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ABSTRA CT

As a result of industrial activities, many sites acrossthe United Statesare con-

taminated with organic solvents. The location and identi�cation of subsurfacecon-

taminants are often a great challenge. It is also di�cult to monitor the pollutants

onceunder containment as well as during remediation.

Clay minerals sorb cations onto their surfacesand into their interlayer spaces

in order to balance their negative surface charge. Someclay minerals react with

someorganic solvents. This clay-organic reaction changesthe clay structure, thus

altering the electrical propertiesof the system. The complexresistivity technique is a

geophysical method which measuresthe real and imaginary components of resistivity

over a wide rangeof frequencies.The data can be reducedand analyzedin real-time,

and continuously in both spaceand time. This non-invasive technique measuresthe

transport and separation of charges,and is sensitive to the occurrenceof chemical

reactions.

In this laboratory study, I acquireda seriesof nonlinearcomplexresistivity mea-

surements on coresfrom the DOE Savannah River Site (SRS) in Aiken, SC. This

information wasusedto characterizethe expected�eld response. I then participated

in the acquistionof �eld complexresistivity data at SRSand madefollow-up labora-

tory measurements on core. I further analyzedthe site coresusing x-ray di�raction

(XRD) and infrared spectroscopy (IR) to identify the clay minerals present. The

XRD and IR results indicated that phasepeaksin the complex resistivity responses

represented areaswhere smectite-family clays were reacting with tetrachlorethylene

and trichlorethylene. They also indicated that areaswithout smectite-family clays,
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but with contamination did not result in phasepeaks.The indicators of nonlinearity,

total harmonic distortion and Hilbert distortion, are alsosensitive to the presenceof

clays and clay-organic reactions. Theseresults support the useof complexresistivity

to locate and identify organic solvents reacting with clay minerals in the subsurface.
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Chapter 1

INTR ODUCTION

For over 20 years, there has been increasingpublic and scienti�c concernwith

the problems of disposing of hazardouswaste and the environmental damagethey

introduce. Due to spills and improper disposal methods, numerouscommon indus-

trial solvents, usedas cleaningand degreasingagents, now contaminate our soil and

groundwater sources.

Becauseof their complex chemical and physical properties, these solvents are

di�cult to locate in the subsurface. Dense, non-aqueousphase liquids (DNAPL)

are the most widely distributed and troublesomeof thesecommonpollutants. They

are denserthan water, therefore they travel to depths below the subsurface,slowly

dispersing into the water. These solvents are regulated at parts per billion (ppb)

levels, but are soluble in water at parts per million (ppm) levels. Unfortunately,

there is still a lack of reliabledata on their fate and transport in water-soil-air systems,

such asvadosezones.Their transport in the environment is complex,and dependson

factors such as solubility, the air-water partition coe�cien t, chemical and biological

activit y and their sorption by soil particles (Estes et al., 1988). Depending on the

clay mineral involved in the system, there can be anywhere from zero to moderate

amounts of contaminant adsorption.

The remediationof chlorinated solvents is currently a very high priorit y for EPA

(U.S. EPA, 1992), DOE (Jackson et al, 1999) and DOD (SERDP, 2001) sites. The

StrategicEnvironmental Research andDevelopment Program(SERDP, 2001)recently
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listed chlorinated aliphatic halocarbons(CAH) asthe leadingcontamination problem

within the United States. In the panel's review of contaminated U.S. Department

of Defensesites, the secondhighest priorit y is in researching and developing ways

to identify and characterizeDNAPL sourcezones,secondonly to the partial mass

removal of sourcezones. Also ranking high in this is the understandingof physical,

chemical,and biological interactionswhich take placeat interfaceswithin the system.

Another potential problem involving clay-organic interactions is the useof soil-

clay barriers to contain organic solvents. Soil-clay barriers are often constructed to

prevent the migration of contaminants from the spill or containment area. This allows

for isolation of the chemicaluntil remediation is possible.Unfortunately, it hasbeen

determinedthat someclays and organiccompoundsreact, changingthe clay structure

and allowing the escape of organicpollutants (Graber and Mingelgrin, 1994;Olhoeft

and Wardwell, 1998).

Non-polar solvents are known to change the physical properties of someclays

(Horton, 2001). Speci�cally, it hasbeendeterminedthat trichlorethylene(TCE) and

tetrachlorethylene (PCE) changethe electrical resistivity and the dielectric permit-

tivit y of the smectite family of clays (Jones,1997;Canan, 1999).

The nonlineaercomplexresistivity technique(NLCR) is a non-invasive, electrical,

geophysical method. It can measurecontinuously in spaceand time. These are

advantagesfor environmental applications for site characterization, monitoring, and

in remediation. Previous studies (Olhoeft, 1985,1986;Sadowski, 1988;Olhoeft and

King, 1991; Jones,1997; Fiore, 1999; Olhoeft and Wardwell, 1998) have used this

technique to detect clay-organicreactionsin the laboratory and the subsurface.With

a non-invasive tool which can locate and map clay-organic reactions, we can gain

information regarding the extent and depth of DNAPL contamination. The conplex
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resistivity technique has beenusedfor decadesto measuredi�erent electrochemical

processes(Sumner,1976). Originally developedfor mineral exploration, the technique

is not widely usedbecauseof its time-consumingmeasurement and expense.

Olhoeft (1985) outlines the measurement of three di�erent categoriesof chem-

ical reactions: oxidation-reduction, ion-exchange, and clay-organic. The oxidation-

reduction reactionsand the ion-exchangeprocessesare better understood than those

of clay-organicreactions. Little research hasbeendoneexcepton a few selectorganic

solvents. Unfortunately in industrial wastes,organic solvents are typically found as

complexesof many chemicals. Understanding how a chemical complex will behave

electrochemically is very challenging. Consideringthat complex resistivity measure-

ments are in
uenced by the transport and accumulation of charges,and that organic

moleculesreact with clay mineral surfaceselectrochemically, it is possibleto usethe

complexresistivity spectrum to recognizetheir reaction. Therewill only bea response

from systemswhich are reacting. Therefore, hydrated, cation-exchanging clay min-

erals will be identi�able, as well as, theseminerals contaminated with a chlorinated

solvent. Whereas,wet sandsand contaminated wet sandswill not have a signi�cant

polarization responsein the absenceof clay minerals.

The Savannah River Site (SRS), Figure 1.1, wascreatedto support national de-

fensethrough the production of nuclearmaterials. This resulted in the production of

hazardouswastes,including organic solvents usedas cleanersand degreasers.Over

one million pounds of thesesolvents were disposedof into processingsewers which

emptied into the A-014 outfall, which deposits into the Tim's Branch, a tributary of

the Savannah River. The disposal of theseby-products in the A/M areahasyielded

seriouscontamination of the subsurfaceand the groundwater system. Remediationof

this areahasbeenin e�ect sincethe 1980's(Jackson et al, 1999). Unfortunately, not
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Fig . 1.1. The Savannah River Site lies along the Savannah River in South Carolina
on the border with Georgia. Soil samplesand �eld measurements wereacquiredfrom
the A/M area;locatedin the northwestof the site (arrow).(Lewis and Aadland, 1994.)
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all of the sourcezoneshave been located. The water-table is deepat this site, and

therefore,it is the vadosezonewhich is of most concern. In the vadosezone,DNAPL

is found in the air, in the water, sorbed onto the soil and as pure phaseDNAPL.

Becauseof the high volatilit y of many DNAPLs, soil vapor extraction (SVE) is often

the remediation technique of choice;aswas the caseat the A-014 outfall (Jackson et

al, 1999). SVE is usedto reducethe vapor concentrations in the contaminated zones.

Most applications result in very high extraction concentrations in the beginning, fol-

lowed by long-term low concentration extractions. This results in a long and slow

extraction plan (Allan, 1995). Initially , SVE extracts the vapor-phaseDNAPL, and

then beginsto work on the pure sourcezones.Unfortunately, it is di�cult to remove

the DNAPL which has dissolved into the water and that which has sorbed onto the

soil. The capillary forces of �ne grained materials also trap the DNAPL residual

phase.Pools of DNAPL form whenDNAPL 
o w is blocked by an impermeablelayer,

such as clay. At such areas,
o w will be slowed, and the contaminant may sorb to

the clay surfaces. Today, while remediation takes place, the search for subsurface

areasstill housingDNAPL poolscontinues. Sincecomplexresistivity hassuccessfully

locatedorganicsolvents at the parts-per-million levels, it wasemployed in this inves-

tigation to locate DNAPL sourcezonesin the A-014 outfall of the Savannah River

Site (Grimm and Olhoeft, 2001).

The objective of this work was to characterizethe complex resistivity response

of soils from the A-014 outfall in the A/M areaof the Savannah River Site (SRS). In

order to test the applicability of the complex resistivity method and to characterize

the responseof the contaminated soilsat SRS,laboratory measurements wereacquired

on an archived core, and then on a freshly acquired core. Once this lab study was

completed, �eld data were acquired and processed. To test the �eld results, more
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coreswere acquired and measured. This analysisyielded many questionsregarding

the clay-organic reactions taking place on site. In order to characterize the NLCR

responses,soil coreswere analyzedusing x-ray di�raction and infrared spectroscopy.

Theseresults aided in the identi�cation of reactive clays and explained the NLCR

�eld data.
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Chapter 2

NONLINEAR COMPLEX RESISTIVITY

2.1 Theory

Complex resistivity, also known as spectral induced polarization, is the mea-

surement of induced polarization (IP) over a wide frequency range. Both the in-

phase(real) andout-of-phase(imaginary) components of total resistivity areanalyzed.

Thesedata can yield useful information regardinga material's properties. Geophysi-

cists use this technique to characterize soils and rocks in the subsurface(Sumner,

1976;Olhoeft, 1986). Complex resistivity may be measurednon-invasively, and con-

tinuously in both spaceand time. The stimulus is electrical current and the response

is electric potential yielding the complex electrical impedanceas the transfer func-

tion which relates them. The geometriccon�guration of the electrodescontrols the

conversionof the measuredimpedanceto the material property of complexresistivity.

The complexresistivity method was�rst developedfor mineral exploration (Sum-

ner, 1976). Electrochemistshavebeenusingthe techniqueto investigatethe dynamics

of charge in solid and liquid materials (Macdonald, 1987). Corrosion scientists have

applied this method to identify and monitor the corrosion of many metallic com-

pounds (Jones, 1996). More recently, nonlinear complex resistivity has been used

for the characterization of clay-organic reactions(Olhoeft, 1985;Olhoeft, 1986;Sad-

owski, 1988;Jones,1997). The behavior of clay-organic reactionsplays a signi�cant

role in our society in agriculture, paper milling, drilling mud and more(Theng, 1974).
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Clays are often used as impermeablebarrier walls to block the passageof harmful

chlorinated solvents. However, when clays and organicsreact, the structure of the

clay can break down, a�ecting the impermeablecharacter of the clay (Horton, 2001;

Olhoeft and Wardwell, 1998).

Electrical Prop erties The constitutive relation (Ohm's Law) is:

J = [� 0(! ) + i� 00(! )]E = � E (2.1)

where

J = current density [A/m 2]

E = electrical �eld strength[V=m]

� = electrical conductivity [S/m]

(Ward and Hohmann, 1988)

The complex resistivity instruments usedin this experiment measureelectrical

parametersby measuringthe voltageand current (Fig. 2.1). Multiplying voltageand

current by the geometry of the measurement yields the current density and electric

�eld. The measurement has the following form (for the linear case)(Olhoeft, 1979a;

Olhoeft, 1979b):

E(! ) = Es + E0 sin(! t + � e) (2.2)

J (! ) = Js + J0 sin(! t + � j ) (2.3)

where
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Fig . 2.1. The nonlinear complex resistivity system measuresthe amplitude ratio
(voltagedivided by current) of the input and output sinewaves,this yields resistance.
The resistanceis then multiplied by the geometryyielding the resistivity. The phase
is the time shift which existsbetweenthe input and output sinewaves(Olhoeft,1998).
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Es = spontaneouspolarization,

E0 = amplitude of the potential voltage,

! = angular frequency(radians/second)= 2� f ,

f = frequency(Hertz),

t = time,

� e = phaseof the voltage,

Js = DC o�set current density, typically zero,

J0 = amplitude of the current density,

and

� j = phaseof the current.

The complexresistivity is simply the reciprocal of the complexconductivity:

� 0(! ) � i� 00(! ) = (� 0(! ) + i� 00(! )) � 1 (2.4)

where

� 0 = j� jcos� = real resistivity,

� 00= j� jsin� = imaginary resistivity,

j� j = E0=J0 = magnitude of resistivity,

� = � e � � j = phaseanglebetweenE and J .

2.1.1 Charge Transp ort (Conduction)

Conduction by charge transport is the di�usion of charges through the pore

spaceof a material. Chargetransport occurseither ionically or electronically. In an

aqueouselectrolytic solution, cations are the dominant current carriers (Fig. 2.2a),

and the transport mechanism is ionic conduction. The di�usion of any variety of
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Fig . 2.2. Ions in pore spacea) beforeapplication of an electric �eld, b) after the
application of an electric �eld. Sumner,1976.

cation is roughly constant asidefrom temperature dependence(Olhoeft, 1986). Ionic

concentration and ion mobilit y of the solution designatesthe amount of transport

which is possible.

Electronic conduction takesplace in metallic minerals. In ionic materials, when

an external electric �eld is applied, oppositely-charged ions migrate away from each

other (Figure 2.2b). During migration, chargesare blocked at polarizedenergybarri-

ers. The transfer of chargesacrossan energybarrier results in a frequency-dependent

impedance.

2.1.2 Charge Separation (P olarization)

Polarization is the physical separationof a charge in distance from its normal

equilibrium by someapplied force. Theseforcescan be from many di�erent sources,

including external electrical �elds and chemical reactions (Jones, 1997). When an
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external electrical �eld is applied, the migration of chargesdisrupts the electrostatic

equilibrium states, and chargesare redistributed (Figure 2.2). Energy barriers are

placesin the systemwherethe electricalpropertieschange,and chargesaccumulate in

a polarization process.Theseinterfacesremain polarized until a potential di�erence

high enoughto overcomethe energybarrier occurs, then chargestransfer acrossthe

barrier.

2.1.3 Nonlinearit y

In naturally occurring materials, nonlinear behavior is dominantly causedby

charge transfer reactionsaccompanying either oxidation-reduction processesor ion-

exchangeprocesses(Olhoeft, 1979b; Olhoeft, 1986). Sincenonlinearity is typically

dueto somechemicalactivit y, nonlinearelectricalpropertiescanbeusedto indirectly

measurechemicalactivit y within the earth. The magnitude of the input current can

a�ect the nonlinearity measurement of the system. If too low of a current density is

used,somenonlinear systemsbecomelinear (Olhoeft, 1979b).

The presenceof energy barriers leads to the accumulation of charges (polar-

ization). If theseenergy barriers are much smaller than the driving force, then an

increasein the current density will result in a linearly proportionate amount of charge

movement acrossthe barriers. However, when the energybarriers are comparableto

the driving force,nonlinearity occurs(Jones,1997).

Three di�erent parametersare usedto measurethe nonlinearity: total harmonic

distortion (THD), Hilbert distortion (HD), and violations of reciprocity. The total

harmonic distortion is the root-meansquaredi�erence betweenthe deconvolved har-

monic content of the current and voltage (Olhoeft, 1979a). The nonlinear complex

resistivity (NLCR) system used in the laboratory is a transfer function analyzer,
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where complex resistivity is the transfer function between the electric �eld and the

current density. The Hilbert transform relates the real and imaginary parts to each

other as a function of frequency. The Hilbert transform is used to calculate new

real and imaginary parts of complex resistivity from the data itself. The di�erence

betweenthesecalculatedand measuredvaluesof complexresistivity results in a mea-

sureof nonlinearity versusfrequency(Olhoeft, 1979b). In a linear medium, the same

results should be obtained when the current and potential electrodesare exchanged

for each other. However, if the systemis not linear, this principle will not hold true.

Therefore,violations of reciprocity alsoserve as indicators of nonlinearity.

2.2 The Complex Resistivit y of Clays

In clay-water systems,the concentration of cationstendsto be denserat the sur-

faceof the clay than in the bulk water. Sinceclay hassuch a largesurfaceareamost of

which hasa negative surfacecharge,a plethora of exchangeablecationsare attracted

to its surface. In the clay-water system,thesecationstend to di�use further from the

clay surfaceinto the bulk water. However, they remain electrostatically attracted to

the clay surface,which yields a cloud of ions along the surface. This cloud of ions

is known as the electric double layer (EDL), becauseit is composedof two distinct

layers. The �rst layer lies right o� of the clay surfaceand is composedof a compact

arrangement of cations. Beyond this compactlayer are the electrostatically attracted

di�use cations (van Olphen, 1963). This model is referred to as the Guoy-Chapman

model. In somecases,a few of the assumptionsof the Guoy-Chapman model are

incorrect. It predicts a potential that decreasesexponentially away from the surface

of the clay that is assumedto have a surfaceof constant charge. The Stern model is

a variation of the Guoy-Chapmanmodel which modi�es theseassumptionswith the
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introduction of the Stern plane. This is a planewhich lies about onehydrated-cation

radii from the clay surface.With this variation, potential decreaseslinearly from the

surfaceto the Stern plane,and then exponentially through the di�use layer as in the

original Guoy-Chapmanmodel (Jones,1996;Jones,1997;Horton, 2001).

The repulsion forcesof the electric double layer dissociate clay particles, which

increasesthe number of particles in suspension,decreasingthe distancebetweenpar-

ticles, thus increasingthe EDL repulsionforce(Horton, 2001). This EDL suspension

eventually reaches equilibrium. When an electric �eld is applied to the system in

equilibrium, the negatively chargedparticles move toward the positive electrode, as

the cations are attracted to the negative electrode. Figure 2.2 depicts the possible

occurrenceof events, with many other possiblescenarios,depending upon the distri-

bution, morphology, and type of clay. When an electric �eld is applied to a soil, ions

move through the water �lling the pore space,ions accumulate at interfaces,and if

reactive minerals like pyrite or montmorillonite are alsopresent, then chargetransfer

chemical reactionsmay occur (Olhoeft, 1986).
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Chapter 3

CLA Y MINERALS AND CLA Y-OR GANIC INTERA CTIONS

In nature, clay bearing sediments tend to act as barriers to 
uid 
o w in the

subsurface.Soil-clay barriers are often employed to contain and to prevent or min-

imize the subsurfacemigration of industrial, man-madeorganic wastes. However,

whenclays and solvents comeinto contact, both physical and chemical reactionsmay

occur. Clay-organic reactionsmay also in
uence the degradation of certain organic

solvents (Horton, 2001). This is a concernbecausethe degradation by-products of

somesolvents are more harmful than the original parent compound.

3.1 Clay Minerals

By de�nition, clay sizedsediments have a grain size lessthan 2 um. However,

clay minerals are de�ned as hydrous, layered,crystalline silicate minerals. There are

signi�cant variations in physical and chemicalproperties within this family of miner-

als. Variations in their properties arise from the possiblecombinations of octahedral

and tetrahedral sheetsand the electrostatic e�ects that chemical substitutions have

on the units (Moore and Reynolds, 1989). All layer silicates are constructed from

two modular units: a sheet of corner-linked tetrahedra and a sheet of edge-linked

octahedra.

Using x-ray di�raction and infrared spectroscopy, the soilsmeasuredin this ex-

periment were found to contain kaolinite, illite, smectite, and either vermiculite or

a smectite/illite mixed-layer. Someof the Tetrahedra-Octahedra-Tetrahedra (T-O-
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T)clay minerals are known to react with organic compounds. The hydrophilicit y

(attraction to water) of smectite and vermiculite arisesfrom the negative charge of

the clay layersand from the presenceof exchangeablecations in the interlayer spaces

(Yariv and Cross,2002).

For this investigation, we are most interested in clays of the category T-O-T,

referring to the 2:1, tetrahedra-octahedra layer structure of the mineral. Within this

category we are particularly interested in those with a charge per formula unit (x)

lessthan 1. Members with higher surfacecharge densitieshave strong electrostatic

attractions between layers, thus making it di�cult to expand the interlayer space

enough to releasetheir cations for exchange (Theng, 1974). The clays of interest

include illite, smectite and vermiculite.

Illite is the most abundant clay mineral in sedimentary rocks. To compensatefor

the de�ciency of positive charges,illite adsorbscations onto its surfaceand into its

interlayer space(Theng, 1974). The electrostatic forcesholding illite layers together

areon the sameorder of magnitudeasin anotherclay mineral, vermiculite. When the

adsorbedcationsareK + which have a very low hydration energy, it is very di�cult to

expandthe interlayer spacesu�cien tly to releasethe ions. Therefore,the ions in the

interlayer spaceare not available for ion-exchange,and illite is a non-expansive clay

(Yariv and Cross,1979). This alsoaccounts for illite's relatively low cation exchange

capacity (CEC).

Smectite is interesting becauseit can expand and contract while maintaining

its crystallographic integrity. This expansiontakes place as water or someorganic

compoundenters into its interlayer space.As this expansiontakesplace,the interlayer

cation, typically N a+ or Ca+2 ions,may bereplacedby other cations. Comparedwith

non-expandableclay minerals, smectitehasa much higher cation exchangecapacity,
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approximately 1 mol/kg of monovalent cations(Mooreand Reynolds,1989). Smectite

also has a signi�cantly larger surfacearea, 760 m2=g, allowing it to form interlayer

complexeswith a wide variety of organic molecules.

Someresearchers make no distinction betweenvermiculite and smectite. Com-

paredwith similar minerals,vermiculite hasvariablecharacteristicswhich aredi�cult

to explain. It is an expansive clay mineral. However, due to vermiculite's higher sur-

facechargedensity its expansionis morelimited than that of smectite(Theng, 1974).

Vermiculite is capableof intercalating many organic molecules,but forms a thinner

organic sheetthan smectite does(Yariv and Cross,1979). Thesecomplexesare also

easierto analyzebecausethey have largercrystal sizeandmoreorderedlayer stacking.

Clay minerals usually do not occur as monomineralicdeposits, but are often a

combination of several kinds of clay layersin onesample.With improvedidenti�cation

techniques,apparently discreteclay mineralsare showing evidenceof being formedof

two di�erent kinds of clay layers. Considering,that all clay mineralsareconstructedof

at leastonetetrahedral and oneoctahedralsheet,naturally mixed layersarecommon.

Illite-smectite layers are the most common, becauseT-O-T layers with x < 1

are transitional into each other. These 2:1 mixed layered clays are not perfectly

ordered, like many other mixed-layer clays. The smectite-to-illite transition is both

temperature and time dependent.

3.2 Clay-Organic In teractions

Interactions between clay minerals and organic matter are among the most

widespreadreactions in nature. However, the study of clay-organic reactions is a

relatively young scienti�c discipline. Clays have very large surfaceareas,as well as

mineral structures which have negative chargesthat are balancedby exchangeable
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cations. It hasbeenwell establishedthat expansive, or swelling, clays absorborganic

compoundsinto their interlayer space.Theseintermolecular interactions betweenor-

ganicsand clay surfacescan lead to chemical transformations of the organic solvents

(Siantar et al., 1994),aswell asthe clay surfaces.Organicsolvents areknown to react

with clay minerals through a variety of mechanisms,however non-polar organic sol-

vents are limited in their meansof interaction. This study focuseson the interactions

of clays and non-polar chlorinated ethenes,speci�cally PCE and TCE.

3.3 In teractions of Clays with PCE and TCE

Tetrachlorethylene(PCE) and trichlorethylene(TCE) arenon-polar, short-chained

alkenes.Thesechlorinated solvents are volatile, denserthan water, have low aqueous

solubilities, are highly to moderately toxic (Horton, 2001), and they are the most

commonly found organic contaminants (Lucius et al., 1992).

Sincenon-polar organic moleculescontain no functional groups, their retention

by clays is limited to physicalsorption on the clay surfacesdueto van der Waalsforces

(Sawhney and Gent, 1990). Sawhney and Gent believe that the sorbed molecules

should only be weakly bonded,thereforesorption should be reversible.

3.4 NLCR as a Tool to In vestigate Clay-Organic In teractions

Nonlinear complex resistivity (NLCR) measurements are a�ected by the trans-

port, transfer and polarization of charge. Previous NLCR studies of clays indicate

that they havecharacteristicpolarization e�ects producedprimarily by membranepo-

larizations (Olhoeft 1985,1986;Olhoeft and King, 1991;Sadowski 1989;Jones1997;

Fiore, 1999). Hydrated clays with high cation exchangecapacitiesand large surface

areastend to have strong polarization properties (Horton, 1996). Thesestudiesalso
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found that when someorganic solvents react with clays, the polarization properties

of the clay are modi�ed. Thesenon-polar organic compoundscan interfere with the

typical cation exchangeprocesson clay mineral surfaces.Consideringthat this cation

exchangeprocessis nonlinear (Olhoeft, 1979b), it, and modi�cations to it, are mea-

surablewith nonlinear complexresistivity. The chemistry of clays is largely basedon

ion-exchangeprocesses.All processesinvolving transport, transfer and polarization

of chargesshould be measurableusing this technique. Olhoeft (1979b, 1985) dif-

ferentiated oxidation-reduction reactionsfrom ion-exchangeprocessesin the complex

resistivity response.He found that clays exhibit low-frequencyphaseresponses,and a

di�erent kind of nonlinearity. When organic moleculesattach to the surfaceof clays

and inhibit the clay's typical cation exchange processes,the normal low-frequency

phaseresponseof a clay shifts to lower frequencies.This allows for location and pos-

sibly identi�cation of organic solvents in the subsurface.Consideringthe complexity

of clay-organic chemistry, the nature of measuredreactions often may be indeter-

minable. Only one examplehas beenfully determinedso far: the polymerization of

tolueneon the LewisAcid surfaceof montmorillonite (Olhoeft, 1985;Sadowski, 1988;

Olhoeft and King, 1991). However, sinceNLCR is non-invasive it can easily be used

to locate and monitor organic contamination empirically.

To illustrate the sensitivity of NLCR to clay-organic reactions,a seriesof mea-

surements were acquired(Figures 3.1 - 3.4). A cleansand(Table 3.1) was measured

with 10 weight-percent water (circles), then contaminated with PCE and measured

again (triangles) (Figure 3.1). Once this samplewas contaminated with PCE, there

is a notable increasein resistivity, asexpectedfrom the insulating PCE displacement

of more conductive water in the pore space,but there was little changein phase,and

the nonlinear indicators. Thus, illustrating the di�cult y in di�erentiating a clean
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Fig . 3.1. A clean sand was measuredwith 10 weight-percent water (circles), then
contaminated with PCE and measuredagain (triangles). There is a notable increase
in resistivity after the sampleis contaminated with PCE, but little changein phase,
and the nonlinear indicators. Thus, illustrating the di�cult y in di�erentiating a clean
sandfrom a contaminated sandin an NLCR spectrum. Here, resistivity is measured
in ohm-meters (top left box), -phase is measuredin milliradians (top right box),
resistivity Hilbert distortion (RHD) is calculated in percent (middle left box), phase
Hilbert distortion (PHD) is calculated in milliradians (middle right box), and the
total harmonic distortion (THD) is measuredin percent (bottom left box). All of
theseproperties are plotted against frequencyin hertz (Hz).
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sand from a contaminated sand in an NLCR spectrum. Unlike clay minerals, sand

doesnot attract a layer of cations to its surface.Therefore,there is no exchangingof

cations taking place,and no reaction to be seenin the NLCR spectrum.

Next, a cleankaolinite (Table 3.1) samplewas hydrated with 33 weight-percent

water and measured(circles) (Fig. 3.2). The samesamplewas then contaminated

with PCE and re-measured(triangles). Once the sampleis contaminated with PCE

there is a noticeable increasein the resistivity and the phase. There is some in-

creasein the resistivity Hilbert distortion (RHD) and a low-frequencyshift in the

total harmonic distortion values(THD). Kaolinite doesattract cations to its surface,

but is not an expansive clay mineral. Therefore, it does not open up its interlayer

spacefor cation-exchange,resulting in a small cation exchangecapacity and a smaller

surfacearea than expansive clay minerals. The responseseenhere indicates some

cation-exchangetaking placeand the interferencethe PCE causeswith this process.

However, the changesin responsenoticed with the introduction of PCE are sosmall,

it is di�cult to di�erentiate a cleankaolinite from a contaminated one.

A cleanmontmorillonite sample(Table3.1) washydrated with 33weight-percent

water and measured(circles). This samesamplewas then contaminated with PCE

and re-measured(triangles) (Fig. 3.3). The clean sample (circles) shows a strong

frequencydependence. It also has a low frequency total harmonic distortion peak

typical of a strong cation-exchangeprocess.Montmorillonite has a very high cation

exchange capacity as well as an immensesurfacearea. Therefore, a great deal of

cation-exchanging takesplace on the surfaceof montmorillonite, thus resulting in a

strong NLCR response.Oncethis sampleis contaminated with PCE (triangles) there

is an increasein the resistivity, phase, resistivity Hilbert distortion (RHD), phase

Hilbert distortion (PHD), and the total harmonic distortion (THD). Theseresponses
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Fig . 3.2. Kaolinite is a non-expansive clay mineral. Becauseit does not open its
interlayer spacefor cation-exchange, it has a limited cation-exchange capacity. A
cleankaolinite samplewashydrated with 33 weight-percent water and measured(cir-
cles). The same sample was then contaminated with PCE and re-measured(tri-
angles). Once the sample is contaminated with PCE there is a noticeable increase
in the resistivity and the phase. There is some increasein the resistivity Hilbert
distortion (RHD) and a low-frequencyshift in the total harmonic distortion values
(THD). This responseillustrates that the PCE is causinginterferencewith the weak
cation-exchange processof the kaolinite minerals. Here, resistivity is measuredin
ohm-meters(top left box), -phaseis measuredin milliradians (top right box), re-
sistivity Hilbert distortion (RHD) is calculated in percent (middle left box), phase
Hilbert distortion (PHD) is calculated in milliradians (middle right box), and the
total harmonic distortion (THD) is measuredin percent (bottom left box). All of
theseproperties are plotted against frequencyin hertz (Hz).
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Fig . 3.3. Montmorillonite has a very high cation exchange capacity as well as an
immensesurfacearea. A cleanmontmorillonite samplewashydrated with 33 weight-
percent water and measured(circles). This same sample was then contaminated
with PCE and re-measured(triangles). The clean sample (circles) shows a strong
frequencydependence. It also has a low frequency total harmonic distortion peak
typical of a strong cation-exchangeprocess.Once this sampleis contaminated with
PCE (triangles) there is an increasein the resistivity, phase,resistivity Hilbert dis-
tortion (RHD), phaseHilbert distortion (PHD), and the total harmonic distortion
(THD). It is easyto di�erentiate the clean montmorillonite from the contaminated
montmorillonite in the NLCR spectrum. Here, resistivity is measuredin ohm-meters
(top left box), -phaseis measuredin milliradians (top right box), resistivity Hilbert
distortion (RHD) is calculated in percent (middle left box), phaseHilbert distortion
(PHD) is calculated in milliradians (middle right box), and the total harmonic dis-
tortion (THD) is measuredin percent (bottom left box). All of theseproperties are
plotted against frequencyin hertz (Hz).
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Table 3.1. Surfaceareaand cation exchangecapacity (CEC) of materials usedfor
NLCR responsecomparisons.(van Olphen and Fripiat, 1979;Olhoeft, 2001)

Sample Type SurfaceArea CEC
(m2=g) (meq per 100gof dry clay)

Sand Industrial Quartz 16 0.5 0
Kaolinite KGa-1 10 2.0

Montmorillonite SWy-1 31 76.4

indicate that the PCE is altering the typical cation-exchange process. Becauseof

this strong response, it is easy to di�erentiate the clean montmorillonite from the

contaminated montmorillonite in the NLCR spectrum.

In Figure 3.4all six of thesemeasurements areplotted together. Now it is easyto

comparethe magnitudeof theseresponses.It is very di�cult to makea di�erentiation

between the clean and the contaminated sand. It is less di�cult to di�erentiate

the clean kaolinite from the PCE contaminated kaolinite. However, it is easy to

di�erentiate the cleanmontmorillonite from the contaminated montmorillonite. More

so, the responseof the montmorillonite sampleis easyto distinguish from that of the

kaolinite and the sand. Whereas, it is very di�cult to di�erentiate the kaolinite

responsefrom that of the sandsamples.
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Fig . 3.4. The NLCR responseof clean and contaminated soils. Here, 10 weight-
percent water-wet sand was measuredclean (closed triangles) and then again con-
taminated with PCE (open triangles), 33 weight-percent water-wet kaolinite was
measuredclean(closedcircles)and PCE contaminated (open circles),and 33 weight-
percent water-wet montmorillonite was measuredclean (closed squares)and PCE
contaminated (open squares).Theseresults illustrate the di�cult y in di�erentiating
the responseof a sand from that of a non-reactive clay (kaolinite), but the easein
di�erentiating a montmorillonite from a kaolinite or sand, and a clean montmoril-
lonite from a contaminated one. Here,resistivity is measuredin ohm-meters(top left
box), -phaseis measuredin milliradians (top right box), resistivity Hilbert distortion
(RHD) is calculated in percent (middle left box), phaseHilbert distortion (PHD)
is calculated in milliradians (middle right box), and the total harmonic distortion
(THD) is measuredin percent (bottom left box). All of theseproperties are plotted
against frequencyin hertz (Hz).
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Chapter 4

SAVANNAH RIVER SITE DESCRIPTION

4.1 Background

The A/M area (Fig. 4.1 and 4.2) previously housedfacilities which fabricated

reactor fuel and target assemblies for the Savannah River Site reactors, laboratory,

and administrative facilities. Operationswithin thesefacilities resulted in the release

of chlorinated solvents: tetrachlorethylene(PCE), trichlorethylene(TCE), and 1,1,1-

trichloroethane(1,1,1-TCA). The releaseof thesechemicalshascausedcontamination

of the soil and groundwater in this area(Lewis and Aadland, 1994).

Beginning in 1952, processsewers received wastesfrom the M-area processing

facilities. All of these sewers emptied into the A-014 Outfall. Historical records

estimate that 1,395,000lbs of organic solvents were releasedat this surfaceoutfall

from 1952-1979.Approximately 72 percent of this quantit y was tetrachlorethylene

and 27 percent was trichlorethylene. This outfall feedsthe Tim's Branch, which is a

tributary of the Savannah River.

Sincethe mid-1980'sthis areahasbeenstudied extensively (Lewis and Aadland,

1994). Initially , indirect techniqueswere usedto estimate the total DNAPL content

at A-014 Outfall, resulting in a vaguecharacterization. Subsequently, many drilling

activities andcoreboringswerecarriedout. Following the characterization,additional

soil vapor extraction wells and vadosemonitoring probes were installed to promote

and monitor remediationactivities in regionsof identi�ed DNAPL presence(Jackson
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Fig . 4.1. Map of the A/M areaof the SavannahRiver Site (Vangelas,2001). The A/M
area previously housedfacilities which fabricated reactor fuel and target assemblies
for the Savannah River Site reactors, laboratory, and administrative facilities. The
A-014 outfall received all of the wastesfrom this area.
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Fig . 4.2. Sewers draining the A/M areaempty at the A-014 outfall. Approximately
1.4 million pounds of organic solvents were deposited here from 1952-1979. Since
that time, characterization and remediation e�orts have beenunder way. This �gure
depicts the wells drilled at the areaand whether DNAPL wasfound at each location.
It also depicts the contours of topography, as the drainagemoves toward the Tim's
Branch (Vangelas,2001). Also plotted are the locations of the 4 vertical electrode
arrays usedin this research; labeled1-4, representing MES 1 - MES 4.
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et al, 1999).

After two decadesof investigation and remediation, the subsurfaceDNAPL dis-

tribution is not yet completely characterized. Sincecontamination continues to be

found, it is believed there are still someDNAPL sourcezonesin both the saturated

and the unsaturated layers. In the saturated zone,signi�cant DNAPL contamination

has been found above the principal con�ning layer, the Green Clay, which has an

elevation of 61 meters above sea-level. In the unsaturated zone,solvents are found

adsorbed into the clay soils. This contamination hasbeenfound dispersedthroughout

and beyond the site, thus, indicating groundwater transport. Although, remediation

e�orts are decreasingDNAPL concentrations, the site will never be fully remediated

until all sourcezonesare identi�ed and removed (Vangelas,2001).

4.2 Geology

The near surfacegeologyof the A/M areaconsistsof interbeddedlayersof sand,

silt and clay. This areais described in terms of four distinct clay layers. Theseinclude

the "200-ft clay", the "270-ft clay", the "300-ft clay", and the "325-ft clay"; named

accordingto their elevation above sea-level. This \200-ft clay" acts as the principal

con�ning layer. This research was completedin the unsaturated zone(vadosezone).

The vadosezonecontains several clay layers(Lewis and Aadland, 1994),which arenot

exceptionally thick, nor are they laterally extensive. However, they play a dominant

role in controlling DNAPL movement. It is approximately 36.6 meters from the

surfaceto the water table.

Figure 4.3displays the RobertsonSoil Classi�cation from the cone-penetrometer

(CPT) mechanical logs obtained from the holes drilled for electrode installation

(Grimm and Olhoeft, 2001). This well data indicates that the layers are laterally
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Fig . 4.3. Geologiccross-sectionof the A-014 Outfall. The Robertson Soil Classi�-
cation from the cone-penetrometer (CPT) mechanical logs obtained from the holes
drilled for electrode installation show that the four signi�cant clay layerswhich dom-
inate the subsurfaceof the A/M area are laterally continuous over the A-014 �eld
area. It also indicates that there are only small variations in the geologyover this
area. Adapted from Grimm and Olhoeft, 2001.
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continuous over the survey area; all four wells depict a similar geologicmodel. Al-

though there are somevariations in mineralogyand depths. All four wells contain an

organicclay layer (containing a signi�cant amount of natural organicmaterial) in the

areafrom 3 to 6 meters. However, there are variations in the thin layerssurrounding

theseareas.Below this clay layer lies the 20-ft sanddiscussedin the literature (Jack-

son et al., 1999). This sand body falls between6 and 18 meters depth. Below the

\20-ft sand" lies an areaof mixed layers. This mix consistsof thin layersof clay, silt,

sand and sand-mix layers. This layer of mixed layers is underlined by a distinctive

sandbody which liesbetween20 and 24metersin depth. At about 24 metersanother

area of mixed layers arises. This section consistsmostly of sand and clay, which is

underlined by another distinct sandbody.

The soils classi�ed in thesewells �t the geologicmodel described by Jackson et

al. (1999). The shallow organic clay layer found around 5 metersin depth correlates

to the \325-ft clay". The seriesof clay, sand and silt layers found at 16.7 meters

represents the \300-ft clay" and the sand-mix layer found at 24.5 meters represents

the \270-ft clay".

4.3 Field set-up

The survey areawas above the water table in the unsaturated zone. The A-014

outfall complex resistivity �eld area consistedof 4 vertical electrode arrays. Each

array had 16 electrodes with a 1.8 meter electrode separation. The �rst electrode

was located 1.8 meters below the surface,and the last was 29.3 meters below the

surface.The electrodeswere �ne meshesof MP35N alloy. This alloy is very resistant

to corrosionand cracking. Ag-AgCl or platinum electrodeswould have beenbetter

non-polarizable electrodes,but would not have beenas robust in this contaminated
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subsurfaceenvironment. The sixteenelectrodeswere wired to bananajacks in a box

on the surface,allowing easein acquiring numerouscon�gurations.

The arrays were con�gured in such a way that each panel of data should be

perpendicular to DNAPL 
o w. Figure 4.4 depicts a schematic of the site con�gu-

ration. The horizontal distance between electrodes was between 8.5 - 11.0 meters.

Figure 4.5 displays the surfacelocationsof arrays. This photo alsodepictsmany pos-

sible sourcesof cultural noise. The surfacewas cluttered with pumps, transformers,

extraction wells and other mechanical devices.

4.4 Problem/In vestigation

As discussedin section4.1, therearestill someunidenti�ed DNAPL sourcezones.

In an attempt to locatethesezonesanddelineatethe extent of their migration, a series

of nonlinearcomplexresistivity measurements wereacquired. In order to characterize

the complex resistivity responseof the soils on site, two soil cores(Fig. 4.6) were

analyzedin the laboratory; MRS-14and MES-5. Oncean expectedNLCR response

was characterized, �eld nonlinear complex resistivity data were acquired. To test

the interpretation of this �eld data, seven additional cores(Fig. 4.6) were obtained;

labeledCRS-cores.Four of thesecoreshad beencontaminated by chlorinated organic

solvents in the subsurface,and the other three coreswere clean soil. In order to

completelycharacterizethe site, thesesampleswereanalyzedusingnonlinearcomplex

resistivity, x-ray di�raction and infrared spectroscopy.
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Fig . 4.4. A-014 Outfall: Electrode Locations. The locations of the four vertical
complexresistivity electrodearrays at the A-014Outfall, SavannahRiver Site, Aiken,
SC. Each vertical array consistedof 16 platinum meshelectrodes. One electrode was
locatedeach 1.8m in depth beginningat 1.8metersbelow the groundsurface(Grimm
and Olhoeft, 2001).
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Fig . 4.5. Photograph of electrode arrays in referenceto the ground surface(Grimm
and Olhoeft, 2001)This photo is taken from the outfall exit looking to the southeast.
This photo depicts the numerouspossiblesourcesof cultural noiseon the surface.
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Fig . 4.6. Locations of all core borings in referenceto the vertical electrode arrays.
MRS-14 was drilled in 1998,and NLCR measurements were performedon this core
in January 2001. MES-5 wasdrilled, and NLCR measurements wereacquiredon this
core in July 2002. After acquiring �eld data over this area, more laboratory NLCR
mesurements were acquired on the CRS cores,which were obtained in October and
December 2001,and measuredin January, 2002.
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Chapter 5

LABORA TOR Y INVESTIGA TIONS

5.1 Lab oratory System

Figure 5.1 is a schematic representation of the laboratory systemusedfor these

NLCR measurements. The equipment consistsof two systemsto cover the range

of frequency desired; a low frequency and a high frequency system. An HP 3488

control unit switches the sampleholder from low to high frequency. An HP4284A

LCR meter measuresthe complex resistivity from 10+6 Hz down to 20.0 Hz. The

LCR meter is calibrated for inductive and capacitive coupling cable e�ects. Two

SRS DS345 function generatorsare part of the low frequency system. They are

phase-locked together; while one applies the current to the sample, the other acts

as an A/D clock for triggering the digitizer. The current is sent through a precision

resistorin serieswith the sample.The voltageacrossthe resistormeasuresthe current

passingthrough the sample(Jones,1997). The stimulus current and voltageresponse

are simultaneously digitized as a function of time with a 16-bit A/D converter (an

AnalogicFAST 16-1-1)and a sample-and-holdboard (2-AnalogicSSH-8boards). The

digital waveforms are then processedthrough a linear inversion analysis algorithm

developed by Olhoeft (1979a). From the linear inversion, the standard deviation of

the �t is available, which allows for a derivative error analysis.

The sampleholder consistsof equally spacedelectrodes,Fig. 5.2. The electrodes

arebright platinum meshseparatedby 2.54cm. Although, the bright platinum is not
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Fig . 5.1. Schematic of CSM Nonlinear Complex Resistivity Laboratory System,
Adapted from Jones(1997). An HP4284ALCR meter measuresthe complexresistiv-
it y in the high frequencyrange. Two SRSDS345function generatorsarephase-locked
(PL) together; while oneappliesthe current to the sample,the other acts asan A/D
clock for triggering the digitizer. Thesephaselocked function generatorscontrol the
complexresistivity at the low frequencies.The current is sent through a precisionre-
sistor (R) in serieswith the sample.The voltageacrossthe resistor (R) measuresthe
current passingthrough the sample(Jones,1997). The stimulus current and voltage
responseare simultaneously digitized as a function of time with a 16-bit A/D con-
verter (an Analogic FAST 16-1-1) and a sample-and-holdboard (2-Analogic SSH-8
boards). The digital waveformsare then processedthrough a linear inversionanalysis
algorithm developed by Olhoeft (1979a).
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Fig . 5.2. Te
on sample holder, adapted from Jones (1997). The sample holder
consistsof three cylindrical te
on sections,2.54 cm in diameter and height. Soil
sampleis tightly packed into each of the three sections.Each sectionis then seperated
by a squarepieceof platinum meshwhich covers the soil surface. Each end is then
capped o� with two solid piecesof te
on. All �v e te
on piecesare clamped together
tightly.
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ideally non-polarizable, it is easyto cleanand is resistant to organic contamination.

The outer two electrodes passcurrent into the sample, while the inner electrodes

measurethe voltage drop acrossthe sample. The sample is housedin three, 2.54

cm diameter, te
on sections,each separatedby an electrode. The three sectionsare

then capped with solid te
on and clamped together. In order to avoid ambient radio-

frequencynoise,the holder is placedin a groundedsteelbox during measurement.

A stimulus current is applied to the sampleover a rangeof frequenciesand the

voltage responseof the sampleis measured. The ratio of the voltage output to the

current input, and the geometryof the systemare usedto calculatethe magnitudeof

the complex resistivity. The time lag betweentheseparametersis usedto calculate

the phase. A program, nlcrlab:exe(in Appendix), is usedto control the hardware,

perform the calculationsand generateplots of the data (Jones,1997).

5.2 Samples

Three separatelab analyseswereperformedon samplesfrom the A-014outfall in

the A/M areaof the SavannahRiver Site. Over 300laboratory NLCR measurements

wereacquired,only a few of which will be shown in this thesis,but all of the data are

included in the appendix (CD-ROM). The �rst analysistook placein February 2001,

at which time samplesfrom the MRS-14 core (Fig. 4.6) at 6.1, 7.0, 7.9, 12.2 , and

14.6 meters in depth were received. Thesesampleshad beenstored for a signi�cant

amount of time, and had dried out completely. The samplesneededto be broken up

and rehydrated. Water was addedin two stepsto characterizethe e�ect of moisture

content on the NLCR response. The �nal moisture content of 20 weight-percent

water wasthe approximate moisture content of soilson site at this time (Riha, 2001).

The sampleswere then contaminated in order to identify any possibleclay-organic
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reactions. Whenthe moisturecontent waschanged,the completesample(samplefrom

all three sections)was removed. The additional water was mixed into the complete

sample. When the samplewas contaminated with solvent, only the middle section

between the potential electrodes was removed and mixed with the organic solvent.

This practice was followed to minimize the amount of hazardouswasteproduced.

Initially , the samplesweremeasuredwith ten weight-percent water added. Then,

water was added to each samplebringing the total water content to twenty weight-

percent water, and were measuredagain. Approximately, 60 ppm TCE was then

addedto each sampleand re-measured.The samplewasleft to react for 24 hoursand

measuredagain. At this point, approximately 60ppm of PCE wasaddedto each TCE

contaminated sample.Each samplewasre-measuredimmediately and again24 hours

later. There wasan identi�able di�erence in the NLCR responsewhencomparingthe

di�erent cases.

However, given the dryness of the �rst core, the results were not trusted to

indicate the true NLCR response.This typeof severedrying canalter the clay mineral

surfaceproperties (Olhoeft, 2001). Using traditional rotary coring techniques with

steelcore-tubes,another corewasdrilled at the A-014 outfall site; MES-5, (Fig. 4.6).

This corewassealed,frozen,and shipped in its original corebarrel. Upon removal in

July 2001,nine distinct lithologies were identi�ed. Seven of thesenine sampleswere

chosenfor analysis(Figure 5.3), each samplewas separatedinto two sets. First, the

NLCR responseof each setwasmeasuredwith the true moisturecontent. The samples

were then dried, and measuredagain. Then all of the sampleswere rehydrated with

20 weight-percent water and re-measured,and then with 40 weight-percent water

and re-measured.Finally, 60 ppm PCE wasaddedto each sampleof the �rst set and

60 ppm TCE was added to each sampleof the secondset. All of the sampleswere
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measuredat the time of DNAPL contamination and again 30 hours later.

All complex resistivity spectrum in this text follow a common display format

(Figure 5.4). The display is broken down into �v e sections. All �v e sectionsare

plotted asa function of frequency, from 10� 3 Hz to 103 Hz, along the horizontal axis.

In the top left box are the magnitude of real resistivity and in the top right box are

the phasevalues,which along with total harmonic distortion are the measuredelec-

trical properties. The calculatedHilbert valuesare plotted assolid lines in thesetop

boxes. The left vertical axis is resistivity in ohm-meters,while the right vertical axis is

negative phaseplotted in log scalewith units of milliradians. The total harmonic dis-

tortion is displayed in the bottom left box, in units of percent. The resistivity Hilbert

distortion, in percent, and the phaseHilbert distortion, in milliradians are shown in

the center boxes. TheseHilbert distortions are the di�erence betweenthe measured

and the calculated Hilbert valuesof resistivity and phase. The Hilbert transform is

the relationship betweenthe real and imaginary parts of the linear transfer function

(complex impedance). If the real and imaginary parts of the transfer function do

not obey the Hilbert transform, then the the system is nonlinear (Olhoeft, 1979b).

These values are useful in characterizing the nonlinearity of the system. For easy

comparison,each �gure contains the spectrum of at least two soil samples.

Figure 5.4 illustrates the complexresistivity spectrum of a water-wet coresample

and this samesamplecontaminated with tetrachlorethylene (PCE). The water-wet

sampleexhibits a low-frequencyphaseresponseaccompaniedby a peak in the total

harmonic distortion. When contaminated with PCE, the phasepeak increases.As is

expectedfrom an insulating PCE displacinga more conductive water, the resistivity

increases.The resistivity Hilbert distortion (RHD) decreasesand the phaseHilbert

distortion (PHD) shows no change. There is also an increasein the low-frequency
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Fig . 5.3. Description of seven distinct lithologies in the MES-5 core. The shallow
layer between5.1 m and 6.3 m (Sample1), is a dark red sandlayer interbeddedwith
someclay. From 15 m to 15.6m (Sample2) lies an orangeclay-silt leyer, underlying
this layer to 16.2m (Sample3) is an orange-redsandand silt mixed layer. Below this
layer is another interbeddedlayer of silt and sands(Sample4). This layer is orange
and white. At 22.5 m (Sample5) lies an orangeand red sand and silt mixed layer,
underlying this layer at 24.5 m is a thin orange-redsand layer (Sample6). Finally,
from 28.6 m to 30.3 m (Sample 7) is another sand and silt mixed layer, red-brown
in color. A sample from each of these layers was measuredin the laboratory as a
function of water content and solvent added.

total harmonic distortion (THD).

Thesedata were usedto determinethe expectedcomplexresistivity responseof

the contaminated subsurfaceon site. In August of 2001,�eld data were acquired in

the vertical electrode arrays betweenhole-to-holepairs and interpreted using linear

inversionalgorithms (Grimm and Olhoeft, 2001). Oncethe interpretation wasmade,

sevennewcoreswereobtainedin October and December of 2001,from the interpreted

cleanand contaminated zonesat the A-014 outfall (Fig. 4.6), to \ground-truth" the

�eld data. Thesecoreswereacquiredwith a conepentrometer; two sampleseach foot
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Fig . 5.4. Complexresistivity spectrum of rotary-coredsamplefrom MES-5at 15.6m.
The samplewasmeasuredafter it had beendried and then hydrated with 40 weight-
percent water (triangles). The samesample was then contaminated with 60 ppm
PCE and remeasured(circles). Here, resistivity is measuredin ohm-meters(top left
box), -phaseis measuredin milliradians (top right box), resistivity Hilbert distortion
(RHD)is calculated in percent (middle left box), phaseHilbert distortion (PHD) is
calculatedin milliradians (middle right box), and the total harmonicdistortion (THD)
is measuredin percent (bottom left box). All of theseproperties are plotted against
freqeuncyin hertz (Hz).
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in depth. In this text, this set of coreswill be referred to as the CRS cores(using

their SRS-Westinghousesamplenames). Figure 4.6 indicates the location of these

coresin referenceto the vertical electrode arrays. Two sampleswere acquired for

each foot of depth. One corewas sent to CSM, while the other samplewas analyzed

for PCE and TCE content. This was completed at the Savannah River Site using

a modi�ed version of the EPA Method 5021(Riha, 2002). The coreswere received

frozenand each wasthawed at the time of measurement. Therefore,each samplewas

measuredat its true moisture and DNAPL content. Due to the small samplesize,

each coresample�lled the middle third of the sampleholder (Fig. 5.2) and the outer

two thirds were �lled with 1M NaCl CAB-O-SIL (seeSection5.5) in a 7:1 mixture

by weight, in order to �ll the entire te
on sampleholder.

Figure 5.5 illustrates the complex resistivity spectrum of three CRS coresfrom

similar depths in di�erent boreholes. Borehole CRS 1 was acquired from a back-

ground uncontaminated zone,whereasCRS 3 and CRS 7 wereacquiredfrom an area

interpreted from the �eld data to be contaminated with non-polar solvents. These

samplesare from similar depthsin the formation; CRS1-43is from a depth of 15.8m,

CRS3-41is from 15.5m , and CRS7-43is from 15.8m. Measurements on coresCRS

3 and CRS 7 con�rmed that they were contaminated with PCE. The contaminated

samplesdisplay an increasein phase,decreasein resistivity and an increasein the

total harmonic distortion. The PCE contamination alsocauseda notable increasein

frequencydependence.CRS 7-43hasa higher concentration of PCE than CRS 3-41,

yet CRS 3-41has a greater changein resistivity, phase,and THD. This is likely due

to the di�ering mineralogiesof thesesamples,and will be addressedin more detail in

further sections.

The complexresistivity spectra of CRS 1-28and CRS 3-27,Fig. 5.6, display the
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Fig . 5.5. Complex resistivity spectrum of CRS 1-43,CRS 3-41and CRS 7-43.
CRS 1-43: 15.8m 0.00ug/g PCE 0.00ug/g TCE; triangles \uncontaminated"
CRS 3-41: 15.5m 0.78ug/g PCE 0.01ug/g TCE; circles
CRS 7-43: 15.8m 2.36ug/g PCE 0.64ug/g TCE; diamonds.
Here, resistivity is measuredin ohm-meters(top left box), -phaseis measuredin mil-
liradians (top right box), resistivity Hilbert distortion (RHD)is calculated in percent
(middle left box), phaseHilbert distortion (PHD) is calculatedin milliradians (middle
right box), and the total harmonic distortion (THD) is measuredin percent (bottom
left box). All of theseproperties are plotted against freqeuncyin hertz (Hz).
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sametrend as seenin Fig. 5.5. The contaminated sample, CRS 3-27, displays an

increasein phase,decreasein resistivity, an increasein the frequencydependenceand

an increasethe total harmonic distortion.

According to Archie's law, the resistivity of a clay mineral should increasewhen

contaminated with an organic solvent. When the solvent enters the pore space,it

displacesthe lessresistive pore 
uids. Horton (2001) found that, although physical

adsorption is a very rapid process,chemical adsorption of a solvent by clay minerals

is a slow process.The soils at the SRShave beenexposedto solvents for over four

decades. These solvents have had time to chemically react with the clay mineral

surfaces.Whereas,the sampleswhich werecontaminated in the lab did not have the

opportunit y to chemicallyadsorbthe solvents, and the NLCR measurements observed

would only re
ect physical adsorption.

5.3 X-ra y Di�raction

In order to con�rm the composition of the soil samples,x-ray di�raction (XRD)

data were acquired. This is the primary method for identifying and analyzing clay

minerals,becausethe wavelengthsof x-rays and the structural spacingsof clays have

the similar dimensions. XRD identi�cation of clay minerals is accomplishedby the

examinationof di�raction peakposition, intensity, and width. The position of distinc-

tive XRD peaksis characteristic of the distancebetweenT-O and T-O-T layers, or

the d-spacing(Moore and Reynolds,1989). A Scintag XDS-2000theta-theta powder

di�ractometer with a Peltier-cooled stagewasused. The radiation sourcewascopper

K-� 1. Sampleswere scannedfrom 4 - 40 degreesat 1.2 degreesper minute, and the

step scanwas 0.02 degrees.Thesemeasurements were madeand interpreted by Dr.

Richard F. Wendlandt of CSM-Department of Geologyand GeologicalEngineering.
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Fig . 5.6. Complex resistivity spectrum of CRS 1-28and CRS 3-27.
CRS 1-28: 11.3m 0.00ug/g PCE 0.00ug/g TCE; triangles \uncontaminated"
CRS 3-27: 11.0m 2.93ug/g PCE 0.00ug/g TCE; circles
Here, resistivity is measuredin ohm-meters(top left box), -phaseis measuredin mil-
liradians (top right box), resistivity Hilbert distortion (RHD)is calculated in percent
(middle left box), phaseHilbert distortion (PHD) is calculatedin milliradians (middle
right box), and the total harmonic distortion (THD) is measuredin percent (bottom
left box). All of theseproperties are plotted against freqeuncyin hertz (Hz).
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Table 5.1. Soil Components Identi�ed from X-ray Di�raction
Sample Depth(meters) Kaolinite Illite/Mica Goethite Smectite

CRS 3-23 9.8 X X X
CRS 3-27 11.0 X X X
CRS 3-30 12.2 X X
CRS 3-41 15.5 X X X
CRS 7-28 11.3 X X X
CRS 7-31 12.2 X X X
CRS 7-36 13.7 X X X X
CRS 7-39 14.6 X X X
CRS 7-46 16.8 X X X X
CRS 7-53 18.9 X X X X

Tensampleswerechosenfor XRD analysis. Thesesampleswerechosenaccording

to their interesting phaseresponses. Therefore, they either displayed an expected,

an opposite or an unexplainableNLCR phaseresponse. First, all ten sampleswere

separatedusing the Millip ore �lter transfer technique (clay separate). This method

usesa vacuum�lter apparatus. It consistsof a side-necked vacuum
ask and a funnel

reservoir, separatedby the permeableglass�lter. The wholeapparatusis clamped to

a 
at, porousbase. After �ltration, the �lter is laid down upon the glassslide. The

clay is air-dried and then analyzed.This is a commontechniquefor preparingoriented

mounts for analysis. After this initial analysis,seven sampleswerere-measured,using

the ethylene glycolation preparation technique, in order to con�rm the presenceof

smectite. The sameslides as used previously were exposedto ethylene glycol in a

dessicatorjar. In order to increasethe partial pressure,the dessicatorwasthen placed

into a drying oven for at least 24 hours (Wendlandt, 2002). The �nal analysis(Table

5.2) determinedthat six of the sampleshad a trace of smectitepresent, and onewas

a 10:90,smectite:illite, orderedclay (CRS 7-53).

Figures 5.7 and 5.8 are two examplesof di�ering x-ray di�raction results. The
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initial analysis of both of these samplesindicated the possibility of somesmectite

in the samples. When a smectite sampleis preparedusing the ethylene glycolation

method, the smectite response,which is the steepside of the low theta side of the

illite response,widens. If no widening takesplace, this indicates that only illite is in

the sample. SampleCRS 7-53(Fig. 5.7) wasfound to contain somesmectite. This is

clearly seenin the enlargement of the illite response.The ethyleneglycolatedsample

is much wider than that of the clay separatesample.Whereas,sampleCRS3-27(Fig.

5.8) which doesnot have smectite,displays little di�erence betweenthe clay separate

and the ethyleneglycolated sample.

5.4 Infrared Spectroscop y

DiStefano (1989) indicates the presenceof vermiculite clays at the Savannah

River Site. The XRD data successfullydi�erentiated between goethite, kaolinite,

illite, and smectite. However, there was someconcern as to the di�erentiation of

smectite and vermiculite. In attempt to di�erentiate smectite from vermiculite, in-

frared spectroscopy data were acquiredon three samples.Thesesamples,CRS 3-41,

CRS 7-46and CRS 7-53,were chosenbasedon their XRD spectra.

A Nicolet 760FTIR spectrometerwasused. It is equipped with a liquid nitrogen

cooled mercury cadmium telluride detector and a KBr Beam splitter. Each of the

three sampleswasanalyzedfor re
ectancewith a visible light sourceand then with an

infrared source.Data werecollectedwith 200scansand 4 wavenumbers. Background

was measuredwith both the visible and infrared sources.Thesedata were acquired

with the help of Dr. Robert J. Horton at the U.S. GeologicalSurvey.

Similar to the XRD results, the IR results showed the samplesbeing dominated

by the presenceof kaolinite, along with a signi�cant percentage of illite. After com-
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Fig . 5.7. X-ray di�raction data was acquired of sample CRS 7-53, �rst prepared
using the clay separatedmethod, and then the ethylene glycolation technique. The
clay separateresults inferred the presenceof smectite in the sample,and the ethylene
glycolated samplecon�rmed this.
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Fig . 5.8. X-ray di�raction data was acquired of sample CRS 7-53, �rst prepared
using the clay separatedmethod, and then the ethylene glycolation technique. The
clay separateresults were not clear as to the presenceof smectite. Analysis of the
ethylene gycolatedsampleshowed that there was no smectitepresent
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paring the data to many referencevermiculite samples,I found it di�cult to make a

�rm conclusionregarding the presenceof vermiculite. Smectite and vermiculite are

gradational into each other. Vermiculite, like smectite, is also expansive in ethylene

glycol (Wendlandt, 2002). Vermiculite is also extremely variable in molecular struc-

ture. Consideringall of thesefactors, it is believed that perhapsthe 15.8meter clay

of CRS 7 may have a small percentage of vermiculite, but the majorit y of reactive

clay is smectite.

5.5 CAB-O-SIL

CAB-O-SIL (trademark of Cabot Corporation) is fumed colloidal silicon diox-

ide, commonly used as a �ller additive in food and materials. It has very unique

particle characteristics. Like clay it has an extremely small particle size and an

enormoussurfacearea. The lack of signi�cant impurities allows for a non-reactive

and electrically constant material. During the formation of CAB-O-SIL, somehy-

droxyl groupsbecomeattached to silicon atoms on the particle surface,thus making

it hydrophilic. The proper combination of CAB-O-SIL, salt and water can produce

any degreeof controlled viscosity. Chlorinated solvents are non-hydrogen bonding

compounds. Therefore, the two systemswill not interfere with each other (Cabot

Corporation, 2002).

The CRS coresobtained with the conepenetrometerwere relatively small sam-

ples. There was only enoughsampleto �ll the middle te
on section of the sample

holder. Therefore,a CAB-O-SIL paste was usedto �ll the outer two te
on sections

between the current and potential electrodes. This will not e�ect the data because

the equipment measuresthe voltage drop acrossthe potential electrodes. In this ex-

periment, CAB-O-SIL was mixed to a viscousstate. The material was gelated,but
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not yet able to 
o w. The mixture was madeusing 1M NaCl solution with the fumed

silicon dioxide powder in a 7:1 ratio by weight. Further investigationsyielded ques-

tions regarding the appropriate electrolyte solution for this experiment. Therefore,I

measuredthe complex resistivity responseof three CAB-O-SIL solutions. One was

mixed as it was when I measuredthe CRS cores,one was mixed with 1M KCl, and

one with 0.001M KCl. The same7:1 CAB-O-SIL/electrolyte ratio was used for all

three.

These results (given in Appendix) support the expected limited impact CAB-

O-SIL has upon the complex resistivity measurements. The lowest molarity KCL

solution would have beenthe best electrolyte. Although the 1M NaCl has a larger

impact than the other electrolytes,it is still small comparedto the magnitude of the

measuredNLCR responsefrom the core.
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Chapter 6

SAVANNAH RIVER SITE FIELD INVESTIGA TIONS

6.1 Field System

The complexresistivity systemusedin this study (Olhoeft, 1979a;Olhoeft, 1985)

is detailed in Figure 6.1. Two phaselocked, rackmounted Stanford Research Systems

DS 345,SynthesizedFunction Generatorsare usedto generatethe sourceand timing

signals. One function generator is used as the analog to digital (A/D) time-base

clock, while the other generatesthe sine wave sourcesignal. The signal is ampli�ed

by a Crown DC 300A SeriesI I power ampli�er, which is located in a shock-proof

rackmount case; capable of producing 600 W of power. An isolated gas-powered

generatorservesas the power source.

The �eld systemis a sixteen-channel system. Each channel represents an elec-

trodepair; onechannelfor the current monitor and the other �fteen channelsmeasure

the potential betweenelectrodesin the soil. From the potential electrodes,the signal

travelsthrough 30.5m triax, drivenshieldcableswhich areconnectedto Intronics iso-

lation di�erential ampli�cation boxes. The di�erential ampli�cation boxesconsistof

a circuit board and two 12 Volt, lead-acidbatteries; onebox is usedfor each channel.

The boxesalsocontain potentiometers and a 9 volt battery that allow, "SP bucking"

prior to data collection. The isolatedsignalsare sent via 15.2m long twinax cablesto

the digitizer boardslocatedin a rackmount PC. The PC contains oneioTech Personal

488 IEEE board, two eight-channel Analogic SSH-8boards,and oneAnalogic FAST
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Fig . 6.1. Schematic of CSM Nonlinear Complex Resistivity System. Adapted from
Fiore 1999.
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16-1-1A/D board. Following digitization, the �eld signalis sent to the data collection

software on the PC written by Dr. Gary Olhoeft (Fiore, 1999).

The vertical electrode arrays (VEA) were strings of sixteen MP35N meshelec-

trodes. MP35N is a nickel-chromium-molybdenum alloy. Mesh MP35N was chosen

becauseit has more surfacearea, and would therefore be able to emit more current

from the electrode. Although MP35N is not completely non-polarizable, it is more

corrosion and contamination resistant than traditional electrode materials. Nickel-

chromium-molybdenum alloys lie in the noble zoneof the galvanic seriesof materials

(Jones,1996),which meansit is lesslikely to react than active metal compounds. Os-

hetski (1999)conductedtest measurements on a variety of electrodesin very corrosive

environments. Sheconcludedthat MP35N was the most resilient and least reactive

in corrosive environments. Measurements were made from high to low frequency,

followed by AC depolarization at 10 Hz to minimize electrode polarization e�ects.

Current amplitudes were controlled to prevent electrode nonlinearity and amplitude

clipping.

6.2 Field Con�guration and Data Acquisition

The �eld areahasan arrangement of 4 vertical electrode arrays, (Fig. 4.4) each

with 16 electrodes. First, data wereacquiredin a bipole-bipole con�guration through

layers from hole MES-3 to MES-2 (Fig. 6.2). A measurement was taken with a

current electrode sequentially at 1.8 m, 3.7 m, 5.5 m, 7.3 m, 9.1 m, 11.0 m, 12.8 m,

14.6m, 16.5m, 18.3m, 20.1m, 21.9m, 23.8m, 25.6m, 27.4m, and �nally in 29.3m

in each electrode array. As oneelectrode pair actedasthe current, the other 15 pairs

measuredthe potential. As the current was moved down to a next lower electrode

pair, the corresponding potential channelwasmoved up, thus providing an automatic
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measureand test of reciprocity. Sixteensetsof measurements of the potential at 15

depthsweretaken betweenMES-3and MES-2. Then the samestyle of measurements

were taken from MES-3 to MES-1, but with a current electrode at 3.7 m, 5.5 m, 7.3

m, 9.1 m, 11.0m, 12.8 m, 14.6 m, 16.5m, 18.3 m, 20.1 m, 21.9m, 23.8 m, 25.6m ,

27.4m, and 29.3m in each electrodearray. Fifteen measurements weretakenbetween

MES-3 and MES-1. Next, �fteen measurements wereacquiredfrom MES-3 to MES-4

with the current at the samedepths as the previous set of measurements. Finally,

data were acquired from MES-1 to MES-4 with the current in the samedepths as

the two previousmeasurements, exceptat 20.1meters. The electrode locatedat 20.1

meters in MES-4 was intermittent. Becauseall surfaceconnectionswere con�rmed,

it was concludedto be a subsurfaceconnection problem. Therefore only fourteen

completemeasurements wereacquiredbetweenMES-1 and MES-4, and a partial set

at 20.1meters.

Data were also acquired in single holes. First, current was put in at 1.8 m and

29.3 m and the responseat the other 14 depths were measured. This con�guration

was used at all four electrode arrays. Next, the current was again put in at 1.8

and 29.3 meters and then data were recorded at 7 other channels. Each channel

represented a pairing of depths. So, the responsewas measuredbetween3.7 m and

27.4m and simultaneously between14.6m and 16.5m. This con�guration was only

usedat MES-3. An attempt wasalsomadeto usea dipole-dipole arrangement, with

both current electrodes in one hole and the potentials all in another hole. However,

previousinvestigatorshad addedsalt water to the sand�ll in each hole, producing a

short circuit in the otherwisehigh resistivity (100'sof ohm-m) unsaturated zone. So

dipole-dipole measurements were unsuccessful.

In order to test the quality of the data, the signal to noise ratio was obtained
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Fig . 6.2. Example of data acquisition through layers betweenvertical electrode ar-
rays; MES-3 and MES-2, usingbipole-bipole electrode arrangements. Here,a current
electrode liesat 9.1m in both MES-3and MES-2, while all of the other electrodesare
measuringthe potential. A measurement was acquiredsequentially with the current
at all depths. The curved lines represent current lines.
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by comparing the peak to peak amplitude of the signal to that of the 60 Hz noise.

At this site, 60 Hz noise was the predominate noise source. Reciprocity measure-

ments were also acquired. This takes place when the current and potential elec-

trodesare exchangedwith each other. In a linear medium, the sameresult should

be obtained. Reciprocity data, are acquiredto trouble-shoot electrode con�gurations

(Zohdy, 2000). Considering, the reactions of clays and organicsare nonlinear, the

sameresults were not expected. Therefore, the reciprocity measurements served as

an additional indicator of nonlinearity.

As seenin the �eld data results(Figures6.3- 6.6), electromagnetic(EM) coupling

poseda problemat frequenciesabove 1 Hz. The e�ect of electromagneticcouplingde-

pendson the electrode geometry, the layout of the wires, the conductivity, frequency,

and the subsurfacegeometryof the earth (Wynn, 1979). However, the clay-organic

reactionsof interest polarize at low frequencies(lessthan 1 Hz). Therefore, the EM

coupling e�ect is of no concernfor this application.

6.3 Field Data

Over 800 complex resistivity spectra were collected on site. For comparison,

only a few of thesespectra will be discussedin this thesis, however all of the data

are included in the appendix. These spectra are much like that of the laboratory

measurements. The only changeis rather than resistivity, only resistance,in ohms,

is plotted. The three-dimensionalgeometricfactor hasnot beenaccounted for in this

stageof processing.Thesedata are only being usedfor comparisonto the laboratory

response. Error bars are plotted for the resistivity, phaseand total harmonic distor-

tion, except when they are smaller than the plotting symbol. Theseare calculated

as a product of the linear inversion (Olhoeft, 1979a). Figure 6.3 is the complex re-
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sistivity spectrum acquiredbetweenMES-3 and MES-4. The current electrodeswere

at 9.1 m in depth; one in each vertical electrode array. The potential electrodesare

at 11 m. There is small increasein resistance(triangles) with frequency. However,

there is a signi�cant phase(circles), total harmonic distortion and phaseHilbert dis-

tortion response.This low frequencybehavior is indicative of a clay-organicreaction.

Another depth of interest betweenMES-3 and MES-4 is at 16.5m. Figure 6.4 is the

NLCR spectrum betweenthesetwo arrays with the current electrodesat 18.3m and

the potentials at 16.5 m. This spectrum also displays a low frequencydependence

of resistance,and a signi�cant low frequencyresponsein the phase,total harmonic

distortion, and Hilbert distortions. Once again this is indicative of a clay-organic

reaction taking placeat 16.5m in depth.

Figure 6.5 is complex resistivity spectra acquired between MES-1 and MES-4.

It is the responsewith the current electrodesat 7.3 m and the potential measuredat

11.0m. This spectrum displays a low frequencyphaseand total harmonic distortion

response. Again, there is a small increasein the resistancewith frequency. This

responsesindicatesa clay-organic reaction at 11.0meters in depth. However, Figure

6.6,acquiredbetweenMES-3and MES-2with the current electrodesat 7.3m and the

potential electrodesat 9.1 m, doesnot show this low frequencybehavior indicative

of a clay organicsreaction. There is somenoticeablefrequency-dependence,which is

probably due to the presenceof clay.

Figure 6.7 and 6.8 are plots of the total harmonic distortion and the phase

responseof two sets of spectra. The �rst set represents an uncontaminated zone.

Due to the presenceof clay, this system is not completely linear. Therefore, the

reciprocity measurements are not expected to be identical. Considering the XRD

results, there should only be illite and kaolinite clay minerals at this depth. These
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Fig . 6.3. Complex resistivity spectrum acquired between MES-3 and MES-4. The
current electrodesareat 9.1m and the potential electrodesareat 11m. This response
is indicative of a clay-organic reaction near 11 m.
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Fig . 6.4. Complex resistivity spectrum acquired between MES-3 and MES-4. The
current electrodes are at 18.3 m and the potential electrodes are at 16.5 m. This
responseis indicative of a clay-organic reaction near 16.5m.
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Fig . 6.5. Complex resistivity spectrum acquired between MES-1 and MES-4. The
current electrodes are at 7.3 m and the potential electrodes are at 11.0 m. This
responseis indicative of a clay-organic reaction near 11.0m
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Fig . 6.6. Complex resistivity spectrum acquired between MES-3 and MES-2. The
current electrodes are at 7.3 m and the potential electrodes are at 9.1 m. This
responseis not indicative of a clay-organic reaction, and thereforeis interpreted asa
DNAPL-free zone.
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Fig . 6.7. Reciprocity complex resistivity spectra: a �eld spectrum with current
electrodes at 20.1 m and potential electrodes at 16.5 m is comparedto a spectrum
with current electrodesat 16.5m andpotential electrodesat 20.1m. In linear systems,
the sameresult shouldbe obtainedwhenexchangingelectrodepairs, however this soil
doescontain someclay so this systemis not completely linear.
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Fig . 6.8. Reciprocity complexresistivity spectra: comparingspectra in contaminated
zone. A �eld spectrum with current electrodesat 12.8m and potential electrodesat
14.6 m is comparedto a spectrum with current electrodes at 14.6 m and potential
electrodesat 12.8 m. In linear systems,the sameresult should be obtained in when
exchanging electrode pairs. Sincethere is a clay-organic reaction here the systemis
nonlinear. Reciprocity is not expected in nonlinear systems.
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results are similar and promising. Comparing these results to those seenin Figure

6.8, it is obvious that the latter is nonlinear. The THD and phaseresponseof the

reciprocal measurements are not similar. The reciprocity measurements serve as

another indicator of clay-organic reactions.
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Chapter 7

DISCUSSION

Numerous studies (Olhoeft, 1985, 1986; Olhoeft and King, 1991; Olhoeft and

Wardwell, 1998;Grimm and Olhoeft, 2001;Sadowski, 1988;Jones,1997)have shown

the capability of using complexresistivity to locate and identify solvents in the sub-

surface.The resultsof this study support and extend the conclusionsof this previous

research. With the addition of organic solvents, the complex resistivity spectra dis-

play both increasesand decreasesin resistivity, dependingon the mineralogy, changes

in the magnitude and frequencydependenceof the phase,aswell asvariations in the

total harmonic distortion and the Hilbert distortion. Sadowski (1988)discusseswhat

changesin the measuredelectrical properties are indicating. Changesin the ampli-

tude of the phaseindicate a changein the number of migrating particlesaccumulating

at poreheterogeneities.Changesin the shape of the phasespectrum indicate changes

in a relaxation process. Theseare more di�cult to characterizebecausemore than

one relaxation processmay take placewithin onesample. Typically, increasesin re-

sistivity indicate complexation of organicswith clay surfaces,or the substitution of

more resistive pore 
uids.

7.1 Lab results

In order to characterizethe responseexpectedon site, the MES-5 sampleswere

measuredwith di�erent water contents and then were contaminated with TCE and

PCE. All of the rotary-cored samplesof MES-5 experiencedchangesin their complex
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resistivity spectra with the addition of PCE. Sample3 and 7 (Fig. 5.3) experienced

a low frequency increasein resistivity, whereassamples2, 4, and, 6 ( Fig. 5.3)

experienceda decreasein resistivity. When adding PCE, an increasein resistivity

is expected. However in somecases,the organic solvent actually displacesthe salts

o� of the clay surface, thus decreasingthe resistivity (Sadowski, 1988). Sample1

and 5 showed no changein resistivity. All seven samplesexperienceda low-frequency

phaseincrease. Samples4 and 6 also displayed a shift in the phasepeak to lower

frequencies.All samplesexceptfor sample1, experienceda low frequencyincreasein

THD. From this comparison,it seemsmost likely that samples2, 4, and, 6 (15.2 m,

16.5m and 25.0m respectively) are most similar in mineralogy. Sample3 and 7 also

show similar behavior, which may indicate that they have similar compositions. The

sampledescriptionsin Figure 5.3 depict thesesimilar mineralogies.

Figure 5.4 is the complex resistivity spectrum of sample2, the 15.6 m sample,

with 40 weight-percent water plotted with the samesampleoncePCE was added.

With the addition of PCE, the low frequencyphaseincreased. The low frequency

total harmonic distortion peak, which is typical of the ion-exchangeprocessof clay

minerals (Olhoeft, 1985), increaseddramatically and shifted to lower frequencies.

This is believed to bea signof the PCE inhibiting the normal cation exchangeprocess

of the clay minerals. A slight increasein resistivity is experiencedoncethe PCE is

added,which is expectedfrom moreinsulating PCE replacingmoreconductive water.

The CRS cores,which were measuredonly as they were received, provided an

interesting look at the in-situ behavior of the subsurfaceat the A-014 Outfall. Figure

5.5 plots the 15.8 m sample of CRS-1, 15.5 m sample of CRS-3 and the 15.8 m

sampleof CRS-7. The CRS-1 sample is uncontaminated, while the CRS-3 sample

contains 0.78ppm PCE and no TCE, and the CRS-7samplecontains 2.36ppm PCE
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and 0.64ppm TCE. The uncontaminated samplegivesa phaseresponsetypical of a

wet clay. This is a mild frequency-dependencein the lower frequencies.The phase

responseof CRS 3-41 is more frequency-dependent. The THD increasesby almost 2

percent from the uncontaminated to the lessthan 1 ppm PCE contaminated sample.

The resistivity of CRS 3-41 decreasedin comparisonto that of CRS 1-43. The x-

ray di�raction was measuredon this sample,and the samplewas found to contain

lessthan 10 percent smectite. This responseis comparableto that seenin sample

2 of MES-5, Fig. 5.4, which is from an equivalent depth. The contaminated CRS

7 samplehas a greater phasewhich is more frequencydependent than that of the

uncontaminated sample. And, CRS 1-43 has a greater resistivity than CRS 7-43,

probably due to 
ushing of the salts with the addition of PCE. However, unlike with

the CRS 3 samplethere is no increasein the THD, but just a slight shift in the peak

to lower frequencies.The THD of CRS 7-43is lessthan that of CRS 3-41. The XRD

was not measuredof CRS 7-43, however, it was measuredof a neighboring sample

which givesa similar phaseresponse.This samplehasa di�erent structure than the

other smectite-bearing samples. It was found to be an illite-smectite mixed layer.

Consideringthe THD response,this clay systemcould be described as lessreactive

than the lone smectite layer, which perhapsis due to illite's non-expansive nature.

Finally, another clean/contaminated pair of samples(Fig. 5.6) were plotted for

comparison. CRS 1-28 is an uncontaminated samplefrom a 11.3 m depth and CRS

3-28,which contains 2.93ppm of PCE, is from 11.0m depth. Thesesamplesdisplay

a trend similar to what has been seenthroughout this study. The contaminated

sample has a lower resistivity, a greater phaseand a greater THD than the clean

sample. The frequencydependenceof the phasepeak is also better de�ned in the

contaminated sample. The XRD analysisof this sample indicated that smectite is
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Fig . 7.1. -Phaseof CRS-3 at 0.05 Hz plotted versusdepth in meters. The negative
phaseresponseat 0.05Hz is plotted alongwith the PCE and TCE content measured
at each depth in CRS 3. As the solvent content increases,an increasein phasewould
be expected. This result is seenin areasnear 11 and 15 meters. However, there
are somezoneswhich show an opposing result, as solvent content increased,phase
decreased,such asat 9.5and 12meters. X-ray di�raction wasacquiredof the samples
at thesefour depths. It was found that the two areasof expectedreaction (11 m and
15 m) contained smectite, and those with opposing reactions(9.5 m and 12 m) did
not contain smectite. Therefore, if there is no reactive clay present, there cannot be
a clay-organic reaction to identify .
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Fig . 7.2. -Phaseof CRS-7 at 0.05 Hz plotted versusdepth in meters. The negative
phaseresponseat 0.05Hz is plotted alongwith the PCE and TCE content measured
at each depth in CRS 7. As the solvent content increases,an increasein phasewould
be expected. This result is seenin areasnear 11.5and 16-18meters. However, there
are somezoneswhich show an opposing result, as solvent content increased,phase
had no response,such as at 12.5, 14 and 19 meters. X-ray di�raction was acquired
of the samplesat six depths around theseresults. It was found that the two areas
of expected reaction (11.5 m and 16-18m) contained smectite, and only two of the
opposing reactions(12.5 and 14 m) did not contain smectite. Surprisingly, smectite
wasfound at 19 meters. This could be due to the separationof the samples.Perhaps
the samplewhich was tested for solvent did not contain solvent, but our neighboring
sampledid. In conclusionit was found that in order for a clay-organic reaction to be
present, it is necessarythat a reactive clay be present.
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present. Unfortunately, there was no sampleavailable from this depth in the MES-5

core for comparison.

The NLCR spectrum was measuredon three completeCRS cores. Only a few

samplesfrom the cleancoreswere measuredfor responsecomparison.The complete

measuredcoreswere thosewith the highest PCE and TCE contents; CRS-3,CRS-7

and CRS-2. The results from CRS-3and CRS-7are plotted in Figures7.1 and 7.2.

Figure 7.1 is the plot of the negative phaseresponseat 0.05Hz, the PCE content

and, the TCE content of CRS-3all plotted against the depth of the samples.The left

vertical axis is the negative phaseresponseat 0.05Hz measuredin milliradians, while

the right vertical axis is contaminant content measuredin microgramsper gram. The

horizontal axis is depth from the surfacerecordedin meters. From 10.4- 11.3meters

there was an increasein PCE content and an associated phasepeak in the complex

resistivity. This type of expected response is seenagain from 14.6 - 16.5 meters.

X-ray di�raction analysisshowed the presenceof smectite in both of thesesamples.

The sampleat 9.4 m was found to have a high PCE content, but an associated phase

depression.The x-ray di�raction spectrum of this sampleshowed no signsof smectite

or other reacting clay mineral. Therefore, no clay-PCE reaction is present at this

location to be identi�ed. Again, the samplesfrom 11.6 - 12.5 metersshow a similar

event. There is a signi�cant increasein PCE content, but a depressionin the phase

response.As to beexpected,XRD analysisof the soil yieldedno reactiveclay minerals

in this sample.

Figure 7.2 is the plot of the negative phase response at 0.05 Hz , the PCE

content and, the TCE content of CRS-7 all plotted against the depth. This plot is

structured the sameway as Fig.7.1. The best phasepeak response in this core is

from 15.5meters to 17.4meters. The identical behavior of the contaminant content
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is recognizablein the phaseresponse.The x-ray di�raction data shows that this soil

contains an illite/smectite mixed layer. This samplewas found to have the highest

smectite content of all the soils x-rayed. The PCE peak and its associated phase

peak at 11.0 - 11.6meters,again represent a soil found to have smectite in its x-ray

di�raction spectrum. Three reversedresponseswere identi�ed in this core. It was

found that two of these samplesdid not contain smectite minerals. However, the

sampleat 18.9m did contain smectite. Two conepenetrometerplugs were acquired

every one foot in depth. One remainedat SRSfor TCE and PCE analysisand one

wassent to CSM for NLCR analysis. Due to vertical heterogeneity, it is quite possible

that the corekept at SRSfrom 18.9m wasn't contaminated, but ourswas. This would

shift the contamination trend by a foot creating a nice correlation.

7.2 Field results

Over 800 �eld spectra were acquiredat the A-014 outfall. Thesedata were not

presented or discussedhere in their entiret y (they are in the appendix). However, a

fewspectraarepresented for comparisonto the laboratory results. As mentioned, four

di�erent scenarioswere found in the laboratory data. There were areasof high PCE

and reactive clay, no PCE and reactive clay, PCE and no reactive clay and �nally ,

no PCE and no reactive clays. Again, observations show that increasingthe PCE

content in a reactive clay mineral, increasesthe phaseand THD response.Whereas,

increasingthe PCE content of a non-reactive clay makeslittle di�erence. Figures7.3

- 7.7 display comparisonsof laboratory and �eld data for examplesof each of these

cases.The CRScoreswereacquiredin November and December of 2001and the �eld

data were acquired in August of 2001. Given seasonalvariations in water contents,

the �eld data and the CRS coresresponsesmay di�er.
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Figure 7.3is the comparisonof the �eld and laboratory data from the 15.5to 18.9

meter reactivearea. Only phaseresponseswill becompared.The �eld-phaseresponse

acquiredbetweenMES-1 and MES-4, measuringthe potential at 16.5m is compared

to the lab-phaseresponseof CRS 7-43from 15.8m depth along the samepro�le. As

mentioned previously, frequenciesgreater than 1 Hz will not be investigateddue to

the EM coupling e�ects in the �eld data. Comparing thesetwo responses,there is an

obvioussimilar high phasetrend peakingat about 0.01Hz, which di�ers in amplitude.

This depth alongpro�le MES-1 to MES-4 contains smectiteclay mineralsand is con-

taminated with PCE. Thus, a clay-organic reaction accounts for the high amplitude,

low frequencyphaseresponse.Consideringscalingand heterogeneity e�ects between

lab and �eld data, this relationship is very promising.

Figure 7.4is the �eld to lab comparisonof the �eld phaseresponsemeasuredfrom

MES-3 to MES-4 at 16.5m and the lab phaseresponseof sampleCRS3-41from 15.5

m along the samepro�le. This depth is also contaminated with PCE and contains

smectiteclay minerals. Again, the results display similar behavior at frequenciesless

than 1 Hz.

There were four signi�cant responsesidenti�ed in the laboratory data. Figure

7.5 is the responsefrom an uncontaminated area of reactive clay. The lab sample

CRS 7-35 (13.4 m) was found to contain smectite minerals, but no PCE. Therefore,

we still expect signs of ion-exchange reactions in the phasedata, but with lower

amplitudes. Here, the lab-phaseresponseof CRS 7-35 is being comparedwith the

�eld phaseresponseacquiredat 14.6m depth along MES-1 to MES-4. As expected,

the signatureis not similar to that of Figures7.3and 7.4,but they aresimilar to each

other. The amplitudes and extremity of the trends di�er, but their similarity is very

encouraging.
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Fig . 7.3. Comparisonof a �eld spectrum with the potential electrodesat 16.5m and
the current electrodes at 21.9 m, measuredfrom MES-1 to MES-4 and laboratory
samplefrom CRS 7. The lab sampleCRS 7-43 is from a depth of 15.8 m. Reactive
clay and DNAPL have beencon�rmed at this depth. Therefore,an identi�able clay-
organic reaction should be found in the NLCR response.
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Fig . 7.4. Comparisonof a �eld spectrum with the potential electrodesat 16.5m and
the current electrodesat 18.3 m, measuredfrom MES-3 to MES-4 and a laboratory
samplefrom CRS 3. The lab sampleCRS 3-41 is from a depth of 15.5 m. Reactive
clay and DNAPL have beencon�rmed at this depth. Therefore,an identi�able clay-
organic reaction should be found in the NLCR response.
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Fig . 7.5. Comparison of a �eld spectrum with the potential electrodes at 14.6 m
and the current electrodesat 12.8m, measuredfrom MES-1 to MES-4, with the lab
sampleCRS 7-35 is from a depth of 13.4 m. Reactive clay and the lack of DNAPL
have beencon�rmed at this depth. Thus only the ion-exchangeprocessof the clay
mineral should be identi�able at this depth.
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Finally, Figures 7.6 and 7.7 are contaminated and clean results of non-reactive

clays. Therefore,the soilsin this areadid not contain smectiteor vermiculite minerals.

Figure 7.6 is a contaminated area from 9.8 m along pro�le MES-3 to MES-4. Here,

the lab samplespectrum shows more sensitivity to the contamination than the �eld

spectrum, but neither result is a signi�cant amplitude response. This is expected

considering there are no expansive clay minerals here for the PCE to be reacting

with. Figure 7.7 is from a similar depth along pro�le MES-1 to MES-4. Since the

clay is non-reactive and there is no PCE, no signi�cant responseswereexpectedfrom

thesesamples.However, the similarity in their trends indicateswe are measuringthe

sametypesof samplesand getting similar results.

The similarity of the laboratory and �eld resultsis very encouraging.Laboratory

measurements were acquired �rst, to investigate whether there would be an NLCR

responseat this site and secondlyto ground-truth the �eld measurements. In this

case,both objectiveshave beenmet successfully.

7.3 Future

This casestudy wasan analysisof the applicability of complexresistivity at the

SavannahRiver Site nearAiken, SC. It hasproven successfulto map a smectite-PCE

reaction at this site. In order to make complexresistivity a more applicablemethod,

more research needsto be carried out with the reaction of di�erent organic solvents

and complexesof them with a variety of clay minerals. The complex resistivity

responseof any reaction is very site speci�c. Therefore,understandingthe site is as

important asunderstandingthe expectedreaction.

In this research, only a few sampleswere chosenfor x-ray di�raction and in-

frared spectroscopy analyses.This limited the results to only fully understandingthe
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Fig . 7.6. Comparison of a �eld spectrum with the potential electrodes at 9.1 m
and the current electrodesat 11.0m, measuredfrom MES-3 to MES-4, with the lab
sampleCRS 3-23 is from a depth of 9.8 m. The presenceof DNAPL and the lack
of reactive clay have been con�rmed at this site. This no clay-organic reaction is
expectedat this depth.
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Fig . 7.7. Comparisonof a �eld spectrum with the potential electrodesat 9.1 m and
the current electrodesat 7.3m, measuredfrom MES-1 to MES-4,with the lab sample
CRS 7-23is from a depth of 9.8 m. The lack of both DNAPL and reactive clay have
beencon�rmed at this site. Thus no clay-organic reaction is expected.
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responseat a few depths. This is enoughfor interpretation, but understanding the

mineralogyof the stratigraphy is key to understandingwhat is being measured.The

comparisonof NLCR phaseresults to the samplemineralogy was very promising. I

believe a full analysisof the mineralogiesfor comparisonto NLCR responsecharac-

teristics could aid in future identi�cation of clay-organic reactions. Also, the organic

carbon content may have an e�ect on the clay-organicreaction. Further investigation

of this e�ect may help in understandingthesereactions.

As mentioned, a massivesetof data wasacquiredin the �eld. I did not investigate

the results of thesedata extensively. To fully understand the site reaction, the data

needsto be processedfor geometryand inverted. This hasbeendoneby Grimm and

Olhoeft (2001), but not as part of my research. A problem in this procedureis the

useof linear inversion techniques. Complex resistivity �eld data is normally di�cult

to manage, but the fact that this data is nonlinear makes it even more di�cult.

Nonlinear models for use in inversion algorithms have not yet been developed for

thesereactions.
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Chapter 8

CONCLUSIONS

It hasbeenknown that complexresistivity can detect clay-organic reactionsfor

20 years. The di�cult part is characterizing the reaction within the NLCR response.

In order to do this, we must understandthe exact nature of the reactions. Therefore,

weneedto know what clay mineral is reactingwith what organicsolvent or complexof

solvents and how they are interacting. There are dozensof clay mineralsand millions

of organic solvents, this is what makesthe characterization sodi�cult.

In this research, multiple soil coresfrom the DOE Savannah River Site, near

Aiken, SC were analyzed with a laboratory nonlinear complex resistivity system.

Thesedata wereusedto characterizethe responseexpectedin the �eld. Using NLCR

�eld data, areasof DNAPL contamination were identi�ed, and then coredagain for

con�rmation. In order to identify mineralogy, samplesfrom depths which displayed

interesting results were analyzed with x-ray di�raction and infrared spectrometry.

The x-ray di�raction and infrared spectrometry data identi�ed the mineralogiesof

the samples.From this information, it waspossibleto identify the presenceof di�erent

clays, as well as, interpret if organic solvents were present at this location. It was

discovered that if solvents were present with smectite family clays, a reaction was

identi�able in the nonlinear complexresistivity response.The presenceof theseclays

wasalsoidenti�able in the response.Unfortunately, whensolvents contaminated clay

layers containing only illite or kaolinite clay minerals, no reaction was identi�able.

The main objective of laboratory measurements is to determine �eld responses,
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for the identi�cation of DNAPL contaminated zones.In this research I wasalsotrying

to characterizethe clay-organic reactionsdetected in the spectra. Characterization

was successful,although limited. In addition to this success,the main objective was

alsomet. The laboratory measurements on the con�rming cores(CRS cores)matched

those acquired in the �eld. The more characterization which takesplace will aid in

the applicability of this method to map and identify DNAPL contamination in the

subsurface.

Complex resistivity can be usedto locate and possibly identify clay-organic re-

actions in the subsurface.This experiment hasproven its applicability in areaswhich

are di�cult to characterize, such as vadosezones. The non-invasive nature of this

technique makesit favorable for environmental studiesinvolving location of contam-

inants, aswell as the monitoring of their 
o w, remediation, or decomposition.

When organiccontaminants react with clays in soils, they becomemore di�cult

to remediate,and whenorganicsreact with clay slurry containment walls, they cause

containment failure. Nonlinear complexresistivity hasproven to be the only method

to non-invasively measureand monitor these situations, and I have shown in this

study that it can do it at the parts per million level of PCE with smectite clays in

both the laboratory and the �eld.
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APPENDIX

The full appendix is included on a CD-ROM in a pocket inside the back cover

of this thesis. this text serves only to outline the contents of the CD-ROM. Each

directory and subdirectory contains a readme.txt �le which gives details regarding

the context of each directory.

Directories:

Thesis

Programs

Data

Prelab

Pre�eld

Field

Post
d

CABOSIL

XRD

IR


