Marine and
Petroleum Geology

Marine and Petroleum Geology 17 (2000) 199-218

Influence of sea level and basin physiography on emplacement of
the late Pleistocene Herodotus Basin Megaturbidite, SE
Mediterranean Sea

Michael S. Reeder®*, R. Guy Rothwell®, Dorrik A.V. Stow?

“School of Ocean and Earth Sciences, University of Southampton, UK
h('/m//eng('r Division for Seafloor Processes, Southampton Oceanography Centre, European Way, Empress Dock, Southampton SO14 3ZH, UK
! 7 l /Z graph; /! ) P

Received 23 October 1998; received in revised form 13 August 1999; accepted 16 August 1999

Abstract

Radiocarbon 'C dates from pelagic intervals above a megaturbidite in the Herodotus Basin give direct evidence of
emplacement at the beginning of the last glacial period, approximately 27,125 calendar years before present, as sea level lowered
rapidly and entered a low stand phase. The Herodotus Basin Megaturbidite is a basinwide deposit that forms a recognisable
acoustically-transparent layer on 3.5 kHz high-resolution seismic profiles and covers an area of approximately 40,000 km?>. It
thins from about 20 m in thickness proximally to some 10 m distally over a basin length in excess of 400 km. The total volume
is estimated at around 400 km*, which is significantly more than the volume of sediment that could have been displaced from its
most likely source area, the funnel-shaped marginal embayment of the Gulf of Salim to the west of the Nile Cone. The
additional material may have been derived, in part, from synchronous failures on other parts of the Libyan/Egyptian shelf and
slope, but most is believed to have come from large-scale erosion at the base of the very large-volume turbidity current that was
generated from the original slide. Detailed sedimentary analyses of cores recovered from the megaturbidite show its distinctive
characteristics: graded sand, silt, mud and bioturbated mud units; poorly developed structures proximally becoming more
distinct and ordered distally; variation in grain size and structures that suggest either flow separation/reflection around
topographic highs and/or an inherently unstable flow; and a mixed-source bioclastic-terrigenous composition. These features,
together with its size and lateral extent, would make any similar megabed an excellent marker horizon in basin analysis. A
combination of factors was responsible for triggering the initial slide-debris flow event that evolved downslope into this mega-
turbidity current. These include lowered sea level that destabilised the outer shelf — upper slope sediments, tectonic
oversteepening of the margin, relatively high rates of sedimentation, and seismic activity. © 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction nels, fan or slope apron systems. Reports of megatur-
bidites have increased over the last decade since the

o ) term was introduced by Mutti, Ricci Lucchi, Seguret
Megaturbidites are the deposits from large-volume & Zanzucchi (1984) but little is known about their
turbidity currents, generated by large-scale slope fail-

ures and typically form stratigraphically extensive hor-
izons in the geological record. They occur commonly
in deep ocean basins having bypassed the feeder chan-

properties and the circumstances that govern the depo-
sition of a large thickness and volume of sediment in
one event. Megaturbidites can form a significant part
of the basin fill and may be important as potential hy-
drocarbon reservoirs. Where they occur as basinwide

* Corresponding author. Fax: +44-1420-22357. deposits with distinctive characteristics, they are par-
E-mail address: mreeder(@ gaffney-chine.com (M.S. Reeder). ticularly important as stratigraphic markers.
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The relationship between turbidite emplacement and
custatic sea level has been discussed in the literature
(e.g., Shanmugam & Moiola, 1982, 1984; Vail,
Mitchum Jr & Thompson III, 1977; Posamentier &
Vail, 1988; amongst others). These reports suggest that
turbidites in general are deposited preferentially during
lowered sea level. The relationship between large-
volume turbidity currents and sea level change has
also been discussed by several authors but remains
poorly understood (Weaver & Kuijpers, 1983; Cita et
al., 1984a; Marjanac 1996; Rothwell, Thomson &
Kahler, 1998). A review of the emplacement dates
obtained from several reported case studies as well as
the Herodotus Basin Megaturbidite discussed in this
paper suggests that megaturbidites from the recent
record (<1 Ma BP) are generally related to sea level
low stands whilst older deposits (>1 Ma BP) have
been ascribed predominantly to seismic events.

Several authors have attributed the emplacement of
megabeds to seismic activity causing upslope slide fail-
ure, followed by its downslope evolution into a debris
flow and turbidity current. Examples include recent
deposits from the Sohm (Heezen & Ewing, 1952; Piper
& Aksu, 1987) and Hatteras Abyssal Plains (Elmore,
Pilkey, Cleary, Curran & Curran, 1979: Prince, Resing,
Kulm & Moore Jr, 1974) and ancient examples such
as the Gordo Megabed of the Tabernas Basin in SE
Spain (Kleverlaan, 1987), the Doumsan Megabed in
south Korea (Chough, Hwang & Choe, 1990), the
Hecho Group Megabeds of the Spanish and French
Pyrenees (Rupke, 1976; Labaume, Mutti, Seguret &
Rosell, 1983; Seguret, Labaume & Madariaga, 1984;
Puigdefabregas, 1986), and several examples from the
northern Apennines (Bernouilli et al., 1981: Amorosi.
Colalongo & Vaiani, 1996).

Other authors have proposed the influence of sea
level on the initial triggering and subsequent emplace-
ment of megaturbidites. Examples include the Horse-
shoe Abyssal Plain megaturbidites off the Iberian
Margin (Lebreiro, McCave & Weaver. 1997), the
Balearic Abyssal Plain Megabed of the western Medi-
terranean (Rothwell et al., 1998), the Madeira Abyssal
Plain megaturbidites of the NW African Atlantic mar-
gin (Weaver & Rothwell, 1987; Weaver, Rothwell.
Ebbing, Gunn & Hunter, 1992: Rothwell, Pearce &
Weaver, 1992), submarine slumping of the southern
margin of Israel, as well as Eocene examples from the
Dalmatian flysch (Marjanac, 1996) and the Basco-Bea-
naise megabeds of the western Pyrenees (Souquet,
Eschard & Lods, 1987).

The release of buried clathrates has also been pro-
posed as a trigger mechanism for slides, in conjunction
with sea-level change, seismic activity or thermal
warming of sediments (Bugge, Befning, Belderson,
Eidrun, Jansen, Kenyon et al., 1987. Evans, King,
Kenyon, Brett & Wallis, 1996). Other mechanisms

such as boloidal impacts (Iturralde-Vinent, 1992), tsu-
nami wave impact (Cita, Camerlenghi, Kastens &
McCoy, 1984b: Cita. Camerlenghi & Rimoli, 1996:
Heike, 1984) and over-supply and under-consolidation
of sedimentary material (Doyle & Bourrouilh, 1986)
may be important factors in emplacement of some
megabeds.

This paper describes the sedimentary and seismic
characteristics of the late Pleistocene Herodotus Basin
Megaturbidite (HBM) of the south-eastern Mediterra-
nean Sea and details its relationship to eustatic sea
level change and the physiography of the basin.

2. The Herodotus Basin

The Herodotus Basin forms the deepest part of the
south-eastern Mediterranean Sea and is defined by the
3000 m isobath (Fig. 1). This elongate depression is
bounded to the north-west by the accretionary prism
complex of the Mediterranean Ridge (or Outer Helle-
nic Ridge) and to the south-east by the Nile Cone.
The SW and NE ends of the basin are bounded by the
Libyan/Egyptian continental slope and the Anatolian
(or Florence) rise respectively. The deepest part of the
basin (below the 3000 m isobath) has an approximate
area of 40,000 km”.

The evolution of the Herodotus Basin and the
south-castern Mediterranean region has been discussed
by several authors (Stride, Belderson & Kenyon, 1977;
Ross, Uchuoi, Summerhayes, Koelsch & EI Shazly,
1978; Sestini 1984; Mart 1993, and others). Vertical
migration of Messinian evaporites and compression as-
sociated with subduction of the African plate under
the Eurasian plate deformed the northern boundary of
the basin during the late Miocene and Pliocene (Mart,
1993). Progradation of the Nile Cone during the Pleis-
tocene, folding, slumping and halokinesis on the Medi-
terranean Ridge accretionary prism and initiation of
faulting of the coastal belt between Libya and the Nile
Delta bave all contributed to the present-day physical
characteristics of the basin. The Nile Cone is encroach-
ing northwards into the Herodotus Basin while the
Mediterranean Ridge is accreting southwards narrow-
ing the basin width and hence reducing its size over
time (Reeder, Rothwell, Stow. Kahler & Kenyon,
1998). The oversteepened faulted continental slope and
narrow shelf off North Africa led Sestini (1984) to
describe the passive NE African margin as an “Up-
stable Shelf.™ The continental margin is characterised
by late Miocene shallow-water marine carbonates and
restricted-basin and sabkha evaporites, reflecting the
dominance of marine rather than terrestrial sedimen-
tation in the region (Sestini, 1984; Said, 1990)

o 218
M.S. Reeder et al.| Marine and Petroleum Geoldgy 17 (2000) 199-218

36°N - 1500 Bl ory 7 S f

""" s - 1000 >
r Zry — 27500 |

~ v g .
£ B ey %
34°N 1~ RN = T o
M 2 P Vi

FLc25

32°N

24°E 26°E

Fig. 1. Location map of the Herodotus .
et i\l. (1984a) and Lucchi & Camerlenghi. (1993) and the

bidite basin is shown by shading.

> 1. Late Pleistocene Herodotus Basin sediments

The sediments of the Herodotus Basin are derived
from four main sediment sources, and delivered to the
basin by turbidity current and debris flow pl“ociesses.
Reeder et al. (1998) used the nomenclature of Cita gl
al. (1984a) to describe these sediment sources. TLll‘bl?
dites derived from the Nile Cone are termed 'Type-A.‘
and those derived from the LibyunﬂEgypliu.n‘ Shelf
termed ‘Type-B.” A further source was identlhéd. by
Reeder et al. (1998) and called ‘Type-C' turbidites,
being derived from the Anatolian Rise to the east of
the ]msin. The fourth source is the Mediterrm}ean
Ridge along the northern flank of the basin from
whi;h loculi;ed debrites have been derived (Figs. 1 and
2). ‘

The late Quaternary sediment sequence from the
basin plain shows the majority of turbidites to be de-
rived from the Nile Cone. These terrigenous quartz
and organic-rich Nile Cone turbidites (‘Type-A’) are
ucncrall? much thinner (15-750 cm thick) than the
more calcareous Libyan/Egyptian shelf-derived (“Type-
B’) turbidites (6-1570 cm thick, see Fig. 2). RCCdFl' et
al. (1998) calculated an emplacement ﬁ'cquenc?y of one
turbidite approximately every 5 ka for the Nile Cone-
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derived turbidites and 1 per 6 ka for the. leyjar‘l/Egyp-
tian source. The physical and mineralogical ‘dlﬂer'en‘ces
between the ‘Type-A. ‘Type-B’ and ‘Type-C’ turbidites
are summarised in Table 1. _ . .
This paper differs from the previous St.lelES o
Reeder et al. (1998), Lucchi & Camerlenghi, (1993)
and Cita et al. (1984a) by concentratingsqlely on the
physical and sedimentological characteristics z.md the
timing of emplacement of the HBM. It descnbr?s the
deluil%d sedimentology and presents absolute mc!locar-
bon dates of the megaturbidite, with inferences for the
triggering and mode of emplacement. The general
argl;itecture. petrology and sedimentology have been
described in the above previous studies and the 1'eafier
is directed to these publications for a general overview
of the late Pleistocene sedimentology and stratigraphy

of the Herodotus Basin.

3. The Herodotus Basin Megaturbidite (HBM)

Five giant piston cores (Fig. 2) were recovered on a
350 km SW-NE transect of the Herodotus .Basm
during Marion Dufresne Cruise 81, with a spacing of
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Fig. 2. Turbidite correlation in the five cores from the Herodotus B
turbidite (turbidite 1) dominates

50-100 km between core stations (Fig. 1 and Table 2).
These cores are dominated by a >10 m thick, pale
olive/grey mud unit showing a positively graded grain-
size distribution and turbidite sedimentary structures.
This thick unit has similar compositional and sedimen-
tary and geochemical characteristics in each of the five
cores, suggesting it was deposited from the same tur-
bidity flow (Reeder et al., 1998).

High-resolution 3.5 kHz seismic profiles collected
across the plain during the cruise show a thick. con-

Table 1

Summary of the sedimentological differences between the ‘Type-A" (Nile Cone).

“Type-C’ (Anatolian Rise) turbidites

LC25 LC27

Libyan/Egyptian

asin collected during Marion Dufresne cruise 81. The Herodotus B

all five cores. Location of samples for radiocarbon dating are also shown.
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spicuous, laterally-extensive acoustically transparent
layer (ATL, Fig. 3). This layer is estimated to be 15—
20 m in thickness and its upper boundary to vary
between approximately 5-20 m below the seafloor
(Fig. 3a and 3b). The relationship between this acousti-
cally transparent layer (ATL) and the present day sea
floor topography (Fig. 3c) is complex, but its estimated
thickness and depth below the seafloor suggest that it

corresponds to the thick mud megaturbidite identified
in the five long-piston cores.

the “Type-B’ (Libyan/Egyptian shelf and upper slope) and the

Characteristics “Type A’ turbidites ‘Type B’ turbidites ‘Type C” turbidites
Colour 10YR3/2 10YR6/2 10YR6/4

Clay mineralogy ~ 80% Smectite Equally proportionate Illite/Smectite  60% Smectite, 25% Illite
Thickness

15-750 cm
Coarse fraction composition
Source Nile Cone
Grain size
Sedimentary structures Few laminae
Calcium carbonate percentage ~10%
Number if events during period of study (~28 ka) 8

Predominantly terrigenous Mixed carbonate and terrigenous

Mud and silty-mud

6-1570 cm 10-72 cm

Predominantly carbonate
Anatolian Rise
Mud with thin silty bases

Libyan/Egyptian slope and shelf
Silty and sandy muds

Abundant laminations None
> 40% ~ 40%
4 3
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Table 2
Location of the Herodotus B

; ; uis ‘uise repor ell 1996)
in long-piston cores collected during Marion Dufiesne Cruise 81 (Cruise report, Rothwe
asin long- S g

Core length (m)

Latitud Longitude Water depth (corrected m)
Core atitude £
18.31
' 26°37.95'E 3191

S ) 13.71
vl ':; LZ» 01'N 27°23.25'E 3129 1l
. 32°48.91'N 27°40.45'E 3131 o
o 33°35.63'N 28°56.32'E 111481 i
. 34°04.70" 29°42.72'E 3

: 34°04.70'N 29°42.72

LC30 3

4. Analytical methods

To determine the sedimentqlogical anfi physical
properties of the HBM, post-cruise study.ot the ng?i
dotus Basin cores included standard S(?dlrgelltolog_lca
visual description and sampling for grain size, calcium
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Fig. 3. The ‘Acoustically Transparent Layer’ — believed to be 'lhe
scilmic expression of the HBM as seen in 3.5 kHz high-resolull.on
seismic profiles (a) approaching core station LC24, (b) approaching
station LC29 and (c) presence between deformation ridges near
LC25. Core site LC29 marks the present day depocentre on }he
plain. Note the difference in depth of the ATL at the diﬂ'ercm sites
and how that relates to the observed depth of the HBM in the core
descriptions, Fig. 2.

carbonate content (CaCO3%), geochemica! a_nalysw by
inductively coupled plasma atomic emission  spec-
troscopy (ICP-AES) and micropalaeon.tologlca] ana.ly-
sis of foraminifera and nannofossils for.datmg
purposes. The results for the complete stra‘ugr;aphy
recovered from the Herodotus Basin are published
elsewhere (Reeder et al., 1998).

4.1. Grain size analysis

Grain size analyses of the HBM were made on 59
sediment samples taken from core LC30, .w1th a
sample spacing between 4 and 50 cm. Spacing was
oreater in the mud unit and closer in the basal silts
:md sands. Each sample was wet sieved to separate Fhe
sand (>63 pm) and mud fractions. The.ﬁne Eractlon
(<63 pum) was then dried, re-suspend'ed in 0‘. I. Yo Cal-
gon solution and analysed using a Micromeritics 5100
sedigraph.

4.2. Calcium carbonate content

Calcium carbonate (CaCOs) contenF was determined
by acid treatment of hand-ground sediment and coulo-
metric detection of CO,. Between 12 and 25 samples
were collected for analysis of the HBM from each of
the five cores.

4.3. Geochemical analysis

Geochemical analysis of 22 major, 111i119r .and t‘race
elements from the Herodotus Basin turbidites aided
correlation of units between cores. Th? analyses were
performed using ICP-AES after digestloq of 0.5 g qf
sample with a combination of hydroﬂgqnc. perchloric
and nitric acids had taken place. Precision was better
than 5% for all elements and standard reference ma-
terials and in-house standards were used to momtor
analytical accuracy. The results were ﬁrst.normahse.d
to their Al,O; value, and then scale?c! using Gl‘r’:ll.ltS
(1986) Isocon Diagram method to facilitate correlation
(see Reeder et al., 1998).
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4.4. X-ray diffraction analysis

X-ray diffraction analysis of four samples from each
of the proximal (LC24) and distal (LC30) HBM
measured bulk-mineral and clay-mineral composition
from the bioturbated mud top, the homogeneous mud.
the silt and the sand units. Bulk-mineral analysis was
achieved by drying 0.5 g of sample and grinding it to a
fine powder. Clay mineral analyses were run following
treatment with 10% acetic acid to remove carbonate
material, followed by the addition of 1% Calgon sol-
ution to suspend the fine-sediment fraction. Centrifu-
gal removal of the >2 pum fraction, the addition of
10% MgCl, solution and further centrifugal mechan-
ical settling allowed the separation of the <2 pm clay
fraction. The <2 pm samples were smeared on glass
slides and dried to air temperature, 375°C, 550°C and
glycolated at 55°C. All samples were analysed on a
Philips PW1730 X-ray diffractometer.

4.5. AMS "C dating

This has been used to date the HBM following the
method of Thomson and Weaver (1994), which over-
comes the inherent problem of inclusion of older ma-
terial during the emplacement process by sampling the
pelagic horizons rather than the turbidite directly. Ide-
ally, the method includes sampling planktonic forami-
nifera from pelagic horizons directly overlying and
underlying the megaturbidite thereby bracketing
emplacement times. However, even though the base of
the megaturbidite was cored in LC30 there were no
underlying pelagic sediments. This may be due to the
megaturbidite eroding into an underlying Nile Cone
derived turbidite (0") removing any dateable pelagic
horizon (LC30, Fig. 2). Therefore, only minimum
emplacement dates could be obtained for the megatur-
bidite. These minimum dates will have a greater or les-
ser standard deviation depending on the thickness of
the pelagic interval. However, time resolution cannot
be improved by simply sampling a thinner portion of

the pelagic layer because of bioturbation by benthic
fauna.

Table 3

Thickness of the sedimentary units of the HBM in cores LC24 to LC30. Ur

1
lated as a proportion of 20 m., estim

ated from 3.5 kHz high-resolution seisn

nic profiles (Fig. 3)
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Larger planktonic foraminifera are expected to be
the least susceptible component of the pelagic interval
to be redistributed by currents and thus the most suit-
able for dating. Sieving of the pelagic and turbidite
mud obtained the > 150 pm size fraction and only the
clean planktonic foraminifera and pteropods were

selected.

5. Sediments and sedimentary structures of the HBM

The HBM can be subdivided into four main sedi-
mentary units that are readily distinguished on the
basis of colour, sedimentary structures and grain size.
They comprise: (1) a basal sand unir. which is generally
structureless and medium yellowish brown in colour
(I0YRS5/2); (2) a silt unit, which is laminated or cross
laminated and light to medium olive grey in colour
(5Y5/1 dark laminae, SYR7/1 pale laminae): (3) a mud
unit, the thickest of the four, normally graded from
silty mud to clayey mud and moderate olive grey in
colour (5Y4/2); and (4) an uppermost, paler, light
olive grey-coloured hioturbated nud unit (5Y5/2). Col-
ours and descriptions are based on the Munsel] colour
scheme (USGS Rock Color Chart Committee, 1991).
The complete HBM was only penetrated at the most
distal site (LC30, Fig. 2) where its thickness i
measured at 11.68 m. At this site. the sand unit
accounts for only 0.5% of the total thickness. the silt
unit 12%, the mud unit 85% and the bioturbated mud
unit 2.5%. Based on 3.5 kHz profile data we can esti-
mate the proximal thickness of the HBM at 18-20 m
(LC24). Assuming the larger value, the sand unit has
increased to 26% of the total, at the expense of the silt
(5%) and the mud units (67%) (Table 3)

S

3.1. Sedimentary petrology

Petrographic analysis of smear slides and grain
mounts of the bulk sediment and coarse-grained basal
sand unit (>63 pm) respectively shows an approxi-
mate composition for the HBM of quartz (30%),
unspecified calcite grains (15%) and a high proportion

it thickness percentages of the megaturbidite in core LC24 are calcu-

Megaturbidite divisions

Thickness in ¢cm (percent of total thickness)

LC24 LE25 LC27 LC29 LC30
Megaturbidite (total) > 1626 (est. 20 m) > 952 > 1133 > 410 1168
Bioturbated mud unit 46 (2.3%) 44 53 29 27 (2.3%)
Mud unit 1337 (66.9%) 734 772 > 381 997 (85.3%)
Silt unit 94 (4.7%) 72 60 X 139 (11.9%)
Sand unit > 149 (26.1%) > 102 > 248 X 5(<0.5%)

M.S. Reeder et al.

astic material (45%). The bioclas-
i material includes fragments of gastropods, sp'ongg
e mdte”‘l’ alves, bryozoans, pteropods, ef:hmm
)w‘lzl]lo\;v-water benthic anq planlkfomc’ fosﬁ:

inifera. Minor amounts of muscpwte mica, trdl; "
mmtl 61‘:L)\'/hite and grey pumice gram(si, . ;}11]
o i inerals (e roxenes and ar -
ft’l‘l‘OTlmgl?S}'d“fe\an lr;fllsﬁ;te(bfr;dplyunate maﬁg volcanic
. a'n'd‘dare also present. Previous studies o_f the
s Lsucchi and Camerlenghi, (1993? and Cl["d .et
HBM‘);étya) detailed the clay mineralogy ot_ thg turbidite
s . well as the composition and grain size of the
e "lSIV‘V‘T 1( From these results the authors deter-
Sa'nd fr'd‘jtlotlhle HBM was sourced from the cqrbonate
nl“nl?(?uigdttlpper slope of the NE African Margin to the
shelf & s

west of the Nile Delta.

of shelf derived biocl

spicules,
spines, and sh

5.2. Grain size analysis

5.2.1. Mean size

Detailed analysis through the complete HBM in the

most distal core (LC30) shows normal grading from
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Fig. 5. Downcore calcium carbonate percentage in core LC30. Note
the relatively high carbonate percentages in the turbidites derived
from the North African shelf and Anatolian Rise compared to those
from the Nile Cone.

pm (medium silt), three secondary modes within the
finer tail, and a strong positive skew. Samples 2 and |,
from the mud and bioturbated mud units respectively,
are both polymodal, poorly sorted and very fine
grained. Poorly defined modal values occur at <1 um,
1-2 ym and 3-4 pm.

Table 4
Bulk XRD mineralogy for the four structural units of the Herodotus B

M.S. Reeder et al. | Marine and Petroleum Geology 17 (2000) 199-218

5.3. Geochemical analyses

5.3.1. Calcium carbonate percentage

The CaCOs; percentage ranges from about 40% in
the fine-grained muds of the distal region (LC30) to
Just less than 65% in the coarse sand fraction of the
proximal region (LC24) (Fig. 5). The maximum value
is found in the basal sands of the turbidite probably
reflecting the greater abundance of larger bioclastic
grains in the basal sand. Cita et al. (1984a) measured
CaCOj; percentages of just less than 85% in the basal
sands. Towards the top of the megaturbidite, the mud
and bioturbated-mud units commonly have calcium
carbonate percentages of 40-50% and an almost equal
amount of terrigenous material.

5.3.2. X-ray diffraction

The analysis of eight samples from the HBM shows
that the mineralogy of the unit varies with both trans-
port distance and between the different sedimentary
units (Table 4). The bulk mineral analysis shows that
quartz accounts for between 10-15% of the biotur-
bated and homogeneous mud units and increases to
approximately 45% in the parallel laminated silts and
cross laminated sands. The clay mineral assemblage is
dominated by smectite (69%). with 17% illite and sub-
ordinate kaolinite (9%) and chlorite (5%). These pro-
portions remain relatively constant throughout the
length of the megaturbidite and can be readily distin-
guished from turbidites sourced from other regions
(Table 5). The HBM has a mixed clay composition
and can not be described simply as a being a ‘Type-A’
Nile Cone-derived turbidite nor a ‘Type-B* Libyan/
Egyptian shelf-derived turbidite but. rather, as a com-
bination of the two. This may be due to the erosion
and incorporation of underlying Nile Cone-derived

asin Megaturbidite, both proximally (LC24) and distally (LC30)

Turbidite/unit/source

Calcite % Quartz % Mica % Dolomite % Halite % Feldspar % Other %

Herodotus Basin Megaturbidite

LC24 bioturbated mud 69 3 10 8 0 0 0

LC24 mud 74 10 8 8 0 0 0

LC24 silt 56 12 6 11 8 0 8 (rutile)

LC24 sand 46 37 0 8 6 0 3 (rutile)

LC30 bioturbated mud 64 13 8 7 6 0 0

LC30 mud 62 15 8 8 8 0 0

LC30 silt 48 37 3 10 3 0 0

LC30 sand 40 46 3 7 4 0 0
Nile Cone*

‘Type-A’ 25 31 14 0 12 14 4 (gypsum)
Libyan/Egyptian slope®

‘Type-B’ 50 23 B 10 7 5 0
Anatolian Rise"

‘Type-C* 53 16 8 9 7 7 0

* Average bulk mineralogy of turbidites from the three recognised sources (

from Reeder et al.. in prep.).

Table 5 ‘
Clay mineralogy for the fou

mineral
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¢ structural units of the Herodotus B

ogy of the HBM may be interpreted as
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material by the Libyan/Egyptian shelf-derived HBM

turbidity current.

5.3.3 -AES geochemical analysis . . .
J‘)E-Zl.cl[ftf:uf)iii?té’ has a unique geochemlcc;l}l’mgn;;ttlll]z
(Reeder et al., 1998) and can be correlatejt dFSrO]§95)
basin using chemostratigz‘japh)t/ (}l’e;rlceofcthgr\]/—;éM aré
Although the colour and petro 0. . g
Jearly different from those of the Nile Cone a ;
;I\Ln:lltlghii Rise-derived turbidites, geqcl1e1]1f1c'agv111ildg§:—l
printing further confirms the gorrelatmn o (m 1 e
beds between the five basin plain cores (Fig. 6).

5.4. Sedimentary structures

Sedimentary structures and tl}ickness'of Fhe megxdi:
turbidite vary along the length of the l?asm flo‘mblproz)
mal (LC24) to distal (LC30) regions (Ta _elr t.ci
Structural divisions are recognised that can be re ae'
to turbidite divisions of the Bouma (Ta-Te) (Boumdé
1962) and Stow (T0-T8) (Stow, 1977? models. In ]c’ore.
LC24 to LC29, there is an indistinct parallel- am'll;
nation and lensing in the part of .the lower‘s.and/sll :
units penetrated but no other sedm.lentary 5[1L}ct.1i;ees
are present. Lucchi and Camerlenghi, (.1993) dcfscrll
the basal sands and silts as having ‘ne1th§:1' paralle ;)r
convolute lamination present’. However, in core LC-Q
the HBM has recognisable sedimentgry structures
which may be described in terms of either the Stow
(1977) fine-grained or the Bouma (1962) medlurln-
grained turbidite facies models (Figs. 4 and 7). T1Ei
HBM can be subdivided into a number of structura
units. based on these facies models.

1124 wrbidites 1e three recognised sources fron Reeder et al.. in [)IC}).).
1 ftu tes from th d sources (from I
alogy o
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5.4.3. Parallel laminated silts ( Bouma Td or Stow
T2+3)

ever,

lenghi (1993) noted that the megaturbidite truncates a
‘Tvgpe—B’ turbidite (Libyan/Egyptian-derived) on the
10;\'61‘ slopes of the Mediterranean Ridge (core 12) but

The section passes upward into an 11 ¢cm thick sub-
parallel laminated fine sand/silt. The interpretation of
this as representing Stow divisions T2 (irregular, thin

erodes into a ‘Type-A’ turbidite (Nile Cone-derived)
just 5 km further north (location in Fig. 8). We cannot
. amount of basal erosion that has taken

lenticular silt laminae) and a thicker T3 (regular paral-
lel silt laminae) would suggest that it equates to the

estimate the ] c
Bouma division Td, rather than a repetition of Tb.
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of the Tc convolute lami-

allel laminae (Thomson,
W. The laminae are fairly

- basinwide
. ave shown the much greater bdsm‘W1 -
£ o t?lixfctluggnl;: recalculated the VO]F‘m,e (])f 2)65(]1(211}
Higgs, Croudace, Colley & = e)%?? ~;7‘ to be much larger at “'1PP"0X1m“t;y o ab g
Hydes, 1993). Little or no erosion caused by successive § bll ! eﬁgure is based on the area of the Oc(l)S kmcz o
ghout the core section resembling a events is seen at the top of the bioturbated megaturbi- Z v e 1—0]63 m isobath being approximately 4'10,0'bidite boing
finer-grained version of the Stow TI and T2 divisions, dite unit as the pelagic/hemipelagic horizon is present 5|8 Fgl = E >1 at the average thickness of the megatur
The wavy laminae are here considered to be too above the HBM. The bioturbated top most probably TIRESER o Tm -oximatelyblo m.
distinct to be the Wispy silt laminae of Stow division cquates to Stow structural division T8, although its :; ; AP
T5. very thick development in some cores (up to 53 cm) E =
and its very fine grain size make it similar to the hemi- = . 7. Dating of emplacement of the HBM
5.4.5. Finely laminated silts (Bouma Td or Stow 73) turbidites described from the distal Bengal Fan (Stow s Z lgg ?; < E . ion nannofossil zonal scheme
There is further repetition of the standard sedimen- & Wetzel, 1990). AEELE P Using the hlgh-reSOlUU?n ic layers above the mega-
tary structural divisjons with the reappearance of g % g E of Weaver (1983.))’ the.pff diicqlly dated and found to
13 cm thick millimetric parallel laminated fine silt. The -;_i E :za turbidite were blos.tr'dtlgm{? (d;ted by calibration with
Iam.inae are both uniform through the section and per- 6. Geometry of the HBM g s = fall. within We'clg\:ﬁ isz(;)tl(])epe stages). Dominance of Emi-
vasive across the 10 cm diameter of t.he core but are : 2z gg2yg § ?lelstocen_e)(?.x?/“ the samples showed that the eltnpldlce
clearly finer-grained than the 11 cm thick Td/T3 struc- . . . gl o | s n O liania huxleyi in ) arlier than 60 ka (Kahler &
tural unit below. The HBM is only fully penetrated in the distal core 8| | HaAS 2 ment of the HBM was no ear 1998) estimated the
location (LC30), where it has a thickness of 11.68 m : e ‘g Dossi. 1996). Reeder et al. (f resent by Siiimi-
(Fig. 2) Proximally, (LC74‘LC’>7) the megaturbidite = S nzn date of deposition at 27.5 ka I?e ore -'201;5 bove the
346, Indistinctly laminated silss ( Bouma Td or Stow is only penetrated to the coarse sand unit to a maxi- S1s e ning the thicknesses of pelagic hori e
T4+5) mum total thickness of 16.26 m. The HBM can be 2 2 ;Bﬂ/] and dividing by an estimated pe‘g‘ml -
The silt unit s mostly characterised by faint milli- traced on the 3.5 kHz profiles as an acoustically trans- - ] E lation rate of 2-3 cm/ka, reported 2115 a tyg:-sconal com-
metric-s?ale par.allc?l laminae, equivalent to Bouma Td parent layer along the length of the Herodotus Basin ‘:‘ = E ; the eastern Mediterranean (E. Rohling. p
or Stow s T4 .le]SlOH. .In the d‘lstal location, the fine- for a distance of approxxm'fltdy 400 km, although it is : T ;:: = munication). btained by AMS dat-
grained indistinctly-laminated silts are separated by a expected that the megaturbidite may be present further ~l 8| = cgw g “.E Four radiocarbon dates were gota horizons at the
number of slightly coarser-grained silt horizons (3-6 cm to the NE than noted In the cores or the seismic sur- £fs8|=~a" = = < ing of material from pelagic/turbidite ,0 d 29 (Fig. 2.
thick), that show intense convolution and disruption vey. Estimates from the 3.5 kHz high-resolution seis- = o §°5 e of the HBM in cores LC24. 25, 277 dl;O ':nd 21,020
(Fig. 7). These horizons display features similar to mic profiles show that the HBM is approximately 20 m E :“ fg ES?ble 6). These dates range between 20,5 o;-rection of
those of very rapidly deposited turbidite silty muds thick in the proximal locations and decreases to _é ; § cez2g8 2 éE 1-';dioci11'b0“ years (average 20‘860).' Tl;ggi) was made
found in a proximal levee location (e.g. on the Missis- around 8-10 m thjck distally. £ 13| E 2 2 ; = jf,' ’% ffb B"n‘d Arnold. Fairbanks & Hamelm (2 thhe .
sippi Fan, Stow et al., 1985). Across the width of the Herodotus Basin (SE-NW) 5} g E g SSAR S g tc; '1C.COUm for the relationship betw?u_ll ship is given
the HBM can be traced over a distance of about E 3 3)_2 boli and calendar timescalis. ]"EIéG rel;:.(s))n_bMO{  This
3.4.7. Structureless muds (Bouma Te or Stow T6 + 7) 100 km, the ['hlckness yarying th the bz«xslp i % 5 s as ‘Calendar Years; 14(—)3( jears ylo account for the
The mud unit js completely structureless, although topography (F]g. 3¢, Table .6)' [t is seen to pmch.out P j 5 8 includes a c01-1~eL:t1011 ’ S ﬁeric and oceanic mixed-
cyclic variation in grain-size together with slight over- onto the .Medlterranezn.l Rl'dge “ wel.l 45 against z E|E8LE % | £2 offset '*C age of t1.1e mmo;g) The value for the aver-
all upward fining is revealed Lby detailed grain-size within-basin topographic highs. Continued defor- Té AELY i':‘ 5| 5% layer resefvoir (Stuwel‘}-} >190ve1:lying pelagic layers. and
analysis (see Segtion 8). This unit shqw; the. sedimen- ?ﬁatll;)’n an(lj ?SC?.OC“”fd I,ldfedl,lp]yﬁ:lmeHS;il/} t<? dragz;)lf) T 312232 = 5 é- age cu]erld’dl'vd_")lte ?lf én:pmcemen{ date (HBMmin) is
tary characteristics of the Boumg turbidite division Te & basinal s tments, including the L some = . g hieneé: the ‘mintmm resetif
or Stow division T6 and T7 (graded and ungraded tur- 40 m above the basm'ﬂoor. o g = 1 25,425 years before ik quent average date
- o " e ) ) e Just as the total thickness of the HBM is influenced 2 = — g ° btain a maximum and conse]l e made
bidite 1p11ds lespectlyely). Thl‘? Strictig] lelS.lOH " by topography, so the thickness of individual sedimen- z 2 " 28 e HBM emplacement a comparison W(lls t al
pl(?pOlthHéll]y i thl_CkeSt wnit Of. e HB.M 9 tary units varies. Cita et a]. (1984a) and Lucchi & —2 - 8 55 fo'l tl'le-»diocarbon dates found by ROthwe! N [116:
cores, although the presumed maximum  thickness of Camerlenghi, (1993) showed hat the distribution and g N =X with ra  of a similar-sized megabed from
the sand unit could not be determined because of mertenghi, (1993) s owed that the distribution ‘fn. z = Tz (1998). Study of a sim the western Mediterranean,
incomplete penetration of the turbidite in more proxi- broportion of the textural mtervals' ol ‘the megatuxlbl- 2 o i e EX= Balearic Abyssal.Plam 1’n similar date. has shown that
) ) dite vary from core to core, depending on the location &) gl g o= - as deposited at a similar . lagic
mal cores LC24 to LC29. . R . = = ! Lz which was T he dates of the pe g
of the cores on ridges and troughs. Reduced thick- 2 L the average difference b;tweent e megaturbidite
nesses (<1 c¢cm) of the megaturbidite are found on the e 2 = 3 sediments above and directly b.elot’f/ s (cf Rothwell et
5.4.8. Bioturbated|oxidised op (Bouma Te or Sioy 78) topographic highs but these thin veneers of the HBM g, ; = 8 15 approximately 3400 calendar ycd(;le to the erosive
At the very top of the mud unit is a 27 cm thick comprise almost 100% sand. ; :f g g al., 1998). This difference may be Lhcemerlt- T
mud interval which is distinctly lighter in colour than The volume of the HBM can be estimated from the E 7 E g ) 1-..ocess of the megaturbidite emrz(; ot the: nnder
the main body of the HBM. The unit is moderately occurrence of the acoustically transparent layer and = E e 'E ?_3 3 puenlly increasing the dates pbtmm e differentil
bioturbated for most of g thickness, with bioturba. the average thickness of the megaturbidite (Fig, g). 2 ﬁ ':’_Ti 5 3 ?ing pelagic intervals. Applying the -SLlcl;'age caladar
tion increasing up-section (Fig. 7). Recognisable bur- Previous studies by Cita et al. (1984a) and Lucchi & = z if e je g t)(/) the HBM yields maximum anndllVe 27,125 years
rows include mainly Chond ites and possibly Planolises Camerlenghi (1993) estimated a conservative volyme £ a o 53 dates of HBMmax 28.825 and HBMave 27,
and oxidation of the sediments has left some bands of of 10 km® from their transect across the width of the - 2 s | IQRA =) B(P }-es‘aectively.
coloration which are thought to be successive post- basin, assuming lateral supply and restricted extent EE S 184985 '
depositional oxidation fronts rather than primary par- along the basin axis. However, Reeder et al. (1998)
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8. Discussion
8.1. Source and volume

Previous work by Lucchi and Camerlenghi (1993)
and Cita et al. (1984a) indicates that the most likely
source of the Herodotus Basin Megaturbidite is the
Libyan/Egyptian continental shelf to the west of the
Nile Cone, due to its clear compositional affinity to
turbidites sourced from this region. Their clay mineral-
ogy varies considerably to the results presented in this
paper. The HBM has a mixed composition, which
does not have an affinity with any of the three sources.
The terrigenous part of the bulk mineralogy may be
from erosion of underlying Nile Cone turbidites and
the clay mineralogy from the supply of terrigenous-de-
rived clays from the Hellenic Arc islands, transported
by the anti-cyclonic eastern Mediterranean gyre (Cita
et al., 1984a).

Cita et al. (1984a) calculated a volume of only
10 km® for the HBM and suggested that the sediment
pathways were two or more small canyons leading
from the shelf to the slope. This study, using the
revised volume of 400 km®, suggests removal of a lar-
ger amount of sediment, which possibly resulted in a
slide and maybe a slide scar. The Gulf of Salim, in
the extreme south-western end of the Herodotus Basin,
may be a possible source where a large semi-circular
‘funnel-shaped’ embayment is seen in the present day
bathymetry (Fig. 9). Volumetric calculations of the
turbidite and the possible amount of material removed
to form the Gulf of Saliim, using the bathymetry of
the GEBCO Digital Atlas (Jones, Tabor & Weatherall,
1994), correlate moderately well. The amount of sedi-
ment estimated to have been removed is approximately
300 km®. The additional estimated 100 km® may have
come from the synchronous collapse on the smaller
canyons as suggested by Cita et al. (1984a) and/or
from erosion at the base and margins of the giant tur-
bidity current.

Collapse of the shelf and upper slope in the faulted
Gulf of Salim region might be expected to have cre-
ated a slide scar if the downslope movement evolved
from a slide to a debris flow and finally a turbidity
current. However, the bathymetry shows no evidence
of a slide scar, which may suggest either that there
have been more recent collapses masking the earlier
scarp, or that the slide was on a planar, low-angle
detachment, such as weak strata in the sedimentary
sequence. Both of these factors are possible as other
Libyan/Egyptian continental margin-derived turbidites
are present in the Herodotus Basin (turbidites h, i and
j. Fig. 2) and there are weak strata, such as the Messi-
nian evaporites (~6 Ma), in the sedimentological
record. The Messinian evaporites are reported as hav-
ing been precipitated along the Libyan/Egyptian conti-
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Fig. 9. Two views of the Gulf of Salim, the postulated source area
for the HBM, west of the Nile Delta (see Fig. 1 for location). Both
show the SW margin of the Herodotus Basin (thicker contour line or
dark shaded) and arrows delineating the major and minor canyons.
Bathymetry from the GEBCO Digital Atlas (Jones. Tabor & Weath-
erall. 1994) with 100 m depth intervals. (a) Contoured plan view of
the region showing shaded bathymetry with illumination from the
WNW. Transects A-A’ and B-B’ are shown in Fig. 11b. (b) 3-D
view of the NE African margin showing the ‘funnel-shaped’ Gulf of
Salim embayment. Approximate volume of embayment and associ-
ated canyon is 300 km®. Smaller canyons on the Egyptian continen-
tal slope to the east of the Gulf are also visible and are suggested by
Cita et al. (1984a) to be the main collapse and source region.

nental margin in high-salinity nearshore lagoons or
semi-enclosed gulfs (Sindelar & Jadrnicek, 1980) and
to lie approximately 500-600 m below the sediment/
water interface beneath the upper slope. The presence
of the Miocene gypsum in the eastern Mediterranean
has been well documented as acting as a weak plastic
stratum in the deformation of the Mediterranean
Ridge (Smith, 1976; Stride et al., 1977; Kempler, Mart,
Herut & McCoy, 1996; Chaumillon & Mascle, 1997)
and the western Nile Cone (Kenyon, Belderson &
Stride, 1975; Ross et al., 1978; Mart, 1993). Movement
on a glide plain of Messinian evaporites is therefore
believed to have been important in emplacement of the
HBM.
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8.2. Trigger mechanism

Geveral mechanisms are known to act singly or
together in the triggering of large volume slides, which
Cil;] then evolve into very large turbidity currents (see
qummary in the Section 1). It is very difficult to deter-
mine which of these mechanisms was most important
for any particular megaturbidte. We simply point out
here some of the factors that seem most likely to have
contributed to emplacement of the HBM some 27,000

years ago.

8.2.1. Low sea level

The date of the last glacial maximum (LGM)
occurred at approximately 22 ka before present (CLI-
MAP, 1976). The 27.1 ka date obtained for the empla-
cement of the HBM corresponds to the lowering of
sea-level prior to the LGM, (Fig. 10) and represents
one of the first megaturbidites to be dated absolutely
and correlated to a sea level ‘regression. During this
time eustatic sea-level lowered at a rate of between 4
and 8 m/ka reaching a low stand at approximately 75—
100 m below present day level (cf Shackleton, 1987),
thus exposing a large part of the north African shelf.
This in turn would have decreased the pore pressure in
the sediments by approximately 760 kbars (using Pres-
sure = ipg, where /1" is the height of the water column
removed [75 m], ‘p’ is the density of that water [1030
kg/m'] and ‘¢’ is the acceleration due to gravity
[9.81 m/s]). thereby removing water load acting on the
weak stratigraphic layer (evaporites) as well as lower-
ing cohesion of shelf edge sediments.

8.2.2. Oversteepening of the shelf]slope
The present day NE African shelf and slope lie on a
WNW-ESE trending extensional fault system that is

RELATIVE SEA-LEVEL
Age
(kaBp)| -150 -100 -50 Om +50
| | L4
0 Grand Bﬂ‘?k«‘ il HQ l-'l()nlogénilc
(Black Shell) ‘_,./0 MadClra:AP('b') : Cascadia
20— ‘gﬁorseshoe AP Channel
Balaaric AP™._  Herodotus Basin !
30’: : e (HBM)
40— ok

Fig. 10. Sea level curve during the late Pleistocene (after Shackleton,
1987) with the estimated date for the HBM (27.1 ka) plotted on the
ctrve. Other megaturbidites discussed in the literature are also
plotted showing the high frequency of reported megaturbidites
during the Jow sea-level period between 10-30 ka.

[8S]
(%)

down-faulted to the north. The development of these
faults can be related to the Miocene opening of the
Red Sea and the gradual subsidence and deformation
of the eastern Mediterranean associated with the initial
stages of Eurasian plate subduction by the African
plate (Ross et al., 1978; Sestini, 1984). The fault net-
work extends from the Al Jabal Al Akhdar uplift of
northern Cyrenaica in the west to the Dead Sea Trans-
form fault along the coasts of the Lebanon and Syria
in the east (Réhlich, 1980). Offsets of these faults are
visible in the coastline of the continental margin and
are thought to be related to some dextral strike slip
movement between these predominantly normal faults
(Sestini, 1984). Middle to Late Miocene faulting led to
a relatively steep continental slope with a narrow (15—
50 km) shelf (Figs. 1, 9 and 11). The initial faulting led
to uplift of the Al Jabal Al Akhdar region (Cyrenaica
uplift, Goudarzi, 1980) with simultaneous subsidence
of the Herodotus Basin and Herodotus Trough. The
increased rate of convergence of the African and Eura-
sian tectonic plates in the Plio- Pleistocene led to further
downfaulting of the continental margin and deepening
of the Herodotus Basin and Trough (Sestini, 1984), such
that the slope angle is now approximately 6°.

8.2.3. Seismic activity

The historical record of earthquake activity in the
SE Mediterranean shows that activity is located in five
main regions (Papazachos 1973; Kebeasy 1980, 1990).
These are: (1) the major tectonic plate intersections
(Eurasian, African, Arabian and Aegean microplate);
(2) along the Mediterranean Ridge accretionary prism;
(3) within the sediments of the Nile Delta and Nile
Fan: (4) on the continental margin, related to the belt
of Neogene down-faulting; and (5) the Red Sea rift.
The larger magnitude shocks (between 6.5 and 8 RS)
are commonly located on the Mediterranean Ridge
and Nile Cone and Delta, (Papazachos, 1973; Kebeasy,
1980), but the largest earthquakes are associated with
the Anatolian and Aegean microplate boundary earth-
quakes to the north and from the Red Sea rift to the
east of the study region. Earthquakes located along
the NE African continental margin occur at a high fre-
quency, with one shock of M > 6.5 RS approximately
every 10 years and lesser magnitude quakes approxi-
mately every 2 years (Papazachos, 1973). Clearly, this
high frequency of seismic activity has the potential to
destabilise the sediment and trigger a major slide event
in the Gulf of Salim.

8.2.4. Sediment oversupply

The HBM has a mixed composition that requires a
supply of both carbonate and terrigenous material in
approximately equal proportions. The terrigenous ma-
terial is thought by Cita et al (1984a) to have been
supplied preferentially by the anti-clockwise eastern



214 M.S. Reeder et al. | Marine and Petroleum Geology 17 (2000) 199-218 M.S. Reeder et al. | Marine and Petroleum Geology 17 (2000) 199-218

w
Q
Schematic model for the collapse of the Section f the Gulf of Sali 2 2
. . . ion from the Gulf of Salam =
Libyan/Egyptian Gulf of Saliim region et = 3
embayment onto the S s
Shelf < 1° . , .
} HerOdOtus BaSln (< E O e S N ol v oo S oo
i T 2 B ¢ ook Yo X2 2EIAN
Gulf of Salim 0 =——__ o Sl= A bR ! A
Lowering 5 S :)” < = i
Sea Level Upper Slope ~ z
o —_
Carbonate E 101 L1 Z
shelf S 154 < 2
sediments = N g -
= N D
= 209 Lower Slope 3.2° N - =
2 pe 3. = o w ooco o
Clathrate A \ 2 : 28 222 g4 8288 EEEE
) 25 4 \ = 3 —— S oSN —_— S o C ===l
Release? \ = ° ~ L So—~ oo %~
N P < a0l ~ 7 ol S F O n
30 - = = kv A v
Evaporitic 5 =
glide-plain A A %
< -
Possible . 2 é o &
Earthquake? shelf<1°  Section from the 'normal’ = = an @wE 99 o + odwne~
; . o o (o] o o -
0-4\ continental margin onto g SE A & A
. S =
st mrgin- 51 Upper Slope™, the Herodotus Basin £
Down-throw J 3.7° \ 5 3
E 10—\ 2 )
to the North S ‘e > =3 =
o \ - <
= N 1 e =
S 209 Lower Slope 6.0° ‘ = = =
g \ 25 km ! = g 3
' s 8 5 B
HERODOTUS \ ) Vertical e & g
“_BASIN f 30 N4 Exaggeration = — =
< _ Herodotus Basin ~20:1 B = 7 =2
: B k) S 3
| 5 0 .
= d =
2 — z
Fig. 11. (a) A schematic model for the emplacement of the HBM, showing the influencing physiographical features of the region during the late E g :
Quaternary. (b) A comparison between the upper and lower slopes of the Gulf of Salim embayment and the ‘normal’ continental margin. The 2 % = .‘2‘
approximate 3" difference in the upper slopes of the two examples may be due to the removal of material from the Gulf of Salim embayment as i < ~ ? 2 '§ ~ 2 S
part of the 26.4 ka HBM event. Locations of sections are shown in Fig. 9a. S 3 z = e 5 o &
= =5 ) £ & <
. ® 5 L > o) z o A i
. ; ; : . 2 Z 2 FE R RZ< B 0w
Mediterranean Gyre transporting material from a (1993) and Miles (1995) on theoretical grounds, & ;:‘; g = 2Ly B,
northern source. However, we note the signature of although little direct evidence exists as yet. Destabilisa- é g ER- = A= =2 o ’; 23
. . Lo . . N . . . . ) =0~ 3 v = 5 s % 2
Nile-derived material in the HBM that suggests either tion of the margin by impact of a tsunami wave is con- £ B tSR 2E w N 5 = £ .=
: 5 sn 2 . 5 b i) = o =] s D S5 C o O
alongshelf supply or, more likely, significaat erosion of sidered less likely due to the very large volume of p & YA ax = ILd &ZB&
previously emplaced Nile Cone material by the HBM. material that was redeposited and large area affected _é
The Gulf of Salim would certainly be a possible lo- during the collapse. 5 . =
cation for rapid biogenic accumulation with its broad Evolution of the continental shelf and upper slope 5, - z g 2 o8
. . . s b3 == = g =g
shallow shelf and the possible supply of nutrients from off NE Africa, leading to the emplacement of the = B = s § S
. P s 2 . 5 o > b= == Z
the Mediterranean Gyre. The measured 500-600 m of HBM is summarised in Fig. 11. Unfortunately, no 3 W e 32 < "
y o y 7= =} Ko m = 8
sediment above the Messinian evaporites would data exist from the more proximal slope regions that g =2z if_ 53 s g8
suggest an overall accumulation rate of approximately might allow us to confirm the presence or passage of a Z g = = 5 Z: @ & EE
. . i . . < 4 z R ‘42 5828
8 ecm/ka, over the past 6 Ma. Tectonic downfaulting of major slide-debris flow event. o B g = 25 i; w2 == Z
the upper slope in the Gulf of Salim region may have g B & £& 8 £5:2 2 s <':;
given the extra accommodation space required for L = = Z SE&S SE2 4.
S . ) 2 s 8.3. Megaturbidite concept 3
increased accumulation of carbonate material, creating e = .
S 3
an unstable sediment body. . . . 2 5 z Lz
There have been relatively few detailed studies of T o 2 3 3 3
i 35 i . g = 2] S w5 o 5
megabeds or megaturbidites reported in the literature 8w | = - 25 5 =
5 : . z | = _ S = 2 S ) 3
8.2.5. Other factors to date. Review of some of the best documented s 2 = E e - 2£, & F
= o . g = @ o 2. ~ = 6 = 8 & & i o
As a result of the loss of hydrostatic pressure any examples reveals some important differences between .:% g, - s2E Sg=EoT : <
. . . . . S ¢ 2 3 > - 3733 ¢ @
buried gas hydrates or clathrates may have degassed those described from ancient successions and those 28 | E 2 f; = EEv@5Ee o =%
. . : e - — =] d g5 - 8. O ot ‘S ©
and decreased the pore pressure further. Large areas from modern basin plains (Table 7, Reeder et al., in oS | E £ S8 SZgRdre82 gz
: : - . . =52 | 8 B 558 B SESES-zmE<
of accumulated clathrates in the eastern Mediterranean prep.). Most of the ancient examples are very thick = 5 g O=zx QO Eom TITAxS
< <

were proposed by Kvenvolden, Ginsburg and Soloviev bedded (average 40 m) but relatively restricted areally

o
[




216 M.S. Reeder et al. | Marine and Petroleum Geology 17 (2000) 199-218

(average 435 km’). We propose that these are better
termed composite megabeds as they typically include
thick, chaotic slide and debrite portions as well as
graded turbidite tops. They probably represent the
more proximal deposits resulting from large-scale mar-
gin collapse, that typically occur over a restricted area
in a channel, slope or base-of-slope setting.

The modern examples are generally less thick
bedded (average 7 m) but far more areally extensive
(average 51,000 km?), and hence also have very large
total volumes. These are, perhaps, the more distal
equivalents of composite megabeds in which only the
turbidite portion remains to be spread out over even
very large basin plains. We propose these as the mega-
turbidites sensu stricto.

Although it is important to distinguish megabeds
from megaturbidites, particularly with regard to their
different depositional processes, likely settings and lat-
eral extent, we suggest there are insufficient data at
this stage to allow any more rigorous definition by
thickness, volume or other criteria (see also Bouma,
1987). The early definitions proposed by Ricci Lucchi
and Valmori (1980) of >1 m thick or Mutti et al.
(1984) of >1 km’, are both rather small in light of
recent work on modern examples. Furthermore, an im-
portant criterion for any megaturbidite should be its
very large lateral extent.

9. Conclusions

The Herodotus Basin Megaturbidite represents the
single major event in the sedimentary record of the
Herodotus Basin during the past 30,000-40,000 years.
It is a truly basinwide deposit with a maximum thick-
ness of 18.6 m in the cores (at least 20 m from seismic
evidence), a lateral extent of 400 x 100 km
(40,000 km?) and a volume of approximately 400 km®
of mixed carbonate/terrigenous material. The most
likely source of the original slide is the present funnel-
shaped marginal embayment known as the Gulf of
Salim on the Libyan/Egyptian continental shelf/slope.
Volumetric estimates of the amount of material
removed to form this embayment correlate relatively
well with those of the HBM, but suggest that ad-
ditional material was supplied from another source.

The HBM shows a number of properties and pro-
cesses that have not been described previously for
megaturbidites anywhere. These distinctive character-
istics, together with its basinwide extent, make the
HBM an excellent marker bed in any stratigraphic
reconstruction of the basin.

1. Whereas the composition of associated thin turbi-
dites derived from the Libyan/Egyptian shelf
(‘Type-B’) show a predominant carbonate source,

those from the Nile Cone (‘Type-A’) are terrigenous
in composition. The HBM has a composition some-
where between the two sources with a more terrige-
nous signature in the more distal regions. This is
most likely due to erosion of the underlying Nile
Cone-derived turbidites as the HBM turbidity cur-
rent proceeded north-easterly along the basin plain.
Indeed, Cita et al. (1984a) noted clear erosion at the
base of the HBM from their study. Our volume esti-
mates indicate that this erosion may have been up
to 100 km® of material in total.

. The HBM is seen to interact with the seafloor topo-
graphy of the Herodotus Basin, both from seismic
expression of the acoustically transparent layer and
evidence from core data. The ATL is seen to onlap
onto the small deformation ridges that parallel the
Mediterranean Ridge (Fig. 3c) throughout the
length of the basin and both grain size and sedimen-
tary structures in core sections (Fig. 7c) show prob-
able fluctuations in velocity of the flow, that might
have resulted from topographic influence.

3. Sedimentary structures in the proximal part of the
HBM are somewhat indistinct, commensurate with
very rapid deposition. Distally, the structures are
perhaps best described according to the Stow (1977)
model for fine-grained turbidites (Stow & Piper,
1984), although each of the divisions is considerably
expanded and evidence of repetition is common.

(8]

Several factors are believed to have conspired to cause
the catastrophic collapse that led to emplacement of
the HBM 27.1 ka before present. These include low-
ered sealevel and attendant sediment destabilisation,
the presence of a weak horizon within the sediment
pile to act as a glide plane, tectonic oversteepening of
the upper slope and a probable seismic trigger. More
detailed work is required to better characterise both
modern and ancient megaturbidites before a strict defi-
nition can be agreed. We suggest here, however, that a
distinction be made between composite (often tripar-
tite) megabeds that are extremely thick but laterally
restricted, and megaturbidtes that are both very thick
and laterally very extensive.
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