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Abstract

The eastern Kendeng Hills (Java, Indonesia) expose a 1,000 m thick series that is used as a stratigraphic standard,
representing the emergence of eastern Java from the sea. The fluvial top is rich in vertebrate fossils and yielded the
Mojokerto (Perning) hominin skullcap, which is regarded as the earliest evidence of Homo erectus on Java, with age
estimates ranging between 1.9 and 1.49 Ma. The series is commonly regarded as an uninterrupted record of coastal
progradation. However, recent studies show that the emergence of eastern Java has been a complex process, under
influence of tectonism, volcanism, sea-level fluctuations and fluvial dynamics, leaving a fragmented depositional re-
cord that varies from site to site. This is at odds with the prevailing stratigraphic practice of long-distance correlations
and questions the existing interpretations of the eastern Kendeng reference sections. Here we present the results of a
fieldwork-based re-interpretation of this key stratigraphic record, which we identified as the fill of a previously unrec-
ognized Plio-Pleistocene embayment, surrounded by elongate uplift zones. Clinoform-bedded sandstones relate to a
stage of explosive, high-silica volcanism, supplying large volumes of ash. The embayment fill is incised and covered by
fluvial deposits, which we relate to the Middle Pleistocene Brantas. The fluvial strata have a cyclic build-up, probably
representing sea-level controlled stages of aggradation and degradation. Based on a reconstruction of fluvial cycles,
we provisionally link the conglomerate bed in which the Mojokerto Homo erectus was found to MIS14 (~550ka). We
infer that the published radiometric ages derive from reworked volcanic clasts that make up this incisive fluvial lag
and are not representative for the age of deposition. Our study places the eastern Kendeng series in a new landscape
context and changes our view of the timing of hominin migration to Java.



The eastern Kendeng, a geological re-interpretation

1. Introduction

The eastern Kendeng is a gentle fold belt rising up from the alluvial plains of eastern Java (Fig. 1). It exposes a ca.
1,000 m thick regressive series of Pliocene marine mudstones covered by alternating coastal and terrestrial strata of
Pleistocene age. The area has special significance, as it holds the reference sections for the regional stratigraphy (Duy-
fies, 1938a) and it contains vertebrate fossils, which play a role in the regional biostratigraphy (De Vos et al., 1982;
Von Koenigswald, 1935). Moreover, a hominin skullcap, found in 1936 in Perning near Mojokerto (Von Koenigswald,
19364a) is regarded as one of the oldest Homo erectus fossils of Java (Huffman, 2001a; Morley et al., 2020; Morwood

et al., 2003; Swisher et al., 1994).
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Fig. 1. A: The Indonesian archipelago with the study area on eastern Java. B: Eastern Java, the eastern Kendeng Hills and other sites mentioned in the text.
C: The four anticlines making up the eastern Kendeng Hills. Map data: GEBCO (A, B, C) and ALOS (B, C).

Recent work on the hominin-bearing series of Trinil, ca. 100 km to the west, showed that the local depositional re-
cord, previously regarded as uninterrupted and directly related to the eastern Kendeng reference sections, has a com-
plex build-up, of various depositional stages and hiatuses, reflecting the interplay of tectonism, volcanism, sea-level
fluctuations and fluvial system dynamics (Berghuis et al., 2021). This complexity is reason to question the validity

of the stratigraphic practice proposed by Duyfjes (1938, 1936), which is based on simple, long-distance correlations
across eastern Java. This new insight has implications for the eastern Kendeng stratigraphy. If this depositional record
can no longer be regarded as the stratigraphic standard of a regional regression, what is its significance on a local
scale, in terms of landscapes and depositional processes? And if this record also appears to be more complex than
previously thought, how does this affect our ideas on the genesis and age of the Mojokerto hominin find site?

The objectives of our study are:

- To make a fieldwork-based re-inventory of the eastern Kendeng stratigraphic reference sections around Jombang
and of the hominin-bearing series of Mojokerto;

- To re-interpret the eastern Kendeng series as a local stratigraphic record, representing local depositional processes
and landscapes;

- To link the observed depositional record to published accounts on tectonism, volcanism and climate, and to the
Pleistocene sea-level curve;

- To consider the implications of our findings for the age, depositional context and stratigraphic position of the verte-
brate-bearing beds of Mojokerto, focussing on the find site of the hominin skullcap.
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2. Background
2.1 Geological setting

Java is located along the southern margin of the Sunda Shelf, directly north of the subduction zone where the Indi-
an-Australian oceanic plate subducts under continental Sundaland. In the Early Miocene, most of present-day Java
was part of a marine back-arc basin associated with an ancient volcanic arc in the south (Hamilton et al., 1979). In
the Late Miocene, volcanism ceased over a length of ca. 200 km, corresponding to present-day eastern Java, prob-
ably caused by a buoyant part of oceanic crust that was not able to subduct (Hall and Spakman, 2015). The inactive
volcanic arc eroded and changed into a submarine ridge with coral reefs (Smyth et al., 2008). In the adjacent back-arc
basin, deposition changed from volcaniclastic turbidity currents to settling of calcareous ooze. In the Late Pliocene,
the basin came under compression, possibly as a result of the resumption of active subduction in the south (Smyth
et al., 2005). This resulted in uplift and the emergence of elongate hill ranges. The Rembang Hills and the Southern
Mountains ridges were uplifted along pre-existing basement faults (Husein et al., 2015; Musliki and Saratman, 1996;
Satyana et al., 2004), whereas the western Kendeng formed as a fold-and-thrust belt over the former back-arc basin
(Genevraye and Samuel, 1972). In the Early Pleistocene, active volcanism returned, as a late response to resumed
subduction, with the Wilis (Fig. 1B) as the first major eruption centre (Hartono, 1994).

Besides tectonism along the plate margin, the region has been subject to long-wavelength uplift and subsidence

of the Sunda Shelf in relation to patterns of mantle flow (Zahirovic et al., 2016a). Dynamic subsidence of the shelf
prevailed during most of the Tertiary and Quaternary, although temporary disturbances of subduction caused inter-
mittent stages of dynamic uplift. Seismic surveys of the submerged shelf revealed the existence of up to five marine
sequences, overlying a basal Pleistocene unconformity, which are separated by internal unconformities, representing
intermittent stages of fluvial incision (Algahtani et al., 2015; Darmadi et al., 2007). This reflects a regime of alternating
stages of submergence and emergence, following sea-level fluctuations, dating back to MIS11 (Sarr et al., 2019).

2.2 Hominin fossils and Von Koenigswald’s vertebrate biostratigraphy

In the late 19* century, Dubois collected vertebrate fossils from fluvial strata along the southern foot slopes of the
western Kendeng, notably around the village of Trinil (Fig. 1B). His finds include hominin fossils (Dubois, 1894a),
which form the type specimens of Homo erectus (Mayr, 1950; Meikle and Parker, 1994). Dubois regarded his ver-
tebrate fossils as one faunal assemblage, which he referred to as the Trinil Fauna (Dubois, 1907). Later, vertebrate-
bearing fluvial beds were also found in the eastern Kendeng north of Mojokerto (Cosijn, 1932, 1931). Von Koe-
nigswald (1935, 1934) noted that these fossils differ from the Trinil Fauna and named this new assemblage the Jetis
Fauna. According to his observations, the strata that yield the Jetis Fauna form a lower stratigraphic level than the
fossil-bearing beds of Trinil. Using faunal characteristics, he assigned the Jetis Fauna to the Early Pleistocene and the
Trinil Fauna to the Middle Pleistocene. Besides these two faunal units, Von Koenigswald defined a third: the Ngan-
dong Fauna, referring to the fossil assemblage of a fluvial terrace near the village of Ngandong, discovered a few
years earlier (e.g. Oppenoorth, 1932). For this faunal assemblage, Von Koenigswald assumed a Late Pleistocene age.

In 1936 a hominin skullcap was discovered in a conglomerate bed north of Mojokerto, near the village of Perning (Von
Koenigswald, 1936a). Its finding spot, within the stratigraphic range of the Jetis Fauna, implied an Early Pleistocene
age, older than the hominin fossils from Trinil. The calvaria is regarded as a juvenile specimen (Storm, 1994) and often
referred to as the ‘Mojokerto child’.

2.3 Stratigraphy

In the 1930’s, the Geological Survey of the Dutch East Indies started a geological mapping program of Java, assigning
the geologist Duyfjes to map the Kendeng Hills and surroundings (Duyfjes, 1938a). Duyfjes selected his reference sec-
tions in the eastern Kendeng north of Jombang (Fig. 1C), which he interpreted as an uninterrupted record of coastal
progradation, driven by continuous volcanic supply that exceeded subsidence. The base of the exposed series (Fig.
2A) consists of calcareous and diatomaceous mudstones, which he referred to as the Kalibeng Formation. The lower
boundary of this material is not exposed, but Duyfjes knew that in the western part of the hill range the calcareous
mudstones are underlain by bedded marine claystones with Miocene foraminifera. Consequently, he assigned the
Kalibeng Formation to the Pliocene.

The mudstones are overlain by several hundred meters of marine clays, which Duyfjes named the Pucangan For-
mation, with an assumed Early Pleistocene age. Duyfjes noted that the clays, which are omnipresent in the eastern
Kendeng, wedge out toward the west. Around Trinil, they are absent and instead the calcareous Kalibeng Formation is
directly overlain by volcanic breccias. Referring to their similar stratigraphic position, and to his model of uninterrupt-
ed sedimentation and regional subsidence, Duyfjes correlated the breccias of Trinil with the marine clays of Jombang,
naming the breccias of Trinil the volcanic Facies of the Pucangan Formation.
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Duyfjes observed the marine clays to be overlain by bedded coastal sandstones and fluvial sandstones and conglo-
merates. He linked these strata to the breccias of Trinil and added them to the Volcanic Facies of the Pucangan For-
mation, describing a landscape of andesitic lahars and fluvial re-distribution to a muddy coast in the northeast. Refer-
ring to Von Koenigswald’s (1935, 1934) vertebrate biostratigraphy, Duyfjes drew a unit boundary in the fluvial series.
He assigned the lower part of this series, containing the Early Pleistocene Jetis Fauna, to the Pucangan Formation.
For the overlying fluvial strata, containing the Middle Pleistocene Trinil Fauna, he defined a separate unit: the Kabuh
Formation. This stratigraphic subdivision worked out well for the Trinil area. Here, the volcanic breccias, regarded as
the Pucangan Formation, are overlain by fluvial sandstones, which yielded Dubois’ Trinil Fauna and therefore ‘by defi-
nition” form the Middle Pleistocene Kabuh Formation (Duyfjes, 1936).

Duyfjes’ stratigraphy (Fig. 2A) is essentially a chronostratigraphic framework, combining strata of different facies in
stratigraphic units based on assumed age relations. Extrapolations (he spoke of ‘parallelization’) form a recurrent as-
pect in his stratigraphy. Even in his reference section, the position of the boundary between the Pucangan and Kabuh
Formations is determined by extrapolations with fossil finds from a wide area.

According to Duyfjes’ model, the prolonged conditions of regional subsidence finally changed to uplift and folding in
the late Middle Pleistocene, after the deposition of the Kabuh Formation, forming the Kendeng Hills.

2.4 Cracks in the stratigraphic model

Recent insight in eastern Java tectonism (Section 2.1) indicates that Duyfjes’ model of uninterrupted sedimentation
under prolonged subsidence, followed by late Middle Pleistocene folding is too simple. The emergence of eastern
Java has been influenced by more complex tectonism, forming several elongate uplift zones and leaving intermediate
areas as deposition centers. Folding and emergence of the western Kendeng dates from the Late Pliocene and left a
shallow basin along its southern flanks. Trinil is located in the marginal area between this uplifted ridge and the adja-
cent basinal area. Our recent work around Trinil (Berghuis et al., 2021) revealed a complex fill of intermittent lahars,
separated by long hiatuses, in which the area was subject to weathering and incision or covered with coastal marsh-
es. The fluvial strata along the top of this series represent several stages of local drainage systems, which were finally
captured by the Solo (Fig. 2B).

This shows that the eastern Java depositional record is more complex than previously understood and reflects alter-
nating stages of deposition, non-deposition, erosion and reworking, most of which have local relevance only. This
raises questions about the validity of the previous correlations. For Trinil, a local stratigraphic framework has been
defined (Fig. 2B). The same has been done earlier in Sangiran (Itihara et al., 1994). However, for the remaining part of
eastern Java, Duyjes’ units have remained commonly used.
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2.5 Revised vertebrate biostratigraphy

Questions have also arisen on the validity of the biostratigraphic framework and its implications for dating and de-
marcating stratigraphic units. De Vos et al. (1982) re-evaluated the work of Dubois and Von Koenigswald and conclud-
ed that their faunal assemblages were made up of mixed finds with poorly documented (stratigraphic) provenance.
They proposed a revision of the faunal subdivision, distinguishing between the Trinil HK (= Hauptknochenschicht or
Main Bone Bed) Fauna, the Kedung Brubus Fauna and the (unchanged) Ngandong Fauna. The Trinil HK Fauna derives
from a specific stratigraphic level within the Trinil find site and contains an assemblage that is considered as homoge-
neous (Van den Bergh, 1999). It is poor in species and may represent an early-stage island setting of eastern Java. The
Kedung Brubus Fauna is a richer fauna, pointing to a subsequent influx of species via a land connection with the Asian
mainland. De Vos et al. (1982) assigned the fossils from Mojokerto to the Kedung Brubus Fauna, suggesting that the
Perning skullcap is younger than the Trinil skullcap.

Van den Bergh et al. (2001) provisionally dated the faunal units to 0.9 Ma (Trinil HK Fauna) and 0.8 — 0.7 Ma (Kedung
Brubus Fauna). The revised faunal units and their ages have become generally accepted. Nevertheless, Duyfjes’ Pu-
cangan and Kabuh Formations, which were based on the former biostratigraphy, have remained in use, including their
assumed (older) ages.

2.6 Recent developments with regard to the vertebrate biostratigraphy

The Ngandong Fauna derives from a single river terrace that has been dated to 140 — 92 ka (Rizal et al., 2020). Recent
work in Trinil has shown that that the Hauptknochenschicht or Main Bone bed is made up of two channel fills, which
date to 830 — 773 ka and 540 — 380 ka respectively (Hilgen et al., under review; Pop et al., under review). The age of
the oldest channel is close to the age as proposed by Van den Bergh et al. (2001). The younger channel incises into
the older channel, and its vertebrate fossils may partly or largely be reworked.

Although the age and background of the Ngandong and Trinil HK Faunas are nowadays better understood, this does
not account for the Kedung Brubus Fauna. This assemblage derives from a poorly studied fluvial interval of > 200 m
thick (Duyfjes, 1936), which may very well have a more complex build-up than commonly assumed.

2.7 Age of the Perning skull

K/Ar and Ar/Ar-dating of pumice from the hominin-bearing bed of Perning (Mojokerto) yielded ages of 1.9 + 0.5 Ma
(Jacob and Curtis, 1971) and 1.81 + 0.04 Ma (Swisher et al., 1994). These old ages, older than any other known Asian
Homo erectus, were regarded as evidence of early hominin migration out of Africa. The ages are in line with the for-
mer (bio)stratigraphic frameworks Von Koenigswald and Duyfjes and seem to contradict with the revised biostratigra-
phy of Vos (1982). Morwood et al. (2003) obtained an age of 1.49 + 0.13 Ma using fission track analyses on multiple
zircons from pumice gravel, which still places the fossil among the oldest hominin remains of Java (Matsu’ura et al.,
2020), but within the generally accepted age range of Asian of Homo erectus (Dennell, 2009). For the interpretations
of the available radiometric ages it is noted that the K/Ar and Ar/Ar ages represent crystallization ages of hornblende
crystals. This crystallization may already take place in the magma chamber, possibly resulting in a radiometric age that
precedes the eruption age. Fission track ages represent the time elapsed since the zircon grains were last exposed to
temperatures above 240°C. These ages therefore probably more closely represent the actual eruption age.

The published radiometric ages have been assumed to approximate the age of fluvial deposition, referring to Duyfjes’
landscape model of Early Pleistocene volcanic supply and quick eastward fluvial redistribution. De Vos and Sondaar
(1994) and Langbroek and Roebroeks (2000) suggested that the sampled pumice consists of reworked volcanic ma-
terial and that fluvial deposition may be younger. Morwood et al. (2003) provided additional sedimentological justi-
fication for their claim of contemporary volcanism, stating the dated material was sampled from a horizon consisting
largely of granular pumice, forming a ca. 15 cm thick layer with great lateral continuity.

Paleomagnetic measurements of the depositional record of Mojokerto indicated a dominance of reversed polarities
in the basal marine strata, changing to predominantly normal and intermediate polarities around the transition to
the terrestrial, fossil-bearing strata (Hyodo et al., 1993; Sartono, 1981). Sartono (1981) related this polarity change to
the Brunhes-Matuyama boundary. However, Hyodo et al. (1993) continued their measurements upwards through the
stratigraphy and again found predominantly reversed and intermediate polarities. The authors correlated the interval
of normal polarities, including the fossiliferous beds, with the Jaramillo Subchron. Swisher et al. (1994) correlated this
interval with the Olduvai Subchron, referring to their older radiometric ages, whereas Morwood et al. (2003) correlat-
ed it with the Sangiran excursion, a temporary swing of declination between the Olduvai and Jaramillo Subchrons
(Hyodo et al., 1992). Huffman (2001) regarded the normal polarities as a result of recent overprint and not indicative
of age.
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3. Methods

During field campaigns in 2018 and 2019 we studied several river and quarry sections through the anticlines north of
Jombang and Mojokerto (Fig. 1C and 3). We followed the routes of the researchers of the 1930’s, and added new ob-
servations from recent quarries. All sections were measured, described and photographed. Interpretations have been
based on published facies models, notably Tucker (1985) for shallow marine carbonates, Elliott (1986) for shallow
marine clastic deposits, Bhattacharya (2006) for deltaic and Miall (2014, 1996) for fluvial deposits. The petrography
of sand and conglomerate beds was determined in the field by hand lens and described semi-quantitatively. Special
attention has been paid to unconformities in the form of (subaqueous) scour surfaces, fluvial incisions or paleosols,
representing hiatuses in the depositional record. The successions between such unconformities are referred to as
depositional sequences.

Fossil molluscs and corals were collected, described and photographed in the field. Identification has been carried out
at Naturalis Biodiversity Center, based on descriptions and photographs, mostly up to genus level. Vertebrate fossils
have not been excavated.

For the lower part of the studied section, published foraminiferal analyses are available (Berghuis et al., 2019). For
the upper part of the section, additional samples were prepared and investigated for microfossils at the Vrije Uni-
versiteit, Amsterdam. To retrieve the foraminifera, the samples were placed in a cup with hot water and a detergent.
After soaking for some hours, the samples were washed over a >63um sieve and dried on a hotplate. Subsequently,
the dry residues were studied under a binocular microscope. Total occurrences of planktonic and benthic foraminifera
were listed as poor, moderately rich or rich. The faunal analysis was carried out semi-quantitatively, with occurrences
per species listed as scattered, common or abundant. Diatoms, mainly occurring in the unstudied < 63um fraction,
were not included in our study.
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Fig. 3. A: The eastern Kendeng and the studied sections north of Jombang and Mojokerto. B: Marmoyo River Section (Jombang area). C: Sumberingin River
Section (Jombang area). D: Kepuhklagen Road Section near Perning, quarry sections and Homo erectus find site (Mojokerto area).

4. Sedimentology

Six genetically significant facies associations (FA) were identified, based on texture, composition, sedimentary struc-
tures, (micro)fauna and stratigraphic position. The six FA represent depositional settings ranging from open marine to
coastal and terrestrial.

4.1 FA1: Open marine, bathyal depths
4.1.1 Description:

White, planar laminated or platy diatomaceous mudstones (Fig. 4, photo 1) alternating with white, massive calcare-
ous mudstones (Fig. 4, photo 2). The massive calcareous facies contains varying amounts of admixed detrital clay and
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may locally be referred to as calcareous-argillaceous mudstones, with a light grey color (Fig. 4, photo 3).

The diatomaceous facies is poor in foraminifera, with a planktonic/benthic-ratio > 99% (=P/B-ratio). Planktonic fora-
minifera are represented by scattered occurrences of Globorotalia tumida, Globigerinoides trilobus, Globigerinoides
ruber and Sphaeroidinella dehiscens. Benthic foraminifera are extremely scarce or absent. For diatoms, reference is
made to Reinhold (1937), who referred to the diatomaceous strata of the eastern Kendeng as the Pengampon Forma-
tion.

The massive calcareous facies is rich in well-preserved foraminifera, with a P/B-ratio of ¥99%. Planktonic foraminifera
are dominated by Globorotalia menardii (dex.), Neogloboquadrina pseudopima, G. trilobus, Globigerina bulloides, G.
tumida and G. ruber. Scattered benthic foraminifera consist of Gyroidina sp., Uvigerina peregrina, Pullenia bulloides,
Bulimina marginata and Cibicidoides wuellerstorfii.

4.1.2 Interpretation:

The mudstones of FA1 represent open marine conditions. Benthic foraminiferal species, as well as the P/B-ratio of
over 99%, point to bathyal depths. The laminated diatomaceous facies represents stages of eutrophication, blooming
phytoplankton and reduced oxygen conditions, which Berghuis et al. (2019) relate to upwelling. The massive calcare-
ous mudstones represent intervening stages of reduced phytoplankton growth, normal oxygen conditions and a rich
planktonic foraminiferal fauna, dominated by tropical species. Admixed argillaceous material reflects a low supply of
fine terrestrial detritus.

4.2 FA2: Mud-dominated outer shelf
4.2.1 Description

Dark grey, slightly bluish, massive clay (Fig. 4, photo 4). The material is moderately rich in fine organic matter and
practically devoid of admixed sand or silt. Carbonate content is very low. Locally the clay contains concentric calcare-
ous concretions (diameter up to ~10 cm).

The clay is moderately rich in foraminifera, with a P/B-ratio of ~ 95%. Planktonic foraminifera consist primarily of G.
menardii (sin. and dex.), N. pseudopima, Neogloboquadrina humerosa, G. trilobus, G. tumida and G. ruber. The ben-
thic assemblage is represented by scattered occurrences of Lenticulina sp., Ammonia supera, Eponides sp., Pseudoro-
talia gaimardii, B. marginata, Hoeglundia elegans, Uvigerina sp., Laticarinina pauperata and Gyroidina sp.

4.2.2 Interpretation

This FA is regarded as extensively bioturbated marine mud. The composition of the material points to a rich supply
of terrestrial weathering products and a setting in the proximity of an emerged landmass. The benthic assemblage is
dominated by shelf species, but also contains deeper water species such as Uvigerina sp., L. pauperata, Gyroidina sp.
and B. marginata, suggesting upper bathyal to outer shelf depth conditions. Benthic species as Ammonia supera and
Pseudorotalia gaimardii point to low dissolved oxygen concentrations at the seabed, which probably relate to micro-
bial respiration of accumulated organic matter. Microbial respiration probably also caused the slightly bluish color of
the clays and the occurrence of concentric calcareous concretions (e.g. Sellés-Martinez, 1996) The concretions occur
on distinct levels and probably reflect episodes of reduced sedimentation, allowing for concretion growth over a
longer period. The moderately rich occurrence of planktonic foraminifera shows that normal oxygen conditions pre-
vailed in the water column.

4.3 FA3 Mud-dominated shallow marine
4.3.1 Description

Light grey, bedded marine clay with sandy laminae and thinly interlayered clay-sand alternations, moderately rich in
organic matter (Fig. 4, photo 7). Sandy laminae and thicker sand beds are fine-grained and dominated by fine shell
debris, admixed with lithic grains (andesite and pumice) and occasional glauconite. The material contains sparse
vertical burrows. Sand beds may have wavy or lenticular bedding structures. Locally, channelled sand beds occur,
with a fill of coarse shell fragments, fine gravel (mainly moderately rounded andesite clasts) and clay pebbles. Oc-
casional interbeds are found of massive, blocky-structured, dark grey clays, which may contain fine root traces and
dispersed fine pyrite crystals.

The sediment is moderately rich in foraminifera, with a P/B-ratio of ~ 75%. Planktonic foraminifera are poorly pre-
served and often have broken or iron-stained tests. G. trilobus, Dentoglobigerina altispira, G. menardii (dex.), Pulleni-
atina obliquilocuta, G. ruber, G. tumida and Sphaeroidinella subdehiscens are among the most common species. Ben-
thic foraminifera are represented by rich occurrences of Pseudorotalia coinoides, Asterorotalia trispinosa, Elphidium
sp. and the larger species Amphistegina lessonii and Gypsina sp.
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Fig. 4. Selected photographs of the Jombang section. (1) Diatomaceous mudstones (FA1). (2) Calcareous mudstones (FA1). (3) Argillaceous-calcareous mud-
stones (FA1). (4) Massive marine clays (FA2). (5) Paleosol capping the massive marine clays. (6) Transgressive lag over the paleosol, with shell fragments and
andesite gravel. (7) Shallow marine clay-sand alternations (FA3). (8) Shell beds capping coastal progradation cycles (FA3). (9) Idem, close up. (10) Clinoform-bed-
ded tuffaceous sand alternating with laminated mud (FA4). (11) Clinoform-bedded tuffaceous sand (FA4), overview of sets separated by internal unconformities
(Kabuh quarry).
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The material contains cemented sand beds (up to 15 cm thick) rich in bivalve fragments (Fig. 4, photo 8 -9), consisting
of Pectinidae indet, Carditidae indet., Ostrea sp., and Timoclea sp. The fragments have rounded edges and are ar-
ranged in laminae, with the shells mostly in a convex-upwards position.

4.3.2 Interpretation

FA3 is indicative of shallow marine conditions under a rich supply of fine clastic material. The preservation of bedding
structures is indicative of a relatively high sedimentation rate. Clays with fine sandy laminae represent inner shelf,
subtidal depths, with sandy laminae reflecting storms or episodes of high fluvial discharge. Wavy and lenticular-bed-
ded clay-sand alternations point to tidal currents. Channelled incisions with coarse fills rich in shell fragments repre-
sent tidal or estuarine channels. Interbeds of massive organic clays with fine pyrite crystals are indicative of coastal
marshes, with thorough bioturbation and intermittent flooding (Pons et al., 1982).

The bivalve species are indicative of relatively turbulent conditions. The rounded shell fragments point to transport.
Their occurrence as laminae with a convex-upward orientation reflects winnowing, either under shallow subtidal con-
ditions or under intertidal conditions. The calcite-cementation of some of the shell beds may relate to early diagene-
sis by intermittent subaerial exposure, pointing to an origin as intertidal bars.

The benthic foraminiferal assemblage is characteristic of coastal or estuarine conditions. The planktonic foraminifera
represent open water conditions and must have been transported to the coast by waves and tidal currents. An abun-
dance of broken and iron-stained planktonic tests indicates that the assemblage contains reworked specimens, proba-
bly supplied as a terrestrial weathering product.

4.4 FA4 Ash-dominated deltas
4.4.1 Description

Yellowish grey, fine-grained tuffaceous sandstones, forming dm-scale bedding structures separated by mud drapes or
thicker, laminated mud layers (Fig. 4, photo 10). The beds are normal graded and have an indistinct, parallel stratifi-
cation. Grains consist of monocrystalline feldspars, vitric grains, lithic pumice and scarce fine shell fragments. Thicker
sand beds often have a composite build-up of several amalgamated, graded sand layers.

The sandstone beds may be horizontally bedded, but more often form clinoforms with a depositional dip of 5 to 15°,
locally reaching even steeper inclinations of up to 25° (Fig. 4, photo 11; Fig. 5, photos 9 and 11). Dipping beds often
have a slightly incisive base, covered with a veneer of coarse tuffaceous sand with fine pumice gravel and clayey rip-
up clasts, quickly grading upwards into fine tuff. The bedding planes are often distorted by soft sediment deformation
or slumping. Horizontally-bedded sandstones are dominated by fine tuff and have more prominent clayey interbeds
(Fig. 5, photo 1).

The material is poor in foraminifera, mostly with abraded and poorly preserved tests. Benthic species include B. mar-
ginata, A. supera, Cibicides sp., Amphistegina sp. Among the fragmented planktonic tests are Neogloboquadrina sp.
and Sphaeroidinella sp.

4.4.2 Interpretation

FA4 represents deltaic depositional conditions under a high supply of volcanic ash, pointing to explosive volcanism in
the hinterland. Clinoform-bedded sands with thin clayey interbeds were deposited on the dipping delta slope. Tuffa-
ceous sand beds with thicker clayey interbeds and a low or indistinct depositional dip may represent a pro-delta set-
ting or a setting along a shallow, low-gradient coast.

The normal grading and slightly incisive base of the foresets reflect delta progradation by intermittent turbidity cur-
rents. The dominance of silt and fine-grained sand and the scarcity of well-rounded, coarser material points to supply
by sediment-laden rivers, with a high suspension load and relatively low bed-load transport. Possibly, the sand beds
represent short episodes of extreme run-off, which caused incoming high-density river water to plunge beneath the
seawater, flowing over the delta slope as turbidity currents (e.g. Mulder and Syvitski, 1995; Zavala, 2020). Such situa-
tions may be related to flash floods in the upstream reach of the river and may have been amplified by ebb currents
in the river mouth. Also, soft sediment deformation and slumps hint at episodes of high sediment supply and destabi-
lization of the delta slope. Clay laminae, alternating with fine-sandy foresets, represent settling from a buoyant plume
in front of the river mouth during intervening stages. The rhythmic build-up of fine sandy foresets and mud drapes
may reflect seasonal variation in river discharge.

The scarce, abraded and broken foraminifera are regarded as reworked tests and must have been supplied to the del-
ta by the river. Note that the benthic species form an unusual assemblage of bathyal and coastal species, which also
points to reworking.
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Fig. 5. Selected photographs of the Mojokerto section. (1) Bedded tuffaceous sand and laminated mud (FA4) forming base of the exposed section. (2) Tree root,
paleosol overlying basal series of bedded tuffaceous sand. (3) Mud cracks, same level as photo 2. (4) Mollusc-rich siltstones (interdistributary bay) sharply over-
lain by laminated clays (coastal-lake facies) (FA5). (5) Idem, laminated clays (FA5) are incised and overlain by cross-bedded conglomerate bed (FA6). (6) Close-up
mollusc-rich siltstones (FAS). (7) Close-up laminated clays (FAS). (8) Close-up incisive contact between laminated clays (FA5) and cross-bedded conglomerate
(FAB). (9) Clinoform-bedded sandstones (FA4), incised and overlain by cross-bedded conglomerates (FA6). 10: Horizon with fine root traces marking unconformi-
ty between clinoform-bedded sets. (11) Two clinoform-bedded sets separated by unconformity, set 2 is incised and overlain by cross-bedded conglomerates.
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4.5 FAS Sheltered interdistributary bays and coastal lakes
4.5.1 Description

Greenish grey, massive, siltstones with marine molluscs (Fig. 5, photo 6). The sediment is thoroughly bioturbated, lo-
cally preserving vertical burrows. The material consists of tuffaceous grains (vitric particles and monocrystalline feld-
spars), fine shell debris and calcareous grains and is admixed with calcareous mud. The material is rich in gastropods
(Turitella sp., Architectonica sp., Tonnidae indet., Strombus sp., Oliva sp., Ficus sp., Natica sp.) and bivalves (Veneridae
indet, Pectenidae indet., Anadara sp., Ostrea sp.). The shells are found either fragmented or in-situ. Fragmented
shells have sharp edges and occur dispersed through the sediment. The material contains scattered free-living corals
Goniopora stokesi.

The material is poor in foraminifera, dominated by benthic species as Amphistegina sp. and Ammonia sp. Planktonic
foraminifera are scarce and are represented by unidentifiable, abraded and broken specimens.

Loacally, the mollusc-rich siltstones are sharply overlain by finely laminated clays (Fig. 5, photos 4, 5 and 7), without
traces of incision or weathering that might point to a depositional hiatus. The clay is made up of light and dark grey
laminae, forming distinct and laterally continuous couplets. The dark laminae have a thickness of 2-3 mm and consist
of clay with fine decomposed plant fragments and may contain imprints of leave fragments. The light laminae range
in thickness between 1 and 4 mm and are composed of clay with admixed fine ash. Remarkably, the laminated clays
are devoid of marine molluscs, which forms a great contrast with the underlying mollusc-bearing siltstones. Except
for extremely scarce occurrences of broken foraminiferal tests, the material is also devoid of foraminifera.

4.5.2 Interpretation

The burrowed, mollusc-rich mudstones represent a sheltered, shallow marine setting. In Section 6.5 we will see that
this sheltered environment is closely related to the landscape of ash-dominated deltas as described in section 4.4,
suggesting a background as interdistributary bays.

The rich mollusc assemblage, dominated by gastropods, represents a low-energy and clear-water habitat, with a
depth range of 5 to 20 m. Also the benthic fauna dominated by Amphistegina sp. and the scattered free-living corals
point to shallow, clear-water conditions. Scarce abraded tests of planktonic foraminifera are regarded as reworked
specimens, probably supplied by rivers.

Dispersed shell fragments with sharp edges do not show signs of significant transport or wave action. Fragmentation
is probably related to predation and compaction. In-situ molluscs point to episodic rapid burial. The ash-dominated
composition of the sediment points to terrestrial supply from a volcanic hinterland.

The sharp transition to laminated clays represents an abrupt change to stagnant-water conditions. The sudden dis-
appearance of marine molluscs and foraminifera suggests that the former lagoon has become isolated from the sea,
changing the area into a coastal lake. The preservation of fine laminae suggests anoxic bottom conditions. Anoxic
conditions in coastal lakes are often related to salt bottom waters, leading to stratification and inefficient mixing of
the water column (Zolitschka et al., 2015).

4.6 FA6 Meandering and anastomosing rivers
4.6.1 Description

Reddish-brown conglomerates, yellowish-grey cross-bedded and planar bedded sandstones and dark grey organc
clays, forming fining-upward sequences with a preserved thickness of up to 8 m. A sequence has a channelled or pla-
nar erosive base, covered with ca. 1.5 m of trough cross-bedded conglomerate (Fig. 6 photos 1-3 and 8-9). The con-
glomerate has a matrix of cemented coarse sand (feldspars, pyroxenes, hornblendes, lithic pumice and andesite) and
contains moderately to well-rounded gravel (2-5 cm), with a polymict composition of pumice, dacite and andesite.
Clayey rip-up clasts (up to 10 cm) are common. The conglomerate contains scattered, well-mineralized, disarticulated
and often fragmented vertebrate bones. This basal lag is overlain by several meters of medium to fine-grained sand-
stones. Trough cross-bedding structures may be found in the lower few meters (Fig. 6, photo 10), but more often the
sand is planar bedded and alternates with thin clay layers with fine root traces or thin paleosols with a blocky texture,
root traces and fine carbonate concretions (Fig. 6, photos 5 and 7). Frequently, thicker (~1 m) interbeds occur of mas-
sive, dark grey clay rich in organic matter (Fig. 6, photo 6), containing in-situ molluscs (Corbicula sp., Geloina sp.).

4.6.2 Interpretation

The erosive lower boundary of a fluvial sequence, overlain by a gravelly lag, points to incision by a laterally mobile
gravel-bed river, suggesting meandering conditions. The polymict gravel derives from the foot of the Wilis and Anjas-
moro volcanoes and the rounding reflects stable bed-load transport. The overlying fining-upward sequence generally
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Fluvial

Fig. 6. Selected photographs of the Mojokerto section (continued). (1) First conglomerate lag, base of the fluvial series (FA6), oldest preserved stage of the
ancient Brantas. (2) Idem, close-up. (3) Idem. (4) Monument commemorating Homo erectus find, placed on basal conglomerate bed. Later reconstructions in-
dicated that the actual find site is the second conglomerate bed. (5) Stacked floodplain deposits with root traces (FA6). (6) Vertisol in floodplain series (FA6). (7)
Stacked floodplain soils, covered with overbank deposits (FA6). (8) Incision covered with second conglomerate lag (FA6). (9) Close-up second conglomerate lag.
(10) Cross-bedded sand overlying second conglomerate lag (FA6). (11) Incision and third conglomerate lag. (12) Bedded organic clays and transition to marine
interval. (13) Bedded marine claystones and sand with sparse burrows and mollusc fragments (FA3). (14) Alternating marine claystones and incisive fluvial sand-
stones, top of the section (FA3 and FA6).
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represents meandering conditions, with trough cross-bedded point-bar deposits overlain by floodplain soils. How-
ever, stacking of planar-bedded fine-grained sand and interbedded floodplain soils forms a distinctive feature of the
fluvial sequences, pointing to repeated burial of the floodplain by wash-overs or avulsions from the main channel.
Overbank deposition and high floodplain sedimentation rates are indicative of anastomosing conditions and are gen-
erally associated with rapid base-level rise (Makaske, 2001). Also the occurrence of thicker clayey interbeds points to
this direction, as anastomosed rivers have low-lying, saucer-shaped floodplains, which frequently develop into wet-
lands. The in-situ molluscs in these clay layers represent a fresh or brackish water habitat. Probably, the fluvial fining
upward cycles reflect an initial erosive stage, under meandering conditions, followed by an aggradational stage, under
(partly) anastomosing conditions.

5. The depositional records of Jombang and Mojokerto
5.1 Jombang

North of Jombang, the Pucangan anticline rises up from the Brantas floodplain (Fig. 1). Duyfjes (1938) selected river
sections through the south flank of this anticline, as a reference for his Kendeng stratigraphy. We focussed on the
Marmoyo and Sumberingin Sections (Fig. 3), as these two sections cover the entire depositional series that makes
up this flank of the anticline. Moreover, a published foraminiferal biostratigraphy provides detailed age control of the
marine strata making up the base of these sections (Berghuis et al., 2019). The Marmoyo and Sumberingin Sections
reach a total thickness of ca. 1,000 m (Fig. 7 and 8).

The base of the series, exposed in the core of the anticline, consists of calcareous and diatomaceous mudstones
(FA1), dating from the Early Pliocene. The material is generally very low in admixed detrital clay, but around 290 m
above the base of the section, clay content increases, changing the sediment into calcareous-argillaceous mudstones.
Foraminiferal age markers indicate that this facies change dates to ~ 3.8 Ma. Ca. 430 m above the base of the section
this material quickly grades into plastic marine clays (FA2). An array of planktonic age markers provides good age con-
trol over this part of the section (Fig. 7), indicating that this prominent facies change dates to 3.0 Ma.

The massive clays reach a thickness of 250 m. The base of the clays still contains a characteristic tropical planktonic
foraminiferal assemblage. However, higher up a strong decline of G. tumida, a coiling change from dextral to sinistral
in G. menardii and the appearance of Neogloboquadrina cf. pachyderma point to slightly cooler water conditions.
These fauna changes are regionally used to mark the Plio-Pleistocene boundary (Blow, 1969; Bolli et al., 1989). The
massive clays are capped with a ca. 1.5 m thick weathering profile of stiff, crumbly, red-coloured clay with fine iron
concretions (Fig. 4, photo 5). This layer is truncated and covered with a lag of coarse sand with shell fragments and
fine andesitic gravel (Fig. 4, photo 6). The lag is overlain by shallow marine clay-sand alternations with shell frag-
ments (FA3), reaching a thickness of 120 m. This shallow marine series can be roughly subdivided in three superim-
posed coarsening upwards sequences, grading from clay with fine sandy laminae to clay-sand alternations with wavy
and lenticular bedding structures. Toward the top of these sequences, calcite-cemented shell lags occur (Fig. 4, pho-
tos 7-9), as well as dark grey organic clay layers with fine pyrite crystals. Planktonic age control is lost, as most age-rel-
evant species are thermocline-dwelling and require sufficient water depth. Moreover, the material contains abundant
red-stained planktonic foraminifera with eroded tests, which probably derive from eroded older strata, further com-
plicating age determinations. For example, D. altispira, S. subdehiscens and dextrally coiled G. menardii, all present in
the shallow marine strata, are Pliocene species for which extinctions were found lower in the depositional record (Fig.
7).

At ~ 810 m above the base of the section, the shallow marine clays quickly grade into fine-grained, bedded tuffaceous
sandstones (FA4). Today the sand quarry of Kabuh, ca. 1.5 km west of the Sumberingin Section, provides excellent
exposures of this material (Fig. 4, photo 10-11). The bedding planes dip ca. 40° (N145S). Reducing this value with the
tectonic dip, which is ca. 30° (N170E), leaves an eastward-directed dip of 10 to 15°, which we regard as a sedimen-
tary, clinoform-related dip. The series reaches a total thickness of ca. 150 m and is built up of superimposed deltaic
progradation sequences, forming sets of clinoforms with a thickness ranging between 10 and 50 m. Sets of clinoforms
are separated by unconformities marked with burrows or fine root traces, often covered with a lag of fine shell frag-
ments and clay pebbles.

Sequences Lithology Fossils
~~ Root traces
High base level: El Bedded clay with sandy laminae - Massive clay rich in organic matter
Coastal progradation - . L . T - Polvmi | =3 Vertebrates
Massive clay mod. rich in organic matter | ::= 4 Pol ymict conglomerate . Fresh / brackish water
. X . bivalves
Rising base level: Calcareous - argillaceous mudstones Finely laminated clay ) )
Aggradation / deepening @  Marine bivalves
I:l Calcareous mudstones l: Burrowed calcareous siltstones ® |
1 Low base level: Incision / emergence — Corals
Unconformity: ~ 11— | Diatomaceous mudstones |: Sand and sandstones & Gastropods

sequence boundary

Legend to Fig. 7 and 9.
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Fig. 7. Composite stratigraphic column of the Pucangan anticline north of Jombang, based on the Marmoyo and Sumberingin River Sections. See separate le-
gend. Planktonic foraminiferal age markers are based on Berghuis et al. (2019). Age estimate of ~1.09 Ma is based on a provisional link with the Wilis eruption
record (Hartono, 1999). FA = Facies Association, see Section 4. Revised unit definitions based on this paper.
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Fig. 8. A: Schematic cross-section over the south flank of the Pucangan anticline north of Jombang. FA = Facies Association, see section 4. The fluvial strata
making up the southern foot slopes of the anticline postdate initial folding. They are part of a younger fluvial valley fill and have become tilted and uplifted along
the margin of the anticline by continued folding. B: Previous interpretation and unit definition (Duyfjes, 1938), in which the series forms an uninterrupted record
of coastal progradation and pre-dates folding. Fluvial strata along the southern flank do no re-appear along the northern flank, but were correlated with marine
deposits which were regarded of equal age and which were referred to as the marine facies of the Kabuh Formation. C: Location of the cross-section.

The Kabuh quarry does not expose the top of the clinoform-bedded series, but in the Sumberingin River Section, the
series can be traced southwards toward the footslopes of the hill range (Fig. 8A). Here, the tuffaceous clinoform-bed-
ded series is truncated by a channelled erosion surface, covered with a trough-crossbedded, reddish-brown conglom-
erate lag. This basal lag is overlain by a ~ 25 m thick, poorly exposed fluvial series (FA6), made up of three or four
stacked fining-upward sequences, each with an incisive base covered with a conglomerate lag.

5.2 Mojokerto

The succession as exposed around Jombang can be traced eastward toward the Kedung Waru anticline north of Mo-
jokerto (Fig. 1). This low and smooth fold contains the bone-bearing fluvial strata that form the type locality of Von
Koenigswald’s Jetis Fauna and yielded the Perning skullcap. Duyfjes (1938), Huffman and Zaim (2003) and Morley et
al. (2020) described a section through the anticline along Kepuhklagen Road. We restudied this section by combining
detailed sections of the sand quarries north of the village of Perning, directly east of the Kepuhklagen Road, offering
an unprecedented insight into the geological build-up of the anticline (Fig. 3D). Six quarry sections (sections A to F)
were studied, representing a combined thickness of 54 m (Fig. 9 and 10).

The strata as exposed in the Kedung Waru anticline form the stratigraphic equivalent of the top of the Jombang sec-
tion. Shallow marine clays (FA3) make up the core of the Kedung Waru anticline. The material is exposed several kilo-
meters east of the Kepuhklagen Road Section. Duyfjes (1938) also reported the material in exposures along Kepuhkla-
gen Road, but this could not be confirmed during our field studies.

In the studied quarry sections of Perning - Kepuhklagen, the lowest exposed stratigraphic level consists of the bed-
ded, fine-grained tuffaceous sandstones (FA4). The material makes up the base of quarry sections A and E (Fig. 10)
and reaches a maximum exposed thickness of 5 m. The tuffaceous beds have prominent clayey interbeds (Fig. 5,
photo 1) and do not have a significant clinoform-related dip. The strata are capped with a thin weathering profile,
with shrinkage cracks and root traces (Fig. 5, photos 2-3). In quarry section A, two paleosols are found at this level,
separated by several meters of shallow marine sands and clays with shell fragments and interbedded organic clays
with fine root traces and pyrite crystals, with a facies similar to FA3, but with a more tuffaceous composition of the
sand grains.

The paleosol is overlain by ca. 8 m of burrowed, ash-rich siltstone, rich in marine molluscs (FA5), which is sharply
overlain by ca. 5 m of finely laminated clays (FA5) (Fig. 5, photos 4-7). In quarry section A, several meters of organic
clays with root traces are found between the mollusc-rich siltstones and the laminated clays.

The laminated clays become slightly sandier toward the top and are overlain by fine-grained bedded tuffaceous sand-
stones (FA4), with a prominent depositional dip of ca. 25° (N40E), corrected for tectonic dip (Fig. 5, photos 9 and 11).
Moreover, the steeply dipping clinoforms have a parallel, mostly undistorted bedding structure. Remarkably, the
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ation. Revised unit definitions based on this paper. Legend: See Fig. 7.

tuffaceous beds in this part of the section are devoid of shell fragments or foraminifera, a feature that was also noted
by Huffman and Zaim (2003). The steeply dipping clinoforms form one single set. In some of the larger quarries, a
second set can be observed, separated from the underlying set by an unconformity with fine, red-colored grass-root
traces (Fig. 5, photos 10 and 11). The clinoforms in the overlying set have a depositional dip of ca. 15° (N35E) and
contain low quantities of shell debris and scarce foraminifera, mostly as abraded or broken tests. The clinoforms can
be traced along the quarry sides for hundreds of meters and locally wedge out into the surrounding laminated clays
(Fig. 10).

The tuffaceous clinoforms are truncated by a channelled erosion surface (Fig. 5, photos 9 and 11), locally leaving only
several meters of the clinoform-bedded sands or even cutting down into the underlying laminated clays. Where the
deltaic sands wedge out, the erosive surface incises the laminated clay (Fig. 5, photos 5 and 8). The erosion surface is
covered with a cross-bedded, cemented conglomerate bed (Fig. 6, photos 1-3), which is overlain by (planar) bedded,
medium to fine-grained sand with interbedded paleosols and clays (FA6). Several meters higher a new erosion surface
is found, which is slightly channelled but in general forms a planar erosion surface that can be traced over long dis-
tances. It is covered with a cemented conglomerate lag, forming a plateau at ca. 59 m +MSL along the southern and
central part of the hill range, which is around the axis of the anticline (Fig. 11A). The erosion surface truncates the
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underlying fluvial sequence with its more irregular erosive base. Locally, the younger erosion surface directly trun-
cates the deltaic beds (Fig. 10, section B). Although the 59 m +MSL plateau resembles a fluvial terrace, remnants of
overlying deposits indicate that it has formed by erosion of overlying, less consolidated material. This material again
consists of bedded fluvial sand with interbedded floodplain soils and organic clays (FA6). It is exposed in isolated hills
along the core of the anticline, reaching ca. 79 m +MSL. Moreover, it forms elongate crests of northward-dipping stra-
ta along the north flank of the anticline. Another prominent abrasion surface, again with a lag of cross-bedded con-
glomerate, marks the base of a third fining-upward sequence. This sequence grades into bedded organic clays (Fig. 6,
photo 12), which are sharply overlain by an unstructured lag of rounded shell fragments, dominated by Ostrea sp. It
marks the transition to bedded claystones, with thin sandy interbeds and sparse marine molluscs (FA3) (Fig. 6, photo
13). The marine interval, which reaches a thickness of ca. 5 m, is deeply incised by channels with a fill of (cross-)bed-
ded conglomerates and sandstones (FA6), which is again overlain by shallow marine clay-sand alternations (FA3). This
marine interval is once again fluvially incised and the moderately cemented fluvial fill of this incision (FA6) caps the
isolated hilltops (Fig. 6, photo 14).

Upon comparing our field descriptions with the published studies of this site, we found that the internal structure of
the Kedung Waru anticline is different than previously thought. Its south flank is largely missing, probably due to fault-
ing, which changes the perspective of the local stratigraphy (Fig. 11C). Fortunately, it is possible to trace back most of
the previous field observations. Von Koenigswald (1935, 1934) and Duyfjes (1938, 1936) used two mollusc-bearing in-
tervals as field markers, which the latter referred to as mollusc beds 2 and 3 (Fig. 11B). Mollusc bed 2 is the burrowed
siltstone interval (FA5) within the ash-dominated deltaic series (FA4). Mollusc bed 3 is the shallow marine interval
(FA3) near the top of the section, interbedded between fluvial strata. Von Koenigswald based his Jetis Fauna on ver-
tebrate fossils collected from bone-bearing gravelly beds between the two mollusc beds. This suggests that the bones
derive from the conglomerate lags of the three fluvial sequences that overlie the deltaic series. A monument com-
memorating the find of the Homo erectus skullcap was placed on top of the lowest conglomerate bed, at a site north
of Klagen Creek. However a later study indicated a higher conglomerate bed, exposed slightly further to the north, as
the find spot (Huffman et al., 2005). Most likely, this is the conglomerate bed that forms the base of the second fluvial
sequence (Fig. 10F).
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Fig. 11. A: Schematic cross-section over the Kedung Waru anticline north of Mojokerto. South flank of the anticline is missing, probably due to faulting. Fluvial
strata covering the anticline erosively overlie the Early Pleistocene marine series and represent the ancient Brantas floodplain, which has been warped up and
included in the fold. Cemented conglomerate lags have been prepared by erosion and form plateaus along the axis of the anticline and form cuesta-like ridges
along the north flank of the anticline. B: Previous interpretation and unit definition (Duyfjes, 1936), in which the series forms an uninterrupted record. Missing
south flank of the anticline was not noted. Reconstruction of historic observations is aided by the use of two prominent mollusc-bearing levels as marker beds.
Mollusc bed 2 is the mollusc-bearing siltstone interval below the steeply inclined clinoforms; mollusc bed 3 is the marine interval at the top of the fluvial series.
C: Location of the cross-section. Note the missing south flank of the anticline, probably by faulting.

6. Discussion
6.1 From back-arc basin to sheltered embayment

The calcareous and diatomaceous mudstones (FA1) that form the base of the eastern Kendeng depositional record
are part of a well-studied, regional series that is recognized as the fill of the ancient back-arc basin (Lunt, 2013; Van
Gorsel and Troelstra, 1981). The material dates from the Late Miocene to Pliocene and represents the final stage
of the basin, in which the Miocene volcanic arc was no longer active and the influx of clastic material had largely
stopped.

Planktonic foraminiferal age markers (Fig. 7) indicate that the depositional record of the Marmoyo Section dates back
to the Early Pliocene. The scarce benthic foraminifera point to bathyal depth conditions, roughly estimated to 800 m.
Moving upwards through the mudstone series of the Marmoyo Section, the introduction of benthic species such as
Bolivina robusta points to gradual shallowing to upper bathyal depths.

The calcareous-argillaceous mudstones that form the upper part of the mudstone series reflect an increasing supply
of fine terrestrial weathering products, pointing to emerging land surfaces in the vicinity. It forms the prelude of the
subsequent transition to massive, plastic clays rich in fine terrestrial organic material (FA2). The geographic distribu-
tion of the clays in the subsoil of eastern Java provides an interesting insight into the depositional landscape. The ma-
terial can be traced eastwards to the mostly unfolded coastal plains of Surabaya, whereas to the north and the west,
the material can be traced into the Randublatung Valley (Fig. 1). Here, the clays wedge out against the southern foot
slopes of the Rembang Hills and the northern foot slopes of the western Kendeng. This gives an image of a narrow,
muddy marine embayment between elongate emerged ridges. We refer to this previously unrecognized Plio-Pleisto-
cene landscape, along the western edge of the ancient Madura Strait, as the Surabaya Embayment (Fig. 12A).

There must have been a rich supply of terrestrial weathering products to the embayment, which cannot have been
provided by the low-altitude ridges that formed the embayment margins, which were largely made up of calcareous
strata. Sediment supply from the Sunda Shelf in north is also unlikely, as Late Pliocene carbonates below the Java Sea
indicate that this area remained submerged (Lunt, 2013; Morley et al., 2016). In Section 6.3 we will see that wide-
spread emergence of this part of the Sunda Shelf occurred later, in the Early Pleistocene. But even if some areas of
this carbonate platform already emerged in the Late Pliocene, they cannot have formed a significant clastic source.

A more likely source area for the clayey fill of the Surabaya Embayment is found in the west. Here, the North Serayu
Mountains form an impressive mountain range, today reaching altitudes of over 2,000 m +MSL. Similar to the west-
ern Kendeng, the North Serayu were formed by folding and thrusting of the fill of the Mio-Pliocene back-arc basin,
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during the Late Pliocene compressive stage (Satyana and Armandita, 2004). But in this area, the uplifted strata consist
of turbidite claystones (Satyana, 2007), which must have made the uplift zone a massive source of easily-weatherable
clastic material.

Returning to the well-dated marine series of the eastern Kendeng, we can now make an interesting reconstruction

of Plio-Pleistocene landscapes in relation to tectonism and emerging surfaces. The Pliocene mudstones series was
deposited in the shallowing back-arc basin, with an open connection to the Indian Ocean in the south and the sub-
merged Sunda Shelf in the north. The increasing admixture of argillaceous material in the top of this mudstone series,
which dates back to 3.8 Ma, reflects the early emergence of the North Serayu Mountains. The predominantly calcare-
ous composition of the sediment shows that the connection with the carbonate shelf in the north was still open. The
subsequent transition to plastic clays, dated to 3.0 Ma, indicates that the area became cut-off from the supply of cal-
careous mud, which can be explained by the emergence of the Rembang Ridge. The change in sediment composition
thus signals the birth of the sheltered Surabaya Embayment (Fig. 12A).

6.2 The Pliocene regression as a function of uplift and deposition

The succession of marine mudstones and massive clays, which makes up the lower part of the Marmoyo-Sumberingin
Section of Jombang up to the paleosol at 680 m, exhibits a distinctive shallowing-upward trend. A reconstruction of
depositional depths (Fig. 13) indicates that the Pliocene regression was not merely an effect of sedimentary infilling
of the inactive back-arc basin, but also involved uplift of around 0.5 mm/a. This uplift may have been related to iso-
static rebound by the disapearance of the Miocene volcanic arc, Late Pliocene compression, or regional long-wave-
length uplift.

The benthic foraminiferal assemblage of the base of the massive clays, consisting of upper bathyal species as B. mar-
ginata and shelf species as A. supera and P. gaimardii, suggests outer shelf depths of around 200 m. However, moving
up-section through the clays, reduced occurrences of shelf species and re-appearance of bathyal species as Uvigerina
sp., L. pauperata and Gyroidina sp. reflect deepening to upper bathyal depths, which may be roughly estimated to

~ 300 m, suggesting subsidence of the embayment between 3 and 2 Ma. This temporary subsidence, which also ex-
plains the great thickness of the clays, is remarkable, referring to the paleogeographic setting of an enclosed embay-
ment surrounded by emerging ridges, under a predominantly compressive regime. Corrected for on-going sedimen-
tation, total subsidence in this period may have amounted to ~250 m (Fig. 13). This local subsidence may have been
related to complex movements along pre-existing basement faults, which are omnipresent in eastern Java, and relate
to a Paleogene rift system (Husein et al., 2015). Uplift of the Rembang Hills, as well as several isolated uplift zones
within the Randublatung Valley, also relate to vertical movement along basements faults.

6.3 Emergence and subsequent development of a shallow embayment

The paleosol that caps the massive clays represents emergence of the embayment floor. The clays directly below the
paleosol bear no evidence of gradual shallowing, in the form of sedimentary structures or increasing occurrences

of shallow-water benthic foraminifera. This suggests that emergence was caused by resumed uplift rather than by
gradual depositional in-filling of the embayment (Fig. 13). Based on scarce planktonic age markers and an assumed
sedimentation rate of 18 cm/ka, the age of the massive clays directly below the paleosol has been estimated to ~2
Ma (Berghuis et al., 2019). It is interesting that this age roughly corresponds with the estimated age of regional emer-
gence of the Sunda Shelf (Lunt, 2013; Morley et al., 2016), which is generally linked to long-wavelength uplift of the
larger Sunda Shelf. This suggests that emergence of the Surabaya Embayment was, at least partly, related to regional
uplift. The estimated age of ~2 Ma for the top of the massive clays can be regarded as the maximum age of emer-
gence of the embayment floor. The red-colored weathering profile with iron concretions testifies to a humid tropical
climate, which is in line with the Early Pleistocene pollen record of eastern Java (Polhaupessy, 1990; Sémah and
Sémah, 2012. Assuming a weathering rate of 1-2 cm / ka (Evans et al., 2019) and a preserved thickness of 1.5 m, the
paleosol equals a minimum weathering period of 75 to 150 ka.

The overlying marine clay-sand alternations (FA3) reflects the development of a shallow sea. Referring to the maxi-
mum age of the paleosol and its weathering period, the maximum age of this re-submergence may be estimated to
1.9 or 1.8 Ma. Interestingly, this rough age estimate is supported by the occurrence of andesitic sand and fine gravel,
at the transgression surface and in the overlying shallow marine sediment. This granular volcanic material, which is
absent in the massive clays below the paleosol, indicates that re-submergence postdates the earliest Wilis eruptions
of ~1.9 Ma, which are regarded as the oldest Pleistocene andesitic eruptions of this part of Java (Section 6.4).

The (temporary) re-submergence of this part of eastern Java is remarkable, as around 1.8 Ma Sundaland is generally
characterized by widespread subaerial exposure. The shallow sea may have been connected to ocean waters in the
east through the ancient Madura Strait (Fig. 12B), or to the Indian Ocean in the south through a tectonic gap in the
Southern Mountains, forming a shallow embayment.
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The preservation of ca. 125 m of sandy clays, deposited under subtidal and intertidal conditions, points to renewed,
gradual subsidence (Fig. 13). The build-up of three superimposed coastal progradation sequences may relate to Early
Pleistocene, low-amplitude sea-level fluctuations with a 41-ka cyclicity. Depending on the preservation of successive
sea-level cycles, the shallow marine strata may cover several hundred thousand years. Unfortunately, planktonic
foraminiferal age control is lost in these shallow marine strata (Section 5.1). However, an age anchor is provided the
transition to the overlying deltaic series (Section 6.4).

6.4 Explosive volcanism and the development of ash-dominated deltas

The transition to clinoform-bedded tuffaceous sandstones (FA4) represents a drastic landscape change, toward a
setting dominated by ash-laden rivers, supplying their sediment load to the shallow embayment. This points to a
stage of explosive volcanism in the hinterland, with voluminous ash falls and pyroclastic flows. The Early Pleistocene
eruptive stages of the Wilis and Anjasmoro were dominated by intermediary to mafic rocks. The only recorded stage
of Early Pleistocene, explosive, high-silica magmatism is associated with remnants of calderas found in the larger Wilis
area. This stage is undated, but Hartono (1994) K/Ar-dated pre- and post-caldera andesite rocks, which gives a rough
insight into the age the caldera stage. The early, pre-caldera eruptive stages of the Wilis are characterized by basalts,
basaltic andesites and andesites with K/Ar-ages between 1.99 and 1.09 Ma. Two samples from a younger eruptive
stage, post-dating the caldera, were dated to 0.81 and 0.57 Ma. Although the used bulk-dating technique is probably
not very accurate, the data roughly indicate the period between 1.09 and 0.81 Ma as a time window for the caldera
stage.

Assuming a causal link between this stage of explosive volcanism and the rapidly prograding deltas (Fig. 12C), the
deltaic sandstones may date to ~ 1 Ma. Paleo-climate indicators support this age estimate: The rhythmic build-up of
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ashy foresets and clayey interbeds reflects episodes of peak fluvial discharge separated by longer stages of reduced
discharge, which points to a strong seasonality. Eastern Java pollen records reflect a change from humid tropical con-
ditions toward more arid conditions with a pronounced rainy season during the Mid Pleistocene Transition (Sémah et
al., 2010). Moreover, Morley et al. (2020) described pollen assemblages from the deltaic beds of Mojokerto that point
to a mainland vegetation dominated by grasslands.

The ash-rich deltaic series is well traceable over the folds of the eastern Kendeng and probably represents multiple,

rapidly prograding deltas along a coastal plain. Seasonal discharge conditions, a thin vegetation cover and abundant
fine granular volcanic material may have caused braided fluvial conditions on the plains (Ashworth et al., 1994), with
frequently shifting channel patterns and river mouths.

The deltaic series gives an impression of rapid deposition and may very well cover a relatively short time period, pos-
sibly of around 100 ka. Unconformities, separating sequences of delta progradation, possibly reflect high-frequency
sea-level oscillations, which may roughly be linked to lowstands in the range between MIS32 and MIS26. However,
there may also be other factors involved, such as shifts of the river mouth and stages of reduced volcanic supply. A
relatively short stage of deltaic progradation, and a preserved thickness of ca. 150 m, point to considerable subsid-
ence, which may have been partly caused by loading of the quickly accumulating sediment body and compaction of
the underlying clays (Fig. 13).

Age (Ma)
4 3 2 1 0
1 1 1
Depositional depth Emergence  Erosive intervals  Fluvial cycles Eastern Kendeng
1004 Uplift - subsidence and of sandy delta stratigraphy
Deposition (thickness and rate) weathering D
\ B
o
o Ay AT /]
VVWVVU V Y ) A1 Marine
Shallow embayment Fluvialsand | s==sesq 800
-100+ — — — —
Deltaic sand 700
-200— — — —
600
net uplift Shallow marine clay / sand
-3004- — — —

I 500

situation (1)

Total deposition since 4 Ka (m)

400
£ 2
2 S
“':‘ =]
< & 300
& 2
(*2] ©
< =
S 22
= -
a 53 200
L <
Increased subsidence ——s 1
due to loading deltaic sand 100
Calcareous mudstones V... = A
0

4 3 2 1 0
Age (Ma)
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ence as determined by Sarr et al. (2019). Around 300 ka, the Kedung Waru fold developed, leading to local uplift.
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6.5 The deltaic landscape of Mojokerto

The bedded tuffaceous sandstones that form the base of the Mojokerto Section have relatively thick clayey interbeds
and lack a prominent depositional dip, pointing to a more distal deltaic setting. The overlying rooted weathering pro-
file reflects sea-level lowering and temporary subaerial exposure of the delta body. Organic clays with pyrite crystals,
locally preserved at this level, represent coastal marsh conditions.

The overlying interval of mollusc-rich calcareous siltstones (FA5) points to re-submergence. The ash-dominated
composition of the material and its position interbedded between the clinoform-bedded series, links it to the deltaic
depositional landscape. We regard the sheltered, shallow marine setting as an interdistributary bay between elongate
delta lobes. We infer that the volcanic ash, dominating the sediment of this facies association, was supplied to these
bays during episodes of extreme run-off and flooding of the main channels on the delta plain. During subsequent,
prolonged calmer stages, clear-water conditions returned and the volcanic ash became thoroughly mixed with calcar-
eous sediment by bioturbation.

The sharp transition to laminated, lacustrine clays (FA5) points to isolation of the former bay, by delta-lobe progra-
dation or by sea-level lowering, forming a coastal lake. The couplets of light and dark laminae probably represent
seasonal variation, the lighter-colored laminae reflecting increased supply of detrital clay and fine volcanic ash during
the rainy season, probably by flooding stages of the main fluvial channel. The dark laminae reflect intervening calmer
periods, characterized by settling of fine organic material. The laminae may be regarded as varve couplets, represent-
ing yearly cycles of rainy and dry seasons. With an average thickness of such couplets of 3 or 4 mm, 1 meter of lami-
nated clays may represent a deposition time of ~ 300 years, which agrees with varve-counted sedimentation rates in
similar eutrophic lakes in coastal settings (i.e. Kelsey et al., 2005). With a maximum thickness of several meters, the
laminated clays represent short-lived coastal lakes.

The overlying series of tuffaceous deltaic sandstones (FA4) represents renewed delta progradation, probably caused
by a shift of the river mouth. The stratigraphic position of these clinoforms suggests that the delta partly developed
inside the coastal lake. This may explain the relatively steep inclination of the foresets, as fresh-water conditions of
the receiving basin must have caused rapid mixing and abrupt sedimentation near the river mouth, forming a Gil-
bert-type delta (Postma et al., 1990). The preservation of steep foresets must have been aided by the stagnant water
conditions, which prevented the delta front from frequent slumping (Nemec, 1990). Moreover, the setting as a stag-
nant coastal lake with anoxic bottom waters explains the absence of marine fossils in the deltaic beds.

The unconformity that subdivides the inclined strata in two deltaic sets reflects a stage of subaerial exposure and the
development of a grassy vegetation cover. The overlying clinoforms reflect re-submergence and continued deltaic
progradation, with the flatter foresets and low quantities of admixed shell fragments pointing to a marine setting.

6.6 Fluvial incision of the delta surface

The sandy clinoforms and overlying fluvial strata have since decades been regarded as foresets and topsets (Duy-
fies, 1938a; Huffman and Zaim, 2003; Kumai, 1985; Morley et al., 2020). However, the clinoforms (FA4) are made up
of fine-grained volcanic ash, with scarce fine pumice gravel, whereas the overlying fluvial sediment (FA6) contains
polymict volcanic conglomerates rich in rounded andesite clasts. This great difference in sediment composition and
texture indicates that the foresets and the overlying fluvial strata do not represent one and the same depositional
system. Instead, the sharp contact between the foresets and the fluvial strata represents younger fluvial incision and
forms a hiatus of unknown duration. The conglomerate bed overlying this erosive contact is a lag deposit associated
with this incisive stage.

The exposures of Mojokerto provide additional evidence for this younger fluvial truncation of the deltaic series. The
fluvial strata overlie the clinoforms without a trace of a sigmoidal transition. Within a deltaic setting, a sharp, planar
fluvial truncation surface may be indicative of a stagnant or falling base level. However, tracing the truncation level
along the Mojokerto quarries reveals an irregular erosion surface, reflecting a paleo-landscape of incised valleys,
much unlike a sea-level controlled delta plain. Moreover, in areas where the delta lobes wedge out, the erosion sur-
face continues and incises the laminated lacustrine clays, again demonstrating that fluvial truncation is unrelated to
the prograding delta.

The position of the fluvial strata along the Pucangan anticline north of Jombang suggests that fluvial truncation of the
deltaic sands is related to folding and uplift (Fig. 8A). The strata make up the southern footslopes of the anticline, but
do not re-appear along the opposite flank. Thus far, this has been explained by lateral facies change (Fig. 8B): shallow
marine clays exposed along the north flank were interpreted as the chronostratigraphic equivalent of the fluvial strata
along the south flank (Duyfjes, 1938, pp. 48). This stratigraphic approach is based on the assumption that (1) we are
looking at an uninterrupted series and (2) folding postdates deposition of the entire series. However, the erosive base
of the fluvial strata shows that the assumption of uninterrupted sedimentation is incorrect. The occurrence of the
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fluvial strata along the south flank of the anticline indicates that the material was deposited alongside the emerging
fold, which suggests that the incisive lower boundary of the strata is linked to fold-related uplift. Differences in tec-
tonic dip support this landscape model. The deltaic sandstones underlying the fluvial strata have an average south-
ward tectonic dip of 30°, whereas the fluvial strata dip only 10° to 15°, suggesting that fluvial deposition postdates
initial folding and uplift of the anticline. We conclude that the fluvial strata are part of a fluvial fill that formed in the
lowlands south of the upcoming anticline (Fig. 12D) and that the erosive base reflects fold-related uplift. The current
position of the fluvial strata, uplifted and slightly tilted along the southern foot slopes of the Pucangan anticline, must
be a result of later or continued folding.

In the Kedung Waru anticline of Mojokerto, we find the same fluvial series, but here it is included in the fold (Fig.
11A). This illustrates the younger age of the anticline, which is also apparent from its gently dipping flanks and lower
altitude. The fluvial strata have a similar incisive lower boundary over the underlying deltaic strata as in the Jombang
area, but at this site without a noticeable angular disconformity, as incision predates folding. It is tempting to regard
the incision surfaces over the deltaic series of Jombang and Mojokerto as isochronous. Possibly, folding of the Pu-
cangan anticline was accompanied by uplift of a wider area, causing fluvial incision around Jombang and Mojokerto.
However, the erosion surface may just as well have a more complex background, reflecting advancing uplift and
sea-level cycles.

6.7 Aggradation and degradation of the Middle Pleistocene Brantas

The fluvial series of Jombang and Mojokerto marks the development of a drainage system with its headwaters in the
volcanic highland of Mounts Wilis and Anjasmoro and with wide floodplains south of the upcoming eastern Kendeng
anticlines (Fig. 12D). This fluvial system was highly similar to the current Brantas and can be regarded as the river’s
earliest stage.

On seismic profiles of the Madura Strait, the Middle Pleistocene fluvial system can be traced eastwards toward the
shelf edge, suggesting a position of Mojokerto ~200 km inland from the coastline (Susilohadi, 1995). The seismic
profiles show a prominent erosive surface over the Pliocene marine substrate, testifying to prolonged Madura Strait
exposure. This basal erosion surface is currently found ca. 200 m below sea level and is covered with ~ 150 m of ma-
rine sediment, consisting of several sequences, each with an incisive base, reflecting intermittent submergence and
drainage of the shelf (Fig. 14A). A similar build-up of the seabed has been reported from seismic profiles of the Java
Sea (Darmadi et al., 2007). Sarr et al. (2019) and (Husson et al., 2020) linked this to regional, long-wavelength subsid-
ence of the shelf, with the marine sequences overlying the basal unconformity representing an intermittent regime of
transgressions dating back to MIS11.

A graphical representation of the subsiding Madura Strait shelf, against the background of the Pleistocene sea-level
curve (Bintanja and van de Wal, 2008), provides insight into this process of progressive submergence (Fig. 14C). The
black line represents the subsiding shelf edge (current depth 175 — 200 m) under a regional shelf subsidence rate of
0.2 mm/ka (Sarr et al., 2019). This indicates that the subaerially exposed Madura Strait area may have experienced
minor overflows of the shelf edge during the highstands of MIS15 and MIS13, but only from MIS11 onwards it fully
submerged during highstand conditions.

This landscape model of a gradually subsiding shelf provides a mechanism to explain the aggradation-degradation cy-
cles as recorded by the Mojokerto fluvial series. The cyclic build-up of the fluvial series probably has a complex back-
ground, related to sea-level fluctuations, tectonism, climate change and varying volcanic supply. However, Veldkamp
and Tebbens (2001) indicated that in the subsiding lower reaches of large Pleistocene rivers, sea-level fluctuations are
often the dominant mechanism controlling aggradation and degradation cycles, filtering out the impact of other fac-
tors controlling river behavior. We therefore provisionally regard the fluvial cycles of the Mojokerto record as respons-
es to intermittent, sea-level controlled drowning of the floodplain downstream of Mojokerto.

For a reconstruction of aggradation-degradation cycles, we simulated the equilibrium profile of the Middle Pleisto-
cene Brantas, referring to the similarly dimensioned and well-studied longitudinal profile of the Meuse (Tebbens et
al., 1999). Like the ancient Brantas, this river has a ca. 200 km long lower reach of coastal lowlands, and a slightly
uplifted middle reach. Middle Pleistocene Mojokerto was part of the subsiding lower reach of the river, with a setting
similar to the present-day coastal plains of Surabaya and Mojokerto. Referring to the gravelly texture of the channel
deposits and a position adjacent to the Kendeng uplift, we projected the position of Middle Pleistocene Mojokerto
close to the hinge line that marks the transition toward the uplifted middle reach, with an estimated riverbed height
of ~70 m above base level in equilibrium conditions (Fig. 14B).

Our reconstructions suggest that before MIS19, sea level probably remained below the edge of the subsiding shelf
and sea-level fluctuations did not have a notable impact on river behaviour. The MIS19 and MIS17 highstands may
have caused minor flooding of the river-mouth area, but we assume that the Brantas profile remained in its equi-

librium state, with around Mojokerto a stable altitude of ~70 m above the shelf edge (Fig. 14B). MIS15 caused the
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first stage of more significant flooding of the shelf edge, forcing the river to readjust its longitudinal profile by gradi-
ent backfilling in its downstream reach. We provisionally regard the first aggradational fluvial sequence of Mojokerto,
overlying the basal conglomerate bed, as this MIS15-related fluvial depositional wedge.

The overlying erosion surface, marked by the second conglomerate lag, is tied to the MIS14 lowstand. Likewise, the
subsequent aggradational sequence and the overlying incisive conglomerate bed may be tied to MIS13 and MIS12.

During the two intervening lowstands (MIS14 and MIS12), sea levels dropped below the shelf edge and the river may
have degraded its valley back to its equilibrium state 70 m above the shelf edge. The fact that around Mojokerto,
fluvial aggradation sequences are partly preserved suggests that valley-degradation stages were not long or intense
enough to re-establish the river’s equilibrium profile. But the partial preservation of aggradation sequences may also
have had other causes, such as a local subsidence rate that slightly exceeded regional subsidence. In Fig. 14B, we
projected the base of each consecutive incision stage at the assumed equilibrium position of 70 m above base level,
which results in an (apparent) local subsidence rate of 0.25 mm/a.

MIS11 is characterized by an extreme sea-level rise, reaching a level that slightly exceeds present-day sea level. In
combination with continued shelf subsidence, this resulted in widespread submergence of the shelf. Our river profile
reconstructions suggest that the Brantas valley drowned beyond Mojokerto, setting the floodplain of Mojokerto ca.
25 m below sea level. This would explain the build-up of the third aggradational sequence of Mojokerto, which grades
upwards into this first marine interval. The subsequent MIS10 lowstand resulted in a rapid base-level fall of more than
100 m. We relate the deep, channelled incisions into the marine interval of Mojokerto to this stage of intense fluvial
downcutting. During the subsequent highstand of MIS9, this incised landscape again drowned, forming the second
marine interval, which again became incised during the subsequent lowstand of MIS8.
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Fig. 14. A: Seismic profile over the Madura Strait (Susilohadi, 1995). Basal unconformity represents prolonged Early Pleistocene subaerial exposure. Overlying
marine sequences with incised top represent intermittent re-submergence of the shelf during highstands, under regional subsidence. First large-scale submer-
gence is linked to MIS 11 (Sarr et al, 2019). B: Simulated longitudinal equilibrium profile of the Middle Pleistocene Brantas during sea-level lowstand, with water
level below the shelf edge. Subsidence resulted in overflows of the shelf edge during highstands, reaching increasingly further inland. During MIS11, flooding
of the Brantas drainage system reached beyond Mojokerto. C: Reconstruction of successive fluvial cycles in relation to sea-level fluctuations and subsidence.
The Perning skullcap was found in the conglomerate lag that forms the base of the second fluvial sequence, suggesting an MIS14 age. Sea-level curve based on
Bintanja and Van de Wal, 2008.
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From MIS8 onwards, lowstand sea levels remained above the shelf edge and consequently the Brantas base level was
determined solely by global sea level. Assuming that MIS8 degradation reached the river’s equilibrium profile, with

a local erosion base 70 m above lowstand sea level, suggests a change in local tectonic conditions toward uplift (Fig.
14B). This is not surprising, as currently the fluvial series forms the top of the Kedung Waru anticline. Apparently, Ke-
dung Waru folding dates back to ca. 300 ka, pushing up the valley floor and forming an anticline alongside the Bran-
tas. Younger sea-level cycles must have continued to cause valley degradation and aggradation, but only in the active
floodplain south of the anticline. The MIS6 and MIS4 degradation stages must have incised the valley floor down to

~ 50 m below present-day sea level. The gravelly lags of these incision stages are buried under the Holocene fill that
constitutes the current Brantas floodplain.

6.8 Age of the fossil-bearing fluvial strata of Mojokerto

Our study suggests that the bone-bearing fluvial strata of Mojokerto are significantly younger than previously
thought. Whereas commonly regarded as Early Pleistocene, we propose a Middle Pleistocene age, roughly ranging
between MIS16 and MIS11. This new age estimate solves an important biostratigraphic inconsistency, as the verte-
brate fossil assemblage of Mojokerto is commonly recognized as the Middle Pleistocene Kedung Brubus Fauna. More-
over, it is in line with the climate record of eastern Java. Several authors reported humid tropical conditions during
most of the Early Pleistocene, changing toward more arid conditions with a pronounced rainy season during the Mid
Pleistocene Transition, referring to pollen records (Sémabh et al., 2010), paleosols (Berghuis et al., 2021; Brasseur et
al., 2011) and isotope ratios in herbivore molars (Janssen et al., 2016; Puspaningrum et al., 2020). The previous, Ear-
ly Pleistocene age estimates of the fluvial, fossil-bearing strata therefore imply that they were formed under humid
tropical conditions, however floodplain soils with carbonate concretions and grassy rootlets, as well as a grass-domi-
nated pollen record, point to a relatively dry climate and open vegetation.

However, a Middle Pleistocene age is in conflict with the published paleomagnetic measurements of Mojokerto
(Hyodo et al., 1993). Our new age model suggests that the transition from predominantly reversed polarities in the
deltaic beds to predominantly normal or intermediate polarities in the overlying fluvial beds represents the Brun-
hes-Matuyama polarity change, however this is incompatible with the reported reversed polarities higher in the stra-
tigraphy. Magnetic overprint of the primary signal cannot explain this discrepancy, as after the Brunhes-Matuyama
transition, no significant polarity changes have occurred. The discrepancy may be related to Middle Pleistocene geo-
magnetic excursions (Laj and Channell, 2007) or to different stratigraphic interpretations. With respect to the latter,
we note that Hyodo et al. (1993) described a 200 m thick depositional record along Kepuhklagen Road, with long
unexposed intervals and undetailed facies descriptions, based on earlier work of Kumai (1985). Sampling was carried
out along the roadside section over a distance of more than 2 km, extrapolating the sample positions to their 200 m
long stratigraphic column. Our stratigraphic section (Fig. 9), based on carefully measured quarry sections directly east
of the road, covers a total exposed thickness of only 53 m, leaving virtually no unexposed intervals. Kumai (1985) and
Hyodo et al. (1993) based their stratigraphic interpretations on Duyfjes’ (1938) cross-section over the area, which is,
as we showed in Section 5.2 and Fig. 11, an incorrect representation of the Kedung Waru fold.

Our revised age estimate for the fluvial strata of Mojokerto also conflicts with the published radiometric ages of 1.81
+0.04 Ma (Swisher et al., 1994) and 1.49 + 0.13 Ma (Morwood et al., 2003). These ages, either crystallization or erup-
tion ages, have been accepted to approximate the age of deposition, based on the assumption that pumice-bearing
conglomerate beds represent ‘short influxes of coarse volcanic material to the delta plain, triggered by distant volca-
nism’ (Huffman, 2001a; Huffman and Zaim, 2003). For the conglomerate beds this is highly unlikely, considering the
vast surface of the floodplain and the great distance to the volcanoes. Moreover, it is in contradiction with the poly-
mict composition and moderate to well rounding of the material, and with the incisive base of the beds. These con-
glomerate beds are clearly lags associated with fluvial incision stages and are made up of reworked material, which
readily explains the old radiometric ages. Morwood et al. (2003) reportedly sampled the dated pumice from a 15 cm
thick interbed dominated by pumice gravel, which the authors relate to contemporary eruptions. This may indeed be
a valid argumentation. But on the other hand, pumice gravel is one of the most common components of the polymict
conglomerates. Local and hinterland incision must therefore have involved remobilization of older, loose pumice,
which may occasionally have become concentrated in fluvial sediment by selective sorting.

6.9 Age and habitat of the Mojokerto Homo erectus

Our reconstructions of fluvial incision and aggradation cycles indicate that the conglomerate bed that yielded the Mo-
jokerto skullcap may be linked to the MIS14 lowstand, which dates to ~ 550 ka (Railsback et al., 2015). The vertebrate
fossils in the incisive conglomerate beds were found as single bones and bone fragments. Locally, these conglomer-
ates are particularly rich in fossils, pointing to hydraulic accumulation, possibly in the inside bend of the meandering
channel. The bones may represent a contemporaneous fauna, deriving from carcasses on the floodplain, which were
picked up during flooding stages and re-deposited in the channel. However, considering the incisive background of
the conglomerate beds, bones may also have been reworked from underlying aggradational fluvial sequences. Fluvial
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incision may have preferentially removed fine sediment, leaving a lag of skeletal material, exhumed from the previous
fluvial sequence (Rogers and Kidwell, 2007). This implies that the hominin skullcap may either be contemporaneous
with the MIS14 conglomerate bed in which the fossil was found, or may have been reworked from the underlying
MIS15 aggradational sequence, implying a possible age range of ~ 600 — 550 ka. It cannot be ruled out that the fossil
was reworked from even older strata, eroded upstream. However, referring to the fragile nature of the skullcap and
the absence of abrasion marks, such a background is considered unlikely.

Our re-interpretations also imply a revision of the habitat of the Mojokerto Homo erectus. Previously regarded as

a coastal environment, based on an assumed topset relation with the underlying deltaic series (Huffman, 2001a;
Huffman and Zaim, 2003; Morley et al., 2020), we replace this image for the inland floodplain of the ancient Brantas.
Floodplain soils with carbonate concretions and grassy rootlets point to a relatively dry climate and open vegetation.
A published record of pollen and spores from the fluvial series of Mojokerto reflects a vegetation dominated by grass-
es with few trees, with local swamp forests dominated by marsh ferns (Morley et al., 2020). The swamp forests are
probably related to the low-lying, frequently inundated floodplains of the anastomosed river. Mangrove pollen are
scarce or absent in the fluvial series, confirming a setting that was, at least most of the time, at considerable distance
from the coast. Scattered mangrove pollen were found shortly below the hominin bed, pointing to an approaching
coastline at the top of the underlying fluvial sequence. The hominin-bearing conglomerate bed, probably represent-
ing a subsequent lowstand, is devoid of mangrove pollen. Scattered mangrove pollen were also reported higher-up in
the fluvial series, below the marine interval, again heralding the approaching coastline. Scarce occurrences of pollen
from montane trees must have been transported from the forested slopes of Mounts Wilis and Anjasmoro.

Although climate conditions may have been dryer than today, the large and forested hinterland probably secured
perennial discharge of the river. This year-round availability of water, and the presence of herds of grazers, which
dominate the local vertebrate-fossil assemblage, must have made the Middle Pleistocene Brantas valley and the sur-
rounding grass-covered plains a suitable area for enduring hominin presence.

6.10 Validating the revised age model of the Mojokerto fossiliferous beds

To test our age estimate for the fossiliferous fluvial deposits, single-grain Ar/Ar dating may be carried out on multiple
volcanic hornblende and potassium feldspar crystals, following the approach of Hilgen et al. (under review). In order
to get insight into a possible difference between hornblende crystallization ages and eruption ages, additional fis-
sion-track dating may be carried out, preferably on minerals from the same pumice as sampled for the Ar/Ar dating.
We postulate that this will yield a wide range of ages, representing the complex incisive origin of the sediment. The
age range will provide insight into the maximum age of a layer, with the youngest age of the range ideally being a
maximum age close to the depositional age. Our age framework suggests that the fluvial sequences at the top of the
Mojokerto series, overlying the first marine incursion, relate to stages of rising sea level after the lowstands of MIS10
and MIS8 (Fig. 14). This implies that ages may fall within the range of optical dating methods, which can be tested by
OSL-dating.

The fossiliferous strata of Mojokerto consist of superimposed fluvial sequences separated by erosion surfaces. This
asks for a sampling and dating strategy that aims for dating individual sequences. The numerical ages can then be
used to validate or adjust our correlations with the Pleistocene sea-level curve.

Renewed paleomagnetic measurements, in combination with multiple Ar/Ar dating, will also be of great value. Sam-
pling can be carried out in open quarry sections, to make sure that there is no uncertainty over stratigraphic position.
And again, sampling and interpretation should bear in mind the build-up of stacked depositional sequences.

A significant age difference is expected between the sediment on either side of the basal fluvial erosion surface, i.e.
between the top of the deltaic series and the lowest fluvial sequence. As we relate the stage of delta progradation to
explosive volcanism, this sediment may offer good possibilities to find contemporaneous eruption products, providing
an important age constraint for the overlying fluvial strata that likely have a more mixed composition.

7. Implications for the eastern Java stratigraphy

Our re-interpretation of the eastern Kendeng reference sections sheds a new light over the significance of Duyfjes’
(1938) stratigraphy. We identified most of the sedimentary record as the fill of a local embayment. Extrapolation of
these units to areas such as Trinil, located outside this former embayment, has little lithological or paleo-environmen-
tal significance and merely suggests age relations, most of which are unproven. The only exception is the Kalibeng
Formation, which is a regional unit that predates the embayment.

Duyfjes indicated the marine clays, overlying the Kalibeng Formation, as the Clay Facies of the Pucangan Formation.
The clays represent the most prominent facies of the embayment fill and are also found in the subsoil of the Ran-
dublatung Valley and around Surabaya. The eastern Kendeng Hills are in fact a series of young folds over the former
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embayment area, offering a unique insight into the embayment fill. Unfortunately, early researchers describing wells
in the adjacent plains were not fully aware of this situation and gave these clays different names, such as Mergel Ton
(Trooster, 1937), Blue Clays (van Bemmelen, 1949) or Lidah Formation (Brouwer, 1966). Lately, there is a tendency
to expand the name Lidah Formation to the clays exposed in the eastern Kendeng (Pringgoprawiro, 1983), which is a
stratigraphic improvement that we follow in this paper.

We found the clays of the eastern Kendeng to be made up of two series, separated by a paleosol. The lower series,
consisting of massive clays with a shelfal and upper bathyal benthic foraminiferal fauna (FA2), represents the early,
deep-water stage of the Surabaya Embayment. The overlying series consist of shallow marine clay-sand alternations
with a neritic benthic foraminiferal fauna and shell fragments (FA3) and represent a later marine incursion, in the
form of a shallow embayment. We propose to assign these series to separate members, Lidah-1 and Lidah-2. Wells in
the nearby plains (Bolli, 1966) indicate a similar build-up, of massive clays that may be referred to as Lidah-1 overlain
by sandy clays that may be referred to as Lidah-2. However, we note that the chronological and paleogeographic sig-
nificance of the two clay-series may differ from site to site and needs further investigation. For example, in the coastal
plains, the top of the clays is probably of Middle Pleistocene age, representing intermittent transgressions dating back
to MIS11.

In the eastern Kendeng, the shallow marine clays are capped with tuffaceous deltaic sands (FA4), which we linked to

a short stage of explosive volcanism. Similar strata have not been reported from wells in the nearby Randublatung
Valley, suggesting that the material wedges out to the north and east, or that the shallow marine inlet that was filled
by the delta did not cover the entire area of the previous deep-water embayment (Fig. 12C). Duyfjes regarded this
material as the Volcanic Facies of the Pucangan Formation. We propose to hold on to this well-known unit name, but
restrict its use to the tuffaceous deltaic series of the eastern Kendeng. Extrapolations to other areas and to strata with
different facies suggest unfounded age relations and should be avoided.

The fluvial top of the eastern Kendeng series (FA6) is not part of the actual embayment fill, but relates to the Brantas
drainage system that developed later. This readily explains the problems involved with the historic correlations, for
example to the Trinil area (Fig. 2). Although ages may partly overlap, the fluvial strata of the eastern Kendeng and
Trinil represent different drainage systems, with other source areas of their sediment load and a different tectonic
and volcanic control of incision and aggradation. The fluvial strata of the ancient Brantas system may be referred to
as the Kabuh Formation, holding on to Duyfjes’ unit name. Note that Duyfjes placed the lower boundary of the Kabuh
Formation ca. 20 m higher, adding the base of the fluvial strata to the Pucangan Formation, based on an assumed dif-
ference in vertebrate fossil assemblages within the fluvial series. After the faunal revision by De Vos et al., (1982), this
practice has lost its significance. We propose to place the boundary between the Pucangan and Kabuh Formations at
the erosive base of the fluvial series.

8. CONCLUSIONS

The regressive series of the eastern Kendeng represents the fill of a relatively deep Plio-Pleistocene embayment,
situated between emerging uplift zones, which we refer to as the Surabaya Embayment. The eastern Kendeng strati-
graphic units, defined in the 1930’s and until today regarded as a regional standard, have local significance only.

The embayment formed ~3 Ma, as the emerging Rembang Ridge shut-off the area from the calcareous shelf in the
north. Around 2 Ma the embayment emerged, along with the greater Sunda Shelf, which left a paleosol on the >200
m thick clayey embayment fill. Shallow marine clays overlying the paleosol reflect renewed submergence and the
development of a shallow embayment.

A transition to deltaic sandstones indicates a sharply increased supply of volcanic ash, which we relate to a stage of
explosive, high-silica volcanism of the Wilis and which probably dates from the period between ~1.09 and 0.81 Ma.
The Mojokerto delta, with its steeply inclined foresets, was part of this larger delta landscape and formed in an inter-
distributary bay and associated coastal lake.

The top of the eastern Kendeng series consists of fluvial strata, which have an incisive base and are unrelated to the
underlying deltaic deposits. We link this fluvial cover to the early Brantas, which had a similar position as the pres-
ent-day Brantas, but continued over the emerged Madura Strait toward the shelf edge, ~ 200 km to the east. Shelf
subsidence in combination with sea-level fluctuations caused intermittent flooding of the shelf edge.

The fluvial, vertebrate-bearing strata have a cyclic build-up, representing alternating aggradation and degradation
stages, which we provisionally link to sea-level fluctuations. Our reconstruction of these aggradation and degradation
stages provides a new age framework. Previously regarded as Early Pleistocene, we propose a Middle Pleistocene age
for the fluvial strata. This solves an important biostratigraphic inconsistency, as the vertebrate fossil assemblage of
the material is commonly recognized as the Middle Pleistocene Kedung Brubus Fauna.
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We link the conglomerate bed that yielded the Mojokerto skullcap to lowstand MIS14, with an age of ~ 550 ka. The
fossil may be contemporaneous to this conglomerate bed, but considering the incisive background of the bed, it may
also have been reworked from the previous aggradational sequence linked to MIS15, dating to ~600 ka.

Our age estimate of the hominin-bearing conglomerate bed of Mojokerto is significantly younger than the published
Ar/Ar-age of 1.81 = 0.04 Ma (Swisher et al., 1994) and fission track-age of 1.49 + 0.13 Ma (Morwood et al., 2003).
These authors linked the conglomerates to volcanic events, assuming that the obtained numerical ages approximate
the age of deposition. However, our re-interpretation of the conglomerate beds as fluvial lags associated with incisive
stages of the Brantas, implies that the material probably derived from an incised volcanic hinterland. To test our age
estimates, a combination of multiple single-grain Ar/Ar and fission-track dating may be carried out. We expect that
this will yield a wide range of ages, with the youngest age of the range ideally being a maximum age close to the dep-
ositional age. The youngest strata of the fluvial series may fall into the age range for OSL-dating.

A Middle Pleistocene age of the fossiliferous strata of Mojokerto is supported by normal paleomagnetic polarities.
However, Hyodo et al. (1993) reported a return to reversed polarities higher in the stratigraphy, which conflicts with
our age interpretation. We infer that this discrepancy is related to a Middle Pleistocene magnetic excursion or to the
previous, incorrect interpretation of the local stratigraphy, which was based on roadside observations with thick un-
exposed intervals. Our interpretations have been based on a study of recent sand quarries, which provide a full expo-
sure of the strata that make up the anticline. A renewed paleomagnetic study, based on samples from open quarry
sections, may provide a final answer on this matter.

Finally, our re-interpretations involve a revision of the habitat of the Mojokerto Homo erectus. The previous claims
of a coastal habitat were based on an assumed foreset- topset-relation with the underlying deltaic series. We replace
this for the inland fluvial plains of the perennial Brantas, surrounded by savannah-like plains.
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