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ABSTRACT

This report has been prepared by the U.S. Department of Energy (DOE) as part of a Research
Development Demonstration Testing and Evaluation (RDDT&E) project by EG&G Energy
Measurement's (EG&G/EM) Remote Sensing Laboratory. lt examines geophysical detection
techniques which may be used in Environmental Restoration/Waste Management (ER/WM) surveys
to locate buried waste, waste containers, potential waste migratory paths, and aquifer depths.
Because of the Remote Sensing Laboratory's unique survey capabilities, only those technologies
which have been adapted or are capable of being adapted to an airborne platform were studied.

This survey describes several of the available subsurface survey technologies and discusses the
basic capabilities of each: the target detectability, required geologic conditions, and associated
survey methods. Because the airborne capabilities of these survey techniques have not been fully
developed, the chapters deal mostly with the ground-based capabilities of each of the technologies,
with reference made to the airborne capabilities where applicable.The information about each survey
technique came from various contractors whose companies employ these specific technologies.
EG&G/EM cannot guarantee or verify the accuracy of the contractor information; however, the data
given is an indication of the technologies that are available.
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EXECUTIVE SUMMARY

The following detection technologies may be used in Environmental Restoration/Waste Management
(ER/WM) surveys to locate buried waste, waste containers, potential waste migratory paths, and
aquifer depths.

Electromagnetic Inductive Methods

Electromagnetic Inductive (EMl) methods measure and interpret the changes in an electromagnetic
field caused byvariations in the electrical properties of the surrounding soil. EMl methods can be used
to find buried metallic drums, hazardous waste plumes, and the most effective locations for sampling
wells. Often, a survey employing EMl technologies can determine the boundary and composition of
landfills.

EMl equipment mounted on an aerial platformcan detect targets at depths in the range of 300 nleters.
A small, mobile, ground-based system can detect targets at depths to approximately 50 meters, and a
large, fixed-coil survey could examine depths up to a 1,000 meters.

The optimum conditions for using EMl detection technologies are those in which a target or volume of
soil with high conductivity is located in a large subsurface area of low conductivity.EMl techniques do
not work well in areas of high soil conductivity or if there is a large amount of metallic surface debris.
Metal buildings or power lines near the survey area can severely degrade the quality of the collected
data. Often a survey will use EMl detection techniques first and then use magnetometry or ground-
penetrating radar technologies to examine a specific area of anomalous readings more closely.

Gravimetry

Gravimetrydetectiontechnologyis based on the studyof the force of gravity,itsvariations,and the
causesof thevariations.Gravimetrycan be usedto determinelarge-scalegeologicstructures,large
near-surfacetunnels,and changes in subsurfacesoil densitywhich mightindicatethe directionof
contaminationmigrationor the boundariesof a landfill. In surveys,portable relativemeasurement
gravimetersdeterminethe change in gravityfieldstrengthfrom one positionto another.The spring
gravimeterand thevibratingstringgravimeterare the twotypesof instrumentsmostcommonlyused.

The chief purposeof a gravimetrysurveyis to determinelarge changesin soil density.Therefore,
gravimetryisnotanappropriatetechnologyforstoragetankorwastedrumsearches.Conditionssuch
as largenear-surfacetunnelsorcaverns,thealluvial-bedrockinterface,orthe depthto the localaqui-
fer have been determined by ground-based gravimetry. Aircraft-based gravimetry has been used to
find large-scale _,3rg_tssuch as salt domes and deep sea trenches.

Aircraft-based suweys can only detect targets that are several kilometers in size; therefore, it is doubt-
ful that aerial surveys would yield adequate results with the finely detailed resolution needed in ER/
WM surveys. Other technologies which might be used in conjunction with gravimetry techniques in-
clude seismic surveys (fordetermining soil density changes) and EMl surveys to determine the depth
to the local aquifer.

Ground-Penetrating Radar

Ground-Penetrating Radar (GPR) technology is used to fully map a subsurface environment. GPR
can be usedto find metal objects or hydrocarbon plumes, to determine the depth to the water table, or
to determine specific geologic featL, _s of the subsurface soil strata or bedrock.



The GPR is a radar system which emits an electromagnetic pulse of short duration. The system then
analyzes the echo return of the pulse to determine subsurface conditions and detect objects. Two
major characteristics determine the depth of detectability: the frequency of the radar system's pulse
and the conductivity of the soil.The lower the frequency of the electromagnetic pulse, the deeper the
penetration into the soil. GPR systems are designed to operate at frequencies between 80 and 900
MHz.

In conductivesoils (soilswhich are salty and wet or have a high claycontent), the depth of detectability
can be less than one meter. However, in nonconductive soil conditions, such as dry, sandy soils, the
depth of detectability can be as much as 50 meters with resolutions superior to any other subsurface
geophysical exploration technique.

Ground-based GPR systems claim a depth of detectability to 50 meters with a resolutionof 10centi-
meters; airborne systems claim a 20-meter depth of detectability and a 20-centimeter resolution,
under the best conditions. GPR is typically used to more closely examine an area which is suspected
of containing a target. This suspicion can be based on prior knowledge of the area or on anomalous
readings from a magnetometry or EMl survey.

Magnetometry

Magnetometrydetectiontechnologyisuseclinsurveysto findobjectswhichalterthe earth'smagnetic
fields, lt can be used to find magneticmaterials,some landfills,and some hydrocarbon-saturated
soils.

There are two methodsof magnetometrydetection:the gradienttechniqueandthe total-fieldtech-
nique.The gradienttechniqueemploystwo magnetometers;a strongerreadingon onemagnetome-
ter indicatesa nearbyobjectwithstrongmagneticqualities.The total-fieldtechniquemeasuresthe
totalmagneticfieldat each pointalong a surveygrid.The data are thenanalyzedfor anyindicationof
the presenceof subsurface,iron-based,or magnetictargets.Althoughthe surveyand data analysis
techniquesinvolvedare similarfor bothtypesof magnetometrysurveys,total-fieldsurveysprovidea
morecompleteanalysisof thesubsurfaceconditions.

Magnetometrytechniquescanonlybe usedto locatetargetswhichhavesomemagneticcharacteris-
tics,suchas steeldrumsorsomesoilswhichhavebeenexposedto hydrocarbons.Givencertainsoil
conditions,magnetometrycan be usedto searchfor the boundariesof hydrocarbonplumes.

Magnetometrycannotbe usedto find nonmagneticobjectssuchas aluminumor pollutantswhichdo
notcause a change inthe magneticcharacteristicsof the soil.

Ideally,a magnetometrysurveyshouldbe conductedinan areafree of irondebrisandwithsoilof low
magneticcharacteristics.Highlymagneticsoilsornearbyironormagneticobjectscanrenderthe sur-
vey data useless.

The distancefrom a magnetometer,eitherairborneor ground-based,at whicha target may be de-
tectedisas smallas 3 to 4 metersfora single55-gallondrumoras greatas 100 metersfor a steelship
hull.

Synthetic Aperture Radar

SyntheticAperture Radar (SAR) is a side-lookingimagingradarusedto map large areas of terrain,
inventoryvegetative types and conditions,and determinethe extent of oil spills at sea. Seine



subsurface investigation is possible with this technology; however, its greatest advantage is its ability
to image through forest and thick vegetative canopies. Abandoned stockpiles of drums and industrial
equipment could be found with this technology, but usually it is used to map terrain conditions and
topography so that some determination of waste pollutant presence and migration direction is
possible.

SAR systems can be mount_.don aircraft, satellites, ana even in the space shuttle. Resolutions are
from 1.5 meters by 1.5 meters for an aircraft-based system to 15 meters by 15 meters for commercial
satellite systems. SAR is a radar technique, and as such, targets might be hidden due to weather
conditions. For a high frequency system, rain might absorb or significantly scatter the radar pulse to
the point that targets might be hidden. Aerial photography, laser induced florescence, and X-ray spec-
troscopy can also be used to complement the various capabilities of SAR.
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ELECTROMAGNETIC INDUCTIVE SURVEY METHODS

Synopsis

Technology: ElectromagneticInductiveMethods

May Detect: Buriedmetaldrums
Hazardous waste plumes
Sampling well locations
Some types of landfills

Underlying Principle: Alteration of characteristics of electromagnetic fields caused by nearby
conductive material

Optimum Geologic Conditions: Highly conductive target located in soil of low conductivity

Extended Discussion

2.1 Introduction

ElectromagneticInductive(EMl) survey methodsmeasure and interpretthe changesin an electro-
magneticfieldcausedbytheelectricalpropertiesofthesurroundingsoilandanythingcontainedinthe
soil.EMl methodscan be usedto locate: buriedmetallicdrums,hazardouswasteplumes,effective
locationsforsamplingwells,and,often,theboundaryand compositionof landfills.Traditionally,EMl
methodshavebeenusedingeophysicalprospectingtofindconcentrationsof metallicores.However,
EMl methodshave beenemployedinenvironmentalsurveysfor approximatelythe pastnineyears.

2.2 Instrumentation

Ali electromagneticinductivesystemsoperatewiththe same basic principlesand consistof three
main components:a transmitter,thesampledvolume(the conductivehalf-space),anda receiver.

The transmitter(usuallya coil ofwire)creates an electromagneticfieldwhichis referredto as the pri-
mary field.There are twotypesof primaryfields: a fluctuating,continuouswave signalfield (thefre-
quencydomain)ora singlepulseof electromagneticenergy(timedomain).Theconductivehalf-space
isthevolumeofsoilbelowandbetweenthe transmitterandthe receivercoils.The effectithas onthe
primaryfielddependson soilcharacteristics.The EMl systemreceiver(alsoa coilof wire) measures
the characteristicsof thiselectromagneticfield atthe pointof the receiver.

EMl detectionsy'_temsexplorethesurveyarea fortargetswhichwouldcausesharpvariationsin soil
conductivity,forexample, any metalobjects,ore bodies,or variationsinthe soildensityor moisture
content.The primaryfield reactswith the conductingmaterialand creates a currentflowwithinthis
materialwhich, in turn, creates a secondaryelectromagneticfield. The higherthe conductivity,the
greaterthe secondary electromagneticfield is. Thesetwo fields interact,andthe combinedelectro-
magnetic field is referredto as the total, or resultant,field. After the total electromagneticfield is
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measured by the receiving circuitry,a determinationof the cause(s) of the subsurface conductivity can
be made.

Transmitters operate at various frequencies. For example, one transmitter operates at 0.075 hertz
and is used for deep (1,000 meters) geological investigations; another transm; {er operates at 900 to
32,000 hertz and gathers information on near-surface conditions or metal objects. The transmitter's
frequency determines the depth of investigation; the lower the frequency, the greater the depth of
penetration of the electromagnetic field. However, soil conditions determine the depth of detectability.
Evenwith atransmitter of very low frequency, if the upper layers of soil are very conductive, then lower
layers of soil or metal objects may be masked from investigation. Conductive overburden is a term
used when the upper layers of soil are extremely conductive.

Two common classes of electromagneticsurvey equipment can be used in environmental work: active
and passive EMl systems. An active system uses a transmitter which is in the immediate vicinity of, or
located at, the survey site. The transmitter and the receiver can be easily moved or relocated several
times during tile survey. Passive EMl systems use very distant, fixed-location transmitters.

Airborne EMl detection systems are usually self-contained unJ's, flown either inside the aircraft
(usually a helicopter), attached directly to the fuselage in a pod, or installed in a "bird" (a torpedo-like

, cylinder) which is connected to the helicopter by a tow line. During an aerial survey, both an active and
a passive EMl system can beflown together, thus allowing more information to be gathered in a single
survey flight.

2.2.1 Active EMl Systems

ActiveEMl systemsare bestsuitedforenvironmentalsurveyworkbecausethe transmitterlocationis
completelycontrolledbythesurveyteam. In airbornesystems,the transmitternormallyaccompanies
the receiverin flight. In active EMl systems,whichare ground-based,the transmittercan either be
mobile to cover small sites or fixed inone locationfor large-area surveys. For the large-area surveys, a
transmitter is positioned in a set location and the receiving coil is positioned at consecutive, pre-estab-
lished points along a survey pattern. Readings are then taken to examine the subsurface of a survey
area.

There are two genera_groups of active EMl systems: the frequency domain and the time domain.

Frequency Domain EMl systems

Frequency domain EMl systems have the capabi!ity of continuously recording data as the system it-
self is being moved over the survey site. Frequency domain systems are best used for shallow inves-
tigations of less than 30 meters. An advantage of this system is its ability to produce higher resolution

- images of the survey area by changing the coil orientations and the frequencies transmitted. This de-
termines the type of targets that are indicated and the depths of penetration that are achieved.

Figure 1 illustrates the four basic configurations for the active transmitter and receiver coil pairs and
their physical placement relative to each other. Although certain configurations are thought to be best
for specific targets, a horizontalcoplanar configuration is best for detecting metal objects near the sur-
face, and vertical configurations are less sensitive to metallic surface debris. Survey results, however,
are strongly influenced by the relative capabilities of the surveyors and their data reduction methods
(Sinha, 1973).Therefore, it is incumbentupon the site manager to investigate the survey contractor's
knowledge and experience with EMl techniques. Questions to aid the site manager in contractor eval-
uation are found in Section 2.7 of this chapter.

7
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Airborne active EMl systemsare almost exclusively the frequency domain t_,_pe,and their primary use
is insounding surveys. In a sounding survey, the subsurface between the transmitter and the receiver
coils is examined with different frequencies to determine conditions at various depths.

In an active EMl frequency domain system, the transmitted frequency determines the penetration
depth of the electromagnetic signal and calculates the dimensions of a conducting volume (such as a
concentration of metallic ores or an aquifer). The electromagnetic field strength and frequency affects
the amount of current that flows in the conductor. In a good conductor, a very high frequency will in-
duce a current that flows only around the objcct's outer surface, thus limiting the amount of current
flowing. The more current, the greater the secondary field produced. The secondary field's strength
and frequency are compared in making calculations to increase the systems's resolution and to esti-
mate the conductivity and volume of a conductor.

Time Domain EMl Systems

The time domain,or transient,EMl systemprovidesgreaterdepthof penetrationinconductiveenvi-
ronmentsandrecordsdataat discreteintervals.Thetimedomainsystemsarebestusedforinvestiga-
tionsthat are at depthsof greaterthan 50 meters.

By transmittinga pulse of electromagneticenergy insteadof a continuoussignal,the surrounding
earth is energized,causingeddycurrentsinthe conductiveareasto form,therebyproducinga sec-
ondary electromagneticfield.The transmitteristhen turnedoff, andthe receivermeasuresthe sec-
ondary field forbriefmoments(wi_/dows)at predeterminedtimes.A goodconductorwillhavea large
currentwhichtakes a longertimeto dissipatethanthe surroundingpoorlyconductivesoil.

The longerthe responseto the energypulselasts,thebetter the conductor.A shallowlyburiedcon-
ductorwillgive back a strongerresponse.Comparisonsof these two measurementsallowsfor the
depthof the targetto be estimated.The timedomain EMl system'sadvantagesare itssimpledesign
(sincethere is nofilteringneededto comparethe secondaryand primary fields)and itslessersensi-
tivity to thesite'soverburden.However,the lackof filteringequipmentmeans thereisno wayto elimi-
nateany unwantedsignalsfrom powerlinesorsurfacedebris.Therefore,time domainEMl systems
are best used for deep surveys in rural areas.

2.2.2 Passive EMl Systems

The passiveEMl systemisa very lowfrequency(VLF) systemwhichuses an electromagneticsignal
thatistransmittedforotherpurposesthanthe survey.The transmittersarea part ofa worldwideradio
networkusedto communicatewithsubmarines,andVLF refersto the frequencyrangeonwhichthese
transmittersoperate (betweenfiveand twenty-fivekilohertz[Telford,ct al., 1976]).

VLF EMl systemsusethesepre-existing,distantradiostationsas transmitterswitheach stationoper-
atingon a separatelyassignedfrequency.Unlessa surveysite islocatedwhere itcan notreceive a
measurablesignal,the receivingantennain a passivesurveywillbe tunedto receivethesignalfrom
two or morestations.The optimalsituationwouldbe to choosetwo stationsthat arecloseenoughto
receive a measurablesignaland whosedirectionsfromthe antennaform a 90° angle.

In ideal conditionsif a target is very near the transmitters,a detectabilitydepthof 150 metersis pos-
sible.The highertheconductivityofthesoil,themoreshallowthepenetration.Thetechniquesusedto
measurethe signalare similarto those usedinthe frequencydomainactiveEMl system.

Bothairborneandground-basedtypesof passiveEMl systemsare availableforsurveys.The airborne
systemwillcontinuallyrecorddata.A continuouslyrecordinggroundsystemis possible,butthe sur-
vey sitesare usuallysmallenoughfor a discretenumberofdata pointsto be measuredand usedina
softwareanalysisof the area.

9
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In geophysical surveys, VLF EMl survey techniques are used to confirm the location of geological
structures such as faults, fractures, and other near-vertical conductors. In environmental work, they
can indicate the most probable paths leachate and other fluids would take to migrate off site or into the
ground water aquifer.This technique can be a valuable alternative when contaminants are not directly
detectable.

The passive VLF EMl system is considered a subordinate survey method to active EMl survey tech-
niques because of the need tc)receive two separate stations' signals from appropriate directions. A
qualitative interpretation is obtainable if only one signal is received,but two signals are necessaryfor a
calculation of an object's conductivity and depth. Acquiring Gnemeasurable signal is usually not a
problem, but often the second signal is too weak to measure accurately. Best results are obtained if
the stations are located so there isa 90oangle between the received signals. These conditions do not
exist inali areas; however,VLF systems requirea minimal amount of time to set up, acquire readings,
and interpret the data, thus making the passive EMl system a complementary method to the other
geophysical techniques being used in an environmental survey.

2.3 Nature of the Measurements

A conductor is any object which readily allows an electrical current to flow (such as soil containing a
high metal ore content or a metal object). Soil conductivity is chiefly determined by the porosity and
salinityof the interstitial fluid (thefluid in the cracks and poresof the soil) as well as the specific mineral
content of the soil. For example,wet sands are more conductive than dry sands because of their high-
er water content. By itself, fresh water is only moderately conductive, but salt water or wet soils with a
heavy salt content are very conductive.

When a conductive soil, or a metal object in the soil, is subjected to a time-variant electromagnetic
field, a current forms in this soil or object which, in turn, forms an electromagnetic field referred to as a
secondary field. By measuring a secondary field at a number of points in a survey, a determination of
subsurface conductivity can be made. In geophysical surveys, the unit of measurement for conductiv-
ity is the milli-mho or 1/1000 of a mho.

Artificial sources of increased or anomalous conductivity include some hazardous wastes, steel
drums, and the material usedto fill in trenches or landfills; these become the survey targets. However,
nearby objects such as metal buildings, fences, or utility lines (referredto as"cultural noise") may also
be detected. An EMl survey attempts to determine subsurface and anomalous conductivity by mea-
suring the amplitude of the secondary field which is produced in the conductive half-space between
the receiving coil and the transmitting coil. The effects of cultural noise can negate the effective use of
EMl techniques in some area.,;.

An electromagnetic field has two components: the in-phase (real) component and the out-of-phase
or quadrature (imaginary.)component.The relationship between these components is used to calcu-
late the effect of conductive material or, the primary electromagnetic field. These components are also
used to measure the phase shift between the secondary field and the primary field, which provides
useful data on the conductivity of the target or the soil.

When a fluctuating secondary electromagnetic field is created, it i_ in opposition to the field which
created it (the primary field). 'Theamplitude of the secondary field will reach a maximum at a point in
time which does not correspond to the time when the amplitude of the primary field reaches its maxi-
mum. The difference in time is called a phase shift.

This phase shift of the resultant field (the combined primary and secondary field measured by the re-
ceiving coil) depends on the relative opposition of the secondary field as well as on the amplitude of
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the secondary field. For some targets or volumes of soil which are only slightly conductive, the resul-
tant field will be less opposing.

The amplitude of the secondary and the resultant fields will differ depending on the type of conductor
and the distance to the conductor. Once the phase and amplitude of the resultant field are known, its
two components (in-phase and quadrature) can be calculated. The in-phase amplitude indicates me-
tallic objects, and the quadrature ampQitudegives a measurement of the soil's conductivity.

One method of measuring the in-phase and quadrature amplitudes is to use the transmitter's primary
magnetic field as a reference. Once a reference is established, then phase filters are usedto separate
the primary and secondary received signals as well as the real and quadrature signals. First, the in-
phase and quadrature amplitudes are measured in quantitative terms such as in units of parts per
million (ppm)of the primary field. This quantifies the response of the underlying soil. These values are
then entered into a variety of softwaremodels to calculate the conductivity and depth of the conductor
in the soil.

By comparing the responses of the two amplitudes, it is possible to determine whether the anomalous
object is directly underneath or lying off to a side of a survey point. With an EMl system, a general
three-dimensional image of an anomaly can be approximated, which is a useful tool for the initial as-
sessment of a survey site.

2.4 Target Type and Detectability

Under proper geologicconditions,EMl survey systems can detect metal objects,contamination
plumes, landfillboundaries,andthe propersitesfor watersamplingwells.The typ_s of targetsand
theirmaximumdetectiondepthare ali dependenton site-specificfactors.For activeEMl systems,a
generalguidelineis: airbornesystemshavea ma_;imumresolvabledepthof 1-300 meters (Dighem,
1971);smallmobilegroundunitshavea maximumresolvabledepthof60 meters;and largetransmit-
ter loop,ground-basedsystemsmay havedepthsof detectabi!i.hlgreaterthan 600 meters.(Benson,et
al.,1984).

Three factorsdeterminethe maximumdepthat whichtargetsmay be detected.The firstfactoris the
sensitivityof the receiverto fieldchanges.A receivercoilwitha largeradiuswilldetectsmallerobjects
andatgreaterdepths,but islessaccurateindeterminingthetarget'sexactlocation.Asecondfactoris
the distancebetweentransmitterandreceivercoilswhichaffectsthe resolutionanddepthof penetra-
tion.A largercoilseparationmeansgreaterdepth,butlessresolution.The thirdfactoristhe frequency
dependenceonthe penetrationdepth.As mentionedearlier,the higherthe frequency,the moreshal-
lowthesignalpenetrationintothesoil Thisfrequencydependencecan helpdeterminethe depthofa
target.The greaterthe depth,the largerthe targetmustbe.

One effectivemethodof obtainingan estimateof the maximum depth of penetrationat a site is by
usinga techniquecalled '_forwardmodeling."Forwardmodelingusesthe alreadyknowngeological
factorsofthesiteandthe theoreticalresponseoftheEMl systemina numberofmathematicalmodels
to estimatethe maximumdepthofpenetrationandresolution.

Regardlessofthe depthof penetration,target resolutiondependson the contrastof conductivitybe-
tween the targetandthe surroundingsoil.The largerthe contrast,the moreeasily the targetwillbe
found. If the soil is highlyconductive,it is possiblethat EMl methodscouldfail to identifyan object
buriedwithintheconductivesoilstrata.

A time domainsystemmightbe bettersuitedto locate objectsin situationswhere the overburden
masks a target since it is designedto be less sensitiveto upper level conductivity.Upper level
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conductivity and nearby metal objects may make data readings appear unstable to the point of ap-
pearing random. This instability is referred to as "noise." Checking readings from additional surveys
using different coil orientations might help to interpret the data and to eliminate the noise factor.

2.5 Survey Techniques

There are two commontechniquesusedin ER/WM surveying:profilingand sounding.Profilingin-
volvestakingreadingsateach measurementpointalonga surveygridusingonlya singlefrequency.A
singlefrequencydeterminesthe conductivityonlyfor a specificdepth.As measurementsare made
overthesurveysite,a totalprofileistakenofthesubsurfaceconductivityatthatparticulardepth.The
most effectivetechniqueis continuousprofiling.The EMl system uses a transmitterand receiver
mountedon a mobileplatformwhichismovedaroundthesurveyareawhilecontinuouslytakingmea-
surements.This usuallyinvolvessome type of data storagedevicesuchas magnetictape. Continu-
ous profiling is very common in airborne systems.

Sounding surveys use several measurements at each location. Each measurement is at a different
frequency which has been calculated to yield measurements of conductivity at various depths. If the
conductivity of the upper soil layers is higher than for lower layers, the survey results might be poor.
However, for those cases inwhich the overburden is not a factor, a three-dimensional mapping of the
subsurface showing the water table, the bedrock and its condition, and metallic objects may be
possible.

Before conducting any EMl survey, it must determined whether the survey should be conducted from
an aerial or a ground-based platform.The advantage of an aerial survey is its ability to cover large
expanses of area and locate those placeswhich need further (i.e.,ground-based) investigation. Sepa-
rate geographic sites within the range of one airfield can be incorporated into one contracted survey
with additional transponder setups. While the costs for an aerial survey can be much higher than for a
ground-based survey, they are fairly well established before the survey is contracted. Often omitted
from ground surveys are the costs of safety requirementsfor ground personnel, access routes to the
site and on site, and the clearing of foliage for survey grids. The site manager should ensure that these
items are addressed in any cost estimate.

Forground-based surveys, several aspects of the site's topology must be considered before a survey
can be performed. Typically, a transmitter is set up at a location and a grid is established to make the
receiver coil measurements. At each grid mark, the receiver is set up, and the resultant electromag-
netic field is measured. This represents a measurement of the conductivity of the subsurface between
the transmitter and the receiver. Grid lines and spacings are dependent on the suspected target's size
and depth. Spacings typically start at the maximum distance at which two readings from the same
object may beobtained. After locatingan area that requires a more detailedexamination, more closely
spaced grid lines are added to find the boundary of the source. The exact spacings of the grids, maxi-
mum resolvable depth, and the type of objects to be detected should be determined in the preplanning
stage of a survey.

Another survey consideration is the artificial interference from man-made sources at the site. Metal
objects such as chain link fences, rebar supports inconcrete, and buried steel pipes or drums will give
extremely strong readings. Power lines will also overload the receiver if they are too near the survey
site.

When the survey data are presented, they will take some form which shows contours or areas of high
conductivity readings. Often the shape of the anomaly will help indicate the type of target. For exam-
ple, a pipe's anomaly is long and narrow,while a drum or a collection of drums has a much broader
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shape. (The data collected from these sources may be enhanced mathematically, or may be inter-
preted by a geophysicist.) Regionsof very high, upper levelconductivity will indicate areas in the site
which cannot be completelymapped by EMl technology.

2.6 Associated Technologies

Electromagneticinductivesurveysare usedto determinethe locationof samplingwells,hazardous
wasteplumes,and buriedmetallicdrums.Furthermore,the boundariesof landfillsandtrenchescan
be found.However,the resolutionof EMl methodsfor shallowobjectsis notas finelydetailedas in
othersurveytechniques.Forshallowsurveys,EMl methodsare generallyusedto makea preliminary
surveyof an area, andanothertechniqueis usedto examineareas of anomalousreadings.

ActiveandpassiveEMlsystemsareusuallyemployedwithmagnetometersto locatemetallicobjects.
Similarly,groundpenetratingradar (GPR) has been usedin conjunctionwithEMl techniques.GPR
wasfoundto confirmEMl anomalysourcesand investigateareasthatwere madeunreadablebyex-
ternal interference(Cox,1990).

2.7 Questions to ask EMl Survey Contractors

A. Whattypeof systemdo youuse?

Airbornesystemsare assumedto be active,frequencydomainsystems.The coil orienta-
tions,separation,and the frequencyorfrequenciesbeing usedmightbe questioned.For
a ground-basedsystem,anyofseveraltechniquesmightbeappropriateforthesurveysite.
Usually,DOE siteshavean environmentalgeophysicistonstaffwhohasmaderecommen-
dationsaboutthe type of surveythat shouldbe conducted,lt mightbe wiseto also have
the contractor make a recommendation about the proper technology and survey
techniques.

B. What type of finaloutputis produced?

To a large extent,thiswilldependon what type of target is being sought.If the survey is
beingusedto finda specificobject, suchas a storagetank, then simplymarkingthe area
atthesiteor ona map mightbesufficient.Forgeneralsurveysorsurveysinwhichthe target
mightbetheaquiferlevelovera largearea, thena contourmap mightbemoreappropriate.

C. Whattypesof objectscan yoursystemdetectand at what depths?

Dependingon site geology,EMl methodscan bestdetect objectsor volumesof soilwith
a highcontrastinconductivityfrom thesurroundingsoil.Mostoftenthiswouldbea conduc-
tive target in a non-conductivesurroundingsoil. For conditionsin whichthe target is in a
normallyconductivesoiltype, the resultscouldbe disappointing.In thesecases, another
surveytechnologymightbe needed.Eitherthesitegeophysicistor a contractorshouldbe
consultedaboutthe usefulnessof a surveytechnologyfor a specificsurvey area.

D. What are the costs?

Foran airbornesurvey,the costswillbe fixedand shouldvary onlyunderunusualcircum-
stances. For a ground-basedsurvey,the costs will include itemswhich are not usually
thoughtof as beingnecessaryfora survey.For example,the survey gridmighttraversea
sectionof densefoliage whichwould need to be cleared before the survey.The terrain
mightbe more roughthen expected, addingtime to the survey.Any delay or difficultyin
equipmentsetupmightaddtimeto thesurvey,thusincreasingsurveycosts.
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E. What othertechnologiesdo you use to perform surveys?

Quite often, Magnetometrysurveysare performedalong withEMl surveys. In aerial sur-
veys, the equipmentis often installedin the same package as the EMl equipment.For
ground-basedsurveys,Gravimetryor Ground PenetratingRadar surveysare often per-
formedat the sametime.
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3.0 GRAVIMETRY SURVEYS
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GRAVIMETRY SURVEYS

Synopsis

Technology: Gravimetry

May Detect: Large-scalegeologicstructures
Large near-surfacetunnels
Directionof contaminantmigration
Landfillboundaries
Aquiferdepth
Alluvial-bedrockinterface
Saltdomes

UnderlyingPrinciple:Largechangesinsubsurfacedensitywhichalternearbygravityfield strength

OptimumGeophysicalConditions:Unlimited

Extended Discussion

3.1 Introduction

Gravimetryisthestudyof localvariationsofgravityandtheircauses.Gravimetrycanbe usedtodeter-
minevery large-scalegeologicstructures,largenear-surfacetunnels,andchangesinsubsurfacesoil
densitywhichmightindicatethe directionof contaminantmigrationorthe boundariesof a landfill.For
years,the oil andmineralexplorationindustrieshave usedgravimetryto discoverareas of possible
deposits.Gravimetrytechnologywas usedin 1924 to helpdiscoverthe NashDome oildepositin Ft.
Bend,Texas,possiblythe firstdiscoveryof oilby any geophysicalmethod(LaFehr, p.1634).

3,2 Instrumentation

Gravimetrycanbe usedtofind boththedirectionandstrengthofa gravityfieldat aspecificpoint.Most
often,however,thedirectionof thefieldis independentlydetermined,andonlythestrengthofthe field
is measured.There are manytypesof gravimeters,each withdifferentapplicationsandvaryingde-
grees of accuracy.The superconductive,free-fall,and pendulumgravimetersand their variations
yieldhighlyprecisemeasurementsbutare notsuitedto portableapplications.These gravimetersare
absolutemeasurementdevices;they measurethe exact value of the gravitationalfield.

The gravimeterswhichare moresuitedto portableuseare calledrelativemeasurementgravimeters,
and they measure only the change inthe gravity field strengthfrom one positionto another.Their
advantages over the absolute measurementgravimetersare their lighterweight, more rugged
construction, and faster speed of measurement.Though many types of portable gravimeters are
available, there are two which are most commonly used: the spring gravimeter and the vibrating string
gravimeter.

3.2.1 Spring Gravimeter

The springgravimeteris the mostcommontype of gravimeterused in portableapplications.In the
basicdesign,whichis illustratedin Figure2, a mass isattachedto the free end of a lever arm. The
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massismuchheavierthan the leverarm.The forceof gravityactingonthemasswilltendto swingthe
leverarm down,displacingitfrom a horizontalposition.A counterspringis attachedto the leverarm
andto a solidmounton the gravimeterto partiallycounteractthe effectsof gravityon themass-lever
arm.Therestof the restoringforceissuppliedbya measuringspringwhichisattachedtothe leverarm
anda calibratedmeasuringscrew.

MEASURING
SCREW

F-q

SPRINGS _< MEASURING
< SPRINGS

t MA£S FORCE
LEVER ARM , DIRECTION

._.

FIGURE2. SIMPLEGRAVIMETERDESIGN

When the forceof gravityand thetension supplied by the two springsare exactlyequal, the lever arm
will be horizontal. As the force of gravity weakens or strengthens, the mass will be displaced either up
or down, respectively. At this point, the calibrated measuring screw will be twisted in or out, thereby
adjusting the tension in the measuring spring. This is adjusted until the lever arm is again in the hori-
zontal position. The measuring screw is calibrated iri gravity measurement units so that the amount of
adjustment necessary to rebalance the lever arm from one location to the next can be read. The devi-
ation from the prior reading then can be determined and recorded in the proper gravity measurement
units.

The gravimetry industry is fairly diverse, and manufacturers have made many modifications to this
basic design. One of the most common modifications isto automate the adjustment of the measuring
screw by electrostatic or electronic feedback systems.

3.2.2 Vibrating String Gravimeter

The vibratingstringgravimeterusesa masssuspendedona stringwhich is, in turn,fastened to a solid
mountinsideofthe gravimeter.The force ofgravityactingonthe masssuppliesa tensioninthestring.
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The string is then caused to vibrate, and the rate of vibration is carefully measured. The rate of vibra-
tion of the string is a function of the physicalcharacteristics of the string (length, diameter,and materi-
al) and the string's tension. This issimilar to the way a guitar string produces sound. Thicker strings are
used for lower notes, and the pitch of a string can be adjusted by varying its tension. In a vibrating
string gravimeter,the force of gravity acting on thP mass will supply the tension in the string. A change
in the force of gravity will cause a change in the tension of the string, thus causing a change in its rate of
vibration. By noting the change in the rate of vibration of the string from one point to another, the rela-
tive change in the force of gravity can be calculated.

3.3 Nature of the Measurements

Everymaterialobjectin the universeattractsevery otherobject in the universeby a forcewhichis
directlyproportionalto theproductoftheirrespectivemassesandinverselyproportionalto thesquare
of the distancebetweentheir respectivecentersof gravity.The center of gravi_ for a sphere is its
geometriccenter. However,for a nonuniformdensityor irregularlyshapedobject,thispointis deter-
minedstatisticallyfromthedensitydistributionsas seenfromthepointofmeasurement.This isusually
offsetfromcenter and dependson the densitydistributionof the object.

A consequenceof the force of gravityisthe accelerationof gravity.When dealingwithgravitymea-
surementson the earth, the accelerationis normallyreferredto as "g." Thus, the force of gravity is
proportionaltothe massesof theearth and the testobject,butg (acceleration)is proportionalonlyto
the massof the earth andthe distanceofthe testobject fromthegravitationalcenter ofthe earth.

Ingravimetry,g is measuredinunitsof centimeterspersecondpersecond(cm/s2)whichare referred
to as "gals." Some gravimeters(free-falltype) actuallyare measuringthe accelerationof gravity,but
mostare measuringthe force of gravity.However,the resultsare stillexpressedinterms of gals.

The earth's mass is the source of gravitywhichis of interestto gravimetrysurveys;however,other
factors (both internaland externalto the earth) complicateits measurement.Correctionsfor these
factors must be taken into accountduringa gravimetry survey beforeactual values can be deter-
mined.Some of these complicatingfactors include: the earth's shape,the earth's rotation,the tidal
effects,and the local topography.

Survey Correction for the Earth's Shape

Theearthisnotperfectlysphericalinshape,lt isslightlyflattenedatthepolesandbulgingat theequa-
tor. The differenceis small (about21 kilometers)comparedwiththe magnitudeof the radiiinvolved
(equatorialradiu._= 6,378 kilometers,and polarradius= 6357 kilometers),butthe force ofgravityat a
pointon the surfaceofthe earth dependson itsdistancefrom theearth'scenter of gravity.Although
thisam(_untsto onlya maximumof 0.34% differenceindistance,precisegravimetrymeasurements
can detect thisdifference.Thus, correctionsof the raw surveydata mustincludea factorfor latitude.

In gravimetrysurveys, the distancebetween the measuringdevice and the earth's center of gravity is
the largest determining factor in the magnitude of the measurement. These differences indistance are
called the local area's elevation. To help correlate actual gravity measurements to useful measure-
ments, two artificial surfaces have been devised to help in the analysis of gravity survey data: the
reference spheroid and the geoid. Elevations are calculated from these reference surfaces.

The reference spheroid isthe surface the earth would have if ali the excess land mass were removed
andthe oceans were filled, lt is an equipotential surface; that is, the force of gravity would be the same
value and the gravity field would be directed perpendicularly down at ali points on this surface.
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The second artificial surface is calledthe geoid. A geoid is defined in this manner: if canals were dug
through ali of the continental land massesand sea water were allowed to flow freely through them, the
geoid is the sea level over the oceans and through these canals. Thus, the geoid is an equipotential
surface which cuts straight through the middle of land masses.

Where the reference spheroid givesan equipotential surface on the assumption that there are no vari-
ations in the shape or density of the earth, the geoid takes these factors into account. The earth has a
mean continental elevation of 500 metersand maximum elevations and depressions of around 9,000
meters, plus or minus, in reference to sea level. Obviously, the true sea level is influenced by these
variations, and a survey must take these factors into accountwhen making correctionsfor elevation. A
geoid is a means of defining a practical mean sea level to help in these corrections.

The geoid and reference spheroid are not the same at ali points. The geoid is warped upward under
the continental masses due to the gravitational attraction of the material above it and is warped down-
ward over the ocean basins. Figure 3 illustrates an exaggerated difference between the two.

Survey Corrections for the Earth's Rotation

To measure the earth's gravitational attraction, gravimeters measure the effect that the gravitational
force has on a test mass: either how far it deflects a spring, how muchtension it creates ina string, or
some other effect. But gravity is not the only force acting on such a test mass. The largest such sec-
ondary force is the centrifugal force caused by the earth's rotation. Passengers in cars notice such a
force when drivers make sharp turns at high speeds. Centrifugal force is the force which tends to push
them into the car door. A lesser-known characteristic of the centrifugal force isthat, for a constant rate
of rotation, the further from the axis of rotation the stronger the force pushing radiallyoutward. In gravi-
metry, the centrifugal force has its maximum effect at higher elevations near the equator and haszero
effect at the poles (directly on the axis of rotation).

Survey Corrections for Tidal Effects

An additionalfactorthat requirescorrectioningravimetrysurveysisthe tidaleffect.As statedearlier,
every objectinthe universeattractsevery otherobject.The earth, moon,andsunare no exceptionto
this rule.The sun and moonhave the effect of slightlydistortingthe shape of the earth. While the
earth's mantleshowsvery littledeformation,theearth's oceansare noticeablyaffected.This hasthe
effectof raisingthe localelevationandshiftingthe earth's centerof gravity,a cyclicvariationthat can
be measuredat any pointon the earth. "Rdaleffects cause large variationsand require complex
correctionsinsurveys.

Survey Corrections for Local Topography

Still anotherfactor which requiresa correctionin gravimetrysurveysis that of the local topography.
The elevationof the measuringdeviceaffects its distancefrom the center of gravity which, in turn,
affectsthe gravitationalfieldstrength.The gravimetercan be thoughtof as being situatedon a flat
planewhichstretchesouthorizontallyto infinity.Anymasswhichliesabovethisplanewilltendto less-
enthe measuredforceofgravityduetotheupwardattractionofthismass.Thus, ifthe gravimeterwere
positionedatthe base of a mountain,the measurementwouldbe lessthan if the mountainwere not
there.
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Correctionsfor these effects and a few othersmustbe taken intoaccountbefore the data froma gravi-
metric survey can be propedy analyzed. Some of these corrections might be very small, but they are
not trivial. The measurement for g is in the order of 980 gals, while differences ing are measured in
units of microgals ormillionths of a gal. Forextremely accurate surveys, even such factors as tempera-
ture, barometric pressure, and wind speed must also be accountedfor due to their effect on the gravi-
meter itself.

3.4 Target Type and Detectability

When makinggravitymeasurements,thedistancebetweenthe gravimeterandtheobjectcausingthe
gravityfieldisveryimportantbecauseofthe magnitudeofthemeasurement.As discussedearlier,the
strengthof a gravityfielddecreaseswithdistancefrom th,aobjectproducingthe field.

A secondreasonwhy thedistanceis soimportantis theway inwhichthe strengthof thegravityfield
varieswhen close to a very largeobjectwithvarying density.When measuringthe gravityfieldat a
point,thegravimeterwillmeasuretheeffectsof ali gravity-producingobjects.These objectsmightbe
verylarge,butfar away(likethesunandmoon),ortheymightbevolumesofdifferingdensitywithinthe
earth.Closedepositsof densematerialwillproducegreaterlocalizedgravityfieldstrengthdifferences
than woulda homogenousJayerof soil.

As the distancefromthe earth increases,thesevariationsinthe gravityfield tend to average.This
makestheeffectoffar awayobjectslikethemoonandsunappearas ifali oftheirmasswere concen-
trated at their respective centers of gravity. Howevew,when near a large object of varying densi_!,
these differences can be detected with precise measurements.

A consequence of the effect of the gravity field strength averaging with distance is that, as the height at
which a measurement is made above the earth increases, variances are measurable only with
increasingly larger volumes of differing density (salt domes and deep ocean trenches). For this
reason, it is doubtful that airborne surveys could be adapted to the finely detailed work required in
Environmental Restoration/Waste Management (ER/WM) work.

No gravimetric survey, with typically achievedfield _esults,can directly detect subsurface pollutants or
buried drums. However, there are some detectable objects or conditions which might be useful for
ER/WiVlwork, and land-based gravimetry appears to be best adapted to this type of work. There are
two types of land-based gravimetric surveys performed: classical gravimetry and gradient gravimetry.
In classical gravimetry, measum.mentsare made at separate locations, and the relative differences
are recorded and compared. Subsurface geologic conditions can then be determined from this data
after the survey corrections ai'e made. When extremely precise measurements are taken in such a
survey, it is sometimes referred to as a microgravity survey.

In gradientsurveys, two gravity measurements are made with one made at a known vertical distance
above the other. This type of survey measures the rate at which the strength of the gravity field is
changing (known as the gravity gradient). For a sphere of uniform density or layers of uniform density
(as the earth is assumed to be for simple calculations), the gravity measurement taken at the surface
would be the same as if ali of the mass of the sphere were located at the sphere's center. Fora uniform
density earth, a measurement made at the equator on the surface would be the same as measuring a
small object of the same massat a distance of 6,378 kilometers. A displacement of three meterswould
cause only a slight difference in the measurement; however, for an object buried at a depth of three
meters, the differencecaused by an additional three-meter displacement would cause the measure-
ment from this object to decrease to one-fourth of the lower reading.

By making a survey and noting where the measured gradient differs from the theoretically calculated
gradient, some determinations can be made concerning subsurface structures. Dr. Z. Fajklewicz of
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the Geophysical Prospecting Co. in Warsaw, Poland, reported some success using this method in
finding abandoned mining tunnels at a depth of 15 meters (Fajklewicz, p.1016).

Most surveys related to prospecting which might be applied to the ER/WMfield are microgravity sur-
veys. In these surveys, precise differences in measurements are calculated between different survey
points. Using this method and limited ground truthing, some success has been reported in ER/WM-
type projects. For example, it is quite common for a gravimetry survey to determine the alluvial-bed-
rock interface or the depth to the local aquifer.This gives an indication of how pollutants could migrate
to the local aquifer.

Both of these survey types can be performed from an aerial platform, but the ability to detect small
subsurface targets is greatly diminished for two significant reasons. First, as stated earlier, with dis-
tance, variations in the gravitational field tend to average together°Thus, with increased altitude, the
size required for an object to be detectable increases dramatically.

The second reason isthe effect ofthe aircraft's motion on the gravimeter. Noaircraft travels inperfectly
level flight. There is the vibration caused by the engine(s), the pitch, yaw, altitude changes, and
weather conditions that even the most experienced pilot can not avoid. Many instruments have been
designed to compensate for these motions, but ali have the effect of decreasing the sensitivity of the
instrument. The resolving power of a gravimeter is related to aircraft motion. For a land-based survey,
the gravity field is determined at a single point, but it takes a gravimeter from several seconds to a few
minutes to makethis measurement. With a gravimeter mounted on a helicopter traveling at 40 meters
per second, it is possible that a single gravity reading might be the integratedvalue of the gravity mea-
surement for the distance of over a full kilometer.

3.5 Survey Techniques

Typicalsurveysare laidoutina grid-typegeometry,wherethe localtopographyallows.Gridspacingis
determinedby suchfactorsas targettype, gravimetersensitivity,and localtopography;for detailed
surveywork,a spacingof 50 to 100 feet iscommon.Becauseelevationaffectsthe readingsto a large
degree, it isnecessaryto knowtheelevationto an accuracy ofonefoot.Thus,an extremelyaccurate
topographicalmappingof thesurveyarea is necessary.The mappingshouldincludean area beyond
the boundariesof thesurveyarea becauseofthe effectthat large nearbymountainrangesor valleys
have on the gravity measurements.

Readings of a survey area might still contain errors, no matter how carefully the readings are taken. Ali
gravimeters, with few exceptions, have some sort of drift in their readings because gravimeters are
bounced around during relocation. The bouncing of the mass on the spring causes the spring to
stretch slightly. By regularly making check measurements ,.",',a base location,a tension curve can be
determined. Usingthis curve, data can be correctedto the level of accuracy that an invariant gravime-
ter would have read during the survey. If, however, the gravimeter were jarred or received a large
bump that caused a big variation at some point, then the entire survey might have to be redone.

The most important part of the gravimetrysurvey isaccomplishedafter ali the data readings are taken.
At this point, ali of the corrections are made to reduce the data into meaningful values. These values
are then used to determine what, if any, geologic structure3 might be present. There are many tech-
niques available which give meaningful results, but none are perfect. There is gne common phrase in
the literature de._cribing interpretation techniques: 'q'here is no unique solution to the gravimetry
modeling problew.,."This means that for any _.etof data, there is usually more than one set of condi-
tions which could leadto these data. However, a good geoscientist with some knowledge of the survey
area (and perhaps the assistance of some complementary surveys) should be able to make an accu-
rate model of the subsurface environment.
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3.6 Associated Technologies

Gravimetry is capable of finding subsurface tunnels or caverns, sink holes, and some geologic struc-
tures. The nature of some of thesu geologic structures can be used to indicate aquifer levels or the
direction and speed of some pollution migration. But, no results can be relied on with 100% confidence
without some independent testing such as taking subsurface soil samples. This will indicate the soil's
characteristics (density, porosity,and grain size). Another such test is a seismic survey. This will indi-
cate fractures in the bedrock, aquifer levels, and subsurface strata structure. Both ofthese techniques
are, however, very expensive for large-area characterization. Quite often, a magnitometry survey is
conducted with a gravimetry survey. Some of the results from a magnitometry survey will indicate a
geologic condition that will help clarify a gravimetry survey's results.

3.7 Questions to ask Survey Contractors

A. What typesof objectsor geologic conditions are detectable with your system?
The "system"wouldreferto boththe hardwareand the data reduction/mappingsoftware.
The sensitivityof the instrumentationis important,but an inadequatesoftwarepackage
couldnegatethebenefitsof a moreaccurateinstrumentationpackage.One softwarepack-
age comparescorrected field data and a softwaregeologic model suppliedby a geo-
physicistknowledgeablein the localgeology,lt indicatesa correlationbetweenthe calcu-
lateddata thatthe modelwouldproduceandthe correcteddata.A lowcorrelationin some
area indicatesthatchangesneedto bemadeinthatarea ofthe modelandanotheriteration
of the calculationsis made. When the correlationrate is sufficientlyhigh, the model is
declared a "goodfit." However,there are stillmany subsurfacestructureswhich couldgo
undetected.For the finelydetailedresultsneeded in ERNVMwork, these limitationsmust
be known.

B. What type of finaloutput is produced?
Somecontractorsproducea subsurface reliefmap; othersproducedifferentoutputs.Per-
napsthe contractorcould modify the outputto a form more usefulto the specific ER/WM
problemat hand.

C. What type of topographicalsurveyis performedalongwiththe gravimetrysurvey?
For precise data recordings,positionsand elevationsof measurementlocationsmust _
made to an accuracyof 0.3 meters or better,dependingon the surveyconditions.This is
usuallyperformedin a gravimetrysurveyby first surveyinga locationby traditionaltopo-
graphicalmeans,andthenmakingthegravitymeasurement.Foran aerialsurvey,position-
ingequipmentsuch as microwave positioning,lidaraltimeters,and otheraccurateequip-
ment is used.

D. What othersurveytechniquescan youperform?
Gravimetryalone may not give sufficientinformationabout an area to make a proper
decisionforan ER/WM problem.Some contractorsalso perform surveyssuchas magne-
tometry or seismicsurveys, which mightbe performed along with gravimetry to give a
higherdegree of confidenceinthe final results.

E. What are the costs?

Underthe bestof conditions,a topographicalsurveyteam can makereadingsat, perhaps,
30 to50 locationsina singleday.The surveyarea size, gridspacing,and terrainconditions
will,thus,affectthecostsof laborandequipmentrental.Processingcostsalsovaryaccord-
ingto specialcharacteristicsof the surveyandthe contractor.
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4.0 GROUND-PENETRATING RADAR SURVEYS
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GROUND-PENETRATING RADAR SURVEYS

Synopsis

Technology: Ground-Penetrating Radar

May Detect: Metal objects
Hydrocarbonplumes
Depthto thewatertable
Some subsurfacegeologicfeatures

UnderlyingPrinciple:Transmittedelectromagneticpulsesaimedat a targetarea andreflectedback
as an echo froma metallicobject

OptimumGeologicConditions:Dry,sandy,nonconductivesoils

Extended Discussion

4.1 Introduction

UsingGround-PenetratingRadar (GPR), a survey team can fullymap a subsurfaceenvironment.
GPR can be usedto findmetalobjects,hydrocarbonplumes,the depthto thewatertable,and some
geologicfeaturesofthesubsurfacesoilstrata.Whensoilsareconductive(whentheyare wet orhavea
highclay content),the depthof penetrationcan be less than one meter.However,in nonconductive
soilconditions(drysandysoils),thedepthofpenetrationcan beas muchas50 meterswithresolutions
superiorto anyothersubsurfacegeophysicalsurveytechnique.

4.2 Instrumentation

GPR systemsare similarto other radarsystems.First,an electromagneticpulse(EMP) of energyis
emittedfroma transmittingantenna.The EMPthentravelsverticallydownwarduntilitstrikesa target,
anda portionoftheenergyoftheEMP isreflectedback.This isreferredto as an echo,anda greatdeal
of informationcan be extrapolatedfromthecharacteristicsofthe echo.The echo is, inturn, detected
bythereceivingantenna.The targetisa boundarybetweentwo mediaof differingdielectricconstants
(electricalcharacteristics).The boundarycan be an interface between two layersof differentsoil
types,an interfacebetweenmetalandsoilorair,orthe interfacebetweenwaterandanothermaterial.

4.2.1 Antenna Configuration

The criticalcomponentin ali GPR systemsis the antennaconfiguration.Many systems(especially
ground-basedsystems)havetwoantennas,a transmitter,anda receiver.This iscalleda bistaticcon-
figuration.The extra antennacompensatesfor a lack of propagationdistancebetween the antenna
andthe target.Fora ground-basedsystem,theantennasare inphysicalcontactwiththe grounditself.

The EMP widthis referredto inunitsoftimedurationofthe pulsebecauseinvarioustypesof soil,the
EMP travelsat differentvelocities,andthe physicaldimensionofthe pulsevaries.Fora GPR system,
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pulse durations of 10 nanoseconds (ns) are not uncommon. The physical duration of such a pulse
varies from one soil type to another, but a propagation velocity of 0.1 meters per nanosecond is typical.
For a target buried one-half meter beneath the surface, itwould take the EMP 5 ns to reach the target.
lt would take the echo another 5 ns to return to the antenna.

If the target were buried nearer to the surface or the propagation velocity were a little faster, then the
echo might return to the antenna before the antenna had completed transmitting the pulse. Use of a
second antenna to receive the echo allows the detection of an echo from a target which is very near
the transmitting antenna.

For airborne systems, buried targets are many meters below the antenna. In this case, there is suffi-
cient time for the system to transmit a full duration EMP and switch the single antenna to a "receive"
configuration before any echoes can be returned.

Not ali of the energy of the echo returns to the receiving antenna. Most of the energy will bounce in
such a direction that it will never be detected. If, however, the echo has multiple bouncesor if a portion
of the transmitted EMPtravels inan undesired direction, then a false return could be detected. Anten-
nas have a radiation pattern which focuses most of their energy in a specific direction. However, ail
antennas radiate some energy to the sides (side lobes) and even directly backwards.

Ina GPR survey, ali returns are assumed to indicate a target which liesbelow the GPRantennas. Ifthe
antenna were under a metal bridge or very near a metal building, then a false return could indicate a
subsurface target which actually lies above or beside the radar unit. To compensate for this, some
antennas (both transmitting and receiving) are shielded to block any echoes from undesired
directions.

4.2.2 Pulse/Echo Techniques

Though ali GPR systems operate according to the pulse/echo principle, there are significant differ-
ences between them. Onedifference is the way inwhich a system transmits a pulse. If electromagnet-
ic energy is being continuously radiated, then the system is called a continuous emission radar. If elec-
tromagnetic energy is being radiated in discrete pulses, then the system is referred to as an impulse
radar. The impulse radar is the most commonly used system and is known by several names:
Subsurface Imaging Radar (SIR), ground-probing radar, or ground-pulsed radar.

The detectability of any echo depends on its strength. Both the power output and beam width of the
transmitting antenna affect the return echo strength. Ali antennas radiate an EMP in a pattern which
spreads with distance, and the angular extent of this spread is called th9 antenna's beam width. Most
radars have a very small beam width; sometimes a spread of less than one degree is achieved. For
GPR, the beam widths are quite a bit larger, sometimes as large as 90°.

When a GPR antenna emits an EMP,the pulse will spread as it penetrates deeper into the subsurface,
forming a cone-shaped radiation pattern. As the pulse penetrates deeper into the soil, its energy con-
centration becomes more diffused; therefore, the amount of energy in the portion of the pulse which
strikes the target will be less for targets of the same size which are buried at deeper depths. There are
two other characteristics of the EMP subsurface transmission to consider. Some of the energy of the
EMP is absorbed as it travels through the soil, and the echo increases its beam width as it travels back
toward the receiver. Ali three of these factors combine to limit the depth of detectability for a GPR sys-
tem. To compensate for this, surveys use sensitive receiving antennas which can detect extremely
weak echoes; however, they are also very sensitive to electrical noise generated by local factors such
as nearby radio transmitters or metal buildings.
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For an airborne system, the antennas are designed to give as little spread as possible, but they do not
have a narrow beam width. The area of the ground surface over which the transmitted EMP is spread
is referred to as its "footprint."The size of the footprint depends on the antenna's beam width and the
height at which the aircraft is flown. More energy is transferred into the subsurface surveyed area with
a smaller footprint. Tokeep the footprint as small as possible, air-basedsystems are flown close to the
ground, usually at an altitude of 50-300 feet, where safety and local conditions allow. Losses due to a
greater distance between the radar antenna and the target are compensated for by a greater power
output of airborne radar systems.

4.2.3 Output

The outputof a GPR survey can take severalforms. In onetype of survey,the echo returnscan be
viewed in real time on a videoscreen as the surveyis beingconducted.This hasthe advantageof
beingableto immediatelyredirecta morecarefulordetailedsearchoveranarea wheresomeanoma-
lousresultwas seen.Otheroutputsare the resultofthe processingsoftwareusedon thesurveydata
whichcan highlighttargetsby usinga numberof filteringtechniques.The outputcouldbe a colorized
printout,wiggletraces,or otherspecializedformats.

4.3 Nature of the Measurements

The resultsof a GPR surveyare determinedbymeasuringthecharacteristicsof the returnecho.The
time delaybetweenthe transmittedpulseandthe returnecho indicatesthe depthof a target,andthe
strengthofthe returnindicatescharacteristicsaboutthe typeof target.As statedearlier,the strength
of the echo for any targetpartiallydependson the amountof energyin the EMP strikingit. In many
respects, this is a functionof the power outputof the survey system; however,there are other
considerations.

An EMP traversesthrougha mediumuntilit reachesan interfacewith anothermediumof differing
electricalcharacteristics.Atthisinterface,someoftheenergyo,_the EMP isreflected,andsomeofthe
energypassesthrough.Atthe firstinterface,thestrengthofthe returnshouldbefairlyhighsincemost
of the EMP energyis reflected.Whenthe next interfaceis reached,theenergyofthe EMP is less,so
thereturnfromthisinterfacewillbeweaker.Atsuccessivelylowerinterfaces,thereturnechobecomes
too weak to be detectedbythe receivingantenna.

Someoftheenergyisabsorbedbythe materialthroughwhichthe EMPtravels,whichisreferredto as
attenuationof the pulse.Attenuationismeasuredinunitsof dB (a logarithmicmeasureof the ratioof
the inputpowerto theoutputpower)per meter.A 6-dB/mattenuationmeansthatonehalfofthe power
measured at the surface is availableat a subsurfacedistanceof one meter. If the EMP is not fully
reflected,then the echo'senergyisstillsmaller,andthe echo is again attenuatedas it returnsto the
surface. Fortunately, not ali soils have a very high attenuation factor or GPR would have very limited
applications.

The characteristics of the transmitting antenna can be designed to compensate for attenuation of the
soil by emitting the maximum amount of energy from the transmitting antenna into the first medium
through which the pulse must travel. The maximum amount of power will be transmitted if the electrical
properties of the antenna and this first medium are the same.

For an airborne system, the first medium would be the air. The EMP then travels until it reaches the
ground where there is a strong difference in the electrical properties between the two mediums (air/
ground), and a large portion of the EMP's energy is reflected back. Thus, for an airborne system, the

27



ground provides the strongest return. This can be useful insome cases. For example, when there is a
thick grass cover, depressions can be easily found.

For a ground-based system, the antenna is in direct contact with the ground and should be closely
matched to the soil's electrical characteristics. Though various soil types have differing electrical char-
acteristics, a proper choice of antenna design can provide a significant improvement in the amount of
energy which is directed to subsurface targets by a ground-based unit.

Two majorelectrical characteristics of the soil, which are important in determining the reflectivity of an
interface and the attenuation of the soil, are the soil's dielectric constant and the soil's conductivity.
The larger the difference between the dielectric constants of two mediums, the better the reflectance;
the greater the conductance of the soil, the larger the attenuation.

A soil's conductance is a measure of the its ability to conduct electrical current when there is a voltage
potentialdifference between two points in the soil. The larger the conductance, the better the ability to
conduct current. The EMP is composed of a rapidly varying voltage signal. As the EMP passes
through the soil, there is a temporary difference in the voltage potential between different points in the
soil, and a current is formed which absorbs energy from the EMP.The better the conductance, the
more current; the more current, the more energy absorbed; and the longer the distance the EMP trav-
elsthrough this soil, the more energy is absorbed. Again, the measure of the amountof energy lost ina
signal per its distance is its attenuation factor. Salt water, soils with heavy ore content, and "clayey"
soils are very conductive, so the EMP is highly attenuated in such soil conditions.

The dielectric constant hastwo effects on the EMP.First, the velocity of the EMPthrough a material is
an inverse function of the dielectric constant. The higher the dielectric constant, the slower the veloc-
ity. The second effect is a more fully reflected EMP at an interface between two mediums of highly
differing dielectric constants. Metals are the best reflectors, interfaced with anything. Combinations
such as hydrocarbons (with a low dielectric constant) floating on water (with a high dielectric constant)
also offer a highly reflective interface, lt is important to have sharp contrast between the two mediums.
For instance, if the hydrocarbons and the water were mixed or both diffused into the surrounding soil
so that there were no sharp interface, then the concentration of hydrocarbons might go undetected.

A target's depth, as indicated byGPR, depends on the assumed value of the dielectric constant of the
soil.The output of GPR is graphed along two axes. The horizontal axis indicates the distance along
the surface over which the survey was taken. The vertical axis indicates the time it takes a for a pulse to
travel through the soil to a target and be reflected back. The deeper the target, the more time taken. If
the soil is uniform, then the vertical axis is linear. A target's echo which took twice as long to return
would indicate that the target is twice as deep.

Since soil is composed of various strata of differing soil types, a soil's dielectric constant can change,
and thus the depth versus time relationship in the output graph might not be linear.For this reason, the
output graph of a survey must be assumed to be an indication of relative depth and not a calibrated
distance. When returning to an area for remediation procedures,the output of a GPR survey may indi-
cate a target at a slightly greater or lesser depth then it might actually be.

The resolution between two objects is also a function of the soil's dielectric constant. As with most
radars, the pulse width determines the resolution. Resolutions to one-half of a pulse width are pos-
sible.Though this value differs from location to location, current ground-based systems claim resolu-
tion capabilities of between 10 centimeters and 1.5 meters with a depth of detectability of up to 50
meters (under perfect conditions). Airborne systems claim resolutions of 20 centimeters with a depth
of detectability of 20 meters.

Results can sometimes be misleading in a GPR survey. If an antenna is unshielded, the return echo
might be from a direction other than below the antenna. If the antenna becomes tilted (for example, if
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the antenna were dragged over a small knoll), then the primary look direction might not be directly
beneath the antenna. In addition, if a sufficient amount of surface material is very conductive, then
lower targets might be masked. When there are conditions of rough terrain (under metal bridges or
where a large amount of surface debris exists) a GPR survey might be unadvisable.

4.4 Target Type and Detectability

GPR can be usedto find metalobjects(steeldrums,storagetanks, utilitycables,etc.), trenchand
landfillboundaries,certaingeologicstructures,and (underproperconditions)the extentof a hydro-
carbonplumeorthedepthtothewatertable.Metaltargetsarevery reflectiveandareeasiestto detect
in a GPR survey.

The GPR measures the EMP echo from an interface of two media with differing dielectric constants.
Hydrocarbons floating on water form a good reflector due to the differing dielectric constants of water
and the hydrocarbons. Water pooled in certain soil types will also be a good reflector; however, if the
interface between the water and the soil or the hydrocarbons is not sharp, it is possible that such a
mixed interface might not be detected.

Compacted soil has different electrical properties than loose soil. Loose soil has a greater porosity.
Porous rock structures can fill with air, water, or loose soil, and this is referred to as a fracture. The
interface between loose and compacted soil as well as the fractures in rocky structures are reflective.
The output of a GPR survey can clearly show the boundaries of a landfill, the location of different soil
strata, or the position of fractures in the underlying bedrock. This kind of data helps to determine the
extent of a polluted area and the direction in which the pollutants might migrate.

Current ground-based GPR systems claim resolutions between 10 centimeters and 1.5 meters with a
detectability depth of up to 50 meters under perfect conditions. Forairborne systems, possible resolu-
tions of 20 centimeters with a detectability depth of 20 meters are claimed. However,not ali areas have
a penetration depth that is this high. For example, in southern Nevada, attenuations of 18 dB/m are
common because of a heavy clay concentration in the soil. This means that at a depth of one meter,
the EMP will have one-eighth of the power that it had at the surface. For a fully reflected echo from a
target buriedone meter below the surface (two-meter travel distance), the strength of the return echo
will be one-sixty fourth of the transmitted energy.Thus, southern Nevada is not a good area for GPR
surveys. However,areas with dry sandy soils are appropriate for a GPR survey.

4.5 Survey Techniques

The type of surveyperformeddependson thekindof platformbeingusedandthe target beingsought.
GPR systemsmountedon aircraftare limitedto searchingan areaaccordingto a welldefinedsearch
grid. Carefulattentionshouldbe paidto aircraftpositionandaltitudemeasurementsduringthe flight
because GPR systems recorddata so fast that it can be considered a continuousmeasurement
method.Ifproperpositionrecordsare notkept,thenthe locationof an anomalousGPR readingmight
be difficult(ifnotimpossible)tofind.Quiteoften,theGPR systemissetLipwitha videocameraviewing
the radar'sfootprintpatternon theground.Thenthe surface area abovean anomaloussectionofthe
outputcan be moreeasilyfound.

Generally,ground-basedGPR systemshave moreflexibilityinsurveytechniquesbecause ofthe two
antennasusedwithmostsystems.A generalsearchforanytargetwouldbestbeperformed bysetting
up a searchgridandsurveyingalongthispattern.As withair-basedsurveys,carefulattentionshould
begiventothepositionoftheGPR systemduringa survey in ordertorelocateanyareasof anomalous
readings.
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Sometimesobstructions,such as walls or shrubbery,may block a portion of a survey area. if the GPR
system being used has a detachable receiving antenna, then the surface below these obstacles can
still be surveyed. As previously mentioned, the transmitting antenna radiates the EMP in a wide
angular pattern. As the EMP strikes an object at an angle which is not directly below the transmitting
antenna (angle of incidence), itwill produce an echo returnwhich travels back toward the surface at an
angle (angle of reflection) which is equalto the angle of incidence, but directed awayfrom the transmit-
ting antenna (Figure 4). Ifthe transmitting antenna and the receiving antennawere placed on opposite
sides of a barrier, then the subsurface below the barrier could still be surveyed.

Another survey technique is the common depth point procedure. In this procedure, the antennas are
placed side by side over the target and then moved away from each other at a constant rate of speed.
By using the target as a known reference point in ali of the measurements and at different antenna
positions, several propagation distances can be determined for the EMP/echo. By observing how the
EMP/echo propagation timing varies, some determination of echo velocity can be made. With some
knowledge of the soil type, this method has been used to determine how the moisture content of the
soil varies with depth, as well as the depth of the water table in sandy soils (Fennerand Smith, 1991).

The timing of a survey is as important as the survey methodused. Saturatedsoils are more conductive
then dry soils. Ifthere are salts present in the soil, adding water will greatly increase the soil's conduc-
tivity and its attenuation factor. Surveys conducted following a rain storm should allow sufficient time
for the soil to dry.

Freshwater is relatively nonconductive, so it is possible to obtain good surveys over a lake. Areas that
are usually wet are conductive because of the interaction of water and soil. These areas can be better
surveyed if the survey is performed when the area is frozen and the water reacts less with the soil. A
common way to survey the bottom of a shallow lake is to survey the top of the lake when it has a safe,
thick layer of ice. Then the ice acts as a platform for the antennas, and the EMP propagates well to the
lake bottom below.

4.6 Associated Technologies

GPR can be used to detect metals, geologic structures, and soil changes in density, type, and mois-
ture content. Sometimes, however, conditions exist under which other survey technologies, such as
magnetometry or electromagnetic inductive survey methods, should be used to find metals. Magne-
tometry is limited to finding only iron-based objects and is limited in its detectability depth.

Electromagnetic inductive survey methods can be used to find metal of ali kinds, but the resolution of
this method is very coarse compared to magnetometry or GPR techniques. Raw GPR data graphs are
very easy to interpret, and magnetometry data are only slightly more difficult for simple targets.
Electromagnetic inductive data require significant processing to be interpreted.

Soil strata, geologic structures, and fractures in bedrock can be found using seismic methods which
are strictly ground-based. Seismic survey methods are very expensive and have a more coarse
resolution then GPR, but their detectability depth extends many hundreds of meters.

lt should be noted that GPR is usually not the first method used in a survey. In most surveys, the
primary technology is one that covers a large area in a small amount of time. If an anomaly is found in
the data, then a more careful search is employed using a method which gives more detailed results.
When a GPR survey is appropriate, the first search is often conducted with electromagnetic inductive
methods. After any anomalous areas are found, then another survey technology (like GPR) with a
finer resolution capability is used.
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4.7 Questions to ask Survey Contractors

A. What are the depth and resolution capabilities of your system?

To answer this question, the contractor must have some information about the geologic and
soil conditions of the site. For certain areas, such as areas with wet or "clayey" soils, GPR
simply will not work. For airborne surveys, geophysicists who are knowledgeable about
GPR requirements should examine the area.

B. What type of system is being used?

There are various survey systems available. For a ground-based system, are the two
antennas separable? Different ways of moving the two antennas are possible; hand
dragging the system or towing the system behind a small tractor is possible. This might
provide some exploration techniques not possible with other systems.

C. What items are included in the survey costs?

Costs for a survey include: mobilization and location costs, survey costs, and processing
fees. Since there are many gro_,nd-based survey contractors throughout the country, mobi-
lization and location costs sl_ould be minimized when local contractors are used. For air-

borne systems, the cost of the survey could include an additional aircraft rental fee,
depending on the survey contractor. Always ask the contractor about any special licensing
or processing fees.

D. Are there any survey technologies available which might yield better results than GPR?

lt is possible that another survey technique might yield faster results in a first-time survey
of a large area. Then GPR could be used to more carefully examine an area which
produced anomalous readings.

E. What type of output is produced?

Several different processing techniques give outputs which are generalizations of a
seismic wiggle trace plot. False coloring and statistical filtering of the data provide a look
at the subsurface as if it were sliced open along the survey line. Other techniques can
produce a three-dimensional model of what the entire subsurface area might look like.

,i
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MAGNETOMETRY SURVEYS

Synopsis

Technology: Magnetometry

May Detect: Metaldrums
Steel or ironpipes
Well casings
Holdingtanks
Objectsmade of magneticmaterial
Sometypesof landfills
Hydrocarbonplumes

Underlyingprinciple:Locatingmagneticand iron-basedobjectswhichaltertheearth'smagneticfield

OptimumGeologicConditions:Any kindofsoilwithnon-magneticcharacteristics

Extended Discussion

5.1 Introduction

Magnetometry,the studyof magneticfields, is usedin surveysto remotelysense objectswhichalter
the earth's magneticfields (magneticmaterials,some landfillG,and some hydrocarbon-saturated
soils) (Henderson,1984). There are two magnetometrysurvey techniques:the totalfield technique
andthe gradienttechnique.Thetotalfieldtechniquemeasuresthe totalmagnitudeoftheearth's mag-
neticfield (dueto alisources)ata certainpoint.The gradienttechniqueemploystwo magnetometers,
anda strongerreadingon onemagnetometerindicatesa nearbyobjectwithstrongmagneticqualities.
The surveyanddataanalysistechniquesare the sameforbothtypesof surveys.However,totalfield
surveysare the mostcommonlyused.

5.2 Instrumentation

The measuringdeviceusedinmagnetometryis calleda magnetometer,andthere areseveral types:
the fluxgate, the dip needle,and the protonprecession.Currently,the mostcommonlyused mag-
netometeristhe protonprecessionmagnetometer(PPM) whichusesthe physicalcharacteristicsof
spinningprotonsto measurea magneticfield.When any spinningobjectissubjectedto an external
fieldwhichisnotdirectedalongthe object'saxisof spin,theobjectwillbeginto rotatearoundan axis
paralleltotheexternalfield,similartothewaya topwillbeginto wobbleintheearth's gravitationalfield.
Thiswobbleis called"precession,"andthe rateof precessionis directlyrelatedto thestrengthofthe
appliedfield.

A protonprecessionmagnetometeris basedon thissame principle.A sampleof hydrogen-richliquid
suchas water,kerosene,oralcoholissurroundedbya largecoilof wire. Hydrocarbonfluidsare used
because the spinningprotons(or hydrogennuclei) behave like small spinningmagnetic dipoles.
Whena currentisappliedtothesurroundingcoilof wire,a largeinducedmagneticfieldisset upwithin
the sample. The induced magneticfield is much greater than the earth's magnetic field, so the
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magnetic dipoles of the spinning protonswill alignthemselves withthe field direction of the coil of wire.
When the current in the coil is stopped, the induced magnetic field of the coil of wire also stops. The
spinning protons will then begin to precessaL_ut an axis parallel to the direction of the earth's magnet-
ic field.

The earth's magnetic field is relatively weak, and the normal molecular interactions of the fluid will
eventually cause the magnetic dipoles of the nuclei of the hydrocarbon sample to become randomly
orientated. For a short time, however,the protons will be spinning at a uniformly precessional rate
inside of the col! of wire. These spinning magnetic dipoles, in turn, induce a small current in the coil of
wire at a frequency which is directly proportional to the strength of the earth's magnetic field at that
point. The direction of the induced magnetic fie_dis unimportant as long as the fields of the earth and
the field produced by the wire coil are not parallel.

The induced current is in the range of a few micro-amps with a frequency of approximately 2,000 Hz.
Precise measurements must be made by _._ instruments, and current models of PPMs are capable of
measuring total field intensity to an accuracy of a few gammas (one gamin3 equals one nano-tesla). L

Some models can measure to an accuracy of a few tenths of c,gamma.

5.3 Nature of the Measurements

5.3.! Effects of Magnetic Fields

"[,le earth's magnetic field can be thought of as being analogous to a large-b_,.rmagnet buried within
the earth. One way of describing a magnetic field graphically is by using "flux lines." These imaginary
lines emanate from the ends (poles) of the magnet and follow the direction of the field at any point. A
stronger field is indicated by a heavier concentration of flux lines in that area. Figure 5 is a simplified
representation of the earth's magnetic field. The flux lines emanate from the magnetic poles of the

- earth in a direction perpendicular to the surface and are relatively concentrated. Near the magnetic
equatorial region, the flux lines are spread out and are nearly parallel to the surface. In reaBity,at the
earth's magnetic poles, the field is directed perpendicularly to the surface at a strength of approxi-
mately 60,000 gammas. At the magnetic equatorial region, the field is generally parallel to the surface
at a strength of 30,000 gammas.

Becausetargets or anom;llies are detected by variations in the total magnetic field, it becomes neces-
sary to understand the r(ocesses which cause these variations. One characteristic of the total mag-
netic field isthe strength of the field, butfor a multi-source characterization, the direction of the field is
also important. In mathematics, anything which is described in terms of magnitude and direction is
described graphically in terms of vectors. While the direction of the field is of little concern, the way
vector_ are added is important (Figure 6).

A fiela is represented by a long arrow.The direction of the field is represented by the direction of the
arrow or vector. The strength of the field is represented by the length of the vector: the longer the vec-
tor, the stronger the field.

Vectors are added by placingthe tail of a second vector on the point of the firstvector while maintaining
the proper direction.A third vector is then drawnfrom the tail of the first vectorto the point ofthe second
vector. This resultant vector indicates the tota_field strength and direction at that point. Thus, even if a
target source were fairly large, if the field it producedwere orientated the wrong way, the size of the
anomaly it produced could be misleadingly small.

-

In addition to the earth's magnetic field, there are also magnetic fields caused by a high content of
magnetic minerals, such as magnetite, in some soils. Therefore, some knowledge of site geology is
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helpful beforea survey is conducted.High magnetitecontent insomesoilscan cause enough"noise"
in a survey so that some weaker targets may go undetected.

Any randomfluctuationsin the recordeddata causedby sourcesother than those targeted duringthe
surveycanbeconsideredas noise.Culturalnoiseiscausedbyanyobjector electricfieldwhichmight
interfe_e withthemeasurementofanomaliesproducedbythe targetof concern.Nearbyfences,utility
lines,water pi_.as,rebar inconcrete,or radiotransmittersare consideredsourcesof culturalnoise.
Additionalnoisemaybecausedbytheeffectsof solaractivityintheearth'sionosphereandtheearth's
magnetosphere.

MAGNETIC FIELD

FIGURE5. REPRESENTATION OF EARTH'S MAGNETIC FIELD

VECTOR ADDITION

VECTOR 1 VECTOR 2

f
VECTOR 3

RESULTANT VECTOR

FIGURE 6. VECTORS CHARACTERIZING A MAGNETIC FIELD
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5.3.2 Effects of Magnetosphere and Ionosphere

The magnetosphereisanarea intheearth'supperatmosphereinwhichsomeofthechargedparticles
comingfrom the sun(bothpositivelyandnegativelycharged)are captured.Becausethese charged
particlesare moving,theycreate a magneticfield.

The magnetospherecausesshorterperiodvariationscalledmicropulsations.Micropulsationshave a
broadrangeof durationfrom a fractionof a secondup to an hour,withamplitudesof a fractionof a
gammato a few hundredgammas. Micropulsationsoccuron a randombasisanytimeof the day or
nightandare relatedto magneticstormswhichoccursuddenlyand simultaneouslyaroundtheworld.
Magneticstormscausevariationsof up to severalhundredgammasandmay lastseveraldays. lt is
importantto notethatthesevariationsare very large-areavariations.Thus, ali butthemostrapidand
severeeffectsmay be mitigatedthroughpropersurveytechniquessuchas keepinga base station
magnetometerwhichwillrecordthesevariations.Thenthevariationsmay be subtractedfromthe sur-
vey magnetometerreadings.

The ionosphereisalsopartoftheearth'souteratmosphereandcontainsenoughionsandelectronsto
cause large-areadisturbances.This isreferredto as thediurnalvariationandappearsto be a daytime
phenomenonin whichthe earth'stotal fieldwill increaseor decrease by as muchas 200 gammas,
startingatdaybreakandconcludingaboutdusk(Figure7). Thechargedparticlescomingfromthesun
strikethe earth'supperatmosphere,then moveaboutforminglargeelectricalcurrentswhich, inturn,
produce magnetic fields. Eventually, as these particles move about in the ionosphere, they will begin
to lose some of their energy and will recombine to lose their charge as well as their ability to produce a
magnetic field.

DIURNAL VARIATION

I I I I I I
I I I I I I
I I I I I I

I --.
t ,.JAY 1 NIGHT 1 I I I Ii DAY2 i NIGHT2 i DAY3 i

F_GURE_. LARGE-AR_O#STURBANCE"O#URNALVARIATION

The area of the highest concentration of charged particles is at a point directly facing the sun. As a
point on the earth passes beneath this area in the ionosphere, the magnetic field of the ionosphere
and the earth's magnetic field add or subtract to form the diurnal variation. The night side of the iono-
sphere has few charged particles moving about because, by then, most of the particles have recom-
bined. Here, the ionosphere's magnetic field is negligible so it has no effect on the earth's total field.

A variation of the strength of the solar wind (the term applied to the stream of charged particles ema-
nating from the sun) will cause a corresponding variation in the magnetosphere and the ionosphere,
therefore affecting the earth's total magnetic field. Solar wind variations are caused by magnetic
storms in the sun, which are characterized by sunspot activity. In times of extreme sunspot activity,
field fluctuations might be so rapid and of such magnitude that accurate measurements are impossi-
ble. However, these conditions are not common and would only temporarily affect a survey.

5.3.3 Anomalies

An anomalyis a variationin a groupof magneticmeasurementswhichindicatesthe presenceof a
magnetictarget.There are four commoncausesof magneticanomalies:
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A. Remanent (permanent) magnetization

B. Induced magnetization

C. Thermo-remanent magnetization

D. Changes in the soil's magnetic susceptibility

Remanent, or permanent, magnetization occurs when an object has become magnetic, somewhat
likea bar magnet. This is generally the strongest form of magnetization and is independent of ambient
field direction. Therefore, it could have any directional orientation. Some substances might become
magnetic because they are composed of small magnetic microcrystals. Normally these microcrystals
are randomly orientated and, thus, have no overall magnetic moment. However, if these microcrystais
become aligned to any degree, an overall magnetic moment is produced and the substance becomes
magnetic.

Induced magnetization refers to the action of the magnetic field on a material. The ambient field is
alteredso that the material in the field behaves like a magnet (Figure 8). The strengthof the anomaly is
dependent on the strength of the field around the material and the material's ability to alter the field.
The relative ability of a material to alter the surrounding magnetic field is called its magnetic suscepti-
bility.This is the process by which magnetite is generally considered magnetic, and the magnetic sus-
ceptibility of most other soils is measured by their magnetite content. Most metal drums, pipes, well
casings, and holding tanks create anomalies due to induced magnetization.

ii
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FIGURE 8. INCLUDED MAGNETIZATION: CHANGING AN AMBIENT FIELD

Thermo-remanent magnetization is the process of making substances magnetic by melting them in
the presence of a magnetic field. When a substance containing magnetic microcrystals is heated to
the point of melting, the microcrystals are free to reorientate themselves from a normally random
orientation to an alignment with the earth's magnetic field. When the substance solidifies, the micro-
crystals are "frozen" in this orientation, producing a permanent magnetic field. During a survey, this
process is usedto detect objects of archaeological significance such as glass bottles, kilns, or pottery.

Changes in the soil's magnetic susceptibility can be caused by chemical reactions of the ferro-
magnetic constituents of the soil in the presence of organic matter. This is similar to magnetic varia-
tions which are caused by soil of one level of susceptibility being replaced by that of greater or lesser
susceptibility. The process of changing the magnetic character of the soil due to chemical reactions is
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not as well documented as other processes, but is thought to be related to organic compounds or
humus-enriched structures converting iron oxides in the soil from being weakly to strongly ferromag-
netic. Some success has been reported in finding landfills and archaeological sites based, in part, on
this process.

5.4 Target Type and Detectability

There are many types of objects, soil types, fills, and voids (trenches or holes filled with material of
greater or lesser magnetic susceptibility) which produce anomalies that may be detected in a survey.
There are three major factors that determine what can actually be located in a survey.

First, the strength of the anomaly must be determined. For instance, inattempting to detect an under-
ground water line, a thick steel or iron pipe would produce some sort of anomaly, but a plastic pipe
would produce none.

Second, the distance to the target must be determined. The strength of any magnetic field decreases
with distance. In general, a 55-gallon drum can be detected at 10feet. In conducting a ground survey,
a 55-gallon drum buried at 5 feet could be detected. However, while conducting an airborne survey
with the magnetometer at an altitude of 50 feet, it is doubtful that such a drum could be detected.

Third, the level of cultural noise must be determined. The strength of an anomaly decreases with dis-
tance. If there is a significant amount of extraneous magnetic material (fences, rebar in concrete) in
the survey area, then the magnetic field produced by the desired target might be masked by the unde-
sired magnetic fields of the much closer, but unimportant material.

There are some general guidelines about what type of target can be detected and at what distance (as
indicated by Table 1 and Table2). These guidelines do not indicate the depth at which an object may
be buried and still be detected; they are only an indication of the distance from the magnetometer at
which an object can be detected in either a ground survey or an aerial survey. Also, the detectable
distance of any object can be severely limited by adverse soil conditions.

TABLE 1. MAXIMUM TARGET DETECTABILITY DEPTH

1 ea. 55-gallon drum ........................................... 10 feet

4 ea. 55-gallon drums .......................................... 20 feet

Fuel holding tank ............................................... 75 feet

Automobile (small) ............................................. 100 feet

Aircraft (light) .................................................. 50 feet

Pipeline (12-inch diameter) ...................................... 50 feet
Revolver ...................................................... 10 feet

Fence line ..................................................... 25 feet

Ship (steel hulled 1000 tons) .................................... 1000 feet

Well casings ................................................... 500 feet

Small magnet .................................................. 30 feet

Adaptedfrom a chartinApplicationsManualForPortableMagnetometersbyS. Breiner,p.46. In thisversion,distances
should be considered as rough estimates only.
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TABLE 2. APPROXIMATE MAGNETIC STRENGTH OF OBJECTS WITH DIFFERING
AMOUNTS OF IRON CONTENT

1
I I I

1FEET 2 4 6 10 20 40 60 80100 150200

I I I I I I I I I
CENTIMETERS 100 200 400 600 800 1000 2000 3000 4000

DISTANCE FROM MAGNETOMETER ""

Takenfrom"ApplicationsManualforPortableMagnetometers"by S.Breiner,Geometrics,p 43

5.5 Survey Techniques

There are some commontechniqueswhichareusedto conducta magnetometrysurvey.A competent
contractorshouldbe able to makesuggestionsor variationsin surveytechniquesif new equipment,
typesoftargets,or localconditionswarrantthem.

The mostcommontechniquewillusetwomagnetometers.One magnetometeris keptas a fixed-base
station to measure changes in the local field that might be caused by magnetic storms,
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micropulsations, and diurnal variations. These are wide-area effects, and their variations must be re-
moved so any anomalies are not masked.

The search is then conducted by making readings at specific sites in the search area with a survey
magnetometer and mapping out these readings (after ali known natural variations have been
removed). Next, an analysis is made of any localized area for larger or smaller readings which might
indicate that a target could be buried there. The locations of the readings will be along some prese-
lected grid over the search area. Rectangular grids are usually chosen for two reasons. First, accurate
mapping of the data is very important for determining anomaly shape and size. Using an accurate
positioningsystem is critical. Second, a search area is often retraced using traverses perpendicular to
the original traverses. This will further reduce the effect of variant cultural noises and any problems
with reading deviation.

Grid spacing is also an important survey factor and should be determined by the size of the search
area and the types and depths of the targets being sought. For example, if an acre of land were being
surveyed for a shallowly buried, 55-gallon drum, then a ground search with a grid spacing of three to
four feet might be appropriate. In contrast, in surveying a few square miles for a buried landfill of metal
drums and well casings, an airborne search with a spacing of fifty to a hundred feet might be more
appropriate.

5.6 Associated Technologies

Magnetometry can beused to find objects made of magneticmaterial, some landfills, and some hydro-
carbon plumes. However, many metals or geologic landforms might not be detected by magnetic
means. Electromagnetic inductive methods are available which will further characterize an area to
help locate these targets. In many instances, a contractor will have both sets of survey equipment
capable of being flown and recording at the same time. Gravimetry can also be used to determine the
actual perimeter of landfills or depth to water tables.

5.7 Questions to ask Survey Contractors

A. Doyou perform both aerial and ground surveys?

The results of an airborne survey may suggest that a more detailed survey is required. A
ground survey over a smaller section of the total search area might be desirable.

B. Are your aerial surveys conducted using a helicopter or a fixed-wing aircraft?

Measurements taken while using a helicopter as the survey platform are usually more pre-
cise than those taken from a fixed-wing aircraft. Because of the slower speed of the helicop-
ter, an instrument package can be lowered from the aircraft over specific survey sites, and
the spacing between measurements can be fairly close. Measurements taken using fixed-
wing aircraft may not be quite as accurate, but a much larger survey area can be covered
in a shorter length of time.

C. Does your survey instrument package use a total field or gradient technique?

A proton precession magnetometer (total field technique) does not work well in areas of
high magnetic variations due to natural interference. In this case, a gradient technique
might be best. A contractor familiar with the local geology should be helpful in deciding the
best technique for the survey.
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D. What is the size of an object and at what depth can it be buried and still be detected?

Often contractors and manufacturers will state the sensitivity of their instrument packages.
This might be usefi,' in some cases, but the bottom line of any survey is what can be
detected. For instance, a cesium vapor magnetometer flown on an aircraft might have a
sensitivity of .01 gamma. However, when searching for a small target in an area of high cuF
tural noise, such an instrument might still not be able to find the target.

E. How are the survey data mapped?

Variations in readings due to diurnal variations, magnetic storms, micropulsations, and cul-
tural noise must be removed from the data before anomalies can be determined. Typically,
after the unwanted components of the data are removed, a map is drawn showing the loca-
tions and shapes of any anomalies. There are several methods available; however, only
one has been mentioned in this text. A competent contractor should be able to discuss his
company's method and explain how variations are removed from the data and in what form
the results will be presented.

F. What other survey techniques are you capable of performing?

Many contractors are capableof using several survey techniques. The electromagnetic in-
ductive technique is probably the most common. A good contractor might be able to sug-
gest a complementary method which might enhance the results based on the type of target,
the local geology,or cultural noise.

G. What items are included in the survey costs?

Some of the factors to be considered in addition to the actual survey costs are: the proces-
sing costs, the labor,and any special licenses that might be required.

H. How accurate is your positioning system?

Accurate mapping of anomalies can only be done if there is a high degree of confidence
in the position of the readings. Moreover, the altitude of the magnetometer at the time of
the readings is crucial to any survey. This will indicate how small an object could have been
detected and its approximatesubsurface depth. If the survey area is small enough, a micro-
wave triangulation system is preferred, although a GPS or other system might be accept-
able depending on the survey requirements.
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6.0 SYNTHETIC APERTURE RADAR SURVEYS
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SYNTHETIC APERTURE RADAR SURVEYS

Synopsis

Technology:SyntheticApertureRadar

May Detect: Oilspillsat sea
Abandonedstockpilesof drumsand industrialequipment
Waste pollutantpresenceand migrationdirection

Underlyingprinciple:Dopplerand phaseshiftcorrectionsto a radar returnsignal(echo) in orderto
improvethe resolutionof the imagingradar

Optimumgeologicconditions:Imagingthe topographyof barren ground;however,excellentresults
can alsobe obtainedfor imagingtopographythrougha thick,
vegetativecover

Extended Discussion

6.1 Introduction

SyntheticAperture Radar (SAR) is a form of side-lookingimagingradarusedto map large areas of
terrain,to inventoryvegetativetypesand conditions,andto determinetheextent of oil spillsat sea.
Althoughsubsurfaceinvestigationis possiblewiththistechnology,theSAR'sgreatestadvantageisits
abilityto imagethroughforestandthick vegetativecanopies.Abandonedstockpilesof drumsandin-
dustrialequipmentcan befoundwiththistechnology,butmoreoftenthe mappingofterrainconditions
andtopographyenables a surveyto determinethe presenceof waste pollutantsandtheir possible
migrationdirection.

6.2 Instrumentation

The SAR is an airborneradar techniqueusedto surveylarge areas. Thistype of side-lookingradar
examinesan areawhichliesbelowandslightlytothe sideofthe flightpathof the airborneradarplat-
form(Figure9).The completeSAR systemiscomposedof:a signalgenerator,transmitterand receiv-
er circuitryandtheircommonantenna,a filtersection,a recordingdevice,a dataprocessor,andsome
form of outputor viewing device. The outputcan be in any form, varyingfrom an image of near
photographicqualityto a videotape recordingof the area.

6.2.1 Single Frequency Pulse

The SAR receivesinformationabout a targetfrom the echo returnof a transmittedelectromagnetic
pulse(EMP). The EMP's directionis perpendicularto the flightdirection,and the radar's resolution
capabilitiesalongthe directionof travel of the EMP are directlydependenton the widthof the EMP
emitted by the radar unit. A narrow pulse width is required for fine resolutionin the range direction;
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however,this dependenceof range resolutionon pulsewidth is complicatedby the requirementfor
long-rangedistancecapabilitywhichis a functionof theEMP transmittedpower.Becauseof practical
limitationson the radarcircuitry,thereis a limiton the amountof powerthat can be transmittedin a
narrowpulse.Therefore,a greaterrangedistancerequiresa widerpulsewidth.Forsomesurveyap-
plications,a balanceisfoundbetweenresolutionand range,anda pulseofa singlefrequencyEMP is
usedto acquirean image.

,I EMP
I _ \ RADIATION

/_ \ PATTERNLOOK \
ANGLE I _ \

' / _ SURFACEFLIGHT IMAGE
PATH AREA

FIGURE 9. SYNTHETIC APERTURE RADAR PLATFORM

6.2.2 Varying Frequency Pulse

In othersurveys,the frequencyofthe electromagneticwavesinthe pulseisforcedtovary. For exam-
ple, at the beginningof the pulse,the frequencymightbe transmittedat a fairlyslowrate. Then the
wavefrequencyis increasedso thatthe frequencyis muchhigherat theend of thepulsethan at the
beginningofthe transmission.This isreferredtoas a FrequencyModulated(FM) wavepulse,andthe
process,called "chirping,"substantiallyincreasesthe transmittedpowerof the EMP.

A muchlongerpulsewidthgreatlyincreasestheradar'seffectiverange.By usinga filtercircuitinthe
receivingcircuitry,onlythatportionofthereturnwhichcorrespondsto a narrowfrequencyrangewillbe
analyzed,andonlya narrowportionof thepulsewillbeobserved.Inthismanner,long-rangedistance
and fine-range resolutioncan both be obtained.This discussionwill focus on the singlefrequency
electromagneticwaveoftheSAWsEMP.However,thesamecapabilitiesexistforan FM pulseif there
is properfilteringand processingof the returnecho.

6.2.3 Determining Resolution Capability

The SAR is sometimesreferredto as an imagingradarbecause of the type andqualityofthe output
produced.In two-dimensionalimaging,resolutioncapabilityis determined by differentprocesses
alongeachofthe twoaxesofthe image.One directionisdeterminedalonga linewhichisperpendicu-
lartothe flightdirectionoftheaircraftcontainingtheSAR unit.Resolutioninthisdirectionis referredto
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as range resolutionor cross-trackresolution.Resolutioninthis directionisa function of the EMPpulse
width and range resolutions to almost one half the effective pulse width of the EMP can be obtained.

The second direction of resolution is along a line which is in the flight direction of the aircraft. Resolu-
tion in this direction is referred to as along-track, cross-range, or azimuthal resolution, and resolution
in this direction shows the definite advantages of the SAR over standard side-looking radar.

6.2.4 Azimuthal Resolution and Synthetic Aperture

The largestdifferencebetweenstandardside-lookingradarand theSAR isthewaythattheazimuthal
resolutionvarieswith increasedrangedistances.The EMP radiatingfrom the transmittingantenna
expandsas it travelsaway from the antenna and eventuallybecomes so diffusethat the receiving
antenna cannotdetect any returnecho.The end effect is that the transmittingantennaradiatesan
energypatternwhichresemblesa conewiththe transmittingantennaat itsapex.The extentofexpan-
sionofthe EMPis referredto astheantenna'sbeamwidth,whichismeasuredindegrees.Forimaging
applications,beamwidthsof 0.1 to 2.0 degreesare notuncommon.

In standardradar,the resolutionintheazi_,_uthaldirectionis closelyrelatedto the beamwidthof the
antenna.Even ifthe beamwidthwereas smallas 0.5 degrees,the resolutionof sucha systemwould
be 13.2 metersat 3 km, and132 metersat 30 km-exceptionallypoorat longrangedistances.

To increasethe resolution,theradarbeamwidthmustbenarrower.This is referredtoas beamsharp-
ening. Forstandard radar,oneway to accomplishbeam sharpeningis to make the diameterof the
antennalarger.The largerthe antenna,thesharperthebeamprofile.Foran airbornesystem,mount-
inga largerantennaof sufficientsizeto resolvetargetsinthe azimuthaldirectionto achievethesame
dimensionas inthe rangedirection(at longrangedistances)is simplynota viable option.

The SAR, however, employs atechnique which usesthe aircraft's forward motion and the correspond-
ing changes of phase and frequency of the echo return, discussed below, to narrow the angle of view
of the received signal and so effectively increase the size of the antenna. The diameter of an antenna
is called its aperture; thus, this method of artificially increasing the effective size of a radar antenna is
called Synthetic Aperture Radar.

The time delay between transmitting the EMP and receiving the echo indicates the distance to the
target. The amplitude of the return echo indicates the reflectivity or shape of the target. A Doppler shift
of the frequency of the return echo indicates a relative velocity between the target and the radar unit,
and a phase shifting in the return echo indicates small distance differences. The SAR uses the phase
and Doppler shift differences to determine azimuthal resolution.

6.2.5 Doppler Shift Differences

The Dopplershiftcan be describedas that phenomenonwhichcausesthe pitchof a trainwhistleto
soundhigheras the train approachesand loweras the traintravels away. In the same manner,the
echo returnfroma targetapproachingthe radarunitwillhavean increaseinfrequency,anda target
recedingfromthe radarunitwillcausethe echoto havea lowerfrequencydue to the relativevelocity
betweenthe targetandthe radarunit.

If the aircraft containingthe radar unit were travelingdirectly toward the target, then a Doppler
frequencyshiftof 2,000 Hz to 3,000 Hz wouldbedetected.Evenif thetargetwere substantiallyoffset
fromthe lineoftravelofthe radarunit,therewouldbesomeDopplershift. However,fora targetwhich
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liesalonga lineexactlyperpendiculartothe radarunitand itslineoftravel,therewouldbe nofrequen-
cy shiftbecause,at that point,there is no targetvelocitytowardor awayfrom the radarunit.Slightly
beforeandafter thispoint,there is an increasingDopplerfrequencyshift, butexactlyalongthisper-
pendicularlinethereis none.Thus,byignoringaliechoreturnswitha Dopplershift,an extremelynar-
rowbeamwidthcan be approximated(Figure10). This narrowbeamwidthconstitutesthe synthetic
aperturediscussedabove.
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RGURE 10. DOPPLER SHIFTZONES

6.2.6 Phase Shift

The phase shiftis relatedto the Dopplereffect.There are twodifferentwaysto representthe radar
wave packet:the planewave or a sinusoidalelectromagneticwavesnakingitswayalongthe EMP's
directionof travel (Figure 11).The distancebetween the crestof onewave andthe crestof the next
wave isalways exactly the same.
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FIGURE 11. SINUSOIDAL ELECTROMAGNETIC PULSE REPRESENTATION

Figure 12 illustratesthat the distanceto different pointson a planar surfaceat a perpendicular dis-
tance, Ro,fromthe radar unitvaries. As theecho returnsfrom two differentportionsof a target, the
distancetraveledbythe twoportionsofecho(oftenthoughtofas two differentechoes)is different.As
these echoesreturnto the radar unit,the receiverwill firstdetect the electromagneticwaves along
different portionsof their respectivewave shapes. This difference in detectionbetween the two
echoesis referredto as a phase difference.

When an echo returnis processedwitha correctionmade for onlythe Dopplerfrequencyshiftof the
echo,the systemis referredto as an unfocusedSAR system.The azimuthalresolutionof thissystem
is far superiorto thestandardside-lookingradar,increasingresolutionbyas muchas a factorof 10 at
the far rangedistances.When correctionsare alsomadefor the phaseshift,thesystemis referredto
as a focusedSAR system.The azimuthalresolutionof a focused SAR systemis finer at the close
rangedistancethenfor the unfocusedSAR systemsand remainsat a constantmeasurementfor the
entirerangedistanceof thesystem.The azimuthalresolutionof a focusedSAR systemdependson
the actualantennadimensionandthe wavelengthof the electromagneticwaves emitted,but not on
the rangedistance.

For a focusedSAR system,correctionsfor Dopplerfrequencyandphaseshiftsmustbe made to the
data. Therefore, data processingis a crucialpart of SAR imaging.Quite often data taken duringa
survey is stored on magnetic tape to be fully processed at a later time. However, high speed
microprocessorsnowallowsomesystemsto producea preliminaryvideooutputin real time as the
survey isbeingtaken (Liu, 1988).

One dataprocessingfunctionwhichis relatedto resolutionisthestatisticalaveragingof multipleecho
returnsfroma singletarget.As an aircraftequippedwith a radarunittravels along itsflightpath, it
producesa pulsatingside-lookingradarbeam patternwhichtravelsin the same directionas the air-
craft.Astheaircraftpassesa target,thetargetwill liewithinthe beampatternfor a periodoftimewhich
is dependenton the aircraft'svelocityandthe beam widthof the radar.The radar transmitselectro-
magneticpulsesat a rateof severalthousandpersecond,so usuallya singletargetwill returnmany
echoeswhichcan be correctedfor phaseand Dopplershifts and then processed.This addsto the
resolutionbecauseof a phenomenoncalledscintillation.
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When the amplitude of the target echo is artificiallylarge or small, it iscalled scintillationand it is pri-
marilycaused by several echoes returningfrom differentsectionsof the target. As s,ated earlier,
echoesreturningtothe radarunitthathavetraveleddifferental;stancesare detectedatdifferentpoints
alongthe electromagneticwaves. This".,referredto as a phaseshift.The radar maynot be able to
distinguishbetweenthe phaseshiftsof the returningechoesandmaYaddtheirreturns,thus making
the comi',inedechoes artificially high or artificially low. By taking many looks at a target from slightly
different angles and statistically averaging ali the echoes into one combined echo, a better determina-
tion of the target's size or shape can be made.
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FIGURE 12. DOSTANCE VARIANCES

6.2.7 Transmitter and Receiver Polarization

Theelectromagneticwavehasbeendescribedaswrigglingfromsideto sideas ittravelsinthegeneral
directionof the EMP.Theside-to-sidemotionisconfinedto a certainplane. If it isa verticalplane,then
the electromagneticwave isverticallypolarized.If it is a horizontalplane, then it is horizontallypolar-
ized. Transmittersandreceiverscanoperateas eitherhorizontallyor verticallypolarized.

SAR systems are sometimes designated by their polarization capabilities, a two-letter designation
with the first letter representing the transmitter polarization and the second letter representing the re-
ceiver polarization. Thus, an EH system would be a system which emits a horizontally polarized EMP
and receives only horizontally polarized echoes. A VV system would be the same, but for vertically
polarized waves only./-rV and W-/are referred to as cross-polarized systems which detect echoes of
the opposite polarity than the transmitted pulse.

6.3 Nature of the Measurements_

=_ Lig,htis one form of elec'_romagneticwave, and there are many similarities between light and radar
- beams. Possiblythe most importantconcepts of radar which can be understood in terms of light-like
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behavior are thoseof reflectance and scatter. As a light beam strikesa smooth reflector at an angle
(angle of incidence), it is reflected, and the angle at which it will be reflected (angleof reflectance) will
be equal in magnitude to the angle of incidence. Foran idealized light ray on a perfectly smooth reflec-
tor, ali of the energy of the incident light ray will be reflected according to this principle (see Figure 13).
Ifthe reflectingsurface is rough,then the reflected lightwill experience some degree of scattering (see
Figure 14). When the incident light is reflected in a number of directions, it is referred to as diffuse
scattering or reflection. Except for specular (mirror) surfaces, reflected light has both specular and
diffuse components.

The roughness of an object determines the amount of diffuse scattering of the electrorr,c_gneticwave.
A surface can be considered rough if its texture varies by more than one sixth of a wavelength. For a
radar unit operating at 1 GHz (wavelength of 0.3 meters), this would mean any variations of over 5
centimeters would cause some diffuse scattering.

6.3.1 Terrain Effects

A practical application of this principle is the effect the survey area's terrain slope may have on the
reflectance of a radar echo. Even if the surface being illuminated were smooth, if the slope caused the
radar beam to strike its surface at a nearly perpendicular angle, a very high reflectance toward the
radar unit could still be detected. Conversely, the images of lakes are often dark in a Synthetic Aper-
ture Radar imagebecause the EMPstrikes the smooth water at such an angle that the echo is directed
away from the radar unit. Thus, when a survey is being planned, the flight path should be flown to
derive the maximum benefit of the topography of _hearea. In SAR terminology, the direction from the
radar to a target is called the "look direction."The angle at which the radar looks from the horizontal is
referred to as the "look angle."

SAR images are formed by mapping out areas in terms of the distance from the flight line and the
strength or brightness of the echo. Sequential looks are pieced together to form the total image. The
echo brightness is determined by some system considerations, but the most important factors are
those of the target area itself. As previously stated, the roughness and slope of the terrain affect the
brightness of a return echo.

6.3.2 Target Composition and Size

The sizeofthetargetas a ratioofthewavelengthofthesystemisonefactordeterminingreflectivity.A
thin cropcover overa fieldmightnotbe detectedat longerwavelengths;however,at shorterwave-
lengthsthecropcovermightbe detectedas wellasthe moisturecontentofthecropandthecondition
ofitsleaves.SomevariationsduetothepolarityoftheEMP arepossible.Tall,standingnarrowobjects

= are bestdetected by a VV system,and objects lying on their sides are best detected by I-lH systems.

When an EMP strikes an object, part of the pulse is reflected, but part of the pulse continues through
the target. Conductive targets reflect almost ali of the EMP and image as bright spots on an SAR
image. Other objects might appear almost transparent to the radar as the EMP travels through the
target and may be reflected by a deeper soil strata.The depth of penetration is determined by the size
of the object, its conductivity, and the wavelength of the radar system.

6.3.3 Target Limiting and Determining Factors

As an EMP penetrates an object, some of the energy of the EMP is reflected either to or from the radar
unit. As the pulse travels through the target, it causes atoms in the materials to vibrate and takes
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additional energy away from the EMP. This is referred to as signal attenuation. The deeper an EMP
penetrates an object, the more energy is absorbed by the material.

Ali materials absorb some energy, but clay and water (especially salt water) _, among the most
absorbent. The depth of penetration of a radar pulse is, thus, dependent on the composition of the soil
and its water content. This might limit some investigations. For example, soil in southern Nevada has a

high clay content which is very conductive, making subsurface radar imaging impractical. However, in
other areas, subsurface river beds and geologic structures have been successfully mapped by SAR
methods.

The polarization of the electromagnetic wave can help determine the physical orientation of some
long, slender reflectors or some geologic structures. For example, geologic ridging which is nearly
horizontal is best imaged by horizontal polarization.

The topography of an area can be determined by the shadow it will cast due to the radar's look angle
(Figure 15). In this figure, a radar EMP is imaging two hills. As the EMP is transmitted and expands, its
curvature diminishes to the point that the EMP can be thought of as a plane wave. As the bottom part of
the EMP strikes the first hill, it is reflected back, but the upper portion of the wave continues until it
reaches the second hill. The time delay between the echo return from the first hill and the echo return
from the second hill is referred to as the first hill's shadow. A slightly more horizontal EMP would cause
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a longer shadow, and a much more horizontal wave would cause a shadow which might completely
obscure the second hill.

Shadowing is one method by which structure heights can be determined, but too much shadow can
hide detail. For SAR, look angles of 50 to 85 degrees from the horizontal are typical, with 85 degrees
being the look angle to the near edge of the image.

6.4 Target Type and Detectability

The characteristicsofthe SAR whichdeterminethe type oftargetthatcan be foundare:the system's
resolution,frequency,polarization,energyoutput,anc;theplatformonwhichit isflown.SAR systems
areflownonaircraft,thespaceshuttle,and insatellites.Muchresearchis beingconductedto improve
systemperformance,butcurrently,typical commercialresolutionsare 1.5 metersby 1.5 metersfor
aircraft systems (Wagner,1991)and 15 meters by 15meters for satellite-basedsystems (Wirin, 1991).

Though little attention has been paid to subsurface investigations by commercial contractors, the
NASA SAR systems have mapped subsurface river beds in Egypt. Subsurface images are not com-
mon; however,stripping awayforests and vegetative canopies to expose the underlyingterrain is con-
sidered the SAR's most desired capability. In this way, the geologic topography can be used to deter-
mine the probable direction of migration of spilled pollutants. Because metal is highly reflective,
abandoned industrial machinery or stockpiles of waste containing 55-gallon drums would be highly
visible regardless of the type of ground cover. Conversely, large pools of water or water-based pollut-
ants would be visible because there would be little echo return.

Because the resolution of this type of radar is rather coarse and the surveyed areas are rather large
(20 km by30 km istypical), searching for small items such as a few 55-gallon drums is not an appropri-
ate search objective.

SAR images have been used to determine the condition of agricultural crops (Zoughi, 1987).To some
extent, the moisture content and leaf size can be determined by higher frequency radars. In those
cases where the local flora might have been affected by a ground-based chemical spill or an airborne
toxic plume, SAR images might be used to determine the extent of the affected area. Because still
water reflects a radarecho away from the radar unit quite readily, a large pool of water-based pollution
shows up as resembling a shadow. This could be used to find or inventory ponds of pollutedmaterial.
Under some conditions, the extent of water migration from a holding pond can also be determined.

During experiments in Germany, sea-based oil spills were mapped using a side-looking radar and a
Synthetic Aperture Radar.While the intensity of the SAR return did not allow the extraction of any in-
formation about the thickness of the oil spill, the oil slick was detected even when it had diffused to an
average thickness of ten micrometers. The oil interacted with the sea water and interfered with the
production of the ocean's capillary waves. Capillary waves are rough scatterers and show brightly in
an SAR image.

There is a dark spot where the oil interferes with the capillary waves. VV systems appear to be best
suited to this type of investigation. Thus, the SAR shows promise for the monitoring and mapping of
large-scale oil spills (Bartsch, et al., 1987).

6.5 Survey Techniques

Becauseof thehighSAR surveycostsand the large-scaleimageproducedwitha rathercoarsereso-
lution,SAR surveysare not recommendedforsearchingsmallareasfor smallobjects.SAR surveys

o

52



are recommendedfor large-scaleimagingof the terrainand for determiningthe conditionand mois-
turecontentof thevegetativecover.The SAR couldalsobe usedto mapthe extentof sea-basedoil
spills.The characteristicsof SARwhichmustbe coordinatedforthedifferenttypesofsurveysare:the
frequencyof the system,the polarityof the system,andthe lookdirectionof the surveyflight.
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FIGURE 15. EMP REFLECTION FROM TWO HILLS WITH SHADOW TIME INDICATED

For mappingterrain beneath a vegetativecanopy,a system with a lowerfrequency is necessary.Usu-
ally, the resolution neededfor this type of mapping requires the use of either a high altitude aircraft or a
satellite system. In addition to the EMPfrequency, the polarization of the EMP is also a concern. For
imaging geologic structures, the proper polarization may vary from point to point. Generally, an HH
system is preferred because trees are lessvisible to such a system. However,vertical structures would
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also be less visible. If the topography is rough, then the look angle should be chosen so that shadow-
ing and slope reflectivityare optimal, lt might be necessaryto fly two separateflight paths to obtain two
views of an area from different angles to gain the maximum amount of information about an area or
resolve any ambiguities about a specific target.

To determine the condition of crops and vegetative cover, a high frequency system is advisable. For
such a survey, a low altitude flight path should be chosen. The polarity will depend on what aspect of
the survey is of interest. V V polarization will be best for determining some aspects ofthe vertical stalks,
whereas HH will be best for determining the biomass soil cover.

For oil-spill mapping, a high frequency radar should be chosen, and the type of radar platform de-
pends on what is necessary for accurate mapping. A VV system seems to work best, but cross-polar-
ization systems are also being examined.

6.6 Associated Technologies

Ground-penetrating radar systems might be used to more carefully examine any areas which show
some sort of subsurface SAR anomaly.This would, however, be an extremely limited survey in com-
parison to an SAR survey. Two technologies which are not discussed in this handbook which could
provide additional information for topographical surveys are aerial photography and microwave radi-
ometry. Usingan aircraft for the survey platform, aerial photographs of the survey area are taken and
examined. In microwave radiometry surveys, a sensor is flown so that reflections from the target are
detected from a naturally occurring microwave source.

Laser-induced fluorescence is another technology which might be used to determine soil conditions.
The atoms of the soil are excited bya laser,and the reradiation of photons from the substances com-
posing the soil is detected. Ali substances have a unique pattern of reradiated photons, so a careful
examination of the reradiated photons could help detect the composition of the surface and very near
surface soil pollutants.

6.7 Questions to ask SAR Survey Contractors

A. Is your system a Synthetic Aperture Radar system or a Side-Looking Radar system?

For some purposes, the degradation of azimuthal resolution with range is not a problem,
but the type of output image produced by the two methods differs significantly.

B. At what altitude can this system be flown, and how large an area can be imaged?

These values differ between contractors, and most significantly between the platforms of
the systems. An aircraft-based system will be flown at an altitude of 1 to 10 km; however,
a satellite may possibly be flown at an altitude of 300 km. Aircraft images cover a minimum
10 km by 10 km, and satellite images can cover as much as 40 km by 300 km.

C. At what frequency and at what polarization does this system operate?

Lower frequencies have greater target penetration and are used to determine geologic
structures. The higher frequencies are best for determining crop cover.

Different polarizations are available as well as combinations of frequencies and polariza-
tions. Sometimes frequencies are given in terms of bands. These bands are designated
frequency ranges:
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Ka 26.5- 40 GHz
K . 18 -26.5 GHz
Ku 12.5-18 GHz
X . 8 -12.5 GHz
C. 4 - 8 GHz
S. 2 - 4 GHz
L 1 - 2 GHz

D. What are the look angles of this system?

Look angles are sometimes given as the angle from the horizontal and sometimes the
angle from the vertical. The look angle will vary over the range of the image. In some sys-
tems, this factor is corrected during processing.

E. What are the resolution capabilities of this system?

If a specific target is being sought, then a finer resolution is necessary. However, if the sur-
vey is to map the topography of a large area or the dim_.nsionsof an oil spill, then a coarser
resolution might be acceptable. There is usually some correlation between the extent of
an area covered and the resolution of the system.

F. What are the costs?

SAR images are not cheap. Although the systems work at anytime of day or night, weather
conditions might degrade the image for a very high frequency system. Lower frequency
systems are not affected by weather to any great extent, but some arrangement should be
made to pay only for those images that are useful.

G. What is the best flight path for this particular problem?

Certain geologic structures are best viewed from specific angles. A good contractor will
suggest the best flight paths for the optimal effect. Sometimes more than one flight might
be advisable to add to the confidence of an image due to shadowing or other effect.
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GLOSSARY

Anomaly

Unusual or abnormal readingsthat differfrom expectedvalues.

Anomaly Wavelength

The distancefrom where a target is firstdetectedat a predeterminedlevel to where it is no
longerdetectable.

Amplitude
The extentto whichan alternatingor pulsatingcurrentor voltageswingsfrom zero or from a
meanvalue.

Attenuation

The decrease in amplitudeof a signalduringitstransmissionfrom one pointto another, lt is
measuredin unitsof dB per meter.

Bandwidth

Rangeor varianceof frequencies.

Bird

A torpedo-shapedcylinderwhichis usedto housetheairborneelectronicsof an EMl system.
lt is usuallytowedby a cable attached behindthe helicopter.A singlebird may also holdthe
electronicsfor othergeophysicalprospectingtoolssuchas a Magnetometer.

Conductance

The relativeabilityof a substanceto allowa currentflow.A highervalue indicatesa greater
abilityforcurrentflow.

Conductor

A substancewhichreadilyallowsthe flowof electriccurrentthroughit.The unitof measureof
conductanceis the mho per meter.When a voltagepotentialdifferenceof one volt is placed
acrossa substancewhichhas a conductanceof onemho, itwillproducean electriccurrentof
oneampere.The largertheconductance,the bettertheconductor.Typicalconductancevalues
for somecommonmaterialsare:

Clay (wet) ........... 0.1 - 1.0 mho/meter
Granite ............. 10"s
RichFarm Land ...... 0.003 - 0.02
Sandy Soil .......... 0.002
Sand (dry) ........... 10-7- 10-3
Sand (wet) .......... 10.4. 10.2
Water (fresh) ........ 10"4- 0.03
Water (sea) .......... 4.0
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Correction Factors

Mathematicaltechniquesand artificialreferenceswhich have been developedto eliminate
specific factorsfrom the survey data (centrifugaleffect, the tidal effect, localtopographical
effects) so that normalized data can be determined. Examples of correction factors in
gravimetryare the free-airanomaly,the Bougueranomaly,the referencesphere,andthegeoid,

Cultural Noise

Objectsthat cause electromagneticfieldswhichinterferewiththe detectionof surveytargets.
These may include steel-reinforcedconcrete, fences, metal buildings,or a nearby radio
transmitter.

Density

The mass per unit volume. The specificgravity of a body isthe ratio ofa density to the density
of a standardsubstance,i.e., air orwater.Gravimetry,forexample,can determinethechanges
in densityof the subsurface environment,which could be used to locate the perimetersof
landfills,thedepthto an aquifer,orthe stratificationof the subsurfacegeology.Typicaldensib!
valuesfor somecommonmaterialsare:

Quartz .............. 2.6 g/cm3
Sandstone .......... 2.3 g/cm3
Brown coal .......... 1.2 g/cm3
Granite ............. 2.7 g/cm3
Rock salt ............ 2.2 g/cm3

Depth of Penetration
The deptha fluctuatingelectromagneticfieldwillpenetrateintothe soil.A more conductivesoil
willhave a moreshallowdepthofpenetration.A lowerfrequencyelectromagneticfieldwillhave
a greater depthof penetration.Coilorientationand separationare also factors.

Dielectric Constant

An electric propertyof soil. A major factor in determiningthe speed of propagationof an
electromagnetic pulse through soil.

Diurnal Variations

Cyclicalvariationin the Earth'smagneticfieldof upto 200 gammas duringdaylight hours.

Electrical Characteristics of Soil

Here, the dielectricconstantandconductance of a soil.

Electromagnetic Pulse (EMP)
Transmittedenergy of short duration having both magnetic and electric properties.

Gal

Common unitof measure in gravimetry(cre/s2)•

Gamma

A unitof magneticintensityequalto onenano-teslaor 10-5gauss.
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Induction

The processof establishingan electriccurrent or a magnetic field in a substance by the
presenceof a fluctuatingelectromagneticfield.

In-Phase

Twowaves of the same frequency that pass throughtheir maximum and minimumvalues of like
polar;tyat the same instant are said to be in-phase.

Magnetic Susceptibility
A material's relative abilityto alter a magnetic field.

Overburden

A conductiveupper strata of soil.

Polarity
Conditionby which the direction of the electronic current can be determined.

Precession

The effect produced when torque is applied to a rotating body, causing it to wobble. The
wobblingfrequencyis determinedby the gravitationalfield strengthandthe mass of the body.

Prof.ing

A surveytechniquewhere measurementsare madeat predeterminedspotsalong a surveygrid
at a singlefrequency.The measurementswill then representthe conductivevalue of the soil
ata certaindepthbetweenthe transmitterandreceivercoils.Bymappingthe measuredvalues,
a contourmapof the conductanceof the soilat specificdepth_can be made.

Pulse Width

The physicaldistanceoverwhichthe EMP actsat a specific instantin time. Becausethe EMP
has differentvelocitiesin differentsoiltypes, the actualwidth issoil dependent.Forthis reason,
the widthis expressedin terms of time durationfor the full EMP to passa specificpoint.For
GPR, pulsewidthsof 0.5 to 20 nanosecondsare common.

Resolution

The minimum physical distanc_ at which two objects c_n b_ separated and still be
distinguished.InGPR, thereare two directionsof resolution:the horizontal(whichincludesthe
velocityof the systemas it takes measurements)and the depth (whichdependson thepulse
widthof the EMP).

Sounding
A surveytechnique in which measurrments are made at predetermined spotsalonga survey
gridat differentfrequencies.The measurementswillthenrepresentthe conductanceof the soil
atmany differsntdepths.Bymappingthedata,a three-dimensionalmap ofthe subsurfacecan
be made. Soundingcouldhelp locategeologicstructuressuchas bedrockfractures,metallic
drums, storagetanks, and aquifers.
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Target

An object or condition which causes an anomalous reading during a subsurface survey.

Wavelength

Distancethat an electromagneticwavetravels inone completecycle.
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TARGET SURVEY CHART

.... Depth of Positive Negative "
Technology Target Type Detection Attributes Attributes

Electromagnetic Any metalobject ' 300 metersfor Can findany Poorresolution '
Inductive or highly airborne,1000 metal

conductivesoil metersfor
ground-based Rapiddata

collection
,, ,,,

Gravimetry Sharp changes in No actual limit, simple to use Airborne systems
soil density but smaller and understand can only find very

targets must be large targets
near the Can detect
Gravimeter caverns which Very expensive

other
technologies can
not

..

Ground ' Changes in the 50 meters for a Preliminary Cannot be used
Penetrating electrical ground-based results available in areas of
Radar properties of the system, 20 before data conductive soils

subsurface meters for an processing
airborne sysem Can require a

High resolution great dea_of data
collection for a
small area

'_ '" _e '"" ""Magnetometry Any iron-based or 3 meters for a Simple to use sensitive to
magnetic object 55-gallon drum, and understand sunspots
or volume of soil up to 100 meters

for a ship hull Can directly
detect objects

Synthetic Geologic Resolutions of Produces images Very expensive
Aperture topography, crop 1.5 by 1.5 meters of near images
Radar leaf size and for aircraft and 15 photographic

moisture content by 25 meters for quality, can
satellite systems image through

crop cover
ii i
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Partial Listing of Potential Contractors
for

Subsurface Surveys

While researching information for this publication, the following contractors were contacted on a ran-
dom basis. In addition to supplying the information used, these companies have consented to the pub-
lication of their names as references. EG&G cannot endorse, nor verify, the abilities of these compa-
nies. Time constraints forced this limited contact with contractors, but a more complete listing of
contractors can be found in TheGeophysical Directory, published in 1991 byThe Geophysical Directory,
Inc. of Houston, Texas.

1. Electromagnetic Inductive Surveys

A. Airborne Surveys:

• Aerodat Limited,Mississauga,Ontario,Canada

• Dighem Surveys& Prospecting Inc, Mississauga,Ontario,Canada

B. Ground-Based Surveys:

• Fromm AppliedTechnology,Mequon,Wisconsin
• Zonge Engineering & Research Organization,Tucson,Arizona

2. Gravimetry Surveys

A. Airborne Surveys:

• Carson Services, Inc./Aerogravity Division, Perkasie, Pennsylvania

B. Ground-Based Surveys:

• Austin Exploration, Houston, Texas

• Consolidated Geophysical Surveys, Tulsa, Oklahoma

• Exploration Services Inc., Piano, Texas

• Gravimetrics Inc., Tulsa, Oklahoma

3. Ground-Penetrating Radar Surveys

A. Airborne Surveys:

• AirborneEnvironmentalSurveys,Santa Maria,California

B. Ground-Based Surveys:

• Ecology& Environment,Dallas,Texas

• EnvironmentalControlTechnologies,Bedford, New Hampshire
• Harding& LawsonAssociates,Novato,California
• STS Consultants,Northbrook,Illinois

• SubsurfaceConsultingLimited,New Fairfield,Connecticut

• Subsurface Evaluation,WinterSprings,Florida
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4. Magnetometry Surveys

A. Airborne Surveys

• Aero Services, Houston, Texas

• Aerodat Limited, Mississauga, Ontario, Canada

• Airmag Surveys, Inc., Philadelphia, Pennsylvania

• Dighem Surveys & Prospecting Inc, Mississauga, Ontario, Canada

B. Ground-Based Surveys:

• Austin Exploration, Houston, Texas

• Consolidi_tedGeophysical Surveys, Tulsa, Oklahoma

• Exploration Services Inc., Piano, Texas

• Zon._9Engineering & Research Organization, Tucson, Arizona

5. Synthetic Aperture Radar Surveys

A. Airborne Surveys:

° Aero Service, Houston,Texas

• EnvironmentalResearch Instituteof Michigan (ERIM), Ann Arbor,Michigan

69



DISTRIBUTION

DOE/NV

C.A. Cox (1)
M.R. Dockter (1)
C.M. Poley (1)
S.C. Ronshaugen (2)
R.F. Smiecinski (1)

DOE/HQ

OSTI (25)

EG&G/EM

J. F Doyle LVAO (1)
K.W. Forcade LVAO (50)
J.A. Michael LVAO (1)
C.K. Mitchell LVAO (1)
D. Mohr SBO (1)
Moll. Parelman LVAO (1)
L.G. Sasso LVAO (1)
K.A. Taylor LVAO (50)
W.J. Tipton LVAO (1)
P.H. Zavattaro LVAO (1)

LIBRARIES

RSL (30)
SBO (1)
TIC (1)

SURVEY OF
SUBSURFACE GEOPHYSICAL EXPLORATION

TECHNOLOGIES ADAPTABLE TO AN
AIRBORNE PLATFORM

EGG-10617-1216

DATE OF REPORT: DECEMBER 1992






