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Abstract. There is little known of the basic parameters of the Lower Silurian graptolitic black shales that are
considered the most prospective unconventional gas reservoir in west Lithuania, situated in the deep central
part of the Baltic sedimentary basin. Hundreds of deep oil exploration wells have been drilled in the area of
interest, owing to extensive exploration of oil fields. The lower and middle Llandovery interval was mainly
drilled with coring, while most of the section was covered by only logging. Therefore, the knowledge of major
parameters of the Lower Silurian shales is rather obscure and is based on scarce rock sample data. The gamma-
ray, electrical resistivity and sonic logs were utilised, together with mineralogical studies of rock samples to
document vertical and lateral distribution of organic matter. Also, the brittleness index was defined to charac-
terise the whole Lower Silurian section. Some unexpected trends were identified that may redirect exploration
strategy in west Lithuania. The combined application of mineralogical studies and well logs indicate a much
higher exploitation quality of the Lower Silurian shales than previously believed. A higher organic matter
content and brittleness were derived from logging data in the Lower Silurian shales.
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INTRODUCTION

Lithuania is situated in the Baltic sedimentary ba-
sin that is considered a proven hydrocarbon basin and
may, also, comprise associating unconventional shale
and gas resources. The conventional hydrocarbon
reservoirs are related to the Cambrian quartzose sand-
stones and Ordovician and Silurian limestones (Bran-
gulis ef al. 1993; Freimanis ef al. 1993; Zdanaviciute,
Sakalauskas 2001). The hydrocarbon reservoirs inter-
calate to the organic-rich shale packages of the same
age in the Baltic basin (Poprawa 2010; Jarzyna et al.
2017). The shaly succession of the Lower Silurian
age is the most prospective tight reservoir in the Bal-
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tic sedimentary basin due to considerable thickness
and high enrichment in organic matter (OM).

Extensive exploration of shale gas was carried
out in adjacent Poland. In Lithuania, the evaluation
of the Lower Silurian shales was based mainly on
examination of drill core samples, focusing on the
characterisation of organic matter (Kanev et al. 1994;
al. 2016). The recent paper by Sliaupa et al. (2020)
initiated discussions on mechanical and petrophysi-
cal properties of Silurian shales of west and central
Lithuania, realising that these properties are essential
in evaluating exploitation and production characteris-
tics of shales.
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GEOLOGY OF THE LOWER SILURIAN OF
LITHUANIA

The Silurian sedimentary succession comprises
the main part of the sedimentary infill of the Baltic
sedimentary basin (Paskevicius 1997). The thickness
of the Silurian succession ranges from about 100 m in
east Lithuania to about 800 m in south-west Lithuania
(Fig. 1). The thickness increases further to the south-
west and exceeds 2.5 km in north-westernmost Poland
and is about 5 km thick in the highly tectonized Born-
holm Graben area (De Vos et al. 2010) dissected by
the Sorgenfrey-Tornquist zone which is the part of the
Trans-European Suture Zone punctuating the western
margin of the Baltica continent (Thybo 1997). Burial
modelling suggests 5 km subsidence during the Silu-
rian time in north Poland (Botor et al. 2019).

The large thickness of the Silurian succession is
explained in terms of the flexural loading induced
by overthrusting of the East Avalonian microconti-
nent onto the western margin of the Baltica continent
(Lazauskiené et al. 2002, 2003; Poprawa et al. 1997,

Fig. 1 Depths (bottom, m) and isopach maps of the Silurian

succession of west and central Lithuania. No fault tectonic
elements are indicated

1999). The downflexing of the lithosphere was initi-
ated in the latest Ordovician and climaxed in the lat-
est Silurian. It explains the westward increase in the
thickness of the Silurian sediments. Furthermore, the
growth of the West European orogen is well reflected
in increasing sedimentation rates in the foreland basin
from the earliest to the latest Silurian (Fig. 2). In west
Lithuania, the sedimentation rate is estimated as low
as 6 m/Ma during the Llandovery time, while 300 m/
Ma during the Ptidoli time. The north-west trending
zone is distinct in the Silurian isopach map of west
Lithuania. The thickness difference is about 120 m
(from ~470 m in the east to ~520 m in the west).

The thickness of the Lower Silurian is about 150 m
in west Lithuania. There are little changes in the thick-
ness across Lithuania that is typical of uncompensat-
ed sedimentation conditions (Fig. 2). The low influx
of the terrigenous material is explained in terms of the
incipient orogenic stage of the low-topography of the
provenance area. Several litofacies zones are docu-
mented in the Lower Silurian section across Lithua-
nia (Fig. 2). The western part of Lithuania comprises
black shales based by several meters thick micritic
limestones. Black shales pass to the transition zone of
intercalating black and greenish-grey shales in mid-
dle Lithuania (Fig. 2). In the East, they are based by
the greenish-grey calcareous shales in the lower part
of the section. The upper part of the section is more
complex. It is represented by dominating limestones
that grade to dolomites overlain by alternating sabkha
dolomites and gypsum in the eastern periphery of the
basin. This marginal zone is embroidered by the re-
gressive belt of small bioherms.

The Upper Silurian succession is of up to 950 m
thick (Fig. 2) and is represented by grey mudstones
that contain a higher amount of carbonate admixture
compared to the underlying Lower Silurian shales. The
increasing content of carbonate admixture in shales is
likely related to the shallowing of the sedimentation
environment driven by the gradually increasing influx
of terrigenous material to the basin. In the eastern pe-
riphery of the basin, shales give way to carbonaceous
rocks (Paskevicius 1997; Lapinskas 2000).

The Lower Silurian succession is composed of the
Llandovery and Wenlock black shales. There are no
sedimentation breaks documented in the Lower Silu-
rian section in west Lithuania. The Juuru, Raikkiila, and
Adavere regional stages (RSt) compose the Llandovery
Series, while the Jaani, Jagurahu, and Géluva RSts are
defined in the Wenlock Series (Paskevicius 1997).

In west Lithuania, several metres thick micritic
limestones are attributed to the Juuru RSt that is dis-
tinct by the gamma-ray log minimum (Fig. 3). There
is a thin transition zone of marlstones and limestones
passing upwards to the most gamma-ray active (200-
400 API) black graptolitic shales of the Raikkiila RSt,
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Fig. 2 Geological cross-section of the Silurian succession of Lithuania, west-east. 1 — graptolitic black shales, 2 — black
and greenish grey graptolitic shales, 3 — greenish-grey graptolitic shales, 4 — grey shales and limestones, 5 — limestones,
6 — dolomite, 7 — dolomite and gypsum, 8 — bioherms, 9 — Upper Silurian shales and carbonates (not discriminated) (modi-

fied after Paskevicius (1997))

the thickness of which ranges from about 4 to 11 m.
This remarkable geological layer is overlain by about
40 m thick Adavere RSt black shales, the gamma-ray
activity of which varies between 180-200 API. This
package shows a slight regression pattern explained
by carbonate content increasing upwards.

The Wenlock succession starts with the calcareous
black shales attributed to the Jaani RSt. It is about
15 m thick. The overlaying Jagurahu RSt indicates
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Fig. 3 Gamma-ray log of the lower part of the Silurian sec-
tion, well Barzdénai-1, west Lithuania. Regional stages of
the Lower Silurian are indicted. O3 shows the top of the
Upper Ordovician, S2 is the base of the Upper Silurian
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reestablishment of more clayey sedimentation condi-
tions. It is about 60 m thick. The Géluva RSt shales of
about 20 m thick crown the Wenlock succession. The
gamma-ray activity of the Wenlock rocks is about
190-210 API.

CHARACTERISATION OF ORGANIC MAT-
TER OF THE LOWER SILURIAN SHALES IN
WEST LITHUANIA

There are abundant data published to describe or-
ganic matter (OM) of west and middle Lithuania. The
and Lazauskien¢ (2009) and Sliaupa et al. (2016). The
kerogen is composed of phytoplankton, zooplankton,
2002). The oil of west Lithuania contains 70-85% of
saturated compounds with the predominance of light
n-alkanes and is almost devoid of steranes and ter-
analysis indicates a rather low Rock-Eval peak S1,
mainly in the range of 0.28-2.88 mg HC/g-rock that
points to a low content of trapped HC in the shales
(Sliaupa et al. 2016). The kerogen is classified as oil-
prone Type II.

The thermal maturity of OM is variable in west
Lithuania. The oil window (Tmax values >435°C)
are defined in most of the territory of west Lithuania
(Fig. 4). The area characterised by low Tmax values
is considered non-prospective for shale gas explora-
tion. In west Lithuania, two prospective and prior-
ity areas can be defined (Fig. 4). The largest priority
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Fig. 4 Prospects of the Lower Silurian shale gas of west
Lithuania based on thermal maturity of organic matter
(Sliaupa et al. 2016). Oil window area, prospective area,
and two priority areas are defined. Measured Tmax relates
(numbers 427, 432, 435, etc.) to thermal maturity of OM
estimated for the Lower Silurian shales

area is situated in the southern part of west Lithuania,
where Tmax values vary between 442 °C and 455 °C.
Vitrinite-calibrated reflectance was reported as high
as 1.01, 1.15 and 1.94 in three shale samples in the
southern part of the priority area (wells Rukai-1, Ra-
muciai-3 and Vainutas-1, respectively) (Zdanavicitté,
Lazauskiené 2009). Together with Tmax values of
450455 °C it implies wet gas formation. The second
priority area is centred by Klaipeda City. Tmax was
measured as high as 450-451°C there.

The maximum burial of the basin took place in
west Lithuania during the latest Devonian-earliest
Carboniferous and associated with an episode of the
igneous activity reported from the central part of the
Baltic Sea (Motuza et al. 2015). It was the major stage
of hydrocarbon generation in the Baltic sedimentary
basin (Sliaupa ez al. 2002, 2004; Sliaupa, Hoth 2011).
The HI (hydrocarbon index) ratio to TOC% classi-
fies the Lower Silurian shales as a poor-to-good HC
source. The production index (PI) is, however, rather
low, i.e. 0.05-0.13 mg/g TOC (Sliaupa et al. 2016).

METHODS AND DATA
XRD measurements were performed in Core

Laboratories (https://www.corelab.com) and were
complemented by measurements carried out at the
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Fig. 5 Location of studied deep wells. Symbols: triangle —
interpretation of well logs, black dots — drill core sam-
ples, black square — interpretation of well logs and rocks
samples. Wells: Ag-1 — Agluonai-1, Br-2 — Barzdénai-2,
Gk-5 — Girkaliai-5, Gn-1 — Geniai-1, Gn-2 — Geniai-2,
Gr-1 — Gorainiai-1, KI-1 — Klaipéda-1, Kr-1 — Kretinga-1,
Ls-1 — Lasai-1, Ls-2 — Lasai-2, Lp-122 — Lapgiriai-122,
Mc-1 — Macuiciai-1, Nd-1 — Nida-1, Pr-1 — Purmaliai-1,
Rk-1 —Rikai-1, SI-1 — Slapgiriai-1, Tl-1 — Toliai-1, Us-1 —
Uséniai-1, Vd — Vidukeé-1, Zt-1 — Zitautai-1

laboratories of the Centre of Physical Sciences and
Technology (Vilnius). The XRD technique was ap-
plied to identify the mineral composition of 73
samples collected from fifteen wells (Fig. 5). The
quantitative analysis of data was based on a modi-
fied methodology proposed by Srodon et al. (1992,
2001) and Mystkowski et al. (2002). The whole rock
mineral identification was based on correspondence
of experimental d-values with the diagnostic hkl/re-
flections from the International Centre for Diffraction
Data (1993). Samples were crushed and milled up to
<2 pum fraction; 4 ml methanol was used in a ratio of
3 g of a sample. The XRD data were measured on
the Bruker X-ray D8 Advance diffractometer; applied
voltage was 50 kV with 40 mA current. For non-clay
minerals, counting at 2 s per 0.02°28 step was used,
while an additional scan at 5 s per 0.01°20 step was
used for clay minerals at the 59° to 64°20 range. Em-
pirical calibration curves were used to relate the area
of an ‘organic hump’ on an XRD trace to OM content.
These curves were calibrated by using XRD patterns
of samples that are spiked with an internal standard
(Mandile and Hutton 1995).
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The mineral composition of the Silurian shale
samples was also analysed by adopting the scanning
electron microscope QUANTA 250 equipped with an
EDS spectroscope (SEM). The 1.0 nA current was
used at the voltage of 15-20 kV.

Mineral composition is an important parameter
controlling rock brittleness. The mineral brittleness
index (MBI) was calculated using several correlation
equations relating mineral composition to brittleness.
Equations were developed for different regions that
show different geological conditions; therefore, some
differences between MBI values obtained using dif-
ferent equations should be expected. Two correlation
equations are most often used to calculate shale MBI.
Jarvie et al. (2007) and Wang, Gale (2009) correla-
tion equations developed for Carboniferous Barnett
carbonate bounded shales containing 1-3% TOC that
is close to Lithuanian Lower Silurian shales. Also,
Pachytel et al. (2017) published recently a MBI cor-
relation equation for the Lower Palaeozoic shales of
north Poland. The aforementioned equations are list-
ed below:

_ Qz 1
MBI = Clay” (1)
_ Qz + Dol 2
MBI Qz + Dol + Ca +Clay + TOC @
MBI = Qz + Dol + Ca + Feld + Plg (3)

Qz + Dol + Ca + Feld + Clay + Sid + TOC

where (1) is Jarvie et al. (2007) equation, (2) is Wang
and Gale equation, (3) is Pachytel et al. equation.
Abbreviations: Ca — calcite, Clay — clay, Dol — dol-
omite, Feld — feldspars, Qz — quartz, Sid — siderite,
TOC - total organic matter.

Well logs are often used as an alternative tech-
nique to characterise shales drilled with no coring.
The sonic log was performed in eight wells through
the whole Lower Silurian interval. These data were
interpreted to calculate the log brittleness index (LBI)
of shales. The equation proposed for the Carbonifer-
ous Barnett shales (Jin et al. 2014), Global shale cor-
relation obtained for composite Barnett, Woodford,
and Eagle Ford shales (Jin et al. 2014), and the equa-
tion derived for the Devonian Woodford carbonate
bounded shales (Jin ef al. 2014) were applied in the
present study:

Barnett LBI=-0.01104 x DTC + 1.4941, 4)
Global LBI=-0.0142 x DTC + 1.7439, ®)]
Woodford LBI=-0.012 x DTC + 1.4921, 6)

where LBI is the log brittleness index (dimension-
less), DTC is the sonic wave slowness (us/feet).
The TOC content was calculated from gamma-ray
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logs using the equation developed for west Lithua-
nian Silurian shales (Sliaupa ef al. 2016):

TOC [%] = exp(0.12 x GR [mkr/h] x 0.15). (7)

Sonic velocity vs electrical resistivity crossplots
are often used to identify the organic-rich intervals,
prospective for shale gas exploration (Passey et al.
1990). It is also known as the “D log R” method. The
baseline correlation of non-source Silurian shales cal-
culated for Lithuanian Silurian shales was defined by
Sliaupa et al. (2016):

dT =3522-63,102 x InR, (8)

where dT is sonic travel time (pus/m), InRis natural
logarithm of electrical resistivity (ohmm-m).

The slope and intercept of the non-source line are
used to calculate a pseudo-sonic log, DtR, from the
resistivity log, which can then be plotted on the same
scale as the original sonic log. Due to scarceness of
available rock samples, the obtained logs cannot be
transformed to TOC (%) in west Lithuania. Still, this
method provides an effective tool in identification of
the relative distribution of OM in the vertical section
of the Lower Silurian shales.

RESULTS

Distribution of organic matter in the Lower
Silurian shales

The content of OM is a basic parameter in assess-
ing the perspectivity of shales (Wang, Gale 2009; Lu
et al. 2012). Previous studies of variations of OM
content unravelled general vertical and latter trends in
the Silurian succession (Kaduniene 1978, 2001). To-
tal organic carbon (TOC) content is lower than 1% in
the Upper Silurian shales (Sliaupa et al. 2016), while
the Lower Silurian shales have a higher TOC content,
exceeding 1.5-2%. The lowest TOC 2% boundary is
suggested for prospective shales by Horsfield et al.
(2008). The close statistical correlation was reported
for gamma-ray intensity and TOC content (Sliaupa
et al. 2016) (Eq. (7)). It enabled continuous mapping
of the OM distribution up the Lower Silurian section
of wells.

In the present study, this correlation was applied
to interpret the logging data of eight wells (Fig. 6).
The highest TOC values are modelled in the Raikkiila
RSt and exceed 14%. The overlying Adavere RSt and
Wenlock shales show minor variations, the average
TOC content is about 2%.

A series of maps of the lateral TOC variations was
compiled for particular regional stages of the Lower
Silurian shales (Fig. 7). Despite different stratigraphic
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Fig. 6 Example of calculated TOC content in the Lower
Silurian shales, well Barzdénai-1

levels, similar lateral trends are recognised. The max-
imum content of OM is calculated along the NE-SW
trending zone in the eastern part of west Lithuania.
The anomalous enrichment in OM is suggested in the
southernmost part of this trend (well Zukai-1), aver-
aging 6.64% to 8.88% in particular regional stages.
The OM concentration drastically decreases to the
east of this zone (well Lapgiriai-122). Also, there is a
systematic decrease of OM enrichment to the west. In
westernmost Lithuania, TOC values are less than 3%.
The lowermost concentration of TOC is calculated in
the north-west, TOC concentration is less than 2%.

Gamma-ray intensity is sensitive to variations in
the OM content in shales. However, it also strongly
depends on clay content. Therefore, an alternative log
method should be applied for a more consistent anal-
ysis of OM distribution. A combination of the sonic
wave travel time log and gamma-ray log can be used
to identify relative variations in the OM content.

The Upper Silurian interval is characterised by a
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Fig. 7 Lateral distribution of TOC (%) content calculated from gamma-ray log in (A) Adavere RSt, (B) Jagurahu RSt,

and (C) Géluva RSt
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high sonic wave travel time in the uppermost part of
the section and by a low travel time in the basal part
(Fig. 8). This trend is typical of shales that were sub-
ject to protracted burial compaction history (Maga-
ra 1976; Haesler, Kharitonova 1996; Tassone et al.
2014; Baig et al. 2016) and reflect decreasing poros-
ity (Athy 1930).

The Lower Silurian part of the section shows the
reverse trend, travel time increases with depth, im-
plying that other parameters are crucial for sonic
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Fig. 8 Sonic travel time in Silurian succession, well
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Fig. 9 Sonic transit time log (brown line) calculated based
on electrical resistivity log correlation [equation 5] (blue
line), well Barzdenai-1. Stratigraphic subdivision (regional
stages of the Lower Silurian) is shown; O3 marks the top of
the Upper Ordovician, S2 is the base of the Upper Silurian
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wave velocity (Fig. 8). The anomalous wave travel
time values are measured in the most organic-rich
Raikkiila RSt, while gradually decreasing upwards in
the overlying shales.

The well Barzdénai-1 shows considerable devia-
tions between the measured sonic log and DtR calcu-
lated using the non-source rock baseline Equation (8)
(Figs 9, 10). Generally, the Jagurahu and Géluva RSts
show a systematic decrease in the difference between
the two curves suggesting a gradual decrease in OM
content upwards. Two “sweet points” are distinct,
suggesting the anomalous content of OM at these
levels. The most prominent interval is related to the
Raikkiila RSt which is also well recognised in drill
cores. The second organic-rich interval is confined
to the Jaani RSt (with the upper and lower transition
zones) which, however, has the lowest gamma-ray
intensity.

Mineral-based brittleness index of shales

Brittleness is a mechanical rock behaviour under ap-
plied stress (Tiryaki 2006) and is pivotal for the devel-
opment of the unconventional reservoirs. It is notable
that this parameter has different definitions depending
on the methods applied. Brittleness is the measurement
of stored energy before failure and is a function of rock
strength, lithology, texture, effective stress, tempera-
ture, fluid type, diagenesis, TOC content.

In general, the brittleness index reflects the rock
susceptibility to fracturing under applied stress and is
an important parameter in tracing prospective inter-
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Fig. 10 Misfit between measured and calculated sonic
slowness dT and pseudosonic slowness DtR calculated
from electric resistivity log. It reflects relative distribution
of OM in shales. Stratigraphic subdivision is shown



vals for shale gas exploitation. The brittleness index
can be evaluated most consistently using laboratory
measurements of the tensile and compressive strength
(Altindag 2003). It is, however, of limited application
due to difficulty to measure the tensile strength of a
shale. Only a few laboratory experiments have been
carried out for west Lithuanian Llandovery and Wen-
lock shales recently (Sliaupa et al. 2020).

There are several alternative approaches to char-
acterise rock brittleness. The mineral composition
exerts a considerable effect on shale brittleness and
is therefore often used in practice. A group of miner-
als show brittle behaviour under stress, while other
minerals react to stress in a ductile manner. There are
different correlation equations proposed to calculate
the mineral brittleness index (MBI) based on mineral
composition (e.g. Jarvie et al. 2007; Wang, Gale 2009;
Kias et al. 2015; Gloriosor, Rattia 2012; Rybacki et
al. 2016). The west Lithuanian shales were recently
evaluated using the mineralogical approach (Sliaupa
et al. 2020). The other group of methods is based on
the evaluation of rock elastic properties. This method
was improved to assess shale brittleness of north Po-
land (Cyz et al. 2018).

The mineral composition of shales, mostly of the
Raikkiila RSt, was defined for 73 samples collected
from thirteen oil exploration wells in west Lithuania.
XRD technique was applied to identify rock miner-
al composition (Table 1). It was combined with the
SEM (+EDS) petrographic studies of key samples
(Fig. 11).

Shales are dominated by clay minerals that aver-
age about 55%. lIllite (and mixed-layer illite-smec-
tite) composes about 75-80% of the clay mineral
fraction. It is most likely of diagenetic nature; illite
(with smectite) minerals possibly transformed from
mainly detrital smectite that is the most abundant clay
mineral in the eastern shallower part of the Silurian
Baltic Basin. The second important clay mineral is
chloride which is also a typical mineral for diageneti-
cally transformed clays. Its part ranges mainly be-
tween 15% and 20% in the clay fraction. Kaolinite
composes only 0.4—4.0% of rock volume.

Quartz grains are abundant in the Lower Silurian
shales. The percentage of quartz is about 24-32%
(maximum 34%). There is only a minor part of feld-
spars, which is typical of high chemical weathering
of the provenance lithologies. Potassium feldspar
predominates over plagioclase, though the opposite
ratio is also reported quite often. Quartz grains are
of small size and are of rounded and well-rounded
shape (Fig. 11). Feldspars are typically partially cor-
roded and that is related to aggressive fluids filling
shale pores.

The measured content of carbonates is rather low,
as most of the available samples represent organic-rich

shales of the Raikkiila RSt. In many cases, carbon-
ate concentration is lower than 5%. However, there
is a number of samples that show carbonate content
varying between 5% and 25%. Calcite predominates
over dolomite at a ratio of 2:1 to 25:1. Only 5 samples
show a slight predominance of dolomite. Dolomite
is classified mainly as ankerite and contains a high
amount of iron. Calcite composes microlithic (mud)
aggregates and single crystals, while ankerite grains
are of euhedral shape mainly. The latter was possi-
bly formed during the main hydrocarbon generation
stage and late diagenetic clay minerals transformation
in the Silurian shales.

Pyrite is recognised in a miserable amount in
shales. However, it is documented in all studied sam-
ples, implying the pervasive formation of this min-
eral in shales. It composes mainly framboids (early
diagenetic) and more rarely is represented in the form
of single crystals (late diagenetic). The amount of
siderite is lower but is also registered in all examined
samples.

As most of the samples were collected from the
Raikkiila RSt, the measured TOC content is high in
examined shales. Its content ranges from 2.5 wt% to
16.3 wt%. Only a few samples are poor in the OM
content.

On the shale classification ternary diagram by
Gamero-Diaz et al. (2013), most of dots cluster in
the silica-rich calcareous mudstones field and some
are scattered in the mixed argillaceous mudstones
field (Fig. 12). Also, there is a wide scatter of dots
in the argillaceous siliceous mudstones and mixed
mudstones fields. Two dots are classified as a mixed
carbonate mudstone. Notably, all dots compose a co-
herent trend implying a common population (quartz
and clay minerals contents decrease with increasing
carbonates content).

Rather modest MBI values were calculated using
three different Equations (1-3) described above. Cal-
culation results are presented in Table 1. MBI values
obtained by using Jarvie ef al. (2007) and Wang, Gale
(2009) correlation equations show little differences
and vary mainly in the range of 0.28-0.35 (peak 0.32)
and 0.25-0.31 (peek 0.29). As for the north Poland
shale equation, MBI values are significantly higher
and are as high as 0.35-0.42 with some sub-group of
about 0.47.

It is interesting to note that both quartz and feld-
spars grains content and clay minerals content cor-
relate positively with the MBI (Fig. 13). This correla-
tion is essentially distinct for detrital grains and is less
distinct for clay minerals. It implies that detrital grains
control mainly the shale brittleness. Clay minerals
can accumulate in two ways. They can either aggre-
gate with high-HI (hydrogen index) OM via chemical
deposition forming organic-rich laminae, and, alter-
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Fig. 11 Backscatter SEM micrograph of sample surface (vertical to bedding), Llandovery shale, depth 2041.9, well
Klaipeda-1 (see Table 1 for XRD mineral bulk composition). A — magnesium chlorite (MCl) of well-developed crystal-
line form in illite with some smectite (I(S) matrix, with abundant pyrite framboids and very small dolomite crystals;
B — illite with some smectite interlayers (I(S)), pyrite framboids and small nodules and abundant silt-size quartz grains,
rare small calcite crystals, rich in OM scattered in the clay matrix; C — lath-like illite with smectite I(S) surrounding dis-
solution pore (former calcite?), with calcite (Cc) and ankerite (A) crystals, small quartz grains, abundant OM, illite (I),
scarce kaolinite booklets (K); D — euhedral ankerite (A) in illite (with smectite) I(S) shale; E — micro nodule of micritic
calcite (Cc) in illitic (with smectite) shale, with abundant organic matter (OM) and rare pyrite crystals; F — micrograph
illustrating low porosity shales (dark openings)
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Table 1 Mineral composition (wt%) of the Raikkiila RSt shales (several samples are collected from the Upper Llandovery
and Wenlock) and calculated MBI values using equations by Jarvie ef al. (2007), Wang, Gale (2009) and Pachytel et al.
(2017) (blue)

E N §~ % Q 8 2 o e ] % .g |% |8

2 Slg|g|°|A|&|%|£2]|0|E g 7§ "<
1915.00 | Gor-1 | 30 3 4 2 0.1 1 0.3 2 9 49 | 020 | 033 | 033 | 039
1917.00 | Gor-1 | 29 2 3 7 0.1 4 0.8 2 44 | 559 | 032 | 030 | 0.40
1917.50 | Gor-1 | 31 3 4 6 0.3 1 0.9 5 9 41 | 7.66 | 034 | 031 | 0.41
1918.00  Gor-1 | 30 1 2 8 01 | 09 | 06 3 11 44 | 555 | 031 | 030 | 0.39
1918.60 | Gor-1 | 32 3 3 15 | 02 2 1 2 9 34 | 886 | 035 | 032 | 0.50
1918.75| Gor-1 | 16 | 03 1 47 | 01 | 05 | 05 2 5 29 | 449 | 0.16 | 0.15 | 0.61
1919.00 | Gor-1 | 25 1 2 24 | 0.1 2 0.5 2 8 38 | 490 | 026 | 0.25 | 0.50
1920.00 | Gor-1 | 32 4 2 7 01 | 07 1 1 10 | 42 [1010] 035 | 031 | 042
1920.50 | Gor-1 | 29 4 0.4 3 01 | 07 | 07 2 12 | 49 | 596 | 031 | 0.29 | 035
1920.75 | Gor-1 | 30 3 0.6 01 | 07 2 1 10 | 51 | 645 032 030 | 034
1921.00| Gor-1 | 30 2 1 3 0.1 | 0.6 1 2 8 52 | 853 | 032 | 029 | 034
1921.25| Gor-1 | 26 4 0.1 15 | 0.1 1 08 | 04 8 45 | 435 | 028 | 0.26 | 0.44
1921.75| Gor-1 | 27 5 0.1 9 0.1 | 05 2 2 7 49 | 7.69 | 029 | 027 | 038
1922.00  Gor-1 | 29 4 0.1 7 0.1 | 04 1 2 11 47 | 752 | 030 | 028 | 037
1922.50 | Gor-1 | 31 4 0.5 3 01 | 0.8 2 3 12 | 44 | 971 | 033 | 030 | 036
1922.80 | Gor-1 | 20 5 2 3 0.1 | 04 3 3 36 | 786 | 029 | 026 | 035
192350 Gor-1 8 0.9 1 77 | 0.1 2 0.5 2 3 7 1013 008 008 088
2041.50| Kl-1 29 4 3 17 | o1 1 1 1 9 36 | 853 | 032 | 029 | 049
2041.90 | Kl-1 29 3 3 2 0.1 2 2 3 12 | 45 | 544 | 032 | 030 | 036
2042.50 | Kl-1 26 5 2 3 0.1 3 5 3 12 | 41 | 588 | 031 | 029 | 037
204330 Kl-1 33 2 2 7 0.1 1 2 2 10 | 42 | 680 035 | 033 | 042
2043.70 |  KI-1 29 3 2 6 0.1 | 07 2 2 12 | 44 | 822 031 | 029 | 038
204430 KI-1 21 3 2 30 0.4 2 3 3 11 25 | 546 | 023 | 022 | 0.56
2044.80 | Kl-1 30 4 3 4 01 | 04 1 3 11 45 | 9.81 | 032 ] 029 | 037
204530 | Kl-1 31 2 2 4 02 | 07 3 2 12 | 44 | 910 | 033 | 030 | 037
2046.00 | KI-1 27 5 1 10 | 01 | 06 1 1 9 46 | 8.05 | 029 | 027 | 0.40
2046.30 | KI-1 29 6 2 3 0.1 | 07 3 3 11 44 | 885 | 032 | 029 | 037
2047.25 | Kl-1 31 6 0.1 2 0.2 1 4 3 7 48 | 8.07 | 034 | 031 | 037
2047.50 | Kl-1 34 6 0.2 2 0.3 1 5 3 6 44 | 8.06 | 038 | 035 | 041
2047.70 | Kl-1 29 7 1 2 0.1 | 05 4 4 6 47 | 927 | 033 | 030 | 037
2048.25| Kl-1 30 5 08 | 07 | 02 | 04 8 4 5 47 | 740 | 035 | 032 | 0.36
2049.00 | KI-1 31 6 0.6 2 0.2 1 6 3 7 44 | 722 | 036 | 033 | 039
1984.50 | Ls-1 32 5 0.2 0 01 | 07 2 1 11 49 | 254 | 034 | 033 | 037
1985.00 | Ls-1 29 4 0.3 1 0.1 3 3 1 14 | 46 | 3.62 | 032 | 031 | 035
1985.70 | Ls-1 30 5 06 | 07 | 0.1 2 2 1 9 51 | 3.48 | 033 | 032 | 036
1988.50 | Ls-1 14 | 04 | 05 | 64 | 0.1 0 0.3 1 3 17 | 0.12 | 0.14 | 0.14 | 0.79
1702.00 | SI-1 26 5 3 17 | 04 3 2 4 7 33 [ 1530] 030 | 025 | 046
1704.00 ~ SI-1 24 6 2 12 | 01 | 04 1 2 8 44 | 695 | 027 | 025 | 0.42
1704.80 |  SI-1 26 4 3 20 | 01 | 06 | 06 3 9 35 | 331 | 028 | 027 | 051
1706.75|  SI-1 29 6 3 10 | 02 | 05 3 3 6 41 | 981 | 033 | 029 | 0.44
1707.00 | SI-1 24 5 4 19 | 02 1 1 3 11 33 | 601 | 027 | 025 | 049
1707.75| SI-1 28 5 3 12 | o1 4 1 2 7 39 | 758 | 032 029 | 046
1708.50 | SI-1 25 4 3 18 | 03 4 1 2 9 35 | 5.08 | 028 | 027 | 0.49
1709.00 | SI-1 27 5 3 13 | 0.1 3 1 3 10 | 36 | 958 | 030 | 027 | 045
1710.60|  SI-1 23 5 3 12 | 01 | 09 1 4 12 | 40 | 1630 025 | 021 ] 037
171120 SI-1 24 5 3 14 | 02 1 1 3 9 41 | 649 | 026 | 025 044
1929.80| TI-1 17 2 2 40 | 0.1 1 04 | 09 11 27 | 0.00 | 0.18 | 0.8 0.6l
193120 TI-1 27 5 2 5 0.1 2 2 1 13 42 | 1070 031 | 027 @ 037
193150 TI-1 32 5 2 2 0.1 07 1 3 10 | 45 1200 035 031 | 037
1932.70 | TI-1 29 5 3 8 0.3 1 1 3 10 | 41 | 906 | 032 | 029 | 042
193290 | TI-1 29 5 2 9 0.1 | 07 1 2 8 43 | 8.66 | 032 | 029 | 0.42
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1933.20 | TI-1 27 5 1 10 0.2 2 3 1 9 42 7.66 | 030 | 0.28 | 0.42
1933.50 | TI-1 26 5 2 22 0.2 1 2 2 33 878 | 0.29 | 0.26 | 0.51
1933.75 | TI-1 31 4 2 7 0.2 1 1 3 10 42 8.82 | 033 | 0.30 | 0.41
193450 | TI-1 31 5 2 5 0.1 0.5 4 3 10 40 | 10.00 | 0.35 | 031 | 041
1934.60 | TI-1 30 4 3 0.1 0.6 1 3 11 42 9.64 | 033 | 0.30 | 0.40
1935.00 | TI-1 37 5 3 1 0.1 0.2 0.7 4 9 40 | 1510 | 0.41 | 0.35 | 0.40
193520 | TI-1 22 4 2 35 0.5 0.7 0.9 2 6 29 9.56 | 0.23 | 0.21 | 0.57
193540 | TI-1 31 6 2 10 0.1 0.5 2 3 7 39 | 1030 034 | 0.31 | 045
1919.00 | Us-1 30 4 5 7 0.2 4 2 0.5 9 40 1.50 | 035 | 0.34 | 0.47
1931.50 | Us-1 12 0.5 0.8 63 0.1 0.9 0.3 1 5 18 266 | 0.12 | 0.12 | 0.74
1932.00 | Us-1 22 5 5 4 0.1 2 2 4 13 44 2.72 | 0.25 | 0.25 | 0.36
1934.50 | Us-1 26 3 1 14 0.1 3 1 1 8 43 3.82 | 0.28 | 0.27 | 0.44
1935.30 | Us-1 28 4 3 7 0.1 6 2 6 43 9.84 | 033 | 029 | 041
1935.80 | Us-1 26 5 2 10 0.1 0.4 2 2 5 48 7.85 | 029 | 0.26 | 0.41
1936.00 | Us-1 28 4 0.6 12 0.1 0.6 2 2 6 45 7.56 | 030 | 0.28 | 0.42
1937.80 | Us-1 29 5 2 8 0.2 0.7 2 2 7 45 8.17 | 032 | 0.29 | 041
1938.80 | Us-1 24 7 0.7 15 0.1 1 3 3 6 42 856 | 027 | 0.24 | 0.44
2010.00 | Vb-1 29 5 1 7 0.1 2 6 2 8 42 1050 0.33 | 0.29 | 0.40
1468.00 | Vd-64 26 6 2 9 0.2 1 0.9 3 11 42 | 1580 0.29 | 0.24 | 0.37
1470.00 | Vd-64 23 7 3 12 0.2 1 0.8 3 9 41 11.60 | 0.26 | 0.23 | 0.41
1472.20 | Vd-64 27 7 4 13 0.2 0.7 1 4 37 | 15.40| 031 | 0.26 | 045

Abbreviation of well names: Gor-1 — Gorainiai-1, KI-1 — Klaipéda-1, Ls-1 — Lasai-1, SI-1 — Slapgiriai-1, Tl-1 — Toliai-1, Us-1 —
Usénai-1, Vb-1 — Vabalai-1, Vd-64 — Viduklé-1.

Clay

QFM = Carbonates

Fig. 12 Core lithological classification for organic-rich mudstones (Gamero-Diaz et al. 2013). Data of the west Lithuanian
Lower Silurian shales are plotted
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Fig. 13 XYZ graded plot of mineral composition vs MBI
(calculated by Woodford equation). Symbols size indicates
the relative content of calcite and dolomite in the sample

natively, they can be deposited together with low-HI
OM via physical deposition also forming clay-rich
shales. Taking into consideration a high HI index of
the Lower Silurian OM (219-571 mg HC/gTOC), the
former mechanism is more likely. Carbonates have a
pronounced diverse correlation with both aforemen-
tioned mineral groups (Fig. 13). As they associate
with a high HI OM, it suggests the organic origin of
carbonates.

Brittleness index calculated from sonic logs

Gas shales are characterised by low matrix perme-
ability. Therefore, hydraulic fracturing should be used
to achieve commercial production rates (Sondergeld
et al. 2010). Commonly, the only limited amount of
rock samples is available for analytical studies to de-
rive different rock parameters. In Lithuania, only the
Juuru RSt (limestones) and Raikkiila RSt (most or-
ganic-rich black shales) are well represented by drill
core material, while the major part of the Lower Silu-
rian section remains scarcely studied. As explained
above, fractured limestones of the Juuru RSt were
considered the second potential conventional HC res-
ervoir in west Lithuania and therefore were drilled
through with rock sampling.

Equations [4-6] were applied to calculate the log
brittleness index. Regardless of an equation applied,
there is a clear trend of general increase of the LBI
upwards the section (Fig. 14). The Juuru RSt lime-
stones have maximum LBI values. The Raikkiila RST
organic-rich shales have average brittleness similar to

1840 —
1850 — g g7
1860 —
1870 —
1880 —]
1890 —
1900 —|
1910 —
1920 —
1930 —
1940 —]
1950 —
1960 —]
1970 —
1980 —]
1990 —
2000

Geluva RSt

Depth, m

Jagurahu RSt
Jaani RSt

Adavere RSt

R: )
T —

T ] ] | L 1 I L 1 T I T T
0.5 0.6 0.7 08
LBI (Woodford equation)

Fig. 14 Log brittleness index calculated using correlation
estimated for Woodford shales, well Barzdénai-1. Log
spikes are caused by technical (electrical) disturbances in
the logging equipment system

the Adavere RSt black shales. The latter show either
no-trend LBI values or a slight upward increase in
brittleness. The Jaani RSt shales have increased brit-
tleness. The shales of the Jagarahu and Géluva RSts
grow more brittle upwards.

Interpretation of logging data was averaged to
the particular regional stages to identify lateral vari-
ations of the LBI in west Lithuania (Tables 2—4).
The Raikkiila RSt shales have the relatively lowest
LBI compared to the overlying shales. However,
the Adavere RSt shales are less brittle in some wells
(Slapgiriai- 1, Lapgiriai-122, Nausodis-5, Zutautai-1).
The Jaani RSt and Géluva RSt shales have the rela-
tively highest LBI. The Jaani RSt represents a par-
ticular layer of increased brittleness, while the Géluva
RSt crowns the Lower Silurian succession character-
ised by an upward increase of the LBI. Concerning
applied equations, the relatively highest LBI values
were calculated using the equation developed for
Barnett shales, though they are rather close to the
LBI calculated by the Global shale correlation equa-
tion, the LBI varies from 0.48 to 0.72. The Woodford
equation results in relatively lower LBI values.

Three LBI maps were compiled for the Jaani,
Adadvere, and Jagurahu RSts to illustrate the lateral
pattern of shale brittleness. The same trends are rec-
ognised for all stratigraphic levels regardless of the
correlation equation applied. The LBI systematical-
ly increases westward from 0.39 in the east to more
than 0.55 in the west (Fig. 14). Furthermore, there
is a clear impact of the regional-scale W-E trending
TelSiai fault zone of about 200 m amplitude (not in-
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Table 2 Average LBI (Barnett shale correlation equation (4)) of the Lower Silurian shales in different wells

Stage Géluva RSt Jagurahu RSt
Slapgiriai-1 0.55 0.52
Barzdénai-1 0.67 0.64
Kretinga-4 0.59 0.58
Macuciai-1 0.63 0.63
Purmaliai-1 0.68 0.67
Agluonénai-1 0.67 0.66
Geniai-3 0.56 0.53
Girkaliai-5 0.61 0.60
Lapgiriai-122 0.53 0.52
Nausodis-5 0.68 0.66
Zukai-1 0.57 0.55
Zutautai-1 0.57 0.7

Jaani RSt Adavere RSt Raikkiila RSt
0.54 0.48 0.57
0.64 0.59 0.57
0.59 0.54 0.48
0.64 0.59 0.50
0.68 0.64 0.57
0.67 0.64 0.53
0.55 0.5 0.49
0.61 0.58 0.53
0.54 0.48 0.52
0.81 0.65 0.67
0.56 0.49 0.56
0.63 0.69 0.80

Table 3 Average LBI (Global shale correlation equation (5)) of the Lower Silurian shales in different wells

Stage Géluva RSt Jagurahu RSt
Slapgiriai- 1 0.53 0.50
Barzdénai-1 0.68 0.65
Kretinga-4 0.58 0.57
Macuciai-1 0.64 0.63
Purmaliai-1 0.69 0.68
Agluonénai-1 0.69 0.67
Geniai-3 0.55 0.5
Girkaliai-5 0.61 0.6
Lapgiriai-122 0.51 0.49
Nausodis-5 0.70 0.67
Zukai-1 0.55 0.53
Zutautai-1 0.55 0.72

Jaani RSt Adavere RSt Raikkiila RSt
0.51 0.44 0.56
0.65 0.58 0.56
0.59 0.52 0.44
0.64 0.59 0.47
0.69 0.64 0.56
0.68 0.64 0.51
0.53 0.47 0.46
0.61 0.57 0.5
0.51 0.45 0.49
0.87 0.66 0.68
0.54 0.46 0.55
0.63 0.71 0.86

Table 4 Average LBI (Woodford shale correlation equation (6)) of the Lower Silurian shales in different wells

Stage Géluva RSt Jagurahu RSt
Slapgiriai-1 0.47 0.44
Barzdénai-1 0.59 0.56
Kretinga-4 0.51 0.50
Macuciai-1 0.56 0.55
Purmaliai-1 0.60 0.60
Agluonénai-1 0.60 0.59
Geniai-3 0.48 0.44
Girkaliai-5 0.53 0.52
Lapgiriai-122 0.45 0.43
Nausodis-5 0.61 0.59
Zukai-1 0.49 0.47
Zutautai-1 0.48 0.62

dicated on the maps). Shales are less brittle on the
northern hanging wall of the fault compared to shales
of the foot-wall.

The westward increase in the LBI correlates with
the increase of the compaction rate of shales in the
same direction and with burial depth (depths of the
bottom of the Lower Silurian succession vary from
1435 m in the well Lapgiriai-122 to 2085 m in the well
Klaipéda-1). As a result of increasing compaction and
associating pore space reduction, the average sonic
wave slowness increases (velocity decreases) with
decreasing depth (Fig. 15). The sonic wave slowness
averages 290 us/m in the shallowest Lapgiriai-122
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Jaani RSt Adavere RSt Raikkiila RSt
0.45 0.39 0.49
0.56 0.51 0.49
0.51 0.46 0.39
0.56 0.51 0.41
0.60 0.56 0.49
0.59 0.56 0.45
0.47 0.41 0.4
0.53 0.50 0.44
0.45 0.39 0.43
0.75 0.58 0.59
0.47 0.41 0.48
0.55 0.62 0.74

well, while it is about 245 ps/m in the deepest well
Purmaliai-1.

DSICUSSION

The Lower Silurian black shales are about 150 m
thick in west Lithuania. It evidences a low sedimenta-
tion rate during the sediment-starved basin stage. The
lower part (about 5-10 m thick) of the Llandovery
Stage is most enriched in OM. It suggests dramatic
environmental changes at the Ordovician and Silurian
boundary. This boundary is globally marked by the
end-Ordovician extinction event (second largest of
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Fig. 15 Log brittleness index calculated using correlation estimated for Woodford shales, well Barzdénai-1. Log spikes
are caused by technical (electrical) disturbances in the logging equipment system

the five mass extinctions of the Phanerozoic), and the
Early Silurian post-extinction recovery. Potentially,
waters bearing metal ions and other substances toxic
to organisms were advected upward into the ocean
mixed layer during the glacial maximum. The Upper
Ordovician is represented by marlstones and lime-
stones that were replaced by the global sedimenta-
tion of the organic-rich black shales during the Early
Silurian (Knoll, Holland 1995). There are abundant
palaeovalleys filled by limestone debris in the up-
permost Ordovician, some of them with oil shows

in middle Lithuania (Laskovas 2002). It is related to
the growth of the latest Ordovician Saharan (West
African-Amazonian) ice sheet that covered a large
part of the Gondwana continent at that time (Dela-
broye, Vecoli, 2010; Finnegan 2011; Moreau 2011).
The oceanic water was 5° C cooler during glaciation
and grew warmer during deglaciation. It changed the
global ocean circulation during the Early Silurian.
Two types of deep ocean circulation could be distin-
guished: Halothermal Circulation (HTC), involving
the formation of Warm Saline Deep Water (WSDW)
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in the tropics, promotes anoxia, while Thermohaline
Circulation (THC), characterised by Cold Deep Water
(CDW) formed at high latitudes, ventilated the deep
ocean (Horne 1999) (Fig. 16). The western margin of
the Baltica continent was open to the Iapetus Ocean
(Caledonian orogen was only at the incipient stage of
formation) at the beginning of the Silurian time. Post-
glaciation triggered the intense accumulation of OM
on the slope of the continent (Fig. 17). It explains a
high content of OM in the Lower Silurian shales.

The Raikkiila RSt shales are most enriched in OM.
They are compatible (Sliaupa et al. 2020) to “hot”
shales of North Africa and Arabian Peninsula (Belaid
et al. 2009; Loydell et al. 2013). The maximum pro-
duction of OM is recorded at the beginning of the
melting of the ice sheet in the Gondwana continent.
Accompanied by an early Silurian global sea level
rise, a large amount of OM reached the shallower
water platform, as demonstrated by a wide distribu-
tion of the black shales on the platform. The newly
forming West European orogen represented a barrier
facilitating the accumulation of OM on the continen-
tal slope. Reradiation of marine communities com-
menced during the P. acuminatus zone (Berry 1987)
time that is defined in the basal part of the Juuru RSt
(Paskevicius 2019). The 6'C isotope values of the
Juuru RSt limestones range from -0.5 to +2.5, while
Hirnantian limestone 8'*C isotope values are mainly
+4.5 to +7.5 in adjacent Estonia and Latvia (Brench-
ley et al. 2003).

The application of the gamma-ray logs consider-
ably improves the model of distribution of OM in the
Lower Silurian shales in west Lithuania. An anoma-
lous zone striking NE-SW was defined, while a lower
OM content is suggested in westernmost Lithuania.
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Fig. 16 Composite graphic of sonic transit time vs depth of
west Lithuanian wells (see Fig. 5 for wells locations)
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The pattern of OM roughly reflects the thickness
variations of the Lower Silurian sediments (Fig. 18).
The anomalous OM belt is confined to the Pagégiai—
Saukénai trend of increased thicknesses (140—200 m),
while the west Lithuanian OM minimum marks the
Barzdénai-Satrija trend of decreased thicknesses
(120-160 m). It can be therefore suggested that those
thickness undulations mark long-wavelength tectonic
structures active during the Lower Silurian sedimen-
tation. Accordingly, more organic-rich mud accumu-
lated on the basin bottom in the bottom depressions
compared to the elevations.

It is interesting to note that increased rates of OM
sedimentation are also suggested along the south-
ern (relatively subsided) flank of the regional-scale
Telsiai fault striking W-E. It is an important mes-
sage, because the main stage of the vertical displace-
ment of the TelSiai fault took place during the latest
Silurian-earliest Devonian (Stirpeika 1999), owing

Pre-glaciation (stratified ocean)
W Oligotrophic

Sahara glaciation

Fig. 17 lllustration of differences in oceanic circulation and
productivity during glacial and non-glacial phases (modi-
fied after Brenchley et al. (1995) and Horne (1999))



to the collision of the Laurentia and Baltica conti-
nents (Sliaupa 1999; Sliaupa et al. 2000; Poprawa et
al. 2006). Distribution of OM along the TelSiai zone
persuades some early (prefaulting) tectonic activity
of the Telsiai fault. It should be noted that this fault
zone, defined in the sedimentary cover, is confined
to the prominent shear zone in the Palacoproterozoic
basement (Sliaupa 2002).

Yet, application of the gamma-ray logs for the as-
sessment of OM distribution has some inconsisten-
cies. For a better control of the gamma-ray interpreta-
tion results, sonic and electrical resistivity logs were
used. As it was expected, the well-known Raikkiila
RSt organic-rich shale was defined as the most dis-
tinct organic-rich formation. The distribution of OM
in the overlying Lower Silurian shales shows an un-
expected trend suggesting the common sedimentation
cycle of organic matter. The content of OM reaches
the maximum in the Jaani RSt and shows gradual de-
crease in content upwards and downwards. The Jaani
RSt has the lowest gamma-ray intensity in the Lower
Silurian section that suggests decreased content of
clay minerals in shales. The minimum gamma-ray
activity is best explained by the increased content of
carbonates. Untypically, it associates with increase in
OM accumulation rate. This increase does not neces-
sarily reflect sea level fluctuations. More reasonably,

Fig. 18 Isopach map of the Lower Silurian succes-
sion. Structures (names according to key wells): Br-St —
Barzdénai-Satrija uplift, Pg-Sk — Pagégiai-Saukénai de-
pression, Sak — Sakiai uplift

it is an indication of variations in climate conditions.
As regards the lateral distribution, some unexpected
trend was defined in west Lithuania. In general, the
average values of TOC exceed 2% and that is clas-
sified as “excellent” for shale gas prospects (Peters
1986; Dembicki 2017).

The brittleness index depends on several param-
eters, of which porosity and mineral composition are
the most important ones. Rather high values of the
MBI were calculated, mainly 0.25-0.35. This is clas-
sified as less ductile and less brittle shale according
to Perez and Marfurt (2013). After the classification
by Wojcicki et al. (2017), this is below the lower
boundary of prospective shales. The correlation equa-
tion developed for north Polish Lower Palaeozoic
shales gives higher values, most of samples show
the MBI higher than 0.4 and therefore they are plot-
ted above the lower MBI boundary. The main reason
for a low brittleness of studied shales is related to a
high content of clay minerals and OM (50-60% and
2.5-16.2%, respectively) in studied samples. These
shale constituents are the main controlling param-
eters of shale ductility (Yasin et al. 2017). It should
be stressed, however, that almost all studied samples
were collected from the most organic-rich Raikkiila
RSt shales, while most of the Lower Silurian section
was commonly drilled with no core sampling. There-
fore, there might be erroneous understanding of low
brittleness of the whole Lower Silurian section.

The application of sonic logs increased consid-
erably the knowledge of this basic exploitation pa-
rameter of the Lower Silurian shales. Interpretation
of sonic logs suggests that shales overlying this par-
ticular Raikkdila RSt formation should be classified as
less brittle, but mainly brittle (LBI >0.48, after Perez,
Marfurt 2013). There is a common trend of increase
of the brittleness index upwards in the Lower Silurian
section. Most likely, it results from increasing carbon-
ate content upwards. LBI difference between the east-
ern part of west Lithuania and westernmost Lithuania
is about 0.15, and that corresponds to about 650 m
burial depth difference. Shale compaction, which re-
lates to porosity, is the main parameter controlling
this lateral trend. As it was reported by Sliaupa et
al. (2020), the measured porosity of the Llandovery
shales decreases westwards. The other feature that is
clearly defined on LBI maps is the regional TelSiai
fault zone. The shales of the hanging wall have lower
brittleness, and the average amplitude of this fault
zone is 200 m.

CONCLUSIONS
The application of the gamma-ray, sonic and elec-

trical resistivity logs considerably improved the mod-
el of perspectivity of the Upper Silurian gas shales of

161



west Lithuania. So far, the main knowledge of shale
properties, such as vertical and lateral distribution of
OM and BI was derived from abundant sample data
which, however, cover only a very limited strati-
graphic interval of the Upper Silurian shales, i.e. the
organic-rich Raikkiila RSt graptolitic black shales.
It is only about 15 m thick basal interval of a much
thicker (120—200 m) organic-enriched shales package
of the Lower Silurian.

As samples were collected mainly from the most
organic-rich Raikkiila RSt, the calculated mineral brit-
tleness index (MBI) is relatively low and shales are
classified as less ductile and less brittle and are below
the minimum limit of 0.40 recommended for the po-
tential gas shales. It relates to a high content of ductile
constituents like clay minerals and OM in the lower-
most Silurian shales. The interpretation of sonic and
electrical resistivity logs shows, however, that most of
the Upper Silurian shales have LBI of 0.40-0.55 and
higher. Shales grow more brittle westward and that is
accounted for increasing compaction of shales with
increasing depth and associated decreasing porosity.
The average LBI difference between the eastern part
of the study area and westernmost Lithuania is about
0.15 and that relates to depths difference of 650 m. It
is notable that the regional-scale TelSiai fault is well
recognised on the LBI maps implying relatively lower
brittleness on the hanging wall of the fault. It also sug-
gests prefaulting tectonic activity of this zone.

The other crucial parameter defining perspectivity
of shales is enrichment in OM. Similar to the MBI,
most of available rock samples were collected from
the lower part of the Llandovery. The content of OM
is therefore high, ranging from about 4% to 20%. Few
available samples from the overlying shales show
TOC content of about 2% and that is the critical value
for gas shales. The interpretation of gamma-ray logs
shows, however, a more complex TOC pattern. An
anomalous zone trending NE-SW was defined in the
eastern part of west Lithuania. Here, the average TOC
content ranges from 4-5% to 8.9% in the Jagurahu RSt
shales. Unexpectedly, the content of OM decreases
to the west and is only about 2% in the westernmost
Lithuania. The anomalous belt is roughly confined
to the increased thicknesses of the Lower Silurian
deposits (interpreted as the Pagégiai-Saukénai sea
bottom depression). The vertical pattern of OM also
unravelled intriguing trends in particular wells. Elec-
trical resistivity and sonic velocity logs were used. As
expected, the most organic-rich formation is related
to the Raikkiila RSt of about 4-10 m thick. Yet, the
second sweet spot has been identified in the Jaani RSt
that is characterised by depletion in clay minerals. It,
therefore, has high brittleness and can be considered
a priority unit in shale gas exploration.

The combined application of mineralogical stud-
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ies and well logs indicate a much higher exploitation
quality of the Lower Silurian shales than previously
believed.
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