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Abstract

We report a field study of soil gas transport of volatile organic compounds (VOCs) into a
slab-on-grade building found at a site contammnated with gaseline. Although the high VOC
concentrations (30-60 g m~3} measured in the soil gas at depths of 0.7 m below the building
suggest a potential for high levels of indoor VOU, the mizasured indoor air concentrations were
lower than those in the soil gas by approximately six orders of magnitude (~ 0.03 mg m3). This
large ratio is explained by 1) the expected dilution of seil gas entering the building via ambient
building ventilation {a factor of ~ 1000}, and 2) an unexpectedly sharp gradient in soil gas VOC
concentration becween the depths of 0.1 and 0.7 m (a factor of ~ 1000). Measurements of the soil
physical and biological characteristics indicate that a partial physical barrier to vertical transpost
in combination with microbial degradation provides a likely explanation for this gradient. These

factors are likely to be imporiant o varying degrees at other sites,
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Introduction

Soil gas transport of volatile organic contaminants (VOCs) into buildings has been
documented as a potentially significant source of human exposure to VOCs (1-4). The volatile
componants of gasoline and other petroleum hydrocarbons are of m;-nce-.m because of the large
number of storage tanks that are expected to be leaking (5), and previous studies reperting indoor
air contemination (&, 7).

Estimation of indoor air VOC concentrations due to subsurface sonrces provides an
important input when assigning prioritics for remediation activities. Purely theoretical estimates
of the expected levels of exposure due to the subsorface-to-indoor-air pathway are, however,
highly dependent on the sophistication of the models and assumptions used in the estimates, with
the results of different studies varying by many orders of magnitude (8-10). In particular, the
large number of variables that control vapor phase transport and fate of subsurface contaminants
into buildings can make prediction of the resulting indoor-air concentrations problematic.  This
snggests that screening measurements at siles in question are well advised (11).

This paper reports the resulis of a detailed experimental investigation of the physical and
biological factors affecting gasoline vapor transpost from contaminated soils into a building. The
following sections describe the site and the type of contamination that occurred, the
measurements of indoor air and soil gas VO concentrations, the field and laboratory
measurements performed to identify the facters affecting transport into the building, and a
discussion of the relevance of these findings to other sites.

Site Description

This sady was conducted at the site of & former gasoline station located at the Alameda
Naval Aijr Station (ANAS), California (see Figure 1). Operation of the station began in the early
1970s. In 1980, one of three 45 m? undergrovnd storage tanks was damaged. The tank was
drained and repaired in the period between 1980 and 1987. Subseguent tests revealed chat

subsurface leakage continued to be a problem, and in 1988 fug] was removed from che tanks and



the station was closed. In 1990 a soil gas survey detected high levels of gasoline hydrocarbon
vapors in the soil (12).

The service statien building was 2 single story slab on grade building with a flat roof.
The building walls were construceed of holiow concrete masonry units (cinder blocks). The
building contained a main office, two adjoining rooms, and two restrooms which have outside
entrances. The building volume and floor area were V=120 m? and A = 50 m? respectively.
The building was not used for anlomotive service or repair and is therefore unlikely to have been
directly contaminated with spilled petroleum hydrocarbons that might produce a high VOC
background indoors. The soil anderlying the site to depths of 2.5 to 4 m is hydraulic fill
consisting of materisl ranging from sandy clay to coarse sand. Silty sand underlies the fill. The
water table is located at a depth that lies between 1 and 3 m below the soil surface, varying in
response to focal precipitation.
Measurements

The field work at the ANAS site was performed from November 1993 to Janvary 1995,
with most of the measurements taken from July to October of 1954, Initially indoor air and soil
gas YOC concentrations were measured. High concentrations of YOCs were measursd in the
soil gas while low concentrations were mesasored in the building. Subsequent work focussd on
determining the factors controlling VOC transpont and E.nujf into the building.
YOC constituents in outdoor air, indoor gir, seil gas, and ground water

Samples of outdoor and indoor air wers collected into Tedlar® bags using perisialtic
pumps. Sample volumes of 3 liters were collected over the period of 4 hours near midday during
clear weather. Soil gas was collected from locations beneath the building slab. Holes were
drilied through the siab and 6 mm diameter stainless steel probe tubes were driven into the soil
using a steel mandrel (to prevent clogging) and a hammer. The depths of the probes ranged from
{1.1t0 2.1 m below the bottom of the concrete floor slab (the slab thickness was approximately
(.1 m). Becavse of the soil texture, the small probe tube diameters, and the relatively shallow
depths, drilling tap holes in the soi! was not required. Afier installation, the probes were capped



anhd the holes through the slab were sealed with concrete so that no additional pathway for soil-
gas entry was created. Soil gas volumes of 150 ml were drawn into Tedlar® bags from the
probes at a rate of 100 em? min-l, after purging a minimum of two probe volumes {~20 ml),
using a peristaltic pump. Similarly, a sample of contaminated ground water was collected from
the deepest probe at a depth of 2.1 m.

Soi)-gas and indoor air samples were analyzed using a gas chromatograph/mass
spectremeter (GC/MS).  As configured, the GC/MS was capable of detecting compounds heavier
than propane. Measured sample volumes, chosen o produce measurable signals but not overload
the GC/MS, were transferred from the Tedlar® bags to multi-sorbent sample tubas (13). The
sorbent tubes were also injected with 125 ng bromofleorcbenzene (BFB) as a calibration
standard. The gas samples plus BFB were then introduced into the GC using a thermal-
desorption ¢concentrator system. The fractional variation in the arca of the BFB calibration signal
among samples was typically between 0.05 and 0.10. Peaks in the ron-mass chromatogram were
identified nsing the EPA/NIH mass spectral data base. The concentrations of identified
compounds were estimated from the integrated total ion-mass signal relative to that for the BFB.
This calibration scheme produced fractional errors of ess than 0.2 of the true concentrations for
known test sampigs of aliphatic and aromatic hydrocarbons.

Samples of outdoor and indoer air, soil gas sampled at depths of 0.1 and 0.7 m relative to
the bottom of the slab, and the headspace vapor above the ground water sample were analyzed.
The samples contained a large mumber of compounds typically found in gasoline vaper. Table i
lists seven dominant constituents detected in GC/MS analysis, as well as benzene and toluene.
The indoor air VOUC concentrations in excess of those expected from outdoor air, and therefore
attributed to soil-gas entry into the building, were estimated as the indoor minus ouidoor
concentrations. Of the VOCs likely 1o be the result of soil-gas sntry into the building, 2 methy]
butane (isopentane, henceforth isoF} was detected with the highest concentrations in both the soil
gas and indoors. 150P ks also a major volatile constituent of gasoline vapor, and has relatively

low solubility i water (14). In the subsequent work we used isoP as a tracer for gasoline vapor.



This had the advantage that larger numbers of rapid measurements could be made with low
volume soil gas samples using less expensive detection equipment, but bad the disadvantage that
the transport and fate of other VOCs in the soil gas were not charactenzed.

Depth profiles of soil gas isoP, CHy, Oy, and CO;

Measurements of the depth profiles of isoP and other selected s0il gas constituents were
perfored in July, August, and October of 1994. Soil gas was sampled from a cluster of probes
{5G 1-6} terminating at depths of 0.1, 0.4, 0,65, 0.9, 1.3, and 1.6 m below the bottom of the
slab. Samples volumes of 150 ¢m3 were pumped into Tedlar® bags as described above.
Analysis was performed using a gas chromatograph equipped with two gas sampling loops and
GC columns, one that fed a photoionization (PID) / flame ionization (FID) detector combination,
and & second that fed a thermal conductivity detector{TCD). The FID was used to measure isoP
and the total amount of volatile organic carbon burned in the FID (TVQC), while the TCE was
used to measure CHq, Oy, and CO2. A calibration standard was prepared that contained each of
the gases being measured. The fractional un-to-run repeatability of the calibration standard was
better than 0.15 for all gases. During the first set of measurements, the ratio of PILVFID signals
was exanuned to detect the presence of benzene and toluene, but yielded no significant
detections of these gages. Figure 2 shows the results of a typical soil gas measurement. Duning
the four month period, the measured concentrations of all specigs vaned by less than a factor of
two about the concentrations reported in Figure 2. An unexpected result was the very sharp
gradient in organic vapor concentrations that were measuvred between the depths of 0.4 apd 0.65
m. While the O» concentration decreased by appreximately a factor of three from that of catdoor
air, 1soP and CHy4 increased by two orders of magnituds, and CO; by a factor of four.

Soil physical and chemical properties

Soil properties were determined from core samples collected in July 1994 from a boring
made through the building slab one meter East of the cluster of probes SG 1-6, shown in
Figure 1. A bucket auger was nsed to clear the hole to a given depth and then a stainless steel

coring tool was driven into the soil. Individual soil cores measured 54 cm in diameter by 6 cm



long. Cores were collected from depths ranging from 0.3 to 2 m below the slab. The soil at
depths less than 0.2 m was dominated by sandy gravel which made intact soil cores impossible to
collect. After the cores were removed, the entire boring hole and the hole in the building slab
were filled with concrete. Standard soil analysis techniques were performed on the soil cores to
determine the dry so0il density, total and air filled porosities, and the fractions of silt, ¢lay, erganic
carbon, and moisture reiative to dry soil {15). We note that the estimate of organic carbon
should be considered a lower limit becauwse it was measered afier the soil was oven dried for 24
hours at a temperature of 80 ° C, and the volatile grganic compounds were probably lost. A
summary of these results is reported in Table 2. The pH of the s0il was measured separately.
Using a standard analysis (15), the average pH values were 7.2, 8.1, and 8.4, for soil samples
collected at depths of 0.2-0.4, 0.5-0.7, and 0.9-1.1 m respectively.

Yisual inspection of the cores revealed relatively uniform light colored sand mixed with
bits of shells, with a slightly darker layer at a depth of 0.6 wn and then a transition t¢ a darker
greenish sand, indicative of anaerobic conditions, at greater depths. The soif size fraction is
dominated by sand with small fractions of silt and ¢lay that increase slowly with depth. The
average total soil porosity of 0.38 is consistent with soif type. An interesting feature is the
Increass in sail moisture and organic carbon content at depths of .58, 0.62 and 0.7 m.

Soil permeability to air was measured in the soil ander the bailding, and in the uncovered
sorl directly adjacent to the building using two techniques. In addition to the smaller soil gas
probes, five probes with inside diameters of 1 cm (not shown m Figure 1) were installed onder
the slab terminating at depths between 0.6 and 1 m. Soil gas was pemped owt of the probes and
the volumetnc flow rate was measured as a function of applied pressure. In all cases, the flow
was measured 10 be proportional to the pressure, suggesting that transport was determined by
Darcy flow in the soil (16). These measurements yield s0il permeabilities that are heavily
weighted by the permeability within approximately 0.1 m of the protx: tip {17), and range from
1-3 x 1012 m2. Qutside the building a dual probe dynamic pressure technique, described by

Garbesi et al. (17), was used to measurs the air permeability of the soil over a range of length



scales up to 4 m. The permeabilities measured next to the building on 0.1 m scales matched
those measured winder the building. However, the penmeability measured on scales larger than 1
m, which are most appropriate for estitnating soil gas transport into this building, were
approximately 10-21 m2 (17).

The depth of the water table was measurad in a shallow well, drilied directly adjacent to
the building (Figure 1). The depth varied significantly on long time scales and appears 1o be
driven by the amount of rain the site receives. The depth was 1.9 m in July 1994 whan the soil
cores were collected, varying to a maximum of 2.5 m in October 1994, and a minimum of 1.0 m
in January 1995 after a series of heavy rains. In addition to the long term measurements, we also
measured the water depth over a 12 br period during a full moon to estimate the influence of tidal
variation on the water table. No significant (< 1 cm) variation was observed. Longer term
measurements at another nearby site showed similar resuics (18).

Tracer gas fransport in soil

Measurements of soil gas transport were conducted to help understand the observed
gradient in soil-gas concentrations. A one-liter volume of air containing a 0.01 volume fraction
of sulfur hexafluoride (SFg) was injected into the soil at a depth of .75 m at the Jocation marked
as SFg(1) in Figure 1. The concentration of SFg was then monitored at the other soil gas probes
at regular intervals for 53 days. Soil gas samples were collected from each of the probes using
G ml piastic syringes. Two probe volumes were removed before the samples were collected.
The 8Fg concentrations were analyzed using a GC equipped with an electron capture detector
{ECD). Calibrations were performed bﬂfurc each run with a fractional run-to-run repeatability of
0.1, The detection limit for SFg was 0.5 ppb.

The results of the tracer gas measurements are shown in Figures 3 and 4. Although
relatively litde transport occerred in the upward direction from the injection point to depths less
than 0.5 m, the SFg dispersed rapidly in the horizontal and downward directions. Because the

sorption and degradation of SFg in soil are negligibte, the measured anisotropy in tran&pért



suggested that a partial barmier to vertical transpont existed in the soil at depths betwesn 0.4 and
0.65 m.

A second 5Fg tracer gas test was performed as part of the measurements to determine the
soil gas coupling to indoor air and to examine vertical transport in the soil gas. One-liter of pure
SFg was injected into the soil immediately below the slab at each of the four locations marked as
SFs(2) in Figure 1. Afier 21 days, soil gas samples were collected from the ciuster of probes SG
1-6. A strong gradient with depth was observed; high concentrations of 200 + 10 ppm were
measured in the probes at depths of 0.1 and (.4 m, while low concentrations of 21 * 2 ppm were
measured in the probes at 0.6, 6.9, and 1.3 m, supporting the notion of a partial barrier to vertical
ransport.
122Radon measurements

222Rn concentrations were measured in the soil gas as a function of depth. Scil gas was
collecied from probes at several depths and locations wnder the building. Sampling was
periormed twice, once in Avgust and again in October, 1994. Samples were pumped through a
filter to remove 222Rp decay products into scintillation flasks and counted with a photomultiplier
(19). The average 222Rn concentrations in the subslab (depths of 0.1 10 0.4 m) and deep soil
{depths 3> 0.65 m) were Crn(subslab) = 50004750 Bq tm-? and Cgry(deep) = 23001600 Bq m-3,
respectivety.

Building ventilation and soil gas infiltration

The building ventilation rate, Q+ {m* d-1), was measured as a function of an imposed
building depressunization, AP (Pa}, using a fan designed for testing ventilation ducts. The
pressure difference across the building shell was varied from 0 to 75 Pa. The measured data are
well fit (R2 = 0.98) by a power law:

Qv = Qo (4P /1 Pa)* (m*d'1), 1
whete Qp= 3300 m? d-f and n = 0.5%. The estimated average ventilation rate of 0.6 air changes

per hour is in the range expected for a building of this size and type (20).



Soil-gas eniry into the building was estimated using 5Fg in the sci! gas as a racer. Two
sels of measurements wers conducted at different building depressurizations. First, the indoor
SFg concentration resulting from weather-induced antry was measured under ambient conditions.
The building was not heated or actively ventilated during this time. During this test in October,
1994 the average outdoor temperature was approximately 15° C, and the dominant source of
depressurization was wind loading on the building. T\-m weeks after SFg was injected into the
s0i] immediately below the slab (as described above), a 1 Jiter sample of indoor air was
continuously pumped into a Tediar® bag for one week. The concentration of SFg in the one-
week average was 50 ppb. At the end of the one week sample period the soil-gas concentration
of SFg was measured o be 200 1 10 ppm in the cluster of probes SG 16 at depehs of 0.1 and 0.4
m. Immediately following the first test , the second test was conducted by actively
depressurizing the building to 10 and 75 Pa, and measuring the 8F¢ concentration in the air at the
exhaust fan. The measured SFg concentrations were 90 + 10 ppb at both depressurizations.
Laboratory test of potential for biodegradation

The measured gradients of hydrocarbens, Oz and COy in soil gas are suggestive of
attobic consumption of the hydrocarbons by soit microorganisms. An in stk test for estimating
tofal rates of hydrocarbon degradation, described by Hinchee & Ong (21), was considered but the
sharpriess of the gradients appeared (o limit the applicability of the technique. Instead, we
choose to perform a laboratory incubation experiment to measure the rate of isoP consumption in
soif samples containing the indigenous microorgantsms and soil nutrients.

Soil core samples were collect=d from depth intervals of 0.2-0.4 and 0.5-0.7 m, and
stored at a wemperature of 15° C. Two duplicate soil sub-samples and a third sterilized soil
samnple, intended as a control, from each depth interval were introduced into separate 250 ml
steritized amber bottles and sealed with Mininent® caps with syringe septa. The eguivalent mass
of dry so0il was 10 g in all cases. The soil controls were sterilized by repeated antoclaving and
then rehydrated with 1 g sterile water. All of the soi} sampies and twe empty bottles (blanks)

were injected with 12.5 mg isoP. The resulting initial concentration of isoP in the bottle



headspace, Cigp(t=0) = 50 g m2, was chosen to approximate the average concentration of isoP
in the deep scil gas samples. The bottles were then placed in a water bath at 20° C. The isoP
headspace concentrations were measured regularly over the course of the 450 hr experiment by
removing 20 pl gas samples that were then analyzed using the GC/FID described above. At the
end of the experiment, headspace concentrations of CHy, CO7 O3 were measured ro determine
the stoichiometry of any reactions that might have occemed.

Figure 5 shows the isoP headspace concentrations as a function of time for the active soil
samples, the controls, and the blanks. After an initial period (lag phase) of approximately 20
houss, during which we assume the microbial population was increasing, the isoP concentration
in the active s0il samples dropped. The most rapid and complete consnmption occurred in the
bottles containing the 0.2-0.4 m deapth soil samples. The stoichiometry results from the final
measurements of isoP, CO;, O are given in Table 3 as changes in their molar concentrations.
No residual hydrocarbons other than isoP were detected in any of the botties. With the exception
of O, none of the gases changed significantly in either the blanks or the soil controls. K one
assumes that half of the isoP consumed is converted to biomass (21) and the other half is
converted to CO2 and HyQ), then one expects ACOq = -2.5 % AisoP, and AQs = 4 x AisoP.
Exapmnation of the data from both depths shows that the changes in isoP, CO4, and O agree
with the above estimates to within 20%.

Analysis

In this section we describe a conceptual model for the transport of contaminants from the
s0i] gas inte the building, and use it to interpret the measured data. Figure 6 shows a schematic
cross-sectional view of the building and surrounding soil that Hlustrates the modet, and the
equivalent three box model. Contaminant transport is assumed to ocour by diffusion from the
deep soil upward toward the building. At depths between 0.4 and 0.65 m, a low -diffusivity soil
tayer restricts the flow, generating the gradients in contaminants, CO2, and O; shown in Figure 2.
Yust above the low-diffusivity layer we assume there is an aerobic microbial population in the

sub-slab region that consumes a fraction of the contaminants that cross the layer. The remaining

10



contanunants are carried out of the syb-slab region and into the building by advection of outdoor
air flowing through the soil near the building foundation and into the bujlding, and by molecular
diffusion through the seil and building slab. The advective flows are cansed by atmospheric
pressure fluctuations and wind loading on the building (22, 23). Finally, wind loading
pressurizes the soil surface on the upwind side of the building relative to the downwind side,
driving a low-velocity "upwind-downwind"” advective air fiow into the soil on the upwind side,
through the scil in both the sub-stab and deep regions, and out into the owtdoor air on the
downwind side.

The measured data are evalnated within the contaxt of the three hox model by assumisg
4 mass balance first between entey into the building and removal frem the substab region, and
second between entry into the subslab soil gas and wransport out of the deep soil gas. This
evaluation has four steps, each of which is described in detadl below. 1) Using the measurements
of building ventilation rate and SFy ¢concentration we ¢stimate the effective rate of soil-gas entry
into the building (we also justify the assurnption that removal rates in the sub slab and deep soil
gas due to upwind-downwind advection are small compared to the vertical transport). 2) Usibg
the gradient in SFg measured during the first tracer gas test, we estimate the vertical diffusive
transport of SFg from the deep soil gas, through the low diffusivity layer, and into the sub-slab
501l gas . 3) Assuming that this SFg flux is indicative of the diffusivity for other gas species, we
estimate the rate of biodegradation necessary to produce the gradient actually observed in isoP.
4) We compare the estimated rate of isoP biodegradation with that observed in the laboratory
incubation experiment.
Estimated effective soil-gas entry into building

The estimate of the effective seil-gas entry rate assumes a mass balance between
contaminant-entry into the building due to advection and diffusion and removal out of the
building by building ventitation. Combining the effects of advection and diffusion, this mass
balance can be written in terms of an effective entry rate

Qesr = Qv Clindoor)/C(subslab) {(m’ d-!), (2}
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where (}y is the building ventiiation rate from Eq (1), and the C{indoer)W/Cisubslab) is the ratic
of contaminani concentrations in the indoor air to sub-slab soi) gas. The combination of
advective and diffusive transport is justified in this case because the indoor concentrations are
generally much smaller than those in the sub-slab region so that both advective and diffusive
entry are proportional to the sub-slab concentration. We note that combining the advective and
diffusive terms yields a non-zero effective rate of contaminant eniry into the building at zero
building depressurization due to the diffusion term.

Evidence for this mass balance under ambient conditions s provided by the fact that the
measured ratios of indoor 10 sub-slat s¢il-gas concentrations are approximately equal for isoP
and 5Fg. In the case of isoP {see Table 1), the ratio of indoor air concentration {(attributed to
soil-gas entry} to sof-gas concentration at a depth of 0.1 m was
{Cigoplindoor) - Cisop{ontdoor)) fCjsop(subslab) = 25 pe m3 /~100 mg m-3 =3 x 104, Similarly,
in the case of the second SFg tracer gas measurement, the ratio was CgpglindoorYCgps{subslab)
= 50 pph/200 ppm = 3 x 10-4. The building ventilation rate under ambi;.:nt conditions can be
estimated by assuming that the building depressurization is in the range AP = 1-5 Pa when the
building is not actively heated or vertilated. Based on the fan depressurization tests descnbed
earlier, the cormesponding ventilation rate is Qy = 3000-9000 m3 d-1. Thus the average effective
soi)-gas entry rate estimated from Eq (1) is Qefr = 1-3 m3 d-t.

Two checks for consistency were performed. First, we estimated the ambient building
depressurization due 1o wind loading on the building. The depressurization due to wind leading
is commonly astitnaied as a fraction (typically 0.2-0.3) of the Bernoulli pressure P = 172 pyav?s,
whare p, is the density of air, and <v2> is the square of the average wind speed (24). Data
supplied by the meteorologist at ANAS show that the wind is relatively constant from the nerth
to west with an average speed <v>=5.2 m s] at a height of 10 m, with occasional shifts to
winds from the east during the suenmer, This suggests that the expected depressurization of the
building is AP = 3 Pa, generally supporting the assumption made above.

12



Using the wind data we also estimated the magnitude and direction of the soil-gas
velocity due to upwind-downwind pressure gradient, and the resulting volumetric flow rate. 'We
assumed that the soil surface on the upwind side of the building was pressurized to the Bemoulli
pressure while the soil surface on the downwind side was depressurized by the same amount
(23). The resulting upwind-downwind velocity in the soil gas was estimated as the one-
dimensional Darcy velocity

vq = K/ dP/dx = 0.1 m &1, (3)
where the measured soil permeability to air, k = 10-11 m2, the viscosity of airp= 1.8 x 10-5Pa s,
and the expected pressure gradient due to wind loading dP/dx = 2 Pam-! oriented from the
northwest. Assuming that the soil gas has this velocity in the sob-siab soil, one can éstimate the
volumetric flow rate in the sub-slab region

Quind= €avgl Az =0.1m3 &1, 4
where £, = 0.22 is the air-filled porosity of the scil in the subslab arca, 1 = 7 m is an average cross
sectional length under the building, and Az = (.5 mis the depth of the subslab regien. Thus the
removal of s0il gas from the sub-slab region due to upwind-downwind advective flows is small
compared to the estimated rate of s0il-gas entry into the bailding.

Second, we estimated the effective rate of soil gas entry into the buitding under ambiert
conditions using the 222Rp measurements. Becanse the indoor 222Rn concentrations in the soil
was low, indoor coneentrations were consistent with outdoor air. Instead we compared the 222Rp
concentrations in the sub-slab and deep soil to cstimate the rate of 222Rn removal from the sub-
slab soil-gas into the building. This comparison assumed that 222Rn was 1) supplied to both
regions with equal emanation rates, 2} removed from the deep seil gas only by radioactive decay,
and 3} removed from the sub-slab soil gas by both radioactive decay and transport inko the
building. Assumption 1) is justified becawse the soil is all from the same parent material and has
approximately constant moisture content (25}, 2) is justified because the concentration gradients
are too small to drive strong diffusive flow into the sub-slab region, and because the upwind-

downwind advective flows are very slow . If no significant removal other than
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natural radioactive decay occurs in the deep soil, then the concentration in the deep soil will be a
balance between the rates for emanation from the soil and radicactive decay: Cgrp (deep) =E/4,
where E is the emanation rate (Bqm3 1), and 4 = 0.18 d-1 is the radivactive decay rate for
222Rn. In the sub-slab area, soil-gas entry adds another removal rate and the concentration will
be lower: Cgy, (subslab) = E' A + Quf Vg5 ) . where the sub-slab air volume Vs =g, A Az =3
m?. Using the measured ratio of deep 1o subslab 222Rn concentrations, Cpy, (deep) /
CRp(subslab) = 1.940.3 , the effective low Q= 0.8 m3 d-). This is in general agreement with
the estimate obtained from the tracer-gas measurements.

Effective soil-gas entry rates were estitnated as a function of building depressurization
uging the measured SFg concentrations and Eqs (1) and (2). The reselts are shown in Figure 7
for the estimate of ambient conditions and foy imposed depressurizations of 10 and 75 Pa (shown
as filled circles). Because measurements of the building depreszurization under ambient
conditions were not made, the efiective entry rate under ambient conditions (shown 2s a hatched
region In Figure 7) is estimated from the one week average of indoor SFg concentrations,
assuming a range of depressurizations between ! and 4 Pa.  The dependence of the soil-gas
entry rate on building depressurization is approximately hnear (see thick solid line in Figure 7),
in agreement with a model for advective soij-gas entry fimited by the soil permeability to air
rather (26), although the available data can not discriminate against small deviations from
linmarity.

We note that the data shown in Figure 7 yield an underestimate the slope due to purely
advective entry becanse advection increases with AP whereas diffusion does not. The size of the
diffusive component can be estimated very approximately by considering diffusion throngh the
concrete slab. Fick's law for diffusion yields an the flux density for diffusive transport of a gas
species

T45= - D dClidz, (5
where D is the effective diffusivity. Applying Eq (4) to the case of a concrate slab, the

contribution 1o diffusive eniry is A Jgr= A D, C(subslab)it = Cisubsiab) x 0.4 m3 41, where
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the diffusivity (for 22ZRn and approximately that for other gases) in concrete De = 8.6 x 10-*m2
d-1 (27), and t = 0.1m is the thickness of the butlding stab. Thus, the equivalent entry rate due to
diffusion of 0.4 m3 d-! is roughly half of the total entry rate at low pressures but becomes
msignificant at larger depressurizations.

Estimated rate of vertical diffusive transport

Two metheds were employed to estimate the rate of vertical wransport across the low
diffusivity layer in the seil. The first assumed mass balance between the vertical transport from
the deep 301) gas into the sub-slab soil gas and the subslab removal {building entry} estimated
above. I this case, the flow of SFg into the sub-slab region

Fsge = Qutt Care(subslab) = 20 - 60 ppb m3 d-1, {6)
where Cspg(subslab) = 20 ppl is the average SFg concentration measured in shallow subslab
probes 50 days after the tracer gas injection when the concentrations in the shallow soil have
reached conditions close to steady state (see Figuee 3).

The second method estimates the vertical diffusive transport from the measured air-filled
soil porosity and the gradient in gas concentration wsing Fick's law from Eq (2). The effective
diffusivity in the soil is assumed to follow the form derived by Millington and Quirk (28}

D, = Dp (ea107/e2), )]
where Dy is the molecular diffusivity for the gas in question, and €, and € are the air-filled and
total porosities. For SFg, Do (SFg) = 0.088 ¢m? 51 (29), the effective diffusivity in the 5oi]
D, = 0,76 m? d-1 (0.2)3333/(0.4)2 = 0.02 m? d-1, and the SF;s gradient across the depth interval
from 0.4 to 0.65 m dCgpe/dz = ACsprs/Az = (30 ppb - 400 ppb) / ( 025 m) = -1500 ppb 1. The
resulting estimated flow of 5Fg into the sub-slab region

Jdir A = 1500 ppb m? d*], (8}

is 25 to 75 times greater than that estimated from the subslab ventilation in Eq (6). This
suggests that either the estimated rate of removal from the sub-slab region is inaccurate, or, as we
believe more likely, that the soil at depths between 0.4 and 0.65 m centains a thin Jlayer with very

low diffusivity that was not detected by the soilcere measurements. For example, a layer of
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saturated soil only 2 mim thick would decrease the diffusive transport by an order of magnitude.
One piece of evidence weakly supports this hypothesis; the measured water content shows a
significant mncrease in the layer between 0.4 and (.6 m {see Table 2).

We also compared the SFg transport observed in the soil at depths > (.65 m 1o the results
of a model for soil gas transport that contains no fided parameters.  We assumed that: 1) the
SFs tould be treated as a Gawssian puff that was transponted by the combined effects of diffusion
and advection in a soil layer bounded from below by the water table at 2 m and from above by a
layer of low diffusivity soil at 0.5 m, and 2) the advective flow was that estimated in Eq (3. The
transport of a Gaussian puff in free air is described in Seinfeld (30). We applied that solution 1
this preblem by scaling the concentration of the SFg puff by the inverse of the air-filled pore
space, and using the soil-core data and Eqg (1) to estimate the diffusivity in the deep soil. The
resulis of this cajculation (lines) are compared with the measured concentration data (points) for
gach of the deep probes in Figure 4. We note both the maximum concentration and the time at
which the maxiraum is reached depend on the horizontal distance from the source and the
orientation of the source and detector relative to the direction of advective flow. The model
agrees with the measurcments to within a factor of twe for most of the data. Given the limited
number of parameters (all of which are fixed) and the fact that heterogeneity should be expectad
i subsurface systems, the observed level of agreement between the measurements and the model
predictions largely substantiates this description of transpenrt in the soil.

Estimated rate of hydrecarbon biodegradation

Independent of the rate of subslab ventilation, the very sharp concentration gradient
observed in the VOC's relative to SFg suggests that something qualitatively different was
affecting VOC transport. To elaborate, the ratios of soil-gas concentrations measured at depths
between .65 and 0.1 m was = 1000 for isoP, while the corresponding ratio was = 40 for SF .
Non-steady state mnditinns-arc not likely to be the cause of this difference. The 1soP gradient

was consistently [arge over the course of the year-long series of measnrements, and the measured

SFs gradient clearly approached a steady-state ratio (Figore 3),
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Several pieces of evidence suggest that biodegradation is responsible for the sharper
concentration gradient observed in isoP relative to SFg  First, we estimated the stoichiometry of
the reactions occurring in the soil from the measured gradients in iscP, CH4, and O assuming
that the flux rates were govermed by diffusive transport. The CO2 gradient was not included in
the analysis because the high pH of the so0il was indicative that carbonate chemistry would
significantly affect the CO» concentrations. The diffusivity of each gas relative 10 Op was
éstimated by the ratio of their molecular diffusivities (Dg(isoP) = 0.09 em? §-i, Dy(CH4) = 0.23
emé §'1 3, 1o that of Oy (Dp(02) = 0.2 cm? 5-1) (31). | we assume that half of the carbon
consumed was converted to micrebial biomass (21) and that little mineralization (to CO») of
mactive biomass occeered, then the required ratio of molar flow rates of Og relative to isoP and
CHy are 4 and 1. Under these assumptions the balance betwesn VOC consumption and O3
supply matches to within 10%. Fusther, the maximum imbalance in the flux of O3 10 the
combined fluxes of isoP and CHy is only a factor of two if one assumes that the amount of
biomass is in steady state and that production of new biomass is balanced by mineralization of
inactive biomass.

Second, we estimaie the rates of isoP and CH,4 degradation necessary to produce the
observed concentration gradients. We assume that the rate of degradation must approximately
equal the total flux rates becanse the pradients wers much larger than that for SFg where no
degradation oocurred. Diffusive flux rates were calculated using the measured gradients and the
estimated rate of s0il gas transport 2cross the soil layer between 0.4 and 0.65 m. The gradients
were caleulated as ACvocfAz, where ACvoc is the difference in concentration measured
between the probes at 0.4 and 0.65 m (see Figure 2}, and Az = 9.25 m. The minimum effective
diffusivity for SFg is estimated, assuming the mass balance between diffusion from deep soil-gas
into (see Eq (5)), and building entry removal (see Eq (6)} out of the sub-slab region, as

D.(SFg) = Fgps/ A ACspsfAz=3 % 104 m2 d-], (9
whereACgpe/Az is the SFg gradient across that layer of soil. The maximun effective diffusivity,

estimated from the porosity measurements ¢ see Eq (7) } of bulk soil, is 80 times greaer. The
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flux density for a gaven VOCU is given by Eq (3) with a diffusivity scaled from Eq {%9) nsing the

ratio of molecular diffusivities:
Ivoc = De(SFs) Dol VOCHDo(SFg) ACvyocfAz. {10)
The range of degradation rate per unit mass of soil is then estimated to be
K = (Jisop + JCH4 ) 1 p Az = 0.5-40 pg VOC/g soil d-}, (11}

whete the range of values reflects the range of Do{SFs) used in Eq(10).

Third, we compared the results of the laboratory isoP degradation expenments with the
rates estimated above. The best fit exponentiai decay curves for the isoP concentrations are
shown m Figure 5. The time ¢onstants for consumption of isoP in the soil samples collected at
depths of 0.2-0.4 and 0.5-0.7 m are 1 = B0 and 265 hr respectively. These correspond to
degradation rates Kjap, = AMjsop / (T Mgein) = 110 - 380 ug VOC/g s0il d-1, where AMjgop and
M) are the masses of isoP consutned and moist soil respectively, These values are
considerably higher than the rates astimated from the field measuraments. This suggests that the
rate of in-site microbial VOC degradation was subject to some combination of substrate,
nutrient, and/or oxygen lirnitations. Becanse nutrient availability can be assumed to be
approxmmately the same in the laboratory samples as in the bulk soil, substrate and/or oxygen
limnitations were the more likely causes.

Last, we consider whether the low-diffusivity layer could have been caused by reduced
soil porosity due to an accumulation of microbial biornass with it's associated protective layers of
polysaccharidas and water. Analogous examples of biomass mediated reductions in transport
are the large reductions of hydraulic conductivity found in saturated systems (32, 33). In the case
of thig study, if the soil pores were filled with biatic material with typical water content {-70%
H50 to ~30% organic) then the minimum soil organic fraction would be fo; = 0.08. This appears
unlikely because the measured fraction of organic material in the bulk soil at depths between 0.4
- 0.65 m is fpe = 0.005, although an unknown amount of volatile carbon may have been lost when
the scils samples were dried. Also, in a separate study at this site, Conrad et al. (34) show that

the 14C content of the organic matter in the soil samples from the 0.4 to (.65 m layer contained a
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MC fraction of 0.8 relative te the 19C content of the atmosphers before above-ground nuclear
tests were conducied {the present-day fraction of 14C is 1.14). An upper limit on the soil carbon
derived from ancient hydrocarbons (which contain no 14C), estimated by assuming all the
measured 14C comes from material with a 14C fraction of 1.9, is foc(petroleum) = 0.001,
although again this could be larger if organic carbon lost during soi drying was predominantly
derived from petrolenm.

Discussion

The results of this study demonstrate that the indoor air concentrations of gasoline
hydrocagbons were sigaificantly lower than what would be expected based on the estimates of
building ventilation and the entry of soil gas containing concentrations of VOC's measured in the
soil less than a meter under the building. Anazlysis of the measurements suggest that &
combination of physical and biological factors reduced the soil gas VOUC concentrations at the
building siab by a factor of 1000 compared with those below 0.65 m. In this section we discuss
these results, the conmections between the physical and biological factors, and the depgree to
which similar phenomena might occur at other sites.

First, the estimated rates of hydrocarbon degradation from Eq(11) are consistent with
measurements teported by Hinchee & Ong for fn-sity hydrocarben degradation o contarninated
soils, where K =0.4 - 20 ug VOC/g soil -1 (21},  Second, Conrad et al. (34) found that the CO»
in the soil gas contained stable isotope (13C/12C) and radiocarbon (14CAZC) ratios that were both
suggestive of microbial consumption of petroleum hydrocarbons. Thus, while we find several
consistent pieces of evidence for biodegradation, we are wnable to find & completely satisfying
explanation for the low diffusivity layer between depths of 0.4 and 0.65 m,

Finally, the effects of physical reduction in soil gas transport and microbial degradation
of contarnindnts are likely to affect indoor air concentrations of contaminants to varying degrees
at other sites. In particular, althongh near-surface acrobic biodegradation of aliphatic pctlrnlcum
hydrocarbons may occur faster than the biodegradation of other compounds in less asrobic

environments (particularly halogenated hydrocarbons in the deep subsurface), similar types of
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effects may be observed. Finally, these results suggest that attempts to miake detailed estimates
of VOC transport o buildings showld be made with careful attention 1o the identification and
separation of physical and biotic effects,
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TABLES
Table 1 Compounds detected in air, sofl gas , and waier headspace samples.

Compound Outdoor Air  Indoor Air Soil gas Soil gas Water
Headspace
{0.1m} (0.7 m} {2 m)
(ug m-3) (mg m-3)
Isopentzne (isol) 11.3 36.6 23 27500 143000
n-Pentane 52 54 6,3 2000 53000
E-Hethylpemane 56 55 34 6700 19000
3-Methylpentane 290 2.1 22 ND 31000
2,3-Dimethylpentane 27 26 24 2000 ND
3-Methylhexane 1.1 1.5 0.5 260 12000
4.-Methylhexan: 1.3 1. 1.3 1400 4600
Benzene 1.2 29 0.5 180 8000
Tolusns 58 5.7 2 ND 8000
Detection limit" 0.33 0.33 0.2 50 100

* Detection limit is approximately 1| ng divided by the sample volume, Benzene detsction limits
are approximately 3-6 times greater due to the presence of a 3-6 ng benzene background from
the Tenax sorbent. ND indicates no significant detection.
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Table 2 Scil properties.

~ Depth ensity Total Alr flled Clay” Silt* C-)Trganic Moisture
Porosity  Porosity  Fraction Fraction  Carbon  Content

4

W aokgmy  * 2 o100g)  (2/1008) Lgfflﬁtg) (g/100g)

0.2 1.6 (.37 0.24 4.5 2.2 04 8
0.3% 1.6 037 0.23 8 1.3 0.30 g
0.48 1.7 033 0.2] 2.7 1.5 {11 7
0.58 1.6 0.38 0.21 5.9 1.5 0.4 1t
0.62 1.5 0.39 0.19 3.3 36 0.5 13
0.70 1.6 024 {16 3.6 34 (L6 10
0.95 1.6 0.39 0.26 3.8 22 0.07 7
.14 1.6 0.38 0.26 -0.9 6.9 0.06 7
1.35 1.5 .41 0.26 .3 52 0.06 9
1.60 1.4 0.46 0.18 0.9 50 008 19
1.95 1.3 051 0.08 26.5 12,2 0.07 32

* Negative values indicate noise level of measurements. Mass of clay, silt, and organic carbon,
and maisture are reported ralative to mass of dry soil. Remainder of soil is sand.
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Table 3 Changes in concentrations during soil incabation *

ample AisoP ACO; AO,
mole m3
Blanks 0.03 (0.02) 0.05 (.04 2.0 (0.04)
Sterile Soil Control (L1 0.1 -7
(0.2404m)
Sterile Soil Contsol 0,03 0.05 -6
(0507 m)
Soil 067 (00D 1.6(0L08) 2.2{0.1)
(0.2-04m)
Soil 0.5 (0.04) 1.1 (0405 ~2.4 (0.1)
(0507 m

* Assumes initial concentrations of isoP, CO3, and O are 0.7 (50 g m-3}, 0.01 {350 ppm}, and
8.8 moles m-3 {21%) respectively. Time duration of experiment was 450 hr. Standard errors of
measurements given in patentheses where available.
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Figure |. Site geomery and enlarged planat view of seriice stabion bulding showing lacations of soil gas probes
{e.g.. SO &) and the locations of the injections used for the two hacer gas tests SEgf 1) and SEL2). A cluster of 513

probes, mstalled al depths ranging from 0.1 (o 1.65 m is marked a5 SG 16 A well used 1o monitor ground water
depth 1s also shown.
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Figue 2. Concentrations of isoP, CH,, ©O4, and O in 50l gas as 8 funclion of depth. Amows indicate detection
limit for CHy, which was not detected in the 50il gas 21 depths of 0.1 and 0.4 m. Note the sherp gradients in all gas
species at depthe batween 9.1 and .65 m.
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Figure 2. 3F; concentrations at fixed korizonal distance s, tme during first tracer gas aransport test, Concentrations
are those measured in a cluster of probes (SG 1 10 $G 6) that are a1 the same horizental distance from the source but
at varying depthe (indicated in parestheses) A sharp gradient {note logarithmic scale) iz observed with depth,
similar 16 that fourd for the VOC, suggesting the exisience of 2 partial barrier to vertical transporl.  Lines simply
connest data poinls o guide the eye.
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Figure 4. Compariscn of measured and modeled SF; concentrations in deep scil probes vs, time for first tracer gas
transport test. Concentration data (points} are those measured in probes located at depthe greater thap 0065 m and at
varying horizontal distances from the SE(1) soliree injection point (s2¢ Figure 1), Results of model caleulation are
shown gs separats lines for each probe location.
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Figure 5. Headspace concenwrations of isoP 25 a fanction of time during laboratory incubation, Daia shown are
biznk controls (trianglss), sterilized soil controls {diamonds), and achve soil samples (circles and squaresy. Pamels
(2) and (b) show the resulis for sl samples collected from under the building ac depths of 0.2-0.4 and 0507 m
respectively. Best fit exponential decay curves {ihick lines) are it to the data for active soil samples. The delay (tag
phase} between iniGation of the experiment and time for measurable decay of isoP in the active soil samples is
attributed 16 the time required for significant growth m the bacterial population.
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Figure 6. Schematic of model for soil gas transport into the building and equivalent three box model. Contaminant
transport i assumed 15 occur by diffusion from the deep soil, through the subslab region, and into the building. At
depths between 0.4 and 0.65 m a low diffusivity layer cestricts the Fow generating a sharp gradieet in the
contaminants, £0;, and Oy, In and above the layer, an serobie microbial population consumes a fraction of the
conlaminants that cross the layer. The remaining sontaminants are trensported into (he building from the sub-slab
rogion by 1) outdoor air driven into the oif and by depressurization caused by wind loading on the building, and 2}
diffusion though the building slab. Wind loading on the building also generates low-velocity “vpwind-downwind”
advective flow in the soil ges from the upwind 10 downwind sides of the building.



| A I'IlliIl 1 A F 4§ T4k

10 100
AP (P2)
Figure 7. Measured soil-gas entry rate jnio the building as a fonction of building depressurization. The entry rate
astimated for the cass of ambient conditions (shown as the hatched region) assumed an ambient depressurization
becween 1 and 4 Pa caused by wind loading on the buildine. The entry ratss estimasted from imposed
depressurizations of 10 and 75 Pa are shown as points with standard errors. The flow rate is approximately

propottional (thick Jine) 1o depressurization , although the data can not be used to rule out smaff departures from
linearity.
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