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Abstract
Petroleum hydrocarbon vapors biodegrade aerobically in the subsurface. Depth profiles of petroleum hydrocarbon vapor

and oxygen concentrations from seven locations in sandy and clay soils across four states of Australia are summarized. The
data are evaluated to support a simple model of biodegradation that can be used to assess hydrocarbon vapors migrating
toward built environments. Multilevel samplers and probes that allow near-continuous monitoring of oxygen and total vola-
tile organic compounds (VOCs) were used to determine concentration depth profiles and changes over time. Collation of all
data across all sites showed distinct separation of oxygen from hydrocarbon vapors, and that most oxygen and hydrocarbon
concentration profiles were linear or near linear with depth. The low detection limit on the oxygen probe data and because it
is an in situ measurement strengthened the case that little or no overlapping of oxygen and hydrocarbon vapor concentration
profiles occurred, and that indeed oxygen and hydrocarbon vapors were largely only coincident near the location where they
both decreased to zero. First-order biodegradation rates determined from all depth profiles were generally lower than other
published rates. With lower biodegradation rates, the overlapping of depth profiles might be expected, and yet such overlap-
ping was not observed. A model of rapid (instantaneous) reaction of oxygen and hydrocarbon vapors compared to diffusive
transport processes is shown to explain the important aspects of the 13 depth profiles. The model is simply based on the ratio
of diffusion coefficients of oxygen and hydrocarbon vapors, the ratio of the maximum concentrations of oxygen and hydro-
carbon vapors, the depth to the maximum hydrocarbon source concentration, and the stoichiometry coefficient. Whilst sim-
ple, the model offers the potential to incorporate aerobic biodegradation into an oxygen-limited flux-reduction approach for
vapor intrusion assessments of petroleum hydrocarbon compounds.

Introduction
Petroleum and chlorinated vapor concentrations attenu-

ate as they migrate toward building foundations from con-
taminant sources below ground surface (e.g., Johnson and
Ettinger 1991). Attenuation occurs because of diffusion,
controlling boundary conditions such as low vapor concen-
trations inside buildings and in outdoor air at the ground
surface, and convection and dilution from pressure-driven
air exchange in the near-surface zone of the soil profile or
in the built structure (e.g., Hers et al. 2000, 2003). For
petroleum hydrocarbons, in particular, there is also the
potential for significant additional attenuation due to aero-
bic biodegradation, given the potential for oxygen to move
into the subsurface from the atmosphere above ground (see,
e.g., Franzmann et al. 1999; Hers et al. 2000; Roggemans
et al. 2001; Davis et al. 2005; DeVaull 2007). The USEPA

(2002) acknowledged this when stating that the Johnson
and Ettinger (1991) model may not be applicable to petro-
leum hydrocarbons since it did not account for bio-
degradation. The scale of biodegradation can potentially
reduce petroleum vapor concentrations by several orders of
magnitude (Abreu and Johnson 2006). As such, excluding
biodegradation from risk assessments may lead to overly
conservative protective measures. For derivation of generic
criteria or for screening risk assessments, several regulatory
agencies in the United States (New Jersey, Massachusetts,
New Hampshire, California) and Canada (Golder Asso-
ciates 2008) allow attenuation factors that are derived from
a model assuming no biodegradation to be adjusted down-
ward (e.g., 10 times) to account for aerobic biodegradation.
Some consideration is also being given to this in Australia
(Davis et al. 2008). The adoption of such an approach and
inclusion in guidelines for the assessment of contaminated
sites require reliable quantification of the magnitude of aer-
obic biodegradation where vapor threats to human health in
built environments need to be assessed.
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Laboratory and field data, along with modeling studies,
are available that quantify aerobic biodegradation of petro-
leum hydrocarbon vapors (Franzmann et al. 1999; Hers
et al. 2000; Ririe et al. 2002; Davis et al. 1998, 2005). Some
models have estimated vapor biodegradation based on oxy-
gen concentration reductions and carbon dioxide production
in the subsurface (Lahvis and Baehr 1996; Davis et al.
2005). Alternatively, hydrocarbon concentration changes
have been modeled without linkage to oxygen or other
major gas concentrations (Trefry et al. 2001; Turczynowicz
and Robinson 2001; Ririe et al. 2002). Increasingly, vapor
modeling has focused on coupled hydrocarbon and oxygen
transport to simulate oxygen-dependent biodegradation con-
ditions (Öhman 1999; Hers et al. 2000; Trefry et al. 2000;
Abreu and Johnson 2005, 2006; DeVaull 2007). Also, such
an approach was reported earlier by Ostendorf and Kampbell
(1991). In contrast, Baehr and Baker (1995) report oxygen to
be nonlimiting for biodegradation where toluene was em-
placed as a contaminant source in laboratory column experi-
ments. This is at odds with most available field data and
subsequent studies in the field (Lahvis and Baehr 1996). It is
reasonably accepted now for modeling that oxygen transport
coupled to hydrocarbon biodegradation processes is of prime
importance, and that for petroleum compounds such as the
BTEX (benzene, toluene, ethylbenzene, and xylene isomers)
and aliphatic compounds, biodegradation is limited by oxygen
availability (Hers et al. 2000; DeVaull 2007).

In many published accounts, first-order or zero-order
reaction kinetics for petroleum vapors are estimated or
assumed in model applications (Höhener et al. 2003;
DeVaull 2007). A first-order approach assumes the rate of
mass consumption is directly proportional to the concentra-
tion of the compound being consumed. Where direct link-
age to the presence of oxygen is assumed (as in DeVaull
[2007]), the kinetics could be better described as pseudo
zero- or first-order. A zero-order approach assumes that the
rate of mass consumption is constant and independent
of the concentration of the compound being consumed.
Ostendorf and Kampbell (1991) and Ostendorf et al. (2007)
use Monod kinetics, which allows transition between zero-
and first-order kinetics. Zero-order rates have often been
assumed where oxygen limitations do not occur (e.g., Miller
et al. 1991). However, the majority of biodegradation rates
quoted in the literature are first-order. First-order rates
assume the hydrocarbon (or oxygen) mass removal rate is
greatest at the location of highest hydrocarbon (or oxygen)
concentrations (because of its proportionality to concentra-
tion). For coupled oxygen-dependent first-order kinetics, the
maximum rate is at the maximum cross-over point of the
oxygen and hydrocarbon concentration profiles. Johnson
et al. (1999), Hers et al. (2000), RISC (2006), and DeVaull
(2007) address this in their modeling by allowing a layer
where biodegradation reactions occur and by defining aero-
bic and anaerobic zones. Within the defined aerobic zone,
first-order rates are assumed.

Here we provide evidence to support the case that aero-
bic biodegradation of petroleum vapors occurs only where
oxygen and hydrocarbon vapor concentrations are effec-
tively zero, i.e., at the location of their minima in the depth
profile, similar to Behaviour A reported by Roggemans

et al. (2001). Hence, the rate of biodegradation can be con-
sidered essentially instantaneous, i.e., rapid compared to
soil vapor diffusion in the subsurface. This implies that
whenever oxygen and petroleum hydrocarbons are collo-
cated in the subsurface they react and the location at which
this occurs is controlled only by the transport to that loca-
tion and the stoichiometry of the reaction. This simplifies
the model approach, reduces the parameter requirements,
and provides a simple framework for inclusion of aerobic
biodegradation into models that estimate vapor exposure.
Effectively, this approximates to the flux reduction factor
(FRF) concept outlined in DeVaull et al. (2002); however,
these authors do not incorporate oxygen transport and also
assume first-order biodegradation rather than instantaneous
reactions. Data from field sites in Australia coupled with
a modeling assessment are used to support the approach
presented here.

Field Sites and Methods
In Australia, seven field sites affected by petroleum

hydrocarbon vapors were investigated. The site characteris-
tics and experimental methods at two of the sites were re-
ported in Davis et al. (2001, 2005) and Patterson and Davis
(2009). Three of the sites are located in Perth, Western
Australia, on sandy soils, and four are located in Queensland,
New South Wales, and Victoria on clayey or silty soils. A
summary of the characteristics of the sites is given in
Table 1. In general, the sites range from calcareous
medium to coarse sands, to fine tight clay and silty sites,
with petroleum types and sources ranging from near-pure
compound releases (e.g., xylene) to kerosene and gasoline,
and with varying vadose zone depths ranging from 1.25 to
10 m. At each of the field sites, cores were recovered by
pushing a thin-walled aluminum tube through the soil pro-
file. For the clay soil sites, an open hole was drilled to
above the required depth and then the tube was pushed
through the base of the hole. The water-filled and air-filled
porosities and organic carbon content of the soil were
determined on subsamples. Further characteristics for each
of the sites are given in Table 1.

The field sites were instrumented with multilevel sam-
plers (MLS) and in some cases with continuous logging
volatile organic compound (VOC) probes (Patterson et al.
2000) and oxygen probes (Patterson and Davis 2008). The
instrumentation allowed depth profile sampling of petro-
leum vapor and major gas concentrations in the subsurface,
and changes in concentrations, to be tracked over time. In
addition, specific experiments were carried out to observe
changes in vapor and major gas concentrations beneath and
in the vicinity of slab-on-ground buildings and covered
areas (Davis et al. 2001) and through artificial cracks
placed into a slab-on-ground building (Patterson and Davis
2009).

Typically, the MLS had 0.01 to 0.10 m long screens
placed at 0.05 to 1.0 m depth intervals. The MLS were fab-
ricated from 2 mm internal diameter nylon tubing, and for
the sandy sites these were bundled together and installed in
a single drilled borehole. The sand was allowed to collapse
around the installation or the borehole was backfilled with
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sand from the borehole. No bentonite was used. At the clay
sites, for shallow depths, separate boreholes were hand aug-
ured (50 mm) for each depth interval with all boreholes
located within a 0.5-m radial distance. For depths below 2 m,
a rotary auger drill rig was used. Sand packing around in-
stallations followed by granular bentonite packing above
the screened interval was also used at these sites to seal
the installation. The MLS were sampled using glass syrin-
ges for the hydrocarbon vapors after initial purging of gas
from the sampling line. Plastic syringes were used for
recovering samples for major gas analyses. A minimal
purge volume of three to four dead volumes was used. For
the narrow diameter tubing used, the dead volume is about
3 mL/m length of tubing. Samples were analyzed for
petroleum hydrocarbon vapors by gas chromatography–
mass spectrometry (GC-MS) and for major gases using
a GC with a thermal conductivity detector (GC-TCD).

Results and Discussion

Field Data
Table 2 shows data from across the seven sites. The

maximum total petroleum hydrocarbon (TPH) vapor con-
centration was 180,000 lg/L at Site C, with 140,000 lg/L
being m- and p-xylene isomers. The lowest maximum
vapor concentration was 130 lg/L at Site D. Total poros-
ities (hT) were reasonably similar across the seven sites:
individual measurements ranged from 0.30 to 0.54 m3/m3,
with averages always greater than 0.38 m3/m3 (Table 2).
Air filled porosities (ha) were highly variable between
sites: individual measurements ranged from effectively
zero as a minimum at Sites E and F to 0.43 m3/m3 on the
sandy sites. For the heavy clay/silt sites (E, F, G), the maxi-
mum individual measurement of ha was 0.19 m3/m3, with
a maximum average of 0.14 m3/m3 at Site G and a mini-
mum average of 0.02 m3/m3 at Site E. Effective diffusion

coefficients calculated with a common tortuosity model
reflected this variability.

Figure 1 shows typical total hydrocarbon vapor and
major gas concentration depth profiles for Site A and Site E.
At Site A, in open ground conditions (Figure 1B), oxygen
concentrations decreased to approximately 1% (effectively
below detection limits) at a depth of 2.5 m below ground,
and total hydrocarbon vapor concentrations were above
detection limits only at that depth and deeper. Carbon
dioxide concentrations increased with depth and showed
an approximate volume for volume replacement of oxygen
over the entire depth profile. Loss of carbon dioxide is
only via diffusion through to the ground surface; hence the
concentrations over the greater depths were very high.
At the same site under the center of a slab-on-ground build-
ing (Figure 1A), oxygen concentrations were below detec-
tion limits (approximately 1%), carbon dioxide
concentrations were uniformly high, and hydrocarbon
vapor concentrations were at elevated levels at the shallow-
est sampling port below the slab (0.15 m below ground).
Note that this is only a single example of such a situation.
Vapors have been shown to accumulate under the center of
a ground cover at an adjacent site (Davis et al. 2001), but
others have observed limited accumulation of vapors for
a slab on ground building (e.g., Lundegard et al. 2008).
Figure 1C shows an open ground depth profile in a heavy
clay soil with 0.5 m of overlying gravel fill. In this case,
the oxygen concentration was below detection limits at
a depth of 1.5 m below ground, meaning that oxygen
decreased to nondetect levels between 1 and 1.5 m and
hydrocarbon vapor concentrations decreased from 55,000
lg/L to below the detection limits at 1 m (or again between
1 and 1.5 m).

Linear or near-linear oxygen and hydrocarbon con-
centration depth profiles were commonly observed
(Table 2). At some sites data are limited and so linearity
was difficult to infer. For example, where only two data

Table 1
Summary of Characteristics of the Seven Field Sites

Site Label
State

of Australia Site Setting Soil Type Source Type

Vadose
Zone

Depth (m)

Organic
Carbon
(% g/g)

A Western
Australia

Slab on ground,
and open ground

Medium-coarse
calcareous sand

Kerosene ~3 0.16–0.97

B Western
Australia

Open ground Medium-coarse
calcareous sand

Gasoline 2.6–3.5 0.04–0.13

C Western
Australia

Asphalt cover
and open ground

Silica sand and
fill over clay

Xylene and BTEX ~3 0.05–1.0

D Queensland Open ground near house Fill over clay or clay Gasoline >4 <0.01–0.22
E Queensland Open ground near house 0.5 m of gravel fill

over clay
Gasoline ~1.5 0.1–0.47

F NSW Open ground near house Tight brown clay
and silty clay

Gasoline 7 0.1–0.3

G Victoria Open ground near house Brown clay sand Gasoline 10 <0.25–0.98

Note: Open ground refers to site without paved surface (i.e., vegetated or bare ground surface)

G.B. Davis et al./ Ground Water Monitoring & Remediation 29, no. 1: 126–137128 NGWA.org



points were available, a two-point linear HC depth profile
was noted in Table 2 (e.g., see Site E data in Figure 1C).
At Sites B, C, and F, nonlinear oxygen profiles were
observed, and only at Site C was a nonlinear vapor profile
observed.

All oxygen and hydrocarbon vapor concentration data
from each site using in situ probes, conventional manual
gas sampling, and GC analyses are shown in Figure 2. The
MLS data for open ground conditions were similar to pro-
files displayed in Figure 1B, whereas the data from
beneath the center of a ground cover or slab were similar to
profiles displayed in Figure 1A. For nearly all sites, oxy-
gen concentrations were < 5% when total hydrocarbon
vapor concentrations were above detection limits (i.e., >
200 lg/L for the in situ hydrocarbon probes; > 50 lg/L for
the manual sampling and GC-MS analysis) and individual
analytes were above detection limits (> 1 lg/L for individ-
ual analytes for the manual sampling and GC-MS analy-
sis). Further investigation of these data and subsequent
sampling showed that only oxygen data obtained by con-
ventional manual gas sampling with GC-TCD analysis
gave oxygen concentrations between 0.5% and 6% (circled
data in Figure 2) when hydrocarbon concentrations were
greater than 200 lg/L.

For all sites where oxygen was measured by both
in situ oxygen probes and conventional manual gas sam-
pling with laboratory GC-TCD analysis, there was reason-
able agreement between the two methods for oxygen
concentrations (r2 ¼ 0.964, n ¼ 18); however, the linear fit-
ted line was offset from the origin (Figure 3), suggesting
either the in situ oxygen probes underestimated oxygen
concentrations or the conventional manual gas sampling
and GC-TCD analysis method overestimated oxygen con-
centrations. Laboratory calibration of the same type of oxy-
gen probes against GC-TCD analysis as part of another
study (Patterson and Davis 2008) showed a linear (r2 ¼
0.999, n ¼ 8) calibration of oxygen down to 0.22% with
the line of best fit going through the origin, suggesting both
the oxygen probes and GC-TCD analysis were not respon-
sible for the offset that was observed in the field data. Oxy-
gen contamination of soil-gas samples during manual
collection or permeation of oxygen through the plastic
sampling syringe during transportation to the laboratory are
the likely reasons for the offset relative to the laboratory
data.

Comparing only in situ oxygen probe data to manual
hydrocarbon vapor data shows an even stronger relation-
ship between the absence of oxygen and the presence of

Table 2
Characteristics for 13 Depth Profiles Observed

Site Notes
CH,max

(lg/L)
Lmax

(m) hT
1 (m3/m3) ha

1 (m3/m3) DOx,eff
2,3 (m2/s) DH,eff

2,3 (m2/s) Depth profile shape

A Open ground 19000 2.75 0.51 0.51 0.34 0.34 2.1E-6 8.3E-7 Near-linear oxygen, linear HC
A Under building 47000 2.25 0.54 0.50 0.38 0.39 2.6E-6 8.3E-7 No oxygen, linear HC
B Summer 66000 2.25 0.52 0.44 0.32 0.38 1.2E-6 1.6E-6 Nonlinear oxygen, linear HC
B Winter: wet layer 55000 2.0 0.54 0.48 0.26 0.35 7.7E-7 1.0E-6 Near-linear oxygen, linear HC
C Open

ground
140000
(xylene)
180000
(TPH)

3.0 0.40 0.43 0.30 0.31 2.3E-6 8.7E-7 Nonlinear oxygen, nonlinear HC

D Fill: clay layer
Aug 2003

16000 3.5 0.42 0.50 0.30 0.33 2.1E-6 7.7E-7 Near-linear oxygen,
linear HC

D Fill: clay layer
May 2004

4000 3.5 0.42 0.50 0.30 0.33 2.1E-6 7.7E-7 Near-linear oxygen,
near-linear HC

D Verge Aug 2003 12000 2.3 0.48 0.46 0.22 0.26 6.0E-7 4.2E-7 Near-linear oxygen,
two-point linear HC

D Verge May 2004 130 1.3 0.48 0.46 0.22 0.26 6.0E-7 4.2E-7 Linear oxygen, low Cmax

E Beside a building 55000 1.5 0.46 0.39 0.12 0.02 8.3E-8 1.1E-10 Linear oxygen,
two-point linear HC

F Apr 2002 6400 5.0 0.43 0.43 0.11 0.15 6.6E-8 7.4E-8 Nonlinear oxygen,
two-point linear HC

F Oct 2002 170 5.0 0.43 0.43 0.11 0.15 6.6E-8 7.4E-8 Nonlinear oxygen,
two-point linear HC

G Open ground 72000 8.7 0.42 0.38 0.14 0.06 1.4E-7 4.7E-9 Near-linear oxygen,
near-linear HC

CH,max ¼ maximum hydrocarbon vapor concentrations, Lmax ¼ the depth at which this occurs, hT ¼ total and ha ¼ air-filled porosities, DOx,eff ¼ effective oxygen and DH,eff ¼
hydrocarbon vapor diffusion coefficients.
1Bold values are averages for the shallow oxygenated zone of the vadose zone. Italicized values are averages for the deeper vadose zone where hydrocarbon concentrations
are highest.
2DOx,eff and DH,eff are calculated using the Millington and Quirk (1961) approximation: Deff¼Dfreeha

10/3/hT
2, where DOx,free¼2.013 10-5 m2/s (Gliński and Stępniewski

1985), DH,free¼8.03 10-6 m2/s (Grathwohl 1998).
3 Bold values are calculated from bold values of ha and hT. Italicized values are calculated from italicized values of ha and hT.
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hydrocarbon vapors, and vice versa (Figure 4). The only
outlier was at one depth (8.7 m) at Site G where oxygen
and hydrocarbon vapors were detectable (circled data point
in Figure 4). On-line monitoring showed fluctuations in
oxygen concentrations that were consistent with barometric
pressure changes (Figure 5), especially after a large, 80 cm
diameter bore was installed within 2 to 3 m laterally of the
monitoring location. These results suggest that this outlier
data point was a result of oxygen ingress to this location

via advective barometric pumping. Therefore, excluding
the manually sampled oxygen results and the outlier at Site
G, the remaining data (Figure 4) provide good evidence
that there is limited overlapping of oxygen and hydrocar-
bon concentrations under the field conditions across these
13 depth profiles, and suggest that aerobic biodegradation
of the hydrocarbon vapors occurs only in a narrow depth
interval where the two intersect.
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Figure 1. Depth profiles for hydrocarbon vapor (TPH) and major gas concentrations for (A) beneath the center of a slab-on-
ground building at Site A, (B) open ground conditions beside the building at Site A, and (C) open ground conditions beside the
building at Site E.
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Confirmation of this limited overlap of oxygen and hy-
drocarbons concentrations can also be seen in example
transient data from Site G (Figure 6). For a brief period of
~20 days, hydrocarbon vapors up to 2000 lg/L were
observed at 0.5 m depth. Coincident with the presence of
hydrocarbon vapors was a decreased oxygen concentration.
In fact, the hydrocarbon vapor concentration time series
inversely mimicked the oxygen concentration time series,
providing strong evidence that the presence of even low
hydrocarbon vapor concentrations can rapidly and signifi-
cantly deplete subsurface oxygen concentrations. Note that
no interference between the oxygen and VOC concen-
trations could be due to concurrent in situ logging because
the in situ oxygen and hydrocarbon vapor concentrations
were measured using different continuous monitoring tech-
niques and the only commonality with the two in situ
probes was the data logger that recorded probe responses.

Instantaneous Model
The absence of significantly overlapping oxygen and

vapor concentrations implies that transport of oxygen and
hydrocarbon vapors to the zone of aerobic biodegradation
is the rate-limiting process. Where oxygen transport is
rate-limiting, some researchers (Ritchie 1977; Davis and
Ritchie 1986) considered aerobic reactions to occur at
a sharp interface and to be described by an oxygen front
moving into the porous media over time. For this approach,
Ritchie (1977) described a near-linear oxygen depth profile
from ground surface to the moving reaction front. This
model assumes oxygen consumption occurs only at the
location of zero oxygen concentration and that this location
moves progressively downward through the soil profile
over time as oxygen and hydrocarbons are consumed. In
this case, the source of hydrocarbon vapors is assumed
finite and consumed over time, but for selected parameters
the rate of movement of the zero-oxygen concentration
front might be very slow. Davis and Ritchie (1986)
expanded this approach to consider distributed reactions
and porous media particle sizes. This led to nonlinear oxy-
gen concentration depth profile predictions and a broader
depth interval of reaction. For small particle sizes, Davis
and Ritchie (1986) showed that the oxygen profile col-
lapsed on the solution of Ritchie (1977), giving again
a near-linear distribution and a narrow zone of reaction.

The approach of Davis and Ritchie (1986) identifies
oxygen transport as the rate-limiting process for bio-
degradation, and their oxygen profiles somewhat mimic the
near-linear oxygen concentration depth profiles observed
at most of the sites in this study. Assuming first-order or
zero-order biodegradation rates would necessarily generate
nonlinear overlapping depth profiles. However, as with the
earlier models that considered oxygen or hydrocarbon
vapor profiles in isolation, the approach taken by Davis and
Ritchie (1986) does not accommodate the coupling of
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hydrocarbon vapor fluxes to the oxygen flux. If, however,
we retain the fundamental aspects of this approach, which
is that oxygen reacts instantaneously (or rapidly compared
to transport times), then we can couple oxygen and hydro-
carbon fluxes. Such an approach was first proposed in the
American Petroleum Institute report by Roggemans et al.
(2001) during their evaluation of soil-gas field data (for
Behaviour A), and it was referenced in the three-dimen-
sional modeling work of Abreu and Johnson (2006) in rela-
tion to the far field distribution of oxygen and vapors away
from building foundations.

For this approach, consider steady-state hydrocarbon
vapor diffusion from a constant concentration source
CH,max at a depth z ¼ Lmax at the base of the soil profile.
Consider also oxygen diffusion from a constant maximum
concentration COx,max at ground surface z ¼ 0. Assume that
the hydrocarbon vapors instantaneously react with oxygen
at the depth z ¼ L and also decrease to zero at this loca-
tion. Under these assumptions the simple equations for
oxygen, COx(z), and hydrocarbon vapor, CH(z), concen-
trations become:

COxðzÞ = COx;maxð1� z=LÞ (1)

CHðzÞ = CH;max

�
1� ðLmax � zÞ=ðLmax � LÞ

�
(2)

The balancing of fluxes at z ¼ L gives:

DOxCOx;max=L = cDHCH;max=ðLmax � LÞ (3)

where DOx is the oxygen diffusion coefficient, DH is the
hydrocarbon vapor diffusion coefficient, and c is the stoi-
chiometric mass of oxygen consumed per mass of hydro-
carbon consumed in the biodegradation reaction.
Rearranging, we can define the depth L as

L = Lmax=ð1þ 1=gÞ (4)

where g ¼ DOxCOx,max/(cDHCH,max) measures the under-
supply of oxygen flux (g < 1, L/Lmax!0) or oversupply of
oxygen flux (g > 1, L/Lmax!1) with respect to the hydro-
carbon flux. If all assumptions are valid, the model requires
only a priori knowledge of the maximum oxygen and
hydrocarbon concentrations, their diffusion coefficients,
and the stoichiometry of the hydrocarbon biodegradation
reaction. Note that for layered soils, DOx and DH may be
replaced with effective diffusion coefficients calculated ac-
cording to the usual harmonic averaging method (e.g.,
Crank 1975, p. 267).

Example model profiles using Equations 1, 2, and 4 are
shown in Figure 7. Note that the instantaneous model pro-
files are predicted fits using the model described previously
rather than best fits to measured profiles. Table 3 gives
measurements and model estimates of the depths L where
oxygen and hydrocarbon concentrations decrease to zero.
The model estimates of L are comparable to those mea-
sured, except in the fill at Site D and for the winter profile
at Site B, both of which have nonuniform diffusion co-
efficients over the depth profiles. In particular, the fill area
at Site D had a compacted clay layer at 0.5 to 1 m below
ground, and Site B had a thin shallow soil layer with high
soil moisture content in winter that was controlling the net
fluxes of oxygen and hydrocarbon vapors (Davis et al.
2005). The accuracy of the measured estimate for L is
strongly controlled by the spatial interval of measurements
over the depth profile and, as pointed out earlier, possibly
the sampling and measurement technique used (compare
Figures 2 and 4). Estimates of L were also calculated using
the free air diffusion coefficients (Dfree) to compare to
L values derived using the effective diffusion coefficients
(Deff) obtained from hT and ha (Table 3). Only minimal dif-
ferences in the estimated Deff and Dfree values of L were
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Figure 6. Concurrent oxygen and hydrocarbon vapor concentration fluctuations from oxygen and VOC probes at a depth of 0.5 m
at Site G.
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observed with the exception of Sites B, E, and G. This
indicates, because L is calculated from the ratio of the
oxygen and hydrocarbon vapor diffusion coefficients, that
knowledge of hT and ha, and hence Deff, for determining L
using the instantaneous model approach may not be essen-
tial at the majority of the sites investigated in this study.

Adopting an alternate empirical estimate of the diffu-
sion coefficient, other than that proposed by Millington
and Quirk (1961), may alter the DOx,eff to DH,eff ratio, espe-
cially where the air-filled or the total porosities change sig-
nificantly from the shallow to deeper zones of the soil
profile. Additionally, the stoichiometry coefficient (taken
as 3.5 here) varies with the type of hydrocarbon compound,
although the variation is not great; see Baker et al. (2000)
or DeVaull (2007) for a generalized approach.

First-Order Model and Rates
As indicated earlier, the oxygen and vapor concentra-

tion depth profiles observed at these field sites were most
often linear or near linear with depth (see Table 2 and
example depth profiles in Figures 1 and 7). Effectively, this

can occur only when most of the degradation occurs at the
depth of the near-minimum oxygen and hydrocarbon vapor
concentrations and when degradation rates are low through
the remainder of the soil profile. Assumptions of oxygen
consumption at shallower depths of the soil profile, or
hydrocarbon vapor degradation at greater depths of the pro-
file, using either first- or zero-order biodegradation rates,
would lead to nonlinear depth profiles and overlapping
depth profiles if biodegradation rates are low.

To illustrate this further, steady-state first-order biode-
gradation models were fitted to each of the 13 depth pro-
files for both oxygen and hydrocarbon vapor. In this case
the oxygen and hydrocarbon vapor concentrations were
modeled independently. For oxygen, the concentration at
ground surface was assumed to be a maximum (i.e., COx ¼
COx,max at z ¼ 0) and the oxygen flux at some depth Lmax

was assumed to be zero (i.e., dCOx/dz ¼ 0 at z ¼ Lmax).
COx,max can be set equal to the concentration in the atmo-
sphere above ground (2.79 3 105 lg/L) or a lower concen-
tration observed beneath a building or covered area. The
depth Lmax could be the top of the capillary fringe of the
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Figure 7. Oxygen and hydrocarbon vapor depth profiles from manual sampling compared to the predictions from the instanta-
neous linear model and the best fits to the first-order model.
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water table or the top of the vapor source zone. We could
have also assumed a zero oxygen concentration at depth
Lmax, but this would constrain the oxygen concentration to
be zero at that depth even when, in the most general case,
degradation (oxygen consumption) might be zero. The
equation for the oxygen concentration depth profile be-
comes (see Appendix A):

COxðzÞ = COx;maxcosh
�
kOxðLmax � zÞ

�
=coshðkOxLmaxÞ (5)

where cosh (z) ¼ (ez + e-z)/2, kOx ¼ (ROx/DOx)
½, and ROx

is the first-order oxygen consumption rate.
Likewise, for hydrocarbon vapors emanating from

a constant source of concentration CH,max at depth Lmax,
having a zero flux at the ground surface and a first-order
degradation rate RH, we can write the equation for the
hydrocarbon vapor concentration depth profile as:

CHðzÞ = CH;maxcoshðkHzÞ=coshðkHLmaxÞ (6)

where kH ¼ (RH/DH)
½. Here, we could have set the vapor

concentration to zero at the ground surface if open ground
conditions were prevalent. For the 13 profiles this is a com-
mon occurrence, but for open ground conditions the vapors
rarely penetrate close to the ground surface, so a zero flux
condition instead seems reasonable. Also, adopting a zero
flux condition frees the concentration at ground surface to
vary, which allows the potential for accumulation of vapors
beneath a built structure, although theoretically no
exchange with a built structure is allowed for in this
analysis.

Equations 5 and 6 were fitted to the 13 hydrocarbon
and oxygen depth profiles. The fitting was carried out man-
ually to ensure that the fitted curve approximated the depth
where the measured hydrocarbon concentration was at or
below detection limits. This is a best fit to the profile data,
in contrast to the instantaneous model, which is a pre-
dictive estimate based on maximum concentrations at
surface and depth. Examples are given for Sites B (Winter),
C, D (Fill Aug. 2003), and G in Figure 7. Similar fits were
obtained for the other profiles. Of those shown in Figure 7,
the first-order model fit is good for oxygen profiles at Sites
B, C, and D, but poor at Site G. The fit to hydrocarbon
vapor profiles is good at Sites G and C, but poor at B and D.
Liquid-phase first-order hydrocarbon vapor degradation
rates estimated from these fits are summarized in Table 3.
These are obtained by multiplying the gas phase degrada-
tion rate RH by the ratio of the dimensionless Henry’s law
constant and the average water-filled porosity (determined
from hT and ha). Water–filled porosities were variable
between sites but reasonably uniform with depth, espe-
cially in the sandy soils. The average water-filled porosities
used were quite large, ranging from 0.11 to 37 m3/m3,
except for the lowest average. The lowest average value
was 0.06 m3/m3 for a sandy site that had this moisture con-
tent throughout the soil profile. The Henry’s Law constants
were taken to be typical of the maximum of the range for
aromatic and aliphatic hydrocarbons (see DeVaull 2007).

Across all sites and locations, the aliphatic hydrocar-
bon first-order degradation rates range from 5.0 3 10-3 to
180 h-1 with a geometric mean of 2.0 h-1. The aromatic
hydrocarbon first-order degradation rates range from 2 3

Table 3
Measured and Estimated Depths and Estimated Liquid Phase First-Order Hydrocarbon Vapor Degradation Rates

Site
Location
or Date

Measured Depth L (m)
Estimated L from
Equation 4 (m) 1

Liquid-Phase Hydrocarbon
Vapor Degradation Rates (h-1)

From
oxygen data

From
vapor data

Using Deff

values2
Using Dfree

values3 Aliphatic4 Aromatic4

A Open ground 2.50<L <2.75 2.25<L <2.50 2.5 2.5 61 0.24
A Under building 0 N/A N/A 1.1 0.0046
B Summer ~1.5 1.25<L<1.5 1.2 1.7 180 0.69
B Winter: wet layer ~0.5 0.4 1.0 1.6 12 0.048
C Open ground 2.5 1.5 1.6 1.5 8.9 0.035
D Fill: clay

layer Aug 2003
0.8 0.8 3.3 3.2 3.0 0.012

D Fill: clay
layer May 2004

0.8 0.8 2.2 2.2 6.1 0.024

D Verge Aug 2003 1.25<L <2.25 1.25<L <2.25 2.1 2.2 8.6 0.033
D Verge May 2004 ~1.3 <0.8 1.3 1.3 5.3 0.021
E Beside a building 1.0<L<1.5 1.0<L<1.5 1.5 1.2 0.005 0.000020
F Apr 2002 5.0 3.0<L<5.0 4.6 4.8 0.30 0.0012
F Oct 2002 5.0 3.0<L<5.0 ~5 5 0.22 0.00087
G Open ground ~8.7 6.8<L<8.1 8.5 6.4 0.02 0.000078

1Assumes c ¼ 3.5 g oxygen per gram of hydrocarbon vapor.
2Using DOx,eff and DH,eff as shown in Table 2.
3Calculated using DOx,free¼2.013 10-5 m2/s (Gliński and Stępniewski 1985), DH,free¼83 10-6 m2/s (Grathwohl 1998).
4Aliphatic values are determined by assuming the Henry’s Law coefficient is 59, being the maximum of the range in DeVaull (2007). Aromatic values are determined by
assuming the benzene Henry’s Law coefficient is 0.23 (DeVaull 2007).

G.B. Davis et al./ Ground Water Monitoring & Remediation 29, no. 1: 126–137134 NGWA.org



10-5 to 0.69 h-1 with a geometric mean of 7.8 3 10-3 h-1.
From an extensive dataset, DeVaull (2007) quotes a geo-
metric mean liquid-phase first-order reaction rate of 71 h-1

for aliphatics with a standard deviation range of 8 to 380
h-1, and for aromatics a geometric mean of 0.79 h-1 with
a standard deviation range of 0.06 to 10 h-1. Apart from
Site B (Summer), all values determined in this study are
below the geometric mean for aliphatics quoted by DeVaull
(2007) and all are below the geometric mean for aromatics
(standardized to benzene). Only Site A (open ground) and
Site B (Summer) had aromatic degradation rates that were
above the minimum range of the standard deviation,
whereas additionally Sites C and Site D (Verge, August
2003) had aliphatic degradation rates that were above the
minimum range of the standard deviation quoted by
DeVaull (2007).

Integration of Results and Conclusions
Overall, in comparison to the pseudo first-order rates

reported by DeVaull (2007), the hydrocarbon vapor degra-
dation rates determined across the 13 profiles in this study
appear to be low. It might be expected for such low degra-
dation rates that oxygen and vapor concentration profiles
would overlap and that vapors might persist to shallower
depths. This is not the case across all 13 profiles, except at
Site A under the building, and indeed the rates of degrada-
tion in these profiles are high relative to the potential for
hydrocarbon vapors to diffuse through the soil to the
ground surface. As discussed earlier, for all but a very few
data points, there was rarely oxygen detected in the zone
where hydrocarbon vapors were detected and little or no
overlap was observed.

The instantaneous model structure avoids the need for
rate estimates. It offers a simple and perhaps conservative
way to incorporate biodegradation into vapor intrusion
assessment. For example, Johnson and Ettinger (1991)
embody Qsoil, the advective building foundation air
exchange rate into their model solution. This delivers vapors
into the building via advective pressure driven air flow. De-
Vaull (2007) expands its application to also include oxygen
flux into the subsurface in his oxygen-limited approach.
Using this approach and taking the typical range quoted for
Qsoil as 1 to 10 L/min, assuming COx,max¼2.79 3 105 lg/L,
and the typical surface area of a building foundation as Ab ¼
100 m2 (DeVaull 2007), gives an advective flux of oxygen
into the soil of JOx,Qsoil ¼ QsoilCOx,max/Ab ¼ 2800 to 28,000
lg/m2/min. The diffusive flux of oxygen JOx,D into the soil
profile is given by JOx,D ¼ DOxCOx,max/L ¼ 110 to 44,000
lg/m2/min, assuming DOx spans the range in Table 2 and L¼
Lmax ¼ 1 to 10 m. For small Qsoil, high ha, or small L values,
the diffusive flux of oxygen is up to an order of magnitude
greater than the advective flux of oxygen, but for large Qsoil,
low ha, or large L values, the diffusive flux of oxygen may be
orders of magnitude less than the advective flux.

Even when Qsoil is large, diffusion operates and, as
seen in Figure 6, assuming a constant or average Qsoil may
not be appropriate given the responses of oxygen and vapor
pressures to transient effects in this shallow zone of the soil
profile. Setting the advective flux of oxygen to zero by

setting Qsoil to zero (only for oxygen) and estimating the
oxygen flux solely from the diffusive flux offers a possible
conservative way of estimating the potential for aerobic
biodegradation of the petroleum hydrocarbon vapors. For
all the profiles investigated in this study (except Site A
under the building where COx,max ¼ 0) the diffusive oxygen
flux ranges from 220 to 13,000 lg/m2/min, assuming Lmax ¼
L. Note that L is usually much less than Lmax, but using
Lmax provides a lower and conservative diffusive flux esti-
mate. Also, Lmax is already known if a standard Johnson
and Ettinger (1991) vapor intrusion assessment is to be car-
ried out at a site. Stoichiometrically, this diffusive oxygen
flux can be used to estimate the flux reduction factor (FRF)
(DeVaull et al. 2002) or the reduced net flux of hydrocar-
bon vapors moving toward a building. At these seven sites
this reduction amounts to between 60 and 3700 lg/m2/min.
To apply this approach with confidence, the instantaneous
model would need to be combined with field data to inform
the model as to the presence and concentration of oxygen
in the soil profile, as recommended by others such as Johnson
et al. (1999). Otherwise, apart from perhaps DOx, all other
parameters used by the model (Lmax, DH, CH,max) are already
required to carry out a standard vapor intrusion assessment
using the Johnson and Ettinger (1991) approach, and the
additional rate constants (e.g., RH or ROx) are not required;
again, to be conservative, only diffusive oxygen flux from
the surface would be assumed, with Qsoil only applied to
the movement of hydrocarbon vapors into a building.

Built structures will alter oxygen concentrations that
may be observed under a building compared to that
observed beside a building, as shown in Figures 1A and
1B, and see Abreu and Johnson (2006) or Patterson and
Davis (2009). In this case, lateral migration of oxygen
beneath a building foundation can be approximated in
a similar way to that proposed in Equations 1, 2, and 3. An
additional parameter value required is the slab or founda-
tion dimension, but again this is a required parameter for
a vapor intrusion assessment in any case.

There are a number of shortcomings in the simple
assessment reported here. It assumes uniform nontransient
conditions, constant and uniform diffusion coefficients, no
advective flux of oxygen or hydrocarbon vapors, and
instantaneous reaction of oxygen and hydrocarbon vapors.
In addition, this approach assumes that oxygen and vapors
migrate in one dimension, which is not the case when the
ground is covered by a building (Abreu and Johnson 2005,
2006; Patterson and Davis 2009). Together with non-
uniform diffusion coefficients, oxygen consumption by nat-
ural organic matter or other reduced species (Johnston and
Desvignes 2003; DeVaull 2007) will also create nonlinear
distributions of oxygen through the soil profile. This would
serve to reduce the oxygen concentration in the soil profile
both in reality and in a model informed by oxygen concen-
tration data from the field. Inhibitive effects may also slow
aerobic microbial biodegradation, which can create over-
lapping profiles, although high concentrations at the seven
sites investigated in this study did not seem to create such
inhibitions. In addition, the built environment changes the
flux of oxygen and vapors, so that vapors may accumulate
as in Figure 1A.
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Some of these shortcomings are common to all currently
available vapor intrusion assessment models. Despite this, the
data presented here indicate that the kinetics or rates of the
biodegradation reactions between oxygen and hydrocarbon
vapors are not critical to the assessment of steady petroleum
vapor transport, and that oxygen-limited instantaneous con-
sumption of petroleum hydrocarbon vapors allows a simplified
approach to vapor intrusion assessment. Combined with field
measurement of the presence of oxygen in the subsurface,
which will alleviate some uncertainty related to the shortcom-
ings indicated above, the oxygen-limited instantaneous model
offers the potential to reduce the complexity of initial petro-
leum hydrocarbon vapor intrusion assessments whilst taking
some account of aerobic biodegradation processes.
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Appendix A: Derivation of Equation 5
We consider steady diffusion in a finite domain z 2 [0,L].

Let the vapor concentration at location z be denoted by C(z).
The (uniform) diffusion coefficient is D and the irreversible
rate of reaction (biodegradation) of the vapor is R such that

D
d2C

dz2
� RC = 0 (A.1)

i.e., R represents first-order reaction kinetics. Defining k ¼
(R/D)1/2, the general solution to Equation A.1 can be ex-
pressed simply as

c
�
x
�
= Aekx þ Be�kx (A.2)

where A and B are integration constants to be fixed by the
application of boundary conditions. For the problem of
interest here, we apply the conditions C(0) ¼ C0, i.e., con-
centration is constant at the ground surface, and C#(L) ¼ 0,
i.e., concentration flux is zero at z ¼ L. Requiring Equation
A.2 to satisfy these conditions yields the pair of simulta-
neous equations

Aþ B = C0

kAekL � kBe�kL = 0
(A.3)

Solving Equation A.3 yields A ¼ C0/(1 + e2kL) and B ¼ A
e2kL. Substituting these expressions in Equation A.2,

identifying (ez + e-z)/2 with cosh(z), and rearranging yields
the form of Equation 5.

References
Abreu, L.D.V., and P.C. Johnson. 2006. Simulating the effect of

aerobic biodegradation on soil vapor intrusion into buildings:
Influence of degradation rate, source concentration and depth.
Environmental Science and Technology 40, no. 7: 2304–2315.

Abreu, L.D.V., and P.C. Johnson. 2005. Effect of vapor source-
building separation and building construction on soil vapor
intrusion as studied with a three-dimensional numerical model.
Environmental Science and Technology 39, no. 12: 4550–4561.

Baehr, A.L., and R.J. Baker. 1995. Use of a reactive gas transport
model to determine rates of hydrocarbon biodegradation in
unsaturated porous media.Water Resources Research 31, no. 11:
2877–2882.

Baker R.J., A.L. Baehr, and M.A. Lahvis. 2000. Estimation of
hydrocarbon biodegradation rates in gasoline-contaminated
sediment from measured respiration rates. Journal of Contami-
nant Hydrology 41: 175–192.

Crank, J.H. 1975. The Mathematics of Diffusion, 2nd ed. Oxford,
UK: Clarendon Press.

Davis, G.B., M.G. Trefry, and B.M. Patterson. 2008. Petroleum
vapour model comparison: Interim report for CRC CARE.
Technical Report no. 1. Adelaide, Australia: CRC for Contam-
ination Assessment and Remediation of the Environment.

Davis, G.B., J.L. Rayner, M.G. Trefry, S.J. Fisher, and B.M.
Patterson. 2005. Measurement and modelling of temporal var-
iations in hydrocarbon vapor behavior in a layered soil profile.
Vadose Zone Journal 4, no. 2: 225–239.
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