be primarily quartz and feldspar
with minor amounts of calcite. This suggests that formational material has been pulled
into the screen. The calcite may be a result of chemical precipitation as water evaporates
as it enters the borehole. Another hypothesis is that biologic activity has resulted in the
screens' blockage. No conclusions have been reached. Attempts to remove the blockage
by cyclic pressurizing of the screened zones were unsuccessful.

Prior to this investigation, the SVE system operated for a total of 179 days over a
2.3 year period. Figure 12 illustrates the removal of an estimated 530 gallons of benzene,
toluene, ethylbenzene, and xylenes (BTEX) during this time. This provides an average
mass extraction rate for BTEX of 3.2 gallons per day (gpd). The assumptions made in
determining the amount of gasoline removed are discussed by Cook et al. (1991).
Approximately 2,200 gallons (£25%) of gasoline were estimated to have been removed
from the subsurface. Figure 12 indicates that 50% of the total BTEX removed prior to

June 1991 was removed in the first 38 days of operation.
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METHODOLOGY

Vadose-Zone Monitoring Device Placement

Three vadose-zone monitoring devices (SVB-GP-008A, SVB-GP-013, and
SVB-GP-014) were installed in order to investigate the effectiveness of SVE (Fig. 3).
Several factors were considered in the placement of the vadose-zone monitoring devices.
The first was site accessibility. The concrete pad covering the underground storage tanks
blocked placement to the east. Other areas of the site were inaccessible because of
underground utilities.

The final decision on placement was based on the desire to maintain optimum
spatial coverage of the plume and to place the devices at differing distances from GSW-16
to facilitate use of the data for permeability testing. The northwest quadrant of the plume
is monitored by SVB-GP-008A, 11.8 feet from GSW-16. Monitoring devices
SVB-GP-013 and SVB-GP-014 are located in the southwest quadrant of the plume at

radial distances of 6 and 18 feet, respectively.

Vadose-Zone Monitoring Device Design Test

A test installation of the proposed vadose-zone monitoring device was completed
on October 10, 1990. Of particular concern was the recognized difficulty of completing a
device with sampling ports at multiple depths in a single borehole. The purpose of the test
installation was to determine the feasibility of this design and to evaluate potential

problems prior to installation of the vadose-zone monitoring devices.
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The materials used for the completion of the test well were Kaiser Permanente
Type I-II Portland cement, Cal-Seal gypsum cement, Volclay/Pure Gold 0.25-inch
bentonite pellets, Lonestar No. 3 sand, and Lonestar No. 0/30 sand. The Portland cement
and the gypsum cement were mixed to form a fast-drying grout. An auger with an
11.5-inch outside diameter and a 6.63-inch inside diameter was used to complete the
boring.
The following is the step-by-step procedure for the completion of the test well:
1. The borehole was augured to a depth of 4.92 feet.
2. The vapor monitoring tube was set into the borehole. The tube rested on
the base of the borehole and the monitoring port was set at 3.1 feet.
3. The augers were pulled up to 3.38 feet.
4. The grout to be used for backfilling the bottom one foot of the boring was
hand-mixed with a ratio of Portland cement to Gypsum cement to water at
3:1:1.
5. The grout was poured through a funnel downhole.
6. The auger was raised 0.67 feet to prevent grout clogging.
7. The grout was allowed to set for approximately 30 minutes.
8. A 1.42-foot layer of Lonestar No. 3 sand was poured downhole. The top
of this layer was at a depth of 2.5 feet.
9. A 1-foot layer of Lonestar No. 0/30 sand was placed downhole.
10. A 0.5-foot layer of 0.25-inch bentonite pellets was placed on top of the

Lonestar No. 0/30 sand.
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11.  The grout for the top layer was hand-mixed and funneled downhole. The

grout was allowed to set-up for approximately 45 minutes prior to
excavation.

12. The soil was excavated to within one foot along one side of the test
installation.

13. Observations of the final installation details were recorded.

The only problem encountered was the placement of the first grout layer. The
grout was so quick-drying that it started to clog the funnel. This problem was eliminated
by mechanical mixing with the drill rig’s pump. The top grout layer was expected to come
to the ground surface, but it was about 0.42 feet bgs.

A backhoe was used to excavate to within one foot of the test well. The remaining
soil was removed by hand. Figure 13 illustrates the completed test installation as it was
observed following excavation. The depths of each zone were carefully measured to
determine the accuracy of the installation procedures. The first problem encountered was
the thickness of the bottom layer of grout. The layer was only about S inches thick,
instead of the expected 1 foot. This shortfall accounted for the failure of the top layer of
grout to reach the ground surface.

The biggest potential problem encountered was a layer of grout smeared on the
monitoring tube. It did not block the screen, but had the tremie pipe hit the monitoring
point, it probably would have been blocked. The grout was about 0.1-foot thick and

reached up to the level of the vapor point. This problem was mitigated by marking the
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vadose-zone monitoring device so that the side with the openings was known. The tremie
pipe was then kept on the opposite side of the device.

The bentonite layer was successful in stopping grout penetration. The top 0.1 foot
of the bentonite layer was completely swollen. Grout had seeped through this layer to
only a very minor degree. Beneath the top layer of bentonite was a 0.1-foot layer of
slough. This stopped the remaining portion of grout. The bottom 0.1-foot of bentonite
swelled slightly, but individual pellets were still recognizable. No grout reached the top of
the fine sand pack. This design would protect the soil vapor point from becoming clogged
because of grout penetration.

The procedure selected for installation of SVB-GP-008A was based on our
observations from installation of the test well. There were several factors that needed to
be carefully observed to prevent clogging of the screen. The first was to make sure the
tremie pipe stayed away from the vapor points. Secondly, it was important to carefully

tag the depths of each layer of material added to the monitoring device.

Drilling and Soil Sampling

A Flailing 150 drill rig equipped with 12-inch augers was used to install the soil
borings. A solid core barrel was placed inside to obtain 5.75-inch diameter cores. The
boring was advanced in 3-foot intervals to increase the core recovery rate. At the end of
each interval, the core barrel was brought to the surface where a hydraulic press would
extrude the core. Prior to each boring, the augers were steam cleaned to prevent cross-

contamination. Extensive sampling of each extruded core was performed to characterize
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the current soil-contaminant distribution and physical properties of the soil (Fig. 14).
Sample aliquots were taken by driving a 1.5-inch or 2.5-inch brass liner into the core. The
first samples taken were immediately sent to a California State Certified analytical
laboratory for chemical analysis. The samples were analyzed for Benzene, Toluene,
Ethylbenzene, and total Xylenes (BTEX) by EPA Method 8020 and Total Petroleum
Hydrocarbons as gasoline (TPH-g) by modified EPA Method 8015 (EPA, 1996). Once
soil chemistry samples were obtained, additional samples were taken to evaluate soil
bacteria, horizontal permeability, soil-water partition coefficient, and metals. Some of
these analyses were performed for other studies ongoing at the GSA, and therefore are not
further discussed. After sampling, the lithology was described in detail using the Unified

Soil Classification System.

Vadose-Zone Monitoring Device Screen Placement

It was necessary to decide the monitoring point depths prior to installation of the
monitoring device. Numerous factors were considered in selecting the zones to be
monitored by the vadose-zone monitoring devices. The first factor was the depth of the
screened zones in GSW-16. Monitoring points were placed at depths equivalent to the
screened intervals in GSW-16 (Fig. 11). Lithology was also considered due to its effect
on permeability and adsorption. The final decision was made following receipt of the
overnight results of chemical analyses. Zones that appeared to be showing signs of

remediation (those areas with low concentrations) were important to observe as well as
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those with high levels of residual contamination. The monitoring points were placed along
a concentration gradient, where possible, to investigate the effects of diffusion.

Figure 15 shows the monitoring point depths in SVB-GP-008A, SVB-GP-013,
and SVB-GP-014. From here on, the monitoring points are referred to in an abbreviated
form. The entire monitoring device will be referred to as SV-8A (SVB-GP-008A), SV-13
(SVB-GP-013), and SV-14 (SVB-GP-014). The individual monitoring points are
designated as either points Z1 through Z5 (SV-8A) or points Z1 through Z7 (SV-13 and
SV-14), with point Z1 being the shallowest. Monitoring point Z5 in SV-13 (not included
in Figure 15) was blocked during installation and was not used during these tests. For

example, the first monitoring point in SVB-GP-008A will be referred to as SV-8A-Z1.

Vadose-Zone Monitoring Device Desien

Figure 16 illustrates the design of the vadose-zone monitoring devices. A 2-inch-
diameter pipe was used to house the teflon tubing, extending from the ground surface to
the monitoring points, and the electrode and thermocouple wires. Each vapor-monitoring
point consisted of a tee and a separate, machine-tooled screen housing. The screen
housing was connected to the teflon tubing with a crimp fitting and press-fit into the tee.
The tee was then attached to the 2-inch diameter pipe.

After the vadose-zone monitoring device assembly was lowered into the borehole,
the annular space was backfilled with sand, bentonite, and grout. Approximately 18
inches of sand (12 inches of medium sand and 6 inches of fine sand) were placed around

the screen in SV-8A and 30 inches of sand was placed around the screen in SV-13 and
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SV-14. A 0.5- to 1.0-foot layer of bentonite was placed above the sand to prevent the

overlying grout from entering the sandpack. The grout was then extended to
approximately 6-inches below the overlying monitoring point or 1 foot bgs. Fast-drying

grout was used to reduce the time required for installation.

Installation of Vadose-Zone Monitoring Devices

The initial step in the installation of the vadose-zone monitoring device was to cut
the casing sections into the proper lengths so the monitoring points would be at the
appropriate depths. The device was assembled at the surface to assure proper depth
placement of the monitoring points prior to placing the device downhole. It was then
disassembled for placement downhole. Electrodes and thermocouples were also installed
inside the vadose-zone monitoring devices for use in monitoring a steam extraction test
conducted after completion of the SVE test. There is no further discussion of the
electrodes and thermocouples as they are beyond the scope of this investigation. The
device was placed downhole one section at a time through the center of the augers.

The screen was installed by first attaching the tee to the top of the assembled
casing. The teflon tubing was then fed from the top through the side port of the
tee. The teflon tubing was then pressed into the screen insert that was then pressed into
the side port of the tee (Fig. 16). The tubing was then fed through the center of the

subsequent sections of casing until the surface was reached.
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Installation of SVB-GP-008A

The casing for SV-8A was 2-inch Schedule 40 polyvinyl chloride (PVC). The final
construction details for SV-8A are shown in Figure 17. All cement, sand, and bentonite
pellets used in the monitoring device completion were placed downhole with a tremie pipe
through the center of the augers. During placement of these materials the depth was
frequently measured to ensure that the materials were being placed in the correct depth
intervals.

The boring was backfilled to a depth of 80.67 feet bgs with fast drying cement.
After the cement had dried for approximately half an hour, a one-foot layer of Lonestar
No. 3 sand was placed around the monitoring point. A 0.5-foot layer of Lonestar
No. 0/30 sand was placed above the coarser sand. In order to protect the sandpack from
grout infiltration, a 0.5-foot-thick layer of 0.25-inch bentonite pellets was placed over the
finer sand. An approximately 1.0-foot layer of fast drying grout was tremied over the
bentonite and allowed to dry. Fast drying grout was then tremied to a depth
approximately 0.5 feet below the next monitoring point. This process was then repeated
until the uppermost monitoring point was reached. After the 1.0-foot layer of fast drying
cement was placed over the uppermost layer of bentonite and allowed to dry, the borehole

was backfilled with grout to a depth of approximately 1.5 feet bgs.
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Installation of SVB-GP-013 and SVB-GP-014

The same procedures used during the installation of SV-8A were used in the
installation of SV-13 and SV-14 with the following exceptions:

The casing was 2-inch polyvinyl difluoride (PVDF) to prevent breakdown
during the upcoming steam extraction tests.
The inside of the casing was filled with Lonestar No. 0/30 sand to help
minimize potential cross communication between monitoring points.
Inside the casing below each monitoring point, a 0.1-foot layer of fast
drying grout was poured to prevent cross-communication between
monitoring points.
The sandpack was changed to approximately 2 feet of Lonestar No. 0/30
sand and no Lonestar No. 3 sand in order to prevent fine-grained material
from entering the screen.

Figures 18 and 19 present the final construction details for SV-13 and SV-14,

respectively.

Soil Vapor Extraction Tests

A series of SVE tests was performed to evaluate the effects of SVE during
individual-zone and multiple-zone extraction. Pressure response and vapor concentration
response were monitored to observe the locations where air flow was actively remediating

the soil.
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Individual-Zone Soil Vapor Extraction Tests

The first series of tests involved extracting soil vapor from a single zone in GSW-
16. These tests were conducted in Zones 2 through 5 (Fig. 11). The shallowest zone was
not tested due to the very low remaining concentrations of contaminants. The purpose of
the individual zone tests was to evaluate the vertical and lateral influence of SVE on each
zone. Vapor concentrations were monitored to observe the effects of extraction. Ideally,
the air-flow rate was maximized during each test. Air flow rates were measured using a
Meriam laminar flow element with a Magnehelic differential pressure gauge. Each test
was conducted over a period of approximately 24 hours. Over two weeks were allowed
at the conclusion of the individual-zone SVE tests to allow the subsurface to re-equilibrate

prior to beginning the dual-zone SVE test.

Dual-Zone Soil Vapor Extraction Test

This test was conducted for a three week period of extraction using Zones 4 and S
for extraction. The vapor concentrations and pressure response were observed during this
test so that a comparison could be made with the individual-zone tests of Zones 4 and S.
The purpose of the dual-zone SVE test was to observe the interaction between two zones
and obtain data on the long term effects of vapor extraction on vapor-contaminant
distribution. The vapor-contaminant distribution was monitored for two months following
termination of the dual-zone SVE test to observe the re-equilibration of the subsurface

vapor concentrations.
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Vacuum Response Monitoring

Monitoring points expected to have large responses were monitored using pressure
transducers with a range of 0 to 10 inches of water. Pressure transducers with a range of
0 to 5 inches of water were used for those points with an expected moderate response. A
pressure transducer with a range of 0 to 30 inches of mercury was used for extraction well
GSW-16. Points that were expected to have a small response used transducers with a

range of O to 2 inches of water.

Vapor Sampling

Vapor sampling from the monitoring points was done with a metal bellows pump
capable of pulling a vacuum of 30 inches of mercury. A 0.5-pm filter was installed at the
pump inlet to protect it from inspiration of fine-grained sediment. The pump was attached
to the monitoring tube by a piece of tygon tubing pushed onto a pair of barbed fittings.
To purge the line and sandpack, we removed 0.6 ft* of vapor prior to sampling. The
removal of this volume should not significantly impact the overall distribution of vapor
contaminants because the radius of influence only slightly exceeds the radius of the
borehole. An air-tight syringe was used to obtain the vapor samples. The sample was
drawn, while pumping, by inserting the needle through the tygon tubing. The tygon tubing
was changed between samples.

Vapor samples were analyzed on a Photovac Model 10S70 portable gas
chromatograph. Calibrations were run at the beginning and end of each day. Additional

calibrations were completed as necessary. The standard gas used was a National Bureau
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of Standards approved canister containing 50 parts per million by volume (ppmv) each of
benzene, toluene, ethylbenzene, P-xylene, M-xylene, and O-xylene for a total of 300 ppmv
of BTEX.

A series of calibration analyses was performed prior to the initiation of the SVE
tests to compare the results of the Photovac with those of a certified analytical laboratory
and an on-site (LLNL) laboratory. Two samples from each monitoring point were drawn
for this test. The first was taken into a tedlar gas sampling bag. A syringe sample was
immediately taken from the bag for analysis on the Photovac. The tedlar bag was then
taken to the on-site laboratory to be analyzed. The LLNL laboratory analyzed the samples
within four hours of delivery. The samples were stored at room temperature prior to
analysis. The second sample was placed in a stainless steel canister and sent to a certified
analytical laboratory.

The first comparison test was completed on SV-8A in February 1991.

Comparison of the results from SV-8A-Z3 (Fig. 20) indicates a closer correlation for
benzene than for other compounds. The other compounds indicated a difference of
approximately one order of magnitude, with the Photovac being consistently higher.

The comparison of vapor samples from SV-8A-Z5 (Fig. 21) indicates a closer
correlation for benzene, toluene, and ethylbenzene than for total xylenes and BTEX.. This
indicates that the Photovac may be more accurate in areas of higher concentration. The
conclusion drawn from this comparison was that the Photovac would be adequate to
monitor the vapor concentrations because most monitoring points are located in areas of

high expected vapor concentrations. It was also decided to maintain a single operator on
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the Photovac as much as possible due to the importance of methodological consistency
between analytical runs for precision on the Photovac.

The second round of comparisons was completed in May 1991. Figure 22 shows
the results from SV-13-Z1, located in a region of lower vapor concentrations, and from
SV-13-27 (Fig. 23), in an area of higher vapor concentrations. Results from SV-13-Z1
indicate that the analyses remain within an order of magnitude, except for benzene.
Neither the Photovac nor the analytical laboratory provided consistently higher results.
Total xylenes and total BTEX are in much closer agreement than in the comparison of
results from SV-8A. Analysis of vapor from monitoring point SV-13-Z7 revealed close
agreement for all compounds.

The results of the Photovac/laboratory comparison indicate that the Photovac will
be adequate to monitor the BTEX concentration in soil vapor. The results were nearly all
within an order of magnitude, with the final samples being within a factor of five. The
improvement in accuracy over time was most likely due to increased experience in

operation of the Photovac.

Evaluation of Subsurface Lithology

The high degree of heterogeneity in the subsurface sediment makes the
construction of cross sections based strictly on the standard soil classification system
meaningless. The sediment was broken into three categories: coarse-, fine-, and mixed-
grain size, based on the observations of the field geologist. The coarse unit is composed

of sand, gravel, sandy gravel, and gravely sand. This unit is estimated to have the highest



52

Jodea 10§ syjnsai sisAjeue oeaojoyd pue Kiojesoqe] [eonkjeue jo uosuedwo)) ‘zz 21ngiyg

X3alea uol

ELIETTY'e

punodwo))

udzUdIq I auanjoy

1Z-€1-AS woy sa|duwes

audzudgy

SInsay JLAOIOt | I

sinsay Kojwsoqei gl

- 0000

1000

oloo

oolo

0001

00001

(wdd) uonienyuasuoy



53

‘LZ-€1-AS woy sojdwes

sodea 105 syjnsas siskjeue oseAOJOYd put Kiojeloqe) jeonAfeue jo uosuedwo)) "gz 2B

punodwo)
X319 w0l SoUAY sudzuaq g suanjoy, auazuag]
+ |

o 9
o]
n
(2]
=
=1
2
=
3
=)
o

001 32

0001

~ SINSIY ILAOION | sijnsoy Kojetoqe g




54

permeability. The fine unit, composed of silt, clay, silty clay, and clayey silt, is estimated
to have the lowest permeability. The mixed unit is composed of sandy silt, sandy clay,
gravely silt, gravely clay, silty sand, silty gravel, clayey sand, and clayey gravel. Because

of the wide range in particle sizes, the permeability of this unit is highly variable.

Evaluation of Soil Physical Characteristics

Soil samples taken from the soil cores obtained during installation of the vadose-

zone monitoring devices were sent to a geotechnical soils testing laboratory for
analysis for saturated hydraulic conductivity (ASTM D5084-90) and moisture content
(ASTM D2216-90). Data reported with the results of these analyses were used to
calculate bulk density, porosity, and air-filled porosity. Bulk density is the oven dried
mass divided by the field volume of the sample. Porosity is determined by the following
formula (Freeze and Cherry, 1979):

n=1-pyp,
where:

n = porosity (dimensionless)

py = bulk density (g/cm’)

pp = particle density (g/cm’)
Particle density was assumed to be equal to 2.65 grams per cubic centimeter (g/cm’)
(Freeze and Cherry, 1979). The air-filled porosity is the porosity minus the moisture

content.
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Evaluation of Soil Vapor Extraction Test Data

The data obtained during the individual- and dual-zone SVE tests were evaluated
to determine the flow rate, mass removal rate, radius of influence, and gas permeability.
The data collected in the field for use in determining the air flow rate were the differential
pressure across the laminar flow element near the entrance to the blower and the vacuum
applied to the extraction well. The following equation was used to determine the air flow
rate:

Q. = X x Py X [(Patm - Pw)/Pitm]
where:

Q. = air flow rate (standard cubic feet per minute [scfm])

Xr= manufacturer’s conversion factor = 52.2 actual cubic feet per minute

(acfm)/inches of H0

P4 = differential pressure (inches of H,0)

P, = atmospheric pressure (inches of Hg)

P, = wellhead vacuum (inches of Hg)

The mass removal rate was calculated using the air-flow rate and BTEX
concentrations obtained during the operation of the SVE system. Several assumptions
were made in order to determine the amount of gasoline removed from the subsurface by
SVE. The first assumption was that the amount of BTEX in the soil vapor was
proportional to its content in free product. Sampling of the free product indicated that
BTEX comprised 27.5% of the total composition. It was then assumed that all
components of gasoline are being extracted in proportion to their content in gasoline.

These assumptions will cause some uncertainty in the amount of gasoline removed from

the subsurface. If the BTEX compounds actually are being removed at a rate exceeding
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their proportion in gasoline, then the estimate of gasoline extraction is going to be higher

than the true rate. This is most likely to occur during the initial stages of extraction, when
the more volatile BTEX compounds are preferentially extracted. Towards the latter
stages of extraction, the estimate may be lower than the true value if the BTEX has been
mostly removed. Another factor that may cause a low estimate is biodegradation, which is
stimulated by SVE. These calculations account for only the gasoline removed with the
vapor stream; additional gasoline is likely to be removed by microbial metabolism. The

following equation was used to determine the mass removal rate for BTEX:

MBTEX = Q X CBTEx/IO.ZS X po'rp_x/pLBTgx X 1,440

where:

Mgrex = volumetric removal rate of BTEX (gpd)
Q. = air flow rate (scfm)

Csmex = BTEX concentration (ppmv)

pvetex = vapor density = 0.29 Ibs/ft®

pretex = liquid density = 7.243 Ibs/gallon

Johnson et al. (1990) developed an equation to predict the flow rate per unit

thickness of well screen based on a steady state radial flow solution for compressible
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gasses. The equation solved to determine intrinsic permeability of the geologic materials

(k) is as follows:

k= {Q. W[60(ED)(m)(Pw)]} x {In(RW/R)/[1-(Paw/Pw)’]}
where:

k = intrinsic permeability (ft?)

p = dynamic viscosity (atm - s, for air: 1.78 x 10 atm - s)

H = screen thickness (ft)

P, = wellhead vacuum (atm)

Ry = radius of extraction well (ft)

R; = radius of influence (ft)

P.m = atmospheric pressure (atm)
The radius of influence was determined by plotting the vacuum response versus the
logarithm of the radial distance from the extraction well. The radius of influence was the
x-intercept of the least squares regression line for the data. This equation was based on
the assumption that the air-flow was cylindrical in nature. The air-flow observed in the
SVE tests appeared to be more spherical. This difference from the equation’s assumption
may cause the calculated permeability to be higher than the actual value because the
spherical response will cause the air-flow rate to be slightly higher than would be

experienced under cylindrical flow. This is a result of the addition of flow from above and

below the extraction zone.



RESULTS

Vadose-Zone Characterization

Installation of the three vadose-zone monitoring devices allowed further
characterization of the lithology, moisture content, porosity, saturated hydraulic
conductivity, and the hydrocarbon distribution following the initial 179 days of SVE.
Tables 1, 2, and 3 summarize the results of the analysis of physical properties performed
on soil samples from SV-8A, SV-13, and SV-14, respectively. Soil samples for physical
property analyses were obtained on an average of every 2.6 feet in SV-8A and

approximately every 11 feet in SV-13 and SV-14. These are discussed below.

Lithology

A lithologic cross-section through the three vadose-zone monitoring devices is
presented in Figure 24. The location of the cross-section is presented in Figure 3. The
boring logs are presented in the Appendix. Mixed sediment is the most common sediment
type encountered in the GSA. This is the dominant sediment type between approximately
15 and 60 feet bgs. Thin, discontinuous lenses, typically less than two feet thick, of both
coarse and fine sediment are found in this interval. Thicker coarse layers are found from
10 to 17 feet bgs in SV-13 and SV-14, and from 70 to 75 feet bgs in SV-8A and SV-13.

The potential implications of this sediment distribution on SVE are important to
note. Preferential vapor flow is likely to occur in the coarse units. The thick sequence of

mixed sediment is likely to be an area of lower vapor flow because of the presence of fine



Table 1. Results of physical analyses of soil samples from SV-8A.

Depth Soil Bulk | Moisture | Porosity| Air-filled Hydraulic
Type | Density | Content Porosity Conductivity
(feet) | (USCS) | (g/em®) [ (%) *0) ) (f/d)
27.9 CL 1.87 14.9 29.4 14.5 7.78 x 10
30.8 CL 1.67 19.9 37.0 17.1 462x10°
31.7 ML 1.59 18.3 40.0 21.7 1.16 x 10
33.7 ML 1.59 18.4 40.0 21.6 3.91x 10"
34.5 ML 1.61 18.5 39.3 20.8 2.30x 10"
35.9 ML 1.71 19.5 35.5 16.0 238x 10"
37.3 SM 1.79 16.1 32.5 16.4 1.05 x 107
40.5 ML 1.54 11.1 41.9 30.8 9.53x 10
422 ML 1.72 15.6 35.1 19.5 1.38 x 10!
45.4 ML 1.65 17.3 37.7 20.4 2.48 x 1072
46.8 ML 1.60 22.8 36.6 16.8 1.14 x 107
48.2 ML 1.61 23.2 39.3 16.1 8.28 x 107
51.1 SM 1.79 15.0 32.5 17.5 1.26 x 10"
52.9 ML 1.86 16.6 29.8 13.2 1.51x10*
56.0 CL 1.80 16.7 32.1 15.4 451x10™
60.4 ML 1.58 22.0 40.4 18.4 1.53 x 10°
63.9 SM 1.59 14.3 40.0 25.7 6.61 x 10°
65.5 CL 1.69 19.2 36.2 17.0 1.75 x 10°
66.9 ML 1.65 18.4 37.7 19.3 2.98 x 102
68.4 SM 1.64 14.4 38.1 23.7 539x 1073
74.7 GM 1.66 16.7 37.4 20.7 3.37x 107
78.6 ML 1.62 16.7 38.9 22.2 479 x 107
80.0 SM 1.61 15.1 39.3 242 1.92 x 10"
86.0 SM 1.65 14.7 37.7 23.0 5.84x 10*

sediment filling the pore space between the coarser grains. The effect of having a thick
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sequence of mixed sediment may also result in a vacuum distribution more reflective of a

homogeneous medium.
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Table 2. Results of physical analyses of soil samples from SV-13.

Depth | Soil Bulk |Moisture| Porosity [  Air-filled Hydraulic
Type | Density | Content Porosity Conductivity
(feet) |(USCS)| (g/em’) | (%) %) (%) (f/d)
42 CL 1.77 14.0 33.2 19.2 1.17x 10°
155 | SW 1.66 14.2 374 23.2 8.82x10°
267 | SM 1.75 15.5 34.0 18.5 420x 103
38.6 CL 1.67 18.2 37.0 18.8 5.07 x 107
48.4 CL 1.71 7.0 35.5 28.5 1.03 x 10°
570 | ML 1.67 19.7 37.0 173 405x10°
68.6 CL 1.74 16.0 34.3 18.3 3.26 x 10°
770 | ML 1.72 18.0 35.1 17.1 2.33x 102
Moisture Content

The moisture content in the samples from SV-8A ranged from 11.1 to 23.2 %,
averaging 17.3%. It should be noted that the three layers with the highest moisture
contents (30 to 36 feet, 47 to 48 feet, and 60 feet bgs) correspond with depths located
between extraction well GSW-16’s screened intervals. The two layers with the lowest
moisture contents are at depths corresponding to the screened intervals GSW-16-Z2 and

GSW-16-Z4. There is no apparent correlation between moisture content and grain size.

Table 3. Results of physical analyses of soil samples from SV-14.

Depth | Soil Bulk |Moisture| Porosity |  Air-filled Hydraulic
Type | Density | Content Porosity Conductivity

(feet) |(USCS)| (g/em’) | (%) (%) ) (f/d)
6.9 SC 1.45 10.6 453 34.7 448 x 10°
20.1 CH 1.88 15.7 29.1 13.4 2.02x 10"
28.5 CL 1.64 14.0 38.1 24.1 5.16 x 10"
39.1 CL 1.71 13.2 35.5 223 1.39x 10"
508 | ML 1.66 13.3 37.4 24.1 2.52x 10"
60.1 SC 1.78 13.0 32.8 19.8 439 x 107
69.7 | CH 1.72 20.2 35.1 14.9 1.22 x 10°*
78.5 SM 1.53 18.7 42.3 23.6 3.94x 10"
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The moisture content averaged 15.3%, ranging from 7.0 to 19.7%, in SV-13. The

lowest moisture content was obtained from a sandy clay corresponding to a depth
immediately above extraction zone GSW-16-Z3. The highest moisture content was
obtained from a thin sandy silt just below the depth of GSW-16-Z3. A fine-grained layer
underlies the sample location. This may indicate that moisture is being retained in the
coarse-grained unit because water is being prevented from downward migration.

Soil samples from the installation of vadose-zone monitoring device SV-14 had an
average moisture content of 14.8%. The moisture content ranged from 10.6 to 20.2%.
The moisture distribution was much more uniform between 20 and 60 feet bgs at
SV-14 than at either of the other two vadose-zone monitoring devices, ranging from 13.0
to 15.7%. The uniformity of the moisture content distribution may indicate that air flow in

the vicinity of SV-14 is more uniform through this interval.

Porosity

The range of total porosity in the samples from SV-8A is 29.4 to 41.9%. The
average is 37.0%. Samples from the boring for vadose-zone monitoring device SV-13 had
an average total porosity of 35.4%, ranging from 33.2 to 37.4%. The total porosity of
samples from SV-14 ranged from 29.1 to 45.3% with an average of 36.9%. SVE works
by drawing soil vapor through the soil pores. The portion of the pores that the vapors
move through is air-filled. Vadose-zone monitoring devices SV-84A, SV-13, and SV-14
have average air-filled porosities of 19.7% (ranging from 13.2 to 30.8%), 20.1% (ranging

from 17.1 to 28.5%), and 22.1% (ranging from 13.4 to 34.7%), respectively.
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The air-filled porosity will vary over time because of changes in moisture content
related to infiltration from rainfall events, subsequent dry periods, and moisture migration.
At the GSA, changes in the moisture content are primarily caused by SVE. The asphalt
cover over the GSA most likely minimizes the effects of rainfall infiltration and
evaporation. The action of SVE may dry the sediment, thus increasing the air-filled
porosity. Johnson et al. (1990) stated that changes in air-filled porosity may not be
significant when soil moisture is less than 20%. No relation was observed between

porosity or air-filled porosity and soil type or screen depth in GSW-16.

Saturated Hydraulic Conductivity

The horizontal saturated hydraulic conductivity values ranged from 4.62 x 10° ft/d
t0 9.53 x 10" ft/d. No laterally continuous layers of high or low hydraulic conductivity
could be correlated between the borings. The apparent uniformity observed in the samples

from SV-13 probably was the result of the small number of samples analyzed.

Hydrocarbon Distribution

The post-SVE hydrocarbon distribution in soil is presented in Figure 25. A cross
section through the three vadose-zone monitoring devices was constructed to illustrate the
Spring 1991 hydrocarbon distribution. The location of this cross-section is presented in
Figure 3. Both BTEX (Fig. 25-A) and TPH-g (Fig. 25-B) are contoured to show the

differing effects of SVE on BTEX and the less volatile compounds found in gasoline.
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The remaining BTEX (Fig. 25A) is primarily at depth, near the water table. BTEX

concentrations exceeding 10 milligrams per kilogram (mg/kg) remain between 34 feet and
46 feet bgs in the vicinity of SV-13. Between the depths of 46 and 73 feet bgs BTEX
concentrations were less than 1 mg/kg.

TPH-g (Fig. 25B) remains more widely distributed in the vadose zone below a
depth of 18 feet bgs. The TPH-g distribution shows similarities to the BTEX distribution.
Between 34 and 46 feet bgs in the vicinity of SV-13, the same interval with BTEX
concentrations exceeding 10 mg/kg, TPH-g concentrations exceeded 1,000 mg/kg.
TPH-g concentrations exceeding 1,000 mg/kg remain below a depth of 75 feet bgs.

The highest residual BTEX and TPH-g concentrations are associated with fine-
grained sediment layers. This is a result of the sorption of fine-grained sediment and

indicates that these sediments are bypassed by air flow.

Individual Zone Soil Vapor Extraction Tests

The vertical and horizontal vacuum responses for the individual-zone tests are
presented in Figure 26. The pressure readings presented represent steady state values.
Steady state was reached within one hour during each SVE test. The results are

summarized in Table 4.
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Table 4. Soil vapor extraction test data from individual-zone SVE tests.

Extraction| Depth |Vacuum| Flow |BTEX| BTEX | Gasoline | Extraction Rate
Zone Removed| Removed | of Gasoline
(feet) [(in H,0)| (scfm) [(ppmv)| (gallons) | (gallons) (gpd)
2 38-43 194 21.2 58 0.2 0.8 0.8
3 50-55 | 156 26.1 | 156 0.6 2.2 2.2
4 61-66 118 26.8 73 0.2 0.8 0.9
5 78-83 285 16.8 378 0.9 3.3 3.4
Zone 2

The first individual-zone SVE test extracted soil vapor from zone 2 in extraction
well GSW-16. This zone is located between the depths of 38 and 43 feet bgs (Fig. 26-A).
A slight vacuum response was observed in monitor well GSW-4, located approximately
100 feet to the northwest. The slight response at the water table (approximately 100 feet
bgs) in well GSW-4 is an indication of vertical air flow.

The lateral response was roughly circular in shape (Fig. 26-B). A response of 5
inches of water extended approximately 12 feet to the north of extraction well GSW-16

and 8 feet to the south.

Zone 3
The vertical vacuum response profile is shown in Figure 26-C. The vertical
response is roughly circular in shape. Figure 26-D presents the horizontal vacuum

response, which was elongated to the northwest.
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Zone 4

The third SVE test utilized GSW-16-Z4, located from 61 to 66 feet bgs. The
vertical vacuum response (Fig. 26-E) was more vertically elongated than that observed in
the other zones. The plan view of the response observed during the zone 4 test was
skewed by the low response observed in GSW-15-Z4 (60 to 64 feet bgs; Fig. 26-F). This
monitoring point had a response of only 0.21 inches of water, even though it is screened at
the same depth as GSW-16-Z4 and is only 5 feet to the north. The lack of response in this

zone is interpreted to be caused by the placement of GSW-15-Z4 in a clay layer.

Zone 5

The ﬁ;'lal individual-zone test was conducted on GSW-16-Z5, located at a depth of
78 to 83 feet bgs. Figures 26-G and 26-H present the vertical and horizontal vacuum
response profiles, respectively. The shape of the vacuum response in plan view was
approximately circular. The vertical response was more restricted than that observed in
the previous individual-zone tests. The 1 inch of water contour is located at a depth of
approximately 75 feet bgs in each vadose-zone monitoring device. The restricted vertical
response results from the fact that the GSW-16-Z5 screen is located in coarse-grained
sediment overlain by a zone of fine-grained sediment. The proximity to the water table

may also be limiting the response by increasing the moisture content.
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Dual-Zone Soil Vapor Extraction Test

The dual-zone SVE test utilized two zones, GSW-16-Z4 and GSW-16-Z5, for
extraction to test the effects of vapor withdrawl from multiple zones. These two zones
were selected due to their differing individual responses to SVE and to the high remaining
hydrocarbon concentrations at depth. The total test time was 22 days. The original test
methodology called for applying the maximum vacuum possible in order for the operating
limits to be imposed by the hydraulic properties of the sediment rather than by the pump.
It was not possible to maintain the maximum vacuum and resulting high flow rate because
of constraints placed by the thermal oxidizer treatment system. The vapor flow to the
thermal oxidizer had to be reduced in order to maintain the flame.

The change in the applied vacuum over the test period resulted in variations in the
subsurface equilibrium. Analysis of the wellhead vacuum data indicated that steady state
was reached during 12 separate time periods. Each of these periods had differing applied
vacuums and flow rates. As a result, the subsurface response also varied over the 12 time
periods. Figures 27 through 29 present vertical cross sections through SV-8A, SV-13,
and SV-14 illustrating the vertical vacuum response at depths of 55 to 80 feet bgs for
each of the time periods. For the plan view, presented below its corresponding cross
section, the highest vacuum response from each vadose-zone monitoring device was used
for contouring. Table S presents a summary of the dual-zone SVE test data.

The response patterns observed were similar to the pattern observed during the
individual-zone SVE test for GSW-16-Z4, but a larger response at depth indicated

influence from GSW-16-Z5.
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Table S. Soil vapor extraction test data from the dual-zone SVE test.

Air BTEX | Gasoline |Extraction Rate

Time Time |Vacuum| Flow {BTEX|Removed {Removed| of Gasoline
Period| (days) |(in H;0)|(scfm)|(ppmv)| (gallons) | (gallons) (gpd)

1 0-0.27 161 | 47.8 | 127 0.10 0.35 1.31

2 0.27-1.09 | 118 | 42.1 | 176 0.36 1.30 1.59

3 1.09-1.78 104 | 364 | 193 0.31 1.13 1.63

4 1.78-3.94 | 64.6 | 249 | 373 0.97 3.52 1.63

5 3.94-986 | 803 | 264 | 301 252 9.18 1.55

6 9.86-10.74 | 105 31.3 | 341 0.52 1.89 2.15

7 {10.74-11.84 85.0 | 30.4 | 242 0.45 1.63 1.48

8 |11.84-17.83| 59.1 | 22.2 | 340 2.88 10.49 1.75

9 |17.83-1824| 113 | 353 | 415 0.34 1.24 3.02

10 |18.24-20.29| 70.1 | 254 | 502 1.52 5.53 2.70

11 |20.29-20.97| 44.1 | 263 | 510 0.46 1.67 2.46

12 |120.97-22.01| 78.7 | 219 | 471 0.62 2.25 2.16

73

The BTEX concentrations were roughly inversely proportional to the vapor flow

rate (Fig. 30). This inverse relationship is what would be expected if the removal rate is

limited by volatilization or diffusion. The flow rate was directly proportional to the applied

vacuum (Fig. 31). Based on these data, the optimal flow rate (the flow rate that results in

the highest mass removal rate) for extraction from GSW-16-Z4 and GSW-16-Z5 is

approximately 35 scfm, corresponding to an applied vacuum of approximately 110 inches

of water. This flow rate is feasible with the liquid ring pump used by the SVE system.

However, 35 scfm is near the upper limit for operation of the thermal oxidizer.
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Soil Vapor Extraction Test Calculations

Calculations of radius of influence and gas permeability were performed on data
obtained from the individual and dual-zone SVE tests. The radius of influence was
calculated by plotting the vacuum response versus the radial distance from the extraction
well. Johnson et al. (1990) presented the equation used for calculation of the gas

permeabilities (see Methodology).

Radius of Influence

The radius of influence was calculated for each of the individual-zone SVE tests
and for three time periods during the dual-zone SVE test. The radius of influence was
determined using a semi-log plot of drawdown (vacuum response) versus distance. The
radius of influence is determined as the x-intercept of the best fit regression line and
represents the maximum distance of pressure response. The plots for the individual-zone
SVE tests are presented in Figures 32 through 35. The calculated values for radius of
influence for the zone 2, 3, 4, and 5 tests were 23, 27, 123, and 22 feet, respectively. It
would be expected that the radius of influence would increase with depth due to the
presence of coarse-grained sediment at depth. This pattern is seen in the upper three
zones, but the radius of influence is smaller in the lowermost zone.

The decrease may be attributed to the presence of moisture in the soil pores and
blockages in the GSW-16-Z5 screen. This was reflected in the high applied vacuum and

the low flow rates achieved during this test.
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Figures 36 through 38 are plots for time periods 1, 9 and 12 of the dual-zone SVE

test, respectively. During these time periods, the radius of influence ranged from 42 feet
(time period 12, 20.97 to 22.01 days) to 211 feet (time period 9, 17.83 to 18.24 days),
with time period 1 (0 to 0.27 days) having an intermediate value of 92 feet. Time period
9, when zone S appeared to be more effectively influencing air flow, had the largest radius
of influence. This indicates that the combination of two effective extraction zones may

increase the region influenced by extraction.

Gas Permeability

The gas permeabilities calculated from the SVE test data are summarized in Table
6. It was expected that the permeability would increase with depth because of the
increased amounts of coarser sediment. This increase was observed in zones 2 through 4,
but the permeability decreased in zone 5. The lower permeability observed in zone 5 was
probably caused by increasing moisture content as the water table was approached. The

material blocking the screen and a portion of the sandpack also may be acting to mask the

Table 6. Gas permeability as determined during SVE tests.

Zone Depth Gas Permeability Results
(feet) (£ [cm?))

2 38t0 43 1.30 x 107! [1.20 x 10°¥]

3 501t0 55 2.29x 10" [2.13 x 107]

4 61 to 66 448 x 10" [4.17 x 10

5 78 to 83 6.26 x 102 [5.82 x 107]

4 -5, Time Period 1 | 61 to 66 and 78 to 83 2.45x 10" [2.27 x 107]
4-5, Time Period 9 | 61 to 66 and 78 to 83 3.37x 10" [3.13 x 10F]
4 -5, Time Period 12 | 61 to 66 and 78 to 83 5.49x 10" [5.10 x 107
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actual permeability of the native sediment. The results of the dual-zone SVE test indicate

that the air flow is primarily controlled by the more permeable region in Zone 4.

Hydrocarbon Removal by Soil Vapor Extraction

Pre-Soil Vapor Extraction Tests. As discussed previously, the SVE system operated for a

total of 179 days over a 2.3-year period (August 1988 to February 1991). Figure 12
shows an estimated 530 gallons of BTEX removed during this time, corresponding to
2,200 gallons of gasoline. This provides an average volumetric extraction rate for BTEX
of 3.2 gallons per day (gpd). Figure 12 indicates that 50% of the total BTEX removed to

date was removed in the first 38 days of operation.

Individual-Zone Soil Vapor Extraction Tests. In June 1991, a total of 2 gallons of BTEX

was removed (Table 4), corresponding to 7 gallons of gasoline. Table 4 shows higher
BTEX concentrations in the vapor extracted from zones 2 and 4. Thus the higher
hydrocarbon extraction rates in these zones indicate that vapor is passing through more
highly contaminated sediment than is encountered by extraction from zones 3 and 5.

By observing the hydrocarbon distribution prior to initiation of SVE (Figs. 6
through 9) and after 179 days of SVE operation (Fig. 25) a possible explanation can be
seen. Prior to initiation of SVE, greater soil contamination was found in the zone 3 depth
interval than in either zone 2 or 4. The distribution after SVE operation and prior to the
individual-zone SVE tests shows that the highest concentrations of TPH-g in the upper

vadose zone remain in the area of SV-13 at a depth corresponding to zone 2. The areas
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corresponding to zones 3 and 4 have reduced concentrations of TPH-g. Extraction from
zone 2 does not appear to be pulling contaminated vapor from the area near SV-13,
although good air flow is apparent in the area. This may be caused by vapor flowing
preferentially through a single sediment layer that has been remediated, by “short-
circuiting" of the vapor flow by inflow of atmospheric air, or by bypassing caused by the
low permeability of the fine-grained sediment in this area. If atmospheric air is being
pulled into Zone 2 at a point closer than SV-13, the effective air flow through the

impacted sediment will be reduced.

Dual-Zone Soil Vapor Extraction Test. In July and August 1991, a total of 11 gallons of

BTEX was removed (Table 5) from the subsurface during the 22 day dual-zone SVE test.
This corresponds to a total of 39 gallons of gasoline removed (Fig. 39). The gasoline
extraction rate ranged from 1.27 to 1.94 gpd, averaging 1.63 gpd, over the first 17.83
days of this test. The gasoline extraction rate ranged from 2.16 to 3.08 gpd, averaging
2.67 gpd, over the final 4.18 days of this test. The mass extraction rate would be expected
to decrease over time, but because the extraction zones are located near the free product
surface, located approximately 17 feet below Zone 5, the extraction rate has remained
elevated. The increase in extraction rate with time may also reflect the extraction of more

distant vapor from above the floating product.
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Vapor Contaminant Distribution

Pre-Soil Vapor Extraction Tests

Background vapor sampling was conducted on vadose-zone monitoring devices
SV-13 and SV-14 on May 1, 1991, approximately 4 months after the SVE system
had been shut down. The soil gas was analyzed for BTEX on the Photovac portable gas
chromatograph. Figure 40-A shows BTEX distributed in the vapor phase within the soil
column between SV-13 and SV-14. The BTEX distribution during this sampling event
reveaied the effects of residual soil contamination and the effects of diffusion of vapor
contaminants.

The vapor contaminant distribution was not representative of the residual soil
contamination distribution. Vapor samples from regions of high residual soil
contamination typically had BTEX concentrations exceeding 100 ppmv. However, vapor
samples from regions of low to non-detectable residual soil contamination contained up to
22 ppmv of BTEX. The transport of BTEX vapors from areas of high concentrations to

areas of low concentrations most likely resulted from diffusion.

Post-Individual Zone Soil Vapor Extraction Tests

Vapor sampling was conducted on July 11, 15, and 16, 1991, during the week
following the completion of the individual-zone SVE tests on July 8, 1991. The vertical
profiles are presented in Figures 40-B through 40-D, respectively.

The BTEX profile on July 11, 1991, showed that BTEX concentrations increased

near a depth of 35 feet bgs and as the water table was approached (Fig. 40-B). This vapor
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contaminant distribution resembled that of the residual soil contaminants. The zone
between 50 and 65 feet bgs, which had low levels of soil and vapor contaminants, appears
to have been preferentially remediated by vapor flow.

The vapor contaminant distribution observed on July 15 (Fig. 40-C) and 16 (Fig.
40-D), 1991, reveals the effects of diffusion. The BTEX vapors were migrating from
areas of high concentrations to areas of low concentrations. This series of observations
indicates that during and immediately following extraction the vapor profile is a good
indicator of the profile of residual soil contamination. Within one week after shutting
down the extraction system, the vapor profile had become less indicative of the profile of

residual soil contamination.

Dual-Zone Soil Vapor Extraction Test

The BTEX distribution in the vapor phase was determined on August 7, 1991, the
19th day of the dual-zone SVE test (Fig. 41-A). The concentrations of BTEX were
reduced in all monitoring points since the previous analyses on July 16, 1991
(Fig. 40-D), indicating that the SVE system is removing the contaminated vapors and

drawing clean air from surrounding uncontaminated areas or the surface.

Post-Dual Zone Soil Vapor Extraction Test
The vapor BTEX distribution was evaluated weekly from August 14 to September
25, 1991 (Figs. 41 and 42) to monitor the changes in vapor contaminant distribution in the

subsurface following a prolonged period of SVE. The vertical profile of BTEX in soil
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vapor during the two weeks following this test was similar to the residual soil

contamination profile (Fig. 25). The time required for the effects of diffusion to be
observed following the dual-zone SVE test was longer than that observed following the
individual-zone SVE tests. This indicates either that the longer extraction is performed,
the longer it will take the residual soil contamination to volatilize and migrate to areas of
lower concentrations or that the concentrations in the source area have decreased.
Concentrations were showing a decreasing trend in many monitoring points during the last
three -weeks of monitoring. Potential causes of the decrease in BTEX concentrations are
biodegradation of the vapors (Ostendorf and Kambell, 1991) and lateral diffusion of the

Vapors.



DISCUSSION

This discussion provides a summary and interpretation the results of the vadose-

zone characterization and SVE tests described above.

Vadose-Zone Characterization

Vadose-zone characterization is critical in determining the applicability of SVE.
The characterization performed during this investigation was designed to evaluate
heterogeneity in the sediment distribution and to evaluate sediment physical parameters

that affect air flow.

Lithology

Because vadose-zone sediments in the vicinity of LLNL were deposited in an
alluvial setting, it was expected that the sediment would be heterogeneous. Zones of
coarse sediment, thicker than S feet, are present over much of the site between depths of
10 and 15 and over 70 feet bgs. Based on the lithology observed during the installation of
the vadose-zone monitoring devices, the most commonly encountered sediment types
were those composed of a mixture of fine- and coarse particles (Fig. 24; comparable to the
moderate permeability deposits of Dresen et al., 1986 [Figs. 6 through 9]). The interval
between 20 and 70 feet bgs in the area surrounding the vadose-zone monitoring devices is

primarily composed of this mixed sediment type.
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The distribution of fine sediment is important because gasoline compounds sorb
more strongly onto fine sediments and because air flow through these sediments is
inhibited. Thus, these zones are more difficult to remediate. In the mixed sediments
between 20 and 60 feet bgs, there probably are numerous thin lenses of fine sediment. It
was expected that these intervals may reduce the effectiveness of SVE in the GSA.

Conversely, coarse sediments are more effectively remediated by SVE because
there tends to be more pore space available for air flow and there is less surface area
availéble for sorption of the gasoline compounds. In addition to the coarse sediments
below 60 feet bgs, there probably are numerous thin lenses of coarse sediments within the

interval between 20 and 60 feet bgs.

Moisture Content

Moisture content is important in controlling air flow because air-filled porosity (the
pore space available for air flow) decreases with increasing moisture content. The
distribution of moisture content was relatively uniform in the vicinity of the vadose-zone
monitoring devices. However, small changes over certain zones indicate that preferential
air flow may be acting to dry sections of the sediment. The three zones exhibiting the
highest moisture contents, 30 to 36 feet, 47 to 48 feet, and 60 feet bgs, are located at
depths which correspond to depths between GSW-16-Z1 and GSW-16-Z2, GSW-16-Z2
and GSW-16-Z3, and GSW-16-Z3 and GSW-16-Z4, respectively. This indicates that
vertical air flow, although it may be occurring, is not strong enough to dry out these

Zones.
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The lower moisture contents were present at depths corresponding to the depth of
the screened zones in extraction well GSW-16, indicating that these areas are being more
strongly influenced by SVE. Additionally, the moisture content in SV-14 was relatively
uniform, indicating that the volumetric air flow rate at this distance was not sufficient to
dry the sediment.

It is important that the sediment is not being completely dried. Sediment that has
been dried to the point where no more water can be removed tends to hold VOCs much
more_persistently. The number of available adsorption sites for VOCs increases with the
removal of pore water (EPA, 1991). Thus, optimization of moisture content to the
moisture content at which air flow is maximized and available adsorption sites are
minimized increases the effectiveness of SVE.

There are insufficient data available to determine the change in moisture content
caused by SVE. However, any changes in the moisture content probably were caused by
SVE because of the asphalt cover over the site. There was no attempt to regulate the

moisture content during this study.

Porosity

Calculations of porosity indicated a relatively uniform distribution throughout the
vadose zone (Tables 1, 2, and 3). It was postulated that this uniformity was caused by
compression from the sampling method. However, the spherical response observed during
the SVE tests indicates that the vadose zone is responding as a homogeneous unit. Thus,

the uniform porosity is thought to represent the actual vadose zone conditions.
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The air-filled porosity averaged from 19.7 % in SV-8A to 22.1 % in SV-14 (Table
3). The asphalt cover over the GSA area probably minimizes infiltration of precipitation
to the subsurface. The initial 179 days of operation of the SVE system may have acted to
dry out the vadose zone, thus maximizing the air-filled porosity. Johnson et al. (1990)
stated that drying of the sediment by SVE may not be significant in increasing the air-filled
porosity when the moisture content is less than 20 percent. Thus, the air-filled porosity
has been maximized by the initial 179 days of SVE.
Hydrocarbon Distribution

Cross sections drawn before (Figs. 6 through 9) and after (Fig. 25) the initial 179
days of SVE reveal significant remediation of BTEX compounds. Above a depth of 80
feet bgs, the remaining BTEX and TPH-g are associated with fine sediment. The shallow
intervals with residual soil contamination, approximately 26 to 28 feet bgs, 33 to 37 feet
bgs, and 40 to 45 feet bgs, contain intervals within the mixed sediment that have a larger
percentage of fine sediment. The flow characteristics and greater sorption capacity of fine
sediment in these intervals are controlling the effectiveness of SVE.

The residual hydrocarbon contamination at depth was caused by several factors.
The observed sediment blockages in GSW-16’s lower screens restricted air-flow through
the deeper sediment, thus the efficiency of SVE was reduced. The similarity in subsurface
response between the GSW-16-Z4 and dual-zone SVE tests indicates that preferential air-
flow through shallower sediment caused bypassing of the deeper sediments. A third factor

was the reduced presence of bacteria between the depths of 80 feet bgs and the water
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table (Paula Krauter, LLNL, personal communication, 1991). Reduced BTEX levels in
the shallower horizons were facilitated by stimulation of biologic activity by SVE, as well
as by volatilization.

The presence of free product on the water table also resulted in increased
hydrocarbon concentrations in the deeper sediment. Hydrocarbons volatilizing from the
free product and migrating upwards along a concentration gradient probably
recontaminate the deeper sediment through sorption. The proximity of the water table

may also have resulted in increased soil moisture, thus inhibiting air flow.

Individual-Zone Soil Vapor Extraction Tests

The individual extraction zone tests revealed a roughly spherical pressure response
in the vadose zone (Fig. 26). A cylindrical response was expected because of the
sedimentary layering in the vicinity. The spherical response was caused by the similarity in
gas permeabilities of the different layers.

The only zone that showed a restricted amount of vertical communication was
zone 5. A much higher vacuum was required to induce vapor flow from zone 5. There
are two possible explanations for the restricted vertical influence in zone 5. The first of
these is the blockage observed in the screen. This blockage decreased the vapor flow,
because of the reduced surface area for air flow, and resulted in a greater vacuum loss
across the screen. Another cause of the reduced pressure response was the increased

moisture content of the sediment close to the water table. Air-filled porosity decreases
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with increasing moisture content, resulting in increased vacuum losses and reduced air
flow.

During the zone 4 SVE test, zone 4 in GSW-15, located 6 feet to the north of
GSW-16, showed only a very minor vacuum response (Fig. 26). The low response
indicates that flow is bypassing this area and flowing through more permeable sediment
surrounding this zone. This will result in a pocket of sediment in which the remediation of

hydrocarbons will be limited to the rate of diffusion.

Dual-Zone Soil Vapor Extraction Tests

The dual-zone SVE test demonstrated the complexity of the interaction of two
screened intervals used for SVE. The vacuum response closely resembled the GSW-16-
Z4 individual extraction zone test (Figs. 27 through 29). This vacuum response
distribution indicates that a large amount of lateral flow, as well as vertical flow both
upwards from depth and downwards from the surface, is occurring. This pattern was
observed during the dual-zone SVE test with lateral flow more pronounced through zone
5, so that air flow was less spherical with extraction over a greater vertical distance.

The pressure response observed during the dual-zone SVE test results from a
combination of the factors that caused the individual responses in the zone 4 and 5 tests.
The dual-zone response, however, appears to be dominated by flow from zone 4, as can
be seen by the calculated gas permeabilities, which are closer to the zone 4 permeability

than the zone 5 permeability. The implication of preferential air flow through the
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shallower sediment is that remediation of the deeper sediment will require focusing on

extraction from zone $S.

Gas Permeabili

The gas permeability increased with depth over the interval between zones 2 and 4
(Table 6). This increase was expected because the sediment becomes coarser with depth.
The calculated permeability of the sediment around zone 5 was lower than the
perméability of the overlying sediment. The cause of the decreased permeability is a
combination of increased moisture content as the water table is approached and the
blockage of the screen. The material blocking the screen is acting to mask the
permeability of the native sediment, thus the actual gas permeability of the native sediment
may be higher than the calculated value. The similarity in calculated permeability between
the zone 4 SVE test and the dual-zone SVE test reveals that air flow is controlled by the

more permeable sediment in zone 4.

Radius of Influence

The radius of influence was similar in zones 2, 3, and 5, at 23, 27, and 22 feet,
respectively. Zone 4, the zone of highest calculated gas permeability, had the largest
calculated radius of influence at 123 feet. Zone 5 was expected to have a larger radius of
influence due to the presence of coarser sediment in this interval. It is thought that the

lower calculated radius of influence is due to a combination of the restricted air flow
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caused by the blockage of the zone § screen and the increasing moisture content as the
water table is approached.

The largest radius of influence calculated for the dual-zone SVE test was 211 feet.
This occurred when Zone § appeared to have its greatest effect during time period 9 (Fig.
29), indicating that two effective extraction zones will increase the radius of influence.
The radii of influence observed during the other two time periods of the dual-zone SVE
test analyzed resembled the zone 4 radius of influence, indicating the dominance of the

zone with the higher gas permeability.

Hydrocarbon Removal by Soil Vapor Extraction

It is estimated that 2,200 gallons of gasoline were removed during the first 179
days of operation, an average of 12.3 gallons per day. Approximately SO percent of the
mass removal occurred during the first 38 days of operation. This indicates that the air
was flowing through more highly contaminated sediment during the first 38 days. This
sediment became less contaminated with time and, thus, the mass extraction rate
decreased.

The individual-zone SVE tests revealed that the highest mass removal rates were
from Zones 3 and 5. Zones 2 and 4 had lower mass extraction rates. Because soil sample
chemical analytical results indicate that hydrocarbon contaminated soil in the shallow
vadose zone corresponds in depth with Zone 2, it appears that extraction from GSW-16-
Z3 is causing vertical air flow through this sediment while extraction from GSW-16-Z2 is

bypassing this zone. Bypassing may be caused by preferential air flow through coarser
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sediment or by short circuiting by vertical air flow from the surface. Extraction from
GSW-16-Z3 may also be pulling vapor from a section of soil containing higher petroleum
hydrocarbon concentrations that is not in line with the cross-section.

During the dual-zone SVE test, the mass removal rate increased over time. This
indicates that air flow through sediment retaining higher amounts of hydrocarbons
increased over this period of time. This probably was caused by an increase in the amount
of sediment available to air flow as the moisture content decreased, particularly in zone 5.

An additional source of hydrocarbons at depth is the free product present on the water
table. Ifair is flowing directly above the free product, causing it to vaporize, the overlying

soil may not be remediated until the free product is removed.

Vapor Contaminant Distribution

The BTEX distribution prior to the SVE tests was measured following a period of
approximately 5 months during which there was no extraction at the GSA area. The areas
of high residual soil contamination, between 35 and 50 feet bgs in SV-13 and below 70
feet bgs in SV-13 and SV-14, also had high levels of vapor contaminants present. The
effects of diffusion were observed in the 50 to 70 foot interval in SV-13 and above 70 feet
bgs in SV-14. These areas had low to non-detectable levels of residual soil contamination,
but the vapor concentrations in these areas were as high as 22 ppmv. Vapor transport by
diffusion was indicated by a vapor profile that differed from the distribution of residual soil

contamination.
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The vapor contaminant distribution following the individual-zone SVE tests
closely resembled the distribution of residual soil contamination. Areas that had low levels
of residual soil contamination had low levels of vapor concentrations. Closer to the water
table, the levels of vapor contaminants were higher. This probably was caused by higher
residual soil contamination and volatilization from floating product.

The effects of diffusion were again observed following the individual extraction
zone tests. Vapor contaminants were moving from areas of high concentrations to areas
with low concentrations. The rapidity of the contaminant movement between the depths
of 50 and 65 feet bgs indicates that this region is more open to vapor diffusion than the
surrounding sediment because of the higher gas permeability and greater air-filled
porosity. The greater concentration gradient in this interval also stimulates faster
migration of vapor contaminants. A more homogeneous medium would provide a more
even spreading of vapor contaminants.

The spatial extent of vapor contaminants was reduced during the dual-zone SVE
test. This indicates that the vapor extraction was effectively removing the contaminants.
The vapor concentration recovery observed following the dual-zone SVE test revealed the
effects of the floating product and diffusion.

The changes in vapor contaminant distribution are in accordance with Raoult’s
Law and Fick’s Law. Raoult’s Law states that the vapor pressure of a contaminant is
directly proportional to the mole fraction of the contaminant and the vapor pressure of the
pure contaminant. When the contaminant is a complex mixture such as gasoline, a

modified form of Raoult’s Law is used. Raoult’s Law is applicable to the region that
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overlies non-aqueous phase liquids. As hydrocarbon vapor is removed by SVE, the
residual soil hydrocarbon will volatilize to establish a new equilibrium (described by
Raoult’s Law) between the vapor and free product.

Fick’s law states that a compound will move from an area of high concentration to
an area of lower concentration. This behavior is shown by the vapor contaminant
migration after SVE has been shut down for a period of time.

Henry’s Law is applicable in sediment overlying aqueous phase liquids. Henry’s
Law states that the vapor pressure of a compound is directly proportional to its aqueous
concentration. The proportionality constant can be expressed as a water-air partition
coefficient. Henry’s Law was minimally applicable to this study because the monitoring
was focused on the region overlying, or in close proximity to, non-aqueous phase liquids.

During the month following the dual-zone SVE test, BTEX concentrations
increased below a depth of 75 feet bgs, especially near the center of the free product
plume near GSW-16 (Figs. 41 and 42). The region between 40 and 60 feet bgs also
showed an increase in BTEX concentrations by an order of magnitude. This revealed the

movement of vapor contaminants by diffusion into a zone of low concentration.



CONCLUSIONS

The main conclusions from the investigation are summarized below.

1. SVE was effective in remediating soil contaminated with gasoline at shallow depths
that were not being influenced by the presence of free product. Approximately 37% of
the estimated 6,000 gallons of gasoline in the subsurface was removed in the first 179
days of vapor extraction. Much of the remaining soil contamination is at depth near
the free product. The sediment overlying the free product cannot be completely
remediated until the free product is removed.

2. The vacuum response was approximately spherical in shape. Commonly used models
for designing SVE systems assume horizontal flow. The results of this study indicate
that a spherical flow model would be more appropriate in cases similar to this study.

3. The use of multiple screens for extraction did not significantly increase the radius of
influence. This is because the air flowed preferentially through the more permeable
extraction zone.

4. The free product on the water table was a significant source of hydrocarbon vapor for
extraction from GSW-16-Z5. The increased mass removal rate during the dual-zone
SVE test indicates that this source becomes more important as the air-filled porosity in
the vicinity increases. This study suggests that the free product removal is enhanced
by SVE. Free product skimming, in conjunction with SVE, would minimize the time

required for remediation.
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5. The spatial distribution of BTEX in vapor was representative of the residual soil
contamination during and immediately after extraction. During periods of no
extraction, the distribution no longer accurately reflected the distribution in soil as

diffusion of contaminants occurred.
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APPENDIX:

VADOSE-ZONE MONITORING DEVICE
BOREHOLE LOGS
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