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Abstract

A recent conceptual model links higher bulk conductivities at hydrocarbon impacted sites to higher total dissolved solids

(TDS) resulting from enhanced mineral weathering due to acids produced during biodegradation. In this study, we evaluated the

above model by investigating the vertical distribution of bulk conductivity, TDS, and specific conductance in groundwater. The

results showed higher TDS at contaminated locations consistent with the above model. Further, steep vertical gradients in bulk

conductivity and TDS suggest vertical and spatial heterogeneity at the site. We observed that at fluid conductivities b40 mS/m,

bulk conductivity was inversely related to fluid conductivity, but at fluid conductivities N40 mS/m, bulk conductivity increased

with increasing fluid conductivity. However, at fluid conductivities N80 mS/m, bulk conductivities increased without a

corresponding increase in fluid conductivity, resulting in a poor correlation between bulk conductivity and fluid conductivity for

the contaminated samples. This suggests that electrolytic conductivity was not completely responsible for the observed

variability in bulk conductivity. We suggest two possible reasons for the inverse relationship at low fluid conductivity and poor

positive correlation at high fluid conductivity: (1) geochemical heterogeneity due to biological processes not captured at a scale

comparable to the bulk conductivity measurement and (2) variability in the surface conductivity, consistent with a simple

petrophysical model that suggests higher surface conductivity for contaminated sediments. We conclude that biodegradation

processes can impact both electrolytic and surface conduction properties of contaminated sediments and these two factors can

account for the higher bulk conductivities observed in sediments impacted by hydrocarbon.
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1. Introduction

Petroleum hydrocarbons remain one of the most

prevalent groups of soil contaminants. Consequently,

a variety of geophysical techniques have been used to

detect their presence and distribution in the subsur-

face. We believe that the use of geophysical techni-

ques (specifically geoelectrical) at hydrocarbon

contaminated sites will become increasingly important

not only in providing characterization of the subsur-

face geology and contaminant distribution, but also in

understanding the impacts of biogeochemical pro-

cesses on the electrical properties of the sediments.

Therefore, understanding the relationship between the

geoelectrical properties of hydrocarbon-impacted

sediments and ongoing physical and biogeochemical

processes is a key to the successful application of

geoelectrical methods as proxies of these processes.

Until recently, it has commonly been assumed that

hydrocarbon-impacted sediments can be effectively

imaged only by their higher resistivities compared to

bbackgroundQ due to the partial replacement of

conductive soil and pore water by highly resistive

petroleum compounds (e.g., Mazác et al., 1990;

Schneider and Greenhouse, 1992; De Ryck et al.,

1993). This premise is correct as long as the hydro-

carbon is fresh, or has not been physically, chemically,

or biologically altered. There is ample evidence in the

geochemical and microbiological literature to suggest

physical and chemical alteration of hydrocarbons in

contaminated sediments by indigenous microorgan-

isms (e.g., Cozzarelli et al., 1990, 1994, 2001).

Because of the partitioning of hydrocarbons into

different phases (free, dissolved, and residual) in the

subsurface and the time-dependent biological trans-

formation of hydrocarbons, the chemical and physical

properties of hydrocarbon-contaminated sediments are

expected to vary with time and in space at contami-

nated sites.

Geoelectrical investigations at aged (i.e. altered)

hydrocarbon spill sites have documented higher bulk

conductivities coincident with the zones of hydro-

carbon impact (Sauck et al., 1998; Atekwana et al.,

2000, 2002, 2004; Shevnin et al., 2003; Abdel Aal et

al., 2003; Werkema et al., 2003). Sauck (2000) has

proposed a model attributing the higher bulk con-

ductivity to biodegradation. Central to this conceptual

conductive layer model is the increase in the total
dissolved solids (TDS) in groundwater due to

enhanced weathering of minerals from acids produced

as byproducts of the degradation process. Thus, TDS

is a likely geochemical parameter that closely links

the bulk conductivity to microbial degradation of

hydrocarbon.

TDS of natural waters can be measured by standard

gravimetric techniques or by the use of conductivity/

TDS meters. The specific conductance (electrical

conductivity normalized to 25 8C) of groundwater is
directly related to the TDS based on the assumption

that TDS in the water consist mainly of ionic

constituents that conduct electricity (e.g., Wood,

1976; Hem, 1985; Lloyd and Heathcote, 1985). In

groundwater contaminated with hydrocarbon, it is not

clear if the TDS calculated from specific conductance

measurements is entirely due to ionic species. There is

always a possibility that for groundwater contami-

nated with dissolved hydrocarbons there may be a

reduction of the specific conductance due to the

higher resistivity of the hydrocarbon components.

Also, it is possible that there could be an enhancement

of the specific conductance of groundwater from polar

organic compounds (e.g., organic acids and biosur-

factants) produced during degradation (Cassidy et al.,

2001). In groundwater undergoing natural chemical

evolution, TDS measured by the gravimetric method

and conductivity/TDS meter is expected to be the

same. Thus, consistency between the two methods can

be used to validate the TDS calculated from specific

conductance routinely measured for groundwater in

field settings. For the above reasons, this paper

evaluates TDS data from both methods.

This study was conducted as part of a larger

research effort to investigate the effect of biogeochem-

ical processes on the geoelectrical properties of

hydrocarbon-contaminated sites. In this study, we

measured the vertical distribution of bulk conductivity

and the TDS, and specific conductance of groundwater

in an aquifer contaminated with hydrocarbons and

undergoing intrinsic biodegradation. Our objectives

were to: (1) compare and validate TDS calculated from

specific conductance using TDS determined by the

gravimetric method for contaminated vs. uncontami-

nated locations, (2) determine whether TDS at

contaminated locations are higher compared to uncon-

taminated locations as predicted by the Sauck (2000)

conductive layer model, and (3) evaluate the relation-
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ship between the bulk and fluid conductivity for

sediments with variable hydrocarbon contamination

and background (i.e. spatial variability).
2. Study site

The field site is near a former refinery (Crystal

Refinery) located in Carson City, MI, USA (Fig. 1).

Detailed descriptions of the study site can be found in
Fig. 1. Map of the study area showing hydrocarbon distribution in the gro

were made and groundwater was sampled.
Atekwana et al. (2000, 2004). Petroleum hydrocarbon

releases (mostly JP4 jet fuel and diesel) from storage

facilities and pipelines initially impacted sediments

and groundwater more than 50 years ago. The

contaminated aquifer has variable thickness (approx-

imately 4.6 to 6.1 m thick) and composed of

unconsolidated glacially derived sediments. Fine- to

medium-grained sands characterize the unsaturated

zone while the saturated zone consists of medium-

sized sands and gravels underlain by a clay unit. The
undwater. Also shown are locations where resistivity measurements
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topography at the site is undulating causing the depths

to the water table from the ground surface to vary

between 0.6 and 0.9 m in the western portion and 4.6

and 5.8 m in the eastern portion of the study area. The

groundwater table varies up to 0.9 m annually at the

site (Werkema, 2002).

Hydrocarbon distribution at the study site is shown

in Fig. 1. The hydrocarbon-contaminated locations are

distinguished as the bplume coreQ and bplume fringeQ
based on the phase of hydrocarbon impacting the

groundwater. Hydrocarbons trapped within the sedi-

ment pores (residual phase) and free flowing within

the sediments (free phase) is the source of the

dissolved hydrocarbon (dissolved phase) in ground-

water that characterizes the core of the plume.

Residual hydrocarbon is the contamination source of

dissolved phase hydrocarbon at locations within the

fringes of the plume (Dell Engineering, 1992; Legall,

2002).

Previous geoelectrical measurements at this study

site have documented higher bulk conductivity in

subsurface regions impacted by hydrocarbons com-

pared to uncontaminated locations (Atekwana et al.,

2004). The highest bulk conductivities were found to

be associated with zones straddling the water table at

locations in the plume core and fringe (Werkema et

al., 2003; Atekwana et al., 2004). Intrinsic biodegra-

dation is documented in the contaminated ground-

water at the site. Methanogenesis is the dominant

redox process within the core of the plume, while

sulfate, iron, and manganese reduction occur at the

fringes of the plume (Legall, 2002). Volatile organic

acids and biosurfactants have been measured in

contaminated groundwater at this site (Cassidy et al.,

2002). Microbial studies in soil cores and ground-

water in the contaminated aquifer have documented

microorganisms capable of degrading hydrocarbon

and show orders of magnitude higher oil degrading

microorganisms within the hydrocarbon impacted

zones (Duris et al., 2000; Cassidy et al., 2002;

Atekwana et al., 2004).
3. Methods

The study site has been instrumented at several

locations (Fig. 1). Each instrument location has a

vertical resistivity probe (VRP) for making the
resistivity measurements (converted to conductivity

in this paper) and multilevel piezometers (MLPs;

located approximately 1.0 m from the VRPs) for

sampling groundwater. Details of the installation of

the VRPs are described elsewhere by Werkema

(2002). The MLPs were constructed of 6.4 mm PVC

tubing fitted with a 15 cm nylon screen and were

installed using a Geoprobe drill rig (Legall, 2002).

The piezometers were installed at intervals of 30 cm

from the base of the aquifer into the vadose zone. The

locations where measurements were measured for this

study are shown in Fig. 1. These include three

locations in the core of the plume (Instrument clusters

1, 5 and 8), one location at the fringe of the plume

(Instrument cluster 3), another location at or near the

plume boundary (Instrument cluster 7), which was

uncontaminated at the time of this study, and a

location uncontaminated with hydrocarbon (Instru-

ment cluster 9). Bulk conductivity measurements and

groundwater analyses for specific conductance and

TDS were conducted in June 2000.

3.1. Bulk electrical conductivity measurements

In situ bulk conductivity measurements were made

from the VRPs using a 5 cm Wenner array and

incremented every 5 cm with depth below ground

surface. Details of these measurements are described

elsewhere by Atekwana et al. (2004) and Werkema

(2002). To relate the geophysical data to the ground-

water data, only the bulk conductivity measurements

below the water table are presented.

3.2. Groundwater specific conductance and TDS

measurements

Groundwater specific conductance and TDS were

measured with a conductivity/TDS meter in the field,

while the gravimetric TDS was determined in the

laboratory. In the field, groundwater from each

multilevel piezometer was pumped to the surface

using a peristaltic pump. The water was passed

through a flow cell into which a HydroLabk down-

hole Minisonde was immersed. Groundwater from

piezometers was purged while the temperature, pH,

and specific conductance were monitored until they

stabilized. After stabilization of these parameters, the

specific conductance and TDS were recorded. The



E.A. Atekwana et al. / Journal of Applied Geophysics 56 (2004) 281–294 285
TDS values displayed by the conductivity/TDS meter

is calculated from the specific conductance of ground-

water and can be approximated by the following

equation (e.g., Lloyd and Heathcote (1985):

TDS ¼ keEC ð1Þ

where TDS is expressed in milligram per liter and EC

is the electrical conductivity in microsiemens per

centimeter at 25 8C (specific conductance). The

correlation factor ke varies between 0.55 and 0.8.

The ke for samples measured using the conductivity/

TDS meter in this study was 0.64 regressed from the

TDS vs. specific conductance data.

Groundwater sampled for gravimetric determina-

tion of TDS was collected immediately after TDS was

measured by the HydroLabk downhole Minisonde.

Samples were collected in 250-ml polyethylene

containers, stored on ice, transported to the laboratory

and refrigerated at 4 8C until analyses, which were

completed within 4 weeks of sample collection.

Gravimetric TDS is defined as the weight of the

residue (mg) in a known volume of water sample (l)

after evaporating all the water. Dissolved solids by

convention are defined as all solid material which is

less than 0.45 Am in size. TDS was measured using

Standard Methods 2540 C (Clesceri et al., 1989). A

100 ml of a well-mixed sample was filtered through a

0.45 Am glass fiber filter and washed with three

successive aliquots of 10 ml deionized water. Com-

plete drainage was allowed between washings, and

suction continued for about 3 min after filtration was

complete. The filtrate was transferred into a pre-

weighed 200-ml beaker and evaporated to dryness in

an oven for 24 h at 105 8C. The residue was then dried
at 180 8C for exactly 2 h, cooled in a desiccator, and

immediately weighed. The TDS for each sample was

determined as the mass of solid normalized to the

volume of water filtered.

3.3. TDS measurement of standard electrolyte solution

Natural waters contain a variety of both ionic and

uncharged species in various amounts and proportions

that constitute the dissolved solids. Thus it is not clear

whether specific conductance measurements can be

used to obtain accurate estimates of TDS. In addition,

the effect of dissolved diesel on TDS measured by

both the gravimetric and conductivity/TDS meter
techniques needed to be determined using standard

electrolyte solutions. The measured effect of dissolved

hydrocarbon from standard electrolyte solutions

should provide data to model our field data and to

assess if discrepancies between TDS measured by

both techniques were affected by dissolved hydro-

carbon in groundwater.

Six NaCl standard solutions were prepared with

specific conductance ranging between 5 and 150 mS/

m for calibration of our field data. A 500-ml aliquot

from each solution was transferred to a polyethylene

container and 100 ml of diesel added to each solution.

The containers of the NaCl+diesel solutions were

placed on a shaker and shaken for 48 h to allow for

maximum dissolution of diesel. This solution was

kept undisturbed for 2 h to allow undissolved diesel to

separate from the solution. The NaCl solution with

dissolved phase diesel was used for the TDS experi-

ments. TDS for the NaCl and NaCl+diesel solutions

were measured using the conductivity/TDS meter.

TDS was also measured using the gravimetric

technique as described for the field samples.
4. Results and discussion

4.1. Relation of TDS values from specific conductance

and gravimetric measurements to bulk conductivity of

sediments

The results of TDS determined by the conductivity/

TDS meter and gravimetric methods are presented in

Table 1. Also shown in Table 1 are the bulk

conductivity data (reported as the averaged bulk

conductivity in mS/m over the interval where ground-

water was sampled). TDS in uncontaminated ground-

water (MLP9 and MLP7) measured using the

conductivity/TDS meter ranged from 50 to 560 mg/l

and 65 to 550 mg/l for the gravimetric technique. TDS

in contaminated groundwater ranged from 123 to 681

mg/l and 150 to 810 mg/l for the conductivity/TDS

meter and gravimetric techniques, respectively.

Vertical profiles of bulk conductivity and TDS

determined by the conductivity/TDS meter and

gravimetric techniques for uncontaminated locations

are shown in Fig. 2a and b. Fig. 2 also shows

sediment grain size distribution (% silt+clay, sand and

gravel) for selected depth intervals which will be



Table 1

Sampling station, groundwater sampling depth, groundwater total dissolved solids, groundwater specific conductance and bulk electrical

conductivity measured in uncontaminated and hydrocarbon contaminated locations in a shallow sandy aquifer

Sampling

stationa
Sampling

depth (cm)b
TDS conductivity

meter (mg/l)

TDS gravimetric

(mg/l)

Specific conductance

(mS/m)

Bulk electrical

conductivity (mS/m)c

MLP1

MLP1-1 410 520 550 81.5 23.8 F6.6

MLP1-2 455 586 550 91.6 36.8 F6.9

MLP1-3 500 608 540 94.4 30.1 F3.0

MLP1-4 546 609 540 94.6 33.6 F2.0

MLP1-5 591 603 540 94.3 29.9 F0.9

MLP1-6 636 613 560 95.7 27.2 F2.4

MLP1-7 681 599 540 93.5 27.0 F1.4

MLP1-8 729 632 560 99.7 29.2 F2.1

MLP3

MLP3-1 465 164 310 25.6 11.1 F2.2

MLP3-2 510 607 750 94.8 23.6 F4.1

MLP3-3 555 681 810 106.4 25.2 F1.9

MLP3-4 601 659 690 103.0 22.5 F1.9

MLP3-5 646 590 560 92.0 20.8 F1.2

MLP3-6 693 582 680 91.0 22.0 F1.2

MLP5

MLP5-1 234 123 150 19.5 15.4 F5.5

MLP5-2 279 500 420 78.7 25.8 F4.5

MLP5-3 324 594 510 93.1 18.0 F3.7

MLP5-4 369 571 500 89.1 17.9 F2.9

MLP5-5 417 573 570 88.5 17.2 F3.3

MLP7

MLP7-1 164 50 65 7.8 17.0 F1.0

MLP7-2 210 132 120 20.7 12.3 F0.2

MLP7-3 255 356 340 55.4 13.1 F0.4

MLP7-4 303 526 490 81.2 – –

MLP8

MLP8-1 198 368 290 57.7 8.6 F1.7

MLP8-2 243 585 530 94.1 16.9 F3.1

MLP8-3 288 625 620 97.8 18.6 F1.9

MLP8-4 333 639 610 99.7 16.2 F1.4

MLP8-5 378 629 620 98.6 18.5 F0.9

MLP9

MLP9-1 235 301 300 47.1 6.5 F1.0

MLP9-2 281 494 480 75.6 17.9 F0.4

MLP9-3 327 545 530 85.4 19.8 F0.2

MLP9-4 358 560 550 87.7 – –

a MLPs designated with a b-1Q are at the water table and higher numbers increase with depth below the water table.
b Sampling depth represents the middle of the piezometer screened interval of 15 cm.
c Bulk electrical conductivity is reported as the mean and standard deviation for the corresponding interval where groundwater was sampled

for TDS and specific conductance measurements.
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Fig. 2. Vertical profiles of sediment grain size distribution, bulk electrical conductivity of sediments, and total dissolved solids (TDS) Line 332

in groundwater from uncontaminated locations and locations contaminated with hydrocarbon. TDS values obtained from both gravimetric

analysis and a conductivity/TDS meter are shown.
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discussed later in Section 4.3. The bulk conductivity

at VRP9 increases rapidly with depth (to 25 cm)

below the water table, then increases slightly with

depth to the base of the aquifer (Fig. 2a). The bulk

conductivity at VRP7 increases with depth to about 15

cm below the water table before decreasing and

remaining nearly constant to the base of the aquifer

(Fig. 2b). The bulk conductivity values from the

uncontaminated locations show maximum values of

about 20 mS/m close to the bottom of the aquifer at

VRP9 and the top of the aquifer at VRP7. TDS from

both methods at MLP9 and MLP7 increased monot-

onically with depth. At these locations, the TDS

measured using both methods were similar (averaged

difference b15 mg/l). The bulk conductivity profile

for VRP9 shows a similar depth trend to the TDS

profile (Fig. 2a). This was not the case for MLP7, as

the bulk conductivity was higher near the water table

and decreased with depth (Fig. 2b).

In groundwater from the plume fringe at MLP3,

TDS showed a steep positive gradient immediately

below the water table, with peak values (30 mS/m) in

mid aquifer, followed by a negative gradient (Fig. 2c).

For most sampling depths at MLP3, TDS determined

by the gravimetric technique was higher than TDS

determined using the conductivity/TDS meter (Table

1). In addition, groundwater from MLP3 showed the

greatest difference (~150 mg/l) in TDS between the

two techniques (Table 1).

At MLP1 in the plume core, the TDS was generally

high (~500 to 600 mg/l) and values for both

techniques diverge below the water table and there-

after, the curves remained nearly parallel down to the

base of the aquifer (Fig. 2d). TDS determined by the

gravimetric technique was lower compared to that

determined by the conductivity/TDS meter. Unlike the

nearly constant TDS with depth, vertical variability in

the bulk conductivity is observed in the depth profile

(Fig. 2d) with peak values (~40 mS/m) occurring 50–

150 cm below the water table. TDS in groundwater at

the plume core from MLP5 and MLP8 also show

steep positive gradients immediately below the water

table with values remaining nearly constant at greater

depths. TDS for groundwater at MLP5 and MLP8

determined by both techniques increase to peak values

~60 cm (594 and 639 mg/l, respectively) below the

water table and converged towards the base of the

aquifer (Fig. 2e and f). TDS measured by the
gravimetric technique was generally lower than that

measured using the conductivity/TDS meter. Peak

bulk conductivity ranged from 26 to 19 mS/m for

VRP 5 and 8, respectively.

4.1.1. Effect of dissolved hydrocarbon on TDS

The distribution of bulk conductivity and ground-

water TDS for the different locations at the study site

suggests a vertically and laterally heterogeneous

system. Thus, to address our first objective, we assess

the relationship between TDS determined by the

conductivity/TDS meter and the gravimetric technique

for uncontaminated and contaminated groundwater

(Fig. 3). We assume that both techniques are measur-

ing the same quantity and should have a 1:1

correlation. Also shown in Fig. 3 is the TDS data

from the NaCl (solid line) and NaCl+diesel (dot-dash

line) solutions. TDS determined by both methods for

the NaCl and NaCl+diesel solutions are positively

correlated (R2N0.99). The slope of the NaCl solution

is close to 1 (0.97) suggesting that the TDS

determined by both techniques give nearly similar

values. The NaCl+diesel solution had a lower slope

(0.92) compared to that of the NaCl solution. We

attribute the lower slope to: (1) dissolved diesel which

contributed to the measured sample volume, but was

lost in evaporation in the gravimetric technique, (2) a

slight reduction in the electrical conductivity of the

solution by the diesel, or (3) a combination of both.

Uncontaminated groundwater (MLP9 and MLP7;

open symbols) plots along the NaCl solution correla-

tion line (Fig. 3). Hydrocarbon contaminated ground-

water samples (except from MLP3) plot either along

the NaCl (solid line) or in some instances along or

slightly below the NaCl+diesel (dot-dash line) sol-

ution line (Fig. 3). The samples that plot along or

slightly below the NaCl+diesel line are from locations

within the plume core with free phase hydrocarbon at

the water table. The slightly lower TDS measured by

the gravimetric technique for these samples is

consistent with a decrease in the gravimetric TDS

due to the presence of variably altered hydrocarbon

dissolved in the groundwater and/or reduction in the

electrical conductivity by dissolved hydrocarbons.

Fig. 3 also shows that groundwater from MLP3 plots

above the NaCl line, suggesting higher gravimetric

TDS for groundwater from this location. The higher

gravimetric TDS at MLP3 may be the result of



Fig. 3. Cross plot of total dissolved solids (TDS) measured by the conductivity/TDS meter and by the gravimetric method in groundwater from

uncontaminated locations and locations contaminated with hydrocarbon. Contaminated groundwater samples are shown as filled symbols. Also

shown are TDS values measured for a standard NaCl solution (solid line) and NaCl solution with dissolved diesel (dot-dashed line).
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uncharged dissolved solids in the groundwater that did

not contribute to the specific conductance measured

by the conductivity/TDS meter.

4.2. Comparison of TDS at contaminated and uncon-

taminated locations

To address our second objective, we compare the

TDS measured from contaminated and uncontami-

nated groundwater. We use TDS derived from the

groundwater specific conductance to compare with

the bulk conductivity, since this is the TDS routinely

measured and reported for groundwater. The con-

ductive layer model (Sauck, 2000) predicts higher

TDS for groundwater in sediments contaminated with

hydrocarbon and undergoing intrinsic biodegradation.

Although there is overlap in the range of TDS values

between uncontaminated and contaminated ground-

water, TDS for contaminated groundwater samples are

generally higher (up to 810 mg/l) compared to

uncontaminated groundwater (up to 550 mg/l) (Table

1). The TDS results are consistent with findings from

a geochemical study at this site, which showed higher

calcium, silica, and bicarbonate ions in contaminated

groundwater compared to uncontaminated ground-

water (Legall, 2002). The Legall (2002) study also

showed that the above ions accounted for more than

95% of the TDS in groundwater in this aquifer.
Similar observations of higher levels of dissolved ions

have been documented at other aquifers contaminated

with hydrocarbon (e.g., McMahon et al., 1995).

Further, in the McMahon et al. (1995) study, a

positive correlation was observed between dissolved

silica and organic acids. Thus, the higher TDS in

contaminated groundwater is consistent with

enhanced mineral weathering as predicted by the

Sauck (2000) conductive layer model.

4.3. Relationship between bulk conductivity and fluid

conductivity

To address our third objective, we examine the

relationship between bulk and fluid conductivities

from the study site. Archie (1942) proposed the

following relationship which can be used to relate

bulk and fluid conductivities in the absence of clays:

rb ¼ a/mSnwrw ð2Þ

where rb is the bulk electrical conductivity of the

porous medium, a is a constant related to sediment

type, / is the porosity and m is the cementation factor,

Sw is the water saturation and n is the saturation

exponent and rw is the electrical conductivity of the

pore fluids (fluid conductivity). Use of Eq. (2)

assumes that the contribution of surface conduction
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(conduction at the surfaces of mineral grains) com-

pared with bulk conduction is negligible. However,

when this is not the case, it has been shown from

experimental work (Waxman and Smits, 1968; Sen et

al., 1988) that Eq. (2) must be modified to include a

surface conduction term (rs).

To explore the extent to which increase in TDS

controls the bulk conductivity of contaminated sedi-

ments at this site, we make use of the relationship

between the fluid conductivity (groundwater specific

conductance in this study) and bulk conductivity in

Fig. 4. We use the fluid conductivities instead of the

TDS to keep the units of conductivity consistent with

Eq. (2). Since, groundwater TDS is typically calcu-

lated from specific conductance, we expect the results

to be essentially the same. Several observations can be

made from the relationship between bulk and fluid

conductivity (Fig. 4): (1) at low fluid conductivities

less than 40 mS/m, the bulk conductivity is inversely

related to the fluid conductivity. The samples that

show this relationship occur at or near the water table.

The low fluid conductivity for these samples probably

result from the shorter time of interaction with the

aquifer matrix (short residence time) and is consistent

with new (spring) recharge to the aquifer. Note that

except for MLP7, samples in this group are from

contaminated locations. However, hydrocarbon has

been detected in groundwater at MLP7 in the past
Fig. 4. Bulk electrical conductivity vs. fluid conductivity (groundwater

contaminated with hydrocarbon are shown as filled symbols. Model l

conductivity (1–10 mS/m) calculated from Eq. (3) in the text.
(Dell Engineering, 1992), although none is currently

present as the contaminant plume has shrunk over

time. Groundwater at MLP7-1 (Table 1) had the

lowest fluid conductivity but the highest bulk con-

ductivity in this group. (2) Generally, at fluid

conductivities greater than 40 mS/m, the bulk

conductivity increased with increasing fluid conduc-

tivity, suggesting the dependence of bulk conductivity

on fluid conductivity, consistent with Eq. (2) above.

However, we also observed that at higher fluid

conductivities (N80 mS/m) bulk conductivity

increased without a corresponding increase in fluid

conductivity, especially for contaminated groundwater

samples (Fig. 4). The error bars of bulk conductivity

for samples from contaminated locations (filled

symbols) are larger than for uncontaminated samples

(open symbols), consistent with steep vertical bulk

conductivity gradients at the contaminated locations.

(3) Fig. 4 also shows that samples with the highest

bulk conductivity (MLP1) did not have the highest

fluid conductivity.

We infer from the above observations that higher

TDS in groundwater contributed to the higher bulk

conductivity at locations contaminated with hydro-

carbon consistent with the Sauck (2000) model.

Nonetheless, the inverse relationship at low fluid

conductivity and the poor positive relationship at high

fluid conductivity especially for contaminated sam-
specific conductance) from the study area. Groundwater samples

ines are shown for selected formation factors (4–8) and surface
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ples suggest that the bulk conductivity at some

locations was not entirely dependent on fluid con-

ductivity, and that the bulk conductivity may be

influenced by other factors.

Variations in saturation, lithology, and fluid con-

ductivity are all factors that can affect bulk conduc-

tivity and may account for the variability in bulk

conductivity vs. fluid conductivity observed at the

site. We expect the effect of saturation to be minimal

since all our data are from locations below the water

table where sediments are fully saturated. The

lithology at the study site is unconsolidated glacial

outwash. Sediment grain size distribution data pre-

sented as percent gravel (N2 mm), sand (2–0.062

mm), and silt+clay (b0.062 mm) for selected depth

intervals is shown (except VRP/MLP8) in Fig. 2.

Depth intervals reported for the grain size distribution

are either ~15 or 30 cm and were sampled at these

intervals based on visual comparison using a Wards

sediment Comparator (Wards Natural Science,

Rochester, NY). The sediment distribution shows

mainly sands near and above the water table, grading

to a mixed sand and gravel below the water table (Fig.

2). A comparison of the dominant grain sizes with the

vertical bulk conductivity from the VRPs shows little

correspondence. For example, the change in bulk

conductivity at VRP3 from the water table to ~60 cm

below the water table occurs despite little change in

sediment grain size in that interval (Fig. 2c). The

above observation is common for contaminated

locations and suggests that, although there are vertical

variations in grain size at each location, lithology is

not the dominant control of the bulk conductivity

distribution. The highest increase in the silt+clay (up

to 9%) content is measured for sediments from VRP5

between 310 and 375 cm, yet the bulk conductivity is

lower within this interval than values measured for the

interval between 250 and 300 cm where the lithology

is dominated by sands (Fig. 2e). Although the actual

clay content in the silt+clay was not determined, the

bulk conductivity measured at VRP3 and the rest of

the VRPs also show little correspondence between

silt+clay and the bulk conductivity (Fig. 2). We

assume from the above discussion that the effect of

lithology on the bulk conductivity was minimal and is

consistent with studies by Werkema et al. (2003).

We suggest two possible reasons for the inverse

relationship at low fluid conductivity and poor
positive relationship at higher fluid conductivity

between the bulk and fluid conductivities at the site:

(1) geochemical heterogeneity due to biological

degradational processes not captured at the scale

comparable to the bulk conductivity measurement.

Water samples measured for TDS and fluid conduc-

tivity are integrated groundwater over the screened

interval of 15 cm. On the other hand, the bulk

conductivity was measured at a much finer resolution

(5 cm). Because microbial degradation of hydro-

carbon is vertically heterogeneous for each location

(Legall, 2002), it is conceivable that the changes in the

fluid conductivity resulting from this process occurs at

the sub-centimeter scale not resolved by the ground-

water sampling at 15-cm interval, but evident in the

bulk conductivity measurement due to the higher

resolution of the geophysical data. (2) Variations in

interface conductivity. The Sauck (2000) model

assumes mostly electrolytic conduction and does not

take into account contributions from surface conduc-

tivity to measured bulk conductivity.

The direct current (dc) resistivity method as

employed in this study is responsive to both electro-

lytic and interface (surface) conductivity. However,

the bulk conductivity measured during this study,

while diagnostic, does not differentiate between the

relative contributions of electrolytic vs. interface

conductivity. To assess the effects of surface con-

ductivity on the measured bulk conductivity, we

model the field data for formation factors in the range

from 4 to 8 (typical for our site), and for surface

conductivities from 1 to 10 mS/m (which covers our

data range) using Eq. (3) over the whole range of fluid

conductivity of our samples and assuming a water

saturation of 1:

rb ¼ rel þ rs ¼ 1=F rwð Þ þ rs ð3Þ

where rel is electrolytic conductivity, rw is the fluid

conductivity, rs is the surface conductivity, and F is

the sample formation factor (Waxman and Smits,

1968). Model curves for different formation factors

and surface conductivity are presented in Fig. 4 and

suggest that no single F value or rs can fit our data;

rather different combinations of rs and F are needed

to explain the bulk conductivity–fluid conductivity

distribution seen in the field data. For a given rs

value, variation in F values from 4 to 8 over the range

of fluid conductivity for field samples was not able to
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explain the bulk conductivity–fluid conductivity dis-

tribution. A broad range in rs conductivity (1 to 10

mS/m) or F is needed to explain the relationships for

the field samples. The model results further suggest

that relative to F, rs has a greater influence on the

bulk conductivity, especially from sediments currently

or previously contaminated by hydrocarbon.

An investigation of sediments at the study site

using induced polarization (IP) methods showed that

contaminated samples had a higher imaginary con-

ductivity (rW) magnitude compared to uncontami-

nated samples (Abdel Aal et al., 2003). rW is the

polarization term and at low frequencies (less than

1000 Hz) is an interfacial phenomenon occurring at

the grain-fluid boundary surface in saturated porous

media (e.g., Olhoeft, 1985; Schön, 1996). Hence,

Abdel Aal et al. (2003) suggested that alteration of the

mineral surface chemistry due to microbial activity

may explain the higher magnitude in the IP response

observed for contaminated sediments. This explan-

ation is consistent with results from recent laboratory

experiments that showed temporal increase in the real,

imaginary, and surface conductivity during microbial

degradation of diesel-contaminated sediments (Abdel

Aal et al., 2004). We conclude that both electrolytic

and surface conduction are factors that can account for

the higher bulk conductivities observed in sediments

impacted by hydrocarbon and undergoing biodegra-

dation even in the absence of lithology dominated by

clays.
5. Conclusions

The results of this study show that TDS and bulk

conductivities of sediments are generally higher at

locations contaminated with hydrocarbon and under-

going intrinsic biodegradation compared to uncon-

taminated locations. This observation is consistent

with the conductive layer model of Sauck (2000).

However, data from some contaminated locations

showed an inverse relationship between bulk and fluid

conductivity at low (b40 mS/m) fluid conductivity

and a poor positive relationship between bulk and

fluid conductivity for higher (N40 mS/m) fluid

conductivity. We infer from our results that the bulk

conductivity measured at the contaminated locations

was affected by factors other than higher TDS. We
note that electrolytic conduction assumed by the

Sauck (2000) model and used in this study to control

the formation bulk conductivity may be overly

simplified. We conclude that electrolytic conduction

may not be the only path of electrical conduction in

hydrocarbon contaminated soils. Surface conductivity

can occur along surfaces of mineral grains. While this

study was conducted on the premise that electrical

current flow in the aquifer was mainly electrolytic,

hydrocarbon degradation and subsequent mineral

weathering will not only increase the fluid conduc-

tivity but also alter the mineral surface properties

resulting in an enhancement of the surface conduction

at the mineral–fluid interface. This process may

provide an additional path for electrical conduction

not accounted for by pore fluid conductivity.

On a final note, Börner et al. (1993) suggest that

the degree of the change in electrical properties of

contaminated porous rocks is determined by the initial

rock composition and structure, chemical and physical

properties of the contaminating substances, concen-

tration of the contaminants in the pore fluid, duration

of interaction between rock and contaminant, and

environmental thermodynamic factors such as temper-

ature and pressure. We add to this list of factors, the

influence of biogeochemical processes on the rock

matrix. We suggest that at the present stage of the

research, the question as to how the effects of

microbial degradation of hydrocarbon, the degrada-

tion products, secondary mineral reactions in the

aquifer matrix and groundwater influence the elec-

trical properties is still open both to debate and further

research.
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