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Along the coast of the Makran subduction zone (SE Iran and SW Pakistan), active uplift
combined with efficient erosion and vigorous sediment transport have led to marine
terraces with unique morphology and sedimentology. These terraces are characterized
by the systematic presence of an extensive 1-10+m thick sandstone layer capping
their wave-cut base. Our investigation of thirty-six sedimentary logs of the terrace
deposits revealed a general prograding trend from nearshore to beach deposits moving
upsection. The presence of a thick marine sedimentary succession above the erosive
platform suggests continued creation of accommodation space following carving of
the platform by wave-erosion (i.e., erosion of the platform occurred before the peak
of the highstand). Deposition of prograding beaches above the platform is interpreted
to have occurred during the sea-level stillstand and the start of sea-level fall and was
favored by a high sedimentary supply. While some terraces evolve into a classic staircase
morphology, others are found as flat-topped platforms bounded by steep cliffs, isolated
within the low-lying coastal plain. We find that this morphological difference results from
a contrast in bedrock erodability (resistant sandstone versus soft marl, respectively).
The flat-topped isolated marine terraces with marl bedrock share morphological and
sedimentological similarities with Holocene crenulated beaches currently developing in
low-lying bays between headlands. As indurated beaches are uplifted into headlands,
they influence the development of following generations of beaches before being
eroded by surficial erosion and wave action. Our study shows that the coastal
geomorphology of the Makran coast is dictated by the interaction between tectonics
(providing relative sea-level fall and juxtaposing units of different erodability at the same
structural level by faulting), differential erosion between hard and soft rock (responsible
for the presence of isolated headlands) and coastal sedimentary transport processes
(permitting accumulation of extensive beach deposits).

Keywords: Makran subduction zone, marine terrace deposits, coastal evolution, differential erosion, uplifted
beach, headland bay beach

INTRODUCTION

Located between the Strait of Hormuz and the Indus Plain, the 900 km-long, east-west trending
coast of the Makran subduction zone (Figure 1A) is an ideal natural laboratory to study the coupled
interactions between active sedimentation, erosion and tectonics. This is due to the combined
effects of several competing factors. First, the region is arid and sparsely vegetated, making its
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geology exceptionally well exposed. Second, the margin is
experiencing rapid surface uplift, linked to subduction of the
oceanic portion of the Arabian plate beneath the continental
Eurasian plate. Third, the subduction zone experiences a high
sedimentary input from subaerial portions of the eroding
accretionary prism.

Here, we have studied a series of peculiar uplifted marine
terrace deposits that reflect these competing phenomena. These
terraces are somewhat unusual because they are both erosional
and depositional, i.e., they form in response to widespread
marine erosion during sea-level highstands, but they are
covered with often thick veneers of shallow marine sediment
(hereafter referred to as “terrace deposits”) that reflect the
high sediment input into the coastal region. These terraces are
distinctly different from most other marine terraces that are
dominantly erosive (e.g., Lajoie, 1986; Anderson et al., 1999;
Pedoja et al, 2014). The Makran marine terraces (Mmt) are
also intriguing because their preservation and evolution depends
sensitively on the nature (erodability) of the local bedrock (i.e.,
sandstone versus marl).

In this study, we have investigated the morphology and
sedimentology of the Mmt using a combination of satellite
imagery, DEM analysis, and targeted fieldwork. In another recent
study, we have constrained the ages of the terraces using C14,
U-Th series and OSL dating (Normand et al., 2019d). Here, we
attempt to answer the following questions: What does terrace
deposit sedimentology tell us about the coastal setting during
previous highstands ? Why are the terraces found as isolated
platforms or headlands and what controls their distribution
along the coast? Which marine terrace definition best suits the
Mmt? How did the Makran coast evolve throughout the Late
Pleistocene? Ultimately, our study aims to improve our general
understanding of interactions between tectonic uplift, eustasy,
surface processes and coastal sedimentation.

GEOLOGICAL SETTING

The area studied sits on the coastal margin in the upper plate
of the Makran subduction zone, located in southeastern Iran.
At this margin, the oceanic Arabian plate is currently passing
northward beneath the continental Eurasian plate at a rate of
approximately 2 cm/year (Figure 1A) (e.g., Vernant et al., 2004;
Masson et al,, 2007; Khan et al., 2008; Frohling and Szeliga,
2016). Although the Makran subduction zone has low historical
seismic activity, especially the western segment (Byrne et al,
1992), tectonic uplift of the prism is evidenced by the presence of
numerous marine terraces along the coast (Figure 1C) (e.g., Page
etal., 1979; Snead, 1993; Normand et al., 2019d). The thick pile of
emerging sediments comprising the prism are Himalaya derived
(Harms et al., 1984). However, most sediments on the modern
coast are reworked from emerged portions of the accretionary
prism residing to the north of the studied area (McCall and Kidd,
1982; Ellouz-Zimmermann et al., 2007; Bourget et al., 2010). Data
from offshore sedimentary structures and cores (Uchupi et al.,
2002; Bourget et al., 2010), as well as the presence of extensive
and fast-prograding Holocene beach ridges successions along the

Makran coast (e.g., Shah-Hosseini et al., 2018; Normand et al,,
2019b) evidence a high sedimentary input into the Oman Sea.

The Makran area presently has an arid climate with a
low yearly mean precipitation [~97-127 mm at the coastline
(Sanlaville et al., 1991)] and sparse vegetation cover. Rain events
are rare but intense, occurring mainly in winter. These events
induce substantial erosion of the soft sedimentary rocks of the
prism, river re-activation and flooding of the coastal plain (Stiffe,
1874; Harrison, 1941; Falcon, 1947; Snead, 1967). The tidal
range is micro to mesotidal [1.8-2.7 m (Snead, 1993)]. In the
western Makran, waves and wind come mainly from the SSE with
significant wave heights of 1 to 3 m and wave periods between 4
and 8 s (Saket and Etemad-shahidi, 2012).

Geology at the Coastal Makran

The pre-Quaternary bedrock of the coastal margin in the eastern
Iranian Makran consists of sedimentary rocks of Upper Miocene
to Pliocene age (Samadian et al., 1994, 1996, 2004; Figure 2).
Although these units have formation names in the Pakistani
Makran [e.g., Ormara, Chatti, Talar formations (Harms et al.,
1984)], correlation with the unnamed formations of the Iranian
Makran has not yet been established. The three broad Tertiary
units relevant to this paper can be differentiated on the basis
of their lithology and age (Figure 2). The base and top of
the sequence is made of two formations of Upper Miocene
and Pliocene age, respectively (Samadian et al., 1994, 1996,
2004), with a sandstone-dominated lithology. These typically
consist of an alternance of sandstones and finer marl layers,
that are associated with regression and transgression of the
coastline on shallow wave-dominated shelves (Harms et al,
1984). The middle interval (Upper Miocene) is composed of
fine-grained slope marl deposits occasionally intercalated with
thin sandstone layers (Harms et al., 1984) and incorporating
pipes or boudins of orange mudrock (that we suspect are
derived from mud volcano activity) as well as gypsum veins
(Normand et al., 2019a, Figure M).

These Tertiary sedimentary units are faulted and deformed
into wide, gently double-plunging, E-W trending anticlines and
synclines, visible in satellite imagery (Figure 2; Farhoudi and
Karig, 1977; Leggett and Platt, 1984; Samadian et al., 1994, 1996,
2004). Although reverse faulting is associated with the growth
of folds both in the immerged part of the prism (offshore) and
north of the coastal region (White and Louden, 1982; Grando and
McClay, 2007), normal faults predominate close to the coastline
(Ghorashi, 1978; Harms et al., 1984; Platt and Leggett, 1986;
Snead, 1993; Dolati and Burg, 2013; Normand et al., 2019b).

The topography of the coastal area is mostly dominated by a
flat and wide (about 20 km) coastal plain, which contrasts with
the rugged morphologies of both the Makran ranges (the name
given to the mountains north of the coastal plain) and the coastal
headlands hosting Quaternary marine terraces (Figure 1B).
Although the coastal plain is mostly covered by a thin veneer of
modern fine-grained distal alluvial fan deposits, a few outcrops
reveal the nature of the underlying bedrock, which consists
predominantly of Upper Miocene gray marls. These rocks are
often deeply eroded (forming badland topography), except where
they are preserved under layers or debris of indurated Quaternary
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Arabian
Plate

Oman Sea

FIGURE 1 | General location of the Makran Subduction zone. (A) Tectonic setting. MF, Minab fault zone; MR, Murray Ridge; ONF, Ornach-Nal fault. (B) Shaded relief
(SRTM) image of panel C (dark blue = 0 m, red = 700 m altitude). Note the flat coastal plain and the protruding headlands at the coastline. (C) Landsat satellite
image of a portion of the coastal Makran near Chabahar (SE Iran). Black lines are beach ridges. Black names are localities. Headlands host marine terraces.
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FIGURE 2 | Simplified bedrock lithology map of the Chabahar region, emphasizing location of marl or sandstone dominated lithologies. Except for the Chabahar
headland, the Pliocene age of sandstone-dominated outcrops are inferred.
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deposits (marine terraces or fluvial terrace deposits) (Normand
etal., 2019a, Figures M, GU, PA, TA).

Numerous normal faults are observed to cut the sediments of
the Makran coastal area. These faults strike dominantly parallel to
the coast and dip toward the south (or less commonly toward the
north). Faults have throws ranging from less than a meter to more
than fifty meters. These faults are important for the development
and preservation of marine terraces in the region because they
can juxtapose units of drastically different erodability to the
same structural level (Figure 3). For example, in the vicinity of
Chabahar, a series of large headland bounding normal faults have
locally juxtaposed easily erodable Upper Miocene marls against
relatively resistant Pliocene sandstones (Figure 3). This results
in topographic inversion whereby the downthrown block stands
high because it is more resistant than the adjacent upthrown marl
block (Figure 3). Normal motion on these faults is confirmed by
local drag features, Riedel shears and terrace offsets (Normand
et al., 2019b,d). Note that although the relative motion between
the headland and the coastal plain is due to normal faulting,
the general regional trend remains uplift, as attested by the
presence of marine terraces on the downfaulted headland. Only
the Chabahar headland was directly observed to be bound by
normal faults. However, the Tang and Konarak headlands of
Tertiary sandstones also show sharp boundaries with the coastal
plain, which might also suggest the presence of faults controlling
the limits of these headlands (Figure 2).

Along the seaward margin of the coastal plain, two types
of protruding headlands are found. While the first are these
localized outcrops of sandstone-dominated bedrock, the second
are high, flat platforms, characterized by a planar layer of marine
terrace deposits capping gray marl bedrock (more details in
see section “Terrace Morphology”). Between the protruding
headlands, the coastline has developed into deep bays hosting
extensive successions of beach ridges (Figure 1), deposited
since the Holocene maximum transgression (Gharibreza, 2016;
Shah-Hosseini et al., 2018; Normand et al., 2019¢).

MARINE TERRACES: GENERAL

DEFINITIONS
Marine terraces are geomorphic features found along
coastlines subject to relative sea-level changes (Lajoie,

1986). Marine terraces can be divided into three broad
categories: constructional, erosional and depositional terraces.
Constructional terraces are formed mainly by coral reef
development and are not considered further here since the
Makran coast rarely hosts coral constructions.

Erosional wave-cut platforms are planar surfaces incised by
wave action into the underlying bedrock. Through the combined
effects of eustasy and tectonics, these surfaces may be emerged,
after which time they start to degrade by weathering and
erosion while younger surfaces develop in a lower position
(Anderson et al., 1999). Because the erosive energy available at
the base of a sea cliff is reduced as the wave power dissipates
across an expanding platform, the development of platforms
becomes increasingly difficult as they widen (e.g., Trenhaile, 2000,

2014; Limber et al., 2014). Modeling has highlighted a range
of parameters that control platform width, including strength
(resistance) of the bedrock, the presence of debris protecting
the cliff foot, the tidal range and the duration of the sea-level
stillstand (e.g., Anderson et al., 1999; Trenhaile, 2000, 2002).
Moreover, because younger terraces develop at the expense of
older ones, some terrace levels might be entirely erased from
the geomorphic record (e.g., Trenhaile, 2014). Numerical models
of shore development have shown that erosion is more effective
during episodes of relative sea-level rise than fall (e.g., Trenhaile,
2002). The presence of a beach on the platform can accelerate or
reduce coastal retreat, depending on the amount of sediments on
the platform (e.g., Limber et al., 2014; Trenhaile, 2016, 2018).
Depositional terraces are often named wave-built terraces,
but this term has been used to describe a variety of different
coastal landforms, without a clear definition (Dietz, 1963).
The term was originally defined by Gilbert (1890) to describe
paleobeach ridge successions around Lake Bonneville. It was
subsequently traditionally re-used to characterize subaqueous
platforms, created by sedimentary accumulation at the seaward
edge of a wave-cut platform (Dietz, 1963; Bird, 2000). The latter,
observed in modern coastline settings, are rarely preserved in the
fossil record (Dietz, 1963). Following the original idea of Gilbert
(1890), Jara-Mufoz and Melnick (2015) have defined wave-built
marine terraces as stacked patterns of sediments deposited above
a wave-cut platform. The succession of sediment-covered terraces
are therefore often characterized by a smooth topographic
expression as the relief of shoreline angles are partially covered
by sediments. The difference with a wave-cut platform covered
by sediments is that the sedimentary succession of a wave-built
terrace has a certain degree of complexity in its sedimentary
succession. The nomenclature of entirely depositional or mixed
erosional/depositional marine terraces remains ambiguous.

THE MAKRAN MARINE TERRACES

Along the Makran coast, the Tertiary basement units are
commonly overlain by extensive marine terraces. These terraces
are typically characterized by a 1-10 m thick shelly sandstone
deposits that cap the underlying basement sediments along a
wave-cut unconformity (Falcon, 1947; Little, 1972; Page et al,,
1979; Snead, 1993). The sedimentary succession of the terrace
deposits has been described as beach deposits (Falcon, 1947;
Vita-Finzi, 1980; Snead, 1993), though only a few detailed
sedimentary sections have been previously described (Little,
1972; Normand et al., 2019d). Some authors have argued that a
few terraces, showing sharp linear edges parallel to the coastline
(e.g., Konarak, Gurdim), might have developed on horsts (Little,
1972; Snead, 1993).

The necessity of widespread and accurate dating of the Mmt in
order to derive surface uplift rates has been pointed out by Vita-
Finzi (1980). Most previous dating attempts on the Mmt were
done by radiocarbon dating of shells sampled within the terrace
deposits, which yielded ages greater than 20 ka, interpreted
as minimum ages (see Normand et al., 2019d and references
therein). Recently, OSL dating of the Iranian (western) Makran
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FIGURE 3 | Major normal faults bordering the Chabahar headland. (A-D) Photo and sketch of the outcropping faults. The low-lying coastal plain sits in the uplifted
block, whereas the headland is downthrown. (E,F) A major normal fault outcropping within the headland. (G) Localization of the major normal faults of Chabahar
headland (red). Orange fault is inferred. (H) Sketch of a profile from the Makran ranges to the sea, going through a downfaulted headland (as in profile X-Y in panel

G). Tectonic deformation of the Tertiary layers is ignored for simplicity.
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terraces has permitted the correlation of the marine terrace
sequences to past sea-level highstands. The results revealed that
most marine terraces formed between MIS5 (75-126 ka) and
MIS 17 (~700 ka), with two very young surfaces dated at MIS3
(30-50 ka) (Normand et al., 2019d). Calculation of uplift rates
revealed moderate to high uplift rates along the Iranian Makran
coast (0.05-1.5 mm y~!). An exceptionally high uplift rate of
up to 5 mm y~! was calculated in Pasabander area, close to the
border with Pakistan, however, this anomalous result remains
problematic (Normand et al., 2019d). Dating of the marine
terraces and their implication for geodynamics is not the focus of
this paper, though knowledge of their age is important, especially
from a geomorphological point of view.

Terrace Morphology

Our study of the Mmt revealed two distinctive terrace
morphologies, based on the nature of the bedrock into
which the terrace was carved (indurated sandstone-dominated
lithology versus erodible marl-dominated lithology). Terraces
that developed on sandstone-dominated headlands (hereafter
referred to as sandstone-type terraces) have a classic staircase
morphology that reflects recent trends of relative sea-level change
(Figure 4A; Lajoie, 1986; Anderson et al., 1999; Trenhaile, 2002).

Sequences of such terraces are relatively extensive, with 64 levels
in Chabahar, possibly ranging back to MIS 17 (Normand et al.,
2019d). Each terrace is generally backed by a paleoclift (that can
be topped by an older terrace) at the base of which fossil rockfall
megaboulders are sometimes found embedded within the terrace
deposits (Figure 4B; Normand et al., 2019d). While the bedrock
bedding is most of the time tilted owing to prism deformation
(e.g., Figures 4B,F), subhorizontal resistant Tertiary sandstone
beds sometimes closely resemble marine terraces (Snead, 1993).
Terraces found on marl-dominated bedrock (hereafter
referred to as marl-type terraces) have a singular morphology
(Figure 4F). They are wide platforms (up to 5 km) bounded by
steep cliffs carved within the marl bedrock and capped by terrace
deposits (Figures 4C,F). Most of the time, the paleocliff backing
the terrace is degraded into badlands (covered with debris of
terrace deposits) or is entirely absent (eroded down to the level
of the coastal plain, Figures 4C,D,F). Surficial erosion (rain
gathering into streams) seems to be the main factor eroding the
marls as gully morphologies are seen forming the badlands and
cutting through the terrace deposits (Figures 3, 4C,D). Sequences
of such terraces comprises up to four levels, the upper levels
being highly degraded into isolated platforms less than a square
kilometer in area. Dating results from marl-type terraces show
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Paleo
megaboulders

Coastal plain

Coastal Plain

GurdimT1

FIGURE 4 | Figures illustrating the Mmt geomorphology and sedimentology. More pictures may be found in Normand et al. (2019a). (A) General view of
sandstone-dominated terraces, which have a classic staircase morphology. Here, two terraces of Lipar T1 and T3 are separated by a paleocliff. The Holocene
platform is being carved through both T1 and T3 and megaboulders are seen embedded in the small Holocene beach at the feet of T3. T3 is 60 m high. Red square
is the position of panel B (25.250°N, 60.839°E; looking SE). (B) Close up of the vicinity of the Lipar T1 shoreline angle. Notice the angular unconformity with the
bedrock bedding (blue lines) and the fossil version of embedded megaboulders at the foot of the paleocliff (which is situated a few meters to the left of the picture)
(25.247°N, 60.848°E). (C) Google Earth satellite image of Tang T3, illustrating some morphological properties of marl-type terraces, such as the isolated platform
morphology, the finger-like protrusion and the curved aspect, emphasized by lineations on the terrace surface (see also Figure 8G) (25.42°N, 59.88°E). (D) Northern
side of Pasabander T3. Note the absence of paleocliff and the highly degraded marl bedrock where unprotected by the terrace deposits (25.134°N, 61.449°F).

(E) Example of terrace deposit succession (here, section P8 of Figure 6A) (25.077909°N, 61.354360°E). (F) Gurdim terrace seen from its westernmost side. This
terrace is one of the best examples of an isolated flat-topped platform. The bedrock is marl, south dipping at a low angle, which emphasizes the angular
unconformity with the overlying terrace deposits. The paleocliff, expected in the north of the picture, is absent.

relatively young ages, with some terraces attributed to MIS 3 (e.g.,
in Pasabander region) and potentially going back to maximum
MIS 5e, for the most degraded surfaces (Normand et al., 2019d).
Some terraces (mostly marl-type) have peculiar curved
borders, not parallel to the general trend of the modern coastline.
This curved morphology is also expressed and accentuated
by lineations visible in satellite imagery on those terraces
surfaces (Figure 4C, see also Figure 8G). Field investigation
of the linear markers revealed that they are the morphological
expression of the top of the terrace deposits composed of
gently dipping sandstone sedimentary structures (Normand et al.,
2019a, Figures PA5-6). Another geomorphological characteristic
of these terraces is their peculiar “finger-like” protrusions in map
view (Figure 4C). This morphology, defined by Little (1972), is

interpreted to be caused by stream erosion following the trend of
the aforementioned lineations (Figure 4C).

Terrace Sedimentology

All Tranian [and seemingly Pakistani (Snead, 1967, 1993)] Mmt
share a common characteristic: They are capped by a layer of
marine sediments of thickness varying between 1 and 10 m
(possibly thicker in the eastern Makran) (Figures 4D-F). Thirty
six sections of the Iranian marine terrace deposits were logged in
order to understand the processes responsible for the deposition
of these layers (Supplementary Table S1). Localities were chosen
based on their accessibility, but also with the objective of
collecting information from the back of the terrace (near the
shoreline angle), the middle and the seaward edge of the

Frontiers in Earth Science | www.frontiersin.org 6

July 2019 | Volume 7 | Article 186


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Normand et al.

Pleistocene Coastal Evolution in Makran

terrace, to understand lateral variability in the sedimentology
(Figure 6A). We divide the sedimentary logs into broad facies
(Table 1), based on grain-size and sedimentary structures, while
the vertical relationships between facies are reported in Figure 6A
(Figure 5 contains the log legends).

All studied Makran terrace deposits follow the same general
sedimentological trend. The transition between Tertiary bedrock
and marine terrace deposits is an erosive surface, normally
evidenced by an angular unconformity (e.g., Figures 4A,B).
Direct access to the full extent of the erosive surface is prevented
by the presence of the terrace deposits, though flatness and
continuity of this surface can be estimated from natural sections
provided at the terraces’ borders (Figure 4F). Although the
original thickness of the terrace deposits might have been
reduced by erosional processes, we did not detect any systematic
thickening nor thinning of the terrace deposits on a transect
perpendicular to the coastline (Figure 6A). The base of the
terrace deposits frequently incorporates sandstone boulders and
pebbles (~5-50 cm diameter, some of which are bored by
lithophaga mollusks) embedded within the overlying deposit
(Figures 4E, 6A). At the back of those terraces backed by a
paleocliff, megaboulders (rockfall, of 0.5 to 3 m+ diameter) are
found embedded in the terrace deposits (Figure 4B; Normand
et al., 2019a). Forming the main body of the terrace deposits,
sandy material and shell fragments are arranged into sedimentary
structures, such as trough cross stratification (usually at the base
of the deposits) and horizontal laminations (usually topping the
section) (Table 1) (e.g., Figure 4E). Some sections situated close
to river mouths incorporate conglomerate layers. We report the
possible occurrences of erosive surface within the stratigraphy
of the terrace deposits, although these are difficult to ascertain
(Figure 6A, section R9, R10).

Depositional Facies Interpretation
The type of sediments comprising the terrace deposits are
independent of their bedrock type. The presence of boulders and
pebbles at the base of many logs, is interpreted as lag deposits
associated with a transgressive ravinement surface (i.e., the wave-
cut platform) (Catuneanu et al., 2011). The recurring occurrence
of megaboulders embedded at the back of some terraces implies
a certain degree of cliff foot protection as sedimentation starts.
The lower sandy units incorporating trough cross-stratifications
or other evidences of energetic currents are interpreted as
shoreface deposits, whereas the overlying sandy laminated facies
is interpreted to be deposited in the swash zone (Table 1) (e.g.,
Tamura, 2012; Normand et al., 2019¢). Eolian deposits are rarely
preserved (only in log K1). In summary, the general trend is
one of shallowing upward, with all logs evolving from shoreface
at the base to foreshore at the top (Figure 6). This suggests a
progradational stacking pattern of the sedimentary sequences.
While the general shallowing upward trend described above
is true for all logged transects, some incorporate other
sedimentological complexities. Conglomerate layers within some
terrace deposits (intercalated with shoreface facies) (Figure 6A)
are interpreted as mouth bar deposits (related to local river
discharge). A fine-grained, non-laminated facies is observed
at the base of some logs, just above the wave-cut platform.

This indicates the presence of lagoonal systems at the coastline
during the early stages of the highstand. Similar observations
were made from Holocene successions in the Makran, where
early Holocene (8 ka-6 ka) lagoonal deposits are found at the
base of post-mid-Holocene highstand sandy beach successions
(Sanlaville et al., 1991; Normand et al., 2019c¢). Erosive surfaces
within logs of Ramin T1 (R9, R10) are related to episodes
of re-occupation of the lower, seaward parts of the platform
(e.g., Jara-Munoz and Melnick, 2015).

Modern Equivalents

Our interpretation for the coastal evolution of the Makran
coastline (see section “Depositional Model”) is inspired by the
modern coastal depositional setting which is also heavily dictated
by bedrock erodability (Normand et al., 2019¢c). Segments of the
coast carved into sandstone dominated lithologies (headlands)
usually host narrow beaches (0-200 m) at the base of their
cliff (Normand et al., 2019a, Figure HB). We expect that they
behave like the “beaches with resistant foundations” described
in Trenhaile (2018). Unfortunately, we do not have information
on the subaqueous platform width or on beach thickness. A fine
layer of sandy deposits on a rocky platform can serve as an
abrasive medium to accelerate cliff retreat. However, the observed
Makran headland beaches are often thick and are expected to
hinder erosion (Limber and Murray, 2011; Trenhaile, 2016).
Fallen boulder blocks and debris often found embedded at the
base of the modern cliff (e.g., Figure 4A) also contributes to
reduce coastal retreat.

On the other hand, the Makran coastal segment characterized
by soft marl bedrock host wide succession of beach ridges
(Gharibreza, 2016; Shah-Hosseini et al., 2018; Normand et al,,
2019c). These bay beaches are usually crenulated following the
dominating wave direction (e.g., Hurst et al.,, 2015; Normand
et al., 2019¢). Dating results revealed that the oldest beach
ridges, situated near the back of the bays, were deposited during
the Holocene maximum transgression, around 6000 years ago.
Thus, in these regions the coast has propagated laterally by
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FIGURE 6 | Sedimentary logs of the terrace deposits and their location. Outcrop pictures of such logs are reported in the data repository (Normand et al., 2019a).
(A) Sedimentary logs, arranged from shoreline angle (top of the picture) to seaward side (bottom). Colors of the background correspond to the terrace region from
which they were measured (see maps). Legends are found in Figure 5. *Eroded shoreline angle (ESA): Logged at the back of the terrace, when the paleocliff (and
the shoreline angle) is eroded (e.g., Figures 4D,F). (B-F) Localization of the logs of Gurdim (turquoise), Konarak (blue), Chabahar (green), Ramin (red), Lipar (yellow),
and Pasabander (purple).
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FIGURE 7 | Interpretation of the Mmt development as sea-level varied through time. (A-D) Model for sandstone-type terraces. (A) Start of the highstand, carving of
the wave-cut platform. (B) Post-peak of the highstand, start of beach deposition, as seen currently in the Makran headland beaches (e.g., Figure 4A foreground).
(C) End of highstand, start of sea-level fall. Rapid beach progradation across the shallow platform. (D) Next highstand, after relative sea-level fall, the paleobeach is
now found as a marine terrace. The paleocliff seems to be eroding further after platform abandonment, as its current position can be a few tens of meters from the
megaboulders delineating the original position of the shoreline angle (Normand et al., 2019a, images CH5-6 and LI4). (E,F) Model for marl-type marine terraces.

(E) After platform carving into the soft marl, the bay beach develops in a series of prograding beach ridges, as seen currently along the Makran (e.g., Figures 1, 7G).
Note the difference in lateral extension compared to sandstone-type terraces. (F) Situation at the next highstand, the beach is uplifted into a marine terrace (e.g.,
Figures 4B,F). (G) Satellite image (Bing) of Pozm bay and surroundings, illustrating modern equivalents of some of these sketches. More examples illustrating these

several kilometers over the last few 1000 years at rates of up to
5 m/yr (meter per year) (e.g., Gharibreza, 2016; Normand et al.,
2019c). These results emphasize vigorous sediment activity along
the Makran coast.

DISCUSSION

Depositional Model
Observations of the terrace deposits and the modern coastline
led us to the following depositional model (Figure 7). Carving

of the platform seems to have occurred during the early stages of
the sea-level highstand (associated with sea-level rise) and carried
on until wave-energy was insufficient to further extend the
platform (e.g., Anderson et al., 1999; Trenhaile, 2002; Figure 7A).
The platform width was presumably partially controlled by the
erodability of the bedrock (e.g., Trenhaile, 2014), since marl-type
terraces are notably wider than sandstone-type terraces.

The thickness of the terrace deposits (up to 10 m, even at the
back of the terrace, Figure 6A) attests the continued creation
of accommodation space following the carving of the shoreline
angle. Hence, we suggest that most platform erosion occurs
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the paleocliff and badlands beyond are eroded down to the coastal plain level.

during the early stages of a sea-level highstand (i.e., during
sea-level rise). The first sedimentary layers, deposited near the
shoreline angle and above the wave-cut surface are expected to be
aggradational (Figure 7B). Another hypothesis is that the beach
profile readjusts to account for relative sea-level rise, forming a
thicker but less extensive berm at the base of the cliff, as proposed
by Trenhaile (2018). A more detailed analysis of the sedimentary

successions near the shoreline angle of the uplifted terraces is
necessary to resolve this matter. The middle to late stages of the
highstand are dominated by shallowing-upward sedimentation,
as prograding beaches develop above the wave-cut surface due
to the high sedimentary input along the Makran coast combined
with relative sea-level fall (Figures 6A, 7C,E). This last phase
differentiates the Mmt from most marine terraces in other parts
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TABLE 1 | Facies encountered in the western Mmt sedimentary successions.

Facies Matrix Bioclasts Other clasts Support Sedimentary structures

grain-size
A Sand Roots Matrix-supp. High angle, large cross strat.
B Sand Shells or shell fragments A few small pebbles Matrix-supp. Horizontal lamination. Some

small scale trough cross strat.

C Sand Shells or shell fragments A few pebbles Matrix-supp. Trough cross strat., foresets
D Silt to clay Shells or shell fragments Pebbles, bored pebbles Matrix-supp. None
E Sand to clay Shell fragments 10-50 cm boulders, pebbles Clast-supp. None
F Sand Shell fragments Pebbles (1-8 cm diamater) Both None, or pebbles imbrication
Facies Biorturbation Sorting Others Interpretation
A Tubular Very good Rarerly observed (1 occurrence) Eolian

burrows
B Tubular Good Laminations gently sloping Beach / swash deposits

burrows toward the sea
(o] None Good High energy deposits Wave-influenced, energetic

environment / Shoreface
D Important Bad Lagoonal deposits
E None Very bad Bored pebbles Transgressive surface
(ravinement)

F None Bad Pebble rich deposit, both River influenced deposit

occurrences of clast and matrix

supported

(mouth bar?)

of the world, which are usually either uncovered or capped by
only a thin veneer of colluvium [with some exceptions (e.g.,
Dupré, 1984; Jara-Muioz and Melnick, 2015)].

Modern headland beaches are narrow compared to sandstone-
type marine terraces. One possible explanation for this difference
is that the platform is currently underwater and will be
covered during the later stages of the Holocene highstand,
as sea-level falls (Figure 7C). Another hypothesis is that the
exceptionally wide sandstone-terraces of Chabahar headland
(up to 4 km) are the result of platform reoccupation
during successive highstands as suggested by dating results
(MIS 5a and MIS 5e deposits on the same platform) and
the flooding surfaces interpreted within the deposits of the
lower terrace [R9 and R10 in Figure 6, see also Figure 10
in Normand et al. (2019d)].

There are several sedimentological and morphological
parallels between modern bay beaches and the deposits of the
marl-type terraces (Figure 8). For example, both comprise
prograding, shallowing upward sequences (Page et al., 1979;
Vita-Finzi, 1980; Sanlaville et al., 1991; Normand et al., 2019¢),
although, the Holocene beach sequences contain much more
fine-grained (lagoonal) deposits than the older terrace deposits
(Sanlaville et al., 1991; Normand et al., 2019¢). The curved
shaped terraces with finger-like morphologies (e.g., T3 in
Figure 8E and T2 in Figure 8G) closely resemble the Holocene
crenulated bay beaches that develop in the sections of the
coastline with erodible marl bedrock (e.g., Figure 7G and the
beach colored in yellow in Figures 8E,F; Yasso, 1965; Valvo
et al., 2006; Limber et al., 2014; Hurst et al.,, 2015; Normand
et al., 2019¢). Parallel curved lineations observed on the surface
of the terraces in satellite imagery are the surficial expression
of gently sloping swash planar laminations within the terrace
deposits (Normand et al,, 2019a, Figures PA5-6). These are

therefore, parallel to the paleocoastlines. Moreover, most of the
time, the curved lineations on marine terraces are associated
with a paleo-headland in the form of a higher terrace, or a
sandstone bedrock outcrop (e.g., Tang terraces; Figures 8E,F,
Pasab and er T2 and T3; Figures 8G,H). Hence, we interpret
that the peculiar isolated marl-type terraces are the uplifted
and degraded equivalent of modern bay-beaches (see section
“Differential Erosion”) (Figures 7E,F). During the early stages of
a highstand, a wide and shallow platform is carved into the marl
bedrock. Owing to high sedimentation, relative sea-level fall and
the small accommodation space available, beach progradation
above the platform can reach important rates as seen in the
Holocene (Figure 7E).

In summary, we believe that the Mmt develop by wave-cut
incision during the early stages of a sea-level highstand, as the
sea re-occupies the coastal area. At the maximum transgression
and during the relative sea-level fall that follows, coverage of
the platform by prograding marine coastal sedimentation, such
as beach, lagoonal and other nearshore deposits is favored
by active sedimentation and tectonic uplift (Figure 7). This
interpretation (based on observations) would benefit from
validation or refutation by accurately dating specific levels
within the terrace deposits. However, precise dating of individual
layers within a Pleistocene sedimentary sequence spanning
10-40 ka is challenging considering the accuracy of existing
Quaternary dating methods.

Characterization of the Makran Marine

Terraces

Although the marl and sandstone-type terraces exhibit different
geomorphological aspects, all Mmt are composed of a wave-
cut surface above which a prograding beach sedimentary
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succession is deposited. Their characteristics are both erosional
and depositional. In this respect, they cannot be defined as
pure wave-cut terraces. As seen in the section “Marine Terraces:
General Definitions,” the term wave-built marine terraces has
been used to describe several different coastal landforms, not
always corresponding to the Mmt. However, the marl-type
terraces share exactly the same structures that inspired the
original definition of Gilbert (1890), i.e., prograding beach ridges
deposited above a wave-cut surface.

According to Jara-Mufioz and Melnick (2015), wave-built
marine terraces are stacked patterns of sediments deposited
above a wave-cut platform. They also suggest that headlands
(exposed to wave attack) are more prone to develop into wave-cut
terraces, while embayments (favoring sediment accumulation)
would host wave-built terraces. We believe the term wave-built
marine terraces is not ideal as it has been used in a variety
of setting. However, the Mmt fit this definition and support
these suggestions; although headland (sandstone-type) terraces
of the Makran also include a stacked pattern of sediments above
their wave-cut surface (a characteristic of all Makran terraces),
it is manifest that marl-type terraces used to be relatively more
extensive and had well developed beaches compared to their
headland counterparts. This is also apparent in the modern
(Holocene) setting: while the narrow platforms carved into the
headlands host small beaches (e.g., Figure 4A and Figure HB in
Normand et al., 2019a), bays host successions of beach ridges
extending over several kilometers.

Differential Erosion

In the Makran, differential erosion between resistant sandstone
and soft marl is a key factor in shaping of the current coastal
geomorphology. The topography at the coastline is a direct
reflection of the distribution of bedrock lithology, which is itself
strongly influenced by local downfaulting of Pliocene blocks.
Positive relief along the Makran coast occurs where resistant
sandstones outcrop. The flat coastal plain is leveled by surficial
degradation of the soft Upper Miocene marls during strong rain
events. A prime example of differential erosion is the Chabahar
headland. As reported in this study, the headland is bordered
by normal faults and therefore is a downfaulted block. However,
counter intuitively, the footwall is eroded, whereas the hanging
wall is preserved (Figure 3).

Following these principles, bay beaches can evolve into the
isolated platform observed along the Makran coast (Figure 4F).
While a solidified beach is resistant to erosion, the erodible nature
of the surrounding paleo coastal plain has contributed, together
with tectonic uplift, to create a topographic anomaly below the
marine terrace deposits by differential erosion (Figures 7E,F, 9).
One of the best illustrations of these effects is seen in the
Pasabander area. In this region, breached terraces with marl
bedrock are efficiently eroded down to base level leaving
isolated terrace remnants overlooking the coastal plain, bounded
by vertical cliffs on both the seaward and landward sides
(Figures 4D,F, 8G, 10B). Water runoft on the terraces’ surfaces
preferentially erode where sandy deposit are thinnest (e.g., swales
between beach ridges and parallel to lineations), forming finger-
like morphologies (Figures 4D, 8C,G). Differential erosion also
explains the scarcity of fine-grained lagoonal deposits (with low
preservation potential) in the marl-type terraces compared to the
sedimentary successions observed in Holocene bay beaches.

As a consequence of their soft bedrock, marl-type terraces
seem to be much more ephemeral than the sandstone-type.
This is reflected by dating results presented in Normand et al.
(2019d) (note that data are exclusively from Iranian marine
terrace sequences). For example, sandstone-type terraces were
dated from MIS 5a (~80 ka) to MIS 7 (~200 ka), implying that
terraces at higher altitudes within the same sequence might date
back to MIS 17 (~700 ka). Marl-type terraces were dated to
as young as MIS 3a (~30 ka) up to MIS 5a, implying that the
highest terraces from those sequence range back to a maximum
of MIS 5e (~125 ka). Moreover, the highest marl-type terraces are
isolated remnants of less than a square kilometer, compared to
their “young” equivalents (MIS 3 to MIS 5a), which are extensive
(e.g., Konarak T1 (MIS 5a): 16 km?, Gurdim T1 (MIS 5a):
13 km?, Pasabander T2 (MIS3c¢): 15 km?) (Normand et al., 2019d;
Figure 10). Some modern bay beaches are even more extensive,
though it is difficult to predict how much of their original sizes
will be preserved as a marine terrace in the next highstand.
Surficial erosion plays the major role in the degradation of the
landward side of the terraces. As long as the terrace deposits is
preserved, erosion of the terrace surface is difficult. However,
as soon as the underlying marl is exposed by a breach in the
deposit (e.g., a gully), the degradation of the surface accelerates.
On the seaward side, wave attack at the base of the marl cliffs
(where any vertical protective effect of a sandstone cap is absent),
can rapidly degrade marl-type terraces. Though, fallen debris of
terrace deposits is expected to delay coastal retreat in function of
the resistance (induration) of this deposit and its thickness (i.e.,
the volume of fallen blocks).

When erosion is significant, a distinction needs to be
made between rock uplift rates and surface uplift rates
(England and Molnar, 1990). The first is the uplift rate of a rock
body relative to a fixed point (e.g., due to tectonic forces).
The second corresponds to uplift of Earths surface (i.e., the
interface between rock and air) and as such, considers erosion
as a factor counteracting uplifting forces. The sediments of the
Mmt were deposited close to sea level; they can therefore be used
as markers for relative sea level change. Surface uplift rates below
the capping deposits is equivalent to rock uplift, as the erosion
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rate of the solidified beach deposit is close to zero. However, in the
coastal plain near the paleobeach, erosive forces have completely
counterbalanced rock (tectonic) uplift rates, implying surface
uplift rates close to zero (Figure 9). In fact, we can infer marl
erosion rates by knowing rock uplift rates from the dating results
on the marine terraces (Normand et al., 2019d).

Coastal Evolution Patterns

The sandstone-dominated rocky headlands persistently host
the coastline through several sea-level highstands as they
slowly uplift, developing classical staircase pattern of terraces
(Figure 4A). Marl-type terraces, are more ephemeral but are
involved into a positive feedback process during one or two
successive highstands. After being uplifted into marine terraces,
paleo bay beaches can act as protruding headlands (e.g.,
Figures 7G, 8E, 10B), favoring the formation of future sandy bay
beaches in the adjacent protected bays (Figure 10). Ultimately,
these sandy beaches will in turn become marine terraces, whereas
older terraces will erode and the process will repeat.

This behavior can explain the occurrence of lateral or
even landward terrace sequences (profiles in Figure 10). The
classical marine terrace sequence pattern is that younger terraces
are situated seaward of older ones, with terrace limits being
roughly parallel to the current coastline; this is the case for
Makran sandstone-type terraces. However, Holocene sandy
morphologies such as crenulated beaches and tombolos (e.g.,
Gurdim, Figure 1C) are situated laterally or northward (i.e.,
landward) of headlands / marine terraces, setting the stage for
the occurrence of what we call “landward terrace sequences,’
where the youngest terraces are situated in a landward position
relative to the oldest (Figure 10). In Jiwani for example, we
explain this by the formation of crenulated beaches in the lee
of the Jiwani headland during successive highstands, as hinted
by the curved lineations visible on these Pleistocene terraces as
well as the morphologies of Holocene beach ridges in Jiwani bay
(Figure 10A). The Supplementary Material B provides some
examples of interpreted coastal evolution in different areas of
the Makran coast.

CONCLUSION

Our depositional model for the Makran marine terraces based
on the terrace morphology, sedimentology and observation
of current (Holocene) coastal setting is the following: Wave-
cut erosion and platform development occurs during the
early stages of a sea-level highstand. This is followed by
the deposition of prograding beaches above the eroded
platform during the sea-level stillstand and the beginning
of the ensuing relative sea-level fall. The deposition of an
extensive sedimentary succession above the wave-cut surface
is favored by the high sediment input from the eroding
accretionary prism. As such, the formation of the Makran
marine terraces result from the combined effort of erosion
and sedimentation.

The presence of punctuated protruding headlands along
the Makran coast is attributed to differential erosion between

soft and hard rock. We divide the Makran marine terraces
in two groups based on their bedrock lithology. The first
developed on locally downfaulted Pliocene sandstone-dominated
blocks, outcropping at the coastline, and have a classical
staircase morphology. The second are uplifted indurated bay
beaches, originally formed on soft marl bedrock between
protruding headlands. They are now found as flat-topped
topographic anomalies as surrounding uncovered fine-grained
bedrock is rapidly eroded down to the coastal plain level. As
old beaches are uplifted into headlands, they influence the
formation of the future generations of beaches during the
ensuing highstand.

Our study shows that the morphology of the Makran coast
was strongly modulated by competing interactions between three
main factors. (1) Tectonic forces, providing regional relative sea-
level fall (together with eustatism), while juxtaposing units of
markedly different erodability to the same structural level by
faulting. (2) Surface processes such as differential erodability,
responsible for the isolation of protruding headlands and
the high sedimentary input at the Makran coast. (3) Coastal
processes, permitting the wave-erosion of marine terraces and the
development of extensive beaches.
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