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Abstract

The Kei Besar Island is mainly composed of the Elat Formation carbonate rocks. This research was
conducted to determine the nannofossils assemblages in the Elat Formation to interpret the depositional
dynamics during its formation. Lithological observations and sampling for nannofossil analysis were
carried out on three measured stratigraphic sections: Section 1 - Hollat, Section 2 - Ngurdu, and Section
3 - Mata Hollat. A total of 47 species assigned to 25 genera of nannofossils were identified in 45 selected
samples. The succession of the Elat Formation in the study area formed at NP16 to N17 or Middle
Eocene. Stratigraphic reconstruction supported by biostratigraphy analysis shows that Section 3 at the
lower (NP16 to NP 17), Section 2 in the middle part (NP 17), and Section 1 at the upper (NP 17). R-
mode cluster analysis of nannofossils defined four species clusters (assemblies A, B, C and D) that tend
to occur together. Q-mode cluster analysis defined five depth-distribution clusters (1, 2, 3, 4, and 5),
each deposited under similar conditions. Based on large foraminifera, the succession was formed in fore
reef setting in neritic bathymetric zone. Coarsening and thickening upward supported by the nannofossil
assemblages indicate depositional dynamics which tend to be shallower. Reworked fossils, commonly
found at the lower of the Elat Formation, show the mechanism of turbid currents in early deposition.
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Introduction Arc System. The Banda Arc is located at the
subduction zone between three plates in the
earth’s crust: the Indo-Australian Plate, the
Eurasian Plate, and the Pacific Plate. The
Banda Arc is divided into two regions,
which are the Inner Banda Arc (volcanic)
and the Outer Banda Arc (non-volcanic)
(Charlton, 2016) (Figure 1).

The Kei Islands consist of Kei Besar Island
and Kei Kecil Island. The Elat Formation

o ocean occupies the most extensive area on Kei
- i Besar Island. The Elat Formation is mainly
Figure 1. Kei Islands in the Banda Arc Tectonic composed of calcilutite and calcarenite,
Framework (modified from Charlton et al., 1991). with marl intercalations. The thickness of
] ) this formation is estimated at 600 — 800 m.
Geographically, the Kei Islands, Southeast A thinning upward of marl indicates the
Maluku, are in the arc zone of the Banda depositional environment changes
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(Achdan & Turkandi 1994). The Elat
Formation refer as pelagic or hemipelagic
carbonate rocks deposited on the distal
continental slope setting, which is slowly
shallowing. Based on the content of
planktonic foraminifera, it is known that
this formation was formed in the Middle to
Late Eocene. Middle Eocene reworked
benthic foraminifera fossils are found in
calcilutite (Achdan and Turkandi, 1994,
Charlton et al., 1991; Kurniasih et al.,
2019).

Pelagic carbonate rocks as the Elat
Formation  wusually  contain  many
nannofossils (Agnini et al., 2017). These
taxa are very small marine microfossils,
oval, rod, star-shaped, nannofossil belongs
to the protist kingdom, phylum hatophyta
comporised of calcite plates generally
produced by unicellular marine algal
coccolithophore as a parent cell, limestone
composisition, with a size of +1-25 pm
(Isnaniawardhani, 2017; Widhiyatmoko et
al., 2023)

Nannofossil — analysis  provides good
accuracy in determining relative ages of
marine sediment because of the abundance,
rapid evolution and wide distribution
(Isnaniawardhani, 2015; Raffietal., 2022).
Quantitative analysis of nannofossils can be
used to support the paleo-depositional
environments,  Paleotemperature  and
oceanographic reconstructions in addition
to foraminifera (Isnaniawardhani et al.,
2020; Karatsolis & Henderiks, 2023;
Lowery et al., 2014; Choiriah & Mabha,
2020; Villa et al., 2021; Imai et al., 2013;
Rosmadi et al., 2022; Alves et al., 2016;
Mandur et al., 2022).

The sampel of this research is the marine
pelagic sediment of Elat Formation. This
study focused on quantitatively analysing
nannofossil assemblages, supported by
lithostratigraphic data, to interpret changes
in the depositional environment. The
results of this study can then be used as a
reference in reconstructing depositional
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environments based on nannofossil
assemblages.

Materials and Methods

Field observations and sampling were
carried out on 3 sections where the Elat
Formation was continuously exposed. Five
samples were collected from the northern
part of Kei Besar Island (Section 1 or
Hollat), 10 samples from the central part
(Section 2 or Ngurdu), and 30 samples
from the southern part (Section 3 or Mata
Hola) (Figure 2). These samples were
selected that contain assemblages of high-
diversity nanofossils, and represent the
upper, middle and lower stratigraphic
positions of the formation.

Banc ! Kei Besar Island

7 Tayandu Island Ke: Island

=
=

Figure 2. Three sections of observation and
sampling on Kei Besar Island, which are: Hollat (S-
1), Ngurdu (S-2), and Mata Hollat (S-3)

Kei E;c‘l‘l&lund [‘ [

I

The samples were prepared using the quick
smear slide method (Suchéras-Marx et al.,
2016; Young, 1998; Ikhwana et al., 2022;
Farida et al., 2019). Observation of
nannofossils was carried out using a
polarizing microscope  at  1000x
magnification (Sheward., et al 2017; Gibbs
et al., 2013). The determination of
nannofossils refer to previous researchers
such as Perch-Nielsen (1985), Young
(1998), Nannotax3 (2014), Faris et al.
(2021). Age determination is based on
established biostratigraphy zones (Martini,
1971; Perch-Nielsen, 1985; Okada &
Bukry, 1980; Agnini et al., 2014, Raffi et
al., 2016).

Cascading counting method was applied in
calculating the number of individuals of
each species. The total abundance of
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individuals in the sample is classified into
four classes (Ladner, 2007) (Table 1).

Table 1. Classification of individual abundance
(Ladner, 2007).

Category Number specimens per view
Abundant (A) >10 per view
Common (C) 1-10 per view
Few (F) 1 specimen per 1-10 views
Rare (R) < 1 specimen per 10 views

Diversity is calculated using the Shannon-
Weaver index, as follows:

H=-Zpiln(pi) (1)

where:

H' : Shannon-Weaver index

X :means "amount."

In : natural logs

pi : the proportion of the entire community
consisting of species i

Figure 3. Photomicrograph of nannofossil
preservation (a) Poor preservation (Poor) as
shown in sample N4, (b) Medium preservation
(Fair) on the sample MH16, (c) Good
preservation on the sample MHL10

The data were processed using the cluster
analysis method to compare the
composition of taxa (R-mode) and the
presence of distribution nannofossil
assemblages in the sample (Q-mode)
(Clark, 2018). The depositional
environment is interpreted by integrating
the results of the quantitative analysis to
obtain accurate results (Kontakiotis et al.,
2013). Preservation (Figure 3) of
nannofossil was observed to provide an
accurate interpretation (Roth, 1984)
Preservation of nannofosil related to
carbonate content in water-mass (Toffanin
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et al., 2013.), which were classification of
preservation into three categories (Ladner,
2007) (Table 2).

Table 2. Classification of nannofossil preservation
(Ladner, 2007).

Category Description

Good (G) little/no dissolution or overgrowth

Fair (F) specimen shows some streaking
and overgrowth

Poor (P) specimen shows excessive

streaking or overgrowth

Nannofossils cannot yet indicate depth in
detail due to the nature of planktonic life.
Therefore, large foraminifera analysis is
also used for environmental (Hairul, 2022).
Large foraminifera analysis was also
carried out to strengthen the interpretation
results. These fossils are founded in
limestone intercalations. The determination
of fossils refers to the systematic and
occurrences of larger foraminifera.

Results and Discussion

Lithostratigraphy

The Elat Formation is composed of
alternating calcarenite and calcareous
clays, with limestone intercalations.
Calcarenite is white-grey, fine to coarse
sand, generally fine to medium in size, with
parallel laminations, contains trace fossils,
and thickness generally ranges from 5-70
cm. Towards the upper part, the grain size
gets coarser, and the layer gets thicker, up
to 1 meter. Fresh grey carbonate clay,
weathered brownish, rich in fossils, poorly
layered, generally <20 cm in thickness and
decreases (<1 cm) upward. In several
locations exposed white-brown limestone,
containing large foraminifera and mollusk
cells, generally < 10 cm thick (Figure 4-5,
8).

Stratigraphic  reconstruction  of  the
observation section based on the direction
of the slope of the rock layers with a north-
northeast trending trend and a gentle slope
(< 50°). On section 3, the fold axis is found.
The field observation indicates a
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depositional dynamic which tends to be
shallower (Figure 6-7, 9).

Grain size

Scale
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Lithology
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Figure 4. Lithostratigraphy S-1 Hollat.
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Figure 8. Lithostratigraphy S-3 Mata Hollat.
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Figure 6. Mass'i\‘/é calcarenite on S-1 Hollat.
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Figure 9. Intercalations of calcarenite and clay
at S-3 Mata Hollat.
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Table 3. Preservation, abundance, and individuals’ number of nannofossil on S-1, -2, and -3.
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- Genus Fasciculithus (F. tympaniformis)
Genus Helicosphaera (H. compacta, and

In this study, nannofossil identified from
the 45 selected samples were classified into

Nannofossil assemblages

Genus Calcidiscus (C. bicircus),
- Genus Chiasmolithus (C. grandis, C.

Genus Blackites (B. inflata)
- Genus Braarudosphaera (B. bigelowii)

solitus, and C. titus)
- Genus Clausicoccus (C. subdistichus)

and C. luminis)
- Genus Dictyococcites (D. scrippsae)

pelagicus)
- Genus Coronocyclus (C. nitiscens)

25 genera and 47 species (Table 3) in
alphabetical order as follows:

- Genus Coccolithus (C. aspida, and C.
- Genus Cyclicargolithus (C. floridanus,
- Genus Discoaster (D. kuepperi, D. tanii

and D. tanii nodifier)
- Genus Ericsonia (E. formosa)
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- Genus Zygrhablithus (Z. bijugatus)

Biostratigraphy/ age identification

The marker species selected from the
nannofossils assemblages were:
Reticulofenestra umbilica and
Helicosphaera compacta. Based on the
presence of these species, the succession of
the Middle Eocene Elat Formation can be
grouped into two zones (Ratumanan, et al.,
2022) (Table 4), which are:
a. Reticulofenestra umbilica Zone (NP16,
or 43.06 to 38.7 million years ago)
b. Helicosphaera compacta Zone (NP17,
38.7 to 37.9 million years ago).

Rock succession on S-3 (southern part of
Kei Besar Island) can be distinguished into
the Reticulofenstra umbilica Zone (NP16)
at the lower part, and the Helicosphaera
compacta Zone (NP17) at the upper part.
The all succession of Sections-1 and 2
includes the Helicosphaera compacta Zone
(NP17).

This biostratigraphy analysis corelate to the
stratigraphic reconstruction based on field
data which shows the rocks are getting
younger towards the north.

Table 4. Biostratigraphic zone on the three
observation sections of the Elat Formation.

Sections  Epoch Zone Biozone
S-1
Hollat Presence
Chiasmolithus
52 grandis
Ngurdu (38.7 mya)
NP17 )
First
Middle appearance
Eocene Helicosphaera
S-3 compacta
Mata (37.9 mya)
Hollat Appearance
NP16 Retlculo_fe_nestra
umbilica
(43.06 mya)

Cluster Analysis
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a. R-mode

For this cluster analysis, a similarity matrix
was conducted based on relative abundance
of species. This classification allows the
characterization of four clusters (A, B, C,
and D) which appear to coexist (Figure 10)
of species that preferentially occur together.

Cluster A is characterized by an association
of many placolith-bearing  species
(Reticulofenestra umbilica, R. stavensis, R.
minuta, R. hampdanensis, R. lockeri,
Cyclicargolithus  luminis,  Cocolithus
aspida, Helicosphaera compacta, H.
lopotha, Chiasmolithus grandis, C. titus, C.

solitus, Umbilicosphaera protoannulus,
Coronocyclus  nitiscens,  Clausicoccus
subdistichus, Calcidiscus bicircus,

Pontosphaera plana, P. multipora, P.
pectinate, P. wechesensis, Isthmolithus
unipons, Ericsonia formosa, Isthmolithus
sp. , Blackites inflata, and Dictyoccocites
scripsae), and Sphenolithus obtusus, S.
moriformis, S. radians, S. furcatholoides S.
orphaknolensis, Discoater kuepperi, D.
tani nodifer, D. tanii, Braarudosphaera
bigelowii, Scyphosphaera apsteini,
Nanotetrina sp., Zygrhablithus bijugatus,
Lanterminuthus minutus, Tribrachiatus
orthotylus Rhabdosphaera gladius,
Micrantholitus astrum, and Faschitulithus
tympaformis.

Small placoliths are a good indicator of
environmental conditions rich in nutrients
in carbonate complexes (Okada, 2000;
Aizawa et al., 2004) Helicosphaera,
Umbilicosphaera and Discoaster are
usually used to mark the neritic zone
(Aizawa et al., 2004) The dominant
Discoaster characterizes warm conditions
(Pratiwi & Sato, 2016; Shepherd et al.,
2021; D’Onofrio et al., 2021; Schneider et
al., 2013). Zygrhablithus  bijugatus
indicated in low nutrient with open ocean
envirotment (Gibbs et al., 2016; Fioroni et
al., 2015), Reticulofenestra umbilica is
temperate taxa (Bordiga et al., 2015;
Senemari &  Mejia-Molina,  2022).
Umbilicosphaera is known as a tropical
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oligo taxon. Braarudosphaera bigelowii Reticulofestra group characterizes cold
and Reticulofenestra minuta represent the water (Umoh, 2023), Chiasmolithus is a
photic zone species rich in nutrients characteristic of cold water (Khorassani et
(Kanungo & Young, 2017; Auer et al., al., 2014; Kasem et al., 2022).

2014; Senemari & Jalili, 2021), The
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Figure 10. R-mode cluster analysis on three sections of the Elat Formation grouping into four clusters based
on nannofossil associations (A, B, C, and D).
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Cluster B represents the association
Ericsonia  formosa,  Reticulofenestra
bisecta and Cocolithus pelagicus. The
dominant species, Cocolithus pelagicus,
indicates cold water temperatures and
represent in the upwelling zone (Kameo et
al., 2020; Tangunan et al., 2018) .

Cluster C consists of a single species, which
is Reticulofenestra dictyoda. Cluster D
consists of the species Cyclicargolithus
floridanus which characterize a high level
of productivity (Monechi et al., 2000).

b. Q-mode

In this cluster analysis a similarity matrix is
obtained based on the relative abundance of
species from each sample. It has produced
five clusters (1, 2, 3, 4, and 5) each of which
represents the same environmental
conditions (Figure 11).

Cluster 1 consists of all calcarenite samples
from S-1 (sample codes H1 — H5) and S-2
(sample codes: N1 — N10), also five
dominated calcarenite samples (MHBS,
MH8, MH10, MH12 and MHL12) from S-
3. This cluster is characterized by the
lowest abundance and diversity (abundance
N= 70 to 120, average abundance N =91.9,
and diversity index H’ =2.88). This cluster
has Poor (15%)-Good(40%) preservation
with fair(45%) dominant.

Cluster 2 includes 11 calcarenite samples
(MH2, MH3, MH4, MH5, MH7, MH9,
MH11, MH13, MH14, MH15, and MH16),
and 9 clay samples of clay (MHL3, MHL4,
MHL6, MHL9, MHL10, MHL11, MHL 14,
MHL15, and MHL16) from Section-3 (N =
130-160, N = 144.4, and H’ = 3.36). The
clusters were poor (10,52%) - good (36,8%)
preservation with a dominant fair
preservation (52,6%) sample.

Cluster 3 is represented in one clay sample
(MHLS8) from Section-3 characterized by
the highest abundance and diversity (N =
171, and H’=3.3). The cluster has a fair
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preservation and represented by this single
sample are difficult to interpret.

Cluster 4 is represented by two clay
samples, MHL2 and MHL7, from Section-
3 which contain high abundance of
nannofossil (N = 155-168, N = 161.5, and
H © = 2.5). The Clusters were good (50%)
and fair (50%) preservation.

Cluster 5 includes two clay samples, MHL5
and MHL13, from Section-3 which contain
high relative abundance (N=150-167, N=
158.5 and H © =2.27). Cluster 5 were good
(50%) and fair (50%) preservation

Large foraminifera assemblages

Large foraminifera identified from the
limestone samples are genera
Amphistegina, Baculogypsina,
Cycloclypeus, Heterostegina, Lacazinella
Nummulites, Operculina, Pellatispira,
Planobulinella and Textularia. The
observation showed the similarity of the
large foraminifera assemblages at Sections-
1, 2 and 3. Based on the assemblages, these
lithological successions are formed at fore
reef setting in neritic bathymetric zone (less
than 200 meters depth).

Depositional Environment Dynamics

Stratigraphic reconstruction and
biostratigraphy analysis show that the
oldest rock succession from the Elat
Formation is occupied by S-3 (aged NP16
to NP17), S-2 (aged NP17) in the middle,
and the youngest is S-1 (aged NP17) (Table
5).

Nannofossil associated are dominated by
placolith-bearing species, genus
Discoaster, and Braarudosphaera that
characterizes tropical warm-neritic
(Newsam et al., 2017) taxa (Cluster A).
Few cooler typical taxa were found in some
samples (Cluster B).

Field observations recorded the coarsening
and thickening upward of the lithological
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succession in the study area. Clay and part (S-3) gradually changes to massive
alternating clay — calcarenite at the lower calcarenite at the upper part (S-1).
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Figure 11. Q-mode clusters analysis on the three sections of the Elat Formation grouping into five clusters (1,
2, 3, 4, and 5) based on abundance.
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Table 5. Depositional dynamics interpretation based on the assemblages of nannofossil recorded
in the succession of the Elat Formation.

Section Epoch  AgeZone  Code Lithology N H' ClL C2 Cc3 C4 G5
H5 Calcarenite 81 2.87
H4 Calcarenite 81 2.69
S-1 H3 Calcarenite 7 2.84
Hollat i
H2 Calcarenite 76 2.80
H1 Calcarenite 73 2.25
N10 Calcarenite 70 2.54
NP17 N9 Calcarenite 98 2.92
N8 Calcarenite 103 3.32
N7 Calcarenite 87 3.11
52 N6 Calcarenite 103 2.92
Ngurdu N5 Calcarenite 108 2.98
N4 Calcarenite 107 3.40
N3 Calcarenite 102 2.98
N2 Calcarenite 81 2.38
N1 Calcarenite 100 3.29
MH16 Calcarenite 152 3.80
MHL16 Clay 153 3.39
MH15 Calcarenite 150 3.56
Middle MHL15 Clay 161 433
Eocene MH14 Calcarenite 128 3.60
MHL14 Clay 130 2.69
MH13 Calcarenite 143 3.29
MHL13 Clay 167 2.99
MH12 Calcarenite 88 261
MHL12 Clay 89 3.06
MH11 Calcarenite 129 3.34
MHL11 Clay 160 3.84
MH10 Calcarenite 94 2.60
MHL10 Clay 159 3.81
53 MH9 Calcarenite 121 2.89
Mata MHL9 Clay 4.04 170
Hollat MHS Calcarenite 3.32 120
MHLS8 Clay 3.54 171
MH2 Calcarenite 2.31 80
MHL2 Clay 2.40 155
MH7 Calcarenite 2.80 114
MHL7 Clay 2.64 168
MH6 Calcarenite 99 2.84
NP16 MHL6 Clay 160 3.20
MH5 Calcarenite 120 2.15
MHLS5 Clay 150 1.56
MH4 Calcarenite 134 3.39
MHL4 Clay 117 2.77
MH3 Calcarenite 150 3.40
MHL3 Clay 155 3.50
The high abundance and diversity of nannofossil assemblages are consistent

nannofossil assemblages (Cluster 4 and 5)
were shown at the lower part (S-3), while
the lowest abundance and diversity (Cluster
1) at the upper part of the succession (S-1).

The abundance and diversity of

nannofossils increases with increasing
depth Changes in the composition of the
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with changes in sediment grain size and
lamination  thickness indicating the
dynamics of the depositional.

The presence of Braarudosphaera and
Reticulofenestra  minuta  which  are
abundant in the middle to the upper part of
the succession (on S-1 and -2) supports the
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interpretation that these rocks were formed
in the neritic bathymetry zone. At the lower
part (S-3) these taxa less indicate a deeper
environment.

Observable  depositional  environment
dynamics shallowing upward as recorded in
field observations, supported by laboratory
nannofossil assemblages, relevant to
previous researchers (Achdan & Turkandi,
1994; Kurniasih et al., 2019) .

The similarity of the large foraminifera
assemblages in all samples indicates that
there was no significant bathymetric zone
change during the Middle Eocene where
lithological succession was formed. The
dynamics of deposition occur in an inner
neritic zone which tends to be shallower.

The presence of reworked fossils (Blackites
inflata, Cyclicargolithus luminis,
Isthmolithus  unipons, Nanotrina sp.,
Sphenolithus orphaknolensis, S. spiniger,
and Tribrachiatus orthostylus) which is
dominant in S-3 can be interpreted due to
turbid currents in the slope area that
occurred at the beginning of the deposition
of the Elat Formation. Field observations
found local slump structures that support
this interpretation.

Conclusion

The Elat Formation comprises fine-grained
carbonate rocks containing abundant to
very-very abundant nannofossils. A total of
47 species could be identified in the 45
selected samples from three sections (S-1 —
Hollat, S-2 — Ngurdu and S-3 — Mata
Hollat).

The succession of Elat Formation in study
area was formed in NP16 to N17 or Middle
Eocene. Reconstruction of lithostratigraphy
and biostratigraphic analysis shows that the
oldest rock succession from the Elat
Formation is occupied by S-3 (aged NP16
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to NP17), in the middle is occupied by S-2
(NP17), and the youngest is S-1 (NP17).

R-mode cluster analysis of samples grouped
the nanofossil assemblages that appeared
coexist into four clusters (A, B, C and D).
Q-mode cluster analysis grouping into 5
clusters (1, 2, 3, 4, and 5) based on
abundance and diversity which
characterizes formation under the same
environmental conditions.

Sediment grain size coarsening and
lamination thickening are recorded in 3
sections. Changes in the composition of the
nannofossil assemblages are consistent
with lithological succession indicating
depositional dynamics.

Reworked fossils at the lowermost of the
Elat Formation (S-3) suggest a mechanism
of deposition by turbidite currents.
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