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Abstract

The Simeulue sub-basin is situated off north-western Sumatra between the outer arc and the mainlands. The sediment
and geochemical element characteristics of basins are the important sedimentology variables to recognize the process of
sediment deposition. However, the characteristics of the sediment and the geochemical elements in the Simeulue sub-
basin have not been well explained. This study aims to investigate the textural and geochemical elements characteristics
of marine sediments and the distribution of these two variables to determine the sedimentary facies in the Simeulue
sub-basin. Samples were taken from various depths in the sub-basin and collected during the 2017 Expedition of “Widya
Nusantara” by using the “Baruna Jaya VIII” Research Vessel. The grain size trend analysis showed that the middle part of
the basin was dominated by mud, while the edge of the basin near the island (mainland) was mostly dominated by
coarser sediments. A geochemical element analysis was performed on each sample to observe the origin of the sedi-
ments. The results of these two analyses were subjected to multivariate statistics. This approach was selected because it
is appropriate for determining the sedimentary facies and the depositional environments. Based on the multivariate
analysis, the sedimentary facies in the Simeulue sub-basin was divided into five facies with similar sediment character-

istics and depositional environments. These facies were deposited in the environment with low to medium energy.
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1. Introduction

Granulometric analysis using Grain Size Trend Analy-
sis (GSTA) is one of the proxies to determine the physi-
cal properties and sediment texture that are important for
sediment transport and deposition study (Nugroho and
Putra, 2018). Grain size is the most important property
as it shows the sediment transport dynamics, history,
provenance and depositional environment in recent and
past times (e.g. Folk and Ward, 1957; Friedman, 1979;
Blott and Pye, 2001; Dickhudt et al., 2011). Previous
studies used the statistical parameters of the sediment
grain (mean, sorting, skewness, kurtosis) to classify the
depositional environment (e.g., Friedman, 1961; Folk,
1966; Visher, 1969; Ashley, 1978; McCave, 1984; Sy-
vitski, 1991; Medina et al., 1994; Martins et al., 1997;
Bobertz and Harff, 2003; Francke et al,. 2013). Statis-
tical parameters were calculated in phi or mm units and
the accuracy of the results depends on the accuracy of the
plot (Wachecka-Kotkowska and Kotkowski, 2011).
There are several methods to interpret the depositional
environment based on the grain size, and the multivariate
statistical method is one of the most reliable (Boggs,
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1995). The multivariate statistical method is a powerful
tool for analyzing and interpreting the depositional envi-
ronment as it combines several different variables and
avoids a single sample analysis (Chambers and Up-
church, 1979). This method was considered to be more
effective as it facilitates the measurement and loss of ef-
ficiency produced (Nugroho et al., 2018). Some studies
used multivariate methods in determining sedimentary
facies in Southern Kuwait, Queensland (Australia) and
Southern Utah (USA), as well as the Tarakan sub-basin
(Indonesia) by Gischeler and Lomando (2005), Thoms
et al. (2007), Allen and Johnson (2010), and Nugroho
et al. (2018), respectively.

The geochemical analysis of marine sediments aims
to determine the composition of the chemical elements
of a material that can be utilized in tracing source mate-
rials and linkages with other units in an area (Irzon,
2018). Brouwer (2010) stated that the analysis of geo-
chemical elements using XRF-scanners is very useful to
support data on the chemical content of a material. The
analysis is used to support the interpretation of the
source or origin of the sediments. The geochemical ap-
proach has been widely used for research in oceanogra-
phy, paleoclimate, and environmental change. The ele-
ments that can be recorded by XRF analysis include the
main elements, which are Aluminum (Al), Calcium
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Figure 1: The research location was situated in the Simeulue sub-basin,
at various depths in the sub-basin.

(Ca), Iron/Ferrum (Fe), Magnesium (Mg), Manganese
(Mn), Silicon (Si), Sodium (Na), Titanium (Ti), and Po-
tassium (K). The secondary elements are Barium (Ba),
Cerium (Ce), Cobalt (Co), Copper (Cu), Chromium
(Cr), Gallium (Ga), Lanthanum (La), Niobium (Nb),
Nickel (Ni), Rhodium (Rh), Rubidium (Rb), Scandium
(Sc), Strontium (Sr), Uranium (U), Vanadium (V), Yt-
trium (Y), Zirconium (Zr) and Zinc (Zn) (Gosseau,
2009). However, according to Rothwell and Croudace
(2015) the elements commonly used to reconstruct cer-
tain environmental conditions are Calcium (Ca), Iron
(Ferrum / Fe), Strontium (Sr), Potassium (K), and Tita-
nium (Ti). Sampurno et al (2018) and Nugroho and
Putra (2019) used elemental analysis to determine the
depositional environment of marine sediments from the
waters of West Bangka and the beaches of Sumba Island,
respectively.

Studies of the distribution of seafloor sediment have
also been conducted in Indonesia by Nugroho and Ba-
sit (2014); Wisha et al. (2017); Putra and Nugroho
(2017); and Nugroho et al. (2018). Their research
showed the grain size distribution was strongly influ-
enced by the provenance and sedimentary processes.
The previous study by Wisha et al. (2017) only per-
formed a surface sediment study of Simeulue Cut Island,
a small island off the western coast of Simeulue Island.
The study has determined the distribution of surface
sediment in the coastal area based on the tidal current
conditions. Nevertheless, the characteristics of seafloor
sediments in the Simeulue sub-basin is still unexplained.
Recently, the application of multivariate statistics in tex-
tural analysis was used for a sedimentary facies study in
Indonesia. Nugroho et al. (2018) used a multivariate
technique to determine the sedimentary facies in the
sub-basin of Tarakan, Kalimantan. This study success-
fully classifies the sedimentary sub-facies that match the
depositional pattern. However, no geochemical analyses
were obtained in the study. A study on sediment prove-
nance based on a combination of grain size and geo-

chemical characteristics has never been evaluated in In-
donesia.

This study explains the relationship between sedi-
ment distributions, transportation processes and deposi-
tion environments of sedimentary at the Simeulue sub-
basin. The research is important to provide explanations
about the transportation process, deposition and prove-
nance. Comprehensive studies in the offshore and deep
sea areas are also essential to support new deep-water
exploration in Indonesia. This paper features a combina-
tion of proxies, GSTA and geochemical using multivari-
ate analysis. This multi-proxies study is a new approach
for seafloor sediment characterization in this area.

2. Study area

The study area is situated in the Simeulue sub-basin.
The survey was conducted in December 2017, where the
samples were collected from 16 stations in Simeulue
waters (see Figure 1). However, two stations (EW17-7
and EW17-8) were not successful in obtaining the sea-
floor sediment samples, so only 14 stations were used in
this study. As this study will be the first that combines
multi-proxy approaches in the Simeulue sub-basin area,
these fourteen samples are adequate to obtain general
seafloor sediment characteristics in Simeulue waters. A
box corer was installed in the Baruna Jaya VIII Research
Vessel to collect sediment samples from various ba-
thymetry. In this study, two analytical methods are used,
such as granulometry and geochemical analysis. Statisti-
cal analysis is used to divide facies based on their simi-
larity in textural and geochemical characteristics.

The Simeulue sub-basin was selected as it has a stra-
tegic location both geographically and geologically. It is
situated in the subduction zone between the Indian and
Australian plates. The distribution of seafloor sediment
is also influenced by oceanographic factors. Measured
currents showed that the surface current moved relative-
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ly fast (0.7 — 1.4 m/s) while moving towards the North-
west, while at a depth of 100 meters or deeper, the cur-
rent moved slower to the southeast (0.1 — 0.6 m/s) (see
Table 1). Simeulue waters have a seasonal variation in
the regional flow that causes a change in the water mass
transport patterns, and this in turn causes upwelling on
the Sumatra coast (Putri et al., 2017). The water mass is
influenced by the temperature and salinity (see Figure
2). Wyrtki (1961) stated the water temperature was af-
fected by the seasonal change cycle. The temperature
was also influenced by the intensity of the sunlight, ba-
thymetry and terrestrial influx (Sidjabat, 1974). The
water depth was divided into three layers: the surface,
thermocline and inner layer. The thermocline layer is a
layer where the temperature decreased rapidly. Surinati
(2009) measured the water temperature of Simeulue
with the following results: a depth of 0 - 50 meters (sur-
face) was 29 - 30 °C, a depth of 50 - 200 meters (thermo-
cline) was 29 - 30 °C, which was stabilized at a depth of
200 meters, and deeper water was <13 °C. The 2017
Widya Nusantara Expedition (EWIN) reported similar
water temperature results; the water temperature dropped
by 2 °C at each depth level and the surface temperatures
were 28.5 — 30 °C (Putri et al., 2017). The expedition
measured the thermocline layer that starts at 70 - 80 me-
ters and ends at 300 - 500 meters.

Table 1: Current measured in Simeulue waters
(Putri et al., 2017)

No. |Depth (m) Velocity (m/s) Current Direction
1 Surface 0.7-14 Northwest
2 100 0.3-0.6 Southeast
3 150 03-0.5 Southeast
4 200 0.1-0.3 Southeast
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Figure 2: Temperature and salinity profile in Simeulue
waters (Putri et al., 2017).

The salinity profile has a similar result with the tem-
perature (see Figure 2). As measured by Surinati
(2009), the salinity in the surface and thermocline layers
have 33.1 - 33.5 PSU and 34 PSU, respectively. At 250
meters, the salinity reaches up to 35.13 PSU, which is
the highest salinity in this area, while the inner layer is
relatively stable. This indicates that the changes in salin-
ity level were not affected by the current or other factors.

Furthermore, the results of the EWIN 2017 (Putri et al.,
2017) showed that the surface salinity ranges from 32.7
to 33.9 PSU, then reaches a maximum of 35.2 PSU at
200 meters and decreases again to 34.7 PSU at 1000 me-
ters. The stations in the Indian Ocean show a higher sa-
linity (33.5 - 34 PSU), while ones between Simeulue
Island and Sumatera Island coast have a lower salinity
(32 - 33 PSU). This low salinity condition is likely due
to the presence of fresh water input from the mainland
Sumatra and Simeulue Island.

3. Methods

Grain size analysis was conducted in the Sedimentol-
ogy Laboratory at Research Center for Geotechnology
LIPI in Bandung, Indonesia. The Malvern Mastersizer
2000 was used to measure the grain size, as it is capable
of measuring the grain size from 0.02 to 2000 pm. Grain
size analysis was performed to obtain the sediment types
and distribution. Furthermore, the data was processed
using Gradistat software to calculate the statistical pa-
rameters, i.e. mean, sorting, skewness and kurtosis
(Blott and Pye, 2001).

Marine seafloor sediment characteristics are usually
described using grain size data. To map the grain size
distribution of sediments, seafloor sediment samples
were first collected by a field survey and information
about grain sizes was then produced through experi-
ments in the laboratory. From grain size data, sediment
fractions, as indicated by the percentage of sand, silt,
and clay, are generally obtained and the sedimentary fa-
cies are then classified by applying certain classification
schemes, such as Shepard’s rule (Poppe and Eliason,
2008). Several kriging algorithms can be applied to the
mapping of seafloor sedimentary facies using grain size
data. The first possible approach is the kriging indicator
which can be applied directly to categorical data (Jour-
nel, 1983), because the target attribute for mapping ma-
rine seafloor sediments is categorical information. In
this approach, sample data is first classified as sedimen-
tary facies based on their grain size fraction and the
transformation of the indicator is then applied. Spatial
correlation information from the indicator-coded binary
data for each sediment class is used for the kriging indi-
cator. The grainsize and bathymetry data was processed
and interpolated using the Kriging algorithm from the
Surfer 15.0 Golden Software. These methods are com-
monly used in facies characterizations (Bobertz and
Harff, 2003; Nugroho et al., 2018).

Geochemical element analysis was carried out using a
Thermo Scientific X-ray fluorescence (XRF) Analyzer
at the Resource Physics Laboratory at the Research
Center for Geotechnology LIPI. The analysis results
were obtained in parts per million (ppm). The elements
used in this study are Ca, Fe, Sr, K and Ti, which were
helping to analyze the origin of sediment supply. The
elements of Ti and Fe are interpreted for terrestrial sedi-
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ment input (Dypvik and Harris, 2001; Mollier-vogel et
al., 2013), and the elements of Ca and Sr are interpreted
as the result of numerous biogenic processes, prediction
of oxygen content, carbonate content and sea level
changes (Langer, 2008; Croudace and Rothwell,
2015). The weathering intensity was interpreted using
the elements of K and Sr. Element K tends not to survive
on the residue of weathering due to absorption or turning
into clay, so a more intense weathering process will con-
tain less K (Nesbitt et al., 1980). Moreover, the value of
Sr also tends to be less resistant because it comes from
plagioclase and pyroxene (Hemming et al., 2007).

The next step after the statistical parameters were ob-
tained, was to create a bivariate plot. The goal of this
method is to learn the correlations of statistical parame-
ters which describe the depositional environment, sedi-
mentary process and depositional energy (Nugroho et
al., 2018). A complete model of depositional mechanism
was presented in a CM diagram as illustrated in Passega
(1964). The parameters of a CM diagram are C (the first
percentile value) and M (median) plotted in micron. The
C and M show an effect of the sorting sediment and tur-
bulence process. A Stewart diagram (Stewart, 1958)
was used to understand the sediment deposition process.
The Stewart diagram has two parameters, median and
sorting, which are plotted in phi values.

The Principle Component Analysis (PCA) and Clus-
ter Analysis (CA) statistical methods for the combined
textural sediment and geochemical data were used to de-
termine the relationship between the sediment and facies
characteristics within the basin (Jongman et al., 1995).
The PCA was used to reduce the grain size distribution
variable in all samples to a small number of key varia-
bles (Oyedotun et al., 2012). Besides determining the
main factor, PCA also determined the correlation of each
variable and the sediment parameters. The CA hierarchy
using Euclidean distance and the mean correlation was
applied to the distribution of grain size and geochemical
elements to put a sediment sample in a group with simi-
lar sedimentology characteristics (Oyedotun et al
2012). The CA was conducted using thirteen variables:
bathymetry, sand percentage, mud percentage, mean
grain size, standard deviation (sorting), skewness, kurto-
sis and median, as well as content of Ca, Sr, K, Ti, Fe. In
this study, single-linkage clustering was used to deter-
mine facies by calculating the similar or different sedi-
mentary characteristics and geochemical elements be-
tween the closest cluster pairs. Single linkage is a hierar-
chical method that groups data based on the nearest
neighbor or the maximum similarity between two or
more data (Johnson and Wichern, 2007). This measure
defines the distance between two groups as the mini-
mum distance found between one case from the first
group and one case from the second group (Yim and
Ramdeen, 2015). The following Equation 1 is used to
determine groups in the single linkage method (Johnson
and Wichern, 2007):

D, . =minmin(D,—D, ) (D)

(UV) w uw www
where:

.» D, 1s the distance between the nearest neighbors
of the group (U and W) and the group of V and W, and
vice versa.

Euclidean distance is used as a criterion for measur-
ing similarity in grouping data in this study. Then the
calculations are obtained by the distance matrix (John-
son and Wichern, 2007). The following Equation 2 is
used to determine Euclidean distance:

Dz/ = 2::1 (ay — Ay )2 (2)
where:
D, =the distance between the i- and j- objects
a, = observation value of the i- object and k- variable
a, = observation value of the j- object and k- variable

The clustering results can be seen visually in a tree
diagram (dendogram). The vertical axis shows the dis-
tance where groups are combined and the horizontal axis
shows the data identity number (Nosrati and van den
Eeckhaut, 2012). Besides being used to show existing
group members, a dendogram can also be used to deter-
mine the number of groups formed. The dendogram was
built to describe the degree of similarity between multi-
variate objects. Moreover, all these statistical methods
were processed by using the PAST - Paleontological Sta-
tistics Software — version 1.99.

4. Results and Discussion
4.1 Textural Distribution

In general, there are ten types of sediment identified
in this study (see Table 2): coarse sand (CS), medium
sand (MS), fine sand (FS), very fine sand (VFS), very
coarse silt (VCST), coarse silt (CST), medium silt
(MST), fine silt (FST), very fine silt (VFST) and clay
(CL). The determination of sediment type is influenced
by the percentage of grain size composition in a surface
sediment. According to the composition, the seafloor
sediment in the Simeulue sub-basin is dominated by silt,
from fine to coarse silt (see Table 2).

Furthermore, sediment distribution also correlates to
bathymetry conditions of the sampling location. In ac-
cordance with Tipsword et al. (1966), the bathymetry in
the Simeulue sub-basin was classified to Upper bathyal
(200 — 500 m), lower bathyal (500 — 2000 m), and ab-
byssal (2000 — 2500 m). As shown by the trend of mud
and sand content, which are expanding the abundance of
finer sediment into the deeper parts of the Simeulue sub-
basin (see Figure 3). When the bathymetry is relatively
deeper, the sediment grain size became to relatively finer
grain size, and vice versa. The medium silt sediment was
dominant at bathymetry of more than 600 meters, while
coarser sediments occurred at bathymetry of less than
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Table 2: Composition and sediment type in the Simeulue sub-basin

Sample CS MS FS VES VCST |CST MST FST VEST |CL Name
EW17-1 ]0.0655 |0.3161 |0.2551 |0.0905 |0.0483 [0.0502 |0.0599 |0.0546 |0.0335 |0.0262 |MS
EW17-2  10.0003 |0.0168 [0.0365 |0.1123 |0.1524 |0.1654 |0.1683 |0.1581 |0.1069 |0.0831 |MST
EW17-3 [0.0000 |0.0000 |0.0000 |0.0592 |0.1885 |0.2005 |0.1800 |0.1682 |0.1143 |0.0893 |CST
EW17-4 0.0086 |0.0264 |0.0021 |0.0154 |0.1096 |0.2411 |0.2397 |0.1726 |0.1067 |0.0778 |CST
EW17-5 ]0.0000 |0.0000 |0.0078 |0.0458 |0.0880 |0.1595 ]0.2256 |0.2269 |0.1443 |0.1020 |FST
EW17-6  |0.0000 |0.0000 |0.0071 |0.0592 |0.1047 |0.1712 |0.2300 |0.2133 |0.1257 |0.0889 |MST
EW17-9 10.0019 |0.0041 |0.0089 |0.0192 |0.0592 |0.1597 |0.2470 ]0.2451 |0.1512 |0.1037 |MST
EW17-10 |0.0000 |0.0019 |0.0056 |0.0360 |0.0835 |0.1741 |0.2462 |0.2287 |0.1335 |0.0905 |MST
EW17-11 |0.0191 ]0.0204 |0.0582 |0.1416 |0.1627 |0.1800 |0.1719 ]0.1284 ]0.0688 |0.0489 |CST
EW17-12 |0.0000 |0.0000 |0.0061 |0.0209 |[0.0677 |0.1801 [0.2620 |0.2375 |0.1360 |0.0896 |MST
EW17-13 |0.0000 |0.0002 |0.0085 |0.0247 10.0724 |0.1781 ]0.2553 |0.2342 |0.1360 |0.0907 |MST
EW17-14 |0.0569 |0.0879 |0.1338 |0.1684 |0.1169 |0.1203 |0.1250 |0.0978 ]0.0542 |0.0379 |VFS
EW17-15 |0.0678 |0.4049 03112 |0.0567 |0.0335 |0.0277 |0.0288 |0.0291 |0.0199 |0.0203 |MS
EW17-16 |0.0000 |0.0039 |0.0126 |0.0388 |0.1125 {0.2226 |0.2522 ]0.1936 |0.0997 |0.0641 |MST

Grain size sediment type: CS: coarse sand; MS: medium sand; FS: fine sand; VFS: very fine sand; VCST: very coarse silt;
CST: coarse silt; MST: medium silt; FST: fine silt; VFST: very fine silt; CL: clay
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Figure 3: Sediment distribution correlates to the bathymetry of sampling location
that shows the percentage of the sand composition of each sample

600 meters (see Figure 3). The spatial distribution of
sediment composition shows increasingly coarser sedi-
ment towards the mainland (Sumatra and Simeulue Is-
lands, Figure 4). On the other hand, the central part
(Simeulue Strait) and towards to the deep ocean, the
sediments were dominated by fine grained sediments
(see Figure 4). This reflects the mainland is the prove-
nance or source of the seafloor sediments in the Simeu-
lue sub-basin. This result greatly correlates with the pre-
vious study in the Sumba Island (Putra and Nugroho,
2017) and Tarakan sub-basin (Nugroho et al., 2018).
However the study in the Weda Bay shows a different
result (Nugroho and Basit, 2014), where the sediment

is coarser towards the deeper sea. This may be caused by
complex currents in the Weda Bay. The GSTA values
show an abundance of fine sediments along the Simeu-
lue sub-basin. This also corresponds to low disturbances
and low energy environments.

The textural attributes of sediments, including mean
grain size, sorting, skewness and kurtosis are widely in-
dicated to reconstruct the sediments in a depositional
environment (Angusamy and Rajamanickam, 2006).
The relationship between size parameters and the trans-
port process/sedimentation mechanism has been studied
in many modern and ancient sedimentary environments
(Folk and Ward, 1957; Friedman, 1967; Visher, 1969;
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Figure 4: The seafloor sediment distribution map that shows
that the sediment is coarser landward

Ramanathan et al., 2009; Anithamary et al., 2011).
Table 3 shows parameters of statistical value of seafloor
sediment in the Simeulue sub-basin. The difference in
statistical value of seafloor sediments is influenced by
variation in the morphological conditions at the study
site. The mean grain size of samples varies from 2.432 to
7.027 phi. The majority of the sediment samples fall into
the medium silt category. The sorting of sediment meas-
ured by standard deviation (c1), shows that the values
range between 1.513 and 2.480 phi. The standard devia-
tion values are included in the poorly to very poorly sort-
ing category. Sediment sorting in the Simeulue sub-ba-
sin is indirectly correlated with the bathymetry changes.
However, the sorting changes in the location of the study
were affected by the current (both speed and direction)
as well as the source of sediments. This represents that

sediment within poorer sorting is collected from the ar-
eas near Sumatra Island. The value of the 4th moment
kurtosis ranges from 0.862 to 2,096 phi, including in
leptokurtic to very leptokurtic kurtosis. The kurtosis
value in this area is also influenced by the bathymetry. It
indicates that the sediment distribution becomes plat-
ycurtic with an increase in bathymetry. The upper bath-
yal sediments are dominated by coarse silt to fine sand,
poorly sorted, symmetrical to very fine skewed, and kur-
tosis values show platicurtic to very leptokurtic kurtosis.
The middle bathyal sediments tend to be fine silt to very
fine sand, poorly — very poorly sorted, symmetrical —
very fine skewed, and mesokurtic kurtosis. The study
site is dominated by middle bathyal. The lower bathyal
sediments are medium silt, very poorly sorted, symmet-
rical skewness and have platykurtic kurtosis. Skewness
measures the asymmetry of the frequency distribution.
Skewness values range between -0.025 and 0.593 phi,
the symmetry of the samples varies from coarse skewed
to very fine skewed. The skewness value is also related
to depth. As can be seen from the skewness value, which
is 0.212 in the shallower area and gradually decreases as
the bathymetry decreases. This result is against the pre-
vious research by Putra and Nugroho (2017) where
bathymetry did not affect the skewness value.

The sediment distribution in the seafloor of the
Simeulue sub-basin is strongly influenced by the current
pattern. Bascom (1951) identified that the sediment
grainsize distribution has a positive relationship with
wave energy. Surface current moves to the northwest, it
correlates to the Indian Ocean current, where it moves to
the west, then turns to the north when it hits Sumatra.
The near shore sediment is influenced highly by the sed-
iment from the mainland (Sumatra and Simeulue Is-
lands), where it is transported by the river system and
longshore current. This conclusion is also supported by
the low salinity value which indicates the occurrence of
freshwater influx (Putri et al., 2017).

Table 3: Parameters of statistical value of the seafloor sediments

Sample Water depth | Morphological unit Mean (Phi) | Sorting (Phi) | Skewness (Phi) | Kurtosis (Phi)
EW17-1 639 Middle bathyal 3.304 2.348 0.593 1.064
EW17-2 2590 Lower bathyal 6.102 2.073 0.019 0.893
EW17-3 628 Middle bathyal 6.406 1.801 0.128 0.862
EW17-4 1776 Middle bathyal 6.525 1.640 0.120 1.037
EW17-5 1277 Middle bathyal 6.853 1.727 -0.025 1.048
EW17-6 1236 Middle bathyal 6.662 1.751 -0.018 1.039
EW17-9 884 Middle bathyal 7.027 1.573 0.025 1.071
EW17-10 1009 Middle bathyal 6.820 1.631 0.008 1.059
EW17-11 407 Upper bathyal 5.553 2.060 0.007 0.950
EW17-12 725 Middle bathyal 6.909 1.513 0.057 1.038
EW17-13 1176 Middle bathyal 6.883 1.564 0.035 1.053
EW17-14 418 Upper bathyal 4.604 2.480 0.102 0.863
EW17-15 501 Upper bathyal 2.432 1.709 0.527 2.096
EW17-16 1116 Middle bathyal 6.468 1.586 0.050 1.059
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Figure 5: The statistical plot that describes the relationship between statistical parameters
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Figure 6: The relationship between skewness and kurtosis of the seafloor sediments

4.2 Bivariate plots

The bivariate plots have been used to represent the
depositional environment, including the transportation
sediment process and depositional mechanism. Figure
5a shows the relationship between mean grain size and
sorting in the Simeulue sub-basin. As explained by
Tucker (1988) mean grain size and sorting have some
covariance. Griffiths (1967) mentioned a hydraulic con-
trol between the mean grain size and sorting; therefore,
the finer sediments generally have the best sediment
sorting in all sediment environment. In contrast, the

Simeulue sub-basin provides different evidence that
fine-sized sediments are poorly sorted. This might be as-
sociated with significant changes in bathymetry in the
study area. It reflects the samples from shallow areas are
ranging from fine sand to coarse silt sediment, while the
deep areas are dominated by poorly sorted medium silt.
There is a clustering in medium silt and poorly sorted
that is represented by sediment on the middle bathyal.
Figure 5b illustrates the relationship between the mean
and skewness. There is an obviously general trend for
the skewness values to increase as mean grain size de-
crease in phi units. It explains the shape of grains are
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tosis is a powerful tool for interpretting the genesis of
sediment, by quantifying the degree of normality of its
size distribution (Folk, 1966). It is clear that most of the
sediments from the Simeulue sub-basin lie within the
positively skewed/platy- to lepto-kurtic field (see Figure
6). This suggests the dominance of a fine grain-size pop-
ulation, which gives a positive skewness.

4.3 CM-plot and Stewart diagram

In the present study, an attempt has been made to
identify the modes of deposition of sediments of the
Simeulue sub-basin by CM pattern. The C (first percen-
tile value) and M (median) are plotted for phi values of
the C and M obtained from the cumulative curve in mi-
crons (see Figure 7). The correlation between C and M
has illustrated a turbulent process in the sedimentary
deposition that contributes to the effect of sorting on the
grain size. Most seafloor sediments in the Simeulue sub-
basin are deposited by the pelagic suspension mecha-
nism, although some are gradually suspended (see Fig-
ure 7). That reflects a normal sedimentation mechanism

Median (phi)

Figure 8: The Stewart diagram shows that majority of the
sediments in the Simeulue sub-basin were deposited during
a slow deposition process in quiet waters.

for relatively fine-sized sediments at deeper bathymetry.
On the other hand, the Stewart diagram (Stewart, 1958)
is used to describe the relationship between the median
and sorting of phi values (see Figure 8) in the sub-basin
to understand the sediment deposition process. Almost
all sediments were deposited slowly in the quiet waters
(see Figure 8). In accordance with the conditions of
deposition that occurs in the deep sea, the sedimentation
of fine-grained material occurs slowly under relatively
quiet conditions.

4.4 Geochemical element values

Geochemical element traces are primarily used to un-
derstand the nature of the source from which the sedi-
ments are derived (Pettijohn, 1984) because the ele-
ments are sensitive to the mode of transportation, type of

Rudarsko-geolosko-naftni zbornik i autori (The Mining-Geology-Petroleum Engineering Bulletin and the authors) ©, 2020,

pp. 79-92, DOI: 10.17794/rgn.2020.4.7



37

Determining textural and geochemical element characteristics of seafloor sediment...

Ca Group ]Sr Group
65,000 Upper bathyal || 700 Upper bathyal
60,000 ; 650 .
55.000 Middle bathyal 600 Middle bathyal
50,000 Lower bathyal § 550 Lower bathyal
45,000 500
40.000 iz} 450
\ 400
35,000 350
30,000 300 ]
25,000 A 250
20,000 o ) 200 - RN .
15,000 : n 150 = [ ] &
10,000 ] = 100 - -
5,000 Sample 50 Sample
EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW EW
17-1 17-10 17-11 17-1217-13 17-1417-16 17-2 17-3 17-4 17-5 17-6 17-9 17-1 17-10 17-11 17-1217-13 17-1417-16 17-2 17-3 17-4 17-5 17-6 17-9
Fe Group K Group
15,000 m Upper bathyal || 9,000 - Upper bathyal
14,000 Middle bathyal Middle bathyal
13,000 Y 8,000 Y
12,000 Lower bathyal Jj 7,000 Lower bathyal
11,000 6,000
10,000 A
9,000 5,000
8,000 . 4,000 n -
7,000 A - 30000 -
6,000
5,000 & 2,000
4,000 Sample 1,000 Sample

EW EW EW EW EW EW EW EW EW EW EW EW EW
17-1 17-10 17-11 17-1217-13 17-1417-16 17-2 17-3 17-4 17-5 17-6 17-9
Ti

2,400
2,200
2,000
1,800
1,600
1,400
1,200
1,000 -
800 -
600
400
200

EW EwW EW EW EW EW EW EW EW EW EW EW EW
17-1 17-10 17-11 17-1217-13 17-1417-16 17-2 17-3 17-4 17-5 17-6 17-9

Group
Upper bathyal
Middle bathyal

Lower bathyal

Sample

EW EW EW EW EW EW EW EW EW EW EW EW EW
17-1 17-10 17-11 17-1217-13 17-1417-16 17-2 17-3 17-4 17-5 17-6 17-9

Figure 9: Geochemical element values in the Simeulue waters that described the origin of sediment sources.

weathering undergone, the distance transported, the pe-
riod of stay and the nature of depositional basin. The
distribution of elements is controlled by so many factors
such as destruction by wear and tear, density, grain size
water motion, and energy in the depositional environ-
ment. Based on the analysis using an XRF scanner, the
chemical elements can describe the origin of sediment
sources, such as Calcium (Ca), Strontium (Sr), Potassi-
um (K), Iron (Fe) and Titanium (Ti) (see Figure 9). In
general, high Ca and Sr content indicate a marine sedi-
ment source, and at the same time, K, Fe, Ti content in-
dicates landward sources (Ritcher et al., 2006; Roth-
well and Croudance, 2015; Zuraida et al., 2017). Gen-
erally, Ca content ranges from 9070.04 to 62458.68
ppm, Sr content between 88.19 and 689.72 ppm, K con-
tent lies within 1926.97 to 8932.29 ppm, Fe ranges be-
tween 4758.7 and 15004.21 ppm and Ti content ranges
from 344.82 to 2228.13 ppm. There is a clear general
trend of geochemical values increasing as the bathyme-
try deepens. In the middle of the bathyal, there are al-
most high and varied content of geochemical elements,
Ca content ranges from 9070.04 to 62458.68 ppm, Sr

content between 88.19 and 689.72, K value ranges from
2324.87 - 8932.29 ppm, Ti content ranges from 522.2 -
2228.13 ppm, and Fe contents lies between 5459.67 and
15004.21 ppm. On the other hand, in the upper bathyal,
geochemical element values are lower than in the middle
bathyal. Ca content ranges from 43058.8 to 57634.73
ppm, Sr content between 402.31 and 620.22, K content
ranges from 1926.97 — 2907.63 ppm, Ti content ranges
between 344.82 — 658.08 ppm, and Fe content lies be-
tween 4758.7 and 4975.39 ppm.

4.5 Principal component analysis (PCA)

The PCA demonstrates the first two main components
(axes) that describe 77.957% of the dispersion cloud of
the point (see Table 4). This indicates the factorial plan
of axes 1 and 2 interpreted 77.957% of the difference of
the samples. As mentioned by Jolliffe (1986), the rule of
cut off level on the eigenvalue should correspond to 0.7
times the mean of other principal components. The first
two factorial axes (Principal Components 1 and 2) com-
monly combine most of the data variability (see Table
4), admitting the identification of the variable that best
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explains the case differentiation. Component 1 positive-
ly relates to the sorting, skewness, as well as Ca and Sr
content. Conversely, sand percentages, kurtosis, skew-
ness and depth are predicted to be negative with this
component (see Figure 10) . These components are the
largest contributors to this component, up to 55.797% of
data variability (see Table 4). Furthermore, Component
2 includes mud percentages, mean, median, and Fe, K,
Ti content, and they all have a positive correlation in this
component. Component 2 accounts for 22.169% of the
data variability. There was a clear influence of the per-
centage of finest sediments, mean and median.

4.6 Cluster analysis

The cluster analysis was performed through a data
matrix comprising thirteen variables: bathymetry, sand
percentage, mud percentage, mean grain size, standard
deviation (sorting), skewness, kurtosis and median, con-
tent of Ca, Sr, K, Fe and Ti. The dendrogram cluster

Table 4: Principal component (axes) contribution

analysis for thirteen variables from Simeulue sediments
is presented in Figure 11 (a and b). Figure 11a shows
sediment groups based on their respective characters
subjected for separation. In this case, the distance is
7779 to create five classes with different characters (see
Figure 11b): Class 1 (EW17-1, and EW17-14), Class 2
(EW17-2, EW17-5, EW17-9, EW17-10, EW17-12,
EW17-13, and EW17-16), Class 3 (EW17-3, EW17-6,
and EW17-11), Class 4 (EW17-4) and Class 5 (EW17-
15). This result reflects the similarities shared among
samples from the Simeulue site, and note that the den-
drogram has only one end-member—Class 5. This may
indicate the similarities among the other sites, perhaps
due to the limited range of sediment sources for the
Class 5 environments. The differentiation of the sam-
pling areas into two groups parallels the association of
samples into groups on the basis of the bivariate plots of
the statistical grain size parameters and the discrimina-
tion functions.

4.7 Facies Distribution

1 0 Based on the cluster analysis, the sedimentary facies
Ei I = 254 > 882 in the Simeulue sub-basin were divided into five facies
1genvae S - : with similar sediment characteristics and depositional
Varlabthy (f’) 53797 22.169 environments. The facies (see Table 5), are described as
Cumulative % 33.797 77.966 follows: Facies 1 has coarse grain, 41.2% mud, 58.8%
Biplot (axes F1 and F2: 77.96%)
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Figure 10: The PCA graph shows 16 samples classified into five groups
and is influenced by two main factors
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Figure 11: The dendrogram achieved from a single linkage cluster that grouped sediment
in the Simeulue sub-basin into five facies.

sand, very poor sorting deposited in the upper bathyal. It
indicates a high energy environment as it has a high val-
ue of kurtosis and skewness. The geochemical element
showed the highest Ca and Sr values, whereas the lowest
K, Ti, Fe values indicated the sediment originated in a
marine environment. Facies 2 has fine grain (fine silt),
94.1% mud, 0.59% sand, poor sorting deposited in the
middle bathyal at 1226.14 meters. It shows a low to me-
dium energy environment as it has a high value of kurto-
sis and low skewness. This facies is a mixture of the
sediments originating from marine and terrestrial envi-
ronments indicated by the geochemical element values.
Facies 3 has fine grain (medium silt), 87.8% mud, 12.2%
sand, poor sorting deposited in the lower bathyal. It re-
flects a low to medium energy environment as it has a
medium value of kurtosis and low skewness. This facies
is also a mixture of the sediments originating from ma-
rine and terrestrial environments indicated by the geo-
chemical element values. Facies 4 has fine grain (fine
silt), 94.7% mud, 0.53% sand, poor sorting deposited in
the middle bathyal. It indicates a low energy environ-
ment as it has a high value of kurtosis and skewness. The
geochemical element showed the highest K, Ti, Fe val-
ues, on the other hand, the lowest Ca and Sr values indi-
cated the sediment originated from a terrestrial environ-
ment and adjacent. Facies 5 has very coarse grain, 15.9%
mud, 84.1% sand, poor sorting deposited in the upper
bathyal at 495 meters. It represents a high energy envi-
ronment as it has a high value of kurtosis and skewness.

5. Conclusions

The characterization of sedimentology variables is
the proper proxy to recognize the process of sediment
deposition and indirectly demonstrates hydrodynamic
energy. The observed variables in this study were grain
size sediment and geochemical elements. Furthermore,
these variables were calculated by a multivariate statisti-
cal analysis. As an effective method, the statistical anal-

Table 5. Data compilation of GSTA, bathymetry
and geochemical for facies determination

Characte- | Facies

ristics 1 2 3 4 5
Mean 3.95 6.72 6.21 6.53 2.43
Sorting 241 1.67 1.87 1.64 1.7q
Skewness | 0.35 0.02 0.04 0.12 0.53
Kurtosis | 0.96 1.03 0.95 1.04 2.1
Median | 3.39 6.71 6.18 6.38 2.06
Mud 0.41 0.94 0.88 0.95 0.16
Sand 0.59 0.06 0.12 0.05 0.84
Depth 473.5 1226.14 |726.33 1505 495
Ca 60046.71 | 16911.56 |40794.33 | 10163.12 |0

Sr 654.97 156.69 368.32 88.19 0

K 2340.46 |3723.66 [3032.21 |8932.29 |0

Ti 433.51 844.07 723.78 [2228.13 |0
Fe 6538.45 |7683.23 |6154.42 |15004.21 |0

ysis was used to help determine a deposition pattern and
to provide a clear description for classifying facies in the
Simeulue sub-basin. The result of grain size analysis
showed the domination of mud with poor sorting in the
middle of the basin, while sediments near the islands
were dominated by coarser sediments. The grain size is
also correlated with the bathymetry condition. In gener-
al, the deeper bathymetry has a finer sediment. Deposi-
tional energy, illustrated in the bivariate graph, shows
low to medium energy. This energy variation is corre-
lated with bathymetry and textural sediment. It was sup-
ported by the CM and Stewart diagrams that the sedi-
ment was deposited with a slow pelagic suspension
mechanism in quiet waters. At the same time, the result
of geochemical element analysis showed high levels of
K, Ti and Fe, which indicated the provenance of sedi-
ment from the mainland. Furthermore, the multivariate
analysis obtained five facies that were determined based
on their similar sedimentary characteristics, geochemi-
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cal elements, and the environment of sediment deposi-
tion. In general, facies characteristics in the upper bath-
yal were coarse sediment with the highest Ca and Sr
content that indicate a marine environment as their
source material. The facies in the middle bathyal charac-
terized by the dominance of fine sediment and the K, Ti,
Fe values reached the highest content, which indicates
the sediment originated from a terrestrial environment
and adjacent. Another facies in the middle — lower bath-
yal characterized by fine sediment and the geochemical
elements show a mixture of the sediments originating
from marine and terrestrial environments. In the future,
this study still needs to be developed in more detail and
expects to be a modern facies analogue model that can
be used in sedimentological studies for paleoclimate and
paleoenvironmental research.
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SAZETAK

Odredivanje teksture i geokemijskih obiljeZja elemenata taloZzina morskoga dna
uporabom multivarijantne analize, podbazen Simeulue, Indonezija

Podbazen Simeulue nalazi se uz sjeverozapadni rub Sumatre, izmedu vanjskoga luka i kopna. TaloZna i geokemijska
obiljezja bazena vazne su sedimentoloske varijable u prepoznavanju taloznih procesa. Te varijable u analiziranome pro-
storu do sada nisu bile dobro proucene. Stoga su istrazene u ovome radu te je napravljena njihova razdioba kako bi se
utvrdili taloZni facijesi u tome podbazenu. Uzorci su uzeti na razli¢itim dubinama tijekom ekspedicije ,Widya Nusanta-
ra’ 2017. godine, obavljene istraziva¢kim brodom Baruna Jaya VIII. Analiza trenda veli¢ine zrna pokazala je kako u sred-
njemu dijelu bazena prevladava mulj, dok je na rubovima, u blizini kopna (otoka Sumatre) istalozen krupniji detritus.
Geokemijska analiza nac¢injena je na svakome pojedina¢nom uzorku s ciljem odredivanja njegova podrijetla. Rezultati su
naknadno analizirani multivarijantnom statistikom koja je odabrana kao najprimjereniji alat za odredivanje taloznih
facijesa i okolisa. Temeljem takve analize podbazen Simeulue podijeljen je u pet taloznih facijesa sa sli¢nim svojstvima
talozina. TaloZni okoli$ bio je sli¢an, niskoenergijski do srednjoenergijski.
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taloZine, veli¢ina zrna, geokemija, multivarijantna analiza, Simeulue
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