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ABSTRACT

U supporm of ongoing archacological excavatons o southwestem Jordan, o awimben ol
geuphysical studies have been performed in this region, The work reporied was executes) n three
shlterent years and, i the first vear, electromagnetic induction, magnetometry. and ground penelrating
radar studies were performed al three sites in the region known 1o have buried stone walls, While
miceraled geophysical methods were planned. this first feld expenience revealed thar elestromagnetic
mnduction provided, by Tar, the most useful resubis and this became the mainstay of subsequent
geophysical investigations. To date, five large sites and numerous smaller sites have heen surveyed
ranging in dates of occupation from the Pre-Ponery Neolithic 1o the Iron Age. Resishs from thres of the
turger sites are reposted here. These sites are sufficiently large that they cannel be completely
excuvated in a single field season and the results of the geophysics are used W idennfy the most
mieresting areas at a particular site for subsequent excavation. At the obdest site, the Pre-Potery
Meobithic, the three-damensiomsl structure of bugied stome walls are charscterized. AL an fron Ao site,
witlls and magnetic anifacts within a fortress are revealed and a possible mb conlaming metal
artifacts was discovered immediately outside of the fortress. A third site surveved. 3 Biblical copper
mane. was exploited by coltures spanning several malbemmia

Introduciion

I 1T abe autbors began an effort we supsgsort i fng
wean eseavalion progect in southwesterm Jordan by archae-
alogists From the University of California at San Diego. The
mitial area of peophysical studies and excavations is in
Woads Fidan. Wadi 1= the Arabic word for a dry riverbet and
this region 15 characterized by steep termun cul by wadis.
Wadi Fidun is o wesierly draimage from the mountains of
seuth-centrl Jordan inlo the Wadi Ambah nift valley
approcmitiely 50 km south of the southen: dp of the Dead
Sea. The Wadi Amabah now defines the border between
fomdan and lsrael and the three sites considered bere ane
several kilometers east of the rift valley (Fig. 15 Dunng the
IR aned 2O geaphysical mvestgations, additionsl «ies
were surveyed both within and owrside of Wadi Fidan.

The first geophysical elfors focused on siles -
ated with the production of copper duning the Biblical
peviond {Early Bronze Age, abour 2500 BCE). The planmed
efforts at this time were w0 (1) non-invasively map buried
slome walls wl v sibes. ome an ares believed o have been
wsed for the producton of copper from ore and the other
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# decarbye villige and (2F churactense e exient and ik
penodisi of expioitation al known copper mines. Three
technigues were selected for use in this inetial study: ground
penetrating radar (GPR 1, oapoetomseiry, ond electronmg
netic induction (EMIE These methods were selecied becanse
large areas necded o be surveyed and the archacological
team needed interpretations in near-real-time o guide their
excivatons. It was amticipated tha GPE would be the
primary mcthod for mapping buried stone walls and mag-
netometry was considered in the event that either the walls
were composed of magnetic rocks or that the non-magnetic
stone walls existed in oo paleomagnene sol backarmoued,
EMI was to be the primury technique for mapping seams of
COpIpRer e,

Both GFR and magnetomerry failed o delineate the
buned stome walls. Althowgh the mdar penetrited o the
necessary depth wsme 1ML 2000 and 400 MHz  comer-
frequency antennas, mo evidence of walls appeared in the
dita suggesting lintke deelectine contrast berween the wialls
and surrounding soil. Some, bur not all, of the stones of the
witlls wore magnetic as were mamerous stones thal clunersd
the ground surface. As a result, it was impossible o distin-
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Map of Jordan showing the wres ol geo
physical soudies.

Figuie §

s surtace migneie Features from iose only cenlimetens
deep. EMI perfomied mech betier than the other methods
The stone walls sppeared as negative linear and rectilineas
Pesatizres an the quadrature compenient of the data, A plag-
sible explamition is that, although the soil s extremely dry,
i snlbl s enough mostore o manifest o conductivity
comtrust with the watlls. Thus, the walls appeared in the EMI
thila s an absence of -'.'l.ﬂl-'.’lll.'ll‘-'i!}'- This hypothesis migh
appear nconsstent with the folure of GPR since GPR
will respond o both changes n dielecinic and clectnval
conductvaly, 11 s b recognized that the comductiviey of
e soil s low and., Tos kew condsctivity, the GPR response
will b dlesmnared by changes in dielecine, Dunng 1997,
widlls a1 the two Bibhical sies were mapped by EMI using
@ GEM-2 (Won of al., 1996) as was a nearby, much obder,
pre-pottery Neolithic {PPR) sie. The results of the 1997
elfor have previously been reported (Witlen e af., 20001

Here. some mesuhis of the work conducted dunng 159%
and HHE we presented. These are from (heee sies: addi-
tonal broadband EME surveys af the PPN site as well sur
veys comcucted at an fron Age site and o1 a copper mine.
Each site is considered mdvadually.

The Fre-Patiery Neolithic Site

e Pre-Patery Neolithic (PP} sie s 0 well pre
served village that specialized n the production of beads. It
vocupies o small granite island at the mouth of the Wads
Fadan at the extrene western end of the Fayvnan drainage
sysem where o oemphes i Wadi Arabah. The gn.lrl'tl-ﬂ
hedrwk 15 overlain by a conglomerate on which the stone
walls were built. Al the nime of the geophysical studies,
these walls were buricd noa bine sl From a small pilol
Ercavition, the sie was dated 10 8 BCE based on the
architectoal constuction and  cultural affiliaton of the

s walls amd than
anticipated  extepsons o the unescivited s wen
dehmesed with EML In the P4 sqady. poog o escavialion
a small area was surveyed with broadband EML again wsing
the GEM-2. The purpose of (s efforn was o quaniily e
three-damensioms] wall soaciure

I1 hias been shown (Won, TSR thal frequency can b
waed in EWMI mesarenments o proy 1che -_!-q,"!'\ll"l TR H A TTETT
Singe the time-varving magnets: Gelds cmploved in EMI

prwomeered wnifacts, As T growd trath

penetrate o greder depihs with decreasing fregueney, depn
soundisg can be accomplished by oaequining dai over s
range of frequencies where depth is approxomately mversely
proporional 1o the sguare rool of e probimg fregeens
This depth-to-frequency relationship has been demonstnned
thearetically and experimentally W Gan, TSR and by Bl
micnsurements and forward modeling (Witten o8 ol 19970,
Thos, presenting megsprement positicn aloag o Gine as the
Rarizontal axis and inverse frequency s the verhical asis, wi
out-of focus image over o verhel Cross-section can be
displayed. This 1 snalogous to the display of s dita as
timie slices where exch tme slice can approximately b
considered as an out-of-focus image of reflectars an i cenain
depth. Figure 2 s such an mage where several walls
imedium gray ) are clearly visible wathin the sl back ground
{light grayi along with (he urickerly g conglomerate (hliwk

Following the geophvsical survey, fhis sile wis
excavared. This excavation revealed remarkably wefl pre
worved walls with door and window -:1|14'|'.ini;h I]"ig. 3 and.
in many arcas, these walls reached heights of abowl 5 m, The
patterns of these walls are i agreement with  those
delineated with EML: howsver, i the absence of @ ngosos
inversion, depth comparisons cannob be mde. At [HLRHE
vears obd, these walls are smong the aldest vel diseos el
and are contemporary with those at lenchi.

The Eren Ape Site

Several kilometers porth of Wi Fidan and o
a scparate drainpge there = oa sprawling =ile known as
Kharbat en-Nahas, meaning noins of copper, The site lies on
a large terrace on the south bank of the Wady al-Ciluway b and
is about 10 hectares in size, making i1 one of largest pre-
industrial copper-working sites in the Levamt. The main
-Fu_-ri-;-ujn.; of ooccupation of thes sile e during the lron Age
(abaut S BCE | aned Roman/Byzantine penods. Excavation
of this site was conducted i the Gull of 2002 however, results
of this excavalion are not vet available, A thorugh analysis
of this industrial produchon center will provide a key lor
cxamining Edomite state Formation, the nature of bocal versis
seltled ineractions, and relations berwecn Edom {dunng this
period, the ares east of the Wadi Arabah was known as Edom)
and paher Tron Age sites in the Near Easi

As purt of 1999 peophysical studes, small selected
locations  at  this sibe  were surveyed with EMIL s
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Fipure 2. A vertical cooss-section derivied Trom brosd-
band ENIE chits il the Pre-Poitery Neolithle site, The
horizontal distance is in meters,

mgnsiometry. W ol which are considered here. The
sishject swrvey aress ane associated with the remains af
i massive stone-walled Torress occepying approximately
LS00 7. Dt wene acguired for both the interior of the
torress and a 10 m owide sing outspde of the fonress and
adjgcent o one of ns walls (Fig. 43 The purpose for the
survey n this area is that the architecture on the outside of
a fortress wall, partcularly @ a comer. provides valuable
mlormation as 1o the nature of nx construction. One comer
ol the interios of the Tovrtress comld mot be sii Vi el Because
ol the unstable rock pile thar s a rernant of wall colbapse,

Figure 5 presents the quadrature data for the perimiier
strapr el 4 as gray-scales. There are a number of relatively
o negabive b condectnaty features apparent in the guad

ratiore: iy bul the one of imerest bere = nesr cicular and

P o e
Figure 1. Close up photograph of the stone wall
construction at the Pre-Potiery Nealithic site.
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Figure 4. Map shewing the twoe surveved ferires
areps, one within the stome-wall enclosore and a 10-m
wide strip immedintely sotside.

ok l'!_'- e sold circle w the Do, Based on this oy
formation and surface amifacts, Jordanian archaeologist M
Maqur believes thas o be a twomb. Basesd on past expericnces
with EME i wmapping buried stone walls in Jordan, i 3
bikely that the omb is bailt of stcae and appears in the
L||J..’II.1|'.I|IJII\.' date because he stone walls have a lower
elecinenl conductivity than the aon-negbgible conductivin,
of the surrounding sonl. Stome walls typically occur as linew
or rechihnear patierns, and this panem s mimcked o the
EMI I.||.|-\JI.|!'.II wie dati. Becanse EMI data were assuimed 1o b
acquared by walking straight pasallel hnes ot o constan)
speed. there can b soane devation 1o this pattem resulting
Fromm shight deviations in both walking speed amd direciion
Potential bared stome swalls are annotated as black lines on
Fig. &

dashed circle on Fig. 5 15 a pabe of mocks, This area appears

Phe wrea of low guadratene sespaoasse woathin the

as a relahve low becanse the measured response 15 thal of
thie soil. The reduced reaponse wilbum this area is mot a direc
result of the presence of the rock pile bur rather an indirec
respoqese associated with elevanmg the measurements above
the soil. This oceurs because both the mansmuaied and
mduced time-varying magnene felds decrease with distance
so that elevating the measurement point can diminish the
migasured response, even o the abeence of changes in
subsurface clectneal conductivity.,

A conducting object can be msnifesied in both the in
phise and quadrature compenents of EMI dsta, The relative
responses 10 these components will depend on the ohpect s
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Ouadrature component of the EMIT daia
acguired s the Trom Age site. The solid circle indicates
ihe location of @ suspect tomb. the dashed circle shows
the location of @ rock pile, and the lines indicate features
inberpreted to be buricd walls, All dimensions are in
micters and the measured units are parts per million of
the primary field.

Figure 5

clactmci] comductivity, magnetie pennesbility, sia, shape
and nentation relative o the luminong feld (Won ef af
Pusiay, Magnete pemmssababity only anfloences the in-phase
respime and caly at relatively low freguencies. For the bogh
rrequency comsidenad here (15,210 Hep, high conductivity
pbjects, particularly those made of metal, genemally produce
a much stromger responise i the in-phase component of the
EME diata. OF all sites in Jordan surveved o date, it is only this
paricelar ane tht offered @any useful in-phase information.
The companion io the quadratuee data shown m Fig. 3, in
phise dat s presented m Fag. no There s one strong in-phase
pespranse {black ) evident and thas is nearly coancident with e
fomhy, Thes suggests that there is @ metal antifact, or o group of
mictal anitacts. within the lomb. 1 the mn-phise and quadrature
companents prodheced responses o the same feature, these
responses would be perfectly comncident, Companng Figs. 5
amed B, ab ps clear that the in-phase and quadrature responses
associabed with the temb and metal arifact ae not guite
conrendent sugpesting that these responses are associated with
adpacent but different features,

Wit the fortress, both the guadrature compomend ol
EMIE and magnetomedry provided resaults of archacological
signthicance, Figure 7 presents the EMI guadrature respons
within the formress anes as a gray-scale plot. As in the strp
oustsiche of the fortress (Fig, 51, there 1s some evidence af
bured stone walls and these are annodated by black lines.
The sarveyed arca would be a rectunghe of not for the
missing guacnot n the upper oght, This asea was omitied
ks i is o steep for data acquisition. Thes s a lange
stone pile which s presumably o result of the collapse of
a large structuse associgied with this comer of the Tortress
The relabive low, apparent i the veres of the missing
vorner, s associated with elevated messurements over the
lovwer reaches of thas Lirge sone pike.

Figure b, In-phase component of the EMID data
acguired st the Iron Age site. The strongest response
irendered in black) is believed to be metal artifacts
within the temb. Al dimensions are in meters and the
measured units are parts per million of the primary
fiedlal.

Magnetc datin wathan the Tofness was sCgeired uslng
i Crevametrics 538 cesinm vapor magnetometer. As wath the
EN] duia, i||;4_||,|1~:1ri-:1|| wols carried o |‘l'_-. '.'c-'ilﬂiil'l_ll :il:rar'__'hli
paraliel lines at one meter spacings and sampling @0 e of
five sumples per second, Assurmang that the walking speed 15
comstant and that the walking lines are truly stmnghl, he
aoguired it can be inlerpolated onto a regolar grid and
subsmequently plotted. Figure 8 presents the maggnetic dita as
griy-seale plos. As antndated by the cincles, there ane 1%
miagniElic anomalies that appear as distinel dipoles, Visual
mspechion suggests thal these features are approximateiy the
same size, orientation, and depth. Furthermore, their panem
does mot appear random, indicating that  ther relatvee
positions have soms vel b be determmed sppmificance. [
sk s be noted that these feansres do not appear on the
EMI in-phase data, This would moply that cither these
abyects are non-meetallic or are composed of @ ferrous nuetal
but are oo smsll o be detected winh the GEM-Z.

The indent of the magnetic survey within the lorress
was o determine the presence of mugnetic features that could
be ferrous amifects. For this neason. and because of lme
consiraim=, dalka were ..1;,:..|_|ii|r\-:! i the above-deseribed
voganer. To funher guantify these Features, thear chimscter
istics were estimated wsing @ Levenberg-Marquards algo-
ritham {Press er @l 19921 This procedun: is similar that grven
in MNoron wwed Witten (19498 where the coordinates and
components of the dipele moment of each magnene feature
are estimated from locahized daia Because the magnetic dum
acquired within the fonress shaows some spatial varations in
the background feld (P 85 the son-linear estimation
procedure was exiended W sunultanecusly estomate vana
pons of this backgrownd held, T should be noted that
catimations of this type are sensitive W spabal messarenment
density and posaton accuracy. Had the presence of these
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Figure 7. Quadritore B3I dein scguired within the
fortress at the Iren Age site. Lines indicate suspecied
Buried stone walls, All dimensions are in meters and the
masured units are parts per million of the primary feld,

magmeln leatures been anticipated. & more rigorous data
acguisition procedure would have been execued,

The estimation vielded depths o magnetic features
it vary berween L5 cmoand | m, with almeost all oceurmng
at deprhs betwesn 3 amd B0 cm. The dipole mooment
estimates indicate that almos: all features have their dipole
ITRTIETR S III:il.'II[L'IZI FICTAT '||I_':I1||.,'i|_| tll_lt ”'H_' sstimics -\.:I[. LhC
magniiude of the dipole moments vary by almaost 10095
Several factors should b considered ]'q_'l'ic',.'.mg thizse
estimiied parameters. First, the anca within the fortress is ms
at. There are slight imegularities m surface elevation thas
ceur both graduatly and abramly. This wepography likely
post-clates the sie <o that vanahons i estimased depth mas
b accwnale. In this case, these features were cither all buried
av e same depth o were placed on the ground surface.
Furtbermore. the eshmation procedure assumes  that all
MICASEMCITENT= aie I'I:IiILII.Z itl il‘ll."' SIlTRIG I‘ll.,'!'i'i_l.lil:!l'll_ "a!'ijﬂ.éltil_'ll'lﬁ in
metseremen! elevation that occur locally as a resolt of
-.'=;J|!h.i:|!.' over sl |!|i||_'~: aof siimies e mol pq'urh_'r]}' Ho-
vounted for m the estimation procedure. leading 1o inac-
curacics in all estimated pasameters, There are additiona
mnsccuricees i homeontal posibion that result from devia-
nons i walking sraight hines, These oceur because thare ane
whstacles within the fortress, such as large boulders, thar
were walked around rather than over. Evidence of this s
apparent in the circled magnetic feature at abowt (25, 5) in
Fig. B This magnetic featere has two neganve poles, It s
unlikely that this 15 actually the cuse, but rather a result of
passing over the same spot on two successive salkimg lines
Ome measurge of bow well the estimated dipole moment
parameters fit the data is o use these esthmates o forwand
enoadeld the data, This was done for each of the 18 magnetic
anomalies and the synthetic responses subseguently sub-
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Fipure Y. Cray-scale plot of the magneilc  duia

acguired within the fortress al the Tron Ape site. Similar
dipodes are circled. Al dimensions are in meeters.

iructed from the measured data. For most of the featenes, the
dipole ancinaly was 1oily removed by this subsraction
lepving only severnl nT of noise, The parameter estmtion
wits less robust for a small number of features, parcularly
the ome with two negative poles, where clear dipole
responscs remained afler subimcton of the synlhesized
resgEase, Frgune 9 shows o comparisen of the magnetic dat
in the vicinity of one dipole sty aned the datg svn-
thesrzied based on the ecimated dipole parameters for this
feature, As s expected, the contoars For the modebed data is
sinoath winle the those for the aciual data are far more
irregular with evidence of the spatal vanatons that are oot

associated with o single dipole source.
Fhe Copper Mine

A el CUPTET M an scitthestcen Jordan wis
surveyed with EMI during the summer of 2000, The copgper
e body underlying this site 15 pun of the DLS iDolomite
Limestone Shale) unit thar characienzes moch of the Faynan
area. The mineshalts and tobimgs spread over an area thun
ETHOmpasses approximately 754 hectares, According o
Haupimann {Haupimann 1989, the BILS are body was fimss
exploited during the Early Bronze Age. Copper ore s
known oo exist ab this sile becsese seams are visible at
onforops. B ois known that this sile wies proveodsly mined
because of & partially open dnlt on oo osteep slope
Furthermore. there are mounds on the site that have & cone
shape. These femures are debns pales around vertical shafis
waed o access the copper scams. As minig proceeded,
spoils were deposited ar the vertical shall openmgs pro-
ducing mounds that would evenally slump, giving rise 10
their chasacieriaic \.||u|11.:. Owver time, these shafls have
completely closed as a result of collapse and depositional
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forward modeled data based on the estimated dipole source paramelers,

forees. AL s =i, nuneshalts cluster m bwe aneas, The Dost
el f:|1|_:|.'xl ol hese v abowut 384 hectares and consists of
& small plateau delinexted on the north and south sides by
secvailiory drvinage channel., Additional mines ane focated
@ relatively sieep limesione melne Tacimg north and
wwsrrlookang the vmun mineshafi cluster.

The quadrature component of the EMI data clearly
rewesishs thie presence of the former shadts as near carcular [ow
responses, Figure [0 shows the EMI quadvarure data as
ey siles arcnd one such mound. Rather than one shatt
within the mound, three are cleardy evident. Two of the
nroasl opentant discoveries made by the EMI study relale
1o the patlern o virrbpeal muve shaits owd the one bodies
themscives, The discovery of a cluster of three mimeshafls
stggests e matn phases of maning. The largest shafi
precbably distes o the Early Bronze Age while the two smaller
shatts pearby were 'l'-|||h:1h:.'r-. vomsiructed during the Iron Age.
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Pigare 18 EMEguadramire daba showims three vertical
shafts within a single mound af 3 formerdy wilized
copper mine. All dimensions are in meters and the
mensured wnits are parts per million of the primary field.

L omclusins

EM] has been successfully wsed ai & member ol
archacologral =ites in southwestern Jordan. I owas discov-
cred that buried stone walls can be delineated @ the quad
ralune messknenients s s s kely o reselt of & small, bo
measurable, differential mesture content, These mewsune-
mienls can be masde quite rapadly and have proven 1o be an
effective means o identily areas where buned architecture is
present, Results of this tvpe can serve as a guide o
archacological excavation. Al an ancient copper mane siie,
EMIE mesurements identificd & pattermn of vertical shalis thin
provided nsight e the penesds over which this site was
L:J.E:-h.ri[l:'\-;,l.
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