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Abstract

Rayleigh-Taylor models for diapirism predict that diapirs should develop with characteristic
spacings, whereas other models predict varied spacings. The deep-water Miocene evaporites
in the Red Sea provide a useful opportunity to quantify length scales of diapirism to compare
with model predictions. We first review the stratigraphy of the uppermost evaporites in high-
resolution seismic data, revealing tectonic growth stratigraphy indicating that halokinetic
movements occurred while the evaporites were being deposited. In some places, movements
continued after the Miocene evaporite phase. The S-reflection marking the top of the
evaporites is an erosional surface, in places, truncating anticlines of layered evaporites. In
others, reflections within the uppermost evaporites are conformable, suggesting a lack of
erosion. The top of the evaporites therefore had relief at the end of the Miocene. We select
for numerical analysis 14 long profiles of topography of the S-reflection. Variograms derived
from them after detrending reveal minor periodicity, though with varied wavelength, and
varied roughness of the surface. However, an average variogram computed from these
profiles is nearly exponential, indicating that the evaporite surface is mostly stochastic with
no uniform scale of diapirism. An exponential model fitted to that average variogram
suggests a spatial range over which the S-reflection topography becomes decorrelated of 3
km, which is comparable with the mean vertical thickness of the evaporite body. Power
spectra of the evaporite surface are flatter at long wavelengths, which we interpret as due to
weakness of halite preventing large surface relief from developing. The results suggest only
modest periodicity, so the Rayleigh-Taylor model does not explain deformation in the Red Sea
evaporites studied here. Their topography may turn out to be useful for suggesting the
vertical scales and lengthscales of relief to expect of early stages of other salt giants, such as

that of the Santo Basin.
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1. Introduction

Salt diapirism is a fundamental geological process that has influenced the structures of many
passive margins around the Earth including the "salt giants" of the Atlantic Ocean and Gulf of
Mexico (Bonatti et al., 1970; Evans, 1978; Pautot et al., 1970; Rona, 1982). The associated
structures make them of interest for hydrocarbon exploration and potentially for nuclear
waste and CO; storage. Given the unique deformation style of salt (evaporitic sediments), its
widespread occurrence and influence on stratigraphic development of many passive margins,
the analysis of salt diapirism is an important component of the analysis of sedimentary basins.
However, evidence documenting the early salt movements, which is needed for
understanding the dynamics of the salt, is typically obscured because the halite component
of salt deposits is commonly strongly mobilised, complicating the stratigraphy (Hudec and
Jackson, 2006). Early models of salt diapirism involved an assumption that density differences
between the salt and overlying deposits caused Rayleigh-Taylor instabilities to develop
(Berner et al., 1972; Biot and Odé, 1965; Nettleton, 1934). In such models, layered geological
structures are treated as fluids with differing density, and the models predicted that diapirs
should grow with a characteristic wavelength that depends on the layer thicknesses and
viscosities (Fernandez and Kaus, 2015; Hughes and Davison, 1993; Turcotte and Schubert,
1982). However, subsequent studies of salt deposits have found more complex relationships
and generally a lack of a single wavelength of salt-structures, thus challenging the applicability
of Rayleigh-Taylor models. For example, Hernandez et al. (2018) found that ratios of diapir
wavelength to layer thickness for diapirs from the Southern North Sea varied in ways not
explained by Rayleigh-Taylor models, but may be explained by changes in wavelength with

progressive diapirism. Furthermore, if the overlying layer has a plastic rheology, more
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complex diapirism can be expected (Poliakov et al., 1993). Analytical modelling by Ismail-
Zadeh et al. (2002) involving a plastic overburden suggested that diapirism may occur with a
wide range of wavelengths.

Hernandez (2020) analysed the topography of the top surfaces of evaporite (salt)
bodies from the Levant (Gvirtzman et al., 2013), Kwanza (Hudec and Jackson, 2011), Santos
(Pichel et al., 2017) and North Sea Zechstein (Harding and Huuse, 2015) basins using spectral
methods. She found that they lacked clear spectral peaks that would be expected of Rayleigh-
Taylor diapirism and instead declining spectral power over length scales 0.1 to 70 km.
Hernandez (2020) suggested that the varied salt-structure spacings of those deposits could
originate from a number of causes depending on location, including varied loading by
overlying strata, varied density and viscosity of the evaporites, heating by intruding dykes,
underlying fault escarpments promoting diapirism, regional tectonic shortening and the
plastic deformation mentioned earlier. Effects on diapirism of underlying basement
structure, particularly faults, are also explored by Harding and Huuse (2015).

To improve understanding of the factors leading to the geometries of evaporite
deposits, examples are needed with fewer of the complicating factors identified by
Hernandez (2020), in particular, deposits with low-density overburden. The Levant Messinian
evaporites, for example, have present overburdens of ~500 m or more, and seismic data
reveal that deformation started while the evaporites were being deposited (Gvirtzman et al.,
2013; Hubscher and Netzeband, 2007; Netzeband et al., 2006; Reiche et al.,, 2014).
Lithospheric loading by the Levant evaporites and other sediments caused regional tilting,
which led the evaporites to creep down-gradient, creating internal folding and thrusting

(Hiibscher and Netzeband, 2007).
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The Red Sea provides another structurally simple example of shallowly buried
evaporites of much younger age (Miocene) than the evaporites of the Atlantic and Gulf of
Mexico margins. The few published seismic reflection datasets imaging the evaporites
internally reveal alternating patches of transparent and layered reflectivity likely due to
halite-dominated diapirs and strata containing more diverse lithologies, respectively
(Colombo et al., 2014; Izzeldin, 1987; lzzeldin, 1989; Ligi et al., 2019a; Rowan, 2014). Those
alternations are similar in character to seismic data of many parts of the Aptian evaporites of
the Santos Basin (Davison, 2007; Davison et al., 2012; Fiduk and Rowan, 2012; Guerra and
Underhill, 2012; Jackson et al., 2015a; Mann and Rigg, 2012; Maul et al., 2021; Mohriak et al.,
2012), so the Red Sea may turn out to be analogous. Lithological logs from six wells in the
Santos Basin (Jackson et al., 2015b; Jackson et al., 2014) show it to be halite-dominated, but
with varied amounts of anhydrite, carnallite and carbonate. Alternatively, some seismic
records from the Santos Basin have been interpreted as showing evaporites comprising two
cycles each of halite-dominated strata overlain by more strongly seismically reflective
evaporites containing anhydrite (Fiduk and Rowan, 2012). Although the stratigraphy in the
Santos Basin is somewhat different from the Red Sea evaporites, which are halite-dominated
in their lower parts overlain by layered evaporites containing anhydrite and shale (described
later), in both basins the stratigraphy implies layered rather than homogeneous physical
properties.

The presence of anhydrite potentially complicates interpretation or modelling of
evaporite movements (salt tectonics) because its density is one third larger than that of halite
and it is likely to be stronger, although its rheology under in situ conditions is poorly known
(Urai et al., 2017). If the evaporites of the Red Sea are flowing at rates comparable to half the

Nubia-Arabia plate separation rate (Mitchell et al., 2021) and flowage occurs over 100-1000
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m vertical thickness, we estimate average strain rates of order 1013-102 5’1, Extrapolation
by Dorner et al. (2014) of their results of creep measurements on dry anhydrite to such strain
rates suggests that temperatures of a few hundred degrees would be needed for anhydrite
to deform by dislocation creep. Such temperatures are much higher than 100-200°C expected
for the upper kilometre of the evaporites from modelling of surface heat flow data (Makris et
al., 1991; Martinez and Cochran, 1989). At faster strain rates (10 s'), experiments by Hangx
et al. (2010) led to cataclastic failure. These results leave open the question of how trace
water, which strongly affects halite rheology (Urai et al., 1986), would affect anhydrite
rheology, although a non-uniform rheology is also suggested by anhydrite-rich layers
commonly broken up into segments called "stringers" amongst halite (Rowan et al., 2019).
Nevertheless, Rowan et al. (2019) suggested that the varied presence of non-halite rocks can
be modelled with an effective viscosity varying by five orders of magnitude. Analysis of folded
rock salts suggests effective viscosity contrasts with halite of X10-100 where layers included
anhydrite showing evidence of solution-precipitation creep (Schmalholz and Urai, 2014) and
X10-20 in halite with alternating layers with varied impurities (Adamuszek et al., 2021).
Therefore, the Santos and Red Sea evaporites likely have both had strong internal rheological
and density variations since their deposition. As we explain below, the Red Sea evaporites
have been migrating towards the rift centre as a result of differential subsidence, also like
those of the Santos Basin (Davison et al., 2012; Fiduk and Rowan, 2012; Jackson et al., 2015a;
Quirk et al., 2012; Warsitzka et al., 2021). For this variety of reasons, the Red Sea evaporites
may turn out useful as an analogue of those of older basins, potentially suggesting the relief
of those their early-stage evaporites. In turn, the processes inferred for those older basins
may also apply to the Red Sea evaporites, where high-quality deep seismic reflection data are

not publicly available.



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

Despite the lack of publicly available digital deep seismic data in the Red Sea, studying
the geometry of the evaporite surface is straightforward because, in shallow seismic data, it
is marked by a prominent reflection ("S-reflection"), which appears throughout most of the
basin (Knott et al., 1966; Phillips and Ross, 1970; Ross and Schlee, 1973). As those data have
high resolution and the evaporites are shallower, they also allow a more detailed examination
of the nature of the top of the evaporites than is often the case with data from the other
basins. Furthermore, in contrast with the Levant evaporites, those in the deep waters of the
Red Sea away from coasts are generally buried by only 200-300 m of low-density Plio-
Pleistocene hemipelagic deposits and the overall environment is extensional, not
compressional (Mitchell et al., 2010; Mitchell et al., 2017). It therefore provides a useful basis
to study evaporite body diapirism without a density inversion with overlying sediments and
in an extensional regime that is somewhat analogous to the earlier Santos Basin. In this study,
our objectives are to (i) review the stratigraphy of the uppermost evaporites in high-
resolution seismic data to improve understanding of halokinetic movements during and after
the evaporite deposition, (ii) calculate variograms to characterise stochastic and cyclic
components of the evaporite surface topography and (iii) use power spectra to investigate

whether of the evaporite surface has periodic components.

2. Background to the Red Sea evaporites

According to Hughes and Beydoun (1992), most of the evaporitic sediments in the Red Sea
were deposited from about the start of the Miocene until the end of the Miocene. Halite-
dominated evaporites were deposited in the Middle Miocene, followed, in the Upper
Miocene, by layered evaporites containing abundant anhydrite. In the Egyptian stratigraphy,

the latter are called the "Zeit Formation". Sediment samples from the uppermost evaporites
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were recovered in deep water by drilling during Deep Sea Drilling Project (DSDP) Leg 23B at
the three sites marked in Figure 1. The stratigraphy of those samples is summarised in Figure
2, revealing the layered evaporites as containing alternating halite, anhydrite and shale at
Sites 225 and 227, and anhydrite and shale at Site 228. Correlating that stratigraphy with
seismic reflection data suggested that a prominent reflection seen throughout the Red Sea
(the "S-reflection" (Ross and Schlee, 1973)) corresponds with the top of the Miocene
evaporites or a layer of rigid shale immediately above it (Whitmarsh et al., 1974). Colombo
et al. (2014) found that the S reflection corresponded with anhydrites at the top of the
evaporites in a commercial well located in their area 1 marked in Figure 1.

Izzeldin (1987) described images of the evaporites in deep-seismic reflection data as
showing either transparent or layered reflectivity, with the latter more common towards the
top. The layered reflectivity likely corresponds with the layered stratigraphy found at the
DSDP sites, whereas the transparent reflectivity probably corresponds with the massive halite
(Hughes and Beydoun, 1992). Reflectivity varying from layered to more transparent has also
been reported in other seismic datasets and reflections within it commonly appear to be
folded (Colombo et al., 2014; Ehrhardt and Hubscher, 2015; Izzeldin, 1989; Ligi et al., 2018;
Mitchell et al., 2019; Rowan, 2014). The seismic data shown in Colombo et al. (2014) suggest
that transparent regions extend ~10 km laterally near the Arabian coast.

A topographic map of the S-reflection (Mitchell et al., 2017) was updated with a
commercial 3D seismic dataset from the Egyptian Red Sea by Mitchell et al. (2019) and here
with new sparker seismic data from the Sudanese Red Sea (Augustin et al., 2019). The result
in Figure 1 reveals a number of influences, which are described by Mitchell et al. (2021). Along
the coasts, some deep depressions of the S-reflection occur, such as marked in Figure 1,

where the evaporites have been loaded by terrigenous sediments. Away from those areas,
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loading is by hemipelagic sediments of lower density than halite (Figure 3). From a
reconstruction of the average surface elevation of the deep-water evaporites (Mitchell et al.,
2021), they were likely deposited to ~200 m below modern sea-level at the Miocene-Pliocene
boundary. They have subsequently subsided because of thermal cooling of the lithosphere,
because of some halite dissolution and because of deflation associated with a general flowage
of the evaporites towards the centre of rifting (located roughly by the deeps marked in Figure
1). That flowage has been non-uniform, being greatest where there are presently inter-
trough zones of evaporites marked in Figure 1 covering the spreading axis. Near those areas,
the evaporite surface typically has a lower elevation away from the rift axis, caused by a
greater deflation of the evaporite surface compensating for greater flowage towards the axis.
In contrast, the evaporites remain high where flowage is retarded by a basement of higher
elevation, which in places blocks flowage (Mitchell and Augustin, 2017; Mitchell et al., 2010).
Truncated reflections at the top of the evaporites (Colombo et al., 2014; Izzeldin, 1989) have
been interpreted as evidence of erosion, either subaerially or by surface waves or both, and
thus that the Red Sea likely drew down abruptly at around the Miocene-Pliocene boundary

(Mitchell and Augustin, 2017; Mitchell et al., 2021).

3. Data and methods

3.1. Seismic reflection datasets
To illustrate a range of halokinetic and other structures, a selection of seismic reflection data
is assembled in Figure 4 from survey lines located in Figure 5. The data in Figures 4a and 4b

were collected on RV Urania during cruise RSO5 (Ligi et al., 2012; Ligi et al., 2011; Mitchell et
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al., 2010) and involved a 48-channel short streamer with 12.5 m group interval with two
Sercel GI-Guns as the source. These data have been processed in a manner that preserved
amplitude ratios and the highest frequency contents to improve resolution of reflections
within the evaporites and the S-reflection from the evaporite surface. After predictive
deconvolution, a time-varying prestack bandpass filter was applied with tapering from 12 to
16 and from 96 to 120 Hz.

The data in Figures 4c-4e were collected on RV Robert Conrad during cruise RC0911
with a 25-cubic inch airgun source and short streamer. Recording was onto paper, but,
despite their age (collection in 1965) and the analogue technology used, the data are of good
quality.

The data in Figure 4f were collected on RV Pelagia during cruise 64PE-445 as part of
the SALTAX project (Augustin et al., 2019). As a seismic source, a Delta Sparker system with
a dominant frequency of ~300 Hz was used. Seismic energy was recorded using a Microeel
solid-state streamer with 24 channels and a length of 100 m. Data processing was carried out
using VISTA software and comprised trace-editing, simple frequency filtering (50 — 2000 Hz),
normal moveout correction (1500 m/s), common mid-point stacking, finite-difference post-
stack migration, as well as top-muting and white noise removal. Interpretation of the seismic
data was carried out using the KingdomSuite software of IHS.

Figure 4g shows the westerly side of line 19 of Izzeldin (1987). These data were
collected with a Vaporchoc source and a streamer of 2.4 km length. Move-out corrections

were applied but not migration. These data were available only in analogue form.

3.2. Power spectral analysis
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Power spectra of topography are useful to determine whether cyclical components exist, as
they should produce spectral peaks. Alternatively, many topographic datasets show inverse
power relationships between power spectral density and wavenumber (Bell, 1975; Fox and
Hayes, 1985; Gilbert and Malinverno, 1988; Rapp, 1989). In some of those cases, the
topography may be self-affine fractal (Gilbert and Malinverno, 1988; Turcotte, 1991),
implying a lack of dominant wavelengths.

For assessment of cyclicity and stochastic character, long data series are preferred in
order to capture multiple wavelengths. However, the large-scale morphology of the
evaporite surface in Figure 1 shows many areas where the surface is depressed over 10s to
100 km scales by processes other than the diapirism studied here. For example, a large
collapse structure lies northeast of the two DSDP sites (225 and 227). Large depressions of
the S-reflection occur near to the coasts due to the terrigenous sediment loading.
Furthermore, salt walls tend to be oriented parallel to the coasts (Mitchell and Augustin,
2017), so lines perpendicular to them should be preferred to capture any preferred spacing
or wavelength (Hernandez et al., 2018). Based on these considerations, the data between
the red circles in Figure 6 were selected for cyclical analysis. These data are mostly from the
same seismic reflection dataset (lzzeldin, 1982) and hence are of a common quality. They
cross the Red Sea almost perpendicularly. Segments of data were chosen to avoid the steep
slopes into the deeps or spreading axis (grey highlighted in Figure 6) as well as the large
deflated areas adjacent to inter-trough zones.

Those data segments (14 in total) were detrended by fitting a least-squares regression
line to each profile and storing the regression residuals as data series for the following
analyses. An example segment of detrended data is shown in Figure 7. Those detrended data

were prepared for power spectral analysis following the same procedure as Hernandez (2020)
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to allow later comparison with her results. To prevent spectral leakage where the ends of
each detrended series were unequal (Percival and Walden, 1993), this preparation involved
multiplying by a Kaiser window and interpolating to ensure cyclicity. Following Turcotte
(1997), the cyclical components of the treated data series were found by computing Fourier
transforms using the Cooley and Turkey (1965) method implemented in Matlab™. Power

spectral densities were computed from the amplitudes of those components.

3.3. Variogram analysis

Variograms can be used to characterise stochastic and cyclic components of data
series (Davis, 2002; Matheron, 1963). They have been derived for natural topographic
datasets, e.g., for seabed classification (Herzfeld, 1993; Herzfeld et al., 1995; Herzfeld and
Overbeck, 1999) and to characterize sedimentary bedforms (Robert and Richards, 1988; van
Dijk et al., 2008). The empirical semi-variogram is estimated from a regularly sampled data

series y; (Matheron, 1963):

_ 1
- 2(n—h)

Yn X — yign)? (1)

where yin is a lagged version of the data series y;, n is the number of samples in the series
and h is the number of samples corresponding with the lag distance. (In the following, we
refer to j» as the variogram, omitting the "semi" for brevity.) Implementing the calculation in
equation (1) involves moving a copy of the data series a lag h number of cells, taking the
difference of the lagged and original versions where they overlap each other, and summing
the squares of those differences. Where the two series are strongly correlated, the difference

leads to small y». Conversely where they become uncorrelated, y increases. A pure sinusoidal
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data series results in j that is almost sinusoidal also, oscillating from zero to a maximum
value, representing lags where the two series are uncorrelated or correlated, respectively.
For more typical stochastic topography, y tends to rise towards a maximum value (the "sill")
that equals half the variance of the topography. The distance over which it does so (the
"range") represents a typical length scale of the variations. Variograms were derived here
using equation (1) from the same data series used for the power-spectral analysis, i.e., the 14

segments between the red dots in Figure 6 after detrending as explained earlier.

4. Results

We refer to the S-reflection below simply as "S" for brevity. In this section, we first study the
nature of S and stratigraphy around it in the seismic reflection data to assess what the
topography of S is likely to represent, in particular, whether it reveals vertical differential

displacements since 5.3 Ma, the end of the Miocene.

4.1. Observations
In the RV Conrad data, S tends to be sharp where the underlying layering (within the
evaporites) conforms with it, such as in Figures 4c-4e where marked "layered evaporites."
Away from those areas, S can be more diffuse as marked in those figure panels. A similar
association between sharp S and layered evaporites (and diffuse S where layered evaporites
are visually absent) can be observed in the sparker seismic data in Figure 4f.

Where the evaporites are reflective, individual reflections can, in places, diverge with
each other and with the S-reflection, typically increasing in dip with depth. Examples are
marked "tectonic growth stratigraphy" in Figures 4a, 4b and 4c. In contrast, in the limited

segments of layered reflectivity in Figures 4c-4e, reflections do not appear to vary in dip with
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depth. Some nearly horizontal reflections beneath S can be observed immediately SE of the
"anticline in Figure 4a, within the syncline in Figure 4b and where S is marked in just left of
centre in Figure 4c. However, the majority of the reflections within the evaporites in Figure
4 are dipping, not flat. In many places, they are curved, either upwards or downwards, in
places sharply (e.g., under westerly "P" in Figure 4d).

Figure 4a reveals that reflections within the evaporites abruptly terminate at S where
marked "erosional surface". A similar truncation of evaporite reflections occurs locally above
the anticline marked. In Figure 4b, reflections to the SW of the syncline terminate at S. Where
those reflections terminate, S has fine-scale relief that has created diffraction hyperbolae in
the section. Similar truncations of evaporite reflections at S can be observed in seismic data
from other parts of the Red Sea (Bonatti et al., 1984; Feldens et al., 2016; Guennoc et al.,
1988; lzzeldin, 1987; Knott et al., 1966; Mitchell et al., 2017; Mitchell et al., 2021; Ross and
Schlee, 1973). Figure 8 summarises occurrences of such truncations interpreted from seismic
data from the central Red Sea. (Due to varied data quality and coverage, absence of these
observations is not evidence of their absence, rather the map is intended to show how
common they are.)

In contrast, in areas marked "layered evaporites" in Figures 4c-4f, reflections beneath
S are conformable with it and do not appear to be truncated. Other examples of conformable
reflections can be observed in other published seismic reflection data (Bonatti et al., 1984;
Cochran, 2005; Ehrhardt and Hilbscher, 2015; Ligi et al., 2018; Ligi et al., 2019a; Mitchell et
al., 2017; Phillips and Ross, 1970; Richter et al., 1991; Rowan, 2018).

There is some variation in thickness and character of the Plio-Pleistocene (PP)
sediments overlying S. In Figure 4a under the area marked "Basin", reflections in the lower

PP are roughly conformable with S, but reflections are more nearly horizontal (non-
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conformal) in the upper PP. Above the anticline in that panel, the stratigraphy is disrupted
by small faults. In Figures 4c and 4d, the sediments overlying S appear mostly conformable
with it. In Figure 4f, two similar segments of conformable reflections are marked "P". To the

SW, however, the section shows PP sediments infilling the syncline.

4.2. Interpretations
The divergent reflections within the uppermost evaporites are evidence of tectonic growth
stratigraphy and their presence indicates that halokinetic movements were occurring during
evaporite deposition. The filled syncline in Figure 4f suggests that such movements in places
continued into the PP, whereas in other places tectonic growth stratigraphy does not
continue into the PP (e.g., Figures 4a and 4b), suggesting that locally vertical differential
movements locally stopped by the Pliocene. Tectonic growth stratigraphy can be observed
in published seismic reflection data showing the uppermost evaporites in many other parts
of the deep-water Red Sea (Bonatti et al., 1984; Cochran and Karner, 2007; Colombo et al.,
2014; Guennoc et al., 1990; Guennoc et al., 1988; lzzeldin, 1987; Ligi et al., 2019a; Mart and
Ross, 1987; Richter et al., 1991; Rowan, 2014). The published seismic images showing growth
stratigraphy stopping near the Miocene-Pliocene boundary include a line across Vema Deep
near 24°N (Bonatti et al., 1984, their figure 6b) and various line-drawings of seismic data from
the southern Red Sea (Phillips and Ross, 1970; Ross and Schlee, 1973). Growth stratigraphy
apparently continuing into the PP can be found in seismic reflection data near 27°N (Cochran
and Karner, 2007), 26°N (Ligi et al., 2018; Ligi et al., 2019a; Richter et al., 1991) and 18°N (Ross
and Schlee, 1973), and in other seismic datasets (Phillips and Ross, 1970).

Ongoing, but heterogenous, deformation is also suggested by the varied presence of

tectonic disruption of the PP (e.g., locally above the anticline in Figure 4a and in other data
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(Mart and Ross, 1987; Uchupi and Ross, 1986)). The varied character of S could also be
explained by varied deformation, if this reflection is diffuse where the top of the evaporites
has been disrupted by small faults. Such disruptions were observed through much of the PP
cored during DSDP Leg 23 (Stoffers and Kiihn, 1974) (Figure 2) and are suggested by a fine-
scale rugosity apparent in high-resolution multibeam sonar data of the PP sediments
overlying evaporite flows (Feldens and Mitchell, 2015; Mitchell et al., 2010).

Erosion of the surface now forming S has been suggested to have occurred by wave
erosion (Mitchell et al., 2017) or exposure to rainwater (Colombo et al., 2014), in either case
associated with an abrupt short-lived drawdown of the Red Sea level at the end of the
Miocene or in the earliest Pliocene (Mitchell et al., 2021). As some parts of S do not show
erosional features, the evaporite surface may have not been perfectly flat at that time so that
some parts of it remained submerged during the sea level drawdown. For example, in the SE
half of Figure 4e, two segments of layered evaporites without erosional surfaces are
separated by two hills of S with no internal reflections. If these hills are diapirs, they may
have also had some positive relief at the end of Miocene, while the surrounding layered
evaporites formed depressions. Those depressions were either protected from wave erosion
by limited fetch caused by the diapirs forming islands, or the water level did not fully draw
down so that the layered evaporites did not get exposed to rainwater. Although the
mechanism is unclear from these data, S appears to have had varied experience of erosion or
no/little erosion.

From these arguments, S was not perfectly flat at the end of the Miocene and
therefore the topographic variation of S does not exactly represent differential vertical
movements that have occurred since that time. Nevertheless, diapiric movements are

progressive. While we observe evidence that some diapiric movements stopped after the
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Miocene, we have not observed any evidence that they reversed. Consequently, the
topography of S should represent the horizontal length scales of deformation, even if the

inferred vertical displacements are only maxima.

4.3. Power spectra

The power spectra shown in Figure 9 for individual line segments are somewhat noisy and
have local peaks but no common peak, suggesting a general lack of a dominant wavelength.
A possible exception is a modest peak revealed in the averages of those spectra at logio(1/4)
of -1.39 (4=25 km), although it does not appear to arise from peaks in all segment spectra.
The averages form an inverse power-law trend for logio(1/4) > -1.1 (A<13 km), with power
spectral density varying by an order of magnitude between individual spectra. The regression
line shown suggests PSD ~ (1/1)3%. For logio(1/4) < -1.1 (1>13 km), the average spectrum
flattens besides the peak mentioned. This is a feature also seen in larger-scale topography
(e.g., Gilbert and Malinverno, 1988).

If the evaporite topography were a self-affine fractal over the 1-13 km wavelength
range, the fractal dimension would be D=(5-£)/2 (Turcotte, 1997) where fis the power-law
exponent. (Such a geometry would be interesting here as fractals do not possess
characteristic wavelengths, but rather a range of wavelengths (Turcotte, 1991).) The value
D=0.98 computed from /=3.05 for the data in Figure 9 is somewhat lower than those of other
topographic data, which tend to be closer to D=1.5 (Turcotte, 1991). Itis slightly outside the
range of permissible values of D which strictly speaking must be larger than unity for the
geometry to be a fractal (Malinverno, 1989). It is close to values for D found for ocean floor
bathymetry of abyssal hills (Gilbert and Malinverno, 1988). However, like abyssal hill terrains,

which vary in underlying geology from exposed bedrock to sedimented basins and thus are
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not truly fractals (Herzfeld et al., 1995; Herzfeld and Overbeck, 1999), the seismic records in
Figure 4 show a range of character of the evaporites at the S reflection. Furthermore, its
topography (Figure 6) varies in character between and within different lines, unlike
topographic simulations developed with D=1 (Malinverno, 1989). The evaporite surface
therefore appears not to be a self-affine fractal, although, like fractals, it does contain hills
and valleys with a range of lengthscales, not as expected if the Rayleigh-Taylor model applied.

The flattening of the average power-spectrum below logi0(1/4) = -1 could be a sign of
internal evaporite isostatic effects. In that interpretation, processes that cause roughening
of the evaporite surface over the 1-13 km range are not able to generate relief at the 13-100
km range because of the weakness of the halite component of the evaporites. We explore

this further in the discussion.

4.4. Variograms
In the following, the variograms are referred to with shortened identifiers according to the
data series that they were computed from, e.g., "Bannockl1" refers to the variogram for
Bannock line 1 and 127 to Izzeldin line 7. The variograms in Figure 10 generally rise towards a
more stable level at a lag distance varying from only ~2-3 km for 1215 to ~10 km for Bannock1.
The level that they settle at (the variogram "sill") also varies greatly between lines. The sill is
smallest for 1z17b (~2000 m?) and largest for Bannock1 (~16000 m?). As these represent half
the data variance (Matheron, 1963), they imply that the standard deviation (o=\/variance) of
the evaporite detrended topography varies from ~63 m to ~179 m.

Furthermore, individual variograms oscillate markedly differently. For example, that
of Bannockl has two peaks implying decorrelation occurred where the lag reached 5 and 12

km. In Figure 6, this appears to be due mainly to the salt structures around 2-4 km distance.
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The variograms for 1215, 1293, 1z17a, 1221 and 1219 also each have two peaks, implying the
presence of at least two spatial frequencies (Robert and Richards, 1988). In contrast, the
Iz17b variogram reaches a sill level with only minor oscillations, suggesting that the
topography is mainly stochastic. That profile in Figure 6 also shows a lack of regular
oscillations.

The blue line in Figure 10 is an average of the 14 variograms shown. lIts initial rise from
the origin to h=2 km is upwards-concave, rather than downwards-concave as would be
expected from a nugget effect arising from random noise. This concave-upwards shape
indicates that the topographic data are partly correlated over short length scales, mainly a
result of the resolution of the data series. Continuing the gradient back to the horizontal axis
suggests a resolution of <1 km. Besides this effect, the average has a simple form and is
almost exponential. The red dashed line in Figure 10 represents the following function fitted
by least-squares to the data (Robert and Richards, 1988):

y(h) =c(1-e™")(2)
where c is half the data variance and r is an exponent. The sill of the average variogram in
Figure 10 is 9428 m?, implying 0=137 m. Parameter r representing the range of variability or
distance over which topographic features decorrelate is 3.0 km. The average peaks at 8 km
and declines slightly to 12 km lag, suggesting possibly some average periodic component,
although the number of lines analysed is small, so its significance is unclear. If the average
structure is cyclic, the peak at 8 km represents decorrelation where the copy of the data series
has been translated by a lag of half a wavelength, so this would imply a full wavelength of
that structure of ~16 km. In practice, the S-reflection topography in Figure 6 contains many

spatial wavelengths, many of which are smaller than 16 km. The 8-km decorrelation scale
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however appears to be an upper limit of the distance between any individually adjacent peak
and trough.

Equation (2) was also fitted to the individual variograms. The resulting values of &
vary from 72 to 181 m. Figure 11a shows that roughness ¢ tends to be largerin the north and
to the west. The range r varies from 1.1 to 7.9 km (Figure 11b). The largest range was found
on line 1225, where it appears to be associated with a long-wavelength undulating structure

(Figure 6). The shortest range was found on line 1z19.

5. Discussion

From the above analysis, the Red Sea Miocene evaporites have a stochastic surface lacking
clear periodicity that would be expected of Rayleigh-Taylor models. Their rugosity is modest
as expected of a pillow phase of diapirism. Here we explore explanations for these properties

and how diapirism in the Red Sea compares with diapirism in some other basins.

5.1. To what extent does preserved topography of the S-reflection arise from a threshold
differential stress for halite deformation?

Rowan et al. (2019) suggested that a differential stress of order 1 MPa is typically needed for
halite to deform, hence some of the Red Sea evaporite relief generated by processes other
than diapirism (e.g., faulting associated with widespread flowage) could be supported by
rigidity of the evaporites. It is difficult to assess differential stress within the Red Sea
evaporites accurately without numerical modelling, though stresses are likely to arise from

their topography both at long wavelengths from gravitational loading associated with the
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gradient of the evaporites flowing into the axial region and at short wavelengths from local
relief of the evaporite surface. The former is less important to the discussion here, though
we note that gradients around the margins of the deeps reach 0.1 m/m and locally 0.2 m/m
(Mitchell et al., 2010). From equation 4a of Mello and Pratson (1999), these gradients imply
that differential stresses pass the threshold 1 MPa by 100 m depth below the evaporite
surface if unsedimented and shallower if they are further loaded by Plio-Pleistocene
sediments.

Evaluating the short-wavelength sources of differential stresses is more complicated
as the evaporites are variably extending, folding and undergoing strike-slip movements due
to flowage (Mitchell et al.,, 2010) and the surface variations have a range of scales and
gradients. However, a 100 m difference in level of halite displacing water would lead to a
difference in static vertical stress of 1.15 MPa. Hence, some small-scale topography is likely
supported by the halite, potentially explaining how small faults at the seabed remain
observable in multibeam sonar data (Augustin et al., 2014; Augustin et al., 2016; Mitchell et
al., 2010). In contrast, the larger-scale topography is more likely to lead to stresses above 1
MPa if not compensated isostatically by internal density variations as discussed in the next
section.

Some seismic sections of the Santos Basin evaporites also show fine-scale topographic
relief (Davison, 2007; Fiduk and Rowan, 2012; Mann and Rigg, 2012; Mohriak et al., 2012).
Unfortunately, much of that topography coincides with faults and folds that continue into the
overlying sedimentary rocks, making it difficult to assess how much of it originates from the
earlier pillow stage. This highlights the benefits of studying shallow evaporites such as those
in the Red Sea, which do not suffer from this problem so greatly. Nevertheless, those Santos

Basin data contain some examples where stratigraphy closely above the evaporites is
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discordant with a more rugged evaporite surface (Guerra and Underhill, 2012, their figures 7,
8; Jackson et al., 20153, their figures 7a, 8c), suggesting that some relief of up to ~100 m from

that earlier stage has been preserved.

5.2. Vertical evaporite movements driven by anhydrite and other non-halite components
(internal density variations)?
Tectonic growth stratigraphy within evaporite is evidence that vertical differential
movements (diapirism) occurred during evaporite deposition in the Red Sea. Tectonic growth
stratigraphy within evaporite sequences can also be inferred from seismic reflection data
from the Levant (Gvirtzman et al., 2013; Hiibscher and Netzeband, 2007; Netzeband et al.,
2006; Reiche et al., 2014), North Sea Zechstein (Clark et al., 1998; Joffe et al., 2021) and Santos
(Davison et al.,, 2012; Mann and Rigg, 2012; Mohriak et al., 2012) basins. The vertical
differential movements producing growth stratigraphy are difficult to explain by loading of
the evaporites by overlying sediments where those sediments have lower density than halite
(Hudec et al., 2009). Although other mechanisms may be involved as we explore later,
diapirism in the Red Sea potentially originates from deposition of anhydrite and other
lithologies denser than halite in mini-basins, which now form the regions of layered
evaporites. Diapirs (transparent evaporites) then developed by "downbuilding" (Nikolinakou
et al., 2017) during the late Miocene, while layered evaporites were deposited around them.
We first consider the magnitudes of vertical movements.

Only a few hundred metres of layered evaporites were sampled by the DSDP (Figure
2) so it may not be typical of the deep-water Zeit Formation, though we use the data from
those sites to assess the order of magnitude of density contrast between layered evaporites

and massive halite. Assigning the lithologies below the Miocene-Pliocene boundary of Sites
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225 and 227 (Figure 2) the density ~2 g/cm? for the shale (Figure 3) and mean densities of
halite (2.145 g/cm3) and anhydrite (2.857 g/cm?) of the DSDP sample measurements from the
sites (Wheildon et al., 1974), the mean densities of those layered evaporites are estimated to
be 2.56 g/cm3 (Site 225), 2.29 g/cm? (Site 227) and 2.37 g/cm3 (with lithologies of Sites 225
and 227 combined).

The importance of these densities can be assessed by carrying out a simple isostatic
balance calculation, idealising the layered evaporites as effectively floating on and within the
weaker massive halite. The mass density in a column of layered evaporite of 2.37 g/cm3
average density can then be equated with that of a column of pure halite rising an additional
height Z above the level of the layered evaporites, with both bodies in water of density 1.0
g/cm3 (Figure 12). The two columns balance isostatically if their total weights are the same

at their base. Such a structure is stable if the depth extent of the layered evaporites is:

(pL=pH)
H=7—"7>=—-7
(oL—pw) (3)

Using 274 m (=20 from the variogram modelling) as a typical measure of evaporite relief Z,
we estimate H=1400 m using the above densities. The thickness of Plio-Pleistocene sediments
has been ignored, as they mostly drape the underlying S-reflection (Mitchell et al., 2019) and
thus load the underlying structure uniformly. However, the extent to which they do
preferentially infill basins will lead to an over-estimate of Zand thus H.

For comparison, the average thickness of the evaporite layer (both layered and
massive) is 3760 m for the segments of the lzzeldin data analysed numerically. The depth
extent of layered evaporites in the deep-seismic image in Figure 4g is difficult to assess
because they are variably obscured by multiple reflections but interpretations of the higher
quality seismic images of Colombo et al. (2014) located in Figure 1 were corroborated by

electrical resistivity models. They suggest that the layered evaporites extend significantly
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below 1400 m and in one case towards 3000 m depth. A further body of layered evaporites
off the northern Red Sea Arabian coast exceeds 4000 m depth (Rowan, 2014). If those
thicknesses are representative of the central Red Sea, the layered evaporites on average have
a mean density below 2.37 g/cm? and hence a larger halite component than suggested by the
DSDP cores. Alternatively, if the layered evaporites reach the underlying basement and fully
displace the halite (Rowan, 2014), they can be supported by basement rigidity and hence have

a significantly greater density.

5.3. Significance of only weak periodicity

The finding that the evaporite surface or S-reflection is better described as stochastic than
periodic agrees with the earlier finding of Hernandez (2020) for seismic datasets from other
basins involving more deeply buried evaporites. Somewhat as Hernandez (2020) found from
those datasets, the Red Sea evaporite surface shows no strongly dominating wavelength
above 13 km and below that wavelength a linear variation in spectral power with frequency.
Although we do not describe the evaporite surface topography as a fractal, the data
nevertheless do not possess characteristic wavelengths, but rather a range of wavelengths,
as do fractals (Turcotte, 1991). This is incompatible with Rayleigh-Taylor diapirism models
involving fluids of contrasting density, which predict regularly spaced diapirs (Fernandez and
Kaus, 2015; Hughes and Davison, 1993; Turcotte and Schubert, 1982).

As modifying the Rayleigh-Taylor model to include a plastic overburden leads to
multiple wavelengths of diapirism being predicted (Ismail-Zadeh et al., 2002), perhaps the
varied and higher viscosity of the layered evaporites provides effective yield strength, leading
to multiple wavelengths of diapirism of the mostly underlying Mid-Miocene halites? Rowan

et al. (2019) noted that anhydrite tends to behave more viscously under extension, commonly
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forming stringers. There is some evidence of faults affecting the layered evaporites, such as
the abrupt termination of the S-reflection where marked "F" in Figure 4a and elsewhere in
the Urania seismic data (Mitchell et al., 2010), as well as abrupt curvilinear planform features
in the Urania multibeam data. Extension of an upper, more rigid layer over halite ("reactive
diapirism") was explored by Vendeville and Jackson (1992). A stochastic distribution of faults
at mid-ocean ridges has been shown to generate fractal-like topography (Malinverno and
Cowie, 1993; Malinverno and Gilbert, 1989) and thus faulting might partly explain the lack of
periodicity.

However, seismic images such as Figure 4g and those in references cited earlier
suggest that the layered evaporites are largely folded, rather than faulted. The lack of a
characteristic wavelength therefore indicates a lack of scale to that folding. We interpret the
folding as caused by loading by the denser anhydrite-rich layered deposits and by widespread
extension as the evaporites have flowed to the spreading axis, allowing diapirs of halite-
dominated evaporites to rise between more coherent layered evaporites (Colombo et al.,
2014; Izzeldin, 1987). In other salt provinces, strengthening of fold synclines by deposition
and lithification of terrigenous sediments has been suggested to increase the dominant fold
wavelength over time (Bochi do Amarante et al., 2021; Fort et al., 2004).

If anhydrite deposition were the main cause of layered evaporite folding in the Red
Sea as we suggest, the question arises as to whether such deposition initiated at the start of
the Zeit with a range of length scales, also influencing the present varied length scales of the
S reflection topography. Crossley et al. (1992) reconstructed the physiography of the top of
the Miocene evaporites, showing large depressions filled with mud and sand. As mentioned

earlier, the varied presence of erosional surfaces (Figure 8) and varied sizes of segments of
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layered evaporites without erosion at S in the seismic images (Figure 4) also suggests that the
S reflection surface had some relief by the end of the Miocene.

Perhaps mini-basins of the Late Miocene (Zeit Formation) layered evaporites formed
over small depressions in the massive halites of the Mid-Miocene, leading to contrasts in
column-averaged density between lows and highs, which drove continual diapirism during
deposition. Hughes and Beydoun (1992) interpreted the biostratigraphy in commercial wells
as revealing a deep (>200 m) or moderately deep marine environment in most of the Red Sea
from the late early Miocene to Mid-Miocene. This is corroborated by the few quality deep-
seismic data publicly available, which do not typically show erosional unconformities deeper
within the evaporites (Colombo et al., 2014; Izzeldin, 1987; Rowan, 2014), suggesting they
were continually submerged. As the Mid-Miocene evaporites were about half the thickness
of the modern evaporites, the relief of the underlying basement may have more easily
influenced halokinetic movements, such as above faults (Bochi do Amarante et al., 2021;
Harding and Huuse, 2015; Koyi et al., 1993; Remmelts, 1995; Warsitzka et al., 2015). Limited
high-quality seismic data that are publicly available show some transparent evaporites (i.e.,
halite) above basement faults (Colombo et al., 2014; Ligi et al., 2019b). As faults tend to have
irregularly distributed (Cowie, 1998; Malinverno and Gilbert, 1989), this process could lead to
a stochastic distribution of mini-basins.

Could continental rift faults have also still been active in the Mid-Miocene and
influenced early diapirism? Normal fault movements would change the potential energy
difference of evaporites and overburden across them and have been suggested or inferred
elsewhere to trigger diapirism (Harding and Huuse, 2015; Nilsen et al., 1995; Vendeville et al.,
1995; Withjack and Callaway, 2000). The continental rifting phase of the central Red Sea is

roughly constrained by a symmetrical Chron 5 magnetic anomaly, which suggests that the rift
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to oceanic spreading transition occurred at ~10 Ma (Okwokwo et al., 2022). Transitions also
occur in crustal seismic velocity (Egloff et al., 1991; Tramontini and Davies, 1969) and
basement morphology (Izzeldin, 1987) at about the same distance from the spreading centres
to the Chron 5 anomaly, corroborating this as the continental rifting to seafloor spreading
transition. For comparison, the main halite deposition phase occurred through the Mid-
Miocene in the South Gharib and time-equivalent formations (Hughes and Beydoun, 1992).
According to a chronology presented by Hughes and Johnson (2005), they would have been
deposited from 14 to 10.5 Ma. It therefore seems likely that basement faults would have
been active during the Mid-Miocene halite deposition and could have influenced diapirism.
The lack of diapiric lengthscale could therefore in turn also reflect a non-uniform fault
distribution (Cowie, 1998; Malinverno and Gilbert, 1989).

Anhydrite preferentially accumulating in depressions contrasts with a result of Biehl
et al. (2014), who showed that anhydrite in the Zechstein of the Netherlands was originally
deposited as gypsum on topographic highs, which they attributed to an effect of brines rising
above the level of the high. In the Red Sea, we suggest that the Late Miocene brines remained
predominantly in shallow depressions, leading to precipitation of primary anhydrite or
gypsum which later transformed to anhydrite (Warren, 2006), as suggested by gypsum
pseudomorphs in the DSDP cores (Stoffers and Kihn, 1974). Anhydrite/gypsum and mud
later forming shale were inhibited from depositing over diapirs, perhaps because of currents
caused by sea surface winds or even surface waves. Furthermore, density stratification within
the Red Sea may have been promoted by a change in climate. Some have suggested that the
Late Miocene was wetter (Griffin, 1999), although this is not a consensus view (Fauquette et
al., 2006; Pound et al., 2012). Alternatively, inflow of global sea water into the basin became

more efficient, leading to less extreme salinity. In either case, anhydrite and gypsum
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precipitate from seawater at lower salinities than halite (Warren, 2006), so the change from
massive halite to layered evaporites from the Mid-Miocene to Late Miocene (Hughes and

Beydoun, 1992) implies that Red Sea salinities decreased overall.

5.4. Diapirism variably continuing into the Plio-Pleistocene (PP)

The continuation of growth stratigraphy observed in the layered evaporites into the PP and
elsewhere the observed growth stratigraphy terminating at the S-reflection suggests a
heterogeneity in salt-tectonic movements. Heterogeneity could partly have arisen from
different dynamic causes of the movements. For example, anhydrite deposition between
halite-rich diapirs would have stopped at the end of the Miocene and hemipelagics later
deposited there would have added less load because of their lower density (Figure 3). In
contrast, movements of the evaporites towards the spreading axis and deeps causing
extension and diapirism has likely been more persistent. As the evaporite flow fronts overlie
oceanic crust younger than 5.3 Ma (Mitchell et al., 2021; Okwokwo et al., 2022) and in places
to the spreading axis (Augustin et al., 2014; Augustin et al., 2016), that movement continued
after the Miocene. Alternatively, the varied presence of growth stratigraphy reflects changes
in dominant wavelength of folding over time as mini-basins became more rigid (Bochi do
Amarante et al., 2021; Fort et al., 2004). These comments suggest that further imaging
seismically the growth stratigraphy within the PP and dating that stratigraphy could

potentially reveal interesting details of the post-Miocene evaporite movements.

5.5. Are the Red Sea evaporites effective analogues of the earlier Santos evaporites?
If the Red Sea evaporites were useful analogues of those of the Santos and other basins in

their earlier pillow stages, the detailed stratigraphy revealed here would provide clues to the
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early structures of the older basins that are now difficult to discern because their evaporites
are deeply buried, less well imaged and more strongly deformed. Evaporite structures in such
"salt giants" have been expected to evolve by pillows (small-amplitude undulations)
becoming accentuated by deposition of denser terrigenous sediment in mini-basins between
them (Fernandez and Kaus, 2015; Nikolinakou et al., 2017), thus the spacings of pillows could
indicate the spacings of diapirs that develop from them (Hughes and Davison, 1993).
However, there are a number of complications to this evolution (Hernandez, 2020). The early
sediments deposited over evaporites have commonly lower density than halite, suggesting
that other causes of diapirism are more important (Hudec et al., 2009). According to Waltham
(1997), buoyancy only becomes an important driver of diapirism at spatial wavelengths of 12
km and greater.

Seismic stratigraphy immediately above the thickened evaporites of the Sdo Paulo
Plateau suggests that most of the diapiric movements occurred up until the Maastrichtian but
after then sediments accumulated with less diapirism-related deformation (Pichel et al.,
2017; Quirk et al., 2013). The topography of the base of evaporite sequences has been
suggested to be important for initiating diapirism, in particular, fault scarps (Koyi et al., 1993;
Remmelts, 1995; Warsitzka et al., 2015). There is evidence of such effects in the Santos Basin
(Pichel et al., 2018), although generally there is only a weak correspondence between the
positions of diapirs and underlying topography (Davison et al., 2012; Pichel et al., 2018). That
might be a result of lateral translation of the evaporites (Alves et al., 2017; Pichel et al., 2018),
but we suggest that diapirism may have also been affected by density and rheological
variations within the evaporites, as we interpret for the Red Sea evaporites. Subsidence of
the layered denser evaporites relative to halite would have stopped once the bases of layered

evaporites reached basement below the Aptian layer, as appears to be presently the case
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from higher quality seismic reflection data showing layering extending to the evaporite base
(Davison et al., 2012). The reduction of diapiric movements at the Maastrichtian could then
be explained by the end of expulsion of halite from beneath subsiding areas. If correct,
modelling of the effects of evaporite movements over basement topography (Dooley et al.,
2018; Pichel et al., 2019; Warsitzka et al., 2015; Warsitzka et al., 2021) may be improved if
varied effective viscosity of the evaporites were incorporated.

Did these early evaporite surfaces have significant relief and if so what were its
consequences? A reconstruction by Bochi do Amarante et al. (2021) for the Upper Albian in
the present-day compression zone of the Santos evaporites (their figure 10e) suggests that
the top of the evaporites had a relief that was comparable to that of the Red Sea evaporites.
In contrast, overlying Albian sediments are shown with a smoother surface, mostly filling
underlying depressions rather than draping the evaporite topography as would be expected
of purely pelagic accumulation (Tominaga et al., 2011). One lensoid part of that unit is
somewhat reminiscent of contourites (Faugeres et al., 1999). For comparison, reflections in
the lower part of the PP in Figure 4f (marked "Contourites") are discordant with underlying S
and would be lensoid if S were flatter than it is at present. Although these sediments likely
have lower density than halite, contourite deposits can have significant positive relief and
hence thicknesses of ¥200 m as in Figure 4f would generate ~2 MPa of vertical stress. Perhaps
this stress was enough to deform halite and cause subsidence in the underlying evaporites,
partly explaining the growth stratigraphy within the underlying underlying evaporites marked
in Figure 4f. This illustrates how an early relief of evaporite surfaces in salt giants can guide

sediment transport by various processes and, in some cases, influence the later deformation.

6. Conclusions
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Analyses of the early "pillow" stage of diapirism of halite-dominated evaporitesin "salt giants"
without overburden loading is best carried out in deposits with little overlying sediment, such
as those in the Red Sea. This is made straightforward in the Red Sea by the widespread
presence of a prominent seismic reflection "S" marking the top of the evaporites. The
following are observed from this reflection.

Power spectra and variograms of S in the Red Sea reveal a lack of any dominant
wavelength, arguing against simple Rayleigh-Taylor diapirism locally. Variograms reveal a
stochastic topography with an average range of ~3.0 km over which the topography is
decorrelated. Power spectra show an inverse power-law gradient for wavelengths from 1 to
13 km. At wavelengths longer than 13 km, the spectra flatten, as might be expected from
weakness of halite preventing the development of topography at larger scales.

The lack of dominant wavelength is speculated to reflect effects of brittle deformation
and folding of anhydrite-bearing Late Miocene evaporites. The available seismic reflection
data suggest that folding dominates these evaporites. If that folding originates from
deposition of denser anhydrite in mini-basins, varied length scales of topography of the Mid-
Miocene evaporites may have provided the initial conditions over which varied length scales
of aragonite deposition occurred in the Late Miocene, ultimately leading to the present
stochastic topography of the S reflection. Alternatively, varied length scales arise from
dominant wavelengths of folding changing with progressive strengthening of synclines of
stronger anhydrite-dominated evaporites. Basement topography may have also influenced
diapirism. Continental rift faults may have still been active during the main halite deposition
phase of the Mid-Miocene, also promoting diapirism with varied lengthscales.

High-resolution seismic records show that this folding in some areas stopped at about

the Miocene-Pliocene boundary, while in others it continued into the Plio-Pleistocene,
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suggesting that halokinetic movements were heterogeneous. Such heterogeneity could
originate from varied dynamic origins of the deformation, which include the aragonite
deposition (which stopped at the end of the Miocene) and widespread flowage of the
evaporites towards the spreading centres (which continued into the Plio-Pleistocene), or

changes in dominant fold wavelength.
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1158  Figures:

1159

1160  Figure 1: Depth of the S-reflection marking the top of the Miocene evaporites or close to it,
1161  contoured every 100 m (mbsl: metres below sea-level). Map shows grid of Mitchell et al.
1162  (2017) updated with 3D seismic data from offshore Egypt (Mitchell et al., 2019) and here with

1163  sparker seismic records from RV Pelagia (Augustin et al., 2019). Data track coverage is shown
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in Figure 5. Seismic two-way times of the seabed and S-reflections were converted to depth
below sea level using a water velocity of 1538 m/s derived using empirical equations
(Mackenzie, 1981) and 1900 m/s for the hemipelagic Plio-Pleistocene sediments based on
sample measurements (Whitmarsh et al., 1974) and seismic refraction results (Drake and
Girdler, 1964; Gaulier et al., 1988). Data were binned at 0.01° X 0.01° intervals and then
interpolated and extrapolated to improve visualisation over distances up to 0.15°, hence map
resolution varies between these two extremes. Asterisks locate the Red Sea deeps from a
catalogue of Augustin et al. (2016). Three Deep Sea Drilling Project (DSDP) sites (Whitmarsh
et al., 1974) are shown. Two solid circles locate areas of geophysical data of Colombo et al.

(2014) described in the text.
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Figure 2. Summary of the stratigraphy of samples recovered at the three DSDP sites located
in Figure 1 based on the interpretations of the drilling scientists (Stoffers and Kiihn, 1974;
Whitmarsh et al.,, 1974). Segments of core showing deformation structures marked by
vertical bars are from Girdler and Whitmarsh (1974). S: level corresponding with the S-
reflection in seismic data, which marks the top of the Miocene evaporites. Within the

Miocene, black, white and grey represent halite, anhydrite and shale.
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Figure 3: Sample density measurements for the three Deep Sea Drilling Project sites located
in Figure 1 from Manheim et al. (1974). Vertical grey bars show the ranges of density values
for all halite and anhydrite samples measured at the sites from Wheildon et al. (1974). Dotted

lines mark the top of the Miocene evaporites at each site.
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Figure 4: Example seismic reflection profiles located in Figure 5. S: reflection marking the top
of the Miocene evaporites (Miocene-Pliocene boundary); PP: Plio-Pleistocene sediments; P:
pelagic-like geometry of Plio-Pleistocene sediments; F: fault; U: unconformity (erosional

surface).
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Figure 5: Locations of seismic reflection lines overlain on a grey version of the S-reflection
depth map of Figure 1. ITZ: inter-trough zone. For details of original seismic data sources,
see Mitchell et al. (2017). Long seismic lines selected for Figure 6 are indicated. Those marked

"Iz" are lines of Izzeldin (1987).
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Figure 6: Profiles of seabed (black) and S-reflection (blue) topography derived from the lines
located in Figure 5. Grey boxes locate deeps, which are largely without evaporites. Red circles
mark ends of segments of S-reflection used to calculate the variograms in Figure 10 (where
two segments are used for a line, they are indicated by abbreviated identifiers 1293, etc.).

Green bars highlight sections of data crossing collapse structures where the evaporite surface
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has deflated in response to more significant flowage into inter-trough zones. HA ITZ: Hariba-

Atlantis Il inter-trough zone, EPS ITZ: Erba-Port Sudan inter-trough zone.

Figure 7. Example of detrended S-reflection topography from the west side of Bannock line

2 in Figure 6. "Elevation" is relative to a regression line fitted to the S-reflection topography.

Figure 8. Central Red Sea occurrences of erosional surfaces at the top of the evaporites
interpreted from truncated evaporite internal reflections in seismic data collected during the
2005 RV Urania cruise, the data of Izzeldin (1987), Guennoc et al. (1988) and Bonatti et al.

(1984), and line drawing interpretations of Searle and Ross (1975) and Ross and Schlee (1973).
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1221

1222

1223  Figure 9. Power spectra of the selected lines of Figure 6. Power-spectral density was
1224  averaged within bins of 0.1 logio units. Coloured circles represent averages of those spectra.
1225 Redlineis a least-squares regression through the averages highlighted in red and has a graph
1226  gradient of -3.05.
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Figure 10. Variograms of the detrended S-reflection topography segmented as shown in
Figure 6. Blue line is an average of the variograms shown. Dashed red line is an exponential
model fitted to the average variogram by minimizing the squares of discrepancies (#{(h) =

9428(1.0-exp(-h/3.0)) (M?)).
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Figure 11. Maps of parameters of exponential models fitted to the variograms in Figure 10
by least squares: (a) Standard deviation o (=V(2c)) and (b) range (r of equation (2)). Symbol

diameters scale linearly with the variables shown.

Figure 12. Simple isostatic model used to explore whether the excess topography Z over
diapirs can reveal the depth extent H of layered evaporites between them using assumed

densities for the components as shown.



