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Chapter 5
Strontium isotopes as an indicator of habitat use in
Pleistocene fossil faunas from Java, Indonesia
Renée Janssen, Josephine C.A. Joordens, Dafne S. Koutamanis, Resti S. Jatiningrum, John de
Vos, Natasja den Ouden, Jeroen H.J.L. van der Lubbe, Oliver Hampe, John J.G. Reijmer,
Gareth R. Davies, Hubert B. Vonhof

Abstract
The island of Java is home to a multitude of rich Quaternary fossil sites, the oldest of which
contain the earliest evidence of hominins being present in Indonesia. To expand our
understanding of the paleobiology and paleoecology of these fossil faunas, we analyzed the
strontium isotope (87Sr/86Sr) compositions of terrestrial vertebrate bone and enamel from the
cave sites of Wajak, Hoekgrot, and Punung, and the Homo erectus‐bearing sites Trinil and
Sangiran. We assess the extent to which the Sr isotope ratios of these faunas reflect the
surrounding substrate geology, and whether deviation from this general local signal is linked
to dietary preferences. Results show that Hoekgrot and Wajak ungulates ranged
predominantly on volcanic substrates rather than the nearby limestone terrain. Punung
specimens show considerable influence of geological substrates of marine origin, implying that
the bovids found at this site did not roam far inland. At Trinil and Sangiran, a considerable part
of the specimens have much higher Sr isotope ratios than we would expect based on the
substrate geology isoscapes, indicating that these animals predominantly ranged in the low‐
lying, limestone‐rich areas to the north of these sites. Comparison of Sr isotope values with
carbon isotope data (δ13C) from the same specimens shows that the dominant C4 signal
observed in the Sangiran and Trinil herbivore faunas corresponds with foraging in different
landscape settings, and thus likely to be representative of the overall balance between C4 and
C3 vegetation in these areas during the Early and Middle Pleistocene.
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5.1 Introduction
To understand the paleobiology and paleoecology of extinct faunas and early hominins it is
essential to reconstruct their migratory behavior, habitat use and resource use. One of the
most useful isotopic tracers in this regard is strontium, which is incorporated in bones and
teeth as a substitute for calcium. The 87Sr/86Sr ratio of these mineralized tissues directly reflects
the Sr in the animal’s food and water (Lenihan et al., 1967; Blum et al., 2000; Flockhart et al.,
2015) and ultimately the geological terrain where these resources were obtained (Dasch, 1969;
Sillen and Kavanagh, 1982; Graustein, 1989).
Sr isotopes are therefore increasingly applied in the study of prehistoric movement
patterns and habitat preferences (Price et al., 2002; Bentley, 2006). The Sr isotope
compositions of skeletal samples are thereby compared to isoscapes; maps predicting the
spatial distribution of isotope ratios on a local or regional scale (Bowen, 2010; Hobson et al.,
2010; Crowley et al., 2015). This technique has for instance revealed that some populations of
mammoths and mastodons migrated hundreds of kilometers, whereas other populations only
ranged locally (Hoppe et al., 1999; Hoppe, 2004; Perez‐Crespo et al., 2016). For ancient human
populations, Sr isotopes are now regularly used to distinguish between local and non‐local
individuals (Price et al., 2000; Bentley et al., 2004; Knudson et al., 2004; Wright, 2005;
Copeland et al., 2011; Laffoon and Hoogland, 2012; Kootker et al., 2016; Shaw et al., 2016).
The movement patterns of Pleistocene and Holocene ungulates have been studied with Sr
isotopes by Hoppe and Koch (2007), Widga et al. (2010), Britton et al. (2011), Price et al. (2015),
Copeland et al. (2016), and others.
One paleogeographical setting in which Sr isotopes have not yet been applied is on
the island of Java in the Indonesian archipelago, where a long history of paleontological
research has unearthed a wealth of Quaternary mammalian assemblages (e.g. Van den Bergh
et al., 2001). The species diversity of these assemblages attests to the repeated faunal
exchange with the Asian mainland, which occurred when the Sunda shelf between the islands
was exposed during glacial periods (Heaney, 1984; van den Bergh et al., 1996; de Bruyn et al.,
2014). Among the taxa found in the Late Pleistocene and Holocene cave infills near the
southern coast are various ungulate species; predominantly bovids (banteng, buffalo), cervids
(muntjac and other deer), suids (pigs), and humans (Homo sapiens) (e.g. Storm et al., 2013).
Abundant ungulate remains are likewise found more to the north, in the Pleistocene
fluviolacustrine deposits at Trinil and Sangiran. These latter two localities have also yielded
Homo erectus bones and teeth (Dubois, 1896; von Koenigswald, 1935, 1940; Marks, 1953),
providing evidence for early hominin presence in Indonesia.
In this chapter, we examine if the Sr isotope ratios of these fossil faunas reflect the
expected Sr isotope ratios in the vicinity of the sites from which they have been recovered, as
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calculated from an isoscape we construct based on present‐day substrate geology. Where
faunal Sr isotope values deviate from this local isotope signature we investigate additional
influences related to environmental and behavorial factors. Furthermore, we examine
whether there exists taxa‐specific geographical differentiation, and if it is linked to dietary
preferences. In this effort to contribute to the reconstruction of the environmental context of
Homo erectus we also analyze a number of rare bone specimens from this hominin species.

5.2 Regional setting
The island of Java is part of the Sunda Arc, a volcanic island arc stretching from Sumatra in the
northwest to Flores in the southeast. This volcanic range is produced by the subduction of the
oceanic Indo‐Australian Plate beneath the continental Eurasian Plate from 45 Ma onward
(Katili, 1975; Hamilton, 1979). In east Java, the active volcanoes of the Sunda Arc are paralleled
by the Southern Mountains, an older, now inactive range of Eocene to Miocene volcanoes
(Smyth et al., 2005) (Fig. 5.1). The modern Sunda Arc formed north of this older range and
partially on top of the Kendeng back‐arc basin, as volcanic activity resumed at the end of the
Middle Miocene (at ~10 Ma; Hall, 2009; Hall, 2013).
The Kendeng basin is filled with volcaniclastic material derived from both mountain
ranges, as well as some material derived from the extensive Southern Mountain carbonate
deposits. The latter are predominantly of Miocene origin (Lokier, 2000b) and include the
Gunung Sewu Karst terrain, where the Punung caves are located, as well as extensive
limestone terrains near the Hoekgrot and Wajak caves.
The Sangiran and Trinil fossil sites are located at the northern slopes of the modern
Sunda Arc. Fossils here have been found in lacustrine and fluvial deposits (Dubois, 1890;
Dubois, 1894; Selenka, 1906‐1907; Selenka and Blanckenhorn, 1911), laid down by rivers
analogous to the contemporary Solo river. When the fossil‐bearing layers at Sangiran and Trinil
were deposited (between ~1.5 and 0.8 Ma, and around ~0.5 Ma, respectively; see Table 5.2)
the extent of the volcanic highlands was roughly similar to the present‐day situation, with the
major volcanic centers already present well before this time (Huffman, 1997, 2001a). However,
it is important to note that the Merapi volcanic complex in particular did not yet exist. There
is some evidence for an earlier volcanic complex in this area, Gunung Bibi, being present before
0.6 Ma (Berthommier, 1990; Camus et al., 2000; Gertisser et al., 2012) and volcanic deposits
are also present in the Sangiran Dome sequence itself. Nevertheless, it is quite possible that
(especially in the immediate vicinity of the Sangiran locality) there is a difference in the extent
and Sr isotope character of volcanic substrates present in the present day, versus the time that
its fossil‐bearing layers were deposited (compare Fig. 5.1 in this chapter to the Plio‐Pleistocene
model in Huffman, 1997; Huffman, 2001a).
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Figure 5.1 Simplified geological and paleogeographic model of present‐day Central‐East Java, showing the location of
the fossil sites (black dots) in relation to major geological features and the presumed location of the Randublatung
marine embayment (dashed line) which is assumed to have existed intermittently in the Plio‐ and Pleistocene.

North of the modern Sunda Arc, extensive marine clastic sediments and carbonate deposits
(predominantly of Miocene and Pliocene age) are interpreted to be part of the Cenozoic shelf‐
edge (Hamilton, 1979; Wilson, 2002). During highstand periods in the Pliocene to Pleistocene
period this area is thought to have been partially covered by a marine embayment (Huffman,
1997; Huffman, 1999).
The geologic setting described here leads us to expect significant variability in surface
geology 87Sr/86Sr signatures, with the volcanic substrates and the carbonate deposits forming
two distinct endmembers. Large‐scale surface mapping of strontium isotope variation has not
yet been attempted for this region, but we can deduce the general pattern of 87Sr/86Sr variation
based on the geological substrates present and the surface rock Sr isotope measurements that
have been performed.
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Because the isotope 87Sr slowly increases due to the radioactive decay of 87Rb,
87
Sr/86Sr ratios differ between geological substrates depending on initial rubidium and
strontium concentrations and the age of the substrate (Faure and Mensing, 2005). The igneous
rocks of Java are to a large extent mantle‐derived, material that is depleted in Rb compared to
crustal rocks (Faure and Powell, 2012). As a result there is only a relatively small increase in
87
Sr through radioactive decay, and thus we expect volcanic and volcaniclastic rocks to be
characterized by relatively low 87Sr/86Sr ratios. Indeed, measurements by Whitford (1975) and
Gertisser and Keller (2003) confirm that Sr isotope ratios of these volcanic rocks are typically
<0.706. Also important in terms of surface area are the marine carbonates of the Southern
Mountains and the Cenozoic shelf‐edge. Carbonates reflect the 87Sr/86Sr ratio of the seawater
in which they were formed, which varies over time but is in the range of 0.7078 to 0.7092 for
the Eocene to Holocene, the period over which the carbonates in this study area have been
deposited (as confirmed by measurements by Sharaf et al., 2005 and others). These
intermediate Sr isotope values reflect the fact that seawater Sr is a derived from both crustal
rocks (with high 87Sr/86Sr ratios) and mantle rocks (with low 87Sr/86Sr ratios) (Faure and Hurley,
1963).

5.3 Materials and methods
5.3.1 Isoscapes
To capture the spatial variation in the vicinity of the paleontological sites, we constructed
Sr/86Sr isoscapes based on present‐day substrate lithology. Note that the biologically
available Sr in a given area may differ from Sr isotope values of the underlying bedrock or
sediments due to factors like variation in the Sr concentration of different rocks and soils (Capo
et al., 1998; Bentley, 2006), differential weathering (Fritz et al., 1992; Blum et al., 1993) and
contributions of non‐geologic strontium sources such as groundwater, streamwater, sea spray,
rainwater, and eolian dust (Graustein and Armstrong, 1983; Kennedy et al., 1998; Chadwick et
al., 1999; Vitousek et al., 1999; Whipkey et al., 2000). However, bedrock geology and derived
soil material are in most cases predominant in determining the range of biologically available
87
Sr/86Sr in an area (Capo et al., 1998; Beard and Johnson, 2000) and will provide us with a
sense of the major contrasts between the sites. In our interpretations of faunal Sr isotope
compositions we will take into account other, non‐geological factors separately.
In ArcGIS 10.1, we constructed a map based on the 2010 geologic map of the
Geological Survey Centre (Bandung Geological Institute, 2010) with map polygons (generally
representing individual formations) classified into lithological categories relevant to 87Sr/86Sr
differences. A total of three isoscapes were made (Table 5.1): One isoscape representing our
87
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best estimate for substrate lithology 87Sr/86Sr values, and two isoscapes incorporating the
minimum and maximum realistic 87Sr/86Sr values. Based on published data, most volcanic
deposits were assigned 87Sr/86Sr values of 0.7042‐0.7048. The exception is Gunung Merapi,
which has relatively high 87Sr/86Sr values of 0.7050‐0.7060 due to the slightly higher sediment
contribution to the mantle wedge in this section of the Sunda Arc (Whitford, 1975; White and
Patchett, 1984; Gertisser and Keller, 2003; Sharaf et al., 2005; Handley, 2006; Dempsey, 2013;
Handley et al., 2014). Formations consisting mainly of marine carbonates were assigned the
same value for each of the three isoscapes, namely the midpoint paleo‐seawater Sr isotope
value of the epoch in which each formation was formed (following Clemens et al., 1993;
Henderson et al., 1994; Farrell et al., 1995; McArthur et al., 2001).
Sediments of mixed continental‐marine origin, such as marls and mixed volcaniclastic‐
carbonate sedimentation, have been assigned a broad range of intermediate values. Here, the
substrate 87Sr/86Sr value is dependent on several different factors: (a) the extent to which the
sediment influx originated from higher‐87Sr/86Sr Merapi volcanics, (b) the age of marine
deposits, (c) the proportion of volcanics to carbonate rocks in mixed sediments, and (d) how
different weathering rates of volcanics and carbonates affect their contribution to bioavailable
Sr at the surface (carbonate weathering can be expected to dominate; Palmer and Edmond,
1992). Factors (a) and (b) can be reliably estimated based on the location and age of the
deposits. Our estimates for factors (c) and (d) are less well constrained; we varied the
contribution of the marine component from 20 to 80% in marl deposits and from 0 to 20% in
flysch deposits.
Subsequently, the mean of modelled Sr isotope values was calculated for a series of
nested circular areas of 1‐50 km in radius centered on the fossil faunal sites (cf. Snoeck et al.,
2016; see Fig. 5.2). We also calculated the mean Sr isotope value of the Solo river drainage
basin upstream from Sangiran and Trinil, based on the premise that the catchment of
Pleistocene rivers flowing in proximity to these sites was geographically similar.
As mentioned in the previous section, the present‐day geological map approximates
the paleo‐geologic situation in the Early and Middle Pleistocene (i.e. the period from which the
faunas from Sangiran and Trinil studied in this study originate), but with some deviations in
the extent of volcanic complexes. As it is not currently feasible to create a sufficiently accurate
paleo‐geologic map for this time period, we have opted to use the present‐day geological map
as the basis for our comparisons with Sr isotope data from fossil faunas from this time period.
Possible deviations between the Early/Middle Pleistocene and current situation will be
discussed where they have interpretational implications.
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Table 5.1 Assigned Sr isotope values for the lithological categories. Limestones were uniformly assigned the midpoint
paleo‐seawater Sr isotope value of the epoch in which they were formed. Designated values for marl and flysch vary
depending on age and the extent the terrestrial sediment influx was dominated by Merapi volcanics.
assigned 87Sr/86Sr values

substrate type
low est.

best est.

high est.

Holocene limestone

0.7092

0.7092

0.7092

Pleistocene limestone

0.7091

0.7091

0.7091

Pliocene limestone

0.7091

0.7091

0.7091

Miocene limestone

0.7086

0.7086

0.7086

Oligocene limestone

0.7080

0.7080

0.7080

Eocene limestone

0.7078

0.7078

0.7078

marl

0.7050‐0.7074

0.7064‐0.7069

0.7076‐0.7082

flysch

0.7042‐0.7050

0.7049‐0.7058

0.7055‐0.7065

littoral/neritic/transitional clastics (excl. lime and marl)

0.7045

0.7050

0.7055

terrestrial sediments

0.7042

0.7045

0.7048

Merapi volcanic deposits

0.7050

0.7055

0.7060

other volcanic deposits

0.7042

0.7045

0.7048

5.3.2 Sr isotope analysis on faunal material
Specimens
A total of 54 tooth enamel specimens and 14 bone specimens were selected from the Dubois
Collection and the Von Koenigswald Collection (Naturalis Biodiversity Center, Leiden, The
Netherlands) and the Selenka collection (Museum für Naturkunde, Berlin, Germany). The
enamel samples were predominantly taken from ungulate specimens (bovids, cervids, suids
and a hippopotamus) and also included a tapir and several crocodilian specimens. Bone
samples were all taken from others specimens (i.e., other individuals) than the enamel
samples. Among the analyzed bones are seven Homo erectus specimens; powdered samples
of ‘Sangiran 1b’, ‘Sangiran 2’, ‘Sangiran 3’, ‘Sangiran 4’, ‘Sangiran 5’, and ‘Sangiran 6a’
previously used for fluorine analysis by Bergman and Karsten (1952), and a bone fragment of
Trinil ‘Femur III’ that was originally used for SEM analysis by Day and Molleson (1973). The
paleodiet and ‐habitat of all specimens analyzed in this study have previously been
investigated using carbon and oxygen isotopes (Chapter 4 of this thesis; Janssen et al., 2016).
In addition, 16 shell specimens were sampled throughout a stratigraphic section consisting of
the upper Kalibeng Formation (or Puren Formation) and Lower Pucangan Formation (or
Sangiran Formation) by one of us (RSJ) during fieldwork along the Puren River section in the
Sangiran Dome (Jatiningrum, 2014; Jatiningrum et al., 2014). Represented mollusc species are
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Bellamya javanica, Brotia testudinaria, Corbicula gerthi, Corbicula pullata, Cryptospira sp., and
Elongaria orientalis.
The sites from which the analyzed specimens originate are listed in Table 5.2, along
with estimated ages. All Trinil specimens analyzed for this study derive from the hominin‐
bearing Hauptknochenschicht or ‘Trinil HK’ layer (Dubois, 1894; Dubois, 1896; Selenka, 1906‐
1907; Selenka and Blanckenhorn, 1911). The Sangiran vertebrate fossils were surface finds,
and it is not known from which exact geographical and stratigraphic positions within the
Sangiran Dome locality (spanning more than 15 km2 and ~0.7 Ma) they originate (Larick et al.,
2000; Bettis et al., 2009; Hyodo et al., 2011). The Sangiran shell specimens predate the Homo
erectus fossils (and likely all other vertebrate fossils we analyzed in this study), which occur
upwards from the upper part of the black clay of the Sangiran Formation and higher up in the
sequence (Aimi and Aziz, 1985; de Vos et al., 1994).
Table 5.2 Age and setting for the sites from which sampled specimens in this study originate. The exact stratigraphic
origin of the Early Pleistocene Sangiran specimens analyzed in this study is uncertain.
site

age estimate

setting

Hoekgrot

around ~2.6, 3.3 ka (Shutler et al., 2004)

cave

Wajak

around ~6.5, 10.6 ka (Shutler et al., 2004)

cave

min. 28.5‐37.4 ka (Storm et al., 2013)
Punung

min. 118±3 ka and max. 128±15 ka (Westaway et al., 2007b)

cave

Trinil

min. 0.43 ± 0.05 Ma and max. 0.54 ± 0.1 Ma (Joordens et al., 2015)

open air

Sangiran

between <1.51 and 0.8 Ma (Larick et al., 2001; Hyodo et al., 2011)

open air

In selecting samples for this study we primarily targeted tooth enamel, because its dense
structure, large crystal size and low organic content makes it relatively resistant to diagenetic
alteration (Bocherens et al., 1994; Kohn et al., 1999; Budd et al., 2000; Chiaradia et al., 2003;
Hoppe et al., 2003; Lee‐Thorp and Sponheimer, 2003; Trickett et al., 2003). Based on optical
inspection and a leaching test, we concluded in chapter 4 of this thesis (Janssen et al., 2016)
that the teeth analyzed here are relatively well‐preserved, and that its δ13C and δ18O values
likely reflect the original values. The preservation of original stable isotope compositions
suggests that it is likely that the in vivo Sr isotope composition has also been preserved. For
the cortical bone samples this level of preservation cannot be assumed, as bone is generally
more susceptible to diagenetic contamination (Nelson et al., 1986).
As tooth enamel is not remodeled during an animal’s lifetime, it generally retains the
Sr isotope ratio incorporated during formation in the first years of life (Budd et al., 2000). The
majority of sampled teeth are molars; however, the tooth type could not be determined for
some fragmented specimens. Note that bone is continuously remodeled through life.
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Sampling and geochemical analysis
Using a diamond‐tipped dental drill, we removed the surface layer of enamel from each
individual tooth, and then took samples from areas of pristine enamel. The drill bit was cleaned
with ethanol between each sample extraction. Bone was also sampled by drill, except for the
Sangiran H. erectus samples which were already in powdered form. Following the procedure
described by Bocherens et al. (1996), powdered enamel and bone samples were pretreated
with 2‐3% NaOCl for 20 hours to extract organic residues, and with 1 M acetic‐Ca acetate buffer
for 20 hours to remove the more labile (supposedly diagenetic) carbonates. Afterwards, they
were fully dissolved in 3N HNO3 and loaded onto cation exchange columns charged with
Eichrom SrSpec crown ether resin, thus extracting strontium.
As for the shell specimens, small fragments of sixteen mollusc fossils were powdered
(Jatiningrum, 2014). and dissolved in 3 N HNO3 and loaded onto cation exchange columns
charged with Eichrom SrSpec crown ether resin, thus extracting strontium.
Following strontium extraction, samples were loaded onto degassed rhenium filaments and
87
Sr/86Sr ratios were determined using the Thermo‐Finnigan MAT 262 RPQ plus or the Thermo
Scientific Triton plus thermal ionization mass spectrometer at the Faculty of Earth and Life
Sciences at the VU University of Amsterdam. Reported 87Sr/86Sr ratios are Rb‐corrected and
normalized to a value of 0.710245 for the reference standard NBS‐987, repeated analysis of
which yielded an average ratio of 0.710268 (0.000015 2SD) in the measurement period. The
strontium yield of procedural blanks was negligible (< 0.03%) relative to the overall amount of
strontium in the samples.

5.4 Results and discussion
The Sr isoscape of Central‐East Java (Fig. 5.2) shows a clear contrast between the relatively
high 87Sr/86Sr signatures of the marine deposits in the Southern Mountains and Kendung Hills
and the low 87Sr/86Sr signatures of the volcanic core of the island. All sites are located in areas
exhibiting considerable Sr isotope variability on a relatively small spatial scale.
The faunal 87Sr/86Sr values (Appendix at the end of this chapter, Fig. 5.3., Fig. 5.4)
range from 0.7045 to 0.7082, falling within the total range of values assigned to isoscape
substrate units (as listed in Table 5.1). A considerable portion of the Trinil and Sangiran faunal
specimens yields significantly higher 87Sr/86Sr values than the isoscapes predict based on
present‐day local and regional substrate geology. This indicates that these animals (with
87
Sr/86Sr values >0.707) obtained their resources from areas that, directly or indirectly,
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experienced marine influence. They either had a selective home range focused on substrates
of marine origin (namely carbonate‐rich marl and limestone), or they took in marine Sr through
the consumption of plants affected by brackish groundwater or sea spray (Vitousek et al.,
1999; Gustafsson and Franzén, 2000; Price and Gestsdóttir, 2006). In the following sections we
will look at each site in detail and assess which factors are most likely to have led to the
measured faunal Sr isotope values.

Figure 5.2 Map showing modelled substrate geology Sr isotope values of Central‐East Java based on our best estimate
of surface lithology 87Sr/86Sr values, and the series of nested circles for which mean Sr isotope values were calculated.
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Figure 5.3 Left panels: modelled Sr isotope values in the nested circular areas around the Southern Mountain sites.
The black line represents values based on our best 87Sr/86Sr estimates. The gray area gives the total range of values
based on lowest to highest isoscape estimates. The total range of isoscape input Sr isotope values is 0.7042 to 0.7092;
hatched areas represent values exceeding this range. Right panels: measured faunal Sr isotope values for each of the
sites. It is unknown if the analyzed Punung faunal remains originate from Punung 1 or Punung 2, two localities some
6 km apart in the Southern Mountains (Storm and de Vos, 2006; Westaway et al., 2007b).
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Figure 5.4 Left and center panels: modelled Sr isotope values in the nested circular areas around the northern Trinil
and Sangiran sites, and river catchments. The black line represents values based on our best 87Sr/86Sr estimates. The
gray area gives the total range of values based on lowest to highest isoscape estimates. The total range of isoscape
input Sr isotope values is 0.7042 to 0.7092; hatched areas in the left panels represent values exceeding this range.
Right panels: measured faunal Sr isotope values for each of the sites (right panels). Bone samples are presented in
open symbols: enamel samples in filled symbols. Data given as gray symbols are from Joordens et al. (2009).

5.4.1

Hoekgrot and Wajak

The isoscape Sr isotope values associated with the Hoekgrot and Wajak cave sites show a
similar pattern. Locally, the average substrate values are relatively high due to the limestones
of the Campurdarat Formation. But due to nearby sediments of volcanic origin, present even
in the same valley, these values drop off quickly towards a regional average of ~0.705 87Sr/86Sr.
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Faunal remains from Hoekgrot and Wajak have average Sr isotope values of
respectively 0.7048 and 0.7056 (Fig. 5.3), reflecting little if any influence from marine
substrates or seawater. Instead, they give a provenance signal dominated by volcanics (which
we assigned values of 0.7042‐0.7048 87Sr/86Sr) and consistent with the regional average. This
implies that these animals mainly ranged on volcanic substrates, and avoided the Campurdarat
Formation limestones. The Hoekgrot suid specimens necessarily represent a relatively small
home range, as most feral pigs range over an area less than 15 km2 and do not engage in large‐
scale seasonal migration (e.g. Dexter, 1999; Saunders and McLeod, 1999; Mitchell et al., 2009),
so their low 87Sr/86Sr values (~0.7047 87Sr/86Sr) suggest that during tooth formation these pigs
ranged on the volcanic substrates directly to the north and west of the cave. The same can be
said of the Wajak cervid specimens belonging to the species Muntiacus muntjak, or Indian
muntjac (0.705404 and 0.705535 87Sr/86Sr), a small deer which has been shown to occupy
home ranges of less than 1 km2 (Odden and Wegge, 2007). The remaining cervid specimen is
undetermined to a species level, making it difficult to estimate how widely this animal ranged.
The bovid specimens from Hoekgrot and Wajak are all identified as belonging to the
species Bos javanicus, or banteng. While little is known about the unrestricted ranging
behavior of wild banteng, larger ungulates in general are likely to have broader movement
patterns (e.g. McNab, 1963; Swihart et al., 1988). Their home range may have included
volcanic slopes further inland, and perhaps also the Mandalika Formation extrusives that
outcrop in the coastal area ~20 km to the southwest of the sites, in what is now the southern
part of the Trenggalek regency. However, sea spray possibly elevates bioavailable Sr isotope
ratios in areas near the coast. Sampling of local plants and micromammal remains would allow
us to quantify any direct marine influence, and establish how likely it is that these animals
ranged in a coastal area.
Since the Hoekgrot and Wajak fossils have been found in breccia fissure infills
dominated by limestone (Dubois, 1890), their low Sr isotope values corroborate our
expectation that these fossils have not incorporated diagenetic strontium from the cave infills
and surrounding carbonate terrain.

5.4.2

Punung

At Punung, the analyzed bovids and tapir originate from either Punung 1 or Punung 2, two
localities some 6 km apart in the Southern Mountains (Storm and de Vos, 2006; Westaway et
al., 2007b). The Punung 2 cave is located in the Gunung Sewu Karst terrain, consisting of the
Miocene limestones of the Wonosari Formation. The Punung 1 cave is 6.5 km east‐southeast
of Punung 2; hence the diverging local Sr isotope signatures.
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The average 87Sr/86Sr ratio for the Punung specimens is 0.7075, which is considerably
higher than the regional average (~0.706) but consistent with the local substrate geology <15
km around Punung 2. As the home ranges of tapirs generally cover less than 5 km2 (Foerster
and Vaughan, 2002; Noss et al., 2003; Lizcano and Cavelier, 2004), it is likely that the Punung
tapir specimen (Tapirus indicus) indeed represents a local signal. Its Sr isotope value (0.7073)
suggests that this animal obtained resources from both limestone and sediments of volcanic
origin. According to the general Sr isotope pattern of our isoscapes such a home range must
have been partially located on the Gunung Sewu terrain, as the local Nampol and Oyo
Formations are terrestrial sediments having been assigned values of 0.7042 ‐ 0.7048 87Sr/86Sr.
However, this reveals the unavoidable generalization that has taken place in making the
isoscapes, because these formations in fact also contain limestones (Lokier, 2000a; Boudagher‐
Fadel and Lokier, 2005; Satyana, 2005). Again, high‐resolution sampling of substrate and
bioavailable Sr would allow more precise interpretation. Sr isotope values for the two Punung
bovids (0.7072 and 0.7078 87Sr/86Sr) are comparable to the value for the tapir, although the
bovids probably ranged more widely. We can exclude the possibility that their home ranges
extended far inland, where substrates with sufficiently high Sr isotope ratios do not occur.

5.4.3

Trinil

Based on our constructed isoscapes, the geology in the Trinil area has an average Sr isotope
signature of ~0.7045‐0.7060 (Fig. 5.4, upper panels). Note that the difference between low and
high Sr estimates for this site is larger than that of the Southern Mountains sites, due to the
high uncertainty on the Sr isotope values of the Kendeng Basin marls. Another valuable
indicator of bioavailable Sr isotopes is dissolved river Sr, which is often closely linked to
groundwater Sr available to plants (Hoogerwerf, 1970; Bentley, 2006; Crowley et al., 2015).
The mean isoscape Sr isotope value for the river drainage basin upstream from Trinil (see Fig.
5.5) is around 0.705356, corresponding well to the Sr isotope value of a modern‐day Solo river
shell (0.705499). Due to the previously discussed divergence between the modern‐day and
Middle Pleistocene paleo‐geologic situation with regard to the extent of the (pre‐)Merapi
volcanic complex, it is possible that the drainage basin Sr isotope signature was different
during the deposition of the Trinil HK layer, although it is difficult to assess whether the
average Sr isotope value would have been lower (due to the presence of volcanic rocks or
sediments which do not have the high 87Sr/86Sr values characteristic of the volcanic products
of Merapi) or if it would have been higher (due to the presence of substrates with a marine Sr
isotope signature).
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Figure 5.5 The extent of the Solo river drainage basin upstream from Sangiran (red outline) and Trinil (black outline)
overlaid on the map of modelled substrate geology Sr isotopes.

Theoretically, direct marine influence may have also caused Middle Pleistocene bioavailable
Sr isotope values to deviate from the Sr isotope estimates given by the present‐day isoscapes.
During recurrent interglacial periods of high sea level in the Pleistocene, Trinil and Sangiran
are thought to have been situated more proximal to a marine coast (see Fig. 5.1; Huffman,
2001b; Huffman and Zaim, 2003). Indeed, Joordens et al. (2009) shows that brackish and
marginal marine mollusc species were present in Trinil deposits, and their Sr isotope ratios
confirm the presence of brackish water. However, these results seem to be in disagreement
with the interpretation of the Trinil HK layer as representing a glacial environment, which was
made in Chapter 4 of this thesis (Janssen et al., 2016) on the basis of the dominant C4
vegetation signature in the herbivore carbon stable isotope compositions.
This apparent contradiction is resolved by the observation that the brackish molluscs
all derive from the sandstone and andesitic tuff layers (‘weicher Sandstein’ layer in Dubois’
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1896 stratigraphy) overlying the H.K. layer at Trinil (Joordens et al., 2009). Recent pilot
fieldwork at Trinil in 2016 (by JCAJ and team) showed that the H.K. is overlain by a stack of ~15
m sediments, with a fossiliferous layer at 12 m above H.K. testifying to the presence of a
different, younger fauna (including Elephas) having immigrated from the Asian mainland
during low sea levels. This indicates that the stack of deposits above H.K. must represent at
least one interglacial and another glacial cycle. We suggest that the layers from which the
brackish and marginal marine molluscs analyzed by Joordens et al. (2009) originate represent
interglacial conditions, whereas the Trinil HK layer itself originates from a glacial period.
In contrast to both local and drainage basin isoscape Sr signatures, it is clear that part
of the analyzed fossil faunas have considerably higher Sr isotope values than those predicted
by the isoscapes (Fig. 5.4, upper panels). While most of the bovid specimens are in line with
the isoscape estimates, all but one of the cervids exhibit 87Sr/86Sr values higher than 0.707. The
Sr isotope values of the crocodilians and hippopotamus are slightly elevated with respect to
the isoscape values, but still fall within the range expected for a freshwater environment (see
Joordens et al., 2009).
The probable glacial origin for the Trinil HK layer leads us to propose that the relatively
high vertebrate Sr isotope values found in the Trinil vertebrates are probably not due to direct
marine influence in the form of sea spray or frequent inundation of grazing grounds. More
likely, they are the result of grazing on substrates of marine origin, such as the Klitik member
of the Sonde Formation, which outcrops at less than 2 km from the site (it is visible in Fig. 5.2
as a thin high‐87Sr/86Sr band). It is interesting to note that, along with the bovids with the
lowest 87Sr/86Sr‐values, there is one cervid which seems to have spent a significant amount of
time feeding on volcanic substrates (most likely on volcanic slopes to the south of Trinil), at
least during molar formation in the first stage of life. More generally, the large variation we
see in the bovid and cervid 87Sr/86Sr values suggests considerable heterogeneity in the location
of feeding grounds for these animals: they utilized different areas in the landscape. The same
may apply to the suids, but we have not been able to analyze enough specimens from this
taxon to confirm or refute this possibility.
In addition to enamel samples, we also measured a number of bone samples from
Trinil. Chapter 4 of this thesis (Janssen et al., 2016) surmises that the carbon (13C) and oxygen
(18O) isotopic compositions of bone material from Trinil and Sangiran is diagenetically altered,
suggesting that Sr isotope compositions of these and other bone samples may also affected by
diagenetic Sr. The Trinil bone samples analyzed here have Sr isotope values in an intermediate
range of ~0.7058‐0.7073 (Fig. 5.4). Bovid bone values are within the range of enamel values
for this taxa, and the suid bone value does not deviate much from the suid enamel sample.
The Homo erectus specimen (Trinil ‘Femur III’) has a Sr isotope value of 0.706347. No Homo
erectus teeth from Trinil have currently been analyzed for Sr isotopes to provide a framework
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for comparison. These bone samples may in theory represent realistic in vivo values, but they
could also indicate clustering around a diagenetic endmember (~0.7065).

5.4.4

Sangiran

According to our isoscapes, the substrate geology in the Sangiran area has an average Sr
isotope value of ~0.7044‐0.7058 (Fig. 5.4, lower panels), and the river drainage basin upstream
from Sangiran has an mean value of around 0.705327 (Fig. 5.5).
The vertebrate fauna Sr isotope values are spread across a wide range, most plotting
higher than the isoscape estimates. As with the Trinil fauna, these high values may well be the
result of grazing predominantly in the low‐lying areas to the north of the site, as well as the
local marine and brackish‐water deposits of the Puren Formation and lower Sangiran
Formation. For Sr isotope values as high as 0.707‐0.708, this probably entailed feeding on
carbonate‐rich deposits such as the Klitik member (Sonde Formation) which also outcrops ~5
km north of the Sangiran dome. It is possible that more surfacing carbonate‐rich deposits were
present at the time that the fossil‐bearing layers of the Sangiran Dome were laid down, as they
may have been covered with volcanic deposits to a lesser extent than in the present‐day
situation (see section 5.2).
The Sangiran fauna also shows similarity to the Trinil fauna in its wide range in values,
which suggests strong differentiation between home ranges within taxa. This is especially
observable in the cervids, some of which (0.7052 87Sr/86Sr) must have fed predominantly on
volcanic deposits and their terrestrial sediments while others (0.7082 87Sr/86Sr) seemed to
have fed almost exclusively in limestone‐rich areas.
As described in section 5.3.2.1, the fossil mollusc shells recovered from lower parts of
the Sangiran Dome sequence predate the Homo erectus fossils, and likely all other vertebrate
fossils analyzed in this study. Their Sr isotope values indicate a shift from a marine environment
to an environment with increasing influence from freshwater (see Fig. 5.4). Note that isotope
values for these shells are all >0.707 and thus not represent a full freshwater system, which
was established at the time that the upper part of the Sangiran Formation was deposited. As
far as we know, the Sangiran vertebrate fossils have not been found as low as the lower
Sangiran Formation, making direct marine influence (through the consumption of plants
affected by brackish groundwater or sea spray) an unlikely explanation for the elevated Sr
isotope values of any vertebrate fossils.
The bovid bone we analyzed gives a Sr isotope value of 0.705244, which is relatively
low compared to the bovid enamel values of the same site. The Sangiran H. erectus bone
samples yield 87Sr/86Sr values of 0.705159 to 0.707886, a broad range not significantly different
from the range of vertebrate enamel values. We currently cannot say to what extent these
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samples have been contaminated with diagenetic Sr: for specimens recovered from a single
layer and location we would expect diagenesis to pull Sr isotopes to one particular value, but
the H. erectus specimens likely originate from a range of diagenetic settings within the
Sangiran Dome sequence.

8.4.5

Comparison with stable isotope data

In Chapter 4 of this thesis (Janssen et al., 2016) we analyzed the carbon (13C) and oxygen
(18O) isotopes of the same specimens we analyze for Sr isotopes in this chapter. In Figure 5.6
we compare the 87Sr/86Sr values to the 13C and 18O values of each tooth.
The oxygen isotopic composition of animal tissue is predominantly determined by
geographical factors (Craig, 1961; Dansgaard, 1964) as rainwater 18O values are lower at a
larger distance from the moisture source and at higher altitudes. On Java, the majority of the
volcanic terrain is present in the form of the Sunda Arc mountain range. We may therefore
hypothesize that there is a correlation between low 87Sr/86Sr values and low 18O values.
However, we do not observe this in our herbivore specimens. This may be because the
correlation between high altitudes and (low‐87Sr/86Sr) volcanic substrates is not as well‐defined
(as illustrated by Figure 5.2). The isoscapes suggest that Gunung Merapi and its derivative
sediments have 87Sr/86Sr values as high as most of the mixed volcanic‐marine sediments in the
Kendeng Hills and on the Cenozoic shelf‐edge further to the north. At the same time, the area
north of the modern volcanic range comprises large areas of sediments derived predominantly
from low‐87Sr/86Sr volcanic rocks. In addition, even if a connection would exist between
substrate 87Sr/86Sr values and precipitation 18O values, seasonal variation of the latter may
easily obscure this relation ‐ especially as not all sampled teeth material was formed in the
same season. Local controls on vegetation 18O values, such as aridity, may further modify
bioavailable 18O values.
On the basis of 13C values we are able to distinguish between animals browsing C3
plants (shrubs and trees) and animals grazing C4 plants (tropical grasses and sedges). The data
presented in this chapter show no significant Sr isotope differences between browsers and
grazers for any site. In other words, there is no clear connection between substrate type and
vegetation type. For Trinil and Sangiran, the broad range of 87Sr/86Sr‐values in C4 grazers shows
that C4 vegetation was present in a variety of landscape settings. This corroborates our
previous interpretation in Chapter 4 that the C4 signal in these herbivore teeth is
representative of the overall vegetation balance in this area (tied to climatic conditions), and
not just the result of narrow dietary specialization.
It is important to note, however, that existing correlations between Sr, C, and O
isotopes can be obscured by the fact that these elements don’t necessarily represent the exact
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Figure 5.6 Cross plot of herbivore Sr isotopes against δ18O and δ13C isotopes. Legend as in Fig. 5.3: bovids are
represented as circles, cervids as triangles, and the tapir specimen as a cross.

same time period. When an element such as Sr is incorporated in skeletal tissue, it is drawn
from a body pool in which months or even years of ingested Sr are averaged (Montgomery et
al., 2010). The residence time of different elements in the body varies (Bowen, 1979; Papworth
and Vennart, 1984; Dahl et al., 2001), and as a result we may not be comparing information
from precisely the same time slice in the animals’ life. For species with a small home range,
such as Tapirus indicus and Muntiacus muntjak, we can assume little variation in Sr and O
isotope ingestion, and taxa with a non‐flexible diet will likewise have a constant C isotope
input. But we cannot exclude the possibility that some of the bovids and cervids have
undergone short‐term changes in diet or spatial range during the formation of their molars.
There are several ways in which we can partially mitigate the perturbing effects of such
variable behavior. High‐resolution incremental sampling can detect persistent shifts (as well
as longer‐term constancy) in ingested isotope ratios, and would thereby help us identify teeth
for which direct comparisons are misleading. Future research on the residence time of
particular elements in different taxa (also taking into account variation with age; Leggett et al.,
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1982) may provide a framework in which we can better synchronize multiple incremental
isotope records from the same tooth.
Nonetheless, we contend that the complexity introduced by variable element
residence times cannot invalidate our conclusion that C4 vegetation was present on both low‐
87
Sr/86Sr and high‐87Sr/86Sr substrates in the Trinil and Sangiran areas. This is because the faunal
isotope data for these sites extends to encompass endmember conditions, which would not
be represented if any mixing had taken place. Carbon stable isotope values show that a
considerable portion of the Trinil and Sangiran herbivores fed exclusively on C4 vegetation (the
13C values of their teeth are ‐2‰ and higher; see Chapter 4), and among these C4 grazers are
animals that solely reflect foraging on volcanic substrates (~0.7045 87Sr/86Sr) as well as animals
whose home range was centered on substrates of marine origin (~0.708 87Sr/86Sr). These are
individuals that could not have shifted to a partial C3 diet, or a spatial range with contrasting
substrate Sr isotope values, during the formation of the sampled tooth, because any shift
would have caused the 13C or 87Sr/86Sr values of their tooth enamel to move away from the
extreme values we observe. In summary, the distribution of data points we see in the two‐
dimensional parameter spaces in Figure 5.5 do not form a precise representation of the co‐
occurrence of substrate types and vegetation types in the landscape of Central‐East Java, but
we can nevertheless conclude with certainty that C4 vegetation was present both on the
volcanic terrains and in the limestone‐rich lowlands.

5.5 Conclusions
This study shows that averaging present‐day substrate geology Sr isotope values in the
vicinity of fossil sites is useful in providing a general characterization of the surrounding Sr
isotope landscape, allowing for identification and interpretation of deviations from this local
signature. It would be expedient to test the assumption that spatial patterns in substrate Sr
will for the most part correspond to spatial patterns in bioavailable Sr, by means of in‐field
sampling of soils and plants for a range of substrate types.
While in many other regions Sr isotopes are successfully used to investigate
regional‐scale migration patterns, large substrate 87Sr/86Sr variations relatively close to any
location in Java entail that this provenancing method cannot be applied on this island. The
same limitation is likely to be applicable to the other islands of the Sunda Arc.
For the investigated fossil sites in Central‐East Java, spatial habitat preferences
appear to be the most important factor in causing divergence from the local substrate Sr
isotope signal. Comparison with carbon isotope data suggests that in the Trinil and Sangiran
areas C4 vegetation was dominantly present across different landscape settings, validating
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the interpretation of the dominant C4 signal in herbivore teeth from these sites as
representative of the overall vegetation balance in this area (Chapter 4; Janssen et al., 2016).
For Trinil we hypothesize that the high 87Sr/86Sr values of fossil mollusc shells from the
‘weicher Sandstein’ (stratigraphically above the Trinil HK layer) are linked to an interglacial
origin for these deposits. This should be tested in future research through means of dating
and performing stable carbon isotope measurements on herbivore teeth present above the
Trinil HK layer.
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Appendix
Sr isotopic compositions of faunal enamel, bone, and shell specimens.
assemblage

specimen

species

tissue

element

Hoekgrot

17651

B. javanicus

enamel

17674

Sus sp.

HU2
Wajak

Punung

Trinil

87

Sr/86Sr

2σ error

unknown

0.705088

0.000004

enamel

unknown

0.704701

0.000004

Sus sp.

enamel

unknown

0.704657

0.000008

1457‐177

Bibos javanicus

enamel

unknown

0.705495

0.000007

3808‐36‐1

Bibos javanicus

enamel

(pre)molar

0.705301

0.000010

3808‐36‐3a

Bibos javanicus

enamel

molar

0.705806

0.000006

10026‐2

Muntiacus muntjak

enamel

unknown

0.705404

0.000009

1457‐97

Muntiacus muntjak

enamel

unknown

0.705535

0.000008

3808‐36‐4a

undet. cervid

enamel

(pre)molar

0.706039

0.000010

80108

undet. bovid

enamel

unknown

0.707835

0.000004

GD110‐C

undet. bovid

enamel

unknown

0.707240

0.000011

Tapir C

Tapirus indicus

enamel

unknown

0.707281

0.000010

TB‐01

undet. bovid

enamel

upper M2/M3

0.707974

0.000006

TB‐02

undet. bovid

enamel

upper M2/M3

0.704964

0.000012

TB‐03

undet. bovid

enamel

upper M2/M3

0.704564

0.000009

TB‐04

undet. bovid

enamel

upper M2/M3

0.706166

0.000009

TB‐08

undet. bovid

enamel

upper M2/M3

0.705265

0.000008

TB‐10

undet. bovid

enamel

unknown

0.705835

0.000009

TB‐12

undet. bovid

enamel

unknown

0.705122

0.000009

S782

B. palaeokerabau

enamel

upper P4

0.704524

0.000012

13304‐1

undet. bovid

bone

unknown

0.706671

0.000010

13254‐1

undet. bovid

bone

unknown

0.706240

0.000010

S781

B. palaeokerabau

enamel

upper M3

0.706886

0.000007

13750

Axis lydekkeri

enamel

unknown

0.705448

0.000006

S1641

Axis lydekkeri

enamel

upper M3

0.707085

0.000006

S364

Axis lydekkeri

enamel

lower M3

0.707193

0.000006

S604

Axis lydekkeri

enamel

lower M3

0.707933

0.000006

S738

Axis lydekkeri

enamel

lower M3

0.707497

0.000006

Croc26

Crocodylus ossifragus

enamel

unknown

0.706538

0.000006

Croc10a

Gavialis bengawanicus

enamel

unknown

0.706338

0.000008

Croc204

Crocodylus ossifragus

bone

unknown

0.707261

0.000008

Croc10b

Gavialis bengawanicus

bone

unknown

0.705841

0.000010

Femur III

Homo erectus

bone

femur

0.706347

0.000009

1875

Sus brachygnatus

enamel

unknown

0.706678

0.000010

1847

Sus brachygnatus

bone

unknown

0.706213

0.000008
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Sangiran
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S347

Hippopotamus sp.

enamel

molar

0.706659

0.000006

AS 72

B. palaeokerabau

bone

unknown

0.705244

0.000009

631035‐3

B. palaeokerabau

enamel

(pre)molar

0.706011

0.000009

631035‐8

B. palaeokerabau

enamel

(pre)molar

0.707643

0.000010

630847‐5A

Cervus sp.

enamel

(pre)molar

0.705806

0.000010

630847‐7B

Cervus sp.

enamel

(pre)molar

0.707162

0.000004

630847‐9B

Cervus sp.

enamel

(pre)molar

0.708150

0.000004

630847‐10A

Cervus sp.

enamel

unknown

0.707335

0.000010

AS 69

Axis lydekkeri

bone

antler

0.705205

0.000013

AS 57

Homo erectus

bone

cranium

0.705828

0.000019

AS 58

Homo erectus

bone

cranium

0.705159

0.000004

AS59

Homo erectus

bone

cranium

0.707604

0.000019

AS 60

Homo erectus

bone

mandible

0.706855

0.000017

AS 61

Homo erectus

bone

mandible

0.707807

0.000007

AS 62

Homo erectus

bone

mandible

0.707886

0.000004

631045‐1A

Sus sp.

enamel

unknown

0.706495

0.000004

631045‐4A

Sus sp.

enamel

unknown

0.707391

0.000004

631045‐5A

Sus sp.

enamel

unknown

0.707102

0.000004

631045‐8A

Sus sp.

enamel

unknown

0.706154

0.000004

SP1

Brotia testudinaria

shell

0.708164

0.000009

SP2

Carbicula pullata

shell

0.708156

0.000009

SP3

Bellamya javanica

shell

0.707466

0.000009

SP4

Elongaria orientalis

shell

0.707711

0.000009

SP5

Elongaria orientalis

shell

0.707525

0.000009

SP6

Elongaria orientalis

shell

0.707503

0.000009

SP7

Elongaria orientalis

shell

0.707662

0.000009

SP8

Elongaria orientalis

shell

0.707664

0.000009

SP9

Elongaria orientalis

shell

0.707699

0.000007

SP10

Carbicula gerthi

shell

0.707728

0.000009

SP11

Carbicula pullata

shell

0.707792

0.000008

SP12

Carbicula pullata

shell

0.707714

0.000010

SP13

Carbicula gerthi

shell

0.708258

0.000010

SP16

Cryptospira sp.

shell

0.708910

0.000009

