
Update
The initial investigation of a gaso-
line spill at the Lamoille North
Supervisory Union Vocational
Technical Center in Hyde Park,
VT, relied on shallow soil samples
and monitoring wells—standard
procedure for gasoline sites. The
investigators decided that the
plume was where it “should” be—
in the sand above a silt layer—and
that a monitored natural attenua-
tion approach was working. They
were wrong. Months later, when
non-aqueous-phase gasoline
started showing up for the first
time in two of the monitoring
wells, puzzled regulators asked the
SEI RASC team to conduct a more
detailed investigation.

“The first investigation of the site
was what we call ‘conventional,’”

said Mike Rossi, SEI project
manager for the site. “Two geologic
strata dominate the site: an upper
sand and a lower silt. The first
group of investigators assumed, as
most people do, that the contami-
nation was sitting in the sand and
running horizontally above the
silt.” Several shallow soil borings
were taken to bracket the water
table (at a maximum depth of 15
feet), and a number of monitoring
wells were positioned down-gradi-
ent of the tank. Gasoline was pres-
ent immediately down-gradient of
the tank, but 150 feet farther down-
gradient, only very low dissolved
concentrations were found. The
investigators drew the conclusion
that natural attenuation was
adequately degrading the plume,

which was accepted as the remedy
for the problem.

So what went wrong? First, the
initial investigators didn’t know
that most of the spill didn’t occur at
the tank, so they didn’t find the
primary source area of the plume.
Second, the plume was much
deeper than expected, and it was
plunging through what was previ-
ously considered an impermeable
silt “barrier.”

SEI’s Mobile Lab Provides
Fast Feedback on Plume
Location
For a more detailed look, the RASC
team used its direct push rig to take
14 cores along three transects,
oriented at right angles to the 

RASC Team Conducts Follow-Up
Investigation at Vermont School
Plume Larger and Deeper than Found by Conventional Investigation
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Natural Attenuation:
Not Just for Gasoline
Natural attenuation has long been
accepted as a remedy for gasoline
spills. According to the US EPA
Office of Underground Storage
Tanks, natural attenuation is the
second most common treatment for
contaminated soil sites and is the
most common treatment for
groundwater sites, being used at 47
percent of all petroleum-contami-
nated sites. Currently 43 states have
established or are planning to estab-
lish guidelines or regulations on
natural attenuation of petroleum
distillates.

In addition, the regulatory
community has started to embrace
natural attenuation—alone or in
combination with other treat-
ments—as a remedy for other
contaminants, such as chlorinated
solvents (both aliphatic and
aromatic), PCBs, ketones, phenols,
and even some metals. Guidelines
for using natural attenuation as a
remedy are evolving. The US Air
Force has developed a technical
protocol for the natural attenuation
of chlorinated solvents, and EPA has
issued a directive on the use of
natural attenuation at Superfund
and RCRA sites.

But little regulatory consensus
Continued on page 3
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Permeable reactive barriers (PRBs)
are an increasingly popular alterna-
tive to pump-and-treat for control-
ling plume migration. This article
explores PRB design issues and why
detailed site characterization can be
critical to successful PRB treatment.

PRB Basics
Briefly, PRBs consist of a reactive
material emplaced across the path
of a plume in such a way that natu-
ral groundwater flow transports the
plume through the material. Conta-
minant concentrations are reduced
by reactions with the material, and
treated water emerges from the
down-gradient side of the PRB. The
reactive material may be installed
across the plume width or in a

Funnel-and-Gate arrangement
(Starr and Cherry, 1994). The
choice of reactive material depends
on the contaminant. For example,
it has been suggested that wood
chips enhance denitrification
(Robertson and Cherry, 1997), and
similar organic materials have been
used to drive sulphate reduction for
the control of acid mine drainage
(Waybrant et al., 1998). Arguably,
the best known reactive barrier
material is granular iron, which has
been used to control the migration
of metals and chlorinated solvents
(Gillham and O’Hannesin, 1992;
Blowes et al., 1997).

Barrier Depth
For the present, PRBs are most

effectively used when the contami-
nation to be treated is shallow (<50
feet below surface). This limitation
stems from restrictions on our abil-
ity to cheaply and reliably establish
continuous and open trenches, or
other voids, to receive the reactive
materials at greater depths. Various
schemes are currently in develop-
ment for emplacing the materials
in deep environments. Some
involve the use of biodegradable
slurries; some depend on hydrauli-
cally fracturing formations for
injection of reactive solids, and
some inject solutions at depth to
stimulate bioactivity and subse-
quent biodegradation of contami-
nants. In this latter case, the PRB is
an artificially sustained bioactive
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cDCE transects up-gradient (row 1), within (row 3), and down-gradient (row 4) of the granular iron barrier. Data
from May 22, 1997 (Devlin et al., 2000). A high-concentration plume core, not observed using conventional techniques,
resulted in the breakthrough of cDCE down-gradient of the PRB.
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exists on the technical approach to
natural attenuation. “That’s going
to change,” said Seth Pitkin, RASC
group leader at SEI. “Natural atten-
uation has been done willy-nilly up
to this point. The regulators are
becoming more skeptical about
using it as a cure-all, and are start-
ing to develop protocols that we
will all have to follow.”

What Is Natural 
Attenuation?
The term “natural attenuation”
refers to a number of mechanisms,
the most significant of which is the
biodegradation of contaminants.
(Others are sorption and disper-
sion.) Either organisms use contam-
inants directly as an energy source
(substrate), or enzymes, produced
during the metabolism of a contam-
inant, degrade other contaminants.
For example, the organisms that
degrade benzene use it directly as an
energy source in the presence of
oxygen. Another compound, tetra-
chloroethene (PCE), is already in an
oxidized state, so there is no energy
to be derived from oxidizing it
more. But if PCE and gasoline are
spilled together, organisms degrade
the toluene in the gasoline, produc-
ing enzymes that serendipitously
degrade the PCE.

How can you tell if natural atten-
uation is working? There are three
lines of evidence:
1. A decline in contaminant mass or

concentration
2. Presence of the breakdown prod-

ucts—progeny or metabolites
3. Changes in the spatial distribu-

tion of the geochemical indica-
tors of biodegradation capacity,
such as dissolved oxygen, iron
(II), methane, and nitrates.

Why Natural Attenuation
Doesn’t Always Work
“What’s happened is that people say
‘we’re going to do natural attenua-
tion as a remedy’ without really
understanding the plume or the site
conditions,” said Pitkin. Biodegra-
dation is very effective in certain
circumstances, but not if concentra-
tions in the core of the plume are 10
times higher than the samples indi-
cate. Plumes often behave in unpre-
dictable ways, and it’s easy to make

incorrect assumptions about where
plume cores are, and how high the
concentrations are, when using
sparse data or depth-averaged data.
“EPA and the Air Force are saying,
‘look, it’s a lot more complicated—
you really need to understand the
plume, the geochemistry, and the
groundwater hydrology to make
sure that the natural attenuation
scheme will work,’ ” he added.

A seminar series sponsored in
1998 by EPA and the National

Research Council (NRC) outlined
an iterative approach to site charac-
terization wherever natural attenua-
tion is being considered. The
presenter, Kelly Hurt of the NRC,
recommended using direct push
technology for sampling in order to
obtain higher resolution, more
representative data, a better under-
standing of the fate and transport
of contaminants, and optimal long-
term well placement. This is the
approach SEI uses for characterizing

non-gasoline sites, such as the site at
the Pease Air Force Base in New
Hampshire.

Pease Air Force Base Plume
Biodegrades in Reverse
During an investigation at Pease Air
Force Base, trichlorethene (TCE)
was found near bedrock, and EPA
asked for more data to determine if
DNAPL (dense, non-aqueous phase
liquid) had actually entered the
bedrock layer. The Air Force Base

Closure Agency called Pitkin’s
RASC team to further investigate
the site using the Waterloo Profiler
and the mobile laboratory.

Pitkin took several transects of
the source area and found that
DNAPL did not reach the bedrock
surface. However, the dissolved
plume did plunge into the bedrock.
The mobile laboratory run by SEI’s
Michael Rossi found that the TCE
was degrading naturally in an aero-
bic environment, which was
unusual because it typically
degrades anaerobically. This was
happening because the TCE was
spilled with motor fuel. As a result,
the TCE was biodegrading from the
top down and from the outside in,
which is the opposite of what one
usually finds with a DNAPL plume.

“We found the plume biodegrad-
ing nicely in the unconsolidated
deposits,” Pitkin said. However,
since there’s not much known about
how natural attenuation works in
fractured bedrock, EPA asked the
Air Force to install a zero-valent
iron permeable reactive barrier to
ensure that the TCE didn’t reach
any water-supply wells. (For more
information about iron barriers, see
Characterizing Sites for Permeable
Reactive Barriers on page 2.)

Problems with Gasoline:
MTBE
While other compounds are achiev-
ing greater acceptance for natural
attenuation, gasoline has run into a
complication called MTBE (methyl
tertiary butyl ether), which is an
additive that went into gasoline in
the late 1970s and early 1980s in
response to the Clean Air Act.
Unfortunately, MTBE doesn’t
biodegrade as quickly as the
aromatic compounds in gasoline,
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The TCE (µg/kg) has completely degraded at the top of the plume and has been
replaced by its breakdown products, cDCE and vinyl chloride. Deeper down,
however, only TCE is present. This type of spatial variability is often missed
when long screened wells are used.
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information management systems
to identify and implement the most
appropriate and cost-effective
wastewater management solutions
for our clients.

Geographic Information
Services
Nationally and internationally
recognized for GIS development
and implementation, members of
our team have provided GIS serv-
ices to municipal, state, and regional
government bodies, and private
organizations domestically and
internationally. To ensure the high-
est quality, we have developed GIS
standards for data development,
documentation, quality assurance,
map coordinate systems, and land
cover/use coding.

EVS 3-D Data 
Visualization
Software Added
to RASC Toolbox
SEI recently added the Environ-
mental Visualization System (EVS)
by Ctech Software to its software
library. EVS is a data visualization
tool that provides high-quality
output for visualizing contaminant
concentrations, hydraulic head,
hydraulic conductivity, and geology
in three dimensions.

The RASC team has long used
the popular Groundwater Modeling
System (GMS) for 3-D visualiza-
tion. GMS, which was developed for
the US Department of Defense,
remains the premier tool for data
interpolation and modeling, but the
EVS output is easier to use in the
field for calculating uncertainty in
three dimensions. “When we’re in
the field, we input almost-real-time
data from our mobile lab into EVS,
which gives us immediate feedback
about where to sample next,” said
Seth Pitkin, RASC group leader.
“This saves a lot of time and money,
because we’re not out there blindly
doing transects where there’s no
contamination.”

For more information
Seth Pitkin
spitkin@stone-env.com

Seth Pitkin and Mike Rossi co-
authored two papers Pitkin
presented in the hydrology section
of last spring’s meeting of the
American Geophysical Union in
Washington, DC: The Significance
of Spatial Variability in Direct Push
Site Investigations and A Real-Time
Indicator of Hydraulic Conductivity
Distributions Used to Select Ground-
water Sampling Depths.

At October’s 16th Annual Inter-
national Conference on Contami-
nated Soils, Sediments and Water at

the University of Massachusetts at
Amherst, Pitkin presented Rapid
Adaptive Site Characterization
Techniques for Discerning Contami-
nant Spatial Variability and Geolog-
ical Heterogeneity. Pitkin and Rossi
also co-authored this paper.

Dave Crozier recently joined the
RASC team as an environmental
technician and driller. He brings
experience in environmental and
geotechnical drilling, as well as
blast-hole and stabilization drilling.

Amy Macrellis has been hired as

a computer operations technician.
She graduated from Michigan State
University with an M.S. in Envi-
ronmental Geoscience.

Nikol Manning joined the GIS
and Data Management Group as a
staff scientist. She previously
worked for the US Navy, the
Tennessee Division of Water Pollu-
tion Control, and the National
Oceanic and Atmospheric Admin-
istration. She holds a B.A. in Biol-
ogy, with a specialty in Marine
Science, from Boston University.
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zone (Devlin and Barker, 1994,
1996; Devlin et al., in press).
Recently, this method has been
suggested to establish a biocurtain
of ex situ enriched organisms for
carbon tetrachloride biodegrada-
tion (Hyndman et al., 2000).
Regardless of the depth, geometry,
or principles of the PRBs, in order
for them to function effectively,
they must be designed to permit
sufficient residence time for the
contaminants being treated in the
reactive zone.

Residence Times
In the simplest cases, residence
time (τ) can be estimated from the
average linear velocity of ground-
water in the barrier (v) and the
thickness of the barrier (x), τ = x/v.
This time must be sufficient for the
reactions in the barrier to bring the
contaminant concentration down
to acceptable levels (Clim). If the
reactions involved are pseudo-first-
order, the rate constant (k) can be
estimated in treatability studies (in
the lab or in pilot scale tests), and
the required residence time can be
calculated from τ = –1/k

ln(Clim/Co), or the minimum
barrier thickness can be estimated
directly from x = –v/k ln(Clim/Co),
where Co is the concentration of
contaminant entering the barrier
(assuming dispersion in the barrier
is negligible). From the above, it
can be appreciated that barrier
designs can go wrong for two
reasons related to residence times:
either the flow varies in the barrier,
leading to channeling and unex-
pectedly low residence times at
some locations, or reactions in the
barrier do not occur as rapidly as
expected from the treatability tests,
again leading to inadequate resi-
dence times.

Sources of Design Errors 
in PRBs
There has been surprisingly little
attention paid to channeling in
PRBs in the published literature.
One of the few published works
that addresses this question exam-
ined a filter sand barrier (not itself
a reactive barrier, but one that was
installed in a similar fashion) and
found velocities to vary by up to a
factor of 4 within the structure
(Devlin and Barker, 1999). The
flow variations occurred on the
scale of centimeters, a scale usually
missed by conventional observa-
tion wells. This sort of variation
can easily lead to contaminants
breaking through the barrier, espe-
cially if low-velocity estimates are
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direction of groundwater flow.
They advanced the cores to an
average depth of 28 feet. All in all,
the RASC team collected 192 soil
samples. The SEI mobile lab
performed the sample analyses,
faster and at a lower cost than a
traditional offsite lab. This gave the
RASC team almost immediate
feedback about the margins of the
plume, so they knew when to stop
taking samples and start a new
core—a cost-effective process. The
results also indicated that the team
should continue sampling below
the shallow depth at which a gaso-
line plume is “expected” to be.

Vandalism Explains a
Second, Larger Source Area
The results of SEI’s soil sampling
indicated that the primary source
area was not at the tank location,
but was a significant distance away,
tangential to the direction of the
hydraulic gradient. “After we took
some soil samples and started
looking at the direction of ground-
water flow in relation to where the
tank was, we realized the center of
contamination was way off the
path,” said Rossi. When he started
talking with the maintenance staff,
he learned that some kids had left
the school bus gas pump running
as an act of vandalism in the 1980s.
The gasoline flowed across a park-
ing lot and poured off the edge of
the pavement into a vadose zone
(where the soil is not saturated
with water).

In this new source area, SEI
found high concentrations of
gasoline components (benzene,
toluene, ethylbenzene, and
xylene—together called BTEX)
dissolved in the groundwater, as
well as light non-aqueous phase
liquids (LNAPL, which refers to
gasoline when it is not dissolved in
water). This confirmed Rossi’s
hypothesis that the overland flow,
not the tank, was the primary
source of the contamination.

Plume Travels Through 
Silt Layer
SEI unexpectedly found the major-
ity of the contaminant mass in the
silt layer beneath the upper sands.
“The sands were really quite clean,”
said Rossi. “Near the source area,
most of the contamination was sit-
ting right below the interface of the
sand and silt, or slightly deeper in
the silt layer.” He and his team
found contamination as deep as 40
feet.

In addition, the plume appeared
to have bifurcated as the result of
two primary transport mecha-
nisms. The first part of the plume
was just below the sand/silt inter-
face, because of contaminant
transport through the sand when
water levels were high. The second
part of the plume was deeper in the
silt, because of a strong downward
hydraulic gradient there.

Diffusion Sampling Used in
Nearby Wetland
The “new” plume model showed
no threat to the school’s drinking-
water wells. But the groundwater
flowing through the site discharged
into a stream and wetland 350 feet
down-gradient of the plume.
Concentrations in the groundwater
just up-gradient of the wetland
were fairly high. To find out if
contamination was reaching the
wetland, and what the concentra-
tions might be, the RASC team
used a new and surprisingly simple
technology: diffusion sampling.

Diffusion sampling is a new
passive sampling technique devel-
oped by the United States Geologi-
cal Survey. “Diffusion samplers are
simply sealed plastic sandwich bags
filled with analyte-free water,”
Rossi said. The bags are left in place
long enough for the contaminants
to diffuse through the plastic and
equalize on both sides of the bag.
SEI placed the bags at five locations
along the stream where the soil
coring had indicated the plume
might discharge. “We unearthed a
foot of soil right next to the bank.

Then we set the bag, completely
filled with water—no air—in the
hole and laid the soil right back
over the bag.”

After a 10-day wait, the team
recovered the bags, transferred the
water to 40-mL volatile organic
analysis vials, and submitted them
to the laboratory. They found
contaminants in only one bag, and
at a very low concentration, not
enough to threaten the ecology of
the wetland (the concentration was
only slightly over the Vermont
groundwater protection standard
for drinking water). These data
confirmed what investigators have
long suspected and what a growing
body of research is showing:
biologically active layers underly-
ing many surface water bodies are
especially well suited for degrading
contaminants over a very short
travel path.

The Question of Natural
Attenuation
Once the plume was delineated in
detail by soil coring and sampling,
SEI installed six small-diameter
pre-sand-packed monitoring wells
and sampled them for the inor-
ganic chemicals that are indicators
of natural attenuation capacity:
ferric iron, nitrate, and sulfate, as
well as the dissolved oxygen, redox
potential, and pH of the ground-
water. “We found capacity for
natural attenuation throughout the
plume,” said Rossi. SEI also saw a
significant drop-off in the BTEX
concentrations—evidence that
natural attenuation was already
taking place, as the original investi-
gators had assumed. “Looking at
the groundwater velocity and the
fact that the plume had been there
for 10 years, there was definitely
attenuation,” Rossi added. “It’s just
that the plume was much bigger
and deeper than they originally
thought, so there was more
demand on the natural attenuation
system.”
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Private Web Sites
Launched for Two
Clients
For clients who would rather not
lug around 500-page reports, or
wait for lab results, Stone Environ-
mental offers a new service: private
Web sites to increase the speed and
ease of obtaining project informa-
tion. This new service provides four
advantages to clients:
� Digital reports in PDF format
� Early review of lab results
� Convenient maps of study sites
� Access to project information

from anywhere, at any time
Access to the above is password-

protected and available only to a
list of client-approved individuals.

More functionality is planned for
the future, such as the ability to drill
down for specific site characteriza-
tion data. “It depends on what our
clients want,” said Susan Alexander,
SEI senior project scientist. “The
Web is an easy tool to customize.”

The first Web site was developed
to solve a problem: The reporting
deadline for one of SEI’s projects
was very tight. “EPA couldn’t give
us more time, so we asked if we
could provide the information on
the Web. They liked the idea—and
now that they’ve used it, they’re
very enthusiastic,” said Alexander.

SEI posts preliminary lab results
(for the client only) as soon as the
lab completes its quality control
process. Once the client has seen
the results, the client signs off and
gives permission to make the data
available to EPA or other parties.

“In the past, the lab would send
us the results, we would tabulate
them, graph them, write a report,
submit it to the client, get their
corrections, finalize the report,
send it to them for their signature,
and then they would submit it to
EPA. It could take months. This
way, as soon as the analytical results
are QC’ed by the lab, they can go
up on the site for the client to
review,” said Alexander.

The Web sites are hosted by SEI,
not by a third party. “No one’s in
the middle, handling these files.
The data is more secure on one
server,” said Matthew Collins, staff
database specialist.

For more information
Matthew Collins
mcollins@stone-env.com
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and it has been popping up in
groundwater in many locations.
California has begun reinvestigat-
ing some of its gas-station sites,
and other states are starting to
follow suit.

The MTBE problem is likely to
prompt state regulators to take a
harder look at the acceptability of
natural attenuation for gasoline
contamination. “The presumption
that natural attenuation is a suit-
able remedy for a gasoline plume
will be challenged,” said Pitkin,

“and more comprehensive site
investigations will be required to
provide evidence that MTBE is not
posing a problem.”

For more information
Seth Pitkin
spitkin@stone-env.com
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used in the design. More work is
needed to establish the actual veloc-
ity variations in working reactive
barriers, and for this reason the
remainder of this article focuses on
the second, better documented,
cause of design errors: poor reac-
tion rate estimates.

The Saturation Effect
A growing body of literature
explores why reactions involving
granular iron might occur more
slowly in the field than in the labo-
ratory. Researchers have reported
that the pseudo-first-order kinetic
behavior usually observed for
organic reactions with solid iron
doesn’t apply when dissolved
concentrations are high. It is
thought that the reactive surface is
saturated at these high concentra-
tions and is therefore less available.

The result is reduced reaction
rates at higher contaminant
concentrations. This saturation
effect has been observed for carbon
tetrachloride (Scherer and Trat-
nyek, 1995), trichloroethene (Wust
et al., 1999) and nitroaromatic
compounds (Devlin et al., 1998).
Thus, it is possible for treatability
studies that use erroneously low
concentrations to estimate unrealis-
tically high values of k, leading to
under-designed barriers. This is a
very likely scenario when conven-
tional wells with large well screens

are used to characterize a site and
define the concentrations in the
plume. Since plumes consist of
high- and low-concentration zones
that may change over very small
distances, plume characterization
must also occur over small
distances. Fortunately, tools are
available to accomplish this kind of
characterization economically, at
least for some environments (Pitkin
et al., 1999).

Case Study of an Under-
Performing PRB
A field experiment in which satura-
tion kinetics appeared to play a role
was performed at the Alameda
Naval Air Station located near San
Francisco, between December 1996
and January 1998 (Barker et al.,
2000; Devlin et al., 2000). The reac-
tive barrier was established in a
Funnel-and-Gate structure, and
comprised granular iron from Peer-
less Metal Powders and Abrasive
(Detroit, MI). The barrier was
initially designed on the basis of
treatability studies with total
concentrations (cDCE + VC) in the
range of 30–50 mg per L. These
were the concentrations that were
observed in groundwater from a
long-screened well (~4.5 m) located
at the inlet end of the Funnel-and-
Gate.

After the barrier was installed,
more detailed samples were taken,
using a smaller sample interval and
spacing (points were spaced

approximately 1 m apart horizon-
tally and vertically) both inside and
outside the PRB. These samples
indicated that the cDCE and VC
entered the system at peak concen-
trations in excess of 200 mg per L
and 40 mg per L, respectively.
Further, despite a conservatively
designed PRB thickness (and,
hence, residence time), cDCE and
VC were not completely degraded
in the barrier (removal was >95%
but <100%) (see figure, page 2). It
was hypothesized that the unex-
pected breakthrough was the result
of slower reaction kinetics in the
presence of high concentrations of
contaminants, due to surface satu-
ration effects.

Column experiments were
performed to investigate the possi-
bility of surface saturation, and they
indicated that there was a notable
effect of input concentration (20
mg per L–300 mg per L) on trans-
formation rates of cDCE in the
Alameda water. Furthermore, a
linear relationship was found to
exist between half-lives (calculated
from the pseudo-first-order rate
constants) and the input concentra-
tions, consistent with known satu-
ration kinetic models.

Implications for Barrier
Design and Site 
Characterization
A comparison of barrier thicknesses
based on saturation kinetics and
pseudo-first-order kinetics shows

that inappropriate use of the
pseudo-first-order model can result
in significantly undersized barriers
if plume concentrations exceed
those used in the treatability stud-
ies. The pseudo-first-order model is
a good working model for low-
concentration situations (<10 mg
per L cDCE, for example), but satu-
ration kinetics probably apply
whenever dissolved chlorinated
solvent concentrations rise into
concentration levels >10 mg per L.

The implications for barrier
design are that plume cores should
be identified and may need to be
characterized on a small scale in
order to properly define the highest
concentrations the PRB will
encounter. “Small scale” refers both
to the screen length and the
sampling intervals. Traditional
screen lengths of 1.5 m and
sampling intervals of 3 m may be
orders of magnitude too large 
for effective PRB design in many
cases.

Dr. Devlin was an assistant research
professor at the University of Water-
loo when he conducted this research.
For the references to this article,
please e-mail us at update@stone-
env.com.
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