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Foreword

From September 9% to 11®, 1999, the Bavarian Conservation Of-
fice and the European Geophysical Society (EGS) are jointly
holding the international conference “Archaeologische Prospek-
tion” in Munich. More than 150 scholars and scientists from all
over the world are attending this conference to discuss archaeo-
logical prospecting and new approaches — their significance for
scientific evaluation and archaeological conservation practice.

Particularly the last few years have seen tremendous techno-
logical progress in archaeological prospecting. New devices,
geophysical methods and evaluation possibilities have rendered
field work much faster and more sophisticated. New ways of
presenting results to the public have also become available,
among them modern computer software to demonstrate the
whole wide range of research being done aided by field models
and 3D animation, which make even tiniest traces invisible to
the naked eye visible.

Prospecting archaeological sites looks back on a proud tradi-
tion of more than 100 years. Air photography, geophysical meth-
ods and remote sensing have proven to be most successful. The
conference will therefore center mainly around them.

Air photography has been employed widely in archaeology for
quite some time and is now finding intensive use in the former
East Block countries. Magnetometry, first successfully applied
by Martin Aitken in 1957, has established itself as the most ef-
fective geophysical method. Measuring methods have improved
substantially since Erwin Scollar first introduced computers in
field work and in the evaluation of measured data in the 1960s
and 1970s. Especially, the use of caesium magnetometers in ar-
chaeological prospecting has made great strides.

Fundamental research in different applications of caesium
magnetometers was conducted at the Bavarian State Conserva-
tion Office, noteably, by Helmut Becker and J6rg Fassbinder
who, i.a, using other device configurations to make numerous

reference measurements at home and abroad, kept improving
measuring procedures. Continuous study of the theoretical prin-
ciples contributed enormously to furthering the understanding
of the methods. The examination of the magnetic properties of
archeological sites and the discovery of magnetic soil bacteria,
in particular, drew worldwide attention and can be regarded as
the essential pioneer work in magnetometer prospecting. The
first measuring car bearing a caesium magnetometer developed
at the Bavarian State Conservation Office is now already on ex-
hibition in the Bonn branch of the “Deutsche Museum fiir For-
schung und Technik in Deutschland nach 1945” (see Fig.).

The development of accelerated data processing in the field
opened new dimensions for its application. Today even quite
large archaeological sites can be measured within a reasonable
amount of time; for instance Cicah in Siberia, Troy, Hellenic Pal-
myra and the Ramsessidean city of Qantir in Egypt, where the
geophysicists of the Bavarian State Conservation Office, who
are frequently invited to participate in excavations, have worked
to great all round satisfaction, show how precise images of an-
cient settlement structures can be obtained. Moreover, success-
ful prospecting forms an ideal basis for archaeological research,
because it reduces to a minimum the time-consuming search for
the important centers of excavations. Accurate maps permit ex-
act calculation, pinpoint plotting of sections and sieving out ar-
eas in which important results may be anticipated.

Thus at the end of the 20" century, a time when so many ar-
chaeological sites all over the world are threatened with destruc-
tion, improved prospecting methods in conjunction with scien-
tific scholarship offer archaeological conservation new perspec-
tives.

Michael Petzet
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C. Benech, G. Desivgnes, A. Tabbagh

Simultaneous Interpretation of Electromagnetic and Magnetic Data

Using Linear Filtering

Magnetic (M hereafter) and electromagnetic (EM hereafter)
methods are two different but complementary ways to study soil
magnetic properties which intervene in pedogenis and anthropo-
genic processes by measuring respectively any types of magnet-
isation and magnetic susceptibility (in frequency domain).
Recent studies established a linear relation in Fourier domain
between M and EM data. This method allows one to deduce in-
duced magnetisation from EM data by using linear filter. The
Fourier transformation of the induced magnetisation is obtained
by the direct product of the Fourier transformation of magnetic
susceptibility by the ratio of the Fourier transformation of the
impulse M response on the Fourier transformation of the im-
pulse EM response generated by a magnetic dipole. The tests re-
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alised on synthetic data allowed one to prove the efficiency of
this filter and to evaluate the influence of the different parame-
ters. It has been established that the depth of the dipole has a
very limited influence on the filter and can be approximated by
a single magnetic dipole.

The linear filter has been thus tested on field data from differ-
ent archaeological sites: a pottery workshop from Iron Age (Ver-
dun sur le Doubs, France) and a metallurgic workshop from
medieval period (Melles, France). The results show a good cor-
relation between filtered EM data and magnetic data. The result
will essentially depend of the estimation of the depth of the mag-
netic source. The filter must thus be tested with a single dipole
at different depth to be sure to obtain the best result.

Diachronic Interpretation in Magnetic Prospection.
The archaeological Sites of Ribemont-sur-Ancre (Somme, France)

and Authumes (Sadne-et-Loire, France)

Over two archaeological sites, magnetic prospections were car-
ried out with gradiometer equipment. For each site, several geo-
physical responses corresponding to different historical time
scales are superimposed. The need for a diachronic interpreta-
tion arises to separate the different structures and replace them
into the proper time window. This can be achieved by the con-
frontation with all available historical sources and archaeologi-
cal features.

The archaeological site of Ribemont-sur-Ancre (Somme) has
an extension of 70 hectares. Studied for 30 years, this major site
known as a reference for Celtic civilisation, is nowadays reinter-
preted as a Celtic trophy from the second half of the 3¢ B.C.,
superposed with a pre-augustean sanctuary. Since its discovery
in 1960, a lot of missions of aerial prospecting (Agache 1960,
1964, 1970, 1978) and archaeological excavations have taken
place. If the spatial distribution of remains is well known — a
large temple, a worship enclosure, baths, a theatre and insulae-,
many questions are still unsolved :

— some structures identified on aerial photographs are very faint
and not yet controlled by archaeological soundings,

— over large areas well documented by an extended aerial data
cover, no marks are visible despite many artefacts on the
ground surface,

— the opportunity of using the magnetic method in a magnetical-
ly polluted environment (presence of numerous iron objects
and other related structures dating from the first world war).

However, magnetic prospection has enabled the detection of
new structures: Celtic ditches, a craftwork area, etc. Confronta-
tion of magnetic data to old field boundaries and vertical aerial
photographs taken by the Royal Air Force during the first world
war allows us to interpret the origin of the different anomalies in
terms of historical periods over 2,000 years.

The archaeological site of Authumes (Sadne et Loire) is locat-
ed on a mound over the Doubs valley. Surface findings span over
an area of approximately 700 x 300 m. They extend from the
3“ ¢ B.C. until 4" ¢. A.D. Concentrations of artefacts from one
period seem to be well concentrated over different areas. How-
ever, no marks appears on the available aerial photographs. In
order to gain information in a very short time to convince polit-
ical authorities, the magnetic prospection was required: a sur-
face of 3 ha was surveyed within two days. The map shows a pal-
impsest of superimposed structures probably associated with the
different states of occupation of this site. Further excavations
and geophysical surveys should confirm the time superposition
of the discordant structures and the possible relationships be-
tween them.
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A. C.De Lima Canto

Spatial, Geoarchaeological and Paleoenviromental Analysis
of the Archaeological Site “Furna do Estrago” — Brazil

The archaeological site “Furna a do Estrago”, situated in the mu-
nicipality of Brejo da Madre de Deus, Pernambuco State, repre-
sents an important parameter in the reconstitution of the prehis-
toric landscape in the semi-arid environment of Northeast Bra-
zil during last the 11,000 years BP.

Based on the systematic study of this site, analysing the cut
7A of the “Furna do Estrago” — constituted of seven archacolog-
ical layers —, a reasonable contexture of past occupations resi-
dent in the Furna was possible, evidenced respectively between
11,060 + 90 BP (layer seven); 9,150 + 90 (layer six); 8,495 + 70
BP (layer five) and 1.040 + 50 years BP (layer two).

Starting from general ideas about the Quaternary, situating the
“Furna do Estrago” in this period, specific methodologies have
been applied that come for other areas of the scientific knowl-
edge (grain-size analyses, morphoscopy and X-ray diffraction),
palinology, zoo and the phytoarchaeology graphic resources met
in informatics, for the space reconstitution of the site and areas
of bigger human activity in the resulting archaeological layers.

The ordination of the related aspects in the analysed strati-
graphic section, differentiated well by the resultant layers, with
a depth reaching 1.40 m in an area of 7 sqm, allowed a direct cor-
relation between the expressive amount of identified archaeo-
logical records, associating them with the responsible sedimen-
tary dynamics for the formative process of the stratigraphic pro-
file.

In this relation it was observed, from the grain-size analysis,
homogeneous sedimentary process in the stratigraphic sequence
between the milleniums, where the degree of selection and the
proper grain-size are characterized by a small difference be-
tween the layers, with the predominance of an average sandy
material in a sedimentary regime of low energy.

Such assertion, associated to the mineralogical results (X-ray
diffraction), especially represented for the clay minerals: kaoli-
nite and illite; and to the zoo and phytoarchaeological aspects,
allowed to indicate for the datings mentioned above, a warm pe-
riod with high temperature in the Pleistocene/Holocene limit

(11,060 £ 90 years BP), following by a warm and dry period for
9,150 + 90 years BP, again a dry period at 8,495 + 90 years BP,
suffering later a climatic mild, probably between 6,500 and
4,000 years BP (layer four — without dating, but with intense zo-
oarchaeological and palynological indicators characterizing hu-
mid periods — probably the “Optimum Climatic One”), reaching
contemporary climatic trends to the semi-arid of Northeast Bra-
zil, only near 1,040 + 50 years BP.

The zoo and phytoarchaeological characterizations confirm
the sedimentological and mineralogical perspectives for the pre-
historic environment in the Furna, by the expressive or scarce
features in confrontation with the already argued parameters.

From the botanical point of view, all identified species with
characters of typical Caatinga plants, have their bigger concen-
trations in the form of archaeological material dispersed among
the layers.

From the faunistic point of view, the expressive presence of
the categories Mammalia, Reptilia, Amphibia and Molusca,
predominantly between layers 5, 4 and 3, permit to infer that the
best phase of adaptability to the environment, for the past
groups, 1s given between 8,495 = 70 BP and 2,000 years BP,
attributing for the previous periods not so favourable environ-
mental conditions, responsible for the scarcity of the food
resources.

This information, coherently organized in the stratigraphic
section and reconstituted by operation of computer science,
made possible the indivudualization of strategic considerations
about the prehistoric occupations, classifying, from the distribu-
tion of the archaeological records in the profile, the areas of
bigger anthropic activities and availability of the resources.

At last, as presented in this work, a sequence of the environ-
mental periods which would have crossed the prehistoric groups
of the Agreste of Pernambuco, characterizing the landscape of
the last 11,000 years BP and indicating the most favorable peri-
ods for the development of the occupations situated in this time
span are shown.
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B. Cech, G. Walach

The Importance of Integrated Prospection Techniques for Archaeological
Investigations on Mining Sites in Rugged Alpine Topography

The investigation of mining archaeological sites in the Alps re-
quires a special approach to investigation due to the difficulties
of the terrain conditions (topography, vegetation). Using a gold
mining region from the 15" and 16™ century in the Gasteinertal
(High Tauern) as a testbed, a method of prospection was devel-
oped and tested which is being called the integrative model of
prospection. The main characteristic is a partition of the process
into a number of phases, thus archieving a significant degree of
improvement of the cost-result ratio. Through the specific use of
research, non-invasive and invasive methods, the prospected
area is being successively reduced from phase to phase by a ratio
of about 1000:100:10:1, while the density of information in-
creases at the same time. The area of prospection is indicated by
research (phase 1). The location of finds is determined by sys-
tematic archaeological and geomagnetic profiling (phase 2). In
phase 3 the boundaries of the site areas are determined through
geophysical methods (geomagnetics and electromagnetics).

H. Chapman

Finally in phase 4 the detailed scenario of the site is investigated
through the use of archaeological, geodetic, geophysical and ge-
ochemical methods and the area to be dug is determined. During
the excavation, geophysical methods are used for detailed inves-
tigation of difficult digging areas, archaeologically not accessi-
ble areas (steep inclines, rock fall areas, snow fields) and for the
resolution of problems of the geology of the deposit (SP meth-
od) and of mining technical problems. Also petrophysical meth-
ods (rock density, susceptibility) are being used as well, both in
situ and on finds (ores, slags, soil discolorations).

In the area of the mining field Bockharttal and the precious
metal smelter Angertal mining, processing and smelting instal-
lations were prospected and archaeologically excavated in the
years 1994 to 1998. The method of prospection, its significance
for planning and execution of the excavation and the archaeolog-
ical results for this application will be presented.

The Prospection of Archaeological Features in Wetland Landscapes:
an Approach Using Cell-based GIS Modelling of High Resolution GPS Data

The value of wetlands lies in their extraordinary potential for the
preservation of archaeological remains. This value has been re-
flected by the number of projects which have been centred
around finding and assessing sites within wetland landscapes.
Despite this, however, there has been very little development in
the methods of prospection which have centred around field-
walking and .ditch surveys. This paper outlines a new method of
prospection within wetland landscapes using GIS to model three
dimensional surfaces from high resolution, high accuracy sur-
veys of micro-topography. This method has been able to identi-
fy the locations and nature of buried archaeological deposits due
to differential shrinkage of biogenic deposits relative to clastic
sediments which is reflected in the surface.

Two sites were surveyed using high accuracy differential Glo-
bal Positioning System (GPS) equipment at a standard deviation
of 0.02 m. They were surveyed in transects aligned upon rang-
ing rods at a surface resolution of between approximately 8.0 m
and < 1.0 m in areas of greater archaeological potential. The da-
ta from these surveys was processed using ARC/INFOO Geo-
graphical Information System (GIS) software to generate an in-
terpolated cell-based surface. This surface was generalised in a
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number of ways including basic contour banding and light-
source allocation to provide hill-shading in order to highlight
natural and archaeological features represented through eleva-
tion, aspect and slope. The results from this modelling were lat-
er assessed through ground-truthing.

The first site was at Sutton Common (South Yorkshire) in the
Humber wetlands. Here a pair of Iron Age lowland enclosures
exist within a wetland landscape, positioned on “islands™ on op-
posing sides of an infilled palacochannel. Enclosure B remains
as an upstanding earthwork monument while enclosure A was
bulldozed in 1980 and was under intensive arable agriculture un-
til 1997. Despite seventeen years of ploughing, the outline of en-
closure A was clearly visible along with a number of further fea-
tures such as the presence of a ditch on its western side. Also the
position of a causeway between the enclosures, crossing the pa-
laeochannel, was indicated.

Ground-truthing at this site was assisted through a programme
of excavations, commissioned by English Heritage, which were
positioned on the basis of the model. This work revealed a direct
correlation between features identified from the modelling and
those identified in the excavation trenches.









The resistivity data measured in the field were then treated
and plotted as resistivity cross sections of different pseudo-
depths, showing the specific influence of the different targets
laying at the corresponding depths. The procedure, even though
more time consuming, looks as a very promising technique for
discovering near-surface targets through resistivity survey, re-
flecting successively the resistivity variations with depth, and

R. Chujo

separating anomalies in regard to their depth situation below the
surface within the first ten meters. It offers also higher reliabil-
ity of results, due to confirmed response of the subsurface tar-
gets noticed as multiple anomaly on several cross sections with
gradually growing depths. Many of these anomalies measured
along the resistivity profiles were verified through excavation
work.

Assignment of Mummies in Chusonji Temple to Fujiwara
Chieftains with the Aid of NMR for Silks in These Coffins

Chusonji is the buddhist temple constructed in the 12® century
at Hiraizumi city, Northeast Japan. In this temple three mum-
mies are still preserved: they are

Kiyohira Fujiwara (died in 1128)

Motohira Fujiwara (died in 1157)

Hidehira Fujiwara (died in 1187)

All of them were Fujiwara chieftains. In the coffins of these
mummies many silk materials were used.

The amino acid composition may be determined from *C
NMR (Nuclear Magnetic Resonance) for these silk materials.
Due to the degumming of the materials they are not dissolved in-
to any solvent. Only solid state NMR can be applicable. Solid
state one is insufficient in the resolution compared with solution
one. In Figure 1 are shown typical spectra. Chemical shift split-
tings are observed in C=0 region between Gly and Ala. The mole
fraction of these two amino acids are different with each other.

Possible candidate of the origin of such difference in the frac-
tion is climate (especially temperature) when silkworm was
reared. Actually, from the comparison with dendrochlonological
data good correlation was obtained. However, the number of
samples is confined to only three. In order to overcome the in-
sufficiency of number of the samples we have to introduce an al-
ternative strategy. It is NMR observation of modern silk reared
in definite temperatures. In this case we can use solution state
NMR to silk gland extracted from silkworms. Chemical split-
tings were observed in C a region due to good resolution and the
mole fraction was able to determine for Gly, Ala, Ser and Val.
Three species were used as follows:

Shunrei No. 1 x Shogetsu No. 1: the most popular since Men-

del’s law.

Habataki: special species which can feed on apple as well as

mulberry.

Koishimaru: the oldes species existing at present.
Temperature dependance was clearly observed for all species.
Qualitative coincidence can be confirmed between the fraction
of above and this NMR data. Only the numerical values for Hab-
ataki cover those for silks in the coffins. From the comparison
between them temperature was estimated as follows:

1128: 27.1 °C

1157:26.2 °C

1187:27.5°C

According to the document (established in the 14™ century) of
the sutra stock house of Chusonyji, in the central, the left and the
right coffins Kiyohira (the first), Motohira (second) and Hidehi-
ra (third) were preserved, respectively. This document is thought
to be reliable. However, there is still one unsolved problem.
There are two ways on the definition between left and right. In
Japan the definition was usually done from the respected per-
sons side. The respected person means buddha image in this
case. This is a completely opposite definition from that of
prayers side. From the NMR investigation in this study the def-
inition from the respected person side is supported. The defini-
tion has to go back to the former one at least from this study.
This conclusion is reasonable from the standpoint of Japanese
traditional definition between left and right.

Fig. 1. Solid state 13C NMR spectra of silk materials preserved in the
coffins in Chusonji temple )
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The Roman town Teurnia is located in the area of the “Holzer-
berg” in todays St. Peter im Holz (Carinthia), covering approxi-
mately 17 hectares. Since 1845, excavations have been going on,
which revealed parts of the towns wall, the forum, residential
terraces and several early christian churches. Among them also
the episcopal church dating from the Sth and 6th century A.D on
top of the Holzerberg. A part of the town at the eastern bottom
of the Holzerberg was photographed several times from the air
by S. Tichy, a member of Carinthia’s building surveyor’s office
between 1978 and 1992. These oblique photographs show the
crop-marked town map of an area of 23,000 sqm To be able to
integrate the information of these photographs into a complete
town map, the aerial archive at the institut for Prehistory in Vien-
na was consulted.

The area of interest expands over several narrow fields with
different crops, each responding differently to the underlying ar-
chaeology. This results in a patchwork, where photographs show
cropmarks only in single fields. Fortunately, since the photo-
graphs were taken over several years, cropmarks could be record-
ed on each field. Therefore, all of the photographs had to be used
for interpretation. Additionally a vertical stereopair (1:10,000)
was available, produced by the Austrian air force during summer
1980. It covers the whole area of Teurnia. The oblique photo-
graphs were taken using a non-calibrated small format camera
with unknown focal length. Unfortunately, some photographs
showed a bad distribution of possible control points.

To be able to deal with these problems, we decided to use a
bundle adjustment, where control points (= points with ground

M. Doneus, W. Neubauer, A. Eder-Hinterleitner

control) and tie points (= points visible in two or more photo-
graphs, but without ground control) are measured on all photo-
graphs and all measurements are adjusted to the ground control
values in a single solution. The whole procedure was done digi-
tally using the software Softplotter™ on a Silicon Graphics O2
workstation with 256MB RAM. The vertical photographs and
the slides were scanned with 2,000 DPI. Ground control was
measured using a total station. After the orientation, topograph-
ical data (3D-points and breaklines) were measured and a digi-
tal terrain model calculated. Consequently, this was used to rec-
tify all of the photographs which were oriented by the bundle ad-
justment. The resulting orthophotographs have a pixelsize of
0.2 m. The accuracy depends on the quality of the distribution of
the control points and lies between 0.5 m in the central part
(which contains most of the archaeology) and up to 3 m in the
more distant parts.

The interpretation was done using the geographic information
system ERDAS Imagine®. Using the provided image enhanc-
ment techniques, the orthophotographs were treated with con-
trast stretch, Wallis filter or crispening. All of the georeferenced
orthophotographs and their filtered variations were interpreted
on screen. The interpretation drawing was combined with digi-
tized results from the previous excavations which had been done
between 1971 and 1978. The combined analysis of the results
from the excavation and from aerial interpretation provided ar-
chaeologists with new clues to the extent of the settlement area
during the 1% to 3™ century A.D. It will also function as basis for
future archaeological activities as geophysical prospection.

3D Reconstruction of Archaeological Sites Based on Prospection Data

The Middle Neolithic circular ditch at Schletz is located in the
hilly landscape of northeastern part of Lower Austria and was
detected by aerial archaeology in 1981. The interpretation of the
aerial photographs was done using analytical photogrammetry.
For the whole procedure, an analytical plotter device with a PC
386 was used. This device has a high precision in measuring pic-
ture coordinates (at about two mycrons) and therefore produces
highly accurate 3D maps of the relevant archaeological informa-
tion. In that way, the outline of the circular ditch could be drawn
which was used later on for setting out the grid used by the geo-
physical prospection. Additionally, a raster of 3D-points and 3D-
breaklines were measured and consequently, the digital terrain
model of this site was calculated.
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In 1995, a magnetic survey of the site using a high resolution
caesium gradiometer was carried out. An area of two hectares
was measured in a raster of 0.5 x 0.25 m. The data were visual-
ised as digital images and georeferenced for interpretation. The
archaeological interpretation shows a highly eroded single cir-
cular ditch with two interruptions, which were used as entrances.
Each entrance feature is flanked by two short ditches, which
meet the main ditch at a right angle. Using GIS, all the different
prospection data were digitally combined to create additional
images for subsequent archaeological interpretation.

To derive 3D reconstructions of the archaeological features a
magnetic model was constructed. This was done by 3D model-
ling of the subsurface using dipole spheres of equal size and ho-






mogenous susceptibilities. A primary distribution of the spheres
in the 3D space was produced and the anomaly was calculated.
The calculated image was then compared to the measured data
and changed until the measured data were accounted for within
a minimum error by simulated annealing. In Schletz, the sus-
ceptibilities of the ditch fill could be measured during the exca-
vation in 1995, when a trench was laid out through the V-shaped
ditch. During the stratigraphic excavation, each layer of the
ditch-filling was registered by a tachymeter and magnetically
analysed, which lead to a precise understanding of their size and
magnetic influence. The consequence of these results for the 3D
modelling were an improvement of the magnetic model of the
filled ditch which lead to more accurate reconstruction results.
The result of the 3D magnetic modelling was intersected with

D. Donoghue, C. Brooke

the digital terrain model and in that way visualized within its
landscape. Aerial photographs were then mapped on the terrain,
which can then be looked at from any direction and animated to
produce virtual flights. Other details, as the single posts of the
palisade could be taken from the 2-year’s excavation. The post-
holes were digitised and thus, the whole palisade could be recon-
structed.

Images as magnetograms, digital aerial photographs, recon-
structions of the ancient environments or photographs from ex-
cavated parts of the monuments can hierarchically be mapped on
the digital terrain model. Integration of reconstructed archaeo-
logical features based on additional excavation data produces a
virtual model of monuments that had been covered by soil over
thousands of years, bringing them back to (virtual) life.

Airborne Thermal Prospection in the 8—12 pm Wavelength Range

The use of thermal infrared imaging for archaeological prospec-
tion has received relatively little attention compared with other
geophysical techniques. However, it appears to have potential
for identifying archaeology under permanent pasture which is a
land use that covers an extensive part of the UK rural landscape
and which rarely yields crop marks in conventional vertical or
oblique photography. An experiment was catried out to test the
ability of airborne thermal imagery to detect shallow ground
disturbance at the site of the Battle of Bosworth (1484) in Lei-
cestershire, UK. The relatively uniform temperature of the
ground surface normally hides information contained in day-
time thermal imagery. Instead, we invert the heat flow equation
using pre-dawn and mid-day image pairs acquired from an air-
borne thermal line-scanner to compute a measure of diurnal heat
capacity (apparent thermal inertia). In theory, we would expect
structures that lie buried beneath the ground to have a diurnal
heat capacity distinctive from the surrounding soil.

First, we present a methodology for deriving diurnal heat ca-
pacity (apparent thermal inertia) from airborne thermal image-
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ry. Secondly, we interpret the raw and processed imagery for the
presence of buried structures and shallow ground disturbance.
Finally, we assess some of the interpreted structures by compar-
ing their location and morphology with independently acquired,
ground based, magnetic and resistivity surveys.

Bosworth battlefield in Leicestershire provides an excellent
test site partly because there is controversy over its precise loca-
tion and disturbed ground features may help to reconstruct the
geography of the battle. Also, there is known to be a deserted
medieval village lying unexcavated within the study area. The
modern landscape around Bosworth differs markedly in appear-
ance from that of the fifteenth century. Straight hedges have en-
closed the former open fields and the marshlands, known to
have existed, have been drained and improved. Today the land
around Bosworth is predominantly under permanent pasture and
does not yield good crop mark evidence from traditional vertical
or oblique photography.





















V. V. Glazounov

Archaeomagnetic Object Dating at Conditions of Shape Magnetic Anisotrophy

Classical archacomagnetic investigations based on laboratory
analysis of oriented samples are under discussion now (Abra-
hamsen, 1986). The focus of discussion is shape magnetic ani-
sotropy effect. The shape anisotropy causes magnetisation vec-
tors refraction of homogeneous object. Archaeomagnetic refrac-
tion is mainly formed by TRM vectors. Refraction of TRM prob-
ably causes the significant error of archaeomagnetic investiga-
tion results. Development of methods for refraction error cor-
rection is actual (Abrahamsen, Koppelt, Voss, 1997).
Evaluation of archacomagnetic errors due to the refraction
was done on mathematical models of a pottery kiln. The kiln was
found during magnetic prospecting done in Crimea (Ukraine) in
1988. Magnetic structure of the kiln was has been worked out on
the base of an algorithm which includes two parts. The first part
of the magnetic structure, determined by the TRM vectors is
modeling. This magnetic structure is formed by an ancient geo-
magnetic field when the temperature of the object is near to
blocking temperature (Radhakrishnamurty, Likhite, 1969). At
the second part, final magnetic structure of the object due to by
modern geomagnetic condition is calculated. Calculations were
done by a computer. Programme, “DEGMAG” (Ermokhine,
Glazounov, 1989). Mathematical modeling results allow one to

D. Goodman, Y. Nishimura, S. Piro

conclude that the scattering of the TRM vector directions of
kilns is connected not only with well known reasons, but also
with demagnetisation effect of these objects. That conclusion
has practical interest as it allows for contributed corrections to
the procedure of the archaeomagnetic research. The places of se-
lection of the oriented samples of kilns should be chosen taking
into account the results of the object magnetic structure model-
ing.

Additional investigations of the model show that the vector
of the total magnetic moment of the object is practically parallel
to the ancient geomagnetic field vector. This fact is reasonable
to use for archacomagnetic object dating at the condition of
shape magnetic anisotropy. Methods of the magnetic moment
vector determination are well known in theory of inverse mag-
netic problems. Algorithms based on methods of approximation
and spectral analysis for the inverse problems solution were
done. For the algorithms realization information about geometry
of the object, distribution of magnetic susceptibility and factor
Q of kiln has to be known. This information is available after ar-
chaeological excavations of the kiln. Examples of a practical test
of the spectral method for medieval isometric pottery kiln dating
is presented (Glazounov, 1985).

High-Resolution GPR Surveys for Archaeological Prospections
Data Acquisition and Elaboration Techniques

Recent developments in 3D high-resolution multi-image pro-
cessing and contouring as opposite to destructive testing have
greatly contributed to improve the quality of geophysical infor-
mation in archaeological reconnaissance surveying.

Ground Penetrating Radar (GPR) offers very high-resolution
sounding capability with detection of features of the order of a
few tens of millimetres thickness at ranges of several metres.

In this work, the results of high-resolution GPR surveys carried
out in two archaeological sites characterised by different geologi-
cal environmental conditions are presented. The two archaeologi-
cal sites are: Roman Villa — Cazzanello (Tarquinia, Viterbo —
Italy), and Forum Novum — Vescovio (Stimigliano, Rieti — Italy).

The Ground Penetrating Radar profiles were carried out using
an SIR System 10 A" (GSSI), equipped with different antennas,
operating at 300 and 500 MHz. For the first site, GPR profiles
were collected in an area with dimensions 140 m x 60 m; in the
second site two different area with dimensions 60 m x 80 m and
40 m x 80 m were investigated. In all areas the interval between
adjacent profiles was 0.5 m.

To enhance the interpretation of the GPR data, radar signal
processing and time-slice representation are worked out. The re-
sults obtained on shallowly buried structures indicate that the
floor plans of the buildings can be clearly identified from time
slice analysis.
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H. J. Greenfield

Surveying early agricultural sites in Southern Africa:
the Application of the Geonics EM-38 Conductivity Meter to the Early Iron

Age Site of Ndondondwane, South Africa

The objective of the geophysical survey of the Early Iron Age site
of Ndondondwane (ca. 750 A.D.) was to identify potential subsur-
face features in order to target areas with high probability for ex-
cavation. The problem with the use of most geophysical surveying
techniques on EIA sites in southern Africa is the lack of compara-
tive studies. Also, few sites have yielded the kind of high ceramic
concentrations, burnt clay floors and other features that would be

S. Groh, W. Neubauer, A. Eder-Hinterleitner

easily identifiable by most geophysical instruments. Most struc-
tures in such sites are of an ephemeral nature —unburnt dung floors
and thatch roofs. As a result, a Geonics EM38 conductivity instru-
ment was used in the survey. It measured differences in soil mois-
ture which allowed identification of even relatively ephemeral
structures on the site. The results of the survey and implications for
its use on other sites will be discussed.

A Resistivity Survey to Locate the Forum of the Roman Town

Flavia Solva (Austria)

In the year 1998 in the area of the Roman town Flavia Solva, Prov-
ince Noricum (Styria, Austria), a primary resistivity survey was
carried out during field practice with students in archaeology in
two days. Target of this prospection campaign was the localisation
of the municipium’s forum which had been searched for in vain
for over 125 years. The towns rectangular street system, known
from partial excavation and aerial evidence, is also known from a
series of Claudian (41-54 A.D.) towns in the Northern provinces
(Trier, Cologne, Avenches, Virunum). Common to all of them is a
predominant main street which implies the importance of the sur-
rounding buildings (insulae). Due to considerations on the towns
map known so far the area of Insulae XXIII and XXVI has been
identified as a possible location of the forum.

To verify this hypothesis we carried out a resistivity survey
using two RM15 resisitivity meters with multiplexers MPX5
(Twin Array) covering 7,000 sqm on parcels owned by the Fed-
eral Authorities. The street system is evident on the digital im-
age representation of the resisitivity data measured with 0.5 m
electrode separation in 0.5 x 0.5 m raster and with 1 m electrode
separation in 0.5 x 1.0 m raster. The georeferenced images of the
0.5 m, 1.0 m and a “pseudogradient” constructed by division of
the two data sets were archaeological interpreted using the GIS
ArcView. Parts of the Insulae XXIII, XX VI and XXX were cov-
ered by the survey which confirmed the main features of the ex-
isting town map.

The archaeological interpretation of the resisitivity survey tes-
tify a multi phase building activity for the Insula XXIII. The
western part of this insula seems to be free of buildings. In the
North along street L equally big rectangular rooms seem to fol-
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low the street, reminding of Aorrea or tabernae. South of these
rooms four nearly equally big rectangular house complexes
seem to be adjacent, built over in antiquity in the West. The rec-
ognisable apses and the compact building modus as well as the
big free place oriented to the North-South directing main street
could point to a more monumental building. The neighbouring
Insula XX VI with a width of approximately 60 m belongs to the
largest building complexes of Flavia Solva. The length of ap-
prox. 75 m, typically for this insula, derives from the reconstruc-
tion of the excavation results in Insula XXX and V.

The prospection testifies an obvious division of the examined
area in a western part mainly closed by buildings and a less
closed eastern part. There is a clear structure of the buildings in
a middle room which is divided in two parts, resembling a hall
accompanied by smaller rooms. Adjacent in the East is a big free
place surrounded by two parallel halls. The exterior hall seems
to encircle the whole building complex. The inner hall termi-
nates a place whose eastern part is build over by the Federal
Highway. The interpretation of the buildings of this insula is still
difficult at present. The big free place surrounded by halls could
be interpreted as the forum of Flavia Solva searched for a long
time. Also the buildings in the south-western part of the insula
may be easily compared to the prospected findings of the civil
town of Carnuntum in 1996 which were interpreted as the fo-
rum. The solution of the evolved archaeological questions to lo-
cate the forum of Flavia Solva will only be verified by survey-
ing the area east of the Federal Highway. For higher resolution
and to include depth information a radar survey also covering
the fields east of the Highway is planned for 1999,






K. Hamilton, J. G. McDonnell, A. Schmidt

Assessment of Early Lead Working Sites in the Yorkshire Dales

by Archaeological Prospection

Although lead was a major source of economic wealth in antig-
uity, there have been few studies of lead smelting sites in Britain.
This study presents a geophysical characterisation of Medieval
lead smelting sites (bales) in Swaledale. Sites were surveyed
using aerial photography, fluxgate gradiometer surveys, earth
resistance surveys, TM808 metal detector surveys and both
volume and mass specific magnetic susceptibility surveys. The
surveys demonstrated that sites were characterised by an area
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of magnetic noise, usually situated uphill from an area of
bare ground, with scatters of lead slag on the surface. The
results showed that bale sites appear to have consisted of sever-
al small areas of burning, often with associated fuel stores.
While some of the bales were stone lined, some consisted of
a small burnt area. The results suggest that the difference be-
tween bale and blackwork oven is less clear than was previously
thought.

The Ten Commandments of the Genuine Surveyor in Archaeology

1. Do not believe that geophysics either is able to answer all the
questions or is the only way to answer them (Hesse and Re-
nimel, 1978).

2. Never undertake so called “experiments” which are not real-
ly such things or have already been done (see 3).

3.Read the literature in order to avoid doing again stupid
things that have already been described (too many to men-
tion them!)

4. Never use one single method before checking (according to
previous results or preliminary tests) that it will definitely
answer the question (Hesse, 1980, fig. 6; Hesse and Doger,
1993).

5. You may use several methods together if you want, but use
your brains first (Hesse, 1997 and 1999).
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6. Better draw large maps than separate profiles, in order to lo-
cate subsequent soundings (Hesse, 1994).

7. Gather all your data, whatever the method used, on synthet-
ic maps, juxtaposed or superimposed, with a common scale
(you may call it a G.L.S. if it amuses you) (Hesse e al., 1978
and in press).

8. Do not believe everything the archaeologist says (especially
when he asks the wrong questions) Your answer cannot be
other than wrong.

9. If you cannot answer a question, ask yourself whether you
are not able to answer another question they forgot to ask
you (Hesse, 1970 and 1982).

10. Forget everything I have just told you and keep your eyes
open.
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Area 4 lay just to the east of a sixteeth-century farmstead and
was designed to see if the Roman period walls found under this
building could be traced outside it. There was only room for an
8 m wide (x 30 m long) grid between the building and the site’s
boundary fence but, despite its small scale, the survey proved
successful in identifying structures connecting a mosaic-paved
room under the farmstead and an atrium with a fountain to the
south.

Area 5 lay just inside the modern entrance to the site, between
grids 1 and 2. It consisted of very dry, compacted earth topped
by a thin layer of pea gravel. No new structures were detected,
but the survey was able to pinpoint structures that had been ex-
cavated previously but then backfilled.

In summary, although the presence of significant deposits of
excavation spoil had meant that no great faith had been put in the
ability of resistivity survey to produce useful data at Milreu,
good results were obtained which have contributed to our under-
standing of this remarkable Roman site. The present work was
merely a test survey and it is planned to carry out more exten-
sive prospection in the coming year.
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Fig. 3. The Roman villa of Milreu (Portugal) and the survey grids 1999 (area 1-5)
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G. Indruszewski

Geophysical Prospection in the Oder
Mouth Area — Contributions to
Archaeological Target Verification

During the 1998 season spent in the Oder mouth area, the Na-
tional Museums team has completed a lengthy seismic survey of
all three channels through which the Oder discharges its waters
into the Baltic Sea. The instrumentation used was a combination
of high-tech and general acoustic devices which permitted the
registration of bottom and sub-bottom anomalies. Few of these
targets were inspected by divers afterwards, but the experience
gained in this kind of environment enables a better understand-
ing of the application of Chirp-type sub-bottom profiler to un-
derwater archaelogical prospection, and in general to the appli-
cation of seismic prospection to underwater targets. The present
knowledge of geophysical prospection in underwater environ-
ments is encreasing. The focus favours clearly geological appli-
cations, while archaelogical applications are still in the incipient
phase of experimentation. The material presented here tries to
increase the understanding and interpretation of bottom and
subbottom anomalies in the light of the expirience gained in
the field.

G. Indruszewski, W. Karrasch

Aerial Reconnaissance as an Aid
to Reconstruct Coastal
Geomorphological Processes

The need to cover large areas of coastal zones for the broader un-
derstanding of active geomorphological processes has led to
some expiriments with aerial photography in the Roskilde fjord.
Part of the “Wendish Seafaring” project which deals with the re-
construction of past landscapes in the Oder mouth area, and the
expiriments carried out over the Roskilde fjord area were direct-
ed toward optimization of flying ceiling, selection of film type,
photographic technique and camera type, and finding the best
flying daylight time. The results were processed in the facilities
offered by both institutions in Roskilde and they are presented
here in the light gained by the authors during the flights. The re-
sults permitted the observation of several new features regarding
the geomorphology of the area, and they constituted the basis for
a renewed effort in dealing with deltaic formations and morpho-
dynamics in the coastal zone. ‘
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H. Kamei, H. Igarashi, Y. Ueda

FM-CW GPR and its Signal Processing

Pulse GPR (Ground Penetrating Radar) has been widely used in
the field of archaeological prospecting recently; however, we
have often encountered the limit of its applicability. So, the au-
thors have developed another type ground penetrating radar, a
FM-CW (Frequency-Modulated Continuous Wave) radar (Ka-
mei et al. 1996). In the FM-CW radar, the transmitter frequency
increases or decreases linearly with time. As the frequency can-
not be continuously changed in one direction in practice, the
transmitter frequency is triangularly modulated between
100 MHz and 500 MHz. The period of the triangle waveform is
50 m/sec. If there is a reflecting object at a distance R, the echo
signal will return after a time 7=2RA (where v is a velocity of
electromagnetic wave in soil). If this echo signal is heterodyned
with the transmitted signal, a beat signal will be produced. This
beat frequency f, is proportional to the delay time T f, = a7,
where “a” is a rate of change of the transmitter frequency and
a=16Hz/nsec in this case. Because the FM-CW radar is on the
basis of detecting frequencies, the vertical axis of FM-CW radar
profile becomes a frequency axis; furthermore, higher S/N-ratio
is expected than pulse radar. And the FM-CW radar image is not
affected so much by the “ringing”, because the transmitted sig-
nal whose frequency spectrum is limited inside the bandwidth of
antenna. Signal processing techniques play an important role in
detecting frequencies from the beat signal and in making imag-
es in the FM-CW radar. In this paper, such techniques are dis-
cussed.

As a pre-processing, a technique of emphasizing higher fre-
quencies is introduced. In a pulse GPR, a time-varying gain
(STC) is applied in order to compensate for propagation loss,
but this technique is not applicable to a continuous-wave GPR.
In the FM-CW GPR, a signal from a deeper target appears in
higher frequency domain. It is well known that differentiating a
time-varying signal results in emphasizing the higher frequency
part of its power spectrum at the slope of 6dB/oct. By differen-
tiating a beat signal of the FM-CW GPR, deeply buried targets
appears more clearly in the GPR image.

Many spectral-estimation methods such as FFT, MEM (Maxi-
mum Entropy Method), filter bank, etc., are applicable for de-
tecting the beat frequencies. They have both advantages and lim-
itations, respectively; so, a proper method should be chosen for
the purpose, multiple methods may be also available.

In this FM-CW GPR, the transmitter frequency changes from
100 MHz to 500 MHz in a half period of the modulating trian-
gular waveform. By setting the length of the time window for
spectrum analysis shorter than a half of the modulation period,
we can select the frequency band used for imaging; the higher
frequency, the shorter wavelength, then the higher resolving
power, physically.

A delay time T'is detected as a peak at a frequency of f;, (= aT)
in the power (amplitude) spectrum of the beat signal in the FM-
CW radar; furthermore, the delay time T also appears in the
phase term of the spectrum. So, we can make another image us-
ing phase spectra. In a phase spectrum by FFT, a step-like
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change of phase appears at a frequency corresponding to the de-
lay time 7. Since there are some cases where detection of step-
like change is easier and/or more accurate than peak detection, a
FFT phase spectrum image of the FM-CW GPR is available.

Kamei, H. et al. (1996), “A 100-500 MHz Band FM-CW Ground Pene-
trating Radar for Archaeological Prospecting”, Abstracts of Archaeo-
metry 96, Urbana, USA, May 20-24, p. 57
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Carnuntum — The Largest Archaeological Landscape in Austria
and the Impact of Archaeological Prospection

A total area of about 300 hectares within the modern communi-
ties of Petronell and Bad Deutsch Altenburg can be classified as
an archaeological area, which only partly has been archaeologi-
cally explored up to now. A complete inventory of all available
aerial photographs will soon be compiled. A new general view
of known archaeological structures may now be obtained by us-
ing photogrammetry for the interpretation of aerial photographs.

So far parts of the area have been successfully prospected ap-
plying geomagnetic and/or geoelectrical methods and GPR.
Both aerial photography and existing geophysical data indicate
that the archaeological heritage has suffered severe damage by
deep ploughing. As constant excavation and reconstruction work
is done at the “Archiologischer Park Carnuntum”, rescue exca-
vations have to be initiated quite often because of modern con-
struction projects. Those excavations tend to become long term
projects. Scientific interests frequently are in conflict with the
economic and housing development of the today’s villages Pet-
ronell and Bad Deutsch Altenburg which are situated right in the
archaeological zone. Thus establishing an appropriate prospec-
tion strategy applying non-intrusive methods for Carnuntum, the
largest archaeological landscape in Austria, seems to be an im-
portant step towards further archaeological research and monu-
ment protection as well as regional planning.

The presented case studies may be regarded as prime exam-
ples of combined archaeological-geophysical prospection. The
available aerial photographs are complemented by non-destruc-
tive geomagnetic and geoelectric measurements with a reading
distance of 0.5 m or less. The resulting images can be combined
with supplementary information. Thus quickly and inexpensive-
ly further knowledge of the archaeological monuments may be
gained by means of digital image combination. After choosing
suitable instrument set-up and measuring parametets accuracy
may be enhanced by adding data of GPR measurements and
depth information. The presented interpretation methods allows
us to incorporate GPR into the standardized interpretation pro-
cess of archaeological — geophysical prospection. GPR and oth-
er available geophysical data being the basis, a detailed 3D in-
terpretation model of monuments is created. The thus gained in-
formation is an extremely important and efficient tool for any
further archaeological research. Empiric data resulting from
special case studies and developed evaluation — and interpreta-
tion methods enable projecting of a specific strategy for overall
prospection of Carnuntum. Such a prospection seems to be ur-
gently necessary from the scientific as well as from the develop-
ment-planning point of view and could give enormous input to
economic strategies by bundled and focused actions for the larg-
est archaeological zone in Austria.
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Fig. 1. Time-slices of GPR-data from Carnutum; visualised are the ab-
solute amplitude of the refelction waves in 15 cm slices (Pulse Ekko
1000, 450 MHz antenna, area 80 x 80 m, measured raster 0,5 x 0,1 m)

Fig. 2. The integrated archaeological interpretation model: based on the
GPR-prospection, the geoelectric prospection and the geomagnetic
prospection

Fig. 3. Geoelectric prospection (RM15, twin-array 0,5 m, raster 0,5 x
0,5 m, dynamic range [80-180] Ohm meter)

Fig. 4. Geomagnetic prospection (Caesium gradiometer 0,5-2,0 m, area
80 x 80 m, raster 0,5 x 0,25 m, dynamic range [-10,10] nT)

Fig. 5. 3D visualisation of the archaeological interpretation model; view
from the south-west









that they consist predominately of a silica matrix and dispersed
within it ultrafine particles of metallic iron, magnetite, phayal-
ite, and wuestite. Being placed into a small coil, the slags pro-
duced slowly decaying transients caused by magnetic viscosity
effects. By chemical and mineral composition the Chernorud
site’s slags proved to be identical to those which are known to
have been formed during yielding iron in ancient bloomery fur-
naces.

The total magnetic field measurements carried out along two
lines intersecting at the above gopher’s burrow have indicated a
positive magnetic field anomaly with amplitude of 50 nT, and
25-30 m in diameter. A reconnaissance excavation carried out
to a depth of 0.8 m over the 1 m by 2 m area centred at the
gopher’s burrow resulted in discovery of slags, charcoal, porous
iron, and baked clays. In 1997, the excavation area and depth
were increased up to 3 m by 4 m, and 1 m, respectively. This
time, remains of a bloomery furnace, some pottery sherds and
other artefacts were found.

R. Krivanek

In 1998, magnetometry data were collected over a rectangular,
200 m by 150 m area centred at the excavation. Magnetic field
measurements were taken at 2 m intervals along parallel profiles
spaced by 4 m. The magnetic field contour and surface maps ex-
hibited two positive isometrically-shaped anomalies connected
via a narrow ‘“‘cross connection”. Unfortunately, the gopher’s
burrow and excavation fell just within the “cross connection”
rather than within one of the main anomalies. The following ex-
cavations are planned to be taken in central parts of the above
anomalies.

Radiocarbon dating of three charcoal fragments sampled dur-
ing the excavation from different depth intervals has given ages
of 1915 * 35,2050 % 35, and 2180 *+ 30. These results make it
apparent that the Iron Age at the western shore of Lake Baikal
started about 700—900 years earlier is generally appreciated.
Note that anomalous transients were measured over an area of
no less than 15 ha. This suggests that iron yielding in the Barun-
Kal valley was performed on a large scale.

Contribution of Caesium Magnetometer Prospection

to Archaeological Projects in Bohemia

The first pioneer magnetometric measuring on archaeological
sites in Czechoslovakia were realized in the late 60’s. The vari-
ous kinds of proton magnetometers and also methodologies of
archaeomagnetic prospection were applied on different types of
Czech, Moravian and Slovakian archaeological sites and in par-
ticular features for more than 25 years. By present eyes of
archaeogeophysicists it has been the time of many very good
results of small magnetic surveys which were mostly aimed at
the individual interest of archaeologists and their archaeological
excavations. Geophysics in archaeology has been often ob-
served and also used during that time only as a service prospec-
tion method of archaeology. Another more intensive application
of geophysics before rescue archaeological activities and exca-
vations started in this country in the beginning of 90’s. Since that
time it has been more real to start also another aimed coopera-
tion of geophysics within other methods of archaeological pros-
pection and also archaeological research. Archacomagnetic
methods were than more systematicaly connected, for example
into the project of aerial prospection and its verification, project
of surveys of abandoned medieval glass-working sites or into the
landscape reconstruction project within application of intensive
field walking methods. ... Due to this intensive individual co-
operation and putting geophysics into the Department of Land-
scape Archaeology of Institute of Archaeology in Prague then
could Bohemia start the new era of more systematic archaeolog-
ical and also archaeogeophysical projects based on the use of
proton magnetometers and fluxgate gradiometers. The new ar-

chaeological project “Settlement areas of prehistoric Bohemia”
(Gojda et al. 1997-2002, Institute of Archaeology Prague) offers
new ways of wide and intensive cooperation of non-destructive
archaeological methods (aerial prospection, geophysical pros-
pection, landscape reconstruction, systematic field walking sur-
vey all together with GPS, GIS) for the systematic study and
prospection of chosen intensively settled and used prehistoric
areas/landscapes. The results on the poster demonstrate the new
scales of use of modern caesium magnetometers for the study of
the whole archaeological sites (atypicaly fortified prehistoric
settlement sites, ploughed burial-mound areas) and connection
of results with other archaeological methods. Another new ar-
chaeogeophysical project under the Ministry of Culture “The
identification of destroyed fortifications and inner structure of
settlement of hillforts” (Krivanek 1999-2000, Institute of Ar-
chaeology Prague) documents another application of caesium
magnetometrs for the detailed prospection of larger areas of
abandoned hillforts which could bring new archaeological view
on site, but also could help for better and more precice protec-
tion of whole archaeological monuments. Only the first year of
experience with caesium magnetometer prospection has shown
that for the Bohemian archacogeophysics a new era of unexpect-
ed and many times impossible applications of method on large
areas of sites as in detailed scale of individual types of features.
Other cooperations of various archaeological and geophysical
methods are also planned in Bohemia in some future interdisci-
plinary projects.

51



J. Leckebusch, R. Peikert

Automated Extraction of 3-D Features
from Georadar Data for Interpretation
and Visualisation

Georadar is now an established method for archaeological pros-
pection and the advantages and limitations are known. If prop-
erly processed and migrated, 3D georadar data can very accu-
rately estimate the depth and size of structures in the under-
ground. The potential of this 3D mapping technique has not yet
been fully exploited. The data are normally represented in the
form of profiles (vertical slices), time- or depth-slices or a com-
bination of these. Unfortunately these procedures allow only
limited insight into the true 3D structures. Attempts to overcome
this problem by manual or semi-automatic interpretation are
very time-consuming. The proposed solution to reveal the full
3D structure is the automatic calculation of isosurfaces. This
new method is robust and efficient and reduces the amount of
data substantially, which makes it suitable for surveys of large
areas. The information contained in the isosurfaces can be read-
ily exported to GIS-, CAD- or virtual reality systems for further
analyses and/or display. With these tools the results can be
viewed from any angle to aid the imaging and interpretation, the
dimensions of the structures can be extracted directly, and the re-
sults can be rendered to make them understandable even for non-
specialists.

K. Leidorf

Aerial Archaeology in Bavaria

Bavaria is the largest state in Germany. In the last twenty years
aerial archaeology has been practiced. For reasons of costs, the
pilot has to also act as navigator, archaeologist and photogra-
pher. This method has proven to be the most successful and at
the same time the least expensive. The beginning years were, for
an eager pioneer visionary, very busy and with little time devot-
ed to systematic research and the detailed processing of the aer-
ial photographic material received. At that time flying activities
were concentrated on regions which were suspected to yield
many new finds. So much photograhs were taken that large
amounts of the pictures lay unattended for a long time in non-
functional archieves.

In the meantime, without losing the effectivness of detail,
many improvements were instituted. It was realized that the
amount of aerial photographs alone were no criterion for the
quality of aerial photograph prospection methods. Only when a
usable amount of photographs were made available to the ar-
chaeologists in a short time was one able to speak of effective
aerial archaeological photography. For that a well supplied ar-
chieve with properly trained personnel and necessary equipment
is most important. Qualified personnel are extremely necessary
in order to have an error-free and properly functioning archieve.
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S. Lemke, L. Mankowski, D. Hayes, S. Martin

Geophysical Characterization
of a Sugar Mill on St. Croix,
U. S. Virgin Islands

Whim Plantation on St. Croix in the U. S. Virgin Islands was the
site of a sugar mill operation from the early 17" to the late 19"
centuries, and now houses the St. Croix Histrical Society. In the
spring of 1999 a multidisciplinary group from Michigan Tech-
nological University conducted geophysical surveys over the
site of the sugar mill complex to highlight promising areas for a
planned archeological dig to be conducted in the summer of
1999. Ground penetrating radar, total field magnetics and earth
resistivity were used. This area contains both subtle anomalies
of buried foundations and small metallic objects as well as mas-
sive anomalies caused by very large buried and surface metallic
objects. Interest lies not only in the easily identifiable anomalies
but also in smaller anomalies hidden within the data. The com-
plexity of the data required advanced processing and interpreta-
tion. The site was not only well suited to multiple geophysical
methods, but required them. Each geophysical method could
pick out large anomalies well, but confidence with subtle anom-
alies could only be gained through comparison with all three
geophysical methods.

Wrong archiving often leads to the temporary loss of photo-
graphs which often are found suddenly after a long period of
time. Continuous communication between the archaeologists on
the ground and the aerial archaeologist is very important in or-
der to fulfill a concrete need for aerial photography in a very
short time. The advance preparations for the prospection flight
have been very much improved in recent years. Meanwhile some
of the flight projects have been mapped from known archaelog-
ical sites seldom flown over where many new sites have been lo-
cated. This tiresome project over not so promising regions does
not indicate a large amount of new findings like those that ap-
peared in the beginnig years, but do give a large amount of sci-
entific and other important information.

In addition to the project intense flying always indicates
enough possibilities to control already known finds and docu-
ment any changes in their condition. Even with all of the prepar-
atory work on the ground, a little luck is always needed in aerial
photographic prospection due to different factors like weather,
flying route, time of day, viewing direction, shape and changes
in growth of land characteristics. Many of these factors must
correspond with each other for new finds to be of value to all
concerned.






G. Leroux

Aerial Prospection at Low Altitude in Brittany and Pays de la Loire Region,
Results and Synthesis of 1989-1999 Researchs

Since 1989, a vast geographic sector centred on the eastern part
of the Armorique area which lies both in Brittany aud the Pays
de la Loire region, is subject to systematic aerial prospections at
low altitude. The conditions of detection, although fairly varied,
do not constitute real obstacles to the discovery of vestiges. Due
to the real regrouping of lands that began in the 1960’, the tra-
ditional bocage of western France has gradually been replaced
by semi-open landscapes which are turning out to be the favor-
ite haunt of aerial archeology.

Among the thousands of discovered sites, an overwhelming
majority belongs to the category of enclosures bordered by sets of
embankments and ditches,that have now been levelled and filled
in. As a matter of fact, the vestiges kept above the grownd are few
and belong most of the time to the medieval period. Concerning
the Gallo-Roman monuments built on fundations that were lined
with stones, there are hardly any. The chronological range is wide
because all the major periods from Neolithic to the Middle Ages
are represented. The nature of the sites covers the whole range of

E. Liick, M. Meyer

human manifestations pertaining to the conquest and the develop-
ment of “local territories”. The habitats, necropolises, roads and
the patterns of fields are engineered to the extent of making up a
rural fabric which is truly coherent, especially during the Iron Age
and Antiquity. This has been particularly brought to light in the
bassins of river Seiche and Oudon, which are respectively situat-
ed in the eastern fringe of the departement of Ille-et-Vilaine and
in the south-west of departement of Mayenne. The third interna-
tional conference on archeological prospection will give us the
opportunity of presenting a serie of discoveries that, without be-
ing original, remain nonetheless fundamental for the knowledge
of the stages of the ancient settlement in the western extremity of
the European continent. In the recent years, the computerized da-
taprocessing has been applied to the rectifying of oblique aerial
photographs and to the making up of cumulative cartography.

Finally the aerial campaigns are succeeded by ground verifi-
cations, excavations and boring which bring fundamental chron-
ological data.

Geophysical Preparation of an Archaeological Excavation in the Highlands

(Mardorf, Hessen)

From 1993 up to 1998 archaeologists excavated a settlement
near Mardorf. The investigated settlement Mardorf 23 is situat-
ed in the eastern part of the “Amoneburger Becken”, an about
120 km? extended basin in the middle part of Hessen in Germa-
ny. Because of the soil conditions (loess developed on clay) this
region belongs to the uppermost fertile parts of Hessen. Mardorf
23 seems to be one of the oldest German settlements in that re-
gion. Excavations showed that this settlement had its origin in
the Iron Age- and Emperor Age (about 50 B.C. up to 300 A.D.)

In addition to the archaeological studies, also geological and
geophysical prospections were done. To optimise the excava-
tions, geomagnetic prospections were carried out. In 1995
B.Zickgraf and M.Posselt started these investigations. They cov-
ered an area of about 16,000 sqm Because of the good results, in
1997 and 1998 we continued these measurements. Up to now an
area of about 60,000 sqm was mapped with geomagnetic meth-
ods. We worked with a Fluxgate-gradiometer FM-18 from GEO-
SCAN research (Bradford, UK). All the field work was done in
the same manner. The distance between two points was 0.5 m
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and also the increment between the profiles was 0.5 m. The res-
olution of the gradiometer was not better than 0.1 nT/m.

Because of a temperature drift, the data had to been corrected
by a smoothing algorithm. This was done on the base of statisti-
cal calculations.

We can find out objects from different time scales. There are
not only visible archaeologicaly but also are geological and
modern structures.

Especially in the south-eastern part we can see some linear
structures which can be composed to polygons. Excavations have
confirmed the assumption that we have found geological struc-
tures which were formed during the glacial period. These former
ditches are now covered by a layer of about 1 m thickness.

Younger geological elements can be seen in the north. From
geological and archaeological studies we know, that the land-
scape has been changed in the past. The curved former border of
meadow can be seen from west to east. In the north the covering
layer consists of alluvial sand with variable thickness. That is
why it seems to be unlikely that archaeological structures in this






M. Martinaud, F. Madani

Resistivity Vertical Filtering for Horizontal Prospecting
Physical Basis and Archaeological Case Histories

An important question in archaeological geophysical prospec-
tion is the separation between anthropic and natural geological
features. Generally the archaeological features are near the sur-
face so that it is possible to distinguish them from the natural
ones through suited investigation depths.

It is well known that electrical resistivity prospecting is a good
method for the adjustment of the investigation depth owing to
the electrode spacing. But the investigation depth and the elec-
trical image are strongly dependent on the electrodes arrange-
ments. The “archaeological” arrays are the twin electrode, the
pole-pole, the square and the Wenner. In this paper it is shown
that the pole-pole yields a very good discrimination between
shallow and deep buried features. The pole-pole array is an im-
provement of the twin electrode (1) in the sense that remote elec-
trodes are far from each other so that the readings provide the
true apparent resistivities without any problem of continuity be-
tween adjacent grids.

The physical basis of the behaviour of the pole-pole array can
be deduced from synthetic results about the anomaly created by
a small body on a pseudo-section. Indeed, when comparing the
anomalies of a small body imbedded in homogeneous ground
obtained with several archaeological arrays, one sees that the
pole-pole anomaly has a better resolution in the horizontal direc-
tion and also in pseudo-depth (2). This advantage of the pole-
pole over the other arrays for depth discrimination is reinforced

Y. Marukawa, Y. Lu, H. Kamei

by two other properties: its technical simplicity (only two mobile
probes) and its largest investigation depth (3). Thus, for a given
investigation depth, the pole-pole array has the smallest dimen-
sions of all arrays.

‘We show that multi-spacing pole-pole maps allow an efficient
vertical filtering of anomalies in cases which would be other-
wise hard geophysical problems. Case histories are the search
for ditches in karstic geology, the detection of stony burial struc-
tures on very shallow resistive substratum, the separation of su-
perimposed structures in a Roman town (4) or, on the country,
the proof of the absence of any buried anthropic structures.
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Reconstructing the 3-D Distribution of the Magnetic Field Data

and its Application

In geomagnetic survey, we usually measure the magnetic field
only on one 2-D plane. In this study, the authors will propose
the method of reconstructing the 3-D distribution of the magnet-
ic field data from the 2-D magnetic field data and its application
to estimate of the shape and the depth of the magnetic bodies.
For example, in the case that two magnetic bodies are buried
and one magnetic body is just above another one, only one
magnetic anomaly is observed on a horizontal plane over these
bodies. However, if we could assume a vertical observation
plane in the ground and obtain the magnetic field data on the
plane, we would find two magnetic anomalies on this virtual
plane.
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The magnetic field distribution on z = z1 plane can be calcu-
lated from the magnetic field on z = z, plane using 2-D Fourier
transform as

F[B]=F [Bglexp (- kIl (z—z)),

where B,, and B,, are magnetic field on z = z, and z = z, plane,
F[] is the 2-D Fourier transform, k = (k,, k,) is the 2-D wave-
number vector and z,> z,. Applying this equation repeatedly to
the 2-D magnetic field data on 2-D planes with various inclina-
tions, the 3-D distribution of the magnetic field data in regular
region can be reconstructed.
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DC Tensor Geoelectrics — Now Applicable to Archaeological Prospection!

The combination of geoelectrical mapping and sounding using
modern multi-electrode resistivity meters can give dense informa-
tion about underground structures and layers. Usually axial elec-
trode arrays — e.g. Wenner or dipole-dipole — are applied. A cru-
cial disadvantage of an axial configuration is the bad resolution of
complex 3D structures. Improvement may be achieved by applica-
tion of square arrays. But geophysicists shouldn’t stop halfway.
Only considering specific resistivity r as a tensor (r;) results
in a real improvement of the resolution of square array measure-

W. Neubauer, A. Eder-Hinterleitner, P. Melichar

ments. Tensor measurements and 3D inversion allow a deter-
mination of boundaries of complex 3D structures — resistive
bodies like air-filled cavities or foundations as well as con-
ductive ones like fillings of pits, cellars or water-filled cavities.

Examples for model estimations by FD algorithms and tomo-
graphic inversion of the specific resistivity tensor show the large
possibilities of DC tensor geoelectrics compared with conven-
tional electrode arrays. A field example — the investigation of a
gallery digged into a loess layer — is given.

Large Scale Geomagnetic Survey of an Early Neolithic Settlement

in Lower Austria (5,250-4,950 B.C.)

Asparn a. d. Zaya 50 km north of Vienna is a well known settle-
ment from the Early Neolithic culture of Linearbandkeramik sit-
uated in loess soil with low susceptibility. The site was recovered
by aerial archaeology and is already partly excavated by annual
campaigns since over 15 years. The site covering 25 ha was mag-
netically prospected during the last years using cesiumgradiom-
eters with 0.1 and 0.005 nT resolution. The latest surveys carried
out with a multisensor caesium gradiometer in 0.5 x 0.125 m
raster recovered typical remains of the Neolithic longhouses.
Even the traces of single posts were resolved by the magnetics.
The magnetic data (over 1.5 million readings) is visualised as
digital image. For archaeological interpretation the data is re-
sampled on 0.125 x 0.125 m raster and georeferenced using GIS
software. The archaeological interpretation is done by thematic
mapping and attributable description using the GIS ArcView.
The archaeoclogical analysis of the geomagnetic evidence
shows at least three main periods of occupation. Two of them
were fortified by ditches 4-6 m width and up to 3 m deep. Sev-
eral entrances inside the fortification are visible in the magnet-
ogramm,. The ditches form an oval central ditch system with an
outer and an inner ditch which partly run in parallel and a trap-
ezoidal enclosure appended in the north. Due to the high resolu-
tion of the magnetic data it was possible to interpret several typ-
ical longhouses of the Early Neolithic inside the plenty of pits of
various size. The analysis of the orientation of the houses found
by magnetics confirmed at least two periods. The settlement
slightly moved from the bottom to the top of the hill. The exca-
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vation results showed the fortified settlements are the youngest.
The occupation of the site dramatically finished 4,950 B.C. by a
massacre as the remains of the killed inhabitants were found at
the bottom of the ditches.

Occasionally an earlier settlement from the germanic period
(200 — 400 A.D.) was detected at the lowest terrace of the river
Zaya. The magnetic pattern of that settlement is clearly different
from the Neolithic one. Several typical grubenhouses could be
detected. The site of Asparn a.d. Zaya is already heavily eroded
due to modern agricultural use as could be shown by aerial pho-
tographs, susceptibility profiles, the magnetic evidence and the
excavation results. For the documentation of the rapid erosion
process a partial remeasurement is planned after ten years.

Fig. 1. Magnetogram of the Early Neolithic settlement of Asparn a.d.
Zaya; caesium gradiometer, area approx. 25 ha, raster 0.5 x 0.25 m and
0.5 x 0.125 m, dynamic range [-5.0,5.0] nT

Fig. 2. 3D visualisation of the digital terrain model of Asparn a. d. Zaya
combined with the archaeological interpretation of the magnetic pros-
pection data
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Archaeological Prospection of the Middle Neolithic site Puch/Kleedorf,

Lower Austria

The site of Puch/Kleedorf near Hollabrunn north of Vienna is
known from aerial archaeology. It is situated on gravel and sand
overlain by loess and covers 25 ha. The aerial evidence shows a
Iot of pits and two circular ditch systems. These circular ditch
systems may be dated to the Middle Neolithic (4,800-
4,500 B.C.). The archaeological remains show impressive poly-
chrome painted pottery of the Lengyel culture. The most strik-
ing expression of the high cultural level of this farmer society
are the monumental circular ditch systems situated inside large
settlements. These oldest monumental buildings in Middle Eu-
rope are formed by up to three concentric circular ditches 40 to
180 m in diameter. The ditches are 4 to 8 m wide and always
show a typical V-shape 3 to 6 m deep. They normaly have regu-
lary situated interruptions, the entrance inside the monuments.
The centre is enclosed by one to five rings of palisades but lack
of any other archaeological remains which could help to under-
stand their purpose.

The circular ditch systems Puch and Kleedorf are situated in
closest neighbourhood. The distance of the centre of the double
circular ditch system of Puch to the single one of Kleedorf is
260 m. They were magnetically prospected using high resolu-
tion caesium gradiometers. The site was archeologically inter-
preted based on GIS combining aerial photos and geomagnet-
ics. The digital terrain model measured from the aerial photos
was combined with 3D magnetic modelling results to produce
a comprehensive reconstruction of the site using prospection
results.

The magnetogram of Puch shows two concentric ditches with
83 m and 60 m in diameter, two entrances and the trace of an in-
ner palisade enclosing a central area of 1,750 sqm. The southern
part of the monument is already seriously destructed. The north-
ern ditches are up to 4.5 m wide. The magnetogram of Kleedorf
shows a single circular ditch 100 m in diameter formed by sin-
gle segments of varying length. Again the centre is enclosed by
a concentric palisade too. The central area of this monument
measures 5,550 sqm exactly the overall size of the monument
Puch. The segments of the ditch are up to 40 m in length and
partly up to 6 m wide. All around the two monuments many pits
could be detected by the magnetic survey as well as by aerial ar-
chaeology.

The site of Puch was selected as reference site for testing new
magnetic equipment and processing methods. It could be taken
out of agricultural use. The site was already prospected using
various grids from 0.5 x 0.5 to 0.125 x 0.125 m, different gra-
dients from 1.5 to 2.85 m, resolutions of 0.1 and 0.005 nT pro-
ducing digital image representations for easy comparison of the
various results. Further comparative work is planned including
electromagnetic methods and GPR as well as further magnetic
surveys carried out with other magnetometers by various pros-
pection teams.
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Fig. 1. Caesium gradiometer Picodas MEP750 at Puch/Kleedorf (Low-
er Austria); 3 sensors in 0.35 m and one sensor in 2.85 m above ground
are mounted on a non-magnetic handcart measuring a 2.5 m gradient of
the earth magnetic field with a resolution 0of 0.005nT in20.125x0.5m
raster

Fig. 2. Magnetogram of the Middle Neolithic circular ditch systems
Kleedorf and Puch and the surrounding areas; total area: 100,400 sqm;
raster: 0.125 m x 0.5 m; dynamic range [-5,5] nT

Fig. 3. Archaeological interpretation of the double circular ditch system
Puch.

Fig. 4. Archaeological Interpretation of the single circular ditch system
Kleedorf

Fig. 5. Photorealistic visualisation of the reconstructed circular ditch
system Puch; the depth of the ditches are modelled by the magnetically
prospected data and intersected with the digital terrain model; the
aerial photograph is draped on it
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Integrated Geophysical Prospection of Roman Villas in Austria

Geophysical prospection of Roman villas is one of the major in-
terests of archaeologists working in the former Roman provinc-
es Pannonia, Noricum and Raetia. We present various sites situ-
ated all over Austria in different geological context. All of them
cover at least 3 ha and might be situated in grass land as well as
ploughed fields.

The villas were prospected by an integrated approach using
high resolution caesium gradiometers (0.1 to 0.005 nT / 0.5 x
0.125 m grid), multiplexed RM15 resisitivity meters (0.5 x
0.5 m grid, a = 0.5; 0.1 m) and PulseEKKO 1000 ground pene-
trating radar (GPR) (0.5 x 0.05 m. grid). Magnetics is mainly
used to produce a large scale (> 5 ha) overview of the sites over-
all structure combining main buildings, economical buildings,
roads, field system and the very often nearby cemetery. Select-
ed parts of the magnetically prospected area indicating walls are
additionally surveyed using resistivity mapping and/or high res-
olution GPR. As the resisitivity contrasts of walls are much
higher than their magnetic contrasts they show up very clearly.
GPR adds important 3D information on the detected buildings.
GPR is adequately applied to this type of Roman monuments i.e.
data is measured in 0.5 x 0.05 or 0.5 x 0.1 m raster using 450
MHz or 900 MHz anntennas and with digital recording of the
data. While magnetic and geoelectrical methods are standardly
applied and widely accepted, the archaeological application of
GPR still suffers from insuitable survey logistics, data process-
ing, visualisation and interpretation techniques. The theoretical-
ly high archaeological potential of the method so far could not
be presented to the archaeologists convincingly. GPR produces
large amount of data with high information density. Visualisa-
tion of data mainly is done in B&W or colour coded representa-
tions of received amplitudes by time and distance in single sec-
tions known as “radargram”. These representations of single
sections show typical diffraction and reflexion patterns and are
not easily understandable. One even could assume that it is near-
ly impossible for lay-men or unexperienced archaeologists to in-
terpret anything in such a radargram. To use the high archaeo-
logical potential of this method new techniques of processing
are necessary for producing objective and reproducible results.
One of this techniques is the use of horizontal time slices as reg-
ular GPR data representations. Such a time slice is created by
summarizing (or averaging) the reflected energy of the radar
waves over a time window at any discrete reading of the regular
or irregular measurement grid. We consequently propose here
the use of a 3D data block of summarized amplitudes. This block
might be cut through in any horizontal or vertical direction. The
pile of horizontal time slices from GPR data might be animated
for exploring the data. Magnetic, resisitivity and GPR data are
visualised accordingly as digital images and combined in a GIS
for archaeological interpretation by thematic mapping and at-
tributal description. Based on the archaeological evidence de-
rived from the combined interpretation of the geophysical re-
sults we produce a 3D archaeological reconstruction of the ro-
man villas, presenting a comprehensive archaeological interpre-
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tation model. These models based on geophysical prospection
data might also be animated producing understandable presenta-
tions of our heritage concealed beneath the surface for archaeo-
logists as well as lay-men.

Fig. 1. Resisitivity map of a Roman villa rustica at Altheim-Weirading
showing the main building and the nearby bath

Fig. 2. GPR time slices of a Roman villa suburbana near Oviavum/
Wels

Fig. 3. 3D visualisation of the villa rustica at Altheim-Weirading based
on prospection results
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Archaeological Relevance of Cs-Magnetometry

Aerial survey and field walking of a freshly ploughed field lead
to the discovery of a new site in 1981: the Galgenberg near
Kopfham in Lower Bavaria. To find out more about the size and
extent of the site a survey was carried out by Dr. Helmut Becker
of the Bayerisches Landesamt fiir Denkmalpflege, Munich,
using for the first time in Europe the highly sensitive caesium
magnetometer. The measurements, taken manually at 1m inter-
vals, indicated complex ditch systems with several features in-
side and outside the enclosures. The main, oval enclosure
seemed to have one entrance with foreworks lying directly in
front of it. It was this plan that guided our subsequent excava-
tions at the Galgenberg for the next nine years.

A subsequent caesium magnetometer survey, taken semi-au-
tomatically at 0.5 m intervals with digital graphic evaluation,
gave a much more detailed picture of the main enclosure. Con-
stant comparison of excavation and caesium magnetometer re-
sults led to improved, fully automated data collection and digital
evaluation now widely used by Becker and his team. This meth-
od was used to produce a survey covering a large area on the
Galgenberg, indicating the presence of at least six enclosures,
which might otherwise have remained undetected.

Although the magnetometer survey had provided the ‘blue
print’ for the excavation it was only by excavation that the full
extent of the complexity of the prehistoric remains and their re-
lationship to one another became clear (Ottaway, 1999). For in-
stance, the forework to the entrance, suggested by the caesium
magnetometer survey to be a relatively simple structure, had un-
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dergone at least three major structural changes. These had trans-
formed the entrance from one surrounded by a cluster of square
features to an entrance which was most probably embellished
and strengthened by two forework buildings which were ar-
ranged in such a fashion that entry into the enclosure was by two
or three relatively narrow gaps left between the forework struc-
tures and the ditch. Entry into the enclosure was much more con-
trolled than before and could, if necessary, be defended easily
and effectively. The forework and some of the structures around
the terminals of the ditch had been whitewashed, which must
have given additional visual impact. The result must have been
imposing, restricting vision and movement into the enclosure. It
was more of a statement of control, protection and defence than
it had been for previous generations.

Deposits in many of the other features inside and outside the
enclosure speak of phases of decommissioning and deliberate
deposition of artefacts, followed by destruction horizons and a
shift in the nature of deposits.

To conclude, only through the complementation of prospec-
tion and excavation can the full picture of the prehistoric land-
scape and the sites contained therein be explored.
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Resistivity and GPR Survey of two Early Mediaeval Grave Yards

in Southern Germany

Introduction

The routine application of geophysical prospection for archaeo-
logical subsurface structures have been established during the
last decades. Major benefits arise from the fast and non-destruc-
tive documentation of archaeological objects even on large are-
as. Most common, magnetometer surveys with hand held flux-
gate magnetometers are carried out. Beside this, resistivity, elec-
tromagnetic and ground penetrating radar (GPR) measurements

are used, when investigation sites are not suitable for a magnet-
ic survey.

Here we want to present the results of two surveys on Early
Middle Aged vards in the cities of Weinstadt and Kirchheim/Teck
(Baden-Wiirttemberg, Southern Germany). Both sites have been
investigated with resistivity meters and GPR, respectively. In
general the survey of single graves is relatively difficult, as the
objects are quite small and the physical contrast to the surround-
ing subsoil is often very low. '
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was performed on the room temperature magnetic data. A biplot
of the resulting two main variables distinguishes between the
four different sources.

Magnetic measurements were also carried out on hearth sam-
ples from two archaeological sites, Galson and Guinnerso, on
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Lewis. Comparison was made to the ash samples in order to de-
termine if the fuel sources could be identified. Both the high
temperature susceptibility curves and the discriminant analysis
suggest that for the two selected sites the predominant fuel
source was well-humified peat.

Mineral Magnetic Study of Enhanced Soils from Old Scatness Broch, Shetland

Measurements of in-situ and laboratory-based magnetic sus-
ceptibilities on material from the multi-period Old Scatness
Broch site on Shetland, Scotland have indicated greatly en-
hanced soils. The enhancement in susceptibility is associated
with midden deposits and is over one hundred times the suscep-
tibility of surrounding deposits. In order to understand the ori-
gin of the enhancement and suggest causes for it, investigations
were made to determine the nature and extent of the magnetic
grains within the soils. A range of laboratory-induced rema-
nences and susceptibilities, including the variation of suscepti-
bility with high temperature, were measured on samples from
three different areas within the site: 1) 67 samples were taken
from two horizontal profiles through midden deposits within a
circular post-broch structure.

Discrete layers of deposition were visible within the midden.
These midden deposits gave exceptionally high in-situ magnet-
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ic susceptibility values. 2) Five samples were collected from
midden material deposited within a Pictish structure. 3) 88 sam-
ples were collected from a continuously sampled (at 2 cm inter-
vals) profile within a pit dug on the outskirts of the main settle-
ment area. The profile extends through layers of midden, soil
and sand material.

In addition to determining the magnetic mineralogy and do-
main state of the magnetic grains, the magnetic data is also be-
ing used to compare between the different groups of material to
gain an insight into changes in anthropogenic activity through
time. For example, differences between the midden material col-
lected from the circular structure and the midden material from
within the Pictish structure are being investigated, which could
give information on variations of fuel sources, industrial activi-
ties or burning processes between different periods.

Three Dimensional Geophysics and Visualisation

Ground penetrating radar (GPR) and resistivity profiling pro-
vide potential routes to the generation of full three-dimensional
geophysical models of buried archaeological sites. This paper
reports on the development of field methodology for these two
techniques in southern England, with the investigation of appro-
priate data processing procedures and the visualisation needs for
presentation of the results in a form comprehensible to the ar-
chaeologist. These three interdependent aspects will be dis-
cussed with data examples drawn from a set of sites selected to
give a broad range of site and sediment characteristics, includ-

ing buried sarsen (quartzite) stones in the West Kennett Avenue,
Avebury, a sarsen-chambered neolithic long barrow with chalk
mound, and the brick foundations of a late 15 Century Hall.
The importance of appropriate procedures for topographic cor-
rection is emphasised, particularly where simple correction
algorithms available in commercial software are limited in
their applicability. Animation has a potentially significant role
in the visualisation of multi-dimensional data, especially where
data are available from complementary resistivity and GPR
surveys.
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Fig. 1. Case 2: Distribution of the total magnetic force at a kiln surveyed
by proton magnetometer at Kurobatake site. Excavation confirmed that
intense high anomaly areas were the combustion chamber and the firing
chamber of the kiln
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relation with magnetic anomalies, whereas kilns with an east-
west alignment show a southward deflection of their anomaly
patterns.

When a proton magnetometer survey was done with low sen-
sor height ( less than Scm from the ground surface) quite clear
anomalies were detectable on the kiln sites. Excavation showed
that these anomalies correspond to the combustion chamber and
the firing chamber of the kiln. As a result of being heated to a
high firing temperature, these regions had acquired intense mag-
netization (thermo-remanence) not only on the surface but at a
deeper level as the magnetic properties of the baked soil con-
firm.

(2) Magnetic investigation at the Paleolithic Ohara B site.
Finding a hearth is important evidence for the existence of a
dwelling from the Paleolithic period onwards. We attempted a
magnetic survey in combination with a rock-magnetic study for
this purpose. At an artificially baked area by an open-air fire,
both a magnetic survey and a test of the remanent magnetization
of the soil proved effective as methods of locating the slightly
baked area. The Paleolithic Ohara B site was studied using these
magnetic methods, and a magnetically anormalous area was
found suggesting the site of a fireplace. Another magnetized ar-
ea was found by analysing the distribution of magnetization in
the buried soil. The remanent magnetization in the soil showed
a circular directional pattern, which could have been caused by
a strong electric current flowing from the air into the ground.
Such a pattern would be consistent with the spot having been
struck by lightning. Thus, the soil retains evidence of lightning
striking it in the Paleolithic period. This suggests that the effects
of lightning can be recognised using archaeological techniques.
(3) Electric resistivity surveys on trampled areas of the sites of
buildings at the Murodo site (18th century) and Emashi-castle
Site (15th century).

Trampled areas such as the earth floors of house sites were iden-
tified as areas of high resistivity. By contrast, areas beneath the
raised timber floors of buildings registered low resistivity. Such
a clear difference may be caused by the degree of compaction
and water content of the soil constituting the remains. Thus re-
sistivity surveys are useful for studying the character of former
buildings.
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Fig. 2. Case 1: Distribution of resistivity surveyed
using an RM-15 meter at the Murodo site. The low
resistivity zone corresponds to the area under the
raised floor of the building and the high resistivity
zone to the earth floored area
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Integrated Geophysical Surveys for Archaeological Prospecting — New Results

The working group for archaeological prospecting at the depart-
ment for geophysics at Kiel University (Germany) has undertak-
en several geophysical surveys on archaeological sites in north-
ern Germany, Luxembourg, Italy and Turkey during the last
years. Magnetic, electric, ground penetrating radar (GPR) meas-
urements and shallow shear wave seismic were used for the in-
vestigation of Hittite, Greek, Roman and Viking age settlements,
fortifications and temple constructions.

Primarily magnetic prospecting was applied for fast data ac-
quisition in order to get a general idea of the subsurface remains
of the archaeological site. Five Fluxgate gradiometer probes
(Férster; dz = 40 cm), mounted on a portable rack, are carried by
two persons along 50 meter survey profiles with a sampling in-
terval of 5 centimetres inline and 20 or 40 centimetres crossline.
The datasets were processed with the software Mar Plot and pre-
sented as grayscale images. Striking anomalies are further inves-
tigated with geoelectric and GPR measurements. Therefore a
multielectrode array and different GPR antennas (120, 200, 500
and 900 MHz) are available. Subsequent processing algorithms
perform a 3 D view of the subsurface structures.

Prominent magnetic anomalies were found at the site of the
Hittite town Sarissa in Central Anatolia, Turkey. Here 3,000 year
old ruins, located on a remarkable mound, were excavated. With
the exception of few steep slopes the entire acropolis
(150,000 sqm) was investigated in the course of several survey
campaigns (Fig. 1). The foundation of the 1.5 km long interior
town wall surrounding the town centre was discovered and a dis-
tinct symmetric conception of the four ancient city gates was
prospected. High uniform magnetic anomalies of the gate build-
ings insinuate a destruction by conflagration. The geomagnetic
measurements were compared with geoelectric and GPR inves-
tigations at several locations. Our results show that the extension
of the residential area is much larger than previously thought.
The surveying of a sanctuary, found on a nearby mountain skid,
revealed northward aligned buildings and the enclosure of an ad-
joining lake.

Magnetic and seismic measurements were applied for the in-
vestigation of the archaic fortification wall of Milet, located on
a former peninsula at the west coast of Turkey. Nowadays the ar-
chaeological site is situated in the alluvium of the Menderes riv-
er. Milet’s urban area included several ports and was enclosed by
a town wall. Early settlements were found on a hill, called Kal-
abak tepe, in the south of the peninsula. We investigated the ex-
tent of the archaic city wall with geomagnetic measurements in
order to examine the connection between Kalabak tepe and the
lower part of the town. The rectangular street system, adopted by
the Milesian Hippodamus, was detected and its orientation and
size were proved to correspond with the excavated structures.
The western coastline representing the border of the settlement
was determined by the results of the magnetic survey. Some
magnetic anomalies close to the ancient shoreline can possibly
be identified as fortification or harbour constructions. Shear
wave seismic was used to explore the structure of a harbour ba-
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sin while magnetic investigations revealed the layout of the quay
walls.

A recent feasibility study in the archaeological park of Seli-
nunte, Italy, showed weak structures of buildings, street systems
and the town wall, due to a low contrast between the used build-
ing materials and the surrounding subsoil. Further examples of
the Viking age settlement Rerik at the Baltic coast and the Gal-
lo-Roman settlement Wallendorf, close to the border to Luxem-
bourg, will be presented in order to discuss the limits of geo-
physical prospection methods.

Future improvements may be possible with quick and precise
positioning systems. Differential GPS promises an accuracy in
the order of centimetres and is suited for the presented sites.

Fig. 1. Result of the magnetic prospecting using the Fluxgate array on >

the archaeological site of the Hittite town Sarissa
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The use of Complex Attributes in Interpreting Magnetic data

from Archaeological Sites.

The present paper deals with the exploitation of the complex at-
tributes of the magnetic signal in order to extract properties of
the sources of the anomalous fields. Of course, the analytic sig-
nal comprises the most well known among them. The “local
phase” and the “instantaneous wavenumber” comprise the other
two quantities which lead also to source parameters mapping.

The analytic signal amplitude (Nabighian, 1972; 1974) poses
some attractive features for any sort of magnetic prospecting. Its
advantageous “geophysical” property is that is peaks exactly
over the edge of the buried dipping contact that causes the mag-
netic anomaly. Also, its amplitude is independent of inclination,
declination, remanent magnetization and dip if the sources are
2-D. With respect to archaeological Geophysics, the only disad-
vantage is that the analytic signal anomalies are relatively much
broader than the lateral extent of the buried target.

The aim is to delineate the edges of the buried bodies, to esti-
mate their susceptibility contrasts, to assess strike angles and
produce burial depth estimates all at once. The complex attrib-
utes analysis offers the means to carry this out. It is exactly their
applicability and effectiveness in exploring the subsurface for
buried antiquities which is investigated in these pages.

The analytic signal amplitude for the simple contact model
which produces the magnetic total field, T, is

2 2

= (@) +(@ M)
0z ox
and the local phase, i.e. the phase of the analytic signal for any
particular location is
9= tan_l|:£ / or

ox " oz )
The local frequency is defined as the rate of change of the local
phase, but customarily the local wavenumber is used
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If we substitute the expressions for the vertical and horizontal
gradients of the anomaly produced by a sloping contact Nabi-
ghian (1972) into the local wavenumber formula (3) yields

k=7 @

h"+x
where h is the burial depth (Thurston and Smith, 1997; Smith
et al. 1998). If we define the coordinate system such that x =0
directly over the edge, the maximum occurs at the same point
and offers a means for burial depth estimation since at x =0,

=1
thenh—k

Thurston and Smith (1997) devised a technique to estimate the
local dip and local susceptibility contrast as well by means of
equation (3). That is 8 = 8 + 21-90° again at x = 0. The local sus-
ceptibility is obtained by
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A useful model in various geophysical applications is the slab
which also serves in archaeological Geophysics. For instance, a
mesh of ruins which the archaeologists call “destruction phase”
can be modeled as a magnetic slab. The same applies in some
cases for structures like kilns, pits, tombs. The slab used here is
buried at 1 m depth, its thickness is 0.5 m and its susceptibility
contrast is 0.0005 (emu).Figure (1) shows the recovered local
strike esimates of this source. The plane view of a slab is also
shown in the same figure. The edges are completely delineated
and strike angles recovered give a clear idea of the shape of the
target.
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Fig.1. The local strike estimates inferred from the complex attributes of
the anomaly which the slab model produces. The plane view of the mod-
el is represented by the solid line. Strike estimates are grouped in two
categories
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Methods and Equipment used by the
Department Archaeological Prospection and
Aerial Archaeology at the Bavarian State
Conservation Office, Munich

Fig. above: Aerial view of a neolithic enclosure nearby Riekofen, Bava-
ria; ditches as positive crop marks.

Below: Magnetometry of the site. The example showing both: enrich-
ment and depletion of magnetic minerals in archaeological soils. On the
same site the ditches showing up as a positive magnetic anomaly
— enrichment — and as negative anomaly — depletion and dissolution of
magnetic minerals
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Fig. 4. Egweil. Graphic plan on the basis of the digital image processing of the magnetic picture. Drawn as an overlay from the computer and plot-

ted together with the geographical card

Most of them are rarely visible from the air except when oc-
curring for some days as a crop mark, soil mark or for some
hours as snow mark. Although in Bavaria there are 162 enclo-
sures visible above ground by their upstanding earthwalls and
ditches, some additional 120 were discovered by aerial archae-
ology during the last 20 years (Irlinger 1996b).

Information from the inner structure of the monument are
known for only 24 enclosures in Southern Germany. The func-
tion of these enclosures can actually only be discussed contro-
versially. The lack of information on square enclosures yields to
contradictory explanations, such as the use of these monuments
as animal enclosures or for religious purpose.

Combining archaeological knowledge with geophysical
interpretation of the data

The magnetic measurement reveals all the typical elements of a
Viereckschanze (Fig. 3). The inner side of the ditch measures 90
meters in the south, 112 meters in the west, 97 meters in the
north and 105 meters in the east respectivly. Characteristic is the
difference in the length of the sides as well as in the angles of the

corners. The two sides of the south-eastern corner make a rec-
tangle. The others show deviations from the rectangular with 96°
in the south-west, 83° in the noth-west and 85° in the north-east-
ern angle. This finding is one of the peculiarities of Celtic Vie-
reckschanzen. The totally destroyed rampart inside the ditch is
indicated by slightly lighter grayshade with a broadness of 6 to
7 meters. Therefore the enclosed area covers estimatly 0.8 hec-
tares, and compares to an average size for a Viereckschanze
(Fig. 4), (Bittel et al. 1990; Schwarz 1959). The entry to the en-
closure is vague, but is indicated by single posts of a former
bridge inside and outside the ditch nearly in the middle of the
east ditch. This bridge is broken into the ditch and makes it
slightly smaller. Further indication for the entry is the configu-
ration of the buildings inside. This can be compared to excavat-
ed examples (e. g. Fig. 5b—d). The location of the entry to the
eastern (and to the north-east, see Fig. 5a—c) has been found on
many square enclosures. Nearby and parallel to the eastern part
of the enclosure, a ditch runs from the north to the south, but be-
longs to a Neolithic earthwork (Kaufmann 1997) (see Fig. 4,7).

Inside the enclosure we detected clearly the structures of five
buildings. These buildings are visible by traces of posts and
small ditches (see Fig. 4,1-5). One of them (Fig. 4, 2) seems to

97



have a stone base. Two buildings are located close and parallel
to the western ditch having a size of 10 x 12 meters (Fig. 4,1) and
10 x 14 meters respectivly (Fig. 4,2). The latter one additionaly
shows stone structures by its negative magnetic anomaly. Build-
ing 4,3 is located in the central or in front direction to the en-
trance. To the north of this building is a large positive anomaly
which is due to a pit (Fig. 4,6) similar to the one which has been
excavated at Holzhausen (Schwarz 1975). Two buildings are
found in a parallel line to the northern ditch by their traces of
massive postholes (Fig. 4,3-4). Some anomalies shows clearly
the trace of the post inside the posthole. One of them, a single-
phase building located in the corner of the northern and eastern
ditch, consist of 12 posts (Fig. 4,4). Without any orientation to
the ditches and a few meters south-east from the center we found
traces of another building (Fig. 4,5).

Conclusion

The complete magnetic map of the square enclosure in its result
can be compared to the plans of excavated sites. It contains all
the specific structures, the ditch, location of the entrances and
the structure and size of the buildings which are typical for
square enclosures of the Celtic period (see Fig. 5a—d).

We propose magnetometer prospection rather than excavation
as a tool for the mapping of archaeological sites. Excavation and
magnetic prospection are both a matter of discovery. While the
results of an excavation is the total destruction of the monument,
magnetic prospection yields similar results without this destruc-
tion. The magnetometry delivers the precise plan, archaeologi-
cal knowledge the classification and a detailed description of the
finding. Apart from the fact, that magnetometry does not lead to
archaeological artefacts, it can serve as a substitute for excava-
tion.
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netometry. The arrow marks the entry.
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dependent to the walking speed. This shift correction must be
calculated with a time constant, which is typical for specific
magnetometer types (0.25 for MEP720/CS2 and 0.75 for
SMARTMAG). Only a speed dependent shift correction results
in a ‘sharp’ image for the magnetogram (Fig. 7a—d).

Conclusion and future aspects

In 1996 an area of about 80 ha, but in 1997 an area of 140 ha
with 0.5/0.1 m spatial resolution (70 Million readings) had been
measured with CS2/MEP720 and two SMARTMAG SM4G-
Special systems. The prospecting program in Bavaria was hand-
icapped by restrictions for transportation of the equipment on
site for the two survey teams. The development of the basic in-
strumentation for high speed/high resolution magnetic prospect-
ing even for routine application in the archaeological monument
conservation programmes has been finished now. Possibly a
compensated multi-sensors configuration (4+1 sensor) will get
more importance in the future after the sunspot minimum in
1996. Automatic positioning systems consisting of GPS for be-
ginning and end of a line combined with wheel-triggers for ex-
act distances on the line may speed up field procedure even
more. The two MEP720 systems with four CS2-sensors and five
SMARTMAG SM4G-Special caesium magnetometers with
three consoles which can be operated as 2 complete compensat-
ed quadro-sensors systems, which will attribute a important part
in archaeological research and archaeological monument con-
servation.
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Fig. 4. Ibbankatuwa. Plan of the whole necropolis at Ibbankatuwa based on the interpretation of the magnetic prospecting data and on the excava-

tion plan
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300,000 square metre (30 hectare) with a periphery of more than
2 km. Still one should keep in mind that the eastern border and
fortification of Troy VI is not being prospected at all.

Therefore it would be very important continuing the most suc-
cessful prospection of the cities of Troy by caesium magneto-
metry. Hard to believe that all further plans for finishing the mag-
netic prospecting of Troy were blocked by the project director.
Obviously even modern archaeologists have problems accepting
scientific generated data and information about areas, which
could never be investigated by digging. The ready to use modern
magnetometer systems with multi-sensor technic could do the
job of prospecting all the remaining areas of Troy/Hion/Ilium
within 14 days. Interesting to consider how Heinrich Schlie-
mann would have accepted these modern technologies for pro-
ducing archaeological city maps in short times.

Fig. 8. Troy 1992-1994. Plan and reconstruction on the base of the mag-
netogram in Fig. 7 with the insulae of Roman Ilium (Troy IX), Hellenis-
tic Ilion (Troy VIII) and the trace of the “Homeric™ fortification of the
lower city (Troy VI); the Late Bronze Age buildings of the citadel (Troy
V1), the Hellenistic and Roman sanctuary (Troy VIII/IX) after the plan
of Wilhelm Dérpfeld, Troja und Ilion (1902)
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Fig. 2. Hagar Yahirr 1995. Plan of the site with 20 m grid of the magnet-
ic survey. Plan after Breton 1994, Archiologische Berichte Jemen VIII,
page 181; north orientation corrected to magnetic North 1/1995

The whole southern and eastern front of the city wall, made
out of stone, is very well preserved. Gate constructions and bas-
tions are still visible. In some parts a mud wall was detected fol-
lowing inside the city wall. In the southern part of the city a 120
x 200 m “Temenos” or “Akropolis” was seperated by a 2.5 m
thick wall consisting of stone mantle filled in with clay. In many
parts of the ancient city especially at the southwestern border
complete foundation walls of stone houses are well preserved.
Some huge stone structures up to 5 m hight in the eastern area
of the Akropolis may have formed the base of towers. The
biggest consists of two rooms and is situated outside the city
wall some 150 m southeast.

In the distance of about 300 to 400 m northeast in the plain of
Wadi Markha another field of ruins was detected. The pottery
found on the surface seemed to be similar and contemporaneous
to Hagar Yahirr. There may be some evidence that here an open
trade centre or an industrial area outside of the main city was
found. Until now no surface signs for an necropolis could be de-
tected. :

Magnetic prospecting with fluxgate gradiometer
Geoscan FM36

The instrument used for this first test for magnetic prospecting
in Yemen was a fluxgate gradiometer FM36 (Geoscan, Brad-
ford), which is easier to transport and to handle in the field than
the high sensitive caesium magnetometer CS2/MEP720 (Scin-
trex/Picodas, Canada), which needs at least 2 persons for opera-
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tion. The fluxgate gradiometer has a sensitivity of 0.1 Nanotes-
la (nT) for delta Z, which is reproducable in the range of
+0.3-0.5 nT at 10 Hz cycles. The sample trigger ST1 (Geoscan,
Bradford) was used for speeding up the magnetic survey, which
was carried out in a zig-zag mode. Sample interval and profile
spacing was set to 0.5 m. For detailled description of FM36 see
Clark (1990).

Light weight and an inbuilt data logger for 16,000 readings are
the main advantages of FM36, which can be operated by one
person. The help of local people and the teacher of the habitation
of Hagar Yahirr today, is gratefully acknowledged.

Comparing the sensitivity of FM36 with caesium magnetom-
eter CS2/MEP720 one should realize, that a picotesla system
operates at a 1000 fold sensitivity (Becker 1995). This is a fact
especially at low geomagnetic latitudes such as Yemen showing
an inclination of the earth’s magnetic field in the range of 10°.
This means that the vertical component measured by the flux-
gate gradiometer amounts only to less than a fifth of the total
field value of caesium magnetometry. Another problem is given
by thermal, mechanical and electronic drift of the FM36, which
causes severe faults especially in plain sun. Some of these prob-
lems (e.g. tilt error) could be avoided by a field procedure in par-
allel mode rather than zig-zag mode, but this means a double re-
duction in speed, which would be never tolerable. On the other
hand a duo-sensor configuraton of the caesium magnetometer
CS2/MEP720 would allow the survey of 1 hectare with 0.5/0.1
m line/sample intervals (200,000 measurements) in about 5
hours.

Nevertheless an total area of 0.8 hectare (32,000 measure-
ments) was surveyed in less than 3 days with the fluxgate grad-
iometer FM36.

The fluxgate gradiometer FM36 may be interfaced to any
notebook computer for transformation of the field data under
the GEOPLOT software package (Geoscan, Bradford). GEO-
PLOT also opens the possibility for advanced data processing
and graphic display as dot density or shading plot with 17 grey
levels. After destaggering and highpass filtering the archaeolog-
ical structures show up rather clearly (Fig. 5) All data process-
ing under GEOPLOT software can be made directly in the field.
For final data processing with digital image techniques in the la-
boratory an ASCII-output composite file is written.

Final processing on the digital image computer in combina-
tion of aerial photographs and ground magnetics was made in
the computer laboratory of the Bavarian State Conservation Of-
fice. This computer system allows the recification by a central
projection, the finite transformation and scaling of oblique and
vertical aerial photographs and the processing of geophysical
data as a digital image with high resolution (1024x1024 pixel
with 256 gray levels). The result of the data or image processing
is viewed on a high resolution screen. The definition of an
graphic overlay allows the interpretation of the archaeological
structures directly on the image computer. The so-called vector
protocol is transfered to a graphic computer and the plan of an
archaeological site can be plotted in several colours representing
several layers of information (Becker 1990, 1991).

Fig. 3. Satellite image from Wadi Markha at a hight of 700 km (Landsat [>

Earth Mapper, processed by R. Blom, Passadena)
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The input image of the vertical aerial photograph series in
scale 1:30,000 was an photographically magnified image of Ha-
gar Yahirr from 1:30,000 to 1:5,000 scale. A test to see if one
could identify house structures in the northwestern area, which
are quite clearly visible at the surface, by digital image and con-
trast enhancement was not successful. But digital image pro-
cessing made possible the scaling of the vertical photograph on
the base of the terrestrial plan of Breton (1994). There were no
problems even in finding enough control points for the compila-
tion of the magnetic survey in the aerial photograph (Fig. 5). On
the other hand there may be some possibilities of image en-
hancement, if one starts from the original film negatives.

The interpretaton of the magnetic prospecting is quite evident:
In the southern area the city wall is clearly visible as a positive
magnetic anomaly, which is caused by the high susceptibility of
the stones. There may be a gate with a pronounced gateway on
the southwestern wall of the Akropolis. The city wall seems to
vanish completely to the west which is possibly caused by a
heavy sail (water flood) in Wadi Markha. But data enhance-
ments by zero line mean procedure, high pass filtering and de-
staggering show up a very faint anomaly in the continuation of
the city wall buried by sand (Fig. 6). High sensitive magnetom-
etry would be needed to clarify this question and to follow the
wall at the western boundary of te city.

Just behind the wall a building was identified about 30 x 20 m
wide with limestone walls (negative alignments) and burnt mud-
or schist/metamorphic-walls (positive alignments). Another
very big building (40 x 60 m) with many rooms, doorways and
courtyards is situated in the northern part of the test area. The re-
mains of this building were highly burnt in a conflagration. The
whole area at the surface has a red colour caused by the burnt
mud; there are also many burnt fragments of carved limestone
found at the surface. Probably this area represents a “temple” or
“palace” site inside the “Temenos/Akropolis”.

The result of the test for magnetic prospecting is very evident:
By means of this method it would be possible to derive the com-
plete and detailed city plan of Hagar Yahirr. But the results
would be much better by using the high sensitive caesium mag-
netometer, which could cover a large area in short time. Many
house structures at the surface could be mapped in combination
by low altitude-, balloon- or kite-borne photography with sig-
naled control points on the ground for rectification and scaling
of oblique views.

Fig. 7a. Hagar Yahirr 11/1995. Section of the magnetogram as digital
image with caesium magnetometer CS2/MEP720, sensitivity 0.001 nT,
duo-sensor configuration, raster 0.5/0.25 m, dynamics -10.0/+10.0 nT
in 256 graylevels (black/white), 20 m grid, North upwards

Fig. 7b. Hagar Yahirr 11/1995. Same as Fig. 7a, but highpass filtering
5 x 5 pixel, dynamics -3.5/+3.5 nT
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Magnetic prospecting with caesium magnetometer
CS2/MEP720 with duo-sensors

In November 1995 the planned magnetic prospecting with
CS2/MEP720 caesium magnetometer system was made in Ha-
gar Yahirr with the assistance of J. Fassbinder in continuation
and in the same grid of a first test with fluxgate magnetometer
FM36 in January 1995 (Fig. 1). An area of 4 hectare (40,000
sqm = 320,000 measurements) was measured in the standard
technique, but the sensors had to be tilted to 45°. This area cov-
ers the whole of the so-called upper city of Hagar Yahirr and
some parts of the lower city (Fig. 7a, 7b). The results of magnet-
ic prospecting are excellent and show an almost complete plan
of the architecture of the city. The good results are due to the
ideal magnetization process in Hagar Yahirr by the conflagration
of the whole city.

Further magnetic prospection of the whole area inside the city
wall of Hagar Yahirr is highly recommended before first archae-
ological excavation will be start. There is strong evidence, that
the complete plan of the burnt city can be derived only by mag-
netic prospection in 1 or 2 campaigns of 10—14 days together. By
field walking in the direct vicinity of Hagar Yahirr a large outer
city possibly of the same age was found which was not burnt
down.

Unfortunately in 1997 an archaeological excavation started at
Hagar Yahirr before the next prospection campaign. It was only
after the second day that this excavation was stopped by the Bed-
ouins with guns. Any further attemps to reach Hagar Yahirr
again for the continuation of the prospection in 1997 and 1998
were not successful because of the Bedouins. The last trial for
reaching the site for finishing the survey in February 1998 was
defeated by arms.
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to loose archaeological structure directly orientated in the line.
Many anomalies due to the nearby traffic on the Via Ostiense
could not be corrected by this method and remained in the data.
This correction could only be done by mounting the fifth mag-
netometer on the chariot too, but then it would be to heavy for
the rough conditions on the field in Ostia. A compromise con-
cerning spacial resolution, sensitivity and speed had to be made
for the speed firstly regarding the huge area. In a last step
(JOIN4 software) the two double tracks were brought together to
a 80 x 160 m matrix (spacial resolution 0.25/0.5 m) for a 40 m
grid. Geoplot V2.0 software (Geoscan, Bradford) was applied
for additional corrections (edge matching and desloping) and
first visualization of the magnetograms (only up to four 40 m
grids at once). Final data processing and visualization was done
by SURFERS6 (Golden Software, USA) and OPTIMASG6 (USA)
digital image processing. Prints with high resolution inkjet
printers were made the first time (Fig. 3a, 3b), but they can not
achieve the quality of the monitor photography by medium size
cameras (Hasselblad 6x6 with 150 mm lenses) (Fig. 4).

The interpretation of the archaeological structures in the mag-
netograms are in some parts very simple and clear, but in others
rather problematic possibly caused by the multi layer structure
of many building phases of this important city over many centu-
ries. The peculiar wide positive/negative anomalies (black/white
stripes in the magnetogram Fig. 3a) are geologically caused by
the shore lines of the Tiber delta with a concentration of geolog-
ical magnetite due to the wash of the waves. Their effect can be
slightly improved by highpass filtering of the data (Fig. 3b). But
there are also many archaeological structures to be seen in the
magnetograms. Very dominant shows traces of the Via del Sab-
azeo (from north to south) possibly due to a channel made by
baked bricks in the underground (cloaca maxima), but there are
also some other streets visible in the magnetogram by the high-
ly magnetized pavement with basaltic rocks. The Late Republi-
can city wall is drawn only by a narrow line corresponding to the
little width of the wall, which was made in opus quasi reticula-
tum technique. But if one looks at a very oblique angle exactly
in the direction of the wall (in Fig. 3a, 3b in 297° from the cen-
tre of the gate of Via del Sabazeo to the west = left) is to be de-
fined as a very clear black line (positive magnetic anomaly
caused by the building mode as opus quasi reticulatum made

from volcanic tuff). Outside of this southeastern part of the city
wall there was found a road leading from the porta secondaria
directly to the Via del Sabazeo. To the west this road seems to be
a bypassing route directly to the Via Laurentina. Adjacent on the
outside there is a row of rather early burial monuments. In the in-
terior area of the city there a several buildings arranged in a in-
sulae.

The most significant discovery in 1996 was a early christian
basilica, which may be the basilica of Constantinus 1., the Great,
also mentioned in the liber potificalis in the vatican, which is
clearly visible in the corner at the gate of the Via del Sabazeo and
the city wall to the south. The overall dimension reaching near-
ly 90 m in length provides strong evidence having found the ba-
silica of Constantinus I. indeed. This nearly eastwest oriented
building consists of three arches with a apsis, but without the lat-
eral hall. The part of the basilica adjactent to the Via del Saba-
zeo is not clearly visible, but west to the main building there is
clearly visible the atrium. At the southern side of the atrium
there may be a round building with 9.0 m diameter, which could
be a baptisterium. Also clearly visible is another older building
underneath the basilica which may be leveled for the founda-
tions of the basilica. In the meantime this interpretation of hav-
ing discovered the basilica of Constantinus I. was proved by a di-
rected sondage excavation early in 1998.
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Prospection of the Early Islamic residence Rusafat Hisam (Syria)
by Caesium Magnetometry and Resistivity Surveying 1997-1999

Cooperation of Bavarian State Monument Conservation Office,
Department Archaeological Prospection and Aerial Archaeolo-
gy (H. Becker, J. W. E. Fassbinder), Institut fiir Baugeschichte —
Historische Bauforschung Berlin (D. Sack, 1997 and 1998 Uni-
versity of Frankfurt), Institute for Geophysics Ludwig-Maximi-
lians-Universitat Miinchen (H. C. Soffel), Institute for Photo-
grametry Technical University Miinchen (M. Stephani,
1998-1999), German Archaeological Institute Damascus (S.
Freyberger), German Archaeological Institute Madrid (T. Ul-
bert), Department for Geophysics of Damascus University (Far-
is Chouker, Khaldoun Kotaish, Bassam al-Shamali, Nazih Jara-
mani, Dafer Saif).

Around the end of the 5" or beginning of the 6® century the
city Resafa-Sergiupolis had been fortified. The reliquary of Ho-
ly Sergius held in the chappel beside the basilica was not only a
centre for pilgrimage of Christians but also of Muslims. One of
them was Hisam b. Abd al-Malik, who built at the northern side
of the reliquary chappel with an direct entrance to the sanctuary
the Great Mosque. Hisam already as prince loved this place in
the desert, when the valley of the Euphrates became more and
more contaminated by pestilence. It was also here in the desert,
when Hisam got the news of his appointment to be caliph (reign
from 105/724 to 125/743), and he decided to built south of Re-
safa-Sergiupolis his new residence Resafa-Rusafat Hisam,
which became the new name for the city too. In this huge area
(about 3 square kilometres) 1977 a basic survey by fieldwalking
and a topographical survey were made, followed 20 years later
by a first geophysical prospection, which will be described here.
From the first survey in 1977 a rather extensive idea about the
charakter of Hisam’s residence could be drawn as a loose ag-
glomeration of six palaces with farmhouses and public utilities.
The archaeological investigations of the city and the surround-
ing landscape resulted in a rather precise dating of the place by
numismatic evidence from the early Abbasid period to the sec-
ond half of the 8" century (136/753-54 or 146/763-64). This
means that in the seconde quarter of the 8 century there exist-
ed besides the fortified byzantine city, which still was a centre
for pilgrimage until the 13" century, the Islamic residence,
which was never fortified. Nowadays in the whole area of this
residence many relicts of mudbrick-buildings still can be seen
by their sunken walls, which form features like dikes. In the ex-
tremly wet spring in 1997 and 1998 many details of the architec-
ture could be observed as -damp marks on the ground. These
marks were not stable at all and vanished few hours later. There-
fore it was impossible to document these phantom features. But
for some cases when the magnetization contrast of the mudbrick
buildings against their surrounding becomes negligible this
would be the only method of tracing theses houses, because
there is almost no contrast in resistivity too.

After the test measurement in 1997, there were two prospec-
tion campaigns in 1998 and 1999 using the successfully tested
combination of caesium magnetometry and resistivity survey-
ing. In this huge residence area of 3 km® magnetics was applied

for large scale prospection, but resistivity on specific buildings
to learn more about architectural details. All houses and palaces
of the residence were built by sun-dried mudbricks, but with dif-
ferent techniques. But all walls have also a foundation made out
of stone. For these foundations the local anhydrite was used. The
walls of the more important buildings were plastered with stuc-
cowork (also anhydrite). The magnetization contrast was found
to be extremly low being positive for mudbrick wall in their sur-
rounding debris, but also negative for the stone foundations.
These two effects in magnetic contrast can cancel and a structure
becomes non detectable with magnetics even if one could see the
walls at the surface, which may be very frustrating. But there
were also some buildings with burning, which show up in the
magnetogram quite nicely. The situation for resistivity was
found to be little better, but only in a wet ground condition mak-
ing the electrical contact possible and showing a good contrast
for the stone foundations. But also a mudbrick wall in its debris
shows a very slight positive anomaly (better conductivity). This
effect was also given for extreme dryness, because the dense
mudbricks are holding the moisture for a long time. All cam-
pains took place early in the year around Easter, when heavy
rains allow good electrical contact to the ground. It was only in
1999, when it was almost impossible to work with resistivity be-
cause of an extreme aridity (when the sheep are dying resistivi-
ty surveying in the desert becomes impossible). One would wish
an instrument with capacitive coupling to the ground.

This combination of magnetics and resistivity for prospecting
mudbrick architecture in the desert may be demonstrated best
with the complex of palaces III/TV, which was prospected almost
complete in the two days campaign in 1997. The palace IV is al-
so well visible at the surface, so there will be a good possibility
adding the terrain model to the geophysics. The instruments
used for magnetic prospection was the Scintrex SMARTMAG
SM4G-Special with duo-sensor configuration (in 1998 and
1999 two instruments were put into action). For resistivity sur-
vey, which was run by our Syrian colleagues from Damascus
University, a Geoscan RM 15 with twin-electrode was used. Un-
fortunately it was impossible using the multiplexed double-twin
configuration because of the contact problems to the ground.

The question was to decide which non destructive technique
would be suitable for archaeological prospection for mudbrick
architecture. Therefore caesium magnetometry and resistivity
survey were applied on the same area (FP 143), where strong ev-
idence for a palace could be seen on the surface by topographi-
cal reason. It is known, that resistivity survey should be the best
method for prospecting archaeological structures made from
stone, but magnetometry would be about 5 times faster in field-
work. Therefore caesium-magnetometry was covering an area of
more than 1.5 hectares after two days (300,000 measurements
with 0.1/0.5 m intervalls). Resistivity only covered a quarter of
hectare.

A main survey line was chosen from the southeast corner of
the inner wall of the palace IV leading to the southwest corner
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Results: It became evident by this test, that the combination of
magnetometry, resistivity surveying and oblique photogramme-
try will result in a rather detailed plan of the archaeological
structures above and under the surface. With the second cam-
paign in spring 1998 one could establish a complete city map of
the Hellenistic Palmyra as the base for further archaeological ac-
tivities.

In the 1998 campaign caesium magnetometry could be ap-
plied with two complete duo-sensor systems which were operat-
ed by the author and J. Fassbinder. Almost the whole rest of the
Hellenistic city area was prospected from the wadi to the mod-
ern street to the south. There is only a rather small strip left south
of the modern street to the oasis, which should be measured
when the very busy street can be closed for traffic completely.
Another problem for magnetic prospection are myriads of rub-
bish cans left by the nomads on both sides of the modern road.
Neverthless it became almost clear, that caesium magnetometry
is the best method for making the city map of Hellenistic Palmy-
ra. This city is organized by three main streets forming a big >
pointing to the east (Fig. 3). The main axis may be the street par-
allel and very close to the modern asphalt road. The next paral-
lel street to this main axis comes to an dead end on the western
side. There are many narrow lanes between these two streets
showing an almost radial orientation. This secondary street must
have been very active because of numerous houses on both
sides. It looks like a bazaar or working quarter. The houses are
clearly detectable with all rooms, sometimes even with the foun-
dations of columns with an negative magnetization contrast of
the limestone foundation to the cultural debris. Many ovens can
be detected. The other axis to the west shows a different pattern
of buildings which are much bigger in this area. This street par-
allel to the wadi leads to the main necropolis to the west follow-
ing almost the same track which is still used today. In the very
west of the surveyed area the trace of a city wall can be identi-
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fied, which is no longer visible on the surface. Outside this city
wall a very dense clustering of burial monuments is located
which continues to the huge west necropolis, but there are also
some burial monuments inside the city. The most exciting find-
ing may be a huge limestone building in the underground near to
the point of the triangle conjunction of the two main streets, pos-
sibly a hypogaeum some 36 to 52 m in dimension. There is ab-
solutely no trace of this building at the surface, but especially its
western half is clearly to be seen in the magnetogram possibly
due to a rather strong magnetized filling of the excavation for
the subsurface building. This structure was also tested by restis-
tivity surveying which gave almost the same signature of the
huge stone building in the underground. Only 40 m to the east
another underground burial monument was found, but this only
measures 8 to 10 m. Surprisingly the major part of the >-shaped
area between these two streets is completely free of any building
structures except some ovens and some small graves (Fig. 3).
This might have been the caravan site for keeping the cattle or
for living in tents like the nomads or even the people of the city
today.

In late spring 1999 a first archaeological test excavation had
taken place in order to prove the structures in the magnetogram
and their interpretation. As the same grid was used for the exca-
vation the direct comparison between prospection and excava-
tion became possible.
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Magnetometry of a Scythian Settlement in Siberia near Cicah

in the Baraba Steppe 1999

Cooperation of Bavarian State Conservation Office, Department
Archaeological Prospection and Aerial Archaeology (H. Becker,
J. W. E. Fassbinder), German Archaeological Institute (DAI),
Department for Eurasian Studies (H. Parzinger, A. Nagler), Rus-
sian Academy of Sciences, Siberian Branch (V. Molodin).

Introduction

The legendary Scythians, controlling in the first millenium B. C.
the vast steppes of Central Asia, were first described by Herod-
otus (5" century B. C.) as mounted nomads and feared warriors.
This view was only little altered through the times until today.
Even modern archaeology tries to verify this picture from an-
tique times. Archaeological research nowadays is still consider-
ing the Scythians as nomads and concentrates mainly on the in-
vestigation of their burial buildings — so called kurgans — and on
their admirable craftmenship and art style especially for metal
work. Although one would think that these capabilities, the or-
ganisation and management of numerous people for construct-
ing the huge kurgans, and the highly developed art style in met-
al work are not likely for people living in the saddle. But the idea
of searching for permanent habitations or settlements of the
Scythians still would cause a mild smile by most scholars in the
field of Central Eurasian archaeology.

In the course of a joint project the Russian colleagues offered
the opportunity for investigating a small fortified settlement of
the Scythians which was recently discovered in the Baraba
steppe south of Barabinsk in Southern Siberia near Cicah. Trial
trenches excavated by the Russian archaeologists unearthed a
grubenhaus inside a rather small ditched enclosure at the steep
shore of a lake. Dating by typological reasons of the ceramics in-
dicates a narrow spectrum in the 8" and the 7" century B. C.,
which would be clearly Scythian period. It seems rather aston-
ishing that there are still archaeological structures from the late
Bronze Age or the Early Iron Age visible on the surface and well
preserved, but the steppe seems to be almost Tesistant against
erosion (Fig. 1).

In preparation of the planned excavation of the site at a bigger
scale in 2000 the Department for Archaeological Prospection
and Aerial Archaeology of the Bavarian State Conservation Of-
fice was asked for a geophysical prospection measurement in
1999.The Scythian site of Cicah, partly ploughed in the sur-
rounding area, was also surveyed by field walking through our
Russian archaeologist colleagues under Marina Chemyakina
from the Siberian Academy, which resulted in a vast distribution
of ceramics, stone tools and slags far beyond the ditched site vis-
ible on the surface. On the base of this distribution a 40 m grid
over 400 x 120 m, laterly enlarged to 400 x 200 m (8 hectare)
covering the whole area was topographically surveyed and
marked by wooden pegs.
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Instruments

The magnetic prospection took place during three days in June
1999 using a Scintrex Smartmag SM4G-Special caesium mag-
netometer with 10 Picotesla sensitivity at a cycle of up to 0.1
sec. The magnetometer system was run the whole day from
morning till evening by the authors covering the whole area of
the visible ditched settlement and the surrounding area with the
ceramic fragments at an extent of 6 hectare (about 1.5 million
measurements) (Fig. 2). This was only possible by using a non
compensated duo-sensor configuration covering two tracks at
one run. The sensors were configured at 0.5 m horizontal dis-
tance, sampling rate was set to 0.2 sec, which gives at normal
walking speed a spacial resolution of 0.2 x 0.5 m. The distance
control was made manually by switching every 5 m over the 40
m line. The high frequency part of the diurnal variation (natural
micro-pulsations and technical noise) was cancelled by setting a
bandpass filter of 1 Hz in the hardware of the magnetometer pro-
cessor. The slower magnetic changes of the daily variation of the
geomagnetic field was reduced to the mean value of all meas-
ured data of a 40 m line and also to the mean value of all data of
a 40 m grid. All data were interpolated to 25 cm in each direc-
tion and on the line, dependent on the walking speed. All data
were dumped and finally processed on a notebook computer,
which resulted in an almost complete visualization of the meas-
urement in grey shading technique. The fit of adjacent grid sides
were corrected by digital image techniques like edge matching
and desloping, which resulted in a rather smooth image for the
magnetogram even of the raw data (Fig. 3). Highpass filtering
resulted in an even clearer image showing some interior struc-
ture of the grubenhauser like post holes, fireplaces and walls

(Fig. 4).

Fig. 1 (above). Cicah-Siberia 1999. View of the site, on the left there is
still a visible structure with the ditches and the pits of grubenhauser, on
the right the open cornfield covering nearly 80 grubenhauser

Fig. 2 (below). Cicah-Siberia 1999. Magnetogram (detail of Fig. 3) as
digital image with bigger scale. The signature of the interior of the
grubenhauser becomes visible












Results

Russian and German archaeologists, and also the geophysicists
were extremly surprised by the results available in the camp eve-
ry night: In only three days the complete plan of a rather com-
plex fortified settlement consisting of more than hundred gru-
benhauser was established (Fig. 3). The size of the grubenhaus-
er with 8 x 10 m normaly was found to be almost similar to the
houses which were excavated in the trial trenches. The whole
settlement is clearly divided into several sectors by ditches and
palisades, which also show some gates. The houses seem to be
aligned along streets, but these are not visible in the magneto-
gram. Outside (north) of the main ditch of the settlement a se-
ries of smaller houses is aligned, which may be storage houses
or workshops, because of their size.

Considering the different signature of the grubenhauser in the
area of the citadel, where the houses are still open and the
ploughed area of the lower city, where the grubenhauser were
cut in the Siberian loess and are filled by top soil (Chernozem),
the main magnetization might be dominated by the Le Borgne
effect (Le Borgne 1965). Investigations of the magnetic propert-
ies of the soil, which might give an answer about the magnetic
properties of the site are in progress.

The overall setup of this fortified settlement divided by ditch-
es and palisades consists of the “citadel” with a main ditch still
open in the very southern and northern part and situated direct-
ly at the steep shore of the lake and the rather complex “lower
city” which may have developed in several steps over a longer
period. Especially the northern extension of the city bordered by
two palisades rather than a main ditch may have been built in the
final period.

Outside to the external northern gate and oriented to this two
burials appear, which may indicate the necropolis in this direc-
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tion possibly covering the whole area from the settlement to two
great kurgans several hundred meters in the distance, which
are still visible above ground. Further work should concentrate
on the magnetic prospecting of the necropolis, which shows
no more signs at the surface, exept of the mentioned great
kurgans.

But there is no question about the scientific value of this com-
bined prospecting of the site: A well organized fortified settle-
ment with citadel and lower city containing more than hundred
grubenhauser was detected, which opens a new view on the no-
mad people of the steppes living rather in town like settlements
and not only in tents. Further work in surveying, field walking
and magnetic prospecting will change the ideas about the habi-
tation of the nomads. One would even think about great urban
centres of the Scythians in the Central Eurasien steppes.
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