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Abstract: Diatomites are sedimentary rocks rich in siliceous algae, mainly diatoms, and are evident
in Greece mainly in Neogene successions. Despite their significance and worldwide potential as
source rocks for hydrocarbons, little is known about them in the wider area of Greece, limited in their
biostratigraphic characteristics and industrial use. This study assesses for the first time the Neogene
diatomites in Western Crete and focuses on their source rock quality and hydrocarbon generation
potential on top of their stratigraphic characteristics. The studied synthetic outcrop is of the Miocene
age and is located in the Apokoronas sedimentary basin, in the Chania province. It is subdivided
into four subsections reaching heights of 13 m. It has a total documented, visible extend of 90-100 m
and presents adequate thickness in relation to other reported diatomitic occurrences in Crete. A
SEM study and bulk sampling of 28 samples has been carried out on this outcrop and geochemical
analysis has been conducted by means of a Rock-Eval 6 pyrolysis to facilitate the understanding of
hydrocarbon potential. Stratigraphic analysis supports the establishment of system tracts (ST), with
transgressive ones (TST) illustrated by fining-upward sequences including highstands (HST). At the
top, a final coarsening-upwards sequence suggests a regressive sequence (RST) most probably related
to the Messinian Salinity Crisis (MSC) event. Total organic carbon (TOC, %wt.) values are found
to reach 3.4% in the diatomites, while siltstone/mudstone interlayers encounter lower TOC (%wt.),
yet with exceptions reaching TOC levels as high as the diatomaceous facies. Overall, Rock-Eval
pyrolysis shows that organic matter from the studied cross sections is immature with the hydrocarbon
generation potential ranging from poor to excellent. The kerogen type is proved to be type III with
poor to almost good quality. This suggests the presence of a prolific diatomaceous source rock in
Western Crete demonstrating a high significance for the offshore hydrocarbon exploration in the
Eastern Mediterranean that could potentially be related to the offshore Western and Southern Crete
E&P-awarded blocks.

Keywords: diatomites; hydrocarbons; organic geochemical analysis; source rock; Crete; Neogene;
Miocene; stratigraphy; pre-evaporitic; eastern Mediterranean

1. Introduction

Diatomites are light, soft, easily powdered, fine-grained, consolidated, sedimentary
rocks mostly composed of the siliceous frustules of diatoms, silicoflagellates, sponge
spicules and/or radiolaria, well-organized in cyclic alternations (laminae) of light and
dark color respectively, and usually connected to seasonal variability between winter
and summer. Unconsolidated lake or marine deposits with no diagenesis may be called
diatomaceous ooze [1]. They include both freshwater and marine habitats. Rich marine
diatomaceous deposits, diatom blooms, are usually connected to the increased productivity
of upwelling systems, perhaps the most well-known of them being the offshore area of
Chile (i.e., [2]).
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Diatomitic occurrences are widespread in the Mediterranean. One of the first distribu-
tion maps of Messinian laminated diatomaceous formations of the western Mediterranean
was provided by [3] where the authors tried to connect them to the upwelling and high
nutrient influx. [4] published a similar map for the entire Mediterranean siliceous deposits.
Recently, thorough research of the parameters that govern the relationship between bio-
genic silica and organic matter (OM) preservation during the upper Miocene of northern
Italy is given in [5].

Most publications refer to the diatomites either from a lithostratigraphic and biostrati-
graphic point of view, or as industrial material with variable usages, including environmen-
tal ones [6-9]. Among others, their significance relies on their high value in hydrocarbon
exploration. The latter is supported mainly by their gas generation potential as suggested
by several research works [10-12] as well as their prolific hydrocarbon source-rock character
in many basins worldwide ([12-17]).

Diatomites have never been utilized as prolific source rocks for hydrocarbon Explo-
ration and Production (E&P) in the Mediterranean Sea, despite the sector’s strong activation
during the last two decades. In this context, the present work investigates diatomites out-
cropping in NW Crete, Greece (Figure 1). The first lithostratigraphic subdivision of western
Crete (Chania Province) was introduced by [18]. According to this author, the presently
studied siliceous deposits resemble the Italian “tripoli” and can be placed in the upper
Miocene Khairethiana formation; compare also [19]. Messinian upwelling systems that
resulted in diatomitic strata accumulation were reported from only four locations in Greece,
three in Crete (see review in [20,21]) and one in the Gavdos Islands [22-24], while six in
total are reported from the eastern Mediterranean (including one in Cyprus and one in
Turkey respectively [25]. Thorough research on the upper Miocene strata of Crete geochem-
ical signatures was recently published by [26], but no reference to diatomitic deposits is
made therein.

This paper focuses on the geochemical study of a newly reported [27] thick occur-
rence of diatomitic laminites from the western Crete Island in Greece. An open system
pyrolysis of the samples was applied by means of Rock-Eval 6 (RE6). Stratigraphic data
are also provided for the better understanding of the geological connection to the prevail-
ing paleodepositional environments. This approach aims to uncover the potential of the
diatomites as a new source rock for hydrocarbon generation in Greece and broadly in the
eastern Mediterranean Sea. In the recent context of energy supply deficiency in Europe and
worldwide, such discoveries may provide the solution at least for the transition period to
fully renewables development which will for sure last for the next two to three decades.

Geological map of Crete
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Figure 1. Geological map of Crete with the study outcrop indicated by a red box. Map modified after
Decentralized Administration of Crete—IT and Communications Directorate (www.data.apdkritis.
gov.gr, accessed on 11 November 2022) [28]. In yellow the main Neogene basins of Crete, bearing
transgressive strata on the pre-Neogene basement.
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2. Geological Setting

In the eastern Mediterranean Sea and particularly in Greece, a prominent geologic
structure is the active collision of the European (Aegean microplate) and the African
lithospheric plates. As the latter proceeds to the north, both the subduction and the roll-
back effect contribute to a complex geodynamic regime, known as the Hellenic Arc and
Trench System (HEAT) or the Hellenic Subduction Zone (HSZ), that is curvature-like and
develops from the Adriatic/lonian Seas to the northwest of Greece, down to the Crete Island
to the south and further east to the Rhodes Island [29-32]. A number of mega-structures are
directly related to this movement at the plate boundaries, namely the Aegean Volcanic Arc
(i.e., Santorini volcanic island) to the north, an uplift (exhumation) resulting in the Crete
island and subsequent neogene basin development [33], a backstop, the Mediterranean
Ridge accretionary complex to the south [34] and deep offshore trenches mainly due to
strike-slip accommodation to the west-southwest (e.g., Matapan) [35] and south—-southeast
of Crete (e.g., Pliny, Strabo and Ptolemy, [36,37]).

The modern situation of the Aegean, based mostly on offshore data, Plio-Quaternary
Extension and strike-slip kinematics that led to the present structural framework was given
by [38] and the references therein. Based on satellite-geodetic and earthquake analysis data
a thorough reconstruction with two models for the past 1 and 5 Myr of the crustal rotation
in the Aegean is recently provided by [39,40].

A structural fragmentation of the exhumed pre-Neogene basement (including mostly
HP-LT metamorphic rocks) in multi-blocks led to the development of the Cretan basins,
where late middle-to-upper Miocene and Pliocene clastic and carbonate sediments accumu-
lated [41-43]. The initially N-S oriented extension was followed by the E-W extension in
the course of Miocene, while the tilting of Crete to the N-NW prevailed in the Pliocene [33].
Beginning of subsidence and sedimentation is assigned an age of 10.8 Ma [44]. According to
the later authors, an age of ~9.6 Ma may be attributed to the development of the present-day
shape (horst-like) of Crete Island, although the rough relief today was largely shaped in the
Pleistocene and Holocene [21]. Refs. [45,46] highlighted the Holocene paleoshoreline uplift
of SW Crete due to normal faulting as a result of major earthquakes.

In western Crete and specifically in the Chania Province, the Neogene deposits present
with a large geographical extension. Eleven (11) lithostratigraphic formations (Fms.) were
recognized by [18], some of them passing laterally to one another. Two main Fms. groups
were separated, based on the Gypsum presence stratigraphic level (documenting the
Messinian Salinity Crisis evaporites, MSC). According to [18], these are the Ayios Geor-
gios and Kissamou Fms. (below Gypsum), unconformably resting on the pre-Neogene,
followed upwards by the Akrotiri, Khairethiana and Tavronitis Fms. (above Gypsum
level). Following [33,41] in turn, there was a recognition of six (6) lithostratigraphic groups
of Cretan formations. Four (4) of them belong to Miocene (Prina, Tefelion, Vrysses and
Hellinikon groups) and two (Finikia and Aghia Galini groups) are of the Pliocene age.

All these lithostratigraphic schemes based on the facies differentiation assumption
may clearly be the depositional result of two distinct and complete sedimentation cycles
(transgression, highstand, regression), separated by the MSC regressional event; the first
event of the Miocene age (lasting from the Tortonian to Messinian) and the second one of
the Pliocene age (uppermost Zanclean to early Piacenzian) [20,47,48]. The later authors
recognized a third sedimentation cycle as well, a Pleistocenic one, with terraces locally
raised in some cases at 200 m altimeter as a result of the combination of high rates of
tectonic uplift and enormous sea-level changes affecting various levels of existing deposits.

The diatomitic deposits that are presently studied represent a new occurrence of fine
laminites in Crete [27]. The studied outcrop represents a synthetic one, subdivided into
three main subsections. It is located in the Apokoronou District of Chania Prefecture,
directly to the south of Soudha Bay, the main port of western Crete. It is widely (visibly)
and linearly extended along the main street of Kalyves village in a west—east direction,
but sparse occurrences of it can be followed up to at least 1 km away (to the west) of the
main outcrop location. According to the map of [18] it is postulated that it belongs to
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the Khairethiana Fm. Although the later author placed it in the Pliocene (above Gypsum
level), this formation’s deposits were later on assigned a Miocene age based on planktonic
Foraminifera biostratigraphy [49], a fact which fits well with our observations.

3. Materials and Methods
3.1. Lithostratigraphic Logging, Sampling Procedure and Microscopy

As mentioned above, the studied material comes from a synthetic outcrop, where
Miocenic laminites are well exposed in the Kalyves village, Apokoronou District of Chania
Prefecture. The methodology applied included field work for the identification of the
specific rock type that we were interested in (i.e., diatomites), detailed section logging,
combined with lateral equivalents in order to manage the strata continuity and appropriate
sampling. Scanning Electron Microscopy (SEM) used on a set of samples to elaborate on
the type (diatomites or not) and preservational status and structure of laminites.

Bulk sampling of twenty-eight (28) samples was carried out in three locations (Figure 2).
It is an undisturbed profile, comprising a depositional sequence that measures more than a
hundred meters in horizontal length and tens of meters in thickness. Layers are horizontally
stratified, therefore following the lateral extension of it was not such a problem. The outcrop
is subdivided into four (4) subsections, due to difficulties in access and sampling by heavy
vegetation and steepness of it: the lower part, represented by subsections i and ia (twenty
one (21) samples: 1, 1b to 9; plus the ex2 and 10 to 15), the intermediate part, represented by
subsection b (three (3) samples: 20 to 22) and the upper part, subsection c (four (4) samples:
23 to 26). To control the lateral continuity, additional side sampling was undertaken as well
(four (4) samples: 16 to 19). Sixteen (16) in total samples can be described as diatomites.
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Figure 2. The studied synthetic outcrop in Kalyves village (west Crete, Greece, yellow arrow). Red
boxes and relevant arrows point to the sampling route followed from the basal part of the profile
(subsection i, ia; near shore), to the intermedium part of it (subsection b), and further to the top
(subsection c; box to the right). The grey line crossing the map is the national road driving from
Chania (to the left, or west) to Rethymnon city (to the right, east, light blue arrow).

SEM samples used both as raw rock material (rock fragments) and as processed
samples. Six (6) samples in total were processed for SEM imaging, representing all four
subsections of the studied outcrop (4, 8, 13, 21, 25) and a side one (16). Preparation included
fragmentation of the rocks, treatment with light H,O; (5%) for 24 h, and with deionized
water for another day, followed by dispersion of the material onto the traditional SEM stubs
and subjected to graphite coating procedure (film thickness of ~25 nm). Gold spattering
procedure applied only in one sample (2022-4-6-CK-2(16)-ITE). Microphotographs were
kindly undertaken in the Jeol JSM-IT500 SEM of the Hellenic Authority for Geological
and Mining Research, under beam voltage of 20 kV and in low vacuum of 30-50 Pa,
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out of two samples that experimentally proceeded under ultra-high vacuum (samples
2022-4-6-CK-2(16)-ITE and 2022-4-6-CK-1(13)-ITE).

3.2. Rock Eval 6 Pyrolysis

Rock-Eval 6 (RE6) pyrolysis was performed on all the 28 outcrop samples using a
Rock-Eval 6® anhydrous open-system pyrolyser (Vinci Technologies, France) [50]. The
basic setup /bulk-rock method for the organic matter analysis [51,52] was applied to charac-
terize the potential source rock samples and assess their hydrocarbon generation potential.
The analysis provided measurements from the sequential pyrolysis and oxidation of ca.
50-60 mg of finely grounded (<250 um) sample amount, according to [53]. The resulting
volatile hydrocarbons from pyrolysis were detected and quantified using a flame ionization
detector (FID) which was also used to quantify the CO and CO; gases resulting from
both pyrolysis and oxidation. Pyrolysis followed an isothermal trend from 300 °C where
it stayed for 3 min and a subsequent 25 °C/min ramp until 650 °C. Subsequently the
oxidation was carried out from 300 to 850 °C with a heating rate of 20 °C/min [53].

Based on this analysis, the following parameters were determined; The free hydrocar-
bons in the sample from the intensity of the S1 peak (S1; mg hydrocarbon per g rock), the
hydrocarbons formed by the thermal cracking of kerogen determined from the intensity
of the S2 peak (52, mg HC/g rock), the total organic carbon (TOC, %wt.), the temperature
Tmax (°C) at which the maximum number of hydrocarbons is generated. On top of these,
the carbon monoxide (CO) and carbon dioxide (CO;) released during the thermal decompo-
sition of OM (S3CO and S3CO, peaks) were also determined after pyrolysis and oxidation,
along with the inorganic carbon content (pyroMINC and oxiMINC peaks).

4. Results
4.1. Lithostratigraphy

The lower subsections (i and ia) display the base of the whole outcrop (Figure 3).
Section i is approximately 2.90 m thick, followed by section ia which accounts for 2.70 m.
The lowermost part of section i was grey/blueish, thinly to medium bedded, locally
bioturbated, fine sand-to-siltstones moderately cemented, and reached up to 1.80 m. The
following-upwards part is 1.10 m consisting entirely of whitish, brittle, silty diatomites
(Figure 3, right part —i-, lower yellow horizon), well organized in fine (thickly laminated
to very thinly bedded) laminae alternations (varve-like). Section ia consists of similar
alternations, wherein the bottom part (1.35 m) contains mostly silty mudstones and an
underlying of 0.95 m of well-laminated (Figure 3, right upper part —ia- yellow horizon)
white-to-slightly-light grey diatomaceous deposits. The section “closes” at the top via a
0.4 m thick sandstone layer, which is partly oxidized.
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Figure 3. The lower (basal) part of the Kalyves synthetic outcrop. To the left is the field photograph of
subsections i and ia, which are depicted with the red dashed lines. To the right is the profile logging.
In yellow colour the laminated diatomite packages.
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Section b (Figure 4) represents the middle package of diatomites and the upwards
continuation of the lower part (sections i, ia). The whole profile falls inside a construction
site, so unfortunately the available data will be lacking for future scientific work. The
sampled sector is approximately three (3) meters thick, while the whole subsection has a
thickness of about 7.60 m, extending a few meters further down but impossible to sample.
A blueish-to-light grey silty mudstone comprises the bottom part, gradually followed
upwards by pure, light, whitish, very friable diatomites (Figure 4, upper part in yellow). In
one sample near the top, marine fish-fauna rests were found, but due to friability they were
not possible to be identified, although this indicated that a deep marine paleoenvironment
persisted in the area during the upper Miocene.
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Figure 4. To the left, the construction site of studied subprofile b. Thinly-to-medium bedded silty
mudstone at the base, passes gradually to the diatomitic laminites at the top (man for scale). To the
right, the relevant lithostratigraphic log. In yellow color the diatomites.

Section c (Figure 5) represents the upper (top) package of silty mudstones and di-
atomites, comprising a total thickness of 3.60 m. In this part, yellowish silty mudstones
underlie the diatomitic beds (Figure 5, middle part in yellow). The section closes at the top
with three (3) medium-to-thickly bedded, indurated sandy mudstone beds, showing signs
of oxidation and representing the closure of the studied synthetic outcrop whilst being
covered by recent soil, bearing a root system of natural plants. A rapid uplift probably
occurred in the area with subsequent erosion that did not enable the deposition of a normal
regressive sequence to be developed.
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Figure 5. To the left is the topmost subsection of the studied synthetic outcrop of diatomites. The
dashed red lines depict the sandy mudstone beds overlying the diatomitic horizons. Geological
hammer for scale. To the right the subsection lithostratigraphic logging with the diatomites in yellow.

4.2. Sequence Stratigraphy

For a comprehensive review and standardization of the sequence stratigraphy method-
ology, the reader is referred to [54] and the references therein. The total synthetic outcrop
currently studied is a depositional package belonging to the first Neogene sedimentation
cycle of western Crete according to [20,41,47,48] of the Upper Miocene age. Between the
basal part of it (subsection i) and the top (Section c), a cycling of deepening-to-shallowing
strata is observed. The lower part of the subsection i (Figure 3) represents a transgressive,
deepening deposit (TST), probably as a response to changes in the accommodation space
(as a result of both the tectonic subsidence of north Cretan subbasins and sea-level rise).
The absolute base of it is not visible, since no pre-Neogene basement occurs in the close
neighborhood, therefore no real sequence boundary (unconformity) can be drawn. The
diatomite strata that follow the up section consisting of fine, varve-like laminae seem to
reflect an extra deepening, indicating a more distal setting than the lower part [55,56].
Similar siliceous sedimentary facies are usually attributed to basinal facies [57]. As the SEM
study provided, the diatoms are dominated by circular forms (Figure 6), thus supporting
the distal setting of deposition. Subsection ia (Figure 3, upper part) is lithostratigraphically
a repeat of i, indicating firstly a slight shallowing (relative sea-level fall) followed again by
a deepening and highstand, documented by the upper diatomites deposition (Figure 3, in
yellow; Figure 7) (TST/HST) and closing with a coarsening upward sedimentation, i.e., the
oxidized sandstone pointing to a mid-scale regression.

The middle part, section b (Figure 4), shows the same sedimentary pattern with
i, where a fining-upward deposition prevails (the silty mudstones are overlain with a
thick diatomitic package of almost equal thickness). It seems that cyclicity pertains as
it is also documented in the third uppermost section c. Obviously we deal with parase-
quences [55] within the main depositional sequence. Section b is mostly attributable to
relative small-scale sea-level changes (rise and highstand, TST to HST) and not to major
structural rearrangements.
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Figure 6. SEM picture of a diatomite rock fragment. Abundant, moderately preserved, marine
circular diatoms (planktic forms), together with rare elongated (benthic forms) diatom frustules
(A single Diploneis bombus can be recognized) and sponge spicules occur. Calcareous nannofossils are
also to be observed (possible Calcidiscus macintyrei).

The top, section ¢, differs from the previous ones, and although it starts again at the
base with silty mudstones (TST), the diatomitic package that overlies them is thinner, and
a cycling of indurated sandy/silty mudstones alternations that seal the section overlies
the diatomites. Oxidation traces in the top beds and the clear coarsening clearly point to
the shallowing of the depositional environment. Subsequently, we interpret section c as a
shallowing-upward parasequence, where the initial sea-level rise was followed by a relative
fall (TST to RST). Deposition of the fine-grained facies such as diatomites represents the
period of the sea-level rise where the basin reached its maximum depth. The coarse-grain
package of the top could represent deposits that may be analogous to the MSC carbonate
pattern that prevailed along the rim of the paleobasin by the end of the Messinian [56].

4.3. Rock-Eval Pyrolysis

Samples from a Neogene depositional succession have been characterized using RE6.
Sample lithologies consist of mainly diatomites, mudstone and siltstone. According to RE6
pyrolysis the parameters regarding the thermal maturity and generation potential of the
analyzed samples vary across the studied locations and across lithologies as they develop
upwards. It should be noted that out of the complete set of twenty-eight (28) samples
analyzed, the twenty-one (21) were found adequate for further characterization. This was
linked to the mineral matrix effect [53,58,59] occurring when S2 is lower than 0.2 mg HC/g
rock and the TOC content is below 0.5%wt., as well as to the oxidation of organic matter
during outcrop weathering [58]. Thus, results from the RE6 pyrolysis include only the
representative samples that are presented in Table 1 and plotted in the following figures.
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Figure 7. Fine-laminae setting framework of undisturbed, well developed diatomites. One Euro
coin for scale. Light and dark laminar scale alternations are clearly to be seen (compare the upper
two dotted lines in red), developed over the lower bed of a fine sandy mudstone (red dotted line
below the one Euro coin). The red dotted lines below and above the coin represent the interval
transition between the fine sandy mudstone and the diatomites. Red double-arrow presents the
diatomites interval.
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Table 1. Sample information (section, lithology) and basic Rock-Eval Pyrolysis data.

Sample/Section Lithology S1 S2 S3 Tmax (°C)  TOC (%wt.) HI (0] 1
smpl_li Fine sands silts 0.4 11.51 3.77 414 3.37 342 112
smpl_1Bi Fine sands silts 0.28 941 3.52 413 3.27 288 108
smpl_2i Fine sands silts 0.02 0.51 2.11 425 0.73 70 289
smpl_3i Fine sands silts 0.06 1.84 3.15 425 1.24 148 254
smpl_4i Diatomites 0.33 10.27 4.14 418 3.33 308 124
smpl_5i Diatomites 0.27 8.56 3.84 418 3.05 281 126
ex_2i Diatomites 0.31 8.84 3.51 418 3.02 293 116
smpl_6i Diatomites 0.27 6.35 3.13 420 2.29 277 137
smpl_7i Diatomites 0.27 6.52 2.91 417 2.45 266 119
smpl_8i Diatomites 0.46 8.4 3.48 412 2.77 303 126
smpl_9i Diatomites 0.25 6.02 2.94 421 2.19 275 134
smpl_10ia Mudstones silts 0.04 1.61 1.62 415 0.77 209 210
smpl_11ia Mudstones silts 0.07 2.62 247 424 1.28 205 193
smpl_12ia Mudstones silts 0.17 5.02 4.62 418 2.14 235 216
smpl_13ia Diatomites 0.09 2.24 2.17 416 1.23 182 176
smpl_14ia Diatomites 0.04 0.51 1.59 428 0.47 109 338
smpl_15ia Diatomites 0.05 0.88 1.84 423 0.71 124 259
smpl_l6ia Diatomite muds 0.38 9.25 3.36 419 3.29 281 102
smpl_17ia Mudstones 0.08 0.38 4.65 416 0.88 43 528
smpl_18ia Mudstones 0.02 0.15 4.37 409 0.57 26 767
smpl_21b Diatomites 0.02 0.28 1.73 400 0.57 49 304

Acronyms used: TOC (total organic carbon), HI (hydrogen index), OI (oxygen index), Tmax (temperature of the
maximum rate of hydrocarbon generation). S1, 52, S3, HI and Ol in (mg/g).

4.4. Type and Thermal Maturity of Organic Matter

Based on the RE6 pyrolysis data, kerogen was classified using the data distribution
across the studied subsections. The resulting HI (mg HC/g TOC) and OI (mg CO,/g TOC)
suggest values ranging between 40-308 mg HC /g TOC and 116-340 mg CO, /g TOC respec-
tively for the diatomitic samples, and 26-342 mg HC/g TOC and 108-767 mg CO, /g TOC
respectively for the rest lithologies. As illustrated in Figure 8 (left diagram), the analyzed
samples correspond a gas-prone type III kerogen to an inert type IV, with most diatomitic
samples obtaining a solid type III response.

Overall, the level of thermal maturity documented from the evaluated samples is
low. This can be seen in Figure 8 (right diagram). More specifically, Tmax reaches a
maximum level of 428 °C (Figure 9) for the studied samples of all sections suggesting
kerogen immaturity [60-64]

4.5. Source Rock Potential

The hydrocarbon generation potential varies across the studied subsections. Section
i (lower part of the outcrop) points towards a good to excellent source-rock potential
with 52 varying between 6 and 10.27 mg HC/g rock and the TOC between 2.19 and
3.33 %wt. for the diatomitic samples (Figure 10). On the contrary, section b illustrates a fair
hydrocarbon-generating potential, yet with a source rock quality not as high as in section i,
with 0.28 mg HC/g rock S2 and 0.57 %wt. TOC content (Figure 10).
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kerogen type (right).

It is evident that diatomite samples (in yellow) obtain the highest TOC values corre-
sponding to the highest HI values (Figure 10; right). This supports the overall frame of
mainly-moderate kerogen potential, with evident differentiation between the subsections.
Finally, the sum of free and potentially generated hydrocarbons (PP, S1 and S2) ranges
between 0.17 and 11.91 mg HC/g rock in the studied samples. These fluctuations depict a
poor-to-very good generation potential with the diatomites being clearly distinct from the
rest samples.

5. Discussion

The lithostratigraphic results show that each subsection can be representative of a gen-
erally fining-upward depositional cycle, with the deeper being characterized by siliceous,
fine-layered, pure diatomic packages ranging in thickness between 0.80 m (section c) and
1.5 m (section b). Coarser material closes each cycle at the top, indicating eustatic control
of the deposition. Scanning Electron Microscopy gave evidence for the kind of laminites,
proving that they are pure diatomites (Figure 6) with medium-to-well preservation of the
frustules, since both valves are easily visible. Diagenesis seems not to have affected our
material. No centrifugation was applied, trying not to bias the original depositional frame-
work. The dominance of circular forms (centrales, diatoms) that the studied samples consist
of reflects the basinal geological setting where they were accumulated. The results of this
study suggest that deposition of the diatomites in western Crete is most likely connected
to an early Messinian upwelling system that was active prior to the MSC onset and are
in good agreement with Phase 1 of [65], (~7.2 to 6.9 Ma), where open marine conditions
prevailed at the onset of the Messinian cooling.

The sequence-stratigraphic approach of the synthetic outcrop revealed that deposition
occurred during the first sedimentation cycle of the Upper Miocene age. The main transgres-
sion (TST) developed as a response to tectonic movement (subsidence, basins development)
and probably sea-level rise, but the four subsections studied provide evidence of a cyclicity
that was controlled more by the sea-level oscillations, relevant to climate changes, than by
tectonic movements. Diatomitic occurrences are connected to deepening (highstands in the
transgressional regime, HST), while the coarsening of depositional material by the tops of
sections represent sea-level fall and regression (RST).

The geochemical analysis of the samples along the outcrop indicated a poor (upper
subsection) to very good (lower and middle subsection) hydrocarbon generation poten-
tial. Combining these results with the thickness and the geographical extending of the
occurrence, it is clear that the diatomites may act as a possible gas/oil-gas prone source
rock in the wider area. Further, the analysis documented high TOC values (ranging up to
3.4%wt.), a fact that makes the studied and other possible equivalent successions interesting
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candidates for further investigation. A kerogen type III (with a few samples falling between
II and III) is mainly recorded by the analyzed set of samples. Additionally, although all
samples were proved thermally immature, their hydrocarbon potential is leaning between
fair to excellent and the quality of the source rock lies around intermediate levels.

6. Summary and Conclusions

Until presently, sub-salt, mixed carbonate/siliciclastic deposits from the upper Miocene
age have been investigated from central Crete and Gavdos Isls., providing poor-to-fair
and/or good in a few cases for hydrocarbon generation potential [24,26,66]. Diatomites in
turn have long been studied as biostratigraphic, paleoecologic indicators and as industrial
materials. There are only a few, but significant works that have investigated these siliceous
sedimentary rocks as potential sources for hydrocarbon generation and subsequent explo-
ration in various basins worldwide. The latter application is examined in the present work,
within the context of the eastern Mediterranean Sea and the last decades” developments for
the sufficient energy supply of Europe.

In this context, and as Western Crete diatomitic deposits have not yet been geochemi-
cally investigated, this study focuses on a combined stratigraphic and geochemical analysis
of a synthetic outcrop, located in the Apokoronas Neogene basin (Chania province, Greece).
The studied succession is a new diatomitic occurrence of the Messinian age, and can be sub-
divided into four subsections. The present set of samples were investigated and analyzed
by means of the RE6 pyrolysis mainly in order to gain an insight into the potential of the
diatomitic beds as source rocks for hydrocarbon generation. Additionally, lithostratigraphy,
SEM and sequence stratigraphy applied for a better understanding of the depositional
regime. Following outcomes emerged from the current work:

1. The studied strata represent pre-evaporitic, marine deposition during the Upper Miocene.

2. Initial transgression was both tectonically and climatically controlled, while later
development within the basin was mostly controlled by cyclic, eustatic sea-level
oscillations. Transgressive, Highstand and Regressive System Tracks were recorded
along the outcrop.

3. Medium-to-well preserved diatomites deposited in distal settings, during deepening
of the basin highstands.

4. Source rock quality of the studied diatomitic deposits is proved to be around interme-
diate levels.

5. Hydrocarbon-generating potential lies between fair to excellent.

6.  The potentially generated hydrocarbons of the analyzed diatomitic samples reach
values of 10.6 mg/g.

7. Both the stratigraphical data and source rock potential illustrate a new promising case for
the offshore exploration of the Crete Island and possibly for the eastern Mediterranean.
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