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e b il : Conflming the in-situ of arganic chemicals in soil is
ol rhocolinas’ e usually accomplished by collecting samples from selected poings at the
clemical fale and termination of a designated operation period. There are two common
framspart studies anid e problems associated with this procedure; onc is temporal and the othes is
Seomlioring of be. i spattal in nature. First, the timing of this confirmation or validation siep i
remediaton systems

usvally based either on cleanup predictions that were made during the
design stage or on data collected from the periodic monkering of vapor or
roundwater wells. In the case of soll vapor extraction (SVE) or bioventing
operations, the concentration of volatile onganic compounds (VOCs)
measured In the blower exhaust of extraction wells are used to assess the
performance of in-situ remediation. Second, the Jocation and depth of
confirmation samples ar¢ sclected elther randomly of with a bias toward
the mosi contaminated zones (according to the resules of preremediation
studies).

It is commonly observed that, despite calculations or monitoring data
10 the contrary, not all soils within the treatment zone are remediated to
target cleanup Jevels. This phenomenon is due, @t least in par, to the
inadequacy of conventional monitoring data for evaluating the progress
in-situ regwediation. The focus of this article is on the use of fixed/blogenic
gas analyses and air bil nents in undersanding small-
scale processes that cccur during large-scale remediation projects such as
SVE and bioreclamation. A discussion of the physical and chemical
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processes underlying the use of these discrete soll vapor measurements (o
monitor in-sita remnediation ks followred by a case study lhustrating their use
i 5ol bioventing

BACKGROUND

The analysis of fixed and biogenic gases (¢ .. cashon dioxide, oxygen,
methane, nitrogen, and hydrogen sulfide) was onginally introduced 10
circumvent a major limitation inherent in conventional soil gas surveying
techniques—their inability 1o detect nonvolatile petroleum produses and
highly degradzble fucls. Even though these hydrocarbon contaminants are
not detectable in soil vapor (due o cither their low volnsity or their
degradation in shallow acrobic soils), production of carbon dioode gas
from their oxidative degradation in soils consistently results in CO,
copcentrations that are substantially greater than those in adpcent
uncontaminated areas (Kerfoot etal., 1988; Suchome! et al., 1990, Robbins
et al., 1990). Hence, contaminated regions can often be delincated by the
presence of elevated CO, levels. Similadly, petroleum contamination in
more reducing environments such as groundwater aquiters (e g, created
by the presence of nonaqueous phase liquids on the water able) usually
results in & methanogenic biodegradation pathway that produces locally
high concentrations of methane in soil gas (Marrin, 1991)

Although the interprezation of fixed and biogenic gas ratios is related
primarity (o biochemical and oxidation-reduction (redox) contitions, the
.nu.-rpm:um of contaminant rezoval by vapor extracrion K2 funcion of

dof VOC pecs g dynasmics Thep

o VOCs bittaesn the aqueous, mineal, or orgagic phates (e.g.. compris-
ing groundwater aquifers or soil) and the gs phase has taditonally
deseribed by 3 combination of physical laws that assume that equilibmum
conditions exigt. Freld ol VOC conc
various soil phases suggest that, in fact, chemical equilibria and cxx‘»md
that contaminant desorption is kinetically commuul or time dependent
(Brussczu et al, 1991). The physical propenty of penmeability & ofien
assumed to be relatively h which is not by the
high spatial variabilzty in $0il characteristics that affect this propesy (=2,
POTOSily, waler content, particle size). These factors profoundly affectbodh
the feasibility and time requirements of remediating sites by enbanced
biorectamation or SVE.

CONVENTIONAL MONITORING TECHNIQUES

“The design of bioremediation. SVE, 2nd b s systems i wsually
based on large-seale or aversge site parimeters such as air p
moisture content, onganic carbon content, fedox potential, and h)drdul;
conductivity, These parameters ane obiained by the charictesization of soil,
groundwater, or soll vapor samples collected from 2 selected number of
Jocations. Similaly, the monitoring of these in-situ remediation techniques
Is based on lurge-scale or averzge changes in physical ar chemical
properties within the remediation site, providing limited dats on small-
Scale system performance. Such small-scale anomalies In the remediation
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process are important because the ublimate verification of site cleagup is
performed by collecting and analyzing small volumes.of soil or water from
diserete locations.

Soil and Groundwater Bloreclamation

Biorechimation of conlaminated soil or proundwater involves increas-
ing the numbers of hydrocs d mic in soil by
adding minera]l nutrients and an appropriate clectron acceptor (8.,
axygen oz nitrate), which are required for growth (Fogel et al , 1989). The
MiCTOOTgANISMS convert the organic carbon 10 new biomass and degrada-
tion by-products, consisting of highly water-soluble compounds (e.g.,
alcohols, phenals, and organic acids) as well as biogenic gases such as
methane and carbon dioxide (Wolin and Miller, 1987). Akthough there are
a variety of computer models available 16 project bicdegradation rates and
pathways on the basis of initial site parameters { Widdowson and Aclion,

Any techniqua thal 1991; Rifai et al., 1968), there are fewes options for actually monkoring the
could increase the progress of in-situ bioremediation. Typical monitoring technigues include
resclution of defecting  Measuring the gaseous or agqueous concentrations of (1) hydrocarbon or
such differences in substrate conc ions, (2) i ion products, and (3)
soil and microblal residual nuirients and electron acceptons (e.g., nitrate, oxygen, sulfate,
properties would phosphate) in groundsater, soll pore waer, or soif gas

necessarily enhance The problem with 4l of these monitoring options is they provide only

the evaluation of

4n indication of conditions near the extraction well or, at best, 2n average
insitu remediation,

of soil or groundwater conditions within the capture zone of the well.
Rarcelona and Holm (1991) have identified the redox capacity of aquifer
solids as being one of the most impostant factors affecting the enhanced
bioremediation of groundwaler. Unfortunately, subsurface redox condi-
tions are highly nonuniform and vary spatially in response to pH, natural
organic matter, concentration of substrates and electron acceptors, and
watter flowr dynamics. Substantial tnrasite differcnces in aquifer redox
capacities and metabolic pathsvays of bigdegradation have been described
oy Barcelona and Holm (1991) and Godsy ¢t al. (1992), respectively,

Any technigue that could increase the resolution of detecting such
differences in soil and microbial properties would necessarily enhance the

i of in-situ ion. As a quence of this realtime
monitoring, modifications could be made t the enhancement technigues
and additional wells could be installed in arcas that appeared 10 be
unalfected by the onginal design. Furthermore, such  technique would
reduce the probability that the remediation period would have to be
repeatedly extended because confirmation samples contained hydrocar-
bon concentrations above the specified deanup levels.

Soil Bioventing
The que of sofl both the processes of

soll vapor extraction and in-situ sml biofemediation. The methodology

fovolves moving air thiough the soil under foreed vacuum condiions

Dt he most by

into the 30l gas and wlx«cqucm 1dvmmc flow within the

it gas, and
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cevitis difficult to
extimate the progress
of the SVE partion of
bioventing by simply
measuring
concentratians in the
blower exhaust over
time.

(2) 1o acrobically bioremediate the Jess volatile fraction by supplying air
to the hydrocarbon-contaminased soils (Hogg et al.. 1992; Dey ctal, 1991).
The degree to which volattle hydrocarbons can be removed by SVE is
dependent on their partitioning from the organic, aqueous, or mineral
fraction of the soil into the soil vapor. This process is often kinetically
controlled or rate limited due (0 cither the nonequilibrium partitioning of
contaminants between soil phases or the diffusion of VOCs through soils
possessing low air permeabilities (Glerke e al., 1992)

Due to the rate-limited removal of contaminants from soil and the

for ce air 102 vapor extraction
well, it Is difficult o Nmn(etbc pmgm‘oe'lthF portion of bioyenting
by simply VOC ‘exhaust over time.

Evenifthe system s shus down foran kandcdptmdoﬁl.me (Le, inorder
10 sllow subsurface conditions o approach a chemical equilibrium),
subsequent VOC levels In the extraction wells are only representative of
average conditions within the capture zone or of conditions along the most
permeable airflow pathway

Hinchew et al. (1991) have suggested that the biodegradation portion
of bioventing should include the monitoring of volatle hydrocarbons,
carbon dioxide, and oxygen in the exhaust gases from bath contaminated
and uncontaminated locations. Monitoring the concentration of these
analytes should provide information on microbial respiration, carbon
conversion, oxygen supply, and soll redox conditions (Marrin et al., 1991).
However, the exclusive use of bioventing extraction wells 10 monitor the
progress of bioventing leads to similar problems discussed in the previous
paragraph. Given the decumented spatial vadability of redox conditions,
meubolic pathways, and soil air permeabilitics, 2 better monitoring
procedure would include the sampling and analysis of these gases on 2
small-scale or high tution basis so that pockets of
hydrocarbon contamination could be identified prior to the confirmation
phase,

ALTERNATIVE APPROACH TO MDNITUI(L\?G

proach in-

is (o focus on wll sc-.w.- differences in h)ﬂmrbm p-rmxmmg. redox
and soil air A

could be conducted on relatively “snall volumes of sol! \!\c difficulties

wed with b ity and may be reduced and, con-

sequently, remedration echriques could be more accurately monitored.

Feasibility

The use of soil gas sampling techniques 10 estimate the phase
pantitioning of VOCs between soil or groundwater and soil gas has been
used as a method of validating fate and transport models (Marrin 1992a).
In essence, soil gas sunveys are designed 1o quaniify VOC concentrations
in soil gas that approach a chemical equilibdum with other phases of the
subsurfice. In fact, many soil gas sampling techniques are not adequate for
that purpose because: of the large volumes or high flow rates assodiared
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Table 1. Redox Potentials for Biochernical Reactions

Redox Major
Potential Blogenic
(mv) Gases
Aerobic Respiration 4350 co,
Denitrification V200 N, €O,
Tron reduction +100 <o,
Sulfate reduction -150 HES. €O,
Methanogenexis 250 CH,

with sample withdrawal. Based on site-specific cmpmcﬂl data for contami~
nant : among soil Tuyds

measured in soil vapor over the course of a remediation project may be
used to predict the range of residual concentrations in those soils.

‘The importance of redax condittons in assessing both the feasibiiy
and progress of in-situ bioremediation has been outlined previously. Duc
o the asseciation between redox potential 2nd metabolic pathways (see
Table 1), oxygen utilization and biogenic gas production can be used (o
estimate the redox conditions under which hydrocarhons are degrading
For exaruple, Marrin (1992b) has demonstraced that the ratio of carbon
dioxide to methane concentrations may be used 10 estimate redox
conditions, ranging from 4350 to 400 millivolts, in shallow groundwater,
The success In using these blogenic gas mtios is probably related to (1) the
narrow range of conditions and metabalic pathways under which methanc
Is produced, (2) the narrow range of redox conditions under which oxygen
is consumed, (3) the wide range of conditions and metabolic pathways
under which carbon dioxide ks produced, and (4) the thermodynamics of
methane oxidation via different electron acoeptors (¢.g., OXygen, nitrate,
sulfate, and iron).

The air permeability of soils I a major site-specific factor in assessing
whether soils age amenable (o vapor extraction or (o oxygen delivery inthe
form of airflow. There are a number of mathematical models appropriate
for estimating the air permeability of soils based on flow/vacuum readings
atan extraction well {or probe) and measurement of vacuum pressures at
surmounding ohservation points (¢.g., Johnson et al., 1990). Empirical data
generated from small-scale permeability tests indicate that the radius of
influence surrounding onc-inch diameter (O.D.3 extraction probes is quite
limited and is relatively conwant among, \-aﬂmu s&nl types (Marrin et al.,
1991). Hence, the logistics of perdormil ;5 can
be simplified enough so that postable equ;pmcm .uv.l minor modifications
10 the permeability calculations may be used,

Cost
The costs asscciated with performing $6ll vapor tests as a means of
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The costs associated

with small-scale
permeability teuting
are lens slandardized
because there are
relatively few
contractors ihat offer
this sercice.

documenting the progress of in-situ cemediation are similar to thase of
conventional monitoring techniques. The costs of sampling and analyzing
soil vapor sumples for VOCs and fixed/biogenic gases is approximarely
$100 1o $250 per point, depending on the number of apatytes selected and
the desired sampling depsh (nommally less than twenty-five feat below
groundl surface [bgsh. These costs are typical of real-time soil vapor
investigations and may be lower if vapor samples are submitted to an
analytical laboratory insiead of analyzed on-site. If gas samples must be
collected from greater depths, the installation of vadose zone wells may be
necessary. In addition, groundwater wells that are sereened substantially
above the water table may be used for purposes of soll vapor sampling,
howevet, the scréened interval should comespond 1o the soil unitx af
interest.

The costs associated with small-scale permeability testing are less
standardized because there are relatively few contractors that offer this
sexvice. For example, a charge of $250 per location (or per depth interval)
has been applied 1o this test as part of 2 menu of remediation support
services offered by one specialized contractor, Typical costs for performing
semediation evaluations are in the cange of $8,000 10 §20.000 a year for
quanterly menitoring. The exact costs will depend on the size of the
temediation site, as well as the depth and type of contamination

CASE HISTORY

In order to iftustrate the wse of soil gas daia for monitoring the progress
of in-situ remediation, we present a case history involving the bioventing
of gasoline-contaminated soil. The project was conducted on 2 three-acre
site in Southem Californix for purposes of reducing the towl petroleun
hydrocarbon CTPH) concentrations in soil below 1,000 mg/kg. Chemical
analyses of the contaminated soil indicated the presence of fucl hydrocar-
ons In the approximate carbon range of C, through C, at depths ranging
from ten to thirty feet bys. The highest concentrations of TPH (4,000 ©
5,000 mg/kg) were present in silty and clayey sands Interbedded with
coarse sands and small cobbles.

Samples of soil gas were withdrawn and tested on-site on a small-scale

Soll Gas Sampling and Air Permeability Testing

A predetermined volume of soil gas was pumped thicugh sieel

bes, which were drt g depil usinga vehicle-

mounted hydraulic hamumer, Vapor nmpln\wrr withdrawn using a two-
stage evacuation system that permitted the measurement of airflow rates
over a specified vacuum drop. Vapor samples were collected with a gas-
tight syringe as soon as the evacustion system had retumed to ambient
pressure.

Soil air penmeabilities of the soil were measured on a small-scale basis
by installing one-inch-diameter probes 1o depths of fourteen to twenty feet
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samples of the
blower exhaust were
collected a

analyzed for volatile
hydrocarbons and
major fived and
biogenic gases
including oxygen,
nitrogen, and carbon
diozide.

bgs. Once at the target depth, the probe was withdrawn off the tip a
distance of six to rwelve inches, which served as the vertical interval over
which the soil gas was extracted. Soil vapor was withdrawn from the
probes by connecting the aboveground end to a positive displacement
blower, which induced vacuum pressures of ten to forty inches of water
within the probes. Observation probes were installed to fifieen to twenry
feet bgs at various distances and compass directions from the extraction
probe in orderto assess the sensitivity of permeability calculations to radlius
of influence. This technique is described in more detail by Marrin et al.
(1991).

Analytical Chemistry

Gas samples were analyzed on-site using a Hewlett-Packard model
5890 gas chromarograph, which was equipped with flame ionization (GC/
FID) and thermal conductivity (GC/TCD) detectors. Separation of the
hydrocarbon analytes was achieved by using DB-WAX megabore capillary
column (J&W Scientific) with nitrogen as the mobile phase, whereas the
fixed gases were separated using a CTR-1 dual packed colamn (Alliech
Associates) with helium as the mobile phase. Identification and quantifi-
cation of the analytes were performed using external standards that were
commercially prepared in the appropriate carrier gas (i.e., nitrogen or
helium). All samples were analyzed for oxygen (O, carbon dioxide (CO,),
and total volatile hydrocarbons (TVH) in the range of C, through C,, As a
result of their physiochemical properties (i.e., vapor pressure and octanol-
water partition coefficient), C,,, hydrocarbons present under normal soil
conditions do not partition into the vapor phase at concentrations that are
readily detectable in soil gas (Marrin, 1988).

via Wells
Before designingand installing 4 soil bioventing system, a pilot test was
conducted in order to generate data on soil permeability, radii of influence
associated with extraction wells, flow/vacuum dynarmics, and VOC pasti-
tioning between soil and vapor phases. The data from short-term (e.g., two
1o five hours) pilot tests were collected from two four-inch-diameter
extraction wells, located about sixty feet apart and screened through the
most contaminated soil interval at ten to thirty-five feet bgs. Results from
both pilot test wells indlicated that the air permeability of soils was in the
range of 9.0 t0 9.5 darcys (8.8 10 9.3x10* cm?). At flow rates designed for
the full-scale remediation system, the anticipated capture zone or radius
of influence for the wells was calculated 1 be at least forty feet

During the course of the pilot test, samples of the blower exhaust were
collected and analyzed for volatile hydrocarbons and major fixed and
biogenic gases including oxygen, nitrogen, and carbon dioxide. Conce
tations of both the fuel hydrocarbons (C, to C,, carbon range) and fixed
and biogenic gases reached a “relative” steady state after one tothree hours
of vapor extraction, The concentrations of major analytes are shown in
Table 2, suggesting that there was minimal variability in analyte concen-
trations berween the two wells. Afier six months of remediation, the
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Table 2. Analyte Concentrations from Bioventing Extraction Wells.

Duration of
Remediation  Extraction TVH: LMWH® Carbon Oxygen Nitrogen
(months) Well (ppmv)  (ppmv) Dioxide (%) (%) (%)
0 Al 3400 80 14.3 28 2.6
0 B 2600 10 1 6.2 825
6 A 160 <5 23 179 79.8
6 B 100 <5 22 18.6 79.2
16 A 930 <5 4.8 141 811
16 B 180 <5 48 29 81.7

* Total Volatile Hydrocarbons

bon range of C,C,).

» Low Molecular Weight Hydrocarbons (fraction of TVH representing C,-C, gascs)
« Analyses performed during pilot test
@ Average of concentrations reported for analytes after system approached steady state

extraction wells were shut down for a period of four days before collection
and analysis of the vapor samples. At the end of sixteen months, the
extraction wells remained idle for a period of three weeks before the vapor
samples were collected and analyzed.

Generally, concentrations of TVH and biogenic gases (CO, and N, in
the blower exhaust decreased during the remediation period, whereas
oxygen concentrations increased. These observations are consistent with
the hy e stripped from the soils and
that airflow through the contaminated zone sweeps away the biogenic
gases and maintains elevated oxygen levels. Although biodegradation
rates (as measured by in-situ respirometry tests) were probably elevated,
the actual concentration of biogenic gases in the vapor exhaust decreased
due to the advective flow of soil gases past the contaminated soil. The most
significant disparity in analyte concentrations between the wells was
recorded for TVH at sixteen months, following a three-week cessation of
bioventing, As will be illustrated in the following section, this difference
was probably related 1o the presence of unremediated pockets of
contamination within the capture zone of Well A, which were reflected in
the vapor-phase TVH concentrations only after the system was shut down
long enough to allow chemical equilibria among the soil phases to be
approached

The similarity in analyte concentrations at the two wells was probably
related to (1) their close areal proximity, (2) their screening over the

76
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.. there are
substantial
differences in soil gas
composition as @
function of location

+ .. within the
anticipated capture
zones for the
bioventing wells.

identical vertical interval within the contaminated soil, and (3) minimal
differences in shallow soil properties (e.g., from the ground surface (o ten
feet bgs) at each of the two wells. Concentrations of oxygen and carbon
dioxide are similar to those reported by Marrin (1991) for pewoleum-
contaminated soils and is substantially beyond the range of levels normally
reported for background or uncontaminated soils. Sposito (1989) has
found that CO, levels are generally less than 3 percent and oxygen
concentrations greater than 10 percent in uncontaminated shallow soils.

The TVH concentrations of 3400 and 2600 ppniv are characteristic of
soil vapor in contact with moderately contaminated soils, however, a
comparison of these TVH levels in the blower exhaust 1o maximum TPH
concentrations in soil suggest that hydrocarbon partitioning between the
two phases is best represented by a chemical disequilibrium (e,
measured TVH concentrations were 4s much as two orders of magnitude
less than those caleulated under the assumption of chemical equilibrium
between soil and vapor phases), This apparent disequilibrium is probably
a function of both hydrocarhon partitioning dynamics and the adequacy
of blower exhaust samples in representing vapor-phase hydrocarbon
concentrations adjacent tothe most highly contarminated soil. Forexample,
there is probably substantial mixing of the most contaminated soil gas with
vapors drawn from the ground surface or from less contaminated soils
within the capture zone of the extraction wells. Similarly, it is likely that
airflow rates induced during the pilot test were sufficient 1o exceed the
desorption kinetics of hydrocarbons from organic or aqueous phases of the
soil to the adjacent vapor pha

Remediation Monitoring with Soil Gas Probes

In addition to monitoring the progress of bioventing by sampling and
analyzing the blower exhaust, soil gas probes were installed and sampled
at sixteen months. Table 3 lists the concentrations of soil gas analytes
sampled from three soil gas probes within the capture zone of each
extraction well. Soil gas probes were installed within the previously
contaminated strata (i.e., fourteen to sixteen feet bgs) at a distance of six
1o eleven feet from the extraction wells. These dara suggest that there are

in soil gas as « function of location
(e.g., various compass directions from the well) within the anticipated
capture zones for the bioventing wells. TVH concentrations differed by as
much as 400-fold, whereas levels of fixed and biogenic gases suggested a
wide range in subsurface redox conditions.

The data presented in Table 3 were collected at the same time that the
extraction wells were sampled and analyzed (see sixteen-month monitor-
ing results in Table 2). A comparison of these o tables suggests that
monitoring data generated by analyzing vapor exhaust from the extraction
wells did not reflect smali-scale differences in 50il conditions in the upper
portion of the contaminated soil unir. For example, the IVH concentration
recorded from Well A (930 ppmv) was at least a factor of two greater than
any discrete TVH concentration obtained from the soil gas probes. This
observation is probably related to the relative contribution of gases from
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Table 3. Analyte Concentrations in Vapor Sampled after 16 Months of Remediation

Distance Carbon
from Well Probe TVH* LMWH® Dioxide Oxygen Nitrogen
Probe # (€3] Depth (f) (ppmv)  (ppmv) (%) (%) (%

Al 6 16 480 <5 153 46 79.7
A2 6 16 56 <5 43 94 863
A3 6 16 17 <5 13.8 83 718
B1 | 14 <5 <5 13 189 798
B2 9 14 2200 7 1.2 36 85.0
B3 11 14 510 10 4.8 13.5 81.7

* Total Volatile Hydrocarbons (carbon range of C,-C,
* Low Molecular Weight Hydsocarbons (fraction of

H representing C,-C, gases)

various depths within the screened interval of the wells. Similarly, the 180

ppmv concentration analyzed for TVH at Well B provided a poor
prediction of three discrete TVH concentrations (analyzed within eleven
feet of the welD), which varied from <5 10 2200 ppmy.

The wellliead monitoring results used to predict levels of oxygen and
major fixed gases were no better than those used to predict hydrocarbon
concentrations. The CO,/0, ratios obtained from the extraction wells (i.e.,
approximately 0.3) can be compared to a range of values from 0.07 10 3.4
for discrete soil vapor samples collected from the probes. It appears that
fixed and biogenic gas data collected from the wellhead are not particularly
good indicators of redox conditions, oxygen supply, or microbial activity
within the capture zone. Moreover, methane and C,-C, aliphatic gases were
not present in either of the well samples; however, these compounds were
present in two probes within the capture zone of Well B

These C,-C, hydrocarbon gases are indicative of methanogenic pro-
cesses and the reduction of low molecular weight organie acids, which are
often associated with high levels of petroleum product in soil (Marrin,
1991). Thermodynamic factors suggest that light hydrocarbon gases are
readily oxidized by aerobic or denitrifying microorganisms in soils;
therefore, their presence is restricted to the highly reducing zones that are
often ¢ by i soil or groundwater. The elevated
concentration of C,-C, compounds in soil vapor from probe B2 is further
evidence that the exchange of soil gases (.e.. via the advective flow of air)
has probably been minimal.

Air Permeability
In addition to comparing analyte concentrations in
from the extraction wells and soil gas probes, air permeabi

ties measured
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Figure 1. Soil Air Permeabilitics.

PERMEABILITY (darcys)

PROEE PROBE
B2 B3

on  large-scale and smalk-scale basis can be contrasted. Figure 1 3
graphical of soil air perme lations made on the
basis of flow/vacuum data collected from the two extraction wells and
corresponding soil gas probes, respectively. The data suggest that air
permeabilities estimated from the extraction wells were generally greater
than those measured at the soil gas probes. This observation is not related
© the scale of the measurement; however, it may be a reflection of
differences between probe and well design. Vapor wells are screened over
a substantially longer vertical interval than are the probes, and it is likely
that airflow to the wells is channeled through the most permeable soils
within the contaminated soil unit (which may represent only a fraction of
the total sereened interval)

The data presented in Figure 1 also indicate a marked difference in the
variability of permeabilities calculated amang the two wells. Only slight
differences in air permeability were measured between Well A and the
surrounding probes (i.e., less than a factor of 2.5, suggesting that
conditions were refatively homogeneous in the upper portion of the soil
unit and that small-scale permeabilities were adequately represented by
pilot test data, Conversely, the air permeability measured ar Well B was
considerably less represcntative of conditions in soil surroundiing the well,
probably duc to the heterogeneity of soil conditions. Considering the
ncarly fifty-fold difference in air permeability measued at the welihead
and at a probe located only nine feet away, it is likely that airflow to the
well is anisotropic.

The Towest air permeability measured at this site was 0.2 darcys at
probe location B2, which corresponded to both the highest TVH concen
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tration (2200 ppmy) and the lowest oxygen level (3.6 percent). In fact, this
TVH concentration analyzed at sixteen months into the remediation was
not apprecibly different from that measured at Well B during the pilot test
(see Table 2). These data suggest that the soils in the vicinity of probe B2
were probably not remediated appreciably, by either SVE or biodegrada-
tion, during the cleanup period. In order (o investigate whether this low
permeability zone was correlated with “untemediated” soil, a sample was
collected from a depth of fifteen feet near probe B2 and analyzed for TPH.
The sunple contained a TPH concentration of 1,500 mg/kg, which was
slightly in excess of the 1,000 mg/kg cleanup limit and considerably higher
than TPH levels of <5 10 350 mg/kg, which were analyzed in confirmation
samples collected from other Jocations within the remediated soil unit

CONCLUSION

Conventional methods of monitoring in-situ remediation may provide
“average” results for the most permeable zones affected by SVE or
bioventing; however, they provide very limited information on the degree
of heterogeneity within the remediation zone and on the presence of *hot
spots.” Although the bulk of the contamination may be successfully
removed or degraded, the verification of site cleanup is based on the
collection and analysis of samiples from a designated number of locations.
Henee, if these unremediated zones are laterally or vertically extensive, it
is likely that remediation will be ineffective. If these potential hot spots can
be identified carly in the remediation process (or even during the pilot
tests), additional wells can be installed or other treatment measures
employed in order 10 maximize the efficiency of the selected cleanup
technique.

Traditionally, more time and resources have been applied © the
design, construction, and maintenance of an in-situ remediation system
than to menitoring the progress of the cleanup process, With an increasing
number of in-situ remediation projects failing to achieve cleanup in the
anticipated time period, itis likely that a considerably greater emphasis wil
be placed on monitoring techniques. The use of rapid and inexpensive
techniques such us the analysis of fixed and biogenic gases and the
measurement of small-scale air permeabilities will likely be used to
supplement the more conventional methods. B

REFERENCES

Barcelona, M., and . Holm. 1991, “Oxidation-Reduction Capacities of Aquifer Solids.”
Environ. Sctence & Tech. 25:1565-72

DBrasseau, ML, K nd S.C. Ruo. 1991 “Nanequilibrinm Sorption of Organic
Chemicals: Elucidation of Rate-Limiling Processes” £nviron. Scicnce & Tech. 2513442

Dey, I K. Brown, and W. McFarland. 1991, “Integrated Site Remediation Combining
Groundwater Treatment, Soil Vapor Recovery, and Biotemediation.” Hazardous Marerials
Control 432+

Fogel, 5., M. Findlay, ard A. Moore, 1989, (nlﬂm-::m«lnlmn Techniques for 1n Sits
and Onsite Treatment of Contaminated Soils and Groundwater.” In Petroleum Contami-
wated Sofls, Vol. 11 u\dm, A Lewis Publishers Inc.. pp, pYen

Remedarion/Wovrer 1992/93




BVALUATING THE PROGRESS OF IN-SITU REMEDIATION

Gierke, §, N. Hutzler, and . McKenzie, 1992, "Vapor Transport in Unsaturated Soil
Columns: Implications for Vapor Extraction.” Water Resources Research 28:323-35.

Godsy, M., D. Goeritz, and D. Grbi
Greosote C
30:232:42.

Galic. 1992, *Methanogenic Biodegradation of
i Ecosystems.” Ground Waer

Hinchee, R, D. Downey, R. Dupont, P. Aggarwal, and K. Miller. 1991. “Fnhancing
Biodegradation of Petraleum Hydrocarbons though Soit Venting." /. of Hezardous
Matertals 27:245-61

Hogg, D, R. Burden, and P. Riddell. 1992. *in Situ Vadose Zone Bioremediation of Soil
Conaminated with Nonvolatle Hydrocarbons." In Proceedings of Nattonal Research &

the Control of i Materials. Greenbelt, MD: Haz. Mat
Control Res. tnst., pp. 315-17,

Johnson, P.C., M, Kemblowski, and J. Colthart. 1990. “Quantitative Analysis for the Cleanup
of Hydrocarbon-Contaminased Soils by In-Situ Soil Venting.” /. of Ground Water 28:413-29

Kerfoot, H. B, C. L Meyer, P. B. Durgin, and.J.J. D'Lugosz. 1988, “Measurement of Carbon
Dioxide in Soil Gases for Indicating of Subsurface Hydrocarbon Contamination.” Ground
Water Monftor. Rev. 8:67-7

Marrin, D. L. 1988, “Soil Gas Sa * Ground z Rev,
85154

Marrin, DL, J. Adriany, and A. Bode. 1991, “Bstinuting Smail-Scale Differences in Air
Permeability and Redox Gonditions for the Design of Bioventing Systerns.” In Procaedings
of the Conference on Petroleum Hydrocarbons and Organic Chemicals in Grownduwarer.
Dublin OH: Assoc. Groundwater Science & Engr., pp. 437-6

Marrin, D.L. 1991, “Subsurface: B\ogcm( (-hh\ Ratios Assox ulu.l with Hyuruu.lb(m Coniami-
nation.” In bn-Siti M Publ., pp. 546-

Martin, DL 1992a. “Emerging Applications for the Chemical Analysis of Soil Vapor.
Environmental Protection 3, in press.

Magin, D.L. 1992b. “Evaluating Subsurface Redox Conditions via Biogenic Gas Analyses.
In Preprinis of the 203rd Meeting of the ACS Bnvironmental Chemistry Diviston. Washing-
ton, DG: American Chemical Society, pp. 541-44.

P, Bedien on, K. Miller, and J. Acmstrong. 1988, “Biodegradation Modeling
rE gy smu Site.” /. of Envtronmental Engtreering 114:1007-29.

Kobhins, G.A., B. Deyo, M. Temple, ). Stwart, and M. Lacy. 1990, *Soil Gas Surveying, for
Subsurface Gasofine Contamination L»m,. Total Organic Vapor Detection Instruments.
Ground Water Monitor. Rev. 10:510-1

$posito, G. 1989. The Chamtstry of Sofls. New York: Oxford Press,

suqmmu K. D. kreamer and A. Long. 1990, “Production and Transport of Carhon Dioxide
naminated Vadose Zone: A Siable and Radioactive Carbon Isotope Study.”
Envirommental Sclence & Toch, 2416243

Widdowson, M. and €. Aetion. 1991, Numerical
and Aclysis o an n-Sit Boremediation| PR Bloreclamation, Stoneham,
MA: Buterworth-Heinemann Publ. pp. 2

Wolin, M}, and T.L. Miller. 1987, “Bioconve
Geomicroblol. ], 5:239-59.

ion of Organic Carbon to CH, and C

RemspiaTION/WiNTER 1992/93 81




