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SKAGAFJ ORn UR HERITAGE MUSEUM

The Skagafjérour Heritage Museum is a center for research on local history and cultural
heritage in the Skagafjordur region, North Iceland. It is affiliated with the National Museum
of Iceland and its main eMfition at the old turf farm of Glaumbeer is one of the most visited
national heritage tourist attractions. The Archaeological Department of the museum was
established in 2003 and engages in contract and research driven archaeology both within and
outside be region. The core loAgrm research programs center on fundamental issues
surrounding the settlement and early medieval church history of Skagafjorour and the North
Atlantic region with a focus on developing methodological and theoretical approathes to
geography of early Christian cemeteries. The department is involved in multifaceted
interdisciplinary collaboration with Icelandic and international institutions and specialists. Its
research portfolio includes bioarchaeology, early metal producstiteraent studies, as well

as the methodological aspects of archaeological surveying.



FISKE CENTER FOR ARCHAEOLOGICAL RESEARCH

The Andrew Fiske Memorial Center for Archaeological Research at the University of
Massachusetts Boston was established in #9&@2igh the generosity of the late Alice Fiske

and her family as a living memorial to her late husband Andrew. As an international leader in
interdisciplinary research, the Fiske Center promotes a vision of archaeology as a multi
faceted, theoreticallygorous field that integrates a variety of analytical perspectives into its
studies of the cultural and biological dimensions of colonization, urbanization, and
industrialization that have occurred over the past one thousand years in the Americas and the
Atlantic World. As part of a public university, the Fiske Center maintains a program of local
archaeology with a special emphasis on research that meets the needs of cities, towns, and
Tribal Nations in New England and the greater Northeast. The Fisker @G=utseeks to
understand the local as part of a broader Atlantic World.



SKAGAFJ ORn UR CHURCH AND SETTLE MENT SURVEY

The Skagafjérour Church and Settlement Survey (SCASS) seeks to determine if the
settlement pattern of the 9tdentury colonization of Iceland affected the development of the
religious and economic institutions that domiwkiiee 14th century. The research builds on

the combined methods and results of two projects. One has focused on Viking Age settlement
patterns. The other has been investigating the changing geography of early Christian
cemeteries. Together, the researatksao understand the connections between the Viking
settlement hierarchy and the Christian consolidation.
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Geophysical Prospecticat Hegranesping

1.0INTRODUCTION

Geophysical surveys weoenductecat Hegranspingon Hegranesluring the summers of
2013 and 201%igure 1) The workin 2013 wasa preliminarypart of The Skagafjordur
Church andsettlemenSurvey (SCASSprojectto investigae andanalyzethe use of
geophysical methods to locate and image e@hgstian churchyards in Icelan@igsting
Geophysical Prospection and Mapping Methods for Early Christian Cemeteries in Iceland,
funded by the United States National Science Foundd&AGER #1345066 Thespecific
objectiveof the 2013projectwasto developa geophysical protocted locate churchyardsnd
maptheirgraves Hegranesping the site of the local assemhdyring Vikingearly
medievaltimesd wasselectedhs one ofive sitesto beinvestigatecdbecausehe geophysical
resultscould be easilgvaluated given that a surface expressioadiurchyardstill exists
(Friorikssonet al.2004) andprevious &cavations had confirmetie presence afell-
preservedleletal remainsvithint h e ¢ h u coofiheg(ZoEgh 2099) Geophysical
surveys were performed over the churchyan@perand its near vicinity.

The work in 2015 was part of the baSICASSproject(described in the front matter), and
was implemented to identify traces of settlement or other churcldmichyards at the
northern area of the farm of Gardur (Hegranespirg) additional goal was toompare
geophysical results to the exposed archaeological remaotay, this area is in pasture. A
visible boundarywall whichintersects theisible churchyad wall attests thathis area has
been a home fieldrobablyassociated with tarmsteachamedLitli -Gardur(Palsson 2010;
Zoéga 2009) Geophysical surveying was extendexyond thevisible churchyardo cover a
substantial portioof the pasturggrass field andboundarywall adjacent tdahevisible
churchyardas well aghearchaeological remairteat areassociated with the Hegranesping
(Figure 1)

2.0LAND SURVEYING AND E STABLISHMENT OF GRID S

All land-survey data were collected based on the IS&¢#@Bdinate systemlnitial setup
pointswere established using a Trimble GeoXH with a Zepher antmaay recording
hundreds of measuremeratsa 5-secondnterval The GPS data were poesbrrected and
then averaged to obtain ISN93 coordinat€sesepoints were then used to set up a total

statin. The original GPS points were-neeasureavith the total stationo ensure

1
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consistencycross different totadtationsetups The corner points of the survey assad

internal grids at intervals of 50 Y03neters werflagged using the total statiodditional

flags were laid out at intervals &0 x 10 metesusingfiberglass measuringpesthat were
stretched between tlstationsestablished byhetotal station. The northern and southern
baselines bthe entire grid were flagged ain intervals using alternating colors. Additional
lines of alternating flags running east to west were laid out 10 meters apart to help guide the

surveying.
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Figurel. Location of geophysicaurveys conducted in 2013 and 2015 superimposditesbased
photomosaicof southern part of Hegranesping.
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3.0GEOPHYSICAL METHODOL OGIES

The use of geophysical methods in support of archaeological investigations is widely
establishede.g., Gaffney and Gater 2003; Linford 200&pr the present studfrequency
domainelectromagnetics (FDEM)ime-domain reflectometry (TDR) argtound-penetrating
radar (GPRyvere applied over portions of the churchyardithe nearvicinity. Summarized
beow are the geophysical methodologies that were.us@gendices A and B provide
general werviews of FDEM and GPRespectively.

3.1  Site Conditionsand Geophysical Targets

The natural stratigraphgf the region consists @bil with intermixed tephra layeralong

with gravellayers and lenseax glacial origin The soil is a brown andosol that derives from
aeolian sediments of volcanic origin, but is not the direct product of erupffomsilds et al.
1995; Arnalds 2004, 2008)r'he andosois norcohesive but has an extremely high water
retention capacityArnalds 2008) At Hegranespinghe ground surface is hummockyedto

a combination of thufurdrpst heavesje.g., Grab 2005nd the remnants of archaeological
remainsA limited excavatiorwithin the cemeterproperyieldedfill layers overlying a

graveldeposit below which twavell-preservedgkeletonsvere reveale@Zoéga 2009)

There are several potential geophysical targets associateth@Attking Age archaeological
remains at Hegrasging. In generalchurchyardsonsist of a small central church that is
surrounded by a cemetery, which is enclosed by a circular Wadl.churches are often only
3 x4 min size and constructed of wood with stone foundation.wahes typically betveen
15 to 30 m in diameter and composedaipactedurf overlying a stone foundatiar

gravel base Graves may be found throughout the enclosed cemetery including under the
church. Similarly, other archaeologicatmainge.g., booths, walls) aexpected taconsist

of compactedurf blocksoverlyinga stone foundationin some caseshe turf will be placed
directly on the ground or on a prepared surfdé@m a geophysical perspective,
measureableontrass between stones and saihd between compted turf and soiare
anticipatedi.e., contrast in relativpermittivity for GPRandin apparent ground conductivity
and inphase for FDEM

Graves can be a difficult geophysical target to detect but differential fill, breaks in soil

stratigraphy, anthe interfaceslongthe sides and bottom of grave shafiight be detectable

3
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(Bevan 1991; Kinget al. 1993; Conyers 2005, 2006; Jones 2008; Doolittle and Bellantoni
2010) In some instances, the direct deien of skeletal remains igossible(Schultz 2008;
Schultz and Martin 2011; Damiagaal.2013) Specifically,the contrast in relative
permittivity between welpreservedonesand soi] and to a lesser extent begnbonesand
gravel, may be detectabiy GPR

3.2 Frequency-Domain Electromagnetic Surveying

In 2013, arFDEM survey was conducted over a 50 x 50 m grid, which was primarily
intended to investigate the churchyard. In 2015, an expaedednaissancaurveywas
conductedverareado the south, north and west of the church§airtluding most of the
homefield. The work was As part of this work wa®rder todirectly compare geophysical

results to the exposed archaeological rem@es Figure 1)

3.2.1 Equipment and Field Procedures

The FDEMsurveys were conducteds i ng a GF I nstrumen,s6é6 CMD
which operates at 30 kHz over three separate dipoighs(i.e., a single transmitter [TX]

located at one end of thumit and three separate receivfRX] located at varying distances

along the boom)By increasinglipole length, a greater volume and degpitisoil can be

sensed When operatd in the vertical dipole modthe dipole lengthsfdl.48, 2.82 and 4.49

m providedepths of interrogatioaf approximately2.2, 4.2 and 6.7 rfi.e., ~1.5X the dipole

length) respectivelyrelative to the level of the sensors

Forboth surveysthe instrument was operatadthe vertical dipole mode&ith the boom

caried at hip level.For the survey in 2013heboom wasrientedperpendiculdy to the

direction of transects, veneasn 2015 it was parallelBoth survey wereconductedini-
directionaly in that all data for a givesurvey were collected by traversifrgm south to

north. Data were collected alg contiguous transedisat were separated By5m. The

sampling rate was set to 10 Hz (i.e., 10 samples per second), which yielded a spacing
between measurements of ~0.06 m while walking at a normal pace. Note that surveying was
guided bycolor-codedPVC flags that werplacedevery 10meters dongtransects separated

by 1 m.Thetrue location of measurements determined by fiducial markers that were

placed into the data stream by the operator and assuming linear interpolation between

markers. Botlguadrature phase (bulk ground conductivity) anghase ielated to blk

4
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ground magnetic susceptibility) components were recorded for each of the three dipole
lengths( i . e., six simultaneous readi,wgch wer e
yielded mae than 70,800 and 138,700 readings for each of the two components for each of
the three dipole lengths for the surveys in 2013 and 2015, respectively.

Figure2. Using the CMD Explorer witlthe boom oriented perpendicularlytte direction of
transects

3.2.2 Data Processing

Theraw data were initially correctdd properly adjustor the starting and ending locations
of eachtranset. As a check on quality control, the average spacing of measurements for
each fiducial segment algra given transedt.e., every 10 myvas calculated to ensure the
spacingoetween measurements was approximddly m or lessThe data were then
processed using Oasis Montaj mapping software to praghegeshaded andolor-contoured

maps The procesed datavere alsarchivedinto adatabaséor future use

3.2.3 Results

Figure 3 depicts a comparison between optidaishadedmages andgray-shadedlots of
the FDEM datdor the survey in 2013vhich focused on the churchyar@he data from

ecC
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sensor 4dipole length = 2.82 m) was selected because it provides the best qualitative match
to the partially visible archaeological remains. Figures 4 and 5 presenploisoof the

samedata. Similarly, Figure 6 depicts grashaded plots from sensor 2 foetburvey in
2015,which focused on the broader area to the south, west and north of the chunehylard,
Figures 7 and 8 are the associated color plots of the bagaldition, plots for the other two

sensorgor both surveysre provided in Appendix C.

Of specificinterest is an area of relatively high apparent ground conductivity and kigh in
phase that occurs in the northern part of the survey from 2015 (seeaotour plots in

Figures 7 and 8) at about E 478610 N 581500. Although the cause felatinesly high

values for both components is unknown, the presence of peat ash would be consistent with
such values. The anomalies in this area seem to be lesdefieftd than the potential booths
and other structures. If the high values are cauggeat ash this could be the location of

Litli -Gardur, mentioned in several sourceal§son 2010:4%r another unknown early farm.

Comparison between the images and the plots indiaatiesr correspondentethe partially
visible remains.Specificdly, the enclosure watif the churchyardhe boundaryvall of the
homefield a centralstructure vithin the churchyard and structuresd.,booths) within the
homefield ae characterized by relatiydow and highvalues of apparent ground conductivity

andin-phaserespectively These responses are most likely due to rocks.

Figures 9 and 10 present comparisons giftiase data (sensor 2) from 2013 and 2015,

respectively, based on using different image processing schemes. The schemes include

normal hisogram, equalization histogram and equalization histogram of the residual after
background removal of a seceadder polynomial trend. Highlighted in red are several

partially exposed archaeological remains, which include booths and sections of the

homefe| dds boundary wall. The comparisons dem
eqgualization histogram provide a better correspondence to the known archaeology. In

general, the equalization histogram is useful when the dynamic range of a dataset is low, thus

enhancing smaltontrast values.
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3.3 Time-Domain Reflectometry

Time-domain refleametryis commonly used in the soil sciences to indirectly measure the
moisture content of soils by directly measuritsgelative permittivity(C}). Relative

permittivity is an electromagnetic property that provides a measure of how easily a material
can become polarized by imposition of an electric field. It is the coninastkative

permittivity between soil andhaterials comprisingrchaetogical features thajiverise to

the reflections that are measured®yR Thus, an assessment as to the likelihood of
detecting archaeological features can be made based on measuraigtive permittivityof

the background soil, with specific emigmon the detection of skeletal remaitis(5-13;
seeDamiata et al., 2013).

3.3.1 Equipment and Field Procedures

Time-domain reflectometry measurements were collected at three random locations
adjacent to and within the churchyartihhe measurements were made using a Trase 6050X1
instrument (Soilmature Equipment Cof, Santa Barbara, CA, USA) which consists of two
parallel stainless steel rods that form the waveg{kdgire 1). The rods are 0.3 cm in
length, 6 mm in diameter and spaced 0.05 m addmé probe was inserted vertically into the
prevailing ground surfaceTypically, a set of four measurements were made at a given
sampling location. Prior to collecting a measurementptbbe was zeroed (short circuited)

and a measur eme nzl)twensurepraperdundtioningeof imstryment
3.3.2 Data Processing

The apparent relative permittivity was initially calculated using WinTrase software (v. 2.07)
which employs thetandard tangesiine fitting procedure to determine the times of

reflection.

3.3.3 Results

The three measured values of apparent relative permittivity @2re; 32.1and27.9 which

averages to ~28. Using this valmedneglectingany potentiallispersioryields a radawave

velocity of ~0.06 m/ns, which was used to convert the GPR time slices into depth Bhies.

representative value also indicates gnagwell-preserved skeletal remaissbject to simple

burial conditions (e.g., burial shafts cutdrg uniform soil) are potentially detectable using
15



Geophysical Prospecticat Hegranesping

GPR, neglecting complicating factors such as complex stratigraphy due to the presence of

gravel or noruniform fill.

Figurell Photograph of therdise 6050X TDR instrumentton.

3.4  Ground-Penetrating Radar

In 2013,a GPRsurvey was conducted over a 14 x 15 m grid, whichlaceted over a part

of thecemetery of the churchyafdee Figure 1) The primary objective wa® evaluate
whetherunmarked burialsould be detected viitGPRwithin its confines. The use of GPR

to detect unmarked burials and clandestine graves has been reported widely in the
archaeological, forensic sciences, and geophysical liter@uye Bevan 1991; Buck 2003;
Conyers 2006; Schultz 2007; Ruffell et al. 20Bdler et al. 2009; Doolittle & Bellantoni

2010; Goodman et al. 200 @nd has been successfully applied previously at the nearby Stéra
Seyla farm (Damiata et al., 2013).

As to whether a burial is detectable by GPR depends on various factors. dul@aré
measureable contrast in the geophysical (electromagnetic) property of relative permittivity
must exist between the combined elements of a burial and the surrounding naturally
compacted soil. The elements of a burial that determine its relativitpaty include: (1)
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soil moisture content, (2) ground disturbance caused by digging and filling the grave shaft
which homogenizes the backfill soil and introduces small air voids into it, (2) skeletal

remains, (3) grave goods of sufficient size, ifggmet, and (4) container such as a shroud,

vault, coffin or casket, if any. In some instances, a measureable contrast may not exist even
though a burial is present. For these cases, the contrast between burial elements and the
surrounding undisturbed sailas either insufficient initially or had diminished with time

because of, for example, the disintegration of skeletal remains by natural decomposition or
through interaction with the local environment. Based on previous efforts at the nearby Stéra
Seylafarm, the ground conditions seem particularly suited for the detection of skeletal

remains by using GPR. Summarized below are the field procedures, data analysis and results

of the GPR survey that was conducted avpart ofthe cemetery dtlegraneping.
3.4.1 Equipment and Field Procedures

The GPRsurvey was performed using a Mala X3M system that was equipped with a 500
MHz antenna (Figur&2). Data were collected at a vertical scan interval of approximately
0.02 m along parallel contiguous trants that wer separated by 0.2.nThe data collection

was guided by stretching a fiberglass measuring tape between the endpoimspéded
transects.However, the actual location was determined by inserting fiducial markers into the
datastream at 4m intervals(as marked on the measuring tapes) by the operator, and
assuming linear interpolation between markdrse survey was conductada unt

directional manner (i.e., frosouth to north In total,71 radar profiles were collected and

1,065linear metersvere traversed for the survey.
3.4.2 Data Processing

The data were processed using GHRe softwargsee www.gpisurvey.com; Goodmagt

al. 1995; Goodmaset al.2007; Goodmaet al.2008) The raw vertical scan datgere

gained, resampled and filtered (background removal and boxcar) to produce prod@essed 2
radargrams. On these radargrams, the presence of strong reflectors is indicated by a black
andwhite banding pattern. Note that the raw data were collectedms t&f the tweway

travel time of reflected energy. To convert to a depth scale, a radar wave velocit7of 0.0
m/nswas assumed based amelative permittivity value of 27.6The processed radargrams

were next combined to produc@seudo threglimensonaldata set A total of sixty
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horizontal deptfslice images of approximatelydd mwith 50% overlap wergnitially

generated to provide detailed spatial information ondbation and depth of reflectofise.,

Figure1l2. Photograph othe Mala X3 equipped with a 500 MHz antenna.

horizontal plan of strong reflectors at a specific interval of depth that combines data from all
radargrams).Overlay depth images were then produced by combifimgping) depthkslice
images ind 0.25m-thick intervals, as presented in Figure 13. Annotated radargrams are

presented in Appendix D.
3.4.3 Results

Theoverlay deptkslice imagesevealed two interesting geometric elements. The first is an
arcuate set of strong reflections in the eagpan at depths of 50 to 70 cm. Although
speculation, these reflections would be consistent with an earlier circular enclosure wall. The
second is a rectilinear set of strong reflections in the western part at depths of 100 to 125 cm.
These reflectionsazur in the center of the churchyard and would be consistent with the

foundation of a church.
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Tablel. Interpretedoelowgroundburialsassociated witlsPRreflections; seéppendix D for
annotated radargrams.

. . Approximate
Grave | Starting/Ending | Length Northing® Easting® Depth to Top Comments
ID Profile (m) (m)
1 52571 5265 1.6 455,71 455.8| 647.27 648.8 0.5571 0.65
2 525971 7660 1.0 458.61 458.6| 647.61 648.6 0.8071 0.90
3 52701 5280 2.0 458.171 458.3| 649.87 6518 0.501 0.75 extendgo East?
4 52701 5274 0.8 459.31 459.2| 649.8 650.6 0.4571 0.60
5 52761 5283 1.4 457.71 457.7| 651.01 652.4 0.4071 0.55
ith 79
6 52787 5285 1.4 | 458.7i 458.7| 651.4i 652.8 | 0.401 0.55 | conflated with 7
extendgo East?
ith 62
7 52781 5285 1.4 | 459.0i 459.1| 651.4i 652.8 | 0.407 0.55 | conflated with 67
extendgo East?
8 52797 5285 1.2 457.17 457.1| 651.61 652.8 0.8571 0.95

1 Add 581,000 to Northing; add 478,000 to Easting

Lastly, eight burialhiave been tentatively identified based on detailed inspections of
individual radargrams (see Tahleand Figure 1) Skeletal remains are likely present given
that several had already been excavated from the cem&tggg, 2009). As previously

noted, the TDRneasurements indicated favorable conditions for their detection By GP

is suspected that more burials may exist; however, detection by GPR has been hampered by a
combinationof factors including: 1) a hummocky ground surface which resulted in
inaccuracies in true location, thus making it difficult to trace coherdettigins from the

same source on contiguous radargrams, 2) surveying on thick grass probably attenuated the
radar 6s e n eidea goupting with th® antenmay and (3) complex stratigraphy
involving gravel layers and reworked fill deposits has nikely obscured reflections

emanating from the skeletal remains. Deturfing the ground surface would improve the
quality of data, at least with respect to the first two issues, for any {fpiameed GPR

surveying.
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4.0 SUMMARY AND CONCLUS IONS

Geophysical surveys were conducted at Hegranesping in 2013 andT2@1®ork included
FDEM surveys of the churchyard and the surrounding area, as vegBRR surveyhat was
limited to theeasten half of the churchyardThe site provided a convenient means to
evaluate the effectiveness of the methods given the substantial amount of archaeological
remains that are partially expas&ight additional graves were identified, and their
orientationfit nicely with the othes previouslyidentified (Zoéga 2009)

The FDEM data from sensor 2 provided the lsestespondence to the visible remains,
which included the enclosure wall of tbleurchyard, the boundary wall of the homefield,
centralstructurewithin the churchyard and structuresd.,booths) within the homefield
These featureare characterizely relatively low and high values of apparent ground
conductivity and irphase, respectivelyThesaesponses are most likely due to rocks.
Presenting the data based on equalization histogram appears to be particularly suited to

enhance subtle contrasts.

The FDEM sensor 2 resulssoundE 478610 N 58150(k.g., Figure 7are high, but not well
defined andsuggest thpossiblepresence of a lonterm domestic occupatiamhich may
potentially beLitli -Garduror an earlier ocupation at that same location. This braadmaly
is qualitatively different fronthe weltdefined smallebooth anomalieseen in other parts of
the site This is potentially a farmstead but it will require archaeological data to caitgirm

nature

The results of the GPR survey included tkeéreation of arcuate and rectilinear features.
The latter is probably a rock foundation of the church. In addition, eight burials have been
tentatively identified. Removal of the turf would and leveling of the ground surface would

improve the quality bdata for any future intended surveying by GPR.
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APPENDIX AT BASIC PRINCIPLES OF FREQUENCY-DOMAIN
ELECTROMAGNETICS

The frequencydomain electromagnetic (FDEM) methodas active nordestructive

geophysical method that is usedtrtainshallow subsurfaceformation Inthe EM

method, a time&zarying magnetic field is generated by driving an alternating current through
either a loop bwire or a straight wire that is grounded at both ends. Induced or eddy
currents with flow within any conductive solid or fluid material that is present beneath the
area of investigation. The eddy currents, in turn, generate their own magnetic fobldisagu

at any point in space, the total magnetic field is the superposition of the primary field due to
the source current and secondary fields due to the eddy currents, as schematically illustrated
in Figure BL. By discriminating between primary and @edary fields, variations in the EM

properties othe ground can be discerned.

EM instruments measure both aftphase (quadrature) andphase components of the
induced magnetic fields. The former is a measure of the bulk apparent ground conductivity;
the latter is related to magnetic susceptibility and is particularly sensitive to the presence of
metallic objects. Bulk apparent ground conductivity reflects true conductivity when the
subsurface is homogeneous and isotropic, which is rarely the gaseiice. For
heterogeneous conditions, it represents an integrated effect of the all the conductivity within
the volume of ground being sensed. It does not, however, represent an average conductivity
and in fact can be lower or higher than the lowestigiest subsurface conductivities,
respectively. A lateral variation in the components is indicative of lateral changes in
properties. The conductivity is particularly sensitive to fluid content and dissolved salts or
ions. Accordingly, wet sands, gland materials with high ion content generally have high
bulk apparent ground conductivity; dry sands and crystalline rocks have low bulk apparent

ground conductivity.

Ideally, EM surveys are conducted in archaeological investigations to find condactjets
in resistive environments such as middens and rareagted walls. Although more subtle
and difficult to detect, resistive targets such as buried stone walls and foundations can also be

detected through EM surveying.
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APPENDIXB 1 BASIC PRINCIPLES OF GROUNPENETRATING RADAR

GPR is an active nedestructive geophysical method that is used to image the shallow

subsurface. In GPR, electromagn€Ed/) energy is pulsed through a transmitter antenna

that is towed along the ground surface. As the energy travels through the ground and

encounters distinct changes in electrical propértgsecifically, the relative permittivity

(Er) whichisameasuref a materi al 6s abidaporffoniso st ore e
reflected back to the ground surface. It is the-tvay travel time of the reflected energy that

is recorded by a receiver antenna in the form of a single scan at the given location as
schemécally illustrated inFigure B1. A twedimensional radargram is produced by

combining all of the scans along a transect. The datarfrany radargrams can be further

combined and horizontally sliced at specified time intervals to peqes@udedhree

dimensionaplan images that oftentimes are easier to interpret (see accompanying figures).

Of all the available geophysical methods, GPR provides the highest possible resolution for
imaging the shallow subsurface. The ability to resolved buried feataresyhr, depends

partly on the center frequency of the transmitter antenna. Relatively higheefficies (e.qg.,

800 MH2) have greater resolving capabilities but at the expense of less penetrating power as
compared to lower frequencies (e.g., 500 MHz)e frrethod works best in electrically

resistive conditions such as dry sandy soils. In general, electrically conductive environments
can severely attenuate the EM energy. The presence of water with high dissolved solids as
well as watetretaining materialsuch as clay and silt, even in minor amounts, can severely

limit the depth of penetration.

The use of GPR should be considered whenever the target of interest provides a distinct
contrast in relativpermittivity (air: Er= 1, waterEr= 81, dry soil.Er= 4-6, wet soil:Er=

10-30; rock/bedrockEr= 5-8) as compared to the surroundings and is sufficient in size to be
detected. Typical targets includmiiied stone walls and foundations, grawate specit

stratigraphyandsoil thickness/depth to bembrk.
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APPENDIX C1 PLOT OF FDEM DATA
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Figure L. Left: Colorcontour plot of apparent ground conductivity daenésr 1, dipole length = 1.48 m) from survey conducted in.2&ight: Gray
shaded plot.
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Figure @. Colorcontour plot of inphase data (sensor 1, dipole length = 1.48 m) from survey conducted inRRigb8 Grayshaded plot.
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Figure G. Left: Colorcontour plot of apparent ground conductivity data (sensor 3, dipole length = 4.49 m) from survey conducted Rigk@1Gray
shaded plot.
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Figure CL. Color-contour plot of inphase data (sensor 3, dipole length = 4.49 m) from survey conducted inRigh8 Grayshaded plot.
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Figure . Plots of apparent ground conductivity data and (sehsdipole length = 1.48 m) from survey conducted in 2015.
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Figure . Color Color-contour plot of inphase data (sensor 1, dipole length = 1.48 m) from survey conducted inRighE Grayshaded plot.
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Figure 7. Plots Left: Colorcontour plot of apparent ground conductivity data (sensor 3, dipole length = 4.49 m) from survey conducted Rigkd15
Gray-shaded plot.
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