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A B S T R A C T

Red Sea Deep Water is presently slow-moving, but was this true of the earlier Plio-Pleistocene (PP)? In seismic
reflection records, the PP deposits are distorted by halokinetic deformation of their underlying Miocene evap-
orites. However, if reflections are flattened to a prominent reflector representing the top of the Miocene, they
reveal mounded deposits within the earlier PP along both sides of the sea. Off Egypt, a plastered drift occurs
along a salt wall. In the central Red Sea, they are mounded drifts. Seismic reflections from these deposits change
shape gradually upwards to the modern seabed, which is commonly flatter, suggesting a gradual change in
depositional conditions. To explain their origins, we appeal to other evidence. DSDP cores from the Late Pleis-
tocene contain the rigid aragonite cements formed by restricted conditions, but not the lower and middle PP.
Furthermore, mid-PP sedimentary δ18O values are similar to global ocean δ18O for that time, not enhanced as
expected from excess evaporation. These data suggest that there was a greater exchange of Red Sea waters with
the Indian Ocean during the mid-PP. That exchange may have allowed waters densified by evaporation in
shallow regions of the northern Red Sea to flow south vigorously (the mounds would then be contourites).
Alternatively, as the Pliocene seabed was shallower, wind-driven eddies may have affected more of the water
column. Overall, the results indicate for the first time that deep circulation was stronger in the earlier PP
compared with the present day. That circulation needs to be considered when evaluating organism dispersions
across the Red Sea, regional climate, and influence of Red Sea Outflow Water on Indian Ocean Intermediate
Water.
Plain language summary: During the Pliocene (about 3–5 million years ago), temperatures on Earth’s surface were
similar to those predicted in some models of Earth’s future climate. This has led to researchers becoming
interested in studying geological evidence of conditions during the Pliocene as a clue to Earth’s future. In detail,
however, the comparison may not be exact. In our article, we describe mounds of sediment that were originally
formed on the bed of the Red Sea in the Pliocene. They appear similar to snow drifts, and like snow drifts, may
have formed under steady currents. Sea water becomes dense with evaporation (making it more saline). At the
present day, dense water created in the Gulf of Suez cascades down into the deep Red Sea as a slow current.
Perhaps such movements were more vigorous in the Pliocene, helped by the water escaping through a deeper
barrier in the south into the Indian Ocean? Alternatively, these mounds were formed by giant eddies, such as
those on the surface of the modern Red Sea, which are moved by strong winds. In either case, the deep waters of
the Pliocene Pliocene Red Sea were more vigorously moving compared to the quiescent deep waters of the
modern-day.
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1. Introduction

The Red Sea contains some of the world’s hottest and saltiest
seawater. Its deep water is presently sluggish, moving at speeds of <1
cm/s (Sofianos and Johns, 2007). One of the reasons for this sluggish-
ness is the small connection to the Indian Ocean through the Bab el
Mandeb Strait (Fig. 1), which limits water exchange between these two
water bodies and thus leads to strong density stratification (Maillard and

Soliman, 1986). Evaporation in the regional desert climate, coupled
with reduced replenishment of water of more normal ocean salinity from
the Gulf of Aden, has caused the sea to become unusually saline (>40‰
(Cember, 1988)). Much of the oceanographic interest in the sea has
centred on its unusual features, such as the dynamics of flow through the
Bab el Mandeb Strait (located in Fig. 1) (Lane-Serff et al., 2000; Smeed,
2000; Smeed, 2004). In the subject of Palaeoceanography, researchers
have been concerned with how high evaporation rates and the limited

Fig. 1. Bathymetry and elevations of the Red Sea (data of Becker et al. (2009) obtained from topex.ucsd.edu). Data from red polygon marked “3D seismic data” are
shown in Fig. 6. Red lines marked A-I locate profiles shown in Fig. 7. Purple-filled circles with bold numbers 225–230 locate five Deep Sea Drilling Project sites
(Whitmarsh et al., 1974). Green and Red arrows on either side of the Red Sea represent seasonal transverse wind jets, which modify the mostly north-northwesterly
winds (Jiang et al., 2009). Blue arrows locate outlets of fluvial systems that drain the continental interiors beyond the Red Sea Hills (Mitchell et al., 2019). Circulating
arrows locate seven clusters of eddies occurring between January 2018 and November 2019 obtained by clustering and hotspot analysis by Campbell (2020), his
Fig. 4.8. A further weaker cluster of anticyclonic eddies is located by dark blue dashed curves at A and B annotation. Dashed irregular line is the drainage divide
around the Red Sea derived from Hydrosheds (www.hydrosheds.org; Lehner and Grill, 2013). HI: Hanish Island, ZI: Zukur Island. Hanish Sill is the shallowest point
separating the Red Sea from the Gulf of Aden. BC: boundary current of Sofianos and Johns (2003) (straight NNW vector, with corresponding weaker SSE current
vector on west side of Red Sea). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sea connection have led to a higher proportion of the isotope 18O
compared with 16O in its waters, which are recorded in shallow-buried
carbonates (Hemleben et al., 1996). As the exchange flow is affected by
water depth over Hanish Sill (the shallowest point between the Red Sea
and Gulf of Aden basins), which is itself modulated by global sea-level,
modelling of that exchange has allowed Late Pleistocene relative sea-
level to be reconstructed from sedimentary oxygen-isotope data (Sid-
dall et al., 2004; Grant et al., 2014; Rohling et al., 2014).

At present, the Red Sea has modest impact on waters outside the
basin, although its outflow, combined with densified waters from the
Persian Gulf, contributes to a > 1 km thick intermediate water body in
the Indian Ocean (Kawagata et al., 2006). Remnants of its high salinity
appear 6000 km from the Red Sea within the Agulhas Current (Beal
et al., 2000). During the early Holocene, a more saline Red Sea outflow
affected deeper Indian Ocean waters (Jung et al., 2001). If the Red Sea
were more open to the Gulf of Aden and Indian Ocean in the Pliocene
and earlier Pleistocene, its outflow may have affected Indian Ocean
waters differently in ways that are difficult to anticipate. Furthermore,
the distance between Arabia and Africa around the Bab el Mandeb Strait
is presently small (Fig. 1) and there is evidence of it being only a minor
barrier for mammal dispersions in the Pleistocene (Winney et al., 2004;
Kopp et al., 2014). During the Last Glacial Maximum (LGM), some
seaways around the Strait may have been only 1–3 km wide, making the
region a potential route for hominin dispersions from Africa onto Arabia
(Lambeck et al., 2011). However, if the Bab el Mandeb Strait were
broader in the earlier PP, it may have been a more effective impediment
to the dispersions of mammals and other organisms. These include
earliest hominins, whose remains have been found in Eurasia at Dma-
nisi, Georgia (1.8 Ma; Garcia et al., 2010; Messager et al., 2011), and
other evidence in the Siwaliks, India (2.6 Ma; Dambricourt Malassé,
2016) and on the Chinese Loess Plateau (2.1 Ma; Zhu et al., 2018). A
barrier in the southern Red Sea would favour the northern dispersion
route across Sinai and the Levant (Bar-Yosef and Belfer-Cohen, 2001;
Ron and Levi, 2001; Eppelbaum and Katz, 2022). Thus, knowledge of
the past Red Sea circulation may have implications beyond merely the
basin sediments.

Elongate mounds in the PP sediments off the coast of Egypt have
been identified previously (Mitchell et al., 2019). We further investigate
those features and, using legacy shallow seismic reflection data, identify
other elongated mounds of sediment. These sediments were deposited
on a highly mobile substrate of Miocene evaporites, which are wide-
spread beneath the Red Sea (Mitchell et al., 2022). If allowance is made
for the halokinetic deformation, the reflections from the earlier PP can
be shown to contain mounds that originally had geometries similar to
those of contourites (Viana et al., 1998; Faugères et al., 1999; Rebesco
et al., 2014; Hernández-Molina et al., 2016). Although some of the
seismic reflection data shown here were recorded onto paper only (and
hence are of lower quality than seismic data recorded with modern
digital methods), they suggest similar mound-like geometries occurring
over various parts of the Red Sea (Fig. 1). The article first includes an
extensive background section on aspects of the Red Sea deep-water
sediments and regional paleoclimate and paleoceanography existing
over the PP. It then focuses on observations of the mounds in the seismic
data and their interpretation given the halokinetics. Deep-water
mounded deposits may represent contourites formed by thermohaline
circulation, but they may have other origins (Shanmugam, 2017). The
discussion section therefore draws together evidence from the seismic
data and the extensive background section to assess their origins, prin-
cipally thermohaline and wind-driven circulations. The combined in-
formation and our discussion indicate that conditions were markedly
different in the earlier PP compared with the upper Pleistocene and
Holocene.

2. Background

2.1. Deep-water sediments recovered at Deep-Sea Drilling Project (DSDP)
sites

Some information on the PP deep-water hemipelagic sediments and
their environment was provided by the sampling at DSDP Sites 225, 227,
and 228 (Fig. 1) (Whitmarsh et al., 1974). Sampling was carried out by
rotary drilling and recovered only 1/3 to 2/3 of the stratigraphy at each
site, but the reports based on it are valuable as they are the only deep-
water samplings of the lower Pleistocene and Pliocene publicly avail-
able. Fig. 2 summarises some of the information, including sediment
texture (Bode, 1974a), carbonate contents (Bode, 1974b), sediment
biostratigraphic dates updated to modern chronologies (www.geom
apapp.org; WBF Ryan, pers. comm., 2009), the units assigned by ship-
board scientists (Whitmarsh et al., 1974), and rigid aragonite/Mg-
calcite-rich layers (Stoffers and Ross, 1974). Stoffers and Ross (1974)
described the units at Site 225 as (“micarb” representing carbonate of
small grain size): Unit 1, micarb-rich detrital clay-silt nanno ooze and
chalk, Unit 2, micarb-rich nanno detrital silty claystone, Unit 3, dolo-
mitic silty claystone. At Site 227, they were described slightly differently
as: Unit 1, micarb-rich detrital clay nanno ooze and chalk, Unit 2,
micarb-rich detrital nanno silty claystone, Unit 3, dolomitic silty clay-
stone. The units at Site 228 were described as: Unit 1, detrital silt-rich
micarb nanno ooze and micarb-rich siltstone, Unit 2, micarb siltstone,
Unit 3, dolomitic detrital silty claystone. Unconformities were inter-
preted between the Pliocene and Pleistocene at Sites 225 and 227
(Stoffers and Ross, 1974; Whitmarsh et al., 1974).

Carbonate contents increase systematically from low values to ~60%
on average up-section at Site 225 and 227 in Fig. 2, whereas no sys-
tematic variation is observable for Site 228. Site 228 lies close to the
Tokar Delta (Fig. 1), so terrigenous sediments from that area complicate
interpretation of carbonate contents for that site (Stoffers and Ross,
1974; Whitmarsh et al., 1974). The variations for Sites 225 and 227
might be interpreted as being caused by increasing carbonate saturation
(hence leading to inorganic aragonite precipitates (Milliman et al.,
1969; Rohling et al., 1998)). Increasing carbonate saturation could be a
sign of increasing isolation of the Red Sea waters from the global ocean.
Alternatively, the trend may simply be an artifact of decreasing dilution
by the non‑carbonate (largely terrigenous) component. We address this
below by calculating mass accumulation rates of the carbonate and
non‑carbonate fractions separately.

The evaporitic sediments recovered at Sites 225, 227 and 228 below
the Plio-Pleistocene sediments comprise mainly inter-bedded halite,
anhydrite and shale (Whitmarsh et al., 1974). Seismic reflection data
typically show areas of either layered reflectivity or transparency
(Izzeldin, 1987). The former has been suspected to correspond with the
layered evaporites found at the drill sites, while transparent areas
represent more massive halite (Izzeldin, 1987; Colombo et al., 2014;
Mitchell et al., 2017; Delaunay et al., 2023). Consequently, seismic
reflection images reveal evidence for extensive diapirism (Ross and
Schlee, 1973; Izzeldin, 1987; Davison et al., 1994; Rowan, 2014;
Delaunay et al., 2023). However, in deep waters the diapirism is mostly
at a less developed “pillow” stage, possibly because the sediments be-
tween diapirs have low densities (Mitchell et al., 2010; Mitchell et al.,
2022). Hence, the deep-water stratigraphy has not been inverted into
allochthonous sheets and the units there still lie in depositional order.

2.2. Modern oceanography

According to Cember (1988), Red Sea DeepWater (RSDW) originates
from waters densified by evaporation in the shallow Gulf of Suez and
other areas in the furthest north of the Red Sea, with a renewal rate of
0.16 Sverdrup (1 Sv = 106 m3/s) and a residence time of 36 years. In the
north, RSDW flows southwards, presumably with a current of ~0.16 Sv.
To give a sense of scale, if that discharge were uniformly distributed over
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the ~100 km2 cross-section of the Red Sea below 200 m depth, it would
imply a current of only 1.6 mm/s. Cember (1988) also speculated that
dissolution of halite from the seabed could be contributing to densifi-
cation of RSDW. The salinity reaches >40‰ in the Red Sea because of
only weak exchange with waters in the Gulf of Aden through Bab el
Mandeb Strait (Maillard and Soliman, 1986; Pratt et al., 1999; Smeed,
2004) and a strong density stratification preventing wind-driven over-
turning. The stratification is illustrated by potential densities (densities
corrected for pressure), which increase with depth (Jarosz et al., 2005)
and oppose upwelling of RSDW. Red Sea Outflow Water (RSOW) with a
potential density of ~1028.0 kg/m3 overlies RSDW with a potential
density of ~1028.6 kg/m3 (Sofianos and Johns, 2003). The boundary
between the two water bodies lies at ~200 m. Consequently, RSOW
originates from intermediate depths in the Red Sea (Neumann and
McGill, 1962; Cember, 1988; Sofianos and Johns, 2003).

In winter, RSOW is expelled in a bottom layer across Hanish Sill
(Fig. 1) while overlying less saline Indian Ocean water enters the Red
Sea in a shallow surface layer to balance the outflow and evaporation
losses (Lane-Serff et al., 2000). During summer, when a northwesterly
wind replaces the winter southeasterly wind (Jiang et al., 2009), a three-
layer water structure can develop, with Gulf of Aden Intermediate Water
intruding over the sill between outflowing surface water and RSOW. The
winds are dominantly from the northwest to southeast along the basin,
except in winter when the southerly half experiences winds from the
south (Jiang et al., 2009). These winds shape the general circulation, so
that the incoming fresher Indian Ocean water forms a northwestward-
flowing boundary current along the west side in the southerly Red
Sea, switching over to the east side along the northern half of the basin
(Sofianos and Johns, 2003; Zhai and Bower, 2015).

In summer, the winds have westerly components originating from
wind gaps in the western Red Sea Hills, in particular, through the Tokar
area (Fig. 1; Jiang et al., 2009). In winter, winds are instead modified by
components flowing through the mountains on the eastern side of the
sea. The seasonal cross-sea airstream components partly cause ephem-
eral eddies to form on the sea surface spanning the Red Sea almost to
both coasts (Quadfasel and Baudner, 1993; Zhai and Bower, 2013; Chen
et al., 2014; Bower and Farrar, 2015; Nicholls et al., 2015). On the other
hand, some eddies form in ocean general circulation models without
these cross-basin winds (Clifford et al., 1997; Biton et al., 2008), likely
because of the important effect of water buoyancy (Sofianos and Johns,
2003). Shipboard acoustic Doppler current meter (ADCP) data show that
such circulation is confined to the surface waters and is negligible (<1
cm/s) below 200–300 m depth (Sofianos and Johns, 2007; Chen et al.,
2014). Fig. 1 locates seven sites where eddies repeatedly occurred,
detected from satellite altimetry between January 2018 and November
2019 (Campbell, 2020).

(caption on next column)

Fig. 2. Data from the three DSDP sites located in Fig. 1. Grey-scale bars
represent the results of grain size measurements made on selected cores (Bode,
1974a) (white, grey and black representing % sand, silt and clay). Carbonate
contents (%) are indicated by x-symbols using the same scale as the grain sizes.
Lines show the sediment age models for these sites obtained from stratigraphic
data (solid black circles connected by solid lines) updated to modern ages
provided within the GeoMapApp data browser (www.geomapapp.org; WBF
Ryan, pers. comm., 2009). In top panel, green circles and green line show
alternative depth-age model for Site 225 (Hughes and Varol, 2024). Open
squares are the positions of the Pliocene-Pleistocene boundary at 2.58 Ma (Rio
et al., 1998). Red diamond symbols show the depth distribution of lithified
aragonite and magnesium-calcite according to Stoffers and Ross (1974). Note
units assigned by the shipboard scientists (Whitmarsh et al., 1974) are based on
sediment properties and do not have equal age ranges. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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2.3. Paleoceanography of the Red Sea in the late Pleistocene

Many shallow-penetrating sediment cores have been collected in the
deep waters of the Red Sea and analysed, providing a continuous stra-
tigraphy as far as back as ~500 ka (Grant et al., 2014). During the Late
Pleistocene, lowering of global mean sea-level during glacial periods
restricted the exchange of water with the Gulf of Aden, leading to the
Red Sea becoming more saline and to rigid sedimentary layers forming
from inorganic aragonite precipitation (Milliman et al., 1969; Almogi-
Labin et al., 1996). Near-surface reflections observed in high-resolution
CHIRP seismic records are produced by those layers and have been
interpreted as showing that aragonitic layers have formed at least since
Marine Isotope Stage 16 at ~620 ka (Mitchell et al., 2015). (“CHIRP” is
short for “Compressed High-Intensity Radar Pulse”, the type of seismic
source used (Schock et al., 1989).) During glacial times, some benthic
foraminifera and pteropods survived, suggesting that the Red Sea did
not become completely disconnected from the Gulf of Aden and thus
hypersaline (Almogi-Labin et al., 1998; Fenton et al., 2000). Glacio-
isostatic modelling results suggest that, during the Last Glacial
Maximum (LGM), water depth at the shallowest part of Hanish Sill
(Fig. 1) averaged 13 ± 4 m, with a maximum of 25 ± 4 m (Lambeck
et al., 2011). Pelagic-sediment δ18O values through the LGM remained
compatible with continuous though restricted exchange with the Gulf of
Aden (Siddall et al., 2003; Siddall et al., 2004; Biton et al., 2008; Rohling
et al., 2009). Reflections corresponding with Marine Isotope Stage 12
(~450 ka) in CHIRP seismic data collected in the central Red Sea mostly
drape their underlying reflections and suggest a lack of current-modified
sediment deposition (Mitchell et al., 2019). The present quiescent RSDW
conditions have therefore likely persisted since at least 450 ka.

2.4. Paleoceanography of the Red Sea through the Plio-Pleistocene (PP)

The earlier PP is more poorly known. Because an Indian Ocean fauna
is found in early Pliocene sediments throughout the Red Sea (Swartz and
Arden, 1960; Purser and Hötzl, 1988; Orszag-Sperber et al., 1998b), the
sea was then connected to the Gulf of Aden. The isotopic data shown in
Fig. 3 were derived from two sets of measurements on samples from the

DSDP cores. Those of Lawrence (1974) were on bulk carbonate fractions.
Supko et al. (1974) measured δ18O on calcite in the presence of dolo-
mite, attempting to separate oxygen from the twominerals bymeasuring
gas emitted with progressive reactions with acid. Given the few
biostratigraphic constraints used to construct the age models, and dif-
ferences for DSDP Site 225 with those of Hughes and Varol (2024)
(Fig. 2), ages are probably uncertain by ~0.5 m.y. Bearing age un-
certainties in mind and that these bulk measurements obscure isotopic
variations between species, however, there are ostensibly sensible as-
pects to the variations in δ18O with age. For example, the δ18O range for
sediments younger than 1.5 Ma are broadly compatible with δ18O
measured on G. ruber tests for the past 500 ka, which vary from − 1 to
+3‰ (Rohling et al., 1998). Extreme high 18O/16O ratios occur in tests
deposited during lowstands of global sea level when restricted exchange
at Hanish Sill led to greater 18O/16O ratio in Red Sea waters arising from
more evaporative loss of 16O. We interpret the two values marked in
Fig. 3 as due to such lowstands, although the value at ~200 ka of+3.9‰
is higher than +3‰ extreme lowstand values (Rohling et al., 1998),
suggesting an uncertainty of at least 1‰ in these older measurements.

At greater depth and sediment age, low δ18O occurrences at the right
of the graph have been suggested to be due to exchange of oxygen during
recrystallisation (Lawrence, 1974). Between upper 500 ka and the 3–5.3
Ma, the δ18O values vary little; the standard deviation for data within the
dashed rectangle in Fig. 3 is 0.73‰. For comparison, we calculated a
standard deviation of 0.54‰ for the 1.5–3.0 Ma interval of benthic
foraminifera measurements at Ceara Rise in the Atlantic Ocean (Wilkens
et al., 2017). Recrystallisation in situ does not obviously explain the
narrow range of δ18O in the DSDP sample data, given the more extreme
values present elsewhere in the stratigraphy that are preserved and ar-
guments of Lawrence (1974). The possibility of these sedimentary δ18O
values being contaminated by modern ocean values is also unlikely
given that sodium chloride concentrations in interstitial water are
concave upwards (Manheim, 1974) and readily modelled with upwards
water advection (Ranganathan, 1991). 18O may be fractionated during
inorganic co-precipitation of dolomite and calcite by 2.3–4.0‰ between
the minerals, in favour of dolomite (Chacko and Deines, 2008, their
Fig. 7), but the calcite values in Fig. 3 are not systematically different
from the bulk carbonate values. Given their similarity with open ocean
values, the modest δ18O values of the mid-PP and their small variability
are likely due to efficient exchange of water with the Gulf of Aden
preventing extremes in isotopes occurring (Lawrence, 1974).

The diversity of foraminiferal fauna is generally low in the PP
compared to open-ocean faunas and varied pelagic faunal content of the
early Pliocene suggest rapidly fluctuating conditions in the inhabited sea
surface waters then (Fleisher, 1974). In Fig. 4, we show the abundances
of selected pelagic foraminifera for DSDP Sites 225 and 228 estimated by
Akers (1974) (see figure caption for details), chosen as they are more
abundant and their environmental sensitivities were summarised by
Fenton et al. (2000). In Fig. 4, these species were all absent or found in
extremely low abundances at the start of the Pliocene. Abundances
remained modest throughout the Pliocene, increasing gradually in some
cases (e.g., G. ruber) towards the Pleistocene. From Fenton et al. (2000),
G. sacculifer, G. ruber, and G. siphonifera tolerate salinities of 24–49‰,
22–49‰ and 27–45‰. Caruso et al. (2013) interpreted a “Lago-Mare”
stage of low salinity and hypoxic conditions from the restricted fauna
and from their own δ18O data for the earliest Pliocene at Site 225 (such
effects are also observed in the Mediterranean “Lago-Mare” deposits
(Pierre et al., 2006)). The lower-Pliocene negative δ18O values in Fig. 3
and other data of Caruso et al. (2013) would be compatible with rain-
water input, so we accept their revised interpretation of low salinity in
the early Pliocene.

2.5. Lithologies indicative of high salinity suggested by seismic reflection
data

In seismic reflection data collected away from coasts and hence more

Fig. 3. Measurements of δ18O (relative to the PDB standard) on bulk carbonate
(Lawrence, 1974) and calcite (Supko et al., 1974). Also shown (upper rectangle)
is the range of δ18O measured on Globigerinoides ruber tests from core
MD921017 (Rohling et al., 1998). The measurements of Lawrence (1974) have
been converted to the PDB standard using the Coplen et al. (1983) relation. The
data within the dashed rectangle have a mean of − 0.39‰ and standard devi-
ation of 0.73‰. (A colour version of this figure can be found on the online
version of this article.)
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remote from terrigenous sediment sources, the lower hemipelagic PP is
commonly transparent, an observation that has been interpreted as due
to a lack of inorganic aragonite cemented layers and thus lack of isola-
tion events caused by global sea-level lowerings (Mitchell et al., 2015).
The transparency would be consistent with a lack of seismic impedance
variation over sediment depth intervals equal to or greater than a
quarter of a seismic wavelength (a few metres for these data). Seismic
impedance equals density times seismic velocity, both of which would
be elevated if rigid cements were abundant. Aragonite/Mg-calcite-rich
layers are also absent in the lower-PP DSDP cores (Fig. 2) (Stoffers
and Ross, 1974). The lack of such layers supports the view that the sea
was more freely exchanging water with the global oceans during the
mid-PP and had low salinity due to the freshwater inputs in the early
Pliocene, both consistent with our interpretation of the δ18O data.

2.6. Changing basin physiography

The sea was much shallower on average at the start of the Pliocene
because it has since then deepened with lithospheric thermal subsidence
and deflation of the evaporite surface due to the evaporites flowing to-
wards the oceanic spreading centres (Augustin et al., 2016; Mitchell
et al., 2017). Mitchell et al. (2021) attempted to quantify how those and
other factors affected the evaporite surface level. They measured the
present elevation of the evaporite surface as 908 m below modern sea
level (bmsl) on average from deep seismic data over the flanks of the

central Red Sea. These were selected to be away from coasts and away
from the central deeps (topographic depressions containing volcanic
geomorphological structures). After correcting for the above factors, at
the start of the Pliocene, the evaporite surface was estimated to have lain
~192 m below modern sea level if the basin were water-filled at that
time. In practice, the Red Sea may have become fully isolated and drawn
down at about the Miocene-Pliocene boundary, even if only briefly, as
an unconformity is commonly observed at the seismic “S” reflection near
the top of the Miocene evaporites (Izzeldin, 1987; Mitchell et al., 2017;
Mitchell et al., 2021; Delaunay et al., 2023).

A clue to past physiography of the basin axis can also be gleaned from
geophysical data. Oceanic sea-floor spreading likely began at ~10 Ma in
the central Red Sea (Mitchell et al., 2021), based on the lateral extent of
symmetrical magnetic anomalies (Okwokwo et al., 2022; Delaunay
et al., 2023) and changes in relationships between basement depth and
gravity anomalies (Shi et al., 2018). The magnetic anomalies change
character from low frequency on crust older than ~5Ma to normal high-
frequency sea-floor spreading anomalies on crust <5 Ma. This change
suggests exposure of spreading centres to seawater (hence more typical
oceanic anomalies) as sea-floor spreading outpaced the movements of
the evaporites (Okwokwo et al., 2022). If spreading centres were
exposed to sea water, their depths can be expected to have followed
those of spreading ridges globally, as they are largely dictated by
isostatic balance over Earth’s asthenosphere (Klein and Langmuir,
1987). The presence of “normal” sea-floor spreading on crust younger

Fig. 4. Species counts for each 2 cm3 sample analysed by Akers (1974). Akers (Akers, 1974) reported abundances as estimates within ranges in six groups: 0, 1–10,
11–25, 26–50, 51–100 and > 100. For the last group, we have assumed the equivalent range 100–150. The graphs show those ranges as vertical bars, along with their
central value (small solid circles). Averages of those central values, including zero counts where species were absent, were computed every 0.5 m.y. and are shown by
the red lines. In (a), the age-depth model of Hughes and Varol (2024) for DSDP Site 225 has been used. In (b), the age-depth model is from GeoMapApp (www.geom
apapp.org). In both graphs, the vertical green lines mark the Plio-Pleistocene boundary from the DSDP reports (Whitmarsh et al., 1974). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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than 5 Ma therefore implies that the Pliocene central Red Sea had deeps
along its centre, perhaps reaching the ~2000 m depth of the present
spreading centres. However, as the evaporites were likely more exten-
sive then (Okwokwo et al., 2022), we suspect those deeps were more
isolated than at the present day and more like those of the modern
northern Red Sea (Cochran, 2005). Hence, they may not have played a
major role in RSDW circulation.

2.7. Regional climate of the Plio-Pleistocene

Variations in air temperature, humidity, and winds were all poten-
tially important for evaporation and circulation in the Red Sea (as wind
stress affects the water surface directly, whereas salinity changes caused
by evaporation affect water buoyancy relative to the Indian Ocean wa-
ters). We therefore review the limited evidence on these aspects avail-
able for the PP. Dowsett et al. (2013) compiled sea-surface temperatures
for the Pliocene. Their sample sites nearest the Red Sea were modestly
warmer than present (<2 ◦C) based on foraminifera (sites in Italy and
DSDP Site 722 off the coast of Oman), whereas one site on Crete sug-
gested modestly cooler temperatures by a similar amount. Such data
from sites near coasts are difficult to interpret as sea surface tempera-
tures can be affected by wind-driven upwelling. Liddy et al. (2016) re-
ported measurements of an organic proxy for sub-surface water
temperature on samples from DSDP Site 231 in the Gulf of Aden. Their
results suggested that early Pliocene temperatures were similar to those
of the modern ocean and that a ~ 5 ◦C cooling subsequently occurred
from 5 to 2 Ma. Their measurements of hydrogen and carbon isotopes in
plant wax and pollen data suggest that the northeast African climate in
the early Pliocene was generally wetter than today (grassland) but
became drier towards the late Pliocene (more arid-adapted shrubland).

During some intervals of the Pleistocene, the region was wetter than
today; evidence includes lake deposits in locations that are presently
arid (Rosenberg et al., 2013; Matter et al., 2015; Nicholson et al., 2020).
These “pluvial” intervals are also inferred from speleothems from Yemen
(Fleitmann et al., 2011), Egypt (Rifai, 2007) and Israel (Bar-Matthews
et al., 2003; Vaks et al., 2006; Vaks et al., 2010; Vaks et al., 2013).
Intermittent wet climates also likely occurred in the Pliocene, when
largely savannah, steppe, and grassland surrounded the Red Sea
(Dowsett et al., 1994). For example, arboreal pollen found within
boreholes in Israel suggests a cool temperate environment in the Plio-
cene, proceeding to alternating wet and dry climate states through the
Pleistocene (Horowitz, 1989). Speleothems from the Negev Desert of
Israel extending to Pliocene age were more rapidly deposited at ~3.1
Ma, indicating wetter conditions (Vaks et al., 2013).

During “Green Sahara” periods (GSPs), the Saharan desert climate
was replaced by a savannah-type with greater precipitation. Anoxic
conditions in the Mediterranean basin caused by enhanced freshwater
runoff and fluvial organic matter may explain occurrences of sapropels
(organic-rich sediments) found in marine sediment cores, so sapropels
there seem to record occurrences of GSPs (Larrasoaña et al., 2013; Grant
et al., 2022). Records from marine and lake cores suggest that GSPs
lasted 4–8 ky at their most intense stages and have occurred repeatedly
since at least 8 Ma or Late Miocene (Larrasoaña et al., 2013). Sapropels
were somewhat less frequent after the Mid-Pleistocene Transition,
though otherwise occurred with similar frequency before then
(Larrasoaña et al., 2013). However, Grant et al. (2022) showed that Ti/
Al ratios of sampled sediment cores recovered from the eastern Medi-
terranean were systematically lower in the early Pliocene and have risen
since then. If their interpretation is correct, this also implies a wetter
regional climate in the Pliocene. Alternatively, the change may have
occurred because of a major change in the source of the Nile waters
(Álvarez, 2023).

A study of the Mid-Pliocene warm period (3.3–3.0 Ma) by Li et al.
(2018) included results of two atmosphere-ocean general circulation
models, which suggested weaker northwesterlies by <1.0 m/s in both
summer and winter. These imply that the winds flowing along the Red

Sea were modestly smaller, e.g., compared with ~5–12 m/s monthly
mean winds for July and January 2009 in the Jiang et al. (2009) model.
Modestly weaker winds in general are also suggested by global studies.
Westerly zonal winds are expected to have been somewhat more sub-
dued than pre-industrial modern times over the latitudes of the Red Sea
by ~1–2 m/s, depending on the simulation (Li et al., 2015). Dust
accumulation in deep-ocean cores and reconstructed ocean productivity
also suggest that westerlies were weaker and lay more polewards (Abell
et al., 2021). There is further evidence of smaller latitudinal temperature
gradients globally in the Pliocene; Brierley et al. (2009) suggested there
was only a ~ 2 ◦C temperature difference between the equator and 32◦N
in the Pacific at 4 Ma compared with ~8 ◦C today. Their result implies a
weaker Hadley circulation than today, perhaps by 30%. Similar reduced
temperature gradients were reported for the Atlantic and Indian oceans.

3. Materials and methods

3.1. Mass accumulation rates (MARs) at DSDP sites

To estimate MARs, dry bulk densities (DBDs) were taken from the
laboratory-derived porosity and grain density data of Manheim (1974).
Bulk carbonate contents (Fig. 2) were measured by Bode (1974a) but at
different sediment depths to the Manheim (1974) measurements. We
therefore estimated DBDs by interpolating between the DBD data to the
depths of the carbonate measurements. Linear Sedimentation Rates
(LSRs) were derived from the age models shown in Fig. 2 by linear
interpolation, also to the depths of the carbonate data. The GeoMapApp-
derived age models were used for this, except for the green line in Fig. 5
for which the Hughes and Varol (2024) model was used. MARs were
then derived by multiplying the DBDs by the carbonate or non‑car-
bonate fraction as appropriate and by the LSRs. These MARs were
resampled every 10 ky. Because density and carbonate contents are
likely under-sampled and because the age constraints are variedly
spaced though roughly every 1-m.y., the MARs were averaged every 1
m.y. (Fig. 5). The text below only considers general variations, so this
coarse temporal spacing is adequate.

3.2. Seismic reflection data

Seismic reflection data from deep-water areas were examined. Of
those data studied previously (Mitchell et al., 2017; Mitchell et al., 2019;
Mitchell et al., 2022), many have low resolution or poor signal/noise
characteristics that prevent studies of the PP stratigraphy in detail. Some
published shallow-seismic reflection data revealed some PP stratigraphy
but no obvious mound-like structures (Bonatti et al., 1981; Bonatti et al.,
1984; Guennoc et al., 1988; Richter et al., 1991; Ehrhardt et al., 2005;
Ehrhardt and Hübscher, 2015; Feldens et al., 2016). The main datasets
studied here are as follows.

The 3D seismic reflection data studied here were originally acquired
offshore Egypt (Fig. 1) for BG plc in 1999 (Gordon et al., 2010). Details
of the acquisition and processing parameters are not available, although
the upward-curved reflections in the lower parts of the data suggest that
they have been migrated. A total of 4879 cross-lines (SW-NE) were
collected spaced 12.5 m apart and 1729 in-lines (SE-NW) spaced 25 m
apart. Higher frequencies and hence better resolution can be observed
towards the upper parts of these data. These data were interpreted using
the software IHS Kingdom®. We show the topography of one surface
within the PP, a cross-line profile and sediment thickness map derived
from these data in Fig. 6. Some further surfaces and profiles through the
seismic data volume have been published elsewhere (Ligi et al., 2018;
Ligi et al., 2019; Mitchell et al., 2019; Ali et al., 2022; Ali et al., 2023).

The single-channel data in Fig. 7a were acquired in 1984 on RV
Conrad during cruise RC2507 and recorded onto paper only (Martinez
and Cochran, 1988; Cochran et al., 1991). Most of the data were
collected with a water gun source, although airgun sources were occa-
sionally used in the survey as well. Positioning by Loran-C was available

N.C. Mitchell et al.



Global and Planetary Change 240 (2024) 104527

8

from the Saudi Arabian coast for 73% of the time, otherwise positioning
was by transit satellite navigation and dead reckoning (based on data on
ship speed through water and heading).

The data shown in Fig. 7b were acquired on RV Urania during cruise
RS05 (Mitchell et al., 2010; Ligi et al., 2011; Ligi et al., 2012) with a
Teledyne 48-channel streamer with 12.5 m group interval and two
Sercel GI-Guns (airguns) for the source. These data have been processed
to preserve amplitude ratios and the highest frequency contents to
improve resolution of reflections within the PP. After predictive
deconvolution, a time-varying prestack bandpass filter was applied with
tapering from 12 to 16 and from 96 to 120 Hz (i.e., 16 and 96 Hz are the
cut-off frequencies and 12 and 120 Hz mark the start and the end of
tapering). Position data were acquired with the Global Positioning
System (GPS).

Profile E (Fig. 7c) was acquired in 1979 on RRS Discovery with air-
guns and single-channel analogue streamer of unknown size (Searle,
1980). Navigation was by transit satellite and dead-reckoning between
fixes. These noisy data were recorded onto paper only and are affected
by a strong bubble pulse. Nevertheless, they show reflections to ~0.5 s

two-way time (TWT) beneath the seabed, including reflections within
the upper Miocene evaporites.

The data shown in Figs. 7d and e were acquired with a Delta sparker
source of Applied Acoustics with a short streamer on RV Poseidon in
2011 (Schmidt et al., 2011) and on RV Pelagia in 2018 (Augustin et al.,
2019), respectively. Little information is available concerning the 2011
data acquisition. The 2018 data were acquired at ~3 knots with a 100-m
multichannel streamer weighted to ensure a consistent towing depth of
~1 m. After bandpass filtering, normal moveout corrections were
applied using a uniform 1500 m/s velocity and the resulting traces were
stacked and time-migrated. Position data were acquired with the GPS.

The data shown in Figs. 7f, g and 9 were collected in 1965 during RV
Conrad cruise rc0911 with a 25 cubic inch airgun and recorded onto
paper only. Unfortunately, little further information is available on these
data. Nevertheless, these data also contain reflections extending into the
upper Miocene evaporites.

3.3. Seismic data interpretation considerations

The seismic lines of the images that we show do not intersect any of
the DSDP sites, so direct ties of the seismic stratigraphy are not possible.
However, a prominent reflection called the “S reflection” is widely
observed in seismic data throughout most of the Red Sea (Phillips and
Ross, 1970; Ross and Schlee, 1973; Mitchell et al., 2017; Mitchell et al.,
2019). (Below we refer to the S-reflection as simply “S” for brevity.)
Seismic travel time calculations (Whitmarsh et al., 1974) show that S in
seismic data recorded over DSDP Sites 225 and 228 corresponds with the
top of theMiocene evaporites, while at Site 227 it may correspond with a
hard claystone that lies up to 32 m above the evaporites (hence still close
to it). Interpreting this reflection allows us to identify the Plio-
Pleistocene interval overlying S.

Interpreting stratigraphy in the lower PP can be complicated because
(1) the lower PP away from coasts is commonly more transparent than
the upper PP and (2) the PP sedimentary cover and substrate have likely
moved variably since sediment deposition due to halokinetics (Mitchell
et al., 2010; Augustin et al., 2016; Mitchell and Augustin, 2017; Mitchell
et al., 2017; Mitchell et al., 2022; Ali et al., 2023) so stratigraphic sur-
faces may be strongly distorted compared with their geometries at the
times when they were deposited at the seabed. For recognising con-
tourites deposited in other open-ocean settings without these compli-
cations, Faugères et al. (1999) suggested the following characteristics:
“major discontinuities that can be traced across the whole drift and
represent time lines corresponding to hydrological events, lenticular,
convex-upward depositional units with a variable geometry, and a
specific style of progradation–aggradation of these units that is influ-
enced by interaction of the bottom current with Coriolis force and with
the morphology.”

We have mitigated the effect of more muted reflectivity by selecting
seismic data with higher frequency content or, in the case of the Urania
data, boosting higher frequencies of digitally recorded data. The effects
of halokinetic tectonic distortions are considered by using S as a refer-
ence surface. As younger PP sediments show tectonic growth structures
and as deposition of typically denser sediments around halite beds tends
to drive halokinetics (Gemmer et al., 2004), S was likely more nearly
horizontal at the time of the Miocene-Pliocene boundary, like modern
“salt flats” (Mitchell et al., 2017; Mitchell et al., 2021; Mitchell et al.,
2022). Above diapirs, we observe occasional erosional truncations of
underlying reflections (Mitchell et al., 2021; Mitchell et al., 2022;
Delaunay et al., 2023) (and observations and interpretation below).
Consequently, depressions of S have likely deepened relative to diapir
crests since the early Pliocene.

We digitally flattened three sections of seismic data at S (flattening is
a process in which seismic traces are offset vertically so that a reference
reflection occurs at a common vertical position along the section;
Figs. 6c, 7d and e). As an example, the yellow line in Fig. 6b shows the
two-way times used in flattening that section. If the surface forming S

Fig. 5. Mass accumulation rates (MAR) of the (a) non‑carbonate fraction and
(b) carbonate fractions of the DSDP cores and (c) their ratio. Values were
derived from laboratory-derived porosity and grain density data (Manheim
et al., 1974) and bulk carbonate contents (Bode, 1974a), along with age models
from GeoMapApp and (green line) Hughes and Varol (2024). For details, please
see main text. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Images derived from a part of an industry 3D seismic polygon (Gordon et al., 2010) selected as showing contourite-like reflection geometries. Extent of
selected data is shown by red-filled polygon in Fig. 1. (a) Three-dimensional view of a reflection within the deposits (located by blue line in (b)). Coordinates are in
Universal Transverse Mercator (zone 36). (b) Cross-line 3250 (located in (d)) marked with the interpreted S-reflection (yellow), chosen internal reflection with
unconformity (turquiose) and seabed (blue). Annotations: M1 and M2, sedimentary mounds, SW1 and SW2, salt walls, D, depocentre, F, fault, LR, low reflectivity, G,
tectonic growth stratigraphy, S, S-reflection, TWT, seismic two-way time, t1-t3, PP reflection terminations. (c) As (b), with traces offset vertically so that the S-
reflection appears at a common two-way time. (d) Map of thickness of deposits between the S-reflection and the interpreted unconformity (yellow and turquoise lines
in (b)). Annotation as (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (continued).
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Fig. 7. Examples of sediment mounds in seismic reflection data (profiles A-I are located in Fig. 1a, partial copies of which are inset within panels). Annotation
includes: C: contourite-like deposits, S: S-reflection marking top of Miocene evaporites, D: salt diapir, E: layered evaporites. Vertical axes show seismic two-way travel
time in seconds. The contourite-like deposits are highlighted with blue polygons. (Their tops are at arbitrarily chosen reflections, in some cases within the overlying
pelagic sequence, in practice morphology tends to grade upwards and is not discrete. Image quality dictates extent of interpretation, hency polygons do not represent
total extents). Where shown, blue-filled circles mark the S-reflection.
(a) Compilation of data collected with a watergun source during cruise RC2507 (Cochran et al., 1991) obtained from https://www.ncei.noaa.gov.
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were perfectly flat at the start of the Pliocene and the sediments have
been deformed only gradually by halokinetic deformation and only
weakly by compaction, the lower PP reflections in these flattened sec-
tions should better approximate their original depositional geometries.
As halokinetic deformation has also occurred progressively in many
places after the end of the Miocene, the upper PP in these flattened
sections is likely over-compensated for the deformation. Nevertheless,
these flattened sections are helpful for interpretation if we bear these
complications in mind.

Although the older seismic data originally recorded on paper are
generally of lower quality, they nevertheless reveal a prominent S. In
these data, guided by our experiences with the digital data, we sought
reflection packages within the PP that are discordant with S, i.e., they

have different dips and would form mounds if S were flattened out.
Spatially uniform (pelagic) accumulation of sediments over a mound can
be expected to lead the geometry of the mound to continue higher up in
the stratigraphy, hence we interpret mounds where this geometry is
found over some harder-to-interpret transparent lower PP (e.g., Figs. 7f,
g). Conversely, reflections that merely parallel S suggest more pelagic-
like deposition. These are not as satisfactory as the higher-quality digi-
tal examples, though we include them as they suggest broader occur-
rences of these mounds.

(b) Airgun seismic data collected in the central Red Sea in 2005 (Ligi et al., 2011; Ligi et al., 2012).
(c) Airgun seismic data collected in 1979 (Searle, 1980).
(d) Sparker seismic data collected near Jeddah on RV Poseidon in 2011 (Schmidt et al., 2011). Lower panel shows the section flattened by offsetting traces to a
common two-way time of the S-reflection. T: vertical transition in reflection geometries.
(e) Sparker seismic data collected offshore Sudan on RV Pelagia in 2018 (Augustin et al., 2019). Red dots and annotation t1 and t2 locate examples of PP reflector
terminations at S (lines indicate the reflections concerned). Lower panel shows flattened section, as in (c).
(f) and (g) Airgun seismic data collected during RV Conrad cruise RC0911.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (continued).
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4. Observations

4.1. Mass accumulation rates (MARs) at DSDP sites

The estimated carbonate and non‑carbonate MARs show long-term
trends in deposition at the sites (Fig. 5). The effect of possible date un-
certainty is suggested by differences between the curves derived using
the revised dates within www.geomapapp.org and those provided by
Hughes and Varol (2024); MARs differ by about a quarter in places. For
sites 227 and 228, some variations in MAR occurred in both carbonate
and non‑carbonate components; for Site 227 from 5 to 2 Ma and for Site
228 from 5 to 1 Ma. However, for Site 225, carbonate MARs are nearly
flat for 0–4 Ma on average using either of the two biostratigraphic

schemes, whereas the non‑carbonate MARs declined from 2.01 g/cm2/
ky (3–4 Ma) to 0.79 g/cm2/ky (0–1 Ma).

4.2. Seismic reflection data

The profile in Fig. 6b through the southerly part of the 3D seismic
volume reveals a prominent S with ~0.5 s TWT of relief. Over the top of
salt wall SW1, S is more irregular in character and rugged. As observed
elsewhere in the Red Sea (Mitchell et al., 2015), some parts of the
stratigraphy immediately above S have low reflectivity (“LR” in Fig. 6b).
Below S, besides within the two salt walls, the section is reflective. In
places, reflections below S increase in dip downwards (e.g., at “G” in
Fig. 6b).

Fig. 7. (continued).
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Overlying S in Fig. 6b, reflections from within the PP (overlying S)
vary in geometry and only partly follow the topography of S. Centred on
in-line 1156, the reflections form a mound-like sigmoidal body marked
“M1”, offset to the SW from SW1. At in-line 1235, the PP reflections
immediately above S are locally more widely spaced. A further
sigmoidal body occurs at in-line 1592 (“M2”). Near in-line 1751 where
marked “D”, the reflections are poorly recorded, though reflections
higher in the PP can be observed and have smaller relief than S below
them. Some offsets of reflections can be observed above S though not
affecting it (“F” in Fig. 6b).

Some truncated reflections within the PP suggest the presence of
unconformities. The topography of the unconformity marked in tur-
quoise in Fig. 6b is shown in three-dimensions in Fig. 6a. The uncon-
formity surface, and hence much of the central and lower PP, is
elongated in a series of irregular ridges oriented NW-SE. This elongated
character is also shown by the map of thickness of sediment between
that reflection and S (Fig. 6d), with M1 thickening to >800 m thickness
in the north. Its thickness is less irregular going to the north than the
topography in Fig. 6a.

Under M1, truncations of PP reflections in the earliest sediments
(marked “t1” in Fig. 6b) lie close to the depression of S under in-line
1235. Terminations of reflections of subsequent deposits are further
SW (t2). Above the reflections marked LR, terminations again lie near
the depressions (t3). Terminations of reflections from younger deposits
lie progressively to the SW.

In the flattened section (Fig. 6c), S has a relatively uniform character
along the profile except over the salt walls and under “D”. In three areas
marked “G”, dipping reflections below S steepen with depth. Above S,
the lowermost PP is anomalously thick at in-line 1235 and 1671. Above
and southwest of those positions, the mound-like deposits M1 and M2
contain sigmoidal clinoform-like sequences of reflections dipping to the
southwest.

The RC2507 images (Fig. 7a) commonly do not show a prominent S,

presumably due to the high seismic frequencies associated with the
watergun source and layered terrigenous sediments in the northern Red
Sea, which also produce prominent reflections. However, one profile
(not shown) crossed the 3D seismic volume, where S is clear, so we were
able to confirm our identification of S there. A number of lensoid de-
posits can be observed in profiles A-C, where they are 100 ms or more
TWT in vertical extent and extend a few km along the profiles.

In profile D, a reflection at the upper edge of the blue polygon shown
in Fig. 7b has a varied vertical separation from S below it. The sediment
body encompassed by the upper reflection and S is thickest where
marked “contourite-like deposit” and thins progressively away from that
location to both NE and SW. Interpretation is difficult SW of shot point
(SP) 360, hence the blue interpretational polygon stops there, but the
deposit appears to be also thick at SP 360–380 and thins out towards SP
480 where S rises towards the seabed. If the topography of S developed
progressively, this sediment body would have been a modest mound of
100–200 ms relief (~100–200 m) and > 10 km extent when it was
deposited. An irregular step of S from SP 325 to 300 coincides with the
edge of a salt flow mapped with multibeam sonar data (Mitchell et al.,
2010); data NE of there lie over the more mobile flow.

In profile E, S is marked by extended reflectivity. It generally dips
gently to the SSW along the southerly half of the profile and is underlain
by reflections varying in dip (“G” in Fig. 7c). Overlying S, the upper half
of the PP contains reflections that mimic the seabed. Where highlighted
in blue in Fig. 7c, these reflections form an upward-convex rounded
geometry that it is different from the more gently dipping S. Towards the
base of the blue highlighted area, reflections are oriented similar to the
modern seabed (“Initial mound”) and also diverge from S.

In profile F (Fig. 7d, top panel), S is prominent and has a different dip
from the reflections above it. The upper limit of the dipping reflections
within the lower PP ends abruptly at “T” marked in Fig. 7d. Above “T”,
the reflections are flatter. Profile F illustrates the lower reflectivity of the
lower PP compared with the prominent S and the reflective upper PP. S

Fig. 7. (continued).
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in these data comprises two prominent wavelets spaced vertically
~10–20 ms, which can be traced almost 20 km distance. In the flattened
section (Fig. 7d, lower panel), S has a uniform character and the two
wavelets maintain their spacing across the profile. The mound reaches
~200 ms in vertical relief and is ~10 km across. Unlike that in profile D,
here the mound has a sharper peak thickness coinciding with the valley
in S observed in the top panel. A possible second mound occurs at
SP15000.

Within profile G, PP reflections are difficult to trace across the whole
line, although one horizon has been approximately located by the upper
surface of the blue polygon in Fig. 7e. The interval between that horizon
and the prominent S varies along the profile, though it is roughly lensoid
and thickest about half-way along the image. The profile further illus-
trates the weaker reflectivity of the lower PP, though still strong S. S is
laterally continuous in character across much of the section. Reflections
beneath S are not all parallel to S but tend to dip downwards towards the
centre of the contourite-like deposit and steepen with depth. Reflection
terminations against S within the lower PP are hard to identify, though
appear to lie further from the centre of the blue polygon for sediment
deposited later (hence “t2” lies SW of “t1” in Fig. 7e). In the flattened
section, S has a somewhat uniform character along the profile. On the
left side of that profile, reflections beneath S dip modestly downwards to
the NE with increasing dip with depth (“G” annotation). On the right
side of the profile, though less clear, similar reflections (also marked G)
dip to the SW. Both sets dip towards about the centre of the area where S
is depressed.

Profiles H and I contain prominent S and in places strong layering
below S (“layered evaporites” in Figs. 7f and g). In the PP above S, the
data are variably layered, though with the lower PP generally less
reflective. The PP typically drapes the underlying S, a sign of pelagic-like
accumulation of particles. However, in profile H where marked “con-
tourite-like deposit?”, reflections dip to the SWwithin the left side of the
blue polygon and to the NE on the right side (marked “R”). These
contrast with S which is almost flat for 1–2 km beneath it, i.e., these two
sets of reflections diverge. In profile I, where also marked “contourite-
like deposit?”, a series of reflections (“R”) can be observed that also
diverge from the underlying S.

5. Interpretations

5.1. Mass accumulation rates at DSDP sites

Multibeam data show that DSDP Sites 225 and 227 both lie on a salt
flow (Augustin et al., 2019), so the PP sediments on top of the Miocene
evaporites have moved further from the coast of Arabia since they were
deposited. An evaluation of geophysical data suggests that they moved
seawards by >25 km and perhaps by as much as 50 km (Supporting
Information). This helps to explain their high non‑carbonate MARs early
in the Pliocene and the subsequent decline in those MARs (Fig. 5a). The
multibeam data and drilling report (Whitmarsh et al., 1974) show that
Site 227 lies close to an axial deep. The carbonate and non‑carbonate
MARs varying similarly from initial high values at 4–5 Ma might be due
to downslope transport and preferential accumulation of sediment at
Site 227. As Site 228 is thought to have been influenced by sediment
dispersal from the Tokar Delta (Whitmarsh et al., 1974), the increasing
non‑carbonate MARs for that site from 4 to 5 towards 1–2 Ma may also
have a transport origin. Increasing biological activity associated with the
delta and towards the southern Red Sea (Bouilloux et al., 2013) also
complicate interpretation of carbonate MARs for Site 228.

However, for Site 225, the nearly flat carbonate MARs from 4 to 0
Ma, occurring while the non‑carbonate MARs declined, may have a
different origin. We interpret the increasing percentage of carbonate up-
stratigraphy (Fig. 2a) as mainly a dilution effect of the decreasing rate of
deposition of non‑carbonate material (Fig. 5a) rather than increasing
rate of carbonate deposition. Potentially confusing this interpretation,
the carbonate component of these cores may partly originate from

erosion of carbonate rocks on land (terrigenous). However, petrographic
study by Stoffers and Ross (1974) revealed no evidence for terrigenous
carbonates, except for some dolomite (2–20%), much of which could be
authigenic. They interpreted the sediment as largely pelagic carbonate
ooze and chalk. The MAR data therefore imply relatively constant pro-
ductivity of pelagic organisms throughout the PP after 4 Ma or at least
do not reveal any major change. However, the lower carbonate MAR for
the 4–5 Ma interval suggests a lower productivity in the early Pliocene.
Lower initial carbonate MAR is suggested using both sets of dates and, in
the case of the Hughes and Varol (2024) set, constrained by dates either
side of this age range (Fig. 2). We suggest that Site 225 best represents
the history of deep water conditions of the Red Sea, which therefore
experienced a relatively constant rate of carbonate deposition after 4
Ma.

5.2. Seismic reflection data

We first address the character and geometry of S and reflections
below it, as their interpretation affects how the overlying PP reflections
are interpreted. Where S is irregular over salt walls and diapirs, in places
accompanied by truncated underlying reflections, we interpret the sur-
face forming this reflection as having been eroded, perhaps during a
widespread event in which the Red Sea drew down, exposing parts of the
Miocene evaporites to waves and/or rainwater (Coleman, 1974;
Colombo et al., 2014; Mitchell et al., 2017). In contrast, the lack of an
unconformity at S away from such areas suggests that the surface
creating that reflection was deeper and not exposed to waves or rainfall
(Mitchell et al., 2022), e.g., these areas may have been covered by water
or brine at that time. A nearly flat-lying or uniform environment of
evaporite deposition is suggested where reflections at S and immediately
below it are relatively uniform in character and spacing across the sec-
tion, such as in Figs. 6c, 7d and e (flattened sections). In contrast, deep
basins filled with gravity-flow deposits would appear very differently,
with more angular terminations of overlying reflections with S. As
explained earlier, the reflectivity below S likely corresponds with
alternating halite, anhydrite and shale beds. The increasing dips with
depth of these evaporite reflections, particularly revealed by the flat-
tened sections in Figs. 6c and 7e, indicate tectonic growth stratigraphy.
Subsidence therefore occurred during deposition of these strata, such as
due to the greater density of anhydrite in them compared with halite
dominating the diapirs (Mitchell et al., 2022). As the small faults in the
data above S in Figs. 6b and c do not offset S, they likely originate from
differential compaction and are not considered further.

In some areas of the flattened seismic sections, reflections from PP
strata immediately overlying S are dipping and they steepen upwards
away from S (e.g., around in-line 1200 in Fig. 6c and above the two “G”
annotations in Fig. 7e). These may suggest that the halokinetic defor-
mation continued into the Pliocene with a similar spatial pattern, e.g., if
driven by the ongoing extensional tectonics. However, the uniform
spacings of reflections around S in Figs. 6c and 7e suggest that, at the
time that the late Miocene and earliest Pliocene sediments were
deposited, the seabed did not form a local basin but was nearly flat there.
The increasing thickness of sediments within the mounds, as they were
deposited, can be expected to increase vertical stress within the under-
lying evaporites by amounts that are comparable with the activation
stress of halite deformation (Rowan et al., 2019) so the mounds may
have further promoted local subsidence (Mitchell et al., 2022). Depo-
sition of these mounds varied in spatial extent from initially localised (t1
in Fig. 6b), then broad (t2), then narrow (t3) and subsequently broad
again.

Where the deposits form mounds in the seismic images (Figs. 6b, 7a,
b, c, f, g), there should be no debate over whether they formed mounds
on the evaporite surface in the early PP. Based on the last two para-
graphs and particularly the continuity of the S reflections, we interpret
the lower PP deposits lying within depressions of S (Figs. 7d, e) as also
likely to have formed mounds. This implies the presence of mounds
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along many parts of the Red Sea at varied distances from both coasts
(Fig. 1).

In the profiles other than F, the PP reflections within or above the
polygons shown are either parallel to the seabed (profiles A, D) or
somewhat discordant with the seabed (e.g., profiles B, G, I). Besides
some local areas of flat-lying deposits likely to be gravity flow deposits
(e.g., profile G), in general, the reflections within these bodies vary
gradually in dip towards the modern seabed, suggesting a gradual
change in the currents or in the grain size of particles influencing their
transport and deposition. The unconformity marked in Fig. 6b suggests
that bottom conditions varied abruptly locally there, although otherwise
that image also contains gradually varying dips of reflections.

In contrast, an abrupt transition in reflection dips is observed in
profile F (“T” in Fig. 7d). Profile F was collected over a major collapse
structure, where the evaporites have flowed into the spreading centre
(Augustin et al., 2014; Feldens and Mitchell, 2015; Mitchell et al., 2021)
(also see electronic supplement). As changes in oceanographic circula-
tion are likely to have a more widespread influence and the change
occurs only in profile F, it probably only has a local origin. We suggest
that it is related to the collapse and hence not relevant to Red Sea
circulation.

M1 lies on the SW side of a salt wall and resembles features that
Faugères et al. (1999) described as plastered drifts. Its irregular topog-
raphy (Fig. 6a) is likely due to varied halokinetic deformation, which has
affected its thicknesses much less (Fig. 6d). Besides that irregularity,
peaks in the surface of M1 lie at roughly similar elevations, as would be
expected of a contourite. Its greater thickness in the north might indicate
that sediment was mainly introduced from the north and has been
variably dispersed to the SE by currents along M1. The other mounds
resemble the mounded drifts of Faugères et al. (1999). Their geometries
in plan-view are harder to determine. The mound in profile E may
correspond with the mound in profile D, implying an elongate deposit
between these lines oriented roughly NW-SE. In the multibeam sonar
data, the step in S down to the SSW at the left-most “S” annotation in
Fig. 7c is the northerly edge of a salt flow, hence terrain to the NNE of it
is somewhat more stable. Another elongate mound might lie between
profiles G and H, oriented roughly N-S, although those profiles are more
widely separated.

We have not generally observed sediment waves or moats that can
sometimes be associated with current-influenced pelagic deposition
(Flood, 1988; Mitchell and Huthnance, 2013). (In Fig. 6b, the irregu-
larities of reflections within M1 are more likely to be due to minor
normal faults.) Moats should be resolvable in some of our higher reso-
lution seismic data and their absence suggests that the formative cur-
rents were modest (Wilckens et al., 2023).

6. Discussion

The observations and earlier research suggest how the Red Sea has
changed over the PP. At around theMiocene-Pliocene boundary, the Red
Sea became fully isolated, creating an unconformity observed at the S-
reflection in many deep-water parts of the basin (Izzeldin, 1987;
Mitchell et al., 2015; Mitchell et al., 2017; Mitchell et al., 2021;
Delaunay et al., 2023). Mitchell et al. (2022) showed a map of the un-
conformity for the central Red Sea, occurring intermittently between
both Nubian and Arabian coasts. This event was followed by flooding
and development of the circulation, creating the mounds described here.
The circulation started near the beginning of the Pliocene when the
central Red Sea flanks were much shallower, ~192 m deep on average
(70–387 m range given reconstruction uncertainties (Mitchell et al.,
2021)). The basin was also ~60 km on average narrower in the earliest
Pliocene because of plate-tectonics based on an average spreading rate
of 12 km/m.y. (Chu and Gordon, 1998). From the combination of
shallower depths and narrower basin, the water body would have been
at least five times smaller in volume. The rainfall catchment, however,
was not so greatly affected. We estimate that it would have been only

11% smaller in the earliest Pliocene due to plate tectonic motions (60
km × 1800 km = 105 km2 change compared with 106 km2 total catch-
ment (Fig. 1)). The drainage divides of the early Pliocene were likely
located not much differently from the modern ones, as escarpments and
other relief around the Red Sea have mostly developed (Steckler and
Omar, 1994; Boone et al., 2021; Turab et al., 2023) since the main rift-
shoulder uplift and synrift sediment deposition at ~20 Ma of rifting
(Bosworth et al., 2005; Bosworth, 2015), much older than the 5.3 m.y. of
the PP.

The early Pliocene (Fig. 3) or uppermost Miocene (Caruso et al.,
2013) δ18O values reaching − 5‰, therefore, seem plausibly explained
by the smaller Red Sea being more susceptible to dilution by rainwater,
given also evidence of a wetter climate (Vaks et al., 2013; Liddy et al.,
2016). If we use the δ18O values of speleothems from the Pliocene Levant
(− 11‰ to − 10‰ (Vaks et al., 2013)) to represent rainwater, we can
speculate on the dilution caused by simple mixing with waters with 0‰
δ18O originating from the Indian Ocean (roughly, as in practice rain-
water δ18O varies by several ‰ in continental interiors (Tian et al.,
2018)). The − 5‰ to − 4‰ δ18O of Fig. 3 and Caruso et al. (2013) then
imply that the normal 35‰ salinity of seawater was reduced to 13–18‰.
These are below the ranges of salinity tolerated by G. sacculifer, G. ruber,
and G. siphonifera (Fenton et al., 2000), thus potentially explaining their
absence in the early Pliocene samples (Fig. 4). Furthermore, the growth
of dolomite has been recently shown to be promoted by cyclical under-
and over-saturation for the mineral (Kim et al., 2023). Dolomite is
common in the lowermost unit 3 immediately above the Miocene
evaporites (Stoffers and Ross, 1974; Supko et al., 1974). Its presence
may be explained by cycles of freshening by rainwater. Because there
are no abrupt changes in the stratigraphy besides in profile F and locally
at the unconformity in Fig. 6b, the circulation that produced these
sedimentary mounds near the seabed reduced over the PP gradually.

Comparing the locations of the mounds to the locations of wind jets
(Fig. 1), and as wind directions are varied, aeolian sediment input is
likely to have been too dispersed to have created the mounds. Fluvial
input is also likely to lead to broader input of terrigenous sediment than
the limited lateral extents of the mounds because of surface currents and
because mound locations do not obviously correspond with drainage
outlets. We therefore suggest that the mounds formed by physical
movements of sediments within the sea and consider the following two
processes plausible:

6.1. Thermohaline circulation

Some of the paleo-environmental indicators outlined earlier support
a thermohaline circulation, perhaps involving a greater water exchange
with the global oceans by the mid-PP. For example, the low variability of
δ18O values in the mid-PP suggests a lack of intermittent evaporative
concentration of 18O (Fig. 3) that occurred in the Late Pleistocene. Such
low variability would occur if waters were replenishing rapidly. The lack
of hard layers in the DSDP cores (Fig. 2) and lack of reflectivity in
seismic data of the lower PP suggest that the basin did not become
sufficiently saline to precipitate inorganic aragonite. The marginal ma-
rine deposits of the Pliocene Ifal Group of Arabia also do not apparently
contain cement-rich layers (Hughes and Johnson, 2005).

Modelling by Thran et al. (2018) suggested that the mean bottom
current speed over contourites in the global ocean is 2.2 cm/s. If RSDW
production rates in the Pliocene northern Red Sea were comparable with
1.6 × 105 m3/s modern rates (Cember, 1988) and considering the nar-
rower basin at the time, the water movement would need to have
occurred in a body of ~100 m vertical thickness in order to produce a
mean current of 2.2 cm/s. As the Red Sea sediments are coarser than
deep-ocean silts (Fig. 2), the presence of contourites could imply a larger
current speed and hence a vertically smaller water body, if this expla-
nation is correct.

Could a thermohaline circulation have been caused by production of
RSDW in the Gulfs of Suez and Aqaba and shelves around the
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northernmost Red Sea, like in the present day? We have only limited
knowledge of the past physiography, but platform carbonates and other
shallow-marine Plio-Pleistocene deposits have been identified around
the coasts, such as in the Midyan region (Fig. 1) of NW Arabia (Hughes
et al., 1992; Hughes and Johnson, 2005; Angeletti et al., 2019; Taviani
et al., 2019). The PP has been studied in a number of wells immediately
to the SE of the Gulf of Suez (Hughes et al., 1992; Hughes and Johnson,
2005; Faris et al., 2023). Hughes and Johnson (2005) noted the presence
of moderately deep-water foraminifera in the Pliocene Warden Forma-
tion of the outer Gulf of Suez. As “very deep-marine” assemblages are
considered to occur in depths >200 m (Hughes et al., 1992), a
“moderately deep environment” may not necessarily be excessive from
the point of view of deep-water production (<100 m?). Tawfik and
Krebs (1994) inferred shallow-marine to brackish environments from
Pliocene diatoms there. In contrast, Pocknall et al. (1999) inferred at
least four marine incursions into the northern Gulf of Suez during the
Pliocene, with mostly marine conditions indicated by diatoms recovered
at a well in the central part of the gulf.

Importantly, PP gypsum deposits have been reported along the Red
Sea coast, where they were deposited in lagoons behind coral reefs, and
within the Gulf of Suez (Orszag-Sperber et al., 1998a; Plaziat et al.,
1998; Pocknall et al., 1999; Taviani et al., 2019). According to experi-
ments of Briggs (1958), Gypsum starts to be deposited from evaporating
seawater when it reaches a density of 1.13 g/cm3. Although the density
of any outflow from gypsum-producing areas would have been reduced
by dilution, 1.13 g/cm3 is ~10% larger than normal ocean water of
1.025 g/cm3. If the Red Sea was brackish overall (Caruso et al., 2013),
the contrast may have been larger. RSDW locally produced around the
northern Red Sea therefore potentially had greater negative buoyancy
than today, implying a more vigorous flow from these marginal basins
that may explain particularly the northern mounds such as M1 (Fig. 1).

The northwesterly winds acting on the surface of the Red Sea pres-
ently oppose the thermohaline circulation (Fig. 8a). The 10–20%weaker
winds of the Mid-Pliocene warm period (Li et al., 2018) modestly
reduced that opposition. The amounts may appear small but stresses in
turbulent boundary layers increase with the square of the mean speed, so
the models suggest surface stresses were reduced by ~20–40%. In the
modern southern Red Sea, stratification prevents the loss of saline RSDW
to the Gulf of Aden over Hanish Sill (Fig. 8a). That stratification also
opposes rapid deep-water movement in the Red Sea. In contrast, if the

earlier PP sill between the Red Sea and Gulf of Aden were deeper
(Fig. 8b, c) and the sea were generally shallower (Mitchell et al., 2021),
this combination may have allowed the escape of RSDW into the Gulf of
Aden and prevented extremes of salinity developing in the basin.

Knowledge of the past physiography of the Hanish Sill and Bab el
Mandeb Strait through the PP is poor and our proposed earlier deep
connection with the Gulf of Aden may seem to be contradicted by the
general extensional tectonic environment of the region. However, GPS
measurements show that there is negligible movement presently across
the Bab el Mandeb Strait (McClusky et al., 2003; Reilinger et al., 2015;
Viltres et al., 2020). On some islands within the strait, alignments of
young cones suggestive of volcanic dykes are oriented perpendicular to
the rift (Mitchell and Bosworth, 2024) not parallel to it as expected for
volcanic rifts. Volcanic Perim Island at the entrance to the strait has been
dated by K/Ar at 10.5± 1.0 Ma (Mallick et al., 1990). Hanish and Zukur
islands (Fig. 1) contain only weakly eroded cinder cones, suggesting
recent volcanism (Gass et al., 1973; Rogers, 1993). Therefore, volcanic
structures may have been emplaced later in the PP, constricting the flow,
but were absent in the earlier PP. Furthermore, the shallow banks
around the channel, including near Hanish Sill, are productive carbon-
ate factories (Einsele and Werner, 1972). Exported shallow-water par-
ticles have been interpreted from Pleistocene cores at DSDP Site 229
near those banks (Fig. 1) (Whitmarsh et al., 1974). One line of seismic
data shows slope progradation into the southerly axial trough (Mitchell
and Sofianos, 2019). Progressive growth of the banks and progradation
of slopes around them may have constricted the channel gradually.
Rohling et al. (2009) modelled variations in δ18O in deep-water Red Sea
sediments due to evaporation accounting for hydraulic exchange with
the Gulf of Aden. Their model successfully reproduced the global sea-
level curve of the last 500 ky when 0.02 m/ky uplift at Hanish Sill
was included. If such uplift occurred before 500 ka at the same rate, the
sill would have been deeper by 20 m at 1 Ma and by 100 m at 5 Ma.
Given that the central Red Sea flanks were only ~192 m deep at the start
of the Pliocene (Mitchell et al., 2021), the latter value implies that there
would have been limited obstruction to outflow of RSDW into the Gulf of
Aden at Hanish Sill (Figure ic).

Seismic reflection data around the Bab el Mandeb Strait are limited,
but a segment of data collected immediately at the approach of the strait
(Fig. 1) shown in Fig. 9 reveals a change in stratigraphic character at
~100 ms below the seabed. The flatter stratigraphy (arrowed) and more

Fig. 8. Schematic illustration of the circulation in (a) the modern Red Sea, (b) proposed for the Mid- to Late Pliocene and (c) early Pliocene. Panel (a) is based on
Sofianos and Johns (2015). GAIW: Gulf of Aden Inflow Water, RSDW: Red Sea Deep Water, RSOW: Red Sea Outflow Water. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

N.C. Mitchell et al.



Global and Planetary Change 240 (2024) 104527

18

irregular reflections immediately below it may indicate different hy-
draulic conditions. We cannot know its origins exactly, though more
rapid RSOW may be one explanation. There appears to have been a
change towards more quiescent conditions at the modern seabed, which
is smoother. This is consistent with more limited RSOW, which presently
passes along the narrow channel immediately north of this line (Fig. 1;
Bower et al., 2005).

6.2. Local wind-driven circulations

Could more localised wind-driven surface eddies have affected the
seabed and hence played a role in the development of these mounded
sedimentary bodies? Recall that many seismic datasets do not reveal
mounds, suggesting that they are not widespread. With more exchange
of water with the global oceans in the mid-PP, the sea was less density
stratified. Wind-driven circulations would have likely penetrated more
deeply and may have been able to turn over the whole water column,
rather than merely the 200-m surface layer, as eddies are presently
constrained by the stratification (Bower and Farrar, 2015). The seabed
was also much shallower in the earlier PP (Mitchell et al., 2021),
increasing the possibility of the wind-driven circulation reaching the
seabed or near to it. Notably, the sediment mounds in profiles D to I are
located near to the centres of persistent eddy occurrences in the modern
Red Sea and A-B lie under an area of more irregular eddy occurrences
(Campbell, 2020).

Wind gaps in the topography surrounding the Red Sea hills control
the wind stress on the sea surface (Jiang et al., 2009). As the 5.3 m.y. of
the PP is only 1/4 of the time since the main Red Sea rifting stage
(Bosworth, 2015), geomorphological changes since the start of the
Pliocene are likely to have been modest. We might expect entrenchment
along fluvial channels to have been overall less than the uplift of western
Arabia due to changing dynamic topography, which has been ~100 m
over the Plio-Pleistocene (Wilson et al., 2014; Mitchell et al., 2021). That
is small compared with the relief of land, which exceeds 2000 m in parts
of Arabia (Fig. 1). The major gap crossing the mountains of west Arabia
appears linked to the Qazaz or Najd shear zone (Fig. 1), which is an old
shield structure (Stern and Johnson, 2010) and hence a persistent
feature. The Tokar is the most important gap on the west side and also
overlies an old lithospheric boundary (Stern and Johnson, 2010).

Thermal chronological studies reveal no major change in exhumation
over the past 5 m.y. along most of the Red Sea margins (Boone et al.,
2021). If wind gaps had similar sizes in the Pliocene as today, it seems
possible, to the extent that eddies are controlled by winds (Bower and
Farrar, 2015), that they formed at similar locations to today (Fig. 1) and
potentially influenced the seabed.

The southward surface current in the buoyancy-driven model of
Sofianos and Johns (2003) (Fig. 1) coincides with a strong southward
wind jet in summer (Jiang et al., 2009). Those southward winds arise
from the Gulf of Suez effectively forming a wind gap between the Red
Sea Hills to the west and the high topography of Sinai. As the models of
Sofianos and Johns (2003) included a more uniform wind field in the
north, incorporating the Gulf of Suez wind jet would likely have
enhanced the southward current predicted by their model on the west-
erly Red Sea coast. The Gulf of Suez has been a persistent geomorphic
feature through the Pliocene, evolving only slowly (Steckler and Omar,
1994; Bosworth et al., 2005; Bosworth, 2015). We can expect a south-
ward current to have occurred off the Nubian coast during the Pliocene
due to this wind and from the densification of waters around the
northern Red Sea discussed earlier, explaining the origins of mound M1.

6.3. Our preferred view for the Plio-Pleistocene Red Sea

The proximity of the mounds in profiles D–I to eddies in the modern
Red Sea surface (Fig. 1) suggests an origin from surface eddies. We
favour this also because the mounds are not widespread. The gradual
changes in the geometries of reflections within them towards the present
seabed then reflect the gradual subsidence of the main trough of the Red
Sea, removing the seabed from surface influences. It also reflects a
gradual increase in stratification of Red Sea waters as the sea became
more isolated and as the regional climate became dryer. However, M1
and M2 are not so obviously associated with eddy clusters. Both wind-
driven and thermohaline transport may have operated there to form
these elongate deposits. In the early Pliocene (Fig. 8c), rainfall and the
small sea volume may have led to generally brackish conditions, leading
to low carbonate MARs at Site 225 (Fig. 5b). After the climate became
generally dryer at ~4.3 Ma (Liddy et al., 2016), the deepening sea
became more normal marine in salinity and δ18O, allowing pelagic
foraminifera to become established (Fig. 4), with eddies affecting the
seabed less strongly (Fig. 8b). The surface eddies then decoupled from
the seabed as at the present day (Fig. 8a), leading to mostly pelagic-type
deposition. This point may have differed in time around the basin as, for
example, it appears higher in the stratigraphy for M1 (Fig. 6b). Sampling
the stratigraphy by drilling would allow this important change to be
dated. Sampling and dating at sites in the Gulf of Aden immediately
southeast of the Bab el Mandeb Strait could potentially date changes in
the Red Sea Outflow Waters, as has been successfully done for the
Mediterranean outflow (Hernández-Molina et al., 2014).

7. Conclusions

Mounded deposits of sediments in the lower Plio-Pleistocene (PP) in
seismic reflection data are interpreted as formed by stronger deep cur-
rents than occur today. The dips of the reflections within those bodies
grade upwards towards typically flatter reflections around the seabed,
suggesting a gradual change in the water circulation that created these
bodies. Other evidence suggests that salinities in the middle-late Plio-
cene Red Sea did not reach such extreme values as they did in the late
Pleistocene: aragonite cemented “hard layers” were less common in the
Pliocene DSDP cores and seismic data tend to be more transparent in
deep waters away from terrigenous sources. For the early Pliocene Red
Sea, a wetter regional climate and brackish waters have been reported
by others from analyses of sediment samples.

Some of these mounds, particularly those in the northern Red Sea,
may be explained by a thermohaline circulation initiated by sea evap-
oration in marginal gulfs and lagoons. The shallower waters of the

Fig. 9. Seismic reflection image collected on cruise RC0911 at the entrance of
Bab el Mandeb Strait. Values to right are seismic two-way times in seconds.
Arrow highlights a flat reflection and irregular reflections below it that contrast
with the rounded, smooth morphology of the seabed reflection. M: water-
column multiple. (A colour version of this figure can be found on the online
version of this article.)
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earlier PP flanks of the Red Sea and less density stratification may have
also allowed surface currents caused by winds to penetrate more deeply
and affect the seabed. In our preferred interpretation, these sedimentary
mounds originate largely from wind-driven currents, but enhanced by
thermohaline circulation in places, such as along the Egyptian margin
(mound M1). The influence of surface currents appears to have declined
gradually, leading to reflection geometries that change gradually to-
wards the present seabed.
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Dambricourt Malassé, A., 2016. The first Indo-French Prehistorical Mission in Siwaliks
and the discovery of anthropic activities at 2.6 million years. Compte. Rendus
Palevol. 15, 281–294.

Davison, I., Al-Kadashi, M., Al-Khirbash, S., Al-Subbary, A.K., Baker, J., Blakey, S.,
Bosence, D., Dart, C., Heaton, R., McClay, K., Menzies, M., Nichols, G., Owen, L.,
Yellend, A., 1994. Geological evolution of the southeastern Red Sea Rift margin,
Republic of Yemen. Geol. Soc. Am. Bull. 106, 1474–1493.

Delaunay, A., Baby, G., Fedorik, J., Afifi, A.M., Tapponnier, P., Dyment, J., 2023.
Structure and morphology of the Red Sea, from the mid-ocean ridge to the ocean-
continent boundary. Tectonophys 849 art. 229728.

Dowsett, H., Thompson, R., Barron, J., Cronin, T., Fleming, F., Ishman, S., Poore, R.,
Willard, D., Holtz, T., 1994. Joint investigations of the Middle Pliocene climate I:
PRISM paleoenvironmental reconstructions. Glob. Planet. Chang. 9 (− 3), 169–195.

Dowsett, H.J., Foley, K.M., Stoll, D.K., Chandler, M.A., Sohl, L.E., Bentsen, M., Otto-
Bliesner, B.L., Bragg, F.J., Chan, W.-L., Contoux, C., Dolan, A.M., Haywood, A.M.,
Jonas, J.A., Jost, A., Kamae, Y., Lohmann, G., Lunt, D.J., Nisancioglu, K.H., Abe-
Ouchi, A., Ramstein, G., Riesselman, C.R., Robinson, M.M., Rosenbloom, N.A.,
Salzmann, U., Stepanek, C., Strother, S.L., Ueda, H., Yan, Q., Zhang, Z., 2013. Sea
surface temperature of the mid-Piacenzian Ocean: a data-model comparison. Sci.
Report. 3 art. srep02013.

Ehrhardt, A., Hübscher, C., 2015. The northern Red Sea in transition from rifting to
drifting - lessons learned from ocean deeps. In: Rasul, N.M.A., Stewart, I.C.F. (Eds.),
The Red Sea: The Formation, Morphology, Oceanography and Environment of a
Young Ocean Basin. Springer Earth System Sciences, Berlin Heidelberg, pp. 99–121.

Ehrhardt, A., Hübscher, C., Gajewski, D., 2005. Conrad deep, Northern Red Sea:
Development of an early stage ocean deep within the axial depression. Tectonophys
411, 19–40.

Einsele, G., Werner, F., 1972. Sedimentary processes at the entrance Gulf of Aden / Red
Sea. In: Seibold, E., Closs, H. (Eds.), "Meteor" Forschungsergebnisse. Reihe C.
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Sanchez Goñi, M.F., Sierro, F.J., Singh, A.D., Sloss, C., Takashimizu, Y., Tzanova, A.,
Voelker, A., Williams, T., Xuan, C., 2014. Onset of Mediterranean outflow into the
North Atlantic. Science 344, 1244–1250.

Hernández-Molina, F.J., Wåhlin, A., Bruno, M., Ercilla, G., Llave, E., Serra, N., Rosón, G.,
Puig, P., Rebesco, M., Van Rooij, D., Roque, D., González-Pola, C., Sánchez, F.,
Gómez, M., Preu, B., Schwenk, T., Hanebuth, T.J.J., Sánchez Leal, R.F., García-
Lafuente, J., Brackenridge, R.E., Juan, C., Stow, D.A.V., Sánchez-González, J.M.,
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