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FORWARD

Preparation of this document was funded by the Environmental Security Technology

Certification Program (ESTCP)ads NIi 2F | LINRP2SOG Sy dAdGt SR a{ (|
DS2LKe&aAOlt 5F4GF tNRPOSaaAy3d YR LYGSaINraazy
HAancMMO® ¢KIFEG LINRP2SOUGQA LINAYEFNE 2@B&O0O0ADS A3

geophysical approach for detectingdinharacterizing subsurface deposits at

archaeological sites. An important component of the approach is the use of a variety of

AN} LIKAOFE YR YFGKSYIFGAOFE YSGK2R&a (2 aFdzaSté
sensors into a single image whose totah termsof information content is greater

than the sum of its parts. The mutensor approach and data integration methods were

SELX 2NBR o6& Fy SIENIASNI LINR2SOG 002YLX SGSR Ay
Integration of MulttiSensor Remote Sensing for ldist Resource Identification and

Evaluation (Project @8H co 0 é¢ @ ¢ KI 0 LINRP2SO0X Fdzy RSR 068 (K¢
Research and Development Program (SERDP), was executed by a team of researchers at

the University of Arkansas at Fayetteville (Dr. Fredriokp, Dr. Kenneth Kvamme, and

Ms. Eileen Ernenwein) with assistance from ERDC CERL (Dr. Michael Hargrave), NASA

(Dr. Tom Sever and Mr. Burgess Howell) and otftevamme, et al. 2006)

ESTCP Project 200611 is also develofimcgaeoMapperThis new software, presently
being developed at the University of Arkangasyeteville (by Dr. Jackson Cothren, Dr.
William Johnson, and Ms. Eileen Ernenwein) will serve as the primary vehicle for
infusing the multisensor approach into use by the Department of Defense, other
agencies, research and cultural resource management groujpe US. Developed

using Matlab and Java software development prografiishaeoMapperis a user

friendly software packagéhat provides a broad array of data processing capabilities for
highly experienced geophysical pradriers as well as new and riog users

This guidance document on sensor selection will be useful to individuals who wish to
become knowledgeable sponsors of geophysical surveys conducted by specialized
consultants as well as to individuals who wish to learn to conduct their owregsirand
those who seek to advance from novicenhmre sophisticated practitionerdit the time

of writing, the first release of ArchaeoMapper is near completion, and will be ready for
use at the 2009 National Park Service Remote Sensing workshop.
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1. INTRODUCTION

Geophysicss the study of the Earth by quantitative physical meth@dsluding
magnetometry, electrical resistance, conductivity, magnetic susceptibility and ground
penetrating radar)which areused to detect, map, and chacterize subsurface
phenomena includinguried archaeologicaleposits An effective use of geophysics can
improve the reliability, reduce the invasiveness and, in many cases, lower the overall
costs of archaeological investigatiofhdargrave, et al. 200Kvamme, et al. 2006)
Despite these potential advantages, the adoption of geophysics by cultural resource
management (CRM) practitioners in the United States has been very gr@mhebf the
reasons for this is the lack of training opportunitiédthough there are some very good
short courses, such as the annual National Park Service (NPS) workshop and periodic
Forest Service ground penetrating radar (GPR) workshops, much more extensive hands
on experience is needed for archaeologists to become inforomedumers and
eventually practitioners of archaeological geophydtagthermore, with only a handful
of US universities offering formal training, the level of geophysical expertise of recent
graduates of archaeological programs provides little promis¢hfemear future
Additional factors that have contributed to the slow adoption of geophysics by
archaeologists in the U.S are the relatively high costs of equipment and the
methodological conservatism of CRM practitioners and regulatory agencies (atg., St
Historic Preservation officegilargrave, et al. 2002)

Confronted with the need or desire to conduct a geophysical survey, an
archaeologist with little or no familiarity with geophysics is faced with considerable
uncertainty regarding what methods and instruments to use, how much time it will
take, how much it will cost, and how to collect, process, and interpret the data. Some
ability to resolve these questions is necessary even if the goal is simply to work
effectively with a geophysical consultant

A number of published, netechnical volumes explain the basic principles of
geophysical methods in archaeolo@ne of te first wickly available overvieswas
I vy K2y &Seéing Beddatd the S(i990, 1996)Clark provided introductory
explanations of electrical resistivitnagnetometry, and magnetic susceptibility and, in
the revised edition, more limited descriptions of groupénetrating radar and
conductivity Gaffney and Gat (2003)later provided a similar overview of the main
methods, with updates on recent advances in instrumentation and data processing
While these volumes are valuable resoureasl have made a significant impact to the
discipline they are both written from a British/European perspective, and do not
address some of the important issues faced by North American archaeologists
(Hargrave, et al. 2002fFor example, in North America, the prehistoric archaeological
record includes many features that are characterized by (in geophysical terms) a very
low-contrast with their surroundings, making them difficult to detecttie US there is
also a greater focus on grod penetrating radar (GPR) and electromagngteuiction
(EMlI)techniques
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Conyers and Goodmdt997)and, more recently, Conye(2004)provide indepth,
but still introductory overviews of GPIRwo new volumes have recently been published
that together cover the breadth of geophysical methods and applications for North
American archaeologyhe late Alan Witten finishe@eophysics and Archaeology
(2006)just prior to his sudden death in Biary 2005In addition to the commonly
employed magnetometry, resistivity, GPR, and EM induction, W{&606)provides a
solid foundation for the archaeological use of gravity, geotomographyresidtivity
tomography Perhaps the singteost useful addition to the literature for DoD and other
CRM practitionersdRemote Sensing in Archaeologdited by Jay K. Johns@lohnson
2006)provides introductions to the methods that are most commonly used North
America: GPR, conductivity, magnetometry, resistivity, and magnetic susceptibility. That
volume also has chapters describing the use of geophysiésrih American CRM,
aerial remote sensing, data processing, the effective use of multiple sensors, and ground
truthing. Finally, the most recent advances in methodology and case studies from
around the world are presented quarterly in the jourachaeobgical Prospectiorand
occasionally in other archaeological and geological jourfalsmore indepth
theoretical and technical explanations of nearface geophysical methods, consult
Reynoldg1997) Musset and Kha(2000) and Burger et g2006)

What is most lacking in all of these widely available volumes is detailed guidance to
help new users design and conduct a geopdgisurveyClark(1996)provides a graphic
depiction of how some of the more common methods should theoretically respond to
typical archaeological targets, and Gaffneyl &ator(2003)discuss the many factors,
including geology, vegetation, and weather, that partially dictate the suaifess
survey Similarly, Johnso(2006)opts to discuss the important factors in a narrative
covering various aspects site setting David(1995)provides guidelines intended for
archaeologsts and geophysical practitioners working in the UK, including standards for
how to conduct a survey and report findings, and how to choose the most suitable
geophysical methodVuch information is summarized in tables listing the types of
features that cald be detected by magnetometry, resistivity, conductivity, and GPR, the
effects of local geology on magnetometry, and a questionnaire designed to determine
the suitability of each method for a given archaeological setfimg similar effort,
Hargravg(2007)provides guidance on selecting geophysical techniques that are
appropriate for use at sites in North Ameri@dis work was intended for those with
little or no previous experience and cautions beginners against doing geoahysic
surveys at unpromising site&n earlier effort by Somers and Hargrg2803)included
guidance documents and a software tool (ATAGS) to help users select appropriate
instrument configuraibns, sampling strategies, and field techniqugsis effort was
limited, however, to magnetometry and resistivity and excluded other commonly used
methods such as ground penetrating radar, conductivity, and magnetic susceptibility.
The guidance documentsy David(1995) Hargravg(2007) and Somerst al. (2003)
while still readily available, have not yet achieved wide circulation in the U.S. There is
still a greatneed for guidance thatovers all of the widely used geophysical methods
andhow to use them at North American archaeological sites.
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Kvammeet al. (2006)have recently provided a detailed report on the results of an
ambitious, multifaceted project funded by the Strategic Environmental Research and
Development Program (SERDP). That effort focused, among other things, on aleernati
approaches to data fusion, that is, graphical and numerical approaches to integrating
the results of surveys using multiple sensors. Kvaratrad. (2006)also report on what
is probably the most systematic approach to the field verification (ground truthing) of
geophysical interpretations and prediatis yet conducted in the US.

This document was created as part giraject entitledStreamlined Archaeo
geophysical Data Processing and Integration for DoD Fiel(flsked by the
Environmental Security Technology Certification Program, Project 200@14ith was
designed to demonstrate and validate the midénsor approach to archaeological site
evaluatiort including a number of methods for data integration that were investigated
duringthe previously discussed SERDP prdj€eamme, et al. 2006This ESTCP project
will provide resources needed to allow DoD CRM pamebto make effective use of a
multi-sensor geophysical approach to the evaluation of archaeological sites.
Components of the project include: (1) development of a #dendly software package
(ArchaeoMapperfor the processing, display, integration,damterpretation of data
from all of the commonly used geophysical methods; (2) demonstrating field and
processing methodologies to DoD personnel; and (3) creating and disseminating
guidance (via this document) to assist DoD CRM professionals, archaalologic
consultants providing services to DoD, and the general archaeological community in the
process of designing, conducting, and understanding a geophysical stineey
development ofArchaeoMappesoftware is currentlyunderway,scheduled for
completion inMay 2009 ArchaeoMappewill be demonstrated and evaluated by a
team of DoD and civilian users in 262@10.

This document provides stdpy-step guidance for (1) estimating the suitability of a
site for geophysical survey, (2) determining which geophlysieshods or combination
of methods have the greatest potential for success, (3) determining which particular
instruments or types of instruments to rent or buy, (4) designing a data collection
strategy, and (5) estimating the time that will be neededdata collection fieldwork
and subsequent processinigy addition, we propose (6) a strategy to aid archaeologists
in understanding the geophysical characteristics of sites in a particular area of interest,
such as a DoD installatiow/e have designed thbocument not only to guide beginners
through their first surveys, but to help novice users develop a better understanding of
geophysical methods and to improve their field technigugsidance for data
processing and interpretation will be provided in thechaecoMappedzd S N &. Y | y dz €
Together these documents offer comprehensive guidance in archaeological geophysics
for a broad spectrum of the US archaeological community.
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2. REVIEW OF GEOPHYSICAL METHODS IN ARCHAEOLOGY

2.1 Brief History of Geophysics

Although many archaeologists in the United States still view the use of geophysical

OSOKYAI dZESB OKE a RIS 2F (GKS YSGK2Ra. RAa0OdzaaSH

The first systematic geophysical survey on.8.&rchaeological site was conducted at
Williamsburg, VA, in 19381ark Malamphy used equipotential (a method that is not
widely used) to search for a stone vault suspected to be associated with an early.church
A promising anomalous area was identified, but excavation revealed no archaeological
features The area was resurveyed some 50 years later and subsequent ground truthing
suggested that the geophysical anomaly was associated with differential leaching of
small fossil shell@Bevan 2000; Gaffney and Ga003)

Electrical resistance was first used at an archaeological site in 1946 by Richard
Atkinson With a Megger Earth Tester (then widely used in civil engineering) and a
switching system of his own design, Atkinson was able to detect moisillsdtditches
that had been excavated into dry natural gravel at Dorchestemlhames, UKKAtkinson
1953; Clark 1996; Gaffney and Gater 2008}jhe United States, Christopher CéDarr
1982)was an early advocate for the use of resistance survey in archaeological research.

Another milestone application of geophysiccored in 1958, when Martin Aitken
used a proton magnetometer to detect an early kiln near PeterboroughAlilken
1958, 1974; Gaffney and Gater 2008itken also detected eartfilled pitst a
capability that would have important implications for the widesad use of magnetic
techniques in the United States.

During the 1970s, geophysics began to be integrated into archaeology in Great
Britain and parts of Europ&oman and late prehistoric sites in those areas often
include metal artifacts, stone and masgrarchitecture, and fired clay roofing tileéSuch
materials contrast sharply with their surroundings and could be identified in pre
computer era maps that were characterized by relatively few, widely spaced data points
(Hargrave, et al. 2002; Isaacson, et al. 1999; Scollar, et al..1990)

John Weymouttand Bruce Beva(Bevan 1977, 1983; Bevan and Kenyon
1975xonducteda number of early surveys in the United StaBsvan 1977, 1983,

Bevan and Kenyon 1975; Weymouth 1976, 1985, 1986; Weymouth and Nickel 1977;
Weymouth and Woods 1984hat demonstrated the usefulness of geophysics,
particularly at sites characterized by relatively higintrast featuresin the United
States, however, the singlmost common type of prehistoric feature is the eatfthed

pit. Ferrous metal artifacts are absent in the prehistoric record and stoneataothre is
found only in limited areadt was not until the revolution in information technology
(e.g. fast computer processors and mapping/GIS softwaleyved the collection,
processing, and mapping of thousands of data values that relatively sebtlerés like
earth-filled pits could consistently be detected in magnetic surVéiargave, et al.

2002; Kvamme 2001)
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Ground penetrating radar (GPR) was a somewhat later addition to the geophysical
arsenal GPR was initially developed to locate subsurface cavities such as mine shafts
and tunnelsIt was quickly adopted by geology, civigineering, and many other
disciplinegConyers and Goodman 1991) 1975, one of the first archaeological
applications of GPR waan effort to map buried walls at Chaco Canyon, (NMkers, et
al. 1976) Other early U.S. GPR surveys focused on historierissasuch as cellars and
buried stone wall§Bevan and Kenyon 1975; Kenyon 19U&g of GPR in the United
{G10Sa O2yiUAYydzSR GKNRdAzZAK (GKS wmdoyna idayR mddn i
for detecting a wide variety of feature typéSonyers and Goodman 1997)

Although geophysics is not yet tlarghly integrated into CRM in the United States,
it is being used more frequently than ever bef@¢d®hnson 2006; Kvamme 2001, 2003;
Kvamme, et al. 2006; Silliman, et al. 20@0humber of large area surveysmanyof
them unpublished but reported at professional conferentetiave demonstrated
3S21LKearA0aQ LROGSY(GALE O2y iNROodziA2ya (2 | NOKI
and historic occupation@Butler, et al. 2004Clay 2001; Hargrave 2004; Hargrave, et al.
2004; Hargrave, et al. 2002; NADAG 2007; Peterson 28@8physics is now an area of
specialization in archaeological graduate programs at a handful of universities (e.g.,
University of MississipgDxford, Unversity of ArkansaEayetteville), and khouse
geophysical capabilities exist at universitffiliated research units such as the Arkansas
Archaeological Survey, Glenn Black Laboratory at Indiana UnivBlsdggnington, and
Indiana University and Purduenlversity-Fort WayneFederal agencies including the
National Park Service (Midwestern Archaeological Center), U.S. Army Corps of Engineers
(Engineer Research and Development Center, Construction Engineering Research
Laboratory; the Vicksburg, Mobile, Samah, and New England Districts), and some
Army installations (Fort Riley, KS; Fort Drum, NY) halreuse geophysical capabilities
A number of small geophysical consulting firms focus almost exclusively on
archaeological applications.

Trends calling foan increased use of geophysics by U.S. archaeologists in the future
include the gradually increasing labor costs of hand excavation (with no corresponding
increase in rates of excavation), versus significant improvements in the performance of
geophysicainstruments relative to their cogikvamme 2001)Social and legislative
changes in CRM, including an increased role for Native idamegroups in the
management of prehistoric cultural resources on tribal and federal lands, suggest the
need for noninvasive or, at least, minimally invasive approaches for evaluating the NRHP
eligibility status of some site®n balance, CRM personnetire DoD, other federal and
state agencies, and the private sector will find it increasingly useful to be aware of the
potential benefitst and the limitationst of geophysical techniques.

2.2 Fundamental Concepts in Archaeological Geophysics

Archaeologial geophysics involves the measurement of certain physical properties
in the nearsurface of the earth in order to detect and characterize buried
archaeological feature§ he neassurface in archaeological contexts refers to the
uppermost 12 m(Kvamme 2001Both active and passive methods are emplayed

10
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Active methods generate their own signals, such as electromagnetic fields or electrical
currents,a® Y S & dzZNB { K S. P8skiwin&titdds, oNIBeotider yiand utilize

YIEGdzNF £ & 200dzZNNAYy3I ardaylta FyR aavLie afAai
(Heimmer and De Vore 199%)lagnetometry, which utilizesth8 NI K Q& YIF I3y SGA O
is the only passive method described in this volu@eound penetrating radar,

resistivity, and EMI are all active methods

Geophysical data (measurementsselectedgeophysical properties at particular
points on or very near thground) are collected by moving an instrument across the
landscape, most often in evenly spaced parallel transdttese measurementsisually
in Xyz format (where X,y give the location coordinates and z is the geophysical
measurementpare then compilednto a database and displayed to create contour maps
or images portraying the spatial variation in the measured properfesommon display
method is a raster image, where each individual cell or pixel in the image represents one
geophysical measurement.

All geophysical methods rely on differences contrastbetween archaeological
features and their immediate surroundings (background or makxpmne 2001)

Contrast is the degree to which the geophysical properties of an archaeological feature
differ from that of the surrounding soils or sedimer&omers, et al. 2003)his is an
important concept, beause it implies that the magnitude of a geophysical
measurement is not as important as is the amount of contrast it has with the
surrounding materialdn other words, an extremely electrically resistive archaeological
feature will not be detected if theurrounding matrix is equally resistiv&hen contrast

is sufficient, however, an anomaly is producédomalies are areas in a geophysical
RFGF &S0 GKFG O2y N &ad 6AGK AdzZNNRdzyRAYy3a YSI 3
they can be otherwise identéd (Kvamme 2001)eophysical data ofteencompass a
range of values from negative to positivinomalies can thus be either positive,

negative, or diolar (having both a positive and negative componeAt) of these

anomaly typegan indicate cultural features.

A geophysical survey of an archaeological site is successful if it can identify and
characterize buried archaeological features, many fators besides archaeology
contribute to variation in the dataGeophysical measurements unfortunately have some
degree oftnoise associated with themNoise in geophysical data includes anything
that is not representative of what lies on or beneath thefaoe Examples of noise are
data spikegextremely high or low, often solitamgadings usually surrounded by valid
measurementsand other random or periodic errors related to instrument operation
(Hargrave 2007; Somers, et al. 2008also includes patterned interference, such as
radio waves and magnetic stormdoise becomes a problem when it obscures
archaeological features, which can easily occur if the contrast between noise and the
background is greater than the contrast prowvitley archaeological features
Fortunately there are many ways to filter noise out of the recorded signal, either by
avoiding certain areas or times of day for data collection, or with-aguisition data
processing

Another problem with the recorded da is the prevalence of unwanted signals
(electromagnetic fields, electrical currents, or other physical signals that are recorded by

11
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geophysical instrumentsit is useful to think of the recorded signal as several signals
added togetherThe signal of ierest is from archaeological features, but there are also
signals from other subsurface phenomena such as tree roots, rodent burrows, buried
utilities, sedimentary layers, and rockithese unwanted signals that are unrelated to
the archaeological recordra called cluttefHargrave 2007; Somers, et al. 2003)
Anomalies arising from clutter become a problem when they cannot be differentiated
from anomalies related to archaeological featur8®me anomalies can be clearly
identified as repesenting cultural features because they exhibit diagnostic patterns
such as circular or rectangular house flo@maller and less patterned archaeological
features, however, produce anomalies that are very difficult to distinguish from clutter
anomalies.

The ability to detect subsurface features is also limited by data density and
resolution Data density (also called sampling density) is the number of geophysical
measurements recorded per unit aré8omerset al. 2003) or per unit volume in the
case of three dimensional methods such as GHRdictated by the sampling interval
(distance between measurements along the data collection lines, transects, or
traverses) as well as the distance between liddany contemporary geophysical
surveys are done with a sampling interval of .5 to .125 per meter, with lines spaced 1 to
.5 m apart Resolution of smaller and lower contrast features is improved by increasing
the data densityClark(1996)shows that as the sampling intervsl decreased from 1.5
to .125 m the ability to differentiate a kiln from a piece of iron on the surface is
increasedusing a magnetometerYhe exgriment shows that5 m is the largest
suitable interval, and there is a considerable improvement at .25 m, but only marginal
improvements at .125 nmJsing a .25 m or smaller sampling interval along transects is
SFaArte I 002YLX A &K S Rnstéuments, wih2he manQirit oA G LIK & & A O f
density being the spacing between lin&oth Clar1996)and Gaffneyand Gater
(2003)suggest that 1 m between lines is adequate for most geophysical sunvtyes
UK(assuming sampling intervals of at most .5 m along transects but usually .25)or les
although the latter suggest .5 m should be used for research level suhagyerth
America it is more common to use .5 m line spacing, with 1 m spacing reserved for sites
with very large higkcontrast featuresin some cases .25 m lines spacing edys
particularly with smathrea GPR surveys where the principal targets are small and low
contrast

A final factor to consider is the size of target featurBsough contrat is the
overriding factor size plays an important role in the detection andagnition of
culturalfeatures If two features are composed of identical materials and are buried at
equal depths in the same sediment matrix, the larger of the two will be more easily
detected and identified as a potential cultural feature for a numbereasonsFirst, the
smaller feature is less likely to be directly below or close to transect lines, so the
recorded signal would be relatively we&econd, the smaller feature will produce a
smaller anomaly, perhaps represented by only one measurenuera pixel)

Anomalous readings recorded in only one pixel are easily mistaken for data spikes
(errors)and usually removed during data processifgpally, theanomaly from amaller
feature is less likely to take an identifiable shape (square, lineairaular), making it
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more difficult to distinguish from noise and cluttéror a feature to be reliably detected

it should therefore be recorded by at least two passes of the instruriepamme

2003) In summary, when all other factors are equal, the likelihood of detgcaimd
recognizing small archaeological features is improved as sampling density is increased.

2.3 Geophysical Methods

A variety of geophysical methods are applicable to the investigation of
archaeological site§ he most widely used methods in the U.S aragnetometry,
electrical resistance, conductivity, and ground penetrating rd@®R}Bevan 1998;
Clark 1996; Gaffney and Gater 2003; Heimmer and De Vore 1995; Kvamme 2001;
Scollar, et al. 1990Another methodmagnetic susceptibilityMS) has been
sporadically used for decades but is not routinely employed in theR&&nt
applications oMS, however, show that this method should receive more emphasis in
archaeological geophysi(®alan 2006; Kvamme, et al. 2008yher methods such as
gravity(Gaffney and Gater 2003; Witten 2006gismidClark 1996; Gaffney and Gater
2003) geotomographyWitten 2006) thermal(Clark 1996; Gaffney and Gater 2003)
induced polarizatiorfdark 1996; Gaffney and Gater 2008¢If potential Gaffney and
Gater 2003)and phosphate analys{€lark 1996; Gaffney and Gater 2008enot
commonly used in archaeology and are therefoot covered here

The remainder of thishapter provides a brief explanation of the main geophysical
methods used in archaeology toddyach method is described by addressing the
following questions:

(1) What property is measured?n other words, what fundamental geophysical
property is being gploited so that archaeological features or deposits and other
subsurface phenomena can be detected?

(2)Howis the property measured?This section includes the theoretical
background that explains how geophysical properties are measured.

(3)How is the nstrument configuredfor data collection? Many different
geophysical sensors are available for each method, and some can be set up in different
ways depending on field conditions and the goals of the surligyical configurations
are described.

(A)Whatl N GKS Ay ail NUzY S geptahdrdsdludori & Ay G SN a

(5)2 KI 4 F NB { &dantdgEsink disRd@aitage® The pros and cons of
the method are briefly discussed.

2.3.1 Electrical Resistance

Property MeasurecElectrical resistance the degreeto which a material restricts
the passage of an electric curremind is measured in OhniGlark 1996; Gaffney and
Gater 2003; Somers 2006Jariation in electrical resistance is almost entirdigtated
by the amount of moisture in the solCoarse grained, wetlrained soils (gravels, sands)
exhibit a relatively high resistance, whereas fine grained soils (clays, silts) that hold more
moisture exhibit lower resistanc€ompared to soil, rockshd bricks are typically
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characterized by very high resistanégectrical resistance is useful on archaeological
sites because cultural features represent localized disturbances to natural soil strata,
and often include concentrations of organic materiatgks, and other artifact'hese
disruptions to the natural soils are associated with a localized contrast in moisture
retention and therefore electrical resistanc& wall made of rock or brick, for example,
is typically much more resistive than surraling soils.

Method of MeasurementThere is only one way to directly measure electrical
resistance: pass a current through the material and measure it with a voltmétae
current (1) is kept constant and the voltage (V) is measured, resistancen(B¢ ca
OFf OdzAf F i SR dzAAy3 hKYQ&a [l 6Y

R=V/

Some instruments take an additional step to convert resistance to apparent
resistivity, but this is not usually necessary for typical archaeological applications. For
more details see Claf€996)or Gaffneyand Gater(2003)

Although the galvanic (direcontact) method is the only teiway to measure
resistance, it can bapproximatedoy measuring electrical conductivity with
electromagnetic induction (EMI$ince conductivity is the theoretical inverse of
resistivity, one can simply invert the conductivity measuremelmgractice, lowever,
the relationship is not always so simple some cases, when the two data sets are
compared they are very highly correlatéthe conductivity and resistivity images shown
in Figure 1ab are strongly correlated (r = .7Metin other casessuch a the
conductivity and resistivity data from Army City (FiguradLahe two datasets are
statistically independent (r = .14)he discrepancy is related to differences in depth
sensitivity, resolution, and the method of measurement (described in the sention)

This is an important consideration when deciding between EMI and electrical resistance
for a particular surve)L y (0 K S | dzii K 2 dhiietinesSrésisianbisdgttériles &
to resolve discrete features (though this needs further testing),BMI can be done

faster and is more flexible with respect to field and weather conditions because it does
not require direct contact with the ground.

ConfigurationsElectrical resistance is measured by inserting electrodes into the
ground and measurinte resistance between them. A great variety of probe
configurations can be usgdee Clark 1996; Gaffney and Gater 20@3) far the most
common and practical for archaeology is the twin probe array (FiguBysdeveloped
in Switzerland in the 196qS$chwarz 1961gnd further developed for archaeology in
Britain by Aspinall and Lynafh970) Though there are some disadvantages to the twin
probe array compared to othelsee Gaffney and Gater 200&)remains a standard in
archaeological geophysi¢Slark 1996)The twin probe array utilizes a pair of mobile
probes (usually mounted on a frame) and a remote pair of probes located far enough
away (at least 30 times the distance between mobile probes) that they do not
disproportionally influence the resistance withthe area to be surveyed (Figure 3)
(Clark 1996)At each measurement position, a weak electrical current is introduced into
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the ground from one mobile to one remote probe, and the vgias measured by the
adjacent mobile probe. As the instrument is moved along, data are only logged when
the mobile probes are inserted into the grourithe need to insert probes into the
groundmakes resistance survey more labor intensive than other ggsiphl methods,

and results in a lower data density and spatial resolution. One way to improve survey
speed is to use multiple pairs of probes on one frame. Geoscan Research Ltd (UK) has
done this with their MPX multiplexer attachment, which extends theib&M15

instrument frame out to as many as five probes and effectively makes four mobile probe
pairs (Figure 2b). Each time the probes are inserted into the ground, the multiplexer
alternates the probes so that a series of four measurements are takeg dhenarray.

This quadruples the number of data points collected each time the instrument is
repositioned, making survey considerably more efficient.

Escondido Conductivity Escondido Resistivity
i

Army City EM Conductivity

C L ™ - ] : A
Figure 1. Relationship between galvanic electrical resistance and EMI conductfsity
EMI conductivity data from a 20 x 20 m area at Pueblo Escondido; (b) galvanic
electrical resistance from the same 20 x 20 m areg;EMI conductivity data from a
40 x 40 m area at Army Cityg) galvanic electricalasistance from the same area
Note that the resistance images (b &) are shown in a reversed grayscale fasier
comparison with conductivity.
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a

Figure 2. Commonly used resistance instruments and
configurations (a) TR/CIA resistance meter usitfg)-m
twin probe array; (b) GeoscaRM-15 with MPX
multiplexer using.50-m twin probe array.

Figure 3. lllustration of the twin probe array and theoretical uniform ground currents
The distance between the mobile and remote probes must always be equal to or
greater than 30 times the ditance between mobile probes. This distance is kept
between the remote probes and the closest edge of the area being surveixat
drawn to scale.

Depth and ResolutioiThe depth and resolution of resistance data are dictated by
the probeseparation andampling densityGenerally speaking, as the probes in a
resistance array are moved farther apart, the depth sensitivity incre@Saney and
Gater 2003)With the twin probe array the measurement is most sensitive to the depth
equal to the mobile probe separatiq®omers 2006)Jsing .5 m mobile probe
separation, for example, the depth of measurement is centered at about .5 m, but also
includes areas immediately abovedibelow this depth(in other words, each pixel or
measurement represents the resistivity of a thréenensional region of the subsurface,
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whose center is roughly .5 m below the ground surfabbe)easing the probe

separation also has the unwanted effexftlowering spatial resolutianThis is because

the wider probe separation means that a greater volume of earth is measured, so the
volume of a feature represents a smaller percentage of the sampled volume, making
detection less likelyFor example, a smigbit feature near the surface might constitute
over half the total volume of the area being measured with .5 m probe separation, but
the same pit buried 1 m deep would make up a much smaller proportion of the total
volume measured with 1 m probe separatiand might not be detected at alThis idea

is explored in more detail in the next section.

Typical survey speed with resistance meters is relatively slow compared to other
methods, so data densities are low (usually 1 to 4 measurements per square meter)
This places a practical limit on resolution, such that lower contrast and smaller features
are difficult to detect unless considerable time is taken to increase the data deAsity
general rule of thumb is that the distance between measurements shoult beost
half the size of the smallest feature to be detectéchis is done, the smallest features

will be recorded in at least two locations, so they are less likely to be interpreted as data

spikes érroneous measuremengsSampling density can be meased in the survey
direction (along survey transects) by taking more measurements per meter, and this is

often done For small features, particularly graves, lines spaced less than .5 m apart can

be used (though this slows and complicates survey to stegeee).

Advantages and Disadvantagés addition to the lack of speed and corresponding
low resolution, electrical resistance is adversely affected by variations in soil moisture
Survey results are less likely to be reliable when the soil is extraimelyr highly
saturated(Clark 1996; Kvamme 200Under normal conditiongneither extremely wet
or dry), however, resistance instruments are very walited for detection of larger
features based on contrasts in soil tyfixamples include ditches, trenches, house
basins, mounds, and historic architectural remakigctrical resistance offers several
advantages over most other methodsis perhaps the most widely applicable
technique By altering the spacing between the mobile probes one can, to some extent,
control the depth of surveyAnother important advantage of electrical resistance is that
it is not influenced by metallic objects, and so can be used at sites that are littered with

metallic debris such as trash from construction, military training, picnickers, or metal pin

flags from previous archaeological projefitsytamme 2001 Most other methods, most
notably magnetometry but also EMI, are adversely affected byarchaeological metal
debris.

2.3.2 Electrical Conduistity

Property MeasurecElectrical conductivity is a measure of how easily an electrical
current will flow through a materigWitten 2006) measured in Siemens or milliSiemens
(mS) A Siemen is the inverse of am®@, or equal to 1/Ohm. Older references use the
SlidzA @1 £ Sy dzy Al daK2z2é3X ¢ KA OKisthethedreticalL) &
inverse of resistivity, but as discussed earlier, conductivity data are often not
comparable to the resistance measuremsitéken with probearray systems (see
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section 2.3.1)By convention, when archaeologists talk about resistivity or resistance,
they are usually referring to data collected with an instrument that uses probes inserted
into the ground (Figure 2YVhen we tak about conductivity, we are almost always
referring to measurements taken with the electromagnetic induction (EMI) method
(Figured). Conductivity maps tend to resemble maps of resistance data and can be
interpreted using the same principles, although tlesolution of conductivity data is
sometimes poorer due to differences in depth sensitivitieespite the fact that EMI

data are often collected at a higher density than resistance data, EMI measurements are
usually influenced by a greater volume of gnal potentially blurring anomaly

boundaries Like resistance, conductivity is an excellent method for detecting anomalies
that are based on contrasts in ground moisture or material tygmall pits are not easily
detected, but larger pit features, ditchesnd the ploweddown remains of earthworks

can be detected very effectively.

a b

Figure4. Commonly used electromagnetic induction (EMI)
instruments. (a) Geonics EM31; (b) Geonics EM38.

Method of MeasuremeniThe EMI method of measuring conductvis considerably
more complex than resistance, so only the fundamental principles are explained here
(for more detailed explanations see Mussett and Khan 2000; Reynolds 1997; Witten
2006) When an electrical current is passed through a coil or loop, an electromagnetic
field is createdWitten 2006) If this EM field is close enough to objects that are
somewhat conductive, then the field will cause currents to flow in théust as the
electrical current in the coil created an EM field, the currents in the objectengite
EM fields This process is called inductidn archaeological surveys, EMI conductivity
data are usually collected with two coils, one transmitter and one receiver in a
configuration that has many names, including Slingram, horizontal loop, govin
transmitter-plusreceiver, movingsource duakoil, and grouneconductivity meter
(Mussett and Khan 2000gknolds 1997)The transmitter creates an EM field called the
primary field that extends in all directions, but most importantly into the graufithe
ground is conductive, or contains deposits that are conductive, currents will flow in
them in responseo the primary field These newly created currents, called eddy
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