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Abstract: Indonesia is exposed to earthquakes, volcanic activities, and associated tsunamis. This is
particularly the case for Lombok and Sumbawa Islands in West Nusa Tenggara, where evidence of
tsunamis is frequently observed in its coastal sedimentary record. If the 1815 CE Tambora eruption
on Sumbawa Island generated a tsunami with well-identified traces on the surrounding islands, little
is known about the consequences of the 1257 CE tremendous eruption of Samalas on the neighboring
islands, and especially about the possible tsunamis generated in reason of a paucity of research on
coastal sedimentary records in this area. However, on Lombok Island, the eruption of the Samalas
volcano produced significant volumes of pyroclastic flows that entered the sea in the North and
East of the island. These phenomena must have produced a tsunami that left their traces, especially
on Sumbawa Island, whose western coastline is only 14 km away from Lombok’s eastern shore.
Therefore, the main goal of this study is to investigate, find evidence, and determine the age of
marine-origin sediments along the shore of the Alas Strait, Indonesia. We collected and analyzed
samples of coral and seashells from marine deposits identified along the west coast of Sumbawa,
i.e., in Belang Island and abandoned fishponds in Kiantar Village, in order to identify the sources
and the occurrence period of these deposits events. Based on the radiocarbon dating of coral and
seashell samples, we concluded that none of the identified marine deposits along the western coast
of Sumbawa could be related chronologically to the 1257 CE eruption of Samalas. However, possible
tsunami deposits located in Belang Island and abandoned fishponds in Kiantar Village yielded 4th
century CE, 9th century CE, and 17th century CE. We also conclude that past large earthquakes
triggered these tsunamis since no known volcanic eruption occurred near the Alas Strait at that time
that may have triggered a tsunami.

Keywords: paleo-tsunami; grain size; radiocarbon dating; wave direction; Lombok; Sumbawa; In-
donesia

1. Introduction

The Indian Ocean earthquake and tsunami on 26 December 2004 is considered as
a turning point of disaster awareness and mitigation, especially in Indonesia, since they
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changed their disaster paradigm from response to preparation and damage prevention
following that event. This event also highlighted the fact that earthquakes and tsunamis
remain unpredictable natural hazards [1-4]. Due to its tectonic configuration, Indonesia
is continuously exposed to earthquakes and volcanic activities, as well as their related
hazards such as landslides and tsunamis [5-12]. This makes it a useful natural laboratory.
According to the global historical tsunami database from National Geophysical Data
Center—NOAA, since the 4th century, at least 180 tsunamis have occurred (questionable,
probable, and definite tsunamis) in Indonesia [13].

As a result of plate tectonics subduction between the Australian Plate and the Eurasian
Plate, Lombok and Sumbawa Island (Figure 1), located in the inner arc of the Lesser Sunda
Islands, are at risk of earthquakes [11,14]. In 2018, Lombok Island was struck by a sequence
of deadly earthquakes between 29 July and 19 August 2018 triggered by the Flores thrust
close to the north coast of Lombok [15-18]. Furthermore, Lombok and Sumbawa Islands
are the location of two volcanoes of whom their eruptions had global ramifications in the
13th and the 19th century, i.e., Samalas and Tambora volcanoes, respectively [11,12,19-24].

Central
Lombok A

i
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Figure 1. Lombok and Sumbawa Island in the inner arc of the Lesser Sunda Islands.

The 1815 CE eruption of the Tambora in Sumbawa triggered severe climate distur-
bances worldwide, earning the label “year without summer” in the Northeastern USA,
Maritime Provinces of Canada, and Europe the year after the volcano erupted [25-29].
This eruption produced a total volume of about 41 + 4 km3 dense rock equivalent (DRE)
(23 4 3 km? DRE ash fall and 18 + 6 km? DRE pyroclastic flows) [21]. The 1815 CE Tamb-
ora eruption also generated a tsunami with well-identified traces in Sumbawa Island [26].
Severe impacts were also felt by the world’s population and the global environment due
to the 1257 CE Samalas eruption, which produced more than 40 km? DRE of volcanic de-
posits [30-33]. The impacts included famine and death in Europe due to climate anomalies,
especially over Western Europe in 1258 [31,33]. Furthermore, the surface air temperature
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and the sea surface temperature also decreased by about 1.6 °C and 0.8 °C, respectively, in
response to the 1257 CE Samalas eruption [30].

The 1257 CE eruption of Samalas also produced pyroclastic density currents (PDCs)
that entered the Bali Sea in the northern and the Alas Strait in the eastern part of Lom-
bok [11,12,24,34] and might have caused a pyroclastic density current (PDC)-triggered
tsunami [35-40]. The Alas Strait separates Lombok and Sumbawa Island with an average
distance of about 14 km. Its depth ranges from around 15 m in the nearshore to a maxi-
mum of 180 m in the middle of the channel. The seafloor materials in the Alas Strait are
dominated by rock and sand [41]. Furthermore, the strait was connected by land until
about 14 ka BP when the sea level rose up to 75 m below the present-day sea level [42—44].
Although Lombok Island is tectonically and volcanologically active, there is no evidence
today of paleo-tsunamis that could have affected the surrounding islands and particularly
the west coast of Sumbawa Island, whereas the 1815 CE eruption of Tambora generated a
tsunami that left visible traces as far as 590 km away in Java Island [21,26]. Since the 1257
CE eruption of Samalas was of similar Volcanic Explosivity Index (VEI) as the Tambora
one’s, our initial hypothesis was that Samalas PDC’s may have generated tsunamis that
have left their traces, especially on the island of Sumbawa, since it is located only 14 km
from the eastern shore of Lombok. This study’s main aim is to identify in onshore sedimen-
tary records the signature of high-energy marine floodings, then to characterize and date
them to see if they can be related to the Samalas eruption of 1257 CE. This work will also
be a valuable contribution to disaster risk reduction in Sumbawa and Lombok Island in the
future and bring some information about tsunami recurrence rates and its origin, either
from earthquakes or volcanic activities.

2. Study Area

The Lesser Sunda Islands (LSI) comprises deep oceanic trenches and several small
islands, including Lombok and Sumbawa Islands (Figure 2a). The landform in Sumbawa
Island is mostly mountainous areas, dating from the early Miocene until the Holocene era,
with a few small low plains and small uninhabited islands in its western part (Figure 2b).
Based on the last 14 years of data, normally, the study area’s wave height ranges from 0.50
to 1.50 m but can exceed 2.00 m during the seasonal transition [45,46]. Currents in the
study area are characterized by longshore currents with a dominant direction toward the
south all year round, which its velocity can reach 1.7 m/s during the East Monsoon [34,45].
The tidal pattern in the study area is a diurnal tide, with the maximum high tide and the
minimum low tide are 0.6 and —0.5 m, respectively [45]. These conditions are strengthened
by other favorable hydro-oceanographic parameters, i.e., warm temperature (27-29 °C),
salinity between 32-34 %o, and clear waters; hence the environment is very suitable for coral
reefs ecosystem. Figure 3 shows the spatial distribution of coral reefs along the Alas Strait
as well as the general landscape in the form of a reef flat and reef slope on the western
coast of Sumbawa [47], especially in the nearshore zone of Kiantar Village, which can play
an essential role in protecting the shore and reducing the impact of marine-origins hazard
events in this area, especially from wave activities.
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Figure 2. (a) The geographical situation of sample location in the context of Samalas volcano, Lombok, and Sumbawa
Islands; (b) sample collection location in abandoned fishponds in Kiantar Village (T1-T5) and Belang Island (T6) on the
western coast of West Sumbawa. Tsunami deposits in Belang Island and abandoned fishponds in Kiantar Village: (c) As a
small uninhabited island located in Gili Balu conservation area on the western coast of Sumbawa, this island is dominated
by mangrove ecosystems with several sandy areas; (d) sample collection location in abandoned fishponds in Kiantar Village;
(e) abandoned fishponds in Kiantar Village with locations T4 and T5 sampling points as well as Alas Strait and Lombok
Island to the west (left side); and (f) present-day beach materials that contain coarse rounded pebbles and coral debris.
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Figure 3. (a) Spatial distribution of coral reefs along the Alas Strait in the present-day (modi-

fied from [11,34]); and (b) General landscapes on the western coast of Sumbawa (courtesy of A.
Landa, 2016).

Furthermore, in West Sumbawa (see Figure 1), there are 15 uninhabited islands from
a total of 18 islands. We investigated Belang Island, which is one of the small uninhab-
ited uplifted coral islands in Gili Balu district, 5 km from the main harbor of Poto Tano
(Figure 2c). Stretched along an SW-NE axis on 4.5 km, the Island is characterized by flat
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topography and the presence of lagoon depressions that may have acted as sediment traps
where we found a marine deposit (T6), 100 m from the coastline. We also investigated
south of Kiantar Village, where local residents reported the findings of numerous coral
and seashell fragments while digging their wells. Sumbawa’s geological map from the
Indonesian Geological Agency reveals that Kiantar Village is not situated in the fault zone.
The nearest fault zone is located 6 km away from the abandoned fishponds in Kiantar
Village. A huge submergence coastline characterizes Saleh Bay, the largest bay in Sumbawa,
115 km away to the east from Kiantar Village. Furthermore, the nearest active volcanoes,
which the expansion and changes of their magma chambers may cause uplift, even in
the absence of an eruption, are situated 40 km away (Samalas volcano) and 140 km away
(Tambora volcano) from Kiantar Village. Kiantar village’s landform is mostly alluvium and
coastal deposits from the Holocene era. In this village we found an abandoned network of
large trenches recently dug to realize six 70 m x 70 m fish farming ponds located 100-300 m
from the coastline. Thanks to these 1190 m of 2 m wide and 1-2 m deep trenches, we
investigated thick inland marine deposits consisting of sand, pumice, pebbles, and coral
rubble (T1-T5 in Figure 2d).

3. Materials and Methods
3.1. Field Surveys

Three field excursions were conducted along the littoral of West Sumbawa from 2016
to 2018 in search of anomalous beach deposits that might be a remnant of past tsunami
events triggered by eruptions from the nearby volcanic system. Reports by local residents
and the availability of abandoned aquaculture trenches made the sequence of deposits near
Kiantar Village and in Belang Island an excellent candidate.

At selected locations (in T4—Figure 2d), eight vertically contiguous sand samples
were collected from previously cleaned outcrops for further analysis, i.e., grain size analysis
and analysis with the anisotropy of magnetic susceptibility (AMS) technique, which in
detail will be explained in the next part. Furthermore, we collected ancient coral fragments
(eight samples) and seashells (four samples) for radiocarbon dating from T1-T5 sections in
abandoned fishponds in Kiantar Village and T6 section in Belang Island (see Figure 2).

3.2. Grain Size

Sediment grain-size characteristics may be used to analyze the features of tsunami
deposits [48-50] since it can be used to determine trends in surface processes related to the
dynamic conditions of sediment transportation and deposition. Progressing from the coast
inland, we can determine, according to the characteristics of the deposits encountered,
three homogeneous zones:

1.  The proximal zone, closer to the sea extending substantially between the first two
trenches parallel to the coast, which will be represented mainly by sections T4 and T5;

2. The intermediate zone is located between trenches 2 and 3, represented by T3, T2, and
T1 sections. Given the similarity between all sections in the proximal sampling area
in abandoned fishponds, Section T4 (Figure 2) was selected for grain size analysis.
Grain size samples in the T4 outcrop (Figure 2e) were obtained and determined based
on the sediments’ visual characteristics for each homogenous layer;

3.  The distal zone extends landward beyond trench 3 and can be characterized by P1
(see Figure 2d). This zone is characterized by coarse material and has very poor
sandy material.

We conducted the grain-size investigation for the fine fraction of the sediments uti-
lizing a Beckman Coulter (Indianapolis, IN, USA) LS-13-320 laser diffraction particle size
analyzer device in the Laboratory of Soil Analysis, Ecole et Observatoire des Sciences de
la Terre—University of Strasbourg. This laser-based technology uses the flagship multi-
wavelength system, and it may analyze the sediment distributions that range from 0.017 pm
to 2000 pm without the risk of sediment lost, either the largest or the smallest particles in
the sediment sample. The samples pre-treatment protocol for LS13-320 is rather complex
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and includes a one-week drying at 40 °C, the destruction of organic matter with hydrogen
peroxide in a thermostatically controlled bath, the disaggregation, washing, and eventu-
ally the dispersion thanks to the help of sodium hexametaphosphate (detailed protocol
available on request to the authors).

Grain-size analysis results encompass granulometric parameters, such as grain-size av-
erage (arithmetic mean diameter) reflecting the flow competence, sorting degree (variance
and standard deviation), and form of the grain-size distribution (skewness and kurtosis),
providing information on the settling processes. They are determined by the LS13-320
program from the formulas given below. Size channels in the LS13-320 are spaced loga-
rithmically and are therefore progressively wider in span toward larger sizes. Statistical
calculations are made based on the logarithmic center of each channel. Mean grain size,
i.e., the surface weighted mean diameter arithmetic mean size in surface area % mode

1
(Dp,q) = {Zm le} 7%) reflects the ability of the flow to transport more or less large particles.

Y ni xid
—\12
Both standard deviation which is the square root of the variance (SD, = W);
skewness that precise the degree of distortion from symmetry (g1, = Z[fl()(%_i)ﬂ) and
p g y y gla - sp3 v f
K . hich ch . h Ked ¢ 2 distributi _ Z{fi(xifi)‘l] 3
urtosis, gpa, which characterizes the peakedness of a distribution (g, = “spiyr )

reflect the shape of the particle size distribution and contribute to the understanding of the
sedimentation processes.

The coarse fraction of the sediments is more complex to study because it is composed
of elements of two different natures: (1) Pebbles whose shape is closely linked to their
mineral nature, to the processes of transport by waterways, and to their re-shaping by
coastal processes. For this material, we used the “pebble count technique” developed by
Wolman (1954); therefore, we sampled 30 pebbles on each site investigated (T1-T5 and
P1-P3; see Figure 2d) thanks to the help of a 10 cm square mesh grid, and we measured for
each element collected its intermediate axis, i.e., the axis determining the passage through
a sieve mesh; and (2) Coral bioclasts whose shape is linked to their internal structure and
to the fragmentation processes that have affected them during their transport ashore. For
this material, there is no method established to approach their mean size statistically. To
give an average idea of the competence of the waves that moved them, we have chosen to
measure their largest axis, and solely the largest clasts were selected.

3.3. Dating

Twelve samples in the form of coral fragments and seashells were analyzed for ra-
diocarbon dating at Laboratoire de Mesure du Carbone 14—LMC14 (France) and Beta
Analytic and DirectAMS (United States of America). Samples of coral fragments and
seashells were calibrated with Marine20 [51] and a DeltaR value of —-90 = 29 [52]. We dated
eight samples of coral and four samples of seashells collected in Belang Island (BI) and
abandoned fishponds during fieldworks in Kiantar Village (AF) in the time range between
2016 and 2018 with details in Table 1. In 2016, we dated two coral fragments that we
sampled at both extremities of the T6 deposit in Belang Island (see Figure 2), at —35 cm
(BI1) and —80 cm (BI2) from the surface, respectively.
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Table 1. Samples for radiocarbon dating.

Sample Name Sample Type Sample Location
AF1 Seashell T1
AF2 Seashell T1
AF3 Seashell T1
AF4 Coral T3
AF5 Coral T4
AF6 Coral T4
AF7 Coral T4
AF8 Coral T3
AF9 Seashell T2
AF10 Coral T3
BI1 Coral T6
BI2 Coral T6

In 2016, we sampled seashell fragments randomly from the marine-origins deposit
in Kiantar Village since we assumed that all deposits in abandoned fishponds in Kiantar
Village were deposited due to the tsunami following the 1257 CE eruption of Samalas. Our
assumption was based on abandoned fishponds’ geographical position, which is located
in front of Lombok’s east coast and all the seashells fragments chronologically situated
below the ashes from the 1815 CE Tambora volcano and the 1257 pumice-rich PDC from
Samalas volcano. After the first sampling effort in 2016, we changed the sampling protocol
in 2017 and 2018, and prefer used to dating very fresh and unbroken red coral fragments
(Tubipora musica) to obtain better results. Nevertheless, in 2018 we still used one sample of
a seashell as representative from the T2 section since we did not find any unbroken red
coral fragments in the T2 section (see Figure 2). Tubipora musica, or the organ pipe coral, is
an alcyonarian coral originally from the shallow waters and sheltered areas of the Indian
Ocean. Sampling selection turned towards Tubipora musica, a red coral that is easier to
recognize individuals with a low degree of diagenesis and a high degree of magnesium
calcite, which is very suitable for dating [53].

3.4. Wave Direction

The reconstruction of the wave direction during deposition remains a key element
for the accurate identification of a tsunami deposit [54]. The back and forth movement of
the water is supposed to have been recorded by the sediments deposited inland during
a tsunami event recording [55,56]. Determining the precise orientation of the first wave
of the event makes it possible to pinpoint the event’s source. The direction of subsequent
waves, although roughly consistent with the first is of lesser importance because they
may have been altered by reflections or refraction along the shoreline, making it more
difficult to interpret. The measurement of these wave directions can be done on cobbles and
pebbles by measuring their imbrication, or on much finer materials such as sand or silts
using the AMS technique, which uses the magnetic properties of sediments to determine
their micro-imbrication [55,57]. At the Kiantar site, the material deposited represents all
the grain size classes from silts to large pebbles. Both approaches were therefore used.
We carried out clast imbrication measurements (dip and orientation of the long axis of
pebbles were measured on 30 randomly collected elements per site) and, when possible,
took samples to assess AMS using oriented 2 cm side square plastic boxes to plug the
sandy sediment and collect undisturbed material. The sampling for AMS was possible
in the sandy layers between the coarse layers; hence we took eight samples for further
analysis. AMS technique cannot be used on poorly cohesive and heterogeneous sediments
(i.e., coarse elements included in fine sand) to reconstruct the flow direction. When the
sampling box is plugged in, the sediment coarser clasts are pushed by the box walls. In this
case, the resulting deformation of the original sediment fabric does not allow an accurate
reconstruction of the flow direction [55].
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4. Results
4.1. Belang Island

We found an intriguing deposit in the one-meter thick natural outcrop located on
the western part of Belang Island (see Figure 2). In this outcrop, the first layer, located
below the 15 cm-thick topsoils, is 15 cm-thick dark brown volcanic ash from the 1815 CE
eruption of Tambora Volcano (—15 to —30 cm), which is ubiquitous in all the area. The
layer below the volcanic ash (—30 to —90 cm), composed mainly of homogenous fine clear
sand, displays an undulating contact with the volcanic ashes atop locally interrupted by
5-15 cm deep shell burrows. Below this contact, beyond a 5 cm thick ash impregnation
fringe, the fine sands display on the first 15 cm with a concentration of pieces of broken
coral, shells, and rounded pumices (&J 3—4 cm). Between —45 and —70 c¢m, the sands are
exempt from larger bioclasts, but below (=70 to —90 cm), appears the second layer of
broken coral concentration. The top of this layer is characterized by 10 cm of coarser sands.
The last layer at the bottom of the outcrop is constituted of sandy material with neither
pumice nor coral fragments presence. Based on its characteristics mentioned above, we
can conclude that the deposit in Belang Island is a marine origin deposit. We believe that
the pumice-rich PDC was at this point too energetic to allow significant deposition on this
very flat Island. Only small rounded pumices were present within the deposit. Significant
deposition occurred ashore when friction increases at the base of the PDC. Figure 4 shows
the stratigraphic profile of the T6 outcrop in Belang Island (see Figure 2).

Coral sample (BI1)
1540-1698 CE

Coral sample (BI2)
1527-1672 CE

(a)

Figure 4. (a) The stratigraphic profile and (b) photo of T6 outcrop in Belang Island.

The sedimentary succession described between —30 and —90 cm from the surface is
characterized by two layers of coarse sediment and large bioclasts separated by a coarse
sand layer, which is not typical of a beach deposit. The presence of rounded pumice from
the mid-13th century Samalas eruption proves, first, that this stratified deposit results from
a marine submersion; second, that a marine submersion has emplaced it after 1257 CE.
Although the hypothesis of a storm deposit cannot be totally ruled out, the strongest storms
of the region do not seem able to generate marine submersion capable of transporting a
large volume of sand hundreds of meters inland. Therefore, it is more likely that a tsunami
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with two main waves (corresponding to the layers enriched in large bioclasts) was the
cause of this 60 cm sedimentary succession.

Table 2 displays radiocarbon dating results for the coral samples in Belang Island. The
results give two similar calibrated 14C dates around the 16th or 17th century CE, which is
consistent with a post-1257 CE event. As frequently observed, radiocarbon dates of corals
fragments can provide much older dates than a tsunami event. The 60 cm-thick sedimentary
deposit at Belang Island cannot be attributed to the tsunami event generated by Tambora’s
1815 eruption. If this had been the case, the ashfall deposits, which were deposited before
the tsunami deposit, should have been capped by marine sand or eroded by the tsunami
waves. Therefore we assume that the tsunami deposit was earthquake-triggered.

Table 2. Radiocarbon dates for samples from Belang Island.

Sample Name Sample Type Uncal Age BP Cal. Age CE (1 Sigma)
BI1 Coral 760 +£ 30 1540-1698
BI2 Coral 790 £ 30 1527-1672

4.2. Abandoned Fishponds in Kiantar Village

Basic sedimentological characteristics for the T1-T5 outcrops (see Figures 2 and 5) in
an area of 3.3 x 10* m? are as follows:

1.  Atsampling points T1, T2, and T3 (see Figures 2 and 5a), a massive deposit of marine
origin with a single ~1.5 m thick layer characterized by a dominance of large rounded
blocks and pebbles roughly imbricated landward at the base with a coarse sandy
matrix more or less cemented containing numerous coral and shell clasts (part A in
Figures 6 and 7). This unit is topped by a mixture of abundant large smooth coral
fragments and rounded pebbles in a lightly cemented sandy matrix with abundant
bioclasts and whole shells (Figure 5a). The material of this upper unit displays a neat
landward imbrication. This large and massive deposit ends on a very short distance,
i.e., between 200 and 250 from the sea. Investigations conducted further landward
did not allow to find more than that distance; a weak layer of fine sands mixed with
silts containing small shell debris detectable along the road, South of Kiantar, 300 m
beyond the limit of the coarse deposit;

2. At sampling points of T4 and T5 (see Figures 2 and 5b), additional thick deposits
of marine origin are composed of three different layers without paleo-sols between
each layer (part B,C,D in Figure 6). Each of these layers, 0.5 m thick on average,
consists of coral fragments and marine shells mixed with boulders and capped by
sand (Figure 5b);

3. The uppermost geologic unit for all sampling points consists of 2 cm-thick small
rounded pumice, originating from the 1257 CE eruption of Samalas (part E in Figure 6)
and 20 cm tephra fall originated from the 1815 CE eruption of Tambora (part F in
Figure 6) covered by topsoil (part G in Figure 6).
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Figure 5. (a) The locations of T1, T2, and T3 sampling points (oriented seaward from T1 to T3) in an
abandoned fishpond in Kiantar Village with an example of a massive tsunami deposit with a single
~1.5 m thick layer on the sampling point of T1 and T2; (b) The locations of T4 and T5 sampling points

with three different layers of marine-origins deposits without paleo-sols between each layer.
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Figure 6. Stratigraphic profiles for all sampling points in abandoned fishponds in Kiantar Village.
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Figure 7. Textural type percentages from T4 outcrop (see Figure 6).

Figure 6 illustrates the stratigraphic profiles for all sampling points in the abandoned
fishponds in Kiantar Village. The grain size results presented in Table 3 and Figure 7 show
that deposits consist of medium to fine sand. The standard deviation of eight layers of
sediment ranges from o® 0.91 to 2.40, which are classified as interval o® 0.71-4.00 [58],
indicating the moderately sorted to very poorly sorted sediment layers [58,59], as usually
discovered in debris flows and tsunami deposits [60,61]. Skewness ranging from SkI
—0.60 to —0.06 means that the sediment layers are generally composed of strongly coarse
skewed to near symmetrical particles [58,59]. Furthermore, the range of kurtosis (KG 1.02-
3.02) displays the curves between mesokurtic (KG 0.90-1.11) and extremely leptokurtic
(KG > 3.00) [58,59]. Grain-size characteristics of tsunami deposits are commonly fining
upwards within the deposits the last waves being less energetic [50,62,63] and the material
is poorly sorted [48,64,65].

Table 3. Statistical parameters and textural type percentages from the T4 outcrop (see Figure 6).
Sample  Depth = Mean Grain-Size Standard Skewness  Kurtosis Textural Types Percentage (%)
Name (cm) @ um Deviation (c®) (SKI) (KG) Clay Silt Sand
1 -35 2.95 234.83 2.40 —0.60 1.36 4.49 17.71 77.80
2 —55 245 22560 1.81 —0.59 3.02 460 9.50 85.90
3 —-80 2.50 223.54 1.76 —0.57 225 3.62 10.65 85.73
4 —102 1.70 347.67 1.29 —0.40 1.91 2.23 471 93.06
5 —125 1.70 342.80 091 -0.10 1.28 0.93 2.75 96.32
6 —133 1.33 446.53 0.95 -0.18 1.14 1.07 2.78 96.16
7 —-157 1.56 389.93 0.98 —0.06 1.02 0.95 2.32 96.73
8 —172 1.38 548.53 2.01 —0.48 1.61 2.95 7.41 89.64

For coarse material, the pebble count data (Table 4) show that the pebbles” mean size in-
creases landward to reach a maximum in the last trench inland in P1 (see Figures 2d and 6),
which also corresponds to the front of the thick coarse deposit. Imbrication measurements
were performed on coarse material at different sections within the body of the thick deposit
that can be seen beyond the second trench landward. These imbrication data represented
in rose diagrams evidence a neat eastbound flow with quite no lateral dispersion (Figure 8).
On the T4 outcrop, the AMS sampling was possible in the sandy layers between the coarse
layers. The 8 samples of AMS from the T4 outcrop show that the sandy material was de-
posited in low energetic conditions. The main axis (K1) of the anisotropy ellipsoid does not
displays a significant tilting and remains quite horizontal for all the samples, which means
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that the flow velocity was very weak and that settling processes were dominating during
sediment deposition. These conditions cannot allow reconstructing the flow direction as
it can be possible with a neat tilting of this K1 axis but only show the orientation of the
displacement axis, which was E-W, i.e., conform of the water movement landward that led
to the large clasts imbrication. Table 3 shows that the grain size of the sand deposited at
site T4 regularly decreases from the base to the top. Additionally, AMS data confirm that
the fine sandy sediments were emplaced during a calm episode that favors settling in a
non-turbulent context (Figure 9).

Table 4. Evolution of the sizes of the diameter of pebbles from the sea to the interior in Kiantar
Village (see Figure 2d).

T4 T3 P3 T2 P2 T1 P1
Mean intermediate axis (cm) for 30 samples 105 11.2 11.1 101 132 139 152

Mean direction: 272.2°
n=30

Mean direction: 276° N C
n=30

. A

Mean direction: 256.4° N

n =30

mi@e

max = 16.67%
95% Confidence: £19.

Figure 8. Imbrication measurements evidence for coarse material in abandoned fishponds in Kiantar Village.
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Figure 9. AMS data from T4 which confirm that the fine sandy sediments were emplaced during a calm episode that favors
settling in a non-turbulent context in abandoned fishponds in Kiantar Village.

Table 5 show radiocarbon dating results for the coral and seashell samples in Kiantar
Village. Following the 2016 fieldworks, we focused more on coral fragments as radiocarbon
dating results for the 2016 samples had no significant results since the year obtained are
too distant from our hypothesis, i.e., 1257 CE. Based on the radiocarbon dating results
in Table 5, it shows that we have two clusters of dates that stand out: ~1500 BP and
2000-2300 BP.

Table 5. Radiocarbon dates for samples from the abandoned fishponds in Kiantar Village.

Sample Date of Analysis Sample Type Outcrop  Depth (cm) Uncal Age BP  Cal. Age BCE/CE (1 Sigma)
AF1 08/2016 Seashell T1 -173 2375 + 30 75 BCE-103 CE
AF2 08/2016 Seashell T1 —128 2145 £+ 30 216-381 CE
AF3 08/2016 Seashell T1 —70 2250 + 30 83-248 CE
AF4 10/2017 Coral T3 —143 2050 + 30 316489 CE
AF5 10/2017 Coral T4 —158 1520 £ 30 879-1031 CE
AF6 10/2017 Coral T4 -92 1540 + 30 854-1010 CE
AF7 10/2017 Coral T4 —40 1560 £ 30 883-992 CE
AF8 12/2017 Coral T3 —162 2169 + 40 174-355 CE
AF9 12/2017 Seashell T2 —-172 2137 + 34 225-392 CE
AF10 03/2018 Coral T3 -35 1740 £ 28 654-789 CE

5. Discussion

Based on stratigraphic profiles for all sampling points in the abandoned fishponds in
Kiantar Village (T1-T5; see Figures 2 and 6), there is a clear sequence represented by ten
centimeters of topsoil overlying ~20 cm thick ash that correlates to the widely identified to
the 1815 CE Tambora volcano eruption [31,32]. Beneath this layer, there is a thick (minimum
140 cm) deposit of mixed shell, sand, and cobbles resembling materials commonly seen
in the shallows and beach areas immediately offshore. The large deposit found in T1-T3
(a single massive ~1.5 m thick layer; see Figures 5a and 6) seems to corresponds to the
dam of a reverse debris flow (moving landward) generated by very strong turbulent flow
coming from the sea. This debris flow-like deposit comprises unsorted coarse material
collected on the seashore (attested by the same material visible on the current beach: coarse
rounded pebbles and coral debris) and deposited in mass (with a landward imbrication of
the material as can be seen in Figure 5a, T2). Additionally, the pebbles” mean size increases
landward, and the largest stones can be found on the front mass of debris at the level of
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the last trench inland (P1; see Figures 2d and 6, and Table 4), where the thickness of the
deposit drops abruptly to 0.3-0.4 m. The increase in the size of the elements constituting the
deposit with the distance to the sea would be inverse to the logic if the material had been
transported in a Newtonian flow but becomes consistent with a Bingham-type behavior
where the large elements are bulldozed on the front of the flow. This similarity between the
behavior of tsunamis inland and that of debris flows in the mountains is common, and it is
certainly not without reason that the Japanese often use the term Yama tsunami to refer to
debris flows in the mountains or on the sides of volcanoes.

As an extension of this deposit, 550 m from the coastline, a description of a 1 m deep
trench along the road embankment south of Kiantar Village shows a total absence of large
clasts and a dominance of fine sands, which confirms the debris flow behavior over a short
distance [66]. Both grain size data, AMS, and the evidence of coarse material transported
in mass over a short distance confirm that high energy marine floodings occurred on the
flat plain of the Kiantar area in the past.

Dating results for coral and seashell samples in the abandoned fishponds empha-
size that at least two different tsunamis occurred along the western coast of Sumbawa
(Figure 10), i.e.,:

1. Tsunami deposits probably dated 4th century CE (the most recent date), based on
six samples, namely AF1, AF2, AF3, AF4, AF8, and AF9. We concluded that all coral
and seashell samples from sampling points T1, T2, and T3 (see Figures 5 and 6) were
deposited following the same event since their deposits have the same visual char-
acteristics, i.e., a single massive ~1.5 m thick layer displaying clear clast imbrication
landward, large dense blocks, and pebbles at the base and less dense broken coral
atop with locally a flatter fabric. Debris flows often develop reverse grading due an
intense shearing at the base during transport, leading to the formation of dispersive
pressure of shearing oriented upward. It is not the case here while the short distance
between the source of the sediments and their deposition did not allow the reverse
grading to occur. Furthermore, the deposits are too thick to have been deposited by a
single storm and, also, large storms are infrequent in the study area since it is situated
in a protected narrow strait with low wave ranges [45,46];

2. The 9th century CE tsunami, based on coral samples at sampling point T4 (AF5, AF6,
and AF7; see Figures 5 and 6) and AF10, since dating results using the most suitable
sampling protocol showed the same range years for each layer. This tsunami deposit
overlay the deposit of the 4th-century tsunami and outcrops in all the proximal zone,
i.e., between the first and the second trench. Its internal structure corresponds to three
pulses’ records characterized each by a phase of strong energy when the turbulent
wavefront favors transport and deposition of coarse pebbles. A laminar flow follows
this phase during the wave tail passage that allows fine sediments to settle.

.BCE CE .
-100 =50 50 150 25|0 350 450 550 650 750 850 950 1050

_____

F 3

1 tsunami
{ :Seashell samples & :AF2 ﬁ : AF5 ﬁ : AF8
* : Coral samples 3 :AF3 AF6 {9) : AFQ

@ AR Y AF4 w . AF7 iy : AF10

Figure 10. Dating results for coral and seashell samples in the abandoned fishponds in Kiantar Village.

Radiocarbon dating results have shown that volcanic materials from the 1257 CE
eruption of Samalas volcano that reached the sea did not trigger a massive tsunami on
the western coast of Sumbawa. Although the volume of pumice-rich PDCs on the eastern
part of Lombok in the aftermath of the 1257 CE eruption was found to be approximately
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4435 x 10° + 5.5 m3 [11], volcanic materials that reached the sea did not induce a significant
tsunami since no deposits were found on the western coast of Sumbawa. The layer of
pumice materials found in the T1-T5 (Figure 7) is originated from the fallout processes, not
from the tsunami [11,24,31,32].

The sandy layer on Belang Island has been deposited by a flow direction of which is
roughly in accordance with the direction of the waves generated by the entrance of the
1257 CE pyroclastic flows into the Alas Strait. The 17° tilting of the main axis of the AMS
ellipsoid (K1) is consistent with the transport of the material in a hyper concentrated flow
at the base of the water column and compatible with a low energy tsunami. Nevertheless,
the unique signature of this weak tsunami did not correspond with dating results, i.e.,
1540-1698 CE and 1527-1672 CE. Therefore, deposits in Belang Island are not the results
from a tsunami triggered by the 1257 CE eruption of Samalas, as already mentioned.

Since it was an insignificant tsunami, then it is reasonable that no deposits were found
on the western coast of Sumbawa. At least three factors may explain the limited wave
height and run-up of this tsunami: (1) the tsunami source velocity: the 1257 CE PDCs
already had a limited velocity when reaching the Alas Strait, about 30 km away from the
Samalas crater; (2) the nature of the PDC deposits: the very light pumice fragments of the
PDCs certainly did not provide sufficient strength to push the seawater efficiently and will
float in the water; (3) coral barrier: coral reefs along the Alas Strait served as an effective
barrier against tsunamis and may have reduced their impacts on the coastal area [67-70].

There is presently no living coral near the coast on the eastern part of Lombok,
especially in front of Selong, where great amounts of pumice-rich PDCs from the 1257 CE
eruption entered the Alas Strait [34] (see Figure 3a). Although the present-day conditions
of the reefs on the eastern part of Lombok and the western part of Sumbawa are very
different, we assumed that, before the eruption of Samalas volcano in 1257 CE, coral reefs
in this area were in good condition. This condition may have resulted in the absence or
limited presence of tsunami deposits from the 1257 CE eruption in this area. Additionally,
we conclude that pre-1257 CE coral reefs, especially near Selong, were buried by volcanic
materials following the 1257 CE eruption since there were dead corals and white sand
below the 1257 CE pumice layer at several wells near the coast [11]. Furthermore, the
regular input of acid pumice material transported in suspension by the main rivers in this
area has affected the coral presence since then [34]. On the contrary, present-day coral
reefs on the western coast of Sumbawa are in good condition. We assume that the pre-1257
CE coral reef in this area was also in good condition since, as mentioned in the local
written sources called Babad Suwung, there was no human civilization until someone from
Lombok Island named Amagq Talkuwang arrived in this area [24]. Therefore, anthropogenic
pressures that cause coral bleaching or direct destruction did not exist in this area. Coral
reefs as barriers within two meters of the water surface and located at least a few hundred
meters separated from the main island can perform a significant role in reducing tsunami
effects [34,69,71,72], including in the case of following the 1257 CE Samalas eruption.

6. Conclusions

Deposits found on the western coast of Sumbawa have common characteristics with
tsunami deposits, such as fining upwards within the deposits as well as poor sorting of
sediments. Here, due to the huge amount of coarse sediments collected on the seashore, the
material was transported in mass over a short distance and deposited in mass explaining
the poor sorting that characterized this deposit. A single weak layer of fine sands was
found inland, 500 m beyond the limit of coarse material deposit

For the last millennium, three tsunamis have struck the western coast of Sumbawa,
dated 4th century CE, 9th century CE, and 17th century CE, some of the deposits of which
were found in abandoned fishponds in Kiantar Village and Belang Island. We conclude that
these tsunamis were earthquake-triggered tsunamis, since there were no volcanic eruptions
occurring in the area at that time [73,74]. Although the 1257 CE eruption of the Samalas
volcano generated more than 4 km? of volcanic materials, the 1257 CE material could only
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trigger an insignificant tsunami along the western coast of Sumbawa Island. Several factors
may result in this insignificant tsunami, i.e., bathymetry, tsunami source velocity, type of
tsunami source material, and a coral reef presence in that area.

Further in-depth studies related to paleo earthquake-triggered tsunamis are needed
since (1) there have been no studies as yet about these events; (2) it is essential in the
current seismic context, where people fear tsunamis, and, (3) it also can provide detailed
information on paleo tsunami events along the western coast of Sumbawa. This information
will be handy for disaster risk reduction in Sumbawa as well as Lombok Island in the future.
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