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Abstract. Several significant hydrocarbon accumulations were discovered over the past decade in the Levant
Basin, Eastern Mediterranean Sea. Onshore studies have investigated potential source rock intervals to the east
and south of the Levant Basin, whereas its offshore western margin is still relatively underexplored. Only a few
cores were recovered from four boreholes offshore southern Cyprus by the Ocean Drilling Program (ODP)
during the drilling campaign Leg 160 in 1995. These wells transect the Eratosthenes Seamount, a drowned
bathymetric high, and recovered a thick sequence of both pre- and post-Messinian sedimentary rocks, contain-
ing mainly marine marls and shales. In this study, 122 core samples of Late Cretaceous to Messinian age were
analyzed in order to identify organic-matter-rich intervals and to determine their depositional environment as
well as their source rock potential and thermal maturity. Both Total Organic and Inorganic Carbon (TOC,
TIC) analyses as well as Rock-Eval pyrolysis were firstly performed for the complete set of samples whereas
Total Sulfur (TS) analysis was only carried out on samples containing significant amount of organic matter
(>0.3 wt.% TOC). Based on the Rock-Eval results, eight samples were selected for organic petrographic
investigations and twelve samples for analysis of major aliphatic hydrocarbon compounds. The organic content
is highly variable in the analyzed samples (0–9.3 wt.%). TS/TOC as well as several biomarker ratios (e.g.
Pr/Ph < 2) indicate a deposition under dysoxic conditions for the organic matter-rich sections, which were
probably reached during sporadically active upwelling periods. Results prove potential oil prone Type II
kerogen source rock intervals of fair to very good quality being present in Turonian to Coniacian (average:
TOC = 0.93 wt.%, HI = 319 mg HC/g TOC) and in Bartonian to Priabonian (average: TOC = 4.8 wt.%,
HI = 469 mg HC/g TOC) intervals. A precise determination of the actual source rock thickness is prevented
by low core recovery rates for the respective intervals. All analyzed samples are immature to early mature.
However, the presence of deeper buried, thermally mature source rocks and hydrocarbon migration is indicated
by the observation of solid bitumen impregnation in one Upper Cretaceous and in one Lower Eocene sample.

1 Introduction

Significant natural gas discoveries (e.g. Dalit, Tamar,
Leviathan, Aphrodite, Zohr and recently Calypso fields)
in the last decade have rendered the Levant Basin in the

Eastern Mediterranean Sea as one of the most promising
frontier basins of the world (e.g. Needham et al., 2013;
Ratner, 2016; Eni, 2018) (Fig. 1). The reservoir units of
these gas plays are Oligocene to Miocene sandstones
(Montadert et al., 2014; Bou Daher et al., 2016) and
Cretaceous to Miocene shallow water carbonate build-ups
(Bertello et al., 2016; Esestime et al., 2016). Onshore studies
have identified several events of source rock deposition in

* Corresponding author:
Sebastian.grohmann@emr.rwth-aachen.de

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 73, 49 (2018) Available online at:
� S. Grohmann et al., published by IFP Energies nouvelles, 2018 www.ogst.ifpenergiesnouvelles.fr

https://doi.org/10.2516/ogst/2018036

REGULAR ARTICLEREGULAR ARTICLE

Dynamics of sedimentary basins and underlying lithosphere at plate boundaries: The Eastern Mediterranean
F.H. Nader, R. Littke, L. Matenco and P. Papanastasiou (Guest editors)

http://creativecommons.org/licenses/by/4.0/
https://www.ifpenergiesnouvelles.fr/
https://ogst.ifpenergiesnouvelles.fr
https://doi.org/10.2516/ogst/2018036


the sedimentary succession of the eastern and southern
Levant margin which may also extend into the western off-
shore part of the basin (Beydoun, 1991; May, 1991; Vandré
et al., 2007; Naylor et al., 2013; Bou Daher et al., 2014, Bou
Daher et al., 2015). The potential of working petroleum
systems along the western margin of the Levant Basin is
inferred from high resolution seismic data indicating suffi-
cient thickness of the sedimentary column, alternating
sealing units, as well as direct hydrocarbon indicators, e.g.
bright spots and gas chimneys (Roberts and Peace, 2007;
Montadert et al., 2014). To date, only south of Cyprus’

southern Exclusive Economic Zone, sea bottom sampling
in the North East Nile Delta offshore Egypt proves that
multiple source rocks participate in thermogenic hydrocar-
bon charge (Shaaban et al., 2006; Montadert et al., 2014).
However, these source rock intervals were drilled in shallow
waters close to the coast. Further they are still poorly
described, and do not necessarily correlate with the deeper
offshore.

Four locations were core drilled in the area of Cyprus by
the Ocean Drilling Program (ODP) during the Leg 160
campaign in 1995 (Emeis et al., 1996). The well sites

Fig. 1. Overview of the study area. Onshore areas colored in grey, subsea bathymetry colored in shades according to scale. Marked
gas fields (yellow) represent recent discoveries. The area is mainly controlled by the interplay of the African, Arabian, and Eurasian
plates. The Eratosthenes Seamount (ESM) represents a large carbonate platform which is located on the underlying, larger
Eratosthenes Continental Block (ECB). The southern Exclusive Economic Zone (EEZ) of Cyprus represents the available blocks for
hydrocarbon exploration. The samples of this study were collected from the cores that were drilled along the northern slope of the
ESM during the ODO Leg 160 campaign. Modified after Hawie et al. (2013) and Symeou et al. (2018).
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penetrate the northern flank of the Eratosthenes Seamount
(ESM) which is located offshore southern Cyprus (Fig. 1).
Organic Matter (OM) rich intervals were noticed in the sed-
imentary succession of the retrieved cores (Emeis et al.,
1996). However, barely any detailed organic geochemical
analysis has been performed on the pre-Messinian rocks of
these cores, hitherto, whereas numerous organic geochemi-
cal studies were conducted and published on the young,
post-Messinian Mediterranean sapropels. An exception is
one sample of middle Eocene age (160-966F-26R-1,
17–22 cm) that reveals a TOC value of 5.25 wt.%, Hydro-
gen and Oxygen Index values of 429 mg HC/g TOC and
63 mg CO2/g TOC, respectively, as well as a Tmax of
413 �C (Emeis et al., 1996). These results support the
assumption that the organic rich intervals in these cores
might have significant source rock potential.

For petroleum system perspectives, the purpose of this
paper is to provide more potential source rock information
about the overall underexplored western margin of the
Levant Basin. In this way, sub-Messinian organic-rich rock
intervals of the ODP Leg 160 cores were sampled and
analyzed in order to investigate the depositional environ-
ment, source rock quality as well as thermal maturity of
the sedimentary organic matter.

2 Geological background

The Eratosthenes Seamount (ESM) is a bathymetric high
that rises about 1500 m above its surrounding sea floor with
its summit 700 m below sea level (Fig. 1) (Galindo-Zaldivar
et al., 2001). Its northeast-southwest and northwest-
southeast extension reaches approximately 110 km and
80 km, respectively. The ESM is located on the bigger
Eratosthenes Continental Block (ECB) which is a continen-
tal fragment that was separated from the Afro-Arabian
margin during the disintegration of Gondwana. It is believed
to have rifted westwards along NNE-SSW oriented trans-
form faults during the Triassic to Early Jurassic (Robertson,
1998a; Gardosh and Druckman, 2006; Netzeband et al.,
2006; Segev and Rybakov, 2010; Ghalayini et al., 2014;
Montadert et al., 2014). Between the ECB and the Afro-
Arabian continental margin, a southern arm of the
NeoTethys evolved which later formed the Levant Basin
(Gardosh and Druckman, 2006). From the Late Cretaceous
onwards, the entire region was affected by the convergence
of Eurasia and Afro-Arabia, which resulted in northward
subduction and the creation of the Cyprus Arc (Hawie
et al., 2013; Montadert et al., 2014). As a consequence, the
ESM is in a state of collision with the island of Cyprus
since the Pliocene (Robertson, 1998a; Galindo-Zaldivar
et al., 2001).

The sedimentary cover of the ESM is approximately
6 km thick (Montadert et al., 2014; Papadimitriou et al.,
2018). Only the upper 600 meters below the seafloor (mbsf)
were cored during the ODP drilling campaign Leg 160
(Emeis et al., 1996). Undrilled sediments are inferred from
seismic reflection and are interpreted to comprise syn-rift
sediments (volcaniclastics, carbonates or clastic
sediments) which are overlain by a thick post-rift succes-
sion of extensive shallow marine carbonate build-ups,

intercalated with a sequence of undisturbed, probably
fine-grained, marine sediments (Montadert et al., 2014). A
schematic overview of the lithostratigraphy of the ESM,
the Levant Basin, as well as the well-constrained sedimen-
tary pile of the eastern margin of the Levant Basin in north-
ern and southern Lebanon are shown in Figure 2. Analysis
of the drilled intervals from the ODP Leg 160 campaign
constrains the interpretation of the depositional environ-
ments of the Upper Cretaceous and younger strata (Emeis
et al., 1996; Premoli-Silva et al., 1998; Staerker, 1998). Shal-
low water carbonate deposition was interrupted during the
Cenomanian/Turonian and younger Upper Cretaceous
sediments were deposited in a hemipelagic to pelagic envi-
ronment (Robertson, 1998c). Later, Miocene shallow water
carbonate build-ups formed on the ESM. During the Messi-
nian Salinity Crisis (MSC) the sediments of the ESM were
most likely exposed and affected by extensive meteoric
water flushing, karstification, dolomitization, as well as ero-
sion (Robertson, 1998b). Subsequent drowning of the ESM
during the Pliocene to Quaternary enabled the deposition of
pelagic carbonates and sapropels (Robertson, 1998c).

3 Materials and methods

3.1 Samples

Samples were collected from Site 966, hole F, and Site 967,
holes A and E (Tab. 1). The borehole cores were drilled at
the northern slope (Site 967) and the top of the platform
(Site 966) of the ESM (Fig. 1) by the Ocean Drilling
Program (ODP) during the expedition Leg 160 in 1995.
Lithology of these cores is described in the initial shipboard
scientific results (Emeis et al., 1996). In total, 122 samples
were sampled (Tab. 1); 120 samples were collected at irreg-
ular intervals from brownish-grey to black marls, shaly
marls, and carbonates and two solid bitumen-impregnated
samples (15/891 and 15/896; Lower Eocene and Upper
Cretaceous, respectively) were retrieved from light grey
marls. Biostratigraphic age determination of the cores was
previously conducted by Premoli-Silva et al. (1998) and
Staerker (1998). Their results were adapted to the Chronos-
tratigraphic Chart 2015 for this study; 20 samples are
assigned to upper Turonian to Coniacian, 6 to Santonian,
11 to Campanian to Maastrichtian, 3 to Eocene to Miocene,
50 to Ypresian to Lutetian, 29 to Bartonian to Priabonian,
and 3 samples to the Messinian age.

All further processing and analyses of the collected sam-
ples were done at the Institute of Geology and Geochem-
istry of Petroleum and Coal, RWTH Aachen University.

3.2 Elemental analyses and Rock-Eval pyrolysis

Total Organic (TOC) and Inorganic Carbon (TIC) mea-
surements were performed on all samples using a liquiTOC
II analyzer in order to quantify the amounts of OM and car-
bonates. The applied ‘‘temperature ramp method’’ enables
direct measurement of the carbon content of each sample
without previous acidification. The sample powder
(100 mg) is heated to 550 �C and kept at this temperature
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Fig. 2. Schematic overview of the sedimentary successions to be found in the Levant Basin (LB), the Eratosthenes Seamount (ESM)
and at the Levant margin (LM) along Lebanon. Modified after Bou Daher et al. (2016).
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Table 1. Samples obtained from the OPD Leg 160 campaign along the Eratosthenes Seamount (offshore Cyprus) and
the respective core interval, ordered by age.

Sample Site-hole Core Depth [mbsf] Age

15/892 967-A 13 117.38 Messinian
15/893 967-A 13 120.97 Messinian
15/894 967-A 13 122.05 Messinian
17/1679 966-F 26 298.48 Bartonian to Priabonian
15/863 966-F 26 298.53 Bartonian to Priabonian
17/1680 966-F 26 298.56 Bartonian to Priabonian
17/1681 966-F 26 298.61 Bartonian to Priabonian
15/864 966-F 26 298.66 Bartonian to Priabonian
17/1682 966-F 26 298.72 Bartonian to Priabonian
15/865 966-F 26 298.76 Bartonian to Priabonian
17/1683 966-F 26 298.86 Bartonian to Priabonian
15/866 966-F 26 298.90 Bartonian to Priabonian
15/867 966-F 26 299.09 Bartonian to Priabonian
17/1685 966-F 26 299.11 Bartonian to Priabonian
17/1686 966-F 26 299.19 Bartonian to Priabonian
15/868 966-F 26 299.21 Bartonian to Priabonian
15/869 966-F 26 299.28 Bartonian to Priabonian
17/1687 966-F 26 299.35 Bartonian to Priabonian
15/870 966-F 26 299.40 Bartonian to Priabonian
17/1688 966-F 26 299.46 Bartonian to Priabonian
15/871 966-F 26 299.50 Bartonian to Priabonian
17/1689 966-F 26 299.56 Bartonian to Priabonian
15/872 966-F 26 299.59 Bartonian to Priabonian
15/873 966-F 26 299.66 Bartonian to Priabonian
17/1690 966-F 26 299.71 Bartonian to Priabonian
15/874 966-F 26 299.76 Bartonian to Priabonian
17/1691 966-F 26 299.82 Bartonian to Priabonian
17/1692 966-F 26 300.05 Bartonian to Priabonian
15/875 966-F 26 300.84 Bartonian to Priabonian
17/1693 966-F 26 301.03 Bartonian to Priabonian
15/876 966-F 26 301.11 Bartonian to Priabonian
17/1694 966-F 26 301.18 Bartonian to Priabonian
15/877 966-F 27 314.97 Ypresian to Lutetian
17/1696 966-F 28 317.8 Ypresian to Lutetian
17/1698 966-F 28 318.46 Ypresian to Lutetian
17/1699 966-F 28 318.73 Ypresian to Lutetian
17/1700 966-F 28 319.20 Ypresian to Lutetian
17/1701 966-F 28 319.60 Ypresian to Lutetian
17/1702 966-F 28 320.72 Ypresian to Lutetian
17/1703 966-F 28 320.92 Ypresian to Lutetian
17/1704 966-F 28 321.29 Ypresian to Lutetian
17/1705 966-F 28 321.63 Ypresian to Lutetian
17/1706 966-F 28 322.13 Ypresian to Lutetian
17/1707 966-F 28 323.28 Ypresian to Lutetian
17/1708 966-F 28 324.23 Ypresian to Lutetian
17/1709 966-F 29 327.49 Ypresian to Lutetian
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Table 1. (continued).

Sample Site-hole Core Depth [mbsf] Age

17/1711 966-F 29 329.07 Ypresian to Lutetian
17/1712 966-F 29 329.27 Ypresian to Lutetian
17/1715 966-F 29 330.60 Ypresian to Lutetian
15/878 966-F 30 337.10 Ypresian to Lutetian
17/1717 966-F 30 337.18 Ypresian to Lutetian
15/879 966-F 30 337.25 Ypresian to Lutetian
15/880 966-F 30 337.40 Ypresian to Lutetian
15/881 966-F 30 337.50 Ypresian to Lutetian
17/1718 966-F 30 337.51 Ypresian to Lutetian
15/882 966-F 30 337.62 Ypresian to Lutetian
15/883 966-F 30 337.70 Ypresian to Lutetian
15/884 966-F 30 338.03 Ypresian to Lutetian
17/1720 966-F 30 338.12 Ypresian to Lutetian
17/1721 966-F 30 338.40 Ypresian to Lutetian
15/885 966-F 30 338.77 Ypresian to Lutetian
15/886 966-F 30 338.85 Ypresian to Lutetian
17/1722 966-F 30 338.85 Ypresian to Lutetian
15/887 966-F 30 339.32 Ypresian to Lutetian
17/1724 966-F 30 339.55 Ypresian to Lutetian
15/888 966-F 30 339.64 Ypresian to Lutetian
17/1725 966-F 30 339.66 Ypresian to Lutetian
17/1726 966-F 30 339.78 Ypresian to Lutetian
15/889 966-F 30 339.81 Ypresian to Lutetian
17/1727 966-F 30 339.89 Ypresian to Lutetian
15/890 966-F 30 339.94 Ypresian to Lutetian
15/891 966-F 30 340.03 Ypresian to Lutetian
17/1729 966-F 30 340.53 Ypresian to Lutetian
17/1732 966-F 30 341.07 Ypresian to Lutetian
17/1733 966-F 31 346.43 Ypresian to Lutetian
17/1735 966-F 31 347.02 Ypresian to Lutetian
17/1736 966-F 31 347.76 Ypresian to Lutetian
17/1737 966-F 31 347.96 Ypresian to Lutetian
17/1738 966-F 31 348.47 Ypresian to Lutetian
17/1740 966-F 31 348.80 Ypresian to Lutetian
17/1742 966-F 31 349.53 Ypresian to Lutetian
17/1743 966-F 31 349.92 Ypresian to Lutetian
15/895 967-E 6 160.93 Eocene to Miocene
17/1744 967-E 7 167.30 early Oligocene
17/1745 967-E 7 167.79 early Oligocene
17/1746 967-E 8 177.05 Maastrichtian
17/1747 967-E 8 177.32 Campanian
17/1748 967-E 8 177.43 Campanian
15/896 967-E 17 265.49 Campanian
17/1749 967-E 18 273.27 Campanian
17/1751 967-E 18 274.06 Campanian
17/1752 967-E 18 274.36 Campanian
17/1753 967-E 18 274.65 Campanian

S. Grohmann et al.: Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 73, 49 (2018)6



for 600 s. Subsequent cooling of the sample to 400 �C is
followed by a second step of heating until the sample
reaches 1000 �C where it remains for 400 s. The released
CO2 is detected at each step by an infrared cell (detection
limit 10 ppm, relative TOC error 0.6 wt.%, relative TIC
error 1.7 wt.%). We already know that thermally less stable
carbonates (such as siderite) might decompose already at
temperatures around 500 �C and might lead to an overesti-
mation of the TOC and an underestimation of the TIC con-
tent, respectively (Pillot et al., 2014). However, the marine
carbonates investigated in this study are mostly free of
siderite.

CaCO3 percentage was calculated using CaCO3 =
TIC�8.333 (Littke, 1993). Carbonate content of samples
from dolomite-dominated intervals was calculated with
the equation CaMg(CO3)2 = TIC�7.8333 (Bou Daher
et al., 2014).

For interpreting the depositional environment and
paleo-redox conditions the TS content was determined for
samples containing >0.3 wt.% TOC using a LECO S200
analyzer with an infrared detector (detection limit of
20 ppm, relative error of <5%).

Rock-Eval pyrolysis (Espitalié et al., 1977) was applied
for 122 samples to qualify the hydrogen and oxygen content
of the OM and its thermal maturity. However, only
104 samples provided useful results. Measurements were
performed on a classic Rock-Eval 6 instrument (Behar
et al., 2001) using the standard Basic/Bulk-Rock method
described in Espitalié et al. (1977) and Behar et al.
(2001). Approximately 120 mg sample powder was taken
for samples with TOC values ranging from 0.1 wt.% to
2.0 wt.%, 100 mg powder for samples with TOC values
between 2 wt.% and 8 wt.% and 50 mg for samples show-
ing TOC values between 8 wt.% and 20 wt.%. Approxi-
mately 50 mg of silica was added to sample quantities of
<50 mg. Standard Rock-Eval parameters like S1, S2, S3,
Tmax as well as Hydrogen Index (HI), Oxygen Index (OI)
and Production Index (PI) were accordingly obtained fol-
lowing procedures also described in Behar et al. (2001).

As described by Katz (1983), Rock-Eval pyrolysis can
be effected by additional generation of CO2 derived from
carbonate decomposition even at low temperatures.
In order to investigate this effect on the present dataset,
6 samples with 2 g each were decarbonized using 30 mL

Table 1. (continued).

Sample Site-hole Core Depth [mbsf] Age

17/1754 967-E 18 275.04 Campanian
17/1755 967-E 18 275.55 Campanian
17/1756 967-E 18 276.31 Campanian
17/1757 967-E 25 340.93 Santonian
17/1758 967-E 25 341.34 Santonian
17/1759 967-E 25 342.18 Santonian
17/1760 967-E 25 342.80 Santonian
17/1761 967-E 25 343.11 Santonian
17/1762 967-E 25 344.40 Santonian
15/897 967-E 28 369.44 Coniacian
15/898 967-E 28 370.06 Coniacian
15/899 967-E 28 370.40 Coniacian
17/1763 967-E 29 379.22 Coniacian
15/900 967-E 29 379.71 Coniacian
17/1764 967-E 29 379.87 Coniacian
15/901 967-E 29 379.96 Coniacian
17/1765 967-E 29 379.98 Turonian
15/902 967-E 29 380.28 Turonian
17/1766 967-E 29 380.30 Turonian
15/903 967-E 29 380.36 Turonian
17/1767 967-E 29 380.54 Turonian
15/904 967-E 29 380.77 Turonian
15/905 967-E 29 380.80 Turonian
17/1768 967-E 29 380.94 Turonian
15/906 967-E 29 381.13 Turonian
17/1769 967-E 30 388.46 Turonian
17/1770 967-E 30 388.67 Turonian
17/1771 967-E 30 388.70 Turonian
17/1772 967-E 30 388.82 Turonian
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of hydrochloric acid (10%) at 80 �C for 30 min and subse-
quent neutralizing with distilled water. After settling of
the OM overnight and decantation and evaporation at
50 �C of the remaining water, Rock-Eval pyrolysis was
repeated on these samples.

3.3 Organic petrographic analysis

Eight samples were selected for organic petrology analysis
based on their age and TOC content (0.52–9.33 wt.%) to
compare geochemical results with visual investigations like
maceral qualification and vitrinite reflectance measure-
ments as a reliable thermal maturity indicator. Thick sec-
tions were prepared by embedding sample pieces in a
mixture of Araldite XW396 (epoxy resin) and Araldite
XW397 (hardener) at a ratio of 10:3 and cutting them per-
pendicular to the bedding following the preparation proce-
dure described in Sachse et al. (2012). The polished surfaces
were analyzed in a dark room with a Zeiss Axio Imager
microscope equipped with a tungsten-halogen lamp (12 V,
100 W) for incident white light and a mercury lamp
(HXP R120W/45C) for ultraviolet/violet light-excitation
of fluorescence. An Epiplan-Neofluar 50x/0.85 oil immer-
sion objective, oil with a refractive index of 1.518, and the
calibration standard Klein and Becker Leuco-Saphire
(0.592%) were used. Samples were qualitatively analyzed
with respect to content of inertinite, vitrinite, liptinite
(lamalginite and telalginite), pyrite and fossils (foramini-
fera, fish bones, shell fragments). Maceral identification
was mainly based on their difference in reflectivity as well
as their fluorescence intensity following procedures
described by Littke (1993). Six samples were analyzed for
random vitrinite reflectance (%VRr). Measurements were
processed with the software DISKUS Fossil, v.460.810
(Technisches Büro C. Hilgers, Königswinter, Germany).
Details of the microscopical procedure are also described
in Sachse et al. (2012).

The maximum paleotemperature (Tpeak) that was expe-
rienced during burial related heating was calculated accord-
ing to Barker and Pawlewicz (1994):

T peak ¼
ln %VRr þ 1:68ð Þ

0:0124

3.4 Molecular geochemistry

Biomarkers can reveal information about specific organic
precursor molecules which can help to identify original
organic compounds. Further, the chirality of molecules
(e.g. steranes) change with increasing temperature and,
therefore, can be used as a thermal maturity indicator
(Peters et al., 2005). Twelve samples were selected for
molecular geochemical analysis by both, Gas
Chromatography (GC) coupled with a Flame Ionization
Detector (GC-FID) and GC coupled with a Mass Spectrom-
eter (GC-MS). Prior to the analysis, maltene fractions were
obtained using a DIONEX ASE 150 instrument (Thermo
Scientific), which allows a full automatic extraction.
Approximately 8 g of powdered rock sample were extracted
by 40 mL of dichloromethane (DCM) in a high pressure cell

at 100 �C and 100 bar during 14 min. All maltene extracts
were separated into three fractions by means of silica-gel
based liquid column chromatography and eluents of
different polarity: 5 mL pentane for the aliphatic fraction,
5 mL pentane/DCM (40:60) for the aromatic fraction,
and 5 mL methanol for the polar fraction.

3.4.1 GC-FID

A Carlo Erba Strumentazione HRGC 5300 gas chro-
matograph equipped with a flame ionization detector was
used to investigate the molecular composition of aliphatic
fractions. The initial temperature was set to 80 �C, kept
for 3 min, followed by heating at 5.0 �C/min up to
300 �C, and held for 20 min. The injection was performed
in splitless mode set to 60 s. Compound separation was per-
formed in a 30 m long Zebron ZB-1 capillary column using
hydrogen as carrier gas. The obtained chromatograms were
interpreted using the Atlas CDS software. Based on the rel-
ative abundance of the respective n-alkanes, the Terrige-
nous/Aquatic Ratio (TAR; Bourbonniere and Meyers,
1996), the odd-to-even predominance (OEP; Scalan and
Smith, 1970) as well as the carbon preference index (CPI;
Bray and Evans, 1961) were calculated as follow:

TAR ¼ ðnC27 þ nC29 þ nC31Þ
ðnC15 þ nC17 þ nC19Þ

OEP ¼ nC21 þ 6� nC23 þ nC25ð Þ
4� nC22 þ 4� nC24ð Þ

CPI ¼ 2� nC23 þ nC25 þ nC27 þ nC29ð Þ
nC22 þ 2� nC24 þ nC26 þ nC28ð Þ þ nC30ð Þ

3.4.2 GC-MS

Gas Chromatography was performed using a Mega Series
HRGC 5160 gas chromatograph (Carlo Erba, IT) equipped
with a 30 m · 0.25 mm · 0.25 lm film Zebron ZB-5_MS
fused silica capillary column. For specific detection a quad-
rupol mass spectrometer Trace MS (Thermoquest) was
used. 1 lL of sample was injected by split injection at
80 �C. After 3 min isothermal hold, temperature was first
increased by 10 �C/min up to 160 �C, followed by a further
temperature increase by 3 �C/min up to 320 �C, which was
held for 20 min. Helium was used as carrier gas with a
velocity of 30 cm/s. Hydrocarbons were detected by single
ion mode (EI+, 70 eV, measured m/z = 191, 205, 217,
218, 259, 372, 386, 400, 412) with a source temperature of
200 �C.

The identification of hopanes and steranes is based on a
CHIRON reference standard (Hopane/Sterane Calibration
Mix) and by comparison with other reference material.
For peak quantification the Xcalibur software (Thermo
Finnigan) was used. The identified peaks for both hopanes
and steranes used in this work for calculated ratios and
their respective measured m/z ratios are listed in Table 2.

The ratio of steranes to hopanes was calculated accord-
ing to Peters et al. (2005) by the ratio of C27-C29 regular
steranes to C29-C30 17a hopanes.
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4 Results

4.1 Elemental analysis and Rock-Eval pyrolysis

Results of the elemental analysis are shown in Figure 3 and
listed in Table 3. TOC contents of the investigated samples
range from 0.1 to 9.3 wt.% with an average of 0.83 wt.%
with exception of Santonian and Campanian to Maas-
trichtian samples, where the TOC contents are consis-
tently low, close to the average of 0.25 wt.%. The highest
TOC contents are observed in samples of Bartonian to
Priabonian age with an average of 4.8 wt.%.

TIC contents range from 1.4 to 11.9 wt.% with an
average of 10.3 wt.%. Calculated carbonate contents show
a weak negative correlation with TOC content (Fig. 3).
Turonian to Santonian samples are (almost) pure carbon-
ates. Some of these rocks contain dolomite rather than
calcite; therefore, calculated CaCO3 contents partly exceed
100%. Ypresian to Bartonian samples contain significant
amounts of dolomite rhombs. Therefore, the carbonate
content of these intervals was calculated assuming that
the TIC content is mainly derived from dolomite.

TS values range from 0.03 to 1.16 wt.% with an average
of 0.3 wt.%. TS correlates positively with TOC (Fig. 3).
TS/TOC ratios are low to moderate ranging from 0.01 to
3.66.

Rock-Eval results are shown in Figure 3 and listed in
Table 3. Rock-Eval analysis revealed no meaningful results
for the three Messinian, two Eocene to Miocene, and some
Campanian and Santonian samples, probably due to oxida-
tion of OM. The remaining 104 samples are marked by low
S1 (0.00–0.77 mg HC/g rock), but intermediate S2 values
(0.08–49.70 mg HC/g rock). Both parameters correlate pos-

itively with each other and also with their respective TOC
content (Fig. 3). S3 values are low with only 0.47–5.36 mg
CO2/g rock. Tmax values range from 412 �C to 434 �C.

HI values are relatively high, but vary strongly from 45
to 580 mg HC/g TOC with an average of 240 mg HC/g
TOC. OI values vary from 20 to 833 mg CO2/g TOC with
an average of 152 mg CO2/g TOC. Some extremely high OI
values are probably caused by oxygen release from ther-
mally instable carbonates (Katz, 1983). OI values correlate
negatively with HI values. PI values are very low at
0.01–0.12. The two solid bitumen-impregnated samples do
not show any significant difference, since the amount of
solid bitumen compared to the whole bulk rock volume is
very low.

The results of the HCl-treated samples are shown in
Table 4. OI values decrease by a factor between 0.8 and
0.2, while HI values increase by a factor of 1.2–3.5 as
compared to the bulk rock samples. The strongest mineral
matrix effect is observed for samples with low TOC
contents.

4.2 Petrographic analysis

Most samples, except the two solid bitumen-impregnated
samples (15/891, 15/896), contain different macerals in
varying amounts (Tab. 5). Vitrinite and inertinite particles
occur rarely, are small-sized and often have highly struc-
tured surfaces (Figs. 4A and 4B) which hampered random
vitrinite reflectance measurements. In contrast, liptinite
(lamalginite and telalginite) is very abundant, varies in size
and shows yellow-golden fluorescence after ultraviolet-
violet light excitation (Figs. 4A and 4B, red arrows). The
highest contribution of OM is made up of submicroscopic

Table 2. Identified hopane and sterane peaks used in this work.

Peak ID Hopane m/z = 191 Peak ID Sterane m/z = 217

A C25 trycyclic terpane (22S+R) a C27 pa-diacholestane (20S)
B C26 tricyclic terpane (22S) b C27 pa-diacholestane (20R)
C C26 tricyclic terpane (22R) c C28 pa-diasterane a (20S)
D Ts 18a(H)-trisnorhopane d C28 pa-diasterane b (20S)
E Tm 17a(H)-trisnorhopane e C28 pa-diasterane a (20R)
F C29 Tm 17a(H)21p(H)-norhopane f C28 pa-diasterane b (20R)
G C29 Ts 18a(H)-norneohopane g C27 aa-cholestane (20S)
H C30 17a(H)-hopane h C27 pp-cholestane (20R)
I C30 moretane i C27 pp-cholestane (20S)
J C31 17a(H)-homohopane (22S) j C27 aa-cholestane (20R)
K C31 17a(H)-homohopane (22R) k C28 aa-ergostane (20S)
L C32 17a (H), 2ip (H)-30,31 -bishomohopane (22S) l C28 pp-ergostane (20R)
M C32 17a (H), 21 p (H)-30,31 -bishomohopane (22R) m C28 pp-ergostane (20S)

n C28 aa-ergostane (20R)
o C29 aa-stigmastane (20S)
p C29 pp-stigmastane (20R)
q C29 pp-stigmastane (20S)
r C29 aa-stigmastane (20R)
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amorphous liptinites (Figs. 4A and 4B). Pyrite grain size is
small and usually occurs in framboidal shape, but almost all
samples also contain minor amounts of small, euhedral pyr-
ite (Fig. 4C). Foraminifera, fish bones and/or shell frag-
ments occur in all samples and are rather common

(Tab. 5). Foraminifera often show recrystallization and
blocky cement reduces the intraparticle porosity (classifica-
tion after Choquette and Pray, 1970). Foraminifera abun-
dance seems to correlate negatively with the OM content
and pyrite (Tab. 5). Dolomite rhombs are very rare to
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Fig. 3. Elemental analysis and Rock-Eval results of ODP Leg 160 core samples that originate from the Eratosthenes Seamount
(ESM), southern offshore area of Cyprus. Note that scales vary in the different intervals. Big crosses mark intervals where no results
were obtained.
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absent in the Upper Cretaceous samples and abundant in
the Eocene samples (Fig. 4B).

The solid bitumen-impregnated samples do not contain
any vitrinite or inertinite and almost no liptinite. Here,
foraminifera are abundant. Solid bitumen occurs as accu-
mulation in cavities and with locally large framboidal pyrite
in its close vicinity (Fig. 4D).

For six samples the vitrinite reflectance could be
measured (Tab. 6). However, in only four samples more
than 20 vitrinite particles could be measured to generate
reliable results (see Barker and Pawlewicz, 1993)
(Tab. 6). Measured VRr ranges from 0.25% to 0.3%. Counts
and mean values of vitrinite reflectance are listed in
Table. 6.
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Table 3. Results of the elemental analysis and Rock-Eval pyrolysis. TOC = Total Organic Carbon; TIC = Total
Inorganic Carbon; TS = Total Sulfur; Tmax = temperature at the peak of S2; HI = Hydrogen Index (S2/TOC · 100);
OI = Oxygen Index (S3/TOC · 100); [–]: not determined.

Sample TOC [wt.%] TIC [wt.%] TS [wt.%]

S1 [mg
HC/g
rock]

S2 [mg
HC/g
rock]

S3 [mg
C02/g
rock] Tmax [�C]

Hl [mg
HC/g
TOC]

Ol [mg
C02/g
TOC]

15/892 0.48 5.07 0.17 0.02 0.12 1.31 260 25 273
15/893 0.76 8.02 0.19 0.02 0.17 1.32 260 22 174
15/894 0.96 3.55 0.2 0.02 0.20 1.29 391 21 134
17/1679 5.43 9.20 0.03 0.77 25.23 4.94 415 465 91
15/863 7.12 9.32 1.04 0.63 36.35 1.46 416 511 21
17/1680 5.84 8.99 1.05 0.72 27.67 5.36 415 474 92
17/1681 7.39 8.65 0.99 0.33 24.69 3.69 412 334 50
15/864 7.23 9.42 1.09 0.39 35.74 1.47 412 494 20
17/1682 7.19 8.51 0.15 0.32 27.02 2.11 415 376 29
15/865 9.33 8.68 1.16 0.68 49.70 3.00 413 533 32
17/1683 4.34 5.05 0.66 0.30 11.68 1.60 423 269 37
15/866 3.99 6.20 0.67 0.31 17.72 1.42 421 444 36
15/867 3.55 6.37 0.54 0.18 14.29 1.48 416 403 42
17/1685 4.88 5.79 0.58 0.16 10.24 2.77 415 210 57
17/1686 4.07 4.24 0.62 0.20 11.87 1.66 422 292 41
15/868 3.73 5.25 0.69 0.16 16.87 1.45 421 452 39
15/869 5.08 9.97 0.84 0.18 27.79 1.43 421 547 28
17/1687 6.20 8.22 1.01 0.19 22.52 2.31 416 363 37
15/870 6.16 9.16 0.98 0.24 31.60 1.40 416 513 23
17/1688 4.92 8.69 0.95 0.28 22.56 4.08 415 459 83
15/871 5.85 9.44 0.98 0.22 30.68 1.45 419 524 25
17/1689 4.31 9.09 0.68 0.17 15.69 1.74 420 364 40
15/872 4.80 10.00 0.66 0.17 24.73 1.43 419 515 30
15/873 4.99 9.89 0.78 0.17 25.43 1.43 416 510 29
17/1690 3.80 9.52 0.63 0.17 15.94 3.57 419 419 94
15/874 4.57 10.45 0.59 0.27 23.77 1.51 415 520 33
17/1691 3.13 7.65 0.65 0.22 7.67 1.47 425 245 47
17/1692 0.70 10.32 0.23 0.06 0.64 0.79 423 91 112
15/875 1.19 10.61 0.31 0.07 3.33 1.25 422 280 105
17/1693 1.63 9.34 0.27 0.08 3.49 1.11 428 214 68
15/876 2.35 7.79 0.36 0.15 8.70 1.50 424 370 64
17/1694 1.58 4.65 0.31 0.11 4.12 1.45 421 261 92
15/877 0.67 9.71 0.26 0.04 0.49 1.33 420 73 199
17/1696 0.96 6.81 0.30 0.04 0.45 1.84 423 46 192
17/1698 0.46 10.00 0.20 0.03 0.45 0.66 424 97 143
17/1699 0.58 10.28 0.20 0.03 0.43 0.80 423 74 139
17/1700 0.56 10.04 0.17 0.03 0.54 0.77 425 96 137
17/1701 0.22 1.52 0.11 0.00 0.10 0.74 426 45 332
17/1702 0.94 9.78 0.41 0.03 1.22 0.87 425 129 93
17/1703 0.81 9.80 0.32 0.04 0.75 0.82 426 92 101
17/1704 0.66 10.25 0.20 0.04 0.58 1.12 425 88 170
17/1705 0.33 10.30 0.22 0.00 1.05 1.38 425 318 418
17/1706 0.70 10.14 0.23 0.04 0.88 0.85 423 125 121
17/1707 0.09 10.61 0.16 0.00 0.21 0.75 424 233 833
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Table 3. (continued).

Sample TOC [wt.%] TIC [wt.%] TS [wt.%]

S1 [mg
HC/g
rock]

S2 [mg
HC/g
rock]

S3 [mg
C02/g
rock] Tmax [�C]

Hl [mg
HC/g
TOC]

Ol [mg
C02/g
TOC]

17/1708 0.12 2.05 0.16 0.01 0.24 0.94 423 200 783
17/1709 0.75 10.58 0.24 0.05 1.07 1.08 424 143 144
17/1711 0.55 10.63 0.29 0.05 0.89 0.71 426 161 130
17/1712 0.40 10.14 0.28 0.04 0.44 0.84 421 110 211
17/1715 1.32 9.21 0.61 0.03 1.89 1.78 428 143 135
15/878 0.62 11.94 0.24 0.03 0.95 1.32 428 153 213
17/1717 0.64 10.95 0.27 0.07 0.71 0.90 429 429 111
15/879 0.70 11.55 0.27 0.04 1.18 1.35 429 429 169
15/880 0.96 11.06 0.30 0.05 1.71 1.36 428 428 178
15/881 0.71 11.78 0.25 0.04 1.09 1.37 427 427 154
17/1718 0.84 10.54 0.26 0.11 0.94 1.12 429 429 112
15/882 0.60 11.88 0.29 0.03 1.04 1.37 428 428 173
15/883 0.82 11.48 0.28 0.04 1.93 1.36 434 434 235
15/884 0.65 11.91 0.19 0.03 0.99 1.40 427 427 152
17/1720 0.09 11.25 0.12 0.00 0.08 0.97 421 421 89
17/1721 0.31 11.53 0.15 0.06 0.58 0.69 430 430 187
15/885 0.95 11.11 0.33 0.04 2.17 1.31 426 426 228
15/886 1.28 11.12 0.31 0.04 2.76 1.31 427 427 216
17/1722 0.58 10.52 0.33 0.01 1.72 1.24 426 426 297
15/887 0.81 10.26 0.32 0.03 1.16 1.35 428 428 143
17/1724 1.13 0.01 0.36 0.04 1.03 1.25 426 426 91
15/888 0.97 10.43 0.36 0.04 1.56 1.29 428 428 161
17/1726 1.45 9.67 0.47 0.03 2.29 1.79 428 429 111
15/889 1.75 10.39 0.43 0.06 4.25 1.30 430 429 169
17/1727 1.85 9.17 0.51 0.04 1.03 1.25 425 428 178
15/890 2.16 10.21 0.41 0.09 6.82 1.63 430 427 154
15/891 1.98 11.03 0.36 0.11 6.81 1.36 423 429 112
17/1729 0.73 10.28 0.22 0.04 0.65 1.03 426 428 173
17/1732 0.84 9.73 0.28 0.04 0.60 0.96 426 434 235
17/1733 0.14 10.71 0.15 0.02 0.36 0.79 425 427 152
17/1735 0.96 9.50 0.34 0.04 0.75 1.45 425 421 89
17/1736 0.30 9.69 0.41 0.00 0.42 1.02 424 430 187
17/1737 0.22 10.50 0.81 0.01 0.19 0.78 417 426 228
17/1738 0.82 9.10 0.81 0.04 0.55 1.03 422 427 216
17/1740 0.94 8.90 0.55 0.09 0.68 1.22 421 426 297
17/1742 0.41 11.35 0.18 0.04 0.49 0.81 428 428 143
17/1743 0.47 9.45 0.36 0.03 1.11 1.74 426 426 91
15/895 3.72 9.40 0.27 0.07 9.41 1.54 423 428 161
17/1744 0.03 0.06 — — — — — — —
17/1745 0.70 9.19 0.18 — — — — — —
17/1746 0.71 6.16 0.17 — — — — — —
17/1747 0.91 7.41 0.17 — — — — — —
17/1748 2.29 0.06 0.42 — — — — — —
15/896 0.52 11.91 0.19 0.03 0.44 1.30 426 426 85
17/1749 0.48 10.81 0.19 0.03 0.44 1.30 426 421 59
17/1751 0.12 11.00 0.11 — — — — — —
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Tpeak derived from initial vitrinite reflectance measure-
ments (Tab. 6) ranges from 20 to 39 �C for the vitrinite-
containing samples indicating that sediments have not
reached much higher temperatures or burial depths than
at present-day.

4.3 Molecular organic geochemistry

Based on the low thermal maturity as it is indicated by low
vitrinite reflectance and Rock-Eval Tmax values, only
aliphatic hydrocarbon fractions were analyzed. Three types
of aliphatic distributions were observed: (1) samples show-
ing a clear predominance of medium-chain n-alkanes
(n-C12–n-C20) with almost no long-chain molecules

(Fig. 5A); (2) samples showing a predominance of medium-
chain n-alkanes over abundant long-chain n-alkanes (n-
C20–n-C35) that can even reach tendencies of bimodal distri-
bution (e.g. 15/899; Fig. 5B); (3) two exceptions are samples
15/892 and 15/888 which are characterized by a skewed
distribution over the full range of detected n-alkanes
(n-C12–n-C35), with a decreasing frequency of shorter/longer
chain molecules, respectively. There is no clear correlation
between stratigraphy and the type of n-alkanes distribution.

Calculated geochemical ratios are shown in Table. 7.
Pristane (Pr)/phytane (Ph) ratios vary between 1.0 and
1.6 with the exception of one Messinian (15/892), one
Bartonian to Priabonian (15/868) and one Ypresian to
Lutetian (15/888) sample with ratios of 0.50, 0.49 and

Table 3. (continued).

Sample TOC [wt.%] TIC [wt.%] TS [wt.%]

S1 [mg
HC/g
rock]

S2 [mg
HC/g
rock]

S3 [mg
C02/g
rock] Tmax [�C]

Hl [mg
HC/g
TOC]

Ol [mg
C02/g
TOC]

17/1752 0.23 11.37 — — — — — — —
17/1753 0.27 11.33 — — — — — — —
17/1754 0.20 11.50 — — — — — — —
17/1755 0.28 11.44 — — — — — — —
17/1756 0.15 11.63 — — — — — — —
17/1757 0.23 11.76 — — — — — — —
17/1758 0.18 11.08 0.16 — — — — — —
17/1759 0.22 11.79 — — — — — — —
17/1760 0.27 11.77 — — — — — — —
17/1761 0.26 11.86 — — — — — — —
17/1762 0.04 12.49 — — — — — — —
15/897 0.63 12.15 0.22 0.04 2.19 1.34 427 427 348
15/898 0.95 12.24 0.19 0.06 2.57 1.28 425 425 271
15/899 2.04 11.80 0.36 0.18 9.91 1.58 419 419 486
17/1763 0.38 11.76 0.15 0.04 0.55 1.03 422 424 183
15/900 0.79 12.10 0.25 0.05 2.61 1.31 425 425 330
17/1764 0.88 10.91 0.21 0.08 2.71 0.72 421 421 308
15/901 1.00 12.55 0.22 0.06 3.36 1.30 424 424 336
17/1765 0.55 10.87 0.20 0.02 2.39 0.82 424 424 435
15/902 3.57 11.20 0.51 0.23 20.25 1.57 413 413 567
17/1766 2.48 9.96 0.61 0.16 13.08 2.16 414 414 527
15/903 3.62 10.82 0.54 0.19 20.98 1.57 414 414 580
17/1767 2.19 10.37 0.62 0.16 10.83 2.09 415 415 495
15/904 4.20 11.06 0.56 0.33 23.62 1.59 412 412 562
15/905 2.56 11.49 0.36 0.14 13.48 1.56 418 418 527
17/1768 0.32 11.91 0.13 0.05 0.67 0.54 422 422 208
15/906 2.04 11.58 0.38 0.11 10.61 1.58 416 416 520
17/1769 0.38 11.83 0.11 0.06 1.03 0.49 423 423 271
17/1770 0.36 11.25 0.12 0.02 1.42 0.55 423 423 394
17/1771 0.91 11.70 0.18 0.08 3.13 0.73 423 423 344
17/1772 0.37 11.85 0.10 0.05 1.04 0.47 424 424 283
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0.83, respectively (Tab. 7). Pr/n-C17 ratios scatter within a
narrow range from 0.24 to 0.54, while Ph/n-C18 ratios
shows slightly more variability with values between 0.31
and 0.90. TAR values range between 0.06 and 0.69, while
only the Messinian sample (15/892) shows a significantly
higher value of 1.41. OEP ratios vary between 0.74 and
1.20 and CPI ratios between 0.88 and 1.59, with the major-
ity being above one (Tab. 7).

Biomarker ratios could be evaluated for 9 of the 12 mea-
sured samples. Results are shown in Table. 8. Figure 5
provides representative chromatograms (Figs. 5A and 5B)
as well as ion traces (Figs. 5C and 5D) for hopane
(m/z = 191) and sterane (m/z = 217) identification (see
also Tab. 2). The concentration of C28 baa-steranes
is relatively constant for all samples with 35% ± 11% on
average. C27 and C29 baa-steranes concentrations show a
slightly larger variation (37% ± 17% and 29% ± 18%,
respectively) and seem to be inversely proportional to each
other. The Eocene samples (Ypresian to Lutetian and
Bartonian to Priabonian) show slightly higher C29 concen-
trations compared to Turonian to Coniacian and Messinian
samples (Fig. 6).

The C30 norhopane/hopane ratios are all greater than 1
with the highest value reaching 0.8 in the Messinian.

C26/C25 tricyclic terpanes were only evaluated in the Ypre-
sian to Lutetian, the Bartonian to Priabonian and the
Messinian samples, varying between 0.68 and 0.95, except
for the Messinian with a ratio of 0.13 (Tab. 8). C31R/C30
hopane ratio is generally smaller than 1 with exception of
one Bartonian to Priabonian sample (15/872) with a value
of 1.42 (Tab. 8). The ratio of steranes over hopanes varies
between 0.76 and 1.63 in the Turonian to Coniacian and
the Ypresian to Lutetian samples and between 0.19 and
0.61 for the Bartonian to Priabonian and the Messinian
samples (Tab. 8).

Thermal maturity parameters such as C29 aaaS20/
(20S + 20R)-, or C29 abb/(aaa + abb) steranes, and Ts/
(Ts + Tm) are all �0.5 indicating OM of low thermal
maturity.

5 Discussion

5.1 Depositional environment

The 122 analyzed samples of Late Cretaceous to Messinian
age are mainly dominated by argillaceous carbonates to
almost pure limestones (12–99 wt.% carbonate), revealing

Table 5. Results from microscopic analysis: Qualitative amounts of analyzed feature (OM = total observable organic
matter; V = vitrinite; I = inertinite; L = liptinite; Foram = foraminifera; Py = pyrite; Dolo = dolomite) decrease
from +++ to +; � indicates that the feature occurs only rarely or not at all.

Sample Age OM V I L Foram Py Dolo

15/865 Bartonian to Priabonian +++ ++ � ++ + ++ -
15/871 Bartonian to Priabonian +++ ++ � ++ + ++ +++
15/886 Ypresian to Lutetian ++ + � + ++ +++ +++
15/890 Ypresian to Lutetian +++ � � + ++ ++ +
15/896 Campanian to Maastrichtian + � � - +++ + �
15/898 Turonian to Coniacian + � � - ++ � �
15/899 Turonian to Coniacian ++ + � ++ +++ � +
15/904 Turonian to Coniacian ++ ++ - +++ ++ + �

Table 4. Comparison of bulk rock and HCl-treated samples. TOC = Total Organic Carbon; TIC = Total Inorganic
Carbon; HI = Hydrogen Index (S2/TOC · 100); OI = Oxygen Index (S3/TOC · 100).

Sample Age TOC [wt.%] TIC [wt.%] HI [mg HC/g TOC] OI [mg CO2/g TOC]

106 Bartonian to Priabonian 7.39 8.65 334 50
106-HCl Bartonian to Priabonian 31.96 0.12 568 40
110 Bartonian to Priabonian 4.88 5.79 210 57
110-HCL Bartonian to Priabonian 9.52 0.04 407 39
121 Ypresian to Lutetian 0.96 6.81 46 192
121-HCl Ypresian to Lutetian 2.31 0.01 159 50
137 Ypresian to Lutetian 0.4 10.14 110 211
137-HCl Ypresian to Lutetian 2.7 0.02 252 50
188 Turonian to Coniacian 0.3 11.74 348 213
188-HCl Turonian to Coniacian 5.1 0.03 432 36
192 Turonian to Coniacian 2.19 10.37 495 95
192-HCl Turonian to Coniacian 23.54 0.09 592 33
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Fig. 4. Photomicrographs: || indicate bedding orientation. d no bedding observable. A: Incident light (left) and ultraviolet light
(right). Vitrinite particle with a highly structured surface surrounded by a fine grained matrix and amorphous liptinite. Red arrow
marks a lam alginate. B: Incident light (left) and ultraviolet light (right). Vitrinite particle with structured surface (circle) surrounded
by fine grained matrix, dolomite rhombs (Dolo), amorphous liptinite and different alginites (red arrows). C: Incident light. The typical
occurrence of small framboidal and euhedral pyrite (Py). A large solid bitumen accumulation within a calcareous, organic-poor
matrix. Large framboidal pyrite (Py) is observed around its border.
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a high variability in their organic content (0–9.3 wt.%)
(Fig. 3). Samples enriched in OM are mainly attributed
to the Eocene (especially to the Upper Eocene, Bartonian
to Priabonian) and to the Lower Upper Cretaceous
(Turonian to Coniacian) intervals. Petrographic investiga-
tions show that the OM in these rocks is mainly composed
of alginites and submicroscopic organic matter, which are

typically derived from marine organisms. These observa-
tions are supported by several molecular-geochemical ratios
such as TAR and Pr/Ph << 2, which are common in
marine environments (Peters et al., 2005). Also the relative
concentrations of C27 to C28 and C29 baa-steranes (Fig. 6)
match those observed in open marine environments (Peters
et al., 2005).

Table 6. Results of vitrinite reflectance measurements (VRr), the respective measured points (n) and their standard
deviation (SD), as well as the calculated maximum burial temperature (Tpeak).

Sample Age %VRr n SD Tpeak [�C]

15/865 Bartonian to Priabonian 0.28 52 0.06 33
15/871 Bartonian to Priabonian 0.25 48 0.03 24
15/886 Ypresian to Lutetian 0.30 11 0.03 39
15/890 Ypresian to Lutetian 0.24 3 0.01 20
15/899 Turonian to Coniacian 0.29 22 0.05 36
15/904 Turonian to Coniacian 0.28 31 0.07 33

Fig. 5. Representative gas chromatographs for the aliphatic hydrocarbon fraction (A) Sample 15/906 shows a clear predominance of
medium-chain n-alkanes (n-C12–n-C20) with almost no longer chain molecules. (B) Sample 15/899 illustrates a predominance of
medium-chain n-alkanes over abundant long-chain n-alkanes (n-C21–n-C35). (C) Partial m/z 191 mass fragmentograms showing
hopane distributions for sample 15/890. (D) Partial m/z 217 mass fragmentograms showing sterane distributions for sample 15/872.
Peak identifications are provided on Table 2.
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In view of the predominance of marine OM, many of
the analyzed samples show exceptional high OI values
measured on bulk rock samples by Rock-Eval pyrolysis,
causing a broad scatter between marine Type II and terres-
trial Type III kerogen in the modified van Krevelen diagram
(after Tissot and Welte, 1984) (Fig. 7A). A more clear cor-
relation with Type II kerogen can be observed in the TOC
vs. S2 plot (Fig. 7B). This ambiguity can be either caused
by oxidized OM or by additional CO2 generation from
the decomposition of carbonates (Katz, 1983). The first
possibility is assumed to be less likely in this case, since
petrographic analysis reveals, mainly fresh, unaltered pyrite
crystals, which are usually more vulnerable to weathering

than OM (Littke, 1993). Alternatively, additional CO2
generation seems to be a more reasonable explanation, as
this effect is known for immature carbonates (Katz,
1983), which are supposed to be present in the analyzed
samples. Furthermore, this interpretation is supported by
the Rock-Eval results repeated on the HCl-treated samples.
As illustrated in Figure 8, these HCl-treated samples have
lower OI and higher HI values, show less scattering and plot
closer to the Type II kerogen pathway compared to the
respective untreated samples. Therefore, results might be
inaccurate for low mature, carbonate-rich samples analyzed
by bulk rock Rock-Eval pyrolysis only. Although this is the
standard technique applied in petroleum exploration, we

Table 8. Various biomarker ratios from GC-MS analysis. [–]: not determined.

Steranes Hopanes

ßaaS +
ßaaR

Steranes %

C29 Steranes

Sample Age C27 C28 C29 aaa-
20S/(20S +

20R)

Regular-
aßß/

(aaa+aßß)

Steranes/
Hopanes

Ts/
(Ts + Tm)

C30

Norhopane/
Hopane

Tricyclic
terpanes
C26/C25

C31R/C30
Hopane

15/892 Me. 41 30 29 0.34 0.50 0.61 0.08 0.80 0.13 0.39
15/864 B-P 31 33 36 0.14 0.33 0.19 0.33 0.24 0.90 0.28
15/867 B-P 29 30 41 0.05 0.37 0.47 0.25 0.30 0.95 0.32
15/872 B-P 20 46 35 0.14 0.36 0.20 0.29 0.24 0.70 1.42
15/890 Y-L 29 24 47 0.03 0.08 1.36 0.25 0.42 0.68 0.32
15/899 T-C 53 35 12 0.22 0.43 1.63 – 0.56 – –
15/902 T-C 38 35 27 0.24 0.42 1.00 0.50 0.50 – 0.61
15/903 T-C 38 40 22 0.16 0.38 0.76 0.41 0.48 – 0.68
15/906 T-C 37 39 24 0.24 0.43 0.78 0.43 0.47 – 0.44

Table 7. Molecular geochemical ratios from GC-FID analysis. Pr = pristane; Ph = phytane; TAR = terrigeneous/
aquatic ratio; OEP = Odd Even Predominance; CPI = Carbon preference Index.

Sample Age Pr/Ph Pr/n-C17 Ph/n-C18 TAR OEP CPI

15/892 Messinian 0.50 0.53 0.89 1.41 0.74 0.88
15/895 Eocene to Miocene 1.30 0.50 0.51 0.10 0.76 1.38
15/864 Bartonian to Priabonian 1.49 0.24 0.31 0.07 0.83 1.23
18/867 Bartonian to Priabonian 1.58 0.37 0.49 0.13 1.07 1.41
15/868 Bartonian to Priabonian 0.49 0.33 0.90 0.69 1.16 1.59
15/872 Bartonian to Priabonian 1.25 0.25 0.39 0.22 1.04 1.58
15/888 Ypresian to Lutetian 0.83 0.52 0.73 0.39 0.88 1.29
15/890 Ypresian to Lutetian 1.41 0.36 0.39 0.11 0.85 1.03
15/899 Turonian to Coniacian 1.48 0.54 0.49 0.56 1.11 1.13
15/902 Turonian to Coniacian 1.17 0.38 0.50 0.32 1.20 1.58
15/903 Turonian to Coniacian 1.00 0.31 0.41 0.20 0.99 1.29
15/906 Turonian to Coniacian 1.49 0.32 0.31 0.06 0.94 0.94
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recommend here to perform Rock-Eval pyrolysis directly on
HCl-treated samples to avoid possible bias in the results.

The clear predominance of marine over terrestrial OM is
expected based on the rather isolated position of the ESM
at present and also during its past, not favoring any
large-scale deposition of terrestrial OM. The very rare
terrestrial OM which could be observed might originate
from the northern African margin, which was the closest
landmass in the greater surrounding of the ESM during
its past (Robertson et al., 2012). High amounts of clastic,
terrestrial material were shed into the Eastern Mediter-
ranean basins by the Nile Delta (Sestini, 1989; Hawie
et al., 2013, Nader, 2014).

The positive correlation between TS and TOC (Fig. 7C)
suggests a dependency of sulfate reduction on the availabil-
ity of OM, which is usually the case in marine depositional
environments. However, all samples plot below the ‘‘normal
marine line’’ (Berner, 1984). This observation usually hints
to fresh water environments. Sulfur is mainly incorporated
into the sediment in the form of pyrite, which requires a
distinct amount of reactive iron (Berner, 1984). In highly
calcareous systems, such as the ESM, the availability of iron
is usually low (Berner, 1984). This assumption is supported
by low Fe concentrations which are observed along the
ESM (<<1000 ppm, Emeis et al., 1996). This lack of
reactive iron inhibits the formation of pyrite and, therefore,
explains the unusual low TS values. Pr/n-C17 vs. Ph/n-C18

ratios (Fig. 9) suggest a deposition and preservation of OM
under dysoxic conditions. The presence of oxygen depleted,
yet not completely anoxic bottom waters is further
supported by C30 norhopane/hopane ratios < 1 (Peters
et al., 2005).

Until the Middle Eocene, the ESM was located within
an open oceanic basin (Robertson et al., 2012). Therefore,
water stagnation as a control of oxygen depletion, as it is
often attributed to restricted basins (Littke, 1993), seems
to be highly unlikely for the pre-Eocene strata. Thus, redox
conditions might have been controlled by events of
increased bio-productivity in the photic zone above the
ESM with subsequent export of OM to the seafloor which
lead to oxygen depletion through microbial respiration
and OM degradation. High bioproductivity leads in such
cases to enhanced oxygen depletion and both higher quan-
tities and better preservation of OM (e.g. Littke, 1993).
Effects causing such an increased bioproductivity in marine
environments may be attributed to upwelling systems,
where uprising cold, nutrient-rich waters enhance primary
productivity rates (Littke, 1993). High bioproductivity
along the eastern Mediterranean shelf has already been
documented for the Campanian-Maastrichtian and was
attributed to an extensive upwelling system which cause
extensive deposition of high quality source rocks (e.g.
Bou Daher et al., 2015). However, extent and frequency
of organic-rich intervals on the ESM are rather low and

Fig. 6. C27 to C29 baa sterane distribution indicating an open marine environment as source for the OM. Eocene samples (Bartonian
to Priabonian and Ypresian to Lutetian) show a slightly higher concentration of C29 baa sterane concentrations. Paleoenvironmental
and source interpretation after Hatem et al. (2016) (modified after Huang and Meinschein, 1979).
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the majority of the sediments show low or no organic mat-
ter content. Upwelling systems around seamounts are very
sensitive and depend on a complex interplay of e.g. climatic
conditions, wind and ocean currents, as well as sea level
fluctuations. Thus, their occurrence can be limited to short
periods, sometimes only few weeks or even days (Genin and
Boehlert, 1985). Such a sensitive, rarely occurring event
might have been responsible for the deposition of the
present organic-rich intervals. Further, the zone of
oxygen-depletion evolving along upwelling regions is quite
narrow and located in the upper water column (Suess and
Thiede, 1983). Therefore, the extent of the organic-rich
intervals is expected to be limited to the surrounding of
the ESM as it was shown for the Eastern Levant margin,
where organic richness in Cretaceous sediments decreases
towards the Levant Basin (Bou Daher et al. 2015).

According to the geochemical results, the Eocene
intervals were also deposited under dysoxic conditions, sup-
porting the idea of occasional upwelling-related enhanced
bioproductivity being responsible for the deposition of the
OM-rich intervals. However, the lateral distribution might
extend further towards the surrounding basins. With the
ongoing convergence and subduction of Afro-Arabia below

the Eurasian plate, the Mediterranean basin became more
and more restricted since the Mid-Eocene by narrow-
ing its connection to the Indian Ocean in the east with
the final closure and isolation in the Early-Middle Miocene
(Robertson et al., 2012). This isolation might have favored
the evolution of water stagnation and anoxic bottom waters
in the deeper parts of the basin. Thus, primary deposition
and/or redeposition of the Upper Eocene intervals (e.g.
mass transport deposits such as turbidities) might have
led to the deposition and preservation of organic-rich inter-
vals also towards the deeper parts of the basins.

5.2 Source rock potential and thermal maturity

Based on the TOC vs. S2 classification by Peters et al.
(2005) and a critical threshold value of 0.3 wt.% TOC for
calcareous source rocks (Hunt, 1967) the petroleum genera-
tion potential for 46 of the 122 analyzed samples is of at least
fair quality (Fig. 10). These samples belong mainly to the
Turonian to Coniacian intervals containing OM of fair to
very good quality (averages: TOC = 0.93 wt.%, S2 =
2.92 mg HC/g rock, HI = 319 mg HC/g TOC), and the
Bartonian to Priabonian samples, which even reach very
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good to excellent OM quality (averages: TOC = 4.8 wt.%,
S2 = 22.52 mg HC/g rock, HI = 469 mg HC/g TOC).
The OM in these rocks is mainly composed of oil-prone Type
II kerogen. As mentioned before, Rock-Eval results obtained
from untreated immature carbonate samples have to be
interpreted with caution as they might lead to an overesti-
mation of the OI values and underestimation of the HI
values. Therefore, the quality of OM and the actual source
rock potential might be misinterpreted if only based on
low mature, carbonate-rich whole bulk rock samples.

All analyzed intervals are thermally immature as it is
implied by low S1 peaks, PI values below 0.1, low Tmax
values of 412 �C–434 �C, low VRr of 0.26%–0.28% and
the golden-yellow fluorescence of alginite macerals (Hunt,
1995; Peters, 1986, Peters et al., 2005). These results are
further supported by several biomarker ratios such as
Ts/(Ts + Tm) < 0.5 or the ratio 20S/(20S + 20R) aaa-
steranes < 0.34. Maturity differences are too small, so no
clear trend of maturity indicators with relative age could
be observed. High HI values, especially in the Lower Upper
Eocene (Turonian to Coniacian) and Upper Eocene
(Bartonian to Priabonian) intervals indicate high potential
of yet to be cracked hydrocarbon (HC). However, thermal
maturity and HC contribution to working petroleum
systems might be enabled for Upper Eocene intervals in
deeper parts of the basins (see Sect. 5.1), where deeper
burial depths of up to 5 km are reached (Montadert
et al., 2014).

5.3 Implications for potential petroleum systems

Today, the major gas fields in the Levant Basin, either
located in Miocene clastic turbidite reservoirs (e.g. Tamar,
Leviathan, Aphrodite) or in Mesozoic shallow water
carbonates (Zohr) mainly comprise natural gas of biogenic
origin (e.g. Feinstein et al., 2002, Schenk et al., 2010;
Bertello et al., 2016). Nevertheless, many reservoirs contain-
ing also thermogenic HC accumulations have been
proven along the Nile Delta, which are probably charged
by mature source rocks of Mid Jurassic to pre-Messinian
age (e.g. Aal et al., 2000; Vandré et al., 2007). Triassic
source rocks are known to have sourced oil and gas reser-
voirs in Syria and Iraq (May, 1991; Lie et al., 2011). Along
the eastern Levant margin offshore Israel, thermogenic gas
has been proven in Jurassic and Lower Cretaceous intervals
(Feinstein et al., 2002). Furthermore, the presence of ther-
mogenic petroleum systems at the eastern margin of the
Levant Basin is also indicated by asphalt shows in Upper
Cretaceous intervals onshore Lebanon (Nader, 2014). Bou
Daher et al. (2016) and Nader et al. (2018) have shown that
source rocks of Jurassic-Cretaceous and Cretaceous-Oligo-
Miocene age might have reached thermal maturity along
the Levant margin and the deeper parts of the Levant
Basin.

For the present study area (offshore Cyprus), potential
source rock intervals were proven in the Lower Upper
Cretaceous and the Upper Eocene. These immature inter-
vals identified here could be considered as a potential source
of biogenic gas, which is produced at shallow burial depths
(e.g. Rice and Claypool, 1981; Stolper et al., 2014). Further-
more, the presence of thermally mature source rocks in the
sedimentary cover of the ESM or its surrounding is indi-
cated by solid bitumen staining, which could be observed
in one Lower Eocene (Ypresian to Lutetian) and one Upper
Cretaceous (Campanian) sample. VRr reflectance of overly-
ing and underlying sampled intervals is low (0.25%–0.3%;
Tab. 6) and refers to an experienced Tpeak temperature of
only 20 �C–36 �C, which is in accordance with present-
day burial and temperature conditions. Therefore, these
solid bitumens must be derived from deeper buried source
rocks, since the thermal maturity in the sampled intervals
is too low to allow oil generation. Such mature source rocks
might occur, as mentioned above, in deeper parts of the
basins or probably in older Mesozoic units, which were
not drilled and, therefore, could not be investigated.
Nevertheless, as outlined above, onshore investigations
have identified several events of source rock deposition in
the sedimentary succession along the eastern and southern
Levant margin, which might extend towards the deeper
Levant Basin. Although the basin ward extent of potential
source rocks is unknown, the study conducted by Roberts
and Peace (2007) on oil seepage in the Eastern Mediter-
ranean Sea indicates HC generation and potential prospects
along the northwestern, northern and southwestern flanks
of the ESM. On several seismics e.g., flat spots can be
observed which indicate gas accumulations in Upper
Cretaceous anticlinal structures (Roberts and Peace,
2007) and, therefore, imply the presence of thermally
mature Mesozoic source rocks within the basin.
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At the same time, the presence of cavities filling
solid bitumen in the immature, otherwise organic-poor
samples further demonstrate the existence of a pore inter-
connectivity allowing hydrocarbon migration from deeper,
thermally mature regions up to these shallow intervals.
Most investigated samples contain few pyrite grains, but
in the vicinity of the solid bitumen accumulations

large framboidal pyrite clusters occur (Fig. 4). This is an
indicator of fluid migration through these rocks at temper-
atures lower than approximately 80 �C, suitable for
sulphate reducing, bacterial activity (e.g. Cord-Ruwisch
et al., 1987; Schauder and Kröger, 1993). Fluid mobility
may also have been enhanced during extensive dissolu-
tion of minerals by meteoric water flushing during the
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subaerial exhumation of the ESM at times of the Messinian
Salinity Crisis (MSC) providing potential HC migration
pathways.

Potential reservoir structures might be found in
turbidites derived from the basin margins and the Nile Cone
Delta or within the karstified Mesozoic to Cenozoic
carbonates of the ESM (such as Zohr and Calypso). These
reservoirs would be sealed by thick Messinian evaporites
and trapped by abrupt facies changes along the ESM
margins that are inferred from seismic data (Montadert
et al., 2014, Papadimitriou et al., 2018).

6 Conclusion

The geochemical and petrological data of 122 investi-
gated samples of Late Cretaceous to Messinian age
presented in this study adds valuable information on
source rock intervals to the underexplored deep water fron-
tier area of the Eratosthenes Seamount (ESM), offshore
Cyprus:

d The analyzed samples comprise mainly argillaceous
carbonates to pure limestones (12–99 wt.% carbon-
ate) with highly varying amounts of marine Type II
kerogen (0–9.3 wt.% TOC).

d TS/TOC and several biomarker ratios indicate depo-
sition and preservation of OM under dysoxic condi-
tions, which were probably reached during rare and
short upwelling events.

d Promising source rock intervals were mainly deposited
in the Lower Upper Cretaceous (Turonian to
Coniacian; averages: TOC = 0.93 wt.%, HI = 319
mg HC/g TOC) and in the Upper Eocene (Bartonian
to Priabonian; averages: TOC = 4.8 wt.%, HI =
469 mg HC/g TOC), and are of fair to good and good
to excellent quality, respectively. However, determi-
nation of their vertical extent is inhibited by a low
core recovery rate.

d Rock-Eval analysis of HCl-treated samples showed
here that the kerogen quality might be underesti-
mated if based on bulk rock observations only.

d The Upper Eocene source rocks might continue
towards the basins center, if anoxic bottom waters
evolved during the isolation of the Eastern Mediter-
ranean since the Mid-Eocene.

d All analyzed samples are immature. However, the
presence of thermal mature source rocks in the sedi-
mentary cover of the ESM or its surrounding is
indicted by solid bitumen staining, which could be
observed in Lower Eocene intervals.

d Karstified Late Cretaceous to Cenozoic carbonates on
the ESM or turbidities along its slope might provide
potential reservoir structures, which would be sealed
by Messinian salt.
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