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Abstract

This study addresses a specific component associated with mass transport complexes in
marine systems: the role of hyperpycnal flows, dense shelf water cascading, submarine
canyons, distributary channels, and other transport mechanisms in transferring organic matter
from continental and shallow marine settings into deep-marine environments. We speculate
that during the Eocene, allowing for only 0.1%. of shelf carbon to be preserved
through transport mechanisms would account for up to 13.7% of all organic carbon burial. As
such, the potential to mobilize through this mechanism large quantities of organic carbon is
significant.

Our case study focuses on a 150 m Eocene sequence composed of organic-rich chalks
interleaved with displaced neritic limestones. TOC values range between 1.5 and 14%,
averaging 4.5%. Displaced limestones are composed of a variety of poorly cemented mud- and
wackestones, with low-diversity assemblages of large benthic foraminifera associated with
planktonic foraminifera, suggesting deposition under low-energy conditions within the
oligophotic zone on the outer ramp. Transport overprints include soft-sediment deformation,
partially lithified rip-ups, folds, small diapirs, bed-scale imbrication, brecciation and syn-
sedimentary shear. These features indicate detachment, movement and emplacement following
initial sedimentation, in some cases more than once. Emplacement occurs into a chalk facies
that can vary in appearance from darker (higher TOC) and lighter (lower TOC) lithofacies.

Combination between the sedimentological, petrophysical, and elemental analyses indicates
shifts between autochthonous and allochthonous sedimentation, whereas the organic
geochemical analysis reveals a correlation between modes of sedimentation and
preservation/composition of organic matter. Organic richness seems to increase within
intervals of allochthonous sedimentation, with lower TOC values within intervals of

autochthonous sedimentation. Organic matter preservation is enhanced due to poor
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oxygenation of the sea floor, further depleted by rapid burial beneath mass-transport deposits,
increasing sedimentation rates and thus organic matter preservation. Horizons rich in organic
matter may be derived from three different sources: organic matter with a fingerprint of
terrestrial sources (e.g., enhanced contribution of plant leaf waxes) transported from
nearshore environments; an allochthonous marine fingerprint with sulfurized hopanoids,
which seem to be reworked from pre-existing Cretaceous organic-rich carbonates entrained
within fined-grained micro-turbidites in the para-autochthonous facies; and productivity-
derived organic matter deposited on the seafloor of the deep marine environment.

This study demonstrates how transport mechanisms allow for the long-term burial of
organic carbon in marine systems. When taking into consideration similar processes reported
to occur in the world oceans today, it is clear that sediment transport and long-term burial of

organic carbon is a fundamental part of the global carbon cycle.

Keywords: Sedimentology, geochemistry, carbon cycle, transport deposits, organic matter.
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1. Introduction

Continental slopes are morphological structures connecting the shallow shelf zone with the
deep abyssal plains. Slides, mass transport, and associated hyperpycnal flows, typically erode
the outer continental shelf and the upper parts of the slope, and through submarine canyons,
transport large volumes of sediments and organic matter (OM) to deep water environments
(Bauer and Druffel, 1998). Organic matter may accumulate on the seafloor of the lower slope
and adjacent deep basins before finally, being sequestered in the rock record if proper
conditions for preservation (i.e., low oxygen conditions and rapid burial) exist. In the
geological record, such continental margin canyons can feed sedimentary systems consisting
of submarine mass transport complexes (MTCs) worldwide (Coleman and Prior, 1988;
Embley, 1980; Evans et al., 2005; Frey-Martinez et al., 2005; Shanmugam, 2000; Woodcock,
1979).

This study addresses a specific component associated with MTCs: the role of hyperpycnal
flows, dense shelf water cascading (DSWC; Canals et al., 2006), and mass sediment transport
via submarine canyons, distributary channels, and other transport mechanisms, in transferring
of OM from continental and shallow marine settings into deep-marine environments. The rapid
sedimentation nature of the MTC facilitates efficient OM burial. Moreover, hyperpycnal flows
may diminish diffusive and advective ion exchange (Bialik et al., 2022), which may diminish
microbial degradation rates. The combined effect of these phenomena has a significant impact
on the amount of carbon stored in marine sediment systems adjacent to continents. While this
component has been addressed in modern systems (Canals et al., 2006), it remains understudied
with regards to deep-time depositional systems.

When a large mass of organic carbon is buried within ancient marine systems, the
identification and understanding of OM transport dynamics serve as a key for quantifying its

role in the carbon cycle at a global scale. In fact, mass-balance calculations suggest that
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dissolved organic carbon (DOC) and suspended particulate organic carbon (POCsusp) inputs
from ocean margins (near shore, usually proximally to the shelf break) to the ocean floor may
be more than an order of magnitude greater than organic carbon produced near the ocean
surface today (Barrdon and Duarte, 2015; Bauer and Druffel, 1998; Chen et al., 2021). The rates
of organic matter burial in deep sediment can influence its preservation and degradation, its
potential to yield hydrocarbons, and the amount of COx it releases to the surface waters and
eventually the atmosphere. An increase in the velocity of this transport mechanism will have a
direct influence on the locking conditions for carbon and its sequestration in sediments (Bianchi
et al., 2018; Blair and Aller, 2012; Eglinton et al., 2021; Regnier et al., 2022) . Elucidating the
mechanisms of sediment and energy transfer of OM from shallow to deep marine settings via
submarine canyons, hyperpycnal flows, DSWC, nepheloid layers (Inthorn et al., 2006), and
other transport mechanisms, is crucial for our understanding of carbon flux in deep-water
ecosystems and its potential role in modulating global climate dynamics (Talling et al., 2023).

This study focuses on the transport of sediment and OM to deep marine settings in the Levant
Basin during the early Eocene and demonstrates how proximal OM is transported and mixed

with in-situ OM production before being sequestered in deeper settings.

2. Material and Methods

The GHPS-1 core (Figs. 1 and 2) was drilled in the Gilboa Ridge in 2010 as part of a
preliminary geotechnical survey for a hydroelectrical project (Electra Pumped Storage Ltd.).
A 571 m-long nearly continuous core, retrieved with >90% recovery, provides an exceptionally
well-preserved record of sediments from the Lower to Middle Eocene. The core was
systematically logged, described, and selectively sampled for physical and geochemical

analyses.
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Figure 1. A shaded relief map of the Levant Basin and surrounding area (Amante and Eakins, 2009) showing the
modern position of the GHPS-1core in the Gilboa Ridge in northern Israel. Insert depicts the regional paleogeography of
the early Eocene (Cao et al., 2017) and the paleo position of the GHPS-1 core. Black arrows in inset indicate the direction

of the principal surface water flow.
2.1 Petrophysical analysis

Non-destructive petrophysical analyses were carried out on complete core sections and
included measurements of gamma density, magnetic susceptibility, and sonic velocity (P-

wave). These parameters were measured using a Geotek Multi Sensor Core Logger (MSCL).

2.2 Petrographic analysis

Thirty thin sections were made from the GHPS-1 core samples for petrographic analysis. The
samples were polished with a 1 um aluminum oxide, glued to a glass slide and polished again
to a thickness of 30 um. The petrographic characteristics and faunal assemblages were
documented and photographed. The interpretation of the thin section closely follows

procedures outlined in Fliigel (2010).
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2.3 XRF elemental analysis

We selected 115 samples, representing the full range of lithology and facies as well as
temporal distribution across the entire studied interval, for detailed elemental examination.
Point sampling was conducted for each interval using a handheld Niton XL3t GOLDD+ XRF
analyzer at resolutions of 10 to 1 cm, depending on heterogeneity levels. Measurements were
applied to surfaces cleaned with distilled water and air dried, or to powdered material,
depending on hardness and reactiveness of the sample. Some 236 spots were analyzed for Ba,
Mg, Al, K, Zr, Sr, Zn, Fe, Cr, Ti, Ca, P, Si and S from these samples. Each data point was
assigned a lithological character based on core properties and organic content. Data quality was
controlled in relation to carbonate content, the value to error ratio, and background level. Mg
and K were not included in some analyses because they were present below the limit of
detection. Statistical analysis was carried out using the PAST statistical package (Hammer et
al., 2001). A correlation matrix was generated for all elements in PAST (Hammer et al., 2001)
to calculate the Pearson’s correlation coefficient and p-value. Subsequently root arcsin was

applied to the data for ordination analysis, PCA analysis was carried out using PAST.

2.4 Organic and inorganic carbon content and pyrolysis data

Total organic and inorganic carbon content (TIC and TOC, respectively) were measured on
the same intervals from 253 evenly distributed samples using a Primacs SLC analyzer. For this
analysis, ~1-2 g of rock was crushed into fine powder, dried overnight at 50°C, and cooled in
a desiccation chamber prior to further analysis. Additionally, ~20-60 mg of dried powder from
46 of these samples were analyzed by Rock-Eval pyrolysis using a Rock-Eval IV (Vinci
Technologies). Rock-Eval measures free hydrocarbons, kerogen-bound hydrocarbons, and the

carbon and sulfur content of a rock (Espitalie et al., 1977; Peters, 1986).
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2.5 Biomarker analysis

We studied lipid biomarkers in a selected number of intervals to gain insights into variations
of OM sources and the degree of thermal alteration. Biomarker extraction, processing and
analysis followed the methods described in (Boudinot and Sepulveda, 2020; Meilijson et al.,
2019). Aliphatic hydrocarbons were analyzed on full scan and selective reaction monitoring
(SRM) modes via gas chromatography — triple quadrupole-mass spectrometry (GC-QQQ-MS)
using a Thermo Trace 1310 Gas Chromatograph interphase to a TSQ Evo 8000 triple

quadrupole mass spectrometer (GC-QQQ-MS).

3. Results

3.1 Age, lithology, and organic richness

The lower 170 m of the GHPS-1 core include an organic-rich carbonate facies (Fig. 2). This
sedimentary facies is unique for this period in the Levant region, which is usually characterized
by organic-poor white chalks and occasional chert (Supplementary 5). Total organic carbon
values ranged between 1.5 and 14 wt.%, averaging 3.5 wt.% (Fig. 2). While reworked material
is apparent in the GHPS-1 core, the biostratigraphy of a few samples indicates Early to Middle
Eocene ages for the organic-rich sequence, covering the NP13 to MP14 time intervals
(Supplementary 7).

Several lithofacies were identified in the investigated part of the core (Fig. 2): neritic-rich
limestone, chert-rich chalk, organic-poor and organic-rich chalk and marl (which can be either
well bedded or highly bioturbated). Chalky sediments containing planktic foraminifera, deep-
water benthic foraminifera, radiolarians, and variable amounts of chert (nodules) are typically
undisturbed and represent a deep-water depositional setting (Fig. 2C). While organic content
is more elevated in darker intervals, organic-lean parts of the core typify the lighter sequences

(Fig. 2E, D). The transition from high to low (or undetectable) TOC content occurs at ~400 m
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depth, concurrent with a shift in the lithology from dark and brown to light white chalk and
limestone (Fig. 2C to I versus A and B, respectively).

Macroscopic observations coupled with petrographic analysis reveal a plethora of
sedimentary indications for lateral transport into a deep basin (Figs. S1-S3). Much of the cored
section is composed of limestone units ranging from 5-20 m in thickness, emplaced onto the
chalk lithofacies (Fig. 2). The units are variable in thickness and facies composition, tracking
a spectrum ranging from algal and nummulitid limestone, rich in rip-ups, to non-bedded,
slumped muddy nodular limestones. Subunits tend to truncate previously deposited material
along chalky contacts that display shear features. There are also thinner displaced horizons, <1

m to a few tens of cm thick, that more visibly interlaminate with autochthonous chalk.
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Figure 2. Left: Columnar section of the GHPS-1 core in the Gilboa Ridge. Only generalized lithology is shown, in which
the marked lithology is the most common in that interval. Meter-scale variations are common along the core. The top of the
organic rich interval (reaching 14 wt.% and average on 3.5 wt.%) is located at ~400 m. Right: Representative photographs

of the GHPS-1 core lithologies, their position is marked on the lithological column on the left. Scale bar is indicated for each
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picture, and arrow at bottom right marks the orientation. (A; 366 m) Allochthonous light nummulitic limestone emplaced onto
autochthonous pelagic chalk with abundant chert lenses. (B; 372 m) Soft white chalk. (C; 474.3 m) Chert-filled borrows within
organic-rich light brown chalk. (E; 474). (F; 545 m) Rich assemblages of large benthic foraminifera, rhodophycean algae,
bio- and lithoclasts, emplaced onto brown pelagic chalk. Note the smaller grain size relative to (E) and the ~3 cm silicified
nummulitic interval within the slump deposits. A transported mass deposit consisting of large, irregular, poorly sorted, at
times coated grains of a variety of lithoclasts (lc), large gastropods (gs), large calcareous algal fragments (al), and nummulites
(nm). Grains are part of a slumped body emplaced into autochthonous chalks. (G; 550 m) Alternation between light and darker
gray chalks. Note the horizontal exaggeration as indicated by the scale bar. (H; 556, D; 525) Black bituminous fine-grained
veins and laminae filling the pores within the transported nummulitic limestone. (I; 563 m) The darkest bituminous chalks
along the core appear at its lowest part, corresponding to elevated TOC values.

The transported limestone units are highly variable and are composed of grains, lithoclasts,
internally deformed muddy limestone, or large detached clasts. Petrographical examination
reveals components such as reworked Cretaceous foraminifera with micritized walls and
pressure solution features, large benthic foraminifera (LBF) such as nummulites, pelagic
crinoid, and other echinoderm plates, and rhodophycean algae. Furthermore, there are

indicators for early diagenesis such as partial early lithification, euhedral dolomite nucleation

crystals and incipient dolomitization.

3.2 Petrophysical properties and elemental composition of the GPHS-1 core

Magnetic susceptibility, sonic velocity, and gamma-density show a good correspondence to
the lithological variations (Fig. S4). While density increases in the organic-rich carbonate
facies, possibly as a result of increased clay particles, sonic velocity decreases. In turn, high
magnetic susceptibility values are regularly associated with the emplaced limestone subunits,
corresponding to a likely increase in ferromagnetic minerals, taken to reflect augmentation in
terrestrial allogenic influx.

The two most common elements are Ca (23 to 46 %wt.) and Si (0.6 to 20 %wt.), with high
amounts of S (up to 5%wt.) in the darker intervals. Ba, Fe, Zn, P and Si are more abundant

below 530 m, although all elements exhibit high levels of variability at a cm-scale resolution.
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P, Si, Al, Zn and Fe are significantly enriched in the darker (OM-rich) end member facies when
compared with the light (organic-poor) end member facies, with mean values of 0.1540.06,
5.1£2.8, 0.87+0.32, 0.014+0.006, 0.68+0.19 %wt. (respectively) (n=39). On the other hand, in
the light end member facies, these elements are characterized by mean values of 0.11+0.04,
1.7£0.5, 0.384+0.12, 0.008+0.007, and 0.16+0.06 %wt., respectively (n=26). Ba and Sr are more
enriched in the light end member facies (mean values of 0.12+0.16 and 0.11£0.03 %wt.,
respectively) relative to the dark end member facies (mean values of 0.04+0.03 and 0.09+0.01
%wt., respectively). S, Cr, and Ti are also somewhat elevated in the darker end member facies,
but not to a significant level, relative to the lighter intervals.

Statistical analysis (n=115; Table S1) shows that most elements exhibit significant correlation
with Fe (p<0.01), with the exception of Ba, Sr and S. Fe is most strongly correlated with Al
(r=0.86) and Ca (r=-0.60), while the weakest correlations are to Ba (r=-0.1), Sr (r=-0.25), S
(r=0.24), P (r=0.35), and Ti (r=0.36). The latter three correlations are still statistically
significant. Sr and Ba significantly correlate (p<0.01) to Ca (r=0.4 and r=0.3) and represent the
only elements with a significant positive correlation with Ca. S exhibits weak to no correlation
to any other element while P behaves similarly to Zn and Cr (r=0.5, p<0.01).

PCA analysis of the studied interval (Fig. 3) indicates that >55% of the variance could be
represented by two principal components. PC1 differentiates Ca, Sr, and Ba vs. Zr, Zn, Fe, Cr,
Ti, P, Si and S, whereas PC2 differentiates Ba, Zr, Sr, Fe, and Si vs. Ca, Zn, Cr, Ti, P and S.
Facies are aligned along PC1 with the darker organic-rich facies in the positive values and the
lighter organic-poor facies on the negative values. At the core level, similar patterns occur
when adding the physical properties to the statistical analysis, in which density is aligned along

a similar vector as Ba and Sr, while the P-wave velocity behaves similarly to Si and Al.
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the core.

3.3 Lipid biomarkers and Rock-Eval pyrolysis

Biomarkers allow for the identification of sedimentary OM sources as well as the
reconstruction of paleo-environmental conditions and the degree of thermal alteration
(Eglinton et al., 1964; Summons et al., 2008). We found distinct patterns in lipid distribution
associated with the various lithologies identified in core GHPS-1. The n-alkanes ranged from
n-Cie to n-Csg throughout the record (Table S2), with concentrations between 28-711 ng/g and
67-3,654 ng/g, for short- (Ci6-C21) and long-chain (C27-Csg) homologues, respectively. The
mean value for the average carbon chain length (ACL) of short-chain (Cis-21), total n-alkanes
(C16-35), and long-chain n-alkanes (Cz7.35) was 19 (std dev.=0.3), 24 (std dev.=1.6), and 30 (std
dev.=0.4), respectively. The carbon preference index (CPI) of long-chain n-alkanes, which
portrays the degree of oddity in the different homologues as an indication of OM sources and
maturity (Bray and Evans, 1961), ranged between 1.36 and 3.77 (average 2.46, std dev.=0.6;
Fig. S5; Table S2). The C7.35/(Ca7-35+Cis-21) ratio, used to constrain the relative contribution

of terrestrial- and aquatic-derived homologues (Bourbonniere and Meyers, 1996), ranged
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between 0.9 and 8.8 (average 2.25, std dev.=1.4). The pristane to phytane ratio (Pr/Ph), a proxy
for redox (Powell and McKirdy, 1973), ranged between 0.45 and 3.4.

We observed facies-specific variations in the distribution of n-alkanes, hopanes, and steranes
in the GHPS-1 core (Figs. 4, S6, S7, S8). Light-colored chalks were characterized by a high
ratio of short- to long-chain n-alkanes (Fig. 4), low n-alkane concentration, and the absence or
low abundance of bacterial hopanes and algal steranes (Fig. 4E). In general, the brown chalk
facies lack macro-scale textures related to transport and slumping but show these features on
the micro-scale in petrographic slides. These facies is characterized by a lower ratio of short-
to long-chain n-alkanes, and a high concentration of n-alkanes, bacterial hopanes, and algal
steranes (Fig. 4A, C). Lastly, the darkest sediments found as filling veins and cavities within
the slumped limestones, also associated with very high amounts of transported LBF (i.e.,
nummulites), cluster into a third group (Fig. 4B, D). This group is similar to the brown chalks
in the sense that they include a high abundance of n-alkanes, hopanes, and steranes, although
their relative abundances differ (Fig. 4). In particular, whereas we observe sulfur-
bond hopanoids (Fig. 5) in the dark MTD-related sediments, they were absent from the brown

chalk extracts (Fig. 4A, C, Fig. 5).
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Figure 4. GC-MS chromatograms of n-alkanes (m/z 57) in 2 representative core samples from the GHPS-
samples are displayed on the left, marking the part of the core from which samples were taken (4 to E), followed by sample

standard. Note the odd-over-even carbon-number predominance of long-chain n-alkanes, the similarity in n-alkane

description, extracted ion chromatogram identifying the main n
abundance (proportioned to 100%) of the Cis to Cszo n-alkanes. Pr



273 compounds between the brown chalk lithofacies (A and C) relative to the dark chalk lithofacies (B), the combination between
274 these two in the mixed lithofacies (D), and the low organic content (as can be deduced from the relative high intensity of the
275 3-MeH standard) and distinct n-alkane distribution in the transported limestone lithofacies.

276 We further observe lithology-bound variations in the relative abundance of selected hopane-
277  and sterane-based thermal maturity and OM source indices (Figs. S7 and S8; (Peters et al.,
278  2005) using Selective Reaction Monitoring (SRM) analysis. Lastly, Rock-Eval pyrolysis
279  indicates average hydrogen index (HI) values between 52 and 656 (average of 492) HC/g TOC,
280 and average oxygen index (OI) values between 32 and 214 (average of 66) CO./g TOC (Fig.

281 S9).

Triterpanes - including tricyclic, tetracyclics hopanes and other compounds (~bacteria)

Organic-poor
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Organic-rich,
LBF and
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283 Figure 5. Sulfurized hopanoids (blue rectangle in middle chromatogram) seen in the m/z 191 extracted ion chromatogram

282

284 of the thin-grained organic-rich deposits of Facies 5, not identified in the OM extracted from different facies. The identified

285 hopanoid molecule containing the sulfurized side chain is drawn and named on the right.

286 4. Discussion
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4.1 Sedimentary facies of the GHPS-1 core

The greater part of the GHPS-1 core section is composed of limestone units from 5-20 m in
thickness, emplaced into dominantly chalky lithofacies units (Fig. 6; Table S3). The limestone
units are interpreted as shallow-water components emplaced onto deep-water autochthonous
chalks, or onto previously transported para-autochthonous pelagic chalk or limestone. As
subunits may include a full spectrum of sediments, including clearly neritic material (including
algae and LBF), and fine grain material from the slope, it seems that transport and mixing from
different parts of the carbonate system is a major feature in this depositional environment. In
most cases the chalky contacts at the base of most subunits, overlying the truncated, at times
sheared surface of the previous unit, inform on modes of transport and emplacement. Where
displaced material is deposited as thinner horizons a few tens of cm thick that interlaminate
with autochthonous chalk, smaller volumes or the thin distal edge of displacement is indicated.
Dark, bituminous organic-rich laminae, infillings and veins that characterize the transported
limestone facies indicate mobilization of the OM, while lower TOC values in the lighter
colored chalky facies onto which the limestone facies are emplaced suggests multiple sources

of the OM.
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Figure 6. Visual representation of the source and sink of the main facies identified in the Eocene GHPS-1 core from the
Gilboa ridge. Elaboration of content description for the variety of facies, from autochthonous to multiphase MTC deposits,
characterizing the outer ramp are presented in Table S3. The main environmental subdivision of a homoclinal carbonate ramp
broadly follows Burchette and Wright (1992). MSL = mean sea level; FWWB = fair-weather wave base; SWB = storm wave
base; OMZ = oxygen minimum zone. Water depths corresponding to these boundaries are variable but range to 800 m for
autochthonous pelagic sediments on the outer ramp (blue). All rock views are vertical cuts, other than the hand sample of

facies 5 which is a horizontal cut of a core sample.
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Data from the GHPS-1 core indicates a deceptively variable depositional environment
throughout the record. The autochthonous facies exhibit a very fine grain and is essentially free
of any benthic metazoans. Combined with the planktonic dominance, this would suggest that
these rocks were likely deposited in the mesopelagic zone (200-1000 m water depth). Inferring
from local paleogeographic reconstructions (Segev et al., 2011; Speijer, 1994), it is suggested
that deposition took place in the deeper part of this zone, possibly 600-1000 m water depth.
The preservation of LBF in MTCs has been previously documented in the Eocene (Buchbinder
et al., 1988), establishing their export into deep water. Similar preservation of LBF in deep
water deposits related to MTCs are also reported from the modern (Ash-Mor et al., 2017).
Contributions from a variety of shallower depositional environments dominated by LBF, but
including pelagic crinoids and other echinoderms, rhodophycean algae and even minor
miliolids suggest well-developed depth and energy- based variability in their source region.
The mixed provenances of shallow water components within each unit, the absence of bedding
within deformed limestone units, the shear features on contacts, and the emplacement on outer-
ramp quasi-autochthonous chalk (Figs. 2, 4, 6) indicate that the shallow water components were
transported into a deep-water depositional environment. This supposition is also supported by
data regarding grain orientation, contact between the grains, and background presence of deep-
water open marine components. The outer ramp paleo-position of the depositional environment
is supported by petrographic data that show that the chalk intervals are contaminated by fine-
grained transported grains from upslope, even during quiescent periods, suggesting lateral
proximity and the effects of distal storm activity or contour current redistribution. Lateral
transport downslope was followed by diagenetic development and redistribution of OM in
pores (Fig. 6; Table S3).

The lithologies and sedimentologic textures identified in the GPHS-1 core are grouped into

five main facies (Fig. 6; Table S3). Facies 1 represents autochthonous deep-water
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sedimentation. Facies 2-4 are characterized by modes of introduction of upslope material into
the outer ramp depositional environment of the Gilboa region. Facies 2 and 3 are both
characterized by episodic slumping of large sediment volumes (possibly even entire blocks in
Facies 3). These modes of failure and transport are common and well described in modern
carbonate slopes (Etienne et al., 2021; Principaud et al., 2015). They differ in relative
abundance and preservation of transported bio- and lithoclasts, which possibly indicates more
than one sediment source upslope. Facies 2 is composed of eroded lithoclasts from upslope
sources. Facies 3 contains two phases of shallow water components: the matrix with its suite
of in-situ microfossils, and the second including large amounts of LBF, calcareous algae,
crinoid plates, and indications of microbial binding, together forming hard limestone units
bedded within the more autochthonous chalks. The abraded nature of the LBF is a clear
downslope transport indicator (Ash-Mor et al., 2017). Facies 4 is a more elaborate
conglomeration of upslope components than Facies 3. Cretaceous planktic foraminifera are
sometimes recognized among the finer sediments, indicating deep erosion of the slope by mass
transport enabling the entrainment of pre-Tertiary sediments along the way. Furthermore,
Facies 5 represents the distal part of the toe of the slope, in which transport energy decreases
and only the finest transported material reaches the deeper basin. Facies 5 forms thin, intimate
interbeds within Facies 1. It can simulate an organic-rich fluid, entering the autochthonous
sediment and corroding rims of carbonate clasts. This character is in line with the well
described transport of colored dissolved OM downslope, as observed in modern systems (Otis
et al., 2004). Transported LBF bioclasts can appear in association with the OM, which fills
pores and vugs in the muddy matrix, or as dark laminae interbedded within the chalky sediment.

Some of the sedimentological features identified in the GHPS-1 core are known from similar
exposed counterparts scattered in the region. Eocene chalks and limestones in the region

include a sub-photic autochthonous pelagic chalk facies, possibly indicative of oceanic depths
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(Benjamini, 1979; Buchbinder et al., 1988). A variety of Eocene limestone lithofacies have
been mapped in Israel (Sneh, 1988), often containing large foraminifera as in the GHPS-1 core,
with mostly nummulitids and discocyclinids. The sedimentary model for northern Israel of
Sneh (1988) proposed that Eocene limestones developed as a reefal facies within the photic
zone at a depth of <100. Such a depth will be equivalent to the deep part of a mesophotic zone
in oligotrophic settings in the modern (Baldwin et al., 2018). Yet, ubiquitous chalk interbeds
were not addressed in this model. Our study indicates that in contrast to Sneh (1988), the
shallow-water limestone lithofacies associated with pelagic chalks, more likely represent oft-
shelf transport, rather than an in-situ reef or shelf-edge deposit. In fact, fully pelagic slumped
chalks emplaced within well-bedded pelagic chalks in the southern Shefela Basin (Buchbinder
et al., 1988) and elsewhere in Israel, associated with substantial thickness increase (Hatzor et
al., 1994), point to continual off-ramp transport during the Eocene also at sub-photic zone
depths (Buchbinder et al., 1988) (Figs. S10-S13). However, the GHPS-1 is relatively unique in

its organic-richness relative to other time-equivalent sections in the region.

4.2 Inorganic chemistry and physical properties of autochthonous vs. allochthonous

sediments

Core analyses show a correspondence between lithology and shifts in the measured
petrophysical and geochemical values. The homogeneous physical properties expected in a
deep-sea chalk lithology is replaced in the GHPS-1 core by highly variable values of P-wave
velocity and magnetic susceptibility (Fig. S4). We used a principal component analysis (PCA)
to cluster elemental XRF data with TOC, petrophysical measurements, and lithology of the
GHPS-1 core. Strong correlation between Fe, Si, and other terrigenous-sourced elements (Fig.
3, S14) attests to a strong continental influence. The clustering of high S, P, Cr, and Zn values
with organic-rich samples, would correspond to the affinity of micronutrients and natural

sulfurization processes to the preservation marine OM. The clustering of elements indicative



386  of continental contribution (i.e., Al, Si, Fe and K), high magnetic susceptibility values, and

387 elevated TOC values in organic-rich samples (Fig. 7), indicates a connection between
388  sedimentary transport and OM accumulation and/or preservation (Figs. S4, S14).
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390 Figure 7. A core interval from the GHPS-1 well (550-551.15 m) showing different organic rich intervals. Dark vs. light
391 colored carbonates correspond to 1) shifis in total organic carbon (TOC; 2.2-4.1 wt.%), 2) shifts in the mechanical properties
392 of the rock (P-wave velocity, magnetic susceptibility); 3) corresponding shifts in the elemental composition.
393 The preservation of downslope transported OM (mainly POM) is not trivial. In similar
394  ancient sedimentary settings, it is not uncommon to encounter oxidized “burn-down” OM
395

(Prahl et al., 2003; Wetzel and Uchman, 2018). That is to say, rapidly oxidized by microbial

396 interactions following infiltration of less reduced waters. However, it has been suggested that
397  low bioturbation and high sedimentation rates would contribute to the preservation of OM in
398

MTCs (Wetzel and Uchman, 2001). Evidently, the GHPS-1 core represents a pristine
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association of transported limestones with distribution, preservation, and burial of un-oxidized

OM in marine systems.

4.2 Organic geochemical insights into sources and preservation of organic matter

The biomarker, rock-eval pyrolysis, and elemental analyses indicate a strong dependency of
OM content and composition on the sedimentary facies. One consistent trait was that while
dominantly marine in origin, the OM in the GHPS-1 core includes a combination of both
terrigenous and marine OM.

We investigated the origin of the OM in the GHPS-1 core based on the identification of both
kerogen type and source-specific biomarkers. The pseudo-Van Krevelen diagram of rock-eval
data (Fig. S9) shows a wide range of OI values, which suggests variations in oxygenation of
the depositional environment, most likely as a result of larger terrigenous input (Espitalie et al.,
1977). The pseudo-Van Krevelen diagram indicates that most samples fall between type II
(marine/oil prone) and type III (terrestrial/gas prone) kerogen (Dembicki, 2016). The spread of
Rock-Eval values across the section might indicate a complex depositional history in this
region, with source shifts or the mixing of marine and terrestrial OM from different sources.
The higher HI values seen in the samples with TOC >1.5% (Fig. S9) are generally provided by
lipid-rich marine sources such as algae, as opposed to the more carbohydrate-rich terrigenous
land plants seen in the lower TOC samples (Espitalie et al., 1977; Dembicki, 2016).

The wide range of values in the carbon preference index (CPI), the ratio of long- to short-
chain n-alkanes (LCA/SCA), and the pristane to phytane (Pr/Ph) ratio, all point to mixed
sources of OM in the GHPS-1 core (Figs. 4, S5; Table S2). While the Pr/Ph ratio can be affected
by the redox potential in the ocean, terrestrial OM can contribute more pristane than phytane
due to the preferential oxidation of phytol to phytenic acid (instead of reduction to phytane),
and the decarboxylation and reduction to pristane in soils. Consequently, Pr/Ph values <2 might

indicate OM deposition in a marine environment, whereas values >3 might indicate a
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terrigenous OM source (Didyk et al., 1978; Peters et al., 2005). The wide range of Pr/Ph values
(0.45-3.4) in the GHPS-1 core is likely to represent the mixing of terrestrial and marine OM in
addition to shifts in oxygen content on the seafloor.

Furthermore, the distribution of n-alkanes, steranes, and hopanes matches the described

facies, as follows:

1) Light-colored chalks, which are characterized by a low LCA/SCA ratio, low n-alkanes
concentration, and the absence or very low concentrations of bacterial hopanes and algal
steranes (Fig. 4E).

2) Brown chalks, which do not include macro-scale textures related to transport and
slumping and are characterized by a high LCA/SCA ratio, a high n-alkanes concentration,
and high concentrations of bacterial hopanes and algal steranes (Fig. 4A, C).

3) Brown chalks that include sulfurized hopanoid chains, characterize the darkest sediment
units, filling veins and cavities within the slumped limestones, or those associated to high
amounts of transported LBF (i.e., nummulites), cluster into a third group similar to that
of the brown chalks but also including sulfurized hopanoid chains (Figs. 4D, and 7).

The incorporation of sulfur into the molecular structure of biomarkers is commonly observed

in reducing environments with abundant sources of reduced sulfur species (e.g., Alsenz et al.,
2015). Examples for these settings include sediments of modern upwelling systems (Eglinton
et al., 1994; Liickge et al., 1999). Organic matter sulfurization is an important mechanism for
the preservation of carbon in reducing environments in the geologic record (Hebting et al.,
2006). Several studies propose that OM sulfurization is a key mechanism supporting the
extremely high amounts of marine OM preserved in Upper Cretaceous organic-rich sediments
in the Levant, reaching 21% TOC (Alsenz et al., 2015; Bein et al., 1990; Meilijson et al., 2018;

Rosenberg et al., 2017). The high sulfur content is attributed to the bonding of sulfur with OM
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in an iron-limited system, in which iron is not available for bonding with the abundant sulfur
produced in these environments.

Sulfurized compounds in the GHPS-1 core are identified exclusively in Facies 5, from the
darkest intervals along the core (Figs. 6, 7, and S6). These dark intervals are interpreted as
organic-rich fine grained ‘fluids’ invading the porous intervals of the limestones of Facies 3,
transported from a distal source. The term ‘fluids’ here is used generally, as these OM-rich
deposits may be made of POM, DOM baring fluids or a mixture of DOM and POM.
Differentiation is not possible in the lithified samples. We speculate that Facies 5 is a type of
distal turbidite deposited during high sedimentation rate periods of fine-grained material at the
far end of the toe of the slope (Figs. S1-S3). Here we propose that these upslope- eroded fine-
grained sediments originate from older, thermally immature (Meilijson et al., 2018), black
shales from Upper Cretaceous outcrops. This scenario is substantiated by the identification of
sulfurized hopanes in the facies, possibly fingerprinting it to the underlaying Upper Cretaceous
upwelling-related high productivity deposits. These are characterized by a high number of
sulfurized compounds — a byproduct of why OM was preserved so well in these deposits
(Alsenz et al., 2015; Bein et al., 1990; Meilijson et al., 2018). A more detailed comparison
between the sulfur species appearing in facies 5 and those of the organic-rich Upper Cretaceous
deposits should be carried out, including sulfur stable isotope analysis.

Further evidence supporting the hypothesis that the dark vein-filling organic-rich sediments
appearing in facies 5 originate from weathered Upper Cretaceous sediments is provided by
several studies from Jordan (Ali Hussein et al., 2015; Alqudah et al., 2014, 2015; Alqudah,
Mohammad, Mohammad Ali Hussein, O. Podlaha, 2014; Hakimi et al., 2016; Petrolink et al.,
2014). Studies done on the time equivalent section in nearby Jordan indicate the presence of
Maastrichtian and Paleocene calcareous nannoplankton and foraminifera suggesting major

reworking. The presence of Cretaceous taxa reflects either subaerial erosive input from the
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hinterland or submarine reworking of Cretaceous strata within the basin (Alqudah et al., 2014).
They further state that the highly variable amount of reworked material and associated
deposition rates in the basin may represent changes in the tectonic setting during the Eocene.
The Gilboa section studied here is located in a distal and deeper depositional setting relative to
Jordan. In Jordan, the high abundances of Cretaceous and Palaeocene taxa were interpreted to
reflect an increase in accommodation space by active graben flank movements (Alqudah et al.,
2014). A dominance of Eocene taxa, on the other hand, was interpreted to indicate either
periods of little accommodation space due to graben infill or inversion-type movements of the
graben itself. In any case, they conclude, the youngest Eocene and autochthonous taxa
represent shallower or low topography graben phases. Here we add another component and
hypothesize that within the channel transporting this material, as drilled in the Gilboa ridge,
reworking of Cretaceous material includes redeposition of OM from Cretaceous outcrops to
transported thinned-grained material in the Eocene, as supported by the presence of sulfurized
compounds.

The relative contribution of Cz7, Cog and Cao steranes, the diagenetic derivatives of algal
sterols, is mainly controlled by their biological sources (Brocks et al., 1999; Kodner et al.,
2008; Peters et al., 2005). A dominance of Cz7 and Cas steranes is generally associated with
marine sourced OM, with C»7 typically indicating a stronger contribution of shallow water red
algae, and Cag a deeper water diatom-dominated environment, while non-marine OM tends to
be dominated by C»9 sterane precursors (e.g., freshwater green algae or land plants) (Huang
and Meinschein, 1979; Peters et al., 2005). However, it should be noted that phylogenetically
based surveys of sterol profiles indicate that some green algae produce high abundances of Cag
relative to C27 and Cag sterols (Schwark and Empt, 2006).

We plotted the relative abundance of Cz7, 28, 29 steranes from 6 analyzed samples from 2 core

section, including light and dark sediment intervals, in a ternary plot to assess variations in OM
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sources (Fig. 8). We found similarities in the distribution of the lighter (organic-lean)
sediments, which clustered together closer to the C,s endmember relative to the darker
(organic-rich) sediments that clustered together and closer to the C>7 endmember. As with the
rock-eval analysis and the n-alkanes distribution, it is evident that the lighter and darker

sediments differ not only by their degree of organic-richness, but also in the sources of OM.

C27 Sterane

e Light sediment Light sediment ®

Plankton/Algae

e Dark sediment Dark sediment e

Ae

e Light sediment Light sediment @

A o°

490 m A8 o 536 m
Plankton/
Bacteria
Diatoms &
Plankton/
Land Plants
Land Plants
C28 Sterane C29 Sterane
Figure 8. Distribution of C27, C28, and C29 steranes in the GHPS-1 core samples. End-member sources according to

Huang and Meinschein, (1979) and Kodner et al. (2008).

In combination, our data indicates mixing of OM sources in the GHPS-1 core, probably
because of allochthonous transported sources as well as in-situ production in this outer shelf
environment under the influence of an OMZ. This is supported by: (1) Different rock-eval
kerogen types, indicating a range of depositional environments sourcing the OM; (2) source-

specific (e.g., n-alkanes, hopanes) and redox-related (e.g., homohopane index,
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HHI; CsonorHop/CsoHop) (Fig. S7), which highlight different OM sources and redox potential
between the heavily transported dark sediments and lighter browns; (3) thermal maturity ratios
from steranes (e.g., C2sDia-S/(S+R) and CrgaaaS/(S+R)) and hopanes (C27Ts/Tm, C3oBp/af)
(Fig. S8), which indicate variations in thermal history. The fact that thermal maturity indicators
change with facies and not with stratigraphic depth (as is expected in a sedimentary system
buried and exposed to a geothermal gradient over time), indicates the mixing of autochthonous

and allochthonous OM sources with varying degrees of maturity into the system (Meilijson et

al., 2019; Septlveda et al., 2009).

4.4 The search for an analogue model and missing organic carbon sinks

The depositional system we propose here can be visualized as a carbonate version of the
present-day Eastern Mediterranean shelf-margin north of the zone of Nilotic clastic input. The
correspondence is not to the onshore-nearshore part, but rather to the shelf edge to slope, with
the scalloped-like margins and basin fans well offshore. Toe-of-slope deposits thicken
considerably at the foot of submarine canyons, with failure and re-deposition from the slope
commonly identified in those areas. Although this region is at present mostly a clastic-
dominated system, due to post-Eocene regional uplift and the dominance of Nilotic clastic
input, the paleophysiographic setting retains elements of the Eocene mud-rich carbonate facies,
especially in terms of modes of transport and sediment accumulation. The long-term similarity
of these systems is discussed by Schieber et al. (2013). Possible scenarios for the preservation
of high amounts of OM include ventilation of reduced layers resulting from local enrichment
of biological activity, higher sedimentation rates favoring OM preservation, allochthonous
input, and re-deposition of older OM.

Organic matter in the marine realm is under constant consumption, be it by burrowing
metazoans or oxidation by microbial activity. These activities re-mineralize organic carbon and

return it to the dissolved carbon pool of the ocean. Some of this carbon, if released in the
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sediment, may form authigenic carbonates, binding and lithifying the sediment, and retaining
some of that organic carbon. In the case of calcareous MTCs, these also transport aragonite
(Droxler et al., 1983). This is evident in our record by the elevated Sr levels, likely sourced
from recrystallized aragonite in a relatively closed system (Bialik et al., 2020). The loss of
some of the aragonite likely also increased porewater alkalinity and allowed higher rates of
preservation (Sulpis et al., 2022). The combined effect likely resulted in the loss of much of
the pore-water connectivity and lowered diffusion coefficient. These in turn limited microbial
degradation of OM and enhanced preservation.

Shelves and upper slope environments are often the most productive regions of the ocean,
yet much of that organic carbon is not preserved in the sedimentary record (Emerson and
Hedges, 2008). The sedimentological transport mechanism reported here for the Eocene
illustrates a highly efficient organic carbon burial mode that is in line with those observed in
the modern (Benner et al., 2005; Biscara et al., 2011; Fichot and Benner, 2014). This
mechanism (i.e., entrapment and rapid burial of OM by mass wasting events) might have been
more efficient in the early Eocene, when deep and intermediate water masses where less
ventilated (Thomas et al., 2010). High burial rate has long been considered as important to the
preservation of OM, notably POM. However, the movement of suspended material during mass
wasting events opens the possibility to additionally trapping DOM, notably any that may be
present in or just above the benthic boundary layer.

The absence of bioturbation and metazoans in the GHPS-1 core point to low oxygen
availability near the seafloor (also in agreement with the low Pr/Ph ratio), supporting the notion
of less ventilated, sluggish, deep to intermediate water masses. Thus, in view of the potential
for efficient organic carbon sequestration, the debate regarding higher Early Eocene degassing

or lower organic burial efficiency (Komar et al., 2013) is somewhat swayed towards the former.
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The findings from the GHPS-1 core are relevant not only to the Eocene but represent the
termination of a 40 Myr period of high productivity and upwelling in the NW Arabian margin
from the Santonian to the Eocene (Meilijson et al., 2014, 2019). On a global scale, this study
highlights the importance of transport systems in the delivery and burial of OM from
productive and oligotrophic near-shore environments to deep marine settings where it can be
permanently sequestered. Examples for transport of near-shore components and OM to
deeper setting include the Eocene graphoglyptids-bearing organic-rich turbidites in Argentina
(Olivero et al., 2010), turbidites as the principal mechanism yielding black shales in the early
deep Atlantic Ocean (Degens et al., 1986), organic-rich turbidites within pelagic clay
sequences from the Cape Verde Abyssal Plain in the NE Atlantic (Robinson, 2001), among
others.

A full quantitative estimation of the impact of this transport mechanism on carbon burial
within the scope of this study is not possible given the large uncertainties in many of the
parameters. However, to get a sense of it we propose the following thought exercise. We use
an Early Eocene shelf area (A) of ~1.2x10"14 m”2 (Cao et al., 2017), a shelf sedimentation
rate (SSR) of between 0.1 and 1 cm/yr, an average density (p) of 1.7 g/cm”3 (Tenzer and
Gladkikh, 2014), and an organic carbon content (OCC) in sediment of between 0.05% and
0.20%. Using equation 1:

(1) OCPP = A X SSR X px0CC

Consequently, the potential pool of organic carbon (OCPP) to be preserved at the time
would have been between 1.02x10"14 to 4.08x10"15 gr C per year on the shelves. This
would place Eocene organic carbon burial rates on par with (and likely lower) that of the
warmest parts of the Miocene at ~10"15 gr C per year (Li et al., 2023). Organic matter
generation in the ocean is not uniformly distributed but instead focused on specific locations

such as river mouths and upwelling zones, where sedimentation rate and TOC are high. As
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such the potential to mobilize through this mechanism large quantities of organic carbon is

significant, making the higher estimate more probable. That said, there is still much to be

improved in the parameterization. We call on the community to consider the potential impact

of this mechanism and improve the state of knowledge to better understand and quantify it.

5. Conclusions

The lithologies identified in the GHPS-1 core from northern Israel are predominantly
of carbonate type. The carbonate sources are mainly autochthonous pelagic, with
additional sources ranging from para-autochthonous materials accumulated on the
slope, to sources on various parts of the oligophotic outer to mid-ramp carbonate
system characterized by larger benthic foraminifera, calcareous algae, and OM.

The mix of lithologies present in the GHPS-1 core likely indicates mass transport in
the form of slides and slumps of partially lithified or un-lithified mud, including
lithoclasts, slurries and turbidites. Transport entrains material present on the slope
including erosion and reworking of material from as old as the Cretaceous.
Elemental and magnetic susceptibility analyses indicate that the material contains
both allochthonous (land-derived) and autochthonous (marine-derived) trace
elements.

A detailed characterization of the OM based on lipid biomarkers, rock-eval pyrolysis,
and elemental analyses, indicates the mixing of different types or OM. This is
demonstrated by a mixing of type II and type II-III kerogens, n-alkanes showing
variations in terrestrial vs. aquatic sources, the carbon preference index (CPI) of n-
alkanes values (a proxy for biological sources and thermal maturity), the
pristane/phytane (Pr/Ph) ratio (a proxy for redox conditions), the relative abundances

and types of bacterial hopanes and algal steranes, the occurrence of sulfurized
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hopanoids in one of the transported facies, and the differences in thermal maturity. In
combination, sedimentological, physical, and elemental analyses indicate shifts
between autochthonous and allochthonous sedimentation, whereas statistical analysis
(PCA) of the inorganic geochemical record reveals a repeatable correlation between
modes of sedimentation and preservation/composition of OM. It seems that organic
richness increases within intervals of allochthonous sedimentation.

Organic matter preservation is enhanced in poor oxygenated seafloor conditions, but
most likely also points to the rapid burial beneath mass-transport deposits. Horizons
rich in OM may be derived from three different sources: OM with a stronger
fingerprint of terrestrial sources (e.g., abundant plant leaf waxes) transported from
terrestrial and nearshore environments; a stronger marine fingerprint with sulfurized
hopanoid side chains which seem to be reworked from pre-existing, organic-rich,
immature Cretaceous carbonates entrained within fined-grained distal turbidites in
the para-autochthonous facies; and productivity-derived OM deposited on the sea

floor of the deep marine environment.

The depositional model we propose here can be visualized as a modified, carbonate-
dominated version of the present-day Eastern Mediterranean shelf-margin outside of
the main zone of Nilotic clastic input. The onshore-nearshore part was heavily
modified by post-Eocene uplift, but the shelf edge to slope part, with scalloped
margins, basin fans, channels, and transport conduits well offshore, retains many
Eocene features to the present.

This study highlights the importance of transport systems in the delivery and burial
of OM from productive and oligotrophic near-shore settings to its long-term
sequestration in deep marine environments. We generally calculate that for the Early

Eocene, allowing for only 0.1%o of shelf carbon to be preserved through transport by
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the MTD mechanism would account for between 0.3% to 13.7% of all organic carbon

burial.

® Possible scenarios for the preservation of high amounts of OM include ventilation of
reduced layers resulting with local enrichment of biological activity, higher
sedimentation rates due to offshore transport favoring OM preservation, transported
OM, and re-deposition of older OM. We show how transport mechanisms allow for
the long-term burial of organic carbon in marine systems in the geological record.
When taking into consideration similar processes reported to occur around the world
today, it is clear that transport and long-term burial of organic carbon in marine
systems is a fundamental part of the global carbon cycle, which has been shaping our
planet throughout the geological record. This notion should be implemented in

modeling and quantification of the carbon cycle throughout Earth history.
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