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Late Quaternary turbidite input into the east Mediterranean basin:
new radiocarbon constraints on climate and sea-level control
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ISchool of Ocean and Earth Sciences, University of Southampton, Southampton
Oceanography Centre, European Way, Southampton SO14 3ZH, UK
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>Challenger Division for Seafloor Processes, Southampton Oceanography Centre,
European Way, Southampton SO14 3ZH, UK

Abstract: The Late Pleistocene—Holocene (0-30 ka Bp) allochthonous sedimentation in the
Herodotus Basin of the eastern Mediterranean has been controlled. in part, by a combination of
regional climatic change and eustatic sea-level fluctuation. A new series of radiocarbon dates.
made on planktonic foraminifers and pteropod shells taken from the pelagic and hemipelagic
intervals between individual turbidite units, has given bracketing dates for each major turbidity
current event that deposited sand and mud on the Herodotus Basin plain. Two partly independent
cycles are evident. Climate-induced cycles have lead to an alternation of periods of turbidites
sourced from the Nile delta—fan system with those from the North African shelf and Anatolian
rise. These correlate with pluvial and inter-pluvial climatic periods recognized in the Nile
hinterland. Sea-level cycles have tended to focus turbidite emplacement. from whatever source.
at periods of sea-level fall within the latest Wisconsin and sea-level rise from the
Wisconsin-Holocene period. In addition to the Herodotus Basin Megaturbidite (HBM) described
previously, six other beds with volumes in excess of 25 km® and wide lateral extent across the
basin can be termed megaturbidites. There is no simple sea-level or climate control on the timing
of these events. so we must conclude that triggering and emplacement of megaturbidites is
independent and variable.

The Herodotus Basin is a SW-NE-trending
elongate depression that lies to the NW of the Nile
Cone and has a maximum water depth in excess of
3000 m. It is the largest basin in the eastern
Mediterranean, with the 3000-m isobath delin-
eating an area of approximately 27 000 km?>. The
detailed physiography of the basin is presented by
Reeder er al. (1998, 2000), who have calculated the
areal extent of Late Pleistocene ponded sediment to
be in the order of 40 000 km? (Fig. 1). This is
significantly greater than the area based on the
3000-m isobath, as sediment has overspilled this
level by up to at least 2700 m in places.

Herodotus Basin sedimentation

The Late Pleistocene sedimentary characteristics of
the Herodotus Basin are reported in detail by Cita er
al. (1984), Lucchi & Camerlenghi (1993) and
Reeder er al. (1998, 2000). The most recent work
by Reeder er al. (1998, 2000) was based on a

longitudinal basin transect of five giant piston
cores, collected on the Marion Dufresne Cruise 81
(Table 1). These cores penetrated to a maximum
depth of 24.2 m and emplacement of the oldest
sediments was estimated at less than 30 ka Bp.
Hence, all the sediments are from the Late
Pleistocene and mainly comprise turbidites from
four discrete sediment sources (Fig. 1). Individual
turbidites are readily correlated between cores
across the Herodotus Basin on the basis of their
particular compositional characteristics. Sources
have been determined both by mineralogical
content (Cita er al. 1984; Lucchi & Camerlenghi
1993) and by the measured decrease of turbidite
and sand-fraction thicknesses with increased
transportation (Reeder er al. 1998). Individual
turbidites have been named "a’—'p°, where ‘a’
represents the youngest and “p’ the oldest of the
events.

Some 50% of the named turbidites were derived
from an organic-rich Nile Cone source. These have
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Table 1. Water depth, positions and lengths for the five long-piston cores collected during Marion Dufresne Cruise 81

(MDS1)

Core No. Water depth (m) Latitude Longitude Core length (m)
LC24 3191 32°17.7I'N 26°37.95°E 18.31

LC25 3129 32°36.0I'N 27°23.25°E 13.71

LC27 3131 32°4891'N 27°40.45°E 14.95

LC29 3138 33°35.63'N 28°56.32E 24.66

LC30 3144 34°04.70'N 29°42.72’E 25.82

been termed ‘Type A’ turbidites. following the
nomenclature of the first description of all-
ochthonous sediments in the basin by Cita er al.
(1984). They range from 15 to 750 cm in thickness
and are fine-grained turbidites with thin (maximum
of 30 c¢m thick) silty and sandy bases. Estimates of
their total volume range from 0.1 to 126 km?, with
a possible maximum for one of the deepest
turbidites ‘0" of around 190 km® (Reeder er al.
1998). The second most abundant source is the NE
African shelf (‘Type B turbidites) with thicknesses
ranging from 6 cm to over 16 m (Fig. 2), and
estimated volumes from 0.1 to 400 km?. The largest
of these, turbidite ‘n’ is referred to as the Herodotus
Basin Megaturbidite (HBM). These more
carbonate-rich (typically 40-50 % CaCO,) sedi-
ments are easily recognizable from their Nile Cone
counterparts by their lighter coloration. The light
olive—grey ‘Type B’ turbidites reflect a relative
abundance of carbonate shelf organisms, whilst the
‘Type A’ Nile Cone-derived turbidites are dark
brown-grey and reflect an abundance of plant and
other terrigenous material. Two further discrete
sources have been described by Reeder er al.
(1998), being ‘Type C’ turbidites derived from the
Anatolian Rise to the NE of the Herodotus Basin,
and the debris flow deposits (debrites) from the
Mediterranean Ridge on the northern flank of the
basin (Fig. 1).

The petrology, geochemistry, correlation and
stratigraphy of Late Pleistocene sedimentation in
the Herodotus Basin are presented in detail else-
where (Cita er al. 1984; Lucchi & Camerlenghi
1993; Reeder er al. 1998, 2000) and summarized
partially here in Fig. 2. Although the Late
Pleistocene stratigraphy of the Herodotus Basin is
known in general terms, precise dating of indi-
vidual turbidite events, and hence elucidation of
their relationship with climatic change and eustatic
sea-level fluctuation, has not previously been
attempted. The nannofossil zonation reported
previously indicates that all turbidites were
deposited within the last 60 ka. The thickness of
hemipelagic accumulation between turbidites was
then used to estimate tentative emplacement dates

for all event deposits. thereby concluding that the
oldest sediments recovered were around 30 ka
(Reeder er al. 1998).

In this paper we present absolute dates for
turbidite emplacement on the Herodotus Basin
plain, based on radiocarbon dating of the pelagic
and hemipelagic intervals between turbidites.
These are then discussed in relation to climatic
changes and fluctuation in eustatic sea level during
the latest Pleistocene.

AMS radiocarbon (14C) dating

By sampling the planktonic foraminifera from
pelagic horizons overlying and underlying turbid-
ites, bracketing emplacement dates were obtained
for each event. The AMS radiocarbon dating
method of Thomson & Weaver (1994) was used,
which entailed sampling the whole of the pelagic
interval, as well as the top 10-15 cm of the
underlying turbidite, in order to include any forams
reworked by burrowing fauna. A continuous trench
sampling technique was employed.

In total, 10 samples were collected from the
Herodotus Basin cores, at the core depths shown in
Fig. 2. Larger planktonic foraminifera are expected
to be the least susceptible component of the pelagic
interval to be redistributed by currents and thus the
most suitable for dating. Samples were therefore
sieved to obtain the >150-um size fraction, and the
clean planktonic foraminifera and pteropods were
selected from this. All other bioclastic and lithic
material, together with forams and pteropods
contaminated with sediment, were removed from
the >150-um sieved fraction by hand picking.

Corrections to the raw #C dates were made to
account for the relationship between the
radiocarbon and calendar timescales by applying
the correction factor of:

Calendar years = 1.24 x (14C years) — 440

(Bard er al. (1993) (Table 2). The values include a
correction of 400 years to account for the offset '*C
age of the atmospheric and oceanic mixed-layer
reservoir (Stuiver 1990).
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Turbidite emplacement vs sea level

The results of the radiocarbon dating are presented
in Fig. 3. By bracketing the emplacement of the
turbidite an average date has been obtained for each
event (Table 3). We can identify four distinct
periods of time characterized by cyclic differences
in turbidite source and then compare these with the
eustatic sea-level curve (Fig. 3) (Haq e al. 1987).

Sea-level low-stand (pre-28 ka BpP)

Only two turbidites from the present core suite
(core LC30) fall within this time period, and both of
these are Type-A turbidites from the Nile source.
Stanley & Maldonado (1979) also reported Nile-
derived turbidites between 55 and 28 ka sp, relating
to a transgressive period of slightly higher sea level
within the main Wisconsin low stand system tract.
Based on the limited data available in these earlier
studies, we estimate a relatively low average
accumulation rate of between 0.02 and 0.05 m ka™!
during this interval.

Lowering sea level (28—17 ka Bp)

By contrast, the Late Wisconsin regression, when
sea level dropped to its lowest value of around 125
m below present depths, is characterized by an
absence of Type A turbidites. This period begins
with deposition of the Herodotus Basin Mega-
turbidite (Type B) at just over 27 ka, followed by
three smaller volume Type C turbidites from a
northern source (Anatolian Rise), and then three
small Type B turbidites from the North African
margin. Although the numbers are somewhat
limited, this represents turbidite emplacement on to
the basin plain of one event every 1.4 ka
approximately. The thickness of the megaturbidite
can be estimated at just over 20 m proximally.
decreasing to some 12.5 m where the base was
cored at site LC30. This clearly makes up the major
part of an average accumulation rate of between 1.3
and 2 m ka .

Rising sea level (17-6 ka BpP)

Following the lowest sea-level stand of the last
glacial (around 18-17 Ma BP), the pattern of sedi-
mentation changed notably as sea level rose rapidly
at a rate of approximately 12.5 m ka™! (1.25 ¢m
a”!). During this period, and in contrast to the
period preceding the glacial, the Herodotus Basin
stratigraphy was dominated by thicker Nile Cone-
derived turbidites (Type A), rather than the thin
North African shelf and Anatolian Rise-derived
turbidites.

The Nile Cone received very large quantities of

M. S. REEDER ET AL.

sediment and entered a period of major accumu-
lation (Mart 1993). Several of the larger-scale
turbidity currents bypassed the fan to reach the
basin plain, entering the relatively flat basin
adjacent to the location of core station LC29. This
is reflected in the thickest accumulation of Type A
turbidites centred around this area (Fig. 2) and also
indicated by 3.5 kHz seismic evidence of distri-
butary channels in this vicinity (Reeder er al. 1998).
Towards the end of the sea-level rise, anoxic
bottom water conditions occurred across the eastern
Mediterrranean basin leading to deposition of the
organic-rich S1 sapropel. During this period only
small-volume Nile Cone turbidites (‘a’, *b” and *¢’)
were deposited. continuing the pattern of mono-
source input on the Herodotus Basin plain.
Turbidites reached the basin plain on average once
every 1.8 ka during this phase of rising sea level,
giving an accumulation rate of 1.82 m ka! in the
main depocentre (core LC29) and only some 0.1 m
ka~! at the SW end of the basin (core LC24).

Sea-level high-stand (6-0 ka Bp)

The record of sedimentation after the deposition of
the S1 sapropel is poorly preserved in the MDS8]
cores. There is an inherently large amount of
deformation caused by the piston coring technique,
which may have removed a small quantity of the
most recent sediments. However, the sequence
observed is dominated by the presence of thin Type
B turbidites (un-named) and thin hemipelagic
intervals (Fig. 2). Turbidite emplacement varied
from one event in 6 ka to one event every 1.5 ka,
and the average rate of accumulation from 0.07 to
0.15 m ka™'.

Summary

The most apparent relationship between turbidite
emplacement and sea-level is an increase in the
thickness of turbidites reaching the Herodotus
Basin plain, and hence in the average rate of
accumulation, during both the Late Wisconsin sea-
level fall to its lowest stand and the Late
Wisconsin—Holocene sea-level rise. In the former
period the turbidites were exclusively Types B and
C, whereas in the latter period they were Nile Type
A.

Turbidite emplacement vs climate

Considering the same four periods of time, we can
consider instead the climatic variation that may also
have had some effect on both the rate of turbidite
supply and the source of sediment (turbidite type).
The principal variation likely to affect sedimen-
tation is between pluvial and inter-pluvial episodes
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Table 3. Interpolated depositional ages for the Late Pleistocene Herodotus Basin turbidites

Turbidite Type Approximate Age of overlying dated Age of underlying dated Interpolated
volume* pelagic interval pelagic interval depositional age™
(years BP) (years BP) (years BP)

Turbidite "a’ A 0.1 7000
Turbidite b’ A 6.0 6500 (S1) 9500 (S1) 7500
Turbidite “¢’ A 80.0 8000
Debrite 24 8500
Turbidite *d” A 126.0 9500 (S1) 11 620 10 560
Turbidite "¢’ A 252 11620 12 215 11920
Turbidite *f’ A 0.1 12 215 13 105 12 660
Turbidite g’ A 72.0 13 105 16 635 14 870
Turbidite *h’ B 2.2 17 490
Turbidite *i’ B 0.8 } 16 635 20 055 18 345
Turbidite *j° B 0.8 19 200
Turbidite '’k* C 8.0 21 400
Turbidite ‘1" C 0.04 ] 20 055 25425 22 740
Turbidite 'm” C 4.0 24 740
Turbidite 'n° B 400 25 425HBM 28 825HBEM 27 125HBM
Turbidite o’ A 190? 28 825 ? >28 825
Turbidite "p* B 0.1? ? ? i

“Volumes from Reeder et al. (1998).
"Mean date of the overlying and underlying pelagic intervals.
HBMDages for the Herodotus Basin Megaturbidite.

that brought alternately wetter and drier conditions.
respectively, to the upper reaches of the Nile River
(or Neonile as the Late Pleistocene river is
generally known) (Said 1990). These were not
exactly time equivalent to interglacial and glacial
climatic intervals.

Kubbanivan pluvial (c. 50-28 ka)

The earliest period represented by our sediment
records from the Herodotus Basin fell during the
Kubbanivan pluvial episode — a relatively wet but
still quite cold period. The Neonile would have
carried much sediment to the delta region, thus
providing an adequate source for downslope
resedimentation by turbidity currents. The
Herodotus Basin turbidites recovered from this
period are all Type A (Nile-source).

Interpluvial (c. 28—17 ka)

During this period, the climate in the Nile hinter-
land was cold and dry, and much less sediment
would have been supplied to the Nile Delta. The
river was subject to rare storm-related flooding, but
otherwise lower discharge. No Nile-derived
turbidites reached the Herodotus Basin during this
period, which is characterized by Type B (North
African shelf) and Type C (Anatolian) turbidites
only.

Nabtian pluvial (c. 17-6 ka)

Following the Late Wisconsin glacial maximum,
the climate of the region began to ameliorate and
the vegetation pattern changed from a cold, dry
ecosystem to a humid, lake and marsh environment
dominated by a herbaceous flora (Cheddadi et al.
1991: Cheddadi & Rossignol-Strick 1995). This
pluvial period also led to an increase in sedimentary
output onto the Nile Cone as a direct result of
increased precipitation in the Nubian Massif
(Ethiopian highlands) to the south. There is still
uncertainty about the exact timing of climate
change in the region, with some authors supporting
more arid conditions in parts of the Nile drainage
basin from 13 to 10 ka (Cheddadi & Rossignol-
Strick 1995). The Nabtian pluvial sensu stricto is
fairly well documented and generally considered to
have lasted for a rather shorter time period, from
about 10 to 5 ka, and to include three much shorter
dry episodes (Said 1990). The generally more
humid conditions and increased vegetation cover
are confirmed by the high organic detritus content
recorded in sediments collected from the Nile Cone
and Herodotus Basin dating from this period (Ross
etal. 1978; Cita er al. 1984; Lucchi & Camerlenghi
1993). The turbidites are all of Type A (Nile
source).

Also, at approximately 10 ka Bp reforestation
occurred in the hinterlands of the Mediterranean,
leading to a rejuvenation in supply of nutrients to
the eastern Mediterranean basin (Cheddadi er al.
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Fig. 4. Three-dimensional schematic box models for the climate-controlled variation in source for Herodotus Basin
turbidites over the past 30 ka. (a) During the period from 30 to 17 ka. the stratigraphy is dominated by “Type B" and
‘Type C’ turbidites, derived from the North African shelf and slope and the Anatolian Rise, respectively. This
correlates with a dry. inter-pluvial climate. (b) During the period from 17 to 0 ka. the sequence is dominated first by
rejuvenated sedimentary discharge from the River Nile. with “Type A" turbidites abundant in the Herodotus Basin
cores, and then later by reduced sedimentation during the Late Holocene.
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1991). An increase of fresh water from influxes of
snowmelt and river discharge is thought to have
caused a disruption to the thermohaline currents of
the Levantine and Ionian Seas, and initiated an
increase in the primary productivity (Maldonado &
Stanley 1978; Stanley & Maldonado 1979; Bethoux
1993; Rohling 1994; Higgs er al. 1994; Aksu et al.
1995). Stratification of the water column occurred,
leading to stagnation of the bottom waters and
deposition of the organic-rich sapropel SI at the
very end of this period.

Holocene inter-pluvial (6 — 0 ka)

The climate of the North African margin and Nile
hinterland has remained fairly constant since about
6 ka Bp, with very warm and arid conditions pre-
vailing. Less material was supplied to the Nile
Delta leading to lower rates of accumulation on the
Nile Cone and an absence of Type A turbidites
from the Herodotus Basin. Only thin Type B
turbidites have been recovered.

Summary

There seems to be a clear relationship between
turbidite type, indicative of sediment source, and
climatic conditions. Pluvial episodes provided
greater influx from the Nile River system to the
Nile Delta. This in turn lead to greater downslope
resedimentation to the Herodotus Basin. By
contrast, the inter-pluvial episodes saw an absence
of Nile-derived turbidites and dominance of the
carbonate-rich North African shelf and Anatolian
sources.

It is interesting to note, however, that fora-
miniferal assemblages from all types of turbidite
show generally warm-water conditions post-28 ka
BP, except for turbidites f* and ‘g’, which show
mixed cold-warm assemblages (Kahler & Dossi
1996). Turbidite "o, dating from around 30 ka Bp,
shows a complete cold assemblage of planktonic
foraminifers, demonstrating deposition during the
height of the Wisconsin glacial. The two mixed
assemblage turbidites may result from the mixing
of warm- and cold-water forms, at least one of
which would have been reworked older turbidites
or hemipelagic sediments deposited during
different climatic conditions.

Discussion

Sediment cyclicity and controls

Based on an analysis of 65 piston and gravity cores,
which collectively penetrated up to 55 ka into the
Nile cone record. Maldonado & Stanley (1976,

M. S. REEDER ET AL.

1978) and Stanley & Maldonado (1979) noted a
cyclic repetition of sedimentary facies, which they
correlated with variations in the palaeo-climate and
sea level. The timing of their three cycles or cyclo-
thems more or less correlates with our broad
temporal divisions based on turbidite types,
although they recognize only Nile-derived turbid-
ites. For Cycle 3 (55-28 ka) they record from base-
up relatively fine-grained turbidites, sapropel 3,
fine-grained turbidites and hemipelagites, and a
calcareous ooze. Cycle 2 has coarser-grained
turbidites, sapropel 2, turbidites/hemipelagites and
calcareous ooze. Cycle 1 shows, once more, fine-
grained turbidites, sapropel 1, hemipelagites and
calcareous ooze. They do note that these cycles
vary in detail between cores and regions, some
being more dominated by hemipelagic and pelagic
sediments (‘suspensites’) and some by turbidites
and associated downslope facies (“gravitites’).

In comparing the Herodotus Basin data with
those described above mainly from the Nile Cone,
we could consider the post-17 ka sequence of the
Herodotus Basin as a single cyclothem (Fig. 3)
consisting of three main constituents: (1) a lower
dark brown—grey and turbidite-dominated sequence
(Type A. Nile-derived) with thin hemipelagic
muds, overlain by (2) a dark grey-black sapropelic
layer (S1), and (3) an upper pale olive—grey mud
section with thicker hemipelagic muds and thin
turbidites (Type B. African shelf-derived). This
sequence is, at first sight, similar to Cycle 1 of
Stanley & Maldonado (1979), although the thin
upper turbidites are from a different source.
Possible earlier cyclothems (Fig. 3) are still less
comparable, in that the lowermost Type A
turbidites are not fully penetrated, the overlying
sapropel (S2) is missing and the pale-coloured
turbidites are from two different sources.

Therefore, although we do recognize some
degree of cyclicity in cores from the Herodotus
Basin, the cycles differ significantly from those
described previously from the region. We suggest
that both sea level and climate have influenced
sedimentation, but that the cyclic response to each
control has been partly independent. The climate-
induced cycles are principally an alternation of
periods dominated by Nile-sourced, organic-
carbon-rich, muddy turbidites (Type A) and periods
during which turbidites were derived from else-
where, notably from North African and Anatolian
biogenic, carbonate-rich, sources (Type B and Type
C turbidites). These periods appear to correspond
closely with pluvial and inter-pluvial episodes,
respectively, that affected the African—Nile
hinterland (Fig. 4).

Sea-level induced cycles are less evident,
although from the data we have it would appear that
turbidity current input into the Herodotus Basin,



SEDIMENTATION IN THE HERODOTUS BASIN

from whatever source, was especially common
during both falling and rising sea level. In partic-
ular, sea-level fall to the latest Wisconsin low-stand
is characterized by turbidites derived from the
North African shelf and Anatolian sources, includ-
ing the Herodotus Basin Megaturbidite, whereas
sea-level rise through the Late Wisconsin—
Holocene is characterized by Nile-derived turbid-
ites. Only the most recent Holocene period (post-6
ka) has fewer and thinner turbidites and more
pelagic-hemipelagic sedimentation.

We cannot comment on sapropel cyclicity, but
note that whereas sapropel S1 is well developed
throughout the basin, sapropel S2 is absent from all
basin cores. This seems more likely to be because it
was never deposited than subsequently eroded, as
the only turbidity current capable of eroding such a
layer over a distance of at least 400 km is the HBM.
Current dating puts the HBM event several
thousands of years prior to S2.

Megaturbidites

Much has been written in the past 30 years on very
large-scale turbidites — variously called mega-
turbidites or megabeds — and yet still no generally
accepted rigorous definition exists. In our recent
paper on the Herodotus Basin Megaturbidite
(Reeder et al. 2000) we do comment on this prob-
lem but still prefer to steer away from too
quantitative a definition at this stage. The early
definitions of >1 m thick or >1 km? (Ricchi Lucchi
& Valmori 1980; Mutti er al. 1984) are both too
small in light of recent work on modern examples.
The HBM, for example, is up to 20 m thick and
some 4007 km in volume. In fact, 10 of the 16
turbidites in this study might also be considered as
megaturbidites as they display total sediment
volumes in excess of 1 km?, and six of these have
volumes in excess of 25 km?®. This is perhaps
typical of basin plain turbidite systems. We propose
the following as a working definition, without
placing strict limits on bed dimensions.

A megaturbidite is a generic term that describes
a very thick, large-volume sedimentary unit (or
bed), with a large areal extent, that has been
deposited by a single turbidity current event. The
principal characteristics of such beds are: (1) they
are very thick in comparison with associated
turbidites, at least in some part of the basin: (2) they
have a very large volume. again relative to the
associated turbidites; and (3) they are laterally
extensive and, hence, tend to make good strati-
graphic and seismic marker beds. This definition
incorporates most of the qualitative characteristics
for megaturbidites proposed by Bouma (1987),
although we do not agree that they must be of
“different composition from the host rock’, nor that
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they must ‘lack submarine fan
geometries’.

The HBM was deposited at about 27.1 ka Bp
during a period of lowering sea level from an
already glacial low-stand. Of the other mega-
turbidites revealed in this study, turbidite "o’ was
also deposited during the Wisconsin low-stand,
whereas turbidites ‘g’, “e’, ‘d’ and ‘¢’ occurred
during rising sea level, the last two at the onset of
the Holocene. In Reeder ez al. (2000) we concluded
that a combination of factors caused the cata-
strophic slope collapse that led to emplacement of
the HBM, including lowered sea level leading to
sediment destabilization, a weak glide plane
horizon within the sedimentary succession on an
over-steepened slope and a probable seismic
trigger. Clearly not all these factors could have
contributed to deposition of the other mega-
turbidites, and others may have been involved
instead. It is reasonable to conclude, therefore, that
the triggering and emplacement of megaturbidites
is very variable, and that individual events occur
independently of a particular sea-level stand or
climatic condition.
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