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Abstract: Middle Neolithic circular enclosures, known as Kreisgrabenanlage (KGA), are the oldest
known monumental sites in Central Europe, dating roughly to 4850–4600/4500 BC. These large
prehistoric monuments are mainly discovered by aerial archaeology and have been investigated by
geophysical prospection and archaeological excavations since the 1960s. The site of Velm (Lower
Austria) was discovered by aerial photographs in 2001. Due to its unusual location on a flat gravel
plateau, the enclosure has become the object of intensive interdisciplinary research in recent years.
In 2016, two motorized ground-penetrating radar (GPR) surveys were conducted, resulting in a
detailed three-dimensional dataset visualizing the circular ditches, palisades and dwellings of an
adjacent settlement. The high contrast between the gravel sediments and the humic earthen backfill
of the ditches, palisades and individual postholes resulted in a highly detailed visualization of the
Middle Neolithic monument. Based on this survey, selected structures were investigated by targeted
archaeological excavations to evaluate the GPR results and to take samples for radiocarbon dating.
This paper presents a synopsis of all the methods used. An integrated interpretation of aerial photo
information, magnetometry and GPR is conducted, and it is shown to what extent these could be
verified by the targeted archaeological excavation. By a detailed analysis of all applied archaeological
prospection methods, it is now possible to interpret the monument in its entirety and confirm its
dating to the Middle Neolithic Lengyel cultural complex.

Keywords: ground-penetrating radar; geophysical prospection; archaeology; Neolithic monument;
Kreisgrabenanlage; integrated archaeological interpretation

1. Introduction

Neolithic circular ditch enclosures, the oldest known monumental earthworks in
Central Europe, were mainly discovered by aerial archaeology. They have been investi-
gated by geophysical prospection and archaeological excavations since the 1960s [1–10].
Radiocarbon dates from excavated organic material provided the absolute temporal frame,
positioning the sites in the first half of the fifth millennium BC (4850/4800–4650/4550
BC) [2,11,12], conventionally referred to as the Middle Neolithic in the area of distribu-
tion. More than 180 of these enigmatic monuments spread from Hungary via Austria and
Slovakia, the Czech Republic, Germany and Poland. A particularly high concentration
is found on the extensive loess soils of the Austrian Weinviertel (Figures 1 and 2). The
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term Kreisgrabenanlage (KGA) [3,4,9] has emerged as the most common name for these
monuments that occur in different archaeologically defined cultural settings [4]. The typical
form of these monuments consisted of up to five concentric circular ditches with V-shaped
cross-sections and diameters typically ranging from 45 to 180 m, one or more concentric
internal wooden palisades and at least two opposed entrances. Their architectural design
can be reconstructed only from the refilled massive circular ditches and holes and narrow
ditches dug into the ground as a foundation for massive internal timber posts and rings
of timber palisades restricting the view from the outside [13] (Figure 3). They are often
associated with contemporary settlements which tend to be located nearby the outermost
ditch. As such, these monuments appear to have played an integral role as central places,
but with no obvious defensive function. Various hypotheses have been proposed about the
use of this space and the function of monuments [3,14], but no comprehensive scientific
conclusion has been reached so far.
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area in relation to the archaeologically defined cultural groups (LBI ArchPro).

The monuments were probably associated with ritual and festive events. Deliberate
astronomical orientations of the entrances have been discussed and interpreted to suggest
that the monuments had a calendrical function or might have even been used as astronomi-
cal observatories [15–17]. They might also have been used for the legitimation of cultural
or social patterns through natural phenomena. Their similarity and close contemporaneity
across their distribution are unique in prehistory, perhaps representing the earliest found
trans-cultural tradition of major public rituals, and they are presumed to be part of the
phenomenon of social control, marking the earliest conscious attempt at pan-European
socio-economic and ideological integration. This process, attested by the appearance of the
KGA phenomenon, emerged rapidly and then abruptly ceased throughout Central Europe
in a defined timespan of not more than 200–300 years.

In the rest of this paper, we focus on one example of these KGA monuments: the KGA
site of Velm (Lower Austria), situated approximately 20 km south of Vienna, which was
first documented in spring of 2001 by aerial photographs. The photographs show clear
cropmarks of a triple KGA with three concentric timber palisades. After discovery, the site
was investigated using various magnetic prospection systems. The aerial photographs and
the first magnetograms clearly show that the monument has three massive ditches, which
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have a maximum diameter of 114 m and a width of up to 5.5 m, as well as three palisade
rings, each running concentric to the ditches and adjacent dwellings [5] (p. 360).
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Velm has a special characteristic compared to the many known KGA monuments. In
most monuments with multiple ditches, the palisades are restricted only to the free inner
space, enclosed by the innermost circle ditch. In the case of Velm, however, each of the three
circular ditches shows its own palisade, which in previous monuments was interpreted as
a sign of a temporal sequence of an expanding monument. Its atypical location outside the
loess regions on a gravel plain in close proximity to a meandering river system led to the
assumption that this was not one of the Middle Neolithic monuments.
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Systematic magnetic prospection on several Austrian KGA’s has shown that these
monuments can be explored in detail by high-resolution magnetic field measurements
because the filling layers in the ditches, palisade ditches and postholes have a significantly
higher magnetic susceptibility than the surrounding natural subsoil. The good magnetic
prospectivity is enhanced by the fact that the original chernozems have been affected by
heavy soil erosion due to intensive agricultural use [2]. Many of the KGA sites situated on
slight slopes already show soil erosion down to the parent C horizon, which also explains
their good visibility. Attempts to obtain further information by ground-penetrating radar
(GPR) have shown that the monuments built in loess soils do not form corresponding
contrasts in GPR, which is due to the similar grain sizes, the comparable pore volume and
the very similar water capacity of the fill layers, respectively, compared to the surrounding
natural soil.

The specific location of the KGA Velm on a sand and gravel plain promised favorable
conditions for the application of ground-penetrating radar (Figure 4). The dry weather
conditions in summer 2016 made it possible to conduct successful high-resolution surveys
of the site using two motorized GPR systems [18]. The results of the radar measurements
were extremely surprising. Not only could the ditches of a KGA be resolved in three di-
mensions for the first time, but reflections could also be seen in the palisade ditches as
well as in an adjacent dwelling, which made it possible to identify each single post in the
radargrams [19] (pp. 270–272).
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Figure 4. A photomontage of two aerial photographs from GoogleEarth (04/2018 and 04/2019,
http://www.earth.google.com, accessed on 23 April 2022) showing the Middle Neolithic KGA Velm
(highlighted in red) surrounded by paleomeanders. Nowadays, the regulated course of the nearby
river Kalten Ganges flows in a lowland, only a few meters to the west.

The following section describes the research process, which was designed to investi-
gate these surprising results. Targeted drillings and a subsequent targeted archaeological
excavation were conducted to verify whether the unusual KGA of Velm was in fact a
Middle Neolithic monument, whether the archaeological structures recognized in the radar-
grams could be recovered, and finally, to find an explanation for the unusual appearance of
individual posts in the GPR visualizations.

http://www.earth.google.com
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After a detailed description of the range of methods used during our research, the
results for each method are presented and then synthesized.

2. Materials and Methods
2.1. Aerial Photography

The KGA of Velm was discovered on the 13 June 2001 during an archaeological recon-
naissance flight taking observer-directed oblique aerial photographs (Figure 5). At this time,
conditions were ideal for vegetation marks. As a result, the three ditches of the site with
their accompanying palisade rings and parts of at least two houses of an outlying settlement
appeared as distinct, green, positive vegetation marks against a yellow background of
already ripening cereal plants. While circling around the site, ten photographs were taken
from different observer positions using an analogue medium format camera (Hasselblad)
loaded with slide film. When the images were inventoried into the GIS-based database of
the Aerial Archive of the University of Vienna, it turned out that the site had already been
documented on vertical photographs taken by the aerial reconnaissance of the Austrian
Armed Forces in June 2000. The vertical images were made on black and white film at a
scale of 1:15,000.
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Figure 5. Oblique aerial photograph from June 2001 showing positive vegetation marks of the KGA’s
ditches and palisades as well as remains of at least one building. The Roman numerals refer to
the archaeological interpretation noted in the text. I—the three ditches of the KGA, II—building
(Luftbildarchiv, IUHA, Universität Wien, No.: 0120010603.050).

The vertical image pair had an overlap of 60%, which facilitated a photogrammetric
aerial photo analysis. This was realized in 2004. At that time, both analytical and digital
methods were used. To create a digital terrain model (DTM) of the area, the vertical
stereopair was oriented using the analytical plotter DSR14 (KERN-WILD-LEICA) with
control point information, which had been measured in the field by a total station. The DTM
was measured in the form of a regular raster of 3D terrain points accompanied by 3D break
line information (see also [20]). Both digitized vertical images and oblique photographs
were then orthorectified using ERDAS Imagine Orthobase. The resulting orthophoto has a
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cell size of 0.2 m with a positional accuracy between ±0.25 m (vertical images) and ±0.5 m
(oblique aerial photographs).

2.2. Cesium Gradiometer Magnetometry

The initial magnetic survey was carried out in 2003 using a handheld Archeo Prospections®

multi-sensor cesium-magnetometer device [21] covering an area of 1.87 ha. The survey
was part of a research project for the systematic magnetic prospection of all known Middle
Neolithic KGAs in Austria by the Central Institute for Meteorology and Geodynamics
(ZAMG), in cooperation with the Vienna Institute for Archaeological Science (VIAS) at the
University of Vienna [5]. Five cesium sensors were mounted 0.35 m above ground with a
sensor spacing of 0.5 m on a non-magnetic cart. A reference sensor was placed 2.85 m above
ground above the second sensor. The data were taken at intervals of 0.1 s, with an accuracy
of 0.005 nT, and were resampled on a regular grid of 0.125 m × 0.125 m. The positioning of
the acquired dataset was performed by a terrestrial survey of the grid-corners using a total
station. The data were automatically corrected for systematic and non-systematic errors [22]
and were visualized as digital images, georeferenced and interpreted archaeologically in
the GIS software package ArcView, as described elsewhere [21].

The magnetogram [5] (p. 360) (Figure 6A) is affected by disturbances of numerous
anomalies caused by iron parts in the arable layer, iron fences, a traffic sign and a pipeline
running under the modern road. Extensive geological structures can be seen in the survey
area. The initial interpretation showed that the KGA has a maximum diameter of 114 m,
but only a quarter of it is preserved. The width of the outermost ditch varies between
3 and 5 m. The middle ditch has a maximum diameter of 88 m, and the ditch widths vary
between 3 and 5.5 m. The inner ditch has a maximum diameter of 64 m, and the ditch
widths vary between 2.5 and 5 m. Between the ditches and in the interior, three concentric
palisades with diameters of 106, 80 and 52 m are evident. The three ditches have at least one
continuous entrance to the northeast. Outside the KGA, pit complexes, pits and postholes
are recognizable. The structures cluster in the northeast of the KGA. They were interpreted
as settlement remains that could not be observed in this form in connection to any other
KGA in Austria. Dwellings with dimensions of 8 m × 13 m, 6 m × 11 m and 8 m × 15 m
could be recognized.

2.3. Motorized Fluxgate Gradiometer Magnetometry

In October 2015, a motorized magnetic survey by the Ludwig Boltzmann Institute
for Archaeological Prospection and Virtual Archaeology (LBI ArchPro), using 8 Foerster
FEREX CON650 gradiometer probes with a line-spacing of 25 cm mounted onto a 6 m-long
custom-built measurement cart, was conducted to re-survey the area of the prehistoric
monument. Survey positioning was performed by a base/rover solution (JAVAD Triumph
2) using RTK GNNS correction with an average accuracy of 5 cm. The survey area was
hereby extended to include the closer vicinity of the KGA, focusing on a possible extension
of the already known settlement structures. In total, an area of 14.4 ha was mapped, and the
acquired data were processed in the LBI ArchPro/ZAMG internal software AP-soft [23].

The motorized fluxgate survey mapped almost the same archaeological structures
as the manual cesium magnetometer survey from 2003 (compare Figure 6A,B). The only
recognizable difference lay in the scattered dipole anomalies caused by small iron artifacts.
These objects must have been very shallow within the topsoil and were moved by plowing
during the period between the two surveys.
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values −4 nT to +6 nT). The Roman numerals refer to the archaeological interpretation noted in the
text. I—entrance area to KGA, II—building, III—second building, IV—extraction pits, V—modern
debris, VI—ditch for modern water management.

None of the magnetometer surveys showed the western and southern parts of the
KGA. This might be due to erosion of the upper layers of the ditches by the river Kalter
Gang or could be explained by the groundwater level in the floodplain, which dissolved
the fine-grained magnetic minerals in the ditch fill, thus destroying the magnetization
observed in the more elevated areas adjacent to the floodplain [24] (p. 137). The magnetic
anomalies of the ditches show different levels of magnetization in the ditch fill. For example,
the anomalies at the ditch terminals at the entrance indicate deposits with enhanced
magnetization, suggesting a greater depth of the ditch. Finally, the magnetic data clearly
show a building (Figure 6A,BII) with a typical megaron-like layout, typical for houses of
the Middle Neolithic Lengyel culture, thus indicating contemporaneity with the KGA.
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2.4. Motorized GPR Survey (SPIDAR)

Due to the expected suitable geological conditions, a first GPR survey was conducted
by the LBI ArchPro in July 2016. The freshly harvested field provided perfect conditions
for a motorized survey using a Sensors and Software SPIDAR 500 MHz system towed by
an ATV. The six 500 MHz PulseEkko PRO GPR antenna pairs were mounted with a line-
spacing of 25 cm and produced an inline-measurement every 5 cm, and positioning was
again performed by base/rover solution (JAVAD Triumph 2) with RTK GNNS correction.
During one day of fieldwork, an area of 1.7 ha was covered.

The GPR data were processed with the specialist software ApRadar developed over
the past ten years by the ZAMG and the LBI ArchPro. A standardized GPR pulse velocity
of 10 cm/ns has been assumed, corresponding to a dielectric constant or relative dielectric
permittivity of 10. The following processing steps were applied: position assignment using
a constant time delay to account for the inherent latency of the system, data alignment,
adaptive time-zero correction, frequency band-pass filtering, average trace removal calcu-
lated along 20 m windows, weak stripe removal, inline data binning, grid mapping and
interpolation, trace interpolation along 1 m windows and gain correction. A 2D migration
with a velocity model decreasing from 12 cm/ns at the surface to 10 cm/ns at 40 ns was
applied to focus the scattered energy as well as a Hilbert transformation for the GPR trace
envelope calculation [17].

The visualizations of the GPR survey showed unexpected results. For the first time,
clear indications of the continuation of the palisade constructions to the west and south
became visible even in areas where other archaeological prospection methods were not
able to map these structures. The impressive contrast between the highly reflective geo-
logical background and the absorbing archaeological structures (refilled ditches, palisades,
foundation trenches and even single postholes) revealed detailed 3D information with a
resolution of 25 cm × 5 cm up to a calculated depth of 180 cm (Figure 7A).

The high level of detail and the suitable ground conditions led to the decision to
conduct a second GPR survey with an even higher spatial resolution, using a MIRA system.

2.5. Motorized GPR Survey (MIRA)

This second GPR survey, using a motorized system comprising a 16-channel 400 MHz
MIRA system from Malå, mounted in front of a Kubota mini tractor, was conducted in
September 2016. Due to the diagonally displaced arrangement of the antennas, a measure-
ment resolution of 8 cm × 4 cm was achieved. To ensure that the high-resolution survey
was also correctly georeferenced, positioning was again performed using a basis/rover
solution (JAVAD sigma 3) and RTK GNNS correction with an average accuracy of less than
5 cm.

The surface conditions of the field were again very suitable for the motorized survey
and the weather was very similar to the first GPR survey conducted only a couple of
months earlier. Data quality was also enhanced by soil conditions at the time of survey: a
long dry period was interrupted by a day of heavy rainfall. This meant that after a few days,
the natural drainage of the soil was almost perfect for GPR measurements [25] (p. 218). To
retrieve even more information from the archaeological structures, the orientation of the
survey was turned 90◦. Again, only one day of fieldwork was conducted, resulting in a
surveyed area of 2.6 ha.

The dataset was processed with the same processing steps in the above-mentioned
ApRadar software. As a result, georeferenced grayscale images were produced, represent-
ing calculated depth layer images of 5, 10 and 20 cm in thickness (Figure 7B).
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Figure 7. Comparison of the two GPR surveys at Velm: (A) the motorized GPR survey with a
6-channel Sensors and Software SPIDAR 500 MHz, and (B) the motorized GPR survey with a
16-channel 400 MHz MIRA system from Malå (both showing a calculated depth range of 60 to
120 cm).

2.6. Targeted Percussive Core Drilling

By targeted percussive core drilling, it is possible to gain a microinvasive insight into
the stratigraphic nature of the site. A metal cylinder, driven into the ground, was used to
recover a continuous and as far as possible undisturbed sequence of layers of sediments.
Integrated PVC tubes inside the cylinders were used to store the retrieved samples for
further analysis in a controlled environment. This method allows to drill and study strata
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buried under several meters of sediments, providing information which is not in the range
of other non-destructive prospection methods such as magnetometry or GPR [26].

2.7. Archaeological Excavation

Based on the results of the geophysical surveys, an interdisciplinary archaeological
excavation was carried out in 2019. In cooperation with the Institute of Prehistoric and
Historic Archaeology (University of Vienna, Wien, Austria), VIAS and the LBI ArchPro
investigated parts of the outer ditch and the outer palisade of the circular ditch monument
as well as the nearby dwellings. The targeted excavation was carried out according to the
stratigraphic excavation method of Harris [27]. In the excavation process, the individual
deposits are removed in the reverse order of their formation and recorded with all their
physical and spatial characteristics and stratigraphic relations [28]. The recorded units of
stratification (deposits and surfaces) were compiled into a Harris Matrix using the HMC+
software, developed at the LBI ArchPro [29].

The individual surfaces revealed by removal of the overlying deposits at each stage
of the excavation were digitally documented by image-based modeling (IBM), using pho-
togrammetric and computer vision-based approaches. In this highly accurate documen-
tation method, the exposed surfaces were documented by photographs and transformed
into a digitized surface model using Structure from Motion and Multi-View Stereo algo-
rithms (Metashape professional by Agisoft) that are at the core of such hybrid 3D modeling
pipelines [30,31].

3. Results and Discussion

The archaeological interpretation process of multiple prospection datasets is one of
the most important but also complex tasks within the spatial and temporal analysis of
archaeological monuments based on archaeological prospection data. Conventionally,
every method is interpreted separately, and a combined interpretation is derived via
different combinations of the individual results from the various applied methods. Since
the beginning of the re-investigation of the Neolithic KGA at Velm, it was the goal of
the LBI ArchPro to improve not only the geophysical prospection methods themselves,
but also the integrated interpretation of multiple archaeological prospection datasets.
Only by combining the advantages of the different prospection methods can the available
archaeological data be appropriately understood [32,33].

3.1. Archaeological Interpretation of Aerial Photographs

As mentioned above, the aerial photographs from the years 2000 and 2001 revealed
extraordinarily detailed cropmarks, showing three ditches and a triple-palisade circular
enclosure with two entrance corridors (see Figure 5). In the near vicinity of the ditch
monument, traces of rectangular buildings, at least one with two rooms, and central posts
were clearly visible. On a larger scale, the vertical images reveal vegetation marks of an
abundant network of paleo-rivers (see Figure 4), which were also mapped to provide the
paleo-environmental context to the interpretation of the site.

The terrain slopes towards the west by several meters. Here, it seems that the neighbor-
ing river (Mühlbach or Kalter Gang) has already eroded a large part of the gravel plain, and
thus major areas of the Neolithic monument have probably fallen victim to natural erosion.
However, another reason for the absence of vegetation marks could be a much better water
and nutrient supply for the plants in the area near the river, thus minimizing the contrast
in vegetation development between archaeological infills and natural sediments.

3.2. Archaeological Interpretation of Magnetometry Surveys

While the stronger magnetized areas of the three massive concentric ditches are clearly
visible in the grayscale visualizations, the palisade structures only show up as faint linear
anomalies. An entrance passage towards the northeast can be clearly recognized as a gap
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within the ditches. Unfortunately, the magnetometry survey did not show any details of
the monument to the west and south (see Figure 8, and I in Figure 6A,B).
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A small rectangular structure of 8 m × 8 m with a central pit and two adjoining linear
anomalies pointing southwards were already recognized by aerial photos (II in Figure 5),
as well as in the magnetometer surveys (II in Figure 6A,B). A second rectangular building
with 8 m × 20 m, possibly formed by two similar parts with two central postholes each, was
again identified—slightly tilted—to the southeast (III in Figure 6A,B). These rectangular
structures are interpreted as dwellings, and although the general appearance allows dating
them to prehistory, no exact period can be determined from the prospection data.

Further large, roughly rectangular anomalies within the survey area were already rec-
ognizable in the aerial monitoring (IV in Figure 6A,B). These structures were interpreted as
gravel and sand extraction areas, but their temporal relation to the circular ditch monument
is so far not known.

By talking with the landowners, further areas with a high density of dipole anomalies
were identified as modern deposits of household debris, consisting of burned bricks and
smaller iron objects (V in Figure 6A,B).

3.3. Archaeological Interpretation of GPR Surveys

Ground-penetrating radar is mostly used on sites where archaeological structures built
of stone are expected. This is because stone structures such as masonry, road pavements or
highly compacted floors produce highly reflective surfaces, which usually create a good
contrast with the surrounding soils [33–37]. At Velm, the initial situation is exactly the
opposite; here, the geological background is formed by several layers of gravel and sand
deposits into which the archaeological structures have been cut. In this way, a strong
contrast between geology and archaeology emerges, revealing the archaeological features
as bright inlays into the dark subsoil (see Figure 7).
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3.3.1. The Ditches

The three massive ditches forming the main features of the monument are clearly
visible within the GPR dataset (see Figure 7). Even though the outer ditch was damaged by
erosion from the nearby river, four entrance corridors can now be clearly identified. While
the entrance to the northeast was known from the aerial and geomagnetic surveys, the
entrances in the north and southeast were only recognizable in some of the aerial photos
(2001, 2016). The corridor forming the southwestern entrance was so far only visible within
the GPR data (see Figure 9).
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Figure 9. Archaeological interpretation of the GPR surveys in 2016, showing the position of the KGA
on the slightly elevated gravel plain. The Roman numerals refer to the archaeological interpretation
noted in the text. I—entrance area to KGA, II—building, III—second building, IV—third building,
V—L-shaped palisade terminal, VI—the three palisades of the KGA, VII—northern entrance are,
VIII—ditch for modern water management. Area hashed in dark orange indicates the floodplain of
the river Kalter Gang. The area in red (bottom left) shows the embankment of a modern road.

Another interesting detail of the monument lies in the construction of the northern
entrance. While all the other entrance passages show a clear gap through all the three
concentric ditches and palisades, the northern entrance has this gap only in the central
and outer palisade, and presumably in the outer ditch. This construction detail might
be an indication of at least two building phases. Here, the ditch is showing an entrance
gap, but in the corresponding palisade, no interruption can be recognized. In short, the
immediate access to the interior from the northern entrance was initially blocked by the
central palisade (VII in Figure 9).

The erosion caused by the nearby river to the west revealed another construction
detail of the outer ditch. At the truncated ridge of the gravel plain, the GPR data indicate a
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V-shaped ditch profile typical for KGAs, a significant detail that was later confirmed by the
archaeological excavation (see Section 3.4.1).

3.3.2. The Palisades

The high resolution of the visualizations (10 cm × 10 cm) derived from the GPR survey
revealed further fascinating details on the prehistoric monument. While the SPIDAR
survey already showed the ditches of the individual palisades, the MIRA survey was able
to visualize traces of single postholes within the palisades. Now, for the first time, not
only was the foundation ditch that once held the palisade visible (VI in Figure 9), but this
survey also showed traces of single timber posts from the Middle Neolithic palisade itself.
More specifically, within the highly absorbing infill of the palisade ditch, isolated, roundish,
highly reflective anomalies appear at a depth of 60 to 80 cm. We will address the cause for
these distinctive anomalies—interpreted as posts—in the following section.

Another construction feature known from archaeological excavations at KGAs else-
where [38,39] are massive posts at the terminus of the palisade. The traces of this—usually
reinforced—post are clearly visible within the GPR data. In the case of the central palisade,
even L-shaped termini forming an elaborate entrance passage are observable (V in Figure 9).

3.3.3. The Building

The construction detail described from the palisade was also observed within the
nearby house structure (II in Figure 9). Although the rough appearance of the building was
already known from previous non-destructive prospection methods (aerial photography
and magnetometry), no further details on the construction were known. The high-resolution
GPR visualizations showed that the wall of the ‘main room’ is formed by exactly the same
anomalies as the palisades of the nearby KGA, indicating contemporaneity. The subsequent
archaeological excavations confirmed that the postholes contained calcareous precipitates
or concretions, created by multiple changes in groundwater level, and which could be
recognized in the GPR data as the former wall of the building was constructed by single
wooden posts set within single postholes or a narrow foundation ditch. Due to the multiple
changes in the groundwater level, calcareous precipitates or concretions occurred inside
the refilled postholes. These concretions could be recognized in the ground-penetrating
radar as round, strongly reflecting areas, which are clearly separated from their geological
surroundings.

While the postholes of the ‘annex’ to the south are formed by more stable, higher
reflective anomalies, the wall construction of the main room seems to be somehow different.
This observation might indicate two different construction techniques or building phases.
These apparent construction differences could not be clarified by the analysis of non-
destructive prospecting methods alone, and therefore this building was also selected for an
archaeological excavation.

In the aerial, magnetometry and GPR surveys, a second building (IV in Figure 9) of
the same construction design could be identified. It is located only a few meters to the east,
but with a clearly rotated orientation. The third house-like structure (III in Figure 9, III in
Figure 6) was already perceived in the aerial photographs as a faint ditch structure, but its
detailed construction could only be recognized from the GPR.

3.3.4. Recent Structures

The higher magnetized linear structure (VI in Figure 6A,B and VIII in Figure 9) running
a couple of meters north of the monument, from the southwest to the northeast, is now
also visible within the whole extent of the field. In the northeastern corner, the structure
splits into three individual branches, roughly following the contour lines. Integrating the
information gathered from all conducted surveys leads to the interpretation of a ditch
structure. A temporal connection to the nearby Neolithic monument was always argued,
but never proven. However, the extended archival research brought a more recent usage of
the ditch to light. On one of the first maps from the region, the Franzisco-Josephinische
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Landesaufnahme from 1869 to 1887, an extensive water-management system is clearly
visible. On two older maps from this area, this structure was not documented. Therefore,
the dating of this ditch can be fixed to the end of the 19th century.

3.4. Archaeological Excavation

The stratigraphic excavation process was documented digitally in three dimensions
using the photogrammetric method of IBM [30,31], providing a detailed dataset for the
comparison of the excavation results with the 3D GPR visualizations. The archaeological
features uncovered during the excavation corresponded significantly with the visualization
of the GPR data (Figure 10). Not only in terms of the position and dimensions of the
larger archaeological features, but also for the majority of the smaller postholes, which
formed the wall of the Neolithic house, and which had already been recognized in the
prospection data. Furthermore, the anomalies detected in the GPR fit well with the 3D
shapes of the excavated features. In other words, significant correspondence in both vertical
and horizontal directions.
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3.4.1. Excavation Trench 1—The Outer Ditch of the KGA

Through the stratigraphic excavation of the outer ditch, a total of 19 different deposits
were identified in the refilled ditch. Of particular interest during the excavation was the
shape of the bottom of the ditch. Typically, these ditches are up to 4 m-deep and are
V-shaped with pointed bottoms, but in this case, it was only about 2 m-deep with a shallow
U-shaped end. The reason for this is probably the high groundwater level, which caused
problems during construction (Figure 11).

Remote Sens. 2022, 14, 2657 16 of 22 
 

 

 
Figure 11. Photographic documentation of the profile of the outer ditch at KGA Velm. Due to safety 
reasons, the ditch was excavated in two steps, and the gray area indicates this interruption. The red 
dots indicate the position of coordinates. 

By comparing the excavation results with the GPR dataset, it became evident that 
these congregations must be the source of the highly reflective structures from the GPR 
data. These concretions appear to be the calcified remains of the former timber posts. 

3.4.2. Excavation Trench 2—The Neolithic House 
The Neolithic house located in trench 2 was completely excavated and revealed a 

total of 36 postholes, some of which were placed in foundation ditches. Based on the 
construction technique and the numerous finds within the pits, the house can be dated to 
the Lengyel culture, to the period between ca. 4650 and 4550 BC (Figure 12) [11] (p. 130), 
[39] (p. 762), [41,42]. This dating was confirmed by two radiocarbon samples derived 
from animal bones which were recovered from deposits of the large terminal postholes of 
the building (4688 BC (95.4%) 4499 BC (VERA-7000) and 4706 BC (95.4%) 4547 BC 
(VERA-7001)). 

The differences in the reflective properties of the two rooms, which were evident in 
the GPR, could also be observed during the excavation. Thus, it could be observed that 
the posts of the main (northern) room were predominantly set in a continuous wall 
trench, whereas the walls of the antechamber to the south were formed by single 
postholes. These postholes have an average diameter of about 60 cm and were backfilled 
with the excavated material after the wooden post was placed. In the GPR data, the 
postholes appear as absorbing areas enclosing a strong reflecting central anomaly. In this 
respect, the structure postulated from our surveys perfectly matches the observations 
made during the excavation (see Figure 10). 

Figure 11. Photographic documentation of the profile of the outer ditch at KGA Velm. Due to safety
reasons, the ditch was excavated in two steps, and the gray area indicates this interruption. The red
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During the excavation, a sample from one of the lower deposits of the ditch was taken
for radiocarbon dating. This provided a date of ca. 4725–4553 BC (VERA-7002).

During the excavation of the palisade, several strongly compacted layers of fine sands
and clays were revealed. These compacted sediments were most probably caused by the
remains of single timber posts, formed by calcareous precipitation during a changing
groundwater level. This kind of palisade construction was also observed during the
excavation of a very comparable Neolithic circular ditch monument at Steinabrunn in
1998 [40] (Abb. 2.29). Here, the 25–30 cm-thick posts were set in a narrow ditch with a
mean width of 70 cm. The posts themselves were placed very close together at different
depth levels.

By comparing the excavation results with the GPR dataset, it became evident that
these congregations must be the source of the highly reflective structures from the GPR
data. These concretions appear to be the calcified remains of the former timber posts.

3.4.2. Excavation Trench 2—The Neolithic House

The Neolithic house located in trench 2 was completely excavated and revealed a total of
36 postholes, some of which were placed in foundation ditches. Based on the construction
technique and the numerous finds within the pits, the house can be dated to the Lengyel cul-
ture, to the period between ca. 4650 and 4550 BC (Figure 12) [11] (p. 130), [39] (p. 762), [41,42].
This dating was confirmed by two radiocarbon samples derived from animal bones which



Remote Sens. 2022, 14, 2657 16 of 21

were recovered from deposits of the large terminal postholes of the building (4688 BC
(95.4%) 4499 BC (VERA-7000) and 4706 BC (95.4%) 4547 BC (VERA-7001)).
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Figure 12. Comparison of GPR datasets for the area of trench 1 ((A) depth range 60–100 cm, (B) depth
range 140–170 cm), showing the different responses of the postholes. (C) The orthophoto generated by
IBM during the excavation, and (D) archaeological interpretation of the GPR data before excavation.

The differences in the reflective properties of the two rooms, which were evident
in the GPR, could also be observed during the excavation. Thus, it could be observed
that the posts of the main (northern) room were predominantly set in a continuous wall
trench, whereas the walls of the antechamber to the south were formed by single postholes.
These postholes have an average diameter of about 60 cm and were backfilled with the
excavated material after the wooden post was placed. In the GPR data, the postholes
appear as absorbing areas enclosing a strong reflecting central anomaly. In this respect, the
structure postulated from our surveys perfectly matches the observations made during the
excavation (see Figure 10).
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3.5. Integrated Data Interpretation

The surroundings of the KGA and the associated settlement are characterized by a
depression in far older gravel formations. This depression is located between the rivers Tri-
esting and Piesting, which have since been diverted. The depression itself is characterized
by the river Kalter Gang. The Kalter Gang is a river that feeds from several groundwater
sources over a few kilometers in the area southwest of the KGA and is notable for its
particularly cold water. Today, it is canalized and straightened in its path and used as a
mill stream (Figure 13).
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Figure 13. The digital elevation model of the surroundings of the KGA Velm showing the depression
generated by the erosion of the river Kalter Gang (dark blue). The system of paleo-rivers to the east
must have been part of an older river system (light blue).

In prehistoric times, however, the Kalter Gang may have repeatedly flooded the
depression and meandered strongly, triggered by periodically large bursts of water. Core
samplings and excavations have shown that the Kalter Gang probably eroded the older
gravel deposits post-glacially to a massive extent. The present depression, which can
be traced well in the terrain data (see also DTM, Figure 9), is probably due to the river
Kalter Gang.

Remains of organic layers were uncovered during the excavation under younger
gravel deposits of the Kalter Gang to the north of the outer ditch of the KGA. Radiocarbon
dates obtained from these organic deposits indicate that this area of the river depression
was, after the post-glacial depression, an oxbow lake with slow-flowing to stagnant water
in the period 9900 to 7100 BC. At the time of KGA construction, the active river channel
probably ran slightly west of the KGA. A dense floodplain forest can be expected, which
could have provided mainly willows, alders and ash trees as resources for the construction
of the KGA and the settlement. It can be assumed that the floodplain forest was thinned
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out very quickly, either by the need for construction timber or by clearing for agriculture,
and provided easy access for domestic animals, mainly cattle, to water. The humus layer
on the gravel plains is very thin and less suitable for arable farming than the loess plains
along the Wienerwald to the west. Therefore, grasslands and pasture are expected to have
been the main basis for the settlement and respective large herds of cattle.

The excavation of the outer ditch has shown that the ditch was minimally re-dug three
times and does not show the typical V-shaped ditch bottom but shows a U-shape at its base.
This can be explained by the fact that during the construction of the KGA, the groundwater
level was reached at this depth and further deepening of the trench was not feasible. The
GPR measurements show that large sections of the palisade trench are characterized by
individual postholes. Different sections of the interpreted GPR data show that the posts
were not placed aligned and close to each other in the trench but were found offset to each
other. This proves that the palisade was designed in such a way that the mutually offset
posts resulted in an opaque timber wall.

After abandonment of the KGA, the ditches slowly infilled. With the beginning of the
Iron Age, it is likely that the Kalter Gang again periodically carried more water. As a result,
the western and southern parts of the KGA were eroded by periodic flooding or episodes of
increased river flow. The traces of erosion are clearly visible in the GPR data and could be
confirmed by the excavation. After the erosion, a phase of accumulation followed again in
the excavated area of the KGA. An Iron Age sherd was found in the deposits of the northern
trench profile, just beneath the modern plough-soil, which indicates that the topography
that was encountered during the surveys described here was likely formed by the end of
the Iron Age.

4. Conclusions

Non-destructive exploration of extensive Neolithic archaeological sites is usually
carried out either by aerial photography or by magnetic prospecting. The circular ditch
site at Velm is a perfect example of the benefits of an integrated archaeological prospection
strategy that combines different methods to ensure that all non-destructive information is
collected before ground intrusive methods are carried out.

The particular topographic and geologic conditions at Velm clearly demonstrate that
without combining the various prospection techniques, the circular ditch monument and
its surrounding settlement could not be explored in their entirety. In the lower-lying
areas to the west, no vegetation marks were visible on the aerial photographs, nor did
the ditches to the west and south of the circular ditch complex show up in the magnetic
surveys, suggesting that the KGA was either incomplete or might be atypical for this
monument type. Only the GPR survey proved that Velm is a typical Middle Neolithic
monument by providing clear images of the otherwise invisible western and southern parts
of the monument. GPR also provided, for the first time, visualizations of anomalies of the
individual wooden posts in the palisade and the houses.

There are not many cases where GPR surveys are followed by targeted excavations
to verify the structures detected in the survey data. In the presented study, the anomalies
identified from the non-destructive surveys could also be recognized and documented
during the excavation. Of great interest for the analysis and interpretation of the GPR
data was the description of their physical properties as well as their local extent and depth.
In particular, the origin of the highly reflective areas within the postholes and palisades
was one of the stated goals of the excavation. During the excavation, in some postholes, a
calcareous hardening was found, forming the specific surface at which the electromagnetic
wave was increasingly reflected back to the GPR receiver.

Due to the digital documentation of the excavation, it was possible to compare the
results with the three-dimensional data of the GPR survey. Here, it became evident that a
major part of the archaeological structures documented during the excavation were already
identified in the interpretation of the non-destructive surveys. The excavation also clarified
our questions on the construction, dating and state of preservation of the monument.
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The additional knowledge gained from the excavation can now be extended to the
entire monument, thus enabling a complete description of the prehistoric site. The inte-
grated data analysis clearly showed that the understanding of the Neolithic site in its full
complexity was only possible by combining all available methods.
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