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The distribution of Permian alluvial fan lithofacies in a quarry at Zygmuntówka near Chêciny, Holy Cross Mts., in southern
Poland was investigated using ground penetrating radar (GPR) in order to create a training image for multiple point statistics
(MPS) reconstructions of alluvial fan sedimentary facies. Five pseudo-3D GPR datasets were collected, processed and uploaded for interpretation into SKUA-GOCAD 3D geological modelling software. Three radar facies were distinguished based
on the 3D geometrical pattern of radar reflections and linked to lithofacies described from the quarry by Zbroja et al. (1998). A
statistical summary showed that ~50% of the lithofacies resulted from gravity flows (mostly non-cohesive), while the remaining proportion was deposited by unconfined and confined flash floods. Fluvial sedimentary facies left by waning of catastrophic floods or reworking during fair weather, although not prevalent, could not be distinguished from confined flood
deposits based only on GPR data. The GPR datasets together with information from field observations were used to carry out
MPS simulations and estimate the most probable 3D model of lithofacies at the quarry scale. This model will in turn serve as
a training image for MPS reconstructions of alluvial-fan facies of Rotliegend conglomerates in the multi-scale geological
model of the Gorzów Block (western Poland).
Key words: alluvial fans, ground penetrating radar, Permian conglomerates, sedimentary facies, multiple point statistics,
training image.

INTRODUCTION
Multi-scale 3D geological modelling of the sedimentary
cover of the Gorzów Block (western Poland; Fig. 1), apart from
delineating the stratigraphic systems and main tectonic structures, also involves reconstructing the spatial distribution of
sedimentary facies for the most important horizons overlying
the Variscan basement. In the Gorzów Block, as in other
post-Variscan intra-continental basins of Western and Central
Europe, the tectonically deformed basement of Precambrian to
Carboniferous age is discordantly covered by the Permian and
younger systems. However, the great depth of these strata and
sparse borehole data motivate us to use analogues of the dominant lithostratigraphic units to properly delineate facies distribution. A significant proportion of the Permian sedimentary cover
on the Gorzów Block is formed of alluvial-fan conglomerates
which accumulated around volcanic elevations on the north-
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western part of the Wolsztyn High (Fig. 1). These facies – accessible only in deep boreholes in the Gorzów Block – were described by Pokorski (1988) as alluvial fan conglomerates of the
basal part of the Noteæ Formation. Karnkowski (1994) described them as an allostratigraphic unit of the Ksi¹¿
Wielkopolski Conglomerate, while Kiersnowski and Buniak
(2006) as conglomerates of the ALIII depositional cycle. The
nearest outcrops of comparable Permian facies can be found in
the Sudetes, near Kraków and near Chêciny in the Holy Cross
Mts. (Fig. 1). Quantitative relationships measured in analogue
geological situations compared with facies models established
based on observations from contemporary alluvial fans (for example Nemec and Steel, 1984; Blair and McPherson, 1992,
1994a, b) can aid reconstructions of sedimentary facies distribution in inaccessible situations, i.e. between deep boreholes.
One approach to reconstructing this facies involves using multiple point statistics (MPS), which requires training images.
Training images are conceptual models representing the
spatial arrangement of properties. They are constructed based
on observations from exposures, high-resolution geophysical
data such as ground penetrating radar (GPR), understanding of
facies models and sedimentary processes, 3D geometrical
modelling techniques or other quantitative methods (Comunian
et al., 2011; Linde et al., 2015). Training images offer an alter-
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Fig. 1. Location of the study site near Chêciny in southern Poland and the extent
of the Gorzów Block model
Black dashed line indicates location of the Wolsztyn High

native to variogram-based geostatistics, which deals with spatial relationships between two measurement points, but cannot
resolve complex patterns such as the arrangement of sedimentary facies (Guardiano and Srivastava, 1992; Strebelle, 2002).
During simulations, the MPS algorithm scans the training image, extracts relationships between multiple data points and
applies them to available subsurface data from a new site in order to stochastically recreate multiple, equally possible, new
distributions.
Numerous studies of alluvial fanglomerates show a great
similarity of alluvial fan architecture, particularly their main sedimentary facies (cf. Nemec and Steel, 1984; Nemec and
Postma, 1993; Blair and McPherson, 1994a, b; Maejima and
Nakanishi, 1994; Blair, 2000; Kim and Lowe, 2004). This is due
to the dominant role of gravity flow processes as well as catastrophic floods both in desert and non-desert environments.
Typical alluvial fan facies are primarily formed by sub-aerial
gravity flows and catastrophic (flash) floods (supercritical flow of
Newtonian fluid) as described by Nemec and Steel (1984) and
Blair and McPherson (1994b). Fluvial processes associated
with subcritical flow occur on alluvial fans only during the waning phase of catastrophic flows (forming the top part of the sequence) or in fair-weather conditions when they only modify the
alluvial fan surface. Most surface observations from alluvial
fans were carried out during dry weather which led to the common association of alluvial fan environments with fluvial processes (Blair and McPherson, 1994a).
Bedrock lithology and climate are two primary controlling
factors for weathering processes, which after deposition of sed-

imentary material may result in differences in matrix amount
and type (Thiry et al., 1999; Taylor and Eggleton, 2001). However, a greater amount of fine particles will only favour cohesive
debris flows over non-cohesive flows during the initial stage of
bedrock erosion and fan development (type I alluvial fans of
Blair and McPherson 1994a). During MPS simulations, proportions of sedimentary facies can be imposed based on hard data
such as borehole information. Thus for the purpose of creating
a training image, it is possible to compare alluvial fans built by
sedimentary material of different compositions, such as fans
comprising carbonate clasts as is the case at Zygmuntówka
Quarry, with those composed of fragments of volcanic or clastic
sedimentary rocks (Gorzów Block).
The aim of this article is to demonstrate the process of developing a training image based on pseudo-3D ground penetrating
radar (GPR) data collected from outcrops and correlated with exposure observations. We discuss the applicability of such an approach using data collected from the Zygmuntówka Quarry near
Chêciny in southern Poland. The phase of applying the training
image in reconstructing sedimentary lithofacies with MPS based
on the example of the Gorzów Block is outside the scope of this
article and will be described in a separate publication.

GEOLOGICAL SETTING
Coarse-grained clast-supported, occasionally matrix-supported, conglomerates of Late Permian age are exposed in the
Zygmuntówka Quarry at the hill of Czerwona Góra, located near
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Fig. 2. Field sketch of the quarry with location of GPR datasets and the geological profile from Zbroja et al. (1998) show ing
distribution of the main lithofacies Z1–Z5
Z1 – thickly-bedded, structureless, clast-supported; Z2 – thickly-bedded, structureless, matrix-supported; Z3 – thinly- to medium-bedded,
clast-supported, poorly sorted; Z4 – trough cross-bedded conglomerates, occasionally with normal grading; Z5 – structureless, clast-supported conglomerates arranged in both planar and trough-shaped beds; symbols showing clast size: cl – clay, si – silt, s – sand, fg – fine
gravel, cg – coarse gravel; A–E – GPR datasets; numbers near GPR datasets indication their dimensions in metres; the arrow indicates the
north

the town of Chêciny (Holy Cross Mts.) ~10 km south of Kielce,
southern Poland (Figs. 1 and 2). The Permian strata have not
been significantly tectonically deformed here, bedding being
gently inclined at an angle of ~5 to the south-west, i.e. the dominant transport direction (Kostecka, 1962). Thus the study site
offers excellent conditions to study the depositional architecture
of an ancient alluvial fan.
The alluvial-fan facies unconformably overlie deformed Upper Devonian and locally Lower Carboniferous carbonates
forming palaeopiedmont settings for the Permian deposits of an
arid and semi-arid climate. Here, the thickness of the Permian
succession reaches over 150 m as recorded in borehole BZ1
located ~1.5 km to the south-east of the study site (Kuleta et al.,
2007). Only the uppermost 30 m thick section of the Upper
Permian conglomerates is exposed in the quarry and is interpreted to have been deposited as a proximal to intermediate alluvial fan. General upwards coarsening of clasts suggests a
prograding fan system (Zbroja et al., 1998). The lower part of
the profile located to the south-east of Zygmuntówka was interpreted to consist of shallow fan-delta deposits, as suggested by
the presence of limestone beds and the chemical composition
of the matrix (Migaszewski et al., 1996; Kuleta et al., 2007).

Zbroja et al. (1998) described five lithofacies within the
Zygmuntówka conglomerates (Fig. 2). The first two are
thickly-bedded, structureless, clast-supported (lithofacies Z1)
and matrix-supported (lithofacies Z2), poorly sorted conglomerates with cobbles and boulders. Lithofacies Z1 forming ~40% of
the rock volume was deposited by non-cohesive gravity flows
(Gani, 2004), also defined as pseudoplastic grain flows
(Nemec, 2009) or the liquefied flows of Middleton and Hampton
(1973). Matrix-supported gravels with cobbles and boulders
(Z2) are cohesive gravity flow deposits (Bingham plastic rheology, Nemec 2009) and represent only 10% of the rock volume.
The third lithofacies is described as subhorizontally bedded,
clast-supported, poorly sorted conglomerate (lithofacies Z3)
with clast dimensions reaching 0.3 m, commonly normally
graded. Lithofacies Z3 is interpreted as deposits associated
with unconfined, supercritical flow produced by catastrophic
flash floods (sheetfloods). Trough cross-bedded conglomerates with occasional normal grading were classified as
lithofacies Z4 ascribed to deposition from small streams.
Structureless clast-supported conglomerates are arranged in
both planar and trough-shaped beds and described as
lithofacies Z5. They are ascribed to confined (channelized)
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Fig. 3. Lithofacies Z5 in the uppermost quarry face,
photo facing the north

flashfloods (as described by Simons and Richardson, 1966)
representing incised-channel fills and the embankments surrounding them (Fig. 3).

METHODS
GPR sends short electromagnetic impulses which are reflected back to the surface from interfaces between zones of
contrasting dielectric properties and recorded by a receiver. We
used RAMAC GPR with a 250 MHz shielded antenna. Five
pseudo-3D GPR datasets were collected with their lateral dimensions ranging from 5 to 25 m (Fig. 2). Signal penetration
reached on average a depth of 10 m. Each dataset comprised a
series of parallel 2D GPR profiles with a distance between lines
of 0.2 m and a survey step of 0.1 m forming a survey grid close
to full-3D resolution (Grasmueck et al., 2005; Dogan et al.,
2011). Closely spaced parallel GPR profiles were individually
processed (frequency bandpass filtering, gains, in some
datasets topographic correction), and 2D lines were compiled
into 3D datasets. Large amounts of cobbles and boulders introduced hyperbola-shaped reflections which obscured the images, and only after the data was migrated (2D Stolt) profiles
were interpretable. Signal velocity for the data migration, topographic correction and time-to-depth conversion was established at two locations in the quarry (at the centre of grids A and
D) to be 0.087 m/ns based on the thickness of strata known
from the quarry exposures. The GPR method is analogous to
seismic reflection, therefore processed pseudo-3D GPR data
could be uploaded for interpretation into SKUA-GOCAD geological modelling software. Field observations were also carried
out in order to verify the location of sedimentary facies in the
quarry cliffs, particularly in the topmost quarry face, which was
not available for acquisition of GPR data due to vegetation and
an uneven ground surface.

RESULTS AND INTERPRETATION
CLASSIFICATION OF RADAR FACIES

Classification of radar facies was based on concepts of radar stratigraphy (Beres and Heani, 1991; Gawthorpe et al.,

1993; Huggenberger, 1993) which were adopted from seismic
stratigraphy (Mitchum et al., 1977). Radar facies were defined
by Huggenberger (1993) as mappable, three-dimensional sedimentary units characterized by reflections the spatial pattern of
which distinguishes it from adjacent units. The 3D approach to
radar facies representations involves recognising a reflection
pattern in all three directions (x-y-z). Large-scale sedimentary
structures (decimetre-scale) apparent on GPR profiles and interfaces between zones of contrasting electromagnetic properties were manually picked across datasets. Horizontal sections
(time slices) were particularly useful because they allowed the
tracing of horizons between adjacent 2D lines within 3D
datasets, which otherwise would be difficult to correlate in some
areas (Fig. 4). As in the case of seismic data, the main properties which describe the character of reflection surfaces are their
amplitude, shape, dip, azimuth of inclination, continuity as well
as spatial relationships with other interfaces, particularly of
higher order (surfaces between radar facies).
Dip and azimuths of surfaces (manually traced) were automatically calculated by the modelling software, displayed on
surfaces and summarized for interpretation using histograms.
Generally, the steeply inclined, typically at an angle of 6 to 15
and locally reaching 20 (Figs. 4B and 5), tabular arrangement
of radar reflections was classified as radar facies Z1/Z2. This
description which merged facies Z1 and Z2 was made in order
to link the radar facies to the classification of lithofacies of
Zbroja et al. (1998) for the study site (explained in the interpretation section). Subhorizontal continuous parallel reflections inclined at an angle of between 2 and 8 were grouped as radar facies Z3. Trough-shaped concordant reflections, typically semicontinuous, were named radar facies Z4/Z5 (Fig. 5). These
troughs were very irregular in shape, depth and lateral extent,
but on average their depth was 1–3 m with lateral extents of
3–8 m. The summary of radar facies correlated with the
lithofacies of Zbroja et al. (1998) is shown in Figure 6.
The most distinct (highest amplitude) reflections were manually traced and transformed into surfaces using geomodelling
software (Figs. 5 and 6). Most reflections were difficult to trace,
particularly the trough-shaped ones, as they continue laterally
only for 2 to 5 m. This is consistent with descriptions of bedding
continuity from contemporary alluvial fans (e.g., Blair, 2000).
Thus tracing surfaces between 3D GPR datasets (cubes) was
not realistic. The surfaces were classified according to the radar
facies they belonged to; their inclination and azimuth was extracted using the software, and summarized as histograms and
basic statistical values. Based on this summary, reflection surfaces of radar facies Z1/Z2 were the most steeply inclined at an
average angle of 11° with a standard deviation value of 6.3. Inclination of surfaces clearly increased with depth with maximum
values of over 20° in the bottom parts of the quarry. Radar facies Z3 was associated with an average dip of 7.6° and standard deviation of ~4. Some surfaces in the upper sections associated with facies Z3 are very shallow and their angle of inclination was <3°.
The average azimuth values for each of the radar facies are
quite similar, although in the case of lithofacies Z3 the mean azimuth of inclination was 232.8°, the most similar to the azimuth
of inclination of the Devonian subcrop (234°). This subcrop surface was traced based on the Detailed Geological Map of Poland at the scale of 1:50,000, Chêciny Sheet (Hakenberg,
1971). For this facies, the standard deviation is the highest
(~53°) and the distribution is clearly bimodal which may reflect
the convex shape of the alluvial fan topography. The azimuth
for radar facies Z1/Z2 is the most westerly (245°), while the
standard deviation is the lowest (26°).
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Fig. 4. GPR dataset A
A – with dimensions 12 ´ 7 m located in the eastern part of the lowest bench of the quarry; note the azimuth of inclination also can be inferred
from the horizontal section (at the top of the dataset); these horizontal sections helped to trace the horizons between parallel 2D GPR profiles
forming each of the pseudo-3D datasets; total vertical reach in two-way-travel time (TWTT) is 220 ns (100 ns = 4.35 m); B – with some of the
horizons displayed and showing dip inclination (in degrees); note the very high angles of inclination on the second, third and bottom horizons
(locally reaching 20 ); the second horizon from the bottom with values below 10 is associated with radar facies Z3; the undulations on the surfaces may have resulted from data acquisition, processing and interpretation, i.e. manual picking of surfaces; total vertical reach in TWTT is
220 ns (100 ns = 4.35 m)
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Fig. 5. GPR dataset B (located on the upper bench) with horizon inclination (dip in degrees)
displayed on some of the horizons
The second horizon (trough-shaped) associated with facies Z4/Z5 does not show dip for clarity of the image;
total vertical reach in TWTT is 220 ns (100 ns = 4.35 m)
SEDIMENTARY INTERPRETATION OF RADAR FACIES

Linking the radar facies in GPR datasets with the lithofacies
described in the quarry exposures and therefore also the processes that shaped them was possible using the main attributes describing radar facies: shape of reflection surfaces (including their continuity), their amplitude, dip and azimuth of inclination. As identified by Blair and McPherson (1994b), bedding inclination within alluvial fan deposits can suggest the
depositional processes responsible for their formation. Thus, a
parallel steeply inclined (8 to 20°) tabular arrangement of radar
reflections, occasionally with deeply incised scour-shaped reflections, as in the case of dataset D, can certainly be interpreted as lithofacies Z1 or Z2 described by Zbroja et al. (1998).
These sediments were deposited by cohesive and noncohesive debris flows, represented respectively by matrix- and
framework-supported gravels. They could not be distinguished
between each other based only on the pattern of GPR reflections, while exposure correlation was not always available. A
statistical summary done with the geomodelling software

showed that facies Z1 and Z2 together represent about 50% of
lithofacies in all GPR datasets, which supports observations in
quarry exposures made by Zbroja et al. (1998).
The subhorizontal parallel stratification suggested lithofacies Z3 was deposited by laminar catastrophic flood flows.
The inclination of this stratification was <8°. Although channels
can sometimes also be present within debris flow deposits,
channels in alluvial fans are most often associated with confined flash flood deposits (Blair and McPherson, 1994a). Thus
trough-shaped concordant reflections were used to identify
lithofacies Z4 or Z5. Lithofacies Z4 was deposited by waning
tractional currents as described by Nemec and Steel (1984) or
perhaps are debris flow or flash flood deposits reworked during
periods of fair weather (Z4). Although reflections resembling
cross-stratification were noticed within channels on some of the
profiles, they could not be clearly distinguished from lithofacies
Z5, i.e. channelized flashflood deposits. Therefore radar facies
Z4 and Z5 have been merged. Radar facies correlated with the
lithofacies of Zbroja et al. (1998) are summarized in Figure 6.
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Fig. 6. Classification of radar facies together with correlation with lithofacies and sedimentary interpretation, units in the 3D
representations expressed in metres
MULTIPLE POINT STATISTICS (MPS)

MPS simulations were carried out using the Improved Parallel Multiple Point Algorithm (IMPALA, Straubhaar et al., 2010)
by Ephesia incorporated in SKUA-GOCAD software. In contrast to two-point geostatistics (for example krigining), which is
based on semivariogram and relationships for pairs of measurement points, multiple point statistics takes into account
spatial relationships between multiple measurement points
(Guardiano and Srivastava, 1992). These relationships between data points can be obtained from training images
(Strebelle, 2000, 2002) in order to reproduce similar geometrical patterns of value distribution. MPSs have been applied to
predict the distribution of properties in inaccessible geological
situations, for example the distribution of hydraulic conductivity
within hydrocarbon reservoir rocks or aquifers (Ronayne et al.,
2008; Comunian et al., 2011; Linde et al., 2015).
The 3D radar facies were painted on each of pseudo-3D
GPR datasets (see dataset C in Figs. 7 and 8) in
SKUA-GOCAD. Field observations of the position of lithofacies
Z5 (uppermost quarry face) and Z1 (lowermost cliff), together
with radar facies from GPR datasets, were transferred to a single geological grid with lateral dimensions of 120 ´ 80 m and a
height of 35 m. The grid was built of cells, each with dimensions
of 1.2 ´ 1.2 ´ 0.45 m. This grid was used to simulate the distribution of lithofacies at the quarry scale. Thirty realizations from

MPS simulations were created using all available information
on the lithofacies distribution from five GPR datasets and field
observations. GPR dataset C (Fig. 8) was used as a training image because its facies proportions were the most similar to the
proportion of facies established using all GPR datasets.
The realizations from MPS simulations were used to compute probabilities using SKUA-GOCAD to find the most likely
solution. Quantile values between 0 and 1 represent contiguous ranges of equal probability. In the case of 10-quantile, 0.5
quantile is the same as the median on a cumulative probability
curve, i.e. the middle value on a cumulative probability curve.
This result is used as the most probable (Fig. 9A). In order to
graphically demonstrate uncertainty associated with this estimation, realisations for quantiles between 0.2 and 0.8 are
shown in Figure 9B–E.

DISCUSSION
The radar facies were classified and interpreted as sedimentary facies mostly based on shape of reflections and their
dip of inclination. These features cannot be inferred from 2D
data (2D GPR profiles or rock exposures), particularly in such
complex depositional systems as alluvial fans. The study demonstrated how 3D geophysical methods supported by stochas-
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Fig. 7. 2D oblique section through dataset C orthogonally to the dip direction of the uppermost surface
Only bounding surfaces are displayed for the clarity of the image; compare with Figure 8; lateral dimensions in m, vertical scale
in showing TWTT in ns (100 ns = 4.35 m)

Fig. 8. GPR dataset C located in the western part of the second-from-the-bottom level
of the quarry with lithofacies Z1/2 (grey), Z3 (yellow) and Z4/5 (orange)
Lateral dimensions in metres, vertical scale in showing TWTT in hundreds of ns (100 ns = 4.35 m)
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Fig. 9. Result of MPS estimation for quantile
A – 0.5 based on 30 simulations of facies distribution in the quarry-wide geological grid with lateral dimensions of 120 ´ 80 m and a height
of 35 m; B – 0.2; C – 0.4 to demonstrate uncertainty associated with MPS simulations based on pseudo-3D GPR data; radar facies: Z1/2
(grey), Z3 (yellow) and Z4/5 (orange); grey surface represents the ground surface around the Zygmuntówka Quarry
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Fig. 9. Result of MPS estimation for quantile
D – 0.6; E – 0.8 to demonstrate uncertainty associated with MPS simulations based on pseudo-3D GPR data; radar facies: Z1/2 (grey),
Z3 (yellow) and Z4/5 (orange); grey surface represents the ground surface around the Zygmuntówka Quarry

tic modelling can be used to reconstruct sedimentary facies distribution at a local scale in order to construct reliable training images for further MPS simulations of facies distribution in new
geological situations.
The sedimentary facies of fanglomerates identified with
GPR comprise cohesive and non-cohesive gravity flow deposits (Z1 and Z2) as well as fluid gravity flow deposits, both unconfined sheetflood (Z3) and confined channel fills (Z5). Zbroja et
al. (1998) also identified lithofacies Z4 either related to waning
traction currents or reworking of debris flow or flash flood deposits during periods of normal weather. According to Zbroja et
al. (1998), this lithofacies was limited to two beds of lateral extent of 4 m and total thickness reaching 3.2 m. Because the last
two facies are both associated with trough-shaped surfaces,
they cannot be differentiated from lithofacies Z5 on radar images. Thus, modelling of the distribution of stream flow deposits
(lithofacies Z4) had to be abandoned and lithofacies Z5 was
given a greater importance.

The sedimentary architecture suggests that the study site
preserves a transitional section of alluvial fan between what
Blair and McPherson (1994a) described as a type I alluvial fan
(in the lower section of the quarry profile) and type II (above).
Type I alluvial fans are dominated by debris flows, mass-wasting processes and possible incised channels and gullies in their
upper part, typically with average slope inclination between 5
and 15, while type II is dominated by unconfined and confined
flash floods with slope inclination of between 2 and 8.
The training image constructed from this study site using all
data available – the most probable facies distribution at entire
quarry scale, as illustrated in Figure 9A – shows the arrangement of all major facies. This training image should be suitable
to carry out simulations of sedimentary facies distribution in
most palaeogeographical settings and stages of fan development. The Devonian subcrop surface was digitally delineated
based on the Geological Map of Poland at the scale of 1:50,000
(Hakenberg, 1971). This allows referring of the training image to
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the local paleaogeography and therefore its use in MPS simulations in different palaeotectonic situations.
In the Gorzów Block, the sedimentary material building alluvial fan deposits mostly includes fragments of Lower Permian
volcanic rocks, although in some areas (borehole Banie 1) only
material derived from Carboniferous sedimentary rocks was
found within the conglomerates. As explained in the introduction, during the phase of facies reconstruction (MPS simulations) differences in the lithological composition of sedimentary
material can be addressed by setting facies proportions based
on hard data from boreholes. The phase of application of the
training image will discussed in a separate publication.

CONCLUSIONS
The study highlighted application of pseudo-3D GPR data
to create a training image for MPS simulations. The alluvial fan
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architecture, dominated by deposits of both debris flows and
flash floods, was investigated using pseudo-3D GPR data collected from the quarry exposures. It was statistically analysed
and lithofacies distribution across the quarry was reconstructed
in order to create a training image, i.e. the most probable
(quantile 0.5) digital model of facies distribution. This model can
be used in analogous situations, and will be tested on alluvial
fan facies in the Permian system of the Gorzów Block.
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