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Abstract: The most organic-rich shales are defined in the Dobele Fm. of the Aeronian
Stage of about 10 m thick in west Lithuania. This particular layer is documented in the
whole Baltic Basin. Compatible shales are widely distributed in other basins referred to
as similar Silurian “hot” shales. The average TOC was estimated at 6.67 wt.% (good and
excellent source rock). The thermal maturity of shales was evaluated through organic
geochemical techniques, including TOC determination, Rock-Eval pyrolysis, and organic
petrography studies. The thermal maturity varies from Trax = 431 °C and eq.VR, = 0.65%
(early oil) to Tmax = 468 °C and VR, = 1.38% (locally up to 1.94%) (late oil and wet to
dry gas generation). It is notable, most of the study area is confined to regional-scale
West Lithuanian Geothermal Anomaly. Most of the geothermal features, both palaeo- and
recent, recorded in lateral variation in thermal maturity of shales unravel persistence of
heat flow. Locally, the Variscan tectonic activity was imprinted in thermal maturity of
organic matter-rich shales (Zemaitiu Naumiestis anomaly).

Keywords: Baltic Basin; Llandovery; “hot” shales; thermal maturity; geothermal anomaly;
palaeo-hydrothermal activity; “hot” granites

1. Introduction

In the course of their evolution, most of the old Phanerozoic sedimentary basins were
affected by the temporal variations in the geothermal conditions, e.g., heat flow, phases of
increased tectonic activity, often associated with hydrothermal fluid circulation, thermal
blanketing, deep erosion of sedimentary deposits, etc. The temporal temperature varia-
tions are imprinted in the diagenetic history of the sedimentary rocks, including the Baltic
Basin [1-3]. Assessing thermal maturity through a multi-proxy study is an efficient ap-
proach for reconstructing the protracted geothermal history of old Phanerozoic basins [4-7].
The pioneering study by [8] stressed the unstable heat flow throughout the Phanerozoic,
which was imprinted in the thermal maturity of OM.

The Silurian organic matter-rich shales comprise the thickest source rock formation
in the Baltic Basin [2,9,10]. The highest concentration of organic matter (OM) is observed
in the Llandovery and Wenlock age shales. The total organic carbon (TOC) content varies
in a wide range from 1% to 19% in west Lithuania [11-14]. The highest TOC value was
reported from the Dobele Formation shales (Aeronian Stage of the Llandovery Series).
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The Silurian organic-rich shales account for 80%-90% of the Palaeozoic sourced hy-
drocarbons (HC) in North Africa, Turkey, Syria, and Jordan [15,16]. Similar characteris-
tics of the most-rich Silurian shales are reported from the Upper Yangtze Basin situated
in South China [17-19]. The term "hot” shales was introduced by [20]. In the North African
and Arabian regions, the age of “hot” shales is attributed to the Rhuddanian Stage [21],
e.g., the age of this particular layer is slightly older than that in west Lithuania.

The thermal maturity of organic-rich shales is a paramount parameter not only for the
assessment of the source rock potential, but also for the reconstruction of the paleotempera-
tures [22]. The pioneering studies of the thermal maturity of OM unravelled an unstable
palaeo-geothermal gradient in the Baltic basin [8]. The palaeo-gradient was estimated
to be generally higher than the present geothermal gradient. The high rate of gradient
was interpreted as a specific geothermal feature of the Variscan orogenic event in Central
Europe [23,24].

In this study, the thermal maturity of the Dobele and Jtirmala shales was employed to
map the palaeo-temperature distribution in west Lithuania, situated in the deeply buried
part of the Baltic Basin. The present study aims to investigate the paleo-geothermal activity
recorded in the thermal maturity of the Silurian shales and to correlate these with the recent
geothermal parameters. The present temperatures are well documented in west Lithuania
owing to extensive oil exploration drilling.

The present-day heat flow ranges from 40 mW /m? to 94 mW /m? in west Lithuania [25,26].
The West Lithuanian Geothermal Anomaly (55 x 95 km, 4820 km?) is the most remarkable
geothermal feature showing the highest heat flux recorded in the Eastern European Platforms.
Furthermore, the highest heat flow of this regional scale anomaly was accounted to the
radiogenic heat production of the Mesoproterozoic Zemai¢iu Naumiestis batholith documented
in the crystalline basement in southwesternmost Lithuania [27]. The variations in thermal
maturity of the Llandovery shales and correlation with present-day geothermal parameters
were discussed in the paper. Because of high OM content in “hot” shales, these source rocks
are most susceptible to local palaeo- and recent variations in the geothermal system.

2. Petroleum Play of the Baltic Basin

The Baltic Basin is a proven hydrocarbon (HC) system. The most complete strati-
graphic section, comprising all the Phanerozoic periods, was documented in the Lithuanian
part of the basin [28]. It points to the protracted burial history of the basin and the evolu-
tion of the HC system. In particular, the thermal maturity was strongly imprinted in the
Palaeozoic shales accumulated in the basin [5].

The basin is flanked by the Fennoscandian Shield and Mazury-Belarus High
(Figure 1). The Latvian Saddle links the Baltic Basin in the west and the Moscow Basin in
the east [29]. The Teisseyre-Tornquist Zone (TTZ) punctuated the western boundary of the
Baltic Basin. It is the longest pre-Alpine tectonic lineament in Europe. The transition zone
between the East European Craton (EEC) and the Paleozoic Platform is still a matter of
discussion despite numerous geophysical and deep drilling. The zone extends 2000 km
from the Baltic Sea [30,31] to the Black Sea.

A number of small oil fields were discovered in the basin (Figure 1). The petroleum
play of the Baltic Basin comprises the most important Cambrian sandstone reservoir (shown
on the map) and low-potential upper Ordovician detrital limestones and Silurian reef-like
limestones. The reservoirs alternate with organic-rich shales of the Cambrian, Ordovician,
and Silurian age (source rocks).
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Figure 1. Baltic Basin and surrounding tectonic structures. The depth and distribution of the
Cambrian reservoir (yellow). Oil fields are shown; colours indicate age of reservoir layers hosting oil
fields; gas fields are indicated. Study area is indicated (Lithuanian part).

A number of small-sized oil fields onshore and offshore fields were discovered in
the Cambrian sandstones in Lithuania, Kaliningrad District, and north Poland [12,32-34]
(Figure 1). Also, several gas fields were discovered in the Polish sector of the Baltic Sea [35,36].
The depth of the top of the Cambrian reservoir varies from 1.7 to 3.3 km.

The Upper Ordovician carbonate mounds were exploited on Gotland Island [37] and
oil accumulations (shows) were documented in the westernmost part of Latvia, middle
Lithuania, and the eastern part of the Kaliningrad District. Notably, the oil migration
pathways (oil smearing) are recognized in the easternmost periphery, extending as far
as the Vilnius area [38]. It evidences long-distance migration of HC generated in deeply
buried source rocks (Alum shales) and movement to the shallow basin periphery [39].

The not-exploited small oil fields were discovered in the upper Silurian bioherms and
biostromes chained along the NNE-SSW trending belt in middle Lithuania [40—43]. These
reef-like build-ups predominantly consist of stromatolites and crinoids. The sourcing HC
to these stratigraphic traps is still a matter of discussion.

The hydrocarbons were generated from the Cambrian, Ordovician, and Silurian
organic-rich shales. The biomarker tracing suggested the Alum Shale of the uppermost
Cambrian and earliest Ordovician age as the main source rock for HC accumulated in
the Cambrian, Ordovician, and Silurian reservoirs [39]. Also, the high concentration of the
thermally mature upper Ordovician and lower Silurian shales is potentially accounted for
by HC re-distribution in the Palaeozoic HC play [44,45].

The burial modelling suggested that the main HC generation phase was initiated
in the Middle Devonian and climaxed in the Carboniferous time [46,47]. HC generation
was fostered by increased geothermal activity associated with the Variscan igneous event.
Numerous diabase sills were detected by extensive seismic surveys in the middle part of
the present Baltic Sea and drilled by two exploration wells [48]. It is notable, both intrusions
were emplaced in the Pridoli Series shales. The contemporaneous granite intrusion was
drilled in well Girkaliai-2 in west Lithuania and cuts the Palaeoproterozoic crystalline
basement [49].

Shales of the Llandovery and Wenlock Series comprise the most OM-enriched
shales, while source rocks of the Ludlow and Pridoli Series show low concentration of
OM (Figure 2) [13]. The thickness of the Llandovery and Wenlock shale package varies



Minerals 2025, 15, 539

4 0f 23

from 113 m to 200 m in west Lithuania. The highest average TOC = 4.56% content of OM
was recorded in the Dobele Formation (Fm.) of 2.5-10.5 m thick. The overlying shales are
less enriched by OM (TOC = 1.45%) in the Jirmala Fm. and Wenlock shales (Figure 2).
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Figure 2. Geological N-S cross-section in westernmost Lithuania (see location of profile in
Figure 5). Age of deposits is indicated. Most organic-rich shales are marked. Symbols: 1—"hot”
shales, 2—organic-enriched shales, 3—crystalline basement, 4—sandstones with subordinate shales,
5—siltstones and limestones, 6—siltsones, claystones, dolomites, 7—limestones and dolomites,
8—marlstones and dolomites, 9—shales, 10—loam and sand.

The thickness of the upper part of the Silurian succession (Ludlow and Pridoli Series)
is much larger, which was related to the progressing flexural bending of the Baltica plate
during the latter part of the Silurian Period [41]. It resulted in a much lower concentra-
tion of OM in shales. The Ludlow mudstones show a low content of OM (0.45-1.0%)
and decrease to <0.45% in the Pridoli shales. The detailed study of the mineral composi-
tion of the Llandovery Series was discussed in [13]. The content of clay minerals varies
from 37% to 57%, and the amount of detrital quartz and feldspar ranges from 35% to 48%.
The amount of the carbonates does not exceed 10%. Pyrite is a persistent diagenetic min-
eral recorded in the studied shales. Most of the studied shales are classified as silica-rich
argillaceous mudstones.

The deepest, drilled in the sedimentary cover, well Klaipéda-1 (1981) illustrates
the stratigraphic subdivision of the Llandovery and Wenlock Series. Figure 3 combines the
interpretation of geophysical logging and was correlated with adjacent old wells drilled
with continuous drill coring, including high-quality palaeontological recording (e.g., well
Stonigkiai-1) [50].

The very basal part of the Silurian succession is composed of micritic limestones that
mark a new transgression of the marine basin, and this 2—4 m thick layer is referred to as
the Stacitinai Fm. devoid of graptolites (poor stratigraphic control) (Figure 3). Despite its
low thickness, this layer is considered the key seismic reflector [43,51].

In general, most of the oil exploration wells were drilled with no coring and focused
on the Cambrian interval drilled without coring. However, most of the wells have been
drilled with coring in the lowermost part of the Silurian section (a few dozen meters long),
consisting of fractured limestones of the Stac¢itinai and Apasc¢ia Fms. and overlying Dobele
Fm. (most organic-rich shales) and Jarmala Fm. (moderately enriched by OM shales).
It provides abundant drill core material available for study.
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Figure 3. Gamma-ray log and drill coring interval in Llandovery and Wenlock Series in well
Klaipéda-1 (see Figure 5 for location). Clay content is shown according to [13]. Symbols: Sh—organic
enriched graptolitic shale, Hot—"hot” shale, M—marlstone, L—limestone.

The first graptolites are documented in the overlying 3—4 m thick Apasc¢ia Fm. com-
posed of mottled and wavy silty argillaceous limestones. This layer was referred to as the
Coronograptus cyphus zone (depth 1921.0-1917.7 m defined in Figure 3, well Klaipéda-1)
(Rhuddanian Series) and correlates with contemporaneous “hot” shales distributed in
“southern” sedimentary basins.

The overlying “hot” shales are attributed to the Dobele Fm. of the Aeronian Series.
Stratigraphy of this peculiar interval straddles: Demirastrites triangulatus zone defined at the
depth of 1917.7-1915.0 m; Demirastrites convalutus zone at the depth of 1915.0-1912.2 m; and
Monograptus sedgawicki zone at the depth of 1912.2-1909.9 m [50]. The Dobele Fm. represents
the excellent stratigraphic marker correlating deep wells in Lithuania. The thickness of this
peculiar layer ranges from 2.5 to 10.5 m in west Lithuania [13].

The gamma-ray characteristics are compatible with west Lithuanian and other Sil-
urian well logs recording a strong ca. 350 API ‘spike’ marking the most organic matter-
rich shales [52]. The lower gamma-ray values of about 170-180 API were reported in
the Jarmala Fm. and Wenlock Stage shales (Figure 3), which implies moderate enrichment
in OM.

The Dobele Fm. shales are of dark grey and black, rarely olive grey colours and reveal
variable bioturbation (Figure 4). The bioturbation records the transition of the anoxic
(marked by the disappearance of bioturbation) to the suboxic sedimentation regime [53].
The burrows are distinguished by their brighter colour than the surrounding host rock in
optical microscopy. Burrowing traces are ellipsoid (0.1-0.3 mm), oblique and horizontal to
bedding, mainly restricted to particular laminas. Preferential calcite and dolimite cementa-
tion occurs in the burrow, promoting partial quartz and feldspar replacement. The observed
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small burrow diameters are associated with low-oxygen stress [54]. Parallel-laminated
shales contain thin interbeds and heterolith features.

.l mm i

Figure 4. Micrograph of shales recording features at a scale of 1 mm (A) and 0.1 mm (B). Strongly
bioturbated calcareous shale contains gently undulating, both discontinuous and continuous, parallel
laminae. Abundant, c. 100-300 microns wide, elliptical, oblique to horizontal burrows are present
throughout the sample. OM forms as elongate stringers and concentrations around burrows (Bu).
Rare large carbonate skeletal debris is noted (SF). Microcrystalline to finely crystalline (Q), authigenic
dolomite and calcite are preferentially concentrated within silt-filled burrows (SF). Middle Llandovery
succession in well Zukai-1, west Lithuania, depth 1635.2 m.

The percentage of clay minerals varies from 37% to 57% in the Dobele and Jtrmala
shales [13]. Clay minerals are dominated by illite with lower amounts of chlorite with
subordinated admixture of mixed-layer illite-smectite (I-S) (5-10%) and kaolinite (2-7%).
The content of quartz and feldspar grains is 11-40% and 2-10%, respectively. Early and late
diagenetic micritic calcites are also recorded, and rare calcite shell fragments of 1-2 mm
are documented. The euhedral late diagenetic crystals of dolomite are common in the
studied shales. The total amount of carbonates does not exceed 5%, except for rare thin
layers. Pyrite is recognized in varying amounts, and the siderite percentage is tenfold
lower, though it is also recognized in all examined samples.

3. Materials and Methods

The lower Silurian shale samples were collected from 23 oil exploration wells drilled
in the western part of Lithuania at a depth range from 1071 m (well Vilkaviskis-131) to
2134 m (well Pociai-1) (Figure 5). The data measured in this study were obtained from [55].

Rock-Eval analysis was performed on 257 Silurian shale samples studied and reported
in (Table S1). Most of the samples were collected from Dobele Fm. (N = 150), Jarmala
Fm. (N =79) and Wenlock Series (N = 21) (Table S1). Only 4 samples characterise the
underlying Apascia Fm. (basal part of the Silurian section), and 3 samples were obtained
from shales of the Ludlow Series. The number of samples collected from the particular
wells ranges from 1-2 (e.g., wells Akmeneé-71, Maliikai-1, Mamiai-2) to 48 samples (well
Geniai-1) and 58 samples (well Klaipéda-1, with the spacing at 0.5 m). Together with the
previously reported laboratory measurements [45,56], the total number of studied samples
amounts to 276 and were collected from 41 wells (Figure 5).
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Figure 5. Map of the locations of the newly studied wells (black Normal) and previously studied wells
(pink Italic) [45,55,56]. Abbreviations of well names: Akm-71—Akmené-71, Baub-1—Baubliai-1,
Br-1—Barzdénai-1, Gen-1—Geniai-1, Girdz48—GirdZiai-48, Grk-1—Girkaliai-1, Gor-1—Gorainiai-1,
Kl-1—Klaipéda-1, Kul-1—Kuliai-1, Las-1,2—La8ai-1, LaSai-2, Lks-4—Lauksargiai-4, Lz-Lauzai,
Mld-1—Maliikai-1, Mam-1—Mamiai-1, Nm-1—Zemai¢iy Naumiestis-1, Pl-1—Palukne-1,
Poc-3—Pociai-3, Ram-2,3—Ramuciai-2, Ramuciai-3, Ruk-1,2—Rukai-1, Rukai-2, Rsn-1—Rusneé-1,
Sak-1—Sakutiai-1, Satr-1—Satrija-1, Slt-1—Silute- 1, Slp-1—Slapgiriai-1, St-1—Stonigkiai,
Tl-1—Toliai-1, Vab-1—Vabalai-1, Vain-1—Vainutas-1, Veiv-1,3—Veivirzénai-1, VeivirZénai-3,
Vd-1—Vidukleé-1, Vilk-131—Vilkaviskis-131, VI1k-3—YVilky¢iai-3, Us-1,3—Usénai-1, Usénai-3,
Zlg-1—Zalgiriai-1, Zuk-1 ~Zukai-1. Depth isolines (b.s.l., m) of base of Silurian succession are shown.
The geological cross-section (blue dashed line) extends along studied wells (Figure 2).

Rock-Eval pyrolysis parameters (TOC, Tmax; S1; S2; S3; HI; PI; OI) were derived from
the Silurian shales (257 samples, Table S1). Rock-Eval pyrolysis and organic petrography
were performed in world-class laboratories on the collected samples (e.g., Core Laborato-
ries, Weatherford Laboratories). Measurements have been conducted using two methods.
The organic substances were identified by combustion in a LECO IR212 induction furnace,
after the elimination of carbonates, while Rock-Eval screening pyrolysis was carried out us-
ing the Rock-Eval II equipment, following the standardized guidelines outlined by [24,57]
to assess the type of kerogen and the maturity of OM.

Open system pyrolysis was carried out with Rock-Eval 6 Analyser (standard model
S/N 18-001) following the standard procedures described by [57,58] to assess the type of
kerogen and thermal maturity of OM. Blank, standards, and duplicates were routinely run
to ensure highly reliable results. The Rock-Eval 6 Analyser (standard model S/N 18-001)
provides a rapid (30 min/sample) source rock analysis on a small (50-70 mg) sample of
rock. All samples were powdered to a fraction below 0.2 mm. Each sample was heated at
300 °C for 3 min, followed by a programmed pyrolysis at 25 °C/min up to 650 °C under
a helium flow. It was then oxidized at 600 °C for 7 min under an oxygen flow. The industry
standard (IFP 160000) was used as a standard sample for calibration. This analysis quickly
evaluates the concentration of volatile and soluble OM, plus the amount of pyrolysable OM
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in the sample and thermal maturity. The S1 fraction (mg HC/g sample; mostly composed
of small volatile molecules), in which the amount of HC released at 300 °C was measured.
The peak S2 is the amount of HC released from the cracking of kerogen (mg HC/rock)
and heavy HC during temperature-programmed pyrolysis (300-600 °C) and represents
the existing potential of a rock to generate hydrocarbons. S3 represents the amount of
CO; from breaking carboxyl groups and other oxygen-containing compounds in kerogen,
obtained at 300-390 °C. The hydrogen index (HI) is the normalized S2 value (52/TOC),
expressed in mg HC/gTOC. The oxygen index (Ol) is related to the amount of oxygen
in kerogen and is the normalized S3 value (53/TOC), expressed in mgCO,/gTOC. The
production index (PI) shows the level of thermal maturation [59].

The organic petrographic analysis of the organic matter was conducted on 155 se-
lected samples collected from 16 wells (Table S1). The number of samples varies from 1
(Lagai-1, Zalgiriai-1) to 47 samples (Geniai-1) per well. The stratigraphic interval straddles
the Apascia (4 samples), Dobele (129 samples), and Jarmala Fms. (79 samples) (Llandovery
Stage), the Wenlock (21 samples), and Llandovery Stages (3 samples). Drill cores are stored
in the Core Storage of the Earth Information Center, Lithuanian Geological Survey.

The sample preparation followed the conventional procedures, e.g., the core was cut
perpendicular to the bedding, the core samples were embedded in a resin and polished in
line with the procedure described in [60]. The reflectance measurements were performed
in oil immersion samples following the standards of the laboratories. The organic petro-
graphic analysis of random vitrinite-like particle reflectance measurements was performed.
The reflectance of solid bitumen (BR,), graptolite (GR,), and chitinozoan (ChR,) has
been measured and these values were converted to equivalent vitrinite reflectance eq.VR,
(Tables S1-53).

The solid bitumen and zooclasts have been analyzed in incident white and fluorescence
light modes using a Zeiss Axio Scope microscope at 500x magnification. The OM reflectance
was measured according to ASTM D7708 Standard [61]. The identification of the dispersed
organic matter has been carried out following the TSOP /ICCP classification [62], and based
on the ICCP 1994 System [63]. The identification of macerals was based on observations of
their morphology, color, texture, and thermal maturity assessment of shales.

Graptolite reflectance was reported as eq.VR, in (Table S1), amounting to 155 samples.
Fifty to sixty measurements were performed on most samples. The measured reflectance
of fragments of graptolites was not classified into granular and non-granular types of
fossils. Based on optical observations, the latter type of graptolites dominated in shales.
The standard deviation of recorded reflectance varies from 0.03 to 0.13. Graptolite re-
flectance (GR,) was converted to equivalent vitrinite reflectance (eq.VR,) by adopting the
equation (Log10 GR, = —0.04 + 1.10 x Log10 (eq.VRy)) [64].

The reflectance of chitinozoans was measured in eight wells (a total of 20 samples)
(Table S2). Data were reported as ChRo and eq.VR,. The thermal maturity of chitino-
zoan reflectance (ChR,) was converted to equivalent vitrinite reflectance by the equation
(ChR, =1.152 x VR, + 0.08) [65].

Results of all studied samples demonstrate that the samples contain abundant amor-
phous matrix of bituminite. However, the reflectance was not systematically measured to
reliably document the thermal maturity of the studied shales and has no importance for
the interpretation of this study.

Solid bitumen was identified in large quantities in samples obtained from some
wells located in southwesternmost Lithuania (e.g., Ramuciai-2, Rukai-2, Naumiestis-1, etc.,
Figure 5). The reflectance of solid bitumen was measured in eight wells (13 samples) and

converted to equivalent vitrinite reflectance by adopting the equation
(BR, = 0.618 x VR, + 0.4) [66] (Table S3).
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Several test samples were studied to define the thermal maturity of sporinite (two
samples) and alginite (four samples) macerals.

The present temperatures were measured in most of the deep oil exploration wells in
Baltic countries, including west Lithuania [26]. The temperature of the base of the Silurian
succession was recorded in 149 wells.

4. Results
4.1. Organic Petrography

The microscopically identifiable organic matter was reported from studied shales
containing graptolite, alginite, bituminite, solid bitumen, acritarch, sporinite, and liptode-
trinites (Figure 6).

20 pm

Figure 6. Organic petrography observations for Dobele Fm. shales: (A) graptolite (GR) is oriented
perpendicular to bedding, shows traces of cortical bandage, incident light, VR,-eq is 1.10%; graptolite
shows traces of cortical bandage, incident light, Gorainiai-1, 1917.5 m; (B) granular graptolite (Grn),
eq.VR, was estimated 0.51%, network of wispy and elongate amorphous organic matter (AOM);
solid bitumen (SB) is also present, some grains are spherical; incident light, well Viduklé-64, depth
1470 m; (C) broken fragment of chitinozoan (Ch), eq.VR, was estimated 0.58%, Nida-1, 2044 m;
(D) oval-shaped bitumen (SBt) with “rough surface”, eq.VR, was estimated 1.05%, Gorainiai-1,
1917.5 m; (E) amber-coloured (mature) liptodetrinite (Type II, oil-prone) (LpD), abundant quartz
grains (Q); incident light, Toliai-1, 1932.7 m; (F) marine alginite (Alg), most likely Tasmanales, intense
yellow fluorescence colour (TAI = 2.7), Vidukle-64, 1470.0 m.

Graptolites are abundant in the lower Silurian shales accumulated in the deep shelf of
the Baltic Basin. The reflectance of graptolites obtained from shale samples was converted
to eq.VR,% (Table S1). The reflectance of the Dobele Fm. varies from eq.VR,% = 0.49%
(Vidukle-64) to eq.VR,% = 1.0% (Klaipéda-1).

The non-granular graptolites predominate in the studied samples (Figure 6A). Despite
the mixture of non-granular and granular graptolites, the narrow standard deviation
(0.03-0.011) points to the predominance of one type of graptolites. Scarce granular species
are recognized in some samples (Figure 6B). No dedicated petrographic analysis was carried
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out in the present study (granular vs. non-granular graptolites). The correlation between
the reflectance of nongranular detritus and cortical bandages, recognized in some samples,
reveals some difference in reflectance 0.82/0.92% (Usénai-1, depth 1936 m), 1.01/1.19%
(Gorainai-1, depth 1917.5 m), and 1.10/1.33% (Vabalai-1, depth 2010 m), test samples were
not included into (Table S1).

The thermal maturity of chitinozoans was measured in reference wells (Figure 6C). The
reflectance (not recalculated to equivalent vitrinite reflectance) varies from ChRo = 0.58-0.69%
(Nida-1, Geniai-1, Genc¢iai-1) to ChR, = 0.96-1.05% (Klaipéda-1, Silgaliai—l, Vainutas-1)
(Table S2). The maximum reflectance was reported in the well Vainutas-1 (ChR, = 1.05;
converted to eq. VR,% = 1.29), which is compatible with high reflectance of graptolites
(eq-VR,% = 1.94) [56]. This well is located in the Zemai¢iu Naumiestis anomaly and shows
the highest thermal maturity of Llandovery shales.

The oil-prone bituminite is common in the studied Silurian shales. Bituminite occurs
in the pores and coats mineral surfaces. Bituminite is generally characterized by higher
intensity fluorescence and lower reflectance compared to solid bitumen.

Solid bitumen is often used to determine reflectance in samples with scarce other mac-
erals [67]. Solid bitumen is present in the studied samples exclusively as solid bitumen of
variable quality, comprised mostly of stringers and lenses. The reflectance of bitumen varies
from BR, = 0.41% (Nida-1) to BR, = 1.59% (Ramuciai-1) (Table S3). The latter reflectance
was converted to 1.81% (eq.VR,) and reached the gas condensate stage. The illustration of
the Gorainiai-1 sample shows high thermal maturity (late oil generation stage) (Figure 6D;
BR, = 1.05%).

Liptodetrinites (Type II, oil-prone) are observed in well Lithuanian shales (Figure 6E).
Despite the wide occurrence of liptodetrinites, they have only limited importance in study-
ing the thermal maturity of Silurian shales and were not used for thermal maturity studies.

Recent studies of the composition and maturation of the Silurian source rocks indicate
a high content of dispersed sporinite [45]. The reflectance was recorded in a few test
samples, indicating a very low reflectance 0.25% in well Slapgiriai-1 (depth 1711 m) and
0.29-0.37% in the well Viduklé-64 (depth 1470 m) (Figure 6D) and was not used for mapping
the thermal maturity of the studied shales.

Also, the thermal alteration index (TAI) was estimated in four test samples of alginite.
UV fluorescent light color scale ranges from 2.7 (Viduklé-64, Figure 6F, yellow colour) to 3.1
(Vabalai-1, orange colour). The thermal maturity in the former well was rated as early to
peak oil generation and late oil and gas generation stage in the latter wells situated in the
Zemai¢iy Naumiestis anomaly. No systematic application of this technique was applied in
the present study.

4.2. Rock-Eval Analysis

TOC is the primary parameter to evaluate the potential of HC generation. TOC value
varies from 2.07% to 16.18% (average 7.29%) in 90% of samples of the Dobele Fm. shales.
Some interlayers are poor in OM content (TOC = 0.31-1.99%) and subordinate argillaceous
limestones. The enrichment in OM in the Jirmala Fm. shales vary from 0.30% to 2.16%
(average 1.14%) and 21 samples of the Wenlock Stage show similar values varying
from 0.47% to 1.26% (average 1.17%). Three samples were obtained from Ludlow Stage
shales and TOC varies from 0.34% to 0.46%. These results are compatible with those
described in the introductory part of the manuscript (Figure 2).

The thermal evolutionary stages of kerogen and the heating of source rock layers
are of paramount importance in evaluating the source rock potential [4,57,68]. The hy-
drogen index (HI) varies from 39 to 710 mg HC/g TOC (Table S1). The discrimination
diagram by [69] (HI = S2(mg/g)/%TOC x 100) vs. Tmax) is commonly used to classify
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the type of kerogen (Figure 7). Most studied samples are scattered in the transitional
kerogen Type II/1Il zone, and shales, accordingly, are classified as oil-gas-prone source
rocks. Notably, the gas-prone kerogen Type III was mapped in southwest Lithuania and is
characterised by low HI in the Zemai¢iu Naumiestis anomaly (Figure 7). In general, most
of the samples vary from Tmax 430 °C to 450 °C, e.g., they are plotted in the oil window.
Despite the wide scattering of values, Timax increasing with decreasing HI trend was noted.
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Figure 7. Plot of the hydrogen index (HI) vs. the pyrolysis maximum yield temperature (Tmax) [69]
of the Llandovery shales, showing the kerogen quality and thermal maturity stages.

A simple method for application in source rocks potential is based on Rock-Eval
potential (S2) and TOC, w.%. The kerogen Type II shales are characterised by a relatively
high HI (average HI is 480 mg HC/g TOC), while oil-gas-prone shales show a lower
HI (259 mg HC/g TOC) (Figure 8). Gas-prone shales show the lowest HI values, ranging
from 50 to <200 mg HC/g TOC).
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Figure 8. (A) Plot of TOC vs. S2 indicating the kerogen types of the studied Llandovery samples [70];
dot size shows increasing HI volume (min size 0.02 inch, max size 0.13 inch); trends are marked
(arrows); (B) Cross-plot of TOC vs. Rock-Eval S2/S3 of Dobele Fm. (solid dots) and Jiirmala-Wenlock
shales (open dots). General cluster of study samples is shown in blue, while samples collected from
the Zemaic¢iu Naumiestis anomaly are marked in pink (data derived from Table S1).
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Types kerogen II, II/1II, and III are identified on diagram TOC vs. S2 (Figure 8A).
The organic richness of shales varies from fair to excellent (Figure 8A). In the high range
of OM (TOC > 2.0 wt.%), the difference between the two trends of kerogen Type II and
Type I1/111 is most spectacularly identified on the plot TOC vs. S2. A detailed inspection
of the low-range interval (0.03 to 2.0 wt.%) shows less prominent discrimination of two
clusters, which, however, are discernible on the plot. In particular, shales of the best-
studied wells Klaipéda-1, Geniai-2, élapgiriai—l, Toliai-2, Vilkaviskis-134 are chained along
the Type II trend; the key wells Gorainai-1, Usénai-1, and other boreholes are clustered
in the Type II/11I field (Figure 8A). The extreme values are scattered in the Type II (7-18%)
while the Type II/III cluster shows much lower values (4-11%). Similar two trends were
recognised in the plot TOC vs. 52/53. The cluster kerogen Type III shows the lowest ratio
as defined in the diagram TOC vs. S2 (Figure 8A). These wells Z.Naumiestis-1, Usénai-1,
Silute-1, Ramuciai-1, Pociai-1, Zatgiriai—l are located in the Zemai¢iy Naumiestis anomaly.
The studied shales are rated as ranging from fair to excellent source rocks (Figure 8B).

The ratio TOC vs. S2/53 reflects the HC potential to generate oil and gas [4,71]. The av-
erage TOC was estimated as high as 6.67 wt.% (Table S1). Most of the shale samples (90%),
collected from the Dobele Fm., show good to excellent source rock quality for HC generation
(Figure 8B; solid symbol). The overlaying shales of the Jarmala Fm. (TOC = 1.10 wt.%) and
Wenlock Series (TOC = 1.17 wt.%) are attributed to fair- and good-quality source rock [72]. As
mentioned above (not studied in the present research), the content of OM is only 1.0-0.45 wt.%
in the Ludlow and less than <0.45 wt.% in Pridoli shales (poor source rock).

The important difference was noted between Zemai¢iy Naumiestis anomaly shales
and other samples in west Lithuania. The latter sample cluster shows a significantly lower
52/S3 ratio compared to the rest of the west Lithuanian shales (Figure 8B). The ratio was
estimated at 26.3% and 38.1%, respectively. According to [73], the presence of secondary
products typically leads to a decrease in Timax due to lower S2 values. It is discussed below
concerning the thermal maturity defined by petrographic studies.

The kerogen type is defined by plotting the oxygen index (OI) vs hydrogen index (HI)
on a Van Krevelen diagram (Figure 9A) for the studied source rock. The HI values show a
wide range from 39 to 710 mg HC/g TOC (Table S1). Most of the bulk samples (94%) are
attributed to the Type II and Type II/III kerogen (Figure 9A). The increasing thermal maturity
with burial depth is noticed in the plot. Two sample families were discriminated, indicating
“background” wells (blue symbol in Figure 9) and the wells situated Zemai¢iy Naumiestis
anomaly (pink symbol). Statistically, there is no common trend recognised between OI vs. HL

The samples plotted in the kerogen Type III field show a low HI and a distinct increase
in OI values from 23 to 67 mgCO,/g TOC, while the minimum HI is typical of a high
thermal grade. Most of the samples attributed to Type III kerogen represent the Zemaitiu
Naumiestis anomaly (blue symbol in Figure 9). Based on the petrographic studies, Type III
was seemingly not derived from the terrestrial plant matter. The other mechanism should be
considered, e.g., secondary HC products generated at higher temperatures. It is imperative
to note that ‘woody” Type III OM does not exist in source rocks of Silurian age. Thus,
Type IIl kerogen may represent poor preservation of algal material.

The S1/TOC ratio of 0.1-0.2 is an indicative feature of source rocks entering the
window of oil maturation. The ratios exceeding >1.5 (recorded in wells Vainutas-1, Geniai-1,
and Usénai-1) indicate the contribution of migrated oil to the system. The range of 0.1-0.5
for the analysed samples suggests a non-migrated nature for the occurring HC (Figure 9A).
The closed vs. open HC systems should also be considered. Most of the studies shales
are clustered in the field of oil expulsion and oil-saturated shale, while shales obtained
from the wells located in the Zemai¢iy Naumiestis anomaly are classified as moderately
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saturated shale. Several samples might be attributed to technical or other inconsistencies
(statistical error).
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Figure 9. (A) Modified Van Krevelen diagram as OI vs. HI based on Rock-Eval pyrolysis show-
ing hydrocarbon generative (kerogen) types in the studied Llandovery shales, west Lithuania;
(B) Plot of TOC (wt.%) vs. Rock-Eval S1 (mg HC/g rock) of the Llandovery shales. General cluster of
study samples is shown in blue, while samples collected from the Zemaitiu Naumiestis anomaly are
marked in pink (data derived from Table S1). Ranges are from [74].

5. Discussion
5.1. Control on Kerogen Type and Quality

The HC generation potential of the Llandovery and Wenlock Series is related to the
high content of OM in graptolitic shales. As discussed above, the average enrichment in OM
was assessed as high as 6.67% in the Dobele Fm. (Aeronian) shales (thickness 2.5-10.5 m)
and sharply decreases to 1.15% in the overlying Jirmala Fm. (Aeronian and Telychian
Stage) and Wenlock Series (total thickness 110-180 m). The Ludlow and Pridoli Series is
characterised by poor HC-producing potential, with TOC is about c. 0.40%.

The thickness of the Silurian succession systematically increases to the west
from 250 m to 870 m (Figure 10A). A peculiar gradient zone of about 100 m amplitude
striking west Lithuania. This tectonic deformation seems to exert some the lateral pattern
of kerogen types refined in the studied shales. Three kerogen trends were recognised on the
plot TOC vs. S1 (Figure 8A), which correlate with three kerogen Type 11, II /11, and III zones
in the Llandovery shales (Figure 10B). The kerogen Type II zone is distributed in the shallow
part of the study area and the kerogen Type II/III zone is defined in the deeper part of the
basin. The transition between the two zones is marked by a sharp gradient in thickness
(from 500 to 600 m) of the Silurian succession. The northern boundary is confined to the
large Tel$iai tectonic fault, and the eastern boundary is confined to the suspected Rambynas
tectonic zone. The Telsiai Fault was nucleated in the latest Silurian time, and the most
intense faulting took place in the earliest Devonian time, as based on seismic survey and
well data [51] (Figure 10). The Rambynas Gradient Zone does not show any discernible
faulting, as recorded in industrial profiles. The nature of this gradient zone is not well
understood and is defined based on well data.

The kerogen Type III zone is a most peculiar feature recognised in the southwestern
corner of Lithuania (Figure 10B). These shales are characterized by the lowest HI values
and increased OI defined in six wells (Table S1).



Minerals 2025, 15, 539

14 of 23

\

I Veiv-l [/ Bawl
h TR ¢

wii o

Kilometres

Figure 10. (A) thickness of the Silurian succession in west Lithuania. Wells penetrating the Silurian
succession are indicated (black dots); Te$iai Fault and Rambynas Gradient Zone are indicated;
(B) map of kerogen zonation (kerogen Types II, II/III, and III) recognised in Llandovery shales. The
thickness of the Silurian succession is shown (brown contour line; m). Note that no “woody” organic
matter (OM) existed in the Silurian shales, and the “Type III” nomenclature is, accordingly, reflecting

oxidized OM.

The Production index “P1” is widely used in conjunction with other thermal matu-
rity parameters [4,58]. In west Lithuania, PI ranges from 0.05 to 0.61 (combined present
and previous study data), which indicates the oil window stage defined in all stud-
ied wells (Figure 11). Only well Malilai-1 shows lower PI value (0.04). The highest
PI values 0.26-0.61 are only partially confined to the Zemai¢iu Naumiestis anomaly and
are attributed to the relatively high S2 and low S3 peaks. The latter is the characteristic fea-
ture of low HI range (Figure 9A). The studied samples show autochthonous kerogen type
(Figure 9A), and no migration of hydrocarbons from source rocks interlayers can be sug-

gested.

5.2. Thermal Maturity

A reflectance (R,) and pyrolysis Tmax temperature integrated contribute to assessing
thermal maturity of shales and their lateral and temporal variations in the sedimentary
basin [75], and the thermal maturity of the lower Silurian “hot” shales in particular [76].
Most of the study area is situated in the oil window, limited by the Tmax = 430 °C contour
line (Figure 11). The burial depth of the Dobele Fm. varies from approximately 1071
(Vilkaviskis-134) m to 2134 m (Pociai-7). The early oil and peak oil zones are defined in
west Lithuania (Figure 12). The latter zone covers all oil exploiting fields.

The highest thermal maturity Tmax = 450-680 °C was defined in the southwestern
corner of Lithuania and these shales are classified as the peak oil/gas condensate gen-
eration stage. The maximum value of 468 °C was documented in well Z Naumiestis-1
(Table S1). The kerogen Type III was reported in this anomaly. Furthermore, the most
mature shales are defined within the boundaries of the Zemai¢iu Naumiestis geother-
mal anomaly (Tmax = 450-468 °C) and Klaipéda geothermal anomaly (Tmax = 450-451 °C)

(Table S1).
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Figure 12. Rock-Eval Timax (°C) map of the lower Silurian shales. Studied wells and max Trax are
shown. Early and peak oil zones are shown (boundary defined at 442 °C).

There are no definite limits of the West Lithuanian Geothermal Anomaly. The bound-
ary of the anomaly is best discernible in the sharp increase in later diagenetic quartz
cementation of the Cambrian sandstones [77]. It basically correlates with Tmax = 442 °C
isotherm and peak generation stage (Figure 13).
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Figure 13. Thermal maturity map of the Dobele and Jarmala Fms. shales succession based on
vitrinite reflectance data (maximum eq. VR,%) (maximum reflectance defined in the well). Wells
with anomalous reflectance values are highlighted in red. Pink polygons show the distribution of the
Mesoproterozoic “hot” granitoids in Zemai¢iu Naumiestis, Traubai, Pilsotas areas (see Figure 14).
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Figure 14. Present temperatures (°C) distribution at the base of the Silurian succession in west Lithua-
nia. Boreholes reaching the base of the Silurian are shown (black dots) (geothermal database of Lithua-
nian Geological Survey). Hatchet lines (green) mark eq.VR, = 0.60% and (brown) eq.VR, = 1.0%.
Brown polygons show distribution of the Mesoproterozoic “hot” granite (most of wells were drilled to
the crystalline basement; [27,59]). Girkaliai granite vein (dated 355 Ma) is indicated by red circle [49].
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The western limit of the West Lithuanian Geothermal Anomaly is controlled by only
a few deep wells, e.g., old key well Nida-1 drilled in the Curonian Spit and offshore well
D5-1 located 20 km west of Juodkrante Village situated in the northern part of the Spit.
Both wells show ca. 70 °C temperature at defined at the top of the Cambrian reservoir. The
depth of the top Cambrian reservoir was defined at 2116 m in Nida-1 and 2332 m in D5-1.
The depth of the top of the Wenlock Series was drilled at the depth of 1990 m in Nida-1. It
extrapolates ca. 65 °C temperature that well correlates with moderate thermal maturity of
Llandovery shales (Tmax = 444 °C and eq.VR;% = 0.66).

The compilation of the thermal maturity map was based on petrographic observa-
tions. The reflectance of the most abundant graptolites and scarce chitinozoan and solid
bitumen was converted to equivalent vitrinite-like reflectance to unify lateral variations
recognised in thermal maturity of OM. Thermal maturity (eq.VR,% = 0.65-0.66) was
reported from wells Viduklé-64 and Slapgiriai-1 that limited the oil window in west Lithua-
nia (Figure 14). The limit of the Zemai¢iy Naumiestis anomaly was delimited by the
contour line eq.R, > 1.0 value (Figure 14). The equivalent vitrinite reflectance varies from
eq.VR, = 1.0 to 1.38% and reaches 1.81-1.94% (wells Ramuciai-1,3), incorporating present
and previous data by [45,56]. Thirteen wells were studied and situated in the anomaly.
The TAI measurement of the test sample collected from well Vabalai-1 shows the high
thermal maturity TAI = 3.1 (colour scale) and was rated as the gas generation stage.

The southwestward systematic increase in thermal maturity was distinct in both maps
(Figures 13 and 14) and climaxed in the Zemai¢iy Naumiestis anomaly. All wells producing
oil from Cambrian sandstones in western Lithuania are situated in the peak oil production
zone defined in the lower Silurian shales (eq.VR,% > 0.80%). Based on old data [50], the
sourcing of HC from Silurian shales is quite ambiguous and should rather be correlated
with another source (Alum shale?).

The previous hydrochemical analysis of formation water samples from the well
Stoniskiai-1 (Figure 5) shows the paramount influence on the underlying and overly-
ing HC reservoirs. The formation water contains 55-61% of dissolved gas CHy in the major
Cambrian sandstone reservoir and overlying Ordovician and lower Silurian shales, while
only a miserable concentration of CHy of about 0.1% was measured in the upper Silurian
succession and Devonian aquifers [50]. Furthermore, the formation water of the Cambrian
reservoir contains the low concentration of dissolved nitrogen of 29.8%, while nitrogen
(77.2-87.4%) dominates the gas composition of the formation water of the upper Silurian
and Devonian deposits.

The observed wide scattering in thermal maturity values is not sufficient to define any
systematic organic matter facies pattern in west Lithuania. The visual inspection of samples
shows no regularity in the distribution of liptinite macerals in the shales. The Rock-Eval
studies, however, indicate distinct clustering of kerogen Types II, II/11I, and III (Figure 8).
The boundary of kerogen type II and II/III is confined to the two tectonic zones that
originated in the upper Silurian and correlate with the burial depth transition (Figure 11).

The Type III, most likely, resulted from the higher percentage of the solid bitumen as
indicated by petrographic studies of shale samples. The secondary bitumen is common
in oil and gas fields. The geochemical characteristics and genesis of solid bitumen are not
well understood. Also, according to [73], the presence of secondary products typically
leads to a decrease in Tmax due to lower S2 values. On the other hand, the overprint of
palaeo-hydrothermal fluid flows ascending along the fractured shales implies a reasonable
explanation of this phenomenon [71] and marks thermal maturity anomalies defined in
southwest Lithuanian wells (Figure 14).



Minerals 2025, 15, 539

18 of 23

The high variation from Tmax = 439 °C to 468 °C was defined in the narrow depth
interval 1943.4-1990.0 m and implies hydrothermal circulation along the particular fracture
zone defined at the depth of 1979.5 m in well Z.Naumiestis.

The peak temperatures implied by hydrothermal activity can be calculated based on
optical petrographic studies, by adopting an Equation (1):

Tpeak hydrothermal temperature = [ln(e(I-VRo) +1.19]/0.00782 1)

The peak equivalent vitrinite reflectance values of 1.0-1.94% imply palaeo-temperature
ranges from 135 °C to 236 °C in the limits of the Zemai¢iy Naumiestis geothermal anomaly.
Still, this equation does not take into account the second basic kinetic parameter, i.e., the
duration of OM maturation in time. It should be noted that a short heating duration might
overestimate temperatures.

Based on the isotope dating of diabase sills, a thermal event strongly affected the
recent Baltic Sea area at c. 354 Ma [48] (Figure 14). Two diabase sills were drilled in
offshore wells D1-1 and C8-1 (Kaliningrad sector of the Baltic Sea). Both intrusions of
25 m (depth of top 1700 m) and 6 m (depth of top 1977 m) thick were emplaced in the
Pridoli graptolitic shales. The sill, cut by well C8-1, is confined to the large-scale west-east
striking Kaliningrad fault, extending from the south Baltic Sea to west Kaliningrad region
(130 km long). Based on seismic data and correlation with exploration key wells, the fault
was established in the Variscan tectonic stage [78]. Furthermore, granite veins dissect the
crystalline basement along the Tel$iai Fault zone in west Lithuania [49], which might have
served as conduits for the hot fluid fluxes. These estimated high palaeo-temperatures were
reported in northeast Poland (120-160 °C) and, most probably, have been related to the
Carboniferous magmatic event within the Baltic basin that resets the isotopic composition
of clay minerals (322-339 Ma) [2].

The recent pattern in the heat flow shows a systematic increase from 38 mW/m? in
east Lithuania to 70-94 mW /m? in the west [25]. Furthermore, the present temperature of
the Silurian shales ranges from 45 °C in north and middle Lithuania to 90 °C in the central
part of the West Lithuanian Geothermal anomaly (Figure 14). The geothermal data [26] was
used to compile the map of temperature at the base of the Silurian succession.

Moreover, the recent temperatures show consistent correlation with the thermal
maturity of the Llandovery Shales discussed in the paper (e.g., Tmax values vary
from 431 °C to 468 °C) (Figure 13). The thermal maturity shales, estimated based on pet-
rographic studies, show the closest agreement of thermal maturity of shales with recent
temperatures (Figure 14).

Three large Mesoproterozoic granitoid intrusions, emplaced in the Palaeoproterozoic
granulites, were discovered owing to regional-scale gravity and magnetic field mapping
and extensive drilling (Figure 14). Forty-five deep wells were drilled into the Mesoprotero-
zoic granitoide intrusions [27].

It should be noted that the Zemai¢iu Naumiestis geothermal anomaly is spatially
confined to the Mesoproterozoic “hot” granite batholith. The heat flow variations largely
reflect the lithological mosaics of the Palaeo- and Mesoproterozoic crystalline basement
rocks that closely correlate with variations in the heat generation. The Mesoproterozoic
granitoides are mostly enriched by K, U, and Th radiogenic elements [79]. The size of the
geothermal anomaly was estimated as large as 40 x 40 km.

The West Lithuanian Geothermal Anomaly is largely accounted for by abundant
“hot” radiogenic intrusions. Furthermore, the highest thermal maturity of the Llandovery
shales correlates with basement features owing for heat high heat generation. The Variscan
tectonic activation was imprinted in local thermal maturity anomalies defined the Silurian
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organic matter reach shales. On the other hand, most of the geothermal features, both
palaeo- and recent, recorded in west Lithuania are characterised as rather persistent.

6. Conclusions

The most enriched shales are defined in the Dobele Fm. of the Aeronian Stage of
2.5 to 10.0 m thick in west Lithuania. This peculiar layer is distributed in the Baltic Basin
and similar shales are widely distributed in other basins referred to as “hot” shales, at-
tributed to the slightly older Rhudanian shales. The average TOC was estimated 6.67 wt.%
and shales are classified as good and excellent source rocks. The content of OM in the over-
lying shales of the Jirmala Fm. and Wenlock Series sharply declines to about 1.15 wt.% (fair
type of source rocks). Therefore, the Dobele Fm. is considered the most important Silurian
event recorded in deeply buried organic matter. The organic-lean shales are documented in
the Ludlow and Pridoli Series (about 0.5 wt.%).

The Rock-Eval studies indicate distinct clustering of kerogen Types II, II/1II, and
III. The boundary of kerogen type II and II/III is confined to the two tectonic zones that
originated in the Silurian. The type III zone is not related to organic facies variations
and is characterised by the highest thermal maturity, showing the increase in OI and
abundance of solid bitumen, which likely traces the Variscan thermal activity imprinted in
organic-rich shales.

The thermal maturity of shales was evaluated using Rock-Eval pyrolysis and organic
petrography (graptolites, chitinozoans, and solid bitumen) studies. The thermal maturity
ranges from Tmax =431 °C and eq.VR, = 0.65% (early oil) to Tmax = 468 °C and VR, =1.38,
locally up to 1.94% [56] (late oil and wet to dry gas generation) defined in the local Zemaitiu
Naumiestis anomaly.

It is notable, most of the study area is confined to regional-scale West Lithuanian
Geothermal Anomaly. Most of the geothermal features, both palaeo- and recent, recorded
in lateral variation in thermal maturity unravel a rather stable geothermal system. Locally,
the Variscan tectonic activity was imprinted in thermal maturity anomalies (Zemaitiu
Naumiestis) defined the Silurian organic matter reach shales. Furthermore, the anomaly is
underlain by the Mesoproterozoic “hot” granites defined in the crystalline basement.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/min15050539/s1, Table S1. The defined Rock-Eval Py-
rolysis parameters (TOC, Tmax, S1, S2, S3, HI, OI, PI) and graptolite reflectance measurement values
in the Silurian shales samples from west Lithuania (compiled after [55]) and graptolite reflectance
measurement values converted to equivalent vitrinite reflectance values (eq.VRo); Table S2. Chiti-
nozoan reflectance measurement (ChR,%) database of the Lower Silurian Llandovery shales and
chitinozoan reflectance data converted after (eq.VR, = 1.152 x BR,, + 0.08) after [65]; Table S3. Solid
bitumen reflectance (BR,) was measured for Lower Silurian shales and reflectance was converted by
adopting the equation (BR, = 0.618 x VR, + 0.4) [66].
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