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Subsurface pressures were measured continuously at different depths in the unsaturated zone and 

compared with the surface atmospheric profile. As the subsurface depth increases, the observed 

pressure signal is increasingly delayed and damped compared to atmospheric pressure. This 

effect is related to the cumulative number and thickness of low permeability zones between the 

monitoring point and the surface. The pressure gradients between the subsurface and the 

atmosphere can be used to produce sustained flows from the subsurface to the surface through 

wells screened in the unsaturated zone. In areas where the subsurface contains volatile 

contaminants, the flows induced by the pressure gradients will mobilize these contaminants from 

the subsurface. This naturally-driven contaminant removal system is termed passive soil vapor 

extraction. 
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The most prevalent subsurface contaminants in the United States are volatile organic compounds 
(VOCs) (McCarty et al. 1981). Those chemicals (chlorinated solvents or fuels) which have been 
released to the soil as a result of disposal or production operations can pose a threat to human 
health and the environment by contaminating groundwater. At many sites the VOCs in the 
unsaturated (vadose) zone can act as long term sources for groundwater contamination by slowly 
draining and/or by dissolving into water migrating through the vadose zone on its way to 
recharging the aquifers below. 

Mass removal ofVOCs from a permeable vadose zone can be achieved using active soil vapor 
extraction (Pedersen and Curtis 1991 ). In the active approach, a mechanical blower is used to 
apply vacuum to a well screened in the vadose zone, which causes soil vapor surrounding the 
open interval of the well to be drawn up through the well to the surface. However, active soil 
vapor extraction eventually reaches a point where contaminant removal is limited by the physical 
and chemical properties of the contaminant and the surrounding media. These properties control 
the transfer of the contaminant into the vapor phase from aqueous or liquid phases and control 
the diffusion of the vapor phase from low-permeability layers into the more permeable soils. At 
this mass transfer limitation point, an active soil vapor extraction system, which requires operator 
attention, system maintenance, and a source of power for vacuum blowers, will have an increased 
cost per mass of contaminant removed. However, cleanup generally must be continued at this 
time because the contaminant concentrations are still above regulatory limits. It is at this point 
that a passive soil vapor extraction system, which entails minimal operator attention and 
maintenance, may be more cost effective for site remediation. 

Passive soil vapor extraction (PSVE) is a remediation technology that uses naturally-induced 
pressure gradients between the subsurface and surface to drive soil vapor to the surface for 
treatment. The pressure gradients are the result of the damped and delayed response of the 
subsurface to atmospheric pressure fluctuations at the surface. In general, falling atmospheric 
pressure causes subsurface vapor to move to the atmosphere through soil pores or wells, while 
rising atmospheric pressure causes atmospheric air to move into the subsurface. Preliminary 
work at several sites across the country has indicated that these natural pressure differences can 
produce sufficient vapor flow to make PSVE a viable method for subsurface remediation. 
Atmospheric pressure changes are generally small in magnitude, but occur over large areas; thus, 
they can provide substantial energy if harnessed and optimized. 

The dynamics of vapor movement in the vadose zone resulting from atmospheric pressure 
fluctuations, the implications for environmental characterization and remediation, and the design 
of engineered enhancements for PSVE systems are being studied by a consortium of researchers 
at several U.S. Department of Energy (DOE) sites, universities, private industry, and the U.S. 
Environmental Protection Agency. The PSVE group has begun to quantify the resultant mass 
flux both through wells contacting the deeper vadose zone units and through the surface soil. In 
this paper we will present some results from the research on quantifying and optimizing 
contaminant flux from the subsurface through wells. 
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Field measurements and application of PSVE through wells have been conducted at three DOE 
sites that together include a wide range of geologic conditions and VOC contamination 
problems: the Savannah River Site (SRS); the Hanford Site; and the Idaho National Engineering 
and Environmental Laboratory (INEEL). Each of these environments is described below. 

• SRS, an 800 km2 area near Aiken, South Carolina, overlies a 40-m-thick vadose zone of 
sand with three distinct clay layers in a humid climate. Elevated levels of 
trichloroethylene (TCE) and tetrachloroethylene (PCE), used from the 1950s until the 
early 1980s as metal degreasing solvents, have been measured in the groundwater onsite. 
Conventional groundwater pump-and-treat systems, installed in two areas on the site, do 
not effectively remediate the vadose zone, where a large fraction of the contaminants 
reside. During experiments with active soil vapor extraction systems, soil vapor 
pressures and concentrations were monitored below three low-permeability zones. 

• The Hanford Site, 1450 km2 of semiarid terrain in south-central Washington State, 
includes a 65-m-thick vadose zone of sand and gravel divided near middepth by a low­
permeability silt and caliche layer. Carbon tetrachloride, contained in aqueous and 
organic wastes generated during plutonium processing, was discharged to subsurface 
infiltration facilities from 1955 to 1973. The dissolved carbon tetrachloride groundwater 
plume now extends over 10 km2• Since February 1992, active soil vapor extraction has 
been in use to remove carbon tetrachloride from the vadose zone to minimize additional 
contamination of the groundwater. In support of the site cleanup, PSVE is being 
evaluated as a complementary remediation process. 

• INEEL encompasses 2,300 km2 in arid southeastern Idaho and overlies a 180-m-thick 
vadose zone of basalt layers separated by poorly consolidated sand and silt interbeds. 
Between 1966 and 1970, mixed organic wastes, absorbed with calcium silicate and 
emplaced in 0.2 l-m3 steel containers, were buried in shallow trenches; numerous 
containers have since failed. The contaminants, which include carbon tetrachloride, TCE, 
PCE, chloroform, and 1, 1, 1- trichloroethane, have migrated through the vadose zone into 
the aquifer. Measurements of atmospheric and subsurface pressures have been collected 
as part of a feasibility study of using active soil vapor extraction. 

All three sites have common features which facilitate removal of contaminants using PSVE. The 
most significant features are: 

1. Contamination by hydrophobic, volatile chemicals 

2. Substantial contaminant quantities residing in or on vadose zone materials 
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3. Pressure differentials between the depth of the contamination and the ground surface, 
caused by the low cumulative permeability of the intervening material , sufficient to drive 
contaminant-laden soil vapor to the surface through wells. 

2.2 MONITORING METHODOLOGY 

Surface and subsurface pressures in vadose zone wells and probes emplaced at different depths 
and locations were continuously monitored for over one year at all three sites. The measurement 
intervals ( 15 to 60 minutes) selected for this study precluded the evaluation of small magnitude, 
high frequency effects that are caused by local pressure variations. These may be significant for 
near surface flows and will be studied in future work. The main objective in this work was to 
examine lower frequency and aperiodic events caused by diurnal temperature variations and 
other weather changes. 

Flow rates into and out of wells were continuously logged for periods varying from one week to 
several months. Because the flow meters which were used record flow magnitude but not 
direction, several indicators based on data received from other instrumentation were developed to 
determine the direction of flow. The primary indicator was the difference between the 
subsurface and surface pressures because gas flows from high to low pressure. However, 
subsurface pressures could not be measured in these wells without interrupting the flow 
measurements. Therefore, pressure data were collected in nearby wells that are screened over the 
same intervals but were sealed to prevent flow. A second indicator is atmospheric pressure, 
which varies inversely with flow out of the well. A third indicator is the comparison of the 
temperature near the top of the well to the temperature near the bottom of the well. When there 
is flow out, the temperature near the top of the well will tend to mirror the temperature near the 
bottom; but during flow in, the temperature near the top ·of the well will follow ambient surface 
temperature. A fourth indicator, although less dependable, is the humidity near the top of the 
well, which tends to be high if there is flow out. 

Contaminant concentrations were monitored at the wellheads using automated analytical 
systems. The specific monitoring configuration varied at each site: 

• At SRS, pressures were measured at 2.5-cm-diameter polyvinyl chloride (PVC) 
piezometers that had screen lengths of approximately 1.5 m and were clustered in five 
groups of three at different depths corresponding to the principal clay layers found in the 
vadose zone. The holes for the piezometers were drilled using hollow stem auger, and 
the different depths were separated by bentonite and grout. The well stems, transducers, 
and plumbing were shielded from the sun to reduce temperature-induced pressure 
changes in the tubing at the surface. All lines were vented between measurements to 
eliminate pressure build-up on the lines. Flow out of the piezometers was measured with 
a mass flow meter connected to the well by I-cm-diameter high density polyethylene 
tubing. A hot wire anemometer was used to measure flow in a 10-cm-diameter PVC well 
in the vicinity of the 2.5-cm-diameter PVC wells. The larger well was fully screened in 
the vadose zone and therefore depth-discrete pressure measurements were not possible in 
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this well. Flows in the well corresponded to the pressure gradients observed in a 
2.5-cm-diameter piezometer nearby. 

• At Hanford, pressures were measured in a sealed, stainless steel, 10-cm-diameter well at 
two isolated, screened intervals each 3 m long. One interval was above the less 
permeable caliche layer and the other was below. A 3.8-cm-diameter pipe was used to 
monitor the lower interval below an inflatable packer; the upper interval was monitored 
in the annular space between the 3.8-cm and 10-cm diameter pipes. Pressures were also 
measured at three clusters of 3 to 5 subsurface probes emplaced at depths above the less 
permeable layer using a cone penetrometer. Each probe, consisting of a 13-cm-long 
sintered metal screen attached to a 0.6-cm-diameter tube that connects to the surface, was 
placed in a sand layer and isolated from its neighbors by a layer of bentonite. Flow was 
measured at 15 open intervals in drilled wells using hot wire anemometers. 
Thermocouple wires encased in PVC insulation were used to measure the ambient surface 
temperature and the soil vapor temperatures at the bottom of the well and approximately 
3 m below the ground surface. The wells monitored for flow were either carbon or 
stainless steel; the well diameters ranged from 3.8 cm to 20 cm; the open intervals were 
provided by either mechanical perforations or screens; the lengths of the open intervals 
ranged from 1 to 6 m. 

• At the INEEL, pressures were measured in 0.64-cm-diameter stainless-steel tubes 
terminated at various depths. Five piezometer clusters of six to eight tubes each were 
emplaced in uncased wells. Tubes were terminated with gravel packed stainless steel 
screens, and isolated from one another by grout and bentonite seals. At land surface, each 
tube was sealed into a pressure transducer. A well located approximately 4 m from a 
pressure-instrumented cluster was fitted with a flow meter and thermocouple. Because 
the well was uncased, various depths in the borehole were investigated for flow by 
repositioning a straddle packer several times over the duration of the field studies. The 
straddle packer was configured with two inflatable sections separated by a 3-m-long 
perforated interval. A 10-cm-diameter pipe stem attached to the upper section was used 
to position the packer. 

3.0 RESULTS AND DISCUSSION 

Observations of the effect of atmospheric pressure fluctuations on subsurface flows date back to 
early observations of weather changes. In the first mention of the effect, Fairbanks (1896) 
described a well that "breathes", i.e., intermittently releases natural gas and draws in air 
correlating respectively to periods of atmospheric pressure falling or rising. In another early 
monograph, Buckingham (1904) notes the implications of the effect of chemical transport. In 
this article, Buckingham describes a soil rinsing exchange of oxygen and carbonic acid that 
occurs because of atmospheric pressure changes and mentions that the response of subsurface 
vapor pressure changes should be damped and lagged with respect to surface pressure changes. 
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The pressure difference between the subsurface and surface arises because of the delayed and 
damped response of the subsurface vapor pressure to changes in surface atmospheric pressure. 
The subsurface pressure response is affected by the depth, thickness, and permeability of 
overlying soil layers. For example, a relatively permeable layer near the surface has sufficiently 
interconnected soil pore space that when the atmospheric pressure changes, vapor flows readily 
through the soil. The small time delay in the pressure response is a result of the high degree of 
connectivity between pores in this zone. Only a small degree of damping occurs because the 
response is quick enough that the subsurface pressure reaches near equilibrium before the 
atmospheric pressure changes again. The result is a relatively small differential between the 
subsurface and atmospheric pressures and thus a small driving force for advective flow. 

In contrast, vapor moves more slowly through a lower permeability layer. The lower degree of 
connectivity in this zone results in a greater time delay in the subsurface pressure response. The 
energy lost in conducting the pressure wave through a low permeability zone and the fact that 
equilibrium is never established before the atmospheric pressure changes again produces a highly 
attenuated pressure signal below the layer. The result is a greater differential between the 
subsurface and atmospheric pressures and thus a larger driving force for advective flow. 

At the INEEL, pressure data were recorded at 15-minute intervals at the surface and at 8 ports in 
one well (Figure 1). The pressures in ports 1, 2, and 3 (at depths from 8 to 21 m) track each 
other and correspond closely to atmospheric pressure. The pressure in ports 4, 5, 6, and 7 (at 
depths from 30 m to 59 m) also track together. However, there is a 5-hour lag and 20% 
attenuation between ports 3 and 4, which are separated by a layer of dense basalt and a low 
permeability sedimentary interbed. An additional 10-hour lag and 20% damping is observed at 
Port 8, completed in clayey silt 70 m below land surface. Pressure differences of up to 900 Pa 
were observed between land surface and 70 m depth. 

The presence of a relatively low permeability layer has a dramatic effect on the subsurface 
pressures below it. The marked damping and lagging effect produced by a low permeability 
layer has been observed in pressures monitored in sands and gravels above and below the caliche 
layer in a well at Hanford. Average positive (subsurface greater than surface) differential 
pressures are three times greater below the caliche layer (Figure 2). The lag time from the 
surface to a depth of 36 m is 3-4 hours; the lag time from the surface to a depth of 49 m 
(approximately 10 m below the caliche layer) is 19-21 hours. 

The higher the frequency of the atmospheric pressure change, the faster the response time needed 
to reestablish equilibrium and prevent damping of the subsurface pressure. Thus, at a given 
depth, the higher frequency atmospheric pressure changes are more attenuated than lower 
frequency changes. For example, a daily atmospheric pressure fluctuation will be more damped 
with depth than will a 3-5 day pressure fluctuation due to a storm. 
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Figure 2. Average Positive Differential Pressures Measured Above and Below the Low 
Permeability Caliche Layer at Hanford.a 
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Continuous pressure profiles covering 22 days at SRS are shown in Figure 3. Each subsurface 
well is open below one of the three principal low permeability clay layers. Pressures in the 
shallowest well track atmospheric pressure closely, indicating more connectivity with the surface 
and higher permeability of the zone. Pressures in the two deeper wells track together but are 
distinctly damped and lagging in comparison to the atmospheric pressure. The first 156 hours of 
the data illustrate the subsurface response to diurnal atmospheric cycles. During this time. daily 
atmospheric pressure fluctuations are significantly damped in the pressures recorded at the lower 
two piezometer wells. The subsurface response to 3-5 day long weather fronts moving through 
the region is shown beginning at hour 156, when a low pressure front moved into the area. All 
three subsurface pressure signals reflect the lower frequency storm cycles, but the higher 
frequency diurnal signal is again severely attenuated in the pressures at the deeper two 
piezometer wells. The lag time between the surface and the shallowest well, 9 m below the 
surface, is 1 hour; the lag time between the surface and the deepest well, 27 m below the surface, 
is 12 hours. 

3.2 FLOW 

Air flows in response to the pressure difference between the subsurface and the surface. 
Measurements of flow rates into and out of wells indicate that the flow rate is proportional to the 
differential pressure. 

Flow rates were measured at Hanford in a 15-cm diameter carbon steel well open from 58 m to 
64 m below ground surface. In the absence of differential pressure data, the direction of flow 
was determined using the atmospheric pressure and the soil vapor temperature (Figure 4). The 
temperature in the well 60 m below the ground surface was relatively constant at 19 °C. When 
flow was out of the well, the temperature measured in the well 3 m below the ground surface was 
also relatively constant, at approximately 17 °C. However, when atmospheric air flowed into the 
well, the temperature at 3 m depth reflected the ambient temperature. The variation of flow rate 
with time shows that sustained outflows or inflows lasting more than 2 days are possible. 

3.3 CONT AMIN ANT MASS REMOVAL 

At all three sites, significant fluxes of VOCs out of vadose zone wells have been observed in 
response to drops in atmospheric pressure. For example, at Hanford, 72.2 g of carbon 
tetrachloride were removed from the vadose zone during 23 days of PSVE at a well open below 
the caliche layer; the average outflow rate was 0.14 m3/min and the average carbon tetrachloride 
concentration was 7.4 ppmv. During this monitoring period, no engineered controls were used to 
enhance the removal rate of the contaminant, and air flowed both out of and into the subsurface 
through the well. 
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In addition to exhaling soil vapor to the surface, each borehole with an open interval in the 
unsaturated zone also naturally inhales atmospheric air from the surface approximately half the 
time. To minimize the dilution and dispersion of the subsurface contaminants that would be 
associated with well inhaling, the prototype PSVE system includes a one-way valve to allow 
only the flow of soil vapor out of the borehole. The valve can be located almost anywhere in the 
system downstream from the open interval of the well. A canister of granular activated carbon 
(GAC) may be included to remove the VOCs at the surface. 

In field tests at SRS, the inclusion of the one-way valve doubled the contaminapt removal rate 
for both PCE and TCE (Figure 5). While the valve was in-line (hours O - 320), the contaminant 
concentration was at its maximum during the entire period of outflow. When the valve was 
removed (hours 320 - 714), the contaminant concentration was initially low during outflow while 
the relatively clean ambient air which had just been inhaled was exhausted. Contru:ninant 
concentrations never reached the maximum values (observed in the first part of the test) before 
the direction of flow reversed. 

3.4 RADIAL INFLUENCE 

The radial influence of a well describes the distance from the well through which vapor 
extraction is able to induce flow. The radial influence is a function of soil permeability and 
pressure gradient. At SRS, the radial influence of a PSVE well open below the low permeability 
clay layers was estimated by calculating the radius of the soil volume needed to contain the 
inhaled air or provide the exhaled vapor. The flow field was assumed to be radially symmetric 
and homogeneous, with no vertical transfer into or out of the right circular horizontal cylinder 
defined by the height of the well screen. Assuming 20% vapor-filled porosity, the maximum 
radial influence for major exhalation events ranged from 4 to 5 m. If a spherical zone of 
influence was assumed instead of a cylindrical one, the estimated radial influence was 3 m. 

At Hanford, the same method, assuming a cylindrical zone of influence, was used to estimate the 
radial influence for major inhalation or exhalation events. For a PSVE well open below the low 
permeability caliche layer, the maximum radial influence ranged from 15 to 24 m. 

Tracer tests performed at the !NEEL using sulfur hexafluoride metered into piezometer ports 
near PSVE wells indicate rapid travel times from a distance of 7 m. 

The effective radial influence of a PSVE well with a one-way valve is greater than the induced 
radial influence during an exhalation event. Conceptually, the contaminants in the soil vapor 
within the induced radial influence are extracted during the exhalation event, but additional 
contaminants are transported closer to the well, to be exhausted during a later exhalation event. 
In the case of a well without a one-way valve, however, the influx of ambient air fills the induced 
radial influence zone with clean air, and the available contaminants are transported away :from 
the well. The success of the well in continuing to extract contaminants will depend, in part, on 
its proximity to a source of contaminants and the degree of mixing between the ambient air and 
the subsurface soil vapor. 
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Through careful placement of wells and one-way valves, the PSVE wellfield can be designed to 
maximize the zone being remediated. For example, wells at the perimeter of the plume can be 
outfitted with one-way valves that only allow air to flow into the subsurface. This air would then 
displace the contaminated soil vapor toward central wells with one-way valves that only allow 
soil vapor to flow out of the subsurface . 

4.0 BENEFITS AND APPLICATION 

The use of PSVE is an attractive alternative for remediation ofVOCs in relatively low receptor 
risk situations. The technology uses only renewable energy sources such as wind and solar 
power and operates unattended for long periods of time, which makes it well-suited for remote 
locations. The low operation and maintenance costs of the PSVE system make it an appropriate 
technology for both interim action, because of the ease and rapidity with which the system can be 
implemented, and for long term remediation, e.g., when the active soil vapor extraction system 
reaches the point of diminishing returns due to subsurface mass transfer limitations. Wellhead 
treatment using GAC is compatible with both the flow rates and mass removal rates observed to 
date. Other off gas treatment strategies are also possible because of the relatively low flux rates 
of this system. 

Passive systems using the same principles can also be designed to stimulate aerobic 
biodegradation of hazardous wastes by in situ organisms. For example, a passive bioventing 
system in which a valve allowed air injection and prevented vapor extraction was effective in 
aerating petroleum-contaminated, oxygen-limited subsurface soils, thereby enhancing biological 
activity and site remediation {Foor et al. 1995). 

The technical, regulatory, and economic feasibility of using PSVE was evaluated for Hanford 
(WHC 1994). The costs of PSVE were estimated and compared to those for active extraction at 
the carbon tetrachloride site. System capital and operating and maintenance costs were estimated 
for three PSVE well venting rates (0.03, 0.14, and 0.28 m3/min) and seven vented VOC 
concentrations between 5 and 5000 ppmv. Costs were included for sufficient PSVE systems to 
provide site remediation equivalent to a single 14.2-m3/min active system. In both cases, offgas 
treatment used GAC, which was assumed to be regenerated off-site. 

For wells that average 0.14 m3/min natural flow rates, PSVE was found to be more cost effective 
than active extraction at VOC concentrations at or below 100 ppmv. At VOC concentrations 
greater than 500 ppmv, waste disposal costs for the GAC dominated the total costs, and there was 
little cost impact whether active or passive soil vapor extraction were used. In many 
applications, the lower mass flux of the passive system does not require off gas treatment, which 
dramatically reducl!s the cost of removal. 
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