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Physicistsare finding that the skills they havelearnedin their training may be appliedto areas
beyondtraditional physicstopics. One suchfield is that of geophysicsThis paperpresentshe
electricalresistivity componenf an undegraduategeophysicxourseat RadfordUniversity It is
taughtfrom aphysicsperspectiveyettheapplicationof thetheoryto therealworld is theoverriding
goal. Theconceptsnvolvedin electricalresistivity studiesarefirst discussedn a generakenseand
thenthey are studiedthroughthe applicationof the relevantelectromagnetitheory Sincegeology
majorscomprisethe bulk of the studentsn this class,the mathusedis only that which is typically
requiredof geologymajors.Thefinal resultsaregivenin aform that practicinggeophysicistsnay
usein the field. A methodis presentedor constructingan inexpensiveapparatufor measuring
electricalresistivity in both a tabletoplaboratorysettingand in the field. This apparatuss truly
“plug andplay” sinceits assemblyanduserequiresonly the mostbasicknowledgeof electronics.
This apparatugs testedin a tabletoplaboratorysettingaswell asin two field surveys. © 2001
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[. INTRODUCTION

Introductory physicscoursesare typically surveycourses
introducingstudentdo a large numberof topicsin oneyear
The laboratory sessionsthat accompanythese coursesare
usually designedto illustrate a very specific concept,using
tabletopequipmentdesignedspecificallyfor that lab. These
typesof labs,while necessaryo focusthe studentsattention
on a particularnewconceptareoften viewedasina?plicable
to the real world due to their very focusednature: Upper
level appliedphysicscoursesare often the first placewhere
studentanovefrom studyingtheoryin ideal situationsto the
applicationof thattheoryto real-worldcircumstancesThese
applied physics courses take many different ideas in
physics—oftenvery diverse ideas—andapply them to the
studyof a particularproblem.The cross-disciplinanfield of
geophysicgrovidesa venuefor many such applicationsof
physicstheoriesto real-world situations.

A coursein geophysicshouldappealo geologymajorsas
well as physicsmajors. Geology majorswill have expecta-
tions of sucha coursethataredifferentfrom the expectations
of physicsstudent$—> Physicsstudentsare usedto seeing
coverageof topicsstartingfrom first principlesandproceed-
ing via the tools of math until a final equationis achieved.
Thesephysicsstudentghentypically practicethe useof that
equationby working as many problemsusing that equation
as possible.Geology studentsare quite eagerto study the
conceptaandvisualizereal-worldsituations,and,in the end,
trust that the final mathematicalanswerhas been derived
once by othersand neednot be rederivedfor their edifica-
tion. While physicsstudentsare often contentto stop once
the final equationis achieved,geology studentsare much
more desirousof seeinghow the final equationappliesto as
wide a variety of actualfield situationsaspossible A course
in geophysicscan meetthe needsof both of thesepopula-
tions by startingwith the conceptsperformingthe required
mathematicaderivations,and then showingthe application
of the mathematicalesultsto the physicalworld outsideof
the ideal classroomor laboratorysetting.
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In this paper the electricalresistivity sectionof a coursein
geophysicstaught at Radford University is described.The
applicationof the techniquef physicsto the study of field
geophysicgyields a naturalarenawhereinseveralof the ba-
sic conceptof physicsmay be integratedinto a single area
of study Severaltopicsin electromagnetitheoryareillumi-
natedin this studyincluding the vectorform of Ohm’s law,
the natureof the currentdensityvectorJ, the natureof elec-
trical resistivity and its inverseelectrical conductivity and
the differencebetweenthe electric potentialand the electric
field.

As anadvancedppliedphysicscourse the accompanying
lab needgo illustratethe applicationof the theoryto settings
beyond the typical tabletop experiment. Geologists espe-
cially needto do experimentsout-of-doorsin the nonideal
settingsthey will encounterin their professionallives. The
equipmentthe studentsuse must be capableof taking data
comparabldo thatwhich the studentsvould encountemvere
they to go into geophysicgrofessionallyAs at many insti-
tutions,the budgetfor this equipmentvaslimited. Yet it was
this budgetarylimitation that becamethe impetusfor con-
structing equipmentfor the resistivity lab that would ulti-
matelyservestudentseducationaheedsetterthanpurchas-
ing commercialresistivity equipment.

A sectionof a geophysicsoursestudyingelectricalresis-
tivity hasrecentlybeendescribedn this journal® Thereare
two maindifferencesetweerthatwork andthe presentThe
first of theseis thereliancein this paperon more elementary
calculations.This is done since geology majors typically
have less experienceand comfort with math beyond first-
year calculusthan physicsmajors.This resultsin a trade-of
of the moremathematicahpproactof Avantset al.® in favor
of the moreconceptuabpproactdescribechere.The present
work startsfrom the vectorform of Ohm’s law J=¢E, and
proceedshrougha first-orderratherthana second-ordedif-
ferential equation. The secondmajor differenceis that the
component®f the equipmentescribedn this papermay be
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purchasedrom typical retail electronicsandhardwarestores
andrequirethe userto simply “plug andplay” theindividual
componentsn orderto obtainthe data.

Equipmentpurchasedrom commercialvendorsfor a geo-
physicslaboratoryis quite expensiveTypical field setupgor
electrical resistivity studieshave prices starting at $20,000
andrising from thatnumbey dependingon the complexity of
the equipmentMuch of this costis dueto the fact thatcom-
mercial equipmenttakes,stores,and analyzesthe hundreds
of data points required for a commercial survey If this
equipmentwere to be usedby studentsunfamiliar with its
inner workings, thenit would becomea “‘black box” situa-
tion where the studentsrecord the numbersthe equipment
givesthemwithout having physicalintuition abouthow the
equipmentobtainedthe readings.In addition, the software
that typically accompaniegommercialequipmentperforms
the dataanalysisrequiredto build a pictureof the subsurface
structurewithout any humaninvolvement While thisis ideal
for field geophysicistsoperatingunder time constraints,it
againmakesfor a black box situationwhenstudentsarefirst
learninghow the individual datapointsareusedto build that
final picture of the subsurfacestructure.

The apparatusiescribedhere addressesoth the issueof
cost and the issueof the possibleblack box nature of the
laboratory equipment. The resistivity apparatusis con-
structedfrom off-the-shelfcomponentsavailablefrom typi-
cal retail electronicsand hardwarestores.The total cost of
the componentsiescribedn this paperwasunder$350.The
componentsare connectedn a visible mannersuchthat the
studentsare able to seehow the entire apparatusvorks to
acquire eachdata point. This apparatusmay be assembled
with only the mostbasicknowledgeof electronics.

Sectionll presentsa conceptuaintroductionto the elec-
tromagnetictheory pertinentto the study of the electrical
resistivity method of field geophysics.The conceptspre-
sentedallow studentgo visualizethe flow of currentthrough
various subsurfacdayers and how that flow is affected by
the resistivitiesof the different layers. Qualitative explana-
tions are presentedasto how simple measurementsf volt-
age and current obtainedat the surfaceyield information
aboutthe compositionof the underlying materials.Section
Il presentgshe mathematicaformulationof the theory This
formulation beginswith the vector form of Ohm’s law and
proceedwia the solutionof a first-orderdifferentialequation
ratherthan a second-ordedifferential equation.The equa-
tionsrelevantto anintroductionto electricalresistivity stud-
ies in geophysicsare derived and relatedto the qualitative
discussion®f Sec.ll. Theseequationamay then be usedto
procesdfield datain orderto revealthe subsurfacestructure
of the surveyarea.SectionlV describesan inexpensiveap-
paratushat may be constructedvith commerciallyavailable
components.Section V presentsthe results of using the
equipmentdescribedn Sec.IV to acquireresistivity datain
both laboratoryandfield settings.

I[I. RESISTIVITY THEORY: CONCEPTUAL
INTRODUCTION

Electrical resistivity studiesin geophysicanay be under
stood in the context of currentflow through a subsurface
mediumconsistingof layersof materialswith differentindi-
vidual resistivities’ ™ For simplicity, all layersareassumed
to be horizontal. The resistivity p of a materialis a measure
of how well the materialretardsthe flow of electricalcurrent.
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Fig. 1. Currentflow and equipotentialsurfacesin a level field with homo-
geneoussubsurfacestructure.The unit vectorfield showsthe directionsof
the currentdensityJ andthusthe electricfield E.

Resistivitiesvary tremendouslyrom onematerialto another
For example,the resistivity of a good conductorsuch as
copperis on the order of 10 8 Q m, the resistivity of an
intermediateconductorsuchaswet topsoilis ~10 (' m, and
the resistivity of poor conductorssuch as sandstoneis
~10% Q m. Dueto this greatvariation, measuringhe resis-
tivity of an unknown material has the potential for being
very useful in identifying that material, given little further
information.In field studiestheresistivity of a materialmay
be combinedwith reasoningalonggeologiclines to identify
the materialsthat constitutethe variousundegroundlayers.

Resistivity is often first encounteredn physicswhendis-
cussingthe resistanceof an ideal cylinder of length L and
cross-sectionahreaA of uniform composition.The resistiv-
ity p appearsaasthe material-specificonstantof proportion-
ality in the expressiorfor the total resistancef the cylinder,

L

The total resistanceR may be obtained experimentally
throughOhm’s law, R=V/I, whereV is the potentialdiffer-
encebetweenthe endsof the cylinderand| is the total cur
rent flowing throughthe cylinder Edge effects are not con-
sidered.The resistivity of the material,an intrinsic property
of the material,is thenrelatedto experimentallymeasured
extrinsic parameterdy
Vi[A
p:(l_ E) =Rap K. v

In Eq. (2), theresistivity is given by the productof the “ap-
parentresistance’R,,~ (V/I) anda “geometricfactor’ K
=(A/L) that carriesinformation aboutthe geometryof the
cylinder This type of productof anapparentesistancanda
geometricfactorwill appearagainwhenthe resistivity of the
groundis determined.

It is moredifficult to arrive at an expressiorfor the resis-
tivity of material that is not as geometricallysimple as a
uniform cylinder A good startingpoint is shownin Fig. 1,
which depictscurrent flowing radially away from a single
electrodeat positive potentiallocatedon the surfaceof the
ground. The subsurfaces of uniform composition,and V
=0 infinitely far awayfrom the electrode Equipotentialsur
facesareindicatedby solid lines, while the unit vectorfield
showsthe direction of J andthus E. The equipotentialsur
facesare perpendicularto the lines of currentand may be
understoodascreatingthe local potentialgradientsor “volt-
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Fig. 2. Currentflow and equipotentialsurfacesbetweenthe two current
electrodesA andB in a level field with homogeneousubsurfacestructure.

age drops’ that drive the currentaccordingto the simple
scalarform of Ohm’s law given by I'=V/R. The resistance
of the air abovethe groundis assumedo be infinite so that
the groundforms a Dirichlet-type boundary"

A more realistic situationis depictedin Fig. 2. The two
currentelectrodesarelabeledA andB by convention Figure
2 showsthe currentin oneaccycleflowing from B to A, with
eachline of currentbeing driven from higherto lower po-
tentialthroughouthe medium A planeof symmetryexistsat
the midpoint betweenthe electrodeslt shouldbe notedthat
alternatingcurrentis usedin thesestudiesto avoid macro-
scopic polarizationof the subsurfacematerial’® Suchmac-
roscopicpolarizationwould resultfrom the bulk migrationof
chagesin the subsurfacen responseo a constantapplied
field. This would createan artificial dc potentialthat would
interferewith the resistivity measurement#n ac frequen%y
in therangel—-100Hz is sufficientto avoid this problem’~

Figure2 indicatesthatthe spacingof the two currentelec-
trodeswill determinethe “‘effective depth’ to which the cur-
rentwill penetratelf the spacingbetweenA andB is on the
order of a meter thenthe vast majority of the total current
will flow no morethana few metersfrom the surface If the
spacingbetweenA andB is on the orderof a kilometer then
mostof the currentwill penetratevery deeplyinto theunder
lying materialasit travelsfrom A to B. Thus,the resistance
thatthe currentencounterdbetweernthe electrodess due pri-
marily to the material that is at a depth that is less than
severaltimes the spacingof the current electrodes.For a
uniform subsurfacestructureof Fig. 1, thisis irrelevantsince

electrodes

R 10

.. 0 5 10
distance (m)

Fig. 3. Currentflow andequipotentiaurfacesetweentwo electrodesn a
levelfield with inhomogeneousubsurfacetructure The boundarybetween
the two materialsin this exampleis at a depthof z=5 m.

945 Am. J. Phys.,Vol. 69, No. 9, Septembe2001

the entire subsurfacewould have the sameresistivity The
effective depth does becomerelevantwith the inhomoge-
neoussubsurfaceshownin Fig. 3.

Figure 3 illustratesthe currentflow when the subsurface
materialcontainsan upperregionwith higherresistivity than
theresistivity of the regionbelow Whenthe currentencoun-
tersthe regionof lessemesistivity, the equipotentiakurfaces
arefurtherapart,andthe currentwill alterits coursethrough
the lower materialaccordingly If the distancebetweenthe
currentelectrodess the same,then the total resistancehe
currentencountersn the situationin Fig. 3 will belessthan
thatdepictedin Fig. 2. The total measuredesistivity will be
similarly lower, and the currentwill flow more easily be-
tweenthe electrodesThis alterationof the currentflow be-
tweenthe electrodess the basisfor discerningboththe pres-
enceof the boundarybetweenthe two layersas well as a
valuefor the resistivity of the materialin the lower layer.

Figure 3 indicatesqualitatively how resistivity studiesare
able to discernthe presenceof the two layers. When the
spacingbetweerthe currentelectrodess muchlessthanthe
depthof the boundarybetweenthe two layers, most of the
currentwill not encounterthe region of lower resistivity
This meansthat the total resistivity measuredat the surface
will be mostly dueto the materialthatlies abovethe bound-
ary. Whenthe currentelectrodesre placedfurther apart,the
currentpenetratesnore and more into the region of lower
resistivity, andthetotal resistivity beginsto decreasdérom its
initial valuethatit haswhenthe electrodesreclosetogether
When the spacingbetweenthe current electrodesis much
greaterthan the depthof the boundary most of the current
will spendmostof its journeyin the region of lower resis-
tivity. The overall resistivity measuredt the surfacewill be
mostly dueto the materialin the lower layer.

It shouldbe notedherethat the total resistivity measured
atthe groundsurfacein field studiesof multilayer systemss
not the true resistivity of the underlyingmaterial. The mea-
suredresistivity is a weightedaverageof the resistivitiesof
the variousmaterialsthat the currentencounter§:® Whenthe
currentelectrodesare placedvery closetogetherin the two-
layer systemof Fig. 3, somesmallamountof the currentstill
penetratego the deeplayer Thus, the measuredesistivity
will notbe exactlythatof the uppermaterial.Similarly, when
the electrodesare spacedvery far apart,someof the current
still traversesthe upperlayer The overall resistivity mea-
suredat the surfacewill thenonly asymptoticallyapproach
thatof the lower materialasthe electrodesremovedtoward
infinite separation.

The behaviorof the apparentresistivity of suchan ideal
two-layer systemis shownin Fig. 4, which plots the resis-
tivity values{pq,p,,....pon} versusthe “effective depths’
{z,,2,,...,zy} towhichthecurrentis probingthe subsurface.
The quantity N is the total numberof datapoints collected.
In the nextsection the effective depthz will berelatedto the
physical layout of the electrodeson the surface.Figure 4
showsthe transitionfrom the higher apparentresistivity of
theupperlayerto thelower apparentesistivity of the deeper
layer.

Just as the resistivity valuesobtainedat the surfaceare
apparentesistivitiesand not the true resistivitiesof the un-
derlying material,so too are the effective depths{z} not the
exactdepthsof the locationsof the boundarieshetweenthe
variouslayers.This is againdueto the fact thatthe currentis
so spreadout anddoesnot flow in a perfectly definedlayer
of, for example exactly3 cm thicknessasit travelsbetween
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Fig. 4. Behaviorof the apparentresistivity in a simple two-layer system.

Theapparentesistivity p,,,is plottedvs the effective depthz of penetration
of currentinto the subsurfaceThe units of p,,, are A m.

theelectrodedA andB. Throughouthis paper all resistivities
andall depthsare effective resistivitiesand effective depths,
respectivelyTrueresistivity valuesandactualdepthsmay be
obtainedfrom dataacquiredat the surfacethroughvarious
“inversion methods’ in which information obtainedat the

surfaceis usedto extractinformation aboutthe subsurface.

Forthepurpose®f this paperthe useof effective depthsand
resistivitiesyields adequatenformation aboutthe properties
of the subsurface.

Determinationof the effective depthof the boundarybe-
tweenthe two layersmay be performedusing the so-called
“‘cumulative resistivity” method. This method employs a
plot of the sum of the apparentresistivities, pap,, Versus
the effective depth® The quantity 3, papp s referredto asthe
cumulativeresistivity. In this method,the setof points plot-
tedis determinedby

UZZpappt =1(21,p1) (22, P11+ p2) (Z3,p1+ P2+ p3),

e Zyap1 PN} (3

Therearetwo distinctlinearsectiongo the curvein Fig. 5.
The first sectionrepresentgshe summationof the constant

3000

2500

2000

ZPapp

1500 ~
1000

500 e

Y

10 20
effective depth z

Fig. 5. Finding the depthto the boundarybetweenthe layersin a simple
two-layer systemusingthe methodof cumulativeresistivities.The cumula-
tive resistivity Epapp is plottedvs the effective depthz. The points plotted
are {(z.2pappt={(21.£1) (22,011 02),(Zz.01Ft P2+ p3). - @n.p1 T
+pn)}. The line drawn vertically downwardfrom the intersectionof the
two straight segmentson the graph indicatesthe effective depth to the
boundarybetweenthe two layers.
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Fig. 6. Generalconfigurationof the four surfaceelectrodesn linear resis-
tivity surveys.Currentis deliveredthrough the electrodesA and B, and
voltagereadingsare madewith electroded andN.

valuesof the resistivity of the upperlayer This yieldsaline
of constantupwardslope.The curvethendeviatesfrom this
initial linear climb as the currentencountergproportionally
more of the lower layer Eventually the resistivity of the
lower layer dominatesandthereis a new smallerslopefor
the linearincreasen the sumof the resistivities.In orderto
determinethe depthof the boundary straightlines aredrawn
alongthe two linear sectionsof the curveasshownin Fig. 5.
A third straightline is drawn straightdown from the inter-
sectionof thefirst two lines. The depthat ~11.5 m indicated
by this third line is the depthof the boundarybetweenthe
two layers®

Figure6 showsa generalinearelectrodeconfigurationfor
a typical resistivity survey All four electrodesare chosento
be in a straightline in the presentwork for simplicity. In
general,the electrodesare not restrictedto being collinear
althoughsolving the electromagnetidield equationghat ac-
companysucharraysbecomesmore difficult.’® The ac cur-
rentsourceis in serieswith anammeterwhich measureshe
total currentl goinginto the groundthroughthe electrodest
pointsA andB. A voltmeterattachedo the two electrodesat
pointsM andN measureshe potentialdifferenceV between
thesepoints. By convention,the electrodesat the four sur
face points (A, M, N, B) are alsonamed(A, M, N, B). The
ratio (V/I) obtainedis the apparentesistancdor the entire
subsurfaceSectionlll will showhow to obtainthe appropri-
ate geometricfactor that, alongwith the apparentesistance,
will constructthe apparentesistivity p.

Thereare severalwaysin which the electrodesn Fig. 6
may be arranged,with the spacingschosento match the
needf a particularsurveysite. Someof thesearrangements
arepicturedin Fig. 7. Eachof theseelectrodeconfigurations
hasits own advantagesnddisadvantagesiependingon the
type of surveyto be performed’

The simplestof thesearraysis the Wennerarray with the
four electrodessquidistantfrom eachother The Wennerar
ray is useful for resolving the differing resistivities of the
subsurfacelayers straight down from the midpoint of the

Wenner Array
| A l M N| B I
Schlumberger Array

|A Ml N| Bl

Dipole-Dipole Array
A B M N

Fig. 7. Somecommoncollinearelectrodeconfigurationdor resistivity stud-
ies. The Schlumbegerarrayis typically symmetricabouta centralpoint, but
suchsymmetryis not required(shownhere.
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array Vertical resolutionof the various resistivities of the
subsurfacdayersis achieveddy increasinghe commondis-
tancebetweenthe electrodeswvhile maintainingthe location
of the center point of the array Horizontal resolution is
achievedby moving the electrodedaterally acrossthe sur
face while maintaininga constantelectrodeseparatiod
The main drawbackof the Wennerarrayis the large amount
of work requiredto deploythe electrodesn the array These
musteither be redeployedcontinuouslyin groupsof four as
the array is reconfiguredfor vertical or horizontalmeasure-
ments,or elsea greatnumberof separatelectrodesnustbe
placed at the beginning of the survey and some sort of
switching deviceusedto activatefour of the electrodesat a
time. Commercial resistivity equipmentemploys a large
numberof electrodesand performsthis switching automati-
cally, while continuouslyreadingand storing data.

TheWennerarrayis a highly symmetricform of the more
generalSchlumbeger array The math usedto analyzethe
electricalsignalsfrom the Schlumbeger arrayis the sameas
that for the Wennerarray The differencebetweenthe two
arisesthrough the geometricfactor’~° Less labor intensive
than the deploymentof either the Wenneror Schlumbeger
arrays,the dipole-dipole array is usedwherevertical depth
penetration is paramount. The main drawbacksto the
dipole-dipole arrangementre the lower vertical resolution
obtainedfrom its signalalongwith the relative lack of theo-
retical supportfor the analysisof the signal obtainedwith
this array especially when the four electrodesare not
collinear”°

Thereare otherelectrodeconfigurationsn use,with each
being chosenfor its ability to resolvesignalsfrom a given
source’ Each of the arrays discussedabove must be ana-
lyzed mathematicallyin orderto interpretreal datafrom the
field. The high degreeof symmetry of the Wenner array
makesit advantageouto studyin an introductorygeophys-
ics class.This symmetrymakesit easierfor the studentsto
visualizethe currentflow and equipotentialines. The math-
ematicalderivationsrequiredto analyzethe signal from the
Wennerarray are also more straightforwardthan thosere-
quiredto analyzethe signalsfrom the otherarrays.

1. RESISTIVITY THEORY: MATHEMATICAL
FORMULATION

Resistivity studiesin geophysicsmay beginwith the vec-
tor form of Ohm’s law,*

1 1
J=0E=-E=—--VV. (4
p p

In Eq. (4), J is the currentdensityvector E is the electric
field vector measuredn units of volts per meter V is the
electric potentialin volts, ¢ is the conductivity measuredn
(Qm) 1 andp is the resistivity measuredn {2 m. The units
of the currentdensityareA/m? and shouldbe broughtto the
attentionof the studentsat the beginningof the derivation.
The physicalinterpretationof the currentdensityis thateach
componenbf J givesthe amountof currentflowing through
eachsquaremeterof a two-dimensionakurfaceperpendicu-
lar to the direction of flow of that componentof J. For ex-
ample,J, indicatesthe numberof amperedlowing in the x
direction crossingeachsquaremeterof the y—z plane.
Figure 2 showsa subsurfaceof uniform compositionof
infinite extentwith onesourceandonesink electrodefor the
current. The current electrodesmay be treated as point
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sourcesor sinksof sphericallysymmetriccurrentflow in the
half planebelow the surface.The total currentl flows away
from or toward eachelectrodeacrossthe surfaceof a half
spherewith areaj (4mr?). Ohm’s law for oneelectrodethen
hasthe simpleform

- r 1dv )
1(4ar?) pdr’
For constanip, this first-orderdifferentialequationis readily
integratedandyields
_ o

V(n=5— ®)
for the potentiala distancer from the electrodeln Eq. (6), |
is the total currentflowing from one currentelectrodeto the
otherthroughthe ground.

Theelectricpotentialsmeasuredit M andN in the general

linear array of Fig. 6 are superposition®f the potential of
Eq. (6) dueto eachof the two sourceelectrodedocatedat A
and B. With the distancesbetweenthe electrodesgiven by
AM, MB, etc., and V=0 infinitely far from the current
source the potentialsat M andN are given by

Cpr (1 1) .

M=27\AM T MB Y
and

pl [ 1 1)

N=27\AN_ NB)" ®)

The total potentialdifferencebetweenthe electrodesM and
N is thus

1 1 ) ( 1 1 ) 9
AvM wmB, \aN nB)| @

pI
VMN:VM_VN:E

This may be rearrangedo yield

p=—y K (10
where
_ ( 1 1 ) 1 1 )
K=27T \A_M_ ﬁ - \m— !\ﬁ (11)

is the “‘geometricfactor’ thatwill acquirea particularvalue
for agivenelectrodespacing For the Wennerarray all of the
separationsre equalto a constantvalue a and the Wenner
geometricfactor assumeghe simple form K=2mwa. Thus,
the apparentesistivity for the Wennerarrayis

VMN)

_ Vun
Pwenner— T

I

Equation(12) is the first of the two main mathematicake-
sultsof this section.

Theresistivity of Eq. (12) is the apparentesistivity of the
ground as measuredby the surfaceelectrodes.This value
dependon the apparentesistancgV/1) andthe geometric
factor K that accountsfor the electrodespacing.This is the
samesituation as encounteredn the simple resistivity ex-
ample of Eq. (2). The stratification of the subsurfaceis
broughtinto the equationthroughthe geometricfactor K. As
explainedn Sec.ll, theresistanc¢hatthe currentencounters
is due moreto the materialthatis closerto the surfacethan

27ra. (12
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length = AB

Fig. 8. Geometryfor calculatingthe penetrationdepthof the current. The
total electrodeseparationis AB. The x-component], of the total current
densityJ is mostrelevantin this work. The vectorsr, andr, go from the
currentelectrodeA andB, respectivelyto afield pointin the planeperpen-
dicularto the line betweernthe electrodes.

to the materialthat is further from the surface.This depth
dependencef the measuredesistivity needso be evaluated
mathematicallyin orderto determinehow much of the sub-
surfacecontributesto the effective resistivity measuredoy
the Wennerarray

Equation(4) may be solved for the depthto which the
currentpenetrateshe subsurfacenaterial'® The generalized
geometrywithin which Ohm’s law will be solvedis shownin
Fig. 8. The horizontalcomponentl, of the currentdensityis
mostrelevanthere.Due to the symmetryof the Wennerar
ray, the deepespenetratiorfor a givenline of currentin Fig.
8 will occurstraightdownfrom the centerof the arraywhere
x=AB/2. A given portion I, of the total currentf will be
flowing in the x direction betweenthe two planesat depths
z, andz,. Findinga numericalvaluefor I, atx=AB/2 will
lead to a value for the effective penetrationdepth of the
current.

With the potentialfor eachelectrodegiven by Eq. (6), the
x componenbf the currentdensitymay be written as

_1dv. r df1 1
T pdx 2mdx(ry ry
I d 2 2 2\ —1/2
= o gL X Ty )
—({x—AB}?+y?+27%) 12
I | x {x—AB}
gl ) w9

where r=(x%+y2+72%)2  r,=([x—AB]P+y?*+7)?
and AB is the total separatiorbetweenthe two currentelec-
trodes.In the Wennerarray x=AB/2, r,=r,=r, and Eq.
(13) simplifiesto

_ I |AB
x_ﬁ r_3
where r = ([AB/2]?+y?+z%)Y2, Equation (14) showsthat

more of the currenttravelsnearerto the surfacethanfurther
from the surface.

, (14
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Equation(14) maynow be usedto calculatethe fraction of
the currentthat flows in the x directionthroughthe subsuf
facebelowa givendepthz;. As mentionedabove,J, in Eq.
(14 indicatesthe numberof amperesflowing horizontally
acrosseverysquaremeterof they—z planelocatedunderthe
surface. The infinitesimal amount of current 8I, flowing
throughan infinitesimal aready dz in the y—z planeis

| AB
=y 2= o (AB R +y?+ 27
In orderto getthe total horizontalcomponenf the current
Ix, EQ. (15 maybeintegratedoverthe y—z planelocatedat
the midline of the Wennerarray'® The total amountof cur-
rentflowing throughthis planebetweenthe depthsz, andz,
is

»dydz. (15

, _szd F g ! szd F AB dy
X 2 z Cw y X_27T 2 z 700([AB/2]2+)’2+22)3/2
21 222> 27,
— —1 —74) Y
= tan AB AB/| (16)

The quantityl, in Eq. (16) is that part of the total current
| flowing in the x direction betweenthe two depthsz; and
Z, . This quantityis usefulwheninformationis neededabout
the subsurfacen the vicinity of a certaindepth.By taking
the derivativewith respecto AB, it is straightforwardo see
thatthe fractionI, /I hasa broadpeakat AB=2+/z,z,. For
example,in orderto sendthe maximumecurrentthroughthe
layer betweenthe depthsz;=200m and z,=310m, the
outer electrodesshould be spacedapproximately 250 m
apart.

Equation(16) alsoleadsto the effective penetratiordepth
of the current.If z,— in Eq. (16), thenz; delineateshe
boundarybetweena top layer and an infinitely deeplower
layer. Thus,for z,—c, I, becomes

221>
AB

: 17

I =1 1—;tan*l

The quantity I, in Eq. (17) is now the amountof the total
current! flowing throughthe ground below the depth z; .
Equation (17) shows mathematicallywhat is indicated by
Fig. 2: The further the outer currentelectrodesare spaced,
the deepetthe currentpenetrateinto the ground,probingthe
subsurface&ompositionto greaterdepths.

The ideathat the spacingbetweenA and B may now be
usedto quantify the penetrationdepth of the currentis ex-
tremely importantin resistivity surveys.Equation(17) indi-
catesthat half of the total currentflows abovez, andhalf of
the total currentflows below z; whenAB=2z,. The depth
given by

z=AB/2 (19

acquiresspecialmeaningin resistivity surveyssinceit may
now representin “‘effective depthof penetratiori’ of the cur
rent. This effective depth,in whatevermathematicaform it
appearsplays a major role in all resistivity surveys.lIt is
fortunatethatthe effective depthz takessucha simple math-
ematicalform in the Wennerarray While the expressiorfor
the effective depth assumesmore mathematicallycompli-
catedforms in otherarrays,the Wennerexpressioractually
gives a fairly good approximationfor the effective penetra-
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tion depthusing theseother arrays'® The effective depthz
= AB/2 for the Wennerarray alongwith the apparentesis-
tivity of Eq. (12) for the Wennerarray are the two main
mathematicatesultsof this section.

The effective depth may now be relatedto the system
depictedin Fig. 4. Whenthe effective depthreacheshelow
the boundarybetweenthe two layers,the measuredesistiv-
ity is determinedmore by the deepematerialthanthe shal-
lower material. The inflection point at the depth ~11.5 m
showswherethis crossoveccursandthusmayalsobeused
in very simplecasego determinehe depthto the boundaries
betweerthe subsurfacdayers.Figure5 showsthis crossover
as the nonlinearpart of the curve betweenthe two linear
sections.

The effective depthis the depthover which resistivity in-
formation is averagedsince the resistivity measuredat the
surfaceis thetotal resistivity of the entiresubsurfaceéhrough
which the currentis flowing. As statedpreviously the num-
bersfor the resistivity do not give the actualresistivity for
the lower layersbut an apparentresistivity For example,if
the actualresistivity of the upperlayerin a two-layersystem
were 200 {1 m, and that of an infinitely thick lower layer
were 5,000 Q) m, then the resistivity obtainedwhen the ef-
fective depthz first penetrateinto thelower layeris lowered
from its true valuedueto the influenceof the lower resistiv-
ity of the upperlayer. Only whenz>d, whered is the depth
to the boundary doesthe effective resistivity asymptotically
approach5,000 O m. In a systemof more thantwo layers
suchasthe one studiedin Sec.V with this equipmentthe
apparentesistivity of theintermediatdayerwill be shownto
be differentfrom that of the othertwo layers.Yet the appar
ent resistivity eventhoughit appearsto assumea stable
value,will notbetheactualresistivity dueto theinfluenceof
the other two layers. Applying the procedureof finite ele-
ment analysi® will constructthe true resistivity values
given the valuesof the apparentresistivities.The procedure
of finite elementanalysisis discussedout not exploredin
depthin this course.Softwareaccompanyingommercialre-
sistivity arraystypically performsthis analysisfor the user

IV. RESISTIVITY APPARATUS

Taking resistivity datain the field requiresan apparatus
consistingof two basicpartsas seenin Fig. 6. One part of
the apparatuss a sourcefor the currentand shouldbe ca-
pableof delivering poweron the order of 100 W. The other
part of the apparatuss a meansof measuringhe voltageat
variouspointson the ground.

The apparatugicturedin Fig. 9 is easily constructedn
the courseof oneafternoonsinceall componentbesideghe
electrodeshemselvesre‘‘plug andplay.” Most of the com-
ponentswere purchasedlirectly from local storesthat had
nothing to do with geophysicalequipment. The current
sourceconsistsof a 12 V lawn tractor battery available at
hardwarestoresIn orderto convertthis to the low frequenc
ac power a 12-V dc to 115-V ac portablepowerconvertet
was attachedto the battery using a car lighter socketwith
two batteryclips *® The particularpower converterusedwas
capableof delivering140W continuousoutputpowerat 115
V ac. All connectingwires were 16 gaugebraidedspeaker
wire and were terminatedon both endswith bananaplugs.
Alligator clips wereaddedto the endsconnectingo theelec-
trodes.For the field surveys,large aluminum paperclamps
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Fig. 9. “Plugandplay” resistivity apparatusleployedin ~20 cm of soil in
a bricklayers mudpan.The four electrodesat A, M, N and B are 4 gauge
copper wire. The voltmeter V, ac current source,and ammeterare all
mountedon a perforatecboardwith the batteryadjacentAll connectionsre
madewith 16 gaugebraidedcopperwire, bananaplugs,andalligator clips
andlarge aluminumpaperclips.

were addedto make the final connectionto the large elec-
trode easier Theseclampsare availablefrom office supply
stores.

The only modificationto any pieceof off-the-shelfequip-
mentwasthe plug which connectedhe outputof the power
converterinto the circuit. Oneendof a three-prongplug was
pluggedinto the powerconverter The otherendwas cut off,
andthetwo live acwireswereterminatedwith bananglugs.
The groundwire wasnot usedandwascoveredwith electri-
cal tapefor safety

Different electrodeswere usedfor the tabletopand the
field measurementd he electrodedor the tabletopresistiv-
ity measurementsvere 10 cm lengthsof 4 gaugecopper
wire. Theelectrodedor field studieswere60 cm sectionscut
from householduse coppercoatedsteellightning rods and
sharpenedo a point on one end. Theserods are available
from typical hardwarestores.

The only specializedcomponentsin the apparatuswere
the two digital multimeters* that measurethe total current
flow andthe voltagefrom the electrodesThesetwo multim-
eterscombinedwith the power converterto comprisethe
bulk of the costof the apparatusThe multimetersand the
connectionswere all mountedon a piece of 30cmXx 60cm
perforatedparticle board using elastic straps.This openar
rangementvas chosenin orderto keepall componentsand
their connectionsn plain sight of students.

Table I. Tabletopresistivity data.

a (cm) V (V) I (mA) z(cm) p (Qm) Sp (Qm)
15 20.3 70 2.3 27 27
3.0 9.6 45 45 40 68
5.0 9.8 65 75 a7 120
8.0 7.6 46 12 83 200

10 9.9 56 15 110 310
12 7.8 38 18 160 460
15 6.5 25 23 250 710
18 6.5 18 27 410 1,100
20 5.9 17 30 440 1,600
24 6.2 12 36 780 2,300
RhettHerman 949



700,

600

300¢

200

100¢

0.05

0.10

0.15

0.20
z=AB/2

0.25

0.30

Table II. Floodplainresistivity data.

a(m) V (V) I (mA) z(m) p(Qm) Zp (Qm)
0.10 10.72 24.2 0.15 280 280
0.20 4.60 25.3 0.30 230 510
0.30 3.60 32.9 0.45 210 710
0.50 1.54 33.9 0.75 140 860
1.0 0.61 39.2 1.50 98 950
15 0.43 37.6 2.25 110 1,100
2.0 0.34 35.9 3.00 120 1,200
3.0 0.25 46.8 450 100 1,300
40 0.21 35.4 6.00 150 1,400
6.0 0.49 36.3 9.00 510 1,900
8.0 0.48 36.3 12.0 670 2,600

12.0 0.62 39.5 18.0 1200 3,800

Fig. 10. Tabletopresistivity measurement#\pparentresistivity p,,, vs ef-
fective depthz=AB/2. The actualdepthof the soil in the panis ~20 cm.

One concernwhen deploying the electrodesfor surveys
with both this array and commercialresistivity arraysis the
consistencyof electricalcontactbetweenthe electrodesand
the ground.For this reasona small amountof slightly salty
wateror evenwaterfrom a nearbystreamshouldbe poured
on the baseof the electrodesvherethey contactthe ground.
This waterwill ensuregood contactbetweenthe electrodes
and the ground. So long as the amountof water is small
enoughso asto not saturatethe groundmorethana couple
of centimetersawayfrom the electrodesit will notinterfere
with the resistivity data.

V. RESULTS AND DISCUSSION

The apparatusvastestedin a controlledsettingby usinga
tabletopmodelfor a two-layersystemof knownresistivities.
This tabletop systemwas constructedusing a bricklayers
“mudpan’ (approximately20cmx 60cmx 90cm) filled to a
depthof 20 cm with wet soil. Bringing the wet soil in has
beenmosteffective with the geologymajorssinceit directly
connectsawith their interestsin real-world materials.The re-
sistivity of wet soil should be around10-100 Q m,” while
the resistivity of the underlyinglayer consistingof the bot-
tom of the mudpanand the supportingtable should effec-
tively approachinfinity. Measurementsvere made starting
with a commonelectrodespacingof 1.5 cm. The final spac-
ing of 24 cm ensuredhat the final effective depthof 36 cm

2000

1500

2"papp

1000

500 .

Fig. 11. Tabletopresistivity measurementsCumulativeapparentesistivity
2. papp VS effective depth z=AB/2. The depthto the boundaryof this two-
layer systemis indicatedby the line drawn vertically downwardfrom the
intersectionof the two straightsegment®f the graph.
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was well below the depth of the sail in the container The
dataandthe resultsof the calculationsare shownin Tablel.

The resistivity of the wet soil is in the tensof Om &s
indicatedby the first two datapointsin Tablel. This is in
agreementvith the expectedvalue for the wet soil.” Figure
10 showsthe steadyclimb in the resistivity valuesas the
probesare movedfurther apart. This reflectsthe probing of
the tabletoparraywell into the nearinfinite resistivity of the
plastic of the containerand into the woodentable below
Figure 11 showsa plot of the summationof the resistivities
of the layersversusdepth.The arrow drawn down from the
intersectionof the two straightsegmentf the graphindi-
catesthat the boundarybetweenthe upperlayer of wet soil
andthe lower layer of the containerandtablewaslocatedat
a depthof approximately21 cm. This is in good agreement
with the actualdepthof 20 cm.

The classroonresistivity apparatusvas also usedto take
resistivity dataon two flat openfields usingthe Wennerelec-
trode configuration.The first of thesefields was a periodic
floodplainon the RadfordUniversity campusadjacento the
New River. The local topographyand the location of the
river at the bottomof the valley allowedreasonabl@assump-
tions to be madeprior to the surveyaboutboth the depthto
the water table under the floodplain and the depth to the
underlyingbedrock.This would againallow the validity of
the dataobtainedby the apparatugo be tested.

The datain Tablell showthatthe subsurfaceof this field
harborsat leastthreemain layers.The resistivity of the top-
mostlayer of soil is ~280{) m, a valuecharacteristiof dry
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Fig. 12. Resistivity measurementis a floodplain.Apparentresistivity pap,
vs effective depthz=AB/2.
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Fig. 13. Resistivity measurement® a floodplain.Cumulativeapparente-
sistivity 2 p,p, vs effective depthz=AB/2. Finding the depthsto the bound-
ariesof a multilayer system.

topsoil” As the effective depthz increasesthe apparentre-

sistivity decreaset ~100{) m, indicatingthe presencef a
layer with a higher water content. The apparentresistivity
beginsto increasewhen the effective depthis greaterthan
3.0 m, indicating the presenceof a dry layer underlyingthe
uppertwo layers.This three-layerstructureis readily seenin

Fig. 12. This figure showsthe initial resistivity of the dry

topsoil quickly falling with depth and reachinga steady
valuearound100{) m whenthe effective depthis between2

and5 m. The apparentesistivity thenbeginsto rise steadily
with depth,revealingthe presenceof the third layer Figure
13 indicatesthat the depthsto the boundariesetweenthese
layersare approximately0.5and 7 m.

The three-layerstructureindicatedby Figs. 12 and 13 is
consistenwith a straightforwardnterpretationof the topog-
raphyof the floodplainarea.Figure 14 showsa crosssection
of the surfaceterrain of the floodplain.In Fig. 14, only ver-
tical distancesare drawn to scaledue to spacelimitations.
The shoreof the New River beginsa few metersto the north
of the floodplain of the survey with the bottom of the river
lying ~4 m below the level of the surveyfield. The flood-
plain andthe river are separatedby an artificial levy. To the
south of the floodplain are a seriesof progressivelyhigher
artificial terraces.Theseterracesfollow the generalrise in
elevationof the valley to the south of the river. The New
River is locatedin the bottomof the valley throughwhich it
flows, and,at the locationof the survey is approximately70
m wide and 1 m deep.

Giventhe surfaceterrainneartheriver, reasonableonclu-
sions concerningthe subsurfacecould be drawn. The first
conclusionis thatthe bottomof theriver itself shouldnot be

~40m

«a—— North

survey field

Fig. 14. Cross-sectionastructureof the floodplain on the Radford Univer-
sity campusHorizontaldistancesrenot drawnto scale.Thethreelayersof
dry topsoil, saturatedwater table, and bedrock suggestediy Fig. 13 are
shown.
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Table Ill. Sportsfield resistivity data.

a(m) V (V) I (mA) z(m) p(Qm) Zp (Qm)
0.50 135 3.1 0.75 140 140
1.0 106 3.2 15 210 350
2.0 100 34 3.0 370 720
40 107 2.6 6.0 1,000 1,700
6.0 164 2.9 9.0 2,100 3,900
8.0 99.1 3.1 12 1,600 5,500

12 114 31 18 2,800 8,300

16 110 2.7 24 4,100 12,000

24 148 3.8 36 5,900 18,000

28 260 35 42 13,000 31,000

32 390 3.3 48 24,000 42,000

far from the underlyingbedrockthroughwhich theriver has
cut. In addition, the groundwaterflowing from the higher
elevationsof the valley into the river would reasonablyflow
just belowthe surfaceandwould follow the generalslopeof
the terrain as it falls toward the river. The topsoil itself
shouldhavea relatively high resistivity since,after months
of normal precipitationin the area,there was a two-week
period of clear dry weatherduring which the waterin the
topsoil eitherevaporatedr draineddown to the level of the
main groundwateflow. The three-layerstructureof the sub-
surfaceindicatedby this interpretationof the surveydatais
illustratedin Fig. 14.

The third areasurveyedwith this apparatusvas a sports
field nearthe campusof a high schoolin thearea.The survey
areaand depthto which the apparatusmeededto penetrate
were larger than the areaand depthsof the previoustwo
surveys.This particular surveywas attemptedto determine
the ability of this apparatugo conductsurveysof relatively
large areaand depth.The datasetobtainedfrom this field is
shownin Tablelll. This surveywasperformedafterayearin
which therainfall in the areawasconsistentlybelownormal.
The readingswere obtainedon a winter morning and the
typical condensatiomvasnotedon theground.Therewereno
rivers nearthis field, unlike the floodplain of the surveyde-
scribedabove.

Damptopsoil hasa resistivity around100 £ m while dry
limestone which would constitutethe bedrockin the survey
area,hasa resistivity around10’ Q) m. Theresistivitiesfrom
Table lll are graphedin Fig. 15. The transition from the
lower resistivity of the overlying soil layersto the higher
resistivity of the underlyingbedrockis apparentThe resis-
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Fig. 15. Sportsfield resistivity measurementpparentresistivity p,p, vs
effective depthz.
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Fig. 16. Sportsfield resistivity measurement€€umulativeapparentesistiv-
ity > papp Vs effective depthz=AB/2. The locationsof the two boundaries
areindicatedby the two arrowsdrawn vertically downwardfrom the inter-
sectionsof the straightsegment®f the graph.

tivity of the soil layersstartsat a value of 140 Q) m, consis-
tent with damptopsoil. The resistivity steadily climbs from

thatvalue,reflectingthe possiblepresencef a drier layer of

fracturedlimestonebeneaththe topsoil. When the effective
depthof the currentcrossesverinto the regionof bedrock,
theresistivity valuesclimb sharply This climb seemgo start
abruptlyat a depthof 35-40 m accordingto Fig. 15, butthe
depthto the bedrockis more appropriatelydeterminedrom

Fig. 16. Figure 16 showsthe value in plotting 2p versus
depth when adjacentlayers have similar resistivity values.
Figure 16 givesa strongerindicationthan Fig. 15 thatthere
arethreelayersunderlyingthis field.

This sportsfield was createdby using topsoil fill dirt on
top of fracturedlimestonein orderto createa flat field in an
areaof slopingterrain.The dataindicatethe thicknessof this
topsoil fill to be ~3 m. Figure 16 also indicatesthat the
depthto the bedrockunderlyingthefield is approximately38
m. This depthto bedrockis consistentwith the construction
history of buildingsin the area.

The approachto introducingelectricalresistivity methods
in geophysicspresentechere hasbeensuccessfuin giving
our studentsa firm graspof the basicconceptsin the field.
While not as mathematicallyelegantas other approaches,
geologystudentsespeciallyseemto remembeitthe two basic
equationsdealing with the Wennerarray They are able to
useEgs.(12) and(18) asa frameworkwithin which to view
the data obtainedwith commercialarrays.More than any-
thing else, the effective depthallows them to visualize the
probing of the subsurfacewith measurementsaken at the
surface.

The apparatusiescribechereis capableof performingre-
sistivity surveys that yield information about subsurface
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structureover a wide rangeof depths—fromcentimetergdo
tens of metersin the presentwork. The measurementsb-
tainedwith this apparatusirevalid, andarecomparablevith
those that would be obtainedby a much more expensive
apparatusThe main drawbackto this apparatuss the time
requiredto properly site and connectthe electrodedor field
studies over large areas.Yet this constantredeployment
makesstudentsactive participantsin thesesurveys,andthey
are able to more clearly seethe relationshipbetweenthe
spacingof the electrodesand the effective depthof the cur-
rent. Again a perceiveddrawbackbecomesan advantage,
just as the prohibitive cost of commercialresistivity arrays
becamean advantagen introducingthe conceptsof electri-
cal resistivity surveysto students.
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