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Abstract To understand the development of prehistorproach towards an efficient documentation of the disap-
cultural and economic activities, archaeologists try p@aring remains of our ancestors.

obtain as much relevant information as possible. For this

purpose, large numbers of similar sites must be identi-

fied, usually by non-destructive prospection metholistroduction

such as aerial photography and geophysical prospection.

Aerial archaeology is most effective in locating sites ardchaeologists are often asked: How do you know where
the use of digital photogrammetry provides maps with excavate? Archaeological intuition or inspiration to-
high accuracy. For geophysical prospection mainly gegether with trial trenches might have been the basis of
magnetic and geoelectrical methods or the ground-peSehliemann’s success at Troy or Carter’s discovery of
trating radar method are used. Near-surface measUng-ank-amun’s grave. Nowadays, to obtain as much rel-
ments of the respective contrasts within physical properant information as possible prior to any cost-effective
ties of the archaeological structures and the surroumadd time-consuming excavation, archaeologists may
ing material allows detailed mapping of the inner struchoose from a wide range of prospection methods devel-
tures of the sites investigated. Applying specially develped during the past few decades (Linington 1970;
oped wheeled instrumentation, high-resolution magrieéesse 1973; Aitken 1974; Scollar 1975; Becker 1978)
tic surveys can be carried out in a standard rasterfaf exploring the landscape for earlier human activity.
0.125<0.5 m covering up to 5 ha per day. Measuremeritke techniques for detecting and mapping invisible ar-
of ground resistivity or radar surveys in a raster of 0.5 draeological structures were initially derived from ex-
0.5x0.05 m, respectively, are used to gain information @orative geophysical prospecting or conventional aerial
archaeological structures and on the main stratigrapbicvey, before becoming a separate archaeological disci-
sequence of sites covering up to 0.5 ha per day. Dateptine (Weymouth 1986; Clark 1990; Neubauer 1990;
intensities of the Earth’s magnetic field, apparent resiSteollar et al. 1990; Becker et al. 1996; Fassbinder and
ivities of the ground or amplitudinal information of radalrlinger 1999). The adopted methods are applied all over
reflections are processed using a digital image proced® world by a few specialized teams. The geophysical
ing technique to visualize the otherwise invisible archdecation and identification of archaeological structures
ological structures or monuments buried in the grourehd monuments is a fascinating field, opening up com-
Archaeological interpretation, in the sense of detectimgletely new possibilities for future archaeological re-
mapping and describing the archaeological structuressésarch. With the most sophisticated systems, a laptop
done using GIS technology by combining all relevanbmputer using image processing in the field is capable
prospection data. As most of the Middle European af-revealing the structure of an archaeological monument
chaeological heritage is under a massive threat of tlethe archaeologist’s eyes just 10 min after finishing the
struction, dramatically accelerated by intensive agrictiieldwork. The following techniques of data processing,
ture or industrial transformation of the landscape, theodelling, combination with additional data and archae-
prospection techniques presented here represent anosgmical interpretation, depict the remains and give an
insight into the living space of our ancestors which is
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Threatened cultural heritage ploughing with heavy machines (Gerstner 1996). Slice
by slice it is worn away by the plough, turned over and
Most of our archaeological heritage is hidden beneakposed on the surface for final destruction. Our obser-
the surface. There are two kinds of remains left by masmations, for example at Asparn (Fig. 1) have shown
those small objects once lost or thrown away and thatiees up to 2 cm thick annually cut away by the plough.
which are vestiges of buildings, fortifications, rural d®n intensively cultivated loess soils, the combination of
industrial installations, roads and so on; generally knowrecipitation, topographic situation, inappropriate crop
as archaeological structures. The latter represent archiatations and soil-specific erosive potential may cause a
ological sites suitable for being prospected by aerial loss of soil cover of up to 3 cm per year. The Middle and
geophysical surveys (Scollar et al. 1990). When such @entral European sites documenting the last 7,500 years
chaeological structures are built, for instance in the cagehuman occupation are under threat of being lost in
of a settlement, the natural soil layers are disturbed jbgt a few decades. Although the threat of irreversible
digging holes, foundations, ditches or pits. At the begidestruction of the major part of the Continental heritage
ning of the Neolithic, man began to disturb nature signié well known within the archaeological community, the
icantly for the first time; land was cleared in forest arichmense speed and scale of the destruction process may
bush for agriculture, houses were built, pits were dug foot register with the next generation of archaeologists
storage, for extracting clay, for waste disposal or fantil it is too late, and will probably not even touch the
burials; ditches and banks were constructed for fortifigaublic consciousness.
tion. Throughout history, men have produced different
structures that after their decay remain as disturbances of
the soil strata or incorporations of either surface or fdrecating and mapping archaeological sites
eign material into the subsoil, and these form the main
part of our Middle European archaeological heritage. The recognition that the hidden archaeological remains
Archaeological sites as settlements usually coweust be identified, interpreted and protected economi-
1-20 ha (Fig. 1) and are mainly recovered by accidamly was and still is a major stimulus to the deve-
during modern earthworks due to building activities ¢epment of non-destructive archaeological prospection
consolidation of farmland, or are detected from the ainethods (Pollard 1994). Aerial archaeology, systemati-
The aerial evidence for nearly all these sites shows a drally applied since the late 1920s, is the most effective
matically increasing rate of destruction. The buried hemethod for locating archaeological sites or monuments.
tage is removed centimetre by centimetre by differefiie high viewpoint allows the perception of archaeolog-
kinds of erosive processes. In areas under intensive aiga} structures visible due to their specific physical prop-
cultural use, the erosive processes are acceleratedefbigs as soil marks, moisture marks or crop marks. In

Fig. 1 Aerial photograph (Frei-
gabenr. 13086/30-1-6/82) and
digital image representation of
the magnetic survey of the
multiphase site Asparn a.d.
Zaya, Lower Austria. Theen-
tral area is fortified by an oval
and a trapezoidal ditch system.
The fortified site is dated to the
Early Neolithic (5200-4950 BC)
and spreads over 20 ha. In the
north-east another settlement
from the 2nd—3rd century was
recovered by the magnetic sur- |
vey. The site has already suf-
fered serious destruction by
erosive processes visible the
light areasin the aerial photo-
graph. The soil horizon se-
guence in this area is Ap—C
parent loess, indicating the
complete loss of soil cover
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the case of still existing above-surface irregularities, theymped caesium magnetometers (Scollar et al. 1990)
clearly appear as shadow marks in the morning or ealoews high resolution measurements and interpretations
ning sun; thermal properties may produce frost or snawthe sense of effective and accurate mapping of archae-
marks. Most European aerial archives store thousandslofjically relevant structures ranging up to 5 ha daily.
photographs, documenting the detected sites. However,
if aerial photographs are used solely for site localization
a good deal of the photograph’s information is wastdlagnetic properties of archaeological structures
By applying analytical and digital photogrammetry
(Scollar et al. 1990; Becker 1996b; Doneus 1996) the &kagnetic locating of archaeological structures is
isting aerial photographs can thus be further analysedathieved by precise mapping of local anomalies in the
produce precise maps of the visible features or to creBtth’s magnetic field with high-resolution field magne-
rectified photo maps (orthophotos). Three-dimensiortameters (Scollar et al. 1990). The anomalous intensities
descriptions of the archaeological features as well aspodduced by archaeological structures, such as refilled
the terrain under investigation are digitized from vertictrtification ditches, storage pits, and postholes of wood-
stereo-pairs or from digitally rectified oblique photoen prehistoric houses, typically range over around
graphs. Using these techniques, aerial archaeology is&t10 nT for earthen features once dug into the subsoil.
only able to search landscapes for sites, but also to ri&ese relatively slight deviations from the main field in-
the visible inner structures of an archaeological site widnsity of about 48,000 nT in our latitude are due to ac-
high accuracy to at least 0.25 m (Doneus 1995; Doneasding magnetization contrasts between the archaeolog-
and Neubauer 1997). ical structure and the undisturbed subsoil. Fireplaces,
More detailed mapping of the inner structures of tiearths or kilns may produce stronger anomalies (e.g. up
located sites is the domain of geophysical prospecting,100 nT) for strongly magnetized pottery kilns due to
the use of non-destructive magnetic, electrical, electtbermoremanence. The iron compounds initially present
magnetic, seismic, thermal, gravimetric or radiometric the clay used for the construction of the kiln have ran-
methods, all specially adapted for archaeological usemly oriented magnetic domains, producing little net
The detection of archaeological structures by these higlffect. With burning, demagnetization occurs at the
ly ingenious techniques is based on the near-surf&sgrie point and on cooling the iron oxides in the baked
measurement of contrasts in the properties of the mateldy are remagnetized, ending up in a permanent magne-
als forming the respective archaeological structures drmhtion aligned with the geomagnetic field at the time of
those of their surrounding environment (e.g. a wall the firing. Stones and soils can also acquire a thermore-
humic soil). The experience and developments of the laginent magnetization if their magnetic mineral content
40 years have proved magnetic and electrical methodsreasonably high and the net effect has not been ran-
and more recently ground-penetrating radar, to be th@mized by later disturbances.
most suitable for standard archaeological applicationsRemanent magnetization is just one source of the
(Clark 1990; Neubauer 1990; Scollar et al. 1990; Beckaagnetic detectability of archaeological features. The
et al. 1996; Conyers and Goodman 1997) whereas thieer is the effect of induced magnetization due to mag-
other methods mentioned may provide important addietically susceptible materials. It was first shown by Le
tional information on specific problems. The grounBorgne (1955, 1965) that topsoils have higher magnetic
measurements are normally taken by automatic abceptibility than subsoils, and that on archaeological
wheeled devices in specific configurations in a raster sifes susceptibility is markedly enhanced. The suscepti-
0.5 m or less. The registered magnetic intensities or apity of soils is dependent on the content of iron com-
parent resistivities of the investigated subsurface are pounds, mainly ferrimagnetic magnetite {Bg), mag-
sualized and processed as digital images (Becker 198emite y-Fe,O5) and haematitea(Fe,O;). Based on Le
Scollar et al. 1990; Becker et al. 1996; Neubauer et Bbrgne’s work and further investigations by Mullins
1996) making the otherwise invisible structures ‘visibl€1974) and Graham et al. (1976), the hypothesis was in-
again. troduced to archaeological literature that enhanced sus-
Archaeological magnetometry is the best establishegptibility on anthropogenic-influenced soils is mainly
and most widely used geophysical prospection techniglee to firing and subsequent conversion of weakly mag-
(Clark 1990; Neubauer 1990; Scollar et al. 1990; Becksstic haematite by reduction to magnetite and following
et al. 1996), based upon a passive measurement of th@xidation to maghaemite. Another incompletely ex-
tensity of the Earth’s magnetic field. Its beginning date$ained theory suggests an influence of fermentation pro-
back to 1958 (Aitken 1958) and it has been under ragigsses on the conversion of weak to stronger magnetic
and continuous development during the last 40 yeamsnerals subsequently dispersed on the topsoil of archae-
now offering the possibility of rapid coverage of extervlogical sites. Thus, as any archaeological structure once
ded archaeological sites with resolution down ftug into the subsoil is normally refilled with topsoil of
0.5x0.125 m and with pico Tesla sensitivity (Beckdnigher magnetic susceptibility it produces an induced
1995; Neubauer et al. 1996, 2001). The instrumentatipositive magnetic signal. On the other hand, any struc-
available at the Bayerisches Landesamt fir Denkmtlres made from weakly or non-magnetic material, such
pflege and the University of Vienna based on opticalas walls, floors, streets or roads, situated in high suscep-
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tibility topsoils, are detectable as slight negative anonthat sensitivities of 1 nT and a spatial resolution of 1 m
lies. is suitable for producing a magnetic overview of a site
Surveying Early and Middle Neolithic sites in BavarBecker 1979; Neubauer 1990). Nevertheless, excava-
ia and Austria on low susceptibility loessic soils showeidns of prospected sites showed that it is not possible to
the traces of wooden palisades and even single posthditect small features with weak anomalies (0.1-0.5 nT)
with intensities of 0.1-0.3 nT; anomalies only prospectas these are masked by the traces of wooden palisades or
ble with the highest resolution magnetometers. Invegtistholes using such instrumentation (Trnka 1991). Be-
gating excavated structures showed ferrimagnetic ircause of the rapid and extensive destruction of the sites,
compounds, especially magnetite of small grain size aswmmonly covering many hectares, both apparatus and
of biogenic origin (Fassbinder et al. 1990; Fasshindechniques had to be developed so that precise high-reso-
and Stanjek 1993). As shown by Fassbinder, these lat®on measurements could be carried out in an appropri-
fossils of magnetotactic bacteria in different states affe timescale. Austrian archaeology took the chance to
preservation (Fassbinder 1994). These magnetotadtitize the high sensitivity of the first portable caesium
bacteria are thought to find their environment during tigeadiometer delivered in Europe, formerly used for lo-
decay of materials (e.g. wood), thus after marking thating a new magnetic observatory (Melichar 1990).
former posts with magnetic crystals once intracellular§imilar optically pumped alkali vapour magnetometers
aligned in chains, forming the so-called magnetosom@&collar et al. 1990) at the Bayerisches Landesamt fur
used by the bacteria for orientation in the Earth’s magenkmalpflege at Munich showed the necessity of auto-
netic field. These crystals, mainly magnetite, are of vemated wheeled devices for prospecting the Middle Euro-
high susceptibility, especially as very small grains hapean archaeological remains (Becker 1996a).
only one magnetic domain. Such single-domain magne-The Archeo Prospections magnetic scanning systems
tite may be the most important source for the enhanakleloped and used in Austria for more than 10 years are
magnetization of the traces of wooden posts or beam®unted on two completely non-magnetic wooden hand-
Dispersion of these grains may be the source of the earts (Neubauer 1990; Neubauer et al. 1996). The latest
hanced susceptibility of the archaeological site itselfesium magnetometer system (MEP7xx series devel-
(Fasshinder and Stanjek 1996). oped by Picodas), in use since 1997 and originally de-
signed for aeromagnetics, was specially modified for ar-
chaeological purposes (Neubauer et al. 2001). The main
Magnetic prospecting cart (Fig. 2) carries the caesium sensors which are fixed
for gradiometer array at different heights (e.g. 0.5 and
Preliminary work in the 1980s using portable protoi3.0 m) above the surface. To compensate for the Earth
magnetometers on sites that were mainly situated in toagnetic field’s time-dependent variations, which may
ess with low susceptibilities (about 200-> SI) showed be several nT per minute, the difference in the magnetic

Fig. 2 Left, bottomright Ar-

cheo Prospections multisensor
caesium gradiometer developed
for archaeological prospection
with 1 pico Tesla sensitivity.
Three or four sensors may be
used in parallel mounted in the
wheel’s axis 0.5 m apart at con-
stant sensor height above sur-
face; thus the changing of the
cart’s balance during driving
has no effect on the sensor po-
sition. A telescope pole in the
centre allows variable gradio-
meter arrays by positioning the £ =
reference sensor up to 3 m above:
ground.Top right Ground-pene-
trating radar device used for ar- |
chaeological prospection in
winter 1998 in the Roman town &
Carnuntum. The transmitting &
and the receiving antennae are
mounted in the wooden sledge
and are pulled along the sur-
face. The wheel behind is used
for distance measuring.
Middleright RM15 resistivity
meter in multiprobe array as
used for archaeological pros-
pection
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Fig. 3 Magnetogram and archaeological interpretation map of theatic data correction such as despiking, correction of
multiphase site at Kleinr6tz, Lower Austria. The double ditch bgrid or line shifts is optionally applied (Eder-

system is dated to the Middle Neolithic (4800—4500 BC) and. . .
shows traces of three concentric wooden palisades in the interi Interleltner et al. 1996b). The data are interpolated on

The small circular ditch once enclosed a burial dated by surfd8e@ regular grid of 0.125 m and converted into a 256-
finds to the Hallstatt period (800—600 BC). The burial was protetével greyscale image for display on high-resolution

eﬁ) L?yh?n mOTUr?g g:ilchlrfg?]s :lfi%ymté?gp w;nspﬁtggvgfggoge%bmens. The produced digital image representation or
rpnag%eticgsurvey as ¥he Midd?e Neolithic )éircular ditch systemyw gnetogram is d'SpIaye.d using Standa'fd Image process-
detected by aerial archaeology INg software on a laptop in the field straight after finish-
ing the survey. This kind of non-standard data represen-
tation in geophysical terms provides an easy and com-
field’s total intensity between the two sensor positiomsehensive reception of contrasting physical properties
(e.g. 2.5 m gradient) is measured with a sensitivity of the subsurface, making archaeological sites such as
0.001 nT at a sampling rate of 0.1 s. As the magnetic sijeinrétz visible (Fig. 3).
nal decreases by the third power of distance, the lowerThe site north of Vienna was discovered by aerial ar-
sensors register a stronger signal from near-surface cdiaeology and is a so-called Kreisgrabenanlage (KGA),
chaeological structures than the reference sensor abowe. of the oldest known Middle European monumental
One of the wheels is used for optoelectronic distargiées. The nature of the Middle Neolithic KGA phenome-
measuring. All parts of the sensor cart are constructechohf is still under discussion by archaeologists, palaeo-
either plastic or wood and special care has to be talketronomers and the prospectors involved. KGAs gener-
with regard to possible magnetic contamination of pelly consist of more or less concentric circular ditches
sonnel due to zippers, rivets, jewellery, watches, bekgth at least two entrances, implying a communal area
bras, credit cards or even a cigarette lighter in tle®lated inside wooden palisades. They have no obvious
pocket. Each operator has to be tested to ensure andafiensive function and some meeting-place or ritual role
disturbed survey because even invisible wire netting is- likely (Petrasch 1990; Trnka 1991; Becker 1996c;
side the plastic soles of boots may produce inevitalfledborsk 1999), but it is still too early for a serious hy-
anomalies up to 3 nT. The sensor-carrying cart is c@othesis on the KGA phenomenon. Magnetic prospect-
nected to the processing unit, the data-recording unit angl is one of the most important methods for collecting
the power supply carried by the second cart 20—30more facts on the KGA (Becker 1990b; Melichar and
away. The binary data files store the various data chaleubauer 1993; Neubauer et al. 1997). The magneto-
nels (sensor readouts, distance pulses and time) in Ogtasn of Kleinr6étz (Fig. 3) reveals the monument in all
units each representing one measured rectangle. For ifgrdetails. The double-ditch system measures 105 m in
ther processing, the binary data files stored in time madiameter with four entrances, and two or three concentric
are resampled on a regular grid of 0.2@% m, ultra- traces of wooden palisades are visible. The ditches are
high resolution in geophysical terms. The resulting bina-m wide and, as known from similar excavated monu-
ry data files of the single rectangles are assembled ugimgnts, V-shaped up to 4 m deep. Near this monument a
an image composer developed for caesium magnetosraller circular structure 35 m in diameter was detected,
try (Neubauer et al. 1996). During data processing, aub@longing to an Early Iron Age (Hallstatt period) burial.
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The deceased was buried in a chamber surroundeddbgth. An automatic reconstruction of this depth infor-
stones and covered by a mound with a circular borderimgtion for the whole prospected area in a high spatial
ditch. As the once impressing burial mound is flatteneglsolution of at least 0.5 m in the horizontal plane and
by agricultural use and has disappeared from the surfaté,m in the vertical could be used for detailed interpre-
the last remains of the cemetery are still visible in th&ion as well as for comprehensive 3D visualizations
magnetogram: another burial mound surrounded by(Neubauer and Eder-Hinterleitner 1997). For recon-
ditch lies nearby and dug-in rectangular chambers wétructing ditches, a magnetic subsurface model has to be

burials can be made out all over the site (Fig. 3). built, corresponding to the measured magnetic anoma-
lies.
The developed method (Eder-Hinterleitner et al.
3D-magnetic modelling and reconstruction 1996a) inverts the idea of simulating magnetic anomalies

caused by archaeological structures of arbitrary shape by
The monument at Schletz (Fig. 4), known by aerial a- three-dimensional array of dipole sources (Scollar
chaeology, is another KGA with only one single ditcli.969). The subsurface is magnetically modelled by vari-
Two excavation campaigns in 1985 and 1986 dated thiss types of homogeneous dipole sources of equal size
monument to the Early Middle Neolithic (MBKa; arranged in a 3D regular grid. The different types of di-
4930-4470 BC) but could not determine the exact shauses represent the different magnetic properties of the
of the monument nor the number of entrances (Trnlkgers forming the archaeological structure and the un-
1991). Only magnetic prospection carried out 10 yeatsturbed subsoil. The problem of reconstruction is
later was able to answer these questions. Magnetic ptoseletermine the distribution of the various dipole sour-
pection of such a KGA or of any other archaeologice¢s of the subsurface model to minimize the differen-
ditch produces not only evidence on the shape and tles between the modelled magnetic anomalies and the
width of the ditches but can also be used to estimate the@asured data. This optimization problem is solved

using an iterative random search algorithm called leaped

annealing (Eder-Hinterleitner 1994), derived from simu-

Fig. 4 The magnetogram of the site at Schletz, Lower Austriggted annealing (Kirkpatrick et al. 1983; Romeo and

shows a single circular ditch 44 m in diameter and with two e [y N/ ; oA
trances. The entrances, two 14 m long earthen bridges, are forr%_gcﬁltlglovanm Vincentelli 1991). Although the optimiza

by the ditch, turning at a right angle at this point. In the interio®N Problem has a huge solution space, leaped annealing
palisade and a row of single postholes arranged concentricallyigréast enough to find good solutions using the computa-
detectable. The inner palisade encloses an area of 850 tional power of conventional workstations within a few

already suffered massive destruction by erosion and by the cong&- solved in parallel

idation of farmland some years ad®ft Comparison of the anom- . . .
alies reconstructed by magnetic modelling and the prospectedAfter magnetic prospecting of the Schletz KGA in

anomalies.Right 3D visualization of the ditch interface recon1995, a reconstruction with a simple four-layer magnetic
structed by magnetic modellingop The situation without the gybsurface model was derived (Eder-Hinterleitner and

high susceptibility top layer. This might have been the stage of ge- ;
filing in the Bronze Age (about 2000-1500 BC) as indicated tycuPauer 2001). Each dipole source represents a cube of

finds. At the bottom, the ditch without the filling as it might haveU.5 M and has specific magnetic susceptibility according
looked in the Neolithic to the four layers (topsoil, subsoil, topsoil over ditch,

prospected anomalies | reconstructed anomalies difference
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ditch-filling) each assumed to be homogeneous. Teewith a higher magnetic susceptibility. Thus the mod-
whole subsurface beneath the prospected area is nmald susceptibility of the upper magnetic layer is not
elled with these dipole sources. Although the filling afonstant. It is actually modelled by giving the layer a
the ditch shows remanent magnetization, only inducedximum possible depth and a minimum susceptibility.
magnetism is considered in the model. It is assumed thhe susceptibility of the upper magnetic layer is then in-
the field vector of the ditch anomaly has the same direceased by twice as much again within the thickness of
tion as the field vector of the Earth’s magnetic field aride layer. This model is able to adapt to different refilling
therefore the remanent magnetization of the ditch aad preservation conditions occurring in a circular ditch
modelled by a higher magnetic susceptibility. The recoon hilly topography. The resulting optimized subsurface
struction method starts with a classification of the prerodel is used for 2D and 3D visualization of the ditch,
processed data. The probability for each data value to @presenting the reconstructed interface between ditch
tually originate from modern sources, such as ferrous fiting and subsoil (Fig. 4). The reconstructed ditches can
ter on the surface, is computed and integrated into theintersected with the digital terrain model and mapped
optimization problem. This classification is necessatipcluding the reconstruction of palisades based on exca-
because these disturbing anomalies may be much stroragion results. An animation of this scenario provides
er than the anomalies of the archaeologically relevam@w and spectacular insights into a KGA (Doneus and
structures. Data points with probabilities of 1, e.g. markeubauer 1997; Doneus et al. 1997) and might be a
ing iron litter, are not considered for modelling. The firgtelpful tool in exploring the monument. The visualiza-
step in reconstruction is used to determine the coursdiofh of the upper layer represents the state of the monu-
the ditch and a rough estimation of its depth. Preliminanent before final refilling by slow erosive processes. As
information about the expected shape can be integrateel interface marking these two sediment zones is ar-
during the second step when the structures detectedhneologically relevant, its three-dimensional visualiza-
the first step and a modelling of the expected typical en is of archaeological interest. The reconstructed
shape of the ditch section are used to reconstruct the thackness of the upper layer may also be an indicator
sition, depth and shape on a increased depth resolufmmthe state of preservation of the monument (Eder-
of 0.1 m. Hinterleitner and Neubauer 2001).

Because there were no magnetic analyses of the sedi-
ments carried out in the prior excavations at Schletz
their magnetic properties had to be estimated. The re&léctrical properties of archaeological structures
of the first reconstruction was already useful but still not
completely satisfactory. The reconstructed depth at tBkectrical locating of archaeological structures is mainly
location of the excavation in 1986 was not deep enoutdne by mapping contrasts in apparent resistivity of the
while other locations were reconstructed unrealisticabybsurface (Clark 1990). The electrical conductivity or its
deep. The conclusion was that the magnetic propertiesnoerse the resistivity of the ground is electrolytic, based
the several layers of the ditch filling varied very stronglyn the displacement of ions in interstitial water. It is there-
due to the complicated refilling processes and that fleee dependent on the presence of water and dissolved
simple model that we used was not realistic enough &alts. Being dependent on the mobility of ions, their size,
the whole monument. More information about the mageil porosity and temperature are equally of paramount
netic properties of the ditch filling had to be includeidnportance. As a consequence, climatic factors, especially
and therefore we decided to carry out another excavatiaimfall and temperature, play a fundamental role for vari-
to get samples of the filling. Susceptibility measur@tion of the resistivity of the uppermost soil layers (Scollar
ments and sediment analysis of the uncovered layerebéal. 1990). The apparent resis-tivities of a specific vol-
the filling showed the clayey uppermost layer to be thiene of various soil and rock materials show large differ-
main magnetic structure, accumulated by eroded Nemces and variations. Clayey or humic layers are normally
lithic topsoil washed into the final slight depression a@ff low resistivity (10-100Qm) whereas stones, sand or
the already almost refilled ditch. The thickness and tgeavel show high resistivities of 100-1,000n. Because
magnetization of the upper magnetic layer, strongly iaf corresponding contrasts, resistivity measurements are
fluenced by the refilling process of the ditch in the paaih important tool for locating stony archaeological struc-
and by the present state of preservation of the motwres as walls, floors or roads as well as refilled ditches or
ment, is decisive for the strength of the magnetic anonpits dug into bedrock. Weak contrasts are developed by
ly due to its higher magnetization and its shorter distargiés or ditches dug into loess or sand and refilled with sim-
to the measuring sensors. ilar materials and these are normally not prospectable by

To modify the subsurface model, a new ditch fillingesistivity mapping.
layer with high magnetic susceptibility is added which
can vary in thickness independently of the depth of the
reconstructed ditch. For the new model, again built wiResistivity mapping
dipole sources, the ditch filling was split into two differ-
ent layers; the lower magnetic layer with a low and coRer resistivity mapping, electrodes or probes have to be
stant magnetic susceptibility and the upper magnetic layserted a few centimeters into the ground and the appar-
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Carnuntum

Fig. 5 Aerial photograph (Freigabenr. 13088/15-1.4-99) of thgation depends on the probes’ separation, thus enlarging
C|V|I town of the Roman Carnuntum Comb|ned W|th the dlgltal |nthe |nter_probe Separatlon glves hlgher penetratlon depth

age representations of the resistivity mappireft)(and the mag-
netic surveysrfght) outlining the town'’s layout. The large build-The systems are fully automated and connected to a da-

ing complex visible in the resistivity mapping could be identifiet-logger. Specific multiplexers allow switching of
as to be the southern part of the forum sought for over 100 yeanslti-probe arrays on the frame for speeding up the sur-

and discovered by prospection in 1996. The monumental buildi and working with different penetration depths at the
are facing to the open square of the forum. The already excav%t?ﬁ]e time (Walker 2000)

monumental bath visible in the aerial photograph is situated no . T L .
of the forum A typical application, resistivity surveying at Car-

nuntum, a well-known Roman town east of Vienna,

yielded a detailed insight into the town’s layout (Fig. 5)
ent resistivity of a specific subsurface volume is me@eubauer and Eder-Hinterleitner 1998). The street plan
sured. To overcome the contact resistance, four electrederegular, forming blocks of various shapes and sizes.
configurations are in use (Scollar 1959; Atkinson 196&; main street enters the town from the south after pass-
Scollar et al. 1990). An alternating current is passad) one of the town’s gates. The various blocks, or insu-
through two electrodes (CC,) and the resulting poten-lae, are divided by streets and pathways. They show dif-
tial gradient in the ground is sampled between two othéesent states of preservation. An extremely large building
(P, P,). The apparent resistance, the ratio of applied capmplex giving onto an open square dominates the digi-
rent and measured potential difference, is normally meal image. Its dimensions and the symmetrical layout in-
sured in a 0.5- or 1-m grid with various electrode confidicate that it is a typical communal building of the civil
urations (Wenner, Double Dipole, Square) and with dibwn. The square is 50 m wide, the full length is still un-
ferent instrumentation. Specially developed systems farown but 45 m is already uncovered. This insula with
archaeological applications are the RM15 resistivity ménre open square might end in front of the main road, the
ters from Geoscan (Fig. 2) working with a twin electroddecumanus maximus’ opposite the already excavated
configuration (Clark 1990). Two pairs (C, P) of curremhonumental bath. The eastern and western sides of the
and potential electrodes are separated at least 30 tiogsn square are formed by halls. The now recovered
their individual spacing of 0.5 or 1 m. As one of the twegquare with monumental buildings to the north and the
pairs is placed in fixed position, the other pair, mounteduth might be the ‘forum’ so far undiscovered and
on a frame, is moved over the grid. The depth of investbught for over 100 years. It was further investigated by
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a detailed ground-penetrating radar survey (Neubaeeergy is transmitted from an antenna placed on the
et al. 1998). ground. On its way through the subsurface, portions of
the resulting wave of electromagnetic energy are reflect-
ed by layer interfaces, buried bodies or objects, while the
Ground-penetrating radar survey rest is propagating downward. By measuring the time
elapsed between transmission, reflection and reception
The ground-penetrating radar (GPR) method is basedback at a receiving radar antenna on the surface, the
the transmission of high-frequency (100-1,000 MH=shape of interfaces and the location of buried archaeo-
electromagnetic radio pulses into the ground (Lorkagical structures can be surveyed. The propagation ve-
1996; Conyers and Goodman 1997). A pulse of radacity of radar waves in the ground and the reflectivity
depend on various factors, the most important being the
electrical properties of the materials passed through. Re-
Fig. 6 Top Depth slices of the ground-penetrating radar data Bections occur at interfaces of archaeological structures
the southern part of the forum of the civil town of Carnuntum. Tior layers with contrasting physical properties and are re-
images show the summarized amplitudinal information of the fgorded as the two-way travel time and the amplitude and

flected radar waves for slices 20 cm thi@attom Virtual recon- :
struction of the forum and the so far prospected part of the cmpvelength of the reflected radar waves derived from the

town based on the archaeological interpretation of the combirig@nsmitted pulses. The data are normally collected in
prospection data 0.05 m steps along lines separated by 0.5 m or less and
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recorded on a laptop field computer as the sender andggsiclusions and outlook
ceiver antennas are being pulled along the surface

(Fig. 2). Thus two-dimensional vertical radar sectio
are collected, which are arranged in a 3D-data block
further processing and visualization.

The monumental building complex at the forum qrﬁ
Carnuntum was surveyed using a 450-MHz anten
which was a good compromise as spatial resolution
about 10 cm and investigation depth was 2—3 m, both
pending mainly on the wavelength (Neubauer et 4
1998). For visualization of GPR reflection data we useg
horizontal time-slices (Goodman et al. 1995; Malagodi S
al. 1996; Nishimura and Goodman 2000). Such a fi
slice is created by summarizing (or averaging) the r
flected energy of the radar waves over a time window
any discrete reading of the measurement grid. The
data block of summarized amplitudes thus created cal
sliced in horizontal, vertical or any desired direction an
thickness. The slices are processed and visualized asg
ital images representing amplitude anomaly maps US&
for subsequent archaeological interpretation. If the pr

nce magnetics, resistivity mapping and GPR are based
different physical properties, they provide comple-
entary information on the archaeological structures. An
tegrated prospection approach combining various
thods will overcome the limitations of the individual
gthods and will produce relevant results in most ar-
aeological contexts. A resistivity survey, as at Car-
antum, points out walls or floors, and in general any
ny features. An additional magnetic survey adds im-
rtant information on pits, ditches, wooden structures,
Bbbed out walls, walls built of bricks, tiles from roofs or
1 hypocausts, the typical Roman floor heating. GPR
veys provide high-resolution depth information and
€ main stratification. To visualize the information con-
s of various surveys in one single image the respec-
e images are mathematically combined (Neubauer and
r-Hinterleitner 1998). Digital image combination fa-
ates correlation of the various data sets and offers
: . : 2w insights for the interpretation process. The combina-
agation velocity of the radar wave is known, the megs, o geophysical data with results from aerial archae-
sured reflection time is used to derive depth. The ogy will provide detailed geophysical windows within
quence of amplitude anomaly maps outlines the locatigh 2o ja| overview of the whole site and the landscape
and the three-dimensional shape of the archaeologi bS- 1, 5), thus giving a comprehensive impression of a
structures in the subsurface (Fig. 6). For easier und 6numént'(Becker 1990a. 1996b: Doneus and Neubauer
standing of the information content of the data block, t 8 8). The combined ima’ges caﬁ reveal new clues to a

series of images can be animated or viewed using Virtiigl.g interpretation. With the overview and detailed in-

reality techniques. ; L .
Considering the results of the GPR survey, the Iar?é&nsggpe;;h&ncddr:]réeclsggrésr more easily understandable

building complex with symmetrical layout covering an : : T .
area of over 3,000 Awith walls of up to 1.5 m thickness The various methods of visualization and data treat

X et ) . nt aim to present the raw data in various images ready
gives the possibility to deduce a 3D interpretation mo . . . : :
(Fig. 6). The northern part of the building could t)Cgsefearchaeologlcal interpretation. Any image might be

hed f the | f the f b n as a georeferenced informative layer bearing geo-
reached from the lower open squaré ot the forum yg phical and archaeological information. By interacti-

monumental staircase and shows three large halls - ; ;
150 n?. One of these halls has an ‘apsis’, the Conﬁi outlining the archaeologically relevant anomalies

di 0 th ‘i inped with h sing GIS technology, archaeologists are provided with
sponding room 1o the €ast IS equipped with NyPOCaUSR, 5cc yrate map (Fig. 3) of the respective site (Neubauer

probably being the ‘curia’, the meeting hall of the city; 5| "1 996 Gaffney et al. 2000). The archaeological
council. In the southern part small rooms partly COGg oy res are drawn on different thematic layers and

structed V\r’]'ﬂgj tc):el![ars f;“.e flanked dby ‘COI’I’tI'dOI’S’.f The Qch feature is described in an attributable database, al-
Were reached by two staircases and a ‘porticus 1rom aginq fyrther archaeological analysis, such as intrasite
south. The halls lining the forum with a porticus eac

. L atial analysis. Archaeological interpretation in terms of
presumably housed shops (tabernae) with cellars. BelgWe ting  precise mapping and describing archaeologi-
the floor level of the building two channels/drains lea ally rele1vant features is a dynamic process based on
ing to the river Danube were traced. Beside these ImpQfaniai comparison of the detected features with known
tant features, information about depth of founda‘uor‘;ss[ructures driven by archaeological feedback
filling layers and plastering, as well as the height of the To document the rapid destruction of the various ar-

rema{ni?g wgllst?]ndfthe F(Jjositionl of ‘r']"a” detl)(rjisbanc(jj ﬂ3:‘f"1aeo|ogical sites detected by aerial archaeology, period-
penetration depth ol modern ploughs, cou e do H'geophysical remeasurements are planned. Non-inva-

mented and used for virtual reconstruction of the prqg; o repeated surveys and inverse modelling permit esti-

pected part of the Roman town (Fig. 6). Further progiion"of the threat of destruction and the time left to
pection of the civil town as well as the analysis of t

) . . ; r‘iﬁ1dertake archaeological rescue excavations, to docu-
town’s layout in comparison with excavated SUCIUI&s, ot east the better preserved areas. Excavations are
from similar sites will certainly recover more hithertq.avs coupled with an irreversible destruction of the in-
unknown details. vestigated archaeological structure. It is also the most
expensive method for evaluation of archaeological data.
Therefore it is necessary to try to build and appropriately
visualize a model of a monument including all relevant
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and known information prior to any excavation. HoweBecker H (1990a) Combination of aerial photography with ground
er, the development and use of the best and most sensijnagnetics in digital image processing technique. In: Aerial

: : : : : : photography and geophysical prospection in archaeology:
tive instruments for geophysical prospection is of little proceedings of the 2nd international symposium, vol 2.

use when the methods of interp_retation are not fully de- c|RA-ICL, Brussels, pp 25-35
veloped (Scollar 1969). The rapid development of cofdecker H (1990b) Mittelneolithische Kreisgrabenanlagen in
puter hardware and software brings the possibility of 3D Niederbayern und ihre Interpretation auf Grund von Luftbil-

; At ; ; ; : dern und Bodenmagnetik. Vortrdge des 8. Niederbayerischen
visualization and interpretation of aerial evidence closer. Archéologentages:139-176

Geophysical prospection data offer the possibility of rgacker H (1995) From nanotesla to picotesla — a new window for
construction by inverse modelling. There is still a lot of magnetic prospecting in archaeology. Archaeol Prospect

work to be done developing archaeological interpretation 2:217-228

iti ecker H (1996a) Die magnetische Prospektion. Arbeitshefte
tools based on GIS technology for exploiting all the dB Bayerischen L andesamtes Denkmalpflege 59:73-76

tails prov_ided by pros'pection. Thg interpretation of afxcyer H (1996b) Kombination von Luftbild mit Geophysik in
chaeological prospection data in its best sense must bejigitaler Bildverarbeitung. Arbeitshefte Bayerischen Landes-
seen as a dynamic process and, in contrast to excavatiorgmtes Denkmalpflege 59:77-81

is a repeatable and non-destructive evaluation of arch@sker H (1996¢) Kultplatze, Sonnentempel und Kalenderbauten

: : : : . . aus dem 5 Jahrtausend vor Chr. — die mittelneolithischen
ological information. These buried remains comprise the Kreisanlagen in Niederbayem. Arbeitshefte Bayerischen

library of the unwritten history of mankind. But, as al- | andesamtes Denkmalpflege 59:101-122
ready pointed out, one book after another is in dangemBetker H, et al (1996) Arch&ologische Prospektion. Luft-
being lost. The rapid and efficient prospection methods bildarchéaologie und Geophysik. Arbeitshefte Bayerischen

andesamtes Denkmalpflege 59:1
presented so far would be able to document at least s A (1990) Seeing beneath the soil: prospecting methods in

examples. However, the final decisions in archaeological 5rchaeology. Batsford, London
research policy regarding a wider application of higlconyers LB, Goodman D (1997) Ground-penetrating radar: an in-
resolution geophysical prospection to document threat- troduction for archaeologists. Altamira, Walnut Creek, Calif.

; ; eus M (1995) Luftbildarchédologie und Photogrammetrie
ened monuments still have to be made. It is hoped tmg]am Institut far Ur- und Frihgeschichte in Wien. Luftbild-

W'I_l happen before it is too late for ,the majonty of our archologie in Ost- und Mitteleuropa (Aerial Archaeology in
unique Middle European archaeological sites. Eastern and Central Europe). Forsch Archaeol Land Branden-
burg 3
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