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GEOCHEMICAL AND ISOTOPIC CHARACTERISTICS AS SOCIA TED 
WITH HIGH CONDUCTIVITIES IN A SHALLOW 

HYDROCARBON-CONT AMINA TED 
AQUIFER 

Franklyn D. Legall, Ph.D. 

Western Michigan University, 2002 

In-situ vertical resistivity probes (VRPs) deployed at a hydrocarbon­

contaminated site in SW Michigan showed high soil conductivities within the 

contaminated zone. Within this zone, different phases of hydrocarbon impact were 

recognized, namely, zones with residual and dissolved phase hydrocarbons (RDH) 

and zones where these phases coexist with free product (RDFH). Bulk soil 

conductivities were highest ( 12 to 30 mS/m) in the zone with RDFH compared to the 

RDH zone (10 to 25 mS/m). Groundwater chemistry and stable carbon isotope data 

from closely spaced vertical samples within the anomalous conductive zones were 

used to provide evidence for biodegradation and to investigate the role of mineral 

weathering in the aquifer as the source of ions responsible for the observed 

conductivities. 

Depth distribution of TEAs and educts showed evidence of reduction of 

nitrate, iron, manganese, and sulfate across steep vertical gradients. Within the zone 

with RDH, the reduction of NO3, Fe (III), Mn(IV), and SO4 were the major observed 

redox processes. This zone also exhibited the highest DIC. The 8 13C0 1c values of 



-16.9 to -9 .5%o suggest that DIC evolution in this zone is controlled by carbonate

dissolution through enhanced CO2 production related to microbial hydrocarbon 

degradation. Within the zone with RDFH, DIC was lower compared to the RDH 

location with an associated b 13C01c in the range of +6.5 to -4.4%0. Both the DIC and 

b 13CD ic suggest that methanogenesis is the dominant redox process. 

The results also show higher concentrations of Na, Ca, and Mg associated 

with high soil conductivities in the contaminated portion of the aquifer compared to 

background that is consistent with the weathering of carbonate and Na and Ca 

feldspars, the dominant minerals in the aquifer. This ion enrichment translated to 

higher TDS at the contaminated locations as reflected in the conductivity 

measurements. The results suggest an interrelationship between redox processes, 

biomineralization of hydrocarbons, and high soil conductivities. Moreover, bulk 

conductivity measurements may be useful in assessing the potential for natural 

attenuation in contaminated, unconsolidated, sandy aquifers. 
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CHAPTER I 

INTRODUCTION 

The high cost of engineered cleanups of many sites contaminated by light 

non-aqueous phase liquids (LNAPLs) has led to the proposal and acceptance of risk­

based strategies and programs to facilitate environmental cleanups (ASTM, 1994; 

1995; 2000). This risk-bas�d approach to corrective action relies on an understanding 

of the geochemical and microbial processes that result in the intrinsic bioremediation 

of petroleum contaminants in the subsurface. Current methods of evaluating intrinsic 

bioremediation in the field rely heavily on monitoring strategies that are required to 

demonstrate that natural attenuation is occurring and to detect changes in hydrologic, 

geochemical, and microbiological conditions that may affect the efficacy of the 

natural attenuation process (Wiedemeier et al., 1995; Wiedemeier et al., 1998; 

Wiedemeier et al., 1999; Wiedemeier and Haas, 2002). 

Techniques presently employed for monitoring intrinsic hydrocarbon 

degradation in field settings rely on direct sampling of soil and groundwater and their 

subsequent analysis to provide geochemical and microbiological data to interpret 

degradation activities. However, direct soil and groundwater sampling and analyses 

are often expensive and significant cost reductions may only be realized during the 

long term monitoring phase of the project (Wiedemeier and Haas, 2002). Another 

problem with this approach is the selection of sampling locations, because, to a large 



extent, the placement of sample collection points and the subsurface intervals selected 

for characterization are arbitrary and may not provide the spatial resolution necessary 

to assess contaminant distribution or its degradation. A possible solution to this 

problem may lie with combining geochemical and geophysical investigations. 

A number of recent studies (Sauck et al., 1998; Atekwana et al., 2000; 

Werkema, 2002) have documented high conductive zones in soils extending from the 

top of the hydrocarbon-impacted zone into the saturated zone. On this basis, Sauck et 

al. ( 1998) and Atekwana et al. (2000) have proposed a model linking the higher soil 

conductivities to LNAPL biodegradation. Their model suggests that the hydrocarbon 

plume characteristics change over time from initially resistive to more conductive as 

LNAPL undergo microbial degradation. Microbial degradation of hydrocarbons 

produces acids that increase the weathering properties of the pore fluids. Water-rock 

reactions alter the aquifer minerals and lead to an enrichment of ions in the 

groundwater. Higher bulk conductivities associated with soils in which hydrocarbon 

biodegradation is occurring are attributed to the higher ionic strength of the pore 

fluids. 

The relationship between bulk soil conductivity and geochemical charac­

teristics associated with an aged hydrocarbon plume was investigated at an 

abandoned refinery site located in Carson City, Michigan. Spatial and temporal 

variations in soil conductivity within the hydrocarbon-contaminated zone, and the 

role of water level fluctuations on the soil conductivity have been investigated using a 

network of vertical resistivity probes (VRPs) installed at the site (Werkema, 2002). 

2 



Furthermore, previous studies (Duris et al., 2000; Werkema et al., 2000) have 

demonstrated a possible link between high soil conductivity and the distribution of 

hydrocarbon degrading bacteria. Extensive evidence exists in the literature for 

mineral weathering in contaminated aquifers. There is general consensus that the 

breakdown of carbonate and silicate minerals by° organic acids produced during 

microbial hydrocarbon degradation is far more effective than by carbonic acid 

(Hiebert and Bennett, 1992; Welch and Ullman, 1993; McMahon et al., 1995; Ullman 

and Welch, 2002). However, in order to establish that the high soil conductivities are 

indeed due to the biomineralization of hydrocarbons there is the need to demonstrate 

such evidence by examining the geochemical processes occurring in the subsurface, 

and documenting the products of the resulting mineral-water reactions in the aquifer 

that may account for the soil conductivity anomalies. 

Therefore the focus of the study was: (a) to take advantage of the zonations 

afforded by the resistivity surveys to more closely investigate the redox processes 

within the aquifer and provide geochemical evidence of biodegradation, (b) to docu­

ment in a field setting how vertical changes in the groundwater chemistry (major ions, 

DIC, and stable isotopes) co-vary with bulk conductivity in contaminated and uncon­

taminated groundwater, and (c) to assess the contribution of major ions derived from 

mineral-water reactions that result from geochemical and biogeochemical processes 

which modify the aquifer matrix sufficiently to alter the bulk soil conductivity. 

The coupling of high resolution soil conductivity measurements with 

geochemical and isotopic data from closely spaced vertical sampling provides the 

3 



basis for examining the link between the geochemical changes related to microbial 

hydrocarbon biodegradation, and changes in the bulk soil. conductivity at 

contaminates sites. The work contained in this thesis represents a first attempt to 

systematically test the hypothesis that weathering of aquifer minerals that occur 

during microbial degradation of hydrocarbons provides the ions in solution to alter 

the bulk conductivity of soils. 
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CHAPTER II 

GEOCHEMICAL AND ISOTOPIC CHARACTERISTICS AS SOCIA TED WITH 
HIGH CONDUCTIVITIES IN A SHALLOW HYDROCARBON-

CONT AMINA TED AQUIFER: I. EVIDENCE FOR 
HYDROCARBON DEGRADATION 

Abstract 

Geochemical and isotopic data from closely spaced vertical samples within 

high conductive soils zones in a shallow hydrocarbon-impacted aquifer were used to 

provide geochemical evidence for biodegradation and to investigate redox processes 

occurring within the conductive zones. The aquifer is contaminated by dissolved and 

residual phase hydrocarbons (RDH) as well as dissolved, residual and free phase 

hydrocarbons (RDFH). Bulk soil conductivities were highest ( 12 to 30 mS/m) in the 

RDFH zone compared to the RDH zone (10 to 25 mS/m). 

Evidence of microbial hydrocarbon degradation was assessed by measure­

ments of terminal electron acceptors (TEAs) N03 and S04 and educts NH4, Fe(II), 

Mn(II), dissolved inorganic carbon (DIC), alkalinity, and the isotopic ratio of DIC 

(8 13CDic). Depth distribution of TEAs and educts showed evidence of reduction of 

nitrate, iron, manganese, and sulfate across steep vertical gradients. 

Within the portion of the plume characterized by RDH, S04 reduction has 

supplanted denitrification via dissimilatory nitrate reduction, and the reduction of Fe 

(III) and Mn(IV) as the major observed redox process. The highest DIC values were
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reported in this zone. The 8 13C01c values of -16.9 to -9.5%0 suggest that DIC 

evolution within this zone is controlled by carbonate dissolution through enhanced 

CO2 production related to microbial hydrocarbon degradation. 

Within the portion of the aquifer with RDFH, DIC was lower compared to the 

RDH location with an associated 813C01c in the range of +6.5 to -4.4%0. Both the 

DIC and 8 13Cmc suggest that methanogenesis is the dominant redox process. The 

present study provides a qualitative assessment of the interrelationship between redox 

processes, biomineralization of hydrocarbons, and high bulk soil conductivities. 

Introduction 

In-situ soil investigations at hydrocarbon-impacted sites have shown high soil 

conductivity coincident with zones of hydrocarbon impact (Atekwana et al., 2000; 

Werkema, 2002). In the study area, in-situ high resolution (-5-cm interval) soil 

conductivity measurements showed distinct zonations coincident with the different 

phases of hydrocarbon impact. Higher bulk soil conductivity occurred in zones with 

free product and/or residual phase contamination compared to background (Werkema, 

2002). Recently, Sauck et al., (1998), Atekwana et al., (2000), and Sauck, (2000) 

have proposed a conceptual model which attributes the high soil conductivity in 

hydrocarbon contaminated soils to microbial degradation of hydrocarbons and 

subsequent reaction of the by-products (carbonic and organic acids) with the aquifer 

minerals. The secondary reactions from organic and carbonic acids and the aquifer 

minerals increase the total dissolved solids (TDS) and thus the electrical conductivity 



of the impacted soil and groundwater. 

Microbial studies of soil cores and groundwater from the study area have 

reported the presence of hydrocarbon-degrading microorganisms (Cassidy et al., 

2002; Duris et al., 2000). Volatile organic acids and biosurfactants in groundwater 

contaminated with hydrocarbons relative to uncontaminated groundwater provide 

additional evidence of intrinsic biodegradation of hydrocarbons at this site (Cassidy et 

al. 2002). 

In this study, we have taken advantage of conductivity zonations documented 

by high resolution vertical soil conductivity profiling to guide our groundwater 

sampling. Our purpose was two fold: (1) to provide geochemical evidence for 

biodegradation to determine if high soil conductivity is due to biomineralization of 

hydrocarbon, and (2) to investigate redox processes within the aquifer. Geochemical 

data from closely spaced sampling allows for a better understanding of the link 

between geochemical changes related to microbial hydrocarbon biodegradation, and 

changes in the bulk conductivity signature. 

Study Site 

This study was conducted in a shallow hydrocarbon-contaminated aquifer at a 

former refinery (Crystal Refinery) located in Carson City, Michigan, USA (Fig. 1 ). 

Detailed descriptions of the study site can be found in Atekwana et al., (2000) and 

Werkema et al., (2000). Hydrocarbon released from storage facilities and pipelines 

more than 50 years ago impacted soil and groundwater at this site (Dell Engineering, 
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1992). Within the contaminated portion of the aquifer, different phases of 

hydrocarbon impact are recognized, namely, zones where residual and dissolved 

phase hydrocarbons (RDH) occur and zones where these phases coexist with free 

product (RDFH). The aquifer at the study area is approximately 4.6 to 6.1 m thick 

and is composed of glacial sediments consisting mostly of fine to medium sands, 

coarsening with depth to gravel below the water table. The aquifer is predominantly 

quartz with minor amounts of calcite, albite, anorthite, gypsum, and dolomite. Depth 

to the water table varies from 0.6 m to 0.9 m west to 4.6 to 5.8 m in the eastern 

portion of the study area. Water table levels vary up to 90 cm annually at the site 

(Atekwana et al. 2000; Werkema et al. 2000). Within the study area groundwater 

elevation data from June 2000 indicate groundwater flow to the west and southwest 

(Fig. I). This confirms previously studies indicating groundwater flow is towards a 

nearby creek (Dell Engineering, 1992). Groundwater velocity of 1.68 m/day under a 

hydraulic gradient of 0.0015 was calculated for the site using a large network of 

groundwater monitoring wells (Dell Engineering, 1992). 

Methods 

Site Instrumentation 

The study site has been instrumented at several locations with vertical 

resistivity probes (VRP's) for measuring soil conductivity, a water table monitoring 

well, and multilevel piezometers (MLP's). Werkema et al., (2000) and Werkema 

(2002) provide details of the VRP installation and soil conductivity measurements. 

10 



Monitoring wells and MLPs were installed using a Geoprobe® drill rig. Water table 

monitoring wells were constructed of 2.54-cm PVC casing fitted with 152 cm slotted 

PVC screens and screened across the water table. MLPs were constructed of 6.4 mm 

PVC tubing fitted with a 15 cm screen. MLP screened intervals were spaced at 

approximately 30 cm. The bundled MLPs were installed from the base of the aquifer 

into the vadose zone to accommodate seasonal fluctuations in the water table. The 

locations of the MLPs are shown in Fig. 2. Previous studies (Atekwana et al., 2000; 

Werkema et al., 2000) have shown that MLP-9 is located in an uncontaminated 

portion of the aquifer, MLP-3 and MLP-10 are located in portions of the aquifer 

contaminated with RDH, and MLP-1, MLP-5, and MLP-8 are located in portions of 

the aquifer contaminated with RDFH (Fig. 2). 

Sampling and Analyses 

Water from each MLP was pumped to the surface using a peristaltic pump. 

The water was passed through a flow cell into which a HydroLab™ downhole 

Minisonde was immersed. Water temperature, pH, and specific conductance (SpC) 

were monitored and recorded after stabilization. Alkalinity as bicarbonate was 

measured in the field by potentiometric titration using I .SN H2SO4 to an acid 

equivalent point of 4.5 (Hach, 1992). Samples for analysis for benzene, toluene, ethyl 

benzene, and xylenes (BTEX) were collected without headspace in pre-acidified 40 

ml glass vials fitted with teflon-lined screw caps, stored on ice, and transported to a 

commercial laboratory for analysis using EPA Method 2020. Total petroleum 
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hydrocarbon (TPH) was determined by summation of the BTEX compounds. Water 

for chemical analyses for NO3, SO4, Cl, NH4, Fe, and Mn was collected in 250 ml 

polyethylene bottles, stored on ice, and transported to a commercial laboratory for 

analysis. Analyses for NO3, SO4, Cl and NH4 were conducted using a Dionex 

DX500 ™ ion chromatograph (Dionex Corp., Sunnyvale, CA) equipped with a 

conductivity detector and an AS40 auto sampler. Total Fe and Mn were measured 

using a Leeman Labs P950 Inductively Coupled Plasma-Atomic Emission 

Spectrometer (ICP-AES) equipped with a CETAC Corp. AT5000+ ultrasonic 

nebulizer. 

Water for DIC and carbon isotopic analysis was collected and analyzed using 

a modified gas evolution extraction technique (Atekwana and Krishnamurthy, 1998). 

DIC concentrations are reported in mg C/1. Weathered oil samples for carbon isotope 

analysis were collected from zones containing free product in MLP-5 . Samples were 

oxidized with CuO in a sealed quartz tube at 900°C for 3 hours. CO2 was purified on 

a vacuum line and analyzed for carbon isotope ratio. Isotope measurements were 

made using a Micromass Isotope Ratio Mass Spectrometer at Western Michigan 

University, Kalamazoo, MI, USA and are reported in the b notation where: 

() I 
3C (%0) = ( (Rsample /Rstandard) -1) X 103

R is 13C/ 12C. b 13C values are reported relative to VPDB. Routine b 13C measurements 

have an overall precision of better than 0 .  1 %0.
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Results 

Sample details, the results of bulk soil conductivity, and geochemical and 

isotopic data are shown in Table 1. All of the data presented was obtained from the 

saturated zone. Bulk soil conductivity was initially recorded as resistivity. In this 

study, the resistivity is presented as its reciprocal, the bulk conductivity, in 

milliSiemens per meter (mS/m). The bulk soil conductivity represented is the 

average of conductivity readings from within the screened interval. The "excess" 

CO2 is the difference between the DIC and alkalinity in similar units (mg C/1) 

expressed as a percent of the alkalinity (Nascimento et al., 1997). Log pC02 in 

atmospheres (atm.) was calculated from geochemical speciation modeling using 

PHREEQC incorporated in the geochemical software program AQUACHEM 

(Waterloo Hydrogeologic, Inc., 1997). 

To facilitate comparison of the bulk soil conductivity and chemical data, depth 

profiles of bulk soil conductivity are plotted alongside vertical profiles of chemical 

and isotopic parameters measured for each MLPs (Figs. 2 to 4). 

Bulk Soil Conductivity 

In the uncontaminated (background) portion of the aquifer (MLP-9), the bulk 

soil conductivity was -3.5 mS/m at the top of the aquifer and increased to a 

maximum of 18 mS/m at 224.5 m (Fig. 2a). Below this elevation the bulk soil 

conductivity remained nearly constant at 16 mS/m to the base of the aquifer. Lower 

conductivities were also observed at top of the aquifer for RDH and RDFH locations 
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(Figs. 2b-f). However, a pronounced bulk conductivity increase was observed in 

deeper portions of the aquifer at contaminated locations in comparison to the 

background location. Bulk conductivity ranged from IO to 25 mS/m at the ROH 

locations (MLP-3 and MLP-10, Figs 2b-c). Bulk conductivities were between 12 to 

32 mS/m at the RDFH locations (MLP-1, 5, and 8; Figs. 2d-f). Generally, steep bulk 

conductivity gradients, at the centimeter scale, occur in the vertical profiles for all 

locations. The magnitude of the conductivity was lower in background compared to 

contaminated locations and there was variability in the magnitude with depth at 

contaminated locations. 

Total Petroleum Hydrocarbon (TPH)

The highest TPH values were measured at MLP-5 and 8 (481 and 34 mg/I, 

respectively) (Table 1 ). TPH generally decreased with depth with maximum 

concentrations often occurring at depth intervals coincident with maximum bulk soil 

conductivity (Figs. 2h-l). Maximum TPH in groundwater from RDH locations was 

15 mg/I (MLP-3) and 8 mg/I (MLP-10), with decreasing or non-detectable 

concentration within the deepest parts of the aquifer (Figs. 2h-i). Highest TPH were 

reported in locations with RDFH (Figs. 2j-l). 

Distribution of Water Quality Parameters 

Except for MLP-10, temperature was generally higher at contaminated 

locations (12.0 to 19.1°C) compared to background (11.7 to 13.7°C) (Table I). pH 
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was generally higher (> 7) at the uncontaminated location (Fig. 3m) compared to the 

contaminated locations (Fig. 3n-r). At the contaminated locations the pH was< 7 but 

generally increased towards the base of the aquifer. The specific conductance (SpC) 

was generally lower at the top of the aquifer and increased with depth at both 

contaminated and contaminated locations (Table l ). - On the average, SpC was higher 

at contaminated locations reaching maximum values of 1112 µS at MLP-10 

compared to a maximum value of 875 µS at the background location (MLP-9). 

Chloride was lowest at the top of the aquifer and generally increased towards the base 

of the aquifer at both contaminated and background locations (Table l ). 

Distribution of Redox Sensitive Species, Alkalinity, DIC and <>
13CDlc 

Nitrate was measurable in groundwater for all depths at the background 

location (MLP-9) (Fig. 2m). However, NO3 was generally at low to non-detectable 

levels at locations with RDH (MLP-10, Fig. 2i) and RDFH (MLP-1 and MLP-8, Figs. 

2p and 2r). At MLP-3 elevated NO3 was measured at the base of the aquifer (Fig. 2n) 

and at MLP-5 and 8 (Figs. 2q-r) NO3 was measured at top of the aquifer. Generally 

where NO3 was present, NH4 was low or absent and vice versa. Hence, all 

contaminated locations show high NH4 (Figs. 2t-x) with maximum values observed at 

MLP-3 and 10 with RDH (Figs. 2t-u). 

Total dissolved Mn was generally low within the aquifer reaching 161 µg/1 at 

the background location (MLP-9, Fig. 3g). Overall, locations with RDH had higher 

Mn (Figs. 3h-i). The highest concentration (1,466 µg/1) occurred at MLP-3 (Fig 3h). 
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Total dissolved Fe was low in groundwater from the uncontaminated location and did 

not exceed 20 µg/1 (Fig. 3m). Fe was higher in the middle and upper portions of the 

aquifer and lowest at the base of the aquifer (Figs. 3n-r) and exceeded 23,000 µg/1 in 

groundwater from MLP-10 (Figs. 3o). At MLP-3 and 10, maximum Fe occurred at 

depths coincident with maximum TPH and zones of maximum bulk soil conductivity 

(Figs. 2h-i; and Figs. 3n-o). 

Sulfate at the background location ranged from 19 to 45 mg/I and increased at 

depth to the base of the aquifer (Fig. 3s). At MLP-3, SO4 ranged from 24 to 47 mg/I 

near the water table to non-detectable at the middle of the aquifer, increasing to about 

83 mg/I at the base of the aquifer at (Fig. 3t). At MLP-10, SO4 was about 3 mg/I at 

the water table, but decreased to non-detectable levels in the middle portion of the 

aquifer, and increased to 80 mg/I at the base of the aquifer (Fig. 3u). At locations 

with RDFH (e.g. MLP-1 and 5, Figs. 3v-w), SO4 was non-detectable at most depths, 

however, at MLP-8, low concentrations at the water table increased steadily to about 

85 mg/I at the base of the aquifer (Fig. 3x). 

Generally, alkalinity was lower at top of the aquifer and increased with depth 

(Fig. 4g-l). Alkalinity was also lower at the background location (MLP-9) reaching a 

maximum of 320 mg/I (Fig. 4g). Overall, alkalinity was higher at RDH locations 

(MLP-3 and 10, Figs. 4h-i), and reached a maximum of 547 mg/I at MLP-3. DIC 

showed a similar trend to alkalinity. DIC was lower ( < 100 mg C/1) at the 

background location (Fig. 4m) and higher at contaminated locations, reaching a 

maximum of 206 mg C/1 at MLP-3 (Fig. 4n). The 8 13C01c for groundwater at the 
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uncontaminated location ranged from -14.6 to -12.3%0 and decreased slightly with 

depth (Fig. 4s). At the contaminated locations the 3 13C01c was more negative at the 

top of the aquifer (-24.2 to -I 6.9%0) and generally more positive at depth (Figs. 4t-x). 

In general, more negative 3 13C01c values in the range of -11.3 to -16.8%0 were 

observed below the water table at MLP-3 and I 0, the RDH locations (Figs. 4t-u). 

More positive 3 13Cmc values were observed in groundwater at locations with RDFH 

where values reached +6.5%o (MLP-5, Fig. 4w). 

Discussion 

Geochemical data for this study was acquired in late spring during seasonal 

recharge to the aquifer. Generally low chloride concentrations occur at the top of the 

aquifer. This distribution may reflect groundwater dilution due to local recharge. 

Depth profiles of bulk soil conductivity and profiles for redox sensitive parameters, 

DIC, and 3 13C01c from groundwater show steep vertical gradients. The steep 

geochemical and isotopic gradients are examined within the context of microbial 

mineralization of hydrocarbons at the site. 

Background Location 

The groundwater chemistry at MLP-9 represents geochemical conditions in 

the uncontaminated portions of the aquifer. Here the maximum bulk soil conductivity 

was <18 mS/m and was coincident with maximum alkalinity and DIC (Figs. 4m and 

s). Thus, assuming uniform porosity, the bulk soil conductivity at MLP-9 reflects the 
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pore fluid chemistry that is due largely to groundwater evolution under natural 

conditions. Further, Cassidy et al (2002) reported that low biosurfactant production 

and high surface tension (72 dynes/ cm) are associated with uncontaminated 

groundwater at the site. The o 13C01c values (-12 to -14%0) suggests that normal 

groundwater evolution is dominated by the dissolution of carbonate in equilibrium 

with soil CO2 derived from a carbon source with o 13Cmc close to -27%0 (Clark and 

Fritz, 1997). 

Locations With Dissolved and Residual Phase Hydrocarbons (RDH) 

The depth profiles for MLP-3 and MLP-10 show broad overlap of zones with 

high bulk soil conductivities with those exhibiting depletion of TEAs (e.g. NO3 and 

SO4, Figs. 2b-c, n-o, and 3t-u) and those showing increases in metabolic by-products 

resulting from the reduction of NO3 , Mn(IV), and Fe(III) (Figs. 2t-u, 3h-i, 3n-o). 

Furthermore, the bulk conductivity and alkalinity, DIC, and o 13Co1c profiles also 

show broad overlap (Figs. 4b-c, h-i, n-o, t-u). Steep geochemical and carbon isotopic 

gradients accompany the chemical shifts evident in the vertical profiles for MLP-3 

and 10 (Figs. 2, 3 and 4 (h-i, n-o, t-u)). The chemical shifts are most notable when 

ionic species such as NH4, Fe(II), and Mn(II) succeed their electron acceptor 

precursors. For example, at MLP-3 increases in NH4 from 2.5 to 29.7 mg/I, Fe(II) 

and Mn(II) from 4,222 to 11,904 µg/1 and from 333 to 1,013 µg/1, respectively, were 

observed over a 50 cm interval (224.2 to 224.7 m) and provide strong evidence for 

chemical inhomogeneity within this interval. At MLP-10 increases in NH4 (from 4 to 
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>20 mg/I), Fe(II) (from 7,326 to 23,124 µg/1), and Mn(II) (from 531 to 1,231 µg/1)

within a <l m interval also confirm the chemical inhomogeneity related to the 

reduction of TEAs. 

At MLP-3 and 10 the intervals with high TPH show depletion of NO3 and 

elevated NH4, Mn(II), and Fe(II), the metabolic by products from the reduction of 

NO3 , Mn(IV) and Fe(III) within the aquifer. Apparently the zones of high TPH in 

MLP-3 and 10 (Figs. 2h-i) provide available substrate for enhanced microbial 

activity. The intervals with depleted NO3 have elevated NH4 (Figs. 2n-o, t-u). Where 

increases in NO3 occur (e.g. at the base of the aquifer in MLP-3, Fig. 2n) there is no 

NH4. Assuming no other contributory sources of NH4 exist adjacent to the site, the 

NO3-NH4 relationship suggests that dissimilatory NO3 reduction is occurring (Bulger 

et al., 1989; Smith et al., 1991 b; Cozzarelli et al., 1999). Higher dissolved Fe(II) and 

Mn(II) within the contaminated intervals indicate that both Fe(II) and Mn(II) are 

being released to the aquifer most likely through the reduction of Fe(III) and Mn(IV) 

that coat the mineral grains of the aquifer matrix (Jensen et al., 1998; Tuccillo et al., 

1998; Kennedy et al., 1999). 

It is inferred from the high SO4 that occur at or close to the top of the aquifer 

at MLP-3 that SO4 is being supplied during recharge. Variability in SO4 in the 

vertical profiles for MLP3 and 10 is also evident as certain zones within the aquifer 

show relative enhancement and depletion of SO4 (Figs. 3t-u). The SO4-depleted 

zones are likely due to microbial utilization of SO4 during hydrocarbon degradation. 

Based on the distribution of NO3 and SO4, and the influx of NH4, Mn(II), and Fe(II) 
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from the reduction of N03 , Mn(IV) and Fe(III) in the vertical profiles it appears that 

the reduction of N03 , Mn(IV), Fe(III), and S04 are important redox reactions 

occurring in the aquifer at these locations. At MLP-3 high N03 and S04 occur at the 

base of the aquifer (Figs. 2n and 3s) together with low TPH (Fig. 2h), which suggests 

that substrate availability is an important limiting ·factor in microbial hydrocarbon 

degradation. 

The DIC and b13C01c provide further evidence of microbial hydrocarbon 

degradation in groundwater at MLP-3 and 10. It appears that the groundwater in 

these MLPs have evolved under similar geochemical conditions as indicated by the 

DIC and b13C01c data. At these MLPs, groundwater at the top of the saturated zone 

had low DIC and depleted b13Cmc (-24.2 and -22.2%0, respectively) (Figs. 3n-o, t-u). 

The low DIC is attributed to the presence of recharge water. The presence of RDH at 

MLP-3 and 10 suggests that the b 13C01c was influenced by microbial degradation of 

hydrocarbons at the top of the saturated zone. At MLP-3 and 10, groundwater below 

the top of the saturated zone exhibits high DIC and the b 13C01c ranges from -16.8 to -

13.3%0 in MLP-3, and from -15.7 to -11.3%0 in MLP-10 (Figs. 3t-u). The high DIC 

is due to increased CO2 production associated with microbial degradation of 

hydrocarbons. The range of b 13C01c is similar to that for background groundwater and 

is within the range for groundwater evolving by carbonate reaction with soil CO2 in 

southwest Michigan (Nascimento et al., 1997). Within the range of b 13C01c values 

reported for groundwater below the top of the saturated zone at MLP-3 and I 0, the 

more positive b 13C01c values are observed where reduction of N03 , Mn(IV), Fe(III), 
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and SO4 is occurring. These redox reactions apparently proceed under conditions 

where isotopic exchange dominates because isotopic fractionation related to kinetic 

isotope effects generally result in much larger shifts in the 8 13Cmc signature. 

The vertical variation in the calculated pCO2 and "excess" CO2 for MLP-3 

and MLP-10 (Table 1) also provide supporting geochemical evidence for microbial 

hydrocarbon degradation at these locations. Intervals with high pCO2 overlap with 

intervals that show low pH, high TPH, alkalinity, and DIC. This suggests that 

microbial degradation of hydrocarbons produces CO2 that results in the lowering of 

the pH, which induces carbonate dissolution and increases the alkalinity (Stumm and 

Morgan, 1995). This is not surprising because redox reactions contribute CO2 and 

bicarbonate to the groundwater in excess of background (Herczeg et al., 1991; 

Bennett et al., 1993). 

Observations of the interrelationships between bulk soil conductivity, TPH, 

NO3 , Mn(IV), Fe(III), and SO4 reduction, the distribution of NH4, Mn(ll), and Fe(Il), 

and the production of CO2, alkalinity and DIC are significant because they not only 

provide a qualitative assessment of the various redox processes operative in the 

aquifer but they also suggest that that redox zones within the contaminant plume are 

reflected in the bulk conductivity signature. 

Locations With Dissolved, Residual and Free Phase Hydrocarbons (RDFH) 

At MLP-1, 5 and 8 the groundwater chemistry data showed that intervals 

where depletion of NO3 and SO4 occurred were coincident with decreased TPH (Figs. 
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2d-f, j-1, and Figs. 3v-x) and increased NH4 and dissolved Mn(Il) and Fe(II) (Figs. 2v­

x, and Figs. 3j-1, p-r). Elevated NO3 at the top of the aquifer in MLP-5 and 8 (Figs. 

2q-r) probably reflects contributions to the aquifer by infiltrating water. Generally, 

NO3 depletion throughout most of the aquifer at these locations is accompanied by 

higher NH4 (Figs. 2v-x). The NO3-NH4 relation-ship is consistent with observations 

at MLP-3 and MLP-10 suggesting that increased NH4 in the presence of low to non­

detectable concentrations of dissolved NO3 results from dissimilatory NO3 reduction. 

The distribution of total dissolved Fe(Il) and Mn(II) is consistent with the reduction 

of Fe (III) and Mn(IV). 

Sulfate is relatively low or non-detectable in the vertical profiles of MLP-1 

and MLP-5 (Figs. 3v-w) indicating that SO4 reduction is an important redox process 

in groundwater at these locations. However, higher SO4 observed in MLP-8 (Fig. 3x) 

probably reflects contributions to the aquifer from infiltrating water. At MLP-8, a 

zone of low to non-detectable SO4 occurs at and close to the top of the water table. 

Below this zone SO4 increased gradually towards the base of the aquifer. The 

increase in SO4 occurred within a zone of low TPH (Figs. 21 and 3x), which suggests 

that the lack of available carbon substrate may inhibit the progress of SO4 reduction at 

this location. 

Alkalinity and DIC profiles are similar for MLP-1, 5, and 8 (Figs. 4p-r, v-x). 

The similarity of the profiles indicates that these parameters are interrelated because 

microbial hydrocarbon degradation generates CO2 that contributes to the alkalinity 

and DIC. The vertical profiles of 8 13C01c for MLP-1, 5, and 8 showed changes in the 
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isotopic ratio from the top of the water table to the base of the aquifer. The 

magnitude of the change in the o 13C01c ratio provides an insight into the geochemical 

processes operative within the aquifer. At MLP-1, 5 and 8 negative o 13Cmc values (-

16.9%0, -24. 2%o and -22.2%0, respectively), occur at the top of the saturated zone. 

These negative o 13C01c values are probably d�e to microbial degradation of 

hydrocarbons at the top of the water table. Recent studies (Werkema et al., 2000) 

indicate that the water table-capillary fringe in the contaminated portions of the 

aquifer is marked by large numbers of oil-degrading bacteria. Because redox 

reactions convert the isotopically light hydrocarbons to CO2 with little or no 

fractionation, it is expected that DIC added to the system would have a o 13C01c 

signature close to the measured o 13C of the hydrocarbons at the location, which vary 

between -26 to -28%0. 

Although such an interpretation is consistent with the data for MLP-5 and 8, 

the negative o 13C01c values may also reflect contributions from CO2 respired from 

local vegetation at the site (8 13C ~-26 to -28%0) (Nascimento et al., 1997). However, 

in MLP-1, the observed o 13C01c (-16.9%0) is relatively heavy if microbial degradation 

of the hydrocarbons or organic matter oxidation is the sole source of CO2. This 

suggests that the observed o 13Cmc value may be due to isotopic exchange between 

CO2 derived from hydrocarbon degradation near the top of the aquifer and dissolved 

carbonate. 

Below the water table, the o 13C01c for MLP-1 and 5 document methanogenic 

conditions in aquifer. The o 13C01c values are more positive ranging from + 1.8 to -
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1.9%0 in MLP-1 to +6.5 to -4.4%0 in MLP-5 (Table 1 ). Such high 8 13CDic values in 

groundwater are indicative of methanogenesis (e.g. Grossman et al., 1989; Herczeg et 

al., 1991; Conrad et al., 1997; Chapelle et al., 1998). The 8 13C of CHi in soil gas 

samples collected at these locations in November 1999 ranged from -26.4 to -37 .7%o 

(E. Atekwana, unpublished data). Microbial degradation of petroleum hydrocarbons 

under methanogenic conditions produces 13C-depleted CH4 (Whiticar et al., 1986). 

At MLP-8 th� 8 13C values are more negative below the water table (-9.5 to -

13.5%0) compared to MLP-1 and 5, and in spite of the presence of free phase 

hydrocarbons at MLP-8, there is no evidence for methane production in groundwater 

at this location. Apparently, methanogenesis is inhibited by the presence of SO4 

because sulfate-reducing bacteria can out compete methanotrophs for available 

substrate (Chapelle et al., 1995). Additionally, at this location multiple bulk soil 

conductivity peaks occur between 224.5 to 225 m that may be related to the presence 

of free product at the top of the saturated zone. Below 224.5 m the increase in bulk 

soil conductivity (Fig.5d) is coincident with higher 8 13C01c values (-9.5 to -10%0) 

(Fig. 5v). This suggests a link between ongoing geochemical processes, which is 

recorded by the isotopic signature and the bulk soil conductivity measurements. 

Sources of DIC 

The DIC and the 8 13CDic have been used to infer microbial degradation of 

hydrocarbons (Aggarwal and Hinchee, 1991; Van Velde et al., 1995; Landmeyer et 

al., 1996; Conrad et al., 1997; Bolliger et al., 1999; Hunkeler et al., 1999). In 
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assessing microbial contributions to the groundwater DIC it is important to resolve 

groundwater DIC into its component species. The measured DIC represents the total 

inorganic carbon (CO2, HCO3-, and co/-) whereas the major contributors to 

alkalinity are HCO3- and co/-. The difference between the DIC and alkalinity is 

"excess CO2" that can be used as evidence for additional input into the groundwater 

DIC pool (Nascimento et al., 1997). Hence measurements of the DIC, alkalinity, and 

the 8 13Cmc in groundwater from uncontaminated and contaminated portions of the 

aquifer zone are required to successfully evaluate the contribution of inorganic carbon 

from hydrocarbon degradation (Chapelle and Knobel, 1986). 

In the study area the pH range for the groundwater samples suggest that the 

contribution from co/- is negligible, therefore, most of the alkalinity is present as 

HCO3-. In southwest Michigan, the 8 13C values of DIC in carbonate-rich 

groundwater from aquifers in glacially derived sediments is controlled by the native 

carbonate minerals and the 8 13C of soil CO2• A value of+ 1.5%0 is assumed for the 

8 13C of soil carbonates (Nascimento et al., 1997) and an average 8 13C of -27%0 is 

assumed for the vegetation, which is dominated by C-3 plants typical of temperate 

humid environments. Diffusion of soil CO2 from the vadose zone is expected to 

modify the 8 13C of soil CO2 (Cerling, 1984). Assuming the soil CO2 is derived solely 

from the soil carbon in the uncontaminated parts of the site, the 8 13C of soil CO2 is 

expected to be around -23%0. Dissolution of soil CO2 by infiltrating recharge leads to 

hydration and eventual dissociation into HCO3- and co/- and the fractionation 

associated with this process yields groundwater with a 8 13C0 1c around -I 5%o at 10°C 
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and DIC around 65 mg C/1 (Nascimento et al., 1997). 

DIC and 8 I3Co1c and Groundwater Evolution 

The 8J 3CDic values were plotted against DIC (Fig. 5). Also plotted on Figure 

5 is the DIC and 8 13Cmc composition of uncontaminated southwest Michigan 

groundwater (Nascimento et al., 1997). Three distinct groundwater groupings can be 

identified consisting of: (1) water from the top of the aquifer in the contaminated 

portions of the aquifer characterized by low DIC ( <55 mg C/1) and 8 13Cmc ranging 

from -24.2 to -22.2%0 (Group I), and includes groundwater from MLP-3, 5, 8 and 1 O; 

(2) groundwater from both uncontaminated and contaminated portions of the aquifer

(Group II). Uncontaminated groundwater has low DIC (30 to 87 mg C/1) and 8 I3C 

ranging from -12 to -14%0. Contaminated groundwater has higher DIC (64-206 mg 

C/1) and 8 I3C ranging from -16.9 to -9.5%0, among these are groundwater samples 

from MLP- 8, a location that contains free product; and (3) groundwater from 

contaminated wells (MLP-1 and 5) containing free product with DIC ranging from 9 0  

to 165 mg C/1 and 8 13C ranging from -4.4 to +6.5%o (Group Ill). 

The low 8 13C0 1c (-24 to -22%0) for samples collected from the top of the 

aquifer in the contaminated portions of the aquifer (Group I) indicate a CO2 source 

for the DIC that is generated from microbial degradation of hydrocarbons at the top of 

the water table. The low DIC is consistent with a short residence time for recharge 

water in the aquifer hence little opportunity is available to enhance DIC concentration 

through mineral dissolution. Furthermore, low DIC in the presence of relatively high 
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"excess" CO2 observed in the groundwater provides evidence for the presence of CO2

gaseous phase within this zone. It is plausible that for groundwater within this group 

6 13C01c evolution to more positive values could occur by dissolution of carbonate 

( + 1.5%0) present in the aquifer.

The DIC and 6 13C01c in groundwater from Group II are influenced by a range 

of microbial processes including aerobic respiration at background locations, and 

redox processes such as the reduction of N03, Mn(IV), Fe(III), and S04 at 

contaminated locations. Background groundwater from the study area has DIC and 

613C01c values close to that for uncontaminated groundwater from southwest 

Michigan. Within the contaminated zones, the increase in CO2 due to microbial 

hydrocarbon degradation increases the DIC, hence, the groundwater DIC evolves 

along a path parallel to the x-axis (Fig. 6). Furthermore, the groundwater isotopic 

evolution is controlled by the dissolution of carbonate resulting from enhanced CO2

production, and the range of 6 13Cmc values (between -16 to-9%0) are consistent with 

this observation. 

Groundwater 6 13C01c evolution to more positive values reqmres the 

establishment of methanogenic conditions in the aquifer. Groundwater DIC evolution 

in Group III is consistent with methanogenesis. Within this group, groundwater at 

MLP-5 has a larger range of DIC and 6 13C01c values compared to MLP-1. At MLP-5 

lower DIC occur close to the top of the water table where dilution by recharge may be 

a factor. At depth, the 6 13C01c becomes more positive. At MLP-1 the range of DIC is 

narrow, which suggest that CO2 is consumed during reduction to CH4. 
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Summary and Conclusions 

Geochemical and isotopic data from closely spaced vertical sampling along 

anomalous conductive soil zones in a shallow, hy_drocarbon-contaminated aquifer 

were used to provide geochemical evidence for biodegradation, to determine whether 

high soil conductivities were due to biomineralization of hydrocarbons, and to 

investigate redox processes occurring within the anomalously conductive zones. 

Based on the relationship between the distribution of TEAs, the DIC, and the 

8 13Crnc, and redox processes identified in vertical profiles, groundwater evolution in 

the uncontaminated portion of the aquifer is dominated by aerobic respiration. The 

reactions that produce DIC appear to be the dissolution of carbonate minerals by 

carbonic acid produced from biogenic soil CO2 and the microbial oxidation of organic 

matter deeper in the aquifer. Low bulk soil conductivities are associated with this 

zone. 

Within the portions of the aquifer contaminated by RDH, the groundwater is 

anaerobic and spatial and vertical changes in groundwater chemistry, TEAs, and redox 

sensitive parameters indicate that the reduction of N03, Mn(IV), Fe(III), and S04 are 

important redox process occurring at these locations. Higher DIC compared to 

background reflects increased CO2 due microbial hydrocarbon degradation. The 

8 13Crnc is influenced by the dissolution of carbonate resulting from enhanced CO2 

production. Higher bulk soil conductivities occur within this portion of the aquifer. 

In the portion of the aquifer contaminated by RDFH, the 8 13C0 1c indicate the presence 
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of methanogenic conditions at most locations, however, there is evidence to suggest 

that methanogenesis is apparently inhibited by the presence of S04 • High DIC also 

reflects increased CO2 due microbial hydrocarbon degradation and the highest bulk

soil conductivities occur within this portion of the aquifer.

Thus the subsurface expression of microb
°

ial hydrocarbon mineralization is 

apparently recorded in the bulk soil conductivity measurements. It also appears that 

the bulk conductivity measurements record an integrated summary of process-driven 

biogeochemical changes reflected in the changing pattern of redox zonation. If the 

geochemical changes mapped in vertical profile are an acceptable analogue for the 

horizontal profile then the results of this study indicate that generally accepted models 

of well demarcated redox zones developed for numerous contaminated sites based on 

bulk groundwater samples obtained from individual wells are far too simplistic. 

This study demonstrates that considerable variability exists in the vertical 

dimension that appears to be controlled by geological and biogeochemical conditions 

(e.g. aquifer heterogeneity, nutrients, and contaminant substrate) and creates 

microenvironments conducive to microbial activity in the aquifer. Researchers have 

become increasingly aware of this situation (Bekins et al., 2001; Cozzarelli et al., 

2001) and more attention is currently focused on acquiring geochemical (soil and 

groundwater) data based on fine resolution vertical sampling. 
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Table 1. Bulk Conductivity of Soils, TPH, Temperature, pH, SpC, TDS, Cl, N03, NH4, Total Fe(II) and 
Mn(II), Alkalinity, DIC, o13Crnc, "Excess" CO2, and Log pC02 Distribution in Groundwater from Multilevel 
Piezometers. 
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CHAPTER III 

GEOCHEMICAL AND ISOTOPIC CHARACTERISTICS AS SOCIA TED WITH 
HIGH SOIL CONDUCTIVITIES IN A SHALLOW HYDROCARBON 

CONT AMINA TED AQUIFER: II. MINERAL WEATHERING 
AND HIGH SOIL CONDUCTIVITIES 

Abstract 

Data collected from a network of in-situ vertical resistivity probes (VRPs) 

deployed within a hydrocarbon contaminated aquifer showed high soil conductivities 

associated with zones where residual and dissolved phase hydrocarbons (RDH) occur 

and zones where these phases coexist with free phase hydrocarbons (RDFH). Bulk 

soil conductivities were highest (12 to 30 mS/m) in the RDFH zone compared to the 

RDH zone (IO to 25 mS/m). Groundwater from closely spaced multi-level 

piezometers (MLPs) installed in the aquifer was analyzed to investigate the role of 

mineral weathering as the source of ions responsible for the high soil conductivity. 

Evidence for mineral weathering in the aquifer was assessed using major inorganic 

ions, dissolved inorganic carbon (DIC), stable carbon isotope ratio of DIC (8
13Crnc),

and bulk soil conductivity. The link between bulk soil conductivity and 8
13C01c in 

contaminant plumes has never been reported in the literature. 

The results show higher Na, Ca, and Mg in the contaminated zone compared 

to background. High TDS in the contaminated zones were due to elevated Na, Ca, 

and Mg, which is consistent with the weathering of carbonate and Na and Ca 

41 



feldspars, the dominant minerals in the aquifer. The higher TDS at the contaminated 

locations was also coincident with higher DIC. DIC was highest in the portion of the 

plume characterized by RDH. The 8 13C0 1c values of -16.9 to -9.5%0 suggest that 

DIC evolution within this zone is controlled by carbonate dissolution through 

enhanced CO2 production related to microbial hydrocarbon degradation. Within the 

range of 8 13C01c values reported for groundwater at the RDH locations, the more 

positive 8 13C01c values were observed in zones where reduction of N03, Mn(IV), 

Fe(III), and S04 was occurring and was coincident with higher DIC, TDS, and bulk 

soil conductivity. Within the portion of the aquifer with RDFH, DIC was lower 

compared to the RDH location with an associated 813C0 1c in the range of +6.5 to -

4.4%0. Both the DIC and 813C0 1c suggest that methanogenesis is the dominant redox 

process. High DIC within the methanogenic zone is also coincident with higher TDS, 

and bulk soil conductivity. Thus the subsurface expression of microbial hydrocarbon 

mineralization is recorded in the TDS, DIC, 8 13C0 1c, and bulk soil conductivity. It 

also appears that the bulk soil conductivity records an integrated summary of process­

driven biogeochemical changes reflected in the changing pattern of redox zonation. 

This suggests that high soil conductivities measured at hydrocarbon-contaminated 

sites could be used to assess the potential for natural attenuation and to monitor 

intrinsic bioremediation at these sites. 

Introduction 

Over the past decade there has been a resurgence of interest in the use of 
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geophysical techniques to map contaminant plumes associated with non-aqueous 

phase liquids (LNAPLs). Prior mapping efforts were constrained primarily by the use 

of geophysical models that assumed the LNAPLs to be resistive. These models did 

not take into account biological and geochemical changes occurring within the 

contaminated environment therefore they inadequately explained the geoelectrical 

characteristics associated with the aging of LNAPL plumes in the subsurface. 

Recognizing the importance of biodegradation processes on the subsurface 

environment, a new model presented by Sauck et al., (1998), Sauck (2000), and 

Atekwana et al., (2000) provides a dynamic view of hydrocarbon contaminant 

plumes, with their characteristics changing over time from initially resistive to 

conductive as the LNAPLs undergo microbial degradation (see Sauck, 2000 for a 

detailed explanation of this model). The conceptual model suggests that the 

resistivity is controlled by geologic, hydrologic and chemical factors in both 

background and hydrocarbon-contaminated regions of soils. Their collective work 

underlined the fact that successful geophysical mapping of contaminant plumes 

requires a multi-disciplinary approach that integrates elements of the site geology, 

hydrogeochemistry, and microbiology. Knight (2001) has coined the term 

"biogeophysics" in reference to this new approach. 

In order to confirm the conductive model, first it is necessary to verify that 

hydrocarbon degradation is indeed occurring in the aquifer, then, proof must be 

garnered to demonstrate that enhanced weathering of aquifer minerals is occurring 

within the contaminated zone, and finally the presence of the ions resulting from 
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mineral weathering must be linked to the anomalous conductivity signatures. 

Following this approach, in this study we used data collected from a network of 

vertical resistivity probes (VRPs) deployed at the site (Werkema, 2002) to guide the 

placement of a series of MLPs within the anomalously conductive zones of a 

contaminated aquifer such that groundwater samples could be obtained from closely 

spaced vertical sampling intervals. Such closely spaced groundwater sampling was 

required to gather geochemical evidence for intrinsic microbial degradation of 

hydrocarbons, to confirm the role of mineral weathering in aquifer as the source of 

ions responsible, and to demonstrate the link between the ionic concentration of the 

groundwater and the increased conductivity. 

In a companion study (Legall, 2002) we have provided evidence for intrinsic 

biodegradation of hydrocarbons at the site by documenting the nature and extent of 

redox processes and zonation in the contaminated aquifer using the vertical variation 

in terminal electron acceptors (TEAs), DIC, and the 8 13C01c. Depth distribution of 

TEAs and educts indicated that at the plume margins where RDH occur, S04

reduction has supplanted denitrification via dissimilatory nitrate reduction, and the 

reduction of Fe (III) and Mn(IV) as the major redox process. Within the portion of 

the aquifer with RDFH, the 8 13C0 1c values indicate that methanogenesis is the 

dominant redox process. These redox zones were identified as sites where changes in 

the pore water chemistry and the physical and chemical attributes of the aquifer 

minerals were likely to occur because of enhanced microbial activity. High soil 

conductivities also were measured in these zones. 
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The present paper is focused on: (a) providing evidence for mineral 

weathering in the aquifer by assessing the contribution of major ions derived from 

mineral-water reactions that result from in-situ geochemical and biogeochemical 

processes; and (b) documenting in a field setting how vertical changes in the 

groundwater chemistry (major ions, DIC, and stable isotopes) co-vary with bulk 

conductivity in contaminated and uncontaminated groundwater. We seek in this 

initial effort to unravel the complex role geochemical and microbial processes play in 

controlling the geochemistry of the groundwater at this site. We employ a novel 

concept based on the use of bulk conductivity measurements, major ion chemistry, 

the concentration of DIC, and the 6 13C01c to define broad chemical zones within the 

aquifer. The link between 6 13C01c and the bulk conductivity in contaminant plumes 

has to our knowledge, never been documented in the literature. The study represents 

some of the first steps taken to describe the relationship in detail. 

The key to elucidating the role that geochemical and microbial processes play 

in influencing the groundwater chemistry lies in combining the information on the 

bulk conductivity of the aquifer media and the 6 13C01c. These two seemingly 

disparate variables are related in a fundamental way. They both measure the 

combined effects of a number of integrated geochemical and biogeochemical 

processes that occur in both soil and groundwater. Thus their signatures are linked by 

processes and are imprinted on the host media. 
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The Relationship Between Conductivity and Biodegradation 
via Pore Fluid Chemistry 

The basis for the use of electrical resistivity methods to detect LNAPL con­

tamination of soil is dependent on the contrasting electrical properties of LNAPLs 

versus the pore fluids and groundwater displaced by LNAPL plumes. According to 

Archie's law, the electrical conductivity of clean geologic material (in the absence of 

clays) is described by (Archie, 1942): 

-m S -n )ae = a
w 

I( a¢ w ) •••••••••••.•.•••.•••••.••••••••••••••.•••••.••••••••••••••••••••••••••••• ( 1 

Where a
e 

is the effective (bulk) conductivity of the medium that is measured, ¢ is the 

fractional pore volume (porosity), Sw is the fraction of the pores containing fluid (i.e., 

water saturation), a
w 

is the conductivity of the fluid, a is an empirical factor, n is a 

saturation coefficient (between 0.6 to 1.0), and m is a cementation factor ( <1.5 for 

poorly cemented formations). The cementation and saturation exponents include 

information about pore structure and fluid distribution. If the subsurface porosity(¢) 

is assumed to be constant, the bulk conductivity ( a
e
) can change if pore fluid 

conductivity ( a
w

) or the saturation (S\V) varies. In fully saturated formations S111 = 1, 

and assuming constant porosity, the pore fluid conductivity (a
w

) becomes the 

important variable controlling the bulk conductivity. However, the pore fluid 

conductivity ( a
w

) is directly linked to the total dissolved solids (TDS) contained in 

the water because most solutes in natural waters are ionic when in a dissolved state 
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(Stumm and Morgan, 1995). In general, the conductivity increases as TDS increase. 

Typically, in routine field investigations, specific conductance (SpC) (the 

temperature-corrected conductivity) and TDS are measured using multi-parameter 

probes and are generally found to be a good measure of the ionic content and to 

reflect the electrical properties of the groundwater (Hem, 1985). Ions that contribute 

the most to SpC include: ca
2+

, Mg2+, Na
+
, K
+
, HCO3-, so/-, NO3, and CL Major

inorganic ions typically reflect the products of various chemical reactions occurring 

within groundwater. Thus, it is expected that areas of active hydrocarbon 

biodegradation will be accompanied by enhancement of mineral dissolution due to 

the leaching action of acids that are generated in the process (Cozzarelli et al., 1990; 

Bennett et al., 1993; McMahon et al., 1995). Hence, enrichment of ions will occur 

within the contaminated groundwater relative to background locations. TDS and SpC 

are bulk measurements of the fluid property, thus they should be positively correlated 

with the bulk conductivity of the soil and serve as an indirect link between the bulk 

electrical properties of the soil and biodegradation. 

Study Site 

The site is an inactive petroleum refinery located in Michigan (Figure 1 ). It 

occupies approximately 13.2 hectares and is bounded to the north by a cemetery, to the 

west by a stream (Fish Creek and its associated wetlands), and on the south by a City 

Park, which is mostly wooded. Historical releases from tanks and pipelines resulted in 

the seepage of hydrocarbons into the subsurface, impacting soils and groundwater 
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beneath the main refinery site, the cemetery and the city park. The area investigated in 

this study lies entirely within the city park. Within the contaminated portion of the 

aquifer, different phases of hydrocarbon impact are recognized, namely, zones where 

residual and dissolved phase hydrocarbons (RDH) occur and zones where these 

phases coexist with free product (RDFH). The shallow stratigraphy at the site is 

characterized by approximately 4.6 to 6.1 m of fine to medium glacial outwash sands, 

coarsening below the water table to gravel and underlain by a 0.6 to 3.1 m clay aqui­

tard (Dell Engineering, 1992). The mineralogy of the aquifer is predominantly quartz 

with minor amounts of albite and anorthite above the water table. However, below 

the water table, calcite, gypsum, and dolomite occur. Depth to the water table varies 

from 0.6 m to 0.9 m west to 4.6 to 5.8 m in the eastern portion of the study area. 

Groundwater levels vary up to 90 cm annually at the site (Atekwana et al., 2000; 

Werkema et al., 2000). Groundwater flows west-southwest towards Fish creek (Fig. 

1) with a hydraulic gradient of 0.0015 m/m and a velocity of 1.68 m/day (Dell

Engineering). 

Material and Methods 

The study site has been instrumented at several locations with vertical resis­

tivity probes (VRP's) for measuring soil resistivity, a water table monitoring well, 

and multilevel piezometers (MLP's). Details of the VRP installation, resistivity 

measurements, and results are presented in Werkema et al., (2000) and Werkema 

(2002). Monitoring wells and multilevel piezometers were installed using a 
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Geoprobe™ drill rig. The water table monitoring wells were constructed of 2.54-cm 

PVC casings fitted with 152 cm slotted PVC screens and screened across the water 

table. The multilevel piezometers were constructed of flexible polypropylene tubing 

with six-inch nylon screens at vertical intervals of about 30 cm. The small tubes were 

bound to the outside of the 0.5-inch Schedule 80 PVC pipe with a 15.2 cm screen at 

the base. The piezometers were installed from the base of the aquifer into the vadose 

zone to document the steep soil conductivity gradients and to accommodate seasonal 

fluctuations in the water table. 

Multi-level piezometers were sampled with a peristaltic pump using "low­

flow" sampling techniques. Groundwater samples were collected from sample tubing 

screened below the water table. During pre-sampling purging, pH, SpC, and 

temperature of the purge water was measured and recorded. Field measurements of 

pH, temperature, salinity, TDS, and specific conductance were conducted with a 

HydroLab Minisonde ™ multi-parameter probe. Alkalinity as bicarbonate was 

measured by potentiometric titration using 1.5 N H2SO4 to an acid equivalent point of 

4.5 (Hach, 1992). Samples collected for major cations were filtered in the field using 

a 0.45µm pore size in-line-filters (Gelman Sciences, Inc.) prior to collection in 

acidified, 250 ml polypropylene bottles. Samples for major anions were collected in 

unacidified 250 ml polypropylene bottles. Major ions were analyzed using a Dionex 

DX 500 ion chromatograph. Silica was measured by the silicomolybdate method 

using a Hach DR/890 colorimetry kit (Hach, 2000). Elemental concentrations (Fe, 

Mn) were determined using a Leeman Labs P950 Inductively Coupled Plasma-
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Atomic Emission Spectrometer (ICP-AES) equipped with a CET AC Corp. AT5000+ 

ultrasonic nebulizer. 

For DIC and carbon isotopic analysis, 10 ml of water was collected and the 

CO2 extracted using a modification of the gas evolution extraction technique 

(Atekwana and Krishnamurthy, 1998). CO2 yields from water samples were used to 

determine the DIC concentrations reported in mg C/1. Isotope measurements were 

made using a Micromass Isotope Ratio Mass Spectrometer at Western Michigan 

University, Kalamazoo, MI, USA and are reported in the 8 notation where: 

8 I 3C (%0) = ( (Rsample /Rstandard) -1) X 10
3 

R is 13Cl' 2
C. 8 13C values are reported relative to VPDB. Routine 8 13C measurements

have an overall precision of better than 0.1 %0.

Results 

The results of the bulk soil conductivity, geochemical and isotopic analyses 

for June 2000 are presented in Table 1. All of the data presented was obtained from 

the saturated zone. Bulk soil conductivity was initially recorded as resistivity. In this 

study, the resistivity is presented as its reciprocal, the bulk conductivity, in 

milliSiemens per meter (mS/m). The bulk soil conductivity represented is the 

average of conductivity readings from within the screened interval. Depth profiles of 

bulk conductivity and major ions are presented from an uncontaminated portion of the 

aquifer (MLP-9, Fig. 2a), portions of the aquifer contaminated with RDH (MLP-3, 
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Fig. 2b and MLP-10, Fig. 2c), and with RDFH (MLPl, Fig. 2d, MLP-5, Fig. 2e, and 

MLP-8, Fig. 2f). Specific conductance, inorganic ion concentrations, DIC and 

b 13C01c are placed alongside the bulk conductivity profiles. 

Bulk Conductivity 

Bulk conductivities ranged from 3.5 to 18 mS/m in the uncontaminated 

portion of the aquifer. In MLP-9 the bulk conductivity increased sharply from an 

initial value of ~3.5 mS/m at top of the saturated zone (225.5 m) to a maximum of 18 

mS/m at 224.5 m, thereafter it remains relatively constant then decreases slightly to 

16 mS/m to the base of the aquifer (Fig. 2a). Within the contaminated zones bulk soil 

conductivities were also generally lower at the top of the saturated zone. Bulk soil 

conductivity ranged from 10 to 25 mS/m at MLP-3 and MLP-10 (Fig. 2b and 2c) 

located in the portion of the aquifer with RDH. At MLP-3, the bulk soil conductivity 

at the top of the water table (226.0 m) was ~9 mS/m and increased sharply to a 

maximum of 25.5 mS/m within a vertical distance of 1 m, then decreased to 20.5 

mS/m at 223.8 m and recovered to 22.5 mS/m at the end of the profile. In MLP-10, 

the bulk soil conductivity increased from 6.8 mS/m at the top of the water table 

(225.5m) to 18.7 mS/m within 0.75 m, and remained relatively steady before 

decreasing to 14.8 mS/m at 223.9 m, remaining constant to the base of the profile. 

At locations with RDFH, bulk soil conductivity ranged from 12 to 32 mS/m. 

At MLP-1 the bulk soil conductivity increased rapidly from 17 mS/m at the top of the 

aquifer (225.2 m) to 30 mS/m at 224.7, remained nearly constant to 222.8 m then 

51 



decreased to ~25 mSlm before increasing to 29 mSlm at the base of the profile (Fig. 

2d). Within a vertical distance of 1.3 m from the top of the aquifer, the bulk soil 

conductivity for MLP-5 increased from ~ 12 mSlm to 30 mSlm, then decreased to ~20 

mSlm at depth (Fig. 2e). Steep conductivity gradients characterize the irregular out­

line of the bulk soil conductivity curve for MLP-8 (Fig. 3f), which shows an overall 

increase with depth from ~ 13 mSlm at the top of the profile to 17 mSlm at the base of 

the profile. 

Distribution of Water Quality Parameters 

Generally, pH was higher (>7) at the uncontaminated location compared to the 

contaminated locations. At the contaminated locations the pH was < 7 but generally 

increased towards the base of the aquifer. Except for MLP-10, temperature was 

generally higher at contaminated locations compared to background (Table 1 ). The 

SpC was generally lower at the top of the aquifer and increased with depth at both 

contaminated and contaminated locations (Figs. 2g-l). On the average, SpC was 

greater at contaminated locations reaching maximum values of 1112 µSiem at MLP-

10 compared to a maximum value of 875 µSiem at the background location. The 

TDS data showed the same trend observed for the SpC. Low TDS at the top of the 

aquifer was followed by a sharp increase with depth. TDS from uncontaminated 

groundwater ranged from 49.8 to 526.0 mglL and from 83.6 to 711.8 mglL at 

contaminated locations. Chloride was lowest at the top of the aquifer and increased 
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towards the base of the aquifer at both contaminated and background locations (Table 

I). 

Distribution of Major Ions, Alkalinity, DIC and o 13Crnc

Overall there is spatial and vertical variability in the concentration of major 

ions across the site (Table 1 ). Groundwater at the contaminated locations showed a 

relative enrichment of most ions compared to background. There was a general 

increase in Na, Ca, Mg, and Si at the contaminated locations relative to background 

that is consistent with the weathering of the aquifer material (Table 1, and Figs. 2m-r, 

2s-x, and 3g-l). Alkalinity and DIC were lowest at the top of the aquifer (Table 1, 

and Fig 3m-r). Generally, higher alkalinity and DIC occurred in the middle of the 

aquifer at most locations, coincident with zones of maximum bulk soil conductivities. 

Some ions (e.g. chloride) showed a marked increased towards the base of the aquifer 

(Table 1 ). Steep conductivity and concentration gradients exist at or close to the top 

of the aquifer where chloride concentration indicate dilution of groundwater is 

occurring and also at the base of the aquifer due to stratification of the groundwater. 

The o 13Crnc for groundwater at the uncontaminated location (MLP-9) ranged from -

14.6 to -1 2.3%0 and decreased slightly with depth (Figs. 3s). At the contaminated 

locations the o 1 3C01c was more negative at the top of the aquifer (-24. 2 to -16.9%0)

and generally more positive at depth (Fig. 3t-x). Negative o 13C01c values in the range

of -1 1.3 to -l 6.8%0 were encountered below the water table in MLP-3 and 10, 

locations with RDH (Figs. 3t-u). In general, more positive o 13C01c values were
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observed in groundwater at locations with RDFH (Figs. 3v-x). The o 13Cmc reached a 

maximum of +6.5%o in MLP-5 (Fig.3w). 

Discussion 

The basic premise of this study is that the presence of conductive zones within 

hydrocarbon plumes is a result of enhanced weathering processes that are driven by 

bacterially mediated reactions that occur during hydrocarbon degradation. In general, 

mineral weathering is driven by CO2 produced within the soil zone. Under natural 

conditions, soil CO2 is incorporated in recharge water infiltrating through the vadose 

zone prior to entering the saturated zone. This dissolved CO2 in the form of carbonic 

acid acts as a primary weathering agent and minerals with high solubility are readily 

dissolved in the aquifer. Bacterial degradation of hydrocarbons augments the supply 

of CO2 in the aquifer and in addition produces organic acids that further enhance 

mineral weathering (Hiebert and Bennett, 1992; McMahon et al., 1995; Ullman and 

Welch, 2002). Thus mineral dissolution increases the ionic strength of the pore fluid 

resulting in an increase in the bulk conductivity of the sediments. 

Evidence for Mineral Weathering 

In the aquifer under study, the mineralogy consists primarily of quartz sand 

with minor quantities of calcite and dolomite, and residual amounts of Na-rich and 

Ca-rich plagioclase. Based on the mineralogy of the aquifer we expect to see 

enrichment of Na, Ca, Mg and Si as a result of the weathering of these aquifer 
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minerals by aggressive CO2-rich groundwater and organic acids (Bennett et al. 1993; 

Stumm and Morgan, 1995; Herczeg and Edmunds, 2000). Furthermore enhanced 

dissolution of these minerals should also be accompanied by an increase in HCO3 ,

which should be reflected in the alkalinity, and DIC. Additionally, because of the 

increased contribution of CO2 from microbial degradation of hydrocarbons within the 

contaminated portions of the aquifer we should expect to see evidence for increased 

CO2 production at the contaminated locations that should be reflected in the DIC. 

This is consistent with the elevated alkalinity (30 to 547 mg/I) and DIC (27 to 206 mg 

C/1) observed within the contaminated regions of the aquifer relative to background 

alkalinity (90 to 320 mg/I) and DIC (29 to 87 mg C/1). 

Evidence for mineral weathering in the aquifer is derived from several 

sources. We use variations in the ionic ratios in the contaminated groundwater com­

pared to background as evidence to support increased contribution of these ions to the 

groundwater. We use this approach instead of comparing total ion concentrations 

because some of the complex water-rock interactions that govern the uptake or 

release of ions in the aquifer during weathering are not strictly controlled by 

solubility (Herczeg and Edmunds, 2000 ). 

The Ca:Mg ratio of the groundwater increased in the contaminated portions of 

the aquifer compared to background. At the background location the Ca:Mg ratio 

ranged from 1.9 to 2.5. However, in the locations with RDH the ratio ranged from 

1.9 to 5.9 in MLP 3 and from 1.9 to 4.6 in MLP 10. At the locations with RDFH, the 

Ca:Mg ratio ranged from 8.2 to 10 at MLP-1, from 2.2 to 3.0 in MLP-5, and from 2.8 
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to 5.1 at MLP-8. The trend of increasing Ca:Mg ratios in the contaminated portions 

of the aquifer is indicative of enhanced production of these ions in the aquifer relative 

to background. 

In order to investigate increases in Na, we use a plot of Na versus Cl (Fig. 4) 

to indirectly assess the contribution of Na to the groundwater from the dissolution of 

albite. We assumed a 1: 1 stoichiometric relationship between Na and Cl in the 

groundwater assuming that Cl is balanced primarily by presence of Na in the aquifer. 

Groundwater from MLP-1 and 5, locations with RDFH, and a sample from MLP-3, 

located in the portion of the aquifer with RDH, plot above the 1: 1 line indicating the 

presence of excess Na, which suggests that a likely source of additional Na is from 

the dissolution of plagioclase. The remaining groundwater samples plot below the 

1: 1 line, which may suggest Cl contributions to the groundwater from road salt or Na 

removal from the groundwater by interactions with clays produced through mineral 

weathering (Herczeg and Edmunds, 2000). 

Elevated concentrations of dissolved Si in the contaminated portions of the 

aquifer compared to background provide additional evidence for mineral weathering 

in the aquifer. Groundwater samples in the uncontaminated portions of the aquifer 

have dissolved Si ranging from 8 to 11 mg/I. In the portion of the aquifer 

contaminated with RDH dissolved Si ranged from 10 to 17 mg/I and was higher (13 

to 26 mg/I) in the portion of the aquifer with RDFH (Table 1 ). Hence, compared to 

uncontaminated locations, the groundwater in contaminated portions of the aquifer 

appears to have been altered by the contribution of ions from the weathering of 

56 



carbonate and silicates present in the aquifer. 

The Link Between TDS and Bulk Soil Conductivity 

The relationship between the major ions released during the weathering of 

aquifer minerals and the measured TDS is a key step in linking the TDS to the bulk 

conductivity. In order to document the relationship between the TDS and the major 

ion chemistry we first examined a plot of the TDS and the dominant ions (Na+Ca+ 

Mg+HCO3) represented in the weathering reactions to evaluate the relationships 

suggesting that ionic contribution via weathering reactions contributed to 

groundwater TDS and as a result affected the conductivity (Fig. 5). The correlation 

between these variables for the different MLPs is summarized in Table 2. Overall 

strong positive correlations between the TDS and the major ions were apparent 

(0.99<r2>0.66; 0.09<p>0.0002). In spite of the relatively few data points for

correlation, we contend that most of the TDS can be related to the enrichment of ions 

resulting from enhanced mineral dissolution and it is this enrichment that is causing 

the enhancement in current flow. Although other ions (e.g. SO4 and NO3) present in 

the aquifer also contribute to the TDS, we argue that several of these ions owe their 

continued presence in the aquifer to redox processes and compared to the dominant 

ions, their contribution to TDS is small. This is consistent with our correlation, which 

indicates that most of the TDS can be accounted for by the presence of Na, Ca, Mg, 

and HCO3 , the ionic products of mineral weathering in the aquifer. 

In porous geologic media, current flow is mostly electrolytic indicating that a 
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positive correlation should exist between bulk conductivity and TDS. Bulk 

conductivity data were plotted against TDS for each sampling location (Fig. 6) and 

the relationships statistically analyzed (Table 2). Groundwater from the background 

location (MLP-9) showed a positive correlation between bulk conductivity and TDS 

(Fig. 7). This relationship is described by the least squares regression equation: Bulk 

Conductivity = 0.058 (TDS) - 13.35, r
2
=0.88. Furthermore, groundwater from MLP-

3, with RDH also showed a positive correlation between bulk conductivity and TDS. 

This relationship (not shown in Fig. 6) is described by the least squares regression 

equation: Bulk Conductivity= 0.027 (TDS) + 6.10, r2=0.93. The positive correlations 

are also consistent with relationship between the bulk conductivity and major ions at 

these locations (Table 2) and suggest that the TDS was responsible for the bulk 

conductivity at these locations. 

However, groundwater from MLP-10, also located in a portion of the aquifer 

with RDH showed poor correlation between bulk soil conductivity and TDS (Table 2; 

Fig. 6). Moreover, the bulk soil conductivity from MLP, 1, 5 and 8, locations with 

RDFH showed no apparent correlation with TDS (Table 2; Fig. 6). This apparent 

lack of correlation between bulk soil conductivity and TDS at contaminated locations 

suggests that the positive linear relationship between bulk soil conductivity and TDS 

may not be valid in contaminated settings. Thus TDS may not reliably predict the 

bulk conductivities of hydrocarbon-impacted soils. Additionally, based on the data 

presented in Table 1, it is important to note that the highest TDS were not always 

coincident with the highest bulk soil conductivity. For example, the highest recorded 



TDS is at MLP-3 and 10, however, the highest recorded bulk soil conductivities are 

recorded at MLP-1 (Table 1 ). These results suggest that bulk soil conductivities 

measured at the contaminated locations, notably at MLP-1, 5, and IO were not 

dominated by pore fluid conductivity, thereby suggesting another mechanism of 

conduction at these locations or that other constituents in the groundwater, such as 

organic acids, not recorded by the TDS, may play a role in determining the bulk soil 

conductivity. 

Conduction of electricity through porous media occurs by two mechanisms. 

The primary mode is by the movement of ions through the bulk fluid, the other occurs 

as surface conduction by adsorbed ions moving along the surfaces of pores and small 

fractures (Wildenschild et al., 1999). Assuming that current flow through the soils 

was mainly electrolytic, it appears that two mechanisms of conduction may exist 

within the uncontaminated and contaminated regions of the aquifer: a region where 

the ionic strength of the saturating fluid controlled conduction and a region dominated 

by surface conduction. If this is true then it possible that surface conduction might be 

an important conduction path at contaminated locations and probably linked to 

microbial processes and subsequent geochemical transformation of the mineralogy 

and pore fluid chemistry occurring within the aquifer. 

It is well documented that surface conductivity can occur along surfaces of 

mineral grains (e.g. Knight and Endres, 1990; Lesmes and Morgan 2001 ). 

Hydrocarbon degradation may produce charged organic species (e.g. volatile fatty 

organic acids (VOAs) such as acetic acids (e.g. Cozzarelli et al., 1990; McMahon et 
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al., 1995) and biosurfactants (Cassidy et al., 2001; 2002). These charged organic 

species could attach to grain surfaces resulting in interfacial polarization thus 

enhancing surface conduction at the mineral-fluid interface (Stumm, 1992). At the 

study site, previous investigations have documented the presence of organic acids at 

MLP 1 and 5, locations with free phase hydrocarbons, but organic acids were not 

measured at MLP-3, with RDH or at MLP-9, at the background location (Atekwana 

et al., 2002). Biosurfactants have also been identified at the contaminated locations 

(specifically at MLP-1 and MLP5), but were not measured at MLP-9 (Cassidy et al., 

2002). Organic acids and surfactants have a charge at their surface and can attract 

positively charged ions polarizing the subsurface, analogous to membrane 

polarization effects that are observed in clays (Scholl and Harvey, 1992). 

Furthermore, bacteria have negatively charged surfaces that can also attract positively 

charged ions, thus polarizing the substrate (Wasserman and Felmy, 2000). Thus the 

mineral-water interactions that govern the supply of ions either through 

dissolution/precipitation reactions or by the generation of charged organic species 

have their origin in microbial processes that interact closely with geochemical 

transformations. Thus, further knowledge of biogeochemical processes occurring in 

contaminated aquifers may be an important key to understanding the nature and 

distribution of the surface conduction phenomenon. 

Evidence for Geochemical Process From o 13C01c and
Bulk Conductivity Signatures 

The key to elucidating the role that geochemical and microbial processes play 
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in influencing the groundwater chemistry lies in combining the information on the 

bulk conductivity of the aquifer media and the o 13C01c. These two seemingly 

disparate variables are related in a fundamental way. They both measure the 

combined effects of a number of integrated geochemical and biogeochemical 

processes that occur in both soil and groundwater. Thus their signatures are linked by 

processes and are imprinted on the host media. 

To explain the lack of correlation between the TDS and bulk soil conductivity 

we reasoned that the bulk soil conductivity measures the cumulative effect that 

geochemical processes have on the aquifer media (both soil and ground-water), and 

the o 13C01c provides insights into the nature of the processes. Therefore, these two 

variables record the effect of geochemical processes on the heist media. Thus as 

aquifer solids undergo transformation by dissolution and precipitation reactions and 

as the geochemistry of the associated pore water evolves in response to these changes 

a permanent record of these alterations is conveyed in the bulk soil conductivity 

measurements. Thus, the bulk soil conductivity is an intrinsic property of the media 

and is ideally suited for discerning changes in bulk water chemistry based on total 

solute concentrations, which is normally reflected in the ion concentrations. On the 

other hand, the cl'C tends to behave fairly conservatively as it monitors carbon flows 

in contaminated and uncontaminated aquifers that occur via redox reactions. Its 

greatest advantage is that it can, in some instances, clearly distinguish the type of 

redox process occurring in the system. Thus clues to the understanding of the nature 

of the relationship between the bulk soil conductivities observed in contaminated 
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portions of the aquifer and the groundwater chemistry, as a first approximation, could 

be derived by careful examination of the bulk soil conductivity and the o 13C data. 

A cross-plot of the o 13C01c and bulk conductivity data is presented in Fig. 7. 

The plot was not meant to demonstrate the dependence of bulk conductivity on the 

o
13C01c rather it was used to show the magnitude of isotopic separation for the bulk 

conductivity data. The data falls into three groups consisting of: 1) recharge waters 

from the top of the aquifer in the contaminated portions of the aquifer characterized 

by low bulk conductivities (3.5 to 15 mS/m) and very negative o
13

C values (-21 to -

25%0) (Group I); 2) groundwater from both uncontaminated and contaminated 

portions of the aquifer with bulk conductivities ranging from 10 to 25 mS/m and o 13C 

values ranging from -16.9 to -9.5%0 (Group II); and 3) groundwater from 

contaminated wells (MLP-1 and 5) containing free product with bulk conductivities 

ranging from 12 to 32 mS/m, and higher o 13C values ranging from -4.4 to +6.5%o 

(Group III). These groups represent groundwater linked by distinct redox processes 

operating in the aquifer (Legall, 2002). 

Redox reactions that facilitate hydrocarbon degradation generate CO2, which 

contributes to mineral weathering and increases the TDS and DIC. It is this property, 

common to redox reactions that provide the unique approach for establishing the link 

between the bulk soil conductivity and the o
13

C01c. On the other hand, bulk soil

conductivity through its relationship to TDS records the effect of those processes. 

Therefore, to further examine the groundwater chemistry and its relationship to the 

bulk conductivity and to assess major ion contribution to the bulk conductivity we 
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plotted the <5 13C01c against the DIC (Fig. 8). We used this approach to better 

understand the spatial variations in geochemical processes affecting the groundwater 

chemistry. The data clustered into three groups similar to that observed in Fig. 7. 

These groups have been previously described (Legall, 2002). We contend that the 

similarity between these cross-plots is based on process-driven biogeochemical 

changes that collectively increased the DIC and TDS and as we demonstrated earlier, 

the increase in TDS resulted in the high bulk conductivities. We infer that the various 

groupings delineated on the basis of the <5 13C0 1c and bulk conductivity, and DIC may 

represent sequential stages in a continuum of redox processes associated with 

microbial hydrocarbon degradation in the aquifer. 

Specifically we note in Fig. 8 that background groundwater from the study 

area has DIC and <5 13C01c values close to that for uncontaminated groundwater from 

southwest Michigan. Groundwater from Group II is influenced by a range of 

microbial processes including aerobic respiration at background locations, and redox 

processes such as the reduction of N03 , Mn(IV), Fe(III), and S04 at contaminated 

locations. Within the contaminated zones, the increase in CO2 due to microbial 

hydrocarbon degradation increases the DIC, hence, the groundwater DIC evolves 

along a path parallel to the x-axis (Fig. 8). 

CO? Control on the Weathering Processes 

In order to demonstrate CO2 control on the weathering processes, we plot the 

sum of the concentration of Ca and Mg versus DIC (Fig. 9). We use Ca and Mg 
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because they represent the dominant cations in groundwater at the site (Table 1) and 

the fate of these ions is controlled by reactions involving carbonate. Generally 

groundwater DIC increases with increasing Ca+Mg (Fig. 9). Groundwater in Group I 

(Fig. 8) is derived from MLP-3, MLP-5, and MLP-10, located in contaminated 

portions of the aquifer. The groundwater occurs at different locations but share one 

common feature, they occur close to or at the top of the water table. These waters are 

associated with recharge and have low Ca+Mg and DIC (Fig.9). In the contaminated 

portions of the aquifer these waters are in contact with residual phase contamination 

or free product at the top of the water table. The low DIC negative c> 13C values (-26 

to -28%0) suggest that the groundwater within this group may not have had sufficient 

time to interact with aquifer solids (not enough time for dissolution), and is likely a 

mixture of water and hydrocarbons. With increasing depth, both Figs. 8 and 9 

suggest that groundwater DIC and c> 13C may evolve through dissolution of the 

aquifer minerals as a result of mineral weathering induced by microbial activity. 

Groundwater in Group II (Fig. 8) derived from MLP-1, MLP-3, MLP-8, 

MLP-9, and MLP-10, within uncontaminated and contaminated portions of the 

aquifer exhibits a wide range of DIC (30 to 206 mg C/1) with c> 13Crnc values ranging 

from -16.9 to -9.5%0. MLP-9 reflects background conditions, however, in several 

MLPs, notably MLP-3, 8, and 10, the reduction of N03, Fe(III), Mn(IV) and S04

have been identified as important redox processes occurring within the contaminated 

zone at these locations (Legall, 2002). 

Within Group II, the increase in CO2 due to microbial hydrocarbon 
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degradation increases the DIC, hence, the groundwater DIC evolves along a path 

parallel to the x-axis (Fig. 8). Uncontaminated groundwater (MLP-9) has 8 13C01c 

values consistent with carbonate dissolution by soil CO2 derived from soil organic 

carbon with 8 13C close to -27%0 (Legall, 2002). Of the Group II groundwater from 

RDH locations (MLP-3 and MLP-10), DIC and Ca+Mg at MLP-3 increase 

consistently to a maximum within the zone of greatest hydrocarbon impact indicated 

by higher bulk soil conductivity. A similar increase in DIC and Ca+Mg is also 

observed at MLP-10, except for groundwater at the base of the aquifer, which shows 

DIC and 813C01c close to background. Higher DIC at MLP-3 may be due to the 

predominance of redox processes such as N03, Mn(IV), Fe(III) reduction compared 

to S04 reduction at MLP-10 (Legall, 2002). At MLP-8, a location with RDFH 

although Ca+Mg is comparable to that for contaminated groundwater within Group 

II, the DIC is not as high compared to most of the groundwater from contaminated 

portions of the aquifer (Fig 9). The low DIC may result from dilution by recharge 

water. The progression towards high DIC and Ca+Mg within zones with increasing 

8 13C01c provides further evidence for groundwater DIC evolution in CO2-carbonate 

controlled system and is consistent with groundwater chemistry dominated by the 

weathering of carbonate minerals. 

Groundwater from MLP-1 and MLP-5, locations with RDFH, is associated 

with Group III and originates solely from a portion of the aquifer undergoing 

methanogenesis. Groundwater from MLP-5 shows a progressive increase in DIC and 

Ca+Mg throughout the zone of greatest hydrocarbon impact indicated by higher bulk 
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soil conductivity. On the other hand, groundwater from MLP-1 shows little variability 

in DIC and Ca+Mg (Fig. 9). This suggests that at MLP-1 the CO2 produced during 

microbial hydrocarbon degradation is being consumed by reduction to CH4. Further 

we suggest that Group III groundwater represent the terminal stage in the 

groundwater isotopic and DIC evolution. 

The apparent evolution to methanogenesis or more positive <5 13C01c values 

also results in higher soil conductivity i.e., the more methanogenic the zone, the more 

conductive the zone. However, we also note the poor correlation between the bulk 

conductivity and TDS at locations where methanogenesis is the dominant redox 

process. We suggest that microbial activities that accompany hydro-carbon 

degradation under methanogenesis may significantly alter the aquifer matrix and pore 

water chemistry by regulating pH, facilitating redox reactions, producing organic 

acids, modulating dissolution/precipitation and adsorption/desorption reactions, and 

inducing complexation of ions with VOAs. Such processes are likely to contribute to 

surface conduction, which increases the bulk conductivity of the soils and may be 

responsible for the poor correlation with TDS. 

Summary and Conclusions 

Contaminated aquifers are perturbed systems where geochemical conditions 

are m disequilibrium and tendency for the system to attain a new equilibrium is 

regulated by external factors such as recharge and nutrient replenishment. This 

shifting equilibrium apparently gives rise to several important effects. Firstly, the 
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ionic concentrations of the groundwater change in response to inputs from in-situ 

geochemical and biogeochemical processes. Secondly, processes that are not yet 

clearly defined alter the aquifer matrix, changing its electrical properties, resulting in 

the anomalous conductive conditions observed in the geophysical measurements. 

We contend that bulk conductivity measurements when used together with 

geochemical and isotopic analyses can provide important insights into the nature of 

geochemical processes operating in contaminated environments and perhaps in other 

hydrologic settings. The fact that this technique has been little used is not surprising 

because the ability to document the relationship relies on the acquisition of bulk 

conductivity measurements at closely spaced sampling intervals complemented with a 

geochemical sampling protocol that is guided by geophysical observation. 

The ideas presented in this study have implications for geologists involved in 

site investigations requiring characterization and monitoring. From a geological 

standpoint, the integrated approach outlined in this study may be of interest to those 

who seek cost effective alternatives for site characterization and monitoring and to 

better understand the behavior of contaminant plumes in the surface. Site 

characterization and monitoring have relied on a network of monitoring wells, which 

as this study illustrates may not provide the spatial resolution necessary to assess 

contaminant distribution or its degradation. This study suggests that geoelectrical 

methods may be used as inexpensive and non-invasive sensors of subsurface 

hydrocarbon contamination. Such methods can be used to characterize the sub­

surface at high resolution by delineating zones of high conductivities. This can be 
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followed by targeted confirmatory geochemical investigations using Geoprobe® 

borings or wells. From a geophysical perspective, the results of this study raise 

important questions regarding the effect of biogeochemical processes on geoelectric 

signatures observed in contaminated soils. 

The materials and mechanisms that contribute to the changes in bulk 

conductivity during methanogenesis are largely unknown. Previous studies have 

demonstrated surfactant production in contaminated aquifers (Cassidy et al., 2002; 

Rosenberg and Ron, 1996) and the production and consumption of VOAs by 

microorganisms (McMahon and Chappelle, 1991; Cozzarelli et al., 1994; Routh et al., 

2001 ). However, the role of surfactants and organic acids in altering the geoelectic 

signatures has not been investigated. 

The role of bacteria in this process has also not been fully explored, although 

it is known that bacteria have a negative surface charge in the pH range of most 

natural waters and the presence of ionizable functional carboxyl, hydroxyl, and amino 

groups on their cell walls contribute to surface charge (Scholl and Harvey, 1992). 

These authors also suggest that the presence of Ca may enhance sorption by bacteria 

in contaminated water at higher pH, and that other factors including the ionic 

strength, pH, and the presence of divalent ions may determine the magnitude of 

electrostatic interactions between cell and surface. 

Microbial colonization and metabolic activity has also been implicated in clay 

precipitation on anorthoclase (Bennett et al., 1996). The presence of clays on the 

surface of mineral grains can significantly alter the bulk conductivity. Ultimately 



these complex interactions are expressed in the geoelectric response of the aquifer, 

however, the extent of these interactions and their relationships to the bulk 

conductivity are as yet unexplored. 

These observations underlie the need to investigate aquifer solids in order to 

gam a better understanding of the processes and products that result from the 

geochemical and biogeochemical reactions at contaminated sites. We believe the link 

between the electrical properties of contaminated aquifers and the pore water 

chemistry within a framework of microbially induced degradation processes has long 

term implications for basic research into understanding the process of hydrocarbon 

biodegradation at contaminated sites. 
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Table 1. Bulk Conductivity of Soils, pH, Temperature, Alkalinity, SpC, TDS, Na, Mg, Ca, Si, Cl, DIC, and 
813C

01
c Distribution in Groundwater From Multilevel Piezometers. 
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MLVL - 9 225.0 3.6 7.1 13,5 90,0 470.3 301,0 16.5 15.3 62.2 8.0 46.4 29.9 -12.3 

(Uncont.) 224.6 18.4 7.3 12.4 258.0 771.9 494.0 44,7 29.2 106.9 9.0 107,5 71.2 -14.5 

224.1 16.1 7.1 11.7 311.0 851.6 545.0 24.7 39.5 129,3 11.0 51.8 84.7 NA 

MLVL- 3 225.6 10.4 6.3 16.4 41.0 255.9 164.1 1.3 1,7 7.4 14.0 0.7 30.1 -24.2 

(ROH) 225.1 23.6 6.4 15,3 431.0 947.5 606.5 5,0 19,5 189,9 10.0 5.7 170.6 -16.8 

224.7 25.4 6.5 14.4 547.0 1064.0 680.5 8.2 32.6 258.1 17.0 12.1 206.3 -13.3 

224.2 21.3 6.7 14.2 526.0 1030.0 659.4 24.9 37.5 191.0 13.0 24.2 153.3 -14.7 

223.8 21.2 6.8 13.1 420.0 919,9 589.5 25.4 35.3 154.5 11.0 40.2 107,7 -14,7 

223.3 22.2 6.5 13.7 333.0 910.4 582.1 18.5 48,1 149,5 12.0 47.2. 86.7 -14.0 

MLVL - 10 225.2 11.2 5.8 12.7 38.0 131.0 83.6 3.5 3.4 12.4 15.0 4.2 55.1 -22.2 
► (ROH) 224.8 20.0 6.1 12.5 210.0 474.0 305.0 5.3 8.4 47.0 11,0 14.3 114.0 -11.3 "O 

224.3 15.3 6.5 12.4 401.0 766.5 491.6 11.3 20.5 155.7 13,0 27.8 150.5 -11.4 "O 
223.9 14.9 6.6 12,0 524,0 1112.0 711.8 10.0 18,2 105.7 15.0 58.6 151.3 -15.3 

223.4 15.2 6.6 12,3 380.0 1026.0 655,9 29.1 52.6 161.2 13.0 70.1 99.0 -15.7 

;;t 
MLVL- 1 225.1 30.9 6.4 15.1 415.0 815.0 520.3 5.3 12.6 170.5 18.0 1.5 135.3 -16.9 

(RDFH) 224.7 29.2 6.4 14.5 495.0 916.2 585.9 21.8 19.3 184.6 16.0 13.2 163.5 -1.9 

224.2 31,9 6.5 13.6 510.0 944.0 607.8 26,3 19.4 177.4 15.0 17.2 · 150.4 0.7 

223.8 32.2 6.5 14.3 515.0 945.8 609.4 28.1 19.5 177.0 16.0 17,5 154.9 0.5 

223.3 25.9 6.5 14.4 503.0 942.7 602.8 32.3 17.7 177,1 15.0 18.9 148.8 -0.8 

222.9 25.3 6.5 13,6 521.0 957.3 613.4 33.3 17.3 174.1 17.0 14.9 154,0 0.6 

222.4 29.6 6.6 15.5 496.0 934.6 599.4 47.8 28,9 141.7 22.0 34.7 139,8 1.8 

MLVL- 5 225.0 15,2 6.1 19.1 30.0 185.4 118.6 3,3 2.4 20.2 14.0 1.0 45.0 -24.2 

(RDFH) 224.5 23.2 6.4 FP 206.0 318.0 204.0 3.1 7,1 103,9 13.0 0.5 89.9 -1.3 

224.1 18,2 6.4 15.9 509.0 931.2 594.0 14.9 23.2 189.7 20.0 17.5 165,4 6,5 

223.6 17.7 6.7 17.1 469,0 891.2 570,7 22.6 32.5 153,1 20.0 30.7 126.1 -2.3 

MLVL - 8 224.6 12,7 FP FP FP FP FP 1.3 3.6 14.6 15.0 1.1 27.0 -22.2 

(RDFH) 224.1 17.5 6.9 13 ,8 232.0 577,0 367.7 8.0 14.5 71.1 14.0 15.2 64,2 -10.0 

223.7 17.6 7.0 13.9 441,0 941.2 585.0 21.3 34.5 155.7 19.0 46.2 114.1 -9.5 

223.2 16.5 6.9 15.3 437,0 978.3 624.8 23.6 42.8 162.6 16.0 55.0 108.5 -11.6 

222.8 18.6 6.9 14.5 418.0 996.5 638,8 24.5 44.1 163.6 16.0 59. 1 102,8 -12.7 

FP = Free Product NA = Not Analyzed Uncont. = Uncontaminated Location 

ROH = Locations With Residual and Dissoll.ed Phase Hydrocarbons RDFH = Locations With Residual, Dissolwd and Free Phase Hydrocarbons 

Elewtion Data to the top of the Screened lnterwl 
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Table 2. Correlation Among Chemical Parameters From Multilevel Piezometers 

TDSvs TDS vs Bulk 
Well ID 

Na+Ca+rv'g+HCO3 Conductivity 

MLP-9 Background r
2
=0.999 r

2
=0.884 

p=0.0009 p=0.2217 

n=3 n=3 

MLP-3 Dissolved and residual r
2
=0.979 r

2
=0.932 

phase hydrocarbons p=0.0002 p=0.0017 

n=6 n=6 

MLP-10 Dissolved and residual r
2
=0.664 r

2
=0.048 

phase hydrocarbons p=0.0927 p=0.7240 

n=5 n=5 

MLP-1 Dissolved, residual and r
2
=0.951 r

2
=0.071 

Free Phase Hydrocarbons p=0.0002 p=0.5623 

n=7 n=7 

MLP-5 Dissolved, residual and r
2
=0.954 r

2
=0.005 

Free Phase Hydrocarbons p=0.023 p=0.9284 

n=4 n=4 

MLP-8 Dissolved, residual and r
2
=0.989 r

2
=0.003

Free Phase Hydrocarbons p=0.0051 p=0.9487 

n=4 n=4 
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Figure 2. Vertical Profile of Bulk Conductivity of Soils, and SpC, Ca, and Mg in Groundwater for the 
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Figure 4. Na versus Cl for the Groundwater Samples. The Diagonal Line is 
the 1: 1 Relationship Between Na and Cl. Units in Milliequivalents per Liter 
(meq/1). 
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Figure 5. Cross Plot of Groundwater TDS and the Dominant Ions 
(Na+Ca+Mg+HCO

3
) Derived From Mineral Weathering. Correlation 

coefficients for the Relationships at Each MLP Are Listed in Table 2. 
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Figure 6. Cross Plot of Bulk Soil Conductivity and Groundwater TDS With 
the Least Squares Regression Line for Uncontaminated Groundwater. 
Correlation Coefficient for Regression is Listed in Table 2. 
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Figure 7. 813C
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Separation for Groundwater Samples and the Major Groupings. 
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CHAPTER IV 

CONCLUSION 

Geochemical and geophysical studies have rarely been coordinated at 

hydrocarbon-contaminated sites. However, the results of this study confirm that inte­

grating the results from high resolution ( ~2 cm interval) bulk conductivity measure­

ments with detailed groundwater monitoring from closely spaced ( ~30 cm interval) 

geochemical sampling can provide valuable information on the spatial and vertical 

variability of geochemical processes governing plume behavior and development that 

cannot be achieved by geochemical sampling in conventional monitoring wells. 

This study demonstrated that information collected from VRPs can be used to 

successfully guide the placement of multi-level piezometers within anomalously con­

ductive zones and the geochemical data gathered can be used to effectively monitor 

intrinsic biremediation of the hydrocarbon plume. Zones of high conductivities iden­

tified in the geophysical data were targeted for further evaluation using closely spaced 

geochemical sampling. Through this process the arbitrary selection of subsurface 

intervals for sampling was eliminated. Moreover, the results obtained by simultane­

ous examination of soil conductivity and groundwater chemistry along vertical pro­

files lead to a better understanding of the dynamics that interrelate biogeochemical, 

geological, and hydrological processes of subsurface hydrocarbon-impacted media 

and how these interrelations translate into measurable changes in the geophysical 
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signatures. 

The existence of steep vertical conductivity and chemical gradients that are 

known to accompany geochemical reactions in the subsurface (Ronen et al., 1987; 

Smith et al. 1991 a) were confirmed in the vertical profiles. These gradients occur 

over intervals that are <50 cm thick, therefore, conventional groundwater monitoring 

wells that are commonly used for monitoring intrinsic bioremediation that are 

typically screened over a large interval (> 1 m) would have been unable to provide the 

resolution to characterize the subsurface processes related to the observed gradients 

(Smith et al., 1991 a). The combined use of the VRPs and closely spaced vertical 

geochemical sampling outlined in this study has proved to be effective in identifying 

zones with steep vertical conductivity and concentration gradients and for 

corroborating interpretations of the chemical and microbial processes occurring in 

contaminated aquifers. 

The results of this study demonstrate conclusively the link between high bulk 

conductivities measured in contaminated soils and subsurface redox zonation related 

to hydrocarbon biodegradation. Considerable vertical variability was observed in the 

subsurface distribution of redox processes with redox reactions occurring in zones < 

50 cm thick. Resolution of narrower intervals is apparently possible using smaller 

vertical sampling intervals. The observed variability in the subsurface distribution of 

redox processes suggests that the generally accepted models of well demarcated 

redox zones developed for numerous contaminated sites based on bulk groundwater 

samples obtained from individual wells are far too simplistic. Furthermore, this study 
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has firmly established that elevated soil conductivity measurements in hydrocarbon 

contaminated soils are due to increased ion concentration in the pore water resulting 

from enhanced mineral dissolution by inorganic and organic acids produced during 

microbial hydrocarbon degradation. 

These observations have significant implications for future efforts aimed at 

monitoring natural attenuation of hydrocarbons in the subsurface. Because of the 

inherent uncertainty associated the spatial and vertical distribution of contaminants in 

the subsurface, placement of sample collection points is a critical aspect of effective 

site characterization, validation monitoring, and long term monitoring strategies 

(Wiedemeier and Haas, 2002). In this regard, data from vertical resistivity surveys 

can be used to guide the placement of subsurface sampling locations and can provide 

proxy information of expected chemical gradients in the dynamic conditions encoun­

tered in the groundwater environment, especially within the unsaturated zone where it 

is often difficult to sample. In the absence of geochemical data, the bulk conductivity 

measurements can identify discrete zones where physical and chemical changes are 

occurring and therefore can independently serve as a proxy for monitoring the devel­

opment or attenuation of contaminant plumes because of the demonstrated link 

between changes in the bulk conductivity signature and geochemical changes related 

to in-situ chemical and microbial processes. 

Geoscientists can effectively combine the geophysical and geochemical tech­

niques used in this study to gain a better understanding of the dynamics that inter­

relate biological, chemical, geological, and hydrological processes in subsurface 
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LNAPL perturbed media. The collective use of these techniques can translate to sig­

nificant cost savings by reducing the number of wells required for monitoring and 

sampling as well as the sampling frequency, which in turn will result in lower analyti­

cal costs. To date, the potential of geophysical information for use in contaminant 

delineation, monitoring, and remediation in the subsurface has still not been fully 

exploited. 
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