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The External Dinarides, with an abundance of both autochthonous and allochthonous organ-
ic matter, have been the subject of sustained petroleum exploration by INA — Industrija nafte,
d.d. (INA), Croatia’s national oil company, since the 1960s. To evaluate the residual hydrocar-
bon potential, a comprehensive suite of geochemical analyses, encompassing over 5,000

samples from drill cores, cuttings, outcrops, and formation fluids, have been performed. These
investigations have delineated potential source rocks within various stratigraphic horizons and
established critical genetic linkages between these source rocks and generated hydrocar-
bons, thereby refining the understanding of the region’s petroleum systems. This article syn-

Keywords: Dinarides, source rocks, petroleum
potential, asphalt, migrabitumen

thesizes INA’s key findings derived from the extensive source rock data analysis, offering
valuable insights into the remaining hydrocarbon prospectivity of the External Dinarides.

1. INTRODUCTION

The External Dinarides form a complex fold-and-thrust belt
along the northeastern Adriatic margin and comprise a thick
stratigraphic succession from the Carboniferous to the Qua-
ternary (VLAHOVIC et al., 2005). Diverse depositional con-
ditions across the region have resulted in significant variations
in the type and abundance of organic matter which occurs as
thin laminae, thicker layers, dispersed matter within the min-
eral matrix, and migrated bitumen in cracks and cavities.
These diverse occurrences define the two primary types of
organic-rich rocks in the Dinarides: laminated carbonates con-
taining indigenous organic matter (kerogen and associated bi-
tumen), and bituminous dolomites and limestones containing
allochthonous, migrated, or degraded hydrocarbons. Both
types were identified long ago and were called by geologists
“the primary and secondary bituminous rocks”.

Abundant oil seeps throughout the External Dinarides,
both coastal and inland, have been documented since the 13t
century. Bitumen-asphalt was exploited, and traded, leading
to the establishment of bitumen mines in the 18" and 19™" cen-
turies (SEBECIC, 1995, 1996). Extensive surveying of surface
bitumen occurrences commenced in the 201" century
(MARGETIC, 1950). Notably, the “bituminous girodal
schists” of Baljevac, Korenica, and the “Leme$ Formation”
(Jurassic deposits in Lika, Knin, Svilaja, and Dinara) were ex-
ploited (FURLANI, 1910; MARGETIC, 1950; VELIC, 2007).
Extensive regional mapping described the “Lemes Formation”
(POLSAK et al., 1977, 1978) and similar rocks on Mount
Postak (GRIMANI et al., 1972, 1975), identifying algal shale
with source rock potential and the dominance of sapropel-type
kerogen (JACOB et al., 1983; SEBECIC & ERCEGOVAC,
1983). SEBECIC (1979a, 1979b, 1980, 1982, 1983, 1984) and
SEBECIC et al. (1988, 1989, 1990) extensively characterized
these bituminous rocks.

The widespread presence of asphalt, bitumen, oil shale,
and coal spurred petroleum exploration by INA from the 1960s
onwards. Altogether, 17 exploration wells were drilled across
the onshore Dinarides and islands, a limited number given the
region’s size, indicating that the Dinarides, particularly the
Lika region, remained largely unexplored. International com-
panies, including AMOCO, ECL, and Shell, have also partic-
ipated in exploration, most recently with INA’s collaboration
with GEPlan in 2018. INA’s Exploration and Production (E&P)
Laboratory conducted field prospecting, sampling, and organic
geochemical analyses.

Since the petroleum potential of the Dinarides is closely
linked to the Adriatic Sea (Adriatic Basin), especially the Adri-
atic Carbonate Platform (VLAHOVIC et al., 2005), the data
from both regions are considered to predict the distribution of
source rocks and other geological formations.

Historically, oil and gas exploration in Croatia focused on
the Pannonian and Adriatic basins. The 1973 discovery of the
Ivana gas field in the Adriatic Basin spurred extensive explora-
tion, with over 176 wells drilled and 22 gas fields discovered
(MALVIC et al., 2011). These fields were developed through a
long-standing partnership between Croatia’s INA and Italian en-
ergy majors ENI and EDISON. Since becoming the sole opera-
tor in the late 2018, INA has maintained an annual production
output of approximately 200 to 250 million m* (INA, Annual
reports, 2024-2025). Exploration in the Southern Adriatic and
the Dinarides has been less successful, with non-commercial
hydrocarbon indications in wells such as Ravni kotari-3, Kate-1,
Vlasta-1, and Melita-1, contrasting with the Northern Adriatic.

Despite limited commercial success, the Dinarides are
considered to have significant hydrocarbon potential, as ex-
plained in studies such as BARIC et al. (2003) and GRANDIC
et al. (2004). Research was focused on the Adriatic offshore
and the broader Peri-Adriatic region, particularly on Creta-
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ceous sediments and anoxic events (BARIC, 1988; BARIC et
al., 1988; GUSIC & JELASK A, 1990, 1993; JENKYNS, 1991;
MOLDOWAN et al., 1992; JERINIC et al., 1994; SPANIC et
al., 1995; COTA & BARIC, 1998; BARIC & COTA, 1999,
2003; BARIC & TARI, 2005; FIKET et al., 2008; GRANDIC
et al., 1997, 1999, 2001, 2002a, 2002b, 2004, 2013, 2014;
GRANDIC, 2010; COTA et al., 2015; VELIC et al., 2015). This
body of work suggests substantial potential for future hydro-
carbon discoveries, driving petroleum exploration in Croatia
beyond the Pannonian and Adriatic basins.

The broader Mediterranean region contains diverse petro-
leum provinces with varied source rocks (ZAPPATERRA,
1994). A petroleum system, comprising the geological elements
and processes of hydrocarbon generation, migration, and ac-
cumulation, is characterized by active source rocks, migration
pathways, reservoirs, traps, seals, and overburden (MAGOON
& DOW, 1994; DEMAISON & HUIZINGA, 1994). The wide-
spread surface occurrences of asphalt and oil seeps in the Di-
narides, the Dalmatian Asphalt Hydrocarbon Zone, as defined
by ZAPPATERRA (1994), indicate a working petroleum sys-
tem. BARIC et al. (2003) identified two petroleum systems in
the Adriatic offshore: a Plio-Pleistocene system in the north
with commercial biogenic gas production, and a second, hypo-
thetical Jurassic — Cretaceous carbonate system in the central
part of the Adriatic where accumulations have yet to be discov-
ered. Studies of Italian hydrocarbons (MATTAVELLI & NO-
VELLI 1990; MATTAVELLI et al., 1991; KATZ et al., 2000)
and those in Greek and Albanian basins (RIGAKIS & KA-
RAKITSIOS, 1998; PRIFTI & MUSKA, 2013), along with Di-
narides-focused research (JACOB et al., 1983; BARIC et al.,
1988; SPANIC et al., 1995; COTA & BARIC, 1998; BARIC,
2006; VELIC, 2007; FIKET et al., 2008; BLAZEKOVIC
SMOJIC etal., 2009; TROSKOT-CORBIC, 2011; VELIC et al.,
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2015; VITZTHUM et al., 2021), suggest active source rocks
and the elements for hydrocarbon accumulation. However, a
comprehensive synthesis of the petroleum system elements for
the entire External Dinarides is still needed. While preliminary
results have been presented at conferences (e.g., BARIC &
COTA, 2003; BARIC & TARI, 2005; SPANIC et al., 1995;
SPANIC & TROSKOT-CORBIC, 2013; TROSKOT-CORBIC
& SPANIC, 2010; TROSKOT-CORBIC et al., 2005, 2015;
TROSKOT-CORBIC, 2019), a synthesis is still to be completed.
Although there have been no commercial discoveries to date
in the Dinarides and much of the Adriatic region, the presence
of source rocks and hydrocarbon indicators offer a promising
future exploration. Unpublished internal INA studies and de-
tailed interpretations of organic facies in the Upper Jurassic
deposits of Gorski Kotar, Lika, and Dalmatia (TROSKOT-
CORBIC, 2011) underpinned the recent Dinarides bidding
round by the Croatian Hydrocarbon Agency (CHA) in 2020 —
2023 (TAKAC et al., 2021).

This paper aims to address this gap by providing a com-
prehensive interpretation of over 5000 borehole and outcrop
samples. The objectives are to: (a) evaluate the hydrocarbon
potential of the External Dinarides; (b) identify and verify the
potential source rocks across multiple stratigraphic levels; (c)
establish genetic correlations between source rocks and hydro-
carbons; and (d) assess the overall petroleum system/systems.

2. GEOLOGICAL SETTING

2.1. Geotectonic position

The Dinarides belong to the complex tectonic system of the
Mediterranean realm, shaped by the interaction of the African
and Eurasian plates (Fig. 1). Following the Variscan orogeny,
the Mediterranean area was characterized by rifting
(CARMINATI & DOGLIONI, 2005).
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Figure 1. A simplified tectonic map of the Mediterranean region showing plate boundaries, collision zones, and directions of extension and tectonic
transport. The main collision zones are numbered: (1) Pyrenees, (2) Betics, (3) Eastern Alps, (4) Western Alps, (5) Apennines, (6) Maghrebides, (7) Carpath-
ians, (8) Dinarides — Albanides — Hellenides, (9) Balkanides, (10) Intra-Pontide Suture Zone, (11) Izmir - Ankara - Erzincan Suture Zone, (12) Inner Tauride
Suture, (13) Bitlis - Zagros Suture (modified after CHAMOT-ROOKE et al., 2005; DILEK, 2006).
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During the Mesozoic, various carbonate platforms formed
along passive continental margins (VLAHOVIC et al., 2005).
In the Late Mesozoic, subduction zones dominated the
Mediterranean (Cimmerian, Dinarides, and Alps — Betics from
east to west), reversing extension and consuming Tethyan
oceanic lithosphere and adjacent continental margins
(CARMINATI & DOGLIONI, 2005; CARMINATI et al.,
2012). These events resulted in mountain and plateau building,
magmatism, foreland and hinterland deformation, foreland
flexures and sedimentary basin evolution, escape tectonics,
orogenic collapse, lithospheric-scale extension, and the opening
of small ocean basins (DILEK, 2006). These events were
influenced by collision magnitudes, continental margin
geometry, and mantle dynamics (DEWEY et al., 1986;
JOLIVET et al., 1999; SPAKMAN & WORTEL, 2004). Most
of the colliding continental blocks had Gondwanan affinity,
with their tectonic history involving Tethyan seaway evolution
and relative motions between Eurasia and Gondwana (DILEK
& MOORES, 1990; DILEK et al., 1999). Opening of the ocean
basins led to continental fragment rifting from Eurasia, Iberia,
and Africa (Gondwana), forming separate platforms and basins
(DERCOURT etal., 1986, 2000). The resulting continental and
oceanic lithosphere were consumed by subduction zones
accommodating Africa— Eurasia convergence since the Middle
Jurassic (GAINA et al., 2013; HANDY et al., 2010, 2015;
SCHMID et al., 2008).

The Mediterranean region’s turbulent geological history
includes several Messinian salinity crises. Africa — Eurasia
convergence and glacio-eustatic sea level fall isolated the
Mediterranean, leading to episodic desiccation and evaporite
precipitation (RYAN et al., 1971; KASTENS et al., 1990).
Messinian evaporitic deposition occurred in isolated basins,
differing from pre-Messinian basins with hemipelagic facies
(CAVAZZA & WEZEL, 2003). Reconnection with the Atlantic
Ocean occurred 5.33 million years ago through the Strait of
Gibraltar, with the “Zanclean flood” filling grabens with ocean
water. Rapid river incision near Gibraltar caused slope retreat
and eventual Atlantic overflow. The Mediterranean refilling
likely took less than 1000 years (HSU et al., 1973). Another
major flood occurred in the eastern Mediterranean, likely
through southeastern Sicily (MICALLEEF et al., 2018). The
Zanclean mega-flood’s erosional signature is smaller in the
Sicily Channel (shallow water carbonates) than in the Strait of
Gibraltar (flysch) (GARCIA-CASTELLANOS et al., 2009).
Pliocene Trubi Formation marls mark the end of the Messinian
desiccation and the return to normal marine sedimentation
(DECIMA & WEZEL, 1973; CITA & MCKENZIE, 1986).

Several major collision zones occurred: (1) the Pyrenees
between Africa and Europe, (2) the Betics between Africa and
Iberia, (3) the Eastern Alps between Adria and Eurasia, (4) the
Western Alps between Adria and Eurasia, (5) the Apennines
between Adria and the Apenninic platform, (6) the
Maghrebides between Africa and Europe, (7) the Carpathians
between Pannonian basin and East European Platform, (8) the
Dinarides — Albanides — Helenides between Adria and
Pelagonia/Eurasia, (9) the Balkanides between the Moesian
platform/Rhodope and Strandja Massif, (10) the Intra-Pontide
Suture Zone between Sakarya and Western Pontides, (11) the
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Izmir-Ankara-Erzincan Suture Zone, (12) the Inner Tauride
Suture, and (13) the Bitlis — Zagros Suture between Arabia and
Eurasia (Fig. 1; DILEK & MOORES, 1990). The Alps and
Apennines most significantly influenced development of the
Dinarides.

The Alps were formed during two collisional events: the
Adria— Eurasia collision in the Eastern Alps (Cretaceous), and
the Adria — Eurasia collision in the Western Alps (Tertiary),
involving Apulian and Eurasian crust imbrication and strike-
slip deformation from Apulia’s counterclockwise rotation
(COWARD & DIETRICH, 1989; DEWEY etal., 1989; DILEK
etal., 1999; DILEK, 2006; STAMPFLI & BOREL, 2004).

The Apennines resulted from the collision of Adria’s
western passive margin with the Apenninic platform and
Europe along a west-dipping subduction zone (DOGLIONI et
al., 1999). The deformation front migrated north-eastward,
eastward, and south-eastward, with significant shortening (80
— 200 km), uplift (up to 2.5 km), and subsidence (up to 5 km)
(CAVAZZA et al., 2004).

The Adriatic plate (Adria), where Mesozoic — Early
Tertiary carbonates were deposited, is interpreted either as a
single plate or as a collage of several (BOSELLINI, 2002;
VEZZANI et al., 2010; VLAHOVIC et al., 2005; KORBAR,
2009). Adria’s relationship with Africa is debated, with some
considering them to be continuous unit (MUTTONI et al.,
2001; SCHETTINO & TURCO, 2011) and others to be
separated by an oceanic realm. GPS data indicate Adria’s slow
movement away from Africa (DEVOTI et al., 2008). The
Dinarides development involved Upper Permian — Miocene
tectonic events, including the Oligo-Miocene fold-thrust belt
formation from Adria— Eurasia convergence that actually took
place from the Middle Jurassic (SCHMID et al., 2020; VAN
HINSBERGEN et al., 2020). Restoring Adria’s north-directed
displacement and Southern Alps shortening requires a 20°
counterclockwise rotation, and is supported by palacomagnetic,
seismotectonic, and GPS data (ANDERSON & JACKSON,
1987, CALAIS et al., 2001; BATTAGLIA et al., 2004; WEBER
et al., 2006). Formation of the Dinarides involved south-
directed thrusting, ongoing shortening, transpression, and
thrusting (USTASZEWSKI et al., 2008). The Sava suture
zone, formed by the Tisza — Dacia Mega-Unit convergence
with Adria, separates the Dinarides and Tisza — Dacia
(SCHMID et al., 2008; USTASZEWSKI et al., 2010).
Neotethyan closure along the Sava Zone occurred in the
Maastrichtian to Early Palacogene (PAMIC, 1993, 2002), with
Early Miocene syn-rift sediments sealing Mid-Eocene
thrusting (TARI, 2002).

2.2. Evolution of the Dinarides

The Dinarides mountain range is characterized by a thick
sequence of sedimentary rocks spanning the Upper Palacozoic,
Mesozoic, and Palacogene periods, with localized occurrences
of Miocene lacustrine sediments. Obducted ophiolites and
volcanic formations are also present, primarily concentrated in
the northern part of the Adriatic microplate. Most of the
sedimentary rocks originated from the vast Adriatic Carbonate
Platform (AdCP) (VLAHOVIC et al., 2005). In contrast, the
ophiolites and volcanic formations are linked to significant
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Figure 2. A map showing the present-day distribution of the Adriatic Carbonate Platform (AdCP) deposits, delineated by outcrop and offshore well
data (southwestern platform margin after GRANDIC et al., 1999; northeastern platform margin after DRAGICEVIC & VELIC, 2002) (modified after VLAHOVIC

etal., 2005).

tectonic events, notably the collision of the Adriatic plate with
Europe-derived units at the end of the Cretaceous. Earlier,
during the latest Jurassic to earliest Cretaceous period, Triassic
— Jurassic ophiolites were obducted onto the distal Adriatic
passive margin (PAMIC, 1993). As the Dinarides in Croatia are
predominantly composed of carbonate sediments derived from
the AdCP, their geotectonic evolution is intrinsically linked to
the long-term evolution of this platform over at least 300 million
years, including its foundational basement (Fig. 2).

The base of the AACP, and consequently of the Dinarides,
is composed of Upper Carboniferous and Lower Permian
siliciclastic deposits, transitioning upwards into Middle
Permian to Middle Triassic mixed carbonate and clastic
deposits. These formed on an extensive epeiric platform along
the northern margin of Gondwana (VLAHOVIC et al., 2005).
Evidence of Middle to Upper Permian sabkha evaporites also
exists (SUSNJARA et al., 1992; TISLJAR, 1992). Middle
Triassic volcanism, occurring across the broad epeiric
carbonate platform, and a regional Middle/Late Triassic
emersion event were consequences of broader regional events
associated with Middle Triassic continental rifting
(CHANNELL et al., 1979). This rifting event is considered to
mark the initial breakup of the Adriatic plate (PAMIC et al.,
1998), leading to the regional extension and development of
deep normal faults that formed half-graben structures

(LOWRENCE et al., 1995). These half-grabens provided the
structural framework for a large, shallow-marine, isolated
carbonate platform within the Southern Tethyan realm, where
thick Upper Triassic sequences of early and late diagenetic
dolostones accumulated (VLAHOVIC et al., 2005). A sub-
sequent disintegration event occurred during the Toarcian. The
formation of a trough connecting the Ionian Basin with the
Umbria-Marche and Belluno pelagic basins, characterized by
deep-marine deposition, represented the initial stage in the
development of the present-day Adriatic Sea (BERNOULLI,
1971,2001; VLAHOVIC et al., 2005). This newly formed entity
is identified as the Adriatic Carbonate Platform (AdCP,
VLAHOVIC etal., 2005). Concurrently, the future northeastern
margin of the platform experienced emergence and subsidence
(GUSIC & BABIC, 1970; SIKIC & BASCH, 1975; DRAGICEVIC
& VELIC, 2002). This tectonic activity coincided with the
Toarcian Oceanic Anoxic Event (OAE), and it is likely that the
anoxic conditions slowed deposition and contributed to the
drowning of tectonically subsided portions of the former
platform (JENKYNS & CLAYTON, 1986; JENKYNS, 1988;
PALFY & SMITH, 2000; JONES & JENKYNS, 2001). Middle
Jurassic tectonic activity resulted in local uplifts, short-lived
emersions, and the deposition of thin carbonate breccia beds in
Istria (MARINCIC & MATICEC, 1991), with similar short
emersion events recorded at various Middle Jurassic intervals.
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Synsedimentary tectonics played a major role in shaping the
complex palaeogeography and depositional patterns during the
Kimmeridgian and Tithonian (MATICEC, 1989; TISLJAR et
al., 1994,2002; VELIC et al., 1994, 2002a, 2002b). While signi-
ficant parts of the platform remained as restricted lagoonal
environments, other areas were uplifted, emerged, and under-
went karstification, leading to the localized formation of bauxites
(e.g., western Croatia, western Bosnia, eastern Herzegovina,
and western Montenegro). In the central part of the platform,
these tectonic movements led to the formation of relatively
shallow intraplatform troughs with deeper depositional settings,
such as in Gorski Kotar or extending from Biha¢ towards the
southeast (Croatia and western Bosnia, e.g., Postak Mountain
and the Knin area). This latter trough was connected to the open
Tethyan realm and therefore contains deposits with greater
pelagic influence, including limestones with chert, radiolarians,
and ammonites — known as the Lemes$ Deposits (also called,
Lemes Beds, Lemes Layers, Lemes Formation, Lemes Facies,
Die Lemes-schichten, FURLANI, 1910; CHOROWICZ &
GEYSSANT, 1972). By the end of the Jurassic, a new com-
pressional/transpressional tectonic regime led to the formation
of small pull-apart basins, local emersions, and facies diffe-
rentiation. These compressional tectonics within the platform
area were likely associated with the initiation of subduction north-
east of the platform (VLAHOVIC et al., 2005). The Jurassic/
Cretaceous transition in the central parts of the platform was
marked by a brief period of emergence, observed in western
and southern Croatia, western Bosnia, and parts of Montenegro,
sometimes accompanied by bauxite occurrences (e.g., Dinara
Mountain; VELIC et al., 2002a). The Lower Cretaceous is
characterized by shallow-water environments and numerous
short-lived emersions resulting from the interplay of tectonics
and eustatic sea-level changes (MATICEC et al., 1996). A re-
gionally significant event occurred during the Lower Aptian,
marked by the partial drowning of the platform. This is evidenced
by massive mudstones and oncolites (e.g., Istria, Biokovo
Mountain, Korcula Island) or well-bedded orbitolinid lime-
stones with Hedbergella and Saccoccoma (e.g., Velika Kapela
Mountain, VELIC & SOKAC, 1978). This Lower Aptian event
correlates well with the Early Aptian Oceanic Anoxic Event
(OAE-la, JENKYNS, 1980; JONES & JENKYNS, 2001). The
transition from the Lower to Upper Cretaceous is largely
characterized by thick late-diagenetic dolostones and heavily
recrystallized limestones, sometimes preserving relics of early-
diagenetic dolostones and tectogenic-diagenetic breccias
(VLAHOVIC et al., 2005). The Late Cretaceous was the most
complex period in the platform’s history, representing its full
maturity and the onset of its disintegration (VELIC et al.,
2002a). Three key factors drove facies diversity: near continuous
synsedimentary tectonic activity with varying local impacts,
eustatic sea-level fluctuations, and the extensive development
of rudist communities, which produced substantial amounts of
carbonate material. The interplay of these factors resulted in
diverse local geological responses. Around the Cenomanian/
Turonian boundary, a temporary drowning of the platform
occurred across a significant portion of its extent (GUSIC &
JELASKA, 1990, 1993; FUCEK et al., 1991; JELASKA et al.,
1994; TISLJAR et al., 2002; VLAHOVIC et al., 2005). The
northeastern platform margin was emergent from the Late
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Cenomanian (locally even the earliest Cenomanian) until the
Late Santonian, with the formation of local bauxite deposits in
Slovenia, Croatia, and Bosnia and Herzegovina (SPARICA,
1981; BUSER, 1987; DRAGICEVIC & VELIC, 2002). This
event correlates with the Cenomanian/Turonian Oceanic
Anoxic Event (OAE-2, SCHLANGER et al., 1987; JENKYNS,
1985, 1991; JONES & JENKYNS, 2001). The final disintegration
of the platform in the Late Cretaceous was driven by the inter-
action of eustatic sea-level changes and local tectonic controls.
Compression, increasing in intensity from the Late Santonian/
Early Campanian, led to the formation of several small,
elongated troughs separated by shallower areas that were either
completely emergent or covered by shallow sea (DRAGICEVIC,
1987; VELIC et al., 2002a). Troughs located near the north-
eastern platform margin are characterized by continuous
carbonate-clastic, flysch-type deposition from the Maastrichtian
to the Palacocene (DRAGICEVIC & VELIC, 2002; VELIC et
al., 2002a). Deeper-marine deposition with pelagic influences
from the adjacent Budva-Cukali trough was recorded in the
Split—Dubrovnik intraplatform trough during the Campanian,
Maastrichtian, and Early Palacogene (JELASKA et al., 2000).
The Cretaceous — Palacogene transition was marked by a period
of emersion (of varying duration) across the entire AACP, often
associated with bauxite formation. In most areas, the oldest
Palaeogene deposits are of Eocene age, although Maastrichtian
and Palaeocene strata have been documented in some localities
in SW Slovenia (DROBNE et al., 1989; JURKOVSEK et al.,
1996) and southern Croatia (GUSIC & JELASKA, 1990). The
Eocene — Oligocene flexural foreland basin system of the
External Dinarides developed following the Palacocene regio-
nal emergence phase, driven by southwestward propagating
thrusting (BALLING et al., 2021). During the Palacogene,
these foreland basins were filled with various deposits: (1)
Liburnian deposits — Palaeocene to Eocene freshwater to
brackish limestones, with a limited distribution; (2) Foramini-
feral limestones — predominantly Lower to Middle Eocene
foramol-type limestones representing a range of environments
from restricted inner platform (Miliolid limestones) to
shallower and deeper shoreface (Alveolina and Nummulite
limestones) and relatively open carbonate ramps (Discocyclina
limestones); (3) Transitional beds — Middle Eocene deeper
marine clayey mudstones and “Globigerina marls”; and (4)
Flysch —mainly Middle Eocene to Lower Oligocene, extending
up to the Lower Miocene in some places (VLAHOVIC et al.,
2005). The continuation of compressional tectonics, with
maximum stress oriented southwest-northeast, resulted in the
final uplift of the Dinarides during the Oligocene — Miocene,
giving them their characteristic northwest-southeast (‘Dinaric’)
strike (VLAHOVIC et al., 2005).

The margins of the AdCP, which constitute the Dinarides,
are largely covered. The southwestern margin is now
submerged beneath the recent Adriatic Sea deposits. The
northeastern platform margin is exposed in the Zumberak and
Samoborska Gora Mountains north of Karlovac, although it is
mostly obscured by overthrusted Palacozoic — Triassic
deposits, Late Cretaceous — Palaeogene flysch, or Neogene and
Quaternary deposits JELASKA, 1973, 1987; SPARICA, 1981;
DRAGICEVIC & VELIC, 1994, 2002; PAMIC et al., 1998).
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2.3. Tectonic units of the Dinarides

The Dinarides fold-thrust belt, a prominent northwest-
southeast trending orogen stretching approximately 700 km in
length and 300 km in width, lies between the Southern Alps
to the northwest and the Albanides to the southeast. Its
formation is characterized by top-southwest shortening of a
thick sequence of Mesozoic to Cenozoic sediments, with the
internal parts also incorporating low-grade metamorphic
Palaeozoic rocks of Gondwanan origin. This deformed
sequence represents the Adriatic passive margin that once
faced the northern branch of the Neotethys (SCHMID et al.,
2020). The Dinarides are fundamentally divided into two
genetically distinct parts: the External (Outer or Karst)
Dinarides located along the Adriatic Sea, primarily consisting
of remnants of the AACP and its underlying basement, and the
Inner (or Internal) Dinarides, situated between the External
Dinarides and the Pannonian Basin, composed of rocks from
both passive and active continental margin settings, including
ophiolites (Fig. 3; PAMIC et al., 1998).

The External Dinarides are characterized by very thick
(locally >8 km) Palaeo-Mesozoic platform carbonates
belonging to the AdCP. This continuous sequence is interrupted
along its southeastern margin by a deep-water Triassic —
Cretaceous embayment known as the Budva unit in
Montenegro (GORICAN, 1994; BERNOULLI, 2001;
VLAHOVIC et al., 2005; PICOTTI & COBIANCHI, 2017).
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The development of the Dinarides has been marked by several
key geotectonic events throughout its geological history. The
External Dinarides can be further subdivided into four main
units (nos. 1 to 4 on Fig. 3; SCHMID et al., 2020).

1. The Adriatic Plate (no. 1 on Fig. 3): This unit often refers
to the Istrian and Apulian carbonate platforms, framed
by the external thrust belts of the Southern Alps, Dina-
rides, and Apennines. During its collisional interaction
with the Alpine and Dinaridic orogens to the north and
east, this part of the Adriatic plate acted as a rigid inden-
ter (CHANNELL et al., 1979; SCHMID & KISSLING,
2000; PINTER et al., 2005). Also known as the Istrian
Karst, it exhibits a significant hiatus between Cretaceous
and Palacogene carbonates, generally increasing from
northeast to southwest (KORBAR, 2009). Structurally,
this part of the platform forms a gentle anticline
composed of over 2000 metres of thick Mesozoic
carbonate deposits, ranging in age from the Middle
Jurassic to the Eocene. Palaeogene Foraminiferal
limestones and flysch unconformably overlie this
Mesozoic sequence.

2. The Dalmatian Zone (no. 2 on Fig. 3): This zone is thrust
over the undeformed Adriatic plate along a frontal thrust
that is covered by the seafloor to the west and southwest
of the outer islands. It is characterized by a nearly
complete Cretaceous and Palaeogene carbonate
sequence. Relatively narrow, it encompasses most of the
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Adriatic islands and parts of the onshore area around
Montenegro, Dubrovnik, Split, and the western half of
the island of Cres. Deep exploratory drilling in the
central Adriatic have encountered the layers of this zone.
The Dalmatian zone is generally overlain by the High
Karst unit, likely the last major thrust zone formed
during the Dinarides’ tectonic evolution.

3. The High Karst Unit (no. 3 on Fig. 3): This unit of the
External Dinarides is defined by Late Triassic —
Cretaceous carbonate platform facies and Palaeogene
syn- and post-orogenic sediments. It overlies the Dalma-
tian zone along a thrust zone extending for more than 500
km, except in the southernmost area of Montenegro,
where it overlies the Budva zone. Thrusting within this
unit occurred primarily during the Late Eocene to Early
Oligocene (the “Dinaridic phase” of the Southern Alps),
evidenced by the accumulation of flysch-type sediments
in a developing flexural foreland basin from the Middle
to Late Eocene (TARI, 2002) and even into the Late
Miocene (DE CAPOA et al., 1995). Later, the Split —
Karlovac fault system, a 350-kilometre-long dextrally
transpressive transverse fault located entirely within the
High Karst unit, became active and affected Miocene-age
strata in intra-montane basins (CHOROWICZ, 1975).

4. The Budva Unit (Montenegro) (no. 4 on Fig. 3): Situated
in the southeasternmost part of the Dinarides coast, the
Budva unit in Montenegro has a sedimentary record
starting with Lower Triassic continental deposits
(GORICAN, 1994). These are followed by the upper part
of Lower Triassic carbonates deposited on a carbonate
ramp that experienced drowning in the Late Anisian.
This drowning event was associated with normal
faulting and rifting, accompanied by sub-volcanic
intrusions, volcanic flows, tuffs, and radiolarites,
ultimately leading to open marine deposition of
predominantly deep-water limestones (CADJENOVIC
etal., 2008; VAN UNEN et al., 2019).

The Internal Dinarides consist of a stack of composite
nappes, comprising continental units from the more distal
Adriatic margin (SCHEFER et al., 2010; GAWLICK et al., 2017)
that overlie obducted Western Vardar ophiolites (Fig. 3). These
nappes formed through the sequence thrusting following the
latest Jurassic obduction, primarily during the Late Cretaceous
to Cenozoic orogeny (SCHMID et al., 2008). Obduction was
succeeded by convergence between Adria and Eurasia, resulting
in the northeastward subduction of remnant oceanic lithosphere
beneath Europe-derived units (SCHMID et al., 2020; VAN
HINSBERGEN et al., 2020). The continent-continent collision
led to Maastrichtian — Palacocene deformation and metamor-
phism of Upper Cretaceous trench deposits in the Sava Suture
Zone (USTASZEWSKI et al., 2010) and subsequent nappe-
stacking within the Internal Dinarides (SCHMID et al., 2020).
The final closure of the Neotethyan oceanic basins along the
Sava Zone occurred between the Maastrichtian and Early
Palacogene (PAMIC, 1993, 2002). This timing is supported by
the observation that Early Miocene syn-rift sediments of the
Pannonian Basin System overlie Middle Eocene siliciclastics
that were affected by the final stages of post-collisional thrusting
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(TARI, 2002). Consequently, the Internal Dinarides are believed
to have remained attached to the Tisza — Dacia Mega-Unit
during the last 20 million years. The Internal Dinarides can be

further divided into four main units (nos. 5 to 8 on Fig. 3,
SCHMID et al., 2008).

1. The Pre-Karst and Bosnian Flysch Unit (no. 5 on Fig.
3): The Pre-Karst unit represents a palacogeographic
realm considered transitional between the carbonate
platforms of the High Karst Unit and the more internal
Bosnian Flysch, which is characterized by Late Juras-
sic to Cretaceous flysch deposits. The external parts of
the Pre-Karst Unit show Jurassic — Cretaceous transi-
tional platform-slope facies. From the Mid-Jurassic on-
ward, breccias were shed northeastward from the High
Karst palacogeographic domain towards the more distal
parts of the Adria passive continental margin, which
had submerged during the Early Jurassic. The Bosnian
Flysch comprises latest Jurassic to Cenozoic flysch-
type deposits that exhibit variations in depositional age,
palaeotectonic environment, and source area, both in
strike and dip directions. In the most internal zones of
these units, flysch deposition began during the Late Ju-
rassic, becoming progressively younger towards the
more external parts, where it commenced variably dur-
ing the latest Cretaceous or even the Palacogene. This
flysch, containing radiolaritic pelagic intervals, formed
at the leading edge of the Western Vardar Ophiolitic
Unit during its obduction onto the Adria passive mar-
gin, the most distal parts of which were evidently trans-
formed into an active margin during the Late Jurassic
(SCHMID et al., 2008).

2. The East Bosnian — Durmitor Thrust Sheet (no. 6 on
Fig. 3): This is a composite tectonic unit. Its lower part
consists of Palacozoic and Mesozoic formations that
detached from the Adriatic passive margin during
Cenozoic times. Its upper part is composed of the
Western Vardar Ocean ophiolites, obducted during the
Late Jurassic to earliest Cretaceous. The Palacozoic to
Mesozoic sequence culminates with Middle to Upper
Jurassic radiolarites, deposited after an early Middle
Jurassic drowning event (RADOICIC et al., 2009;
VISHNEVSKAYA et al., 2009). The northeast-
southwest striking external thrust contact of this unit
with the Bosnian flysch is significantly deflected to a
north-south orientation in the Sarajevo area due to post-
middle Miocene dextral strike-slip movements (VAN
UNEN et al., 2019).

3. The Western Vardar Ophiolite Unit (no. 7 on Fig. 3): This
unit represents the ophiolites that were obducted onto
the Adria margin. It consists of a high-grade metamorphic
sole, typically underlying the obducted ultramafic
massifs. The ophiolitic mélange beneath the metamorphic
sole, as well as younger strata that post-date obduction
and are structurally part of this unit, are also included
(SCHMID et al., 2008). Two additional units, the Drina
— Ivanjica and Jadar — Kopaonik units, are surrounded
by the Western Vardar Ophiolite Unit and can be
considered integral parts of this broader complex. The
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Drina — Ivanjica thrust sheet represents even more distal
parts of the Adriatic passive margin. It was likely
emplaced in Early to Mid-Cretaceous times on top of
the East Bosnian — Durmitor thrust sheet and passively
carried the previously obducted Western Vardar
ophiolites (SCHMID et al., 2008). The Jadar — Kopaonik
thrust sheet comprises a non-metamorphic Palacozoic
basement (Jadar block), overlain by Permian Bellerophon
limestones, followed by a Triassic succession similar to
that of the Drina— Ivanjica thrust sheet (DIMITRIJEVIC,
1997). The low-grade metamorphosed Palaeozoic to
Mesozoic rocks form a tectonic window (Kopaonik
block) within this unit.

4. The Sava Suture Unit (no. 8 on Fig. 3): Located at the
northernmost edge of the Dinarides, the Sava Suture
Unit marks the boundary between the upper plate Tisza
and Dacia Mega-Units to the northeast and southeast,
respectively, and the lower plate Internal Dinarides
(SCHMID et al., 2008). Originally interpreted as a Late
Cretaceous to Early Palaeogene volcanic (back-)arc
basin, this belt of ophiolitic, magmatic, and metamorphic
rocks was active until the Mid-Eocene collision between
the Dinarides and the Tisza Block (PAMIC et al., 2002).

3. SAMPLES AND METHODS

From the 1980s onward, INA conducted a comprehensive
organic geochemical study on over 5,000 samples. These
samples, collected from boreholes (cores, sidewall cores, and
cuttings) and surface outcrops, represent all the stratigraphic
units within the Dinarides and Adriatic region (Fig. 4). All
samples were subjected to rigorous quality control procedures.
For the numerous surface samples, the potential impact of
weathering was carefully evaluated, as secondary oxidation
can significantly reduce organic carbon and bitumen content
in organic reach rocks (CLAYTON & SWETLAND, 1978,
WAPLES, 1985; LITTKE, 1993).

Petrographic and biostratigraphic analyses were perfor-
med to determine rock type and age. Organic geochemical
investigations focused on laminated and fine-grained limesto-
nes and shales containing indigenous organic matter (kerogen
and associated bitumen), as well as dolostones and limestones
with migrated bitumen filling pores, fissures, and cavities.

The primary objectives of the organic geochemical study
were to assess the quantity, quality, and thermal maturity of
the organic matter present in the samples. Standard geo-
chemical methods were employed for this evaluation.

Total organic carbon content (TOC, wt. %) was measured
for all samples using Leco carbon analysers (Leco IR 212 and
Leco C744) after acid removal of carbonates. Samples
exceeding 0.5% TOC for clastic rocks and 0.3% TOC for
carbonates (PALACAS, 1984; HUNT, 1995) were selected for
further detailed analysis, following source rock evaluation
criteria outlined by PETERS & CASSA (1994).

Selected samples underwent Rock-Eval pyrolysis using a
Rock-Eval 6 instrument (ESPITALIE et al., 1985; ESPITALIE
& BORDENAVE, 1993). The key Rock-Eval parameters (S;,
Sy, S3, Tmax, HI, OI, PI) are presented in the appendices.
Standard diagrams illustrating these parameters are included
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in the figures. Due to the extensive Rock-Eval dataset, only
TOC values derived from this method are presented in
Appendices A-E.

Organic petrography, including vitrinite reflectance (VR,
%R,), was performed according to established procedures
(STACH et al., 1982; TAYLOR et al., 1998). Microscopic
examination of organic matter concentrates (obtained after
HCI/HF/ZnCl, treatment) was conducted using transmitted,
blue-fluorescent, and reflected light microscopy (Olympus BH-
2, Olympus BX-51, Leitz MPV-3, and Zeiss Axio Imager with
MSP 210). Vitrinite reflectance (VR, %R,, random values with
measurement statistics) was measured in oil immersion (50x
magnification) in incident non-polarized light at 546 nm,
calibrated against standards with known reflectance values.
Vitrinite reflectance values were converted to peak palacotem-
peratures using the formula by BARKER & PAWLEWICZ
(1994): Tpeak = (InRr + 1.68) / 0.0124, with additional support
from graphs and tables in RAINER et al. (2016) and BOSTICK
(1979). When VR was measured on solid bitumen, mean random
reflectance was calculated using JACOB’s (1989) equation:
%R, = 0.618 * %Ry + 0.40 where %Ry represents bitumen
reflectance (BR). Maceral descriptions followed the STACH
et al. (1982) and TAYLOR et al. (1998) classifications. An
internal Thermal Alteration Index (TAI) to VR (%Ry)
correlation scale was used: 17<0.35; 27 0.35 — 0.45; 2 0.45 —
0.55;2%0.55-0.70;370.70 - 0.95; 3 0.95 - 1.25; 3* 1.25-2.00;
4-2.00 — 3.00; 4>3.00.

The sulphur content of kerogen, bitumen, and oil was
determined using Leco SC 132 and Leco SC-144DR sulphur
analysers via infrared detection after combustion in a pure
oxygen environment at 1350 °C.

Stable carbon isotope analyses were performed using a
Finnigan MAT delta E mass spectrometer, following SOFER’s
(1980) procedures. Carbon isotope ratios (**C/'2C) are reported
in %o relative to VPDB (Vienna Pee Dee Belemnite standard).

Selected samples underwent Soxhlet extraction using
dichloromethane/methanol (72 hours) or chloroform (36 hours
for aged samples). Extractable Organic Matter (EOM) concen-
trations (in ppm) were determined after solvent evaporation.
The extracts were fractionated into saturated hydrocarbons
(alkanes), aromatic hydrocarbons, NSO-compounds (resins),
and asphaltenes using column liquid chromatography and
further fractionated using an Agilent Solid Phase Extraction
(SPE) unit with a silica gel stationary phase to isolate saturated
hydrocarbons by n-hexane elution.

Gas chromatography (GC) analysis was performed on an
Agilent 7890A instrument using a 50 m x 0.25 mm i.d. DB-
petro column with a film thickness of 0.5 um and helium
carrier gas. The analysis employed a constant flow mode and
a flame ionization detector. The oven temperature gradually
increased, starting at 35 °C for 10 min, ramping to 40 °C at
1 °C/min, reaching 320 °C at 8 °C/min, and maintaining this
temperature for 60 minutes.

Gas chromatography-mass spectrometry (GC-MS) was
conducted using an Agilent 7890A GC coupled with an Agilent
MS 5975C mass spectrometer (MS). The GC 7890A was fitted
with a 30 m % 0.25 mm i.d. HP-5MS column, with a film
thickness of 0.25 pm and using helium as the carrier gas. The
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GC oven temperature was ramped from 60 °C to 145 °C at
15 °C/min, increased to 315 °C at 2 °C/min, and maintained at
this temperature for 15 minutes. The mass spectrometer ope-
rated in electron impact (EI) mode at 70 eV, allowing for the
identification of various compounds within the separated frac-
tions. Specific biomarkers (terpanes, steranes, phenanthrenes,
and methylphenanthrenes) were identified based on characte-
ristic fragments and mass ranges, following established refe-
rences (PETERS et al., 2005a, 2005b and references therein).

The outcomes of these extensive organic geochemical
analyses enabled the delineation of potential source rocks and
the documentation of allochthonous hydrocarbon occurrences
across various stratigraphic levels. Furthermore, established

7

genetic correlations clarified the relationships between specific
hydrocarbons and their corresponding source rocks, providing
valuable insights into their potential and quality, and ultimately
aiding in the identification of optimal exploration targets.

4. RESULTS AND DISCUSSION

4.1. Carboniferous source rocks characterisation
Carboniferous shales from the Lika area exhibit promising
organic matter enrichment (sample locations 16, 49, 59, 67, 79,
98, 105, 120 on Fig. 4; Suppl. 1, Table S1).

Shales in the Bruvno area show elevated organic matter
content. In the Bruvno-1 well, marls and shales contain total
organic carbon (TOC) ranging from 0.49% to 0.89%,
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Figure 4. The spatial distribution of sampling locations for organic-rich carbonates and shales in the External Dinarides, displayed on a map with a gener-
alized stratigraphic columnillustrating lithology and petroleum system elements. Numeric labels on the map correspond to the alphabetical listing of sam-
ple locations provided below: (1) Akrap-Duboki Dolac, (2) Baska, (3) Biha¢-Zavalje, (4) Biokovo-Duga Njiva, (5) Biteli¢-Jelinjak, (6) Boljun, (7) Bolobani, (8) Brac-
Brizi, (9) Bra¢-Mirca, (10) Bra¢-Skrip, (11, 12) Bra¢-1 well, (13) Bra¢-Sumartin, (14) Brezovo Polje, (15) Brusane, (16) Bruvno-1 well, (17) Buzet-Sovinjsko brdo, (18)
Buzeta, (19) Cabar-Ravnice, (20) Dabar, (21) Dimici, (22) Dinara-Biteli¢, (23) Donje Pazariste, (24) Donji Dolac-Okruglica, (25) Donje Pazarite-Jovanovi¢ potok,
(26) Dracevo, (27) Dreznica-Jasenak, (28) Dugi otok-1 well, (29) Duge Njive, (30) Fuzine-Bajer, (31) FuZine, (32) Fuzine-Zeljezni¢ka stanica, (33) Gerovo-Klukov,
(34) Gerovo-Razloge, (35) Gerovo-Trsce, (36) Glamoc-1 well, (37) Glamoc-Busija, (38) Glusci, (39) Grici, (40) Homer, (41) Hvar-Pakleni otoci, (42) Hvar-Milna, (43)
Hvar-Pitve, (44) Hvar-Sucuraj, (45) Kamesnica-Bili brig, (46, 47) Karlovac-2 well, (48) Kate-1 well, (49) Klari¢a Vrelo, (50) Kornati more-1 well, (51) Komiza, (52)
Korcula-Krkmaca, (53) Koromacno, (54) Kozjak, (55) Kremena-Ljubi¢ potok, (56) Kubus, (57, 58) Korenicko Vrelo, (59) Licko Cerje, (60) Ljubovo, (61) Lokve-
Homer, (62) Lokve-Lazac, (63) Lokve-Spi¢unak, (64) Mamac, (65) Maovice, (66) Marina-Trogir, (67, 68) Marunovac, (69) Mati¢ Poljana 1a, (70) Mati¢ Poljana 1b,
(71) Mati¢ Poljana 1¢, (72) Melita-1 well, (73) Milanovi¢ Draga, (74) Mu¢, (75) Ogorje-Milesina, (76) Padri¢ano, (77) Palanka, (78) Paljez, (79) Pikovac, (80) Plisivica,
(81) Plitvice-Hajduk Mlin, (82) Plitvice, (83) Poljica-1 well, (84) Postak-Halda, (85) Postak-Dimici, (86) Postak-Dimici |, (87) Postak-Skundrici, (88) Postak-Vistice,
(89) Premuda-1 well, (90) Primorski Dolac, (91-92) Primorski Dolac-Preslo, (93) Prugovo, (94) Rab-Lopar, (95) Radosi¢-Lastva, (96) Radosi¢-Nincevica, (97)
Radosi¢-Tenderi, (98) Radug, (99) Rasticevo, (100) Ravna gora, (101) Ravni kotari-2 well, (102) Ravni kotari-3 well, (103) Ravni kotari-4 well, (104) Rebici, (105)
Ricice, (106) Rosca, (107) Rovinj-1 well, (108) Ruda, (109) Seline, (110) Sinj, (111) Skrad-Most, (112) Skrad-Rastoke, (113) Sutina, (114) Sutina-Sinj, (115) §ajini, (116)
Slivno Ravno-Kremena, (117) Srijetez, (118) Stilja-Vukmir, (119) Sumartin, (120) Sv.Rok-Lotici, (121) Svilaja, (122) Takalice, (123) Tihaljina-Zasjede, (124) Torbicki
Vagan, (125) Trilj, (126) Velika Draga, (127) Vinisce, (128) Vis-1 well, (129) Vis-Komiza, (130) Vladi¢a Mlin, (131-132) Vis-1 well, (133) Vlatka-1 well, (134) Vodovada,
(135) Vrdovo-Brsi¢, (136) Vrdovo-Golo Brdo, (137) Vrelo-Milanovi¢a Draga, (138) Vrelo-Zubovica Draga, (139) Vrgorac, (140) Vrgorac-Orli¢, (141) Vrgorac-Kozi-
ca, (142) Vrlika-Dabar, (143) Vrlika-Lemes, (144) Vrlika-Maovice, (145) Vrlika-Otisi¢, (146) Zelovo, (147) Zelovo-Sutinske Staje.
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Figure 5. Source rock characterization of Carboniferous and Permian marls and shales using Rock-Eval pyrolysis data: a Hydrogen index (HI) versus
oxygen index (Ol) crossplot showing organic matter type distribution; b Hydrogen index (HI) versus Tnax crossplot illustrating thermal maturity trends.

exceptionally reaching 4.08% in the uppermost sample. The
organic matter in these samples is classified as predominantly
terrestrial, gas-prone kerogen type III (Fig. 5), mainly
composed of vitrinite macerals. The stable carbon isotope ratio
of kerogen in the organic carbon-rich shale (3"*Cye;, -31.94%o,

VPDB) supports a terrestrial origin. High thermal maturity,
indicated by Tmax > 500 °C, TAI 4, and VR > 2%R,, suggests
the organic matter has reached metagenesis. Vitrinite reflec-
tance values indicate a maximum temperature exposure for
these Carboniferous source rocks ranging from 200 to 220 °C,

Figure 6. Photomicrographs of organic matter from Carboniferous and Permian carbonates and shales. a Pikovac shale: Thermally altered amorphous
organic matter with high-reflecting vitrinite (VR 4.41%R,) shown in transmitted white light a1 and reflected white light with oil immersion a2; b Trs¢e-
Sokolicassiltite: Anisotropic vitrinite (VR 1.83%R,) under reflected white light with oil immersion; ¢ Brusane dark mudstone: Vitrinite (VR 2.07%R,) in ther-
mally altered amorphous organic matter, with pyrobitumen (BR>3%Ry,) in pores and fractures (reflected white light, oil immersion); d Grici dark lime-
stone: Vitrinite (VR 2.11%R,) within thermally altered amorphous organic matter (reflected white light, oil immersion).
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with a maximum of 245 °C (RAINER et al., 2016; BOSTICK
etal., 1979; BARKER & PAWLEWICZ, 1994).

Similarly, shales from Pikovac, Marunovac, Ricice, and
Licko Cerje also exhibit elevated TOC content, generally
ranging from 0.70% to 2.17%, with one exceptional sample
reaching 14.30%. However, these shales show no evidence of
free or generated hydrocarbons. The kerogen type is classified
as Il to IV (Fig. 5). Pyrolysis and microscopic analyses reveal
a highly thermally altered stage, with Tpax values exceeding
500 °C, a TAI of 4, and VR greater than 4%R,, indicating a
transition into the metamorphic stage. The maceral composition
is dominated by vitrinite and inertinite, along with highly altered
amorphous organic matter (Fig. 6al, a2). Consequently, these
shales possess no remaining hydrocarbon generation potential.
The maximum temperature range to which these rocks were
exposed is estimated to be higher than 220 to 245 °C, potentially
reaching 260 — 270 °C (RAINER et al., 2016; BOSTICK et al.,
1979; BARKER & PAWLEWICZ, 1994). Thermal maturity
data indicate that Middle Triassic volcanism was a significant
thermal event in the region’s evolution. SRODON et al. (2018)
determined that the thermal climax occurred during the Late
Cretaceous and Palacocene, due to burial under high palacogeo-
thermal gradients. They estimated the thickness of the eroded
sedimentary column overlying the Carboniferous rocks of the
broader Bruvno area to be approximately 7 to 8 km.

4.2. Permian source rocks characterisation

Elevated organic matter content was observed in Permian
clastic rocks and carbonates from Gorski kotar and Velebit
Mountain (sample locations 15, 19, 31, 33 — 36, 39, 40, 63, 68,
78,100, 111 — 112, 122, 126 on Fig. 4; Suppl. 1, Table S2).

In Gorski kotar, Permian shales (Homer, Lokve, Fuzine,
Mrzla Vodica, Ravna Gora, Gerovo, Cabar, Trice, Skrad) have
TOC ranging from 0.50% to 6.24%. The kerogen is type III to
IV (Fig. 5), consisting primarily of thermally altered vitrinite
and inertinite macerals (Fig. 6b). These shales exhibit a high
degree of thermal alteration, reaching the catagenetic to
metagenetic stage (Tmax > 466 °C, TAI 3* to 47, VR 1.65 to
2.75%Ry). Consequently, they are not considered prospective
for hydrocarbon exploration.

Similarly, Permian shales from Velebit Mt. (Brusane area
(Takalice), Gri¢i, Velika Draga, Marunovac) have elevated TOC
(0.52% to 7.61%) and are highly thermally altered, reaching
initial metagenesis (Tmax > 482 °C, TAI 47, VR > 2%R,). The
kerogen is type III, possibly II/III, and consists mainly of
unstructured amorphous organic matter with vitrinite and
pyrobitumen particles (Fig. 6c, d). The stable carbon isotope
ratios measured in two samples of bitumen (Gric¢i and Velika
Draga 8"Cg;j;. -24.76 and -28.04%0, VPDB, respectively)
support the assumption of thermally altered kerogen type 11/
IT1. The presence of insoluble, highly reflective pyrobitumen,
cata-impsonite (bitumen reflectance BR > 3.5%Ry, corre-
sponding to VR >2.5%R,, calculated using the conversion of
JACOB (1989)), suggests these rocks generated hydrocarbons.
These shales are interpreted as exhausted source rocks, having
generated hydrocarbons between the end of the Triassic and
early Jurassic, before the Dinarides’ formation.
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Upper Permian rocks from the Istrian Plateau (Rovinj-1
well) have low organic matter content and lack source rock
characteristics (COTA & BARIC, 1998).

4.3. Triassic source rocks characterisation

Elevated organic carbon (TOC) content was found in Triassic
shales from Gorski kotar, and in shales and mudstones from
the volcano-clastic-carbonate complex in Velebit, Svilaja
Mountains, on the island of Vis and in the Glamo¢ area, Bosnia
and Herzegovina (B&H) (sample locations 23, 25, 30, 32, 36
—37,47,50, 61 - 61, 74, 110, 113, 132 — 133, 146 — 147, on Figs.
4, 7; 8; Suppl. 2, Tables S1-S3). However, their hydrocarbon
potential and the origin of their organic matter vary.

In Gorski kotar, TOC in Triassic shales (0.57 to 0.86%) is
of terrestrial origin (Suppl. 2, Table S1). The kerogen is type
[Ito IV (Fig. 8a—c), with predominantly vitrinite and inertinite
macerals (Fig. 9a, b). High thermal alteration (VR 1.74 to
2.51%R,, TAI>3", the absence of fluorescence) places these
shales in a transitional stage between catagenesis and meta-
genesis, making them unsuitable for hydrocarbon generation
(Fig. 84).

Shales in the Velebit Mt. (Donje PazariSte area) have
similar TOC values (0.30% to 0.89%; Suppl. 2, Table S1) and
also lack hydrocarbon generation potential due to high thermal
maturity (Tmax > 480 °C, TAI 4", VR 1.84 to 2.52%R,, absence
of fluorescence), placing them in a transitional catagenesis/
metagenesis stage (Fig. 8d). While Rock-Eval suggests type
III to IV kerogen (Fig. 8a—c), other data indicate a mixed,
predominantly marine (algal and bacterial) origin with minor
terrestrial input (kerogen type III/II). This is supported by
variable organically bound sulphur (0.34 — 6.34%) and stable
carbon isotope ratios (6"*Cger, -22.62%0 to -24.43%o, VPDB;
OBCait. -23.51%o0 to -25.88%o, VPDB; Suppl. 2, Table S2, and
in a diagram after SOFER (1984), Fig 10.), and the presence of
amorphous organic matter with minor vitrinite, inertinite, and
traces of pyrobitumen (Fig. 9c; TAYLOR et al., 1998; JACOB,
1985). These rocks, representing the oldest deep marine strata
in the External Dinarides (SMIRCIC et al., 2020), contain algal
and bacterially degraded organic matter, with some terrestrial
input, deposited in anoxic marine conditions. They are
considered inactive source rocks, having experienced
maximum temperatures above 180 °C (BARKER &
PAWLEWICZ, 1994; BOSTICK, 1979; RAINER et al., 2016),
with hydrocarbon generation and expulsion likely occurring
in the late Jurassic to early Cretaceous, before Dinaride
formation. The remaining organic matter is unreactive carbon
residue.

Triassic black limestones and calcareous shales in the
Zelovo — Sutine and Mu¢ area of Svilaja Mt. also have elevated
total organic carbon (TOC) content, generally ranging from
0.40 to 3.23%, reaching up to 4.21% (Suppl. 2, Table S1). The
kerogen is type III to IV and thermally altered (Fig. 8a—c).
Maceral composition is dominated by amorphous organic
matter, with varying proportions of vitrinite and inertinite (up
to 20%). Traces of pyrobitumen suggest the possible presence
of higher-quality kerogen type II, and gas and oil generation
(Fig. 94, f; JACOB, 1985). The absence of fluorescence and the
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low sulphur content are notable. Multiple lines of evidence
indicate a mixed origin for the organic matter in these rocks,
with a significant terrestrial contribution. Stable carbon isotope
ratios of kerogen, bitumen, and saturated and aromatic
hydrocarbons support this interpretation (Fig. 10a; SOFER,
1984; Suppl. 2, Table S2). Gas chromatography (GC) and gas
chromatography-mass spectrometry (GC-MS) of extracted
bitumen (SMIRCIC et al., 2018, 2020) further corroborate a
mixed origin. The bitumen molecular distribution shows normal
alkanes dominating over isoprenoids (Pr/nCy7, Ph/nCg < 1),
and a Carbon Preference Index (CPI) close to 1, indicative of
mature bitumen. A Pr/nCy; versus Ph/nCig cross-plot also
suggests a mixed, predominantly terrestrial source (Fig. 10b;
CONNAN & CASSOU, 1980). GC-MS reveals a dominance
of hopanes over steranes (Fig. 11al, a2; Suppl. 2, Table S3),
indicating a pronounced role for bacteria in bitumen formation
(OURISSON et al., 1979; ROHMER, 1993). The dominance of
C,9 homologues in Cy; — Cy9 regular steranes points to a
significant contribution from higher plants and bacteria
(VOLKMAN et al., 1986; VOLKMAN, 1988). The initial
organic matter deposition likely occurred in a shallow marine
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setting, with substantial terrestrial input and intensive bacterial
processing (Fig. 12a; HUANG & MEINSHEIN, 1979). The
presence of gammacerane suggests a marine, stratified water
column (SINNINGHE DAMSTE et al., 1995), and the
distribution of Cs; — Cs5 homohopanes indicates reduced
oxygen levels. While pristane generally dominates over phytane
(Pr/Ph>1), suggesting an oxic environment or greater terrestrial
input, this may be influenced by maturity (DIDYK et al., 1978).
Vitrinite reflectance (VR 1.14 to 1.31%Ry), the thermal altera-
tion index (TAI>3), and pyrobitumen reflectance (BR ~1.6%Ry,
corresponding to 1.38%R,; JACOB, 1989) indicate a high
degree of thermal maturity, reaching higher catagenesis.
Sterane ratios (20S/(20S+20R) 0.39 — 0.42, BP/(PP+aa) 0.56 —
0.57) also suggest a main to late stage of oil generation
(MACKENZIE etal., 1982; SEIFERT & MOLDOWAN, 1978,
1980, 1986; MACKENZIE & MAXWELL, 1981). These
limestones and shales have therefore lost their hydrocarbon
generation potential, having experienced maximum
temperatures of 130 — 150 °C (BARKER & PAWLEWICZ,
1994; BOSTICK, 1979; RAINER et al., 2016), and are
considered to be the primarily exhausted source rocks.
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Ladinian calcite-rich shales outcropping in the Glamo¢
area in Bosnia and Herzegovina have elevated total organic
carbon (TOC) contents (1.12 to 2.25%), demonstrating fair to
good hydrocarbon potential (S, up to 5 mg HC/g rock; Suppl.
2, Table S1). The kerogen is of mixed types I1 and I11, indicating
the potential for both oil and gas generation (Fig. 8a—d).
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Thermal maturity, as indicated by Tyax values (Tyax <435°),
suggests an early stage of maturation (diagenesis to early
catagenesis), with palaecotemperatures (Tp) below 80 °C.

The Middle to Upper Triassic marls and limestones in the
Glamoc-1 well (interval 1590 — 2160 m) also have increased
TOC (0.5 to 2.6%; Suppl. 2, Table S1). However, their
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generative potential is generally poor (S;+S; <2 mg HC/g rock),
due to higher thermal maturity (Tmax > 450 °C, VR > 1.15%R,).
The maceral composition of the isolated organic matter is
dominated by thermally altered amorphous organic matter
with up to 15% vitrinite, inertinite, and pyrobitumen particles
(Fig. 9d). The presence of pyrite and pyrite framboids suggests
anoxic conditions during organic matter deposition. Stable
carbon isotope ratios of bitumen, saturated, and aromatic
hydrocarbons (6**Cg;t, -27.90%o0 to -28.90%o, 6'*Cs,t. -28.06%0
t0 -29.34%o0, 8"3Ca o, -27.18%0 to -28.84%0, VPDB, respectively)
indicate marine organic matter (Fig. 10a; SOFER, 1984). The
n-alkane distribution of the extract is unimodal, with a
maximum in the lower hydrocarbon range and a CPI close to
1, indicating higher maturity. The Pr/nC;; and Ph/nCg ratios
range from 0.43 to 0.82 and 0.52 to 0.62, respectively (Suppl.
2, Table S2). The Pr/Ph ratio varies from 0.25 to 0.51,
suggesting anoxic conditions (DIDYK et al., 1978). A cross-
plot of Ph/nC;g versus Pr/nCy; suggests mixed kerogen types
1I/IIT (Fig. 10b; CONNAN & CASSOU, 1980). The sterane/
hopane ratio is lower than 1 (Suppl. 2, Table S3). The presence
of hopane derivatives indicates a higher bacterial contribution
(OURISSON et al., 1979; ROHMER, 1993). The Cy7 and Cyg
homologues in Cy7 — Cyg regular steranes are equally present,
suggesting an algal and microbial origin (VOLKMAN et al.,
1986; VOLKMAN, 1988). The relative abundance on the
ternary diagram suggests an open to shallow marine palaeo-
environment and a source biomass of phytoplankton origin
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with some contribution of terrestrial and bacterial organic
matter (Fig. 12a; HUANG & MEINSHEIN, 1979). Diasteranes
suggest more clastic facies.

Hopane and sterane maturity-related biomarker ratios
generally indicate the mature bitumen (Fig. 13). The 225/
(22S+22R) 17021B-Cs, homohopane is in equilibrium, while
20S/(20S+20R) and BP/(BP+aa) are from 0.46 to 0.49 and 0.56
to 0.62, respectively (MACKENZIE et al., 1982; SEIFERT &
MOLDOWAN, 1978, 1980, 1986; MACKENZIE &
MAXWELL, 1981). Biomarker maturity parameters from the
aromatic fraction also indicate mature bitumen (RADKE,
1988; RADKE et al., 1982a, b). The vitrinite reflectance
calculated from MPI-1 ranges from Reqyprpy 0.97 to 1.09%
(RADKE & WELTE, 1983). Vitrinite reflectance values (VR
1.15% to 1.37%R, in Upper Triassic; 1.55% to 1.83%R, in
Middle Triassic) also indicate higher thermal maturity,
suggesting palaeotemperatures (T,) of approximately 145 —
160 °C for Upper Triassic and 165 — 180 °C for Middle Triassic
formations (BARKER & PAWLEWICZ, 1994; BOSTICK,
1979; RAINER et al., 2016). These rocks are within the main
gas generation window. Despite the absence of observed
hydrocarbon shows during drilling, the thermally altered
Middle to Upper Triassic matls and limestones in the Glamo¢-1
well retain characteristics of fair to good source rocks.

The varying thermal maturity observed in the Glamoc area
underscores the importance of understanding the complex
structural-tectonic relationships (DRAGICEVIC, 2010).

—
200um *

Figure 9. Photomicrographs illustrating the organic matter composition of Triassic carbonates and shales, featuring vitrinite and inertinite (fusinite)
within amorphous organic matter. All reflected white light images are taken under oilimmersion. a Fuzine shale with vitrinite reflectance (VR) of 2.27%R,;
b Lokve — Homer silty shale (VR 1.99%R,); ¢ Donje Pazariste (Jovanovi¢ Draga) shale (VR 2.01%R,); d Glamo¢-1 well, Carnian shale from 2040 - 2042 m
depth (VR 1.26%R,); e Mu¢ Sutine dark limestone exhibiting vitrinite reflectance of 2.29%R, and the presence of pyrobitumen; f Zelovo - Sutinske Staje
dark limestone containing chert (VR 1.26%R,); g Vlasta-1 well (depth: 5433-5452 m), mudstone: g1 Amorphous organic matter (isolated kerogen) under
transmitted white light; g2 Same field of view as g1 under blue-fluorescent light; g3 Lamalginite in a whole rock section, oriented perpendicular to bed-

ding and viewed under blue-fluorescent light.
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Figure 10. Source rock evaluation of Triassic carbonates and shales using biomarker and stable carbon isotope ratios: a Stable carbon isotope ratios
(8"C, VPDB) of saturated and aromatic hydrocarbon fractions of extracts, used to infer organic matter type (in the SOFER’s (1984) diagram). Remark:
Statistical trends are based on n-alkanes greater than G5, while our analysis included the entire saturated fraction, b Pristane (Pr)/nC;; versus Phytane
(Ph)/nCyg crossplot illustrating organic matter type, depositional conditions (including oxygen levels), and thermal maturity trends (in the CONNAN &
CASSOU’s (1980) diagram); ¢ The distribution of n-alkanes in extracts from wells Vlasta-1, Vis-1, and Vlatka-1.
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Intense tectonic activity, including uplift, in the Dinarides
likely influenced burial depth and temperature history,
ultimately rendering these rocks inactive source rocks today.
Triassic source rocks in the Croatian part of the External
Dinarides are predominantly depleted or overmature. Their
maturation occurred either towards the end of the Triassic or
in the Early Jurassic, prior to the formation of the current
structural regime/setting. The results of vitrinite reflectance
measurements have highlighted Middle Triassic volcanism as
the most significant thermal event in the evolution of the area.
As no other thermal events have been registered in the Dinarides
region according to the analysis results, the calibration of this
volcanism in heat flow analyses is particularly important.
Thermal modelling has corroborated vitrinite reflectance data,
specifically the maximum temperature to which organic matter
was exposed (SRODON et al., 2018; RAINER et al., 2016;
BOSTICK, 1979; BARKER & PAWLEWICZ, 1994). Accord-
ing to SRODON et al. (2018), maximum palacotemperatures in
the northwestern Dinarides region reached > 200 °C, but did
not exceed 270 °C, while in the southeastern region they were
slightly lower, down to 150 °C. The thermal climax was reached
during the Late Cretaceous and Palaeocene. It is associated
with the burial of sediments at significantly higher palaeo-
geothermal gradients (30 °C/km) than present-day gradients
(10 — 20 °C/km). Cooling commenced between 80 and 35 Ma
ago. The average exhumation rate ranged from 55 to 110 m/Ma.
Estimates of the minimum thickness of the eroded sedimentary
column vary from 6 to 6.3 km for Carboniferous deposits and
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from 3.5 to 4 km for Triassic deposits. Recent research further
highlights this complexity. Further eastward, in Eastern
Herzegovina, Upper Triassic (Carnian) marls and shales exhibit
elevated organic carbon content and source rock characteristics,
with kerogen type II of marine, algal origin, reaching the oil
window (VR 0.66 — 0.78%R,, Tj, 100 to 120 °C; ALEKSIC et
al., 2021). Conversely, further westward, Upper Triassic
(Carnian, Julian) dark limestones of Drenov Gri¢ (Lesno Brdo,
Slovenia), deposited in shallow, calm lagoons and exhibiting
mixed kerogen types II and III, are highly thermally altered
(VR 2.71 to 3.89%R,, T, 210 to 245 °C; MALENSEK
ANDOLSEK & MARKIC, 2021).

The Vlasta-Komiza facies, a significant source rock
formation within the Adriatic Burano facies, is identified in the
Vlasta-1, Vlatka-1, and Vis-1 wells (COTA & BARIC, 1998;
TROSKOT-CORBIC et al., 2015; COTA et al., 2015; BARIC,
2006; VELIC, 2007). This Triassic (Ladinian — Carnian)
volcano-sedimentary-evaporitic facies also outcrops on the
islands of Palagruza and Vis, represented by the Zalo, Pistica,
and Stara posta units (KORBAR et al., 2009, 2012; OSTRIC et
al., 2014; BOROVIC et al., 1976, 1977). The Zalo and Pistica
units correlate with the Ladinian deposits of the Vlasta-1 well
(6519 — 6260 m), and the Stara posta unit with the Carnian
section (5440 — 5010 m).

Early to Middle Carnian (Cordevolian to Julian) deposits
in the Vlasta-1 well (6225 to 5587 m) comprise a continuous
sequence of subaqueous halite with thin layers of carbonate,
anhydrite, and clay. This deposition occurred in an isolated
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marine bay or lagoon, likely due to tectonic activity or sea-level
fluctuations. The restricted connection to the open sea, with
seawater inflow through narrow channels, defines the sabkha
facies (members of the sabkha cycle) in the Vlasta-1, Vlatka-1,
and Vis-1 wells. While the Vlasta-1 well exhibits a complete
sequence from lagoonal (subtidal) to supratidal cycles, the
Vlatka-1 well only penetrated the lagoonal (subtidal) cycle.
Notably, the Vlatka-1 well contains a few Norian laminated
interlayers with source rock potential, characterized by type II
kerogen and associated bitumen extending into adjacent layers
(Suppl. 2, Table S2). In the Vlasta-1 well, oil (26.5 and 28.8
°API) was recovered from the Carnian intervals (5539 — 5510
and 5456 — 5402 m). Carnian laminated limestones and shales
deposited between 5400 and 5600 m in the Vlasta-1 well have
promising source rock characteristics (COTA & BARIC, 1998).
They have a high total organic carbon (TOC) content, reaching
up to 4% (Suppl. 2, Table S1). The organic matter is a mixture
of kerogen and associated bitumen (petroleum). Hydrogen
indices indicate an original HI>500 mg HC/g TOC (Fig. 8c).
The kerogen is type I, derived from algae and bacterially
degraded material (Fig. 8a—c). These rocks demonstrate good
to very good petroleum potential, with S; + S, values up to 23
mg HC/g rock (Fig. 8d; PETERS & CASSA, 1994). The
organic-rich layers within the laminated limestones vary in
thickness from laminae to several centimetres and are typically
saturated with bitumen. The maceral composition is dominated
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by strongly yellow-fluorescing amorphous organic matter (Fig.
9g1, g2). Examination of polished rock surfaces perpendicular
to bedding revealed laminated algal organic matter (alginite,
mainly lamalginite) transitioning into bituminite or organic
mineral mass (Fig. 9g3). These structural features support the
algal and bacterial origin of the organic matter (TEICHMULLER
& OTTENJANN, 1977; HUTTON et al., 1980; SENFTLE et
al.,, 1987, HUTTON, 1987; LITTKE et al., 1988; TYSON, 1995;
TAYLOR et al., 1998).

The bitumen yield is high, reaching up to 9310 ppm. The
bitumen composition is dominated by asphaltenes and NSO-
compounds (74 — 85%), reflecting the specific characteristics
of the original sulphur-rich facies (Suppl. 2, Table S2). The
n-alkane distribution is bimodal with maxima at C;; and nCy.
A cross-plot of Ph/nCyg versus Pr/nCy; indicates the presence
of algal marine organic matter (CONNAN & CASSOU, 1980).
The Pr/Ph ratio primarily suggests anoxic conditions during
deposition (DIDYK etal., 1978). In the C,7 to Cs5 17a,215(H)-type
series of hopanes, 170,21BC3¢ hopane dominates (Fig. 11bl).
Anoxic conditions during deposition, indicated by ratios Pr/
Ph<0.8, prominent Ph peak, C35/2Cs; 35 23 to 43%, C355/C34S
1.09 to 2.65, and G/H 0.12 to 1.09, played a crucial role in
preserving the organic matter (Suppl. 2, Tables S2, S3; Figs.
10a—c, 11b1, b2, 12b, ¢, d; DIDYK et al., 1978; MOLDOWAN
etal.,, 1992; CLARK & PHILP, 1989; PETERS & MOLDOWAN,
1991). The Sterane/Hopane ratio is low (St/Hop < 1). The
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dominant homologues in C,7—Cyo regular steranes are Cso,
followed by C,; and C,g homologues (ranging from 50.6 to
63.98%, 15.85 to 31.04%, and 14.22 to 26.70%, respectively;
Fig. 11bl). The relative abundance on the ternary diagram
indicates a shallow marine depositional environment with a
contribution of mainly phytoplanktonic and bacterial biomass
(Fig. 12a; HUANG & MEINSHEIN, 1979). The organic
matter was deposited in a marine carbonate environment,
with an increasing shale component observed in deeper
intervals (diasteranes/regular steranes (D/R) 0.11 to 0.58). All
source-related biomarker ratios of both Triassic bitumen and
oil point towards marine organic matter derived from algae
and bacteria, with minimal influence from terrestrial sources
(Suppl. 2, Table S3; Fig. 12). This is further supported by the
consistent stable carbon isotope ratios in both kerogen and
bitumen (8*Cke, -27.22 to -28.98%o0 and 3"3Cagj;. -29.06 to
-31.85%0, VPDB, respectively), and trends observed in their
isotope profiles (63 Cgyt. -30.61 to -29.55%0, 6*Ca o, -29.51 to
-28.97%o, 6" *Cnso -29.25 to -28.39%o, and 8"*Cxgph. -28.09 to
-27.35%0, VPDB; GALIMOV, 1974, 1980). Stable carbon
isotope ratios confirm a positive correlation between kerogen,
bitumen, and oil, implying that the oil likely originated from
the identified source rock in its vicinity (COTA & BARIC,
1998). Similar stable carbon isotope ratios have been docu-
mented in Triassic sediments worldwide (KATZ et al., 2000;
CHUNG et al., 1992).

Organic matter is in an immature to early mature stage
(Fig. 8b, Tmax 411 t0 439 °C, TAI 1* to 2-2*, VR 0.35 t0 0.65%R,).
The estimated depth at which the organic matter enters the oil
window is approximately 5200 + 100 m. The maturity-related
biomarker ratios confirm the immature to early mature stage
of oil and source rock (Ts/(Ts+Tm) 0.16 to 0.59, 22S/(22S+22R)
0.51 to 0.60, bb/(bb+aa) 0.26 — 0.60, and 20S/(20S+20R) 0.30
—0.45, respectively) (Suppl. 2, Table S3; Fig. 13; MACKENZIE
et al., 1982; SEIFERT & MOLDOWAN, 1978, 1980, 1986;
MACKENZIE & MAXWELL, 1981). Biomarker maturity
parameters from the aromatic fraction, primarily
methylphenanthrenes indices (MPI-1 and MPI-3), generally
indicate early mature bitumen (RADKE et al., 1982a, b). The
calculated vitrinite reflectance Rcqwpr.1y ranges from 0.60 to
0.83% (RADKE & WELTE, 1983).

Unfortunately, the surface rocks on the islands of Vis and
Palagruza were found to lack promising source rock
characteristics. The Triassic sediments drilled in the Vis-1 well
exhibited a slightly elevated total organic carbon content (up to
0.88% TOC) in specific intervals (143.3 — 146.4 m and 195.1 —
199.1 m; Suppl. 2, Table S1). However, these rocks are not
considered source rocks due to their degraded organic matter,
which is dominated by non-fluorescent, detrital amorphous
organic matter with varying amounts of inertinite (semifusinite
and fusinite). The kerogen of types III and IV indicate a
degraded organic matter of mixed origin with a possible minor
presence of better-quality type 11 organic matter (Figs. 8, 10b).
Thermal maturity parameters suggest that the organic matter in
these rocks is immature transitioning to an early stage of
catagenesis (VR 0.55 — 0.58%R,). A small amount of mature,
secondary bitumen is also present. Interestingly, biomarker data
suggest that the bitumen in these Triassic sediments originated
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from a Cretaceous source rock, also identified within the Vis-1
well (Fig. 10c; Suppl. 2, Table S3; Suppl. 4, Table S3).

Surface exposures of Triassic rocks on the islands of Vis
(near Komiza) and Palagruza yielded similar results. These
rocks generally have a low total organic carbon content (up to
0.5% TOC) and degraded mixed kerogen types III and IV
transitioning from diagenesis to early catagenesis (VR 0.55 to
0.61% R,, TAI 2 to 2%). The organic matter is primarily
amorphous with traces of vitrinite and inertinite. Due to the
low organic matter content, unfavourable type of organic
matter, and degradation, these surface carbonates are not
considered source rocks. However, a few shale fragments at
the base of the dolomite-gypsum breccia (Stara posta), with
immature kerogen type Il suggest the possibility of source
rock characteristics related to the Vlasta-Komiza facies.

The Middle Triassic rocks in the Kornati more-1 and la
wells exhibit variable total organic carbon contents, ranging
from 0.50 to 0.87% TOC, observed in dolostones and tuffitic
breccias (Suppl. 2, Table S1). The Upper Triassic (Norian)
deposits also contain cracks filled with dark matter, but the
overall organic matter content remains low, excluding them from
being classified as source rocks. Microscopic examination
revealed bitumen within pores and fractures of these rocks. Only
the heavier bitumen components are present, suggesting the loss
of lighter components. This bitumen suggests that Triassic
limestones or shales in the vicinity have potentially generated
this bitumen and/or hydrocarbon. These rocks have undergone
early catagenesis (Tma>436 °C). The thermal maturity para-
meters of these deposits may be influenced by faulting,

Geochemical analysis of Triassic sedimentary rocks sheds
light on the broader geological picture, aligning with existing
conceptual models (ZAPATTERRA, 1994; CALDARELLI et
al., 2013). This analysis has confirmed the presence of the
intraplatform troughs within the Dinarides and the Adriatic
(SMIRCIC, 2017; SMIRCIC et al., 2018, 2020; KORBAR et
al., 2009, 2012). By using source rock characterization and
source rock-to-hydrocarbon correlation, COTA et al. (2015)
were able to map the distribution of the Vlasta-Komiza
(Burano) facies across the wider Adriatic region by integrating
seismic data with geochemical analysis.
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4.4, Jurassic source rocks characterisation
4.4.1. Early Jurassic

Research by ZAPPATERRA (1994), JENKYNS (1985, 1988,
1991, 2002) and JENKYNS & CLAYTON (1986) suggests that
the Toarcian anoxic event created ideal conditions for source
rock formation in particular regions. While this event has been
identified on the Adriatic carbonate platform (VLAHOVIC et
al., 2005), it did not result in the formation of significant source
rocks. Early Jurassic deposits with higher organic carbon
content have been identified in the Rovinj-1 well and in
outcrops located in Gorski kotar and Velebit Mt. (sample
locations 107, 27, 56 respectively on Figs. 4 and 15).

Liassic laminated carbonates in Gorski kotar (Jasenak)
exhibit elevated organic carbon content (0.43 — 0.91% TOC;
Suppl. 3, Table S1). The maceral composition is dominated by
unstructured amorphous organic matter with rare vitrinite
particles (Fig. 14). The amorphous organic matter is thermally
altered, reaching a higher stage of catagenesis and transitioning
into metagenesis (VR>1.80%R,, TAT>3"). Similarly, the TOC
content of Liassic lithiothid limestones in Velebit Mt. (Kubus)
rarely exceeds 0.50% TOC, with a maximum of 0.94% TOC.
The kerogen is primarily amorphous and highly thermally
altered. Vitrinite reflectance measurements on rare clasts
indicate higher catagenesis transitioning into metagenesis (VR
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Figure 14. Photomicrograph of thermally altered amorphous organic
matter (isolated kerogen) from Lower Jurassic laminated mudstone,
Jasenak, observed under reflected white light with oil immersion.

2.12 to 2.48%R,, TAI 4°). All these findings suggest that the
outcropping Lower Jurassic carbonates in this area have
undergone significant thermal alteration.

Several Lower Jurassic carbonate layers in the Rovinj-1
well demonstrate good source rock potential (Suppl. 3, Table
S1), with organic matter content ranging from 1.03% to 1.43%
TOC (COTA & BARIC, 1998). The organic matter is classified
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as kerogen type I of algal and bacterial origin (Fig. 16a, b).
It is in the early stage of catagenesis (VR 0.62 to 0.68%Ry;
TAI 2%).

4.4.2. Late Jurassic

The Adriatic Carbonate Platform (AdCP) was a very dynamic
entity, and during its history, numerous events influenced this

Geologia Croatica 79/1

predominantly shallow marine platform depositional system
(VLAHOVIC et al., 2005; Fig. 15). During the Late Jurassic
(the Late Oxfordian and Early Kimmeridgian) in the central
part of the platform, deeper depositional environments formed
in the area of today’s Gorski kotar (Gorski kotar Trough/Basin)
and Lika, towards Western Bosnia and Herzegovina and
Northern Dalmatia (Leme§ Trough/Basin). VELIC et al.
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(2002a, 2002b) attributed the formation of these relatively
shallow intraplatform troughs/basins to compressional forces
and the subsidence of the AdCP. Conversely, BUCKOVIC et
al. (2004) proposed, following HERAK (1986), the interpre-
tation of an extensional origin of the Lemes Basin due to ocea-
nic spreading, while VITZTHUM et al. (2021) propose a novel
hypothesis suggesting that the Leme§ Basin formed through
the westward obduction of ophiolites onto the Adriatic Plate.

VELIC et al. (2002a, 2002b) emphasized the palacogeo-
graphic, depositional, and facies variations within these
troughs. Coral-hydrozoan reefs developed along the trough
edges, while deeper areas accumulated thin-layered mud
carbonates with offshore fauna and volcanic ash-derived chert
interlayers (SCAVNICAR & NIKLER, 1976; KRKALO et al.,
1995; SEGVIC et al., 2006). Kimmeridgian reefs gradually
filled the troughs with reef debris, leading to shallow platform
deposition by the early Tithonian. The Gorski kotar trough,
unlike the Leme$ Trough, lacked an open connection to the
Tethys Ocean, functioning as a “sea tongue” within the AdCP.
The relationship between these two troughs remains uncertain
(Fig. 15). Due to their potential for organic-rich rock deposition,
deep-water troughs with open sea connections, especially the
Lemes Basin, have been the subject of intensive geochemical
research (BLAZEKOVIC SMOIJIC et al., 2009; TROSKOT-
CORBIC, 2011; VITZTHUM et al., 2021).

Gorski kotar Trough/Basin

Analysis of Upper Jurassic marls and carbonates in the Gorski
kotar Trough reveals the generally low total organic carbon
content (Suppl. 3, Table S1). Only dark, micrite-rich limestones
in Mati¢ Poljana exhibit slightly elevated values (TOC>0.5%,
sample locations 69 — 71 on Figs. 4 and 15), but these lack
significant source rock potential (Fig. 16). Organic matter
maceral analysis indicates a predominance of non-fluorescent,
amorphous organic matter, suggesting significantly decom-
posed and highly degraded organic material from various
sources. A marine origin for the organic matter is suggested
by palynofacies analysis. The favourable conditions for organic
matter deposition might have existed locally in shallower
environments, but they were not widespread in the Gorski
kotar Trough (VELIC et al., 2002a). Small traces of bitumen
initially suggest an algal and bacterial origin (kerogen type II).
However, this organic matter has undergone significant
oxidation and/or thermal degradation, evidenced by the high
bitumen reflectance (BR>2%Ry), which corresponds to a vitri-
nite reflectance of VR>1.6%R, (calculated using the conversion
of JACOB, 1989).

The organic matter of all the analysed Upper Jurassic
rocks of the Gorski kotar Trough is highly altered and lacks
the necessary characteristics to be considered a true source
rock (TROSKOT-CORBIC, 2011).

Lemes Trough/Basin

The Lemes Trough/Basin is an elongated deep-water marine
trough, extending over a 4000 km? area, in which the 250 to
450 m thick Upper Jurassic Lemes Formation (also called the
Lemes Deposits, Lemes Beds, Lemes$ Layers, Lemes Facies,
Die Leme$ schichten) was deposited (SCHUBERT, 1909;
FURLANI, 1910). The Formation is subdivided into mappable
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“groups” (Lemes Beds/Layers), with “group 4” identified as
being organic-rich (BLAZEKOVIC SMOJIC et al., 2009).

Carbonate rocks along the edges of the trough (near
Josani, Udbina, and Srb in Lika, and on the Kozjak and Svilaja
mountains in Dalmatia) exhibit low total organic carbon
content (TOC) and lack source rock potential. These rocks
primarily contain oxidized, inert organic matter (kerogen type
IV) (TROSKOT-CORBIC, 2011).

In contrast, the central regions of the trough near Bihag,
Korenica, Lapac in Lika, and Postak Mt., Vrlika, and Dabar in
Dalmatia revealed dark, laminated carbonates with higher total
organic carbon content (sample locations 3, 11, 20 — 21, 54, 57
—58,64—-65,73,84—88,99, 121, 131, 137 - 138, 142 — 145, on
Figs. 4, 15; Suppl. 3, Table SI). The most complete sequence of
Kimmeridgian deep-sea deposits is found on the slopes of
Postak Mt. (BLAZEKOVIC SMOJIC et al., 2009; TROSKOT-
CORBIC, 2011; VITZTHUM et al., 2021). This 250 to 280 m
thick succession is composed of three members: the Rasticevo,
Dimi¢i, and Lemes (VESELI et al., 2012). The middle Dimi¢i
member is characterized by alternating light grey and greenish-
grey limestones containing Radiolaria, alongside dark grey,
thinly bedded to laminated limestones enriched in organic matter
and often recrystallized (VESELI et al., 2012; TROSKOT-
-CORBIC, 2011; VITZTHUM et al., 2021).

Organic-rich dark, laminated limestones with interbedded
cherts are the oldest deposits in the Lemes$ Trough (Fig. 17).
They contain kerogen type II (HI>450 mg HC/g TOC),
characterized by good to excellent oil-generating potential
(Si+S,>6 mg HC/g rock; Suppl. 3, Table S1; Fig. 16). The
organic matter originates from marine algae and bacteria. The
concentration of organic sulphur varies within the trough, with
higher values observed in the shallower areas (Sker. 3.71 to
11.25%, Sgir. 3.32 to 10.45%; Suppl. 3, Table S2). This variation
classifies the kerogen as type IIS (ORR, 1986; ORR &
SINNINGHE DAMSTE, 1990). The presence of sulphur in
the kerogen structure allows for hydrocarbon generation to
begin earlier, during diagenesis. The amount of extractable
organic matter (EOM) is significant, ranging from 88 to 90378
ppm. The EOM/TOC ratio remains consistent within the range
typical for source rocks (up to 0.25). Asphaltenes and NSO-
compounds (resins) constitute the dominant portion of the bitu-
men group composition, generally ranging from approxima-
tely 80% to 98.48% (with a minimum of 69.31% observed in
one instance; Suppl. 3, Table S2). Gas chromatography analysis
reveals the presence of low molecular weight hydrocarbons
and a predominance of normal alkanes over corresponding
isoprenoids (P1t/nCy7, Ph/nCyg <1; Suppl. 3, Table S2). The pro-
minent nCy; peak and the crossplot of Ph/nC;g versus Pr/nC;
suggest a marine, algal origin for the organic matter (Fig. 18a,
b, c1; CONNAN & CASSOU, 1980). Early-stage hydrocarbon
generation was influenced by the presence of sulphur in kero-
gen molecules. Despite partial degradation, the bitumen still
reflects the source rock’s characteristics, especially its algal
and microbially degraded origin. The domination of hopanes
over steranes (St/Hop<1) and an elevated C34S/Cs35S hopane
ratio (C34S/CssS > 1) point towards a bacterial contribution to
the organic matter (Figs. 18cl, c2, 19b, c; Suppl. 3, Table S3;
OURISSON et al., 1979; ROHMER, 1993; MOLDOWAN et
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Figure 17. Outcrop photographs of Jurassic carbonates and shales from the Lemes Trough. a1, a2 Postak Mt,, illustrating the Upper Jurassic Dimi¢i mem-
ber: an alternation of light grey and greenish-grey limestones containing Radiolaria, and dark grey, thin-bedded to laminated radiolarian limestones
that are mostly recrystallized and enriched in organic matter; a3 Close-up view of an organic-rich dark laminated mudstone (6.38% TOC) (modified after

TROSKOT-CORBIC, 2011).

al., 1992). Stable carbon isotope analysis reveals values ranging
from 8"Ckge;. -27.79 to -24.65%0, VPDB for kerogen and
8"Chit, -29.53 to -25.55%0, VPDB for bitumen (Fig. 20a). The

isotope profile for Postak Mt (Fig. 20b; after GALIMOV, 1974,
1980) shows positive correlations between the 6°C of various
organic fractions. These isotope ratios are comparable to those
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Figure 19. Source and depositional environment indicators for Jurassic carbonates and shales: a Ternary plotillustrating the relative proportions of Cy;,
Cag, and Cyg steranes in extracts from Jurassic carbonates and shales (in the HUANG & MEINSHEIN's (1979) diagram), indicative of source input and dep-
ositional setting; b Relative distribution of C3;-C3s homohopanes (m/z 191), showing the relative abundance of extended hopane homologues, provid-
ing insights into bacterial input and depositional conditions; ¢ Crossplot of C355/C34S versus nH/H ratios, providing insights into redox conditions and
carbonate influence during deposition; d Crossplot of 10 * Gammacerane versus Pr/Ph ratio, reflecting water column stratification and oxygen levels.

found in other Jurassic sediments, such as the Toarcian source
rocks of Italy (6"*C < -26 %o, VPDB; KATZ et al., 2000).
Additionally, the data fall within the expected range for
Mesozoic carbonates with elevated sulphur content, as shown
in the Chung’s diagram (the Pr/Ph versus §*C diagram;
CHUNG et al., 1992).

It is interpreted that these sediments formed under low-
energy conditions with distinct water layering, minimally
disturbed by external water inflow. Biomarker analysis
indicates anoxic bottom water conditions, but not extreme
salinity, indicated by low gammacerane values (Figs. 18c2,
19d). Elevated nH/H ratios in extracts suggest a carbonate
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Figure 20. Stable carbon isotope ratios (5°C, VPDB) of Upper Jurassic carbonates in the Lemes Trough. a Stable carbon isotope ratios (5C, VPDB) of
kerogen and bitumen extracted from Upper Jurassic carbonates; b Stable carbon isotope ratios profile of various organic fractions (kerogen, extract,
saturated hydrocarbons, aromatic hydrocarbons, NSO compounds/resins, asphaltenes) from Postak Mt. (in the GALIMOVs (1974, 1980) diagrams). Key:
Ker.=kerogen, Bit. = bitumen, Ext. = extract, VPDB = Vienna Pee Dee Belemnite standard, Sat. = saturated hydrocarbons, Aro. = aromatic hydrocarbons,
NSO = nitrogen, sulphur, and oxygen-bearing compounds (resins), Asph. = asphaltenes.
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marine depositional environment. The homohopane
distribution and related ratios (Cs;R/H, C35S/Cs34S hopane)
suggest isolated, enclosed anoxic depositional settings (Fig.
18c2). The favourable, calm, and stable conditions facilitated
the deposition of layered organic matter, starting as lamalginite
and gradually transitioning to bituminite type I and finally to
afinely dispersed organic-mineral matrix bituminite (Figs. 21,
22; TEICHMULLER & OTTENJANN, 1977, HUTTON et
al., 1980, 1987; SENFTLE et al., 1987; LITTKE et al., 1988;
TYSON, 1995; TAYLOR et al., 1998). Notably, conditions
within the Lika portion of the trough were more favourable
and stable compared to the Dalmatian side (TROSKOT-
CORBIC, 2011). This difference is likely attributed to factors
such as palaeogeography or the subsea depth profile of the
trough.

The Lika section within the Leme$ Trough (Biha¢ —
Korenica — Donji Lapac area, Figs. 4, 15) exhibits a highly
prospective organic facies for hydrocarbon generation. This is
evidenced by its elevated total organic carbon (TOC) content,
ranging from 0.51 to 45.90% with an average of 10% (Suppl.
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3, Table S1), which translates to a significant petroleum
potential (S;+S, values reaching up to 200 mg HC/g rock,
averaging 60 mg HC/g rock, Fig. 16d). The organic matter is
predominantly composed of type II kerogen, with subordinate
occurrences of type I kerogen (Fig. 16a—c), indicating a
primary algal and bacterial source. Microscopically, the orga-
nic matter is largely amorphous, characterized by the incor-
poration of liptinite macerals, specifically liptodetrinite and
dinoflagellates, alongside minor amounts of inertinite (fusi-
nite), vitrinite, and solid bitumen (Fig. 21al—a4). The laminated
structure of the amorphous material allows for its classification
as lamalginite (Fig. 21a5—a6; HUTTON etal., 1980; HUTTON,
1987, TAYLOR et al., 1998), a known precursor for oil-prone
kerogen. Furthermore, the presence of vitrinite-like particles
exhibiting low solubility suggests they likely represent solid
bitumen (Fig. 21a4; NOWAK, 2007), further contributing to
the hydrocarbon potential.

Molecular organic geochemistry, specifically the analysis
of the C,7 — Cy9 regular steranes, reveals a predominance of
the C,9 and C»7 homologues, with Cyg Steranes being the most

Figure 21. Photomicrographs of organic matter from Jurassic carbonates and shales, Lemes Trough, Lika area (Vrelo and Zubovi¢ draga): a1 Amorphous
organic matter (AOM) observed in transmitted white light; a2 Same field of view as a1 showing the fluorescence of AOM under blue light; a3 Huminite/
Vitrinite maceral (VR 0.45 to 0.48%R,) embedded within amorphous organic matter, viewed under reflected white light with oil immersion; a4 Vitrinite-
like bitumen (BR ranging from 0.29 to 0.66%Ry,) dispersed in amorphous organic matter, observed under reflected white light with oil immersion; a5,
a6 Lamalginite and associated bitumen within the whole rock, oriented perpendicular to bedding and imaged under blue-fluorescent light (modified

from TROSKOT-CORBIC, 2011).
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Figure 22. Photomicrographs of organic matter from Jurassic carbonates and shales, Lemes Trough, Dalmatia, Postak Mt.: a Skundri¢i mudstone: a1
Amorphous organic matter (AOM, isolated kerogen, transmitted white light); a2 Same view as a1 (blue-fluorescent light); a3 Lamalginite; a4 Bitumen
(asphaltite, BR 0.25%Ry,) in a fracture within lamalginite (whole rock, perpendicular to bedding, blue-fluorescent light); a5 — a7 Laminated dark organic
matter and vitrinite-like bitumen (BR 0.20 - 0.47%Ry,) (whole rock, perpendicular to bedding, reflected white light, oil immersion); b Dabar calcareous
shale: Lamalginite (whole rock, perpendicular to bedding, blue-fluorescent light) (modified after TROSKOT-CORBIC, 2011).

abundant (59-62%; Fig. 18c3). This high abundance of Cyg
steranes suggests a significant contribution from bacterial
biomass to the original organic matter (VOLKMAN et al.,
1986; VOLKMAN, 1988). The ternary diagram of the Cp7—
Cy9 regular steranes further supports a shallow to coastal
marine depositional environment characterized by significant
input from both phytoplanktonic and bacterial biomass, with
only a minor influence from terrestrial organic matter (HUANG
& MEINSHEIN, 1979). The elevated C,9 Sterane content is
likely derived from the lipid/liptodetrinite remnants of algal
taxa such as Leiospheridia, cyanobacteria, or other specific
microbial communities prevalent in such environments.

The Dalmatian part of the Lemes Trough (PoStak Mt.,
Vrlika, Dabar) exhibits a comparatively lower, yet still signi-
ficant, potential for hydrocarbon generation compared to the
Lika region. Total organic carbon (TOC) content ranges from
0.35 to 11.9%, averaging 3%. Despite this lower concentration,
the petroleum potential remains favourable, with S; + S; values
ranging from 1.17 to 67 mg HC/g rock and averaging 18 mg HC/g
rock (Fig. 16d). The dominant kerogen type is II (Figs. 16a—c),
indicative of a primary algal and bacterial source. Micro-
scopically, the organic matter is predominantly amorphous,
displaying an alternation between laminated and finely
dispersed forms (Fig. 22). Distinct layers of lamalginite
progressively transit into the more abundant bituminite I,
eventually merging into an organic-mineral matrix bituminite
(Fig. 22; TEICHMULLER & OTTENJANN, 1977; HUTTON
etal., 1980; SENFTLE etal., 1987, HUTTON, 1987, TAYLOR
etal., 1998). This textural evolution likely reflects the microbial
degradation of primary producers, including algae, phyto-
plankton, zooplankton, and bacteria, under anaerobic condi-
tions within the depositional environment.

Consistent with the Lika region, molecular biomarker
analysis reveals a higher abundance of hopanes relative to
steranes (Suppl. 3, Table S3; OURISSON et al., 1979; ROHMER,
1993), suggesting a significant contribution from bacterial

organic matter. Only trace amounts of inertinite (semifusinite
and fusinite) and vitrinite particles are observed. Vitrinite-like
bitumen particles, exhibiting variable solubility, are also
present (Fig. 22a4—a7; NOWAK, 2007). Bitumen reflectance
(BR) values predominantly fall within the range of 0.18 to
0.26%Ry,, with occasional higher measurements up to 0.40%Ry,
indicating an early stage of thermal maturation. Corresponding
vitrinite reflectance (VR) values range between 0.49 and
0.69%R,. The distribution of cyanobacterial and liptinite/
liptodetrinite organic matter shows variability within the
Dalmatian part of the trough. The presence of the prasino-
phycean algae Leiosphaeridia and dinosporine cysts within
the phytoplankton communities suggests deposition during
the Late Jurassic. Variations in the distribution of Cy7 — Cyg
regular steranes (C,7: 30.53 — 49.88%; Cog: 15.08 — 22.63%;
Cyy: 32 —52.67%, respectively), further support these observa-
tions (Suppl. 3, Table S3; VOLKMAN et al., 1986; VOLKMAN,
1988). Further biomarker ratios, including the diasterane/
sterane ratio, homohopane distribution pattern, and nH/H,
C31R/C50H, and C35S/Cs4S hopane ratios, collectively confirm
deposition in a marine carbonate environment characterized
by organic matter rich in sulphur and accumulation under
reducing (anoxic) conditions. In the C,7 — Cyg regular steranes,
the dominant homologues are generally either Cyg 0r Cy7, with
Cy9 typically being the most abundant, followed by C,; and
C,s (Fig. 18¢3). The absence of oleanane (Ol) indicates a lack
of significant input from angiosperm-derived organic matter
(EKWEOZOR et al., 1979; MOLDOWAN et al., 1994). The
ternary diagram of the C,; — Cy9 regular steranes points
towards a shallow to open marine depositional setting, prima-
rily influenced by marine algal organic matter, predominantly
phytoplanktonic, with a notable contribution from bacterial
biomass (Fig. 19a; HUANG & MEINSHEIN, 1979).

The Upper Jurassic organic-rich deposits within the
Lemes Trough demonstrate excellent oil-generating potential,
qualifying them as very good to excellent source rocks (Fig.
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16d). This exceptional potential is attributed to both the high
abundance of organic matter and the presence of a particularly
favourable kerogen type, (predominantly type II with some
type I) and associated organic facies (JONES, 1984, 1987;
PEPPER & CORVY, 1995a, b; PEPPER & DODD, 1995).

Based on a comprehensive suite of thermal maturity
parameters, including Tyax (411 to 439 °C), Production Index
(PI up to 0.37), Thermal Alteration Index (TAI 1* to 2-2%),
fluorescence colour (yellow to yellow-orange), vitrinite
reflectance (VR 0.40 to 0.49 %R,, rarely 0.60%R,), bitumen
reflectance (BR 0.15 — 0.38%Ry, corresponding to vitrinite
reflectance VR 0.52 and 0.63%R, , calculated using the con-
version of JACOB (1989)), Methylphenanthrene Index (MPI-1)
derived vitrinite reflectance equivalent (Rcwvpi-1) 0.67 — 0.82%),
Methyl Dibenzothiophene Ratio derived vitrinite reflectance
equivalent (Rmgvpr) 0.54 — 0.62%), hopane isomerization
ratio (22S/(22S+22R) 058 — 063), sterane isomerization ratios
((20S/(20S+20R) 0.30 — 0.47 and app/(app+aaa) 0.47 — 0.59),
and the Ts/Tm ratio (0.03 — 0.22), the Lemes Trough source
rocks are classified as being immature to early mature (Suppl. 3,
Tables S1, S3; Figs. 16b, 18b, 23; PETERS & CASSA, 1994;
MACKENZIE et al., 1982; SEIFERT & MOLDOWAN, 1980,
1986; MACKENZIE & MAXWELL, 1981; RADKE, 1988,
RADKE & WELTE, 1983).

Recent thermal modelling corroborates the vitrinite
reflectance data, specifically constraining the maximum
temperature to which the organic matter was exposed
(SRODON et al., 2018; RAINER et al., 2016; BOSTICK etal.,
1979; BARKER & PAWLEWICZ, 1994). According to
SRODON et al. (2018), the minimum thickness of the eroded
sedimentary column overlying the Jurassic deposits is
estimated to range from 2.2 to 2.4 km. The organic matter
from the Kozjak, Svilaja, and Dinara Mountains is primarily
immature, while that from PoStak Mountain and the Biha¢ —
Korenica area exhibits a range from immature to early mature.
Notably, the elevated sulphur content within the kerogen
macromolecular structure suggests that these source rocks
might be considered to have reached an initial stage of thermal
maturity due to the specific catalytic effects of sulphur on early
hydrocarbon generation (BASKIN & PETERS, 1992; ORR,
1986; ORR & SINNINGHE DAMSTE, 1990). This implies
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that the Upper Jurassic deposits underwent an initial phase of
thermal transformation prior to uplift during the Late
Cretaceous and Palacogene (SRODON et al., 2018). These
spatial variations in source rock maturity (immature to early
mature) are consistent with the observed differences in the
amounts of generated bitumen.

Migrated bitumen (migrabitumen) is observed within
pores, fractures, and vugs of the Upper Jurassic dolostone
formations adjacent to the source rock, indicating localized,
short-distance migration of early-stage petroleum-derived
products, expelled from the sulphur-rich kerogen (sample
locations 3, 77, 124 on Figs. 4, 15; Suppl. 3, Tables S1, S2).
These migrabitumens are characterized by high to
exceptionally high total organic carbon, (TOC contents
between 6 and 11%). Based on their optical properties, the
bitumen reflectance (BR) 0.10 — 0.28%Ry, exhibiting strong to
moderate yellow-orange-brown fluorescence and variable
solubility characteristics, these migrabitumens are classified
within the asphaltite group (encompassing a spectrum from
wurtzilite to albertite, gilsonite, and glance pitch, JACOB,
1989; Fig. 24), suggesting a progression towards solid or semi-
solid forms. Notably, these migrated bitumens display evidence
of significant biodegradation. Despite their allochthonous
nature, the migrabitumens retain geochemical signatures
indicative of their Upper Jurassic source rock, including
elevated sulphur content (S > 6%) and stable carbon isotope
ratio (8"°C) values of the bulk bitumen and its fractions
generally lower than 8C -26%o, VPDB (8'*Cgj;, from -25.63
to -27.60%0, VPDB, and for the Palanka 6'*Cgy -28.30%o,
8"Car0.-27.29%0, 6"Cnso -27.21%0, 6"Cagph. -26.29%o,
38Cpi.27.06%0, VPDB). However, their capacity for further
migration appears limited due to a relative depletion in
saturated hydrocarbon components and a corresponding
enrichment in higher molecular weight, polar resinous and
asphaltene fractions. These observations collectively suggest
that the early-stage hydrocarbon products underwent short-
range migration and were subsequently transformed into solid
or semi-solid bitumen through processes of biodegradation
and polymerization within the adjacent reservoir rock.

4.5, Cretaceous source rocks characterisation

During the Late Jurassic and Early Cretaceous, the AdCP was
characterized by extensive shallow marine environments.
Subsequent synsedimentary tectonic activity resulted in the
development of deeper intra-platform troughs (Fig. 25; VELIC
etal.,, 2002b; VLAHOVIC et al., 2005). Superimposed on this
tectonic framework were episodes of global Oceanic Anoxic
Events (OAE 1a, OAE 2), which caused periods of relative sea-
level rise and platform drowning. These events facilitated the
deposition of offshore pelagic and hemipelagic fauna and the
accumulation of laminated, organic-rich, dark to black, highly
bituminous limestones and dolomites (Fig. 27al, cl;
JENKYNS, 1980, 1985, 1991). These key periods of organic
matter preservation primarily occurred during the Albian —
Cenomanian, Late Santonian — Early Campanian, and
Maastrichtian stages. The formation of these organic-rich
deposits was favoured in low-energy, restricted environments,
such as shallow subtidal lagoons or the deeper, more stagnant
portions of the intra-platform troughs (Fig. 25). Evidence of
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Figure 24. Photomicrographs illustrating migrabitumen (gilsonite) in dolostone from Zavalje, Biha¢ area. a1 Initial view of vitrinite-like solid bitumen
under reflected light with oil immersion; a2 The same area after 15 minutes, demonstrating partial dissolution of the bitumen in the immersion oil.

these bituminous facies is widespread across the AACP, Premuda-1, Dugi otok-1, Ravni kotari-1, Ravni kotari-3,
documented along the Adriatic coast in surface outcrops and  Jadran-3, Jadran-9, Jadran-13, Kate-1, Vis-1, Melita-1, and
encountered in numerous exploration wells, including  Boraja-1 (sample locations 1, 4 — 10, 12 — 13, 22, 24, 26, 28 —
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Figure 25. The spatial distribution of the sample locations of organic-rich carbonates and shales on a schematic Latest Cretaceous palaeogeographical
map of the AdCP (Adriatic Carbonate Platform) showing the main sedimentary environments (modified after VELIC et al., 2002b). Sample location names
are provided in Figure 4.



96

Geologia Croatica 79/1
@ —_— oU. Cretaceous outcrops (b) ©U. Cretaceous outcrops
AU. Cretaceous well data 1100 4U. Cretaceous well data
L. Crelaceous oulcrops @ L. Cretaceous outcrops
1000 il rslaceous il data it Typel (Oil) :;_Crett;ceous well data
rabitumen
@ Migrabitumen graditu
900 Iype1(O) - )
imma!u;%w
800 o 800 el
[
700 |9 ¢
6 = 700 - O.
o Typell (Oil) S Type Il (Oif)
= o b o A oil window
= D 600 4
(2 @ o E
2 s00 ~ 3
% 0° E 500 1
[0] 0] <
@
2 400 & 8 400
e
b5 A A 2
g Aok A Typenm =
300 4 b
3 3001 i+ Gas) & —
= © Type Wil (Ol + caga A ondensate
ap, A , 4 windoy1-35%R,
200 A m 200 A 7
" Type Il (Ga!
A A A 7
100 v pelll (Gas) 100 4 da/gaswmdnw
A e IV (inert) =
0 1A 0 Al | (- 4
0 50 100 150 200 250 300 375 400 425 450 475 500 525
Oxygen Index (mg CO./g TOC) Trmax ("C)
(c) (d)
© U. Cretaceous outcrops Poor! Fair ! Good,V.Googl Excellent
4 U. Cretaceous well data hd ! ! 6"0 J \x‘f\
® L. Cretaccous outcrops i i & e
4 L. Cretaceous well data @ O/ 190 | i @ ) (&
Linear (U. Cretaceous outcrops) A ! i ] e
Linear (U. Cretaceous well data) 3 H O©
Linear (L. Cretaceous outcrops) 1 b /
Linear (L. Cret well data) ! 1 o/ /o &
¥ oramvi
14 4 A i 8, /
(o) J
7@ Q‘}
5™ 2 L i ®/ <S
o] e A
= o
D1 | O ;A
0 - )
o E ks
% 8 4 & - . o
(%) * Ad A
w o) ¥
6 19 D G
4 '
i OU. Cretaceous outcrops
. A U. Cretaceous welll data
2] @ L. Cretaceous outcrops
V) AL. Cretaceous well data
0+ T 0.1
0 1 7 4 0.1 1
TOC (wt. %) TOC (wt. %)

Figure 26. Source rock evaluation of Cretaceous carbonates, marls, and shales using Rock-Eval pyrolysis data: a Hydrogen Index (HI) versus Oxygen In-
dex (Ol) crossplot showing organic matter type classification; b Hydrogen Index (HI) versus Tax crossplotillustrating thermal maturity levels and trends;
cGenerative Potential (S,) versus Total Organic Carbon (TOC) crossplot with superimposed average Hydrogen Index (HI) trends, indicating hydrocarbon
generation potential; d Source rock quality assessment using a crossplot Petroleum potential (51+S,) versus Total Organic Carbon (TOC).

29, 38, 41 — 45, 48, 51 — 52, 55, 60, 66, 75, 80 — 83, 89 — 93, 95
~97,101 — 106, 109, 115 — 119, 123, 125, 127 — 129, 135 — 136,
139 — 141 on Figs. 4, 25; SEBECIC et al., 1988, 1989, 1990;
JACOB et al., 1983; BARIC et al., 1988; JERINIC et al., 1994;
SPANIC et al., 1995; COTA & BARIC, 1998; FIKET et al.,
2008). The thickest accumulations of these Cretaceous
carbonate-evaporite facies are observed in the central parts
of the platform (GRANDIC et al., 1997). This spatially
coincides with areas where the oil seeps and asphalt oc-

currences have also been reported (SEBECIC et al., 1988,
1989, 1990; JACOB et al., 1983; MOLDOWAN et al., 1992;
FIKET et al., 2008), suggesting a genetic link between these
organic-rich deposits and hydrocarbon generation and mi-
gration.

The Cretaceous laminated carbonates and calcareous
shales of the AdCP represent significant petroleum source
rocks, exhibiting substantial organic enrichment of up to 25%
TOC and demonstrating excellent oil-generating potential (S;
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Figure 27. Photographs of Cretaceous carbonates and shales alongside photomicrographs of their organic matter. a Mirca, Bra¢: a1 Upper Cretaceous
(Maastrichtian) laminated limestone (7.31% Total Organic Carbon); a2 Photomicrograph of lamalginite in the same rock (whole rock section, perpen-
dicular to bedding, blue-fluorescent light); b Premuda-1 well, 1770 m, mudstone (2.72% TOC): b1 Photomicrograph of amorphous organic matter (iso-
lated kerogen) under transmitted white light; b2 Same view under blue-fluorescent light; c Kremena, Ljubi¢ creek: ¢1 Upper Cretaceous laminated lime-
stone (35.7% TOC) and breccia; €2, ¢3 Photomicrographs of lamalginite in the same rock (whole rock sections, perpendicular to bedding, blue-fluorescent

light).

+ S, up to 84.13 mg HC/g of rock; Suppl. 4, Table S1; Figs. 26d,
27al, cl). These source rocks are characterized by their oil-
prone organic facies, with dominant type II kerogen and sub-
ordinate occurrences of type I kerogen (Fig. 26a—c). Several
key geochemical properties define these organic facies. Both
the kerogen and bitumen fractions display elevated sulphur
content (Ser, > 3.66 to 18%; Sg;. 3.11 to 10.60%; Supplement
4, Table S2), classifying the kerogen as predominantly type IIS
and locally type IS (ORR, 1986; BASKIN & PETERS, 1992).
The organic matter is primarily of algal and bacterial origin,
predominantly amorphous in maceral composition (Fig. 27bl,
b2). Organic petrographic analysis reveals that the organic
matter within these carbonates is mainly microbial and algal,
with lamalginite and bituminite as the dominant macerals,
and occasional occurrences of telalginite (Fig. 27a2, c2, c3;
TEICHMULLER & OTTENJANN, 1977; HUTTON et al.,
1980; HUTTON, 1987; TAYLOR et al., 1998). Telalginite,
often found incorporated within bituminite or the organic-
mineral matrix, is more prevalent in deeper sections of intra-
platform basins, particularly those formed during the Late
Cretaceous transgressions. Microscopic examination confirms
the widespread presence of solid bitumen particles (JACOB,
1985). Along the margins of the intra-platform, facies changes
indicate the presence of coaly, terrestrial facies characterized
by predominantly huminite macerals (e.g., Brac-Sumartin), high-
lighting dynamic lateral and vertical variations in depositional
conditions and primary biomass production. The highest
quality kerogens are dominated by amorphous organic matter
of algal and bacterial origin. In more coastal influenced areas
(the Premuda-1, Ravni kotari-3, and Boraja-1 wells), a slightly
lower quality organic facies is observed, characterized by an
increased proportion of vitrinite and inertinite macerals.
Stable carbon isotope ratios (6'*C) of kerogen, bitumen, and

saturated and aromatic hydrocarbons predominantly indicate
a marine algal source for the organic matter (Suppl. 4, Table
S2; Fig. 28a; SOFER, 1984). The 6"*C values in both kerogens
and bitumens are generally higher than -26%, VPDB and
exhibit a positive correlation. However, exceptions to this
trend are observed in the coastal areas, with the Premuda-1
well showing significant deviation from the consistent values
observed elsewhere (Fig. 28b; GALIMOV, 1974, 1980).

The extractable organic matter (EOM) content ranges
from 383 to 124,027 ppm. The bitumen composition is
dominated by polar NSO-compounds and asphaltenes, ranging
from 60% to 95% (Suppl. 4, Table S2). The n-alkane distri-
butions are characterized by a strong predominance of short-
chain n-alkanes, particularly nC;, suggesting a significant
contribution from algal lipids (Fig. 29al; BRAY & EVANS,
1961; TISSOT & WELTE, 1984). The Pr/nCy; and Ph/nCig
ratios are typically below 1, while the Pr/Ph ratio exhibits
variability but is generally also below 1, indicating fluctuating
but predominantly anoxic depositional conditions (DIDYK et
al., 1978). A cross-plot of Ph/nCg versus Pr/nC,; further con-
firms the presence of algal-derived marine organic matter (Fig.
30a; CONNAN & CASSOU, 1980). The Sterane/Hopane ratio
is consistently below 1, implying significant microbial
reworking of the organic matter and an enhanced contribution
from bacterial biomass (TISSOT & WELTE, 1984,
OURISSON etal., 1979; ROHMER, 1993). Elevated nH/H and
C51R/Cs30H values suggest deposition in an isolated, enclosed,
carbonate shallow marine environment (Suppl. 4, Table S3).
The homohopane distribution pattern and the C;5S/C34S
homohopane ratio are indicative of reducing (anoxic) condi-
tions during deposition (MOLDOWAN et al., 1992; CLARK
& PHILP, 1989; PETERS & MOLDOWAN, 1991). The
presence of elevated gammacerane concentrations (0.11 to
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Figure 28. Stable carbon isotope ratios (§C, VPDB) characterization of organic matter from Cretaceous carbonates and shales: a A crossplot of §°C
values for saturated and aromatic hydrocarbon fractions of extracts, used to infer organic matter type (in the SOFER’s (1984) diagram). Remark: Statisti-
cal trends are based on n-alkanes greater than Cs, while our analysis included the entire saturated fraction. b Stable carbon isotope ratios profiles of
Cretaceous kerogen and its bitumen and bitumen fractions (saturated hydrocarbons, aromatic hydrocarbons, nitrogen, sulphur, and oxygen-bearing
compounds/resins, and asphaltenes) (in the GALIMOV's (1974, 1980) diagram). Key: Sat. = saturated hydrocarbons, Aro. = aromatic hydrocarbons, NSO
= nitrogen, sulphur, and oxygen-bearing compounds (resins), Asph. = asphaltenes, Ext. = extract/bitumen, Ker. = kerogen, VPDB = Vienna Pee Dee Be-

lemnite standard.

0.33) further supports deposition in stratified, isolated water
column settings (SINNINGHE DAMSTE et al., 1995). In the
C,7 — Cy9 regular sterane distribution, Cy9 Steranes are the
dominant homologues, followed by C,; steranes (Fig. 29a3),
suggesting a marine algal origin, with contributions from
brown and green algae (VOLKMAN et al., 1986, VOLKMAN,
2003). The ternary diagram of C,7 — Cy9 regular steranes
points towards a shallow to open marine depositional
environment with a source biomass comprising both
phytoplankton and bacterial organic matter (Fig. 30b; HUANG
& MEINSHEIN, 1979).

Collectively, the source rock and palacoenvironmental
parameters discussed above consistently indicate deposition
within carbonate-evaporite environments under anoxic
conditions, with the primary organic matter input derived
from algae and bacteria. These findings agree with previous
studies on the AdCP Cretaceous source rocks (MOLDOWAN
etal., 1992; COTA & BARIC, 1998).

Geochemical analyses of the Cretaceous sediments reveal
a thermal maturity gradient, with organic matter remaining
immature down to approximately 4500 metres. Below this
depth, a transition into the oil window is observed, as indicated
by a range of optical and biomarker maturity parameters: Tmax
(401 — 479 °C), Thermal Alteration Index (TAI 1* to 3°),
fluorescence colour (yellow to yellow-orange), vitrinite
reflectance (VR 0.30 — 0.50%R,), bitumen reflectance (BR
0.06 — 0.73%Ry, corresponding to 0.43 to 0.84%R,), Methyl-
phenanthrene Index (MPI-1) derived vitrinite reflectance
equivalent (Rcqvpr.r) 0.44 — 0.52%), sterane isomerization
ratios (20S/(20S+20R) 0.18 — 0.52 and ofp/(app+oaac) 0.40 —
0.69), hopane isomerization ratio (22S/(22S+22R) 0.34 — 0.56),
and the Ts/Tm ratio (0.02 — 0.06) (Suppl. 4, Tables S1, S3;
PETERS & CASSA, 1994; MACKENZIE et al., 1982;
SEIFERT & MOLDOWAN, 1980, 1986; MACKENZIE &
MAXWELL, 1981; RADKE & WELTE, 1983). Despite this
relatively low overall thermal maturity, the elevated sulphur
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Figure 29. Chromatograms of Cretaceous carbonate extract (Vis-1 well, 2135.6 — 2138.6 m, mudstone): a1 Gas chromatogram of bitumen; a2 Mass
chromatogram of terpanes (m/z 191); a3 Mass chromatogram of steranes (m/z 217).

content within the kerogen matrix of these Cretaceous source
rocks plays a crucial role in facilitating hydrocarbon generation
at lower maturity levels (ORR, 1986; BASKIN & PETERS,
1992; RULLKOTTER et al., 1990; ORR & SINNINGHE
DAMSTE, 1990; SINNINGHE DAMSTE & LEEUW, 1990).
This effect is evidenced by the exceptionally high bitumen
content (extractable organic matter (EOM) often exceeding
20,000 ppm) and the increased microscopic observation of
solid bitumen within the source rock lithologies.
Migrabitumen occurrences are widespread throughout the
Dinarides (sample locations 1, 10, 24, 93, 95 — 97, 106, 109,
127 - 129, 139 — 141 on Figs. 4, 25), manifesting as fillings of

cracks, cavities, and pores with oil, bitumen, asphalt, and other
hydrocarbons, often appearing as coatings or stains (Fig. 31a,
b1). Both onshore and offshore occurrences of oil and bitumen
have been documented (JACOB et al., 1983; COTA & BARIC,
1998; MOLDOWAN et al., 1992; FIKET et al., 2008). While
oil was encountered in the Ravni kotari-3 and Kate-1 wells,
commercial viability was not achieved (COTA & BARIC,
1998). Oil samples from these wells exhibit low API gravity,
ranging from 2 to 22°, and high sulphur content, a characteristic
likely inherited from the sulphur-rich source rock kerogen.
The content of heavy, polar resinous (NSO) compounds and
asphaltene fractions is also elevated, contributing to the oil’s
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Figure 30. Source and depositional environment indicators for Cretaceous carbonates and shales: a Pristane (Pr)/nCy versus Phytsne (Ph)/nCyg crossplot
for organic matter type, depositional environment, oxygen exposure, and maturity (in the CONNAN & CASSOU's (1980) diagram); b Ternary plot illus-
trating the relative proportions of Cy7, Cy5, and Cyg steranes in extracts from Jurassic carbonates and shales (in the HUANG & MEINSHEIN’s (1979) dia-

gram), indicative of source input and depositional setting.

increased viscosity and density. The predominantly naphthenic
character of the oil suggests a relatively lower level of thermal
maturity compared to paraffinic oils. Biomarker analysis and
stable carbon isotope compositions consistently point towards
an algal-bacterial origin of the organic matter, deposited in
marine, carbonate, and potentially locally hypersaline environ-
ments under anoxic conditions. These integrated findings,
along with the analytical data, establish a positive genetic cor-
relation between the identified Cretaceous source rocks, the
observed bitumen, and the encountered oil, indicating a com-
mon origin (COTA & BARIC, 1998).

The migrabitumens found throughout the region are
classified as natural asphalts (JACOB et al., 1983), universally

displaying low API gravity (less than 10°), indicative of a
heavy, viscous nature and high sulphur content directly linked
to the sulphur-rich source rock kerogen. The original organic
compounds within these migrabitumens have undergone
extensive biological alteration, signifying significant biodegra-
dation. Their optical properties, characterized by orange to
brown fluorescence and reflectance values below BR 0.2% R,
classify them as a mixture of asphaltite, insoluble forms like
wurtzilite and albertite, and soluble forms ranging from
asphalt to glance pitch (Fig. 31b2, b3, cl, c2).

The stable carbon isotope ratios of kerogen (6°*Cge, -23.86
to -26.10%o, VPDB) and bitumen (8"Cp;. -24.27 to -23.43%,
VPDB) strongly support a genetic relationship between these

Figure 31. Photographs of Cretaceous carbonates and shales containing migrabitumen, and corresponding photomicrographs of bitumen. a Rosca:
Upper Cretaceous bituminous limestone breccia containing 5.27% Total Organic Carbon; b Vrgorac: b1 Photograph of Upper Cretaceous limestone with
asphalt-wurtzilite (12.20% TOC, Bitumen Reflectance (BR) 0.10%Ry,); b2 Photomicrograph of solid bitumen (isolated organic matter) under transmitted
white light; b3 Same field of view under blue-fluorescent light; c Radosici: Upper Cretaceous limestone showing c1 a fracture filled with asphalt (note
visible dissolution in immersion oil, reflected light, oil immersion); c2 a detailed view of c1 under blue-fluorescent light; d Skrip: Photomicrograph illus-
trating pores, fissures, and cavities within the rock filled with bitumen (reflected light, oil immersion).
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migrabitumens and the Cretaceous source rocks (Fig. 28a;
SOFER, 1984). The migrabitumens, particularly those found
in the Split hinterland, are interpreted as early-stage products
generated from the sulphur-rich kerogen. Following short-
distance migration, they accumulated within cavities, pores,
and fractures. Subsequent weathering and degradation
processes transformed them from a dense liquid state into their
current solid or semi-solid form (gPANIC et al., 1995;
MOLDOWAN et al., 1992). While the Jurassic and Cretaceous
source rocks may share some general characteristics, their
stable carbon isotopic signatures allow for geochemical diffe-
rentiation (6'*C values around -26%0 VPDB can serve as a
distinguishing factor; KATZ et al., 2000; CHUNG et al.,
1992). Thermally immature Cretaceous source rocks, charac-
terized by a specific sulphur-rich organic facies, generated
heavy oils. These oils were encountered in non-commercial
quantities within wells and as seeps throughout the Dinarides
(Fig. 4). Their limited migration potential is likely attributable
to their early-stage formation and subsequent in-reservoir
transformation from a dense liquid to a solid state.

4.6. Palaeogene and Neogene source rocks
characterisation

Palacogene and Neogene sediments within the Dinarides
generally exhibit a scarcity of strata with significantly elevated
total organic carbon (sample locations 2, 14, 17 — 18, 46, 53,
72,76, 94, 108, 114, 130, 134 on Fig. 4). In contrast to the
Cretaceous, the Palacogene depositional environments were
predominantly freshwater to brackish, favouring the
accumulation of terrestrial organic matter, primarily in the
form of coal (coaly particles and distinct layers) within the
Liburnian strata (VELIC et al., 2015). These Palacogene coals
range in rank from lignite to sub-bituminous coals and are
classified as humic based on their maceral composition
(STACH et al., 1982; TAYLOR et al., 1998). They are domi-
nated by huminite macerals (including humotelinite, ulminite,
humocollinite, and corpohuminite) with varying, generally
lesser, amounts of liptinite macerals (such as cutinite, resinite,
sporinite, and liptodetrinite) (Fig. 32al—a3, bl-b2; SYKOROVA
et al., 2005; TAYLOR et al., 1998). This maceral assemblage
typically renders these coals less favourable for significant
liquid hydrocarbon generation (Suppl. 5, Table S1; Fig. 33).
Furthermore, the organic matter in most Palacogene sediments
is thermally immature, with vitrinite reflectance (VR) values
generally remaining below 0.5%R,. A notable exception occurs
in the Istrian basin, where the Rasa coals exhibit exceptionally
high TOC values ranging from 61.10 to 68%. These coals
display VR values ranging from 0.52 to 0.60%R, (n=50,
standard deviation 0.03), indicating a higher level of thermal
maturity compared to other Palacogene occurrences. The Rasa
coals are primarily composed of telocollinite macerals (Fig.
32bl, b2) and are classified as high volatile bituminous C coal
(Glanzbraunkohle) according to international coal classification
standards (STACH et al., 1982; TAYLOR et al., 1998). A key
characteristic of the Rasa coals is their remarkably high
sulphur content, on average 11.2% as cited by HAMRLA
(1959) and between 10.29 and 11.07% as highlighted by
MEDUNIC et al. (2016), respectively. This elevated sulphur
content, primarily organically bound within the coal matrix,
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may potentially facilitate the generation of heavy oil or
bitumen due to the relative weakness of carbon-sulphur bonds
compared to carbon-carbon bonds during thermal maturation
(ORR, 1986; BASKIN & PETERS, 1992). While JACOB et
al. (1983) characterized extracts from these coals as asphalt,
the overall volume and migration potential of any generated
hydrocarbons are considered limited, making these coals
unlikely to represent significant sources for conventional
hydrocarbon accumulations.

Marls within the flysch series contain low concentrations
of thermally immature organic matter (TOC ranging from 0.3
to 1%, vitrinite reflectance VR <0.5%R,). This organic matter
is classified as terrestrial kerogen types III and IV, indicating
negligible potential for hydrocarbon generation (Suppl. 5, Table
S1; Fig. 33). Conversely, Palacogene carbonates deposited in
subtidal and lagoonal environments contain relatively higher
amounts of marine-derived, amorphous organic matter
originating from algae and bacteria (Fig. 32cl, c2). This organic
matter is classified as type Il kerogen and exhibits source rock
characteristics. However, similar to the flysch marls, it remained
thermally immature (Fig. 33).

During the Early and Middle Miocene, the Dinarides were
characterized by an extensive system of lakes known as the
Dinaride Lake System (DLS) (DE LEEUW et al., 2012). The
sedimentary deposits associated with the DLS frequently
contain coal, primarily lignite JIMENEZ-MORENO et al.,
2008, 2009; MANDIC et al., 2009). The maceral composition
of these lignites is predominantly composed of huminite
macerals, with subordinate amounts of liptinite and inertinite
also present (Fig. 34al; SYKOROVA et al., 2005; TAYLOR et
al., 1998). The occurrence of alternating layers of coal and
limestone within the DLS deposits reflects cyclical periods of
swamp formation and temporary subaqueous conditions, with
the occasional presence of alginite and telalginite indicative of
algal contributions to the organic matter (Fig. 34a2, a3).

The Upper Cretaceous/Palacogene sediments along the
northeastern edge of the AdCP (Karlovac — Petrinja — Glina
area, Zrinska gora) exhibit elevated total organic carbon content
(TOC > 1%). Low hydrogen index values suggest a
predominance of terrestrial kerogen types I11 and IV (Suppl. 5,
Table S1; Fig. 33). Detailed microscopic analysis confirms that
these sediments are primarily composed of terrestrial plant
material, ranging from finely dispersed amorphous detritus to
larger inertinite and vitrinite particles (TAYLOR et al., 1998).
This dominance of kerogen types Il and IV is characteristic
of turbidite deposits, where the original plant matter has
undergone significant degradation. The organic matter in these
sediments shows evidence of higher catagenesis (Tmax > 450
°C, vitrinite reflectance VR 0.92 to 1.40%R,). This reworked
organic matter is generally considered unfavourable for hydro-
carbon generation. However, a few exceptional samples (e.g.,
from the PetrinjCica area, Karlovac-2 and Karlovac-3 explora-
tion wells) exhibit higher generative potential due to a larger
proportion of terrestrial liptinite macerals within the vitrinite-
rich organic matter (Fig. 33). Maturity parameters indicate that
these Palaeogene sediments are in transition from late diagene-
sis to the oil window, typically in the initial phase (Tmax 433 to
438 °C, VR 0.40 to 0.57 %Ry). The presence of solid bitumen
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in deep boreholes in the Karlovac area (Karlovac-2 and Palaeogene (Palacocene — Oligocene?) dark laminated
Karlovac-3 wells) suggests entry into the early oil window.  shales and limestones from the Buzeta area, (Glina area, edge
Deep drilling in the Karlovac region also confirms that of Karlovac subbasin), demonstrate promising source rock
conditions for significant gas generation were not established.  characteristics. These sediments contain elevated organic
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Figure 32. Photomicrographs illustrating organic matter types in Palaeogene carbonates, marls, coals, and shales. Reflected white light with oil immer-
sion was used for coal and coaly shale samples; other techniques are specified. a Baska coaly shale (VR 0.44%R,): a1 — a3 Huminite macerals (textinite
and corpohuminite); b Rasa coal and coaly shales (VR 0.60%R,): b1, b2 Telocollinite maceral and framboidal pyrite; c Koromacno carbonates: c1 Impreg-
nated (bituminous) amorphous organic matter (isolated organic matter) under transmitted white light; c2 Same view as c1 under blue-fluorescent light;
d Buzeta shales: d1 Amorphous organic matter (isolated kerogen) under transmitted white light; d2 Same view as d1 under blue-fluorescent light; d3
Lamalginite in a whole rock section, oriented perpendicular to bedding and viewed under blue-fluorescent light.
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carbon content (TOC up to 13%) and good generative potential
(S; + S, > 6 mg HC/g of rock; Suppl. 5, Table SI; Fig. 33). The
kerogen is classified as type I to 1I/1, indicating a mixed algal
and bacterial origin. Microscopic analysis reveals that the organic
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matter is predominantly amorphous with traces of alginite,
dinoflagellates, liptodetrinite, and rare low reflectance vitrinite.
The relatively high negative values of stable carbon isotope ratios
in kerogen (8"Cker. -26 to -30%0 VPDB; Suppl. 5, Table S2)
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Figure 33. Source rock characterization of the Palaeogene and Neogene carbonates, marls, and shales using Rock-Eval pyrolysis data: a Hydrogen Index
(HI) versus Oxygen Index (Ol) crossplot showing the organic matter type classification; b Hydrogen Index (HI) versus Tyax crossplot illustrating thermal
maturity levels and trends; ¢ Generative Potential (S,) versus Total Organic Carbon (TOC) crossplot with superimposed average Hydrogen Index (HI)
trends, indicating hydrocarbon generation potential; d Source rock quality assessment using a crossplot of Petroleum potential (5;+5,) versus Total

Organic Carbon (TOC).
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Figure 34. Photomicrographs illustrating organic matter in Neogene marls, coals, and shales from the Sinj Ruda coaly shales. a1 Huminite maceral (tex-
toulminite, VR 0.26%R,) in whole rock, observed under reflected light with oil immersion; a2 Alginite (telalginite type) in a whole rock section perpen-
dicular to bedding, viewed under blue-fluorescent light; a3 Same alginite as in a2, viewed under ultraviolet light.

could suggest a significant bacterial contribution rather than a
solely terrestrial input. The organic matter is thermally imma-
ture, residing in the late diagenesis stage (Tmax 430 to 435 °C).
While the kerogen type suggests a calm, possibly freshwater-
influenced depositional environment, the diverse molecular
distributions (variations in Pr/Ph, Pr/nCy;, Ph/nCyg; Fig. 35;
DIDYK et al., 1978; CONNAN & CASSOU, 1980) indicate a
mix of organic matter sources (algae, cyanobacteria, dinofla-
gellates, zooplankton) or fluctuating depositional conditions.
The thickness of Palaeogene deposits in the Glina subbasin is
estimated to range from 250 to 450 metres. However, the pre-
cise age and lateral extent of these sediments remain uncertain.

Additionally, thin interlayers of Palacogene (Eocene)
carbonates encountered in the Adriatic Sea (Melita-1 and
Mirjana-1 wells) exhibit excellent source rock potential, with
S + S, values reaching up to 42 mg HC/g of rock. These
interlayers contain immature, algal and bacterial organic matter
classified as type II kerogen. Notably, their enrichment in
sulphur (S 5 — 6%) allows for hydrocarbon generation at a lower
maturity level compared to typical type II kerogen. The heavy
oil (13° API) discovered in the Melita-1 well displays a positive
genetic correlation with these thin-layered source rocks, as
supported by biomarker and isotopic analyses (6"*C -14 to -23%o
VPDB; Suppl. 5, Tables S1, S2), further substantiating their
hydrocarbon potential.

©Neogene outcrops
©Paleogene outcrops

APaleogene well data

Figure 35. Source and depositional environment of Palaeogene and Neo-
gene carbonate and shale extracts: Pristane (Pr)/nC;; versus Phytane (Ph)/
nCyg crossplot for organic matter type, depositional environment, oxygen
exposure, and maturity (in the CONNAN & CASSOU’s (1980) diagram).

5. CONCLUSIONS

Based on the comprehensive analysis of over 5,000 borehole
and outcrop samples, this study provides a robust evaluation of
the source rock potential across multiple stratigraphic levels
within the External Dinarides. Our findings reveal the following
key insights into the petroleum systems of the region:

a) Carboniferous and Permian organic-rich siliciclastics
and carbonates are consistently overmature, having surpassed
the oil and gas generation windows.

b) Triassic organic-rich shales and carbonates exhibit high
levels of thermal alteration, with the presence of pyrobitumen
indicating past hydrocarbon generation. Notably, the Upper
Triassic Vlasta-Komiza Facies laminated limestones,
outcropping on the islands of Vis and Palagruza in the Adriatic
Sea, represent excellent oil-prone source rocks characterized
by type 11 to 1IS kerogen. These facies have reached the onset
of oil generation, and geochemical data strongly correlate
generated oil with these specific source rocks.

¢) Lower Jurassic shales and carbonates are also highly
thermally altered, suggesting limited remaining petroleum
potential.

d) Upper Jurassic dark, organic-rich limestones and shales
of the Leme§ Trough constitute excellent oil-prone source
rocks, featuring type II and IIS kerogen. Their high sulphur
content has enabled hydrocarbon generation at relatively lower
thermal maturity levels, with observed bituminous coatings
and seeps indicating short-distance migration of early-stage
products.

e) Cretaceous laminated carbonates, deposited within
restricted lagoons and intraplatform troughs, represent
excellent, oil-prone source rocks containing immature type IS
kerogen. These sulphur-rich facies can generate hydrocarbons
at lower maturity levels and have reached the oil window at
depths exceeding 4,500 metres in the central Adriatic Sea.
They are linked to non-commercial heavy hydrocarbons and
oil shows, highlighting an active but potentially constrained
petroleum system.

f) Palaeogene and Neogene coaly shales and carbonates
are generally immature and occur only locally, suggesting
limited regional significance as primary source rocks.

In summary, the most prospective source rocks within the
External Dinarides are predominantly carbonate and calcareous
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shale lithologies enriched in high-quality, marine-derived
(algal and microbial) organic matter with elevated sulphur
content (kerogen type I/1IS). The deposition of these key source
rock units was intrinsically linked to the evolving
palacoenvironmental conditions and depositional settings on
the Adriatic Carbonate Platform (VELIC et al., 2002a, b;
VLAHOVIC et al., 2005). The highest quality source rocks are
identified within Middle Triassic intraplatform troughs, the
Late Jurassic Leme$ Trough, and Cretaceous carbonate-
evaporite and deep-water intraplatform facies.

Thermal maturity parameters clearly delineate the varying
maturation histories of these source rocks. Triassic source
rocks in the hinterland are largely in late catagenesis to
metagenesis (Velebit, Svilaja Mt.), rendering them
predominantly post-generative, whereas their offshore
counterparts (Vlasta-Komiza facies) have reached initial
maturity at significant depths (>5000 m). Source rocks within
the Lemes Trough range from immature to initially mature,
while Cretaceous source rocks are generally immature across
the explored areas. Thermal modelling confirms the maximum
temperature exposure of organic matter, with Middle Triassic
volcanism identified as the most significant thermal event
influencing the region’s petroleum evolution. This event likely
caused early maturation and depletion in older Triassic
sequences.

A defining characteristic of the carbonate-hosted organic
facies is their elevated sulphur content, which demonstrably
lowers the thermal maturity threshold for hydrocarbon
generation. This explains the widespread occurrences of
bitumen, migrabitumen, oil stains, asphalt, and oil and wet gas
throughout the broader Dinarides. Isotopic analyses provide
compelling evidence for positive genetic correlations between
these allochthonous hydrocarbons and the identified Jurassic
and Cretaceous source rocks, with further comparisons
suggesting potential links to Italian oils, collectively confirming
the presence of an active petroleum system.

However, the ultimate viability of these petroleum systems
hinges on the critical temporal alignment of hydrocarbon
generation, expulsion, and migration with the formation and
preservation of suitable structural and stratigraphic traps,
processes intimately linked to the complex structural evolution
of the Dinarides. The prevalence of overmature Triassic source
rocks, with generation occurring prior to significant structural
development, underscores the importance of this temporal
relationship.

The Upper Jurassic carbonates and calcareous shales of the
Lemes Formation, particularly the high-quality occurrences in
the Lika part of the trough (TROSKOT-CORBIC, 2011), and
the Cretaceous carbonates of evaporitic and deep-water facies
represent the most promising remaining source rock intervals
in the External Dinarides. Recognizing that these Jurassic and
Cretaceous organic facies likely attained maximum burial
depths during the Late Cretaceous and Palacocene, prior to
major structural deformation, future onshore exploration efforts
should prioritize ascertaining their subsurface distribution and
thermal maturity at depths exceeding 3,000 metres.
Consequently, detailed structural-tectonic interpretations will
be crucial for effectively delineating the migration pathways
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and potential trap geometries, thereby enhancing our
understanding of the petroleum system linkages and informing
future exploration strategies within the External Dinarides.
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Supplement 1

Table S1. Rock eval pyrolysis data, vitrinite reflectance and thermal alteration index from Carboniferous marls and shales.

SampleID  Well/Depth (m) TOC Si Sz Si+S2 S3 Tiere HI Ol Pl S,/S Ro TAl
Well/Outcrop  Outcrop (OUT) (%) (mgHC/grock) (mgHC/grock) (mgHC/grock) (mgCO,/grock) (°C) (mgHC/gTOC) (mg CO,/g TOC) 233 ()
Bruvno-1 316 4.08 0.39 0.28 0.67 0.21 7 5 058 133 202 4
Bruvno-1 546 0.57 0.13 0.06 0.19 0.08 1 14 0.68 0.75 4
Bruvno-1 584 0.48 0.1 0.03 0.14 0.08 6 17 0.79 0.38 4
Bruvno-1 689 0.49 0.18 0.07 0.25 0.16 14 33 072 044 4
Bruvno-1 833 0.62 0.16 0.05 0.21 0.08 552 8 13 0.76 0.63 4
Bruvno-1 924 0.73 0.18 0.07 0.25 0.05 10 7 0.72 140 4
Bruvno-1 1002 0.59 013 0.05 0.18 0.04 574 8 7 072 125 242 &
Bruvno-1 1765 0.89 0.16 0.03 0.19 3 0.84 222 4
Bruvno-1 1838 0.87 0.07 0.01 0.08 0.02 1 2 0.88 0.50 4
Bruvno-1 2206 0.50 0.06 0.05 0.1 0.26 10 52 0.55 019 404 4
Bruvno-1 2206 0.60 0.02 0.01 0.03 3 0.66 4
Bruvno-1 2618 0.50 0.02 0.02 0.04 4 0.50 414 4
Marunovac ouT 0.92 0.05 0.06 0.1 0.15 7 16 045 040 4
Klarica Vrelo ouT 0.69 0.21 0.15 0.36 22 0.58 4
Ricice ouT 0.82 0.12 0.1 0.23 13 0.52 4
Licko Cerje 1 ouT 14.30 0.07 0.24 0.31 0.60 550 2 4 0.23 040 4
Sv Rok Lotici ouT 1.30 002 0.09 0.11 0 1 4
Radu¢ ouT 1.64 0.03 0.00 0.00 0.13 0 8 4
Pikovac 1 ouT 0.70 0.08 0.05 0.13 0.37 7 53 062 014 445 4
Pikovac 2 ouT 0.87 0.14 0.10 0.24 0.23 " 26 058 043 454 4
Pikovac A ouT 217 0.01 0.01 0.02 0.16 0 7 0.50 0.06 441 4
Pikovac B ouT 0.70 0.01 0.08 0.09 0.02 522 " 3 0.11 400 4.69 4
Pikovac C ouT 119 0.00 0.01 0.01 0.65 553 1 55 0.00 0.02 450 4

OUT outcrops; TOC total organic carbon; S; the amount of free hydrocarbons; S, the amount of hydrocarbon generated through thermal cracking; S; the amount
of CO, produced during pyrolysis; Trmax the temperature of maximum hydrocarbon generation; Pl production index; $1+S, generative potential (PETERS & CASSA,
1994); %R, vitrinite reflectance (VR); TAl thermal alteration index; TAl to VR (%R,) correlation scale: 4~ 2.00 - 3.00%R,, 4>3.00%R,.

Table S2. Rock eval pyrolysis data, vitrinite reflectance and thermal alteration index from Permian marls and shales.

Sample ID TOC S Sz Si+S2 S3 Tiiiers HI ol Pl S./5 Ro TAl
QOutcrop (%) (mgHC/grock) (mgHC/grock) (mgHC/grock) (mgCO,/grock) (°C) (mgHC/gTOC) (mg CO,/gTOC) 293 (%)
Homer-1 0.88 0.01 0.20 0.21 0.08 530 23 9 0.05 2.50 1.99 4
Lokve—gpiéunak 4.30 0.01 0.70 0.71 1.46 531 16 34 0.01 0.48 1.65 34
Fuzine PP 0.77 0.02 0.06 0.08 0.02 487 8 3 0.25 3.00 2.25 4
Gerovo Razloge 4.8 0.01 0.29 0.3 1.31 532 7 31 0.03 0.22 166 374
Ravna gora SS 1.58 0.01 0.06 0.07 0.60 466 4 38 0.14 0.10 2.30 4
Gerovo KlukovI.  6.24 0.01 0.31 0.32 248 551 5 40 0.03 0.13 1.94 4
Gerovo Trice 218 0.01 0.65 0.66 0.06 520 30 3 002 1083 166 34
Cabar Ravnice 2.03 0.01 0.19 0.20 0.25 567 9 12 0.05 0.76 2.32 4
Skrad Rasohe2  0.95 0.03 0.08 0n 0.1 484 8 12 0.27 0.73 2.70 4
Skrad most 3 1.30 0.01 0.02 0.03 1.00 2 77 0.33 0.02 4
Brusane 1 441 0.06 0.16 0.22 0.39 605 4 9 0.27 041 2.33 4
Brusane 2 4.35 0.09 0.28 0.37 0.41 605 6 024 0.68 212 4
Brusane 3 3.78 0.10 0.23 0.33 0.40 605 6 1 0.30 0.58 2.33 4
Brusane 4 4.04 0.03 0.13 0.16 0.36 605 3 9 0.19 0.36 2.30 4
Brusane 5 541 1.02 1.62 2.64 30 0.39 4
Brusane 6 4.51 0.60 0.70 1.30 597 16 0.46 2.07 4
Brusane 8 5.10 0.03 0.36 0.39 598 7 0.08 2.00 4
Brusane 9 414 0.07 0.15 0.22 591 4 0.32 4
Takalice 1 3.50 0.00 0.70 0 20 4
Takalice 2 3.38 0.10 0.10 0.80 0 24 1.00 4
Takalice 9 3.56 0.10 0.10 0.40 0 1l 1.00 4
Takalice 10 2.51 0.10 0.10 0.20 0.70 4 28 0.50 0.14 4
Takalice 11 6.33 0.10 0.10 0.20 0.30 2 5 0.50 0.33 4
Takalice 12 5.63 0.00 0.10 0.10 0.30 2 5 0.00 0.33 4
Takalice 14 2.36 0.10 0.10 0.20 0.20 4 0.50  0.50 2.05 4
Takalice 15 6.49 0.10 0.10 0.20 0.20 482 2 3 0.50 0.50 4
Takalice 17 4.16 0.10 0.10 0.20 1.50 2 36 0.50 0.07 4
Takalice 18 7.61 0.10 0.10 0.20 0.50 1 7 0.50 0.20 212 4
Takalice 19 2.50 0.10 0.10 0.30 0 12 1.00 4
Takalice 22 3.05 0.00 1.10 0 36 0.00 4
Takalice 23 3.57 0.10 0.10 1.10 0 31 1.00 0.00 2.04 4
Paljez 2.08 0.17 0.14 0.31 0.59 7 28 0.55 0.24 4
MarunovaclVa  0.89 0.12 0.13 0.25 0.1 15 12 0.48 1.18 4
Velika Draga-1 1.68 0.06 0.14 0.20 0.31 574 8 18 0.30 0.45 4
Velika Draga-2 1.76 0.07 0.12 0.19 0.57 578 7 32 0.37 0.21 2.06 4
Grici 2 1.63 0.03 0.16 0.19 0.21 577 10 13 0.16 0.76 4
Grici3 1.52 0.02 0.16 0.18 0.21 578 1 14 0.1 0.76 4
Gri¢i 4 1.81 0.11 0.24 0.35 0.39 578 13 22 0.31 0.62 2.1 4

TOC total organic carbon; S; the amount of free hydrocarbons; S; the amount of hydrocarbon generated through thermal cracking; S; the amount of CO, produced
during pyrolysis; Trmax the temperature of maximum hydrocarbon generation; Pl production index; S+5; generative potential (PETERS & CASSA, 1994); %R, vitrinite
reflectance (VR); TAl thermal alteration index; TAl to VR (%R,) correlation scale: 3* 1.25 - 2.00%R,, 4~ 2.00 - 3.00%R,, 4>3.00%R,.
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Supplement 2
Table S1. Rock eval pyrolysis data, vitrinite reflectance and thermal alteration index from Triassic carbonates, marls and shales.
Sample ID QOutcrop TOC S S2 Si+S; S3 Wiess HI Ol Pl SySs Ro TAl
Well/Outcrop ~ Well/Depth (m) (%) (mgHC/g rock) (mgHC/grock) (mgHC/grock) (mg CO,/grock) (°C) (mgHC/gTOC) (mg CO,/g TOC) (%)
FuZine Zeljeznitka ouT 0.80 0.01 535 227 4
FuZine Bajerskoj. ouT 0.62 0.01 547 251 4
Lokve Lazac ouT 0.57 0.01 529 1.87 3*-4
Lokve Homer ouT 0.86 0.01 529 174 3*-4
Donje Pazariste 14 ouT 0.84 0.02 0.03 0.05 561 4 0.40 252 4
Donje Pazariste 19 ouT 0.89 0.02 0.02 0.04 447 2 0.50 1.84 3*-4
DP. Jovanovi¢ p. 1 ouT 1.25 0.27 0.03 0.30 0.08 2 6 090 038 232 4
DP. Jovanovic¢ p. 2 ouTt 0.80 0.10 0.13 16 2.01 4
DP. Jovanovi¢ p. 3 ouT 0.95 0.20 0.13 14 4
Mu¢ ouT 1.46 0.23 0.48 0.71 0.41 492 33 28 032 117 132 3-3*
Mu¢ 1 ouT 1.26 0.03 0.60 0.63 0.50 454 48 40 0.05 120 3-3+
Muc 3 ouT 1.27 0.00 0.20 0.20 1.10 16 87 0.18 3-3*
Muc 4 ouT 1.67 0.00 0.10 0.10 1.10 6 66 0.09 3-3*
Muc 5 ouT 1.80 0.70 0.30 1.00 0.30 17 17 0.70 100 3-3*
Sutina 14/2 ouT 313 0.10 0.16 0.26 594 5 0.38 1.93* 3%
Sutina 14/6 ouT 3.23 0.09 0.15 0.24 594 5 0.38 3+
Sutina 14/34 ouT 4.21 0.46 0.36 0.82 594 9 0.56 1.81* 3%+
Sutina 14A ouT 0.62 0.20 0.28 0.48 486 45 0.42 3+
Sutina 28/2 ouT 1.07 0.22 0.64 0.86 465 60 0.26 142 3
Zelovo Sutin. s. 13/7 ouT 1.25 1.26 3
Zelovo Sutin. s.13/7a ouT 1.36 114 3
Glamoc¢ Busija ouT 1.06 0.23 4.20 443 432 396 0.05 062 2+
Glamoc¢ 1A ouT 2.25 0.20 3.40 3.60 1.80 430 151 80 0.06 189 060 2"
Glamoc¢ 3C ouT 1.78 0.20 4.30 4.50 1.20 429 242 67 0.04 358 064 2*
Glamo¢ 4D ouT 2.07 0.20 5.10 5.30 1.50 428 246 72 004 340 059 2
Glamoc¢-1 1604 2.60 0.71 1.27 1.98 0.25 479 49 10 036 508 155 3*
Glamoc-1 1605 1.40 0.21 0.86 1.07 0.20 458 61 14 020 430 183 3*
Glamo¢-1 1638 1.51 0.40 0.61 1.01 0.29 476 40 19 040 210 3+
Glamo¢-1 1660 0.90 0.28 0.32 0.60 0.13 36 14 047 246 160 3*
Glamo¢-1 1718 2.26 0.53 0.81 1.34 0.30 465 36 13 040 270 138 3*
Glamo¢-1 1720 0.99 0.36 0.46 0.82 0.25 46 25 044 184 161 3+
Glamoc¢-1 1758 1.88 114 0.94 2.08 0.27 461 50 14 0.55 348 3+
Glamoc¢-1 1792 2.1 1.15 2.04 3.19 0.46 458 97 22 036 443 169 3*
Glamo¢-1 1795 1.34 0.29 133 1.62 0.19 453 99 14 018 700 115 3-3*
Glamo¢-1 1798 1.53 0.57 0.7 1.27 0.29 462 46 19 045 24 3-3+
Glamo¢-1 1838 1.64 0.41 0.6 1.01 0.32 466 37 20 041 1.88 3-3+
Glamo¢-1 1878 1.07 0.25 0.38 0.63 0.29 462 36 27 040 1.31 3-3*
Glamo¢-1 1958 1.49 0.88 0.88 1.76 0.24 458 59 16 0.50 3.67 3-3*
Glamoc-1 1998 1.04 0.34 0.47 0.81 0.23 463 45 22 042 204 3-3*
Glamoc-1 2040 1.01 0.21 0.47 0.68 0.21 465 47 21 031 224 126 3-3*
Glamo¢-1 2078 1.03 0.27 0.38 0.65 0.24 465 37 23 042 158 3-3+
Karlovac-2 3777 0.77 0.03 0.33 0.36 0.06 43 8 008 550 11 3
Komiza 2B ouT 0.45 0.07 1.09 1.16 0.35 434 242 78 0.06 311 0.55 2-2F
Komiza 8 ouT 0.59 0.05 0.79 0.84 0.19 447 134 32 006 416 0.61 2+
Palagruza 4 ouT 0.48 0.02 0.13 0.15 1.07 437 27 223 013  0.12 2-2*
Vis-1 145 0.88 0.04 0.23 0.27 0.07 431 26 8 015 3.29 2
Vis-1 195 0.88 0.03 0.22 0.25 0.04 438 25 5 012 550 055 2-2*
Kornati More-1 2152 0.81 0.02 0.61 0.63 0.52 434 75 64 003 117 2-2%
Vlatka-1 3830 0.74 0.18 3.14 3.32 0.40 422 424 54 0.05 785 2
Vlatka-1 4586 0.81 0.09 1.34 143 1.09 443 165 135 0.06 123 2-2*
Vlasta-1 5410 1.00 2.03 4.30 6.33 430 430 0.32 2-2*
Vlasta-1 5410 0.98 0.09 1.82 191 427 186 0.05 2-2*
Vlasta-1 5410 0.89 1.78 2.62 4.40 0.00 428 294 0.40 2-2%
Vlasta-1 5410 1.61 0.60 527 5.87 0.52 426 327 32 010 1013 0.63 2-2*
Vlasta-1 5419 1.07 0.34 3.12 3.46 0.42 427 292 39 0.10 743 2-2%
Vlasta-1 5431 1.26 3.25 3.67 6.92 425 291 0.47 2-2*
Vlasta-1 5432 1.22 1.26 4.81 6.07 430 394 0.21 2-2*
Vlasta-1 5441 0.82 0.67 5.29 5.96 0.29 424 645 35 011 18.24 2-2*
Vlasta-1 5442 1.08 0.67 543 6.10 0.01 436 503 0.11  543.00 2-2*
Vlasta-1 5444 0.83 1.07 3.74 4.81 0.00 430 451 0.22 2-2%
Vlasta-1 5445 091 0.56 5.06 5.62 0.28 423 556 31 0.10 18.07 2-2%
Vlasta-1 5452 410 2.01 23.20 25.21 0.20 432 566 5 0.08 116.00 2-2%
Vlasta-1 5452 0.84 0.45 3.49 3.94 0.31 421 415 37 011 11.26 2-2*
Vlasta-1 5457 1.48 2.75 6.45 9.20 0.48 420 436 32 0.30 1344 2-2*
Vlasta-1 5458 1.08 0.87 5.43 6.30 428 503 0.14 2-2*
Vlasta-1 5465 1.80 3.91 734 11.25 0.75 411 408 42 035 979 2-2%
Vlasta-1 5466 0.97 2.58 5.53 8.1 0.67 422 570 69 032 8.25 2-2%
Vlasta-1 5467 1.76 0.80 12.46 13.26 0.57 423 708 32 0.06 21.86 2-2%
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Table S1. Continued.

Sample ID Outcrop TOC S S, Si+S2 S3 Uiz HI Ol Pl Sy/Ss Ro TAl
Well/Outcrop ~ Well/Depth (m) (%) (mgHC/grock) (mgHC/grock) (mgHC/grock) (mg CO,/grock) (°C) (mgHC/gTOC) (mg CO,/g TOC) (%)
Vlasta-1 5467 177 0.92 12.56 13.48 0.72 424 710 41 0.07 1744 2-2%
Vlasta-1 5467 0.95 0.69 5.57 6.26 0.44 423 586 46 011 12.66 2-2%
Vlasta-1 5468 1.39 1.08 8.33 9.41 0.40 435 599 29 011 20.83 2-2%
Vlasta-1 5551 1.02 1.22 3.63 4.85 0.36 418 356 35 0.25 10.08 054 22+
Vlasta-1 5552 1.04 1.06 3.58 4.64 0.24 419 344 23 0.23 1492 2-2%
Vlasta-1 5552 1.04 1.63 4.69 6.32 0.27 420 451 26 0.26 17.37 2-2%

OUT outcrops; TOC total organic carbon; S, the amount of free hydrocarbons; S, the amount of hydrocarbon generated through thermal cracking; S; the amount of
CO, produced during pyrolysis; T the temperature of maximum hydrocarbon generation; Pl production index; S;+5, generative potential (PETERS & CASSA, 1994);
%R, vitrinite reflectance (VRY); *%R, Vitrinite reflectance measured on solid bitumen, bitumen reflectance (BR, %Ry,). The corresponding vitrinite reflectance is calcu-
lated using the equation %R, = 0.61 * %Ry, + 0.40 proposed by JACOB (1989), TAl thermal alteration index, TAl to VR (%R,) correlation scale: 2 0.45 - 0.55%R,, 2t 0.55 -
0.70%R,, 370.70 — 0.95%R,, 3 0.95 - 1.25%R,, 3* 1.25 - 2.00%R,, 4" 2.00 - 3.00%R,, 4>3.00%R,. Well data published by COTA & BARIC (1998) are included in the table.

Table S2. Chemical data, gas chromatography parameters and stable carbon isotope ratios of extracts from Triassic carbonates, marls and shales and
Vlasta-1 oil.

Sample ID Outcrop Sat.  Aro.  NSO+Asph. PnCy Ph/nCis  P/Ph 8" Cker. 83Cq;t. 83 Csat. 83Caro.
Well/Outcrop Well/Depth (m) (%) (%) (%) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB)
DP Jovanovic p. 2 ouT 2411 -25.88
DP Jovanovi¢ p.6 out -22.87
DP Popovicp.3 ouT -23.52 -25.11
DP Popovic p. 9/1 ouT -22.62 -23.51
DP Popovic p. 10/1 ouT 2443 -24.88
Mu¢ ouT 0.39 0.48 0.39 -27.20 -29.60 -27.50
Zelovos.s. 13/7 ouT -27.07
Zelovos.s. 13/7a ouT 0.72 0.47 1.40 -26.41
Glamo¢-1 1605 0.82 0.62 0.42 -27.90 -29.34 -28.84
Glamo¢-1 1718 043 0.52 0.25
Glamoc¢-1 1795 0.47 0.57 0.51 -28.90 -28.06 -27.18
Komizal ouT 1.61 3.06 0.53
Vis-1 144 0.95 1.10 0.55
Vis-1 197 0.79 1.02 0.39
Vlatka-1 3830 0.76 0.74 0.40
Vlatka-1 4586 0.84 0.87 0.33
Vlasta-1 oil 5404 3390 16.80 49.30 1.75 4.38 0.52 -30.60 -31.30 -30.40
Vlasta-1 5406 0.34 0.63 0.54
Vlasta-1 5410 2290 2240 54.70 0.18 0.92 0.36 -27.99 -30.75
Vlasta-1 5411 3320 19.30 47.50 0.39 1.82 0.38 -28.98 -31.85
Vlasta-1 5411. 0.42 1.01 0.31 -27.81 -30.55
Vlasta-1 5418 31.20 1290 55.90 2.61 4.78 0.34 -30.71
Vlasta-1 5419 0.72 1.10 0.61 -27.76
Vlasta-1 5419 1.48 21 0.83 -30.01 -28.97
Vlasta-1 5441 3470 1840 46.90 -27.22 -29.33 -29.55 -29.51
Vlasta-1 5445 29.50 19.60 50.90 3.80 3.28 0.69
Vlasta-1 5452 0.57 0.94 0.47 -28.38 -29.06
Vlasta-1 5452 117 2.28 0.54 -30.61 -29.51
Vlasta-1 5468 21.70  16.50 61.80 1.63 18.10 0.11
Vlasta-1 oil 5490 50.50 15.30 34.20 0.89 2.38 0.41
Vlasta-1 5535 2.42 4.18 0.43 -29.55 -29.39
Vlasta-1 oil 5551 4460 16.60 38.80 1.68 6.62 0.37
Vlasta-1 oil 5551-5556 32.80 1940 47.80 1.55 3.13 0.60 -30.48 -31.60 -30.36
Vlasta-1 5552 2230 16.60 61.60 1.25 5.18 0.21 -28.31 -31.22
Vlasta-1 5615 1.21 1.87 0.39 -27.32 -26.79
Vlasta-1 6115 0.94 1.52 0.40 -27.05 -27.16
Vlasta-1 6285 1.22 1.69 0.71 -27.32 -26.93
Vlasta-1 6505 0.98 1.00 0.69 -27.26 -26.95

13C stable carbon isotope ratio; VPDB Vienna Pee Dee Belemnite standard; Ker. kerogen; Bit. bitumen; Sat. saturated hydrocarbons; Aro. aromatic hydrocarbons;
NSO nitrogen (N), sulphur (S), and oxygen(O)-bearing compounds; Asph. asphaltenes; Pr pristane; Ph phytane. Well data published by COTA & BARIC (1998) are
included in the table.
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Table S3. Source and maturity related biomarker and non-biomarker ratios of extracts from Triassic carbonates, marls and shales and Vlasta oil.
Sample ID Outcro
WeII/Oputcrop WeII/DeptE(m) b ¢ d ¢ f g h i j k ! m 4 ° ® ! >
Sinj-3 ouT 000 093 037 057 009 065 008 045 130 014 056 039 3059 2631 4310 036 034
Zelovo 10 ouT 0.00 114 035 058 006 083 007 038 109 915 057 042 3499 2380 4121 039 042
Glamo¢-1 1604 0.04 119  039* 058 0.09 062 049 3470 25.83 3948 053 0.07 1.05
Glamo¢-1 17920 016 068 0.75* 0.58 056 046 31.33 32.88 3580 042 0.21 0.97
Vlatka-1 3830 0.00 0.61 027 054 013 058 003 050 062 1665 039 038 29.84 2320 4695 0.03 0.25
Vlatka-1 3830 0.00 046 025 053 015 060 002 053 060 1678 042 042 3208 2467 4326 0.1 0.11
Vlatka-1 3835 0.06 087 033 056 012 054 019 048 1.27 1709 050 046 3155 2696 4149 047 0.23
Vlatka-1 4586 0.00 0.51 033 022 012 04 004 071 035 487 038 025 5367 1513 3121 035 096
Vlasta-1 5414 000 058 037 060 012 045 0.02 032 155 2301 060 030 31.04 1422 5475 017 0.13
Vlasta-1 5419 0.00 0.79 0.58* 0.58 0.28 0.63 0.51 040 22.04 2422 5374 050 012 079
Vlasta-1 5419 000 075 040 058 0.27 0.32 147 2851 043 045 2333 26.07 5060 018 0.31
Vlasta-1 5441 000 0.65 0.53* 045 0.00 0.62 042 033 13.01 2302 6397 057 036 083
Vlasta-1 5441 000 044 045 054 069 057 002 024 145 2913 032 036 2438 2204 5357 0N 0.88
Vlasta-1 5445 000 047 049 055 057 050 0.02 022 109 2446 031 036 1585 20.16 6398 0.09 095
Vlasta-1 5452 0.00 050 048* 048 0.20 0.62 036 030 1842 1981 6178 039 039 0.82
Vlasta-1 5464 0.00 053 045 054 040 062 004 032 222 3995 032 036 2438 2204 5357 011 0.88
Vlasta-1 5467 000 0.54 0.51 0.24 053 265 4006 026 032 2402 2026 5572 028 138
Vlasta-1 5467 000 050 016 051 0.45 000 048 204 3619 0.31 036 1585 20.16 6398 0.09 095
Vlasta-1 5535 0.71 053 032 0.63 045 039 1434 2984 5583 0.21 045 071
Vlasta-1 5552 000 040 059 056 1.09 0.01 027 246 4294 035 039 1755 2515 5730 030 276
Vlasta-1o0il ~ 5551-5556  0.01 051 0.89* 0.58 041 0.48 044 041 2013 2476 5511 058 019 081
Vlasta-1 5615 0.05 097 043* 057 012 0.74 057 043 2917 2866 4217 051 010 0.83
Vlasta-1 6115 099 049* 059 0.15 0.75 044 038 2391 3009 46.00 042 0.17
Vlasta-1 6285 0.04 092 048* 0.56 0.11 0.72 0.31 034 2034 3124 4842 044 030 0.6
Vlasta-1 6505 0.05 099 049* 057 013 0.72 034 035 2076 3212 4712 043 024 060
Vis-1 197 000 080 029 059 000 044 040 046 1.02 1274 052 042 2963 3396 3641 0.31 0.31
Vis-1 1631 000 0.88 026 0.1 000 056 010 049 098 1569 0.56 046 36.75 2340 3985 0.27 031
Vis-1 2135 000 038 020 034 005 066 002 046 033 983 040 0.20 3855 1080 50.64 0.04 0.12

a) oleanane/hopane (OI/H); b) 17a,21B-Cso norhopane/17a,213-C3o hopane (NH/H); ¢) 17a-C,; trisnorhopane/(17a-Cy; trisnorhopane+18a-Cy; trisnorneohopane)
(Ts/(Ts + Tm)), *Ts/Tm; d) 225/(22S + 22R) 170,213-C3, homohopane; €) gammacerane/hopane (G/H); f) C,4/Co3TT tricyclic terpane; g) Co3TT/170,213-C30 hopane
(Co3 TT/H); h) 170,21B-C3; (22R) homohopane/17a,213-Cs hopane (C3;(R)/H); i) 17a,213-Css (22S) homohopane/17a,213-Cs4 (22S) homohopane (C35(5)/C34(S)); j)
170,213-C35 homohopane/17a,213-Cs;_35 homohopane (C35/Cs1_35); k) aBp/(apB+aaa) Cyg sterane; ) 205/(20S + 20R) aaa C,g sterane; m) aaa(20R) C,7 steranes/T
aaa(20R) regular steranes; n) aaa(20R) C,g steranes/% aaa(20R) regular steranes; 0) aaa(20R) Cyg steranes/% aaa(20R) regular steranes; p) diasteranes/regular ster-
anes; r) steranes/hopanes; s) %Rcp; 1) (RADKE & WELTE, 1983).
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Supplement 3

Table S1. Rock eval pyrolysis data, vitrinite reflectance and thermal alteration index from Jurassic carbonates and shales.

Sample ID QOutcrop TOC S S; S1+S2 S3 Thierz HI Ol Ro

Well/ Outcrop  Well/Depth (m) (%) (mgHC/g rock) (mgHC/g rock) (mg HC/g rock) (mg COy/grock) (°C) (mgHC/gTOC) (mg CO,/g TOC) 52/ (%) ™
Lower Jurassic carbonates and shales
Kubus ouT 0.94 0.10 0.01 0.11 0.30 32 1.00 0.00 248 4
Dreznica Jasenak ouT 0.46 0.04 0.08 0.12 0.35 17 76 033 0.23 1.88 3*-4
Rovinj-1 1043 1.43 0.46 9.09 9.55 0.54 419 636 38 0.05 16.83 0.62 2"
Rovinj-1 1044 1.03 0.6 3.74 4.34 0.44 417 363 43 0.14 8.50 0.68 2
Upper Jurassic carbonates and shales
Gorski Kotar Trough/Basin
Mati¢ Poljana 1a ouT 0.46 0.00 0.04 0.04 0.23 495 9 50 0.17 2.02*
Mati¢ Poljana 1b ouT 0.44 0.00 0.01 0.01 0.49 2 m 0.02
Mati¢ Poljana 1c ouT 0.52 0.20 0.13 0.33 0.04 527 25 8 0.61 3.25 2.32*%
Lemes$ Trough/Basin
Vrelo 1 ouT 45.90 495 243.20 248.15 530 0.02 2
Vrelo 2 ouT 6.69 1.86 42.70 44.56 0.73 427 638 " 0.04 58.49 0.77 2
Vrelo 3 ouT 5.83 1.03 29.50 30.53 2.89 506 50 0.03 10.21 2
Vrelo T1 ouT 22.08 3.31 152.44 155.75 0.51 429 690 2 0.02 298.90 2
Vrelo T2 ouT 19.31 143 151.48 152.91 424 784 0.01 2
Vrelo T3 ouT 34.36 1.94 186.78 188.72 424 544 0.01 2
Vrelo T4 ouT 39.61 415 228.50 232.65 433 577 0.02 2
Zubovic¢ d. 2R2 ouT 22.18 0.99 94.05 95.04 431 424 0.01 2
Zubovi¢ d. 6R2 ouT 31.00 5.20 169.30 174.50 426 546 0.03 2
Zubovic¢ d. 13R1 ouT 28.29 430 154.50 158.80 424 546 0.03 2
Zubovi¢ d. 100 ouT 26.75 1.85 153.12 154.97 0.51 438 572 2 0.01 300.24 045 2
Zubovi¢ d. 100/1 ouT 5.51 0.08 2191 21.99 2.15 430 398 39 10.19 2
Zubovic¢ d. 5-6/1 ouT 22.08 3.31 152.44 155.75 0.51 429 690 2 0.02 298.90 2
KVR-1 ouT 16.49 1.04 99.48 100.52 0.51 434 603 3 0.01 195.06 048 2
KVR-2 ouT 11.26 0.80 75.24 76.04 0.50 430 668 4 0.01 15048 045 2
Milanovi¢ d. 101/1 ouT 1.10 0.18 6.44 6.62 0.33 428 585 30 003 1952 062 22*
Milanovi¢ d. 101/2 ouT 6.35 0.25 32.25 32.50 091 425 508 14 0.01 3544 2-2%
Zavalje 5/1 ouT 2.03 0.35 12.57 12.92 0.40 430 619 20 0.03 3143 2
Zavalje 8/1 ouT 1.39 0.21 8.68 8.89 0.29 429 624 21 0.02 29.93 2
Zavalje 18/1 ouT 1.28 0.02 6.66 6.68 0.45 426 520 35 14.80 2
Mamac 18R4 ouT 2.20 0.09 7.30 739 428 332 0.01 2
Mamac 2R5 ouT 3.16 0.29 19.32 19.61 427 611 0.01 2
Dimici A ouT 4.61 1.70 31.21 3291 437 677 0.05 2-2%
Dimici B ouT 9.28 0.25 61.49 61.74 438 663 0.00 2-2*
Postak 5-7/1 ouT 1.93 0.37 9.56 9.93 0.26 432 495 13 0.04 36.77 2
Postak 5-7/2 ouT 4.65 0.14 25.62 25.76 0.76 434 551 16 0.01 33.71 2
Postak 5-7/3 ouT 2.01 0.08 9.81 9.89 0.33 431 488 16 0.01 29.73 2
Postak 5-7/4 ouT 242 0.17 11.66 11.83 0.40 432 482 17 0.01 2915 2
Postak 5 ouT 4.38 0.76 19.40 20.16 1.67 435 443 38 0.04 11.62 2-2%
Postak 6 ouT 3.87 0.23 20.50 20.73 0.69 436 530 18 0.01 29.71 2-2*
Postak 7 ouT 4.60 0.36 22.83 23.19 1.86 435 496 40 0.02 1227 2-2F
Postak 9 ouT 4.25 1.39 25.93 27.32 0.94 437 610 22 0.05 27.59 2-2*
Postak 10 ouT 4.01 0.70 23.48 2418 0.53 438 586 13 0.03 44.30 2-2%
Postak P1 ouT 3.44 0.20 18.80 19.00 0.90 431 547 26 0.01 20.89 2-2F
Postak P2 ouT 4.28 0.90 25.00 25.90 430 584 0 0.03 2-2%
Postak P3 ouT 6.86 0.20 49.00 49.20 436 714 0 2-2F
Postak P4 ouT 4.54 0.60 27.60 28.20 435 608 0 0.02 2-2*
Dimic¢i 1 ouT 3.50 0.10 18.10 18.20 0.60 436 517 17 0.01 3017 2-2%
Dimi¢i2 ouT 3.78 0.10 21.50 21.60 0.50 437 569 13 43.00 2-2%
Dimici 3 ouT 4.68 0.20 23.20 2340 1.30 433 496 28 0.01 17.85 2-2%
Dimi¢i 4 ouT 2.90 0.10 12.40 12.50 0.80 434 428 28 0.01 15.50 2-2%
Dimici5 ouT 3.51 0.10 16.80 16.90 1.00 433 479 28 0.01 16.80 2-2%
Dimici 6 ouT 477 0.10 25.70 25.80 0.80 435 539 17 3213 2-2*
Dimi¢i 7 ouT 3.86 0.20 19.50 19.70 0.90 437 505 23 0.01 21.67 2-2%
Dimici 8 ouT 3.27 0.20 13.00 13.20 1.10 434 398 34 0.02 11.82 2-2*
Dimi¢i 9 ouT 1.93 0.10 5.80 5.90 0.90 438 301 47 0.02 6.44 2-2%
Dimici 10 ouT 4.20 0.20 24.80 25.00 0.70 436 590 17 0.01 3543 2-2F
Dimici 11 ouT 3.69 0.30 19.40 19.70 0.60 437 526 16 0.02 3233 2-2*
Dimici 12 ouT 5.88 0.30 320 32.40 0.60 437 546 10 0.01 53.50 2-2%
Dimici 13 ouT 4.57 0.40 23.40 23.80 0.90 436 512 20 0.02 26.00 2-2*
Dimici 14 ouT 712 0.30 35.80 36.10 0.70 438 503 10 0.01 5114 2-2%
Dimici 15 ouT 4.05 0.20 23.30 23.50 0.50 437 575 12 0.01 46.60 2-2F
Dimici 16 ouT 5.66 0.20 31.80 32.00 1.10 435 562 19 0.01 2891 2-2%
Dimici 17 ouT 478 0.80 26.30 2710 1.00 434 550 21 0.03 26.30 2-2%
Dimici 18 ouT 6.55 0.60 36.60 37.20 1.30 434 559 20 0.02 28.15 2-2F
Dimici 19 ouT 4.52 0.20 25.00 25.20 0.70 435 553 15 0.01 3571 2-2%
Rasti¢evo 2 ouT 248 0.11 9.14 9.25 0.73 433 369 29 0.01 1252 2-2%
Rasticevo 3 ouT 5.15 0.11 26.05 26.16 0.66 436 506 13 39.47 2-2*
Rasticevo 5 ouT 578 0.14 24.56 24.70 1.26 432 425 22 0.01 1949 2-2%
Rasti¢evo 6 ouT 3.07 0.17 12.62 12.79 0.86 434 41 28 0.01 14.67 2-2F
Rasti¢evo 7 ouT 5.35 0.14 25.85 2599 0.54 435 483 10 0.01 47.87 2-2%
Rasti¢evo 8 ouT 2.94 0.05 9.40 9.45 1.08 432 320 37 0.01 870 2-2%

Rasticevo 9 ouT 4.93 0.25 24.34 24.59 0.57 435 494 12 0.01 4270 2-2*
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Table S1. Continued.

Sample ID QOutcrop TOC S S, S$1+S; S3 Trverz HI Ol PSS Ro TAl
Well/ Outcrop ~ Well/Depth (m) (%) (mgHC/grock) (mgHC/grock) (mgHC/grock) (mg CO,/grock) (°C) (mgHC/gTOC) (mg CO,/g TOC) 23 (%)
Rasti¢evo 9a ouT 3.88 0.03 19.64 19.67 0.53 435 506 14 37.06 2-2F
Rasti¢evo 27 ouT 2.84 0.81 15.05 15.86 0.45 433 530 16 0.05 3344 2-2*
Rasti¢evo 30 ouT 9.00 0.27 53.39 53.66 1.04 435 593 12 0.01 51.34 2-2%
Rasticevo 31 ouT 2.76 0.07 11.57 11.64 0.58 434 419 21 0.01 19.95 2-2%
Rasti¢evo 34 ouT 433 0.11 21.82 2193 043 435 504 10 0.01 50.74 2-2%
Dimici PD2a ouT 2.29 0.47 10.49 10.96 0.71 428 458 31 0.04 14.77 2
Dimici PD2d ouT 8.34 1.12 51.88 53.00 091 432 622 n 0.02 57.01 2
Dimi¢i PD8a ouT 3.90 0.24 20.10 20.34 114 426 515 29 0.01 17.63 2
Skundri¢i PSK3 ouT 5.90 0.84 46.15 46.99 0.57 435 782 10 0.02 80.96 2
Skundri¢i PSK3a ouT 1.57 0.20 8.62 8.82 0.30 433 549 19 0.02 28.73 2
Skundri¢i PSK3b ouT 2.59 1.02 15.63 16.65 0.27 432 603 10 0.06 57.89 2
Skundriéi PSK3c out 7.82 0.98 66.02 67.00 1.53 433 844 20 0.01 4315 2
Skundri¢i PSK12 ouT 8.87 0.55 51.74 52.29 0.58 436 583 7 0.01 89.21 2
Skundri¢i PSK8 ouT 1.26 0.10 5.94 6.04 0.60 429 471 48 0.02 990 2
Postak h. PHA4 ouT 3.96 0.63 2247 23.10 0.85 434 567 21 0.03 2644 2
Postak h. PHA6 ouT 4.60 1.20 29.63 30.83 0.59 433 644 13 0.04 50.22 2
Postak h.PHA6a ouT 3.30 0.13 20.24 20.37 0.40 435 613 12 0.01 50.60 2
Postak h.PHA6b ouT 6.59 0.23 43.59 43.82 0.56 434 661 8 0.01 7784 2
Postak s. PPS3 ouT 240 0.18 11.74 11.92 0.62 428 489 26 0.02 18.94 2
Vistice PSV4 ouT 2.95 041 18.68 19.09 0.78 433 633 26 0.02 23.95 2
Vistice PSV3a ouT 298 0.34 17.72 18.06 0.38 435 595 13 0.02 46.63 2
Vistice PSV3b ouT 5.59 0.28 35.12 35.40 0.50 436 628 9 0.01 70.24 2
Vistice PSV3c ouT 4.25 0.18 26.32 26.50 0.48 436 619 n 0.01 54.83 2
Kozjak 7 ouT 4.01 0.39 23.23 23.62 1.64 414 579 41 0.02 14.16 12
Kozjak 8 out 1.59 0.06 an 9.17 093 420 573 58 0.01 9.80 "2
Kozjak 9 ouT 292 0.16 16.66 16.82 0.94 413 571 32 0.01 1772 12
Vrlika 9 ouT 115 0.07 8.18 8.25 0.37 41 Al 32 0.01 221 12
Vrlika 2 ouT 348 0.23 20.27 20.50 1.25 416 582 36 0.01 16.22 127
Maovice 4 ouT 0.79 0.02 3.82 3.84 0.44 425 484 56 0.01 8.68 12
Lemes-1 ouT 133 0.00 5.70 5.70 1.30 421 429 98 0.00 4.38 12
Lemes-2 ouT 6.46 0.80 49.60 50.40 2.10 412 768 33 0.02 23.62 12
Lemes-3 ouT 2.00 0.10 14.20 14.30 1.60 412 710 80 0.01 8.88 12
Lemes-4 out 3.68 0.30 24.30 24.60 1.90 413 660 52 0.01 1279 1%-2
Lemes-5 ouT 3.35 0.20 25.00 25.20 1.60 413 746 48 0.01 1563 -2
Lemes-6 ouT 2.59 0.30 20.90 21.20 1.60 412 807 62 0.01 13.06 12
Lemes-7 ouT 5.55 0.70 39.70 40.40 2.50 414 715 45 0.02 15.88 12
Lemes-8 ouT 1.47 0.10 6.00 6.10 1.80 420 408 122 0.02 333 12
Svilaja 1 out 1.33 0.00 5.70 5.70 1.30 421 428 97 0.00 4.38 1%-2
Svilaja 2 ouT 6.46 0.80 49.60 50.40 2.10 412 768 33 0.02 23.62 -2
Svilaja 3 ouT 2.00 0.10 14.20 14.30 1.60 412 710 80 0.01 8.88 12
Svilaja 4 out 3.68 0.30 24.30 24.60 1.90 413 660 52 0.01 1279 1%-2
Svilaja 5 ouT 3.35 0.20 25.00 25.20 1.60 413 746 48 0.01 15.63 12
Svilaja 6 ouT 2.59 0.30 20.90 21.20 1.60 412 807 62 0.01 13.06 12
Svilaja 7 ouT 5.55 0.70 39.70 40.40 2.50 414 715 45 0.02 15.88 -2
Svilaja 8 ouT 1.47 0.10 6.00 6.10 1.80 420 408 122 0.02 333 12
Dabar 1 ouT 4.49 0.33 26.80 2713 1.03 am 597 23 0.01 26.02 12
Dabar 4 ouT 437 0.27 23.54 23.81 1.78 413 539 4 0.01 13.22 -2
Dabar PL5/1 ouT 5.05 0.29 30.38 30.67 2.25 413 602 45 0.01 13.50 12
Dabar PL 5/2 ouT 1.55 0.04 8.97 9.01 0.49 414 579 32 18.31 -2
Brac-1 4360 0.85 1.25 2.28 3.53 2.22 420 268 261 035 1.03 2
Brac¢-1 4380 0.56 0.90 2.33 3.23 1.24 422 416 221 028 1.88 2
Brac-1 4390 0.60 0.37 1.35 172 0.98 427 225 163 022 1.38 2-2
Brac-1 5830 1.07 0.53 2.30 2.83 528 440 215 493 019 044 2
Brac¢-1 5840 1.88 1.57 4.62 6.19 5.08 a4 246 270 0.25 091 2"
Brac-1 5870 0.85 0.14 1.64 178 1.87 440 193 220 0.08 0.88 2t
Brac-1 5930 0.52 0.60 7.80 8.40 118 430 900 227 0.07 6.61 2t
Brac-1 5950 0.52 0.60 1.80 2.40 118 430 346 227 0.25 1.53 2*
Vlasta -1 2120 0.87 3.M 3.93 7.04 452 0.44 1"
Migrabitumen
Bihac-Zavalje 2/1 ouT 4.7 1.58 2892 30.5 0.59 428 614 13 0.05 49.02 0.08-0.27*
Bihac¢-Zavalje 7/1 ouT 2.59 1.29 18.80 20.09 0.22 428 726 8 0.06 85.45
Torbicki Vagan 313 ouT 4.76 13 27.85 29.15 0.75 431 585 16 0.04 3713 0.10-0.28*
Palanka 1 ouT 17.50 2.1 140.14 142.25 424 801 0.01 0.09-0.25*%
Palanka 3 ouT 4.18 1.90 23.23 2513 1.63 426 556 39 0.08 14.25 0.10-0.27*
Palanka 4 ouT 730 4.83 49.19 54.02 0.4 429 674 5 0.09 122.98 0.09-0.20*
Palanka 5 ouT 5.92 4.66 41.12 4578 0.23 431 695 4 0.10 178.78 0.11-0.28*
Palanka 6 ouT 18.40 1.73 134.50 136.23 428 731 0.01

OUT outcrops; TOC total organic carbon; S; the amount of free hydrocarbons; S, the amount of hydrocarbon generated through thermal cracking; S; the amount of
CO, produced during pyrolysis; Tyax the temperature of maximum hydrocarbon generation; Pl production index; $;+S, generative potential (PETERS & CASSA, 1994);
%R, vitrinite reflectance (VR); *%R, Vitrinite reflectance measured on solid bitumen, bitumen reflectance (BR, %Ry,). The corresponding vitrinite reflectance is calculated
using the equation %R,=0.61 * %R,+0.40 proposed by JACOB (1989), TAl thermal alteration index, TAl to VR (%R,) correlation scale: 1¥<0.35%R,, 2 0.35 - 0.45%R,,
20.45-0.55%R,, 2* 0.55 - 0.70%R,, 3°0.70 - 0.95%R,, 3 0.95 - 1.25%R,, 3* 1.25 - 2.00%R,, 4" 2.00 - 3.00%R,, 4>3.00%R,. New data, alongside data from TROSKOT-CORBIC
(2011), have been integrated with selected published data from BLAZEKOVIC SMOJIC et al. (2009) and COTA & BARIC (1998).
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Table S2. Chemical data, gas chromatography parameters and stable carbon isotope ratios of extracts from Jurassic carbonates and shales.

- . 13 13C..
Zubovi¢ d. 100 0.50 9.10 90.40 96.54 0.73 0.46 115 1.20 11.45
Zubovi¢d.5-6/1  0.80 10.20 89.00 85.82 0.33 0.44 0.86 197 9.48 9.60 25.56 29.53
KVR-1 0.40 112 98.48 95.77 0.63 0.66 0.25 1.28 101 10.11 26.71 2816
KVR-2 0.50 1.56 97.94 94.09 0.70 0.62 0.72 117 10.71 9.19 2530 -25.55
Milanovi¢ d. 1 9.10 7.50 83.40 71.53 117 2.4 0.39 0.93
Milanovi¢ d. 2 8.90 710 84.00 91.51 0.40 0.54 0.62 119 798
Rasti¢evo | 9 224 5.25 84.29 83.70 0.59 0.67 1.05 1.07 9.33
Rasticevo 34 6.50 7.20 86.30 91.90 0.47 0.44 1.26 1.08 9.25
Postak 5-7/1 6.28 7.88 85.84 91.97 0.29 0.4 0.77 1.21 4.04
Postak 5-7/2 3.05 12.38 83.10 82.76 0.34 0.46 0.89 172 733 10.32 27.16 2713
Postak 5-7/3 92.25 0.33 0.47 0.92 117 457 -28.07
Postak 5-7/4 96.44 0.33 0.45 0.82 1.06 -27.75
Postak 2a 13.31 17.38 69.31 97.58 0.52 0.36 0.85 1.02 9.62 27.79
Postak 2d 9.09 9.45 81.46 97.70 0.57 0.40 0.86 1.01 8.96 27.72
Postak 8a 18.86 8.33 72.81 85.94 0.44 0.30 0.75 1.06 6.35 27.66
Skundri¢i PSK3 231 10.66 87.04 95.76 0.07 0.14 0.47 1.25 10.87 8.74 -24.81 27.01
Skundri¢iPSK3a 3.3 15.38 81.49 90.84 0.45 0.71 0.59 2.08 8.96 9.22 27.79 29.22
Skundri¢i PSK3b  5.29 22.89 71.83 5.82 6.18 -26.55 -28.03
Skundri¢i PSK3c  1.54 8.09 90.38 91.83 0.22 0.32 0.71 1.49 7.01 7.71 -26.48 27.72
Skundri¢i PSK12  2.06 494 93.01 92.77 0.38 0.46 0.37 143 12.21 -25.80 27.70
Skundric¢i PSK4 97.20 0.29 0.50 0.22 118 2744 -29.71
Skundri¢i PSK6 8.25 -28.29
Skundri¢i PSK7 96.59 0.41 0.61 0.14 1.84 9.50 27.36 2916
Skundri¢i PSK8 94.75 0.85 0.96 0.13 175 5.08 2692 29.54
Skundri¢i PSK9 3.32 29.33
Postak s. PPS-2a -29.10
Postak s. PPS-3 96.65 0.19 0.35 0.37 1.30 6.41 -26.18 -27.96
Postak h.PHA-1 93.38 0.93 091 0.88 1.44 6.34
Postak h.PHA-4 85.98 0.28 0.60 0.62 1.82 9.37 8.76 25.25 -26.66
Postak h.PHA-6/1 8.22 10.45 2597 -26.69
Postak h.PHA-6/2 94.97 0.34 0.32 0.45 1.4 11.07 7.29 -26.60 -27.86
Vistice PSV-1 93.20 0.24 0.43 0.44 1.66 5.45 2678
Vigtice PSV-2 89.12 0.94 2.07 0.37 1.47 3.71
Vistice PSV-5 93.68 0.30 0.68 0.31 1.43 5.68 6.02 -25.08 -26.48
Vistice PSV-4 8243 0.54 1.08 0.43 144 6.32 5.55 -26.00 -26.68
Vistice PSV-3a 88.50 0.43 0.59 1.05 2.37 10.65 1043 2579 27.08
Vitice PSV-3a/1 83.98 0.74 0.81 0.99 1.88 12.25 7.21 2572 -26.25
Vistice PSV-3b 89.44 0.33 0.46 0.99 2.33 11.19 2597 2718
Vistice PSV-3c 88.88 0.43 0.62 1.00 148
Vrlika 1 22.60 7.90 69.50 84.95 0.54 0.57 1.70 115
Vrlika 2 12.00 5.20 82.80 86.42 0.54 0.56 1.46 112 9.78
Dabar 1 6.30 4.50 89.20 78.79 0.87 0.74 1.57 112 9.98
Dabar 4 7.50 4,00 88.50 83.32 0.72 0.62 1.37 114
Biha¢-ZavaljeB2/1  1.70 0.50 97.80 92.69 0.77 0.84 0.56 1.10 6.62
Torbicki Vagan 313 39.50 0.30 60.20 66.95 1.20 2.44 0.45 1.70 10.25
Palanka 3 1.48 6.81 91.72 10.41 27.60
Palanka 4 5.90 24.80 69.30 11.31 25.94
Palanka 5 9.61 -25.63
Vis-1.3423 m 90.11 0.46 0.86 0.44 1.27
Bra¢-1.3425m 74.54 0.72 0.81 0.87 1.03

Sat. saturated hydrocarbons; Aro. aromatic hydrocarbons; NSO nitrogen (N), sulphur (S), and oxygen(O)-bearing compounds; Asph. asphaltenes; Pr pristane;
Ph phytane; CPI carbon preference index (BRAY & EVANS, 1961); S sulphur; Ker. kerogen; Bit. bitumen; '3C stable carbon isotope ratio; VPDB Vienna Pee Dee Belemnite
standard.
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Table S3. Source and maturity related biomarker and non-biomarker ratios of extracts from Jurassic carbonates, marls and shales.
Sample ID
Outcrop a b C d e f g h i j k | m n o p r s
Well/Depth (m)
Vrelo KVR-1 0.00 0.87 0.21 0.58 0.13 0.44 0.25 0.73 9.52 0.55 0.31 2348 1396 6246 0.09 0.47 0.67 0.57
VreloKVR-2 0.00 0.82 0.22 0.60 0.02 0.41 0.27 0.96 11.15 0.55 030 2523 1489 5988 0.08 0.43 0.71 0.58
Skundri¢i PSK3a  0.00 1.69 0.08 0.63 0.07 0.52 0.12 0.65 4.70 0.54 036 3293 2722 3987 022 0.31 0.73 0.62
Skundri¢i PSK3b  0.00 1.21 0.04 0.60 0.05 0.23 0.04 1.32 8.97 0.59 042 3069 2298 4632 0.06 0.19 0.71 0.57
Skundri¢i PSK3c  0.00 1.92 0.05 0.62 0.08 0.53 0.06 0.93 743 0.59 043 3216 21.23 46.62 0.08 0.44 0.82 0.54
Skundri¢i PSK12  0.00 1.59 0.20 0.60 0.09 0.52 0.21 0.58 047 36.08 2398 3994 041 0.44 0.77 0.55
Postak h.PHA-1 0.01 1.05 0.07 0.63 0.10 0.28 0.09 0.93 8.21 0.50 037 3231 1793 4976 0.0 0.27
Postak h.PHA-4  0.01 1.34 0.06 0.62 0.08 0.24 0.20 0.87 6.02 0.53 039 4536 1544 39.21 0.13 0.38 0.71 0.59
Postak h.PHA-5 0.00 2.19 0.03 0.63 0.12 0.75 0.07 0.57 037 3053 16.80 5267 0.2 0.62
Postak h.PHA-6/1  0.00 1.70 0.05 0.52 0.03 0.33 0.09 0.99 9.31 0.55 037 3460 1506 50.32 0.08 0.39
Vistice PSV-1 0.00 0.88 0.06 0.63 0.02 0.26 0.10 1.07 8.87 0.51 0.38 3800 1710 4139 0.04 0.28 0.73 0.62
Vistice PSV-4 0.00 1.01 0.07 0.63 0.03 0.31 0.13 0.97 8.63 0.52 039 3641 1867 4492 0.00 0.34
Vistice PSV-3b 0.00 1.63 0.08 0.61 0.03 0.51 0.10 0.48 0.37 3598 2263 4139 0.00 0.52 0.69 0.58
Brac¢-13425m 0.00 0.80 0.20 0.58 0.40 0.41 28.00 23.00 49.00

a) oleanane/hopane (OI/H); b) 17a,213-C3¢ norhopane/17a,21B-C3 hopane (NH/H); ¢) 17a-C,; trisnorhopane/18a-Cy; trisnorneohopane (Ts/Tm); d) 225/(22S + 22R)
170,21B-Cs; homohopane; e) gammacerane/hopane (G/H); f) Co4/Co3TT tricyclic terpane; g) Cp3TT/170,213-C30 hopane (Cy3 TT/H); h) 170,213-Css (225)
homohopane/17a,213-Cs4 (22S) homohopane (C35(S)/C34(S)); i) 170,218-C35 homohopane/17a,213-Cs1-35 homohopane (C35/Cs1-35); j) aff/(apB+aaa) Cyg sterane;
k) 20S/(20S + 20R) aaa Cyg sterane; 1) aaa(20R) C,; steranes/Z aaa(20R) regular steranes; m) aaa(20R) C,g steranes/Z aaa(20R) regular steranes; n) aaa(20R)
Cy steranes/X aaa(20R) regular steranes; o) diasteranes/regular steranes; p) steranes/hopanes; r) %Rcvpi 1) (RADKE & WELTE, 1983); s)%Rm (vpr) (RADKE, 1988).
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Table S1. Rock eval pyrolysis data, vitrinite reflectance and thermal alteration index from Cretaceous carbonates and shales.

Sample ID Outcrop TOC S S, Si+S2 S3 T?ax HI ol Pl Sy Ro TAl
Well/Outcrop Well/Depth (m) (%) (mg HC/grock) (mgHC/g rock) (mg HC/g rock) (mg CO,/g rock) (°C) (mgHC/gTOC) (mg CO,/g TOC) (%)
Lower Cretaceous carbonates and shales
Biokovo Duga Njiva5 ouT 0.74 0.54 5.25 5.79 0.28 421 709 38 0.09 18.75 1"
Biokovo Duga Njiva 6 ouT 1.39 0.62 9.38 10.00 0.70 425 675 50 0.06 13.40 "
Biteli¢ Jelinjak 1 ouT 4.26 1.61 29.67 31.28 1.86 416 696 44 0.05 1595  0.31 1"
Biteli¢ Jelinjak 1a ouT 374 0.46 24.63 25.09 1.65 418 659 44 0.02 1493 ih
Biteli¢ Jelinjak 6 ouT 1.75 0.71 12.71 13.42 0.51 413 726 29 0.05 24.92 1"
Kamesnica Bili Brig 3 ouTt 1.41 0.58 9.02 9.60 0.48 412 640 34 0.06 18.79 1"
Kames3nica Bili Brig 9 ouT 1.81 0.46 14.19 14.65 0.52 422 784 29 003 2729 034 1"
Kamesnica Bili Brig 10 ouTt 1.02 0.50 7.55 8.05 0.41 420 740 40 0.06 18.41 "
Kames3nica Bili Brig 11 ouT 1.72 0.70 13.67 14.37 0.51 423 795 30 0.05 26.80 1"
Kame3nica Bili Brig 12 ouT 1.72 0.53 13.27 13.80 0.67 419 772 39 0.04 19.81 1"
Kamesnica Bili Brig 9/1 ouT 2.36 2.32 17.33 19.65 0.56 416 734 24 0.12 30.95 1"
Kamesnica Bili Brig 14 ouT 1.35 1.14 10.55 11.69 0.42 412 781 31 0.10 25.12 1"
Ogorje Milesina 47 ouT 1.21 0.41 7.82 8.23 0.74 426 646 61 0.05 10.57 1"
Tihaljina Zasjede 2a ouT 1.4 0.30 8.67 8.97 0.87 410 615 62 0.03 997 1"
Tihaljina Zasjede 3a ouT 2.18 0.33 16.00 16.33 0.95 407 734 44 0.02 16.84 1"
Tihaljina Zasjede 4a ouT 1.10 0.26 7.96 8.22 0.45 405 724 41 0.03 17.69 1"
Komiza ouT 244 0.43 6.71 7.14 425 275 0.06 031 1%-2-
Komiza 3 ouTt 2.53 0.24 7.29 7.53 0.90 422 288 36 0.03 8.10 0.40 2
Komiza 7 ouT 1.92 0.07 1.83 1.90 1.16 414 95 60 0.04 1.58 0.35 2
Vrdovo Golo Brdo 100 ouT 2.82 1.56 19.43 20.99 0.58 424 689 21 0.07 33.50 -2
Vrdovo Golo Brdo 101 ouT 5.36 2.84 38.32 41.16 1.20 422 715 22 0.07 31.93 172
Vrdovo Golo Brdo 102 out 1.53 0.75 10.30 11.05 0.49 425 673 32 0.07 21.02 12
Vrdovo Golo Brdo 104 ouT 1.78 0.16 13.72 13.88 0.47 427 7 26 0.01 29.19 172
Brac-1 4380 0.56 0.90 2.33 3.23 1.24 422 416 221 0.28 1.88 2
Dugi Otok-1 2515 0.94 0.80 6.24 7.04 0.41 430 664 44 011 1522 2
Dugi Otok-1 2717 1.24 0.31 0.82 113 0.66 451 66 53 027 1.24 2-2
Dugi Otok-1 2717 116 0.28 1.15 143 0.47 447 99 4 0.20 245 2-2
Dugi Otok-1 3350 2,04 0.12 10.70 10.82 098 414 525 48 0.01 1092 2
Dugi Otok-1 3556 2.83 0.22 16.65 16.87 1.07 418 588 38 0.01 15.56 2
Dugi Otok-1 3778 0.90 0.21 543 5.64 0.43 429 603 48 0.04 12.63 2
Dugi Otok-1 3857 0.82 0.46 5.81 6.27 431 709 0.07 2
Dugi Otok-1 3951 0.89 0.09 5.01 5.10 433 563 0.02 0.50 2
Dugi Otok-1 3953 0.92 0.08 3.36 3.44 0.19 434 365 21 0.02 17.68 2
Dugi Otok-1 3955 1.34 0.08 3.14 3.22 0.21 432 234 16 0.02 1495 2
Dugi Otok-1 3957 0.92 0.08 3.36 3.44 0.19 434 365 21 0.02 17.68 2
Dugi Otok-1 3982 1.30 1.78 5.96 7.74 0.38 427 458 29 0.23 15.68 2
Kate-1 2439 2.73 791 16.48 24.39 0.15 431 604 5 0.32 109.87 2
Kate-1 2439 298 8.75 17.79 26.54 0.14 432 597 5 0.33 127.07 2
Kate-1 2440 0.84 241 4.40 6.81 0.14 433 524 17 035 3143 2
Kate-1 2442 1.32 3.87 7.52 11.39 0.12 430 570 9 0.34 62.67 2
Kate-1 4383 1.94 12.32 373 16.05 3.16 192 163 077 118 2-2%
Kate-1 5280 0.93 3.77 3.20 6.97 0.16 426 344 17 0.54 20.00 2+
Kate-1 5281 1.26 5.27 4.85 10.12 0.09 427 385 7 0.52 53.89 2t
Kate-1 5281 1.81 6.85 778 14.63 0.12 435 430 7 047 64.83 2+
Kate-1 5290 1.56 1.51 6.67 8.18 0.12 438 428 8 0.18 55.58 2t
Ravni Kotari-3 2624 116 0.88 4.22 5.10 0.40 428 364 34 0.17 10.55 2
Ravni Kotari-3 2666 0.98 2.07 4.35 6.42 0.46 427 444 47 032 946 2
Ravni Kotari-3 2667 0.95 240 442 6.82 0.42 425 465 44 0.35 10.52 2
Ravni Kotari-3 2709 1.05 2.88 5.93 8.81 0.34 427 565 32 0.33 1744 2
Ravni Kotari-3 2713 0.83 0.54 3.07 3.61 0.42 430 370 51 015 731 2
Ravni Kotari-3 2716 1.26 1.08 4.6 5.24 0.45 430 330 36 0.21 9.24 2
Ravni Kotari-3 2920 148 0.24 1.34 1.58 0.31 445 91 21 015 432 0.71* 2+
Ravni Kotari-3 2931 177 0.16 2.94 3.10 0.30 438 166 17 0.05 9.80 2t
Ravni Kotari-3 2931 191 0.39 2.57 296 0.40 433 135 21 013 643 2+
Ravni Kotari-3 2931 1.30 0.40 1.09 1.49 0.22 469 84 17 0.27 495 073* 2t
Ravni Kotari-3 2940 2.60 16.84 340 20.24 440 131 0.83 2+-3
Ravni Kotari-3 2940 1.86 0.25 2.54 2.79 458 137 0.09 2+-3
Ravni Kotari-3 2940 1.1 0.21 1.08 1.29 0.09 479 97 8 0.16 12.00 2+-3

Ravni Kotari-3 2986 173 0.93 215 3.08 0.26 445 124 15 0.30 8.27 2*-3
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Table S1. Continued.
Sample ID Qutcrop TOC S S; Si+S, S3 Ténax HI Ol Pl S Ro Al
Well/Outcrop Well/Depth (m) (%) (mg HC/grock) (mgHC/g rock) (mg HC/g rock) (mg CO,/g rock) (°C) (mgHC/gTOC) (mg CO,/g TOC) (%)
Ravni Kotari-3 2988 1.76 0.31 1.55 1.86 0.29 443 88 16 0.17 5.34 2+-3
Ravni Kotari-3 2989 1.25 0.34 1.82 2.16 0.35 443 146 28 0.16  5.20 2+-3
Ravni Kotari-3 3107 3.30 0.25 112 1.37 0.29 436 34 9 0.18 3.86 2+-3
Ravni Kotari-3 3107 0.96 0.24 175 1.99 442 182 0.12 2+-3
Ravni Kotari-3 3107 117 371 6.22 9.93 422 532 0.37 2+-3
Ravni Kotari-3 3108 0.79 797 11.82 19.79 0.50 425 1496 63 040 23.64 2+-3
Ravni Kotari-3 3109 113 0.96 2.09 3.05 0.40 430 185 35 031 523 2+-3
Ravni Kotari-3 3119 3.09 1.90 2.32 4.22 0.47 427 75 15 045 494 2+-3
Ravni Kotari-3 3120 3.09 0.38 218 2.56 0.26 439 71 8 0.15 8.38 2+-3
Ravni Kotari-4 2399 0.67 0.51 5.04 5.55 422 752 0.09 2
Susak more -1 1353 0.80 0.16 4.36 4.52 429 545 0.04 1"
Vis-1 766 1.55 0.24 492 5.16 0.67 47 317 43 0.05 734 1"
Vis-1 1217 0.96 0.17 5.03 5.20 419 524 0.03 1"
Vis-1 1275 1.28 0.14 6.23 6.37 0.26 415 487 20 0.02 2396 1"
Vis-1 1632 0.51 0.12 2.33 245 0.20 418 457 39 0.05 11.65 1"
Vis-1 2136 0.53 0.13 3.51 3.64 0.14 425 662 26 0.04 25.07 1"
Upper Cretaceous carbonates and shales
Bolobani 1/1 ouT 2.09 0.61 13.75 14.36 0.21 422 658 10 0.04 6548
Bolobani 1/2 ouT 114 0.34 6.56 6.90 0.16 426 576 14 0.05 41.00
Bolobani 1/4 ouT 2.06 0.37 13.61 13.98 0.42 423 661 20 0.03 3240
Boljun 1 ouT 3.92 1.61 8.13 9.74 0.1 444 207 017 7391
Boljun 2 ouT 2.76 0.82 6.49 7.31 0.1 445 235 4 0.11  59.00
Brac¢ 50 ouT 5.31 237 39.77 4214 091 an 749 17 0.06 43.70
Bra¢ 51 ouT 3.58 2.83 40.16 4299 1.00 407 1122 28 0.07 40.16
Brac¢ 53 ouT 1.64 271 11.48 14.19 0.41 420 700 25 0.19 28.00
Sumartin ouT 8.57 2.63 29.18 31.81 432 340 0.08 0.48
Dun;j 3 ouT 0.84 0.29 5.80 6.09 0.39 419 690 46 0.05 14.87
Dunj 4 ouT 0.95 0.26 6.19 6.45 0.61 420 652 64 0.04 10.15
Dunj 5 ouT 1.86 0.48 14.62 15.10 0.47 414 786 25 0.03 311
Seline 1 ouT 7.40 0.56 11.40 11.96 410 154 0.05
Seline 2 ouT 24.55 4.33 80.77 85.10 21.80 414 329 89 0.05 371 0.47
Seline 3 ouT 2290 1.46 3234 33.80 424 141 0.04
Seline 4 ouT 23.58 3.55 75.80 79.35 23.87 418 321 101 0.04 3.8
Hvar 1 ouT 5.32 1.24 43.74 4498 0.65 405 822 12 0.03 67.29
Hvar 3 ouT 54.05 6.75 66.85 73.60 3777 425 124 70 0.09 177 0.20
Hvar 108 ouT 0.95 0.57 4.77 534 0.22 434 502 23 0.11 21.68
Krkmaca 16a ouT 3 0.97 22.54 23.51 0.63 416 725 20 0.04 3578
Krkmaca 18a ouT 4.25 1.34 28.19 29.53 1.05 413 663 25 0.05 26.85
Kremena 1 ouT 6.17 2.30 54.79 57.09 417 888 0.04
Kremena 105 ouT 28.45 9.81 234.49 244.30 3.85 408 824 14 0.04 60.91
Kremena 105/1 ouT 5.16 1.40 3779 39.19 1.44 412 732 28 0.04 26.24
Ljubovo ouT 237 1.34 18.45 19.79 410 778 0.07
Glusci 74 ouT 1.66 1.26 9.75 11.01 0.59 415 587 36 0.11 16.53
Glusci 76 ouT 140 1.52 9.08 10.60 0.51 409 649 36 0.14 17.80
Dracevo 1 ouT 1.16 0.62 5.54 6.16 426 478 0.10
Mirca 10/1 ouT 441 1.32 38.17 39.49 0.38 408 866 9 0.03 100.45
Mirca 10/3 ouT 522 1.74 43.68 45.42 0.48 an 837 9 0.04 91.00
Mirca 10/4 ouT 5.96 2.23 49.6 51.83 0.47 410 832 8 0.04 105.53
Mirca 10/5 ouT 4.54 1.88 39.34 41.22 0.43 an 867 9 0.05 91.49
Srijetez ouT 2.50 1.05 13.84 14.89 0.88 421 554 35 0.07 1573
Plitvice 5/1 ouT 8.60 0.54 61.3 61.84 1.61 423 713 19 0.01 38.07
Plitvice 5/2 ouT mn 117 79.24 80.41 1.69 424 713 15 0.01 46.89
Plitvice ouT 1.46 0.17 10.49 10.66 424 718 0.02
Plitvice ouT 16.32 1.94 138.90 140.84 425 851 0.01
Primorski Dolac 2 ouT 5.01 0.17 1.16 11.33 4.56 429 555 227 0.02 245 0.35
Upper Cretaceous carbonates and shales
Bolobani 1/1 ouT 2.09 0.61 13.75 14.36 0.21 422 658 10 0.04 65.48 2
Bolobani 1/2 ouT 114 0.34 6.56 6.90 0.16 426 576 14 0.05 41.00 2
Bolobani 1/4 ouT 2.06 0.37 13.61 13.98 0.42 423 661 20 0.03 3240 2
Boljun 1 ouT 3.92 1.61 8.13 9.74 0.1 444 207 3 0.17 7391 2
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Table S1. Continued.
Sample ID Outcrop  TOC S Sy Si+5; S3 Tmax HI Ol Ro

Well/Outcrop Well/Depth (m) (%) (mg HC/g rock) (mgHC/g rock) (mg HC/g rock) (mg CO,/g rock) (°C) (mgHC/gTOC) (mg CO,/g TOC) Pl Sf5 (%) TAl
Boljun 2 ouT 2.76 0.82 6.49 7.31 0.1 445 235 4 0.11  59.00 2
Brac¢ 50 ouT 5.31 237 39.77 4214 091 41 749 17 0.06 43.70 12
Bra¢ 51 ouT 3.58 2.83 40.16 4299 1.00 407 1122 28 0.07 40.16 12
Brac¢ 53 ouT 1.64 271 11.48 14.19 0.41 420 700 25 0.19 28.00 12

Sumartin ouT 8.57 2.63 29.18 31.81 432 340 0.08 0.48 2
Dunj 3 ouT 0.84 0.29 5.80 6.09 0.39 419 690 46 0.05 14.87 12
Dunj 4 ouT 0.95 0.26 6.19 6.45 0.61 420 652 64 0.04 10.15 -2
Dunj 5 ouT 1.86 0.48 14.62 15.10 0.47 414 786 25 0.03 311 12

Seline 1 ouT 7.40 0.56 11.40 11.96 410 154 0.05 -2
Seline 2 ouT 24.55 433 80.77 85.10 21.80 414 329 89 0.05 371 0.47 2
Seline 3 ouT 2290 1.46 32.34 33.80 424 141 0.04 -2
Seline 4 ouT 23.58 3.55 75.80 79.35 23.87 418 321 101 0.04 3.8 12
Hvar 1 ouT 5.32 1.24 43.74 4498 0.65 405 822 12 0.03 67.29 -2
Hvar 3 ouT 54.05 6.75 66.85 73.60 37.77 425 124 70 0.09 177 0.20 12

Hvar 108 ouT 0.95 0.57 4.77 5.34 0.22 434 502 23 0.11 21.68 -2

Krkmaca 16a ouT 3n 0.97 22.54 23.51 0.63 416 725 20 0.04 35.78 12

Krkmaca 18a ouT 4.25 1.34 28.19 29.53 1.05 413 663 25 0.05 26.85 -2

Kremena 1 ouT 6.17 2.30 54.79 57.09 47 888 0.04 12

Kremena 105 ouT 28.45 9.81 234.49 244.30 3.85 408 824 14 0.04 60.91 -2

Kremena 105/1 ouT 5.16 1.40 37.79 39.19 1.44 412 732 28 0.04 26.24 12
Ljubovo ouT 2.37 1.34 18.45 19.79 410 778 0.07 -2
Glusci 74 ouT 1.66 1.26 9.75 11.01 0.59 415 587 36 0.11 16.53 12

Glusci 76 ouT 1.40 1.52 9.08 10.60 0.51 409 649 36 0.14 17.80 12
Dracevo 1 ouT 116 0.62 5.54 6.16 426 478 0.10 12
Mirca 10/1 ouT 44 1.32 38.17 39.49 0.38 408 866 9 0.03 100.45 12
Mirca 10/3 ouT 5.22 1.74 43.68 45.42 0.48 41 837 9 0.04 91.00 12
Mirca 10/4 ouT 5.96 2.23 49.6 51.83 0.47 410 832 8 0.04 105.53 12
Mirca 10/5 ouT 4.54 1.88 39.34 41.22 043 a1 867 9 0.05 91.49 12
Srijetez ouT 2.50 1.05 13.84 14.89 0.88 421 554 35 0.07 15.73 -2
Plitvice 5/1 ouT 8.60 0.54 61.3 61.84 1.61 423 713 19 0.01 38.07 12
Plitvice 5/2 ouT 1.1 117 79.24 80.41 1.69 424 713 15 0.01 46.89 -2
Plitvice ouT 1.46 0.17 10.49 10.66 424 718 0.02 12
Plitvice ouT 16.32 1.94 138.90 140.84 425 851 0.01 -2
Primorski Dolac 2 ouT 5.01 0.17 11.16 11.33 4.56 429 555 227 0.02 245 0.35 12
Primorski Dolac 2 ouT 5.01 0.17 1.16 11.33 4.56 429 555 227 0.02 245 0.35 -2
Primorski Dolac 3 ouT 0.71 1.06 4.52 5.58 0.48 423 637 68 0.19 942 12
§ajini 2/1 ouT 240 0.27 15.40 15.67 11 416 642 46 0.02 13.87 -2
§ajini 2/2 ouT 2.89 0.51 20.56 21.07 0.84 413 mn 29 0.02 24.48 12
Slivno Ravno 102 ouT 10.19 1.56 82.57 84.13 195 413 810 19 0.02 42.34 12

Stilja 48a ouT 4.89 240 37.86 40.26 1.82 431 774 37 0.06 20.80 12

Stilja 48¢ ouT 0.99 0.43 6.68 71 0.30 418 675 30 0.06 22.27 -2
Stilja 1c ouT 4.28 0.93 30.68 31.61 0.94 41 717 22 0.03 32.64 -2

Trlji ouT 5.32 1.24 43.74 4498 0.65 405 822 12 0.03 67.29 0.30 -2
Trlji1 ouT 11.81 3.00 90.1 93.10 2.60 414 763 22 0.03 34.65 12
Trlji 2 ouT 21.84 4.20 149.3 153.50 5.40 410 684 25 0.03 27.65 -2
Trlji 3 ouT 11.40 2.50 85.2 87.70 3.60 415 747 32 0.03 23.67 -2
Trlji 3/1 ouT 6.10 0.72 54.73 55.45 0.37 408 897 6 0.01 147.92 -2
Trlji 3/2 ouT 5.88 0.52 51.82 52.34 0.48 407 881 8 0.01 107.96 -2
Trlji 4 ouT 1093 2.60 929 95.50 2.70 416 850 25 0.03 3441 -2
Trlji 5 ouT 513 2.67 28.23 30.90 2.81 413 550 55 0.09 10.05 0.53 2
Trlji 6 ouT 2.69 1.30 18.54 19.84 1.03 413 689 38 0.07 18.00 0.49 2
Trlji 10 ouT 448 115 34.90 36.05 409 779 0.03 2
Premuda-1 1483 1.23 0.15 537 5.52 0.62 413 437 50 0.03 8.66 I
Premuda-1 1625 1.02 0.95 4.85 5.80 0.67 475 66 016 7.24 0.60* 2
Premuda-1 1625 2.82 0.84 14.52 15.36 0.77 431 515 27 0.05 18.86 2
Premuda-1 1765 1.69 0.53 9.25 9.78 118 435 547 70 0.05 7.84 2
Premuda-1 1770 1.14 0.13 6.91 7.04 0.59 406 606 52 0.02 11.71 2
Premuda-1 1770 3.68 0.78 2442 25.20 407 664 0.03 2
Premuda-1 1770 2.63 0.32 16.62 16.94 0.95 402 632 36 0.02 1749 2
Premuda-1 1771 3.66 0.36 22.57 2293 1.20 409 617 33 0.02 18.81 2
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Table S1. Continued.
Sample ID Qutcrop TOC S S) Si+S, S3 T HI Ol Pl SySs Ro Al
Well/Outcrop Well/Depth (m) (%) (mg HC/grock) (mgHC/g rock) (mg HC/g rock) (mg CO,/g rock) (°C) (mgHC/gTOC) (mg CO,/g TOC) (%)
Ravni Kotari-3 529 0.96 0.14 4.37 4.51 0.60 410 455 63 0.03 728 0.30 1"
Ravni Kotari-3 530 237 0.59 13.12 13.71 0.74 405 554 31 0.04 17.73 1
Ravni Kotari-3 1373 1.24 1.03 9.00 10.03 410 0.10 1"
Ravni Kotari-3 1373 443 0.44 14.50 14.94 0.37 41 327 8 0.03 39.19 1
Ravni Kotari-3 1373 113 0.65 6.57 7.22 1.04 412 581 92 0.09 6.32 1"
Ravni Kotari-3 1373 0.93 0.07 6.80 6.87 421 0.01 1
Ravni Kotari-3 1374 4.74 4.32 10.76 15.08 436 227 0.29 1"
Migrabitumen
Akrap Duboki Dolac 75 ouT 6.50 26.20 38.06 64.26 1.45 420 586 22 0.41 26.25 0.08-0.16*
Donji Dolac Okruglica 70 ouT 7.56 14.83 4491 59.74 0.67 426 592 9 0.25 6703 0.06-0.18
Donji Dolac Okruglica 73 ouT 0.78 2.79 4.38 717 0.26 420 562 33 0.39 16.85
Prugovo ouT 12.56 19.31 79.25 98.56 0.86 426 631 7 0.20 92.15 0.06-0.12*
Radosic Lastva 10 ouT 4.07 3.88 21.04 24.92 1.04 424 517 26 0.16 20.23
Radosi¢ Nincevica 12 ouT 2.60 5.23 16.07 21.30 0.38 432 618 15 0.25 42.29 0.08-0.15*
Radosi¢ Tenderi 14 ouT 1.25 295 8.47 11.42 0.45 426 678 36 0.26 18.82
Rosca 87 ouT 4.63 9.39 30.29 39.68 0.58 424 654 13 0.24 52.22 0.07-0.18*
Vrgorac ouT 1.32 0.12 243 2.55 428 184 0.05
Vrgorac-Kozica 5a ouT 293 7.06 19.87 2693 0.18 427 678 6 0.26 110.39 0.08-0.20*
Vrgorac -Kozica 5b ouT 295 6.11 20.50 26.61 0.21 428 695 0.23 97.62
Vrgorac 12/1 ouT 291 5.52 20.64 26.16 0.33 422 709 1 0.21 62.55 0.06-0.19*

OUT outcrops; TOC total organic carbon; S; the amount of free hydrocarbons; S, the amount of hydrocarbon generated through thermal cracking; Ss the
amount of CO, produced during pyrolysis; Tyax the temperature of maximum hydrocarbon generation; Pl production index; S1+S, generative potential (PETERS
& CASSA, 1994); %R, vitrinite reflectance (VR); *%R, Vitrinite reflectance measured on solid bitumen, bitumen reflectance (BR, %R;,). The corresponding
vitrinite reflectance is calculated using the equation %R, = 0.61 * %Ry, + 0.40 proposed by JACOB (1989); TAl thermal alteration index; TAl to VR (%R,) correlation
scale: 1'<0.35%R,, 27 0.35 — 0.45%R,, 2 0.45 — 0.55%R,, 2* 0.55 — 0.70%R,, 3" 0.70 — 0.95%R,. New data have been integrated with representative outcrop data

from SPANIC et al. (1995) and well data from BARIC et al. (1988), COTA & BARIC (1998) and BARIC & COTA (1999).

Table S2. Chemical data, gas chromatography parameters and stable carbon isotope ratios of extracts from Cretaceous carbonates, marls and shales.

Sample ID Outcrop  Sat. Aro. NSO+Asph. Pr/n-Cry Ph/n-Cyg Pr/Ph Sker.  Smit.  0°Cker.  6"Cair.  8Caspn.  6"Cuso.  6Cao.  6"Coar,
Well/Outcrop Well/Depth (m) (%) (%) (%) (%) (%) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB)
Lower Cretaceous extracts
Biokovo-Duga Njiva 5 ouT 0.40 069 1.68 3.66
Dinara-Biteli¢ 15 ouT 542 8.46 86.14 0.44 0.40 171 16.20 -22.02
Ogorje Milesina 38 ouT 0.42 071 078
Tihaljina-Zasjede 2a ouT 0.32 035 0.83 549
Vis-Komiza 3 ouT 0.34 037 075 5.21
Vis-Komiza 17 ouT 0.64 058 073
Vrdovo Golo Brdo 103 ouT 0.40 0.58 2.67
Dugi Otok-1 2515 12.20 16.60 71.20 0.43 086 037
Dugi Otok-1 2965 0.46 0.88 0.56 -2793
Dugi Otok-1 3852 750 19.80  72.70 0.74 094  0.80 -26.91
Premuda-1 2831 -25.78
Ravni Kotari-3 2713 0.29 0.72 048 -22.60 -22.80
Ravni Kotari-3 2918 0.28 0.55 0.40
Ravni Kotari-3 3107 0.25 040 067 -23.50 -24.40
Ravni Kotari-3 3143 0.41 1.06  0.38
Ravni Kotari-4 2399 3.70 0.90 94.00 0.57 090 031
Vis-1 766 0.76 093 033
Vis-1 1217 0.75 1.09 035
Vis-1 1632 0.90 1.09 053
Vis-1 2136 0.85 0.88 0.56
Upper Cretaceous extracts
Brac Mirca 50 ouT 521 984 84.95 0.84 096 1.57
Brac Brizi 51 ouT 6.39 14.38 79.23 0.73 0.95 1.30
Brac- Sumartin ouT 530 22.90 71.80
Hvar Sucuraj 108 ouT 0.48 0.68  1.31
Korcula Krkmaca 1a ouT 0.44 047  2.65 -21.58
Kremena Ljubic¢ p. 105 ouT 590 7.50 86.60 17.40 -23.67
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Table S2. Continued.
Sample ID Qutcrop Sat. Aro. NSO+Asph.

Pr/n-Cyy Ph/n-Cyg Pr/Ph Sker.  Seit.  O°Cyer 683G 8Cagph.  8Cnso.  6Cao.  8Coar.

Well/Outcrop Well/Depth (m) (%) (%) (%) (%) (%) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB)
Mirca ouT -17.88
Mirca 10/1 ouT 0.34 035 035 2043 15.58 -25.25 -24.72 -24.95 -26.43 -27.35
Mirca 10/2 ouT 720 740 85.40 0.31 037 074 -26.02 -26.82
Mirca 10/3 ouTt 0.24 033 063 17.28 -23.86 -25.75
Mirca 10/4 ouT 0.23 030 059 19.26 -24.27 -23.72 -24.34 -25.41 -26.34
Mirca 10/5 ouT 0.27 037 055 1643 -25.02 -25.04 -26.64
Plitvice 5/1 ouT 0.30 039 071 9.57 -25.37 -25.39 2491 -25.30 -25.99 -26.39
Plitvice 5/2 ouT 170 1200  86.30 0.33 041  0.69 1046 11.60
Plitvice Hajduk mlin 42 ouT 2.30 8.90 88.80 0.89 124  0.66 -29.12
Primorski Dolac-Preslo 2 ouT 0.79 116  0.68
Primorski Dolac-Preslo 3 ouT 6.28 11.64  82.08 0.50 068 261 711
Sajini 2/1 ouT 0.34 046 076 792 6.37 -26.10 -26.85
Sajini 2/2 ouT 3.70 740 88.90 0.34 044 071 910 -26.26 -26.14 -26.46 -25.87 -26.50
Sajini 2/3 ouT 0.38 046 062 -25.82 -25.84 -26.18 -25.96 -26.27
Slivno Ravno Kremena 102 ouT 310 6.30 90.60 18.20 -22.96
Stilja -Vukmir 48a ouT 0.45 056 1.57 599
Trlji 3/1 ouT 0.60 1.50 97.90 0.32 0.41 0.96 13.27 -26.88 -24.03 -26.97 -27.81 -26.71
Trlji 3/2 ouTt 0.28 035 0.83 -26.74 -24.03 -26.96 -26.30 -26.89
Premuda-1 1625 0.67 1.54 043 -31.10 -27.60 -29.00
Premuda-1 1625 0.54 0.57 0.38
Premuda-1 1770 260 2.20 95.20 0.44 049 037 13.24 -28.47 -27.93 -26.55 -28.70 -29.14 -28.60
Premuda-1 1770 0.55 174 039 -27.07
Ravni Kotari-3 1373 -25.01
Oil seep, migrabitumen
Akrap Duboki Dolac 75 ouT 13.82 18.10 68.11 11.50 -22.95
Donji Dolac Okruglica 70 ouT 8.88 19.22 71.90 -23.43 -24.39 -24.58 -24.71 -26.34
Prugovo 3 ouTt 9.57 21.86 68.57 -23.99
Radosi¢ Lastva 10 ouT 299 338 93.63 10.60 -24.13
Vrgorac ouT 6.50 24.10 69.40 -23.29
Vrgorac 12/1 ouT 6.10 15.20 78.70 9.75 -24.91 -23.78 -24.07 -24.02 -25.26
Vrgorac-Kozica 5a ouT 1411 22.99 62.90 -24.12
Bra¢ Skrip 53 ouT 597 10.78 83.25 0.46 0.57 243 -22.95
Rebici ouT -25.46 -25.20 -26.86 -27.05 -27.30
Vinis¢e ouT -23.42
Vinis¢e ouT 10.80 37.80 51.40 0.70 0.76 -25.10 -25.21 -24.53 -25.54 -26.85
Marina Trogir ouT 23.90 36.00 40.10 0.76 065 0.58 7.26 -23.97 -24.65 -25.78
Primorski Dolac ouT 11.10 23.70 65.20 15.20 -24.10

Sat. saturated hydrocarbons; Aro. aromatic hydrocarbons; NSO nitrogen (N), sulphur (S), and oxygen (O)-bearing compounds; Asph. asphaltenes; Pr pristane;
Ph phytane; S sulphur; Ker. kerogen; Bit. bitumen; 13C stable carbon isotope ratio; VPDB Vienna Pee Dee Belemnite standard.

Table S3. Source and maturity related biomarker and non-biomarker ratios of extracts from Cretaceous carbonates, marls and shales.

Sample ID Outcrop

Well/Outcrop  Well/Depth (m) © ¢ g € j 9 2 i j < I m n
Vrgorac 12/1 ouT 0.00 1.37 0.08* 0.56 0.16 0.61 0.62 0.39 24.47 3554  40.00
Rebici ouT 0.00 0.92 0.03* 0.56 0.15 0.50 0.67 0.50 22.69 26.12 51.18 0.02
Vinisce ouT 0.00 2.83 0.05* 0.53 0.33 0.63 0.62 0.40 35.83 2543 38.74 0.03
Mirca 10/1 ouT 0.00 0.22 0.05* 041 0.1 0.45 0.50 0.17 19.92 43.54 36.55 0.13
Mirca 10/4 ouT 0.00 0.31 0.02* 041 0.63 0.52 0.18 14.45 40.87 40.68 0.09
Mirca 10/5 ouT 0.00 0.36 0.05* 0.43 0.75 0.54 0.19 18.10 35.24 43.67
Ravni Kotari-3 2713 0.00 0.67 0.02* 0.50 0.23 0.69 0.52 0.05
Ravni Kotari-3 oil 2856 0.00 0.52 0.02* 0.49 0.21 0.57 0.45 0.04
Vis-1 1632 0.00 0.88 0.26 0.51 0.49 0.98 0.56 0.46 36.75 23.40 39.85 0.27 0.31
Vis-1 2136 0.00 0.38 0.20 0.34 0.05 0.46 0.33 0.40 0.20 38.55 10.81 50.64 0.04 0.12

a) oleanane/hopane (OI/H); b) 17a,213-C3o norhopane/17a,213-Czo hopane (NH/H); ¢) 170-Cy; trisnorhopane/(17a-Cy; trisnorhopane+18a-Cy; trisnorneohopane)
(Ts/(Ts +Tm)), *Ts/Tm; d) 225/(22S + 22R) 170,21B-C5;, homohopane; ) gammacerane/hopane (G/H); ) 170,213-Cs; (22R) homohopane/17a,213-C3o hopane (C3;(R)/H);
g) 17a.213-Cs5 (22S) homohopane/170,213-Cs4 (22S) homohopane (Cs5(S)/C34(5)); h) afp/(apB+aaa) Cyg sterane; i) 205/(20S + 20R) aaa Cyg sterane; j) aaa(20R)
C,7 steranes/X aaa(20R) regular steranes; k) aaa(20R) Cog steranes/X aaa(20R) regular steranes; 1) aaa(20R) Cyg steranes/X aaa(20R) regular steranes; m) diasteranes/
regular steranes; n) steranes/hopanes.
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Table S1. Rock eval pyrolysis data, vitrinite reflectance and thermal alteration index from Palaeogene and Neogene marls and shales.

Sample ID Outcrop TOC S S, S$1+S; S3 Tg.ax HI Ol Pl Sy/S3 Ro TAl
Well/Outcrop Well/Depth (m) (%) (mgHC/grock) (mgHC/grock) (mgHC/grock) (mg CO,/grock) (°C) (mgHC/gTOC) (mg CO,/g TOC) (%)
Neogene marls and shales
Rude 27/3 ouT 48.10 16.66 399.60 416.26 440 831 0.04 026 1*
Rude 1 ouT 1740 6.83 133.95 140.78 798 435 770 46 0.05 16.79 0.26 1*
Rude 3 ouT 49.82 23.70 461.50 485.20 14.30 436 926 29 0.05 32.27 1"
Rude 4 ouT 37.00 13.20 364.30 377.50 14.70 434 985 40 0.03 24.78 1
Rude 5 ouT 10.57 3.80 98.60 102.40 4.50 433 933 43 0.04 2191 022 1*
Rude 11 ouT 4416 779 345.05 352.84 3477 436 781 79 0.02 992 026 1*
Rude 137c ouT 3.08 0.70 28.00 28.70 21 439 909 69 0.02 13.27 1
Rude 15 out 394 1.24 3313 34.37 2.80 435 841 71 0.04 11.83 ™
Rude 137b out 147 0.34 12.27 12.61 1.08 438 835 73 0.03 1136 022 1+
Sutina 24 out 243 0.35 6.90 7.25 2.58 426 284 106 005 267 021 1+
Sutina 28 out 9.41 0.17 4.89 5.06 9.30 427 52 99 0.03 053 027 1+
Paleogene carbonates. marls and shales
Buzeta-1 out 9.61 0.86 62.58 63.44 3.30 434 651 34 0.01 18.96 b
Buzeta-2 ouT 2.78 1.28 21.49 22.77 0.51 429 773 18 0.06 42.14 2
Licke kuce-1 ouT 447 0.37 36.65 37.02 0.43 438 820 10 0.01 85.23 2
Licke kuce-5 ouT 13.61 1.19 128.78 129.97 2.19 434 946 16 0.01 58.80 2
Vladic¢a Mlin-1 ouT 2.64 0.22 13.60 13.82 0.47 435 515 18 0.02 28.94 2
Vladic¢a Mlin-3 ouT 3.67 0.24 25.59 25.83 0.63 435 697 17 0.01 40.62 2
Vladic¢a Mlin-4 ouT 3.87 0.18 16.31 16.49 2.02 433 421 52 0.01 8.07 2
Brezovo Polje-1 ouT 3.28 043 16.36 16.79 0.72 431 499 22 0.03 22.72 2
Brezovo p. Stupam. 2 ouT 3.60 043 16.64 17.07 0.58 428 462 16 0.03 28.69 2
Koromacno I 33 ouT 0.66 0.51 4.06 4.57 0.37 427 615 56 0.11 1097 2
PadrT-3-3/4 ouT 1.20 0.11 242 2.53 0.40 435 202 33 0.04 6.05 2
Baska 57 ouT 761 0.06 6.91 6.97 294 434 91 39 0.01 235 2
Baska 58 ouT 12.75 24.41 47.04 7145 20.72 369 163 034 227 044 2
Karlovac-2 2472 0.51 0.05 0.31 0.36 0.89 431 61 175 0.14 0.35 2
Karlovac-2 2732 1.15 0.14 2.74 2.88 0.51 433 238 44 0.05 5.37 2
Karlovac-2 2793 4.69 0.08 6.43 6.51 1.00 432 137 21 0.01 643 2
Karlovac-2 2972 4.70 0.16 734 7.50 0.94 434 156 20 0.02 781 2-2*
Karlovac-3 1557 1.08 0.19 4.89 5.08 0.15 434 453 14 0.04 32.60 2
Melita-1 2674 119 0.33 6.12 6.45 1.06 424 514 89 0.05 577 2-2
Melita-1 2676 3.78 171 19.54 21.25 1.31 41 517 35 0.08 14.92 2-2
Melita-1 2679 6.02 2.36 421 44.47 2.03 421 700 34 0.05 20.74 2-2
Melita-1 2872 1.39 0.31 548 5.79 0.95 418 394 68 0.05 577 2-2

OUT outcrops; TOC total organic carbon; Sy the amount of free hydrocarbons; S, the amount of hydrocarbon generated through thermal cracking; S; the amount of
CO, produced during pyrolysis; Tmax the temperature of maximum hydrocarbon generation; Pl production index; S;+5, generative potential (PETERS & CASSA, 1994);
%R, vitrinite reflectance (VR); TAl thermal alteration index; TAl to VR (%R,) correlation scale: 1¥<0.35%R,, 2 0.35 — 0.45%R,, 2 0.45 — 0.55%R,, 2* 0.55 — 0.70%R.,.
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Table S2. Gas chromatography parameters and stable carbon isotope ratios of extracts from Palaeogene and Neogene carbonates, marls and shales.

Sample ID Outcrop
Well/Outcrop Well/Depth (m)

§"Cer, 813Cey, 8B3Csat, 8"Cho, 8BCyso 8"3Chsph.
(%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB)

Neogene extracts

Pr/nC17 Ph/nC13 Pr/Ph

Rude 1 ouT 0.63 0.73 2.02
Rude 11 ouT 0.67 0.77 212
Paleogene extracts
Buzeta-1 ouT 1.06 1.33 0.66
Licke kuce-1 ouT 1.20 1.35 0.77 -30.56 -29.51
Licke kuce-4 ouT -29.62 -30.95
Vladi¢a mlin-1 ouT -25.16 -26.11
Vladi¢a Mlin-3 ouT -28.61 -29.7
Vladi¢a Mlin-4 ouT 2.23 1.08 1.74
Brezovo Polje-1 ouT -27.87 -28.01
Buzet Sovinjsko b. 19 ouT 0.60 0.76 0.69
Koromacno I133 ouT 2.08 4.45 0.40
PadrT-3-3/4a ouT 0.50 0.40 1.16
Baska 57 ouT 0.69 0.88 0.90
Rab Lopar ouT 0.46 0.17 1.18
Vodovada ouT 3.95 0.63 0.33
G.Lukavac ouT
Dabrica ouT 0.70 0.70 1.46
Cicevo ouT 0.38 0.30 1.55
Karlovac-2 2472 -25.75
Karlovac-2 2732 242 0.66
Karlovac-2 2733 1.08 1.6 135
Karlovac-2 2902 1.57 491 0.24 2711
Karlovac-2 2972 2.05 0.99 0.37
Melita-1 2676 0.70 0.69 0.90 -17.98 -18.09 -15.4 -14.16
Melita-1 2679 0.71 0.77 1.02 -18.34 -17.2 -15.9 -14.77
Melita-1 2872 0.80 0.48 1.70 -23.47

Pr pristane; Ph phytane; '3C stable carbon isotope ratio; VPDB Vienna Pee Dee Belemnite standard; Ker. kerogen; Bit. bitumen; Sat. saturated hydrocarbons; Aro.
aromatic hydrocarbon; NSO nitrogen (N), sulphur (S), and oxygen (O)-bearing compounds; Asph. asphaltenes.



