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Abstract

The landscape evolution model (LEM) FLUVER2 was appéiedltate landscape evolution
hypothesegegarding the blockindake fhaseand consequent capture of the Kendeng Basithigy
Proto-Solo River, thereby forming the modern Solo River. The FLUVER2 modekptes to
simulateblocking spilloverand capturesvents Theseadaptationsoffer a starting pointfor a further
advance irthe landscape evolution modellingf the Hominin Homelandsfdrrinil. Calibration was
based oma dated SogerterraceandBatu Gajah clayResultsshowed a rapid blocking of tHeeverse
Sdo River 800¢ 970ka BP), howewethe implementation of recommendatiorsould povide
better insightson the blockingA sulsequentisolation phase with lakes commenceajgradation
and drier conditions could provide godaksilconservation conditionsit 600 ka, d@ransition phase
with enhancedackwards erosion due @spilover of the lakeat the Kendeg Hillsstarted the
capture of the Kendeng Basi@apture was completed between 330 and 350 ka, wiich
comparable to previous estimateghe estdlished modern Solo Riveritiated aggradatiorincision
cycles at TriniBogencomparable tqorior lithological interpretationsat Trinil.Model scenarie with
slight changes in tectonics ardlcanic activity yieldedpproximatelysimilar resultsThese results
are an outcome of theomplexinteraction betweemmanyfactorssuch as tectonk, climate, sea
levelchangeshillslope and riverbe@rodibility, volcanic activityand longitudinaldischargeand
initial height profiles



1 Introductian

TheMiddle and Late Pleistocersge considered asnportantepochs irhuman evolutionHarvati &
ReyesCenteno, 2022)TheHomo erectuslispersedrom Africa toAsiain the Early and Middle
PleistocendCarotenuto et al., 2016Homo erectuss a human species whitikied approximately
between 1.8 Ma and 100 K&ntén, 2003)Homo erectusvas first identified as a separate species
after fossils were found bugne Dubois He wouldhame thenew specie®\nthropopithecus
erectus(Dubois, 1894, 1896; Pop et al., 202)t it waslater renamed taHomo erectus
(Weidenreich, 1940; Mayr, 1950)jhediscoveryof Homo erectuss an important milestonén the
scientificstudyof human origirs, becausdHomo erectuss ancestrato Homo teidelbergensisHomo
neanderthalensis, Denisovaasd Homosapiens(Ni et al., 2021)The firstHomo erectusossis were
found by Duboisat KedungbrubugDubois, 1891a, 1891b; Tobias, 1986y atTrinil(Dubois, 1892a,
1892Db; Pop et al., 2023Jhe Trinil fossils wemxcavatedn a section of the riverbed of th&olo
River Subsequent discoveries along the Solo River yielded additional hominin. fdssiigin
means from humans or extinct human speciest example, aKedungbrubugTobias, 1966)
Sangirar(Von Koenigswald & Weidenreich, 193Bambungmaca(Baba et al., 2003Ngawi(Kaifu
et al., 2015andNgandongOppenoorth, 1932; Antén, 2003; Zaim et al., 2011; Widianto &
Noerwidi, 2023)All thesesitesexcept Sangirahave in common that they were fouralong the
southern margin of the Kendeng Hilldost sites are also within the Solo catchment, however
hominin fossildhave alsdeenfoundin the neighbouring Brantas River catchment to the easéar
Mojokerto (Von Koenigswald, 1938hd in the Madura Stra{iBerghuis, van den Bergh, et al., 2025)

Furthermore largenon-hominin fossifaunas(mainly vertebratesjrom different eras have been

documented at severalites Besides fossil§iominin tools have also been founthesitesinclude

places likeTrinil, NgandongSangirarand Mojokerto(Von Koenigswald, 1939; Indriati et al., 2011,

Joordens et al., 2015y he newesaddition to these excavation sites is the Sogen excavation site,
whichwasstudiedduring theBASIN8eldwork campaigrfsee below. Sogen is located

approximately 8 kilometres east frofirinil, along the Solo River near the town of NgaMlithese
sitestogetherF 2 N g KI G gAftf 0SS NBIFINRSR a WiKS K2YAYAY
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Figurel: Digital elevation modedf the study arealuring modern timeswith the current Solo River catchment area
delineated in red. e notable locations aralsoindicated on the map. Height data: Copernicus (2023).

TheBASINgroject haghree objectives as described biop (2021) The first objective is obtaining

and analysing primary context stone and/or shell/bone tools from the discovered Sogen site and the
wider Ngawi Lake Basihrbugh geoarchaeological survey, excavation and archaeological analysis,
and subsequently dating the sediments in which they are fduna multrmethod dating approach.

The second objective is to reconstruct thalaeenvironmental background of hominin presence

and behaviour by taking and analysing faunal, floral, geological and geochemical samples. The last
objective is to synthesize the archaeological patheenvironmental records, establishing for the

first time a welldated archaeologicanvironmenal benchmark for the Middle Pleistocene on Java.
This thesis aims to contribute i the approximatedatingof the Sogen sediments, and 2) the
reconstruction of thgpalaeenvironmental backgroundising a landscape evolution modelling
approach.

Amongpt other studiesBerghuis et ali2021)hypothesizel that the Solo River once flowed from
north to south, ending in théndian OceanThat would have resulted in a westward flow with either
a network of smaller channels or a delta on the southern margin of the Kendend@ Hél§ow
direction is the reverse of the current Solo River, therefore rilvisr will be referred to as the
GNBISNES At ®mhepoimt thé@udenESdio Rivewas establishedsinceunidirectional
eastward flow was observed in cralsgnination deposits at SogdBerghuis et al., 2021However,
definitive evidence for this flow reversal lackd.a certain timethe Kendeng Basin (where Sogen
and Trinil are locatedhust have been captured by a predecessbthe current Solo RiveA
catchmentcapture event, also known as catchment piracy, is an event whereby (part of) a
catchment is taken over and added to another catchment, often due to headward eraiséoriver
(Perucca et al., 2018; Jaiswara et al., 2019; Rodrigues Salgado et al.TA@2Ajedecessor is called
the proto-Solo River, and it flowed frothe north of the Kendeng Hills towards the Madura Strait.
Nowadays, th&Solo Rver flows from west to east in the surroundings of Trinil and 8pgeginating
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in the Gunung Sewu Karst Region, and draining to the Madura Strait northwest of Surkttiaya
river is referred to as the current or modern Solo RiVéiis thesis aims tmvestigatethis hiatus
whether the Solo Rer reversed its flow directigiwhen it could have reversed and by what
mechanismdy developingeverahypothesesThis will be done bfpormulatingand testing
hypotheses on flow reversal and blocking eveiftsr example,ite Solo River could have been
blockedby a lahayresulting in (tempaary) lake formationThe Solo River could have also been
reversed due to prolonged uplift at itaitlet into the Indian Oceartherebyblocking the river and
eventually reversinghe heightgradient

The hypotheses will be evaluatedingthe FLUVER&10del (Veldkamp & Van Dijke, 1998, 2000;
Stemerdink et al., 2010a, 2010b; Veldkamp et al., 200§ FLUVER20delis areduced complexity
2Dlongitudinalriver profilelandscapeevolution model (LEM)It models the changes in the fluvial
system along the river profildhe model is specialised in letegm river gradient modellingnd
terrace studiegVeldkamp & Van Dijke, 1998, 2000he model simulates vertical erosion and
deposition as a functionf the time seriesfor baselevel change, precipitation, temperaturand
tectonics.The FLUVER?2 model has been implemented to reséamete formation alongarious
rivers, among others the MeudRiver(Tebbens & Veldkamp, 2000; Tebbens et al., 2088)Aller
River(Veldkamp et al., 2002bhe ThamesRiver(Stemerdink et al., 2010ahe Mifio River(Viveen et
al., 2013, 2014the Tabernas RivéGeach et al., 2015and the AllielRiver(Veldkamp & Van Dijke,
1998; Veldkamp et al., 201@8)one of the rivers previously modelled in FLUVIiER#Aveda river
reversallike the Solo Riveand the original model does not have a functionality for tfis model
the Solo Riverhie FLUVER®odelwill therefore be adapted tanodellake formationand blocking
events The model will output the changes in river profiledthe erosionanddeposition of
sedimentsovertime. The sequence of deposition and erosiphasesduring the lasB850 kawill be
compared to the terrace sequengci order to calibrate the modekEvaluatingthe riverreversal
hypotheseswill contribute to thelandscape evolution model diie existingSolo development
model by Berghuis et al. (202Froma more interdisciplinary perspectivthe thesiswill also
providea landscapéhabitat contextto the presenceof Homo erectusn Central and EastlavaThis
is especiallyelevantbecause traces of hominin activity have been found along lakes hefossibly
because it can serve as a refuge for mammals (including hominins) due to the potedtiadreé
vegetation andresh water retention during dry period8ludau et al., 2021Fxamples can be found
in MarathousaBludau et al., 2021)ake Turkan&Boés et al., 2019NeumarkNord (Gaudzinski
Windheuser et al., 2014)nd Ubeidiyad . St YIF {1 SNJ 3. hQ. NASY > Hamy?U



2 Research objectigand questions

The main overarching research question will Hew has thelandscapealongthe Solo River
evolvedduring the last million years?

To answer that question, thiellowing objectivesand subquestionare setout for thisthesis as can
be seen infablel. The input and calibration variablease shown irFigure5.

Tablel: An overview of the main objectives, and their research questions.

Objective Research question

Reconstructnput variablesuch asea level How didinput variables such abke sea level
change, temperatureand precipitationduring change, temperatureandprecipitation develop
the period of interest during the lastlL Ma?

Add a river flow blocking functionality to the What is the impact of the variouslibration
FLUVERZ2 model and apply this new functional| variableson the ability of the FLUVER2 model

to model the Solo River. recreate the current gradients of the Solo
River?

Evaluate the hypotheses abowhetherthe Solo | Has the Solo Rivehanged direction during the

River haseversed flow and how and when middle Pleistoceneand how and wheh




3 Backgrounaturrent and past Sol&ivercatchment

3.1 Volcanism

The study area is located close to the subduction zone of the oceanic crust from the Indian
Australian plate. This plate is subducted underneath the continental crust from the Eurasian plate.
Locally, the continental crust is referred toak SundeShelft ® ¢ KS & dzo RdzOGA2Y KI &
phases of volcanic activity. The first phase took pfem® at least themiddle Eoceneip to and
includingthe early MiocendSmyth et al., 2003, 2008; Clements et al., 2008 Southern

Mountains are the remnants of thfgst volcanic phase. The second phasarted duringthe late
Miocene and this phase is currently still ongofBmyth et al., 2003, 2008; Clements et al., 2009)
Some argue that the second volcanic phase started during the early Pleist@enghuis et al.,

2022) Thisphase formed among others the Lawu, Wilis and Merapi volcawitlin our region of
interest (see mayrigurel).
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Figure2: The total catchment area including the reversed Solo catchment and the catchment of the current Solo River
during sea level lowstands and their river courses. Furthermore, the volcanoes-dé\Eaatdabelled

3.1.1 SouthernMountains

The Southern Mountains form the oldest rocks of the Solo catchment. They were built up during a
period of increased volcanism from the middle Eocene to the middle or early MioZefeanism
ceased during the middle Miocene, a periodehporarysubsidence commenced and carbonate
rocks started to form, culminating in the formation of the Gunung Sewu Karst Region (described
later). After the Miocene, during the Pliocenine Southern Mountains wereplifted, which
increaseddenudationrates(Smyth et al., 2008)



3.1.2 Wilis

TheWilisvolcano(or volcanic complex} part of the modern Sunda Volcanic Arc, which is located
approximately 50 kilometres north of the Eocene to Miocene volcanic arc (currently remaining as

the Southern Mountains). Within the current Solo catchment, Wligresumed to be one of the

first eruption centres when volcanism returned in tbarly Pleistocenedartono (1994ated rocks
possibly belonging to the oldest magmatic phase to be;IL® Ma old on whichBerghuis et al.
(2022)based their theory that a volcanic phase started around this tifie eruptive rate has

assumably decreased since then, but the volcano can still be regarded active, with the last magmatic
phase occurring in the Holoceifidartono, 1994)

The morphology of Wilis is similar with the slopes of Old Lawu, Argogdgtated0.8 to 1.0Ma old

by Toshida et al. (201%and some of the more dissected and presumably older parts of the Tengger
volcanic complex (dated 0.82 Ma dig Mulyadi (1992). However, the Tengger volcanic complex is a
caldera complex and is therefore different in origin from Argoway&lid Lawu and Wilis. Note that
there is a big difference between the datings froMilis byHartono (1994pn onehandanddatings

from Argowayandy Toshida et al. (2014)n the otherhand.A comparison withhesedatings

would suggest a younger age for Wilis, perhaps about 1.3 Ma.

3.1.3 Lawu

Lawu is an active volcano thiassterupted in1885(Putra et al., 2023)The volcan@an be divided
into Old Lawu to the south and Young Lawu to the north. The Trinil and Sogen sites are heeated
the northeastern foothillof the Young Lawu volcano.

odbvmdPb R [ I §dz

Both the Young and Oldawuvolcanowas never datedput lahar depositat 30 to 50 kilometres
distance have been dated. At Sangiran, the lowermost lahar was dated to have formed
approximately 1.9 Ma ag(Bettis Ill et al., 2004Based on lahar composition, they argued whether

it originated from the east or southeast. Old Lawu is southeast from Sangiran, thus potentially being
the source of lahars at Sangiran. At Sogen and TBmighuis et al. (202HIso suggested that the

Old Lawu could potentially be the source for the lahars in the Batu Gajah formation. This lahar was
dated at 0.5+ 0.3 Ma byBartstra (1978)Hilgen et al. (2023ecently dated the same lahar at 730

120 kaHilgen et al. (2023)Iso dated hornblende fragments at Trinil to ages in a wide range from
0.35 Ma up to 2 or even 4 Ma. However, as statetiibigen et al. (2023Yhe growth of these

crystals can be complex, occurring in different periods deep in the crust.

Furthermore datings frommorphologcally similavolcanoesn EastJavaprovide moreinsight into

the age of Lawu. Old Lawu has great similarities with the nearby Wilis volstmath volcanoes

have a highly eroded morphology with deep channels of abot2@Dmeters deep, suggesting
prolonged periods of weatherin@gerghuis et al. (2021hus suggested Old Lawu to be of similar age
asthe Wilis volcand1.9¢ 1.8 Ma old, dated bydartono (1994)

obPvPoBary 3 [ | 6dz

In contrast to Old Laww;oung Lawu has few erosion channels with a maximum depth of 50 meters.
Thismeans it has morenorphologcalsimilarities withMerapi (dated 1383 ka byGertisser et al.
(2012) andArjuno-Welirang, which was 100 ka old according tArkdatings byl oshida et al.

(2014)



3.1.4 Merapi

TheMerapivolcanois an active volcano that belongs to a group of four stratovolcangkishalso
includesUngaran, Telomoyo and MerbalbMerapi has seen repeated edifice building and collapse
cycles which destroyed large parts of previous volcanic ediflteslahars and edifioenllapse

were mostly directed towards thBorobudur basin and Yogyakarta in thest and souttand
therefore away from the Solo catchme(Gertisser et al., 2023These lahars dammed the Progo
river, creating several generations mdlaedakes(Gomez et al., 2010However, due to the distance
between the Solo and the Merapi, it is questionable whether Merapi had any influence on blocking
events of the Solo Rivdt.has been proposed thdbdrmations of theKendengoasinform the
basement underneath the Merapi volcafidarijoko et al., 2023)otentially together with material
from the older Merbabu volcano.

Due to these repeated edifice collapses, the modern Mesapimitis relativelyweryyoung about
6700 to 2200 years ol@Camus et al., 2000Remnants of previous edifices are exposed on some
places. Gunung Bibi could tiee oldest exposed edifice, Gunung Bibi has a few outcrops to the
northeast of the modern summiBerthommier (1990K-Ar dated a sample close to the top of
Gunung Bibi to have formed about 670 ka ago. However, this sample was dispiNesvhgll et al.
(2000)who interpreted Gunung Bibi as a younger flank v&wrtisser et al. (2012)sed*°Ar/3°Ar
dating and found an age of 1@80ka for Gunung BibiThe same study also found slightly older
outcrops of 135 and 1383 ka It was therefore assumed that volcanic cone construction initiated at
least 138 ka agdrill cores at Candi Borobudur Bomez et al. (201@)ated the oldest basaltic
andesite rocks at that location to 3&16 ka, however, they could not determine whether it came
from the Merapi.

The morphology othe (presumablypldest northeastern paris mostsimilar to Keludandthe Kawi
Butak volcanoes. These have been constructed about 200 ka ago accordiAg datihgs. These
would suggest thathe volcanic edifice could be older than the 138 ka estimate f(@entisser et al.
(2012)

3.1.5 Continuing theeastJava volcanic arc

The Eastlava volcanic arc is @astwest trendingvolcanic arcThe Wilis and Lawu volcanoes have
already been discusseth this section the remaining volcandesm the Kelud volcanoup tothe
Raungljen volcanic complekx the far eastwill be discussedThe main volcanoes in this arc are the
Arjuno-Welirang volcanic complex, the Tengger volcanic complex, the-Bmgapura volcanic
complex and the Raudgen volcanic complexthese mountains flantke MaduraSrait Shelf, which

is the downstream part of the Solo catchment during sea level lowstdhésevolcanoesvould
havesomeinfluenceon the Solo rivebecause tributaries can transport sediments to the Solo River
duringsea level lowstandg.heinfluenceof these volcanoes and their tributaries the Trinil area,
located D0 kilometres upstream, is likely rather small.

oPMPh RBEZRANI y3I @2t OFyAO O02YLX SE

The ArjuneWelirang volcanic complecomprisesof multiple eruptioncentresthat were active

during different periodsthe youngest eruption centres are still regarded acti&kecording to

Toshida et al. (2014)he first eruptivecentre (Argowayan) formed between 1.0 and 0.8 Ma. This
eruptivecentrenow has a highly eroded morphology, suggesting prolonged periods of weathering.
Following the first eruptive phase, a long period of dormancy was hypothesised. This was based on
K-Ar datings fronthe other eruptivecentres being Kelud (200 ka), KaButak (200 ka), and Arjuno
Welirang (100 ka)Currently Arjuno-Welirangis the most prominent edifice



oPMPpDYIIISNI @2t OFyaAO O2YLX SE

The Tengger volcanic complex comprises of repeated activity at Tengger and Sduoitple

edifice buildup and caldera collapsgctesoccurred at the Tengger eruptiaentre, currently this
volcanic complex is still activAge estimates for the Tengger volcanic complex range from 0.5 Ma
(Toshida et al., 2014) 0.82 Ma(Mulyadi, 1992; Van Gerven & Pichler, 1995; Wardell, 201&)
volcano was assumed to be at least 0.82 Ma Glainparisons to other volcanoes are difficult
because the morphology of the Tengger volcanic complex is heavily altered by caldera collapses.

o dmobp ®BtyNEH 2 LIdzNI @2t OF yA O O2YLX SE

The lyangArgopura volcanic complex is a poorly studied area without any datings availdlzit.
volcanic edifices, the morphology of the lyaf\ggopuro volcanic complex is the most dissected.
Therefore, based on the morphology which suggests prolonged weathemthgrosion an age
similar to Wilis is assumdd.9 Ma, based ohlartono (1994) The morphology ddVilis is slightly
less dissected compared to the lyafAiggopura volcanic complex.

o dmPpikbdzy AL 3§WYR B2t O yAO O2YLX SESa

Lastly, thepastevolution of the Raung and ljeuolcanic complexes are poorly known. The ljen
volcanic complex has seen at least one major caldera forming eruption, which formed the ljen
caldera(Handley et al., 2007; Gunawan & Suparman, 2018¢ caldera forming eruption was
preceded bywhat waspresumablythe first stage of volcanism.

According to KAr datings fronSSitorus (1990dhis first stage commenced arour2®0+3 kaago

(Handley et al., 2007; Gunawan & Suparman, 2008 Raungjen volcanic complexes have

relatively shallow erosion channels on its slopes, these slopes are therefore assumed to be relatively
young.These complexes are difficult to compare to other volcanoes, because their caldera forming
eruptions have likely substantially altered the morphology. The influence of the Raung and ljen
volcanoes on the model is likely limited, since it is close to tlieodnhe (almost) Solo River course

used in the FLUVER2 modeénarios

3.2 Tectonics

The former and current Solo catchment has been subject to uplift, subsidence, folding and thrusting.
The main driving force behind the tectonics of Java is the subduction dfidienAustralian plate
underneath theEurasian plateThe subsidence and uplift rates used in the madelshownin

Appendk A.H

3.2.1 The Rembang aneKdeng Hills

Nowadays, th&Kendeng is &illy ridge with altitudes up to 12080 meters above sea levéh the
centre of the ridge, Mount Pandan can be found, with altitudesr 800 metersDuring the late
Miocene, arcompression andiplift phase started uplifting the Rembakiillsand Southern
Mountains, which were submerged until thefhe Western Kendeng Hills were formed as a-fold
andthrust belt over de former bachkrc basinBy the end of the Pliocene, the east to west oriented
thrust and fold zones emerged frothe sea(Berghuis et al., 2022y he Kendeng Hills mostly consist
of carbonate rocksThe carbonate rocks could have once been overlaid by a calcareous mudstones
or marine clays, but these have been eroded away over (Beeghuis et al., 20224 small section

of the Kendeng Hills around Mount Pandan, is volcanic in diigidianto & Noerwidi, 2023}t is
unknown when Mount Pandawolcano and lahar complexes wdmmed.
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During the last 350 ka, the Kendeng Hills have been uplifted due to the activation of the Kendeng
thrust fault. Berghuis et al. (202ZTglculated incision rates of 200 mm/ka at the point where the Solo
River breakshrough the Kendeng Hills. These incision rates were assumed to be roughly similar to
the tectonic uplift rate, and therefore used in the FLUVER2 mambaiariodor both the Rembang

and Kendeng Hill$rior to the uplift phase, the Kendeng Hills were assumed to be subsiding,
together with the Sunda Shelf further to the north. Since the Kendeng Hills are far away from the
centre of the Sunda Shelf, whegarr et al. (2019pund subsidence rates of 200 to 300 mm/ka, a
lower value was assumed. Between 1000 ka and 350 ka, subsidence rates of 100 mm/ka for the
south, andup to 150 mm/ka for the northern part of the Kendeng Hillere used in the FLUVER2
modelscenariosThe change from subsidence to recent uplift was also note8dmghuis et al.

(2025) He also noted that the folds become progressively younger from west to east. Therefore, the
start of the uplift was delayed in the FLUVER2 medehariosfrom 400 ka near Sangiran to 100 ka
near Surabaya. This approach will also be applied to the Randublatung Valley.

3.2.2 Gunung SewHKarst Region

The Gunung Sewlarst Regionjustsouthof the currentSolocatchment,is an elevatedimestone
plateauwhich formed during a phase of subsidence during the middle Mioceneigmer Pliocene.
This region began to be uplifted during the late Pliocene and/or early Pleistdekamgono &
Suratman, 201Q)potentially later than the adjacent Southern Mountaimkere uplift started in the
late Mioceng(Smyth et al., 2008])t is hypothesised that a river once dischargesignificanportion
of the presentday Solo Catchment towards the Indian OceBridence for thipalaeoSolo River
may be found in ambandoned dry river valledghown ashe Sadeng dry valldgfFigure3) (Haryono &
Suratman, 2010)Thisvalleyascends towards the north from sea level up to ab?@® meters above
sea level. There are no uplift ratestimatesfor the Gunung Sewlarst Regionbut Martosuwito et
al. (2013did identify three marine terraces and three river terraces in the Sadeng véafidiie
FLUVERZ2 modstenariosan uplift rate of 300 mm/ka was assumed.
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Figure3: The location of th&adeng valley (an inferredd Solo valleylabeled inFigure2, which is currently aabandoned
dry river valleytrough Gunung Seweonnectinghe Indian Ocean and thgresent day southern edge of t®lo River
catchment. Besides th®adeng dryalley, two additionatry valleys are shown.

3.2.3 TheKendengnd Solo Bsirs

Within the current Solo catchment, the KendeBasin is one of the main featurelt is defined as

the basin in between the Kendeng Hills (in the north) and the Southern Mountains (in the,south)
continuing all through Easlava(Smyth et al., 2008Yhe Kendeng Basin is a back basin, partially
subsided due to volcanic loadifigeeder et al., 1995; Smyth et al., 2008; Waltham et al., 26@8)

of the Kendeng &sin called the Solo Basiisof specific relevance becauiee Sogen and Trinil
excavation areaarelocated withinit. The original stratigraphical information fromelipasin around
Trinil and Sogemostly dates from the first half of the #@entury Duyfies, 1936, 1938However,
thosea G NJ { A a@e\chirleiit2nibatly outdated and being revis@erghuis et al., 2021; Hilgen et
al., 2023) This revision shows renewattention to the geological context and the stratigraphy of
the excavation sitegRizal et al., 2020; Berghuis et al., 2021, 2022; Hilgen et al.,. J023)evised
stratigraphyand formation names in these publicatiowdll be used.

0 OHOPYIPMAOSYT F2NNI o2y

Volcanic depositions of the southern mountains form the basement rocks underlying the Kendeng
Basin(Smyth et al., 2008; Clements et al., 200%)e first formation on top of theseolcanic

basement rocks is known as the Kalibeng formatidis is amarine formation formed on the outer
edges ofa submerged continental shelf during the late Pliocenee fbinmation consists of massive
calcareous mudstone®ue to uplift, the formation became exposed in the Kendeng Hills and locally
in the riverbed directly north of Trinil.

10
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During the early Pleistocene (~2;8.8 Ma), uplift caused the sea to become shallower, prompting a
new depositional environment and thus a newaastalformation, known as the Padas Malang
formation (a new unit proposed by Berghuis et,&021). It forms a transition to a lagoonal
environment with occasional calcareous (coral) layers, which eventually ends up in a tidal
environment. It consists of massive or consolidated calcareous mudstones, with fossil coral
fragments present within.

0 bH PokPddz DIF2F K F2NXNI a2y

After the Padas Malang formation, volcanic activity increased.vioM@noes Lawu first Old Lawu,
anancient lava domglatersurpassedy YoungLawy, and WiligPutra et al., 2014; Berghuis et al.,
2021) started building prominent stratovolcanoes in tBelo Basimbout 1.9 Ma agpduring the
early PleistoceneThe construction of the oldest formations of Merapi (Gunung Tucga)d have
initiated later. The oldest lava flow was dated withAKto be deposite@pproximately 138 ka ago
(Gertisser et al., 2012dr 361+ 6 ka ago, buGomez et al. (201@pould not determine whether it
came from the MerapiThese volcanoes formed lahars anéf-deposits, which filled the Kendeng
Basin. Old.awucould haveproduced several lahatbat reached up tdSogen andrinil, resulting in
some volcanic deposi{8erghuis et al., 2021Jhesevolcanic depositare part of the next

formation: the Batu Gajah formation. This formation formed during the second half of the early
Pleistocene (~1.8 0.6 Ma).The sedimentology of this formation mainly consistéabfrs (also
referred to as volcanic or clayey brecciaBerghuis et al. (2021and black clays. Furthermore,
layers of tuff palaecferralsols palaecvertisols, and vitric ash are present. The tuff deitbrsare
welded and often rich iboth volcanic and noivolcanic fragments. The varying degrees of welding
and differences in clast composition suggest various types of lahars. The black clays are rich in
organic matter and fine pyrite, suggestiagvetland period The clay layers can be interpreted as a
landscape alternating between coastal and terrestrial influences. Thesgatcanic layers are
alternating with lahars from the developing Lawu stratovolcano. The Batu Gajah forraafiwimil
and Sogeinas yieldeda fewvertebrate fossilsHowever, vertebrate fossils have been found
between lahars at Kedungbrub(Bartstra, 1983)

0 OHDPORKY AT F2NNI o2y

On top of the Batu Gajah formation, the Trinil formation staBsrghuis et al. (202X}ates that

dated sediments from shells, datings performedJoprdens et al. (2015provide an estimate for

the start of the Trinil formation, being550 ka oldNliddle Pleistocene)At Sogen and Trinilhis
formation lacks any lahars and mainly consists of fluvial deposits such as clay, sand, and gravel,
intermixed with ash layers. There are afaaltiple sequences witpalaeaoils, often showing
evidence of vertic propertied-rom theearly Pleistocene up to approximately 550 ka, the sediments
can partially be linked to global séevel changes because of a fluctuating marine base level
(Berghuis et al., 2021¥%ediments are also linked to erosidaeposition cycles because of changing
sediment availability due to climate and volcanism. However, the sediment units from approx. 550
ka up to 350 k&avelost thesemarine fluctuations Despite large sekevel fluctuations in this

period, the fluvial beds of the Trinil formatidrave great lateral continuit{Berghuis et al., 2021
addition, palaeachannels were mostly shallovhis suggesta limited gradienta stable base level
which could be evidence of a lake phase, isolated from the marine baseTéeetandy layemre
crossbedded which wasobserved with a northeast orientation at Tribubois, 1894, 1896;
Berghuis et al., 2028nd with a southeast orientation at SogéBerghuis et al., 2021 his would
suggest thatin eastwards flowsegardless of magnitudeyaspresent during the deposition dhe

Trinil formation. 8mefine grainedayers can be identified as diatomite clays, with leaf and reed
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imprints. The Trinil formation has yielded vertebrate and hominin fossils, as well as stone tools. Due
to the uplift of the Kendeng Hills, the layers up to and including the Trinil formation have a
southward dipof 2 to 10 degreeat Trinil(Berghuis et al., 2021)

0O PHOPDPDP2Z2 FT2NI¥I o2y

The gradual aggradation of the Trinil formation ends as the terraces of the Solo formation point to
incisionaggradation cycleslhe oldest preserved Solo terra@dNgandongire ~350 ka old,

therefore signalling the end of the Trinil formation and the start of the Solo formation. This terrace
sequence has partially incised into the Trinil formatiBotential causes for these terraces could be
uplift (Berghuis et al., 2021although hese terracegouldalsohave beerformed due to changes in
sediment availability because wblcanism(Berghuis et al., 20213limate and sedevel The

terraces are the youngest formation. Therefore, the uplift has not caused a noticeable inclination in
the terraces from the Solo formation. Hominin and vertebrate fossils have also been found in the
terraces(Rizal et al., 2020)

OPHOPPWEAD YR adzoaARSYOS NI (Sa

The Kendeng Basin has been slightly subsiding, potentially due to cone loading by the Lawu volcano
(Berghuis et al., 2021The subsidence was estimated to be 10 mm/ka far away from the volcanic
cones, and 20 mm/ka close to the footslopes of the Lawu and Wilis volcanoes. In the last 350 ka, an
uplift phase started in the Kendeng Hills, but the Kendeng Basin was also sififtiyd. Uplift rates

at the section along the southern margins of the Kendeng hills were based on terrace formations.
Berghuis et al. (202Tplculated incision rates of 90 mm/ka, slowing down to 10 mm/ka in the last

100 ka. They argued that the incision might be tectonically controlled. Therefore these estimates
were used for the tectonic uplift in the FLUVER2 madeharios

3.2.4 Randublatung Valley

The current Solo River enters a valley between the Kendeng Hills, the Rembang Hills and the Madura
Strait. This valley is called tRandublatung ValleyRemarkably,hereisno literature on tectonics

and stratigraphy available for this region. The Randublatung Valley is only separated from the Sunda
Shelf by the Rembang Hills. Due to this proximity, the Randublatung Valley was assumed to have
subsided as well, only with agthtly smaller magnitude of 150 mm/ka, compared to the -300

mm/ka suggested fothe Sunda Shebfy Sarr et al. (2019)

3.2.5 Madura Strait

The Madura Strait is a narrow strait between E3sta and the Madura Island, it is approximately 3

to 6 kilometres wideThe Madura Strait connects the Java Sea in the north to the Bali Sea in the
east. The waters south of Madura are referred to as the Madura Strait Bwi@huis et al. (2025)

found evidence that the Solo River might have flowlewtigh the Madura Stralvetween 350 and

140 ka They argue that the Solo River brokeaugh the MaduraRembang Hills around 140 ka,
redirecting the sea level lowstand river course to the Sunda Shelf. This last (140 ka to present) river
course is not implementedue to time constraintsTectonic rates for these regions are also

unknown in literature but there have been indications that the Madura Strait and Madura Strait
Shelf followed the same tectonic trend as the Sunda $Belfghuis et al., 2022; Berghuis et al.,

2025) Therefore, the Madura Strait and Madura Strait Shelf are given subsidence rates of 200 to 300
mm/ka, similar to whaSarr et al. (201roposed for the Sunda Shelf. The only exception to this is
the most narrow part of the Madura Strait, which has also been uplifted as part of a far east
extension of the Kendeng Hills. For this small section, subsidence rates of 150 mm/ka up to 100 ka,
and uplift rates of 150 mm/ka for the last 100 ka were applied in the FLUVER?Z2 scedalios
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3.3 Fluvial activity

3.3.1 CurrentSolo River

In modern timesthe Solo River is the dominant factor determining the landscape. The Solo River is
the main river in Central and EavaThe Solo River is about 525 km long, anddineent
catchmentmeasures almost 16,000 krh(Figurel). The river is currently flowing from the south to

the north, where it flows into the Java S&sefore 1888, the river flowed into the Madura Strait. But
in 1888 themouth of the Solo River was diverted with a northward charjHelekstra, 1988)The

delta is sediment dominated, as can be seen from the rapidly prograding river fiihtpkstra,

1988) Along the river, some terraces are present, for example around TB@ibhuis et al., 2021)

The rest of the landscape is undulating at some ridges and relatively flat along the Sol@lRiver.
currentsource of thanain SoloRiveris located in the Southern MountairiBhe river is able to

meander in the most flat sections, although there are also sections where the river is confined to a
narrow valley such ashrough the PlopokKKambengan rang@ear Wonogiri, first described Byan
Bemmelen (1949) through volcanic deposits between Sambungmacan and Trinil,rmadgh the
Kendeng HillsThecurrentclimate in the Solo catchment can be classified as tropical monsoon (Am)
and tropical savannah (Aw). The region is warmgedr round, but has a very pronounced dry

season and rain season. During the yanason, the discharge of the Solo River drastically increases.
As a result, sedimentansportdynamics will be much more active during the wet season. Near the
higher altitudesy(olcanic peaKs there is achangeto tropical rainforestclimate (Af) and temperate
climates(Cwb and Cfbjueto lower average temperatures and higher annual precipitatidack et

al., 2018) At Ngawi, the Madiun River, which is an important tributdrgining thesoutheastern

part of the catchment, joins the Solo River the upper and middle courses of the river, there are
several hydropower reservoirs. The biggest of which isgag@h Muigkur ReservoifFigure3).

3.3.2 Areversed Solo River?

There are few indications suggesting that a river within the current Solo catchment once followed a
southerly direction, towards the Indian Ocean. The abandoned Sadeng dry valley suggests that the
western part of the current Solo River catchment once wamected to the Indian Oceafigure

3). In the Sadeng dry valley, three river terraces can be f¢dadyono & Suratman, 2010)

Furthermore Berghuis et al. (2028nd Dubois (1984, 1896pservedeastwardspalaeaurrentsin

the Trinil formation In addition, the marine fluctuations in the base level that were present in the
preceding Batu Gajah formation are no longer present in the Trinil formation, instead showing a
stable base levdBerghuis et al., 2021Furthermore, the diatomite clay layers in the Trinil

formation suggest the presence of a lacustrine environment. Using the direction of the
palaecurrents, a potential lake could have been locagedt of Trini(Berghuis et al., 2021The

lake could have been present due to a blocking of the Solo River because volcanic damming is known
to potentially cause (temporary) lake formatigwan Gorp et al., 2013; Schoorl et al., 2019)
Consequently, the former reverse Solo catchment could have been captured by theSmiatoiver.

A catchment capture event, also known as catchment piracy, is an event whereby (part of) a
catchment is taken over and added to another catchment, often dusetadward erosioifPerucca

et al., 2018; Jaiswara et al., 2019; Rodrigues Salgado et al., Z0Rlleads to the various
hypotheseswhich will be further discussed the third phase of the methodologymportant

toponyms regarding the Solo River are listed in the table below.

13



Table2: explanatiors for the Solo River toponyms used in this study.

Toponym used

Description

Current/modern/presemtday Solo River

The Solo River as of today, formed by the
capture of the Kendeng Basitiowing from $
SW down to the NNE.

Reverse Solo River

Anhypothesizedsolo River flowing from Wilis
towards the Indian Ocean. It flowed in the
opposite direction between Ngawi and the
Gunung Sewu Karst Region compared to the
current Solo Riveroughly drainingowards

the south.Largelymatches themodern
upstrean Solo River.

Proto Solo River

The Solo River before the capture of the
Kendeng Basin. The river flowegdan
eastwards directiorfirom the Kendeng Hillig
towards the Madura Strait SheForms the
downstream par of the modern Solo River.
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4 Methodology

Qur objective to the simulateresults for the various scenariosas achieved ifour phases. Firstly,

the input variables were reconstructeth the second phase, the FLUVER2 model was adapted to be
able to model lake formationA third phase followed in which the model was calibrataedhe last
phase the scenariosereimplemented and simulated

Phase1

Gathering initial data

Phase 2

New additions to model

Phase3

Calibrate model

Fhase4

Execute scenarios

Figure4: The results were acquired in four phases.
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Input variables Calibration variables Output variables

Current profiles

- Discharge Initial profile Erosion
- Riverbed height

- Watershed height

Sea level timeseries Tectonic movements Sedimentation
L Riverbed Height profile over
Precipitation erodibility time
Sediment
Temperature transportation
factor

Woatershed hillslope
erodibility

Figure5: An overview of the most importairtput, calibration and output variables.

4.1 Phase 1: reconstructing input variables
The first phase of thetudyconsisted of reconstructing the input variables. The main input varigbles
as listed irFigureb, were:

1. CQurrent river gradient longitudinal profile
2. Sealeveltime series

3. Temperature

4. Precipitation

The time series covered a period from 1 Ma up to the present. In this phase, the firgusstion
wasl y & ¢ S Ndwid theisea level change, temperatuaed precipitation develop during the
last millionyears? 0 @ ¢ KS Y I Ay Ay Llzi @ ltoddippoi theScalibratiSiNSE dza SR A

4.1.1 Currentriverbed heightprofilesand discharge

In order tomodelthe evolution of the Solo Rivehe reconstruction othe longitudinal river
gradient (iverbed heightprofile) wasimportant. The initiallongitudinalprofile wasneeded to run
the model, the currentongitudinal riverprofile wasneededto validae the calibration resultBoth
longitudinalriver profiles should include the completsmntemporary and palaeecourse of the
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river, thatalsoincludes thepart of the profilethat is currently submerged-his is becausthe
FLUVERZ2 model also neddsght data up tand includinghe deltaduring periodswith sealevel
lowstands Forthe currentriverbedheight profile the Copernicus DE4 Digital Elevation Modddy
the European Space Agency (2028)d the Gebco bathymetry DEM from the Seabed2030 project
(Mayer et al., 2018; GEBCO Compilation Group, 20@d used The Copernicus DEM was used for
the area currently above sea level, the Gebco bathymetry DEM was used for the area that is
currently submerged. In total, a river profile of the curréstibmergedyiver courseand a profile

with the reversedpalaeccourse towards the souttvere required.

nomvmoeompmdzi R G

The horizontatesolutionof the Copernicus and Gebco D&WNere respectively 30 meters and 15
arc-seconds (approximately 460 meter€ppernicus has preated the data byapplyinga water
bodymask toreplacethe noise in the DEMaused by the radar signal penetrating and reflecting
from water surface (LeisterTaylor et al., 2020)The Copernicus DEM thus has a river mask with
vertical steps of 0.5 m. The maskioothly follows the course of theurrentmain riversThe vertical
height resolution was less thanndm. Furthermore,90% ofthe Copernicus DEM hadvartical linear
error of less than 4 metrefkegarding théorizontal circular erroaccuracy90% of the DEMrid
was within 6 metre®f its horizontal trueposition (Airbus, 202Q)Gebco has a vertical height
resolution of 1 meteand a Root Mean Square Error (RMSE) of 3 to 5 metres compared to{£ESAT
results(Ince et al., 2024)

novemei#ININE OSaaAy 3
Firstly, theDEM had to be preprocessedll preprocessing steps are displayedippendixA.C a
simplified version can be found in the figure below.

Preprocessing DEM

GEBCO bathymetry DEM —  Repeat two times (for GEBCO and Copernicus DEM)

: Modify DEM to achieve s =
—> Align both rasters —>» Setseaareastonodata —>» Rible st cotnae ——> Fill and remove sinks —|

Copernicus Glo30 DEM —

Building river course

Repeat four times (for reversed and current river course, and for submerged and emerged parts)

Find river course by using
——> shortest path tool (pointto ——» Rasterize river courses —>
point)

Apply channel network and

Extract height DEM from
drainage basins tool i

river courses

Smoothing river profile
repeat two times (for reversed and current river courses)
Interpolate human-made

—>  heightsteps fromwater ——>

reservoirs

River profiles reversed
and current Solo

Merge submerged and
emerged river courses

Interpolate discrete height

) steps from river mask

Figure6: A flow diagram of the data processing steps.

Preprocessing started with alignittye two DEM rastersising the minimum methodFor the
Copernicus and Gebco DEM, cell sizes of 90 and 270 meters were obgpsectively. The choice
was madeo changethe cell size$or the Copernicus DERom 30 to 90 meters and for the Gebco
DEM to 270 meters to save computational tineadto align theadaptedCopernicusasterwith the
original The Copermiusand Gebco rasterswere alsoalignedby resampling the Gebco raster
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Next, the sea areas in the Copernicus DEM were selected. The selzittoawasas followsa

group of cells with a height of 0 m and a total surface larger than 2G0Kme resulting sea areas
were then given no data valué@s order to function as the outlet area for the channel network tool
which will be explained lateFor the Gebco bathymetry DEM, outlet areas for the channel network
tool were defined as all areas with an elevation émthan -300 meters, since these areas are
assumed permanently submergddkingsea levefluctuations and tectonics into account

Next, itwasassessed whether thehannel networkool would resultin a viablepalaeocourse. A
palaeacourse that follows a humamade channel would for example not be a viatier course.
Applying the channel network tool to tHeopernicus and Gebd&EMswithout modifications
resultedin ariver coursefollowinghumanmade channelfrom the 19" (Hoekstra, 1988and 20"
century(Google Earth Engine, 2028%tead of the naturapalaeccourse of the Solo Rivér the
east The coordinates of these humamade channels can be found in Appendlik Therefore, two
humarntmade channels had to be blocked by manually raising the height of seastat cellsn the
DEM which was done using th&erval tool. After editig, the channel network tool res@dtlin the
currentnatural course instead of a humanade course.

Furthermore reconstructiongBerghuis et al., 2021, 2022, 202%)icate that during sea level
lowstandsthe Solo Riveflowed eastsoutheasthrough the Madura StraifThis wasupportedby
seismic profilesevealinga fluvial systendirected eastwardUsing theoriginal Gebco bathymetry
DEM, thechannel networkool directs the modellecolo River northeastardinto the current Java
Sea. Teimulate the flow towards Surabaya in the easutheast, thenorthwards flowwas
artificially blocked similarto the humanmade channels in the section aboviéne coordinates ahe
blocked northerly Madur&rait can be found in Appendi.D.

To remove small depressions in both the DEMSs, the fill sinkg\idahg & Liu, 2006)nd the sink

removal tool(Conrad, 2001)both from QGISyere applied. The DEMs were filled with a minimum

at 2L 2F nonnm RSAINBSaEP ¢KS aAiAy]l NBY2@0If G22f
completed the preprocessing of the DEMs.
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The preprocessed DEMs were the input for the channel network and drainage basifGdnrid,
2003) The main output fronthis toolwas thechannel network vector layer. In order to find the
initial river course from all the resulting channels, the shortest path tool (point to point) was used
from spring to outlet The coordinates used can be found in AppedR This was repeated 4

times, resulting in the current river course, the current submerged river course, the reconstructed
reversed river course, and the reconstructed submerged reversed river course.

1 The current rivecoursewasstarted at the northernmostpoint of the Sadendry valley
(Figure3). It continued in a northerlylirection towards Surakarta, before turning east
towards Ngawi. After Ngawi, it turned north again through the Kendeng Hiites which it
flowed east again in the direction of Surabaya.

1 Thereversedriver course beginsn the footslopes of the Wilis volcariBigure?), while a
second river course starts on the northernmost Sadeng dry valley, continuing southward.
The reversed river course was constructed by combining the-Mgigswvi trajectory with the
sections Ngawi to Sadeng dry valley and from Sadeng dry valley to the Indian Ocean.
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The line vectors were rasterized, angsing araster calculatorthe cells forming the river course

were assignecheightsfrom the DEM (presentday land part used Copernicus, submerged part used
Gebco) These QGIS files were exported as ascii files. From the ascii files, the river profiles of the
reversed and current river courses were extracted

The river profils were smoothed because the Copernicus DEMdisatete0.5 mstepsdue to a
river mask The 1 meter height steps of the Gebco DEM were also smookltetdral steps in the
river profile, for example due to tectonics or different lithologies, were not interpolated.
Furthermore, thedams andwvater reservoirsvere removed from the profile. In order to identify
water reservoirs, mapfpenStreetMap contributors, 20238nd satellite imageryGoogle Earth Pro
V7.3.6 2023)were usedin combinationwith the DEMTheresultingprofiles will beused for
validating the calibratiophase.

4.1.2 Reconstructing rivedischargevolumes

The riverdischargevolumes were reconstructed hysingthe top-down flow accumulation tool
ohQ/ I ff !l 3KI yonthe peeprotksied DENyha resulting discharge profile was
simplified before implementationThe60 largest tributaiesfrom the modernSolo Rivewere
added The forty largest weraused to reconstruct the discharge of theverse 8lo River(shorter in
length, therefore only forty tributaries)ro maitain model stability, theddtional discharge from
the tributaries was spread over the next 2del grid cellsOverlappingributaries were joined
together. These tributaries were also useddadd asediment influx to thaelistharge influxin section
4.2.5 The emaining sections betweemnibutaries were interpolatedinearly.

novmoH VLI BRAXPlI adzZNBSYSy i a

The bounds for realistic flow volume valuesre set between 100 and 16800 n?¥ s* (upper bound
based orthe discharge of the Amazon according to the modéhidfeimer et al. (2020)
Furthermore,Hoekstra (1987, 1993)easured discharge data at Babat (E#sta). During the wet
season, discharge varied between a minimum of 310 and a maximd000im? s*. Average

monthly values varied between 800 and 1008gh During the dry season, discharge often dropped
to 50 n¥ s?, with average monthly values varying between 80 and 256nThe results of the
discharge calibration are elaborated in sect®g.

4.1.3 Reconstructinglgbal sea level

A sea level timserieswasneeded to reconstruct delta dynamies the coastlineIn theFLUVER
model, the coastlin€a certain time dependant heightletermines wherghe sedimenttransporting
capacitydecreasesnd sedimentationthustakes placeresulting in delta formationThe sediment
transportcapacity islecreased by thdistanceforcefunction (DFF), which decreases discharge to
make sedimentation dominant over erosiorhe equations of the DEEquation6) are further
explained in sectiod.2.1 To reconstruct the sea level throughout the last 1 M global sea level
reconstruction fromBerends et al. (2021yasused.Berendseconstructed a sea level which was
3.32 mwith respect topresentday (wrt PD at0 ka. Tomakethis Berends sea leviine series
comparablgo modern sea level, the timgeries was corrected by +3.8%ters Compared to other
available sea level reconstructio®erends et al. (202Had a higher sea level. The tirgeries from
Berends averaged!5 m wt PDcompared to-60 and-62 mwrt PD fromBintanja &Van De Wal
(2008)and Spratt & Lisiecki (201@6@spectively. It also had a lower standard deviation compared to
Bintanja & Van De Wal (200&8)d Spratt & Lisiecki (2016)

By using global sea level reconstructions, some uncertainties involving the local sea level were
introduced. Sea level reconstructions in close proximity to the research area do not cover sea level
changes as far back as 1 Ma, these reconstructions aréytiosited to the Holocene. Therefore,
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uncertainty due to e.g. ocean currents or gravitational changes have to be taken into account
(Rovere et al., 2016Yhese local deviations are however several orders of magnitude smaller than

the range of sea levels throughout 1 Ma, therefore global sea levels are still a good way to model sea
level changes around Java.

4.1.4 Reconstructing igcipitation and temperature

The pecipitation datawasneeded to reconstruct thelischargedvater volume of the modelled Solo
Riverthroughout 1 Ma which influencegrosion and sedimentatiorthe emperature datavas
mainly needed to reconstruct thavailability anderodibility of the hillslope materiaanddue to
FLUVERZdaptatbns also for thesedimentation factorPotential reconstructions based on proxy
measurements can be achieved figllenandcharcoalanalyses or on isotope analyditowever,
these reconstructions are not available in close proxirf\ign der Kaars et al., 2000; Meckler et al.,
2012, 2015)andmost measurement series only cover a fraction of the desired tddanstruction
period (Van der Kaars & Dam, 1995)

nomoen dmnn 1+ NBO2y ailiNUzOs 2y

Due to the lack of an existing reconstruction in close proximity spanning the whole desired 1 Ma
period, climate models were used to reconstruct fedaecclimate. Various datasets with modelled
precipitation and temperature data were available. However, few models incltidedea leveas a
variable in their precipitation and temperature model. Especially for the Java Sea (north of the
research area) thikkelyhas a large impact. The Java Sea is a shallow sea which only existed during
recent sea leveligh stands. The emerged sea floor is called the S@hd. Sea level lowstands are
associated with drier circumstances because large swaths of the Shatlaamerged, high stands

are associated with wetter circumstancgsriffiths et al., 2013)Therefore, a precipitation and
temperature dataset that includes calculations with a dynamic land/sea mask is preferred. Most
models with climate data do not include a variable sea level, most use a fixed sea level at modern
levels for their land sea mks (e.gBarreto et al. (2023)Krapp et al. (2021has a dynamic sea level,
meaning that model grid boxes can turn from land into ocean ofrTiberefore Krapp et al. (2021)

was used. They reconstructed the temperature and precipitatibthe past 800 kaising astatistics
basedmodel. It is an extension to the existing HadCM3 climate simulations of the past 120 ka
(Singarayer & Valdes, 2010)

However the reconstructionfrom Krapponly coveredthe period from the presentip to 800 ka
whereas theFLUVERmModel will simulate 1 Ma hePaleecPGEM model datas¢Barreto et al.,
2023)was used to complement the climate time series up to 1 REleePGEM covered the last 5
Ma, butuseda fixed land/sea mask based ¢ime current coastline$whereasKrapphad adynamic
land/sea mask)The differences between the temperature reconstructions from Krapp and Paleo
PGEM were not too large (Krapp was on average 0.16°C warmer, the diffehemd’aleePGEM
varied mostly betweer0.27°C and 0.58°Clhe precipitation reconstructiorshowed large
differences in amplitude due to the fixed land/sesk of Pale®® GEMConsequently, only the
PaleePGEM temperature data was used to extend the temperature 8erées to 1 MaThe
precipitation was reconstructed differentl¥irst the temperature and precipitation frokrapp et al.
(2021)were correlated in a linear relationshipheinfluence of the sea level was not taken into
accountThe resulting linear relationship was then applied to the R&R&EM temperature data in
order to reconstruct precipitation. The temperature reconstruction from P&&EM was used
directly. The period between 800 and 815 ka was linearly interpolatecefopérature and
precipitation in order to smoothly transition from Krapp datad@ Ma) to modified PaleBGEM
data (0.815 M& 1 Ma).
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o Extend temperature time series Krapp et al

Krapp et al. Paleo
PGEM

| i p JN o

North

| Acquire Gebco DEM for wet and dry
season moisture source areas

South \

Create height histogram for
moisture source areas

Use histogram for % land exposure time series
with and without subsiding Sunda Shelf

-

Multiple linear regression to explain variation in precipitation
'with %land exposure (without subsidence) and temperature

0-800ka 815-1000ka

Linear relationship temperature-precipitation was
assumed and calculated based on Krapp

e Extend precipitation time series by using relationship
Krapp et al. Derived from

linear relationship

| Ht I “‘ ‘ ‘. o | ‘ | Apply relationship found in
Lt L, w Vil i I j’br\’\ ﬂﬂN\N 1 (I i . (4) to calculate
A\ [ | Wl N " IR A kLT precipitation with %land
] R R exposure (incl. subsidence)

Figure7: Left: three steps to extent the temperature and precipitation time series to 1 Ma (explained in the previous
section). Right: 5 steps to simulate a drier Sunda Shelf (explained in the next section).
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Next the dataset should be modified in order to reflect the subsidence of the S8l because
the Krapp and PaleBGEMlata does not take tectonic movements into account. Since 1 Ma,
subsidence has drastically changed the landscape of the Sunda Shelf. The shelf used to be
permanently expose@Sarr et al., 2019; Salles et al., 2021; Husson et al., 202Re upcoming

PlioMIP3 model this permanently exposed Sunda and Sahul shelf will be included. This will be the
next version of PlioMIP yaywood et al. (2024)which is not yet published at the time of writing.

To analyse th@otential correlation between the precipitation aride Sunda Shelf that was
previously (permanently) emerged, tipercentageof emerged land area was calculatidt. This
was done by creating two Gebco bathymetry DEM rasters around the Solo area. These rasters
included the moisture source area north and south of the Solo area (respectively area between
coordinates S 3.9° E 107.2, S 7.4° E 115.2 for the north ad8l 5 707.2°, S 10.9 E 115.2° for the
south). A height histogram for thesgeas was created. Then, by using aenesea levelata as
Krapp (who use&pratt & Lisiecki (201)5)a timeserieswith the percentageexposed land mass for
both the northern and southern rastevas reconstructed

The prevailing winds during the wet monsoon season (October up to April) are most important to
the total precipitation sum, becaugeughly 90% of all precipitation in the Solo catchment nowadays
falls during the wet monsoon season. As found3iffiths et al. (2013)the prevailing winds during
Decemberg February are from the northwest. These winds transport moisture from the Java Sea.
Moisture transport does not seem to occur on long distances, so the presence of the Java Sea at
close proximity imssumed to be determining factor to the precipitation sum, besides temperature.
During the dry monsoon, the winds are from the southeaditin all, the region north was assumed

to determine90%o0f the precipitation, and the south was assumed to determine to remain@dg.1

A multiple linear regression was done to explain the variability in Krapp precipitation by using the
Krapp temperature and Spratt shelf exposure. Precipitation was mainly explained by variability in the
temperature, but too a much smaller extent also byi&hility in land exposuréequationl). The

exposure calculations from the previous step were now repeated, now including the subsidiaace.
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Solo catchment is located on the very southern margin of the Sunda Shelf. Therefore from¢he 0.2
0.3 mm yr* subsidence rate deemed to be representative for the entire Sunda She&litet al.

(2019) this study uses the lower edge of the range: 0.2 misybsidence. The area to the south
experienced lessubstantialtectonic changes, so it wassumed to remain stahle

Equationl
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Equation2
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4.1.5 Reconstructing catchment morphology

The catchment morphology was reconstructed becalseheight of the hillslope material relative
to the river height is also important modellingthe influx of eroded hillslope sediments into the
Solo River.

nomop s OdZNNByd KAffAaf 2L KSAIKGA
Thecurrenthillslopeheightswere calculated by using the preprocessed DEMs as discussed in section
4.1.1 By setting river course cells tm data valuesthe river course cells became the outlet areas

for the channel network and drainage basins t@@bnrad, 2003)This effectively calculated the
drainage basins of all the Solo tributari€®r all drainage basins largeath50 square kilometres

the 98" percentile of their height was calculatethis is a slightly differé method compared to the

60 largest tributaries used in the discharge reconstruction (sectidr?). They were then grouped in

all tributaries left and right of the SolRiver. The height of the tributary basin left and right were
averaged for each point along the Solo Ritastly the proximity to the Solo River was taken into
account. A tributary close to the river would result in more steep slopes and thus more erosion,
compared to a tributary with the same hillslope height, but far away from the river. It was taken into
account ly adding a weighing factor which slightly increases erosion from nearby tributaries, and
decreases erosion from faraway tributaries.

noMow®O2y aiNUzOsay3d KAf AT 21LIS KSAIKGA

Hillslope heights can change over time, mostly due to tectonics and volcanics. The tectonic uplift or
subsidence rates can be found in Appendlil In order to check whethecthangeof the hillslope
heightover time havea realistic order of magnitude, the eruptive ratéthe volcanoesvas

estimatedand compared tdBablon et al. (2020Wwho calculated eruptive rates for volcanoes in
Ecuador. These ranged between <0.2 to 3.6/kan(+2.1 kn¥/ka). Calculations were done using the
equations below. The variables that were used can be fourdgjrendixA.E

Equation3
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Volcanoes that are extinct will erode relatively fagblcanic erosion was modelled in addition to
standard watershed erosio®ablon et al. (202Q)ollected three estimations of erosion ranging
between 0.3t 0.1 and 2.4t 0.6 mm/year from Ecuadorian volcanic edifices. A erosion rate of 0.5
mm/year was assumed for extinct volcanic edifices.

All relevant volcanic edifices along the Solo River course have been discussed in3sé@igmto
and including3.1.5 The hillslope heights were increased linearly during the active period of the

volcano, and decreased linearly during the period of inactivity. The periods of volcanic edifice growth

and the resulting eruptive rates by combining the variables in Appehdiwith Equation3 to
Equation5 are given inTable3. Note thatin this study an inactive volcano does not mean extinct.
Inactive means predominantly eroding instead of building or maintaining a volcanic cone.

Table3: Age estimationsreferences, the resulting eruptive rates and the current volcanic activity of the volcanoes along

the Solo River course.

Volcano Begin |. I a SR 2y ] Reference Eruptive rate | Activity
Merapi 138 ka | “°Ar-*°Ar Dating Gertisser et al. (2012 5.9km3/ka | Active
(3)
Lawu
Old Lawu 1.9 Ma | Similarities to Wilig Hartono (1994) 1.1 km3/ka | Inactive since
(£0.1) ~250 ka
Young Lawu 138 ka | Smilarities to Gertisser et al. (2012 6.6 km3/ka | Active
(x£3) Merapi
Wilis 1.9 Ma | K-Ar Dating Hartono (1994) 0.8 km3/ka | Inactive since
(£0.1) 350 ka
Arjuno Volcanic
Complex
- Argowayang | 0.9Ma | K-Ar Dating Toshida et al. (2014)| 2.5km3/ka | Inactive since
(£0.1) ~600 ka
- Kelud 200 ka | K-Ar Dating Toshida et al. (2014)| 1.8 km3/ka | Active
- KawiButak 200 ka | K-Ar Dating Toshida et al. (2014)| 2.8 km3/ka | Active
- Arjunc 100 ka | K-ArDating Toshida et al. (2014)| 6.4 km3/ka | Active
Welirang
Tengger 820 ka | K-Ar Dating Mulyadi (1992) 1.3 km3/ka | Active
Volcanic
Complex
lyangArgopura | 1.9 Ma | Similarities to Wili§ Hartono (1994) 1.3 km3/ka | Inactive since
volcanic (x0.2) ~800 ka
complex
Raungljen 290ka | K-Ar Dating Sitorus (1990) 3.5km3/ka | Active
volcanic *3)
complex

The largest eruptive rate dyablon et al. (2020yas 3.6t2.1 kn¥/ka. The Merapi, Young Lawu and
Arjuno-Welirang volcanoes all exceed this eruptive rate. Therefore, these volcanoes could either be
older than assumed, or thimtal eruptedvolume of the volcano could be overestimated.
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4.2 Phase 2The FLUVERZ2 model

Inthe secondphase the FLUVER21odelwas expandedh orderfor it to be used for the Solo River
The original model is best explained\dgldkamp et al. (2016) heoriginalmodelwasnot able to
simulatea (temporary) blocking of the river floilhe main difference with the originaiodel code
is thatthe expanded FLUVER2 modahdeal with andform depressions olakes within the river
profile. This will be further explained in sect®#.2.1and5.4.1 Furthermore, a bedrock layer was
added, separate volcanics and tectoniesre added for the hillslope heights, the sedimentation
factor was made variable over the profile, and lahars were ad@ied.adapted FLUVER2 models
then used in phas@&to calibrate the model

4.2.1 Lake sedimentation

The FLUVER2 model was expanded to be able to readkised basinalong the river profileThe
model calculated the depression depdheachgrid cell anl at each time steprhemodel regarded
all enclosed basinas lakesdespite the fact thain realty these enclosed basins were likely not
entirely filled with water On the upstream side of the lakéelta conditions are simulatedhslake
delta forms in a similar way as how the delta after entering the sea is modétiedo called
GRAAGI yOS ¥ 2 NInSodikethyh@dctio®.1.¥ Consénbeatly, Heselakedeltas are
simulatedwith this DDF by graduallgecreasing thelischargeover distance intdahe lake(Equation
6). This causes the erosioate to decreaseas can be seen Bquation7. Eventually, the erosion
rate nears zero, which makes the sedimentation r@&quation8) the dominantvariablein the
height changeEquation9 and Equation10). In the original FLUVER2 modetle enclosed basins
were not accepted, because the slope could not be negative (ascending downstream). To solve this,
the slope was set to zero ifwtould have lecomenegative.This implies that, when the slope
became negativand thus set to zerpthe erosion ratealsobecomeszero.

Equation6
0 O MInnpXewzQ 20
Equation7
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Equation8
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Equation9
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Equation10
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Table4: Explanatory table foEquation6 to Equationl0.

Symbol Unit Description

Qu m?® year! Dischargédlux

Quji-1 m?year? Discharge from upstream cell

Yx m Distance along longitudinal profile

Oiake m Lake/depression depth

0.00019 - Discharge decrease factor

ErQate m year* Erosion rate

S - Slope(positive when descending downstream)
Kero,profile - Erodibility constant along profile

Kero,local - Erodibility variable along profile

Sethe m year* Sedimentation rate

Qs m year' Sediment transport flux

Ksed - Sedimentation factor

Yt year Time steps

YHiverbed m Total height change at point along longitudinal profile
YHuvial m Height change due to aggradation or incision
YHhilsiope m Height changeadnly positiveg due to hillslope erosion

Depending on the highest point tfe whole profile a spillover effect wasmplemented. If the
highest point of the entire profile has been reached upstream of the lake, the full discharge
(including all discharge into the lak&sumes athe lakeoutlet. Theoutlet will therefore spil over
to the remaning downstream part of the longitinal profile.If the highest point of the entire
profile is reached after the lak#hat highest pointis treated as the river'source, and discharge
startsincreasingrom zero.Thehighest point, a water divide, willot erodedue tozero discharge
(following Equation?). It will only erodedue toheadwardserosionwhen another pointreaches a
higher elevationwhich startsthe spilloverover the former water divide.

4.2.2 Bedrock erodibility

In the original model, thé&ro ocavariable represented the average erodibility of the riverbed
lithologies However, erodibility can have large variations depending/bat lithologythe river is
eroding Ariver couldincise into (softer) sedimentsthighererodibility, for examplea basin fill or
river terracé, or the rivercould irciseinto bedrock (harderlower erodibility). Therefore, a

RAZGAYOGAZ2Y 61 a4 AYGNRRIZOSR
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an erodibility fortwo lithology layers.Of these wo layes, bedrock is defird asthe harderto erode
lithology. The default erodibility was set ta.Kioca= 1.0.Besides the initigbrofile for 1.0 Ma BP, an

initial bedrock profile was introduced, with a variable bedrock depth along the longitudinal profile. If

the river erodes to the bedrocke&.cachanges to for example 0.1. To avoid model instabilities, a

transition zone of 0.25 metres was introduced in which the erodibility linearly transforms from the

G RS F Kegligta(1.9)to the bedrockKer,oca(for example 0.1)Bedrock erdibility canvary within
the profile, becauséor examplegranite bedrockwas assumed to bless erodible thatahar
depasits. Examples for the variation in bedroclodibility are given imable5. The bedrock heighis
tracked and updatethroughoutthe run.It will be uplifted or subsided similar to the riverbed
Yo B . Less erdible depositghat aredeposited during the model run (the last 1.0

Ma), for example lahars, are able to raise the bedrpé®

h

). If bedrock material is

eroded(Y'O R ), the bedrock height idecreased accordingly
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As a consequence ohplementinga bedock erodilility, theriverbed is expected to havemore
direct response t@aggradationincision cycledDuring an aggradation phasehe riverbed is filled
with sedimentsThe transition to a warmer incisionphase will result ifiasterincisionbecause the
erodibility of the aggradated sedimenitshighercompared to the original model codé/hen all
aggradated sedimentsave been eroded away, theedrock becomes exposed in the riverbddhis
will slow incision becaudgedrock has a lower erodibility.

Equation11
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Table5: Examplesor the erodilility of lithologies.

Example lithology Kero
Default(soft sediments, basin fill or river terrace) 1.0
Southern MountainsfoceneMiocene vdcanicrockg 0.16
Blocking lahargimulated to bedeposited540-600 ka BP) 0.16
Kendeng Hills 0.2

4.2.3 Volcanic and tectonic hillslope heights

The original model did not include the deposition of volcanic material. Therefore, hillslope heights

can increase over time if a volcano was active. Furthermore, in the original model, hillslope heights
were subsided and uplifted by the same rates as therbed. However, using FLUVHIRE thisin a
catchment as large and complex as the Solo River catchment would cause some issues. For example,
the riverbed in the Randublatung Valley has likely been uplifted at a different rate compared to the
Kendeng and Rembang Hills (which function as th&dple heights). Therefore, hillslope heights can

now be uplifted and subsided independently from the riverb&de components of hillslope height

change are givehelow.

Equation12
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4.2.4 Variable sedimentation factor

The original FLUVER2 motlak a fixed sedimentation factorstl. The sedimentation factor
determineswhat distancesediment generally travelsefore deposition This means that the
sedimentation rate only depends on the sediment transport flux. More sediment in the river
automatically means a higher sedimentation rdteorder to further enhance the aggradation
incision, a temperaturelependent sedimentation factor was proposétbwever, m the submerged
section of the longitudinal profildakes andeas) the sedimentation factor should be constant.
Therefore the sedimentation factor linearly transforms from temperatdependent at the source
to a constant at the coastlin&quationl3 calculates the lgqat the beginning of the longitudinal
profile, Equation14 calculates the &qfurther along the profileThevariableicastis calculated ased
on theresultingcoastlinefrom the previoudime step

Equation13

Equation14




4.2.5 Tributay sediments

In the original model, tributariewould dilute the sediment concentration @), because they
onlyraised the discharge, but not the sediment concentration. In reality, a tribwtaryld also add
some sediments to the rivelhe FLUVER2 model was expandesitmylating a sediment influx
where a tributary joins the main modelled rivexs discussed in sectidrl.2 At eachpoint where a
tributary joins, the average sediment concentration of the past 10 mgddIlcells(approx.900 m)
was calculated. This average concentration was then used to gradually, over the next 2@ritbdel
cells(approx. 1800 m)raise the sediment transport flux {®y multiplying the sediment
concentration by the discharge influx from the tributary, and a local fadtoe local facto(fuibutary)
was added becaussome tributarieshave a more erodible subatchment, and will thereforéikely
have a higher sediment concentration.

Equationl5

4.2.6 Lahars
Lahars were introduced asmadditional factol(fianarg that increased hillslope erosioithe equation
is given below:

Equation16
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During the period the lahar is deposited, the bedrock heiglincrease@ndthe bedrock erodibility
is decreasegdas is described in sectidn2.2 A graduaincrease of erosion from volcanic deposits
around the Lawu was implementednd to a lesser extend toehwilis and MerapiThesevolcanic
hillslopeerosivematerials were deposited in the riverbe@ihe lahar model run also included an
abrupt local increase of volcanic hillslope erosion, depositing a blocking lahar.

4.3 Phase 3model calibration
In this phase, thelischargethe initial profileandvarious coefficientsTable6) were calibrated
within the FLUVER2 model.

Table6: list of calibrated coefficients.

Coefficient Description

Kero,profile Erodibility constant along profile

Kero,local Erodibility variable along profile

Ksed Sedimentation factor

flahars Lahar hillslope eraosion factor

frributary Tributary sediment concentration factor

frsed Temperature dependency fact®eq

fr niisiope Temperature dependency factaillslope erodibility

4.3.1 Coefficient calibration using terraces

In the firstcalibrationstep,the sevencoefficientsfrom Table6 were calibratedThe main objective
of the calibratonwaso 0 S a (i { K&bilityt@sknBlateiicision depthat the right time.The
listed coefficients(Table6) were adapted taapproach the measured incision depths as close as
possibleThe calibration used several benchmark poiiiise first benchmark poinises a terrace
dating at SogenAccording to Schoo(Pers. Comm,}he base of theterrace levelt Sogerwas
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dated at an age of 64 kBecause this dating is from the base of the terrace, the terrace likely
started buildings4 ka agoThe height of this terrace wagpproximately 52.%netres aslAt Sogen
according to the DENEuropean Space Agency, 2023)e riverbed at Sogen is currently at
approximately37.8 metres asl., which givegldferenceof 14.7 metres, which is the total depth of
the terrace incisionRegarding the second benchmark poibtyasassumedhat the Sogerterrace
dated to 64 ka BIs the samderraceas the T2 terracat Trinil(terrace describedby Berghuis et al.
(2021). This terrace can be found at 54 metres asl in Triik riverbed at Trinil is currently at 41.3
metres asl., which gives a total incision depth of 12.7 metres at Trinil.

4.3.2 |Initial profilecalibration

The initial river profiler palaeoprofile of 1 Ma BRvasreconstructed by modifyingverbed heights
from the currentlongitudinalprofile. Firstly, the tectonic movement was subtracted from the
current profile. For example, if a cell is uplifted by 10 meters throughout the 1 Ma model run, the
cellwas loweredby 10 meters in the first guess of the initial profiléne consequent calibratiaumsed
several benchmarksvhich are explained in the sections below.

noo df PNl 8 ANI WRESY

The main benchmark used from the Sogen stratigraphy waB#te Gajah black clays (introduced in
section3.2.3.3. These have likely been deposited in wetland conditi@esghuis et al. (2021)
suggested that the Batu Gajah Glagabbreviated to BGR) could be related to the sea level
highstand of MIS19 or MISZMarine Isotope Stages 19 or 2The BG& was also identified at the
Sogen sitelt is situatedbeneath theBatu Gajah Lahds, which was estimated to be older thag1l
ka based ompalaeanagnetic reversalSchoor| (Pers. Comm.)t was assumed that thBGE2 was
deposited during MIS2iyhich took place approximately 8&@ ago according thlodell et al.
(2023) It was also assumed that these wetland conditions were caused birthiéSogen region
being located at sealevehccording to the sea level reconstructifsom section4.1.3based on
Berends et al. (2021he sea leveteached its highstandt 853 ka, during which it was
approximately5.5 metres lower than modern levels3.5 m) which includeghe 3.32 mwrt PD
correctionmentioned insection4.1.3

4.4 Phase 4Thehypotheses

In the last phase hie hypothese®n the river reversadkad to various scenarios and these werelt
into the modd. Threescenarios were implemented and evaluatdthese are formulated in the
following sections

4.4.1 The default model run

The first scenario is also the default scenario. In this scermadderate lahar materials were spread
over the whole Kendeng Basin, which occuriredombination with uplifimostly limited to the
Gunung Sewu Karst Region

4.4.2 The lahar model run: a blocking lahar

In the secondscenario, it is attempted to block the Solo River by a lahar. In reality, this could have
either took placeas one successful blockirgent, or as multiple blocking eventghisscenariowas
suggested by Berghuis et al. (2024)est of Trinil (currently upstream)the footslopes othe Lawu
reach the Solo Rivelt is therefore possible that lahars reached the Solo River and (temporary)
blocked the river. Thisould have causetihe formation of a temporary lake, as witnessed in other
volcanic areagMaddy et al., 2012; van Gorp et al., 2013; Schoorl et al., 2019)
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4.4.3 The tectonic model rurdominant uplift in southern Java

Thethird scenarioencompasses the hypothesis thagjor uplift in the south of Java eventually
caused theeverse Solo iRer to cease discharging towards the Indian Oceamossibility is that the
uplift was larger than the erosion rate of the old Solo River near the mouth. After the river became
unable to reach the Indian Ocean to the south, lakes could have formed. After someditcienent
piracy py headwards erosiory the pioto-Solo {lowing north of the Kendeng Hillgpuld have

formed the moderrSolo river Flow reversal due to continued major uplift has happened in other
occasions, for exampléhe Amazone, albeit on longer timesca(&hephard et al., 2010)

4.4.4 The reverse and current river course

The current river course was mainly implemented into the model runs to date the capture of the
Kendeng Basin by the proto Solo River, establishing the current river course. The reverse river course
was mainly implemented to date the blocking of the reveiser courseTo preventthe large

Kendeng Basilake frominfinitely spilling over the Southern Mountains, the spilling was stopped

when the lake dpth became more therb metres.
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5 Results

Insections5.1to0 5.3, several input variables are presented, followed by an analysis of the
adaptations made to the FLUVER2 madedection5.4. The lastresultssections5.5and5.6, will
include the output regarding thealibration andmplemented model scenarios.

5.1 Inputclimatevariables

The resulting climate variables (temperature and precipitation) and sea lewd#sasbed id.1.3
and4.1.4generallyshow gad agreement with MIgLisiecki 8Raymo, 2005; Hodell et al., 2028)
seen inFigure8. AppendixA.Gshows that the climate cycles behave asymmetricalhd that
precipitation, temperature and sea level change lag each othfter a glacial, warming occurs first,
followed by an increase in annual precipitation. After some time, sea lb@gshsto rise. A
combination ofwet conditions andow sea leveis rare, and periods that are both cool and wet are
also uncommonThe sea level and precipitation are most strongly correlated (with?ari ®57),
followed by temperature and precipitation (with art & 0.54). Sea level and precipitation have the
lowest correlation, vkichis due to the subsiding of the Sunda Shielfroducing increasingly marine
conditions in that areaTlhe drier past of the Sunda Shelf and its direct surroundi@g#fiths et al.,
2013)is due to an external factor: tectonid3uring the time the Sunda Shelf was permanently
exposed (approximately befor00 kg Sarr et al. (2019) the sea level did not prograde as much
into the Sunda Shelf, therefore having a smaller influence on moisture availability.
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Figure8: The climate variables precipitation (green, in mm), temperature (red, in Celsiusgaaledel plue,in meter). MIS
warm stages are shown above (blackld numbers MIScold stages are shown below (grewen numbels
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5.2 Dischargenput

The two main tributaries arehe Madiun Solo River and the Brantas RiVée Madiun Solo River
drains acatchmentof approximately3750 square kilometre@% of theentire modern St
Catchment) The Brantas Rivemly joirs theProtoand modernSoloRiver during sea level

lowstands. Idrains a catchment of approximatelyt 000 square kometres(2%% of the entire

modern Solo CatchmenfJhese largéributaries drain rather hetesgeneneous cahments
includngthe Kendeng Hillsthe volcanic edices of the Kendeng Basin, and the Southern Mountains.
Compared to thdongitudinal discharge pffile duringthe MIS2 glaciadhown inFigure9, the

discharge can increase B percent duringinterglacials.
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Figure9: The disharge tirough the modern Solo River during a sea level lowstEmel tvo main tributaries arehe the
Madiun Solo and the Brantas RivBM = Southern Mountains, KH = Kendeng Hills, MaSt = MaduraBtrait;nil, S =
Sogen, Madiun Sok upper reach afeverse river coursepDCoast PresentDay coast, ContShelfEdge = edge of

continental shelf.

Figurel0shows the modelled discharge at Sogen and Babat (a discharge measurement station in
the Randublatung Valley). Since establising the current river course, the resulting average flow
volume at Babat mostly stayed between the lower bound for average mofitilyduring the wet

season, and the upper bound for average monthly flow during the dry season. This indicates that the
order of magnitude for the flow volume is relatively similar to the modern climate. At approx. 600

ka, theGunung Sewu Karst Region has overtaken the Kendeng Hills as the highest point in the
profile. Strictly speaking, the Kendeng Basin (south of the Kendeng Hills) is captured by the Solo
River in the FLUVER2 modeénariosalthough the aredas modelled as a largehallowlake. There is

not yet any continuousurfaceflow, as can be seen by the flow being zero at Sogen. It is only around
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450- 400 ka that the Kendeng Valley has incised deep enaudhain the entire Kendeng Basin
lake, at which point the flow at Sogen is no longer zero.
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FigurelO: The averagenodelleddischarge for Sogen and Babat (a discharge measurement station in the Randublatung
Valley)is compared to measurements at BabBlhe minimum and maximum average wet and dry season discharge at

Babat were introduced in sectidnl.2.1

5.3 Initial, current and outpuprofiles

5.3.1 Current river course
The initial profileg1 Ma BPseeFigurell) were the result of the calibration described in section

4.3.2 The Randublatung Valley and Madura Stiié clearly differenareas that must have been
much highercompared to thepresent, due to theassumedtontinued subsidence. This is also
evident from reconstructions bBerghuis et al. (202%)n the Madura Strait valley. The Kendeng
Basin on the contrary, was assumed to witness periodical wetland conditions near sea level
(described in sectiond.3.2.]). These were the starting positions of the initial profile calibration which
lead to the initial profilsin Figurell andFigurel2. The initial profile of the tectonics scenario was
slightly lower around th&outhern Mountains, because it uplifted a larger area (to the left of

Sangiran irFigurell).
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Figurell: Thetwo initial palaeo-profiles (1 Ma B) the currentprofile,andthe threeoutput profiles for thesimulatedSolo
River courseSM = Southern Mountains, KH = Kendeng Hills, MaSt = MaduraBtrditinil, S = Sogen, Madiun Solo
upper reach ofeverse river coursefpDCoast FPresentDay coast, ContShelfEdge = edge of continental shelf.

Regarding the comparison between the output profiles and the actual current profile, some basic
statistics are given ifable?. It shows a rather high RMSE (Root Mean Square Error) of the complete
profile. However, this is mostly due to some inaccuracies near the edge of the continental shelf.
Excluding the Madura Strait Shelf from the calculation of the RMSE and mean bissireautiore
acceptable RMSE. Note that the mean bias has changed sign as there is a slight overestimation of the
riverbed height in most of the profige This is also true for the Sangiriendeng section, which

includes Trinil and Sogen. The lahar scenario results in a similar RMSE and mean bias as the default
scenario. However, the tectonics scenario has a substantial overestimation of the riverbhtliheig

the Southern Mountains and on the adjacent southern margin of the Kendeng Basin. This would
suggest that either

1) the initial profile should be lower
2) the uplift should be confined to a smaller area
3) the uplift should be of smaller magnitude
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Table7: The RMSE (Root Mean Square Error) and the mean bias of the current river course, both for the whdier profile
the whole profile without the Madura Strait Shedhd for the section Sangirdendeng, which includes Trinil and Sogen.

Current river course Defaultscenario Laharsscenario Tectonicsscenario
Completeprofile

RMSE 414 m 46.2 m 38.9m
Mean bias -2.6m -6.3m 58m
Profile excl. Madura Strait

Shelf

RMSE 12.1m 11.9m 19.8 m
Mean bias 6.8 m 6.4m 13.8 m
Section Sangira#Kendeng

RMSE 59m 7.4m 9.8 m
Mean bias 53m 7.1m 9.7m

5.3.2 Reversedolo River

The Reverse Solo River longitudinal profile of 1 MaFBfIe12) can be sulivided in three

sections. e section between Ngawi and the source of the current Solo River was identical to the
current river profileTo complete the initial profile of thBeverseSolo Rrer coursethe Wilis

Madiun Solasectionand the Gunung Sewimdian Ocean section wesglded.Because of the incised
morphology (discussed in secti@ril.2), volcanicedifice growth and erosiorwere assumed to cancel
each otherout. Therefore, the Wilis section was assumed to be relatively similar to the current
height. The Madiun Solo section gradually connects the Wilis and Kendeng Basin section (same as
the current Solo River cours@he Gunung Sewu currently forms an uplifted plat¢dlaryono &
Suratman, 2010)it was assumedthat the limestone was deposited ase coherent, continuous
plateaubefore uplift Consequentlythe Gunung Sewu section in the initial profilas assigned
relativelylow gradients. The section towards the Indian Ocean is relatively stixsgendingharply
toward the Sundarrench
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Figurel2: Thetwo initial palaeo-profiles (1 Ma B) the currentprofile,andthe threeoutput profiles for thesimulated
ReverseSolo River coursaVi = Mount Wilis, SM = Southern Mountains, GuSe = Gunung Sewu Karst Region, IndOce =
Indian Ocean, T = TrifdDCoast PresentDay coast.

The overestimation of theverbedheight in theoutputted ReverseSolo Rivemodel runs, as seen in
both Figurel2 and Table8, was caused by the Kendeng Basin formintpsed depression in the
reverse river profile for the last 900 ka, which will be further discussed in séctad In the model,
the sediments(mainly consisting of lahar depogi® y Qi S&aO0F LIS (KS YSyRSy3
However, m realitythe sediments could have spread further downstream the Solo River after the
capture of the Kendeng Basihhislargelyexplains the positive biaBecause thelistance to the
volcanic hillslopes are taken into account, tieight of the output profiles varieBetween
Ponaogoand Madiun there is higher deposition rate afediments fromvolcanic origin, because
the Madiun Solo Vallewia little les wide over thereOver 900 kaf blocking due tono-flow lake
conditions, theseriginallyrelatively small differencesicreaseto >50 metres.The section between
Trinil (T) and Sambungmacan is higtlee to the same reasofproximity to Young LawuThe lahar
output profile clearly shows the location of the implemented blocking lahar, which is unchanged
since there is no flow and therefore no erosion in the enclosed depresBese issues could be
solvedor reducedby implementinghe recommendationsnentioned in sectior®.1, these include
simultaneoudual flow directionsand avariable lake levie
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The tectonics profileipliftsa broader regionstarting at SangiranThisexplains why the tectonics
output profile is higher between Sangiran and the presegay source of the Solo River. The reverse
profile is very sensitive to small changes in the initial height and uplift rate in the Southern
Mountains and Gunung Sewu KaRegion, as discussed in sect@f. The slight change the

centre ofuplift causes the profile to be blocked further upstream compared to the lahar and default
model runs.

Table8: The RMSE (Root Mean Square Error) and the mean biasrevgreeriver course, both for the whole profile, and
for the sectiorNgawSangiran which includes Trinil and Sogen.

Reverseiver course Defaultscenario Laharsscenario Tectonicsscenario
Completeprofile

RMSE 83.9m 83.5m 78.1m

Mean bias 70.4m 69.0 m 68.8m
SectionNgawiSangiran

RMSE 65.0m 67.9m 57.0m

Mean bias 60.5m 61.6 m 55.3m
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5.4 Evaluation FLUVER?Z2 adaptations

5.4.1 Lake sedimentation

The dfferencesin the currentSolo River simulatia@due to the implementation of the lake
sedimentation functior(section4.2.1) becomemostevident starting aroun®00 ka At this time, the
Gunung Sewu Karst Regisecomeshe water divide fiighest pointin the heightprofile), which
startsthe flow towards the Kendeng Basin (identical to Sogdfignrel10) causingerosion around

the presentday sourceThis erosion introduces the first sediments in the modelled Kendeng Basin.
In reality however, and by applying recommendations mentioned in se6tihrsedimentsrom for
example the Merapand Lawuvould enter the Kendeng Basin much earliBetween 600 and 400

ka, the firstlake deltawas formed as these first sediments are deposited on the upstream side of the
lake (on the left irFigurel3). This sedimentatiomemoves sediments from suspensjamhich
decreases the sediment transport fldewnstreamin the lake.This leads to a negative difference.
After 450¢ 400 ka, when the Kendeng Basrcaptured byhe Solo River, theffects arespread
downstream However, the magnitude of the differenéginexplicablyarge at the Madura Strait
Shelf(20 to 40 metres)This idurther discussed in sectiof.1.3
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Figurel3: The difference in height due to the inclusion of the lake forming ability as descri@dLiThe hatched area

shows the lake if the lakeedimentatiorwas disabledThe contour lines show the height if the lake sedimentation was
disabled. SM = Southern Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = Sogen, MS = Madiun Solo
(reverse river course), Coast = present day coast, ContShelfEdge =@ugmental shelf.

37



5.4.2 Bedrock erodibility

Due tothe implemented contrasts in erodibilityetween bedrock and sedimegtandaccounting for
tectonic movements of the bedrockubstantial changeis the subsiding Randublatung Vallayor

to the capture of the Kendeng Basin can be observdtgarel4. While subsiding, the prot§olo

River was incising into bedrock, which was represented by a decreased erodibility in the model. This
decreased upstream erosion in the Randublatung Valley, and decreased downstream sedimentation
on the Madura Strait ShelFollowingthe capture of the Kendeng Basin, the Randublatung Valley
continuedsubsidng for some timeand the bedrock material was being covered by sediments from

for example lahar deposits in the Kendeng Basin. These sediments were more easly

resulting ina smaller differencas showrin Figurel4.
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Figurel4: The difference in height due to the inclusion of the bedrock erodibility, as descrdb2®iihe hatched area

shows theprofile depressions the bedrock erodibility was disabléthe contour lines show the height if the bedrock

erodibility was disabled. SM = Southern Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = Sogen, MS =
Madiun Solo (reverse river course), Coast = present day coast, ContShelfEdge s@dgenfal shelf.
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5.4.3 Variable sedimentation factor

Themain change brought by the implementation of the temperatdependent sedimentation
factor (sectioM.2.4), as illustratedn Figurel5, is a decreasm upstreamsedimentation. This was
caused by a generally higher sedimentation factor which leads to lower sedimentation rates.
Consequently, sediments that are not deposited upstreanti@mesported downstreamresulting in
a elevated riverbed on the Madura Strait Shelf due to sedimentatios important to note that the
sedimentation factoremainedfixedin the submerged part of the profile

Asecondary effect is thenhancednagnitude of incisioraggradation cycleshis is evident in the
smootherheight contour linesompared tothe default run Figurel8). The variable sedimentation
factor is therefore very important in both the upstream erosidownstream sedimentation balance
and the incisioraggradation terrace cycles.

Howeverthe variable sedimentation factor is also responsible for an unwantededfdet. In low-
gradientareas particularlyin the Randublatung Valley, small depressions forehatihg highsea

levek. Thisoccurs because the distance source to modelled coast is can be several hundreds of
kilometres smaller during sea level highstands. Since the sedimentation factor decreases to a fixed
value at seathe sedimentation factodecreasingnore rapidly leading to too much sedimentation

at the modelled coastDisabling the variable sedimentation factBigurel5) removed these

temporary low gradient depressions.
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Figurel5: The difference in height due to the inclusion of the variable sedimentation factor, as desc#itied ithe

hatched area shows tharofile depressioni the variable sedimentation factor was disabl&the contour lines show the

height if the variable sedimentation factor was disabl8¥ = Southern Mountains, KH = Kendeng Hills, MaSt = Madura

Strait, T = Trinil, S = Sogen, MS = Madiun Solo (reverse river course), Coast = present day coast, ContShelfEdge = edge of
continental shelf.
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5.4.4 Tributary sediments

The tributary sediment inpyts described in sectioh?2.5 reducedthe diluting effect of the
tributaries. The main tributaries with a highiduary value,mostlythosedraining subcatchmestwith
frequentvolcanic activityappearin Figurel6 as vertical blugones Someof theselinesoccasionally
shift slightlydownstream, which is caused Hye short emergence of sediments during low sea
levels, which made them susceptible to intense erosidre intense erosion moved tlsediments
causing the anomaly further downstream.
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Figurel6: The difference in height due to the inclusion of the sediment input from tributaries as descdiiz8 ithe

hatched area shows therofile depressions the tributary sediments were disablethe contour lines show the height if

the tributary sediments were disabled. SM = Southern Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S =
Sogen, MS = Madiun Solo (reverse river course), Coast = present day coast, ContShelfEdfieantdgetal shelf.
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5.4.5 Lahars

The implementation ofhe increased hillslope erosion, which simulated lahars (sedti21®), was
most profound in the Kendeng Baslracally up to 40 metres of lahars have been depositdtie
FLUVERZ2 modélhe lahars in the Kendeng Basin have sped up the breach of the Kendeng Hills.
Without these lahars, the breach would have been delayed toc2B00 kalt therefore has a large
effect on the outcomes of this studgfter the Kendeng Basin was captured by the Solo River
catchment, the effects were spread downstream.
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Figurel7: The difference in height due to the inclusion of the lahars, as descridetldnThe hatched area shows the

profile depressiont the lahars were disabled@he contour lines show the height if the lahars were disabled. SM = Southern
Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = Sogen, MS = Madiun Solo (reverse river course), Coast =
present day coast, ContShelfEdge = edge of contihshédf.
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5.5 Calibration results

5.6 Evaluation model scenarios

5.6.1 Current river course

pdc PMOTI dzAf & Y2RSE &a0Syl NA 2

The defaultmodel scenaripwith asubsidence 0150 mm/kain the Randublatung Valleyesulted in
the catchmentcapture of the Kendeng Badiyy the protaSolo RiverThe spilloveat the Kendeng
Hillsinitiated at 580 kaBPas the Southern Mountains became the highest point in the prafiles to
tectonicuplift. Thisstarted sjillover discharggover theKendeng Hillgvater divide which in turn
increased headward erosioihe increased headwards erosion dudhe spilloverat the Kendeng
Hills was likely the main driver of the eveatwcapture of the KendenBasinThis establiskdthe
modern Solo Rivdretween 330 and 34RaBP The capturecoincides wittthe incision phase
related to MIS9Kigure8), increasedncision in this warm Ipase could havslightlyenhancedhe
capture However due to the substatial gradientbetweenthe coast and the Kenderigjlls, even
duringsea level highstarglbackwards effects from sea level fluctuaticors the captureare likely
small. Theexact imings of capture eventsn the current Solo Rivemodel runswere determined by
the lake depthoutput, shortly discussed in sectigh2.1
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Figurel8: The evolution of the defaudtenario{moderate tectonics and neplocking laharspn the current river course

profile. The hatched area shows depressions in the profile, these coplttiedly filled with water lakeg. The lines show

the altitude relatie to modern sea leves = momenof spillover C = completion of catchment captug&M = Southern

Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = Sogen, MS = Madiun Solo (reverse river course), Coast =
present day coast, ContSHedfge = edge of continental shelf.
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In the tectonics model scenarithe uplift of the Southern Mountains and the Gunung Sewu Karst
Region was expanded to tleuthern half of the Kendeng Basirectonics is thereforamore
important factor in elevating the Kendeng Basat the expense of upfilling solcanicsedimentsIn
this scenariothe initial spillover moment in which discharge over the water divide sthvras
slightly delayed t&50 kaBP(compared to5680 kaBPfor both the default and lahar scenaridhis
was due to the lower initial profile, which compensated for the increased uplift over the southern
Kendeng BasirCompared to the other scenarios, the Sangirakarta region wagplifted above
the depression level earliéapproximately 490 k8P). At approximately 35@aBP, the capture of
the Kendeng Basiwascomplete establishing the modern Solo RivEhis was slightly earlier,
compared to the 3340 ka for the default and lahar scenarios.
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Figurel9: The evolution of théectonics scenari@enhancedectonics andewernon-blocking lahadeposit3 on the current

river course profileThe hatched area shows depressions in the profile, these cophttialy filled with water lakeg. The

lines show the altitude relativto modern sea leveh = moment of spillover, C = completion of catchment cafBles
Southern Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = Sogen, MS = Madiun Solo (reverse river
course), Coast = present day coast, ContShelfEdge = edge of continental shelf.
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In the lahar model scenario,ldocking lahar was generated between 540 and 60BRal his
blocking lahar actually split the larger Kendeng Basin depression interhaller depressions on
both the upstream and downstream past the lahar At 580 kaBP, the Southern Mountains
became the highest point in the profileausing the water to spill ovéine Kendeng Hills water
divide increamgheadward erosionBetween 330 and 340 K&P(MIS9, both depressions were
captured by the proteSolo Riverending the lake phases amgdtablishing the modern Solo River.
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Figure20: The evolution of théahar scenario default moderatetectonicsanda blocking lahabetween 608540 kg on the
current river course profil@he hatched area shows depressions in the profile, these coplttiedly filled with water

(lakeg. The lines show the altitude relagivo modern sea leves = moment of spillover, C = completion of catchment
capture,SM = Southern Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = Sogen, MS = Madiun Solo
(reverse river course), Coast = prastay coast, ContShelfEdge = edge of continental shelf.

To simulate uplift, the downcutting rate Berghuis et al. (2021yas assumetb be equal to the
uplift rate. This downcutting rate is equal to 200 mmMiowever, the modelled downcutting rate
by theFLUVER2 model scenarios averaged3 tm/yrover the Kendeng Hills valley.
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5.6.2 Reverseésolo River

pdc OB ST gzfRi YR RISKNI A OSy | NA 2

Thereverse river course is blocked by uplift of the Southern Mountains and the Gunung Sewu Karst
Region (amounting 300 mm/ka the mode) quite quickly The default and lahar model scenarios
are relatively similar, because the lahar is emplaced in a basin without flow. The blocking lahar
therefore hardly changes the outputigurel2 and Appendi.)). Initial blocking of the reverse Solo
River started around 970 P, Thesea level highstaratelated to MIS2%nd MIS21 werstill able

to shottly flood the blocking and reach the Kendeng BadiS25eached up to the Trinil and Sogen
area. After MIS2, the reverse Solo Riveras definitivelyblocked (approximatel50kaBB. At the
same time, thdakespilloverat the Southern Mountains was stopped because the laigth
exceeded metres. Tis trigger washottly explainedin sectiord.4.4 Duringa sea level highstand
that floods the blocking, discharge is decreased by the DDF, which decreases.diasi@mporary
decrease irerosioncould have caused a short moment of unhindetgdifting bedrock material
When the sea level retreatethe lake depthexceeded 5 mtres, triggering the end dhe spillover.
Due to continued uplifand no spillovein the Southern Mountains and the Gunung Sewu Karst
Region, the depression steadgsew, until it encompassiéthe entire Kendeng Basin around 775 ka
BP. Recommendations téuture model scenas inwlving the blockingf the Reversesolo are
described in sectioB.3.
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Figure21: The evolution of théReverse SolRiverdefaultscenario (moderate tectonics and nblocking laharks The
hatched area shows depressions in the profile, these coydadially filled with water kakeg. The lines show the altitude
relative to modern sea leve® = moment of blockingVi=Mount Wilis SM=Southern MountaindGuSe= Gunung Sewu
Karst RegiofindOce = Indian Oceah = Trinil, Coast = present day coast
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Compared to the default and lahar model scenarios, the tectonic model scoplii in a broader
regionand fewer norblocking lahar depositglelays the blocking of the reverse river course to
approximately 80 kaBP. Howeverdue to backwards sedimentation effects from sea level
highstands, thédlocking is sometimes eroded away. The definitive blocking happened at ka
Because the uplift is spread towards the southern margin of the Kendeng Basivatiredivide

between the depression and the leftover of the reverse Solo River shifts to the Kendeng Basin. The
model is rather sensitive to small changes in tectonics and the initial height around the Southern
Mountains and the Gunung Sewu Karst Regibis iE further discussed in secti6r8.
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Figure22: The evolution othe Reverse Solo Riviexctonics scenari(enhancedectonics andewernonblocking lahar
deposit3. The hatched area shows depressions in the profile, these cophttialy filled with water lakeg. The lines

show the altitude relatie to modern sea level. Wi = Mount Wilis, SM = Southern Mountains, GuSe = Gunung Sewu Karst
Region, IndOce = Indian Ocean, T = Trinil, Coast = present day coast.

5.6.3 Incisionaggradation cycles

Figure23shows the riverbed evolution at Sogen, in which both the current and reverse model runs
are presented. During the period in which Sogen is located in a depression, no flow is modelled.
Consequently, there is no erosion and thus no terrace aggradaiision cycle. This period spans

from approximately 90@ato the presentin the reverse runs, and 1000 to 400BRin the current

river course runs. During the periga which the Kendeng Basin discharges to the south (reverse

Solo River), the reverse runs should be leading. During the period in which the Kendeng Basin is
enclosed, neither the current nor the reverse runs are leading. Lastly, after the capture of the
Kendeng Basin by the proto Solo River, the current river course is established and therefore leading.
This point can be recognized in the graph below by the start of the aggradatision cycles.
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tectonics run seems tstart aggradatiorincision cycles in accordance with the MIS phases starting
in MIS10 (374 ka), whereas the default and lahar model runs have this first cycle in MIS8 (323 ka).
This is also shown ifable9.

Furthermore, theincision phases had much higher downcutting rates {282 mm/ka) compared to

the sedimentation rates in aggradation phases (188 mm/ka). Some aggradation phases could be

linked to dated terraces bgerghuis et al. (202BndRizal et al. (2020The T2 fronBerghuis et al.

(2021) dated to approx. 95 kaell within the period 72113. In this period, the Sogen area
witnessed relatively small magnitude incisiaggradation cycles. This is likely related to MIS3 and
MIS4, which both had relatively small magnitudes in sea level change, temperature and

precipitation.
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Table9: An overview of the incision and aggradation phasteSogenbased on the current river course runs. The stages
are related to the Marine Isotope Stages (MIS) and other papers. *only calculated based on tectonics model run.

Age of stage (MIS) | Height change current runs | Referenceo dated terraces
Rate of change

334-374 ka (MIS10)*| 4 m aggradation* Upper terracg(Rizal et al., 2020)
100 mm/ka

323334 ka (MIS9e)*| 4 m incision*
364 mm/ka

246-323 ka(MIS8) 9 m aggradation Upper terracg(Rizal et al., 2020)
117 mm/ka

235246 ka(MIS7e) | 5 m incision
455 mm/ka

219235 ka(MIS7d) | 3 m aggradation
188 mm/ka

199219 ka(MIS7c) | 4 m incision
200 mm/ka

132-199 ka(MIS6) 10 m aggradation Lower terracgRizal et al., 2020)
149 mm/ka T4(Berghuis et al., 2021)

113-132ka(MIS5) 12 m incision
632 mm/ka

13-72 ka(MIS2) 11 m aggradation LowermostTerrace(Rizal et al., 2020)
186 mm/ka

0-13 ka, ongoing 9 m incision

(MIS1) 692 mm/ka
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6 Discussioand recommendations

6.1 Improvement to lakes and depressions

In thisadaptedFLUVER2 model, any part of the profile that has a downstream section that is higher
(therefore blockingjhan sections upstreamisa depressiomegardedasa lake.lf it is aenclosed
depression, the whole depression is regarded as a lake. This is also theitdaswoif fully enclosed
andin reality, the flowcould develop inoppositedirections(as is the case for the initial profile in
Figurell) of the model flowHowever the currentmodelcode can onlysimulateflow from left to

right.

6.1.1 Avariable lake level

As he sealevel responds to glaciatterglacial cycles, the lake level responds to local changes in
precipitation, which could be strongly related to changes in the SST. Middle Pleistocene lakes in
Greece had a positive correlation between the lake water landlsea surface temperatures (SST)
of the North AtlantidBludau et al., 2021 However, during the late Pleistocene and Holocene, lakes
in Australia had a negative correlation between lake water level and rapid SST inBaasavs et

al., 2020)All in all, it is recommended to include a ld&eel orvolume that is related to the
precipitation reconstructionDry periods should lead to lower lake volumlesplications of a
variableand lower lake levelould beprofound.Firdly, depending o lake size, the lake tta will

be more dynamic as it moves towards tiieepest part of the dpressionThiswill enhance the
spreading of sedimentacross the depressiorSecondly, lte variable lake level wilffectthe

spillover effectat the capture of the Kedeng Basin and the blocking of the Reverse Seler.in

case of thecapture d the Kendeng Basira more realistidower lake levewould have delayed the
spillover timing. A delyed pillover timingcould have delayed the capture of the Kendeng Basin as
well. Thirdly,a blockinglahar could have more impact wittpillover depending on a variablekia

level. The lahar could block off part of the catchment, decreadisgharge. A d@eased discharge
over the Southern Mountains couttecrease erosiorgchanginghe erosionsedimentation balance

at the Southern Muntains.Throughthese interactions, a lahar in the Kendeng Basin caldohave
consequences for the blocking.

6.1.2 A reversed flow

Furthermore, in reality, a lake would likely have a lake delta on both dittegever, the model can

only simulate flow in one direction (left to righf)o simulate a lake delta on the opposite site as

well, the flow on theopposite (downstream3ide of the lakeshould be reversed. In order to achieve
this, the model should be expanded to model flow direction based on gradient. That would result in
simultaneous opposite flow directions in different parts of the profile, which would profoundly
change the FLUVER2 madehis did not fit the scope of this study, but it is recommended for

further application of the FLUVER2 model on enclosed depressions.

6.1.3 Unexpected model behaviour

It is also recommended that future studies look into the lake sedimentation function, isicaesed

the Madura Strait Shelf to be approximatdl§ metreslower locally as could be seen Figurel3.

The lake sedimentation function should not contribute any net sediments to the model, nor remove
sediments from the model. It should only force sedimentation at the lake start (simulating a lake
delta). At the writing of this study, no explanation has bé&mmd for this model behaviour.
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6.2 Uncertainty irriver course

It remains uncertain whether the Sadeng Valley has beemthealoutlet of a reversed Solo Rivéf.
the modern Merapi is indeed relatively young (13861 ka, sectio.1.4), is could also be possible
that the Kendeng Basin was dischargiesbugh the saddle point in between the Merapi footslopes
and the Southern Mountain:éarYogyakartaand the Prambanan templgsSomeapproximate
reconstructionsvould suggest that the reverse Solo River flowed in approximately this direction
(Berghuis et al., 2022yhat possibility would imply that lahars and uplift have raised the elevation
about 140 metresluring the last LMalt O y Qi 6 S NXzf SR 2dzi GKFG GKAA
the discharge of the Kendeng Basihis hypothesis would imply that the growth of the Merapi
volcanic cone could have played a roldiocking off the Kendeng Basin from the Indian Océan.
different drainage pint of the Kendeng Basin, or two drainage pojmisuld profoundlyalter
Reverse Solo River blockisgmarios For examplea spillover at Yogyakarta could have continued
draining the Kendeng Badior some time perhaps approaching the 550 ka iB&ation estimate by
Berghuis et al. (2021)

If the reverse Solo River did discharge the Kendeng Basin through the Gunung Sewu Karst Region, it
could have also temporarily flowed througilio other abandoned valleyéseeFigure3). The valley

in the northeast has approx. 100 metres incision, the valley in the southeast has incig&tb80

metres, but this could have also been more recent incision due to minor river which is still present
nowadays. The Sadeng Valley has incisedoap00- 180 metres, therefore it was assumed that

the other valleys were abandoned before the Sadeng Valley

The current river course has some uncertainties as Belighuis et al. (202%)ypothesized thaa

ridge connecting the Rembang Hills with the Madura Islavidch had forced the Solo River through
the Madura Strait up untépprox. 140 ka, was eventually breach&tis passagirced the Solo

River towards the Sunda Shelf during the last 140’ka.Sunda Shelf has smaller gradients than the
Madura Strait, buthe flat shelf likely has more sediment accommodation space compared to the
narrow Madura StraitBecausell estimates ofhe capture of the Kendeng Basin by t®to-Solo
River predate thestimated dated breacbf approx. 140 ka berghuis et al. (2025} was

assumed that the Sunda Shelf river course would have little influentieeomain landscape forming
events in the Kendeng Basin.

6.3 Gunung Sewu uplift sensitivity

Duringthe model runs, it was noted that tihe was a high sensitivity to tHdocking of theReverse

Solo Rrer courseThis sensitivitynivolved the uplift rate, the erodibitly of the Southern Mountains

and Gunung Sewu Karst Regimdrock materiahnd the inital profile. If the uplift of the Gunung

Sewu Karst Region was slightly lower than 300 mm/ka, the incision in the FLUVER2 model would be
able to keep up with the upliftntil the end of the run (present dayfonsequently, the Kendeng

Basin would still be drained towards the Indian Ocean by the end of thédrslight increase in

uplift causes aelatively early blocking of the reverse river cou(@@0-850 ka BR)compared to

estimates oBerghuis et al. (2021)vho estimates the isolation of the Kendeng Basin to have
happened 550 ka ago.

Furthermore, there was a high sensitivity to the point where the reversed Solo River was blocked
first. The sensitivity was caused by the model adaptation whadneasesdischargeo zeroat the
water divide(highest pointwhen the lake dpth exceeded 5 metredDischarge increased again
downstream from thawvater divide (continuinglong the longitudinaprofile). The reverse tectonics
model run is an example how this sensitivity can build up to an outcome with the blocking at a
different location Figurel?). It is recommendedd change erodibility, uplift rate and initial profile in
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increasingly smaller steps, &pproximate thetipping point During the Bverse Solo River scenarios,
the erodibility was not terativelychanged, and the iterations of the uplift rate and initial profile
involved elatively large steps.

6.4 Potentialmodel variants

6.4.1 Multiple blocking and capture events

It is recommended to compaitthe effects oflahar timing, the location of the lahar, and the effects

of implementing multiple lahardviultiple lahars could lead to serial blocking and capture of the
Kendeng Basirif the reverse Sol@atchment was divided in two parts by a river blockage, there
must have been at least twoatchmentcapture eventsThese have also been discussed by Berghuis
et al. (2021)The Ngawi lake basoould havebeen captured by headward erosion by theto-

Solo, erodinghrough the Kendeng Hills.

6.4.2 A stable Randublatung Valley

The assumption that the Randublatung Valley underwent a similar tectonic evolution as the Sunda
Shelf is rather important for theesults presented in sectidb6. Berghuis et al. (202%pund

indicationsin seismic profiles that the Madura Strait could have followed the same tectonic trend as
the Sunda Shelft was assumed that this also extents to the Randublatung Valley, west of the
Madura Straitlf the Randublatung Valley once was a higher valley, it would be likely to have more
erosion.The erosiordominated highland valley would then be subsided, which seized erasidn
increased sedimentation. There could therefore be a geologic unconformity betweesuktsided
stratigraphy, and the more recent sediments on tndel results show thaif the Randublatung
Valley subsided with a rate of approximately 150 mm/yaad if the subsidence first seized near the
Kendeng Hillghis unconformity would bext approximately 10 metres depth near the Kendeng Hills
and60-90 metres depth neaBalat. Data from drillholes in the Randublatung Valley could confirm

or disprove the assuption that the Randublatung Valley has been subsidirthe same trend as

the Sunda Shelf based on the presence of arpbaformity. It is also recommended to implement
model scenarios in which the subsidence rate of the Randublatung Vabegeas and smaller than

the 150 mm/year that was used this study.

6.5 Influence of sink removal aridl tools

For the Copernicus DE(durrently emerged)the resulting increase ifiverbedheight due to

hydraulic corrections (the fill sinks to@jnounted up to 0.1 meterd-or the Gebco DEM (currently
submerged), filling locally increased the height of the current riverbed up to 20 méieese
corrections likely have a small influence on the final outcomes, because a 0.1 m difference in the
emerged part of the profile is multiple magnitudes smaller compared to the total altitude évop.
difference of 20 meters is more substantial, but the submerged part is of lesser influence on the
landscape evolution in the Kendeng Basilthough of likely small influence, it is recommended to
obtain the real heights of the river course instead of the hydraulically corrected (filled) heights. The
hydraulc correction was only necessary to find tieer courseln subcatchments fillinglocally
amounted about 1.5 to70 meters.The subcatchments werenly used to calculate the 98

percentile height for thenillslope heigh(section4.1.5.7), very local but substantial filling likely had a
negligible effect on the 98percentile height.
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6.6 Incorporateupcomingclimate model

In sectiord.1.4 it was discussed what assumptions were made to simulate apkrenanently

exposed Sunda Shériffiths et al., 2013)As of the writing of this study, there are no climate
reconstructions available that include a tectonic change. Howeéwéehe upcoming PlioMIP3 model
apermanently exposed Sunda and Sahul shelf will be included. This is the next version of PlioMIP by
Haywood et al. (2024)t is therefore recommended to include this climate model in future FLUVER2
runs in Indonesia.

6.7 Model instabilityand the Courant number

The Courant number or Courant criterium, also knowthaCourantgFriedrichgLewy (CFL)
condition, is a condition to assess model stabi{iBourant et al., 1928)t defines a relation between
the time step sizek(t), the spatial step siz&x), and theflow velocity (U). If the Courant number is
>1,the risk of numerical instabilitis large, because thigow velocity is too largen relation to the
time step per spatial stepf the Courant number is <1, the time steps are sufficiently small that
perturbations are unlikely to grow into model instabilities.

Equationl7

o] YO%
For the FLUVER2 modile 2D-dimensions imply that the discharge {8Y) is directly proportional
to the flow velocity.This explains whghe lower reach with the highest discharge is mgsisitive to
model instabilitiesThe final model runshowed minor model instabilities on the Madura Strait
Shelf, these were assumed to have a small influence on the KendengBRasitmcomputationally
heavy iterations for the lake sedimentation functidhe time step (10 years in these model runs)
could not be decreased. It is therefore recommended that future studies use Ispgéal steps,
which could also decrease model instabilities. This would come at the expeasketailed profile,
but all things considered, gpatial resolution 0180 metres wuld also yield viable results. The
current spatial resolution was 90 metres.

6.8 Additional calibration points

Thedated Sogerterrace(64 ka BPandthe T2 terrace afrinilwere used to calibrate the model
during the first 100 k#ésection4.3.1), the T2 terrace was asmel to have aggradated in the same
period as the Sogen terracdowever,Berghuis et al. (202Datedthe T2terrace at % ka BP This
would placethe T2 terracan MIS4 whereas the Sogen terraterelatedto MIS2 This would impt
that the terraces could be related to different aggraitet phases.T1, the youngest terrace
presumaby from MIS2could ke more closely related to the Sogen terraéeerrace clearly related
to the T2 at Tinil was not founcat Sogennot during fieldwork and not in the FLUVER2 model
output (Figure23). This could be due to the fact thitlS4andMIS3form a aggradatiofincision
cycle with a very small magnitudte the reconstructed climate datdn future FLUVER2 studies on
the TrinitSogen area, it igreferredto calibratethe model using the T1 terrace instead of the T2
terrace, because thiénk between theT1 terraceand MISZsless disputed compared to TA.
distinction between T2 and Tas not simulated by FLUVERZ2 due t@ry small magnitudelimate
cycle.
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Furthermore, an additional calibration poirtould provide some additionalccuracyRizal et al.
(2020)dated the lowermostNglebak terraceat an age o81+6 ka Berghuis et al. (2021)
hypothesized that the Nglebdkrracecould beformed in the same aggradation phase as the T1
terrace in TrinilThe Nglebak terrace and the Trinil T1 terrdoeth assumed to have formed in
MIS2 couldbe used asdditional calibration pointdt should however be noted thahe FLUVER?2
model output did not show aggradation eventsNdebak (in thenarrow valley through the
Kendeng HIs), whichraisessomedoubts about terrace formation in the Kendeng Hillogéther.

6.9 Additional datings

There was also additional information on dating from samples taken during the previous fieldwork
campaign in 2022At the time of writing, thessamples are being dated using IRSL (Infrared

Simulated Luminescence). These samples will improve our estimations of the sedimentation rates of
the layerslt is therefore recommended to take information from additional datings into account.
However, the upper dating limit for IRSL dating, which can be extended to about 600 ka, should also
be taken into accounfZzhang & Tsukamoto, 2022)
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7 Conclusions

All in all,in the FLUVER&Zenariosthe addition of the lakesedimentationfunctionality enabled the
FLUVERZ2 model to simulate blocking and capture ev@mgsblocking of the reverse Solo River was
most sensitive to changes @modibility, the initial profile and uplift rateEstimations of the blocking

of the reverse Solo River could not be supported by FLUVER2 model results, because the model is
too sensitive to initial conditiond'he addition of increasedblcanichillslopeerosionenabled the

riverbed height in the Kendeng Basin to be raised to modern lelkeésaddition of the variable
sedimentation factor increased the aggradatimeision cyclesmostly based on the temperature.

Model scenarioguickly blocked the Reverse SdRiver between970 and 800 ka BP, which is mot
accordance with prior estimatiorsf 550 kaby Berghuis et al. (2021 Hs started aphase in which
the Kendeng Basin was isolated, with a drier climate dubégermanently exposed Sunda Shelf
and aggradation bgrodedvolcanic hillslopenaterials.These could have been good circumstances
for fossil preservationApproximately at 600 ka, a transition phase started in which spillavére
Kendeng Hisincreased headards erosion byhe Proto-Solo RiverAsa result ofmainlyheadwards
erosion,uplift and upfilling byvolcanic material in the Kendeng Basand subsidence of the
Randublatung Valley, the capture of the Kendeng Basin is reproduced Bi.théER2 moddihe
timing of the capture, between3® and350ka, is in good agreement with prior estimations by
Berghuis et al. (2021&stimated capture850 ka)andRizal et al. (202estimated capture 50316
ka).Assumed that the BatGajahclays were deposited near sea level, and thatRandublatung
Valley subsidetbgether with the Sunda Shelf, it is likely that a reverse Solo River once discharged
the Kendeng Basin towards the sou@onsequently, a capture of the Kendeng Basgitthe proto
Solo River was also modelled aftee north-south gradientat the Kendeng Vallegversed.The
establishment of thenodern Solo Rer introduced aggradatieincisioncycles aSogen and Trinil.
Theaggradationincision cycles forming the current terracasSogerand Trinilcould bemostly
reproduced by the landscape evolution model (LEM) FLUVER2ces at Ngandong were not
reproduced de to a lack of aggradatigrhases.

However, furthemodel analysis is necessaryftily exloit the landscape evolution modéb
evaluate theSolo River evation hypothess The main recommendations are itstroduce

1) avariable lake levewnhich implications for spillover ardtynamics within the depression

2) dual flow directions, to modehe Proto-Solo River and Reverse Solo River simultaneously

3) addscenario variants witdifferent uplift and subsidence for the Sthern Mountains and
Randublatung Vallerespectively

4) variations in the amount, timing and location of blocking lahars

Furthermore, a upcoming climate modd?ljoMIRB) that includes the subsiding Sunda Shelf was
recommendedThis stug offers a starting poinfior a further advance ithe landscape evolution
modellingof the Hominin Homelandsfdrinil.
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Appendix

A. List of translations
TablelO: List of translations

Gunung Mount
Bengawan River
Gunung Sewu The thousand mountains

B. List of abbreviations
Tablell: List of abbreiations

ka Kilo annum & thousand years)
Ma Megaannum (a million years)
DEM Digitalelevationmodel

Wrt PD With respect to present day
DDF Distance force function

BP Before present

C. Model preprocessing steps

Figure24: QGIS model to perform preprocessing stépscribed in sectiohl.1.2

D. Goordinatespoints of interest

Tablel2: List of coordinatedescribed in sectiof.1.1.2 to achievea viable paheocoursehat excludes human channels
and recem natural diversions

Blocked humammade channel | Brondong (Easiava) S 6°58)1.67' E 112°1@4.51"
Blocked humasmade channel | Sungonlegowo (Eastava) S 7°027.26' E 112°338.98'
Blocked sea strait MaduraSrait S 7°053.24' E 112°3%7.71
Spring reverse Solo Wilisvolcano(EastJava) S7°5546.00' E1113833.30"
Spring current Solo PracimantorgCentralJava) S8°04'17.80"E110°51'46.56"
Submerged outlet reverse Sol Indian Ocean S8°2528.97' E11051'44.98"
Submerged outlet current Sol( Bali Sea S7°36'26.34'E114°36'17.68"
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