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Abstract

The Middle-Late Eocene represents a critical interval of greenhouse climate evolution following the Early Eogene Climatic
Optimum (EECO), yet quantitative paleoclimate records from low-latitude Southeast Asia remaifl scarce 3T his study presents a
multi-proxy calcareous nannofossil-based reconstruction of surface-water conditions from the Gamping—Wungkal Formation in
the Bayat Basin, southern Java. Detailed stratigraphic logging and systematic sampling along a 60 m Section were combined with
guantitative assemblage analysis and Scanning Electron Microscope validation. Biostratigraphie evaluation assigns the studied
interval to the NP17 zone (Middle—Late Eocene). Paleoclimatic reconstruction integrates the Retieulofenestra Size Ratio (RSR),
Warm-Water Index (WWI), Discoaster Abundance Ratio (DAR), and total Reticulofenestra, abundance. Assemblages are
dominated by medium- to large-sized Reticulofenestra and persistent Discoaster oécurrencesyindicating warm, oligotrophic, and
stratified surface-water conditions. Despite global post-EECO cooling trends documented in mid- and high-latitude records, the
Bayat data suggest sustained tropical greenhouse conditions during NP17 .Thesé fidings are consistent with emerging evidence
of latitudinal variability in Eocene climate evolution and establish the Bayat*Basinjas an important low-latitude archive for
evaluating Paleogene greenhouse dynamics in Southeast Asia.
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demeonstrate that Java’s Paleogene evolution was
influenced by arc migration, slab rollback, and back-arc
1.1 Regional Physiography basin dynamics (Luan and Lunt, 2021; Lunt and Luan,
) o ; 2023), processes that contributed to uplift and

The Bayat area lies within the Southern, Mountain®  oxhumation of Eocene carbonate units such as the
Zone of Central Java, a structurally, complex ¥egion  Gamping-Wungkal Formation in the Bayat Basin. This
formed by interactions between carbenate\platiorms,  stryctural framework provides the tectonic basis for the
metamorphic basement, and voleanic séquenges. This  present-day exposure of Eocene successions and

structural - complexity has sigaificantly influenced  enaples detailed stratigraphic and micropaleontological
topography, with differential §, erdsion producing  jnvestigation (Figure 1).

undulating hills and ridgesf (Surono, 2009). Recent
geomorphological studieséof €entral Java demonstrate
that tectonic uplift and, eresionwassociated with arc-
continent interactiogs, “as “well as variations in
lithological resistancen, sttongly influence hill-valley
morphology in similar Central Java terrains, highlighting
the region’s active landscape development (Hidayat et
al., 2021),

1. Introduction

1.2 Regional, Geological Structure

Tectonically, the Bayat area lies within the northern
segmentyof the Javanese magmatic arc, part of the
broader Sunda Arc system, which developed as a
consequence of the long-term subduction of the Indo-
Australian Plate beneath the Eurasian Plate since the
Late Cretaceous (Gallagher et al., 2024; Hall, 2011).
This convergent margin generated regi
onal deformation characterized by thrust faults, strike-
slip faults, and fold belts trending predominantly
northwest—southeast to east—west, which control
lithological distribution and structural grain across Fig. 1. Geological map of the study area (Samudra and
southern Java. Recent tectonic syntheses further Sutisna, 1992).
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1.3 Regional Stratigraphy

The stratigraphy of the Bayat area comprises a
sequence of major lithostratigraphic units from oldest to
youngest (Figure 2), including the Bayat Metamorphic
Complex (pre-Tertiary basement), the Gamping-
Wungkal Formation (Eocene shallow-marine
carbonates and claystones), the Kebo-Butak Formation
(Oligocene—Miocene volcanic and sedimentary rocks),
and unconsolidated Quaternary volcanic deposits
(Mulyaningsih, 2016; Surono, 2009).

Regional sedimentation patterns across Java
demonstrate that Paleogene carbonate successions,
like the Gamping-Wungkal, formed within broader
tectono-stratigraphic frameworks influenced by dynamic
subsidence, sea-level changes, and provenance shifts
(Luan and Lunt, 2021; Lunt and Luan, 2023). Research
on carbonate and siliciclastic deposition in eastern Java
and adjacent basins underscores the role of tectonics in
controlling accommodation space and sediment basin
fill across the Eocene—Miocene (Gallagher et al., 2024;

Hall, 2019), which supports interpretations of
stratigraphic architecture in the Bayat region.
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Fig. 2. Regional stratigraphy of the Southern Mountain
(Surono, 2009).

The Gamping-Wungkal Formation itself contains
abundant Eocene coccoliths and other microfossils,
with taxa such as Reticulofenestra and Coccolithus
indicating deposition in a shallow-marine environment
favorable for preservation of calcareous nannofossils
(Novita et al., 2014; Umiyatun et al., 2006).

The Gamping-Wungkal Formation represents one
of the Paleogene carbonate successions exposed
within the Southern Mountains Zone of Java. Carbonate
deposition during the Eocene in Southeast Asia
commonly occurred in shallow marine environments

associated with carbonate platforms that formed along
the margins of Sundaland under tropical greenhouse
conditions. These carbonate systems were strongly
influenced by the tectonic evolution of the Sunda Arc,
where regional subsidence and volcanic arc activity
periodically  controlled  sediment supply and
accommodation space for carbonate accumulation.
Consequently, mixed carbonate and fine-grained
siliciclastic deposits such as micritic limestone, marl,
and claystone are commonly preserved in arc-related
basins of Southeast Asia. Similar carbonate platform
developments during the Eocene have been
documented in several Tethyan and Southeast Asian
regions, where carbonate sedimentation occurred in
warm shallow marine environments connectéd to open-
ocean circulation (Fang et al., 2024, r%Lunt,

2021; Lunt, 2023).

1.4 Paleoclimate Based on Nan %

1.4.1 Nannofossil K
Nannofossils are widely< recognized as key

iostrati

indicators for Paleoge raphy due to their
nsitivity to environmental

rapid evolutionary n
changes (Agnini et a 4). Previous studies in the
Bayat area (Umiyatun etial., 2006) reported Paleogene

taxa indicatingsian NP18—-NP19 age range.

Furfher % ent studies in  Indonesia
demon at quantitative nannofossil distributions
provi iable proxies  for  reconstructing

conditions, including temperature,

atification, and productivity (Farida et al., 2024;
n et al., 2023). The integration of taxonomic
sition and abundance patterns in this study

efore provides a robust basis for interpreting
cene shallow-marine conditions in the Bayat Basin.

1.4.2 Paleoclimate

Paleoclimatic interpretation using calcareous
nannofossils is commonly based on taxonomic
composition, relative abundance, and quantitative
indices (Agnini et al., 2014; Blaj et al., 2023; Ma et al.,
2024; Menini et al., 2021).

Nannofossil taxa exhibit distinct ecological
preferences. Variations in the size structure of
Reticulofenestra reflect nutrient availability and upper-
ocean conditions. Larger morphotypes are typically
associated with oligotrophic and stratified waters,
whereas smaller morphotypes indicate increased
nutrient supply (Judd et al., 2022; Ma et al., 2024;
Menini et al., 2021).

Similarly, Discoaster abundance is widely
interpreted as an indicator of warm, oligotrophic, and
stratified surface waters, particularly in low-latitude
greenhouse settings (Judd et al., 2022; Ma et al., 2024).

Quantitative nannofossil-based indices such as
Reticulofenestra Size Ratio (RSR), Warm-Water Index
(WWI1), Discoaster Abundance Ratio (DAR), and the
relative abundance of Reticulofenestra are widely
applied in Paleogene paleoceanographic studies.
However, most studies do not define universal threshold
values to classify these parameters into “low”,
“moderate”, or “high” categories. Instead,
interpretations are typically based on relative variations
within individual stratigraphic sections and their
ecological significance (Judd et al., 2022; Ma et al.,
2024; Menini et al., 2021).
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Therefore, in this study, the classification of
parameter values (e.g., low or high RSR, WWI, and
DAR) is interpreted in a relative sense based on internal
variations between samples and supported by
ecological relationships between nannofossil
assemblages and surface-water conditions.

1.4.3 Reticulofenestra Size Ratio

The Reticulofenestra Size Ratio (RSR) was
calculated as the ratio between small-sized individuals
(<5 ym) and large-sized individuals (>7 pm). Variations
in the size structure of Reticulofenestra are widely
recognized as reflecting changes in surface-water
nutrient availability, water-column stability, and broader
paleoceanographic conditions during the Paleogene
(Agnini et al.,, 2014; Ma et al.,, 2024). Quantitative
morphometric studies demonstrate that dominance of
large-sized morphotypes is typically associated with
oligotrophic, stratified, and relatively stable surface
waters. In contrast, increased proportions of small-sized
morphotypes correspond to enhanced nutrient supply
and elevated productivity (Judd et al., 2022; Menini et
al., 2021). Such size-structured assemblage shifts have
been documented in Middle-Late Eocene records and
are interpreted as reflecting regional adjustments in
upper-ocean trophic conditions (Hollis et al., 2022).

1.4.4 Warm-Water Index

The Warm-Water Index (WWI) was calculated
based on the relative abundance of warm-water and
large-sized taxa, namely Coccolithus pelagicus and
Reticulofenestra umbilicus, which are commonly
associated with relatively stable and stratified surface-
water conditions during the Paleogene. Variations in the
abundance of large reticulofenestrids and cocealithy
bearing taxa have been interpreted as reflectingaupper-
ocean stability and nutrient limitation inylow-latitude
Eocene settings (Hutchinson et al.,_202%; "Wa ‘et Jal.,
2024).

1.4.5 Discoaster Abundance Ratio

The Discoaster Abundance Ratio (BAR) reflects the
relative proportion of Discoagternwithin the assemblage
and is commonly usetgasi\a proxy for warm and
oligotrophic surface-watemr, conditions (Judd et al,
2022).

Previous studiesy, have demonstrated that
fluctuations in_Disceaster,abundance can be used to
track variations in surface-water stability and ecological
structure @ caccolithophore communities. Increased
representation of*Discoaster is often interpreted as
reflectingyenhanced stratification and reduced nutrient
supplyagwvhereas reduced abundance may indicate
relativelyy, more dynamic or nutrient-influenced
conditions (Judd et al., 2022; Menini et al., 2021).

1.4.6 Total Reticulofenestra Abundance

The relative abundance of Reticulofenestra is widely
used as an indicator of paleoceanographic conditions in
Paleogene marine environments. This genus
represents one of the most dominant coccolithophore
groups in low- to mid-latitude settings and exhibits
strong sensitivity to changes in nutrient availability,
surface-water stratification, and productivity (Agnini et
al., 2014; Ma et al., 2024).

High relative abundance of Reticulofenestra is
commonly associated with oligotrophic and stratified
surface waters, where stable conditions favor

continuous coccolithophore production. Conversely,
reduced abundance may indicate increased nutrient
input, higher productivity, or more dynamic water-
column conditions that disrupt coccolithophore
dominance (Judd et al., 2022).

1.5 Background

Reconstruction of the Eocene paleoclimate is a
major topic in modern geology, as this interval
witnessed significant global climate variability, including
extreme warming during the Eocene Climatic Optimum
and subsequent cooling toward the Eocene-Oligocene
transition (Hollis et al., 2022; Hutchinson et al., 2021,
Pearson et al., 2015; Westerhold et al., 2021). Recent
syntheses emphasize that Middle—Late Eocéne climate
evolution involved complex feedbaeks™ among
atmospheric  CO,, fluctuations _ inws=carbonate
compensation depth, and ocean.> praductivity,
highlighting the importance,, ofylintegrating regional
marine archives into glebally calibrated
chronostratigraphic framewotks (Westerhold et al.,
2024).

Recent  highsresolutien  Paleogene  studies
demonstrate that climate ewvolution during the late
Paleogene was 4charagterized by complex regional
variability rathefthan uniferm global change. Integrated
stratigraphicfahd geochemical data from continental
margin sdccessions reveal short-lived cooling phases
linked fo' carbon=€ycle perturbations and atmospheric
COgpfluctuations(Hollis et al., 2022; Westerhold et al.,
2021). Acress the Eocene—Oligocene Transition (EOT),
coupled_isotopic and calcareous nannofossil records
document major paleoceanographic reorganization,
incloding shifts in carbonate chemistry, productivity
structure, and preservation dynamics (Hutchinson et al.,
2021). These findings highlight that surface-water
ecological responses may vary regionally and
emphasize the importance of well-constrained marine
archives for refining paleoclimate reconstructions.

In Indonesia, however, paleoclimate data based on
nannofossils remain limited, particularly in central Java,
where numerous Paleogene rock units are well
exposed. One of these units is the Gamping-Wungkal
Formation, which has been interpreted as a shallow-
marine carbonate deposit (Surono, 2009) of Middle to
Late Eocene age (Umiyatun et al., 2006) and represents
a potentially important archive of paleoenvironmental
change in the ancient tropical region.

Nannofossils are effective paleoclimate indicators
due to their rapid evolutionary rates, broad geographic
distribution, and sensitivity to changes in temperature,
nutrient availability, and water-column stratification
(Agnini et al.,, 2017). Indices such as Discoaster
abundance, size  variations of the genus
Reticulofenestra, and changes in Helicosphaera
abundance have been widely applied to reconstruct
Paleogene shallow-marine climate dynamics. Recent
Paleogene studies in Indonesia highlight the importance
of nannofossil-based approaches for
paleoenvironmental interpretation, as demonstrated by
studies of the Tonasa Formation (Farida et al., 2024),
the Nanggulan Formation (Jatiningrum et al., 2022), and
the Elat Formation in Maluku (Ratumanan et al., 2023).

Previous studies in Bayat (Umiyatun et al., 2006)
documented the presence of Eocene nannofossils,
including  Cribrocentrum  reticulatum, Discoaster
saipanensis, Discoaster barbadiensis, Discoaster
deflandrei, Reticulofenestra umbilica, Reticulofenestra
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hampdenensis, Helicosphaera compacta,
Helicosphaera euphratis, Ericsonia formosa,
Zyghrablithus bijugatus, Sphenolithus moriformis, and
Sphenolithus pseudoradians. However, no systematic
attempt has been made to relate their distribution to
regional paleoclimatic conditions. Previous studies
documented only taxonomic occurrence and zonation.
This research is the first to quantitatively integrate
assemblage structure with climate-sensitive indices to
reconstruct paleoceanographic conditions.

This study aims to fill this gap by analyzing
nannofossil distribution in the study area, which lies
within the Paleogene basin of the Southern Mountains
of Java. The results are expected to contribute to the
reconstruction of the Eocene paleoclimate in Java and
to serve as a reference for future studies in stratigraphy,
carbonate sedimentology, and micropaleontology.

1.5 Objectives

The objectives of this study are to:

1. Identify the distribution of nannofossils in the
claystone of the Gamping-Wungkal Formation
within the study area.

2. Determine the relative age based on
nannofossil zonation.

3. Interpret Eocene paleoclimate conditions
based on nannofossil abundance and
diversity.

2. Material And Method

The study area is located at Watuprahu, Dusun Il
Gunung Gajah, Bayat, Klaten, Central Java, Indonesia,
with UTM coordinates X = 463961 and Y = 9141582
(Zone 49S) (Figure 3). Stratigraphic measurements and
sampling were conducted on well-exposed claystone
outcrops with high potential for nannofossil occukrenee.
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Fig. 3. Index map of the study area.

The research methods applied in this study are
described as follows:
A. Measured Stratigraphic Section

A stratigraphic section approximately 60 m thick was
measured in detail along the Watuprahu outcrop using
a measuring tape and a geological compass.
Lithological variations, sedimentary structures, and
sampling positions were systematically recorded along
the section. The measured stratigraphic profile,
including lithological succession and sampling
locations, is presented in Figure 7.

B. Sampling

Six claystone samples were collected from the
measured stratigraphic section using a representative
sampling approach. Sampling was conducted at regular
stratigraphic intervals of several meters along the
measured section, ensuring that each sample reflects
variations in lithology and stratigraphic position. The
selected samples specifically target claystone horizons
considered suitable for nannofossil analysis. Each
sample was systematically labeled, and its exact
stratigraphic position was recorded during fieldwork.

C. Smear Slide Preparation

Fine-grained claystone samples were gently
crushed to obtain a fine powder, suspended in distilled
water, mounted on glass slides, and heated to fix the
material.

D. Polarizing Light Microscope Analysis

Nannofossils were observed using,a pelarizing light
microscope with a 40x objective_magnification under
both  plane-polarized and,, cross-polarfized light.
Taxonomic identification was based, on morphological
characteristics and opticalg properties of the
nannofossils, following standardtaxonomic frameworks
established by Mautini((1974), Agnini et al. (2017), and
Raffi et al. (2022).

Quantitative_ganalysis ‘was conducted using the
random field counting method. Each smear slide was
examined inffotr, randomly selected fields of view. The
total number,of ‘eounted nannofossil specimens per
samplelrangedfrom approximately 30 to 50 individuals.
Nannefossil abundance was expressed as relative
abundancey, (%), calculated as the proportion of
individuals of a given taxon relative to the total number
of nannofossil individuals counted on each slide.

Ey, Scanning Electron Microscope (SEM) Analysis

SEM analysis was performed to obtain high-
resolution images of nannofossils, confirm taxonomic
identification, and document preservation states. SEM
images were used as supporting data to validate
observations obtained from polarizing light microscopy.
F. Relative Age Determination and Paleoclimate

Analysis

Relative age determination was conducted based on
Paleogene nannofossil zonation following Martini
(1971). Paleoclimate interpretation was achieved by
integrating several quantitative parameters commonly
applied in calcareous nannofossil studies (Agnini et al.,
2014; Ma et al., 2024; Menini et al., 2021), including:

1) Reticulofenestra Size Ratio (RSR)
RSR — NsmallReticulofenestra (1)
Nlarge Reticulofenestra
2) Warm-Water Index (WWI)
WWI (%) = Swarmwatertaxa w100 ... )

Ntotal nannofossil

3) Discoaster Abundance Ratio (DAR)
DAR (%) — Npiscoaster
Ntotal nannofossil
4) Total Reticulofenestra abundance
Reticulofenestra (%) = Niotal reticutofencsira o 1)) 4)

Ntotal nanno fossil

These parameters were applied to reconstruct
variations in sea surface temperature, water-column
stability, and surface-water productivity during the
Eocene. The Reticulofenestra Size Ratio (RSR) is
primarily used as an indicator of nutrient availability and
productivity, where higher proportions of small-sized
morphotypes generally reflect increased nutrient supply
and more eutrophic conditions, while dominance of
larger morphotypes indicates oligotrophic
environments.
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The Warm-Water Index (WWI) serves as a proxy for
sea surface temperature, as it is based on the relative
abundance of warm-water taxa such as Coccolithus
pelagicus and Reticulofenestra umbilicus, which are
typically associated with elevated temperatures in low-
latitude marine settings.

The Discoaster Abundance Ratio (DAR) is widely
interpreted as an indicator of water-column stability and
stratification, as Discoaster taxa are commonly
associated with warm, stratified, and oligotrophic
surface waters. Higher DAR values therefore reflect
increased stratification and reduced vertical mixing.

Finally, total Reticulofenestra abundance provides
additional insight into overall surface-water conditions,
including productivity levels and ecological dominance
within ~ the  nannoplankton = community. These
interpretations are based on established ecological
relationships between nannofossil assemblages and
surface-oceanographic conditions (Agnini et al., 2014;
Ma et al., 2024; Okada and Honjo, 1973).

3. Result and Discussions

The stratigraphy of the Bayat area is generally
composed of a pre-Tertiary metamorphic rock complex,
overlain by carbonate—clastic units that are regionally
correlated with the Eocene Gamping-Wungkal
Formation (Surono, 2009). However, at the local scale,
contacts between units are indistinct, irregular, and
challenging to trace laterally. Consequently, age
determination of the stratigraphic units relies heavily on
nannofossil biostratigraphy. The outcrop conditions and
sampling traverse used for systematic claystone
sampling along a 60 m measured section are shown in
Figure 4.

Fig. 4. Outcrop photograph of the

study area. The outcrop extends fro
an approximate length of 60 i

claystone, graphite intercalati imestone layers, with

in the northern part

Fig. 5. Limestone unit in the study area.

3.1 Limestone Unit
Formation

of the Gamping-Wungkal

First Author et al./ JGEET Vol xx No xx/20xx

Along the measured section, limestone occurs only
as isolated and discontinuous exposures (Figure 7),
characterized by dark black coloration and a micritic
texture (Figure 5). The irregular distribution of these
limestones suggests that they represent remnants of
the carbonate facies of the Gamping-Wungkal
Formation that have undergone intense deformation
and erosion. Regionally, the carbonate unit of the
Gamping-Wungkal Formation is assigned to the Middle-
Late Eocene (Surono, 2009) and is commonly
associated with microfossil-rich shale.

3.2 Claystone Unit
Formation

of the Gamping-Wungkal

Claystone is the dominant lithological unit and the

primary focus of this study (Figure 7). tone
exhibits color variations ranging from and
dark brown to gray, reflecting diff organic
matter content and redox di (Figure 6a). Its
widespread distribution an sandstone

support its assignment t e
Formation, within which graphite intercalations are
locally observedy (Fi 6b).” Due to unclear

stratigraphic relatio the absence of well-
defined contaets,in th
unit is based on‘nannofo

mping-Wungkal

age determination of this
il analysis.

Fig. 6. Field photographs of the Claystone unit of the
Gamping-Wungkal Formation in the study area. (a) claystone
unit showing massive texture and brown to gray coloration;
(b) graphitic claystone characterized by darker color and

graphite-rich layers.
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Fig. 7. Stratigraphy of the study area.



The lithological association of micritic limestone and
claystone observed within the studied section suggests
sedimentation under relatively low-energy marine
conditions. Micritic carbonate typically forms through
the accumulation of fine carbonate mud produced by
planktonic organisms and microbial processes in calm-
water settings. In contrast, the presence of claystone
indicates the contribution of fine terrigenous or
hemipelagic material settling through the water column.
Such lithological characteristics are commonly
associated with outer neritic to open-shelf environments
along carbonate platform margins. In tropical
greenhouse intervals such as the Middle—Late Eocene,
these environments supported high coccolithophore
productivity, leading to the accumulation of calcareous
nannofossils within fine-grained marine sediments
(Ghandour et al., 2023; Villa et al., 2021).

As shown in Figure 7, the measured stratigraphic
section represents the corrected thickness of exposed
lithological units rather than the total lateral extent of the
outcrop, which reaches approximately 60 m. Vertical
variations within the studied interval indicate relatively
stable depositional conditions during the accumulation
of the claystone-dominated succession of the
Gamping-Wungkal Formation. The persistence of fine-
grained lithologies and the absence of significant
changes in sedimentary facies suggest continuous
marine sedimentation without major shifts in
depositional energy or water depth.

Sampling locations are distributed along the
measured section and are indicated in Figure 7,
primarily targeting claystone intervals suitable for
nannofossil analysis. Minor fluctuations observed in the
relative abundance of calcareous nannofossils (Table 2)
likely reflect subtle variations in surface-water
productivity rather than major environmental changes.
Similar stratigraphic patterns have been documented in
other Eocene marine successions where stable
greenhouse climatic conditions promoted persistent
coccolithophore productivity and continuous pelagic
carbonate sedimentation (Raffi et al., 2022; Villa et al.,
2021).

3.3 Nannofossil

Based on nannofossil analysis of the study*area, the
fossil assemblages exhibit compositienale and
abundance variations consistent with Martini's (1971)
zonation scheme. All six samples,are‘Characterized by
the dominance of <Reticulofenestra bisecta,
Reticulofenestra erbae, Coccalithus pelagicus, and the
continuous occurrence_of Disgoaster barbadiensis,
indicating assignmentqto the NP17 zone (Middle—Late
Eocene) (Table 19, “The “yelative abundance of
nannofossil taxa in eachysample is summarized in Table
2. Taxonomicy, identification and preservation
assessment Were conducted using light microscopy and
SEM observations; representative photomicrographs
are presented ingFigure 8 and SEM images in Figure 9.

Table 1. Relative-age zonation table for the stud§ area‘hased on Mannofossil distribution.

Eocene

Oligocene Age

Sample
10 11 12 13 14 15 16 17 18 19

200,21 22 23 24 25 NP Zone

Coccolithus formosus

Coccolithus pelagicus
Cyclicargolithus floridanus

MR.01

Discoaster barbadiensis
Reticulofenestra bisecta

Reticulofenestra erbae

Reticulofenestra minuta
Sphenolithus moriformis

Sphenolithus spiniger

Coccolithus formosus

Coccolithus pelagicus

Cyclicargolithus floridanus
Discoaster barbadiensis

Helicosphaera seminulum
Reticulofenestra bisecta

MR.02

Reticulofenestra daviesii
Reticulofenestra dictyoda

Reticulofenestra erbae

Reticulofenestra lockeri

Reticulofenestra minuta

Reticulofenestra umbilicus

Sphenolithus furcatolithoides

Sphenolithus moriformis
Sphenolithus spiniger

Coccolithus pelagicus

Cyclicargolithus floridanus
Discoaster barbadiensis

MR.03

Reticulofenestra bisecta

Reticulofenestra erbae

Reticulofenestra

hampdenensis
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Reticulofenestra lockeri
Reticulofenestra minuta
Reticulofenestra reticulata
Sphenolithus radians
Sphenolithus spiniger

Coccolithus pelagicus
Coronocyclus nitescens
Cyclicargolithus floridanus
Discoaster saipanensis
Discoaster tanii
Reticulofenestra bisecta
Reticulofenestra dictyoda
MR.04 Reticulofenestra erbae

Reticulofenestra
hampdenensis
Reticulofenestra minuta,

Sphenolithus furcatolithoides
Sphenolithus moriformis
Sphenalithusyradians
Sphenolithus spiniger

Cogeolithus pelagicus
Discoaster barbadiensis
Discoaster saipanensis
Reticulofenestra bisecta
Reticulofenestra dictyoda
Reticulofenestra erbae
Reticulofenestra lockeri
Reticulofenestra minuta
Sphenolithus moriformis
Sphenolithus spiniger

MR.05

Coccolithus formosus
Coccolithus pelagicus
Cyclicargolithus floridanus
Discoaster barbadiensis

Discoaster saipanensis
Discoaster tanii

MR.06 Reticulofenestra bisecta
Reticulofenestra daviesii
Reticulofenestra dictyoda
Reticulofenestra erbae
Reticulofenestra minuta
Sphenolithus moriformis
Sphenolithus spiniger

Table 2. Nannofossil abundance table of the study area.

Nannofossil Sample
MR.01 MR.02 MR.03 MR.04 MR.05 MR.06

Cocgelithusiformasus 1 5 3
Coccolithus pelagicus 4 13 1 2 1 4
Coronocycluswitescens 1
Cyclicargolithus floridanus 4 4 1 2 4
Discoaster barbadiensis 2 2 1 1 6
Discoaster saipanensis 2 3 2
Discoaster tanii 1 1
Helicosphaera seminulum 2
Reticulofenestra bisecta 10 9 7 5 7 10
Reticulofenestra daviesii 1 2
Reticulofenestra dictyoda 3 1 1 4
Reticulofenestra erbae 12 7 10 10 6 14
Reticulofenestra hampdenensis 1 1
Reticulofenestra lockeri 1 1 2
Reticulofenestra minuta 3 5 1 2 2 4
Reticulofenestra reticulata 1
Reticulofenestra umbilicus 1
Sphenolithus furcatolithoides 1 1
Sphenolithus moriformis 5 4 5 1 5
Sphenolithus radians 1 2
Sphenolithus spiniger 4 1 1 2 1 5
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Fig. 8. Photomicrographs of nannofossil species from th d

red)were obtained using a polarizing microscope.

Description
A: Coccolithus formosus

B: Coccolithus pelagicus

C: Coronocyclus nitescens

D: Cyclocargolithus floridanus

E: Discoaster barbadiensis
E: Discoaster saipanensis

G: Reticulofenestra bisecta
H: Reticulofenestra daviesii

I: Reticulofenestra erbae

1: Reticulofenestra minuta

K: Reticulofenestra umbilicus

Description
A: Coccolithus formosus
B: Coccolithus pelagicus
C: Coronocyelus nitescens

i: Discoaster barbadiensis
F: Discoaster saipanensis
G: Reticulofenestra bisecta

D: Cyclocargolithus floridanus - H: Reticulofenestra daviesii

I: Reticulofenestra erbae
J: Reticulofenestra minuta
K: Reticulofenestra umbilicus

Fig. 9. Scanning Electron Microscope (SEM) images of nannofossil species from the study area.

3.4 Reticulofenestra Size Ratio (RSR)

Based on the abundance data of Reticulofenestra
taxa (Table 2), all samples are dominated by large-sized

species,

including
Reticulofenestra
hampdenensis,

Reticulofenestra

erbae,

Reticulofenestra
and

reticulata,
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umbilicus. Medium-sized taxa, such as Reticulofenestra
bisecta and Reticulofenestra daviesii, are also present,
whereas small-sized taxa, particularly Reticulofenestra
minuta, occur only in limited amounts. This assemblage
composition indicates a dominance of large-sized
Reticulofenestra morphotypes over small-sized forms,
indicating relatively stable and nutrient-limited surface-
water conditions during the NP17 interval in the study
area (Table 3).

These findings are consistent with low-latitude
Middle-Late Eocene marine settings characterized by
enhanced upper-ocean stratification and reduced
nutrient supply, conditions that favored the proliferation
of larger reticulofenestrid morphotypes (Fokkema et al.,
2024; Hutchinson et al., 2021).

3.5 Warm-Water Index (WWI)

In all samples assigned to the NP17 interval, the
WWI is primarily controlled by the abundance of
Coccolithus pelagicus, whereas Reticulofenestra
umbilicus occurs only in limited amounts (Table 4).
Elevated contributions of warm-water taxa, particularly
Coccolithus pelagicus, indicate warm and relatively
stable surface-water conditions during the NP17 interval
in the Bayat Basin. These conditions are consistent with
low-latitude Eocene records characterized by enhanced
upper-ocean stratification and reduced nutrient supply
(Fokkema et al., 2024).

3.6 Discoaster Abundance Ratio (DAR)

The Discoaster Abundance Ratio (DAR) ranges
from 3.7% to 16.6% (Table 5) and shows a progressive
increase from the lower to the upper part of the
measured section. Samples MR.01-MR.03 (3.7-4.4%)

are characterized by relatively limited Discoaster
representation, whereas samples MR.05 and MR.06
(15.3-16.6%) show a more pronounced contribution of
Discoaster within the assemblage.

This upward trend indicates a gradual shift in
nannofossil composition, reflecting increasing influence
of Discoaster-producing taxa through time. Such
variations suggest changes in surface-water conditions,
particularly in relation to water-column structure and
ecological stability during deposition.

The persistence and increasing contribution of
Discoaster throughout the section are consistent with
low-latitude Middle—Late Eocene marine records, where
nannofossil assemblages commonly reflect stable and
stratified surface-water conditions despite” broader
climatic variability (Fokkema et al., 20244 eStéfhold et
al., 2024).

3.7 Total Reticulofenestra Abungdanceé

Reticulofenestra constitutesya major component of
the assemblage in all samples,dndicating its ecological
significance within the nannoplankton community during
deposition (Tableg6).4/The, consistent presence and
relatively strong contribution“ef this genus across the
studied interval suggest stable environmental
conditions that®supporte@® continuous coccolithophore
productivity,

Such qassemblage characteristics are commonly
associated ywith="stratified surface waters, where
Retjeulofenestra “forms a dominant component of
pelagic carbonate production. The observed distribution
pattern,therefore reflects relatively stable upper-ocean
conditions rather than highly dynamic or strongly
upwelling environments.

Table 3. Comparison table of Reticulofenestra as RSR indicators in the study area.

Sample Small Reticulofenestra MediumgReticulofenestra Large Reticulofenestra RSR
(<5 pm) (5-7'um) (>7 pm) (Small/Large)
MR.01 3 10 12 0.25
MR.02 5 10 12 0.41
MR.03 1 7 13 0.07
MR.04 2 5 12 0.16
MR.05 2 7 9 0.22
MR.06 4 12 18 0.22
Table/. Abundance table of WW!| indicators in the study area.
Sample C. pelagicus R. umbilicus Total Nannofossil WWI(%)
MR.01 4 0 45 8.9
MR.02 15 1 54 29.6
MR.03 T 0 26 3.8
MR.04. 2 0 36 5.6
MR.05: 1 0 26 3.8
MR:06 4 0 54 74
Table 5. Abundance table of Discoaster as DAR indicators in the study area.
Sample Total Discoaster Total Nannofossil DAR (%)
MR.01 2 45 4.4
MR.02 2 54 3.7
MR.03 1 26 3.8
MR.04 3 36 8.3
MR.05 4 26 15.3
MR.06 9 54 16.6
Table 6. Abundance table of Reticulofenestra in the study area.
Sample Total Reticulofenestra Total Nannofossil Percentage (%)
MR.01 25 45 55.5
MR.02 27 54 50
MR.03 21 26 80.7
MR.04 19 36 52.7
MR.05 18 26 69.2
MR.06 34 54 62.9
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Based on the integrated interpretation of RSR, WWI,
DAR, and total Reticulofenestra abundance, the
paleoclimatic conditions of the Bayat Basin during the
NP17 interval (Middle—Late Eocene) are interpreted to
have been dominated by warm and stratified surface
waters. The dominance of medium- to large-sized
Reticulofenestra and the consistent presence of
Discoaster indicate stable upper-ocean structure and
limited nutrient input during deposition. (Fokkema et al.,
2024; Westerhold et al., 2024).

Although the NP17 interval postdates the peak of
the EECO, global syntheses indicate that low-latitude
sea-surface temperatures remained relatively elevated
during the Middle—Late Eocene despite progressive
long-term climatic variability (Westerhold et al., 2024).
The nannofossil data from the Bayat Basin, therefore,
suggest that southern Java remained under a sustained
warm tropical marine influence during this interval.

3.8 Implications for Low-Latitude Greenhouse

Climate Dynamics

The dominance of large-sized Reticulofenestra and
the relatively high abundance of Discoaster during the
NP17 interval indicate that the studied section was
deposited under persistently warm and stratified marine
conditions. Such assemblage characteristics are typical
of low-latitude Eocene environments, where stable
surface waters and limited nutrient supply promoted the
proliferation of oligotrophic coccolithophore
communities. These observations suggest that the

Bayat Basin remained under a strong tropical
greenhouse influence throughout the Middle-Late
Eocene.

Recent syntheses of Middle—Late Eocene climate
evolution emphasize that low-latitude ocean systems
maintained relatively elevated sea;surface
temperatures and persistent upper-oceafi\stratification
despite long-term global cooling trends (Westerfioldret
al., 2024). Integrated geachemical and
micropaleontological records fusther demonstrate that
tropical plankton communities ‘continued to reflect
greenhouse-like surface-water ( structures even as
variability increased in higher4atitude regions (Fokkema
etal., 2024; Ma et al., 2024). Sueh latitudinal differences
in climate expression have beendlinked to enhanced
ocean heat storage andweduced seasonal contrast in
equatorial regions (HUtchingon et al., 2021).

The paleoclimaticysignals obtained from the Bayat
Basin are consistent with this broader framework. While
several mid-latitude™ marine records document
progressive coeling during the later Eocene
(Wesierholdhet &l., 2024), the studied section instead
presenves evidence of sustained warm and oligotrophic
surface-water conditions. This contrast highlights the
relatively‘stable nature of tropical marine environments
during this interval.

These findings contribute to the growing recognition
that tropical marine systems did not respond uniformly
to global Paleogene cooling. Instead, low-latitude
regions appear to have maintained relatively stable
greenhouse conditions despite increasing climatic
variability elsewhere. This underscores the importance
of incorporating Southeast Asian low-latitude records,
such as the Bayat Basin, into global paleoclimate
syntheses, which are still dominated by mid-latitude
datasets from the Atlantic and Pacific oceans.

4, Conclusion

Based on nannofossil analysis of the claystone from
the Gamping-Wungkal Formation. The distribution of
nannofossil assemblages is  dominated by
Reticulofenestra, Coccolithus, and Discoaster, with
limited occurrences of Cyclicargolithus  and
Sphenolithus. The most abundant species include
Reticulofenestra bisecta, Reticulofenestra erbae,
Coccolithus pelagicus, and Discoaster barbadiensis.

Relative age determination based on nannofossil
zonation indicates that the studied claystone unit
corresponds to the NP17 zone, equivalent to the
Middle-Late Eocene.

Paleoclimatic interpretation derived from the
Reticulofenestra Size Ratio, Discoaster Abundance
Ratio, Warm-Water Index, and total Reticlifofenestra
abundance suggests that during the NPI7=interval,
marine conditions were dominated by a‘warm ¢limate
with a relatively stable water column,breflecting the
development of the Bayat Basinunder tropical
greenhouse climate conditionsiduring the Middle-Late
Eocene.
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