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Abstract

Sand transport and its deposition in deep marine basins are controlled by diverse
climatic, tectonic, physiographic and oceanographic processes. Disentangling
the impact of each of these drivers on the sedimentary record is a fundamen-
tal challenge in the study of source to sink systems. In this study, we investi-
gate seismic and borehole data by combining statistical and spectral analyses to
identify the factors controlling sand deposition in the deep Levant Basin (Eastern
Mediterranean) during the Pliocene—Quaternary (PQ). We interpret the sand
content in boreholes from gamma ray (GR) logs and identify two major trends in
sand/shale ratios. On a million-year scale, we demonstrate that since the Early
Pliocene (5.3Ma), sand content gradually increased until it formed a ca. 100m
thick and widespread sheet of sand at the top of the section. On a shorter time
scale, we identify oscillations in sand content depicting significant power of pe-
riodic components at the 350-450Kky, 90-150ky and 10s ky bands. The long-term
increase in sand content reaching the deep Levant Basin is interpreted as a result
of the Nile Delta propagation, which had continuously shortened the distance
between the edge of the Nile delta that is the source of sand, and the deep Levant
Basin. The superimposed short-term oscillations are interpreted as Milankovi¢
cycles, reflecting hydroclimatic oscillations of water and sediment discharge into
the Eastern Mediterranean Sea by the Nile River. This demonstrates the hydrocli-
matic control on sand deposition in the deep Levant Basin. Our observations are
consistent with the development of a submarine channel system along with the
accretion of the Nile delta, which may have served as a pathway for sand delivery
via high-energy turbidity currents that reached the Levant Basin.
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1 | INTRODUCTION

Rhythmic patterns commonly characterize deep ma-
rine sedimentary records (Hilgen et al., 1993; Hilgen &
Langereis, 1989; Lourens et al., 1996; Weedon et al., 1999;
Weedon & Jenkyns, 1999; Wu et al., 2012). These rhyth-
mic patterns may be expressed by lithological, chemi-
cal, isotopic, faunal and physical characteristics (Erba
et al., 1992; Kelly, 1992), and commonly correspond to as-
tronomical forcing known as ‘Milankovi¢ cycles’ (Hilgen
et al., 2015; Imbrie & Imbrie, 1980; Shackleton, 2000;
Zachos et al., 2001). These astronomical cycles show in-
creased power in periodicities of 19-24ky (precession),
41ky (obliquity), 95-131ky (short eccentricity) and
405ky (long eccentricity) (Hays et al., 1976; Meyers &
Malinverno, 2018; Waltham, 2015).

One type of these rhythmic patterns includes alter-
nations between shale- and sand-rich units, which are
originated by fluctuations in the transport of sand over
great distances by rivers (source) into deep marine basins
(sink; e.g. Romans et al., 2016), combined with the im-
pact of diverse internal depositional processes (e.g. Gong
et al., 2021; Hajek & Straub, 2017). Those processes are
commonly attributed to two categories. (i) External (allo-
genic) effects controlled by climatic and tectonic processes.
These include, for example, variations in sediment and
water supply (Rohling et al., 2015), sediment composition
and provenance localities (Ben Dor et al., 2018; Gardosh
et al., 2008; Macgregor, 2011; Zilberman & Calvo, 2013).
(ii) Internal (autogenic) effects related to the physiography
of the sedimentary basin and inherent marine processes.
These include gravity-driven transport (e.g. turbidity cur-
rents; Mulder & Cochonat, 1996; Shanmugam et al., 1993;
Stow & Smillie, 2020; Strachan et al., 2016), along-strike
current-driven transport (Garzanti et al., 2014; Stow &
Smillie, 2020; Weldeab et al., 2002), dynamics of water
masses and marine circulation (Rohling et al., 2015;
Stratford et al.,, 2000), eustatic fluctuations (Muto &
Steel, 2002; Sweet et al., 2020; Zecchin et al., 2015) and
the physiographical evolution of the basin (Zucker
et al., 2021).

Distinguishing external from internal controls on the ac-
cretion of deep-basin sedimentary sections is difficult, and
identifying mechanistic links between variations in sand
proportion and depositional processes controlling it is par-
ticularly challenging. One possibility is to search for period-
icities that fit previously reported cycles such as precession,
obliquity, or eccentricity in palaeoclimatic proxies, which
may indicate climatic control over sediment deposition
(Fang et al., 2020; Martin et al., 2002), and can be correlated
with other sedimentary records (Liu et al., 1999). Various
methods of time series analysis, wavelet analysis and
running tests are commonly applied to reveal significant
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periodicities in rhythmic sedimentary sequences (e.g. Ben
Dor et al., 2021; Donges et al., 2011; Lau & Weng, 1995;
Liu et al, 1999; Pickering et al., 1999; Schulte, 2019;
Welch, 1967; Wu et al., 2012). These methods proved to
be useful for identifying dominant oscillatory components
and for linking depositional processes and environmental
forcing (Blackman & Tukey, 1958; Ghil et al., 2002; Grinsted
et al., 2004; Torrence & Compo, 1998).

The main question this study addresses is: What are
the internal and external controls on sand/shale alterna-
tions in the deep-marine siliciclastic Levant Basin? Can
these internal versus external controls be distinguished in
the stratigraphic record? To answer these questions, we ex-
plore the Pliocene-Quaternary (PQ) section of the deep
Levant Basin (Eastern Mediterranean) as a case study,
using well logs from four boreholes. This section is a part
of one of the largest source-to-sink systems on Earth, the
Nile River, which transports substantial volumes of sand
from Northeast Africa to the Eastern Mediterranean.
Additionally, the section contains valuable information
about the dynamics of the Nile River and adds up to rela-
tively few examples of the Pliocene and lower Pleistocene
period from deep marine basin records, worldwide (De
Schepper et al., 2014).

2 | REGIONAL SETTING

The Nile River is the main supplier of terrigenous sedi-
ment into the Levant Basin. It is one of the longest riv-
ers in the world, draining ca. 3 x 10° km? of northeast
Africa and flowing northwards along ca. 6700km into
the Eastern Mediterranean (Figure 1a). Its mean annual
water discharge is ca. 90 km3 year~! (Eltahir, 1996),
where more than half is derived from the Blue Nile
(draining the Ethiopian Plateau), ca. 30% from the White
Nile (draining the equatorial lake plateau), whereas
the remaining water supply is from the Atbara River
(draining the northern fringe of the Ethiopian Plateau)
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FIGURE 1 Location map. (a) Nile River sources in tropical Africa (White Nile) and the Ethiopian Plateau (Blue Nile and Atbarah). (b)

The Levant Basin.

(Ahmed & Ismail, 2008; Sutcliffe & Parks, 1999). While
the discharge of the White Nile is constant throughout
the year, the Blue Nile experiences a nearly fivefold in-
crease in water discharge during the wet monsoon sea-
son in the Ethiopian Plateau (June-September; Ahmed
& Ismail, 2008). Interestingly, more than 90% of the
annual sediment yield of the Nile is derived from the
Ethiopian Plateau (Garzanti et al., 2006). Thus, water
and sediment discharge of the Nile are highly sensitive
to hydroclimatic fluctuations at the Ethiopian Plateau
(Ahmed & Ismail, 2008).

The Nile River provides sediments to three main
sedimentary units in the study area: the Nile Delta, the
Levant deep basin, and the nearby continental shelf (an-
other major sink outside the study area is the Herodotus
Basin).

The Nile Delta is one of the world's largest sedimentary
units (Figure 1a). Its modern delta started accumulating
after the Messinian Salinity Crisis (MSC), during which
Mediterranean Sea level dropped by 0.5-1.5km (Clauzon
et al., 1996; Gargani & Rigollet, 2007; Gvirtzman et al.,
2022; Kirkham et al., 2020), driving backward incision of
the Nile River into the North African continental margin
(Barber, 1981; Said, 1981). Since the Early Pliocene, after
the rejuvenation of the Mediterranean Sea to global sea
level, a large volume of sediments filled the incised Nile
canyon, and started forming the Nile Delta, which have
been prograding towards the Levant and the Herodotus

deep basins since the Pliocene (Figure 1). Presently, the
Nile Delta spreads ca. 200km northwards of the mouth
of the Messinian Nile canyon (near the city of Cairo),
its area covers ca. 40,000km?, and its maximal thickness
(PQ section) reaches >4km (Macgregor, 2012; Zucker
et al., 2020).

The Israeli continental shelf is considered a by-product
of the Nile Delta, built by margin parallel sediment
transport (Bookman et al., 2021; Marriner et al., 2012;
Schattner et al., 2015; Zucker et al., 2021) that accreted a
new continental shelf offshore Israel, reaching a thick-
ness of ca. 1.5km (Gvirtzman & Buchbinder, 1978;
Steinberg et al., 2011; Zucker et al., 2021). Based on seis-
mo- and biostratigraphic data, Elfassi et al. (2019) di-
vided this section into four units, and demonstrated that
the continental shelf started accumulating only during
the Gelasian (1.8-2.6 Ma), that is, >2.5Myr after the be-
ginning of delta formation offshore Egypt. Modelling ef-
forts of margin parallel sediment transport indicate that
the Israeli shelf could have started forming only after
the establishment of a continental shelf offshore Sinai
(Zucker et al., 2021).

Levant basin sedimentary fill: The origin of the
Levant sedimentary fill since the Upper Eocene to the
Middle Miocene include two main potential sources:
an eastern source from Arabia (Gardosh et al., 2008;
Zilberman & Calvo, 2013) and a southern source
from Africa (Gvirtzman et al., 2014; Macgregor, 2012;
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Schattner, 2021; Steinberg et al., 2011; Zucker
et al., 2021). It is accepted that the eastern contribution
became negligible since the Upper Miocene due to the
blocking of fluvial systems draining Arabia by the Dead
Sea transform (Bar et al., 2016; Garfunkel, 1981). Thus,
at least since the Pliocene, the Nile River is the main
sediment supplier to the Levant Basin (Be'eri-Shlevin
et al., 2014; Macgregor, 2012; Segev et al., 2006; Steinberg
et al., 2011; Weldeab et al., 2002). Additionally, a part of
the Nilotic sediments transported alongshore the Levant
shelf is later transported into the deep basin (Schattner
et al., 2015).

The sedimentary evidence for the Nile being the main
sediment source of the deep Levant basin is further sup-
ported by the thinning of the PQ sedimentary fill north-
eastwards, from the Nile Delta towards the Levant basin
(Steinberg et al., 2011). Moreover, seismic data show a set
of channel systems within the PQ section, extending from
the Nile Delta towards the deep Levant Basin as a poten-
tial pathway of sediment transport from the Nile to the
Levant Basin (Niyazi et al., 2018; Sagy et al., 2020).

Currently, sedimentation in the Levant Basin comprises
more than 90% terrigenous material complemented with
a minor component of authigenic carbonates (Bookman
et al., 2021; Gvirtzman & Buchbinder, 1978; Krom
et al., 1999; Nir, 1984; Venkatarathnam & Ryan, 1971).
Seismic data show that the thickness of the PQ section
in the deep Levant basin (not including the Nile deep
sea cone and not the Levant shelf) varies within a range
of 500-1000m (Sagy et al., 2020; Steinberg et al., 2011;
Zucker et al., 2020).

3 | PURPOSE OF STUDY

So far, sedimentary studies of the deep Levant section
from borehole data (logs and cuttings), focused on the
Oligo-Miocene section associated with large hydro-
carbon reservoirs (Needham et al., 2017; Torfstein &
Steinberg, 2020) and on the Messinian evaporites related
to the MSC (Feng et al., 2016; Gvirtzman et al., 2017;
Manzi et al., 2018; Moneron & Gvirtzman, 2022; Zucker
et al., 2021). However, the lithology of the PQ section in
the deep basin that is directly related to the Nile River
remained unknown. Here, we focus on sand transport
to the deep basin. Our objectives are: (1) to characterize
sand proportion along the Levant PQ section using well
logs correlated with seismic reflection data, (2) to deter-
mine and investigate the timing and properties of sand/
shale alternations along a transect of several boreholes
recording N-S and E-W variations in sedimentation, and
(3) to identify oscillatory components in the depositional
record of the Levant basin and interpret them with respect

to depositional processes controlling sand transport into
the basin.

4 | METHODS, DATA AND
MATERIALS

4.1 | Seismic data and age model

Three high-resolution 3D depth-migrated seismic re-
flection surveys with trace interval of 12.5x12.5m for
Mega Merge and Ruth and 12.5x25m for Sara-Mira
were used for seismic correlation. These surveys are
Sara-Mira (2011, by Sewell & Associates Inc.), Ruth
(2010, by Modiin Energy LP) and Mega-Merge (2012, by
Fugro Seismic Imaging Inc.). Elfassi et al. (2019) used
global and local biozonation schemes of planktonic fo-
raminifera and calcareous nannofossil to determine
bio-stratigraphic ages along the PQ section in numer-
ous boreholes from the Israeli shelf (Figure 1b). Those
boreholes were tied to key seismic horizons, which
were dated using biostartigraphic data. The dated seis-
mic horizons were then correlated across the basin,
and specifically along a section between several key
wells: Yam-West (on the Israeli shelf), Sara-1, Tamar-1,
Dolphin 1, and Leviathan 1 (Figure 1b). The intersec-
tion of the dated horizons with the wells studied here,
provide 4 ages constraints for each depth series: 5.33 Ma
(top Messinian), 2.6 Ma (top of Unit 1), 1.8 Ma (top of
Unit 2) and 0Ma (seafloor). A linear interpolation was
applied between these age anchors. Although this age
model is limited to four anchor points, it provides a
substantial improvement compared with the preced-
ing model, which was based two anchor points (5.5 and
0Ma), and was available a few years ago.

4.2 | Welllogs data

Gamma ray (GR) and resistivity (Res) logs of four bore-
holes (Sara 1, Tamar 1, Dolphin 1 and Leviathan 1) were
used to characterize relative sand proportion. Because
cuttings or cores are unavailable, we have to rely on GR
logs as the next best available option for interpreting sand/
shale ratio in our study area. GR logs are considered to be
the most direct indication of the sand/shale ratio in hemi-
pelagic/siliciclastic environments, which is also applicable
in this case since the Eastern Mediterranean is consid-
ered a siliciclastic basin (Garzanti et al., 2015; Nir, 1984;
Weldeab et al., 2002), where high GR values reflect low
sand proportion and vice versa (Baker Atlas, 2002; Ellis
& Singer, 2008). An evaluation of the sand/shale ratio
is carried out using the linear scaling of the GR values
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FIGURE 2 A seismic transect AA’ crossing Levant Basin through all the investigated boreholes. The division of the Pliocene-

Quaternary section into sub-units based on Elfassi et al. (2019).

used to calculate the shaliness index (Equation 1; Ellis &
Singer, 2008).

Ier (%) = <M> x 100 1)

Ymax ~ Vmin

where Igp is the percentage of shale in the sediments, y},,
is the in situ GR reading, y ., is the minimum value of
GR reading along the borehole and y,,, is the maximum
value of GR reading measured along the borehole. The
minimum reading may be simplistically interpreted as
the cleanest end-member (0% shale), and the maximum
reading represents the shale end-member (100% shale).
It is important to note that this index does not address
other sediment types (e.g. carbonates, sulphates and evap-
orites), which have been shown to be of negligible impor-
tance in the Eastern Mediterranean (Bookman et al., 2021;
Gvirtzman & Buchbinder, 1978; Krom et al., 1999; Nir, 1984;
Venkatarathnam & Ryan, 1971), and are thus assumed to be
negligible in the boreholes investigated in this study. Here,
we use this index to evaluate relative variations in sand
deposition across the Levant Basin during the PQ, rather
than obtaining the absolute sand content. Noteworthy, due
to technical limitations at the upper 70-100m of each bore-
hole, well logs in this interval are considered of low quality
and therefore are not included in the following analyses.

4.3 | Spectral analysis

High-resolution GR records of four boreholes were stud-
ied using multiple statistical methods to analyse sand/
shale alternations and to identify oscillatory components.
Due to the limited quality of the well logs at the upper
part of the borehole, only the interval between 5.33 and

1.8 Ma was analysed. Before the analyses of the Dolphin-1
well, missing data (33% of the record) were imputed using
singular spectrum analysis (Kondrashov & Ghil, 2006), to
reduce abruptions to the spectral properties of the series.
Because the well data are anchored to depth, each series
was resampled and transformed into a time series, based
on the dated horizons; finally, all series are presented in
1ky intervals.

Spectral analyses are used to detect oscillatory sig-
nals reflecting rhythmic forcing over sedimentation that
may provide insights and implications on the processes
involved in the accumulation of sedimentary sequences
(e.g. Blackman & Tukey, 1958; Lomb, 1976; Muller &
MaCdonald, 2002; Trauth, 2021; Welch, 1967 and refer-
ences therein). Wavelet analysis is another useful tool for
estimating the spectral properties of a time series, and is
often used to detect non-stationary oscillatory behaviour
in environmental records (Debret et al., 2007; Witt &
Schumann, 2005). Unlike the ‘bulk’ spectral approaches,
wavelet analysis provides more detailed insights into
changes in the spectral properties of the series and their
evolution, by identifying changes in the spectral power
density of different spectral bands over time. This is espe-
cially useful for exploring geological records, which are
often affected by multiple irregular and non-stationary
processes (e.g. Ben Dor et al., 2021; Schulte, 2016). It
therefore provides more detailed insights for identifying
partial, irregular and non-stationary oscillatory compo-
nents in the record (Grinsted et al., 2004; Lau & Weng,
1995; Torrence & Compo, 1998). Wavelet analyses were
carried out with the Morlet wavelet function after nor-
malizing the data to zero mean and unit SD. The signif-
icance of the wavelet power was determined at a=0.1
against red noise simulated using a lag-1 autoregressive
process (AR[1]) using the cumulative area-wise approach
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(Schulte, 2016, 2019). The background levels were deter-
mined by multiple background alpha levels (0.5, 0.6, 0.7,
0.8 and 0.9), and the significance of the global wavelet
spectra was determined using the arc-wise significance at
a=0.1 (Schulte, 2019).

5 | RESULTS

51 | Seismo- and Chronostratigraphy
Figure 2 presents seismic section AA’ connecting the
four deep basin wells analysed in this study (location
in Figure 1b). The absolute ages of the seismic units are
based on Elfassi et al. (2019), who dated the seismic reflec-
tors using biostratigraphic data on well records in the con-
tinental shelf. Extension of the dated horizons from the
shelf to the deep basin is based on section BB’ (location in
Figure 1b). Here, we follow the numbering of the seismic
units by Elfassi et al. (2019), without differentiating units
3 and 4, because unit 4 is thin and therefore hard to distin-
guish in the deep basin.

Seismic unit 1 comprises the entire Pliocene and is
bounded by the green (base) and light blue (top) horizons.
The base of unit 1 (green horizon) is located at the top
of the Messinian evaporites, which have a strong seismic
reflection across the basin and are thus easily identified.
Unit 1 is a package of light and sub-horizontal reflectors
maintaining a nearly constant thickness of 150-250m.
Unit 2 is composed of a seismic facies similar to unit 1, but
exhibit stronger seismic reflections in the deep basin. Unit
3 +4 are composed of a nearly transparent (reflection-less)
layer of constant thickness, at the base, covered by a var-
iegated layer with strong reflections depicting significant
thickness variations (thick in synclines and thin in anti-
clines). These variations indicate syn-tectonic deposition
marking the initiation of the circum-Nile deformation
belt (CNDB, Ben Zeev & Gvirtzman, 2020; Gvirtzman
et al., 2015; Zucker et al., 2020). To the east, near Sara
borehole, unit 3+4 contain a thick slump, named the
Israeli Slump Complex (ISC; Elfassi et al., 2019; Martinez
et al., 2005;Schattner & Lazar, 2016). The ISC pinches out
west of Sara 1 borehole and is absent in the deep basin
(Figure 2).

By tying three dated seismic horizons in the Yam-West
borehole (Base Pliocene, Top Pliocene and Top Gelasian;
Elfassi et al., 2019) to the GR depth series of the deep
Levant Basin boreholes, an age model was established for
the PQ section at each borehole (Figure 3). The age model
allows to determine deposition rates and investigate cy-
clicity in the stratigraphic record (Table 1). We divide the
record into isochronic GR units and identify oscillatory
components in the GR data (Section 5.4).

5.2 | Welllogs data

GR and Res logs of four boreholes are shown in Figure 3
with a seismic image as a background illustrating the
bedding. The GR values vary between 4 and 115 API in
Leviathan; 5-67 API in Dolphin; 2-153 API in Tamar; and
13-198 API in Tamar. The GR values in the Leviathan
borehole decrease up-section (Table 1) with nearly no
peaks in unit 2 and the base of unit 3. The upper ca. 70m
of the section are characterized by low GR values with
substantial variation. There is a general correlation be-
tween variations in the GR and Res values. The Dolphin
borehole displays similar average GR values in units 1 and
2, however, low GR excursions occur at the top of unit 1
and at unit 2. The upper ca. 100 m of the section is charac-
terized by very low GR values. There is a general correla-
tion between variations in the GR and Res values. Tamar
and Sara boreholes display relatively high GR values along
units 1 and 2, with no significant interval of low GR val-
ues as observed in Leviathan and Dolphin boreholes.
The upper ca. 100m of the section in Sara, and the upper
ca. 80m in Tamar display very low GR values with large
variations.

5.3 | Shaliness index

In general, the shaliness index indicates an increase in sand
proportion (low shaliness) during the PQ across the Levant
basin in all four boreholes (Figure 4). In the Leviathan bore-
hole unit 1 (Pliocene) is mostly composed of shales with 11
thin sand intervals (1 m scale thickness; ca. 25% of the sec-
tion). Unit 2 (Gelasian) is composed mostly of shales in its
lower part and sand in its upper part, whereas units 3 and
4 (upper ca. 100m of the section) are composed almost en-
tirely of sand. In the Dolphin borehole, unit 1 (Pliocene) is
composed almost entirely of shale (ca. 80%), with two sand
units at its upper part (20m thick each). Unit 2 (Gelasian)
is composed of shale (ca. 75%) with a ca. 20m sand unit
at its middle part, and units 3 and 4 (upper ca. 90m of
the section) are composed almost entirely of sand (90%).
In the Tamar borehole, units 1 and 2 (Pliocene-Gelasian)
are composed almost entirely of shales with practically no
sand units. The lower third of units 3+4 is composed of
shales, while its upper two-thirds are composed of sand.
At the Sara borehole units 1 and 2 (Pliocene—Gelasian) are
composed mainly of shales (two-thirds of the section) with
frequent thin sand units (m's scale thickness; one-third
of the section), and units 3+4 are significantly thicker in
these boreholes compared with the other boreholes due to a
large slump interbedded within the sequence (see the Sara
seismic section in Figure 3). The lower two-thirds of the
section are predominantly composed of shales with several
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one-meter sand intervals within the slump segment of the
section, and the upper one-third of the section (ca. 70m) is
composed of sand.

5.4 | Spectral analysis—oscillatory
properties of siliciclastic deposition in the
Levant basin

The wavelet analyses of the GR depth-time series from
the four boreholes show clear oscillatory components

600

_,—# 800 . e —
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in the Levant Basin Pliocene-Gelasian sedimentary re-
cord (Figures 5 and 6). The Leviathan borehole wavelet
spectrum shows increased power at the 370-410ky, 220-
270ky, 145-180ky, 95-120ky, 60-80ky and ca. 37-42ky
bands, persistent during the entire Pliocene-Gelasian
(Figure 5a). At the Dolphin borehole, increased power is
observed at the 400-440ky, 135-160ky, 105-115, 60-70ky
and 10-35ky bands. While the ca. 400ky periodicity is
characterized by high power over the entire Pliocene-
Gelasian, the increases of power in bands of shorter pe-
riodicities are not as persistent, and show variations
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TABLE 1 Gamma ray values and deposition rates at all boreholes along the PQ section.
GR logs
(API) Mean (API) SD (API) Deposition rates (m/ky)
Unit1 Unit 2 Units3+4 Unitl Unit 2 Units3+4 Unit1 Unit 2 Units 3+4
Borehole (5.33-2.6Ma) (2.6-1.8Ma) (1.8-0Ma) (5.33-2.6Ma) (2.6-1.8Ma) (1.8-0Ma) (5.33-2.6Ma) (2.6-1.8Ma) (1.8-0Ma)
Sara 1 112 118 95 20 20 45 0.07 0.23 0.17
Tamar 1 84 91 51 13 14 29 0.05 0.1 0.08
Dolphin 1 45 45 24 11 11 9 0.08 0.13 0.06
Leviathan 1 69 52 30 19 23 21 0.08 0.11 0.07
. . FIGURE 4 Stratigraphic
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across the investigated time interval (Figure 5b). During
the Lower Pliocene (5.33-3.8Ma), 80-130 and 40-60ky
periodicities are dominant, whereas during the Upper
Pliocene (3.8-2.6 Ma), 130-160ky and 70 ky become dom-
inant. During the Gelasian (2.6-1.8 Ma), periodicities of
100-130ky, 30-40ky and ca. 10ky show increased power
in addition to the ca. 400ky time period (Figure 5b). The
Tamar borehole is characterized by increased power of
periodicities at the 400-440ky, 220-250ky, 105-130Kky,
80-90ky and 30-55ky bands (Figure 5c). These perio-
dicities are not persistent over the Pliocene-Gelasian, and
only the 80-140ky band is dominant between 5.33 and
4Ma, whereas between 4 and 2.6 Ma, the 200-300ky, 120-
130ky, 80-90ky and 40-60ky bands become dominant.

During the Gelasian (2.6-1.8 Ma), the 390-410ky, 100-
140ky, 40-50ky and ca. 10ky bands are dominant. The
Sara borehole spectrum shows increased power at the
350-450ky, 240-270ky, 100-120ky, 80-90, 40-55ky and
15-20ky bands (Figure 5d). Between 5.33 and 3.5Ma, the
300-400ky, 90-140ky and 40-80ky are the dominant pe-
riodic components, whereas between 3.5 and 2.6 Ma, peri-
odicities of bands 380-410ky and 90-140ky are dominant.
During the Gelasian, 120-150ky, 40-80ky and ca. 10ky
periodicities become dominant.

To summarize, the GR depth series at the Levant Basin
show an increased power of oscillatory components char-
acterized by the 400-450ky band, although the signifi-
cance level of this band is low due to the limited series
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FIGURE 5 Spectral analyses of the Pliocene-Gelasian GR depth series at the four boreholes, (A) Leviathan, (B) Dolphin, (C) Tamar,
and (D) Sara. The upper panel of each part shows the normalized series after z-scoring. The central part show the wavelet power spectrum
(blue to yellow scale) as a function of period (y-axis) and time (x-axis) during the investigated section. The black line surrounds statistically
significant areas. Right panel: The global power as a function of time period. Grey dashed lines indicate significance levels based on
simulated red noise (50%-90%). Red segments indicate periodicities of statistically significant spectral power.

length. The power of the 90-150ky band, on the other
hand, is weaker, but is statistically significant. An addi-
tional oscillatory component characterized by increased
power of the 10-10'sky band is also observed (Figure 6).

6 | DISCUSSION

6.1 | Sand/shales alternations in the
Levant Basin Plio-Quaternary section

Highly variable GR records indicate significant and
frequent temporal variations in the sand/shale ratio
along the Levant Basin PQ sedimentary fill. Although
the shaliness index (Figures 3 and 4) cannot be used for
accurate comparison of sand proportion between the
boreholes, it does reflect relative changes in sand pro-
portion along each of them (Baker Atlas, 2002; Ellis &
Singer, 2008). The Leviathan and Dolphin boreholes dis-
play increasing thickness and frequency of ‘sandy’ units
up-section, while similar ‘sandy units’ are absent in the
Pliocene-Gelasian section of Tamar and Sara (Figure 4).
Although the upper 70-100m at all boreholes suffer
from poor quality data, this unit might indicate, with
some caution, that a relatively ‘sandy’ unit covers the
entire Levant Basin. The possibility that sediments in

the Levant Basin originate from the Nile River is indeed
consistent with the observation that enhanced sand
deposition starts earlier in both Leviathan and Dolphin
boreholes (Figure 4), which are closer to the Nile source
relative to the Sara and Tamar boreholes (Figure 1b).
The deposition of the top sand cover across the basin is
approximately coeval with the development of a channel
complex with a northeast orientation during the upper
Quaternary (Sagy et al., 2020). Thus, it might indicate
that sand is transported into the deep Levant Basin by
channels as was previously observed at the Western Nile
slope (Cross et al., 2009; Samuel et al., 2003) and addi-
tional regions (Babonneau et al., 2010).

Sand deposition seems to bear little implications on vari-
ations in deposition rates. For example, deposition rates in-
crease in all four boreholes from unit 1 to unit 2, especially
in Sara and Tamar, although sand proportion increases up-
section in Leviathan and Dolphin. This might indicate that
increasing sand proportion results from decreasing shale
content, resulting in an overall decreased deposition rate.
The deposition rate in units 2 and 3+4 in Sara is twice
as high compared with the other boreholes. In unit 3+4,
most of this difference is explained by a thick slump within
the section that is associated with the ISC (Figures 3 and 4;
Martinez et al., 2005; Schattner & Lazar, 2016). However,
during the deposition of unit 2, this difference can be
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FIGURE 6 Time periods of increased wavelet spectra of the Pliocene-Gelasian section of the four boreholes. Significance level of each
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reflects the intensity of the wavelet spectrum, where thicker bar represents higher spectra at a given range of time periods. The estimated T,

(compensational time scale) separates the short time-period allogenic signals, which are only partially preserved in the record, from the long

wavelength—signals, which are expected to be better preserved in the record.

explained by an indirect pathway of Nilotic sediment
transport over the continental shelf along the coastline in
addition to the deep basin route reaching the borehole di-
rectly from the Nile. This indirect pathway became effec-
tive during the Gelasian, when the Sinai-Israeli continental
shelf has been built by margin parallel sediment trans-
port processes (Ben Zeev & Gvirtzman, 2020; Schattner
et al., 2015; Zucker et al., 2021). From this time forward the
continental shelf has become a source of mass transport
deposits such as the ISC (Schattnar et al., 2015). This sec-
ondary source could account for the enhanced deposition
rate in the Sara borehole during the Gelasian.

6.2 | Oscillations in sand/shale
ratio and their controls

The spectral analysis of GR depth series from the four
boreholes of the Levant Basin show clear and pronounced
oscillatory behaviour reflected by the increased spectral
power of several key frequency bands that are consist-
ent with the Milankovi¢ astronomical cycles. The wave-
let analysis reveals increased power of specific frequency
bands, particularly of long-wavelength periodicities al-
though their statistical significance is lower (Figure 6, e.g.,
Tamar and Sara). We suggest that this could stem from the
limited length of the studied records that can only contain
a few long cycles, hence decreasing the statistical signifi-
cance of these cycles due to the length of available records
(Muller & MaCdonald, 2002).

Short periodicities that are often associated with en-
vironmental/allogenic forcing, are frequently shredded
while sediments propagate through the transport system
(Jerolmack & Paola, 2010). Thus, short-term signals in
sedimentary records are strongly influenced by autogenic
processes, such as channel avulsion and mobility (Straub
et al., 2009; Wang et al., 2011). The time threshold (com-
pensational time scale), below which allogenic-dominated
signals are shredded, depends on the ratio between the
vertical roughness, that is, channel depth, and the long-
term basin-wide sedimentation rate (Straub et al., 2020).
This threshold, termed compensation time scale, is de-
fined as T, = % where [ is the roughness length (typical
channel depth) and 7 is the long-term sedimentation rate
(Wang et al., 2011).

Observed channels depth along the PQQ deposits of
the Nile delta and slope are within a range of 10-40m
(Cross et al., 2009; Straub & Wang, 2013). A series of chan-
nels draining from the east delta towards the Levant Basin
are also characterized by similar depth range of 10-50
(Gvirtzman et al., 2015) or 10-40m (Zucker et al., 2017).
The long-term sedimentation rate for calculating T varies
significantly from the centre of the Nile Delta to the deep
Levant Basin. A compilation of sedimentation rates for
the Nile delta by Macgregor (2012) shows maximal val-
ues of 0.5-0.7m/ky during the Pliocene. Sedimentation
rates in the deep Levant Basin, on the other hand, were
estimated by Zucker et al. (2021) to vary from 0.35m/
ky in the Gelasian to 0.07m/ky in the Pleistocene based
on isopach maps (Zucker et al., 2021). These estimates

85UB017 SUOWIWIOD dA 81D 3ol dde au Ag peusenob a.e sejolie VO ‘8sn JO o[ 1oy Afeld1TaUIIUO AB|IA UO (SUORIPUOD-PUR-SLLIBYWIOD A8 | I AReq| Ul UO//ScL) SUOTIPUOD Pue SWwie | 8u 89S *[202/80/.2] U0 Akeiqi18ulluO AB|IM ‘Z49 Wepsiod WniueZz-z)oywpH Aq 6821 @.0/TTTT 0T/I0pAW00 A8 |1m Aselq | ul|uo//Stiy Woly pepeojumod ‘v ‘v202 'L TTZS9ET



SIROTA ET AL.

Basin % EAGE _Wl LEyju—Ofls

are consistent with the specific values calculated for the
boreholes studied here that vary from 0.05 m/ky (Tamar-1,
Unitl) to 0.23m/ky (Sara-1, Unit 2 including a slump).
For estimating the shredding process, we take one value
of 0.5m/ky to represent deposition in the Nile delta and
a second value of 0.15m/ky to represent the deposition
in the deep Levant Basin. Accordingly, for channel depth
of 40m, T, is estimated to be 80ky in the delta zone and
267ky in the basin. For channel depth of 10m, T is 20ky
in the delta zone and 67ky in the basin. Because inten-
sive signal shredding occurs mainly in the delta zone, T,
likely ranges between 20 and 80ky. This means that in the
Nile-Levant transport (and sedimentation) system, the
preservation of allogenic oscillatory signals characterized
by periodicities of tens of ky is less likely, while oscillatory
signals of longer wavelength are expected to be preserved
in the record. In practice, our spectral analyses indeed re-
vealed weak precession and obliquity signals, a stronger
short eccentricity signal, and a very strong long eccentric-
ity signal. These observations suggest that short allogenic
signals (10's ky) were almost completely shredded by auto-
genic processes, while longer oscillatory signals, 100 and
400ky, were preserved in the record of the Nile-Levant
system. Thus, our observations agree with the theoretical
considerations regarding the shredding of environmental
signals along source to sink systems.

Although eustatic fluctuations have a crucial role in
controlling sand delivery and deposition in deep marine
basins (Muto & Steel, 2002; Sweet et al., 2020; Zecchin
et al., 2015), the magnitude of such fluctuations on time
scales correspond to Milankovi¢ cycles became sub-
stantial only during the Quaternary, while during the
Pliocene, which is the main part of this study, such fluc-
tuation had smaller magnitude (Miller et al., 2005). Thus,
we consider eustatic fluctuations to have had a minor role
in controlling sand deposition in the Levant basin during
the Pliocene-Gelasian, although the role of eustatic
processes in shaping the studied record cannot be en-
tirely ruled out. The observed oscillations in GR records
closely match Milankovi¢ cycles (Riechers et al., 2022),
which were suggested to pose the first-order control
over Earth's climate systems during the Quaternary (e.g.
Hays et al., 1976; Shackleton, 2000). Thus, the corre-
spondence between previously described cycles and the
current sedimentary record indicates that deposition in
the Levant basin is substantially influenced by similar cli-
matic drivers since the Pliocene. The main contributor of
sediment to the Levant Basin is the Nile River, which re-
ceives most of its water and sediments from the Blue Nile
draining the Ethiopian Plateau (Ahmed & Ismail, 2008;
Eltahir, 1996), and is therefore likely to be affected by cli-
matic fluctuations and orbital forcing (Grant et al., 2017;

Rohling et al., 2015). Thus, based on the abovementioned
findings, we suggest that there is a direct connection be-
tween the Nile outlet and the deep Levant Basin, which
results in the recording of periodic signals as revealed by
the increased spectral power of spectral bands match-
ing Milankovi¢ cycles. Because sediments in the Levant
Basin are mainly derived from the Nile, these results in-
dicate that the Ethiopian Plateau experienced Milankovi¢
(—like) hydroclimatic oscillations during the PQ. Indeed,
the ca. 400 ky oscillation is more pronounced and signifi-
cant at Leviathan and Dolphin boreholes, which are more
proximal to the Nile Delta (Figure 1b), and are, therefore
directly influenced by the Nile River dynamics compared
with the Tamar and Sara boreholes, which are located
further away. In contrast, the 90-150ky oscillation does
not share a similar spatial pattern, and does not seem to
correspond with borehole distance from the source. This
oscillation is more pronounced in Sara, weaker in Tamar
and Leviathan (although statistically significant) and is
absent from Dolphin. Periodic components of shorter
wave lengths, such as the 19-23 and 41ky Milankovi¢
oscillations, which are characterized by lower spec-
tral power in the record, may have still played a role in
the Nile River source to sink system during the PQ, but
are likely not well preserved in the record due to signal
shredding.

6.3 | Processes controlling sand
transport into the deep Levant basin

Sand proportion along the PQ sedimentary section in the
deep Levant Basin is explained by two main processes:
(i) A gradual long-term trend (10’s ky) of increased sand
supply, and (ii) short-term (10%s-10%s ky) oscillatory sig-
nals attributed to hydroclimatic processes in the Nile
source.

6.3.1 | Long-term trends

The long-term trend is more pronounced in the Leviathan
and Dolphin boreholes, which are closer to the Nile
Delta. These boreholes contain many sandy units inter-
bedded within the Pliocene—Gelasian section and a much
thicker (170-100 m) upper sandy unit. In Sara and Tamar
boreholes, the Pliocene-Gelasian sections contain less
and thinner sandy units, and the upper sandy unit is 80-
100m thick. Noteworthy is the fact that the base of the
upper sandy unit is diachronic: ca. 2.3Ma in Leviathan,
ca.1.7Ma in Dolphin, ca. 1.3 Ma in Tamar and ca. 1 Ma in
Sara. We suggest that this indicates a progressive process
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FIGURE 7 (a-d)Palaeogeographic evolution of the Eastern Mediterranean during the Pliocene-Quaternary (adapted from Zucker

et al., 2021). (e) The distance from the delta front to the Levant basin since the Early Pliocene based on numerical simulation results from
Zucker et al. (2021). During this time interval the Nile Delta prograded and the distance between the Nile outlet and the Levant basin
shortened substantially, allowing larger sand volumes to reach the Levant Basin. The red dots indicate the age of the base of the upper sand

unit at the four boreholes.

of sand supply into the deep basin, which first started in
the proximity to the Nile mouth and then gradually prop-
agated further north until it had finally formed a continu-
ous sand sheet across the basin. These observations are
in agreement with the accretion of the Nile Delta since
the Early Pliocene, during which the distance between
its edge and the studied deep basin boreholes became
shorter by a half (Figure 7; Zucker et al., 2021). We sug-
gest that sand supply into the deep basin has increased
along with the propagating shelf edge as explained below.
This agrees with the evidence supporting the develop-
ment of turbidity channels alongside the Nile delta ac-
cretion as was recently revealed in 3D seismic data (Sagy
et al., 2020).

6.3.2 | Short-term oscillations

We suggest that the 400-450 and 90-150ky oscillations,
which we interpret as representing the long and short ec-
centricity of the astronomical Milankovi¢ cycles (Hays
et al., 1976; Riechers et al., 2022; Shackleton, 2000), were
most likely driven by hydroclimatic fluctuations of the
Nile River and particularly those of the Blue Nile that
drains the Ethiopian Plateau. It is well established, since
the very early studies on sediment transport in rivers, that
the mobilization of particles of larger grain size requires
higher transportation energy that is in general associ-
ated with higher water discharge and flow velocity (e.g.
Hjulstrom, 1935).
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Given the fact that sediment discharge at the Nile outlet
depends on sediment availability, changes in provenance
localities, erosion processes at the watershed and changes
in vegetation cover, it is hard to determine whether wetter
time intervals are associated with increasing sand/shale
ratio or vice versa. Previous reconstructions of Nile delta
sediment cores do not provide a clear picture of these rela-
tions as well. Revel et al. (2014) suggested that a peak in the
Nile River outflow during the Early Holocene is associated
with increased clay content based on an analysis of a sed-
iment core offshore the Nile delta. In contrast, events of
increased Blue Nile discharge were suggested to be associ-
ated with coarser grain size on average, based on another
sediment core from the Nile delta (Blanchet et al., 2013).
At this stage, further information about the hydrologic
control on sand/shale ratio in the Nile River over longer
time intervals and additional insights from mechanistic
approaches are required to clarify this uncertainty.

6.3.3 | Sand transport from river mouth to
deep basins

Sand is mostly distributed as water flow slows down in
a variety of environments, ranging from river outlets to
delta fronts. Then, at the delta front, it may be further
transported by waves, tides, and floods (Goodbred &
Saito, 2012; Kineke et al., 1996; Sternberg et al., 1996).
In particular, sand is episodically transported (Dixon
et al., 2012a, 2012b) by submarine turbidity currents
that may travel over distances of hundreds of kilo-
metres and arrive at deep remote basins (Babonneau
et al., 2010; Fierens et al., 2019; Shanmugam et al., 1993;
Strachan et al., 2016). However, even these strong epi-
sodic events are limited in their transport capabilities
depending on a variety of conditions. We suggest that
during the Pliocene, sand had reached the deep Levant
Basin only during extreme episodic events due to the
long distance between the Nile delta front and the
Levant basin. However, as the Nile delta front propa-
gated basinwards, sand supply into the Levant basin
became more frequent and hence increased respectively
until it had finally created the thick continuous upper
unit (Figure 7a-d). Model simulations of sand delivery
into the Levant Basin by Zucker et al. (2021) show that
episodic sand deposition in the Levant Basin occurred
when the distance of the Nile delta front from the
deep Levant basin was 250-400km (Figure 7e). Since
the Early Pleistocene, as this distance became shorter,
sand has been delivered continuously to the Levant
Basin; first to the most proximal Leviathan borehole (ca.
2.3Ma) and later on to the most distal Sara borehole (ca.
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1Ma). This means that only when the distance between
the Nile delta front and the Levant Basin had shortened
to less than ca. 250km, large sand quantities were de-
livered to the Levant Basin. This model further empha-
sizes the Nile as the main source of sediments into the
Levant Basin as was suggested previously (Steinberg
et al., 2011; Zucker et al., 2020, 2021).

7 | SUMMARY AND
CONCLUSIONS

By combining well-log data, 2D and 3D seismic surveys,
statistical and time-series analyses, we present a frame-
work for the accretion of sand-shale alternations in the
deep Levant Basin during the PQ and their controls,
with implications on the dynamics of the Nile River.

Highly variable sand proportion is observed along the
four studied sections. This variability is characterized
by: (i) a moderate long-term increase in sand propor-
tion (at the Myr time scale), and (ii) short-term periodic
fluctuations on the scale of 10s-100sky. We interpret
the long-term increase in sand proportion to reflect the
progradation of the Nile Delta since the Early Pliocene.
Delta progradation progressively supplied more Nilotic
sand to the Levant Basin. Short-term fluctuations of
sub-Milankovi¢ periodicities suggest that hydroclimatic
dynamics of the Nile River further controlled sand depo-
sition in the deep Levant Basin, 100s of km north of the
Nile outlet.

Spectral analyses of sand deposition during the
Pliocene-Gelasian indicate pronounced power of pe-
riodicities in both the 90-150 and the ca. 400ky bands,
together with a weaker, yet statistically significant, compo-
nent characterized by increased power at the 10's ky band.
Thus, we interpret the increased power of these spectral
bands to reflect hydroclimatic dynamics of the Nile River.
The hydroclimatic control over sediment deposition at
the Levant Basin indicates a direct connection between
the Nile outlet, where the river discharges water and sed-
iment, and the Levant Basin, where those sediments are
deposited.
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