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a b s t r a c t

Sea-level history in the Red Sea region has commonly been interpreted as an accurate proxy for global
mean sea level (GMSL), which can be used to constrain global ice volumes and inform a diverse range of
regional paleoclimate studies. Previous modeling work has demonstrated, however, that glacial isostatic
adjustment (GIA) processes may introduce significant departures from GMSL in this region. The GIA
signal is a complex combination of deformational, gravitational, and rotational effects arising from
shifting ice and water surface loads and consists of long-wavelength effects superimposed by a short-
wavelength signal associated with “continental levering” e a response to local meltwater loading. In
this study, we revisit the effects of GIA in the Red Sea region using Earth models characterized by 3-D
variations in mantle viscoelastic structure and lithospheric thickness, focusing on the period from Last
Glacial Maximum (LGM) to present day. We find that the presence of the Red Sea Rift and low-viscosity
upper mantle acts to amplify sea-level rise associated with continental levering, yielding a more pro-
nounced rise for sites toward the center of the Red Sea during deglaciation in comparison to GMSL. In
contrast, coastal sites experience a net GIA-induced sea-level fall that acts in opposition to the GMSL rise.
Furthermore, while the maximum departure from GMSL occurs close to LGM for northern sites, the GIA
signal can peak as late as 14 ka for southern sites. Simulations based on 3-D Earth models tend to show a
smaller departure from GMSL than 1-D predictions for most coastal sites, including at the Strait of Bab el-
Mandeb at the mouth of the Red Sea, and typically peak at ~10 m. The opposite is true for sites close to
the rift: at these locations the difference between the 1-D and 3-D simulations can reach ~20 m. We
therefore conclude that any mapping from local sea level to GMSL is both location and time dependent
and cannot be captured by a simple linear scaling.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Estimates of global mean sea level (GMSL) variations across the
ice age cycles of the Late Pleistocene represent a key constraint on
models of glacial isostatic adjustment (GIA) effects on sea level and
the geophysical, climatological, and archaeological applications of
such modeling. GIA effects lead to a departure of local sea level
glacial isostatic adjustment;

Peak), latychev@fas.harvard.
Hoggard), jxm@eps.harvard.

ces, University of Colorado,
from GMSL. The GIA signal is driven by changing ice and water
masses on the surface of the Earth and reflects perturbations in the
Earth's shape, gravity field and rotational state. GMSL estimates are
commonly derived from analyses of preserved coral reef terraces at
low-latitude sites (e.g. Lambeck and Chappell, 2001; Peltier and
Fairbanks, 2006) or from oxygen isotope records from deep sea
sedimentary cores (e.g. Lisiecki and Raymo, 2005), but both ap-
proaches have drawbacks. In the first, GIA processes imprint a
strong geographic variability in sea level and corrections for this
heterogeneity face significant uncertainties in ice history and Earth
structure (e.g. Austermann et al., 2013; Dendy et al., 2017; Lambeck
et al., 2014). Meanwhile the second approach is complicated by the
dual sensitivity of oxygen isotope records to ice volume and ocean
temperature. This non-uniqueness has been addressed by recent
efforts to simultaneously analyze variations in multiple isotopic
ratios, for example Mg/Ca (Shakun et al., 2016).
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The Hanish Sill is located in the Strait of Bab el-Mandeb (con-
necting the Red Sea to the Gulf of Aden; Fig.1) and, at a minimum of
137 m below sea level, marks the shallowest point within the Strait
at modern times (Werner and Lange, 1975). Siddall et al. (2003,
2004), building on an earlier study by Rohling et al. (1998), com-
bined oxygen isotope records from sediment cores within the Red
Seawith hydraulic modeling of water flux across the sill to estimate
depth as a function of time since 470 ka. They interpreted this sea-
level record at the Strait as an accurate proxy for “global sea level.”
The unprecedented, centennial scale temporal resolution of their
record over most of the last glacial phase (70e25 ka) has led to a
diverse range of applications wherein this record is used as a proxy
for GMSL, including studies of global climate change, hominin ar-
cheology, ecosystem biology, and many others (e.g. Rohling et al.,
2008; Grant et al., 2012; Go~ni, 2020; Antonioli et al., 2021;
Peresani et al., 2021). However, the assumption that any difference
between local sea-level changes at the Strait and GMSL is negligible
ignores contributions from GIA. Lambeck et al. (2011) subsequently
modeled GIA-induced sea-level changes across the region over
several glacial cycles, with a particular focus on the Last Interglacial
(ca. 120 ka) and the Late Holocene (8e0 ka). They found that during
these two periods, local relative sea level could differ by approxi-
mately 5 m and 2 m, respectively, across sites spanning the region.

The Lambeck et al. (2011) analysis was based on one-
dimensional (1-D), depth-varying models of the Earth's visco-
elastic structure, an assumption that is common to the vast ma-
jority of GIA modeling studies. The Red Sea region is, however,
characterized by significant three-dimensional (3-D) variations in
Earth structure, reflective of its complex tectonic and mantle
Fig. 1. Tectonic setting for the Red Sea region and selected sea-level sites used in this
study. Plate boundaries are marked with thick black lines and individual plates and
microplates are labelled.
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dynamic setting (e.g., Chu and Gordon, 1998; Eagles et al., 2002;
Mohriak and Leroy, 2012; Hansen et al., 2008; Hammond et al.,
2013; Wilson et al., 2014). A mid-oceanic spreading center, with
active rifting since at least Miocene times (e.g. Purser and Bosence,
1998), runs through the center of the region and separates the
African (Nubian) Plate to the southwest from the Arabian Plate to
the northeast, which is characterised by progressively thicker,
cratonic lithosphere (Hoggard et al., 2020, Figs. 1 and 2A). The
spreading center is terminated to the north by the Sinai microplate
and to the south by the Danakil microplate, which acts as the
western boundary of the Strait of Bab el-Mandeb. Seismic tomog-
raphy indicates that the spreading ridge is underlain by a large-
scale slow shear-wave velocity anomaly e inferred to be hot,
buoyant mantle e that originates in the deep mantle below
southern Africa (Ritsema et al., 2011). The anomaly reaches the
upper mantle beneath the East African Rift, where it impinges on
the lithosphere beneath the Afar Triple Junction and has been
connected both to this rifting (Ritsema et al., 1999) and up-on-the-
southwest tilting of the Arabian Plate (Daradich et al., 2003;Wilson
et al., 2014).

In this study we predict sea-level changes in the Red Sea region
using a high-resolution GIA model (Austermann et al., 2013;
Latychev et al., 2005) that incorporates realistic, 3-D variations in
mantle viscoelastic structure that are constrained by a range of
geophysical and geological data. The focus of our study is the period
from Last Glacial Maximum (LGM) to present day. Our goals are
twofold. First, we aim to investigate the sensitivity of GIA-based
sea-level reconstructions to lateral variations in mantle and litho-
spheric structure in this rift tectonic setting. Second, we want to
quantify the error introduced by the assumption that local sea-level
records in the Red Sea, particularly at the Strait of Bab el-Mandeb,
are representative of GMSL. The relevance of the results extends
beyond issues of ice age climate. Indeed, the Red Sea region is one
of the oldest sites of human civilization and sea-level changes likely
played an important role in human settlement and migration
(White et al., 2003; Bailey, 2009; Lambeck et al., 2011; Bailey et al.,
2017).
2. Numerical modeling

Our results are based on the finite-volume Maxwell viscoelastic
model of GIA processes developed by Latychev et al. (2005) with a
variable grid resolution reaching ~4 km at the surface within the
Red Sea basin. The simulations solve for gravitationally self-
consistent sea-level variations using a theory that extends the
treatment of Farrell and Clark (1976) to accurately account for
shorelinemigration, changes in the perimeter of grounded, marine-
based ice sheets, and the impact of perturbations in Earth rotation
on sea level (Kendall et al., 2005; Mitrovica et al., 2005; Mitrovica
and Milne, 2003). The modeling requires two main inputs: the
space-time geometry of ice cover (the “ice history model”) and the
3-D elastic lithosphere thickness and mantle viscosity field (the
“Earth model”). We describe each of these in turn.

Our ice-history model is based on ICE-5G (Peltier, 2004) with
several modifications. The first involves a reduction in ice volumes
equivalent to a GMSL change of 2 m at 8 ka, tapering to 0 m at 4 ka.
Goldberg et al. (2016) demonstrated that this modification is
necessary to fit the relative sea-level record at Samothrace, an
eastern Mediterranean site close to the Red Sea region. Second, we
adjust the pre-LGM ice history in the manner described by Pico
et al. (2016), such that GMSL at 45 ka is set to �40 m relative to



Fig. 2. 3-D Earth models for the Red Sea region. A) Lithospheric thickness for model M3DA overlain with plate boundaries (gray lines) with width set equal to the underlying
lithospheric thickness up to a maximum 72.5 km. B) 3-D Cutaway showing mantle viscosity on a logarithmic scale. The upper surface corresponds with the base of the lithosphere
and plate boundaries are demarcated by yellow lines. C) Same, but with the long-axis cut directly beneath the Red Sea spreading center. D-F) Same as A-C but for model M3DB. Plate
boundary width determined as in model M3DA. Texture in the 3-D rendering corresponds to the tetrahedral grids used in modeling, which have an approximate 4 km spatial
resolution at the surface increasing to 12 km at depth. (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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present day. We initiate our simulations at ~50 ka; in this case, the
Maxwell time of the adopted Earth models is sufficiently short to
ensure that the LGM to present-day predictions of relative sea level
are insensitive to earlier ice mass variations. Adoption of a different
ice model for the period leading into the LGM and in the subse-
quent deglaciationwould have an impact on the GIA predictions, in
particular the difference between 1D and 3D simulations. Never-
theless, the location of the Red Sea, in the far field of ice cover, will
mean that this impact will be relatively small compared to the ef-
fects at a site in the near field of ice cover (e.g. Hay et al., 2017;
Powell et al., 2021).
3

We adopted four Earth models in our simulations: two 1-D
Earth models and two 3-D Earth models. All models have 1-D
density and elastic structure prescribed from the seismic model
PREM (Dziewonski and Anderson, 1981). The two 1-D Earth models
are characterized by upper (<670 km depth) and lower mantle
viscosities of 5 � 1020 Pa s and 5 � 1021 Pa s respectively. They are
distinguished on the basis of the thickness of the elastic litho-
sphere: 49 km and 96 km. These models are referred to as REF49
and REF96.

The first 3-DmodeleM3DAe is adopted fromAustermann et al.
(2021) (Fig. 2AeC). The model is constructed in three steps. First, a
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global seismic velocity anomaly model is generated by combining
models SL2013sv in the upper mantle (Schaeffer and Lebedev,
2013) with SEMUCB-WM1 in the lower mantle (French and
Romanowicz, 2015). Next, the shear-wave velocity anomalies are
converted to temperature and then viscosity using anelastic pa-
rameters taken from mineral physics experiments and calibrated
using measurements of seismic attenuation and thermal structure
of the oceanic lithosphere (Richards et al., 2020). The model is
constrained to have a spherically averaged viscosity structure
identical to the above 1-Dmodels: 5� 1020 Pa s and 5� 1021 Pa s in
the upper and lower mantle, respectively. Finally, the model uses
the depth of the 1175 �C isotherm to establish global elastic litho-
spheric thickness variations (Hoggard et al., 2020), but we patch in
a higher resolution lithosphere model based on the seismic in-
ferences of Hansen et al. (2008) for areas in the Red Sea and Arabian
Shield (Fig. 2A). Plate boundaries for the region are taken from Bird
(2003) with the addition of a segment defining the eastern
boundary of the Danakil microplate (Fig. 1). These boundaries are
modeled as weak zones with effective viscosities 1/3 that of the
underlying reference upper mantle viscosity and with effective
width equal to the local lithospheric thickness. A hard maximum
width bound is set to 72.5 km (Fig. 2A). We note that simulations
based on model M3DA treat the Danakil Depression, an area of low
topography located on the Danakil Microplate and Nubian-Danakil
plate boundary, as being disconnected from the Red Sea and sub-
areal. We also performed calculations in which the depression
was allowed to fill with water and found that the resulting impact
on sea-level predictions was negligible.

The second 3-Dmodel (M3DB; Fig. 2DeF) is adopted from earlier
work (Hay et al., 2017) with regional mantle viscosity modifications
as described in Goldberg et al. (2016). This model was adopted as an
intermediate complexity test case relative to model M3DA and the
two 1-Dmodels. M3DB is based on global seismic shear wavemodel
S40RTS (Ritsema et al., 2011) patched together with regional model
ECOS-TU-42 (Fichtner et al., 2013) and converted to a viscosity field
as discussed in Austermann et al. (2013). Lithospheric thickness
variations (Fig. 2D) are adopted from Conrad and Lithgow-
Bertelloni (2006). In earlier work, there were refinements to this
model for the Antarctic region (Hay et al., 2017), but those changes
are irrelevant to the predictions described here since they impact
only the near-field region of ice cover. Plate boundaries are once
again taken from Bird (2003), however the boundary on the eastern
side of the Danakil Microplate is in this case omitted to simplify the
model. Plate boundary effective viscosity and width are derived as
in Model M3DA using the lithospheric thickness model of Conrad
and Lithgow-Bertelloni (2006) (Fig. 2B). As in model M3DA, the
spherically averaged viscosity structure of M3DB is equivalent to
that of the 1-D viscosity profiles.

As described above, the two 3-D models differ significantly in
thickness of the lithosphere but are similar in upper mantle vis-
cosities values ranging from 1� 1018 Pa s to 1� 1024 Pa s. A notable
difference between the viscosity structures of the two models is
that the low viscosity region below the Afar Triple Junction extends
much deeper into the upper mantle in model M3DB relative to
M3DA (Fig. 2E and F), reflecting a significant plume stem below the
Afar hotspot (Ritsema et al., 1999, 2011). This stem is less prominent
in M3DA, in keeping with Hammond et al. (2013).
3. Results and discussion

We evaluate results for all four models at eight sites within the
Red Sea region covering the central trough and coastal areas and
4

spanning the entire north-to-south extent of the sea (Fig. 1). The
three trough sites lie adjacent to or on the plate boundary and have
been selected to correspond with the locations of drill cores used to
construct the sea-level curve of Siddall et al. (2003, 2004). The
coastal sites, including the Strait of Bab el-Mandeb, were selected to
provide coverage along the full length of the sea, including both its
eastern and western coastlines.

Fig. 3 shows sea level relative to present (relative sea level; RSL)
predictions at each site. RSL predictions are a combination of GMSL
and net GIA effects, as described in full in Milne and Mitrovica
(2008) and Mitrovica and Milne (2002). The net GIA signal is a
combination of three effects. One, loss of gravitational attraction
between ice sheets and the ocean due to melting of the ice sheets
beginning at LGM initiates a migration of water away from the near
field due to loss of gravitational attraction, contributing a sea-level
rise from LGM to present-day at the Red Sea in the far field. Two,
ocean syphoning (i.e., movement of water away from far-field lo-
cations driven largely by subsidence of a crustal bulge at the pe-
riphery of regions of former ice cover) contributes a lowering of sea
level from LGM to present day in the Red Sea. Third, continental
levering (i.e., subsidence of oceanic crust and uplift of the adjacent
continent along coastlines due to meltwater loading of the litho-
sphere) tends to raise sea level at sites within the Red Sea from LGM
to present day. The predictions in Fig. 3, whether based on 1-D or 3-
D Earth models, tend to show a lower magnitude of total sea-level
rise from LGM to present day in comparison to GMSL (with the
exception of 3-D predictions at site E and the M3DA prediction at
sites C and G). This pattern indicates that the primary GIA signal
across the region is a net sea-level fall compared to GMSL, driven by
ocean syphoning. At the Strait of Bab el-Mandeb, the RSL results for
all models (Fig. 3H) are consistent with the previous work of
Lambeck et al. (2011) and Siddall et al. (2004), who found that the
Red Sea was not isolated from the global oceans at LGM since
modern water depths at this site are >137 m and modeled RSL
reaches at most 122 m below present levels.

Both the gravitational and syphoning signals are long wave-
length, imparting a muted gradient across the Red Sea, whilst
continental levering imprints a strong regional signal at shorter
wavelengths, which provides most of the variation in GIA signal
observed. Fig. 4 shows maps of the difference between predicted
local sea level and GMSL at LGM (22 ka), 18 ka and 14 ka for all four
model simulations. The further one moves seaward from the coast,
the more negative the difference between GIA and GMSL and the
greater the sea-level rise due to continental levering. Indeed, close
to the plate boundary at the center of the Red Sea (sites C, E and G),
the sign of the GIA signal is negative or close to zero for models
M3DA and M3DB, with the exception of site G, where the signal is
positive for M3DB (Fig. 5). This indicates that, from LGM to present
day, the levering signal is significant enough within this region to
lead to a net GIA-induced sea-level rise greater than that associated
with GMSL alone. It is also clear in Fig. 4 that the levering signal for
the two 3-D simulations is significantly greater than predicted in
the two 1-D simulations. The reason for this effect is that the thin
lithosphere at, and proximal to, the plate boundary in combination
with relatively low upper mantle viscosities (Fig. 2), leads to a
greater subsidence of the crust in response to ocean loading than in
the two 1-D models. Thus, there is a greater local compensation of
the far-field syphoning signal, yielding a net sea-level rise.

Fig. 5 shows the difference between RSL predictions and GMSL
for each of the four Earth models across the past 30 ka at our eight
comparison sites. With the exception of sites C, E and G, the
remaining sites are coastal and the total GIA signal at LGM and



Fig. 3. Relative sea-level (RSL) predictions from 30 ka to present at eight sites (see inset map) for all four Earth models used in this study. The global mean sea level (GMSL) curve for
the adopted ice history is also shown (light blue). The legend is consistent for all panels. (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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extending to the present-day is mostly positive (yellow to red zones
in Fig. 4); i.e., GIA acts to reduce total sea-level rise from LGM to
present day. Site E, in contrast, is located close to the plate
boundary and the levering signal is great enough to result in a
mostly negative difference between GIA and GMSL (a net GIA-
induced sea-level rise) that is particularly pronounced in the 3-D
simulations. Site G is also located close to the plate boundary, but
5

in an area in which the Red Sea narrows towards its mouth at the
Strait of Bab el-Mandeb. This factor limits the amplitude of the
levering signal and only simulation M3DA predicts a net GIA-
induced sea-level rise. Site C, which is located between the coast
and plate boundary, also exhibits a limited levering signal, with
only M3DA predicting a net GIA-induced sea-level rise.

The time series in Fig. 5 indicate that the greatest departure



Fig. 4. Difference between RSL and GMSL predictions at LGM (22 ka), 18 ka and 14 ka for A) Model M3DA, B) Model M3DB, C) Model REF96, and D) Model REF49.
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fromGMSL (i.e., the largest GIA-induced signal) occurs close to LGM
at most northern sites (sites A-D) but thousands of years later at
southern sites in the Red Sea (sites E-H). This delay and signal
migration can also be seen, though to a smaller extent, by
comparing the three rows of Fig. 4, particularly for model M3DA.

As noted in Section 1, the relative sea-level curve reconstructed
by Siddall et al. (2003) is commonly interpreted as a proxy for
GMSL. The results shown in Figs. 4 and 5 indicate that the
discrepancy between local sea level and GMSL is dependent on
both time and location, hence any mapping between the two is not
a simple linear scaling. These results also indicate that 3-D Earth
structure has a significant impact on the predicted GIA signal and
any local sea level departures from GMSL. The difference between
the 1-D and 3-D predictions varies by location and ranges from a
few meters up to ~20 m. It is interesting to note that the intro-
duction of lateral variations in Earth structure tends to bring local
sea level closer to GMSL at the Strait of Bab el-Mandeb (site H),
where sea level was inferred to be representative of GMSL in pre-
vious studies. Nevertheless, at 14 ka, a maximum departure from
GMSL of 6 m and 9 m occurs for simulations M3DA and M3DB,
respectively. 9 m is approximately equivalent to the volume of
Eurasian ice cover at 14 ka in the ICE-5G ice model (Peltier, 2004).
6

Thus, assuming local sea level from the Strait to be equivalent to
GMSL would result in a major misestimation of global ice volume
history.

Lambeck et al. (2011) noted discrepancies between geologic
observations and their reconstructions of local RSL changes based
on 1-D GIA models and speculated that they might reflect addi-
tional tectonic activity in the region. The calculations performed
here suggest that these discrepancies may arise, at least in part,
from the neglect of lateral variations in Earth structure inherent to
1-Dmodeling. Use of 3-D variations in mantle viscoelastic structure
in sea-level models within the region may therefore also inform
reconstructions of regional tectonic history. If these discrepancies
can be reconciled by the inclusion of 3-D Earth structure in future
studies, then appeal to tectonic activitymay no longer be necessary.

Sea-level reconstructions for the Holocene and earlier also have
implications for human migration and settlement in the Red Sea
area. The Red Sea was part of prominent human migration routes
and provided food and means of transportation for early civiliza-
tions (e.g. Bailey, 2009; Bailey et al., 2017; Lambeck et al., 2011). The
paleo-bathymetry of the Red Sea would have had a large impact on
where humans settled and crossed the water body. The GIA models
presented in this study generally predict Holocene sea levels closer



Fig. 5. Difference between RSL and GMSL at each site A-H. The legend is the same for all subfigures.
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to present-day values (reflecting a more muted sea-level rise) than
the GMSL curves often used in archaeological studies. Paleo-
coastlines and the evidence of human settlement that might
accompany them are therefore likely submerged at shallower
depths than currently predicted. The difference between GMSL and
GIA-predicted sea levels also impacts the interpretation and
corroboration of paleo-sea levels derived from the location of
archaeological sites relative to the modern coastline.

4. Conclusions

We have predicted GIA-induced relative sea-level variations for
the Red Sea region from30 ka to present and have compared results
at eight sites with different proximity to the spreading ridge and
mouth of the Red Sea. For both 1-D and 3-D GIA simulations, our
results indicate that local RSL for the most recent period of degla-
ciation differs fromGMSL in amanner that is both time and location
dependent. Furthermore, we find that these discrepancies depend
on the choice of GIA modeling e either traditional, purely 1-D
viscoelastic Earth structure or 3-D models that include lateral var-
iations in lithospheric thickness and mantle viscosity. Models
incorporating 3-D variability tend to result in sea-level predictions
that are closer to GMSL than the 1-D simulations, however the
7

discrepancy still reaches a maximum of 6e9 m at the Strait of Bab
el-Mandeb at 14 ka, a location previously thought to be a good
proxy for GMSL. Discrepancies at other sites within the Red Sea can
be even larger. Differences between 1-D and 3-D GIA models
typically peak between 10 and 20m, varying through time andwith
location within the sea and indicating that the GIA signal obtained
by incorporating heterogenous 3-D Earth structure cannot be rep-
resented by a simple 1-D radial average. These results illustrate the
importance of incorporating GIA into regional sea level studies and
applications of such studies more broadly; local sea level in the Red
Sea cannot be assumed to correspond to global mean sea level
either directly or via a linear scaling.
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