Geological Quarterly, 2022, 66: 2
DOI: http://dx.doi.org/10.7306/gq.1633

" Researon ™

A large array of inselbergs on a continuation of the sub-Cambrian peneplain
in the Baltic Basin: evidence from seismic data, Western Lithuania

Milda GRENDAITE" *, Dainius MICHELEVICIUS" ? and Sigitas RADZEVICIUS'

T Vilnius University, Faculty of Chemistry and Geosciences, Institute of Geosciences, M.K. Ciurlionio str. 21/27, 03101
Vilnius, Lithuania

2 Geobaltic UAB, Skrobly str. 27, 03140 Vilnius, Lithuania

Grendaite, M., Michelevicius, D., Radzevicius, S., 2022. A large array of inselbergs on a continuation of the sub-Cambrian
peneplain in the Baltic Basin: evidence from seismic data, Western Lithuania. Geological Quarterly, 66: 2, doi:
10.7306/g9q.1633

Associate Editor: Piotr Krzywiec

=

The sub-Cambrian peneplain is well-known in Scandinavia, outcropping in Finland, Sweden and Norway. This peneplain is
thought to have formed within the Baltic Sea region in Cryogenian and Ediacaran/early Cambrian time, when Baltica, a part
of Rodinia for most of that time, experienced tectonic stability, strong sheet-wash weathering and glaciations. While the pe-
neplain outcrops in the Baltic Shield region, it continues beneath Phanerozoic strata of the Baltic Basin. This buried part of
the sub-Cambrian peneplain is known to have several isolated inselbergs. We interpret newly acquired 2D and 3D seismic
data and show that the sub-Cambrian peneplain extends at least to Western Lithuania where the palaeotopography of the
Precambrian basement changes its character from peneplain-like flat to hilly terrain with a large array of inselbergs. Even
though some of the largest features of this palaeotopography have been known before, they are here demonstrated for the
first time within the regional context of the sub-Cambrian peneplain.
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INTRODUCTION

A surface formed by sub-aerial or fluvial erosion and is worn
down to near base level (thus, is at the last stage of erosion), is
termed a peneplain (Phillips, 2002). Such a surface has low re-
lief, its different lithologies being worn down to the same level,
and is typically of sub-continental extent. Three peneplain sur-
faces are identified within Scandinavia: sub-Cambrian,
sub-Cretaceous, and Tertiary (Lidmar-Bergstrom, 1995;
Lidmar-Bergstrom et al., 2017). The oldest of these, the
sub-Cambrian peneplain (Fig. 1A) formed within the Baltic Sea
region during the Cryogenian and Ediacaran/Cambrian
(Lidmar-Bergstrom, 1995), in response to prolonged tectonic
stability and climate conditions that favoured weathering
(Phillips, 2002). The Cryogenian glaciations contributed to the
formation of this flat surface (Keller et al., 2019; Paszkowski et
al.,, 2019), but were not the only factor in its formation
(Lidmar-Bergstrom, 1995). Moreover, glaciations do not neces-
sarily affect the major landforms (Bonow, 2003; Lidmar-Berg-
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strom and Olvmo, 2015). However, glaciations do not only
shape the surface by eroding rock but also create a range of
glacial landforms such as drumlins, moraines, subglacial melt-
water channels and mega-scale glacial lineations (Dowdeswell
et al. 2016). The sub-Cambrian peneplain is directly related to
the globally traced “Great Unconformity” which represents a
long period of continental denudation in the Neoproterozoic
(Peters and Gaines, 2012), when Baltica was a part of Rodinia
(Li et al., 2008; Poprawa et al., 2020).

The sub-Cambrian peneplain is thought to have been ex-
tremely flat with only 20 m variation in height (Lidmar-Berg-
strom, 1995). Currently, the original surface of peneplain is no
longer flat. Rather, it is found in various settings that differ from
the original (here, most examples are taken from Southern
Scandinavia). In Western Norway, the peneplain’s surface is
flexed westwards beneath the load of Caledonian nappes
(Gabrielsen et al., 2015). In Finland, Sweden, and Norway it is
found in outcrops where it has been re-exposed after Paleozoic
strata have been removed (Lidmar-Bergstrom, 1995;
Gabrielsen et al., 2015). In addition, some of the present-day
Swedish landscape types — such as plains with residual hills
and undulating hilly relief — are directly derived (re-worked) from
the sub-Cambrian peneplain re-exposed during the Mesozoic
and Cenozoic (Lidmar-Bergstrom, 1995; Lidmar-Bergstrom
and Olvmo, 2015; Lidmar-Bergstrom et al., 2017). Interestingly,
the peneplain’s surface is found even in uplifted areas such as
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the South Swedish Dome (Lidmar-Bergstrom et al., 2017) and ~ 2017). Since the original surface of the sub-Cambrian pene-
the Hardanger plateau in Southern Norway, the latter is  plain was almost flat, it can be used as a reference surface and
>1000 m above mean sea level (Jarsve et al., 2014; Japsen et help interpret subsequent tectonic events (Lidmar-Bergstrom et
al., 2018) and has survived glaciations (Bonow et al., 2003).  al., 2013; Gabrielsen et al., 2015) and erosional processes
Eastwards, the peneplain’s surface dips under the Baltic Basin ~ (Lidmar-Bergstrom, 1993, 1995; Lidmar-Bergstrom et al.,
(Lidmar-Bergstrom, 1993, 1995; Lidmar-Bergstrom etal., 2013,  2017).
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Fig. 1A — location of study area in Western Lithuania (black thick rectangle) within both the Baltic Basin and Baltic Sea region;
B — schematic regional N-S geological profile of the Baltic Basin and the position of our study area in Western Lithuania
(black thick rectangle)

A — sub-Cambrian peneplain is exposed in the Baltic Shield between the Caledonian front (edge of Caledonian allochthon) and edge of Pa-
leozoic cover rocks (East European Platform). Sub-Cambrian peneplain and relief types related to it are shown in grey. SSD — South Swedish
Dome, H — Hardanger plateau, J — Jungfrun. The Baltic Basin and its structural units are shown in blue (monoclines, depressions, slopes)
and yellow (ridges); numbers are explained in the legend. Baltic Basin, Latvian Saddle, Mazury—Belarus anteclise (rise) and Southern Slope
of the Baltic Shield beneath Paleozoic cover) are structural units of the East European Platform. Teisseyre-Tornquist Zone (TTZ) separates
the East European Craton in the northeast from Phanerozoic Europe in the south-west, and splits into the Sorgenfrei-Teisseyre Zone (STZ)
and Trans-European Fault (TEF). Mesozoic and Cenozoic sedimentary cover is not shown in order to show the Baltic Basin (after Brangulis
etal., 1993; Thybo, 2000; Lidmar-Bergstrom et al., 2013; Jarsve et at., 2014; Gabrielsen et al., 2015). B — geological systems are marked by
the appropriate letters (after Dadlez et al., 2007)
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Though peneplains are flat by definition, features like
“inselbergs” — sporadic and isolated rocky hills and clusters of
hills — can be encountered, often adjacent to plateaus or high-
lands. These residual hills either rise above the peneplain — like
Jungfrun in Sweden (Lidmar-Bergstrom, 1993, 1995) — or only
the tops of the residual hills are a part of peneplain (residual pe-
neplain) while at their base the peneplain has been eroded
away (Lidmar-Bergstrom, 1988; Lidmar-Bergstrom and Olvmo,
2015; Nenonen et al., 2018). Inselbergs like Jungfrun appear to
be uncommon within the sub-Cambrian peneplain while resid-
ual hills occur near its erosional limits. Isolated sporadic hill-like
features of crystalline basement are reported within the Baltic
Basin (Stirpeika, 1999; Modlinski et al., 1999; Brangulis and
Kanevs, 2002; Sopher et al., 2016; Estonian Land Board, Geo-
logical Survey of Estonia, 2020; Ani and Meidla, 2020).

Saprolite, a weathered surface of bedrock, is characteristic
of peneplains (Migon and Lidmar-Bergstrom, 2002). The
saprolite of the sub-Cambrian peneplain is relatively thin;
sheet-wash and a lack of vegetation are thought to have pre-
vented the formation of thick saprolite (Lidmar-Bergstrom,
1993; Lidmar-Bergstrom et al., 2013). Kaolinitic saprolite, asso-
ciated with the sub-Cambrian peneplain, is found in Sweden
(Lidmar-Bergstrom et al., 1997). In Estonia, the crystalline
basement is found in boreholes at depths of 0.1-0.8 km, and its
top few tens of metres are affected by weathering (Soesoo et
al., 2004). This weathered layer (“the Baltic palaeosol”’) can be
divided into three parts based on the degree of alteration
(Liivamagi et al., 2014). In the Kaliningrad District (Russia), the
crystalline basement is found in boreholes at a depth of ~2.5 km
and its surface can be divided into weathering crust and sub-
strate, which in turn is divided into upper and lower parts
(Meshcherskii et al., 2003). These last observations essentially
describe saprolite, a product of deep chemical weathering (Butt
et al., 2000), where the lowest layer is the least affected by
weathering and contains weathering fractures, the middle layer
has altered minerals, but the structure of the original rock can
be recognized, and the upper layer is unrecognizable loose ma-
terial with kaolinitic clay. In Western Lithuania, the crystalline
basement is found in boreholes beneath the ~2 km thick plat-
form cover and is often described as weathered, strongly
weathered, or having a weathering crust which is a few meters
thick; kaolinitization is also encountered. The weathering crust
of the Lithuanian crystalline basement has not been studied re-
cently (Vasilyev, 1969).

Where the sub-Cambrian peneplain is not exposed, it is
overlain by rocks of different ages — from Ediacaran (Vendian)
to Early Ordovician — and so the upper stratigraphic limit of the
formation of the sub-Cambrian peneplain is diachronous within
the Baltic Sea region. Hence, the peneplain is called sub-Cam-
brian. Large parts of Baltica were subject to transgression in the
early Cambrian as a result of the global eustatic sea level rise
(Cocks and Torsvik, 2005), and terrigenous sediments were de-
posited in the shallow Cambrian sea (Nielsen and Schovsbo,
2011). The weathering products of the sub-Cambrian peneplain
are related to the origin of terrigenous Cambrian deposits, but
the sedimentary provenance is not well studied (Konsa and
Puura, 1999; Lorentzen et al., 2018). The preservation of the
original surface of the sub-Cambrian peneplain in Scandinavia
is exceptional and was possible due to the presence of a Paleo-
zoic sedimentary cover, which was first removed not earlier
than the Carboniferous or even the Pliocene (Elvhage and
Lidmar-Bergstrom, 1987; Lidmar-Bergstrom et al., 2017). The
peneplain is known to have been re-exposed in the Mesozoic
and Cenozoic in some parts of Scandinavia. South and east off
the Swedish coast, the Paleozoic sedimentary cover still re-
mains today and is a part of the Baltic Basin. Therefore, the

original surface of the sub-Cambrian peneplain is supposed to
continue eastwards off Sweden and be well preserved beneath
the strata of the Baltic Basin. This study analyses the newly ac-
quired seismic data in search of the sub-Cambrian peneplain in
Western Lithuania (see Fig. 1A).

GEOLOGICAL BACKGROUND

The crust and crystalline basement of Western Lithuania
formed in the Paleoproterozoic during the Svecofennian orog-
eny and is older than 1.8 Ga (Claesson et al., 2001; Motuza et
al., 2008; Bogdanova et al., 2015). Mesoproterozoic
magmatism is present in Western Lithuania (Motuza et al,,
2006) as well as in Northern Poland and Western Latvia (Dorr
et al, 2002). The Jotnian strata, also attributed to the
Mesoproterozoic, are the oldest non-metamorphosed sedi-
mentary rocks within the Baltic Sea region. They occur patchily
and do not cover the entire Baltic Sea region (Lundmark and
Lamminen, 2016). In Western Lithuania, the Jotnian strata are
found in a few boreholes only and have a maximum thickness
of ~20 m (Stirpeika, 1999). The southwestern part of the East
European Craton (a part of the Baltic Sea region) is overlain by
sedimentary rocks of the Baltic Basin (Fig. 1A). In Western Lith-
uania, the Phanerozoic succession is represented by the Cam-
brian—Cretaceous and Quaternary (Fig. 1B).

The basin’s sedimentary fill is traditionally divided into sepa-
rate stratigraphic units that have different spatial development
and that are separated by stratigraphic unconformities, which in
turn are major reference surfaces for basin-wide interpretation.
The Ediacaran—lower Cambrian succession is relatively thin,
and is mostly present in the northeastern part of the Baltic Ba-
sin, and not present in Western Lithuania. The Caledonian suc-
cession (lower Cambrian—Lower Devonian, Lochkovian) is the
most widespread, the thickest (2—4 km in the deepest parts of
the basin; thickens towards the Teisseyre-Tornquist Zone), and
the most affected by compression related to the Caledonian
orogeny (Sopher et al., 2016). The main structural units of the
Baltic Basin are defined by Caledonian structures (Brangulis et
al., 1993). The Caledonian succession comprises Cambrian
clastic rocks, Ordovician and Silurian carbonates and clayey
deposits, and Lower Devonian clastic rocks and lagoonal de-
posits (Paskevicius, 1997). This succession belongs to the Bal-
tic Basin, which began to develop in the late Ediacaran—early
Cambrian in relation to Baltica’s break-up from Rodinia. The
rate of subsidence increased in the late Ordovician—early Silu-
rian, when the East Avalonia plate docked with Baltica, and
peaked in the late Silurian when Baltica collided with Laurentia.
The most significant faulting in the Baltic Basin occurred during
the final stage of this collision in the Early Devonian,
Lochkovian (Poprawa et al., 1999). The Variscan succession
(Lower Devonian, Pragian—lower Carboniferous) is of lesser
extent, attains a thickness of 0.8 km, and is present mainly in
Lithuania and Latvia (Matyja, 2006). It is mainly composed of
Devonian terrigenous deposits and carbonate rocks. This suc-
cession belongs to the Devonian—Early Carboniferous
intracratonic basin, its remnants unconformably overlying the
Upper Ediacaran—Lower Devonian strata (Sliaupa and Hoth,
2011). The Alpine succession includes upper Permian carbon-
ates and evaporites (present in Western Lithuania) as well as
Mesozoic and Cenozoic sedimentary rocks (Paskevicius, 1997;
Molenaar et al., 2019). This succession is a part of the Permian
—Mesozoic Central European Basin System, Western Lithuania
being at its edge (Poprawa, 2019). Within our study area, the
sedimentary cover is composed of Caledonian, Variscan and
Alpine successions; it is ~2.0—2.3 km thick and thickens west-
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wards (Poprawa et al., 1999; Stirpeika, 1999; Poprawa, 2019).
Our study area belongs to the Gdansk—Kura depression (the
structural units of the Baltic Basin are after Brangulis et al.,
1993), one of the deepest parts of the basin, where the total
thickness of the sedimentary cover reaches 4 km (Fig. 1A). This
depression contains hydrocarbon accumulations, for which the
main hydrocarbon reservoir is the middle Cambrian sandstone,
sealed by Ordovician and Silurian shales and marls (Brangulis
et al., 1993).

In Western Lithuania, the Cambrian terrigenous deposits,
composed of sandstones, siltstones and shales, overlie the
crystalline basement. They consist of the shale-dominated
Gege, Virbalis and Kybartai formations (the Ais¢iai Group) of
the lower Cambrian and the sandstone-dominated Pajuris,
Ablinga, Giruliai formations (the Deimena Group) of the middle
Cambrian, separated by the Hawke Bay unconformity (Nielsen
and Schovsbo, 2011, 2015; Nielsen and Ahlberg, 2019). The
Ordovician rocks unconformably overlie the Cambrian and con-
sist of a variety of carbonates, marls and shales and are divided
into numerous thin formations (Jaanusson, 1973; Paskevicius,
1997). In Western Lithuania, the thickness of the Cambrian is
100-150 m (>250 m in the Lithuanian offshore) and smoothly
thickens westwards, while the Ordovician is 60—200 m thick and
smoothly thickens northwards. Within our study area, the typi-
cal thickness of the Cambrian is 125—-150 m, while the Ordovi-
cian is 80—100 m thick.

Among the interesting features of the Baltic Basin are Pa-
leozoic carbonate build-ups and reefs. Late Ordovician (Katian)
carbonate mounds formed around the island of Gotland and off-
shore Latvia (Kanev et al., 2001; Sivhed et al., 2004; Tuuling
and Flodén, 2000, 2007). Silurian reefal structures are known in
Gotland, between Gotland and Saarema (Flodén et al., 2001;
Tuuling and Flodén, 2011, 2013), and in Latvia and central Lith-
uania (Kanev et al., 2001; Kaminskas et al., 2015).

Neither Ordovician carbonate mounds nor Silurian reefs de-
veloped in our study area, Western Lithuania, where a deeper
marine environment prevailed (Paskevicius, 1997; Levendal et
al., 2019).

Since the peneplanated Precambrian surface was almost
flat, and the Cambrian deposits are rather thin (as compared to
the thickness of, for example, Silurian deposits) and wide-
spread within the Baltic Basin, one can expect the thickness of
the Cambrian to change smoothly. However, in Western Lithua-
nia there is evidence of considerable change in Cambrian thick-
ness, or even its absence, over short distances. This reduction
of Cambrian thickness is local, being reported from a few tens
of exploration boreholes that reach the Precambrian crystalline
basement (Stirpeika, 1999). The top of the crystalline basement
in these boreholes is weathered. It includes drape structures:
configurations of strata that in vertical section have the appear-
ance of gentle anticlines but form due to differential compaction
of layers around pre-existing elevations. These elevations
cause local reduction of thickness of the Cambrian strata
(Stirpeika; 1999, Sliaupa and Hoth, 201 1).

MATERIAL AND METHODS

The study area is located in Western Lithuania and is limited
by the regionally important TelSiai Fault to the north, the Baltic
Sea and the Curonian Lagoon to the west, the edge of the
Zechstein evaporite basin to the south and an absence of seis-
mic data to the east (Fig. 2). Due to its hydrocarbon potential,
this is the best explored part of Western Lithuania in terms of
the number of acquired seismic surveys. In addition, other parts
of Western Lithuania outside our study area have also been

surveyed by 2D and 3D seismic surveys, and the offshore areas
of Poland, the Kaliningrad District, Lithuania and Latvia have
been surveyed with densely spaced (2 km) 2D seismic lines.

Both 2D and 3D onshore reflection seismic data from West-
ern Lithuania were used in this study. The new seismic data,
mostly acquired after the year 2000, were preferred to older
data because the old data tend to have issues such as incorrect
near-surface static corrections, low fold, and low signal to noise
ratio. Eleven 3D seismic surveys, which in total cover an area of
550 km?, as well as nearly 300 2D lines, which have a total
length of just under 2000 km, constitute our data set (Fig. 2).
Approximately 25% of the study area is covered by 3D seismic
data, and the density of 2D seismic lines is 1—4 km of the profile
length per square kilometre.

Seven of the 3D seismic surveys overlap and have similar
survey acquisition parameters; therefore, they were merged
into, and processed as, one data set using a standard
post-stack time processing sequence. Only additional
post-stack random noise attenuation was applied to other 3D
data sets and all of the 2D data sets. For the merged survey
(marked “R” in Fig. 2), there exist near-surface velocity surveys,
so a near-surface velocity model was made, and near-surface
static corrections were calculated and applied. Consequently,
this data set has a reliable seismic reference datum and was
used as the reference data set. The other ten 3D seismic data
sets and all of the nearly 300 2D seismic lines were positioned
on the same seismic reference datum by applying appropriate
time shifts. These shifts were obtained by making one inter-
preted horizon in intersecting (overlapping) surveys be at the
same two-way-time at the points of intersection (points of over-
lap). In the case of overlapping 3D and 2D surveys, preference
was given to the 3D surveys. In the case of overlapping 2D sur-
veys, preference was given to the most recent survey. Only a
few “old” 2D lines were used, mostly to relate distant surveys
and to fill not-recently-surveyed areas.

The interpretation of seismic reflectors (horizons) in the
seismic data is the basis of our work. The procedure of struc-
tural interpretation (Brown, 2011) was followed. Two regionally
recognizable reflecting surfaces were interpreted: the top of the
Ordovician and the top of the Precambrian crystalline base-
ment. The top of the Ordovician is the most prominent regional
reflector, where carbonate-dominated Ordovician is overlain by
calcareous shale-dominated Silurian. The top of the crystalline
basement is another regional reflector, where crystalline rocks
are mostly overlain by terrigenous Cambrian deposits. Both ho-
rizons represent an increase in acoustic impedance. Horizons
in between the top of the Ordovician and the top of the crystal-
line basement (for example, the top of the Cambrian) could not
be interpreted within our study area because the different
lithological units — formations — are often only a few metres thick
and well below the vertical resolution of the seismic data.

The spatial precision of the interpreted horizon is deter-
mined by the type of seismic data (2D or 3D) and by bin size,
which is usually 12.5 m for 2D seismic lines, and 25 x 25 m for
3D seismic volumes. The time horizons were created on a grid
of 50 x 50 m within the entire study area. The interpreted time
horizons were converted to depth horizons (horizons) using the
model of horizon velocity (that is, the model of average-veloc-
ity-to-horizon). Such a velocity model can be obtained using at
least one well with a velocity survey and many wells with a cer-
tain well top. This apparently simple time-to-depth conversion
suits the geological conditions of our study area, where the ve-
locity field is laterally smooth. Here, it does not have substantial
anomalies which can be caused by, for example, Silurian reefs
or Ordovician carbonate mounds.
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Fig. 2. Study area and position of seismic surveys

Study area is limited by the TelSiai Fault to the north, the Baltic Sea and the Curonian lagoon
to the west, the edge of the Zechstein evaporite basin to the south and an absence of seis-
mic data to the east. Seismic surveys used in this work: 3D seismic surveys are shown by
grey and yellow (R —reference) shaded areas, 2D seismic lines are shown by thin grey lines

The seismic interpretation was made using LMKR Geo-
graphix seismic interpretation software. Figures were made us-
ing either the seismic interpretation software or Matplotlib
(Hunter, 2007). The coordinate system is LKS94 or UTM 34N
for figures representing regional context.

RESULTS

SECTIONS AND HORIZONS

The main seismic reflectors (horizons) in our study area, be-
ing also of regional importance, are: Pr — the top of the Precam-
brian crystalline basement, Or — the top of the Ordovician, S2db
—the top of the Dubysa Formation in the upper Silurian, S2 —the
top of the upper Silurian, D1 — the top of the Lochkovian in the
Lower Devonian, and P — the top of the Permian (Fig. 3). Strata
between Prand D1 belong to the Caledonian succession, strata
between D1 and P belong to the Variscan succession, and
strata between P and the ground surface belong to the Alpine
succession. Strictly speaking, the whole upper Permian be-
longs to the Alpine succession, but in Western Lithuania the up-
per Permian is thin and its top and bottom cannot be distin-
guished as separate reflectors in seismic sections. Only the top

of the Precambrian crystalline basement (Pr) and the top of the
Ordovician (Or) are relevant to this study. The geological struc-
ture of our study area is rather simple: the horizons are nearly
flat, smooth, and the thickness of strata between horizons also
varies smoothly. The section is complicated by Caledonian
faults of relatively small throw (maximum ~150 m).

The horizons of the top of Ordovician (Fig. 4) and the top of
Precambrian crystalline basement (Fig. 5) were interpreted only
where the new seismic data exist, hence the irregular interpre-
tation polygon and spatial extent of the horizons. The top of Or-
dovician is at 1860—2040 m, and the top of Precambrian crystal-
line basement is at 1960-2310 m, below mean sea level.
Though both the Or and Pr horizons are generally smooth, they
are complicated by general westwards deepening and Caledo-
nian faults. The top of the Ordovician often mimics the crystal-
line basement, except in the southeastern part of the study
area.

THICKNESS OF THE SUCCESSION LIMITED
BY THE OR AND PR HORIZONS

The thickness of strata between the top of the Ordovician
(Or) and top of the crystalline basement (Pr) (Fig. 6) was ob-
tained from the difference in burial depth of both horizons. The



6 Milda Grendaité et al. / Geological Quarterly, 2022, 66: 2

600

1000

Two-way time [ms]

1200

Fig. 3. Typical vertical seismic section in Western Lithuania
with interpreted horizons

P — the top of the Permian, D1 — the top of the Lochkovian in the
Lower Devonian, S2 — the top of the Silurian, S2db — the top of the
Dubysa Formation within the upper Silurian, Or — the top of the Or-
dovician, Pr—the top of the crystalline basement. The horizontal dis-
tance displayed in this section is 8 km

study area can be divided into two domains (Fig. 6): (1) an area
of greater (200—250 m), rather constant and smoothly varying
thickness in the northwest and (2) an area of smaller
(50-150 m) and irregular thickness in the south-east.

The thickness patterns exclude: (1) the general westwards
tilt of the crystalline basement and overlying strata, (2) the faults
that occurred in the late Silurian—Early Devonian in relation to
the Caledonian orogeny and that displace sedimentary rocks.
In this way the sedimentary rocks above the Ordovician have
been stripped off, and the top of Ordovician is reconstructed to
the flat surface which existed at the time of deposition at the end
of Ordovician, while the top of Precambrian crystalline base-
ment is reconstructed to nearly its original topography. In gen-
eral, this is a valid approximation because in the Baltic Basin
there was no rapid subsidence or uplift in our study area in the
early Paleozoic. The lesser thickness in the southeastern part
of the study area indicates both the lack of sedimentary rocks
and the positive topography of the Precambrian crystalline
basement.

PRECAMBRIAN PALAEOTOPOGRAPHY

If the flat surface of sub-Cambrian peneplain had been
present across the entire study area, then only a relatively small
and smooth variation in Or—Pr thickness may be expected over
a large horizontal distance. However, in the southeastern part
of the study area we observe a sharp change in Or—Pr thick-
ness which in turn represents a sharp palaeotopography transi-
tion from peneplain-like flat to more hilly terrain. The area with
rougher palaeotopography in the southeastern part of the study
area is at least 30 km wide while its highest points are 100-150
m above the flat peneplain’s surface. We cannot determine its
full extent because we do not have seismic data east of our
study area.

Based on the map in Figure 6, the extent of palaeo-
topography features was evaluated (Fig. 7). The following
groups of features were distinguished: (1) Ablinga — a cluster in
the northeastern part of the study area, (2) Sidpariai, (3)
Veivirzénai, (4) Pociai-Lagai, (5) Silalé, (6) small unnamed fea-
tures between Sitipariai, Veivirzénai, Pociai-Lagai and Silalé.
The Ablinga cluster lies outside the main high
palaeotopography area and is comprised of six individual fea-
tures (A and B — Ablinga, C and D — Zadeikiai, E — LiZiai, F —
Mostaiciai). Sitipariai A is a large feature of irregular shape with
a diameter of 6-7 km. Veivirzénai A is the largest and roundest
feature in our study area with a diameter of at least 7-8 km. Itis
also the highest, and the thickness of sedimentary rocks above
this feature is the smallest, to that extent that the Cambrian
strata are completely missing (Fig. 6). Pociai—Lasai is a cluster
of at least four individual features with Pociai A being the largest
(~4 km in diameter, the others being 1-3 km). Silalé is of irregu-
lar and elongated shape, ~12 km long and ~4 km wide; it is ori-
ented E-W and has three parts (A, B and C). There are many
small features in between Sitpariai, Veivirzénai, Pociai-Lasai
and Silalé, which are not named and not assigned to any fea-
ture group.

The palaeotopography of sub-Cambrian peneplain inferred
from the present-day Or—Pr thickness is approximate because
(1) there exist unconformities in the lower/middle Cambrian (the
Hawke Bay unconformity), and in the upper Cambrian and the
Upper Ordovician, (2) the sedimentary rocks experienced a cer-
tain amount of compaction from the sedimentary overburden
while the crystalline rocks did not.

SEISMIC SECTIONS OF DRAPE STRUCTURES

The additional complexity of the top of Precambrian crystal-
line basement (Pr) and its sedimentary cover in the southeast-
ern part of our study area can be demonstrated by seismic sec-
tions (Fig. 8). This complexity is the result of “hill’-like features of
the basement. The top of the Ordovician drapes the Precam-
brian features. The draping is caused by the differential com-
paction of the Ordovician and Cambrian sedimentary rocks, re-
sulting in reductions of their thickness. This led to the formation
of drape/compaction structures above the positive palaeo-
topography of the crystalline basement.

DISCUSSION

WESTERN LITHUANIA CONTEXT

Only some of the palaeotopography features within our
study area were known previously: éiupariai A, Veivirzénai A,
Pociai A, Silalé B and Ablinga B (Stirpeika, 1999). The rest—the
Ablinga cluster, Pociai-Lagai cluster, Silalé’s true shape, and
many small features between éiUpariai, Veivirzénai,
Pociai-Lasai and Silalé — are newly mapped (Fig. 7). Moreover,
the true extent of these features within our study area, both
newly mapped and known previously, is now mapped to very
high precision using 2D and 3D seismic data.

The palaeotopography features of the Precambrian crystal-
line basement are not unique to our study area. In Western Lith-
uania, outside our study area, a few palaeotopography features
are present: Plungé in the north, Baubliai in the east,
Lauksargiai in the south (Fig. 9). All of these are confirmed by
boreholes, that is, smaller Or—Pr succession thickness at the
expense of the lower part of the Cambrian or even an absent
Cambrian, hence high Precambrian palaeotopography.
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BALTIC SEA REGION CONTEXT

The palaeotopography features of the Precambrian crystal-
line basement, which itself is the surface of the sub-Cambrian
peneplain, are not unique to Western Lithuania, being also re-
ported outside Western Lithuania (Fig. 10). Firstly, near the
coast of Sweden there is the Jungfrun inselberg (the island of
Bli Jungfrun; Fig. 10A; Lidmar-Bergstrom, 1995;
Lidmar-Bergstrom et al., 2017). The Lower Cambrian is absent
in one well (B-10) in the Swedish offshore area (Fig. 10B)
(Sopher et al., 2016). In Northern Poland there is one palaeoto-
pography feature of irregular shape <10 km in diameter, and 6
small (<5 km diameter) features (Fig. 10C; Stirpeika, 1999;
Modlinski et al., 1999). One palaeotopography feature which
has a weathering crust and is directly overlain by the middle
Cambrian (the lower Cambrian is absent) is reported from the
Kaliningrad District (Fig. 10C; Meshcherskii et al., 2003).
Knowledge concerning the pre-Cambrian palaeotopography
features from the onshore of Kaliningrad District is incomplete
due to unavailable data. The offshore area of Lithuania and the
Kaliningrad District is nearly devoid of such features — only 5

small, isolated palaeotopography features have been identified,
and none of them was drilled (Fig. 10D; VO Tekhnoeksport,
1985). A sparse group of 15 small, irregularly distributed
palaeotopography features is reported in an area spanning
~100 x ~50 km, offshore Latvia between the island of Gotland
and the coast of Latvia (Fig. 10E). One of these features,
Piltene (Latvia onshore), is confirmed by a well (Brangulis and
Kanevs, 2002). In Northern Estonia near the Gulf of Finland, a
closely spaced group of 6 small palaeotopography features is
reported (Fig. 10F). They are 1-3 km in diameter, <100 m high
and are directly overlain by Cambrian and/or Ediacaran strata.
Half are confirmed by boreholes (Estonian Land Board, Geo-
logical Survey of Estonia, 2020, Ani and Meidla, 2020).

These palaeotopography features are small, usually
1-3 km in diameter and reach <100 m above the peneplain.
The well data from Western Lithuania and Kaliningrad District
indicate that such features can have a weathering crust. There-
fore, these small features can be interpreted as inselbergs that
rise above the sub-Cambrian peneplain. Inselbergs occur ei-
ther as isolated features, as very sparse groups of features or
as feature clusters (Figs. 7 and 10). The Jungfrun inselberg is
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an example of an isolated feature (Fig. 10A). A sparse group
can be characterized by the large distance between features
compared to the feature diameter. Inselbergs in the Lithuanian
and Latvian offshore are examples of sparse groups of features
(Fig. 10D, E). A cluster can be characterized by the feature di-
ameter being of the same order as the distance between fea-
tures. Zareby, North Poland (Fig. 10C), a cluster in North Esto-
nia (Fig. 10F), also the Ablinga Group (Fig. 7) are examples of
such clusters.

ARRAY OF INSELBERGS

The palaeotopography style observed in the southeastern
part of our study area (many “hills” of various size) is very differ-
ent from that in the western part of our study area (pene-
plain-like flat), and the change from one pattern to another is
sharp.

Firstly, not only the western part of our study area does not
have palaeotopography features — only 5 sparsely distributed
features are identified in the Lithuanian and the Kaliningrad Dis-

trict offshore area. This number is reliable because: (1) the en-
tire southeastern part of Baltic Sea has been surveyed with a
dense network of 2D seismic lines (VO Tekhnoeksport, 1985),
(2) both the top of Precambrian crystalline basement and the
top of Ordovician are clearly identifiable offshore Lithuania
(Fig. 6), (3) this same featureless style of the top pre-Cambrian
crystalline basement is typical of the Swedish offshore area
(Sopher and Juhlin, 2013, Sopher et al., 2016); hence, it is typi-
cal of the Baltic Basin between Sweden and the Baltic States.

Secondly, the extent of the “hilly” southeastern part is at
least 30 km, but its full extent to the east cannot be determined
from our study, and just east of our study area there is another
large palaeotopography feature: Baubliai (Fig. 9). There may be
more palaeotopography features between our study area and
Baubiliai; the amount of seismic data ever recorded onshore de-
creases towards the east and north.

Due to the different topographic style of the southeastern
part of our study area, its considerable size and expected extent
to the east, and the size, number, and density of individual
palaeotopography features, we propose that the southeastern
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part of our study area is part of a large array of inselbergs. On a
local scale (our study area), this does not comply with the defini-
tion of a peneplain (Phillips, 2002), but on a broader scale it is
still a feature of a peneplain, because its diameter is of the order
of tens of kilometres while the extent of the peneplain is
sub-continental (a few hundreds or thousands of kilometres
across). This array of inselbergs is the largest and densest
group, cluster, or array of inselbergs discovered so far within the
Baltic Sea region.

ORIGIN OF THE INSELBERG ARRAY

The type of rock that constitutes the pre-Cambrian
palaeotopography features can be either the original
Paleoproterozoic crystalline basement rocks or the Jotnian
strata. For example, in our study area, the pre-Cambrian base-
ment features are mainly composed of Paleoproterozoic rocks
while strata attributed to Jotnian occur around the pre-Cam-

brian features (Stirpeika, 1999). However, Jotnian quartzite has
been found (Fig. 10B) and is interpreted as a monadnock
(Sopher et al., 2016). In both cases, these palaeotopography
features can be explained as remnants of erosion. The relative
resistance to erosion can be caused by different types of crys-
talline basement rocks. However, in our study area, the differ-
ent rock types of the crystalline basement do not relate to the
occurrence of inselbergs (the geological map of the crystalline
basement of Lithuania in Motuza et al., 2008). Linear or elon-
gated landforms of various size can be formed by glacial ero-
sion (Dowdeswell et al., 2016), but the inselberg array in our
study area does not show any consistent linear pattern (Fig. 7).
Also, the largest inselbergs in this array have irregular edges
and usually have their maximum height in their central part
(Figs. 6 and 7), as if erosion equally affected all their sides. The
southeastern part of our study area may have had a generally
higher topography, which possibly extended to the east. This
could explain why the area was subjected to erosion last — it did
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not reach the final stage of peneplanation and included
inselbergs at the time of Cambrian transgression.

A different proposition was made by Sopher et al. (2016) for
an apparently similar situation. Northeast of the island of
Gotland (Fig. 10G) the Precambrian basement is overlain by
Cambrian and is reported to have a “rugose topography”. This
is interpreted as due to fluvial erosion, which took place near
the edge of the pre-Cambrian basin. However, such an inter-
pretation is uncertain because the sub-Cambrian peneplain
surrounds that location (Fig. 1A). Similarly, our study area in
Western Lithuania is limited and it does not reveal the full extent
of the inselberg array (Figs. 7 and 9). From this, it cannot be
concluded definitively that the edge of the basin has been ob-
served; rather, this large array of inselbergs is a remnant of ero-
sion.

CONCLUSIONS

Using modern 2D and 3D onshore seismic data from West-
ern Lithuania, two regionally recognizable reflecting surfaces

have been interpreted: the top of Ordovician and the top of
pre-Cambrian crystalline basement.

From west to east, the palaeotopography of the Precam-
brian crystalline basement changes from peneplain-like flat to
relatively high and rough. The flat western side of our study area
is interpreted as a continuation of the sub-Cambrian peneplain,
which outcrops in Scandinavia while to the southeast it is buried
beneath strata of the Baltic Basin. The southeastern part of our
study area has many closely spaced hill-like features of various
size, is of considerable extent (at least 30 km) and does is not
consistent with a peneplain on a local scale. It is interpreted as
part of a large array of inselbergs. This array of inselbergs is ex-
ceptional because it is the largest and densest of all known
groups or clusters of inselbergs known in the Baltic Basin. In the
Baltic Sea region there also exist pre-Cambrian/pre-Ediacaran
palaeotopographic features buried beneath the strata of the
Baltic Basin. They occur either as isolated features, as very
sparse groups of features, or as feature clusters and can be in-
terpreted as inselbergs. The diameter of separate palaeo-
topographic features varies from 1-3 km to ~10 km, and their
height from <100 to ~150 m.
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From seismic interpretation, a continuation of the sub-Cam-
brian peneplain was identified in Western Lithuania. A large ar-
ray of inselbergs was mapped to the detail that 3D seismic can
permit. Though some of the largest palaeotopographic features
of the crystalline basement were known before, the detailed
mapping revealed that in Western Lithuania there is a large and
dense array of inselbergs. This is the largest group of
inselbergs ever discovered and described in the Baltic Basin,
and its extent can be expected to be even larger.
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Fig. 9. Precambrian crystalline basement topographic
features (black areas) in Western Lithuania, within our study
(detailed) area and outside it (sketch)

Black rectangle defines our study area, grey polygon defines the
interpretation polygon, and the main palaeotopographic features
are named
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Fig. 10. Pre-Cambrian crystalline basement palaeotopographic features within the
Baltic Sea region

Black solid rectangle defines our study area (Fig. 7), black dashed-dotted rectangle defines
Western Lithuania as shown in Figure 9. Black dots show the topographic features at their lo-
cation, but not their true size (except our study area and the rest of Lithuania onshore which
are shown to their true scale). A — Bla Jungfrun, Sweden, B — missing Lower Cambrian in one
well, east of Sweden, C — Zareby, North Poland, D — unnamed, Lithuania and Kaliningrad
District offshore, E — Piltene, Latvia onshore, and the rest unnamed, Latvia offshore, F —
North Estonia, G — rugose topography, northeast of Gotland. See text for more explanation
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