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Abstract—This study processes borehole data from the coal-bearing Kleidi basin (Ptolemais sedimentary basin,
Western Macedonia, Greece) to unravel the timeline of the neotectonic configuration of the basin and correlate
it with the neotectonics of the broader region. Coal (lignite) deposits preserve faulted sequences, and for this rea-
son they are ideal locations for studying deformation patterns. Lithostratigraphic data acquired by previous
investigations revealed a continuous stratigraphic sequence which spans from the Upper Miocene to the Middle
Quaternary. These Neogene deposits demonstrate their maximum thickness towards the SE of the basin. Bore-
holes also revealed that in the subsurface, the basin is actually divided into two separate grabens on either side
of a ridge of the alpine basement. Stratigraphic interpolations using the inverse distance algorithm-generated
thickness rasters which, through successive derivation, allowed the discovery of normal faults. Repetition of the
algorithm using the new structural constraints returned patterns of deformation in the southern part of the
Kleidi basin different from those revealed in the northern part. The configuration of the southern part of
the Kleidi basin seems to reflect the Late Miocene—Pliocene extensional event. In contrast, configuration
of the northern part of the basin is compatible with a later extensional phase in Pliocene—Quaternary. Both
events are manifested in the tectonostratigraphy of the Ptolemais sedimentary basin and the broader area.

Keywords: rifting, geologic structure, neotectonics, sedimentary basin, kinematics, stratigraphy, normal

faulting, extension
DOI: 10.1134/S0016852122020078

INTRODUCTION

Located in Western Macedonia (Greece) coal (lig-
nite) deposits preserve faults at several scales. If the
stratigraphy is adequately constrained from excava-
tions or boreholes, coal mines are suitable sites for the
study of the geometry and kinematics of dip-slip,
high-angle faults based on marker horizon offsets [3,
21, 27, 32. 35]. In Greece, the hinterland of the Hel-
lenic orogen was dissected by a myriad of normal faults
at several scales during the Neogene—Quaternary
period [4, 20]. The resulting continental depressions
received a significant amount of organic remains from
their surrounding biomes, favoring the formation of
substantial coal deposits in lacustrine basins. On the
Greek mainland, such major coal-bearing basins
include the Megalopolis, Drama, Florina, and Ptole-
mais basins and exploitation of their deposits has
shaped the energy landscape of Greece over the past
decades [12, 22].

Specifically, in Northern Greece, the neotectonic
depressions which have formed much of the Ptolemais

sedimentary basin (Western Macedonia, Greece) ini-
tiated in the Late Miocene and resulted from a major
NE—SW extensional phase [17, 25] (Fig. 1). Later,
they were affected by a subsequent NW—SE exten-
sional event during the Pleistocene. The latter seg-
mented the broader basin into smaller grabens, which
accommodated a great volume (up to 600 m thick) of
lacustrine deposits [17, 25]. The NW corner of the
broader Ptolemais basin is occupied by the Kleidi coal
deposit. The open-cast coal mine, which has been
developed for the exploitation of this deposit, is inac-
tive because of the current specific mining, geotechni-
cal, and economic conditions related to electricity gen-
eration from coal.

Kleidi basin has been surveyed as a potential coal
mine in previous decades [7, 15]. Boreholes and
detailed plans produced by mining surveyors, from the
Institute of Geological and Mineral Exploration
((IGME), Athens, Greece) and Public Power Corpo-
ration of Greece ((PPC), Athens, Greece) [6, 7, 15].
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Fig. 1. Physiographic map of NW Greece and the broader Ptolemais sedimentary basin (after [13], plotted on the Qgis satellite
basemap). Insets: position of the Kleidi mine in the broader Ptolemais sedimentary basin (a) showing the Ptolemais sedimentary
basin (yellow checkered area); study area (orange color) and the map of Greece (b).

In 1997 and 2012, during two separate campaigns,
data were obtained and they are here utilized for strati-
graphic correlations to produce a structural model of
the sedimentary basin and identify dip-slip faults
crisscrossing the basin at depth below the featureless
ground surface. Given the phase-out of coal mining
operations as a result of the decarbonization, investi-
gation of the stratigraphy and the geologic structure of
the Kleidi deposit and the broader region may also
become an essential part of reclamation works and
post-mining activities. Nevertheless, exploration of
the tectonic fabric of a sedimentary basin through
stratigraphic modeling of borehole data is a rather
challenging research issue [14, 23, 33]. In this study we
take advantage of the core data retrieved by the previ-
ous campains to calculate a structural model of the
Kleidi basin. Specifically, interpolation of chronos-
tratigraphic markers across the basin will allow detect-
ing structural discontinuities, that is faults, whose rel-
ative chronology and amount displacement will be
contrasted against the well-documented history of
neotectonic deformation of the broader area.

GEOLOGIC SETTING

Across the broader Ptolemais sedimentary basin,
the post-alpine stratigraphy can be generalized into
four lithostratigraphic units, conformably deposited
one onto another [1, 28, 29] (Fig. 2). The same stra-
tigraphy holds for the Kleidi basin except that the units
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vary as to their thickness. The generalized stratigraphy
for the Kleidi basin is displayed in Fig. 3. A 94-m thick
basal formation, consisting of alternating silts, sands,
and conglomerates, unconformably lies over the base-
ment bedrock (Pelagonian crystalline limestones,
dolomites and, occasionally, metamorphic rocks such
as marbles and gneiss) and marks the initiation of the
Neogene sedimentation in the basin. The basal forma-
tion goes over the Lower Unit: a ~250-m thick
sequence of alternating clastic deposits (clays, silts,
sands, cobbles, and conglomerates) accommodating a
~97-m thick lignite deposit (Fig. 3). The unit dates
from the Upper Miocene to the Lower Pliocene [30].
The sequence continues upsection with the 102-m
thick Upper Unit: alternating layers of clays, marls and
sands, chronologically spanning from the Early Plio-
cene to the Late Pliocene (Fig. 3). The Upper Unit
accommodates a 53-m thick lignite deposit. Finally,
the stratigraphic column is capped by thick (~119 m)
Quaternary deposits, which are usually coarser than
the underlying stratigraphic units and consist of con-
glomerates, cobbles and generally coarse clasts strewn
into a finer (silty to clayey) matrix.

Regarding the tectonic fabric, the Kleidi basin is a
part of the broader basin that stretches from Kozani
and, through Ptolemais and Florina, terminates at
the northern border of Greece (Fig. 1). The basin is
bound by NW—SE trending normal faults (and their
conjugate ones at right angles) initiated during the
Late Miocene-Pliocene period and their orientation
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(red concentric circles); north-south geological cross-section (do

implies a NE—SW stretching direction. The subse-
quent generation of NE—SW trending faults was acti-
vated during the Late Pliocene—Middle Pleistocene,
associated with the NW—SE extension event [11, 18,
25, 26]. Throws associated with normal faulting range
from a few centimeters up to a few hundreds of meters.

METHODS AND DATA

Coring in the Kleidi area was undertaken by the
Institute of Geology and Mineral Exploration (Athens,
Greece) during 1991—-1997 and the Engineering
Department of the Public Power Corporation S.A.
(PPC, Athens, Greece), during 2012 [6, 7, 13]. In total,
128 boreholes were drilled over the area of 33 km? at

uble red line).

positions designated by a 400 x 400 m grid (Fig. 2).
Coring was intended to meet the pre-Neogene bedrock
(carbonates and metamorphics). However, it was car-
ried out to depths down to ~350 m where the boreholes
indeed encountered hard rocks but given the depth of
coring, they more likely corresponded to intercalating
boulders rather than the pre-Neogene bedrock.

Gridding

Gridding employed the Inverse-Distance (ID)
method, executed in Rockworks [36]. We used one of
the most popular deterministic algorithms used in the
3D modeling of geological structures, natural disasters
as well as ore deposits [8, 15, 19, 34]. In the ID
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Fig. 3. Generalized stratigraphy of the Kleidi basin (after
[13], modified).

method, each node of the grid receives the weighted
average of all data points where the value of each data
point is weighted according to the inverse of its dis-
tance from the grid node, raised to the nth power:

<
Lz
2y

Z corresponds to the value of the node, and z corre-
sponds to the value of the data point. The greater than
one the power raising the distance factor in the
denominator the less influence the values of distant
data points will exert on the value assigned to the grid
node than neighboring points (thus resulting in
smooth interpolated surfaces). All data points were
used to compute the grid node value in order to pre-
vent concentric closed contours from forming around
control points.

(1
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Core logging revealed strongly alternating litholo-
gies, showing the entire spectrum of clastic sedimen-
tation and strong lateral heterogeneity. With the
exception of the distinct lignite markers, the strongly
variable lithology complicates stratigraphic correla-
tions across the basin in a way that specific horizons in
conventional cross-sections give the false impression
of having moved reversely in an overall dip-slip fault
setting, misguiding the tracing of faults across the
basin, (i.e., introduction of false positives in geological
mapping) [6]. Consequently, for the 3D reconstruc-
tion of the basin we preferred to group the alternating
clastic lithologies per borehole into broader strati-
graphic units, following the generalized stratigraphy
shown in Fig. 3, while ensuring accurate placement of
the distinct lignite marker horizons in the model. In
order to delineate in the 3D model the perimeter of the
cored deposits at the ground surface as they wedge out
towards the bedrock, 930 virtual boreholes (0.2 m deep
each) were fixed on the geological boundary shown in
the geological map, encircling the actual boreholes.

Percentage of Stratigraphic Interval Change

Listric or rotational-fault-block modes of exten-
sional tectonics during synrift sedimentation will pro-
duce a rollover anticline in the hanging wall [5, 35].
Contrary to the shear-thinning during nondeposition,
the curved portion of the beds in synrift sequences
forms a wedge in the hangingwall, which thickens
towards the fault plane in either case. A relative
chronology for the fault activity can be displayed
through graphs that plot the percentage interval
change versus the chronostratigraphy [2, 35]:

[:Ih_lf

x 100, 2)
Y S

where [ is the thickness of a bed in the footwall of an
extension fault and 7, is the thickness of the same bed
in the hanging wall. If 7 is plotted against the strati-
graphic age for all beds, then the maxima in the result-
ing curve will correspond to intervals of maximum
fault activity in the synrift sequence. In this study,
I was calculated across faults deduced from the inter-
polated stratigraphy to explore their activity during the
Neogene.

KLEIDI BASIN 3D RECONSTRUCTION

3D reconstruction of the Kleidi basin stratigraphy,
as calculated from the borehole interpolation, is pre-
sented (Fig. 4, fence diagram). Figure 5 provides
another perspective of the interpolated stratigraphy in
the form of a NW—SE geological cross-section. The
sinuous basin floor slopes southwards, and the intra-
basin Neogene deposits tend to thicken towards the SE.
Coring also revealed a subsurface ridge of the base-
ment, which divides the basin into two grabens: the
northern graben and the southern graben, with the
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Fig. 4. 3D image of the Kleidi basin in the form of fence-diagram, derived from the inverse-distance (/D) interpolation (after [36]).

southern graben being larger and lying lower than the
northern one. The geometry of the basal contact, as well
as the contact layer surfaces, seem rather undulating.
The lower and upper lignite marker horizons are shown
in dark grey and light grey, respectively (Figs. 3 and 5).
Figure 6 illustrates the interpolated thicknesses per
cored formation. The basal formation (which overlies
the basement) starts as a thin veneer in the northern
basin but thickens southwards. In contrast, the overly-
ing deposits (lower lignite, intermediate formation,
upper lignite) exhibit notable thicknesses both in the
northern and southern grabens but in different propor-
tions. The upper lignite exhibits greater thickness than
the lower lignite in the northern graben but their thick-
nesses are similar in the southern graben. Numerical
differential geometry methods have been applied to dig-
ital terrain models (DTM) to identify tectonic phenom-
ena [9]. Here, the thickness fluctuations were further
examined by derivation in two dimensions of the calcu-
lated thickness rasters (Fig. 7, slope of the thickness).

The slope zones out parts of each formation with
drastically reduced (or increased) thickness compared
to their surroundings (Fig. 7). Furthermore, the sec-
ond derivative (curvature) of the thickness raster

delineates breaks in the slope, which represent either
local thickening (negative curvature) or local thinning
(positive curvature) of the interpolated layers (Fig. 8).

RESULTS AND DISCUSSION

The thickness of the interpolated strata shown in the
geological cross-sections is not uniform across the
entire basin (north and south grabens), and deviations
from uniformity should be attributed to structural per-
turbations of the basin (Figs. 4, 5). The derivation prod-
ucts not only zone out regions of change but also delin-
eate the breaks in the thickness (Figs. 7, 8). Marked
breaks in the stratigraphic thickness obviously trace the
faults responsible for the change (Fig. 8). Faults may
either favor apparent thickness accumulation or appar-
ent thinning of the strata (via shearing), depending on
whether a synrift or a postrift sequence is intersected
[34, 35]. Based on that, it turns out that the Kleidi basin
underwent non-uniform rifting over the Neogene and
the certain faults were growing while others were not.

In the southern graben the inferred faults generally
trend in a WNW—ENE and NE—SW direction. Here,
the Neogene deposits demonstrate their greatest

GEOTECTONICS  Vol. 56 No.2 2022
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Fig. 5. North-south geological section (A—A") of the Kleidi basin, generated through interpolation of the stratigraphic horizons
recorded in the boreholes. Units on the horizontal and vertical axes are hundreds of meters (m).

thickness (Fig. 8). They appear undeformed for the
most part of the southern graben but exhibit substan-
tial deformation in the northern shoulder of the gra-
ben, where the basal formation and the lower lignite
are being flexed towards parallelism with the graben
wall. The curvature of these strata is consistent with
a synrift sequence and fault propagation folding
functioning at the shoulder of the graben. The appar-
ent fault throw progressively decreases upsection,
from ~400 m for the basement/basal formation
boundary (and even greater if the drag is added to the
discrete fault displacement) to <50 m on the Upper
lignite/Quaternary boundary. Therefore, progressive
accumulation of throw downsection reveals the synrift
character of the sequence and uninterrupted neotec-
tonic activity and continuous subsidence in the south-
ern graben until at least the beginning of the Quater-
nary. Fault activity, and the resulting subsidence rate,
was probably intensified in the Upper Miocene, as
shown from the increased true thickness of the lower
lignite in the hanging wall. The stratigraphy is sequen-
tially smearing-out towards the south over a distance
of ~50—100 m, implying that the layers are being
caught between a series of overlapping deformation
bands of extensional mode (Fig. 5). Although coal
generally behaves brittlely, the high clay content ren-
ders the layers weak enough to become smeared-out.
Next, the deposits continue almost undisturbed, pre-
senting uninterrupted the entire Upper Miocene—
Quaternary sequence while preserving the thicknesses.
Synrift offsets should also be occurring in this part of
the graben, but they are not discernible at the resolu-
tion of the cross-section.

Tectonostratigraphy in the northern graben follows
a different pattern. The Neogene stratigraphy appears
intermittent. The Upper Miocene—Lower Pliocene
deposits (basal formation, lower lignite, intermediate
formation) are limited to the center of the graben but
GEOTECTONICS Vol. 56
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with markedly lower thicknesses than their counter-
parts in the southern basin (Figs. 5, 6). However, the
Plio-Quaternary fill (upper lignite and Quaternary
deposits) exhibits greater lateral expanse, onlaping the
underlying Mio-Pliocene deposits and the graben
shoulders from end to end, and share similar thick-
nesses with their southern equivalents. This observa-
tion suggests that the northern graben was rather nar-
row during the Upper Miocene, but rifting accelerated
during Pliocene—Lower Quaternary, substantially
widening the graben to its present dimensions (Fig. 6,
expanse of the basal formation and lower lignite).
Pairs of parallel NE—SW and NW—SE trending faults
encircle (almost like ring faults) the graben (Fig. 8).
Moreover, the strata in the northern graben appear
slightly tilted southwards, whereas the Mio-Pliocene
deposits shear out towards the southern wall of the
northern graben. These observations imply that a lis-
tric fault might have been functioning in the southern
wall of the northern graben, rotating and thinning the
strata southwards through vertical simple shear in a
rollover anticline.

Nevertheless, the intensified tectonic deepening
observed in the southern graben during the Miocene
(reflected on the stratigraphic thickening of the lower
lignite in the hanging wall) has no equivalent in the
northern graben. There, substantial structural remod-
eling occurs later, on the Pliocene/Quaternary bound-
ary where graben-widening dominated over graben-
deepening. In essence, the kinematics of the individ-
ual grabens of the Kleidi basin seems to have been
independent one from the other during the Neogene.
The chronostratigraphy relates much of the structural
configuration of the southern graben with the Late
Miocene extensional event [25], which formed much
of the broader Ptolemais basin.
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(b)

(d)

Fig. 7. The first derivative (slope) of (a) Upper lignite, (b) Intermediate formation, (c) Lower lignite, (d) Base formation. The
unit of the color-graded scale is degrees. For the thickness of each formation see Fig. 6.
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Fig. 8. The second derivative (curvature) given in percentage of (a) Upper lignite, (b) Intermediate formation, (c) Lower lignite,
(d) Base formation. Breaks in curvature delineate probable faults. For the thickness of each formation see Fig. 6.
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Similar associations in the northern basin relate
most of its widening with the Late Pliocene—Quater-
nary extensional phase [25].

Figure 9 illustrates prominent faults of the northern
and the southern grabens, selected from those result-
ing from the previous process, that were used to calcu-
late the percentage of stratigraphic interval change (/)
by measuring the thickness of each bed perpendicular
to the fault following the Inverse-Distance (ID)
method [36]. The two major phases of fault growth
Vol. 56 No.2
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documented in the broader area can be recognized in
almost all cases [17, 25] (Fig. 9). The parameter [
reaches its highest value in the basal formation and the
lower lignite (Fig. 9b, lower peaks), suggesting that the
basin underwent considerable rifting during the Upper
Miocene. The subsequent phase of rifting during the
Plio-Quaternary is reflected on all measured spots, but
its intensity is somewhat uneven across the basin with
some faults having produced greater throw (i.e. large
values of percentage of stratigraphic interval change)
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while some others were only slightly offset. Another
subtle peak occasionally crops up between the previ-
ously recognized pronounced peaks in plots referring
to the southern graben (B, C2, B4, C4), but it is
absent from similar plots for the northern graben. This
Pliocene event (Intermediate formation) may echo a
smaller, but so far unknown from the regional record,
phase of tectonic recrudescence that mainly affected
the southern graben and points to the conclusion of
the first (Miocene) deformation phase.

CONCLUSIONS

(1) Our study introduces a new perspective to the
neotectonic framework of the broader Ptolemais basin,
replacing the shortage of direct morphotectonic field
evidence with structural analysis of a rift basin. Particu-
larly, the Kleidi basin is part of the broader Ptolemais
Basin in Western Macedonia (Greece). Boreholes
retrieved by the Geological and Mineral Exploration
((IGME), Athens, Greece) and Public Power Corpora-
tion of Greece ((PPC), Athens, Greece) demonstrate
continuous sedimentation from the Upper Miocene to
the Middle Quaternary. The intra-basin Neogene
deposits tend to thicken towards the SE. Coring also
revealed a subsurface ridge of the basement, which
divides the basin into the northern and the southern
grabens. The southern graben being larger and lying
lower than the northern graben.

(2) Lithostratigraphic data were interpolated using
the inverse distance algorithm (ID method). The
resulting thickness rasters were submitted to successive
derivations (slope and curvature), allowing the discov-
ery of a number of faults. The stratigraphic architec-
ture, as well as the deformation pattern, seems to be
different between the two grabens. In the southern
graben, the Neogene deposits demonstrate greater
thickness and continuous tectonic subsidence, height-
ened on the Miocene—Pliocene boundary and result-
ing in an accumulated throw of at least 400 m. In the
northern graben the equivalent deposits appear under-
developed, while rifting seems to have favored the wid-
ening of the northern graben (in contrast to the deep-
ening of the southern graben), which was intensified
during Pliocene—Lower Quaternary.

(3) The intensified deformation episodes recorded
in the southern and northern grabens, dated to Upper
Miocene—Pliocene and Pliocene—Middle Quater-
nary respectively, echo the two principal extension
phases that have been recognized in the Ptolemais
basin and the broader area. Besides, careful analysis of
the coring data may tentatively point to a third, and so
far undocumented, phase of subtle tectonic recrudes-
cence in the NE Ptolemains sedimentary basin during
the Pliocene.
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