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Abstract 
The landscape evolution model (LEM) FLUVER2 was applied to evaluate landscape evolution 

hypotheses regarding the blocking, lake phase and consequent capture of the Kendeng Basin by the 

Proto-Solo River, thereby forming the modern Solo River. The FLUVER2 model was adapted to 

simulate blocking, spillover and capture events. These adaptations offer a starting point for a further 

advance in the landscape evolution modelling of the Hominin Homelands of Trinil. Calibration was 

based on a dated Sogen terrace and Batu Gajah clay. Results showed a rapid blocking of the Reverse 

Solo River (800 ς 970 ka BP), however, the implementation of recommendations could provide 

better insights on the blocking. A subsequent isolation phase with lakes commenced, aggradation 

and drier conditions could provide good fossil conservation conditions. At 600 ka, a transition phase 

with enhanced backwards erosion due to a spillover of the lake at the Kendeng Hills started the 

capture of the Kendeng Basin. Capture was completed between 330 and 350 ka, which is 

comparable to previous estimates. The established modern Solo River initiated aggradation-incision 

cycles at Trinil-Sogen, comparable to prior lithological interpretations at Trinil. Model scenarios with 

slight changes in tectonics and volcanic activity yielded approximately similar results. These results 

are an outcome of the complex interaction between many factors such as tectonics, climate, sea 

level changes, hillslope and riverbed erodibility, volcanic activity and longitudinal discharge and 

initial height profiles. 
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1 Introduction 
The Middle and Late Pleistocene are considered as important epochs in human evolution (Harvati & 

Reyes-Centeno, 2022). The Homo erectus dispersed from Africa to Asia in the Early and Middle 

Pleistocene (Carotenuto et al., 2016). Homo erectus is a human species which lived approximately 

between 1.8 Ma and 100 ka (Antón, 2003). Homo erectus was first identified as a separate species 

after fossils were found by Eugène Dubois. He would name the new species Anthropopithecus 

erectus (Dubois, 1894, 1896; Pop et al., 2024), but it was later renamed to Homo erectus 

(Weidenreich, 1940; Mayr, 1950). The discovery of Homo erectus is an important milestone in the 

scientific study of human origins, because Homo erectus is ancestral to Homo heidelbergensis, Homo 

neanderthalensis, Denisovans and Homo sapiens (Ni et al., 2021). The first Homo erectus fossils were 

found by Dubois at Kedungbrubus (Dubois, 1891a, 1891b; Tobias, 1966) and at Trinil (Dubois, 1892a, 

1892b; Pop et al., 2023). The Trinil fossils were excavated in a section of the riverbed of the Solo 

River. Subsequent discoveries along the Solo River yielded additional hominin fossils. Hominin 

means from humans or extinct human species. For example, at Kedungbrubus (Tobias, 1966), 

Sangiran (Von Koenigswald & Weidenreich, 1938), Sambungmacan (Baba et al., 2003), Ngawi (Kaifu 

et al., 2015) and Ngandong (Oppenoorth, 1932; Antón, 2003; Zaim et al., 2011; Widianto & 

Noerwidi, 2023). All these sites except Sangiran have in common that they were found along the 

southern margin of the Kendeng Hills. Most sites are also within the Solo catchment, however 

hominin fossils have also been found in the neighbouring Brantas River catchment to the east, near 

Mojokerto (Von Koenigswald, 1939) and in the Madura Strait (Berghuis, van den Bergh, et al., 2025). 

Furthermore, large non-hominin fossil faunas (mainly vertebrates) from different eras have been 

documented at several sites. Besides fossils, hominin tools have also been found. The sites include 

places like Trinil, Ngandong, Sangiran and Mojokerto (Von Koenigswald, 1939; Indriati et al., 2011; 

Joordens et al., 2015). The newest addition to these excavation sites is the Sogen excavation site, 

which was studied during the BASINS fieldwork campaign (see below). Sogen is located 

approximately 8 kilometres east from Trinil, along the Solo River near the town of Ngawi. All these 

sites together ŦƻǊƳ ǿƘŀǘ ǿƛƭƭ ōŜ ǊŜƎŀǊŘŜŘ ŀǎ ΨǘƘŜ ƘƻƳƛƴƛƴ ƘƻƳŜƭŀƴŘǎΩΦ 
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Figure 1: Digital elevation model of the study area during modern times, with the current Solo River catchment area 
delineated in red. The notable locations are also indicated on the map. Height data: Copernicus (2023). 

The BASINS project has three objectives, as described by Pop (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 Basin through geoarchaeological survey, excavation and archaeological analysis, 

and subsequently dating the sediments in which they are found by a multi-method dating approach. 

The second objective is to reconstruct the palaeoenvironmental background of hominin presence 

and behaviour by taking and analysing faunal, floral, geological and geochemical samples. The last 

objective is to synthesize the archaeological and palaeoenvironmental records, establishing for the 

first time a well-dated archaeological-environmental benchmark for the Middle Pleistocene on Java. 

This thesis aims to contribute to 1) the approximate dating of the Sogen sediments, and 2) the 

reconstruction of the palaeoenvironmental background, using a landscape evolution modelling 

approach. 

Amongst other studies, Berghuis et al. (2021) hypothesized that the Solo River once flowed from 

north to south, ending in the Indian Ocean. That would have resulted in a westward flow with either 

a network of smaller channels or a delta on the southern margin of the Kendeng Hills. This flow 

direction is the reverse of the current Solo River, therefore this river will be referred to as the 

άǊŜǾŜǊǎŜ {ƻƭƻ wƛǾŜǊέΦ At some point the current Solo River was established, since unidirectional 

eastward flow was observed in cross-lamination deposits at Sogen (Berghuis et al., 2021). However, 

definitive evidence for this flow reversal lacks. At a certain time, the Kendeng Basin (where Sogen 

and Trinil are located) must have been captured by a predecessor of the current Solo River. 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 due to headward erosion of a river 

(Perucca et al., 2018; Jaiswara et al., 2019; Rodrigues Salgado et al., 2021). This predecessor is called 

the proto-Solo River, and it flowed from the north of the Kendeng Hills towards the Madura Strait. 

Nowadays, the Solo River flows from west to east in the surroundings of Trinil and Sogen, originating 
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in the Gunung Sewu Karst Region, and draining to the Madura Strait northwest of Surabaya. This 

river is referred to as the current or modern Solo River. This thesis aims to investigate this hiatus 

whether the Solo River reversed its flow direction, when it could have reversed and by what 

mechanisms by developing several hypotheses. This will be done by formulating and testing 

hypotheses on flow reversal and blocking events. For example, the Solo River could have been 

blocked by a lahar, resulting in (temporary) lake formation. The Solo River could have also been 

reversed due to prolonged uplift at its outlet into the Indian Ocean, thereby blocking the river and 

eventually reversing the height gradient.  

The hypotheses will be evaluated using the FLUVER2 model (Veldkamp & Van Dijke, 1998, 2000; 

Stemerdink et al., 2010a, 2010b; Veldkamp et al., 2016). The FLUVER2 model is a reduced complexity 

2D longitudinal river profile landscape evolution model (LEM). It models the changes in the fluvial 

system along the river profile. The model is specialised in long-term river gradient modelling and 

terrace studies (Veldkamp & Van Dijke, 1998, 2000). The model simulates vertical erosion and 

deposition as a function of the time series for base-level change, precipitation, temperature, and 

tectonics. The FLUVER2 model has been implemented to research terrace formation along various 

rivers, among others the Meuse River (Tebbens & Veldkamp, 2000; Tebbens et al., 2000), the Aller 

River (Veldkamp et al., 2002), the Thames River (Stemerdink et al., 2010a), the Miño River (Viveen et 

al., 2013, 2014), the Tabernas River (Geach et al., 2015), and the Allier River (Veldkamp & Van Dijke, 

1998; Veldkamp et al., 2016). None of the rivers previously modelled in FLUVER2 involved a river 

reversal like the Solo River and the original model does not have a functionality for this. To model 

the Solo River, the FLUVER2 model will therefore be adapted to model lake formation and blocking 

events. The model will output the changes in river profile and the erosion and deposition of 

sediments over time. The sequence of deposition and erosion phases during the last 350 ka will be 

compared to the terrace sequence, in order to calibrate the model. Evaluating the river reversal 

hypotheses will contribute to the landscape evolution model of the existing Solo development 

model by Berghuis et al. (2021). From a more interdisciplinary perspective, the thesis will also 

provide a landscape-habitat context to the presence of Homo erectus in Central- and East-Java. This 

is especially relevant because traces of hominin activity have been found along lakes before, possibly 

because it can serve as a refuge for mammals (including hominins) due to the potential of diverse 

vegetation and fresh water retention during dry periods (Bludau et al., 2021). Examples can be found 

in Marathousa (Bludau et al., 2021), lake Turkana (Boës et al., 2019), Neumark-Nord (Gaudzinski-

Windheuser et al., 2014) and Ubeidiya ό.ŜƭƳŀƪŜǊ ϧ hΩ.ǊƛŜƴΣ нлмуύ. 
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2 Research objectives and questions 
The main overarching research question will be: How has the landscape along the Solo River 

evolved during the last million years? 

To answer that question, the following objectives and subquestions are set out for this thesis, as can 

be seen in Table 1. The input and calibration variables are shown in Figure 5. 

Table 1: An overview of the main objectives, and their research questions. 

Objective Research question 

Reconstruct input variables such as sea level 
change, temperature, and precipitation during 
the period of interest. 

How did input variables such as the sea level 
change, temperature, and precipitation develop 
during the last 1 Ma? 

Add a river flow blocking functionality to the 
FLUVER2 model and apply this new functionality 
to model the Solo River. 

What is the impact of the various calibration 
variables on the ability of the FLUVER2 model to 
recreate the current gradients of the Solo 
River? 

Evaluate the hypotheses about whether the Solo 
River has reversed flow, and how and when. 

Has the Solo River changed direction during the 
middle Pleistocene, and how and when? 
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3 Background current and past Solo River catchment 

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 to as ǘƘŜ άSunda ShelfέΦ ¢ƘŜ ǎǳōŘǳŎǘƛƻƴ Ƙŀǎ ŎŀǳǎŜŘ ǎŜǾŜǊŀƭ 

phases of volcanic activity. The first phase took place from at least the middle Eocene up to and 

including the early Miocene (Smyth et al., 2003, 2008; Clements et al., 2009). The Southern 

Mountains are the remnants of this first volcanic phase. The second phase started during the late 

Miocene and this phase is currently still ongoing (Smyth et al., 2003, 2008; Clements et al., 2009). 

Some argue that the second volcanic phase started during the early Pleistocene (Berghuis et al., 

2022). This phase formed among others the Lawu, Wilis and Merapi volcanoes within our region of 

interest (see map Figure 1). 

 

Figure 2: 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 of East-Java are labelled. 

3.1.1 Southern Mountains 
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 Miocene. Volcanism 

ceased during the middle Miocene, a period of temporary subsidence commenced and carbonate 

rocks started to form, culminating in the formation of the Gunung Sewu Karst Region (described 

later). After the Miocene, during the Pliocene, the Southern Mountains were uplifted, which 

increased denudation rates (Smyth et al., 2008). 
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3.1.2 Wilis 
The Wilis volcano (or volcanic complex) is 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, Wilis is presumed to be one of the 

first eruption centres when volcanism returned in the early Pleistocene. Hartono (1994) dated rocks 

possibly belonging to the oldest magmatic phase to be 1.8 ς 1.9 Ma old, on which Berghuis et al. 

(2022) based their theory that a volcanic phase started around this time. The eruptive rate has 

assumably decreased since then, but the volcano can still be regarded active, with the last magmatic 

phase occurring in the Holocene (Hartono, 1994).  

The morphology of Wilis is similar with the slopes of Old Lawu, Argowayang (dated 0.8 to 1.0 Ma old 

by Toshida et al. (2014)) and some of the more dissected and presumably older parts of the Tengger 

volcanic complex (dated 0.82 Ma old by Mulyadi (1992)). However, the Tengger volcanic complex is a 

caldera complex and is therefore different in origin from Argowayang, Old Lawu and Wilis. Note that 

there is a big difference between the datings from Wilis by Hartono (1994) on one hand and datings 

from Argowayang by Toshida et al. (2014) on the other hand. A comparison with these datings 

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

3.1.3 Lawu 
Lawu is an active volcano that last erupted in 1885 (Putra et al., 2023). The volcano can be divided 

into Old Lawu to the south and Young Lawu to the north. The Trinil and Sogen sites are located near 

the northeastern foothills of the Young Lawu volcano. 

оΦмΦоΦм hƭŘ [ŀǿǳ 

Both the Young and Old Lawu volcano was never dated, but lahar deposits at 30 to 50 kilometres 

distance have been dated. At Sangiran, the lowermost lahar was dated to have formed 

approximately 1.9 Ma ago (Bettis III et al., 2004). Based 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 Trinil, Berghuis et al. (2021) also 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 by Bartstra (1978), Hilgen et al. (2023) recently dated the same lahar at 710 ± 

120 ka. Hilgen et al. (2023) also dated hornblende fragments at Trinil to ages in a wide range from 

0.35 Ma up to 2 or even 4 Ma. However, as stated by Hilgen et al. (2023), the growth of these 

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

Furthermore, datings from morphologically similar volcanoes in East-Java provide more insight into 

the age of Lawu. Old Lawu has great similarities with the nearby Wilis volcano, as both volcanoes 

have a highly eroded morphology with deep channels of about 50-200 meters deep, suggesting 

prolonged periods of weathering. Berghuis et al. (2021) thus suggested Old Lawu to be of similar age 

as the Wilis volcano (1.9 ς 1.8 Ma old, dated by Hartono (1994)). 

оΦмΦоΦн ¸ƻǳƴƎ [ŀǿǳ 

In contrast to Old Lawu, Young Lawu has few erosion channels with a maximum depth of 50 meters.  

This means it has more morphological similarities with Merapi (dated 138 ±3 ka by Gertisser et al. 

(2012)) and Arjuno-Welirang, which was 100 ka old according to K-Ar datings by Toshida et al. 

(2014). 
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3.1.4 Merapi 
The Merapi volcano is an active volcano that belongs to a group of four stratovolcanoes, which also 

includes Ungaran, Telomoyo and Merbabu. Merapi has seen repeated edifice building and collapse 

cycles which destroyed large parts of previous volcanic edifices. The lahars and edifice collapses 

were mostly directed towards the Borobudur basin and Yogyakarta in the west and south and 

therefore away from the Solo catchment (Gertisser et al., 2023). These lahars dammed the Progo 

river, creating several generations of palaeolakes (Gomez et al., 2010). However, due to the distance 

between the Solo and the Merapi, it is questionable whether Merapi had any influence on blocking 

events of the Solo River. It has been proposed that formations of the Kendeng basin form the 

basement underneath the Merapi volcano (Harijoko et al., 2023) potentially together with material 

from the older Merbabu volcano. 

Due to these repeated edifice collapses, the modern Merapi summit is relatively very young, about 

6700 to 2200 years old (Camus et al., 2000). Remnants of previous edifices are exposed on some 

places. Gunung Bibi could be the oldest exposed edifice, Gunung Bibi has a few outcrops to the 

northeast of the modern summit. Berthommier (1990) K-Ar dated a sample close to the top of 

Gunung Bibi to have formed about 670 ka ago. However, this sample was disputed by Newhall et al. 

(2000) who interpreted Gunung Bibi as a younger flank vent. Gertisser et al. (2012) used 40Ar/39Ar 

dating and found an age of 109 ±60 ka for Gunung Bibi. The same study also found slightly older 

outcrops of 135 and 138 ±3 ka. It was therefore assumed that volcanic cone construction initiated at 

least 138 ka ago. Drill cores at Candi Borobudur by Gomez et al. (2010) dated the oldest basaltic 

andesite rocks at that location to 361 ± 6 ka, however, they could not determine whether it came 

from the Merapi. 

The morphology of the (presumably) oldest northeastern part is most similar to Kelud and the Kawi-

Butak volcanoes. These have been constructed about 200 ka ago according to K-Ar datings. These 

would suggest that the volcanic edifice could be older than the 138 ka estimate from Gertisser et al. 

(2012). 

3.1.5 Continuing the East-Java volcanic arc 
The East-Java volcanic arc is an east-west trending volcanic arc. The Wilis and Lawu volcanoes have 

already been discussed. In this section the remaining volcanoes from the Kelud volcano up to the 

Raung-Ijen volcanic complex in the far east will be discussed. The main volcanoes in this arc are the 

Arjuno-Welirang volcanic complex, the Tengger volcanic complex, the Iyang-Argopura volcanic 

complex and the Raung-Ijen volcanic complex. These mountains flank the Madura Strait Shelf, which 

is the downstream part of the Solo catchment during sea level lowstands. These volcanoes would 

have some influence on the Solo river because tributaries can transport sediments to the Solo River 

during sea level lowstands. The influence of these volcanoes and their tributaries on the Trinil area, 

located 400 kilometres upstream, is likely rather small. 

оΦмΦрΦм !ǊƧǳƴƻπ²ŜƭƛǊŀƴƎ ǾƻƭŎŀƴƛŎ ŎƻƳǇƭŜȄ 

The Arjuno-Welirang volcanic complex comprises of multiple eruption centres that were active 

during different periods, the youngest eruption centres are still regarded active. According to 

Toshida et al. (2014), the first eruptive centre (Argowayang) formed between 1.0 and 0.8 Ma. This 

eruptive centre now 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 from the other eruptive centres, being Kelud (200 ka), Kawi-Butak (200 ka), and Arjuno-

Welirang (100 ka). Currently, Arjuno-Welirang is the most prominent edifice. 
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оΦмΦрΦн ¢ŜƴƎƎŜǊ ǾƻƭŎŀƴƛŎ ŎƻƳǇƭŜȄ 

The Tengger volcanic complex comprises of repeated activity at Tengger and Semeru. Multiple 

edifice buildup and caldera collapse cycles occurred at the Tengger eruption centre, currently this 

volcanic complex is still active. Age estimates for the Tengger volcanic complex range from 0.5 Ma 

(Toshida et al., 2014) to 0.82 Ma (Mulyadi, 1992; Van Gerven & Pichler, 1995; Wardell, 2018). The 

volcano was assumed to be at least 0.82 Ma old. Comparisons to other volcanoes are difficult 

because the morphology of the Tengger volcanic complex is heavily altered by caldera collapses. 

оΦмΦрΦо LȅŀƴƎπ!ǊƎƻǇǳǊŀ ǾƻƭŎŀƴƛŎ ŎƻƳǇƭŜȄ 

The Iyang-Argopura volcanic complex is a poorly studied area without any datings available. Of all 

volcanic edifices, the morphology of the Iyang-Argopuro volcanic complex is the most dissected. 

Therefore, based on the morphology which suggests prolonged weathering and erosion, an age 

similar to Wilis is assumed (1.9 Ma, based on Hartono (1994)). The morphology of Wilis is slightly 

less dissected compared to the Iyang-Argopura volcanic complex. 

оΦмΦрΦп wŀǳƴƎ ŀƴŘ LƧŜƴ ǾƻƭŎŀƴƛŎ ŎƻƳǇƭŜȄŜǎ 

Lastly, the past evolution of the Raung and Ijen volcanic complexes are poorly known. The Ijen 

volcanic complex has seen at least one major caldera forming eruption, which formed the Ijen 

caldera (Handley et al., 2007; Gunawan & Suparman, 2019). The caldera forming eruption was 

preceded by what was presumably the first stage of volcanism.  

According to K-Ar datings from Sitorus (1990) this first stage commenced around 290 ±3 ka ago 

(Handley et al., 2007; Gunawan & Suparman, 2019). The Raung-Ijen 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 Ijen 

volcanoes on the model is likely limited, since it is close to the end of the (almost) Solo River course 

used in the FLUVER2 model scenarios. 

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 of the Indian-Australian plate 

underneath the Eurasian plate. The subsidence and uplift rates used in the model are shown in 

Appendix A.H. 

3.2.1 The Rembang and Kendeng Hills 
Nowadays, the Kendeng is a hilly ridge with altitudes up to 120-180 meters above sea level. In the 

centre of the ridge, Mount Pandan can be found, with altitudes over 800 meters. During the late 

Miocene, an compression and uplift phase started uplifting the Rembang Hills and Southern 

Mountains, which were submerged until then. The Western Kendeng Hills were formed as a fold-

and-thrust belt over de former back-arc basin. By the end of the Pliocene, the east to west oriented 

thrust and fold zones emerged from the sea (Berghuis et al., 2022). The Kendeng Hills mostly consist 

of carbonate rocks. The carbonate rocks could have once been overlaid by a calcareous mudstones 

or marine clays, but these have been eroded away over time (Berghuis et al., 2022). A small section 

of the Kendeng Hills around Mount Pandan, is volcanic in origin (Widianto & Noerwidi, 2023). It is 

unknown when Mount Pandan volcano and lahar complexes were formed. 
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оΦнΦмΦм ¦ǇƭƛƊ ŀƴŘ ǎǳōǎƛŘŜƴŎŜ ǊŀǘŜǎ ƛƴ ǘƘŜ YŜƴŘŜƴƎ Iƛƭƭǎ 

During the last 350 ka, the Kendeng Hills have been uplifted due to the activation of the Kendeng 

thrust fault. Berghuis et al. (2021) calculated incision rates of 200 mm/ka at the point where the Solo 

River breaks through the Kendeng Hills. These incision rates were assumed to be roughly similar to 

the tectonic uplift rate, and therefore used in the FLUVER2 model scenarios for both the Rembang 

and Kendeng Hills. Prior 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, where Sarr et al. (2019) found 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, and up to 150 mm/ka for the northern part of the Kendeng Hills, were used in the FLUVER2 

model scenarios. The change from subsidence to recent uplift was also noted by Berghuis 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 model scenarios, from 400 ka near Sangiran to 100 ka 

near Surabaya. This approach will also be applied to the Randublatung Valley. 

3.2.2 Gunung Sewu Karst Region 
The Gunung Sewu Karst Region, just south of the current Solo catchment, is an elevated limestone 

plateau which formed during a phase of subsidence during the middle Miocene and upper Pliocene. 

This region began to be uplifted during the late Pliocene and/or early Pleistocene (Haryono & 

Suratman, 2010), potentially later than the adjacent Southern Mountains where uplift started in the 

late Miocene (Smyth et al., 2008). It is hypothesised that a river once discharged a significant portion 

of the present-day Solo Catchment towards the Indian Ocean. Evidence for this palaeo-Solo River 

may be found in an abandoned dry river valley known as the Sadeng dry valley (Figure 3) (Haryono & 

Suratman, 2010). This valley ascends towards the north from sea level up to about 200 meters above 

sea level. There are no uplift rates estimates for the Gunung Sewu Karst Region, but Martosuwito et 

al. (2013) did identify three marine terraces and three river terraces in the Sadeng valley. In the 

FLUVER2 model scenarios, an uplift rate of 300 mm/ka was assumed. 
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Figure 3: The location of the Sadeng valley (an inferred old Solo valley) labeled in Figure 2, which is currently an abandoned 
dry river valley through Gunung Sewu connecting the Indian Ocean and the present day southern edge of the Solo River 
catchment. Besides the Sadeng dry valley, two additional dry valleys are shown. 

3.2.3 The Kendeng and Solo Basins 
Within the current Solo catchment, the Kendeng Basin is one of the main features. It is defined as 

the basin in between the Kendeng Hills (in the north) and the Southern Mountains (in the south), 

continuing all through East-Java (Smyth et al., 2008). The Kendeng Basin is a back-arc basin, partially 

subsided due to volcanic loading (Leeder et al., 1995; Smyth et al., 2008; Waltham et al., 2008). Part 

of the Kendeng Basin, called the Solo Basin, is of specific relevance because the Sogen and Trinil 

excavation areas are located within it. The original stratigraphical information from the basin around 

Trinil and Sogen mostly dates from the first half of the 20th century (Duyfjes, 1936, 1938). However, 

those ǎǘǊŀǘƛƎǊŀǇƘȅΩǎ are currently mostly outdated and being revised (Berghuis et al., 2021; Hilgen et 

al., 2023). This revision shows renewed attention to the geological context and the stratigraphy of 

the excavation sites (Rizal et al., 2020; Berghuis et al., 2021, 2022; Hilgen et al., 2023). The revised 

stratigraphy and formation names in these publications will be used. 

оΦнΦоΦм YŀƭƛōŜƴƎ ŦƻǊƳŀǝƻƴ 

Volcanic depositions of the southern mountains form the basement rocks underlying the Kendeng 

Basin (Smyth et al., 2008; Clements et al., 2009). The first formation on top of these volcanic 

basement rocks is known as the Kalibeng formation. This is a marine formation formed on the outer 

edges of a submerged continental shelf during the late Pliocene. The formation consists of massive 

calcareous mudstones. Due to uplift, the formation became exposed in the Kendeng Hills and locally 

in the riverbed directly north of Trinil.  
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оΦнΦоΦн tŀŘŀǎ aŀƭŀƴƎ ŦƻǊƳŀǝƻƴ 

During the early Pleistocene (~2.6 ς 1.8 Ma), uplift caused the sea to become shallower, prompting a 

new depositional environment and thus a new coastal formation, known as the Padas Malang 

formation (a new unit proposed by Berghuis et al., 2021). 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.  

оΦнΦоΦо .ŀǘǳ DŀƧŀƘ ŦƻǊƳŀǝƻƴ 

After the Padas Malang formation, volcanic activity increased. Two volcanoes, Lawu (first Old Lawu, 

an ancient lava dome, later surpassed by Young Lawu), and Wilis (Putra et al., 2014; Berghuis et al., 

2021), started building prominent stratovolcanoes in the Solo Basin about 1.9 Ma ago, during the 

early Pleistocene. The construction of the oldest formations of Merapi (Gunung Turgo) could have 

initiated later. The oldest lava flow was dated with K-Ar to be deposited approximately 138 ka ago 

(Gertisser et al., 2012), or 361 ± 6 ka ago, but Gomez et al. (2010) could not determine whether it 

came from the Merapi. These volcanoes formed lahars and tuff-deposits, which filled the Kendeng 

Basin. Old Lawu could have produced several lahars that reached up to Sogen and Trinil, resulting in 

some volcanic deposits (Berghuis et al., 2021). These volcanic deposits are part of the next 

formation: the Batu Gajah formation. This formation formed during the second half of the early 

Pleistocene (~1.8 ς 0.6 Ma). The sedimentology of this formation mainly consists of lahars (also 

referred to as volcanic or clayey breccia by Berghuis et al. (2021)) and black clays. Furthermore, 

layers of tuff, palaeo-ferralsols, palaeo-vertisols, and vitric ash are present. The tuff and lahars are 

welded and often rich in both volcanic and non-volcanic 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, suggesting a wetland period. The clay layers can be interpreted as a 

landscape alternating between coastal and terrestrial influences. These non-volcanic layers are 

alternating with lahars from the developing Lawu stratovolcano. The Batu Gajah formation at Trinil 

and Sogen has yielded a few vertebrate fossils. However, vertebrate fossils have been found 

between lahars at Kedungbrubus (Bartstra, 1983). 

оΦнΦоΦп ¢Ǌƛƴƛƭ ŦƻǊƳŀǝƻƴ 

On top of the Batu Gajah formation, the Trinil formation starts. Berghuis et al. (2021) states that 

dated sediments from shells, datings performed by Joordens et al. (2015), provide an estimate for 

the start of the Trinil formation, being ~550 ka old (Middle Pleistocene). At Sogen and Trinil, this 

formation lacks any lahars and mainly consists of fluvial deposits such as clay, sand, and gravel, 

intermixed with ash layers. There are also multiple sequences with palaeosoils, often showing 

evidence of vertic properties. From the early Pleistocene up to approximately 550 ka, the sediments 

can partially be linked to global sea-level changes because of a fluctuating marine base level 

(Berghuis et al., 2021). Sediments are also linked to erosion-deposition cycles because of changing 

sediment availability due to climate and volcanism. However, the sediment units from approx. 550 

ka up to 350 ka have lost these marine fluctuations. Despite large sea-level fluctuations in this 

period, the fluvial beds of the Trinil formation have great lateral continuity (Berghuis et al., 2021). In 

addition, palaeo-channels were mostly shallow. This suggests a limited gradient, a stable base level, 

which could be evidence of a lake phase, isolated from the marine base level. The sandy layers are 

cross-bedded, which was observed with a northeast orientation at Trinil (Dubois, 1894, 1896; 

Berghuis et al., 2021) and with a southeast orientation at Sogen (Berghuis et al., 2021). This would 

suggest that an eastwards flow, regardless of magnitude, was present during the deposition of the 

Trinil formation. Some fine grained layers 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 dip of 2 to 10 degrees at Trinil (Berghuis et al., 2021).  

оΦнΦоΦр {ƻƭƻ ŦƻǊƳŀǝƻƴ 

The gradual aggradation of the Trinil formation ends as the terraces of the Solo formation point to 

incision-aggradation cycles. The oldest preserved Solo terraces at Ngandong are ~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 formation. Potential causes for these terraces could be 

uplift (Berghuis et al., 2021), although these terraces could also have been formed due to changes in 

sediment availability because of volcanism (Berghuis et al., 2021), climate, and sea-level. 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). 

оΦнΦоΦс ¦ǇƭƛƊ ŀƴŘ ǎǳōǎƛŘŜƴŎŜ ǊŀǘŜǎ 

The Kendeng Basin has been slightly subsiding, potentially due to cone loading by the Lawu volcano 

(Berghuis et al., 2021). The 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 slightly uplifted. Uplift rates 

at the section along the southern margins of the Kendeng hills were based on terrace formations. 

Berghuis et al. (2021) calculated 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 model scenarios. 

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 the Randublatung Valley. Remarkably, there is no 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 a slightly smaller magnitude of 150 mm/ka, compared to the 200-300 

mm/ka suggested for the Sunda Shelf by Sarr et al. (2019). 

3.2.5 Madura Strait 
The Madura Strait is a narrow strait between East-Java and the Madura Island, it is approximately 3 

to 6 kilometres wide. The 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 Shelf.  Berghuis et al. (2025) 

found evidence that the Solo River might have flowed through the Madura Strait between 350 and 

140 ka. They argue that the Solo River broke through the Madura-Rembang 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 implemented due to time constraints. Tectonic 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 Shelf (Berghuis 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 what Sarr et al. (2019) proposed 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 FLUVER2 model scenarios. 
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3.3 Fluvial activity 

3.3.1 Current Solo River 
In modern times, the Solo River is the dominant factor determining the landscape. The Solo River is 

the main river in Central and East-Java. The Solo River is about 525 km long, and the current 

catchment measures almost 16,000 km2 (Figure 1). The river is currently flowing from the south to 

the north, where it flows into the Java Sea. Before 1888, the river flowed into the Madura Strait. But 

in 1888 the mouth of the Solo River was diverted with a northward channel (Hoekstra, 1988). The 

delta is sediment dominated, as can be seen from the rapidly prograding river fingers (Hoekstra, 

1988). Along the river, some terraces are present, for example around Trinil (Berghuis et al., 2021). 

The rest of the landscape is undulating at some ridges and relatively flat along the Solo River. The 

current source of the main Solo River is located in the Southern Mountains. The 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 as through the Plopoh-Kambengan range (near Wonogiri, first described by Van 

Bemmelen (1949)), through volcanic deposits between Sambungmacan and Trinil, and through the 

Kendeng Hills. The current climate in the Solo catchment can be classified as tropical monsoon (Am) 

and tropical savannah (Aw). The region is warm all year round, but has a very pronounced dry 

season and rain season. During the rainy season, the discharge of the Solo River drastically increases. 

As a result, sediment transport dynamics will be much more active during the wet season. Near the 

higher altitudes (volcanic peaks), there is a change to tropical rainforest climate (Af) and temperate 

climates (Cwb and Cfb) due to lower average temperatures and higher annual precipitation (Beck et 

al., 2018). At Ngawi, the Madiun River, which is an important tributary draining the southeastern 

part of the catchment, joins the Solo River. In the upper and middle courses of the river, there are 

several hydropower reservoirs. The biggest of which is the Gajah Mungkur Reservoir (Figure 3).  

3.3.2 A reversed 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 was connected to the Indian Ocean (Figure 

3). In the Sadeng dry valley, three river terraces can be found (Haryono & Suratman, 2010). 

Furthermore, Berghuis et al. (2021) and Dubois (1984, 1896) observed eastwards palaeocurrents in 

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 level (Berghuis et al., 2021). Furthermore, the diatomite clay layers in the Trinil 

formation suggest the presence of a lacustrine environment. Using the direction of the 

palaeocurrents, a potential lake could have been located east of Trinil (Berghuis et al., 2021). The 

lake could have been present due to a blocking of the Solo River because volcanic damming is known 

to potentially cause (temporary) lake formation (van Gorp et al., 2013; Schoorl et al., 2019). 

Consequently, the former reverse Solo catchment could have been captured by the proto-Solo river. 

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 due to headward erosion (Perucca 

et al., 2018; Jaiswara et al., 2019; Rodrigues Salgado et al., 2021). This leads to the various 

hypotheses, which will be further discussed in the third phase of the methodology. Important 

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



14 
 

Table 2: explanations for the Solo River toponyms used in this study. 

Toponym used Description 

Current/modern/present-day Solo River The Solo River as of today, formed by the 
capture of the Kendeng Basin, flowing from S-
SW down to the N-NE. 

Reverse Solo River An hypothesized Solo 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 River, roughly draining towards 
the south. Largely matches the modern 
upstream Solo River. 

Proto Solo River The Solo River before the capture of the 
Kendeng Basin. The river flowed in an 
eastwards direction from the Kendeng Hills in 
towards the Madura Strait Shelf. Forms the 
downstream part of the modern Solo River. 
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4 Methodology 
Our objective, to the simulate results for the various scenarios, was achieved in four phases. Firstly, 

the input variables were reconstructed. In the second phase, the FLUVER2 model was adapted to be 

able to model lake formation. A third phase followed in which the model was calibrated. In the last 

phase the scenarios were implemented and simulated. 

 

Figure 4: The results were acquired in four phases. 
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Figure 5: An overview of the most important input, calibration and output variables. 

4.1 Phase 1: reconstructing input variables 
The first phase of the study consisted of reconstructing the input variables. The main input variables, 

as listed in Figure 5, were: 

1. Current river gradient longitudinal profile 

2. Sea level time series 

3. Temperature 

4. Precipitation 

The time series covered a period from 1 Ma up to the present. In this phase, the first sub-question 

was ŀƴǎǿŜǊŜŘ όάHow did the sea level change, temperature, and precipitation develop during the 

last million years?έύΦ ¢ƘŜ Ƴŀƛƴ ƛƴǇǳǘ ǾŀǊƛŀōƭŜǎ ǿŜǊŜ ǳǎŜŘ ƛƴ ǇƘŀǎŜ о to support the calibration. 

4.1.1 Current riverbed height profiles and discharge 
In order to model the evolution of the Solo River, the reconstruction of the longitudinal river 

gradient (riverbed height profile) was important. The initial longitudinal profile was needed to run 

the model, the current longitudinal river profile was needed to validate the calibration results. Both 

longitudinal river profiles should include the complete contemporary- and palaeo-course of the 
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river, that also includes the part of the profile that is currently submerged. This is because the 

FLUVER2 model also needs height data up to and including the delta during periods with sea-level 

lowstands. For the current riverbed height profile, the Copernicus DEM (a Digital Elevation Model by 

the European Space Agency (2023)) and the Gebco bathymetry DEM from the Seabed2030 project 

(Mayer et al., 2018; GEBCO Compilation Group, 2024) were 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 current (submerged) river course and a profile 

with the reversed palaeo-course towards the south were required. 

пΦмΦмΦм LƴǇǳǘ Řŀǘŀ 

The horizontal resolution of the Copernicus and Gebco DEMs were respectively 30 meters and 15 

arc-seconds (approximately 460 meters). Copernicus has pre-treated the data by applying a water 

body mask to replace the noise in the DEM caused by the radar signal penetrating and reflecting 

from water surfaces (Leister-Taylor et al., 2020). The Copernicus DEM thus has a river mask with 

vertical steps of 0.5 m. The mask smoothly follows the course of the current main rivers. The vertical 

height resolution was less than 1 mm. Furthermore, 90% of the Copernicus DEM had a vertical linear 

error of less than 4 metres. Regarding the horizontal circular error accuracy, 90% of the DEM grid 

was within 6 metres of its horizontal true position (Airbus, 2020). Gebco has a vertical height 

resolution of 1 meter and a Root Mean Square Error (RMSE) of 3 to 5 metres compared to ICESAT-2 

results (Ince et al., 2024). 

пΦмΦмΦн 5ŀǘŀ ǇǊŜǇǊƻŎŜǎǎƛƴƎ 

Firstly, the DEM had to be preprocessed. All preprocessing steps are displayed in Appendix A.C, a 

simplified version can be found in the figure below. 

 

Figure 6: A flow diagram of the data processing steps. 

Preprocessing started with aligning the two DEM rasters using the minimum method. For the 

Copernicus and Gebco DEM, cell sizes of 90 and 270 meters were chosen respectively. The choice 

was made to change the cell sizes for the Copernicus DEM from 30 to 90 meters and for the Gebco 

DEM to 270 meters to save computational time, and to align the adapted Copernicus raster with the 

original. The Copernicus and Gebco rasters were also aligned by resampling the Gebco raster. 
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Next, the sea areas in the Copernicus DEM were selected. The selection criteria was as follows: a 

group of cells with a height of 0 m and a total surface larger than 200 km2. The resulting sea areas 

were then given no data values in order to function as the outlet area for the channel network tool, 

which will be explained later. For the Gebco bathymetry DEM, outlet areas for the channel network 

tool were defined as all areas with an elevation lower than -300 meters, since these areas are 

assumed permanently submerged, taking sea level fluctuations and tectonics into account. 

Next, it was assessed whether the channel network tool would result in a viable palaeo-course. A 

palaeo-course that follows a human-made channel would for example not be a viable river course. 

Applying the channel network tool to the Copernicus and Gebco DEMs without modifications 

resulted in a river course following human-made channels from the 19th (Hoekstra, 1988) and 20th 

century (Google Earth Engine, 2023) instead of the natural palaeo-course of the Solo River to the 

east. The coordinates of these human-made channels can be found in Appendix A.D. Therefore, two 

human-made channels had to be blocked by manually raising the height of several raster cells in the 

DEM, which was done using the Serval tool. After editing, the channel network tool resulted in the 

current natural course instead of a human-made course. 

Furthermore, reconstructions (Berghuis et al., 2021, 2022, 2025) indicate that during sea level 

lowstands, the Solo River flowed east-southeast through the Madura Strait. This was supported by 

seismic profiles revealing a fluvial system directed eastward. Using the original Gebco bathymetry 

DEM, the channel network tool directs the modelled Solo River northeastward into the current Java 

Sea. To simulate the flow towards Surabaya in the east-southeast, the northwards flow was 

artificially blocked, similar to the human-made channels in the section above. The coordinates of the 

blocked northerly Madura Strait can be found in Appendix A.D.  

To remove small depressions in both the DEMs, the fill sinks tool (Wang & Liu, 2006) and the sink 

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

ǎƭƻǇŜ ƻŦ лΦллм ŘŜƎǊŜŜǎΦ ¢ƘŜ ǎƛƴƪ ǊŜƳƻǾŀƭ ǘƻƻƭ ǳǎŜŘ ǘƘŜ άŦƛƭƭ ǎƛƴƪǎέ ƳŜǘƘƻŘΣ ǿƛǘƘƻǳǘ ŀ ǘƘǊŜǎƘƻƭŘΦ ¢Ƙƛǎ 

completed the preprocessing of the DEMs. 

пΦмΦмΦо .ǳƛƭŘƛƴƎ ǊƛǾŜǊ ŎƻǳǊǎŜ ŀƴŘ ǎƳƻƻǘƘƛƴƎ ǊƛǾŜǊ ǇǊƻŬƭŜ 

The preprocessed DEMs were the input for the channel network and drainage basins tool (Conrad, 

2003). The main output from this tool was the channel 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 Appendix A.D. 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.  

¶ The current river course was started at the northernmost point of the Sadeng dry valley 

(Figure 3). It continued in a northerly direction towards Surakarta, before turning east 

towards Ngawi. After Ngawi, it turned north again through the Kendeng Hills, after which it 

flowed east again in the direction of Surabaya.  

¶ The reversed river course begins on the footslopes of the Wilis volcano (Figure 2), while a 

second river course starts on the northernmost Sadeng dry valley, continuing southward. 

The reversed river course was constructed by combining the Wilis-Ngawi 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, and using a raster calculator, the cells forming the river course 

were assigned heights from the DEMs (present-day 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 profiles were smoothed because the Copernicus DEM had discrete 0.5 m steps due to a 

river mask. The 1 meter height steps of the Gebco DEM were also smoothed. Natural steps in the 

river profile, for example due to tectonics or different lithologies, were not interpolated. 

Furthermore, the dams and water reservoirs were removed from the profile. In order to identify 

water reservoirs, maps (OpenStreetMap contributors, 2023) and satellite imagery (Google Earth Pro 

V7.3.6, 2023) were used in combination with the DEM. The resulting profiles will be used for 

validating the calibration phase. 

4.1.2 Reconstructing river discharge volumes 
The river discharge volumes were reconstructed by using the top-down flow accumulation tool 

όhΩ/ŀƭƭŀƎƘŀƴ ϧ aŀǊƪΣ мфупύ on the pre-processed DEM. The resulting discharge profile was 

simplified before implementation. The 60 largest tributaries from the modern Solo River were 

added. The forty largest were used to reconstruct the discharge of the reverse Solo River (shorter in 

length, therefore only forty tributaries). To maintain model stability, the additional discharge from 

the tributaries was spread over the next 20 model grid cells. Overlapping tributaries were joined 

together. These tributaries were also used to add a sediment influx to the discharge influx in section 

4.2.5. The remaining sections between tributaries were interpolated linearly. 

пΦмΦнΦм /ƻƳǇŀǊƛǎƻƴ ǘƻ ƳŜŀǎǳǊŜƳŜƴǘǎ 

The bounds for realistic flow volume values were set between 100 and 165,000 m3 s-1 (upper bound 

based on the discharge of the Amazon according to the model of Arheimer et al. (2020)). 

Furthermore, Hoekstra (1987, 1993) measured discharge data at Babat (East-Java). During the wet 

season, discharge varied between a minimum of 310 and a maximum of 4000 m3 s-1. Average 

monthly values varied between 800 and 1000 m3 s-1. During the dry season, discharge often dropped 

to 50 m3 s-1, with average monthly values varying between 80 and 250 m3 s-1. The results of the 

discharge calibration are elaborated in section 5.2. 

4.1.3 Reconstructing global sea level 
A sea level time series was needed to reconstruct delta dynamics at the coastline. In the FLUVER2 

model, the coastline (a certain time dependant height) determines where the sediment transporting 

capacity decreases and sedimentation thus takes place, resulting in delta formation. The sediment 

transport capacity is decreased by the distance force function (DFF), which decreases discharge to 

make sedimentation dominant over erosion. The equations of the DFF (Equation 6) are further 

explained in section 4.2.1. To reconstruct the sea level throughout the last 1 Ma, the global sea level 

reconstruction from Berends et al. (2021) was used. Berends reconstructed a sea level which was -

3.32 m with respect to present day (wrt PD) at 0 ka. To make this Berends sea level time series 

comparable to modern sea level, the time series was corrected by +3.32 meters. Compared to other 

available sea level reconstructions, Berends et al. (2021) had a higher sea level. The time series from 

Berends averaged -45 m wrt PD compared to -60 and -62 m wrt PD from Bintanja & Van De Wal 

(2008) and Spratt & Lisiecki (2016) respectively. It also had a lower standard deviation compared to 

Bintanja & Van De Wal (2008) and 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 are mostly limited 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., 2016). These 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 precipitation and temperature 
The precipitation data was needed to reconstruct the discharged water volume of the modelled Solo 

River throughout 1 Ma, which influences erosion and sedimentation. The temperature data was 

mainly needed to reconstruct the availability and erodibility of the hillslope material, and due to 

FLUVER2 adaptations also for the sedimentation factor. Potential reconstructions based on proxy 

measurements can be achieved by pollen and charcoal analyses or on isotope analysis. However, 

these reconstructions are not available in close proximity (Van der Kaars et al., 2000; Meckler et al., 

2012, 2015), and most measurement series only cover a fraction of the desired 1 Ma reconstruction 

period (Van der Kaars & Dam, 1995). 

пΦмΦпΦм ! улл ƪŀ ǊŜŎƻƴǎǘǊǳŎǝƻƴ 

Due to the lack of an existing reconstruction in close proximity spanning the whole desired 1 Ma 

period, climate models were used to reconstruct the palaeoclimate. Various datasets with modelled 

precipitation and temperature data were available. However, few models included the sea level as a 

variable in their precipitation and temperature model. Especially for the Java Sea (north of the 

research area) this likely has a large impact. The Java Sea is a shallow sea which only existed during 

recent sea level high stands. The emerged sea floor is called the Sunda Shelf. Sea level lowstands are 

associated with drier circumstances because large swaths of the Sunda Shelf emerged, high stands 

are associated with wetter circumstances (Griffiths 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 masks (e.g. Barreto et al. (2023)). Krapp et al. (2021) has a dynamic sea level, 

meaning that model grid boxes can turn from land into ocean or ice. Therefore, Krapp et al. (2021) 

was used. They reconstructed the temperature and precipitation of the past 800 ka using a statistics-

based model. It is an extension to the existing HadCM3 climate simulations of the past 120 ka 

(Singarayer & Valdes, 2010). 

However, the reconstruction from Krapp only covered the period from the present up to 800 ka, 

whereas the FLUVER2 model will simulate 1 Ma. The Paleo-PGEM model dataset (Barreto et al., 

2023) was used to complement the climate time series up to 1 Ma. Paleo-PGEM covered the last 5 

Ma, but used a fixed land/sea mask based on the current coastlines (whereas Krapp had a dynamic 

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 differences from Paleo-PGEM 

varied mostly between -0.27°C and 0.58°C). The precipitation reconstructions showed large 

differences in amplitude due to the fixed land/sea mask of Paleo-PGEM. Consequently, only the 

Paleo-PGEM temperature data was used to extend the temperature time series to 1 Ma. The 

precipitation was reconstructed differently. First the temperature and precipitation from Krapp et al. 

(2021) were correlated in a linear relationship. The influence of the sea level was not taken into 

account The resulting linear relationship was then applied to the Paleo-PGEM temperature data in 

order to reconstruct precipitation. The temperature reconstruction from Paleo-PGEM was used 

directly. The period between 800 and 815 ka was linearly interpolated for temperature and 

precipitation in order to smoothly transition from Krapp data (0-0.8 Ma) to modified Paleo-PGEM 

data (0.815 Ma ς 1 Ma).  
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Figure 7: 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). 

пΦмΦпΦн ! ǎǳōǎƛŘƛƴƎ {ǳƴŘŀ {ƘŜƭŦ 

Next, the dataset should be modified in order to reflect the subsidence of the Sunda Shelf, because 

the Krapp and Paleo-PGEM data 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 exposed (Sarr et al., 2019; Salles et al., 2021; Husson et al., 2022). In the upcoming 

PlioMIP3 model this permanently exposed Sunda and Sahul shelf will be included. This will be the 

next version of PlioMIP by Haywood et al. (2024), which is not yet published at the time of writing. 

To analyse the potential correlation between the precipitation and the Sunda Shelf that was 

previously (permanently) emerged, the percentage of emerged land area was calculated first. 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 and S 7.4° E 107.2°, S 10.9 E 115.2° for the 

south). A height histogram for these areas was created. Then, by using the same sea level data as 

Krapp (who used Spratt & Lisiecki (2016)), a time series with the percentage exposed land mass for 

both the northern and southern raster was reconstructed. 

The prevailing winds during the wet monsoon season (October up to April) are most important to 

the total precipitation sum, because roughly 90% of all precipitation in the Solo catchment nowadays 

falls during the wet monsoon season. As found by Griffiths et al. (2013), the prevailing winds during 

December ς 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 is assumed to be a determining factor to the precipitation sum, besides temperature. 

During the dry monsoon, the winds are from the southeast. All in all, the region north was assumed 

to determine 90% of the precipitation, and the south was assumed to determine to remaining 10%. 

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 by variability in land exposure (Equation 1). The 

exposure calculations from the previous step were now repeated, now including the subsidence. The 
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Solo catchment is located on the very southern margin of the Sunda Shelf. Therefore from the 0.2 ς 

0.3 mm yr-1 subsidence rate deemed to be representative for the entire Sunda Shelf by Sarr et al. 

(2019), this study uses the lower edge of the range: 0.2 mm yr-1 subsidence. The area to the south 

experienced less substantial tectonic changes, so it was assumed to remain stable. 

Equation 1 

ὖ  υςφυςχρzὝ ρφχzϷ ὩὼὴέίόὶὩ 

Equation 2 

ὖ  ὖ ρφχzϷὩὼὴ  ϷὩὼὴ  

4.1.5 Reconstructing catchment morphology 
The catchment morphology was reconstructed because the height of the hillslope material relative 

to the river height is also important in modelling the influx of eroded hillslope sediments into the 

Solo River. 

пΦмΦрΦм ¢ƘŜ ŎǳǊǊŜƴǘ ƘƛƭƭǎƭƻǇŜ ƘŜƛƎƘǘǎ 

The current hillslope heights were calculated by using the preprocessed DEMs as discussed in section 

4.1.1. By setting river course cells to no data values, the river course cells became the outlet areas 

for the channel network and drainage basins tool (Conrad, 2003). This effectively calculated the 

drainage basins of all the Solo tributaries. For all drainage basins larger than 50 square kilometres 

the 98th percentile of their height was calculated. This is a slightly different method compared to the 

60 largest tributaries used in the discharge reconstruction (section 4.1.2). They were then grouped in 

all tributaries left and right of the Solo River. The height of the tributary basin left and right were 

averaged for each point along the Solo River. Lastly, 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 by adding a weighing factor which slightly increases erosion from nearby tributaries, and 

decreases erosion from faraway tributaries. 

пΦмΦрΦн wŜŎƻƴǎǘǊǳŎǝƴƎ ƘƛƭƭǎƭƻǇŜ ƘŜƛƎƘǘǎ 

Hillslope heights can change over time, mostly due to tectonics and volcanics. The tectonic uplift or 

subsidence rates can be found in Appendix A.H. In order to check whether changes of the hillslope 

height over time have a realistic order of magnitude, the eruptive rate of the volcanoes was 

estimated and compared to Bablon et al. (2020), who calculated eruptive rates for volcanoes in 

Ecuador. These ranged between <0.2 to 3.6 km3/ka (±2.1 km3/ka). Calculations were done using the 

equations below. The variables that were used can be found in Appendix A.E. 

Equation 3 

ὌὩὭὫὬὸ ὄὥίὩ 
ὋὶέύὸὬz Ὕ Ὕ ὺέὰόάὩ

ρ
σ “zz ÔÁÎ ίὰέὴὩ

ÔzÁÎ ίὰέὴὩ 

Equation 4 

ὋὶέύὸὬ  

ρ
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Equation 5 

ὶ ὖὩὥὯ ὄὥίὩȾÔÁÎ ÔÁÎÈ
ὖὩὥὯ ὄὥίὩ

ὶ
  

Volcanoes that are extinct will erode relatively fast. Volcanic erosion was modelled in addition to 

standard watershed erosion. Bablon et al. (2020) collected three estimations of erosion ranging 

between 0.3 ± 0.1 and 2.4 ± 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 in section 3.1.2 up to 

and including 3.1.5. 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 Appendix A.E with Equation 3 to 

Equation 5 are given in Table 3. Note that in this study, an inactive volcano does not mean extinct. 

Inactive means predominantly eroding instead of building or maintaining a volcanic cone. 

Table 3: Age estimations, references, the resulting eruptive rates and the current volcanic activity of the volcanoes along 
the Solo River course. 

Volcano Begin  .ŀǎŜŘ ƻƴΧ Reference Eruptive rate Activity 

Merapi 138 ka 
(± 3) 

40Ar-39Ar Dating Gertisser et al. (2012) 
 

5.9 km3/ka Active 

Lawu 
Old Lawu 

 
Young Lawu 

 

 
1.9 Ma 
(± 0.1) 
138 ka 
(± 3) 

 
Similarities to Wilis 
 
Similarities to 
Merapi 

 
Hartono (1994) 
 
Gertisser et al. (2012) 

 
1.1 km3/ka 
 
6.6 km3/ka 

 
Inactive since 
~250 ka 
Active 

Wilis 1.9 Ma 
(± 0.1) 

K-Ar Dating Hartono (1994) 0.8 km3/ka Inactive since 
350 ka 

Arjuno Volcanic 
Complex 
- Argowayang 
 
- Kelud 
- Kawi-Butak 
- Arjuno-
Welirang 

 
 
0.9 Ma 
(± 0.1) 
200 ka 
200 ka 
100 ka 

 
 
K-Ar Dating 
 
K-Ar Dating 
K-Ar Dating 
K-Ar Dating 

 
 
Toshida et al. (2014) 
 
Toshida et al. (2014) 
Toshida et al. (2014) 
Toshida et al. (2014) 

 
 
2.5 km3/ka 
 
1.8 km3/ka 
2.8 km3/ka 
6.4 km3/ka 

 
 
Inactive since 
~600 ka 
Active 
Active 
Active 

Tengger 
Volcanic 
Complex 

820 ka K-Ar Dating Mulyadi (1992) 1.3 km3/ka Active 

Iyang-Argopura 
volcanic 
complex 

1.9 Ma 
(± 0.1) 

Similarities to Wilis Hartono (1994) 1.3 km3/ka Inactive since 
~800 ka 

Raung-Ijen 
volcanic 
complex 

290 ka  
(± 3) 

K-Ar Dating Sitorus (1990) 3.5 km3/ka Active 

 

The largest eruptive rate by Bablon et al. (2020) was 3.6 ±2.1 km3/ka. The Merapi, Young Lawu and 

Arjuno-Welirang volcanoes all exceed this eruptive rate. Therefore, these volcanoes could either be 

older than assumed, or the total erupted volume of the volcano could be overestimated. 
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4.2 Phase 2: The FLUVER2 model 
In the second phase, the FLUVER2 model was expanded in order for it to be used for the Solo River. 

The original model is best explained by Veldkamp et al. (2016). The original model was not able to 

simulate a (temporary) blocking of the river flow. The main difference with the original model code 

is that the expanded FLUVER2 model can deal with and form depressions or lakes within the river 

profile. This will be further explained in sections 4.2.1 and 5.4.1. Furthermore, a bedrock layer was 

added, separate volcanics and tectonics were added for the hillslope heights, the sedimentation 

factor was made variable over the profile, and lahars were added. The adapted FLUVER2 model was 

then used in phase 3 to calibrate the model. 

4.2.1 Lake sedimentation 
The FLUVER2 model was expanded to be able to model enclosed basins along the river profile. The 

model calculated the depression depth at each grid cell and at each time step. The model regarded 

all enclosed basins as lakes, despite the fact that in reality these enclosed basins were likely not 

entirely filled with water. On the upstream side of the lake, delta conditions are simulated. This lake 

delta forms in a similar way as how the delta after entering the sea is modelled, the so called 

άŘƛǎǘŀƴŎŜ ŦƻǊŎŜ ŦǳƴŎǘƛƻƴέ ό55Cύ, introduced in section 4.1.3. Consequently, these lake deltas are 

simulated with this DDF by gradually decreasing the discharge over distance into the lake (Equation 

6). This causes the erosion rate to decrease, as can be seen in Equation 7. Eventually, the erosion 

rate nears zero, which makes the sedimentation rate (Equation 8) the dominant variable in the 

height change (Equation 9 and Equation 10). In the original FLUVER2 model code, enclosed basins 

were not accepted, because the slope could not be negative (ascending downstream). To solve this, 

the slope was set to zero if it would have become negative. This implies that, when the slope 

became negative and thus set to zero, the erosion rate also becomes zero.  

 

Equation 6 

ὗ ὗ πȢπππρωЎzὼz Ὠ ὗz  

Equation 7 

Ὁὶέ Ὓz ὗ Ὧz ȟ Ὧz ȟ  

Equation 8 

ὛὩὨ
ὗ

ὑ
  

Equation 9 

ЎὌ Ўὸz ὛὩὨ Ὁὶέ  

Equation 10 

ЎὌ ЎὌ ЎὌ  
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Table 4: Explanatory table for Equation 6 to Equation 10. 

Symbol Unit Description 

Qw m3 year-1 Discharge flux 

Qw[i-1] m3 year-1 Discharge from upstream cell 

Ўx m Distance along longitudinal profile 

dlake m Lake/depression depth 

0.00019 - Discharge decrease factor 

Erorate m year-1 Erosion rate 

S - Slope (positive when descending downstream) 

Kero,profile - Erodibility constant along profile 

Kero,local - Erodibility variable along profile 

Sedrate m year-1 Sedimentation rate 

Qs m year-1 Sediment transport flux 

Ksed - Sedimentation factor 

Ўt year Time steps 

ЎHriverbed m Total height change at point along longitudinal profile 

ЎHfluvial m Height change due to aggradation or incision 

ЎHhillslope m Height change (only positive) due to hillslope erosion 

 

Depending on the highest point of the whole profile, a spill over effect was implemented. If the 

highest point of the entire profile has been reached upstream of the lake, the full discharge 

(including all discharge into the lake) resumes at the lake outlet. The outlet will therefore spill over 

to the remaining downstream part of the longitudinal profile. If the highest point of the entire 

profile is reached after the lake, that highest point is treated as the river's source, and discharge 

starts increasing from zero. The highest point, a water divide, will not erode due to zero discharge 

(following Equation 7). It will only erode due to headwards erosion when another point reaches a 

higher elevation, which starts the spillover over the former water divide. 

4.2.2 Bedrock erodibility 
In the original model, the Kero,local variable represented the average erodibility of the riverbed 

lithologies. However, erodibility can have large variations depending on what lithology the river is 

eroding. A river could incise into (softer) sediments (higher erodibility, for example a basin fill or 

river terrace), or the river could incise into bedrock (harder, lower erodibility). Therefore, a 

ŘƛǎǘƛƴŎǘƛƻƴ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ōŜǘǿŜŜƴ άōŜŘǊƻŎƪ ŜǊƻŘƛōƛƭƛǘȅέ ŀƴŘ άŘŜŦŀǳƭǘ ŜǊƻŘƛōƛƭƛǘȅέΦ This is effectively 

an erodibility for two lithology layers. Of these two layers, bedrock is defined as the harder to erode 

lithology. The default erodibility was set to Kero,local = 1.0. Besides the initial profile 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 bedrock, Kero,local changes 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 

άŘŜŦŀǳƭǘέ Kero,local (1.0) to the bedrock Kero,local (for example 0.1). Bedrock erodibility can vary within 

the profile, because for example granite bedrock was assumed to be less erodible than lahar 

deposits. Examples for the variation in bedrock erodibility are given in Table 5. The bedrock height is 

tracked and updated throughout the run. It will be uplifted or subsided similar to the riverbed 

(ЎὌ ȟ . Less erodible deposits that are deposited during the model run (the last 1.0 

Ma), for example lahars, are able to raise the bedrock (ЎὌ ȟ ). If bedrock material is 

eroded (ЎὌ ȟ ), the bedrock height is decreased accordingly.  
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As a consequence of implementing a bedrock erodibility, the riverbed is expected to have a more 

direct response to aggradation-incision cycles. During an aggradation phase, the riverbed is filled 

with sediments. The transition to an warmer incision phase will result in faster incision because the 

erodibility of the aggradated sediments is higher compared to the original model code. When all 

aggradated sediments have been eroded away, the bedrock becomes exposed in the riverbed. This 

will slow incision because bedrock has a lower erodibility. 

Equation 11 

ЎὌ ЎὌ ȟ ЎὌ ȟ ЎὌ ȟ  

Table 5: Examples for the erodibility of lithologies. 

Example lithology Kero 

Default (soft sediments, basin fill or river terrace) 1.0 

Southern Mountains (Eocene-Miocene volcanic rocks) 0.16 

Blocking lahar (simulated to be deposited 540-600 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 the riverbed. However, using FLUVER2 like this in 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 the hillslope heights). Therefore, hillslope heights can 

now be uplifted and subsided independently from the riverbed. The components of hillslope height 

change are given below. 

Equation 12 

ЎὌ ЎὌ ȟ ЎὌ ȟ ЎὌ ȟ  

4.2.4 Variable sedimentation factor 
The original FLUVER2 model has a fixed sedimentation factor (Ksed). The sedimentation factor 

determines what distance sediment generally travels before deposition. This means that the 

sedimentation rate only depends on the sediment transport flux. More sediment in the river 

automatically means a higher sedimentation rate. In order to further enhance the aggradation-

incision, a temperature-dependent sedimentation factor was proposed. However, in the submerged 

section of the longitudinal profile (lakes and seas), the sedimentation factor should be constant. 

Therefore the sedimentation factor linearly transforms from temperature-dependent at the source 

to a constant at the coastline. Equation 13 calculates the Ksed at the beginning of the longitudinal 

profile, Equation 14 calculates the Ksed further along the profile. The variable icoast is calculated based 

on the resulting coastline from the previous time step. 

Equation 13 

ὑ ȟ ὑ ȟ Ὢz  

Equation 14 

ὑ ὑ ȟ

ὑ ȟ ὑ ȟ

Ὥ
ᶻὭ Ὥ 
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4.2.5 Tributary sediments 
In the original model, tributaries would dilute the sediment concentration (Qs/Qw), because they 

only raised the discharge, but not the sediment concentration. In reality, a tributary would also add 

some sediments to the river. The FLUVER2 model was expanded by simulating a sediment influx 

where a tributary joins the main modelled river, as discussed in section 4.1.2. At each point where a 

tributary joins, the average sediment concentration of the past 10 model grid cells (approx. 900 m) 

was calculated. This average concentration was then used to gradually, over the next 20 model grid 

cells (approx. 1800 m), raise the sediment transport flux (Qs) by multiplying the sediment 

concentration by the discharge influx from the tributary, and a local factor. The local factor (ftributary) 

was added because some tributaries have a more erodible sub-catchment, and will therefore likely 

have a higher sediment concentration. 

Equation 15 

ὗ ὗ ὅ Ўzὗ ȟ Ὢz  

4.2.6 Lahars 
Lahars were introduced as an additional factor (flahars) that increased hillslope erosion. The equation 

is given below: 

Equation 16  

ЎὌ ȟ ЎὌ ȟ Ὢz  

During the period the lahar is deposited, the bedrock height is increased and the bedrock erodibility 

is decreased, as is described in section 4.2.2. A gradual increase of erosion from volcanic deposits 

around the Lawu was implemented, and to a lesser extend to the Wilis and Merapi. These volcanic 

hillslope erosive materials were deposited in the riverbed. The lahar model run also included an 

abrupt local increase of volcanic hillslope erosion, depositing a blocking lahar. 

4.3 Phase 3: model calibration 
In this phase, the discharge, the initial profile and various coefficients (Table 6) were calibrated 

within the FLUVER2 model. 

Table 6: list of calibrated coefficients. 

Coefficient Description 

Kero,profile Erodibility constant along profile 

Kero,local Erodibility variable along profile 

Ksed Sedimentation factor 

flahars Lahar hillslope erosion factor 

ftributary Tributary sediment concentration factor 

fT,sed Temperature dependency factor Ksed 

fT,hillslope Temperature dependency factor hillslope erodibility 

 

4.3.1 Coefficient calibration using terraces 
In the first calibration step, the seven coefficients from Table 6 were calibrated. The main objective 

of the calibration was to ǘŜǎǘ ǘƘŜ ƳƻŘŜƭΩǎ ability to simulate incision depths at the right time. The 

listed coefficients (Table 6) were adapted to approach the measured incision depths as close as 

possible. The calibration used several benchmark points. The first benchmark point uses a terrace 

dating at Sogen. According to Schoorl (Pers. Comm.), the base of the terrace level at Sogen was 
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dated at an age of 64 ka. Because this dating is from the base of the terrace, the terrace likely 

started building 64 ka ago. The height of this terrace was approximately 52.5 metres asl. At Sogen 

according to the DEM (European Space Agency, 2023). The riverbed at Sogen is currently at 

approximately 37.8 metres asl., which gives a difference of 14.7 metres, which is the total depth of 

the terrace incision. Regarding the second benchmark point, it was assumed that the Sogen terrace  

dated to 64 ka BP is the same terrace as the T2 terrace at Trinil (terrace described by Berghuis et al. 

(2021)). This terrace can be found at 54 metres asl in Trinil. The 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 profile calibration 
The initial river profile or palaeo-profile of 1 Ma BP was reconstructed by modifying riverbed heights 

from the current longitudinal profile. 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 

cell was lowered by 10 meters in the first guess of the initial profile. The consequent calibration used 

several benchmarks, which are explained in the sections below. 

пΦоΦнΦм {ǘǊŀǝƎǊŀǇƘȅ ŀǘ {ƻƎŜƴ 

The main benchmark used from the Sogen stratigraphy was the Batu Gajah black clays (introduced in 

section 3.2.3.3). These have likely been deposited in wetland conditions. Berghuis et al. (2021) 

suggested that the Batu Gajah Clay-2 (abbreviated to BGC-2) could be related to the sea level 

highstand of MIS19 or MIS21 (Marine Isotope Stages 19 or 21). The BGC-2 was also identified at the 

Sogen site. It is situated beneath the Batu Gajah Lahar-5, which was estimated to be older than 781 

ka based on palaeomagnetic reversal (Schoorl, (Pers. Comm.)). It was assumed that the BGC-2 was 

deposited during MIS21, which took place approximately 860 ka ago according to Hodell et al. 

(2023).  It was also assumed that these wetland conditions were caused by the Trinil-Sogen region 

being located at sealevel. According to the sea level reconstruction from section 4.1.3 based on 

Berends et al. (2021) the sea level reached its highstand at 853 ka, during which it was 

approximately 5.5 metres lower than modern levels (±3.5 m), which includes the 3.32 m wrt PD 

correction mentioned in section 4.1.3. 

4.4 Phase 4: The hypotheses 
In the last phase, the hypotheses on the river reversal lead to various scenarios and these were built 

into the model. Three scenarios were implemented and evaluated. These are formulated in the 

following sections: 

4.4.1 The default model run 
The first scenario is also the default scenario. In this scenario, moderate lahar materials were spread 

over the whole Kendeng Basin, which occurred in combination with uplift mostly limited to the 

Gunung Sewu Karst Region. 

4.4.2 The lahar model run: a blocking lahar 
In the second scenario, it is attempted to block the Solo River by a lahar. In reality, this could have 

either took place as one successful blocking event, or as multiple blocking events. This scenario was 

suggested by Berghuis et al. (2021). West of Trinil (currently upstream), the footslopes of the Lawu 

reach the Solo River. It is therefore possible that lahars reached the Solo River and (temporary) 

blocked the river. This could have caused the formation of a temporary lake, as witnessed in other 

volcanic areas (Maddy et al., 2012; van Gorp et al., 2013; Schoorl et al., 2019). 
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4.4.3 The tectonic model run: dominant uplift in southern Java 
The third scenario encompasses the hypothesis that major uplift in the south of Java eventually 

caused the reverse Solo River to cease discharging towards the Indian Ocean. A possibility 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 some time, catchment 

piracy (by headwards erosion) by the proto-Solo (flowing north of the Kendeng Hills) could have 

formed the modern Solo river. Flow reversal due to continued major uplift has happened in other 

occasions, for example, the Amazone, albeit on longer timescales (Shephard 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 reverse river course. To prevent the large 

Kendeng Basin lake from infinitely spilling over the Southern Mountains, the spilling was stopped 

when the lake depth became more then 5 metres. 
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5 Results 
In sections 5.1 to 5.3, several input variables are presented, followed by an analysis of the 

adaptations made to the FLUVER2 model in section 5.4. The last results sections, 5.5 and 5.6, will 

include the output regarding the calibration and implemented model scenarios. 

5.1 Input climate variables 
The resulting climate variables (temperature and precipitation) and sea level, as described in 4.1.3 

and 4.1.4 generally show good agreement with MIS (Lisiecki & Raymo, 2005; Hodell et al., 2023) as 

seen in Figure 8. Appendix A.G shows that the climate cycles behave asymmetrically, and that 

precipitation, temperature and sea level change lag each other. After a glacial, warming occurs first, 

followed by an increase in annual precipitation. After some time, sea level begins to rise. A 

combination of wet conditions and low sea level is rare, and periods that are both cool and wet are 

also uncommon. The sea level and precipitation are most strongly correlated (with an R2 of 0.57), 

followed by temperature and precipitation (with an R2 of 0.54). Sea level and precipitation have the 

lowest correlation, which is due to the subsiding of the Sunda Shelf, introducing increasingly marine 

conditions in that area. The drier past of the Sunda Shelf and its direct surroundings (Griffiths et al., 

2013) is due to an external factor: tectonics. During the time the Sunda Shelf was permanently 

exposed (approximately before 400 ka, Sarr et al. (2019)), the sea level did not prograde as much 

into the Sunda Shelf, therefore having a smaller influence on moisture availability. 

 

Figure 8: The climate variables precipitation (green, in mm), temperature (red, in Celsius), and sea level (blue, in meter). MIS 
warm stages are shown above (black, odd numbers), MIS cold stages are shown below (grey, even numbers). 
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5.2 Discharge input 
The two main tributaries are the Madiun Solo River and the Brantas River. The Madiun Solo River 

drains a catchment of approximately 3750 square kilometres (8% of the entire modern Solo 

Catchment). The Brantas River only joins the Proto and modern Solo River during sea level 

lowstands. It drains a catchment of approximately 14 000 square kilometres (29% of the entire 

modern Solo Catchment). These large tributaries drain rather heterogeneneous catchments, 

including the Kendeng Hills, the volcanic edifices of the Kendeng Basin, and the Southern Mountains. 

Compared to the longitudinal discharge profile during the MIS2 glacial shown in Figure 9, the 

discharge can increase by 40 percent during interglacials. 

 

Figure 9: The discharge through the modern Solo River during a sea level lowstand. The two main tributaries are the the 
Madiun Solo and the Brantas River. SM = Southern Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = 
Sogen, Madiun Solo = upper reach of reverse river course), PD Coast = Present Day coast, ContShelfEdge = edge of 
continental shelf. 

Figure 10 shows 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 monthly flow during 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, the Gunung 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 model scenarios, although the area is modelled as a large shallow lake. There is 

not yet any continuous surface flow, 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 enough to drain the entire Kendeng Basin 

lake, at which point the flow at Sogen is no longer zero. 

 

Figure 10: The average modelled discharge for Sogen and Babat (a discharge measurement station in the Randublatung 
Valley) is compared to measurements at Babat. The minimum and maximum average wet and dry season discharge at 
Babat were introduced in section 4.1.2.1. 

5.3 Initial, current and output profiles 

5.3.1 Current river course 
The initial profiles (1 Ma BP, see Figure 11) were the result of the calibration described in section 

4.3.2. The Randublatung Valley and Madura Strait are clearly different areas, that must have been 

much higher compared to the present, due to the assumed continued subsidence. This is also 

evident from reconstructions by Berghuis et al. (2025) on the Madura Strait valley. The Kendeng 

Basin on the contrary, was assumed to witness periodical wetland conditions near sea level 

(described in section 4.3.2.1). These were the starting positions of the initial profile calibration which 

lead to the initial profiles in Figure 11 and Figure 12. The initial profile of the tectonics scenario was 

slightly lower around the Southern Mountains, because it uplifted a larger area (to the left of 

Sangiran in Figure 11). 
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Figure 11: The two initial palaeo-profiles (1 Ma BP), the current profile, and the three output profiles for the simulated Solo 
River course. SM = Southern Mountains, KH = Kendeng Hills, MaSt = Madura Strait, T = Trinil, S = Sogen, Madiun Solo = 
upper reach of reverse river course), PD Coast = Present Day coast, ContShelfEdge = edge of continental shelf. 

Regarding the comparison between the output profiles and the actual current profile, some basic 

statistics are given in Table 7. 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 bias results in a more 

acceptable RMSE. Note that the mean bias has changed sign as there is a slight overestimation of the 

riverbed height in most of the profiles. This is also true for the Sangiran-Kendeng 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 riverbed height in 

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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Table 7: The RMSE (Root Mean Square Error) and the mean bias of the current river course, both for the whole profile, for 
the whole profile without the Madura Strait Shelf, and for the section Sangiran-Kendeng, which includes Trinil and Sogen. 

Current river course Default scenario Lahars scenario Tectonics scenario 

Complete profile 
RMSE 
Mean bias 

 
41.4 m 
-2.6 m 

 
46.2 m 
-6.3 m 

 
38.9 m 
5.8 m 

Profile excl. Madura Strait 
Shelf 
RMSE 
Mean bias 

 
 
12.1 m 
6.8 m 

 
 
11.9 m 
6.4 m 

 
 
19.8 m 
13.8 m 

Section Sangiran-Kendeng 
RMSE 
Mean bias 

 
5.9 m 
5.3 m 

 
7.4 m 
7.1 m 

 
9.8 m 
9.7 m 

 

5.3.2 Reversed Solo River 
The Reverse Solo River longitudinal profile of 1 Ma BP (Figure 12) can be subdivided in three 

sections. The section between Ngawi and the source of the current Solo River was identical to the 

current river profile. To complete the initial profile of the Reverse Solo River course, the Wilis-

Madiun Solo section and the Gunung Sewu-Indian Ocean section were added. Because of the incised 

morphology (discussed in section 3.1.2), volcanic edifice growth and erosion were assumed to cancel 

each other out. 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 course). The Gunung Sewu currently forms an uplifted plateau (Haryono & 

Suratman, 2010). It was assumed that the limestone was deposited as one coherent, continuous 

plateau before uplift. Consequently, the Gunung Sewu section in the initial profile was assigned 

relatively low gradients. The section towards the Indian Ocean is relatively steep, descending sharply 

toward the Sunda Trench. 
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Figure 12: The two initial palaeo-profiles (1 Ma BP), the current profile, and the three output profiles for the simulated 
Reverse Solo River course.. Wi = Mount Wilis, SM = Southern Mountains, GuSe = Gunung Sewu Karst Region, IndOce = 
Indian Ocean, T = Trinil, PD Coast = Present Day coast. 

The overestimation of the riverbed height in the outputted Reverse Solo River model runs, as seen in 

both Figure 12 and Table 8, was caused by the Kendeng Basin forming a closed depression in the 

reverse river profile for the last 900 ka, which will be further discussed in section 5.6.2. In the model, 

the sediments (mainly consisting of lahar deposits) ŎŀƴΩǘ ŜǎŎŀǇŜ ǘƘŜ YŜƴŘŜƴƎ .ŀǎƛƴ ŀŦǘŜǊ ŎƭƻǎǳǊŜΦ 

However, in reality the sediments could have spread further downstream the Solo River after the 

capture of the Kendeng Basin. This largely explains the positive bias. Because the distance to the 

volcanic hillslopes are taken into account, the height of the output profiles varies. Between 

Ponorogo and Madiun there is a higher deposition rate of sediments from volcanic origin, because 

the Madiun Solo Valley is a little less wide over there. Over 900 ka of blocking, due to no-flow lake 

conditions, these originally relatively small differences increase to >50 metres. The section between 

Trinil (T) and Sambungmacan is higher due to the same reason (proximity to Young Lawu). The 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 depression. These issues could be 

solved or reduced by implementing the recommendations mentioned in section 6.1, these include 

simultaneous dual flow directions and a variable lake level. 

  



36 
 

The tectonics profile uplifts a broader region, starting at Sangiran. This explains why the tectonics 

output profile is higher between Sangiran and the present-day 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 Karst Region, as discussed in section 6.3. The slight change in the 

centre of uplift causes the profile to be blocked further upstream compared to the lahar and default 

model runs. 

Table 8: The RMSE (Root Mean Square Error) and the mean bias of the reverse river course, both for the whole profile, and 
for the section Ngawi-Sangiran, which includes Trinil and Sogen. 

Reverse river course Default scenario Lahars scenario Tectonics scenario 

Complete profile 
RMSE 
Mean bias 

 
83.9 m 
70.4 m 

 
83.5 m 
69.0 m 

 
78.1 m 
68.8 m 

Section Ngawi-Sangiran 
RMSE 
Mean bias 

 
65.0 m 
60.5 m 

 
67.9 m 
61.6 m 

 
57.0 m 
55.3 m 
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5.4 Evaluation FLUVER2 adaptations 

5.4.1 Lake sedimentation 
The differences in the current Solo River simulations due to the implementation of the lake 

sedimentation function (section 4.2.1) become most evident starting around 600 ka. At this time, the 

Gunung Sewu Karst Region becomes the water divide (highest point in the height profile), which 

starts the flow towards the Kendeng Basin (identical to Sogen in Figure 10) causing erosion around 

the present-day source. This erosion introduces the first sediments in the modelled Kendeng Basin. 

In reality however, and by applying recommendations mentioned in section 6.1, sediments from for 

example the Merapi and Lawu would enter the Kendeng Basin much earlier. Between 600 and 400 

ka, the first lake delta was formed as these first sediments are deposited on the upstream side of the 

lake (on the left in Figure 13). This sedimentation removes sediments from suspension, which 

decreases the sediment transport flux downstream in the lake. This leads to a negative difference. 

After 450 ς 400 ka, when the Kendeng Basin is captured by the Solo River, the effects are spread 

downstream. However, the magnitude of the difference is inexplicably large at the Madura Strait 

Shelf (20 to 40 metres). This is further discussed in section 6.1.3. 

 

Figure 13: The difference in height due to the inclusion of the lake forming ability as described in 4.2.1. The hatched area 
shows the lake if the lake sedimentation was disabled. The 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 = edge of continental shelf. 
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5.4.2 Bedrock erodibility 
Due to the implemented contrasts in erodibility between bedrock and sediments, and accounting for 

tectonic movements of the bedrock, substantial changes in the subsiding Randublatung Valley prior 

to the capture of the Kendeng Basin can be observed in Figure 14. While subsiding, the proto-Solo 

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 Shelf. Following the capture of the Kendeng Basin, the Randublatung Valley 

continued subsiding for some time, and the bedrock material was being covered by sediments from 

for example lahar deposits in the Kendeng Basin. These sediments were more easily eroded, 

resulting in a smaller difference as shown in Figure 14. 

 

Figure 14: The difference in height due to the inclusion of the bedrock erodibility, as described in 4.2.2. The hatched area 
shows the profile depressions if the bedrock erodibility was disabled. The 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 = edge of continental shelf. 

  



39 
 

5.4.3 Variable sedimentation factor 
The main change brought by the implementation of the temperature-dependent sedimentation 

factor (section 4.2.4), as illustrated in Figure 15, is a decrease in upstream sedimentation. This was 

caused by a generally higher sedimentation factor which leads to lower sedimentation rates. 

Consequently, sediments that are not deposited upstream are transported downstream, resulting in 

a elevated riverbed on the Madura Strait Shelf due to sedimentation. It is important to note that the 

sedimentation factor remained fixed in the submerged part of the profile.  

A secondary effect is the enhanced magnitude of incision-aggradation cycles. This is evident in the 

smoother height contour lines compared to the default run (Figure 18). The variable sedimentation 

factor is therefore very important in both the upstream erosion-downstream sedimentation balance 

and the incision-aggradation terrace cycles.  

However, the variable sedimentation factor is also responsible for an unwanted side effect. In low-

gradient areas, particularly in the Randublatung Valley, small depressions formed during high sea 

levels. This occurs 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 sea, the sedimentation factor decreasing more rapidly, leading to too much sedimentation 

at the modelled coast. Disabling the variable sedimentation factor (Figure 15) removed these 

temporary low gradient depressions. 

 

Figure 15: The difference in height due to the inclusion of the variable sedimentation factor, as described in 4.2.4. The 
hatched area shows the profile depressions if the variable sedimentation factor was disabled. The contour lines show the 
height if the variable sedimentation factor 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 = edge of 
continental shelf. 
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5.4.4 Tributary sediments 
The tributary sediment input, as described in section 4.2.5, reduced the diluting effect of the 

tributaries. The main tributaries with a high ftributary value, mostly those draining subcatchments with 

frequent volcanic activity, appear in Figure 16 as vertical blue zones. Some of these lines occasionally 

shift slightly downstream, which is caused by the short emergence of sediments during low sea 

levels, which made them susceptible to intense erosion. The intense erosion moved the sediments 

causing the anomaly further downstream. 

 

Figure 16: The difference in height due to the inclusion of the sediment input from tributaries as described in 4.2.5. The 
hatched area shows the profile depressions if the tributary sediments were disabled. The 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, ContShelfEdge = edge of continental shelf. 
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5.4.5 Lahars 
The implementation of the increased hillslope erosion, which simulated lahars (section 4.2.6), was 

most profound in the Kendeng Basin. Locally up to 40 metres of lahars have been deposited in the 

FLUVER2 model. The lahars in the Kendeng Basin have sped up the breach of the Kendeng Hills. 

Without these lahars, the breach would have been delayed to 200 ς 300 ka. It therefore has a large 

effect on the outcomes of this study. After the Kendeng Basin was captured by the Solo River 

catchment, the effects were spread downstream. 

 

Figure 17: The difference in height due to the inclusion of the lahars, as described in 4.2.6. The hatched area shows the 
profile depressions if the lahars were disabled. The 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 continental shelf. 
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5.5 Calibration results 

5.6 Evaluation model scenarios 

5.6.1 Current river course 

рΦсΦмΦм 5ŜŦŀǳƭǘ ƳƻŘŜƭ ǎŎŜƴŀǊƛƻ 

The default model scenario, with a subsidence of 150 mm/ka in the Randublatung Valley, resulted in 

the catchment capture of the Kendeng Basin by the proto-Solo River. The spillover at the Kendeng 

Hills initiated at 580 ka BP as the Southern Mountains became the highest point in the profile, due to 

tectonic uplift. This started spillover (discharge) over the Kendeng Hills water divide, which in turn 

increased headward erosion. The increased headwards erosion due to the spillover at the Kendeng 

Hills was likely the main driver of the eventual capture of the Kendeng Basin. This established the 

modern Solo River between 330 and 340 ka BP. The capture coincides with the incision phase 

related to MIS9 (Figure 8), increased incision in this warm phase could have slightly enhanced the 

capture. However, due to the substantial gradient between the coast and the Kendeng Hills, even 

during sea level highstands, backwards effects from sea level fluctuations on the capture are likely 

small. The exact timings of capture events in the current Solo River model runs were determined by 

the lake depth output, shortly discussed in section 4.2.1. 

 

Figure 18: The evolution of the default scenario (moderate tectonics and non-blocking lahars) on the current river course 
profile. The hatched area shows depressions in the profile, these could be partially filled with water (lakes). The lines show 
the altitude relative to modern sea level. S = 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 = 
present day coast, ContShelfEdge = edge of continental shelf. 
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рΦсΦмΦн ¢ŜŎǘƻƴƛŎ ƳƻŘŜƭ ǎŎŜƴŀǊƛƻ 

In the tectonics model scenario, the uplift of the Southern Mountains and the Gunung Sewu Karst 

Region was expanded to the southern half of the Kendeng Basin. Tectonics is therefore a more 

important factor in elevating the Kendeng Basin, at the expense of upfilling by volcanic sediments. In 

this scenario, the initial spillover moment in which discharge over the water divide started was 

slightly delayed to 550 ka BP (compared to 580 ka BP for both the default and lahar scenario). This 

was due to the lower initial profile, which compensated for the increased uplift over the southern 

Kendeng Basin. Compared to the other scenarios, the Sangiran-Surakarta region was uplifted above 

the depression level earlier (approximately 490 ka BP). At approximately 350 ka BP, the capture of 

the Kendeng Basin was complete, establishing the modern Solo River. This was slightly earlier, 

compared to the 330-340 ka for the default and lahar scenarios. 

 

 

 

Figure 19: The evolution of the tectonics scenario (enhanced tectonics and fewer non-blocking lahar deposits) on the current 
river course profile. The hatched area shows depressions in the profile, these could be partially filled with water (lakes). The 
lines show the altitude relative to modern sea level. S = 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 = present day coast, ContShelfEdge = edge of continental shelf. 
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рΦсΦмΦо [ŀƘŀǊ ƳƻŘŜƭ ǎŎŜƴŀǊƛƻ 

In the lahar model scenario, a blocking lahar was generated between 540 and 600 ka BP. This 

blocking lahar actually split the larger Kendeng Basin depression into two smaller depressions on 

both the upstream and downstream part of the lahar. At 580 ka BP, the Southern Mountains 

became the highest point in the profile, causing the water to spill over the Kendeng Hills water 

divide increasing headward erosion. Between 330 and 340 ka BP (MIS9), both depressions were 

captured by the proto-Solo River, ending the lake phases and establishing the modern Solo River. 

 

Figure 20: The evolution of the lahar scenario (default moderate tectonics and a blocking lahar between 600-540 ka) on the 
current river course profile. The hatched area shows depressions in the profile, these could be partially filled with water 
(lakes). The lines show the altitude relative to modern sea level. S = 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 = present day coast, ContShelfEdge = edge of continental shelf. 

To simulate uplift, the downcutting rate by Berghuis et al. (2021) was assumed to be equal to the 

uplift rate. This downcutting rate is equal to 200 mm/yr. However, the modelled downcutting rate 

by the FLUVER2 model scenarios averaged 12-13 mm/yr over the Kendeng Hills valley. 
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5.6.2 Reverse Solo River 

рΦсΦнΦм 5ŜŦŀǳƭǘ ŀƴŘ ƭŀƘŀǊ ƳƻŘŜƭ ǎŎŜƴŀǊƛƻ 

The reverse river course is blocked by uplift of the Southern Mountains and the Gunung Sewu Karst 

Region (amounting 300 mm/ka in the model) 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 output (Figure 12 and Appendix A.I). Initial blocking of the reverse Solo 

River started around 970 ka BP. The sea level highstands related to MIS25 and MIS21 were still able 

to shortly flood the blocking and reach the Kendeng Basin. MIS25 reached up to the Trinil and Sogen 

area. After MIS21, the reverse Solo River was definitively blocked (approximately 850 ka BP). At the 

same time, the lake spillover at the Southern Mountains was stopped because the lake depth 

exceeded 5 metres. This trigger was shortly explained in section 4.4.4. During a sea level highstand 

that floods the blocking, discharge is decreased by the DDF, which decreases erosion. This temporary 

decrease in erosion could have caused a short moment of unhindered uplifting bedrock material. 

When the sea level retreated, the lake depth exceeded 5 metres, triggering the end of the spillover. 

Due to continued uplift and no spillover in the Southern Mountains and the Gunung Sewu Karst 

Region, the depression steadily grew, until it encompassed the entire Kendeng Basin around 775 ka 

BP. Recommendations to future model scenarios involving the blocking of the Reverse Solo are 

described in section 6.3. 

 

 

Figure 21: The evolution of the Reverse Solo River default scenario (moderate tectonics and non-blocking lahars). The 
hatched area shows depressions in the profile, these could be partially filled with water (lakes). The lines show the altitude 
relative to modern sea level. B = moment of blocking, Wi = Mount Wilis, SM = Southern Mountains, GuSe = Gunung Sewu 
Karst Region, IndOce = Indian Ocean, T = Trinil, Coast = present day coast. 
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рΦсΦнΦн ¢ŜŎǘƻƴƛŎ ƳƻŘŜƭ ǎŎŜƴŀǊƛƻ 

Compared to the default and lahar model scenarios, the tectonic model scenario (uplift in a broader 

region and fewer non-blocking lahar deposits) delays the blocking of the reverse river course to 

approximately 890 ka BP. However, due to backwards sedimentation effects from sea level 

highstands, the blocking is sometimes eroded away. The definitive blocking happened at 800 ka BP. 

Because the uplift is spread towards the southern margin of the Kendeng Basin, the water divide 

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 Region. This is further discussed in section 6.3. 

 

Figure 22: The evolution of the Reverse Solo River tectonics scenario (enhanced tectonics and fewer non-blocking lahar 
deposits). The hatched area shows depressions in the profile, these could be partially filled with water (lakes). The lines 
show the altitude relative 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 Incision-aggradation cycles 
Figure 23 shows 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 aggradation-incision cycle. This period spans 

from approximately 900 ka to the present in the reverse runs, and 1000 to 400 ka BP in the current 

river course runs. During the period in 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 aggradation-incision cycles. 
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Figure 23: The height evolution at Sogen. The purple lines show the FLUVER2 runs with a reversed river course. The black 
ƭƛƴŜǎ ǎƘƻǿ ǘƘŜ ŎǳǊǊŜƴǘ ǊƛǾŜǊ ŎƻǳǊǎŜ ǊǳƴǎΦ ¢ƘŜ ōƭǳŜ ƭƛƴŜ ǎƘƻǿǎ ǘƘŜ ŎǳǊǊŜƴǘ ǊƛǾŜǊōŜŘ ƘŜƛƎƘǘ ŀǘ {ƻƎŜƴΦ ¢ƘŜ Ψ[Ω ǎƘƻǿǎ ǘƘŜ ǘƛƳƛƴƎ 
of the main blocking lahar (600 ς 540 ka). 

The last ~400 ka of the current runs, some differences are noticeable between the runs. The 

tectonics run seems to start aggradation-incision 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 in Table 9.  

Furthermore, the incision phases had much higher downcutting rates (200-692 mm/ka) compared to 

the sedimentation rates in aggradation phases (100-188 mm/ka). Some aggradation phases could be 

linked to dated terraces by Berghuis et al. (2021) and Rizal et al. (2020). The T2 from Berghuis et al. 

(2021), dated to approx. 95 ka, fell within the period 72-113. In this period, the Sogen area 

witnessed relatively small magnitude incision-aggradation 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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Table 9: An overview of the incision and aggradation phases at Sogen, based 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 
Rate of change 

Reference to dated terraces 

334-374 ka (MIS10)* 4 m aggradation* 
100 mm/ka 

Upper terrace (Rizal et al., 2020) 

323-334 ka (MIS9e)* 4 m incision* 
364 mm/ka 

 

246-323 ka (MIS8) 9 m aggradation 
117 mm/ka 

Upper terrace (Rizal et al., 2020) 

235-246 ka (MIS7e) 5 m incision 
455 mm/ka 

 

219-235 ka (MIS7d) 3 m aggradation 
188 mm/ka 

 

199-219 ka (MIS7c) 4 m incision 
200 mm/ka 

 

132-199 ka (MIS6) 10 m aggradation 
149 mm/ka 

Lower terrace (Rizal et al., 2020) 
T4 (Berghuis et al., 2021) 

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

 

13-72 ka (MIS2) 11 m aggradation 
186 mm/ka 

Lowermost Terrace (Rizal et al., 2020) 

0-13 ka, ongoing 
(MIS1) 

9 m incision 
692 mm/ka 
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6 Discussion and recommendations 

6.1 Improvement to lakes and depressions 
In this adapted FLUVER2 model, any part of the profile that has a downstream section that is higher 

(therefore blocking) than sections upstream, is a depression regarded as a lake. If it is a enclosed 

depression, the whole depression is regarded as a lake. This is also the case if it is not fully enclosed 

and in reality, the flow could develop in opposite directions (as is the case for the initial profile in 

Figure 11) of the model flow. However, the current model code can only simulate flow from left to 

right. 

6.1.1 A variable lake level 
As the sea-level responds to glacial-interglacial 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 level and sea surface temperatures (SST) 

of the North Atlantic (Bludau et al., 2021). However, during the late Pleistocene and Holocene, lakes 

in Australia had a negative correlation between lake water level and rapid SST increase (Barrows et 

al., 2020). All in all, it is recommended to include a lake level or volume that is related to the 

precipitation reconstruction. Dry periods should lead to lower lake volumes. Implications of a 

variable and lower lake level would be profound. Firstly, depending on lake size, the lake delta will 

be more dynamic as it moves towards the deepest part of the depression. This will enhance the 

spreading of sediments across the depression. Secondly, the variable lake level will affect the 

spillover effect at the capture of the Kendeng Basin and the blocking of the Reverse Solo River. In 

case of the capture of the Kendeng Basin, a more realistic lower lake level would have delayed the 

spillover timing. A delayed spillover timing could have delayed the capture of the Kendeng Basin as 

well. Thirdly, a blocking lahar could have more impact with spillover depending on a variable lake 

level. The lahar could block off part of the catchment, decreasing discharge. A decreased discharge 

over the Southern Mountains could decrease erosion, changing the erosion-sedimentation balance 

at the Southern Mountains. Through these interactions, a lahar in the Kendeng Basin could also have 

consequences for the blocking. 

6.1.2 A reversed flow 
Furthermore, in reality, a lake would likely have a lake delta on both sides. However, the model can 

only simulate flow in one direction (left to right). To simulate a lake delta on the opposite site as 

well, the flow on the opposite (downstream) side of the lake should 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 model. This 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, since it caused 

the Madura Strait Shelf to be approximately 40 metres lower locally, as could be seen in Figure 13. 

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 been found for this model behaviour. 
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6.2 Uncertainty in river course 
It remains uncertain whether the Sadeng Valley has been the actual outlet of a reversed Solo River. If 

the modern Merapi is indeed relatively young (138 ς 361 ka, section 3.1.4), is could also be possible 

that the Kendeng Basin was discharged through the saddle point in between the Merapi footslopes 

and the Southern Mountains (near Yogyakarta and the Prambanan temples). Some approximate 

reconstructions would suggest that the reverse Solo River flowed in approximately this direction 

(Berghuis et al., 2022). That possibility would imply that lahars and uplift have raised the elevation 

about 140 metres during the last 1 Ma. It ŎŀƴΩǘ ōŜ ǊǳƭŜŘ ƻǳǘ ǘƘŀǘ ǘƘƛǎ ƭƻǿ ƭȅƛƴƎ ŀǊŜŀ ǇƭŀȅŜŘ ŀ ǊƻƭŜ ƛƴ 

the discharge of the Kendeng Basin. This hypothesis would imply that the growth of the Merapi 

volcanic cone could have played a role in blocking off the Kendeng Basin from the Indian Ocean. A 

different drainage point of the Kendeng Basin, or two drainage points, would profoundly alter 

Reverse Solo River blocking scenarios. For example, a spillover at Yogyakarta could have continued 

draining the Kendeng Basin for some time, perhaps approaching the 550 ka BP isolation 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 through two other abandoned valleys (see Figure 3). The valley 

in the northeast has approx. 100 metres incision, the valley in the southeast has incised 80 -125 

metres, but this could have also been more recent incision due to minor river which is still present 

nowadays. The Sadeng Valley has incised approx. 100 - 180 metres, therefore it was assumed that 

the other valleys were abandoned before the Sadeng Valley. 

The current river course has some uncertainties as well. Berghuis et al. (2025) hypothesized that a 

ridge connecting the Rembang Hills with the Madura Island, which had forced the Solo River through 

the Madura Strait up until approx. 140 ka, was eventually breached. This passage forced the Solo 

River towards the Sunda Shelf during the last 140 ka. The Sunda Shelf has smaller gradients than the 

Madura Strait, but the flat shelf likely has more sediment accommodation space compared to the 

narrow Madura Strait. Because all estimates of the capture of the Kendeng Basin by the proto-Solo 

River predate the estimated dated breach of approx. 140 ka by Berghuis et al. (2025), it was 

assumed that the Sunda Shelf river course would have little influence on the main landscape forming 

events in the Kendeng Basin. 

6.3 Gunung Sewu uplift sensitivity 
During the model runs, it was noted that there was a high sensitivity to the blocking of the Reverse 

Solo River course. This sensitivity involved the uplift rate, the erodibility of the Southern Mountains 

and Gunung Sewu Karst Region bedrock material and the initial 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 uplift until the end of the run (present day). Consequently, the Kendeng 

Basin would still be drained towards the Indian Ocean by the end of the run. A slight increase in 

uplift causes a relatively early blocking of the reverse river course (800-850 ka BP), compared to 

estimates of Berghuis et al. (2021), who 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 which decreases discharge to zero at the 

water divide (highest point) when the lake depth exceeded 5 metres. Discharge increased again 

downstream from the water divide (continuing along the longitudinal profile). The reverse tectonics 

model run is an example how this sensitivity can build up to an outcome with the blocking at a 

different location (Figure 12). It is recommended to change erodibility, uplift rate and initial profile in 
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increasingly smaller steps, to approximate the tipping point. During the Reverse Solo River scenarios, 

the erodibility was not iteratively changed, and the iterations of the uplift rate and initial profile 

involved relatively large steps. 

6.4 Potential model variants 

6.4.1 Multiple blocking and capture events 
It is recommended to compare the effects of lahar timing, the location of the lahar, and the effects 

of implementing multiple lahars. Multiple lahars could lead to serial blocking and capture of the 

Kendeng Basin. If the reverse Solo catchment was divided in two parts by a river blockage, there 

must have been at least two catchment capture events. These have also been discussed by Berghuis 

et al. (2021). The Ngawi lake basin could have been captured by headward erosion by the proto-

Solo, eroding through 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 the results presented in section 5.6. Berghuis et al. (2025) found 

indications in seismic profiles that the Madura Strait could have followed the same tectonic trend as 

the Sunda Shelf. It was assumed that this also extents to the Randublatung Valley, west of the 

Madura Strait. If the Randublatung Valley once was a higher valley, it would be likely to have more 

erosion. The erosion-dominated highland valley would then be subsided, which seized erosion and 

increased sedimentation. There could therefore be a geologic unconformity between the subsided 

stratigraphy, and the more recent sediments on top. Model results show that if the Randublatung 

Valley subsided with a rate of approximately 150 mm/year and if the subsidence first seized near the 

Kendeng Hills, this unconformity would be at approximately 10 metres depth near the Kendeng Hills 

and 60-90 metres depth near Babat. Data from drillholes in the Randublatung Valley could confirm 

or disprove the assumption that the Randublatung Valley has been subsiding in the same trend as 

the Sunda Shelf based on the presence of an unconformity. It is also recommended to implement 

model scenarios in which the subsidence rate of the Randublatung Valley is larger and smaller than 

the 150 mm/year that was used in this study. 

6.5 Influence of sink removal and fill tools 
For the Copernicus DEM (currently emerged), the resulting increase in riverbed height due to 

hydraulic corrections (the fill sinks tool) amounted up to 0.1 meters. For the Gebco DEM (currently 

submerged), filling locally increased the height of the current riverbed up to 20 meters. These 

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 drop. A 

difference of 20 meters is more substantial, but the submerged part is of lesser influence on the 

landscape evolution in the Kendeng Basin. Although of likely small influence, it is recommended to 

obtain the real heights of the river course instead of the hydraulically corrected (filled) heights. The 

hydraulic correction was only necessary to find the river course. In sub-catchments, filling locally 

amounted about 1.5 to 70 meters. The sub-catchments were only used to calculate the 98th 

percentile height for the hillslope height (section 4.1.5.1), very local but substantial filling likely had a 

negligible effect on the 98th percentile height. 
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6.6 Incorporate upcoming climate model 
In section 4.1.4, it was discussed what assumptions were made to simulate a drier permanently 

exposed Sunda Shelf (Griffiths et al., 2013). As of the writing of this study, there are no climate 

reconstructions available that include a tectonic change. However, in the upcoming PlioMIP3 model 

a permanently exposed Sunda and Sahul shelf will be included. This is the next version of PlioMIP by 

Haywood et al. (2024). It is therefore recommended to include this climate model in future FLUVER2 

runs in Indonesia. 

6.7 Model instability and the Courant number 
The Courant number or Courant criterium, also known as the CourantςFriedrichsςLewy (CFL) 

condition, is a condition to assess model stability (Courant et al., 1928). It defines a relation between 

the time step size (ҟt), the spatial step size (ҟx), and the flow velocity (U). If the Courant number is 

>1, the risk of numerical instability is large, because the flow velocity is too large in relation to the 

time step per spatial step. If the Courant number is <1, the time steps are sufficiently small that 

perturbations are unlikely to grow into model instabilities. 

Equation 17 
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For the FLUVER2 model, the 2D-dimensions imply that the discharge (m3 s-1) is directly proportional 

to the flow velocity. This explains why the lower reach with the highest discharge is most sensitive to 

model instabilities. The final model runs showed minor model instabilities on the Madura Strait 

Shelf, these were assumed to have a small influence on the Kendeng Basin. Due to computationally 

heavy iterations for the lake sedimentation function, the time step (10 years in these model runs) 

could not be decreased. It is therefore recommended that future studies use larger spatial steps, 

which could also decrease model instabilities. This would come at the expense of a detailed profile, 

but all things considered, a spatial resolution of 180 metres would also yield viable results. The 

current spatial resolution was 90 metres. 

6.8 Additional calibration points 
The dated Sogen terrace (64 ka BP) and the T2 terrace at Trinil were used to calibrate the model 

during the first 100 ka (section 4.3.1), the T2 terrace was assumed to have aggradated in the same 

period as the Sogen terrace. However, Berghuis et al. (2021) dated the T2 terrace at 95 ka BP. This 

would place the T2 terrace in MIS4, whereas the Sogen terrace is related to MIS2. This would imply 

that the terraces could be related to different aggradation phases. T1, the youngest terrace, 

presumably from MIS2, could be more closely related to the Sogen terrace. A terrace clearly related 

to the T2 at Trinil was not found at Sogen, not during fieldwork and not in the FLUVER2 model 

output (Figure 23). This could be due to the fact that MIS4 and MIS3 form a aggradation-incision 

cycle with a very small magnitude in the reconstructed climate data. In future FLUVER2 studies on 

the Trinil-Sogen area, it is preferred to calibrate the model using the T1 terrace instead of the T2 

terrace, because the link between the T1 terrace and MIS2 is less disputed compared to T2. A 

distinction between T2 and T1 was not simulated by FLUVER2 due to a very small magnitude climate 

cycle. 

  



53 
 

Furthermore, an additional calibration point could provide some additional accuracy. Rizal et al. 

(2020) dated the lowermost Nglebak terrace at an age of 31±6 ka. Berghuis et al. (2021) 

hypothesized that the Nglebak terrace could be formed in the same aggradation phase as the T1 

terrace in Trinil. The Nglebak terrace and the Trinil T1 terrace, both assumed to have formed in 

MIS2, could be used as additional calibration points. It should however be noted that the FLUVER2 

model output did not show aggradation events at Nglebak (in the narrow valley through the 

Kendeng Hills), which raises some doubts about terrace formation in the Kendeng Hills altogether. 

6.9 Additional datings 
There was also additional information on dating from samples taken during the previous fieldwork 

campaign in 2022. At the time of writing, these samples are being dated using IRSL (Infrared 

Simulated Luminescence). These samples will improve our estimations of the sedimentation rates of 

the layers. It 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 account (Zhang & Tsukamoto, 2022). 
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7 Conclusions 
All in all, in the FLUVER2 scenarios, the addition of the lake sedimentation functionality enabled the 

FLUVER2 model to simulate blocking and capture events. The blocking of the reverse Solo River was 

most sensitive to changes in erodibility, the initial profile and uplift rate. Estimations of the blocking 

of the reverse Solo River could not be supported by FLUVER2 model results, because the model is 

too sensitive to initial conditions. The addition of increased volcanic hillslope erosion enabled the 

riverbed height in the Kendeng Basin to be raised to modern levels. The addition of the variable 

sedimentation factor increased the aggradation-incision cycles, mostly based on the temperature.  

Model scenarios quickly blocked the Reverse Solo River between 970 and 800 ka BP, which is not in 

accordance with prior estimations of 550 ka by Berghuis et al. (2021). This started a phase in which 

the Kendeng Basin was isolated, with a drier climate due to the permanently exposed Sunda Shelf 

and aggradation by eroded volcanic hillslope materials. These could have been good circumstances 

for fossil preservation. Approximately at 600 ka, a transition phase started in which spillover at the 

Kendeng Hills increased headwards erosion by the Proto-Solo River. As a result of mainly headwards 

erosion, uplift and upfilling by volcanic material in the Kendeng Basin, and subsidence of the 

Randublatung Valley, the capture of the Kendeng Basin is reproduced by the FLUVER2 model. The 

timing of the capture, between 330 and 350 ka, is in good agreement with prior estimations by 

Berghuis et al. (2021) (estimated capture 350 ka) and Rizal et al. (2020) (estimated capture 500-316 

ka). Assumed that the Batu Gajah clays were deposited near sea level, and that the Randublatung 

Valley subsided together with the Sunda Shelf, it is likely that a reverse Solo River once discharged 

the Kendeng Basin towards the south. Consequently, a capture of the Kendeng Basin by the proto-

Solo River was also modelled after the north-south gradient at the Kendeng Valley reversed. The 

establishment of the modern Solo River introduced aggradation-incision cycles at Sogen and Trinil. 

The aggradation-incision cycles forming the current terraces at Sogen and  Trinil could be mostly 

reproduced by the landscape evolution model (LEM) FLUVER2. Terraces at Ngandong were not 

reproduced due to a lack of aggradation phases. 

However, further model analysis is necessary to fully exploit the landscape evolution model to 

evaluate the Solo River evolution hypotheses. The main recommendations are to introduce: 

1) a variable lake level, which implications for spillover and dynamics within the depression.  

2) dual flow directions, to model the Proto-Solo River and Reverse Solo River simultaneously.  

3) add scenario variants with different uplift and subsidence for the Southern Mountains and 

Randublatung Valley respectively.  

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

Furthermore, a upcoming climate model (PlioMIP3) that includes the subsiding Sunda Shelf was 

recommended. This study offers a starting point for a further advance in the landscape evolution 

modelling of the Hominin Homelands of Trinil.  
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Appendix 

A. List of translations 
Table 10: List of translations 

Gunung Mount 

Bengawan River 

Gunung Sewu The thousand mountains 

 

B. List of abbreviations 
Table 11: List of abbreviations 

ka Kilo annum (a thousand years) 

Ma Megaannum (a million years) 

DEM Digital elevation model 

Wrt PD With respect to present day 

DDF Distance force function 

BP Before present 

 

C. Model preprocessing steps 

 

Figure 24: QGIS model to perform preprocessing steps described in section 4.1.1.2. 

D. Coordinates points of interest 
Table 12: List of coordinates described in section 4.1.1.2, to achieve a viable palaeocourse that excludes human channels 
and recent natural diversions. 

Blocked human-made channel Brondong (East-Java) S 6°56'01.67" E 112°16'24.51" 

Blocked human-made channel Sungonlegowo (East-Java) S 7°02'27.26" E 112°35'38.98" 

Blocked sea strait Madura Strait S 7°02'53.24" E 112°39'47.71" 

Spring reverse Solo Wilis volcano (East-Java) S 7°55'46.00" E 111°38'33.30" 

Spring current Solo Pracimantoro (Central-Java) S 8°04'17.80" E 110°51'46.56" 

Submerged outlet reverse Solo Indian Ocean S 8°25'28.97" E 110°51'44.98" 

Submerged outlet current Solo Bali Sea S 7°36'26.34" E 114°36'17.68" 

 

 
















