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ABSTRACT
Vapor intrusion (VI) evaluations at hydrocarbon sites often include installation of nested vapor 
wells to assess the nature, extent, fate, and transport of volatile constituents from the source 
at depth to the shallow subsurface. The impact of localized, alternate sources of petroleum 
hydrocarbons from shallow/surface releases are rarely defined yet have the potential to significantly 
affect the VI pathway, primarily by depleting oxygen as it diffuses through the vadose zone.  This 
paper presents data demonstrating the effects of alternate sources on the VI pathway beneath a 
community situated above a petroleum hydrocarbon plume.

The subsurface consists of homogeneous coarse-grained glacial and alluvial deposits. Groundwater 
is located between 40 and 60 feet below ground.  The limits of the smear zone and dissolved phase 
plume are well defined.  Eight nested vapor wells were installed at locations over the smear zone, 
dissolved phase plume, and background areas (at 5- and 10- foot intervals). The VI pathway has 
been extensively studied over the past 13 years, and migration of volatile constituents has been 
shown to be incomplete due to aerobic biodegradation. 

Vapor extraction has been performed to enhance mass reduction of the smear zone since 1999 and 
was suspended for 22 months during an independent VI investigation between 2008 and 2009. 
Monitoring results in areas of known alternate petroleum releases were unique from those in areas 
not affected by alternate sources.  Lines of evidence considered in assessing the differences in the 
migration pathway include the evaluation of hydrocarbon and fixed gas profiles, numeric modeling, 
and analysis of the percent composition of selected hydrocarbons. These lines of evidence all 
support the conclusion that alternate sources of hydrocarbon vapors are limiting the supply of 
oxygen, thereby reducing the rate of aerobic degradation of the hydrocarbons originating at the 
source at depth and contributing to volatiles measured in shallow and intermediate probes.

INTRODUCTION
At many petroleum release sites, light non-aqueous phase liquids (LNAPL) and dissolved phase 
hydrocarbons migrate in the subsurface and may be present beneath structures both at and nearby 
the area of release.  Some petroleum hydrocarbons associated with these releases are sufficiently 
toxic to pose a health risk due to volatilization and migration of vapors into structures. The primary 
mechanism for vapor migration into overlying buildings is the upward diffusion of hydrocarbon 
vapors from the LNAPL or dissolved phase source at the water table.  Along this pathway, the 
migration of hydrocarbon vapors can be retarded by dissolution into pore moisture or adsorption 
to soil particles.  Where oxygen (O2) is present at sufficient concentrations, soil microbes will 



metabolize the petroleum hydrocarbons in the pore moisture, while consuming O2 and producing 
carbon dioxide (CO2).  Microbiologic degradation also occurs in the absence of O2, producing 
methane (CH2).  The CH2 will subsequently diffuse upward and be degraded aerobically along with 
other hydrocarbons at shallower depths where O2 concentrations are (typically) higher.  Anaerobic 
biodegradation of hydrocarbons generally occurs at a much slower rate compared to aerobic 
degradation. 

Aerobic biodegradation of hydrocarbon vapors often occurs in a relatively thin zone, where the 
concentrations of O2 and volatile constituents in the soil vapor are optimal for the growth of 
petrophyllic bacteria, as described by DeVaull et al. 19971.  Aerobic biodegradation has the potential 
to reduce soil gas concentrations by several orders of magnitude, as long as the supply of O2 is not 
rate limiting (DeVaull et al. 19971, DeVaull et al. 20022, Roggemans et al. 20013, Abreu et al. 20094). 

Oxygen in the atmosphere diffuses down into the unsaturated zone when a concentration gradient 
is present.  Atmospheric O2 also migrates downward advectively via barometric pumping and by 
infiltration of dissolved O2 in rainwater.  Barometric pumping occurs in response to changes in 
atmospheric pressure and the compressibility of gas; typical barometric pressure changes are 1,000 
to 3,000 Pascals per day, which is about 1 to 3% of atmospheric pressure (Massmann 19925).  This 
process ensures that the upper 1 to 3% of the thickness of the vadose zone is well aerated (O2 
concentrations similar to atmospheric levels).  In the absence of aerobic degradation, O2 levels will 
approach atmospheric levels throughout the vadose zone.  Where O2 is consumed, a concentrations 
gradient will develop, which is the driver for downward diffusion. 

Indoor air and shallow soil gas often contain measurable concentrations of volatile and semivolatile 
compounds from household activities, consumer products, building materials, furnishings, and 
ambient air sources.  Discussions of background sources of chemicals and typical concentrations 
in indoor air can be found in NJDEP 20056, NYSDOH 20057, Batterman 20078, USEPA 20089, 
MADEP 200810, Dawson and McAlary 200911, and in numerous other documents.  Complexities 
from background sources make it very difficult to assess whether VI is significant at hydrocarbon 
sites using indoor air data, which is one of the main reasons soil vapor characterization is very 
important.  Evaluating hydrocarbon distributions in the vadose zone often involves installation of 
nested soil vapor monitoring wells to assess the vertical profile of volatile constituents, O2, and CO2 
from the source at the groundwater table to the shallow subsurface. 

In many cases, the alternate sources of volatile petroleum hydrocarbons within and beneath 
structures contain many of the same chemicals present from a LNAPL or dissolved-phase source 
that has migrated from a petroleum release (e.g., benzene is commonly present in a wide variety 
of products, and is often the compound posing the greatest potential risk via the VI pathway at 
hydrocarbon sites).  Data collected from nested vapor monitoring wells are typically assumed to be 
unaffected by alternate petroleum hydrocarbon sources.  However, as discussed herein, alternate 
sources have the ability to affect soil vapor data collected from nested wells in the same way 
alternate indoor air sources complicate evaluations of the VI pathway within the structures. 

An understanding of the spatial variability of aerobic biodegradation mechanisms within the vadose 
zone has primarily been limited to studies (Laubacher et al. 199712, Hers and Zapf-Gilje 199813, 



McAlary et al. 200714, Luo et al. 200915) and numerical modeling (Abreu and Johnson 200516 and 
200617) of a single building scenario.  Roggemans et al. 20013 evaluated aerobic biodegradation of 
petroleum hydrocarbons using data collected from nested soil vapor monitoring wells at a number of 
petroleum hydrocarbon release sites.  Only sites with data sets consisting of petroleum hydrocarbons 
and fixed gases (i.e., O2 and CO2) were considered in the assessment of the significance of aerobic 
biodegradation mechanisms and resulting flux of volatile petroleum hydrocarbons from the vapor 
source.  Four general categories were identified (described by Roggemans et al.3 as Behaviors A 
through D) that described the relationship of the hydrocarbon and fixed gas profiles at the petroleum 
release sites. The behaviors were not predicted by thickness of the vadose zone or ground surface 
cover (e.g., pavement versus uncovered). The four categories can be summarized as follows: 
• Behavior A (“Transport-Limited Biodegradation Settings”) – hydrocarbon vapor concentrations 

decrease with increasing distance above the source more rapidly than expected due to diffusion 
alone, with three distinct zones.  
1. The first zone is from the source to a depth where active aerobic biodegradation occurs.  

This zone is anoxic, and diffusion is the primary transport mechanism.  Petroleum 
hydrocarbon vapor concentrations decrease marginally, if at all, with little or no evidence 
of aerobic degradation (CO2 production, loss of hydrocarbons).  

2. The second portion of the profile represents the active zone of aerobic biodegradation, 
with dramatic reduction of hydrocarbon concentrations, consumption of O2 and 
production of CO2, typically over a short vertical interval.

3. In the third zone (above the biologically active layer), hydrocarbon concentrations are 
typically very low or not detectable, and O2 concentrations usually approach atmospheric 
conditions at ground surface.

• Behavior B (“Aerobic Biodegradation Rate-Limited Settings”) – hydrocarbon vapor 
concentrations decrease and O2 concentrations increase above the source at depth to the 
ground surface, similar to the Behavior A wells. However, O2 is never reduced below 5%, 
and aerobic conditions prevail throughout the vadose zone. This category might be expected 
where the vapor source is weak compared to Behavior A sites, or at sites with a thinner 
vadose zone and vapor transport from the source is greater than the aerobic biodegradation 
rate. 

• Behavior C (“O2 Deficient Subsurface Settings”) – hydrocarbon vapor concentrations are 
persistent and O2 is depleted throughout the vertical profile.  Volatile petroleum constituents 
migrate by diffusion from the source to the shallow subsurface. Roggemans et al. 20013 
theorized that Behavior C sites would be observed in the presence of surface covers (i.e., 
pavement.), structures, or elevated moisture content in the soils, which would limit O2 
transport.  However, this hypothesis was not supported by data collected at several locations 
representative of this behavior-type.

• Behavior D (“Near-Source High Diffusion Resistance Soil Gas Profiles”) – hydrocarbon 
vapor concentrations show a rapid decrease (“several orders of magnitude”) in volatile 
petroleum concentrations located directly above the vapor source and O2 concentrations 
decrease as a function of diffusion through the soil vapor profile with a steeper decline 
directly above the vapor source.  The decrease is a result of a higher diffusive resistance 
zone directly above the source (e.g., thick capillary fringe) combined with rapid aerobic 
biodegradation.  



Roggemans et al. 20013 concluded that all of the evaluated petroleum release sites showed 
evidence of aerobic biodegradation of petroleum hydrocarbons in the data collected from the 
nested soil vapor monitoring wells.  However, the hydrocarbon flux (assessed using a no-
biodegradation base case) was attenuated from 0% at some Behavior C wells to more than 
99.99% at several Behavior A locations.  This variability is one of the main reasons regulatory 
guidance for VI has been slow to allow for consideration of biodegradation. 

It is important to understand the processes contributing to or limiting aerobic biodegradation and 
the affect on vapor flux at petroleum release sites. This becomes particularly important when 
multiple sources are present because shallow alternate sources are rarely well characterized yet 
have the potential to significantly affect the VI pathway, primarily by depleting O2 as it diffuses 
through the vadose zone.  The data collected during this study provide information regarding 
the spatial and temporal variability of O2 and volatile concentrations across a petroleum release 
site and may have implications for evaluating the VI pathway using nested monitoring wells as a 
primary line of evidence. 

Site Description
The subject site is a mixed residential 
and commercial community, situated 
in the Midwestern United States.  The 
community lies within a glacial-incised 
valley that was subsequently filled with 
coarse-grained outwash and alluvial 
deposits, with an overall coarsening 
sequence with increasing depth. The soil 
gas permeability of these deposits are 
generally between 1E-7 to 1E-9 square 
centimeters, typical for medium to coarse 
grained sands. 

Groundwater is located between 40 and 
60 feet below ground surface (ft-bgs).  
A portion of the town overlies LNAPL 
associated with historical petroleum 
releases from an adjoining facility. 
LNAPL is present within a vertical smear 
zone approximately 15 to 20 feet thick, 
associated with seasonal fluctuation of 
the water table. A stable dissolved phase 
hydrocarbon plume extends beyond the 
smear zone but is limited in extent due to 
aerobic and anaerobic natural attenuation 

Figure 1: Nested Vapor Monitoring Well Locations and 
Limits of Smear Zone/Dissolved Phase Hydrocarbons



mechanisms within the saturated zone.  The limits of the smear zone and dissolved phase plume 
are well defined, as shown on Figure 1.

SCOPE AND METHODS
Eight nested vapor monitoring wells, with probes installed at 5- and 10-foot intervals, have been 
installed over the smear zone, dissolved phase plume, and background areas (Figure 1).  The 
first three monitoring wells (VW-93, VW-96, and VW-99) were installed in 1997 and are located 
within the limits of the smear zone beneath the community.  The wells were constructed with soil 
vapor monitoring probes above the vapor source at 60 ft-bgs to 10 ft-bgs, with probes situated 
at 5-foot intervals throughout the vadose zone.  Soil vapor probes were constructed of a 1-inch 
Schedule 40 polyvinyl chloride screen with a slot size of 0.010-inches and a screen interval 
of approximately 3 inches.  A silica sand filter pack was placed from approximately 6 inches 
below to 12 inches above the screened interval.  Bentonite emplaced and hydrated in 6-inch lifts 
separates the filter pack surrounding each probe. Monitoring began in 1997 using the three nested 
vapor monitoring wells installed over the smear zone and five monitoring events were performed 
from 1997 to 1999. 

 In June 1999, a vapor extraction system was installed beneath the community as part of interim 
measures to reduce the smear zone mass.  The soil vapor extraction system was designed to 
remove volatile petroleum hydrocarbons at a high rate initially, with an expectation that the mass 
removal rate would gradually diminish as the hydrocarbons within the smear zone were depleted, 
at which time the system would be operated intermittently and ultimately shut down.  The system 
was constructed with the capacity to extract and treat vapors at a flow rate of 3,500 standard 
cubic feet per minute (scfm), but is typically operated using a single extraction line at flow 
rates between 1,200 and 1,600 scfm.  The system commenced operation in November 1999 and 
operated nearly continuously through May 2001.  The system was then operated by cycling each 
line for a period between one day and four months beginning May 29, 2001 through December 
27, 2007.  More than 530,000 pounds of petroleum hydrocarbons have been removed from the 
vadose zone beneath the community since 1999.  

Between June 1999 and 2004, field measurements of fixed gases and total organic vapor were 
used to monitor the vapor extraction system and its effectiveness at removing hydrocarbon mass. 
These measurements were also used to evaluate O2 transport to the deep portions of the vadose 
zone and the impact of the system on aerobic biodegradation rates beneath the community. Soil 
vapor samples were not collected from the nested wells for laboratory analysis.  

In 2004, additional vapor sampling was requested by the regulatory agency.  A shallow soil 
vapor probe was installed at the 5 ft-bgs interval within nested monitoring wells VW-93, VW-96, 
and VW-99.  The shallow vapor probes were constructed in a similar fashion to those installed 
in 1997.  Four additional nested monitoring wells were installed in 2005. Two of the nested 
wells (VW-127 and VW-128) were installed above the dissolved phase plume, and the other 
two wells (VW-129 and VW-130) were installed in areas outside the distribution of petroleum 
hydrocarbons associated with historic releases (Figure 1). These four wells were installed with 
probes located at 5, 10, 15, 20, 30, 40 and 50-ft-bgs. 



The final vapor nested monitoring well (VW-139) was installed in 2009 in an area outside the 
residential community but overlying the smear zone. The vadose zone is only 40 feet thick in 
this portion of the plume, and probes were completed at 5, 10, 15, 20, 30, and 40 ft-bgs.  Probes 
installed in 2005 and later were completed with a 6-inch long, stainless steel GeoProbe™ screen 
in a similar fashion as that described previously. In 2005 and 2009, seal testing was conducted 
within each of the nested wells to ensure that there was no leakage across the seals between 
vapor monitoring probes. 

Soil vapor sampling conducted from 1997 to 1999 consisted of measuring total petroleum 
hydrocarbons (generally using USEPA Method TO3) and fixed gases (via Landtec™ GEM 500).  
Between 2005 and 2007, additional monitoring was performed using the seven nested monitoring 
wells installed in the community.  Six monitoring events were performed targeting a range of 
seasonal and remedial system operating conditions.  Soil vapor sampling conducted between 
2005 and 2007 followed the procedures described in the EPRI Reference Handbook for Vapor 
Intrusion Assessment (200518) using helium as a tracer gas to confirm the integrity of the sample. 
Samples were analyzed for volatile petroleum related constituents via USEPA Method TO15 
and fixed gases using ASTM Method 1945/1946.  The soil vapor sampling methodology was 
modified again in early 2008 to include helium tracer testing across the entire sample manifold in 
conformance with procedures later described in McAlary et al. 200919.

RESULTS AND DISCUSSION
The VI pathway has been extensively studied over the past 13 years.  Monitoring has been 
conducted during 11 separate months, including each of the four calendar quarters.  Soil vapor 
samples have been collected during both high and low groundwater conditions, during periods 
of elevated precipitation and periods of drought, and during periods of high and low seasonal 
temperatures.

The data collected between 1997 and 1999 indicated that aerobic biodegradation limited the flux 
of volatile petroleum hydrocarbons to within 20 feet above the smear zone, and the VI pathway 
was incomplete. The vertical profiles of total volatile petroleum hydrocarbons (TVPH)a and O2 

a.  The vertical profiles for total volatile petroleum hydrocarbons (TVPH) provided herein represent a mix-
ture of hydrocarbon constituents whose composition can vary significantly both spatially (sample interval in 
each nest) and temporally (across sample events).  TVPH was reported as a single concentration in the soil 
gas samples collected prior to 2005.  For samples collected since 2005, TVPH was estimated by summing the 
concentration of the individual petroleum-related constituents reported via SW846 Method TO15.  For constit-
uents reported as “non-detect,” half the detection limit was used as a surrogate in the estimation of the TVPH 
concentration given the uncertainty associated with the actual concentration for those constituents.  The analyte 
list has varied during the monitoring events conducted since 2005; therefore, the profiles may show changes 
related to these variations in the analyte list and not as a result of an increase or decrease in the petroleum-
related constituent concentrations throughout this timeframe.  Methane was not included in the TVPH concen-
tration calculations. Methane data is generally available for monitoring events performed from September 2005 
and forward.  The methane data is generally dominated by non-detect results with detections observed directly 
above the vapor source for most of the events (exceptions would include events which occurred in the summer 
months prior to operation of the soil vapor extraction system, as the water table falls and moisture content de-
creases throughout the vadose zone). Methane results are provided on Figure 10 presenting the 2008 and 2009 
results for wells VW-96 and VW-99. Inclusion of the methane data would serve to complicate the TVPH and O2 
profiles for the 2005 through 2007 results provided as Figures 5 through 9. 



for wells VW-93, VW-96, and VW-
99, shown on Figures 2 through 4, 
resembled those classified as Behavior 
A by Roggemans et al. 20013.  Elevated 
concentrations of TVPH above the 
30-foot interval in well VW-96 and the 
25-foot interval in nested well VW-
99 can be observed on the vertical 
profiles, appearing as a reversal in the 
concentration gradient. These wells are 
located outside of any potential release 
areas associated with hydrocarbons 
present within the smear zone. 

The results from monitoring conducted 
between 2005 and 2007 supported 
previous findings and demonstrate 
that upward migration of vapors 
via diffusion is offset by aerobic 
biodegradation. TVPH concentrations 
decrease rapidly to non-detectable 
levels and/or below human health 
risk-based screening levels at depths 
shallower than approximately 30 ft-bgs. 
For two of the three wells (VW-96 
and VW-99) installed above the smear 
zone in the community, the vertical 
profiles, as shown on Figures 5 and 6, 
were once again similar to the Behavior 
A locations described by Roggemans 
et al. 20013. The zone of aerobic 
biodegradation, where there is rapid attenuation of hydrocarbon concentrations coinciding with 
consumption of O2, fluctuates within the vertical profile, likely as a function of groundwater table 
elevation (vapor concentrations are generally higher at low water table elevations) as well as 
changes in soil moisture content.   

The vertical profile for the remaining nested well situated over the smear zone (VW-93) shown 
on Figure 7, and the two wells located above dissolved phase petroleum hydrocarbons (VW-127 
and VW-128) shown on Figures 8 and 9, were similar to Behavior B.  The shift in the profile 
for nested well VW-93 from Behavior A to B is attributable to reduction in the vapor source 
concentration due to aerobic biodegradation enhanced by soil vapor extraction. 

In 2008 and 2009, an independent VI investigation was conducted by state and federal public 
health and environmental regulatory agencies. During the investigation, operation of the soil 
vapor extraction system was suspended for 22 months, which was longer than any other period 

Figure 2: TVPH and Oxygen Profiles, Well VW-93 (1997-1999)

Figure 3: TVPH and Oxygen Profiles, Well VW-96 (1997-1999)



since the soil vapor extraction system 
was commissioned. Vapor samples 
were collected from each of the 
nested monitoring wells by the facility 
owner during four events (April 2008, 
September 2008, December 2008, 
and October 2009) for comparative 
purposes to agency-collected results. 
In addition, during the October 2009 
monitoring event, soil vapor samples 
were collected from nested well VW-
139 for comparison to results from the 
wells within the community situated 
over the smear zone.

In general, the results from the 2008 
and 2009 investigation support the 
conclusion that migration of volatile 
petroleum-related constituents from the 
vapor source was limited by aerobic 
biodegradation mechanisms. However, 
the data collected from nested vapor 
monitoring wells VW-96 and VW-99 
between December 2008 and October 
2009 were not consistent with previous 
soil vapor monitoring results, indicating 
that previously unidentified or new 
conditions were present that warranted 
further analysis. The results from these 
latest monitoring events showed low O2 
and elevated TVPH concentrations in 
shallower samples than observed previously.

ALTERNATE SOURCE ASSESSMENT
Nested soil vapor monitoring wells VW-96 and VW-99 are located in portions of the community 
associated with residential and commercial vehicle parking and maintenance activities.  In 
addition, individual septic systems were used to treat household wastewater prior to the extension 
of a municipal sanitary sewer system into the community in 2006.  Several studies, including 
DeWalle et al. 198520 and Conn and Seigrist 200921, document releases of volatile petroleum-
related constituents from septic systems. Robertson et al. 199122 evaluated concentrations 
of inorganic constituents and plume lengths associated with septic systems installed within 
a sand and gravel lithology. They reported reduced O2concentrations and inorganic plumes 
associated with a single household septic system that extended more than a mile from the 
source.  Inadequately abandoned individual septic systems may continue to use available O2 
as it diffuses through the vadose zone. Releases of petroleum constituents associated with 

Figure 4: TVPH and Oxygen Profiles, Well VW-99 (1997-1999)

Figure 5: TVPH and Oxygen Profiles, Well VW-96 (2005-2007)



discharges from household products, 
underground and aboveground storage 
tanks, and commercial businesses 
(e.g., automotive repair, long-haul 
trucking, construction, etc.) may 
continue to volatilize in the shallow 
and intermediate portions of the vadose 
zone.  Considering the number of 
potential alternate sources, additional 
assessment activities were conducted 
within the community.  

Analytical results from April and 
September 2008 for wells VW-96 
and VW-99, shown on Figure 10, are 
consistent with sampling conducted 
during 2005 through 2007, as well as 
historical data collected from 1997 to 
1999.  These data generally show a 
rapid decrease in vapor concentrations 
from the vapor source to approximately 
30 to 50 ft-bgs.  A corresponding 
consumption of O2 is noted in deep 
portions of the vadose zone, indicating 
that aerobic degradation is the primary 
mechanism for these reductions.    

An increase in vapor concentrations 
is observed in the vapor profile for 
nested wells VW-96 and VW-99 above 
30 feet during monitoring performed 
between 1997 and 1999, and again in April and September 2008 and 2009.  This increase in the 
TVPH concentrations observed in the shallow and intermediate portions of the vadose zone are 
not consistent with diffusion of vapors from a single source located at the groundwater table.  
Diffusion occurs as a result of concentration gradients, where chemicals move from areas of high 
concentration to areas of low concentration.  The reverse concentration gradients observed in 
these two wells during selected events are consistent with the presence of an alternate source of 
petroleum hydrocarbons that may have migrated downward into the vadose zone from a release 
at or near ground surface.  

During monitoring performed between 2005 and 2007, contributions from these alternate sources 
were not observed in the vertical profiles from these two wells.  Soil vapor conditions within the 
vadose zone during these events were affected by the soil vapor extraction system, which was 
operated on a seasonal basis beginning in 1999.  Soil vapor extraction advectively transports 
atmospheric O2 into the vadose zone, enhancing the rate of aerobic biodegradation. Monitoring in 
October 2005 (Figures 5 through 9), conducted during operation of the vapor extraction system, 

Figure 6: TVPH and Oxygen Profiles, Well VW-99 (2005-2007)

Figure 7: TVPH and Oxygen Profiles, Well VW-93 (2005-2007)



show that O2 concentrations are 
enhanced, approaching atmospheric 
levels throughout much of the vadose 
zone. As a result, petroleum-related 
constituents volatilizing from the 
alternate sources above the vapor 
source were aerobically degraded to 
non-detect or background levels.

During events conducted in December 
2008 and October 2009, the vertical 
profiles (Figure 10) show a decrease 
in TVPH concentrations from the 
vapor source in the smear zone 
to shallower depths; however, the 
reduction in concentrations is less 
dramatic than observed during 
previous events.  The fixed gas data 
for these events show that O2 is being 
consumed at shallower depths in the 
vadose zone.   Soil vapor samples 
were collected during low water table 
conditions in December 2008 and 
October 2009, following shutdown 
of the soil vapor extraction system 
for more than 12 and 22 months, 
respectively.  

The profiles for data collected in 
2008 and 2009 show little or no O2 
in the upper portions of the vadose 
zone, which in turn limits degradation 
in deeper portions of the unsaturated zone.  The time sequence plots show consumption of O2 
occurring at increasingly shallower depths over the timeframe that the vapor extraction system 
remained idle.  There is a shift from Behavior A-like profiles as described by Roggemans et 
al. 20013, with a clear distinction between the vapor source at depth and the alternate sources 
present in the shallow and intermediate portions of the vadose zone during the April and 
September 2008, to Behavior C-like profiles with anoxic conditions present throughout much of 
the vadose zone, as observed during the December 2008 and October 2009.

For comparative purposes, soil vapor samples were collected from nested well VW-139 during 
the October 2009 monitoring event. The vertical profile is provided on Figure 11. The vadose 
zone is approximately 40 feet thick at this location, compared to 60 feet near nested wells VW-
96 and VW-99.  The vapor source TVPH concentration approaches 10,000 milligrams per cubic 
meter (mg/m3) in all three of these wells located above the smear zone (VW-96, VW-99, and 

Figure 8: TVPH and Oxygen Profiles, Well VW-127 (2005-2007)

Figure 9: TVPH and Oxygen Profiles, Well VW-128 (2005-2007)



VW-139). There are no potential 
alternate sources of petroleum-
related constituents observed 
at VW-139.  Therefore, O2 
was able to diffuse into deeper 
portions of the vadose zone, 
resulting in a significant 
reduction (by 30 ft-bgs) of 
TVPH concentrations.  Even 
with the thinner vadose zone, 
concentrations are reduced 
to non-detect or background 
levels within 10 feet above the 
smear zone at VW-139.   It 
is anticipated that if alternate 
sources were not present near 
nested vapor wells VW-96 and 
VW-99, the profiles from these 
locations would be similar to 
those observed at nested well 
VW-139.

Rapid Optical Screening 
Tool (ROST) Assessment
A subsurface assessment was 
performed in 2009 to more fully 
define potential alternate sources 
of petroleum hydrocarbons in 
the shallow and intermediate 
portions of the vadose zone near 
well VW-96.  As part of this 
assessment, ROST borings were 
installed to provide physical 
and chemical characteristics 
of the vertical distribution of 
petroleum hydrocarbons within 
the vadose zone and upper 
portions of the saturated zone 
during two events performed 
in December 2009.  The 
ROST uses a laser induced 
fluorescence system to detect 
petroleum hydrocarbons present 
as LNAPLs in the subsurface.  
The laser was calibrated prior 

Figure 10: TVPH and Fixed Gas Profiles,  
Wells VW-96 and VW-99 (2008-2009)



to each event using a standard containing the spectrum 
of petroleum hydrocarbons that can be detected by 
the laser fluorescence system.  The fluorescence data 
collected using the ROST is consistently normalized 
as a percentage of the intensities measured within the 
reference standard because the power output of the 
laser can change due to environmental conditions (i.e. 
temperature, humidity, etc.) and aging of the system. The 
area of each waveform taken during a test is reported as a 
percentage of the area of the standard waveform.  

The December 2009 ROST profile, provided on Figure 
12, shows high fluorescence intensities between 5 and 15 
ft-bgs, as well as between 25 and 30 ft-bgs, representing 
proportionally higher concentrations of petroleum 
hydrocarbons when compared to lower fluorescence 
intensities with relatively little to no response between 30 

and 50 feet (with the exception of a spike 
near 47 ft-bgs associated with the upper 
limits of the smear zone).  The elevated 
intensities observed within the upper 30-
feet of the profile during these two events 
are indicative of alternate petroleum-related 
sources in the vadose zone, because these 
responses are well above the seasonal high 
water table and corresponding upper limit 
of the smear zone. 

Changes in the relative proportions of 
the four wavelengths and color of the 
fluorescence response represent change in 
the LNAPL chemistry.  The colors observed 
in the upper 30 feet of the ROST profiles 
during the June and December 2009 events 
are different LNAPL from those observed 
within the smear zone.  The shallower 
data shows a higher proportion of low 
wavelength response, which is indicative 
of lighter weight hydrocarbons.  Lighter 
compounds usually volatilize and degrade 
faster than heavier hydrocarbons, so this 
may indicate the shallower regions contain 
LNAPL released more recently than 
LNAPL within the smear zone.

Figure 12:  ROST Profile, Well VW-96 (Dec 2009)

Figure 11: TVPH and Fixed Gas Profiles, 
VW-139 (Oct 2009)



Percent Compositional Profiles
Individual petroleum-related constituents are expected to degrade at different rates based on 
the availability of O2, as well as other sources of energy (i.e., more degradable constituents) 
for petrophyllic bacteria. The degradation rates can be compared by evaluating the vertical 
profile of the percent composition of each hydrocarbon constituent.  Monoaromatic (e.g., 
benzene) and n-alkane (e.g., n-hexane) hydrocarbons are generally more degradable than highly 
branched alkanes (e.g., 2,2,4-trimethylpentane).  As such, if there is a single source of petroleum 
hydrocarbons at depth and aerobic biodegradation within the vadose zone, the branched alkanes 
and other less degradable hydrocarbons should show an increase in the percent composition 
from the source to the ground surface while the more degradable monoaromatics and n-alkanes 
should show a decrease in percent composition within soil vapor moving away from the source.  
Figure 13 shows the percent composition of selected petroleum-related constituents (including 
isopentane; 2,2,4-trimethylpentane; butane; hexane; cyclohexane; and methylcyclohexane) 
present in samples collected from nested wells VW-96, VW-99, and VW-139 during the October 
2009 monitoring event.

The percent composition profile for nested well VW-96 shows an increase in the percentage of 
2,2,4-trimethylpentane and a decrease in the more degradable constituents from the source at 60 
ft-bgs to 20 ft-bgs that is consistent with degradation of hydrocarbons from a single source at 
the water table.  However, the percent composition of 2,2,4-trimethylpentane decreases, and the 

Figure 13: Constituent Compositional Profiles (Oct 2009)



other degradable constituents increase from 20 ft-bgs to 10 ft-bgs, which is not consistent with 
the expected profile from a single source.  This reversal of the expected trend may be indicative 
of an alternate source of petroleum hydrocarbons in the upper portion of the vadose zone, which 
yields vapors that are less extensively degraded because of their proximity to the alternate 
source.

The percent composition of 2,2,4-trimethylpentane in samples collected from well VW-99 in 
October 2009 shows an increasing trend between the vapor source and 35 ft-bgs, followed by 
a slight decreasing trend to 15 ft-bgs, with a sharp increase to the ground surface.  This trend is 
notably different than the expected trend in the 15 to 35 foot depth interval.  Isopentane shows 
an inverse relationship to 2,2,4-trimethylpentane (as expected because faster degradation of 
isopentane should result in an increased proportion of 2,2,4-trimethylpentane in the remaining 
vapors); therefore, the isopentane data are also not consistent with the trend expected for a single 
source at the water table.  Cyclohexane and methylcyclohexane show an increase in the percent 
composition present in the soil vapor samples from 35 ft-bgs to 20 ft-bgs, which is also not 
expected for a single source at the water table. 

The percent composition of the constituents measured in samples collected from well VW-
139 in October 2009 show a dramatic decrease from the smear zone at 40 ft-bgs to non-detect 
concentrations throughout the remainder of the profile.  This profile is expected in cases where 
O2 transport is not limited (i.e., no alternate sources present in the vadose zone) and complete 
aerobic biodegradation of the source is present at depth.  The percent composition profiles 
for nested wells VW-96 and VW-99 demonstrate the presence of an alternate hydrocarbon 
source in the shallow vadose zone near these wells, resulting in O2 consumption and decreased 
hydrocarbon degradation.

Mathematical Modeling
Mathematical models provide a benchmark for comparison to field measurements, which can be 
used to infer the processes and mechanisms affecting chemical transport through the subsurface.  
The data collected in October 2009 from nested wells VW-96, VW-99, and VW-139 were 
analyzed using a mathematical model that solves equations representing diffusion and first-
order degradation, referred to as the Dominant Layer Model (DLM) by Johnson, et al. 199923.  
The time series profiles (Figure 10) for wells VW-96 and VW-99 show an evolution in the O2 
and CH4 profiles from an initial condition that is predominantly aerobic throughout the vadose 
zone to predominantly anaerobic conditions with a nearly linear CH4 profile during October 
2009.  This would be consistent with diffusion dominated transport with minimal aerobic 
biodegradation.  In October 2009, the concentrations of CH4 in shallow samples were higher than 
previously observed (about 5% in samples from 10 to 20 ft-bgs in nested well VW-96 and 15 to 
25 ft-bgs in VW-99); inversely, the concentrations of O2 in the shallow samples were lower than 
previously observed (minimal concentrations at depths of 5 ft-bgs in nested well VW-96 and 
15 ft-bgs within monitoring well VW-99).  Considering that the concentration of CH4 was far 
greater than the remainder of petroleum hydrocarbons, it would impose the highest O2 demand. 
As such, DLM simulations were performed using CH4 for data collected from wells VW-96, 
VW-99, and VW-139 during the October 2009 monitoring event.  The simulations were used 
to assess whether the first order aerobic biodegradation rate (λ) that generated the best match 



between the data and the 
model was consistent with 
literature cited values.  
According to a compilation 
by DeVaull 200722, aerobic 
biodegradation rates are 
typically in the range 
of about 96 to 28,000 
day-1 for straight-chain 
aliphatic hydrocarbons. 
However, longer-chained 
hydrocarbons generally 
degrade at slower rates, so 
CH4 would be expected to 
degrade with a higher rate 
constant.  DLM simulations 
for wells VW-96, VW-99, 
and VW-139 are provided 
as Figure 14.

The CH4 data collected 
from nested well VW-139 
shows a dramatic decrease 
from 2% in the deepest 
sample near the smear zone 
at 40 ft-bgs to non-detect 
concentrations (less than 
0.0005%) throughout the 
remainder of the profile 
(Figure 11).  The gas 
permeability measured at 
well VW-139 is relatively 
constant over the vertical 
profile, so a consistent 
moisture content of 5.3% 
was assigned for the entire 
profile.  The DLM was 
assigned an active layer 
from 30 to 40 ft-bgs, 
which yielded a first-order 
degradation rate of 1,700 
day-1, which is the median rate for aliphatic compounds reported by DeVaull 200724.  This profile 
is consistent with expectations where O2 transport is not rate limited and CH4 is completely 
degraded within a very short distance of the source, typical of Behavior A profiles described by 
Roggemans et al. 20013.  

Figure 14 :  DLM Simulations (Oct 2009)



The CH4 data collected from nested well VW-96 in October 2009 shows very little decrease 
in concentration from 60 ft-bgs to 30 ft-bgs that is consistent with diffusion only and no 
degradation.  The DLM was assigned an active layer (zone of aerobic degradation) from 1 to 
25 ft-bgs.  Soil gas permeability data from well VW-96 indicate decreased permeability from 
approximately 15 to 25 feet deep. Less permeable materials often retain moisture at higher 
field capacity levels, resulting in a lower diffusion coefficient. Therefore, the lower diffusion 
coefficient in this portion of the vadose zone is reasonable.  A water-filled porosity of 18% was 
assigned for the dominant layer. A degradation rate constant of 0.5 day-1 resulted in the best fit 
with the CH4 data (a profile for a degradation rate of zero was also plotted for comparison).  The 
fitted degradation rate of 0.5 day-1 is more than two orders of magnitude below the low end of the 
range of degradation rates for aliphatic hydrocarbons described by DeVaull 200724.  Furthermore, 
some of the measured CH4 concentrations remain higher than the modeled curve, indicating 
either a slower degradation rate or CH4 production in the shallow portions of the unsaturated 
zone.  The comparison of the DLM model and the measured data at nested well VW-96 indicates 
that the processes of diffusion and aerobic biodegradation from a single source at the water table 
are not consistent with the measured CH4 profile during the October 2009 event.  An alternative 
hypothesis is that a second source of petroleum hydrocarbons is present in the shallow vadose 
zone and is contributing to O2 consumption and CH4 production, yielding higher shallow CH4 
concentrations than would be expected from the smear zone at depth.

The CH4 profile measured in nested well VW-99 during the October 2009 event shows a 
pronounced decrease in concentrations between the 10- and 20-foot intervals; therefore, this 
interval was assigned as the dominant layer for the model simulations. The gas permeability 
measured at well VW-99 is relatively constant over the vertical profile, and a consistent moisture 
content of 5.3% was assigned for the entire profile. A simulation with no aerobic biodegradation 
and a source concentration of 10% v/v CH4 at 55 ft-bgs showed that most of the samples between 
15 and 55 ft-bgs contained CH4 concentrations higher than the zero attenuation simulation would 
predict.   A second simulation with a source concentration of 10% v/v CH4 at a depth of 35 
ft-bgs was performed, and an aerobic biodegradation rate for the dominant layer was adjusted 
until a reasonable match with the samples collected at 5 and 10 feet deep was achieved.  This 
yielded a first-order degradation rate of 20 day-1, which is below the lower end of the range for 
aliphatic compounds; however, the measured concentrations at 15 and 20 ft-bgs remained higher 
than the modeled values.  Considering that neither of these two scenarios could fit most of the 
data, a third simulation was performed with a source concentration of 8% v/v CH4 at a depth 
of 20 ft-bgs.  The degradation rate was adjusted until the model provided a reasonable fit to the 
concentrations measured at 5 and 10 ft-bgs.  This yielded a first-order degradation rate of 100 
day-1, which is near the lower end of the range of degradation rates for aliphatic compounds, and 
therefore considered more reasonable than the other two simulations.  The comparisons between 
the model simulations and measurements at well VW-99 indicate that diffusion and degradation 
from a single source at the water table are not consistent with the observed CH4 profile, and there 
appear to be other factors contributing to CH4 production at shallower depths.  



SUMMARY
The hydrocarbon and fixed gas profiles from the nested soil vapor monitoring wells described 
herein show that aerobic biodegradation has been an important process limiting the upward 
migration of vapors during monitoring events performed since 1997.  During sampling 
conducted in 2008 and 2009, O2 was consumed in shallower portions of the vadose zone 
near nested wells VW-96 and VW-99 thereby reducing the rate of aerobic biodegradation.  
Several lines of evidence were assessed including (1) ROST assessment, (2) analysis of 
the percent composition of highly degradable (e.g., isopentane) and more recalcitrant (e.g., 
2,2,4-trimethylpentane) petroleum constituents across the vertical profile, and (3) comparisons 
between the DLM simulations and measured concentrations of CH4, particularly the differences 
in these profiles at different locations.  Collectively, these analyses support the conclusion that 
the differences in the vertical profiles of hydrocarbon concentrations for wells VW-96 and 
VW-99 observed between 2008 and 2009 are attributable to the presence of alternate sources of 
petroleum hydrocarbon vapors in the shallow and intermediate portion of the vadose zone, which 
likely resulted from near-surface releases.  

Where there is the potential for VI associated with petroleum releases, nested wells are often 
recommended as a primary means of evaluating the pathway from the source to the shallow 
subsurface.  One of the underlying assumptions in this approach is that the vadose zone 
conditions and the distribution of volatile petroleum hydrocarbons are adequately represented by 
the placement of a few nested wells within the distribution of petroleum hydrocarbons present 
at the water table.  The results of this study suggest that there may be considerable spatial and 
lateral variability in aerobic biodegradation mechanisms and resultant vapor flux at petroleum 
release sites, particularly where alternate sources are present. This should be considered in the 
design of a site characterization program as well as evaluation VI pathway.  Further studies 
at other petroleum release sites, as well as bench scale studies may be warranted to better 
understand spatial and temporal variations in aerobic biodegradation rates within the vadose 
zone.  A more comprehensive understanding of the relationship between O2 and vapor source 
concentrations may allow for improved methodologies for predicting the vapor flux associated 
with petroleum releases at the water table. 
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