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A B S T R A C T   

The Kirigamine area is one of the major obsidian sources in the Chubu-kanto region of central Japan, and is 
regarded as an important archaeological study area for improving the understanding of historical changes in 
human–environment interactions related to obsidian procurement activities during the Upper Paleolithic. Pre-
vious studies have presented a model for the relationship between human activities and the paleoenvironment, 
but there is a need for further understanding based on data related to the sourcing of obsidian in the Kirigamine 
area. This study aimed to establish a method for provenance analysis of obsidian artefacts based on chemical 
compositions. The chemical compositions of 13 groups of obsidian sources in the Kirigamine area were deter-
mined by WDXRF and LA–ICP–MS analyses, and discrimination diagrams proposed. For verification purposes, 
provenance analyses of obsidian artefacts excavated at the Hiroppara prehistoric site were undertaken using 
these discrimination diagrams. We yielded the same results of provenance analysis among the WDXRF and 
LA–ICP–MS methods, and the discrimination methods described may be applied to further provenance analysis of 
obsidian artefacts using nondestructive EDXRF and pXRF, and micro-destructive LA–ICP–MS analyses.   

1. Introduction 

Reconstructing the impact of the last glacial climate on interactions 
of prehistoric hunter-gatherers with the natural resource environment 
provides important clues to understanding the diversity of human so-
ciety during the Late Pleistocene (Birks et al., 2015). Previous studies 
had revealed that Upper Paleolithic hunter-gatherers intensively 
exploited obsidian sources in the Central Highlands on 1200–2000 m 
above sea level (a.s.l.) of central Japan (Fig. 1a) (e.g., Shimada, 2014). 
Historical changes in the human environment interaction and a land-use 
of the source area in the Central Highlands can provide many archaeo-
logical significances about the relationship between the impacts of the 
Last Glacial Maximum (LGM: 23–19 ka; Clark and Mix, 2002) and 
human responses (Shimada et al., 2017). The understandings based on 
convincing evidence of the paleoclimate, obsidian provenance data, and 
archaeology are necessary to examine relationships between local cli-
matefluctuations and human responses during the Upper Paleolithic in 
the Central Highlands. This study focuses on the methodological study of 

provenance analysis of obsidian artefacts in this area. 
Obsidian chemical compositions are commonly used as provenance 

indicators of obsidian artefacts. Instruments applied in the chemical 
analysis of obsidian include portable (handheld) XRF (pXRF), energy- 
dispersive X-ray fluorescence spectrometry (EDXRF), wavelength- 
dispersive X-ray fluorescence spectrometry (WDXRF), and laser abla-
tion–inductively coupled plasma–mass spectrometry (LA–ICP–MS). 
Although pXRF and EDXRF can analyze large numbers of artefacts (up to 
several thousand samples), they are somewhat unsuitable for high- 
precision analysis. In contrast, WDXRF and LA–ICP–MS are not suit-
able for analysis of large numbers of artefacts because of the effort of 
sample preparation and cost, but they offer high-precision analyses. In 
addition, pXRF, EDXRF, and LA–ICP–MS are capable of non-destructive 
or micro-destructive analysis (with craters of diameters and depths of 
~20 μm) of obsidian, and are therefore ideal for the analysis of 
archaeologically significant and precious artefacts. 

Here we report an attempt to systematize a method for provenance 
study and analysis of obsidian artefacts, taking into account the 
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Fig. 1. (a) Locations of five major geological obsidian sources (Central Highlands, Takaharayama, Hakone, Amagi, and Kozushima) around Kanto Plain. (b) Dis-
tribution of obsidian source and Paleolithic sites in the Central Highlands. (c) Distributions of obsidian sources for each chemical group in the Kirigamine area. Units 
of volcanic rocks and fission-track (FT) ages described by Nagai and Sugihara (2016). See Fig. S1 and Table S1 for more details about sample localities and 
chemical groups. 
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characteristics of the instruments involved. Geological obsidian samples 
were collected and stored together with GPS and field-occurrence data, 
before analysis by WDXRF and LA–ICP–MS to classify them into groups 
based on composition. Localities of the obsidian sources were mapped 
for each chemical group, and source-discrimination diagrams for the 
Central Highlands (Fig. 1a, c and Fig. S1) are described on the basis of 
WDXRF and LA–ICP–MS analysis results. The effectiveness of the 
discrimination diagrams was verified by provenance analysis of 40 
obsidian artefacts excavated from the Hiroppara prehistoric site 
(Fig. 1c). We also discuss prospects for archaeological studies concern-
ing obsidian acquisition activities related to Upper Paleolithic environ-
mental changes. 

2. Archaeological significance and paleoenvironment of the 
Central Highlands 

The Central Highlands (Kirigamine and Yatsugatake), Takahar-
ayama, Hakone, Amagi (or Izu), and Kozushima areas are located 
around the Kanto Plain (Fig. 1a and b), and are known as the five major 
geological obsidian sources in the Chubu-kanto region. A bulk of results 
of provenance analysis obtained from more than 100,000 obsidian ar-
tefacts of the Upper Palaeolithic industries in the Chubu-kanto region 
has been currently available for archaeological research on the basis of 
databases established by Serizawa et al. (2011) and Tani et al. (2013). 
On the basis of the sourcing databases, Shimada et al. (2017) examined 
temporal changes in obsidian use in the Upper Palaeolithic settlement 
areas distributed in the region, focusing on relationships between tem-
poral fluctuation of source exploitation and palaeoenvironment condi-
tions in the Central Highlands. Obsidian of the Central Highlands was 
most widely used as a lithic raw material and distributed in the 
Cubu-kanto region throughout the Upper Paleolithic from ca. 38 ka 
(Shimada, 2015). However, changes in fractions of obsidian use between 
the five major sources indicate that the human exploitation of sources at 
the Central Highlands sometimes decreased temporally (Shimada et al., 
2017). During such periods, obsidian from the Hakone source became 
the most widely used in the early part of the Late Upper Paleolithic 
(29–25 ka), with that from the Kozushima source becoming predomi-
nant during the final part of the Late Upper Paleolithic (20–19 ka). 

To elucidate climate impacts that caused the fluctuation of source 
exploitation in the macro regional scale, the Center for Obsidian and 
Lithic Studies (COLS), Meiji University, Nagano Prefecture, Japan, 
conducted an interdisciplinary research with a focus on the Hiroppara 
bog located in 1,400 m at Kirigamine in the Central Highlands (Fig. 1c) 
(Yoshida et al., 2016). A pollen analysis of the HB-1A core 3.85 m in 
depth obtained from the bog has revealed treeline transition and a 
vegetation history during 30 ka (Fig. S1). The current treeline is ~2,400 
m a.s.l., so the area at ~1,400 m a.s.l. Where the Hiroppara bog are 
located in a cool–temperate deciduous woodland. However, the treeline 
of the Central Highlands during 30–17 ka was estimated to have been 1, 
000–1,400 m a.s.l., so the bog and its surroundings would have had an 
alpine landscape without woodland. The treeline rose gradually to its 
current altitude during 17–11 ka. The vegetation changes that Yoshida 
et al. (2016) reconstructed around the Hiroppara bog suggested that the 
temporal fluctuation of the source exploitation at the Central Highlands 
during the Upper Palaeolithic was strongly related to the climatic and 
landscape changes around the sources, as follows. 

The Early Upper Paleolithic (38–29 ka) marked the beginning of 
human activity in the Japanese archipelago, during which all five major 
obsidian sources in the Chubu-kanto region, including the Central 
Highlands, had already been developed by the Upper Paleolithic popu-
lation in the region. Although core sediments from the Hiroppara bog 
have not provided paleoenvironmental data for the period before 30 ka, 
i.e., the Marine Isotope Stage 3 (MIS 3: before 30 ka; Cohen and Gibbard, 
2019), the Central Highlands would have been relatively warm 
compared with the period after 30 ka, i.e., the MIS 2 (30–14.7 ka; Cohen 
and Gibbard, 2019). 

The MIS 2 began in the early part of the Late Upper Paleolithic 
(29–25 ka). Pollen fossils from the Hiroppara bog indicate that the 
Central Highlands had an alpine landscape with blockfields and alpine 
grasslands. In such an alpine landscape, the visibility range is extensive 
and it is easy to find terrain landmarks, providing circumstances suitable 
for long-distance movement and collection of obsidian. However, the 
obsidian gathering groups had withdrawn from the Central Highlands at 
this time, and collection activity was sluggish, indicating that climatic 
cooling towards the Last Glacial Maximum (LGM: 23–19 ka; Clark and 
Mix, 2002) in the MIS 2 and the alpine landscape around the sources 
temporarily impacted and restricted human activities for obsidian 
acquisition at the Central Highlands. 

By the Late Upper Paleolithic (25–20 ka), the Central Highlands had 
entered the LGM and the area was becoming extremely cold. During this 
period, however, humans again began actively accessing obsidian 
sources in the Central Highlands where the alpine zone had spread, with 
the use of obsidian from the Central Highlands reaching a peak on the 
Chubu-kanto region. Subsequently, in the final part of the Late Upper 
Paleolithic (20–19 ka), the Central Highlands were becoming warmer as 
the LGM ended. The climate was then suitable for human activity, but 
the subalpine coniferous forest covered the obsidian source, making it 
difficult to find obsidian on the surface. In these circumstances, the 
frequency of use of obsidian from the Kozushima area on the Kanto 
Plain, which had been sluggish until 20 ka, increased markedly while the 
use of obsidian from the Central Highlands decreased. 

Accordingly, the dynamics of macro-regional obsidian use in the Late 
Pleistocene were strongly influenced by changes in the palaeoenviron-
ment at the Central Highlands. However, further research regarding 
local human behavior tightly connected to the sources in the discrete 
climatic circumstances is strongly required to understand details and 
characteristics of the obsidian acquisition strategies across the extended 
areas. Thus, the establishment of an obsidian analytical system with 
high-precision determination is essential for sourcing of the obsidian 
lithic industries remained in the Central Highlands. 

3. Geology of obsidian in the Central Highlands 

The obsidian source in the Central Highlands is separated into the 
Kirigamine and Yatsugatake areas (Fig. 1b). Most obsidian sources in the 
Kirigamine occur in exposures of Wada-toge rhyolite and Takayama 
volcanic rocks (Yamazaki et al., 1976; Mukai et al., 2009), which have 
fission-track (FT) ages of 0.58 ± 0.15 to 1.09 ± 0.07 Ma and 0.70–0.72 
± 0.08 Ma (Sugihara et al., 2014) and whole-rock K–Ar ages of 
0.97–0.99 ± 0.02 Ma and 1.26 ± 0.34 to 1.27 ± 0.35 Ma (Sugihara et al., 
2014), respectively. These radiometric ages indicate that the obsidians 
were formed during the Pleistocene (Calabrian to Chibanian), with no 
significant age difference between the Wadatoge rhyolite and Takayama 
volcanic rocks. The Mugikusatoge and Tsumetayama obsidian sources in 
the Yatsugatake area are also known as being major sources (Fig. 1b), 
and are located ~10 km southeast of the Kirigamine area. An obsidian 
dyke and a rhyolitic magma intrusion are clearly preserved in Mugiku-
satoge, and obsidian from a rhyolitic flow is preserved in Tsumetayama. 
K–Ar ages of (0.26–0.27) ± 0.01 Ma (late Chibanian) have been reported 
for Tsumetayama obsidian (Sugihara et al., 2014), indicating that ob-
sidians in that area were formed at least 300 kyr before Kirigamine 
obsidians. 

In this study, we recognised 93 obsidian sources in the Kirigamine 
area and 2 in the Yatsugatake area (Fig. 1b and c), with the former 
comprising 62 primary and 31 secondary sources, and the latter primary 
sources. ‘Primary’ sources are areas containing many obsidian pebbles 
and cobbles, which accumulate on ridges and slopes, or obsidian dykes 
or pyroclastic rocks containing many obsidian pebbles and cobbles. 
‘Secondary’ sources include riverbeds and valleys where obsidian peb-
bles and cobbles are scattered, or where talus slopes containing obsidian 
pebbles. Field occurrences strongly suggest that obsidian in secondary 
sources is derived from primary sources. 
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4. Chemical analysis of geological obsidian 

4.1. Sample collection and preparation 

The compilation of standard samples for obsidian sources, as in the 
case of Japan, is an important component of provenance studies of 
obsidian artefacts, involving the exploration of obsidian sources through 
archaeological and geological surveys by both archaeologists and geol-
ogists (Oyokawa et al., 2013, 2014, 2016). Representative samples from 
each obsidian source are analysed to provide their respective standards. 
The selected samples are cut into pieces, with one piece being used for 
XRF analyses and the other archived. EDXRF and pXRF analyses require 
a sample thickness of >0.5 mm and a surface area of >1 cm2. Both 
polished plain and irregularly fractured surfaces are analysed. WDXRF 
analyses require >1 g of powdered sample, with the amount largely 
dependent on the occurrence of spherulites and/or opaque minerals 
(analysis is restricted to the glass matrix). 

4.2. WDXRF analysis 

The pXRF and EDXRF have proved applicable to the chemical anal-
ysis of archaeological materials, but are limited to producing qualitative 
or semi-quantitative data, because their energy resolution is insufficient 
to yield stable data. Data stability (dispersion) deteriorates with the ir-
regularity of sample conditions and surfaces (e.g., Davis, 2011). On the 
other hand, stable quantitative analyses can be performed by WDXRF, 
which uses particular crystals to disperse fluorescence spectra into 
characteristic X-rays of each element. However, the destruction of a few 
grams of material is necessary in such analyses. Both semi-quantitative 
and quantitative analysis procedures have advantages and disadvan-
tages and, even if the same compositional data were yielded by both 
techniques, their analytical errors may be very different. It follows that 
non-destructive provenance analysis of obsidian artefacts using pXRF or 
EDXRF should be supported by quantitative WDXRF analyses to deter-
mine compositional data pertaining to standards for each obsidian 
source. 

A total of 100 geological obsidian samples were selected from pri-
mary and secondary sources for quantitative analyses by WDXRF (ZSX 
primus III+, Rigaku Corporation, Japan) at the Center for Obsidian and 
Lithic Studies (COLS), Meiji University, Nagawa, Japan. The funda-
mental parameter (FP) method was applied for analysis of major (Si, Ti, 
Al, Fe, Mn, Mg, Na, Ca, K and P) and trace (Zn, Rb, Sr, Y, Zr, Nb and Th) 
elements, using software produced by the Rigaku Corporation (Suda, 
2014). Reference materials of andesitic and rhyolitic composition were 
used for calibration purposes, including JA-1, JA-2, JA-3, JG-1a, JG-2, 
JG-3, JR-1, JR-2, JR-3, JF-1 and JF-2 from the National Institute of 
Advanced Industrial Science and Technology (AIST), Tsukuba, Japan 
(Imai et al., 1995), and GSP-2 and AGV-2 from the US Geological Survey 
(USGS), USA (Wilson, 1998a, 1998b). Analyses involved the fusion bead 
method with 1:5 dilution (0.9 g powdered sample + 4.5 g flux; Spec-
tromelt A12, Merck Millipore). For quantitative analysis of the glass 
matrix, obsidian specimens were broken into small fragments and 
spherulite and inclusions (e.g., opaque minerals) removed by 
hand-picking (Suda and Tsuchiya, 2015). WDXRF analysis results are 
given in Table S1, where major elements are shown as oxides and Fe as 
total Fe2O3 (T-Fe2O3 = 1.111 × FeO + Fe2O3). Precision and accuracy of 
WDXRF data were estimated from six repeated analyses of JR-1 (with six 
different fusion beads), as given in Table S2. Compositional data for 
glass, glass with spherulites and glass with opaque minerals are 
compared in Table S2. Results indicate that opaque minerals have a 
major influence on TiO2, T-Fe2O3 and MgO contents, while spherulites 
affect the Sr content. 

4.3. LA–ICP–MS analysis 

Non-destructive quantitative analysis of artefacts by LA–ICP–MS has 

been undertaken since the 1990s (Gratuze, 1999). Ablation leaves cra-
ters a few microns in diameter, but these are invisible to the naked eye. 
Quantitative analysis of elements used as internal standard (e.g., Si, Al, 
Ca, and Y) must be performed by other techniques (e.g., electron probe 
microanalyzer and XRF) as part of the LA–ICP–MS procedure (Eggins 
et al., 1997; Yamasaki et al., 2015), although methodology for 
non-destructive quantitative analysis of these elements in obsidian ar-
tefacts has still to be investigated. Such methods offer provenance an-
alyses with high confidence and resolution, even when based on 
quantitative previously published data. 

LA–ICP–MS (and ICP–MS) analyses provide compositional data for 
rare-earth elements (REEs; La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, Yb, and Lu), while neutron-activation analysis (NAA) provides 
quantitative data for the REEs La, Ce, Nd, Sm, Eu, Tb, Dy, Yb, and Lu 
(Glascock et al., 1994). Interlaboratory comparisons between NAA and 
LA–ICP–MS laboratories are thus possible based on REE data (Suda 
et al., 2018a). NAA REE data have been published previously for 
geological obsidian in Shirataki and Kozushima (Fig. 1a; Ferguson et al., 
2014; Ikeya, 2014), but LA–ICP–MS REE data for Japanese obsidian 
sources are scarce compared to those available for northeast Asia (Yi and 
Jwa, 2016; Chang and Kim, 2018; Popov et al., 2019) as reviewed by 
Kuzmin et al. (2020b). This is problematic when promoting long-term 
exchange networks concerning obsidian related to prehistoric human 
activity (Kuzmin et al., 2020a). Therefore, we are currently attempting 
to compile quantitative data from both WDXRF and LA–ICP–MS ana-
lyses to contribute to provenance studies worldwide. 

Obsidian samples for quantitative analysis by LA–ICP–MS were 
selected from those analysed by WDXRF, including 45 geological 
obsidian samples and 13 obsidian artefacts. An ICP–MS (Agilent 7500cx, 
Agilent Technologies Inc., USA) coupled to a 213 nm Nd-YAG laser- 
ablation system (UP-213, New Wave Research, Inc., USA) was used at 
the Faculty of Social and Cultural Studies, Kyushu University, Fukuoka, 
Japan. The analyses involved a glass sample of a few cubic millimetres in 
volume, made by splitting WDXRF fusion beads. The JR-1 standard 
sample was analysed once for every set of 15 obsidian samples. Precision 
and accuracy of LA–ICP–MS data were assessed from five JR-1 analyses 
(Table 2S). Quantitative Y contents (determined by WDXRF) were used 
as an internal standard following the method of Nakano et al. (2012). 
LA–ICP–MS analysis results for geological obsidian samples are given in 
Table 1S in Appendix A and those for obsidian artefacts in Table 3S in 
Appendix A. LA–ICP–MS data for glass, glass with spherulites, and glass 
with opaque minerals indicate that REE contents are not significantly 
affected by the occurrence of opaque minerals or spherulites (Table 2S in 
Appendix A). 

5. Results 

5.1. Chemical characterization of obsidian sources in the Central 
Highlands 

The chemical classification of the five major obsidian sources in the 
Chubu-kanto region is fundamental to the study of provenances of 
obsidian artefacts in the Kanto and Chubu regions. Data from the present 
and previous studies for analyses by WDXRF (Sugihara et al., 2014; Suda 
and Ikeya, 2021), Proton Induced X-ray Emission (PIXE), and Proton 
Induced γ-ray Emission (PIGME; Leach et al., 2018) were used in source 
discrimination as follows. 

Central Highlands obsidian sources can be distinguished from other 
sources by their Rb/Y ratio (4.29–14.12), although they overlap slightly 
with Kozushima sources (Rb/Y = 1.67–4.39). Obsidian from the Hakone 
source can be distinguished from that from other sources on the basis of 
its Rb/Y ratio (0.26–0.62) because it has the lowest Rb content 
(9.1–28.1 ppm) of the studied obsidian sources. Amagi, Takaharayama, 
and Kozushima obsidians can be discriminated by their (0.001 × Zr/ 
MnO) ratios, based on their Zr contents of 196–197, 142–171, and 
59–84 ppm, respectively. Therefore, we suggest a discrimination 
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diagram for use in classifying obsidian from Central Highland, Amagi, 
Takaharayama, Kozushima, and Hakone sources, namely the (0.001 ×
Zr/MnO)–(Rb/Y) diagram (Fig. 2a). Moreover, obsidian from Yatsuga-
take sources is relatively enriched in Sr (>103 ppm), and that from 
Kozushima is depleted in Rb (<86.5 ppm) compared to the obsidian 
from Kirigamine source. Obsidians from the Kirigamine, Yatsugatake 
and Kozushima sources can be further discriminated by the Rb–(Sr/Y) 
diagram (Fig. 2b). 

In addition, obsidians from the Ashinoyu and Hatajuku areas, which 
are sub-sources of the Hakone source (Suda and Ikeya, 2021), can be 
discriminated by their Sr/Zr ratios of 2.56–2.57 and 0.81–1.26, 
respectively. Especially, Ashinoyu obsidians have relatively low SiO2 
contents (67.74–67.88 wt%) and high T-Fe2O3 (4.78–5.14 wt%), MgO 
(1.15–1.29 wt%) and Zn (94.6–95.1 ppm) contents compared to the 
other major obsidian sources. Moreover, obsidian of Onbasejima (KZ-1), 
and Sanukazaki (KZ-2), which are the chemical groups of Kozushima 
source (Sugihara et al., 2014; Suda and Ikeya, 2021), can be discrimi-
nated on the basis of Rb/Zr ratios (KZ-1, 0.83–0.97; KZ-2, 1.01–1.28). 

5.2. Chemical classification based on magmatic processes of obsidian in 
Kirigamine 

Thirteen chemical groups of obsidian sources in the Kirigamine have 
previously been defined by WDXRF analyses, with the following location 
abbreviations: O1, Makigasawa; BHU, Budosawa, Utsugisawa, and 
Makigasawa; M, Takamatsuzawa; BH1, Budosawa and Honsawa; T, 
Tsuchiyazawa; BH2, Tsuchiyazawa and Honsawa; O2, Omegurasagan; 
MT, Higashimochiya and Takayama; W, Wada-toge; FS, Furu-toge and 
Sannomatazawa; S, Sannomatazawa; K, Kobukazawa; HH, Hoshigato 
and Hoshigadai (Suda et al., 2018b; Suda and Oyokawa, 2019). Here, we 
describe the chemical characteristics of each chemical group based on 
magmatic processes, and re-examine their chemical classification. 

Obsidian compositional data indicate that Sr has the largest variation 
of 1–116 ppm (Table 1S in Appendix A), suggesting that Sr contents may 
reflect magmatic differentiation processes and primary obsidian magma 
compositions in these areas. Sr contents, as determined by WDXRF and 
LA–ICP–MS, are plotted versus CaO, Rb, Zr, and Eu contents in the 
variation diagrams shown in Fig. 3a–d, which clearly indicate distinct 
trends for obsidian from the Kirigamine area. Continuous compositional 
trends and clusters may reflect magmatic processes undergone by an 
obsidian suite, with the former possibly indicating the fractional crys-
tallisation history of a magma chamber, and the latter the composition 
of a primary magma derived from the middle–lower crust. We describe 

these trends as comprising the ‘Main magmatic trend’ reflecting differ-
entiation or evolutionary processes undergone by rhyolitic magma in a 
magma chamber, with a large rhyolitic magma chamber likely existing 
beneath the Kirigamine area during the Pleistocene. Rhyolitic magma in 
this chamber would have been intermittently erupted during magmatic 
differentiation and evolution in the chamber. The magma chamber 
would sometimes have been refreshed by ascending new magma, and so 
the degree of magmatic differentiation does not necessarily reflect the 
composition of old and new magma that formed the geological 
obsidians. 

Fractional crystallisation of plagioclase would largely occur in the 
main magmatic trend, as confirmed by the positive correlation between 
Eu and Sr contents (Fig. 3d). These elements are compatible in plagio-
clase (Streck and Grunder, 1997), and the residual magma would have 
become depleted in Eu and Sr after its fractional crystallisation in the 
magma chamber. The variation diagrams also indicate that the Zr con-
tent increases with increasing Sr content (Fig. 3c). Zr is incompatible in 
plagioclase and compatible in clinopyroxene and ilmenite according to 
the partition coefficients for high silica rhyolite (Streck and Grunder, 
1997; Ewart and Griffin, 1994), and so these minerals must have also 
been involved in fractionation within the magma chamber. 

We undertook modelling of compositional variations in residual 
magma during fractional crystallisation, based on the Rayleigh frac-
tional crystallisation model (Keskin, 2002). We assumed 10%–70% 
fractionation of cumulates comprising plagioclase (50%) + clinopyr-
oxene (50%), plagioclase (70%) + ilmenite (5%) + clinopyroxene 
(25%), and plagioclase (90%) + ilmenite (10%) from a primary magma. 
Modelling results for each case are shown in the (Th/Zr)–(Y/Sr) diagram 
(Fig. 4), which indicates that Th/Zr and Y/Sr ratios increase with 
increasing magmatic evolution, with not only plagioclase but also cli-
nopyroxene and/or ilmenite being involved in the fractional crystal-
lisation process. The main magmatic trend is separated into less-evolved 
compositions (O1 and BHU groups), most-evolved compositions (MT 
group) and intermediate (M, BH1, T, O2 and BH2 groups). This diagram 
further indicates that the obsidians of the HH group exhibit no magmatic 
relationship with the main magmatic trend, as can also be seen in the 
variation diagrams (Fig. 3a–d). Obsidians of the K, W, S and FS groups 
generally plot with the main magmatic trend or an extension of it 
(Fig. 4), but the variation diagrams (Fig. 3a–d) indicate that these groups 
are not always related to the main magmatic trend. We therefore 
conclude that obsidians of the HH, K, W, S and FS groups were derived 
from a primary magma different to that involved in the main magmatic 
trend. 

Fig. 2. (a) Discrimination diagram of geological obsidian from Amagi, Takaharayama, Kozushima, Hakone, and Central Highlands (Kirigamine and Yatsugatake) 
sources. (b) Diagram for sub-classification of geological obsidian from Kirigamine, Yatsugatake and Kozushima sources. Data by previous studies after Sugihara et al. 
(2014), Leach et al. (2018) and Suda and Ikeya (2021). 
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5.3. Distribution of obsidian sources in the Kirigamine area 

Distributions of obsidian sources for each chemical group are shown 
in Fig. 1c and Fig. S1. There is no clear spatial relationship between 
chemical groups in the Kirigamine area, although they can be described 
in terms of field observations and the degree of evolution of the obsid-
ians (Fig. 4). Obsidians of the O1 and BHU groups (O1–BHU obsidian), 
which have less-evolved compositions, often occur together in the 
Makigasawa and the north of Honsawa areas and, to a lesser extent, in 
Hoshigadai. Obsidians of the M, BH1, T, O2 and BH2 groups (M–BH2 
obsidian), which have more-evolved compositions, often occur together 
in the Takamatsuzawa, Budosawa, Honsawa, Tsuchiyazawa and Tsu-
chiyazawa areas. Obsidian of the MT group (MT obsidian), with the 
most-evolved composition, is distributed in the Higashimochiya, the 
south of Honsawa, and Takayama areas. Field occurrences strongly 
suggest that this group was formed mainly in dykes or volcanic vents in 
the Higashimochiya area, and transported to the Honsawa and 
Takayama areas by pyroclastic flows. Outcrops of pyroclastic rocks are 
well-preserved in the Takayama area (Otake et al., 2015). 

Obsidians of the K and MT groups occur in the Kobukazawa area 
(Fig. 1c). An obsidian mine was located in the area, operating until the 
1970s (Nagai and Sugihara, 2016). A large outcrop of obsidian dyke and 
lava was buried there, and the obsidian in the mine was characterised as 
having the composition of standard JR-1 (Imai et al., 1995). Obsidian of 
the W group (W obsidian) occurs in the Wadatogenishi and Honsawa 
areas, and there is another obsidian mine in the Wada-toge area. A large 
obsidian dyke outcrop in a volcanic vent is well-preserved (Mukai et al., 
2009), and sample 6A-1 was collected from it (Fig. 1c). Some obsidian 
formed in this area would have been transported to the Honswa area by 
pyroclastic flows. Obsidians of the FS group (FS obsidian) occur in the 
Omegura and Furu-toge areas (Fig. 1c), and originated predominantly 

Fig. 3. Compositional variation diagrams for geological obsidian from the Kirigamine area. Chemical groups of obsidian are indicated in bold (See Fig. 1c).  

Fig. 4. Results of Rayleigh fractional crystallisation modeling of geological 
obsidian in the Kirigamine (Keskin, 2002), indicating the compositional trend 
of residual magma by removal of three types of cumulates: plg (90%) + ilm 
(10%), plg (70%) + ilm (5%) + cpx (25%), and plg (50%) + cpx (50%). The 
chemical groups of ‘Main magmatic trend’ are concerning with the fractional 
crystallisation of plagioclase (plg), ilmenite (ilm) and clinopyroxene (cpx). 
Magmatic differentiation or evolution is progressed with increasing the removal 
of cumulates, thus the composition of residual magma shifts away from primary 
magma along with the direction of arrows shown by broken lines. 
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from obsidian pebbles found in pyroclastic flow deposits (Makino et al., 
2015). Obsidians of the HH group occur predominantly in the Hoshi-
gato, Hoshigadai, Kannonzawa, and Higashimata areas. Obsidian dyke 
swarms are preserved in the Hoshigato area, indicating that obsidian 
formed there was widely dispersed over the Hoshigadai, Kannonzawa 
and Higashmata areas in pyroclastic flows. 

The distribution of the sources of the O1–BHU, M–BH2, MT, W, and 
FS obsidians (Fig. 1c) can be compared with the units of volcanic rock in 
the Kirigamine area summarized by Nagai and Sugihara (2016). The W 
obsidian can be compared with the Wadatoge west intrusive body, 
which yields a zircon FT age of 1.07 ± 0.04. The FS obsidian is com-
parable with the Sannomatazawa pyroclastic flow deposit and lava, 
which yield a zircon FT age of 0.95 ± 0.02 Ma. The MT obsidian is 
comparable with the Kobukazawa–Higashimochiya intrusive body 
(zircon FT age = 0.91 ± 0.02 Ma), and the O1–BHU and M–BH2 ob-
sidians are comparable with the Tsuchiyazawa lava (zircon FT age =
0.76 ± 0.02 Ma). Based on these comparisons, the history of the volcanic 
events that influenced the chemical groups of obsidian in the Kirigamine 
area can be reconstructed (Fig. 1c). The W obsidian initially formed in 
the Wada-toge area at 1.07 ± 0.04 Ma, and was partly distributed across 
the Honsawa area due to pyroclastic flows. The FS obsidian formed in 
the Furu-toge and Omegura areas at 0.95 ± 0.02 Ma, occurring as dikes 
or pyroclastic deposits. Subsequently, the MT obsidian formed in 
Higashimochiya at 0.91 ± 0.02 Ma, and was spread to the Kobukazawa, 
Takayama, and Honsawa areas by pyroclastic flows. Finally, the 
O1–BHU and M–BH2 obsidians were emplaced as lavas and pyroclastic 
flows in the Tsuchiyazawa, Takamatsuzawa, and Makigasawa areas at 

0.76 ± 0.02 Ma, extensively overlying the pyroclastic flow deposits of 
the MT obsidian, with part of the O1–BHU obsidian extending to the 
Hoshigadai area due to pyroclastic flows (Fig. 1c). 

6. Discussion 

6.1. Discrimination diagrams for obsidian sources in Kirigamine based on 
chemical groups 

The ranges of elements whose contents can be determined differ 
slightly between the XRF and LA–ICP–MS techniques on the analysis of 
obsidian. XRF, including WDXRF, EDXRF, and pXRF, is commonly used 
in Fe, Mn, Zn, Rb, Sr, Y, Zr, Nb, and Th analyses (e.g., Carter et al., 2013; 
Orange et al., 2013; Frahm, 2014; Frahm et al., 2017; Izuho et al., 2017; 
Silva de la Mora, 2018; Hughes and Ryzhov, 2018), whereas LA–ICP–MS 
is used mainly for rare-earth elements (REEs; La to Lu) and some trace 
elements (e.g., Gratuze, 1999; Kohut et al., 2021). The same discrimi-
nation diagrams can therefore be applied for XRF analyses, but it is 
necessary to develop new diagrams for use with LA–ICP–MS in some 
case of the provenance analysis (Suda et al., 2018a). 

Based on the chemical characteristics of each group and the precision 
of WDXRF data (Table 2S in Appendix A), we propose discrimination 
diagrams for identifying the 13 chemical groups through the following 
stepwise method (Fig. 5a–c). The K and HH groups are first identified 
using the (3 × CaO + MnO + Rb + Y + Nb)–Sr diagram (Fig. 5a). Then, 
the FS, S, W and WT groups in obsidian of low Sr content (<20 ppm) are 
identified using the (Rb/(Rb + Sr + Y + Zr))–(MnO + Rb + Y + Nb) 

Fig. 5. Obsidian source discrimination diagrams for chemical groups in the Kirigamine area based on WDXRF data. Bold letters indicate the groups. Arrows in Fig. 5a 
indicate compositional trends of opaque minerals and spherulites in obsidian (Table S2). Compositional data for obsidian artefacts from the Hiroppara site are shown 
for provenance analysis. Error bars indicate 3σ from the analysis of JR-1 standard sample (Table S2). JR-1 values are after Imai et al. (1995). 
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diagram (Fig. 5b). Finally, each chemical group in the main magmatic 
trend is identified by the (4 × Zr + Rb + Y + Nb + Th)–(TiO2 + T-Fe2O3 
+ CaO + Sr) diagram (Fig. 5c). 

LA–ICP–MS data for each of the chemical groups were used to verify 
the chemical classification defined by WDXRF data (i.e., the 13 chemical 
groups in the Kirigamine and 1 group in the Yatsugatake). We propose 
the following stepwise method for the identification of each group 
(Fig. 6a–e). Based on their Sm, Eu and heavy REE (HREE; Gd, Tb, Dy, Ho, 
Er, Tm, Yb and Lu) contents, obsidians in the Kirigamine and Yatsuga-
take areas are classified into two types: high-HREE and low-HREE. These 
elements are also correlated with Sr, with the high-HREE type having a 

lower Sr content (≤33.3 ppm) than the low-HREE type (≥39.2 ppm). 
The high-HREE type includes the BH2, FS, K, MT, O2, S, T and W groups, 
and the low-HREE type includes the O1, M, HH, BH1 and BHU groups 
and Yatsugarake obsidian, with their chemical discrimination being 
indicated by the (Sm + HREE)–Eu diagram (Fig. 6a). 

For the high-HREE type, the inclusion of the S, W and FS groups is 
indicated by the (4 × Pr/Nd)–(La + Ce + Pr) diagram (Fig. 6b); the T and 
O2 groups by the (Nd/U)–(La + Pr + Nd + Eu) diagram (Fig. 6c); and the 
MT, BH2 and K groups by the (0.1 × (La + Ce)/Eu)–((La + Ce)/Ta) 
diagram (Fig. 6d). For the low-HREE type, each chemical group can be 
identified in the (Hf/Ta)–((Ce + Pr + Nd)/Nd) diagram (Fig. 6e). The 

Fig. 6. Obsidian source discrimination diagrams for chemical groups in the Kirigamine and Yatsugatake areas, based on LA–ICP–MS data. Bold letters indicate the 
groups. Error bars indicate 1σ from the analysis of JR-1 standard sample (Table S2). JR-1 values are after Imai et al. (1995). 

Y. Suda et al.                                                                                                                                                                                                                                    



Journal of Archaeological Science 129 (2021) 105377

9

boundary between the BHU and M groups is also defined by an U/Ta 
ratio of 0.58. The 13 chemical groups in Kirigamine and 1 chemical 
group in Yatsugatake defined by WDXRF data can thus also be identified 
using LA–ICP–MS data. 

6.2. Provenance analysis of obsidian artefacts: A case study 

There are many obsidian sources and Upper Paleolithic archaeo-
logical sites in the Kirigamine area of the Central Highlands (Fig. 1b). 
The Hiroppara site I and II (Fig. 1S in Appendix A) were excavated in 
2011–2013 by the COLS during the interdisciplinary research 
mentioned earlier, yielded artifact assemblages assigned to the Jomon 
and the Upper Palaeolithic periods (Ono et al., 2016). In this study, we 
analysed 40 obsidian artefacts arbitrarily extracted from the assem-
blages using WDXRF and determined their provenances or chemical 
groups using the XRF-based discrimination diagrams (Fig. 2, Fig. 5). 
LA–ICP–MS analyses were performed for a subset of 13 artefacts to 
establish their provenance (Fig. 6), and results of the two sets of analyses 
compared. The destructive method involving fusion beads was used in 
these analyses (see Section 4.2), with non-destructive XRF and 
micro-destructive LA–ICP–MS analyses being issues for future work. 

Results indicate that all of the 40 analysed artefacts may be classified 
as obsidian from the Kirigamine source (Fig. 2) including 27 of the MT 
group, 5 of the HH group, 3 of the W group, 3 of the BH2 group, 1 each of 
the K and O1 groups (Fig. 5). Obsidian artefacts from the Hiroppara site I 
and II are thus mainly MT obsidian, including HH, W, and M–BH2 ob-
sidians with minor K and O1 obsidians. These obsidians are located 
within a 3 km radius of the Hiroppara site at Higashimochiya (MT 
obsidian), Hoshigadai (HH), Hoshigato (HH), Wada-toge (W), Tsu-
chiyazawa (M–BH2), Kobukazawa (K), and Honsawa (O1). The 
LA–ICP–MS analysis results for the 13 artefacts were consistent with 
those of WDXRF analysis (Table 3S in Appendix A). Chemical classifi-
cations based on WDXRF data can also be obtained from LA–ICP–MS 
REE analysis, which can thus be applied directly to provenance analysis 
of obsidian artefacts. 

7. Conclusions 

The 13 chemical groups of obsidian sources in the Kirigamine area 
can be characterised by fractional crystallisation processes. Chemical 
classifications based on WDXRF data can also be performed by 
LA–ICP–MS data, with the latter also providing non-destructive analyses 
of obsidian artefacts. Obsidian source discrimination diagrams based on 
WDXRF data can be further used for the chemical classification of 
obsidian artefacts by non-destructive EDXRF and pXRF analyses. 
Geological obsidian specimens defined here as references for each 
chemical group and obsidian source are available for loan on request. 
The specimens are ~3 cm3 in volume and suitable for EDXRF and pXRF 
analyses. We are planning to open an on-line database for obsidian 
sources in Japan, including such information as location, field occur-
rences, and WDXRF and LA–ICP–MS data. Frahm (2019) recently 
described the open-source collection of well-characterised geological 
obsidians at the Peabody Museum of Natural History, Yale University, 
USA. Our study follows up on that work and may become a useful tool 
for provenance studies of obsidian artefacts worldwide. 

The integration of provenance analysis for Kanto Plain obsidian ar-
tefacts and paleoenvironmental data for the Hiroppara bog indicates 
that changes in the sources of obsidian were due to the adaptation of 
prehistoric humans to environmental changes and reorganization of 
human groupings (Shimada et al., 2017). However, our understanding 
of relationships between human activity and obsidian sources requires 
further investigation, with the Central Highlands being a suitable area 
for the study of relationships between human activity and the natural 
environment. It is also necessary to reconstruct the Upper Paleolithic 
archaeological chronology of the Central Highlands, with compilation of 
more archaeological data and inclusion of provenance data for obsidian 

collection areas in the Kirigamine source region. More precise analyses 
should be undertaken for obsidian artefacts in the Central Highlands and 
Chubu-kanto regions. Eventually, non-destructive XRF (i.e., pXRF and 
EDXRF) and micro-destructive LA–ICP–MS analyses may mainly 
contribute provenance studies of obsidian artefacts, but destructive 
WDXRF analysis of geological obsidian is a fundamental investigation to 
operate the provenance analysis based on obsidian compositions. 
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