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Abstract: The reuse of vintage datasets which were acquired in the 20th century can pose challenges
for modern geophysical modeling due to missing detailed preprocessing information, significant
uncertainties, or lack of precise tracking, etc. Nevertheless, they are often the only available datasets
in a target region. We explore here the potential of such vintage airborne geophysical datasets
(magnetics, AEM, radiometrics) to detect the location and dip direction of geological faults, using
a non-modeling interpretation approach based on multiple GIS tools. We apply our approach in a
geologically well-known region where four different types of faults are mapped. The applicability
of the tools used in this study depend on the geological setting of each fault and is evaluated based
on the comparison with geological and—where available—with modeling data. In general, the GIS
tools, especially used on a combination of datasets, show reliable results concerning the location and
strike of faults, and even seem to be able to predict the dip direction of a fault.

Keywords: airborne geophysics; gravity; magnetics; GIS tools; Diendorf Fault; Waitzendorf Fault;
Moldanubian Shearzone; faults

1. Introduction

Nowadays, increasing quality of technology and digital data storage capacity has led
to an increase in data availability. However, “vintage” geophysical datasets, e.g., datasets
that were acquired and processed during the 20th century, are sometimes hard to update
or to replace. Such datasets are normally not comparable to modern quality standards;
they might be nevertheless a rich source of information in regions with no comparable
modern data. For example, in the north of Austria, about 40 square kilometers are covered
by a set of airborne geophysical data, acquired in the 1980s and 1990s by the Geological
Survey of Austria (GBA) [1-5]. At that time, the individual sets were processed, interpreted,
and compiled into reports, which, at that time, reflected the state-of-the-art knowledge.
In the meantime, the processing tools have improved significantly. Therefore, we want
to explore the re-use of this existing data set in regards of its potential to identify and
locate geological structures. In general, an integrated use of airborne magnetic, gamma ray
and electromagnetic data is known to discover important types of geological information,
including faults [6].

The usage of such vintage data can be challenging, not only because of factors such as
the lack of the original unprocessed data or inconsistent elevation measurement during
different campaigns, but also because of the lack of suitable modeling software. The appli-
cation of GIS technologies opens up an opportunity for rapid processing of geophysical
datasets, nearly independent of their quality and precision. In addition, the data visualiza-
tion tools and the possibilities for handling and combining multiple geospatial datasets
make GIS attractive for fault characterization. Nevertheless, the question remains how
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reliable the results of such non-modeling approaches are and if they are applicable to the
study of tectonic problems.

In this study, we apply GIS-based tools on vintage airborne geophysical data together
with gravity data provided by the Austrian Federal Office of Metrology and Surveying
(BEV). In order to evaluate the application of the methods to the datasets mentioned above
and to detect tectonic structures, we target the most prominent tectonic structure within
the area covered by all surveys, the Diendorf Fault System (DFS, Figure 1a). The DFS
is a ca. 150 km long, steeply dipping, approximately NE-SW trending fault system that
forms the eastern margin of the Bohemian Massif in Austria [7-9]. The DFS is the southern
part of the Diendorf-Boskovice Fault System, which extends northwards to Brno (CZ),
where it is supposed to be kinematically linked to the Boskovice Fault [10 and references
therein]. Showing a long-lasting and multiphase history, evidence of NE-SW-striking
sinistral strike-slip partly ductile, mylonitic shear zones during Upper Carboniferous
and Permian times is observed along the DFS. Several studies show not only insights of
continuous transtensional left-lateral strike-slip faulting during Miocene, but also recent
tectonic activity [10,11]. The two most prominent structures of the DFS are the NE-SW
striking Diendorf Fault (DF), which extends from Purgstall in the south to Maissau [11,12],
and in the northwest, the Waitzendorf Fault (WF) striking NNE-SSW between the villages
of Pulkau (A) and Znojmo (CZ) [10]. Total sinistral displacement along the DF is estimated
between 25 km, derived from offset of granitic blocks [8] and about 40 km, derived from
offset of magnetic anomalies [13]. Figdor & Scheidegger [13] also conducted a gravity
ground survey with subbases along the DF, where the DF can be identified as an elongated
gravity minimum, supporting the NE-SW trend.

Both faults, the DF and the WF, are clearly visible as lineaments in digital elevation
models, as they separate the crystalline rocks in the NW from the Neogene sediments of the
Molasse basin in the SE. However, neither geomorphology nor surface geological mapping
identify the northern part of the DF, where it runs parallel to the WE, where it is assumed
to continue mostly under Quaternary loess cover within the Molasse basin.

The DFS limits the tectonic Thaya Window towards the east, where the Moravian
Superunit is exposed (Figure 1b). Towards the west, the Thaya Window is limited by the
SW-dipping Moldanubian Shearzone (MSZ), separating it from the Moldanubian Superunit.
The Moldanubian Superunit was thrust onto the Moravian Superunit along the MSZ during
the Variscan orogeny. Within the Thaya Window, one major SSW-dipping, roughly N-S
striking regional thrust separates the Pleifsing and the Pulkau nappes, consisting both of
orthogneisses of different compositions [14]. This nappe boundary is indicated as NB in the
following figures. For comparison, all available data are plotted along a NE-SW trending
profile A that crosses all four faults, in order to evaluate the relevance of individual datasets
and the correlation between them concerning the recognition of tectonic boundaries. For
orientation, the location of profile A is shown in all figures representing the data.
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Figure 1. (a) Location of provided gravity measurements and airborne datasets acquired in 1983-1997
(inset shows study area location in Europe), background map: open street map. (b) Tectonic map
of the study area, major faults for this study are marked: DF—Diendorf Fault, MSZ—Moldanubian
Shearzone, NB—Nappe boundary between Pleifling and Pulkau nappes within the Thaya Window,
WEF—Waitzendorf Fault. Location of airborne datasets outlined in green is shown as reference,
background map: tectonic units of the geological map of Lower Austria at the scale of 1:200.000,
adapted with permission from [15,16], Geological Survey of Austria (GBA), 2022.

2. Materials and Methods
2.1. Acquisition and Processing of Aerogeophysical Data

Since 1982, the Geological Survey of Austria (GBA) has been performing aerogeo-
physical helicopter surveys in Austria. The main elements of the airborne system are
an electromagnetic (EM) device, a gamma spectrometer, and a magnetic total intensity
instrument. All parameters were recorded simultaneously and the intended flight altitude
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for all survey sites was 80 m above ground. The instrumentation has been changed and
improved several times over the years (see Table 1), which resulted in considerable weight
reductions and better accuracy.

Table 1. Varying technical equipment and survey specification of aerogeophysical data survey which
builds the basis of new processing steps.

Agl;?rg‘,ee;?ifziial Ngf&izic Electromagnetic Device/Frequencies Radiometric Device (1\]/)[:;75@;;3) 1:;:3%;[[‘;1;
Jfome cws  DOBIMGGe® g o
siotiogs G oty feomtanan GR-800 B 1/4/1 200
Pulkau,/1994 Scintrex CS-2 DIGI;IZEOI\(;[IEZ/ ?ﬁgrlfzz /(;’:;;é/rfao;;’dal)' Scintrex PGAM-1000 10/10/1 250
Pulkau north/1995  Scintrex Cs2 ~ DIGHEMII/900 Hz (vert./coaxial), g ;0 pGAM-1000 10/10/1 200

7200 Hz (horiz./coplanar)

GEOTECH “Hummingbird” /434 Hz
(vertic./coplanar), 3212 Hz
Geras/1996-1997 Scintrex CS-2 (horiz./coaxial), 7002 Hz Scintrex PGAM-1000 10/10/1 200
(vertic./coplanar), 34,133 Hz
(horiz./coaxial)

Mag = magnetic data, EM = electromagnetic data, Rad = radiometric data.

At the beginning, a proton precision magnetometer was carried 20 m below the
helicopter in a separate “bird” with analog data recording at a sampling rate of one sample
per second. By the end of the 80’s, digital data recording was introduced and in 1994,
the instrument was replaced by a cesium vapor magnetometer, with the position of the
sensor moved inside the EM-bird, 30 m below the helicopter. These changes led to an
improvement in accuracy (i.e., increased sensor distance to the helicopter and better sensor
accuracy), an increased data-sampling rate (10 samples per second) as well as an easier
helicopter take-off procedure (only one bird). In 1996, the proton precession magnetometer
used as base-station on the ground for measuring the daily variation of the earth’s magnetic
field was replaced also by a cesium vapor magnetometer. This raised the sampling rate
from one per 30 s to 10 per second. Additionally, a self-sufficient power supply for the
sensor was developed, which allowed the base station to be located far away from noisy
influences, which leads to an improved accuracy of the data.

Before 1993, video recording and Doppler-navigation were used for position recording,
with the altitude measured by radar altimeter. Pilots did in-flight-navigation visually. In
a time-consuming post-processing step, the flight-path video was used to correct for the
drift of the Doppler-navigation system. The final horizontal accuracy of the position was
nevertheless very poor (+/— 100 m). The height above ground was available from the
radar-altimeter (depending on the earth’s vegetation cover with an error of up to 30 m).
In 1993, a GPS-receiver was added to the system, but because selective availability (SA)
by the US-government was active, the position error was still in the range of +/— 100 m.
Nevertheless, flying and post-processing times were significantly reduced. In addition, a
first-reflection laser-altimeter was installed. In 1997, the GPS-receiver was replaced by a
GPS/GLONASS-receiver and the position error was reduced to a few tens of meters. In
summary, all the before-mentioned improvements led over time to faster, more accurate
data acquisition and an easier and quicker post-processing for the airborne magnetic field
measurements. This is also valid for the EM and gamma-ray measurements.

The area covered by the different surveys and used in this study is shown in Figure 1a.
As the quality of each single dataset is based on the type of the recording instrument
and the accuracy of determination of height and coordinates, the technical improvements
concerning the latter are described in the following and are summarized in Table 1 showing
the various technical equipment and survey specifications that have been used over a
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period of 14 years. Airborne total magnetic intensity maps have the potential to reveal both
deep (up to tens of kilometers) and shallow tectonic structures, whether outcropping at the
surface or buried under Quaternary or Neogene sediments.

Until 1994, the magnetic data was obtained using a proton precision magnetometer
(G-801/3). Then, the instrument was replaced with a more accurate cesium vapor mag-
netometer (Scrintrex CS-2), which was located inside the EM-bird (Table 1). Both devices
were carried below the helicopter - the magnetometer 20m and the EM-bird 30m. Fur-
ther recording details can be found in the survey-specific technical reports [1-5]. In 1998,
the individual geomagnetic datasets covering the DFS (see red boxes in Figure 1a) were
reprocessed and combined to a single data set. The reprocessing involved the following
steps: (i) the fully automatic processing that was common at that time was expanded to
include interactive programs that enabled the editor to visually check the data quality,
in order to remove spikes and gaps. (ii) The International Geomagnetic Reference Field
(IGRF) was removed. (iii) A heading error correction was introduced to remove the influ-
ence of the moving helicopter. (iv) The correction of daily magnetic field variations was
applied. (v) Correction factors in order to match the individual datasets were applied [17].
(vi) A reduction to the pole was applied [18]. The resulting data set is provided in the
form of a grid with a resolution of 250 m x 250 m (Figure 2) and was used for modeling in
this study.

48°50'
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48°30'

.i/ L\ 3

[~ 10K|Iometers

- S
15°50'

15“30' 15“40'

Figure 2. Reprocessed magnetic total intensity in Nanotesla (nT) covered by the vintage airborne data
(red boxes in Figure 1a); the white line shows the location of profile A where different geophysical
datasets are compared, legend for tectonic structures: see Figure 1b. Background map: Lidar image
with a 10 x 10 m resolution.

The interpretation of aero-electromagnetic (AEM) measurements is based on the model
concept that the measured data can be explained by modeling the distribution of electrical
resistivity in the subsoil. The task of the quantitative interpretation of AEM data is to
find a physical earth model (distribution of resistivity in the subsoil) that explains this
measurement result and, at the same time, agrees with already known geological data about
the survey area. The volume involved in each of the frequency domain measurements
depends on the used frequencies (Table 1), the conductivity of the surface, and the altitude
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of the measuring device [19]. Therefore, the exploration depth can vary up to the maximum
of 100-150 m (which applies to the coil specifications used in this context) [1-5]. Since
height determination in the 1980s and 1990s was error-prone, one of the tasks of this study
was to evaluate the usability of old AEM maps for large-scale geological applications,
such as fault identification. In addition to the aspects mentioned above, there are further
methodical limits to the detection of faults in AEM data. First, a resistivity contrast between
the two adjoining lithological units or at least between the fractured fault zone and its
surrounding is needed. Second, the fault should be outcropping at the surface, or at least
has only a relatively thin cover of not more than a few tens of meters.

In 1998, all individual AEM datasets (Table 1) acquired by the GBA in the study area
were reprocessed and homogenized. This map is available for the present study and shows
the distribution of apparent electrical resistivity calculated for the homogenous half -space
model. (Figure 3).
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Figure 3. Apparent electrical resistivity map in ohm-meter ((Q x m). Location of profile A (white
line) is shown for orientation, black lines indicate geological faults, see legend in Figure 1b for details.
Background map: Lidar image with a 10 x 10 m resolution.

Airborne gamma-ray maps show the distribution of natural radioactivity of surface
rocks and soils down to a depth of a few decimeters below the surface. Therefore, they are
useful to distinguish regions of contrasting mineralogical content of outcropping rocks [20].
Under certain circumstances, straight linear boundaries can be interpreted as faults.

Two different gamma-ray spectrometers were used during the airborne survey period
of the study area (Table 1). Geometrics GR-800B, used in the 1980’s contains eight sodium-
iodide crystals with a total volume of 33.6 L. The light pulses, stimulated by gamma-rays
are sampled into 256 energy channels covering the energy range from 0 to 3 MeV. Scintrex
PGAM-1000 has the same specifications as Geometrics GR-800B but with the addition
of an upward looking sodium-iodide crystal (for ambient radon-correction). The total
volume of this device is 37.8 L. The following processing steps were applied: (i) reduction
of cosmic radiation, (ii) reduction of the background, (iii) reduction of the Compton effect,
(iv) radon correction (only at the survey areas conducted in the nineties), (v) height correc-
tion. Attenuation coefficients were determined by climb flights in the survey area.



Geosciences 2022, 12, 436

7 of 23

48°50"

48040'

15°30

15°40" 15°50'

The three most commonly used radiometric data sets (uranium, thorium, and potas-
sium) are available for the study area. They were acquired along with the magnetic and
electromagnetic data and later post-processed in a framework aimed at homogenizing air-
borne radiometric data [21]. This data, compiled in 2007, was used for fault interpretation
in this study (Figure 4a—c) in order to evaluate its usability.
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Figure 4. (a) Potassium map (b) Uranium map (c) Thorium map. Location of profile A (white line)
is shown for orientation. Black lines indicate geological faults; see legend in Figure 1b for details.
Background map: Lidar image with a 10 x 10 m resolution.

2.2. Acquisition and Processing of Gravity Data

Processed gravity data is helpful in solving a variety of engineering and environ-
mental problems, including estimating the spatial extent of faults [22]. It is often used in
conjunction with aeromagnetic modeling data, as both methods are based on potential
field interpretation and therefore can be suitable under favorable circumstances for solving
problems that require investigation depths of up to ten kilometers [23]. The Bouguer
anomaly is used to model and identify faults because of its sensitivity regarding density
inhomogeneities within the subsurface [24].

The gravity data available in Austria has been acquired by various organizations for
more than 50 years and are now maintained by the BEV. The gravity base reference in
Austria is a ballistic absolute gravimeter of the JILAg6 type (between 1986 and 2009) and
the FG5 absolute gravimeter (since 2010). The gravity base station absolute values are
tied to stations of the Austrian Gravity frame (OSGN) and are continuously checked and
re-measured. All of the OSGN stations are tied to absolute gravity stations. The calibration
of individual gravimeters was controlled by observations at the Hochkar Calibration Line
(HCL) in Austria. In 2007, Meurers and Ruess published a complete review of the gravity
values measured in Austria based on 54,000 land gravimetric data [25]. For determining
the Bouguer anomaly, the observed gravity from the gravity data base was corrected for
the normal gravity at elevation h, the mass correction, and atmospheric correction with the
normal gravity at elevation h resulting from a Taylor series expansion to the 2nd order, both
in h and geometrical flattening [26]. The elevation h corresponds to normal orthometric
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elevation, which is the official elevation system in Austria. A spherical mass terrain
correction (167 km radius, Hayford zone O2) assuming a constant density of 2670 kgm 3
was applied, with a truncation of the mass correction area beyond 167 km. Rock densities
measured in situ and in drill cores in 1991 vary widely within the Bohemian Massif, but
generally confirm this assumed average value of 2670 kgm~3 [27]. For the terrain correction,
a digital terrain model with a spatial resolution of 50 m was used and the topography close
to gravity stations (<1000 m) was approximated by a polyhedral surface.

The irregularly distributed data were interpolated onto a 500 m x 500 m square grid
using an inverse-distance-to-2nd power algorithm (Figure 5). This grid size was chosen on
one hand to obtain an adequate density to solve the problem of tracing faults, and on the
other hand to avoid artefacts caused by improper interpolation.

15°30' 15°40' 15°50' 16°
Figure 5. Bouguer anomaly map calculated with reference density 2670 kg x m~3 (data provided
by BEV). For processing details, see description in text. Outline of airborne geophysical data sets
are shown for reference. Black lines indicate geological faults; see legend in Figure 1b for details.
Background map: Lidar image with a 10 x 10 m resolution.

2.3. GIS-Based Reprocessing Methods Used for Geological Fault Interpretation

GIS tools developed to analyze digital elevation models can also be used to explore
and visualize geophysical data. These tools are helpful in gaining insight into the nature
of data before modeling, or in cases where no modeling software is available [28,29]. The
feasibility of detecting geological faults in geophysical data sets relies on abrupt gradients of
geophysical properties on both sides of the fault. Determining these lateral magnetization
contrasts has long been an important topic in fault interpretation research, and many edge
detection routines have been developed [30-34].
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A variety of GIS tools are capable of performing edge-approximating techniques,
which are used to detect faults. Alignment of geophysical anomalies using derivatives of
the 1st and 2nd order provide information for structural analysis. Nevertheless, it requires
experience and knowledge of the geological setting to interpret the lineaments correctly.
We applied several GIS tools, e.g., Raster to TIN [35], Slope [36], Profile curvature [37] and
Aspect—Slope [38], applying varying starting conditions described in the following. We
then look for linear features in each of the datasets individually and finally compare the
positions of the obtained lineaments with mapped faults in the respective area. Based on
this comparison, we qualitatively evaluate the usefulness of each data set separately and
the combined data set in respect to detect geological faults and their characteristics. In the
following, the applied GIS tools are shortly described.

The accuracy of calculated magnetic models depends—among other things—on the
accuracy of the spatial position [39]. In particular, the height and orientation measurements
of the magnetometer device were imprecise in earlier times (see Section 2.1). Therefore,
when dealing with vintage data, the focus of the interpretation should lie on strong varia-
tions of the magnetic field to avoid the misinterpretation of noise or artefacts. The GIS tool
Raster to TIN [35] transforms a raster into a Triangular irregular network (TIN) which has
the ability to describe the surface at different levels of resolution. This tool is widely used to
convert digital elevation models, but it can also be applied to geophysical raster data [40,41].
Because nodes can be placed irregularly over a surface, TINs can have a higher resolution
in areas where a surface is highly variable or where more detail is desired and a lower
resolution in areas that are less variable (see cell sizes in Supplementary Figure S3). Thus,
applied on magnetic field data, sections with steep gradients will be amplified whereas
sections with less distinct gradients will appear underrepresented. The z-factor adjusts
the units of measure in z direction (depth or height) in case they differ from the measure
units in x and y direction (map view), with the default value of 1 in case the measured
units are identical in all directions. In the case of non-elevation data, the z factor can be
used to amplify the shown data (= z component) in order get an equivalent to the vertical
derivation often used in the course of edge detection techniques. The z-tolerance is the
maximum number of units by which the TIN surface may differ between two neighboring
cells from the input raster. Choosing a low z-tolerance (e.g., 20 nT for the magnetic total
intensity) yields a result similar to the input raster resolution (see Figure 2, but with better
visible edges. In addition, if combined with a high z-factor (e.g., 20, see Figure 6), small
variations in the data are highlighted.

The derivatives of magnetic or gravimetric anomalies caused by faults have associated
peaks or ridges that are more or less offset laterally from their associated sources. The
shallower the dip of the fault plane and the deeper the structure extends, the greater the
offset [42]. Slope computation is a viable technique for delineating edges in potential
field data, and is therefore useful for visually proving the presence of faults. The GIS
tool Slope [36] identifies the steepest gradient from each cell in a raster. The calculation is
performed on a projected flat plane using a 2D Cartesian coordinate system. Here, we again
choose a z-factor, which leads to an exaggeration of the z-component of the resulting field.
Figure 7 shows the slope amplitude of the magnetic total intensity with z- factor 20 of the
triangulated magnetic field (with low z-tolerance, Figure 6). Areas colored mainly in blue
show “flat areas”, e.g., small lateral changes in total intensity. Red colors highlight abrupt
changes. In general, the blue flat areas are mostly bonded by as linear features of yellow
and red colors, indicating abrupt lateral changes of geophysical parameters. These can be
interpreted as faults or other geological contacts. However, if the change of the measured
parameters across a fault is not seen, e.g., due to a small offset or a gently dipping fault, the
fault might not be identified within this illustration.
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Figure 6. Magnetic total intensity—triangulated field with low z-tolerance (20 nT) and z-factor 20.
Background map: Lidar image with a 10 x 10 m resolution.
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Figure 7. Slope amplitude [in degrees] of magnetic total intensity (triangulated field) with z- factor 20.
Background map: Lidar image with a 10 x 10 m resolution.
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The GIS function Aspect-Slope [38] is designed to simultaneously display the aspect
and the slope of a digital elevation model. The utilized color scheme allows accurate
terrain visualization while simultaneously categorizing the surface into explicit aspect
and three slope classes represented within a single, two-dimensional map [43]. Applied
on potential field data, this tool converts magnetic or gravimetric data into 3D appearing
“landscapes” in which strong field variations and their spatial orientation come forward,
whereas regions with small lateral changes tend to disappear in grayish hues. “Flat areas”,
e.g., areas where the potential field values do not change, are shown in gray (Figure S1
in the Supplementary Information). In order to achieve an even stronger visual effect
highlighting smaller changes, a scaling factor (z-factor) of 5 (Figure S2 in the supplementary
information) and 10 was used for the z component when processing the total intensity data
(Figure 8a). For gravimetric data (Figure 8b), no z-factor was applied, because using it does
not add any additional value to the resulting aspect slope map. The visible lineaments are
the same no matter which z-factor is selected. This is because the dynamics of the values
across the study area differ from the dynamics of the magnetic data. The interpretation of
the aspect—slope approach is similar to that of the Slope approach, but provides directly
additional information of the dipping direction of the geological contact.
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Figure 8. (a) Aspect—slope applied to the magnetic total intensity with z-factor 10 and (b) to the
Bouguer gravity anomaly. Color saturation represents the steepness and hue (color) represents the
direction of the aspect. Background map: Lidar image with a 10 x 10 m resolution.

Curvature anomaly maps of potential field data can be used to improve the localization
of geological boundaries [44—47]. GIS provides the tool Curvature [37], whose primary
output is the curvature of the surface on a cell-by-cell basis, as fitted through that cell and its
eight surrounding neighbors. Two optional output curvature types are possible: the profile
curvature is in the direction of the maximum slope, and the plan curvature is perpendicular
to the direction of the maximum slope [48]. In this study, we used the profile curvature
method, as it has become the more popular method in the last dozen years [49,50]. The
calculated field shows isolines with constant rate of change of the steepest slope across the
surface and therefore is useful to localize edges of gravity or magnetic source bodies. In
this study, we calculated the profile curvature of both, the magnetic and gravimetric data
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(Figure 9) but chose to use only the gravimetric map for interpretation since the magnetic
curvature map shows no additional value compared to the magnetic or the magnetic slope
map. In contrast, the slope map of the gravimetric data shows less informative value
compared to the calculated profile curvature map (Figure 9), and is therefore not used for
further interpretation.

48°40'

48°30'

15°30' 15°40' 15°50' 16°
Figure 9. Profile curvature map of Bouguer anomaly data. Background map: Lidar image with a
10 x 10 m resolution.

3. Results
3.1. Fault Lineaments in Map View

Abrupt geophysical parameter changes often indicate sudden changes in lithology
at the subsurface. Often, especially if they appear linear, these zones can be associated
with tectonic structures or other geological contacts. If these linear features are observed
within multiple geophysical data sets, the likelihood that they represent a tectonic structure
increases. The lineaments in this study were interpreted and placed visually, although there
are GIS-routines capable of automatically detecting lineaments from a map [51]. The reason
for this is that focusing on the verification of the four main faults requires a simplification
of the original and processed datasets. Figure 10 shows the resultant lineations derived
from all data sets presented in Section 2. Figure 10a, shows lineaments derived from gravity
and magnetic data representing deep-seated sources, whereas lineaments in Figure 10b
represent data from shallow sources (radiometry) and from sources of intermediate depths
(AEM). Comparing the lineaments with the major tectonic structures marked as MSZ, NB,
WE, and DF in Figure 10, they generally correspond well. For better visibility, detailed
views of the surrounding of each fault along profile A are presented in Figure 11.

The DF, MSZ, and NB, are well represented in datasets shown in Figure 10a: The DF
generally shows a dense bundle of lineaments within ~1 km around the mapped fault
location, except for the Aspect-Slope representation of the Bouguer anomaly. Lineaments
related to the MZS and the NB are also represented clearly, but are spread over ~5 km. The
WE, however, is only visible in the AEM data.
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Figure 10. (a) Compilation of all visually derived lineaments extracted from geophysical data relying
on deeper sources: gravity and magnetic data. (b) Compilation of all visually derived lineaments
extracted from data relying on shallow sources: radiometric and electromagnetic data. In the
background of both (a,b), a section of the 1:200.000 geological map of Lower Austria at the scale
of 1:200.000, reprinted with permission from [15,16], Geological Survey of Austria (GBA), 2002. is
shown to indicate the mapped changes in lithology.

In contrast, lineaments related to the WF can be observed in Figure 10b, also represent-
ing a concentrated bundle of ~1 km width. Lineaments related to the DF are observed in
Figure 10b only for its southern part. The MSZ is also associated with short lineaments,
but not as abundantly and clear as in Figure 10a, whereas the NB is only seen in the TIN
representation of the magnetic data with high z tolerance (Figure S3).

In order to investigate if the different appearances of the observed faults can be
probably explained by the different geological situations and geometries of the four faults,
we will discuss each of the larger tectonic structures, their visibility in the different data
sets and the possible reasons in the following.

In the TIN (Delauny Triangulation) representation of the magnetic data, the DF is
clearly seen as a linear feature in the TIN representation (Figure 6 and black solid line
in Figures 10a and 11d). It seems that the TIN representation of the magnetic data high-
lights edges that are already visible in the normal raster representation (comparison of
Figures 2 and 6). However, the high z-factor of 20 for the TIN representation leads to
extreme values for the lowest and the highest values of the dataset. This results in a kind
of saturation of the color bar for both extremes of the total intensity scale, which might
obscure variations between high and higher (or low and lower) values. This might be the
reason why the WF is not seen in this visualization.
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Figure 11. Detailed view of Figure 10 at the faults of concern along profile A. (a) Detailed view from
Figure 10a of lineament position at MSZ, (b) at the nappe boundary NB, (c) at DF. (d) Detailed view
from Figure 10b of lineament position at WE. Legends see Figure 10a,b, respectively.

The lineaments observed in the TIN show a good fit with those lineaments that are
generally assumed to be derived from deeper sources. In addition, a Neogene-Quaternary
sedimentary basin fill covers the northern part of the DF, while the WF is clearly visible at
the surface. It also appears that the WF has little vertical displacement, so that at greater
depths, the rocks on both sides of the fault are identical. Therefore, the TIN representation
of the magnetic total intensity might be used as a quick way to identify deeper seated
sources (low z-tolerance and high z-factor).

The lineaments obtained from the Slope and Aspect-Slope calculations (Figures 7 and 8)
for the Bouguer anomaly and the magnetic total intensity are marked as blue and orange
lines in Figures 10a and 11, respectively. The combined information of the location and the
direction of the steep gradient in the magnetic total intensity highlights those faults as areas
of unidirectional gradients. The DF is clearly seen as a narrow, linear area of linear changes
in the magnetic data, being a textbook example for the application of those methods. In
addition, N-S to NW-SE striking faults between the WF and the DF can be also identified in
a similar, but more subtle way.

The northern part of the MSZ separates an area with little change in its SE from
an area showing a high fluctuation. This separation follows very well the geologically
mapped feature. Since such highly changing environment also characterizes the eastern
Thaya Window around the NB, we assume that this is an expression of the high measured
magnetic total intensity values in these areas (see Figure 2). As the gradient calculation
is made on the absolute values, a change of a few percent between measured magnetic
intensities of 200 nT and higher leads to larger gradients than the same deviation at lower
magnetic intensities in the range of less than 100 nT. Considering this, the larger areas
of high gradients can also be interpreted as areas of predominantly granitic or granulitic
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rocks, which are generally associated with higher magnetic intensities. Therefore, the
northern part of the MSZ can be mapped along the boundary between the blue and the
dark red areas.

In addition to the linear features, this visualization method also highlights smaller
circular areas. Following the argumentation above, they could be interpreted as singular
small granitic lenses close to or at the surface. Another possible interpretation would be
that of manmade artificial sources at the surface [52].

The application of the Aspect-slope calculation on the Bouguer gravity anomaly data
shows less variation (Figure 8b), most probably due to the larger grid sizes of the gravity
interpolation. In general, this data consists mostly of steep gradients. Therefore, the data
is less intuitive to interpret. Nevertheless, the main features observed within Figure 8a
can also be identified, although less precisely: The MSZ can be identified as a linear
change between a generally S-dipping (pink) and a generally N-dipping (green) area. In
addition, the NB seems to be located around the maximum of the granitic rock unit of the
Thaya Window, as it correlates roughly with the change between E-dipping (blue) and
NW-dipping (yellow) areas.

However, in general, the Aspect-Slope and Slope tools as applied here seem not to
help to interpret the Bouguer anomaly data. Therefore, we tested if the second derivative
of the data would provide insights that are more precise. In Figure 9, the curvature along
the maximum slope for the Bouguer anomaly data is plotted. Despite the high noise in
this map, longer linear features consisting of negative and positive lines can be observed
parallel to the main fault zones, except for the WE, which is not visible in the data set. The
MSZ and the respective lineament correlate well, especially its southern N-S striking part,
where the MSZ juxtaposes granitic rocks on the east and sedimentary basin fill on the west.
In addition, the outlines of the granitic body within the Thaya Window around the NB that
has been distinguished in the magnetic total intensity aspect-slope map (see Figure 8a) can
be also identified here. Furthermore, the DF can be located as a more or less continued
NE-SW striking line. The comparison with the original Bouguer anomaly raster and the
Aspect-Slope and Slope calculation results suggest that, for gravity data, the curvature
map is the best to locate potential fault zones, if a large enough density contrast exists. The
lack of a large density contrast might be also the reason that the WF is not detected in any
of the gravity data visualizations.

Lineaments on AEM (Figure 3) and aero-radiometric data (Figure 4) have been identi-
fied only based on the visualization of the data as shown in the respective figures. Linea-
ments identified within the AEM data set correlate well with the major faults, where the
faults are present in the landscape as geomorphological fault scarps. This is generally the
case where the faults act as margins for sedimentary basins, e.g., the central part of the
DEFS, the northern part of the WF as western limits of the Molasse basin, and the southern
part of the MSZ, where it is the northern and eastern boundary of the Horn basin. Here,
the granitic and/or gneissic rocks of the Bohemian Massif are located at one side of the
respective fault, and the adjacent sedimentary deposits of the basins on the other side.
Thus, there are strong material contrasts across the fault more or less directly at the surface
or at very shallow depths. As the measured AEM values are low, the expected penetration
depth for this method is around 50 m. Therefore, these material-contrasts close to or at the
surface are depicted well in the AEM data. The radiometric data correlates well with the
distribution of sedimentary deposits, showing slightly elevated values in the Uranium and
Thorium distributions.

3.2. Comparison along Profile A

For the comparison of the different datasets, we looked at all data along profile A,
which includes four of the most prominent faults located at this study site. As a reliable
basis for evaluation of the airborne datasets serves the location of the geological faults
taken from the geological map of Lower Austria [15,16] (Figure 1b). All aerogeophysical
data plotted in GIS (Figures 2-9) were extracted at defined point locations along profile



Geosciences 2022, 12, 436 16 of 23

A. After creating the line feature of profile A, the GIS tools Generate Points along Lines
and Extract Multi Values to Points were applied. Generate Points along Lines created point
features along profile A at a fixed interval of 100 m. Subsequently, the tool Extract Multi
Values to Points, applied as a batch tool, extracted magnetic, gravity, radiometric, and
electromagnetic data at the calculated point locations. As the extracted points are measured
by map units given in degrees of latitude and longitude, the 100 m distance between the
points along profile A had to be projected on degrees of longitude in order to plot the
curves shown in Figure 12.
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Figure 12. Comparison of different geophysical datasets and their respective derivatives with the
position of mapped geological faults along profile A. Locations of the major faults visible in the
tectonic map (Figure 1b) are marked by vertical black dashed lines (MSZ = Moldanubian Shearzone,
NB = nappe boundary, WZ = Waitzendorf Fault, DF = Diendorf Fault). The vertical red dashed
line indicate the position of MSZ based on the common shifts within the presented data and their
derivations, most probably due to a westward inclination of the respective fault plane.

Evaluating the visibility of the four major faults within the different datasets along profile
A, we come to the following observations relative to each of the four major fault structures:

(1) The Molanubian Shearzone (MSZ) is indicated as a strong change in almost all data
sets at a similar position, as presented by the red dashed line in Figure 12. However, in
comparison with its surface trace on the geological map and profile (black dashed line),
this position is shifted towards the NW for two kilometers. This might be the effect of its
NW-dipping geometry.

(2) The Nappe boundary (NB) within the Thaya Window is more difficult to identify,
as the changes in each data set are not as prominent as in the case of the MSZ. However,
changes can be observed especially in the magnetic total intensity and its derivatives,
the distribution of Thorium /Potassium and the AEM data. Interestingly, the changes for
the latter coincide with the location of the fault on the geological map and profile (black
dashed line in Figure 12), whereas the change in the observed magnetic data is shifted
again towards the NW. Again, this is probably caused by a NW-dipping geometry.
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(3) Profile A crosses the Waitzendorf Fault (WF) at the southern part of the fault,
south of the visible and prominent geomorphological scarp. Nevertheless, there are minor
changes in the magnetic total intensity and even in the gravity data, although they are
smooth and over a larger distance. However, the slope of the magnetic total intensity
shows a more localized change at the place of the WE. The fault can be clearly seen in the
non-smoothed radiometric data. In addition, there is also a change within the apparent
resistivity of the AEM data, but this signal is not distinct.

(4) The Diendorf Fault (DF), in contrast, shows a drastic change in the AEM data
precisely where the fault is mapped. NW of the DF, values up to 3000 Ohmm are observed,
whereas the values in its SE do not exceed 100 Ohmm. This is reflected also in the magnetic
total intensity, where an increase is observed around the location of the DF, but not as
strong as at the location of the faults that are outcropping at the surface (MSZ, WF).

4. Discussion
4.1. Comparison of Different Data Sets Using Various GIS Tools

In general, our study shows that, depending on the nature of the fault, differently
transformed geophysical field data executed with GIS tools lead to good results consistent
with the location of the geologic contacts at all four mapped faults. The magnetic total
intensity is especially useful to detect the trace of the DF under the sedimentary cover
of the Molasse Basin. In general, the magnetic and the gravimetric data show reliable
results for deeper sources. The capability of gravity data to detect sources at different
depths depends on the extent of the study area and the density of the measured grid: a
larger extent of the study area allows detecting deeper and larger sources. On the other
hand, a higher density of measurements per square kilometer permits a higher resolution
of anomalies and discrimination between small anomalies. AEM data represent sources,
which are located in a layer with a thickness of 80 to 150 m lying directly beneath the
surface. The results of radiometric surveys on the other hand image the geologic structure
of the surface, since the exploration depth is only a few decimeters. Thus, as the summary
in Table 2 shows, comparing the results of these different methods can provide information
not only on the depth extent of the sources of the anomaly, but also on whether or not the
geological structure is buried. For these investigations, it is essential to have good geologic
knowledge about whether the expected geophysical contrast in the present case is shown
in the method under consideration.

4.2. Location of Profile A

The position of profile A was selected in order to investigate four geologic boundaries
with different characteristics. The fact that all contacts are mapped (partly) on the surface
enables us to evaluate whether anomalies apparent in geophysical data are plausible.
Profile A is more or less perpendicular to the fault structures, and provides therefore a good
position to evaluate the anomalies. The chosen position is more or less the only option,
where all four major faults are crossed by a single transect. However, profile A crosses the
WEF only at its southernmost part, where the prominent geomorphological fault scarp is no
longer observed. Even though we still see some changes in almost all datasets, they are
less prominent than those associated with other faults. If the profile A would run across at
the center of the WE, the picture would look differently. A similar situation is given for the
DF where profile A crosses north of the geomorphologically prominent fault scarp where
the fault is buried below Quaternary and Neogene sedimentary cover. Even though the
fault can be observed with the geophysical methods describing deep-seated anomalies
(magnetics and gravity, and their derivatives), there is no sign for a fault in the radiometric
data set that is insights for shallow sources.
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Table 2. Summary of the interpreted results and an evaluation of their applicability to each of the
major faults within the study area.

. Field under Tectonic Structure Applied Ke -
View Method Consideration MSZ NB WF DF I();lsiS-Tool Y Figure
. Bougueranomaly (BA) IDW
Gravity Profile Curvature of BA Profile Curvature
Total Intensity (TI) | ] IDW
Magnetics Sopeol T [ STope
- Curvature of TI _ Profile Curvature .
Profile A AEM Apparent Resistivity ] IDW Figure 12
Uranium IDW
Radiometrics Potassium IDW
Thorium IDW
Bougueranomaly IDW Figure 5
Gravity Profile Curvature of BA - Profile Curvature ~ Figure 9
’ Aspect Slope of BA Aspect Slope Figure 8b
Total Intensity (TI) ] IDW Figure 2
TITIN | ] I RastertoTIN Figure 6
Magnetics Raster to .
& Slope of TI TIN/Slope Figure 7
Map view Aspect slope of TI Aspect Slope Figure 8a
AEM Apparent Resistivity IDW Figure 3
Potassium IDW Figure 4a
Radiometrics Uranium | ] IDW Figure 4b
Thorium | ] IDW Figure 4c
TIN = triangulated network | visible
Magn. Intensity = Magnetization Intensity [A/m] visible with limitations

not visible

MSZ = Moldanubian Shear Zone, NB = nappe boundary between Pulkau and Pleiling nappes, WF = Waitzendorf
Fault, DF = Diendorf Fault.

4.3. Map View vs. Profile

As discussed in the section above, the view along one single profile has its limitations.
Especially the evaluation of the suitability of an applied method depends strongly on the
location of the profile. Nevertheless, comparison of the edge-approximation results of vari-
ous geophysical methods along a profile is helpful to understand the vertical distribution
of the anomalies. For example, the comparison between methods detecting shallow and
deeper sources, respectively, along a profile allows also to indicate the direction of the fault
dip, e.g., for the MSZ and NB in Figure 12.

In addition, the map view of each edge-approximate result (Figures 2-10) provides
information regarding the orientation and the length of the observed fault. In addition,
the differences in width between the location of the lineaments obtained from different
sources might be an indicator for vertical (WF and DF) versus dipping (MSZ and NB) fault
geometries (Figure 11). Therefore, we recommend the evaluation of the different datasets
both in map view and along along a profile in order to assess their usability and reliability.

4.4. Comparison with Results from Modeling

The same aeromagnetic dataset used in this study has been studied by
Paoletti et al. [53]. They used potential field multiscale techniques for source-edge location
and characterization of sources at depth with a focus on characterization of subsurface
structures. In general, the major lineaments and structures such as the DF, the MSZ, and
the WF have been identified by both approaches. Additionally, the identified locations
are in good agreement, and the information derived from modeling is also more detailed.
Nevertheless, the comparison shows that good results can be achieved with simple GIS
tools even without modeling software.
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4.5. Precision of Vintage Aerogeophysical Data

Usually, vintage geophysical data show a lower acquisition density than modern data,
especially in the case of regional surveys. Combined with the fact that faults are only visible
if related with density and/or magnetization contrasts, the possibility to identify faults in
vintage potential data is limited to larger offsets associated with strong contrasts. Another
aspect related to the low acquisition density is the uncertainties regarding the exact fault
locations. As the interpretation is generally based on interpolated data grids, low data
density plays a major role in increasing the uncertainties in this aspect.

Typically, accurate modeling of magnetic data requires applying field continuation
to a horizontal plane [54,55]. However, the study area is a region of generally low and
rather flat topography. In addition, due to their age, the used datasets have rather poor
horizontal (+/— 100 m) and vertical precision (~30 m), which also varies not only between
survey campaigns, but also between single survey locations. Therefore, it is doubtful
if the application of field continuation to a horizontal plane would increase the data
quality significantly.

In addition, vintage airborne geophysical maps are sometimes difficult to evaluate
due to unknown details of their production. If there is enough evidence provided to trust
the reliability of a dataset in parts where several datasets exist, the data can be used in areas
where less information of other data sets is available. In view of the fact that the original
magnetic data in this study were no longer available and the data that was reprocessed
in 1997 is not documented in detail, it can be said that this data is still worth using for
interpretation and analysis. In general, we recommend considering the scale of the studied
issue and then deciding whether to reprocess the data or not. In the case of localizing
faults which is a larger-scale problem, it is possible to gain additional information using
the datasets of variable quality, such as the ones existing in the study area.

4.6. Experimenting with GIS Tools

This study intends to show that there are many possibilities to “play around” with
geophysical data by using different GIS tools to gain more insight into the characteristics of
the data. When using common field transformation tools such as Slope and Curvature, the
results are expectable, but when using methodologies which are not as well established,
e.g., the TIN representation, it is necessary to think about the reliability of the obtained
results. Applying the scaling of the Z-component in the Raster to TIN tool, one has to be
aware of that this procedure manipulates the original data. Using a z-tolerance implies
terracing of the data [56]. Choosing both factors together may lead to artefacts which
might have no significance at all (Figure S3). Nevertheless, the lineaments highlighted
in this high z-tolerance/large z-component scaling TIN agree well with other lineaments
derived from shallow sources. In addition, a Neogene-Quaternary sedimentary basin fill
covers the northern part of the DF, while the WF is clearly visible at the surface. It is also
suggested that the WF has not much vertical displacement, so that in greater depths, the
rocks on both sides of the fault are identical. This might be purely coincidental, but maybe
“playing around” carefully with the settings of the TIN representation of the magnetic total
intensity might be used as a quick way to differentiate between deeper seated sources (low
z-tolerance and high z-factor) and shallow sources (high z-tolerance).

4.7. Applicability for Regions with Less or No Geological Information

Here, we have shown that vintage aerogeophysical data have the potential to help
identify geological contacts and faults, when put in a well-known geological context.
However, the question remains how this knowledge can be transferred to areas where
geological information is low, especially considering the limitations that come with using
vintage data.

By comparing a fairly large amount of various data sets covering different methods and
production origins, this nevertheless enables a geoscientist to assess whether a certain data
set is useful for a particular problem or not. This is done by evaluating the correspondence
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from one data set to another. Gravitational, magnetic, and geoelectric surveys may be
used as indirect evidence for faults at depth that juxtapose rocks with different densities,
magnetic, and electric resistivity properties. Geophysical field data however can be used
in conjunction with sparse 2D seismic data to resolve the trace of a fault over very long
distances. Even on a regional scale, large lateral offset of rock bodies can be inferred from
gravity or magnetic data.

5. Conclusions

Vintage airborne geophysical data from different generations were reprocessed and
compared to gravity data using various GIS tools. The lineaments identified in the different
datasets were compared with the tectonic map to assess the usefulness of this approach to
detect geological structures. The main findings of this study are:

1.  In general, even if vintage aerogeophysical data lacks today “s accuracy due to less
sophisticated technical equipment, they contain valuable information that can be
extracted using GIS tools.

2. GIS tools prove to be useful for rapid data visualization and interpretation (especially
first and second order derivatives and aspect-slope visualization). The comparison of
differently transformed fields of various geophysical methods and spatial views can
refine the understanding of tectonic structures.

3. Lineaments extracted from geophysical data show generally good agreement with the
boundaries of geological units and faults. Deep seated and buried sources can be iden-
tified by lineaments of magnetic and gravity data and their field transformations—they
run mainly parallel to each other. Lineaments identified by methods with shallower
investigation depth (AEM and radiometry) can give hints as to whether the geologic
structure is buried or not.

4.  The differences between the positions of lineaments from different methods and
datasets can be an indicator for vertical (WF and DF) versus dipping (MSZ and NB)
fault geometries.
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