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High evaporation rates in the desert climate of the Red Sea ensure that, during glacial sea level lowstands
when water exchange with the Indian Ocean was more restricted, water salinity and §'80 became
unusually extreme. Modeling of the effect on Red Sea sedimentary 5§80 has been used previously to
reconstruct relative sea level to 500 ka and now poses the question of whether that sea-level model
could be extended if continuous core material of older sediment became available. We attempt to address
this question here by examining seismic reflection data. The upper Pleistocene hemipelagic sediments
in the Red Sea contain intervals of inorganic aragonite precipitated during supersaturated conditions

Keywords:

sea level of sea-level lowstands. Seismic impedance changes associated with boundaries to those aragonite-rich
seismogram model layers appear to explain seismic reflection sequences. A segment of Chirp sediment profiler data from
chirp sonar the central Red Sea reveals prominent reflections at ~1, ~5, ~23, ~26 and ~36 ms two-way travel time
Red Sea

(TWT) from the seabed. Based on depths to the glacial marine isotope stages (MIS) in cores, we relate
the upper three reflections to the tops of aragonite-rich layers and hence the sea level rises immediately
following MIS 2, 6 and 12. The reflection at 26 ms is related to an unusually rapid fall into MIS 12
predicted by one sea level reconstruction, which may have created an abrupt lower boundary to the
MIS 12 aragonite-rich layer. With the aid of seismogram modeling, we tentatively associate the ~36 ms
reflection with the top of an aragonite-rich layer formed during MIS 16. Furthermore, some segments of
lower frequency (airgun and sparker) seismic data from the central and southern Red Sea show a lower
(earlier) Plio-Pleistocene (PP) interval that is less reflective than the upper (late) PP interval. This implies
less variability in sediment impedance and that extreme variability in water salinity did not develop;
water exchange with the Indian Ocean likely continued throughout this interval. These results suggest
that viable relative sea level reconstructions may be recovered from Red Sea sediment §'80 data to at
least MIS 16 and perhaps even as far back as the early Pliocene.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The Red Sea is an enclosed water body with a narrow and
shallow connection to the Indian Ocean at the Bab el Mandab
Strait (Fig. 1), with water over the shallowest point at Hanish Sill
only 137 m deep at present (Siddall et al., 2003, 2004; Lambeck
et al, 2011), limiting exchange of water with the Indian Ocean.
Along with extreme net evaporation (2 myr~!), the limited replen-
ishment with global ocean water has caused the sea to become
more saline (present-day salinity, S > 40%.; Sofianos and Johns,
2007) than the global ocean. Hypersalinity is prevented by loss of
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saline Red Sea water and gain of less-saline Indian Ocean water
through the strait, the exchange occurring in two layers of dif-
fering density, with the Indian Ocean water at the surface and
denser Red Sea water beneath it (Maillard and Soliman, 1986;
Siddall et al., 2004). Recent assessments of global sea level lower-
ing and regional isostatic responses suggest that water depth over
Hanish Sill fell to only 25-33 m during the Last Glacial Maximum
(LGM, ~20 ka) (Biton et al., 2008; Lambeck et al., 2011). The con-
sequential further reduced water exchange with the Indian Ocean
caused the Red Sea to become more saline and supersaturated for
aragonite, leading to widespread inorganic aragonite precipitation
(Almogi-Labin et al., 1986; Fenton et al., 2000; Milliman et al.,
1969; Rohling et al., 1998; and references therein). As the effects
of seawater evaporation were less compensated by Indian Ocean
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Fig. 1. Overview map of the Red Sea, including locations of a selection of core
sites (purple circles with small lettering), track of RV Conrad cruise RC0911 (solid
black line) and locations of Figs. 7 and 8. Also marked in red are seismic line
GeoB99_085 (Ehrhardt and Hiibscher, 2015) and survey lines corresponding to seis-
mic data shown in electronic supplement Figs. S7a, S7b and S6. Elevation data are
from SRTM30_PLUS (electronic supplement). Orange dashed line marks the approx-
imate northern boundary of the Danakil tectonic block (Eagles et al., 2002). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

inflow, this also caused foraminiferal §'80 to increase beyond 2%,
leading to net glacial-interglacial variations 2-3 times those of the
global oceans (Hemleben et al., 1996). Estimates from §'80 mea-
surements suggest that 50%. < S < 57%o¢ during the LGM (Biton et
al.,, 2008; Hemleben et al., 1996), or even S > 60%. (Siddall et al.,
2003), in agreement with salinities explaining the disappearance of
planktonic foraminifera (S > 49%o) but continuation of euryhaline
pteropods and benthic foraminifera (S < 70%o; Fenton et al., 2000;
Fernandes et al., 2006; Rohling et al., 1998, hence water exchange
did not stop entirely during the LGM). Late Pleistocene sea-level
lowstands in the Red Sea are thus characterized by ‘aplanktonic
zones’, which lack planktonic foraminifera, contain only euryhaline
pteropods and benthic foraminifera, and where inorganic arago-
nite cement is commonplace (Almogi-Labin et al, 1986; Fenton
et al, 2000; Milliman et al., 1969; Rohling et al., 1998). In the
Red Sea, bottom-water movements are modest (Sofianos and Johns,
2007), aragonite dissolution occurs in interglacials but there is no
widespread calcite dissolution (Almogi-Labin et al., 1986, 1998),
and productivity (and its variability) is low (Trommer et al., 2011).

The impact on sedimentary §'80 has been exploited to recon-
struct relative sea level (RSL) at Hanish Sill, by coupling hydraulic
models for exchange fluxes with the Indian Ocean with known ef-
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Fig. 2. Comparison of sea level reconstructions, emphasizing lowstands. (a) Eu-
static sea level from (solid line) model-based deconvolution of deep-sea benthic
foraminiferal §'80 (Bintanja and van de Wal, 2008) and (blue circles) correction of
deep-sea benthic foraminiferal '80 data for temperature effects using Mg/Ca mea-
surements (Elderfield et al., 2012). Arrow highlights increasingly deep sea-level low-
stand levels through the early to mid-Pleistocene. Lowstands at MIS 12 and 16 are
highlighted. (b) Enlargement of reconstructions in (a), along with (solid green cir-
cles) relative sea level derived from Red Sea 5'80 data (Rohling et al., 2009), (open
circles) earlier estimates of relative lowstands from Red Sea §'80 data (Rohling et
al.,, 1998) and (red solid circles) extreme relative sea-level lowstands at the Mediter-
ranean margin, southern France (Rabineau et al., 2006). Red Sea reconstructions rep-
resent relative sea level at Hanish Sill corrected for long-term uplift (~0.02 mky~')
and scaled to account for hydro-isostasy (Rohling et al., 2009). Numbers 2-20 across
top of (b) mark glacial marine isotope stages. Double-headed arrow highlights the
extensive period of lowered sea level during MIS 12 in the Red Sea reconstruction
(Rohling et al., 2009). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

fects of evaporation on isotopic ratios in the sea (Biton et al., 2008;
Rohling et al,, 2009; Siddall et al., 2003, 2004). As the sensitivity
of 8180 to sea level is greatest when the sea is more isolated, the
results are particularly useful for reconstructing sea level around
lowstands, which are not so well documented from margin se-
quences (e.g., Miller et al., 2005), while they are less accurate for
highstands. Hanish Sill lies adjacent to the volcanically active Han-
ish Island and potentially active faults, but a simple adjustment of
~0.02 m kyr~! (representing steady sill uplift; Rohling et al., 1998,
2009; Siddall et al., 2003) and a further adjustment for hydro-
isostasy align the Red Sea (Hanish Sill) RSL with global sea level
estimates from (i) an independent approach of similar philoso-
phy that uses Mediterranean §'80 records (Rohling et al., 2014),
(ii) correcting deep-sea benthic foraminiferal §'80 for bottom-
temperature changes (Elderfield et al., 2012) and (iii) model-based
assessment of global deep-sea benthic 880 (Bintanja and van de
Wal, 2008), as well as with other sea level estimates such as from
some coral elevations and marginal unconformities (see Rohling et
al,, 2014 and Fig. 2). While there are short-lived (~10 ky) devi-
ations between the Red Sea and the other sea level reconstruc-
tions, there are no permanent shifts (Fig. 2), so any geological
change in elevation of Hanish Sill, if any occurred, would need
to have been short-lived and quickly reversed. However, most ge-
ological processes are unlikely to reverse within a few ky; we
know of no examples of normal fault movements reversing over
such timescales in extensional environments such as that consid-
ered here. Furthermore, currents measured over Hanish Sill are
~1 ms~! (Pratt et al, 1999), which is too small to cause ero-
sion of bedrock (Mitchell et al., 2012), so any emplaced volcanic
materials are unlikely to been fully removed by currents. We there-
fore prefer to consider the short-period deviations from the other
sealevel models in Fig. 2 as potentially genuine global variations
until proven otherwise. This is important for our interpretation of
MIS 12, where there is one such divergence.

Since no continuous Red Sea sediment cores reach beyond 500
ka, it is unknown whether new deep coring could extend the
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sea-level method to earlier times. The Red Sea method would be
attractive because the sea level estimates can be achieved with
smaller analytical uncertainty margins than other methods around
lowstands (Rohling et al., 2014). Even though systematic uncer-
tainties in the Red Sea results may be enlarged prior to 500 ka
(e.g., due to sill elevation uncertainty), a longer Red Sea record
would still be useful because the uncertainties are independent
of those of the other methods. An approach to narrowing those
uncertainties could involve identifying durations in the Red Sea re-
construction where sea level variations are similar to those based
on coral, marginal unconformities and deep-sea §180. If those sea
level segments are offset but otherwise similar in character, cor-
rections for biases due to geological processes at Hanish Sill can
be worked out and applied to the reconstructed RSL, thus yielding
intervals older than 500 ky with potential millennial-scale resolu-
tion.

In the present article, we describe an assessment of vari-
ous forms of seismic data collected in the Red Sea, where rapid
changes in seawater chemistry associated with sea level variation
(Biton et al., 2008; Rohling et al., 2009; Siddall et al., 2003, 2004)
are suggested here to have led to sharp changes in sediment phys-
ical properties, producing prominent seismic reflections. In partic-
ular, reports of the lowstand aragonite-rich layers describe them as
“hard layers”, where interconnected fibrous aragonite crystals have
left the bulk sediment indurated (Gevirtz and Friedman, 1966;
Milliman et al., 1969; Stoffers and Ross, 1974). In our experience,
the LGM layer in particular has the consistency of brittle concrete.
Such materials can be expected to be more rigid and thus to have
higher seismic velocity and impedance than surrounding unconsol-
idated sediment.

The principal data used are from a Chirp sediment profiler.
Such systems create records of sub-metre resolution by transmit-
ting long pulses of swept frequency and correlating the recorded
echoes with a replica of the transmitted pulse (Dal Forno and
Gasperini, 2008; Schock et al.,, 1989; also see the electronic sup-
plement to this article). We show that many of the variations in
reflectivity with depth in the Chirp data are as expected from the
estimated history of late Pleistocene global and regional sea level
change (Bintanja and van de Wal, 2008; Elderfield et al., 2012;
Rohling et al., 2014) and with their anticipated effects on sediment
density and velocity.

2. Variations in sediment physical properties

Central Red Sea sediments are predominantly hemipelagic car-
bonate oozes, with varied aeolian dust contributions (Stoffers and
Ross, 1974). In order to interpret reflection sequences in the Chirp
data, we need indications of how bulk density and P-wave veloc-
ity (V) vary with depth and age in these sediments. Sediment
bulk density measurements for core GeoTi-KL11 (hereafter KL11;
Fig. 1) shown in Fig. 3 reveal high densities around times of the
global sea level lowstands MIS 2, 6, 8 and 10 (chronology based on
5180 sequences). Some high densities occur in sediment of other
than lowstand ages (e.g., high density at ~20 mbsf). As the core
has been sampled, we are unfortunately unable to explore whether
these represent systematic changes or are merely caused by, e.g.,
core disturbance. Nevertheless, high density appears to occur gen-
erally where aragonite horizons are expected around lowstands.

Core GeoTii-KLO9 (hereafter KLO9) collected close to KL11
(Fig. 1) contains similar sediments deposited at a comparable
rate. Peaks in Ti/Ca ratio in KLO9 (Fig. 4) suggest intervals of
high deposition fluxes of aeolian dust (Roberts et al, 2011;
Grant et al, 2014). In order to correlate those variations with
the data of KL11, we identified depths of similar changes in §'80.
Sediment depths corresponding with times of maximum rate of
sea level change of Grant et al. (2014) shown in Fig. 3 were thus
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Fig. 3. Data from for sediment core GeoTi-KL11. (a) Age model, with diamonds
highlighting some glacial marine isotope stages (Hemleben et al., 1996). (b) Sat-
urated bulk density. (c) Carbonate contents. (d) Oxygen isotope data (Hemleben et
al., 1996). Data in (b) and (c) were provided by Ch. Hemleben (pers. comm., 2014).
Unnaturally straight segments of data in (b) and (c) represent data gaps. Horizontal
dotted lines are shown for times of high §'80 (sea level lowstands). To help provide
visual correlation with Fig. 4, dashed lines represent times of maximum rate of sea
level change (Grant et al., 2014) obtained by visually correlating the §'80 variations
in (d) with those in Fig. 4a.
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Fig. 4. Data from for sediment core GeoTii-KL09: (a) Oxygen isotopes and (b) bulk
sediment Ti/Ca ratio (Roberts et al., 2011). Dashed lines locate times of maximum
rate of sea level change (Grant et al., 2014).

also marked in Fig. 4. Aeolian dust fluxes occur during deglacials
around times of maximum sea level change (Roberts et al., 2011).
Allowing for some (likely millennial-scale, or ~10 cm) imprecision
in our correlation between the cores, a major dust interval occurs
immediately after MIS10, and roughly coincides with a density
minimum of KL11, hence density is reduced there by quartz, clay
and other low density dust minerals. Similar dust events occur af-
ter MIS2, 6 and 8. However, there are also dust-rich intervals at
other times, suggesting a possible origin for some of the variability
in density that is not directly related to the §'80 curve. Dust fluxes
therefore help to explain abrupt transitions in density around low-
stands but also the other density variability.

To characterize the sea level effect further, the KL11 bulk den-
sity data in Fig. 3b were assigned ages using the 8130 record
shown in Fig. 3a. This allowed us to sample sea level from the
reconstructions of Rohling et al. (2009) and Bintanja and van de
Wal (2008) at ages corresponding with the density data and plot
density versus these sea level estimates in Figs. 5a and 5b. The
graphs reveal modest correlations between density and sea level.
Effects related to sea level in the Red Sea appear to produce a
systematic variation in density, while the dust intervals, density
measurement uncertainty, and possible offsets in the chronologies
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Fig. 5. Correlation of sediment bulk density of core KL11 (Fig. 3) with sea level.
(a) Using the Red Sea relative sea-level reconstruction of Rohling et al. (2009).
(b) Using global sea-level reconstruction of Bintanja and van de Wal (2008). R-
values in (a) and (b) are )" ((x; —X)(yi — ¥))/(n — 1)ox0y, where ¥; is the ordinate,
yi the coordinate, over-bars represent averages, n is the number of data and o is
the standard deviation of the ordinate or coordinate. (c) Correlation between esti-
mated impedance and sea level reconstruction of Bintanja and van de Wal (2008)
with (red) a robust regression (Wessel and Smith, 1991) trend used in seismogram
modeling. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

assigned to the density data and sea level records produce the un-
correlated variation. The apparent linear variation, however, may
disguise a threshold effect of the aragonite abundance in increasing
the densities of lowstand sediments (see also Deuser and Degens,
1969).

V, has unfortunately not been measured in these shallow
cores. However, the visual appearance of aragonite forming fibrous
cements that partially fill porosity in the lowstand sediment in-
tervals and their description by many researchers working on the
cores as indurated or “hard layers” (e.g., Gevirtz and Friedman,
1966; Milliman et al., 1969; Stoffers and Ross, 1974) suggests that
lowstand sediment is likely to be preferentially rigid (large bulk
and shear moduli) and therefore have preferentially larger V.
The effect of the dust layers on V, is less clear, as there is no
comparable indication of how sediment rigidity varies, although
those layers are likely to have somewhat lower V, given the ten-
dency for V), of unconsolidated sediment to correlate with density
(Hamilton, 1978). Because of rigidity of the aragonite cement, the
aragonite layers are expected to dominate variations in seismic
impedance, with dust variations a secondary effect. Hence, we pro-
pose interpretations that link reflections to the boundaries of the
aragonite layers.

3. Sediment profiler datasets

Sediment profiler data were collected on RV Urania in 2005
with a 16-transducer Benthos CAP-6600 CHIRP-II system. A Chirp
system operates by transmitting a long-duration pulse (here
20 ms) with swept frequency (here 2 to 7 kHz) and processing the
reflected signals by correlating them with a replica of the trans-
mitted pulse. The result is a record in which the pulse is effectively
“compressed” so that the data have very high theoretical resolution
(here ~0.1 ms), with higher energy than would be possible with-
out Chirp processing and greatly increasing signal-to-noise ratio
(Schock et al., 1989). We provide more details on the method and
its implementation on Urania in the electronic supplement accom-
panying this article. Fig. 6 shows a selection of the data (located
on a map of multibeam bathymetry in Fig. 7) intended to provide
a visual impression of the similarity of the reflection sequence in
different locations around Thetis Deep. To highlight the reflection
sequences and reveal the draping morphology of the reflections,
the data are shown with strong vertical exaggeration (e.g., 31:1 in
the case of line TL22Ma). The sea at the time of data collection
was moderately rough, making the data appear ‘blurred’ (e.g., from
vessel heave and bubble sweep), but line TL22Ma was collected in
a more favorable bearing at lower speed (4-6 knots), so we later
focus on it for analyzing the reflection amplitudes.

To broaden the evaluation, we have also considered sediment
profiler data collected with a 3.5 kHz (without Chirp) system on
RV Conrad in 1984 in the northern Red Sea and stored on paper
at Lamont Doherty Earth Observatory (LDEO). A selection of those
data and a map of track lines are shown in Fig. 8.

4. Observations

The Chirp data in Fig. 6 all display reflections with a draping
morphology typical of pelagic sediments (Mitchell, 1995); sub-
bottom reflections follow the seabed reflection at nearly uniform
sub-bottom two-way time in each panel. We have deliberately cho-
sen segments of data with this characteristic, but relatively few
(roughly <20%) of the data outside the Thetis deep show evidence
for slumping or other forms of mass-movement. The data do not
typically show disrupted stratigraphy characteristics of “seismites”
(Bull et al., 2005). In each panel, a zone of strong reflectivity ex-
tended by >2 ms (R1) extends from the seabed, and below it
are 5-10 ms of high reflectivity including a prominent reflection
(R2), ~10 ms of lower reflectivity, and a strong reflection at 20-30
ms below R1 (R3). Below R3 is another much weaker reflection
(R4), followed by a moderately strong reflection another ~10 ms
down (R5). Further but weaker reflections can be observed to sub-
seabed ~70 ms. In Fig. 9a, a segment of the clearer TL22Ma record
is shown along with (graphs) amplitudes extracted from the data
along the right side of the panel (details in the figure caption).
The graphs in Fig. 9a reveal that, in detail, the reflectivity R1 has
two peaks, with the deeper peak R1b reaching 86% of the ampli-
tude of the upper peak R1la. The structure of R1 is also illustrated
by the enlarged section taken from the centre of Fig. 9a shown in
Fig. 9c. Reflections R2-R5 have generally declining amplitudes with
increasing two-way travel time.

The 3.5 kHz records in Fig. 8 all also share prominent and ex-
tended seabed reflectivity. In Fig. 8c-d and e-f, there is generally
an upper reflection sequence (above N1 marked in the figures)
with a thickness of ~20 ms TWT. Below this is a less reflective
sequence, until a further prominent reflection N2. However, in gen-
eral these data do not show as characteristic and repeated a set of
reflections as the Chirp data.
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Fig. 6. Segments of Chirp sediment profiler records collected along the tracklines marked in Fig. 7. In these images, black represents strong signal amplitudes. Scale bars
to right of each record each span 50 ms two-way travel time or 375 m if sediment velocity is 1500 ms~" (scales are unequal between panels). Annotations R1-R5 are
reflections as Fig. 9. Data are plotted with extreme vertical exaggeration (e.g., 31:1 for TL22Ma) to highlight the draping shapes of the sequences (following seabed reflection)

and emphasize their repeating character.
5. Interpretation

The regional deposition pattern of the hemipelagic sediments is
now well characterized by many decades of studies with cores, so
we use those results to guide our interpretation. The almost con-
stant sedimentation rate with time at KL11 (Fig. 3) may be unusual
as some variability can be expected given the large dust compo-
nent of the sediment, which is unlikely to be constant everywhere
in the Red Sea (e.g., Fig. 4). Fig. 10 shows the sediment depths to
various glacial isotope stages in the longer continuous sediment
cores (Fig. 1) plotted versus latitude. The depth spacing between
any given pair of isotope stages only modestly varies with latitude.
This mimics the locally only modestly varying spacings in TWT be-
tween reflections in the Chirp (e.g., 20-25 ms for R3 in Fig. 6) and
3.5 kHz sediment profiler data (Fig. 8). In airgun seismic data, the
total thickness of PP sediments overlying the S reflection is also
somewhat uniform in the central and southern Red Sea away from

the coasts and outside the deeps, with a typical interval TWT of
200-250 ms (Ross and Schlee, 1973; Mitchell et al., in press). Col-
lectively, these data suggest that the accumulation of sediments
is quasi-uniform pelagic-like, rather than spatially-varied as with
gravity-driven deposition in depressions (Mitchell, 1995). Although
the sediments were deposited on mobile evaporites (Mitchell et
al.,, 2010), except in areas of slope steepening and around faults,
the PP layer appears to be passively rafting towards the deep on
the evaporites, i.e., tectonics do not complicate the interpretation
of the reflections except locally around faults or superficial slumps,
which we avoid.

These observations and inferences prompt us to relate varia-
tions in properties at similar sediment depths between the core
and chirp data. Chirp line TL22Ma is only 34 km from sediment
core MD92-1039 (22°26.240N, 37°13.150E, 1050 m water depth;
Fig. 7), where two aplanktonic zones with inorganic aragonite oc-
cur: one at 75-142 cm depth, which is rich in cemented inorganic
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carbonate (MIS2, the LGM), and one with finer inorganic carbon-
ate at 450-457 cm depth (MIS6; Fenton et al., 2000). The MIS2
depth roughly agrees with the ~1-ms separation of R1a and R1b
or ~80 cm at 1600 ms~!, R1b thus represents the top of the LGM
aragonite-rich layer, whereas R1a corresponds with the seabed (top
of the Holocene sediments above the LGM layer). This Holocene
thickness is similar to that in cores recovered elsewhere along
the Red Sea (Fig. 10). The MIS6 depth could then be associated
with the deeper reflection at ~5 ms two-way travel time (TWT)
in TL22Ma (R2; Fig. 9a). Sedimentologically, MD92-1039 is similar
to the more southerly core MD92-1017 (Fig. 1), which contains
aplanktonic zones with inorganic aragonite at about 50-85 cm
(MIS2), 355-400 cm (MIS6) and 1370-1415 cm (MIS12), and a
less extreme zone with inorganic aragonite but some planktonic
foraminiferal continuation at 1080-1120 cm (MIS10). These core
chronologies were derived from §'80 studies associated with de-

37°20' 37°40' 38°00'

23°00"

22°40' 22°40'

22°20'

37°20' 37°40' 38°00'

Fig. 7. Locations (white line segments superimposed on black track lines) of the
segments of RV Urania Chirp data shown in Fig. 6. Background is a map of the
bathymetry of Thetis Deep (Mitchell et al., 2010). Also shown is the path of RV
Conrad cruise RC0911 (white dashed line). Magenta-filled circle locates site of core
MD92-1039. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

B

2P an .. \
ﬁ\/‘[ GeoB <x442 “
\\\ {A_', Ny ¥

~\

2r4

a) b) sea Iev%l (m)

-100

0
; MIEZ
) 6
£
e]
(0]
o)
]
& s
20 <
2 5
° - 600 <
o]
% =7 F a0
40 e
1000

Shot point 1500 1600
C) SP 1480 14|90 15|00 15‘10 o 15‘2(‘)‘
SRR
—_ H H\‘ | ‘\ \“ | ‘ ‘ \ Rla
w “ [ T T
. R1b
'—
<
= ]
1.222 ‘ i
J [

Fig. 9. (a) Segment of RV Urania Chirp data (left panel) and extracted trace am-
plitudes (right graphs) derived from TL22Ma in Fig. 6. In each graph on right, six
traces are shown (black lines) along with their average (red lines). In left of the
two graphs, the reflection amplitudes are scaled to the seabed reflection amplitude.
In right graph, the amplitudes are enlarged so that they vary over 0 to 0.2 times
seabed reflection. Percent values on left graph are the amplitudes of reflections
R2-R5 expressed as percentages of maximum amplitude of reflectivity R1 (R1a).
(b) Interpreted correspondence between reflections in Chirp data and periods of
rapid sea level change. Sea level reconstructions include (solid line) Bintanja and
van de Wal (2008), (blue dots) Elderfield et al. (2012) and (red dots) Rohling et al.
(2009) (see Fig. 2 for details). Numbers 2, 6, 12 and 16 to right are the marine iso-
tope stages. (c) Enlargement of the data (located by red-outlined box in (a)) to show
the double peak of reflectivity R1. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. 3.5 kHz sediment profiler data from RV Conrad cruise RC2507. (a) Tracks (grey lines) with locations of the 3.5 kHz sediment profiler records shown in (b) marked by
heavy segments with letters. Solid circles locate sediment cores. Cross marks annotated A-F on map correspond with half-hour time marks on profiler records. (b) Profiler
records, with values indicated below the half-hour time marks representing local depths corrected for acoustic velocity variations.
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Fig. 10. Depths of glacial Marine Isotope Stages (MIS) within sediment cores of the
Red Sea, and the latitude of the Chirp records (grey bar). Core sites are shown in
Fig. 1. Original sources for the §'80 stratigraphies are: (KL42) Badawi et al. (2005);
(KL11) Hemleben et al. (1996); (MD92-1017) Fenton et al. (2000); (KL9) Rohling
et al. (2009); (MD92-1039) Fenton et al. (2000); (MD76140) Almogi-Labin et al.
(1986); and (KL23) Badawi et al. (2005). Where samples were missing within glacial
maxima but locations were clear, the stage was estimated by interpolation.

velopment of the Red Sea sea-level record (Rohling et al., 1998,
2009; Siddall et al., 2003). Extrapolating using the mean seabed-
to-MIS6 deposition rate ratio between MD92-1039 and MD92-1017
(~1.25), we expect MIS12 at the MD92-1039 location to occur at
~17 m, equivalent to a TWT below seabed of ~21 ms, which is
close to reflection R3 at ~23 ms TWT in TL22Ma (Fig. 9). This
supports the interpretation of the prominent Chirp reflections as
resulting from sharp impedance variations in sediments deposited
around times of extreme glacial lowstands. In particular, we sug-
gest that the reflections arise in detail from sharp changes in seis-
mic impedance with depth that arise mainly from the existence
of the aragonite-rich layers. As the aragonite-rich sediment was
deposited during lowstands of sea level, the sediment impedance
changes above the aragonite-rich layers correspond with times of
rapidly rising sea level.

We have attempted to compare the Chirp reflections more
directly with the sea-level reconstructions (Fig. 2). Model-based
assessment of deep-sea §'80 (Bintanja and van de Wal, 2008)
suggests that the deepest pre-LGM lowstands occurred at MIS
6, 12 and 16. Deep-sea temperature-corrected §'80 (Elderfield et
al.,, 2012) suggests that MIS12 was a particularly deep lowstand,
perhaps even deeper than that of the LGM (Fig. 2). The Red
Sea RSL reconstruction (Grant et al., 2014; Rohling et al., 2009;
Siddall et al., 2003) includes an extended MIS12 lowstand that
followed an unusually rapid lowering at ~480 ka (the MIS12 dis-
crepancy with the other sea level reconstructions mentioned ear-
lier). Combined with the depth-distribution (Fig. 10) and lithologi-
cal changes (above) of glacials in Red Sea cores, and correlations
between Red Sea sediment density and sea level (Fig. 5), this
supports an association of Chirp reflections with rapid sea-level
changes around lowstands (Fig. 9). Thus, reflectivity R1 comprises
two peaks R1a and R1b (Fig. 9) because Holocene sediments over-
lie thick, cemented and dense aragonite-rich sediment of the LGM
(MIS2). The 1-ms separation of R1a and R1b suggests a Holocene
thickness of ~80 cm, which agrees with our logged depths for
the MIS2 aplanktonic zone of ~70 cm in MD92-1039, ~35 cm in
MD92-1017, ~90 cm in GeoTii-KL11, ~200 cm in GeoTii-KL23, as
well as with previous estimates (Locke and Thunell, 1988). Sim-
ilarly, R2 probably marks the upper edge of the aragonite-rich
aplanktonic zone of MIS6 and thus rapid sediment impedance
change arising from the ensuing deglaciation. Below that reflection,
reflectivity of sediment deposited during other sea-level fluctua-
tions (which have shallower lowstands, Fig. 2) is more modest,
until reaching MIS12. Sediment of MIS10 is not aplanktonic so con-
ditions may not have been so extreme and hence no reflection is
assigned to this stage. We interpret the R4-R3 pair of reflections
(Fig. 9) as associated with aragonite content varying with rapid
sea-level fall into the MIS12 glacial stage (R4) and subsequent
rapid sea-level rise from abrupt deglaciation (R3). The unusually
rapid fall into MIS12 may have left a sharp lower boundary to the

aragonite-rich layer, whereas MIS6 may not have created a pair
of reflections because the decline in sea level into MIS6 was more
gradual (Fig. 2), leading to less abrupt changes in aragonite content
and seismic impedance. The prominent reflection R5 is attributed
to rapid deglaciation following MIS16 (Fig. 9). Reflections below R5
have more modest amplitudes and are difficult to assign.

Alternative assignments of the reflections cannot be ruled out
unequivocally. For example, the importance of aragonite cements
to sediment rigidity and thus impedance may not be as strong as
we expect if aragonite replacement during highstands was more
important in earlier sediments and thus some reflections may re-
late instead to dust events. Alternatively, in Fig. 9, reflection R3
could have arisen from the top of MIS10 lowstand deposits and
thus R4 from the top of MIS12 deposits. However, the latter inter-
pretation would involve an extreme sedimentation rate between
MIS10 and MIS12, which is not seen in the base of KL11 (Fig. 3) or
in other cores (Fig. 10), and overall the association shown in Fig. 9
seems to us the most compelling.

The northern Red Sea 3.5 kHz profiler data (Fig. 8) are more
difficult to interpret. From 880 data of Badawi et al. (2005),
the upper edges of MIS2, MIS6 and MIS10 lie at 0.6, 7.5 and
19.7 m, respectively, at core site KL23. For seismic velocities of
1500-1600 ms~!, these would lie at 0.75-0.8, 9-10 and 25-26 ms
below seabed. Thus, the extended seabed reflectivity, which is sim-
ilar to the extended reflectivity in the central Red Sea Chirp data,
is also most likely due to overlapping reflections from both the
top of the MIS2 aragonite-rich layer and the top of Holocene sed-
iment overlying it. Given the likely importance of sediment rigid-
ity to seismic impedance, we suspect the other prominent reflec-
tions also correspond with aragonite-rich layers. Reflection N1 may
therefore correspond with the upper edge of MIS6. Reflection N2,
on the other hand, appears generally deeper than 26 ms, so its
origins are less certain. MIS6 in core MD76/140 was nearly 50%
shallower below seabed than in KL23 (Fig. 10), so reflection N1 is
also only weakly constrained. Overall, we have found it more dif-
ficult to relate the northern Red Sea reflection sequences to the
oxygen isotope stages. This could be caused either by different
physical properties of the sediments, perhaps from different wa-
ter chemistry during deposition in the north affected by different
climatic conditions (e.g., Biton et al., 2008), or (more likely in our
view) from temporally varied deposition rates, such as from var-
ied dust input (Roberts et al., 2011). These issues underline the
need for future expeditions to collect long sediment cores coinci-
dent with these profiler lines.

6. Seismogram characterization and modeling

Seismogram modeling provides a demanding test of the inter-
pretations because gradients in impedance generate reflections, so
small errors in data used to generate an impedance series pro-
duce exaggerated effects in the models. We consider only relative
amplitude changes with TWT. We first examine the reflection am-
plitudes as they help to inform the seismogram modeling.

6.1. Characterization

Before evaluating the reflection relative amplitudes, we need
first to consider how they are likely to be affected by attenua-
tion. Compilations of attenuation measurements (Mitchell, 1993)
suggest that attenuation coefficients of ~0.2-2 dBm~! can be ex-
pected in the frequency band 2-7 kHz generally, with higher coef-
ficients typical of sandy sediments and lower rates of fine-grained
sediments. Tyce (1981) estimated attenuation coefficients using
diminishing amplitudes of reflections with varied burial depths
recorded with the 4 kHz profiler of the Scripps Deep Tow. His mea-
surements included a very low 0.12 dBm~! recorded in calcare-
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ous ooze on Carnegie Ridge. Other measurements of Tyce (1981)
on terrigenous sediments from the Southern California Borderland
clustered around 0.37 dBm~! and those on hemipelagic turbidites
from Rockall Trough were 0.19-0.28 dBm~!. When we adjust Red
Sea reflection amplitudes using 0.12 dBm~!, the values appear
reasonable (R2 at 17%, R3 at 15%, R4 at 9%, and R5 at 8% of the
amplitude peak of R1a). With a 0.4 dBm~" rate, the adjusted val-
ues are unrealistic (R5 is 80% and R4 is 47% of R1a). Attenuation
rates in these sediments therefore are likely closer to the lower
end of the published range and we use 0.12 dBm~! in our seis-
mogram modeling below.

Assuming simple planar interfaces, we can roughly evaluate the
origins of the reflections as follows. Surface Holocene sediment
has a likely bulk density near 1.6 gcm~3 (Fig. 3) and velocity
near 1500 ms~! (Hamilton, 1978), which implies a seabed re-
flection coefficient of ~0.23 (dimensionless). Given this coefficient,
the second observed near-seabed peak at 86% of seabed ampli-
tude then implies a reflection coefficient of 0.20 (0.23 times 0.86),
which could be achieved if the impedance for the LGM sediments
were 3600 gmcm—3s~1. If the LGM sediments have a maximum
density of 1.9 gcm~3 (Fig. 3), this impedance suggests that their
velocity would be 1895 ms~!. This velocity is lower than the re-
gression of Milholland et al. (1980) used in the seismogram mod-
eling described below, but within the range of their values. The
deeper reflections are more uncertain because of the attenuation
uncertainty, but nevertheless the 15% of seabed amplitude of the
attenuation-adjusted R3 implies a reflection coefficient of 0.035.
This seems low considering the ~0.1 gcm™> shifts in sediment
density in Fig. 3 (such a density shift alone would produce a re-
flection coefficient of ~0.06), which suggests that the reflections
are caused by gradients in impedance, rather than discrete inter-
faces, or that other factors reduce amplitudes, such as scattering
from interface roughness.

The apparent lack of prominent reflections below R5 (Fig. 9) is
difficult to evaluate because of attenuation. Nevertheless, at an at-
tenuation rate of 0.12 dBm™!, a further reflection of the amplitude
of R5 at 10 m greater depth would appear in the Chirp records
with amplitude reduced by only 2.4 dB below R5. In other words,
its amplitude would be 76% of R5. This should be visible and sug-
gests that no further significant reflections exist below R5 in this
part of the record. (We suggest that, if Hanish Sill were stable over
this earlier interval, this lack of reflectivity would also be compat-
ible with the shallower lowstands older than MIS16 in Fig. 2 and
hence likely less well-developed aragonite cements in the lowstand
sediments.)

6.2. Seismogram modeling

The following outlines the stages taken in developing the
synthetic seismograms shown in Fig. 11. Panels showing the
model impedance, reflectivity series and simulated seismograms
are shown in the electronic supplement Fig. S5. V,, values were
needed to compute sub-bottom depths and seismic impedance
(equal to velocity times wet bulk density). In the absence of re-
liable velocity data for Red Sea sediments, we employed an empir-
ical relationship of Milholland et al. (1980) between bulk density
and velocity derived from DSDP Site 289 samples that included
calcareous ooze, chalk, and limestone. Those samples included
some from below 200 m sediment depth, but the derived re-
lationship was considered useful here, rather than relationships
for less consolidated sediments (e.g., Hamilton, 1978), because of
the lithified aragonite-rich layers in the Red Sea sediments. The
relationship was based on sample densities extending down to
1.6 gcm—3, overlapping with the KL11 densities, but likely over-
estimates velocity for the less consolidated sediment components.
As the seismogram analysis involves computing gradients in seis-
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Fig. 11. Synthetic seismograms computed to simulate the Urania Chirp data. Pan-
els (a) and (e) show amplitudes of the TL22Ma data from Fig. 9a. The other panels
show synthetic seismograms computed from seismic impedance sequences derived
from (b) the KL11 core log data (Fig. 3), (c) the Bintanja and van de Wal (2008)
global sea level and (d) the Rohling et al. (2009) relative sea level reconstruction. To
extend the reconstruction in (d) beyond 25 ms sub-bottom two-way time, a modi-
fied version of the impedance model used for (c) has been appended (see electronic
supplement Fig. S5), resulting in the blue line. Turquoise and green lines show effect
of doubling or halving the rate of impedance and sea level change in that model.
In (c)-(e), numbers 6-12 in italics locate the two-way times corresponding to the
model isotope stages. See text and Fig. S5 for further details. (For interpretation of
the references to color in this figure, the reader is referred to the web version of
this article.)

mic impedance rather than absolute values, the main effect of
exaggerated velocity variability will be generally over-estimated
reflection coefficients. Furthermore, sub-bottom depths are com-
puted with sedimentation rates adjusted to ensure that the mod-
eled series matches the TL22Ma data series (i.e., a free parameter),
so velocity bias is not a major concern for depth conversion. The
resulting impedance varies with sea level as shown in Fig. 5c.

Because the presence or absence of the shallow inorganic
aragonite-rich layers is caused by sea-level variation around low-
stands, we used the regression shown in Fig. 5c (red line) to con-
vert the sea-level records in Fig. 2 to sediment impedance records.
The impedance series in each case was converted to a reflection
coefficient series using the Zoeppritz equations (e.g., Telford et al.,
1976). Note that the reflection coefficient values are effectively gra-
dients because the impedance series is a discretized representation
of a continuous variable, hence the units given in Fig. S5 are ms~!.
The use of a linear relationship such as that in Fig. 5¢ ignores pos-
sible threshold effects of sea level on aragonite precipitation, so it
only roughly represents the variation in impedance for sediment
deposited around sea level lowstands. The model impedance vari-
ability for sediment deposited at other times, particularly around
sea level highstands, may reproduce the observed Chirp data re-
flectivity only fortuitously (reflectivity there may be more likely
caused by the varied dust input and other factors mentioned ear-
lier).

To produce a model seismogram, the reflection series needs to
be convolved with a source wavelet. Given that the Urania Chirp
signal compression effectively generates a Klauder wavelet in the
recorded data (Dal Forno and Gasperini, 2008), we generated this
source wavelet from the 2-7 kHz frequency sweep and 20 ms
pulse duration. Convolving that wavelet with the various reflection
coefficient series produced model seismograms.

Chirp sediment profilers, including that on Urania (Dal Forno
and Gasperini, 2008), typically record only a continuous record
of the mean peak amplitude or magnitude of the reflected sig-
nal, not the full waveform. We derived the relative variation in
peak amplitude by rectifying the modeled waveform (converted all
negative values to positive values) and filtering the resulting all-
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positive data with a 1 ms cosine-tapered filter (Wessel and Smith,
1991). This process was repeated with the reflection series atten-
uated by 0.12 dBm~! (two-way travel distance, i.e., 0.24 dBm~!
from the seabed) to produce the output shown by the bold lines
in Figs. 11b-11d. Figs. 11a and 11e show the reflection amplitudes
(% of R1a) in TL22Ma for comparison. In the models, impedance
contrast at the seabed is a change over an infinitesimal distance,
whereas the reflection series represent impedance gradients versus
TWT. Hence, trends in modeled and observed reflection amplitudes
should be compared, not values with respect to seabed.

The synthetic seismogram amplitudes computed from the KL11
data decrease by around half with depth (3 to 15 ms), similar
to TL22Ma (Fig. S5b), but it is difficult to associate individual re-
flections to particular isotope stages in KL11. KL11 contains low
carbonate contents compared with oceanic carbonate oozes (e.g.,
>90% in some shallow or equatorial Pacific sediments; Berger et
al., 1976), due to the strong aeolian dust fluxes that affect cores
throughout the Red Sea (e.g., Roberts et al., 2011). The imperfect
match in Fig. S5b likely arises from varied aeolian inputs, which
differ in variability and phase from sea-level changes (Roberts et
al,, 2011).

To produce the seismogram model in Fig. 11c, an impedance-
versus-age model derived from the sea level reconstruction of
Bintanja and van de Wal (2008) and the regression in Fig. 5c
was converted to impedance versus two-way time using a con-
stant sedimentation rate chosen so that the termination of MIS12
coincided with the TWT of R3. This sea-level curve is smoother
than the KL11 density data, so simulated reflection amplitudes are
smaller in Fig. 11c than in Fig. 11b. Because the sea-level rise of
the MIS12 termination is gradual in the record of Bintanja and
van de Wal (2008), and interference between reflected positive
and negative excursions in the high-frequency compressed Chirp
wavelet (Fig. S5a) overlap, leading to destructive interference, the
predicted reflection is weak relative to observed R3 in TL22Ma.
Gradual sea level lowering into MIS12 in this record also produces
only a weak simulated reflection. In contrast, a prominent reflec-
tion is simulated for the termination of MIS6 and is comparable in
relative amplitude with R2.

A similar model employing the Red Sea RSL (Rohling et al.,
2009) is shown in Fig. 11d. Compared with Fig. 11c, this bet-
ter approximates the general downward reflectivity decline. Again,
a strong reflection is predicted at the termination of MIS6 and
is comparable in amplitude (relative to surrounding reflectivity)
with R2. Moreover, the extended MIS12 sea-level lowstand in the
Rohling et al. (2009) sea level reconstruction yields a 2-ms interval
of low reflection coefficients bounded by large reflection coeffi-
cients for both the sea level lowering into MIS12 and the rise at
its termination, in agreement with R4 and R3 in TL22Ma, respec-
tively.

The potential thresholds of aragonite growth ignored in our use
of the linear relationship between seismic impedance and sea level
could be accounted for in the modeling if new long cores become
available so that continuous logs can be compared with spatially
coincident geophysical data. Nevertheless, with this present limi-
tation in mind, we evaluated the nature of R5, by extending the
impedance record based on the Rohling et al. (2009) RSL recon-
struction to below 27.85 ms TWT using the impedance values
computed from the Bintanja and van de Wal (2008) model, and
then adjusting the post-MIS16 impedance gradient until the mod-
eled amplitude ratio of R5 to R3 agreed with that in TL22Ma. In
our best-fitting modified model shown by the solid blue line in
Fig. 11d, the post-glacial stage of MIS16 is equivalent to a sea level
rise of 53 mkyr—!, whereas the green and turquoise lines show
the effects of sea level rise half or double this rate (these lines are
only partly visible as they underlie the blue curve). A sedimenta-
tion rate 60% larger than that of the seabed to MIS12 was used

below MIS12 in order to match the R5 TWT. This may seem arbi-
trary but there are no other events in the sea level curve to explain
R5 if R4 and R3 are as we suggest and this change in sedimenta-
tion rate is not uncommon in marine sediments. Given the likely
non-linear relationship between impedance and sea level, the 53
mkyr~! post-MIS16 sea-level rise represents a high-end estimate.
It nevertheless lies within the range of core-based estimates for
four more recent deglaciations (Grant et al, 2014). A tentative
low-end estimate can also be made from ratios of the observed
amplitudes. Corrected for attenuation, the amplitude of R5 is half
that of R3, so the impedance gradient above the lowstand sedi-
ment is probably comparable (within a factor of two) with that
for MIS12. Hence, the post-MIS16 sea level rise was likely also not
much slower than that after MIS12 in the Red Sea reconstruction
(Rohling et al., 2009), which occurred at 22 mkyr~! (Grant et al.,
2014).

7. Discussion
7.1. Utility of the characteristic Chirp reflection sequences

The presence of common reflection sequences in the Chirp data
that apparently correspond with the sea level reconstructions sug-
gests that these data could be useful to guide future long-coring
campaigns in the Red Sea. For example, if earlier (MIS16-age) sam-
ples are sought, these are more likely to be recoverable where
reflection R5 is closer to the bed and within coring depth.

The chronostratigraphic nature of the reflections will also allow
spatial variations in deposition rate across the area to be charac-
terized. For example, in the small selection in Fig. 6, reflection R3
lies at 19.3, 19.0, 25.8, 19.6, 19.5, 17.7, 18.9, 18.8, 18.5, 18.7 and
25.3 ms below seabed (segments 18j to TL25Mb in row order).
Thus, R3 lies at an almost uniform ~19 ms except for two areas
where it lies at >25 ms: segments 18m and TL25Mb. From Fig. 7,
TL25Mb lies in a deeper area, where preferential accumulation of
particles (“focusing”) is likely (Mitchell, 1995), but excess deposi-
tion in segment 18m is less obviously explained. The deep-water
hemipelagic sediments of the Red Sea are widely considered not to
have been affected by bottom currents, as deep-water movements
are presently modest (Sofianos and Johns, 2007). Depth-dependent
dissolution of carbonates is also unknown. Spatial variations in de-
position rate, however, suggest that there are some influences on
deposition that should be investigated in order to understand this
sedimentary system better.

7.2. Isolation history of the earlier Plio-Pleistocene

Given the apparent correspondence between the Chirp reflectiv-
ity sequence and the sequence of lowstand stages in the sediments
(and, thus, sea level), we have also examined available airgun and
sparker seismic data from the Red Sea, which provide information
as far back as the early Pliocene, following the end of the Miocene
evaporite stage, though with lower resolution. There has been no
evidence in the literature, as far as we are aware, of a major isola-
tion of the Red Sea during the Pliocene or Pleistocene (e.g., Hughes
and Beydoun, 1992). Whereas some “hard layers” have been re-
ported in sediment at the DSDP sites older than 1 Ma (Stoffers and
Ross, 1974), i.e., deposited before the Mid-Pleistocene Transition,
no evaporite minerals were reported (see electronic supplement
Fig. S8 for estimated age distribution of these layers). However,
the DSDP cores were recovered by rotary drilling and left 40%,
66% and 44% of the sections not sampled at sites 225, 227 and
228, respectively (Whitmarsh et al., 1974), so cemented layers may
conceivably remain undetected. Seismic reflection data are poten-
tially useful for addressing this issue because, in our view, rigid
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lithified layers would likely produce observable reflections, if more
than about a quarter of a wavelength in thickness.

The assessment is described in the electronic supplement. Un-
fortunately, the best spatial distribution is provided by older seis-
mic data in only paper form. However, we suggest it is possible to
assess whether any given reflection amplitude is larger or smaller
than another (at a common survey time and shot, so that the
data have the same fixed gain). Physical property data from the
DSDP cores suggest that the reflection coefficient of the top of
the evaporites (~0.38) is similar to that of the seabed reflection
(~0.29-0.41). This allows us to assess whether declining reflec-
tivity with depth and two-way time is caused by attenuation not
compensated adequately by any applied time-varied gain (TVG), or
if it has a geological origin (i.e., a prominent evaporite reflection
that is comparable with the seabed reflection implies that the sec-
tion is adequately compensated by the TVG for attenuation).

Many of the records show strong reflectivity in their upper Plio-
Pleistocene (PP) sections, which seems readily explainable by the
varied aeolian dust input and by the aragonite-rich layers of the
late Pleistocene. Stoffers and Ross (1974) noted that the terrige-
nous component increases with depth into the Pliocene in the
DSDP cores. We observe some segments of the lower PP that are
reflective and others that are transparent. The reflective segments
probably represent deposits that also have a varied terrigenous
component. We suggest, however, that the transparent segments
likely represent sediments of more uniform seismic impedance
and thus confirm that no thick lithified layers are present. If the
dominant frequency of these records is ~100 Hz, this implies no
lithified layers are present thicker than about five metres and com-
mensurably thinner intervals in higher frequency seismic data.

In some parts of the Red Sea, the upper PP has been removed
by erosion, so we can see how the character of the lower PP
appears where it rises towards the seabed reflection (and hence
where attenuation and/or TVG are less of an issue). One such ex-
ample is shown in digital multichannel seismic data in Fig. 11 of
Ehrhardt and Hiibscher (2015). Although distorted by a possible
Automatic Gain Control applied to the section, which may have
suppressed amplitudes above the prominent S reflection from the
evaporites (C. Hiibsher and A. Ehrhardt, pers. comm., 2015), there
is no similar prominent reflection within the lower PP. We show
two further examples in sparker data in the electronic supplement.
Associated with the erosion, the seabed reflection and S reflection
both show reduced coherence in these areas, probably a result
of scattering loss from a more rugged seabed. However, as the S
reflection is nevertheless observable, we suggest the transparent
layer is genuine. These data therefore reinforce the view from the
DSDP core analyses (Stoffers and Ross, 1974) that exchange with
the Indian Ocean continued throughout the Pliocene following the
end of the Miocene evaporite phase.

Whether Hanish Sill was stable over this interval is unknown.
Indeed, there has been volcanic activity on the adjacent Hanish-
Zugqar islands and Eritrean coast (Gass et al., 1973). Tectonic move-
ments are also possible given the extensional environment, al-
though present day extension across Hanish Sill is negligible in GPS
repeat survey data (Reilinger et al., 2015) and seafloor-spreading
magnetic anomalies to Chron 3 (4-5 Ma) are interpretable at 16°N
in the Red Sea, but become confused south of 15°30’N and dis-
appear entirely south of 15°N, where tectonic displacement has
transferred to the Danakil Depression (Eagles et al., 2002; also see
Fig. 1). We suggest that tectonic and volcanic effects on the sill ele-
vation are more likely to have been episodic than continuous. If the
sill were stable or at least lay near its present depth, continuous
exchange with the Indian Ocean would be compatible with the sea
levels reconstructed from deep ocean §'80 (Bintanja and van de
Wal, 2008; Elderfield et al., 2012), which do not contain deep
drawdowns prior to the mid-Pleistocene transition (0.7-1.25 Ma).

Thus, continuous sediment §'80 older than 500 ka could poten-
tially provide useful sea level records for the Pliocene and earlier
Pleistocene. To account for some movement of the sill, sea level re-
construction from sedimentary §'80 data could involve identifying
segments of the Red Sea reconstruction that are similar in charac-
ter to those reconstructed from deep ocean §'80 and other data,
while using offsets from the latter to correct for sill movement or
other events that have modified the strait outside of those inter-
vals.

8. Conclusions

“Hard layers” that contain inorganic aragonite precipitated dur-
ing sealevel lowstands are suggested to explain sequences of Chirp
reflections in the central Red Sea. We have developed an inter-
pretation based on depths to such layers recorded in sediment
core data, with apparent correspondence between the reflection
sequence and times of rapid changes in sea level around lowstands,
which likely marked the transitions to/from aragonite precipitation.
A seismogram model developed to reproduce the Chirp reflection
sequence involves a constant sediment deposition rate from MIS12
to present but a rate 60% larger below MIS12 in order to match
the two-way time to MIS16.

Although this interpretation needs to be verified with a coinci-
dent core, we note several interesting features of the interpretation
for sea level studies. The Red Sea reconstruction (Rohling et al.,
2009) includes an abrupt early decline into MIS12 at ~480 Kka,
whereas other reconstructions based on deep-ocean §'80 (Bintanja
and van de Wal, 2008; Elderfield et al., 2012) infer only a gradual
decline. We have interpreted double reflection R3-R4 as caused by
both abrupt upper and lower boundaries to MIS12, with the lower
reflection caused by an unusually abrupt lower boundary to the
lowstand aragonite layer. This would favor the reconstruction of
Rohling et al. (2009). Furthermore, the attenuation-corrected am-
plitude of R5 is half that of R3, suggesting that the impedance
gradient above the MIS16 lowstand sediments is not much differ-
ent (within about a factor of two) from that of MIS12. In turn, this
may suggest that the rate of sea level rise following MIS16 was
comparable to that following MIS12.

Airgun and sparker reflection data allow assessment of the
lower Plio-Pleistocene. If the Red Sea had become sufficiently iso-
lated to leave ~5 m thickness of lithified sediment, this should
be detectable in 100 Hz seismic data (and commensurably thin-
ner intervals would be obvious in higher frequency data). The
lack of notable reflections in the generally transparent layers of
the lower Plio-Pleistocene therefore suggests that the Red Sea was
persistently open to the Indian Ocean through this interval, in
agreement with the lack of deep (>100 m) sea-level lowstands
shown by long sea-level reconstructions (Elderfield et al., 2012;
Bintanja and van de Wal, 2008).
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