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In this study we aim to document various coastal notches in Sur Lagoon (Oman) and interpret them
regarding their use as sea-level indicator. We also unravel any short-term sea-level fluctuations, which
are potentially preserved within the trace fossil assemblages of some of the notches. The oldest paleo
notches stem from the last interglacial sea-level highstand of MIS 5e. This is concluded from cosmogenic
nuclide dating of the fanglomerate bedrock in Sur Lagoon as presented in this study. All outcrops of
paleo notches around Sur Lagoon were investigated in regards to the faunal distribution and notch shape.
Furthermore, the absolute elevation of the notches and biological markers relative to msl were measured
with a differential GPS.

The bioerosional notch occurs at the same height around Sur Lagoon indicating that the area remained
tectonically stable over the last 125 kyr. According to the elevation of the notch-apex, msl was 3.93 + 0.12
m higher than today during the last interglacial. The distribution of boring and bioconstructing organisms
relative to the notch shape displays at least one phase of short-term sea-level rise subsequent to the
notch formation. The beachrocks that are associated with the bioerosion notches in Sur Lagoon show a
larger grainsize than any sediment that is deposited in the lagoon nowadays. This, in combination with the
occurrence of exceptionally high and deep abrasion notches, indicates that the coastline was more openly

exposed and thus experienced a higher wave energy during the notch formation.
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1 Introduction and aims

The understanding of natural processes along the world'’s
coastlines is of socio-economic relevance as coastal areas
host the largest share of the global population and a num-
ber of critical infrastructure. Processes that pose a poten-
tial threat to that infrastructure and population, such
as short- or long-term sea-level rise, are naturally at the
center of attention. Like every natural process, sea-level
change is part of a complex system and understanding
which parameters control it, is a challenging endeavor.
This is especially true given that instrumentally recorded
observations of the planet's climate systems only reach
back a mere 200 years and many parameters like global
mean temperature (IPCC, 2018) or the atmosphere’s
greenhouse-gas concentration are higher today than at
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any other point in the last 800 kyr (Liithi et al. 2008 and
references therein). If we want to be able to assess future
scenarios, proxy-based reconstructions of past climate sys-
tems, preferably of times as warm or warmer than today,
are necessary. Past interglacials fit this requirement and
are therefore of interest to the scientific community. For
example during the last interglacial (128 to 116 kyr, marine
isotope stage MIS 5e; Stirling et al. 1998) the greenhouse-
gas concentration as well as summer insolation at high
latitudes were slightly higher than pre-industrial levels
(Petit et al. 1999), which caused 3°-5°C warmer polar tem-
peratures (Otto-Bliesner et al. 2006) and a 1.5°C warmer
global mean temperature (Abad et al. 2013; Lorscheid et
al. 2017; Rohling et al. 2008; Shackleton et al. 2003) rela-
tive to today. The polar ice sheets were smaller (e.g. Kopp
et al. 2009), the eustatic sea-level 6 m (+/-3 m) higher
(Sisma-Ventura et al. 2017) and in some parts of the world,
during short-term fluctuations, up to 10 m higher (Abad
et al. 2013, Rohling et al. 2008). The number of sea-level
peaks during the MIS 5e highstand is still uncertain (Abad
etal. 2013). It is predicted that with rising global tempera-
tures, initiated by anthropogenic greenhouse-gas emis-
sions, the climatic conditions of the future will be similar
to the conditions during MIS 5e (IPCC, 2013). In contrast
to the situation today, orbital forcing on insolation
instead of greenhouse-gas emission is seen as the main
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driver of the warming in MIS 5e (Hearty & Tormey 2017,
Rohling et al. 2008, Rovere et al. 2016). Nevertheless, the
response of coastal systems to a change in sea-level will be
comparable, as they follow the same physical principles.
Geomorphological indicators of former sea-level can be
used to quantify sea-level variability. Suitable coastal land-
forms are for example marine terraces, benches or coastal
notches (e.g. Abad et al. 2013, Hearty et al. 2007, Rovere
et al. 2016). Our study area is a lagoon located on a poorly
studied coastline of Oman. Around the lagoon a number
of well-preserved coastal notches, reaching up to 3.93
m above msl, are observed. Dating results from previous
studies (Mauz et al. 2015) and new results indicate a pos-
sible last interglacial age for the coastal notches, which
will be discussed in this paper. However, the central goal
of this study is to describe and document these coastal
notches and to unravel any short-term sea-level fluctua-
tions during a longer highstand that are preserved within
the coastal notches in Sur. Furthermore, we add the
investigated outcrops to the global database of intergla-
cial coastlines, that is currently collected by the scientific
community (pers. Comm. A. Rovere).

1.1 Coastal Notches

Coastal notches are horizontal incisions in cliffs with
depths ranging from centimeters to meters. They form
due to bioerosion, abrasion, chemical and physical weath-
ering, or, most commonly, a combination of these pro-
cesses (Rovere et al. 2016, Trenhaile 2015).

Among coastal notches, notches that contain trace fos-
sils (referred to as bioerosion notches in the following) are
known to enable sea-level reconstructions with the high-
est accuracy, because their biological zonation reflects the
exact position of msl during their formation (e.g. Benac
et al. 2004; Furlani et al. 2011; Rust & Kershaw, 2000).
Bioerosion notches form preferably in microtidal seas
(Evelpidou et al. 2012a) during periods of stable sea-level,
which have to last for at least 0.10 ka (Abad et al. 2013;
Pirazzoli 1986; Rovere et al. 2016; Sisma-Ventura et al.
2017). Besides bioerosional features the notch morphol-
ogy, described through position of the deepest point of
incision (apex) and the distance of notch roof and notch
floor (notch width), can be related to sea-level during
notch formation. The position of the apex can reflect the
position of msl, but is also strongly influenced by wave
exposure, while the width of the notch mirrors the total
extent of the intertidal zone (Antonioli et al. 2015). Since
the organisms inhabiting a coastal cliff react faster to sea-
level changes than the notch-morphology, their vertical
distribution in combination with a notch holds the poten-
tial to identify short-term sea-level variations within a
period of a relatively stable highstand (Bromley & Asgaard
1993; Laborel & Laborel-Deguen 1994).

Notches that show no traces of bioerosion are harder
to tie to a specific water depth or tidal datum, since their
main process of formation is less obvious. While the
absence of traces does not exclude bioerosion as a forma-
tion process, these notches can also form purely through
wave action and originate at every point where waves or
currents occur (Pirazzoli 1986). However, a connection
between these notches and mean sea-level (msl) was
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proven for some survey sites (Kline et al. 2014). Abrasion
notches can potentially form near the breaking depth of
waves and up to the storm-swash wave height, which is
the maximum elevation that is reached by waves during
extreme storm events (Pirazzoli 1986; Rovere et al. 2016).
For simplicity we refer to notches without traces of bio-
erosion as abrasion notches in this study.

1.2 Bioeroding Organisms

Because bioerosion happens through chemical dissolution,
most bioerosion notches form in carbonate rocks (Kershaw
& Guo 2001; Rovere et al. 2016; Schneiderwind et al. 2016).
The main bioeroding genera are bivalves, such as Lith-
ophaga, limpets, chitons, sponges (Cliona) and sea urchins
(Kazmér et al. 2015; Laborel & Laborel-Deguen 1994). They
occur alongside bioconstructing organisms like barnacles,
oysters and tube-building worms, which have a protective
effect on the rocksurface (Kazmér et al. 2015; Antonioli et
al. 2015). All of these organisms may function as biologi-
cal indicators of paleo sea-level, since they have adapted
to specific conditions of temperature, light intensity and
water coverage (Laborel & Laborel-Deguen 1994). Due
to their adaptation, individuals of a species are generally
found in distinct, sub-horizontal belts in a certain eleva-
tion relative to msl (Laborel & Laborel-Deguen 1994, Rov-
ere et al. 2015, Schneiderwind et al. 2016).

The limestone boring lamellibranches Lithophaga cre-
ate dumbbell-shaped cavities within limestone surfaces
to escape predators. An individual Lithophaga widens
the cavity it has settled in according to its growth but
cannot expand the opening and is therefore unable to
abandon its boring. Lithophaga need to be permanently
submerged. The upper limit of their living range is located
between msl and mean low water (mlw), while their
lower limit reaches depths of up to 30 m (Péres 1982).
However, the highest concentration of Lithophaga borings
are usually found within the top few meters below sea-
level (Rovere et al. 2015). While the shell and soft tissue
of the organism are rarely preserved, their borings have a
good preservation potential. The ichnotaxon that is used
to describe dumbbell-shaped borings like the ones pro-
duced by Lithophaga is called Gastrochaenolites (Bromley
and Asgaard 1993).

Sponges are sessile filter feeders (Miller 2007). Boring
sponges create millimeter wide openings in a limestone
surface, which are interconnected by a network of small
tubes and chambers below the surface. The whole struc-
ture only penetrates a couple of millimeters deep and is
therefore prone to erosion. The openings, called papillae,
function as water drainage system for the sponge (Nava
and Carballo 2008, Westerheide and Rieger 2007). Most
rock-boring sponges belong to the taxon Demospongia
(Westerheide and Rieger 2007). In ichnology the traces
of boring sponges are summarized into the ichnotaxon
Entobia (Bromley and Asgaard 1993). Boring sponges are
usually restricted to the subtidal and have only rarely been
documented within the intertidal zone (Abad et al. 2013).

Oysters are bioconstructing, sessile bivalves that attach
themselves to hardgrounds (Kazmér et al. 2015). Because
of their tolerance to most ecological stressors like vary-
ing salinity or dryfalling, oysters have a very wide living
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range (Laborel and Laborel-Deguen 1994). However, their
living range can be regionally limited by the occurrence
of natural enemies or species-specific behavior (Rovere et
al. 2015). A comparison between fossil oysters and the liv-
ing colonies at the same coastline can help tie them to a
certain elevation relative to sea-level (Rovere et al. 2015).
A ™C-dating approach on the oysters at outcrop A failed
due to recrystallisation of the sample.

Tube building worms Pomatoleios kraussii are sessile
organisms that surround themselves with calcareous
tubes attached to a hardground (Belal and Ghobashy 2012,
Westerheide and Rieger 2007). Their preferred areas of set-
tlement are in a sheltered position with weak currents and
a low sediment income (Straughan 1969). The living range
of these worms reaches from the subtidal to the intertidal
zone (Belal and Ghobashy 2012, Shalla and Holt 1999).

Among barnacles only the families Balanidae and
Chthamalidae are useful as sea-level indicators, since most
other families have very wide living ranges (Rovere et al.
2015). Balanidae settle near msl between the middle and
lower intertidal zones (Laborel and Laborel-Deguen 1994,
Rovere et al. 2015). While their preservation potential is
low on a submerged surface, it increases once they are
emerged above sea-level.

2 Regional setting

The Sultanate of Oman is located on the Arabian Penin-
sula and shares borders with Yemen, Saudi Arabia and the
United Arab Emirates (Figure 1). Its coastline adjoins to
the Gulf of Oman in the northeast and the Arabian Sea, as
part of the Indian Ocean, in the southeast and east. Much
like the rest of the Arabian Peninsula Oman’s climate is
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hyper-arid with annual precipitation below 50 mm in all
areas apart from the mountain ranges, where annual pre-
cipitation peaks at 250 mm (Al-Charaabi & AlYahyai 2013;
Kwarteng et al. 2009).

Our study area is Sur Lagoon at the northeastern coast-
line of Oman (Figure 1). This coastline is divided by a
prominent tectonic feature: the Qalhat Fault, which is an
active, normal fault, meeting the coastline at an shallow
angle close to the ancient city of Qalhat. Qalhat lies on the
coast 22 km northwest of Sur Lagoon (Figure 1). The crus-
tal block north of the Qalhat Fault shows signs of neotec-
tonic activity and uplift, described in detail by Ermertz et al.
(2019). The crustal block south of the Qalhat Fault, where
Sur is located, is tectonically stable (Kusky et al. 2005).

Sur is a harbour city located on a Holocene barrier spit.
The horseshoe-shaped Sur Lagoon covers roughly 12 km?,
has a narrow outlet to the sea and two peninsulas reach-
ing into it from the west (see Figure 1). The majority of
the rocks outcropping around Sur Lagoon are Miocene
limestone or marl called the Sur Formation (Fournier et
al. 2006). These beige to light-yellow coloured carbon-
ate rocks are dipping sea-wards with a 3° angle and are
locally fossiliferous. Predominately on the western side of
Sur Lagoon a second bedrock-lithology occurs: Quaternary
alluvial deposits, interpreted as fanglomerates. These
deposits are polymictic conglomerates with granule to
cobble sized, well rounded clasts. The clasts are lime-
stone, sandstone, quartzite and subordinate chert within
a medium- to coarse-sand matrix.

The maximum tidal range at the northeastern coast of
Oman is about 3 m (McLachlan et al. 1998). The area is
therefore classified as mesotidal. The tides in Oman are

Figure 1: A) Location of the Sultanate Oman on a world map (marked in red). B) More detailed map of the Sultanate
Oman. The Study Area is located in the city of Sur at the northeastern coastline and the ancient city of Qalhat
22 km northwest of Sur. C) The city of Sur and its hippocrepiform lagoon with occurrences of coastal notches,

differential GPS measurements and profile-locations.
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semi-diurnal, with two highs and lows per day. The tidal
range inside Sur Lagoon is significantly smaller than
in the open sea with an average tidal range of 1.2 m,
which classifies as a microtidal environment. During low
tide the lagoon is mostly water-free so that fine-grained
sandy and silty deposits are exposed (Donato et al. 2009).
Coastal notches are observed above high tide in the South,
South-West, and West of the lagoon. At outcrops A, G, E
and ] the paleo notches are in some ways associated with
beachrocks. These are cemented, sandy or gravelly beach
deposits, described in detail by Falkenroth et al. (2019b).

3 Methods

At twelve locations around Sur Lagoon coastal notches
and/or bioerosion-horizons occur. Outcrops are num-
bered with the letters A to L. This study focusses on eight
outcrops, which we deem to be most useful for sea-level
reconstruction, these are outcrops A, D, E, F, G, J, Kand L,
as those show the most complete preservation of notch
shape or biological markers. At each of the outcrops the
notch shape, biological markers and spatial relationship
to other rock facies are unique. On the paleo notches we
mapped the morphology of the notches and measured
the distance between the notch roof and the notch floor,
which is referred to as notch width in this study. Whenever
there is bioerosion present, be it within, above or below
the notch shape we measured the range of occurrence for
each organism group. When possible, we linked the docu-
mented traces to a certain tracemaker, when the trace can
stem from a whole taxon we use the assigned ichnotaxa to
classify the traces. The information on notch habitus and
organism zonation is presented as profiles. Depending on
the lateral extend of an outcrop the number of measured
profiles per outcrop varies, as indicated by the numbers
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accompanying the outcrop letter (i.e. A1, A2, etc.). Overall
24 profiles were measured.

To measure the notch width and vertical extend of an
outcrop we used a Handheld Laser Distance Meter (HLDM)
(see Kdzmér & Taborosi 2012a). The model Leica Disto D8
was used to obtain the height and horizontal length of
the notch. The uncertainty of the measurement device is
around +/—1 mm with a measurable maximal distance of
200 m.

To achieve absolute elevations, we used a Differential
GPS (DGPS) and measured the highest Lithophaga bore-
holes at each profile location. This measurement was then
used as a reference point to calculate the absolute height
of all features of the profile, namingly organism zonation
and notch morphology. The dGPS (Leica GS15) was used
in a real-time kinematic mode. The dGPS contains of two
paired antennas and reaches an accuracy of 0.02 m or
less in x-, y-, and z-direction relative to the base station.
Coordinates are presented as meters within the Universal
Transverse Mercator (UTM) projection, Zone 40Q using
the WGS 1984 reference ellipsoid. To calculate the abso-
lute height, the sea-level was first measured at different
tidal datums and normed to msl. Afterwards the differ-
ence in height between msl and the Lithophaga boreholes
were examined.

The distribution and position of trace fossils within the
bioerosion notch was surveyed using measuring tape. The
lowest and highest points of bioerosional features on the
rock surface, as well as the distribution of every organism
were measured relatively to the highest Lithophaga boring
for which an absolute height is available. Furthermore,
the positions of the notch apex, notch roof and the notch
floor relative to the highest Lithophaga boring were meas-
ured (Figure 2a).
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Figure 2: A) Example for the measurements on the bioerosion notch. B) Measurements performed on the abrasion

notch.
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The tape-measurements lies within a confidence inter-
val of +/—4 cm.

In Table 1 each height is presented with an error, which is
composed of the errors associated with each individual meas-
urement that was conducted to calculate the height value.

To reconstruct short-term sea-level fluctuations the range
of biological indicators within paleo notches is interpreted
relative to the shape of the notch and other geomorpho-
logical sea-level markers, like beachrock. The morphology
and faunal association of the recent notches constitute a
meaningful comparison when interpreting paleo notches,
which is why the recent notches were also investigated as
part of this study (see Table 3). Recent notches are those
notches, which are located in the intertidal zone nowadays
and are inhabited by recent organisms.

3.1 "°Be Dating of the Fanglomerates in Sur

For the age constrain on the formation of the paleo
notches we dated the alluvial conglomerates that form the
peninsulas in Sur Lagoon (see Figure 1). See section 4 for
details on the spatial relationship of these conglomerates
with each of the coastal notches. We collected five quartz-
ite cobbles from the fan surface, which were then dated
using cosmogenic radionuclide °Be. To avoid material that
experienced postdepositional re-location or overturning,
sampling was carried out in a distance to channels or gul-
lies. We chose cobbles that were partly buried in a sandy
matrix and show a smooth, flat surface, without ventifacts
implying that these cobbles most likely remained in situ
since initial deposition. Topographic shielding factors for
each sample site were measured in the field. Since most
quarzite cobbles have smoothed flat surfaces, we assumed
a zero erosion rate. The '°Be concentrations in 5 cobbles
were analysed. The samples were prepared as Accelerator
Mass Spectrometry (AMS) targets at the Institute of Geol-
ogy and Paleontology, University of Minster, Germany,
following the standard procedures outlined in Schmidt
et al. (2011). A blank as well as one DWA 98002 quartz
standard material sample was prepared to ensure quality
control (Falkenroth et al. 2019a). All targets were meas-
ured at Cologne AMS (Dewald et al. 2013) and normalised
to the °Be standards of Nishiizumi et al. (2007). The '°Be
concentrations were determined following the subtrac-
tion of reagent blanks, which were prepared along with
the samples. '"Be exposure ages are derived from ‘The
online exposure age calculator formerly known as the
CRONUS - Earth online exposure age calculator’; version
3.0.2 (Balco et al. 2008), using the St-scaling (Stone 2000)
and the time-dependent LSDn scaling factor (Lifton et al.
2014). All input parameters are listed in the supplemen-
tary dataset (Falkenroth et al. 2019a).

For our age model of the formation of paleo notches
we used the data of our own dating survey in combina-
tion with data from the literature. Mauz et al. (2015) have
dated beachrock in Sur Lagoon via optical stimulated
luminescence to an age of 80 +/— 3 kyr.

4 Results

4.1 General Observations

Three kinds of sea-level indicators, which are coastal
notches, traces of bioerosion and beachrocks, are found at

Art.1, page5 of 20

twelve outcrops in the study area. It can be noted that the
upper limit of bioerosional traces (with or without notch
shape) lies roughly at 4.31 m amsl at all outcrops (see
Figure 3). All notches, that show a notch shape, but no
sign of bioerosion have an upper limit between 2 and 3 m
amsl (see Figure 4). And all notches that are still inhab-
ited by organisms today and whose formation is thereby
ongoing have an upper limit between msl and 1 m, as
expected (see Figure 5). Those three categories, with
special emphasis on the bioerosion traces, are described
below. Together with each category we also describe the
substrates and the spatial relationship to other sea level
indicators such as beachrocks. Beachrocks occur at three
outcrops in Sur Lagoon (A, J and E1).

4.2 Recent notches

We observe four different coastal notches that are located
within the current intertidal zone and thereby still inhab-
ited by a faunal community. The notch-forming processes
are still ongoing in these cases. The active notches occur
at outcrops J, F, Kand L. While L and F are located outside
of Sur Lagoon (L) or at the very edge of the entry (F), K
is located on the northern and J on the southern penin-
sula (see Figure 1). The notches within Sur Lagoon (out-
crops J and K) are significantly less well developed than
the observed paleo notches, they are less wide and deep
and show a smaller biodiversity. On the other hand the
notches that are located in more exposed settings outside
the Lagoon (F and L) show a closer resemblance to the
investigated paleo-notches with a more similar shape and
width.

The recent notches at outcrops ] and K have developed
within the same limestones as most of the paleo notches
that show bioerosional features. The recent notch at out-
crop F formed within the fanglomerate, the one at out-
crop L within a raised coral reef platform. For details of
the notch characteristics and organism distribution see
Figure 5 and Tables 1 and 3.

Because the position of oyster colonization relative
to msl is often depending on the species and regional
habitat characteristics we investigated the living oyster
colonies around Sur Lagoon. Because of their sensitivity
to environmental factors and the plasticity of the shell,
oysters are generally difficult to identify based on their
shell morphology (Chesalin et al. 2012). Previous studies
of oyster populations along the coastline of Oman with
DNA-sequencing show that the most common species is
Saccostrea cucullata (Chesalin et al. 2012). We noted that
recent oyster colonies form a very densely populated,
0.2 to 0.3 m wide congregation at high tide level in addi-
tion to the spotted, wider distribution of single individuals.
The oyster specimen show a flat, almost round upper valve
and a larger lower valve as typical of Saccostrea cucullata.

4.3 Abrasion Notches

Notches without indication of bioerosional activity occur
on outcrops E, F and J. Their appearance is almost exclu-
sive to the north-western margin of Sur Lagoon. The bed-
rock in which the abrasion notches formed are either
fanglomerate (F, E2) or beachrock (E1, J), both of which
are described more detailed in sections 4.3.1 and 4.3.2.
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Figure 3: Trace fossil distribution, notch width and position relative to msl of the bioerosion notches near Sur. At
locations D1, D3 and E2 no notch shape is observed but a bioerosion-horizon.

The characteristics of these abrasional notches are similar
at all outcrops, displaying a round u-shape and a smooth
surface. On outcrops E2, J1 and ]2 bioerosional horizons
are observed above the abrasional notches (see Figure 6).
The floors of the abrasional notches are located between
0.57 m and 1.78 m above msl (amsl), the roofs are
located between 2.43 m and 3.13 m on all documented
outcrops. The average width of the abrasion notches is
1.62 + 0.23 m. A trend is notable: the best developed and
widest abrasional notches are located on the northern
peninsula (outcrop E), facing the centre of the lagoon, the
smallest abrasional notches occur closer to the mainland
at outcrop J. For details of the notch-characteristics see
Figure 4 and Table 1.

4.3.1 Fanglomerates

This conglomerate forms both of the peninsulas reach-
ing into Sur Lagoon and also cover parts of the coastline
(see Figure 1). They are interpreted as cemented, fluvial
deposits since they lack any marine fossils and the lime-
stone clasts, embedded in them, show no signs of bioero-
sion. The clasts are dominantly pebble-sized with lesser
amounts of granules and cobbles. They primarily consist of
limestone, but sandstone, quartzite and, least commonly,
chert also occur. The matrix of this polymictic conglomer-
ate is made of middle to coarse grained sand. Quartzite
cobbles from this fanglomerate were dated using cosmo-
genic radionuclide Be (see Table 4). The dating results
are scattered between 153 £ 43 ka and 371 £ 38 ka.

4.3.2 Beachrocks associated with the abrasion notches
At outcrops E1, J1 and J2 the abrasion notches formed
within beachrocks (see Figures 4 and 6).

The beachrock at outcrop E1 comprises two lithofacies:
one sandstone (thickness 2.15 m) and one conglomerate

A
Elevation in
m above
4— msL
3_
2—
Beachrock
I Alluvial Congl.
1_
F1
3 €
5 E2
2
Profiles| F1'E1 E2 J1 J2

Figure 4: Location, substrate, width and elevation relative
to msl of the abrasion notches around Sur Lagoon. The
red stripe marks the position of the notch apex.

(thickness 0.17 m). The sandstone is massive, thickly
bedded and consists of coarse to very coarse sand, con-
solidated by a sparitic, carbonate cement. The sediment is
fossiliferous with remains of bivalves (including oysters),
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Figure 5: Faunal distribution, position, notch width (distance of roof and floor) and elevation relative to msl of recent

bioerosion notches near Sur.

gastropods and corals. Most of these fossils are frag-
mented. Besides the fossils the sediment further contains
granule- to cobble-sized limestone clasts. While cobble
sized clasts occur concentrated in lenses or bands, pebbles
and granules are spread out evenly throughout the lay-
ers. The clasts are angular to subangular and show signs
of bioerosion, some are overgrown by barnacles or tube-
building worms. The sediment is characterised by small-
scale through cross-stratification. The sandstone-facies is
overlain by a poorly sorted, matrix-supported conglom-
erate, which has a high fossil content and granule- to
large pebble-sized limestone-clasts. Again, the clasts are
subangular and show various signs of bioerosion like the
sponge-trace Entobia or remains of tube-building worms.
The notch formed entirely within the sandstone facies,
with the notch floor laying at the same elevation as the
base of the beachrock succession (1.1 m amsl).

The beachrock at outcrop J is a 2 m thick, intensely bur-
rowed, moderately sorted, coarse sandstone. It comprises
multiple conglomeratic lenses and bands as well as iso-
lated clasts. The size of these clasts ranges from granules
to small cobbles. Both, larger clasts and grains of the
sandy matrix are angular. The sediment is fossiliferous,
most common macrofossils are oyster-shells, but other
gastropod-shells and bivalves do also occur. The observed
burrows form a network and belong to the ichnogenus
Thalassionides paradoxicus, which is usually created by
arthropods.

Both beachrock deposits were cemented onto the sur-
face of the fanglomerates that form the bedrock of the

peninsulas (see Figure 6 and section 4.3.1). They were
previously studied regarding their depositional environ-
ment and represent an upper shoreface facies (Falkenroth
et al. 2019b).

4.4 Bioerosion Notches

Occurrences of coastal notches formed by bioerosion are
most common in the southern part of Sur Lagoon at out-
crops A, C, G and H. The details of the notch characteristics
at each outcrop as well as the distribution of the different
groups of organisms are shown in Figure 3 and Table 2.
The notches are carved into the Miocene Sur Formation,
which consists of limestones and marls with a varying
clay-content (Wyns et al. 1992). The notch-shape is most
prominently preserved at outcrops A and G. The bioero-
sion notches have a mean notch width of 0.62 £ 0.22 m
with an apex located averagely at 3.93 £ 0.12 m above msl.
Along the northern and western coastline of Sur Lagoon,
namely at outcrops B, D, I, J and E, bioerosional horizons
without a distinct notch-shape occur above the abrasional
notch. The traces and remains of five groups of organisms
are found associated with the bioeroded surfaces.

The five biological indicators that are of importance in
this study are boring mussels of the genus Lithophaga,
boring sponges of the genus Cliona and bioconstructors
like oysters, the tube-building worm Pomatoleius kraussii
and Balanidae, which are small crustaceans known as
barnacles. The genera Lithophaga and Cliona are both
bioeroding organisms and are responsible for the largest
share of the observed traces. Oysters, the tube-building
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Figure 6: Spatial relationship of bioerosion horizons, abrasion notches and beachrocks at outcrops E1, E2, J1 and J2.

Table 4: Results from cosmogenic nuclide dating.

St-scaling LsDn-scaling

Sample Name Sample Location Age (ka) External Age (ka) External

Error (ka, 15) error (ka, 1o)
TD13-009a 22,5821 59,4518 201 22 209 20
TD13-009b 22,5821 59,4518 371 38 391 33
TD13-009c 22,5821 59,4518 342 31 358 26
TD13-009d 22,5821 59,4518 182 18 191 16
TD13-009f 22,5821 59,4518 153 43 164 45
Average 250 99 263 104

worms and barnacles are bioconstructors and common
inside and above the bioerosion notch.

4.4.1 Biological Indicators

In the study area, Lithophaga boreholes are present below,
inside and above the notch and therefore display the
greatest vertical propagation. They are occurring in large

quantities and are the main driver of erosion within the
bioerosion notch (Figure 7a). The diameter of the bore-
holes varies from 0.5 cm to 2.5 cm and indicates different
generations of Lithophaga. The depth of the traces is not
consistent and ranges from millimetres to centimetres.
Sponge borings occur in many of the measured profiles
(Figure 7b). They mostly appear beneath the notch floor
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Figure 7: Fossil traces and remnants found inside the bioerosion notch. A) Lithophaga-bored surface overlain by bar-
nacle-worm crust. [L]: Lithophaga [Ba]: Barnacles [dashed line]: worm crust, worm tubes probably by Pomatoleios
kraussii. B) Large Lithophaga borehole exhumed by break off of the rock, surrounded by smaller holes of a later
generation and the tracefossil Entobia (sponge boring). C) Oyster crust on notch roof at outcrop G. D) Sponge borings
on a limestone pebble, ichnogenus Entobia. E) Lithophaga-drilled notch visor at outcrop G.

but often reach up to the middle of the notch near the
apex (Figure 3). The depth of their boreholes is rather
small and in the range of several millimetres. The boring
pattern is an interconnected network of small chambers
below the rock surface. On the surface the borings appear
like a number of millimetre scale holes, which are close
to one another but not connected. In ichnology, traces
of boring sponges belong to the ichnogenus Entobia.
The calcareous tubes of the bioconstructive Pomatoleios
kraussii worm are either present inside of Lithophaga
boreholes or located on the rock surface. In some loca-
tions thick ledges of worm tubes and barnacles cover up
Lithophaga boreholes. The tubes are about 2 cm long and
2 mm in diameter. In this study remnants of barnacles of
the family Balanidae commonly occur in the same areas as
Pomatoleios krausii. The shells are a few millimetres to 1
cm in diameter and their cover plates are missing. In some
of the measured profiles barnacles occur, like Pomatoleios
kraussii, inside of Lithophaga boreholes. Oyster shells
are the most common bioconstructor and are present in
many of the surveyed profiles. Because of their morpho-
logical variability oysters are difficult to identify to species
level. The oysters are rather small with a diameter of 3 cm
to 4 cm. They have roundish shells with smooth and flat
upper valves. The fossil oysters resemble the genus Sacos-
trea cucullata, which is most common along the coastline

of Sur nowadays. They are always situated in the upper
parts of the profile, normally near the roof of the notch or
above. Only at outcrops C and H they are forming a band
near the apex of the notch. Nevertheless, they appear
generally between the middle of the notch and several
centimetres above the roof. The preservation of the oyster
shells is very variable, depending on their location and
protection against weathering and mechanical erosion.

4.4.2 Beachrocks associated with the Bioerosion Notches
At outcrop A the bioerosion notch crops out next to a
1.8 m thick beachrock-succession (see Figure 8). Addi-
tionally, there is a 0.2 m thick layer of similar beachrock
cemented onto the surface inside the notch, which is simi-
lar to the sandstone facies of the larger beachrock outcrop
and possibly, but not unequivocally, of the same age and
origin (see Figure 8). It never exceeds a thickness of 0.2 m,
which makes an allocation to a certain depositional envi-
ronment difficult. In the larger outcrop a sandy beachrock
discordantly overlays the fanglomerates (see Figure 8).
The contact represents a depositional hiatus as shown by
bioerosional traces of the Trypanites-ichnofacies, which
have penetrated the surface of the conglomerate.

The sandstone is over 1 m thick, layered and consists
of alternating bands of very coarse, coarse and medium
sand. Lenses of larger clasts (granules to pebble size)
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Figure 8: Overview over outcrop A with the bioerosion notch in the northeast and the beachrock in the southwest.
Detailed photographs of the 20 cm thick beachrock within the notch (upper left) and the contact between the fan-

glomerates and the sandy beachrock (upper right).

occur as well as single floating limestone clasts and fos-
sils. The clasts are angular to subrounded. Dislocated
oyster shells, other bivalves and gastropods were identi-
fied. Furthermore, the coarse grained bands show a high
amount of shell debris. Observed structures are parallel
lamination, small scale tabular cross stratification and len-
ticular bedding. The sediment locally shows a high degree
of bioturbation. At the north-eastern end of the outcrop
the bed shows a section of symmetrical wave ripples with
upbuilding of bidirectional cross lamination. At the bot-
tom of the layer, a large tube-shaped burrow (6 cm wide
and at least 80 cm long) was observed. The structure is
cylindrical and shows a smooth wall with a 1 cm thick lin-
ing. This trace belongs to the ichnogenus Palaeophycus
heberti, which can be produced by a number of animals
such as polychaetes, annelids or arthropods, a larger size
often pointing towards the latter. A facies analysis con-
ducted by Falkenroth et al. (2019b) has allocated this
beachrock to a lower foreshore facies overlain by an upper
foreshore facies and thereby representing a regressional
succession. The beachrock is locates between 3.7 m and
2.4 m amsl.

This sandstone, was dated in a previous study by Mauz
et al. (2015) to an age of 80 + 3 ka (sample ID: 565), using
Optically Stimulated Luminescence (OSL).

5 Interpretation and Discussion

5.1 The age of the paleo notches in Sur Lagoon

Two dating results are available to produce an age con-
straint on the paleo notches in Sur Lagoon: the beachrock
at outcrop A and the fanglomerate that forms a large
share of the bedrock in Sur Lagoon. The fanglomerate
gives a maximum age for the formation of the paleo
notches as it becomes clear from their spatial relationship
that its deposition must have preceded notch formation.
For the abrasion notches this is obvious since at outcrops
E2 and F1 they are carved into the fanglomerate, and at
outcrops E1, J1 and J2 are carved into beachrocks that
were cemented onto the surface of the fanglomerate (see

Figure 6) and therefore have to be younger. In case of the
bioerosion traces the case is similar at outcrops E2, J1, and
J2, where the traces occur directly on the surface of the
fanglomerates and the traces penetrate both limestone
clasts and the carbonatic cement that binds the fanglom-
erate together.

On outcrops where bioerosion traces occur but the fan-
glomerates do not (A, B, C, D, G, H and I) the age relation-
ship is less obvious. However, it is the case that all traces
of bioerosion show the same upper limit of 4.31 £ 0.1 m
amsl and thereby most likely represent the same paleo
sea-level highstand.

The cosmogenic nuclide dating results for all samples
are shown in Table 4. Since the LSDn-scaling results dif-
fer only by less than 10% and for reasons of simplicity,
the reported ages in the text are based on St-scaling. The
dating results of the fanglomerate samples are quite scat-
tered, ranging from 153 £ 43 ka to 371 £ 38 ka. This can
be due to either underestimation of the ages, caused by
reworking or stronger erosion than expected, or overesti-
mation of the ages, caused by inherited ages of the sam-
ples. For a conservative approach we will focus on the
oldest date of 371 + 38 ka for the following argument.

The beachrock, which was dated to an age of 80 + 3
ka by Mauz et al. (2015) represents a minimum age for
the formation of the paleo notches, as from their spatial
relationship and the condition of the beachrock it is clear
that it is younger or of the same age as the notch. The
beachrock at outcrop A is located at a similar elevation
as the bioerosion notch at outcrop A, with its upper limit
positioned at 3.7 m amsl. If the beachrock was older than
the notch, it would have been submerged during notch
formation. Being immersed in sea water over an extended
period of time would have altered the beachrock. The
outcrop however shows no signs of reworking or erosion
by waves, colonisation by marine organisms, such as the
bioeroders and encrusters that heavily colonised the lime-
stone surface next to it, or recrystallisation processes in its
cements that can be linked to a water filled porespace. On
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the contrary, the cements even show microstalgtites and
meniscus cements that are indicative of constant wetting
and drying but not permanent submergence (Falkenroth
et al. 2019b).

While it cannot be stated without doubt that the sandy
material within the bioerosion notch at outcrop A is the
same deposit than the beachrock next to it, it has simi-
lar characteristics and shows that a sandy beachrock has
formed here subsequent to notch formation.

All this makes a compelling case that the age obtained
from this beachrock deposit is indeed a minimum age for
formation of the bioerosion notch. This leaves us with a
timeframe between 371 + 38 ka and 80 £ 3 ka for the
formation of the bioerosion notches in Sur Lagoon. It
is known that the formation of a coastal notch requires
an extended period of sea-level stillstand (Hearty et al.
2007). Three interglacial periods, the marine isotope
stages MIS 9, MIS 7 and MIS 5 fall within the named
timeframe.

During MIS 9 global sea-level peaked twice, one around
331 ka and once around 310 ka with global and rose to a
level between —3 m and +8 m compared to today (Sidall et
al. 2006). However, it is very unlikely that a sharp profile
like a notch shape would survive denudation, dissolution
and weathering over 330 ka (Hearty et al. 2007).

During MIS 7 there were three periods when eustatic
sea-level approached the present level (Bintanja et al.
2005). Nevertheless, a comprehensive review of MIS 7
global sea-level data has shown that the sea-level high-
stands during MIS 7 peaked at —15 m and —5 m (Sidall et
al. 2006), which is nowhere near the +3.93 m we observe
for the coastal notches in Sur Lagoon.

This leaves MIS 5 as only plausible interglacial for the
formation of the paleo notches in Sur. MIS 5e is the only
substage within MIS 5 that shows higher global sea-level
than today (6 + 3 m, Sisma-Ventura et al. 2017, Sidall et al.
2006).

5.2 Formation of the Abrasion Notches

The formation of abrasion notches is not bound to a tidal
datum (Pirazzoli 1986), instead a correlation between
wave height and notch width can be noted (Trenhaile,
2015). If an abrasion notch forms in the subtidal, inter-
tidal or supratidal is controlled by several factors such
as currents, wave action, slope angle, substrate and sedi-
ment supply. According to Kershaw and Guo (2001) abra-
sion notches can form as high as 2 m above msl as long
as they are located on a coastline, which is exposed to
the open ocean. However, Sur Lagoon nowadays is a very
sheltered environment with a narrow entry and the avail-
able sediment within the lagoon is fine sand and mud,
both ineffective abrading agents. Sur Lagoon is thereby
not a suitable environment for the formation of abrasion
notches nowadays, which is why we interpret the paleo
abrasion notches as remains of a higher sea-level. Consid-
ering that Sur Lagoon is bordered by a Holocene barrier
spit, which rarely exceeds a topographic elevation of 5 m
above msl, even a small rise in sea-level will alter the shape
of the lagoon significantly, potentially broaden the entry
to the lagoon or even add additional entries.
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Trenhaile (2015) clearly shows a correlation of notch
width and exposure to waves or currents, leading to less
wide notches in more sheltered positions. In Sur Lagoon we
observe different notch widths in notches, which formed
in the same substrate. The abrasion notches at outcrop E1,
J1and J2 all formed in sandy beachrock and show a width
difference of 0.52 m, with E1 being 1.86 m wide and J1
and J2 being 1.35 m wide (see Table 1 and Figure 4). The
two abrasion notches that formed in fanglomerate sub-
strate (E2 and F1) show only a width difference of 0.15 m
with E2 being 1.86 m wide and F1 being 1.71 m wide. The
differences in notch width do not match what would be
expected based on their geographic position. The fact that
the abrasion notches closer to the south of the lagoon (J1
and J2) are smaller and less well developed in compari-
son to the abrasion notch on the northern peninsula (E1)
indicate a decline in wave-action towards the south, while
in the modern setting of the lagoon the opposite is true.
Notch E1 is located at the most sheltered position, further
away from the entrance of lagoon, facing landwards.

The abrasion notches in fanglomerates (F1 and E2) are
roughly of similar width also contradicting what would
be expected from their geographic position. F1 is located
directly at the entrance of the lagoon and thereby exposed
to tidal currents and waves from the open ocean, while E2
is located on a peninsula inside Sur Lagoon, hence shel-
tered from strong waves. This further indicates a higher
sea-level along with a different morphology of the lagoon
at the time of notch formation. Furthermore, the symme-
try of abrasion notches is influenced by their exposure to
breaking waves. If waves are already broken, more sym-
metric shapes are formed (Sisma-Ventura et al. 2017). The
notches at outcrops F1 and E1 are less symmetric than the
notches at outcrops E2, J1 and J2 (see Figure 4), which
indicates that these parts of the coastline were more often
exposed to breaking waves, hence closer to the entry of
the lagoon. Again pointing towards a possible second
opening on the northwestern end of the lagoon during
notch formation.

The abrasion notches in Sur Lagoon all occur between
1to 3 m amsl with the exception of notch E2, whose floor
is located 0.43 m lower. A similar height can indicate a
similar age of formation and we observed no spatial rela-
tionship between the notches and other geological land-
marks that oppose a similar age, but to confirm this more
research, i.e. dating of the beachrocks at outcrops Jand E1,
is needed. As mentioned before, abrasion notches cannot
be easily linked to a certain tidal datum (Pirazzoli 1986).
However, some researchers have found that notch apex
and high tide often coincide in recent abrasion notches
along meso- and macro-tidal seas (Bini et al. 2014 and
references therein). Investigating the present conditions
of the study area like the tidal- and wave-regime as well
as the availability of abrasive tools allows to draw conclu-
sions on the relation between sea-level and the formation
of abrasion notches (Bini et al. 2014). From these inves-
tigations we have already concluded that sea-level inside
Sur Lagoon must have been higher during the formation
of the abrasion notches and a different morphology of the
lagoon is very likely. The question of how much higher
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exactly remains subject of further studies, however the
fact that the surfaces of these notches show no sign of
bioerosion hints towards a position in the intertidal rather
than permanently submerged. The apex being positioned
at high tide is a plausible scenario. Barrier spits are gen-
erally very dynamic systems, that can change within the
course of a severe storm or similar extreme wave event. A
short term alteration of the shape of the lagoon can sig-
nificantly heighten the tidal range within the lagoon by
creating a larger connection to the open ocean.

5.3 Polyphase formation of the Bioerosion Notch

The formation of a bioerosion horizon is strictly tied to
the tidal range, since the organisms responsible for the
erosion live in a certain water depth. Together with a tidal
notch, whose apex marks the position of msl during the
formation of the notch, bioerosion is regarded to be a very
precise indicator of past sea-level (Kelsey 2015).

Three phases of sea-level fluctuations can be recognized
based on the bioerosion notches (Figure 9). The first
phase implies an initial sea-level 3.93 m above msl, which
is marked by the apex position (see Table 1, Kelsey 2015).
This phase represents the formation of the bioerosion
notch during stable sea-level conditions (Kelsey 2015).

Art.1, page 15 of 20

Lithophaga was limited to the lower half of the notch with
the apex as their upper limit (Laborel & Laborel-Deguen
1994, Rovere et al. 2015). The boring sponge Cliona was
possibly present as well. The fossil traces of this boring
sponge reaches up to the lower half of the notch and do
not exceed the apex. However, shallow borings like Cliona,
much like etchings and grazings, are often obliterated by
Lithophaga and other deeper borings or abrasion and
therefore hold a low preservation potential (see Bromley
& Asgaard 1993).

We observe a second sea-level rise that did not last long
enough to produce a notch shape of its own, but lead to
colonization of the notch roof and beyond by Lithophaga.
Coinciding with the edge of the notch roof Lithophaga
borings occur very densely and form a distinct band at
4.27 m = 0.04 m (amsl). Occasionally Lithophaga occur up
to 10.5 cm * 6.8 cm above the notch roof. The style of
appearance above the notch roof is spotty and does not
form a distinct line. While some authors argue that only
a distinctive band like this is a precise sea-level indicator
(Evelpidou et al. 2012b, Laborel & Laborel-Deguen 1994),
others state that any Lithophaga boring shows a mini-
mum limit for sea-level, because Lithophaga are primarily
encountered several decimeters below msl (Rovere et

Lithophaga |  Clinoa Balanidae Pomatoleios | Oysters | Supratidal
MSL ---i § Intertidal
Subtidal
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Figure 9: A) Position of organisms relative to MSL according to several publications. B) Formation of the notch. Msl is
stable for a long time. Lithophaga are the most prominent bioeroders and reach up to the middle of the notch (apex).
C) Oysters cover the eroded Lithophaga boreholes at the notch roof and occur above indicating a rising sea level. Lith-
ophaga boreholes appear above the notch roof as well and support the theory of an increasing sea-level (Phase 2). In
some cases Lithophaga bore through oyster shells. D) Msl drops. Barnacles and worm tubes occur inside of the notch
and are present inside of Lithophaga boreholes as well as on the rock surface (Phase 3).
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al. 2015, Vacchi et al. 2012). We conclude that msl must
have risen at least 0.44 m in comparison to its level dur-
ing notch formation to an elevation of 4.37 m. That this
highstand did not produce a notch on its own and the dis-
tribution of Lithophaga borings is rather scarce suggests
that the highstand was shorter than the one leading to
notch formation. If sea-level rose directly from 3.93 m or
if both highstands are interrupted by a regression cannot
be stated at this point.

Oyster shells are present maximal 0.55 m above the roof
of the notch. Investigations on recent oysters in the area
show that they tend to cluster near the highest point of
the tide. Based on this observation the oyster clusters at
4.82 m amsl possibly mark the paleo mean high water.
Since the roof of bioerosion notches correlates with high
tide, the oyster band above the roof also shows that sea-
level rose higher than during notch formation.

Pomatoleios kraussii as well as Balanidae are covering
and filling up Lithophaga boreholes inside of the bioero-
sion notch close to the apex. Both are known to settle in
close proximity to msl (Rovere et al. 2015, Laborel et al.
1994, shishikura et al. 2007). It is unlikely that these ani-
mals settled down during the initial phase of notch for-
mation, as the fragile shells and tubes would most likely
not withstand a prolonged submergence. This means they
either settled down during the final regression or sea-level
stabilized around 3.93 m again, after rising to 4.37 m.
Again, a sea-level fall and subsequent transgression can
also not be excluded.

The sequence ends with the filling of the notch with
sandy beachrock, that we observe inside the notch, shortly
below the apex, at outcrop A (see Figure 8). The beachrock
succession at outcrop A represents a lower foreshore
facies overlain by an upper foreshore facies, hence indicat-
ing deposition during regression. This beachrock shows
that the upper limit of the upper foreshore, so mean high
water, was shortly below the notch apex again 80 ka ago.

6 Conclusions
The main objectives of this study were to document the
paleo coastal notches in the area of Sur Lagoon, to inter-
pret them regarding their use as sea-level indicator and to
test the hypothesis that the bioerosion notches represent
a MIS 5e shoreline.

Three main conclusions can be summarised from the
results:

1. The observed paleo shoreline in Sur Lagoon
formed during the last interglacial MIS 5e. From
the stratigraphical relationship of the notch to a
beachrock and a fanglomerate, it becomes clear
that notch-formation must have taken place
between the deposition of the fanglomerate and
the beachrock. The beachrock was previously dated
to an age of 80 ka (Mauz et al. 2015) and the fan-
glomerate was dated in this study to a maximum
age of 370 ka.

2. The coastal notches in Sur Lagoon fall into three
categories: paleo notches with traces of bioero-
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sion, paleo notches without traces of bioerosion
and recent tidal notches whose formation is still
ongoing. While the latter are obviously not in-
dicative of paleo sea-level and the notches with-
out bioerosion are challenging to tie to a certain
tidal datum, the bioerosion notches constitute an
excellent sea-level indicator. The shape and ich-
nofacies of these notches are very well preserved
and the apex still lies horizontal and at the same
height of 3.93 £ 0.12 m at several outcrops around
Sur Lagoon. This is indicative of the tectonic stabil-
ity of the shoreline-section since notch formation,
which coincides with results from previous studies
of the area (Kusky et al. 2005; Ermertz et al. 2019;
Hoffmann et al. 2020). It was concluded that sea-
level during notch formation was 3.93 + 0.12 m
higher than nowadays.

3. The organism distribution within the bioero-
sion notches documents at least one short-term
sea-level fluctuation during the longer highstand,
as the bioerosion traces show that msl temporarily
rose to levels above the notch roof.

In summary, this study provides the first field-evidence of
last interglacial shorelines on the coastline of Oman. In
terms of sea-level research the Omani coastline is poorly
studied and sea-level index points are missing from the
entire area. Our results function as the basis for future
investigations, which should focus on the establishment
of sea-level index points and the detection of further out-
crops that represent last interglacial shorelines in Oman.
The short-term sea-level fluctuations during MIS 5e, that
are documented in the bioerosion notches, also deserve
further attention regarding a higher-resolution age con-
straint.
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