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ABSTRACT

The ruins of the St Catherine’s monastery complex, the largest sacral ruins in Slovakia, are an important
example of Slovak cultural heritage. The Franciscan monastery was a famous site of religious signiﬁcance
due to the legends describing the apparitions of St Catherine. The preservation project of the monastery
remains started in 1994. As a part of this project, complex historical, archaeological, anthropological and
geophysical research has been conducted at the site since 1997. Microgravity and ground-penetrating radar
(GPR) surveys were carried out in the nave of the former church in order to reveal the position of three
aristocratic crypts that served as burial places for the members or higher society in the seventeenth and
eighteenth centuries. In the microgravity data processing, a novel method for the calculation of the building
correction was employed, where the gravitational effect of the church is calculated using a polyhedral model
of the building created from photographs with a special photogrammetric software. Several gravity anomalies
were found in the residual Bouguer anomaly map. Semi-automated interpretation techniques including the Euler
deconvolution and harmonic inversion have been used to investigate the depth and size of anomalous sources.
Results from 36 GPR proﬁles obtained by a 400 MHz antenna were visualized in the form of horizontal timeslices and vertical time-sections. These images indicate anomalous reﬂections suggesting potential archaeological targets. Integrated interpretation of results from both geophysical methods has conﬁrmed the presence of a
known aristocratic crypt excavated in 2001, as well as two other crypts predicted from historical archives. The
combination of microgravity and GPR surveys has proved to be a very effective and non-destructive tool for
archaeological research. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction
The ruins of St Catherine’s monastery are located on a
rocky hill in the woods of the Little Carpathians in
western Slovakia, 20 km northwest from Trnava (inset
in Figure 1). The geology of the site consists of Middle
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Triassic carbonates (light-coloured massive limestones
of the Nedzov nappe) and Quaternary sediments.
The Franciscan monastery was founded in 1618 in an
area where the Gothic chapel from the ﬁfteenth century dedicated to St Catherine of Alexandria was situated. The original monastery church was rebuilt in
1646 as a larger Early Baroque object with dimensions
of 52 m and 13.5 m and with a tower 30 m high. The
presbytery of the church was built on stone foundations of the former Gothic chapel. The monastery
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Figure 1. Aerial photograph of the St Catherine’s monastery ruins (Herceg, 2009). The inset shows a map of the location of the site. (Herceg, personal
communication, 2012, photo used with the permission of the author). This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/arp

complex was invaded several times by the Turks and
emperor’s army in the seventeenth century. The St
Catherine’s monastery was abolished by the order of
the Emperor Joseph the Second in 1786 (Herceg,
2009). Nowadays, only the ruins of the church and
the remains of the southern part of the monastery
walls are preserved (Figure 1).
From historical sources (mainly the canonical visitations in the seventeenth and eighteenth centuries archived in the Roman Catholic Manse in Dechtice) we
know the description of the church, monastery and
its surroundings. Important is the mention of the presence of crypts in the nave of the church, which
belonged to rich aristocratic families, such as Erdődy,
Apponyi and Labsánszky. It is also stated that the
crypt entrances did not conform to the royal regulation
and due to the fact that the church was build on hard
rock, there was only one entry into each crypt
(Matulová, 2003).
The present restoration of the ruins started in 1994
(Herceg, 2009). The St Catherine’s monastery preservation project is organized by a local civil association in
cooperation with the Association of the Christian
Youth Communities in Slovakia. In the framework of
this project, complex historical, archaeological, anthropological and geophysical research has been
conducted at the site since 1997. In the framework
of the realized archaeological survey several parts
of the monastery walls have been exposed, as well
as locating the foundations of the former Gothic
chapel in the present presbytery and one small
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external chapel in the northern part of the monastery
complex. The ﬁrst geophysical survey was carried
out in the nave of the former St Catherine’s church
in 1999. On the basis of the results from microgravity
and resistivity imaging, four anomalous areas
indicating the presence of cavities were delineated.
Consequently, a medieval partially ﬁlled crypt was
discovered in the area of the largest gravity low
(Pasteka and Zahorec, 2000).
Archaeological excavation of this crypt (Figure 2)
was undertaken in 2001 (Urminský, 2002). Although
the crypt was ﬁlled by the debris from the destroyed
vaulted ceiling and was robbed by grave robbers in
the nineteenth century, interesting anthropological
ﬁndings were uncovered. Skeletal remains of at least
26 individuals mixed with the soil ﬁlling were found
in non-anatomical positions during the excavation.
The results of the trace element analysis indicated
that the examined individuals were most likely
members of a higher society; they could belong to
an aristocratic family (Bodoriková et al., 2010). The
crypt, divided by a cross-wall at one-third of its
length, has a rectangular shape with dimensions of
5  1.9  approximately 2 m (Figure 2). The entrance
stairs were cut into the rocky bedrock that crops
out to the surface just about the centre line of the
nave. After excavation, the crypt was covered by
concrete joists embedded on isolated footings, which
are easily removable. This frame is covered by
hydro-isolation and geotextile and backﬁlled to the
level of the previous terrain (Herceg, 2009).
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Figure 2. East view on the crypt excavated in 2001 (Herceg, 2009).
(Herceg, personal communication, 2012, photo used with the permission of the author). This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/arp

St Catherine’s monastery ruins were also documented using photogrammetric methods. For example, detailed ground plans, digital orthophoto maps
of the walls and precise three-dimensional models of
the ruins were created. Figure 3 shows the threedimensional textured model of the church obtained
by photo-based scanning as an example of photogrammetric recording of the monastery remains. In addition
to photogrammetric recordings, this paper describes
the results of the ground-penetrating radar (GPR)
and microgravity surveys carried out in the nave of
the church in 2011 in the framework of a ﬁeld course
for students of geophysics from German and Slovak
universities. The main objectives for these surveys
were (i) to map the shallow parts of the subsurface
using geophysical methods and (ii) to identify archaeological anomalies, i.e. potential areas for further archaeological research.
Rectangular prisms or vertical prisms with polygonal cross-sections are commonly used to approximate
the buildings in microgravity surveys if the gravity
data needs to be corrected for these gravitational effects (e.g. Blí
zkovský, 1979; Pasteka and Zahorec,
2000; Debeglia and Dupont, 2002; Padín et al., 2012).
In the paper a novel method for the calculation of
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Figure 3. Three-dimensional textured model of the church, obtained
by photo-based scanning. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/arp

building effects in microgravity data processing was
used, where geodetic and photogrammetric measurements are combined to obtain a three-dimensional
model of the historical monument. This interdisciplinary approach allows highly detailed and precise virtual models of measured objects to be created, thus
increasing the accuracy of the calculated building correction (Panisova et al., 2012).

Photogrammetric processing
Photogrammetry is the measurement technique that
reconstructs the position and shape of physical objects
through the process of recording, measuring and
interpreting photographic images. A range of techniques and photographic equipment is available to
generate three-dimensional digital models of archaeological monuments. The fundamental principle consists in the mathematical model of central projection
by compensating systematic errors during bundle adjustment, which gives the adjusted parameters of internal and external camera orientation and the spatial
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coordinates of the observed points (Luhmann et al.,
2006). The methods of projective photogrammetry,
convergent photogrammetry and optical scanning are
widely applied in the preservation of architectural heritage and archaeological investigations (Luhmann
et al., 2006). The capability of close-range photogrammetry to improve microgravity data processing is introduced in Panisova et al. (2012), where a new
method for the calculation of the building corrections
based on photogrammetric reconstruction was used.
The convergent multistation photogrammetric
method has been applied for the digital spatial reconstruction of the church. The images were taken with
digital cameras Olympus C-8080 (lenses Olympus
f = 7.1–35.6 mm) and Nikon D-200 (lenses Nikkor
f = 20 mm). Both cameras were calibrated in the test
and calibration ﬁeld (Frastia, 2005) before image
acquisition.
The photogrammetric processing of the project was
carried out using the PhotoModeler 6 software
(www.photomodeler.com). Characteristic points of
the object have been measured on digital images manually, within an accuracy of 1–2 pixels depending on
point identiﬁcation. Subsequently, spatial coordinates
of all points and elements of the external orientation
of the images have been computed by the bundle block
adjustment. Exterior and interior parts of the church
have been processed separately. Both parts were
combined into one project using control points
measured by a total station. The reconstructed threedimensional model of the building comprises 4800
spatial points and 1600 surfaces determined from 46
digital images.

Because it was impossible to use the photogrammetric methods in the interior of the tower due to its narrow and elongated shape, a different approach had to
be selected. A Trimble VX total station with built-in
camera was used to measure the interior of the tower
from the ground. This surveying instrument allowed
us to scan the surface at a velocity of up to 10 points
per second and under zenith angles of incidence close
to zero. The entire vector model displayed in Figure 4
includes all surfaces of interior and exterior parts of
the church and the tower. The mean squared error of
unit weight after the bundle adjustment is 1.12 pixels,
which represents an achieved accuracy of 0.003 mm
in the image plane. A total model accuracy of 0.018 m
(a spatial mean error) calculated from all points was
achieved.

Geophysical methods
Non-destructive geophysical methods have been applied successfully in many surveys to detect and investigate features of archaeological interest (e.g. Clark,
1990; Schmidt, 2001; Gaffney and Gater, 2003). Nowadays, integrated geophysical surveys play an important role in the non-invasive exploration of
archaeological sites. Ground-penetrating radar is a fast
electromagnetic technique based on high-frequency
electromagnetic wave propagation that is designed
primarily to investigate the shallow subsurface of the
Earth. The literature records many case studies where
the GPR method was successfully applied in sacral
building exploration (e.g. Conyers, 2004; Leucci, 2006;

Figure 4. The polyhedral model of the church displayed along with the surrounding topography. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/arp
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Blanco et al., 2008; Udphuay et al., 2010; Cataldo et al.,
2012). Microgravity is a geophysical method based on
highly accurate measurement and interpretation of
very small variations in the Earth’s gravitational ﬁeld,
by which the subsurface archaeological features of contrasting or anomalous density can be detected. In spite
of the time-consuming data acquisition, processing
and inherent ambiguity of source determination,
the microgravity technique has been used for cavity
detection at many archaeological sites during the
past decades (Blízkovský, 1979; Lakshmanan and
Montlucon, 1987; Cuss and Styles, 1999; Abad et al.,
2007; Pasteka et al., 2007; Panisova and Pasteka, 2009;
Padín et al., 2012).

Microgravity
The microgravity survey was undertaken to investigate the area inside the former church. This area was
surveyed on a closely spaced grid of 258 stations
(Figure 5) with a point spacing of 1 m. A Scintrex CG5 gravimeter was used to acquire the gravity data.
The readings were corrected automatically for Earth’s
tide variations. The instrumental drift was estimated
by regularly repeated readings at a selected base station at hourly intervals and semi-random returns to
other stations within the grid. The daily drifts of the
CG-5 gravimeter varied in the range of 21 to 57 mGal
during ﬁve measuring days with an almost linear
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character of the individual drift curves. Statistical analysis of the repeated station values from different days
(i.e. 11% from the total number of points) provided a
mean squared error of less than 4 mGal in the measured
gravity. The height of each survey point was obtained
using a simple level with a closed-loop accuracy of approximately 13 mm. The horizontal coordinates of the
gravity stations were determined by a Trimble M3 total
station with a precision of 30 mm.
The Bouguer anomalies were calculated as follows
(Panisova et al., 2012):
ΔgB ðPÞ ¼ gðPÞ
 ½0:3086 hðPÞ þ 0:0419 rhðP Þ  TðPÞ
þ KðPÞ;
(1)
where g(P) is the measured gravity value corrected for
instrumental drift and the Earth’s tides, the ﬁrst two
terms in the brackets are the free-air and planar
Bouguer corrections, T(P) is the terrain correction, K
(P) is the building correction, h(P) and h(P*) are the
elevations at gravimeter sensor position P and its vertical projection P* to the surface and r is the correction
density. Microgravity surveys are generally concerned
with the relative variations in the local gravity ﬁeld,
thus conversion of readings to absolute gravity was
unnecessary (Cuss and Styles, 1999). The latitude correction was not considered because of the small dimensions of the surveyed area. A density of 2.4 g cm 3 was
used for the calculation of the planar Bouguer and

Figure 5. (a) The building correction in mGal computed from the polyhedral model for an estimated density of 2.2 g cm3 displayed within the plan
of the church. (b) The terrain corrections in mGal calculated up to a distance of 5.24 km.
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terrain corrections. The site is characterized by a complex geology and rather rugged surrounding topography. The land around the gravity stations was
therefore mapped using a Trimble M3 total station
and a detailed topographic model (Figure 4) within a
30 m zone surrounding the microgravity grid was
constructed. Consequently, it was used for the calculation of the innermost zone terrain correction. The inner
zone terrain correction was computed up to a distance
of 250 m using a digital elevation model (DEM) with a
10 m grid spacing. The threshold distance (outer radius) of 5.24 km, where the far zone terrain contributes
more or less equally to all microgravity points, was determined and the corresponding far zone terrain correction was calculated using a DEM with 50 m grid
spacing. The cumulative terrain corrections are
displayed in Figure 5b.
Building correction is very important in microgravity surveys when large structures are present. This correction allows to correct for the gravitational attraction
arising from the mass of the existing man-made structures as their effects can be greater than the amplitude
of the expected anomalies (Debeglia and Dupont,
2002). The ﬁnal model of the church (Figure 4)
obtained from photogrammetric processing served as
the direct input to our program (Panisova et al.,
2012), which is based on the three-dimensional polyhedral body approximation introduced by Götze and
Lahmeyer (1988). The model of the church was
exported from PhotoModeler 6 in ‘raw’ format as one
polyhedral body deﬁned by 4306 points and 8148 triangles. In our program the attraction effect of this body
was calculated as the summation of the integrations
along the line elements of its individual faces using
the equation of Götze and Lahmeyer (1988). The walls
of the church comprise limestone and travertine
stones, bricks, oak beams and lime mortar (Herceg,
2009). The building correction (Figure 5a) was calculated for a mean density of 2.2 g cm3 estimated from
catalogues of densities for building materials. The
maximum amplitude of the building correction
reaches 160 mGal in the northern part of the map
shown in Figure 5a due to the presence of the church
tower with relatively great wall thickness – 2 m. The
processed data were contoured to yield a Bouguer
anomaly map (Figure 6).
In the Bouguer anomaly map shown in Figure 6,
only the distinctive negative anomaly produced by
the excavated crypt is clearly identiﬁable (in the upper
northeast corner of the grid). This negative anomaly is
superimposed upon a complex long-wavelength regional feature, which slopes from west to east and is
with high probability caused by the dipping bedrock

Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 6. Bouguer anomalies in mGal calculated for a correction
density of 2.4 g cm3. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/arp

of Middle Triassic carbonates. For the regional
residual-ﬁeld separation, a ﬁrst-order polynomial (planar surface) was ﬁtted to the data in Surfer software
(www.goldensoftware.com). The removal of this
strong regional trend revealed several previously
unrecognized anomalies in the resulting residual
Bouguer anomaly (Figure 7a). Over the surveyed area,
residual anomalous gravity values fell within the
range 47 to +33 mGal. Two interpretation methods,
namely Euler deconvolution and harmonic inversion,
were used for the estimation of the depth and size of
the anomalous sources.
Euler deconvolution is an interpretation technique
for locating the sources of potential ﬁelds based on
both their amplitudes and gradients and an estimate
of the probable geometry of the causative body (Reid
et al., 1990). This technique is very appropriate for
use in microgravity surveys, where high quality and
closely spaced data are available (Cuss and Styles,
1999). Software developed at the Comenius University
in Slovakia was used to solve for the depth estimate to
anomalous sources. A window of speciﬁc size is
moved across the gridded data, using least-squares inversion to solve Euler’s homogeneity equation with
regularized derivatives incorporated (Pasteka et al.,
2009). The structural index related to the attenuation
with distance of the potential ﬁeld was set to one
(detecting a horizontal cylinder in gravimetry). The selected Euler solutions in the area of the calculated density model are shown by ﬁlled black circles in Figure 7.
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Figure 7. (a) Residual Bouguer anomaly map in mGal obtained by planar trend subtraction from the Bouguer anomaly map in Figure 6. (b) The
interpretation of the microgravity results using the harmonic inversion and Euler deconvolution methods for a depth of 1.8 m. (c and d) The density
distributions in two vertical sections for proﬁles A and B; the ﬁlled circles denote the positions of the three-dimensional Euler deconvolution depth
estimates. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/arp

The harmonic inversion method for threedimensional gravity data inversion was presented
and described in detail in Pohánka (2003a, 2003b).
This method solves the inverse gravimetric problem
in two steps. First, the measured surface gravitational
ﬁeld, namely the residual anomalies obtained by
the regional trend removal from the Bouguer
anomalies (Equation 1), is transformed into so-called
quasigravitation. The quasigravitation is a function
satisfying the following conditions: (i) it is a sufﬁciently smooth (triharmonic) function; (ii) it is a linear
integral transformation of the surface gravitational
ﬁeld; and (iii) for the gravitational effect of point
sources it has its main extremum at the point
source (Pohánka, 2003b). Then using the calculated
quasigravitation the position and shape of a set of
anomalous bodies embedded in an a priori known

Copyright © 2013 John Wiley & Sons, Ltd.

horizontally layered background, so called multidomain
density model, is found iteratively. Speciﬁcally, the
germs of future anomalous bodies deﬁned as elementary cubes are placed at the local extrema of the calculated quasigravitation in the starting model. The
densities of every single body are the only free parameters that have to be assigned. Consequently, the shape
of bodies is modiﬁed from the original germs by adding
or removing additional elementary cubes at body
boundaries only. In each iterative step the gravitational
effect of the current shape of the bodies is calculated,
and the residual surface ﬁeld is obtained by subtraction
from the original one. Then the residual quasigravitation
is recalculated and the process is repeated until the residual surface ﬁeld becomes satisfactory small. This approach for the calculation of a density model greatly
accelerates and simpliﬁes the ﬁnding of a solution,
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because the three-dimensional density distribution is
calculated from the three-dimensional quasigravitation
function instead of the two-dimensional gravitational
ﬁeld.
The residual Bouguer gravity anomaly ﬁeld
displayed in Figure 7a served as the input to the calculation of the density distribution. In our case the background consists of a single layer with a density of
2.4 g cm3 deﬁned from the surface to 4 m depth. In
the starting model the densities of possible anomalous
bodies were chosen as 0.0 g cm3 (empty cavities),
2.0 g cm3 (partially ﬁlled cavities or lighter material)
and 2.68 g cm3 (heavier bedrock outcrop). The ﬁnal
three-dimensional density distribution (depth-slice
and vertical sections displayed in Figure 7) was calculated after 352 iterations.

Ground-penetrating radar (GPR)
The area of prospection included most of the inside
area of the church, but only the data set from the
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GPR survey carried out in the eastern half of the nave
is presented here, where beside the mentioned object
another two aristocratic crypts are supposed to be
located. A GSSI SIR-20 system was used with a
400 MHz antenna. Thirty-six GPR proﬁles were
acquired in zigzag mode with 0.15 m line spacing. A
map of the location of the proﬁles is shown in
Figure 8a. For time/depth conversion, the electromagnetic wave propagation velocity was estimated by
diffraction hyperbola ﬁtting with an average value of
0.09 m ns1 in the subsurface of the surveyed area
(Figure 8b). The good quality of the raw data did not
require advanced processing techniques. Processing
steps for each proﬁle consisted of t0 corrections, offset
removal and direction ordering. To correct for t0
several methods are presented in the literature (e.g.
Yelf and Yelf, 2006). In this study we used the mean
ﬁrst break position as t0 and shifted the whole
radargram backwards in time. The offset removal
was done by calculating a mean trace for each
radargram and subtracting it from all traces. This

Figure 8. (a) Location of the area that was measured with GPR in zigzag mode and location of the exemplary proﬁle in (b). The horizontal time-slice
shown is a stack between 0 and 20 ns (approximately 0–0.9 m depth). (b) Exemplary proﬁle for the velocity determination by ﬁtting of a diffraction
hyperbola. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/arp
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processing step eliminates horizontal events such as
the ground and air wave and thus highlights nonhorizontal structures. Due to the acquisition in zigzag
mode the last processing step was to ﬂip every second
radargram so that they are all run from south to north
for better visualization.
Then horizontal time-slices were created by interpolation between the proﬁles and summing the absolute reﬂection amplitudes in certain time windows.
To enhance the most signiﬁcant subsurface features
being visible in several time-slices, we stacked the
corresponding time-slices. The time to depth conversion can be done by dividing the two-way-travel time
by two and multiplying it with the velocity of
0.09 m ns1.
The results from the GPR survey were visualized for
the qualitative interpretation in the form of horizontal
time-slices and vertical time-sections (Figure 9). The
GPR horizontal time-slices shown in Figure 9 are the
visualizations of the most signiﬁcant subsurface features within 0–20 ns (approximately 0–0.9 m depth,
Figure 9a) and within 20–40 ns (approx. 0.9–1.8 m
depth, Figure 9b). The GPR time-sections presented
in Figure 9c and d (Proﬁles A and B in Figure 9b) correspond to about 0–3.2 m in depth.
In the shallow time-slice, high-amplitude reﬂections
related to the known air-ﬁlled crypt are dominant
(Figure 9a – northern part of the surveyed area). In
the deeper time-slice, two distinctive reﬂection anomalies indicate the existence of two other features of
archaeological interest (Figure 9b – central and southern
part of the surveyed area). These two new features,
which do not seem to be interconnected, are interpreted
as two aristocratic crypts documented in the archives of
the Roman Catholic Manse in Dechtice.
In the vertical time-section (Figure 9c) the top of the
known air-ﬁlled crypt (C1) is indicated by a strong almost horizontal reﬂection, which is caused by the dielectric permittivity contrast between soil or concrete
and air. The hyperbolic reﬂection below is caused by a
post, which was installed to support the concrete cover
(Herceg, 2009, Peter Herceg, personal communication,
2012). The second almost horizontal reﬂection at about
25 ns can be interpreted as the bottom of the crypt,
taking the high velocity in air (0.30 m ns1) into account.
The chaotic reﬂection patterns of features C2 and C3
lead us to suggest that the expected crypts are
destroyed and ﬁlled by debris. No clear reﬂections of
top or bottom of the expected crypts are visible. Nevertheless, the depth to the top of these crypts is estimated
to be around 0.5 m. These chaotic reﬂections also can
be found on several parallel proﬁles on the eastern
edge of the measured area, which is indicated in the

Copyright © 2013 John Wiley & Sons, Ltd.
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time-slices by areas of high reﬂection energy (dark).
Another area of higher reﬂection energy at the western
edge of the time slices is associated with slightly
northwards dipping reﬂections at about 1 m depth
(Figure 9d), the origin or meaning of which is not
clear, but might be associated with the bedrock. The
interpretation of the westward oriented appendages
on two deeper anomalies in Figure 9b is not clear.
The chaotic reﬂection patterns might indicate debris
or incised staircases, as shown in Figure 2 for the
known crypt.

Discussion
The harmonic inversion method provides several admissible subsurface density models for the recorded residual gravity ﬁeld, so comparison with other
interpretation techniques as well as other geophysical
methods is necessary to select the most feasible one.
For determining the shape of anomalous bodies more
accurately, an increase in the density of microgravity
points is required. In Figure 7b, the density distribution for 1.8 m depth obtained by means of harmonic inversion is displayed, along with the Euler
deconvolution solutions denoted by ﬁlled circles.
Figure 7c and d shows selected vertical sections of
the density model in two proﬁles crossing the main
gravity low produced by the known crypt. The average depth (approximately 1.6–2.0 m) of the solution
cluster, located around 8 m in the x direction and
17 m in the y direction, ﬁt into the estimated depths
of the air-ﬁlled crypt obtained by means of the
harmonic inversion method. In the case of the other
predicted crypts, no solution cluster by means of
the Euler deconvolution method was obtained. This
is probably due to the low amplitude and weakly
developed gradients of these anomalies. The vertical
density section (Figure 7c) can be correlated with
features seen on the GPR vertical time-section
(Figure 9c). The low-density area between 16 and 18 m
(Figure 7c, known air-ﬁlled crypt) corresponds to
feature C1 in the GPR vertical time-section (Figure 9c)
and approximately at the locations of features C2 and
C3 two other low-density areas can be found.
This case study illustrates the advantage of combining geophysical methods that are based on
different physical parameters. In order to eliminate
the ambiguity inherent in each method, the residual
Bouguer anomaly map and GPR horizontal timeslices were overlapped and compared (Figure 9a
and b). For the air-ﬁlled crypt excavated in 2001,
the dimensions (5  1.9  2 m) and position (its top
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Figure 9. The GPR results. (a) Horizontal time-slice stack between 0 and 20 ns (approximately 0–0.9 m depth) displayed along with the residual
Bouguer anomaly contours. (b) Horizontal time-slice stack between 20 and 40 ns (approximately 0.9–1.8 m depth) displayed along with the residual
Bouguer anomaly contours. (c) Vertical time-section (Proﬁle A) running in SW–NE direction. (d) Vertical time-section (Proﬁle B) running in SW–NE
direction. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/arp

is situated at a depth of 0.6–0.8 m below the
ground) have been conﬁrmed by both geophysical
methods. The slightly larger outline of the crypt in
the GPR time-slices is explained by indications of
diffraction hyperbolas from the corners of the crypt.
The other two features, which were successfully

Copyright © 2013 John Wiley & Sons, Ltd.

detected and delineated by both methods, are with
high probability the predicted crypts. The GPR and
microgravity results indicate that these two features
could be partially ﬁlled. Recommendations for
archaeological excavation were given to the siteexcavators.
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Conclusions
An integrated geophysical approach to detect and
characterize subsurface archaeological features has
been applied in the nave of the former St Catherine’s
church. The combination of GPR and microgravity
techniques is shown to be a very effective and nondestructive tool for such mapping. In the GPR survey
carried out on the eastern part of the nave several reﬂection anomalies, caused by buried structures
interpreted as crypts, have been found. In the microgravity survey a novel approach of microgravity data
processing has been employed. A detailed threedimensional polyhedral model used in the calculation
of the building correction was reconstructed from photographs of the church with a special photogrammetric
software. The microgravity technique has conﬁrmed
the position and size of the known aristocratic crypt
excavated in 2001. Moreover, in correlation with GPR
it suggests the presence of other structures that are
most likely to be related to two crypts documented in
historical archives. The geophysical results obtained
could be incorporated to the virtual databases, where
valuable monuments are documented for next
generations.
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