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Abstract

The Palaeoproterozoic crystalline basement is overlain by the Baltic Basin. Lithuania is
situated in the shallow eastern periphery and grades into the deep part of the basin, which
comprises a number oil fields; the thickness of the sedimentary cover varies from 0.2 to
2.3 km. The Mesoproterozoic granitoid intrusions of different scales were discovered in the
crystalline basement. In total, thirteen intrusions were defined on the gravity and magnetic
maps and studied by abundant deep boreholes drilled in Lithuania. The recent dating
revealed several phases of magmatic activity ranging from 1625 to 1445 Ma. No systematic
lateral and temporal distribution of intrusions was noticed. The intrusions comprise
sub-alkaline I-type diorites and quartz monzodiorites, granodiorites, and granites. The
radiogenic granitoids are characterized by anomalous heat production ranging from 2.8
to 18.2 uW/m?3 (average 7.26 pW/ m3). The shoshonitic series correlates with high heat
production. Furthermore, the Th series is documented in west Lithuanian (WLD) intrusions,
while Th-U-enriched granitoids show high heat production in east Lithuania (LBB) domains.
The high iron (magnetite) content of the Mesoproterozoic magmatic rocks accounts for
specific high magnetic field anomalies. The most voluminous intrusions are mapped in the
West Lithuanian Geothermal Anomaly, which is the most spectacular geothermal feature
recognized in the East European Platform.

Keywords: Mesoproterozoic; HDR; radiothermal; A2-type granitoid; I-type granites;
magnetic anomaly; geothermal anomaly

1. Introduction

The highest geothermal potential is considered in relation to low-enthalpy sandstone
reservoirs in the Baltic Basin, e.g., Cambrian, Lower Devonian, and Middle Devonian sandy
aquifers defined in the Baltic Basin [1]. Despite high geothermal potential, there is no
successful geothermal plant operating in the Baltic region [2]. Alternatively, hot dry rock
(HDR) is the most abundant source of geothermal energy that is still difficult to access [3].
A vast store of thermal energy is contained within hot but essentially dry and impervious
crystalline basement rocks. Enhanced geothermal systems (EGS), also known as hot dry
rock or hot fractured rock systems, enable the economic employment of initially low-
permeability conductive rocks by creating fluid connectivity through hydraulic, thermal, or
chemical stimulation [4-6].

The present study focuses on hot granites to gain a better understanding of the gen-
eration and excessive radiogenic heat production of granites, defined in the crystalline
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basement [7], which are overlain by sedimentary rocks in the Baltic Basin [7]. The exposed
outcropping metamorphic rocks provide better control of the geological system, e.g., the
Fennoscandian Shield flanking the Baltic Basin. The study of heat flux density and radio-
genic heat production rate provides essential information on the temperature and structure
of the continental crust [8]. The high content of radiogenic elements (K, U, and Th) is related
to the initial conditions of magma formation, magmatic source material, and differentiation
processes [9].

The first EGS pilot project in the Baltic region was initiated at the Fjillbacka site in 1988,
situated in the exposed granites of the westernmost part of the Fennoscandian Shield [10].
The Bohus peraluminous monzogranite was intruded at 920 Ma after cessation of the
Sveconorwegian orogeny [11].

Recently, the focus on hot dry rocks has dramatically increased in recent years in the
Baltic region. The 3.1 and 3.7 km deep geothermal exploration wells were drilled into the
Precambrian crystalline basement to evaluate experiences for drilling, geological conditions,
and thermal properties in the Fennoscandian Shield Border Zone in south Sweden [12].
Both wells penetrated an approximately two-kilometer-thick succession of sedimentary
strata. The average heat production was defined at 3.0 uW/m?>. Both sites are situated in
proximity to the largest-scale Teisseyre-Tornquist Zone (TTZ).

In Finland, far from active major tectonic zones, St1 Oy is developing an ambiguous
geoenergy project in Otaniemi, Espoo [13,14]. The St1 project, with its two deep boreholes
extending to 6.2 km and 6.4 km depth in the Proterozoic gneisses, is the world’s deepest
industrial geoenergy project.

The shallow setting of the crystalline basement in the northeast periphery of the Baltic
Basin has recently encouraged several projects in Estonia. Geothermal Baltic OU aims to
provide a 15 MW hydrothermal heat supply to Narva City and extract geothermal energy
at a depth of 3-6 km [15]. The Palaeoproterozoic crystalline basement is overlain by the
Ediacaran—Cambrian terrigenous sedimentary deposits of 250 m thick. Additionally, two
Estonian geothermal pilot plants utilize the DHE technology (downhole heat exchanger) to
harness geothermal energy in the western outskirts of Tallinn City (Tiskre) (one well, 505 m
deep) and in the Roosna-Alliku area (five wells, 500 m deep). They crossed the Quaternary
and Lower Paleozoic sedimentary rocks and penetrated the crystalline basement for a few
hundred meters [16].

The granites are commonly characterized by increased heat production. The average
bulk radiogenic heat production in all types of granitic rocks of all ages was evaluated at
2.92 + 1.86 uW/m3 [17]. The heat production tends to increase gradually with progressively
younger geologic emplacement age, based on a statistical analysis of the data. It should
be emphasized that most EGS projects primarily focused on the fracturing behavior of
crystalline basement rocks, which are essentially subject to hydrothermal activity, while
rock heat production was considered to be of subordinate (or negligible) importance.

The recent studies of so-called “radiogenic granites” have gained focus in some regions
due to the excessive heat production of some granites. Investigations of the Caledonian
“hot” granite plutons in Scotland prove favorable for geothermal exploration of selected
large plutons, all of which have heat production values greater than 3-5 pW m~3 [18].
This heat production arises from the significant concentrations of potassium, uranium,
and thorium in some granite plutons. In England, the potential for geothermal power
production is essential in the granites of South West England (Permian) and Northern
England (Devonian) [19,20]. The average heat production was estimated at 4.6 pW/m? and
4.1 uW/m3, respectively.

Much of the Mid-European basement has been consolidated during the Variscan
Orogeny and includes large volumes of granitic intrusions. In particular, the heat pro-
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duction of radiogenic granites of the Bohemian Massif varies from 3.9 and 8.9 yW/ m3,
with a mean of 4.9 uW/m? [21]. The ratio of Th/U vary from lower to higher than 1.0.
The ratios exceeding unity are most likely related to the abundance of monazite. The low
Th/U ratios here are in agreement with a possible U mobilization along the Saxothuringian—
Moldanubian contact zone.

The heat potential was classified as low-, moderate-, and high-heat-producing granites.
For this classification, some authors used a lower limit of 4 uW/m3 for moderate and
8 uW/m? for high heat production, respectively. This classification follows the scheme
established by [22] for the Mesoproterozoic granitic intrusions in Queensland, Australia.
As mentioned above, the Mesoprosopic granitoids are characterized by the globally highest
heat production.

In the present study, we provide the essential parameters of the Mesoproterozoic
intrusions documented in Lithuania. In terms of the tectonic setting, the study area is
situated in the eastern periphery and central part of the Baltic Basin. In the previous
study, geothermal features of the most prospective Zemai¢iy Naumiestis batholith were
evaluated [22]. Despite deep burial depth (ca. 2.0 km), the intrusion is well-delineated on
the magnetic and Bouguer anomaly (positive correlation), and the abundant deep wells
(N =29) were drilled by coring to as deep as 20-65 m.

The extensive Mesoproterozoic magmatic event was recognized in Lithuania. In the
present study, the petrophysical parameters were derived for the interpretation of the
magnetic and gravity anomalies. The petrological and geochemical features of granodi-
orites were studied, with a focus on the high heat generation of these granitoids. The
granitoids are classified as the “hot” intrusions, owing to high radiogenic heat production
(>2.8 uW/m?).

2. Heat Flow of Lithuania

The temperature measurements in the deep wells were systematically carried out from
the 1960s until the mid-1990s in Lithuania. Most of the deep drilling has reached the top
of the crystalline basement or the Cambrian sedimentary reservoir; the latter is prospec-
tive for hydrocarbon exploration, while the former geological formation was considered
prospective for mineral resources, e.g., magnetite deposits in southeast Lithuania. The oil
exploration wells were drilled in the west and middle of Lithuania, while deep geological
mapping boreholes were drilled in the southeast of Lithuania.

In total, the geothermal database of Lithuania comprises 204 deep boreholes; the
temperature logging was carried out in 156 deep boreholes [23]. The depth of the top
of the crystalline basement varies from 211.5 m (borehole Cepkeliai-350 penetrated the
Mesoproterozoic granite) to 2164 m (borehole Purmaliai-1 reached the top of the Meso-
proterozoic blastomonitic granodiorite). Also, the geothermal database comprises key
boreholes studied in the Kaliningrad District.

The geothermal gradient of the sedimentary cover exhibits a systematic westward
increase, ranging from 11.1 °C/km to 43.9 °C/km (Figure 1A). The sedimentary basin
is underlain by the Palaeoproterozoic crystalline basement that is subdivided into two
lithotectonic domains, referred to as the West Lithuanian Domain (WLD) and Lithuanian—
Belarus Belt (LBB), which substantially differ in the lithological composition and tectonic
structuring of metamorphic rocks (Figure 1B) [24], formed in the course of different stages
of Svecofennian (senso largo) orogeny. The average geothermal gradient is assessed at
29.8 °C/km in the east and 34.9 °C/km in west Lithuania.
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Figure 1. (A) Bottom temperature vs. depth of deep boreholes (N = 204), Lithuania. Average
geothermal gradients are indicated (°C/km). Geothermal anomalies are marked (WLGA—West
Lithuanian Geothermal Anomaly; Géluva, Lazdijai, and Kabeliai). Bold dots show temperature of
the top of the Cambrian reservoir or top of the underlying crystalline basement. Blue open dots
show temperature measured in shallower boreholes (reaching Silurian and Ordovician sedimentary
rocks). (B) Depth of top of crystalline basement, Lithuania. Boundary of major WLD and LBB blocks
is shown (brown). Main cities are indicated on the map.

Several geothermal anomalies are distinct on the plot of depth vs. temperature
(Figure 1A). The largest and most intense regional-scale West Lithuanian Geothermal
Anomaly was defined [25]. The smaller local anomalies were defined in the east (Kabeliai
anomaly) and middle Lithuania (Géluva anomaly).

The increase in geothermal gradient correlates with the burial depth of the sedimentary
reservoirs. Three major sandy geothermal aquifers were defined in the Baltic Artesian
Basin, e.g., Cambrian (Deimena RSt.), Lower Devonian (Kemeri Fm.), and Middle-Upper
Devonian (éventoji—Upninkai Fms.) [1].

Based on deep seismic sounding data, the thickness of the Earth’s crust was measured
at 49-53 km in the east and attenuated to 43 km in west Lithuania [26,27]. The transition
zone, separating two domains, was defined as the peculiar Middle Lithuania Zone identi-
fied as either the particular lithotectonic zone or the juxtaposition of LBB and WLD blocks.
The nature of this suture is still debated [24]. The difference in seismic velocity parameters
suggests that a more sialic Earth’s crust was interpreted in thinner WLD, and the largest
thickness of the crust accounts for the high thickness of the lower crust of LBB.

The heat flux varies from 38 mW /m? in the east to 94 mW /m? in west Lithuania [23,25,28]
(Figure 2). The geothermal data were inspected for the present study. LBB and WLD crustal
blocks are confined to two geothermal provinces conventionally delineated at the contour line
at ca. 45 mW/m?. The heat flow is partially accounted for by the variable heat production of
the crystalline basement. Also, the active mantle flow was suggested in west Lithuania, based
on a seismic tomography experiment [29]. Besides the endogenic parameters, the intense
percolation by the meteoric flow and resistant thermal sedimentary blanketing of the Baltic
Artesian Basin significantly contribute to variations in the heat flow [1].

Several local geothermal anomalies were defined in Lithuania (Figure 2). The Draksiai
geothermal anomaly was studied in five boreholes and documented the upward ground-
water flow along the fractured zone [23]. The NNE-SSW local anomaly is confined to the
Kabeliai radiothermal batholith of the Mezoproterozoic granites and extends to the Varéna
Iron Ore Zone.
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Figure 2. Heat flow density (mW/ m?). The West Lithuanian Geothermal Anomaly is delineated

>70 mW/m? (bright pink). The local anomalies are marked (pink). Sub-surface distribution of
temperatures was measured in deep boreholes (black dots). The heat flow data were incorporated in
the map [23,25,28]. WLD and LBB blocks are shown. Contour line spacing 10 mW/ m?, dotted lines
show important local variations in heat flow.

The regional scale West Lithuanian Geothermal Anomaly is situated in WLD (Figure 2).
The anomaly was conventionally limited by a 70 mW/m? contour line (75 x 124 km,
7000 km?). The Satrija geothermal trend extends to middle Latvia, which comprises the
most considerable geothermal resources [1]. In the southwest, a heat flow of 80-94 mW/ m?
was determined in the Zemai¢iy Naumiestis local anomaly [22]. Also, the exceptionally
high local Salantai anomaly was defined in two wells in the northwest.

Two exotic Suwalki and Kurzeme “cold” geothermal anomalies were identified. In
NE Poland, the anomaly is related to the residual permafrost effect of the terminal Weich-
selian ice age and is well-discernible in the background low heat flow, which is partially
accounted for by the voluminous anorthosite and gabbro defined in the central part of the
intrusion [30]. In Latvia, the anomalous heat flux, which decreases to as low as 19 mW/m?,
is confined to the Riga batholith. The central part of intrusions is composed of heat produc-
ing granites (3.7-6.2 tW/m?) and grades to anorthosites comprising the southern periphery
of the intrusions and shows very low heat production 0.2-0.4 pW/ m? [25]. Most likely, the
granitic part of the intrusion was eroded, and only a thin layer was preserved (less than
1 km thick). Moreover, the deep penetration of the meteoric sweet water flow was mapped
in the Upper Devonian aquifer (about 650 m) [31].

3. Age and Distribution of the Mesoproterozoic Intrusions of Lithuania

The Wiborg rapakivi granite pluton of 19,000 km?, located in southeastern Finland
and the Leningrad Region of Russia, marks the triggering of protracted anorogenic mag-
matic activity in the Baltic region. The rapakivi granitoids of the pluton are dated ca.
1646-1622 Ma [32]. The average heat production was estimated at 8.0 uW/m?> and reaches
the maximum value of 17 uW/m?3 [33]. Also, several contemporaneous, smaller gran-
odiorite and rapakivi-like granite intrusions were dated to 1633-1629 Ma in the Estonian
territory [34,35]. In west Lithuania, the oldest Mesoproterozoic granodiorite intrusion
was dated 1625 + 6 Ma (borehole Vélaiciai-2) [36]. Furthermore, the similar granodior-
ite (vein) cuts the Paleoproterozoic charnockites in borehole Genciai-6 and was dated at
1622 + 12 Ma (Table 1). It implies the nucleation of a larger-scale magma chamber at a
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greater depth. Notably, this intrusion is located in the largest fault zone recognized in the

sedimentary cover of Lithuania, established in the Palaeozoic time [37].

Table 1. Dating of Mesoproterozoic intrusions documented in Lithuania (sorting by estimated age of

granitoids).
Borehole Rock Age, Ma Method/ Mineral References
Laboratory
Vélaitiai-2 ranodiorit 1625 + 6 U-Pb zicon  Vejelyte et al., 2015 [36]
élaicia granodiorite LA-ICP-MS/SU * Co ejelyte et al.,
Gendiai-6 ranodiorit 1622 + 12 U-Pb zircon Vejelyte et al., 2015 [36]
enc granodiorite LA-ICP-MS/SU * co ejelyte et al.,
Svédasai-252 ranite 1569 £ 9 U-Fb zircon Vejelyte, 2012 [38]
& SIMS/SU * Jeiyte
Lazdijai-16 Qtz monzodiorite 1511 +5 U-Pb zircon Skridlaite et al., 2007 [39]
J NORDSIM/MNH * v
Marcinkon-4 ranite 1505 + 11 U-Pb zircon Sundblad et al., 1994 [40]
& TIMS/MNH * v
Varéna-987 ranite vein 1512 £ 13 U-Pb zircon Skridlaite et al., 2023 [41]
aréna granite ve NORDSIM /MNH * o) aite et al.,
Dzitkija-6 ranit in 1497 £7 U-Pb ircon Skridlaite et al., 2023 [41]
Z ki g e vei NORDSIM,/MNH * Zirco i eetal.,
Purmaliai-2 granodiorite 1469 + 3 TIMS/IPGG RAS * zircon Motuza, 2022 [24]
7 Naum.-4 granite 1462 + 8 TIMS/IPGG RAS * zircon Motuza, 2022 [24]
Vabalai-1 granite 1459 £ 3 TIMS/IPGG RAS * zircon Motuza, 2022 [24]
Rukai-2 Qtz monzodiorite 1447 £ 8 NORDSIM/MNH * zircon Skridlaite et al., 2007 [39]
Géluva-99 granite 1445 £ 8 NORDSIM/MNH * zircon Skridlaite et al., 2007 [39]

* Laboratories: MNH—Swedish Museum of Natural History in Stockholm (NORDSIM), Stockholm; IPGG
RAS—Institute of Precambrian Geology and Geochronology, Sankt-Petersburg; SU—Seoul University.

The second phase of igneous activity involved western Finland, Latvia, and eastern
Lithuania. In Finland, the Aland, Vehmaa, and several smaller intrusions were dated
1576-1568 Ma [42] and lasted until 1547-1530 Ma (Salmi) [32,43]. The Riga batholith
of the AMCG suite (anorthosite-mangerite-charnockite—granite) is the second-largest
batholith, with a diameter of 200-250 km. Zircons from the Riga batholith yield ages of
1568 & 10 Ma [44]. The highest heat production 8.2 pW/m?® was reported in the central
part of the pluton and gives way to poor radiogenic mafic lithologies in the southern
periphery of the intrusion (0.2-0.4 pW/ m?) [25]. Only the most peripheral part of the
intrusion extended into northwest Lithuania, as indicated by gravimagnetic mapping
data (Figure 3). The small Svédasai intrusion was drilled in east Lithuania and dated
1569 £ 10 Ma [38] (Figure 3), i.e., contemporaneous with the Riga pluton. The borehole
Svédasai-252 was drilled seeking no specific target in the crystalline basement, as part
of the regional geological mapping. Notably, the most intense magnetic anomaly was
refined in Lithuania and verified by borehole Tverec¢ius-336. The anomaly is confined to
the large Polotsk shear zone, and the borehole cut through the augen-gneiss-mesomylonite
after granite (U-Pb titanite TIMS age) yielded a date of 1534 £ 9 Ma [45]. It indicates high
tectonic activity, rather than an anorogenic regime that is associated with magmatic activity.
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Figure 3. Histogram-equalized grey scale image (illumination direction from SW) of the magnetic field
and indicates boreholes drilled into Mesoproterozoic granitoids (N = 65 boreholes). Recent dating
indicates four phases of activity shown on the map (marked in brown, green, red, and blue contour
lines; dashed line records documented veins). Dating is discussed in the text. Undated intrusions are
marked in yellow. The boundary of the West Lithuanian Domain (WLD) and Lithuanian-Belarus Belt
(LBB) is shown. Polotsk shear zone is indicated on the map (green dashed line).

The third phase of the magmatism shifted to the south in the Mazury-Belarus Antelize
(present southeast Lithuania and northeast Poland) at about 1.5 Ga. The porphyritic monzo-
granites and sieno-granites of the Lazdijai intrusions are shown in [46,47]. The quartz mon-
codiorite was dated at 1511 & 5 Ma in Gevénai small intrusion (well Lazdijai-16) (Figure 3).
The Akmeniai intrusion (or cluster of small granitic bodies) is considered the eastern
appendix of the Suwatki batholith (age 1516-1499 Ma) located in northeast Poland and
represents a part of the Mazury anorthosite/mangerite /charnockite/granite belt trending
E-W along the Polish and Kaliningrad District (Russia) state border and extending for
ca. 300 km [48,49]. The easternmost Kabeliai batholith was dated at 1505 4 11 Ma [40]
(Figure 3). This intrusion grades to the peculiar Varena Iron Ore Deposit in the north [50].
The leucogranite and syenitic granite veins cross this ore zone. The veins were dated at
1512 4 13 Ma (borehole Varéna-987) and 1497 &+ 7 Ma (borehole Dziikija-9). The mineralog-
ical and geochemical features show a low-temperature eutectic assemblage [41].

The final phase of the magmatic activity was recorded in the abundant deep boreholes
drilled in west Lithuania [51]. The largest Zemai¢iy Naumiestis batholith is mainly com-
posed of the monzogranites and quartz moncodiorites dated at 1469-1447 Ma (dating in
three boreholes) [47,48]. It implies a few phases of the batholith (Table 1). The contemporary
Pilsotas pyroxene granitoids were dated at 1468 & 3 Ma [24]. In middle Lithuania, the gran-
itoid intrusion was dated at 1445 + 5 Ma in borehole Géluva-99 [39]. The anomalous high
heat flow estimated in borehole Géluva-99 implies a much larger extent of this intrusion
(Figure 2).

Ramonigkis and Salantai intrusions, situated in west Lithuania, were not dated. The
latter intrusions are confined to a high heat flow anomaly defined in two boreholes, inter-
preted as having a larger extent below the outcropping top of the basement.

4. Materials and Methods

The geothermal database comprises 204 deep boreholes studied in Lithuania [23]. The
extensive oil exploration drilling was carried out in west Lithuania, while the geological
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mapping of the crystalline basement and assessment of mineral resources provided the
most essential information about underground temperature distribution in southeastern
Lithuania, as well as scarce boreholes in the eastern part of the country (Figure 1). The
geothermal logging was carried out in most of the boreholes (N = 156).

Thirteen intrusions of the Mesoproterozoic age are distributed in Lithuanian territory
(Figure 3). The number of boreholes ranges from single wells (Gerdasiai, Svédasai-252,
Ziikai-2) to 29 wells in the Zemai¢iu Naumiestis batholith. The Mesoproterozoic intrusions
were defined by the specific gravity and magnetic signature identified on the gravimagnetic
maps. Therefore, the density and magnetic susceptibility were measured in samples
collected for the Palaeo- and Mesoproterozoic basement rocks. The Terraplus Kappameter
tool was used to measure the magnetic susceptibility of crystalline basement rocks, with
a sensitivity of 1 x 107 SI (258 samples). Magnetic properties are basically controlled
by the type and amount of ferrimagnetic minerals contained in a rock. However, the
bulk of the studied samples is composed of paramagnetic minerals (mafic silicates such
as olivine, pyroxenes, amphiboles, micas, tourmaline, and garnets) with an admixture of
ferromagnetic minerals (e.g., magnetite or ilmenite). Along with magnetic susceptibility,
the density of samples was measured using the approach applied by [52]. Furthermore,
density is a crucial parameter for assessing the heat production of rocks (see below).

The description of drill cores and optical microscopy was carried out to inspect the
thin sections [24]. The chemical composition of major (11) and trace (32) elements of
65 samples, collected from 55 deep boreholes drilled into Mesoproterozoic rocks, was
analyzed, including the content of the radiogenic elements K, U, and Th. The bulk and
trace chemical analyses were performed using ICP-MS and XRF methods at Acme Labs,
Vancouver, Canada. The results of all chemical analyses were published by [24]. In total,
three batholiths and ten smaller intrusions were studied. Also, 281 samples were obtained
from the Palaeoproterozoic metamorphic rocks as the background heat production of the
crystalline basement lithologies.

The heat production (A) of rock was determined by applying Equation [8]:

A[pW/m3] =102 x p x (9.52Cy + 2.56Cyy, + 3.48Ck) (1)

where p (g/cm?) is the density of the rock, and Cy, Cty,, and Ck are the concentration of
uranium (ppm), thorium (ppm), and potassium oxide (%), respectively. Additionally, the
density of the samples was measured to correct for heat production.

Radiogenic heat production was alternatively derived from standard gamma ray
logging, which is available for all oil exploration and geological mapping boreholes. The
assessment of the heat production is discussed in [53,54]. The heat production data from
33 boreholes were added to the database for a more consistent assessment of the geothermal
potential of the crystalline basement rocks in Lithuania.

5. Results
5.1. Petrography

The Palaeoproterozoic metamorphic rocks were intruded by the Mesoproterozoic
granitoids and are widely recognized in the Baltic region [24,32,34,35,42,46,48]. In the
studied drill cores, the granitoids are predominantly medium- to coarse-grained, often
porphyritic. The porphyritic texture is formed by microcline phenocrysts up to a few
centimetres in size.

The rock-forming felsic minerals are plagioclase, microcline, and quartz, all of which
appear in various quantities, while the mafic minerals are represented by biotite (up to 15%),
hornblende, and clinopyroxene (the average amount of mafic minerals is about 10%).
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The accessory minerals identified are titanite, magnetite, titanomagnetite, zircon, and
epidote. Magnetite grains are up to 1.5 mm in size and commonly form anhedral grains.
Additionally, the widespread occurrence of uranium-enriched apatite and thorium-rich
allanite should be emphasized.

The high content of potassium feldspars significantly contributes to the heat pro-
duction of granitoids. The size of phenocrysts of microcline reaches up to 3—4 cm and
plagioclase up to 2 cm in diameter. A granophyric texture is often observed, formed by
quartz intergrowths in plagioclase, indicating the coeval crystallization of both minerals
triggered by the rapid cooling or loss of fluids in the magma. In some boreholes (Lazdijai-
2,16), a magma mingling of fine-grained massive gabbro and porphyritic granitoids was
documented in the Akmeniai intrusion.

The structure of granitoids ranges from massive (e.g., Kabeliai, Kapc¢iamiestis) to
blastomylonitic, suggesting mineral recrystallisation and growth accompanied by tectonic
deformation (e.g., Akmeniai intrusion) and strong shearing of the northern periphery of
the Zemai¢iy Naumiestis batholith (mylonites, ultracataclasites).

The fracturing records the protracted tectonic history of the crystalline basement. In the
studied drill cores, fracturing rate varies from a few centimeters spacing (e.g., Z.Naumiestis-4)
to a only one fracture was documented in a 152 m drilling interval in borehole Lazdijai-22
(Kapciamiestis batholith). A similar variation in fracturing rate was recorded in the adjacent
Kabeliai batholith (12 boreholes). The west Lithuanian intrusions were subject to stronger
tectonic deformations, including local milonitization. The horizontal discing feature is well-
recognized in west Lithuanian wells.

Based on petrographical inspection (and geochemical, below), PA-type (post-orogenic)
granites were formed shortly after plate subduction and plate collision, while AA-type
(anorogenic) granites tend to be associated with lithospheric rifting [55].

5.2. Major Elements

Whole-rock geochemical analyses of major elements of the Mesoproterozoic granitoids
are presented in Table 2. The average SiO; content was estimated at 66.05% in WLD and
a lower concentration (60.24%) was documented in LBB. The intrusions are composed of
diorites, granodiorites, and granites. Al,O, content is similar in both crystalline basement
domains (ca. 14.52%), while the diorites of eastern Lithuania indicate enrichment to 15.60%.
The SiO, content exhibits a strong positive correlation with Nay,O and K;O (the latter
having a relatively higher content), while CaO follows a very strong negative trend. The
latter trend is very distinct for Fe;Osr. Notably, the iron content shows a rather similar
average content (6.59%) in Mesoproterozoic intrusions compared to Palaeoproterozoic
granodiorites and granites (6.54%). A similar trend was defined for MgO in Meso- (average
1.74%) and Palaeoproterozoic (average 1.72%) granitoids. Therefore, the ratio of iron
and magnesium in the two types of rocks is similar. It implies that the high magnetic
signature of Paleorpterozoic granites is accounted to the high magnetic fraction of ferric
minerals. The same negative trend was established for TiO, and P,Os. It is important
to note that the phosphorus content (1.10%) shows a higher content (steeper angle trend)
in the Mesoproterozoic intrusions compared to the Palaeoproterozoic granitoids (0.82%),
which is an essential parameter in decoding the petrological interpretation. Strong positive
correlation between K,O/P,05 vs. S5iO; was illustrated on Mesorpterozoic granitoids
(demonstrating continental crust contamination), while no consistent statistical trend was
obtained for Palaeorpterozoic granitoids.
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Table 2. Geochemical summary of major-element oxides (wt%) of Mesoproterozoic granitoids.
Comparison of Paleoproterozoic granodiorites and granites.

Elm SiO; Al O3 Fe,O31 MgO CaO Na,O K,0O TiO, P,0;5 MnO
West Lithuanian Domain

min 58.90 12.50 1.78 0.49 0.40 0.33 3.53 0.24 0.12 0.02

max 74.50 14.60 9.35 2.67 5.68 2.53 7.10 2.04 0.92 0.15

eve 66.05 13.62 5.69 1.48 2.35 1.97 5.70 0.86 0.46 0.06
Lithuanian—Belarus Belt

min 48.61 12.58 249 0.62 1.01 2.05 1.42 0.27 0.09 0.03

max 73.03 17.09 14.52 5.74 8.79 3.96 6.94 2.76 0.95 0.35

eve 60.24 14.26 8.85 2.40 4.56 2.95 3.65 1.39 0.48 0.16

Paleoproterozoic granodiorites and granites

min 59.25 7.38 0.84 0.24 0.75 1.20 0.54 0.05 0.03 0.01

max 75.73 22.77 13.70 3.69 6.22 6.30 7.35 1.84 0.69 0.26

eve 65.03 15.00 6.54 1.72 3.32 2.75 3.56 0.87 0.22 0.13

The SiO; content of the studied Mesoproterozoic granitoids ranges from 58.45 to
74.48% (average 67.36%). On the TAS diagram (Figure 4A), diorites and monzonites,
granodiorites and quartz monzonites, and granites compose the intrusions. In particular,
monzogranite predominates in the largest intrusions—Zemai¢iy Naumiestis and Kabeliai
batholiths. The highest differentiation of the mineral composition was recorded in the
Kapciamiestis batholith. According to [56], the studied samples are attributed to the
subalkaline granitoids, except for a few samples (e.g., Svédasai-252, Lazdijai-24).
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Figure 4. Mesoproterozoic granitoids. (A) Total alkali vs. SiO, diagramme [57] and alkalic/subalkalic
divide after [56]; (B) SiO, vs. NapO + K,O-CaO variation diagram; boundaries between various rock
series from [58].

The sum of alkaline elements (Na,O + K,O) increases from 5.54 to 10.08% and posi-
tively correlates with SiO; content (Figure 4B). The alkalic-calcic series predominates in
the studied intrusions and the subordinate calcic-alkaline group. It is noted that granitoids
of the LBB generally show relatively lower potassium content (ratio K;O/NayO =1.1-2.3)
compared to the WLD (ratio K;O/NayO = 2.2-4.3).

The studied samples are scattered in the meta- and peraluminous fields on the molec-
ular diagram by [59] (Figure 5A). The A/CNK ratio shows a statistically negative trend in
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the A/NK ratio. It correlates well with I-type granite series identified on the plot, except
for several samples collected from west Lithuania.
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Figure 5. (A) A/CNK vs. A/NK (molar) diagram [60]; (B) FeO*/(FeO* + MgO) vs. SiO, variation
diagram; FeO*, total iron expressed as ferrous iron. Ferroan versus magnesian boundary (black line)
from [58]; Kabeliai batholith is remarkable for by narrow cluster.

Based on the collected database, granitoids show a minor difference in the iron and
magnesium ratio between the Palaeoproterozoic (0.71) and Mesoproterozoic (0.78, e.g.,
slightly higher) basement rocks, respectively. The systematic increase in the ratio of FeO*
to SiO; is clearly observed in crystalline basement rocks. The high magnetic susceptibility
of the Mesoproterozoic intrusions is an indicative exploration signature. The particular
mineral phase is important and causes high magnetic susceptibility. In particular, the
magnetic susceptibility is much higher compared to ilmenite [61].

In the FeO*/ (FeO* + MgO) vs. SiO; diagram (Figure 5B), ‘ferroan” and ‘magnesian’
type series were identified in the Mesoproterozoic granitoids, showing no distinct lateral
discrimination. The fractional recrystallization was discernible in the largest Zemaitiu
Naumiestis batholith; most of granites of the intrusion are attributed to the ‘ferroan’
type, while the ‘magnesian’ type is defined in the southwestern part of the intrusion
(syenogranite of Zalgiriai, Siluté, Barzdénai boreholes). No discernible difference was rec-
ognized in the Kapc¢iamiestis batholith and Akmeniai intrusion, granitoids of both ‘ferroan’
and ‘magnesian’ series.

The Kabeliai batholith and Pilsotas intrusion are characterized by a high iron vs.
magnesium ratio and are attributed to ‘ferroan’ series. In contrast to the batholiths discussed
above, the samples of the Kabeliai granites and Pilsotas granodiorites exhibit a narrow
variation in chemical and mineralogical composition. There are only two samples collected
from the Svédasai and Salantai ‘magnesian’ granitoids.

5.3. Trace Elements

The analytical results of trace elements are summarized in Tables 3 and 4, which show
notable differences between the Mesoproterozoic granitoids of WLD and LBB. Generally,
the strong positive indicative correlation of Ba and Sr follows the fractional crystallization
of granitoids. This relationship is most distinct in WLD intrusions, while the ratio is
statistically not consistent in granitoids of LBB and implies a more complex magmatic
history in the latter intrusions. Rb/Sr is rather significant, indicating that granitic magma
is evolving towards higher SiO,.
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Table 3. Geochemical summary of trace element (ppt), Mesoproterozoic granitoids.
Elem Ba Sc Co Cs Ga Hf Nb Rb Sn
West Lithuanian Domain
min 203 1.8 29 0.5 17.7 3.6 9.7 137.0 0.9
max 1313 23.0 23.3 3.8 29.8 22.6 48.4 408.0 8.0
aver 948 13.1 10.8 1.7 219 15.4 27.8 296.2 34
Lithuanian—Belarus Belt
min 266 5.0 3.0 0.5 15.5 4.0 6.5 56.3 2.0
max 4623 39.0 38.9 52 27.5 239 44.7 425.1 7.0
aver 1136 19.2 18.3 1.9 222 11.5 239 176.5 3.8
Elem Sr Rb Ta Th Tl u \%4 Zr Y
West Lithuanian Domain
min 58 137 0.4 14 0.1 0.9 14 994 18.1
max 370 408 138.5 254 1.8 13.6 157 829 117
aver 174 296 12.0 84.13 0.6 52 76 536 64
Lithuanian—Belarus Belt
min 138 56 0.2 1.8 0.2 1.1 16 129.6 17.1
max 1181 425 3.0 106.7 1.3 6.9 249 915.7 99.6
aver 368 176 1.0 245 1.2 3.6 118 405 524
Table 4. Geochemical summary of lanthanides (ppt), Mesoproterozoic granitoids.
Elm La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
West Lithuanian Domain
min  50.2 103 129 496 8.5 065 668 069 379 068 173 021 135 0.19
max 2902 716 754 270 423 499 278 428 227 413 113 169 114 1.65
aver 150 338 38.2 142 233 295 1709 239 1241 222 604 081 524 076
Lithuanian—Belarus Belt
min 207 457 594 231 5.5 1.08 51 069 403 066 195 023 155 024
max 173 3809 431 1692 310 614 221 329 2007 3.66 10.69 1.38 8.7 1.28
aver 101 2227 271 1033 177 327 1213 179 1062 194 557 072 456 0.66
Average Y REE LREE HREE Ratio L/H (LalYb)n Eu/Eu*
WLD 741.1 691.3 49.8 13.9 23.2 0.15
LBB 513.0 471.7 41.3 11.4 17.2 0.22

Some elements bear important petrological characteristics, including tectonic environ-

ment. Specifically, the Zr/Y ratio clearly reveals a calc-alkaline type of the studied grani-
toids, as discussed below (Figure 4B). The ratio varies from 4.95 to 17.10 (average 8.34) [62].
The pattern of REE elements reveals two distinct groups, recognized in WLD and

LBB, respectively (Table 4). On the spider diagram, the former cluster shows higher
differentiation between LREE and HREE elements; the average ratio LREE/HREE was
estimated at 13.9 in west Lithuanian intrusions, while a lower ratio 11.4 was documented

in the east (Figure 6). The remarkable difference in the Eu/Eu* anomaly is observed.

The strongest anomaly was defined in WLD (ratio < 0.2), while it was much smoother
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in LBB (ratio > 0.2). In general, the higher LRRR/HREE ratio associates with a generally
higher concentration of REE in west Lithuanian intrusions (}_REE = 741.1 ppm), while the
average ) REE = 513.1 ppm content was mapped in east Lithuania. The (La/Yb)y ratio
was estimated 23.2 and 17.5 in WLD and LBB, respectively. Furthermore, (La/Yb)y ratio
correlates with a strong Eu/Eu* anomaly, which points to the highest magma differentiation
in the west Lithuanian granitoids. The lower REE content is related to a basically lower
concentration of LREE in LBB intrusions. Locally, the scatter in REE varies from 245.5 ppm
(Barzdénai-1) to 1462.9 ppm (Siluté-1) in the Zemai¢iu Naumiestis batholith. Notably, the
highest Th concentration 254 ppm, documented in Lithuania, was reported from this latter
particular borehole. The second-highest value was measured in Z.Naumiestis boreholes
(1111.9 ppm, 1171.8 ppm). In general, the high REE content associates with high Th
concentration, which, vice versa, correlates with the highest heat production of rocks. There
is no consistent correlation recognized between REE vs. U concentration.

10000

100

Sample/Chondrite

10

La Ce Pr Nd Sm Eu Gd Ib Dy Ho Erx Tm Yb Lu

Figure 6. Chondrite-normalized REE abundance of Mesoproterozoic granitoids, Lithuania
(normalized after) [63]. WLD—Dblue samples, LBB—red samples.

Intrusions of LBB show the similar correlation of REE content and Th. The highest REE
value, 824.7 ppm, was reported in borehole Lazdijai-22 (central part of the Kapciamiestis
batholith) and correlates with the highest Th concentration, 106.7 ppm, while the lowest
REE content correlates (209.01 and 286.08 ppm) with the lowest Th = 1.8 and 4.3 ppm
concentration (well Lazdijai-2, Akmeniai intrusion, see Figure 3).

5.4. Heat Production

At the global scale, the statistical analysis of GRANITE2017 on bulk heat production
in granitic rocks of all ages was assessed at approximately 2.0 uW/m3 [64]. In particular,
the global average heat production of the Early Proterozoic granitic rocks is relatively low,
at1.25 +0.83 uyW/ m3, while a remarkable peak in heat production 4.36 £ 2.17 yW/ m3 was
defined for the Mesoproterozoic granitoids. For the sake of comparison, the average heat
production of the Mesoproterozoic granitoids was determined 7.26 uW/m? in Lithuania,
while the heat production of the Palaeoproterozoic rocks was documented at 1.28 pW/m3
in east Lithuania and somewhat higher at 1.76 pW/m?3 in west Lithuania (Figure 7; age
not discriminated).
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Figure 7. Heat production (uW/ m?) of the crystalline basement rocks of Lithuania (sampled boreholes
are indicated). Contour lines spacing 0.5-4.0 phW/m3. Anomalies exceeding > 4.0 uW/m? are
highlighted (moderate- and high-heat-producing granitoides are marked in brown; no contour lines
are shown). Data of wells studied in southernmost Latvia are incorporated into the common map [25].

The radiogenic heat production of the studied Palaeoproterozoic rocks, ranging from
mafic to granites, as calculated applying [Equation (1)], shows a general positive correla-
tion with SiO, (Figure 8). Two trends of the Palaeorpterozoic rocks show slightly higher
differentiation of heat production vs. SO, defined in LBB and WLD. The Mesoprotero-
zoic granitoids exhibit anomalous high heat production, with no correlation observed
between heat production and SiO, content. The highest values were measured in the
Kap¢iamiestis batholith.
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Figure 8. Scatter diagram SiO, vs. heat production of Palaeoproterozoic (black and white) rocks
ranging from mafic to granites and Mesoproterozoic (pink and blue) granitoids (yellow cloud)
(N = 336 samples). The regression lines are shown for LBB (dashed) and WLD (solid) clusters.

The values range from 2.8 to 18.2 pW/m3 for Mesoproterozoic granitoids (Figure 8).
The heat production correlates with increasing SiO; content. A similar correlation trend
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was defined in the WLD and LBB blocks. However, the heat generation is shifted for about
2.0-3.5 uW/m? in the western Lithuanian intrusions compared to east Lithuania. The
average heat production was estimated at 7.76 uW/m? for west Lithuanian intrusions and
5.54 uW/m? in east Lithuania. It is notable that regional-scale variations in heat generation
strongly correlate with REE abundance (as stressed in the previous sub-chapter), which, in
turn, associates with Th variations, while variation in uranium content is more complex.

The concentration of the radiogenic elements U, Th, and K,O in the Mesoprotero-
zoic granitoids is significantly higher compared to the Palaeoproterozoic felsic rocks
(Figure 9A). The average concentration of KO was defined as 7.2% [Equation (1)] (mea-
sured concentration 5.6 vol.%), uranium at 18.5% (measured 6.3 ppm), and thorium at
60.5% (measured 72.1 ppm). The latter element contributes to the highest radiogenic heat
production of Mesoproterozoic granitoids.
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Figure 9. (A,C,D) Diagrams show correlation of radiogenic heat production vs. U, Th, K,O;
(B) SiO; vs. K,O [65].

The high heat production correlates with increased potassium content (Figure 10A).
Furthermore, samples are distributed in the shoshonitic suite on the KO vs. SiO, diagram
(Figure 9B) [65] and account for the high fractional crystallization of parental magmas [66].
In general, the granitoids of LBB show a lower concentration of potassium (at about 1.5%)
compared to WLD intrusions.
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Figure 10. (A) Ternary diagram shows weighted concentration of 9.52 x U*2.56 x Th*3.48 x K,O
[Equation (1)]; symbols: WLS—blue, red—LBB; (B) diagram U vs. Th; symbols mark
sampled intrusions.

Despite differences between Palaeoproterozoic rocks and Mesoproterozoic granitoids,
the two regional trends show relative enrichment in uranium-thorium in LBB, while Th is
the most enriched radiogenic element in WLD rocks (Figure 9C,D).

The ternary diagram shows enrichment in Th in WLD, while both uranium and
thorium contribute to the majority of the generation (Figure 10A). Furthermore, the ternary
diagram indicates a higher content of potassium in the western part, as noticed above.
The Th/U ratio of 1.8 divides higher and lower enriched thorium granitoids in western
and eastern Lithuania, respectively (Figure 11B). The U/Th ratio has also proven helpful
in recognizing ‘geochemical facies’ [67]. In particular, the uranium vs. thorium ratio is a
useful proxy indicating relatively oxidizing (e.g., WLD) or reducing (e.g., LBB) conditions,
respectively. The Mesoproterozoic samples plotted on the U vs. Th show a clear positive
magmatic trend with no hydrothermal anomalies [68].

kilometres
100000

Figure 11. (A) Bouguer gravity (mGal); (B) magnetic (X100 nT) anomaly maps. The boundary
between WLD and LBB is marked (pink line). Mesoproterozoic intrusions are indicated. The
kinematic lineaments controlling intrusions are interpreted (insertion).
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5.5. Petrophysical and Mapping Signatures of “Hot” Granitoids

Gravity and aeromagnetic mapping was carried out at a scale of 1:200,000 for the entire
Lithuanian territory between 1951 and 1962. Based on these data, the digital Bouguer reduc-
tion gravimetric map (contour line 2 mGal, reference density 2.30 g/cm® and 2.67 g/cm?)
and magnetic field map (contour lines 100 nT) were compiled in the Lithuanian Geological
Survey [69]. On the magnetic map, LBB is characterized by the lenticular NNE-SSW trend
of anomalies, mirroring the thick-skinned thrust sheet tectonic grain at a wavelength of
10-30 km and correlating with deep long-wave gravity anomalies (Figure 11). In contrast,
WLD is portrayed by an isomorphic pattern of anomalies. Based on the Grodno-Starobin
DSS profile crossing LBB close to the Belarus-Lithuanian state border [70], the thrust sheets
are inclined to the WNW, which is congruent with the westward overriding of LBB plate
below WLD [70].

The density and magnetic susceptibility of the crystalline basement are crucial in
interpreting potential field anomalies. The average density of the Palaeoproterozoic crys-
talline basement rocks was measured at 2762 kg/ m? and 2746 kg/ m? in the LBB and WLD,
respectively, and the difference is negligible.

By contrast, the remarkable difference was defined for magnetic susceptibility in
Palaeoproterozoic rocks at 14.12 x 1073 SI in WLD and significantly decreased to
0.96 x 1072 SI in LBB (excluding Varéna Iron Ore Deposit) (Figure 12). The positive
trends (density vs. magnetic susceptibility) were calculated for the two data clusters, while
average values differ by one order.
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Figure 12. Density vs. magnetic susceptibility of Palaeoproterozoic rocks of WLD (solid dots) and
LBB (open dots). Two statistical trends of WLD and LBB are shown. Mesoproterozoic intrusions are
marked in blue and pink dots.

The Mesoproterozoic granitoids show anomalous high magnetic susceptibility
(Figure 13). The average volume was documented 53 x 103 SI in both domains defined in
Lithuania. The average density of Mesoproterozoic intrusions shows only a miserable differ-
ence of 2729 kg/m? and 2741 kg/m? for intrusions situated in LBB and WLD, respectively.
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Figure 13. (A) Eu/Eu* vs. Ga/Al diagram for distinguishing granite types of S&I- and A-types.
(B) Zr + Nb + Ce + Y vs. (Na,O + K,0)/CaO (discrimination after) [71].

6. Discussion
6.1. Petrologic Interpretation of the Mesoproterozoic Granitoids

The deep drilling was primarily focused on oil exploration in western and central
Lithuania, while geological mapping and drilling were carried out in southeastern Lithua-
nia. The Mesoproterozoic intrusions were first dated only in the mid-nineties [40].

Thirteen intrusions of the Mesoproterozoic age were identified owing to specific
gravity and magnetic field signatures in Lithuania. The composition of intrusions ranges
from diorites, granodiorites, and granites. They are attributed to the sub-alkaline series and
plots in the meta- and peraluminous fields of major chemical elements (Figures 4B and 5A).

The nature of the Mesoproterozoic granitoids was alternatively considered as the
post-orogenic or anorogenic magmatic rocks in Lithuania [46,47]. Globally, A-type granites
were first defined by [71] and gained significant economic importance since [72]. Many
authors associate the origin of A-type granites with crustal anatexis promoted by magmatic
underplating [73,74]. Alternatively, ref. [75,76] suggested that some A-type granitoids were
derived directly from a mantle source.

Utilizing plots of some major and trace elements, it is possible to clearly distinguish
between A-type granites and other granite types [72,77]. The studied Mesoproterozoic
intrusions are attributed to the A-type granitoids owing to a high 10,000 x Ga/Al ratio
(Figure 13A). It is notable that the Eu/Eu* anomaly shows stronger magmatic differentiation
(ratio < 0.2) in WLD and a weaker signal defined in LBB (ratio mainly >0.2) (Table 4),
suggesting higher mineral fractionation (e.g., potassium or sodium feldspars). Eu/Eu* ratio
is often applied to reconstruct the redox environment of magmatic rocks [78]. In particular,
an oxidized environment has been suggested in the Zemai¢iy Naumiestis batholith, and a
moderate reducing regime is considered in the granitoids in the Lazdijai area.

The plot of Zr + Nb + Ce + Y vs. (Nap0O + K;0)/CaO discriminates A-type and other
types of granites (Figure 13B) [77]. It should be emphasized that no notable difference was
observed between the western and eastern Lithuanian samples.

Some authors [75] have attempted to relate A-type granites to tectonic settings and
further subdivided A-type granites into Al- and A2-type granites. Based on the Y/Nb ratio,
Al-type granites (Y/Nb < 1.2) were emplaced in an anorogenic setting (continental rifts or
intraplate environments), and A2-granites (Y/Nb > 1.2) were established in a post-orogenic
setting (continent—continent collision). On the plot of Y/Nb vs. Rb/Nb, all the collected
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samples were classified as A2-granites, e.g., post-orogenic granitoids. Rb/Nb vs. Y/Nb
(Figure 14A).
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Figure 14. (A) Y/NDb vs. Rb/Nb diagram. (B) Y-Nb—Ce ternary diagram. Al: field for anorogenic;
A2: field for post-collisional. Discrimination plots by [75].

The ternary diagram 3 x Ga-Nb-Y demonstrates a similar type of granitoids
(Figure 14B), pointing to the post-collisional tectonic setting. They generally show a com-
mon negative trend of Nb vs. Ga, as well as a rather stable ratio of ytterbium. During
crystallization, Nb tends to be incorporated into minerals like ilmenite, magnetite, and
feldspar, while Ga may be more compatible with biotite.

Notably, the increased alkalinity is related to the excessive potassium content in the
studied samples. Lithological variability in shoshonitic associations may be interpreted as
resulting from variation in source composition, different melt fractions from similar sources,
or melt mingling [79]. An experimental melting of metabasaltic amphibolite requires small
degrees of dehydration melting of amphibole, plagioclase, and clinopyroxene at a high
temperature. A potassium-rich shoshonite suite is a common feature of postorogenic setting.
Mineralogical and geochemical compositions of the studied granitoids are classified as
K-rich and K-feldspar porphyritic calc-alkaline granitoids of mixed origin. The WLD
granitoids show generally higher potassium content compared to LBB (difference for about
K70 =1.5%).

On the diagram combining the major elements, samples are distributed in the mafic
greywacke field and follow the trend of the mafic component (Figure 15A). A clear trend is
evident in the plot, suggesting a similar petrologic setting for the intrusions. The studied
granitoids show a strong enrichment in mafic elements. The strongest mafic signature is
defined in LBB samples and grades to pelites/greywacks in WLD.

Many researchers proposed that I-type granites are derived from the remelting of sedi-
mentary rocks reformed by mantle-derived magma [82,83], or that the melt compositional
change from S- to I-type is caused by gradually decreasing sediment during re-melting
of the crust [84]. The strong negative trend of Al,O3/TiO; vs. CaO/NayO in most of the
studied rocks indicates a basaltic and psammitic source for the melting of I-type granitoids,
with a ratio of 0.3-3.0 [85].
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Granitic rocks are divided into two types based on the nature of their protolith and
their petrographic and geochemical features, e.g., I- and S-type granites [81]. The distinction
between different types of granites is not always straightforward, especially for the highly
fractionated granites. A strong negative correlation was observed between S5iO, and P05
in Mesoproterozoic granitoids (Figure 15B). A slightly higher phosphorus concentration
was noticed in WLD granitoids. The common trend defined implies a similar temperature
of crystallization for the studied granitoids. Temperatures obtained using whole-rock P,Os
and SiO, contents indicate values well above 950 °C [86]. These values, which are strongly
related to apatite mineral defined in thin sections, suggest that the magma of the granites
started to crystallize at temperatures above 950 °C and indicate that these granites are
high-temperature I-type granites [87].

The lognormal negative trend of MgO vs. K,O/P,05 implies strong assimilation of
the mafic host rocks in the studied shoshonitic granitoids [88]. Total rock K/Rb ratios are
relatively low at ca. 163 in WLD, and ratios are increased at ca. 215 in LBB, indicating
strongly evolved magma and moderately evolved magma, respectively [89] (Tables 2 and 3).

Rb vs. P,Os ratio is a typical I-type granite trend, thus corroborating highly fraction-
ated granitoids (Figure 16A) [81]. It corroborates the strong positive trend defined between
Rb/Sr vs. Rb/Ba, pointing to the melting of clay-poor psammites.

Figure 16B is relevant for assessing geothermal prospects and shows a correlation
between Rb and Th, accounting for approximately 75% of heat generation in west Lithua-
nian granitoids and 55% in east Lithuania (Figure 10A). Granitoids are clearly classified
as I-type series. No systematic studies have been carried out to explain the anomalous Th
concentration (>85 ppm) recorded in the Zemai¢iy Naumiestis intrusion.

Partial melting and fractional crystallization were involved in the formation of Meso-
proterozoic intrusions. In particular, the La and La/Yb ratio (Figure 16C) indicates no
definite trends after [90]. Magma melting and mixing occurred in the Akmeniai intrusion,
as based on petrographic examination of drill cores. Furthermore, the diagram indicates a
heterogeneous source of magma in the largest Zemai¢iy Naumiestis batholith.
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erogeneity; (D) Sr vs. Ba; partition coefficients are from [91]. Symbols indicate particular intrusions;
WLD and LBB trends are indicated; particular trend defined for Akmeniai intrusion (dashed line).

The partial melting of mafic rocks usually forms high-temperature I-type granitoids.
The Nb/La ratio varies from 0.36 to 0.04. The former value is compatible with the average
lower crust [92], and low ratios, negatively correlating with La/Yb, suggest involvement of
lower and middle crust rocks, while neither the deep mantle nor the asthenosphere level
was likely involved.

The Rb and Ba ratio allows for the tracing of the fractionation of major minerals. The
Zemaiéiu Naumiestis and Kapc¢iamiestis batholiths indicate a clear potassium-amphibolite
trend, except for some higher shift in Sr concentration in the latter intrusion (Figure 16D).
The other intrusions were scarcely sampled (one sample for particular intrusions, e.g.,
Vélaiciai, Pilsotas, Gervénai, Sveédasai). However, they are also chained along the main
positive trend. In contrast to most intrusions, the Akmeniai diorites and granodiorites
exhibit a discordant trend that can be interpreted as a result of plagioclase and biotite
fractionation. Based on inspection of the drill cores, the mingling of the two magmas was
rather clear, instead of fractional crystallization in this intrusion.

6.2. Magnetite Series of the Mesoproterozoic Granitoids

The high magnetic susceptibility of the Mesoproterozoic intrusions is the most re-
markable exploration signature identified on magnetic maps. Notably, the Kap¢iamiestis
and Zemaitiu Naumiestis batholiths reveal strong magma fractionation observed on the
magnetic map.
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In terms of the magnetic susceptibility, granitic rocks can be classified into the mag-
netite or ilmenite series [93]. All the Mesoproterozoic samples are classified as the ‘mag-
netite’ series (>3 x 1073 SI). Magnetite-bearing granites are generally interpreted as being
‘oxidized’. Many authors have argued that the presence of magnetite in granites is not
incompatible with a more reduced character [94].

In the FeOtot/(FeOtot + MgO) vs. 5iO; diagram (Figure 5B), ‘ferroan’ and ‘magnesian’
geochemical series are defined in the studied intrusions. In west Lithuania, Traubai, Pilsotas,
Ziikai are classified as the ‘ferroan’ series. The Zemai¢iy Naumiestis and Kap&iamiestis
batholith granitoids show a variable ratio of iron and magnesium content, while the lowest
ratio was documented in the Ramoniskis intrusion.

The ‘oxidized” granites are more magnesian than the strongly reduced granitoids
identified by [71]. The iron and magnesium ratio, according to [58], can serve as an
indicator of oxygen fugacity in magmatic systems, where higher ratios indicate more
reducing conditions. The mineral assemblages imply a higher oxygen fugacity in the
magnetite series granitoids than in the ilmenite series granitoids during the solidification of
the granitic magmas [93]. However, their petrogenesis remains a matter of controversy [95].

The Pilsotas, Kabeliai, Gervénai, Svédasai intrusions show a clear type of ‘ferroan’
granitoids, while the Ramoniskis, Salantai, and Géluva intrusions exhibit a relative increase
in magnesium concentration and correlate with lower magnetic anomalies. The Zemaiiu
Naumiestis batholith indicates differentiation of magma. Most of the magmatic body
indicates a relatively high Fe and Mg ratio, except for the southeastern part of the intrusion,
which is enriched in magnesium, as is discernible on the magnetic field map. No clear trend
was recognized in the Lazdijai area. The granitoids of particular boreholes are classified as
both ‘ferroan’ and ‘magnesian’ intervals. Locally, the magma mingling was documented
in a few boreholes, as discussed above (Akmeniai intrusion, some boreholes drilled in the
Zemaitiy Naumistis batholith).

6.3. Influence of Mesoproterozoic Granitoids on the Recent Heat Flow

The basic concept for interpreting the two different geothermal provinces in Lithua-
nia and the subdivision of two Palaeoproterozoic crustal (lithospheric) blocks, showing
different Earth’s thickness and lithologies of the crystalline basement (Figure 2). The
boundary between two blocks is conventionally delineated by a heat flow of approximately
45 mW/m?. Based on deep seismic data [26,27], the Palaeoproterozoic rocks of the WLD
block indicate generally more sialic composition of Earth’s crust [20] and correlate with
drilling evidence.

Based on the straightforward interpretation of the heat generation in crystalline base-
ment rocks and deep seismic data, the higher heat flow in the WLD geothermal province is
attributed to the increase in heat flow. Therefore, the occurrence of numerous radiothermal
granitoids in the crystalline basement is the most important target of geothermal siting.
The lowest heat generation was reported at 2.8 tW/m3 in moncodiorite and 2.9 pW /m?3
for diorite collected from boreholes Svedasai-252 and Gervénai-14, respectively, while the
highest values 7.4-7.8 uW/m3 were documented for granitic intrusions (Salantai, Zemaitiu
Naumiestis, Kabeliai) (Figure 17).



Appl. Sci. 2025, 15, 10480

23 of 29

“Hot™ intrusions

Th series U-Th series
P 80
1
= 05
=
5 45
35
] 40 80
kilometres

Figure 17. Depth of top of the crystalline basement. No faults are shown on the map. “Hot” granitoids
are defined and heat production is indicated (WW/ m?). Palaeoprterozoic domains and average heat
flow (mW/m?2) are shown. Heat flow scale is inserted and shown on the map.

The largest West Lithuanian Geothermal Anomaly is primarily associated with abun-
dant “hot” granitoids that intruded into the upper granulitic crust (Figure 17). The deep
seismic tomography also suggests anomalous parameters in the underlying mantle [29].
The average heat flow of the anomaly was assessed as 1.95 x 107° cal/(cm?'s). Based
on the gravimagnetic modelling [24], the thickness of the Zemai¢iu Naumiestis batholith
was modelled at ca. 4 km, which accounts for a ca. 30 mW/m? increase in heat flow in
WLD. Geothermal insulation is another important parameter that increases the heat flow
due to the large thickness of the basin in west Lithuania. The local increase in heat flow
was demonstrated in other local anomalies confined to the “hot” intrusions (e.g., most
remarkable increase in the Salantai anomaly at 81 mW/ mz).

By contrast to west Lithuania, situated in the deep part of the Baltic Basin, the bore-
holes drilled in southeast and east Lithuania show much lower heat flow (35-40 mW/m?)
due to lower background heat production of crystalline basement rocks, low sedimen-
tary blanketing, and intense meteoric water flow in the eastern periphery of the Baltic
Artesian Basin.

6.4. Tectonic Structural Control and Setting of Intrusions

The western margin of the Baltica Craton was subject to 1.64-1.52 Ga Gothian and
1.52-1.48 Ga Telemarkian orogenic events, recorded in the west Fennoscandian region [96].
The magmatic rocks have a juvenile calc-alkaline geochemical signature typical of an active
margin tectonic setting. The Gothian orogenic event triggered “anorogenic” magmatism
in the Baltoscandian region and lasted for 200 Ma. Two alternative models, e.g., the
transitional and anorogenic tectonic regimes can be discussed, that led to the extensive
magmatic activity during the Mesoproterozoic time. The former model is more consistent
in the context of the ongoing active subduction and accretion of the Gothiana and Telemark
orogens along the margin of the Baltica craton. Therefore, the general strain field was
governed by a general shearing regime. The extensive igneous activity was recorded far
away from the orogenic chain and apparently influenced the asthenosphere upwelling that
induced the tectonic extension and decompression of the lithosphere.

The most proximal A-type intrusive suite yielded ages of 1.45-1.46 Ga, defined in
Bornholm Island situated in the western Baltic Sea [97], and was emplaced in the Palaeo-
proterozoic gneisses. This model incorporates partial melting of the mantle and lower
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crust. The contemporaneous intrusions (1447-1468 Ma) were detected as far away as west
Lithuania [51]. It is notable that granitoids in two regions exhibit similar features, such as
metaluminous to weakly peraluminous, alkali-calcic, potassic (shoshonitic), ferroan, and
characterized by a strong negative Eu anomaly.

The Wiborg rapakivi pluton (southeast Finland) documents the first magmatic
phase as mentioned above and echoed in west Lithuania. The Vélaiciai local intrusion
(dated at 1625 Ma) exhibits a W-E elongated geometry on the magnetic field map. This
intrusion marks the onset of the large Tectonic Shear Zone trending W-E in west Lithuania,
which later evolved into the most significant fault recognized in the sedimentary cover
of Lithuania [37]. The granodiorite documents a blastomylonitic structure, witnessing an
active tectonic regime.

The second phase was characterized by the establishment of the Riga pluton, located
in western Latvia and dated 1568 Ma. The pluton extends to Hiiumaa island in Estonia,
northwest Lithuania, and offshore Latvia. This magmatic event involved eastern Lithuania,
e.g., a small Svédasai intrusion was dated 1569 Ma. The other borehole Tverecius-336 marks
the resetting of the isotopic system along the most distinct Polotsk shear zone striking W-E
and cutting the LBB block (Figure 3).

The very different lateral pattern of intrusions was identified in the third igneous phase,
dated at 1495-1511 Ma. The 300 km long W-E trending Mazury magmatic belt extends from
north Poland to southernmost Lithuania. Notably, the Mazury belt played the most important
tectonic role in shaping the boundary of the Baltic Basin in the south and Mazury-Belarus An-
teclise [37]. Most of the southernmost Lithuanian intrusions (Akmeniai and Kabeliei granites)
show massive structures pointing to low tectonic activity, while some parts of the Kap¢i-
amiestis batholith are subject to local bastomilonitic deformations. Notably, intrusions are
dissected by scarce-to-abundant fractures, most likely formed in the Phanerozoic time. Based
on hydrodynamic testing of exploration boreholes, the fracture zones show very high water
discharge (exploration carried out in Kabeliai granites).

The final stage climaxed at ca. 1445-1460 Ma and records the most abundant intru-
sions defined in the crystalline basement of western Lithuania. This cluster of intrusions
was emplaced in the Kursiai charnockitic batholith of 1.85-1.81 Ga age and granulitic
migmatites [24]. The most voluminous intrusions (Zemaiéiu Namiestis, Traubai, Pilsotas,
Ziikai) are situated in the West Lithuanian Geothermal Anomaly, which largely accounts
for the high heat production of intrusions. Furthermore, the high heat flow in the eastern
part of the anomaly suggests not outcropping intrusions, as suggested by high heat flow
values assessed in the oil exploration wells (>80 mW /m?).

Tectonic deformation of granitoids varies from massive structures (Géluva intrusion
dissecting gabbro body dated as old as 1839 Ma) [47] to strongly mylonitized granodiorites
(Pilsotas intrusion). The Zemai¢iu Naumiestis batholith is strongly deformed (milonites
and proto-cataclasites) along the W-E trending shear zone, while the southern part of the
batholith shows very uneven tectonic deformation along the NW-SE tectonic trend.

The studied rocks are attributed to A2-type granitoids, which suggests a post-orogenic
tectonic setting (Figure 14A,B). The mapped intrusions were classified as non-Al-type
granitoids, which would otherwise suggest an anorogenic setting (e.g., weak or no tectonic
structuring of granitoids, no asthenosphere geochemical signatures).

The interpretation of the gravimagnetic maps shows a strong tectonic framework
controlling the Mesoproterozoic intrusions. The pervasive younger deformations reveal
NW-SE and W-E linear anomalies straddle this major tectonic zone (Figure 3). The W-E
trending structures, mostly shearing zones, control the majority of intrusions, while NW-SE
lineaments show more abundant lateral distribution (e.g., Gervénai intrusion, western part
of the Zemai¢iy Naumiestis batholith).
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7. Conclusions

Thirteen intrusions of different sizes and geometries were defined in the crystalline
basement of Lithuania, ranging from 1625 Ma to 1445 Ma in age. The most important
parameter in mapping these peculiar intrusions is related to anomalous magnetic suscepti-
bility (average 53 x 102 SI). The high magnetic susceptibility classified granitoids as the

‘magnetite’ series. However, both predominant ‘ferroan” and subordinate ‘magnesian’ type

granitoids are identified. The bulk and trace elements emphasize that the “hot” granites
were derived from the melting of the lower crust with a high mafic component, implying
melting of depleted granulites, mafic, and ultramafic lithologies of the lower crust.

The I-type geochemical trend was demonstrated on geochemical plots. The granitoids
are attributed to the subalkaline series and classified as A2-type granitoids, indicating a post-
orogenic tectonic setting rather than an anorogenic regime. The petrographic examination
of drill cores revealed two types of granitoid tectonic structuring, namely, massive or
weakly oriented blastocataclasite and proto-cataclasites that grade into mylonites.

The average radiogenic heat production of the Mesoproterozoic granitoids was de-
termined at 7.29 uW/m?. The shoshonitic series (K,O) accounts for the increased heat
production of the Mesoproterozoic granitoids. The highest contribution to heat production
is attributed to the highest content of thorium (approximately 60%) and a lesser significant
role of uranium. The Th series of granitoids was defined in WLD, while the U-Th series is
registered in LBB. The latter correlates with REE abundance of granitoids, while U concen-
tration shows a more complex correlation. The nature of the most intense West Lithuanian
Geothermal Anomaly is attributed to a cluster of “hot” granites of Mesoproterozoic age.
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