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Obtaining accurate age control for fossils found on Java (Indonesia) has been and remains challenging
due to geochronologic and stratigraphic uncertainties. In the 1890s, Dubois excavated numerous faunal
fossilsdincluding the first remains of Homo erectusdin sediments exposed along the Solo River at Trinil.
Since then, various, and often contradictory age estimates have been proposed for the Trinil site and its
fossils. However, the age of the fossil-bearing layers and the fossil assemblage remains inconclusive. This
study constructs a chronostratigraphic framework for the Trinil site by documenting new stratigraphic
sections and test pits, and by applying 40Ar/39Ar, paleomagnetic, and luminescence (pIRIR290) dating
methods. Our study identifies two distinct, highly fossiliferous channel fills at the Trinil site. The
stratigraphically lower Bone-Bearing Channel 1 (BBC-1) dates to 830e773 ka, while Bone-Bearing
Channel 2 (BBC-2) is substantially younger with a maximum age of 450 ± 110 ka and an inferred min-
imum age of 430 ± 50 ka. Furthermore, significantly younger T2 terrace deposits are present at similar
low elevations as BBC-1 and BBC-2. Our results demonstrate the presence of Early and Middle Pleisto-
cene, and potentially even late Middle to Late Pleistocene fossiliferous sediments within the historical
excavation area, suggesting that Dubois excavated fossils from at least three highly fossiliferous units
with different ages. Moreover, evidence for reworking suggests that material found in the fossil-rich
er, P.O. Box 9517, Leiden, the
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longer exists and is replaced
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Fig. 1. A) Global location and topographical map of the
other key fossil-bearing sites (black dots), major cities (r
Museum, and nearby villages (red dots). D) Overview of
the southwest and showing the site, museum, and the
strata may originate from older deposits, introducing an additional source of temporal heterogeneity in
the Trinil fossil assemblage. This challenges the current assumption that the Trinil H.K. fauna ewhich
includes Homo erectus-is a homogeneous biostratigraphic unit. Furthermore, this scenario might explain
why the Trinil skullcap collected by Dubois is tentatively grouped with Homo erectus fossils from Early
Pleistocene sediments at Sangiran, while Trinil Femur I shares affinities with hominin fossils of Late
Pleistocene age.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In his search for fossil evidence of a transitional form between
apes and humans, Eug�ene Dubois conducted large-scale excava-
tions along the Solo River near the village of Trinil, East Java,
Indonesia between 1891 and 1900 (Fig. 1; Theunissen, 1981; Vos
and Aziz, 1989). From the fossil-rich deposits along the river-
banks, thousands of vertebrate remains were recovered, including a
primate femur (Femur I), a skullcap, two molars, and later a pre-
molar. Dubois considered these fossils to be of the same species
that he called Pithecanthropus erectus (Dubois, 1894, 1895, 1899),
which was later subsumed into the taxonHomo erectus (Mayr,1944,
1950), with the Trinil skullcap as its type fossil (Meikle and Parker,
1994). According to Dubois, all Pithecanthropus finds, including the
four femora that were discovered decades after their excavation at
Trinil (Dubois, 1932, 1934), derived from the same fossil-bearing
layer, which he initially referred to as the ‘Lapillischicht’ (lapilli
layer; Dubois, 1895, 1896, 1932, 1934), and later termed the
‘Hauptknochenschicht’ (main bone layer, hereafter referred to as
H.K.; Dubois, 1908). However, immediately after Dubois' initial
publications on Pithecanthropus, a fierce debate ensued that
Indonesian archipelago. B) Topograp
ed dots), and volcanoes (triangles). C
the Dubois excavation mid-Novemb
Lawu Volcano in the background.
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focused on the apparent taxonomic discrepancy between the
archaic skullcap and the very modern-looking femur (e.g.,
Manouvrier, 1895; Hepburn, 1896).

Although Dubois’ primary interest lay with the hominin fossils,
he eventually published preliminary reports on the faunal assem-
blages from Trinil and other localities in the Kendeng area (e.g.,
Kedung Brubus), which he collectively defined as the Kendeng or
Trinil fauna (Dubois, 1907, 1908). His collections and studies played
a key role in the development of a biostratigraphic framework for
Java and, through comparison with other Javanese and Asian
faunas, the first (relative) age estimates for Trinil.

A second field campaign took place at Trinil between 1907 and
1908 under the supervision of Lenore Selenka. It consisted of an
extensive excavation on the right bank (Grube I), and a smaller
excavation on the left bank (Grube II), continuing where Dubois'
1907 excavations ended (see Fig. 2B). Although the campaign again
yielded large quantities of vertebrate fossils, no additional hominin
remains were found (Selenka and Blanckenhorn, 1911). During the
campaign, more attention was paid to the geology of the Trinil site
and the wider area, notably by the geologists Dozy and Carthaus.
The flora and fauna from Trinil were described in detail in 1911 by a
hical map of central/east Java showing the location of Trinil as well as the locations of
) Local map of Trinil and surroundings with the Trinil site (black filled square), the Trinil
er 1900 (Historic photo collection number DUBO1494). E) Aerial photograph looking to

http://creativecommons.org/licenses/by/4.0/


Fig. 2. A) Aerial photograph from the right Solo River bank looking south towards the Trinil site with the location of the stratigraphic sections. B) Vertical, orthorectified aerial
photograph showing the location of the documented sections as well as the approximate location and outline of the Dubois (1891e1900) and Selenka (1907e1908; Grube IeIII)
excavation pits. Black lines in Grube I indicate the locations of stratigraphic profiles A and B (Dozy, 1911) and 2 (Carthaus, 1911). C) Vertical, orthorectified aerial photograph of the
eastern end of the historical excavation area where there are still outcrops of the highly fossiliferous deposits remaining north of the river bank. Indicated are the locations of the
test pits (TP1, TP2, and TP3), and clast count localities (CC1 and CC2).
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multidisciplinary team of specialists including Stremme, Martin-
Icke, and Schuster (see Selenka and Blanckenhorn, 1911) whose
age assessmentsdin most cases based on the proportion of extinct
and extant faunadvaried from late Pliocene to early Pleistocene
(Blanckenhorn, 1911).

A large body of research was conducted over the course of the
20th centurydincluding additional fieldwork at Trinil, as well as
chemical analyses on fossils, radioisotopic dating, and comparative
faunal studies with other key sites on Java. A comprehensive
overview of the research history of the Trinil site is provided in SOM
Text 1. Despite this extensive research, many critical issues sur-
rounding the Trinil site have not yet been resolved. For example, the
position of Femur I in the hominin evolutionary framework of SE
Asia has been discussed as recently as 2015 (Ruff et al., 2015). Also,
the recently obtained age range of 640e380 ka for sediment infills
of fossil bivalve shells from Trinil assumed to originate from the
H.K. (Joordens et al., 2015), has not been reconciled with the sub-
stantially older age estimate of ~0.9 Ma for a Trinil H.K.-like fauna
recovered from the Grenzbank at Sangiran (de Vos et al., 1982;
Leinders et al., 1985). While the geochronology of the hominin-
bearing deposits at Sangiran and Ngangdong (Fig. 1B) has been
refined (Matsu'ura et al., 2020; Rizal et al., 2020), the age of Trinil
3

remains uncertain. The key role that it plays in paleoanthropology
and the biostratigraphy of insular SE Asia warrants a fresh look at
the chronostratigraphy of the Trinil site, based on new fieldwork
and a comprehensive dating study.

Fieldwork was carried out at and around Trinil to obtain a better
understanding of the geology of the wider Trinil area, and the
(chrono)stratigraphy of the Trinil site. The present paper aims to
provide a detailed (chrono)stratigraphic framework for Trinil that
allows us to address the age controversy of Trinil and its fossil
fauna, including the hominin fossils. To that end, the stratigraphy of
the left-bank Trinil site was documented in detail by logging
stratigraphic sections and smaller-scale test pits dug in the river-
bank, covering the limited remnants of the highly fossiliferous
deposits targeted by the historical excavations. To obtain age con-
trol for the identified units, specifically the highly fossiliferous ones,
we applied a combination of 40Ar/39Ar, feldspar post-infrared
stimulated luminescence (pIRIR290), and magnetostratigraphic
dating methods. We discuss the implications of this chronostrati-
graphic study, focusing on the debated contemporaneity of the
Trinil faunal assemblage (including the hominin remains), the de-
gree of reworking of sediments and fossils, and the role of the Trinil
fossils in the biostratigraphy of Java.
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1.1. Geological background of the Trinil site

Berghuis et al. (2021) developed a stratigraphic framework for
the greater Trinil area, revising the system devised by Duyfjes
(1936), and reconstructed the local landscape changes over time
including the development of Solo River terraces. The pre-terrace
stratigraphy of the Trinil area comprises the Late Pliocene marine
Kalibeng Formation, followed by the Early Pleistocene lagoonal
Padas Malang Formation. After emerging, the plains around Trinil
consisted of coastal marshes that were frequently overrun by vol-
canic andesitic lahars which were occasionally incised and
reworked by rivers. These terrestrial deposits constitute the Batu
Gajah Formation. The overlying late Middle Pleistocene Trinil For-
mation reflects a change in the volcanic regime from andesitic to-
wards more explosive dacitic volcanism. This volcanism resulted in
the formation of a barrier that isolated the plains of the Trinil area
from themarine base level in the south, thereby creating the Ngawi
paleolake basin. The pre-terrace formations dip ca. 2e10� to the
south and crop out along the Solo River in the present day (Berghuis
et al., 2021).

These pre-terrace deposits are incised and overlain by the
terrace deposits of the Solo Formation, which consists of at least
seven terraces (T7eT1, Fig. 3; Berghuis et al., 2021). Berghuis et al.
(2021) tentatively correlate these terraces around Trinil with the
similarly spaced terraces in the Kendeng Hills of which the oldest
yielded luminescence ages of 358 ± 26 and 316 ± 36 ka and the
youngest was dated at 31 ± 6 ka (Rizal et al., 2020). Berghuis et al.
(2021) inferred that the outcrops of the Batu Gajah Formation at the
eastern end of the Trinil historical excavation site are directly

overlain by T2 terrace deposits, which have been dated to 95þ56
�36 ka

at nearby Grinseng, and tentatively correlated to the Ngangdong
terrace in the Kendeng Hills area (Berghuis et al., 2021) dated to
140e92 ka (Rizal et al., 2020).
2. Materials and methods

2.1. Stratigraphy

Geological fieldwork was carried out at and around the Trinil
site in 2016, 2018, and 2019 at the end of the dry season (Sep-
tembereOctober) when the river water level was at its lowest. This
allowed us to log and sample as much of the stratigraphy as
possible in the present-day riverbank and in the deposits near the
Fig. 3. Schematic and idealized cartoon of the recently revised, large-scale stratigraphy of th
cross-section A-B). At the base lies the south-dipping pre-terrace stratigraphy comprising th
Middle Pleistocene Trinil Formations. The horizontal terrace stratigraphy of the Solo Format
into at least seven terraces (T7eT1, from old to young). The approximate location of the Trin
water levels during field work.
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low water level where the historical excavations took place
(Fig. 2).

Sections Seven ca. 1e2 mwide sections (S18A, S18B, S19C, S14E,
S21, S16, and S22) were dug and cleaned at the left river bank of the
Trinil site (Fig. 2A and B). The location of these sections was chosen
based on accessibility and even distribution along the entire ca. 90
m length of the old east-west back wall of the Dubois excavation
and Selenka Grube II excavation (Fig. 2B). In addition, at the left
bank eastward of the Trinil site, S20 was documented to aid in
linking these sections to the larger-scale schematic stratigraphic
cross-sections of Berghuis et al. (2021). Although this paper focuses
on the left bank, a ca. 3 mwide section (S17) on the right riverbank
was also studied and sampled for pIRIR290 dating.

To document the exact spatial position (including elevation) of
the stratigraphic sections, a dGPS system (GPS Sokkia GRX-2) with a
base station and rover was used to measure multiple reference
points within the sections. Ellipsoidal heights (WGS84) were con-
verted to orthometric height (meters above sea level; m þ MSL) by
subtracting the local geoid height (EGM96) of 25.142 m. The sec-
tions were subsequently logged and photographed with dGPS-
measured reference markers in place. Sets of images of each sec-
tion were processed by Agisoft Metashape Professional v. 1.4.5
(Agisoft LLC, St. Petersburg) into 3D models and vertical ortho-
photos. After documentation, the sections were sampled for sedi-
mentological and geochronological analyses.

Test pits Three test pits with a surface area of ca. 1 m2 were dug
directly into the remains of highly fossiliferous outcrops at the
eastern part of the Trinil site (TP1, TP2, and TP3; Fig. 2C). These test
pits provide a detailed insight into the stratigraphy where it was
not possible to construct larger sections. They also provide insight
into the vertical fossil distribution within the exposed deposits,
facilitating the identification of the primary target layer(s) of the
historical excavations. Furthermore, the test pits yielded a refer-
ence assemblage of fossils with a carefully documented provenance
for future zoological, taphonomic and direct dating studies.
Exposed finds were measured with dGPS, removed, labeled,
documented, and stored in the Trinil Museum. All sediments
excavated from the test pits were wet-sieved on sieves with mesh
sizes of 5 and 2 mm to recover fossil faunal and plant macro re-
mains. Sieving also yielded hornblende crystals used for 40Ar/39Ar
dating.

Clast count To assess the clast composition of the fossil-rich
layers at the Trinil site, a gravel composition count was done at
CC1 and CC2 (Fig. 2C), targeting respectively the lower and upper
e regional Trinil area (adapted from Berghuis et al., 2021; see Fig. 1C for the location of
e Late Pliocene Kalibeng, Early Pleistocene Padas Malang, Pleistocene Batu Gajah, and

ion is situated on top of and cutting into the pre-terrace stratigraphy, and is subdivided
il site is indicated. BGL¼Batu Gajah Lahar. The horizontal blue line indicates Solo river
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fossiliferous layer as identified in the test pits. A minimum of 100
clasts >15 mmwas collected from a surface area of 1 m2, separated
into lithological categories, and counted. Bioclasts, including fossils,
were omitted from the count.

2.2. Geochronology

40Ar/39Ar dating A total of 18 samples for 40Ar/39Ar dating were
taken from detrital sediments that lacked clear evidence of recent
bioturbation as well as from individual andesite and pumice clasts
(see Fig. 4 for locations). The samples were processed and analyzed
at the Vrije Universiteit (VU, Amsterdam, NL; see SOM Text 2 for
details). Ages were calculated with decay constants of Min et al.
(2000) and using an age of 28.201 Ma for the Fish Canyon Tuff
standards (Kuiper et al., 2008). The final depositional age depends
on the measurement protocol and is based on inverse isochron
analyses or statistical interpretation of the measured age distribu-
tion. All final age calculations are presented at the 2s level. Based
on the detrital context all samples are considered to have been
reworked, and as such they only provide a maximum depositional
age.

Paleomagnetism A total of 92 paleomagnetic samples were
collected during the fieldwork campaigns of 2018 and 2019.
Approximately 2.5 cm long cores were taken from cleaned, freshly
exposed sediments using a battery-powered hand drill (see Fig. 4
for sample locations). Samples were oriented using a Pomeroy
Fig. 4. Overview of the Trinil site lithostratigraphy, including the documented sections an
paleomagnetic samples, and the extent of the historical excavations relative to the docume
Bearing Channel 1, BBC-2 ¼ Bone Bearing Channel-2, T2 ¼ Terrace 2. Samples from outcro

5

orientation device with a Brunton compass. Where possible, at
least two or three samples per level were drilled to compensate for
broken cores and to allow application of both thermal (TH) and
alternating field (AF) demagnetization methods. For logistical rea-
sons, the demagnetization and measurement of the 2018 and 2019
sample sets were performed at two different paleomagnetic labo-
ratories, the Paleomagnetic Laboratory Fort Hoofddijk (Utrecht, NL)
and the GeoForschungsZentrum (GFZ Potsdam, Germany), respec-
tively. The Characteristic Remanent Magnetization (ChRM) di-
rections were determined on orthogonal vector projection
diagrams of demagnetization paths using Paleomagnetism.org
(Koymans et al., 2016). ChRM's were divided into four classes:
class 1 with a reliable direction and reliable polarity, class 2 with an
unreliable direction and reliable polarity, and class 3 with an un-
reliable direction and unreliable polarity. A fourth class includes
samples which broke during transport, had unclear markings, or
yielded no interpretable directions. For the interpretation of the
Trinil magnetostratigraphic record, only class 1 and 2 samples were
considered for the determination of the paleomagnetic polarity.

To further assess the various magnetic minerals present in the
samples and their behavior upon thermal treatment, six repre-
sentative paleomagnetic samples were processed on a modified
Curie balance at the Paleomagnetic Laboratory Fort Hoofddijk
(Utrecht University, The Netherlands). For further details on the
magnetostratigraphy and Curie balance measurements see SOM
Text 3.
d testpits. Further indicated are the sampling locations of the 40Ar/39Ar, pIRIR290, and
nted sections. BGC-2 ¼ Batu Gajah Clay 2, BGL-5 ¼ Batu Gajah Lahar 5, BBC-1 ¼ Bone
ps are given in parentheses.

http://Paleomagnetism.org
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Feldspar infrared luminescence dating Seven luminescence
samples were taken from freshly exposed sediments in well-
documented and georeferenced sections, or from cleaned, pre-
existing outcrops of known stratigraphic position (see Fig. 4 and
SOM Fig. S1H for sampling locations). For a more detailed
description of the luminescence approach see SOM Table S1 and
SOM Text 4. Samples were taken by hammering a 7 cm diameter
stainless steel tube into the sediment or, if the sediment was too
consolidated, carving out a block of ca. 25 � 25 � 25 cm. After
sampling, samples were wrapped in aluminum foil and covered in
duct tape to prevent exposure to daylight and avoid the mixing of
sediments within the tubes and blocks. The samples were pro-
cessed at the Netherlands Centre for Luminescence dating (Wage-
ningen University, NL). Each sample was subsampled for dose rate
(Dr) and equivalent dose (De) measurements. For De measurements
the coarse-grained K-rich feldspar was separated. Luminescence
equivalent doses were determined based on the post-IR IRSL
(stimulation temperature 290 �C) single-aliquot protocol (termed
pIRIR290, Buylaert et al., 2012). The dose response curves were
mathematically constrained using single saturating exponential fits
and final palaeodoses were calculated based on the average of the
accepted single aliquot De values. For Dr determination, the activity
concentrations of the U and Th decay chains and 40K were
measured using high-resolution gamma-ray spectrometry. The
concentrations were converted to dose rates using the conversion
factors of Gu�erin et al. (2011)) and the soft matter attenuation based
on Madsen et al. (2005). The contribution of the cosmic dose rate
was calculated based on Prescott and Hutton (1994). The final
luminescence age was calculated by dividing the pIRIR290 palae-
dose by the dose rate.

3. Results

3.1. Stratigraphy

The stratigraphy of the Trinil site as exposed in the 2018 and
2019 sections, test pits, and outcrops is shown in Figs. 4e6. First, the
stratigraphy of the eastern part of the site will be described, where
outcrops facilitate a straightforward correlation of the lower strata
between sections, test pits, and clast count localities. Correlations
between the three documented sections at the western part of the
Trinil site and the stratigraphy of the eastern part of the site are less
straightforward and are therefore presented separately. Detailed
information is provided in the supplementary information
including section drawings, orthophotos, and descriptions (SOM
Figs. S1AeH and S3; SOM Text S2) and the results of the clast counts
(SOM Table S2).

Eastern part of the Trinil site At the base of the eastern Trinil site
on the left bank of the Solo River lies a dark grey, massive clay, Batu
Gajah Clay 2 (BGC-2; sensu Berghuis et al., 2021) that is only visible
in outcrops at low water levels (ca. 42.5 m þ MSL; Fig. 5A). Where
exposed, the top of the clay appears to be more or less horizontal.
From this outcrop, a single, well-preserved vertebrate fossil was
recovered.

Overlying the clay and extensively exposed in outcrops and
sections (S20, S18A, S14E) is a poorly-sorted, matrix-supported
volcanic breccia, Batu Gajah Lahar 5 (BGL-5; sensu Berghuis et al.,
2021). The volcanic silty-sandy breccia contains clay clasts,
weathered and unweathered volcanic fragments, and gravel-sized
pumice. Occasionally, plant remains are found in the form of tree
trunks. Vertebrate fossils are rare. The thickness of this
layerdassuming a more or less horizontal contact with the un-
derlying BGC-2dvaries greatly, from only ca. 0.5 m at S20 to ca. 3 m
at S18A and again ca. 0.5 m at S14E (Fig. 4). The breccia is dark grey
and contains light grey-colored intrusions from the top (see SOM
6

Fig. S1G). One of these intrusions is composed of sand-sized vol-
canic glass fragments. Reconstructing the exact processes resulting
in these highly complex structures is beyond the scope of this pa-
per, but internal lahar dynamics and/or fault-related tectonic ac-
tivity are likely possibilities.

Ca. 10 m to the west of S18B, the BGL-5 is overlain by a poorly-
sorted silty-sandy conglomerate, as visible in outcrops (Fig. 5AeC),
in S14E (SOM Fig. S1G), and TP1-3 (SOM Fig. S3). The unconform-
able contact with the BGL-5 and the lithology of the conglomerate
indicates that the BGL-5 was fluvially incised. Clasts within this
conglomerate consist predominantly of volcanic rocks (76%) in
various levels of rounding and weathering, and carbonate concre-
tions (23%; SOM Table S2). The conglomerate is characterized by
the occurrence of silty lenses, especially in outcrops just east of the
Trinil site. Furthermore, it is rich in freshwater aquatic in-
vertebrates, notably shells of the bivalve mollusk Pseudodon von-
dembuschianus trinilensis, and aquatic as well as terrestrial
vertebrate fossils, notably a Stegodon trigonocephalus tusk in TP3
(Fig. 5D). The fossils are characterized by heterogenous fossilization
conditions. No vertebrate fossils were found in anatomical
connection and a high percentage is fragmented. In contrast, many
Pseudodon shells are intact and the valves articulated. The deposit
also contains plant macro remains (e.g., wood, including logs in
surface exposures and branches in TP2; see SOM Fig. S4A). This
fossil-rich deposit, which is interpreted as an erosion-generated
skeletal channel lag assemblage (sensu Rogers and Kidwell,
2007), is assigned the name Bone-Bearing Channel 1 (BBC-1). In
some locations at the Trinil site, the top of the BBC-1 consists of a
thin (~10e20 cm) silt layer or lens (visible in surface outcrops as
well as in TP1; see Fig. 5B and C), which yielded occasional Pseu-
dodon shells as well. Based on the dating evidence (see below) it is
interpreted as a silty facies of the BBC-1 and is fromnowon referred
to as the BBC-1 (s).

The BBC-1 is unconformably overlain by a planar cross-bedded,
poorly sorted, fine conglomerate with a silty sand matrix which
reaches a maximum observable thickness of 2e3 m and contains
occasional well-sorted sand lenses. The clast composition in this
fluvial conglomerate is comparable to that of the BBC-1 with pre-
dominantly (weathered) volcanic rocks (56%) but it contains almost
twice as much carbonate concretions (40.5% vs 23.5%; SOM
Table S2). The fossil find density of this layer is variable, ranging
from low in the river bank sections S19C and S18B, to very high in
S14E and TP1-3. This unit contains fossils of both aquatic (fresh-
water sharks, turtles, gharial, and crocodile) and terrestrial verte-
brates, as well as plant remains. Shells of Pseudodon
vondembuschianus trinilensis are relatively abundant. Notable
terrestrial fossils include a Stegodon trigonocephalus mandible
(findnumber 718) and a proboscidean tusk (findnumber 461; both
in TP1). The fossils are characterized by heterogenous surface
taphonomy which might indicate varying fossilization conditions.
No fossils are found in anatomical connection and again a high
percentage of fossils are fragments (~72.5%). This fossiliferous
conglomerate is also interpreted to be a channel lag deposit and is
assigned the name Bone-Bearing Channel-2 (BBC-2). It is visible in
sections S18B, S19C, S14E, and at the top of TP1-3. At S18A, a ca.
5 cm thick very fine gravel unconformably overlies the BGL-5 (SOM
Fig. S1A). In this layer, which most likely correlates with the BBC-2,
one vertebrate fossil has been found.

East of the Trinil site, at section S20 and notably on the flat
outcrop extending far into the river (Fig. 2A), the BGC-2 and the
overlying breccia BGL-5 are covered by a layer of poorly-sorted,
clast-supported conglomerate consisting of well-rounded volcani-
clastic gravel (SOM Fig. S3C). The conglomerate in S20 contains
predominantly unweathered volcanic material, while weathered
volcanic material and carbonate concretionsdthat dominate the
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highly fossiliferous BBC-1 and BBC-2 (see above)dare rare. The
conglomerate is poor in fossils. It is overlain by ca. 2m of laminated,
dark-colored clay consisting of millimeter to centimeter-thick
layers that contains numerous plant macro remains. The
conglomerate and the laminated clay have been interpreted as a
channel lag and oxbow lake of the T2 terrace, respectively (Berghuis
et al., 2021). As they are outside of the main Trinil site and lack
fossils, these deposits will not be further considered here.

The deposits overlying the BBC-2 at the Trinil site are only
exposed in the riverbank sections (S20, S18A, S18B, S19C; Fig. 4;
SOM Fig. S2A-C, H). Apart from the gravels at > 51 m þ MSL in S20
and S18B, these deposits are relatively fine-grained: cross-lami-
nated/cross-bedded sands and silts and massive silty clay/clayey
silts. Near the historical excavation area (S18B/S19C) the BBC-2 is
overlain by ca. 1 m of cross-bedded sands and silts, of which the top
10e20 cm is cemented. A ca. 2 m thick, massive silty clay uncon-
formably overlies it in S18B. This silty clay is rich in plant macro
remains but did not yield any fossils. On top of the silt lies ca. 3.2 m
of cross-bedded tuffaceous sands, silty sands, and sandy silts and
ca. 80 cm of clast-supported gravel with rounded pebbles up to
5 cm in diameter, which both only rarely yield fossils. Above this
lies the present-day soil level at ca. 53 m þ MSL.

Western part of the Trinil site At the western part of the Trinil
site lie sections S21, S16, and S22 (Fig. 4; SOM Figs. S2DeF).
Although they all consist of cross-laminated/cross-bedded sands
and silts with occasionally massive clayey silts and silty clays, it was
not possible to make direct correlations between the sections.
Based on explorative Edelman coring at S16, it was found that the
sands and silts continue until at least 1.5 m below low-water level.
The sediments in these western sections are comparable to those
overlying the BBC-2 at S18B and S19C. Occasionally thin gravel
layers are found in the larger cross-bedded structures, but units of
similar texture, structure, and clast composition as the BBC-1 or
BBC-2 are absentdalso at equivalent heights at which these highly-
fossiliferous conglomeratic units are documented in the east. Fos-
sils are generally sparse in all three sections; a notable exception
being two well-preserved, articulated, bovid vertebrae found in the
lower part of S16 (Fig. 6A and B). Plant remains are occasionally
found as well. Pseudodon shells are rare, only one valve fragment
was found in S16. At the right bank of the river, S17 (NW from S22;
Fig. 2A and B) revealed similar fluvial cross-laminated/cross-
bedded sands and silts as in S21, S16 and S22 (SOM Fig. 1H).

3.2. Geochronology

40Ar/39Ar dating A summary of the 40Ar/39Ar data is presented in
Table 1 and the full dataset in provided in SOM Table S3.

The first batch of 40Ar/39Ar measurements (VU110) was done on
andesite hornblende from the BGL-5 (S14-82; VU110-T3), detrital
hornblende from the interface between the BGL-5 and the BBC-1 (s)
below the BBC-2 (S14-83; VU110-T4). All single grain measure-
ments on these samples have large analytical uncertainties.
Multigrain measurements (three and six grains per fusion) on the
same samples have lower uncertainties, revealing age distributions
spanning more than 1 Myr (SOM Table S3). The andesite clast from
the BGL-5 yielded an inverse isochron age of 0.71 ± 0.12 Ma (2s,
VU110-T3; SOM Fig. S5). The inverse 40Ar/36Ar isochron intercept of
399.7 ± 8.2 suggests the presence of extraneous Ar. For sample
VU110-T4 we were unable to define a reliable depositional age.
Fig. 5. A) View (looking south) on the eastern part of the Trinil site, showing the BGC-2, BGL
the north from a historical excavation pit south of TP1 (see Fig. 3C) showing the BBC-1 silt (s)
2). C) overview of the typical BGL-5, BBC-1, silt, and BBC-2 succession as seen from the same
the BBC-1 and up into the BBC-2. E) Orthophoto of TP1 showing BBC-1, BBC-1 (s), and BBC
excavation pits walls of an old excavation pit.
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The second batch (VU116) consists of large phenocrysts from the
BBC-2 (n ¼ 13; VU116-T1 to VU116-T12 and VU116-T16), detrital
hornblende from BBC-1 and BBC-2 sediment samples (n ¼ 2;
VU116-T13 and VU116-T14), and one pumice clast from the BBC-1
(VU116-T15) on which both single grain and multigrain measure-
ments were successfully carried out. One of the large phenocrysts
from the BBC-2 (VU116-T16) gave very low 40Ar* yields compared
to the other phenocrysts and was rejected. For the other pheno-
crysts (VU116-T1-T12), a large spread in ages both within and be-
tween hornblende crystals was observed (SOM Fig. S6), indicating a
complex magmatic history with different growth periods. Alter-
natively, argon loss in some parts of the crystal may explain the
younger ages. The resulting ages of the large hornblende crystals
were deemed unusable to determine a reliable maximum deposi-
tional age.

For the two sediment samples of batch VU116, we dated, in
addition to multigrain experiments, numerous single grain horn-
blende crystals (n z 100) with the assumption that the youngest
age population approaches the depositional age. For sample VU116-
T13 from the BBC-1, 94 out of 96 total fusion, single grain mea-
surements on detrital hornblende were successful and yielded
reliable ages ranging from 0.75 ± 0.28 to 4.05 ± 0.55 Ma (2s,
Fig. 7A). A single measurement of 70 ka (i.e., the youngest) was
rejected due to the low 40Ar* content (0.11%). The resulting three
measurements have a weighted mean age of 0.77 ± 0.12 Ma (2s)
which is interpreted as the maximum depositional age for the BBC-
1.

For sample VU116-T14 from the BBC-2, 92 out of 93 single grain
measurements were successful, yielding reliable ages ranging from
0.35 ± 0.75 to 2.68 ± 0.26 Ma (2s, Fig. 7B). Using a similar approach
as for VU116-T13, the youngest age group of VU116-T14 (n ¼ 11)
yielded a weighted mean age of 0.45 ± 0.11 Ma (2s), which is
interpreted as the maximum depositional age for the BBC-2 and
which likely lies close to its actual depositional age.

A tentative age for the pumice clast from the BBC-1 (VU116-T15)
was calculated at 0.96 ± 0.04 Ma (2s; Table 1) by ordering the
measurements from young to old and starting from the youngest
age, adding measurements until the critical mean square of
weighted deviates threshold was crossed (method as described in
Schaen et al., 2020).

Paleomagnetism The paleomagnetic samples come from 16
sampling locations, 7 stratigraphic sections, and 11 isolated out-
crops covering most of the identified stratigraphic units with a
large range of lithologies (Fig. 8; SOM Table S4; SOM Fig. 7). Sam-
ples generally have a strong initial natural remanent magnetization
intensity which is probably related to their volcaniclastic origin.
Almost all samples from Trinil are characterized by a strong low
coercivity/temperature component (LCC/LTC) up to 20e30 mT/
200e250 �C and high viscosity. After removal of this LCC/LTC
component, most samples display a high temperature/high coer-
civity (HTC/HCC) component from 30 to 50e100 mT/200 to
350e450�C. In only a few samples, either erratic directions or full
demagnetization at low levels resulted in demagnetization paths
from which no reliable results could be obtained (Class 4). Clay
samples from the BGC-2 and BGL-5 deteriorated during thermal
treatment and yielded uninterpretable AF demagnetizations such
that no directions could be determined from these layers. In the
rest of the samples, almost all demagnetizations are characterized
by two components (Fig. 8). Most of the LCC/LTC indicate a normal
-5, BBC-1, and BBC-2, and the location of various sections and testpits. B) View towards
situated between the BBC-1 and the BBC-2 (Catur Gumono is sitting on top of the BBC-
direction as (A). D) Photo of TP3 showing an in situ fossil Stegodon tusk sticking out of

-2. F) Large scale east-west oriented bedding structures in the BBC-2 are visible in the



Fig. 6. A) Photo of the lower part of S16A (ca. 42.5 m þ MSLe46 m þ MSL, showing bluish-grey, cross-bedded sands from which luminescence dating samples S16-OSL1 and S16-
OSL2 were taken (indicated). The white arrow points at the in situ fossil bovid vertebrae found in anatomical connection (shown in B) situated near the low water level of the Solo
River. B) Photo of the same bovid vertebrae surrounded by sandy matrix immediately after its recovery. Note the brown color of the fossil, the complete spinous process, and the
presence of a calcite infill in the vertebral foramen.

Table 1
Summary overview of 40Ar/39Ar ages.a obtained from sieving residue.b single grain measurements in this batch were unsuccessful.c number of analyses included in the age
calculation versus total measurements.

maximum depositional
age

VU ID sample section stratigraphic
layer

source grainsize n grains/
fusion

method age ± 2s
(Ma)

MWSD n

VU110-T3 S14-82 outcrop BGL-5 andesite
clast

125e500 mm 1b,3,6 inverse isochron age 0.71 ± 0.12 1.25 6/20

VU116-T13 279 outcrop BBC-1 sedimenta 250e500 mm 1,3 weighted mean age of youngest
grains (see text)

0.77 ± 0.12 0.02 4/96

VU116-T14 379 TP1 BBC-2 sedimenta 250e500 mm 1,3 weighted mean age of youngest
grains (see text)

0.45 ± 0.11 0.17 11/93

VU116-T15 Tr18-S14_1a outcrop BBC-1 pumice
clast

250e500 mm 1,3 youngest population with
MSWD < t-test statistic

0.96 ± 0.04 1.47 11/20
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polarity direction suggesting they reflect a recent normal overprint.
The observation of a HTC in expected reversed polarity orienta-
tions, suggest a primary origin for the associatedmagnetizations. In
many samples the LCC/LTC strongly overlapped the HCC/HTC on a
significant coercivity/temperature range, such that component
separationwas difficult and resulted in stronger apparent scatter in
the obtained HCC/HTC directions. These samples were thus usually
labeled as Class 2 (reliable polarity but unreliable direction). Yet
this incomplete overprint removal and resulting scatter does not
affect the reliability of the determination of the polarity, especially
for reversed orientations that can be clearly distinguished from
their normal overprints. These demagnetizations with dual polar-
ities were used to define the extent of the LCC/LTC. De-
magnetizations that were defined below that extent were assumed
as potentially overprint and thus not considered to determine the
primary paleomagnetic polarity. Demagnetizations with persistent
HCC/HTC in normal polarity orientations were carefully interpreted
as they may be difficult to distinguish from a recent secondary
9

overprint in the normal direction and should generally be consid-
ered with caution compared to reversed directions.

Along with demagnetization behaviors, Curie balance thermo-
magnetic measurements enabled us to better assess the origin and
reliability of the ChRM (SOM Fig. S8; SOM Table S5; SOM Text S6).
The results mainly show reversible heating-cooling curves with
most of the magnetization decrease around 500 �C, typical of
magnetite. This, in viewof the volcanic lithologies and the generally
high intensities and low coercivities, suggests that magnetite of a
volcanic origin holds a major component of the remanence.
Generally, the rock magnetic behaviors support our interpretation
of a secondary origin for the LCC/LTC from very low coercivity
magnetite-like carriers, while the HCC/HTC more likely represent a
primary magnetization from more stable magnetite-like carriers.

To interpret the magnetostratigraphy, all the paleomagnetic
results were positioned according to their respective stratigraphic
units. At the top of the sampled stratigraphy, the upper part of the
sandy terrace sediments of the Solo Formation yielded relatively



Fig. 7. Overview of all single grain, total fusion Ar/Ar data of detrital hornblende
crystals from the BBC-1 and BBC-2 (analytical uncertainties are given in 1s). A) Single
grain measurements from a sample of the lower fossiliferous layer, BBC-1 (sample
279). B) Single grain measurements from a sample of the upper fossiliferous layer, BBC-
2 (sample 379).

S. L. Hilgen, E. Pop, S. Adhityatama et al. Quaternary Science Reviews 301 (2023) 107908
straightforward results with clear demagnetizations indicating
mostly reliable normal polarities (class 1 and 2 directions; Fig. 8F).
The lower, more silty part of the terrace had more unreliable di-
rections (class 3) but sufficient reliable ones to indicate a normal
polarity. The terrace sediments notably yielded two samples of
reversed polarity (PM98 and PM90) that may relate to spurious
overprints in seemingly reversed polarity orientation or to short
paleomagnetic excursions. The BBC-2 has fewer samples (n ¼ 6)
and the demagnetizations are relatively noisy, which may be
attributed to the coarser grain-size of this unit. Yet most samples
(n¼ 5) yielded normal polarity orientations. The BBC-1 (s) has been
more intensely sampled (n ¼ 43) due to its silty lithology that is
more promising for paleomagnetism, and to confirm preliminary
2018 results suggesting reversed polarities. Most samples (n ¼ 33)
yield a clear reversed polarity while remaining unreliable samples
are concentrated in the TP1 section (Fig. 8E). In the BGL-5, mixed
paleomagnetic results were obtained from only 10 samples
collected at three locations. Reliable polarities (class 1 and 2 di-
rections) are dominantly reversed, and the unit BGL-5 is therefore
interpreted as reversed in polarity given the generally less reliable
normal polarity directions that may represent unresolved strong
overprints. In the BGC-2, the six samples collected at one location
are mostly unreliable except for one reversed (PM77; Fig. 8C) and
one possibly normal (PM82). Based on these few samples the unit
polarity remains undetermined with a preference for a reversed
polarity. In summary, the upper units of the terrace sediments and
the BBC-2 are of normal polarity while the BBC-1 is of reversed
polarity.

Feldspar infra-red stimulated luminescence dating For an
overview of all pIRIR290 feldspar luminescence measurements
(n ¼ 7) see Table 2. Performing pIRIR290 measurements on Trinil
sediment proved challenging; all samples were poor in K-rich
10
feldspar and relatively few aliquots contained a strong pIRIR290
luminescence signal (signal strengths were first tested before
measurement of the corresponding regenerative dose response
curves). Two samples, one from the BGL-5 (NCL-8119012) and one
from the BBC-2 (NCL-8316193), did not yield a sufficient number of
aliquots with a pIRIR290 signal (test dose error >20%) that was
strong enough for a robust De estimation and were therefore
rejected. The three samples from S16 and S17 show a large scatter
in the De distributions, presumably due to mixing of relative well-
bleached (neglectable inherited age) and relative poorly bleached
grains (significant inherited age), resulting in large palaeodose and
thus age uncertainties. Unfortunately, these samples yielded too
few aliquots with a suitable signal to better constrain the most
robust De population and therefore the resulting ages have to be
regarded as unreliable (see SOM Text 7). The two samples from the
BBC-1 (s), NCL-8316192 and NCL-8316235, yielded more reliable
results (Fig. 9). When applying an exponential fit approach to the
two samples, the average natural pIRIR290 signal at the 2D0
threshold (indicative of the onset of signal saturation) is reached for
significant parts of the corresponding De distributions, resulting in
minimum ages of >464 and > 422 ka, respectively.

4. Discussion

4.1. Trinil stratigraphy and age model

Based on the results above, a chronostratigraphic model can be
constructed for the Trinil site (Fig. 10). First, the basal succession
will be discussed, which can be correlated with the Batu Gajah
Formation, and which is part of the pre-terrace stratigraphy, fol-
lowed by the younger, overlying terrace deposits of the Solo
Formation.

Pre-terrace stratigraphy At the base of the stratigraphy lies a
black clay that is identified as the Batu Gajah Clay 2 (BGC-2; sensu
Berghuis et al., 2021). It is only visible in outcrops at the eastern end
of the Trinil site. No ages and reliable paleomagnetic results are
available, but the BGC-2 must be older than the overlying volcanic
breccia (BGL-5, sensu Berghuis et al., 2021), which has a maximum
depositional age of 710 ± 120 ka (2s).

The volcanic breccia BGL-5was subsequently incised, whichwas
followed by the deposition of the fossiliferous conglomerate of the
BBC-1. Single grain 40Ar/39Ar measurements on detrital hornblende
provide a maximum age of 770 ± 120 ka for the BBC-1. As the full
spectrum of single grain 40Ar/39Ar measurements for BBC-1 and
BBC-2 samples appear to show more or less continuous volcanic
activity, we infer that the 40Ar/39Ar based maximum depositional
ages probably lie close to the true depositional age. Based on the
chronological constraints provided by the underlying BGL-5 and
the reversed paleomagnetic signal of the BBC-1 (s) (see below), the
BBC-1 has an age between 830e773, which suggests that it was
potentially deposited soon after the BGL-5.

The silt layer BBC-1 (s), that locally forms the top of the BBC-1
and underlies the BBC-2, yielded two luminescence minimum
ages of >464 and >422 ka. It also yielded a reversed paleomagnetic
signal, while overlying deposits with a reliable polarity mostly
yielded a normal signal. Based on the constraints provided by the
40Ar/39Ar ages of the BBC-1 and the underlying BGL-5, as well as
those obtained by luminescence dating for the silt layer itself, the
reversed polarity signal in the BBC-1 (s) can either belong to the
Matuyama chron or one of the reversed polarity excursion events
during the Brunhes chron (e.g., Osaka Bay at ~680 ka, La Palma at
~580 ka or the Big Lost at ~540 ka, see Channell et al., 2020).
Although it is impossible to exclude the possibility that the
reversed polarity is due to one of these short-lived events, the
chance of actually recording such an event in the generally coarse-



Fig. 8. A selection of vector endpoint diagrams of alternating field (AF) and (T) thermal demagnetized samples characteristic for Trinil. A) and B) class 3 samples, unreliable direction
and an unreliable polarity, from BBC-1 (s) and BGC-2, respectively. C) and D) class 2 samples, unreliable direction and reliable polarity, from the BGC-2 and BGL-5, respectively. E)
and F) class 1 samples, good direction and reliable polarity, BBC-1 (s) and T2 terrace, respectively. Coordinates are geographic up/West. See SOM Fig. S7 for a complete overview of
all available vector endpoint diagrams and SOM Table S4 for their interpretation.
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Fig. 9. Typical sensitivity corrected regenerated single aliquot pIRIR290 dose response curves (DRCs) are shown for sample OSL-S17-1 (A) and sample TRI2016-Dubois site-OSL1. The
dose response data were fitted with a single saturating exponential curve. For A) the sensitivity corrected natural signal plots well below the onset of signal saturation (2D0), i.e. the
equivalent dose (De) of this aliquot could be determined through interpolation onto the DRC. For B) the sensitivity corrected natural signal plots slightly above the onset of signal
saturation (2D0 average of the sample is at 586 Gy), i.e. no De could be determined.

Table 2
Summary overview of feldspar pIRIR290 luminescence ages. Samples NCL-8316192 and NCL-8316235 are both in saturation and thus yield only minimum ages. Samples NCL-
8119012 and NCL-8316193 failed. Samples NCL-8119013, NCL-8119017, and NCL-8119018 yielded finite ages.a number of accepted aliquots versus measured aliquots.b this
apparent palaeodose represents the mean of the aliquots below saturation and needs to be taken with caution.c age is corrected for a pIRIR290 remnant dose of 30 ± 15 Gy
(Joordens et al., 2015). For details see text.d significant part of the corrected age distribution plots above the saturation threshold (2D0). A minimum age is calculated based on
the 2s confidence interval, i.e. 95% confidence that the true age is larger than the minimum age.

NCL Sample Layer na Palaeodose [Gy] error ¡/þ Dose rate [Gy/ka] error ¡/þ Luminescence age (ka)c error ¡/þ
8316235 TRI2016-Dubois site-OSL1 BBC-1 (s) 6/6 586b 73 1.17 0.07 >422d -
8316192 TRI2016-Dubois site-OSL2 BBC-1 (s) 6/6 833b 99 1.31 0.08 >464d e

8316193 TRI2016-Dubois site-OSL3 BBC-2 e e e e e e e

8119012 OSL S14 2 BGL-5 e e e e e e e

8119013 OSL S17 1 S17 12/12 109 21 1.41 0.09 77 15
8119017 OSL S16 1 S16 6/6 157 78 1.22 0.08 129 64
8119018 OSL S16 2 S16 15/18 234 37 1.25 0.08 188 32
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grained and probably rapidly deposited BBC-1 characterized by a
high deposition rate is slim. Hence, it is most likely that the
reversed signal belongs to the Matuyama chron, and thus predates
the Brunhes-Matuyama reversal at 773 ± 2 ka (2s; Channell et al.,
2020).

Themostly normal paleomagnetic signal in and above the BBC-2
is interpreted as part of the Brunhes chron. This agrees with the
maximum depositional age of 450 ± 110 ka for the BBC-2 based on
single grain 40Ar/39Ar measurements. As mentioned before, the
40Ar/39Ar results indicate that this maximum age of the deposits
probably lies close to the actual depositional age. Based on the
luminescence-based minimum age of 430 ± 50 ka obtained for the
Pseudodon shell infills by Joordens et al. (2015), the age of the BBC-2
can be further constrained to 560e380 ka. Importantly, the ob-
tained ages for the BBC-1 and BBC-2 indicate a major depositional
hiatus of at least 200 kyr between these two highly fossiliferous
units. When placing the newly defined BBC-2 in the revised strat-
igraphic framework for the Trinil area proposed by Berghuis et al.
(2021), the question arises whether the BBC-2 is part of the pre-
terrace Batu Gajah Formation, the Trinil Formation, or part of the
terrace stratigraphy of the Solo Formation. Based on sedimento-
logical, lithological and fossil content differences with the overlying
terrace sediments and similarities with the underlying BBC-1, the
BBC-2 is tentatively attributed to the Batu Gajah Formation. Note
that the Trinil Fm is absent from the Trinil site left bank site. For a
more detailed discussion of the place of the BBC-2 in the revised
regional stratigraphic framework see SOM Text 8.

Terrace stratigraphy The unconformable contact between the
BBC-2 and the overlying terrace deposits can be seen in both S18B
and S19C (SOM Figs. S1B and C). Based on the difference in lithology
between the conglomeratic BBC-2 and the overlying finely cross-
bedded/laminated sands and silts, this contact is interpreted as
12
the boundary between the pre-terrace Batu Gajah Formation and
the terrace-related Solo Formation (Fig.10). This is supported by the
fact that the deposits overlying this boundary are similar in texture
and structure to those exposed in sections further west. In the
eastern part of the site, at least 5 m of fine-grained Solo Formation
deposits overlie the BBC-2, while in the western part of the site
these deposits extend down to at least 1.5 m below low-water level
(Fig. 10). Towards the top of the section, loose gravel follows with
the modern soil on top.

Dating the terrace stratigraphy at Trinil proved difficult, as the
three pIRIR290 age calculations obtained from the cross-bedded
tuffaceous sands in S16 and S17 are of insufficient quality to
make any statements regarding their age. Berghuis et al. (2021)
ascribe the terrace sediments located at the left bank of the Trinil
site to their T2 terrace. We therefore ascribe the sediments at S16
and S17 to this same T2 terrace. The T2 terrace sediments at nearby

Grinseng (ca. 800 mwest of Trinil) are luminescence dated to 95þ56
�36

ka (Berghuis et al., 2021). The T2 terrace in the Trinil area is
tentatively correlated to the Ngangdong terrace in the Kendeng
Hills area (Berghuis et al., 2021), situated ca. 15 km to the northeast
and dated to 140e92 ka (Rizal et al., 2020).

The correlation between the T2 terrace and the Ngangdong
terrace is based on its place in their respective terrace sequence
(i.e., the second lowest terrace) and their comparable lithology
(well-rounded andesite gravel with reworked carbonate concre-
tions, and tuffaceous sands and silts; see Berghuis et al., 2021 for
details). Note that Trinil and the Kendeng Hills areas experienced
different tectonic uplift histories, resulting in the Solo river terraces
in the two areas now being situated at different elevations. Corre-
lating terraces based on the order in the sequence of terraces
should therefore be done with caution due to differences in terrace
formation and preservation. For instance, in the Trinil area seven



Fig. 10. A) Historic photo (collection number DUBO1399) of the Dubois excavation in 1900, looking south. The approximate locations of the sections are projected onto the historic
photograph. B) Stratigraphic framework of the Trinil site with layer names, ages, and formations. All ages are presented in ka. Samples from outcrops are given between brackets.
During fieldwork the Solo river water level was around 42.5 m þ MSL. Note that the 21 indicates 21 reversed polarity samples in the BBC-1 (s).
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terraces are identified (Berghuis et al., 2021) while in the Kendeng
area only four terraces are identified (Rizal et al., 2020).

Ultimately the exact age of the T2 terrace deposits at Trinil is of
minor importance for this study and although directly dating the
terrace sediments at Trinil using pIR-IRSL proved unsuccessful the
correlation confirms that the terraces are substantially younger
than the BBC-1 and 2. This implies that sediments of a late Middle
to Late Pleistocene age are situated at very low elevations in the
western part of the Trinil site.

The occurrence of such relatively young deposits at low eleva-
tions is unlikely to have been caused by dipping stratadas e.g.,
suggested by Bartsiokas and Day (1993) based on their interpre-
tation of Carthaus’ section drawing (Carthaus, 1911; Tafel VI).
Rather, the historical photographs (e.g., Fig. 10A) show that the
BBC-1 and BBC-2 channel lag strata exposed in the eastern part of
the historical excavation area are intersected by another large
channel structure. Sections S21 and S16 expose these fluvial
channel deposits, that reach down to at least the base of the visible
13
1900 back wall and continue until at least 1.5 m below present-day
low water level. This deep-cutting channel is likely part of the T2
terrace, as are the deposits that overlie the older pre-terrace strata
in the east up to the gravel in the top of S18B.

4.2. Comparison with previous stratigraphic and dating studies

When comparing the new stratigraphic framework presented in
this paper with those of Dubois and Selenka, some interesting
observations can be made. The presence of a marine breccia at the
base of Dubois' stratigraphy (G; Fig. 11A) strongly indicates its
composite nature; such deposits can only be found ca. 900 m
northwest of the Trinil site (Pengkol and Padas Malang; Fig. 1C).
Dubois' claystone (F) is most likely the BGC-2, the lowest unit
observed at the Trinil left-bank site (then and during our field-
work). Above that, Dubois indicates a conglomerate (E) which could
either be BGL-5 deposits that thins out going west (see e.g.,
Fig. 10B), or BBC-1 deposits directly overlying the BGC-2. As Dubois



Fig. 11. Trinil stratigraphy of A) Dubois (1896), B) Carthaus (1911), and C) Dozy (1911). Notice how a single fossiliferous layer is drawn by Dubois (layer c ¼ lapilli layer) and by
Oppenoorth and Carthaus (layer 8 ¼ Knochenschicht), while Dozy distinguishes two fossiliferous layers (h ¼ Harter Konglomerat Tuff and k ¼ Hauptknochenschicht) occasionally
separated by a black clay (layer i). Note that Dubois' ‘layer’ D is the hominin fossil find horizon and not a separate layer.
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describes the conglomerate as only rarely yielding fossils, it is most
likely that these are BGL-5 deposits. This would imply that his
fossil-rich lapilli layer (C) includes both the BBC-1 and BBC-2. Note
that Dubois' hominin fossil find horizon (D) is located within the
lapilli layer. This lack of distinction between the two fossiliferous
layers is supported by the written documentation, including
Dubois' correspondence with his field staff, which makes no
mention of multiple find-rich levels. Dubois’ lapilli layer is overlain
by a soft sandstone (B) that was also observed during our fieldwork
in a similar position and is interpreted as T2 terrace sediments.
Dubois' stratigraphy is capped by a topsoil (A).

Carthaus (1911) described a stratigraphic sequence for the right
river bank, with a single ‘Knochenschicht’ overlying a lahar
conglomerate (Fig. 11B). Oppenoorth however describes but does
not illustrate the ‘Knochenschicht’ as tripartite with a fining up
sequence, with the lowermost part being a coarse conglomerate
(Oppenoorth, 1911). Dozy (1911) drew two fossiliferous layers in his
stratigraphy (Fig. 11C): a lower, coarser, fossiliferous conglomerate
(‘Harter Konglomerattuff’), followed by the main bone bed
(‘Hauptknochenschicht’), emphasizing the presence of two highly
fossiliferous layers. The coarse conglomerate at the base of both
Oppenoorth's and Dozy's stratigraphy corresponds accurately with
the BBC-1, while the upper, finer fossiliferous part (s), corresponds
best to the BBC-2. In conclusion, Dubois and Carthaus appear to
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have made no distinction between the two highly fossiliferous
layers that are present at the site, while Dozy and Oppenoorth did.

Furthermore, any reference to younger deposits resulting from
fluvial incisions (i.e., T2 and younger deposits) situated at lowwater
level appears to be absent from the historical documentation by
Dubois as well as Selenka. However, the presence of late Middle to
Late Pleistocene terrace deposits at the Trinil site and their
contribution to the Trinil fossil assemblage has already been sug-
gested by Bartstra (1982) and is supported by the results presented
in this paper.

Despite decades of discussion regarding the Trinil sites to do
chronology and fauna, available ages are limited. An age estimate of
ca. 0.9 Ma for the Trinil fossil assemblage is based on the faunal
similarities between Trinil and the Grenzbank level in Sangiran
combined with absolute ages for the latter. Despite the much
younger absolute ages presented for sediments within fossil Pseu-
dodon shells from the Trinil site (Joordens et al., 2015) that are
incompatible with those based on the correlation with the Grenz-
bank at Sangiran, this age of ~0.9 Ma is still being used to date Trinil
fossils (e.g., van der Geer et al., 2018; Volmer et al., 2019). The ages
presented in the current study demonstrate that the fossil-rich
strata at Trinil are dated at 830e773 ka and at 560e380 ka,
younger than the ~0.9 Ma previously proposed based on the
biostratigraphic correlation with the Grenzbank (Fig. 12).



Fig. 12. Chronological overview of Java's biostratigraphy and hominin fossil record, and Trinil (chrono)stratigraphy presented next to the benthic d18O stack (Lisiecki and Raymo,
2005). Red blocks indicate hominin taxa on Java: Sangiran and GB H. e. ¼ Homo erectus in Sangiran Formation and Grenzbank; AG H. e. ¼ H. erectus above Grenzbank (Kaifu et al.,
2010); Late H. e ¼ Late H. erectus (Kaifu et al., 2010; Rizal et al., 2020); H.s. ¼ Homo sapiens (O'Connell et al., 2018). Black blocks indicate Java biostratigraphy: Ci Saat ¼ Ci Saat fauna,
H.K. ¼ Trinil H.K. fauna, KB ¼ Kedung Brubus fauna, Ng ¼ Ngangdong fauna, P ¼ Punung fauna (Van den Bergh et al., 2001; Westaway et al., 2007; Matsu’ura et al., 2020; Rizal et al.,
2020). Green blocks indicate Trinil stratigraphy: BBC-1 ¼ Bone Bearing Channel 1; BBC-2 ¼ Bone Bearing Channel 2; T2 ¼ terrace T2; (ages the correlation with the Ngangdong
terrace by Berghuis et al., 2021). Note that the BBC-1 contains faunal and hominin fossils associated with the Trinil H.K. fauna and Sangiran/GB Homo erectus group, instead of the
Kedung Brubus fauna and Bapang/AG H. erectus group which would be expected (providing there is no reworking) based on the chronological age model for Trinil deposits
presented in this paper. Note also the multiple long hiatuses in the Trinil stratigraphy.
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4.3. The potential role of reworking in the fossil-rich strata

When discussing the discrepancy between the age estimates
based on biostratigraphic arguments and the chronostratigraphic
age model presented here, it should be noted that the latter only
resolves the age of the deposits inwhich fossils were found, not the
age of the fossils themselves. Sediments and fossils deposited in
fluvial contexts are often influenced by reworking. At Trinil, we
have evidence for repeated fluvial erosion and depositionwith each
channel cutting through older ones and reworking its fossil con-
tent. The 40Ar/39Ar data presented here and in Joordens et al. (2015)
provide evidence for this; samples from individual layers provide a
continuous record of 40Ar/39Ar ages reaching back to as early as
~2.5Madi.e., similar in age to the oldest radioisotope ages available
for Pleistocene Java (e.g., Larick et al., 2001). Whether the fluvial
processes were also able to transport heavier components depends
on the energy levels involved. The BBC-1 and BBC-2 are poorly
sorted conglomerates, with a certain amount of gravel-sized ma-
terial. Particularly the BBC-1 contains large, rounded cobbles and
boulders up to 1 m in diameter (SOM Fig. S4B), suggesting sub-
stantial transport energy and/or the formation of lag deposits. They
likely originate from the underlying BGL-5, in which clasts of
similar shape and size can be found. Furthermore, both the BBC-1
and BBC-2 contain pebble to cobble-sized clasts with different
shapes and degrees of rounding (ranging from angular to rounded)
in various stages of weathering, suggesting heterogeneity in the
source area and transportation time/distance. This suggests that
there probably has been sufficient energy to transport and rework
mineralized bones.

Although the fossil material recovered during our fieldwork was
limited, several observationsdalso found in the historical doc-
umentationdsupport the notion of reworked fossils. First, no fos-
sils have been found in anatomical connection in the BBC-1 and 2,
neither during our excavation nor has it been reported for the H.K.
from the historical excavations (Carthaus, 1911). Secondly, the
excavated fossils show heterogeneous surface taphonomy likely
indicative of heterogenous fossilization conditions, which may
point to different sources both in origin and age. However, the
material we excavated was situated near the surface (<1 m deep),
exposing it to various levels of oxidation and repeated wetting and
drying. Therefore, it may not be representative of the material
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excavated from a larger depth, as was frequently the case with the
historical excavations. Thirdly, the excavated fossils and those
found in the historical museum collections from Trinil are heavily
fossilized. In general, more mineralized bones are more brittle than
less mineralized bones, and therefore more prone to breakage
(Currey, 1984; Lyman and Lyman, 1994). This suggests that the
material excavated from the test pits, which consists mostly of
fragments, probably was fossilized before transportation and
deposition. An argument for limited transport is the lack of surface
abrasion (Blanckenhorn, 1911; Dozy, 1911; Carthaus, 1911), but this
also depends on the state of mineralization (i.e., fresh or fully
fossilized/mineralized; see above) of the fossils upon transport and
transport path length.

Although a systematic analysis is necessary to understand the
taphonomic history of the fossil assemblages from Trinil, it is clear
that the processes involved in the deposition of the most find-rich
strata had sufficient energy to erode and rework fossilized bones
and that, based on preliminary observations, transport of verte-
brate fossils is likely.

For one particular type of fossil, the fossil Pseudodon shells,
significant transport can be excluded. The shells found during our
excavation in both the BBC-1 and BBC-2 include many complete
specimens (SOM Fig. S4D), some of which had both valves still
connected. This is also true for those from the Dubois collection, of
which one specimen carried the famous zigzag line interpreted as
the earliest evidence of an intentional abstract engraving by hom-
inins (Joordens et al., 2015). These shells can therefore be consid-
ered contemporaneous with the deposits in which they were
found.

4.4. Implications for the Trinil (H.K.) fauna including the hominin
remains

The results of the chronostratigraphic framework presented
here point to a substantially more complex stratigraphy than is
reflected in the initial schematic drawings by Dubois. Deposits
ranging in age from Early Pleistocene (BGL-5, BBC-1), Middle
Pleistocene (BBC-2), and potentially even late Middle to Late
Pleistocene (T2 terrace) are present at Trinil. More critically, all
these deposits can be encountered at a similar stratigraphic height,
at the low-water levels where the excavations of Dubois and
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Selenka focused on. The historical documentation shows that the
fossil-rich, but very differently aged BBC-1 and BBC-2 were the
main target(s) of the historical excavations and that Dubois and
Carthaus did not distinguish between the two layers. Finally, for all
these deposits, but particularly for the BBC-1 and BBC-2, the
reworking of (fossil) material is likely. These findings have far-
reaching implications for the interpretation of the historical col-
lections and the conclusions drawn from them. Here, in particular,
we discuss the implications for the Trinil H.K. fauna and the Java-
nese biostratigraphy.

Dubois originally defined his fossil assemblage from Trinil and
other nearby localities as the ‘Kendeng’ or ‘Trinil fauna’ (Dubois,
1907, 1908). Almost 75 years later, doubt regarding the unity of
this fauna led to the definition of the Trinil H.K. fauna, which was
specified to only include fossils from a known stratigraphic context
(de Vos et al., 1982; Sondaar, 1984). These authors claimed that,
based on the Dubois' (very limited) provenance information, all
fossils in their faunal species list (see Table 1 in de Vos, 1989) came
from a single bone bed situated at low water level, the ‘Haupt-
knochenschicht’ (de Vos and Sondaar, 1982; de Vos 1984; Ingicco
et al., 2014). This assessment allowed the authors to use the Trinil
H.K. fauna as a unit in their revised biostratigraphy of Java. How-
ever, our results demonstrate that at the Trinil site there are at least
three fossiliferous units situated at lowwater level, the BBC-1, BBC-
2, and T2 deposits instead of a single, homogenous bone bed.

In addition, this complicates the assumed age of the Trinil H.K.
fauna of ca. 0.9 Ma based on the biostratigraphic correlation with
the well-dated Grenzbank level in Sangiran (Leinders et al., 1985;
van den Bergh et al., 1996; Saleki et al., 1998; Matsu'ura et al., 2020)
as the age of the fossil-rich deposits at Trinil appears to be (slightly)
younger. The most straightforward explanation for this discrepancy
is that the material was, at least partially, reworked from older
deposits (i.e., of Grenzbank-equivalent or older age). Reworking
from deposits similar in age to the Grenzbank would also explain
the similarity in fluorine contentddespite inherent shortcoming of
this method (e.g., Tankersley and Wells, 2011)dbetween fossils
from Trinil and the Grenzbank at Sangiran (Matsu’ura, 1986), while
the fluorine content of fossils from the overlying Bapang Formation
at Sangiran is significantly lower. Following this line of argumen-
tation, the fact that the fluorine content of some Trinil specimens in
the Dubois collection does fall within the range of the younger
Middle Pleistocene Bapang Formation material may point to a
(limited) contribution of Late to Middle Pleistocene fossil material
to the Dubois Collection.

Furthermore, the Trinil 2 skullcap is morphologically similar to
the specimens from the Grenzbank and the underlying upper
Sangiran Formation at Sangiran (Kaifu et al., 2010; Kaifu, 2017)
dated to between ~1.3 and ~0.9 Ma (Matsu'ura et al., 2020), older
than 1.51 ± 0.08 Ma (2s, Larick et al., 2001), or even ~1.8 Ma
(Husson et al., 2022). This is in stark contrast with the ages obtained
for the highly fossiliferous BBC-1 and BBC-2 at Trinil dated in this
study at 830e773 and 560e380 ka, respectively. Based on these
chronological constraints at the Trinil site, one would expect more
similarity with the H. erectus specimens from the Bapang Forma-
tion above the Grenzbank (Bapang AG), which date between ~0.9
and 0.773 Ma based radioisotopic measurements and the location
of the Brunhes-Matuyama reversal (Fig. 12; Hyodo et al., 2011;
Matsu'ura et al., 2020). This apparent discrepancy could also be
explained by a reworking scenario where the Trinil 2 skullcap is
reworked from older deposits.

Apart from taxa that are generally known from contexts older
than our new age model, the Trinil H.K. fauna also contains ele-
ments that so far have been found only in settings younger than the
depositional ages of the BBC-1 and BBC-2. For example, the Gibbon
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(Hylobatidae)drepresented at Trinil by a femur that is claimed to
represent the oldest occurrence of this species in Insular SE Asia
(Ingicco et al., 2014)dis generally associated with the Late Pleis-
tocene Punung fauna (Storm et al., 2005; Westaway et al., 2007;
Jablonski and Chaplin, 2009). Other Trinil H.K. elements that are not
known from either Early or Middle Pleistocene sediments in SE Asia
are leopard cat (Prionailurus [¼Felis] bengalensis), Malayan porcu-
pine (Hystrix brachyura), and silvery langur (‘Presbytatis’
[¼Trachypithecus] cristatus; van den Bergh et al., 1996). Some also
consider the hominin Femur I as an outlier, for instance, Ruff et al.
(2015) pointed out that based on morphological grounds, Femur I
would fit comfortably within Late Pleistocene Homowhile showing
no attributes typical of early Homo femora. The terrace deposits
with a late Middle to Late Pleistocene age are a likely source for
these potentially substantially younger fossils.

Based on the presence of these relatively young taxa, it is
necessary to reconsider the Trinil H.K. fauna, which probably is a
time averaged assemblage as already suspected by Bartstra (e.g.
1978, 1982). Direct dating of fossils from Trinil might provide
further evidence as to the degree of reworking at Trinil and the
heterogeneity of the Trinil fossil assemblage.

5. Conclusions

In this paper, we present a revised stratigraphic framework for
the Trinil site which is embedded within the stratigraphic frame-
work of the larger Trinil area. A comparison of our new fieldwork-
based data with previous litho-, chrono- and biostratigraphic
studies reveals a complex stratigraphy with significant hiatuses.
Combinedwith the reworked nature of the deposits and the limited
primary excavation documentation, this potentially has major im-
plications for the hominin and faunal fossils of the historical Dubois
and Selenka collections from Trinil.

At the Trinil site, Early, Middle and potentially even late Middle
to Late Pleistocene fossiliferous layers are present at the low-water
levels on which the historical excavations led by Dubois and
Selenka focused. Two of these are highly fossiliferous layers, the
BBC-1 and BBC-2, and represent two separate conglomeratic
channel fills. The lower fossiliferous layer, the BBC-1, has an age of
830e773 ka. The upper fossiliferous layer, the BBC-2, is substan-
tially younger with an age range of 560e380 ka. Furthermore,
(significantly) younger terrace deposits are present at the Trinil site
at similar elevations. As such, the chronological framework pre-
sented in this study suggests the presence of at least two major
hiatuses in the Trinil site stratigraphy.

Concerning the historic excavations, Dubois' ‘Lapillischicht’ and
Carthaus' ‘Knochenschicht’ likely constitute two separate fossilif-
erous layers, BBC-1 and BBC-2, while Dozy correctly distinguished
between them. This implies that the historical collections from
Trinil are a mix of fossils from differently-aged units that likely
contain reworked fossil material of varying ages. As such, based on
the present study it is not possible to assign absolute ages to the
specific fossils.

We propose a scenario in which the Trinil H.K. fauna is influ-
enced by reworking of fossils of various ages. This scenario might
explain why the Trinil skullcap collected by Dubois is tentatively
grouped with Sangiran Homo erectus fossils aged 1.3e0.9 Ma based
on morphology, while other hominin fossils (like Femur I) share
affinities with Homo fossils of late Pleistocene age. Further research
is needed to test this scenario, preferably by applying direct dating
on the fossil assemblage from Trinil, together with an extensive
taphonomic analysis of the fossils in the historic collections and
those collected during fieldwork. This might lead to a better con-
strained ‘Trinil fauna’.
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