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Chemical discrimination of obsidian sources and chemical classification of obsidian artifacts is an
essential tool for studying the provenance of obsidian artifacts. The Hiroppara prehistoric sites (I and II)
are associated with a cluster of obsidian sources within the Kirigamine area (Nagano Prefecture), central
Japan. More than 1000 obsidian artifacts were recovered during excavations in 2011e2013. Here, we
conduct a provenance analysis for these obsidian artifacts using Wavelength and Energy Dispersive X-ray
Fluorescence (WDXRF and EDXRF, respectively). Quantitative, destructive WDXRF analysis on geological
obsidian samples reveals that the Kirigamine obsidian sources can be classified into 12 geochemical
groups. Qualitative EDXRF analysis of these geological obsidians samples can also discriminate these 12
chemical groups. To test the reliability of the EDXRF approach, which is non-destructive and rapid, for
provenancing obsidian artifacts, we selected 40 obsidian artifacts and compared EDXRF and WDXRF
measurements. The results obtained by WDXRF method achieved a success rate of 93% (37 samples)
compared to 65% (26 samples) by the EDXRF method. The EDXRF results from four samples are incon-
sistent with the results from the WDXRF data. While the non-destructive EDXRF method is straight-
forward and convenient it is evidently less reliable than the destructive WDXRF method. With these
results in mind, we performed provenance analysis for all obsidian artifacts (689 samples) from Hir-
oppara site I using the EDXRF method, and successfully classified 60% of the analyzed artifacts (411
samples). The majority of these samples (352 samples) identify with the Higashimochiya and Takayama
sources. Additional information about morphological features, including texture, shape, color, and
transparency of samples, can improve the discrimination that is possible by chemical analysis alone.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Geoarchaeological and archaeological studies have suggested
that the obsidian in the Kirigamine area (Nagano Prefecture, central
Japan) was widely exported as high-quality lithic raw material to
the Kanto and Hokuriku regions (e.g., Tsutsumi, 2010; Ikeya, 2014,
2015). In addition, prehistoric hunter-gatherers who occupied the
Kanto Region used obsidian from other sources, such as Kozu Island
(Kozushima), Mount (Mt.) Takahara, and Amagi (Fig. 1a). Several
uda), mihotsuchiya11@gmail.
ume), m_oyokawa4120@soc.

reserved.
investigations of obsidian procurement and consumption have
focused on the correlations between changes in human activity in
the Kirigamine area at the elevation of around 1400 m above sea
level (a.s.l.) and paleoclimatic fluctuations during the last glaciation
and the early Holocene (e.g., Shimada, 2014, 2015; Shimada et al.,
2017; Yoshida et al., 2016). Accordingly, reliable obsidian prove-
nance data for prehistoric sites in the Kirigamine area are essential
for understanding human activity and adaptations to paleoenvir-
onmental changes in this area.

Archaeological studies were conducted at Hiroppara sites I and II
in the vicinity of the Hiroppara bog in 2011, 2012, and 2013 (Ono
et al., 2016, Fig. 1b). Shimada et al. (2016) reported more than
1000 obsidian artifacts recovered from these sites, dated to the
Upper Paleolithic and Jomon periods, and consisting mainly of
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Fig. 1. (a) Localities of major obsidian sources in eastern and central Japan. (b) Distribution of Hiroppara prehistoric sites I and II, and trench locations (EA-1 and EA-2) near the
Hiroppara bog. (c) Map showing the distribution of obsidian sources in the Kirigamine area. Modified after Oyokawa et al. (2016: 29).
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flakes and cores, together with subordinate amounts of arrow-
heads, bifacial points, side-retouched margin points, and side
scrapers. We aim to establish an analytical method for the prove-
nance study of these obsidian artifacts. In addition to determining
whether the sources of a targeted obsidian artifact belong to the
Kirigamine area, our investigation attempts to narrow down the
artifacts’ provenance to the individual sources within the Kirig-
amine area.

We establish a database on the occurrences of geological
obsidian (i.e., primary sources) in the Kirigamine area, including
metadata on the sample collection and storage methodologies, and
compilations of geographical and geological information (i.e., GPS
coordinates and modes of occurrence). In addition, we present
procedures and results of the provenance analysis for obsidian ar-
tifacts by Wavelength Dispersive and Energy Dispersive X-ray
Fluorescence spectrometries (WDXRF and EDXRF, respectively).

2. Geological setting and obsidian provenance research in
Japan: a brief overview

The Kirigamine area in central Japan contains a cluster of
obsidian sources within an area of ca. 10 km2, which are related to
Early Pleistocene volcanism (Wada-toge rhyolite and the Takayama
volcanic rocks) between 1.08 and 0.75 Ma (Oikawa and Nishiki,
2005; Nishiki et al., 2011; Nagai and Sugihara, 2016) (Fig. 1c). A
detailed geological map of these rocks has been compiled by many
workers (e.g., Kumai and Akahane, 1994; Teshima and Kawachi,
1994), and recent studies by Oyokawa et al. (2013, 2014, 2015,
2016) indicate that the distributions of geological obsidian sour-
ces and archaeological sites are quite similar. The geological
obsidian sources generally occur as lavas and/or clasts in pyroclastic
rocks.

The provenance study of obsidian artifacts begins with the
collection and recording of artifacts during excavations. The arti-
facts are analyzed with an X-ray Fluorescence (XRF) spectrometer
to determine elemental compositions. The potential obsidian
sources are then investigated through field survey. Obsidian sam-
ples from different sources are collected and analyzed to establish
their elemental compositions. The geological, geographical, and
geochemical data for obsidian source are compiled as a single
database. Finally, the analytical results for archaeological obsidian
are compared with those from geological obsidian sources to
identify potential matches. This is referred to as “provenance
analysis”.

Obsidian provenance research in Japan began with KeAr
(Kaneoka, 1969) and fission-track (Suzuki, 1970) datings. Neutron
Activation Analysis was performed during the 1980s (Suzuki and
Tomura, 1983). Later on, Electron Microprobe and XRF studies
were initiated (e.g., Mochizuki et al., 1994; Wada and Sano, 2011;
Ikeya, 2014; Kannari et al., 2014; Suda, 2014). Qualitative EDXRF
method, as proposed by Mochizuki (1997), has become the most
common technique in determining the provenance of archaeolog-
ical obsidian artifacts throughout the Japanese Archipelago. This
method is able to discriminate (or characterize) obsidians from the
Kirigamine, Yatsugatake, Kozu Island (Kozushima), Hakone, andMt.
Takahara areas (Fig. 1a). Furthermore, following the method of
Mochizuki (1997), it was reported that the obsidian sources in the
Kirigamine area can be divided into seven chemical groups
(Kobunkazai-kenkyujo, 2011), as discussed in section 5.2.2.

3. Collection and descriptions of geological samples

In the Kirigamine area, several obsidian sources have been
identified including Takayama, Omegura, Higashimochiya, Wada-
toge, Hoshigadai, Kannonzawa, and Hoshigato (e.g., Omegura
Sites Research Group, 1993; Miyasaka and Tanaka, 2001). Howev-
er, there is currently no consensus on a system for naming and
defining these sources. Therefore, if we were to give a new “name”
to each obsidian source, it would lead to confusion for future in-
vestigations. Here, the geological obsidian locales are classified as
follows. First, we determined the boundaries to eight sub-areas in
the Kirigamine area (Fig. 1c), which were named Takayama (Ty),
Omegura-kita (On), Omegura-minami (Os), Higashimochiya (Hm),
Tsuchiya-zawa (Ts), Wada-toge (Wt), Hoshigato (Ht), and Hoshi-
gadai (Hd). Subsequently, we classified the obsidian sources within
each sub-area using numerals. For instance, “On-6” corresponds to
the sixth obsidian source discovered in the Omegura-kita sub-area.

The obsidian source commonly corresponds to an obsidian
outcrop, and in some instances to accumulation of loose obsidian
clasts on the surface (Fig. 2a). We collected geological obsidian
samples at several points around the source, and we recorded the
GPS coordinates using a Garmin eTrex20J GPS device, and photo-
graphed the site using a digital camera. In most cases, several
obsidian pieces were collected at each sampling locality. The
samples collected in the Kirigamine area were assigned a sample
number that corresponded to the automatically generated GPS
number andwere kept in a tray box using this GPS location name as
a label (Fig. 2b). For instance, “On-6-108” corresponds to GPS po-
sition 108, within the “On-6” locale. Samples collected from the
same locality in some cases have distinct macroscopic appearances.
In this case, we further sorted them using capital letters (e.g., On-6-
108A and On-6-108B) and kept them separately in a tray box
(Fig. 2b). All samples are stored in the Geology Storage Room at the
Faculty of Education, Nagasaki University, Japan.

4. Field occurrences of obsidian sources

4.1. Definition of primary and secondary sources

Obsidian sources were classified as either primary or secondary.
There is evidence that primary obsidian sources were deposited
(prior to human activity) as autochthonous rocks. Typical primary
sources are outcrops containing obsidian in intrusive rocks, clasts in
pyroclastic breccia, or clasts in sedimentary conglomerates; that is,
geological outcrops of obsidian. Obsidian sources containing large
amounts of clasts concentrated on slopes and/or ridges are also
classified as primary sources (Fig. 2a). Secondary obsidian sources
may have endured natural and/or anthropogenic disturbances, and
represent allochthonous rocks. They comprise scattered obsidian
clasts on riverbeds, valley floors, and slopes. These sources also
include talus deposits with obsidian clasts. The distribution and
occurrence of primary and secondary obsidian sources in the Kir-
igamine area are shown in Fig. 1c.

4.2. Importance of primary and secondary sources in provenance
studies

The primary sources have not experienced significant natural or
anthropogenic disturbance, whereas secondary sources may have
undergone disturbance, including modern-day anthropogenic ac-
tivities. When considering a specific location as an archaeological
obsidian source, more attention should thus be given to primary
sources. Therefore, we assumed that samples from secondary
sources were derived from a primary source and, after verifying this
assumption, we performed chemical classification based on quan-
titative WDXRF data, using the samples from primary sources as
reference material.

Obsidian artifacts are commonly found at both primary and
secondary obsidian sources in the Kirigamine area (Fig. 1c). The
obsidian artifacts found at a particular source were stored



Fig. 2. (a) Photograph showing a primary obsidian source comprising concentrated obsidian clasts on the land surface (Os-1-431 sample). (b) Photograph showing the storage of
samples from obsidian sources in the Kirigamine area.
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separately from the geological samples after collecting. Detailed
descriptions of the obsidian artifacts found at the source localities
are reported by Oyokawa et al. (2013, 2014, 2015, 2016).

5. Methods for instrumental analysis and provenance
analysis of obsidian sources

5.1. Quantitative analysis using WDXRF

5.1.1. Procedures for provenance analysis using WDXRF
Quantitative data here refer to the elemental composition,

expressed in wt.% oxides for major elements and in parts-per-
million (ppm) for trace elements, and were obtained by using
quantitative WDXRF analysis. The first step in the provenance
analysis was the discrimination of obsidian sources according to
their elemental compositions. Obsidian sources with similar
compositions (i.e., within the instrumental error) were grouped
together and considered as one specific chemical group. Obsidian
artifacts excavated from archaeological sites were then analyzed
to determine whether they correspond to any of source chemical
groups. If the composition of a particular obsidian artifact was
equivalent to any specific chemical group, the provenance of the
artifact was assumed to be one of the obsidian sources classified
within this chemical group. The distribution, locality, and
occurrence of the obsidian sources were entered into a database
that was generated and updated during the field survey (Fig. 1c).
The macroscopic appearance of obsidian artifacts was also
compared with the appearance of the stored obsidian source
samples.
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5.1.2. Chemical discrimination of obsidian sources using WDXRF
The geological obsidian samples were analyzed using a Rigaku

Primus IIþWDXRF instrument at the Center for Obsidian and Lithic
Studies (COLS), Meiji University, (Nagano Prefecture; and its Tokyo
branch), Japan. The results of these analyses are listed in Table S1.
The analytical method was based on Suda (2013) and Suda and
Tsuchiya (2015). Samples were split and pulverized, and then
mixed with flux (Merck Spectromelt A12) and formed into glassy
fusion beads using a high-frequency melting device. The results of
the analysis for samples from the primary sources were plotted on
variation diagrams to identify the chemical groups (Fig. 3). These
diagrams plot each element against the sample's Sr content.

The results show that samples from primary sources can be
classified into 11 chemical groups. The 11 chemical groups in the
variation diagrams (Fig. 3), are Group Budo-sawa, Hon-sawa,
Utsugi-sawa, and Makiga-sawa (BHU); Group Higashimochiya and
Takayama (MT); Group Budo-sawa and Hon-sawa (BH); Group
Hon-sawa (H); Group Tsuchiya-zawa (T); Group Wada-toge (W);
Group Budo-sawa (B); Group Hoshigato and Hoshigadai (HH);
Group Takamatsu-zawa (M); Group Furu-toge and Sannomata-
zawa (FS); and Group Makiga-sawa (O).

To display the compositional relationships among these groups
in a single diagram, elements that showed a positive correlation
with Sr content (e.g., Ti and Zr) were summed together with Sr and
plotted on the abscissa, while elements that showed a negative
correlation with Sr content (e.g., Rb, Y, Nb, and Th) were summed
together and plotted on the ordinate (Fig. 4). However, the weight
of the individual elements would differ greatly if these element
contents were plotted without normalization. For example, the Rb
content in analyzed samples ranged from 140 to 338 ppm, whereas
Th ranged from 7.7 to 31.6 ppm. While the ratio of change was
higher for Th, the numerical difference in Rb contents was larger,
and thus its weight in the scatter plot is about ten times higher. To
homogenize the weight of each element shown in the variation
diagram, we normalized all elemental compositions using the
recommended values of the JR-1 geochemical reference standard
(Imai et al., 1995): 0.11 wt% TiO2, 258 ppm Rb, 29.2 ppm Sr,
45.2 ppm Y, 100 ppm Zr, 15.2 ppm Nb, and 26.8 ppm Th. The JR-1
geochemical standard material is supplied by the National Insti-
tute of Advanced Industrial Science and Technology (AIST, Tsukuba,
Ibaraki Prefecture, Japan) and is derived from obsidian from
Kobuka-zawa, an old quarry in the Kirigamine area (Hm-3 in
Fig. 1c).

The mean elemental compositions for each chemical group
were calculated to determine their reference values (RVs), and
these RVs are shown on a variation diagram (Fig. 4). The compo-
sitional range for each group was within 0.3 units of the RV. The
groups were named according to their respective geographical lo-
calities, with the XeY coordinates being those of the RVs for each
group in the variation diagram: Group BHU (X ¼ 4.97, Y ¼ 2.31);
Group MT (X ¼ 1.78, Y ¼ 4.10); Group BH (X ¼ 2.84, Y ¼ 3.26);
Group H (X¼ 2.06, Y¼ 3.92); Group T (X¼ 3.45, Y¼ 2.89); GroupW
(X ¼ 1.62, Y ¼ 4.88); Group B (X ¼ 2.38, Y ¼ 3.57); Group HH
(X ¼ 3.03, Y ¼ 2.07); Group M (X ¼ 4.01, Y ¼ 2.52); Group FS
(X ¼ 1.41, Y ¼ 3.92); and Group O (X ¼ 5.89, Y ¼ 2.16).

We also plotted the data for geological obsidian from secondary
sources on the same diagram to find out whether these samples
were derived from any of the recognized primary sources. The data
and the results of the chemical classification are listed in Table S1
and shown in Fig. 4, respectively. Out of 24 samples, only two
plot outside of the 0.3 unit circles of the chemical groups, namely
On-5-2601-1 and Hm-2-127-1 (Fig. 4). Sample On-5-2601-1 plots
very closely to the reference point of Group M, at a distance of 0.39
units. This sample is situated near the primary source at On-6,
which is classed with Group M, as shown on the locality map
(see Fig. 1c). Furthermore, this sample shows similarities with the
chemical composition of GroupM for some elements (Table S1). We
consider it likely that On-5-2601-1 is derived from Group M.

In contrast to On-5-2601-1, sample Hm-2-127-1 plots far from
the reference points of all chemical groups. The closest reference
point is Group B, at a distance of 0.59 units. However, this sample
plots close to the reference point of JR-1 which was used for the
normalization, at a distance of 0.23 units. According to the supplier
of this chemical standard material, JR-1 is derived from the old
Kobuka-zawa quarry (Hm-3 in Fig. 1c), and could be observed as a
dyke until several years ago. Presently, this quarry is buried, and
thus direct sampling from this outcrop is no longer possible.
Obsidian samples from this sourcewere collected as clasts found on
the surface and/or riverbeds. The Kobuka-zawa source is a primary
source but the samples of this obsidian used in current study were
all obtained from secondary sources. Therefore, the samples falling
within 0.3 units of the JR-1 composition reference point (X ¼ 3.00,
Y ¼ 4.00; Fig. 4) were grouped into a new group named Kobuka-
zawa (K). Sample Hm-2-127-1 was thus determined as belonging
to the primary source at Kobuka-zawa (Fig. 4). Consequently, a total
of 12 chemical groups were identified as obsidian sources in the
Kirigamine area.

Finally, samples from primary obsidian sources at Mugikusa-
toge, Mt. Tumeta, and Kozu Island (Fig. 1a) were also analyzed for
comparison with the obsidian sources in the Kirigamine area
(Fig. 4). The respective XeY coordinates of these sources and their
abbreviations are as follows: Mugikusa-toge (MK) (X ¼ 6.46,
Y ¼ 1.48); Mt. Tsumeta (TS) (X ¼ 6.31, Y ¼ 1.43); and Kozu Island
(KS) (X ¼ 4.52, Y ¼ 1.49). The occurrence and samples of these
sources are all primary. The results of the quantitative analysis are
reported in Table S1.

5.1.3. Distribution of obsidian sources
The distribution and occurrences of obsidian source in each

chemical group are compiled in Fig. 5. If there were a simple rela-
tionship between the regional distribution and chemical group of
an obsidian source, we could easily identify the geochemical
signature. In reality, however, obsidian sources of diverse chemistry
occur together, or the obsidian sources of the same chemical group
occur at many sites. These features may reflect the presence of a
secondary source or sub-source (Frahm, 2012) and/or by the
occurrence of extensive lava flows or pyroclastic flow deposits.

The source Group M has a restricted regional distribution,
located in the Wada-toge area (from Wt-1 to Wt-4 in Fig. 5). The
Group HH source is distributed predominantly in the Hoshigadai
and Hoshigato areas, yet Group BHU obsidian source (Hd-5) is also
found in the Hoshigadai area. The macroscopic appearance of
Group BHU obsidian samples is distinct from that of Group HH
obsidian. The samples of Group HH are almost pure glass, whereas
those of Group BHU always contain abundant millimeter-to centi-
meter-scale spherulites.

5.2. Qualitative analysis using EDXRF

5.2.1. Procedures for provenance analysis using EDXRF
The qualitative analyses discussed here produce numerical

values expressed as the integrated intensity of characteristic X-rays
over a fixed amount of time (unit: counts) obtained by irradiating
samples with primary X-rays. The measured intensity of charac-
teristic X-rays for each element is proportional to its concentration,
modulated by the absorption excitation effect from matrix ele-
ments, and by the overlapping of energy or wavelength with other
characteristic X-rays (e.g., RbeKb1 overlaps with YeKa; SreKb1
overlaps with ZreKa; and YeKb1 overlaps with NbeKa; Ka and Kb1
indicate the emission lines of the K series X-ray spectra; see Jenkins



Fig. 3. Variation diagrams showing the compositional discrimination (chemical groups) of obsidian sources in the Kirigamine area. Quantitative WDXRF data for geological obsidian
from primary sources are plotted. The compositions of JR-1 from Imai et al. (1995) are also plotted for comparison. Abbreviated names of chemical groups: BHU, Group Budo-sawa,
Hon-sawa, Utsugi-sawa, and Makiga-sawa; MT, Group Higashimochiya and Takayama; BH, Group Budo-sawa and Hon-sawa; H, Group Hon-sawa; T, Group Tsuchiya-zawa; W, Group
Wada-toge; B, Group Budo-sawa; HH, Group Hoshigato and Hoshigadai; M, Group Takamatsu-zawa; FS, Group Furu-toge and Sannomata-zawa; O, Group Makiga-sawa. Probability
ellipses shown as solid lines are 95% confidence limits (Groups HH and BHU), and ellipses shown as dashed lines are arbitrary (Groups F, FS, MT and M).
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et al., 1995). Therefore, the intensities for each measured line
cannot be compared with the quantitative analytical data.
Furthermore, samples with similar matrices and equal intensities
do not necessarily contain the same concentration of given element
because the obtained intensity values can also change depending
on the shape, thickness, and surface roughness of a sample. Unless
themeasured surface is flat and has a uniform thickness, high levels
of reproducibility cannot be achieved. The main advantage of
qualitative EDXRF analysis for archaeological research is that this
method allows a fast, non-destructive study of (obsidian) artifacts.
Here, we used this method to perform provenance analysis of
obsidian artifacts excavated from the Hiroppara prehistoric sites
(Fig. 1b) following Mochizuki (1997). The analysis was performed
with a JEOL JSX-3100II EDXRF instrument at the COLS.



Fig. 4. The JR-1 (Imai et al., 1995) normalized discrimination diagram showing quantitative WDXRF data for geological obsidian from primary and secondary sources, and for 40
archaeological obsidian artifacts selected from the Hiroppara sites I and II (index). Capitalized abbreviations indicate the 12 chemical groups of the obsidian sources in the Kir-
igamine area: BHU, MT, BH, H, T, W, B, HH, M, FS, O and K (Kobuka-zawa or JR-1), and geological obsidian from other areas (MK, Mugikusa-toge; TS, Mt. Tsumeta; KS, Kozu Island; see
Fig. 1a).
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Mochizuki's (1997) method uses RbeKa, SreKa, YeKa, ZreKa,
MneKa, FeeKa, and KeKa as measurement lines, and combines
this information with two variation diagrams (Fig. 6) for the
chemical discrimination of obsidian sources based on the charac-
teristic X-ray intensities of the following elements: log (Fe/K) vs. Sr*
fraction [Sr*¼ 100� Sr/(Rbþ Srþ Yþ Zr)], and 100�Mn/Fe vs. Rb*
fraction [Rb*¼ 100� Rb/(Rbþ Srþ Yþ Zr)]. The intensities of these
measured lines are modified by the absorption excitation effect and
peak overlap. Thus, differences in the plotted positions do not
necessarily reflect difference in elemental concentrations. Howev-
er, the main advantages of this method are that the obsidian arti-
facts can be analyzed non-destructively, and the use of ratios of
heavy element lines with similar energy (RbeKa, SreKa, YeKa, and
ZreKa) minimizes the effect of differences in sample shape and
thickness, and dispersion due to hydration.

Using obsidian from Shirataki on Hokkaido Island (obstd-1: see
Suda, 2012), we evaluated the range in dispersion caused by dif-
ferences in the shape and thickness of samples, employing the di-
agrams proposed by Mochizuki (1997) (Fig. 6). A flat, polished
surface was measured 14 times, and a fractured surface was
measured 11 times. The mean value, error (±2s), and coefficient of
variation for both the abscissa and ordinate were then calculated
for each surface. Consequently, the mean values and dispersions (in
parentheses) for the parameters in the diagrams are:
Sr* ¼ 9.81 ± 1.23 (coefficient of variation, CV: 12.5%), log (Fe/
K) ¼ 0.18 ± 0.01 (CV: 7.3%), Rb* ¼ 47.9 ± 2.4 (CV: 5.0%), and
100 � Mn/Fe ¼ 2.86 ± 0.49 (CV: 17.1%).

Theoretically, the error and the coefficient of variation are ex-
pected to change as a function of element concentration and peak
intensity. However, in the present study we performed provenance
analysis for archaeological obsidian assuming the same error (±2s)
as the value obtained from repeated measurements of obstd-1
specimen. For the quantitative analysis, it can be assumed that
the distance to the reference point is proportional to the difference
in elemental composition. However, because the error associated
with the qualitative analysis directly indicates the analytical pre-
cision, we cannot use the distance from the reference point to es-
timate the reliability of these results, as we did for the WDXRF
analysis (Fig. 4).

5.2.2. Chemical discrimination of obsidian sources using EDXRF
The geological obsidian samples obtained from each source

were divided into at least two pieces. One piece was crushed for
quantitative WDXRF analysis, whereas the other was used to
perform the qualitative EDXRF analysis. The cut surface of each of
the former pieces was then polished to prepare the specimen for
EDXRF analysis. The reference samples used to define each chem-
ical group all originated from primary sources, except for Hm-2-
127-1, which defines Group K (Kobuka-zawa) obsidian. These
reference samples are: BHU (Hd-5491-1, On-2-1251-1, On-3-1281-



Fig. 5. Map showing the distribution of obsidian sources for the 12 chemical groups (Groups BHU, MT, BH, H, T, W, B, HH, M, FS, O, and K) in the Kirigamine area.
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1, Os-1-135-1, Os-4-427-1, Os-9-447-1, and Os-9-448-1); MT (Hm-
1-116-1 and Ty-1-122-1); H (Os-12-461-1); T (Tc-5-33-1); W (Wt-
2-6A-1, Wt-3-144-1, and Wt-4-143-1); B (Os-3-101-1); HH (Hd-1-
178-1, Hd-1-180A-1, Hd-2-213-1, Hd-2-2031.1-1, Hd-6-476-1, Hd-8-
479A-1, Hd-8-479B-1, Ht-2-156-1, and Ht-3-159.1-1); M (On-6-
104-1 and On-6-107-1); FS (On-7-194-1 andWt-6-148-1); O (On-1-
1211-1); and K (Hm-2-127-1; from a secondary source). The
quantitative data for these reference samples are listed in Table S1.

The qualitative EDXRF results were plotted on the diagrams
proposed by Mochizuki (1997) (Fig. 6). The 12 chemical groups can
be effectively distinguished on the 100 � Mn/Fe vs. Rb* diagram,
but the error ranges on the log (Fe/K) vs. Sr* diagram are too large to
allow a clear sub-division. This indicates that the 100 � Mn/Fe vs.
Rb* diagram is more suitable for provenance analysis in the Kirig-
amine area, and we selected it for in-depth study.

In Kobunkazai-kenkyujo (2011), the obsidian sources in the
Kirigamine area are divided into seven chemical groups on the
basis of Mochizuki's (1997) method: 1) Wada-toge Kei I, 2) Wada-
toge Kei II and Takayama Kei, 3) Wada-toge Kei III, 4) Omegura
Kei I, 5) Omegura Kei II, 6) Omegura Kei III, and 7) Nishi Kirigamine
Kei. The results of chemical discrimination of obsidian source in the
present study indicate that Groups K, FS, H and B generally corre-
spond toWada-toge Kei I; Group MT corresponds toWada-toge Kei
II and Takayama Kei; Group W to Wada-toge Kei III; Groups BHU
and M to Omegura Kei I; Group O to Omegura Kei II; Groups T and
BH to Omegura Kei III; and Group HH to Nishi Kirigamine Kei.

6. Geochemical composition of obsidian artifacts and
provenance analysis

6.1. Results of provenance analysis using WDXRF

To implement provenance analysis based on quantitative data,
we selected 40 obsidian artifacts excavated from Hiroppara sites I
and II (Fig. 1b). This selection was performed based on the
appearance of the artifacts. A detailed description of these ap-
pearances can be found in Shimada et al. (2016: 41e44). The
obsidian artifacts were cut into pieces weighing c. 2.0e4.0 g which
were crushed in the same way as the geological obsidian, and then
made into fusion glass beads for quantitative analysis. The quan-
titative results for archaeological obsidian samples are listed in
Table S2.

To quantitatively analyze the provenance of obsidian artifacts,
the analytical values were plotted on the variation diagram (Fig. 4).
In cases where the artifact plotted more than 0.3 units away from
any reference group composition, the analyzed artifact was
considered unclassifiable. The provenances of the artifacts that
plotted within 0.3 unit circles of any reference value (RV) in Fig. 4



Fig. 6. Diagram (after Mochizuki, 1997) showing qualitative EDXRF data for the
geological obsidian samples. Abbreviations indicate the 12 chemical groups of obsidian
sources in the Kirigamine area (Groups BHU, MT, BH, H, T, W, B, HH, M, FS, O and K),
and geological obsidian from other areas:MK, TS, KS and obstd-1 (Shirataki; see Fig. 1a).

Y. Suda et al. / Quaternary International 468 (2018) 72e8380
were determined using the map that compiles the distribution of
obsidian sources for each chemical group (Fig. 5). For example, if
the composition of an artifact was equivalent to Group BHU
obsidian, its provenance was assumed to be one of the type local-
ities of Group BHU obsidian. Furthermore, when comparing arti-
facts that plotted within 0.3 units from reference compositions on
the variation diagrams (Figs. 2 and 3), artifacts with smaller dif-
ferences compared with reference compositions could be classified
more reliably. Therefore, the shortest distance from the reference
group is indicated alongside the classification as a proxy for its
reliability.

The quantitative data for these 40 archaeological obsidian
samples were plotted on the variation diagram (Fig. 4), and the
quantitative results and classifications are listed in Table S2. The
results indicate that 37 out of 40 samples were classifiable. The
classified artifacts include 22 Group MT samples, six Group H
samples, five Group HH samples, two Group K samples, and one
sample in each of Groups O and W. Thus, there were at least seven
different sources for the obsidian artifacts at Hiroppara sites I and II.

The results further indicate that three samples out of 40 were
unclassifiable, namely artifacts No. 289 (site I), No. 347 (site I), and
No. 901 (site II). Artifacts No. 289 and No. 347 are the closest to the
Group MT obsidian reference composition, at distances of 0.40 and
0.32 units, respectively. Their Rb and Th contents are slightly higher
than those of Group MT obsidian (Table S2). Artifact No. 901, in
contrast, is the closest to Group H obsidian at a distance of 0.35
units (Fig. 4), and its Sr content is slightly higher than that of Group
H (Table S2). In addition, these unclassified samples have elemental
compositions that are distinct from the Kozu Island, Mt. Tsumeta,
and Mugikusa-toge sources (Fig. 4). Overall, the chemical charac-
teristics and appearances of these samples are comparable to those
of obsidian from the Kirigamine area. Therefore, the chemical data
and appearances strongly suggest that they originate from an
obsidian source(s) within the Kirigamine area.

6.2. Verification and results of provenance analysis using EDXRF

In order to understand how obsidian procurement activity
changed through time, it would be necessary to conduct prove-
nance analysis for greater number of artifacts. However, analyzing
artifacts using theWDXRF technique requires large amount of labor
and time. Therefore, we implemented provenance analysis based
on qualitative EDXRF data from a large number of obsidian artifacts
(n ¼ 689). The reliability of the classification based on the EDXRF
data was validated by comparison with the quantitative WDXRF
results.

Provenance analysis based on the qualitative EDXRF data was
performed using the method described in section 5.2.2. We applied
the non-destructive EDXRF method and measured fresh and plain
surfaces showing minimal hydration layers. In addition, we evalu-
ated the reliability of the provenance analysis results based on
qualitative data by comparison with the quantitative data for 40
archaeological obsidian artifacts (see section 6.1). Finally, we pre-
sent the results of provenance analysis for all archaeological
obsidian excavated from Hiroppara site I (689 samples).

The variation diagram for geochemical obsidian classification
using qualitative data is shown on Fig. 7. On this diagram, the
ordinate value was multiplied by a factor of 500 (i.e., 500 �Mn/Fe)
to match the observed variation on the abscissa. The reference
value (RV) for each chemical group corresponds to the mean value
for each group, and the error (2s) was set at 2.4 unit circles on both
axes, based on the dispersions obtained by EDXRF analysis for
Shirataki obsidian (obstd-1; Suda, 2012), as described in section
5.2.1. The RVs for each group represented in Fig. 7 are as follows:
BHU (X ¼ 34.8, Y ¼ 29.0); MT (X ¼ 57.9, Y ¼ 61.2); BH (X ¼ 50.5,
Y¼ 38.2); H (X¼ 58.4, Y¼ 48.6); T (X¼ 50.1, Y¼ 41.2); W (X¼ 62.1,
Y ¼ 64.9); B (X ¼ 55.0, Y ¼ 46.4); HH (X ¼ 41.4, Y ¼ 46.2); M
(X¼ 39.4, Y¼ 30.8); FS (X¼ 62.5, Y¼ 49.4); O (X¼ 29.9, Y¼ 31.8); K
(X¼ 55.6, Y¼ 51.1); KS (X¼ 22.1, Y¼ 33.2); MK (X¼ 24.6, Y¼ 18.9);
and TS (X ¼ 25.8, Y ¼ 18.9). This variation diagram allowed to
conduct provenance analysis for obsidian artifacts based on the
non-destructive EDXRF method.

The results obtained using both qualitative and quantitative
data for the selected 40 archaeological obsidian artifacts are listed
in Table 1. Whereas the classification based onWDXRF results could
reveal sources for 37 out of 40 samples (93%), the discrimination
based on EDXRF results was able to classify 26 samples out of 40
samples (65%). Of these 26 classified artifacts, 22 were assigned to
the same group as indicated by the WDXRF data (85%). The
remaining four samples are unclassified based on WDXRF analysis.

The four samples that were classified differently are No. 232
(site I), No. 2642 (site II), No. 141 (site I), and No. 901 (site II). The
WDXRF data indicate that artifacts No. 232 and No. 2642 were
classified into Group H, whereas these same samples were assigned
to Group MT using the EDXRF data. Artifact No. 141 was placed into
Group O using WDXRF analysis, whereas it was classified into
Group BHU using EDXRF analysis. Artifact No. 901 was not classified
using the WDXRF method but was categorized into Group K using
the EDXRF method. Overall, these results indicate that the



Fig. 7. Modified diagram (after Mochizuki, 1997) used to discriminate the 12 chemical groups of obsidian sources in the Kirigamine area. The quantitative EDXRF data for 40 selected
artifacts from Hiroppara sites I and II, and for all artifacts from Hiroppara site I, are plotted to enable a chemical classification based on 12 chemical groups. Abbreviations are as in
Fig. 6. The probability ellipse indicating 95% confidence for obsitd-1 is depicted as a broken line.
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provenance analysis of obsidian artifacts based on qualitative data
was successful for ~65% of the analyzed artifacts. Some degree of
uncertainty or lower accuracy is found for obsidian artifacts clas-
sified into Groups MT, BHU, and K using EDXRF data.

The results of provenance analysis based on qualitative EDXRF
data for all 689 archaeological obsidian samples excavated from
Hiroppara site I are shown in Fig. 7. Chemical classification was
successful for 414 samples, which is 60% of the total amount.
Furthermore, most of these samples (352, or 85%) belong to the
GroupMT (Table 2). This result indicates that the GroupMT source
was by far the most important for obsidian procurement at this
site.

The Group MT primary source is located in two different sub-
areas, namely Takayama (Ty-1-122), and Higashimochiya (Hm-1-
116), which are spaced ~4 km apart (Fig. 5). The obsidian at the
Takayama locale occurs as clasts in a pyroclastic flowdeposit (Otake
et al., 2015), whereas Higashimochiya obsidian is found as an
intrusive rock outcrop (Yamazaki et al., 1976). Even though the lo-
calities and field occurrences of these sources are completely
different, the appearance of the obsidian found at these sources is
quite similar. The obsidian clasts from both sites are characterized
by high transparency and a brownish color. Although discrimina-
tion between these two sources would be significant from an
archaeological point of view, the obsidian from these sites is
geochemically and petrologically indistinguishable. Their obsidian
was likely formed by the same volcanic event, limiting the potential
of provenance analysis based on chemistry and appearance.

7. Conclusion

The main results of this study are summarized as follows: 1)
Obsidian sources in the Kirigamine area can be classified into 12
chemical groups (Fig. 4); 2) The chemical classification of artifacts
from the Hiroppara prehistoric site, based on EDXRF analyses,
achieves a success rate of 60%e65% (Fig. 7); 3) Validation using
WDXRF data indicates that EDXRF-based classification of obsidian
artifacts into Groups MT, BHU, and Kmay be erroneous (Table 1); 4)
The majority of the archaeological obsidian from Hiroppara site I is
classified into Group MT (Table 2); and 5) The Group MT source is
characterized by high transparency and a brownish color of
obsidian.

The Group MT obsidian is found in two sub-areas: Higa-
shimochiya and Takayama (Fig. 5). The macroscopic and chemical
similarities of the geological obsidian in these two sub-areas sug-
gest a common petrogenesis, which hampers investigations of the
procurement activity of prehistoric humans using geochemical
methods. Geochemical data provide only one line of evidence in
reconstructions of the acquisition of lithic raw material. The char-
acterization of morphological features, including texture, shape,
color, and transparency, is also necessary for successful provenance
analysis of obsidian artifacts in this case.

It seems that for provenance analysis at the level of
specific procurement sources, discrimination diagrams or
methods specialized for this purpose are preferred. For example,
the discrimination diagram of Suda et al. (2016), which is based
on semi-quantitative EDXRF method, was designed specifically
for determination of obsidian sources from Oki-Dogo Island in
the Chugoku Region, western Japan. The diagram on Fig. 4 is a
discrimination diagram developed specifically for obsidian
sources in the Kirigamine area. Moreover, in a future investiga-
tion we will perform provenance analysis using qualitative
or semi-quantitative data employing EDXRF; i.e., we aim to
establish a discrimination diagram that is suitable for
geochemical characterization of obsidian sources in the



Table 1
Comparison between EDXRF and WDXRF results for the 40 obsidian artifacts used in validating the EDXRF provenance method.

Trench Artifact Chemical group Trench Artifact Chemical group

EDXRF WDXRF EDXRF WDXRF

EA-1 No.38 MT EA-2 No.1556 unclassified MT
EA-1 No.46 unclassified MT EA-2 No.1581 HH
EA-1 No.47 unclassified H EA-2 No.1688 MT
EA-1 No.57 unclassified MT EA-2 No.1691 W
EA-1 No.86 unclassified MT EA-2 No.1965 unclassified MT
EA-1 No.141 BHU O EA-2 No.1970 MT
EA-1 No.149 MT EA-2 No.2014 MT
EA-2 No.157 MT EA-2 No.2147 K
EA-2 No.181 MT EA-2 No.2181 unclassified B
EA-1 No.189 MT EA-2 No.2247 unclassified MT
EA-1 No.210 unclassified H EA-2 No.2273 MT
EA-1 No.232 MT H EA-2 No.2359 unclassified H
EA-1 No.289 unclassified EA-2 No.2442 unclassified H
EA-2 No.325 MT EA-2 No.2610 MT
EA-1 No.347 unclassified EA-2 No.2623 MT
EA-1 No.395 MT EA-2 No.2642 MT H
EA-1 No.493 unclassified MT EA-2 No.2863 HH
EA-2 No.901 K unclassified EA-2 No.2945 HH
EA-2 No.1321 HH EA-2 No.2954 MT
EA-2 No.1414 MT EA-2 No.2964 HH

Table 2
Results of the EDXRF-based chemical classification for all obsidian artifacts from EA-1 (Hiroppara site I).

Number Fraction (%) Group Number Fraction (%)

artifact 689 100.0 MT 352 85.6
HH 21 5.1

unclassified 278 40.3 W 17 4.1
K 11 2.7

classified 411 59.7 B 3 0.7
BH and T 2 0.5
H 2 0.5
FS 2 0.5
BHU 1 0.2
M 1 9.1
BH 1 9.1
T 1 9.1
O 0 0.0
obstd-1 0 0.0
KS 0 0.0
MK 0 0.0
MS 0 0.0
total 411 100.0
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Kirigamine area. A new method for the micro-scale discrimina-
tion of Kirigamine obsidian sources is required to reconstruct
complex activities of prehistoric humans related to obsidian
procurement.
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