
Ž .Journal of Applied Geophysics 44 2000 151–165
www.elsevier.nlrlocaterjappgeo

A model for the resistivity structure of LNAPL plumes and their
environs in sandy sediments

William A. Sauck )

Institute for Water Sciences, Western Michigan UniÕersity, Kalamazoo, MI 49008, USA

Received 25 March 1998; accepted 18 June 1999

Abstract

Geophysical site characterization investigations at fuel spill sites have been generally guided by a working hypothesis
Ž .which assumes that the light non-aqueous phase liquids LNAPL are a fully saturating phase of intrinsically very high

electrical resistivity. Using observations from other related sciences, and contrary geophysical observations, a different
model is developed which treats these spills as dynamic, changing systems dominated by surprisingly low resistivities. The
major geophysical response of a mature or established spill of this type is due to an anomalously low resistivity zone in the

Ž .lower vadose zone and upper portion of the aquifer. This zone is produced by a high total dissolved solids TDS leachate
which is aperiodically flushed down from the volume of intimately mixed hydrocarbon, water, oxygen and soil near the base
of the vadose zone where microbial activity is a maximum. This leachate is a result of acidification by organic and carbonic
acids of the water-filled capillaries in the heterogeneous mixing zone at the freerresidual product level, and is produced by
the leaching and etching of the native mineral grains and grain coatings. This conductive inorganic plume is generally
coincident with the uppermost part of the anaerobic dissolved hydrocarbon plume as defined by hydrochemical studies, but
is thin and most concentrated at the top of the aquifer. It has been best detected and mapped by virtue of the amplitude

Ž .shadow it causes on ground penetrating radar GPR profiles, and more recently by direct measurement using vertical
Ž .resistivity probes VRP with readings every 5.08 cm from the surface to more than 7.5 m in depth. Other surface electrical

Ž Ž . .geophysical methods VES, electromagnetic method EM , and multi-spaced horizontal resistivity profiling can define this
zone only if conditions are optimal. The conductive zone has been known for some years by hydrochemists and
hydrogeologists, especially at sites where water samples are collected from short screens at multi-level wells. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The work described in this paper began in
1991, when it became apparent at several field

) E-mail: sauck@wmich.edu

sites that current geophysical models for the
geoelectric response of crude oil and refined
product plumes and their surroundings were

Žflawed or did not apply to the Michigan hydro-
.geology . Field work has been done with sur-

face geoelectrical methods and with new sub-
surface resistivity probes on two hydrocarbon
plumes at an abandoned refinery site northwest
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of Lansing, and on three plumes at the former
Ž .Wurtsmith Air Force Base AFB in northeast-

Ž .ern lower-peninsula Michigan.

2. Previous laboratory geophysical investiga-
tions

A number of excellent laboratory and con-
trolled field-scale experiments have been done.
Most of these support the intuitive model of a

Žhigh resistivity free phase eg., Olhoeft, 1992;
De Ryck et al., 1993; Schneider et al., 1993;
Redman et al., 1994; Endres and Greenhouse,
1996; Endres and Redman, 1996; Grumman and

.Daniels, 1996 .
Ž .However, Gajdos and Kral 1995 reported

resistivity decreases of 20% with the addition
of about 1% crude oil or 1% gasoline to sand,
and more than 40% resistivity decrease for a
similar amount of motor oil. The depression of
the resistivity diminished with the addition of
more hydrocarbons, and the resistivity returned
to the starting value after 10% by weight of the
hydrocarbons had been added. Similarly, Van-

Ž .hala 1997 noted that the resistivity decreased
in nearly every test sample of sands and tills
wetted with either new motor oil or waste oil.
Further, he observed that the decrease was max-
imum initially after adding the oil, but that the
effect persisted until an oil content of 10% by
volume was reached.

To further complicate the above conflicting
observations, in experiments without hydrocar-
bons, using only the addition and drainage of

Ž .water in laboratory columns, Knight 1991 dis-
covered a large resistivity hysteresis effect in

Žsandstones. The resistivity during wetting im-
.bibition was consistently less than that during

drainage, reaching a maximum differential be-
tween 60 and 70% saturation, then suddenly
rising to match the drainage curve at about 75%
saturation and continuing to 100%. This differ-
ential was more than a factor of two. Thus, the
sense of the change in the vadose zone water

content also appears to be a major factor in
governing its absolute resistivity.

3. Previous field geophysical observations

Most field observations using ground pene-
Ž .trating radar GPR , electrical resistivity, and

Ž .electromagnetic methods EM report results that
are contrary to most of the controlled spill or

Ž .laboratory results increased resistivity which
used fresh hydrocarbon product in contained
environments. Low resistivities in field observa-
tions can be inferred from reports of markedly

Žreduced GPR reflection strengths Maxwell and
. Ž .Schmok, 1995 . Monier-Williams 1995 re-

ported the lowest resistivities measured by EM
induction proximal to wells with measurable
product thickness. Interestingly, he also elabo-
rated four mechanisms by which bulk resistivity
could be decreased and four others by which
resistivity could increase in a light non-aqueous

Ž .phase liquids LNAPL zone, but none of these
mechanisms involved microbial activity. Sauck

Ž .and McNeil 1994 noted an order-of-magnitude
drop in apparent resistivity when a resistivity
profile passed over a crude oil free product
plume. At Wurtsmith AFB in northeastern
Michigan, various electrical methods, especially
GPR, showed anomalous low resistivities coin-
cident with residual product fuel plumes
Ž .Bermejo et al., 1997; Sauck et al., 1998a .
More work has been done describing the con-
ductive behavior near LNAPL plumes at the

ŽCarson City, MI, refinery site Atekwana et al.,
. Ž .1988 and at Wurtsmith Sauck et al., 1998b .

4. Biological, geochemical, and hydrogeologi-
cal observations

Three fundamental factors or processes relat-
ing to the properties and behavior of the hydro-
carbon products in the various subsurface zones
appear to have been overlooked by most geo-
physicists and practitioners of geophysics in
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past studies over light hydrocarbon spills. These
are in truth from other disciplines, but lack of

Ž .‘‘multi-disciplinary dialogue’’ MDD has
clearly diminished the performance of geo-
physics in this area, or at the least, has kept it
from realizing its full potential in LNAPL inves-
tigations. These three key factors which are not
found in the geophysical literature are reviewed
as follows.

4.1. Production of organic and carbonic acids
during biodegradation

Organisms capable of degrading hydrocar-
bons are present in vast numbers in natural soils

Ž .and rock. Ridgeway et al. 1990 identified
more than 300 kinds of gasoline-degrading bac-
teria from a shallow contaminated coastal
aquifer. Such bacteria have been found at all
levels, from the surface to more than 300 m

Ž .deep in North Carolina Jones et al., 1989 .
Microorganisms in aerobic environments tend to
break down hydrocarbons most efficiently, but
anaerobic bacteria can also utilize other electron
acceptors, most notably nitrate, ferric iron, or

Ž .sulfate Borden, 1994 . The results of such reac-
tions are CO , H O, reduced form of the elec-2 2

tron acceptors, energy for the microorganisms,
heat, and most important for the geophysicist,
organic acids. Some of these acids identified in
a study of a crude oil spill near Bemidji, MN,
included benzoic, methylbenzoic, trimethylben-
zoic, toluic, cyclohexanoic, and dimethycyclo-

Ž .hexanoic acids Baedecker et al., 1987 . The
organic acids were not original components of
the oil and were not detected in oxygenated

Žground water outside the plume Cozzarelli et
.al., 1990 . The CO produced as a metabolic2

product of the organisms combines with water
and ultimately forms carbonic acid. Note that
the concentration of CO in the soil above an2

LNAPL undergoing biodegradation can be far
greater than that due to normal diffusion of this
gas from the atmosphere. The presence of the
acids, with a concomitant reduction in the pH of

the soil moisture, leads to the following impor-
tant chemical processes.

4.2. Dissolution of salts from natiÕe soils

The reduction in pH of the aqueous solutions
at the micro-localities of biodegradation causes
leaching of soluble salts from sediment grain
coatings, as well as aggressive leaching of the
mineral grains themselves. The formation wa-
ters in the immediate zone of acid production
become greatly enriched in dissolved solids.

Ž .McMahon et al. 1995 reported that concentra-
tions of calcium, magnesium, and iron were one
to two orders of magnitude higher than back-
ground at a hydrocarbon contaminated site near
Hanahan, SC. They also presented electron mi-
croscopic images of highly corroded quartz and

Ž .orthoclase grains. Cozzarelli et al. 1990 sam-
pled a series of monitor wells along the longitu-
dinal axis of the Bemidji pipeline spill plume,
and were able to show the presence of various
organic acids in the ground water, as well as a
decrease in the contaminant concentration with
distance downgradient in the dissolved plume.

Ž .McMahon and Chapelle 1991 noted the pro-
duction of organic acids in clays and shales rich

Žin organic matter but not exposed to hydrocar-
.bon spills , and linked corrosion by organic

acids to the enhanced secondary porosity often
seen at sandrshale contacts by petroleum geolo-

Ž .gists. Bennett et al. 1988 showed in the labora-
tory the greatly enhanced dissolution of quartz
by simple organic acids in aqueous systems.

Ž .Hiebert and Bennett 1992 lowered porous
Ž .polyethylene cylinders ‘‘microcosms’’ filled

with fresh crystal fragments of a mixture of
feldspars and quartz into wells in the Bemidji
spill location. They were left in the screened
zone of wells about 10 cm below the oil layer
for 14 months. The result was bacterial colo-
nization and intense etching of feldspars and

Ž .light etching of quartz. Bennett et al. 1993
included tables of specific conductance data
from ground water samples from multi-level
wells under the Bemidji spill. These data indi-
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cate that water conductivities increase by a fac-
Žtor of three upward toward the water table base

.of free product zone . They also provided a total
Ž .dissolved solids TDS cross-section which

clearly shows the inorganic leachate plume em-
anating from the free product zone 8 years after
the spill.

The immediate effect of the dissolution of
mineral grains is an increase in electrical con-
ductivity of pore water in and below the zones

Ž .of biodegradation. Banaszak and Fenelon 1988
reported anomalously high specific conduc-
tances of water from wells in petroleum-con-

Ž .taminated zones in the Calumet IN aquifer,
with samples from three of these wells exceed-

Ž .ing 2380 microsiemensrcm 238 mSrm . By
1993–1994, the geochemical community had a
working model for the chemical changes associ-
ated with intrinsic bioremediation, and were
able to test it at various sites. For example,

Ž .Borden 1994 used the depletion of the electron
Žacceptors oxygen, nitrate, sulfate, and ferric

.iron as well as production of CO and other2

reaction products as indicators of active intrin-
sic bioremediation at Rocky Point, NC. The
various geochemical models include site spe-
cific differences as well as some contaminant-
specific differences, but in general include very
active reaction fronts where waters rich in oxy-

Ž .gen and other electron acceptors encounter the
hydrocarbon contamination. This is most in-
tense at the proximal or upgradient end of the
dissolved plume, where oxygenated ground wa-
ter is delivered, as well as the entire upper
surface of the dissolved plume where infiltrating
and oxygenated rainwater enters the system.
The sides, and to a lesser extent, the bottom of
the dissolved plume are also in contact with
oxygenated ground water. Reaction at the lateral
boundaries has been used to explain the obser-
vation that such dissolved hydrocarbon plumes
often do not appear to spread or diffuse later-
ally, but remain as long, narrow plumes. Within
the dissolved plume the oxygen is rapidly con-
sumed, so the entire core of the dissolved hy-
drocarbon plume is left in an anoxic state, where

anaerobic bacterial processes must use the
somewhat less efficient nitrate, sulfate, and fer-
ric iron reactions.

Significant for the geoelectrical model is the
coincident plume of inorganic ‘‘leachate’’ de-
rived from the reaction with the native soils of
the organic acid byproducts of the biodegrada-
tion. The exact geometry of this high-conductiv-
ity zone has not been well-defined for most
plumes, and it must certainly differ from site to
site. Some hydrochemists describe it as a ‘‘halo’’
around the dissolved plume while others view it
as an integral part of the dissolved hydrocarbon
plume. However, its presence is no longer in
doubt.

Until this point, the discussion has revolved
almost entirely around the dissolved hydrocar-
bon plume located below the free hydrocarbon
product plume. However, mobile and residual
LNAPL above the water table are also an im-
portant part of the system.

4.3. The nature of the ‘‘ free’’ product hydro-
carbon lens

The common model for the geophysicist has
been that based upon the physical properties of
the pure hydrocarbon liquid phase; i.e., that it
has very high electrical resistivity. Oils and
other hydrocarbon products have been used for
years as electrical insulators, as for example in
transformers. This has led to a number of at-

Ž .tempts including some by this author to look
for a high-resistivity free product zone just above
the water table at hydrocarbon contaminated
sites. This high-resistivity model was published

Ž .by Mazac et al. 1990 . Since then, a number of´
excellent, controlled short-term static experi-
ments in closed systems have also been done
ŽDe Ryck et al., 1993; Redman et al., 1994;

.Campbell et al., 1996 and they indeed verified
the high resistivity of kerosene- and gasoline-
saturated sands. However, none of these geo-
physical experiments replicated the long-term
dynamic field conditions: lateral movement of
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both ground water and the LNAPL, or the verti-
cal movements due to changing water table, nor
the aperiodic inputs of rainfall from above, nor
the chemical effects of biodegradation over time
spans of months or years.

Hydrogeologists have studied carefully the
nature of the ‘‘free’’ product plume and have
found that the hydrocarbon is not a continuous,
100% wetting phase; rather, hydrocarbon satura-
tion rarely reaches 50% and is often appreciably
lower, although it can be greater for well-sorted
coarse-grained sediments. The remaining pore
space is air- and water-filled. Theoretical calcu-
lations of the relative saturation by water, air,
and LNAPL can be made using the method of

Ž .Lenhard and Parker 1990 . Endres and Redman
Ž .1996 used this technique, given saturation and
capillary pressure data for a clean, uniform ref-

Ž .erence sand G.E. no. 2 , to calculate saturation
for various gasoline pool thicknesses. They ar-
rived at values as large as 75% gasoline satura-
tion when the gasoline pool was 1.5 m thick.
Since most natural soils are not so uniform, they
will probably have lesser degrees of saturation.

Ž .Essaid et al. 1993 measured oil, water, and air
saturations in 146 samples from boreholes
through the Bemidji spill. Of these, only two
samples which exceed 50% saturation are shown

Ž .on the histograms. Wilson et al. 1988 , showed
with soil column experiments that upon gravity
drainage of hydrocarbon from the saturated zone,
an average of 29% of the hydrocarbon remains
as a residual. They also found that similar
drainage of hydrocarbon from the vadose zone
left 9% residual product. Hence, the effects on
LNAPL redistribution by vertical movement of
the static water level are quite profound.

Ž .Marinelli and Durnford 1996 documented the
‘‘hysteresis’’ of hydrocarbon product, that is,
that a lowering water table leaves some residual
hydrocarbon product stranded high, while con-
versely a rise in the water table elevation often
leaves some hydrocarbon product trapped below
the water table, thus ‘‘smearing’’ hydrocarbon
product over a considerable vertical distance
over a period of several years. They were thus

able to provide mechanisms to explain some of
the puzzling observations of seasonal ‘‘free’’

Žproduct thickness variations and disappear-
.ances in monitor wells.

With generally less than 50% saturation by
LNAPL, the ‘‘free’’ product zone must be tra-
versed by numerous water-filled capillaries
which provide conductive paths for electrical
geophysical investigations. This is implicit in

Ž .the model used by Endres and Redman 1996
where water is the background pore filling in

Ž .which other phases LNAPL are embedded.
Even a few conductive paths will cause the bulk
resistivity to fall far below the intrinsic hydro-
carbon resistivity. The upward and downward
movement of the hydrocarbon product leaves a
complex three- or four-phase mixture of mineral
grains, liquid hydrocarbon product, water
andror air. This mixing should create optimal
conditions for aerobic microbial action, which,
with the occasional input of oxygenated rainfall,
should drive pulses of conductive leachate into
the underlying aquifer. The bacterial coloniza-
tion probably occurs on solid substrates at con-
tacts between LNAPL and aerated pore water,
but not within the free hydrocarbon phase which
is generally toxic to bacteria.

Further complications in the nature of the
‘‘free’’ product lens may occur, especially in
the case of unrefined hydrocarbon product. Re-
gardless of composition, any ‘‘free’’ product
lens should migrate down the hydraulic gradi-
ent, albeit more slowly than the rate of ground
water movement. Less refined or unrefined
product will suffer differential retardation by
adsorption of heavier and more viscous compo-
nents. The ‘‘free’’ product hydrocarbon hence
undergoes a limited degree of longitudinal dif-
ferentiation along the free product plume axis
which increases with the age of the plume. The
more volatile components will also migrate up-
wards, some vaporizing and escaping through
the vadose zone. Thus, at a given location, the
composition and physical properties of the
‘‘free’’ product plume will change or evolve
with time. Additional significant differences be-
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tween ‘‘free’’ product plumes should also occur
depending upon whether they resulted from a
single ‘‘instantaneous’’ spill event, or were due
to prolonged leakage over many years. These
are the two extreme end members of spill types.
Some sites, such as refineries, are further com-
plicated by the leakage and subsequent passage
of hydrocarbon products of varying composition
Ž .crude oil to gasoline through the same subsur-
face volume at different times.

5. Development of the geoelectrical model

This geoelectrical model for the LNAPL
plume and its environs takes as a starting point
the geochemical zonation model of Baedecker

Ž . Ž .et al. 1993 and Eganhouse et al. 1993 . Each
zone and its known or hypothetical electrical
properties is developed below. In addition, some
properties are extrapolated to include variations
in lithology and plume history. Fig. 1 is a sketch
which outlines the relative positions and shapes
of the zones discussed below.

5.1. Zone 1 — Vadose zone directly beneath
the spill

There are two general physical categories of
spills, the point source such as a leaking under-

Ž .ground storage tank UST , and spills which
directly impact an appreciable surface area such

Žas the Bemidji pipeline break Bennett et al.,
.1993 . Additionally, they can be divided into

two general classes with respect to exposure
time; long-term subcontinuous or intermittent
leakage, and one-time or instantaneous spills.

The point source spills will contact a mini-
mum volume of sediment in the vadose zone
and, for most geophysical purposes, will have a
negligible effect on the resistivity response of
the vadose zone. However, those spills which
cover an appreciable surface area will leave a
large volume of vadose zone contaminated by
residual hydrocarbon product. This may tem-
porarily raise the bulk electrical resistivity, al-
though replacing air in the vadose zone by very
high resistivity LNAPL may not cause an appre-
ciable change as measured by surface electrical
and EM techniques. The volume of impacted

ŽFig. 1. Cross-section diagram of zones defined in and around an LNAPL spill site longitudinal plane in direction of ground
.water flow , static water table case.
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vadose zone sediments can be approximately
calculated as the product of surface area times
the depth to the water table. This entire volume
is a potential oxic reaction zone or source zone
for inorganic leachate production.

After onset of biodegradation, this zone
should develop a lower electrical resistivity than
the surrounding non-impacted vadose zone be-
cause of the presence of ions leached from the
sediments. The amount of bulk resistivity de-
crease in this zone will be a function of the
volume of organic acids produced, of the vol-
ume of sediments wetted by the acidic solu-
tions, of the availability or abundance of leach-
able mineral species, of the time required for
the leachate to migrate down to the aquifer, and
of the amount of retention of leachate by
siltrclay zones within the vadose zone. The
degree of resistivity decrease is also relative to
the background vadose zone resistivity. In an
area of very low dissolved ion content in soil

Žmoisture humid tropics or Canadian Shield for
.example , the background vadose zone soil re-

sistivity is high, so that a relatively small influx
of ions will lower the resistivity appreciably.
However, in a vadose zone with normally high
TDS as in semi-arid climates, a relatively larger
number of leached ions would be required to
lower the resistivity by the same ratio as for the
case of ‘‘clean’’ soils. The total volume of
water infiltrating through the system is also a
factor. In a high-precipitation climate, the greater
vertical flux of water will lead to a more dilute
leachate and hence a less pronounced lowering
of the resistivity. In an arid climate, the infiltrat-
ing water may have a longer residence time,
acquire more leached salts, and hence lead to a
greater decrease in resistivity between rare
recharge and flushing events.

( )5.2. Zone 2 — Free mobile product and
residual product

This zone will have properties which vary a
great deal depending upon the thickness of the
section impacted by free product. Some spills

have had hydrocarbon free product accumula-
tions measurable in meters of thickness, while
others have only a thin product lens or discon-
tinuous remnants of residual product. The latter
may be the case after initial remediation has
been done by direct physical extraction of mo-
bile product from wells. In either case, with
normal annual changes in water table elevation,
the free product and some of the residual prod-
uct will undergo vertical smearing over that
annual water table elevation range.

As mentioned above, this zone is never a
layer of complete saturation with hydrocarbons,
but instead usually has less than 50% hydrocar-
bon saturation intermingled with water and air.
With a supply of oxygenated water infiltrating
from the surface, this zone has optimal condi-
tions for microbiological reactions, and hence
conductive leachate production. If this zone has
been subjected to vertical ‘‘smearing’’ by water
table elevation changes, then even more hydro-
carbon contact area is available in this ‘‘biore-
actor’’. It is conceivable that some of the aque-
ous phase in capillaries or dead-end pore spaces
may become highly concentrated with dissolved
salts at times of low vertical flux of vadose zone
moisture, such as during a dry season. At the
capillary and pore space scale, the occasional
connected paths of leachate-rich pore waters cut
through and around the hydrocarbon bearing
pores. In the parallel resistor sense, a few con-
ductive capillaries are sufficient to greatly lower
the bulk resistivity of this zone even though this
volume is volumetrically dominated by high
resistivity hydrocarbon-filled pores.

Some complications in this zone which can
also indirectly affect the electrical resistivity are
related to changes in porosity. The higher vis-
cosity fraction of residual product can clog pore
spaces, thus causing a horizon of decreased
hydraulic conductivity. This, in turn, will cause
a change in the rate of infiltration, that is, a
permeability boundary will be created which
may cause an increase in the water content
immediately above. While not causing effects
measurable by surface resistivity techniques,
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such thin zones of perched water or higher
water content, will appear as reflectors with the
GPR method. Porosity can also be markedly
decreased by biofouling with dense colonies of
bacteria, with the same result of creating a GPR
reflector by moisture accumulation above the
new zone of lowered permeability. At the south-

Ž .ern Carson City MI plume, a very persistent
radar reflector more than a meter above the
present free product level was found to correlate
with the uppermost grey staining encountered in

Žnumerous soil auger borings Sauck and Mc-
.Neil, 1994 . This probably represents a historic

‘‘high-stand’’ of the free product, but is now a
permeability boundary.

5.3. Zone 3 — Vadose zone directly aboÕe the
freerresidual product

The volume of vadose zone above the free
Ž .and residual hydrocarbon product Zone 2 will

be subjected to varying amounts of rising hy-
drocarbon vapors, stemming in part from the
simple devolatilization of the original product.
The metabolization of the hydrocarbon product
by microorganisms will also produce simpler
hydrocarbon molecules, some of which are
volatile. The abundance of the vapors originat-
ing from the devolatilization will be dependent
upon the original composition of the spill mate-
rial, upon the time elapsed since the spill, and
upon the longitudinal position along the free
product plume. The quantity of vapors originat-
ing from the biodegradation is of course a mea-
sure of the biologic activity. This zone includes
all of Zone 1, plus whatever volume of vadose
zone lies above the migrated free product plume.

The effect of hydrocarbon vapor on the geo-
electrical response may be to increase the resis-
tivity slightly, to the extent that these vapors
tend to exclude or drive out soil moisture. How-
ever, since the vadose zone is normally a high
resistivity zone in sand-dominated sediments,
the vapor effect will rarely cause an appreciable
or notable resistivity rise. Where Zones 1 and 3
are coincident or overlap, the resistivity-lower-

Ž .ing mechanism in Zone 1 leachate production
should predominate over the resistivity increase
due to the hydrocarbon vapor effect of Zone 3.

5.4. Zone 4 — ReactiÕe fringe around the
dissolÕed plume

This transition zone between oxic and anoxic
conditions apparently has a relatively small vol-
ume, and so will not contribute significant
amounts of TDS to the aquifer. While a very
important geochemical zone or boundary, it does
not appear to be a major contributor to geophys-
ically observable effects.

5.5. Zone 5 — Anaerobic core of the dissolÕed
plume

As the solubility of most LNAPL in water is
rather low, the anoxic core of the dissolved
plume does not contain a large amount of hy-
drocarbon, usually measured in parts per million
Ž .ppm . Thus, the capacity for leachate produc-
tion is far lower than in the aerobic zones, and
this zone only adds a small to negligible amount
of TDS to the leachate plume. Whereas the
ground water leachate plume resides almost en-
tirely within the upper part of the anaerobic
zone, the bulk of the dissolved solids are not
derived from the anaerobic zone, but rather
from Zones 1 to 3.

5.6. Zone 6 — Distal end of the dissolÕed
plume

As the dissolved plume core, with its load of
excess TDS, gradually reencounters oxic condi-
tions far downgradient, it will begin to precipi-

Ž .tate minerals calcite, quartz etc. as grain coat-
ings or cement between grains. This process
will not occur for each mineral at the same
point along the plume, but will vary with stabili-
ties of the different ion species as well as with
the local Eh–pH conditions. If continued for a
sufficient time, a zone of reduced porosity could
be produced, whose effect would be to increase
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the electrical resistivity of that zone. Thus,
many, but not necessarily all of the ions dis-
solved from sediments in Zones 1, 2, 4, and 5
would be transported to and reprecipitated in
Zone 6. If the spill were episodic, with the
volume of hydrocarbon product variable with
time, then the horizontal location of Zone 6
could fluctuate, extending more in the distal
direction after large inputs, and contracting in
the proximal direction after low hydrocarbon
contaminant inputs. Coincidentally, this reduc-
tion of pore space will alter the hydraulic con-
ductivity in this volume and, in the case of a
long lifetime plume, could result in a deviation
of the ground water flow. Geoelectrically, the
effect should be an increase in the resistivity
which is related to the decrease in porosity, as
well as the decrease in ion content of the ground
water. If the dissolved plume had also mobi-
lized appreciable iron, then there may be a
possibility of magnetite or maghemite deposi-
tion in Zone 6, with an accompanying subtle
magnetic anomaly.

6. Verification: vertical resistivity probe
( )VRP results

Semi-permanent VRP similar to a concept
Ž .described by Schneider et al. 1993 have been

built and installed. These enable one to measure
changes in bulk formation electrical resistivity
along a close-spaced permanent vertical array of
mini-electrodes mounted outside a PVC pipe or
dry well. Nine probes, with either 5.08 or 2.54
cm electrode spacings, have been installed at
four different Michigan sites, six of them in
LNAPL plumes. The results from these manu-
ally measured VRP can be seen in Fig. 2. The
manual measuring technique uses a standard
resistivity system, but with a low voltage source
Ž .6–12 V , and a two-, three-, or four-contact
slider to make contact with successive sets of
electrodes from inside the 1.5-in. ID PVC pipe.
Fig. 2a shows results from a probe which pene-
trates through a residual gasoline plume at Car-

son City, MI. The high resistivity and relative
variability in the vadose zone is partly due to
the quite dry sand, and in part due to the
intrinsic response of the Wenner array as it
traverses sharp resistivity boundaries. This pro-
file clearly shows a zone at the top of the

Žaquifer and above in the gasoline-saturated
.zone which contains higher conductivity water

than that deeper in the aquifer. Dark stains
began at 3.8 m depth and free-flowing gasoline
at 4.7 m. There is no significant change in

Ž .lithology sand from the surface to the bottom
of this probe, nearly 7.3 m in length.

Fig. 2b shows results from a probe installed
in an off-plume environment, approximately
midway between Plumes OT-16B and FT-02 at
Wurtsmith AFB, thus providing a background
measurement. This environment, and similarly
that for Fig. 2c and d, is totally sand to a depth
of 20 m. The VRP was made with the 5.08-cm
Wenner array using a 5.08-cm interval between
data points, and shows primarily a drop in
resistivity at the water table and then oscillation
about 30 V m from there to the bottom of the
probe.

Fig. 2c shows the first measurements made in
the OT-16B Wurtsmith AFB plume which is

Ž .described in Bermejo et al. 1997 . The three
Wurtsmith installations were made with a some-
what larger and more variable bentonite annulus
Ž .oversized and variable diameter pilot hole .
Hence, the 5.08-cm Wenner array was much
more influenced by the bentonite annulus. For
this reason a profile was made using a 15.2-cm
pole–pole array to sample further from the probe
and the bentonite annulus. This gives a better
representation of actual formation resistivities,
but at the expense of vertical smoothing or
decreased layer resolution. Note that the pole–
pole array gives higher apparent resistivity val-
ues, which are not biased downward by the
bentonite annulus as is the short Wenner array
data. The appropriate electrode arrangement
would be somewhere between this array and the
5.08-cm Wenner array. This probe cuts through
a zone having approximately 30 cm of residual
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Ž . Ž .Fig. 2. VRP results: a City Park, Carson City, MI, all sand; gasoline plume; b background in 20 m of uncontaminated
Ž .sand, midway between OT-16B and FT-02 plumes at Wurtsmith AFB; c OT-16b residual and dissolved product plume,

Ž .Wurtsmith AFB, Oscoda, MI; and d FT-02 residual and dissolved fuel plume at Wurtsmith AFB.
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product. Different from the Carson City refinery
site, this probe shows a resistivity minimum
near the water table at the upper part of the
aquifer, but below the base of the hydrocarbon

Žproduct measured water table was 3.81 m be-
.low ground level .

Fig. 2d shows the results from the probe in
the FT-02 plume at Wurtsmith, using the same
Pole–Pole electrode arrangement as in Fig. 2c.
This probe was located about 75 m downgradi-
ent from the source area, where there was little
or no residual product. This area is also quite
uniform sand, from the surface to nearly 20 m
depth. The resistivity minimum measured by the
probe is between depths of 5.18 and 6.40 m.
This probe is located 3 m downgradient from
multi-level sampling well cluster FTM05, where
water table was measured at 5.18 m. Samples
from 7 weeks earlier showed conductivities of
water sampled from 5.61 and 5.74 m depths to
be above 600 mSrcm, decreasing to near back-

Ž .ground of 240 mSrcm 24.0 mSrm at the
11.73 m depth sample. The probes on these two
Wurtsmith AFB plumes would have to be 3–5
m longer to sample the entire depth range of the
anomalous conductivity portion of the upper
aquifer. At this downgradient site, the leachate
plume has apparently diffused downward signif-
icantly, but the minimum resistivity is still near
the water table. All probes emplaced into plumes
show the resistivity minimum, while those in
off-plume background areas show higher aquifer
resistivities and with no pronounced minimum.

7. Discussion and conclusions

The proposed model for the geoelectrical
response in the vicinity of LNAPL contami-
nant plumes appears to explain numerous field
observations at hydrocarbon spill sites in sandy
sediments. Recent data in the form of detailed
vertical resistivity profiles measured from
semi-permanent probes verify the zone of mini-
mum resistivity at the top of the aquifer, and in
one case, apparently within the lower part of the

residual LNAPL. The source of the conductive
water is leachate from the acid environment
created by the intense bacterial action on the
residual hydrocarbons near the base of the va-
dose zone. Aperiodic infiltration or recharge
events flush out the accumulated pore waters
which are high in TDS, and dump them into the
underlying aquifer. There it may persist as a
zone with a vertical extent of less than 0.6 to
1.0 m, or it may diffuse downward as it moves
downgradient, approaching background water
quality only 3 to 7 m deeper. It must be made
clear that this model does not require any change
in the intrinsic resistivity of the LNAPL prod-
uct, but only of the zone containing the LNAPL
and the underlying aquifer. Because the LNAPL
is not a 100% wetting phase, it is not difficult to

Žconceive of connected water-filled or brine-
.filled capillaries which transit and effectively

‘‘short-circuit’’ the hydrocarbon product layer.
While the wetting hysteresis and multi-phase
interfacial phenomena mentioned earlier may
cause significant resistivity changes at the base
of the vadose zone, they cannot explain the
massive production of inorganic leachate which
causes the large low resistivity anomaly in the
upper part of the aquifer.

The fourth dimension or temporal aspect of
the model is that the initial free product accu-
mulation may behave as a resistive layer, but
only until biodegradation becomes established.
Thereafter, the mixed zone and underlying
aquifer will have anomalously low resistivity
which will persist until biodegradation is com-
plete. Biodegradation can be enhanced by verti-
cal smearing and breakup of the hydrocarbons,
resulting from water table changes, as this pro-
motes the formation of more hydrocarbon sur-
face area in contact with oxygenated pore water.
The position of the resistivity minimum will
vary vertically with time, subject to the local
climatic regime which controls the frequency
and amount of recharge. With time, and hence
with distance downgradient in the high TDS
plume, there may be a tendency for precipita-
tion of some of the salts as pore filling. This
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could lead to higher resistivities in the distal
part of the plume, and if persistent over a long
time it could decrease porosity and eventually
deflect ground water flow.

The model also has some ramifications for
hydrogeology and site monitoring. It should be
clear that using 1- to 2-m long screened inter-
vals on monitor wells can lead to samples which
will not detect the anomalous zone because of
mixing over too large a vertical interval. Also, if
wells are routinely constructed with the top of
screen below any anticipated water table, it is
not likely that they will ever sample the maxi-
mum concentration of this high TDS plume.
The existence of this relatively thin conductive
plume which cycles up and down through the
hydrologic year may be one explanation for the
variable water chemistry results sometimes reg-
istered at monitor wells. To adequately study
these fluids would require nested or multi-level
wells with short screens of about 20 cm length
or less. The fluids within the high biodegrada-
tion-rate residual hydrocarbon layer should also
be sampled, probably with a freezing core sam-
pler. The conductivity gradients in the aquifer
generally point upward to this as the source area
for the excess TDS, and the pore waters from
the base of the vadose zone should prove to be
quite saline, especially in climates where there
may be a long time between recharge events.

If this model is correct, the detection of the
formation of a conductive layer at a new spill
site will be an indicator of the onset of substan-
tial biodegradation activity. The time scale for
this to occur after a new spill is unknown, but it
will probably be site and climate dependent.
Thus, electrical methods may be another tool to
add to the list of methods used for monitoring
activity of the microbes. Soil gas monitoring is
not equally effective at all times of the year, but
a GPR profile could be run, even over frozen
ground, to search for the amplitude shadow
caused by the conductive layer. This technique
would have no perturbations due to atmospheric
pressure changes, as would soil gas sampling.
As a long-term monitoring technique, repeated

Ž .georadar GPR or VRP measurements could
also indicate the cessation of biodegradation
activity when residual hydrocarbons are com-
pletely consumed and the upper aquifer returns
to its normal background conductivity.

There are various implications of this model
for the geophysicist who is attempting to char-
acterize an LNAPL spill site. The subsurface
volume including the upper aquifer and lower
vadose zone may initially take on an anoma-
lously high resistivity, but with time will revert
to anomalously conductive conditions as
biodegradation and chemical reactions produce
the ion-rich leachate. There would be a transi-
tion time during which it would have no anoma-
lous resistivity. Thereafter, the largest geophysi-
cal signature is from the high TDS leachate
plume. This plume can be surprisingly difficult
to resolve from the surface, especially if its
thickness is considerably less than its burial
depth. It will probably not appear as a distinct
minimum on a vertical electrical sounding curve
because of the Principle of Suppression. Simi-
larly, on a resistivity profiling pseudosection or
tomogram it is difficult to resolve, particularly
if the overlying vadose zone has a high and
laterally variable resistivity. With the VRP data,
one can calculate the excess conductivity–thick-
ness product of the anomalous layer and apply it
to EM modeling or interpretation. If the surface
soil is uniform and the vadose zone is generally
high resistivity sands and gravels, then GPR can
be quite effective to map the conductive plume
by virtue of the amplitude attenuation, or
shadow. This requires profiling with fixed gains
Ž .not AGC , and with a range or scan length
about triple that required to reach water table,
so that the shadow can be seen and recognized.
The top of the shadow zone is the location of
the high TDS plume, but the shadow then sim-
ply extends to the bottom of the record, without
giving any further information about the base of
the anomalous plume. The responses of any of
the geophysical tools can be expected to change
when moving from the proximal to the distal
end of a plume. The four-phase mixture of soil
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grains, conductive soil moisture, hydrocarbon
droplets or stringers, and air near the base of the
vadose zone may cause some anomalous inter-
facial polarization phenomena measurable with

Ž .the induced polarization IP method. The
leachate plume may produce a measurable spon-

Ž .taneous potential SP anomaly by virtue of the
chemical concentration potential differences
within and outside the plume. The mise-a-la

Ž .masse MALM method also has potential for
mapping the extent of the most concentrated
plumes, but requires implanting the downhole
electrode at the depth of the resistivity mini-
mum.

The successful use of geophysics at such a
site thus depends upon approaching it with the
correct working hypothesis or conceptual model.
LNAPL plume sites are not a fixed target, but
rather are changing in time and space. They
have a wide range of initial conditions. The
response obtained will be a function of the time

Žsince the spill, type of spill event single event
.or semi-continuous , impact area of spill event,

Ž .composition s of the spill, climate, time since
last recharge event, vadose zone thickness,
lithology, amplitude of water table fluctuations,
history of remediation applied to the site, and
others. In addition there are all the usual per-
turbing factors of topography, variable vegeta-
tion cover, variable near-surface soil composi-
tion and thickness, surface construction, and
subsurface utility lines. With the proper work-
ing model, some LNAPL plumes can be mapped
very rapidly using appropriate surface geophysi-
cal techniques. Furthermore, it appears that
careful monitoring of the conductivity of the
leachate plume may be an alternative measure
of the biodegradation activity.
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